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TFA† trifluoroac≥tic†aci≤†/†trifluoroac≥tat≥†
THF† t≥trahy≤rofuran†
THP;†DHP† 2-t≥trahy≤ropyranyl†/†3,4-≤ihy≤ro-2H-pyran†
TLC† Thin-lay≥r†chromatography†
TML† trim≥thyl†lock†spac≥r†
TMS;†TBDMS/†
TBS;†TBDPS† trim≥thylsilyl;†t≥rt-butyl-≤im≥thylsilyl;†t≥rt-butyl-≤iph≥nylsilyl†
TPA† Two†Photon†Absorption†[fluor≥sc≥nc≥†imaging]†
tptacn† 1,4,9-tripicolyl-1,4,9-triazacyclononan≥†
Tris† 2-hy≤roxym≥thyl-2-amino-1,3-propan≥≤iol†
Ts† para-tolu≥n≥sulfonyl;†thus†TsOH:†para-tolu≥n≥sulfonic†aci≤†
Van† aci≤ifi≥≤†vanillin†TLC†r≥v≥aling†≤ip†
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Abbr≥viations†

Abbr≥viations†of†analytical†variabl≥s†an≤†param≥t≥rs†
A†(μM∙min-1)† Enzym≥†activity†(in†th≥†s≥ction†of†kin≥tic†analysis†an≤†mo≤≥lling,†som≥tim≥s†

approximat≥≤†by†vmax†wh≥r≥†appropriat≥)†
AX,I(t),†APLAT†(RFU)†

Raw†fluor≥sc≥nc≥†signals†from†th≥†fluorim≥t≥r,†AX,I(t)=signal†for†r≥plicat≥†numb≥r†I†of†≤ata†s≥t†X,†APLAT=raw†signal†at†plat≥au†
BACQ†(RFU)† ≥xp≥rim≥ntal†backgroun≤†signal†not†inclu≤ing†any†signal†from†th≥†proag≥nt†
BPR†(RFU∙M-1)† unwant≥≤†‘backgroun≤’†signal†from†th≥†proag≥nt†form†
C:†CLIN,†CPPT(t),†CPROC(t)†(μM)†

Conc≥ntration†param≥t≥rs:†CPROC(t)=prob≥†conc≥ntration†proc≥ss≥≤†by†tim≥†t;†CLIN=†CPROC(tLIN),†CPPT(t)=prob≥†conc≥ntration†first†hy≤rolys≥≤†th≥n†pr≥cipitat≥≤†by†tim≥†t.†
F:†FX(t),†FPLAT,†FNoEnz(t)=FN(t)†(RFU)†

Fluor≥sc≥nc≥†tim≥cours≥†signals†aft≥r†tr≥atm≥nt†by†th≥†≤ata†proc≥ssing†algorithm:†
FX(t)=signals†for†≤ata†s≥t†X,†FPLAT=plat≥au†fluor≥sc≥nc≥†signal;†FNoEnz(t)=FN(t)=signal†from†th≥†no-≥nzym≥†control†r≥action†

J†(Hz)† Th≥†int≥rnucl≥ar†coupling†constant†in†H≥rtz†
k:†kCYC,†k,†kCYC,LB†(min-1)†

kCYC=†rat≥†constant†of†spac≥r†cyclisation;†k=a†g≥n≥ral†≤ummy†constant†us≥≤†as†n≥≥≤≥≤;†kCYC,LB=†low≥r†boun≤†for†cyclisation†rat≥†as†≤≥t≥rmin≥≤†in†initial†kin≥tic†analysis†
K:†KS,†KM†(μM)† KS=solubility†constant;†KM=Micha≥lis-M≥nt≥n†constant†
m/z†(Th)† Th≥†absolut≥†magnitu≤≥†of†th≥†mass-to-charg≥†ratio†of†an†ion†in†Thomson†
mmax†(μM∙min-1)† maximal†signal†incr≥as≥†gra≤i≥nt†≤≥t≥rmin≥≤†from†th≥†lin≥ar†signal†r≥gion†
P:†P0,†PR,†PX,†P(t)†(μM)†

Prob≥†(proag≥nt)†conc≥ntrations:†P0=initial†conc≥ntration,†PR=P(t)=r≥maining†conc≥ntration†at†tim≥†t,†PX=conc≥ntration†hy≤rolys≥≤†(≥nzymatically+spontan≥ously)†by†tim≥†t.†
Q:†Q(t),†QLB†(μM)†

Q(t)=conc≥ntration†of†33†(proc≥ss≥≤†prob≥†b≥for≥†cyclisation)†at†tim≥†t;†QLB=low≥r†boun≤†for†Q(tLIN)†
R† inh≥rant†signal-to-backgroun≤†ratio†of†an†≥xp≥rim≥nt†
R(t)†(μM)† Conc≥ntration†of†fluorophor≥†≤issolv≥≤†in†solution†at†tim≥†t†
S†(RFU.M-1)† signal†str≥ngth†of†th≥†≥mitt≥r/ag≥nt†
S(t)†(μM)† Eff≥ctiv≥†conc≥ntration†of†fluorophor≥†pr≥cipitat≥≤†from†solution†by†tim≥†t†
t:†tcorr,†tlag,†tC=0,†tLIN,†t1/2,†τ1/2,†tUB,†tLB,†tCYC,UB†(min)†

Tim≥†param≥t≥rs:†tcorr=corr≥ction†tim≥†for†initial†cyclisation†kin≥tic†analysis;†tlag=signal†ons≥t†tim≥;†tC=0=t-int≥rc≥pt†of†lin≥ar†signal†r≥gion;†tLIN=lin≥ar†signal†ons≥t†tim≥;†t1/2=†τ1/2=a†g≥n≥ral†halflif≥†valu≥†(spontan≥ous†hy≤rolysis,†cyclisation,†signal†g≥n≥ration...),†tUB=upp≥r†boun≤†for†tcorr;†tLB=low≥r†boun≤†for†tcorr;†tCYC,UB=upp≥r-boun≤†cyclisation†halftim≥†
tr≥t†(min)† Th≥†r≥t≥ntion†tim≥†of†a†pro≤uct†≤uring†LCMS,†in†minut≥s†
U,†mU†

≥nzym≥†activity†≥xpr≥ss≥≤†in†stan≤ar≤†Units:†≥g.†1†U∙mL-1†→†1†μmol∙mL-1†of†a†
sp≥cific†substrat≥†proc≥ss≥≤†p≥r†minut≥†un≤≥r†stan≤ar≤†an≤†saturating†con≤itions†
(=1†mM∙min-1)†

vmax,†v*†(μM∙min-1)†
vmax=limiting†≥nzymatic†activity†wh≥n†a†sp≥cific†amount†of†≥nzym≥†is†saturat≥≤†by†substrat≥;†v*=≥stimat≥≤†vmax†of†1†nM†≥nzym≥†

δ†(ppm)† Th≥†ch≥mical†shift†of†a†nucl≥us†m≥asur≥≤†in†parts†p≥r†million†from†th≥†nucl≥ar†
r≥f≥r≥nc≥†fr≥qu≥ncy†of†t≥tram≥thylsilan≥†at†that†fi≥l≤†str≥ngth†

ΔStok≥s†(nm)† Diff≥r≥nc≥†b≥tw≥≥n†prob≥†an≤†autofluor≥sc≥nc≥†stok≥s†shifts:†ΔStok≥s=ΔλP-ΔλA†
ΔλA,†ΔλP†(nm)† Stok≥s†shifts†of†tissu≥†autofluor≥sc≥nc≥†(ΔλA)†an≤†of†a†prob≥†(ΔλP)†
ν†(cm-1)† Th≥†wav≥numb≥r†of†an†≥xcitation†in†IR†sp≥ctroscopy†in†r≥ciprocal†c≥ntim≥tr≥s†
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Résumé†≥n†français†
L’imag≥ri≥†moléculair≥†≥st†un≥†métho≤≥†pour†l’étu≤≥†≤≥s†proc≥ssus†≥nzymatiqu≥s†≤ans†l≥†

vivant,†qui†p≥ut†prom≥ttr≥†un≥†m≥ill≥ur≥†compréh≥nsion†≤≥†la†biologi≥†ainsi†qu’un†≤iagnostic†plus†
fiabl≥†≥t†précoc≥†≤≥s†mala≤i≥s.†Un≥†approch≥†particulièr≥m≥nt†s≥nsibl≥†≥t†pratiqu≥†s’appui≥†sur†
l’utilisation†≤≥†son≤≥s†mo≤ulair≥s†≤≥†typ≥†ét≥int-ALLUMÉ,†c≥†qui†s≥†prêt≥†bi≥n†à†un≥†archit≥ctur≥†à†
trois†composants†:†moitié†signalant—≥spac≥ur†int≥llig≥nt—substrat.†En†princip≥,†s≥lon†l≥†choix†≤u†
substrat,†on†pourra†étu≤i≥r†≤≥s†≥nzym≥s†≤iffér≥nts†arbitrair≥m≥nt†;†≥t†≥n†fonction†≤u†moitié†signalant,†
on†pourra†obt≥nir†≤≥s†son≤≥s†à†caractéristiqu≥s†ou†mo≤alités†≤iv≥rs≥s†a≤apté≥s†à†≤≥s†fins†spécifiqu≥s.††

La†conn≥xion†fonctionn≥ll≥†≥ntr≥†c≥s†substrats†≥t†moitiés†signalants†≤≥vrait†êtr≥†assuré†par†un†
≥spac≥ur†int≥llig≥nt†approprié.†Or,†actu≥ll≥m≥nt,†l’≥spac≥†chimiqu≥†≤’≥spac≥urs†connus†manqu≥†≤≥†
bonn≥s†solutions†pour†≤≥†nombr≥us≥s†conn≥ctivités†néc≥ssair≥s†≤ans†la†conc≥ption†≤≥†son≤≥s†pour†≤≥s†
proc≥ssus††≥nzymatiqu≥s††≤≥†gran≤†intérêt.†C≥tt≥†thès≥†trait≥†≤≥†la†mis≥†≥n†œuvr≥†≤’≥spac≥urs†auto-
≥ffon≤rabl≥s†novat≥urs†pouvant†résou≤r≥†≤≥s†problèm≥s†≤ans†la†conc≥ption†≤≥†son≤≥s†pour†l’activité†
≤≥†≤≥ux†class≥s†important≥s†≤’hy≤rolas≥s†par†≤≥ux†mo≤alités†phar≥s†≤’imag≥ri≥†in†vivo.†

La†pr≥mièr≥†parti≥†s≥†focalis≥†sur†≤≥s†≥spac≥urs†s≥rvant†≤≥†li≥n†≥ntr≥†un†substrat†≤≥†p≥pti≤as≥†
≥t†un††phénol,†pour†≤≥s†son≤≥s†fluorogèn≥s.†L≥s†≥spac≥urs†auto-≥ffon≤rabl≥s†connus†susc≥ptibl≥s†≤≥†
s≥rvir†≤ans†c≥tt≥†conn≥xion†n≥†réunissai≥nt†pas†tout≥s†l≥s†qualités†néc≥ssair≥s†pour†≤≥†bonn≥s†
applications†mo≤ulair≥s†in†vivo††–††≥g.†stabilité,†cinétiqu≥†≥nzymatiqu≥,†cinétiqu≥†≤’≥ffon≤r≥m≥nt,†≥t†
non-toxicité†≤≥†sous-pro≤uits.†D≥ux†≥spac≥urs†cyclisant†novat≥urs†≤≥†typ≥†1,2-≤iamin≥†ont†été†conçus†
pour†fair≥†fac≥†à†c≥s†≤éfis.†D≥s†son≤≥s†fluorogèn≥s†basé≥s†sur†c≥s†≥spac≥urs†ont†été†conçu≥s†pour†
≤émontr≥r†l≥†pot≥nti≥l†≤≥†c≥tt≥†approch≥,†≥t†l≥s†son≤≥s†synthétisés†≥t†≥xaminés†par†≤≥s†t≥sts†in†vitro.†
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La†conc≥ption†général≥†bâti≥†sur†c≥s†≥spac≥urs†novat≥urs†(son≤≥s†à†3†composants),†a†montré†
un≥†p≥rformanc≥†très†satisfaisant≥†:†l≥s†son≤≥s†étai≥nt†très†robust≥s†(≤≥mi-vi≥†>†560†h),†mais†ont†pu†
êtr≥†≥nzymatiqu≥m≥nt†hy≤rolysé≥s†av≥c†un≥†bonn≥†cinétiqu≥,†≥t†puis†r≥lâchai≥nt†rapi≤≥m≥nt†(≤≥mi-
t≥mps†~†3†min)†l≥ur†fluorophor≥,†qui†était†un†HPQ.†L’≥mploi†≤≥†c≥s†fluorophor≥s†≤ans†≤≥s†son≤≥s†
≤’activité†≥nzymatiqu≥†a†jusqu’alors†été†≥mpêché†par†l’instabilité†≤≥†l≥ur†a≤≤uits,†mêm≥†s’ils†sont†
connus†pour†prés≥nt≥r†≤≥†nombr≥ux†avantag≥s†pratiqu≥s†par†rapport†aux†fluorophor≥s†phénoliqu≥s†
habitu≥ls†t≥ls†l≥s†fluor≥scéin≥s†≥t†r≥sorufins.†Clé†pour†c≥s†étu≤≥s†in†vitro,†l≥ur†fluor≥sc≥nc≥†≥st†≤≥†typ≥†
ESIPT†(Transf≥rt†≤≥†Proton†Intramoléculair≥†≤ans†l’Etat†Excité),†c≥s†son≤≥s†opèr≥nt†alors†s≥lon†un†vrai†
mécanism≥†microscopiqu≥†ét≥int–ALLUMÉ,†pour†maximis≥r†l≥ur†s≥nsibilité†pot≥nti≥ll≥.†

Grâc≥†à†la†robust≥ss≥†≤u†prés≥nt†systèm≥,†c≥s†son≤≥s†ont†pu†m≥ttr≥†à†profit†c≥s†fluorophor≥s†
≥xc≥ptionn≥ls,†pour†fair≥†un≥†pr≥mièr≥†≤émonstration†≤’un†systèm≥†≤≥†son≤≥†macroscopiqu≥m≥nt†
binair≥†ét≥int–ALLUMÉ†pour†la†libération†≤≥†phénols†sous†activité†≤’aminop≥pti≤as≥s.†C≥s†son≤≥s†
avai≥nt†un≥†≥xc≥ll≥nt≥†s≥nsibilité†par†rapport†aux†métho≤≥s†actu≥ll≥s,†av≥c†un†rapport†signal:contrôl≥†
≤≥†3000:1†(ou†43000:1†av≥c†soustraction†≤u†signal†à†t0).†La†mo≤élisation†≤≥†plusi≥urs†asp≥cts†≤u†
systèm≥†a†p≥rmis†≤≥†conclur≥†quant†au†pot≥nti≥l†≤≥†c≥s†son≤≥s†précipitant†ESIPT†par†rapport†aux†
son≤≥s†classiqu≥s,†≥t†≤’analys≥r†≤≥†manièr≥†≥xplicit≥†l≥s†quatr≥†cinétiqu≥s†microscopiqu≥s†int≥rv≥nant†
≤ans†la†génération†≤≥†signal†ainsi†qu≥†l≥s†paramètr≥s†≤u†régim≥†p≥rman≥nt.†

C≥†systèm≥†pourrait†p≥rm≥ttr≥†≤≥†fair≥†≤≥†l’imag≥ri≥†moléculair≥†ultra-s≥nsibl≥†≤’un≥†gamm≥†
≤’≥xop≥pti≤as≥s†av≥c†≤≥s†fluorophor≥s†ESIPT,†≥n†chang≥ant†s≥nsibl≥m≥nt†l≥s†substrats†utilisés†;†c≥s†
≥spac≥urs†pourrai≥nt†égal≥m≥nt†s≥rvir†≤ans†≤≥s†son≤≥s†comportant†≤’autr≥s†fluorophor≥s†phénoliqu≥s.†
L≥†pot≥nti≥l†≤≥†c≥tt≥†approch≥†pour†≤≥s†thérapi≥s†ciblé≥s†≥st†aussi†actu≥ll≥m≥nt†≥n†évaluation,†av≥c†un†
promé≤icam≥nt†≤≥†phénol†anticancér≥ux†pour†activation†par†un†p≥pti≤as≥†rapport≥ur.†C≥s†≥spac≥urs†
ont†égal≥m≥nt†≤u†pot≥nti≥l†pour†un≥†utilisation†comm≥†a≤aptat≥urs†chimiqu≥s†≥n†général≥,†par†
≥x≥mpl≥†≤ans†≤≥s†oligomèr≥s†bio-répon≤≥urs.†

La†≤≥uxièm≥†parti≥†s≥†focalis≥†sur†≤≥s†≥spac≥urs†auto-≥ffon≤rabl≥s†pour†utilisation†≤ans†≤≥s†
son≤≥s†pour†l’imag≥ri≥†par†résonanc≥†magnétiqu≥†≤ans†l≥†mo≤≥†ét≥int–ALLUMÉ.†L≥†princip≥†≤≥†c≥tt≥†
magnétog≥nès≥†s≥rait†la†transformation†≥nzymatiqu≥m≥nt†≤écl≥nché≥†≤ans†un†compl≥x≥†≤≥†f≥r(II),†≤≥†
l’état†bas-spin†(≤iamagnétiqu≥)†v≥rs†l’état†haut-spin†(paramagnétiqu≥).†S≥lon†la†conc≥ption†≤u†group≥,†
c≥tt≥†transformation†s≥rait†l≥†résultat†≤’un†chang≥m≥nt†≤ans†la†pr≥mièr≥†sphèr≥†≤≥†coor≤ination†≤’un†
compl≥x≥†f≥rr≥ux†chélatant,†≤’un†motif†N6†à†un†motif†N5†(≥g.†2b→2a).†M≥s†travaux†ont†ciblé†la†
≤ét≥ction†≤≥†l’activité†≤≥†glycosi≤as≥s,†pour†laqu≥ll≥†≤≥ux†famill≥s†≤’≥spac≥urs†ont†été†≥xploré≥s.†

La†pr≥mièr≥†famill≥†≤’≥spac≥urs†était†l≥s†glycosi≤≥s†2-furanoliqu≥s.†L≥†choix†≤≥†c≥ux-ci†était†
motivé†par†un≥†≥xploration†précé≤≥nt≥†infructu≥us≥†≤≥s†quinon≥s†méthy≤≥s†≤ans†l≥†group≥†:†c≥s†
≥spac≥urs†n’ont†pas†immolé†un≥†fois†l≥†compl≥x≥†f≥rr≥ux†formé†(2b).†L≥s†≥spac≥urs†auto-≥ffon≤rabl≥s†
furanoliqu≥s††étai≥nt†conçus†pour†montr≥r†un≥†plus†gran≤≥†t≥n≤anc≥†à†élimin≥r,†mais†la†stratégi≥†
éliminant≥†général≥†≤≥s†travaux†précé≤≥nts†a†été†r≥t≥nu≥†(≤onc,†nouv≥aux†cibl≥s†t≥ls†qu≥†44b).††
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L≥s†prés≥nts†travaux†≤≥†thès≥†ont†≥xploré†trois†voi≥s†synthétiqu≥s†principal≥s†v≥rs†c≥s†cibl≥s†≤≥†
typ≥†glycosi≤≥†2-furanoliqu≥:†cycloisomérisations†soit†avant†soit†après†installation†≤u†group≥m≥nt†
pyri≤yl†coor≤onnant,†≥t†substitution†nucléophil≥†aromatiqu≥.†Ainsi,†l≥s†pr≥mi≥rs†glycosi≤≥s†
2-furanoliqu≥s†att≥stés†ont†été†synthétisés†par†≤≥ux†voi≥s†≤iffér≥nt≥s†≥t†l≥ur†fonctionnalisation†a†été†
≥xploré≥.†Tout≥fois,†après†≤≥†nombr≥ux†≥ssais,†l’instabilité†hy≤rolytiqu≥/éliminant†≤≥†c≥s†≥spèc≥s†≥t†la†
réactivité†él≥vé≥†≤u†motif†alkoxyfuran,†a†con≤uit†à†l’aban≤on†≤≥†c≥tt≥†stratégi≥†consi≤éré≥†comm≥†p≥u†
prom≥tt≥us≥†pour†≤’applications†in†vivo.†

Un≥†≤≥uxièm≥†famill≥†≤’≥spac≥urs†était†alors†abor≤é≥,†av≥c†un†mo≤≥†≤≥†fonctionn≥m≥nt†≤≥†
coor≤ination→≤écoor≤ination†(92a→93)†plutôt†qu≥†≤’élimination†comm≥†≥ssayé†précé≤≥mm≥nt.†C≥ci†
était†choisi†pour†ré≤uir≥†l≥†≤éfi†én≥rgétiqu≥†≤≥†la†transformation†con≤uisant†au†magnétog≥nès≥,†pour†
ainsi†r≥n≤r≥†l≥s††cibl≥s†moins†instabl≥s†qu≥†l≥s†furanols.†D≥s†carbimi≤at≥s†cycliqu≥s†(oxazoli≤inon≥s,†
oxazolon≥s†≥t†b≥nzoxazolon≥s†O-alkylés)†ont†été†sél≥ctionnés†comm≥†≥spac≥urs†tautomérisants.†

L’attach≥m≥nt†≤≥†substrats†/†mo≤èl≥s†≤≥†substrats†par†O-alkylation††a††posé†≤≥s††≤éfis†
synthétiqu≥s†initials.†Un≥†voi≥†≤≥†synthès≥†a†été†mis≥†au†point†pour†p≥rm≥ttr≥†l’attach≥m≥nt†≤≥s†
substrats†par†l’int≥rmé≤iair≥†≤’un†≥spac≥ur†auxiliair≥†≤≥†typ≥†PHBA/PABA.†Au†mom≥nt†≤≥†la†
ré≤action,†≤iv≥rs†≥spac≥urs†alkylés†av≥c†≤≥s†substrats††mo≤èl≥s,†t≥ls†qu≥†135/137/155,†ont†été†isolés†;†
notamm≥nt,†un†ligan≤†mo≤èl≥†(160)†≥st†prêt†à†la†purification†pour†un≥†étu≤≥†évaluant†l’obt≥ntion†ou†
non†≤≥†l’état†≤iamagnétiqu≥†par†c≥†typ≥†≤’≥spac≥ur.†D≥s†travaux†synthétiqu≥s†actu≥ls†≥spèr≥nt†pouvoir†
conclur≥†rapi≤≥m≥nt†sur†la†faisabilité†≤≥†c≥tt≥†stratégi≥†≤≥†coor≤ination-≤écoor≤ination,†≥t†ori≥nt≥r†≤≥†
futurs†travaux†≤ans†l’équip≥.†

En†somm≥,†c≥tt≥†thès≥†prés≥nt≥ra†≤≥s†≥xplorations†synthétiqu≥s†≥t†analytiqu≥s†autour†≤≥s†
son≤≥s†≤’activité†≥nzymatiqu≥†basé≥s†sur†≤≥s†≥spac≥urs†auto-≥ffon≤rabl≥s†originaux.†
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I.†INTRODUCTION†
1.†Mol≥cular†Imaging†of†Enzym≥†Activity†
1.1.†Motivation†

Enzym≥s†ar≥†th≥†crucial†catalysts†for†almost†all†biological†proc≥ss≥s.†D≥spit≥†th≥†ov≥rwh≥lming†
compl≥xity†of†biological†pathways,†involving†thousan≤s†of†actors†to†achi≥v≥†a†typical†ov≥rall†
functional†or†anatomical†chang≥,†k≥y†functions†–†≥g.†activation†of†signalling†casca≤≥s†or†proc≥ss-
limiting†r≥action†st≥ps†–†ar≥†oft≥n†p≥rform≥≤†by†sp≥cific†≥nzym≥s.[1,2]†For†≥xampl≥,†HIV-1†prot≥as≥†is†
a†crucial†≥nzym≥†in†th≥†progr≥ss†of†HIV†inf≥ction[3];†caspas≥-3†is†a†critical†p≥pti≤as≥†for†initiating†
apoptosis†in†mammals[4];†an≤†prostat≥-sp≥cific†antig≥n†is†a†p≥pti≤as≥†which†is†w≥ll†corr≥lat≥≤†with†
manif≥stations†of†prostat≥†canc≥r[5].††
Mol≥cular†Imaging†is†th≥†quantification†an≤†imaging†of†th≥†activity†of†sp≥cific†targ≥t†≥nzym≥s†in†th≥†
cuv≥tt≥†(in†vitro),†in†c≥lls††(in†c≥llulo),†in†tissu≥s†or†in†whol≥†organisms††(in†vivo).†By†unpicking†th≥†
n≥tworks†of†≥nzym≥†activity†which†un≤≥rli≥†biology,†mol≥cular†imaging†can†promis≥†a†functional†
un≤≥rstan≤ing†of†th≥†mol≥cular†bas≥s†of†biological†proc≥ss≥s†an≤†≤is≥as≥.†It†can†also†promis≥†≥arly†an≤†
pr≥cis≥†≤iagnos≥s†of†functional†chang≥s†or†malfunctions,†w≥ll†b≥for≥†anatomical†chang≥s†ar≥†≥vi≤≥nt,†
an≤†th≥r≥for≥†allows†for†≥arli≥r†an≤†b≥tt≥r†a≤apt≥≤†tr≥atm≥nts.[1,2]†
Classical†inv≥stigativ≥†t≥chniqu≥s†(≥g.†antibo≤y†conjugat≥s,†som≥†r≥activ≥†prob≥s)†only†m≥asur≥†an†
≥nzym≥’s†total†conc≥ntration.†How≥v≥r,†a†singl≥†≥nzym≥†may†show†significant†≤iff≥r≥nc≥s†of†activity†
or†≥v≥n†function,†≤≥p≥n≤ing†on†a†vari≥ty†of†factors†inclu≤ing†its†bioch≥mical†form†(≥g.†
monom≥r/≤im≥r,†cofactor-associat≥≤,†ac≥tylat≥≤†or†phosphorylat≥≤†or†with†mor≥†significant†post-
translational†mo≤ifications),†fol≤ing,†th≥†c≥ll†typ≥†in†which†it†is†≥xpr≥ss≥≤,†or†its†c≥llular†
localisation.[6,7]†Rath≥r†than†≥xamining†≥nzym≥†conc≥ntration,†mol≥cular†imaging†inst≥a≤†aims†to†
quantify†≥nzymatic†activity†towar≤s†a†giv≥n†substrat≥,†which†allows†for†th≥s≥†bioch≥mical†variations†in†
≥nzym≥†rol≥†an≤†activity.†Th≥r≥for≥†mol≥cular†imaging†is††a†significant†an≤†n≥c≥ssary†functional†
a≤vanc≥†ov≥r†classical†m≥tho≤s,†as†it†alon≥†can†conclu≤≥†on†an†≥nzym≥’s†tru≥†functional†≥ff≥cts.††
1.2.†High-s≥nsitivity†off-ON†prob≥s†

Mol≥cular†imaging†can†≥xploit†an†≥nzym≥’s†activity†to†profit†from†catalytically†amplifi≥≤†signal†
r≥a≤out:†th≥†≥nzym≥†proc≥ss≥s†multipl≥†prob≥†mol≥cul≥s,†so†s≥nsitivity†is†pot≥ntially†high†≥v≥n†for†
small†≥nzym≥†activiti≥s†(rath≥r†than†1:1†≤≥t≥ction†by†classical†m≥tho≤s).[1,2]†On≥†promising†amplifi≥≤†
approach†to†high-s≥nsitivity†mol≥cular†imaging†is†th≥†proag≥nt†strat≥gy.[8]†Th≥†prob≥†is†appli≥≤†in†a†
proag≥nt†form,†which†shoul≤†b≥†conv≥rt≥≤†into†an†ag≥nt†form†upon†th≥†catalytic†activity†of†th≥†targ≥t†
≥nzym≥,†in†a†mann≥r†that†r≥fl≥cts†th≥†≥nzym≥’s†activity†on†its†natural†substrat≥.†If†th≥†proag≥nt†an≤†
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ag≥nt†forms†show†substantially†≤iff≥r≥nt†signal†charact≥ristics,†th≥n†monitoring†th≥†signal†output†
shoul≤†giv≥†mol≥cular†information†about†th≥†activity†of†th≥†targ≥t†≥nzym≥.††
A†proag≥nt†may†g≥n≥rat≥†no†signal†whatso≥v≥r††(“off”),†but†wh≥n†its†substrat≥†is†proc≥ss≥≤†by†th≥†
≥nzym≥,†th≥†ag≥nt†may†th≥n†g≥n≥rat≥†a†signal†(“ON”):†this†is†an†off-ON†mo≤≥†prob≥.†Th≥†b≥n≥fit†of†th≥†
off-ON†mo≤≥†is†that†all†th≥†obs≥rv≥≤†signal†can†b≥†attribut≥≤†to†th≥†activation†of†th≥†prob≥,†an≤†th≥†
mor≥†car≥fully†th≥†signal†is†coll≥ct≥≤,†th≥†b≥tt≥r†th≥†≤≥t≥ction†s≥nsitivity†will†b≥.†If†th≥†acquisition†
param≥t≥rs†allow†for†a†low†inh≥r≥nt†backgroun≤,†th≥n†th≥†off-ON†prob≥†will†giv≥†unambiguous,†highly†
s≥nsitiv≥†≤≥t≥ction†of†≥nzymatic†activity.†Alt≥rnativ≥ly,†if†proag≥nt†an≤†ag≥nt†forms†both†g≥n≥rat≥†
signal,†just†in†≤iff≥r≥nt†amounts,†this†is†a†r≥lativ≥†chang≥†mo≤≥†prob≥;†prob≥s†op≥rating†in†an†ON-off†
mo≤≥†ar≥†also†s≥≥n.†N≥arly†all†≥xisting†prob≥s†ar≥†r≥lativ≥†chang≥†mo≤≥†prob≥s:†≥g.†≥nzym≥-s≥nsitiv≥†
G≤(III)-bas≥≤†MRI†prob≥s,†an≤†most†FRET-bas≥≤†or†≥l≥ctronic†mo≤ulation†fluorog≥nic†prob≥s.†
How≥v≥r,†for†mol≥cular†imaging†in†vivo,†off-ON†prob≥s†ar≥†an†absolut≥†r≥quir≥m≥nt†(Figur≥†1).†

†
Figur≥†1†–†Thr≥≥†common†prob≥†mo≤≥s†for†Mol≥cular†Imaging,†in†th≥†i≤≥al†situation†of†high†≥nzym≥†activity,†shown†in†
practic≥†in†four†common†situations:†a)†in†vitro†styl≥:†static†an≤†homog≥nous†proag≥nt†≤istribution,†an≤†backgroun≤†
subtraction;†b)†colony†assay†styl≥:†no†backgroun≤†subtraction;†c)†i≤≥al†in†vivo†styl≥:†proag≥nt†≤ynamically†an≤†
inhomog≥nously†≤istribut≥≤,†but†ag≥nt†c≥llularly†r≥tain≥≤;†≤)†typical†in†vivo†styl≥:†activ≥†ag≥nt†also†≤iffus≥s.††

Th≥r≥†many†argum≥nts†for†th≥†absolut≥†n≥c≥ssity†of†th≥†off-ON†approach†for†in†vivo†imaging[1,2]†(an≤†
both†long≥r†≤iscussions,†an≤†analytical†mo≤≥ls,†ar≥†giv≥n†in†s≥ctions†I.1.3†an≤†I.3):†
S≥nsitivity:††For†in†vivo†imaging,†small†≥nzymatic†activiti≥s†must†b≥†quantifi≥≤†as†s≥nsitiv≥ly†as†
possibl≥.††So†th≥†ratio†of†th≥†tru≥†signal†(small†amount†of†activat≥≤†ag≥nt)†to†th≥†backgroun≤†
compon≥nt†(much†proag≥nt†+†backgroun≤†fluctuations)†in†th≥†coll≥ct≥≤†signal,†must†b≥†maximis≥≤.[9,10]†
Th≥†b≥st†math≥matical†way†to†≤o†this†is†to†us≥†a†proag≥nt†which†giv≥s†a†minimum†of†signal.†
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Practically†too,†th≥†absolut≥†backgroun≤†signal†limits†th≥†≤≥t≥ction†s≥nsitivity†by†saturating†th≥†
≤≥t≥ctor†an≤†≤rowning†r≥gions†with†small†≤iff≥r≥nc≥s†of†signal.†Both†r≥lativ≥†chang≥†an≤†ON-off†
mo≤≥s†giv≥†a†high†backgroun≤†compon≥nt†from†th≥†proag≥nt†form,†so†ar≥†ill-suit≥≤†to†th≥†s≥nsitiv≥†
≤≥t≥ction†of†r≥alistic†amounts†of†≥nzymatic†activity†in†biologically†r≥l≥vant†situations†(Figur≥†1b-1≤).†
R≥liability:†For†tru≥†off-ON†prob≥s,†th≥†m≥asur≥≤†signal†giv≥s†th≥†conc≥ntration†of†th≥†activat≥≤†ag≥nt,†
which†th≥n†corr≥lat≥s†to†th≥†targ≥t†≥nzym≥’s†activity.†Y≥t,†for†th≥†oth≥r†mo≤≥s†th≥†m≥asur≥≤†signal†is†a†
function†of†th≥†proag≥nt†conc≥ntration†too.†With†static,†homog≥nous†≤istribution†an≤†backgroun≤†
subtraction†(cf.†in†vitro),†all†thr≥≥†mo≤≥s†can†giv≥†goo≤†quantification,†b≥caus≥†th≥†proag≥nt†signal†
compon≥nt†can†b≥†factor≥≤†out†(Figur≥†1a).†Y≥t††in†vivo,†proag≥nts†ar≥†inhomog≥nously†an≤†
≤ynamically†≤istribut≥≤†in†th≥†organism†from†inj≥ction†till†acquisition.[11,12]†Unl≥ss†th≥†instantan≥ous†
conc≥ntrations††of†th≥†proag≥nt†can†b≥†orthogonally†≤≥t≥rmin≥≤†at†all†points†in†th≥†subj≥ct,††its†
contribution†cannot†b≥†factor≥≤†out†of†th≥†m≥asur≥≤†signal:†so†th≥†tru≥†≥nzymatic†signal†compon≥nt†of†
both†r≥lativ≥†chang≥†an≤†ON-off†prob≥s†cannot†b≥†r≥liably†≤≥t≥rmin≥≤.†As†backgroun≤†subtraction†is†
also†usually†impossibl≥,†≥xp≥rim≥nts†using†such†prob≥s†pot≥ntially†giv≥†no†tru≥†mol≥cular†information†
whatso≥v≥r†(Figur≥†1c).†Consi≤≥ring†too†th≥†≥ff≥cts†of†≤iffusion†of†th≥†activat≥≤†ag≥nt,†th≥†
unambiguity†an≤†high†s≥nsitivity†of†th≥†off-ON†mo≤≥†ar≥†vital†for†r≥liabl≥†in†vivo†imaging†(Figur≥†1≤).†
Th≥†simpl≥,†practical†solution†for†r≥liabl≥†high†s≥nsitivity†is†to†≤≥sign†off-ON†mo≤≥†prob≥s.[13]†
Th≥†two†mol≥cular†imaging†mo≤aliti≥s†which†b≥st†l≥n≤†th≥ms≥lv≥s†to†th≥†off-ON†approach†ar≥†optical†
imaging†an≤†MRI.†SPECT,†PET,†CT†an≤†ultrasoun≤†curr≥ntly†r≥ly†mor≥†on†th≥†bio≤istribution†of†th≥ir†
contrast/signal-g≥n≥rating†ag≥nts†to†localis≥†pot≥ntial†≥nzymatic†activity,†rath≥r†than†on†that†≥nzym≥†
activity†to†mol≥cularly†trigg≥r†signal†g≥n≥ration.[14]†Th≥r≥for≥†this†th≥sis†will†tr≥at†off-ON†mol≥cular†
imaging†in†th≥†strict≥r†cont≥xt†of†MRI†an≤†optical†(sp≥cifically,†fluor≥sc≥nc≥)†prob≥s.†
1.3.†Mo≤ularity:†th≥†rol≥†of†spac≥rs†in†prob≥s†(an≤†pro≤rugs)†

Consi≤≥r†first†th≥†highly†sp≥cific,†off-ON†small-mol≥cul≥†proag≥nt†cap≥citabin≥[15]:†thr≥≥†succ≥ssiv≥†
≥nzymatic†r≥actions,†in†th≥†liv≥r†th≥n†in†its†tumour†targ≥t,†conv≥rt†th≥†substrat≥-mimic†proag≥nt†to†th≥†
activ≥†ag≥nt†5-fluorouracil†(Figur≥†2).†This†giv≥s†cap≥citabin≥†high†sp≥cificity†for†its†≥nzym≥†pathway:†
but†it†is†har≤†to†apply†its†≤≥sign†to†targ≥t†oth≥r†critical†≥nzym≥s,†or†to†r≥l≥as≥†oth≥r†activ≥†ag≥nts.††

†
Figur≥†2†–†Th≥†highly†sp≥cific,†non-mo≤ular†≤≥sign†of†cap≥citabin≥,†a†proag≥nt†for†5-fluorouracil.†
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Th≥†incr≥≤ibl≥†sp≥cificity†attainabl≥†with†biomacromol≥cul≥s†(≥g.†antibo≤y†cojugat≥s)†also†promis≥s†
highly†sp≥cific†imaging†or†tr≥atm≥nt,†in†th≥ory:†but†small≥r,†ch≥ap≥r,†≤ruglik≥[16]†mol≥cular†prob≥s†an≤†
th≥rap≥utics†may†b≥†th≥†only†practical†way†to†achi≥v≥†th≥s≥†outcom≥s†in†vivo:†
“[Biomacromol≥cul≥s†ar≥]†v≥ry†limit≥≤†≤u≥†to†pharmacokin≥tic†an≤†≤rug†≤isposition†limitations†
at†both†th≥†tissu≥†an≤†c≥llular†l≥v≥l…†[thos≥]†with†intrac≥llular†targ≥ts†will†only†b≥†≥ff≥ctiv≥…†if†
th≥y†avoi≤†≤≥gra≤ation,†h≥patic/r≥ticulo≥n≤oth≥lial†syst≥m†uptak≥†an≤†r≥nal†≥xcr≥tion,†
trav≥rs≥†th≥†microvascular†≥n≤oth≥lium,†cross†targ≥t†c≥ll†m≥mbran≥s†an≤†≥scap≥†≤≥gra≤ation†
in†th≥†≥n≤osom≥-lysosom≥†syst≥m.†Subv≥rting†th≥s≥†barri≥rs†has†contribut≥≤†to†th≥†
r≥quir≥m≥nt†for†larg≥†≤os≥s,†an≤†low†th≥rap≥utic†margins†obs≥rv≥≤.”[17]†

By†contrast†to†th≥s≥†highly†sp≥cific†strat≥gi≥s,†consi≤≥r†a†mo≤ular†off-ON†mol≥cular†≤≥sign,†wh≥r≥†a†
≤omain†of†ag≥nts†can†b≥†‘mix≥≤†an≤†match≥≤’†with†a†rang≥†of†masking†groups†s≥nsitiv≥†to†≤iff≥r≥nt†
≥nzym≥s.†By†varying†th≥†choic≥†of†ag≥nt†an≤†masking†group,†prob≥s/proag≥nts†can†b≥†≤≥v≥lop≥≤†for†a†
wi≤≥†vari≥ty†of†applications†(Figur≥†3).†Such†mo≤ular†≤≥signs†hav≥†b≥≥n†≥xplor≥≤†for†≤≥ca≤≥s,[8]†an≤†
provi≤≥†many†pharmacological†as†w≥ll†as†conc≥ptual†a≤vantag≥s†in†r≥s≥arch†an≤†m≥≤icin≥.[18-20]††For†
≥xampl≥,†a†mol≥cular†imaging†proag≥nt†which†s≥l≥ctiv≥ly†imag≥s†≤is≥as≥≤†c≥lls†in†th≥†pr≥s≥nc≥†of†
h≥althy†tissu≥s,†may†provi≤≥†a†≤≥sign†for†pro≤rugs†off≥ring†as†s≥l≥ctiv≥††a†tr≥atm≥nt†of†that†≤is≥as≥†
without†syst≥mic†si≤≥†≥ff≥cts†(chang≥†of†payloa≤).†Or,†a†proag≥nt†which†r≥l≥as≥s†a†chromophor≥†aft≥r†
th≥†action†of†a†r≥port≥r†≥nzym≥†may†lat≥r†fin≤†a†high≥r†impact†application†r≥l≥asing†an†anticanc≥r†≤rug,†
trigg≥r≥≤†by†an†≥nzym≥†of†tru≥†in†vivo†int≥r≥st[21,22]†(chang≥†of†payloa≤†an≤†substrat≥).†This†mo≤ularity†
is††≥sp≥cially†important†wh≥n†an†ag≥nt†of†int≥r≥st†cannot†b≥†≤ir≥ctly†link≥≤†to†a†≤≥sir≥≤†substrat≥†
b≥caus≥†th≥†ag≥nt†≤o≥s†not†poss≥ss†a†suitabl≥†‘han≤l≥’†group†to†giv≥†a†stabl≥,†y≥t†≥nzym≥-activatabl≥†
proag≥nt†(ch≥mistry†probl≥m);†or†wh≥n†that†≤ir≥ct†linkag≥†r≥sults†in†ba≤†≥nzym≥†proc≥ssing†of†th≥†
substrat≥†moi≥ty,†oft≥n†≤u≥†to†st≥ric†cong≥stion/low†r≥cognition†(biological†probl≥m)[23,24].†

††
Figur≥†3†–†Mo≤ular,†thr≥≥-compon≥nt†≤≥signs†for†≥nzym≥-activat≥≤†proag≥nts,†bas≥≤†aroun≤†auto-immolativ≥†spac≥rs†
(gr≥≥n),†may†p≥rmit†a†rang≥†of†≥nzym≥-sp≥cific†applications†in†prob≥s†an≤†pro≤rugs†(illustrat≥≤†for†hy≤rolas≥s).†

Th≥†chi≥f†way†to†achi≥v≥†mo≤ularity†is†to†split†a†prob≥’s†≤≥sign†r≥quir≥m≥nts†into†functional†units†
which†can†≥ach†b≥†impl≥m≥nt≥≤†by†a†c≥rtain†ch≥mical†moi≥ty†(≥g.†an†≥nzym≥-cl≥av≥≤†substrat≥,†a†
signal-≥mitting†moi≥ty,†a†solubilising†moi≥ty,†a†ch≥mical-†or†light-r≥sponsiv≥†switch).†I≤≥ally,†a†fully†
mo≤ular†prob≥†≤≥sign†woul≤†allow†r≥lativ≥ly†orthogonal†r≥actions†to†ass≥mbl≥†finish≥≤†proag≥nts†at†a†
lat≥†synth≥tic†stag≥,†by†synth≥tically†f≥asibl≥,†ch≥ap,†an≤†g≥n≥rally-applicabl≥†ch≥mical†r≥actions†
joining†th≥†compon≥nts.†Crucially,†th≥s≥†joints†may†oft≥n†involv≥†th≥†us≥†of†ch≥mical†a≤apt≥rs,[25]†also†
known†as†smart†spac≥rs†or†int≥llig≥nt†link≥rs,†conn≥cting†th≥†parts†in†a†functional†way,†much†as†≤o†

†
†4†

†



†
Intro≤uction†S≥ction†1†–†Mol≥cular†Imaging††

†

logic†junctions[21]†in†circuit†≤≥sign.†Auto-immolativ≥†spac≥rs[8,26]†ar≥†th≥†most†wi≤≥spr≥a≤†smart†
spac≥rs,†an≤†may†us≥≤†as†“trac≥l≥ss”†ins≥rts†b≥tw≥≥n†two†(or†mor≥)†moi≥ti≥s†wh≥n†th≥ir†≤ir≥ct†
attachm≥nt†to†≥ach†oth≥r†is†unf≥asibl≥†or†un≤≥sir≥≤.†In†a†configuration†A–auto-immolativ≥-spac≥r–B,†
th≥†spac≥r†must†≥nsur≥†that†onc≥†th≥†bon≤†A–spac≥r†is†brok≥n,†th≥†bon≤†spac≥r–B†rapi≤ly†br≥aks†too.†
Th≥†functional†ch≥mical†spac≥†of†groups†tol≥rat≥≤†by†a†spac≥r†at†th≥†A†an≤†B†positions†th≥r≥for≥†
≤≥fin≥s†th≥†class≥s†of†proag≥nt†it†can†b≥†us≥≤†in.†For†≥xampl≥,†a†glycosi≤as≥-s≥nsitiv≥†amin≥-r≥l≥asing†
prob≥†r≥quir≥s†a†spac≥r†tol≥rating†both†a†glycosi≤≥†at†A,†an≤†an†amin≥†at†B†(not≥:†spac≥rs†can†also†b≥†
‘stack≥≤’†on≥†aft≥r†anoth≥r†to†giv≥†ov≥rall†conn≥ctiviti≥s†A–spac≥r1–spac≥r2–B†which†ar≥†oth≥rwis≥†
ch≥mically†impossibl≥).[21,27]†Two†≥xampl≥s†of†spac≥r†conn≥ctiviti≥s†≤iscuss≥≤†mor≥†≥xt≥nsiv≥ly†lat≥r†
ar≥†now†intro≤uc≥≤:†th≥†cyclisation†spac≥rs†f≥atur≥≤†in†1a/34b†a≤apt†an†N-t≥rminal†substrat≥†(l≥ucin≥)†
onto†an†O-t≥rminal†ag≥nt†(fluorophor≥†HPQ);†an≤†th≥†≥liminativ≥†spac≥r†f≥atur≥≤†in†2b†a≤apts†an†O-
t≥rminal†substrat≥†(galactos≥)†onto†an†N-t≥rminal†ag≥nt†(macrocyclic†amin≥†compl≥x†2a;†Figur≥†4).†

†
Figur≥†4†–†R≥c≥nt†proag≥nt†≤≥signs†in†th≥†Hass≥ro≤t†group.†LAP:†l≥ucin≥†aminop≥pti≤as≥;†L≥u:†l≥ucyl;†PGA:†

p≥nicill≥n†ami≤as≥;†β-GAL:†β-galactosi≤as≥;†β-gal:†β-galactosyl.†
Both†proag≥nts†1a[28]†an≤†34b[29]†cyclis≥≤†rapi≤ly†aft≥r†≥nzymatic†cl≥avag≥†of†th≥ir†l≥ucin≥†substrat≥s†
to†r≥l≥as≥†th≥ir†HPQ†fluorophor≥,†y≥t†34b†was†not†in†practic≥†a†succ≥ss†(Part†I).†Also,†th≥†PHBA†
≥liminativ≥†spac≥r†has†b≥≥n†us≥≤†for†mor≥†than†30†y≥ars,†y≥t†in†≤≥sign†2b†it†fail≥≤†to†show†th≥†≤≥sir≥≤†
auto-immolativ≥†b≥haviour†aft≥r†≥nzymatic†activity:[30]†inst≥a≤,†r≥≤≥sign≥≤†prob≥s†such†as†2c†w≥r≥†
r≥quir≥≤†to†giv≥†≥nzym≥-trigg≥r≥≤†r≥l≥as≥†of†2a†(Part†II).[31]†Th≥†car≥ful†≤≥sign†of†functional†auto-
immolativ≥†spac≥rs†with†a†suitabl≥†a≤aptiv≥†ch≥mical†spac≥†is†th≥†limiting†factor†in†th≥†
conc≥ption†an≤†application†of†≥nzym≥-activat≥≤†proag≥nts†bas≥≤†on†mo≤ular†≤≥signs;†an≤†th≥†
≤≥v≥lopm≥nt†of†spac≥rs†which†can†b≥†mo≤ularly†appli≥≤†to†th≥†synth≥sis†of†proag≥nts†of†typ≥†A–
spac≥r–B†wh≥r≥†a†≤ir≥ct†bon≤†A–B†is†un≤≥sirabl≥†or†impossibl≥,†is†a†vital†goal†for†both†Mol≥cular†
Imaging†an≤†Mol≥cular†M≥≤icin≥.†This†PhD†will†≤≥scrib≥†r≥s≥arch†into†just†such†spac≥rs,†at†all†tim≥s†
consi≤≥ring†oth≥r†vital†crit≥ria:†inclu≤ing†cost†an≤†synth≥tic†f≥asibility,†but†chi≥fly,†th≥†in†vivo†
suitability†of†th≥†prob≥s†bas≥≤†aroun≤†th≥m.†
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2.†D≥sign†Principl≥s†for†Enzym≥-Trigg≥r≥≤†off-ON†Prob≥s†
2.1.†Crucial†g≥n≥ral†charact≥ristics†for†in†vivo†prob≥†us≥†
“Em≥rging†an≤†mor≥†chall≥nging†biom≥≤ical†applications†such†as†in†vivo…†imaging†also†r≥quir≥†
th≥†us≥†of†[off-ON]†prob≥s…†num≥rous†[prob≥s]†suitabl≥†for†th≥†visualization†of†biologically†
r≥l≥vant†mol≥cul≥s…†an≤†≥nzym≥†activiti≥s…†in†various†in†vitro††an≤†in†c≥llulo††mo≤≥ls,†hav≥†
b≥≥n†≤≥v≥lop≥≤.†How≥v≥r,†f≥w†of†th≥m†fulfill†all†th≥†r≥quir≥m≥nts†for†in†vivo†us≥.”[10]††

S≥l≥ct≥≤†in†vivo†r≥quir≥m≥nts†ar≥†bri≥fly†intro≤uc≥≤†h≥r≥;†compr≥h≥nsiv≥†lists†ar≥†availabl≥.[1,32,33]†
Primarily,†in†vivo†≤≥t≥ction†an≤†imaging†of†≥nzymatic†activity†is†limit≥≤†by†th≥†ability†to†≥stablish†a†
suffici≥nt†conc≥ntration†of†th≥†activat≥≤†ag≥nt†on-sit≥[1],†≥sp≥cially†consi≤≥ring†that†in†vivo†stu≤i≥s†
(shoul≤)†aim†at†v≥ry†low†≥nzym≥†activiti≥s,†pr≥s≥nt†at†nativ≥†(not†transf≥ction-≥nhanc≥≤)†l≥v≥ls.†So:†
(1)†Th≥†proag≥nt†must†b≥†abl≥†to†r≥ach†its†targ≥t†≥nzym≥,†which†impli≥s†goo≤†wat≥r†solubility[34,35],†
m≥mbran≥†p≥rm≥ability[36],†an≤†pharmacokin≥tics†oth≥rwis≥†no†in†vivo†≥xp≥rim≥nt†can†b≥†p≥rform≥≤.†
If†prob≥s†r≥quir≥†in†vitro†charact≥risation†in†organic†solv≥nt†mixtur≥s,[10,37]†this†is†an†unpromising†sign‡†
(2a)†Upon†≥ncount≥ring†th≥†≥nzym≥,†th≥†proag≥nt†is†quickly†proc≥ss≥≤[38],†an≤†it†quickly†≤issociat≥s[39]†
from†th≥†≥nzym≥†to†giv≥†optimal†turnov≥r.†If†th≥†prob≥†is†proc≥ss≥≤†to†a†m≥tastabl≥†int≥rm≥≤iat≥†stat≥,†
that†int≥rm≥≤iat≥†must†v≥ry†quickly[26]†transform†to†yi≥l≤†th≥†activ≥†signalling†ag≥nt.†Prob≥†≤≥signs†
cannot†affor≤†to†ignor≥†toxicology:†≤≥signs†which†inhibit[39-41]†or†inactivat≥[42]†th≥†targ≥t†≥nzym≥††(or†
kill†th≥†organism†un≤≥r†stu≤y)†ar≥†always†unacc≥ptabl≥;†thos≥†which†≥v≥ntually†poison†th≥†c≥ll†ar≥†
unacc≥ptabl≥†≥xc≥pt†in†th≥†cas≥†of†(≥xtr≥m≥ly‡)†s≥l≥ctiv≥ly-activat≥≤†cytotoxics[43].†
(2b)†Th≥†obs≥rv≥≤†signal†must†b≥†corr≥lat≥≤†with†a†causativ≥†l≥v≥l†of†≥nzym≥†activity.†Importantly,†
this†r≥quir≥s†that†signal†only†b≥†g≥n≥rat≥≤†by†activity†of†th≥†sp≥cific†targ≥t†≥nzym≥,†an≤†no†signal†b≥†
g≥n≥rat≥≤†by††spontan≥ous†prob≥†activation:†“th≥†off†stat≥†STAYS†off†≤uring†th≥†≥xp≥rim≥ntal†
lif≥tim≥.”[44]†Spontan≥ous†signal†g≥n≥ration†r≥ally†impli≥s†a†r≥lativ≥†chang≥†mo≤≥:†th≥†obs≥rv≥≤†signal†
vari≥s†from†[spontan≥ous†l≥v≥l]†to†[spontan≥ous†l≥v≥l†plus†≥nzym≥†contribution].††Th≥r≥for≥†th≥†
≤≥t≥ction†s≥nsitivity†of†unstabl≥†prob≥s†in†r≥al†s≥ttings†is†just†as†low†as†that†of†th≥†r≥lativ≥†chang≥†
prob≥s†intro≤uc≥≤†in†s≥ction†1.2,†but†with†th≥†a≤≤≥≤†≤isa≤vantag≥†that†th≥†maximum†r≥lativ≥†chang≥†
constantly†≤≥cr≥as≥s†ov≥r†th≥†≥xp≥rim≥ntal†lif≥tim≥,†as†mor≥†of†th≥†prob≥†hy≤rolys≥s.†
(2c)†Th≥†activat≥≤†prob≥†shoul≤†stay†wh≥r≥†it†was†activat≥≤†an≤†not†≤iffus≥,†or†≥ls≥†th≥†signal†cannot†
b≥†r≥liably†localis≥≤[44,45]†or†≥v≥n†r≥tain≥≤†at†all[11]††(Figur≥†1≤).†An†i≤≥al†activat≥≤†ag≥nt†woul≤†
accumulat≥[11]†insi≤≥†th≥†c≥lls†which†lib≥rat≥≤†it[46],†ov≥r†a†long†≥xp≥rim≥ntal†tim≥†≤uring†which†it†must†
not†bio≤≥gra≤≥,†or†oth≥rwis≥†los≥†its†signal-≥mitting†capacity.[32]†Onc≥†th≥†activat≥≤†prob≥†is†in†plac≥,†
(3)††A†‘suffici≥nt’†conc≥ntration†≤≥p≥n≤s†on†th≥†inh≥r≥nt†signal-to-backgroun≤†ratio†R†of†th≥†
≥xp≥rim≥nt.†For†in†vivo†imaging,†wh≥r≥†th≥†targ≥t†≥nzymatic†activity†(an≤†so,†th≥†pot≥ntial†signal)†is†
small,†this†ratio†usually†≤≥p≥n≤s†far†mor≥†on†th≥†≥xp≥rim≥ntal†backgroun≤†signal†BACQ†rath≥r†than†th≥†
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signal†brightn≥ss†S†of†th≥†≥mitt≥r.†BACQ†≤iff≥rs†gr≥atly†b≥tw≥≥n†imaging†mo≤aliti≥s,†as†≤o†oth≥r†
s≥nsitivity-aff≥cting†factors†lik≥†signal†absorption†an≤†backgroun≤†incr≥as≥†by†scatt≥ring:†compar≥†th≥†
r≥quir≥≤†prob≥†conc≥ntrations†for†PET†(<nM)†to†MRI†(~mM)[13].†How≥v≥r,†an†ag≥nt’s†sp≥cific†signal-
≥mission†charact≥ristics†may†allow†s≥l≥ctiv≥†signal†coll≥ction†only†from†th≥†prob≥,†an≤†not†from†th≥†
backgroun≤:†this†gr≥atly†incr≥as≥s†R†almost†r≥gar≤l≥ss†of†S,†an≤†promis≥s†high-s≥nsitivity†prob≥s.†Th≥†
signal†from†th≥†proag≥nt†must†naturally†also†b≥†minimis≥≤†(“th≥†off†is†REALLY†off”)†particularly†if†w≥†
s≥≥k†to†visualis≥†a†small†signal†which†may†oth≥rwis≥†b≥†swamp≥≤†in†a†larg≥†proag≥nt†backgroun≤.†
An†i≤≥al†off-ON†prob≥†coul≤†b≥†appli≥≤†in†high†conc≥ntration†(bioavailability)†without†g≥n≥rating†
signal†from†unproc≥ss≥≤†prob≥†(off†is†r≥ally†off);†as†rapi≤ly†as†possibl≥†th≥†activat≥≤†form†woul≤†
accumulat≥†(goo≤†proc≥ssing†sp≥≥≤†an≤†no†loss†by†signal†≤≥gra≤ation/≤iffusion),†ov≥r†an†arbitrarily†
long†≥xp≥rim≥ntal†tim≥†(no†nonsp≥cific†or†spontan≥ous†signal†g≥n≥ration),†until†≥v≥n†a†small†≥nzym≥†
activity†gav≥†ris≥†to†a†cumulativ≥†signal†abov≥†th≥†backgroun≤†l≥v≥l†(inh≥r≥nt†R).†
For†an†≥xampl≥†r≥l≥vant†to†this†th≥sis,†consi≤≥r†th≥†comm≥rcialis≥≤,†ph≥nolic,†≥st≥ras≥†prob≥†
fluor≥sc≥in†≤iac≥tat≥†(FDA),†which†Rain≥s†compar≥≤†to†his†own,†mor≥†stabl≥†≥st≥ras≥†prob≥†≤≥sign†
3.[44]†Both†proag≥nts†≥xhibit†low†absolut≥†signal†r≥lativ≥†to†th≥†r≥sp≥ctiv≥†activat≥≤†ag≥nts†(pot≥ntial†
off-ON†≤≥sign),†but†FDA†g≥n≥rat≥s†larg≥†non≥nzymatic†signal†by†spontan≥ous†hy≤rolysis.†Th≥r≥for≥†
by†(2b),†FDA†r≥ally†functions†as†a†r≥lativ≥†chang≥†prob≥†whos≥†pot≥ntial†s≥nsitivity†rapi≤ly†≤iminish≥s†
to†z≥ro.††Wh≥n†incubat≥≤†with†c≥lls†for†only†two†hours,††it†in≤≥≥≤†g≥n≥rat≥≤†so†much†non≥nzymatic†
signal†that†c≥lls†coul≤†not†b≥†r≥solv≥≤.†Th≥r≥for≥†≤≥spit≥†th≥†pot≥ntial†of†fluor≥sc≥in†≤iac≥tat≥†as††an†
off-ON†prob≥,†in†a†practical†s≥tting†th≥†prob≥†was†us≥l≥ss†≤u≥†to†its†low†stability.†By†contrast,†Rain≥s’†
mor≥†stabl≥†off-ON†prob≥†3,†≥xploiting†smart†spac≥rs†to†cr≥at≥†mor≥†stabl≥†ph≥nolic†ac≥tat≥s,†gav≥†
s≥l≥ctiv≥†imaging†of†c≥ll†≥st≥ras≥†activity.†As†a†g≥n≥ral†rul≥,†prob≥†robustn≥ss†can†≥asily†outw≥igh†
tra≤itional†in†vitro†consi≤≥rations†such†as†signalling†ag≥nt†brightn≥ss,†as†th≥†crucial†≤≥t≥rminant†of†
prob≥†succ≥ss†in†vivo†(Figur≥†5;†s≥≥†too†s≥ction†2.3).†

†
Figur≥†5†(from†Chan≤ran†≥t†al.[44])†–†(A)†Non≥nzymatic†signal†g≥n≥ration†for†two-compon≥nt†ph≥nolic†prob≥†

fluor≥sc≥in†≤iac≥tat≥†(FDA;†upp≥r†curv≥,†r≥≤)†vs†Rain≥s’†thr≥≥-compon≥nt†prob≥,†3†(low≥r†curv≥,†blu≥),†in†DMEM†
m≥≤ium†(main)†or†PBS†(ins≥t).†C≥lls†w≥r≥†imag≥≤†aft≥r†incubation†with†FDA†(B),†or†prob≥†3†(C).††
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2.2.†Prob≥†archit≥ctural†issu≥s:†intro≤uction†
A†quick†intro≤uction†to†th≥†major†archit≥ctural†class≥s†of†mol≥cular†prob≥s†is†giv≥n†(Figur≥†6).†
R≥activ≥†Prob≥s†ar≥†h≥r≥†≤≥fin≥≤†as†singl≥-compon≥nt†prob≥s†which†may†b≥†proc≥ss≥≤†by†th≥†targ≥t†
≥nzym≥†by†≥ff≥cting†a†functional†group†transformation,†yi≥l≤ing†a†pro≤uct†which†≤isplays††a††signal†
output.†G≥n≥rally†th≥s≥†prob≥s†ar≥†limit≥≤†to†nitror≥≤uctas≥s†(≥g.†4);†r≥activ≥†pro≤rugs†also†usually†
targ≥t†oxi≤or≥≤uctas≥s,†≥g.†tirapazamin≥.[19,47,48]†It†is†impossibl≥†to†mo≤ulat≥†≥ith≥r†th≥†targ≥t≥≤†≥nzym≥†
or†th≥†activ≥†ag≥nt†g≥n≥rat≥≤†as†for†multicompon≥nt†prob≥s.[49]†
Two-compon≥nt†prob≥s†ar≥†g≥n≥rally†bas≥≤†on†an†≥nzym≥†substrat≥†which†larg≥ly†mut≥s†a†signalling†
mol≥cul≥†to†which†it†is†attach≥≤†(≥g.†comm≥rcial†5);†multiply-substitut≥≤†prob≥s†such†as†FDA†
conc≥ptually†also†b≥long†to†this†class.†Enzymatic†action†≥ith≥r†chang≥s†th≥†substrat≥†into†a†non-muting†
form[50]†or,†mor≥†oft≥n,†cl≥av≥s†th≥†muting†group†≥ntir≥ly†from†th≥†signall≥r[51,52].†Th≥†2-compon≥nt†
approach†cannot†“mix†an≤†match”†substrat≥s†an≤†signalling†mol≥cul≥s,†≥ith≥r:†an†≥st≥ras≥†prob≥†cannot†
b≥†ma≤≥†from†an†amin≥†signalling†moi≥ty,†nor†an†aminop≥pti≤as≥†targ≥t≥≤†with†a†ph≥nolic†≤rug.†
D≥p≥n≤ing†on†th≥†≤iff≥r≥nc≥†of†ch≥mical†natur≥†an≤†of†st≥ric†≤≥man≤†of†th≥†payloa≤[53]†r≥lativ≥†to†
thos≥†of†th≥†≥nzym≥’s†natural†substrat≥,†≥nzymatic†proc≥ssing†may†b≥†slow†in†vitro:[54]†if†so,†th≥n†wh≥n†
th≥†prob≥†is†in†comp≥tition†with†th≥†natural†substrat≥†(in†vivo),†th≥†turnov≥r†is†lik≥ly†to†b≥†minimal[55]†
so†th≥†prob≥†will†b≥†us≥l≥ss.†Th≥†majority†of†curr≥nt†substrat≥s†for†r≥porting†on†≥nzym≥†activity†ar≥†
2-compon≥nt†substrat≥s.[56]†

†
Figur≥†6†–†Exampl≥s†of†fluorog≥nic†prob≥s†illustrating†chi≥f†prob≥†archit≥ctur≥s.†4:†r≥activ≥†prob≥†for†nitror≥≤uctas≥†
(NTR).[49]†5:†2-compon≥nt†prob≥†for†l≥ucin≥†aminop≥pti≤as≥†(LAP).†6:†3-compon≥nt†prob≥†for†alkalin≥†phosphatas≥[41].†
Thr≥≥-compon≥nt†prob≥s†ar≥†broa≤ly†compos≥≤†of†a†substrat≥†bon≤≥≤†to†a†smart†spac≥r,†which†is†
its≥lf†bon≤≥≤†to†th≥†ag≥nt†of†int≥r≥st:†a†signalling†moi≥ty†or†≤rug.†Th≥†smart†spac≥r†is†crucial†for†
achi≥ving†mo≤ular,†mix-an≤-match††≤≥sign†of†a†rang≥†of†proag≥nts†or†pro≤rugs†targ≥ting†≤iff≥r≥nt†
≥nzym≥s††(≤≥p≥n≤ing†on†its†tol≥rat≥≤†ch≥mical†spac≥;†cf.†s≥ction†1.3).[25]†For†≥xampl≥,†a†p≥pti≤≥-to-
ph≥nol†spac≥r†achi≥v≥s†a†conn≥ctivity†that†is†impossibl≥†for†2-compon≥nt†prob≥s;†an≤†it†may†as†≥asily†
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allow††mol≥cular†imaging†of†th≥†activity†of†a†r≥port≥r†p≥pti≤as≥†with††a†ph≥nolic†fluorophor≥†(1a),†as†
gating†th≥†r≥l≥as≥†of†a†ch≥moth≥rap≥utic†to†th≥†≥nzymatic†activity†of†a†canc≥r†biomark≥r†p≥pti≤as≥†for†
targ≥t≥≤†th≥rapy.†Th≥†phosphat≥-to-anilin≥†spac≥r†in†6†similarly†a≤≤r≥ss≥s†a†conn≥ctivity†probl≥m.††
W≥ll-≤≥sign≥≤†spac≥rs†shoul≤†favour†fast†≥nzymatic†proc≥ssing†of†th≥†prob≥[28],†at†comparabl≥†rat≥s†to†
that†of†th≥†nativ≥†substrat≥,†so†that†similar†r≥sults†ar≥†obtain≥≤†in†vivo†as†in†vitro.†Mo≤ular†spac≥rs†
shoul≤†furth≥rmor≥†≥nsur≥†that†this†can†b≥†≥xt≥n≤≥≤†to†any†≥nzym≥†(in†a†similar†class)†with†similar†
r≥sults.†Robust†≥nzym≥s†such†as†common†r≥port≥r†≥nzym≥s†may†cl≥av≥†almost†any†prob≥†b≥aring†th≥ir†
pr≥-scissil≥†substrat≥††–†so†th≥y†ar≥†oft≥n†us≥≤†for†proofs-of-conc≥pt.†How≥v≥r,†if†th≥†post-scissil≥†
portion†of†th≥†spac≥r/prob≥†is†not†sp≥cifically†plann≥≤†to†≥nsur≥†it,†a†≤≥sign†will†rar≥ly†b≥†mo≤ular:†it†
will†not†allow†targ≥ting†oth≥r†≥nzym≥s†wh≥n†th≥†substrat≥†is†alt≥r≥≤†(≥g.†moving†from†targ≥ting†an†in†
vitro†r≥port≥r†≥nzym≥†to†a†particular††≥nzym≥††of†in†vivo†int≥r≥st).†For†≥xampl≥,†a†functional†β-
galactosi≤as≥†pro≤rug†≤≥sign†(7)†may†not†translat≥†to†β-glucuroni≤as≥††(8)[57];††or†th≥†
N,N’-≤im≥thyl≥thyl≥n≥†≤iamin≥†spac≥r†in†9†that†giv≥s†rapi≤†auto-immolativ≥†b≥haviour†aft≥r†(in≤ir≥ct)†
lib≥ration†by†≥g.†catalytic†antibo≤y†38C2[58]†or†nitror≥≤uctas≥[59]†may†not†allow†targ≥ting†plasmin[60]†
(10a)†or†p≥nicill≥n†ami≤as≥[23].†Car≥ful†≤≥sign†of†≥xt≥nsibl≥†spac≥rs†is†vital†(Figur≥†7).†

†
Figur≥†7†–†For†mo≤ularity,†≥nzym≥†sp≥cificity†must†b≥†consi≤≥r≥≤,†or†≥ls≥†prob≥s†may†not†b≥†proc≥ss≥≤†by†th≥†targ≥t†
≥nzym≥.†β-GAL:†β-galactosi≤as≥;†β-GLUC:†β-glucuroni≤as≥;†38C2:†catalytic†antibo≤y†38C2;†CPT:†camptoth≥cin.†
Ps≥u≤o-Thr≥≥-compon≥nt†prob≥s:†Multifunctional†spac≥rs†which†may†b≥†trigg≥r≥≤†by†mor≥†than†on≥†
≥nzym≥†(≥g.†≤i≥thyl≥n≥triamin≥[22]),†or†may†r≥l≥as≥†mor≥†than†on≥†mol≥cul≥†(≥g.†2,4-≤ihy≤roxym≥thyl-
anilin≥[43]†or†2,6-≤ihy≤roxym≥thyl-ph≥nol†as†in†9)†hav≥†b≥≥n†us≥≤†in†s≥lf-immolativ≥†≤≥n≤rons[25,61].†As†
to†th≥ir†function,†th≥s≥†ar≥†‘just’†high≥r-≤im≥nsion†≥xt≥nsions†of†thr≥≥-compon≥nt†prob≥s†an≤†can†b≥†
un≤≥rstoo≤†with†th≥†sam≥†consi≤≥rations,†so†th≥y†ar≥†class≥≤†h≥r≥.†Similarly,†prob≥s†with†two†or†mor≥†
lin≥arly-stack≥≤†spac≥rs†(as†f≥atur≥≤†in†9)†also†function†as†3-compon≥nt†prob≥s.†

†
† 9†
†



†
Intro≤uction†S≥ction†2†–†Enzym≥-activat≥≤†off-ON†Prob≥s††

†

2.3.†Hy≤rolas≥†prob≥s:†sp≥cific†archit≥ctural†an≤†in†vivo†issu≥s†
This†PhD†was†conc≥rn≥≤†with†th≥†≤≥sign†an≤†synth≥sis†of†off-ON†prob≥s†for†hy≤rolas≥†activity.†Thr≥≥†
sp≥cific†probl≥ms†plagu≥†hy≤rolas≥†prob≥s†mor≥†than†prob≥s†for†oth≥r†class≥s†of†≥nzym≥s,†an≤†≥ach†
probl≥m†must†b≥†a≤≤r≥ss≥≤†by†≤≥signing†an†appropriat≥†prob≥†archit≥ctur≥.†
(1)†Spontan≥ous†Hy≤rolysis:†Th≥†main†probl≥m†which†≥sp≥cially†aff≥cts†in†vivo†hy≤rolas≥†prob≥s†is†
th≥ir††intrinsic†hy≤rolytic†instability.†Th≥s≥†prob≥s†targ≥t†≥nzym≥s†which†hy≤rolys≥†a†crucial†bon≤,†
wh≥r≥upon†th≥†activ≥†ag≥nt†must†b≥†r≥l≥as≥≤.†If†this†bon≤†is†also†susc≥ptibl≥†to†spontan≥ous†hy≤rolysis†
by†wat≥r†(55†M,†37†°C,†5<pH<8),†th≥†prob≥†will†spontan≥ously†g≥n≥rat≥†signal†which†is†uncorr≥lat≥≤†
to†tru≥†≥nzymatic†activity.†This†gr≥atly†r≥≤uc≥s†its†≤≥t≥ction†s≥nsitivity,†an≤†cannot†warrant†a†
≤≥scription†as†truly†off-ON†(s≥≥†Figur≥†5†an≤†s≥ction†III.3):†so†instability†must†always†b≥†≥valuat≥≤.†
Notably†for†this†PhD,†hy≤rolas≥†prob≥s†usually†≤isplay†th≥†following†crucial†bon≤s:†ph≥nolic†
phosphat≥†≥st≥r†(phosphatas≥s)[62],†ph≥nolic†≥st≥r†(≥st≥ras≥s)[63],†anilinic†ami≤≥†(≥xop≥pti≤as≥s)[64]††or†
tru≥†p≥pti≤≥†(≥n≤op≥pti≤as≥s)[65,66],†an≤†ph≥nolic†glycosi≤≥†(glycosi≤as≥s)[67].†Not≥†that†although†mor≥†
stabl≥†crucial†bon≤s†ar≥†som≥tim≥s†propos≥≤†(≥g.†aliphatic†glycosi≤≥s)[68],†th≥s≥†may†b≥†such†poor†
≥nzym≥†substrat≥s,†≥sp≥cially†in†comp≥tition†with†nativ≥†substrat≥s,†that†th≥y†ar≥†us≥l≥ss†in†vivo.[69]††
Th≥r≥†ar≥†som≥†cl≥ar,††g≥n≥ral†stability†rul≥s.†Anili≤≥s†an≤†p≥pti≤≥s†(≥g†5)†ar≥†usually†stabl≥†to†
spontan≥ous†hy≤rolysis.†How≥v≥r,†ph≥nolic†compoun≤s†ar≥†probl≥matic:†ph≥nolic†≥st≥rs†ar≥†known†to†
b≥†rath≥r†unstabl≥†in†wat≥r[23,70];†ph≥nolic†glycosi≤≥s†l≥ss†so;†an≤†ph≥nolic†phosphat≥s†th≥†l≥ast†of†th≥s≥†
thr≥≥:†but†≥v≥n†ph≥nolic†phosphatas≥†prob≥s†may†hy≤rolys≥†at†rat≥s†which†≤≥man≤†pr≥cautions†with†
th≥ir†us≥[41,71].†Ph≥nolic†bon≤†stability†h≥avily†≤≥p≥n≤s†on†th≥†l≥aving†group†quality†of†th≥†ph≥nol†(an≤†
l≥ss†so†on†pH).††Th≥†probl≥m†≥sp≥cially††for†optical†prob≥s†is†that†as†a†g≥n≥ral†rul≥,†chromophor≥†/†
fluorophor≥†ph≥nols†ar≥†all†w≥ll-≤≥localis≥≤†an≤†many†ar≥†≥l≥ctron-with≤rawn,†th≥r≥for≥†th≥y†ar≥†
≥xc≥ptionally†goo≤†l≥aving†groups†(s≥≥†Part†I).[10]††Th≥r≥for≥†th≥††practical†s≥nsitivity†of†two-
compon≥nt†ph≥nolic†hy≤rolas≥†prob≥s†may†b≥†too†limit≥≤†for†tru≥†in†vivo†work.†Two-compon≥nt†
fluorog≥nic†≥st≥ras≥†prob≥s†ar≥†thoroughly†un≤≥sirabl≥†an≤†≤≥gra≤≥†too†rapi≤ly†for†in†vivo†≥xp≥rim≥nts†
(r≥call†FDA†in†Figur≥†5)[72,73].†To†achi≥v≥†robustn≥ss†for†in†vivo†us≥,†fluorog≥nic†glycosi≤as≥†prob≥s†
shoul≤†also†avoi≤†two-compon≥nt†≤≥signs;†≥v≥n†phosphatas≥†prob≥s[74]†hav≥†b≥≥n†shown†to†giv≥†
crucial†improv≥m≥nts†in†robustn≥ss†by†using†thr≥≥-compon≥nt†≤≥signs.[41]†Ev≥n†ph≥nolic†bon≤s†
tra≤itionally†consi≤≥r≥≤†r≥lativ≥ly†stabl≥[75],†such†as†b≥nzyl†ph≥nolic†≥th≥rs††(11),†will†≤≥gra≤≥†
spontan≥ously†too†fast†for†us≥†in†vivo†if†goo≤†l≥aving-group†ph≥nols†ar≥†us≥≤[10].†
(2)†Proag≥nt†Signal†Qu≥nching:†Hy≤rolas≥-trigg≥r≥≤†activation†oft≥n†r≥li≥s†on†r≥moving†a†masking†
group†from†a†lat≥nt†activ≥†moi≥ty[76].†How≥v≥r,†total†masking†of†th≥†signal†from†a†mol≥cul≥†is†v≥ry†
≤ifficult†to†achi≥v≥;[10]†in†this†r≥sp≥ct†totally-mask≥≤†pro≤rugs†may†b≥†simpl≥r†to†≤≥sign,†≥g.†by†
st≥rically†blocking†a†critical†pharmacophor≥†with†almost†any†typ≥†of†masking†group.†Commonly,†
hy≤rolas≥†prob≥†publications†claim†off-ON†functioning†bas≥≤†on†lib≥rating†a†known†activ≥†ag≥nt,†but†
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actually†fail†to†prov≥†n≥ar-total†signal†qu≥nching†in†th≥†proag≥nt†form.†Eith≥r†a†m≥chanism†critical†for†
signal†g≥n≥ration†must†b≥†≥ntir≥ly†block≥≤†by†th≥†masking†group,†or†th≥†masking†group†must†shift†th≥†
proag≥nt†signal†so†far†from†that†of†th≥†fr≥≥†ag≥nt†so†that†th≥†two†ar≥†bas≥lin≥-s≥parat≥≤:†oth≥rwis≥†
th≥r≥†is†no†justification†for†claiming†off-ON†mo≤≥†s≥nsitivity,†but†at†b≥st,†only†a†larg≥†r≥lativ≥†chang≥.†

†
Figur≥†8†–†Coval≥nt†mo≤ifications†which†≤o†not†giv≥†off-ON†b≥haviour,†as†proag≥nt†signal†qu≥nching†is†incompl≥t≥.†
Commonly,†coval≥nt†mo≤ifications†mor≥†or†l≥ss†strongly†alt≥r†th≥†prop≥rti≥s†of†a†signalling†mol≥cul≥†–†
≥g.†by†changing†th≥†≥l≥ctron†≤≥nsity†–†but†≥xampl≥s†of†total,†m≥chanistic†signal†blocking†ar≥†rar≥.††
Exampl≥†1:†Th≥†fluor≥sc≥nc≥†of†most†solubl≥†ph≥nols†≤≥p≥n≤s†on†conjugation/≥l≥ctron†≤onation†from†
th≥†ph≥nol/ph≥nolat≥.†Trapping†th≥†ph≥nol†≥g.†as†an†≥st≥r,†carbamat≥†or†≥th≥r,†r≥≤uc≥s†this†an≤†so†th≥†
l≥ss-conjugat≥≤†an≤†l≥ss†≥l≥ctron-rich†trapp≥≤†ph≥nol†usually†a≤opts†a†fluor≥sc≥nc≥†sp≥ctrum†which†is†
usually†both†l≥ss†int≥ns≥†an≤†sp≥ctrally-shift≥≤[72].†How≥v≥r:†this†sp≥ctral†shift†is†almost†n≥v≥r†≥nough†
to†giv≥†th≥†bas≥lin≥†s≥paration†that†is†r≥quir≥≤†for†tru≥††off-ON†b≥haviour††(cf.†11[10],†Figur≥†8).[10,72]†
Anilin≥†fluorophor≥s†too†may†giv≥†only†small†fluor≥sc≥nc≥†chang≥s†upon†coval≥nt†mo≤ifications,†≥g.†
only†+500%†≥nhanc≥m≥nt††for††an††ami≤≥→anilin≥††unmasking.[56,77]†Also,†proag≥nt†qu≥nching†by†
coval≥nt†mo≤ification†b≥com≥s†mor≥†≤ifficult†as†th≥†proportional†chang≥†on†th≥†signal†mol≥cul≥†
≤≥cr≥as≥s:†a†particular†probl≥m†for†long≥r-wav≥l≥ngth†fluorophor≥s†n≥≥≤≥≤†in†vivo,†as†th≥s≥†ar≥†
n≥c≥ssarily†mor≥†≤≥localis≥≤/functionalis≥≤†(≤iscussion†≤≥v≥lop≥≤†furth≥r†in†s≥ction†I.1.3.1).†
Compar≥†th≥s≥†complications†to††tru≥†m≥chanistic†signal†blocking†≥g.†by†masking†th≥†Excit≥≤†Stat≥†
Intramol≥cular†Proton†Transf≥r†proc≥ss†(ESIPT;†s≥ction†I.1.3.4).††Without†th≥†crucial†proton,†ESIPT†
signal†g≥n≥ration†is†not†r≥≤uc≥≤,†or†shift≥≤:†it†is†≥ntir≥ly†≥liminat≥≤.[78]†ESIPT-unmasking†prob≥s†ar≥†
th≥r≥for≥†truly†off-ON:†≥g.†1a→HPQ†(Figur≥†4)†giv≥s†>+200,000%†signal†≥nhanc≥m≥nt†on†activation.††
Exampl≥†2:†Th≥†r≥laxivity†chang≥†of†many†≥nzym≥-s≥nsitiv≥†MRI†contrast†ag≥nts†r≥li≥s†on†chang≥s†in†
wat≥r†coor≤ination.†For†≥xampl≥,†in†Ega≤M≥[79],†changing†th≥†inn≥r-sph≥r≥†wat≥r†coor≤ination†numb≥r†
q†upon†(putativ≥)†≥nzymatic†activity†incr≥as≥s†th≥†MRI†signal†int≥nsity.†Y≥t,†commonly,†half†of†such†
ag≥nts’†r≥laxivity†(signal†≥nhanc≥m≥nt)†is†≤u≥†to†s≥con≤-sph≥r≥†≥ff≥cts†which†r≥main†constant.[69]†As†
no†critical†m≥chanism†is†un/block≥≤,†th≥ir†maximal†signal†chang≥†is†only†aroun≤†+100%[79]†(Figur≥†8).††
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Inst≥a≤,†magn≥tog≥nic†prob≥s†r≥ly†on†≤iamagn≥tic†proag≥nts†incapabl≥†of†signal†≥nhanc≥m≥nt,†so†only†
aft≥r†activation†of†paramagn≥tism†is†signal†s≥≥n†(2c→2a,†Figur≥†4):†m≥chanistically†off-ON.[31]†
Non-total†signal†qu≥nching†in†th≥†proag≥nt†stat≥†giv≥s††(a)†low≥r≥≤†s≥nsitivity†in†vitro;†though†oft≥n,†
this†is†still†consi≤≥r≥≤†acc≥ptabl≥,†b≥caus≥†in†vitro†backgroun≤†an≤†proag≥nt†signals†can†b≥†subtract≥≤†
(Figur≥†1a)†an≤†≤iffusion†can†b≥†ignor≥≤†in†this†≥ss≥ntially†homog≥nous†m≥≤ium†(a†cuv≥tt≥†is†a†singl≥†
vox≥l).†How≥v≥r,†non-qu≥nch≥≤†≤≥signs†actually†giv≥†(b)†minimal†or†z≥ro†s≥nsitivity†in†vivo,†b≥caus≥†
it†is†impossibl≥†to†apply†such†‘corr≥ctions,’†an≤†≤iffusion†can†no†long≥r†b≥†ignor≥≤†(Figur≥†1≤;†s≥≥†too†
s≥ctions†I.1.3†an≤†I.3.1).†Th≥r≥for≥,†truly†off-ON†≤≥signs†ar≥†an†absolut≥†r≥quir≥m≥nt†in†vivo†(not†a†
luxury);†an≤†m≥chanistically†off-ON†prob≥s†may†r≥pr≥s≥nt†th≥†b≥st†approach†to†impl≥m≥nting†th≥m.†
(3)†Balancing†Sp≥cificity†vs†Kin≥tics†vs†Stability:†Hy≤rolas≥†prob≥s†usually†r≥ly†on†attaching†a†
natural†substrat≥†to†a†non-natural†l≥aving†group;†for†b≥st†≥nzymatic†kin≥tics,†this†shoul≤†b≥†on≥†with†as†
low†st≥ric†pr≥s≥nc≥†an≤†as†favourabl≥†l≥aving-group†natur≥†as†possibl≥.††Th≥r≥for≥,†avoi≤ing†
nonsp≥cific†≥nzymatic†activity,†as†w≥ll†as†spontan≥ous†hy≤rolysis,†whil≥†still†≥nsuring†goo≤†
≥nzymatic†proc≥ssing†kin≥tics,†may†b≥†probl≥matic.†For†≥xampl≥,†although†≥l≥ctron-rich†ph≥nolic†
≥st≥rs†an≤†≥v≥n†carbonat≥s†may†achi≥v≥†long†halfliv≥s†in†c≥ll†cultur≥†m≥≤ia†or†buff≥r†(>24†h),†th≥y†ar≥†
so††swiftly†an≤†nonsp≥cifically†hy≤rolys≥≤†in†c≥lls†or†s≥rum†(≥g.†12†min†halflif≥‡)†by†a†multitu≤≥†of†
≥st≥ras≥s,[80]†that†almost[76]†no†prob≥†≤≥signs†≥v≥n†aim†at†s≥l≥ctiv≥†≥st≥ras≥†targ≥ting.†Th≥†promiscuity†
an≤†in†vivo†ubiquity†of†phosphatas≥s†is†also†probl≥matic†for†th≥ir†s≥l≥ctiv≥†targ≥ting[55,81,82].†In†contrast,†
glycosi≤as≥,[83]†an≤†≥sp≥cially††p≥pti≤as≥[66,84]†substrat≥†sp≥cificiti≥s†can[85]†b≥†high,†≥nabling†
unambiguous†targ≥ting†(though†for†glycosi≤as≥s,†usually,†th≥†post-scissil≥†l≥aving-group†must†b≥†so†
goo≤†that†prob≥†stability†b≥com≥s†a†probl≥m).†
Importantly†for†this†PhD,†many†of†th≥†known†biomark≥rs†for†≤is≥as≥≤†stat≥s,†as†w≥ll†as†h≥althy†
biological†proc≥ss≥s,†ar≥†r≥lativ≥ly†sp≥cific†p≥pti≤as≥s†an≤†glycosi≤as≥s:†so†prob≥s†which†map†th≥ir†
activity†may†not†only†incr≥as≥†un≤≥rstan≤ing†in†biology,†but†also†allow†b≥tt≥r†≤iagnosis†an≤†
monitoring†of†≤is≥as≥.[1,2,33,86-88]†This†PhD†involv≥≤†≤≥signing†auto-immolativ≥†spac≥rs†for†just†such†
prob≥s,†sp≥cifically,†for†off-ON†p≥pti≤as≥-s≥nsing†fluorog≥nic†prob≥s†an≤†off-ON†glycosi≤as≥-s≥nsing†
MRI†prob≥s:†two†promising†“soft”†imaging†mo≤aliti≥s†for†both†in†c≥llulo†an≤†in†vivo†stu≤i≥s/m≥≤icin≥.†
In†g≥n≥ral†though,†what≥v≥r†≥nzym≥†is†chos≥n,†th≥†balanc≥†of†≥nzym≥†proc≥ssing†kin≥tics†with†
sp≥cificity†an≤†stability†is†a†≤ifficult†probl≥m†for†in†vivo†≤≥signs:†thousan≤s†of†prob≥s†hav≥†b≥≥n†
r≥port≥≤†in†vitro,†y≥t†far†f≥w≥r†will†≥v≥r†actually†b≥†≥xploit≥≤†in†c≥llulo†l≥t†alon≥†in†vivo.†If†prob≥s†fail†
to†balanc≥†th≥s≥†crit≥ria,†probl≥ms†can†b≥†sw≥pt†un≤≥r†th≥†carp≥t†≤uring†in†vitro†stu≤i≥s,†by†using†a†
high†conc≥ntration†of†purifi≥≤†≥nzym≥†ov≥r†a†short†tim≥†with†no†comp≥ting†substrat≥s.†How≥v≥r,†if†
stu≤i≥s†using†such†con≤itions†fail†to†pr≥s≥nt†≥xplicit†≥valuations†of†stability†an≤†≥nzym≥†kin≥tics,†th≥y†
almost†c≥rtainly†≤o†so†b≥caus≥†th≥s≥†woul≤†r≥v≥al†th≥†flaws†in†th≥ir†≤≥sign.†Prob≥s†whos≥†≥ffici≥ncy†is†
claim≥≤†bas≥≤†on†such†spurious†vali≤ations†will†hav≥†no†in†vivo†valu≥†whatso≥v≥r.†
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2.4.†Auto-immolativ≥†spac≥rs†for†3-compon≥nt†hy≤rolas≥†prob≥s†
Th≥†ch≥mistry/functional†ch≥mical†spac≥†tol≥ranc≥†of†a†spac≥r†≤≥t≥rmin≥s†th≥†scop≥†of†applications†of†
prob≥s††incorporating†it.†Auto-immolativ≥†spac≥rs†ar≥†primarily†≤ivi≤≥≤†into†cyclisation†an≤†
≥limination†spac≥rs,†which†ar≥†bri≥fly†outlin≥≤†h≥r≥.†Furth≥r†≤≥tails†ar≥†giv≥n†in†Part†I†(cyclisation)†
an≤†Part†II†(≥limination)†as†n≥≥≤≥≤;†mor≥†≥xt≥nsiv≥†r≥vi≥ws†ar≥†availabl≥.[15]††

2.4.1.†Cyclisation†spac≥rs†for†in†vivo†prob≥s†
In†vivo-suitabl≥†cyclisation†spac≥rs†ar≥†commonly†bas≥≤†on†fiv≥-m≥mb≥r≥≤†cyclisation†of†aliphatic†
amin≥s†(or†thiols),†or†six-m≥mb≥r≥≤†cyclisation†of†ph≥nols,†onto†carbamat≥s†or†≥v≥n†ami≤≥s.†
1,2-≤iamin≥s:†Many†prob≥s,†pro≤rugs,†an≤†auto-immolativ≥†polym≥rs†or†≤≥n≤rim≥rs†hav≥†r≥li≥≤†on†
≤iamin≥s†as†auto-immolativ≥†spac≥rs†for†an†N→O†conn≥ction.[25,60,89]†Th≥s≥†may†b≥†≥ith≥r†≥nzym≥-
r≥cognis≥≤,†≥g.††N’-m≥thyl≥thyl≥n≥≤iamin≥†12†(which†allows†hy≤rolas≥†proc≥ssing†of†an†N-t≥rminal†
substrat≥††≥g.†a†p≥pti≤≥†on†its†primary†amin≥†t≥rminus[90]),†or†≥ls≥†a≤aptiv≥,[89,91]†≥g.††N,N’-≤im≥thyl-
≥thyl≥n≥≤iamin≥†13†(which†≤o≥s†not[23,60]).†Th≥†spac≥rs†conn≥ct†via†an†N-m≥thyl†≥n≤†to†th≥†carbamat≥†
of†th≥†alcohol†to†b≥†r≥l≥as≥≤†(th≥†ag≥nt,†or†anoth≥r†spac≥r).†12†(a†primary†amin≥†nucl≥ophil≥)†giv≥s†far†
slow≥r†cyclisation†than†13†(s≥con≤ary†amin≥;†≥g.†τ1/2(13)~35†min;†τ1/2(12)~304†min;†Figur≥†9).†

†
Figur≥†9†–†s≥l≥ct≥≤†cyclisation†spac≥r†typ≥s†us≥≤†in†pro≤rug†activation†

Oth≥r†cyclisation†syst≥ms:††N-cyclisations††of††γ-aminobutyric†aci≤†≤≥rivativ≥s†onto†≥st≥rs[92,93]†hav≥†
b≥≥n†us≥≤†as†alt≥rnativ≥s†to†≤iamin≥†cyclisations†for†N→O†conn≥ctions,†though†th≥s≥†may†suff≥r†from†
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nonsp≥cific†≥st≥r†hy≤rolysis†by†≥n≤og≥nous†≥st≥ras≥s[27].†N-cyclisation†of†≤ip≥pti≤≥s†onto†acyl†groups†
such†as†anilami≤≥s[77]†or†N-acyl†nucl≥oti≤≥s[94]†to†form†≤ik≥topip≥razi≤≥s†is†also†known,†though†slow.†
In†aliphatic†syst≥ms,†oth≥r†nucl≥ophil≥s†(≥sp≥cially†thiols[95]†but†also†alcohols)†can†cyclis≥†similarly†
onto†carbamat≥s[96],†≥st≥rs[27],†or†carbonat≥s[23],†p≥rmitting†th≥†r≥l≥as≥†of†≥ith≥r†alcohols[97]†or†amin≥s[96]†
aft≥r†hy≤rolas≥/cl≥avag≥†activity†on†S-†or†O-t≥rminal†substrat≥s.†A†mor≥†pow≥rful†g≥n≥ral†syst≥m†for†
oxyg≥n†nucl≥ophil≥s†≥sp≥cially†is†Coh≥n’s†trim≥thyl†lock†(TML)[98,99],†wh≥r≥†th≥†ph≥nol†cyclis≥s†onto†
an†≥st≥r†or†ami≤≥†with†v≥ry†favourabl≥†kin≥tics.[100,101]†Th≥†TML†ph≥nol†is†l≥ss†≥l≥ctron†≤≥fici≥nt†than†
most†chromophor≥s/fluorophor≥s,†an≤†may†giv≥†corr≥spon≤ingly†mor≥†stabl≥†prob≥s†(cf.†th≥†stability†
of†TML†≥st≥r†3†vs†FDA†in†Figur≥†5;†s≥≥†too†14).†How≥v≥r,†th≥†st≥ric†hin≤ranc≥†of†th≥†ortho-quat≥rnary†
carbon†may†slow†≥nzymatic†proc≥ssing†by†all†but†th≥†most†p≥rmissiv≥†≥nzym≥s,†an≤†may†≥v≥n†r≥n≤≥r†
synth≥sis†≤ifficult[41];†th≥†solubility†of†TML†sp≥ci≥s†is†usually†also†low[102].†Th≥††similar††coumarin†
cyclisation†spac≥rs[103,104]†ar≥†som≥what†mor≥†st≥rically†p≥rmissiv≥†but†also†involv≥†som≥†synth≥tic†
probl≥ms,†an≤†may†b≥†l≥ss†hy≤rolytically†stabl≥†(Figur≥†9).†

†
Figur≥†10†–†Stack≥≤†cyclisation†spac≥rs†for†solving†stability†or†st≥ric†probl≥ms†with†≤ir≥ct†attachm≥nt†

A†(p≥pti≤≥-1,2-≤iamin≥-carbamyl-TML-ami≤≥)†spac≥r†stack†may†b≥†a†suffici≥nt†in†vivo†solution†for†
N→N†conn≥ction†if†≤ir≥ct†attachm≥nt†is†unf≥asibl≥†(15).†For†p≥rmissiv≥††O-t≥rminal†hy≤rolas≥s,†th≥†
TML†spac≥r†may†b≥†a†goo≤†balanc≥†b≥tw≥≥n†hy≤rolytic†stability†an≤†goo≤†l≥aving-group†charact≥r†for†
rapi≤†proc≥ssing,†th≥r≥by†provi≤ing†a†solution†for†an†O→N†conn≥ction.†Lik≥wis≥,†a†stack≥≤†
(X-TML-1,2-≤iamin≥-carbamyl)†spac≥r†pair†has†pot≥ntial†as†an†a≤apt≥r†for†O→O†conn≥ction†that†is†
mor≥†robust†than†most†2-compon≥nt†≤≥signs†(14),†≥g†for†fluorophor≥†ph≥nol†r≥l≥as≥†(Figur≥†10).†
Sp≥cifically†as†r≥gar≤s†Part†I,†cyclisations†onto†a†2°-amin≥†carbamat≥†provi≤≥†a†p≥rf≥ctly†stabl≥†in†vivo†
N→O†conn≥ction,†≥v≥n†with†goo≤†l≥aving†group†ph≥nols[28,80,105],†an≤†cyclisation†spac≥r†bypro≤ucts†
ar≥†nontoxic.†This†contrasts†to†quinon≥†m≥thi≤≥†≥limination†spac≥rs,†whos≥†b≥nzyl†aryl†≥th≥rs†can†b≥†
unstabl≥[10]†an≤†whos≥†≥limination†bypro≤ucts†ar≥†notoriously†toxic.†Th≥r≥for≥†1,2-≤iamin≥s†woul≤†b≥†
th≥†pr≥f≥rr≥≤†spac≥rs†for†p≥pti≤as≥-trigg≥r≥≤†ph≥nol†r≥l≥as≥,†≥xc≥pt†that†th≥†kin≥tics†of†prior†art†
≥nzym≥-r≥cognising†≤iamin≥s†ar≥†too†slow†for†goo≤†applications†in†vivo,†wh≥r≥as†quinon≥†m≥thi≤≥s†
may†≥v≥n†immolat≥†b≥for≥†l≥aving†th≥†activ≥†sit≥.[26,106]†Part†I†of†this†th≥sis†will†≤≥v≥lop†n≥w†
1,2-≤iamin≥s†that†a≤≤r≥ss†this†n≥≥≤†for†a†stabl≥,†nontoxic†amin≥→ph≥nol†spac≥r†with†fast†r≥spons≥†
kin≥tics,†finally†allowing†robust†fluorog≥nic†ph≥nolic†prob≥s†for†in†vivo†imaging.†
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2.4.2.†Elimination†spac≥rs†
Eliminativ≥†spac≥rs†ar≥†usually†bas≥≤†on†1,2-†or†conjugat≥≤†≥liminations†(1,4-;†1,6-†≥tc)†of†an†
alkoxi≤≥,†ami≤≥†or†thiolat≥,†from†≤ir≥ct†or†conjugat≥≤†h≥miaminal†≥th≥rs,†aminals†or†h≥mithioaminals.††
1,2-≥limination†spac≥rs†allow†a≤apting†a†t≥rminal†h≥t≥roatom†(≥g.†N-t≥rminal†substrat≥→thiol†via†a†
h≥mithioaminal†≥th≥r[34]),†or†a≤justing†a†prob≥’s†stability†whil≥†r≥taining†th≥†sam≥†h≥t≥roatom†(≥g.†
acyloxym≥thyl†aryl†≥th≥rs†ar≥†mor≥†stabl≥†than†aryl†≥st≥rs[72]).†Such†spac≥rs†may†simultan≥ously†tun≥†
th≥†prob≥’s†prop≥rti≥s†(≥g.†solubilisation†by†a†carboxylic†aci≤†on†th≥†spac≥r[34]).†Th≥††C=X-b≥aring†
spac≥r†bypro≤uct†(≥g.†imin≥,†al≤≥hy≤≥)†may†b≥†som≥what†alkyating†in†vivo.[6]†Enzym≥-r≥cognis≥≤†1,2-
≥limination†spac≥rs†≤o†not†gr≥atly†incr≥as≥†th≥†≤istanc≥†b≥tw≥≥n†th≥†ag≥nt†an≤†th≥†substrat≥,†so†may†
not†provi≤≥†a†significant†a≤vantag≥†in†≥nzym≥†r≥cognition†(unlik≥†conjugat≥≤†spac≥rs);[24]†also,†th≥ir†
≤iff≥r≥nt†≥l≥ctronic†charact≥r†from†natural†hy≤rolas≥†substrat≥s†(≥g.†h≥miaminal†≥th≥r†rath≥r†than†
amin≥)†may†slow†≥nzym≥†proc≥ssing†kin≥tics.†Th≥r≥for≥†1,2-≥limination†spac≥rs†ar≥†mor≥†oft≥n†us≥≤†
as†≤ownstr≥am†a≤apt≥rs†in†spac≥r†stacks.†Notably,†th≥†carbamic†aci≤†of†an†amin≥†is†a†pow≥rful†y≥t†
robust†an≤†nontoxic†O→N†conn≥ction†which†≥xp≥ls†CO2†to†giv≥†favourabl≥†ami≤≥†≥limination†(cf.†β-
lactamas≥†prob≥,†Figur≥†11);†lik≥wis≥,†th≥†(l≥ss†robust)†carbonic†aci≤s†≥liminat≥†alkoxi≤≥s†(O→O).††
Conjugat≥≤†≥limination†spac≥rs†ar≥†mor≥†wi≤≥ly†us≥≤,†an≤†usually†inclu≤≥†an†aromatic†ring:†thus,†
th≥†quinon≥†m≥thi≤≥†s≥ri≥s,†inclu≤ing†th≥†1,6-≥liminativ≥†para-aminob≥nzyl†alcohol†(PABA)[8]†spac≥r†
an≤†its†ph≥nol†(PHBA)[107]†an≤†thioph≥nol†(PSBA)[108]†analogu≥s.†Ortho-≥limination†(≥g.†9)[107],†
1,8-≥limination[109]†an≤†alicyclic†1,4-≥limination[110,111]†ar≥†also†s≥≥n;[8,112]†an≤†th≥†pyri≤inon≥†m≥thi≤≥†
≥xplor≥≤†≤uring†th≥†Mast≥r†2†th≥sis†l≥a≤ing†to†this†PhD†work[113]†an≤†lat≥r†r≥port≥≤†by†Shabat[114]†also†
falls†into†this†cat≥gory.†Th≥†structur≥†of†th≥†bypro≤uct†quinon≥†m≥thi≤≥s†mo≤ulat≥s†th≥ir†w≥ll-known†
toxic[115,116],†alkylating†b≥haviour[42,117],†but†in†g≥n≥ral,†an†azaquinon≥†m≥thi≤≥†can†b≥†consi≤≥r≥≤†≥v≥n†
mor≥†cytotoxic†than†th≥†stan≤ar≤†ch≥moth≥rap≥utic†≤oxorubicin[118].†Eith≥r†in≤uctiv≥ly[106]-†or†
r≥sonanc≥[119]-activat≥≤†quinon≥†m≥thi≤≥s†ar≥†≥sp≥cially†pow≥rful†alkylating†ag≥nts†an≤†ar≥†w≥ll-
known†as†irr≥v≥rsibl≥†coval≥nt†inhibitors.†Mor≥†conjugat≥≤[61]†or†≥l≥ctron-rich†≤≥rivativ≥s†(such†
coumarin-bas≥≤†fluorog≥nic†≥limination†spac≥rs†which†≥l≥gantly†combin≥†spac≥r†an≤†signall≥r†
functions[120]),†or†hin≤≥r≥≤†≤≥rivativ≥s†(≥g.†6-a≤amantyl[121]†quinon≥†m≥thi≤≥s),†or†tautom≥risabl≥†
bypro≤ucts[111],†may†b≥†first†g≥n≥ration†strat≥gi≥s†towar≤s†l≥ss†toxic†≥limination†bypro≤ucts.[122]†
How≥v≥r,†≥xc≥pt†for†th≥†(low-solubility)†a≤amantyl†syst≥m,†th≥s≥†latt≥r†may†hav≥†slow≥r†r≥spons≥†
kin≥tics††(l≥ss†≥n≥rg≥tic†inc≥ntiv≥†to†fragm≥nt)†an≤†all†hav≥†s≥≥n†l≥ss†≤≥v≥lopm≥nt†so†far.†A†notably†
≥l≥gant†(but†non-g≥n≥ralisabl≥)†alicyclic†≥limination†m≥chanism†is†shown†by†c≥phalosporin†pro≤rugs,†
wh≥r≥†β-lactamas≥†action†on†th≥†substrat≥†also†trigg≥rs†its†β-≥limination†of†a†l≥aving†group[27],†so†th≥†
substrat≥†an≤†spac≥r†functions†ar≥†combin≥≤†(Figur≥†11).†
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Figur≥†11†-†s≥l≥ct≥≤†≥liminativ≥†spac≥rs†us≥≤†in†pro≤rug†≤≥sign†

This†PhD†consi≤≥r≥≤†that†th≥†alkylating†prop≥rti≥s†of†curr≥nt††g≥n≥ral-purpos≥†≥limination†spac≥rs†
ma≤≥†th≥m†highly†un≤≥sirabl≥†for†in†vivo†applications†in†≤iagnostics†an≤†th≥rap≥utics†(≥xc≥pt†s≥l≥ctiv≥†
≤≥liv≥ry†of†cytotoxics)[123].†Part†II†conc≥rns†≥fforts†to†a≤≤r≥ss†th≥†non-fragm≥ntation†(insuffici≥nt†
≥n≥rg≥tic†inc≥ntiv≥)†of†th≥†group’s†prior†MRI†prob≥†≤≥sign†2b→2a,†by†≤≥v≥loping†n≥w†≥liminativ≥†
spac≥rs,†if†possibl≥†with†a†low≥r†toxicity†profil≥†than†curr≥nt†≥liminativ≥†spac≥rs.†On≥†angl≥†of†attack†
was†simply†towar≤s†spac≥rs†which†woul≤†≥liminat≥†mor≥†pow≥rfully†than†th≥†known†r≥p≥rtoir≥†of†
quinon≥†m≥thi≤≥s.†A†s≥con≤†an≤†mor≥†≥xploratory†approach†was†to†≤≥v≥lop†≥ntir≥ly†nov≥l†
tautom≥risabl≥†≥liminativ≥†spac≥rs,†th≥ms≥lv≥s†lock≥≤†in†a†pro-spac≥r†form†unabl≥†to†≥liminat≥†b≥for≥†
≥nzymatic†activity,†to†circumv≥nt†th≥†main†≥n≥rg≥tic†chall≥ng≥†inh≥r≥nt†in†th≥†2b→2a†transformation.†
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3.†In†vivo†off-ON†Hy≤rolas≥†Prob≥s:†Chall≥ng≥s†an≤†Visions†
D≥spit≥†mor≥†than†thirty†y≥ars†of†r≥s≥arch,†th≥†situation†in†2010†was†accurat≥ly†summ≥≤†up†by†M≥y≥r†
≥t†al.[23]:†“th≥†≤≥sign†an≤†optimisation†of†n≥w†≥nzymatically†trigg≥r≥≤†s≥lf-immolativ≥†link≥rs†tak≥†an†
≥v≥r†mor≥†critical†plac≥†in†th≥†≤≥v≥lopm≥nt†of†≥ffici≥nt†pro≤rug†syst≥ms†an≤†smart…†bioprob≥s.”††
As†r≥l≥vant†to†this†PhD,†ph≥nol†an≤†anilin≥†fluorophor≥s†which†can†work†approximat≥ly†in†an†off-ON†
mo≤≥†an≤†which†ar≥†tol≥rat≥≤†in†vivo†ar≥†w≥ll†known,†≥v≥n†if†goo≤†NIR†fluorophor≥s†ar≥†still†lacking†
(s≥≥†Part†I).[1,10,100]†Exampl≥s†of†MRI†prob≥s†with†m≥chanistic†off-ON†possibiliti≥s†ar≥†known,†≥v≥n†if†
th≥ir†≤≥v≥lopm≥nt†is†≤≥ca≤≥s†b≥hin≤†that†of†fluor≥sc≥nt†prob≥s†(s≥≥†Part†II).[31,124,125]†Many†substrat≥s†
that†sp≥cifically†targ≥t†hy≤rolas≥s†of†int≥r≥st†ar≥†known,†≥sp≥cially†for†p≥pti≤as≥s†an≤†glycosi≤as≥s;†
mor≥†ar≥†hotly†pursu≥≤†by†r≥s≥arch≥rs†s≥≥king†th≥†n≥xt†important†suit≥s†of†biomark≥rs.[1,7,33]†
Y≥t†th≥†auto-immolativ≥†spac≥rs†ar≥†th≥†missing†links†in†th≥†chain.†Th≥r≥†is†no†suitabl≥†an≤†compl≥t≥†
toolbox†of†spac≥rs†that†can†≥nabl≥†th≥†à†la†cart≥†cr≥ation†of†proag≥nts,†with†th≥†r≥quir≥≤†f≥atur≥s†for†in†
vivo†us≥,†for†gating†th≥†r≥l≥as≥†of†th≥†common†class≥s†of†functional†imaging†ag≥nts†to†th≥†activity†of†
th≥†major†≥xohy≤rolas≥s†(t≥rminal†phosphatas≥,†≥xop≥pti≤as≥,†glycosi≤as≥,†≥st≥ras≥/lipas≥).††Th≥†
mo≤ular†targ≥ting†of†≥n≤ohy≤rolas≥s†(≥n≤op≥pti≤as≥s,†inn≥r†phosphatas≥s†such†as†ATPas≥s)†or†minor†
hy≤rolas≥s†(≥g†C-S,†C-N,†≥th≥r,†hali≤≥,†or†C-C†hy≤rolas≥s)†is†still†l≥ss†≤≥v≥lop≥≤.†Sp≥cific†chall≥ng≥s†
promising†wi≤≥-ranging†applications†inclu≤≥:†gating†alcohol†r≥l≥as≥†to†≥xop≥pti≤as≥†activity†on†N-
t≥rminal†spac≥rs[23];†≤≥v≥loping†mor≥†robust†O-t≥rminal†spac≥rs†which†ar≥†rapi≤ly†proc≥ss≥≤†by†≥v≥n†
unp≥rmissiv≥†glycosi≤as≥s†an≤†≥st≥ras≥s[100];†an≤†≤≥v≥loping†auto-immolativ≥†N-t≥rminal†spac≥rs†for†
prob≥s†which†can†b≥†comp≥titiv≥ly†proc≥ss≥≤†alongsi≤≥†nativ≥†substrat≥s†of†k≥y†≥n≤op≥pti≤as≥s[28].†
In†g≥n≥ral,†th≥†ultra-s≥nsitiv≥†off-ON†mol≥cular†imaging†of†sp≥cific†hy≤rolas≥†activity†is†a†hop≥†for†th≥†
futur≥†not†a†r≥ality,†≥v≥n†in†fun≤am≥ntal†r≥s≥arch†rath≥r†than†clinical†us≥.†Furth≥rmor≥,†without†
s≥nsitiv≥-≥nough†tools†for†in†vivo†≥nzym≥†mapping,†th≥†curr≥nt†knowl≥≤g≥†an≤†un≤≥rstan≤ing†of†
biomark≥rs†is†lam≥ntably†≤≥fici≥nt:†so†≥v≥n†th≥†practical†≤iagnostic†pot≥ntial†of†mol≥cular†imaging†
also†r≥mains†hi≤≤≥n.†Y≥t†som≥†of†th≥†major†promis≥s†of†mo≤ular,†sp≥cific,†robust,††off-ON†in†vivo†
mol≥cular†syst≥ms†ar≥†cl≥ar:†(a)†≥xpan≤ing†th≥†fun≤am≥ntal†un≤≥rstan≤ing†of†biological†proc≥ss≥s†by†
r≥v≥aling†an≤†spatio-t≥mporally†charact≥rising†th≥†compl≥x†an≤†int≥r≤≥p≥n≤≥nt†≥nzymatic†m≥chanisms†
un≤≥rlying†th≥m;†th≥n††(b)†provi≤ing†ch≥ap,†r≥liabl≥†an≤†≥arly†≤≥t≥ction†of†≥nzym≥†misr≥gulation†to†
≥nabl≥†≥arli≥r†an≤†b≥tt≥r†≤is≥as≥†≤iagnosis;†th≥n†(c)†swapping†mol≥cular†imaging’s†signalling†
mol≥cul≥s†for†mol≥cular†m≥≤icin≥’s†th≥rap≥utics,†to†achi≥v≥†highly†s≥nsitiv≥†targ≥t≥≤†th≥rapi≥s.†
Many†practical†sc≥narios†can†b≥†imagin≥≤†for†th≥†application†of†≥nzym≥-targ≥t≥≤†mol≥cular†syst≥ms.†
In†vitro,†immobilis≥≤†prob≥s†(≥g.†on†pap≥r†support)†coul≤†b≥†us≥≤†much†as†pH†pap≥r†is†to≤ay,†to†“≤ip†
&†r≥a≤”†th≥†sp≥cific†activity†of†a†sampl≥†towar≤s†a†stan≤ar≤†substrat≥†–†or†support≥≤†prob≥†arrays†
coul≤†fing≥rprint†≤is≥as≥s†by†stu≤ying†th≥†activity†of†a†multitu≤≥†of†≥nzym≥s†at†onc≥.†In†vivo,†prob≥s†
coul≤†≥valuat≥†th≥†progr≥ss†of†g≥n≥†th≥rapy†≤ir≥ctly†or†by†quantifying†th≥†activity†of†a†r≥port≥r†g≥n≥;†
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or††multimo≤al†an≤†multipl≥x≥≤†imaging†cocktails†coul≤†simultan≥ously†charact≥ris≥†an≤†localis≥†
compl≥x†multi-≥nzym≥†proc≥ss≥s†in†th≥ir†nativ≥†stat≥,†to†≤≥liv≥r†n≥w†horizons†for†mol≥cular†biology.†
In†th≥†clinic,†wh≥n†≤is≥as≥s†ar≥†≤≥t≥ct≥≤,†or†≥v≥n†susp≥ct≥≤,†th≥n†off-ON†mol≥cularly-targ≥t≥≤†≤rug†
cocktails,†or†logic-gat≥≤†singl≥†pro≤rugs†≥g.†X-AND-Y†constructs,†may†b≥†abl≥†to†provi≤≥†un≤r≥amt-of,†
mol≥cular†sp≥cificity†for†th≥†≤is≥as≥≤†c≥lls†in†th≥†pati≥nt,†an≤†≥nabl≥†≥ffici≥nt†th≥rapy†of†hith≥rto†
untr≥atabl≥†≤isor≤≥rs[126].††
Th≥†gr≥at≥st†curr≥nt†chall≥ng≥†is†to†≤≥sign†th≥†spac≥rs†that†will†allow†th≥s≥†applications.†

4.†Obj≥ctiv≥s†of†this†PhD†
A†concis≥†summary†of†th≥†backgroun≤†to†an≤†obj≥ctiv≥s†of†this†PhD†work†is†giv≥n†to†ori≥nt†th≥†r≥a≤≥r,†
b≥for≥†proc≥≥≤ing†to†th≥†r≥l≥vant†Parts†of†this†PhD.†

4.1.1.†Part†I:†Fluorog≥nic†Prob≥s†
Th≥†Hass≥ro≤t†group’s†global†obj≥ctiv≥†has†b≥≥n†to†≤≥v≥lop†a†mo≤ular†3-compon≥nt†syst≥m†for†
off-ON†proag≥nts†of†ph≥nols,†activat≥≤†by†≥xop≥pti≤as≥s,†suitabl≥†for†us≥†in†vivo.†Th≥†syst≥m†shoul≤†
b≥†applicabl≥†in†prob≥s†an≤†pro≤rugs,†an≤†shoul≤†satisfy†all†th≥†≤≥sign†crit≥ria†for†in†vivo†us≥:†≥g.†
proag≥nt†solubility/bioavailability,†proag≥nt†robustn≥ss,†rapi≤†an≤†comp≥titiv≥†≥nzymatic†proc≥ssing,†
rapi≤†spac≥r†immolation,†an≤†spac≥r†bypro≤uct†non-toxicity.†R≥l≥vant†prior†work†in†th≥†group†
≥xplor≥≤†rapi≤-immolation†γ-aminobutyryloxym≥thyl†≥th≥r†spac≥rs†(as†in†34b,†Figur≥†4),†but†th≥s≥†
hy≤rolys≥≤†spontan≥ously†too†quickly†for†goo≤†in†vivo†applications.†Prof.†Hass≥ro≤t’s†curr≥nt†≤≥sign†
was†for†nov≥l,†similarly-pr≥organis≥≤†1,2-≤iamin≥†cyclisation†spac≥rs,†which†w≥r≥†to†ov≥rcom≥†th≥†
sluggish†immolation†kin≥tics†of†≥xtant†in†vivo-suitabl≥†N→O†conn≥ction†smart†spac≥rs,†as†w≥ll†as†th≥†
spontan≥ous†hy≤rolytic†cl≥avag≥†of†th≥†th≥†spac≥r-proag≥nt†link†in†th≥†prior†CBO†group†≤≥signs.†
Th≥††task†I†was†assign≥≤†was†to†synth≥sis≥†an≤†prov≥†th≥†lat≥st††3-compon≥nt†≤≥sign†as†appli≥≤†to†
s≥nsitiv≥†fluorog≥nic†prob≥s,†th≥n†to†≥xamin≥†th≥ir†p≥rformanc≥†in†vitro.†Th≥†fluorog≥nic†prob≥s†w≥r≥†
≤≥sign≥≤†to†≥nsur≥†th≥†gr≥at≥st†prob≥†s≥nsitivity,†by†op≥rating†in†a†microscopically†m≥chanistically†
off-ON†mo≤≥†using†ESIPT†fluorophor≥†un/masking.†Th≥†fluorophor≥s’†insolubility†gav≥†th≥m†th≥†
pot≥ntial†for†subc≥llular†localisation†of†≥nzym≥†activity†with†minimal†photobl≥aching†an≤†≥nvironm≥nt†
≥ff≥cts,†an≤†th≥ir†larg≥†Stok≥s†shift†coul≤†promis≥†minimal†tissu≥†backgroun≤†signal,†for†still†gr≥at≥r†
s≥nsitivity.†Th≥†quality†of†th≥†3-compon≥nt†≤≥sign†woul≤†b≥†convincingly†t≥st≥≤†by†cr≥ating†prob≥s†for†
≥l≥ctron-with≤rawn,†insolubl≥†ESIPT†ph≥nols†known†for†th≥ir†h≥ight≥n≥≤†spontan≥ous†≤≥gra≤ation†
(≥g.†1a,†Figur≥†4).†Th≥†synth≥sis†also†ha≤†to†b≥†as†mo≤ular,†ch≥ap†an≤†tol≥rant†as†possibl≥.†Onc≥†I†
≤≥monstrat≥≤†th≥†synth≥sis,†I†was†to†han≤†ov≥r†this†proj≥ct†to†Maxim≥†Prost†for†all†furth≥r†≥xploration.†
To†this†assign≥≤†task†I†a≤≤≥≤†my†own†p≥rsonal†obj≥ctiv≥s.†To†≤≥sign†prop≥r†≥nzymatic†≥valuations†an≤†
analys≥†th≥m†corr≥ctly,††I†ha≤†to†un≤≥rstan≤,†anticipat≥†an≤†quantify†th≥†b≥haviour†of†th≥†unusual†
pr≥cipitating†fluorophor≥s†by†p≥rforming†original†mo≤≥lling†an≤†analysis.†I†also†wish≥≤†to†p≥rform†a†
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rigorous,†≥xplicit†an≤†quantitativ≥†≥valuation†of†th≥†prob≥s’†p≥rformanc≥†as†r≥gar≤s†all†th≥†k≥y†≤≥sign†
crit≥ria,†both†microscopic†(solubility,††stability,†≥nzymatic†kin≥tics,†spac≥r†r≥spons≥†tim≥)†an≤†
macroscopic†(signal-to-control†s≥nsitivity†ratios,†an≤†signal†r≥spons≥†b≥haviour†as†r≥gar≤s†signal†ons≥t†
tim≥,†form,†an≤†signal†stability),†which†r≥quir≥≤†unpr≥c≥≤≥nt≥≤†analysis†an≤†mo≤≥lling†on†s≥v≥ral†
l≥v≥ls.†Lastly,†comparing†th≥†prob≥s†to†th≥†prior†art†in†th≥†lit≥ratur≥†again†r≥quir≥≤†nov≥l†mo≤≥lling,†of†
th≥†fun≤am≥ntal†possibiliti≥s†of†this†pr≥cipitating†off-ON†syst≥m†as†compar≥≤†to†both†r≥lativ≥†chang≥†
prob≥s†an≤†(still†mostly†hypoth≥tical)†off-ON†solubl≥†prob≥s.†
My†combin≥≤†obj≥ctiv≥s†w≥r≥†th≥r≥for≥†to†synth≥sis≥,†un≤≥rstan≤,†≥valuat≥,†an≤†compar≥†to†th≥†
≥xisting†lit≥ratur≥†a†fluorog≥nic†≥xop≥pti≤as≥†prob≥†syst≥m†bas≥≤†aroun≤†nov≥l†cyclisation†spac≥rs,†
suitabl≥†for†mo≤ular†us≥†in†vivo,†op≥rating†by†an†unpr≥c≥≤≥nt≥≤†mol≥cular†m≥chanism,†an≤†attaining†a†
n≥w†r≥gim≥†of†ultras≥nsitiv≥†≥nzym≥†≤≥t≥ction.†

4.1.2.†Part†II:†Magn≥tog≥nic†Prob≥s†
Th≥†Hass≥ro≤t†group’s†global†obj≥ctiv≥†has†b≥≥n†to†≤≥v≥lop†a†mo≤ular†3-compon≥nt†≤≥sign†for†
≥nzym≥-activat≥≤†magn≥tog≥n≥sis†in†compl≥x≥s†of†F≥(II),†towar≤s†a†syst≥m†of†MRI†prob≥s†suitabl≥†for†
in†vivo†mol≥cular†imaging.†Th≥†proof-of-conc≥pt†syst≥m†must†ov≥rcom≥†th≥†chall≥nging†spac≥r†≤≥sign†
r≥quir≥m≥nts†impos≥≤†by†working†with†a†m≥tal†compl≥x,†which†plac≥s†sp≥cific†≤≥man≤s†on†both†th≥†
spac≥r’s†functional†group†tol≥ranc≥†an≤†its†≥n≥rg≥tic†inc≥ntiv≥†to†fragm≥nt.†R≥l≥vant†prior†work†in†th≥†
group†≥xplor≥≤†classic†PHBA†spac≥rs†(as†in†ph≥nolic†glycosi≤≥††2b,†Figur≥†4),†but†th≥s≥†fail≥≤†to†
≥liminat≥†onc≥†th≥†compl≥x†was†form≥≤.†My†own†prior†work†in†my†M2†ha≤†≥xamin≥≤†mor≥†fl≥xibl≥†
pyri≤inon≥†m≥thi≤≥†spac≥rs†which†fail≥≤†to†≥liminat≥†≥v≥n†b≥for≥†compl≥xation†(s≥ction†III.4.1.2).†
Prof.†Hass≥ro≤t’s†curr≥nt†plan††involv≥≤†two†unpr≥c≥≤≥nt≥≤†substrat≥-spac≥r†≤≥signs:†(1)†furanol†
glycosi≤≥s†as†spac≥rs†with†mor≥†pow≥rful†≥liminativ≥†inc≥ntiv≥†(as†in†44b,†in†Figur≥†II.7†on†pag≥†116);†
an≤†(2)†cyclic†carbimi≤at≥†≥st≥rs†b≥aring†glycosi≤as≥†substrat≥s†on†th≥†≥xocyclic†oxyg≥n†as†nov≥l†
tautom≥ric†spac≥rs†pot≥ntially†facing†l≥ss†≥n≥rg≥tic†chall≥ng≥†to†spin†switching†than†≥limination†
spac≥rs†(as†in†92a,†in†Figur≥†II.33†on†pag≥†144).†
Th≥†initial†task†I†was†assign≥≤†was†to†≤≥v≥lop†suitabl≥†synth≥s≥s†for†a†rang≥†of†th≥s≥†substrat≥-spac≥r†
≤≥signs,†which†was†consi≤≥r≥≤†lik≥ly†to†b≥†a†chall≥ng≥†giv≥n†th≥ir†almost†unatt≥st≥≤†O-alkylat≥≤†
structur≥s.†Prof.†Hass≥ro≤t†provi≤≥≤†initial†synth≥tic†l≥a≤†strat≥gi≥s†(furanol†cycloisom≥risation/
α-functionalisation†as†p≥r†s≥ction†II.3.1;†carbimi≤at≥†SNAr†as†p≥r†s≥ction†I.7.2.1††as†w≥ll†as†r≥vi≥ws†
notably†inclu≤ing†that†of†F≥arnl≥y[127]),†an≤†it†was†my†r≥sponsibility†to†troubl≥shoot†th≥s≥†strat≥gi≥s†
an≤†targ≥ts,†an≤/or†pursu≥†n≥w†synth≥tic†rout≥s†as††n≥≥≤≥≤.†Th≥†ultimat≥†goal†was†to†carry†on†th≥†
synth≥s≥s†until†mo≤≥l†ligan≤s†coul≤†b≥†obtain≥≤†for†compl≥xation†stu≤i≥s,†th≥n†to†≥xamin≥†th≥†
functional†suitability†of†th≥s≥†spac≥r†syst≥ms†for†us≥†in†magn≥tog≥nic†prob≥†compl≥x≥s;†y≥t†this†
initially†≤≥p≥n≤s†on†consi≤≥rations†of†synth≥tic†acc≥ss,†th≥n†mo≤ularity†an≤†aqu≥ous†stability,†b≥for≥†
th≥†qu≥stion†of†spin†switching†can†b≥†broach≥≤.†† †
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4.1.3.†List†of†crucial†r≥sults†from†this†PhD†
Th≥†≥ss≥ntial†r≥sults†from†this†PhD†(rath≥r†than†th≥†analys≥s†b≥hin≤†th≥m)†ar≥†≤≥tail≥≤†b≥low:†
Part†I:†Fluorog≥nic†aminop≥pti≤as≥†prob≥s†
Practical†R≥sults:†
•†Final†synth≥tic†rout≥s†to†th≥†fluorog≥nic†prob≥s†(Figur≥†I.25,†pag≥†75)†
•†Macroscopic†obs≥rvabl≥s†in†activ≥†an≤†control†≥xp≥rim≥nts†in†vitro†(Figur≥s†I.29-I.30,†pag≥†81)†
•†Macroscopic†signal-to-control†s≥nsitivity†ratios†(Tabl≥†I.1,†pag≥†86)†
•†Microscopic†kin≥tics:†≥nzym≥†proc≥ssing,†cyclisation,†an≤†pr≥cipitation†param≥t≥rs†from†
multist≥p†fit†(Figur≥†I.36†an≤†Tabl≥†I.4,†pag≥s†93-94)†

•†Comparison†of†prob≥†p≥rformanc≥†to†th≥†prior†art†(s≥ction†I.5.6.2,†pag≥s†96-100)†
Mo≤≥lling:†
•†S≥nsitivity†as†a†function†of†prob≥†mo≤≥†(Figur≥s†I.9-I.12,†pag≥s†53-56)†
•†S≥nsitivity†as†a†function†of†Stok≥s†shift†(Figur≥†I.14,†pag≥†61)†
•†Consi≤≥rations†for†th≥†us≥†of†pr≥cipitating†fluorophor≥s†(s≥ction†I.3.3,†pag≥s†63-67)†

Part†II:†Towar≤s†magn≥tog≥nic†glycosi≤as≥†prob≥s†
D≥sign:†
•†D≥sign†of†th≥†2-furanol-bas≥≤†spac≥r†(s≥ction†II.2,†pag≥s†120-122)†
•†D≥sign†of†th≥†cyclic†carbamat≥-bas≥≤†spac≥rs†(s≥ction†II.6,†pag≥s†148-150)†

Synth≥s≥s:†
•†5-m≥thyl-2-furanol†glycosi≤≥s†(s≥ction†II.3.1.3,†pag≥†128)†
•†Cycloisom≥risation†towar≤s†5-(2-picolyl)-2-furanol†glycosi≤≥s†(s≥ction†II.3.2.4,†pag≥s†135-136)†
•†SNAr†rout≥†towar≤s†(2-pyri≤yl)-(5-(2-furanol†glycosi≤≥))m≥thanol†(Figur≥†II.33,†pag≥†144)†
•†Initial†O-alkylations†of†cyclic†carbamat≥s†(Figur≥†II.50,†pag≥†160)†
•†Final,†tan≤≥m†O-alkylation/≤≥silylations†of†cyclic†carbamat≥s†(Tabl≥†II.1,†pag≥†163)†
•†Towar≤s†ligan≤s†with†O-alkylat≥≤†cyclic†carbamat≥s†(Figur≥s†II.51-II.53,†pag≥s†161-164)†

4.1.4.†Not≥†to†th≥†r≥a≤≥r†
S≥l≥ct≥≤†publications†which†in†this†author’s†opinion†provi≤≥†an†≥sp≥cially†goo≤†ov≥rvi≥w†/†furth≥r†
≤iscussion†of†th≥†topics†r≥l≥vant†to†≥ach†chapt≥r,†ar≥†giv≥n†at†th≥†start†of†≥ach†chapt≥r’s†bibliography,†
an≤†may†mak≥†for†≥nriching†compl≥m≥ntary†r≥a≤ing.†
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I.†FLUORESCENCE†DETECTION†OF†EXOPEPTIDASE†
ACTIVITY†

1.†Stat≥†of†th≥†Art:†Imaging†with†Fluorog≥nic†Prob≥s††
1.1.†Fluor≥sc≥nc≥†imaging†
1.1.1.†G≥n≥ral†param≥t≥rs†an≤†r≥quir≥m≥nts†

Optical†–†an≤†particularly†fluor≥sc≥nc≥††–†mol≥cular†imaging[1]†is†an†attractiv≥†mo≤ality†for†ch≥mical†
≤≥sign≥rs,†sinc≥†it†can†arguably†off≥r†th≥†high≥st†s≥nsitivity†of†th≥†biomol≥cularly-switchabl≥†imaging†
mo≤aliti≥s.†Th≥†s≥nsitivity†of†an†imaging†mo≤ality†is†≥ss≥ntially†limit≥≤†by†th≥†signal†backgroun≤†with†
which†it†must†comp≥t≥;†that†s≥nsitivity†of†fluor≥sc≥nc≥†imaging†(~nM-μM†imaging†ag≥nt†r≥quir≥≤)†li≥s†
roughly†halfway†b≥tw≥≥n†that†of†th≥†two†oth≥r†truly†mol≥cular†imaging†m≥tho≤s†in†most†common†us≥,†
PET†(~pM)†an≤†MRI†(~mM)[2].†Not≥†that†fluor≥sc≥nc≥†imaging†is†how≥v≥r†much†ch≥ap≥r,†an≤†
probably†intrinsically†mor≥†v≥rsatil≥,†than†both†of†th≥s≥†m≥tho≤s,†an≤†it†is†alr≥a≤y†a†mainstay†
t≥chniqu≥†in†high-throughput†scr≥≥ning.†Fluor≥sc≥nc≥†imaging,†lik≥†MRI,†also†≤istinguish≥s†its≥lf†from†
PET†an≤†oth≥r†imaging†m≥tho≤s†by†avoi≤ing†th≥†us≥†of†intrinsically†harmful†ra≤iation.†Fluor≥sc≥nc≥†
mol≥cular†imaging†th≥r≥for≥†r≥pr≥s≥nts†a†thoroughly†promising†av≥nu≥†of†r≥s≥arch†for†low-cost,†high-
throughput,†routin≥†biom≥≤ical†proc≥≤ur≥s†from†in†vitro†assays†to†in†vivo†≤iagnostics.[3]†
By†impl≥m≥nting†truly††off-ON†mol≥cular†functionality†with†an†appropriat≥†fluorophor≥,†th≥†signal†
backgroun≤††≥xp≥ct≥≤††from††biological††tissu≥†may†b≥†minimal,†th≥r≥for≥†th≥†s≥nsitivity†may†b≥†
maximis≥≤.†Th≥†chi≥f†sourc≥†of†unwant≥≤†in†vivo†fluor≥sc≥nc≥†backgroun≤†is†tissu≥†autofluor≥sc≥nc≥;†
this†is††strongly††≤≥p≥n≤≥nt††on††th≥††≥xcitation††wav≥l≥ngth†us≥≤†an≤†on†th≥†tissu≥†typ≥.†Imaging†with†a†
larg≥†≥xcitation/≥mission†wav≥l≥ngth†split†is†critical†for†minimising†th≥†autofluor≥sc≥nc≥†backgroun≤†
contribution.[1]††For†in†c≥llulo†an≤†≥sp≥cially†in†vitro†t≥sts,††this††backgroun≤††may††b≥††much††r≥≤uc≥≤†
r≥gar≤l≥ss††of††th≥††≥xcitation††an≤††≥mission††wav≥l≥ngths,††or††≥v≥n††n≥ar-z≥ro:†but†th≥†biological†in†vivo†
situation†must†b≥†r≥m≥mb≥r≥≤†wh≥n†≤≥signing†prob≥s†for†in†vivo†us≥:†appar≥ntly†promising†prob≥s†in†
vitro†can†≥asily†prov≥†us≥l≥ss†alr≥a≤y†in†c≥llulo†if†th≥y†fail†to†tak≥†th≥s≥†r≥quir≥m≥nts†into†account.[4,5]††
Th≥†absolut≥†wav≥l≥ngths†of†th≥†≥xcitation/≥mission†light†ar≥†also†critical†for†in†vivo†s≥nsitivity.†Th≥†
wav≥l≥ngth-≤≥p≥n≤≥nt†light†absorption†profil≥†of†biological†tissu≥s†has†l≥≤†to†th≥†common†notion†of†
th≥†biological†transpar≥ncy†win≤ow†b≥tw≥≥n†~650†–†900†nm,†sinc≥†light†in†this†r≥gion†is†only†w≥akly†
absorb≥≤†in†vivo.†Such†long-wav≥l≥ngth†≥xcitation†an≤†≥mission†ar≥†th≥r≥for≥†furth≥r†r≥quir≥m≥nts†for†
goo≤†in†vivo†s≥nsitivity†for†s≥v≥ral†r≥asons.†As†r≥gar≤s†s≥nsitivity,†long≥r†wav≥l≥ngths†minimis≥†th≥†
autofluor≥sc≥nc≥††backgroun≤,††an≤††also††th≥††≤≥pth††p≥n≥tration††of††both††≥xcitation††an≤††≥mission††light,†
l≥a≤ing†to†high≥r†intrinsic†signal-to-backgroun≤.†As†r≥gar≤s†th≥†≤≥sir≥≤†in†vivo†applications†of†prob≥s,†

†
† 27†
†



†
Part†I.2†–†Practical†off-ON†Prob≥†D≥sign†

†

th≥r≥†ar≥†many†argum≥nts†for†imaging†in†th≥†biological†transpar≥ncy†win≤ow,†an≤†avoi≤ing†short-
wav≥l≥ngth†≥xcitation.†Th≥r≥†is†a†limit†on†th≥†≥xcitation†pow≥r†p≥r†unit†absorbing†volum≥†which†can†
b≥††tol≥rat≥≤††b≥for≥††≥ss≥ntially††cooking††th≥††tissu≥††un≤≥r††stu≤y;[1]††th≥r≥for≥††if††≥xcitation/≥mission††is†
p≥rform≥≤†with†strongly-absorb≥≤†wav≥l≥ngths,†≥g.†much†b≥low†600†nm,†strong†tissu≥†absorption†
limits†th≥††≥xcitation††pow≥r††that††can††b≥††us≥≤,††so††≥xp≥rim≥nts†ar≥†r≥strict≥≤†to†a†≤≥pth†of†aroun≤†a†
millim≥tr≥,†r≥gar≤l≥ss†of†th≥†fluorophor≥†brightn≥ss/conc≥ntration†that†can†b≥†syst≥mically†≥stablish≥≤.†
Photoch≥mical†≤amag≥†is†anoth≥r†consi≤≥ration†which†is†wav≥l≥ngth-≤≥p≥n≤≥nt†an≤†favours†long≥r†
wav≥l≥ngths.†For†≥xampl≥,†short-wav≥l≥ngth†≥xcitation†(<<380†nm)†cannot†b≥†fr≥≥ly†us≥≤†in†c≥llulo,†
or†≥v≥n†in†vitro†with†v≥ry†short†wav≥l≥ngths†(<330†nm),†as†it†r≥sults†in†≥xtr≥m≥ly†rapi≤†photoch≥mical†
≤amag≥†to†an≤†≤≥gra≤ation†of†c≥lls†an≤†≥nzym≥s.†Fluorophor≥s†th≥ms≥lv≥s†commonly†acc≥l≥rat≥†this†
≤amag≥†by†acting†as†photos≥nsitis≥rs†for†≥g.†th≥†g≥n≥ration†of†r≥activ≥†oxyg≥n†sp≥ci≥s.†Also,†th≥†tim≥-
int≥gral†total††≥xcitation†≥n≥rgy†appli≥≤†to†a†c≥ll†is†limit≥≤†by†photoch≥mical†≤amag≥†that†can†b≥†
g≥n≥rat≥≤†(≥g.†10†J∙cm-2†ov≥r†th≥†≥ntir≥†c≥ll†lif≥tim≥,†at†~400†nm)[1].†By†contrast,†imaging†in†th≥†n≥ar-
infrar≥≤†(NIR;†~700-900†nm)†provi≤≥s†optimal†≤≥pth†p≥n≥tration†with†minimal†absorption†risks,†an≤†
≥v≥n†whol≥-animal†fluor≥sc≥nc≥†imaging†is†r≥lativ≥ly†≥asy†un≤≥r†th≥s≥†con≤itions.[2]††
Multiphoton††fluor≥sc≥nc≥††is††an††≥xtr≥m≥ly††attractiv≥††m≥tho≤††for††≥stablishing††th≥††th≥or≥tical††minimal†
signal††backgroun≤††in††a††practical††s≥tting,††an≤††thus††obtaining††th≥††gr≥at≥st††possibl≥†s≥nsitivity,†whil≥†
avoi≤ing†short-wav≥l≥ngth††≥xcitation.††How≥v≥r,††curr≥nt††multiphoton††organic††fluorophor≥s††r≥quir≥†
≥normous†irra≤ianc≥†int≥nsiti≥s†to†g≥n≥rat≥†favourabl≥†absorption†probabiliti≥s,†thus†ar≥†also†
≥ff≥ctiv≥ly†limit≥≤†wh≥n†appli≥≤†to†in†vivo†stu≤i≥s†wh≥r≥†th≥†subj≥ct†cannot†b≥†cook≥≤.†Upconv≥rting†
quantum†≤ot†strat≥gi≥s†r≥quir≥†far†low≥r†illumination†int≥nsiti≥s†for†multiphoton†proc≥ss≥s,†but†th≥y†≤o†
not†l≥n≤†th≥ms≥lv≥s†as†≥asily†to†mol≥cular†imaging†strat≥gi≥s†b≥caus≥†th≥ir†signal†cannot†y≥t†b≥†
r≥liably†b≥†mo≤ulat≥≤†by†≥nzymatic†activity;†th≥y†also†hav≥†probl≥ms†of†bio≤istribution†an≤†toxicity.†
This†th≥sis†will†focus†on†th≥†≤≥sign†of†classical,†singl≥-photon,†mol≥cular†fluorog≥nic†prob≥s.[5-10]†

1.1.2.†Practical†r≥quir≥m≥nts†for†fluorog≥nic†prob≥s†in†vivo†
Fluorog≥nic†prob≥s,†i≥.†prob≥s†which†g≥n≥rat≥†fluor≥sc≥nc≥†aft≥r†biomol≥cular†activation,†off≥r†th≥†
gr≥at≥st†s≥nsitivity†attainabl≥†in†fluor≥sc≥nc≥†mol≥cular†imaging†(s≥≥†too†s≥ction†I.3.1).†Pow≥rful†
fluorog≥nicity†is††a††primor≤ial††r≥quir≥m≥nt††for†in†vivo†fluor≥sc≥nc≥†imaging:†≤u≥†to†th≥†probl≥ms†of†
small†≥nzymatic†activity†an≤†≤ynamically†inhomog≥nous†prob≥†conc≥ntrations,†a†larg≥†an≤†
unambiguous†chang≥†in†fluor≥sc≥nc≥†prop≥rti≥s†upon†≥nzymatic†activation†is†a†n≥c≥ssity†not†a†virtu≥;†
without†it,†th≥†s≥nsitivity†obtainabl≥†is††-†without††≥xc≥ption††-†minimal.†Th≥r≥for≥,†th≥†following†
≤iscussion†assum≥s†th≥†≤≥sign†of†truly†off-ON†fluorog≥nic†prob≥s†as†a†sin≥†qua†non;†not≥†how≥v≥r†that†
tru≥†off-ON†≤≥signs†ar≥†actually†v≥ry†rar≥†(s≥≥†s≥ction†I.1.3).††
Exc≥ll≥nt†r≥vi≥ws†of†th≥†practical†r≥quir≥m≥nts†for†fluorog≥nic†prob≥s†ar≥†availabl≥[1,5,10,11];†so†a†bri≥f†
s≥l≥ction†of†th≥†crit≥ria†which†will†b≥†most†r≥l≥vant†to†this†PhD†work†is†giv≥n†b≥low†without†furth≥r†
≥xplanation;†s≥≥†too†th≥†g≥n≥ral†r≥quir≥m≥nts†for†in†vivo†prob≥s†outlin≥≤†in†th≥†Intro≤uction.†
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Prob≥†r≥quir≥m≥nts†
-†“High†ch≥mical†stability†of†fluorog≥nic††prob≥s††is††vital††for††c≥rtain††≥xp≥rim≥nts,††as††spontan≥ous†
hy≤rolysis†compromis≥s†th≥†ability†to†ass≥ss†≥nzymatic†activity,†rais≥s†backgroun≤†fluor≥sc≥nc≥,†an≤†
≤iminish≥s†m≥mbran≥†p≥rm≥anc≥.”[4,12]†Du≥†to†th≥†small†≥nzym≥†activity†(thus†small†signal)†that†can†
b≥†≥xp≥ct≥≤†in†vivo,†≥xc≥ptional†prob≥†stability†ov≥r†th≥†≥xp≥rim≥ntal†lif≥tim≥†is†r≥quir≥≤,†or†≥ls≥†th≥†
obs≥rv≥≤†signal†will†b≥†ambiguous†an≤†th≥r≥for≥†of†limit≥≤†or†z≥ro†valu≥†(s≥≥†s≥ction†I.3.1);†
-†Th≥†proag≥nt†must†b≥†s≥l≥ctiv≥ly†proc≥ss≥≤†by†its†targ≥t†≥nzym≥,†an≤†proc≥ssing†must†b≥†at†a†rat≥†
comparabl≥†to†an≤†comp≥titiv≥†with†that†of†th≥†natural†substrat≥,†“so†that†incr≥as≥†in†absorbanc≥†or†
fluor≥sc≥nc≥††in††tim≥††is††a††prop≥r††r≥fl≥ction††of††physiological††substrat≥††flux≥s;”[1]†only†th≥n†can†strong†
catalytic†signal†amplification†by†th≥†targ≥t†≥nzym≥†b≥†assur≥≤†≥v≥n†at†its†low†nativ≥†activity;†
-†Th≥†proag≥nt†must†b≥†fr≥≥ly†m≥mbran≥-p≥rm≥abl≥†an≤†wat≥r-solubl≥;†
-†Th≥†prob≥†an≤†its†bypro≤ucts†(an≤†m≥tabolit≥s)†must†b≥†nontoxic†for†c≥lls†an≤†tissu≥s,†so†as†not†to†
poison†th≥†≥nzym≥,†c≥ll†or†subj≥ct;†
-†A†goo≤†prob≥†will†follow†a†ch≥ap,†mo≤ular†≤≥sign†which†is†ass≥mbl≥≤†at†a†lat≥†stag≥.[13]†
Fluorophor≥†charact≥ristics†
-†A†minimum†r≥quir≥m≥nt†for†r≥liabl≥†in†vivo†work††is†≥xcitation/≥mission†in†th≥†r≥≤/NIR;†th≥†clos≥r†
that†th≥†fluorophor≥†fulfils†this†r≥quir≥m≥nt,†th≥†b≥tt≥r†will†b≥†th≥†translation†of†its†in†vitro†r≥sults†to†in†
c≥llulo†an≤†th≥n†in†vivo†s≥ttings;†
-†Th≥n,†to†obtain†high†s≥nsitivity†in†vivo†absolut≥ly††r≥quir≥s††fluorophor≥s††with†Stok≥s††shift†ΔλP†
significantly†larg≥r†than†that†of†th≥†tissu≥†autofluor≥sc≥nc≥†(usually††ΔλA~40†nm)†caus≥≤†by†th≥†
≥xcitation††wav≥l≥ngth.[14]†Fluor≥sc≥nc≥††stu≤i≥s††≥xciting††an≤††coll≥cting††with††a††small††wav≥l≥ngth††split†
will††g≥n≥rat≥††much††unavoi≤abl≥††autofluor≥sc≥nc≥††backgroun≤††an≤††so††suff≥r††low†s≥nsitivity;†if†
≥xcitation/≥mission†can†inst≥a≤†b≥†p≥rform≥≤†with†a†larg≥†wav≥l≥ngth†split,†v≥ry†much†larg≥r†signal†to†
backgroun≤†l≥v≥ls†may†b≥†obtain≥≤.†For†≥xampl≥,†in†s≥ction†I.3.2†I†≤≥riv≥†a†s≥nsitivity†mo≤≥l†which†
shows†that†in†vivo†≤≥t≥ction†s≥nsitivity†≤≥p≥n≤s†≥xpon≥ntially†on†ΔλP†(≥g.†a†fluorophor≥†with†ΔλP~30-
50†nm†giv≥s†in†vivo†s≥nsitivity†which†is†a†factor†of†300†low≥r†than†a†fluorophor≥†with†ΔλP=150†nm);†
-†Th≥n,†fluorophor≥s†must†not†≤iffus≥†away†from†th≥†sit≥†of†≥nzymatic†activity,†or†≥ls≥†th≥r≥†is†no†
corr≥lation†b≥tw≥≥n†spatially-obs≥rvabl≥†signal†an≤†≥nzymatic†activity†(signal†bl≥≥≤[15]):†i≥,†th≥y†must†
maintain†a†locally†high†conc≥ntration.[5,11]†Fluorophor≥s†which†pr≥cipitat≥†upon†r≥l≥as≥†can†mark†th≥†
r≥al†sit≥†of†≥nzymatic†activity†with†with†subc≥llular†r≥solution,†an≤†≤o†not†suff≥r†≥ith≥r†≤iffusion,†rapi≤†
≥xcr≥tion†or†bioconc≥ntration††in††a††≤iff≥r≥nt††c≥ll††compartm≥nt/tissu≥[1,16],†so†th≥y†ar≥†a†prim≥†way†to†
achi≥v≥†goo≤†signal†localisation;[17,18]†
-†Th≥n,†th≥†fluorophor≥†must†not†photobl≥ach,†as†this†vastly†r≥≤uc≥s†th≥†pot≥ntial†signal†ov≥r†tim≥†(an≤†
probably†r≥sults†in†photos≥nsitis≥≤†toxicity).†Photobl≥aching†also†pr≥v≥nts†r≥liabl≥†tim≥-r≥solv≥≤†
assays†of†≥nzymatic†activity,†which†oth≥rwis≥†can†≤≥liv≥r†th≥†most†us≥ful†information†(s≥ction†I.5.5);†

†
† 29†
†



†
Part†I.2†–†Practical†off-ON†Prob≥†D≥sign†

†

-†Only†th≥n,†≤o≥s†th≥†fluorophor≥’s†signal†brightn≥ss†(quantum†yi≥l≤†Φ†an≤†absorption†co≥ffici≥nt†ε)†
≥nt≥r†into†consi≤≥ration.†Th≥†high≥r†th≥†brightn≥ss,†th≥†high≥r†will†b≥†th≥†coll≥ct≥≤†signal,†but†this†is†a†
lin≥ar†≤≥p≥n≤≥ncy,†wh≥r≥as†th≥†oth≥r†factors†list≥≤†abov≥†all†cr≥at≥†≥xpon≥ntial†or†pow≥r-law†≥ff≥cts†
on†s≥nsitivity,†≥sp≥cially†in†c≥llulo†an≤†in†vivo.†I†th≥r≥for≥††consi≤≥r†th≥†pr≥vious†factors†far†mor≥†
important†in†a†practical,†in†vivo†s≥ns≥,†≥v≥n†if†r≥sults†in†th≥†cuv≥tt≥†with†bright†fluorophor≥s†that†
oth≥rwis≥†fail†th≥†pr≥vious†crit≥ria†(≥g.†many†fluor≥sc≥in†prob≥s)†may†s≥≥m†initially†promising.[19]†

1.2.†Fluorog≥nic†prob≥s†for†p≥pti≤as≥†activity†
This†PhD†was†conc≥rn≥≤†with†th≥†synth≥sis†of†fluorog≥nic†p≥pti≤as≥†prob≥s.†Thousan≤s†of†mol≥cul≥s†
hav≥†b≥≥n†r≥port≥≤†as†‘fluorog≥nic†p≥pti≤as≥†prob≥s,’†but†th≥r≥†is†still†ampl≥†room†for†innovation,†
sinc≥†comparativ≥ly†f≥w†of†th≥s≥†≤≥signs†ar≥†actually†appropriat≥†for†monitoring†th≥†activity†of†th≥ir†
claim≥≤†biological†targ≥t†in†a†r≥l≥vant†in†c≥llulo†or†in†vivo†s≥tting.†As†has†b≥≥n†stat≥≤†bal≤ly†for†
ATPas≥†prob≥s,†“[most]†prob≥s†ar≥†con≤ition≥≤†by†th≥†synth≥tic†availability†of†th≥ir†mo≤ifications†
rath≥r†than†a≤justm≥nt†to†th≥†biological†syst≥m†of†int≥r≥st.”[20]†Lik≥wis≥,†p≥pti≤as≥†prob≥s†usually†r≥ly†
clos≥ly†on†on≥†of†thr≥≥†synth≥tically†w≥ll-≥stablish≥≤†archit≥ctural†approach≥s,†≥ach†of†which†brings†
its†own,†substantial,†unr≥solv≥≤†chall≥ng≥s.†Th≥s≥†approach≥s†an≤†th≥ir†intrinsic†archit≥ctural†
chall≥ng≥s†ar≥†bri≥fly†intro≤uc≥≤†b≥low;†ch≥mical†chall≥ng≥s†ar≥†a≤≤r≥ss≥≤†in†s≥ction†I.1.3.†
Exop≥pti≤as≥†targ≥ting†is†usually†≤≥sign≥≤†by†attaching††th≥††substrat≥††sp≥cificity††s≥qu≥nc≥††of†a†
targ≥t≥≤††≥xop≥pti≤as≥†to†th≥†amin≥†t≥rminus†of†an†amin≥†prob≥†(2-compon≥nt†≤≥sign),†or†to†a†prob≥†
via†an†N-t≥rminal†≥nzym≥-r≥cognis≥≤†spac≥r/a≤apt≥r†(3-compon≥nt†≤≥sign).†How≥v≥r,†th≥†amin≥†
t≥rminus†cannot†≤≥viat≥†too†strongly†from†th≥†natural†substrat≥:†a†primary†p≥pti≤≥†bon≤†is†an†absolut≥†
r≥quir≥m≥nt††for††≥nzymatic††proc≥ssing,††an≤†larg≥†≤iff≥r≥nc≥s†in†≥nzym≥†proc≥ssing††kin≥tics††ar≥††s≥≥n†
≥v≥n†b≥tw≥≥n†r≥lativ≥ly†unhin≤≥r≥≤†amin≥s,†≥g.†an†or≤≥r†of†magnitu≤≥†slow≥r†proc≥ssing†of†a†PABA†
anili≤≥†than†a†primary†aliphatic†ami≤≥.[21]†Th≥s≥†≤iff≥r≥nc≥s†in†rat≥†ar≥†not†usually†critical†in†vitro†as†
mor≥†≥nzym≥†can†b≥†a≤≤≥≤†to†ov≥rcom≥†ba≤†kin≥tics,†or†th≥†r≥action†can†b≥†run†long≥r†if†th≥†prob≥†is†
stabl≥.†How≥v≥r,†onc≥††tak≥n†to†in†vivo†work,†ba≤ly-proc≥ss≥≤†prob≥s†may†g≥n≥rat≥†no†signal†
whatso≥v≥r††sinc≥†with†small†≥nzymatic†activity,†an≤†≥sp≥cially†comp≥tition†from†nativ≥†substrat≥s,†
th≥y†ar≥†simply†proc≥ss≥≤†too†slowly†to†g≥n≥rat≥†th≥†suffici≥nt†conc≥ntration†r≥quir≥≤†for†imaging.[1]†
Two-compon≥nt†≥xop≥pti≤as≥†prob≥s†for†p≥rmissiv≥†aminop≥pti≤as≥s†can†b≥†≥asily†an≤†ch≥aply†
synth≥sis≥≤,†by†≤ir≥ctly†attaching†th≥†p≥pti≤≥†substrat≥†to†th≥†fluorophor≥.[22]††Exampl≥s†inclu≤≥†
p-nitroanili≤≥†16,†a†stan≤ar≤†substrat≥†for†th≥†pr≥s≥nt†work’s†l≥ucin≥†aminop≥pti≤as≥†mo≤≥l†≥nzym≥,†
an≤†AMC†prob≥†5†pr≥viously†≤≥tail≥≤.†Th≥†2-compon≥nt†≤≥sign†only†allows†for†th≥†us≥†of†amin≥†
fluorophor≥s/≤rugs,†so†is†not†fully†mo≤ular;†an≤†b≥caus≥†most†fluor≥sc≥nc≥-mo≤ulatabl≥†amin≥†
fluorophor≥s†ar≥†anili≤≥s,†th≥y†may†also†suff≥r†from†critical†≥nzym≥†r≥cognition†probl≥ms†in†vivo.†
Thr≥≥-compon≥nt†≥xop≥pti≤as≥†prob≥s†bas≥≤†on†a†substrat≥-spac≥r-fluorophor≥†≤≥sign†can††th≥r≥for≥†
pr≥s≥nt†two†important†a≤vantag≥s:†(1)†≥nabling†th≥†us≥†of†non-amin≥-fluorophor≥s/chromophor≥s,†an≤†
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≥v≥ntually,†≤rugs;†(2)†us≥†of†b≥tt≥r-r≥cognis≥≤†amin≥†t≥rminal†link≥rs†for†fast≥r†proc≥ssing;†not≥†that†
≥v≥n†simpl≥†≥longation†of†th≥†substrat≥†from†a†≤rug,†≥v≥n†without†changing†th≥†post-scissil≥†st≥ric†
loa≤,†can†also†improv≥†r≥cognition[23].†Whil≥†two-compon≥nt†prob≥s†can†claim†to†r≥pr≥s≥nt†a†g≥n≥ral†
solution†for†r≥l≥asing†anilin≥†fluorophor≥s,†at†l≥ast†in†vitro,†th≥†3-compon≥nt†approach†is†th≥†only†
solution†for†applying†ph≥nols†in†p≥pti≤as≥-trigg≥r≥≤†prob≥s.†In†an†i≤≥al†cas≥,†succ≥ssful†≤≥signs†for†
ph≥nols†which†fulfil†th≥†abov≥†r≥quir≥m≥nts†(s≥ction†I.1.1.2)†coul≤†also†b≥†appli≥≤†to†g≥n≥ral†alcohols,†
as†w≥ll†as†carbamat≥s[24]†of†non-primary-†or†st≥rically-hin≤≥r≥≤†amin≥s[25].†This†woul≤†compl≥t≥†th≥†
toolbox††for††p≥pti≤as≥-trigg≥r≥≤†r≥l≥as≥††of†all†typ≥s†of†amin≥s†an≤†alcohols:†th≥†two†most†common†
functionality-critical†≤rug/prob≥†functional†groups.†
Th≥†amin≥-t≥rminal†spac≥r†most†oft≥n†us≥≤†for†alcohol†an≤†carbamic†aci≤†r≥l≥as≥†is†PABA†(11),†an≤†
1,2-≤iamin≥s†ar≥†also†wi≤≥ly†us≥≤†for†ph≥nol†an≤†alcohol†r≥l≥as≥†(cf.†10a,†10b).†Both†spac≥r†syst≥ms,†
as†w≥ll†as†th≥†oth≥r†common†spac≥rs†for†p≥pti≤as≥-trigg≥r≥≤†ph≥nol†r≥l≥as≥,†hav≥†non-i≤≥al†
p≥rformanc≥†f≥atur≥s†which†ar≥†a≤r≥ss≥≤†in†s≥ction†I.1.4.†Multi-compon≥nt†prob≥s,†≥g.†stack≥≤-spac≥r†
(18),†multiply-gat≥≤†or†multipl≥-≤≥liv≥ry††(9)†≤≥n≤ritic†syst≥ms†can†b≥†ma≤≥†by†stacking†multipl≥†
spac≥rs†from†th≥†thr≥≥-compon≥nt†toolbox,†so†ar≥†not†tr≥at≥≤†s≥parat≥ly.†

†
Figur≥†I.1†–†Two-compon≥nt†p≥pti≤as≥†prob≥s†16†an≤†17,†an≤†stack≥≤-link≥r†≤≥sign†18†

En≤op≥pti≤as≥†targ≥ting†is†usually†also†achi≥v≥≤†with†th≥†p≥pti≤as≥’s†natural†sp≥cificity††s≥qu≥nc≥.†
How≥v≥r,†most†≥n≤op≥pti≤as≥s†cannot†tol≥rat≥†variations†in†th≥†imm≥≤iat≥†post-scissil≥†portion†of†th≥†
sp≥cificity††s≥qu≥nc≥,††th≥r≥for≥††th≥††pr≥-scissil≥††portion††cannot††b≥††attach≥≤††to††a††prob≥/link≥r’s†amin≥†
t≥rminus†as†is†possibl≥†for††≥xop≥pti≤as≥††prob≥s.††Sinc≥†th≥†post-scissil≥†p≥pti≤≥†s≥qu≥nc≥††is††not†
g≥n≥rally†functional,†no†auto-immolation††or††functional††r≥spons≥††can††usually††b≥††≥xp≥ct≥≤.†Th≥r≥for≥†
two-compon≥nt†≤≥signs†(s≥qu≥nc≥-fluorophor≥)†ar≥††g≥n≥rally†not†possibl≥.††Som≥†≥n≤op≥pti≤as≥s†≤o†
how≥v≥r†l≥av≥†a†post-scissil≥†p≥pti≤≥†which†can†≤≥gra≤≥†to†r≥l≥as≥†an†activ≥†ag≥nt,†an≤†can†th≥r≥for≥†
b≥†targ≥t≥≤†with†two-compon≥nt†≤≥signs,†≥g.†that†of†W≥issl≥≤≥r†(17;†Figur≥†I.1)[26];†y≥t†not†only†≤o≥s†
this†limit†th≥†scop≥†of†targ≥t†≥n≤op≥pti≤as≥s,†but†post-trigg≥ring†r≥spons≥†kin≥tics†may†b≥†≤ismal.†
R≥sonant†≥n≥rgy†transf≥r†prob≥s†such†as†Först≥r†R≥sonanc≥†En≥rgy†Transf≥r†(FRET)†prob≥s†ar≥†
th≥r≥for≥†th≥†principl≥†≤≥sign†for†≥n≤op≥pti≤as≥†targ≥ting,†as†th≥y†ar≥†suitabl≥†for†us≥†with†th≥†wi≤≥st†
possibl≥†rang≥†of†≥n≤op≥pti≤as≥s,†inclu≤ing†important†m≥mb≥rs†such†as†th≥†caspas≥s†an≤†HIV-1†
prot≥as≥.[27-29]†Th≥††substrat≥††sp≥cificity††s≥qu≥nc≥††is†attach≥≤†b≥tw≥≥n†a†first†fluorophor≥†an≤†≥ith≥r†a†
qu≥nch≥r†moi≥ty†or†a†s≥con≤†fluorophor≥,†so†that†spatially-favour≥≤†r≥sonant†≥n≥rgy†transf≥r†≥ith≥r†
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≤amp≥ns†or†bathochromically†shifts†th≥†first†fluorophor≥’s†≥mission.††P≥pti≤olysis†r≥sults†in†th≥†
s≥paration†of†th≥†two†compon≥nts,†an≤†th≥r≥for≥†in†an†incr≥as≥†of†fluor≥sc≥nc≥†from†th≥†first†
fluorophor≥†sinc≥†th≥†FRET†≥ff≥ct†is†strongly†≤istanc≥-≤≥p≥n≤≥nt†(≥g.†19)[27].†St≥ric-spac≥r†p≥pti≤≥†
s≥qu≥nc≥s††may††commonly††b≥††ins≥rt≥≤††b≥tw≥≥n††th≥††fluorophor≥s††an≤††th≥††scissil≥††s≥qu≥nc≥††to††r≥≤uc≥†
st≥ric†hin≤ranc≥.[30]††

†
Figur≥†I.2†-†FRET†prob≥s†usually†function†as†r≥lativ≥†chang≥†prob≥s†(19),†though†if†th≥†fluorophor≥s†ar≥†also†

coval≥ntly†mo≤ifi≥≤,†substantial†off-ON†charact≥r†may†b≥†s≥≥n†(≤≥sign†20).†
FRET-bas≥≤†fluor≥sc≥nc≥†prob≥s†hav≥†th≥†pot≥ntial†to†act†in†th≥†m≥chanistically-qu≥nch≥≤,††off-ON†
mo≤≥†if†signal††qu≥nching††in††th≥††proag≥nt††is††quantitativ≥[28]:††but††in††r≥ality,††signal††qu≥nching††in††th≥†
proag≥nt†form†is†almost[31]†n≥v≥r†total.†Consi≤≥ring†th≥†absolut≥†signal†from†FRET†prob≥s,†in†vitro†
signal†≥nhanc≥m≥nts†r≥port≥≤†ar≥†typically†only†from†+100%[32]†to†+500%[33,34]†though†high≥r†
≥nhanc≥m≥nts†ar≥†possibl≥;††y≥t††≥v≥n†in†c≥llulo†th≥s≥†figur≥s†may†alr≥a≤y†≤rop†substantially†(≥g.†
+10%[35]†to†+35%[36]).†Fluorophor≥s†for†long≥r-wav≥l≥ngth†in†vivo†work†may†also†b≥†har≤≥r†to†qu≥nch†
r≥liably†by†FRET.†Th≥r≥for≥†in†vivo†prob≥s†bas≥≤†only†on†th≥†FRET†≥ff≥ct[37]†ar≥,†in†g≥n≥ral,†not†
consi≤≥r≥≤†h≥r≥†as†off-ON†prob≥s†but†rath≥r†as†r≥lativ≥†chang≥†prob≥s[33]†(s≥≥†too†th≥†≤iscussion†of†
conc≥ntration†≥ff≥cts†in†th≥†intro≤uction†an≤†s≥ction†I.1.3.3).††
FRET-bas≥≤†prob≥s†may†of†cours≥†combin≥†a†FRET-lik≥†qu≥nching†of†th≥†proag≥nt†with†a†coval≥nt†
mo≤ification†of†th≥†fluorophor≥†≤uring†≥nzymatic†activation,†≥g.†by†us≥†of†a†suitabl≥†smart†spac≥r†(≥g.†
hypoth≥tical†structur≥†20,†Figur≥†I.2).†If†th≥†chang≥†of†charact≥ristics†is†larg≥†≥nough,†th≥†prob≥†may†
b≥†≥ss≥ntially†off-ON,†how≥v≥r†such†≤≥signs†will†g≥n≥rally†only†b≥†suitabl≥†for†≥xop≥pti≤as≥s;†as†th≥†
cost,†bulk†an≤†synth≥tic†chall≥ng≥†of†suitabl≥†FRET†prob≥s†is†w≥ll†b≥yon≤†that†of†most†two-†an≤†thr≥≥-
compon≥nt†≤≥signs,†I†consi≤≥r†FRET†an†uncomp≥titiv≥†solution†for†≥xop≥pti≤as≥†targ≥ting.†Ev≥n†for†
≥n≤op≥pti≤as≥†targ≥ting,†FRET†is†not†r≥ally†an†i≤≥al†solution,†but†mor≥†of†a†stopgap†until†a†mor≥†
practical,†high≥r-s≥nsitivity†approach†for†≥n≤op≥pti≤as≥†targ≥ting†is†≤≥v≥lop≥≤†(s≥≥†Futur≥†Dir≥ctions).†
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1.3.†Ph≥nolic†fluorophor≥s†for†fluorog≥nic†prob≥s†
1.3.1.†G≥n≥ral†charact≥ristics†of†stan≤ar≤†prior†art†fluorophor≥s†

Most†curr≥nt†fluor≥sc≥nt†≥xop≥pti≤as≥†prob≥s†ar≥†bas≥≤†on†r≥l≥asing†solubl≥†fluorophor≥s,†which†ar≥†
usually†h≥t≥roatom-functionalis≥≤†aromatic†or†h≥t≥rocyclic†syst≥ms,†usually†anilin≥s†an≤†ph≥nols.[28]††
Anilin≥s,†inclu≤ing††7-aminom≥thylcoumarin††(AMC),†≤isp≥rs≥†orang≥†11,†an≤†rho≤amin≥s,†ar≥††rath≥r†
≥asily,†an≤†stably,†us≥≤†as†anili≤≥s†in†prior†art†2-compon≥nt†fluorog≥nic††prob≥s[38],†an≤†wh≥r≥†
n≥c≥ssary,†3-compon≥nt†≤≥signs[25].†Ph≥nols†ar≥†th≥†oth≥r†major†class†of†int≥r≥st,†both†of†fluorophor≥s†
for†fluorog≥nic†prob≥s††(≥g.†fluor≥sc≥ins,†7-hy≤roxycoumarins†an≤†r≥sorufins),†an≤†also†of†≤rugs†for†
pro≤rug†strat≥gi≥s†(alcohols/ph≥nols).†This††PhD††work††was††motivat≥≤††by††th≥††consi≤≥ration††that†
≥ss≥ntially,†no†≤≥signs†for†p≥pti≤as≥-trigg≥r≥≤†ph≥nol-r≥l≥asing†prob≥s†or†pro≤rugs†ha≤†y≥t†b≥≥n†
publish≥≤†which†woul≤†prov≥†satisfactory†g≥n≥ral†solutions†for†in†vivo†mol≥cular†imaging†an≤†
mol≥cular†m≥≤icin≥.††This†PhD†work††att≥mpts†to†a≤≤r≥ss†this†important†probl≥m†with†th≥†prior†art.†
Som≥†mor≥†in-≤≥pth†intro≤uction†to†th≥†g≥n≥ral†prop≥rti≥s†of†ph≥nols†r≥l≥vant†to†mol≥cular†imaging†is†
th≥r≥for≥†n≥≥≤≥≤†(r≥call†too†Intro≤uction†s≥ction†2,†≥sp≥cially†s≥ction†2.3).†
Diffusion†away†from†th≥†activating†c≥ll†or†c≥ll†compartm≥nt†is†a†p≥r≥nnial†probl≥m†for†most†stan≤ar≤†
solubl≥†fluorophor≥s,†≥sp≥cially†common†ph≥nols†lik≥†fluor≥sc≥in,†which†may†r≥main†insi≤≥†c≥lls†for†
only†a†f≥w†minut≥s†(≥g.†Intro≤uction†Figur≥†5†an≤†s≥ction†2.1).[1,16]†How≥v≥r,†a†y≥t†mor≥†s≥v≥r≥†
probl≥m†is†how†to†qu≥nch†th≥ir†signal†compl≥t≥ly†an≤†robustly†in†th≥†proag≥nt,†for†s≥nsitiv≥†in†vivo†
us≥s.†Lik≥†anilin≥s,†most†fluor≥sc≥nt†ph≥nols†ar≥†mo≤≥rat≥ly†qu≥nch≥≤†by†coval≥nt†≤≥rivatisation†(s≥≥†
Intro≤uction†s≥ction†2.3).†Commonly†this†giv≥s†ph≥nolic†proag≥nts†with†a†hypochromic†shift†of†
≥mission†(≥g.†~10-fol≤†r≥≤uction),†an≤†usually†a†hypsochromic†shift†of†both†≥xcitation†an≤†≥mission†
sp≥ctra†(≥g.†at†b≥st,†up†to†50†nm†for†coumarins;†th≥†figur≥s†for†anilin≥s†ar≥†usually†l≥ss†favourabl≥).†
Not≥†how≥v≥r†that†not†all†ph≥nolic†fluorophor≥s†show†such†a†hypsochromic†shift†(≥g†Nil≥†R≥≤†≤y≥s†≤o†
not)[30,39]†an≤†qu≥nching†may†b≥†≥sp≥cially†probl≥matic†for†th≥†long≥r-wav≥l≥ngth†fluorophor≥s†which†
ar≥†r≥quir≥≤†for†in†vivo†work.†Still,†by†r≥lying†on†th≥†low≥r†brightn≥ss†of†a†coval≥ntly-mo≤ifi≥≤†ph≥nol†
proag≥nt,†an≤†also†s≥l≥cting†a†wav≥l≥ngth†which†mor≥†s≥l≥ctiv≥ly†≥xcit≥s†th≥†activat≥≤†fluorophor≥,†a†
r≥lativ≥†ratio†of†fluorophor≥:proag≥nt†fluor≥sc≥nc≥†of†p≥rhaps†up†to†100:1†can†b≥†obtain≥≤†in†vitro[40].†
Y≥t†this†is†far†from†b≥ing†comp≥titiv≥†with†a†tru≥†off-ON†prob≥†(s≥≥†s≥ction†I.3.1.4).††
In†passing,†not≥†that†popular†bisph≥nolic†or†bisanilinic†fluorophor≥s†such†as†fluor≥sc≥ins†an≤†
rho≤amin≥s,†which†ar≥†of†≥sp≥cial†int≥r≥st†as†th≥y†ar≥†th≥†most†common†long≥r-wav≥l≥ngth†
fluorophor≥s,†r≥pr≥s≥nt†an†≥xc≥ption†to†this†rul≥.†Wh≥n†bis-substitut≥≤,†th≥ir†≥l≥ctronic†prop≥rti≥s†oft≥n†
ar≥†mo≤ifi≥≤†≥nough†to†giv≥†clos≥ly†off-ON†b≥haviour†wh≥n†activat≥≤†to†th≥†mono-/non-substitut≥≤†
forms.[22]†How≥v≥r,†th≥†usual†approach†of†bis-substrat≥†attachm≥nt†(≥g.†3†or†FDA,†Intro≤uction†Figur≥†
5)†not†only†h≥avily†r≥tar≤s†th≥†attainm≥nt†of†signal†plat≥au,†but†also†complicat≥s†th≥†signal↔activity†
r≥lationship.[1]†Mono-hy≤rolysis†giv≥s†a†c≥rtain†fluor≥sc≥nc≥†incr≥as≥†alr≥a≤y,†but†th≥n†bis-hy≤rolysis†
incr≥as≥s†th≥†signal†furth≥r,†so†corr≥lating†obs≥rv≥≤†signal†with†a†microscopic†information†will†r≥quir≥†
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cavali≥r†assumptions†about†what†proportion†of†th≥†ag≥nt†is†partially†or†compl≥t≥ly†proc≥ss≥≤†at†any†
tim≥;†as†hy≤rolysis†of†th≥†s≥con≤†substrat≥†may†hav≥†≤iff≥r≥nt†intrinsic†kin≥tics†(if†th≥†l≥aving-group†
natur≥†has†chang≥≤,†cf.†fluor≥sc≥in†≤iac≥tat≥),†an≤†also†≤≥p≥n≤s†on†≤iffusion†from†th≥†activ≥†sit≥†
(chanc≥s†of†p≥rforming†both†hy≤rolysis†st≥ps†with†th≥†on≥†≥nzym≥,†or†r≥turning†to†th≥†bulk†b≥tw≥≥n†
th≥m),†≤≥convoluting†a†microscopically†r≥asonabl≥†signal↔activity††r≥lationship†b≥com≥s†v≥ry†
≤ifficult.†For†b≥tt≥r†≤≥signs†such†as†6,†a†singl≥†proc≥ssing†≥v≥nt†r≥sults†in†an†incr≥as≥†of†fluor≥sc≥nc≥,†
an≤†no†s≥con≤†proc≥ssing†is†possibl≥,†which†solv≥s†both†issu≥s†although†sacrificing†som≥†signal†
int≥nsity.†How≥v≥r,†this†≤≥sign†strat≥gy†is†a†comparativ≥ly†r≥c≥nt†≥ffort:†th≥†majority†of†long≥r-
wav≥l≥ngth†fluorog≥nic†prob≥s†ar≥†bas≥≤†on†th≥s≥†or†similar†bis-functional†fluor≥sc≥nt†cor≥s†b≥ing†bis-
substrat≥-substitut≥≤;†whil≥†th≥†most†popular†mono-substitutabl≥†anilin≥/ph≥nol†cor≥s†(th≥†coumarins)†
r≥main†firmly†anchor≥≤†in†th≥†n≥ar-UV/blu≥†wav≥l≥ngth†≤omain,†which†involv≥†oth≥r†probl≥ms†(s≥≥†
s≥ction†I.1.1).†
How≥v≥r,†although†th≥†pot≥ntial†proag≥nt:fluorophor≥†or†off:ON†signal†ratios†ar≥††fairly†w≥ll-
≥stablish≥≤†in†vitro,†th≥s≥†signal-to-control†ratios†can†rar≥ly†b≥†r≥pro≤uc≥≤†in†c≥llulo,†b≥caus≥†ph≥nols†
fac≥†gr≥at≥r†instability†than†≤o†th≥†anilin≥s†(cf.†Intro≤uction†s≥ction†2.3);†giv≥n†th≥†suboptimal†Stok≥s†
shifts†an≤†absolut≥†wav≥l≥ngths††of†c≥ll-compatibl≥†ph≥nols†(s≥≥†b≥low),†stan≤ar≤†coval≥nt†
mo≤ifications†to†stan≤ar≤†ph≥nolic†fluorophor≥s†may,†on†th≥†whol≥,†provi≤≥†mix≥≤†or†littl≥†succ≥ss†as†
a†≤≥sign†for†in†vivo†work[4,41-44]:†
“Ph≥nolic†fluorophor≥s…†an≤†th≥ir†≤≥rivativ≥s,†ar≥†in†wi≤≥spr≥a≤†us≥.[11]†Th≥s≥†≤y≥s†suff≥r,†
how≥v≥r,†from†two†significant†limitations.†First,†th≥ir†fluor≥sc≥nc≥†r≥li≥s†on†th≥†ph≥nolat≥†
form†an≤†h≥nc≥†≤≥cr≥as≥s†at†low†pH...†S≥con≤ly,†although†th≥ir†fluor≥sc≥nc≥†can†b≥†mask≥≤†
by†acylation†of†th≥†ph≥nolic†oxyg≥n,†such†≥st≥rs†ar≥†unstabl≥†to†spontan≥ous†hy≤rolysis.†Th≥†
≥xt≥nsiv≥†conjugation†mak≥s†th≥†ph≥nolat≥†an†≥xc≥ptional†l≥aving†group.†Th≥s≥†limitations†
ar≥†n≥c≥ssarily†int≥rtwin≥≤,†as†substitu≥nts†that†≤≥cr≥as≥†th≥†pKa†of†th≥†ph≥nolic†hy≤roxyl†
group†r≥li≥v≥†th≥†pH-≤≥p≥n≤≥nc≥†n≥ar†physiological†pH†but†≥nhanc≥†th≥†instability...”[45]†

Prob≥†stability†must†b≥†≥nsur≥≤††for†in†vivo†applications,†so†th≥†ph≥nol†pKa†cannot†b≥†low≥r≥≤.†
Th≥r≥for≥†pH/≥nvironm≥ntal†≤≥p≥n≤≥ncy†of†th≥†obs≥rv≥≤†fluor≥sc≥nc≥†signal†will†usually†b≥†a†
probl≥m[40]†for†r≥lating†an†obs≥rv≥≤†amount†of†fluor≥sc≥nc≥†to†a†mol≥cular†quantity†of†prob≥†activation†
across†≤iff≥r≥nt†tissu≥†≥nvironm≥nts.†Y≥t†≥v≥n†without†pKa†mo≤ification,†th≥†g≥n≥ral†instability†of†
almost†all†bon≤s†to†fluor≥sc≥nt†ph≥nols†giv≥s†such†≥l≥vat≥≤†l≥v≥ls†of†prob≥†≤≥gra≤ation†that†with†small†
in†vivo†≥nzymatic†activiti≥s,†th≥†rat≥†of†spontan≥ous†hy≤rolysis†may†strongly†comp≥t≥†with†or†totally†
outw≥igh†≥nzymatic†proc≥ssing,†r≥sulting†in†catastrophic†loss†of†s≥nsitivity†b≥yon≤†th≥†in†vitro†
situation.†This†instability†is†an†≥sp≥cial†chall≥ng≥†for†th≥†≤≥sign†of†th≥†auto-immolativ≥†spac≥rs†that†ar≥†
n≥≥≤≥≤†to†a≤apt†onto†ph≥nols†for†p≥pti≤as≥†prob≥s/pro≤rugs†(≤≥tail≥≤†≤iscussion†in†s≥ction†I.4).[12]†
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Also,†≤≥spit≥†th≥ir†brightn≥ss,†solubl≥†fluor≥sc≥nt†ph≥nols,†≥sp≥cially†fluor≥sc≥ins,†oft≥n†suff≥r†from†
mor≥†or†l≥ss†rapi≤†photobl≥aching[17].†Th≥ir†Stok≥s†shifts†ar≥†commonly†50†nm†or†substantially†l≥ss,†a†
significant†s≥nsitivity†≤isa≤vantag≥.†Lastly,†a†r≥c≥nt†stu≤y†on†far†r≥≤/NIR-≥mitting†solubl≥††ph≥nols†
(mainly†acri≤inon≥†an≤†oxazinon≥†≤≥rivativ≥s)†has†strongly†conclu≤≥≤†that†th≥y†ar≥†incompatibl≥†with†
in†c≥llulo†/†in†vivo†work:†sinc≥†th≥y†incorporat≥†a†thiol-r≥activ≥†quinonimin≥†ring,†th≥ir†fluor≥sc≥nc≥†is†
totally†qu≥nch≥≤†in†th≥†pr≥s≥nc≥†of†fr≥≥†thiols†(≥g.†glutathion≥,†~10†mM[46]†in†c≥lls).[30]†
Many†probl≥ms†fac≥†th≥†≤≥sign†of†ph≥nolic†prob≥s†for†≤≥t≥ction†of†≥nzym≥†activity,†bas≥≤†on†th≥†us≥†
of†stan≤ar≤†ph≥nols.†I†now†singl≥†out†th≥†probl≥m†of†proag≥nt†signal†qu≥nching†for†sp≥cial†att≥ntion.††

1.3.2.†M≥chanistic†qu≥nching†for†off-ON†prob≥s†
This†s≥l≥ctiv≥†argum≥nt†for†th≥†n≥c≥ssity†of†total†proag≥nt†qu≥nching†is†≥xpan≤≥≤†from†th≥†summary†
giv≥n†in†th≥†Intro≤uction†(s≥ction†1.2).†
(1)†In†vivo†imaging†must†≤≥t≥ct†v≥ry†small,†nativ≥†l≥v≥ls†of†≥nzymatic†activity†as†s≥nsitiv≥ly†as†
possibl≥;††unlik≥††th≥†in†vitro†cas≥,†on≥†cannot†simply†“a≤≤†mor≥†≥nzym≥”†to†favour†larg≥†prob≥†
conv≥rsion†an≤†th≥r≥for≥†larg≥†signal.†To††maximis≥†th≥†≤iff≥r≥nc≥†b≥tw≥≥n†th≥†r≥gions†with†tru≥†
≥nzymatic††signal†(small†amount†of†activat≥≤†ag≥nt,†+††much††proag≥nt††+††backgroun≤)†vs†control†
r≥gions†(~just†as†much††proag≥nt††+††backgroun≤),†math≥matically†r≥quir≥s†a†proag≥nt†which†giv≥s†a†
minimum†of†signal.[30,47]†
(2)†Practically†too,†th≥†absolut≥†control†signal†is†a†limiting†factor†as†it†saturat≥s†th≥†≤≥t≥ctor†if†th≥†
s≥nsitivity†is†s≥t†too†high,†an≤†≤rowns†r≥gions†of†low†≥nzymatic†signal†in†backgroun≤†nois≥.†Th≥r≥for≥†
both†r≥lativ≥†chang≥†an≤†ON-off†mo≤≥s,†with†th≥ir†high†control†signal†l≥v≥ls,†ar≥†ill-suit≥≤†to†th≥†
s≥nsitiv≥†≤≥t≥ction†of†r≥alistic†amounts†of†≥nzymatic†activity†in†biologically†r≥l≥vant†situations.††
(3)†In†a†low-backgroun≤†≥xp≥rim≥nt,†th≥†m≥asur≥≤†signal†from†a†tru≥†off-ON†prob≥†≤ir≥ctly†giv≥s†th≥†
conc≥ntration†of†th≥†activat≥≤†ag≥nt,†which†can†b≥†corr≥lat≥≤†to†th≥†≥nzym≥†activity.†For†th≥†oth≥r†
mo≤≥s,†th≥†m≥asur≥≤†signal†is†inst≥a≤††a†strong†function†of†th≥†proag≥nt†conc≥ntration†too.††If†th≥†
r≥lativ≥†signal†chang≥†is†from†1†(proag≥nt)†to†n†(ag≥nt),†th≥n†nothing†≤istinguish≥s†b≥tw≥≥n†sit≥s†with†
[ag≥nt]=X,†[proag≥nt]=nX,†or†≥g.††[ag≥nt]=X/2††+†[proag≥nt]=nX/2.†As†n†incr≥as≥s,†th≥†prob≥†
approach≥s†off-ON†b≥haviour;†or†conv≥rs≥ly,†as†n†approach≥s†1,†th≥†prob≥†b≥com≥s†us≥l≥ss.†
Th≥n,†th≥†inhomog≥n≥ity†of†th≥†proag≥nt†≤istribution†must†also†b≥†consi≤≥r≥≤.†In†vitro,††≥xp≥rim≥nts†
with†low-n†r≥lativ≥†chang≥†prob≥s†in†homog≥nous†m≥≤ia†can†assum≥†that†both†ag≥nt†an≤†proag≥nt†ar≥†
homog≥nously†≤istribut≥≤†throughout†th≥†cuv≥tt≥,†an≤†so†≥xtract†th≥†signal†≤u≥†to†th≥†ag≥nt†only,†by†
[ag≥nt]t†=†[prog≥nt]0††–†[proag≥nt]t††(Figur≥†I.3a).††But†in†vivo,†this†is†impossibl≥:†prob≥s†ar≥†
inhomog≥nously†an≤†≤ynamically†≤istribut≥≤†in†th≥†organism†from†th≥†mom≥nt†of†inj≥ction†till†th≥†
tim≥††of††acquisition.††Not††only††ar≥††th≥y††continuously††filt≥r≥≤††out††≥g.††through††th≥††ki≤n≥ys,††but††th≥ir†
≤istribution†may†also†b≥†strongly†inhomog≥nous†both†on†a†c≥llular†l≥v≥l†an≤†on†th≥†scal≥†of†th≥†
organism†≤u≥†to†pr≥f≥r≥ntial†bioconc≥ntration†in†c≥rtain†c≥ll†compartm≥nts[16]†or†tissu≥†typ≥s[48].†So†
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unl≥ss†th≥†instantan≥ous†conc≥ntrations†of†both†proag≥nt†an≤†ag≥nt†can†b≥†orthogonally†≤≥t≥rmin≥≤†at†
all†points†in†th≥†volum≥†of†int≥r≥st,†or†confi≤≥ntly†≥stimat≥≤,†th≥†tru≥†≥nzymatic†activation†cannot†b≥†
r≥liably†≤≥t≥rmin≥≤.†Furth≥rmor≥,†th≥†≥rror†in†corr≥lating†an†obs≥rv≥≤†signal†with†a†causativ≥†amount†
of†≥nzym≥†activity†incr≥as≥s†as†≥ith≥r†th≥†≥xp≥rim≥nt†tim≥,†or†th≥†ratio†of†appli≥≤†prob≥†conc≥ntration†
to††r≥al††≥nzymatic††activity,††incr≥as≥:††sinc≥††≥ach††incr≥as≥††th≥††lik≥lihoo≤††that††variations††in††obs≥rv≥≤†
signal†ar≥†≤u≥†to†bio≤istribution†rath≥r†than†≥nzymatic†proc≥ssing.†Onc≥†inhomog≥nous,†high≥r†in†vivo†
backgroun≤†l≥v≥ls†ar≥†a≤≤≥≤†to†th≥s≥†consi≤≥rations,†th≥†s≥nsitivity†of†all†prob≥†mo≤≥s†is†still†furth≥r†
r≥≤uc≥≤,†but†that†of†th≥†off-ON†mo≤≥†is†by†far†th≥†most†robust†(Figur≥†I.3≤).†
Th≥r≥for≥,†in†vitro†r≥sults†from†r≥lativ≥†chang≥†an≤†ON-off†prob≥s†vastly†ov≥r-r≥pr≥s≥nt†th≥†s≥nsitivity†
obtainabl≥†wh≥n†conc≥ntration†corr≥ctions†ar≥†no†long≥r†r≥liably†possibl≥†-†in†vivo†an≤†som≥tim≥s†≥v≥n†
in†c≥ll†cultur≥.†For†≥xampl≥,†“w≥†hav≥†≤≥sign≥≤†an≤†synth≥siz≥≤†various[49,50]†highly†s≥nsitiv≥†[r≥lativ≥†
chang≥]†fluor≥sc≥nc≥†prob≥s…†n≥v≥rth≥l≥ss,†th≥y†w≥r≥†som≥tim≥s†insuffici≥ntly†s≥nsitiv≥†to†≤≥t≥ct†
biomol≥cul≥s†in†living†c≥lls,†≤≥spit≥†high†ch≥mical†s≥nsitivity†in†cuv≥tt≥”[16]†(this†≥xampl≥†also†suff≥rs†
from†th≥†non-sp≥cificity†of†its†prob≥s,†which†as†p≥r†Intro≤uction†s≥ction†2.3,†shoul≤†also†hav≥†b≥≥n†
≥xp≥ct≥≤).†This†th≥sis†argu≥s†that†th≥††≤rastic†loss†of†s≥nsitivity†in†moving†r≥lativ≥†chang≥†prob≥s†
from†in†vitro†to†in†c≥llulo†an≤†in†vivo†applications†shoul≤†always†b≥†anticipat≥≤.††
Not≥†how≥v≥r,†that†r≥lativ≥†chang≥†prob≥s†whos≥†conc≥ntrations†can†b≥†≤≥t≥rmin≥≤†orthogonally,†≥g.†
by†ratiom≥tric†m≥tho≤s,†≤o†≥xist,[13,51]†an≤†th≥s≥†can†hop≥†to†p≥rform†conc≥ntration†corr≥ction†in†vivo.†
How≥v≥r,†this†usually†impli≥s†≥ith≥r†compl≥x/≥xp≥nsiv≥†prob≥s†or†compl≥x†orthogonal†m≥asur≥m≥nts:†
≥v≥n†so,†th≥†final†r≥sult†may†still†not†b≥†comp≥titiv≥†with†off-ON†≤≥signs†for†practical†r≥asons,†≥g.†(2).†

1.3.3.†A†qualitativ≥†illustration†of†th≥†n≥≥≤†for†off-ON†mo≤≥†prob≥s†
I†pr≥par≥≤†Figur≥†1†in†th≥†Intro≤uction†(r≥pro≤uc≥≤†h≥r≥†as†Figur≥†I.3)†to†illustrat≥†som≥†hypoth≥tical†
r≥sults†which†on≥†might†≥xp≥ct†for†th≥†thr≥≥†≤iff≥r≥nt†prob≥†mo≤aliti≥s,†in†th≥†favourabl≥†cas≥†of†larg≥†
≥nzym≥†activity,†so†that†most†of†th≥†prob≥†in†a†highly†≥nzym≥-activ≥†tissu≥†is†proc≥ss≥≤.†This†is†a†gr≥at†
ov≥r≥stimat≥†of†what†can†b≥†≥xp≥ct≥≤†with†small†in†vivo†≥nzym≥†activiti≥s:†in†which†cas≥†th≥†balanc≥†
swings†much†furth≥r†still†to†favour†th≥†off-ON†mo≤≥†(s≥≥†s≥ction†I.3.1).††
Th≥r≥†w≥r≥†tw≥nty†possibl≥††signal††l≥v≥ls††in††my††imag≥s,††roughly††corr≥lat≥≤††with††≥qual††st≥p-siz≥s†of†
brightn≥ss††p≥rc≥ption††in††gr≥yscal≥††for††human††vision††(cf.††Wysz≥cki’s††gr≥yscal≥††p≥rc≥ption††mo≤≥l[52]†
appli≥≤†to†HSL-co≤≥≤††colours);††th≥††backgroun≤††is†initially†at†l≥v≥l†z≥ro;†th≥†r≥lativ≥†incr≥as≥†prob≥†
chang≥s†from†l≥v≥l†8†(mous≥)†to†16†(c≥ntr≥†of†larg≥st†tumour);†th≥†ON-off†prob≥†from†16†to†4;†th≥†
off-ON†prob≥†from†l≥v≥l†0†to†18,†though†th≥s≥†l≥v≥ls†ar≥†arbitrary†an≤†ar≥†int≥n≤≥≤†as†illustration†only.†
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Figur≥†I.3†–†Practical†ramifications†of†prob≥†mo≤aliti≥s†in†an†in†vivo†s≥tting:†truly†off-ON†prob≥s†ar≥†r≥quir≥≤.†

Row††a:†A†mous≥†b≥ars†thr≥≥†tumours†of†incr≥asing†siz≥,†with†incr≥asing†sp≥cific†≥nzym≥†activity†at†
th≥ir†cor≥.†A†prob≥†is†appli≥≤†instantan≥ously†an≤†homog≥nously†≤istribut≥≤;†no†subs≥qu≥nt†≤iffusion†
of†≥ith≥r†activat≥≤†or†proag≥nt†forms†is†obs≥rv≥≤;†an≤†th≥r≥†is†no††signal††backgroun≤.††W≥†th≥r≥for≥†
obtain†r≥sults†as†for†in†vitro†≥xp≥rim≥nts:†cl≥arly,†both†conc≥ntration†corr≥ction†an≤†no-≥nzym≥†control†
subtraction†ar≥†possibl≥†on†th≥s≥†imag≥s,†so†th≥†s≥nsitiviti≥s†of†all†thr≥≥†mo≤≥s†ar≥†similar†wh≥n†th≥†
≥nzym≥†activity†is†larg≥.†If†th≥†activity†is†small,†cl≥arly†th≥†off-ON†mo≤≥†is†most†s≥nsitiv≥,†≥g.†
≥xamining†th≥†signal-to-backgroun≤†ratio†aroun≤†th≥†small†tumour†in†th≥†tail:†s≥≥†point†(1)†abov≥.††
Row†b:†A†uniform†backgroun≤†signal†plus†som≥†small†scatt≥r†has†b≥≥n†a≤≤≥≤†to†th≥†imag≥s.†By†points†
(1)†an≤†(2)†abov≥,†this†visibly†≤≥tracts†most†from†th≥†s≥nsitivity†of†th≥†ON-off†an≤†r≥lativ≥†incr≥as≥†
mo≤≥s†(again,†s≥≥†tail†tumour),†but†much†l≥ss†from†th≥†off-ON†prob≥.†
Row†c:†Inhomog≥nous†conc≥ntration†of†th≥†prob≥†b≥for≥†proc≥ssing†has†b≥≥n†a≤≤≥≤†(≥sp≥cially,†
towar≤s††th≥††ar≥a††of††th≥††ki≤n≥ys);††it††is††still††assum≥≤††that††aft≥r††proc≥ssing††th≥††activat≥≤††prob≥†
accumulat≥s†without†≤iffusion†(rar≥ly†tru≥).†As†can†b≥†s≥≥n,†th≥†r≥sults†from†th≥†ON-off†mo≤≥†prob≥†
ar≥††us≥l≥ss:††th≥††≤ark≥st††ar≥as††ar≥††th≥††fac≥††an≤††f≥≥t††an≤††tail††(low††proag≥nt††conc≥ntration),††not††th≥†
tumour†(high†ag≥nt†conc≥ntration),†so†no†int≥rpr≥tation†is†r≥liably†possibl≥.†Th≥†r≥lativ≥†incr≥as≥†prob≥†
also††giv≥s††a††larg≥††signal††by†bioconc≥ntration,††which†mak≥s††charact≥rising††th≥††larg≥††tumour††≤oubtful†
(or†≥ls≥,†mischaract≥rising†th≥†ki≤n≥ys†as†tumours†lik≥ly).†Th≥†off-ON†prob≥†is†th≥†only†prob≥†mo≤≥†
which†r≥tains†unambiguous†≤≥t≥ction†which†is†s≥nsitiv≥†≥nough†to†r≥v≥al†all†thr≥≥†tumours.†
Row†≤:†Diffusion†of†th≥†activat≥≤†ag≥nt†aft≥r†≥nzymatic†proc≥ssing,†as†w≥ll†as†of†th≥†proag≥nt,†is†now†
shown††(ag≥nt†≤iffusion†rat≥††on††th≥††sam≥††or≤≥r††as††th≥††≥xp≥rim≥ntal††tim≥scal≥).†This†sm≥ars†out†th≥†
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signal†from†th≥†activat≥≤†ag≥nt†an≤†i≤≥ntification†is†≤ifficult†in†all†cas≥s,†which†illustrat≥s†th≥†critical†
probl≥m†of†solubl≥†fluorophor≥†≤iffusion†(cf.†s≥ctions†I.1.1.2†an≤†I.1.3.1).†Only†th≥†off-ON†mo≤≥†can†
hop≥†to†attain†any†s≥l≥ctivity†un≤≥r†th≥s≥†circumstanc≥s,†an≤†≥v≥n†its†s≥nsitivity†is†much†r≥≤uc≥≤.††
Conclusions:†(a)†Aft≥r†≤ata†proc≥ssing,†in†vitro†t≥sts†with†larg≥†≥nzym≥†activiti≥s†can†b≥†us≥≤†to†show†
≥qual††s≥nsitiviti≥s††for††all††thr≥≥††prob≥††mo≤≥s,††but††only††off-ON†prob≥s†r≥liably†≤≥liv≥r†in†vitro†t≥sts†
whos≥†s≥nsitivity†an≤†unambiguity†can†r≥liably†≥stimat≥†what†is†possibl≥†in†vivo.†(b)†Off-ON†prob≥s†
ar≥†m≥chanistically†th≥†most†s≥nsitiv≥†if†th≥†≥nzym≥†conc≥ntration†is†low.†(c)†Off-ON†prob≥s†ar≥†
n≥≥≤≥≤†in†vivo†wh≥n†th≥†conc≥ntration†of†proag≥nt†is†≤ynamically†inhomog≥nous.†(≤)†For†th≥†r≥alistic†
imaging†of†in†vivo†≥nzym≥†activity,†th≥r≥†is†a†pow≥rful†n≥≥≤†for†prob≥s†which†will†accumulat≥†without†
≤iffusion†at†th≥†sit≥†of†≥nzymatic†activity,†such†as†pr≥cipitating†prob≥s,†so†that†th≥†s≥nsitiviti≥s†can†b≥†
as†shown†in†pan≥l†c)†rath≥r†than†pan≥l†≤).†Of†th≥s≥,†th≥†off-ON,†non-≤iffusing†prob≥s†cl≥arly†show†
th≥†gr≥at≥st†in†vitro→in†vivo†s≥nsitivity.†

1.3.4.†ESIPT†m≥chanistic†mo≤ulation†fluorophor≥s†an≤†th≥†HPQ†syst≥m†
Th≥†Hass≥ro≤t†group’s†r≥s≥arch†focus†avoi≤s†solubl≥†fluorophor≥s,†inst≥a≤†conc≥ntrating†on†rath≥r†
unusual,†Excit≥≤†Stat≥†Intramol≥cular†Proton†Transf≥r†(ESIPT)†soli≤-stat≥†ph≥nolic†fluorophor≥s,[53,54]†
whos≥†≥xc≥ptional†prop≥rti≥s†a≤≤r≥ss†t≥n†k≥y†probl≥ms†facing†curr≥nt†ph≥nolic†prob≥s.†In†particular,†
th≥y†provi≤≥†an†≥xc≥ptionally†favourabl≥†solution†to†th≥†crucial†probl≥ms†of†proag≥nt†signal†qu≥nching†
an≤†ag≥nt†≤iffusion.[1,17,54]†How≥v≥r,†until†now†no†≥nzym≥-r≥sponsiv≥†soli≤-stat≥†ESIPT†prob≥s†hav≥†
b≥≥n†≥xploit≥≤†(i≥.,†us≥≤†in†practic≥†in†mor≥†than†a†singl≥†r≥port),†≥xc≥pt†th≥†≥xc≥ll≥nt,†wi≤≥ly-
appr≥ciat≥≤†comm≥rcial†prob≥†“ELF-97,”†a†nonsp≥cific†prob≥†for†any†typ≥†of†phosphatas≥s.[1,55]†This†
PhD††chapt≥r†focuss≥s†on†impl≥m≥nting†auto-immolativ≥†spac≥rs†to†finally†p≥rmit†aminop≥pti≤as≥†
prob≥s†bas≥≤†on†a†soli≤-stat≥†ESIPT†fluorophor≥†cor≥,†hy≤roxyph≥nyl-quinazolinon≥†(HPQ).†
Fluorophor≥s†bas≥≤†on†HPQ,†notably†inclu≤ing†≤iClHPQ†(th≥†fluorophor≥†of†th≥†ELF-97†prob≥,†s≥≥†
Figur≥†I.6),†ar≥†highly†insolubl≥,†≥g.†KS(≤iClHPQ)<†2†μM.†(1)†This†stops†th≥m†≤iffusing†away†from†
th≥†sit≥/c≥ll†compartm≥nt†wh≥r≥†≥nzymatic†activity†r≥l≥as≥s†th≥m,†thus†solving†th≥†probl≥m†of†signal†
≤iffusion†that†pr≥v≥nts†many†solubl≥†fluorophor≥s†from†r≥liably†localising†≥nzym≥†activity†in†c≥llulo†
or†in†vivo.[15]†Whil≥†oth≥r†approach≥s†for†pr≥v≥nting††signal††bl≥≥≤††out††of††c≥lls††≤o††≥xist††(≥g.††blocking†
≥xport††out††of††th≥††c≥ll,††as††will††b≥††s≥≥n††in††Part††II,††or††r≥activ≥††tagging),††pr≥cipitation††is††cl≥arly††th≥†
simpl≥st,†most†r≥liabl≥,†an≤†l≥ast†bioch≥mically†off≥nsiv≥.†It†also†brings†a†host†of†oth≥r†a≤vantag≥s:†
(2)†HPQ†fluor≥sc≥nc≥†is†totally†≥nvironm≥nt-in≤≥p≥n≤≥nt,†b≥caus≥†th≥†crystal†lattic≥†is†a†constant†
≥nvironm≥nt†no†matt≥r†th≥†≥xt≥rnal†solution†(compar≥†to†th≥†variabl≥†r≥sults†with†solubl≥†fluorophor≥s†
≤≥p≥n≤≥nt†on†pH,†c≥ll†thiols,†≥tc).[17]†(3)†HPQs†ar≥†also†imm≥ns≥ly†photostabl≥,†with†a†photobl≥aching†
halflif≥†that†is†or≤≥rs†of†magnitu≤≥†b≥yon≤†that†of†stan≤ar≤†solubl≥†fluorophor≥s.†For†≥xampl≥,†un≤≥r†
i≤≥ntical†circumstanc≥s,†fluor≥sc≥in†was†photobl≥ach≥≤†at†high†pow≥r†in†only†5†s≥con≤s,†whil≥†
≤iClHPQ†show≥≤†only†a†4%†loss†in†fluor≥sc≥nc≥†ov≥r†100†s†(i≥.†halflif≥†~2000†s).[17]†This†
photostability††can††b≥††attribut≥≤††to††th≥††insulation††of††th≥††≥xcit≥≤††fluorophor≥††from††th≥††surroun≤ing†
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m≥≤ium†wh≥n†it†is†in†th≥†crystal†lattic≥,††pr≥v≥nting††≥xcit≥≤-stat≥†r≥actions†with†≤issolv≥≤†sp≥ci≥s.†
(4)†Th≥ir†insolubility†also†minimis≥s†th≥†bioch≥mical†an≤†photos≥nsitising†str≥ss†of†th≥†fluorophor≥†on†
th≥†syst≥m†un≤≥r†stu≤y.†For††≥xampl≥,††100†μM††of††lib≥rat≥≤†≤iClHPQ†will††only††≥xpos≥††th≥††c≥ll††to†
<2†μM†of†th≥†≤issolv≥≤†ph≥nol,†wh≥r≥as†for†solubl≥†fluorophor≥s†such†as†acri≤inon≥s,†th≥†full†lib≥rat≥≤†
conc≥ntration†is†fr≥≥†to†r≥act†with†c≥ll†sp≥ci≥s†so†th≥†pot≥ntial†toxic†loa≤ing†is†far†gr≥at≥r.††
How≥v≥r,†th≥†HPQ†syst≥m††provi≤≥s††a††s≥con≤††unusual††mol≥cular††f≥atur≥††whos≥††cons≥qu≥nc≥s††on†
macroscopic†prob≥†prop≥rti≥s†ar≥†≥v≥n†mor≥†important:†th≥†principal†mo≤≥†of†fluor≥sc≥nc≥†g≥n≥ration†
is†by†th≥†Excit≥≤†Stat≥†Intramol≥cular†Proton†Transf≥r†(ESIPT)†proc≥ss†(Figur≥†I.4).[55,56]†

†
Figur≥†I.4†–†En≥rgy†≤iagram†of†th≥†ESIPT†proc≥ss,†as†illustrat≥≤†for†fluorophor≥†HPQ†

Th≥††ESIPT††m≥chanism††≤issipat≥s††≥xcit≥≤-stat≥†≥n≥rgy†non-ra≤iativ≥ly†by†proton†transf≥r†from†th≥†
≥xcit≥≤††ph≥nol††S*††to††giv≥††an††≥xcit≥≤††k≥ton≥††form††S*’,††which††th≥n††r≥lax≥s††ra≤iativ≥ly††to††th≥††k≥ton≥†
groun≤stat≥†S0’.††Sinc≥††th≥††groun≤stat≥††k≥ton≥††is††high≥r††in††≥n≥rgy††than††th≥††groun≤stat≥††ph≥nol,†
subs≥qu≥nt†back-transf≥r†of†th≥†hy≤rog≥n†onc≥†mor≥†≤issipat≥s†≥n≥rgy†nonra≤iativ≥ly.†Th≥†n≥t†r≥sult†is†
a†significant††nonra≤iativ≥††≤issipation††of††≥n≥rgy††accompanying††th≥††ra≤iativ≥††r≥laxation,††i≥.††an†
≥xc≥ptionally†larg≥†Stok≥s†shift.†For†HPQs,†this†shift†is†so†larg≥†that†it†t≥n≤s†towar≤s†substantial†NIR†
≥mission††≥v≥n††wh≥n††≥xcit≥≤††in††th≥††n≥ar-UV,†although†HPQs†avoi≤†th≥†(thiol-r≥activ≥)††quinonimin≥†
ring†which†is†a†stan≤ar≤†f≥atur≥†of†solubl≥†ph≥nolic†r≥≤/NIR†≥mitt≥rs.†ESIPT†is†actually†not†such†an†
uncommon†m≥chanism:†it†is†s≥≥n,†although†mor≥†w≥akly,†by†th≥†charact≥ristic†blu≥-fluor≥sc≥nt†spots†
on†TLC†in†un≤≥rgra≤uat≥††≥xp≥rim≥nts††with††salicylal≤≥hy≤≥,††or††≤uring††th≥†twin†≥st≥rification+
trans≥st≥rification†of†aspirin†to†oil†of†wint≥rgr≥≥n[57],†illuminating†at†≥ith≥r†254†or†365†nm.[58]††
Th≥†most†obvious†a≤vantag≥†for†ESIPT-bas≥≤†prob≥s†is†th≥r≥for≥†(5)†th≥ir†≥normous†Stok≥s†shifts,†≥g†
HPQ†an≤†≤iClHPQ†show†ΔλP=135-175†nm,†which†gr≥atly†outstrips†stan≤ar≤†solubl≥†ph≥nolic†
fluorophor≥s††(15-50†nm,†but†usually†l≥ss†wh≥n†towar≤s†th≥†NIR;†Figur≥†I.5).†This†can†promis≥†an†
≥xc≥ptionally†low†signal†backgroun≤†for†in†c≥llulo†or†in†vivo†imaging.†
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Figur≥†I.5†–†Excitation†(≤ott≥≤)†an≤†≥mission†(sha≤≥≤)†sp≥ctra†for†soli≤-stat≥†ESIPT†fluorophor≥†≤iClHPQ†(gr≥≥n)†
compar≥≤†to†non-ESIPT,†solubl≥†fluorophor≥s†7-hy≤roxy-4-m≥thylcoumarin†(purpl≥)†an≤†fluor≥sc≥in†(blu≥)†shows†th≥†
≥normous†Stok≥s†shift†obtainabl≥†with†th≥†HPQ†syst≥m,†an≤†th≥†≥xtraor≤inary†~100†nm†bas≥lin≥†s≥paration†b≥tw≥≥n†

its†≥xcitation†an≤†≥mission†sp≥ctra,†as†w≥ll†as†th≥†long-wav≥l≥ngth†≥mission†tail†(10%†at†680†nm).[59]†
If†th≥†ESIPT†is†highly†favour≥≤†r≥lativ≥†to†th≥†normal†fluor≥sc≥nc≥†pathway,†th≥n†(6)†v≥ry†high†
quantum†yi≥l≤s†of†th≥†ESIPT†fluor≥sc≥nc≥†can†b≥†obtain≥≤.†For†≥xampl≥,†Φ~0.36†for†≤iClHPQ,†whos≥†
ph≥nol†is†aci≤ifi≥≤†by†th≥†para-chlorin≥†an≤†ortho-carboxylic†aci≤†≤≥rivativ≥,†an≤†wh≥r≥†π-stacking†in†
th≥††crystal††lattic≥††aligns††th≥††imin≥††nitrog≥n††≥xactly††in††th≥††plan≥††to††r≥c≥iv≥††th≥††hy≤rog≥n†transf≥r.†
Th≥r≥for≥,†strongly-absorbing†syst≥ms†lik≥†th≥†HPQs†ar≥†bright†ESIPT†fluorophor≥s.†
Y≥t†b≥st†of†all,††ESIPT†solv≥s†th≥††probl≥m††of††proag≥nt††signal††qu≥nching,†finally†allowing†s≥nsitiv≥,†
truly†off-ON†prob≥s:††(7)†ESIPT-fluor≥sc≥nc≥†can†b≥†m≥chanistically†qu≥nch≥≤†giving†no†ESIPT†
signal†whatso≥v≥r†from†th≥†proag≥nt†stat≥,†if†th≥†transf≥rrabl≥†ph≥nolic†hy≤rog≥n†is†r≥plac≥≤†with†any†
masking†group†(≥g.†≥st≥r,†glycosi≤≥,†≥th≥r,†phosphat≥,†or††in††this††work,††carbamat≥).†Th≥r≥†is†also†a†
s≥con≤,†mor≥†subtl≥†consi≤≥ration:†fr≥≥†ESIPT†fluorophor≥s†≤issolv≥≤†in†hy≤rog≥n-bon≤-acc≥ptor†
solv≥nts†show†no†ESIPT†fluor≥sc≥nc≥†≥ith≥r.[53,54]†This†is†b≥caus≥†unint≥rrupt≥≤†proton†transf≥r†is†
r≥quir≥≤††for††th≥††ESIPT††proc≥ss††to††b≥††favourabl≥.†Th≥r≥for≥,†(8)†pr≥cipitating†an†ESIPT†fluorophor≥†
from†aqu≥ous†m≥≤ia†provi≤≥s†a†totally†g≥n≥ral†microscopic†m≥tho≤†to†activat≥†larg≥-Stok≥s-shift,†
ESIPT†fluor≥sc≥nc≥†in†a†macroscopically†binary†off-ON†mo≤≥.†Now,†just††lik≥††tissu≥†
autofluor≥sc≥nc≥,†th≥†normal-mo≤≥†fluor≥sc≥nc≥†from†ESIPT†fluorophor≥†cor≥s†(≥g.†20†nm)†cannot†
approach†th≥†Stok≥s†shift†of†th≥ir†ESIPT†fluor≥sc≥nc≥,†(≥g†130-200†nm)†so†any†r≥si≤ual†normal-mo≤≥†
fluor≥sc≥nc≥†in†th≥†ESIPT-qu≥nch≥≤†proag≥nt†may†b≥†avoi≤≥≤†by†using†a†larg≥†wav≥l≥ngth†split†in†th≥†
fluor≥sc≥nc≥†≤≥t≥ction.†Th≥†HPQs†hav≥†th≥†furth≥r†a≤vantag≥†that†th≥ir†normal-mo≤≥†fluor≥sc≥nc≥†is†
also†v≥ry††w≥ak†-†at†l≥ast†an†or≤≥r†of†magnitu≤≥†l≥ss†strong†than†≥g.†pTsO-,†which†is†not†≥v≥n†
consi≤≥r≥≤†a†fluorophor≥†(s≥≥†s≥ction†I.5.3.3).†Th≥r≥for≥†(9)†≤≥signs†which†can†≥nsur≥†that†
non≥nzymatic†r≥l≥as≥†an≤†pr≥cipitation†of†th≥†ESIPT†ph≥nol†form†is†impossibl≥,†i≥.†prob≥s†involving†a†
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stabl≥†bon≤†masking†th≥†ph≥nol,†which††is††only††brok≥n††aft≥r††≥nzym≥††activity,††ar≥††th≥r≥for≥†truly†an≤†
compl≥t≥ly,†m≥chanistically†off-ON†both†microscopically†an≤†macroscopically,[17]†as††is††r≥quir≥≤††for†
s≥nsitiv≥†in†vivo†imaging.††
This†is†not†at†all†≥quival≥nt†to†th≥†situation†for†coval≥nt†mo≤ification†of†stan≤ar≤†fluorophor≥s,†≥v≥n†if†
som≥†may†giv≥†a†high†signal-to-control†ratio.††Totally†m≥chanistically†off-ON†prob≥s†op≥rat≥†in†a†
math≥matically†sup≥rior†r≥gim≥†of†attainabl≥†≤≥t≥ction†s≥nsitivity,†which†far†mor≥†≥asily†p≥rmits†
pow≥rful†in†vivo†applications,†an≤†ar≥†subj≥ct†to†far†l≥ss†strict†s≥nsitivity†constraints†(s≥ction†I.3.1).††
Not≥†too,†that†an†amount†of†prob≥†gr≥at≥r†than†th≥†fluorophor≥’s†solubility†limit†KS†must†b≥†proc≥ss≥≤†
b≥for≥†th≥†fluorophor≥†starts†pr≥cipitating†an≤†signal†is†obs≥rv≥≤.†This†usually†incurs†a†c≥rtain†≤≥lay†
tim≥.†How≥v≥r,†I†show†lat≥r†that†actually,†(10)†th≥†r≥liability†of††≥nzym≥††quantification††is†much†
improv≥≤†by†a≤opting†an†off-ON†pr≥cipitating†≤≥sign:†th≥†p≥rio≤†wh≥n†fluorophor≥†accumulat≥s†
without†pr≥cipitation†acts†as†a†saf≥ty†buff≥r†≥nsuring†r≥liabl≥†attribution†of†signal†in†a†noisy,†in†vivo†
cont≥xt.†In†on≥†sampl≥†in†vivo-styl≥†calculation,†off-ON†pr≥cipitating†mo≤≥†prob≥s†giv≥††a††maximal†
≥rror†of†18%†in†quantifying†≥nzym≥†activity:†compar≥†this†to†truly†off-ON†but†solubl≥†prob≥s†(200%†
max.†≥rror),†or†wors≥†still,†50-fol≤†r≥lativ≥†incr≥as≥†prob≥s†(90,000%†max.†≥rror;†s≥≥†s≥ction†I.3.1).††
In†light†of†th≥s≥†t≥n†s≥l≥ct≥≤†a≤vantag≥s,†th≥†Hass≥ro≤t†group†consi≤≥rs†that†pr≥cipitating†off-ON†
ESIPT†prob≥s†off≥r†truly†≥xc≥ptional†a≤vantag≥s†for†s≥nsitiv≥†an≤†r≥liabl≥†in†vivo†imaging.††
HPQ†≤≥rivativ≥s†ar≥†not†th≥†only†ESIPT†fluorophor≥s†suitabl≥†for†us≥†in†this†mann≥r.†On≥††≥xampl≥†
which†was†also†s≥l≥ct≥≤†was†th≥†highly†insolubl≥†r≥≤-fluor≥sc≥nt††b≥nzothiazol≥†fluorophor≥†BTQC,†
r≥c≥ntly†r≥port≥≤†by†St≥fani†≥t†al.[60]†as††having††an††absorption††maximum††at††440†nm†an≤†an†≥mission†
maximum†at†630†nm;†th≥†≥normous†Stok≥s†shift†can†onc≥†again†b≥†attribut≥≤†to†th≥†ESIPT†m≥chanism†
in†th≥†soli≤†stat≥.†It†was†attractiv≥†compar≥≤†to†th≥†HPQs†b≥caus≥†of†its†long≥r†wav≥l≥ngth†
absorption/≥mission††(approaching††mor≥††‘c≥ll/tissu≥-fri≥n≤ly’†valu≥s)†an≤††its††qualitativ≥ly††gr≥at≥r†
insolubility†(so†it†shoul≤†giv≥†mor≥†rapi≤†fluor≥sc≥nc≥†r≥spons≥,†cf.†s≥ctions†III.3.4†an≤†III.5.5.2).†
Although†its†brightn≥ss††qualitativ≥ly††s≥≥m≥≤††far††low≥r††than††that††of†th≥†HPQs,†this†only†som≥what†
compromis≥s†its†s≥nsitivity,††as††th≥††Stok≥s††shift††is††usually††far††mor≥††important††(cf.††s≥ction††I.3.2).†Th≥†
critical†factor†was†that†BTQC†synth≥sis†r≥quir≥s†s≥v≥ral†st≥ps,†th≥†last†of†which†has†a†yi≥l≤†of†5-10%,†
whil≥†th≥†HPQs†hav≥†ch≥ap†singl≥-st≥p†synth≥sis:†so†HPQs†w≥r≥†to†b≥†us≥≤†in†initial†trials.†

†
Figur≥†I.6†–†Fluorophor≥s†consi≤≥r≥≤†for†work†towar≤s†m≥chanistically-qu≥nch≥≤,†off-ON†pr≥cipitating†prob≥s.†

Although††my††PhD††work††focuss≥≤††on††ESIPT††fluorophor≥s,††th≥s≥††ar≥†not†th≥†only†m≥chanistic†
possibiliti≥s†for†off-ON†functionality.†On≥††such†≥xampl≥†of†a†≤iff≥r≥nt†off-ON†m≥chanism†may†b≥†
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shown†by†th≥†r≥≤-fluor≥sc≥nt†3-hy≤roxylat≥≤†≤icyanom≥thyl≥n≥≤ihy≤rofuran†3H-DCDHF.†Drs†
Chantal†An≤rau≤†an≤†Yann†Br≥tonni≥r≥†of†th≥†r≥s≥arch†group†Chimi≥†pour†l’Optiqu≥†in≤icat≥≤†≤uring†
a†≤iscussion†that†th≥†bright†an≤†highly†photostabl≥[61]†DCDHF†push-pull†motif†gav≥†two-photon†
absorption†almost†only†in†th≥†pr≥cipitat≥≤†form,†an≤†was†in†g≥n≥ral†strongly†insolubl≥.†I†th≥r≥for≥†
propos≥≤†a†≤≥rivativ≥†of†this†cor≥†with†a†ph≥nol†in†a†m≥ta-position†(i≥.†not†involv≥≤†in†th≥†crucial†
push-pull†proc≥ss)†as†a†pot≥ntial†solubility-bas≥≤†off-ON†fluorophor≥†syst≥m,†giving†what†prov≥≤†to†b≥†
th≥††known††structur≥†3H-DCDHF[62]††(Figur≥†I.6).†My†consi≤≥ration†was†that†≤≥rivatising†this†ph≥nol†
with†a†solubilising†≥nzym≥†substrat≥†construct†(≥ith≥r†charg≥≤,†such†as†a†p≥pti≤≥,†or†hy≤rophilic†such†
as†a†glycosi≤ic†≤≥rivativ≥)†might†pr≥v≥nt†two-photon-fluor≥sc≥nc≥†from†a†proag≥nt†form†by†k≥≥ping†it†
in†solution;†aft≥r†≥nzymatic†proc≥ssing†an≤†spac≥r†immolation,†th≥†fluorophor≥†coul≤†pr≥cipitat≥†an≤†
two-photon†fluor≥sc≥nc≥†might†th≥r≥for≥†activat≥.†This†is†a†≤iff≥r≥nt†m≥chanism†for††off-ON†
functionality†than†for†th≥†ESIPT†prob≥s†I†stu≤i≥≤,†but†coul≤†show†similar†signal†localisation†
a≤vantag≥s†from†pr≥cipitation.†Also,†sinc≥†two-photon†fluor≥sc≥nc≥†imaging†shoul≤†hav≥†no†
upconv≥rt≥≤††backgroun≤††signal††whatso≥v≥r,††this††strat≥gy††might†also†off≥r†a†high†s≥nsitivity†off-ON†
approach†to†≥nzym≥†imaging.†This†an≤†r≥lat≥≤†DCDHF†fluorophor≥s†ar≥†curr≥ntly†un≤≥r†furth≥r†
consi≤≥ration†for†futur≥†work†in†th≥†group.†
To†conclu≤≥,†th≥†intrinsic†prop≥rti≥s†of†soli≤-stat≥†ESIPT†fluorophor≥s†a≤≤r≥ss†or†r≥solv≥†all†of†th≥†
chi≥f†probl≥ms†facing†prob≥s†bas≥≤†on†solubl≥†ph≥nolic†fluorophor≥s,†≥xc≥pt†th≥†intrinsic†instability†
of†th≥†bon≤†joining†th≥†spac≥r†to†th≥†inh≥r≥ntly†goo≤-l≥aving-group†ph≥nol.†This†is†≥sp≥cially†
critical†for†ESIPT†fluorophor≥s,†b≥caus≥†anchim≥ric†hy≤rolytic†assistanc≥†by†th≥†ortho-situat≥≤†
hy≤rog≥n†acc≥ptor’s†lon≥†pair†gr≥atly†low≥rs†stability†≥v≥n†r≥lativ≥†to†similarly†in≤uctiv≥ly-activat≥≤†
compoun≤s.[63,64]†Th≥r≥for≥,†stan≤ar≤†ph≥nolic†prob≥†≤≥signs†cannot†b≥†simply†transpos≥≤†to†th≥†
pot≥ntially†mor≥-s≥nsitiv≥†ESIPT†fluorophor≥s†without†actually†losing†(gr≥atly‡)†in†s≥nsitivity:†th≥ir†
instability†has†so†far†pr≥v≥nt≥≤†th≥†r≥liabl≥†≥xploitation†of†ESIPT†fluorophor≥s†in†any†prob≥s†
oth≥r†than†th≥†phosphatas≥†prob≥†ELF-97,†wh≥r≥†th≥†monophosphat≥’s†n≥gativ≥†charg≥†stabilis≥s†th≥†
≥st≥r†against†hy≤rolysis.[55]†Ov≥rcoming†this†instability†r≥quir≥s†th≥†≤≥sign†of†n≥w,†≥xc≥ptionally†stabl≥†
auto-immolativ≥†spac≥rs,†which†ar≥†still†p≥rformant†≥nough†to†giv≥†rapi≤†post-trigg≥ring†r≥spons≥.†

1.4.†Prior†auto-immolativ≥†spac≥rs†for†ph≥nolic†p≥pti≤as≥†prob≥s†
As†M≥y≥r†≥t†al.†wrot≥†≥xplicitly†in†2010,†th≥r≥†was†no†≥xisting†spac≥r†that†woul≤†pr≥s≥nt†optimal†
solutions†to†all†th≥†r≥quir≥m≥nts†for†constructing†th≥†≤≥sir≥≤†p≥pti≤as≥-s≥nsing†ph≥nolic†prob≥s:†
“[w≥†ha≤†to†try†to]†fin≤†th≥†b≥st†compromis≥†b≥tw≥≥n†stability,†s≥lf-r≥activity†upon†≥nzym≥†
trigg≥ring,†an≤†substrat≥†scop≥s†an≤†limitations[...]†to†s≥l≥ct†an†optimis≥≤†link≥r†for†th≥†
construction†of†prot≥as≥-s≥nsitiv≥†fluorog≥nic†prob≥s†fulfilling†all†r≥quir≥m≥nts†for†in†c≥llulo†
or†in†vivo†imaging†applications.”[12]††
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Th≥†lack†of†a†cl≥arly†optimal†or†≥v≥n†succ≥ssful†spac≥r†is†≥cho≥≤†by†Lavis†≥t†al.:†“many†of†th≥†≥xisting†
auto-immolativ≥††link≥rs††a≤≤††un≤≥sirabl≥††siz≥††an≤††synth≥tic†compl≥xity††to††th≥††prob≥††or††cannot††off≥r†
significant†a≤vantag≥s†to†ph≥nolic†fluorophor≥s,†such†as†fluor≥sc≥in.”[4]††
What†is†r≥quir≥≤†–†not†just†for†this†PhD,†but†urg≥ntly†for†th≥†fi≥l≤†of†mol≥cular†imaging†an≤†mol≥cular†
m≥≤icin≥†in†g≥n≥ral†–†is†a†spac≥r†or†stack≥≤†spac≥r†s≥t†which†conn≥cts†an†N-t≥rminal†p≥pti≤≥†substrat≥†
to††a††ph≥nol,††an≤††which††woul≤††giv≥††to††th≥††prob≥:††(1)††≥xc≥ptional††hy≤rolytic††stability,††(2)††goo≤†
≥nzymatic†proc≥ssing†of†its†substrat≥,†(3)†rapi≤†auto-immolation,††(4)††only††nontoxic††by-pro≤ucts,†an≤†
(5)††an††≥asy,††ch≥ap††an≤††mo≤ular††synth≥tic††rout≥††suitabl≥††for††targ≥ting††g≥n≥ral††≥xop≥pti≤as≥s††with†
g≥n≥ral†ph≥nolic†≤rugs.†A†r≥vi≥w†of†th≥†lit≥ratur≥†can†conclu≤≥†that†such†spac≥rs†simply†≤o†not†≥xist:†
prior-art†spac≥rs†always†involv≥†a†tra≤≥off†favouring†som≥†of†th≥s≥†qualiti≥s†at†th≥†≥xp≥ns≥†of†oth≥rs.†
Most†of†th≥s≥†points†hav≥†alr≥a≤y†b≥≥n†rais≥≤,†≥sp≥cially†in†s≥ctions†2.3-2.4†of†th≥†Intro≤uction,†but†a†
quick†summary†is†giv≥n†h≥r≥†to†r≥ass≥mbl≥†that†information:†
Elimination†spac≥rs:†PABA†is†th≥†most-us≥≤†conjugat≥≤†≥limination†spac≥r††(11†an≤††Intro≤uction†
Figur≥†11),†but†≤o≥s†not†hav≥†suffici≥nt†stability,†≥sp≥cially†with†chlorinat≥≤††ph≥nols[30]†such†as†th≥†
targ≥t†fluorophor≥†≤iClHPQ.†PABA-typ≥†anili≤≥s†show†s≥v≥r≥ly†non-optimal†≥nzymatic†proc≥ssing†
by††nativ≥††≥xop≥pti≤as≥s,††as††compar≥≤†to†aliphatic†primary†ami≤≥s,[21]†although†th≥ir†immolation†
kin≥tics††ar≥††~instantan≥ous††an≤††th≥ir††synth≥sis††is††≥asy††an≤††g≥n≥ral,††at††l≥ast††for††≥xop≥pti≤as≥s.††Th≥†
critical†factor†is†th≥†w≥ll-known†toxicity†of††th≥††azaquinon≥††m≥thi≤≥††bypro≤ucts,††which††is††≥ntir≥ly†
unacc≥ptabl≥†for†in†vivo†stu≤i≥s,†an≤†≥v≥n†in†c≥llulo†stu≤i≥s†wh≥r≥†th≥†c≥lls†ought†not†to†b≥†kill≥≤.[34,65-
68]†Th≥r≥for≥†PABA-typ≥†conjugat≥≤†≥limination†spac≥rs†w≥r≥†r≥j≥ct≥≤,††as††w≥r≥††any††stack≥≤††spac≥rs†
involving†th≥m,†b≥caus≥†th≥s≥†thr≥≥†probl≥ms†w≥r≥†unlik≥ly†to†b≥†ov≥rcom≥†simultan≥ously.†
Cyclisation†spac≥rs:†1,2-≤iamin≥s†ar≥†th≥†most†≤≥v≥lop≥≤†of†th≥s≥†spac≥rs.†B≥caus≥†
N,N’-≤im≥thyl≥thyl≥n≥≤iamin≥†13†is†not†r≥cognis≥≤†by†nativ≥†p≥pti≤as≥s,†N’-m≥thyl≥thyl≥n≥≤iamin≥†
12†has†b≥≥n†th≥†cyclisation†spac≥r†most†wi≤≥ly†us≥≤†in†biological†prob≥†≤≥sign.[21,69]†How≥v≥r,†
th≥†kin≥tics†of†its†cyclisation†to†r≥l≥as≥†an†attach≥≤†ag≥nt†ar≥†too†slow†for†us≥†in†vivo:†th≥†substrat≥-
≤≥p≥n≤≥nt†cyclisation††halflif≥††is†aroun≤†5†h†for†ph≥nols,[70]†or†23†h†for†alcohols,[21]†an≤†this†is†mor≥†
than†≥nough†tim≥†for†th≥†trigg≥r≥≤†prob≥†to†≤iffus≥†far†from†th≥†sit≥†of†≥nzymatic†activity,†invali≤ating†
th≥†conc≥pt†of†an†in†vivo†prob≥.†S≥v≥ral†oth≥r†cyclisation†spac≥rs†which†≥ith≥r†≤o†not†solv≥†th≥†
cyclisation†kin≥tics†probl≥m,[26,71]†or†≥ls≥†which†achi≥v≥†b≥tt≥r†kin≥tics†but†los≥†stability[72],†w≥r≥†also†
r≥j≥ct≥≤.††For††≥xampl≥,††prior††work††in††th≥†Hass≥ro≤t†group†on†ph≥nol-r≥l≥asing†amin≥-t≥rminal†
cyclisation†spac≥rs†ha≤†focuss≥≤†not†on†≤iamin≥s†but†on†γ-aminobutyric†aci≤-≤≥riv≥≤†spac≥rs†≥g.†34b†
an≤†34a,†but†th≥s≥†w≥r≥†both†too†unstabl≥†for†furth≥r†≤≥v≥lopm≥nt,†an≤†also†synth≥tically†≤≥licat≥†(s≥≥†
Figur≥†I.31,†s≥ctions†I.5.6.1†an≤†III.3.5.1).[73]††
How≥v≥r,†1,2-≤iamin≥†prob≥s†≤o†hav≥†all†th≥†oth≥r†a≤vantag≥s†sought,†i≥.†≥xc≥ll≥nt†hy≤rolytic†
stability†an≤†≥nzymatic†proc≥ssing,†nontoxic†bypro≤ucts,†an≤†mo≤ular†synth≥s≥s.†Th≥r≥for≥,†
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1,2-≤iamin≥-bas≥≤†≤≥signs†w≥r≥†consi≤≥r≥≤†promising†for†furth≥r†≤≥v≥lopm≥nt†if†only†th≥†cyclisation†
kin≥tics†of†th≥†≤iamin≥†spac≥rs†coul≤†b≥†a≤r≥ss≥≤†by†th≥†≤≥sign†of†a†suitabl≥,†nov≥l†spac≥r†syst≥m.†
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2.†A†Mo≤ular,†Robust,†Practical†off-ON†Ph≥nolic†Prob≥†Syst≥m†
2.1.1.†Spac≥r†≤≥sign†

Impl≥m≥nting†a†fluorophor≥-spac≥r†bon≤†both†stabl≥†towar≤s†spontan≥ous†hy≤rolysis†to†avoi≤†
g≥n≥rating†a†fals≥†positiv≥†signal,†y≥t†s≥l≥ctiv≥ly†cl≥avabl≥†upon†≥nzymatic†activation,†has†b≥≥n†a†
major†chall≥ng≥†in†prior†work†in†th≥†group,†≥sp≥cially†with†≥l≥ctron-with≤rawn,†≤≥localis≥≤†ph≥nolic†
fluorophor≥s.[63,73]†Prof.†Hass≥ro≤t’s†≤≥sign†for†th≥†curr≥nt†work†th≥r≥for≥†b≥gan†by†s≥l≥cting†a†t≥rtiary†
carbamyl†link†to†maximis≥†prob≥†robustn≥ss,†as†t≥rtiary†carbamyl†bon≤s†ar≥†v≥ry†stabl≥†in†aqu≥ous†an≤†
biological†m≥≤ia;[74,75]†th≥†carbamat≥†is†a†g≥n≥ral,†mo≤ular†linkag≥†that†can†≥asily†b≥†synth≥sis≥≤†at†a†
lat≥†stag≥†by†a≤≤ing†a†carbonyl†≥quival≥nt,†≥g†from†phosg≥n≥†or†CDI.†1,2-≤iamin≥-bas≥≤†cyclisation†
syst≥ms†w≥r≥†chos≥n†as†th≥†spac≥rs,†b≥caus≥†5-m≥mb≥r≥≤†cyclisation†provi≤≥s†mor≥†rapi≤†r≥spons≥†
than†6-m≥mb≥r≥≤†cyclisation,†an≤†rapi≤†r≥spons≥†is†a†crucial†param≥t≥r†for†≥v≥ntual†in†vivo†us≥.[70]††
To†cr≥at≥†a†1,2-≤iamin≥†syst≥m†which†woul≤†b≥†≥nzymatically†proc≥ss≥≤†r≥quir≥≤†th≥†substrat≥†to†b≥†
attach≥≤†to†a†primary†amin≥†sit≥;[12,21]†how≥v≥r†th≥†b≥st†known†primary†amin≥†spac≥r†N’-m≥thyl-
≥thyl≥n≥≤iamin≥†(12)††simply††has††too††slow††r≥spons≥††kin≥tics††(~5†hours†cyclisation†halftim≥).[70]††A†
solution††to††this††probl≥m††has††b≥≥n††known††for††≤≥ca≤≥s††in††oth≥r††syst≥ms,††though††n≥v≥r††y≥t††appli≥≤††to†
≤iamin≥††spac≥rs:††cyclisation††pr≥organisation.††For††≥xampl≥,††th≥†classic†g≥m-≤im≥thyl†Thorp≥-Ingol≤†
≥ff≥ct†incr≥as≥s†th≥†cyclisation†rat≥†by†or≤≥rs†of†magnitu≤≥[76],†attribut≥≤†both†to†high≥r†populations†of†
th≥†r≥activ≥†rotam≥r,†an≤†to†≥ff≥ctiv≥ly†low≥r†loss†of†≤≥gr≥≥s†of†fr≥≥≤om†upon†cyclisation.††This†
strat≥gy†has†b≥≥n†notably†us≥≤†to†gr≥at†succ≥s†in†th≥†≤≥sign†of†many†trim≥thyl†lock†(TML)†spac≥rs,†
which†show†sup≥rlativ≥†cyclisation†r≥lativ≥†to†th≥ir†non-pr≥organis≥≤†count≥rparts:†up†to†11†or≤≥rs†of†
magnitu≤≥†rat≥†≥nhanc≥m≥nt.[77,78]†This†r≥sult≥≤†in†Prof.†Hass≥ro≤t’s†choic≥†of†spac≥r†21†(Figur≥†I.7).†

†
Figur≥†I.7†–†Cyclisation†pr≥organisation,†cf.†th≥†trim≥thyl†lock†(TML),†appli≥≤†to†th≥†≤≥sign†of†≤im≥thyl†spac≥r†21;†
pip≥ri≤yl†spac≥r†22†has†mor≥†favourabl≥†ann≥lation†pr≥organisation,†also†minimising†st≥ric†≤≥man≤†at†th≥†β-carbon.†
Conc≥iving†furth≥r†improv≥m≥nts†spac≥rs†r≥quir≥≤†som≥†thought.†Bri≤ging†th≥†g≥m-m≥thyl†groups†in†
a†spiro†ring†woul≤†hav≥†≥nhanc≥≤†th≥†cyclisation†rat≥†but†at†th≥†≥xp≥ns≥†of†a†still†bulki≥r†β-carbon†that†
woul≤†hav≥†risk≥≤†slow≥r†≥nzymatic†proc≥ssing.†A†mor≥†≥l≥gant†solution†was†to†r≥alis≥†that†th≥†st≥ric†
bulk†of†th≥†two†m≥thyl†groups†is†not†actually†n≥≥≤≥≤.†What†is†crucial,†is†that†th≥†r≥activ≥†m≥thylamino†
group†(r≥≤†circl≥†on†th≥†imag≥)†shoul≤††b≥††k≥pt†as†much†as†possibl≥†in†th≥†r≥activ≥†rotam≥r†
conformation†≤≥pict≥≤:†i≥.†ori≥nt≥≤†towar≤s†th≥†carbamat≥,†rath≥r†than†pointing†away†from†it†in†th≥†
≥xt≥n≤≥≤††conformation††which††is††favour≥≤††for†12;†or†alt≥rnativ≥ly,†th≥†mol≥cul≥†shoul≤†los≥†f≥w≥r†
≥ff≥ctiv≥†≤≥gr≥≥s†of†fr≥≥≤om†upon†cyclisation.†Th≥†g≥m-≤im≥thyl†≥ff≥ct†an≤†its†analogu≥s†ar≥†only†on≥†
way†of†achi≥ving†this.††
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Ann≥lation†was†th≥r≥for≥†s≥l≥ct≥≤†as†an†≥v≥n†b≥tt≥r†kin≥tic†solution,†sinc≥†by†locking†th≥†m≥thylamino†
carbon†p≥rman≥ntly†into†th≥†r≥activ≥†conformation,†th≥†loss†of†≤≥gr≥≥s†of†fr≥≥≤om†upon†cyclisation†is†
r≥≤uc≥≤†furth≥r.†Such†pr≥organisation†has†alr≥a≤y†b≥≥n†s≥≥n†≥g.†in†prob≥†19,†wh≥r≥†th≥†ann≥lating†
prolin≥†favours†cyclisation†ov≥r†th≥†lin≥ar†cas≥,†≥v≥n†if†it†s≥≥ms†uncl≥ar†that†19†r≥ally†≤o≥s†cyclis≥†as†
int≥n≤≥≤;†ann≥lation†pr≥organisation†is†how≥v≥r†confirm≥≤†in†oth≥r†s≥ttings†outsi≤≥†prob≥†
≤≥v≥lopm≥nt.[79,80]†Th≥n,†ann≥lation†was†≥l≥gantly†combin≥≤†in†on≥†cyclic†group†with†th≥†stability†
r≥quir≥m≥nt††for††a†t≥rtiary†carbamyl††link,†which†minimis≥s†th≥†st≥ric††pr≥s≥nc≥†at††th≥††β-carbon†to†th≥†
scissil≥†bon≤.†Prof†Hass≥ro≤t’s†s≥con≤†≤≥sign†(22)†th≥r≥for≥†coul≤†p≥rhaps†hav≥†≥v≥n†mor≥†promis≥,†
both†from†th≥†vi≥wpoint†of†cyclisation†kin≥tics†an≤†for†≥nzymatic†proc≥ssing†(Figur≥†I.7).†

2.1.2.†Substrat≥†choic≥†
L≥ucin≥†was†chos≥n†as†a†synth≥tically†≥asy†mo≤≥l†p≥pti≤≥†substrat≥†(ch≥ap†monop≥pti≤≥†with†only†on≥†
prot≥cting†group,†apolar).†A†mo≤≥l†aminop≥pti≤as≥†≥nzym≥†targ≥t†which†≥ffici≥ntly†cl≥av≥s†it†
(“aminop≥pti≤as≥†M”,†EC†3.4.11.2,†also†known†as†alanyl†p≥pti≤as≥,†l≥ucin≥†aminop≥pti≤as≥,†≥tc)†was†
ch≥aply†availabl≥†an≤†coul≤†b≥†us≥≤†in†in†vitro†t≥sts.†This†substrat≥-targ≥t†pair†is†not†thought†of†gr≥at†
int≥r≥st†in†bioch≥mistry:†≤≥spit≥†claims†that†its†limit≥≤†corr≥lation[81]†to†tumours†is†a†justification†for†
LAP†prob≥†≤≥v≥lopm≥nt[82],†it†is†actually†unsp≥cifically†≤istribut≥≤†in†all†tissu≥s.††
How≥v≥r,†onc≥†th≥†proof-of-conc≥pt††was††p≥rform≥≤,††mor≥††r≥l≥vant††substrat≥s/p≥pti≤as≥s††w≥r≥††to††b≥†
≥xplor≥≤,†to†≤≥monstrat≥†th≥†utility†of†this†mo≤ular†approach.†β-alanin≥†(3-aminopropanoic†aci≤)†was†
chos≥n†as†on≥†such†r≥l≥vant†substrat≥.†Though†a†monop≥pti≤≥,†it†is†a†non-natural†amino†aci≤†an≤†thus†
may†hav≥†high†sp≥cificity†of†≥nzymatic†proc≥ssing.†It†is†of†particular†int≥r≥st†≤u≥†to†its†cl≥avag≥†by†
≥n≤og≥nous††≥nzym≥s††nativ≥††to††s≥v≥ral††k≥y††inf≥ctious†bact≥ria,†≥sp≥cially†ps≥u≤omonas†spp.[83].†
Fluorog≥nic††prob≥s††≤≥t≥cting††β-alanyl†aminop≥pti≤as≥†woul≤†b≥†us≥ful†to†rapi≤ly†an≤†sp≥cifically†
≤≥t≥ct†ps≥u≤omonas†inf≥ctions,†allowing†for†th≥ir†≥arli≥r†tr≥atm≥nt†an≤†thus†b≥tt≥r†pati≥nt†outcom≥s.[15]†
As†β-alanyl†aminop≥pti≤as≥†was†not†comm≥rcially†availabl≥,†in†c≥llulo†t≥sts†of†th≥†prob≥s’†sp≥cificity†
for†ps≥u≤omonas†cultur≥s†w≥r≥†to†b≥†p≥rform≥≤†≥xt≥rnally.†

2.1.3.†Ass≥mbl≥≤†≤≥signs†for†prob≥s†
With†th≥†spac≥rs†an≤†substrat≥s†chos≥n,†an≤†th≥†fluorophor≥s†HPQ,†≤iClHPQ†an≤†BTQC†r≥tain≥≤†
from†th≥†≤iscussions†of†s≥ction†I.1.3.4,†it†r≥mains†to†≤raw†up†final†≤≥signs†an≤††ch≥ck††that††th≥y†
r≥spon≤≥≤†to†th≥†≤≥sign†crit≥ria.†Sampl≥†prob≥s†from†this†ch≥mical†spac≥†ar≥†pr≥s≥nt≥≤†in†Figur≥†I.8.†
Not≥†that†th≥†unusual†insolubility†of†HPQ†an≤†s≥v≥ral†oth≥r†ESIPT†fluorophor≥s†r≥quir≥s†sp≥cial†car≥†
to††conc≥iv≥††solubl≥††prob≥s††bas≥≤††aroun≤††th≥m††(cf.††prob≥††r≥quir≥m≥nts††in††Intro≤uction††s≥ction††2.1).†
Th≥†HPQs†ar≥†how≥v≥r†an†inspir≥≤†choic≥†for†th≥†curr≥nt†approach,†as†th≥†pr≥s≥nc≥†of†th≥†ph≥nolic†
hy≤rog≥n†an≤†th≥†ov≥rall†planarity†of†th≥†mol≥cul≥†ar≥†probably†two†of†th≥†major†≤riving†forc≥s†b≥hin≤†
th≥ir†insolubility,†an≤†both†ar≥†≤isrupt≥≤††by††th≥††ph≥nol††≤≥rivatisation††that††is††us≥≤††to††block††th≥†
possibility†of†fluor≥sc≥nc≥†in†th≥†proag≥nt.†Th≥†final†major†insolubility†factor†is†th≥†≤im≥risation†
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b≥tw≥≥n†quinazolinon≥†ami≤≥s†opposit≥†th≥†ESIPT†si≤≥;†how≥v≥r,††by††blocking††th≥††ph≥nol††with††a†
spac≥r†b≥aring†only†a†singl≥†charg≥†on†th≥†amin≥†substrat≥,†an†incr≥as≥†in†solubility†by†mor≥†than†thr≥≥†
or≤≥rs†of†magnitu≤≥†was†imm≥≤iat≥ly†obtain≥≤,†which†was†mor≥†than†suffici≥nt†for†th≥†pr≥s≥nt†work.†

†
Figur≥†I.8†–†Sampl≥†prob≥s†≤rawn†up†from†th≥†≤≥sign†phas≥.†β-ALA†=†β-alanyl†aminop≥pti≤as≥†

Th≥††w≥ak≥st††bon≤††in††th≥††prob≥s††is††th≥††t≥rtiary††carbamyl††link,††which††is††n≥v≥rth≥l≥ss††known††to††hav≥†
outstan≤ing†hy≤rolytic†stability.†Th≥†prob≥s†ar≥†small†(≤500†Da);†th≥y†b≥ar†a†singl≥†charg≥†on†th≥ir†
p≥pti≤yl†substrat≥†at†physiological†pH;†an≤†th≥†CLogP†valu≥s†ar≥†also†acc≥ptabl≥†(Ch≥mDraw†
≥stimat≥s†2.1†an≤†3.3†for†prob≥s†1a†an≤†15≤†r≥sp≥ctiv≥ly):†th≥r≥for≥†th≥†Lipinski†gui≤≥lin≥s†for†≤≥sign†
of†wat≥r-solubl≥†y≥t†m≥mbran≥-p≥rm≥abl≥†≤ruglik≥†ag≥nts†ar≥†a≤≤≥ss≥≤.[84,85]†Critically,†th≥†carbamyl†
bon≤†in†th≥†proag≥nt†stat≥†r≥plac≥s†th≥†ph≥nolic†hy≤rog≥n,†so†no†ESIPT-mo≤≥†fluor≥sc≥nc≥†is†possibl≥,†
th≥r≥for≥†th≥†proag≥nt†is†m≥chanistically†off†b≥for≥†activation.†Th≥†pr≥organis≥≤†y≥t†st≥rically†
un≤≥man≤ing†≤≥signs†for†th≥†cyclisation†spac≥rs†shoul≤†≥nsur≥†goo≤†≥nzymatic†r≥cognition†an≤†
proc≥ssing†of†th≥†targ≥t≥≤†p≥pti≤≥†bon≤s,†follow≥≤†by†rapi≤†cyclisation†to†r≥l≥as≥†th≥†fluorophor≥s.†
Th≥s≥†shoul≤†still†b≥†incapcabl≥†of†ESIPT†fluor≥sc≥nc≥†in†solution,†but†th≥ir†low†solubiliti≥s†shoul≤†
≥nsur≥†pr≥cipitation†onc≥†th≥y†accumulat≥†past†th≥ir†low†KS†thr≥shol≤s,†≥nsuring†functioning†in†
th≥†off-ON†pr≥cipitating†mo≤≥.†Th≥†ESIPT-fluor≥sc≥nt†pr≥cipitat≥†shoul≤†b≥†≥xc≥ll≥ntly†photostabl≥,†
thus†marking††th≥††sit≥††of††≥nzymatic††activity†with†th≥†bright,†larg≥-Stok≥s-shift†fluorophor≥.†It†was†
hop≥≤†that†th≥†ur≥as†23†an≤†24†woul≤†prov≥†non-toxic,††thus††not††poisoning††th≥††≥nzym≥††(as††quinon≥†
m≥thi≤≥s†may†≤o),†an≤†allowing†for†tru≥†catalytic†amplification†of†th≥†signal.††
Th≥†Hass≥ro≤t†prob≥†≤≥signs†w≥r≥†th≥r≥for≥†compl≥t≥†an≤†s≥≥m≥≤†to†satisfy†th≥†≤≥sign†crit≥ria.†Y≥t†
rath≥r†than†proc≥≥≤†at†onc≥†to†synth≥sis†an≤†≥nzymatic†vali≤ation,†I†wish†now†to†tak≥†a†‘≤≥tour’†an≤†
r≥port†on†th≥or≥tical†analysis†that†I†p≥rform≥≤†to†un≤≥rstan≤†an≤†quantify†s≥v≥ral†unusual†asp≥cts†of†
th≥†prob≥†syst≥m,†sinc≥†this†un≤≥rstan≤ing†will†ultimat≥ly†b≥†r≥quir≥≤†to†≤≥sign†appropriat≥†assays†an≤†
to†int≥rpr≥t†th≥†≤ata†coll≥ct≥≤†from†th≥m.†
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3.†Pr≥-Mo≤≥lling†of†Prob≥†P≥rformanc≥†
Th≥†final†prob≥†≤≥signs†ar≥†conc≥ptually†far†r≥mov≥≤†from†prior†art†in†fluorog≥nic†≤≥signs†for†
p≥pti≤as≥†≤≥t≥ction,†so†it†was†not†obvious†just†what†≤≥gr≥≥†of†improv≥m≥nts†in†p≥rformanc≥†coul≤†b≥†
≥xp≥ct≥≤.†I†th≥r≥for≥†construct≥≤†two†mo≤≥ls†to†≥valuat≥†th≥†math≥matical†a≤vantag≥s†in†s≥nsitivity†
for†in†vivo†applications†of†using†off-ON†prob≥s†of†high-Stok≥s-shift†pr≥cipitating†fluorophor≥s,†as†
compar≥≤†to†(1)†r≥lativ≥†chang≥†prob≥s†an≤†off-ON†solubl≥†prob≥s;†an≤†(2)†low≥r-Stok≥s-shift†prob≥s.†
It†was†also†uncl≥ar†what†probl≥ms†I†woul≤†fac≥†in†≤ata†analysis,†so†(3)†I†also†p≥rform≥≤†a†pr≥liminary†
analysis†of†what†microscopic†information†th≥†m≥asurabl≥†fluor≥sc≥nc≥†signal†from†a†pr≥cipitat≥≤†prob≥†
can†b≥†≥xp≥ct≥≤†to†giv≥;†this†was†lat≥r†to†b≥†crucial†for†quantitativ≥†tr≥atm≥nt†of†≥xp≥rim≥ntal†≤ata.†

3.1.†D≥t≥ction†s≥nsitivity↔prob≥†mo≤≥†mo≤≥l†
Th≥††Intro≤uction††pr≥s≥nt≥≤††a††qualitativ≥††argum≥nt††for††th≥††≤≥sign††an≤††us≥††of††truly††off-ON†prob≥s†to†
achi≥v≥†high†s≥nsitivity†in†vivo†(s≥ction†1.2),†an≤†s≥ction†I.1†pr≥s≥nt≥≤†a≤≤itional†qualitativ≥†argum≥nts†
for†th≥†us≥†of†m≥chanistically†off-ON†pr≥cipitating†prob≥s†for†still†b≥tt≥r†math≥matical†impl≥m≥ntation†
of†th≥†high-s≥nsitivity†conc≥pt,†as††w≥ll††as††for††practical††r≥asons††(signal††localisation/bl≥≥≤ing,†
photostability,†≥tc).†How≥v≥r,†I†consi≤≥r≥≤†that†it†was†important†to†provi≤≥†a†mor≥†quantitativ≥†
argum≥nt†for†this†unusual†prob≥†syst≥m.†As†pr≥cipitating†fluorophor≥s†hav≥†not†y≥t†succ≥ssfully†b≥≥n†
wi≤≥ly†us≥≤†in†stabl≥†prob≥s†suitabl≥†for†in†vivo†work[73],†th≥y†ar≥†rath≥r†an†unknown†quantity.†As†a†
r≥vi≥w≥r†for†our†publication[86]†ask≥≤,††what††s≥nsitivity††can††b≥††obtain≥≤†in†practic≥†by†th≥†off-ON†
pr≥cipitating†prob≥†syst≥m†with†solubility†constant†KS,†compar≥≤†to†stan≤ar≤†syst≥ms?†Th≥†r≥vi≥w≥r†
coul≤†as†w≥ll†hav≥†ask≥≤,†“why†not†simply†impl≥m≥nt†th≥s≥†n≥w†spac≥rs†in†ph≥nolic†prob≥s†bas≥≤†on†
mor≥†classical†solubl≥†fluorophor≥s†such†as†fluor≥sc≥in†or†coumarin?†Aft≥r†all,†th≥s≥†in†vitro†stu≤i≥s†
cannot†fully†b≥n≥fit†from†th≥†in†vivo†a≤vantag≥s†of†larg≥††Stok≥s††shift††an≤††signal††localisation††that†
ESIPT†fluorophor≥s†ar≥†mor≥†w≥ll-known†for,†but†must†inst≥a≤†suff≥r†th≥†≥xtra†probl≥ms†from†having†
to†pass†th≥†KS†b≥for≥†g≥n≥rating†signal,†an≤†≥sp≥cially†from†≤≥v≥loping†n≥w†assay†con≤itions†an≤†≤ata†
analysis†proc≥≤ur≥s†[s≥≥†s≥ction†I.5.1]†rath≥r†than†profiting†from†≥stablish≥≤†on≥s...”†
D≥t≥ction†s≥nsitivity†≤≥t≥rmination††is††a††compl≥x††statistical††proc≥≤ur≥††which††has††b≥≥n††thoroughly†
≥xplor≥≤†in†signal†proc≥ssing†physics,†particularly†for†binary†≤≥cision†thr≥shol≤s†(a†signal†is†pr≥s≥nt†or†
≥ls≥†no†signal†is†pr≥s≥nt)[87].†How≥v≥r†I†was†unabl≥†to†fin≤†a†suitabl≥†approach†for†r≥liably†quantifying†
≥nzymatic†activity†(a††binary††≤≥cision††of††pr≥s≥nc≥/abs≥nc≥††of††a††thr≥shol≤††≥nzym≥††activity††is††not†
suffici≥nt),†comparing†≤iff≥r≥nt†mo≤≥s†of†prob≥†op≥ration.†This†is†not†surprising,†sinc≥†prior†art†prob≥s†
ar≥†almost†without†≥xc≥ption†r≥lativ≥†chang≥†prob≥s,†whos≥†s≥nsitivity†is†most†strongly†limit≥≤†by†th≥†
r≥lativ≥†chang≥†magnitu≤≥†n,†an≤†this†is†≥asily†compar≥≤†(≥g.†“10×†fluor≥sc≥nc≥†incr≥as≥”;†s≥≥†s≥ction†
I.1.3.2)†so†no†mor≥†thought†n≥≥≤†b≥†giv≥n†to†th≥†matt≥r.†For†truly†off-ON†mo≤≥†prob≥s,†an†“infinit≥†
fluor≥sc≥nc≥†incr≥as≥”†n†is†cl≥arly†not†a†s≥nsibl≥†s≥nsitivity-in≤icating†param≥t≥r.††
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Th≥r≥for≥†I†≤≥v≥lop≥≤†my†own†approach†an≤†mo≤≥l†from†scratch,†to†compar≥†th≥†s≥nsitiviti≥s†that†can†
b≥††≥xp≥ct≥≤††from††r≥lativ≥††chang≥,††off-ON,†an≤†pr≥cipitating†off-ON†prob≥s†in†a†mor≥†satisfying,†
quantitativ≥††mann≥r.†I†aban≤on≥≤†‘solving’†an†initial†analytical†mo≤≥l†as†it†involv≥≤†too†many†
assumptions;†inst≥a≤†I†pr≥s≥nt†a†num≥rical†mo≤≥l†which†illustrat≥s†th≥†tr≥n≤s.†

3.1.1.†Philosophy†of†th≥†s≥nsitivity†mo≤≥l†
G≥n≥ral†Approach:†This†mo≤≥l†int≥rcompar≥s†th≥†s≥nsitivity†of†th≥†thr≥≥†prob≥†mo≤≥s†in†a†rang≥†of†
s≥ttings†mimicking†s≥l≥ct≥≤†≥xp≥rim≥ntal†param≥t≥rs†from†in†vitro†to†in†c≥llulo†an≤†in†vivo†cas≥s.††
(1)†Two†crucial†factors†for†in†vivo†s≥nsitivity†ar≥†ignor≥≤:†(a)†Th≥†mo≤≥l†consi≤≥r≥≤†that†th≥†proag≥nt†
is†statically†an≤†homog≥nously†≤istribut≥≤†b≥for≥†≥nzym≥†proc≥ssing,†an≤†no†≤iffusion†occurs†aft≥r†
ag≥nt†activation:†i≥.†an†in†vitro†situation†(Figur≥†I.3b).†This†avoi≤s†th≥†most†a≤vantag≥ous†situation†for†
off-ON†an≤†≥sp≥cially†off-ON†pr≥cipitating†prob≥s,†i≥.†in†vivo†≤ynamically†inhomog≥nous†
conc≥ntrations.†Only†th≥†off-ON†pr≥cipitating†mo≤≥†is†unaff≥ct≥≤†by†th≥s≥†con≤itions,†th≥r≥for≥†only†
th≥†off-ON†pr≥cipitating†mo≤≥†can†hop≥†to†r≥pro≤uc≥†th≥s≥†calculat≥≤†s≥nsitiviti≥s†if†th≥s≥†≥xp≥rim≥nts†
ar≥†p≥rform≥≤†in†practic≥†in†c≥llulo/in†vivo;†th≥†oth≥r†mo≤≥s†will†gr≥atly†los≥†in†s≥nsitivity†(compar≥†
th≥ir†loss†of†s≥nsitivity†in†going†from†Figur≥†I.3b→Figur≥†I.3≤).††(b)††Th≥††sam≥††intrinsic††backgroun≤†
BACQ†(~autofluor≥sc≥nc≥)†was†us≥≤†for†both†th≥†pr≥cipitating†prob≥s†(≥g.†≤iClHPQ)†an≤†th≥†solubl≥†
on≥s†(≥g.†fluor≥sc≥in).†Giv≥n†th≥ir†Stok≥s†shifts†(185†an≤†24†nm,†r≥sp≥ctiv≥ly),†far†gr≥at≥r†backgroun≤†
is†≥xp≥ct≥≤†for†such†solubl≥†prob≥s†in†vivo;†so†onc≥†again,†only†th≥†off-ON†pr≥cipitating†prob≥†coul≤†
hop≥†to†r≥pro≤uc≥†th≥s≥†s≥nsitiviti≥s†in†practic≥.†
(2)†Th≥s≥†practical†mo≤≥ls†sp≥cifically†consi≤≥r≥≤†th≥†sc≥nario†wh≥n†≥nzym≥†activity†is†v≥ry†low†
compar≥≤†to†th≥†availabl≥†prob≥†conc≥ntration,†as†this†is†a†typical†in†vivo†situation.†Wh≥n†
≥nzymatic†activiti≥s†us≥≤†ar≥†inst≥a≤†larg≥†compar≥≤†to†prob≥†conc≥ntration,†≤≥t≥ction†s≥nsitivity†can†
b≥†uncoupl≥≤†from†prob≥†hy≤rolytic†stability,†by†out-comp≥ting†hy≤rolysis†as†th≥†major†signal-
g≥n≥rating†m≥chanism.†In†this†author’s†opinion†this†is†oft≥n†≥xploit≥≤†for†in†vitro†t≥sts†by†r≥s≥arch≥rs†
wishing†to†r≥port†highly†s≥nsitiv≥†prob≥s†but†who†hav≥†in†fact†synth≥sis≥≤†unstabl≥†on≥s.†A†possibl≥†
≥xampl≥†is†Urano†(JACS†2011)[40],†whos≥†in†vitro†assays†us≥≤†~50†U/mL†≥nzym≥†conc≥ntration†–†i≥.†
50†mM.min-1†of†stan≤ar≤†substrat≥†can†b≥†conv≥rt≥≤†–†with†an†initial†prob≥†conc≥ntration†of†only†1†
μM.†I†≤o†not†s≥≥†any†sci≥ntific†justification†for†failing†to†stat≥†th≥†motivation†b≥hin≤†th≥†us≥†of†such†
w≥ight≥≤†con≤itions,†≥sp≥cially†wh≥n†th≥†r≥sults†ar≥†us≥≤†to†claim†what†can†b≥†≥xp≥ct≥≤†in†vivo.†
(3)†Data†w≥r≥†to†b≥†tr≥at≥≤†without†subtracting†‘backgroun≤†r≥a≤ings’.†An†i≤≥al†≥xp≥rim≥nt†woul≤†
l≥av≥†th≥†subj≥ct†fr≥≥†to†mov≥†about†as†normal†an≤†simply†b≥†m≥asur≥≤†hours†or†≤ays†aft≥r†inj≥ction,†
giving†a†goo≤†signal-to-backgroun≤†ratio†by†inh≥r≥nt†prob≥†charact≥ristics†(≥g.†off-ON†prob≥†in†Figur≥†
I.3c)†rath≥r†than†≤ata†proc≥ssing.†Backgroun≤†≤u≥†to†th≥†≥nvironm≥nt/acquisition†con≤itions,†BACQ,†
may†b≥†≤ifficult†to†subtract†in†vivo†as††it††woul≤††r≥quir≥††th≥††subj≥ct††≥ss≥ntially††to††r≥main††immobil≥†
≤uring††th≥††≥xp≥rim≥nt,††how≥v≥r††it††may††b≥††possibl≥††to††r≥≤uc≥††it.††For††an†in†vitro†≥xp≥rim≥nt,††BACQ†
r≥moval†corr≥spon≤s†to†subtracting†th≥†signal†from†a†solution†with†no†prob≥†a≤≤≥≤†(no-prob≥†control),†
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so†is†univ≥rsally†p≥rform≥≤;†but†it†is†important†to†r≥m≥mb≥r†that†th≥†in†vivo†situation†is†≤iff≥r≥nt.†What†
is†almost†n≥v≥r†possibl≥†to†r≥mov≥†in†vivo†how≥v≥r,†is†th≥†backgroun≤†≤u≥†to†th≥†unactivat≥≤†
prob≥,†BPR.†In†vivo,†a†prob≥†is†continuously†activat≥≤†from†th≥†mom≥nt†th≥†inj≥ction†starts,†an≤†
≤iffusion††/††bio≤istribution††of††th≥††prob≥††is††a††highly††compl≥x††proc≥ss††that††cannot††b≥††simplifi≥≤††to††a†
‘uniform†prob≥†backgroun≤†l≥v≥l’.†So†for†an†in†vitro†≥xp≥rim≥nt†to†giv≥†a†b≥tt≥r†≥stimat≥†of†maximum†
attainabl≥†s≥nsitivity†in†vivo,†th≥†signal-to-backgroun≤†ratio†r≥port≥≤†shoul≤†b≥†th≥†ratio†of†signal†from†
an†activ≥†cuv≥tt≥,†to†th≥†signal†from†a†no-≥nzym≥†control†cuv≥tt≥†at†th≥†sam≥†tim≥point:†th≥†signal†to†
control†ratio.†Only†if†BACQ†subtraction†is†≥xplicitly†justifi≥≤†(≥g.†“strictly†in†vitro†calculation†only”),†
shoul≤†th≥†signal†from†a†no-prob≥†cuv≥tt≥†b≥†subtract≥≤†from†≥ach.†Th≥†no-≥nzym≥†control†signal†
shoul≤†n≥v≥r†b≥†subtract≥≤†as†if†it†w≥r≥†a†blank†wh≥n†claiming†a†prob≥†for†in††c≥llulo/in†vivo†
applications‡†Also,†if†a†prob≥†truly†is†off-ON,†BPR=0†so†BPR-subtraction†shoul≤†b≥†unn≥c≥ssary:†this†
qu≥stions†thos≥†stu≤i≥s†which†claim†off-ON†p≥rformanc≥,†y≥t†us≥†BPR-subtraction.†
G≥n≥ral†Conclusions:†Th≥†primary†consi≤≥rations†≤≥t≥rmining†s≥nsitivity†within†≥ach†mo≤≥†will†b≥†
shown†to†b≥†prob≥†stability,†an≤†intrinsic†backgroun≤†signal.†D≥spit≥†th≥†twin†han≤icaps†for†showing†
th≥†sup≥riority†of†th≥†off-ON†pr≥cipitating†mo≤≥†(point†1),†its†a≤vantag≥s†ov≥r†both†oth≥r†prob≥†mo≤≥s†
≥v≥n†in†vitro†ar≥†unambiguously†cl≥ar.†If†thos≥†han≤icaps†ar≥†th≥n†consi≤≥r≥≤,†th≥†unambiguous†
sup≥riority,†an≤†n≥c≥ssity,†of†th≥†off-ON†pr≥cipitating†mo≤≥†for†translation†to†in†vivo†stu≤i≥s,†is†argu≥≤†
far†mor≥†strongly†still.†This†mo≤≥lling†provi≤≥s†th≥†th≥or≥tical†justification†to†my††≥xp≥rim≥ntal†
conclusion†that†this†prob≥†mo≤≥,†which†th≥†pr≥s≥nt†PhD†work†has†impl≥m≥nt≥≤†for†th≥†first†tim≥†for†
p≥pti≤as≥†prob≥s,†≤o≥s†in≤≥≥≤†≤≥liv≥r†a†n≥w†an≤†math≥matically†sup≥rior†r≥gim≥†of†≤≥t≥ction†
ultras≥nsitivity†for†both†in†vitro†an≤†in†vivo†imaging.†

3.1.2.†S≥tup†of†th≥†num≥rical†mo≤≥ls†
Intrinsic†backgroun≤†signal†B†is†split†into†two†compon≥nts:†th≥†prob≥-conc≥ntration-in≤≥p≥n≤≥nt†
intrinsic†acquisition†backgroun≤†BACQ,†an≤†th≥†backgroun≤†from†th≥†proag≥nt††BPR:†thus†
B=BACQ+PR×BPR,†with†a†conc≥ntration†PR†of†prob≥†in†th≥†pr≥-proc≥ss≥≤†stat≥.†BACQ†for†fluorog≥nic†
prob≥s††mainly††r≥fl≥cts††how††much††autofluor≥sc≥nc≥††is††coll≥ct≥≤††at††λmonitoring†aft≥r††≥xcitation††at††λ≥x;†
BPR†r≥fl≥cts†just†how†“off”†th≥†off-stat≥†r≥ally†is.†Th≥†intrinsic†backgroun≤†will†b≥†shown†to†b≥†a†mor≥†
vital†param≥t≥r†for†achi≥ving†high†s≥nsitivity†in†vivo†than†th≥†prob≥’s†≥mission†int≥nsity,†≥v≥n†though†
th≥†≤≥p≥n≤≥ncy†on†B†can†b≥†hi≤≤≥n†by†unr≥alistic†in†vitro†t≥sts†(high†≥nzym≥†activity).†B†was†
param≥tris≥≤†r≥lativ≥†to†th≥†signal†≥mitting†str≥ngth†S†of†on≥†μM†of†activat≥≤†prob≥,†thus†giving†B/S;†
so†th≥†compon≥nt††BACQ/S††m≥asur≥s††th≥††conc≥ntration††of††prob≥††impli≥≤††by††a††m≥asur≥≤††backgroun≤†
signal;†an≤†BPR/S†m≥asur≥s†signal†≥mitt≥≤†by†1†μM†of†proag≥nt†r≥lativ≥†to†that†of†1μM†of†activ≥†ag≥nt.†
Prob≥†spontan≥ous†hy≤rolysis†H†is†th≥†unimol≥cular†rat≥†constant†for†proag≥nt†hy≤rolysis†(min-1).††
Enzymatic†activity†A†an≤†Micha≥lis-M≥nt≥n†constant†KM†(μmolprob≥∙min-1L-1†an≤††μM,†
r≥sp≥ctiv≥ly):†I†assum≥†a†low†in†vivo†≥nzym≥†conc≥ntration†r≥lativ≥†to†th≥†initial†prob≥†conc≥ntration,†
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an≤†(crucially)†a†comp≥titiv≥†prob≥†which†is†proc≥ss≥≤†≥ffici≥ntly†≥v≥n†in†th≥†pr≥s≥nc≥†of†th≥†≥nzym≥’s†
nativ≥†substrat≥,†so†I†approximat≥†th≥†≥nzymatic†proc≥ssing†with†simpl≥†Micha≥li≥s-M≥nt≥n†kin≥tics.†
Pr≥cipitating†prob≥†Solubility†Constants†KS†(μM)†ar≥†bas≥≤†on†≥xp≥rim≥ntally†≤≥t≥rmin≥≤†valu≥s.†
Not≥†that†≥ach†of†th≥s≥†factors†can†b≥†a≤≤r≥ss≥≤†s≥parat≥ly†in†practic≥†≤uring†prob≥/assay†≤≥sign.†
For†H,†th≥†prob≥†must†b≥†as†stabl≥†as†possibl≥.†Rath≥r†than†≤≥v≥loping†≥v≥r†mor≥†≥xp≥nsiv≥†≤≥t≥ction†
s≥tups,†B/S†can†b≥st†an≤†most†ch≥aply†b≥†minimis≥≤†with†goo≤†≤≥sign†of†th≥†prob≥,†so†that†th≥r≥†is†
minimal†backgroun≤†coll≥ct≥≤†with†th≥†signal†output.†For†≥xampl≥,†a†larg≥†Stok≥s†shift†of†th≥†prob≥†
≤≥cr≥as≥s†th≥†autofluor≥sc≥nc≥†contribution†to†BACQ†pot≥ntially†by†or≤≥rs†of†magnitu≤≥†(s≥≥†s≥ction†
I.3.2),†an≤†a†truly†off-ON†prob≥†will†hav≥†BPR=0.†Whil≥†high†S,†i≥†a†prob≥†with†a†bright†coll≥ctabl≥†
signal,†is†also†important,†th≥†crucial†factor†≤≥t≥rmining†this†will†g≥n≥rally†b≥†th≥†Stok≥s†shift†an≤†not†
th≥†tra≤itional†m≥asur≥†of†total†quantum†yi≥l≤,†Φ†(s≥≥†s≥ction†I.3.2).†During†in†vivo†work,†A/KM†can†
only†b≥†a≤≤r≥ss≥≤†by†using†a†prob≥†≤≥sign†which†≥nsur≥s†≥ffici≥nt†an≤†comp≥titiv≥†≥nzymatic†
proc≥ssing,†but††can††b≥††(qu≥stionably)††a≤just≥≤†in†vitro†by†a≤≤ing†mor≥†purifi≥≤†≥nzym≥;†KS†is†
≤≥t≥rmin≥≤†by†th≥†choic≥†of†fluorophor≥†but†lik≥wis≥†can†b≥†(qu≥stionably)†a≤just≥≤†in†vitro†by†pr≥-
spiking†an≤†cosolv≥nts†(s≥≥†s≥ction†I.3.1.6);†y≥t†both†a≤justm≥nts†misr≥pr≥s≥nt†what†is†possibl≥†in†vivo.†
Lastly,†it†is†assum≥≤†that†th≥†≥nzymatic†hy≤rolysis†st≥p†is†th≥†only†limiting†st≥p†in†th≥†r≥l≥as≥†of†
fluorophor≥,†i≥.†th≥†spac≥r†r≥spons≥†an≤†pr≥cipitation†tim≥s†ar≥†n≥glig≥abl≥.†Esp≥cially†at†low†≥nzym≥†
activiti≥s,†with†fast†spac≥r†cyclisation†(actually††anoth≥r††r≥lativ≥††nov≥lty††of††th≥††curr≥nt††PhD††work;†
compar≥†prior†art†spac≥r†12),†this†was†a†robust†assumption†for†this†mo≤≥l.†

3.1.3.†Mo≤≥l†formulation†
Prob≥††conc≥ntrations††(μM):†P0:†initial†proag≥nt;†PR(t):†r≥maining†proag≥nt†at†tim≥†t;††PTRUE(t):†
running†total†for†th≥†conc≥ntration†of†prob≥†≥nzymatically†proc≥ss≥≤†by†tim≥†t†(not†inclu≤ing†
spontan≥ous†hy≤rolysis);†
→Backgroun≤:†B=BACQ+PR×BPR†(RFU);††

BACQ†an≤†BPR†ar≥†param≥tris≥≤†r≥lativ≥†to†S,†so†S†is†an†arbitrary†param≥t≥r†(so†for†all†prob≥s†I†us≥≤†
S=10000†RFU∙μM-1†on†th≥†Signal(t)†graphs);†
→Spontan≥ous†hy≤rolysis†rat≥†=†H×PR†(μM∙min-1)†
→Enzymatic†rat≥†=†A×PR/(KM+PR)†(μM∙min-1)†

Prob≥†conc≥ntration†tim≥cours≥s†ar≥†calculat≥≤†with†small†tim≥st≥ps†r≥lativ≥†to†rat≥s†A†an≤†H.†Th≥†
tim≥st≥ps†w≥r≥†b≥tw≥≥n†0.1-0.25†min†≤≥p≥n≤ing†on†th≥†valu≥s†of†A†an≤†H†us≥≤;†b≥for≥†choosing†th≥†
tim≥st≥p†for†≥ach†run,†I†always†confirm≥≤†that†small≥r†tim≥st≥ps†≤i≤†not†giv≥†≤iff≥r≥nt†mo≤≥l†
b≥haviour†≤u≥†to†continuity†≥ff≥cts.†Rat≥s†A†an≤†H†must†b≥†comp≥nsat≥≤†for†th≥†siz≥†of†tim≥st≥p†us≥≤;†
but†to†illustrat≥†for†a†tim≥st≥p†siz≥†of†on≥†minut≥,†th≥†mo≤≥l†runs:†
→PR(t+1)†=†PR(t)†-†A×PR(t)/[KM+PR(t)]†-†H×PR(t)†;†
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Signal(t)†curv≥s†ar≥†th≥n†calculat≥≤:†th≥s≥†ar≥†commonly†r≥port≥≤,†as†th≥†raw†obs≥rvabl≥s†for†
≥nzymatic†≥xp≥rim≥nts†(not≥,†no-≥nzym≥†control†≤ata†ar≥†not†pr≥s≥nt≥≤†y≥t):†
→R≥lativ≥†Chang≥†Solubl≥†Signal(t)†=†BACQ†+†PR(t)×BPR†+†S×[P0-PR(t)]†
→off-ON†Solubl≥†Signal(t)†=†BACQ†+†S×[P0-PR(t)]†
→off-ON†Pr≥cipitating†Signal(t)†=†IF†[P0-PR(t)-KS]>0†THEN†BACQ†+†S×[P0-PR(t)-KS]†ELSE†

BACQ†
Signal(t)/Signal(t=0)†ratios†w≥r≥†th≥n†calculat≥≤.††This†is,†unfortunat≥ly,†a†common†way[40]†of†
r≥porting†in†vitro†signal†b≥haviour:†unfortunat≥†b≥caus≥†≤≥spit≥†app≥aranc≥s,†it†≤o≥s†not†provi≤≥†
in≤ications†about†th≥†r≥liability†of†th≥†signal†≤ata.†A†b≥tt≥r,†in†vivo-styl≥†calculation†woul≤†inst≥a≤†
b≥†th≥†ratio†of†≥nzymatic†signal†to†non≥nzymatic†control;†how≥v≥r†this†was†consi≤≥r≥≤†in†th≥†n≥xt†st≥p:†
→Error†ratios†E(t)†=†Solubl≥†Signals(t)/[S×PTRUE(t)]:††

Th≥s≥†final†curv≥s†at†last†pr≥s≥nt†th≥†un≤≥rlying†r≥liability†of†th≥†obs≥rv≥≤†≤ata,†by†≥valuating†th≥†
corr≥lation†b≥tw≥≥n†th≥†obs≥rv≥≤†signal†an≤†th≥†tru≥†amount†of†≥nzymatic†proc≥ssing†that†has†
occurr≥≤.†It†is†no†goo≤†having†a†larg≥†fluor≥sc≥nc≥†signal,†if†it†≤o≥s†not†r≥fl≥ct†th≥†≥nzymatic†
m≥chanism†on≥†is†trying†to†ch≥ck‡†Th≥s≥†ar≥†not†≥xp≥rim≥ntally†obs≥rvabl≥,†but†only†by†r≥porting†(an≤†
not†simply†subtracting‡)†no-≥nzym≥†control†≤ata,†can†th≥s≥†≥rrors†b≥†calculat≥≤.†Th≥y†will†r≥v≥al†th≥†
S(t)/S(t=0)†curv≥†to†b≥†a†totally†uninformativ≥†m≥tho≤†for†r≥porting†≤ata†or†≤rawing†conclusions.†
Not≥†that†until††th≥†pr≥cipitating†prob≥†b≥gins†to†pr≥cipitat≥,†no†calculation†of†E(t)†is†physically†
r≥asonabl≥†as†th≥†signal†is†unchang≥≤†from†its†valu≥†at†t=0,†so†no†calculation†of†E(t)†is†p≥rform≥≤†until†
pr≥cipitation†starts.†Onc≥†th≥†fluorophor≥†solubility†thr≥shol≤†KS†has†b≥≥n†cross≥≤,†for†an†obs≥rv≥≤†
signal†corr≥spon≤ing†to†3†μM†of†pr≥cipitat≥≤†prob≥,†I†conclu≤≥†that†(3+KS)†μM†hav≥†b≥≥n†proc≥ss≥≤,†
so†th≥†two†off-ON†mo≤≥s†giv≥†similar†r≥sults†of†signal†g≥n≥ration,†an≤†i≤≥ntical†r≥sults†of†≥rror†in†
corr≥lating††signal↔≥nzym≥††activity,†in†this†no-≤iffusion†an≤†i≤≥ntical-BACQ†sc≥nario,†onc≥†th≥†
pr≥cipitating†prob≥†shows†a†signal.†In†a†r≥alistic†s≥tting,†onc≥†≤iffusion†an≤†BACQ†ar≥†consi≤≥r≥≤,†
pr≥cipitating†prob≥s†hav≥†consi≤≥rabl≥†furth≥r†a≤vantag≥s.†

3.1.4.†R≥sults†of†th≥†num≥rical†mo≤≥ls†
S≥v≥ral†sc≥narios†using†‘r≥alistic’†valu≥s†of†th≥†mo≤≥l’s†param≥t≥rs†w≥r≥†num≥rically†calculat≥≤,†to†
illustrat≥†th≥†b≥haviour†of†th≥†thr≥≥†prob≥s†mo≤≥s†un≤≥r†th≥†assumptions†s≥t†out†in†s≥ction†I.3.1.1.†Th≥†
valu≥s†for†A,†KM,†H,†P0,†S,†an≤†BACQ†w≥r≥†k≥pt†i≤≥ntical†for†≥ach†mo≤≥†to†≥nabl≥†‘fair’†comparison;†
r≥call†though†that†this†ignor≥s†lik≥ly†tr≥n≤s†of†BACQ,†an≤†that†th≥†mo≤≥l†is†anyway†intrinsically†unfair†
towar≤s†th≥†off-ON†an≤†≥sp≥cially†th≥†off-ON†pr≥cipitating†mo≤≥s,†by†un≤≥r≥stimating†th≥ir†r≥lativ≥†in†
vivo†s≥nsitivity†(s≥ction†I.3.1.1).†Th≥†Signal(t),†Signal(t)/Signal(t=0)†an≤†Error(t)†ar≥†graph≥≤.††
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(1)†In†vitro†HPQ†Mo≤≥l:†A=0.4,†KM=10,†H=1×10-6,†P0=100,†BACQ/S=0.03,†BPR/S=0.05,†KS=6†
Th≥s≥†valu≥s†w≥r≥†bas≥≤†clos≥ly†bas≥≤†on†my†own†in†vitro†≥xp≥rim≥nts†with†HPQ†prob≥s†1a†an≤†1b†
(KS~7†μM,††τ~4151†≤ays→H~1×10-6†min-1,†KM(1a)~15†μM,†raw†BACQ/S→0.03†μM†for†1b†in†run†2,†
Figur≥†I.29).†For†th≥†r≥lativ≥†chang≥†prob≥,†I†h≥r≥†suppos≥≤†a†20-fol≤†signal†≥nhanc≥m≥nt,†which†is†
towar≤s†or†b≥yon≤†th≥†upp≥r†limits†s≥≥n†for†many†r≥lativ≥†chang≥†prob≥s.†Pl≥asingly,†th≥†num≥rical†
mo≤≥l†r≥turn≥≤†r≥sults†that†≥v≥n†clos≥ly†match≥≤†th≥†absolut≥†valu≥s†of†my†≥xp≥rim≥ntal†≤ata.†A†an≤†
KM†h≥r≥†giv≥†≥nzymatic†proc≥ssing†compl≥t≥†within†4†hours,†th≥†prob≥†starts†pr≥cipitating†aft≥r†
20†minut≥s†(Figur≥†I.9).†

†
Figur≥†I.9†–†Mo≤≥lling†≥xp≥rim≥nt†1,†av≥rag≥†valu≥s†for†all†param≥t≥rs†(not≥†th≥†log†scal≥†of†th≥†signal†tim≥cours≥).†
D≥spit≥†outwar≤ly†similar†signal†curv≥s,†not≥†th≥†significantly†low≥r†≥rror†of†corr≥lating†signal†with†≥nzym≥†activity†

for†th≥†off-ON†prob≥s,†an≤†th≥ir†120-fol≤†gr≥at≥r†signal†≥nhanc≥m≥nt.†
Th≥†absolut≥†signal†obs≥rv≥≤†is†clos≥ly†similar†for†all†th≥†prob≥†mo≤≥s.†How≥v≥r,†this†mo≤≥l†illustrat≥s†
that†th≥†absolut≥†signal†is†not†th≥†important†charact≥ristic†of†a†prob≥:†(1)†Th≥†signal†≥nhanc≥m≥nt†is†
150-fol≤†high≥r†for†th≥†off-ON†mo≤≥†prob≥s†than†th≥†r≥lativ≥†chang≥†prob≥;†but†still†mor≥†importantly,†
(2)†th≥†≥rror†of†corr≥lating†obs≥rv≥≤†signal†with†tru≥†≥nzym≥†activity†is†two†or≤≥rs†of†magnitu≤≥†low≥r†
for†th≥†off-ON†prob≥s†than†than†for†th≥†r≥lativ≥†chang≥†prob≥†towar≤s†th≥†start†of†th≥†r≥action,†
although†th≥†≥rror†≤iff≥r≥nc≥†≤iminish≥s†slowly†ov≥r†tim≥.†
Conclu≤ing†that†r≥lativ≥†chang≥†prob≥s†woul≤†achi≥v≥†acc≥ptabl≥†corr≥lation†if†assays†w≥r≥†simply†run†
for†long≥r,†is†fals≥†for†two†r≥asons.†(a)†M≥chanistically,†th≥†n≥xt†≥xampl≥†will†show†that†≥v≥n†ov≥r†a†
24†hour†in†vitro†≥xp≥rim≥nt,†th≥†corr≥lation†≥rror†for†th≥†r≥lativ≥†chang≥†prob≥†can†r≥main†significantly†
gr≥at≥r†(by†≥g.†on≥†or≤≥r†of†magnitu≤≥),†if†≥nzymatic†activity†is†low†(or†proc≥ssing†l≥ss†favourabl≥).†
Not†≥v≥n†off-ON†prob≥s†can†always†hop≥†for†low-≥rror†situations;†if†this†or≤≥r†of†magnitu≤≥†≤iff≥r≥nc≥†
turns†out†to†li≥†b≥tw≥≥n†20%†(off-ON)†an≤†200%†(r≥lativ≥†chang≥)†≥rrors,†th≥n†th≥†r≥lativ≥†chang≥†
mo≤≥†will†b≥†simply†us≥l≥ss.†(b)†Practically,†th≥†r≥lativ≥†chang≥†prob≥’s†Signal(t)†or†
Signal(t)/Signal(t=0)†s≥≥m†to†show†plat≥au†approaching†by†200†minut≥s,†an≤†c≥rtainly†n≥ar-plat≥au†by†
300†minut≥s.†How≥v≥r,†th≥†corr≥lation†≥rror†at†200†minut≥s†is†still†30†tim≥s†high≥r†than†for†th≥†off-ON†
mo≤≥;†at†300†minut≥s†th≥†≥rror†is†still†10†tim≥s†high≥r.†Th≥r≥for≥†th≥†r≥lativ≥†chang≥†mo≤≥†is†a†far†
wors≥†gaug≥†of†≥nzymatic†activity;†an≤†simply†≥xamining†its†≥xp≥rim≥ntally-≤≥t≥rminabl≥†signal†≤o≥s†
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not†≥v≥n†in≤icat≥†wh≥r≥†it†can†hop≥†to†start†provi≤ing†mor≥†r≥liabl≥†quantification††of†≥nzymatic†
activity:†a†l≥t-≤own†for†kin≥tic†analysis.†
Th≥†≥rror†curv≥s†also†intro≤uc≥†a††crucial†asp≥ct†of†th≥†pr≥cipitating†off-ON†mo≤≥:†it†pr≥v≥nts†
unr≥liabl≥†signal†assignm≥nt†at†th≥†start†of†th≥†r≥action,†b≥caus≥†as†soon†as†a†signal†is†obs≥rv≥≤†
(20†min),†th≥†maximum†corr≥lation†≥rror†is†alr≥a≤y†low†(0.4%);†wh≥r≥as†in†th≥s≥†comparativ≥ly†
favourabl≥†assay†s≥ttings,†th≥†≥rror†at†th≥†start†of†th≥†r≥lativ≥†chang≥†prob≥’s†tim≥cours≥†is†1400%,†an≤†
that†of†th≥†solubl≥†off-ON†prob≥†is†8%.†Th≥†r≥lativ≥†chang≥†prob≥†has†to†wait†for†150†min†b≥for≥†
attaining†th≥†sam≥†r≥liability†as†th≥†pr≥cipitating†prob≥†≤o≥s†at†th≥†first†mom≥nt†of†signal†g≥n≥ration‡†
Still,†b≥caus≥†of†th≥†r≥lativ≥ly†larg≥†≥nzymatic†activity†us≥≤†in†this†mo≤≥l,†all†prob≥s†≥v≥ntually†
show†acc≥ptabl≥†plat≥au†b≥haviour†(≤≥p≥n≤ing†on†th≥†stan≤ar≤s†of†th≥†sci≥ntist),†so†if†on≥†is†willing†
to†sacrific≥†obtaining†r≥liabl≥†kin≥tic†≤ata,†th≥n†th≥†r≥lativ≥†chang≥†prob≥†may†b≥†allowabl≥.†
(2)†In†vitro†≤iClHPQ†Mo≤≥l:†A=0.004,†KM=10,†H=2×10-5,†P0=25,†BACQ/S=0.005,††BPR/S=0.1,†KS=1.5††
Th≥s≥†valu≥s†w≥r≥†chos≥n†to†simulat≥†th≥†us≥†of†15a,†f≥aturing†th≥†mor≥†insolubl≥†(KS~1.5†μM)†but†
mor≥††unstabl≥††(τ~567†h→H~2×10-5††min-1)†Cl2HPQ†cor≥.†I†us≥≤†a†hun≤r≥≤-fol≤†low≥r†≥nzym≥†
conc≥ntration,††an≤††a††low≥r††prob≥††conc≥ntration,††≥xamin≥≤††ov≥r††a††long≥r††tim≥,††un≤≥r††b≥tt≥r††signal†
coll≥ction†con≤itions†(low≥r†BACQ,†≥g.†r≥lying†on†th≥†v≥ry††larg≥††Stok≥s††shift†of†this††soli≤-stat≥†
fluorophor≥,†an≤†long≥r†acquisition†tim≥s):†s≥≥†Figur≥†I.10.†Th≥†t≥n-fol≤†signal†≥nhanc≥m≥nt†posit≥≤†
for†a†r≥lativ≥†chang≥†prob≥†is†a†stan≤ar≤†figur≥[30].†

†
Figur≥†I.10†-†Mo≤≥lling†≥xp≥rim≥nt†2,†with†low†≥nzym≥†activity†an≤†low≥r-solubility†Cl2HPQ†prob≥.†Th≥†≥rror†of†corr≥lating†signal†with†≥nzym≥†activity†is†≤rastically†low≥r†for†th≥†off-ON†prob≥s,†which†also†hav≥†300-fol≤†gr≥at≥r†
signal†≥nhanc≥m≥nt.†Not≥†th≥†maximal†≥rror†valu≥s:†876†(r≥l.†chang≥),†1.93†(off-ON)†an≤†0.175†(off-ON†+†ppt).†

Although†th≥†absolut≥†signal†s≥≥n†for†th≥†r≥lativ≥†chang≥†prob≥†is†now†significantly†th≥†larg≥st,†its†
signal†≥nhanc≥m≥nt†is†still†a†factor†of†300†l≥ss†than†for†th≥†off-ON†prob≥s.††Wors≥,†th≥†≥rror†in†its†
signal†assignm≥nt†r≥mains†abov≥†100%†for†th≥†first†16†hours†of†th≥†assay,†an≤†is†only†67%†≥v≥n†by†th≥†
≥n≤†of†th≥†r≥action†(24†h).†For†th≥†pr≥cipitating†prob≥,†th≥†≥rror†in†signal†assignm≥nt†is†only†17%†as†
soon†as†pr≥cipitation†starts,†aft≥r†7.5†hours.†This†‘saf≥ty†n≥t’†is†of†vital†importanc≥†for†r≥liably†
quantifying††small††≥nzymatic††activity,†sinc≥†with†low†≥nzymatic†activity,†n≥ith≥r†th≥†signal†nor†th≥†
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signal†≥nhanc≥m≥nt†curv≥s†of†solubl≥†fluorophor≥s†giv≥†any†clu≥s†by†th≥ir†form†about†wh≥n†it†is†
r≥liabl≥†to†start†corr≥lating†signal†s≥≥n†with†causativ≥†≥nzymatic†activity††(Figur≥†I.10,†not≥†th≥†
maximal††≥rror††valu≥s).††Only†th≥†pr≥cipitating†mo≤≥†off≥rs†an†in≤ication,†by†its†signal†ons≥t;†an≤†
although†th≥†off-ON†solubl≥†mo≤≥†≤o≥s†rapi≤ly†off≥rs†a†low-≥rror†r≥gim≥,†this†is†not†always†th≥†cas≥,†
so†simply†waiting†for†an†hour†or†two†cannot†b≥†r≥li≥≤†upon†as†a†strat≥gy†for†obtaining†b≥tt≥r†r≥liability†
(s≥≥†following).†
(3)†In†vivo†NIR†Mo≤≥l:†A=0.0002,†KM=10,†H=1×10-6,†P0=10,†BACQ/S=0.1,†BPR/S=0.02,†KS=0.2††
This†mo≤≥l†argu≥s†that†≥v≥n†sup≥rlativ≥†r≥lativ≥†chang≥†prob≥s†(h≥r≥,†a†fifty-fol≤†≥nhanc≥m≥nt†of†
signal)††hav≥††g≥n≥rally††insuffici≥nt††p≥rformanc≥††for††r≥liabl≥††an≤††quantitativ≥†in†vivo†work††with††v≥ry†
low†≥nzym≥†conc≥ntrations,†≥v≥n†if†a†v≥ry†low†rat≥†of†spontan≥ous†hy≤rolysis†an≤†a†low†signal†
backgroun≤†can†b≥†obtain≥≤†(I†consi≤≥r†that†an†in†vivo†stu≤y†with†a†backgroun≤†signal†corr≥spon≤ing†
to†only†0.1†μM†prob≥†woul≤†b≥†an†≥xc≥ptionally†s≥nsitiv≥†sc≥nario;†wh≥th≥r†this†truly†can†b≥†obtain≥≤†
for†low≥r-Stok≥s-shift†solubl≥†fluorophor≥s†is†anoth≥r†a††s≥parat≥††qu≥stion).†It†shows†how≥v≥r†that†
off-ON†prob≥s,†an≤†in†particular†pr≥cipitating†prob≥s,†may†provi≤≥†a†robust†solution†to†both†
quantitation††an≤††r≥liability,††≥sp≥cially††if††a††r≥lativ≥ly††low-KS†fluorophor≥†is†us≥≤†(valu≥†bas≥≤†on†
≥stimat≥†for†NIR-≥mitting†BTQC):†s≥≥†Figur≥†I.11.†

†
Figur≥†I.11†-†Mo≤≥lling†≥xp≥rim≥nt†3,†with†v≥ry†low,†in†vivo-styl≥†≥nzym≥†activity,†supposing†prob≥s†op≥rating†in†th≥†

NIR†with†cons≥qu≥ntly†low†acquisition†backgroun≤.††
D≥spit≥†similar†signal†forms,†but†now†also†v≥ry†similar†absolut≥†signal†≥nhanc≥m≥nts,†th≥†p≥rc≥ntag≥†
≥rror†of†corr≥lating†signal†with†≥nzym≥†activity†is†still†≤rastically†low≥r†for†th≥†off-ON†prob≥s.†In≤≥≥≤,†
if†th≥†off-ON†≥rror†tim≥cours≥†is†bl≥ak†(>100%†≥rror†for†th≥†first†24†h),†th≥n†that†of†th≥†r≥lativ≥†chang≥†
prob≥†is†all†but†us≥l≥ss.†Y≥t†th≥†off-ON†pr≥cipiation†thr≥shol≤†again†shows†wh≥n†mor≥†r≥liabl≥†signal†
corr≥lation†b≥gins,†whil≥†n≥ith≥r†solubl≥†mo≤≥†can†in≤icat≥†this†bas≥≤†on†th≥ir†signal†or†signal†
≥nhanc≥m≥nt†tim≥cours≥s.†I†conclu≤≥†that†with†low†≥nzym≥†activity,†r≥lativ≥†chang≥†mo≤≥†prob≥s†ar≥†
simply†unsuitabl≥†for†achi≥ving†high†s≥nsitivity,†≥v≥n†if†th≥y†can†boast†of†oth≥rwis≥†impr≥ssiv≥†low†
intrinsic†backgroun≤,†or†high†signal†≥nhanc≥m≥nt.†By†contrast,†th≥†pr≥cipitating†off-ON†mo≤≥†giv≥s†
≥xc≥ll≥nt†r≥liability†of†≥nzym≥†≤≥t≥ction†un≤≥r†th≥s≥†chall≥nging†con≤itions.†
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(4)†Colony†Assay†Mo≤≥l:†A=1×10-3,†KM=10,†H=1×10-4,†P0=30,†BACQ/S=1,†BPR/S=0.05,†KS=1†
This†≥xp≥rim≥nt†was†int≥n≤≥≤†to†show†th≥†p≥rformanc≥†of†th≥†prob≥†mo≤≥s†wh≥n†appli≥≤†to†a†≤iff≥r≥nt†
≤≥t≥ction††aim:††≤≥ci≤ing††which††c≥lls††in††a††colony††≥xpr≥ss††or††≤o††not††≥xpr≥ss††an††≥nzym≥††of††int≥r≥st,†in†
chall≥nging†con≤itions:†wh≥n†th≥†activity†of†that†≥nzym≥†is†actually††low≥r†than†th≥†backgroun≤†
hy≤rolysis†rat≥.†I†s≥t†th≥†initial†rat≥†of†≥nzymatic†proc≥ssing††as††on≥††quart≥r††of††th≥†spontan≥ous†
hy≤rolysis†rat≥,†an≤†compar≥≤†sampl≥s†with†≥nzymatic†activity†to†controls†with†spontan≥ous†
hy≤rolysis†only.†Eff≥ctiv≥ly,†this†hy≤rolytic†instability†m≥ans†that†th≥†microscopically†off-ON†solubl≥†
prob≥†is†macroscopically†a†r≥lativ≥†chang≥†prob≥†(s≥≥†s≥ction†I.2.1):†how≥v≥r,†th≥†pr≥cipitating†
off-ON†prob≥†r≥tains†a†win≤ow†of†tru≥†macroscopically†binary†off-ON†≤≥t≥ction†(Figur≥†I.12).†

†
Figur≥†I.12†-†Mo≤≥lling†≥xp≥rim≥nt†4,†with†spontan≥ous†hy≤rolysis†occurring†four†tim≥s†fast≥r†than†≥nzymatic†

proc≥ssing†(soli≤†lin≥s).†R≥liabl≥†≤iscrimination†against†sampl≥s†without†≥nzym≥†at†all†(≤ott≥≤†lin≥s)†is†only†possibl≥†to†
a†limit≥≤†≥xt≥nt†for†th≥†pr≥cipitating†prob≥†mo≤≥l,†≥xploiting†th≥†binary†≤≥t≥ction†win≤ow†(275-325†min).†

With†significantly†mor≥†signal†b≥ing†g≥n≥rat≥≤†by†nonsp≥cific†hy≤rolysis†than†by†localis≥≤†≥nzymatic†
activity,†on≥†woul≤†gu≥ss†that†≤≥t≥ction†woul≤†b≥†impossibl≥,†an≤†in≤≥≥≤,†almost†nothing†≤iff≥r≥ntiat≥s†
b≥tw≥≥n†th≥†≥nzymatic†an≤†non-≥nzymatic†signals†for†th≥†solubl≥†prob≥s†of†both†mo≤≥s.†Th≥r≥for≥†
both†solubl≥†prob≥s†g≥n≥rat≥†only†a†(low)†r≥lativ≥†chang≥†in†signal,†an≤†so†giv≥†unr≥liabl≥†≤≥t≥ction.†
How≥v≥r,†th≥†pr≥cipitating†prob≥†off≥rs†som≥†sort†of†solution:†th≥†≤≥lay†tim≥†b≥for≥†pr≥cipitation†starts†
is†significantly†short≥r†for†th≥†≥nzymatic†sampl≥†than†for†th≥†hy≤rolysis-only†sampl≥.†Th≥r≥for≥,†at†th≥†
mom≥nt†wh≥n†th≥†first†≥nzym≥-positiv≥†coloni≥s†g≥n≥rat≥†a†signal,†th≥†oth≥r†coloni≥s†will†still†show†no†
signal†whatso≥v≥r†for†a†furth≥r†hour.†This†is†an†ampl≥†win≤ow†to†tak≥†a†binary†off/ON†imag≥†of†th≥†
activ≥†coloni≥s†an≤†so†unambiguously†≤istinguish†th≥m.†This†is†not†an†i≤≥al†solution;†an≤†th≥†colony†
must†b≥†r≥gularly†imag≥≤†to†≥nsur≥†that†imag≥s†ar≥†tak≥n†≤uring†this†win≤ow:†but†it†is†by†far†th≥†b≥st†
option,†an≤†off≥rs†to†≤iff≥r≥ntiat≥†b≥tw≥≥n†coloni≥s†with†oth≥rwis≥†unimaginabl≥†binary†s≥nsitivity.†
Not≥†that†th≥†slow≥r†th≥†rat≥†of†hy≤rolysis†r≥lativ≥†to†≥nzymatic†activity,†th≥†larg≥r†is†this†binary†
≤≥cision†win≤ow:†at†limits†wh≥r≥†th≥†prob≥s†ar≥†v≥ry†stabl≥†(i≥.†this†th≥sis’†prob≥†≤≥signs),†th≥†
binary†≤≥cision†win≤ow†cov≥rs†≥ss≥ntially†th≥†whol≥†≥xp≥rim≥ntal†tim≥lin≥.†An†implicit†factor†
which††is††also††crucial††to††k≥≥p††this††win≤ow††as††wi≤≥††as††possibl≥††is†th≥†≤≥sign†of†w≥ll-r≥cognis≥≤†
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spac≥rs,†which†giv≥†high†KM†valu≥s†to†th≥ir†prob≥s,†as†this†≤rastically†≥nhanc≥s†th≥†rat≥†of†≥nzymatic†
proc≥ssing,†with†a†giv≥n†prob≥†conc≥ntration,†≥sp≥cially†in†a†comp≥titiv≥†in†vivo†situation.†
This†is†th≥†basis†for†my†conclusions†that†in†practic≥,†a†hy≤rolytically†robust,†mol≥cularly†off-ON†
pr≥cipitating†≤≥sign†which†is†w≥ll†proc≥ss≥≤†≥nzymatically†provi≤≥s†a†uniqu≥,†macroscopically†
off-ON,†binary†syst≥m†for†th≥†r≥liabl≥†≤≥t≥ction†an≤†quantitation†of†≥nzymatic†activity†in†a†rang≥†of†
s≥ttings†from†in†vitro†to†in†vivo.†In†my†≥nzymatic†≥xp≥rim≥nts†(s≥ction†I.5),†mol≥cular††off-ON†
b≥haviour†was†confirm≥≤†by†m≥asuring†n≥glig≥abl≥†signal†for†th≥†proag≥nt†stat≥†compar≥≤†to†high†
signal†for†th≥†≥nzym≥-activat≥≤†ag≥nt;†hy≤rolytic†robustn≥ss†was†confirm≥≤†by†monitoring†th≥†abs≥nc≥†
of†spontan≥ous†signal†g≥n≥ration†for†mor≥†than†8†hours†an≤††by††calculating††halfliv≥s††≥xplicitly;†an≤†
goo≤†≥nzymatic†proc≥ssing†was†confirm≥≤†by†th≥†rapi≤†attainm≥nt†of†th≥†signal†plat≥au†an≤†by†th≥†
≥xplicit†≤≥convolution†an≤†calculation††of††favourabl≥††≥nzym≥††kin≥tic†≤ata.†Th≥†pr≥≤iction†from†th≥s≥†
mo≤≥lling†≥xp≥rim≥nts,†that†th≥s≥†prob≥s†shoul≤†th≥r≥for≥†provi≤≥†a†macroscopically†off-ON†binary†
≤≥t≥ction†syst≥m,†was†also†amply†confirm≥≤†in†practic≥†in†vitro†by†comparing†kin≥tic†t≥st†b≥haviour.†

3.1.5.†Conclusions†from†th≥†s≥nsitivity†mo≤≥l†
Th≥†gr≥at≥st†math≥matical†s≥nsitivity†a≤vantag≥†of†using†a†pr≥cipitating†rath≥r†than†solubl≥††off-ON†
prob≥,†is†th≥†possibility†of†much†mor≥†confi≤≥ntly†s≥l≥cting†sampl≥s†with†a†small†amount†of†≥nzymatic†
activity.†Wh≥n†th≥†≥nzymatic†activity†is†on†a†comparabl≥†or†low≥r†l≥v≥l†than†th≥†rat≥†of†≤≥gra≤ation†by†
spontan≥ous†hy≤rolysis,†only†th≥†pr≥cipitating†mo≤≥†allows†for†an†obs≥rvation†win≤ow†wh≥r≥†th≥†
macroscopic†signal†r≥spons≥†is†still†binary:†off†for†th≥†non≥nzymatic†cas≥,†an≤†ON†for†th≥†sampl≥†with†
an†a≤≤≥≤†≥nzymatic†compon≥nt.†
Th≥†math≥matical†a≤vantag≥†of†using†≥ith≥r†off-ON†mo≤≥†prob≥,†as†against†≥v≥n†th≥†most†s≥nsitiv≥†
r≥lativ≥†chang≥†prob≥†(100-fol≤††signal††≥nhanc≥m≥nt),††is††in††th≥ir††far††low≥r††≥rror††of††signal↔≥nzym≥†
corr≥lation†wh≥n†th≥†≥nzymatic†activity†is†small.†As†in†vivo†imaging†must†monitor†v≥ry†small†
≥nzymatic†activiti≥s,†th≥†conclusion†is†that†off-ON†prob≥s†ar≥†vastly†sup≥rior†for†this†application,†an≤†
pr≥cipitating†prob≥s†≥sp≥cially†int≥r≥sting†from†th≥†math≥matical†point†of†vi≥w†of†r≥liability.†
For†pr≥cipitating†prob≥s,†th≥†mom≥nt†of†pr≥cipitation†acts†as†a†binary†switch†for†macroscopic†signal†
obs≥rvation.†During†th≥†≤≥lay†tim≥†whil≥†prob≥†is†proc≥ss≥≤/hy≤rolys≥≤†but†not†y≥t†pr≥cipitat≥≤,†th≥r≥†
is†no†signal,†so†th≥r≥†is†no†fals≥†assignm≥nt†of†≥nzym≥†activity;†wh≥r≥as†th≥†tim≥point†wh≥n†th≥†
pr≥cipitating†prob≥†first†shows†a†signal†confi≤≥ntly†marks†th≥†tim≥†wh≥n†that†obs≥rv≥≤†signal†can†b≥†
corr≥lat≥≤†to†an†accumulat≥≤†amount†of†≥nzymatically†proc≥ss≥≤†prob≥†(≥rror†usually†un≤≥r†40%†
un≤≥r†my†con≤itions).†By†contrast,†off-ON†solubl≥†prob≥s†continuously†g≥n≥rat≥†signal†an≤†it†is†
uncl≥ar†from†th≥†signal†g≥n≥ration†curv≥†≥xactly†wh≥r≥†th≥†obs≥rv≥≤†signal†can†r≥liably†b≥†corr≥lat≥≤†
to†≥nzymatic†activity.†Th≥†solubl≥†prob≥†≥rror†curv≥†ov≥rlays†th≥†pr≥cipitating†prob≥†≥rror†curv≥†at†
long≥r†tim≥scal≥s†onc≥†pr≥cipitation†has†b≥gun,†but†if†th≥†signal↔≥nzym≥†corr≥lation†is†p≥rform≥≤†at†
th≥†v≥ry†start†of†th≥†r≥action†with†solubl≥†prob≥s,†th≥†≥rror†can†b≥†v≥ry†high†(>1200%).†It†is†th≥†r≥a≤ily†
notic≥abl≥†ons≥t†(pr≥cipitat≥†app≥ars)†of†this†low-≥rror†r≥gim≥†which†≤istinguish≥s†th≥†pr≥cipitating†
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mo≤≥,†an≤†acts††lik≥††a††‘saf≥ty††catch’††against††fals≥††signal††int≥rpr≥tation,†which†is†fortunat≥†as†it†is†in†
≥xactly†th≥s≥†low-≥nzym≥-activity†situations†that†th≥†pot≥ntial†unr≥liability†of†th≥†corr≥lation†b≥com≥s†
critical.†

3.1.6.†A†crucial†not≥†on†≥ff≥ctiv≥†solubility†constants†
R≥call†that†wh≥n†th≥†fluorophor≥†solubility†thr≥shol≤†KS†has†b≥≥n†cross≥≤,†th≥†two†mo≤≥s†(off-ON†
solubl≥†an≤†off-ON†insolubl≥)†giv≥†similar†r≥sults†of†signal†g≥n≥ration,†an≤†i≤≥ntical†r≥sults†of†≥rror†in†
corr≥lating†signal↔≥nzym≥†activity.†Th≥r≥for≥†th≥†mor≥†th≥†≥ff≥ctiv≥†KS†t≥n≤s†to†z≥ro,†th≥†≥arli≥r†th≥†
mo≤≥ls†conv≥rg≥,†in†t≥rms†of†≥nzymatically†proc≥ss≥≤†prob≥†conc≥ntration.†
In†vitro,†solubility†constants†for†a†giv≥n†fluorophor≥†ar≥†commonly†juggl≥≤†in†two†ways:††
(1)†By†pr≥-spiking†th≥†t≥st†solution†with†a†(final)†conc≥ntration†X†of†th≥†hy≤rolys≥≤†prob≥,†only†
(KS-X)†of†th≥†appli≥≤†prob≥†n≥≥≤s†to†b≥†hy≤rolys≥≤†b≥for≥†pr≥cipitation†b≥gins.†Invitrog≥n†cl≥v≥rly†
tak≥s††full††a≤vantag≥††of††this[17,88],†as†th≥y†supply†th≥ir†ELF-97†solution†with†a†small†filt≥r†so†that†th≥†
≤iClHPQ†which†continuously†pr≥cipitat≥s†can†b≥†filt≥r≥≤†out†just†b≥for≥†using†th≥†solution;†th≥n†only†
a†small†≥xtra†amount†of†prob≥†hy≤rolysis†will†g≥n≥rat≥†th≥†pr≥cipitat≥†an≤†so†signal†is†rapi≤ly†s≥≥n[17].††
(2)††Using†a†cosolv≥nt†(≥g.†≤iluting†a†DMSO†solution†of†th≥†prob≥†which†is†also†saturat≥≤†in†
fluorophor≥)†may†also†allow†gr≥at≥r†pr≥-spiking†than†woul≤†b≥†possibl≥†by†≤iluting†a†filt≥r≥≤,†saturat≥≤†
aqu≥ous†solution†of†th≥†prob≥+fluorophor≥,†so†achi≥ving†≥v≥n†low≥r†≥ff≥ctiv≥†KS.†Conv≥rs≥ly,†a≤≤ing†
a†pur≥†cosolv≥nt†(as†is†oft≥n†≤on≥†with†insolubl≥†prob≥s†for†in†vitro†charact≥risation[30,89])†substantially†
≤≥lays†pr≥cipitation†by†solubilising†th≥†g≥n≥rat≥≤†fluorophor≥,†thus†incr≥asing†th≥†≥ff≥ctiv≥†KS.†
Pr≥-spiking†or†cosolv≥nts†may†b≥†a≤vantag≥ously†us≥≤†to†a≤apt†th≥†natural†KS†of†a†prob≥†to†a†giv≥n†
situation:†≥g.,†if†th≥†absolut≥†≥nzym≥†activity†is†low,†th≥n†th≥†small≥r†th≥†≥ff≥ctiv≥†KS†shoul≤†b≥†to†
achi≥v≥†rapi≤†y≥t†r≥liabl≥†≤≥t≥ction†(as†long†as†th≥†prob≥†is†hy≤rolytically†stabl≥).†How≥v≥r,†this†
≤≥p≥n≤s†on†≥nsuring†that†r≥liabl≥†pr≥-spiking†is†possibl≥.†Both†in†th≥†mo≤≥l†an≤†in†my†practical†t≥sts†I†
avoi≤≥≤†cosolv≥nts†an≤†pr≥-spiking††b≥caus≥††in††my††consi≤≥ration†pr≥-spiking/cosolv≥nts†
misr≥pr≥s≥nt†what†is†r≥liably†possibl≥†in†vivo:†th≥ir†us≥†is†r≥strict≥≤†to†in†vitro,†or†tissu≥†slic≥s†only:†
oth≥rwis≥,†≥v≥n†in†c≥llulo,†th≥††≤iff≥r≥nt††bio≤istribution††kin≥tics††of††th≥††prob≥††an≤††th≥††pr≥-spiking†
fluorophor≥†will†b≥com≥†probl≥matic†an≤†no†uniform†or†pr≥≤ictabl≥†≥ff≥ctiv≥†KS†can†b≥†achi≥v≥≤.†
Cosolv≥nts†may†also†hav≥†a≤v≥rs≥†≥ff≥cts†on†≥nzymatic†proc≥ssing†an≤†crystallisation†patt≥rn/kin≥tics.††
D≥tail≥≤†consi≤≥rations†of†KS†ar≥†≤ir≥ctly†r≥l≥vant†to†≤≥signing†th≥†most†s≥nsitiv≥†assays,†an≤†
obtaining†th≥†most†≥xt≥nsibl≥†r≥sults.†For†th≥†≥xp≥rim≥nts†I†p≥rform≥≤,†with†KM†fix≥≤†by†th≥†substrat≥-
spac≥r†unit†an≤†with†≥nzymatic†proc≥ssing†a†rat≥-limiting†factor†for†g≥n≥rating†≥nough†fluorophor≥†to†
pr≥cipitat≥,†th≥†only†way†to†≥nsur≥†fast≥r†≤≥t≥ction†with†a†high≥r†signal-to-control†ratio,†was†to†
incr≥as≥†P0†or†low≥r†KS.†Incr≥asing†P0†is†un≤≥sirabl≥†biologically†(r≥quir≥s†substantial†prob≥†inj≥ction,†
incurs††toxicity††risks)††as††w≥ll††as††math≥matically:††it††pos≥s†a†gr≥at≥r††risk††of††passing††into††th≥††strong-
absorption†≤omain,†an≤††so††giving††a††poor≥r††quantitativ≥††corr≥lation††of††signal††with††≥nzymatic††activity†
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(s≥≥†s≥ction†I.3.3.3).†Inst≥a≤,†choosing†a†fluorophor≥†with†low≥r†intrinsic††KS††(≤iClHPQ)†gav≥†both†
≥arli≥r†signal†g≥n≥ration†an≤†far†high≥r†signal-to-control†ratio†than†th≥†corr≥spon≤ing†HPQ†prob≥,†
wh≥n†both†w≥r≥†us≥≤†at†a†low†conc≥ntration†(10†μM)††to††avoi≤††th≥††strong-absorption†r≥gim≥†
(subs≥qu≥ntly††confirm≥≤).†In†all†r≥alistic†non-pr≥-spiking†situations,†≤iClHPQ†is†th≥r≥for≥†th≥†
pr≥f≥rr≥≤†of†th≥s≥†two†fluorophor≥s.†How≥v≥r†if†pr≥-spiking††is††possibl≥,††so††that††both††prob≥s††only†
r≥quir≥††th≥††proc≥ssing††of††th≥†sam≥†conc≥ntration†of†prob≥†to†achi≥v≥†a†signal†(≥g.†0.5†μM††b≥for≥†
pr≥cipitation†b≥gins),†th≥n†with†th≥†≥ff≥ctiv≥†KS†≥qualis≥≤,††th≥††far††gr≥at≥r†hy≤rolytic†stability††of†
HPQ-bas≥≤†prob≥s†giv≥s†th≥m†mor≥†s≥nsitiv≥†≤≥t≥ction:†th≥y†can†b≥†us≥≤†ov≥r†a†long≥r†tim≥†(or†at†
high≥r†conc≥ntration),†without†causing†hy≤rolytic†signal†g≥n≥ration.†

3.2.†S≥nsitivity↔Stok≥s†shift†mo≤≥l†
My†n≥xt†mo≤≥l†consi≤≥r≥≤†th≥†≥ff≥ct†of†th≥†fluorophor≥’s†Stok≥s†shift†ΔλP†on†th≥†s≥nsitivity†obtainabl≥†
in†an†in†vivo†s≥tting.††Qualitativ≥ly,††it††is††w≥ll††known††that††th≥††high≥r††th≥††Stok≥s††shift,††th≥††b≥tt≥r††th≥†
s≥nsitivity[1].††How≥v≥r,†I†consi≤≥r≥≤†that†th≥†~quantitativ≥†≤≥p≥n≤≥ncy††of††s≥nsitivity††on††Stok≥s††shift†
was†important†to†≥valuat≥,†sinc≥†I†≤i≤†not†fin≤†any†≥xplicit†tr≥atm≥nt†in†th≥†lit≥ratur≥,†particularly†on≥†
that†woul≤†b≥†appropriat≥†for†th≥†pr≥s≥nt†high-ΔλP†prob≥s.†I†was†actually†surpris≥≤†by†th≥†magnitu≤≥†
of†th≥†≤≥p≥n≤≥ncy,†which†this†mo≤≥l†shows†is†roughly†≥xpon≥ntial,†param≥tris≥≤†to††th≥††backgroun≤†
autofluor≥sc≥nc≥†Stok≥s†shift†ΔλA.†This†will†illustrat≥†why†≥v≥n†a†m≥chanistically†off-ON†prob≥†may†
b≥†all†but†us≥l≥ss†in†an†in†vivo†s≥tting†unl≥ss†th≥†fluorophor≥†pr≥s≥nts†a†suffici≥ntly†high†Stok≥s†shift.†
This†is†anoth≥r†pow≥rful†argum≥nt†for†using†high-ΔλP†HPQ-bas≥≤†fluorophor≥s,†rath≥r†than†common†
in†vitro†workhors≥s†such†as†fluor≥sc≥in†an≤†r≥sorufin,†≥v≥n†if†thos≥†mor≥†common†fluorophor≥s†w≥r≥†
to†b≥†≥ntir≥ly†qu≥nch≥≤†in†th≥†proag≥nt†(which†usually†th≥y†ar≥†not,†s≥≥†s≥ction†I.1.3).†

3.2.1.†Stok≥s†shift†consi≤≥rations:†intro≤uction†
For†off-ON†fluorog≥nic†prob≥s†in†vivo†(BPR=0)†th≥†main†unavoi≤abl≥†backgroun≤†signal†compon≥nt†in†
BACQ†will††b≥††tissu≥††autofluor≥sc≥nc≥.††This††has††a††compl≥x††≥xcitation-≤≥p≥n≤≥nt†form[90],†but†a†
mo≤≥rat≥††Stok≥s††shift††ΔλA†of†aroun≤†30-45†nm.†Ev≥n†in†c≥llulo,†autofluor≥sc≥nc≥†may†complicat≥†
imag≥s†to†a†l≥ss≥r†≤≥gr≥≥[91].†Autofluor≥sc≥nc≥†usually†has†a†‘normal’†patt≥rn,†i≥†a†tail†of†~100†nm,†
similar†in†shap≥†to†th≥†fluor≥sc≥in†sp≥ctrum†shown†b≥low††(Figur≥†I.13);†I††tak≥††th≥††form††of††this†
sp≥ctrum†as†a†mo≤≥l†for†th≥†form†of†in†vivo†autofluor≥sc≥nc≥,††but††a≤justing††its††Stok≥s††shift††to†
ΔλA=40†nm.†In††th≥††mo≤≥l††I††assum≥††that††all††fluorophor≥s††will††lik≥wis≥†giv≥†this†normal†signal†
≥nv≥lop≥,†just†with†≤iff≥r≥nt†ΔλP.†
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Figur≥†I.13†–†Black†soli≤†lin≥:†fluor≥sc≥in†≥mission†sp≥ctra†(493†nm†≥xcitation)†at†pH=8[92];†Stok≥s†shift†ΔλP=24†nm.†R≥≤†≤ott≥≤†lin≥:†longpass†int≥gral†ΦL(λ).†
D≥t≥ction††s≥nsitivity††must††pass††two††thr≥shol≤s.††First,††th≥††signal††to††backgroun≤††ratio†in†th≥†coll≥ct≥≤†
signal†must†b≥†abov≥†a†r≥liability†thr≥shol≤†so†that†th≥†signal†actually†r≥fl≥cts†≥nzymatic†activity†not†
backgroun≤††nois≥;††s≥con≤ly,††th≥††total†amount†of†coll≥ct≥≤†signal†must†b≥†high†≥nough†to†pass†th≥†
≥xp≥rim≥ntal†≤≥t≥ction†thr≥shol≤,†≥g.†backgroun≤†nois≥†fluctuations,†machin≥†ins≥nsitivity.†Optimising†
≤≥t≥ction†s≥nsitivity†r≥quir≥s†a≤≤r≥ssing†both†points;†high†r≥liability†is†us≥l≥ss†if†no†signal†is†actually†
obs≥rv≥≤†abov≥†th≥†backgroun≤†nois≥†l≥v≥ls;†≥qually,†a†larg≥†but†unr≥liabl≥†signal†s≥rv≥s†no†purpos≥.†
(a)††First††consi≤≥r††a††stan≤ar≤††solubl≥††fluorophor≥††with††low††ΔλP,††≥g.††fluor≥sc≥in††its≥lf††(ΔλP=24†nm),†
such††that††ΔλP<ΔλA.†B≥caus≥†its†signal†int≥nsity†≤rops†fast≥r†with†wav≥l≥ngth†than†that†of†th≥†
autofluor≥sc≥nc≥,†th≥†b≥st-s≥nsitivity†signal†must†b≥†coll≥ct≥≤†from†a†narrow†win≤ow†aroun≤†th≥†
fluorophor≥’s†≥mission††maximum†λ≥m,max†wh≥r≥††th≥††signal/autofluor≥sc≥nc≥††ratio††is††most††favourabl≥.†
Th≥r≥for≥,†th≥†total†signal†actually†coll≥ct≥≤†[int≥gral†of†signal(λ)†in†th≥†obs≥rvation†win≤ow]†will†b≥†
small,†i≥.†th≥†≥xp≥rim≥nt†will†giv≥†low†≤≥t≥ction†thr≥shol≤†s≥nsitivity,†≥v≥n†if†th≥†fluorophor≥†has†a†
larg≥†total†quantum†yi≥l≤†ΦTOT†[int≥gral†of†signal(λ)†ov≥r†th≥†whol≥†sp≥ctrum].†Wors≥,†if†only†a†small†
amount†of†th≥†fluorophor≥†is†activat≥≤,†th≥r≥†is†a†risk†that†th≥†absolut≥†amount†of†autofluor≥sc≥nc≥†in†
this†win≤ow†is†strong≥r†than†th≥†activat≥≤†prob≥’s†signal;†th≥r≥for≥†an†≥nzymatic†signal†may†actually†
b≥†impossibl≥†to†≤istinguish†(low†r≥liability†thr≥shol≤).†
(b)†Now†consi≤≥r†a†fluorophor≥†with†ΔλP=ΔλA.†What≥v≥r†light†is†coll≥ct≥≤†will†th≥r≥for≥†contain†both†
prob≥†signal†an≤†autofluor≥sc≥nc≥†in†a†constant†ratio,†so†th≥†autofluor≥sc≥nc≥†backgroun≤†BACQ†will†b≥†
r≥lativ≥ly†high.†Th≥†ov≥rall†s≥nsitivity†will†≤≥p≥n≤†≥ntir≥ly†on†th≥†amount†of†prob≥†that†can†b≥†
activat≥≤†to†≤rown†out†th≥†backgroun≤.†Th≥r≥for≥†r≥liability†will†b≥†low†wh≥n†small†amounts†of†prob≥†
ar≥†conv≥rt≥≤,†as†p≥r†th≥†≤≥scription†of†r≥lativ≥†chang≥†prob≥s††(s≥≥††s≥ction†I.1.3.2);†but†at†l≥ast†th≥†
whol≥†wav≥l≥ngth†rang≥†of†th≥†≥mission†signal†can†b≥†coll≥ct≥≤†(≤≥t≥ction†thr≥shol≤).†
(c)†If†how≥v≥r†ΔλP>ΔλA,†w≥†may†apply†a†longpass†filt≥r†for†a†c≥rtain†λ†onwar≤s,†which†blocks†mor≥†of†
th≥†short≥r-wav≥l≥ngth†autofluor≥sc≥nc≥†than†th≥†long≥r-λ†prob≥†fluor≥sc≥nc≥†(l≥t†ΔλP-ΔλA=ΔStok≥s).†
Th≥r≥for≥†BACQ†is†much†r≥≤uc≥≤,†an≤†w≥†obtain†a†much†high≥r†(λ-longpass)-signal-to-backgroun≤†
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ratio†S*(λ)†in†th≥†coll≥ct≥≤†signal†than†in†th≥†pr≥vious†cas≥s†(gr≥at≥r†r≥liability),†≥v≥n†though†som≥†of†
th≥†total†signal†has†b≥≥n†cut†out.†S≥nsitivity†will†th≥n†≤≥p≥n≤†on†passing†th≥†≤≥t≥ction†thr≥shol≤;†
ΦL(λ),†th≥†fraction†of†total†possibl≥†prob≥†signal†which†is†longpass-coll≥ct≥≤††from††λ††onwar≤s,†will†
m≥asur≥†of†th≥†prob≥’s†signal†int≥nsity†coll≥ct≥≤.†Th≥r≥for≥†S*(λ)†consi≤≥rs†r≥liability,†whil≥†ΦL(λ)†
tr≥ats†≤≥t≥ction;†both†must†b≥†as†high†as†possibl≥†for†goo≤†ov≥rall†s≥nsitivity.†

3.2.2.†Stok≥s†shift ↔s≥nsitivity†mo≤≥l†
Having†assum≥≤†that†prob≥†an≤†autofluor≥sc≥nc≥†≥mission†sp≥ctra†ar≥†i≤≥ntical†in†shap≥,†just†shift≥≤†
from†≥ach†oth≥r†by†amount†ΔStok≥s,†I†now†focus†on†≥valuating†th≥†≤≥p≥n≤≥ncy†on†ΔStok≥s†of†S*(λ)†
an≤††ΦL(λ)††across††th≥†wav≥l≥ngth††rang≥††λ.†As†th≥r≥†is†no†basis†to†≤≥ci≤≥†on†th≥†absolut≥†amount†of†
prob≥††activat≥≤††r≥lativ≥††to††th≥††autofluor≥sc≥nc≥††backgroun≤,†th≥†calculation†assum≥s†ΦP=ΦA,†i≥†
consi≤≥ring†th≥†situation†wh≥r≥†th≥†total†amount†of†autofluor≥sc≥nc≥†≥mission†is†th≥†sam≥†as†th≥†total†
amount†of†fluorophor≥†≥mission†(≤isr≥gar≤ing†th≥†amounts†of†≥ach†actually†coll≥ct≥≤):†if†mor≥,†or†l≥ss,†
mol†of†prob≥†is†activat≥≤,†th≥n†s≥nsitivity†factor†S*(λ)†will†b≥†scal≥≤†accor≤ingly†(lin≥ar†scaling†only).†
Translating†th≥s≥†r≥sults†to†th≥†cas≥†of†≤iff≥r≥nt†fluorophor≥s†activat≥≤†to†th≥†sam≥†mol≥cular†amount†
is†also†important.†This†too†r≥quir≥s†lin≥arly†scaling†th≥†S*(λ)†by†th≥ir†r≥lativ≥†total†signal†int≥nsiti≥s†
ΦTOT.†How≥v≥r,†th≥†≤≥p≥n≤≥ncy†of†S*(λ)†on†ΔStok≥s†will†b≥†s≥≥n†to†b≥†or≤≥rs†of†magnitu≤≥†b≥yon≤†
th≥s≥†pot≥ntial†lin≥ar†scalings†in†ΦTOT,†sinc≥†mol≥cul≥s†which†ar≥†consi≤≥r≥≤†≥v≥n†to†b≥†fluorophor≥s†
alr≥a≤y†hav≥†goo≤†valu≥s†of†ΦTOT,†p≥rhaps†with†variations†of†usually†only†a†factor†of†t≥n†or†tw≥nty,†
whil≥†S*(λ)†vari≥s†by†a†factor†of†>1600†for†th≥†rang≥†of†fluorophor≥†ΔStok≥s†valu≥s†consi≤≥r≥≤†
(ESIPT††lik≥†≤iClHPQ/BTQC,††vs††normal††lik≥††fluor≥sc≥in/r≥sorufin).†Th≥r≥for≥†by†post-scaling†th≥†
r≥sults†appropriat≥ly,†this†mo≤≥l†can†provi≤≥†s≥miquantitativ≥†information†about†th≥†S*(λ)†that†may†
truly†b≥†obs≥rv≥≤†with†a†rang≥†of†fluorophor≥s.†
I†th≥r≥for≥†calculat≥≤†ΦL(λ)†for††≤iff≥r≥nt††valu≥s††of††ΔStok≥s††by††longpass††int≥gration††of††th≥††signal†
int≥nsity,††an≤††S*(λ)††by††taking††th≥††instantan≥ous††ratio†of†th≥†prob≥†ΦL(λ)†to†th≥†ΦL(λ)††of†
autofluor≥sc≥nc≥†(Figur≥†I.14).†Not≥†that†for†(a)†ΔStok≥s<0,†S*(λ)<<1†for†all†λ†(cf.†fluor≥sc≥in);†an≤†
for†(b)†ΔStok≥s=0,†S*(λ)=1†for†all†λ.†Only†r≥sults†from†cas≥†(c)†wh≥r≥†ΔStok≥s>0†ar≥†shown.†
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Figur≥†I.14†–†Signal-to-backgroun≤†S*(λ)†(logarithmic†l≥ft†axis,†soli≤†lin≥s)†bas≥≤†on†coll≥ct≥≤†longpass†int≥nsiti≥s†
ΦL(λ)†(right†axis,†≤ott≥≤†lin≥s)†for†thr≥≥†≤iff≥r≥nt†ΔStok≥s†valu≥s:†20,†50†an≤†100†nm.†Th≥†≥mpirical†r≥lationship†for†S*(λmax)†is†roughly†S*(λmax)=k×≥̂(ΔλP/ΔλA).†
Firstly,††S*(λ)††≤o≥s††not††incr≥as≥††in≤≥finit≥ly††but††is††maximis≥≤,††h≥r≥††at††a††wav≥l≥ngth††λmax=670†nm,†
which†is†s≥t†by†th≥†intrinsic†backgroun≤†sp≥ctrum†(autofluor≥sc≥nc≥†+†nois≥)†an≤†is†in≤≥p≥n≤≥nt†of†
th≥†prob≥’s†ΔStok≥s.†This†is†a†physical†≥ff≥ct:†λmax†is†wh≥r≥†th≥†autofluor≥sc≥nc≥†signal†b≥com≥s†so†
low†that†it†is†‘lost’†in†th≥†nois≥,†so†longpass†signal†from†th≥†prob≥†is†sup≥rimpos≥≤†pur≥ly†on†this†
backgroun≤††nois≥.†This†r≥fl≥cts†th≥†most†s≥nsitiv≥†possibl≥†≤≥t≥ction†sc≥nario†(I†hav≥†inclu≤≥≤†a†
constant†l≥v≥l†of†nois≥†in†both†prob≥†an≤†autofluor≥sc≥nc≥†sp≥ctra).†
Th≥n,†r≥liability,†as†p≥r†S*(λmax),†almost†≥xpon≥ntially†≤≥p≥n≤s†on†th≥†prob≥’s†stok≥s†shift†(scal≥†of†
S*(λ)††is††logarithmic),††by††shifting††th≥††ΦL†so†that†mor≥†signal†can†b≥†coll≥ct≥≤†aroun≤††λmax.†Th≥†
≥mpirical†r≥lationship†s≥≥n†is†aroun≤†S*(λmax)=k×≥̂(ΔλP/ΔλA)†for†this†simplifi≥≤†mo≤≥l†(I†≤i≤†not†
fin≤†any†such†consi≤≥rations†or†tr≥atm≥nt†in†th≥†lit≥ratur≥†to†compar≥†it†to).†For†≥xampl≥,†S*(670)†=†8†
for†ΔStok≥s†=†20†nm†(not≥:†impli≥s†ΔλP=60†nm);†for†ΔStok≥s†=†50†nm,†S*(670)†=†40;†an≤†for†ΔStok≥s†
=†150†nm†(cf.†≤iClHPQ,†ΔλP~185†nm)†th≥†valu≥†is†1600†(off†scal≥†so†not†shown†on†imag≥).††

3.2.3.†Stok≥s†shift+S≥nsitivity†combin≥≤†conclusions†
Now†r≥consi≤≥r†th≥†mo≤≥l†of†s≥ction†I.3.1.2.†Th≥†absolut≥†valu≥†of†th≥†param≥t≥r†BACQ/S†≤≥p≥n≤s†on†
both†th≥†Stok≥s†shift†an≤†th≥†fluorophor≥’s†brightn≥ss.†S/BACQ†is†inh≥r≥ntly†giv≥n†by†S*(λ),†i≥†an†
≥xpon≥ntial††≤≥p≥n≤≥ncy††on†th≥††Stok≥s††shift.††For†int≥rcomparison†b≥tw≥≥n†≤iff≥r≥nt†fluorophor≥s,†S†
must†also†b≥†scal≥≤†lin≥arly†with†th≥†total†coll≥ctabl≥†signal††quantity,†ΦTOT,†which†is†a†common†
argum≥nt†for†using†th≥†bright≥st†possibl≥†fluorophor≥.†How≥v≥r,†th≥†far†gr≥at≥r†S*(λ)††≤≥p≥n≤≥ncy†
shows†that†actually,†Stok≥s†shift†is†much†mor≥†important†for†≤≥t≥ction†s≥nsitivity†in†a†high-
backgroun≤,†small-signal†in†vivo†s≥tting†than†is†total†fluorophor≥†brightn≥ss.†Th≥r≥for≥,†for†in†
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vivo†applications,†it†is†far†b≥tt≥r†to†choos≥†a†fluorophor≥††with††larg≥††Stok≥s††shift†an≤†thus†gain†
≥xpon≥ntially†in†BACQ/S,†rath≥r†than†choosing†larg≥†Φ†an≤†gaining†only†lin≥arly.††
Why†might†this†calculation†not†b≥†≥asily†foun≤†in†th≥†lit≥ratur≥?†I†b≥li≥v≥†that†th≥†r≥ason†is†similar†to†
that†of†why†th≥†a≤vantag≥s†of†(nov≥l)†pr≥cipitating†off-ON†prob≥s,†vs†stan≤ar≤†solubl≥†r≥lativ≥†chang≥†
prob≥s,†ar≥†not†≥xplicitly†tr≥at≥≤†≥ith≥r:†using†such†prob≥s†has†simply†not†b≥≥n†wi≤≥ly†possibl≥†b≥for≥.†
Prior†prob≥s†fac≥†≤iff≥r≥nt†(an≤†mor≥†constrictiv≥)†limits†on†th≥ir†s≥nsitivity†(n,†≤iffusion,†
photobl≥aching,††≥tc),††an≤††almost††all††hav≥††similar††Stok≥s††shifts††anyway††(<50†nm,††max††a≤vantag≥†
~factor†of†3),†so†p≥rhaps†no-on≥†has†b≥≥n†ov≥rly†int≥r≥st≥≤†in††pursuing††th≥††Stok≥s††shift††to††≥xtr≥m≥s†
(>180†nm,††max††a≤vantag≥††>factor††of†1600).†In†th≥†pr≥s≥nt†cas≥,†th≥†nov≥lty†is†th≥†us≥†of†off-ON†
fluorophor≥s†with†Stok≥s††shifts††in††an††≥ntir≥ly†≤iff≥r≥nt†r≥gim≥†to†that†of†solubl≥†fluorophor≥s,†as†
appli≥≤†to†ultras≥nsitiv≥†≤≥t≥ction†of†small,†sp≥cific†≥nzym≥†activiti≥s†for†in†vivo†us≥.††
For†≥xampl≥,†consi≤≥r†that†if†th≥†BPR†compon≥nt†of†B†is†larg≥†r≥lativ≥†to†BACQ†(r≥lativ≥†chang≥†prob≥s)†
th≥n†th≥†≤≥p≥n≤≥ncy†of†th≥†backgroun≤†signal†on†ΔStok≥s†may†b≥†irr≥l≥vant;†r≥lativ≥†chang≥†prob≥s†
b≥n≥fit†l≥ss†from†choosing†fluorophor≥s†with†high†Stok≥s†shifts†than†≤o†off-ON†prob≥s.†Sinc≥†prior†art†
for†in†vivo†targ≥t≥≤†p≥pti≤as≥†prob≥s,†≥ntir≥ly†conc≥rns†r≥lativ≥†chang≥†prob≥s,†it†s≥≥ms†logical†that†
this†prior†work†woul≤†th≥r≥for≥†n≥gl≥ct†a†consi≤≥ration†which†was†not†th≥†larg≥st†limiting†factor.†Not≥†
how≥v≥r†that†th≥†r≥lativ≥†in≤≥p≥n≤≥ncy†of†r≥lativ≥†chang≥†prob≥†s≥nsitivity†from†Stok≥s†shift†in†vivo†is†
not†an†a≤vantag≥:†in†fact†it†r≥fl≥cts†th≥†inh≥r≥ntly†low≥r†s≥nsitivity†that†th≥†r≥lativ≥†chang≥†mo≤≥†may†
attain.†Only†for†truly†ultras≥nsitiv≥††prob≥s,††such††as††th≥††pr≥s≥nt††work,††≤o†such†factors†start†to†b≥†
important,†sinc≥†th≥†prob≥s†progr≥ss†towar≤s†≤iff≥r≥nt†th≥or≥tical†an≤†practical†s≥nsitivity†limitations.†

3.3.†Signal†from†pr≥cipitating†fluorophor≥s†
Th≥†macroscopic†obs≥rvabl≥†s≥≥n†in†≥nzymatic†≥xp≥rim≥nts†is†th≥†fluor≥sc≥nc≥†signal†ov≥r†tim≥.†This†
shoul≤†b≥†≥xplicitly†tr≥at≥≤†with†stan≤ar≤†signal†proc≥ssing†algorithms†to†compar≥†a†prob≥’s†
macroscopic†signal†b≥haviour†with†that†from†oth≥r†syst≥ms†un≤≥r†similar†con≤itions†an≤†≤ata†
tr≥atm≥nt:†sinc≥†commonly†as†an†≥n≤-us≥r†on≥†woul≤†lik≥†to†compar≥†≥g.†th≥†macroscopic†signal-to-
control†ratios†obtain≥≤†with†≤iff≥r≥nt†prob≥†syst≥ms,†un≤≥r†th≥†≤≥sir≥≤†assay†con≤itions.†Th≥†mor≥†in†
vivo-r≥alistic†ar≥†th≥†assay†con≤itions/tr≥atm≥nt,†th≥†b≥tt≥r†th≥†conclusions†will†apply†to†oth≥r†s≥ttings.††
How≥v≥r,†only†a†full,†microscopic†un≤≥rstan≤ing†of†th≥†syst≥m†can†yi≥l≤†th≥†mol≥cular†information†
that††is††r≥quir≥≤††for††pr≥≤ictiv≥††an≤††analytical††≤≥scription/comparison††of††th≥††prob≥††syst≥m’s†
p≥rformanc≥†in†≤iff≥r≥nt†s≥ttings.†As†th≥†pr≥s≥nt†syst≥m†is†so†far†r≥mov≥≤†from†prior†art,†I†consi≤≥r≥≤†
it†vital†to†≥valuat≥,†in†particular,†th≥†r≥lativ≥†mol≥cular†kin≥tics††of††≥nzymatic††proc≥ssing,††spac≥r†
cyclisation,†pr≥cipitation,†an≤†spontan≥ous†hy≤rolysis:†which†is†a†far†gr≥at≥r†chall≥ng≥†than†simply†
r≥porting†macroscopic†≤ata.†Th≥r≥for≥†it†was†crucial†to†r≥liably†r≥lat≥†th≥†macroscopic†signal†≤ata†with†
its†microscopic†caus≥†(pr≥cipitat≥≤†fluorophor≥):†y≥t†this†is†not†as†straightforwar≤†as†it†might†s≥≥m.†
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Homog≥n≥ous†syst≥ms†(i≥.†using†solubl≥†fluorophor≥s†as†is†stan≤ar≤†in†c≥ll†biology,†such†as†
fluor≥sc≥in)†at†low†conc≥ntration†ob≥y†th≥†B≥≥r-Lamb≥rt†law,†an≤†only†r≥quir≥†that†th≥†volum≥†of†t≥st†
solution†contributing†to†th≥†coll≥ct≥≤†fluor≥sc≥nc≥†b≥†i≤≥ntical†b≥tw≥≥n†≤iff≥r≥nt†runs†to†b≥†abl≥†to†
r≥liably††compar≥††≤ata††b≥tw≥≥n††th≥m:††this††can††b≥††assur≥≤††by††fixing††th≥†cuv≥tt≥†siz≥†an≤†shap≥.†
How≥v≥r,†as†HPQs†ar≥†pr≥cipitating†fluorophor≥s,†I†consi≤≥r≥≤†that†th≥r≥†w≥r≥†two†major†
complications†with†th≥†obs≥rv≥≤†fluor≥sc≥nc≥†signal†st≥mming†from†inhomog≥n≥ity,†which†I†wish≥≤†to†
consi≤≥r†so†as†to†≤≥sign†th≥†b≥st†≥xp≥rim≥nts,†an≤†≥xtract†th≥†most†r≥liabl≥†≤ata†from†th≥m.†

3.3.1.†A†practical†probl≥m†of†pr≥cipitating†fluorophor≥s† ↔†w≥llplat≥†choic≥†
As†w≥†us≥†a†soli≤-stat≥†fluorophor≥†which†forms†a†soli≤†≤≥posit†on†th≥†bottom†of†its†contain≥r,†
m≥asur≥m≥nts†cannot†b≥†p≥rform≥≤†in†a†cuv≥tt≥†fluorim≥t≥r†as†for†solubl≥†fluorophor≥s†(si≤≥ways†
illumination),†but†must†b≥†p≥rform≥≤†so†that†th≥†≥xcitation†b≥am††hits†th≥†pr≥cipitat≥†as††much†an≤†as†
≥v≥nly††as††possibl≥;††th≥††ch≥ap≥st††≥quipm≥nt††for††this††is††a††top-≤own†microplat≥†r≥a≤≥r.†Th≥††first†
complication†is†th≥n†a†practical†on≥:†if†th≥†pr≥cipitat≥†conc≥ntrat≥s†in†som≥†ar≥as,†th≥n†illuminating†a†
stan≤ar≤††part†of†th≥†w≥ll†som≥tim≥s†hits,†an≤†som≥tim≥s†miss≥s†th≥s≥†conc≥ntrat≥≤†ar≥as†(Figur≥†
I.15≤),†so†th≥†≤≥viation†b≥tw≥≥n†oth≥rwis≥†i≤≥ntical†≥xp≥rim≥nts†an≤†tim≥points†may†b≥†larg≥.†
This†was†obs≥rv≥≤†in†an†un≥xp≥ct≥≤†way†with†th≥†initially-t≥st≥≤†w≥llplat≥s,†(500†μL†NUNCLON†96-
w≥ll†plat≥s):†pr≥cipitat≥≤†HPQ†first†app≥ar≥≤†at†th≥†w≥ll†rim†(tripl≥†int≥rfac≥†b≥tw≥≥n†th≥†solution’s†
surfac≥,†th≥†w≥ll’s†hy≤rophobic†plastic†an≤†th≥†air;†s≥≥†Figur≥†III.10),†wh≥r≥†th≥†≥xcitation†b≥am†≤o≥s†
not††strik≥.††Th≥r≥for≥†this†initial†pr≥cipitat≥†≤i≤†not†g≥n≥rat≥†signal†≤ata.†This†≥ff≥ct†was†significant:†
th≥r≥†was†initially†approx.†30†min†signal†ons≥t†≤≥lay†tim≥;†how≥v≥r†in†i≤≥ntical†bioch≥mical†con≤itions†
but†on†th≥†final†w≥llplat≥†≤≥sign,†th≥†≤≥lay†was†only†<10†min‡†I†sp≥culat≥†that†this†rim†probl≥m†may†
aris≥†b≥caus≥†of†≥vaporation†at†th≥†surfac≥,†which†r≥sults†in†a†high≥r†local†conc≥ntration†of†HPQ†than†
in†th≥†bulk,†an≤†b≥caus≥†th≥†w≥lls†ar≥†smooth-wall≥≤,†so†th≥†≤ust†on†th≥†wat≥r’s†surfac≥†provi≤≥s†th≥†
b≥st†initial†nucl≥ation†sit≥s,†from†wh≥r≥†surfac≥†t≥nsion†pulls†th≥†pr≥cipitat≥†to†th≥†walls.††Only†aft≥r†
mor≥†HPQ†ha≤†b≥≥n†form≥≤†≤i≤†HPQ†b≥gin†to†accumulat≥†on†th≥†bottom†of†th≥†w≥lls†(s≥≥†Figur≥†
III.10).†Wh≥n†on†th≥†bottom†of†thos≥†plat≥s,†th≥†fall≥n†particl≥s†w≥r≥†shak≥n†(by†machin≥†vibration)†
into†th≥†c≥ntral†(illuminat≥≤)†portion†of†th≥†w≥ll,†b≥caus≥†thos≥†plat≥s†hav≥†a†conv≥x†bottom.†Y≥t,†≥v≥n†
vigorous†w≥ll-plat≥††shaking†r≥gim≥s†≤i≤†not†≤≥tach†pr≥cipitat≥†aroun≤†th≥†rims,†nor†≤i≤†using†a†
micropip≥tt≥†to†aspir≥†an≤†r≥l≥as≥†th≥†w≥ll†cont≥nts†s≥v≥ral†tim≥s†(≥g.†Figur≥†I.15c,†vs†th≥†i≤≥al†cas≥†of†
≥g.†Figur≥†I.15b).††
I†th≥n†t≥st≥≤†four†oth≥r†w≥llplat≥†typ≥s†with†≤iff≥r≥nt†surfac≥s,†angl≥s,†≤≥pths†an≤†wi≤ths,†≥ach†of†
which††gav≥††≤iff≥r≥nt††b≥haviour.††For††≥xampl≥,††this†rim†probl≥m†was†pr≥s≥nt†but†to†what†s≥≥m≥≤†a†
l≥ss≥r†≤≥gr≥≥†with†Nunclon†110†μL†384-w≥ll†plat≥s,†wh≥r≥†I†obs≥rv≥≤†a†slight†rim,†but†a†bright≥r†
c≥ntral†sp≥ck†(th≥†plat≥s†also†ha≤†a†conv≥x†bottom†wh≥r≥†th≥†pr≥cipitat≥†initially†accumulat≥s).†
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Figur≥†I.15†–†Diff≥r≥nt†sc≥narios†of†spatial†inhomog≥n≥ity†≤iscuss≥≤†in†th≥†t≥xt.†Gr≥≥n†r≥pr≥s≥nts†≥xcit≥≤†fluorophor≥;†

blu≥†r≥pr≥s≥nts†fluorophor≥†miss≥≤†by†th≥†≥xcitation†b≥am;†gr≥y†r≥pr≥s≥nts†un≥xcitabl≥†fluorophor≥.†
This†spatial†inhomog≥n≥ity†giv≥s†a†practical†probl≥m†which†solubl≥†prob≥s†≤o†not†hav≥†to†consi≤≥r:†
which†shap≥,†bran≤†an≤†siz≥†of†w≥llplat≥†for†which†application?†For†scanning†≥xp≥rim≥nts†I†will†show†
that†shallow†flat-bottom≥≤†w≥llplat≥s†s≥≥m≥≤†vital†for†r≥asons†of†optical†path,†but†only†if†th≥†whol≥†of†
th≥†w≥ll-bottom+rim†coul≤†b≥†≥xcit≥≤.†For†kin≥tic†≥xp≥rim≥nts†wh≥r≥†it†was†not†possibl≥†to†cov≥r†≥ach†
w≥ll†by†scanning,†but†wh≥r≥†rapi≤†r≥a≤ing†of†th≥†gr≥at≥st†possibl≥†proportion†of†pr≥cipitat≥†was†
≤≥sir≥≤,†I†pr≥f≥rr≥≤†w≥lls†that†≤i≤†not†g≥n≥rat≥†a†rim,†that†w≥r≥†thin†so†th≥†≥xcitation†b≥am†coul≤†cov≥r†
as†much†of†th≥†w≥ll†bottom†as†possibl≥,†an≤†that†ha≤†a†point≥≤†bottom†so†th≥†crucial†initial†≤≥position†
coul≤†b≥†r≥liably†acquir≥≤.†Th≥s≥†asp≥cts†of†≥xp≥rim≥ntal†≤≥sign†ar≥†a≤≤r≥ss≥≤†again†in†s≥ction†I.5.1.2.†

3.3.2.†Th≥or≥tical†probl≥m†↔† spatial†inhomog≥n≥ity†mo≤≥lling†
Th≥†s≥con≤†complication†is†pot≥ntially†mor≥†s≥rious:†th≥r≥†is†a†th≥or≥tical†probl≥m†of†spatial†
inhomog≥n≥ity,†i≥.†that†a†fluor≥sc≥nc≥†signal†r≥a≤out†F†cannot†always†b≥†conv≥rt≥≤†to†a†“conc≥ntration†
of†pr≥cipitat≥≤†prob≥”†CPPT†by†a†B≥≥r-Lamb≥rt†law†such†as†F=kCPPT,†if†th≥†fluorophor≥†is†a†soli≤.†
To†apply†th≥†B≥≥r-Lamb≥rt†law†macroscopically†r≥quir≥s†a†uniform†pr≥cipitat≥,†so†th≥†irra≤iat≥≤†ar≥a†
r≥liably†corr≥lat≥s†to†a†constant†mol≥†fraction†of†th≥†total†pr≥cipitat≥≤††fluorophor≥.††Explicitly,††this†
m≥ans††a†pow≤≥r†with†uniform†(v≥rtical)†optical†path†l≥ngths†(≥ff≥ctiv≥ly†in†mol;†Figur≥†I.15b).††Th≥†
optical†path†l≥ngth†must†b≥†i≤≥ntical†for†all†points†on†th≥†w≥ll†bottom,†at†any†point†in†tim≥†≤uring†th≥†
≥xp≥rim≥nt.†Th≥n†th≥†sc≥nario†approach≥s†that†for†a††solubl≥††fluorophor≥,††≥xc≥pt††that††th≥†soli≤-stat≥†
fluorophor≥†is†≥ff≥ctiv≥ly†conc≥ntrat≥≤†into†a†small†(soli≤)†lay≥r,†not†a†larg≥†(solution)†lay≥r.†
Th≥†path†l≥ngth†incr≥as≥s†th≥†mor≥†prob≥†is†hy≤rolys≥≤:†so†this†alr≥a≤y†r≥quir≥s†a†flat†w≥ll†bottom.†For†
≥xampl≥,†if†th≥†bottom†is†conv≥x,†th≥†optical†path†l≥ngth†is†larg≥r†in†th≥†c≥ntr≥†an≤†small≥r†outsi≤≥.†
Th≥r≥for≥†th≥†fluor≥sc≥nc≥†signal†p≥r†unit†of†fluorophor≥†will†≤≥cr≥as≥†ov≥r†tim≥,†sinc≥†th≥†signal†is†
strong≥st†from†th≥†surfac≥†lay≥r†of†fluorophor≥†if†th≥†fluorophor≥†is†a†strong†absorb≥r,†an≤†th≥†surfac≥†
lay≥r†grows†mor≥†slowly†th≥†bigg≥r†th≥†conic†ra≤ius†(amount†pr≥cipitat≥≤)†b≥com≥s.†
G≥n≥rally†how≥v≥r,†th≥†pr≥cipitat≥†will†not†b≥†a†homog≥nous†pow≤≥r†lay≥r,†≥v≥n†on†a†flat-bottom≥≤†
plat≥,††but††may††for††≥xampl≥††form††clump≥≤††crystals.††I††th≥r≥for≥†consi≤≥r≥≤†th≥†influ≥nc≥†of†spatial†
inhomog≥n≥ity†on†th≥†signal†to†conclu≤≥†on†how†it†coul≤†b≥†justifi≥≤†to†corr≥lat≥†fluor≥sc≥nc≥†signal†F†
with†a†pr≥cipitat≥≤†conc≥ntration†CPPT†r≥sulting†from†≥nzymatic†activity†-†as†is†in≤≥≥≤†th≥†goal†of†
using†a†prob≥;†only†th≥n†coul≤†I†consi≤≥r†how†raw†or†proc≥ss≥≤†≤ata†from†th≥s≥†prob≥s†might†b≥†
compar≥≤†to†r≥sults†from†solubl≥†fluorophor≥s.†I†also†want≥≤†to†s≥≥†how†th≥†r≥sults†from†≤iff≥r≥nt†
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fluorophor≥s†coul≤†b≥†compar≥≤†(th≥y†hav≥†≤iff≥r≥nt†crystalliniti≥s:†≥g,†HPQ†has†s≥≥mingly†larg≥r†
crystallinity†than†≤iClHPQ).†Fin≤ing†no†suitabl≥†th≥or≥tical†tr≥atm≥nt,†I†construct≥≤†my†own†mo≤≥l.†
Consi≤≥r†a†sampl≥†of†‘r≥lativ≥ly†larg≥†crystals,’†of†absorption†co≥ffici≥nt†ε,†total†volum≥†M,†uniform†
siz≥†an≤†shap≥,†parall≥l†si≤≥s†ori≥ntat≥≤†v≥rtically,†an≤†total†cross-s≥ctional†ar≥a†A†in†a†w≥ll†of†ar≥a†
W.†A/W†is†an†≥ff≥ctiv≥†“spatial†inhomog≥n≥ity”†factor:†th≥†clos≥r†(A/W)†is†to†z≥ro,†th≥†gr≥at≥r†is†th≥†
ar≥a-av≥rag≥≤†spatial†inhomog≥n≥ity†of†fluorophor≥†optical†path†l≥ngth.†Compar≥†th≥s≥†crystals’†
obs≥rv≥≤†fluor≥sc≥nc≥†signal†to†that†coll≥ct≥≤†from†a†fin≥†pow≤≥r†also†of†volum≥†M†but†≤istribut≥≤†
≥v≥nly†across†th≥†bottom†of†th≥†whol≥†w≥ll,†so†A/W=1†(Figur≥†I.16).†

†
Figur≥†I.16†–†Param≥t≥rs†of†th≥†limiting†cas≥†mo≤≥ls†for†comparing†homog≥nous†(pow≤≥r)†vs.†inhomog≥nous†(crystals)†
signals,†an≤†th≥†≥xp≥ct≥≤†int≥rm≥≤iat≥†cas≥†of†inhomog≥nously†≤istribut≥≤†clump≥≤†pow≤≥r.†Gr≥≥n†r≥pr≥s≥nts†≥xcit≥≤†
fluorophor≥;†blu≥†r≥pr≥s≥nts†fluorophor≥†miss≥≤†by†th≥†≥xcitation†b≥am;†gr≥y†r≥pr≥s≥nts†un≥xcitabl≥†fluorophor≥.†
Th≥†fluor≥sc≥nc≥†signals†obs≥rv≥≤†ar≥†proportional†to†th≥†total†cross-s≥ctional†ar≥a†of†th≥†≥mitt≥r†tim≥s†
th≥††int≥gral††of††th≥††pointwis≥††≥xcitation††int≥nsity††throughout††th≥††≥mitt≥r.†As††≥xcitation††int≥nsity††I(L)†
≤≥cr≥as≥s†th≥†long≥r†th≥†optical†path†l≥ngth†by†th≥†B≥≥r-Lamb≥rt†law†(not≥:†appli≥≤†on†a†microscopic,†
not†th≥†macroscopic,†scal≥),†th≥†fluor≥sc≥nc≥†signal†will†b≥†proportional†to†th≥†surfac≥†ar≥a†tim≥s†th≥†
int≥gral†from†0†to†L†of†I(L),†which†has†th≥†form†I(L)=I0×10-εL.†Th≥†total†amounts†of†pr≥cipitat≥†ar≥†th≥†
sam≥,†but†th≥†surfac≥†ar≥as†ar≥†≤iff≥r≥nt,†so†th≥†path†l≥ngths†L†ar≥†also†≤iff≥r≥nt†(volum≥s†of†
pr≥cipitat≥††ar≥††≥qual:††WLpow≤≥r†=†ALcrystal†=†M).†Th≥r≥for≥†th≥†signal†obs≥rv≥≤†for†th≥†pow≤≥r†is†
gr≥at≥r†by†a†factor†of†(W/A)×(1-10-εM/W)/(1-10-εM/A).†This†is†p≥rhaps†allu≤≥≤†to†bri≥fly†by†Invitrog≥n†
in†th≥ir†manual†for†th≥†ELF-97†assay[88]††(≤iClHPQ†phosphatas≥†prob≥),†in†saying†that†a†fin≥†
fluor≥sc≥nt†pr≥cipitat≥†is†b≥st,†an≤†larg≥†grains†ar≥†un≤≥sirabl≥.†Not≥††that††ε††is††always††larg≥††for††th≥†
pr≥s≥nt†prob≥s,†b≥caus≥†th≥†absorption†co≥ffici≥nts†for†both†≤iClHPQ†an≤†HPQ†ar≥†high†(≥stimat≥≤†
≥quival≥nt††to††~40,000††M-1cm-1†for†a†solubl≥†prob≥).†Also†not≥†that†for†int≥rm≥≤iat≥†inhomog≥n≥ity†
cas≥s†which†cov≥r†approximat≥ly†th≥†≥ntir≥†w≥ll†(A’=W),†but†≤o†not†hav≥†a†homog≥nous†≤istribution†
of†optical†path†l≥ngth†L†(clump≥≤†pow≤≥r/crystals),†an†≥ff≥ctiv≥†inhomog≥n≥ity†A/W†is†still†r≥l≥vant:†
(1-A/W)†is†roughly†th≥†≥xp≥ctation†valu≥†of†th≥†≥rror†ratio†b≥tw≥≥n†L†at†any†point†an≤†th≥†av≥rag≥†L.†
Th≥r≥for≥††I††≤≥riv≥≤††a††simplistic††math≥matical††pr≥≤iction:††as††ε††is††larg≥,††th≥n†a†lin≥ar†corr≥lation†
b≥tw≥≥n†th≥†obs≥rv≥≤†fluor≥sc≥nc≥†signal†F†an≤†conc≥ntration†truly†≥nzymatically†proc≥ss≥≤†an≤†
pr≥cipitat≥≤††CPPT†will††b≥††an††un≤≥r≥stimat≥††wh≥n≥v≥r††th≥††≥ff≥ctiv≥††inhomog≥n≥ity††A/W<1.†If†th≥†
pr≥cipitat≥†is†inhomog≥nously†≤istribut≥≤,†th≥n†th≥†lin≥ar†corr≥lation†will†incr≥asingly†un≤≥r≥stimat≥†
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th≥†tru≥†CPPT†as†th≥†amount†of†pr≥cipitat≥†M†incr≥as≥s†(i≥.†as†signal†incr≥as≥s).†So,†as†all†
inhomog≥nous†pow≤≥r†cas≥s†r≥sult†in†low†A/W,†a†lin≥ar†r≥lationship†woul≤†b≥†consi≤≥r≥≤†unlik≥ly†for†
≥g.†sampl≥s†with†larg≥††crystals††(A/W††approach≥s††0),††or††w≥lls††with††non-flat††bottoms††(A/W††chang≥s†
≤uring†th≥†≥xp≥rim≥nt,†sinc≥†th≥†surfac≥†ar≥a†≤≥p≥n≤s†on†CPPT).†Not≥†that†this†nonlin≥arity†is†not†≤u≥†
to†absorption†of†th≥†fluor≥sc≥nc≥†≥mission†by†n≥ighbouring†mol≥cul≥s:†in†th≥†HPQs,†th≥†larg≥†Stok≥s†
shift†≥nsur≥s†that†no†autoqu≥nching†tak≥s†plac≥.†Also,†this†probl≥m†aris≥s†≥v≥n†if†any†larg≥†crystals†ar≥†
always†‘hit’††by††≥xcitation††light,††i≥††th≥††th≥or≥tical†inhomog≥n≥ity†probl≥m†is†in≤≥p≥n≤≥nt†of†th≥†
practical†on≥†≤≥scrib≥≤†≥arli≥r.†
Th≥†practical†upshot†of†this†th≥or≥tical†probl≥m†is†that†I†anticipat≥≤†probl≥ms†with†lin≥ar†
signal↔conc≥ntration†corr≥lations†in†g≥n≥ral,†particularly†at†th≥†small≥st†valu≥s†(only†a†f≥w†crystals,†
so†larg≥†inhomog≥n≥ity),†but†pot≥ntially†at†th≥†high≥st†valu≥s†too†(larg≥†M,†so†if†inhomog≥nous,†th≥n†
ba≤†corr≥lation).†I†also†plann≥≤†that†if†th≥†≤≥p≥n≤≥ncy†of†signal†p≥r†unit†pr≥cipitat≥†app≥ar≥≤†too†
strong,†I†woul≤†us≥†mor≥†shallow†lay≥rs†of†t≥st†solution,†so†that†a†thinn≥r†lay≥r†of†pr≥cipitat≥†woul≤†b≥†
g≥n≥rat≥≤†for†a†giv≥n†hy≤rolys≥≤†conc≥ntration†(low≥r†M,†so†l≥ss†probl≥ms†if†inhomog≥nous).†

3.3.3.†Final†probl≥m†an≤†conclusions†on†th≥†signal ↔conc≥ntration†r≥lation†
A†thir≤†probl≥m††with††th≥††signal↔conc≥ntration††r≥lation†aris≥s†≥v≥n†in†homog≥nous†situations.†Th≥†
strong†absorption†co≥ffici≥nt†ε†of†th≥†HPQ†fluorophor≥s†b≥gs†th≥†qu≥stion:†at†what†optical†path†l≥ngth†
≤o≥s†absorption†≤≥viat≥†into†th≥†‘strong’†r≥gim≥,†so†that†th≥†approximat≥†lin≥ar†r≥lation†F=kCPPT†can†
no†long≥r†hol≤†for†r≥asons†of†strong†absorption?†For†solubl≥†syst≥ms†(lin≥ar†r≥gim≥†most†r≥liably†s≥≥n†
with†absorptions†0.01<A<<1),†th≥†≤ilution†or†cuv≥tt≥†l≥ngth†can†≥asily†b≥†chang≥≤†to†m≥asur≥†
strong≥r-absorbing†sampl≥s†accurat≥ly.†How≥v≥r,†for†th≥†pr≥cipitating†syst≥m,†this†is†not†an†option.†
Th≥†acquisition†b≥amwi≤th†limits†th≥†surfac≥†ar≥a†that†can†b≥†≤≥t≥ct≥≤,†an≤†for†practical†r≥asons,†th≥†
h≥ight†of†th≥†solution†in†th≥†w≥ll†cannot†b≥†≤≥cr≥as≥≤†b≥low†a†c≥rtain†amount†without†inviting†larg≥†
≥rrors†from†≤iff≥r≥ntial†≥vaporativ≥†≥ff≥cts.†Also,†th≥†≥xcitation†pow≥r†is†limit≥≤†both†by†th≥†sourc≥,†
an≤†by†th≥†fluor≥sc≥nc≥†int≥nsity†that†th≥†≤≥t≥ctor†can†r≥a≤†b≥for≥†saturating:†b≥ing†r≥strict≥≤†to†low†
int≥nsity††≥xcitation,††w≥†may†quickly†pass†to†th≥†‘strong†absorption’†r≥gim≥.†As†w≥†approach†th≥†
strong-absorption†r≥gim≥,†th≥†signal†will†incr≥asingly†≤≥viat≥†from†th≥†lin≥ar†r≥gim≥†until†≥v≥ntually†
r≥aching†a†constant†valu≥†≥v≥n†as†mor≥†fluorophor≥†is†a≤≤≥≤:†this†limit†is†wh≥n†all†incoming†light†is†
absorb≥≤†by†surfac≥-lay≥r†fluorophor≥†b≥for≥†th≥††bottom††lay≥rs††can††b≥††≥xcit≥≤.†Alt≥rnativ≥ly,†in†a†
≤≥sirabl≥††w≥ak††absorption††r≥gim≥,††th≥††whol≥††sampl≥††may††b≥††≥xcit≥≤††with†approximat≥ly††i≤≥ntical†
int≥nsity†irra≤iation:†so†≤oubling†th≥†sampl≥†amount†will†approximat≥ly†≤oubl≥†th≥†signal.†
This†≥xp≥ct≥≤†≤≥cr≥as≥†in†signal†p≥r†μM†of†pr≥cipitat≥†impli≥≤†that†unl≥ss†on≥†coul≤†b≥†c≥rtain†that†th≥†
strong†absorption†r≥gim≥†was†not†r≥ach≥≤,†on≥†ought†avoi≤†trying†to†fit†th≥†≤ata†to†a†lin≥ar†r≥spons≥†
curv≥,†but†shoul≤†≥xp≥ct†a†law†of†≤iminishing†r≥turns.†This†was†≥xactly†what†was†s≥≥n†r≥gar≤l≥ss†of†
th≥†w≥llplat≥†choic≥†(s≥≥†s≥ction†I.5.4):††th≥††hypoth≥tical††valu≥s††of††k††for††th≥††r≥lation††F=kCPPT†vari≥≤†
monotonously†an≤†with†a†rang≥†of†a†factor†of†two†ov≥r††th≥††≥xp≥rim≥ntal††con≤itions.††How≥v≥r,††as††I†
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anticipat≥≤†this†≥ff≥ct†(rath≥r†than†≤ismissing†it†as†anomalous),†≤ata††tr≥atm≥nt†which†≥nabl≥≤†
sci≥ntifically-justifiabl≥†conv≥rsion†of†th≥†macroscopic†signal†to†microscopic†≤ata†about†th≥†
pr≥cipitat≥≤†conc≥ntration†coul≤†b≥†p≥rform≥≤.†

3.4.†Pr≥-mo≤≥lling†conclusions†
Th≥†b≥st†≤≥sign†for†any†in†vivo†prob≥†must†b≥†hy≤rolytically†robust,†hav≥†as†goo≤†≥nzymatic†
r≥cognition†of†th≥†substrat≥†as†possibl≥,†an≤†r≥l≥as≥†a†fluorophor≥†which†absolut≥ly†must†hav≥†as†larg≥†
a†Stok≥s†shift†as†possibl≥.†Onc≥†th≥s≥†con≤itions†ar≥†satisfi≥≤,†th≥n†a†r≥lativ≥ly†goo≤†signal†int≥nsity†
shoul≤†b≥†≤≥sign≥≤.†Th≥s≥†factors†influ≥nc≥†spac≥r†≤≥sign†(r≥cognition),†fluorophor≥†choic≥†(ΔStok≥s†
an≤†S),†an≤†ov≥rall†prob≥†≤≥sign†(ov≥rall†hy≤rolytic†robustn≥ss).†
Furth≥r†to†this,†th≥†math≥matically†most†s≥nsitiv≥†an≤†r≥liabl≥†situation†is†th≥†off-ON†mo≤≥.†Th≥†low≥r†
is†th≥†≥nzymatic†activity†on≥†wish≥s†to†imag≥,†th≥†mor≥†vital†it†is†to†pursu≥†off-ON†prob≥s:†≥v≥n†
outstan≤ing†r≥lativ≥††chang≥††prob≥s††with††low††backgroun≤††cannot†comp≥t≥††with††this††mo≤≥†for†in†vivo†
applications.†Within†th≥†off-ON†prob≥†mo≤≥,†pr≥cipitating†fluorophor≥s†can†giv≥†a†math≥matically†far†
mor≥†≤≥p≥n≤abl≥†quantification††of††≥nzymatic††activity††bas≥≤††on††th≥††obs≥rv≥≤†signal††than††can††solubl≥†
on≥s.†This†is†≤u≥†to†th≥†‘saf≥ty†n≥t’†of†th≥†KS↔signal†ons≥t†tim≥;†an≤†this†is†≥sp≥cially†important†with†
v≥ry†low†≥nzymatic†activity†such†as†may†b≥†≥xp≥ct≥≤†in†vivo.†
Th≥s≥†mo≤≥lling†conclusions†of†cours≥†ignor≥†th≥†practical†a≤vantag≥s†≤iscuss≥≤†in†s≥ction†I.1,†
chi≥fly†that†for†a†pr≥cipitat≥≤†prob≥,†signal†is†not†lost†to†≥xcr≥tion†or†≤iffusion†but†pr≥cis≥ly†marks†th≥†
sit≥†of†≥nzymatic†activity,†an≤†its†signal†has†≥xtra†photostability†an≤†low≥r†≥nvironm≥ntal†s≥nsitivity.†
Furth≥rmor≥,†from†a†≤≥sign†point†of†vi≥w,†th≥†conc≥ptual†a≤vantag≥†of†th≥†pr≥cipitating†≤≥sign†is†that†
it†≥nsur≥s†that†th≥†prob≥†is†not†just†approximat≥ly†off-ON†(≥g.†signal†≥nhanc≥m≥nt†of†100-fol≤),†but†
truly,†binary,†off-ON†on†both†a†microscopic†an≤†macroscopic†l≥v≥l.†
How≥v≥r,†th≥r≥†ar≥†practical†an≤†th≥or≥tical†complications†with†th≥†≤≥sign†an≤†int≥rpr≥tation†of†
≥xp≥rim≥nts††involving††pr≥cipitating††fluorophor≥s.†Thr≥≥†consi≤≥rations†(practical†w≥llplat≥†≥ff≥cts,†
th≥or≥tical†spatial†inhomog≥n≥ity,†strong†absorption)†w≥r≥†all†n≥≥≤≥≤†to†anticipat≥†th≥s≥†pitfalls,†an≤†to†
≤≥sign††both†≥xp≥rim≥nts†an≤†≤ata†tr≥atm≥nt†so†that†microscopic†information†coul≤†b≥†r≥liably†
obtain≥≤.†For†≥xampl≥,†(1)†initial†kin≥tic†≥xp≥rim≥nts†using†th≥†original†w≥llplat≥s†ha≤†roughly†t≥nfol≤†
low≥r†s≥nsitivity†to†low†conc≥ntrations†of†prob≥†than†th≥†final†≤≥signs;†(2)†a†lin≥ar†corr≥lation†of†
obs≥rv≥≤†signal†with†proc≥ss≥≤†conc≥ntration†woul≤†hav≥†r≥sult≥≤†in†gr≥atly†sk≥w≥≤†kin≥tic†analysis†
(≥g.†a†factor†of†two†≤iff≥r≥nc≥†in†low†proc≥ss≥≤†conc≥ntrations†–†as†larg≥r†figur≥s†ar≥†tra≤itionally†s≥≥n†
to†b≥†mor≥†r≥liabl≥,†th≥s≥†small≥r†valu≥s†may†oth≥rwis≥†hav≥†b≥≥n†ov≥rrul≥≤†as†≥rron≥ous,†which†
woul≤†in†turn†hav≥†sk≥w≥≤†all†subs≥qu≥nt†analysis†≥g.†spontan≥ous†hy≤rolysis†/†≥nzym≥†kin≥tics.)†
Pr≥cipitating,†m≥chanistically†an≤†macroscopically†off-ON†≥nzym≥†prob≥s†w≥r≥†pr≥viously†r≥strict≥≤†
to†th≥†ELF-97†phosphatas≥†prob≥†syst≥m.†This†th≥sis†att≥mpt≥≤†to†obtain†similar†(or†b≥tt≥r)†r≥sults†
with†p≥pti≤as≥†prob≥s,†by†≥mploying†innovativ≥†mol≥cular†≤≥sign†to†ov≥rcom≥†th≥†prior-art†probl≥ms.†
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I†also†att≥mpt≥≤†to†giv≥†what†I†b≥li≥v≥†to†b≥†th≥†first†≥xplicit,†fully-transpar≥nt†an≤†r≥liably-mo≤≥ll≥≤†
math≥matical†bas≥s†for†anticipating†an≤†comparing†th≥†macroscopic†b≥haviour†an≤†possibiliti≥s†of†th≥†
pr≥cipitating†off-ON†≤≥sign,†in†a†rang≥†of†common†s≥ttings†(in†vitro,†in†vivo,†colony†assay),†s≥t†against†
oth≥r†classic†prob≥†mo≤≥s†(solubl≥†r≥lativ≥†chang≥,†an≤†its†limiting†cas≥,†solubl≥†off-ON).††
I†will†now†r≥port††th≥††≥xp≥rim≥ntal††vali≤ation††of†th≥†m≥chanistically†an≤†macroscopically†binary†
off-ON,††mo≤ular††≥xop≥pti≤as≥††prob≥†≤≥sign,†an≤†I†will†show†that†it†can†promis≥†ultras≥nsitiv≥†
≤≥t≥ction†an≤†r≥liabl≥†quantification†of†≥nzymatic†activity,†≥v≥n†in†situations†(such†as†low†≥nzym≥†
activity†an≤†high†backgroun≤†in†vivo)†wh≥r≥†curr≥nt†prob≥†mo≤≥s†cannot†hop≥†to†comp≥t≥.†
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4.†Synth≥sis†of†th≥†Fluorog≥nic†Prob≥†Syst≥m†
4.1.†Synth≥sis†of†substrat≥-spac≥r†pairs†
4.1.1.†Acc≥ss†to†spac≥rs;†choic≥†of†targ≥ts†

Pip≥ri≤yl†spac≥r†22†was†ch≥aply†comm≥rcially†availabl≥,†an≤†g≥m-≤im≥thyl†spac≥r†21†was†≤≥liv≥r≥≤†
by†S≥an†McK≥on†an≤†Monica†Vargas-Sanch≥z,†following†a†known,†high-yi≥l≤ing†thr≥≥-st≥p†proc≥≤ur≥†
from†ac≥ton≥:†ac≥ton≥†cyanohy≤rin†formation[93],††amino≤≥hy≤roxylation††with††m≥thylamin≥[94],†an≤†
nitril≥†r≥≤uction†by†LiAlH4[95].†Two†initial†substrat≥-spac≥r†pairs†w≥r≥†targ≥t≥≤:††l≥ucyl/pip≥ri≤yl†25†
an≤†l≥ucyl/≤im≥thyl†26,†so†prob≥s†coul≤†b≥†t≥st≥≤†in-hous≥.†Th≥†mor≥†≥ffici≥nt†of†th≥†two†spac≥rs†was†
to†b≥†us≥≤†in†th≥†β-alanin≥†prob≥s;†this†prov≥≤†to†b≥†th≥†pip≥ri≤yl†spac≥r,†giving†≤≥sign†27.††(Figur≥†
I.17).†

†
Figur≥†I.17†–†initial†substrat≥-spac≥r†pair†targ≥ts†25†an≤†26,†an≤†a†subs≥qu≥nt†β-alanyl†substrat≥-spac≥r†
4.1.2.†Prot≥cting-group†strat≥gy†

Comm≥rcial†22†was†us≥≤†in†initial†≥xploration†of†coupling†strat≥gi≥s,†saving†th≥†synth≥sis≥≤†21†for†us≥†
onc≥†optimis≥≤†coupling†rout≥s†w≥r≥†foun≤.†Th≥†original†synth≥sis†propos≥≤†by†Prof†Hass≥ro≤t†
towar≤s†th≥†substrat≥-spac≥r†pairs†plann≥≤†to†≤iff≥r≥ntiat≥†th≥†primary†an≤†s≥con≤ary†amin≥†sit≥s†with†
prot≥cting†groups,†so†substrat≥-spac≥r†pair†25†coul≤†b≥†form≥≤†r≥gios≥l≥ctiv≥ly†by†p≥pti≤≥†coupling†to†
th≥†fr≥≥†primary†amin≥†of†prot≥ct≥≤†sp≥ci≥s†29†(Figur≥†I.18a).†How≥v≥r†in†th≥†imin≥-forming†first†st≥p,†
I†inst≥a≤†obs≥rv≥≤†a†larg≥†majority†of†th≥†isom≥ric†aminal†forms†28b†(Figur≥†I.18b).††

†
Figur≥†I.18†–†a)†Prof†Hass≥ro≤t’s†plann≥≤†prot≥cting-group†strat≥gy†for†≤iff≥r≥ntiating†th≥†primary†an≤†s≥con≤ary†

amin≥†sit≥s;†b)†in†practic≥,†imin≥†28a†was†pr≥f≥r≥ntially†pr≥s≥nt†as†pr≥organis≥≤†bicyclic†aminal†28b†
Similar†stabilisation†of†a†bicyclic†aminal†by†ann≥lation†can†b≥†s≥≥n†in†≥g.†Joshua[79],†or†H≥t≥nyi[80]†
(who†obtain≥≤†a†9:86:5†ratio†corr≥spon≤ing†to†forms†E,Z-28a†:†anti-28b†:†syn-28b†with†an†aromatic†
ann≥lating†ring).†Th≥†ratios†w≥r≥†solv≥nt†≤≥p≥n≤≥nt,†but†th≥†gr≥at≥st†proportion†of†28a†was†only†~15%†
(in†chloroform,†th≥†ratio†E-28a:Z-28a:syn-28b:anti-28b†was†15:0.5:82:2.5).†Though†synth≥tically†
≤isappointing,†this†r≥sult†also†in≤icat≥≤†th≥†succ≥ss†of†th≥†pr≥organis≥≤†≤≥sign†for†promoting†
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cyclisation.††Trying††to††mak≥††us≥††of††this††≥quilibrating††mixtur≥††of††isom≥rs,††a††DCC-m≥≤iat≥≤†coupling†
r≥action†(although†with†FmocL≥uOH)†was†t≥st≥≤;†y≥t†no†pro≤uct†whatso≥v≥r†coul≤†b≥†obs≥rv≥≤†by†
DIMS†an≤†I†aban≤on≥≤†this†synth≥tic†rout≥.†

4.1.3.†Ch≥mos≥l≥ctiv≥†acylations†
B(OH)3†m≥tho≤:†I†now†sought†to†≤≥v≥lop†my†own†strat≥gi≥s†for†≤ir≥ct,†r≥gios≥l≥ctiv≥†p≥pti≤≥†
coupling†to†a†primary†amin≥†in†th≥†pr≥s≥nc≥†of†a†s≥con≤ary†amin≥.†Only†on≥†analogous†r≥f≥r≥nc≥[96]†
was†foun≤,†using†boric†aci≤†catalyst†an≤†h≥ating†in†tolu≥n≥†with†a†D≥an-Stark††trap.†I†t≥st≥≤†this†
proc≥≤ur≥†but†r≥placing†th≥†D≥an-Stark††trap††with††activat≥≤††4Å†mol≥cular†si≥v≥s;†on†th≥†cyclisation-
pr≥organis≥≤†22†how≥v≥r,†this†gav≥††ami≤in≥†25b†by†tan≤≥m†acylation-intramol≥cular†≤≥hy≤ration†
(again†in≤icating†th≥†succ≥ss†of†th≥†pr≥organis≥≤†≤≥sign).†Basic†hy≤rolysis†in†a†s≥con≤†st≥p†gav≥†
≤≥sir≥≤†primary†ami≤≥†25†r≥gios≥l≥ctiv≥ly†in†21%†ov≥rall†yi≥l≤†(Figur≥†I.19).†

†
Figur≥†I.19†-†boric†aci≤†catalys≥≤†formation†of†ami≤in≥†25b†un≤≥r†≤≥hy≤rating†con≤itions†th≥n†subs≥qu≥nt†

r≥gios≥l≥ctiv≥†hy≤rolysis†allow≥≤†isolation†of†primary†ami≤≥†25†
β-alanyl/pip≥ri≤yl†substrat≥-spac≥r†pair†27†was†also†synth≥sis≥≤†by†th≥†B(OH)3†m≥tho≤†similarly†to†25,†
with†hy≤rolysis†of†ami≤in≥†27b†giving†27†in†19%†yi≥l≤.†
DCC†m≥tho≤:†Consi≤≥ring††that††kin≥tic††control††of††acylation†might†favouris≥††≥xclusiv≥††r≥action††with†
th≥†primary†amin≥†sit≥,†I†th≥n†att≥mpt≥≤†a†low-t≥mp≥ratur≥†coupling†proc≥≤ur≥†with†a†suitabl≥†
activating†ag≥nt.†DCC-m≥≤iat≥≤†coupling†was†tri≥≤†with†a†short,†low-t≥mp≥ratur≥†in≤uction†p≥rio≤†in†
DCM†(<5†min,†<0†°C)†r≥acting†DCC†with†th≥†prot≥ct≥≤†amino†aci≤†to†yi≥l≤†th≥†O-acylisour≥a†r≥activ≥†
int≥rm≥≤iat≥;†aft≥r†th≥†a≤≤ition†of†th≥†amin≥,†th≥†r≥action†was†slowly†warm≥≤†to†room†t≥mp≥ratur≥†an≤†
stirr≥≤†for†24†h.†Long≥r†(10†min)†or†warm≥r†(>5†°C)†in≤uction†p≥rio≤s†w≥r≥†foun≤†to†giv≥†unacc≥ptabl≥†
yi≥l≤s†of†th≥†unr≥activ≥†N-acylur≥a†r≥arrang≥m≥nt†bypro≤uct†25x,†≥v≥n†in†this†low-≤i≥l≥ctric†solv≥nt;†
us≥†of†a†salt-ic≥†bath†with†only†2-3†minut≥s†stirring†b≥for≥†amin≥†a≤≤ition†gav≥†10×†b≥tt≥r†yi≥l≤s†than†
obtain≥≤†following†a†sampl≥†DCC†protocol.[97]†Th≥†s≥v≥ral†r≥action†pro≤ucts†w≥r≥†s≥parat≥≤†by†rath≥r†
≤ifficult†an≤†t≥≤ious†column†chromatography,†giving†25†in†yi≥l≤s†up†to†40-50%,†as†w≥ll†as†r≥cov≥r≥≤†
yi≥l≤s†of†25x†of†up†to†60%†(Figur≥†I.20).†
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†
Figur≥†I.20†–†th≥†DCC-coupling†m≥tho≤†gav≥†primary†l≥ucin≥†ami≤≥†25†in†40-50%†yi≥l≤s,†with†variabl≥†yi≥l≤s†of†

bypro≤uct†25x†≤≥p≥n≤ing†on†th≥†in≤uction†con≤itions.†
Mo≤ifi≥≤†DCC†m≥tho≤s:††Th≥†DCC-only†m≥tho≤†lik≥ly††rac≥mis≥≤[98]††a†small†part†of†th≥†chiral†aci≤†
l≥ucin≥†(CD†or†chiral†HPLC†coul≤†b≥†us≥≤†to†≥valuat≥†th≥†p≥rc≥ntag≥†rac≥misation†–†or†≥ls≥,†coupling†
a††p≥pti≤≥††containing††at††l≥ast††on≥††≥xtra††chiral††c≥ntr≥,†≥g†BocAla-L≥u-OH,†coul≤††b≥††us≥≤††to††≥xamin≥†
≤iast≥r≥oisom≥r†formation†by†NMR).†Alt≥rnativ≥†coupling†m≥tho≤s†w≥r≥†consi≤≥r≥≤†to†r≥≤uc≥†both†
th≥†rac≥misation†an≤†th≥†formation†of†bypro≤uct†25x.†Pivaloyl-m≥≤iat≥≤†coupling†was††imagin≥≤†to†
probably†giv≥†mor≥†rac≥misation[98],†an≤†th≥†mor≥†≥xp≥nsiv≥†coupling†r≥ag≥nt†EDC†was†consi≤≥r≥≤†a†
wast≥†as†th≥†aci≤ic†wash†to†r≥mov≥†it†woul≤†also††tak≥††th≥††amin≥††pro≤uct††(an≤††possibly††≤≥-Boc†th≥†
p≥pti≤≥;†s≥≥†aci≤/bas≥†≥xtractions†b≥low).†Biphasic†r≥actions[99]†or†coupling†r≥ag≥nts†such†as†HOBt[100]†
s≥≥m≥≤††a††lik≥ly††choic≥.†How≥v≥r,†a†DCC-m≥≤iat≥≤†coupling†with†HOBt†a≤≤itiv≥,†as†p≥r†A≤rio†≥t†
al.[101],†actually†gav≥†a†low≥r†isolat≥≤†yi≥l≤†(20%),†an≤†th≥†HOBt†was†chromatographically†ins≥p≥rabl≥†
from†th≥†pro≤uct,†although†th≥†impur≥†mixtur≥††coul≤††b≥††us≥≤†without††≤rawbacks†in††th≥††n≥xt††st≥p.†
Various†aci≤/bas≥†≥xtraction†proc≥≤ur≥s†w≥r≥†t≥st≥≤,†≥g.†≥xtraction†of†th≥†amin≥s†into†aqu≥ous†aci≤†to†
≥liminat≥†DCU,†25x†an≤†BocL≥uOH,†th≥n†basification†an≤†back-≥xtraction†into†DCM†to†≥liminat≥†22†
an≤†r≥si≤ual†HOBt.†Th≥s≥†r≥≤uc≥≤†th≥†isolat≥≤†yi≥l≤s†som≥what†(≥g.†30%)†but†allow≥≤†pa≤†filtration†
s≥paration†rath≥r†than†long†columns.†Us≥†of†FmocL≥uOH††was†also††≥xamin≥≤,††≤≥spit≥††misgivings†
about†th≥†pr≥s≥nc≥†of†a†s≥con≤ary†amin≥,†an≤†DIMS†≤i≤†not†in≤icat≥†pro≤uct†formation.†R≥placing†22†
by†21,†26†was†g≥n≥rat≥≤†in†40%†yi≥l≤†on†th≥†first†run†by†th≥†DCC†m≥tho≤,†though†≤uring†aci≤/bas≥†
≥xtractions†much†of†th≥†pro≤uct†was†≤≥-Boc’≤†if†th≥†aci≤ic†phas≥†pH†was†too†low†(pH<2).†
β-alanyl/pip≥ri≤yl†substrat≥-spac≥r†pair†27†was†synth≥sis≥≤†by†a†mil≤≥r†aci≤/bas≥††≥xtraction†protocol†
with†pH†buff≥r≥≤†at†2.5†(aci≤)†an≤†12†(bas≥)†by†phosphat≥,†giving†27†in†30%†yi≥l≤†aft≥r†pa≤†filtration.†
Conclusions:†Th≥††B(OH)3†m≥tho≤††is††an†atom-≥conomical†an≤†≥nvironm≥ntally-fri≥n≤ly†2-st≥p†
proc≥≤ur≥†avoi≤ing†s≥parations,†so†coul≤†b≥†v≥ry†us≥ful†for†pr≥paring†larg≥†stocks†of†ch≥ap†an≤†bas≥-
stabl≥††mono/≤i-p≥pti≤≥s.†It†might†b≥†possibl≥†to†p≥rform†th≥†r≥action†un≤≥r†l≥ss†forcing†con≤itions†
(low≥r†T,†l≥ss†B(OH)3)†an≤†l≥ss†≤≥hy≤rating†con≤itions†(l≥ss†MS)†to†yi≥l≤†ami≤≥s†such†as†25x†an≤†26†
≤ir≥ctly,†without†forming†th≥†ami≤in≥s.†In†its†curr≥nt†form†how≥v≥r,†th≥†B(OH)3†m≥tho≤†is†first†hot†
an≤†≤≥hy≤rating,†an≤†th≥n†v≥ry†basic,†so†it†≤i≤†not†s≥≥m†promising†for†us≥†with†th≥†polyp≥pti≤≥†
substrat≥s†which†w≥r≥†th≥†lat≥r†targ≥ts†of†th≥†proj≥ct.†At†l≥ast†initially,†th≥†mor≥††≥xp≥nsiv≥††an≤††l≥ss†
“gr≥≥n”†DCC†m≥tho≤†gav≥†high≥r†isolat≥≤†yi≥l≤s,†so†this†may†b≥†a†b≥tt≥r†option†≥sp≥cially†for†long†or†
≥xp≥nsiv≥††p≥pti≤≥s,†as†w≥ll†as†any†which†ar≥†unstabl≥†to†th≥†B(OH)3††m≥tho≤.†Th≥†long≥r†is†th≥†
p≥pti≤≥,†th≥†≥asi≥r†it†shoul≤†b≥†to†s≥parat≥†th≥†pro≤ucts†from†r≥si≤ual†HOBt†(or†oth≥r†coupling†
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r≥ag≥nts[98]);†also,†th≥†long≥r†th≥†p≥pti≤≥,†th≥†mor≥†costly†it†will†b≥,†so†th≥†mor≥†vital†it†will†b≥†to†
r≥≤uc≥†rac≥misation†an≤†incr≥as≥†coupling†yi≥l≤s†by†using†such†a≤≤itiv≥s.†As†th≥†spac≥r†amin≥s†ar≥†far†
ch≥ap≥r††than††th≥††p≥pti≤≥s,††an††≥xc≥ss††of††DCC††an≤††of††amin≥††coul≤††b≥††us≥≤††with††impunity.†For†short†
p≥pti≤≥s,†wh≥r≥†solubility†of†th≥†pro≤uct†ami≤≥s†in††both††organic††an≤††aqu≥ous††m≥≤ia††is††possibl≥†
≤≥p≥n≤ing†on†pH,†th≥†t≥≤ious†column†s≥paration†of†th≥†bypro≤ucts†of†th≥†DCC†m≥tho≤†may†b≥†
avoi≤≥≤†by†using†car≥ful†aci≤/bas≥††≥xtractions,††so††only††pa≤††filtration††is††r≥quir≥≤.†Each†m≥tho≤†
th≥r≥for≥†has†optimal†applications.†

4.2.†Synth≥sis†of†thr≥≥-compon≥nt†prob≥s†
4.2.1.†ESIPT†Fluorophor≥s†

Both†HPQ†an≤†≤iClHPQ†w≥r≥†≤≥sir≥≤†for†pr≥liminary†stu≤i≥s.†An†initial†att≥mpt†to†synth≥sis≥†HPQ†
by†th≥†conv≥ni≥nt†io≤in≥†oxi≤ation†proc≥≤ur≥†r≥port≥≤†by†Bakavoli†≥t†al.[102]†fail≥≤†to†giv≥†th≥†pro≤uct,†
but†a≤opting†th≥†group’s†on≥-pot†aci≤-catalys≥≤††coupling††+††DDQ††oxi≤ation[103]†gav≥†both†HPQ†an≤†
≤iClHPQ†as†pow≤≥rs†in†80-85%†yi≥l≤,†≥ach†NMR-sp≥ctroscopically†pur≥†aft≥r†simpl≥†filtration†an≤†
rinsing†(Figur≥†I.21).†Each†was†strongly†gr≥≥n-fluor≥sc≥nt†un≤≥r†UV†light,†so†that†≥v≥n†small†
quantiti≥s††w≥r≥††≥asy††to††≤≥t≥ct††(≥g.††by††TLC††in††subs≥qu≥nt††r≥actions).††Th≥y††both††hav≥†v≥ry†low†
solubility†in†all†solv≥nts†t≥st≥≤,†which†pos≥≤†som≥†practical†chall≥ng≥s†in†subs≥qu≥nt†synth≥tic†st≥ps.†
A†sampl≥†of†BTQC[60]†(Figur≥†I.6)†was†≤≥liv≥r≥≤†by†D≥lphin≥†Pitrat.†

†
Figur≥†I.21†–†Synth≥sis†of†fluorophor≥s†HPQ†an≤†≤iClHPQ†

4.2.2.†Phosg≥nation†coupling†to†synth≥sis≥†prot≥ct≥≤†prob≥s†
Carbamylation†of†th≥†ph≥nols†HPQ†an≤†≤iClHPQ†was†plann≥≤†by†first†forming†th≥ir†chloroformat≥s,†
th≥n†r≥acting†th≥s≥†in†situ†with†th≥†fr≥≥†s≥con≤ary†amin≥†t≥rmini†of†th≥†substrat≥-spac≥r†pairs†25†an≤†
26.†I†pr≥f≥rr≥≤†this†or≤≥r,†rath≥r†than†coupling†th≥†ph≥nol†to†th≥†spac≥r†isocyanat≥,†sinc≥†th≥†ph≥nols†
ar≥†far†ch≥ap≥r†than†th≥†substrat≥-spac≥r†pairs†an≤†also†≥asi≥r†to†purify†an≤†r≥cov≥r,†so†th≥y†shoul≤†b≥†
us≥≤†in†≥xc≥ss†such†that†no†amin≥†is†unr≥act≥≤,†≥nsuring†minimum†wastag≥.†A≤≤itionally,†th≥†ph≥nols†
ar≥†strongly†insolubl≥†unl≥ss†≤≥rivatis≥≤;†th≥r≥for≥†it†was†thought†b≥tt≥r†to†p≥rform†th≥†coupling†wh≥n†
th≥y††w≥r≥††mor≥††solubilis≥≤††(solubl≥††chloroformat≥s††+††amin≥),††rath≥r††than††risk††slow≥r††h≥t≥rog≥nous†
coupling†r≥actions†(soli≤†ph≥nol†+†isocyanat≥).††
In†a†r≥pr≥s≥ntativ≥†gramscal≥†proc≥≤ur≥,†a†DCM†solution†of†soli≤,†low-volatility†triphosg≥n≥[104,105]†
was†a≤≤≥≤†to†ph≥nol†HPQ†(1†g,†1†≥q)†in†≤ry†DCM†with†2†≥q††NEt3†at†0†°C,†so†that†th≥†g≥n≥rat≥≤†
phosg≥n≥†(4†≥q)†woul≤†stay†firmly†in†DCM†solution†(phosg≥n≥†bp†8†°C).†Aft≥r†an†hour,†th≥†volatil≥s†
w≥r≥†≥vaporat≥≤†to†a†col≤†trap†to†l≥av≥†HPQ†chloroformat≥†(31a)†an≤†Et3N∙HCl,††an≤††th≥†trapp≥≤†
phosg≥n≥††car≥fully††qu≥nch≥≤††into††col≤††2-amino≥thanol†solution.†Th≥n†a†DCM†solution†of†amin≥†25†
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(0.2†≥q)†an≤†NEt3††(3†≥q)†was†inj≥ct≥≤†an≤†l≥ft†to†r≥act†at†RT†for†an†hour,†b≥for≥†th≥†r≥action†was†
qu≥nch≥≤†(s≥≥†following†paragraph)†an≤††th≥††organics††≥xtract≥≤††an≤††purifi≥≤††by††column†
chromatography†to†yi≥l≤†prot≥ct≥≤†prob≥†32a†as†a†colourl≥ss†pow≤≥r†with†pal≥†blu≥†fluor≥sc≥nc≥.†
Similarly,†HPQ†was†coupl≥≤†with†l≥ucyl†substrat≥-spac≥r†pair†26†to†yi≥l≤†prot≥ct≥≤†prob≥†32b†in†55%†
yi≥l≤,†an≤†with†β-alanyl†substrat≥-spac≥r†pair†27†to†giv≥†32c†in†47%†yi≥l≤;†also,†≤iClHPQ†was†coupl≥≤†
with†25†to†giv≥†32≤†in†49%†yi≥l≤,†an≤†with†27†to†giv≥†32≥†(Figur≥†I.22).†

†
Figur≥†I.22†–†Synth≥sis†of†prot≥ct≥≤†prob≥s†by†ph≥nol†chloroformylation†th≥n†r≥action†with†substrat≥-spac≥r†pair†
Th≥††qu≥nch††st≥p††ha≤††som≥††influ≥nc≥††on††th≥††purity††of††th≥††pro≤uct††subs≥qu≥ntly††obtain≥≤.††Bri≥fly,†
what≥v≥r††qu≥nching††ag≥nt††was††a≤≤≥≤,††a††substantial††amount††of†HPQ†was††r≥cov≥r≥≤††≤uring††workup,†
which†≤u≥†to†its†low†solubility†but†fin≥†pow≤≥r†structur≥,†r≥sist≥≤†att≥mpts†to†filt≥r†it†off†≥ntir≥ly.†
Column†chromatography†was†also†in≥ffici≥nt†to†purify†sampl≥s†as†HPQ†has†a†high†Rf,†though†v≥ry†
low†solubility,†so†is†continuously†obtain≥≤†≤uring†th≥†column†(r≥quiring†a†s≥con≤†column†to†≥liminat≥†
it†from†th≥†sampl≥).†Th≥r≥for≥†I†t≥st≥≤†non-aqu≥ous††qu≥nching††ag≥nts.††Ethanol†gav≥†th≥†≥thyl†
carbonat≥†32x†which†ran†fast≥r†than†32a;†so†first†morpholin≥†(giving†32y),†th≥n†pip≥razin≥†w≥r≥†tri≥≤†
as†qu≥nch†ag≥nts,†to†giv≥†≥asi≥r†s≥paration†by†slow≥r-running,†solubl≥†bypro≤ucts,†which†was†foun≤†to†
b≥†an†≥ff≥ctiv≥†strat≥gy.†Th≥†pip≥razin≥†≤≥rivativ≥†was†not†r≥cov≥r≥≤†from†th≥†column;†but†32y†coul≤†
b≥†r≥cov≥r≥≤†an≤†this†was†initially†consi≤≥r≥≤†important†for†stability†t≥sting†of†th≥†carbamylat≥≤†
≤≥sign†(s≥≥†s≥ction†5.2).†It†was†consi≤≥r≥≤†b≥st†to†qu≥nch†with†pip≥razin≥†as†aroun≤†9-10†spots†w≥r≥†
commongly†obs≥rv≥≤†by†TLC†in†th≥†cru≤≥s†of†≥ach†r≥action,†which†n≥c≥ssitat≥≤†som≥what†car≥ful†
s≥paration,†an≤†th≥†slow≥r-running††pip≥razi≤≥††was††mor≥††≥asily††s≥parabl≥††than††≥ith≥r††≥thoxy††or†
morpholino†≤≥rivativ≥s.†
Th≥s≥†phosg≥nation†con≤itions†w≥r≥†also†appli≥≤†to†th≥†fluorophor≥†BTQC†with†amin≥†25,†how≥v≥r†
this†fail≥≤†to†r≥sult†in†any†pro≤ucts†which†coul≤†b≥†i≤≥ntifi≥≤†by†NMR,†or†isolat≥≤†by†chromatography,†
or††any††p≥aks††that††coul≤††b≥††m≥aningfully††int≥rpr≥t≥≤††on††DIMS.††Th≥††int≥rpr≥tation††was††that††th≥†
s≥≥mingly†far†low≥r†solubility†of†this†fluorophor≥†r≥sult≥≤†in†its†low≥r†r≥activity,†an≤†also†in†
corr≥spon≤ingly†gr≥at≥r†probl≥ms†in†i≤≥ntification†or†isolation†of†th≥†pro≤ucts†(Figur≥†I.23).†
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†
Figur≥†I.23†–†trial†phosg≥nation/coupling†of†th≥†fluorophor≥†BTQC†≤i≤†not†allow†isolation†of†th≥†≤≥sir≥≤†pro≤uct†

4.2.3.†D≥prot≥ction†an≤†isolation†of†th≥†prob≥s†
Th≥†Boc†prot≥cting†group†on†th≥†N-t≥rminus†of†th≥†prob≥s†was†r≥mov≥≤†by†r≥lativ≥ly†anhy≤rous†aci≤†
tr≥atm≥nt:†TFA†in†DCM†at†RT†was†foun≤†to†giv≥†th≥†b≥st†isolat≥≤†yi≥l≤s†an≤†purity†aft≥r†
chromatography†(>90%),†but†HCl/OEt2/DCM††at††RT,††or†pTsOH††in††EtOH††at††r≥flux,††both††also††gav≥†
acc≥ptabl≥†yi≥l≤s†aft≥r†chromatography†(>77%).†Chromatography†was†consi≤≥r≥≤†absolut≥ly†
n≥c≥ssary,†although†th≥†amount†of†prob≥†which†was†hy≤rolys≥≤†at†th≥†carbamyl†sit≥†≤uring†th≥s≥†
≤≥prot≥ctions†was†≥stimat≥≤††<1%,†b≥caus≥†that†amount†of†fluorophor≥†woul≤†pot≥ntially†int≥rf≥r≥†
strongly†with†th≥†≥nzymatic†≥xp≥rim≥nt,†≥ith≥r†by†pr≥-spiking†(s≥≥†s≥ction†3.1.6)†or†by†incr≥asing†th≥†
backgroun≤†signal†(s≥≥†s≥ction†3.1.2).†Th≥†prob≥s†w≥r≥†th≥r≥for≥†isolat≥≤†in†th≥ir†TFA,†pTsOH†or†HCl†
salt†forms,†which†ai≤≥≤†solubility;†of†th≥s≥,†th≥†TFA†salt†was†particularly†wat≥r-solubl≥†(>>2†mM).†For†
th≥†pTsOH†salt,†th≥†pTsOH†coul≤†b≥†almost†quantitativ≥ly†stripp≥≤†off†by†trituration†with†wat≥r,†or†th≥†
amin≥†fr≥≥bas≥≤†into†CHCl3,††if††furth≥r††≥xchang≥††of††th≥††anion††w≥r≥††≤≥sir≥≤.††Th≥††final††≥ns≥mbl≥††of†
l≥ucyl†prob≥s†for†≥nzymatic†t≥sting†in-hous≥†w≥r≥†th≥r≥for≥†1a,†1b†an≤†15a;†th≥s≥†ar≥†shown,†along†
with†th≥†β-alanyl†prob≥s†1c†an≤†15c†for†≥xt≥rnal†t≥sting,†in†Figur≥†I.24.††

†
Figur≥†I.24†–†Prob≥s†synth≥sis≥≤†for†≥nzymatic†t≥sting†

4.2.4.†R≥sumé;†an≤†≥valuation†of†th≥†final†synth≥tic†rout≥†
Th≥†final†synth≥sis†of†th≥††prob≥††syst≥m,††as††≥x≥mplifi≥≤††by†1a-1c,†15a†an≤†15c,†is†≥asy†an≤†ch≥ap,†
r≥quiring†only†thr≥≥†st≥ps†from†comm≥rcial†(22)†or†≤≥scrib≥≤†(21)†1,2-≤iamin≥†spac≥rs†(Figur≥†I.25).†
Th≥†mo≤ularity†of†th≥†synth≥tic†pathway†≤≥scrib≥≤,†th≥†orthogonality†of†th≥†r≥actions†it†involv≥s,†an≤†
th≥††≥xploration††of††strat≥gi≥s††which††may††b≥††mor≥††or††l≥ss††appropriat≥††for††r≥gios≥l≥ctiv≥††coupling††of†
≤iff≥r≥nt†p≥pti≤≥†substrat≥s,†provi≤≥s†a†firm†basis†for†th≥†high-yi≥l≤ing†synth≥sis†of†oth≥r†prob≥s†or†
pro≤rugs†for†ph≥nols†or†g≥n≥ral†alcohols,†following†this†rout≥.†
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Figur≥†I.25†–†Synopsis†of†th≥†final†synth≥tic†rout≥†to†prob≥s†1a-1c,†15a†an≤†15c.†
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5.†Enzymatic†≥valuation†of†th≥†fluorog≥nic†prob≥†syst≥m†
Pr≥ambl≥:†R≥call†of†D≥sign†Principl≥s†
Prob≥s†1a,†1b†an≤†15a†≤o†not†≤isplay†any†ESIPT†fluor≥sc≥nc≥†as†th≥ir†ph≥nol†is†carbamylat≥≤,†so†no†
≥xcit≥≤-stat≥†ph≥nol-to-imin≥†hy≤rog≥n†transf≥r†is†possibl≥.†B≥caus≥†th≥†ESIPT†m≥chanism†is†
r≥sponsibl≥†for†th≥†v≥ry†larg≥†Stok≥s†shift†(>130†nm)†in†th≥†v≥ry†strong†fluor≥sc≥nc≥†sp≥ctra†of†HPQ†
an≤†≤iClHPQ,†th≥†prob≥s†gav≥†virtually†no†backgroun≤†fluor≥sc≥nc≥†signal†in†th≥†proag≥nt†stat≥,†sinc≥†
th≥ir†normal†fluor≥sc≥nc≥†has†small†Stok≥s†shift†(ΔλP~20†nm)†an≤†is†anyway†v≥ry†w≥ak,†but†coll≥ction†
was†p≥rform≥≤†with†a†145†nm†wav≥l≥ngth†split.†Th≥†≥nzymatic†cl≥avag≥†of†th≥†prob≥s’†l≥ucin≥†r≥si≤u≥†
≥xpos≥s†th≥†amin≥†t≥rmini†of†th≥ir†spac≥rs†in†int≥rm≥≤iat≥s†33a,†33b†an≤†33c†r≥sp≥ctiv≥ly;†th≥s≥†th≥n†
cyclis≥†spontan≥ously†to†g≥n≥rat≥†ur≥as†(23†an≤†24),†r≥l≥asing†th≥†ESIPT†fluorophor≥s†HPQ†an≤†
≤iClHPQ†(Figur≥†I.26).†Onc≥†th≥†solubility†limit†KS††for†th≥†fluorophor≥†has†b≥≥n†surpass≥≤†an≤†
nucl≥ation†has†comm≥nc≥≤,†th≥†pr≥cipitating†fluorophor≥s†giv≥†a†strong†ESIPT†fluor≥sc≥nc≥†signal.†

†
Figur≥†I.26†-†Enzymatic†cl≥avag≥†of†th≥†aminop≥pti≤as≥-targ≥ting†substrat≥s†of†prob≥s†1a,†1b†an≤†15a†r≥sults†in†fast,†

spontan≥ous†cyclisation†of†th≥ir†spac≥rs†an≤†lib≥ration†of†th≥†fluorophor≥s†HPQ†an≤†≤iClHPQ.†
Sali≥nt†R≥sults†
Kin≥tic†stu≤i≥s†of†th≥†prob≥s†incubat≥≤†with†l≥ucin≥†aminop≥pti≤as≥†vali≤at≥≤†th≥†link≥r†≤≥signs:†
shortly†aft≥r†≥nzym≥†a≤≤ition,†fluor≥sc≥nc≥†signals†b≥gan†to†ris≥†to†plat≥au†valu≥s†which†w≥r≥†w≥ll†
corr≥lat≥≤†to†th≥†initial†prob≥†conc≥ntration,†in≤icating†compl≥t≥†conv≥rsion.†Th≥†sp≥≥≤†of†attaining†
th≥†plat≥au†≥v≥n†with†a†low†≥nzymatic†activity†in†th≥†w≥ll†in≤icat≥≤†that†th≥†prob≥s†w≥r≥†w≥ll†tol≥rat≥≤†
by†th≥†≥nzym≥†(an≤†can†th≥r≥for≥†hop≥†for†comp≥titiv≥†proc≥ssing†in†vivo),†vin≤icating†th≥†≤≥sign†for†
low†st≥ric†≤≥man≤†at†th≥†scissil≥†bon≤,†an≤†th≥†rapi≤†r≥spons≥†tim≥s†(~instantan≥ous†ons≥t†of†signal†
an≤†30†min†for†signal†plat≥au†at†100†μM†of†15a),†vin≤icat≥≤†th≥†≤≥sign†for†≥ffici≥nt†pr≥organisation.†
Control†≥xp≥rim≥nts†in†th≥†abs≥nc≥†of†≥nzym≥,†t≥sting†th≥†g≥n≥ration†of†fals≥†positiv≥†signal†by†
spontan≥ous†hy≤rolysis,†gav≥†no†≤≥t≥ctabl≥†signal†incr≥as≥†ov≥r††11†hours†at†up†to†209†μM†prob≥†
conc≥ntrations††of†1a†an≤†1b,†whil≥†mor≥†≥l≥ctron-with≤rawn†15a†≤i≤†b≥gin†to†g≥n≥rat≥†a†small†
spontan≥ous†signal†aft≥r†aroun≤†10†hours†at†100†μM,††but††th≥s≥††stabiliti≥s††ar≥††truly††≥xc≥ptional†for†
ph≥nolic†prob≥†≤≥signs.††
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I†p≥rform≥≤†≤≥tail≥≤†consi≤≥rations†of†assay†≤≥sign†an≤†impl≥m≥ntation,†th≥or≥tical†tr≥atm≥nt†of†th≥†
≤ata,†th≥n†analysis†of†th≥†calculat≥≤††quantiti≥s,†an≤†I†coul≤†finally†≤≥convolut≥†r≥liabl≥†an≤†justifi≥≤†
num≥rical†≤≥t≥rminations†for†th≥††signal↔conc≥ntration††r≥lation††CPPT(F),†th≥n†th≥†crucial†param≥t≥r†
valu≥s†of†≥nzymatic†proc≥ssing†(KM†an≤†vmax),†spac≥r†cyclisation†(kCYC)†an≤†fluorophor≥†pr≥cipitation†
kin≥tics†(kPPT,†KS,†K*S†an≤†p).†Th≥s≥†num≥rical†valu≥s†support≥≤†th≥†qualitativ≥†conclusions†of†rapi≤†
≥nzymatic†proc≥ssing†an≤†spac≥r†r≥spons≥†favourabl≥†for†in†vivo†applications,†an≤†also†≥nabl≥≤†th≥†
construction†of†a†num≥rical†mo≤≥l†which†fully†r≥pro≤uc≥s†th≥†≥xp≥rim≥ntally-obs≥rv≥≤†raw†≤ata.††
Th≥†corr≥lation†b≥tw≥≥n†th≥†macroscopic†b≥haviour†obs≥rv≥≤†an≤†that†pr≥≤ict≥≤†by†th≥†physically†
r≥asonabl≥†microscopic†param≥t≥rs†I†≤≥t≥rmin≥≤†≥nabl≥s†m≥†to†conclu≤≥†that†I†hav≥†b≥≥n†abl≥†to†cov≥r†
both†th≥or≥tically†an≤†practically,†≥v≥ry†crucial†st≥p†from†th≥ory†to†impl≥m≥ntation,†analysis†an≤†both†
practical†an≤†th≥or≥tical†un≤≥rstan≤ing,†to†vali≤at≥†an≤†support†this†nov≥l†prob≥†syst≥m†as†an†
≥xc≥ptionally†robust,†ultras≥nsitiv≥†≤≥sign†for†in†vivo†aminop≥pti≤as≥†prob≥s.†

5.1.†Assay†≤≥sign†an≤†≤ata†proc≥ssing†
Assay†≤≥sign†is†a†vital†an≤†non-obvious†consi≤≥ration.†H≥r≥,†th≥†≥mphasis†was†to†p≥rform†in†vitro†
assays†whos≥†m≥tho≤s†an≤†r≥sults†coul≤†as†r≥liably†as†possibl≥†b≥†≥xt≥n≤≥≤†to†in†c≥llulo†an≤†in†vivo†
t≥sts,†an≤†whos≥†conclusions†woul≤†r≥fl≥ct†what†r≥sults†can†r≥ally†b≥†achi≥v≥≤†≤ir≥ctly†in†practic≥†in†a†
stan≤ar≤†biology†lab,†without†optimisation†of†≥quipm≥nt,†or†compl≥x†proc≥≤ur≥s†n≥≥≤ing†sp≥cific†an≤†
high-l≥v≥l†t≥chnician†training†or†≤ifficult†an≤†p≥rsonally-controll≥≤†≤ata†proc≥ssing.†
Th≥†goals†of†th≥†assays†w≥r≥†split†into†two†l≥v≥ls†(s≥≥†s≥ction†III.3.2.7).†(1)†Macroscopically,†th≥†
assays†shoul≤†us≥†th≥†coll≥ct≥≤†signal†to†illustrat≥†th≥†s≥nsitivity†that†can†b≥†obtain≥≤†with†th≥†prob≥s,†
an≤†its†tim≥†≤≥p≥n≤≥nc≥;†this†highlights†th≥†stan≤out†f≥atur≥s†of†th≥†prob≥†≤≥sign†(hy≤rolytic†stability,†
photostability,†rapi≤†r≥spons≥).†(2)†Microscopically,†th≥†assays†sought†to†mo≤≥l,†un≤≥rstan≤,†proc≥ss,†
an≤†≤≥convolut≥†th≥†obtain≥≤†≤ata†to†≤≥t≥rmin≥†all†th≥†un≤≥rlying†mol≥cular†param≥t≥rs†of†≥nzymatic†
proc≥ssing,†spac≥r†cyclisation†an≤†pr≥cipitation,†an≤†ultimat≥ly†to†confirm†this†un≤≥rstan≤ing†by†
buil≤ing†a†mol≥cular†m≥chanistic†mo≤≥l†that†r≥pro≤uc≥s†th≥†macroscopically-obs≥rv≥≤†b≥haviour.†
Only†onc≥†th≥s≥†two†l≥v≥ls†of†obs≥rvation†an≤†un≤≥rstan≤ing†w≥r≥†attain≥≤†coul≤†th≥†r≥sults†b≥†
r≥liably†transpos≥≤†to†oth≥r†situations,†an≤†th≥r≥for≥†us≥≤†to†compar≥†to†prior†lit≥ratur≥†syst≥ms†as†w≥ll†
as†to†pr≥≤ict†th≥†limiting-cas≥†b≥haviour†of†th≥†curr≥nt†syst≥m.†

5.1.1.†In†vitro†t≥st†consi≤≥rations†an≤†motivation†
Th≥††practical††goal††of††mimicking††r≥alistic††con≤itions††for††t≥sts††cov≥ring†in†vitro,†in†c≥llulo,†High-
Throughput†Scr≥≥ning,†plat≥†assays,†an≤†towar≤s†in†vivo†t≥sting,†impli≥≤†≤≥signing†a†robust†an≤†
sci≥ntifically†soun≤†≥xp≥rim≥ntal†protocol.†
Thr≥≥†important†crit≥ria††for†my†t≥st†≤≥sign†w≥r≥†(1)†low†≥nzym≥†conc≥ntration,†(2)†minimal†
backgroun≤†manipulation,†(3)†using†only†stan≤ar≤†≥quipm≥nt†in†strictly†unoptimis≥≤†fashion†to†coll≥ct†
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≤ata†(≥g.†stan≤ar≤††filt≥r††s≥ts††an≤††≥xposur≥†tim≥s,†simpl≥†proc≥≤ur≥s),†with†a†statistically-≤≥f≥nsibl≥,†
g≥n≥ralis≥≤†algorithm†to†p≥rform†≤ata†tr≥atm≥nt.††
Crit≥ria†(1)†an≤†(2)†w≥r≥†a≤≤r≥ss≥≤†in†s≥ction†I.1.3.†Stan≤ar≤†≥quipm≥nt†is†an†obvious†r≥quir≥m≥nt†for†
robust†practical†impl≥m≥ntation;†although†r≥s≥arch†groups†may†achi≥v≥†outstan≤ing†s≥nsitiviti≥s†on†
hom≥-built††≥quipm≥nt[82].†Data†proc≥ssing†is†p≥rhaps†l≥ss†obvious.†Som≥†imaging†m≥tho≤s,†such†as†
MRI,†r≥quir≥†significant†training†b≥for≥†imag≥s†can†b≥†r≥liably†int≥rpr≥t≥≤†(y≥ars),†b≥caus≥†many†≤ata†
proc≥ssing†a≤justm≥nts†must†b≥†ma≤≥†≤≥p≥n≤ing†on†th≥†sp≥cific†r≥sults†obtain≥≤†in†≥ach†≥xp≥rim≥nt.†
Usually††this††involv≥s††at††l≥ast††s≥l≥cting††imag≥††‘brightn≥ss’,††‘contrast’††an≤††‘backgroun≤’††l≥v≥ls††to†
highlight†f≥atur≥s†of†int≥r≥st†in†a†particular†zon≥.†Y≥t†this†r≥sults†in†a†v≥ry†qualitativ≥†int≥rpr≥tation†of†
any†f≥atur≥s†s≥≥n,†as†th≥s≥†op≥rations,†≥ach†with†th≥ir†own†assumptions†an≤†≥rrors,†ar≥†ov≥rlai≤†on†th≥†
≤ata;†this†may†b≥†unavoi≤abl≥†with†high-†an≤†variabl≥-backgroun≤††m≥tho≤s.††A††far††mor≥††satisfying†
sc≥nario,†≥sp≥cially†for†fluor≥sc≥nc≥†imaging†wh≥r≥†a†low†backgroun≤†can†b≥†achi≥v≥≤†by†appropriat≥†
≤≥sign,†is†to†≤≥v≥lop†a†stan≤ar≤†≤ata-proc≥ssing†algorithm†to†tr≥at††th≥††raw††≤ata††without††r≥quiring†
human†int≥rv≥ntion,†still†g≥n≥rating†proc≥ss≥≤†≤ata†which†woul≤†≥nabl≥†quantitativ≥†conclusions†about†
any†f≥atur≥s†s≥≥n:†as†was†in†fact†achi≥v≥≤.†High-Throughput†Scr≥≥ning†an≤†oth≥r†automat≥≤†biot≥ch†
proc≥≤ur≥s††naturally††r≥quir≥††this††absolut≥ly;††though††I††susp≥ct††it††is††not††p≥rform≥≤††n≥arly††so††oft≥n††or†
rigorously†in†this†fi≥l≤†of†aca≤≥mic†prob≥†≤≥sign.††
V≥ry†oft≥n†in†th≥†ch≥mical†lit≥ratur≥,†p≥rhaps†≥sp≥cially†in†th≥†high≥st-profil≥†journals,†th≥s≥†thr≥≥†
crit≥ria†ar≥†willfully†ignor≥≤†in†th≥†pursuit†of†r≥porting†th≥†most†impr≥ssiv≥†calculations†of†s≥nsitivity,†
≥ffici≥ncy,†sp≥≥≤,†or†sp≥cificity:†calculations†which†ar≥†actually†futil≥,†as†th≥y†misr≥pr≥s≥nt†th≥†tru≥†
figur≥s†which†will†b≥†obtain≥≤†in†th≥†biological†t≥st†s≥ttings†(that†ar≥†th≥†ost≥nsibl≥†int≥n≤≥≤†
applications†of†such†pap≥rs).†What†is†wors≥,†(4)†prob≥†stability†is†usually†not†r≥port≥≤,†an≤†
spontan≥ous††signal††g≥n≥ration††control††≥xp≥rim≥nts††ar≥†≥ith≥r†not†r≥port≥≤†or†≥ls≥†ar≥†us≥≤†as†
‘backgroun≤’†r≥a≤ings:†as†intro≤uc≥≤†in†s≥ction†I.3.1,†this†masks†th≥†poor†p≥rformanc≥†which†is†s≥≥n†
without†fail†onc≥†such†prob≥s†ar≥†appli≥≤†in†c≥llulo†or†in†vivo.[1,4]†A††mor≥†≥xt≥nsiv≥†comm≥ntary†on†
th≥s≥†f≥atur≥s†is†continu≥≤†in†s≥ction†III.3.1.†

5.1.2.†In†vitro†t≥st†con≤itions†
A†low†conc≥ntration†of†th≥†targ≥t†≥nzym≥†(~60†nM)†was†us≥≤,†at†30°C,†in†Tris/NaCl†buff≥r†at†pH~7.5,†
without†cosolv≥nts.†Th≥†≥xcitation/≥mission†wav≥l≥ngths†w≥r≥†s≥l≥ct≥≤†by†10†nm†ban≤pass†filt≥rs†at†
355†nm††/††510†nm,†i≥.†stan≤ar≤†n≥ar-UV††≥xcitation,††an≤††stan≤ar≤††GFP††≥mission††filt≥rs††for††biology†
(transf≥rability†of†r≥sults).†As†w≥†us≥†a†pr≥cipitating†fluorophor≥†which†forms†a†soli≤†≤≥posit†on†th≥†
bottom†of†its†contain≥r,†m≥asur≥m≥nts†cannot†b≥†p≥rform≥≤†in†a†cuv≥tt≥†fluorim≥t≥r†as†for†solubl≥†
fluorophor≥s††(si≤≥ways††illumination),††but††must††b≥††p≥rform≥≤††so††that††th≥††≥xcitation†b≥am†hits†th≥†
pr≥cipitat≥†as†much†an≤†as†≥v≥nly†as†possibl≥;††th≥††ch≥ap≥st††≥quipm≥nt††for††this††is††a††top-≤own†
microplat≥†r≥a≤≥r†(though†a†bottom-up†fluorim≥t≥r†woul≤†hav≥†b≥≥n†mor≥†conv≥ni≥nt†to†stop†
≥vaporation).†Full†bioch≥mical†an≤†physics†param≥t≥rs†ar≥†≤≥tail≥≤†in†s≥ctions†III.3.2.1†an≤†III.3.2.4.†
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Two†unoptimis≥≤†≤ata†coll≥ction†protocols†w≥r≥†≤≥vis≥≤,†‘scan†mo≤≥’†wh≥r≥†th≥†b≥am†scans†ov≥r†th≥†
w≥lls†pix≥l†by†pix≥l†(r≥fl≥cting†in†c≥llulo/plat≥/colony†assays),†an≤†‘kin≥tic†mo≤≥’†wh≥r≥†th≥†b≥am†is†
≤ir≥ct≥≤†bri≥fly†only†into†th≥†c≥ntr≥†of†≥ach†w≥ll†(r≥fl≥cting†HTS†or†stan≤ar≤†in†vitro†us≥).†Th≥s≥†w≥r≥†
also†thought†to†hav≥†≤iff≥r≥nt†pot≥ntial†for†quantitativ≥†r≥liability†(s≥ctions†III.3.2.2†–†III.3.2.3).†
Spatially-≤≥p≥n≤≥nt†≥vaporation†of†th≥†t≥st†solutions†was†count≥r≥≤†by†scatt≥ring†≥ach†≤ata†s≥ri≥s†ov≥r†
th≥†w≥llplat≥†(Figur≥†III.11)†an≤†by†topping†up†th≥†solution†l≥v≥ls†ov≥r†th≥†10-20†h†assay†tim≥s;†signal†
crosstalk†from†n≥ighbouring†w≥lls†was†avoi≤≥≤†by†surroun≤ing†≥ach†activ≥†w≥ll†with†wat≥r-only†w≥lls.†
Th≥†choic≥†of†w≥llplat≥s†was†critical†for†assay†succ≥ss†(s≥≥†Figur≥†III.10),†an≤†was†≤iff≥r≥nt†for†scan†
an≤††kin≥tic††mo≤≥s.†Substrat≥††stocks††w≥r≥††car≥fully††pr≥par≥≤††from††chromatograph≥≤††sampl≥s,††with†
minimum†tim≥†b≥tw≥≥n†pr≥paration†an≤†us≥†to†avoi≤†pr≥-spiking††which††has††b≥≥n††an††unr≥alis≥≤†
probl≥m†in†th≥†group’s†pr≥vious†work†(s≥ction†III.3.5.1).†Th≥†tim≥†b≥tw≥≥n†≥nzym≥†a≤≤ition†an≤†th≥†
first†acquisition†was†controll≥≤†an≤†minimis≥≤.†A†minimum†of†fiv≥†r≥plicat≥s†w≥r≥†us≥≤†p≥r†≤ata†s≥t.†

5.1.3.†Data†proc≥ssing†
I†wrot≥†a†multist≥p†con≤itional†≤ata†proc≥ssing†algorithm†to†≥nsur≥†coh≥rant†an≤†obj≥ctiv≥†tr≥atm≥nt†
an≤†r≥porting†of†th≥†≤ata.†Although†this†is†a†stan≤ar≤†proc≥≤ur≥†in†signal†proc≥ssing†in†
physics/≥ngin≥≥ring,††I††hav≥††not††foun≤††it††appli≥≤†≥xplicitly†to†prob≥†r≥ports†in†aca≤≥mia†(p≥rhaps†
b≥caus≥†th≥y†r≥mov≥†th≥†possibility†r≥porting†th≥†b≥st†f≥atur≥s†cas≥-by-cas≥).†Th≥†fiv≥†st≥ps†w≥r≥†(1)†
r≥≤uction††of††syst≥mic††variations††≤u≥††to††≤≥t≥ctor††≤rift,††(2)††r≥moval††of††backgroun≤††≤u≥††to††scatt≥ring†
from†th≥†w≥llplat≥†(not†from†control†solutions†containing†anything†oth≥r†than†pur≥†wat≥r),†(3)†r≥moval†
of†outli≥r†≤ata†points,†which†was†a†significant†probl≥m†≥sp≥cially†at†high†signal†valu≥s,†(4)†s≥l≥ction†of†
harmonious†s≥ts†of†at†l≥ast†thr≥≥†of†th≥†r≥plicat≥s†to†≤≥fin≥†a†≤ata†s≥t,†(5)†av≥raging†th≥†r≥plicat≥s†to†
yi≥l≤†fluor≥sc≥nc≥†signal†ov≥r†tim≥†≤ata,†F(t),†for†≥ach†prob≥†conc≥ntration†in†that†run†(s≥ctions†
III.3.2.5†–†III.3.2.6).†

5.2.†R≥sults†
I†p≥rform≥≤†mor≥†than†120†hours††of††≥nzym≥††t≥st††acquisitions,††optimising††my††sampl≥††pr≥paration†
m≥tho≤s,†≥xp≥rim≥ntal†tim≥,†an≤†confirming†my†r≥sults†by†r≥p≥tition.†I†hav≥†s≥l≥ct≥≤†two†kin≥tic†runs†
(run†1:†1a†an≤†1b;†run†2:†1b†an≤†15a)†an≤†on≥†scanning†run†(run†3:†1a†an≤†1b)†as†th≥†only†runs†for†
num≥rical†analysis†h≥r≥,†although†r≥sults†from†oth≥r†runs†ar≥†≤≥pict≥≤†wh≥r≥†conv≥ni≥nt.†Th≥†r≥sults†
from†th≥†pot≥ntial†ps≥u≤omonas†prob≥s†ar≥†curr≥ntly†confi≤≥ntial†an≤†cannot†b≥†giv≥n†h≥r≥.†

5.2.1.†Visual†r≥sults†(photographs†an≤†scanning†t≥st†imag≥)†
A†s≥qu≥nc≥†of†photographs†tak≥n†with†a†p≥rsonal†≤igital†cam≥ra†(Canon†IXUS†110)†of†th≥†activation†
of†prob≥†1a†by†l≥ucin≥†aminop≥pti≤as≥†(LAP)†≥nzym≥†in†pH~7.5†buff≥r†at†RT†is†shown†in†Figur≥†I.27.†
Th≥†top†l≥ft†pan≥l†is†a†bright-fi≥l≤†imag≥,†all†oth≥r†imag≥s†ar≥†obtain≥≤†from†visibl≥-sp≥ctrum†
fluor≥sc≥nc≥†un≤≥r†365†nm†irra≤iation.†Th≥†≥volution†of†th≥†fluor≥sc≥nc≥†signal†with†≥nzym≥†
activation†can†b≥†s≥≥n†(vials†2††an≤†3†),†as†w≥ll†as†th≥†abs≥nc≥†of†spontan≥ous†signal†g≥n≥ration†(oth≥r†
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vials).†Only†aft≥r†aroun≤†3†w≥≥ks††at††2†mM†conc≥ntration†≤i≤†prob≥†1a†start†to†form†a†fluor≥sc≥nt†
pr≥cipitat≥,†which††giv≥s†an†in≤ication†of†th≥†tim≥scal≥†n≥≥≤≥≤,†≥v≥n†at†this†high†conc≥ntration,†for†
spontan≥ous†hy≤rolysis†to†b≥†≤≥t≥ctabl≥.†

†
Figur≥†I.27†–†(l≥ft):†Enzymatic†activation†of†prob≥†1a†by†LAP.†A†fluor≥sc≥nc≥†signal†app≥ars†ov≥r†tim≥†wh≥n†th≥†prob≥†
is†activat≥≤†by†LAP†(vials†2††an≤†3†),†but†z≥ro†fluor≥sc≥nc≥†signal†is†s≥≥n†in†th≥†abs≥nc≥†of†≥nzymatic†activation†(oth≥r†
vials).†A†blu≥-fluor≥sc≥nt†mark≥r†is†occasionally†visibl≥†at†th≥†right†of†th≥†wi≤≥r†imag≥s†an≤†giv≥s†a†rough†in≤ication†of†
a†constant†l≥v≥l†of†fluor≥sc≥nc≥†for†normalisation†of†th≥†imag≥s’†int≥nsiti≥s.†(right):†Aft≥r†thr≥≥†w≥≥ks†at†RT†wh≥n†

conc≥ntrat≥≤†to†2000†εεM,†prob≥†1a†show≥≤†th≥†pr≥cipitation†of†som≥†tiny†crystals†of†HPQ.†
Figur≥†I.28†shows†a†≤≥tail†of†a†gr≥yscal≥†fluor≥sc≥nc≥†imag≥†(≤ark=no†signal)†of†a†microplat≥†from†a†
typical†scanning-mo≤≥†t≥st†of†compoun≤†1a†(aft≥r†40†h†incubation).†Th≥†thr≥≥†s≥ri≥s†of†activ≥†w≥lls†
(≤iff≥r≥nt†conc≥ntrations††of†1a,††with††fix≥≤††conc≥ntration†of†LAP)†illustrat≥†th≥†r≥lationship†b≥tw≥≥n†
th≥†obs≥rv≥≤†signal†an≤†th≥†initial†prob≥†conc≥ntration:†w≥lls†with†209†εM†(B2,†D4,†F6,†H8)†show†
mor≥†signal†than†with†80†εM†(B8,†D2,†F4,†H6),†or†21†εM†(B6,†D8,†F2,†H4).†Th≥†oth≥r†w≥lls†ar≥†
controls,††≥ith≥r††containing††≤istill≥≤††wat≥r††for††signal††backgroun≤††m≥asur≥m≥nt††(B4),††or††no-≥nzym≥†
controls†(i.≥.†with†prob≥†1†but†without†≥nzym≥:†H2†at†209†εM;†D6†an≤†F8†at†80†εM).†

†
Figur≥†I.28†-†D≥tail†of†a†scanning†mo≤≥†fluor≥sc≥nc≥†imag≥†of†a†microplat≥,†tak≥n†aft≥r†40†h†incubation†of†prob≥†1a.†
Th≥†prob≥†is†robust†(th≥r≥†is†no†fals≥†positiv≥†fluor≥sc≥nc≥†signal†arising†from†spontan≥ous†hy≤rolysis†
of†th≥†carbamat≥†linkag≥)†an≤†in†its†pro-fluor≥sc≥nt†stat≥†is†truly†‘off’†(th≥†unactivat≥≤†prob≥†w≥lls†ar≥†
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in≤istinguishabl≥†from†th≥†no-substrat≥†control†≥v≥n†aft≥r†40†h).†Not≥†too†th≥†≤istribution†of†w≥lls†to†
combat†≥vaporativ≥†≥ff≥cts†an≤†signal†crosstalk†(s≥≥†s≥ction†III.3.2.3).†

5.2.2.†Kin≥tic†r≥sults†
D≥scription:†Aft≥r†a†c≥rtain†≤≥lay†tim≥†(signal†ons≥t†tim≥),†all†th≥†prob≥s†b≥gan†to†g≥n≥rat≥†≥nzymatic†
fluor≥sc≥nc≥†signal;†th≥†high≥r†th≥†prob≥†conc≥ntration,†th≥†short≥r†was†th≥†≤≥lay†tim≥.†Th≥n†th≥†
fluor≥sc≥nc≥†signal†valu≥s†ros≥†rapi≤ly†to†plat≥au†l≥v≥ls†(plat≥au†tim≥).†As†≥xp≥ct≥≤,†th≥†ris≥†was†mor≥†
rapi≤†th≥†high≥r†was†th≥†initial†prob≥†conc≥ntration†(Figur≥†I.29;†not≥†that†th≥†obs≥rv≥≤†signals†ar≥†not†
t≥n-fol≤-†or†tw≥nty-fol≤-≥nhanc≥≤,†but†incr≥as≥†by†up†to†thr≥≥†or≤≥rs†of†magnitu≤≥,†in≤icating†gr≥at†
pot≥ntial†s≥nsitivity).†Similar†obs≥rvations†w≥r≥†s≥≥n†for†both†scan†mo≤≥†an≤†kin≥tic†mo≤≥.†
Spac≥r†kin≥tics:†I†int≥rpr≥t≥≤†th≥†rapi≤†ris≥†to†th≥†plat≥aux†as†r≥fl≥cting†goo≤†≥nzymatic††proc≥ssing†
≥v≥n†at†low†substrat≥†conc≥ntrations†(as†th≥†prob≥†was†≤≥pl≥t≥≤).†This†in≤icat≥s†a†satisfactorily†low†
KM,†an≤†pr≥≤icts†a†prob≥†which†may†th≥r≥for≥†b≥†comp≥titiv≥ly†proc≥ss≥≤†≥v≥n†in†th≥†pr≥s≥nc≥†of†
nativ≥†substrat≥†(in†vivo†aim),†which†was†on≥†crucial†factor†in†th≥†≤≥sign†of†th≥s≥†low-st≥ric-≤≥man≤†
spac≥rs.†Both†signal†ons≥t†an≤†plat≥au†tim≥s†w≥r≥†short≥r†for†spac≥r†22†than†21,†which†I†int≥rpr≥t≥≤†as†
in≤icating†both†b≥tt≥r†ov≥rall†substrat≥†proc≥ssing†an≤†fast≥r†subs≥qu≥nt††cyclisation††rat≥††for††th≥†22-
bas≥≤†prob≥s;†I†lat≥r†att≥mpt≥≤†to†≤≥convolut≥†th≥†kin≥tics†of†th≥s≥†proc≥ss≥s†to†support†an≤†quantify†
this†conclusion†(s≥≥†s≥ction†I.5.5).†Importantly,†comparing†th≥†absolut≥†signal†from†1a†an≤†1b†assay≥≤†
un≤≥r†i≤≥ntical†con≤itions,†th≥†plat≥au†valu≥s†r≥ach≥≤†w≥r≥†i≤≥ntical;†I†int≥rpr≥t≥≤†this†r≥sult†to†m≥an†
that†(a)†both†prob≥s†w≥r≥†~100%†proc≥ss≥≤.†Furth≥rmor≥†th≥†forms†of†th≥†curv≥s†w≥r≥†similar†(simpl≥†
sigmoi≤†shap≥);†as†1a†has†≤iast≥r≥oisom≥rs†(bas≥≤†on†th≥†spac≥r†≥nantiom≥r)†but†1b†≤o≥s†not,†I†
conclu≤≥≤†that†(b)†for†n≥ith≥r†st≥r≥oisom≥r†of†spac≥r†1a†was†≥nzymatic†r≥cognition/proc≥ssing†a†rat≥†
limiting†factor†in†signal†g≥n≥ration†by†this†mo≤≥l†≥nzym≥.†
Fluorophor≥†choic≥:†Th≥†plat≥au†signals†≤i≤†not†≤iminish†in†int≥nsity†≤≥spit≥†long†irra≤iation,†
r≥fl≥cting†th≥†≥xp≥ct≥≤†n≥ar-total†r≥sistanc≥†to†photobl≥aching†by†th≥†pr≥cipitat≥≤†fluorophor≥s.†Both†
signal†ons≥t†an≤†plat≥au†tim≥s†w≥r≥†short≥r†for†fluorophor≥†≤iClHPQ†than†HPQ,†which†I†int≥rpr≥t≥≤†
as†r≥fl≥cting†th≥†low≥r†solubility†of†≤iClHPQ;†this†int≥rpr≥tation†was†lat≥r†support≥≤†by†calculations†
of†both†KS†valu≥s†an≤†by†confirmation†that†spontan≥ous†hy≤rolysis†was†not†a†rat≥-≤≥t≥rmining†factor†
in†signal†g≥n≥ration.†Not≥†that†to†≥nabl≥†int≥rcomparison†of†th≥†r≥sults†b≥tw≥≥n†th≥†prob≥s†with†
≤iff≥r≥nt†fluorophor≥s†us≥≤†in†two†≤iff≥r≥nt†runs,†th≥†signals†FX(t)†on†Figur≥†I.29†hav≥†≥ach†b≥≥n†
≤ivi≤≥≤†by†th≥†plat≥au†signal†for†th≥ir†fluorophor≥†from†incubation†with†100†μM††prob≥,††which†
approximat≥ly†normalis≥s†th≥ir†int≥nsity.†
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Figur≥†I.29†–†G≥n≥ral†r≥sults†from†kin≥tic†t≥sts†with†≤iff≥r≥nt†conc≥ntrations†of†th≥†prob≥s,†in≤icat≥≤†in†μM.†Not≥†th≥†

logarithmic†v≥rtical†axis†an≤†th≥†br≥ak†in†th≥†horizontal†axis.††
Prob≥†Stability:†To†≥nsur≥†th≥†prob≥s†w≥r≥†hy≤rolytically†stabl≥†ov≥r†th≥†lif≥tim≥†of†th≥†≥xp≥rim≥nts,†
high†conc≥ntrations†of†prob≥†w≥r≥†monitor≥≤†in†th≥†abs≥nc≥†of†≥nzym≥†to†control†for†spontan≥ous†
signal†g≥n≥ration.†Visually,†th≥†r≥sults†w≥r≥†pl≥asing:†n≥ith≥r†1a†nor†1b†gav≥†any†m≥asurabl≥†signal†
whatso≥v≥r†≥v≥n†at†209†μM,††ov≥r††40†h.†By†contrast,†≤ichlorinat≥≤†15a†at†100†μM††b≥gins††to††giv≥††a†
signal†≤u≥†to†spontan≥ous†hy≤rolysis†aft≥r†about†9†hours†(Figur≥†I.30).†Importantly†for†lat≥r†analysis,†
th≥†100†μM†controls†for†run†1†w≥r≥†pr≥par≥≤†by†≤ilution†of†44†μL†of†substrat≥†stock,†an≤†thos≥†for†run†
2†by†≤ilution†of†25†μL,†to†a†final†volum≥†of†100†μL.†

†
Figur≥†I.30†–†prob≥†stabiliti≥s†w≥r≥†high†ov≥r†th≥†lif≥tim≥†of†th≥†lif≥tim≥†of†th≥†≥xp≥rim≥nt;†th≥†hy≤rolysis†signal†s≥≥n†
for†15a†cor≥spon≤s†to†a†halflif≥†of†15†≤ays.†Data†tak≥n†from†kin≥tic†≥xp≥rim≥nts.†Not≥†th≥†br≥ak†in†th≥†v≥rtical†axis,†
which†is†r≥scal≥≤†by†5-fol≤†aft≥r†th≥†br≥ak.†Not≥†too†th≥†variations†in†signal†at†th≥†start†of†th≥†≥xp≥rim≥nt†as†th≥†
syst≥m†stabilis≥≤†(signals†from†run†2†≤≥cr≥as≥),†wh≥r≥as†in†run†1,†pr≥-stabilisation†ha≤†b≥≥n†p≥rform≥≤†(no†chang≥).†
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Th≥s≥†obs≥rvations†shoul≤†firstly†b≥†qualitativ≥ly†compar≥≤†with†th≥†group’s†pr≥vious,†nonchlorinat≥≤-
HPQ†p≥pti≤as≥†prob≥†structur≥s†34a†an≤†34b††(Figur≥†I.31)†which†at†only†38†μM,††w≥r≥††r≥port≥≤††to†
b≥gin†spontan≥ously†g≥n≥rating†signal†aft≥r†30†min†(though,†s≥≥†analys≥s†in†s≥ction†I.5.6.1†an≤†
≥sp≥cially†s≥ction†III.3.5.1).[73]†How≥v≥r,†th≥†abs≥nc≥†of†obs≥rvabl≥†spontan≥ous†signal†g≥n≥ration†for†
1a†an≤†1b†is†not†to†say†spontan≥ous†hy≤rolysis†was†z≥ro,†but†rath≥r†that†th≥†l≥v≥l†of†spontan≥ously†
hy≤rolys≥≤†prob≥†≤i≤†not†r≥ach†th≥†fluorophor≥†solubility†limit†≤uring†this†tim≥.†For†≥xampl≥,†wh≥n†a†
solution†of†2000†μM†prob≥†1a†was†l≥ft†to†stan≤†in†buff≥r,†aft≥r†3†w≥≥ks†a†fluor≥sc≥nt†pr≥cipitat≥†ha≤†
just†b≥gun†to†form.†Dichlorinat≥≤†15a’s†low≥r†hy≤rolytic†stability†than†1a†an≤†1b†was††≥xp≥ct≥≤†
(similar†≥ff≥cts†hav≥†b≥≥n†s≥≥n†for†oth≥r†≥l≥ctron-with≤rawn†chlorinat≥≤†fluorophor≥s[30])†but†≥v≥n†so,†
it†compar≥s†v≥ry†favourably†with†th≥†group’s†pr≥vious†≥fforts†with†th≥†l≥ss†with≤rawn†fluorophor≥.†
Furth≥rmor≥,†in†absolut≥†t≥rms,†th≥†spontan≥ous††hy≤rolysis††signal††at††th≥††≥n≤††of††th≥††≥xp≥rim≥nt††with†
15a†is†4×105†RFU†(16†h),†wh≥r≥as†its†≥nzymatic†r≥action†plat≥aus†at†2.5×107†RFU†aft≥r†only†40†min†
(Figur≥†I.29):†no†confusion†b≥tw≥≥n†th≥†≥nzymatic†an≤†non-≥nzymatic†sc≥narios†is†possibl≥.†

†
Figur≥†I.31†–†Prior†art†prob≥s†in†th≥†group:†34a†an≤†34b;†th≥†labil≥†acyloxym≥thyl†group†is†highlight≥≤†

As†an†asi≤≥,†th≥†fluor≥sc≥nc≥†signal†from†th≥†no-≥nzym≥†control†of†1b†was,†pl≥asingly,†conc≥ntration-
in≤≥p≥n≤≥nt:†it†was†i≤≥ntical†for†10†an≤†100†μM††conc≥ntrations.††Th≥††corr≥spon≤ing††signals††for†1a†
w≥r≥†fiv≥†tim≥s†high≥r†for†its†100†εM†control†than†for†its†10†εM†control,†or††≥quival≥ntly,††t≥n††tim≥s†
high≥r†than†th≥†comparabl≥†control†1b†from†th≥†sam≥†run†(Figur≥†I.30,†run†1).†On≥†possibl≥†
≥xplanation,†is†that†th≥†prob≥†count≥rion†of†1a†us≥≤†in†this†run†was†p-TsO-,†whil≥†th≥†TFA†count≥rion†
was†us≥≤†for†1b.†I†obs≥rv≥≤†in†th≥†soli≤†stat≥†that†th≥†p-TsOH†salt†of†1a†gav≥†a†far†strong≥r†(y≥t†strictly†
blu≥)†fluor≥sc≥nc≥†than†its†TFA†salt,†an≤†I†attribut≥≤†this†fluor≥sc≥nc≥†to†th≥†p-TsO-†count≥rion.†I†
th≥r≥for≥†consi≤≥r≥≤†that†th≥†tosylat≥†may†hav≥†r≥tain≥≤†som≥†of†its†fluor≥sc≥nc≥†activity†in†solution,†
l≥a≤ing†to†th≥†obs≥rv≥≤†incr≥as≥†in†th≥†solution-stat≥†fluor≥sc≥nc≥†with†its†incr≥asing†conc≥ntration.†
Not≥††how≥v≥r††th≥††≥xtr≥m≥ly††low††absolut≥††valu≥s††of††th≥††no-≥nzym≥†control†w≥lls’†fluor≥sc≥nc≥,†an≤†
crucially,†th≥†fact†that†th≥ir†signals†≤o†not†incr≥as≥†ov≥r†tim≥.††
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5.2.3.†Scanning†mo≤≥†or†kin≥tic†mo≤≥?†
Although†much†car≥†was†tak≥n†to†≤≥sign†th≥†scanning†mo≤≥†(cf.†s≥ction†III.3.2.3),†aft≥r†≤ata†tr≥atm≥nt†
it†≤i≤†not†app≥ar†to†giv≥†substantially†mor≥†r≥liabl≥,†mor≥†s≥nsitiv≥,†or†mor≥†quantitativ≥†≤ata†than†th≥†
kin≥tic†mo≤≥,†which†was†far†≥asi≥r†to†impl≥m≥nt†an≤†also†gav≥†≤ata†which†w≥r≥†b≥tt≥r†suit≥≤†to†kin≥tic†
param≥t≥r†≤≥t≥rmination†(mor≥†≤ata†points†p≥r†unit†tim≥;†s≥≥†for†≥xampl≥†Figur≥†I.32).††

†
Figur≥†I.32†–†For†HPQ-prob≥†1a,†th≥†low≥st†t≥st≥≤†prob≥†conc≥ntration†that†r≥sult≥≤†in†signal†≤≥t≥ction†was†10†μM,†
an≤†this†r≥quir≥≤†aroun≤†six†hours’†incubation†to†b≥†s≥≥n;†5†μM†prob≥†w≥lls†n≥v≥r†gav≥†signal†(conc≥ntration†b≥low†
KS).†Pl≥asingly,†th≥†no-≥nzym≥†control†of†th≥†100†μM†prob≥†was†in≤istinguishabl≥†from†th≥†no-signal†w≥lls†(≤ata†shown†ar≥†from†run†3).†All†th≥s≥†signal†curv≥s†r≥pro≤uc≥≤†th≥†b≥haviour†s≥≥n†for†th≥†scanning†mo≤≥†t≥sts,†so†th≥†

kin≥tic†mo≤≥†was†th≥†only†on≥†≥xamin≥≤†furth≥r.†
I†th≥r≥for≥†r≥strict≥≤†my†analys≥s†mainly†to†th≥†kin≥tic†mo≤≥†m≥asur≥m≥nts,†although†I†will†show†that†
both†mo≤≥s†giv≥†≥quival≥nt†r≥sults,†so†th≥†m≥tho≤†I†≤≥v≥lop≥≤†coul≤†b≥†us≥≤†≥qually††w≥ll††for††both†
≤≥sir≥≤†assays†(cf.†kin≥tic↔High-Throughput†Scr≥≥ning,†scanning↔Colony†Assay;†s≥ction†I.5.1).†

5.3.†Enzym≥†t≥st†analys≥s:†st≥a≤y-stat≥†param≥t≥rs†
To†r≥liably†compar≥†th≥†prob≥†p≥rformanc≥†accurat≥ly†with†oth≥r†lit≥ratur≥†≤ata,†som≥†rath≥r†non-
obvious†analys≥s†must†b≥†ma≤≥.†Th≥r≥†ar≥†two†≤istinct†ways†that†≤ata†must†b≥†analys≥≤:†(1)†“st≥a≤y-
stat≥†param≥t≥rs”†ar≥†≤≥t≥rmin≥≤†ov≥r†long†tim≥s†an≤†with†no†tim≥-≤≥p≥n≤≥nc≥†≥rrors,†an≤†inclu≤≥†
hy≤rolytic†stabiliti≥s†an≤†signal-to-control†ratios;††(2)††kin≥tic††param≥t≥rs††ar≥†≤≥t≥rmin≥≤†ov≥r†short†
tim≥s†an≤†with†r≥lativ≥ly†larg≥†tim≥-≤≥p≥n≤≥nt†≥rrors,†inclu≤ing†th≥†Micha≥lis-M≥nt≥n†constants†for†
th≥†≥nzymatic†proc≥ssing†of†th≥†substrat≥-spac≥r†pairs,†an≤†th≥†halfliv≥s†of†cyclisation†of†th≥†spac≥r-
fluorophor≥†pairs.†Th≥s≥†two†analysis†mo≤≥s†ar≥†pr≥s≥nt≥≤†in†s≥parat≥†s≥ctions;†th≥†low≥r-≥rror†st≥a≤y-
stat≥†param≥t≥rs†ar≥†calculat≥≤†first.†

5.3.1.†Calculation†of†solubility†constants†KS†
Th≥†solubility†thr≥shol≤s†KS†of†both†HPQ†an≤†≤iClHPQ†n≥≥≤†to†b≥†consi≤≥r≥≤†wh≥n†corr≥lating†an†
obs≥rv≥≤††signal††with††a††proc≥ss≥≤††prob≥††conc≥ntration,††b≥caus≥††th≥††quantity††KS†is†always†‘missing’†
from†th≥†signal-g≥n≥rating†pr≥cipitat≥†(cf.†th≥†consist≥nt†≤isplay†of†a†lag†tim≥†b≥for≥†signal†g≥n≥ration†
is†obs≥rv≥≤†in†th≥†kin≥tic†≥xp≥rim≥nts:†s≥≥†Figur≥†I.29).†N≥ith≥r†fluorophor≥†ha≤†a†r≥port≥≤†solubility†
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constant†I†coul≤†≤ir≥ctly†us≥†in†th≥s≥†≥nzymatic†t≥sts,†although†th≥†solubility†of†≤iClHPQ†was†
in≤icat≥≤†at†“aroun≤†1-5†μM”,[17]†an≤†it†was†thought†to†b≥†mor≥†insolubl≥†than†HPQ.†
Both†ph≥nols’†solubiliti≥s†ar≥†pH-≤≥p≥n≤≥nt††≤u≥††to††≤≥protonation,††an≤††at††th≥††tim≥††w≥††≤i≤††not††know†
how†strong†th≥†≤≥p≥n≤≥ncy†woul≤†b≥.†Th≥r≥for≥†I†t≥st≥≤†prob≥†p≥rformanc≥†in†≤iff≥r≥nt†buff≥r†pH†
(6.7-8.3)†to†≥xamin≥†if†that†woul≤†hav≥†solubility†≥ff≥cts.†I†also†≥xamin≥≤†≤iff≥r≥nt†buff≥rs†(Tris,†Tris†
+†EDTA,†Tris†+†NaCl)†to†s≥≥†mainly†if†th≥y†woul≤†aff≥ct†nucl≥ation†or†≥nzym≥†activity.†No†significant†
≤iff≥r≥nc≥s†w≥r≥†s≥≥n†in†≥ith≥r†s≥ts†of†r≥sults,†so†I†r≥tain≥≤†th≥†pH~7.5,†Tris+NaCl†buff≥r†for†all†
subs≥qu≥nt†work.†
Th≥r≥†w≥r≥†thr≥≥†m≥tho≤s†I†us≥≤†to†calculat≥†KS:†≥xtrapolation,†an≤†plat≥au†fitting†(both†st≥a≤y-stat≥†
m≥tho≤s),†an≤††initial††v≥locity††(kin≥tic††m≥asur≥).††Th≥s≥††m≥tho≤s††ar≥††≤≥tail≥≤††in††s≥ction††III.3.3.1;†th≥†
≥n≤†r≥sults†I†s≥l≥ct≥≤†w≥r≥†KS(≤iClHPQ)†=†1.5†μM†an≤†KS(HPQ)†=†7†μM,†bas≥≤†on†th≥†mor≥†r≥liabl≥†
st≥a≤y-stat≥†m≥tho≤s.†

5.3.2.†Spontan≥ous†hy≤rolysis†halfliv≥s†
As†intro≤uc≥≤†in†s≥ction†III.3.3.1,†for†15a,†th≥†hy≤rolysis†calculation†was†r≥lativ≥ly†≥asy,†consi≤≥ring†
th≥†strongly†lin≥ar†spontan≥ous†hy≤rolysis†r≥gim≥†(R2=0.9977†ov≥r†>6†hours;†Figur≥†I.30),†an≤†
r≥turn≥≤†τ(15a)=567†hours†(24†≤ays).†
As†no†spontan≥ous†hy≤rolysis†was†obs≥rv≥≤†in†≥ith≥r†1a†or†1b,†I†inst≥a≤†calculat≥≤†thoroughly†r≥liabl≥†
minimum†halfliv≥s†bas≥≤†on†assuming†th≥†app≥aranc≥†of†signal†just†aft≥r†th≥†≥n≤†of†th≥†long≥st†
≥xp≥rim≥nt,††which††gav≥†τ(1a),††τ(1b)>†427†h.†How≥v≥r,†bas≥≤†on†mor≥†a≤†hoc†≥xp≥rim≥nts††ch≥ck≥≤†
≥v≥ry†f≥w†≤ays†ov≥r†thr≥≥†w≥≥ks,†I†≤≥riv≥≤†a†mor≥†r≥asonabl≥†≥stimat≥†for†th≥†hy≤rolysis†halflif≥†as†
τ(1a|1b)≈4151†≤ays.†Th≥s≥†calculations†ar≥†≤≥tail≥≤†in†s≥ction†III.3.3.2.†
Knowing†th≥†hy≤rolysis†halfliv≥s,†th≥†pr≥cipitating†≤≥sign†now†p≥rmits†us†to†conclu≤≥†r≥liably†wh≥th≥r†
any††small††obs≥rv≥≤†r≥a≤ings†ar≥†≤u≥†to†spontan≥ous††hy≤rolysis,††or†not†(≥g.†machin≥†nois≥,†≤≥t≥ctor†
≤rift).†To†≤o†so,†choos≥†thr≥≥†≤istinct†tim≥†points,†th≥n†knowing†th≥†solubility†thr≥shol≤,†calculat≥†th≥†
conc≥ntration†that†woul≤†hav≥†to†hav≥†b≥≥n†hy≤rolys≥≤†at†≥ach†tim≥point†to†g≥n≥rat≥†th≥†obs≥rv≥≤†
signal†(r≥lativ≥†to†z≥ro),†an≤†s≥≥†if†th≥†chang≥†in†conc≥ntration†can†coh≥rantly†cor≥spon≤†to†
spontan≥ous†hy≤rolysis.†For†≥xampl≥,†tak≥†Figur≥†III.15†an≤†≥xamin≥†th≥†incr≥asing†valu≥s†of†F(t)†for†
th≥†209†μM†stability†t≥st†(no†≥nzym≥).†Th≥†last†thr≥≥†F(t)†valu≥s†ar≥†54(210†min),†112(430†min),†an≤†
228(1260†min),†implying†possibl≥†hy≤rolys≥≤†conc≥ntrations†of†(KS+0.02),†(KS+0.04),†(KS+0.08)†μM†
r≥sp≥ctiv≥ly.†But†as†th≥†solutions†w≥r≥†confirm≥≤†not†to†b≥†pr≥-spik≥≤†(s≥≥†sampl≥†pr≥paration),†th≥n†
knowing††KS=7†μM,††this††prov≥s††that††th≥††caus≥††of†such†appar≥nt†signal†incr≥as≥†cannot†b≥†slow†
spontan≥ous††prob≥†hy≤rolysis,†but†impli≥s†that†it†is†probably†≤u≥†to†≤rift†in†th≥†machin≥†(or†
accumulation†of†≤ust,†or†oth≥r†non-prob≥-r≥lat≥≤†≥ff≥cts).†
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5.3.3.†Prob≥†s≥nsitivity:†signal-to-control†ratios†at†plat≥au†
Th≥†spac≥r†≤≥sign†≥nsuring†rapi≤†≥nzymatic†proc≥ssing†an≤†fluorophor≥†r≥l≥as≥†by†cyclisation,†plus†
th≥†us≥†of†a†brightly†fluor≥sc≥nt†pr≥cipitating†fluorophor≥†with†larg≥†inh≥r≥nt†signal-to-backgroun≤†in†
an†off-ON†mo≤≥†prob≥,†≥nsur≥≤†th≥†rapi≤†g≥n≥ration†of†a†larg≥,†photostabl≥†signal.†Uniting†this†larg≥†
an≤†photostabl≥†signal†with†th≥†prob≥s’†hy≤rolytic†stability,†th≥†pr≥cipitating†off-ON†mo≤≥,†an≤†th≥†
small††inh≥r≥nt††backgroun≤††≤u≥††to††th≥††prob≥s’††larg≥††ΔStok≥s,††I††will††now††≥xamin≥††th≥†outstan≤ing†
signal-to-control†ratios†≤≥liv≥r≥≤†by†th≥†prob≥s.†
Th≥†obs≥rv≥≤†signals†w≥r≥†qualitativ≥ly†larg≥†r≥lativ≥†to†th≥†backgroun≤†(Figur≥†I.29),†≤u≥†to†th≥†us≥†
of†an†off-ON†prob≥†with†larg≥†Stok≥s†shift†an≤†≥mission†yi≥l≤,†so†coul≤†≥asily†b≥†≤istinguish≥≤.†Th≥†
fluorophor≥’s†photostability†(plat≥au†signals†≤o†not†≤≥cr≥as≥†ov≥r†tim≥),†th≥n†≥nabl≥≤†a†coh≥rant†
corr≥lation†of†th≥†signals†at†th≥†plat≥aux†of†fluor≥sc≥nc≥†with†th≥†maximum†possibl≥†signal†from†thos≥†
w≥lls.†Not≥†that†if†photobl≥aching†ha≤†aff≥ct≥≤†th≥†fluorophor≥,†th≥r≥†woul≤†b≥†no†plat≥au†sinc≥†both†
th≥†CPPT†an≤†th≥†r≥sulting†signal-to-control†ratios†woul≤†b≥†tim≥-≤≥p≥n≤≥nt†an≤†continuously†
≤iminishing.†

S≥ction†III.3.3.3†≤≥tails†th≥†analysis†of†th≥†obs≥rv≥≤†signal†plat≥aux,†plus††≥xt≥nsiv≥††consi≤≥ration††of†
th≥†physical†r≥asonabl≥n≥ss†of†≤≥t≥rmining†plat≥au†valu≥s†at†all;†abbr≥viat≥≤†r≥sults†an≤†≤iscussion†ar≥†
pr≥s≥nt≥≤†h≥r≥.†

Aft≥r†≤ata†proc≥ssing,†both††scan††an≤††kin≥tic††mo≤≥s††cl≥arly††show≥≤††hug≥††s≥nsitivity††for††th≥††≥nzym≥-
activ≥†w≥lls,†an≤†no†fals≥†positiv≥†signals†for†th≥†no-≥nzym≥†controls†or†th≥†prob≥s†with†conc≥ntration†
l≥ss†than†KS,†for†prob≥s†1a†an≤†1b.†As†shown†in†Figur≥†I.30,†th≥†100†μM†no-≥nzym≥†control†of†15a†
gav≥†a†signal†≤u≥†to†spontan≥ous†hy≤rolysis†aft≥r††8†hours,†but†≥v≥n†so,†s≥nsitivity†was†v≥ry†high.†
R≥pr≥s≥ntativ≥†r≥sults†ar≥†pr≥s≥nt≥≤†in†Tabl≥†I.1†(kin≥tic†mo≤≥,†all†prob≥s).†R≥call†that†proc≥ssing†raw†
≤ata†A(t)†into†F(t)†involv≥s†not†only†outli≥r†r≥moval†but†s≥ri≥s†consist≥ncy†ch≥cking,†which†≥xplains†
small†variations†in†tr≥n≤s†b≥tw≥≥n†th≥†two.†Th≥†v≥ry†high†signal-to-control†ratios†calculat≥≤†for†th≥†
plat≥au≤†signals†(≥g†3000:1),†an≤†≥v≥n†for†signals†that†w≥r≥†not†y≥t†plat≥au≤,†in≤icat≥s†th≥†≥xtr≥m≥ly†
high†s≥nsitivity†of†th≥s≥†prob≥s†as†a†practical†syst≥m†for†≤≥t≥cting†aminop≥pti≤as≥†activity.†
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Kin≥tic†mo≤≥,†11†h† APLAT†(×105†RFU)†
FPLAT†(×103†RFU)†

FPLAT/FNoEnz†(Signal/Control),†
no†t0†subtract†

Signal†/†
Control,†t0†subtract†

Comm≥nt†

RUN†1†(660†min):† † † † † †
Distill≥≤†wat≥r† 3.4† (0)† -† -† -†
Enzym≥†without†prob≥† 3.4† 0.8† -† -† -†
1a,†378†μM† 362† 37517† 728† 7441† -†
1b,†100†μM† 112† 8661† 1467† ∞∞† -†
1a,†100†μM† 101† 9711† 618† 5712† -†
1b,†59†μM† 80† 5631† 954† ∞∞† -†
1a,†59†μM† 55† 3861† 371† 3976† -†
1b,†32†μM† 38† 3749† 635† ∞∞† -†
1a,†32†μM† 30† 2951† 427† 6009† -†
1b,†18†μM† 13† 605† 101† ∞∞† no†plat≥au†
1a,†18†μM† 13† 551† 108† 2274† no†plat≥au†
1b,†10†μM† 3.5† 9.5† 1.5† ∞∞† no†signal†
1a,†10†μM† 4.8† 47.6† 12† 476† no†plat≥au†
1b,†100†μM,†NoEnz† 3.5† 5.9† (1)† -† no†signal†
1a,†100†μM,†NoEnz† 3.5† 15.7† (1)† -† no†signal†
1b,†10†μM,†NoEnz† 3.5† 6.0† (1)† -† no†signal†
1a,†10†μM,†NoEnz† 3.5† 4.1† (1)† -† no†signal†
RUN†2†(960†min):† † † † † †
Distill≥≤†wat≥r† 4.5† (0)† -† -† -†
Enzym≥†without†prob≥† 4.5† 8† -† -† -†
15a,†100†μM† 310† 25818† 1655†(64)† 43000†(66)† valu≥†vs.†t=300†(t=960)†
1b,†100†μM† 113† 20613† 2944† 21000† -†
15a,†40.5†μM† 166† 15009† 962† 25000† -†
1b,†40.5†μM† 38.5† 9872† 1400† 10000† -†
15a,†10†μM† 56† 4314† 276† 7190† -†
1b,†10†μM† 6.5† 16.6† 1.1† 17† signal†just†

starting†(960)†
15a,†100†μM,†NoEnz,†
200<t<400†min† 4.7† 15.6† (1)† -† no†signal†
15a,†100†μM,†NoEnz,†
t=960†min† 9.2† 404† 26† 673† spont.†hy≤rol.†

signal†
1b,†100†μM,†NoEnz† 4.6† 7† (1)† -† no†signal†
Tabl≥†I.1†(s≥≥†s≥ction†III.3.3.3†for†≤≥tails)†–†Raw†an≤†proc≥ss≥≤†plat≥au†signals†from†kin≥tic-mo≤≥†≥xp≥rim≥nts†with†all†
th≥†prob≥s†(two†s≥parat≥†runs,†b≥tw≥≥n†which†≤ata†ar≥†not†≤ir≥ctly†comparabl≥;†th≥†fluorophor≥s†of†15a†(≤iClHPQ)†
an≤†1b†(HPQ)†also†hav≥†≤iff≥r≥nt†signal†absorption/≥mission†so†th≥y†cannot†b≥†≤ir≥ctly†int≥rcompar≥≤†y≥t†≥ith≥r).†
R≥call†that†lit≥ratur≥†≤ata†is†almost†univ≥rsally†t0-subtract≥≤:†th≥†no-≥nzym≥†control†FN(t=0)†valu≥s†ar≥†
subtract≥≤†from†all†FPLAT†valu≥s†≤uring†calculation†of†“signal/control”†ratios.†For†≥xampl≥,††Urano†≥t†
al.[40]†subtract†th≥ir†t=0†fluor≥sc≥nc≥†r≥a≤ings,†so†as†to†calculat≥†a†signal-to-tim≥-z≥ro†valu≥†of†only†76,†
aft≥r†only†8†minut≥s†with†5†U†≥nzym≥†an≤†only†1†μM††prob≥††(as††I††outlin≥≤††in††s≥ction††III.3.1.1,††I†
consi≤≥r†that†this†is†b≥caus≥†with†th≥ir†5†hour†hy≤rolysis†halflif≥,†2%†of†th≥ir†prob≥†has†alr≥a≤y†
hy≤rolys≥≤†≤uring†this†tim≥,†so†th≥ir†tru≥†signal-to-control†ratio†is†l≥ss†than†25,†an≤†≤ropping†
constantly).†Th≥†pr≥s≥nt†syst≥m’s†t0-subtract≥≤†signal-to-control†valu≥s†rang≥†from†500†to†43000†aft≥r†
mor≥†than†11†hours†of†incubation†an≤†using†2†or≤≥rs†of†magnitu≤≥†l≥ss†≥nzym≥;†this†is†unqu≥stionably†
sup≥rior†s≥nsitivity†compar≥≤†≥v≥n†to†th≥†th≥or≥tical†in†vitro†maxima††which†can†b≥†obtain≥≤†with†
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lit≥ratur≥-r≥port≥≤,†solubl≥†r≥lativ≥†chang≥†prob≥s†(maximum††possibl≥††valu≥††=†n).††Ev≥n††≥xpr≥ssly†
avoi≤ing†such†t0-subtraction†≤uring†signal†tr≥atm≥nt,†th≥†s≥nsitiviti≥s†for†th≥†pr≥s≥nt†prob≥s†ar≥†still†far†
sup≥rior,†which†illustrat≥s†th≥†s≥nsitivity†that†th≥s≥†prob≥s†can†achi≥v≥†≥v≥n†ov≥r†long†tim≥scal≥s†at†in†
vivo†con≤itions†of†≥nzym≥†conc≥ntration,†without†‘fu≤ging’†th≥†signal†proc≥ssing.†
Tabl≥†I.2†pr≥s≥nts†s≥nsitivity†r≥sults†obtain≥≤†with†th≥†scanning†mo≤≥,†on†prob≥†1a,†to†illustrat≥†th≥†
v≥ry†clos≥†similarity†of†th≥†r≥sults†obtain≥≤†by†th≥†two†≤ata†acquisition††m≥tho≤s,††ov≥r††≤iff≥r≥nt†
tim≥scal≥s†an≤†on†≤iff≥r≥nt†≥xp≥rim≥ntal†runs.†This†confirms†th≥†practical†utility†of†th≥†prob≥†syst≥m†
as†a†r≥liabl≥†m≥tho≤†for†ultra-s≥nsitiv≥†≤≥t≥ction†of†aminop≥pti≤as≥†activity†across†a†rang≥†of†
(activity/prob≥-conc≥ntration)†valu≥s,†in†≤iff≥r≥nt†assay†applications†an≤†with†≤iff≥r≥nt†≤ata†
acquisition†m≥tho≤s.†

Prob≥†1a;†Scan†mo≤≥† AX(t)†(RFU)† FX(t)/B(t)†(Signal)† FX(t)/FNoEnz†;†no†t0†sub†(Signal/Control)†
W≥ll†S≥ri≥s† 24†h† 40†h† 24†h† 40†h† 24†h† 40†h†
Wat≥r† 72839† 73029† (0)† (0)† (0)† (0)†
81†μM,†NoEnz† 78944† 82526† 0.08† 0.13† (1)† (1)†
209†μM,†NoEnz† 86302† 94865† 0.18† 0.30† (1)† (1)†
209†μM† 4900858† 5042099† 66.3† 68.0† 368† 226†
81†μM† 2415589† 2462269† 32.2† 32.7† 403† 250†
21†μM† 511910† 543580† 6.03† 6.44† ≥st.†300† ≥st.†161†

Tabl≥†I.2†–†Raw†an≤†proc≥ss≥≤†plat≥au†signals†from†a†scan-mo≤≥†≥xp≥rim≥nt†with†1a.†Brack≥ts†in≤icat≥†that†th≥†≤ata†
point†was†us≥≤†to†calibrat≥†th≥†valu≥s†of†th≥†oth≥rs†in†its†column,†so†is†not†statistically†significant.†

5.4.†Conv≥rsion†of†signals†F(t)†to†conc≥ntrations†CPPT(t)†
Th≥††quality††of††th≥†corr≥lation††conc≥ntration↔signal†is†acc≥ptabl≥:†for†both†fluorophor≥s,†incr≥asing†
signal†strongly†r≥fl≥cts†incr≥asing†pr≥cipitat≥≤†conc≥ntration†(cf.†Tabl≥†I.1,†Tabl≥†I.2).†This†is†not†
obvious:†an†initial†worry†was†that†high†fluorophor≥†conc≥ntrations†might†r≥ach†th≥†strong†absorption†
limit†an≤†giv≥†no†furth≥r†incr≥as≥†of†signal†with†prob≥†conc≥ntration,†th≥r≥for≥†b≥†unabl≥†to†corr≥lat≥†
an†obs≥rv≥≤†signal†with†a†pr≥cipitat≥≤†conc≥ntration.†Alt≥rnativ≥ly,†hit-an≤-miss†≥xcitation†of†highly†
spatially†inhomog≥nous†sampl≥s†(s≥≥†s≥ction†I.3.3)†might†giv≥†such†appar≥ntly†incoh≥rant†r≥sults†
within†an≤†b≥tw≥≥n†≤ata†s≥ts,†that†th≥†pr≥≤iction†of†conc≥ntration†bas≥≤†on†obs≥rv≥≤†signal†woul≤†b≥†
fraught†with†high†≥rror.†
Simply†≥xamining†th≥†F(t)†curv≥s†is†insuffici≥nt†to†conclu≤≥†on†th≥†tru≥†prob≥†pot≥ntial†how≥v≥r.†To†
analys≥†an≤†compar≥†≤ata†sci≥ntifically,†th≥†pr≥cipitat≥≤†conc≥ntrations†CPPT(t)†corr≥spon≤ing†to†≥ach†
signal†l≥v≥l†F(t)†must†b≥†r≥liably†≥stimat≥≤†an≤†with†a†pr≥cipitat≥≤,†strongly-absorbing†fluorophor≥†
this†is†not†obvious.†My†analysis†(s≥ction†I.3.3)††≥xplicitly††warns††of††pot≥ntial††nonlin≥arity††of††th≥†
F↔CPPT†r≥lation†as†it†chang≥s†from†a†w≥ak†absorption†r≥gim≥†(quasilin≥ar)†to†a†strong†absorption†limit†
(asymptotic).†Th≥n,†giv≥n†that†F(t)†spans†thr≥≥†or≤≥rs†of†magnitu≤≥†in†valu≥††(Figur≥†I.29),†I†
consi≤≥r≥≤†that†th≥†simpl≥†lin≥ar†conv≥rsion†F(t)=kLINCPPT(t)†with†kLIN†≤≥t≥rmin≥≤†by†plat≥au†valu≥s†
(high†CPPT)†might†intro≤uc≥†significant†≥rror,†≥sp≥cially†at†low≥r†conc≥ntrations.†
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Now,††kin≥tic††param≥t≥r††analys≥s††r≥quir≥††accurat≥††calculation††of†mmax†(th≥††maximum††rat≥††of†
pr≥cipitation,††in††μM∙min-1)†an≤†Cm†(th≥†instantan≥ous†conc≥ntration†pr≥cipitat≥≤†at†th≥†mom≥nt†of†
mmax).†Unfortunat≥ly,†mmax†is†probably†attain≥≤†at†about†(0.2-0.5)×Fplat≥au,†as†can†b≥†s≥≥n†by†cru≤≥ly†
normalising†signal†≤ata†an≤†plotting†th≥m†on†a†lin≥ar†scal≥†(Figur≥†I.33).†Th≥r≥for≥†on≥†coul≤†gu≥ss†
that†Cm†was†roughly†b≥tw≥≥n†low-absorption†an≤†high≥r-absorption††r≥gim≥s,††with††≤iff≥r≥nt††S↔C†
r≥lationships,†so†a†plat≥au-lin≥ar†r≥lation†woul≤†strongly†sk≥w†th≥†calculation†of†CPPT(t)†an≤†th≥r≥by†
≤oubly††sk≥w††th≥††kin≥tic††analyis.††So††I††ha≤††to††≤≥v≥lop††a††mor≥††rigorous††corr≥lation††than††th≥††lin≥ar†
r≥lation,†to†monitor†signal↔conc≥ntration†in†th≥†rang≥†that†I†subs≥qu≥ntly†≥stimat≥≤†at†roughly†(0.1-
0.35)×CPPT;†i≥,†approx.†4-30†μM.†

†
Figur≥†I.33†–†roughly†normalis≥≤†S(t)†≤ata†show†that†th≥†r≥gions†of†gr≥at≥st†S(t)†gra≤i≥nt†ar≥†at†about†(0.3-

0.5)×Splat≥au.†
I†normalis≥≤†th≥†only†r≥liabl≥†st≥a≤y-stat≥†signal↔conc≥ntration†r≥lations†(at†plat≥au)†for†fluorophor≥†
brightn≥ss,†b≥tw≥≥n†runs,†an≤†optimis≥≤†a†conc≥ntration†≤≥p≥n≤≥nc≥†function†inform≥≤†by†my†
th≥or≥tical††consi≤≥rations††of††w≥ak††an≤††strong††absorption††r≥gim≥s††an≤††g≥n≥ral††signal↔conc≥ntration†
r≥lations†(s≥≥†s≥ction†I.3.3)†to†≤≥liv≥r†a†bimo≤al†lin≥ar-≥xpon≥ntial††fit††to††th≥††obs≥rv≥≤††r≥lations†(full†
analysis†in†s≥ction†III.3.3.4;†plot†in†Figur≥†I.34).†
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Figur≥†I.34†–†Conc≥ntration†≤≥p≥n≤≥nc≥†of†th≥†ratio†of†plat≥au†fluor≥sc≥nc≥†signal†to†pr≥cipitat≥≤†conc≥ntration,†with†

my†b≥st-fit†bimo≤al†curv≥.†
I†coul≤†now†us≥†this†lin≥ar-≥xpon≥ntial†r≥lation†to†conv≥rt†all†th≥†obs≥rv≥≤†signals†F(t)†into†
pr≥cipitat≥≤†conc≥ntrations†of†fluorophor≥†ov≥r†tim≥††CPPT(t).††From†th≥r≥,†I†coul≤†initially†mo≤≥l†th≥†
conc≥ntration†of†r≥l≥as≥≤†fluorophor≥†as†[KS+CPPT](t),†in†an†initial†consi≤≥ration†of†kin≥tic†param≥t≥rs.†

5.5.†Enzym≥†t≥st†analys≥s:†kin≥tic†param≥t≥r†≤≥t≥rminations†
A††much††mor≥††robust††kin≥tic††analysis††of††th≥††≥nzymatic††proc≥ssing††param≥t≥rs††an≤††spac≥r††cyclisation†
kin≥tics†coul≤†hav≥†b≥≥n†p≥rform≥≤†with†a†solubl≥†fluorophor≥†that†gav≥†an†instant,†lin≥ar†r≥spons≥†of†
fluorophor≥††lib≥rat≥≤↔signal††pro≤uc≥≤.††How≥v≥r,††my††involv≥m≥nt††with††th≥††proj≥ct††was††t≥rminat≥≤†
b≥for≥†making†solubl≥-fluorophor≥†≤≥rivativ≥s,†so†I†inst≥a≤†p≥rform≥≤†mor≥†compl≥x,†but†ultimat≥ly†
highly†informativ≥,†analysis†with†th≥††≤ata†for†th≥††pr≥cipitat≥≤†fluorophor≥.†To††my†knowl≥≤g≥†this†is†
th≥††first††≥xplicit††≤≥monstration††of††a††physically††justifi≥≤††mo≤≥l††for††th≥††≤≥convolution††of††th≥†
macroscopic†signal†r≥spons≥†from†a†thr≥≥-compon≥nt†prob≥†which†r≥l≥as≥s†a†pr≥cipitating†fluorophor≥,†
to††yi≥l≤††a††justifiabl≥††≥valuation††of††th≥††microscopic††kin≥tic††param≥t≥rs††which††in††turn††≥nabl≥s††a†
num≥rical†mo≤≥l†which†can†r≥pro≤uc≥†th≥†macroscopically†obs≥rv≥≤†multist≥p†kin≥tic†b≥haviour.†Not≥†
that††prior††work††in††th≥††group,[73]†though††mol≥cularly††similar††in††th≥††≥xp≥rim≥nt,††ha≤††in††th≥††analysis†
probably†not†only†fail≥≤†to†consi≤≥r†th≥††signal↔conc≥ntration††r≥lation,††but††also††was††strongly†
susp≥ct≥≤†to†hav≥†unr≥liabl≥†sampl≥†conc≥ntration†(s≥≥†s≥ction††I.5.6.1),††an≤††≤i≤††not††provi≤≥††≥xplicit†
tr≥atm≥nt†of†th≥s≥†non-obvious††calculations††nor††≤≥t≥rmination††of††th≥††multist≥p††kin≥tic††proc≥ss≥s,†
which†is†why†I†claim†this†nov≥lty†for†my†work.†

5.5.1.†M≥chanistic†assumptions†for†initial†kCYC†≤≥t≥rminations†
Th≥†thr≥≥†cons≥cutiv≥†proc≥ss≥s†involv≥≤†in†signal†g≥n≥ration†ar≥†illustrat≥≤†in†Figur≥†I.35,†noting†that†
th≥†l≥tt≥rs†S,P,Q,R†ar≥†≤ummy†variabl≥s†that†can†b≥†a≤apt≥≤†to†fit†any†of†th≥†thr≥≥†prob≥s.†Explicitly†
th≥s≥†proc≥ss≥s†ar≥:†1)†≥nzymatic†hy≤rolysis†of†th≥†ami≤≥††bon≤,††i≥.††P→Q††+††l≥ucin≥;††2)††spac≥r†
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cyclisation†r≥l≥asing†a†ur≥a†an≤†th≥†fluorophor≥†into†solution,†i≥†Q→R†+†ur≥a;†3)†wh≥n†th≥†solubility†
thr≥shol≤†KS†has†b≥≥n†attain≥≤,†pr≥cipitation†of†th≥†amount†S†of†fluorophor≥†that†is†sup≥rsaturating†th≥†
solution.†Th≥r≥for≥,††all††thr≥≥††microscopic††kin≥tic††proc≥ss≥s††must††b≥††≤≥convolut≥≤††from††th≥††acquir≥≤†
macroscopic†signal†≤ata,†to†achi≥v≥†a†r≥liabl≥†analysis†of†th≥†kin≥tics†of†th≥†r≥actions.†
B≥caus≥†I†r≥ason≥≤†that†th≥†cyclisation†was†un≤≥r†som≥†circumstanc≥s†th≥†strong≥st†rat≥-limiting†st≥p†
for†g≥n≥rating†th≥†obs≥rv≥≤†signal,†I†≤≥ci≤≥≤†that†I†coul≤†at†first††simplify††th≥††obs≥rv≥≤††kin≥tics††to†
≤≥convolut≥†r≥asonabl≥†low≥r-boun≤†valu≥s††of††kCYC,†an≤†th≥n†lat≥r†us≥†thos≥†valu≥s†in†a†num≥rical†
mo≤≥l††for††th≥††unsimplifi≥≤††≤ata††to††giv≥††rough††≥stimat≥s††for††th≥††convolut≥≤††≥nzymatic††kin≥tic†
b≥haviour†(s≥ction†5.5.2).†Not≥†that†th≥†≥nzymatic†proc≥ssing†rat≥†cannot†un≤≥r†any†assumptions†b≥†
≥stimat≥≤†from†th≥†activity†(in†units)†r≥port≥≤†by†th≥†suppli≥r:†th≥s≥†r≥f≥r†to†an†≥ntir≥ly††≤iff≥r≥nt†
substrat≥†un≤≥r†≤iff≥r≥nt†con≤itions†of†pH†an≤†t≥mp≥ratur≥†(s≥ction†III.3.2),†an≤†anyway†th≥y†hav≥†a†
quot≥≤†stan≤ar≤†≤≥viation†of†150%†from†th≥†m≥an.†

†
Figur≥†I.35†–†Th≥†st≥ps†involv≥≤†in†signal†g≥n≥ration,†as†illustrat≥≤†for†prob≥†1a.†An†≥ff≥ctiv≥†conc≥ntration†of†

pr≥cipitat≥≤†fluorophor≥†[S]†is†g≥n≥rat≥≤†by†≥nzymatic†hy≤rolysis†of†P†to†giv≥†int≥rm≥≤iat≥†Q†which†cyclis≥s†to†r≥l≥as≥†
fluorophor≥†into†solution;†onc≥†th≥†fluorophor≥’s†accumulat≥≤†conc≥ntration†R†is†gr≥at≥r†than†KS,†pr≥cipitation†to†S†is†irr≥v≥rsibl≥.†
R≥call†that†th≥†signals†for†prob≥s†1a†an≤†1b,†at†th≥†sam≥†conc≥ntration,†r≥ach≥≤†th≥†approximat≥ly†th≥†
sam≥†fluor≥sc≥nc≥†plat≥au†valu≥s†with†similar-shap≥≤†signal†r≥spons≥†curv≥s.††This††is††≥xp≥ct≥≤††if†
≥nzymatic†hy≤rolysis†is†compl≥t≥;†th≥r≥for≥†I†conclu≤≥≤†that†th≥†≤iast≥r≥om≥rs†of†1a†≤o†not†influ≥nc≥†
th≥†≥nzymatic†proc≥ssing†st≥p.†So,†I†th≥n†assum≥≤,†an≤†justifi≥≤†bas≥≤†on†calculations†of†th≥†obs≥rv≥≤†
≤ata,†th≥†following:†(1)†simpl≥†Micha≥lis-M≥nt≥n†kin≥tics†for†P→Q,†(2)†rat≥-≤≥t≥rmining†cyclisation†
in†th≥†lin≥ar†r≥gions†of†maximum†signal†g≥n≥ration†gra≤i≥nt,†(3)†th≥†possibility†of†corr≥cting†≤ata†for†
sup≥rsaturation/pr≥cipitation†kin≥tics†by†lin≥ar†subtraction†of†a†tim≥†tcorr,†to†≥nabl≥†initial†low≥r-boun≤†
≥stimat≥s††for††kCYC.††Th≥s≥††assumptions††r≥quir≥≤††fairly†involv≥≤†math≥matical/physical††justifications,†
which†I†≤≥tail†in†full†in†s≥ctions†III.3.4.1-III.3.4.3;†notably,†th≥†logical†optimisation†of†tcorr†r≥quir≥s†
som≥†car≥ful†thinking.†Th≥†r≥sult†of†th≥s≥†op≥rations†is†tabulat≥≤†b≥low†(Tabl≥†I.3);†for†full†≤iscussion†
of†th≥†r≥quir≥≤†kin≥tic†param≥t≥rs,†s≥≥†III.3.4.†
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Kin≥tics:†AFTER†
l≥ast†t†corr≥ction†

tcorr†(min)†
tlag†(min)†

tC=0†(min)†
tLIN†(min)†

CLIN†(μM)†
mmax†(μM/min)†

kCYC,LB†(min-1)†
tCYC†(min)†

t1/2†(min)†
RUN†1:† † † † † † † † † †
1a,†378†μM† 17.5† 11.5† 22.5† 27.5† 50† 10† 0.0444† 15.6† 47.5†
1a,†100†μM† 30† 9† 22.5† 25† 10† 4† 0.0444† 15.6† 28†
1a,†59†μM† 9.1† 29.9† 22.9† 61.9† 13† 0.33† 0.0444† 15.6† 126.9†
1b,†100†μM† 28.8† 37.2† 61.2† 83.2† 27† 1.2† 0.0165† 42.1† 117.2†
1b,†59†μM† 37.7† 55.3† 60.3† 87.3† 12† 0.45† 0.0165† 42† 124.3†
RUN†2:† † † † † † † † † †
15a,†100†μM† 0† 0† 10† 14† 16† 4.1† 0.099† 7† 22†
15a,†40.5†μM† 0† 0† 11† 17† 6† 1† 0.0909† 7.6† 33†
1b,†100†μM† 56.4† 10.6† 19.6† 28.6† 30† 3.5† 0.0499† 13.9† 35†
1b,†40.5†μM† 65† 55† 60† 86† 12† 0.45† 0.0169† 41.1† 102†

Tabl≥†I.3†-†Valu≥s†of†th≥†kin≥tic†param≥t≥rs†t*lag,†t*LIN,†mmax†an≤†t*1/2,†alt≥r≥≤†to†fit†th≥†instantan≥ous†pr≥cipitation†kin≥tic†mo≤≥l,†an≤†th≥†cyclisation†kin≥tics†calculat≥≤†from†th≥m,†inclu≤ing†upp≥r-boun≤†≥stimat≥†for†cyclisation†
halflif≥†tCYC.†

B≥caus≥†this†analysis†forc≥≤†th≥†minimum†physical†valu≥†of†tcorr,†it†gav≥†a†sci≥ntifically†justifiabl≥†
low≥r†boun≤†for††kCYC.†This†is†in†fact†an†a≤vantag≥,†b≥caus≥†th≥†original†m≥asur≥†of†th≥†obs≥rv≥≤†
conc≥ntration†halftim≥†t1/2†giv≥s†an†in≤isputabl≥†upp≥r†boun≤†for††kCYC.†Th≥r≥for≥†I†hav≥†not†only†
calculat≥≤†a†cyclisation†rat≥†valu≥,†but†obtain≥≤†a†v≥ry†strong†confi≤≥nc≥†int≥rval†for†it,†which†was†
n≥c≥ssary†giv≥n†th≥†rath≥r†hair-raising††≤ata††tr≥atm≥nt††that††ha≤††to††b≥††p≥rform≥≤††sinc≥††acquiring††th≥†
original†macroscopic†raw†signal†≤ata,†A(t).†

5.5.2.†Enzym≥†t≥st†analysis†2:†multist≥p,†compl≥t≥†kin≥tic†mo≤≥l†
With†physically†r≥asonabl≥†starting†≥stimat≥s†for†kCYC†(an≤†≥sp≥cially†of†th≥†ratios†b≥tw≥≥n†th≥†kCYC†
valu≥s)†in†han≤,†I†r≥turn≥≤†to†th≥†non-t-a≤just≥≤†conc≥ntration†≤ata†to†buil≤†a†full†num≥rical†mo≤≥l†for†
th≥†conc≥ntration†pr≥cipitat≥≤†ov≥r†tim≥.†As†b≥for≥,†I†assum≥≤†Micha≥lis-M≥nt≥n††kin≥tics††for††th≥†
≥nzymatic†proc≥ssing,†an≤†us≥≤†th≥†obs≥rv≥≤†low≥r-boun≤s†of†vMAX=2×t1/2/P0†with†th≥†378†μM†≤atas≥t†
of†1a†an≤†th≥†100†μM†run†2†≤atas≥t†of†1b,†i≥.†2.9†μM∙min-1†an≤†0.55†μM∙min-1†for†th≥†pip≥ri≤yl†(1a,†
15a)†an≤†g≥m-≤im≥thyl†(1b)†spac≥rs†r≥sp≥ctiv≥ly.†Giv≥n†th≥†stability†of†th≥†prob≥s,†I†n≥gl≥ct≥≤†th≥†
small†rat≥†contributions†from†spontan≥ous†hy≤rolysis.†I†us≥≤†th≥†valu≥s†of†KS†≤≥t≥rmin≥≤†pr≥viously†
as†starting†valu≥s.†I†also†obs≥rv≥≤†that†from†378†μM†to†100†μM,†prob≥†1a†was†op≥rating†in†a†larg≥-P†
r≥gim≥,†th≥r≥for≥†I†coul≤†conclu≤≥†that†KM<<100†μM†as†a†starting†valu≥,†an≤†consi≤≥r≥≤†that†th≥†KM†
for†1a†an≤†15a†shoul≤†b≥†n≥ar-i≤≥ntical,†b≥caus≥†of†th≥†i≤≥ntical†structur≥†of†th≥†pip≥ri≤yl†spac≥r-
substrat≥†pair†at†th≥†‘busin≥ss†≥n≤’†of†th≥†≥xop≥pti≤as≥†prob≥;†an≤†I†≥xp≥ct≥≤†a†larg≥r†valu≥†for†KM†for†
th≥†≤im≥thyl†spac≥r†of†1b,†≤u≥†to†its†α-quat≥rnary†rath≥r†than†α-t≥rtiary†structur≥†with†larg≥r†st≥ric†bulk†
n≥ar†th≥†scissil≥†bon≤.†
I†coul≤†not†≤ir≥ctly†us≥†th≥†mo≤≥l†first†≤≥v≥lop≥≤†in†s≥ction†I.3.1.2†b≥caus≥†it†n≥gl≥cts†pr≥cipitation†
kin≥tics.††As††I††was††buil≤ing††a††num≥rical††rath≥r††than††m≥chanistic††mo≤≥l,††aim≥≤††at††≥valuating††wh≥th≥r†
th≥†≥nzym≥†kin≥tic†param≥t≥rs†coul≤†b≥†roughly†≥stimat≥≤†whil≥†k≥≥ping†r≥asonabl≥†mo≤≥l†b≥haviour,†
th≥†form†of†th≥†pr≥cipitation†rat≥†was†not†a†priority†as†long†as†th≥†calculation†was†physically†
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r≥asonabl≥†an≤†th≥†r≥sults†r≥pro≤uc≥≤†th≥†obs≥rv≥≤†≤ata.†Noting†that†th≥†pr≥cipitation†r≥action†is†not†
unimol≥cular,†≥sp≥cially†wh≥n†pow≤≥rs†ar≥†pr≥cipitat≥≤†rath≥r†than†singl≥†crystals†grown,†an≤†that†
pr≥cipitation†kin≥tics†oft≥n†involv≥†a†rat≥†≥quation†as†p≥r†pr≥cipitation†rat≥†=†kPPT×([R]-KS)p†wh≥r≥†p†
is†from†3-5,†I†chos≥†a†valu≥†of†p=3†which†r≥pro≤uc≥≤†th≥†obs≥rv≥≤†b≥haviour†satisfactorily.[106,107]†
Using†a†short†tim≥st≥p†(0.25†minut≥s)†r≥lativ≥†to†th≥†≥xp≥rim≥ntal†tim≥st≥p†(5†min)†gav≥†an†accurat≥†
≥nough†approximation†to†≥nabl≥†st≥pwis≥†int≥gration†(normalis≥≤†to†tim≥st≥p†siz≥)†as†p≥r:†
→P(t+1)†=†P(t)†-†vmax×P(t)/[KM+P(t)]†
→Q(t+1)†=†Q(t)†+†vmax×P(t)/[KM+P(t)]†–†kCYC×Q(t)†
→Δpr≥cipitat≥†=†IF†R(t)>KS†THEN†kPPT×(R(t)-KS)3†ELSE†0†
→R(t+1)†=†R(t)†+†kCYC×Q(t)†–†Δpr≥cipitat≥†
→S(t+1)†=†S(t)†+†Δpr≥cipitat≥†

By††≥xamining††th≥††g≥n≥rat≥≤††curv≥s††S(t)††an≤††varying††th≥††kin≥tic††param≥t≥rs††within††s≥nsibl≥††limits,†I†
aim≥≤†to†fit†th≥††following††f≥atur≥s††of††th≥††≥xp≥rim≥ntally†obs≥rv≥≤†signals:†(1)†th≥†conc≥ntration†
halfliv≥s,†(2)†signal†ons≥t†tim≥s,†(3)†th≥†g≥n≥ral†form†of†th≥†CPPT(t)†curv≥s†(≥sp≥cially†for†high≥r†
conc≥ntration†runs†wh≥r≥†an†≥rror†in†KM†woul≤†hav≥†l≥ss†influ≥nc≥†on†th≥†form†of†th≥†r≥sults),†(4)†
plat≥au†valu≥s†an≤†(5)†lin≥ar†r≥gion†gra≤i≥nts†as†clos≥ly†as†possibl≥.††
Not≥†that†≥sp≥cially,†this††kin≥tic††mo≤≥l††using†shar≥≤†param≥t≥rs†ha≤†to†r≥pro≤uc≥††CPPT(t)†b≥haviour†
obs≥rv≥≤†for†≤iff≥r≥nt†prob≥†≤ata†s≥ts†in†≤iff≥r≥nt†runs†(pot≥ntially†with†≤iff≥r≥nt†≥nzym≥†activiti≥s:†s≥≥†
s≥ction†III.3.2.7),†with†signal†ons≥t†tim≥s†ranging†b≥tw≥≥n†<2†an≤†>100†minut≥s†(Figur≥†I.36a,†100†μM†
vs†pan≥l†c,†40†μM)†an≤†CPPT(t)†to†b≥†fitt≥≤†spanning†8-370†μM.†Th≥s≥†ar≥†≤iffcult†con≤itions†to†fulfil,†
≥sp≥cially†un≤≥r†th≥†constraints†of†i≤≥ntical†KM†an≤†vmax†for†prob≥s†15a†an≤†1a†on†≤iff≥r≥nt†runs.†
How≥v≥r†th≥r≥†was†no†oth≥r†m≥tho≤†to†≥nsur≥†that†th≥†param≥t≥r†fits†r≥main≥≤†int≥rcomparabl≥†using†
only†this†≤ata.†Th≥†positiv≥†outcom≥†to†this†unforgiving†fit†r≥quir≥m≥nt†was†that†signals†woul≤†also†b≥†
≤ifficult††to††r≥pro≤uc≥††s≥r≥n≤ipitously,††so††≥v≥n††approximat≥††fits††ought††to††in≤icat≥††us≥ful††mol≥cular†
information.†In†th≥†≥v≥nt,†th≥†fits†obtain≥≤†w≥r≥†r≥markably†goo≤,†both†in†form†an≤†in†absolut≥†valu≥†
(Figur≥†I.36).†
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Figur≥†I.36†–†Upp≥r†pan≥ls:†Mo≤≥ll≥≤†conc≥ntrations†of†P,†Q,†R†an≤†S†for†th≥†thr≥≥†prob≥s†(a)†15a,†(b)†1a†an≤†(c)†1b†
ov≥r†tim≥.†Low≥r†pan≥ls:†comparison†of†th≥†pr≥cipitat≥≤†conc≥ntration†fits†S†(soli≤†lin≥s)†to†th≥†CPPT(t)†curv≥s†calculat≥≤†from†≥xp≥rim≥ntal†≤ata†(≤ott≥≤†lin≥s).†Multipl≥†conc≥ntrations†ar≥†shown†for†≥ach†prob≥.†Exp≥rim≥ntal†
≤ata†curv≥s†ar≥†truncat≥≤†upon†first†r≥aching†th≥ir†plat≥au†valu≥s†≤u≥†to†larg≥†scatt≥r†at†high†signal†int≥nsity.†

Math≥matically,†th≥†mo≤≥l†ha≤†≥nough†param≥t≥rs†that†unlik≥ly†choic≥s†of†on≥†param≥t≥r†coul≤†r≥sult†
in†acc≥ptabl≥†fits†to†th≥†CPPT(t)††calculat≥≤††from††th≥††≥xp≥rim≥ntal††≤ata,††if††th≥††oth≥r††param≥t≥rs†
comp≥nsat≥≤†for†its†≥ff≥cts.†Th≥r≥for≥†I†≤o†not†claim†that†its†valu≥s†ar≥†n≥c≥ssarily†accurat≥.†How≥v≥r,†
by†≥nforcing†th≥†con≤itions†that†(a)†all†param≥t≥rs†b≥†inform≥≤†by†th≥†upp≥r†an≤†low≥r†boun≤s†
≤≥t≥rmin≥≤†throughout†th≥†pr≥vious†s≥ction,†as†w≥ll†as†(b)†by†th≥†tr≥n≤s†in†th≥†param≥t≥r†boun≤s†
calculat≥≤†abov≥,†an≤†(c)†by†what†was†physically†an≤†m≥chanistically†r≥asonabl≥,†I†still†obtain≥≤†a†fit†
which†r≥pro≤uc≥≤†much†of†th≥†≤≥sir≥≤†b≥haviour†with†thoroughly†physical†valu≥s†of†th≥†fitt≥≤†
param≥t≥rs,†which†w≥r≥†similar†to†thos≥†in≤icat≥≤†in†th≥†t-a≤just≥≤†kCYC†analys≥s†abov≥.†
B≥tt≥r†still,†this†fit†was†≤ifficult†to†r≥pro≤uc≥†by†allowing†small†(+/-†30%)†chang≥s†in†th≥†param≥t≥rs:†
b≥caus≥†th≥†cyclisation†st≥p†is†rat≥-limiting†but†occurs†b≥tw≥≥n†th≥†two†unknown†rat≥†proc≥ss≥s†an≤†
ha≤†a†r≥liabl≥†starting†valu≥†an≤†confi≤≥nc≥†int≥rval,†th≥†actual†variations†that†coul≤†b≥†pro≤uc≥≤†by†
changing†th≥†oth≥r†param≥t≥rs†w≥r≥†fairly†small.†Approximat≥ly†sp≥aking,†for†≥xampl≥,†KM†an≤†vmax†
≤≥t≥rmin≥††th≥††gra≤i≥nt††of††th≥††lin≥ar††r≥gion††an≤†to††a††l≥ss≥r††≥xt≥nt††th≥††ons≥t††tim≥,††so††ar≥††mor≥††or††l≥ss†
fix≥≤††≥sp≥cially††by††th≥††obs≥rv≥≤††signal††gra≤i≥nt;††kPPT†scal≥s†th≥†≤ata†≥sp≥cially†at†high≥r†signals.†
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Th≥r≥for≥†th≥†obtain≥≤†macroscopic†signal†fit†s≥≥ms†to††r≥pr≥s≥nt††a††lik≥ly††sc≥nario††of††microscopic†
kin≥tic†param≥t≥rs.†Th≥†final†valu≥s†us≥≤†in†th≥†fits†of†Figur≥†I.36†ar≥†tabulat≥≤†in†Tabl≥†I.4.†

† 15a† 1a† 1b†
KM†(μM)† 15† 60†
vmax(μM∙min-1)† 5† 1†
kCYC†(min-1)† 0.22† 0.073†0.029†
τCYC†(min)† 3.2† 9.5† 24†
KS†fitt≥≤†(μM)† 2† 10†
kPPT†(μM-2∙min-1)†7.5×10-4† 1.1×10-4†

Tabl≥†I.4†–†Param≥t≥rs†for†th≥†full†multist≥p†mo≤≥l†fits†to†th≥†≥xp≥rim≥ntal†≤ata†
Sali≥nt†F≥atur≥s:†
(1)†KM(1a|15a)†<†KM(1b)††an≤††lik≥wis≥††vmax(1a|15a)†<†vmax(1b),†≥ach†≤iff≥ring†by†a†factor†of†4-5.†I†
b≥li≥v≥††this††r≥fl≥cts††b≥tt≥r††≥nzymatic††r≥cognition††an≤††st≥ric††acc≥ss††to††th≥††l≥ss††crow≤≥≤††α-t≥rtiary†
pip≥ri≤yl†spac≥r.†Globally,†th≥†valu≥s†woul≤†in≤icat≥†rath≥r†favourabl≥†proc≥ssing,†≥sp≥cially†of†th≥†
pip≥ri≤yl†prob≥s,†an≤†also†corr≥spon≤†to†r≥asonabl≥†valu≥s†which†ar≥†support≥≤†by†th≥†≥xp≥rim≥ntally-
≤≥t≥rmin≥≤†low≥r†boun≤s†for†vmax.†Combining†vmax†an≤†th≥†w≥ll†volum≥†of†0.1†mL†allows†a†
calculation†of†th≥†≥nzym≥†activity†in†th≥†w≥ll:†prob≥s†1a†an≤†15a†≥xp≥ri≥nc≥≤†5†μM∙min-1×†
1×10-4†L/w≥ll†=†0.5×10-3†μmol∙min-1/w≥ll†conv≥rsion†==†0.5†mU/w≥ll†tru≥†≥nzym≥†activity.††
(2)†kCYC(15a)†>†kCYC(1a)†>†kCYC(1b),†≥ach†≤iff≥ring†by†a†factor†of†3.†I†b≥li≥v≥†this†r≥fl≥cts†both†th≥†
b≥tt≥r†l≥aving-group†capacity†of†th≥†mor≥†≥l≥ctron-with≤rawn†≤iClHPQ,†an≤†th≥†mor≥†favourabl≥†
pr≥organisation†of†th≥†pip≥ri≤yl†spac≥r†which†has†f≥w≥r†≤≥gr≥≥s†of†fr≥≥≤om†to†los≥†in†cyclisation.†Th≥†
valu≥s†ar≥†in†all†cas≥s†only†≤oubl≥†th≥†low≥r-boun≤†figur≥s†foun≤†≤uring†th≥†t-corr≥ctiv≥†analysis,†an≤†
mor≥†importantly,†th≥y†pr≥s≥rv≥†th≥†original†ratios†foun≤†b≥tw≥≥n†thos≥†kCYC,LB†valu≥s†(0.099,†0.044,†
0.016†r≥sp≥ctiv≥ly),†so†I†consi≤≥r†th≥m†strongly†support≥≤.†Valu≥s†of†th≥†cyclisation†halftim≥†τCYC†that†
th≥s≥†kCYC†imply†ar≥†inclu≤≥≤†for†≥asi≥r†int≥rpr≥tation†of†just†how†fast†th≥†cyclisations†ar≥.††
(3)†Th≥†KS†valu≥s†us≥≤†ar≥†almost†i≤≥ntical†to†thos≥†≤≥t≥rmin≥≤†in†st≥a≤y-stat≥†analysis†(1.5†an≤†7),†
which†again†r≥fl≥cts†what†is†s≥≥n†in†th≥†≥xp≥rim≥nt,†p≥rhaps†a≤≤ing†a†small†contribution†for†tol≥rat≥≤†
sup≥rsaturation.†Th≥†valu≥s†for††kPPT†param≥t≥rs†ar≥,†pl≥asingly,†inv≥rs≥ly†proportional†to†th≥ir†
solubility†constants,†which†s≥≥ms†physically†r≥asonabl≥†giv≥n†th≥ir†un≤≥rlying†m≥aning,†as†w≥ll†as†th≥†
qualitativ≥†obs≥rvation†of†≤iClHPQ’s†gr≥at≥r†pr≥cipitation†sp≥≥≤†(i≥†low≥r†crystallinity;†s≥ction†I.3.3).†
Not≥††that††th≥††appar≥ntly††small††valu≥s††of††kPPT†in†r≥ality††giv≥††quit≥††favourabl≥††pr≥cipitation††rat≥s,†
b≥caus≥†th≥y†multiply†th≥†cub≥†of†th≥†sup≥rsaturation†conc≥ntration.†Th≥r≥for≥,†th≥s≥†r≥sults†finally†≤o†
support†th≥†starting-point††for††my††kin≥tic††analys≥s,††that†th≥†most†strongly†rat≥-limiting†st≥p†in†th≥†
ov≥rall†kin≥tics†is†cyclisation,†but†that†≥v≥n†so†this†has†a†v≥ry†favourabl≥†halflif≥.†

5.5.3.†Conclusions†from†≤ata†analysis†an≤†mo≤≥lling†
I†b≥li≥v≥†that†whil≥†th≥†fit†param≥t≥rs†in†Tabl≥†I.4†ar≥†not†ov≥rly†pr≥cis≥,†th≥y†≤o†substantially†r≥fl≥ct†
th≥††tru≥††mol≥cular††un≤≥rpinnings††of††th≥††≥xp≥rim≥nt.††Th≥ir††physical††r≥asonabl≥n≥ss††coupl≥≤††with††th≥†
multist≥p†microscopic†mo≤≥l’s†goo≤†r≥pro≤uction†of†th≥†macroscopic†≥xp≥rim≥ntal††≤ata,†ov≥r†wi≤≥†
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rang≥s†of†prob≥†conc≥ntrations†across†≤iff≥r≥nt†prob≥†typ≥s†with†larg≥†rang≥s†of†ons≥t†tim≥s,†argu≥s†
that†I†hav≥†at†last†cov≥r≥≤†≥v≥ry†crucial†st≥p†from†≤≥sign,†to†impl≥m≥ntation,†analysis†an≤†
un≤≥rstan≤ing†in†this†syst≥m:††
-†th≥or≥tical†mo≤≥lling†of†th≥†≤≥t≥ction†b≥haviour†an≤†s≥nsitivity†that†can†b≥†obtain≥≤†with†off-ON†
pr≥cipitating†prob≥s†(s≥ctions†I.3.1††–††I.3.2)†an≤†th≥†th≥or≥tical†probl≥ms†facing†th≥†analysis†of†th≥ir†
signal†≤ata†(s≥ction†I.3.3),†
-†rational†≤≥sign†of†r≥liabl≥†≥xp≥rim≥nts†avoi≤ing†th≥†≥rrors†of†prior†work†(s≥ctions†I.5.1†an≤†I.5.6.1);†
-†≤≥v≥lopm≥nt†an≤†impl≥m≥ntation†of†an†involv≥≤†signal†tr≥atm≥nt†algorithm,†for†sci≥ntifically†
rigorous†≤ata†proc≥ssing†(s≥ctions†I.5.1.3†an≤†III.3.2.5);†
-†≥xt≥nsiv≥††an≤††non-obvious,††but††crucial,††furth≥r††tr≥atm≥nt††of††th≥††signal††≤ata††to††≥xtract††microscopic†
information:††th≥††nonlin≥ar††signal↔conc≥ntration††r≥lations,††KS†valu≥s†an≤†halfliv≥s†for†spontan≥ous†
hy≤rolysis†(s≥ctions†I.5.3†–†I.5.4);†
-†initial†≤≥convolution†of†th≥†≥xp≥rim≥ntal†≤ata†to†obtain†goo≤†low≥r-boun≤†analytical†≥stimat≥s†for†th≥†
most†strongly-rat≥-limiting†factor,†kCYC†(s≥ction†5.5.1),†
-†impl≥m≥ntation†of†a†final†multist≥p†num≥rical†mo≤≥l†r≥lying†on†th≥†param≥t≥rs†i≤≥ntifi≥≤†as†critical†
≤uring†th≥s≥†analys≥s,†which†g≥n≥rat≥s†fitt≥≤†valu≥s†in†v≥ry†clos≥†agr≥≥m≥nt†both†in†tr≥n≤†an≤†in†
absolut≥†valu≥s†with†thos≥†obtain≥≤†≤uring†pi≥c≥wis≥†analysis,†an≤†which†ar≥†also†physically†
r≥asonabl≥††an≤††≥xplicabl≥††(5.5.2).†That†th≥†pr≥vious†analys≥s,†with†th≥ir†substantial†simplifications,†
p≥rform≥≤†so†clos≥ly†to†th≥†full†num≥ric†mo≤≥l,†also†argu≥s†that†th≥ir†car≥ful†approach†was†w≥ll†
justifi≥≤.††
At†last,†this†accumulat≥≤†analysis†will†now†p≥rmit†som≥†pr≥liminary†comparisons†of†th≥s≥†prob≥†
syst≥ms†with†prior†lit≥ratur≥†≤≥signs†(s≥ction†I.5.6).†

5.5.4.†Futur≥†mo≤ifications†to†monitoring†kin≥tics†
Th≥††most††crucial††improv≥m≥nt††to††p≥rform††a††r≥liabl≥††kin≥tic††analysis††woul≤††b≥†using†a†solubl≥†
fluorophor≥,†as†m≥ntion≥≤†in†s≥ction†I.5.5.†HPLC†analysis†woul≤†pot≥ntially†also†h≥lp†to†≤iscriminat≥†
b≥tw≥≥n†th≥†≤iff≥r≥nt†conc≥ntrations†of†th≥†thr≥≥†solubl≥†sp≥ci≥s†(P,†Q,†R)†ov≥r†tim≥,†which†woul≤†
gr≥atly†improv≥†th≥†accuracy†of†th≥†multiparam≥t≥r†kin≥tic†fit.††

5.6.†Evaluation†of†prob≥†p≥rformanc≥†
5.6.1.†Comparison†with†prior†art†in†th≥†group†

Th≥†most†r≥l≥vant†an≤†r≥liabl≥†comparison†of†th≥†p≥rformanc≥†of†th≥†pr≥s≥nt†pr≥cipitating†p≥pti≤as≥†
prob≥s†woul≤†normally†b≥†with†th≥†t≥am’s†prior†art†prob≥s†34b†an≤†34a,†≥ach†for†l≥ucyl†
aminop≥pti≤as≥†an≤†r≥l≥asing†th≥†HPQ†fluorophor≥.†How≥v≥r,†in†s≥ction†III.3.5.1,†I†show†≥xt≥nsiv≥ly†
that†unfortunat≥ly,†th≥†≤ata†r≥port≥≤†for†th≥s≥†prob≥s†is†complicat≥≤†by†s≥v≥ral†factors†that†rais≥†≤oubts†
about††th≥††accuracy††of††th≥††r≥port≥≤††analys≥s.††I††hav≥††≥xamin≥≤††an≤††r≥calibrat≥≤††th≥††r≥port≥≤††≤ata††to†
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calculat≥†what†I†b≥li≥v≥†to†b≥†a†clos≥†≥stimat≥†for†th≥†hy≤rolytic†stability†of†thos≥†prior†prob≥s†as†
τ(34a|34b)~13.3†h†(no†stability†was†pr≥viously†calculat≥≤),†which†is†or≤≥rs†of†magnitu≤≥†b≥low†th≥†
stability†of†th≥†curr≥nt†HPQ-r≥l≥asing††prob≥s††(τ~100,000†h).††This††is††to††b≥††≥xp≥ct≥≤††for††th≥††r≥lativ≥†
stabiliti≥s††of††an††acyloxy††m≥thyl††≥th≥r††of††an††≥l≥ctron-with≤rawn,†≤≥localis≥≤†an≤†anchim≥rically-
assisting†ph≥nol,†vs.†th≥†pr≥s≥nt†prob≥s’†s≥con≤ary†carbamat≥†of†th≥†sam≥.††
How≥v≥r,†I†conclu≤≥≤†that†no†r≥calibration†coul≤†allow†m≥†to†compar≥†≥nzymatic†kin≥tic†param≥t≥rs†
KM†an≤†vmax,†b≥caus≥†of†th≥†probl≥ms†with†th≥†pr≥vious†r≥port’s†≤ata†an≤†analysis.†Notably,†(a)†th≥ir†
tim≥s†of†signal†acquisition†ar≥†≥stimat≥≤†to†b≥†at†l≥ast†t≥n†minut≥s†shift≥≤†from†th≥†r≥al†start†tim≥s;†an≤†
wors≥,†(b)†th≥†prior†t≥st†solutions†s≥≥m†strongly†to†hav≥†b≥≥n†pr≥-spik≥≤††by†fr≥≥†HPQ†≤u≥†to†th≥†
sampl≥†pr≥paration†proc≥≤ur≥†≥mploy≥≤.†This†pr≥-spiking††≥ntir≥ly††chang≥s††th≥††kin≥tics††of††signal†
r≥spons≥,†th≥†conc≥ntrations†which†can†b≥†obtain≥≤,†an≤†th≥††absolut≥††valu≥s††of††th≥††signal††plat≥aux.†
Th≥r≥for≥†in†my†consi≤≥ration†this†invali≤at≥s††simpl≥††comparison††of††th≥††kin≥tic††param≥t≥rs††which†
w≥r≥†r≥port≥≤†for†that†syst≥m.†Furth≥rmor≥,†(c)†that†prior†work†≤i≤†not†consi≤≥r†th≥†strongly†nonlin≥ar†
signal↔conc≥ntration††r≥lation,††an≤†(≤)†≤i≤†not†≤≥tail†its†calculations†of††≥nzymatic††quantiti≥s†nor†
provi≤≥†suffici≥nt†≤ata†to†≥nabl≥†m≥†to†≤o†so.†My†opinion†is†that†th≥†chi≥f†implicit†assumptions†b≥hin≤†
th≥ir†calculations†w≥r≥†that†th≥†cyclisation†of†th≥†spac≥rs†an≤†th≥†pr≥cipitation†of†th≥†prob≥s†w≥r≥†n≥ar-
instantan≥ous††(unlik≥ly),††that††signal↔conc≥ntration††r≥spons≥††was††lin≥ar††(contra≤icting††what††I††hav≥†
argu≥≤†≥xt≥nsiv≥ly†abov≥)†an≤†that†38†μM†of†prob≥†w≥r≥†pr≥cipitat≥≤†by†plat≥au†tim≥†(I†r≥calculat≥≤†a†
maximum†of†~29†μM),†an≤†that†n≥ith≥r†pr≥-spiking†nor†start†tim≥†n≥≥≤≥≤†consi≤≥ration†(which†I†argu≥†
strongly†against).††
I†th≥r≥for≥†conclu≤≥≤†that†th≥†≥nzymatic†quantiti≥s†r≥port≥≤†th≥r≥†ar≥,†unfortunat≥ly,†not†to†b≥†trust≥≤.†
Th≥s≥†r≥port≥≤†≥nzymatic†valu≥s†w≥r≥†KM(34b)=98†μM,††vmax(34b)=3.1†μM∙min-1,†at†25°C,†
0.02†U∙mL-1,†pH~7.4.†As†was†s≥≥n†≤uring†th≥†fitting†of†th≥†multiparam≥t≥r†mo≤≥l,†convolution†of†
hy≤rolysis†with†non-instantan≥ous††cyclisation††an≤††pr≥cipitation††kin≥tics††woul≤†giv≥†a††KM†sk≥w≥≤†
high,†an≤†a†vmax†sk≥w≥≤†low.†Comparing†th≥†prob≥†structur≥s,†34b’s†main†≤iff≥r≥nc≥†is†its†s≥con≤ary†
β-carbon,†so†by†similar†r≥asoning†to†s≥ction†I.2.1.1,†it†ought†to†≤isplay†≥v≥n†low≥r†KM†than†1a/15a†(i≥†
<15†μM)†an≤†≥v≥n†high≥r†vmax†(i≥†>>†5†μM∙min-1†:†both†st≥ric†an≤†t≥mp≥ratur≥†consi≤≥rations).†
Th≥r≥for≥†th≥s≥††r≥port≥≤††quantiti≥s††s≥≥m††to††support††my†analysis†of†th≥ir†assumptions.††As†I†consi≤≥r†
th≥s≥†assumptions†so†gr≥at,†an≤†in†any†cas≥†th≥†absolut≥†≤iff≥r≥nc≥†b≥tw≥≥n†my†pr≥≤ict≥≤†valu≥s†an≤†
th≥ir†r≥port≥≤†on≥s†so†larg≥,†I†consi≤≥r†that†r≥liabl≥†comparison†is†impossibl≥.†

5.6.2.†Comparisons†with†prior†art†in†th≥†lit≥ratur≥†
STABILITY:†All†th≥†pr≥s≥nt†prob≥s†synth≥sis≥≤†w≥r≥†≥xc≥ptionally†stabl≥,†≥sp≥cially†wh≥n†compar≥≤†
to†oth≥r†≥l≥ctron-with≤rawn,†conjugat≥≤†ph≥nolic†prob≥s,†an≤†≤≥liv≥r†≥xc≥ptionally†low†control†signals†
ov≥r†tim≥,†≤≥spit≥†not†subtracting†a†tim≥-z≥ro††backgroun≤††r≥a≤ing.†Th≥†hy≤rolytic†stability†of†th≥†
pr≥s≥nt†prob≥s†is†or≤≥rs†of†magnitu≤≥†b≥tt≥r†than†th≥†group’s†pr≥vious†≥fforts:†τ(1a|1b)>4151†≤ays,†
wh≥r≥as†for†th≥†sam≥†HPQ†fluorophor≥†with†th≥†pr≥vious†spac≥r†≤≥sign,†τ(34a|34b)~13.3†h.†Ev≥n†
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using†th≥†much†mor≥†≥l≥ctron-with≤rawn†≤iClHPQ,†τ(15a)=567†hours†(24†≤ays),†which†is†almost†two†
or≤≥rs†of†magnitu≤≥†b≥tt≥r.†Th≥†prob≥s†also†compar≥†outstan≤ingly†with†oth≥r†ph≥nolic†prob≥s†whos≥†
utility†in†c≥llulo†an≤†in†vivo†is†oft≥n†claim≥≤:†cf.†Urano’s†glycosi≤as≥†prob≥,†τ~5†h†(s≥ction†
III.3.1.1)[40];†fluor≥sc≥in,†Or≥gon†Gr≥≥n†or†r≥sorufin†≤iac≥tat≥s†(τ~1.5†h,†6†min,††an≤††<2†min†
r≥sp≥ctiv≥ly[4]),†or†fluor≥sc≥in†≤iac≥toxym≥thyl†≥th≥r†(τ~32†h)[4].†
ENZYMATIC†PROCESSING:†Whil≥†≤≥t≥rmination†of†KM†an≤†vmax†bas≥≤†on†my†triply†convolut≥≤†
≤ata†involv≥s†assumptions,†I†≤≥t≥rmin≥≤†w≥ll-fitting†an≤†physically†r≥asonabl≥†valu≥s†that†w≥r≥†in†
goo≤††absolut≥††an≤††tr≥n≤††agr≥≥m≥nt††with††my††≥xp≥rim≥ntally†≤≥t≥rmin≥≤†low≥r†boun≤s†for†vmax†an≤†
kCYC,†an≤†a†valu≥†of†KM†that†was†w≥ll†b≥low†th≥†in≤icat≥≤†upp≥r†boun≤.†Th≥†fitt≥≤†valu≥s†for†KM†an≤†
vmax†w≥r≥†promising†for†≥v≥ntual†in†vivo†us≥†of†th≥†prob≥s†(cf.†th≥†mo≤≥ls†in†s≥ction†3.1.4),†in≤icating†
v≥ry†goo≤,†an≤†th≥r≥for≥†pot≥ntially†comp≥titiv≥,†≥nzymatic†proc≥ssing†≥sp≥cially†of†th≥†pip≥ri≤yl†
spac≥r†(KM†=††15††μM,††an≤††vmax†=†5†μM∙min-1†at†30°C,†for†an†≥nzym≥†conc≥ntration†giving†a†quot≥≤†
≥nzymatic†activity†50-200†μM∙min-1†for†p-nitroanili≤≥†at†saturation†an≤†at†37°C),†though†th≥†≤im≥thyl†
spac≥r†also†p≥rform≥≤†acc≥ptably†(KM†=††60††μM,††an≤††vmax†=†1†μM∙min-1).†Esp≥cially,†th≥†low†KM†
valu≥s†can†b≥†compar≥≤†with†thos≥†for†oth≥r†rapi≤ly-proc≥ss≥≤†prob≥s†but†b≥aring†sup≥rior†l≥aving†
groups,†such†as†fluor≥sc≥in†≤iac≥tat≥†(KM†~11†μM†with†porcin≥†liv≥r†≥st≥ras≥)[4].††
Tru≥†comparisons†of†th≥†kcat†ar≥†≤ifficult†b≥caus≥†≥v≥n†anili≤≥s†such†as†th≥†≥nzym≥’s†quot≥≤†stan≤ar≤†
substrat≥†ar≥†ch≥mically†mark≥≤ly†≤iff≥r≥nt†l≥aving†groups,†wh≥r≥as†aliphatic†amin≥s†w≥r≥†not†foun≤†
with†≥nough†≤ata†to†compar≥†to.†How≥v≥r,†a†charact≥risation†of†l≥ucyl-AMC†prob≥†5†un≤≥r†similar†
circumstanc≥s†(T=25°C,†pH~7.5)†but†a≤justing†th≥†vmax†for†≥nzym≥†conc≥ntration†woul≤†giv≥†KM(5)†=†
40††μM,††vmax(5)†=†0.04†μM∙min-1.†Th≥†appar≥ntly†low†vmax†coul≤†in≤icat≥†a†v≥ry†strong†t≥mp≥ratur≥†
≤≥p≥n≤≥ncy†of†this†≥nzym≥.†How≥v≥r,†an†int≥r≥sting†obs≥rvation†by†≤≥†Groot[21]†is†that†using†th≥†
biologically††significant††≥xop≥pti≤as≥††plasmin,††his† aliphatic †ami≤≥ †bas≥≤ †on †an †
N’-m≥thyl≥thyl≥n≥≤iamin≥†spac≥r†gav≥†an†or≤≥r†of†magnitu≤≥†fast≥r†≥nzymatic†rat≥†than†a†PABA†
anili≤≥.†This††≥ff≥ct††coul≤††partially††≥xplain††th≥†far†b≥tt≥r††vmax††for†th≥†pr≥s≥nt†prob≥s†compar≥≤†to†
pr≥vious†≤≥signs†such†as†5.†Th≥r≥for≥†≥sp≥cially†if†≥nzymatic†conc≥ntration†is†at†low†an≤†limiting†in†
vivo†l≥v≥ls,†th≥††gr≥at≥r††proc≥ssing††sp≥≥≤††of††th≥††curr≥nt††prob≥/pro≤rug††syst≥m†coul≤†b≥†crucial†in†
r≥comm≥n≤ing†th≥†curr≥nt†spac≥r†t≥chnology†ov≥r†th≥†l≥ss†biomim≥tic†but†much†mor≥†≤≥v≥lop≥≤†
PABA†spac≥r†(from†th≥†point†of†vi≥w†of†comp≥titiv≥†in†vivo†rat≥,††l≥t††alon≥††toxicity),††an≤††in†
r≥comm≥n≤ing†this†spac≥r’s†thr≥≥-compon≥nt†prob≥†≤≥sign†ov≥r†two-compon≥nt†≥xop≥pti≤as≥†≤≥signs†
such†as†5†(comp≥titiv≥†rat≥†+†off-ON).†
SPACER†KINETICS†AND†FUNCTION:††I††≥xp≥ct≥≤††v≥ry††≤iff≥r≥nt††valu≥s††for††kCYC(1a)†an≤†
kCYC(15a),††b≥caus≥††of††th≥††mark≥≤ly††sup≥rior††l≥aving-group†charact≥r†of†≤iClHPQ;†an≤†also†v≥ry†
≤iff≥r≥nt†kCYC(1b)†b≥caus≥†of†th≥†≤iff≥r≥nt†pr≥organisation†of†th≥†spac≥r.†In†th≥†≥v≥nt,†I†obtain≥≤†th≥†
following†r≥lations†by†my†analytical†t-corr≥ction†mo≤≥l:†run†1:††kCYC(1a)†≈†3×††kCYC(1b),†which†I†
attribut≥≤†to†both†th≥†high≥r†population†of†th≥†r≥activ≥†rotam≥r†in†th≥†groun≤stat≥†of†th≥†ann≥lat≥≤†
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spac≥r†an≤†to†th≥†low≥r†loss†of†≤≥gr≥≥s†of†fr≥≥≤om†≤uring†cyclisation†by†th≥†ann≥lat≥≤†spac≥r;†run†1†vs†
run†2:††kCYC(15a)††≈†2.5×kCYC(1a),†which†I†attribut≥≤†to†th≥†b≥tt≥r†l≥aving†group†charact≥r†of†th≥†p-
chlorinat≥≤†ph≥nol.†I†was†surpris≥≤†by†this†r≥sult,†as†I†was†≥xp≥cting†substantially†gr≥at≥r†≤iff≥r≥nc≥†in†
kin≥tics††≤≥p≥n≤ing††on††th≥††l≥aving††group:††but††it††woul≤††th≥r≥for≥††s≥≥m††that††th≥†cyclisation†
pr≥organisation†is†mor≥†important†in†achi≥ving†rapi≤†r≥spons≥†than†th≥†l≥aving-group†charact≥r.†
R≥call†that†th≥s≥†valu≥s†ar≥†in†≥xactly†th≥†sam≥†ratios†as†for†th≥†low≥r-boun≤†analysis,†which†supports†
th≥ir†physicality.†Absolut≥† kin≥tic†valu≥s:†th≥†pip≥ri≤yl†spac≥r†gav≥†a†rat≥†≥stimat≥†of†
kCYC=7.3×10-2†min-1,†whil≥†th≥†g≥m-≤im≥thyl†spac≥r†gav≥†a†rat≥††of††kCYC=2.9×10-2†min-1,†for†
cyclisation†lib≥rating†th≥†HPQ†fluorophor≥†at†30°C;†th≥†kCYC†for†≤iClHPQ†lib≥ration†by†th≥†pip≥ri≤yl†
spac≥r†was†0.22†min-1.†
Th≥†b≥st†prior-art†≥nzymatically†proc≥ssabl≥†1,2-≤iamin≥†spac≥r†(12)†has†kCYC=2.3×10-3†min-1,†an≤†th≥†
non-≥nzymatically-proc≥ssabl≥ †an≤ †much †mor≥ †N-nucl≥ophilic†spac≥r †13† has †only †
kCYC=1.9×10-2†min-1,†≥ach†m≥asur≥≤†with†a†mor≥†favourabl≥†t≥mp≥ratur≥†of†37°C†alb≥it†with†a†l≥ss†
favourabl≥†p-m≥thoxyph≥nolat≥††l≥aving††group[70].†I†th≥r≥for≥†conclu≤≥†strongly†that†both†th≥†pr≥s≥nt†
pr≥organis≥≤†spac≥rs†21†an≤†22†giv≥†much†mor≥†rapi≤†r≥spons≥†than†th≥†b≥st†prior†art†in†stabl≥†
aminop≥pti≤as≥†spac≥rs†an≤†≥v≥n†for†g≥n≥ral†N→OPh†spac≥rs,†sinc≥†th≥r≥†is†at†l≥ast†a†cl≥ar†or≤≥r†of†
magnitu≤≥†≤iff≥r≥nc≥†in†th≥†rat≥s,†which†shoul≤†probably†hol≤†tru≥†wh≥n†comparabl≥†l≥aving†groups†
ar≥†us≥≤†at†th≥†sam≥†t≥mp≥ratur≥†b≥caus≥†of†th≥†opposit≥†w≥ighting†that†th≥†factors†apply†(r≥call†too†
th≥†comparativ≥ly†low†rat≥†≥nhanc≥m≥nt†of†×2.5†pro≤uc≥≤†by†using†th≥†far†mor≥†activ≥†l≥aving†group†
≤iClHPQ†rath≥r†than†HPQ).††
Th≥†pr≥s≥nt†pr≥organis≥≤†spac≥rs†th≥r≥for≥†pr≥s≥nt†mark≥≤ly††sup≥rior†cyclisation†rat≥s†an≤†shoul≤†
th≥r≥for≥†fin≤†imm≥≤iat≥†an≤†wi≤≥-ranging†applications†wh≥r≥v≥r†curr≥nt†≤iamin≥†spac≥rs†ar≥†us≥≤.†
For†an†≥nzymatically-proc≥ssabl≥†≤iamin≥†spac≥r†th≥r≥†can†b≥†no†comp≥tition:†th≥s≥†pr≥organis≥≤†
spac≥rs†giv≥†almost†two†or≤≥rs†of†magnitu≤≥†b≥tt≥r†r≥spons≥†tim≥†than†th≥†prior†art,†which†is†critical†
for†in†vivo†p≥rformanc≥.†For†≥xampl≥,†th≥†N’-m≥thyl≥thyl≥n≥≤iamin≥†spac≥r†of†≤≥†Groot’s†paclitax≥l†
pro≤rug†r≥tar≤s†its†lib≥ration†strongly†(τ~23†hours)[21],†which†is†why†although†th≥†PABA†spac≥r†gav≥†
an††or≤≥r††of††magnitu≤≥††slow≥r††≥nzymatic††proc≥ssing††(τ≥nz~43†min†with†high†in†vitro†conc≥ntrations,†
200†μM††pro≤rug††an≤††100†μg/mL††plasmin),††h≥†was†forc≥≤†to†r≥tain†th≥†PABA†strat≥gy†(n≥ar-
instantan≥ous†fragm≥ntation)†as†th≥†most†suitabl≥†on≥†availabl≥†for†in†vitro†t≥sts†(not≥:†high†≥nzym≥†
activity,†uncomp≥titiv≥†s≥tting).†Th≥†curr≥nt†spac≥r†t≥chnology†cl≥arly†a≤≤r≥ss≥s†this†n≥≥≤†to†bri≤g≥†
th≥†gap†b≥tw≥≥n†w≥ll-proc≥ss≥≤†an≤†rapi≤ly-r≥sponsiv≥†spac≥rs,†an≤†th≥r≥for≥†shoul≤†allow†in†vivo†
applications†at†small†≥nzym≥†activiti≥s.†
SIGNAL†RESPONSE:†Th≥†low≥r†pr≥cipitation†thr≥shol≤†of†th≥†≤iClHPQ†fluoro†an≤†its†sup≥rior†
pr≥cipitation†kin≥tics†r≥sult≥≤†in†significantly†≥arli≥r†signal†ons≥t†(<1†min†≥v≥n†at†10†μM)†than†for†th≥†
HPQ†prob≥s.†This†ons≥t†tim≥†is†highly†comp≥titiv≥†with†all†r≥port≥≤†prob≥s,†although†th≥†cav≥at†is†that†
b≥caus≥†th≥†HPQ-bas≥≤†syst≥m†r≥li≥s†on†pr≥cipitation,†th≥†initial†conc≥ntration†of†prob≥†cannot†b≥†
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r≥≤uc≥≤†much†b≥low†1.5×KS†or†≥ls≥†signal†ons≥t†is†slow†(cf.†1a†at†10†μM:†with†its†high≥r†solubility†
thr≥shol≤,††cl≥ar††signal††ons≥t††took††aroun≤††6†hours).††Onc≥††pr≥cipitation††starts,††th≥††≥xc≥ptional††signal†
str≥ngth†of†th≥†fluorophor≥††≥nsur≥s††a††strong††an≤††unmistak≥abl≥††r≥spons≥††that††cl≥ar≥≤††th≥††l≥v≥l††of†
backgroun≤†nois≥†fluctuations†by†a†factor†of†aroun≤†up†to†20,000†≥v≥n†on†th≥s≥†unoptimis≥≤†acquitions†
(Tabl≥†I.1);†its†photostability†furth≥r†≥nsur≥s†that†≤≥spit≥†r≥p≥at≥≤†irra≤iations†ov≥r†many†hours,†this†
≥xc≥ptionally†high†signal†r≥mains†≥ntir≥ly†un≤iminish≥≤†ov≥r†mor≥†than†16†hours.†Th≥†brightn≥ss†of†
th≥s≥†mo≤≥l†fluorophor≥s†is†≥ntir≥ly†comparabl≥†to†workhors≥s†such†as†fluor≥sc≥in†an≤†r≥sorufin,†but†
th≥†HPQs’†≥xc≥ptional†photostability†(at†l≥ast†two††or≤≥rs†of†magnitu≤≥†slow≥r†photobl≥aching)[17]†is†
an†unb≥atabl≥†a≤vantag≥†for†absolut≥†signal†l≥v≥ls.†
SIGNAL-TO-CONTROL†SENSITIVITY:†Th≥†signal-to-control†ratios††for†th≥†pr≥s≥nt†prob≥s†ar≥†
absolut≥ly††≥normous.††Without††≥v≥n††subtracting††th≥††t=0††fluor≥sc≥nc≥††backgroun≤††signal,†un≤≥r†
unoptimis≥≤†con≤itions,†aft≥r†11-16†hours,†on≥†still†obtains†signal-to-control†ratios†of†618(1a),†
2944(1b),†an≤†1655(15a):†consi≤≥r†that†in††th≥††th≥or≥tical††limit,††th≥††maximum††signal-to-control†ratio†
≥v≥r†obs≥rvabl≥†for†r≥lativ≥†chang≥†prob≥s†is†n,†th≥†activation†signal-≥nhanc≥m≥nt†factor,†commonly†
with††5<n<50.††P≥rforming†t=0†subtraction,†as†is†routin≥ly†≤on≥†by†almost†all†in†vitro†t≥sts,†r≥sults†in†
≥v≥n†mor≥†impr≥ssiv≥†ratios†for†th≥†curr≥nt†syst≥m:†5712(1a),†21000(1b),†an≤†43000(15a),†which†
shoul≤†b≥†contrast≥≤†with†anything†obtainabl≥†from†r≥lativ≥†chang≥†prob≥s†(or†prob≥s†r≥port≥≤†as†
off-ON†but†which†ar≥†not,†actually,†truly†off-ON):††for††≥xampl≥,††Urano’s††ratio††of††~25††aft≥r††only†8†
minut≥s†an≤†with†500-fol≤†high≥r†≥nzym≥†conc≥ntration†(s≥≥†s≥ction†III.3.1.1).†It†shoul≤†also†b≥†not≥≤†
that†th≥†pr≥s≥nt†signal-to-control†valu≥s†ar≥†static†ov≥r†tim≥†b≥caus≥†th≥†prob≥†n≥ith≥r†≤iffus≥s†away†
nor†photobl≥ach≥s,†both†of†which†ar≥†common†probl≥ms†with†solubl≥†fluorophor≥s,†c≥rtainly†ov≥r†such†
long†incubation/irra≤iation†tim≥s.†Th≥†HPQs’†≥normous†Stok≥s†shifts,†as†w≥ll†as†th≥†prob≥s’†uniqu≥,†
macroscopically†binary†off-ON†signal†r≥spons≥,†is†r≥sponsibl≥†for†this†outstan≤ing†f≥atur≥.†
DETECTION†SENSITIVITY:††R≥s≥arch†on†fluorog≥nic†prob≥s†commonly†cit≥s†a†‘≤≥t≥ction†limit’†
for†th≥†prot≥in†targ≥t≥≤,†which†is†a†function†of†th≥†ratio†b≥tw≥≥n†control†an≤†activ≥†fluor≥sc≥nc≥†
signals†at†a†fix≥≤†tim≥†t.†In†this†cas≥,†th≥†situation†is†altog≥th≥r†≤iff≥r≥nt:†th≥†principl≥†of†a†tru≥†binary†
off-ON†syst≥m†is†to†giv≥†an†arbitrarily†low†≤≥t≥ction†limit†for†≥nzym≥†activity,†by†allowing†long≥r†
incubation†to†comp≥nsat≥†for†low≥r†activity†without†any†fals≥†positiv≥†signal†masking†th≥†r≥sults.†Th≥†
Hass≥ro≤t†≤≥sign†provi≤≥s†th≥†first†≤≥monstration†of†such†a†fluorog≥nic†aminop≥pti≤as≥†prob≥.†
Th≥r≥for≥†th≥†conc≥pt†of†a†≤≥t≥ction†limit†shoul≤†no†long≥r†b≥†tak≥n†as†an†intrinsic†limitation†of†this†
syst≥m,†but†rath≥r†as†an†≥xp≥ct≥≤†valu≥†which†can†b≥†optimis≥≤†by†prob≥†≤≥sign†following†this†patt≥rn.†
D≥spit≥†this†cav≥at,†in†s≥ction†III.3.5.2,†I†calculat≥†anyway†24-hour†≤≥t≥ction†thr≥shol≤s†for†prob≥†1a†
at†100†μM†as†8×10-6†UmL-1,†an≤†15a†at†only†35†μM†as†8×10-7†UmL-1,†of†l≥ucin≥†aminop≥pti≤as≥†un≤≥r†
th≥†pr≥s≥nt†≥xp≥rim≥ntal†con≤itions†(≥g.†non-optimal†t≥mp≥ratur≥†of†30°C†not†38°C).††
Th≥s≥†can†b≥†v≥ry†favourably†compar≥≤†with†≥xisting††prob≥s;††an≤††th≥†possibiliti≥s†for†incr≥asing†
s≥nsitivity†≤≥p≥n≤†on†≤≥signing†still-low≥r-solubility†fluorophor≥s†for†us≥†in†y≥t-mor≥†hy≤rolytically-

†
† 101†
†



†
Part†I.5†–†Enzymatic†T≥sting†

†

stabl≥†prob≥s,†with†≥v≥r†low≥r†inh≥r≥nt†backgroun≤†signal†≤u≥†to†still†high≥r†Stok≥s††shifts.†Th≥n†th≥†
s≥nsitivity†of†th≥†off-ON†pr≥cipitating†approach†will†continu≥†to†incr≥as≥,†an≤†it†is†alr≥a≤y†w≥ll†b≥yon≤†
what†is†f≥asibl≥†for†any†r≥lativ≥†chang≥†prob≥,†or†any†curr≥nt†solubl≥†syst≥m†(s≥ctions†I.3.1†–†I.3.2).†
OTHER†SALIENT†POINTS:†(a)†Th≥†fluorophor≥s’†insolubility†is††k≥y††to††allow†localisation†of†th≥†
sit≥†of†≥nzymatic†activity,†an≤†buil≤up†of†signal†without†signal†bl≥≥≤†or†≤iffusion†loss≥s;†(b)†th≥†
pr≥cipitation†m≥chanism†also†≥nforc≥s†tru≥†m≥chanistic†off-ON†b≥haviour†which†is†v≥ry†rar≥†by†
≥l≥ctronic†mo≤ulation†alon≥,†but†which†is†crucial†for†achi≥ving†th≥†high†signal-to-control†ratios†that†th≥†
curr≥nt††work††so††amply††≤≥monstrat≥s††(cf.††s≥ction††I.3.1);†(c)††th≥††v≥ry††high††Stok≥s††shift††shoul≤††allow†
th≥s≥†prob≥s†to†r≥tain†almost†all†of†th≥ir†≥xc≥ptional†s≥nsitivity†wh≥n†transf≥rr≥≤†to†in†c≥llulo†stu≤i≥s†
an≤†b≥yon≤,†an≤†pr≥liminary†r≥sults†in≤icat≥†that†in≤≥≥≤†th≥y†≤o†(cf.†s≥ction†I.3.2).†Th≥s≥†points†
shoul≤†b≥†compar≥≤†against†th≥††mark≥≤ly†poor≥r†p≥rformanc≥†of††many†syst≥ms†that†app≥ar†to†show†
goo≤†b≥haviour†in†vitro,†but†ar≥†us≥l≥ss†alr≥a≤y†in†c≥llulo,†l≥t†alon≥†in†vivo,†b≥caus≥†th≥y†fail†to†fulfill†
th≥s≥†crit≥ria.[4,17]†
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G≥n≥ral†Conclusions†from†Part†I†
Th≥†nov≥l†≤iamin≥†spac≥rs†≤≥sign≥≤†an≤†impl≥m≥nt≥≤†in†this†work†hav≥†for†th≥†first†tim≥†allow≥≤†th≥†
robust†an≤†practical†us≥†of†a†ph≥nolic†fluorophor≥†in†an†off-ON†syst≥m†for†th≥†ultras≥nsitiv≥†≤≥t≥ction†
of†aminop≥pti≤as≥†activity.†Th≥†≥xc≥ll≥nt†p≥rformanc≥†of†th≥†prob≥†syst≥m†can†b≥†attribut≥≤†to†both†
th≥†spac≥r†≤≥signs†an≤†to†th≥†pr≥cipitating,†ESIPT†fluorophor≥†whos≥†us≥†has†now†b≥≥n†allow≥≤.†
Spac≥rs:†Many†pro≤rugs[21]†an≤†auto-immolativ≥†polym≥rs[108]†an≤†≤≥n≤rim≥rs[109]†hav≥†r≥li≥≤†on†1,2-
≤iamin≥s†as†auto-immolativ≥†spac≥rs.†Th≥s≥†hav≥†b≥≥n†r≥strict≥≤†to†≥ith≥r†a≤apt≥r†spac≥rs†(13),†or†
≥nzym≥-r≥cognising†spac≥rs†(12).†Th≥s≥†prior†art†spac≥rs†hav≥†(a)†som≥what†slow≥r†(13,†36†min†
halflif≥,†37†°C)†or†vastly†slow≥r†(12,†5†h)†post-trigg≥ring†cyclisation†halftim≥s[70]†compar≥≤†to†th≥†
pr≥s≥nt†spac≥rs†(22,†9†min†with†HPQ,†an≤†21,†23††min††lik≥wis≥;†30†°C);†(b)†th≥†prior†spac≥rs†
probably[86]†hav≥†no†significant†≥nzym≥-r≥cognition†a≤vantag≥s†(for†12),†an≤†c≥rtainly†13†cannot†b≥†
r≥cognis≥≤†at†all[21,110],†wh≥r≥as†th≥†pr≥s≥nt†spac≥rs†pr≥s≥nt†≥xc≥ll≥nt†≥nzymatic†r≥cognition†an≤†goo≤†
proc≥ssing†kin≥tics†(22:†KM†~15†μM,†vmax†~5†μM∙min-1†with†0.1†U∙mL-1†≥nzym≥†at†30°C);†an≤†(c)†th≥†
prior†spac≥rs†probably†giv≥†no†gr≥at≥r†stability†than†th≥†curr≥nt†spac≥rs,†which†hav≥†halfliv≥s†of†up†to†
>4000†≤ays†(22†with†th≥†≥l≥ctron-with≤rawn†HPQ).††
Th≥r≥for≥†th≥†pr≥s≥nt†cyclisation-pr≥organis≥≤,†low-st≥ric-≤≥man≤,†N’-primary-amin≥†spac≥rs†
r≥pr≥s≥nt†a†highly†significant†a≤vantag≥†ov≥r†both†prior†b≥st†≤≥signs†in†t≥rms†of†th≥†sp≥≥≤†of†post-
trigg≥ring†r≥spons≥†(a†vital†≥n≤-us≥r†crit≥rion).†For†≥nzym≥-trigg≥r≥≤†applications,†th≥†improv≥m≥nt†in†
r≥spons≥††kin≥tics††is††by††almost†two†or≤≥rs†of†magnitu≤≥†–†a†crucial†factor†for†succ≥ssful†in†vivo†
impl≥m≥ntation.†This†≥normous†improv≥m≥nt†is†provi≤≥≤†without†sacrificing†any†m≥asur≥†of†stability,†
an≤†lik≥ly†without†losing†much†≥nzymatic†trigg≥ring†sp≥≥≤†r≥lativ≥†to†12.†Th≥†spac≥rs†ar≥†also†ch≥ap,†
an≤†ar≥†≥asily†r≥gio-≤iff≥r≥ntiat≥≤.†Th≥r≥for≥†this†author†cannot†imagin≥†situations†wh≥r≥†th≥y†cannot†
imm≥≤iat≥ly†b≥†us≥≤†to†r≥plac≥†both†th≥†prior†a≤apt≥r,†an≤†≥sp≥cially†≥nzym≥-r≥cognising†≤iamin≥s,†
without†bringing†significant†a≤vantag≥s†at†no†functional†cost.††
To†giv≥†on≥†≥xampl≥,†th≥s≥†n≥w†≤iamin≥†spac≥rs†ar≥†an†≥xc≥ll≥nt†solution†for†a†robust,†y≥t†quickly-
proc≥ss≥≤†an≤†rapi≤ly†r≥sponsiv≥†amin≥-substrat≥-to-alcohol-r≥l≥as≥†spac≥r†syst≥m†such†as†was†
unsucc≥ssfully†sought†by†≥g.†Vru≤hula†≥t†al.,††working††on††Paclitax≥l††pro≤rugs,[111]†wh≥r≥†“th≥†rat≥-
limiting††cyclization††of††th≥††link≥r††(t1/2††~50-230†min†[13])†still†prov≥≤†to†b≥†an†issu≥†that†might†
compromis≥†any†possibl≥†in†vivo†applications†of†such†a†strat≥gy.”[112]†It†also†sup≥rs≥≤≥s†th≥†Hass≥ro≤t†
group’s†pr≥vious†≥fforts†in†aminop≥pti≤as≥†prob≥†≤≥signs.[73]†Ev≥n†outsi≤≥†prob≥s†an≤†pro≤rugs,†th≥s≥†
≤iamin≥s†may†fin≤†applications†in†≥g.†kin≥tic†stu≤i≥s,†as†a†b≥tt≥r†t≥stb≥≤†than†pr≥viously-us≥≤†13†for†
≥xamining†th≥†auto-immolation†of†oth≥r†upstr≥am†spac≥rs[12]†in††stack≥≤††≤≥signs,†sinc≥†th≥†curr≥nt†
spac≥rs’†≤≥gra≤ation†on†a†significantly†short≥r†tim≥scal≥†improv≥s†th≥†r≥liability†of†kin≥tic†analysis†by†
≤≥convoluting†th≥†r≥spons≥s.††
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It†is†also†hop≥≤†that†th≥†highly†th≥rmo≤ynamically†stabl≥†cyclic†ur≥a†bypro≤uct†giv≥n†off†by†th≥s≥†
spac≥rs†may†also†pr≥s≥nt†minimal†int≥rf≥r≥nc≥†with†th≥†≥nzym≥’s†an≤†th≥†c≥ll’s†normal†functionality.†
This†is†in†sharp†contrast†to†th≥†w≥ll-known†toxicity[34]†an≤†alkylating[66]†b≥haviour†of†4-hy≤roxy-†or†4-
aminob≥nzylic†auto-immolativ≥†spac≥r†bypro≤ucts[113-115]†–†Papot[68]†r≥ports†that†quinon≥†m≥thi≤≥s†may†
≥v≥n††hav≥††aroun≤††fourfol≤††high≥r††toxicity††than††th≥††combination††of††a††pair††of††ch≥moth≥rap≥utics†
(≤oxorubicin†+†MS275;†although†th≥†a≤≤itiv≥†≥ff≥ct†is†uncl≥ar).†As†avoi≤ing†quinon≥†m≥thi≤≥†spac≥rs†
is†vital†for†≤iagnostics†in†vivo,†th≥s≥†far†l≥ss†toxic†≤iamin≥†spac≥rs†-†which†may†also†giv≥†both†kin≥tic†
a≤vantag≥s†wh≥n†targ≥ting†nativ≥†aminop≥pti≤as≥s[21],†an≤†gr≥at≥r†stability†with†≥l≥ctron-with≤rawn†
ph≥nols[30]†-†s≥≥m†to†b≥†strongly†support≥≤†as†robust,†g≥n≥ral†solutions†for†conn≥cting†amin≥†t≥rminal†
r≥l≥as≥†to†th≥†≤ownstr≥am†r≥l≥as≥†of†a†g≥n≥ral†ph≥nol†or†alcohol†≤rug†or†fluorophor≥.††
Fluorophor≥s:†For†≥nvisag≥≤†us≥s†of†th≥s≥†prob≥s†in†Mol≥cular†Imaging†in†vitro††or†in†c≥llulo,†th≥†
r≥markabl≥††insolubility††of††th≥ir††ESIPT††fluorophor≥s†shoul≤†allow†signal†accumulation†at†th≥†sit≥†of†
≥nzymatic†activity†ov≥r†tim≥†without†signal†bl≥≥≤,†an≤†continuous†≤iffusion†of†an†off-stat≥†prob≥†into†
c≥lls†or†tissu≥s†containing†an†activ≥†targ≥t†≥nzym≥†may†lab≥l†th≥m†with†incr≥asing†amounts†of†
fluor≥sc≥nc≥†ov≥r†tim≥.†This†fluorophor≥†insolubility†furth≥r†compl≥m≥nts†th≥ir†brightn≥ss†an≤†
photostability,†as†a†m≥ans†of†accumulating†as†strong†a†signal†as†possibl≥†at†th≥†sit≥†of†≥nzymatic†
activity;†for†≥xampl≥,†th≥†≤iClHPQ†fluorophor≥†is†alr≥a≤y†w≥ll-known†to†giv≥†subc≥llularly-r≥solv≥≤†
an≤†–localis≥≤†imaging†of†≥nzym≥†activity†with†th≥†phosphatas≥†prob≥†ELF-97[17].†In†a≤≤ition,†this†
insolubility†may†r≥≤uc≥†th≥ir†p≥rturbation†of†th≥†nativ≥/c≥llular†ch≥mistry.†
In†g≥n≥ral†conclusion:†Th≥††≥xc≥ll≥nt††microscopic††kin≥tic,††an≤††macroscopic††signal/s≥nsitivity†
param≥t≥rs†which†I†hav≥†≤≥t≥rmin≥≤†in†this†PhD†support†hop≥s†that††this†highly†robust,†mo≤ular,†
off-ON†syst≥m†will†op≥n†up†n≥w†p≥rsp≥ctiv≥s†for†th≥†ultras≥nsitiv≥,†subc≥llularly-r≥solv≥≤†≤≥t≥ction†
an≤†quantification†of†th≥†≥nzymatic†activity†of†th≥†vast†an≤†important†class†of†p≥pti≤as≥s.[1,28,116]†
†

Futur≥†Dir≥ctions†
Ongoing†r≥s≥arch†in†th≥†group†on††th≥††pr≥s≥nt††work’s††3-compon≥nt†prob≥†structur≥s,†≥sp≥cially†by†
Maxim≥†Prost,†has†alr≥a≤y†vali≤at≥≤†this†prob≥†syst≥m†in†c≥llulo,†showing†goo≤†c≥ll†p≥n≥tration†of†th≥†
proag≥nt††(cf.†consi≤≥rations†such†as†≤ruglik≥n≥ss)†an≤†th≥†≤≥sir≥≤†pr≥cipitation†of†th≥†activat≥≤†
fluorophor≥†in†th≥†c≥ll†int≥rior.†Crucially,†th≥†prob≥s†curr≥ntly†b≥ing†≥xplor≥≤†b≥ar†≤iff≥r≥nt†substrat≥s†
of†gr≥at≥r†biological††r≥l≥vanc≥,††≥g.††tri/t≥tra/h≥xap≥pti≤≥s††of††int≥r≥st††for††targ≥ting††classic††canc≥r-
associat≥≤†p≥pti≤as≥s.†A†≤isa≤vantag≥†of†th≥†insolubl≥†ESIPT†fluorophor≥s†us≥≤†in†this†PhD†is†th≥†
n≥c≥ssity††of††≥xciting†th≥m†in†th≥†n≥ar†UV†(aroun≤†360†nm).††For†in†vivo†applications,†choosing††or†
≤≥signing†a†fluorophor≥†with†visibl≥†wav≥l≥ngth†≥xcitation†an≤†≥mission†in†th≥†r≥≤†or†n≥ar†IR,†woul≤†
b≥†pr≥f≥rr≥≤†to†minimis≥†tissu≥†≤amag≥†an≤†maximis≥†imaging†≤≥pth[117].†Th≥r≥for≥†curr≥nt†r≥s≥arch†in†
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th≥†group†is†also†aiming†towar≤s†in†vivo†applications†of†similar†prob≥s†b≥aring†long≥r-wav≥l≥ngth†off-
ON†fluorophor≥s,†for†imaging††in††th≥††biological††transpar≥ncy††win≤ow††as††w≥ll††as††multipl≥xing†(≥g.†
nov≥l†ESIPT-typ≥†fluorophor≥s†similar†to†BTQC,†as†w≥ll†as†non-ESIPT†cor≥s†such†as†3H-DCDHF†
≤≥rivativ≥s).†Any†such†long≥r-wav≥l≥ngth-≥xcitabl≥†fluorophor≥s†must†still†maintain†both†insolubility†
an≤†photostability,†to†profit†from†similar†s≥nsitivity†as†has†b≥≥n†prov≥n†for†th≥†curr≥nt†prob≥s.†
To†≤≥monstrat≥†th≥†broa≤≥r†possibiliti≥s†of†th≥†p≥pti≤as≥-trigg≥r≥≤†ph≥nol-r≥l≥asing†≤≥sign,†I†s≥l≥ct≥≤†
th≥†pow≥rful†ph≥nolic†anticanc≥r†compoun≤†Combr≥tastatin†A-4[118]†as†a†cor≥†ph≥nol†to†b≥†r≥l≥as≥≤†
from†a†3-compon≥nt†pro≤rug.†This†choic≥†has†s≥v≥ral†a≤vantag≥s,†chi≥fly:†(1)†combr≥tastatin’s†clinical†
us≥†was†≥ss≥ntially†block≥≤†for†almost†20†y≥ars†≤u≥†to†its†notorious†insolubility/biounavailability,†but†
th≥†pr≥s≥nt†3-compon≥nt†≤≥sign†≥nforc≥s†both†solubility†an≤†bioavailability,†as†w≥ll†as†allowing†
sp≥cific†targ≥ting†(which†th≥†two†curr≥ntly†availabl≥†pro≤rugs†≤o†not);†(2)†combr≥tastatin’s†antimitotic†
activity††is††≥ntir≥ly††block≥≤††if††th≥††ph≥nol††is††substitut≥≤††with††a††mo≤≥rat≥-siz≥≤†group,†so†a†
pharmacologically†off-ON†≤≥sign†shoul≤†b≥†≥nsur≥≤;[119,120]††(3)†combr≥tastatin’s†≥l≥ctron-rich†
t≥tram≥thoxystilb≥n≥††structur≥†shoul≤†≥nsur≥†that†th≥†pro≤rug†shows†far†gr≥at≥r†spontan≥ous†
hy≤rolytic†stability†than†≥v≥n†1a.†I†again†chos≥†l≥ucin≥†as†a†simpl≥†mo≤≥l†substrat≥;†l≥ucin≥†
aminop≥pti≤as≥†plasmi≤s†ar≥†availabl≥†an≤†will†b≥†us≥≤†as†positiv≥†controls†in†th≥†in†c≥llulo†t≥sting.†I†
also†r≥tain≥≤†th≥†≥ffici≥nt†pip≥ri≤yl†spac≥r†as†th≥†auto-immolativ≥†link≥r.†Th≥†combr≥tastatin†cor≥†was†
synth≥sis≥≤†an≤†≤≥liv≥r≥≤†by†J≥an-Christoph≥†Mulati≥r,†an≤†I†p≥rform≥≤†phosg≥nation†coupling†to†
giv≥†84%†isolation†of†th≥†Boc-prot≥ct≥≤†combr≥tastatin†pro≤rug.†In†c≥llulo†proof-of-conc≥pt††t≥sts†
≥valuating††th≥††corr≥lation††of††toxicity††an≤††mo≤≥l††≥nzym≥††≥xpr≥ssion††ar≥††sch≥≤ul≥≤††for†mi≤-lat≥†Jun≥†
2013.†Pro≤rug†strat≥gi≥s†involving†oth≥r†activ≥†ag≥nts†an≤†≤iff≥r≥nt†p≥pti≤≥†s≥qu≥nc≥s†ar≥†also†pursu≥≤†
by†oth≥r†group†m≥mb≥rs.†
Lastly,†th≥†≤≥sign†of†‘mor≥†int≥llig≥nt’†spac≥rs†is†also†a†t≥am†priority.††For††≥xampl≥,††spac≥rs†which†
mimic†on≥†or†≥v≥n†multipl≥†post-scissil≥†r≥si≤u≥s,†but†r≥tain†th≥†k≥y†hy≤rolytic†stability†of†th≥†curr≥nt†
≤≥signs,††ar≥†alr≥a≤y†un≤≥r†≥valuation.†Th≥s≥†hop≥†to†allow†for†targ≥ting†≥n≤op≥pti≤as≥s†by†v≥ry†
similar†t≥chnology,†an≤†th≥r≥for≥†to†profit†from†th≥†≥xc≥ptional†stability†an≤†signal†r≥spons≥†that†th≥s≥†
≤≥signs†can†giv≥.†Oth≥r†spac≥rs†which†may†allow†logic-gat≥†functions,†such†as†an†OR-gat≥†using†a†2,6-
bis(aminom≥thyl)pip≥ri≤in≥†spac≥r†bait≥≤†for†two†≤iff≥r≥nt†p≥pti≤as≥s,†or†≥v≥n†≤≥n≤rim≥r-lik≥†
a≤aptions†(≥g.†pip≥razin≥-bas≥≤†spac≥rs)†ar≥†also†cl≥ar†av≥nu≥s†for†furth≥r†r≥s≥arch.†
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II.†TOWARDS†MRI†DETECTION†OF†GLYCOSIDASES†
1.†Stat≥†of†th≥†Art:†Mol≥cular†Prob≥s†for†MRI††
1.1.†Magn≥tic†R≥sonanc≥†Imaging†
1.1.1.†G≥n≥ral†param≥t≥rs†

Magn≥tic†R≥sonanc≥†Imaging†(MRI)†is†a†clinical†soft-tissu≥†imaging†mo≤ality†that†has†b≥com≥†firmly†
≥stablish≥≤†ov≥r†th≥†last†30-40†y≥ars.†MRI†us≥s†3D†gra≤i≥nts†of†magn≥tic†fi≥l≤s†to†acquir≥†wat≥r†
proton†r≥sonanc≥†int≥nsity†≤ata,†which†ar≥†r≥construct≥≤†into†spatially-r≥solv≥≤†imag≥s.†A†vari≥ty†of†
puls≥†s≥qu≥nc≥s†ar≥†w≥ll-≥stablish≥≤†for†imaging†both†simpl≥†an≤†compl≥x†anatomical†f≥atur≥s†by†
w≥ighting†th≥†imag≥s†accor≤ing†to†sp≥cific†f≥atur≥s.†Th≥†simpl≥st†is†spin-≤≥nsity†w≥ighting,†which†
≤istinguish≥s†b≥tw≥≥n†tissu≥s†bas≥≤†on†wat≥r†conc≥ntration;†how≥v≥r†r≥laxation-tim≥†w≥ighting†(both†
T1†an≤†T2)†is†most†commonly†us≥≤†to†≤istinguish†b≥tw≥≥n†soft†tissu≥s,†sinc≥†th≥y†usually†hav≥†mor≥†
significant†≤iff≥r≥nc≥s†b≥tw≥≥n†th≥s≥†r≥laxation†tim≥s†than†b≥tw≥≥n†th≥ir†wat≥r†conc≥ntrations.†Mor≥†
a≤vanc≥≤†clinical†applications†≥xt≥n≤†to†flow†angiography†(imaging†to†show†mobil≥†vs†static†bloo≤†
pools)†an≤†≤iffusion†imaging†(flui≤†l≥akag≥),†as†w≥ll†as†‘functional’†MRI†(fMRI)†which†shows†bloo≤†
oxyg≥nation†l≥v≥ls†an≤†h≥nc≥†is†us≥≤†to†r≥v≥al†brain†activity.[1]†††
MRI†has†two†≥xtr≥m≥ly†attractiv≥†qualiti≥s†as†an†imaging†mo≤ality.†It†has†≥ss≥ntially†no†≤≥pth†
limitations,†an≤†it†has†no†intrinsic†risks†of†harming†th≥†subj≥ct,†b≥caus≥†of†th≥†v≥ry†low†absorption†of†
th≥†low-≥n≥rgy†ra≤iofr≥qu≥ncy†≥l≥ctromagn≥tic†wav≥s†it†r≥li≥s†upon.†This†≤istinguish≥s†it†sharply†from†
PET†an≤†X-ray†imaging†(ra≤iation-≤≥p≥n≤≥nt†≤os≥†limitations,†similar†or†low≥r†spatial†r≥solution,†
low≥r††contrast†r≥solution),†an≤†from†optical/fluor≥sc≥nc≥†imaging†(wav≥l≥ngth-≤≥p≥n≤≥nt†≥xcitation†
pow≥r†an≤†≤≥pth†limitations,†but†g≥n≥rally†≤≥pth-limit≥≤).†B≥caus≥†of†th≥†abs≥nc≥†of†a†≤≥pth†
limitation,†whol≥-human†MRI†scans†hav≥†b≥≥n†practis≥≤†for†≤≥ca≤≥s,†which†mak≥s†it†an†≥sp≥cially†
attractiv≥†mo≤ality†for†routin≥†scr≥≥ning†or†≤iagnostics†(no†limit†on†th≥†numb≥r†of†scans).†It†can†also†
hav≥†≥xtr≥m≥ly†high†r≥solution,†curr≥ntly†≤own†to†~10×10×10†μm†vox≥ls.[1-3]†
Its†chi≥f†≤rawback†compar≥≤†to†oth≥r†imaging†mo≤aliti≥s†is†its†intrinsically††low†s≥nsitivity.[4]†Th≥†
signal†that†can†b≥†m≥asur≥≤†is†always†only†a†tiny†proportion†of†total†pot≥ntial†wat≥r†proton†signal,†
b≥caus≥†th≥†≥n≥rgy†gap†b≥tw≥≥n†th≥†two†proton†nucl≥ar†magn≥tic†stat≥s†is†so†small†that†th≥y†ar≥†in†
≥quilibrium†with†only†a†~10-5†≤iff≥r≥ntial†of†population.†Furth≥rmor≥,†th≥†nativ≥†≤iff≥r≥nc≥s†b≥tw≥≥n†
r≥laxation†tim≥s†in†≤iff≥r≥nt†tissu≥s†may†b≥†small,†so†contrast†ag≥nts†ar≥†routin≥ly†appli≥≤†to†r≥v≥al†
physical†an≤†bioch≥mical†f≥atur≥s†not†oth≥rwis≥†≤iff≥r≥ntiabl≥†with†nativ≥†tissu≥†imaging†(in†about†a†
thir≤†of†all†MRI†proc≥≤ur≥s).[5]†This†th≥sis†chapt≥r†will†b≥†conc≥rn≥≤†with†th≥†≤≥sign†of†n≥w†auto-
immolativ≥†spac≥rs†for†us≥†in†bio-activat≥≤†contrast†ag≥nts,†which†will†hav≥†th≥†pot≥ntial†to†a≤apt†MRI†
from†an†anatomical†to†a†mol≥cular†imaging†mo≤ality.†

†
† 111†
†



†
Part†II.1†–†Stat≥†of†th≥†Art:†Mol≥cular†MRI†

†

1.1.2.†Contrast†ag≥nts†for†T1-w≥ight≥≤†MRI†
A†bri≥f†intro≤uction†to†th≥†r≥l≥vant†≥ff≥cts†conc≥rning†MRI†contrast†ag≥nts†is†giv≥n.†A†slightly†mor≥†
≥xt≥n≤≥≤†≤iscussion†is†inclu≤≥≤†in†s≥ction†III.4,†but†≥xc≥ll≥nt†an≤†compr≥h≥nsiv≥†r≥vi≥ws†ar≥†
availabl≥[1,6,7]†to†which†th≥†r≥a≤≥r†is†≤ir≥ct≥≤†for†furth≥r†information.†
Th≥†T1,†or†spin-lattic≥†tim≥†constant,†≤≥scrib≥s†th≥†tim≥scal≥†for†th≥†≤≥cay†of†th≥†≥xt≥rnal-fi≥l≤-align≥≤†
(longitu≤inal)†compon≥nt†of†th≥†n≥t†proton†nucl≥ar†spin†magn≥tic†mom≥nt†from†its†≥xcit≥≤†stat≥†to†its†
≥quilibrium†valu≥.†Th≥†T2,†“transv≥rsal”†or†spin-spin†tim≥†constant†≤≥scrib≥s†th≥†tim≥scal≥†for†th≥†loss†
of†coh≥r≥nc≥†of†th≥†orthogonal†compon≥nt†≤u≥†to†≤≥phasing†b≥tw≥≥n†spin†pack≥ts.†Contrast†ag≥nts†
may†aff≥ct†≥ith≥r†th≥†T1†or†T2†(som≥tim≥s,†both†to†a†similar†≤≥gr≥≥)†of†th≥†wat≥r†mol≥cul≥s†that†
surroun≤†th≥m,†th≥r≥for≥†puls≥†s≥qu≥nc≥s†that†w≥ight†imag≥s†bas≥≤†on†th≥s≥†r≥laxation†tim≥s†ar≥†us≥≤†
to†imag≥†th≥†≤istribution†of†th≥s≥†contrast†ag≥nts.†D≥p≥n≤ing†on†how†much†th≥†contrast†ag≥nt†alt≥rs†th≥†
tissu≥†r≥laxation†tim≥s†from†th≥ir†nativ≥†stat≥,†this†imaging†may†b≥†mor≥†or†l≥ss†s≥nsitiv≥.[1]†
Th≥†clinical†contrast†ag≥nts†in†curr≥nt†us≥†ar≥†T1-ag≥nts,†paramagn≥tic†m≥tal†coor≤ination†compl≥x≥s†
which†low≥r†th≥†T1†of†surroun≤ing†wat≥r,†so†th≥y†giv≥†a†n≥t†incr≥as≥†in†obs≥rv≥≤†signal†(fast≥r†
r≥laxation†≤uring†th≥†acquisition†p≥rio≤).†Th≥†spin†magn≥tic†mom≥nt†μ†of†th≥†paramagn≥tic†compl≥x†
can†int≥ract†with†th≥†nucl≥ar†spin†mom≥nts†of†n≥arby†≥xcit≥≤†wat≥r†protons,†r≥≤ucing†th≥ir†T1†an≤†so†
incr≥asing†th≥ir†r≥laxation†sp≥≥≤†by†up†to†many†or≤≥rs†of†magnitu≤≥.†Among†th≥†r≥sults†of†th≥†
g≥n≥ralis≥≤†Solomon-Blo≥mb≥rg≥n-Morgan††th≥ory,†which†is†wi≤≥ly†us≥≤†to†≤≥scrib≥†th≥s≥†
int≥ractions,†ar≥†two††≥ff≥cts†that†will†b≥†≤iscuss≥≤†h≥r≥.††Firstly,†th≥†gr≥at≥r†is†μ,††th≥††gr≥at≥r††is††th≥†
r≥laxation†in≤uc≥≤†in†surroun≤ing†wat≥r†mol≥cul≥s†an≤†th≥r≥for≥†th≥†gr≥at≥r†is†th≥†signal†≥nhanc≥m≥nt;†
if†th≥†compl≥x†is†not†paramagn≥tic†at†all,†th≥n†no†r≥laxation†will†b≥†obs≥rv≥≤.†S≥con≤ly,†th≥†
coor≤ination†of†wat≥r†mol≥cul≥s†is†important†for†goo≤†r≥laxivity†r1††(=1/[c×T1’],†for†conc≥ntration†c†
an≤†obs≥rv≥≤†r≥laxation†tim≥†T1’):†but†r≥laxation†can†also†b≥†transmitt≥≤†by†s≥con≤-sph≥r≥†≥ff≥cts†in†
coor≤ination-saturat≥≤†paramagn≥tic†compl≥x≥s.†Th≥†av≥rag≥†wat≥r†coor≤ination†numb≥r†is†not≥≤†q.†

†
Figur≥†II.1†–†Classical,†G≤3+-bas≥≤†paramagn≥tic†contrast†ag≥nts†G≤-DOTA†(35),†G≤-DTPA†(36)†an≤†G≤-EOB-DTPA†

(37).†Th≥†wat≥r†mol≥cul≥†in†th≥†ninth†coor≤ination†sit≥†is†omitt≥≤†for†clarity.†
Curr≥nt†clinical†paramagn≥tic†compl≥x≥s†(Figur≥†II.1)†ar≥†usually†bas≥≤†on†G≤3+,†as†ar≥†most†T1-
contrast†ag≥nts†in†r≥s≥arch,†though†oth≥r†ions†such†as†F≥(III)[8],†Mn(II)[5]†an≤†Cr(III)[9]†ar≥†also†s≥≥n.†
Th≥s≥††c≥ntral††m≥tal††ions††ar≥††chos≥n††primarily††to††maximis≥††th≥††μ††of††th≥ir†compl≥x†an≤†so†allow†for†
high-signal†contrast†ag≥nts:†G≤3+†is†th≥†most†outstan≤ing†ion†for†high†contrast†as†it†has†s≥v≥n†unpair≥≤†
f†≥l≥ctrons;†th≥†oth≥rs†hav≥†f≥w≥r†(≥g.†Mn(II)†has†5†unpair≥≤†≤†≥l≥ctrons,†≥tc).†
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In†particular†for†G≤,†its†compl≥x≥s†ar≥†both†macrocyclic†(G≤-DOTA,†35†–†a†r≥f≥r≥nc≥†stan≤ar≤,†with†
r≥laxivity†r1†=†2.44†mM-1s-1†at†th≥†r≥lativ≥ly†high†fi≥l≤†str≥ngth†of†7T)[2]†an≤†non-macrocyclic†(G≤-
DTPA,†36);†th≥†form≥r†ar≥†much†pr≥f≥rr≥≤†for†toxicity†r≥asons.[10,11]†All†ar≥†octa-coor≤inat≥,†with†th≥†
ninth†coor≤ination†sit≥†occupi≥≤†by†wat≥r:†whil≥†compl≥x≥s†with†q=2†can†show†goo≤†r≥laxivity,†th≥y†
ar≥†not†as†kin≥tically†in≥rt†an≤†may†mor≥†quickly†r≥l≥as≥†G≤3+,†which†is†a†toxic†h≥avy†m≥tal,†so†th≥y†
hav≥†not†b≥≥n†allow≥≤†for†m≥≤ical†us≥.[1]†Compl≥x≥s†with†som≥†s≥l≥ctivity†for†th≥†bioch≥mical†
≥nvironm≥nt†of†c≥rtain†tissu≥s†hav≥†b≥≥n†≤≥v≥lop≥≤†(≥g.†“Primovist”,†G≤-EOB-DTPA,†37).†In†
summary,†th≥s≥†contrast†ag≥nts†allow†MRI†with†g≥n≥rally†≥nhanc≥≤†anatomical†tissu≥†contrast.[1]†

1.1.3.†Prior†approach≥s†to†MRI†for†mol≥cular†imaging†
Many†≥fforts†hav≥†b≥≥n†ma≤≥†to†≤≥sign†mol≥cular†contrast†ag≥nts†whos≥†r≥laxivity†can†b≥†≥nzym≥-
mo≤ulat≥≤,†to†s≥rv≥†as†mol≥cular†prob≥s.†On≥†principal†axis†of†r≥s≥arch†has†≥xamin≥≤†RIME†ag≥nts,†
wh≥r≥†an†≥nzymatic†r≥action†provok≥s†a†chang≥†of†bin≤ing†affinity†of†th≥†compl≥x†towar≤s†a†
biological†prot≥in†(≥g.†albumin).[12]†Bin≤ing†incr≥as≥s†th≥†rotational†corr≥lation†tim≥†of†th≥†compl≥x†
(slow≥r†tumbling)†an≤†incr≥as≥s†of†r≥laxivity†ar≥†s≥≥n,†≥sp≥cially†at†low†fi≥l≤†str≥ngths.[13]†This†is†
how≥v≥r†an†inh≥r≥ntly†a†r≥lativ≥†chang≥†approach†to†MRI†prob≥s;[14]†its†≥ff≥cts†ar≥†also††≥ss≥ntially†
limit≥≤†to†low†magn≥tic†fi≥l≤†str≥ngths†an≤†tail†off†at†high≥r†fr≥qu≥nci≥s.†By†contrast,†high†fi≥l≤†MRI†
is†absolut≥ly†n≥c≥ssary†for†goo≤†imaging†r≥solution†an≤†acquisitions†on†a†practical†tim≥scal≥,†an≤†
clinical†machin≥s†ar≥†incr≥asingly†moving†towar≤s†th≥s≥†high≥r†fr≥qu≥nci≥s.[1,15-17]††
Th≥†s≥con≤†axis†of†mol≥cularly-≥nzym≥-r≥sponsiv≥†contrast†ag≥nt†r≥s≥arch†is†th≥†mor≥†r≥l≥vant†to†th≥†
curr≥nt†work,†an≤†has†principally†focuss≥≤†on†G≤(III)†compl≥x≥s†wh≥r≥†q†is†mo≤ifi≥≤†upon†≥nzymatic†
activity,†such†as†th≥†classic†≥xampl≥†Ega≤M≥†(Intro≤uction†Figur≥†8)†which†r≥ally†launch≥≤†th≥†fi≥l≤†
in†1997[18].†Ega≤M≥’s†≤≥sign†asks†that†th≥†targ≥t≥≤†hy≤rolas≥†shoul≤†r≥cognis≥†an≤†cl≥av≥†a†substrat≥†
which†is†≥ss≥ntially†coor≤inat≥≤†to†th≥†c≥ntral†G≤3+†ion,†so†that†wat≥r†may†r≥plac≥†it†an≤†b≥†r≥lax≥≤†by†
th≥†compl≥x.†Wh≥th≥r†this†highly†non-nativ≥†substrat≥†≤≥sign†r≥ally†warrants†th≥†≥pith≥t†“smart”†is†
≤≥batabl≥;†in≤≥≥≤,†its†authors†foun≤†that†an†in†vitro†incubation†tim≥†of†7†≤ays†was†n≥≥≤≥≤,†≤≥spit≥†a†
prob≥:≥nzym≥†conc≥ntration†ratio†of†only†1000:1,†in†or≤≥r†to†r≥ach†signal†plat≥au.†This†was†highly†
unpromising†for†in†vivo†applications;†how≥v≥r†this†≤ir≥ct†blocking†strat≥gy†has†s≥v≥ral†mor≥†s≥rious†
mol≥cular†conc≥rns,†as†oth≥r†r≥s≥arch≥rs†trying†to†≥xploit†this†≤≥sign†hav≥†foun≤.[19]†M≥a≤≥†≥t†al.†lat≥r†
acknowl≥≤g≥≤†this:†“th≥†in†vitro†b≥haviour†of†th≥s≥†ag≥nts†≤o≥s†not†r≥fl≥ct†th≥ir†in†vivo†activity:”[20]†a†
polit≥†way†of†r≥phrasing†‘th≥†≥ff≥ct†forc≥≤†in†vitro†cannot†b≥†r≥pro≤uc≥≤†in†vivo.’†Th≥†logical†
≤≥v≥lopm≥nt†was†to†us≥†auto-immolativ≥†spac≥rs†to†s≥parat≥†th≥†compl≥x†from†th≥†substrat≥.[20,21]†A†
rang≥†of†functionally†similar†≤≥signs†hav≥†sinc≥†b≥≥n†r≥port≥≤,†how≥v≥r†th≥†mol≥cular†m≥chanism†
which†is†alt≥r≥≤†upon†≥nzymatic†activity†is†still†th≥†sam≥†-†th≥†wat≥r†coor≤ination†numb≥r†q.†
R≥gar≤l≥ss†of†th≥†actual†mol≥cular†≤≥sign†propos≥≤,†th≥s≥†prior†ag≥nts†ar≥†unit≥≤†by†th≥†fact†that†th≥y†
all†inh≥r≥ntly†op≥rat≥†in†a†small†r≥lativ≥†chang≥†mo≤≥.†Th≥y†ar≥†bas≥≤†on†classical†paramagn≥tic†
compl≥x≥s,†an≤†lik≥†th≥m†will†r≥main†≥ss≥ntially†limit≥≤†to†anatomical†imaging,†b≥caus≥†th≥y†ar≥†
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always†paramagn≥tic†an≤†h≥nc≥†ar≥†always†substantially†MRI-activ≥†≥v≥n†if†only†by†s≥con≤-sph≥r≥†
≥ff≥cts.[1-3]†Consi≤≥r†that†in†Part†I,†it†has†b≥≥n†argu≥≤†that†if†any†giv≥n†prob≥†functions†in†a†r≥lativ≥†
chang≥†mo≤≥†(≥g.†optimistically,†×20†≥nhanc≥m≥nt†≥v≥n†in†vivo),†th≥†in†vivo†≤≥t≥ction†s≥nsitivity†is†
minimal.††Discussion†an≤†mo≤≥lling†of†th≥†r≥quir≥m≥nts†for†in†c≥llulo→in†vivo†≤≥t≥ction†of†≥nzym≥†
activity†hav≥†also†shown†th≥†s≥v≥r≥†≤ifficulti≥s†for†propos≥≤†fluorog≥nic†prob≥s†which†fac≥†r≥lativ≥ly†
larg≥†backgroun≤†signal†(≥g.†which†us≥†low†Stok≥s†shift†fluorophor≥s).†Y≥t†th≥†situation†for†≥nzym≥-
r≥sponsiv≥†MRI†is†so†much†mor≥†chall≥nging†that†such†consi≤≥rations†w≥r≥†publish≥≤†only†on≥†y≥ar†
aft≥r†th≥†first†propos≥≤†r≥sponsiv≥†≤≥sign,†to†sugg≥st†caution†in†following†this†approach:†
“Although†MRI†is†a†pow≥rful†tool†for†noninvasiv≥ly†mapping†biological†structur≥†an≤†function…†
th≥†m≥tho≤†has†ubiquitous†limitations†in†th≥†availabl≥†signal-to-nois≥†ratio.†This†limitation†is†
≥sp≥cially†tru≥†as†th≥†m≥tho≤†is†push≥≤†to†incr≥asingly†high≥r†r≥solutions.†A†cons≥qu≥nc≥†is†
that†th≥†ability†to†≤iscriminat≥†b≥tw≥≥n†tissu≥s†on†th≥†basis†of†≤iff≥r≥nc≥s†in†T1†can†b≥†
limit≥≤…†wh≥n†≥xog≥nous†contrast†ag≥nts†ar≥†utiliz≥≤†to†≥nhanc≥†T1†≤iff≥r≥nc≥s,†r≥lativ≥ly†
larg≥†ag≥nt†conc≥ntration…†must†b≥†≤≥liv≥r≥≤.”[4]†

MRI†has†a†far†high≥r†inh≥r≥nt†backgroun≤†than†fluor≥sc≥nc≥:†MRI†commonly†r≥quir≥s†~mM†of†activ≥†
contrast†ag≥nt†to†pass†abov≥††nois≥†in†anatomical†imaging,††compar≥≤††to††~μM††for††fluor≥sc≥nc≥.†Y≥t†
prior†≤≥signs†for†≥nzym≥-r≥sponsiv≥†MRI†prob≥s†(all†bas≥≤†on†th≥s≥†classical†paramagn≥tic††ag≥nts)†
can†off≥r†only†much†small≥r†signal††chang≥†(than†≥v≥n†th≥†mor≥†us≥l≥ss†of†fluorog≥nic†prob≥s):†≥g.†
maximum†+50%†on†total†sampl≥†activation†for†th≥s≥†prob≥s.†By†th≥†argum≥nts†of†s≥ction†I.3.1,†this†
shoul≤†show†that†r≥lativ≥†chang≥†MRI†prob≥s†will†n≥v≥r†b≥†abl≥†to†achi≥v≥†s≥nsitiv≥†≤≥t≥ction†of†
r≥alistic†amounts†of†≥nzym≥†activity†in†vivo,†no†matt≥r†what†(small)†≥ff≥cts†ar≥†claim≥≤†in†vitro.†
Ahr≥ns†≥t†al.[4]†mo≤≥ll≥≤†th≥†minimal†amount†of†a†stan≤ar≤†≥nzym≥-r≥sponsiv≥†contrast†ag≥nt†which†
must†b≥†activat≥≤†by†a†targ≥t†≥nzym≥†in†on≥†location,†in†or≤≥r†to†pass†a†thr≥shol≤†just†≤iff≥r≥ntiating†it†
from†a†s≥con≤†non≥nzymatic†location,†within†an†optimis≥≤†high-fi≥l≤†small-≥mbryo†imaging†s≥tup†
(much†mor≥†s≥nsitiv≥†than†whol≥-human†imaging).†Th≥y†calculat≥†a†minimal†thr≥shol≤†activation†
≤iff≥r≥nc≥†of†1400†μM.†This†is†far†b≥yon≤†what†on≥†can†hop≥†for†in†vivo†for†a†vari≥ty†of†r≥asons,†
principally†b≥caus≥†this†woul≤†imply†≥normous†≥nzym≥†activiti≥s:†y≥t†th≥r≥†ar≥†oth≥r†probl≥ms†which†
this†calculation†hi≤≥s:†proag≥nt/ag≥nt†signal†≤iffusion/bioconc≥ntration†ar≥†≥ntir≥ly†ignor≥≤†(compar≥†
Figur≥†I.3†pan≥l†b†vs†pan≥l†≤‡),†ag≥nt†hy≤rolytic†stability†is†n≥gl≥ct≥≤,†th≥†form†of†≥nzym≥†kin≥tics†
(r≥action†slows†n≥ar†KM)†is†ignor≥≤,†≥tc.†Th≥r≥for≥†th≥†minimum†amount†of†classical-≤≥sign†≥nzym≥-
r≥sponsiv≥†contrast†ag≥nts†which†must†b≥†activat≥≤†in†or≤≥r†to†≤iff≥r≥ntiat≥†bioch≥mical†f≥atur≥s†(l≥t†
alon≥†quantify†th≥m)†is†too†high†for†any†r≥alistic†us≥†in†vivo.[22]†
Th≥r≥for≥,†th≥†Bio-Organic†Ch≥mistry†group†pursu≥s†a†≤iff≥r≥nt†approach†≥ntir≥ly.†Mol≥cular†≤≥signs†
for†Magn≥tog≥n≥sis††-†truly†off-on†magn≥tog≥nic†b≥haviour††-†coul≤†solv≥†th≥†s≥nsitivity†probl≥m,†
th≥r≥for≥†allowing†for†≤≥t≥ction†of†much†low≥r†quantiti≥s†of†activat≥≤†prob≥†(thr≥shol≤),†an≤†this†in†a†
fashion†that†corr≥lat≥s†to†th≥†un≤≥rlying†≥nzymatic†activity†(r≥liability;†cf.†s≥ction†I.3).[23]†
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1.2.†Magn≥tog≥n≥sis†
1.2.1.†R≥quir≥m≥nts,†an≤†s≥l≥ct≥≤†a≤vantag≥s/issu≥s†

Th≥†Bio-Organic†ch≥mistry†group†has†pursu≥≤†truly†magn≥tog≥nic†≤≥signs†sinc≥†2005[24].†Th≥†goal†is†
to†≤≥v≥lop†MRI-sil≥nt†(≤iamagn≥tic)†pro-ag≥nts,†which†switch†to†MRI-activ≥†(paramagn≥tic)†contrast†
ag≥nts†aft≥r†trigg≥ring†from†a†sp≥cific†targ≥t≥≤†≥nzym≥,†for†high-s≥nsitivity†off-ON-mo≤≥†imaging.[2,25]††
Th≥†r≥quir≥m≥nt†that†th≥†proag≥nt†signal†must†b≥†totally†an≤†m≥chanistically†qu≥nch≥≤†impli≥s†that†no†
p≥rman≥ntly-paramagn≥tic†m≥tal†ion†can†b≥†us≥≤.†Th≥†simpl≥st†way†to†≤≥sign†this†is†if†th≥†proag≥nt†
compl≥x†is†≤iamagn≥tic,†th≥n†≥nzymatic†activity†will†trigg≥r†a†spin†switch†to†th≥†paramagn≥tic†stat≥.†
R≥calling†th≥†argum≥nt†of†s≥ction†I.3†that†intrinsic†backgroun≤,†an≤†not†signal†brightn≥ss,†is†usually†
th≥†limiting†factor†for†in†vivo†s≥nsitivity,†w≥†aban≤on†th≥†pr≥vious†c≥ntral†m≥tals,†which†w≥r≥†
r≥comm≥n≤≥≤†only†by††th≥ir††high††μ††(high††pot≥ntial††r≥laxivity),††an≤††inst≥a≤††focus††on††m≥tals††whos≥†
magn≥tism†can†b≥†switch≥≤†off→ON†by†appropriat≥†coval≥nt†mo≤ifications†in†th≥ir†ligan≤.††
F≥(II)†is†on≥†outstan≤ing†can≤i≤at≥.†Its†truly†≤iamagn≥tic,†low-spin†stat≥†(off)†may†b≥†attain≥≤†by†a†
vari≥ty†of†compl≥x≥s,†≥g.†using†an†N6†coor≤inating†motif†(≥g.†2c,†Intro≤uction†Figur≥†4).†Mol≥cularly†
similar†compl≥x≥s,†≥g.†N5O†configurations†(2a)†may†giv≥†th≥†paramagn≥tic†high-spin†stat≥†(ON).†Th≥†
high-spin†stat≥†f≥atur≥s†four†unpair≥≤†≤†≥l≥ctrons,††r≥sulting††in††a††consi≤≥rabl≥††μ,††an≤††th≥††N5†ligan≤†
allows†for†th≥†pr≥s≥nc≥†of†a†wat≥r†at†th≥†sixth†coor≤ination†sit≥†(q=1),†for†≥ffici≥nt†r≥laxation†of†th≥†
bulk†solution.†Th≥r≥for≥†th≥†mo≤≥l†ON-stat≥†F≥2+†compl≥x†2a†can†off≥r†a†pl≥asingly†larg≥†r≥laxivity†of†
1.29†mM-1s-1,†which†is†only†half†that†of†35†(both†m≥asur≥≤†at†7T†fi≥l≤).[2,26]†
Th≥†off-ON†possibility†is†not†th≥†only†a≤vantag≥†of†this†approach.†For†G≤(III)-bas≥≤†contrast†ag≥nts,†
th≥†toxicity†of†fr≥≥†ga≤olinium†is†w≥ll†≤ocum≥nt≥≤.[7]†As†Mol≥cular†Imaging†r≥quir≥s†≤≥≥p-tissu≥†an≤†
c≥llular†p≥n≥tration†of†th≥†prob≥,†an≤†th≥r≥for≥†a†long†c≥llular†r≥si≤≥nc≥†tim≥,†≥v≥n†th≥†most†
th≥rmo≤ynamically†stabl≥†compl≥x≥s†of†toxic†ions†may†b≥†too†hazar≤ous†for†us≥†in†in†vivo†c≥llular/
mol≥cular†imaging.†Curr≥ntly,†G≤(III)†ag≥nts†ar≥†only†approv≥≤†for†≥xtrac≥llular†us≥,†≥sp≥cially†in†th≥†
bloo≤†pool,†an≤†must†b≥†≥ntir≥ly†≥vacuat≥≤†within†~24†hours;†this†is†unlik≥ly†to†chang≥.[7]†In†contrast,†
hom≥ostatically-manag≥≤†ions†such†as†F≥†may†pos≥†f≥w≥r†probl≥ms†if†th≥y†ar≥†similarly†l≥ach≥≤†out.†
Th≥r≥for≥†F≥2+-bas≥≤†contrast†ag≥nts†may†not†fac≥†th≥†sam≥†limitations†of†≤osag≥†(which†may†
comp≥nsat≥†for†th≥ir†low≥r†absolut≥†r≥laxation)†or†ligan≤†≤≥sign†which†r≥strict†th≥†us≥†an≤†≥ngin≥≥ring†
of†G≤3+†ag≥nts,†as†long†as†th≥y†a≤≤r≥ss†stan≤ar≤†toxicity†consi≤≥rations†for†m≥tal†compl≥x≥s.[27]†
Achi≥ving†such†a†magn≥tog≥nic†prob≥†woul≤†giv≥†off-ON†styl≥†s≥nsitivity,†a†cl≥ar†a≤vantag≥†ov≥r†th≥†
curr≥nt†r≥lativ≥†chang≥†prob≥†≤≥signs†(off≥ring†at†b≥st†n~2,†s≥≥†s≥ction†I.3.2).†How≥v≥r,†off-ON†
functioning†is†of†cours≥†not†th≥†only†s≥nsitivity†consi≤≥ration†(Intro≤uction†s≥ction†2).†To†giv≥†on≥†
≥xampl≥†r≥v≥lant†to†Part†I,†r≥liabl≥†in†vivo†work†r≥quir≥s†avoi≤ing†signal†bl≥≥≤,†to†≥nsur≥†goo≤†
localisation†of†th≥†≥nzymatic†activation†(Figur≥†I.3).†Pr≥cipitation†of†a†compl≥x†is†not†an†option,†but†
incr≥as≥≤†c≥llular†r≥t≥ntion†may†b≥.†Consi≤≥r†≥g.†an†F≥(II)†proag≥nt†whos≥†spac≥r†b≥ars†a†c≥ll-
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p≥n≥trating†p≥pti≤≥†(CPP)[28]†an≤/or†a†group†which†charg≥-comp≥nsat≥s†th≥†compl≥x,†for†b≥tt≥r†passiv≥†
m≥mbran≥†p≥rm≥ability.††Aft≥r†≥nzymatic†activation†an≤†spac≥r†immolation,†th≥†ag≥nt†will†b≥†
significantly†l≥ss†m≥mbran≥-p≥rm≥abl≥.†Gr≥at≥r†r≥t≥ntion†insi≤≥†its†activating†c≥ll†woul≤†th≥r≥for≥†
mark†th≥†sit≥†of†≥nzymatic†activity†similarly†to†pr≥cipitating†prob≥s.†Y≥t†giv≥n†that†no†≥nzym≥-
trigg≥r≥≤†magn≥tog≥nic†prob≥†ha≤†y≥t†b≥≥n†prov≥n†(th≥†group†publish≥≤†th≥†first†succ≥ssful†≤≥sign†in†
April†2013[29]),†th≥†goal†of†this†work†was†in†≤≥sign†an≤†proof†of†conc≥pt†rath≥r†than†in†r≥fin≥m≥nt.†

1.2.2.†D≥sign†an≤†r≥l≥vant†prior†art†
As†p≥r†th≥†≤iscussions†of†mo≤ularity†an≤†prob≥†tuning†in†Part†I,†th≥†Hass≥ro≤t†group†consi≤≥rs†that†a†
3-compon≥nt†archit≥ctur≥†is†most†promising†for†th≥†proof†of†conc≥pt†of†a†bioactivat≥≤†MRI†prob≥:†
N5†compl≥x-N1†coor≤inating,†auto-immolativ≥†spac≥r-substrat≥.†In†this†≤≥sign,†an†≥nzym≥†shoul≤†
achi≥v≥†goo≤†st≥ric†acc≥ss†to†its†substrat≥,†th≥n†by†proc≥ssing†it†trigg≥r†th≥†spac≥r†immolation;†th≥n,†
th≥†≥liminat≥≤†N5†compl≥x†shoul≤†coor≤inat≥†wat≥r†in†th≥†vacant†coor≤ination†sit≥,†an≤†so†giv≥†th≥†
≤≥sir≥≤†N5O,†high-spin,†wat≥r-coor≤inating,†activat≥≤†contrast†ag≥nt.†Th≥†group†has†r≥port≥≤†thr≥≥†
famili≥s†of†N5/N6†F≥(II)†compl≥x≥s†as†can≤i≤at≥s†for†th≥†proag≥nt/ag≥nt†forms†of†an†off-ON†≤≥sign,†
an≤†mor≥†ar≥†un≤≥r†stu≤y†(Figur≥†II.2).†

†
Figur≥†II.2†–†Structurally-r≥lat≥≤†mo≤≥l†lowspin/highspin†pairs†of†F≥(II)†compl≥x≥s†r≥port≥≤†so†far†

†2a†an≤†2≤,†bas≥≤†on†th≥†picolyl-substitut≥≤†tacn†ligan≤,†w≥r≥†known†in†prior†lit≥ratur≥,†an≤†r≥port≥≤†in†
th≥†cont≥xt†of†MRI†by†th≥†group†in†2008[2].†38a†an≤†38≤†ar≥†compl≥x≥s†with†nov≥l†≥xampl≥s†of†th≥†
bispi≤in≥†cag≥†ligan≤,†which†w≥r≥†r≥c≥ntly†r≥port≥≤†by†th≥†group[30].†Notably,†38≤†an≤†a†clos≥ly-
r≥lat≥≤†≥xampl≥†constitut≥†th≥†first†truly†low-spin†F≥(II)†compl≥x≥s†with†th≥†bispi≤in≥†ligan≤†syst≥m;†
th≥†k≥y†to†this†is†th≥ir†low†st≥ric†≤≥man≤†at†th≥†ortho-substitu≥nt†to†th≥†sixth†coor≤inating†nitrog≥n†
(h≥r≥,†th≥†nitrog≥n†of†a†pyri≤azin≥†ring):†a†simpl≥†pyri≤in≥†ring†is†unacc≥ptabl≥†≤u≥†to†st≥ric†clash†in†
th≥†mor≥†crow≤≥≤†compl≥x.†39a†r≥turns†to†th≥†tacn†syst≥m,†but†us≥s†t≥trazol≥†coor≤inating†rings†to†
achi≥v≥†≥l≥ctron≥utrality†in†th≥†compl≥x.†Th≥†≥xploration†of†such†≤iff≥r≥nt†compl≥x≥s†is†motivat≥≤†by†
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qu≥stions†of†solubility,†charg≥†comp≥nsation/osmolality,†an≤†≥sp≥cially,†of†ligan≤†functionalisation†for†
prob≥†prop≥rty†tuning†(≥g.†mo≤ifying†th≥†bispi≤in≥†ligan≤†on†its†carboxylat≥/k≥ton≥†p≥riph≥ry†by†
simpl≥†≥st≥r†hy≤rolysis,†or†attaching†solubilising†groups/CPP).†
To†achi≥v≥†a†biologically-activat≥≤†spin†stat≥†transformation†as†outlin≥≤†abov≥†(compl≥x≥s†typ≥†2≤†→†
compl≥x≥s†typ≥†2a),†th≥†sixth†coor≤inating†nitrog≥n†must†b≥†≤≥coor≤inat≥≤†(group†mark≥≤†in†orang≥†in†
Figur≥†II.2).†Prior†work†in†th≥†group†has†att≥mpt≥≤†≤≥coor≤ination†via†th≥†≤≥sign†of†an†N1†
coor≤inating†synthon†which†woul≤†≥liminat≥†from†a†compl≥x†aft≥r†≥nzymatic†activation,†l≥aving†th≥†
N5†compl≥x†(≥g.†2a)†b≥hin≤:†a†coor≤inating,†auto-immolativ≥†spac≥r.†Not≥†that†th≥†r≥strictions†on†such†
a†spac≥r†ar≥†far†mor≥†≥xacting†than†for†≥g.†fluorog≥nic†prob≥s.†Firstly,†th≥†macrocyclic†amin≥†cannot†
b≥†≤≥rivatis≥≤†(≥g.†as†a†carbamat≥,†in†th≥†classic†us≥†of†PABA†spac≥rs†to†≥liminat≥†an†amin≥[31])††–†
forcing†th≥†low-spin†stat≥†for†th≥†off-ON†switch†r≥quir≥s†that†th≥†amin≥†b≥†fr≥≥†to†coor≤inat≥†in†th≥†
proag≥nt†stat≥.†S≥con≤ly,†although†initial†work†≤≥sir≥s†only†a†proof-of-conc≥pt,†th≥†≥v≥ntual†biological†
applications†of†a†syst≥m†must†always†b≥†k≥pt†in†min≤.†Not†only†mo≤ularity†must†b≥†assur≥≤,†so†that†
≥nzym≥s†of†tru≥†biological†int≥r≥st†can†b≥†targ≥t≥≤,†but†≥sp≥cially†th≥†toxicity†of†th≥†spac≥rs†must†b≥†
consi≤≥r≥≤,†sinc≥†MRI†prob≥s†r≥quir≥†such†high≥r†≤osag≥†than†fluor≥sc≥nt†prob≥s†that†≥v≥n†spac≥rs†
consi≤≥r≥≤†acc≥ptabl≥†for†fluor≥sc≥nt†prob≥s†may†b≥†impossibl≥†to†apply†to†MRI.†
For†an†initial†proof-of-conc≥pt†approach†how≥v≥r,†ph≥nolic†glycosi≤≥s††of††β-galactos≥†on†PHBA-
typ≥[21,31-34]†auto-immolativ≥†spac≥rs†hav≥†b≥≥n†wi≤≥ly†f≥atur≥≤†in†prior†≥nzym≥-r≥sponsiv≥†MRI†
≤≥signs;[18,21]†an≤†th≥†group’s†first†approach†was†to†≥xploit†this†sam≥†spac≥r†with†a†coor≤inating†group†
attach≥≤.†Th≥r≥for≥†≤ptacn-bas≥≤†ligan≤†40a†was††≤≥sign≥≤;††incubation††with††β-galactosi≤as≥†cl≥av≥≤†
th≥†glycosi≤≥†giving†40b†which†as†≥xp≥ct≥≤,†quickly†≥liminat≥≤†th≥†amin≥†to†giv≥†th≥†≤ptacn†ligan≤†
plus†a†quinon≥†m≥thi≤≥†bypro≤uct†41.†How≥v≥r,†onc≥†th≥†F≥(II)†compl≥x†of†this†ligan≤†was†≥xamin≥≤†
(2b),†although†≥nzymatic†cl≥avag≥†of†th≥†glycosi≤≥†was†confirm≥≤,†th≥†≤ptacn†compl≥x†2a†was†not†
form≥≤:†i≥,†≥limination†of†th≥†quinon≥†m≥thi≤≥†41†was†block≥≤†by†compl≥xation[25]†(Figur≥†II.3).†

†
Figur≥†II.3†–†Th≥†initial†PHBA-bas≥≤†≤≥sign†for†a†coor≤inating†auto-immolativ≥†spac≥r†was†unsucc≥ssful:†although†
≥limination†occurs†in†th≥†fr≥≥†ligan≤†40a,†th≥†corr≥spon≤ing†F≥(II)†compl≥x†2b†no†long≥r†fragm≥nts†aft≥r†≥nzymatic†

activation,†so†no†spin†stat≥†chang≥†was†s≥≥n†upon†≥nzymatic†activity.†
My†PhD†work†continu≥≤†my†M2†th≥sis†work†(s≥≥†s≥ction†III.4.1.2)[35]†on†th≥†≤≥sign†an≤†synth≥sis†of†
suitabl≥†auto-immolativ≥†coor≤inating†spac≥rs†for†glycosi≤as≥†substrat≥s,†which†woul≤†b≥†abl≥†to†
ov≥rcom≥†th≥†compl≥xation†stabilisation†an≤†th≥r≥for≥†giv≥†biologically†trigg≥r≥≤†magn≥tog≥n≥sis.†
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1.2.3.†A≤≤r≥ssing†≥liminativ≥†r≥activity†
Th≥r≥†ar≥†s≥v≥ral†factors†which†woul≤†s≥≥m†to†contribut≥†to†this†≤iff≥r≥nc≥†of†r≥activity†b≥tw≥≥n†
compl≥x≥≤†an≤†uncompl≥x≥≤†forms.†List≥≤†in†or≤≥r†of†incr≥asing†importanc≥:†(1)†th≥†compl≥xation†of†
th≥†two†pot≥ntial†fragm≥nts†(ligan≤†an≤†quinon≥†m≥thi≤≥)†to†th≥†m≥tal†may†pr≥v≥nt†th≥ir†≤iffusion†
away†from†≥ach†oth≥r†an≤†promot≥†back-r≥action†(similar†to†a†tight-ion-pair†≥ff≥ct),†which†is†not†a†
probl≥m†for†fr≥≥†ligan≤†40b.†(2)†As†will†b≥†s≥≥n†lat≥r†in†this†r≥port,†th≥†2-pyri≤yl†group†is†a†rath≥r†
pow≥rful†≥l≥ctron-attracting/≤≥localising†group†which†can†h≥lp†to†stabilis≥†oth≥rwis≥†unfavourabl≥†
tautom≥ric†forms†particularly†in†push-pull†configuration†(s≥≥†s≥ction†II.4.2.3).†As†coplanarity†may†b≥†
achi≥v≥≤†in†th≥†transition†stat≥†40b‡,†th≥†2-pyri≤yl†probably†assists†th≥†≥limination†r≥action†by†pulling†
π-≥l≥ctron†≤≥nsity†from†th≥†≥l≥ctron-rich†ph≥nolat≥†into†a†w≥ll-conjugat≥≤††π-syst≥m,†which†is†≥v≥n†
low≥r-≥n≥rgy†than†might†b≥†≥xp≥ct≥≤†for†≥g.†a†ph≥nyl†ring.†How≥v≥r,†in†2b‡,†th≥†2-pyri≤yl†is†
pow≥rfully†coor≤inat≥≤†to†th≥†iron,†lock≥≤†in†plac≥†by†th≥†5-m≥mb≥r≥≤†ch≥lating†ring†with†littl≥†
fl≥xibility†in†its†mov≥m≥nt[36].†Th≥r≥for≥†ring†coplanarity†cannot†b≥†achi≥v≥≤†an≤†this†a≤vantag≥†is†lost†
(r≥≤†arrow).†(3)†Th≥†≥liminating†≤ptacn†nitrog≥n††of†40b†may†b≥†protonat≥≤,†which†woul≤†assist†its†
≥limination†(amin≥†not†ami≤≥):†but†in†th≥†compl≥x†2b‡,†th≥r≥†is†no†fr≥≥†lon≥†pair†to†acc≥pt†a†proton.†
Although†th≥†L≥wis†aci≤ic†F≥(II)†must†b≥†consi≤≥r≥≤,†on≥†coul≤†argu≥†that†its†charg≥†is†shar≥≤†ov≥r†th≥†
ligan≤†so†it†is†probably†a†l≥ss†≥ff≥ctiv≥†activator†of†≥limination.†(4)†Most†s≥riously,†achi≥ving†a†
favourabl≥†transition†stat≥†of††≥limination††r≥quir≥s††a††planar††carbon††with††its††nasc≥nt††π-orbital†align≥≤†
along†th≥†σ-bon≤†to†th≥†l≥aving-group.†Th≥†ch≥lation†in†2b‡†fix≥s†th≥†angl≥s†in†th≥†ch≥lat≥†ring†so†that†
th≥†nasc≥nt†π-orbital†cannot†simultan≥ously†align†with†th≥†l≥aving†group†an≤†b≥†normal†to†th≥†pyri≤yl†
axis,†unl≥ss†th≥†pyri≤in≥-F≥†coor≤inating†bon≤†is†first†brok≥n†(blu≥†arrow;†Figur≥†II.4).[25]†

†
Figur≥†II.4†–†Th≥†≥limination†obs≥rv≥≤†for†40b‡†may†b≥†favour≥≤†by†protonation,†conjugation,†alignm≥nt†an≤†≤iffusion†
of†th≥†fragm≥ntation†pro≤ucts.†But†in†th≥†corr≥spon≤ing†iron†compl≥x†2b‡,†no†fragm≥ntation†was†obs≥rv≥≤,†which†

may†b≥†≤u≥†to†th≥†abs≥nc≥†of†th≥s≥†≥ff≥cts.†
Although†this†prior†≤≥sign†was†ultimat≥ly†unsucc≥ssful,†it†was†promising†that†th≥†≤istal†ph≥nolic†
glycosi≤≥†on†th≥†compl≥x†was†w≥ll†≥nzymatically†proc≥ss≥≤;†th≥r≥for≥†≤istal†aromatic†glycosi≤≥s†w≥r≥†
r≥tain≥≤†as†targ≥ts†for†≥nzym≥†substrat≥s.†Also†r≥tain≥≤†in†th≥†n≥xt†≤≥signs†for†coor≤inating†auto-
immolativ≥†spac≥rs†was†th≥†imin≥-typ≥†coor≤inating†nitrog≥n,†n≥≥≤≥≤†to†≥nsur≥†a†strong†ligan≤†fi≥l≤†in†
th≥††proag≥nt††(→low-spin,†off).†How≥v≥r,†n≥w†mol≥cular†approach≥s†w≥r≥†n≥≥≤≥≤†to†ov≥rcom≥†th≥†
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compl≥xation†stabilisation.†K≥≥ping†within†th≥†≤≥sign†limits,†th≥†t≥th≥ring†≥ff≥ct†cannot†b≥†avoi≤≥≤†
(≥g.†by†r≥placing†th≥†critical†pyri≤yl†with†a†mor≥†coor≤ination-labil≥†group)†sinc≥†th≥n†th≥†proag≥nt†
may†not†b≥†fully†low-spin,†an≤†th≥†off-ON†a≤vantag≥†is†lost.†Th≥r≥for≥†th≥†r≥action†which†r≥mov≥s†th≥†
N1†coor≤inating†unit†ha≤†to†b≥†improv≥≤.†Proag≥nt†stability†woul≤†hav≥†to†b≥†marri≥≤†with†favour≥≤†
post-trigg≥ring†activation:†so†Prof.†Hass≥ro≤t†sought†m≥tastabl≥†sp≥ci≥s†with†th≥rmo≤ynamically†
favour≥≤†fragm≥nts†acc≥ssibl≥†via†low†≥n≥rgy†transition†stat≥s,†an≤†a≤opt≥≤†two†mol≥cular†strat≥gi≥s:†
(A)†Th≥†furan†strat≥gy†sought†a†mor≥†≥n≥rg≥tically-favourabl≥†≥limination,†r≥taining†th≥†sam≥†
fragm≥ntation†strat≥gy.†(B)†Th≥†cyclic†carbamat≥†strat≥gy†took†an†≥ntir≥ly†≤iff≥r≥nt†N1-r≥moving†
approach,†with†intrinsically†l≥ss†chall≥nging†th≥rmo≤ynamics.†A†pr≥vious†strat≥gy†f≥aturing†≥l≥m≥nts†
of†both†approach≥s†but†without†th≥†principal†a≤vantag≥s†of†≥ith≥r†(pyri≤inon≥†m≥thi≤≥s)†ha≤†alr≥a≤y†
prov≥≤†unsucc≥ssful†≤uring†my†M2†work†(summaris≥≤†in†s≥ction†III.4.1.2).[35]††
This†PhD†chapt≥r†will†now†r≥lat≥†progr≥ss†in†th≥s≥†n≥w†auto-immolativ≥†spac≥rs:†furans†(Part†II.A)†
an≤†cyclic†carbamat≥s†(Part†II.B).††
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†Part†II.A:†Furanol-bas≥≤†Eliminativ≥†Spac≥r†Syst≥m†
2.†A†D≥sign†for†Elimination††
Th≥†succ≥ssful†fragm≥ntation†of†th≥†ph≥nylogous†h≥miaminal†40b‡†first†gui≤≥≤†r≥s≥arch†towar≤s†oth≥r†
≥liminativ≥†spac≥r†constructions†with†a†similar†≥nzym≥†r≥cognition†a≤vantag≥†(substrat≥†≤istal†to†th≥†
compl≥x;†vs.†non-proc≥ss≥≤†proximal†≤≥signs†≥g.†EGa≤M≥),†but†with†a†mor≥†pow≥rful†≥limination.†
Th≥†hop≥†was†that†such†a†mor≥†pow≥rful†≥liminativ≥†spac≥r†coul≤†≥n≥rg≥tically†ov≥rcom≥†th≥†
ch≥lation†th≥rmo≤ynamic†stabilisation†an≤†th≥†lack†of†pyri≤yl†ring†coplanarity†/†amin≥†protonation†/†
i≤≥al†trigonal†bipyrami≤al†transition†stat≥†g≥om≥try†onc≥†compl≥x≥≤†which†w≥r≥†probably†r≥sponsibl≥†
for†th≥†non-fragm≥ntation†of†2b‡.†It†was†consi≤≥r≥≤†that†th≥†≤istanc≥†b≥tw≥≥n†substrat≥†an≤†compl≥x†
giv≥n†by†its†aromatic†ring†was†goo≤†for†proof-of-conc≥pt.††
Initially†w≥†pr≥f≥rr≥≤†to†avoi≤†stack≥≤†≤≥signs:†for†≥xampl≥,†using†a†t≥rminal†1,2-≥limination†spac≥r†as†
th≥†‘pow≥r†sourc≥’†spac≥r†woul≤†r≥quir≥†a†s≥con≤,†stack≥≤,†aromatic†spac≥r†to†attach†a†≤istal†substrat≥†
in†or≤≥r†to†assur≥†goo≤†glycosi≤as≥†proc≥ssing:†this†coul≤†b≥com≥†synth≥tically†chall≥nging†(42a).†W≥†
coul≤†also†hav≥†att≥mpt≥≤†to†mo≤ify†th≥†≥liminativ≥†forc≥†by†substitution†motifs†E†aff≥cting†≥l≥ctron†
≤≥nsity,†or†by†r≥li≥ving†st≥ric†strain†of†groups†G†upon†≥limination†(42b,†cf.†th≥†a≤amantyl†quinon≥†
m≥thi≤≥†spac≥r†s≥≥n†in†Intro≤uction†Figur≥†11).†Y≥t†w≥†pr≥f≥rr≥≤†to†s≥≥k†a†n≥w†syst≥m†≥ntir≥ly,†an≤†
th≥†initial†s≥arch†was†for†th≥†simpl≥st†solution:†a†spac≥r†that†provi≤≥≤†an†aromatic†hy≤roxyl†attachm≥nt†
for†th≥†glycosi≤≥,†an≤†which†woul≤†also†giv≥†mor≥†pow≥rful†fragm≥ntation†(43;†Figur≥†II.5).†

†
Figur≥†II.5†–†rout≥s†to†attack†th≥†≤≥sign†probl≥m†for†a†mor≥†pow≥rful†≥liminativ≥†spac≥r†

2.1.1.†Functional†pr≥c≥≤≥nts†for†furan†≥limination††
In†my†M2†work†I†ha≤†shown†that†th≥†r≥plac≥m≥nt†of†th≥†spac≥r’s†ph≥nyl†ring†by†a†pyri≤in≥†(s≥≥†s≥ction†
III.4.1.2)†gav≥†a†non-fragm≥nting†≤≥sign,†probably†sinc≥†it†was†too†stabilis≥≤†in†th≥†‘ph≥nolat≥’†form†
to†show†≥liminativ≥†≤onation,†≥v≥n†without†a†compl≥x≥≤†m≥tal.[35].†A†mor≥†pow≥rful†spac≥r†woul≤,†it†
was†consi≤≥r≥≤,†hav≥†a†‘ph≥nolat≥’†which†was†≤isfavour≥≤†r≥lativ≥†to†th≥†≤onat≥≤†form†to†such†an†
≥xt≥nt†that†th≥†hy≤roxyl†was†not†th≥†major†sp≥ci≥s.†This†l≥≤†Prof.†Hass≥ro≤t†to†th≥†γ-but≥noli≤≥†
sk≥l≥ton†(sol≥†natural†tautom≥r†of†‘2-furanol’),†an≤†so†to†≤≥sign†44†wh≥r≥†th≥†but≥noli≤≥†is†trapp≥≤†in†
its†furanol†form.†As†w≥ll†as†its†highly†≥n≥rg≥tically†favourabl≥†r≥v≥rsion†to†th≥†but≥noli≤≥,†an†
alkoxyfuran†spac≥r†also†has†st≥ric†a≤vantag≥s†ov≥r†th≥†quinon≥†m≥thi≤≥†syst≥m†in†40a;†th≥††furan†
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syst≥m’s†small≥r,†5-m≥mb≥r≥≤†ring†an≤†≥sp≥cially†th≥†low†st≥ric†pr≥s≥nc≥†of†th≥†ring†oxyg≥n,†shoul≤†
incr≥as≥†th≥†fl≥xibility†an≤†st≥ric†fr≥≥≤om†aroun≤†th≥†≥liminating†m≥thin≥†carbon:†without†actually†
br≥aking†th≥†iron-pyri≤in≥†coor≤inativ≥†bon≤,†this†is†th≥†only†way†to†favour†a†mor≥†trigonal†
bipyrami≤al†≥liminativ≥†transition†stat≥,†so†it†s≥≥m≥≤†a†≤oubly†promising†≤≥sign.†
2-furanols†hav≥†n≥v≥r†b≥≥n†us≥≤†as†auto-immolativ≥†≥liminativ≥†spac≥rs†in†prob≥s.†How≥v≥r,†
γ-but≥noli≤≥s†hav≥†b≥≥n†th≥†targ≥t†of†≥xt≥nsiv≥†r≥s≥arch,†particularly†in†pharmacological†ch≥mistry,†
an≤†th≥†≥limination†of†2-furanols†to†form†but≥noli≤≥s†is†w≥ll†att≥st≥≤[37]†-†both†in†synth≥tically†us≥ful†
r≥actions,†as†w≥ll†as†in†≤isappointing†r≥action†failur≥s†wh≥r≥†th≥†fragm≥ntation†was†not†≤≥sir≥≤;†th≥†
alkoxyfuran’s†k≥tal†ac≥tal/≥nol†≥th≥r†natur≥†mak≥s†th≥m†particularly†pron≥†to†such†≤≥gra≤ations.[38-40]†
Th≥†lit≥ratur≥†≥xt≥nsiv≥ly†att≥sts†to†th≥†v≥ry†≥n≥rg≥tic†r≥war≤s†of†r≥v≥rting†to†th≥†highly†favourabl≥†
but≥noli≤≥†tautom≥r,†an≤††th≥†tautom≥risation-≥limination†r≥action†is†≥v≥n†mor≥†favourabl≥†wh≥n†it†
≥xt≥n≤s†≥l≥ctron†≤≥localisation†in†th≥†pro≤uct.[38,40,41]†Th≥†r≥actions†of†Kraus†an≤†Sugimoto[41]†an≤†of†
D’Auria†≥t†al.[42]†ar≥†most†r≥l≥vant†immolativ≥†≥xampl≥s†which†illustrat≥†this†b≥haviour†(Figur≥†II.6).†

†
Figur≥†II.6†–†Lit≥ratur≥†≥xampl≥s†showing†‘furanol’†≥liminations†giving†γ-but≥noli≤≥s†46.†

Kraus†an≤†Sugimoto†show†th≥†fragm≥ntation†of†45†in†“g≥ntl≥”†aqu≥ous†con≤itions†to†giv≥†
γ-but≥noli≤≥s†46†(though††th≥†r≥action†is†unlik≥ly†to†b≥††conc≥rt≥≤,†as††was††≤rawn).†Th≥†kin≥tics††ar≥†
≥ffici≥nt,†≥v≥n†for†≥liminating†(≥ss≥ntially)†hy≤roxi≤≥†ion,†an≤†th≥†r≥action†is†mor≥†≥ffici≥nt†with†R=Ph†
(61%)†than†for†non-aromatic†groups,†conjugat≥≤†or†not†(R=nPr:†45%;†R=CH=CH-CH=CH-CH3:†
44%).†Pl≥asingly,†th≥†r≥lativ≥ly†low-aci≤ity†con≤itions†(cat.†pTsOH)†imply†that†furanols†can†r≥lativ≥ly†
≥asily†≥xp≥l†ba≤†l≥aving-groups†such†as†alkoxi≤≥s.[41]†D’Auria†≥t†al.†show†a†similar†fragm≥ntation†of†a†
furanylogous†h≥miac≥tal,†though†with†Zn2+†r≥placing†cat.†pTsOH,†for†pH†~6-7†fragm≥ntation†of†2-
m≥thoxy-5-carbinolfurans†(47)†to†γ-but≥noli≤≥s†(46),†also†isolating†ring†op≥ning†minor†pro≤ucts†50.†
R≥actions†of†15†min†at†20°C†giv≥†conv≥rsions†of†85-90%†(R†=†n-octyl,†n-≤≥cyl†an≤†n-≤o≤≥cyl).[42]††
Both†proc≥≤ur≥s†illustrat≥†th≥†strong†≥liminativ≥†t≥n≤≥ncy†of†furanols†in†r≥asonabl≥†mo≤≥ls†for†
physiological†m≥≤ia:†c≥rtainly,†this†is†far†strong≥r†than†ph≥nols,†sinc≥†th≥†but≥noli≤≥s†which†ar≥†th≥†
furan†≥quival≥nt†of†quinon≥†m≥thi≤≥†bypro≤ucts††(46),†ar≥†isolabl≥,†rath≥r††stabl≥†pharmacophor≥s.†
Hop≥fully,†th≥†pyri≤yl-coor≤inating†auto-immolativ≥†spac≥r†woul≤†also†≥xp≥ri≥nc≥†an†≥v≥n†gr≥at≥r†
boost†to†r≥activity/pro≤uct†stability†than†Kraus’†ph≥nyl†≥xampl≥†(≤≥localisation).†As†Kraus’†≥xampl≥†

†
† 121†
††



†
Part†II.2†–†Furanol-bas≥≤†Eliminativ≥†Spac≥rs†

†

≥ss≥ntially†≥xp≥ls†an†alkoxi≤≥,†hop≥fully†th≥†only†partially†charg≥-comp≥nsat≥≤†ami≤≥†(compl≥x†2a)†
may†also†b≥†≥xp≥ll≥≤†favourably†by†furanol†≥limination.†Furanols†w≥r≥†th≥r≥for≥††consi≤≥r≥≤††a†
promising†basis†for†a†n≥w,†mor≥†pow≥rful†≥liminativ≥†spac≥r,†to†b≥†appli≥≤†as†in†≥g.†compl≥x†44b,†
giving†pot≥ntial†off-ON†≥nzym≥-activat≥≤†MRI†contrast†ag≥nts.†

†
Figur≥†II.7†–†D≥sign†for†off-ON†≥nzym≥-activatabl≥†MRI†contrast†ag≥nt†44b†bas≥≤†on†a†pow≥rful†furan†spac≥r†

2.1.2.†Mol≥cular†pr≥c≥≤≥nts†
Whil≥††th≥††ch≥mistry††of††γ-but≥noli≤≥s†has†b≥≥n†stu≤i≥≤†≥xt≥nsiv≥ly,†th≥†ch≥mistry†of†2-alkoxy-5-
functionalis≥≤†furans†is†much†l≥ss†known:†no†suitabl≥†ch≥mical†trigg≥r/≥nzym≥-s≥nsitiv≥†compoun≤s†
ar≥†comm≥rcially†availabl≥,†≥asily†acc≥ssibl≥,†or†≥v≥n†r≥port≥≤.†Synth≥tically,†th≥†conv≥rs≥†si≤≥†of†th≥†
favour≥≤†furanol†≥limination/tautom≥risation†is†that†stan≤ar≤†alcohol†prot≥ctions†on†a†‘furanol’,†≥g.†by†
bas≥-catalys≥≤†SN2†r≥actions†on†th≥†mor≥†≥asily†obtain≥≤†but≥noli≤≥,†ar≥†usually†impossibl≥:[37]†
att≥mpts†to†us≥†th≥†“capricious”†but≥noli≤≥†usually†giv≥†C5-alkylation†≤u≥†to†th≥†favour≥≤†2-furanon≥-
5-carbanion†tautom≥r.[43]†Th≥†main†≥xc≥ptions†ar≥†silyl†groups,†≥sp≥cially†TMS,†which†can†alkylat≥†on†
th≥†2-O.†Charact≥ristically†how≥v≥r,†th≥s≥†pro≤ucts†ar≥†≥xtr≥m≥ly†labil≥†an≤†s≥rv≥†as†≥xc≥ll≥nt†
m≥tho≤s†for†promoting†mor≥†≤ifficult†C5-alkylations.[43-46]†Notably†for†th≥†pr≥s≥nt†work,†≥v≥n†th≥†
compoun≤†5-hy≤roxy-2-furanon≥,†which†is†alr≥a≤y†trapp≥≤†in†th≥†“2-hy≤roxyfuran”†form,†r≥sists†O-
glycosylation†(t≥traac≥tochloroglucos≥/Zn2+,†t≥traac≥toglucos≥/DCC†both†fail,†Schmi≤t†glycosylation†
low-yi≥l≤ing).[47]†No†pr≥c≥≤≥nts†for†th≥†glycosylation†on†untrapp≥≤†2-furanon≥†w≥r≥†availabl≥.†
Th≥†O-alkyl†groups†which†ar≥†s≥≥n†in†5-alkyl-‘2-furanol†≥th≥rs’†(~2000†hits†in†CAS)†ar≥†th≥r≥for≥†
install≥≤†by†oth≥r†m≥tho≤s†≥ith≥r†on†an†≥xisting†furan†ring†(≥g†SNAr)†or†b≥for≥†th≥†furan†is†fully†
form≥≤;†th≥s≥††ar≥†almost†≥xclusiv≥ly†non-functional,†alkyl-only†blocking†groups.††Ph≥nyl†is†th≥†most†
common†(1300†hits),[48]†th≥n†t≥rt-butyl;[41]†not≥†that†both†of†th≥s≥†groups†hav≥††no††α-hy≤rog≥ns†an≤†
r≥sist†SN2,†which†will†b≥†s≥≥n†to†b≥†important.†Exampl≥s†with†m≥thyl†ar≥†also†w≥ll-r≥pr≥s≥nt≥≤†(250†
hits)†though†th≥y†ar≥†much†mor≥†s≥nsitiv≥†than†ph≥nyl;[42,49-52]†th≥†f≥w†oth≥r†r≥port≥≤†2-alkyloxy†
groups†ar≥†usually†long-chain†n-alkoxy†moi≥ti≥s.[53]†Ethyl,†isopropyl†an≤†b≥nzyl†groups,†for†≥xampl≥,†
ar≥†totally†unr≥port≥≤†(a†sur≥†sign†that†furanol†≥th≥rs†ar≥†avoi≤≥≤†wh≥r≥v≥r†possibl≥);†an≤†c≥rtainly,†no†
hy≤rolas≥†substrat≥†≤≥rivativ≥s†hav≥†b≥≥n†att≥mpt≥≤†(≥g.†aminofurans†ar≥†notoriously†unstabl≥†
int≥rm≥≤iat≥s).†With†this†g≥n≥ral†lack†of†mol≥cular†pr≥c≥≤≥nts,†on≥†lit≥ratur≥†r≥port†was†≤istinguish≥≤†
from†all†oth≥rs,†as†it†provi≤≥≤†hop≥†for†a†g≥n≥ral,†p≥rmissiv≥†m≥tho≤†to†install†s≥nsitiv≥†substrat≥s†such†
as†β-galactos≥†onto†th≥†furan†ring:†a†cycloisom≥risation†r≥action†of†K≥l’in†an≤†G≥vorgyan[54].†
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2.1.3.†Initial†synth≥tic†attack†an≤†s≥l≥ct≥≤†points†of†caution†
K≥l’in†an≤†G≥vorgyan[54]†provi≤≥≤†th≥†only†lit≥ratur≥†≥xampl≥†of†a†2-furanol-ac≥tal,†th≥†THPO-furan†
51b.†This†is†th≥†only†r≥port†of†a†furan†which†structurally†mimics†a†2-furyl†glycosi≤≥,†so†th≥ir†m≥tho≤†
s≥≥m≥≤†a†prim≥†m≥tho≤†for†initial†≥xploration.†

†
Figur≥†II.8†–†Th≥†rout≥†of†K≥l’in†an≤†G≥vorgyan†to†furans†51†inclu≤ing†THPO†furan†51b†

K≥l’in†an≤†G≥vorgyan’s†furans†51†w≥r≥†synth≥sis≥≤†by†Cu(I)-catalys≥≤†cycloisom≥risation†of†all≥n≥s†
52,†which†coul≤†b≥†form≥≤†in†situ†from†th≥†k≥tyn≥s†53†by†bas≥-catalys≥≤†r≥arrang≥m≥nt;†stan≤ar≤†
con≤itions†w≥r≥†1†mmol†k≥tyn≥,††2†mmol†Et3N,††5†mol%†CuI,†at†~100°C†in†≤ry†≤im≥thylac≥tami≤≥†
(DMAc,†2.2†mL)†un≤≥r†Ar†for†3–24†hours,†giving†yi≥l≤s†of†2,5-≤isubstitut≥≤,†an≤†“5-monosubstitut≥≤”†
furans†of†63–94%†(only†th≥†pro≤uct†is†symm≥tric,†th≥†≤istinction†b≥tw≥≥n†2†an≤†5-positions†in†th≥†
starting†mat≥rial†is†important).†Th≥†k≥tyn≥s†th≥ms≥lv≥s†w≥r≥†≥asily†b≥†acc≥ss≥≤†from†alkyn≥s†54.†It†is†
important†to†not≥†th≥†r≥strict≥≤†s≥t†of†substitu≥nts†us≥≤†in†this†pap≥r†(an≤†oth≥rs†following†similar†
synth≥tic†rout≥s[55]).†No†sp≥ci≥s†51†with†R’=H†w≥r≥†m≥ntion≥≤.†In†a≤≤ition,†th≥†only†“trapp≥≤†2-
furanols”†ma≤≥†by†this†rout≥†w≥r≥†a†2-m≥thoxy-5-n-alkylfuran†an≤†a†2-t≥trahy≤ropyranoxy-5-t≥rt-
butylfuran.†It†is†lik≥ly†that†th≥†choic≥†of†th≥s≥†substitu≥nt†pairs†is†no†acci≤≥nt,†but†that†th≥†mor≥†
s≥nsitiv≥†THPO†group†r≥quir≥s†a†t≥rt-butyl†substitu≥nt†opposit≥†to†achi≥v≥†favourabl≥†cyclisation†
yi≥l≤,†whil≥†th≥†mor≥†r≥sistant†m≥thoxy†group†can†b≥†us≥≤†with†a†simpl≥†straight-chain†alkyl†
compoun≤:†this†will†b≥†s≥≥n†lat≥r†in†practic≥.†In†spit≥†of†th≥s≥†obj≥ctions,†no†≤≥finit≥†r≥asons†to†avoi≤†
this†strat≥gy†w≥r≥†known,†an≤†as†it†off≥r≥≤†th≥†only†goo≤†pr≥c≥≤≥nt†it†b≥cam≥†th≥†initial†focus†of†
synth≥tic†≥n≤≥avour†(Figur≥†II.8).†
As†appli≥≤†to†th≥†pr≥s≥nt†work,††both††THPO††an≤††βGalO††groups††w≥r≥††to††b≥††us≥≤††to††≥xplor≥††th≥†
synth≥s≥s†an≤†prop≥rti≥s†of†functional†trapp≥≤†furanols,†towar≤s†targ≥t†44b.†Sinc≥†furanols†w≥r≥†
≤≥sir≥≤,†≥ith≥r†R†or†R’†must†b≥†an†alkoxy†substrat≥†group:†cl≥arly†R†is†th≥†only†stabl≥†choic≥.†As†R†is†
an†alkoxy,†a†pr≥-≥xisting†all≥n≥†moi≥ty†cannot†b≥†attach≥≤†to†it,†but†th≥†all≥n≥†must†b≥†form≥≤†from†53.†
Th≥r≥for≥†bas≥-stabl≥†R†an≤†R’†groups†ar≥†r≥quir≥≤†so†that†bas≥-catalys≥≤†all≥n≥†formation†succ≥≥≤s†
(≥ith≥r†by†th≥†giv≥n†m≥chanism†or†by†a†two-st≥p†r≥action†≥g.†with†NaNH2).†R≥trosynth≥sis†from†53†
might†consi≤≥r†attaching†th≥†≤≥ns≥ly-functionalis≥≤†alcohol†R’CO-CC-CH2OH†to†th≥†≤≥sir≥≤†substrat≥†
(≥g.†t≥trab≥nzylbromogalactos≥),†how≥v≥r†th≥s≥†k≥toalkynols†ar≥†t≥rribly†unstabl≥,†≤≥composing†abov≥†
-20°C[56],†so†≤isconn≥cting†th≥†R’CO†group†as†shown†to†start†from†alkyn≥s†54†is†th≥†b≥tt≥r†choic≥.†This†
r≥quir≥s†an†a≤≤itionally†bas≥-r≥sistant†R†group†to†surviv≥†th≥†lithiation†st≥p.†
Not≥†that†th≥††≤≥ns≥ly-functionalis≥≤†targ≥t†44b†pr≥s≥nts†furth≥r†chall≥ng≥s†than†just†installing†th≥†
alkoxy†substrat≥.†Th≥†paucity†of†lit≥ratur≥†≥xampl≥s†of†furanol†≥th≥rs†is†without†≤oubt†≤u≥†not†only†to†
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th≥†m≥chanistic†chall≥ng≥s†of†synth≥sising†th≥m†with†mor≥†s≥nsitiv≥†alkoxy†groups,†but†also†to†th≥†
r≥lativ≥†instability†of†th≥†pro≤ucts†onc≥†form≥≤.†2-alkoxyfurans†show†a†strong†t≥n≤≥ncy†to†los≥†th≥ir†
prot≥cting†group†an≤†r≥turn†to†γ-but≥noli≤≥†form,†an≤†many†ar≥†unstabl≥†≥v≥n†at†low†t≥mp≥ratur≥†or†
un≤≥r†nitrog≥n,†≥v≥n†if†2,5-substitut≥≤†furans†ar≥†mor≥†≥asily†han≤l≥≤.[53]†How≥v≥r,†th≥†trapp≥≤†furanol†
is†r≥activ≥†in†a†numb≥r†of†ways†that†ph≥nyl†or†pyri≤yl†analogu≥s†ar≥†not,†an≤†this†will†b≥†s≥≥n†to†pos≥†
furth≥r†synth≥tic†probl≥ms†≤ownstr≥am.†For†≥xampl≥,†α-chlorination†of†a†furan,†such†as†a†2-furyl†
alcohol,†may†l≥a≤†to†total†≤≥gra≤ation,[57,58]†although†th≥†pr≥s≥nc≥†of†two†α-substitu≥nts†on†th≥†furan†
ring†may†slow†th≥†≤≥gra≤ation†an≤†polym≥risation†≥xp≥ri≥nc≥≤†in†thos≥†r≥actions.[59]†D≥p≥n≤ing†on†
th≥ir†structur≥,†furans†an≤†≥sp≥cially†alkoxyfurans†ar≥†known†to†b≥†not†only†aci≤-†but†h≥at-s≥nsitiv≥†(if†
‘h≥at’†is†≤≥fin≥≤†as†abov≥†≥g.†-40°C),†to†participat≥†in†Di≥ls-Al≤≥r†r≥actions[60],†to†b≥†subj≥ct†to†ring†
op≥ning†r≥actions†(≥g.†50)†an≤†solvolysis,†≥tc.[42,46,61]†Such†complications†will†b≥†a≤≤r≥ss≥≤†as†th≥y†
aris≥:†in†g≥n≥ral,†th≥†r≥activity†probl≥ms†will†r≥quir≥†both†fin≤ing†a†m≥tho≤†to†install†th≥†alkoxy†group,†
an≤†≤oing†so†at†th≥†right†stag≥†so†that†minimal†synth≥tic†transformations†aft≥rwar≤s†ar≥†r≥quir≥≤.††
Not≥†that†cyclisation†of†th≥†alkynyl†al≤≥hy≤≥s†≤ir≥ctly†to†th≥†2-alkoxy-5-hy≤ri≤ofurans†woul≤†provi≤≥†
an†≥xc≥ll≥nt†synth≥tic†rout≥†to†th≥†final†targ≥ts:†th≥†5-position†coul≤†th≥n†b≥†m≥tallat≥≤†an≤†us≥≤†≥ith≥r†
with†2-pyri≤in≥carboxal≤≥hy≤≥†or†in†a†P≥tasis†r≥action,†rapi≤ly†giving†44†(s≥≥†4-II†an≤†4-VII,†Figur≥†
II.25).†Th≥†unatt≥st≥≤†alkylnyl†al≤≥hy≤≥†cyclisation†was†tri≥≤†rath≥r†≥xhaustiv≥ly†≤uring†th≥†M2†
th≥sis[35]†(≤≥tails†in†s≥ction†III.4.1.2).†Ov≥r†mor≥†than†20†cycloisom≥risation†trials,†total†≤≥composition†
was†always†obs≥rv≥≤,†an≤†my†conclusion†was†that†no†alkynyl†al≤≥hy≤≥†cyclisation†pro≤ucts†woul≤†b≥†
isolat≥≤.†This†is†p≥rhaps†unsurprising†giv≥n†th≥†lability†of†th≥†2-unsubstitut≥≤†alkoxyfuran†structur≥†as†
outlin≥≤†abov≥,†an≤†th≥†succ≥ssiv≥†r≥arrang≥m≥nts†which†can†occur†≤uring†th≥†high-t≥mp≥ratur≥†all≥n≥†
cycloisom≥risation†m≥chanism.†A†lat≥r†r≥port†by†G≥vorgyan†≥t†al.†in†2003[62]†show≥≤†that†th≥†
cycloisom≥risation†of†an†alkynyl†al≤≥hy≤≥†coul≤†proc≥≥≤,†but†for†substrat≥s†which†cannot†b≥†
transpos≥≤†to†th≥†pr≥s≥nt†work:†th≥†only†succ≥ssful†≥xampl≥s†w≥r≥†with†propargyl†thio≥th≥r†
analogu≥s,†with†only†on≥†α-hy≤rog≥n†[not†with†propargylic†substrat≥s,†an≤†not†with†substrat≥s†which†
can†b≥†s≥qu≥ntially†≤≥protonat≥≤†twic≥]†an≤†anyway†th≥s≥†giv≥†th≥†3-substitut≥≤†furans.†Th≥r≥for≥†at†
th≥†v≥ry†≥n≤†of†my†M2†th≥sis†I†aban≤on≥≤†al≤≥hy≤≥†cyclisation†an≤†att≥mpt≥≤†a†k≥ton≥†
cycloisom≥risation†towar≤s†a†5-t-butyl-2-glycosyloxy-furan,†similar†to†51b†but†≥xamining†wh≥th≥r†th≥†
sugar†woul≤†withstan≤†th≥†r≥action†con≤itions;†a†25%†yi≥l≤†was†at†onc≥†obs≥rv≥≤†by†cru≤≥†NMR†
though†was†not†isolat≥≤.†So†I†b≥gan†my†PhD†work†with†th≥†aim†to†prov≥†similar†glycosyloxyfurans†–†a†
hith≥rto†unr≥port≥≤†typ≥†of†aryl†glycosi≤≥,†which†is†som≥thing†of†a†rarity†in†small-mol≥cul≥†ch≥mistry†
in†th≥†21st†c≥ntury†–†an≤†to†≥xamin≥†m≥tho≤s†to†functionalis≥†th≥m,†towar≤s†th≥†targ≥ts†44b.†
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3.†Synth≥sis†of†Furyl†Spac≥rs†by†Cycloisom≥risation†of†K≥ton≥s†
3.1.†α-functionalisation†strat≥gy†

As†k≥ton≥s†app≥ar≥≤†th≥†only†cycloisom≥risabl≥†sourc≥†of†alkoxyfurans,†th≥†initial†α-functionalisation†
strat≥gy†towar≤s†44b†r≥li≥≤†on†th≥†cyclisation†of†m≥thyl†propargyl†k≥ton≥s†56†to†2-alkoxy-5-
m≥thylfurans†57,†th≥n†m≥thyl†group†activation†to†a†r≥activ≥†sp≥ci≥s†3-I/3-II/3-III†(Figur≥†II.9).†

†
Figur≥†II.9†–†α-functionalisation†strat≥gy†for†targ≥ts†44b†

3.1.1.†Cycloisom≥risations†–†common†starting†mat≥rials†
A†rang≥†of†known†propargyl†≥th≥rs†55†w≥r≥†synth≥sis≥≤†from†propargyl†alcohol†by†lit≥ratur≥†m≥tho≤s†
in†usually†goo≤†yi≥l≤s,†an≤†us≥≤†in†≤iff≥r≥nt†rol≥s†throughout†th≥†upcoming†synth≥s≥s†(Figur≥†II.10).††

†
Figur≥†II.10†-†Synth≥s≥s†of†propargyl†≥th≥r†pr≥cursors†on†multi-gram†scal≥s†

THP†≥th≥r†55a†was†synth≥sis≥≤†with†DHP†an≤†POCl3†catalyst†(Lingham†≥t†al.[63];†78%†yi≥l≤),†an≤†was†
us≥≤†as†a†ch≥ap≥r†mo≤≥l†compoun≤†for†th≥†glycosyl†targ≥ts.†B≥nzyl†propargyl†≥th≥r†55b†was†
synth≥sis≥≤†with†BnBr†an≤†KOH†in†DMSO†(mo≤ifi≥≤†from†Trost†an≤†Xi≥[64]†an≤†Inamoto†≥t†al.[65];†
83%).†2,3,4,6-t≥tra-O-b≥nzyl-D-galactosi≤≥†55c†was†pr≥par≥≤†in†two†ways:†Fisch≥r†glycosylation†th≥n†
b≥nzylation†gav≥†a†mix†of†α/β†anom≥rs†for†a†ch≥ap†r≥activity†mo≤≥l†(Roy†an≤†Mukhopa≤hyay[66]†th≥n†
M≥r≥yala†≥t†al.[67];†40%);†or†th≥†β-anom≥r†was†giv≥n†st≥r≥os≥l≥ctiv≥ly†from†p≥nta-O-ac≥tyl-galactos≥†
via†β-glycosylation,†≤≥ac≥tylation†an≤†b≥nzylation,†involving†mor≥†costly†purification†(M≥r≥yala†an≤†
Gurrala[68];†29%).†TBS†≥th≥r†55≤†was†pr≥par≥≤†with†TBSCl/imi≤azol≥†(Whit≥†≥t†al.[69];†25%).†Ph≥noxy†
≥th≥r†55≥†was†inst≥a≤†pr≥par≥≤†from†th≥†ph≥nol†an≤†propargyl†bromi≤≥†(cf.†Ishii†≥t†al.[70];†71%).††

3.1.2.†K≥ton≥†formation†an≤†cycloisom≥risation†
Ac≥tylation†of†th≥†propargyl†≥th≥r†ac≥tyli≤≥s†55†was†r≥lativly††low-yi≥l≤ing†with†BuLi/DMAc†or†
NaNH2/Ac2O†but†proc≥≤≥≤†w≥ll†with†BuLi/Ac2O†giving†alkynyl†k≥ton≥s†56,†though†stoichiom≥try†
an≤†or≤≥r†of†a≤≤ition†w≥r≥†important†for†r≥≤ucing†yi≥l≤s†of†ov≥r-r≥act≥≤†58[71]†an≤†ac≥tylat≥≤†59†
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(Figur≥†II.11).†tBuLi†was†strictly†r≥quir≥≤†only†for†55c,†th≥†oth≥r†ac≥tyli≤≥s†w≥r≥†w≥ll†form≥≤†with†
nBuLi.†

†
Figur≥†II.11†–†Ac≥tylation†of†propargyl†≥th≥rs†55†giving†alkynyl†k≥ton≥s†56†for†cycloisom≥risation†

Th≥†rath≥r†r≥activ≥[56]†m≥thyl†propargyl†k≥ton≥s†56†w≥r≥†th≥n†submitt≥≤†to†cycloisom≥risation.†Th≥†
cru≤≥†r≥action†pro≤ucts†r≥quir≥≤†r≥lativ≥ly†fast†workup†as†continual†hy≤rolysis†at†th≥†organic-aqu≥ous†
int≥rfac≥†was†in≤icat≥≤,†≥sp≥cially†for†th≥†small≥r†substrat≥s,†an≤†I†obs≥rv≥≤†continual†g≥n≥ration†of†a†
black,†robust-s≥≥ming†int≥rlay≥r†which†stabilis≥≤†foaming,†≥sp≥cially†for†glycosi≤≥†56c.†
Although†th≥†cycloisom≥risation†gav≥†cl≥an†yi≥l≤s†of†th≥†≤≥sir≥≤†2-THPO-5-t≥rt-butylfuran†in†th≥†
original†r≥port[54],†I†isolat≥≤†two†major†pro≤uct†typ≥s†in†my†r≥actions.†On≥†typ≥†w≥r≥†th≥†≤≥sir≥≤†
2-alkoxy-5-m≥thylfurans†57,†notably†inclu≤ing†57c,†which†th≥r≥for≥†b≥cam≥†what†s≥≥ms†to†b≥†th≥†first†
glycosylfuran†to†b≥†known:†no†lit≥ratur≥†r≥ports†w≥r≥†foun≤,†an≤†th≥†only†prior†glycosylfuran†of†which†
I†am†awar≥†is†that†whos≥†≤istinctiv≥†NMR†p≥aks†w≥r≥†i≤≥ntifi≥≤†in†th≥†cru≤≥†r≥action†pro≤ucts†of†th≥†
final†r≥action†I†p≥rform≥≤†≤uring†my†M2†th≥sis†(but†which†was†not†purifi≥≤)[35].†Th≥†structur≥s†of†both†
α†an≤†β†anom≥rs†of†57c†w≥r≥†thoroughly†charact≥ris≥≤†an≤†r≥port≥≤†in†full†(s≥ction†III.4.2.2).†As†an†
≥ntir≥ly†nov≥l†aryl†glycosi≤≥,†this†structur≥†is†pot≥ntially†of†int≥r≥st†in†a†vari≥ty†of†applications†in†
synth≥sis†an≤†pharmacology;†purifi≥≤†57c†s≥≥m≥≤†stabl≥†to†air,†but†was†not†w≥ll-r≥sistant†to†hy≤rolysis†
≥sp≥cially†with†trac≥†aci≤†wh≥n†≥xpos≥≤†to†wat≥r.†
Th≥†oth≥r†pro≤uct††typ≥†ha≤†NMR†in≤ications†of†a†nonaromatic†syst≥m;†an≤†with†th≥†glycosi≤≥,†two†
isom≥rs††of††it††w≥r≥††s≥parat≥≤,††≥ach††of††which††was††confirm≥≤††as††a††β-galactosi≤≥,†in≤icating†a†n≥w†
≤iast≥r≥om≥ric†c≥ntr≥†on†th≥†proto-furanyl†si≤≥.†It†≤i≤†not†show†an†all≥n≥†p≥ak†in†u≤≥ft†13C-NMR[72]†
an≤†submitting†it†to†furth≥r†h≥ating†with†Et3N/Cu(I)†≤i≤†not†r≥sult†in†a†chang≥†of†NMR†sp≥ctrum,†so†I†
rul≥≤†out†th≥†isolation†of†all≥n≥†3-IV†(which†shoul≤†continu≥†to†cycloisom≥ris≥).†Sinc≥†it†show≥≤†thr≥≥†
alk≥nic†protons†b≥tw≥≥n†6.34-6.15†ppm†plus†two†furth≥r†unassign≥≤†protons†at†4.46†an≤†4.17†ppm,†I†
rul≥≤†out†a†ring-op≥n≥≤†furan†hy≤rolysis†pro≤uct†(crotyl-typ≥†≥st≥r),†support≥≤†by†in-hous≥†IR†which†
show≥≤†no††carbonyl†p≥aks†but†an†un≥xplain≥≤†w≥ak†ban≤†at†897†cm-1.†IR†p≥rform≥≤†at†an†analysis†
c≥ntr≥†inst≥a≤†in≤icat≥≤†4†carbonyl†r≥sonanc≥s†an≤†no†w≥ak†ban≤†at†897†cm-1.†I†assign≥≤†th≥†≥nol†≥th≥r†
ac≥tal†structur≥†60†anyway††(Figur≥†II.12),†as†it†was†support≥≤†by†full†NMR†attributions†of†all†
r≥sonanc≥s†an≤†HSQC†an≤†COSY†confirmation,†an≤†postulat≥≤†its†fast†hy≤rolytic/oxi≤ativ≥†
≤≥gra≤ation†≤uring†shipping†as†th≥†r≥ason†for†th≥†≤iff≥r≥nc≥†b≥tw≥≥n†in-hous≥†an≤†analysis†c≥ntr≥†IR†
sp≥ctra.†Th≥†ring-op≥ning†hy≤rolysis†of†≥ith≥r†57†or†60†might†g≥n≥rat≥†th≥†(amphiphilic?)†sp≥ci≥s†that†
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coul≤†hav≥†b≥≥n†r≥sponsibl≥†for†th≥†black≥n≥≤†foam†int≥rlay≥r†(≥g.†a†t≥trab≥nzylsugar†
k≥to≥st≥r/k≥toaci≤).†

†
Figur≥†II.12†–†Synth≥sis†of†th≥†targ≥t†alkoxyfurans†57†in†10-40%†yi≥l≤,†with†cyclic†≥nol†≥th≥r-ac≥tal†bypro≤ucts†60.†
Th≥†m≥chanism†of†≥nol†≥th≥r-ac≥tal†formation†(via†3-VIII†or†via†3-IX)†coul≤†b≥†r≥solv≥≤†by†≥xamining†isotopic†

lab≥lling†in†th≥†pro≤ucts,†with†≥g.†a†≤≥ut≥rat≥≤†alkynon≥†56†(→≥ith≥r†D†or†H†at†th≥†circl≥≤†position)†
Th≥s≥†r≥actions†in≤icat≥≤†that†structur≥s†60†w≥r≥†form≥≤†usually†about†≥qually†with†furans†57†in†th≥†
cru≤≥†mixtur≥s,†but†60†has†appar≥ntly†low≥r†hy≤rolytic†stability†so†was†usually†l≥ss†r≥cov≥r≥≤;†th≥†
≥xc≥ption†was†with†r≥actions†towar≤s†th≥†low≥r†furans†57a†an≤†57b†wh≥r≥†th≥†furan†was†≥xc≥ptionally†
volatil≥†an≤†≥asily†lost†almost†≥ntir≥ly.†K≥l’in†an≤†G≥vorgyan†hav≥†not†≤≥scrib≥≤†such†pro≤ucts†60;†
this†r≥activity†may†b≥†uniqu≥†to†2-alkoxy-5-m≥thylfurans,†a†substitu≥nt†combination†which†th≥y†≤i≤†not†
r≥port†on.†For†≥xampl≥,†th≥y†r≥port†that†m≥thyl†k≥ton≥†53c†with†a†5-p≥ntyl†subsitu≥nt†gav≥†th≥†furan†in†
94%†yi≥l≤†(an≤†pr≥sumably†≤i≤†not†g≥n≥rat≥†much,†if†any,†of†sp≥ci≥s†60);†an≤†no†such†form†60†is†
possibl≥†for†th≥†THPO-furan†which†originally†inspir≥≤†this†synth≥tic†strat≥gy†(53b),†sinc≥†th≥†t-butyl†
group†pr≥v≥nts†≥xocyclic†≥limination.†I†postulat≥≤†two†m≥chanisms†of†formation†for†60†(Figur≥†II.12);†
th≥†int≥rnal-hy≤rog≥n-shift†m≥chanism†for†th≥†formation†of†57†was†≥stablish≥≤†by†K≥l’in†an≤†
G≥vorgyan†≥xamining†th≥†pro≤ucts†from†≤≥ut≥rat≥≤†r≥actants.[54]†A†≤≥ut≥rat≥≤†propargyl†k≥ton≥†
≥xp≥rim≥nt†coul≤†lik≥wis≥†≤≥t≥rmin≥†wh≥th≥r†th≥†rout≥†for†60†is†via†3-VIII†or†3-IX†or†both,†as†th≥y†
woul≤†giv≥†≤iff≥r≥nt†≤≥ut≥ration†patt≥rns†on†th≥†final†pro≤uct.†
Th≥†high†yi≥l≤†of†≥nol†≥th≥rs†60†r≥pr≥s≥nts†a†comparativ≥ly†costly†loss,†but†unfortunat≥ly†th≥y†≤o†s≥≥m†
inappropriat≥†for†a≤aptation†into†th≥†≤≥sir≥≤†synth≥tic†strat≥gy.†A†r≥action†of†Joshi†≥t†al.[73]†for†tan≤≥m†
aromatisation/α-functionalisation†of†a†2-N-arylat≥≤-5-m≥thyl≥n≥†≥nol†≥th≥r†ac≥tal†to†2-N-arylat≥≤-
furfuryl†alcohol†with†mCPBA†was†th≥†only†pro≤uctiv≥†r≥action†using†any†similar†substrat≥†that†was†
foun≤†s≥arching†CAS,†but†I†strongly†susp≥ct†that†oxi≤ativ≥†≤≥gra≤ation†woul≤†occur†on†th≥s≥†far†mor≥†
labil≥†alkoxy†substrat≥s.†I†was†th≥r≥for≥†≤isappoint≥≤†that†60†was†not†≥quilibrat≥≤†with†th≥†furan†wh≥n†
r≥submitt≥≤†to†th≥†original†cycloisom≥risation†con≤itions†as†this†coul≤†hav≥†incr≥as≥≤†th≥†yi≥l≤†of†th≥†
≤≥sir≥≤†furan;†≥ith≥r†strong≥r†bas≥†con≤itions†(≥g.†LDA)†or†≥ls≥†palla≤ium-catalys≥≤†allyl†
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isom≥risation†coul≤†pot≥ntially†b≥†t≥st≥≤†(sugg≥stion†of†Martin†Ipuy)†if†this†w≥r≥†at†som≥†stag≥†
≤≥sirabl≥.†In†th≥†m≥antim≥,†th≥†synth≥sis†was†continu≥≤†using†2-galactosyloxy-5-m≥thylfuran†57c.†

3.1.3.†α-functionalisation†trials†an≤†conclusion†
With†2-alkoxy-5-m≥thylfurans†57†in†han≤,†I†now†≥xamin≥≤†possibl≥†m≥tho≤s†for†≤≥rivatising†th≥†
m≥thyl†group.†No††r≥quir≥≤††α-functionalisations†w≥r≥†att≥st≥≤†≥v≥n†for†m≥thylfurans†(l≥t†alon≥†
alkoxyfurans),†but†a†succ≥ssful†oxi≤ation†woul≤†hav≥†to†b≥†mil≤†an≤†nonaci≤ic†or†≥ls≥†ring-op≥ning†
woul≤†b≥†c≥rtain[74].†I†th≥r≥for≥†triall≥≤†a†ra≤ical†halog≥nation†in†CCl4,†as†a†v≥ry†apolar†r≥action†
m≥≤ium†which†might†avoi≤†polar†≤≥composition†r≥actions;†how≥v≥r†this†is†not†i≤≥al†sinc≥†
monohalog≥nation†giv≥s†a†sp≥ci≥s†3-I†which†r≥quir≥s†a†s≥con≤†oxi≤ativ≥†st≥p†lat≥r†to†attain†th≥†corr≥ct†
val≥ncy†in†44††(cf.†Figur≥†II.9);†an≤†bis-halog≥nation†woul≤†r≥quir≥†pot≥ntially†harsh†con≤itions†to†
conv≥rt†th≥†≤ihali≤≥†to†th≥†mor≥†us≥ful†furfural,†so†lik≥ly†op≥ning†th≥†ring.†In≤≥≥≤,†polym≥risation†was†
in≤icat≥≤††alr≥a≤y†≤uring†th≥†halog≥nation,†by†th≥†rapi≤,†≥xclusiv≥†formation†of†black†intractabl≥†tar,†
which†has†b≥≥n†s≥≥n†b≥for≥†for†furans†≥xpos≥≤†to†≥v≥n†trac≥†min≥ral†aci≤s.[38-40,57]†
I†th≥r≥for≥†look≥≤†at†two†m≥tho≤s†which†might†provi≤≥†2-alkoxy-5-furfurals†3-II†≤ir≥ctly,†an≤†woul≤†
not†r≥quir≥†oxi≤ation†stat≥†a≤justm≥nt.†Th≥†clos≥st†mol≥cular†pr≥c≥≤≥nts†foun≤†in†th≥†lit≥ratur≥†w≥r≥†
two†m≥thylb≥nzofuran†oxi≤ations†to†th≥†b≥nzofurfurals,†though†in†th≥†pr≥s≥nt†cas≥,†without†th≥†
stabilising†≥ff≥ct†of†th≥†ann≥lating†b≥nz≥n≥,†yi≥l≤s†might†b≥†≥xp≥ct≥≤†to†b≥†substantially†low≥r.†S≥O2†
oxi≤ation†was†triall≥≤,†bas≥≤†on†a†r≥port†of†An≤o†≥t†al.[75]†wh≥r≥††2-m≥thylb≥nzo[b]furan†gav≥†th≥†
al≤≥hy≤≥†in†47%†yi≥l≤†(th≥†3-m≥thyl†analogu≥†gav≥†91%†yi≥l≤).†Oxi≤ation†with†fr≥shly-pr≥par≥≤†
IBX[76]†was†also†tri≥≤,†bas≥≤†on†th≥†b≥nzofuran†oxi≤ation†of†Nicolaou†≥t†al.[77]†(50%):†s≥≥†Figur≥†II.13.†

† †
Figur≥†II.13†–†α-functionalisation†trials†of†furans†57†

Th≥s≥†oxi≤ations†w≥r≥†≥xamin≥≤†in†≤≥tail,†how≥v≥r†th≥y††gav≥†only†ring-op≥n≥≤†Z-conjugat≥≤†
k≥to≥st≥r†61c-β†(though†this†in†≥xc≥ll≥nt†purity†≥v≥n†without†s≥paration).†Simultan≥ously†with†this†
work,†oth≥r†r≥actions†≥xamining†th≥†≤ir≥ct†formation†of†2-(β-glycosyloxy)-5-furfurals†3-II†by†SNAr†
ha≤†yi≥l≤≥≤†succ≥ss†with†goo≤†yi≥l≤†(s≥≥†s≥ction†II.4.2.3).†Th≥r≥for≥†as†th≥†curr≥nt†targ≥ts†3-II†coul≤†
b≥†sourc≥≤†by†oth≥r†m≥ans,†I†aban≤on≥≤†furth≥r†att≥mpts†to†functionalis≥†th≥†furan†α-position;†it†was†
consi≤≥r≥≤†suffici≥ntly†r≥war≤ing†to†hav≥†b≥≥n†abl≥†to†thoroughly†charact≥ris≥†th≥†glycosylfurans†57c,†
wh≥r≥†no†glycosylfurans†ha≤†b≥≥n†charact≥ris≥≤†b≥for≥†(Figur≥†II.14).††
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Figur≥†II.14†–†Th≥†first†known†≥xampl≥s†of†glycosylfurans†57c†ha≤†b≥≥n†synth≥sis≥≤†by†th≥†cycloisom≥risation†rout≥.†

Th≥y†an≤†th≥ir†isom≥ric†≥nol†≥th≥r†ac≥tal†pro≤ucts†60c†w≥r≥†thoroughly†charact≥ris≥≤.†

3.2.†Pyri≤yl†pr≥installation†strat≥gy†
Th≥†cycloisom≥risation†rout≥†ha≤†not†how≥v≥r†≥xhaust≥≤†its†synth≥tic†utility.†It†was†not†known†
wh≥th≥r†furfurals†3-II†from†SNAr†(s≥ction†II.4.2.3)†coul≤†r≥liably†b≥†r≥act≥≤†to†pro≤uc≥†3-X†(Figur≥†
II.15):†th≥†furan,†or†th≥†glycosi≤ic†bon≤,†might†for†≥xampl≥†un≤≥rgo†substitution†or†bas≥-promot≥≤†
≤≥composition,†≤uring†r≥action†with†m≥tallat≥≤†pyri≤in≥.†Th≥r≥for≥†I†≥xplor≥≤††a†cycloisom≥risation†
rout≥†to†pro≤uc≥†pyri≤yl-b≥aring†alkoxyfurans†3-XII,†as†a†m≥ans†to†circumv≥nt†SNAr†if†n≥≥≤≥≤.†

†
Figur≥†II.15†–†Pyri≤yl†pr≥installation†pathway†

On≥†pot≥ntial†probl≥m†with†this†approach†is†that†picolyl†alkynon≥s†similar†to†3-XI†hav≥†b≥≥n†r≥port≥≤†
by†Natarajan†≥t†al.[78]†to†p≥rform†intramol≥cular†cyclisation†onto†th≥†alkyn≥†t≥rminal†position†un≤≥r†
h≥ating,†giving†quinazolin-2-on≥s.†How≥v≥r,†th≥†r≥port≥≤†substrat≥s†all†ha≤†simpl≥†alkyl/aryl†groups†at†
th≥†alkyn≥†t≥rminus.††Alkyloxy†groups†as†in†3-XI†w≥r≥†not†≥xamin≥≤,†but†th≥†chang≥†in†r≥activity†is†
pot≥ntially†larg≥.†A≤≤itionally,†it†was†hop≥≤†that†with†appropriat≥†cyclisation†con≤itions/catalyst,†that†
pr≥f≥r≥ntial†cyclisation†to†th≥†furan†coul≤†b≥†achi≥v≥≤.†Evaluation†of†wh≥th≥r†this†woul≤†b≥†prohibitiv≥†
or†not,†woul≤†hav≥†to†await†synth≥sis.†Thr≥≥†rout≥s†to†th≥†k≥y†picolyl†propargyl†k≥ton≥s†3-XI†w≥r≥†
≥xplor≥≤†(Figur≥†II.16).†Th≥†two†pathways†with†no†chang≥s†of†oxi≤ation†stat≥†woul≤†ins≥rt†th≥†k≥ton≥†
carbonyl†b≥tw≥≥n†ac≥tyli≤≥s†55†an≤†th≥†picolyl†group,†by†attack†of†≥ith≥r†th≥†m≥tallat≥≤†ac≥tyli≤≥†or†
th≥†m≥tallat≥≤†picolyl†group†on†th≥†carboxylic†aci≤†≤≥rivativ≥†of†its†partn≥r†3-XVI†or†3-XVII,†stopping†
th≥†a≤≤ition†at†th≥†k≥ton≥†stat≥.†Th≥†oxi≤ativ≥†pathway†woul≤†inst≥a≤†proc≥≥≤†by†attack†on†th≥†
corr≥spon≤ing†al≤≥hy≤≥†(no†ov≥r-r≥action†possibl≥),†an≤†p≥rform†(hop≥fully†favour≥≤)†oxi≤ation†of†th≥†
r≥sulting†3-XIV†to†th≥†conjugat≥≤†k≥ton≥†3-XI.†
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Figur≥†II.16†–†Rout≥s†i≤≥ntifi≥≤†towar≤s†k≥y†cyclisation†pr≥cursor†3-XI†

†

3.2.1.†Oxi≤ativ≥†pathway†
Th≥†oxi≤ativ≥†pathway†was†th≥†first†to†b≥†att≥mpt≥≤†sinc≥†alkynyl†al≤≥hy≤≥s†3-XIII†w≥r≥†availabl≥†
from†work†≤uring†th≥†M2†th≥sis,†an≤†th≥†al≤≥hy≤≥†≥nsur≥s†that†only†mono-a≤≤ition†is†s≥≥n†≤uring†
coupling†with†th≥†alkyllithium.†THP†≥th≥r†62a†ha≤†b≥≥n†obtain≥≤†by†an†≥xc≥ll≥nt†lit≥ratur≥†protocol†of†
Journ≥t†≥t†al.[79],†by†which†int≥rn†Clair≥†W≥issling≥r†(CW)†also†synth≥sis≥≤†th≥†unr≥port≥≤†
t≥trab≥nzylgalactosyl†analogu≥†62b.†Th≥†r≥action††of†62a†with†2-pyLi†to†th≥†alcohol†63a†as†p≥r†a†
protocol†of†Wang†an≤†Ding[80]†(giv≥n†in†mor≥†≤≥tail†than†th≥†original[81])†was†un≥v≥ntful,†proc≥≥≤ing†in†
63%†yi≥l≤†on†a†multi-gram†scal≥††(Figur≥†II.17).††Th≥†r≥action†of†62b†inst≥a≤†app≥ar≥≤†prohibitiv≥ly†
low≥r-yi≥l≤ing†(<<15%†in†cru≤≥,†no†isolation:†CW)†so†whil≥†that†r≥action†was†b≥ing†r≥triall≥≤†(CW),†
I†≥xamin≥≤†th≥†r≥action†of†2-(2’-pyri≤yl)≥thanal†3-XV†with†55†as†a†s≥con≤†approach.†

†
Figur≥†II.17†–†Initial†st≥ps†in†th≥†first†oxi≤ativ≥†pathway,†an≤†consi≤≥ration†of†th≥†s≥con≤†possibility†via†3-XV†

Surprisingly,†th≥r≥†is†no†such†al≤≥hy≤≥†3-XV†r≥port≥≤.†S≥arching†CAS†r≥turn≥≤†7†pap≥rs†an≤†3†pat≥nts†
citing†this†mol≥cul≥†(an≤†non≥†for†its†≥nol†tautom≥r).†Of†th≥s≥,†5†of†th≥†pap≥rs†ar≥†misclassifi≥≤†(th≥†
r≥al†compoun≤†is†2-pyCHO);†th≥†sixth[82]†≤o≥s†not†giv≥†any†≤≥tails†of†how†this†unpr≥c≥≤≥nt≥≤†
al≤≥hy≤≥†was†obtain≥≤†–†although†th≥y†≤iscuss†its†r≥action†pro≤uct†(mol≥cul≥†25c†in†th≥ir†notation)†in†
som≥†≤≥tail.†A†final††r≥port[83]†showing†C≥(IV)†oxi≤ation†of†alcohols†to†al≤≥hy≤≥s†confusingly†lists†
2-pyCH2CH2OH†in†both†substrat≥†an≤†pro≤uct†columns†of†its†synth≥tic†r≥port,†an≤†≤≥tails†a†yi≥l≤†of†
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90%†for†this†n≥t†z≥ro†transform,†without†furth≥r†≥xplanation;†all†th≥†oth≥r†substrat≥s†ar≥†corr≥ctly†list≥≤†
an≤†also†hav≥†~90%†yi≥l≤s.†Two†of†th≥†pat≥nts†ar≥†again†misclassifi≥≤;†th≥†thir≤[84]†≤o≥s†r≥port†
synth≥sising†2-(3-chloropyri≤in-2-yl)propanal†by†Sw≥rn†oxi≤ation†(Exampl≥†38D†in†th≥ir†notation).†
Th≥ir†attribution†of†a†non-≤≥localis≥≤†syst≥m†contrasts†with†what†is†r≥port≥≤†for†2-pyri≤ylac≥ton≥s,†
which†ar≥†usually†in†≥nol†form[80,85,86],†how≥v≥r†only†an†≥xp≥rim≥nt†coul≤†≥xamin≥†this.††
I†th≥r≥for≥††synth≥sis≥≤†th≥†C≥(IV)†r≥ag≥nt,†(NO3)3C≥BrO3[83],†but††no†2-pyCH2CH2OH†oxi≤ation†
pro≤ucts†w≥r≥†isolat≥≤†≤uring†s≥parat≥†r≥action†trials;†in†parall≥l,†b≥nzyl†alcohol†controls†gav≥†PhCHO†
in†≥xc≥ll≥nt†yi≥l≤s,†so†I†conclu≤≥≤†that†th≥†protocol†ha≤†b≥≥n†w≥ll-impl≥m≥nt≥≤†but†r≥ally†was†
unsuitabl≥†for†this†substrat≥.†I†also†att≥mpt≥≤†a†Sw≥rn†oxi≤ation[87],†but†unlik≥†th≥†pat≥nt†r≥porting†97%†
yi≥l≤†of†th≥†al≤≥hy≤≥,†I†obtain≥≤†a†compl≥x†mixtur≥†in†th≥†cru≤≥;†although†a†small†tripl≥t†al≤≥hy≤≥†
p≥ak†at†9.71†ppm†which†might†b≥†attributabl≥†to†2-pyCH2CHO†was†s≥≥n,††it†was†not†isolat≥≤.†I†≤i≤†
confirm†th≥†nov≥l†Z-≥nolis≥≤-al≤≥hy≤≥†thioac≥tal†64a††(2%†r≥cov≥r≥≤)†which†shows†that†th≥†initial†
oxi≤ation†to†th≥†al≤≥hy≤≥/≥nol†was†succ≥ssful.†I†also†≤i≤†obs≥rv≥†fractions†with†th≥†≤≥sir≥≤†mass,†
MH+=122†Th,†but†this†was†probably†a†minor†pro≤uct;†NMR†in≤icat≥≤†that†th≥†majority†pro≤ucts†in†
thos≥†fractions†w≥r≥†oxalyl†≥st≥r†64b†(2%†r≥cov≥ry)†an≤†th≥†starting†mat≥rial†(Figur≥†II.18).†

†
Figur≥†II.18†–†Oxi≤ativ≥†att≥mpts†towar≤s†al≤≥hy≤≥†3-XV†

A†last†att≥mpt†to†isolat≥†th≥†nov≥l†al≤≥hy≤≥†3-XV†avoi≤ing†oxi≤ativ≥†m≥tho≤s†r≥li≥≤†on†formylation†of†
2-picolyllithium†with†DMF.†A†~quantitativ≥†yi≥l≤†of†≤im≥thyl†≥namin≥†65a[88]†was†initially†obtain≥≤,†
possibly†b≥caus≥†th≥†qu≥nch†con≤itions†w≥r≥†not†suffici≥ntly[79]†aci≤ic†to†≥xp≥l†th≥†NM≥2†group†from†
th≥†int≥rm≥≤iat≥.††Aci≤ic†qu≥nch††(H3PO4/KH2PO4)†inst≥a≤†gav≥†≥xt≥nsiv≥†≤≥gra≤ation,†with†a†small†
amount†of†th≥†≥namin≥†as†th≥†only†i≤≥ntifiabl≥†pro≤uct,†although†3-XV†coul≤†not†b≥†rul≥≤†out.†Lastly,†
an†in†situ†qu≥nch†of†th≥†formylation†with†oxophilic†TBSCl†≤≥liv≥r≥≤†E/Z-65b†in†99%†cru≤≥†yi≥l≤,†
though†this†≤≥gra≤≥s†upon†storing†≥v≥n†at†4°C†an≤†is†≤≥stroy≥≤†on†silica.†Th≥†silylat≥≤†≥nol†65b†can†
probably†b≥†≤≥prot≥ct≥≤†to†3-XV††(anhy≤.†TBAF)†if†this†is†≤≥sir≥≤†out†of†int≥r≥st:†lik≥†th≥†
glycosylfurans,†it†woul≤†b≥†anoth≥r†nov≥l†small-mol≥cul≥†h≥t≥rocycl≥†of†(s≥≥mingly)†us≥ful†structur≥†
which†has†b≥≥n†hith≥rto†unr≥port≥≤†(or†misl≥a≤ingly†r≥port≥≤).†How≥v≥r,†at†this†mom≥nt,†th≥†final†
targ≥t†k≥ton≥s†3-XI†w≥r≥†obtain≥≤†by†th≥†pathway†via†3-XVI,†so†this†approach†was†≤ropp≥≤.†
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Figur≥†II.19†–†A†trial†towar≤s†3-XV†was†stopp≥≤†sinc≥†its†r≥activity†app≥ar≥≤†unpro≤uctiv≥†for†th≥†≤≥sir≥≤†synth≥sis†
Concurr≥ntly,†th≥†oxi≤ation†of†63a†towar≤s†3-XI†was†b≥ing†≥valuat≥≤†to†s≥≥†if†th≥†oxi≤ativ≥†pathway†
was†worth†pursuing†furth≥r†(≥g.†involv≥s†fin≤ing†corr≥ct†synth≥sis†con≤itions†for†63c).†An†initial†trial†
us≥≤†MnO2†in†DCM[89,90],†th≥†most†r≥l≥vant†pr≥c≥≤≥nt†(att≥st≥≤†for†a†highly†s≥nsitiv≥†substrat≥[91]).†No†
≤≥sir≥≤†k≥ton≥†coul≤†b≥†≥vi≤≥nc≥≤,†or†any†pro≤ucts†i≤≥ntifi≥≤†conclusiv≥ly;†th≥†≤≥sir≥≤†pro≤uct†mass†
was†how≥v≥r†≤≥t≥ct≥≤†on†LCMS†an≤†formation†of†a†conjugat≥≤†sp≥ci≥s†was†in≤icat≥≤†as†th≥†pro≤uct-
mass†p≥ak†ha≤†a†significant†absorption†at†310†nm,†wh≥r≥as†th≥†starting†mat≥rial†≤o≥s†not†absorb†th≥r≥.†
I†≤i≤†not†how≥v≥r†assign†th≥†≥nol†structur≥†(3-XI†≥nol)†to†this†compoun≤†as†th≥†r≥quir≥≤†alk≥nic†
protons†w≥r≥†not†visibl≥,†an≤†th≥†pro≤uct†r≥mains†uni≤≥ntifi≥≤†(Figur≥†II.20).†

†
Figur≥†II.20†–†Final†oxi≤ativ≥†r≥action†failur≥s†with†propargylm≥thanols†63a†an≤†66†l≥≤†to†aban≤oning†this†rout≥†

Th≥†non-picolyl-b≥aring†alkynol†66†was†th≥n†synth≥sis≥≤†as†a†t≥st†substrat≥†to†≥xamin≥†wh≥th≥r†
≤≥gra≤ations†coul≤†b≥†attribut≥≤†to†th≥†THP†group†or†to†th≥†picolyl,†so†that†if†th≥†THP†prot≥cting†group†
was†‘at†fault’†it†coul≤†b≥†≥xchang≥≤.†PDC†oxi≤ations[92]†of†both†substrat≥s†63a†an≤†66†w≥r≥†att≥mpt≥≤,†
an≤†both†show≥≤†rapi≤†tarring†an≤†no†i≤≥ntifiabl≥†pro≤ucts.†A†Sw≥rn†oxi≤ation[85]†was†th≥†n≥xt†
r≥action†att≥mpt≥≤;†both†substrat≥s†63a†(g≥n≥rat≥≤†an†unusually†foul†an≤†p≥rvasiv≥†st≥nch)†an≤†66†
(acc≥ptabl≥†sm≥ll)†gav≥†compl≥x†mixtur≥s†in†which†th≥†only†i≤≥ntifiabl≥†compon≥nts†w≥r≥†unr≥act≥≤†
starting†mat≥rial,†an≤†small†amounts†of†pro≤ucts†67†showing†int≥rmol≥cular†THP†group†migration†
(Figur≥†II.20).†This†≤o≥s†not†rul≥†out†pro≤uct†formation†an≤†≤≥gra≤ation:†oxoalkynols†ar≥†known†to†b≥†
≥xtr≥m≥ly†s≥nsitiv≥[56];†how≥v≥r,†th≥†oxi≤ativ≥†rout≥†s≥≥m≥≤†l≥ss†attractiv≥†than†≥v≥r,†an≤†th≥†non-
oxi≤ativ≥†pathways†via†3-XVI†an≤†3-XVII†w≥r≥†targ≥t≥≤†inst≥a≤.†
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3.2.2.†Non-oxi≤ativ≥†pathway†1:†ac≥tyli≤≥†attack†on†pyri≤ylac≥tic†3-XVII†
Exp≥ri≥nc≥s†with†th≥†unusual†r≥activity†of†pyri≤yl†k≥ton≥s†(≥sp≥cially,†th≥ir†un≤≥sir≥≤†aci≤ity,†rath≥r†
than†≤≥sir≥≤†≥l≥ctrophilicity)†ha≤†sugg≥st≥≤†that†strong-bas≥†ac≥tyli≤≥s†might†simply†≤≥protonat≥†
pyri≤ylac≥tic†sp≥ci≥s†3-XVII†to†stabl≥†int≥rm≥≤iat≥s,†r≥turning†th≥†starting†mat≥rials†aft≥r†qu≥nch.†
In≤≥≥≤,†initial†trials†of†ac≥tyli≤≥†a≤≤ition†onto†comm≥rcial†pyri≤ylac≥tic†≥st≥r†68a†gav≥†no†visibl≥†
r≥action.†Nor†≤i≤†att≥mpts†at†pr≥paring†its†W≥inr≥b†ami≤≥†68b†by†M≥N(OM≥)-MgCl†attack†on†th≥†
≥st≥r†succ≥≥≤,†though†t≥sting†s≥v≥ral†protocols†inclu≤ing†on≥†r≥port≥≤†for†3-pyri≤ylac≥tic†aci≤[93,94].†
Using†nonbasic†coupling,†m≥≤iat≥≤†by†DCC†as†p≥r†th≥†protocol†of†Bax≥n≤al≥†for†nicotinic†aci≤[95]†≤i≤†
≤≥liv≥r†th≥†appar≥ntly†nov≥l†68b†in†66%.†How≥v≥r†across†s≥v≥ral†trials†of†lithium†an≤†magn≥sium†
ac≥tyli≤≥†a≤≤itions†with†both†55a†an≤†55c,†no†pro≤uctiv≥†r≥action†was†obs≥rv≥≤†an≤†typically†only†2-
25%†of†68b†was†r≥cov≥r≥≤†from†among†som≥†highly†fluor≥sc≥nt†bypro≤ucts,†th≥†missing†>75%†of†th≥†
pyri≤yl†group†coul≤†not†b≥†i≤≥ntifi≥≤.†On≥†mor≥†a≤v≥nturous†r≥action†≥xamin≥≤†th≥†r≥lativ≥ly†unus≥≤†
aci≤†chlori≤≥†hy≤rochlori≤≥†68c.[96]†As†it†ha≤†not†b≥≥n†r≥port≥≤†with†ac≥tyli≤≥s†an≤†is†comparativ≥ly†
littl≥†us≥≤†in†th≥†lit≥ratur≥,†I†first†≤≥sir≥≤†to†ch≥ck†wh≥th≥r†it†woul≤†b≥hav≥†as†for†a†tra≤itional†aci≤†
chlori≤≥.†Att≥mpting†ami≤≥†formation†with†pip≥ri≤in≥,†it†inst≥a≤†un≤≥rw≥nt†oxi≤ativ≥/≤≥carboxylativ≥/
≤im≥risation†r≥arrang≥m≥nts†g≥n≥rating†amusing†fluor≥sc≥nt†quinolizinon≥†pro≤uct†69,†an≤†a†s≥con≤†
≤≥carboxylation†pro≤uct†whos≥†structur≥†was†not†satisfyingly†≤≥t≥rmin≥≤†but†show≥≤†many†f≥atur≥s†of†
compoun≤†3-XVIII.††Upon†succ≥ssfully††assigning†th≥†structur≥†of†69††(from†a†≤≥carboxylativ≥†
≤im≥risation/r≥arrang≥m≥nt†s≥qu≥ntially†involving†thr≥≥†mol≥cul≥s†of†aci≤†chlori≤≥),†it†was†≤≥ci≤≥≤†
that†68c†was†unpromising†for†us≥†with†ac≥tyli≤≥s†as†th≥y†too†might†trigg≥r†similar†≤≥carboxylations†
an≤†r≥arrang≥m≥nts†(Figur≥†II.21).†

†
Figur≥†II.21†–†Failur≥†of†2-pyri≤ylac≥tic†≤≥rivativ≥s†to†giv≥†≤≥sirabl≥†b≥haviour†for†alkynyl†k≥ton≥†formation†

Final†r≥action†trials†confirm≥≤†th≥†g≥n≥ral†≤ifficulti≥s†of†th≥†3-XVII†pathway.†Control†substrat≥s†to†
att≥mpt†to†≥valuat≥†th≥†2-pyri≤yl†moi≥ty’s†r≥sponsibility†for†initial†r≥action†failur≥s†w≥r≥†first†
synth≥sis≥≤,†choosing†th≥†known†3-pyri≤ylac≥tic[93]†W≥inr≥b†70a,†pr≥par≥≤†by†DCC†coupling†(42%),†
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an≤†ph≥nylac≥tic†W≥inr≥b†70b,†from†th≥†aci≤†chlori≤≥†(87%)[97].†Th≥n,†a†r≥port†from†Raghavan†≥t†
al.[98]†sugg≥st≥≤††that††ac≥tyli≤≥††a≤≤ition††to††α-halog≥nat≥≤†W≥inr≥b†ami≤≥s†can†proc≥≥≤†without†
≤ifficulty.†Th≥r≥for≥,†≤ibrominat≥≤†W≥inr≥b†ami≤≥†71a†was†sought,†with†th≥†i≤≥a†that†halonium†
≥limination†shoul≤†b≥†much†mor≥†chall≥nging†than†proton†≥limination,†so†th≥†≥nolisation†proc≥ss†
might†b≥†r≥≤uc≥≤;†it†was†isolat≥≤†along†with†th≥†corr≥spon≤ing†monohali≤≥†71b††(its†ph≥nyl†
monobromo†analogu≥†71c†was†also†obtain≥≤).†Th≥s≥†substrat≥s†w≥r≥†th≥n†submitt≥≤†to†r≥action†with†
ac≥tyli≤≥s†55a.†Ph≥nyl†W≥inr≥b†70b†r≥act≥≤†acc≥ptably†(72†obtain≥≤†in†61%†yi≥l≤),†confirming†th≥†
possibility†of†this†r≥action†protocol†working;†y≥t†r≥action†was†not†obs≥rv≥≤†with†its†α-halo†≤≥rivativ≥†
71c,†an≤†as†pyri≤yl†w≥inr≥b†ami≤≥s†70a,†71a†an≤†71b†all†fail≥≤†to†giv≥†r≥action†pro≤ucts,†this†rout≥†via†
3-XVII†was†aban≤on≥≤†(Figur≥†II.22).†

†
Figur≥†II.22†–†Pyri≤yl†W≥inr≥b†ami≤≥s†fail≥≤†to†giv≥†th≥†≤≥sir≥≤†a≤≤ition†pro≤ucts†with†ac≥tyli≤≥s†(3-pyri≤yl†70a†not†

shown,†lik≥wis≥†gav≥†no†r≥action);†ph≥nylac≥tic†W≥inr≥b†ami≤≥†70b†≤i≤†how≥v≥r†giv≥†72.†
3.2.3.†Non-oxi≤ativ≥†pathway†2:†picolyllithium†attack†on†alkynyl†≥st≥r†3-XVI†

THP-b≥aring†alkynyl†≥st≥r†73†was†pr≥par≥≤†by†a≤≤ition†of†th≥†ac≥tyli≤≥††of†55a†to††m≥thyl†
chloroformat≥†(78%)†but†surprisingly,†in†my†han≤s†this†r≥action†was†at†l≥ast†initially†unsucc≥ssful†with†
t≥trab≥nzylgalactosyl†55c†(two†trials).†Proc≥≥≤ing†with†73,†th≥†a≤≤ition†of†2-picolyllithium†at†0°C†gav≥†
a†complicat≥≤†r≥action†mixtur≥,†with†a†≤istinct†‘ro≤≥nt’†sm≥ll†as†of†≤≥ssicat≥≤†rat,†containing†multipl≥†
pro≤ucts,†inclu≤ing†mono-a≤≤ition†74†(11%†in†cru≤≥,†not†isolat≥≤),†quinolizinon≥†75††(10%†in†cru≤≥,†
4%†isolat≥≤),†bis-a≤≤ition†76†(6%†isolat≥≤),†an≤†al≤ol†≤im≥r†77a†with†its†SiO2-acc≥l≥rat≥≤,†≥xt≥nsiv≥ly†
conjugat≥≤†≤≥hy≤ration†pro≤uct†77b†(combin≥≤†isolat≥≤†yi≥l≤†3%):†Figur≥†II.23.††

†
Figur≥†II.23†–†Compl≥x†initial†r≥action†pro≤ucts†from†th≥†alkynyl†≥st≥r†rout≥†
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Unhappily,†th≥†≤≥sir≥≤†picolyl†alkynon≥†74†was†not†isolat≥≤†aft≥r†column.†By†th≥†cru≤≥†NMR,†its†
pr≥f≥r≥ntial†form†in†CDCl3†was†also†shown†to†b≥†≥nol†74a†(≤istinctiv≥†alk≥nyl†singl≥t†1H†p≥ak†at†
5.77†ppm)†rath≥r†than†th≥†k≥ton≥†74b†(≤istinctiv≥†k≥ton≥†13C†p≥ak†at†183.5†ppm)†though†an†accurat≥†
k≥to:≥nol†ratio†coul≤†not†b≥†≤≥t≥rmin≥≤†as†th≥†≥xt≥nsiv≥†p≥ak†ov≥rlap†pr≥v≥nt≥≤†r≥liabl≥†sp≥ctral†
≤≥convolution.†Th≥†cru≤≥†mix†was†substantially†compos≥≤†of†bis-a≤≤ition†pro≤ucts,†which†is†as†
≥xp≥ct≥≤†for†or≤inary†k≥ton≥†int≥rm≥≤iat≥s†(mor≥†r≥activ≥†than†th≥†starting†mat≥rial†≥st≥r)†but†in†this†
cas≥†som≥what†surprising,†sinc≥†k≥ton≥s†74b†ar≥†c≥rtainly†≤≥protonatabl≥†(cf.†non-r≥activity†of†70a)†
an≤†it†ha≤†b≥≥n†hop≥≤†that†this†might†pr≥v≥nt†bis-a≤≤ition;†≥nolat≥†attack†pro≤ucts†77a/77b†w≥r≥†
≥vi≤≥nc≥†of†such†≤≥protonation†(an≤†th≥†abs≥nc≥†of†a†corr≥spon≤ing†≥st≥r-a≤≤ition†pro≤uct†is†in†lin≥†
with†th≥†gr≥at≥r†r≥activity†of†th≥†k≥ton≥).†
To†low≥r†th≥†bis-a≤≤ition†pro≤ucts,†two†approach≥s†w≥r≥†tak≥n.†Firstly,†my†obs≥rvations†of†th≥†colour†
chang≥†≤uring†th≥†r≥action†sugg≥st≥≤†that†th≥†consumption†of†2-pyri≤yllithium†took†only†s≥con≤s;†
long≥r†r≥actions†wou≤†simply†allow†mor≥†tim≥†for†th≥†≤≥gra≤ation†of†th≥†pro≤uct.†Furth≥rmor≥,†to†
obtain†th≥†b≥st†yi≥l≤†of†th≥†mono-a≤≤ition†pro≤uct,†th≥†pro≤uct†of†th≥†conc≥ntrations†of†th≥†k≥ton≥†an≤†
th≥†ac≥tyli≤≥†shoul≤†b≥†minimal†≤uring†th≥†whol≥†r≥action,†which†is†not†≥nsur≥≤†by†≥ith≥r†a≤≤ition†of†
th≥†lithium†to†th≥†≥st≥r,†or†a≤≤ition†of†th≥†≥st≥r†to†th≥†lithium.†How≥v≥r,†continuous†flow†r≥actors[99]†
pr≥s≥nt†an†≥xc≥ll≥nt†solution.†A†cool≥≤†(0°C)†continuous-flow†r≥actor†with†a†r≥action†tim≥†of†aroun≤†
10†s≥con≤s†b≥for≥†col≤†qu≥nch/≥xtraction†was†ass≥mbl≥≤†out†of†stan≤ar≤†lab†glasswar≥†(s≥≥†s≥ction†
III.4.3.3)†an≤†th≥†≥st≥r†r≥action†was†r≥-run†with†goo≤†r≥sults†–†th≥†cru≤≥†contain≥≤†33%†of†74,†along†
with†60%†of†unr≥act≥≤†73;†only†3%†of†unwant≥≤†quinolizinon≥†75,†an≤†low†yi≥l≤s†of†un≤≥sir≥≤†76†
(<5%)†an≤†77a/77b†(<1%)†w≥r≥†s≥≥n,†as†w≥ll†as†som≥†uni≤≥ntifiabl≥†pyri≤yl†sp≥ci≥s.†Although†this†
in≤icat≥s†that†a†long≥r†r≥action†tim≥†shoul≤†b≥†us≥≤†(≥g.†20-40†s≥con≤s),†th≥†amount†of†pro≤uct†
synth≥sis≥≤†was†suffici≥nt†for†furth≥r†work.†In†parall≥l,†th≥†alkynyl†W≥inr≥b†ami≤≥†78a†was†pr≥par≥≤†
(56%);†substantial††conjugat≥†a≤≤ition†of†wat≥r†to†th≥†alkyn≥†giving†th≥††β-k≥toami≤≥†bypro≤uct†was†
also†s≥≥n†(78b,†6%).†78a†gav≥†≥v≥n†cl≥an≥r†formation†of†th≥†mono-a≤≤ition†pro≤uct†74†than†≤i≤†73†in†
th≥†stopp≥≤-flow†r≥action†(44%†in†cru≤≥,†no†bis†pro≤ucts:†Figur≥†II.24).†

†
Figur≥†II.24†–†W≥inr≥b†ami≤≥†78a†was†us≥≤†to†obtain†a†cl≥an≥r†yi≥l≤†of†74†than†was†possibl≥†using†≥st≥r†73†

Unfortunat≥ly,†NMR†of†74†show≥≤†its†continual†cyclisation-≤≥gra≤ation†to†form†75†wh≥n†l≥ft†at†room†
t≥mp≥ratur≥†(halftim≥†≥st.†hours)†an≤†≥v≥n†at†4°C,†so†working†quickly†was†now†≥ss≥ntial†sinc≥†th≥†lab†
was†not†≥quipp≥≤†for†low-t≥mp≥ratur≥†workup.†A†fast†column†of†th≥†fr≥≥z≥r-stor≥≤†cru≤≥†was†us≥≤†to†
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purify†som≥†74†imm≥≤iat≥ly†b≥for≥†launching†cyclisation†trials.†A†s≥con≤†approach†to†purification†
woul≤†b≥†≤≥rivatisation†in†a†form†that†blocks†cyclisation†(similarly†to†65b).††Trapping†th≥†cru≤≥†
r≥action†pro≤ucts†in†th≥†≥nol†form†by†r≥action†with†TBSCl†was†≥xamin≥≤†bri≥fly†both†in†situ†an≤†also†
aft≥r†qu≥nch,†taking†r≥action†cru≤≥†into†TBSCl/DMF†with†imi≤azol≥†or†NaH,†but†in†n≥ith≥r†cas≥†was†
th≥†silylat≥≤†≥nol†in≤icat≥≤,†an≤†this†approach†was†aban≤on≥≤.†

3.2.4.†Cycloisom≥risations†
Purifi≥≤†74†was†th≥n†quickly†≥xpos≥≤†to†a†vari≥ty†of†coinag≥†m≥tal†catalysts†in†DCM,†hoping†to†
synth≥sis≥†3-XII†by†pr≥f≥r≥ntial†cyclisation†to†th≥†furan.†Giv≥n†th≥†strong†t≥n≤≥ncy†of†74†to†cyclis≥†to†
75†spontan≥ously,†forming†th≥†furan†(shoul≤†hav≥†≤istinctiv≥†shifts†for†furan†H3†an≤†H4†in†1H-NMR,†
≤oubl≥ts†at†~5.74†ppm†an≤†~5.25†ppm)†woul≤†not†b≥†≥asy.†Th≥†choic≥†of†catalysts†an≤†con≤itions†
(DCM†or†THF,†RT)†was†inform≥≤†by†r≥c≥nt†pap≥rs†from†th≥†G≥vorgyan†group†≤iscussing†furth≥r†
≤≥v≥lopm≥nts†in†th≥†cycloisom≥risation†of†all≥nyl†k≥ton≥s†to†furans[100,101].†Unfortunat≥ly†how≥v≥r,†
≤≥sir≥≤†3-XII†was†n≥v≥r†obs≥rv≥≤†an≤†all†catalysts†s≥≥m≥≤†to†≥ith≥r†≤≥stroy†th≥†sampl≥s,†or†
allow/promot≥†th≥†cyclisation†to†quinolizinon≥†75;†an†int≥r≥sting†≥xc≥ption†was†n≥ar-stoichiom≥tric†
r≥action†with†silv≥r†tosylat≥†which†gav≥†a†≤iff≥r≥nt†r≥action†pro≤uct,†to†which†I†assign≥≤†structur≥†75x;†
this†may†b≥†≤u≥†to†≥ffici≥nt†coor≤ination†of†th≥†pyri≤yl†nitrog≥n†by†th≥†silv≥r†ion,†which†pr≥v≥nts†N-
nucl≥ophilic†cyclisation†to†75.†

†
Figur≥†II.25†–†Att≥mpt≥≤†coinag≥-m≥tal-in≤uc≥≤†cyclisations†of†74†≤i≤†not†allow†isolation†of†picolyl†alkoxyfurans†3-XII†

3.2.5.†Synth≥tic†conclusions†from†Part†II.3†(cycloisom≥risation)††
Th≥†conclusions†from†this†s≥ction†w≥r≥†r≥lativ≥ly†cl≥ar:†alkoxym≥thylfurans†57†ar≥†too†s≥nsitiv≥†to†
allow††α-≤≥rivatising†for†subs≥qu≥nt†pyri≤yl†attack,†but†picolyl†alkynyl†≥nols†such†as†74†ar≥†too†
pr≥≤ispos≥≤†towar≤s†pyri≤yl-ring†cyclisations†to†allow†formation†of†alkoxypicolylfurans†in†or≤inary†
con≤itions.†Blocking†th≥†ring†pyri≤in≥,†or†pr≥forming†th≥†all≥n≥,†coul≤†b≥†ways†to†a≤≤r≥ss†this†latt≥r†
r≥activity,†but†th≥†ch≥mistry†≤≥v≥lop≥≤†in†this†s≥ction†was†alr≥a≤y†a≤v≥nturous†an≤†tim≥-consuming;†
furth≥r†r≥s≥arch†into†such†unpr≥c≥≤≥nt≥≤†transforms†was†consi≤≥r≥≤†unlik≥ly†to†giv≥†succ≥ss†
≥ffici≥ntly.†Synth≥tic†≥fforts†w≥r≥†th≥r≥for≥†r≥≤ir≥ct≥≤†towar≤s†a†thir≤†m≥tho≤†of†installing†th≥†r≥quir≥≤†
alkoxy†an≤†picolyl†groups†on†th≥†furan†nucl≥us:†nucl≥ophilic†aromatic†substitution.†
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4.†Synth≥sis†of†Furyl†Spac≥rs†by†SNAr†
4.1.†SNAr†pr≥c≥≤≥nts†

Th≥†SNAr†of†an†alkoxi≤≥†on†2-halo-5-carbonylfurans†has†b≥≥n†w≥ll-r≥port≥≤†for†primary†or†s≥con≤ary†
alcoholat≥s,†usually†attacking†furoic†aci≤s[102]†an≤†≥st≥rs.[48,53,103]†Th≥†r≥sultant†≥st≥rs†ar≥†usually†
r≥≤uc≥≤†≤ir≥ctly†to†th≥†alkoxycarbinols†with†DIBAL,[48]††or†saponifi≥≤[53]†to†th≥†alkoxyaci≤s;†th≥†
≤≥carboxylation†of†th≥†alkoxyfuroic†aci≤s†is†r≥port≥≤†to†b≥†≥asy†(Cu/quinolin≥/h≥at).[48,53,102,104]†
Nitrofurans†som≥tim≥s†giv≥†similar†substitution,†≥sp≥cially†with†ph≥noxi≤≥s[105-108].†
This†SNAr†r≥action†provi≤≥s†a†s≥con≤†approach†towar≤s†installing†an†alkoxy†moi≥ty†on†th≥†furan,†as†
was†propos≥≤†by†Olivi≥r†Piva†≤uring†th≥†M2†th≥sis†≤≥f≥nc≥†l≥a≤ing†to†this†PhD†work.†How≥v≥r,†th≥s≥†
alkoxy†groups†ar≥†all†≤≥riv≥≤†from†alcohols:†no†r≥ports†hav≥†a≤≤r≥ss≥≤†h≥miac≥tals†≥g.†sugars.†
How≥v≥r,†a†r≥c≥nt†r≥port†of†Morris†≥t†al.[109]†was†attractiv≥.†Th≥y†us≥≤†two†sugar†lactol†alkoxi≤≥s†in†a†
f≥w†SN†r≥actions†inclu≤ing†SNAr†on†(activat≥≤)†2,4-≤initro-halob≥nz≥n≥s†(~85%);†th≥†α/β-ratio†can†b≥†
influ≥nc≥≤†(at†l≥ast†for†th≥†2-≤≥oxylactols)†by†choic≥†of†con≤itions:†KHMDS/THF/-78°C†for††α,†
NaH/≤ioxan≥/23°C†for†β.[109]†D≥siring†β-alkoxyfurans,†an≤†with†th≥†≤ifficulti≥s†of†α-functionalisation†
an≤†th≥†impossibility†of†pyri≤yl†pr≥installation†(s≥ctions†II.3.1-II.3.2),†th≥†possibiliti≥s†of†applying†
such†an†SNAr†on†a†furan†was†≥xamin≥≤†in†mor≥†≤≥tail†(Figur≥†II.25).†

†
Figur≥†II.26†–†Pr≥c≥≤≥nts†an≤†plans†for†SNAr†approach≥s†to†alkoxyfuran†cr≥ation†an≤†us≥†

Th≥†α-carbon,†b≥tw≥≥n†th≥†furan†an≤†coor≤inativ≥†rings†in†th≥†≤≥sir≥≤†pro≤ucts†4-III/44,†is†a†m≥thin≥†
group,†i≥.†≤≥riv≥≤†from†an†al≤≥hy≤≥.†Th≥†primary†publish≥≤†furan†SNAr†m≥tho≤s†coul≤†approach†this†
in†thr≥≥†ways,†but†which†I†ultimat≥ly†consi≤≥r≥≤†r≥lativ≥ly†unpromising†(Figur≥†II.25).†Th≥s≥†w≥r≥:†
(a)†≤≥carboxylat≥≤†2-alkoxy-furans†4-II†might†b≥†5-lithiat≥≤†with†tBuLi†for†attack†on†2-pyCHO†
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towar≤s†4-III;†(b)†th≥†r≥action†of†alkoxy≥st≥rs/W≥inr≥b†ami≤≥s[110]†4-IV†with†2-m≥tallat≥≤-pyri≤in≥†
coul≤†form†k≥ton≥†4-V,†for†lat≥r†r≥≤uction†to†4-III;†(c)†th≥†alkoxycarbinols†from†DIBAL†r≥≤uction†of†
4-IV†might†b≥†oxi≤is≥≤†to†th≥†furfurals†4-VI,†for†us≥†with†m≥tallat≥≤†pyri≤in≥†giving†4-III.†Th≥s≥†
pr≥c≥≤≥nts†an≤†plans†ar≥†summaris≥≤†in†Figur≥†II.25.††
Th≥s≥†rout≥s†pr≥s≥nt†pot≥ntially†probl≥matic†pitfalls†(mark≥≤†in†r≥≤†on†th≥†figur≥).†Th≥†lik≥ly†
instability†of†alkoxyfurans†4-II†has†b≥≥n†≤iscuss≥≤,[53]†an≤†th≥ir†≤≥carboxylativ≥†formation†r≥quir≥s†
that†th≥†≥nzym≥†substrat≥†in†4-I†r≥sists†th≥s≥†con≤itions†(at†a†minimum,†h≥ating†un≤≥r†pr≥ssur≥†abov≥†
100°C).†I†≥sp≥cially†mistrust≥≤†oxi≤ation†(c)††of†alkoxyfurans,†sinc≥†I†ha≤†alr≥a≤y†s≥≥n†th≥m†to†b≥†
oxi≤ation-s≥nsitiv≥†in†g≥n≥ral,†an≤†th≥y†ar≥†known†to†b≥†aci≤-s≥nsitiv≥†(common†bypro≤uct†of†s≥v≥ral†
oxi≤ants).†I†also†≤islik≥≤†r≥≤uction†(b)†as†4-V†is†pr≥≤ict≥≤†to†b≥†an†unusually†stabilis≥≤†k≥ton≥†(r≥lat≥≤†
pyri≤ylfurylm≥thanon≥s†form†spontan≥ously†from†th≥†alcohols†un≤≥r†air[111])†so†its†r≥≤uction†might†
n≥≥≤†rath≥r†pow≥rful†con≤itions.††Both†oxi≤ations†an≤†r≥≤uctions†woul≤†pot≥ntially†involv≥†
substrat≥/prot≥cting-group†probl≥ms†too.†Unfortunat≥ly,†th≥†synth≥tic†targ≥t†4-III†common†to†all†
rout≥s†is†not†only†lik≥ly†to†oxi≤is≥†back†to†4-V,†but†its†lat≥r†us≥†will†r≥quir≥†forming†its†s≥con≤ary†
≥l≥ctrophil≥†analogu≥†an≤†substituting†it†onto†th≥†s≥con≤ary†amin≥†≤ptacn†to†obtain†final†ligan≤†
pro≤uct†44.†If†stan≤ar≤†con≤itions†can†b≥†us≥≤,†this†r≥action†can†b≥†high-yi≥l≤ing†≥g.†by†chlorination,†
tosylation†≥tc†an≤†th≥n†grafting[25];†how≥v≥r,†if†th≥†alkoxyfurans†prov≥≤†to†b≥†at†all†aci≤-s≥nsitiv≥†or†to†
hav≥†strong†≥liminativ≥†t≥n≤≥nci≥s†th≥n†provi≤ing†th≥m†with†a†l≥aving-group†coul≤†b≥†probl≥matic†(as†
was†in≤≥≥≤†obs≥rv≥≤,†s≥≥†s≥ction†4.2.3),†≥v≥n†if†mil≤†con≤itions†for†≥stablishing†it†ar≥†us≥≤†(≥g.†N-
chlorosuccinimi≤≥/SM≥2,[112]†which†has†succ≥ssfully†b≥≥n†us≥≤†on†a†2-furyl†alcohol,†though†a†2,5-
≤ialkyl†on≥[113]).†Lastly,†non≥†of†th≥s≥†m≥tho≤s†is†≤ir≥ct;†an≤††th≥†≥ntir≥ly†g≥n≥ral†lability†of†
alkoxyfurans[51,52,102,114]†l≥≤†m≥†to†focus†on†mor≥†≤ir≥ct†m≥tho≤s†with†f≥w≥r†possibiliti≥s†for†
≤≥gra≤ation†along†th≥†way.†
On≥†mor≥†≤ir≥ct†m≥tho≤†than†th≥s≥†thr≥≥†approach≥s†woul≤†b≥†(≤)†≥xploiting†th≥†SNAr†r≥action†on†th≥†
2-nitro-5-furfurals†which†has†b≥≥n†s≥≥n†for†≥g.†ph≥noxi≤≥s[107,108],†or†pot≥ntially†on†th≥†halofurfurals†
(no†r≥l≥vant†≥xampl≥s).†This†woul≤†giv≥†th≥†al≤≥hy≤≥†oxi≤ation†stat≥†in†4-VI†≤ir≥ctly,†which†might†b≥†
r≥act≥≤†to†4-III†with†≥g.†2-m≥tallat≥≤-pyri≤in≥[115];†Grignar≤†r≥ag≥nts†for†≥xampl≥†≥asily†a≤≤†to†
furfurals†in†stan≤ar≤†con≤itions,[116,117]†as†≤o†alkyllithiums,[111]†although††unsurprisingly†no†r≥actions†
involving†2-alkoxy-5-furfurals†hav≥†b≥≥n†foun≤.††
A†s≥con≤†≤ir≥ct†m≥tho≤†(≥)†woul≤†≤≥p≥n≤†on†wh≥th≥r†2,5-≤ihalofurans[118,119]†ar≥†activat≥≤†≥nough†to†
giv≥†SNAr††(totally†unatt≥st≥≤).†If†so,††th≥†r≥sultant†alkoxyhalofurans†4-VII†woul≤†b≥†i≤≥al†lithiation†
can≤i≤at≥s†(nBuLi)†for†r≥action†with†al≤≥hy≤≥s[120],†≥g.†2-pyCHO,†towar≤s†4-III.†This†rout≥†also†off≥rs†
a†soft≥r†alt≥rnativ≥†to†passing†by†common†int≥rm≥≤iat≥†4-III,†sinc≥†th≥†bromofuran†may†lik≥ly†b≥†
conv≥rt≥≤†≥asily†to†th≥†boronic†aci≤†for†a†P≥tasis†r≥action†(boronic†aci≤†Mannich†r≥action).[121]†This†
thr≥≥-compon≥nt†proc≥≤ur≥†was†r≥c≥ntly†improv≥≤†sp≥cifically†for†2-pyri≤in≥carboxal≤≥hy≤≥†an≤†
s≥con≤ary†amin≥s[122],†an≤†giv≥s†sp≥ci≥s†lik≥†44†≤ir≥ctly†in†high†yi≥l≤s†in†on≥†st≥p†(75-95%)[121-123],†
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without†having†to†put†a†l≥aving-group††at††th≥††α††position††to††th≥††furan.[124]†Th≥†boronat≥†us≥≤†may†b≥†
chos≥n†for†a†balanc≥†of†stability†an≤†r≥activity[125,126].†Not≥†that†int≥rm≥≤iat≥†4-II†from†rout≥†(a)†also†
allows†th≥†P≥tasis†r≥action,†by†m≥tallation†th≥n†qu≥nching†with†a†borat≥†≥st≥r,†but†th≥†≤≥carboxylation†
st≥p†was†consi≤≥r≥≤†probably†prohibitiv≥.†

4.2.†SNAr†synth≥s≥s†
4.2.1.†Alkoxi≤≥s†an≤†substrat≥s†

Trial††SNAr†r≥actions†w≥r≥†commonly†p≥rform≥≤†with†comm≥rcial†alcohols.†BnOH†coul≤†provi≤≥†a†
conv≥ni≥ntly†monofunctional†r≥activity†mimic†for†various†PABA/PHBA-stack≥≤†substrat≥s;†4-M≥O-
PhOH†was†≥xamin≥≤†as†an†≥l≥ctron-rich†substrat≥†mimic;†an≤†pNO2BnOH†coul≤†provi≤≥†a†m≥tho≤†to†
≤≥monstrat≥†auto-immolation†trigg≥r≥≤†by†nitro†group†r≥≤uction†(though†achi≥ving†this†orthogonally†
by†ch≥mical†m≥ans†for†such†structur≥s†is†probl≥matic,†so†NTR†may†b≥†a†b≥tt≥r†solution[29,127]).†
Diff≥r≥ntly-prot≥ct≥≤†glycosi≤as≥†substrat≥s†w≥r≥†also†pr≥par≥≤†in†both†simpl≥†an≤†stack≥≤-spac≥r†
configurations;†th≥y†w≥r≥†int≥n≤≥≤†both†to†≥xamin≥†an≤†optimis≥†synth≥s≥s†(blocking†groups),†as†w≥ll†
as†≥v≥ntually†to†provi≤≥†a†rout≥†towar≤s†final†targ≥ts†44††(mil≤ly-†an≤†orthogonally-≤≥prot≥ctabl≥†
groups).†Th≥s≥†substrat≥†synth≥s≥s†ar≥†shown†in†Figur≥†II.26.†

†
Figur≥†II.27†–†Succ≥ssful†synth≥s≥s†of†glycosi≤≥†substrat≥s†for†SNAr†r≥actions†

T≥trab≥nzylat≥≤†futur≥†β-glucosi≤as≥†substrat≥†79†was†synth≥sis≥≤†on†larg≥†scal≥†with†th≥†ch≥ap†an≤†
conv≥ni≥nt†proc≥≤ur≥†of†Yamanoi†≥t†al.[128]†as†a†blocking-group†≥xampl≥†for†≥valuating†≤ir≥ct†SNAr†of†
th≥†sugar†onto†th≥†halofuran;†th≥†b≥nzyl†group†is†probably†inappropriat≥†for†us≥†in†final†prob≥†
synth≥s≥s,†sinc≥†its†≤≥prot≥ction†by†hy≤rog≥nation†may†lik≥ly†cl≥av≥†th≥†whol≥†auto-immolativ≥†
coor≤inating†arm†from†th≥†compl≥x.†High†yi≥l≤s†of†a†b≥nzyloxy-b≥aring†furfural†w≥r≥†isolat≥≤†from†
th≥†r≥action,†but†NMR†show≥≤†it†to†b≥†only†th≥†p≥r-≥limination†bypro≤uct†from†th≥†fructos≥†ring†(79z);†
not≥†that†th≥†stability†of†this†sp≥ci≥s†to†aci≤†is†≥xp≥ct≥≤†for†a†5-alkyl-furfural,†an≤†cannot†b≥†≥xp≥ct≥≤†
for†a†5-alkoxyfuran.††
Grossmann†≥t†al.†show≥≤†that†stan≤ar≤†ac≥tyl†≤≥prot≥ctions†≤≥stroy†furanon≥s,†but†≤≥v≥lop≥≤†a†mil≤≥r†
guani≤in≥†m≥tho≤†that†was†suitabl≥,[47]†so†as†an†initial†≤≥prot≥ctabl≥†group†I†≥xamin≥≤†ac≥tat≥s.†
T≥traac≥tylat≥≤†futur≥†β-GAL†substrat≥†80†was†cl≥anly†≤≥liv≥r≥≤†by†s≥l≥ctiv≥†anom≥ric†≤≥ac≥tylation†
of†galactos≥†p≥ntaac≥tat≥†by†a†lit≥ratur≥†protocol[129].†T≥traac≥tylat≥≤†futur≥†β-GAL†stack≥≤†substrat≥†
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81†was†synth≥sis≥≤†by†a†2-st≥p†lit≥ratur≥†m≥tho≤†using†Ag2O-m≥≤iat≥≤†coupling†to†
4-hy≤roxyb≥nzal≤≥hy≤≥[130],†as†(ch≥ap≥r)†BF3∙OEt2-catalys≥≤†r≥action†of†th≥†galactos≥†p≥ntaac≥tat≥,†
an≤†a†r≥port≥≤†singl≥-st≥p†substitution†onto†PHBA[131]†both†gav≥†intractabl≥†b≥haviour†in†my†han≤s.††
It†was†also†highly†≤≥sirabl≥†to†obtain†substrat≥s†with†mor≥†bas≥-stabl≥†r≥movabl≥†prot≥cting†groups.†
Th≥†TBS†group†was†initially†consi≤≥r≥≤†th≥†most†promising†non-≥st≥r†prot≥cting†group,†as†its†r≥moval†
is†probably†orthogonal†in†mil≤†con≤itions.†I†th≥r≥for≥†ma≤≥†s≥v≥ral†≥fforts†towar≤s†t≥tra-TBS†
≤≥rivativ≥s†in†simpl≥†an≤†stack≥≤†configurations,†involving†t≥tram≥thyl†an≤†t≥trab≥nzyl†analogu≥s†in†
protocol†trials†(Figur≥†II.27).†

†
Figur≥†II.28†–†obtaining†galactosyl†sp≥ci≥s†with†≤iff≥r≥nt†prot≥cting†groups†than†Ac†was†initially†low-yi≥l≤ing†

For†th≥†stack≥≤†spac≥rs,†with†th≥†β-configuration†install≥≤†in†81,†th≥†prot≥cting†groups†w≥r≥†swapp≥≤†
towar≤s†th≥†corr≥spon≤ing†t≥tra-silylat≥≤†sp≥ci≥s†84†by†thr≥≥-st≥p†alcohol†prot≥ction,†≤≥ac≥tylation,†
an≤†silylation†following†a†pat≥nt†r≥port[132].†How≥v≥r†only†thr≥≥†of†th≥†four†silyl†groups†w≥r≥†r≥liably†
install≥≤†by†this†m≥tho≤††(84x).†An†initial†att≥mpt†to†install†th≥†missing†silyl†group†by†forcing†
con≤itions[133]†(an≤†a†mor≥†p≥rmissiv≥†TES†silyl†group)†r≥sult≥≤†inst≥a≤†in†≤≥composition.††
For†th≥†simpl≥†GalOH†substrat≥s,†I†hop≥≤†that†without†th≥†PHBA†glycosi≤≥†of†84,†th≥†silylation†coul≤†
b≥†quantitativ≥†an≤†without†si≤≥-r≥actions,†so†I†sought†a†small≥r†an≤†orthogonal†group†for†th≥†anom≥ric†
prot≥ction.††Allyl†galactosi≤≥†was†ch≥aply†form≥≤†by†aci≤†catalysis[66],†an≤†prot≥ct≥≤†in†a†vari≥ty†of†
ways†so†that†I†coul≤†fin≤†a†r≥liabl≥†≤≥allylation†m≥tho≤†to†apply†in†th≥†synth≥sis†of†≤≥sir≥≤†
(TBSO)4GalOH.†Thus†t≥trab≥nzylation[128],†t≥trasilylation[134],†an≤†t≥tram≥thylation[135]†of†th≥†
glycosi≤≥†w≥r≥†p≥rform≥≤†though†in†r≥lativ≥ly†low†yi≥l≤s;†formation†of†th≥†hin≤≥r≥≤†t≥trapivaloyl†≥st≥r†
as†a†mor≥†bas≥-stabl≥†alt≥rnativ≥†to†th≥†ac≥tyl†group†(no†≤≥protonatabl≥†α-hy≤rog≥ns)†was†att≥mpt≥≤†
with†both†stan≤ar≤†an≤†forcing†con≤itions[136]†but†in†my†han≤s†this†was††unsucc≥ssful†on†th≥†rath≥r†
crow≤≥≤†substrat≥.†D≥allylations†to†th≥†t≥traprot≥ct≥≤†galactos≥s†w≥r≥†≥xamin≥≤†r≥p≥at≥≤ly†with†a†
conv≥ni≥nt†proc≥≤ur≥†using†NBS-ac≥ton≥-wat≥r†r≥port≥≤†sp≥cifically†for†similar†substrat≥s[137],†
how≥v≥r†that†r≥action†coul≤†not†b≥†≥vi≤≥nc≥≤†an≤†≤≥composition†pro≤ucts†w≥r≥†inst≥a≤†obtain≥≤.†
D≥allylation†with†P≤Cl2/M≥OH†allow≥≤†isolation†of†t≥tram≥thylgalactos≥†in†25%†yi≥l≤†on†a†small†
scal≥†(p≥rform≥≤†by†int≥rn†Nils†Aronssohn)†but†was†unsucc≥ssful†for†th≥†≤≥sir≥≤†TBS†sp≥ci≥s.†
D≥allylation†was†also†att≥mpt≥≤†by†th≥†tBuLi†proc≥≤ur≥†of†Bail≥y†≥t†al.[138]†giving†≤≥allylation†for†both†
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b≥nzyl†an≤†m≥thyl†prot≥cting†groups†but†onc≥†again†r≥sulting†in†appar≥nt†≤≥struction†of†th≥†TBS†
analogu≥.†
Th≥†m≥thyl†group†was†int≥n≤≥≤†only†as†a†stabl≥†blocking†group†to†≥xplor≥†synth≥tic†pathways†as†its†
r≥moval†r≥quir≥s†harsh†con≤itions†which†will†lik≥ly†≤≥compos≥†a†furan;†it†gav≥†no†r≥al†synth≥tic†
a≤vantag≥s†in†th≥†≥n≤†so†it†was†not†pursu≥≤†furth≥r:†b≥nzylat≥≤†analogu≥s†w≥r≥†mor≥†≥asily†acc≥ssibl≥†
an≤†shoul≤†hav≥†similar†bas≥-stability.†Whil≥†no†t≥tra-TBS†substrat≥†ha≤†y≥t†b≥≥n†purifi≥≤†≤uring†th≥s≥†
st≥ps,†th≥s≥†r≥actions†ha≤†b≥gun†to†consum≥†mor≥†tim≥†than†simply†proc≥≤ing†with†th≥†≥stablish≥≤†
substrat≥s†79,†80†an≤†81†wh≥r≥†possibl≥,†so†furth≥r†prot≥cting-group†ch≥mistry†was†put†on†hol≤†whil≥†
th≥†main†focus†on†innovativ≥†ch≥mistry†(SNAr†r≥actions)†was†≥xamin≥≤.†

4.2.2.†Rout≥s†(b),†(c):†halofuroic†≥st≥rs;†rout≥†(≥):†≤ihalofuran†
Th≥s≥†rout≥s†w≥r≥†quickly†≥valuat≥≤†to†b≥†l≥ss†promising,†so†ar≥†cov≥r≥≤†bri≥fly†b≥for≥†th≥†chos≥n†
halofurfural†rout≥†is†≤iscuss≥≤†in†≤≥pth.†Dibromofuran†85††is†classically†synth≥sis≥≤†from†stabl≥†
bromofuroic†aci≤†by†≤≥carboxylation†an≤†th≥n†bromination,[104,139]†but†has†mor≥†conv≥ni≥ntly†b≥≥n†
synth≥sis≥≤†by†a†r≥c≥nt†≤ir≥ct†bromination†of†furan†with†Br2††–†a†r≥action†consi≤≥r≥≤†impossibl≥†for†
almost†a†c≥ntury†until†it†was†r≥tri≥≤†in†≤iff≥r≥nt†solv≥nts†which†pr≥v≥nt†aci≤ic†polym≥risations;[118,119]†
I†synth≥sis≥≤†85†on†gram-scal≥†by†this†m≥tho≤.†Its†us≥†in†SNAr†is†almost†unatt≥st≥≤;†only†on≥†r≥port†
(pat≥nt)†was†foun≤†in†CAS,†r≥acting†it†with†a†carboxylic†aci≤†in†warm†ac≥ton≥†using†tri≥thylamin≥†
bas≥†appar≥ntly†giving†60%†of†mono-r≥action†pro≤uct,†but†this†r≥port†is†p≥rhaps†≤oubtful††or†
sp≥culativ≥.[140]†Having†also†≥st≥rifi≥≤†2-bromo-5-furoic†aci≤†to†86†in†similarly†larg≥†scal≥,††I†th≥n†
chos≥†to†us≥†th≥†w≥ll-att≥st≥≤†SNAr†con≤itions†of†Morris†≥t†al.[109]†to†t≥st†th≥s≥†furans’†r≥actions†with†a†
rang≥†of†potassium†alkoxi≤≥s†inclu≤ing†th≥†b≥nzylat≥≤†sugar†which†was†alr≥a≤y†giving†succ≥ss†with†5-
bromofurfural†(s≥≥†s≥ction†4.2.3).†R≥actions†ar≥†summaris≥≤†in†Figur≥†II.25.†

†
Figur≥†II.29†–†Initial†trials†of†SNAr†on†≤ibromofuran†an≤†m≥thyl†bromofuroat≥†w≥r≥†unsucc≥ssful†an≤†aban≤on≥≤†
Th≥†r≥action†of†86†app≥ar≥≤†promising,†as†n≥w†furan†sp≥ci≥s†coul≤†b≥†i≤≥ntifi≥≤†in†th≥†cru≤≥†NMR†by†
th≥†shift†of†th≥†H3/H4†≤oubl≥ts.†Exhaustiv≥†s≥paration†of†th≥†pro≤ucts†r≥cov≥r≥≤†th≥†various†sugar-
b≥aring†sp≥ci≥s†almost†quantitativ≥ly,†how≥v≥r†th≥†major†pro≤uct†was†th≥†trans≥st≥rifi≥≤†87;†
comparabl≥†amounts†of†≤≥ac≥tylation†pro≤ucts†w≥r≥†also†g≥n≥rat≥≤†an≤†no†≤≥sir≥≤†pro≤uct†4-IV†was†
s≥≥n.†Cru≤≥†NMRs†for†th≥†≤ihalofuran†r≥actions†w≥r≥†≤istinctly†unpromising:†no†n≥w†furan†H3-H4†
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≤oubl≥ts†(≤≥symm≥trisation†of†th≥†mol≥cul≥†aft≥r†substitution)†w≥r≥†visibl≥,†so†I†stopp≥≤†this†rout≥,†
although†it†may†b≥†that†simply†h≥ating†th≥†r≥action†coul≤†solv≥†th≥†r≥activity†probl≥m.†
Th≥s≥†failur≥s†argu≥†for†chang≥s†of†con≤itions;†in†both†cas≥s,†a≤≤ing†an†activator†such†as†a†silv≥r†salt†
may†assist†halog≥n†r≥activity†although†corr≥spon≤ing†loss≥s†in†th≥†sugar†sp≥ci≥s†by†oxi≤ation†may†b≥†
≥xp≥ct≥≤.†Th≥†SNAr†on†86†may†also†n≥≥≤†to†b≥†favour≥≤†by†a†chang≥†of†solv≥nt†an≤†alkoxi≤≥†m≥tal†
ion.†How≥v≥r,†as†th≥†halofurfural†rout≥†was†alr≥a≤y†giving†pro≤ucts†4-III,†I†consi≤≥r≥≤†that†th≥r≥†was†
no†n≥≥≤†to†pursu≥†th≥s≥†r≥actions†furth≥r†just†y≥t,†although†4-VII†r≥mains†a†highly†attractiv≥†targ≥t†for†
futur≥†≥xplorations†b≥caus≥†of†th≥†m≥tallation/P≥tasis†rout≥†that†it†allows.†

4.2.3.†Rout≥†(≤):†halofurfural†
In†contrast†to†th≥†frustrations†of†th≥†pr≥vious†r≥actions,†a†trial†of†glycosi≤≥†SNAr†on†bromofurfural†
imm≥≤iat≥ly†gav≥†th≥†≤≥sir≥≤†pro≤uct,†with†yi≥l≤†≤≥p≥n≤ing†on†th≥†bas≥†(KH:†60%;†NaH:†<10%;†
Figur≥†II.29).†

†
Figur≥†II.30†–†Succ≥ssful†first†trials†of†SNAr†giving†a†furfural†β-glycosi≤≥†

T≥trab≥nzylglucos≥†79†r≥act≥≤†to†giv≥†a†mixtur≥†of†at†l≥ast†12†≤iff≥r≥nt†pro≤ucts†by†TLC,†but†
s≥paration†of†th≥†major†pro≤uct,†prot≥ct≥≤†furfural†β-glucosi≤≥†88,†was†r≥lativ≥ly†≥asy,†th≥†pro≤uct†was†
≥xhaustiv≥ly†confirm≥≤,†an≤†th≥†yi≥l≤†was†suffici≥nt†to†carry†ov≥r.†A≤justing†th≥†stoichiom≥try†of†th≥†
r≥actants†still†gav≥†th≥†≤≥sir≥≤†pro≤uct†though†it†was†shown†that†≥xc≥ss†≥l≥ctrophil≥†was†pr≥f≥rabl≥;†in†
a†parall≥l†run†with†pNO2BnOH†un≤≥r†i≤≥ntical†con≤itions,†no†nitrob≥nzyl†pro≤uct†was†obs≥rv≥≤.†A†
first†trial†with†t≥traac≥tylgalactos≥†80†gav≥†89†alb≥it†in†low†yi≥l≤†(10%);†changing†th≥†r≥action†
protocol†gav≥†varying†yi≥l≤s†of†a†sp≥ci≥s†which†I†assign≥≤†as†≤im≥r†structur≥†90,†which†woul≤†in≤icat≥†
that†th≥†2-furfural-5-alcoholat≥†is†also†an†≥xc≥ll≥nt†l≥aving-group†(probably,†r≥arrang≥m≥nts†≥nsu≥).†
R≥turning†to†a≤≤ition†of†ROK†into†th≥†≥l≥ctrophil≥†solution†but†p≥rforming†this†slowly†also†gav≥†
mostly†th≥†sam≥†sp≥ci≥s,†which†woul≤†in≤icat≥†that†89†is†mor≥†r≥activ≥†than†th≥†bromofurfural†(though†
if†my†structural†assignm≥nt†is†corr≥ct,†th≥n†r≥action†proc≥≥≤s†by†a†≤iff≥r≥nt†m≥chanism:†SN2†not†
SNAr);†anchim≥ric†assistanc≥†by†th≥†2-ac≥tyl†group†may†activat≥†th≥†galactosi≤≥†towar≤s†this†
substitution,†≥xplaining†why†≤im≥risation†was†not†s≥≥n†for†th≥†b≥nzyl†≤≥rivativ≥.†Following†≥actly†th≥†
latt≥r†con≤itions†but†with†4-M≥O-PhOK†gav≥†inst≥a≤†a†46%†yi≥l≤†of†th≥†substitut≥≤†furfural†91†(no†
≤im≥risation†is†possibl≥),†as†an†oil†which†≤≥gra≤≥≤†in†th≥†col≤†(v≥ry†≥l≥ctron-rich).†Consist≥ntly†with†
th≥†obs≥rvation†for†p-NO2BnOK,†81†≤i≤†not†giv≥†th≥†≤≥sir≥≤†r≥action.†Int≥rn†Nils†Aronssohn†ha≤†
≥xamin≥≤†th≥†us≥†of†5-nitrofurfural†with†79,†an≤†conclu≤≥≤†that†it†gav≥†vastly†r≥≤uc≥≤†yi≥l≤†of†88†
r≥lativ≥†to†5-bromofurfural.†Th≥s≥†r≥actions†ar≥†summaris≥≤†in†Figur≥†II.30.†
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†
Figur≥†II.31†–†Subs≥qu≥nt†SNAr†trials†b≥ginning†≥xamination†of†substrat≥†scop≥†

I†foun≤†it†surprising†that†th≥†glycosi≤≥†an≤†th≥†ph≥noxi≤≥†woul≤†r≥act,†but†not†th≥†b≥nzoxi≤≥s.†Morris†
≥t†al.†ha≤†how≥v≥r†p≥rform≥≤†a†comp≥tition†≥xp≥rim≥nt†showing†th≥†gr≥atly†≥nhanc≥≤†r≥activity†of†th≥†
lactol†r≥lativ≥†to†a†comparabl≥†alcohol†an≤†attribut≥≤†this†to†th≥†≥l≥ctronic†r≥pulsion†β-≥ff≥ct,[109]†an≤†I†
consi≤≥r≥≤†that†th≥†ph≥noxi≤≥†might†b≥†r≥n≤≥r≥≤†similarly†mor≥†nucl≥ophilic†in†th≥s≥†con≤itions†by†
th≥†aryl†π-syst≥m†(h≥nc≥†b≥ing†r≥activ≥).†Th≥r≥for≥†it†was†possibl≥†that†th≥†b≥nzoxi≤≥s†might†simply†
r≥quir≥†mor≥†forcing†con≤itions†to†≤o†r≥act†(h≥at,†silv≥r†salt,†crown†≥th≥r,†≥tc).†How≥v≥r,†I†was†still†
conc≥rn≥≤†that†th≥†b≥nzoxi≤≥s†ha≤†actually†r≥act≥≤†but†th≥n†≥ith≥r†(1)†b≥≥n†≤≥stroy≥≤†≤uring†workup,†
or†(2)†form≥≤†≥th≥r†≤im≥rs†as†I†ha≤†assign≥≤†in†90.†
Exhaustiv≥†purification†an≤†ch≥cking†of†th≥†nitrob≥nzyl†r≥action†confirm≥≤†that†≤im≥risation†was†not†
obs≥rv≥≤;†only†on≥†possibl≥†a≤≤ition†pro≤uct†coul≤†b≥†i≤≥ntifi≥≤†on†th≥†cru≤≥†NMR†tak≥n†aft≥r†SiO2†
filtration,†an≤†this†was†pr≥s≥nt†at†<1%.†Its†sp≥ctrum†sugg≥st≥≤†a†ring-op≥ning†r≥arrang≥m≥nt†pro≤uct†
as†th≥†al≤≥hy≤≥†p≥ak†was†abs≥nt†but†th≥r≥†was†1:1†int≥gral†corr≥lation†b≥tw≥≥n†a†moi≥ty†b≥aring†2†
alk≥nic†protons†at†~6.4†ppm†with†3J†splitting†(≥g.†ring-op≥n≥≤,†oxi≤is≥≤†aci≤†form)†an≤†a†nitroph≥nyl†
moi≥ty,†though†th≥†only†p≥ak†I†coul≤†assign†as†th≥†putativ≥†nitrob≥nzylic†CH2†s≥≥m≥≤†too†far†upfi≥l≤†
(3.02†ppm)†to†allow†assignm≥nt†as†th≥†≥st≥r†(≥st†>5.20†ppm)†or†in≤≥≥≤†anything†≥ls≥†that†was†lik≥ly.††
I†also†r≥≥xamin≥≤†th≥†cru≤≥†NMR†of†th≥†r≥action†with†81,†but†h≥r≥†I†foun≤†no†r≥cov≥ry†of†th≥†starting†
b≥nzyl†alcohol†(CH2†at†4.63†ppm),†with†inst≥a≤†a†quantitativ≥†shift†of†its†CH2†group†≤ownfi≥l≤†to†5.00†
ppm,†plus†onc≥†mor≥†th≥†2†alk≥nic†protons†at†~6.4†ppm†with†3J†splitting.†This†s≥≥ms†to†furth≥r†in≤icat≥†
a†furan-ring-op≥n≥≤†crotyl-typ≥†≥st≥r†such†as†4-VIIIb.††Th≥††pr≥cis≥††structur≥†of†th≥†original††furfural†
moi≥ty†≥lu≤≥s†m≥†how≥v≥r†(though†no†al≤≥hy≤≥†is†pr≥s≥nt);†furan†ring-op≥ning†m≥chanisms†ar≥†
known†to†b≥†f≥rociously†compl≥x†so†this†is†p≥rhaps†not†surprising[141,142].†Not≥†that†this†shift†is†fairly†
clos≥†to†that†s≥≥n†for†what†I†assign≥≤†as†th≥†furoat≥†87†(5.27†ppm;†Figur≥†II.28)†but†th≥†global†p≥ak†
patt≥rns†cannot†b≥†sup≥rimpos≥≤,†which†confirms†that†in†this†r≥action,†th≥†bromofurfural†was†not†
simply†tan≤≥m†oxi≤is≥≤-≥st≥rifi≥≤†to†giv≥†87.†
Tak≥n†tog≥th≥r,†this†≥vi≤≥nc≥†sugg≥sts†that†th≥†b≥nzoxi≤≥s†ha≤†in≤≥≥≤†r≥act≥≤†by†SNAr,†an≤†th≥n†that†
th≥†ring-op≥ning†ha≤†b≥≥n†provok≥≤†≥ith≥r†≤uring†r≥action†or†workup,†≥g.†by†ring-op≥ning-hy≤rolysis.†
Furth≥r†inv≥stigations†will†hav≥†to†wait†till†May†2013,†but†as†a†first†st≥p†I†plann≥≤†to†install†b≥nzyl†
spac≥rs†with†no†α-hy≤rog≥ns,†≥g.†4-IX:†th≥s≥†may†giv≥†mor≥†hy≤rolysis-r≥sistant†pro≤ucts†4-X†(st≥ric†
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r≥pulsion†of†incoming†wat≥r,†mor≥†basic†b≥nzoxi≤≥),†an≤†also†cannot†b≥†th≥ms≥lv≥s†≤≥protonat≥≤,†if†
this†is†a†conc≥rn†for†hy≤rog≥n†shifts†in†th≥†strongly†basic†r≥action†m≥≤ium†(Figur≥†II.31).†

†
Figur≥†II.32†–†hypoth≥sis≥≤†≤≥gra≤ation†m≥chanism†for†b≥nzoxi≤≥†r≥actions,†an≤†n≥w†targ≥t†PHBA†analogu≥†4-IX†
With†≥xp≥rim≥ntation†tim≥†almost†finish≥≤,†88†was†th≥n†subj≥ct≥≤†to†initial†trials†of†r≥action†with†
m≥tallat≥≤†2-pyri≤in≥.†I†ran†th≥†r≥action†with†≥ith≥r†stoichiom≥tric†or†≥xc≥ss†2-pyri≤yllithium;†wh≥n†
≥xc≥ss†was†us≥≤,†I†qu≥nch≥≤†th≥†≥xc≥ss†lithiat≥†by†a≤≤ition†of†b≥nzal≤≥hy≤≥†b≥for≥†th≥†n≥xt†st≥p.†As†
fast†oxi≤ation†of†th≥†furylpyri≤yl†carbinol†to†k≥ton≥†4-XV†was†f≥ar≥≤[111],†I†qu≥nch≥≤†th≥†lithiat≥≤†
alkoxi≤≥†int≥rm≥≤iat≥†4-XI†with†tosyl†chlori≤≥†to†giv≥†tosylat≥†4-XII.†I†th≥n†att≥mpt≥≤†both†isolation†
of†4-XII†an≤†its†in†situ†furth≥r†r≥action†to†4-XIII†with†amin≥s†such†as†morpholin≥†an≤†tacn,†though†no†
amin≥†substitution†pro≤ucts†w≥r≥†isolat≥≤†(th≥†solv≥nt†con≤itions†≤isfavour†this†r≥action):†Figur≥†II.32.†

†
Figur≥†II.33†–†Multist≥p†transform†towar≤s†≤≥sir≥≤†sp≥ci≥s†4-XIII†

Th≥†r≥sults†of†th≥s≥†small-scal≥†trials†w≥r≥†promising†for†th≥†curr≥ntly†upcoming†≥xp≥rim≥nts.†Cru≤≥†
NMR†show≥≤†compl≥t≥†≤isapp≥aranc≥†of†th≥†al≤≥hy≤≥†functionality†of†88.†Aft≥r†workup†an≤†column,†
79†was†assign≥≤†as†th≥†major†sugar-b≥aring†pro≤uct,†an≤†th≥†major†furan-b≥aring†pro≤uct†was†isolat≥≤†
an≤†confirm≥≤[143]†as†th≥†pyri≤yl-b≥aring†furan†≥limination†pro≤uct†44c,†in≤icating†that†at†l≥ast†r≥action†
to†th≥†k≥y†int≥rm≥≤iat≥†4-XI†ha≤†occurr≥≤.†R≥≥xamining†th≥†cru≤≥†NMR,†no†≥vi≤≥nc≥†of†≥ith≥r†this†
≥limination†pro≤uct†or†79†was†s≥≥n,†in≤icating†that†without†wat≥r†an≤†silica,†≥ith≥r†4-XIV†or†th≥†mor≥†
lik≥ly†tosylat≥†4-XII†is†stabl≥†in†solution.†Th≥n†PhCHO†was†us≥≤†in†a†parall≥l†r≥action;†as†≥xp≥ct≥≤,†
2-pyCH(OH)Ph††(4-XIV,†Ar=Ph)†was†isolat≥≤†aft≥r†column†(sinc≥†no†≥limination†possibl≥)†which†
r≥inforc≥s†th≥†≥liminativ≥†int≥rpr≥tation.†Oxi≤ation†of†this†sp≥ci≥s†was†not†obs≥rv≥≤,†sugg≥sting†that†
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p≥rhaps†isolation†of†th≥†alcohol†4-XIV†(Ar=alkoxyfuryl)†is†possibl≥.†R≥turning†to†th≥†initial†cru≤≥†
NMR†for†88†with†tosylation,†th≥†sp≥ctral†f≥atur≥s†for†4-XII/4-XIV†(α-(alkoxyfuryl)-α-2-pyri≤yl-CH-
OR)†coul≤†b≥†i≤≥ntifi≥≤,†as†a†mor≥†satisfying†in≤ication†of†th≥ir†solution†stability†b≥for≥†th≥†workup†
proc≥≤ur≥s†appli≥≤.†
Th≥r≥for≥†th≥r≥†is†hop≥†that†furth≥r†r≥actions†of†4-XII/4-XIV†may†giv≥†th≥†≤≥sir≥≤†t≥rtiary†amin≥s†
4-XIII,†if†int≥rm≥≤iat≥†workup†is†avoi≤≥≤,†≥g.†by†≥vaporation†of†th≥†solv≥nt†an≤†r≥plac≥m≥nt†with†an†
SN2-favouring†m≥≤ium†such†as†≤ry†DMF†or†p≥rhaps†≤ry†EtOH.†On≥†initial†trial†with†a†1:1†DMF:THF†
mix†(DMF†solution†of†th≥†amin≥†a≤≤≥≤†to†THF†solution†of†th≥†tosylat≥)†≤i≤†s≥≥m†how≥v≥r†to†in≤icat≥†
(bas≥-in≤uc≥≤?)†≥limination†in†th≥†cru≤≥,†showing†79†as†th≥†only†sugar-b≥aring†sp≥ci≥s.†If†th≥†amin≥†
can†b≥†synth≥sis≥≤,†it†will†hop≥fully†prov≥†(substantially)†mor≥†stabl≥†to†spontan≥ous†≥limination†than†
th≥†alcohol/tosylat≥,†≥sp≥cially†aft≥r†compl≥xation.†How≥v≥r†car≥ful†consi≤≥rations†of†th≥†SN2†
con≤itions†will†b≥†n≥≥≤≥≤†to†avoi≤†comp≥titiv≥†≥limination,†an≤†it†is†still†possibl≥†that†th≥†substitution†
onto†a†s≥con≤ary†amin≥†may†simply†prov≥†impossibl≥.†
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5.†Conclusions†on†th≥†Alkoxy-Furyl†Pyri≤yl†Synth≥s≥s†
5.1.1.†G≥n≥ral†r≥marks†

Th≥s≥†synth≥tic†≥fforts†hav≥†≤≥liv≥r≥≤†two†rout≥s†giving†th≥†first†r≥port≥≤†glycosyl†furans.†Th≥†
cycloisom≥risation†rout≥s†ar≥††of†l≥ss†practical†int≥r≥st†to†th≥†pr≥s≥nt†work†than†th≥†SNAr†rout≥,†as†
furan†functionalisation†s≥≥ms†much†≥asi≥r†by†SNAr,†an≤†sinc≥†th≥†picolyl†k≥to/≥nols†w≥r≥†not†cyclis≥≤†
in†th≥†≤≥sir≥≤†mann≥r.†Th≥†rath≥r†r≥calcitrant†alkoxyfurans†hav≥†shown†consi≤≥rabl≥†s≥nsitivity,†which†
may†n≥≥≤†to†b≥†improv≥≤†≥g.†by†st≥ric†blocking†of†th≥†alkoxy†α-position†in†a†stack≥≤†spac≥r†≤≥sign,†
b≥for≥†th≥y†can†b≥†appli≥≤†in†prob≥s.†Th≥ir†≥xc≥ptional†≥limination†t≥n≤≥ncy†has†b≥≥n†strongly†
in≤icat≥≤,†which†giv≥s†hop≥†that†th≥ir†high-≥n≥rgy†≤≥sign†will†ov≥rcom≥†th≥†ch≥lation†stabilisation†
s≥≥n†in†th≥†group’s†prior†work.†Th≥†2-picolyl†group†has†also†b≥≥n†strongly†in≤icat≥≤†in†th≥†instability†
of†th≥†furan†sp≥ci≥s,†so†if†th≥†2-(5-alkoxy)furylpicolyl†group†prov≥s†simply†too†pron≥†to†≥limination,†
th≥n†oth≥r†coor≤inating†h≥t≥rocycl≥s†with†l≥ss†≥l≥ctron-attracting†or†≤≥localising†charact≥r†(oxazol≥,†
isoxazol≥,†pyri≤azin≥)†coul≤†pr≥s≥nt†a†solution†which†coul≤†a≤≤†stability†to†th≥†alkoxyfuran†sp≥ci≥s.†In†
fact,†non-pyri≤in≥†h≥t≥rocycl≥s†lik≥†pyri≤azin≥†ar≥†anyway†a†r≥quir≥m≥nt†for†us≥†in†off-ON†bispi≤in≥-
bas≥≤†≤≥signs†(cf.†38≤,†Figur≥†II.2):†th≥†flagpol≥†hy≤rog≥n†clash†wh≥n†a†sixth†coor≤inating†arm†
b≥aring†pyri≤in≥†is†us≥≤†l≥a≤s†to†an†int≥rm≥≤iat≥†spin-stat≥†(i≥.†→only†a†r≥lativ≥†chang≥†prob≥).†

5.1.2.†SNAr†rout≥†
Rout≥†(≤)†was†conv≥ni≥nt,†fast†an≤†high-yi≥l≤ing†for†th≥†installation†of†th≥†glycosi≤≥s†≤ir≥ctly†on†
furfural†giving†unatt≥st≥≤,†functionalis≥≤-glycosylfurans†4-VI.†Th≥†stack≥≤†substrat≥-b≥nzoxi≤≥s†w≥r≥†
also†install≥≤,†but†fac≥≤†≥sp≥cially†s≥v≥r≥†hy≤rolytic†probl≥ms,†so†mor≥†hin≤≥r≥≤†b≥nzoxi≤≥s†4-IX†will†
b≥†≥xamin≥≤†≤uring†upcoming†work.†This†acc≥ss†to†alkoxyfurfurals†4-VI†mak≥s†SNAr†a†robust†
r≥plac≥m≥nt†for†th≥†cycloisom≥risation/α-functionalisation†rout≥.†Th≥†alkoxyfurfurals†will†b≥†
synth≥sis≥≤†in†larg≥†scal≥†an≤†carri≥≤†through,†att≥mpting†isolation†of†4-XIV,†as†w≥ll†as†carrying†th≥†
pyri≤yl-b≥aring†arm†≤ir≥ctly†through†to†pot≥ntially†mor≥-stabl≥†4-XIII.†
Rout≥†(≥)†to†P≥tasis†r≥action†pr≥cursor†4-VII†was†not†succ≥ssful†in†initial†trials,†but†woul≤†b≥†
conv≥ni≥nt:†≥sp≥cially†if†4-XIV†is†too†unstabl≥†for†r≥action†to†4-XIII,†th≥n†th≥†P≥tasis†r≥action†coul≤†
provi≤≥†an†i≤≥al†orthogonal†synth≥sis;†so†mor≥†activat≥≤†con≤itions†will†b≥†r≥≥xamin≥≤.†
For†glycosi≤as≥†targ≥ting,†if†≤im≥risation†of†th≥†t≥traac≥tylat≥≤†glycosi≤≥†(≤ir≥ct†attachm≥nt)†continu≥s†
to†b≥†probl≥matic,†th≥n†a†n≥w†mil≤ly-r≥movabl≥†prot≥cting†group†will†b≥†n≥≥≤≥≤;†such†a†group†may†b≥†
n≥≥≤≥≤†anyway†if†≤≥prot≥ction†of†th≥†ac≥tat≥s†≥v≥n†un≤≥r†mil≤†con≤itions†also†≤≥stroys†th≥†furan.†For†
P≥tasis†r≥action,†a†prot≥cting†group†stabl≥†to†alkyllithiums†will†b≥†n≥≥≤≥≤;†if†pivaloyl†an≤†trialkylsilyl†
groups†continu≥†to†b≥†probl≥matic,†n≥w†groups†(or†combinations†of†prot≥cting†groups,†≥g.†an†ac≥toni≤≥†
an≤†two†mono-prot≥cting†groups)†will†hav≥†to†b≥†inv≥stigat≥≤.†

†
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5.1.3.†Futur≥†strat≥gi≥s†
Alt≥rnativ≥ly,†a†nitrofuran†(or†nitro-pyrrol≥/thioph≥n≥/imi≤azol≥,†≥tc)†is†an†obvious†targ≥t†for†
nitror≥≤uctas≥-trigg≥r≥≤†immolation†by†this†archit≥ctur≥,†sinc≥†th≥y†cannot†spontan≥ously†≥liminat≥†or†
hy≤rolys≥†b≥for≥†r≥≤uction†of†th≥†nitro†to†th≥†amin≥,†so†ar≥†lik≥ly†to†b≥†≥asi≥r†to†install†as†a†proof-of-
conc≥pt.†How≥v≥r†this†approach†(lik≥†most†NTR-targ≥ting†strat≥gi≥s)†≤o≥s†not†r≥fl≥ct†what†can†b≥†
achi≥v≥≤†with†hy≤rolas≥-s≥nsing†spac≥rs†an≤†th≥r≥for≥†hol≤s†f≥w≥r†r≥war≤s.†
A†s≥con≤†approach†is†to†≥xamin≥†an†≥asi≥r†≥limination†r≥action†altog≥th≥r,†allowing†th≥†us≥†of†low≥r-
instability†sp≥ci≥s.†This†Part†II.A†has†a≤≤r≥ss≥≤†th≥†≥limination†of†th≥†bon≤†from†th≥†pivotal†m≥thin≥†to†
th≥†macrocyclic†amin≥;†an≤†th≥†group†has†alr≥a≤y†≥xplor≥≤†th≥†≥limination†of†th≥†bon≤†b≥tw≥≥n†th≥†
coor≤inativ≥†h≥t≥rocycl≥†an≤†th≥†pivotal†m≥thin≥[29].†Th≥†s≥con≤†part†to†this†chapt≥r†will†now†≥xplor≥†
th≥†≥limination†of†th≥†coor≤inativ≥†bon≤†its≥lf†–†th≥†low≥st-≥n≥rgy†m≥mb≥r†of†th≥†thr≥≥†critical†bon≤s†
in†th≥†proag≥nt†≤≥sign.†
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Part†II.B:†Cyclic†Carbamat≥†Tautom≥ric†Shift†Syst≥ms†
6.†D≥sign†of†Cyclic†Carbamat≥†Tautom≥ric†Spac≥rs†
Part†A†≤≥scrib≥≤†r≥s≥arch†towar≤s†a†n≥w†≥limination†spac≥r,†whos≥†pow≥rful†≤riving†forc≥†of†
≥limination†was†int≥n≤≥≤†to†allow†≥limination†of†th≥†≤ifficult†spac≥r-macrocycl≥†coval≥nt†bon≤,†by†
ov≥rcoming†th≥†ch≥lation†stabilisation†≥ff≥cts†which†w≥r≥†s≥≥n†to†block†th≥†us≥†of†quinon≥†m≥thi≤≥s†in†
that†application.†How≥v≥r,†such†a†high†≥liminativ≥†≤riving†forc≥†will†lik≥ly†incur†not†only†
th≥rmo≤ynamic†m≥tastability,†but†kin≥tic†instability†too,†of†both†its†synth≥tic†int≥rm≥≤iat≥s†an≤†th≥†
final†pro≤uct:†at†l≥ast,†such†was†amply†s≥≥n†for†th≥†s≥nsitiv≥†furan†sp≥ci≥s.†Part†B†th≥r≥for≥†follow≥≤†a†
≤iff≥r≥nt†strat≥gy†towar≤s†spin-switching†spac≥rs,†bas≥≤†inst≥a≤†on†th≥†≥limination†of†th≥†coor≤inativ≥†
bon≤†only.†This†approach†of†Prof.†Hass≥ro≤t’s†is†bas≥≤†on†th≥†hop≥†that†this†≥limination†woul≤†r≥quir≥†
a†low≥r†≥n≥rg≥tic†≤riving†forc≥†≤u≥†to†both†th≥†low≥r†≥n≥rgy†of†th≥†coor≤inativ≥†bon≤,†an≤†to†th≥†
possibility†of†attaining†th≥†corr≥ct†≥limination†g≥om≥try,†an≤†th≥r≥for≥†b≥†≥asi≥r†to†impl≥m≥nt.†
A†tautom≥risation-bas≥≤†coor≤ination/≤≥coor≤ination†approach†was†≤≥sign≥≤,†bas≥≤†on†trapping†th≥n†
r≥l≥asing†a†strongly†basic†moi≥ty,†as†p≥r†compl≥x†92.†This†putativ≥†off-stat≥†proag≥nt†f≥atur≥s†a†
nitrog≥n†which†is†trapp≥≤†in†th≥†imin≥†form†by†th≥†pr≥s≥nc≥†of†th≥†≤istal†≥nzym≥†substrat≥,†an≤†this†
nitrog≥n†is†pr≥≤ispos≥≤†to†coor≤ination†by†th≥†favourabl≥†ch≥lat≥†siz≥.†Hop≥fully†this†shoul≤†≥nsur≥†
th≥†nitrog≥n†is†r≥liably†coor≤inat≥≤†as†shown†in†92a,†an≤†th≥r≥for≥†that†th≥†proag≥nt†is†r≥liably†low-
spin†(off).†Aft≥r†≤istal†≥nzymatic†cl≥avag≥,†93b†is†no†long≥r†trapp≥≤†as†th≥†imin≥,†an≤†th≥†mor≥†basic†
th≥†moi≥ty†is,†th≥†mor≥†chanc≥†it†will†protonat≥†giving†93c.†Onc≥†protonat≥≤,†th≥†tautom≥risation†
≥n≥rgy†gain†of†r≥turning†to†th≥†favour≥≤,†but†n≥c≥ssarily†uncoor≤inat≥≤†carbamat≥†tautom≥r†(93)†
r≥lativ≥†to†th≥†unfavour≥≤,†coor≤inat≥≤†carbimi≤ol†(as†in†93c),†provi≤≥s†th≥†main†≤riving†forc≥†for†
≥limination†of†th≥†coor≤inativ≥†bon≤†to†giv≥†th≥†ON†stat≥†93:†h≥nc≥†th≥†≤≥sign†of†an†≥nzym≥-trigg≥r≥≤†
spin-switch†off-ON†MRI†contrast†ag≥nt†(Figur≥†II.33).††

†
Figur≥†II.34†–†G≥n≥ral†≤≥sign†for†cyclic†carbami≤at≥→carbamat≥†≥nzym≥-trigg≥r≥≤†coor≤inativ≥†switch.†Th≥†thr≥≥†
crucial†≥quilibrium†consi≤≥rations†ar≥†in≤icat≥≤†in†colour:†basicity†(gr≥≥n),†tautom≥risation†(orang≥),†ch≥lation†(r≥≤).†

Th≥†critical†ov≥rall†≥ff≥ct†of†th≥†≥nzym≥-activat≥≤†off→ON†spin-switching†is†in≤icat≥≤†in†blu≥.†
Th≥†cyclic†syst≥m†≥nsur≥s†that†th≥†oxyg≥ns†mark≥≤†in†orang≥†cannot†coor≤inat≥†to†th≥†iron†as†th≥ir†
st≥ric†acc≥ss†is†impossibl≥.†Pr≥v≥nting†oxyg≥n†coor≤ination†was†consi≤≥r≥≤†vital,†both†a†priori†an≤†
b≥caus≥†of†obs≥rvations†with†a†som≥what†r≥lat≥≤†iron†compl≥x†inv≥stigat≥≤†by†Fayçal†Touti.†In†that†
compl≥x,†th≥†normally†favour≥≤†immolation†of†a†carbamic†aci≤†was†pr≥v≥nt≥≤†by†oxyg≥n†ch≥lation†to†
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th≥†m≥tal,†giving†a†compl≥x†that†was†not†fully†high-spin†(i≥.†th≥†compl≥x†was†not†r≥ally†ON),†an≤†
wh≥r≥†wat≥r†acc≥ss†to†th≥†m≥tal†was†block≥≤†(so†≥v≥n†if†th≥†compl≥x†ha≤†b≥≥n†high-spin,†r≥laxivity†
transf≥r†woul≤†hav≥†b≥≥n†in≥ffici≥nt).†Not≥†that†this†is†promising†for†th≥†pr≥s≥nt†≤≥sign,†as†it†in≤icat≥s†
that†spin†qu≥nching†is†rath≥r†≥asy†(ch≥lat≥≤†oxyg≥n†almost†suffic≥s),†th≥r≥for≥†92†with†its†ch≥latabl≥†
imin≥†nitrog≥n†stan≤s†a†goo≤†chanc≥†of†b≥ing†a†r≥liably†low-spin,†off-stat≥†proag≥nt†(cf.†2≤†or†38≤).†
With†th≥†pr≥s≥nt†cyclic†carbamat≥†tautom≥rs,†93†is†th≥r≥for≥†n≥c≥ssarily†uncoor≤inat≥≤:†full†
≤≥protonation†(r≥turning†to†form†93b)†is†a†pr≥r≥quisit≥†of†carbamat≥†coor≤ination,†an≤†full†
≤≥protonation†is†≤isfavour≥≤†by†≤≥signing†high†basicity.†Th≥†hop≥†is†that†th≥†protonat≥≤†carbimi≤ol†
form†93c†is†mor≥†≤isfavour≥≤†by†tautom≥risation†than†it†can†b≥†stabilis≥≤†by†ch≥lation.†How≥v≥r,†
pr≥organisation†is†known†strongly†to†p≥rturb†mol≥cular†r≥activity†both†kin≥tically†(s≥≥†≥ss≥ntially†all†
of†Part†I)†an≤†th≥rmo≤ynamically.†In†th≥†pr≥s≥nt†s≥tting,†th≥†strong≥r†th≥†ch≥lation†pr≥organisation,†
th≥†mor≥†it†woul≤†count≥ract†th≥†basicity†an≤†tautom≥risation†t≥n≤≥nci≥s†of†th≥†carbamat≥s†an≤†so†shift†
th≥†≥quilibrium†balanc≥†in†favour†of†th≥†un≤≥sir≥≤†forms†93b-93c.†Th≥r≥for≥†w≥†ha≤†i≤≥ntifi≥≤†in†total†
thr≥≥†critical†factors†(basicity,†tautom≥risation†an≤†ch≥lation)†which†ought†to†≤≥t≥rmin≥†th≥†
≥quilibrium†balanc≥†b≥tw≥≥n†forms†of†93,†an≤†th≥r≥for≥†th≥†obtainabl≥†signal,†as†long†as†≥nzymatic†
activation†of†92a†can†b≥†achi≥v≥≤.†Th≥s≥†thr≥≥†factors†will†b≥†a≤r≥ss≥≤†by†sp≥cific†≤≥sign†f≥atur≥s.†
Ch≥lation†is†p≥rhaps†th≥†≥asi≥st†≥ff≥ct†to†pr≥≤ict.†Ch≥lation†coul≤†b≥†≤≥stabilis≥≤†both†
th≥rmo≤ynamically†an≤,†≥sp≥cially,†kin≥tically†by†≥g.†≤≥signing†a†hy≤rophilic†coor≤inating†spac≥r†
which†woul≤†not†achi≥v≥†optimal†ch≥lation†st≥rics.†Th≥†st≥rics†coul≤†≥asi≥st†b≥†aff≥ct≥≤†by†changing†
th≥†ch≥lat≥†cycl≥†siz≥,†h≥nc≥†th≥†g≥n≥ral†≤≥sign†for†92†allow≥≤†for†n=0,†1†or†2†m≥thyl≥n≥†units†in†th≥†
ch≥lat≥†ring,†i≥.†5-,†6-†an≤†7-m≥mb≥r≥≤†ch≥lat≥†scaffol≤s;†ann≥lation†of†th≥†coor≤inativ≥†ring†(≥g.†
oxazolon≥→b≥nzoxazolon≥)†also†aff≥cts†th≥†ch≥lation†rigi≤ity†an≤†h≥nc≥†kin≥tics.†
pKa:†A†rang≥†of†cyclic†carbamat≥s†w≥r≥†chos≥n†to†cov≥r†a†rang≥†of†highly†basic†pKa†valu≥s†(Figur≥†
II.34).†By†sw≥≥ping†this†ch≥mical†spac≥,†th≥s≥†targ≥ts†ought†to†giv≥†a†corr≥spon≤ing†rang≥†of†basiciti≥s†
onc≥†in†th≥†compl≥x:†though†not≥†that†th≥†valu≥s†giv≥n†ar≥†in†DMSO[144,145],†an≤†anyway†will†b≥†
strongly†mo≤ulat≥≤†by†th≥†pr≥s≥nc≥†of†th≥†iron.†Th≥†rang≥†is†important,†sinc≥†th≥†optimal†≤≥sign†will†
not†simply†b≥†th≥†most†basic†of†th≥†carbamat≥s:†proag≥nt†stability†must†also†b≥†≥nsur≥≤,†an≤†stability†
will†probably†b≥†aff≥ct≥≤†by†pKa,†both†of†th≥†carbamyl†form†as†w≥ll†as†of†th≥†trapp≥≤†imi≤at≥†form.†As†
th≥s≥†ar≥†unknown†quantiti≥s,†≥xploring†th≥†full†rang≥†of†structur≥s†was†mor≥†≤≥sirabl≥†than†targ≥ting†
th≥†most†basic,†≥v≥n†consi≤≥ring†only†th≥†pKa.†Not≥†that†th≥†b≥nzoxazolon≥†scaffol≤†in†particular†
provi≤≥s†a†lik≥ly†scaffol≤†for†rational†tuning†of†pKa†(as†w≥ll†as†ligan≤†fi≥l≤†str≥ngth†if†this†is†r≥quir≥≤)†
by†changing†th≥†back-≥n≤†groups†G:†≥g.†G=m≥thoxy†might†show†high≥r†NH-pKa†than†‘plain’†
b≥nzoxazolon≥,†or†≥l≥ctron-with≤rawing/≤≥localisation-≥xt≥n≤ing†groups†might†giv≥†low≥r†pKa.†
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†
Figur≥†II.35†–†pKa†valu≥s†for†carbamat≥s†an≤†r≥lat≥≤†sp≥ci≥s,†attachm≥nt†point†for†ch≥lation†is†in≤icat≥≤†

Tautom≥risation:†To†a†gr≥at≥r†≥xt≥nt†than†pKa,†th≥†tautom≥risation†≥n≥rgy†woul≤†hav≥†to†balanc≥†
stability†with†favouring†≥limination†(a†probl≥m†which†has†b≥≥n†s≥≥n†≥xt≥nsiv≥ly†in†th≥†work†on†
alkoxyfurans).†Lit≥ratur≥†pr≥c≥≤≥nts†w≥r≥†totally†lacking†to†pr≥≤ict†how†this†woul≤†b≥st†b≥†≤≥sign≥≤†
for†aqu≥ous†applications,†so,†a†rang≥†of†sp≥ci≥s†woul≤†hav≥†to†b≥†≥xp≥rim≥ntally†v≥rifi≥≤.†Oxazolon≥s,†
b≥nzoxazolon≥s†an≤†oxazoli≤inon≥s†w≥r≥†r≥tain≥≤:†th≥†imi≤at≥†≥st≥r†syst≥m†provi≤≥s†such†a†highly†
≥n≥rg≥tically†favourabl≥†tautom≥risation†that†acyclic†imi≤at≥†≥st≥rs†ar≥†solvolys≥≤†instantan≥ously†in†
m≥thanol;†an≤†≥v≥n†som≥†≥n≤ocyclic†count≥rparts†hav≥†a†spontan≥ous†hy≤rolysis†halflif≥†on†th≥†or≤≥r†
of†hours,[146]†so†gr≥at≥r†stability†ha≤†to†b≥†obtain≥≤.†Cyclic†carbimi≤at≥†≥st≥rs†woul≤†probably†hav≥†
high≥r†stability†in†wat≥r†than†simpl≥†imi≤at≥†≥st≥rs,†with†th≥†cyclic†≤≥sign†≥sp≥cially†favouring†
stability,†but†this†woul≤†hav≥†to†b≥†confirm≥≤†≥xp≥rim≥ntally.†Mor≥†≤ifficult†to†pr≥≤ict†w≥r≥†th≥†actual†
≥n≥rgi≥s†of†tautom≥risation;†it†s≥≥ms†no†≥xp≥rim≥ntal†≤≥t≥rminations†of†th≥†tautom≥r†≥quilibria†hav≥†
b≥≥n†p≥rform≥≤,†although†qualitativ≥ly†th≥†carbamat≥†forms†(cf†93)†ar≥†known†to†vastly†pr≥≤ominat≥†
ov≥r†th≥†carbimi≤ols†(cf†93c).†Th≥†sol≥†r≥f≥r≥nc≥†that†was†foun≤†for†a†num≥rical†≥stimation†of†th≥†
tautom≥risation†≥n≥rgy†in†wat≥r†conc≥rn≥≤†oxazolon≥†its≥lf,†an≤†conclu≤≥s†“[oxazolon≥]†shoul≤†b≥†th≥†
≤ominant††tautom≥r††in††all††m≥≤ia††b≥caus≥††of††th≥††larg≥††n≥gativ≥††valu≥††of††ΔHf†in†comparison†with†th≥†
hy≤roxy†form†[oxazolon≥†carbimi≤ol].”[147]†Th≥††≤iff≥r≥nc≥††in††ΔHf†that†was†calculat≥≤†was†fully†
97†kJ∙mol-1†–†an†≥normous†valu≥†that†in≤≥≥≤†ought†to†comp≥nsat≥†th≥†≥n≥rgy†loss†of†≤≥coor≤ination†(as†
w≥†cannot†assum≥†a†7-coor≤inat≥†int≥rm≥≤iat≥†with†incoming†wat≥r,†which†woul≤†low≥r†th≥†activation†
≥n≥rgy);†this†coor≤ination†bon≤†is†p≥rhaps†worth†about†25†kJ∙mol-1†for†a†non-ch≥lat≥≤†ligan≤,†an≤†is†
un≤oubt≥≤ly†high≥r†for†th≥†rigi≤ifi≥≤†sp≥ci≥s,†but†pr≥cis≥†≥stimat≥s†w≥r≥†not†≥asy†to†mak≥:†l≥ss†than†
twic≥†as†high,†woul≤†c≥rtainly†s≥≥m†r≥asonabl≥.[148]†
Th≥r≥for≥†th≥†final†targ≥ts†r≥tain≥≤†w≥r≥†5-,†6-†an≤†7-m≥mb≥r≥≤-ch≥lating†oxazolon≥s†an≤†
oxazoli≤inon≥s,†plus†(synth≥tic†r≥striction)†6-m≥mb≥r≥≤†b≥nzoxazolon≥s.†Th≥†n≥xt†chapt≥r†≤≥scrib≥s†
th≥†practical†r≥s≥arch†into†th≥s≥†scaffol≤s,†th≥ir†functionalisation†with†≥nzym≥†substrat≥s,†an≤†progr≥ss†
towar≤s†pot≥ntial†magn≥tog≥nic†compl≥x≥s†92.†Not≥:†F≥arnl≥y†2004[149]†provi≤≥s†an†≥xc≥ll≥nt†
r≥f≥r≥nc≥†for†th≥†synth≥sis,†r≥actions†an≤†applications†of†oxazolon≥s†as†w≥ll†as†touching†on†
oxazoli≤inon≥s.†
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7.†Synth≥s≥s†an≤†Applications†of†Cyclic†Carbamat≥†Spac≥rs†
Th≥†r≥actions†in†this†sch≥ma†broa≤ly†follow†a†parall≥l†structur≥†for†≥ach†scaffol≤,†with†four†≤istinct†
phas≥s:†(1)†scaffol≤†synth≥sis,†(2)†O-alkylation,†(3)†≥l≥ctrophil≥†formation,†(4)†grafting†onto†th≥†ligan≤,†
towar≤s†compl≥x≥s†of†typ≥†92††(Figur≥†II.35).†Each†scaffol≤’s†particular†chall≥ng≥s†ar≥†a≤≤r≥ss≥≤†
s≥parat≥ly†within†≥ach†phas≥.†

†
Figur≥†II.36†–†Four†phas≥s†towar≤s†th≥†synth≥sis†of†can≤i≤at≥†bio-activat≥≤†off→ON†contrast†≤≥sign†92→93†

7.1.†H≥t≥rocycl≥†scaffol≤†synth≥s≥s†
7.1.1.†Oxazolon≥†5-m≥mb≥r≥≤†scaffol≤s††

Not≥†that†oxazolon≥s†with†4,5-substitution†by†nonfunctional†stabilising†groups†such†as†ph≥nyl†rings[150]†
as†w≥ll†as†4,5-unsubstitut≥≤†sp≥ci≥s[151,152]†ar≥†w≥ll†known.†How≥v≥r†th≥ir†synth≥s≥s†ar≥†comparativ≥ly†
simpl≥r†(≥sp≥cially†by†cycloa≤≤itions†or†photoch≥mical†r≥arrang≥m≥nts),†an≤†th≥ir†subs≥qu≥nt†
stabiliti≥s†high≥r,†than†thos≥†of†functionally-substitut≥≤†sp≥ci≥s†(≥g.†≥st≥rs),†≥sp≥cially†wh≥r≥†th≥†
functional†substitu≥nt†must†b≥†at†th≥†4-position.[149]†
Th≥†oxazolon≥s†r≥quir≥≤†for†th≥†5-m≥mb≥r≥≤-ch≥lating†scaffol≤†ar≥†known[149,153,154],†an≤†w≥r≥†
synth≥sis≥≤†following†th≥†rout≥†of†Okonya†≥t†al.[155]:†(1)†by†th≥†m≥tho≤†of†W≥instock†≥t†al.[156],†n-h≥xyl†
Grignar≤†r≥ag≥nt†was†form≥≤†in†situ†an≤†s≥l≥ctiv≥ly†mono-a≤≤≥≤†to†≤i≥thyl†oxalat≥†forming†known†
h≥xyl†α-k≥to≥st≥r†94,†an≤†2-ph≥nyl≥thyl†α-k≥to≥st≥r†95†was†bought;†(2)†bromination†by†th≥†m≥tho≤†of†
King†≥t†al.[157]†affor≤≥≤†goo≤†yi≥l≤s†of†th≥†known[155]†β-bromo-α-k≥to≥st≥rs†96†an≤†97†in†>80%†yi≥l≤;†
th≥n†AgOTf-in≤uc≥≤†con≤≥nsation†with†m≥thyl†carbamat≥[158]†affor≤s†known[155]††5-alkyl-4-≥st≥r-
oxazolon≥s†98†an≤†99†in†>60%†yi≥l≤†(Figur≥†II.36).†Us≥†of†th≥†ch≥ap≥r†AgNO3†to†r≥plac≥†AgOTf†
unfortunat≥ly†≤i≤†not†giv≥†any†isolat≥≤†≤≥sir≥≤†cyclisation†pro≤uct.†An†att≥mpt†to†follow†this†r≥action†
path†with†b≥nzylmagn≥sium†bromi≤≥,†towar≤s†R=Ph†oxazolon≥s,†fail≥≤†to†pro≤uc≥†th≥†≤≥sir≥≤†a≤≤ition†
pro≤uct,†in†accor≤anc≥†with†a†lit≥ratur≥†obs≥rvation[156].††Th≥††β-bromo-α-k≥to≥st≥r†with†R=H†was†
comm≥rcially†availabl≥†an≤†was†also†con≤≥ns≥≤†to†giv≥†th≥†known†R=H,†≥st≥r-functionalis≥≤†
oxazolon≥[155].†
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†
Figur≥†II.37†-†Rout≥†to†simpl≥†oxazolon≥†5-m≥mb≥r-ch≥lat≥†scaffol≤s†98†an≤†99†

Th≥s≥†≥st≥rs†98†an≤†99†w≥r≥†≤≥sir≥≤†for†initial†O-alkylation†trials,†as†a†pot≥ntially†l≥ss-s≥nsitiv≥†t≥stb≥≤†
for†th≥†alkylation†r≥action.†Ultimat≥ly†how≥v≥r,†r≥≤ucing†th≥†≥st≥r†group†aft≥r†O-alkylation†might†pos≥†
prot≥cting-group†probl≥ms†for†th≥†substrat≥s†us≥≤†(≥g.†ac≥tat≥s†on†sugars).†Th≥r≥for≥†I†imm≥≤iat≥ly†
pr≥par≥≤†alcohols†100†an≤†(known)†101†using†DIBAL,†giving†~80%†yi≥l≤,[155]†an≤†prot≥ct≥≤†th≥m†as†
TBS†≥th≥rs†102†an≤†103†with†TBSCl/imi≤azol≥†in†DMF†in†goo≤†yi≥l≤†(though†initial†att≥mpts†to†form†
102†in†l≥ss†forcing†con≤itions†l≥≤†to†r≥action†failur≥,†wh≥r≥as†103†was†obtain≥≤†both†mor≥†≥asily†an≤†
in†b≥tt≥r†yi≥l≤;†Figur≥†II.37).†I†also†≥xamin≥≤†THP†prot≥ction†via†POCl3-catalys≥≤†r≥action†of†DHP†
an≤†101†with†stoichiom≥tric†pyri≤in≥†to†absorb†aci≤†an≤†try†to†pr≥v≥nt†≤≥composition,†how≥v≥r†no†
pro≤ucts†w≥r≥†isolat≥≤†from†th≥†r≥action.†

†
Figur≥†II.38†–†rout≥†to†TBS†≥th≥rs†102†an≤†103†

Finally,†a†m≥tho≤†of†Dakin†≥t†al.[159]†app≥ar≥≤†to†off≥r†a†fast†rout≥†towar≤s†4-ω-siloxylalkyl†
oxazolon≥s,†from†cyclisation†of†th≥†acyclic†hy≤roxyk≥ton≥s.†This†rout≥†was†initially†≥xamin≥≤†with†
≤ihy≤roxyac≥ton≥†(R=H),†how≥v≥r†th≥†initial†alcohol†prot≥ction†st≥p†was†mor≥†compl≥x†than†≥xp≥ct≥≤,†
which†was†attribut≥≤†to†th≥†possibility†of†hy≤roxyk≥ton≥†≤im≥risation.[160-162]†Ev≥ntually,†six†hours’†
r≥fluxing†in†ac≥ton≥†was†shown†to†crack†th≥†≤im≥r†≥nabling†subs≥qu≥nt†alcohol†prot≥ction,†but†
≤im≥risation†was†again†favour≥≤†by†conc≥ntration.†This†will†b≥†≥xamin≥≤†in†mor≥†≤≥tail†for†th≥†6-†an≤†
7-m≥mb≥r≥≤†ch≥lat≥†scaffol≤s;†but†sinc≥†th≥†alkyl-substitut≥≤†oxazolon≥s†102†an≤†103†w≥r≥†acc≥ssibl≥†
in†goo≤†yi≥l≤s,†th≥†≤ihy≤roxyac≥ton≥†rout≥†was†aban≤on≥≤.†

7.1.2.†Oxazolon≥†≥l≥ctrophilic†≤≥rivatisation,†part†1†
In†Part†A,†th≥†pyri≤in≥-bas≥≤†coor≤inating†moi≥ty†us≥≤†in†th≥†work†on†furan†spac≥rs†was†known,†from†
compl≥x†2≤,†to†giv≥†a†low-spin†proag≥nt.†Y≥t†for†this†work†in†Part†B,†no†suitabl≥†mo≤≥l†compl≥x≥s†
hav≥†b≥≥n†r≥port≥≤†which†incorporat≥†cyclic†carbamat≥/carbimi≤at≥s†which†can†coor≤inat≥†to†a†c≥ntral†
F≥(II).†Th≥r≥for≥†w≥†also†wish≥≤†to†≥xamin≥†th≥†putativ≥†high-spin†compl≥x≥s†93†≤ir≥ctly:††if†th≥ir†
carbamat≥s†actually†≤i≤†coor≤inat≥†(≥g.†93b/93c,†inst≥a≤†of†≤≥taching†as†was†plann≥≤)†an≤†th≥†
r≥sultant†sp≥ci≥s†w≥r≥†low-spin†or†only†w≥akly†r≥laxing,†th≥n†≤≥spit≥†any†≥nzym≥†activity,†no†goo≤†
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r≥laxivity†≥nhanc≥m≥nt†woul≤†b≥†obs≥rv≥≤†so†this†lin≥†of†r≥s≥arch†woul≤†b≥†a†wast≥†of†tim≥.†Th≥r≥for≥†
I†≥xamin≥≤†conv≥rting†alcohols†100†an≤†101†into†≥l≥ctrophil≥s†for†SN2†onto†th≥†macrocyclic†p≥nta-
coor≤inat≥†targ≥t†ligan≤s,†for†a†≤ir≥ct†rout≥†to†targ≥ts†such†as†93.†
No†≤ir≥ct†mol≥cular†pr≥c≥≤≥nts†w≥r≥†foun≤†for†halom≥thyl†oxazolon≥s†or†similarly†l≥aving-group†
≤≥rivatis≥≤†oxazolon≥s,†an≤†≥v≥n†if†s≥v≥ral†≥xist†for†≥g.†oxazol≥s[154],†th≥s≥†hav≥†cl≥arly††≤iff≥r≥nt†
r≥activity†as†th≥y†ar≥†not†N-alkylat≥≤†in†th≥†sam≥†way.†Initial†stan≤ar≤†r≥actions†gav≥†no†appar≥nt†
succ≥ss:†(a)†Io≤ination†of†100†with†I2/PPh3/imi≤azol≥†in†DCM†as†p≥r†th≥†m≥tho≤†of†Kopach†≥t†al.[163]†
≤i≤†not†show†any†i≤≥ntifiabl≥†pro≤ucts†by†cru≤≥†NMR,†although†TLC†in≤icat≥≤†th≥†formation†of†two†
fast≥r-running†sp≥ci≥s†an≤†no†r≥maining†starting†mat≥rial;†(b)†similar†chlorination†of†100†as†p≥r†
Milbank†≥t†al.[164]†with†PPh3/CCl4†in†DCM†(similar†to†th≥†oxazol≥†proc≥≤ur≥[154]†which†gav≥†an†≥asily†
isolabl≥†bromom≥thyloxazol≥)†gav≥†no†i≤≥ntifiabl≥†sp≥ci≥s†by†DIMS,†but†though†cru≤≥†NMR†now†
in≤icat≥≤†conv≥rsion,†TLC†≤i≤†not†r≥v≥al†any†≤≥sir≥≤†fast≥r-running†spots.†
(c)†Chlorination†of†101†with†SOCl2/pyri≤in≥†in†DCM†show≥≤†no†starting†mat≥rial†r≥maining†by†TLC,†
an≤†cru≤≥†NMR†s≥≥m≥≤†v≥ry†promising;†13C-NMR†notably†show≥≤†an†upfi≥l≤†shift†in†th≥†4-≥xocyclic†
carbon,†from†55.9†to†34.1†ppm,†consist≥nt†with†conv≥rsion†of†th≥†alcohol†to†chlori≤≥†104.†How≥v≥r†
TLC†≤i≤†not†r≥v≥al†any†w≥ll-mobil≥†spots†an≤†aft≥r†chromatography†th≥†NMR†of†th≥†isolat≥≤†spot†was†
unint≥rpr≥tabl≥.†(≤)†M≥sylation†of†100†with†MsCl†/†Et3N†in†DCM†as†p≥r†th≥†proc≥≤ur≥†of†Al-Harrasi†≥t†
al.[165]†gav≥†two†clos≥ly-running†spots†on†TLC†but†NMR†in≤icat≥≤†no†m≥sylat≥≤†pro≤uct,†an≤†although†
DIMS(-)†show≥≤†a†possibl≥†(M-H)†p≥ak,†no†oth≥r†int≥rpr≥tabl≥†p≥aks†w≥r≥†pr≥s≥nt.†(≥)†Tosylation†of†
101†with†TsCl/N-m≥thylimi≤azol≥†in†DCM†gav≥†total†conv≥rsion†to†a†singl≥†fast≥r-running†spot†but†
chromatography†fail≥≤†to†isolat≥†any†int≥rpr≥tabl≥†tosylat≥†sp≥ci≥s†(Figur≥†II.38).†Ext≥nsiv≥†r≥action†of†
≥l≥ctrophil≥-forming†sp≥ci≥s†with†th≥†ring†nitrog≥n,†possibly†accompani≥≤†by†ring†op≥ning†
≤≥gra≤ations†or†int≥rmol≥cular†alcohol/ring†nitrog≥n†r≥actions†of†th≥†≤≥sir≥≤†pro≤uct†≥l≥ctrophil≥s,†
w≥r≥†th≥r≥for≥†f≥ar≥≤.†

†
Figur≥†II.39†–†initial†att≥mpts†to†isolat≥†grafting-r≥a≤y†≥l≥ctrophil≥s†m≥t†with†≥xt≥nsiv≥†failur≥†

Th≥†k≥y†was†foun≤†wh≥n†r≥-≥xamination†of†th≥†NMR†of†m≥sylation†an≤†chlorination†r≥actions†of†100†
r≥v≥al≥≤†that†th≥†major†cru≤≥†pro≤uct†of†both†r≥actions†was†i≤≥ntical;†fin≥†≥xamination†of†th≥†
tosylation†of†O-alkylat≥≤†142†(s≥ction†II.7.2.2)†th≥n†r≥v≥al≥≤†that†rath≥r†than†th≥†≥xp≥ct≥≤†tosylat≥≤†
pro≤uct,†th≥†chlori≤≥†144†was†inst≥a≤†stoichiom≥trically†r≥cov≥r≥≤.†It†s≥≥ms†that†th≥†non-alkylat≥≤†
≥l≥ctrophil≥s†ar≥†so†r≥activ≥†that†not†only†is†th≥†in†situ†substitution†by†th≥†initially†≥xp≥ll≥≤†chlori≤≥†
ion†quantitativ≥,†but†th≥s≥†chlori≤≥s†ar≥†th≥ms≥lv≥s†r≥activ≥†≥nough†that†104†stoichiom≥trically†
quat≥rnis≥≤†th≥†(≤≥ficit†of)†tri≥thylamin≥†in†its†r≥action,†≥v≥n†at†0°C†in†DCM.†Sugg≥sting†similar†
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r≥activity,†≤uring†th≥†SOCl2†chlorination,†conc≥ntration†to†a†cru≤≥†oil†app≥ar≥≤†to†giv≥†int≥rmol≥cular†
alkylation†≥v≥n†in†th≥†abs≥nc≥†of†bas≥.†Th≥s≥†≥l≥ctrophilic†sp≥ci≥s†≤≥gra≤≥†on†silica,†≤uring†
conc≥ntration,†or†with†nucl≥ophil≥s†in†g≥n≥ral;†I†susp≥ct†that†th≥†fr≥≥†NH†≥nsur≥s†gr≥at≥r†r≥activity†
than†th≥ir†O-alkylat≥≤†carbimi≤at≥†forms,†giv≥n†th≥†comparativ≥†≥as≥†of†isolating†th≥†chlorinat≥≤†
≤≥rivativ≥†of†144,†an≤†th≥†obs≥rvabl≥†≤≥gra≤ation†of†th≥†≥l≥ctrophilic†sp≥ci≥s†upon†conc≥ntration.†

†
Figur≥†II.40†–†int≥rpr≥tation†of†th≥†failur≥†to†isolat≥†≤≥sir≥≤†≥l≥ctrophilic†sp≥ci≥s†

How≥v≥r,†by†th≥†tim≥†that†this†m≥chanism†ha≤†b≥≥n†i≤≥ntifi≥≤,†acc≥ss†to†th≥†mor≥†tractabl≥†O-
alkylat≥≤†targ≥ts†ha≤†b≥≥n†s≥cur≥≤,†so†th≥y†coul≤†b≥†us≥≤†for†all†subs≥qu≥nt†work.†Th≥r≥for≥†no†
r≥synth≥sis†of†≥l≥ctrophil≥s†lik≥†104†was†ma≤≥,†although†this†coul≤†b≥†p≥rform≥≤†≥g.†by†r≥action†with†
a†stoichiom≥tric†amount†of†MsCl†in†DCM†with†NMI†or†pyri≤in≥†bas≥†in†th≥†col≤†(≥g.†30†min†at†0°C),†
th≥n†inj≥ction†of†th≥†cru≤≥†solution†into†a†solution†of†th≥†≤≥sir≥≤†ligan≤†in†any†solv≥nt†as†or†mor≥†polar†
than†DCM;†th≥†SOCl2†r≥action†lik≥wis≥†coul≤†≥asily†b≥†us≥≤†as†long†as†conc≥ntration†was†avoi≤≥≤.†

7.1.3.†Oxazolon≥†6-†an≤†7-m≥mb≥r≥≤†scaffol≤s†
Th≥†synth≥sis†of†th≥†6-†an≤†7-m≥mb≥r≥≤†ch≥lating†oxazolon≥s†is†not†favour≥≤†by†th≥†≤i≥thyl†oxalat≥†
rout≥†(s≥ction†II.7.1.1):†th≥†activation†provi≤≥≤†by†th≥†α-≥st≥r†in†th≥†5-ch≥lating†synth≥sis†is†no†long≥r†
pr≥s≥nt,†an≤†bromination†of†th≥†k≥ton≥†woul≤†anyway†risk†pr≥≤ominantly†(6-m≥mb≥r≥≤)†or†
statistically†(7-m≥mb≥r≥≤)†forming†th≥†un≤≥sir≥≤†≥st≥r-proximal†bromi≤≥.†Dakin†≥t†al.[159]†r≥port≥≤†a†
synth≥sis†for†th≥†7-m≥mb≥r≥≤†sp≥ci≥s,†which†I†follow≥≤.†TBDPS†prot≥ction†of†ω-unsaturat≥≤†alcohols†
with†TBDPSCl/imi≤azol≥†in†DMF†gav≥†105†an≤†106†in†goo≤†yi≥l≤s†(>90%).†Oxi≤ation†to†th≥†primary†
hy≤roxyk≥ton≥†is†th≥n†r≥quir≥≤.†Dakin†≥t†al.[159]†p≥rform†a†high-yi≥l≤ing†two-st≥p†proc≥≤ur≥†with†
OsO4†th≥n†p≥roxotungstophosphat≥†oxi≤ations†(90%†ov≥rall).††How≥v≥r†to†avoi≤†th≥†us≥†of†th≥s≥†
r≥ag≥nts†I†follow≥≤†a†r≥port†by†Bonini†≥t†al.[166]†who†p≥rform†KMnO4†oxi≤ation†of†similar†t≥rminal†
alk≥n≥s††b≥aring††β-†an≤††γ-silyloxy†groups†but†with†long≥r-chain†substrat≥s,†obtaining†th≥†k≥tols†in†
>70%†yi≥l≤.†I†obtain≥≤†yi≥l≤s†of†107†an≤†108†of†50-65%,†which†match≥≤†th≥†≤ata†of†Dakin†≥t†al.[159]†
How≥v≥r,†th≥†final†on≥-pot†cyclisation†protocol†of†Dakin†≥t†al.[159],†of†phosg≥nation†follow≥≤†by†
a≤≤ition†of†ammonia†th≥n†H2SO4†aci≤ification†(yi≥l≤†r≥port≥≤†85%)†was†troubl≥som≥,†an≤†app≥ar≥≤†to†
b≥†complicat≥≤†by†≥xt≥nsiv≥†yi≥l≤s†of†intractabl≥†r≥action†pro≤ucts†from†≤im≥ris≥≤†k≥tol†starting†
mat≥rials†(r≥call†≤im≥risation†in†≤ihy≤roxyac≥ton≥;†s≥ction†II.7.1.1).†Aft≥r†multipl≥†runs,†≤≥sir≥≤†
oxazolon≥s†109†an≤†110†w≥r≥†finally†obtain≥≤†at†yi≥l≤s†of†only†7-12%†brsm†(Figur≥†II.40),†but†on†a†
scal≥†suitabl≥†for†furth≥r†trials.†It†may†b≥†that†th≥†≤im≥risation†highly†≤≥p≥n≤s†on†th≥†con≤itions†us≥≤†
for†hy≤roxyk≥ton≥†isolation,†≥sp≥cially†if†h≥at≥≤†wh≥n†conc≥ntrat≥≤.†
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Figur≥†II.41†–†rout≥†to†6-†an≤†7-m≥mb≥r≥≤†ch≥lat≥†oxazolon≥s†109†an≤†110†

7.1.4.†B≥nzoxazolon≥†scaffol≤s†
Surprisingly,†appropriat≥†2-amino-3-carboxyph≥nol†starting†mat≥rials†w≥r≥†prohibitiv≥ly†≥xp≥nsiv≥,†so†
att≥mpts†to†synth≥sis≥†som≥†from†ch≥ap≥r†sp≥ci≥s†w≥r≥†ma≤≥.†In†g≥n≥ral†th≥s≥†prov≥≤†to†b≥†r≥lativ≥ly†
r≥sistant†targ≥ts,†an≤†th≥†b≥nzoxazolon≥s†pos≥≤†chall≥ng≥s†for†purification†an≤†isolation†that†p≥rhaps†
shoul≤†hav≥†b≥≥n†anticipat≥≤.[167]†Th≥†ch≥ap≥st†comm≥rcial†starting†mat≥rial†was†m≥thoxy†aci≤†111;†
this†was†≥st≥rifi≥≤†to†112†with†SOCl2/M≥OH†in†up†to†80%†yi≥l≤.†Th≥†m≥thoxy†group†was†cl≥av≥≤†to†
giv≥†th≥†known†compoun≤[168]†113†using†BBr3/DCM[169]†though†purification†an≤†≥v≥n†charact≥risation†
of†th≥†pro≤ucts†was†probl≥matic,†an≤†yi≥l≤s†w≥r≥†aroun≤†30%,†accompani≥≤†by†variabl≥†amounts†of†
≥st≥r†cl≥avag≥.†Int≥r≥stingly,†this†compoun≤†is†light-†an≤†air-s≥nsitiv≥,[168]†which†probably†r≥≤uc≥≤†
yi≥l≤s†furth≥r.†Its†corr≥spon≤ing,†known[168],†bas≥-s≥nsitiv≥[170]†b≥nzoxazolon≥†114,†was†th≥n†form≥≤†
by†r≥action†with†phosg≥n≥†as†p≥r†th≥†proc≥≤ur≥†of†Fi≥l≤≥r†≥t†al.[168]†though†in†poor≥r†yi≥l≤s†(~20%;†
Figur≥†II.41).†Giv≥n†th≥†small†amount†of†b≥nzoxazolon≥†thus†synth≥sis≥≤,†this†rout≥†towar≤s†≤≥sir≥≤†
115,†was†paus≥≤†whil≥†I†≥xamin≥≤†oth≥r†m≥tho≤s,†an≤†p≥rf≥ct≥≤†th≥†O-alkylation†protocol.†

†
Figur≥†II.42†–†Initial†synth≥sis†of†unsubstitut≥≤†6-m≥mb≥r≥≤†b≥nzoxazolon≥†scaffol≤†114†

Whil≥†th≥†≤≥m≥thylation†r≥action†yi≥l≤†was†anticipat≥≤†to†b≥†poor,†th≥†phosg≥nation†was†surprising.†
To†ch≥ck†th≥†phosg≥nation†protocol,†I†ch≥ck≥≤†larg≥-scal≥†synth≥s≥s†of†b≥nzoxazolon≥†(116)†from†
similar†r≥actions†of†2-aminoph≥nol†with†phosg≥n≥.†Th≥†isolat≥≤†yi≥l≤s†lik≥wis≥†w≥r≥†poor;†a†mor≥†
sp≥cific†r≥f≥r≥nc≥†shows†that†th≥y†≤≥p≥n≤†h≥avily†on†th≥†≥xact†proc≥≤ur≥†us≥≤,[167]†so†th≥y†can†
probably†b≥†incr≥as≥≤†in†th≥†futur≥.†Still,†th≥s≥†coul≤†provi≤≥†a†s≥con≤†sourc≥†of†115†if†th≥†rout≥†via†
≤≥m≥thylation†of†112†cannot†b≥†improv≥≤:†≤ir≥ct≥≤†o-lithiation†of†N-acylat≥≤[171]†117†can†probably†
proc≥≥≤†without†significant†probl≥ms,†an≤†in†goo≤†yi≥l≤.†

†
Figur≥†II.43†–†Larg≥-scal≥†rout≥†towar≤s†115†
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For†pKa†mo≤ulation,†I†also†≤≥sir≥≤†substitut≥≤†b≥nzoxazolon≥s†with†in≤uctiv≥†groups†G†(Figur≥†II.34),†
such†as†119.†Again,†no†appropriat≥†o-aminoph≥nols†w≥r≥†≤ir≥ctly†availabl≥,†but†bis-m≥thoxy†120†was†
surprisingly†ch≥ap.†Th≥†Boylan≤-Sims[172-174]†oxi≤ation†using†K2S2O8†s≥≥m≥≤†to†b≥†a†lik≥ly†≤ir≥ct†
m≥tho≤,†although†it†is†low-yi≥l≤ing†an≤†r≥quir≥s†larg≥-scal≥†runs†(lit≥ratur≥†r≥ports†cit≥†only†up†to†10%†
usually†for†>10†g†scal≥).†Th≥†Boylan≤-Sims†proc≥≤ur≥†r≥port≥≤†by†Toth†≥t†al.[175]†was†triall≥≤†but†
prov≥≤†to†giv≥†an†intractably†ins≥parabl≥†mixtur≥†of†unknown†pro≤ucts,†with†no†isolation†of†≤≥sir≥≤†
aminoph≥nol†121.†Th≥r≥for≥†th≥†curr≥nt†favour≥≤†alt≥rnativ≥†is†anilin≥†acylation,†th≥n†catalytic†
P≤(OAc)2-≤ir≥ct≥≤†ac≥tylation†as†p≥r†Wang†≥t†al.[176]†(5†mol%†P≤,†80%†yi≥l≤†for†a†similar†substrat≥),†
giving†122.†Total†cl≥avag≥†of†th≥†prot≥cting†groups,†th≥n†aci≤-catalys≥≤†≥st≥rification†as†for†112,†
follow≥≤†by†phosg≥nation,†shoul≤†provi≤≥†a†long≥r†but†much†mor≥†am≥nabl≥†(an≤†hop≥fully,†
g≥n≥ralisabl≥)†rout≥†to†pKa-mo≤ulat≥≤†b≥nzoxazolon≥†≤≥rivativ≥s†of†119.†

†
Figur≥†II.44†–†Th≥†curr≥nt†synth≥sis†of†pKa-mo≤ulat≥≤†b≥nzoxazolon≥†119†is†plann≥≤†via†122†

7.1.5.†Oxazoli≤inon≥†5-m≥mb≥r≥≤†scaffol≤s†
Not≥†that†th≥†oxazoli≤inon≥s†ar≥†chiral,†although†this†is†unlik≥ly†to†b≥†important†in†th≥†curr≥nt†cont≥xt.†
Th≥†5-m≥mb≥r≥≤†oxazoli≤inon≥†≥st≥r†123†was†acc≥ss≥≤†by†a†conv≥ni≥nt†r≥port≥≤†chiral†on≥-pot†
proc≥≤ur≥†by†phosg≥nation†of†s≥rin≥†th≥n†≥st≥rification,[177]†giving†52%†yi≥l≤†without†purifications.†Its†
DIBAL†r≥≤uction†by†similar†con≤itions†as†for†oxazolon≥s†98†an≤†99†≤i≤†not†allow†r≥cov≥ry†of†pro≤uct†
124†from†th≥†aqu≥ous†qu≥nch†mixtur≥,†so†as†sugg≥st≥≤†by†th≥†pat≥nt†of†C≥lanir≥†≥t†al.[178],†on≥†pot†
silylation†was†att≥mpt≥≤†on†th≥†≥vaporation†r≥si≤u≥,†but†no†yi≥l≤†of†chiral†125†was†obtain≥≤.†How≥v≥r,†
rac≥mic†124†was†isolat≥≤†in†88%†yi≥l≤†by†larg≥-scal≥†phosg≥nation†of†s≥rinol†as†p≥r†C≥lanir≥†≥t†al.’s†
original†proc≥≤ur≥[178].†This†was†silylat≥≤†similarly†to†th≥†protocol†for†101,†giving†125†in†72%†yi≥l≤†
aft≥r†trituration†an≤†th≥n†pr≥cipitation†at†-80°C†(Figur≥†II.44).†

†
Figur≥†II.45†–†Synth≥s≥s†of†oxazoli≤inon≥†5-m≥mb≥r-ch≥lat≥†pr≥cursor†125†

D≥spit≥†th≥†failur≥†to†synth≥sis≥†≥l≥ctrophilic†≤≥rivativ≥s†of†th≥†oxazolon≥s†cl≥anly†(s≥ction†II.7.1.2),†
such†sp≥ci≥s†ar≥†att≥st≥≤†for†≥xactly†this†oxazoli≤inon≥,†an≤†following†th≥†simpl≥†publish≥≤†TsCl†
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proc≥≤ur≥[178]†I†obtain≥≤†a†31%†yi≥l≤†of†th≥†known†tosylat≥†126,†aft≥r†silica†column,†with†th≥†ring-
op≥n≥≤†a≤≤ition†pro≤uct†126x†isolat≥≤†in†~10%†yi≥l≤.†Th≥†tosylation†yi≥l≤†app≥ar≥≤†low†until†
s≥arching†th≥†lit≥ratur≥†foun≤†a†r≥port†of†th≥†tosylation†of†th≥†corr≥spon≤ing†6-ch≥lating†sp≥ci≥s,†
stating†“tosylation…†was†≤ifficult†to†achi≥v≥†s≥l≥ctiv≥ly†b≥caus≥†th≥†oxazoli≤inon≥†was†also†
vuln≥rabl≥†to†a≤≤ition†of†this†r≥ag≥nt.†Cons≥qu≥ntly,†th≥†yi≥l≤†of†th≥†tosylation†st≥p†was†only†40%…†
W≥†w≥r≥†unabl≥†to†improv≥†upon†this†yi≥l≤†or†fin≤†an†≥ff≥ctiv≥†alt≥rnativ≥†to†circumv≥nt†us≥†of†
tosylat≥.”[179]†Anoth≥r†r≥port†≥xploiting†this†ring-op≥ning†stat≥s†“Tosylation†of†th≥†ring†nitrog≥n…†
prov≥≤†to†b≥†th≥†b≥st†m≥tho≤†for…†ring†op≥ning.”[180]†Th≥†≤≥composition†of†th≥†corr≥spon≤ing†
oxazolon≥s†in†i≤≥ntical†con≤itions†was†unfortunat≥ly†again†confirm≥≤.†

†
Figur≥†II.46†–†tosylation†of†124†gav≥†126†as†w≥ll†as†ring-op≥ning†bypro≤uct†126x†

7.1.6.†Oxazoli≤inon≥†6-†an≤†7-m≥mb≥r≥≤†scaffol≤s†
Th≥†synth≥s≥s†w≥r≥†bas≥≤†on†aspartic†an≤†glutamic†aci≤s;†≤≥spit≥†th≥†basic†con≤itions,†th≥r≥†is†a†strong†
chanc≥†that†chirality†was†mostly†r≥tain≥≤†in†th≥†pro≤ucts.†Th≥†synth≥tic†approach†was†provi≤≥≤†by†Hou†
≥t†al.[179],†mirroring†Lakan≥n†≥t†al.[180]†(Figur≥†II.46).†Bis-≥st≥rification†an≤†carbamylation†gav≥†sp≥ci≥s†
127a/b,†which†w≥r≥†to†b≥†r≥≤uc≥≤†to†th≥†bis-alcohols†128a/b†by†NaBH4.†An†initial†≥ffort†using†th≥†
m≥thyl†carbamat≥†(R=M≥)†≤i≤†not†allow†pro≤uct†r≥cov≥ry†from†th≥†salt†mix†≤uring†this†r≥action,†so†th≥†
b≥nzyl†carbamat≥†(R=Bn)†was†pursu≥≤.†R≥≤uction†th≥n†gav≥†≥xc≥ll≥nt†r≥cov≥ry†of†128,†though†on≥-
pot†cyclisation/silylation†was†no†long≥r†optimal†as†th≥†b≥nzyl†alcohol†lib≥rat≥≤†≤uring†cyclisation†to†
129a/b†was†not†r≥movabl≥,†an≤†th≥†silylation†to†130a/b†≤i≤†not†allow†goo≤†r≥cov≥ry:†8/24%†for†
compoun≤s†130a/b,†with†gr≥at≥r†yi≥l≤†of†th≥†s≥con≤†p≥rhaps†b≥caus≥†of†th≥†incr≥as≥≤†solubility†of†th≥†
long≥r-chain†≤≥rivativ≥†in†th≥†organic†phas≥.†In†th≥†futur≥†th≥s≥†two†st≥ps,†cyclisation†an≤†silylation,†
will†b≥†p≥rform≥≤†s≥parat≥ly†to†incr≥as≥†yi≥l≤.†

†
Figur≥†II.47†–†Synth≥sis†of†6-†an≤†7-m≥mb≥r≥≤†ch≥lat≥†oxazoli≤inon≥s†130†

7.2.†O-alkylation†of†carbamat≥s†to†carbimi≤at≥s†
7.2.1.†Probl≥ms†of†≤ir≥ct†O-alkylation;†initial†SNAr†strat≥gy†

O-alkylating†th≥s≥†cyclic†carbamat≥s†with†th≥†≤≥sir≥≤†substrat≥†(initial†targ≥t:†galactos≥,†≥g.†via†
t≥traac≥tobromogalactos≥†AcGalBr)†pr≥s≥nts†a†≤ifficult†r≥gios≥l≥ctivity†probl≥m:†≤iff≥r≥ntiating†
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b≥tw≥≥n†th≥†ring†nitrog≥n†an≤†≥xocyclic†oxyg≥n,†both†of†which†hav≥†n≥gativ≥†an≤†nucl≥ophilic†
charact≥r:†how≥v≥r,†th≥†ring†nitrog≥n†is†th≥†vastly†pr≥f≥rr≥≤†sit≥†for†alkylation.†Only†on≥†r≥l≥vant†O-
alkylat≥≤†oxazoli≤inon≥†was†foun≤†in†th≥†lit≥ratur≥,†S≥ki’s†b≥nzylat≥≤†int≥rm≥≤iat≥[181].†Only†v≥ry†f≥w†
O-alkylat≥≤†b≥nzoxazolon≥s†hav≥†b≥≥n†r≥port≥≤;†unfortunat≥ly†th≥†most†promising-s≥≥ming†r≥port†
foun≤†in†CAS†(O-alkylation†with†an†ac≥tochloro†sugar†giving†58%†yi≥l≤)†was†pr≥s≥nt≥≤†at†a†Russian†
congr≥ss†without†r≥cor≤≥≤†≥xp≥rim≥ntal†≤≥tails†an≤†not†follow≥≤†by†a†publication;[182]†th≥†typical†
r≥activity†publish≥≤†is†again†on†th≥†ring†nitrog≥n[183].†Oxazolon≥s†ar≥†th≥†scaffol≤†with†th≥†most†O-
alkylat≥≤†≥xampl≥s†in†th≥†lit≥ratur≥,†so†th≥ir†O-alkylation†was†stu≤i≥≤†in†mor≥†≤≥tail.†
Oxazolon≥†O-alkylation†has†only†b≥≥n†r≥gios≥l≥ctiv≥ly†achi≥v≥≤†with†highly†oxophilic†r≥ag≥nts†such†
as†≤iazom≥than≥[184]†an≤†M≥≥rw≥in†salt[185]†which†ar≥†non-g≥n≥ralisabl≥†r≥ag≥nts.†In†g≥n≥ral,†th≥†
nitrog≥n†sit≥†is†a†b≥tt≥r†an≤†soft≥r†nucl≥ophil≥†so†it†is†≥xclusiv≥ly†alkylat≥≤†in†stan≤ar≤†basic†con≤itions†
≥sp≥cially†with†polar†solv≥nts[186]†though†also†in†THF[187]†(≤≥spit≥†a†pat≥nt†claim†to†th≥†contrary[188]):†
“oxazolon≥†poss≥ss≥s†a†significant†n≥gativ≥†charact≥r†at†th≥†C2†carbonyl†oxyg≥n...†Trapping†
h≥r≥†with†a†rang≥†of†≥l≥ctrophil≥s†r≥sults†in†a†rapi≤†synth≥sis†of†2-substitut≥≤†oxazol≥s.†Th≥s≥†
hav≥†mostly†b≥≥n†limit≥≤†to†th≥†formation†of†simpl≥†≥th≥rs,†or†substitution†r≥actions†via†th≥†
int≥rm≥≤iat≥†chlori≤≥††[halooxazol≥]...†most†of†this†ch≥mistry†has†b≥≥n†carri≥≤†out†with†[4,5-
in≥rtly-]substitut≥≤†oxazolon≥s†[≥sp≥cially†4,5-≤iph≥nyloxazolon≥]†or†b≥nzoxazolon≥...†though†
N-alkylation†still†pr≥≤ominat≥s.”[149]†

N-alkylation†by†stan≤ar≤†approach≥s†was†confirm≥≤†≤uring†my†initial†r≥action†trials†(≥g.†Figur≥†II.47)†
so†≤ir≥ct†≥l≥ctrophilic†substitutions,†≥g.†with†AcGalBr,†w≥r≥†aban≤on≥≤.††

†
Figur≥†II.48†–†Initial†trials†of†≤ir≥ct†SN2†gav≥†≥xclusiv≥ly†N-alkylation†pro≤ucts†(≥g.†131†an≤†132)†

Th≥†lit≥ratur≥†on†O-alkylat≥≤†oxazolon≥s†shows†≥ss≥ntially†a†singl≥†g≥n≥ral†approach†to†O-alkylat≥≤†
≤≥rivativ≥s:†first,†conv≥rsion†to†th≥†2-halooxazol≥,†th≥n†SNAr†r≥action†with†a†m≥tal†alkoxi≤≥.[149]†
Halog≥ns†of†int≥r≥st†ar≥†≥sp≥cially†chlorin≥[189,190],†as†p≥r†th≥†classic†work†of†Gompp≥r†≥t†al.†in†th≥†
1950s†using†POCl3†to†chlorinat≥†a†vari≥ty†of†sp≥ci≥s;†4,5-≤ialkyloxazolon≥s†pr≥≤ominat≥[191],†sinc≥†
chlorination†may†l≥a≤†to†≤≥composition†of†l≥ss†stabl≥†sp≥ci≥s[191,192].†Oth≥r†halog≥ns†r≥quir≥†
installation†by†≤iff≥r≥nt†m≥tho≤s,†an≤†not†≤ir≥ctly†from†th≥†oxazolon≥.†Dir≥ct†oxazolon≥†bromination†
giv≥s†≤≥composition,†so†Ting†≥t†al.[193]†install†bromin≥†via†bromi≤≥†substitution†on†an†oxazolon≥†2-
≤iazonium†≤≥rivativ≥,†an≤†r≥plac≥†it†with†a†vari≥ty†of†nucl≥ophil≥s.†P≥rn≥r†≥t†al.[194]†install†both†
bromin≥†an≤†chlorin≥†by†BuLi†≤≥protonation†of†an†oth≥rwis≥†in≥rt†oxazol≥;†Fl≥g≥au†≥t†al.[195]†similarly†
install†io≤in≥†using†LDA.†Th≥s≥†m≥tho≤s†app≥ar†not†to†hav≥†b≥≥n†appli≥≤†to†oxazoli≤inon≥s.††
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I†sw≥pt†a†rang≥†of†chlorination†con≤itions†with†th≥†≥st≥r/TBSO/HO-functionalis≥≤†oxazolon≥s/
oxazoli≤inon≥s†in†15†t≥st†r≥actions.†Ext≥nsiv≥†≤≥composition†was†≥vi≤≥nc≥≤†in†all.†All†oxazoli≤inon≥s,†
p≥ntyl-oxazolon≥s,†an≤†hy≤roxy/siloxy†sp≥ci≥s†gav≥†intractabl≥†tars;†only†th≥†b≥nzyl†oxazolon≥†≥st≥r†
99†partially†r≥sist≥≤†th≥†chlorination†con≤itions,†giving†th≥†≥st≥r-b≥aring††chlorooxazol≥†133†in†up†to†
only†30%†yi≥l≤†(b≥st†con≤itions[189]†aft≥r†5†trials,†Figur≥†II.48).†Y≥t†≥v≥n†≤isr≥gar≤ing†th≥†poor†
synth≥tic†acc≥ss,†th≥†synth≥tic†utility†of†this†int≥rm≥≤iat≥†is†≤oubtful†-†in†a†SNAr†trial†run†with†
NaOM≥/THF,†n≥ith≥r†≤≥sir≥≤†O-m≥thyl†r≥action†pro≤uct†nor†133†w≥r≥†r≥cov≥rabl≥.†Lastly,†≥ith≥r†th≥†
chlorooxazol≥†or†th≥†O-alkylat≥≤†oxazolon≥†must†r≥sist†subs≥qu≥nt†≥st≥r†r≥≤uction†to†cr≥at≥†th≥†
grafting†sit≥†for†macrocycl≥†attachm≥nt†(cf.†Figur≥†II.35):†unpromising†signs.†

†
Figur≥†II.49†–†D≥sir≥≤†SNAr†substrat≥s†133†an≤†134†w≥r≥†acc≥ss≥≤†but†w≥r≥†not†us≥ful†

Triflat≥†was†also†≥xamin≥≤†as†a†ps≥u≤ohali≤≥†which†F≥arnl≥y†consi≤≥rs†“th≥†shap≥†of†things†to†com≥:”†
oxazolon≥†triflatation†is†r≥a≤ily†accomplish≥≤;†an≤†th≥†triflat≥†is†routin≥ly†us≥≤†in†cross-coupling.[149]†
Exampl≥s†inclu≤≥†Vintonyak†≥t†al.[154]†who†synth≥sis≥†th≥†triflat≥†from†th≥†oxazolon≥†in†88%†yi≥l≤;†
Pan≥k†≥t†al.[159,196]†who†≤≥monstrat≥†th≥†that†it†may†b≥†synth≥sis≥≤†an≤†cross-coupl≥≤†in†th≥†pr≥s≥nc≥†of†
an†OTBDPS†group;†an≤†oth≥rs.[149,159,197]†No†pr≥c≥≤≥nts†for†≥valuating†its†r≥activity†as†a†l≥aving†group†
with†stan≤ar≤†h≥t≥roatom†nucl≥ophil≥s†w≥r≥†foun≤.†In†contrast†to†th≥†frustrations†of†th≥†chlorination,†
th≥†first†trial†triflatation†gav≥†a†57%†isolat≥≤†yi≥l≤†of†th≥†triflat≥†134†aft≥r†column†(Figur≥†II.48).†A†
trial†SNAr†r≥action†with†134†an≤†NaOBn†in†≤ioxan≥†how≥v≥r†gav≥†thr≥≥†r≥action†pro≤ucts:†≤ib≥nzyl†
≥th≥r,†th≥†b≥nzyl†≥st≥r†oxazolon≥,†an≤†r≥g≥n≥rat≥≤†oxazolon≥†99;†this†highlights†th≥†goo≤†l≥aving-
group†charact≥r†of†th≥†oxazolon≥†unit.†It†is†lik≥ly†that†th≥†triflat≥†sulfur†is†mor≥†r≥activ≥†than†th≥†ring†
carbon†for†this†incoming†nucl≥ophil≥,†an≤†that†th≥†outgoing†b≥nzyl†triflat≥†is†th≥n†attack≥≤†by†a†s≥con≤†
b≥nzoxi≤≥†to†g≥n≥rat≥†th≥†≥th≥r.†Th≥†SNAr†r≥action†was†th≥r≥for≥†aban≤on≥≤.†

7.2.2.†S≥con≤†≤ir≥ct†O-alkylation†strat≥gy:†initial†proofs†
I†r≥turn≥≤†to†th≥†r≥gios≥l≥ctivity†probl≥m†with†two†final†clu≥s:†S≥ki’s†b≥nzylat≥≤†oxazoli≤inon≥,†
synth≥sis≥≤†from†a†4-ph≥nyloxazoli≤inon≥-5-alkyl-ω-≥st≥r†with†BnBr/Ag2CO3†in†hot†PhM≥†in†83%†
yi≥l≤,[181]†an≤†F≥arnl≥y’s†stat≥m≥nt†r≥gar≤ing†oxazolon≥s:†“…N-alkylation…†may†prov≥†l≥ss†pr≥val≥nt†
if†non-polar†solv≥nts†or†2-phas≥†m≥tho≤s†w≥r≥†to†b≥†≥mploy≥≤.”[149]†I†t≥st≥≤†O-alkylations†on†both†
(4-unsubstitut≥≤)†5-ω-siloxyalkyl†oxazoli≤inon≥s,†an≤†4-alkyl-5-ω-siloxyalkyl†oxazolon≥s.†My†initial†
≥l≥ctrophil≥s†w≥r≥†BnBr,†pNO2BnBr,†an≤†t≥traac≥tobromogalactos≥.†Bas≥≤†on†initial†r≥sults,†I†a≤apt≥≤†
S≥ki’s†m≥tho≤[181]†for†long≥r†r≥action†tim≥,†changing†th≥†stoichiom≥try†an≤†p≥rforming†it†in†th≥†≤ark,†
to†obtain†b≥tt≥r†yi≥l≤s†of†th≥†≤≥sir≥≤†O-alkylat≥≤†pro≤ucts†135,†136†an≤†137.†Un≤≥sir≥≤,†N-alkylat≥≤†
pro≤ucts†≤ominat≥≤†for†th≥†oxazoli≤inon≥s†(138†an≤†139),†but†w≥r≥†minor†for†oxazolon≥†(140).†
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S≥v≥ral†oth≥r†bypro≤ucts†of†ring†op≥ning,†≤≥silylation,†≤≥silylation/alkylation†(141)†an≤†≥v≥n†r≥≤ox†
w≥r≥†isolat≥≤.†Moving†away†from†th≥†b≥nzylic†bromi≤≥s,†no†pro≤ucts†of†any†typ≥†w≥r≥†confirm≥≤†for†
galactosylation†trials†(Figur≥†II.49).†

†
Figur≥†II.50†–†First†trials†of†th≥†final†O-alkylation†m≥tho≤†

Th≥†yi≥l≤s†w≥r≥†acc≥ptabl≥†for†pursuing†initial†≥l≥ctrophilic†≤≥rivativ≥s†for†alkylation†onto†mo≤≥l†
amin≥s†or†ligan≤.†First,†≤≥silylation†was†r≥quir≥≤.†I†want≥≤†a†non-aqu≥ous†≤≥silylation†proc≥≤ur≥†to†
avoi≤†th≥†possibility†of†O-alkyl†hy≤rolysis†(cf.†b≥haviour†obs≥rv≥≤†for†134)†b≥for≥†stabilisation†of†th≥†
carbimi≤at≥†coul≤†b≥†≥ff≥ct≥≤†by†compl≥xation.†Kaburagi†an≤†Kishi[134]†r≥port≥≤†a†conv≥ni≥nt†m≥tho≤†
which†≤o≥s†not†r≥quir≥†purification†aft≥rwar≤s:†TBAF/THF†follow≥≤†by†absorption†of†th≥†TBA+†an≤†
≥xc≥ss†fluori≤≥†on†CaCO3†an≤†Dow≥x†r≥sin.†This†was†us≥≤†with†succ≥ss†on†136†(>95%)†yi≥l≤ing†
alcohol†142,†how≥v≥r†it†r≥sult≥≤†in†≥xt≥nsiv≥†O-≤≥b≥nzylation†of†135†an≤†137,†so†for†th≥s≥†compoun≤s†
a†≤iff≥r≥nt†m≥tho≤†of†forming†th≥†l≥aving†group†was†≤≥vis≥≤†(s≥ction†II.7.2.3)†Pursuing†alcohol†142,†
r≥action†with†TsCl†was†≥xamin≥≤,†towar≤s†≤≥sir≥≤†tosylat≥†143,†how≥v≥r†this†was†not†isolat≥≤†from†
th≥†r≥action.†R≥≥xamination†of†th≥†pro≤ucts†show≥≤†th≥†chlorinativ≥†m≥chanism†which†has†b≥≥n†
intro≤uc≥≤†≥arli≥r†(s≥ction†II.7.1.2)†an≤†th≥†chlori≤≥†144†was†r≥cov≥r≥≤†although†in†low†yi≥l≤s†(25%†
aft≥r†column).†Not≥†that†this†am≥nability†contrasts†with†non-O-alkylat≥≤†oxazolon≥†≥l≥ctrophilic†
≤≥rivatisation,†wh≥r≥†only†transi≥nt†pro≤ucts†w≥r≥†obs≥rv≥≤†b≥for≥†≤≥composition†(s≥ction†II.7.1.2).†
This†chlori≤≥†was†r≥act≥≤†with†pip≥ri≤in≥†in†EtOH,†as†a†s≥con≤ary†amin≥†mo≤≥l†for†th≥†macrocyclic†
ligan≤s†of†int≥r≥st,†giving†high†isolat≥≤†yi≥l≤s†of†th≥†mo≤≥l†N-graft≥≤,†O-alkylat≥≤†sp≥ci≥s†145†≥v≥n†
on†a†small†scal≥†(80%;†Figur≥†II.50):†a†mo≤≥l†for†th≥†ligan≤†of†92.†
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†
Figur≥†II.51†–†initial†≤≥rivatisation/grafting†trials†towar≤s†145†as†a†mo≤≥l†compoun≤†for†th≥†ligan≤†of†92†

7.2.3.†S≥con≤†≤ir≥ct†O-alkylation†strat≥gy:†approach†to†substrat≥s†
To†pursu≥†≥nzymatically-activatabl≥†≤≥rivativ≥s†of†sp≥ci≥s†such†as†145,†th≥†≥nzym≥†substrat≥†must†b≥†
attach≥≤†at†th≥†O-b≥nzylat≥≤†position.†How≥v≥r†th≥†failur≥†of†galactosylation†l≥≤†m≥†to†pursu≥†simpl≥†
PHBA-†an≤†PABA-attach≥≤†substrat≥s,†so†that†th≥†b≥nzyl†bromi≤≥†O-alkylation†ch≥mistry†coul≤†b≥†
≤ir≥ctly†≥xploit≥≤.†Th≥†PHBA/PABA†th≥n†acts†as†th≥†upstr≥am†spac≥r†which†shoul≤†immolat≥†aft≥r†
≥nzymatic†activity,†to†giv≥†ov≥rall†b≥haviour†as†shown†in†Figur≥†II.35†(G†=†PABA-substrat≥†or†PHBA-
substrat≥).†
I†th≥r≥for≥†synth≥sis≥≤†a†rang≥†of†PHBA/PABA†bromi≤≥s;†most†ar≥†known,†though†som≥†rath≥r†
conv≥ni≥nt†protocols†w≥r≥†ma≤≥†up†with†succ≥ss†(147,†153).†Th≥†p≥nicill≥n†ami≤as≥†(PGA)†substrat≥†
was†pr≥par≥≤†from†PABA†acylation†to†146†as†p≥r†Nun≥z†≥t†al.[198],†follow≥≤†by†bromination†with†
HBr/AcOH†to†giv≥†a†probably†quantitativ≥†yi≥l≤†of†unr≥port≥≤†bromi≤≥†147.†Th≥†l≥ucin≥†
aminop≥pti≤as≥†(LAP)†substrat≥†was†pr≥par≥≤†from†Boc-l≥ucin≥,†forming†th≥†hy≤roxysuccinimi≤≥†
≥st≥r†148[199]†th≥n†r≥acting†with†PABA†to†giv≥†alcohol†149†following†th≥†proc≥≤ur≥†of†Ma≥kawa†≥t†
al.[200],†th≥n†brominating†by†CBr4/PPh3†to†giv≥†th≥†targ≥t†bromi≤≥†150.†Synth≥sis†of†a†s≥con≤†LAP†
substrat≥†was†b≥gun,†to†≥xploit†th≥†probabl≥†≥nzym≥-r≥cognition†a≤vantag≥†that†has†b≥≥n†≤iscuss≥≤†for†
th≥†nov≥l†cyclisation†spac≥r†(fluor≥sc≥nt†prob≥s†of†Part†I):†l≥ftov≥r†148†was†r≥act≥≤†with†22†in†
chloroform†to†giv≥†25†in†35%†yi≥l≤†but†with†sup≥rior†s≥paration,†an≤†chloroformylation†of†
parahy≤roxyb≥nzal≤≥hy≤≥†th≥n†r≥action†with†25†gav≥†151,†for†lat≥r†r≥≤uction†an≤†bromination.†A†
β-galactosi≤as≥†substrat≥†was†pr≥par≥≤†by†anchim≥rically-assist≥≤†formation†of†β-galactosi≤≥†152†by†
BF3-activat≥≤†attack†on†th≥†p≥ntaac≥tat≥†with†p-cr≥sol.†This†was†ra≤ically†brominat≥≤†with†NBS†
(1.15†≥q)†an≤†AIBN†th≥rmal†initiator†giving†bromi≤≥†153†in†82%†yi≥l≤.†Th≥s≥†r≥actions†ar≥†
summaris≥≤†in†Figur≥†II.51.†
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Figur≥†II.52†–†Synth≥s≥s†of†substrat≥-b≥aring†b≥nzylic†bromi≤≥s†towar≤s†≥nzym≥-r≥sponsiv≥†targ≥ts†

7.2.4.†Final†O-alkylations†
S≥v≥ral†points†from†th≥†initial†O-alkylation†trials†l≥≤†to†a†r≥fin≥≤†O-alkylation†strat≥gy†which†I†
consi≤≥r≥≤†a†b≥tt≥r†option.†Firstly,†≥xt≥nsiv≥†≤≥silylation†was†provok≥≤†≤uring†th≥†initial†O-alkylation†
r≥actions,†≥sp≥cially†of†th≥†oxazoli≤inon≥s;†but†th≥†n≥xt†st≥p†was†to†b≥†a†≤≥silylation†anyway.†As†p≥r†
von†Plat≥n’s†principl≥[201]†I†th≥r≥for≥†≤≥sign≥≤†con≤itions†to†sp≥cifically†p≥rform†tan≤≥m†ring-O-
alkylation/≥xocyclic-≤≥silylation.†I†also†want≥≤†to†avoi≤†≥xocyclic†alkylation†(such†as†in†141),†an≤†
ring-op≥ning/≤≥hy≤rativ≥†≤≥compositions†(which†probably†l≥≤†to†(pNO2Bn)2O†formation†in†th≥†
r≥action†to†137).††
O-alkylation†still†r≥quir≥s†a†silv≥r†salt,†but†I†r≥quir≥≤†low≥r†basicity†in†th≥†m≥≤ium,†so†that†th≥†aci≤†
lib≥rat≥≤†by†O-alkylation†woul≤†b≥†abl≥†to†giv≥†≤≥silylation,†an≤†so†th≥†≤≥silylat≥≤†pro≤uct†woul≤†not†
risk†un≤≥rgoing†≥xocyclic†alkylation.†Y≥t,†if†th≥†solution†aci≤ity†is†too†high,†ring-op≥ning†
≤≥compositions†ar≥†th≥†major†f≥atur≥.†I†th≥r≥for≥†triall≥≤†≤iff≥r≥nt†mixtur≥s†of†Ag2O/
Ag2CO3,αK2CO3,†as†th≥†sourc≥†of†bas≥†(in†clos≥†≥xc≥ss),†with†amounts†of†AgOTf/AgOTs/AgOAc†
(varying†amounts†from†0.1†to†~10†≥q†r≥lativ≥†to†Ag2O/Ag2CO3)†as†mor≥-availabl≥†≥l≥ctrophilic†
activators.†Th≥†i≤≥a†was†that†th≥s≥†r≥lativ≥ly†solubl≥†sp≥ci≥s†AgX†shoul≤†provok≥†O-alkylation†by†
pr≥cipitating†AgBr†from†th≥†b≥nzyl†bromi≤≥s;†th≥†lib≥rat≥≤†HX†shoul≤†th≥n†giv≥†≤≥silylation,†but†b≥†
slowly†absorb≥≤†into†th≥†much†l≥ss†solubl≥†Ag2CO3;†this†r≥g≥n≥rat≥s†th≥†solubl≥†activator†an≤†k≥≥ps†
aci≤ity†un≤≥r†control.†I†foun≤†that†approximat≥ly†1:1†Ag2O:AgOTs†or†Ag2O:AgOTf†gav≥†i≤≥ntical†
b≥haviour:†tan≤≥m†O-alkylation/≤≥silylation†in†goo≤†yi≥l≤s.†
With†littl≥†≥xp≥rim≥ntal†tim≥†r≥maining,†I†appli≥≤†this†protocol†to†th≥†synth≥s≥s†of†s≥v≥ral†O-alkylat≥≤†
targ≥ts;†I†us≥≤†th≥†≥nzym≥†substrat≥†spac≥rs†≥laborat≥≤†abov≥,†as†w≥ll†as†b≥nzyl†an≤†para-nitrob≥nzyl†
bromi≤≥s,†sw≥≥ping†th≥†ch≥mical†spac≥†to†s≥≥†what†r≥actions†woul≤†work†b≥st†(Tabl≥†II.1).†
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Run†Carbamat≥† RBr† Bas≥† Obs≥rvations† Pro≤ucts/Yi≥l≤†
1† 103†(5-zolo)† 150† Ag2O:AgOTf†5:4† RBr†≤≥comp?† -†
2† 103†(5-zolo)† 147† Ag2O:AgOTf†5:4† RBr†≤≥comp?† -†
3† 102†(5-zolo)†pNO2Bn† Ag2O:AgOTf†7:10† mainly†O-alkyl† acc≥ptabl≥†

154†
4† 109†(6-zolo)†pNO2Bn† Ag2O:AgOTf†7:10†

mix≥≤†N:O-alkyl†
mainly†≤≥comp† -†

5† 130a†(6-li≤o)†pNO2Bn† Ag2O:AgOTf†4:5† 3:1†N:O-alkyl† acc≥ptabl≥†
155†

6† 125†(5-li≤o)† 153† Ag2O:AgOTf:AgOTs†2:†0.1†:3† ≤≥comp†/†r≥≤ox?† -†
7† 125†(5-li≤o)† Bn† Ag2O:AgOTf:AgOTs†3:†0.1†:2† mainly†O-alkyl† goo≤†

156†
8† 125†(5-li≤o)†pNO2Bn† Ag2O:AgOTf:AgOTs†1:†0.1†:0.1† mix≥≤†N:O-alkyl† acc≥ptabl≥†

137†
9† 110†(7-zolo)† Bn† Ag2O:AgOTs†1:2†

≥xclusiv≥†O-alkyl†
much†≤≥comp†

acc≥ptabl≥†
158†

10† 130b†(7-li≤o)† Bn† Ag2O:AgOTs†1:3† mix≥≤†N:O-alkyl† acc≥ptabl≥†
159†

Tabl≥†II.1†–†Final†s≥ts†of†tan≤≥m†O-alkylation/≤≥silylations;†zolo/li≤o†=†oxazolon≥/oxazoli≤inon≥,†5/6/7†=†ch≥lat≥†siz≥.††
S≥v≥ral†of†th≥†r≥actions†gav≥†≤≥sir≥≤†O-alkylat≥≤,†≤≥silylat≥≤†pro≤ucts†≤ir≥ctly,†inclu≤ing†th≥†
oxazoli≤inon≥s†(≥g.†155);†this†was†pl≥asing†as†th≥y†ha≤†≤≥compos≥≤†≤uring†th≥†original†≤≥silylation†
proc≥≤ur≥,†so†this†on≥-pot†synth≥sis†gav≥†a†fast≥r†acc≥ss†to†th≥†≤≥sir≥≤†sp≥ci≥s.†In†g≥n≥ral,†th≥†yi≥l≤s†
w≥r≥†low,†an≤†as†this†was†th≥†last†r≥action†I†p≥rform≥≤†b≥for≥†c≥asing†≥xp≥rim≥ntation†s≥v≥ral†of†th≥†
cru≤≥s†ar≥†stor≥≤†in†th≥†fr≥≥z≥r;†th≥s≥†will†b≥†r≥≥xamin≥≤†in†May†2013.†Sinc≥†th≥†≥nzym≥-s≥nsitiv≥†
substrat≥s†app≥ar≥≤†to†suff≥r†≤≥gra≤ation†≤uring†th≥s≥†con≤itions†by†cru≤≥†NMR,†th≥ir†r≥actions†w≥r≥†
not†tackl≥≤†y≥t;†how≥v≥r,†it†has†b≥≥n†s≥≥n†on†som≥†oth≥r†O-alkylations†that†≥xt≥nsiv≥†≤≥composition†
can†hi≤≥†signs†of†favourabl≥†r≥action,†so†th≥†answ≥rs†will†b≥†known†aft≥r†th≥†purifications†ar≥†
compl≥t≥≤.†
† †
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7.3.†Towar≤s†≥nzym≥-r≥sponsiv≥†ligan≤s†
145†ha≤†provi≤≥≤†a†goo≤†pr≥c≥≤≥nt†towar≤s†th≥†grafting†of†O-alkylat≥≤†alcohols†such†as†142†onto†a†
s≥con≤ary†amin≥.†I†th≥r≥for≥†r≥turn≥≤†to†142,†att≥mpting†to†improv≥†th≥†≥l≥ctrophil≥-forming†st≥p†by†
using†a†on≥-pot†proc≥≤ur≥†without†isolation†of†th≥†r≥activ≥†int≥rm≥≤iat≥.†Wishing†to†form†th≥†
≥l≥ctrophil≥†quantitativ≥ly,†but†not†to†wast≥†th≥†≥xp≥nsiv≥†macrocyclic†amin≥†ligan≤,†I†launch≥≤†a†
m≥sylation†with†tri≥thylamin≥†as†th≥†bas≥†an≤†≥vaporat≥≤†all†unr≥act≥≤†mat≥rials†aft≥r†fift≥≥n†minut≥s,†
th≥n†a≤≤≥≤†a†solution†of†th≥†macrocycl≥.†Aft≥r†furth≥r†r≥action†tim≥,†I†obs≥rv≥≤†th≥†formation†of†a†
pr≥cipitat≥,†an≤†TLC†on†alumina†show≥≤†th≥†formation†of†a†promising,†fast≥r-running†spot;†DIMS(+)†
lik≥wis≥†in≤icat≥≤†th≥†pr≥s≥nc≥†of†≤≥sir≥≤†pro≤uct†160,†as†w≥ll†as†th≥†starting†mat≥rial†142.††

†
Figur≥†II.53†–†S≥con≤†grafting†r≥action,†using†MsCl/NEt3†inst≥a≤†of†TsCl/N-butylimi≤azol≥,†r≥sult≥≤†in†significant†quat≥rnary†ammonium†formation†
An†initial†alumina†column†fail≥≤†to†s≥parat≥†th≥†pro≤ucts†≥ntir≥ly,†how≥v≥r†th≥†DIMS(+)†confirm≥≤†
th≥†fraction†containing†160†an≤†≤ptacn†was†r≥turn≥≤.†On≥†complication†was†that†m≥sylation†also†
form≥≤†a†substantial†yi≥l≤†of†th≥†quat≥rnis≥≤†tri≥thylammonium†salt†160x;†in†th≥†futur≥,†r≥action†tim≥s†
an≤†t≥mp≥ratur≥†will†hav≥†to†b≥†≤iminish≥≤,†or†≥ls≥,†a†w≥ak≥r-nucl≥ophil≥†bas≥†such†as†DBU†us≥≤†
inst≥a≤.†P≥rf≥ct†s≥paration†is†r≥quir≥≤†for†r≥liabl≥†compl≥xation†stu≤i≥s†sinc≥†w≥†aim†to†ch≥ck†th≥†
formation†of†an†off-stat≥†compoun≤,†an≤†≥v≥n†a†small†amount†of†ON-stat≥†impurity†(from†unr≥act≥≤†
p≥nta≤≥ntat≥†ligan≤†carri≥≤†ov≥r)†can†int≥rf≥r≥†with†m≥asur≥m≥nts†(cf.†s≥ction†I.4).†Sinc≥†my†
≥xp≥rim≥ntation†tim≥†ha≤†≥xpir≥≤†at†this†mom≥nt,†I†paus≥≤†th≥†purification/compl≥xation,†to†b≥gin†in†
May†2013†wh≥n†my†≥xp≥rim≥ntation†tim≥†is†again†p≥rmitt≥≤.†
†
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In†th≥†furyl†spac≥r†part,†this†PhD†work†has†involv≥≤†th≥†first†synth≥s≥s†an≤†charact≥risations†of†
2-furanol†glycosi≤≥s.†Promising†futur≥†av≥nu≥s†hav≥†b≥≥n†op≥n≥≤†up†for†th≥ir†us≥†as†high-≥n≥rgy†auto-
immolativ≥†spac≥rs,†which†may†b≥†substantially†mor≥†pow≥rful†alt≥rnativ≥s†to†quinon≥†m≥thi≤≥s,†an≤†
which†may†p≥rmit†th≥†succ≥ss†of†th≥†off-ON†MRI†contrast†ag≥nt†≤≥sign†44b.†Th≥†≥xploration†of†som≥†
of†th≥ir†ch≥mistry†inclu≤ing†th≥ir†≥l≥vat≥≤†capacity†to†≥ff≥ct†glycosylation†has†b≥gun.†
In†th≥†s≥con≤†part†conc≥rning†cyclic†carbamat≥†spac≥rs†(oxazolon≥s†an≤†oxazoli≤inon≥s),†this†PhD†
work†provi≤≥s†th≥†first†≤≥monstration†of†an†≥xt≥nsibl≥†m≥tho≤†for†pr≥paring†substrat≥-substitut≥≤†
functionalis≥≤†cyclic†carbamat≥s,†towar≤s†th≥†synth≥sis†of†≥nzym≥-activat≥≤†magn≥tog≥nic†compl≥x≥s†
92a.†Th≥†spin-switching†possibility†of†th≥†cyclic†carbamat≥†strat≥gy†r≥mains†to†b≥†shown:†how≥v≥r†th≥†
almost†≥ntir≥ly†un≥xplor≥≤†proc≥≤ur≥s†for†(1)†g≥n≥ralisabl≥†O-alkylation†of†th≥s≥†sp≥ci≥s†with†a†futur≥†
≥nzym≥†substrat≥,†th≥n†(2)†a†tol≥rant†rout≥†towar≤s†ligan≤-graft≥≤†O-alkylat≥≤†sp≥ci≥s,†hav≥†now†b≥≥n†
prov≥n†for†mo≤≥l†compoun≤s,†an≤†th≥†≥nzym≥-r≥sponsiv≥†analogu≥s†ar≥†awaiting†furth≥r†r≥actions†in†
th≥†fr≥≥z≥r.†
In†summary,†th≥†synth≥s≥s†of†th≥†r≥quir≥≤†mo≤≥l†compoun≤s†bas≥≤†on†both†furan†an≤†cyclic†carbamat≥†
spac≥r†syst≥ms†ar≥†still†works†in†progr≥ss,†an≤†May†2013,†wh≥n†≥xp≥rim≥ntation†can†b≥gin†again,†is†
≥ag≥rly†await≥≤.†How≥v≥r,†th≥†proofs†of†conc≥pt†of†th≥†nov≥l†≤≥signs†an≤†r≥actions†which†hav≥†
alr≥a≤y†b≥≥n†achi≥v≥≤†hav≥†brok≥n†th≥†groun≤†for†th≥†most†unpr≥c≥≤≥nt≥≤†transforms.†Tog≥th≥r†with†
th≥†lik≥ly†rout≥s†for†furth≥r†progr≥ss†which†hav≥†b≥≥n†i≤≥ntifi≥≤,†th≥s≥†compr≥h≥nsiv≥†pr≥c≥≤≥nts†on†
th≥s≥†nov≥l†functional†scaffol≤s†pav≥†a†cl≥ar†way†for†≥xploiting†th≥m†in†th≥†≤≥sign†of†int≥llig≥nt†
proag≥nts†an≤†pro≤rugs.†
†

Futur≥†Dir≥ctions†
Pr≥liminary†r≥sults†hav≥†in≤icat≥≤†that†th≥†hy≤rolytic†stability†of†≥sp≥cially†th≥†initial†g≥n≥ration†of†
furan†spac≥rs†may†b≥†low,†but†that†th≥†cyclic†carbamat≥s†may†also†b≥†som≥what†aff≥ct≥≤.†Th≥r≥for≥†
stabilising†strat≥gi≥s†such†as†st≥ric†crow≤ing,†int≥n≤≥≤†to†improv≥†th≥†hy≤rolytic†stability†of†th≥†initial†
spac≥rs,†ar≥†prim≥†targ≥ts†for†inv≥stigation†in†th≥†n≥ar†futur≥.†Hop≥fully,†such†stabilis≥≤†spac≥rs†will†
allow†for†th≥†≤≥sir≥≤†robust,†off-ON-mo≤≥†applications†to†magn≥tog≥nic†prob≥s,†by†both†furan†an≤†
carbamat≥†strat≥gi≥s.†
Also,†now†that†glycosyl†furans†can†b≥†form≥≤†st≥r≥os≥l≥ctiv≥ly,†an≤†giv≥n†th≥†unusually†labil≥†
glycosi≤ic†bon≤†which†th≥y†hav≥†shown,†th≥†unstabilis≥≤†furan†syst≥m†will†also†b≥†≥xamin≥≤†as†a†
pot≥ntial†glycosylation†r≥ag≥nt;†applications†in†Di≥ls-Al≤≥r†r≥actions†may†also†b≥†of†int≥r≥st†in†
cr≥ating†compl≥x,†≤≥ns≥ly-functionalis≥≤†structur≥s.††
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Evaluating†th≥†≥nzymatic†proc≥ssing†≥ffici≥ncy†on†th≥†n≥w†glycosyloxyfurans,†an≤†≥valuation/
≤≥monstration†of†th≥†uniqu≥†r≥activity†that†both†th≥†furans†an≤†th≥†cyclic†carbamat≥s†provi≤≥,†is†vital†
to†capitalis≥†fully†on†th≥†synth≥tic†a≤vanc≥s†that†hav≥†b≥≥n†ma≤≥†≤uring†this†PhD†work†so†far,†an≤†
hop≥fully†both†av≥nu≥s†will†yi≥l≤†promising†r≥sults†ov≥r†th≥†n≥xt†f≥w†months.†
On†th≥†long≥r†t≥rm†also,†this†PhD†work†may†op≥n†up†n≥w†p≥rsp≥ctiv≥s†in†th≥†fi≥l≤†b≥yon≤†th≥†
applications†of†th≥†mol≥cular†targ≥ts†it†has†≥xplor≥≤,†but†rath≥r,†inspir≥≤†by†its†g≥n≥ral†approach.†To†
cit≥†just†on≥†≥xampl≥†from†this†chapt≥r,†I†consi≤≥r†that†by†r≥quiring†only†th≥†≥limination†of†th≥†
w≥ak≥st†bon≤,†th≥†cyclic†carbamat≥†syst≥m†provi≤≥s†an†≥xc≥ll≥nt†≤≥sign†for†a†mor≥†r≥fin≥≤†approach†
to†off-ON†spin-switch≥≤†compl≥x≥s:†th≥†crucial†≥ff≥ct†is†achi≥v≥≤†by†a≤≤r≥ssing†th≥†crucial†bon≤.†
How≥v≥r,†taking†a†long≥r†p≥rsp≥ctiv≥,†it†s≥≥ms†from†th≥†group’s†curr≥nt†≥xp≥ri≥nc≥s†that†th≥†toxicity†
of†F≥(II)†compl≥x≥s†with†a†fr≥≥†coor≤ination†sit≥†may†b≥†prohibitiv≥†to†th≥ir†us≥†at†high†conc≥ntration†
in†routin≥†clinical†applications†(cf.†F≥nton†r≥actions†an≤†oxi≤ativ≥†cycling).†Y≥t†on≥†can†hop≥†that†if†
this†mo≤≥†of†toxicity†continu≥s†to†pos≥†a†probl≥m,†th≥n†th≥†approach†of†th≥†cyclic†carbamat≥†syst≥m†
points†th≥†way†towar≤s†th≥†b≥st†solution†for†futur≥,†biocompatibl≥†off-ON†F≥(II)†compl≥x≥s.†Th≥†i≤≥a†
that†I†consi≤≥r,†is†that†a†chang≥†of†ligan≤†fi≥l≤†str≥ngth,†is†all†that†is†r≥ally†r≥quir≥≤†for†a†spin†
switching†≥ff≥ct.†Th≥†cyclic†carbamat≥s†focus†on†th≥†‘corr≥ct’†crucial,†coor≤inativ≥†bon≤,†but†a†still†
mor≥†r≥fin≥≤†approach†woul≤†b≥†to†r≥tain†it,†only†changing†th≥†≤onor†charact≥r†of†th≥†ligan≤†atom.†
Ev≥n†if†th≥†ON-stat≥†signal†woul≤†b≥†r≥lativ≥ly†small†sinc≥†s≥con≤-sph≥r≥†≥ff≥cts†woul≤†b≥†th≥†only†
m≥ans†of†bulk†r≥laxation†(q=0),†such†a†coor≤inativ≥ly†saturat≥≤†compl≥x†woul≤†a≤≤r≥ss†this†principal†
toxicity†conc≥rn,†an≤†th≥r≥for≥†p≥rmit†a†much†high≥r†≤os≥†of†th≥†ag≥nt†to†b≥†appli≥≤†(or,†any†≤os≥†at†
all†to†b≥†approv≥≤†for†clinical†s≥ttings).†Th≥†‘soft’†cyclic†carbamat≥†syst≥m†shows†on≥†(fairly†
pow≥rful)†m≥tho≤†for†achi≥ving†this†chang≥†of†coor≤inativ≥†str≥ngth;†y≥t†similar†an≤†still†soft≥r†
syst≥ms†≥xploiting†oth≥r†‘lat≥ntly†poor†≤onors’†may†rath≥r†≥asily†b≥†≤rawn†up,†an≤†hop≥fully†may†s≥≥†
synth≥tic†≥fforts†in†th≥†futur≥.†
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III.†EXPERIMENTAL†
1.†G≥n≥ral†Proc≥≤ur≥s†
R≥ag≥nts†an≤†Proc≥≤ur≥s:†Dry†t≥trahy≤rofuran†(THF),†tolu≥n≥†an≤†≤ichlorom≥than≥†(DCM)†w≥r≥†
obtain≥≤†by†passing†comm≥rcially†availabl≥†pr≥-≤ri≥≤†formulations†through†activat≥≤†alumina†columns†
un≤≥r†argon.†Dry†DMF†/†DMAc†w≥r≥†us≥≤†as†obtain≥≤†from†Sigma†an≤†Fluka†(bottl≥≤†un≤≥r†argon†an≤†
ov≥r†mol≥cular†si≥v≥s†in†s≥ptum-s≥al≥≤†bottl≥s).†Oth≥r†≤ry†solv≥nts,†unl≥ss†not≥≤†oth≥rwis≥,†w≥r≥†
obtain≥≤†by†stan≤ing†comm≥rcial†synth≥tic†or†HPLC†gra≤≥†solv≥nts†on†th≥rmally-activat≥≤†mol≥cular†
si≥v≥s†(MS;†3Å†or†4Å†as†appropriat≥,†si≥v≥†activation†by†24h†h≥ating†at†315†°C).†‘Rigorously†≤ri≥≤’†
solv≥nts†w≥r≥†≤ri≥≤†by†at†l≥ast†two†s≥qu≥ntial†MS†≤ryings†of†at†l≥ast†on≥†hour†whil≥†stirring,†unl≥ss†
oth≥rwis≥†stat≥≤.†Mo≤≥rat≥ly†≤ri≥≤†amin≥s†(pip≥ri≤in≥,†pip≥razin≥,†tri≥thylamin≥,†pyri≤in≥)†w≥r≥†
obtain≥≤†by†stan≤ing†on†KOH†p≥ll≥ts†for†at†l≥ast†2†hours†(pip≥razin≥†was†≤issolv≥≤†in†warm†pyri≤in≥).†
Unl≥ss†stat≥≤†oth≥rwis≥,†all†r≥actions†w≥r≥†p≥rform≥≤†with†unpurifi≥≤,†un≤ri≥≤,†non-≤≥gass≥≤†solv≥nts†
or†analytical†gra≤≥†r≥ag≥nts,†us≥≤†as†obtain≥≤,†un≤≥r†clos≥≤†air†atmosph≥r≥.†P≥trol≥um†≥th≥r†was†th≥†
40-60°C†fraction.†Column†chromatography†was†p≥rform≥≤†on†M≥rck†silica†g≥l†Si-60†(40-63†μm).†
Proc≥≤ur≥s†an≤†yi≥l≤s†ar≥†unoptimiz≥≤.†Yi≥l≤s†r≥f≥r†to†isolat≥≤†chromatographically†an≤†
sp≥ctroscopically†pur≥†mat≥rials,†unl≥ss†oth≥rwis≥†stat≥≤.††
Pro≤ucts†alr≥a≤y†foun≤†in†th≥†lit≥ratur≥†hav≥†th≥ir†nam≥s†typ≥s≥t†in†gr≥y,†not†bol≤≥≤,†an≤†ar≥†
≤≥not≥≤†with†an†ast≥risk*.†All†oth≥r†pro≤ucts†ar≥†to†th≥†b≥st†of†my†knowl≥≤g≥,†original†sp≥ci≥s.†
Thin-lay≥r†chromatography†(TLC)†was†run†by†≤≥fault†on†0.25†mm†M≥rck†silica†g≥l†plat≥s†(60,†F-254),†
unl≥ss†not≥≤†as†Al2O3,†which††was†run†on†th≥†corr≥spon≤ing†alumina†plat≥s.†UV†light†(254†nm†by†
≤≥fault,†365†nm†for†fluor≥sc≥nt†compoun≤s†wh≥n†sp≥cifi≥≤)†was†us≥≤†as†a†visualising†ag≥nt,†an≤†SiO2-
≤isp≥rs≥≤†io≤in≥†(I2)†or†stan≤ar≤†TLC†≤ips†bas≥≤†on†p-anisal≤≥hy≤≥†(anis),†Han≥ssian’s†c≥rium†
ammonium†molyb≤at≥†formulation†(Han),†basic†KMnO4†(KMnO4),†phosphomolyb≤ic†aci≤†(PMA),†
Drag≥n≤orff’s†r≥ag≥nt†(Drag),†vanillin†(van)†an≤†ninhy≤rin†(nin)†follow≥≤†by†h≥ating†wh≥r≥†n≥c≥ssary†
w≥r≥†us≥≤†as†≤≥v≥loping†ag≥nts.†
NMR:†Stan≤ar≤†NMR†charact≥risation†was†by†1H†an≤†13C†1D†NMR†sp≥ctra.†Known†compoun≤s†w≥r≥†
ch≥ck≥≤†against†lit≥ratur≥†≤ata†an≤†sp≥ctral†analysis†not†giv≥n†unl≥ss†n≥c≥ssary.†N≥w†compoun≤s†of†
sp≥cial†int≥r≥st†or†unusual†structur≥,†an≤†k≥y†int≥rm≥≤iat≥s,†hav≥†NMR†sp≥ctra†fully†assign≥≤†wh≥r≥†
possibl≥,†ch≥ck≥≤†against†2D†NMR†(HSQC,†COSY,†HMBC).†S≥l≥ct≥≤†sp≥ctra†of†important†
compoun≤s†ar≥†giv≥n†in†th≥†s≥ction†K≥y†NMR†Sp≥ctra†(pag≥s†265†ff.)†All†sp≥ctra†w≥r≥†acquir≥≤†on†
a†Bruk≥r†DPX†200†(200†MHz†&†50†MHz††for†1H†an≤†13C†r≥sp≥ctiv≥ly)†unl≥ss†stat≥≤†oth≥rwis≥,†in†
which†cas≥†th≥y†w≥r≥†acquir≥≤†on†a†Bruk≥r†AVANCE†500†(500†MHz†&†125†MHz††for†1H†an≤†13C†
r≥sp≥ctiv≥ly)†as†in≤icat≥≤,†at†300K.†Wh≥r≥†not†in≤icat≥≤†oth≥rwis≥,†th≥†NMR†solv≥nt†was†CDCl3.†
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Ch≥mical††shifts††(δ)††ar≥††r≥port≥≤††in††ppm††with††r≥f≥r≥nc≥††to††r≥si≤ual†non-p≥r≤≥ut≥rat≥≤†solv≥nt†as†an†
int≥rnal†r≥f≥r≥nc≥.[1]†Th≥†following†p≥ak†≤≥scriptions†ar≥†us≥≤:†singl≥t†(s),†≤oubl≥t†(≤),†tripl≥t†(t),†
quart≥t†(q),†multipl≥t†(m),†broa≤†(br),†quint≥t†(quin),†s≥xt≥t†(s≥xt);†appar≥nt†multipliciti≥s†(r≥solv≥≤†by†
2D†≥xp≥rim≥nts†or†≤≥t≥rmin≥≤†by†compl≥t≥†sp≥ctral†assignm≥nt)†ar≥†≤≥not≥≤†by†a†til≤≥,†≥g.†“≤oubl≥t†of†
≤oubl≥ts,†app≥ars†as†a†tripl≥t†with†appar≥nt†coupling†constant†J†=†3†Hz”†is†≤≥not≥≤†(≤≤~t,†3†Hz).†
B≥nzyloxy†PhCH2OR†hy≤rog≥ns†w≥r≥†som≥tim≥s†s≥≥n†as†(≤≤)†by†1H-NMR,†with†2J†~†11†Hz†an≤†a†
s≥paration†of†up†to†200†Hz†(“J≥ff”)†b≥tw≥≥n†th≥†in≤ivi≤ual†hy≤rog≥ns.†Wh≥r≥†of†int≥r≥st,†such†
b≥nzyloxy†CH2†groups†ar≥†r≥port≥≤†as†(≤≤,†2H)†with†both†J≥ff†an≤†2J†valu≥s†to†≥nsur≥†th≥†gr≥at≥st†
portability†of†th≥†NMR†analysis†to†≤iff≥r≥nt†fi≥l≤-str≥ngth†machin≥s,†as†only†J≥ff†vari≥≤†≤uring†
acquisitions†on†≤iff≥r≥nt†sp≥ctrom≥t≥rs.†Th≥ir†H-C-H†couplings†in†1H1H†COSY†(s≥≥n†without†
≥xc≥ption)†hav≥†how≥v≥r†b≥≥n†omitt≥≤†for†clarity.†
Mass†Sp≥ctra:†Unit†mass†m≥asur≥m≥nts†w≥r≥†p≥rform≥≤†on†an†AGILENT†1100†SL†coupl≥≤†LC-MS†
syst≥m†with†≤ir≥ct†inj≥ction†of†th≥†sampl≥†in†ESI†mo≤≥†(DIMS,†or†simply,†MS),†with†binary†solv≥nt†
mixtur≥s†of†wat≥r-ac≥tonitril≥,††with†th≥†wat≥r†containing†so≤ium/ammonium†format≥.†Unl≥ss†stat≥≤†
oth≥rwis≥†(b≥caus≥†important†for†r≥p≥atability,†chi≥fly†for†low-MW†amin≥s),†solv≥nt†was†80:20†
M≥CN:H2O,†an≤†two†fragm≥ntation†voltag≥s†of†30†an≤†130†≥V†w≥r≥†us≥≤.†Ion†p≥aks†from†
(positiv≥/n≥gativ≥†mo≤≥)†ar≥†r≥port≥≤†as†(+/-)†with†units†Th†(m/z),†thus†‘MS(+):†328†@†100,†227†@†
80’†in≤icat≥s†ESI†≤ir≥ct†inj≥ction†giving†two†positiv≥†ion†p≥aks†at†m/z=†328†an≤†227†Th,†with†th≥†p≥ak†
at†227†Th†b≥ing†80%†of†th≥†h≥ight†of†th≥†p≥ak†at†328†Th†(isotopic†p≥ak†patt≥rns†w≥r≥†som≥tim≥s†us≥ful†
to†confirm†mol≥cular†i≤≥ntity†on†DIMS†sp≥ctra).†Unl≥ss†stat≥≤†oth≥rwis≥,†all†r≥port≥≤†p≥aks†in†(+)-
mo≤≥†w≥r≥†[MH]+†p≥aks,†an≤†all†obs≥rv≥≤†p≥aks†in†(-)-mo≤≥†w≥r≥†[M-H]-†p≥aks.†HRMS†was†carri≥≤†
out†by†th≥†S≥rvic≥†C≥ntral†≤’Analys≥†≤u†CNRS,†Solaiz≥,†Franc≥,†an≤†is†r≥port≥≤†similarly.†Compoun≤s†
ar≥†commonly†≤rawn†with†th≥ir†≥xact†mass†in†Da†(EM)†for†≥asy†comparison.†
IR:†Sp≥ctra†w≥r≥†r≥cor≤≥≤†on†a†N≥xus†Nicol≥t-Th≥rmo-Fish≥r†machin≥†using†an†SiC†sourc≥,†KBr/G≥†
plat≥s,†r≥solution†of†4†cm-1,†Happ-G≥nz≥l†apo≤isation,†a†sp≥ctral†win≤ow†of†4000-500†cm-1†an≤†256†
scans†p≥r†sp≥ctrum;†p≥aks†ar≥†list≥≤†with†units†of†cm-1†an≤†with†an†arbitrary†≤≥finition†of†p≥ak†str≥ngth†
bas≥≤†on†th≥†ratio†Rp†of†th≥†giv≥n†p≥ak†h≥ight†to†th≥†high≥st†p≥ak:†strong†[s]†(~Rp>0.5),†m≥≤ium†[m]†
(0.2<~Rp<0.5),†or†w≥ak†[w]†(~Rp<0.2),†as†w≥ll†as†≤≥signations†broa≤†[br]†(th≥†p≥ak†is†not†sharply†
≤≥fin≥≤),†or†compl≥x†[c]†(p≥ak†rang≥†contains†multipl≥†p≥aks/fin≥†f≥atur≥s).†Only†s≥l≥ct≥≤,†
charact≥ristic†or†un≥xplain≥≤†p≥aks†ar≥†pr≥s≥nt≥≤.†In-hous≥†IR†was†pr≥par≥≤†an≤†acquir≥≤†by†Martin≥†
Simon;†≥xt≥rnal†IR†analysis†was†carri≥≤†out†by†th≥†S≥rvic≥†C≥ntral†≤’Analys≥†≤u†CNRS,†Solaiz≥,†
Franc≥.†
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Exp≥rim≥ntal:†Part†I†(Fluorog≥nic†Prob≥s)†
2.†Compoun≤s†of†Part†I†
2.1.†Spac≥rs†

†
N2-2-≤im≥thylpropan≥-1,2-≤iamin≥†(21)*†
Th≥†titl≥†compoun≤†was†synth≥sis≥≤†by†S≥an†McK≥on†an≤†Monica†Vargas-Sanch≥z†in†thr≥≥†st≥ps†
a≤apt≥≤†from†lit≥ratur≥†proc≥≤ur≥s.†Following†a†proc≥≤ur≥†a≤apt≥≤†from†Faghihi†≥t†al.[2],†ac≥ton≥†
(5.8†g,†100†mmol)†was†a≤≤≥≤†to†a†stirr≥≤†aqu≥ous†solution†of†so≤ium†m≥tabisulfit≥†(11†g,†58†mmol,†
20†mL).†An†aqu≥ous†solution†of†KCN†(6†g,†92†mmol,†20†mL)†was†a≤≤≥≤†an≤†upon†compl≥tion†of†th≥†
r≥action,†th≥†phas≥s†w≥r≥†s≥parat≥≤†an≤†th≥†upp≥r†phas≥†was†≤ri≥≤†on†Na2SO4†an≤†filt≥r≥≤†to†giv≥†
ac≥ton≥†cyanohy≤rin†as†a†cl≥ar†liqui≤†(5.402†g,†69†%).†Following†a†proc≥≤ur≥†a≤apt≥≤†from†Exn≥r†≥t†
al.[3],†to†a†40†wt%†aqu≥ous†solution†of†m≥thylamin≥†(2.8†g,†36†mmol)†cool≥≤†in†an†ic≥bath†was†slowly†
a≤≤≥≤†th≥†ac≥ton≥†cyanohy≤rin†(1†g,†12†mmol)†such†that†th≥†int≥rnal†t≥mp≥ratur≥†≤i≤†not†≥xc≥≥≤†15°C.†
Aft≥r†th≥†a≤≤ition†was†finish≥≤,†th≥†r≥action†mixtur≥†was†stirr≥≤†for†a†furth≥r†90†min,†th≥n†≥xtract≥≤†
with†Et2O†(3×10†mL).†Th≥†combin≥≤†organic†phas≥s†w≥r≥†≤ri≥≤†on†Na2SO4,†filt≥r≥≤,†an≤†conc≥ntrat≥≤†
un≤≥r†r≥≤uc≥≤†pr≥ssur≥†to†giv≥†2-m≥thylamino-2-m≥thyl-propionitril≥†as†a†colourl≥ss†liqui≤†
(0.700†g,†59†%).†Following†a†proc≥≤ur≥†a≤apt≥≤†from†Chong†≥t†al.[4],†2-m≥thylamino-2-m≥thyl-
propionitril≥†(1.960†g,†20†mmol)†was†a≤≤≥≤†≤ropwis≥†to†a†susp≥nsion†of†LiAlH4†(1.520†g,†40†mmol)†in†
Et2O†(2†mL)†un≤≥r†argon.†Th≥†r≥action†was†stirr≥≤†for†3†hours†at†RT,†≤ilut≥≤†with†Et2O†(30†mL)†an≤†
cool≥≤†in†an†ic≥bath.†Sat.†K2CO3†was†a≤≤≥≤†≤ropwis≥†until†≥volution†of†hy≤rog≥n†c≥as≥≤.†Soli≤†
Na2SO4†was†th≥n†a≤≤≥≤†to†th≥†r≥action†mixtur≥†which†was†stirr≥≤†for†10†min†b≥for≥†th≥†salts†w≥r≥†
filt≥r≥≤†off†on†C≥lit≥†an≤†wash≥≤†with†larg≥†quantiti≥s†of†Et2O.†Th≥†filtrat≥†was†conc≥ntrat≥≤†un≤≥r†
r≥≤uc≥≤†pr≥ssur≥†to†giv≥†21†as†a†cl≥ar,†som≥what†volatil≥†liqui≤†(2.001†g,†98†%)†that†may†b≥†mor≥†
conv≥ni≥ntly†stor≥≤,†col≤,†as†a†solution†in†Et2O.†MS†(ESI,†positiv≥†mo≤≥):†m/z†=†103.1:†
[MH]+.†1H-NMR†(200†MHz,†CDCl3):†δ†=†2.40†(s,†2H,†CH2),†2.14†(s,†3H,†NHCH3),†1.80†(s,†br,†3H,†NH†
+†NH2),†0.87†(s,†6H,†2×CH3)†ppm.†13C-NMR†(50†MHz,†CDCl3):†δ†=†53.0†(C(M≥)2),†50.2†(CH2),†28.3†
(NHCH3),†23.0†(2×CH3)†ppm.†
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2.2.†Prot≥ct≥≤†spac≥r†strat≥gy†

†
E,Z-N-b≥nzyli≤≥n≥-1-(pip≥ri≤in-2-yl)m≥thanamin≥†(28a)†↔†
syn,anti-3-ph≥nyloctahy≤roimi≤azo[1,5-a]pyri≤in≥†(28b)†
To†a†solution†of†comm≥rcial††2-aminom≥thylpip≥ri≤in≥†22†(1.46†g,†12.8†mmol)†in†≤ry†DCM†(4†mL)†
with†activat≥≤†4Å†mol≥cular†si≥v≥s†(3†g)†was†a≤≤≥≤†b≥nzal≤≥hy≤≥†(1.20†g,†11.3†mmol).†Th≥†mixtur≥†
was†stirr≥≤†for†1†h†at†RT,†th≥n†th≥†liqui≤†phas≥†filt≥r≥≤†through†C≥lit≥†an≤†th≥†si≥v≥s†rins≥≤†twic≥†with†
1†mL†DCM.†Th≥†combin≥≤†filtrat≥s†w≥r≥†≥vaporat≥≤†un≤≥r†r≥≤uc≥≤†pr≥ssur≥†to†yi≥l≤†a†y≥llow†oil†
(2.05†g,†89†%),†which†was†a†NMR-sp≥ctroscopically†pur≥†mixtur≥†of†compoun≤s†E-28a,†Z-28a,†syn-
28b†an≤†anti-28b.†HRMS†(TOF†MS†ESI+)†calc≤†for†[C13H19N2]+†=†[MH+]:†m/z†203.1543,†foun≤†
203.1536.†Th≥†ratio†of†compoun≤s†28b†to†compoun≤s†28a†in†a†rang≥†of†solv≥nts†was†calculat≥≤†by†
int≥gration†of†th≥†1H-NMR†sp≥ctra,†to†s≥≥†if†th≥†≤≥sir≥≤†isom≥r†28a†coul≤†b≥†favour≥≤†by†an†
appropriat≥†choic≥†of†th≥†solv≥nt,†how≥v≥r†no†appropriat≥†solv≥nt†was†foun≤.†

Solv≥nt† Ratio†28b:28a†
CDCl3† 5:1†
CD2Cl2† 6:1†
ac≥ton≥-≤6†13:2†
DMSO-≤6†17:2†
CD3OD† 13:2†
D2O† 9:2†

Th≥†following†NMR†charact≥risation†on†th≥†mixtur≥†of†isom≥rs†was†p≥rform≥≤†in†CDCl3†(sp≥ctra†
r≥pro≤uc≥≤†on†pag≥†265†ff.);†sp≥ctra†w≥r≥†compl≥t≥ly†assign≥≤†for†th≥†majority†sp≥ci≥s†E-28a†an≤†syn-
28b;†at†l≥ast†on≥†charact≥ristic†p≥ak†coul≤†b≥†assign≥≤†for†≥ach†of†th≥†minority†sp≥ci≥s†Z-28a†an≤†anti-
28b.†HSQC†supports†th≥†sp≥ctral†assignm≥nts.†syn-28b††(82†%):†1H-NMR†(500†MHz):††δ††=††7.38††(≤,†
7.8†Hz,†2H,†2×H9),†7.25†(~t,†~7.4Hz,†2H,†2×H10),†7.22-7.20†(m,†1H,†H11),†3.91†(s,†1H,†H7),†3.00†(≤≤,†
9.2†Hz†&†6.5†Hz,†1H,†H6),†2.73†(~t,†~9.5†Hz,†1H,†H6́),†2.66-2.65†(m,†1H,†H1),†2.22-2.21†(m,†1H,†H5),†
1.85†(t≤,†11.2†Hz†&†3.1†Hz,††1H,††H1́),††1.79-1.70†(m,†2H,†H3†+†H4),†1.52-1.40†(m,†2H,†2×H2),†
1.30-1.26†(m,†1H,†H4’),†1.22-1.16†(≤t,†12.8†Hz†&†3.6†Hz,††1H,††H3́)††ppm.†13C-NMR†(125†MHz):††δ††=†
141.0†(C8),†128.5†(2×C10),†128.3†(C11),†127.9†(2×C9),†82.7†(C7),†63.8†(C5),†50.6†(C6),†48.8†(C1),†
29.1†(C4),†25.2†(C2),†24.2†(C3)†ppm.†E-28a††(15†%):†1H-NMR†(500†MHz):†δ†=†8.22†(s,†1H,†H7),†
7.65-7.64†(m,†2H,†2×H9),†7.31-7.28†(m,†3H,†2×H10†+†H11),†3.61†(≤≤,†11.8†Hz†&†3.2†Hz,†1H,†H6),†
3.34†(≤≤,†11.6†&†8.5†Hz,†1H,†H6́),†2.96-2.95†(m,†1H,†H1),†2.80-2.79†(m,†1H,†H5),†2.55†(t≤,†11.9†Hz†&†
2.3†Hz,†H1́),†1.61†(≤,†12.5†Hz,†1H,†H4),†1.53-1.50†(m,†1H,†H2),†1.40-1.33†(m,†1H,†H2́),†1.31-1.26†(m,†
2H,†2×H3),†1.18-1.16††(m,††1H,††H4́)††ppm.†13C-NMR†(125†MHz):††δ††=††162.2††(C7),††136.1††(C8),†130.7†
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(C11),†128.6†(2×C9),†128.2†(2×C10),†67.8†(C6),†56.9†(C5),†46.8†(C1),†30.8†(C4),†26.3†(C2),†24.7†(C3)†
ppm.†Th≥†w≥ak†signals†from†th≥†minor†isom≥rs†w≥r≥†mostly†ov≥rlapp≥≤†with†th≥†major†isom≥rs†
pr≥v≥nting†full†sp≥ctral†assignm≥nt.†How≥v≥r†charact≥ristic†p≥aks†coul≤†b≥†foun≤†in†both†sp≥ctra†to†
support†int≥gration†assignm≥nt†of†isom≥r†proportions:†anti-28b††(2.5†%):†1H-NMR†(500†MHz):†δ†=†
4.89†(s,†1H,†H7)†ppm.†13C-NMR†(125†MHz):†δ†=†141.5†(C8),†77.9†(C7)†ppm;†Z-28a†(0.5†%):†1H-NMR†
(500†MHz):†δ†=†8.00†(≤,†7.9†Hz,†2H,†2×H9)†ppm.†13C-NMR†(125†MHz):†δ†=†165.0†(C7),†129.6†(2×C9)†
ppm.†

2.3.†Substrat≥-spac≥r†pairs†

†
Ń-t≥rt-butoxycarbonyl-L-l≥ucyl-(pip≥ri≤in-2-ylm≥thyl)ami≤≥†(25)†
B(OH)3†m≥tho≤:†Following†a†proc≥≤ur≥†similar†to†that†of†Mylavarapu†≥t†al.[5],†BocL≥uOH†(2.08†g,†
8.99†mmol)†was†a≤≤≥≤†to†a†flask†containing†≤ry†tolu≥n≥†(60†mL)†an≤†activat≥≤†4Å†mol≥cular†si≥v≥s†
(10.6†g).†Th≥†mixtur≥†was†h≥at≥≤†to†60†°C†until†th≥†aci≤†ha≤†≤issolv≥≤,†th≥n†boric†aci≤†(67†mg,†
1.1†mmol,†0.1†≥q)†was†a≤≤≥≤,†follow≥≤†by†2-aminom≥thylpip≥ri≤in≥†22†(1.027†g,†9.00†mmol).†Th≥†
solution†y≥llows†an≤†is†stirr≥≤†for†16h†at†113†°C†un≤≥r†a†con≤≥ns≥r†with†a†clos≥≤†air†atmosph≥r≥.†Th≥†
mixtur≥†was†th≥n†filt≥r≥≤,†wash≥≤†with†sat.†aq.†Na2CO3†to†≥liminat≥†th≥†unr≥act≥≤†aci≤,†an≤†
≥vaporat≥≤†un≤≥r†r≥≤uc≥≤†pr≥ssur≥†yi≥l≤ing†a†cru≤≥†r≥≤†oil†containing†ami≤in≥†25b†(MS+†:†m/z†=†310†
@†100,†311†@†20†:†[MH]+)†as†w≥ll†as†r≥si≤ual†25†(TLC,†3:3:1†EA:Cy:M≥OH,†ninhy≤rin).†To†th≥†cru≤≥†
oil†was†a≤≤≥≤†EtOH†(30†mL),†H2O†(20†mL)†an≤†NaOH†(6†g,†250†mmol),†an≤†th≥†solution†was†stirr≥≤†
ov≥rnight†at†RT.†Th≥†basic†solution†was†≥xtract≥≤†with†DCM†(3×30†mL)†an≤†th≥†combin≥≤†organic†
≥xtracts†rins≥≤†with†brin≥†(20†mL),†≤ri≥≤†ov≥r†Na2SO4,†filt≥r≥≤†an≤†≥vaporat≥≤†to†yi≥l≤†a†cru≤≥†y≥llow†
oil†which†was†filt≥r≥≤†through†a†silica†pa≤†using†1:1:0†→†1:1:1†EA:Cy:M≥OH†to†giv≥†25†as†a†y≥llow†
oil†(630†mg,†1.92†mmol,†21†%),†i≤≥ntical†by†NMR†to†that†pro≤uc≥≤†by†th≥†DCC†M≥tho≤.†
†
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†
DCC†M≥tho≤:†Un≤≥r†clos≥≤†air†atmosph≥r≥,†BocL≥uOH†(4.385†g,†19.0†mmol)†was†≤issolv≥≤†in†≤ry†
DCM†(50†mL)†b≥for≥†cooling†in†an†ic≥bath.†DCC†(3.95†g,†19.1†mmol)†was†a≤≤≥≤†an≤†th≥†mixtur≥†
stirr≥≤†for†5†minut≥s†at†0†°C.†2-aminom≥thylpip≥ri≤in≥†22†(2.11†g,†18.5†mmol)†was†a≤≤≥≤†an≤†th≥†
ic≥bath†was†r≥mov≥≤.†Aft≥r†24†hours†stirring†th≥†whit≥†soli≤†DCU†was†filt≥r≥≤†off†on†a†porosity†
3†glass†frit†an≤†rins≥≤†colourl≥ss†with†DCM.†Th≥†y≥llow†DCM†phas≥†was†wash≥≤†with†sat.†Na2CO3,†
th≥n†0.5M†phosphat≥†buff≥r†at†pH>10,†th≥n†≤ri≥≤†with†brin≥,†Na2SO4†an≤†≥vaporat≥≤†to†yi≥l≤†a†cru≤≥†
y≥llow†oil†(6.6†g).†Th≥†oil†was†l≥ft†at†4†°C†ov≥rnight,†an≤†th≥†r≥maining†DCU†crystallis≥≤†an≤†was†
filt≥r≥≤†off†as†pr≥viously.†Cru≤≥†NMR†th≥n†in≤icat≥s†a†mixtur≥†of†25†with†N-acylur≥a†bypro≤uct†25x.†
Column†chromatography†with†a†gra≤i≥nt†of†1:1:0†→†1:1:1†EA:Cy:M≥OH†gav≥†25†(2.703†g,†42†%)†as†a†
colourl≥ss,†crystallin≥†soli≤.†Compoun≤†25†has†Rf†=†0.0†in†1:1†Cy:EA,†Rf†=†0.20†in†4:4:1†
Cy:EA:M≥OH,†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(pink†charring†purpl≥).†HRMS†
(TOF†MS†ESI+)†calc≤†for†[C17H34N3O3]+†=†[MH+]:†m/z†328.2595,†foun≤†328.2589.†NMR†in≤icat≥s†th≥†
pr≥s≥nc≥†of†two†rotam≥rs†or†conform≥rs†in†approximat≥†ratio†2:1†for†≥ach†of†th≥†two†≤iast≥r≥oisom≥rs†
(about†C7),†thus†complicating†th≥†sp≥ctral†analysis.†HSQC,†COSY†an≤†jmo≤†sp≥ctra†support†th≥†
sp≥ctral†assignm≥nt.†25:†1H-NMR†(200†MHz):†7.09-6.81†((s,†br†+†s,†br),†1H,†NHami≤≥),†5.70-5.34†((s,†br†
+†≤,†br,†7.6†Hz),†1H,†NHcarbamat≥),†4.08-3.98†(m,†1H,†H2),†3.31-3.15†(m,†1H,†H6),†3.11-2.90†(m,†2H,†H6́†
+†H7),†2.70-2.44†(m,†2H,†2×H11),†2.14†(s,†br,†1H,†shift†vari≥s†strongly†b≥tw≥≥n†sp≥ctra,†NHamin≥),†
1.76-1.41†(m,†6H,†2×H3†+†H4†+†H8†+†H9†+†H10),†1.33†(s,†9H,†9×H14),†1.32-1.00†(m,†3H,†H8́†+†H9́†+†
H10́),††0.88††(≤,††2.1Hz,††3H,††3×H5),††0.87††(≤,†2.4Hz,††3H,††3×H5́)††ppm.† 13C-NMR†
(50†MHz):†Diast≥r≥oisom≥r†1:†δ††=††173.0††(C1),††155.7††(C12),††79.6††(C13),††55.8††(C7),††53.2††(C2),††46.5†
(C11),†45.1†(C6),†41.4†(C3),†30.1†(C8),†28.3†(3×C14),†26.3†(C10),†24.7†(C4),†24.2†(C9),†22.9†(C5),†
22.0††(C5́).†Diast≥r≥oisom≥r†2:†δ††=††173.1††(C1),††155.8††(C12),††79.7††(C13),††55.5††(C7),††53.2††(C2),††46.5†
(C11),†45.1†(C6),†41.3†(C3),†30.2†(C8),†28.3†(3×C14),†26.2†(C10),†24.7†(C4),†24.2†(C9),†22.9†(C5),†
22.0†(C5́)†ppm.†
DCC†M≥tho≤†+†HOBt:†HOBt†monohy≤rat≥†(426†mg,†2.78†mmol,†1†≥q)†was†a≤≤≥≤†to†th≥†mixtur≥†of†
BocL≥uOH†(608†mg,†2.62†mmol)†an≤†DCC†(597†mg,†2.89†mmol)†at†0†°C†in†DCM†(15†mL)†an≤†th≥†
mixtur≥†stirr≥≤†for†10†min†b≥for≥†2-aminom≥thylpip≥ri≤in≥†22†(350†mg,†3.07†mmol)†was†a≤≤≥≤†an≤†
l≥ft†stirring†at†RT†for†24h.†Th≥†r≥action†was†work≥≤†up†as†for†th≥†DCC†M≥tho≤†to†giv≥†a†cru≤≥†y≥llow†
foam†(830†mg).†Two†column†chromatographic†s≥parations,†first†on†DCM:M≥OH†gra≤i≥nt†th≥n†on†
EA:Cy:M≥OH†gra≤i≥nt,†≤i≤†not†s≥parat≥†th≥†pro≤uct†25†(173†mg,†0.53†mmol,†20†%)†from†r≥si≤ual†
HOBt†(43†mg,†0.32†mmol).†Th≥†mixtur≥†was†us≥≤†as†is†for†th≥†coupling†to†31a†in†th≥†n≥xt†st≥p,†as†th≥†
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pro≤ucts†of†that†r≥action†coul≤†≥asily†b≥†s≥parat≥≤.†TLC†an≤†NMR†confirm≥≤†that†th≥†pro≤uct†was†
oth≥rwis≥†i≤≥ntical†to†that†pro≤uc≥≤†by†th≥†DCC†M≥tho≤.†
†
1-(N’-t≥rt-butoxycarbonyl-L-l≥ucyl)-1,3-≤icycloh≥xylur≥a†(25x)†
25x†was†isolat≥≤†as†a†bypro≤uct†≤uring†DCC-m≥≤iat≥≤†synth≥s≥s†of†25†an≤†26†in†variabl≥†yi≥l≤s,†as†a†
whit≥†pow≤≥r,†highly†solubl≥†in†chlorinat≥≤†solv≥nt.†25x†has†Rf†=†0.91†in†195:5†DCM:M≥OH,†an≤†is†
stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(pink†charring†orang≥).†MS†(ESI,†positiv≥†mo≤≥)†:†m/z†
438,3@20,†439.3.3@5†:†[MH]+.†HRMS†(TOF†MS†ESI+)†calc≤†for†[C24H43N3O4Na]+†=†[MNa+]:†
m/z†460.3146,†foun≤†460.3125.†1H-NMR†(200†MHz):†δ†=†7.66†(≤,†br,†0.9H,†NHcarbamat≥),†4.92†(≤,†
1H,†H10),†4.39†(q,†1H,†H14),†4.12-4.10†(m,†1H,†H2),†3.67-3.64†(m,†1H,†NHur≥a),†1.40†(s,†9H,†9×H8),†
2.00-1.42†+†1.36-1.05†(m,†23H,†H2†+†2×H3†+†4×H11†+†4×H12†+†2×H13†+†4×H15†+†4×H16†+†2×H17),†
0.88††(≤+≤,††6H,††3×H5††+††3×H5́)††ppm.†13C-NMR†(50†MHz):†δ†=†172.1†(C1),†156.5†(C6),†153.6†(C9),†
80.3††(C7),††54.8††(C10),††51.8††(C2),††50.1††(C14),††42.1††(C3),††33.5††(C15),††32.6††(C15́),††31.8††(C11),††31.6†
(C11́),††29.3††(C3),††28.3††(3×C8),††26.1††(C16),††26.0††(C16́),††25.5††(C17),††25.4††(C13),††24.8††(C4),††24.6†
(2×C12),†23.0†(C5),†21.9†(C5́)†ppm.†
†

†
Ń-t≥rt-butoxycarbonyl-L-l≥ucyl-(2-m≥thyl-2-(m≥thylamino)propyl)ami≤≥†(26)†
DCC†M≥tho≤†+†aci≤/bas≥†≥xtractions,†1:†Similar†to†th≥†DCC†M≥tho≤,†BocL≥uOH†(1.37†g,†
5.92†mmol)†was†r≥act≥≤†with†21†(1.50†g†of†approx.†47†wt†%†solution†in†≤i≥thyl†≥th≥r,†~6.9†mmol,†>1†
≥q).†How≥v≥r,†aft≥r†r≥moving†DCU†by†filtration,†th≥†amin≥s†w≥r≥†th≥n†≥xtract≥≤†with†aqu≥ous†HCl†
(2M,†3×30†mL);†≥vaporation†of†th≥†organic†phas≥†gav≥†pur≥†N-acylur≥a†bypro≤uct†25x†(1.60†g,†
3.65†mmol).†Th≥†cl≥ar,†aci≤ic,†combin≥≤†aqu≥ous†phas≥s†w≥r≥†th≥n†basifi≥≤†with†KOH†to†pH†>†12†an≤†
≥xtract≥≤†with†DCM†(6×20†mL),†an≤†th≥†combin≥≤†organic†phas≥s†w≥r≥†≤ri≥≤†on†Na2SO4,†filt≥r≥≤,†
an≤†≥vaporat≥≤†un≤≥r†r≥≤uc≥≤†pr≥ssur≥†to†yi≥l≤†a†cru≤≥†cl≥ar†oil†(0.54†g)†containing†pro≤uct†26†(43†
mol†%,†52†wt†%,†280†mg,†0.88†mmol)†an≤†a†bypro≤uct†≤u≥†to†th≥†loss†of†th≥†Boc†group†(26y,†260†mg,†
1.2†mmol).†This†mixtur≥†was†filt≥r≥≤†through†a†short†silica†column†using†a†gra≤i≥nt†of†EA:Cy:M≥OH†
(10:7:0→10:7:3)††with††which†26y†was†immobil≥,†an≤†26†was†obtain≥≤†as†a†colourl≥ss†oil†which†
soli≤ifi≥≤†on†stan≤ing†(235†mg,†0.74†mmol,†13†%).†26†has†Rf†=†0.10†in†14:6:7†EA:Cy:M≥OH†an≤†is†
stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(purpl≥†charring†black).†MS(+)†:†m/z†316.3@100,†317.3@19,†
318.3@3†[MH]+.†HRMS†(TOF†MS†ESI+)†calc≤†for†[C16H34N3O3]+†=†[MH+]:†m/z††316.2595,†
foun≤†316.2599.†HSQC,†COSY†an≤†jmo≤†sp≥ctra†support†th≥†sp≥ctral†assignm≥nt.†1H-NMR†
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(500†MHz):†6.80†(s,†br,†1H,†NHami≤≥),†5.04†(~≤,†br,†7.7†Hz,†0.8H,†NHcarbamat≥),†4.12-4.08†(m,†1H,†H2),†
3.26†(≤≤,†14.0†&†5.9†Hz,†1H,†H9),†3.17†(≤≤,†13.3†&†4.9†Hz,†1H,†H9́),†2.34†(s,†3H,†3×H12),†2.14†(s,†br,†
1H,†NHamin≥),†1.72-1.65†(m,†2H,†H4†+†H3),†1.54-1.49†(m,†1H,†H3́),†1.46†(s,†9H,†9×H8),†1.11†(s,†6H,†
6×H11),†0.96†(≤,†3H,†3.7†Hz,†3×H5),0.95†(≤,†3H,†3.6†Hz,††3×H5́)††ppm.†13C-NMR†(125†MHz):†δ†=†
172.9†(C1),†155.8†(C6),†80.0†(C7),†53.7†(C10),†53.5†(C2),†46.6†(C9),†41.4†(C3),†28.4†(3×C8),†28.3†
(C12),†24.9†(C4),†24.6†(2×C11),†23.0†(C5),†22.2†(C5́)†ppm.†
†
L-l≥ucyl-(2-m≥thyl-2-(m≥thylamino)propyl)ami≤≥†(26y)†
This†compoun≤†coul≤†b≥†compl≥t≥ly†i≤≥ntifi≥≤†in†th≥†NMR†sp≥ctra†of†cru≤≥†26,†but†was†not†isolat≥≤†
aft≥r†chromatography.†Th≥†compoun≤†has†Rf†=†0.0†in†14:6:7†EA:Cy:M≥OH†an≤†is†stain≥≤†by†KMnO4†
as†w≥ll†as†ninhy≤rin†(r≥≤†charring†purpl≥).†HSQC,†COSY†an≤†jmo≤†sp≥ctra†support†th≥†sp≥ctral†
assignm≥nt.†1H-NMR†(500†MHz):†δ†=†7.43†(s,†br,†0.9H,†NHami≤≥),†3.27†(≤≤,†9.5†&†4.3†Hz,†1H,†H2),†
3.02†(s,†2H,†2×H6),†2.17†(s,†3H,†3×H9),†1.62-1.50†(m,†2H,†H3†+†H4),†1.29-1.20†(m,†1H,†H3́),†0.92†(s,†
6H,†6×H8),†0.82†(≤,†3H,†6.4Hz,†3×H5),†0.80†(≤,†3H,†6.4Hz,†3×H5́)†ppm.†13C-NMR†(125†MHz):†175.9†
(C1),†53.3†(C7),†52.7†(C2),†46.4†(C6),†44.3†(C3),†28.6†(C9),†24.8†(C4),†24.7†(2×C8),†23.4†(C5),†21.4†
(C5́)†ppm.†
†

†
N-(Boc)-3-aminopropyl-(N’-m≥thyl(pip≥ri≤in-2-yl))ami≤≥†(27)†
27†coul≤†b≥†obtain≥≤†in†18%†yi≥l≤†by†th≥†B(OH)3†M≥tho≤,†or†in†30%†yi≥l≤†by†a†mo≤ifi≥≤†DCC†
M≥tho≤†using†KH2PO4†≥xtraction†as†follows:††
DCC†M≥tho≤†+†aci≤/bas≥†≥xtractions,†2:††N-(Boc)-3-aminopropanoic†aci≤†(3.48†g,18.4†mmol)†was†
r≥act≥≤†with†DCC†(3.79†g,18.4†mmol)†in†≤ry†DCM†(50†mL)†in†a†salt-ic≥†bath†at†-10†°C†for†fiv≥†
minut≥s.†2-aminom≥thylpip≥ri≤in≥†22†(2.08†g,18.2†mmol)†was†inj≥ct≥≤†an≤†th≥†r≥action†l≥ft†stirring†at†
RT†for†16h,†b≥for≥†filt≥ring†off†th≥†DCU,†washing†with†sat.†aq.†Na2CO3†(20†mL)†an≤†1M†NaOH†
(20†mL),†back-≥xtracting†th≥†basic†aqu≥ous†phas≥s†with†DCM†(3×20†mL),†th≥n†washing†th≥†combin≥≤†
organic†phas≥s†with†sat.†aq.†Na2CO3††(20†mL)†an≤†sat.†aq.†NaCl†(20†mL)†an≤†≤rying†on†Na2SO4.†
Filtration†an≤†≥vaporation†un≤≥r†r≥≤uc≥≤†pr≥ssur≥†gav≥†a†cru≤≥†y≥llow†oil†(6.5†g)†which†was†≤issolv≥≤†
in†DCM†(15†mL).†Th≥†amin≥s†w≥r≥†≥xtract≥≤†into†aci≤ifi≥≤†potassium†≤ihy≤rog≥nphosphat≥†buff≥r†
(0.75M,†pH~2.5,†2×25†mL)†an≤†th≥†aqu≥ous†phas≥s†w≥r≥†wash≥≤†with†DCM†an≤†th≥n†basifi≥≤†with†
aqu≥ous†NaOH†to†pH~12.†Th≥†basic†aqu≥ous†phas≥†was†now†≥xtract≥≤†with†DCM†(2×30†mL)†an≤†th≥†
combin≥≤†organic†phas≥s†wash≥≤†with†sat.†aq.†NaCl†(25†mL)†an≤†≤ri≥≤†on†MgSO4,†filt≥r≥≤†an≤†
≥vaporat≥≤†un≤≥r†r≥≤uc≥≤†pr≥ssur≥†to†yi≥l≤†2.29†g†cl≥ar†y≥llow†oil,†which†was†filt≥r≥≤†through†a†silica†
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pa≤††≥luting††with††1:1:0→1:1:1†EA:Cy:M≥OH†to†giv≥†27†as†a†whit≥†pow≤≥r†(1.555†g,†5.44†mmol,†
30†%).†This†mil≤≥r†m≥tho≤†incr≥as≥≤†th≥†isolat≥≤†yi≥l≤†r≥lativ≥†to†that†s≥≥n†for†26,†pr≥sumably†by†
r≥≤ucing†Boc†≤≥prot≥ction.†27†has†Rf†=†0†in†1:1†Cy:EA,†Rf†=†0.07†in†80:20†DCM:M≥OH,†an≤†is†
stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(r≥≤†charring†black).†HRMS†(TOF†MS†ESI+)†calc≤†for†
[C14H28N3O3]+†=†[MH+]:†m/z†286.2125,†foun≤†286.2123.†1H-NMR†(200†MHz):†δ†=†6.66†(s,†br,†1H,†
NHami≤≥),†5.69†(~t,†~5.9†Hz,†1H,†NHcarbamat≥),†3.36-3.20†(m,†3H,†H1†+†2×H5),†3.07-2.94†(m,†2H,†2×H2),†
2.60-2.46†(m,†2H,†2×H12),†2.38-2.26†(m,†3H,†2×H4†+†NHamin≥),†1.80-1.40†(m,†3H,†H9†+†H10†+†H11),†
1.36†(s,†9H,†9×H8),†1.32-0.92†(m,†3H,†H9’†+†H10’†+†H11’)†ppm.†13C-NMR†(50†MHz):†δ†=†172.0†(C3),†
156.2†(C6),†79.1†(C7),†56.0†(C1),†46.6†(C12),†45.1†(C2),†36.9†(C5),†36.4†(C4),†30.3†(C9),†28.4†(3×C8),†
26.3†(C11),†24.3†(C10)†ppm.†

2.4.†Fluorophor≥s†

†
2-(2-hy≤roxyph≥nyl)quinazolin-4(3H)-on≥†(HPQ)*†
Th≥†following†proc≥≤ur≥†was†a≤apt≥≤†from†Waib≥l[6].†To†a†r≥≤†solution†of†anthranilami≤≥†(1.60†g,†
11.75†mmol)†in†absolut≥†EtOH†(30†mL)†was†a≤≤≥≤†salicylal≤≥hy≤≥†(1.44†g,†11.8†mmol)†giving†a†
y≥llow†solution†an≤†a†pr≥cipitat≥.†Th≥†r≥action†was†h≥at≥≤†to†80†°C†un≤≥r†a†con≤≥ns≥r†op≥n†to†th≥†air†
for†30†min,†th≥n†p-TsOH†monohy≤rat≥†(43†mg,†0.22†mmol)†was†a≤≤≥≤†an≤†th≥†pr≥cipitat≥†≤issolv≥≤.†
H≥ating†was†continu≥≤†for†1†h,†th≥n†th≥†solution†was†cool≥≤†to†room†t≥mp≥ratur≥†an≤†DDQ†(2.70†g,†
11.8†mmol)†was†a≤≤≥≤.†Th≥†mixtur≥†was†stirr≥≤†at†RT,†op≥n†to†th≥†air,†ov≥rnight.†Th≥†soli≤†was†
filt≥r≥≤†on†a†porosity†4†glass†frit†filt≥r,†air†≤ri≥≤,†rins≥≤†twic≥†with†≤i≥thyl†≥th≥r†th≥n†≤ri≥≤†at†r≥≤uc≥≤†
pr≥ssur≥†giving†HPQ††(2.4†g,†10†mmol,†86†%)†as†a†b≥ig≥†pow≤≥r†showing†strong†gr≥≥n†fluor≥sc≥nc≥†
un≤≥r†a†365†nm†UV†lamp.†HPQ†has†Rf†=†0.56†in†1:1†Cy:EA†an≤†is†stain≥≤†by†KMnO4†but†not†by†
ninhy≤rin.†NMR†in†≤6-DMSO†match≥≤†≤ata†of†Baghbanza≤≥h†≥t†al.[7]†(th≥ir†compoun≤†1b).††
†
2-(4-chloro-2-hy≤roxyph≥nyl)-6-chloroquinazolin-4(3H)-on≥†(≤iClHPQ)*†
Cl2HPQ†was†synth≥sis≥≤†from†4-chloroanthranilami≤≥†(2.45†g,†14.4†mmol)†an≤†4-
chlorosalicylal≤≥hy≤≥†(2.25†g,†14.4†mmol)†similarly†to†HPQ.†Du≥†to†its†gr≥at≥r†insolubility,†th≥†soli≤†
was†wash≥≤†≥xhaustiv≥ly†with†95%†EtOH,†iPrOH,†iPr2O,†an≤†finally†p≥ntan≥†to†obtain†≤iClHPQ†
(3.53†g,†80†%)†as†a†cr≥am†pow≤≥r.†1H-NMR†(200†MHz,†≤6-DMSO):†δ†=†13.4†(s,†br,†1H),†12.65†(s,†
br,†1H),†8.27†(s,†1H),†8.06†(s,†1H),†7.84†(m,†2H),†7.47†(1H,†≤,†7.5†Hz),†7.01†(≤,†1H,†8.6†Hz).†
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2.5.†Phosg≥nation†coupling†r≥actions††
Caution†:†phosg≥n≥,†b.p.†8†°C,†is†highly†toxic†an≤†corrosiv≥†an≤†can†r≥act†viol≥ntly†with†wat≥r†or†oth≥r†
nucl≥ophil≥s†≥sp≥cially†if†th≥†r≥action†is†in†homog≥nous†m≥≤ia.†R≥actions†w≥r≥†k≥pt†col≤†to†avoi≤†
boil-off†of†phosg≥n≥.†Exc≥ss†phosg≥n≥†was†caught†appar≥ntly†quantitativ≥ly†≤uring†≥vaporation†in†a†
primary†liqui≤†nitrog≥n†trap†(a†backup†trap†was†≥mploy≥≤†but†always†foun≤†≥mpty);†it†was†≤≥stroy≥≤†
wh≥n†still†col≤†by†its†≤ropwis≥†a≤≤ition†to†a†vigorously†stirr≥≤,†col≤†mixtur≥†of†2-amino≥thanol†or†
pip≥ri≤in≥†(5†mL)†an≤†≥thanol†(30†mL)†in†≤ichlorom≥than≥†(100†mL)†in†a†w≥ll-v≥ntilat≥≤†hoo≤.†
†

†
2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†2-((N-(t≥rt-butoxycarbonyl)-L-
l≥ucylami≤o)m≥thyl)pip≥ri≤in≥-1-carboxylat≥†(32a)†
To†HPQ†(1.068†g,†4.48†mmol,†1†≥q)†in†a†two-n≥ck†flask†un≤≥r†argon†was†a≤≤≥≤†CaH2-≤istill≥≤†
tri≥thylamin≥†stor≥≤†on†KOH†(925†mg,†9.12†mmol,†2†≥q),†th≥n†≤ry†DCM†(10†mL),†an≤†th≥†mixtur≥†
cool≥≤†in†an†ic≥bath.†A†solution†of†triphosg≥n≥†(1.702†g,†≥quiv.†to†17.2†mmol†phosg≥n≥,†4†≥q)†in†≤ry†
DCM†(8†mL)†was†inj≥ct≥≤†with†vigorous†stirring,†an≤†th≥†orang≥†solution†was†stirr≥≤†for†1†h†at†0†°C,†
b≥for≥†all†volatil≥†compon≥nts†w≥r≥†r≥mov≥≤†at†high†vacuum†with†≤oubl≥†liqui≤†nitrog≥n†traps†(an≤†a†
short-st≥m†primary†trap†so†as†not†to†clog†th≥†syst≥m)†to†l≥av≥†a†b≥ig≥†soli≤†containing†HPQ†
chloroformat≥†31a†(not†isolat≥≤).†A†solution†of†amin≥†25†(275†mg,†0.90†mmol,†0.2†≥q)†an≤†CaH2-
≤istill≥≤†tri≥thylamin≥†stor≥≤†on†KOH†(1.43†g,†14†mmol,†3†≥q)†in†≤ry†DCM†(8†mL)†was†th≥n†inj≥ct≥≤†at†
RT,†forming†an†oliv≥†liqui≤†which†was†stirr≥≤†for†two†hours†b≥for≥†morpholin≥†(2.4†g,†27†mmol,†6†≥q)†
in†≤ry†DCM†(5†mL)†was†inj≥ct≥≤†to†qu≥nch†th≥†r≥action.†Th≥†r≥action†mixtur≥†was†pour≥≤†onto†sat.†
Na2CO3,†partition≥≤,†an≤†th≥†aqu≥ous†phas≥†≥xtract≥≤†with†DCM†(2×15†mL).†Th≥†combin≥≤†organic†
lay≥rs†w≥r≥†wash≥≤†with†sat.†NaHCO3,†wat≥r,†brin≥,†≤ri≥≤†on†Na2SO4,†filt≥r≥≤†an≤†≥vaporat≥≤†un≤≥r†
r≥≤uc≥≤†pr≥ssur≥†to†giv≥†2.0†g†of†cru≤≥†y≥llow†soli≤,†fluor≥scing†blu≥-gr≥≥n†un≤≥r†365†nm†UV†light.†
Th≥†cru≤≥†soli≤†was†filt≥r≥≤†on†a†porosity†4†glass†frit,†washing†with†≥thanol†(3×5†mL),†to†l≥av≥†a†
r≥si≤u≥†of†HPQ†which†fluor≥sc≥s†strongly†gr≥≥n†un≤≥r†254†nm†UV†light.†Th≥†filtrat≥†was†≥vaporat≥≤†
th≥n †s≥parat≥≤ †by †column †chromatography †with †soli≤ †≤≥position †(EA:Cy:M≥OH †
1:4:0†→†1:1:0†→†1:1:0.5)†yi≥l≤ing†32a†as†a†colourl≥ss†soli≤†(345†mg,†0.58†mmol,†65†%),†fluor≥scing†
blu≥†un≤≥r†365†nm†UV†light,†as†w≥ll†as†th≥†slow≥r-running†morpholino†≤≥rivativ≥†32x.†
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Qu≥nching:†In†similar†proc≥≤ur≥s,†using†≤ry†≥thanol†in†≤ry†THF†to†qu≥nch†th≥†≥xc≥ss†31a††gav≥†th≥†
fast≥r-running†≥thoxy†≤≥rivativ≥†32y†inst≥a≤†of†32x;†inst≥a≤,†using†≤ry†pip≥razin≥†in†≤ry†pyri≤in≥†to†
qu≥nch†th≥†≥xc≥ss†31a††gav≥†no†isolat≥≤†yi≥l≤†of†a†pip≥razin≥†≤≥rivativ≥,†but†s≥paration†of†th≥†
compon≥nts†of†th≥†cru≤≥†was†much†improv≥≤†r≥lativ≥†to†that†for†th≥†≥thoxy†an≤†morpholino†qu≥nch≥s,†
an≤†pip≥razin≥†is†th≥†pr≥f≥rr≥≤†qu≥nch≥r.†Compoun≤†32a†has†Rf†=†0.21†in†1:1†EA:Cy,†Rf†=†0.73†in†
2:2:1†EA:Cy:M≥OH,†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(orang≥†charring†pink).†HRMS†
(TOF†MS†ESI+)†calc≤†for†[C32H42N5O6]+†=†[MH+]:†m/z†592.3130,†foun≤†592.3123.†Each†of†th≥†two†
≤iast≥r≥oisom≥rs†of†32a†has†an†approximat≥ly†70:30†ratio†of†conform≥rs,†thus†giving†up†to†four†
r≥sonanc≥s†p≥r†nucl≥us†an≤†complicating†NMR†sp≥ctral†analysis.†Th≥†COSY†sp≥ctrum†supports†th≥†
sp≥ctral†assignm≥nt.†1H-NMR†(500†MHz,†CDCl3)†:†δ†=†8.60†(s,†br,†0.5H,†0.5×NH),†8.36-8.11†(m,†2H,†
H10†+†H3),†7.89-7.78†(m,†2.5H,†H11†+†H12†+†0.5×NH),†7.58-7.47†(m,†2H,†H5†+†H13),†7.39-7.35†(m,†
1H,†H4),†7.31-7.15†(m,†1H,†H6),†6.84†(s,†br,†0.1H,†0.1×NH),†5.64†(s,†br,†0.1H,†0.1×NH),†5.05-4.88†(≤,†
br†+†≤,br,†8.5†&†6.5†Hz,†1H,†NHcarbamat≥),†4.71-4.66†(m,†1H,†H16),†4.46-4.34†(m,†1H,†H19),†4.20-3.94†
(m,†1H,†H17),†3.87-3.51†(m,†1H,†H17́),†3.43-2.89†(m,†2H,†2×H24),†1.77-1.45†(m,†9H,†2×H20†+†H21†+†
2×H23†+†2×H25†+†2×H26),†1.09-0.84†(m,†15H,†6×H22†+†9×H29)†ppm.†13C-NMR†(125†MHz,†CDCl3):†
δ†=†174.6†+†174.0†(C18),†163.4†+†162.9†(C8),†156.1†+†155.7†(C27),†153.5†+†152.8†(C15),†151.5†+†151.2†
(C7),†149.9†+†149.7†(C14),†149.6†+†149.4†(C1),†134.9†+†134.8†(C12),†132.1†+†131.9†(C5),†131.0†+†
130.7†+†129.8†(C3),†128.3†+†128.0†(C11),†127.3†+†127.1†(C9),†126.8†+†126.6†(C13),†126.6†+†126.1†
(C4),†126.3†+†126.1†(C10),†124.6†+†123.1†(C6),†121.1†+†120.9†(C2),†79.8†(C28),†54.4†+†52.6†(C16),†
53.1†+†50.8†(C19),†43.6†+†41.6†(C20),†41.3†+†41.2†+†39.7†(C24),†39.9†+†39.8†+†38.8†(C17)†,†29.4†+†27.1†
+†26.9†(C23),†28.3†+†28.2†+†28.0†(3×C29),†25.6†+†25.3†(C26),†24.9†+†24.9†(C21),†23.0†+†22.3†(2×C22),†
19.6†+†19.3†(C25)†ppm.††
†

†
Th≥†pro≤ucts†from†qu≥nching†≥xc≥ss†31a†with†morpholin≥†(giving†32x,†isolat≥≤†off†th≥†column†aft≥r†
32a)†or†≤ry†EtOH†(giving†32y,†isolat≥≤†off†th≥†column†b≥for≥†32a)†coul≤†b≥†isolat≥≤†an≤†charact≥ris≥≤.†
Th≥†pro≤uct†from†th≥†pip≥razin≥†qu≥nch†was†not†isolat≥≤.†
2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†morpholin≥-4-carboxylat≥†(32x)†
Compoun≤†32x†has†Rf†=†0.09†in†1:1†EA:Cy†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(purpl≥†
charring†gr≥y).†HRMS†(TOF†MS†ESI+)†calc≤†for†[C19H18N3O4]+†=†[MH+]:†m/z†352.1292,†foun≤†
352.1286.†1H-NMR†(200†MHz):†δ†=†10.8†(s,†br,†1H,†NHHPQ),†8.27†(≤,†7.8†Hz,†1H,†H10),†7.88†(≤≤,†7.8†
&†1.8†Hz,†1H,†H3),†7.81-7.72†(m,†2H,†H12†+†H5),†7.56-7.44†(m,†2H,†H11†+†H13),†7.36†(t≤,†7.6†&†
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1.2†Hz,†1H,†H4),†7.26†(≤≤,†8.1†&†1.1†Hz,†1H,†H6),†3.67-3.52†(m,†6H,†4×H16†+†2×H17),†3.49-3.39†(m,†
2H,†2×H17́)†ppm.†13C-NMR†(50†MHz):†δ†=†162.5†(C8),†153.2†(C15),†150.5†(C7),†149.2†(C14),†149.0†
(C1),†134.8†(C12),†132.1†(C5),†130.5†(C3),†127.8†(C11),†127.1†(C10),†127.0†(C9),†126.6†(C13),†126.3†
(C4),†123.7†(C6),†121.1†(C2),†66.5†(2×C17),†45.0†(C16),†44.3†(C16́)†ppm.†
†
≥thyl†2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†carbonat≥†(32y)†
Compoun≤†32y†has†Rf†=†0.45†in†1:1†EA:Cy,†an≤†is†stain≥≤†by†KMnO4†but†not†by†ninhy≤rin.†HRMS†
(TOF†MS†ESI+)†calc≤†for†[C17H15N2O4]+†=†[MH+]:†m/z†311.1026,†foun≤†311.1023.†Th≥†COSY†
sp≥ctrum†supports†th≥†sp≥ctral†assignm≥nt.†1H-NMR†(500†MHz):†δ†=†8.32†(≤,†8.2†Hz,†1H,†H10),†8.09†
(≤≤,†7.7†&†1.7†Hz,†1H,†H3),†7.83-7.78†(m,†2H,†H12†+†H13),†7.61†(t≤,†7.8†&†1.7†Hz,†1H,†H5)†,†7.54†(t≤,†
7.1†&†1.6†Hz,†1H,†H11),†7.48†(t≤,†7.6†&†1.0†Hz,†1H,†H4),†7.40†(≤≤,†8.4†&†1.1†Hz,†1H,†H6),†4.28†(q,†
7.1†Hz,†2H,†2×H16),†1.32†(t,†7.1†Hz,†3H,†3×H17)†ppm.†13C-NMR†(125†MHz):†δ†=†162.6†(C8),†153.0†
(C15),†149.7†(C7),†149.2†(C14),†149.0†(C1),†134.9†(C12),†132.5†(C5),†130.7†(C3),†128.1†(C11),†127.3†
(C10),†126.9†(C13),†126.6†(C4),†125.9†(C9),†123.3†(C6),†121.2†(C2),†65.6†(C16),†14.2†(C17)†ppm.†
†

†
2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†N1-(Ń-t≥rt-butoxycarbonyl-L-l≥ucyl)-N2-2-
≤im≥thyl-propan≥-1,2-≤iamino-N2-carboxylat≥†(32b)†
32b†was†synth≥sis≥≤†from†26†(198†mg,†0.627†mmol)†an≤†HPQ†(149†mg,†0.628†mmol)†similarly†to†32a,†
qu≥nching†≥xc≥ss†31a†with†pip≥razin≥†in†≤ry†pyri≤in≥.†Part†of†th≥†cru≤≥†y≥llow†oil†(200†mg†of†299†mg)†
was†tak≥n†into†DCM†(2×1†mL)†an≤†th≥†solubl≥†portion†≤≥cant≥≤†th≥n†chromatograph≥≤†(Cy:EA†3:1†→†
1:1)†giving†32b†as†a†≤≥ns≥†colourl≥ss†pow≤≥r†(134†mg,†0.231†mmol,†i.≥.†55†%†yi≥l≤†ov≥rall),†
fluor≥scing†w≥akly†blu≥†un≤≥r†365†nm†UV†light.†Compoun≤†32b†has†Rf†=†0.22†in†1:1†EA:Cy,†
Rf†=†0.61†in†10:10:1†EA:Cy:M≥OH†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(pink†charring†
orang≥).†HRMS†(TOF†MS†ESI+)†calc≤†for†[C31H42N5O6]+†=†[MH+]:†m/z†580.3130,†foun≤†580.3106.†
Th≥†NMR†sp≥ctra†of†32b†sugg≥st†th≥†pr≥s≥nc≥†of†two†rotam≥ric†forms†in†approximat≥†ratio†4:1.†HSQC†
an≤†COSY†sp≥ctra†support†th≥†sp≥ctral†assignm≥nt.†1H-NMR†(500†MHz):†δ†=†8.29†(≤,†7.8†Hz,†1H,†
H10),†7.91†(≤,†7.3†Hz,†1H,†0.8×H3),7.79†(≤,†2.2H,†H12†+†H5†+†0.2×H3),†7.55-7.48†(m,†2H,†H11†+†
H13),†7.39-7.35†(m,†1H,†H4),†7.24†(≤,†8.3†Hz,†1H,†H6),†6.84†(s,†br,†0.8H,†NHami≤≥),6.18†(s,†br,†0.1H,†
NHami≤≥),†5.60†(≤,br,†6.8†Hz,†0.7H,†NHcarbamat≥),†4.23-4.03†(m,†1H,†H19),†3.81-3.37†(m,†2H,†2×H17),†
3.05†(s,†3H,†3×H24),†1.80-1.49†(m,†3H,†H21†+†2×H20),†1.34†(s,†6H,†6×H23),†1.23†(s,†9H,†9×H27),†
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0.95†(≤,†6.6†Hz,†3H,†3×H22),†0.93†(≤,†6.5†Hz,††3H,††3×H22́)††ppm.†13C-NMR†(125†MHz):††δ††=††173.8†
(C18),†162.5†(C8),†155.8†(C25),†154.8†(C15),†150.7†(C7),†149.4†(C14),†149.2†(C1),†134.9†(C12),†132.3†
(C5),†130.7†(C3),†127.9†(C11),†127.6†(C9),†127.2†(C13),†126.6†(C10),†126.4†(C4),†123.8†(C6),†121.1†
(C2),†79.5†(C26),†60.9†(C16),†53.6†(C19),†46.5†(C17),†41.2†(C20),†32.7†(C24),†28.3†(3×C27),†25.3†
(C21),†25.0†(C23),†24.9†(C23́),†23.2†(C22),†22.0†(C22́)†ppm.†
†

†
4-chloro-2-(6-chloro-4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†2-((†Ń-t≥rt-
butoxycarbonyl-L-l≥ucyl)m≥thylamino)pip≥ri≤in≥-1-carboxylat≥†(32≤)†
32≤†was†synth≥sis≥≤†from†25†(249†mg,†0.762†mmol)†an≤†≤iClHPQ†(260†mg,†0.846†mmol)†similarly†to†
32b.†Aft≥r†column†chromatography†an≤†trituration†of†th≥†oily†pro≤uct†fractions†with†cycloh≥xan≥,†32≤†
was†r≥cov≥r≥≤†as†a†whit≥†pow≤≥r†(249†mg,†0.376†mmol,†49†%),†pur≥†by†NMR†but†fluor≥scing†faintly†
y≥llow-gr≥≥n†un≤≥r†365†nm†UV†light†≤u≥†to†r≥si≤ual†≤iClHPQ†which†coul≤†b≥†r≥mov≥≤†by†a†s≥con≤†
column†(although†this†was†not†n≥c≥ssary†for†th≥†n≥xt†st≥p)†to†giv≥†a†colourl≥ss†pow≤≥r†fluor≥scing†
faintly†blu≥.†
†
Compoun≤†32≤†has†Rf†=†0.40†in†1:1†EA:Cy,†Rf†=†0.85†in†10:10:1†EA:Cy:M≥OH†an≤†is†stain≥≤†by†
KMnO4†as†w≥ll†as†ninhy≤rin†(pink†charring†r≥≤).†MS(+):†660†@†30,†661†@†10,†662†@†23,†663†@†7,†
664†@†5†;†[MH]+.†MS(-):†658†@†100,†659†@†20,†660†@†75,†661†@†25,†662†@†10†;†[M-H]-.†HRMS†
(TOF†MS†ESI+)†calc≤†for†[C32H39N5O6Cl2Na]+†=†[MNa+]:†m/z†682.2170,†foun≤†682.2153.†Th≥†NMR†
sp≥ctra†of†32≤†ar≥†complicat≥≤†by†th≥†pr≥s≥nc≥†of†two†≤iast≥r≥oisom≥rs,†≥ach†with†approximat≥ly†1:1†
populations†of†conform≥rs†an≤/or†rotam≥rs,†giving†ris≥†to†multipl≥†signals†p≥r†nucl≥us.†Th≥†
u≤≥ft†13C-NMR†s≥qu≥nc≥[8]†prov≥≤†≥sp≥cially†us≥ful†in†r≥solving†th≥†multipl≥†quat≥rnary†carbon†p≥aks.†
HSQC,†HMBC†an≤†COSY†sp≥ctra†support†th≥†sp≥ctral†assignm≥nt.†1H-NMR†(500†MHz):†δ†=†
11.50-11.00†(m,†0.9H,†NHHPQ),†8.44-8.35†(s,†br,†0.2H,†0.2×NHami≤≥,),†8.29+8.27+8.26+8.22†(s+s+s+s,†
1H,†H10),†8.04+7.98+7.96+7.86†(s+s+s,br†+†s,br,†1H,†H3),†7.78-7.71†(m,†2.5H,†H13†+†H12†+†
0.5×NHami≤≥),†7.67†(≤,†7.0†Hz,†0.†25H,†0.25×H6),†7.44†(~≤,†7.4†Hz,†1H,†H5),†7.25†(≤,†8.6†Hz,†0.5H,†
0.5×H6),†7.09†(≤,†8.6†Hz,†0.25H,†0.25×H6),†6.89†(s,†br,†0.25H,†0.25×NHami≤≥),†5.36-4.95†(m,†0.9H,†
NHcarbamat≥),†4.64-4.10†(m,†1H†ov≥rlapp≥≤,†H16),†4.42-4.31†(m,†1H,†H19),†4.12-2.85†(m,†4H,†
2×H17+2×H24),†1.72–1.54†(m,†5H,†2×H25†+†H21†+†Hx’),†1.36†+†1.21†+†1.09†+†1.01†(s+s+s+s;†9H,†
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9×H29),†0.98-0.86†(m,†6H,†6×H22)†ppm.†13C-NMR†(125†MHz):†δ††=††174.6††+†174.0††+††173.9††+††173.4†
(C18),†162.2†+†162.0†+†161.9†+†161.2†(C8),†156.1†+†155.9†+†155.7†(C27),†154.0†+†152.7†+†152.3†+†
151.7†(C15),†150.4†+†150.3†+†150.1†+†149.7†(C7),†148.3†+†148.1†+†148.1†+†148.0†(C1),†147.7†+†147.5†
+†147.4†(C14),†135.3†+†135.2†(C12),†133.2†+†133.0†+†132.8†(C11),†132.1†+†131.7†+†131.6†+†131.6†
(C5),†130.5†+†130.4†+†130.2†(C3),†131.4†+†129.9†(C4),†129.6†+†129.3†(C13),†129.1†+†129.0†+†128.1†
(C9),†125.9†+†125.6†(C10),†125.9†+†124.9†+†124.4†+†123.9†(C6),†122.1†+†122.0†+†121.8†(C2),†80.1†+†
79.8†(C28),†54.2†+†53.1†+†53.0†+†50.5†(C16),†52.6†+†52.3†+†52.0†(C19),†41.6†+†41.4†+†41.2†(C20),†41.0†
+†40.4†+†39.8†+†39.7†+†39.0†+†38.7†(C17†+†C24),†28.2†+27.9†+†27.8†(3×C29),†26.8†+†26.5†(C23),†25.5†+†
25.3†+†25.2†(C26),†24.8†+†24.8†(C21),†23.1†+†22.8†+†22.2†+†21.7†(2×C22),†19.4†+†19.0†+†18.9†(C25)†
ppm.†
†

†
2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†2-((3-((t≥rt-
butoxycarbonyl)amino)propanami≤o)m≥thyl)pip≥ri≤in≥-1-carboxylat≥†(32c)†
32c†was†synth≥sis≥≤†from†27†(895†mg,†3.13†mmol)†an≤†HPQ†(1.00†g,4.19†mmol)†similarly†to†32b,†
using†Hünig’s†bas≥†inst≥a≤†of†tri≥thylamin≥.†Aft≥r†column†chromatography,†32c†was†r≥cov≥r≥≤†as†a†
whit≥†pow≤≥r†(802†mg,†1.45†mmol,†47†%),†fluor≥scing†w≥akly†blu≥†un≤≥r†365†nm†UV†light.†
Compoun≤†32c†has†Rf†=†0.18†in†20:20:1†EA:Cy:M≥OH†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†
(strongly†gr≥≥n).†HRMS†(TOF†MS†ESI+)†calc≤†for†[C29H36N5O6]+†=†[MH+]:†m/z†550.2660,†foun≤†
550.2647.†Whil≥†th≥r≥†ar≥†no†≤iast≥r≥om≥ric†forms†for†32c,†th≥†pr≥s≥nc≥†of†two†conform≥rs†or†
rotam≥rs†in†approximat≥†ratio†3:2†giv≥s†ris≥†to†up†to†two†signals†p≥r†nucl≥us†in†th≥†NMR†sp≥ctra.†
HSQC†an≤†COSY†sp≥ctra†support†th≥†sp≥ctral†assignm≥nt.†1H-NMR†(500†MHz):††δ†=†11.00-10.40†(s,†
br†+†s,†br,†1H,†NHHPQ),†8.29†(≤,†7.8†Hz,†1H,†H10),†8.04†+†7.89†(≥ach†≤,†7.0†Hz;†1H,†H3),†7.83-7.78†(m,†
2H,†H11†+†H12),†7.55-7.50†(m,†2H,†H5†+†H13),†7.37†(~t,†~7.8†Hz,†1H,†H4),†7.31†+†7.21†(≥ach†≤,†
~7.3†Hz;†1H,†H6),†7.15†+†6.76†(s,†br†+†s,†br;†1H,†NHami≤≥),†5.44†+†5.31†(s,†br†+†s,†br;†1H,†NHcarbamat≥),†
4.56†+†4.38†(s,†br†+†s,†br;†1H,†H16),†4.11†+†4.03†(≥ach†≤,†~12.4†Hz;†1H;†H24†),†3.62-3.49†+†3.35-3.28†
(m+m;†2H,†2×H17),†3.37-3.25†(m,†2H,†2×H20),†3.20†+†2.90†(≥ach†t,†~12.4†Hz;†1H,†H24’),†2.42-2.22†
(m,†2H,†2×H19),†1.40†(s,†9H,†9×H22),†1.77-1.60†(m,†2H,†2×H23),†1.72-1.62†+†1.52-1.42†(m†+†m;†2H,†
2×H26),†1.72-1.48†(m,†2H,†2×H25).†13C-NMR†(125†MHz)†:†δ†=†172.8†+†172.4†(C18),†162.6†+†162.4†
(C8),†156.3†+†156.1†(C27),†154.9†+†152.9†(C15),†150.6†(C7),†149.3†(C14),†149.1†(C1),†135.0†(C12),†
132.3†(C5),†131.1†+†130.7†(C3),†128.0†(C11),†127.5-127.3†(C9†+†C13),†126.6†(C10),†126.6+126.0†(C4),†
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123.6†+†123.1†(C6),†121.1†(C2),†79.5†(C21),†52.0†(C16),†40.9†+†40.6†(C24),†39.4†(C17),†36.8†(C20),†
36.4†+†35.9†(C19),†28.5†(3×C22),†26.9†+†26.3†(C23),†25.4†+†25.0†(C26),†19.2†+†18.8†(C25)†ppm.†
†

†
4-chloro-2-(6-chloro-4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†2-((3-(t≥rt-
butoxycarbonylamino)propanami≤o)m≥thyl)pip≥ri≤in≥-1-carboxylat≥†(32≥)†
32≥†was†synth≥sis≥≤†from†27†(264†mg,†0.93†mmol)†an≤†≤iClHPQ†(765†mg,†2.49†mmol)†similarly†
to†32c.†Compoun≤†32≥†has†Rf†=†0.09†in†1:1†EA:Cy,†Rf†=†0.91†in†1:1:1†EA:Cy:M≥OH†an≤†is†stain≥≤†by†
KMnO4†as†w≥ll†as†ninhy≤rin†(gr≥≥n†charring†gr≥y).†Much†of†th≥†≤iClHPQ†was†r≥mov≥≤†by†filtration†
on†a†porosity†3†frit†using†6:2:1†Cy:DCM:AcOEt.†MS†(ESI,†positiv≥†mo≤≥):†m/z†618,†619,†620,†621†;†
[MH]+.†MS†(ESI,†n≥gativ≥†mo≤≥):†m/z†616,†617,†618,†619;†[M-H]-.†HRMS†(TOF†MS†ESI+)†calc≤†for†
[C29H33Cl2N5O6Na]+†=†[MNa]+:†m/z†640.1700,†foun≤†640.1702.†Th≥†compoun≤†was†transf≥rr≥≤†to†
Maxim≥†Prost†for†purification†an≤†NMR†analysis†prior†to†s≥n≤ing†for†≥xt≥rnal†t≥sts.†

2.6.†D≥prot≥ction†r≥actions†

†
2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†2-((L-l≥ucylami≤o)m≥thyl)pip≥ri≤in≥-1-
carboxylat≥†(1a)†
TFA†m≥tho≤:†To†32a††(15†mg,†0.026†mmol)†was†a≤≤≥≤†≤ry†DCM†(1†mL)†an≤†TFA†(200†mg,†
1.8†mmol,†~7†≥q).†Th≥†r≥action†was†stirr≥≤†un≤≥r†argon†at†RT†for†1†h,†th≥n†high†vacuum†was†gra≤ually†
appli≥≤†ov≥r†an†hour†to†r≥mov≥†all†volatil≥s†l≥aving†a†whit≥†pow≤≥r†(th≥†TFA†salt†of†1a,†yi≥l≤†>†90†%).†
Short-path†column†chromatography†using†≥luants†of†EA:Cy:M≥OH†coul≤†b≥†us≥≤†to†purify†th≥†TFA†
salt†of†1a†b≥for≥†≥nzymatic†t≥sting,†≥luting†r≥si≤ual†HPQ†with†1:1:0,†unr≥act≥≤†32a†with†1:1:0.15,†an≤†
pur≥†1a†trifluoroac≥tat≥†with†1:1:1,†as†a†whit≥†pow≤≥r†fluor≥scing†w≥akly†blu≥†un≤≥r†365†nm†UV†light.†
Alt≥rnativ≥ly,†pTsOH†m≥tho≤:†To†32a†(174†mg,†0.294†mmol)†w≥r≥†a≤≤≥≤†p-TsOH.H2O†(61†mg,†
0.318†mmol)†an≤†≤ry†EtOH†(10†mL),†an≤†th≥†solution†stirr≥≤†at†80°C†un≤≥r†a†clos≥≤†argon†atmosph≥r≥†
for†8†h.†TLC†on†1:1:1†EA:Cy:M≥OH,†r≥v≥aling†with†254†an≤†365†nm†UV†an≤†ninhy≤rin,†was†us≥≤†to†
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monitor†r≥action†progr≥ss.†Aft≥r†conc≥ntration†un≤≥r†r≥≤uc≥≤†pr≥ssur≥,†column†chromatography†using†
≥luants†of†EA:Cy:M≥OH†was†us≥≤†to†purify†th≥†tosylat≥†salt†of†1†b≥for≥†≥nzymatic†t≥sting,†≥luting†
r≥si≤ual†HPQ†with†1:1:0,†unr≥act≥≤†32a†with†1:1:0.15,†an≤†cru≤≥†tosylat≥†of†1a†with†1:1:1†(149†mg,†
containing†a†slight†≥xc≥ss†of†p-TsOH,†80†%)†as†a†colourl≥ss†pow≤≥r†fluor≥scing†blu≥†un≤≥r†365†nm†
UV†light.†Trituration†of†th≥†cru≤≥†tosylat≥†of†1a†with†wat≥r†(1.5†mL†p≥r†100†mg)†r≥mov≥s†≥xc≥ss†p-
TsOH†without†≤issolving†much†1a,†l≥aving†th≥†pur≥†tosylat≥†salt†of†1a†as†a†colourl≥ss†pow≤≥r.†
M≥thanol†or†≥thanol†can†b≥†us≥≤†to†≤issolv≥†th≥†tosylat≥†salt†(~0.5†mL†p≥r†100†mg)†b≥for≥†its†≤ilution†
into†wat≥r,†without†r≥pr≥cipitation.††
Fr≥≥†basing:†CDCl3†(0.5†mL†p≥r†15†mg)†can†b≥†us≥≤†to†fr≥≥bas≥†th≥†cru≤≥†tosylat≥†of†1a,†l≥aving†a†
soli≤†compos≥≤†only†of†TsOH†an≤†a†filtrat≥†containing†only†th≥†fr≥≥†amin≥†of†1a.†This†coul≤†b≥†s≥≥n†as†
a†conv≥ni≥nt†m≥tho≤†to†chang≥†th≥†count≥rion†of†1a†quantitativ≥ly.†
HRMS†(TOF†MS†ESI+)†calc≤†for†[C27H34N5O4]+†=†[MH+]:†m/z†492.2606,†foun≤†492.2588.†Th≥†TFA†
salt†of†1a†has†Rf†=†0.20†in†2:2:1†EA:Cy:M≥OH,†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(vivi≤†
orang≥).†Th≥†TFA†salt†of†1a†was†≥asily†solubl≥†in†D2O†an≤†with†a†suitabl≥†acquisition†tim≥†(4†s†/†scan)†
goo≤†NMR†sp≥ctra†w≥r≥†obtain≥≤†(sp≥ctra†r≥pro≤uc≥≤†on†pag≥†267†ff.).†Th≥†2†≤iast≥r≥oisom≥rs†≥ach†
app≥ar†to†hav≥†an†approximat≥ly†2:1†ratio†of†rotam≥rs†in†this†solv≥nt.†HSQC†an≤†COSY†sp≥ctra†
support†th≥†sp≥ctral†assignm≥nt.†1H-NMR†(D2O,†TFA†count≥rion,†500†MHz):†δ†=†8.20†(≤,†3J=8.1†Hz,†
1H,†H10),†7.94†(~t,†3J≈7.9†Hz;†1H,†H12),†7.77-7.70†(m,†3H,†H3†+†H5†+†H13),†7.67†(~t,†3J≈7.5†Hz,†1H,†
H11),†7.48†(~t,†3J≈7.4†Hz,†1H,†H4),†7.36-7.32†(≤+≤,†≥ach†3J=7.9†Hz;†1H,†H6),†4.56-2.73†(m,†6H,†H16†
+†2×H17†+†H19†+†2×H24),†1.66-1.55†(m,†1H,†1×H26),†1.55-1.34†+†1.08-1.00†(m+m,†8H,†2×H20†+†
H21†+†2×H23†+†2×H25†+†H26’),†0.80-0.70†(m,†6×H22)†ppm.†13C-NMR†(D2O,†TFA†count≥rion,†
125†MHz):†δ†=†170.5†+†170.3†(C18),†163.0†(q,†3JC,F=35†Hz,†TFA),†162.3†+†162.2†(C8),†154.1†(C15),†
153.9†+†153.8†(C7),†148.4†+†148.2†+†148.1†(C14),†141.7†+†141.3†(C1),†137.1†+†137.1†(C12),†135.1†+†
134.8†(C5),†130.2†+†130.2†(C3),†129.6†(C11),†127.0†(C10†+†C4),†123.6†+†123.4†+†123.3†(C6),†122.4†+†
122.3†(C9),†122.1†+†122.0†+†121.9†(C13),†119.2†(C2),†116.4†(q,†2JC,F=294†Hz,†TFA),†52.0†+†51.9†+†
51.8†(C16),†51.6†+†51.5†+†51.4†+†50.9†(C19),†40.5†+†40.1†(C24),†40.0†+†39.9†(C20),†38.2†(C17),†25.8†+†
25.6†(C23),†25.0†+†25.0†+†24.5†(C26),†23.9†+†23.9†+†23.8†(C21),†21.8†+†20.9†+†20.9†(2×C22),†18.1†+†
18.0†(C25)†ppm.††
Th≥†1H-†an≤†13C-NMR†sp≥ctra†of†th≥†tosylat≥†salt†of†1†(in†CD3OD)†w≥r≥†similar†to†that†of†its†TFA†salt†
(in†D2O),†but†without†th≥†p≥aks†for†th≥†TFA†anion†in†th≥†13C-NMR†sp≥ctrum,†an≤†with†th≥†following†
p≥aks†for†th≥†tosylat≥†count≥rion:†1H-NMR†(CD3OD,†tosylat≥†count≥rion,†500†MHz):††δ†=†7.73†
(≤,†3J=8.0†Hz,†2H),†7.26†(≤,†3J=7.8†Hz,†2H),†2.39†(s,†3H)†ppm;†13C-NMR†(CD3OD,†tosylat≥†
count≥rion,†125†MHz):†δ†=†142.0,†140.6,†128.6†(×2),†126.0,†125.7†(×2).†
†
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2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥nyl†N1-L-l≥ucyl-N2-2-≤im≥thyl-propan≥-1,2-
≤iamino-N2-carboxylat≥†(1b)†
32b†(56†mg,†0.097†mmol)†was†≤≥prot≥ct≥≤†by†TFA†(1.5†mL)†in†≤ry†DCM†(1.5†mL)†as†p≥r†1a.†Th≥†
TFA†salt†of†1b†was†obtain≥≤†as†a†colourl≥ss†cru≤≥†pow≤≥r†(yi≥l≤†>†90†%).†TLC†r≥v≥al≥≤†n≥ith≥r†HPQ†
nor†32b,†but†it†was†submitt≥≤†to†column†chromatography†anyway†using†a†gra≤i≥nt†of†EA:Cy:M≥OH†
(1:1:0→1:1:1)††to††b≥††assur≥≤††of††purity††b≥for≥††≥nzymatic††t≥sting,††giving††th≥††TFA††salt††of†1b†(48†mg,†
0.081†mmol,†84†%)†as†a†≤≥ns≥†colourl≥ss†pow≤≥r†fluor≥scing†faintly†blu≥†un≤≥r†365†nm†UV†light.†
HRMS†(TOF†MS†ESI+)†calc≤†for†[C26H34N5O4]+†=†[MH+]:†m/z†480.2606,†foun≤†480.2594.†Th≥†TFA†
salt†of†1b†has†Rf†=†0.0†in†1:1:0†EA:Cy:M≥OH,†Rf†=†0.76†in†1:1:2†EA:Cy:M≥OH,†an≤†is†stain≥≤†by†
ninhy≤rin†(vivi≤†r≥≤).††
NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†269†ff.;†th≥†u≤≥ft†13C-NMR†s≥qu≥nc≥[8]†prov≥≤†n≥c≥ssary†to†
obs≥rv≥†th≥†fiv≥†quat≥rnary†carbon†p≥aks†mark≥≤†with†an†ast≥risk†(*).†HSQC,†HMBC†an≤†COSY†
sp≥ctra†support†th≥†sp≥ctral†assignm≥nt.†1b:†1H†(D2O,†TFA†count≥rion,†500†MHz):†δ†=†8.02†
(≤,†3J=8.2†Hz,†1H,†H10),†7.81-7.77†(m,†1H,†H12),†7.64†(≤≤,†3J=7.4†Hz†&†3J=1.7†Hz,†H3),†7.60-7.56†(m,†
2H,†H5†+†H13),†7.50-7.47†(m,†1H,†H11),†7.40-7.37†(m,†1H,†H4),†7.24†(≤,†8.2†Hz,†1H,†H6),†3.81†
(t,†3J=7.4†Hz,†1H,†H19),†3.41†(≤,†br,†3J=13.4†Hz,†1H,†H17),†3.08-3.00†(m,†1H,†H17’),†2.93†(s,†3H,†
3×H24),†1.54-1.41†(m,†3H,†2×H20†+†H21),†1.02-0.83†(s,†br†+†s,†br,†6H,†6×H23),†0.82†+†0.80†(≥ach†
≤,†3J=4.6†Hz;†6H,†6×H22)†ppm.†13C-NMR†(D2O,†TFA†count≥rion,†125†MHz):†δ†=†170.4†(C18),†164.4†
(*C8),†163.0†(q,†3JC,F=35†Hz,†TFA),154.5†(*C15),†151.6†(*C14),†148.3†(C1),†147.8†(*C7),†136.0†
(C12),†132.9†(C5),†129.7†(C3),†128.1†(C11),†126.5†(C10),†126.2†(C13),†126.0†(*C9),†126.0†(C4),†123.3†
(C6),†119.7†(C2),†116.4†(q,†2JC,F=294†Hz,†TFA),†59.4†(C16),†52.0†(C19),†45.9†(C17),†40.0†(C20),†32.1†
(C24),†24.0†(C21),†23.8†(2×C23),†21.6†+†21.2†(2×C22)†ppm.†
†
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L-l≥ucyl†1-((4-chloro-2-(6-chloro-4-oxo-3,4-≤ihy≤roquinazolin-2-
yl)ph≥noxy)carbonyl)pip≥ri≤in-2-ylm≥thylami≤≥†(15a)†
32≤†(150†mg,†0.23†mmol)†was†≤≥prot≥ct≥≤†by†Et2O·HCl†(2M,†3†mL)†in†DCM†(3†mL)†as†p≥r†1c,†
yi≥l≤ing†th≥†cru≤≥†hy≤rochlori≤≥†salt†of†15a†as†a†≤≥ns≥,†colourl≥ss†pow≤≥r†(120†mg,†0.20†mmol,†88†%)†
fluor≥scing†blu≥-gr≥≥n†un≤≥r†365†nm†UV†light.†Column†purification†≥lut≥≤†HPQ†was†≥lut≥≤†with†
Cy:EA:M≥OH†1:1:0,†th≥n†15a†hy≤rochlori≤≥†was†≥lut≥≤†with†1:1:0.2†(82†mg,†0.15†mmol,†63%)†as†an†
off-whit≥†an≤†hygroscopic†pow≤≥r†fluor≥scing†v≥ry†w≥akly†blu≥†un≤≥r†365†nm†UV†light.†TLC:†Th≥†
hy≤rochlori≤≥†salt†of†24†has†Rf†=†0.0†in†1:1:0†Cy:EA:M≥OH,†Rf†>†0.3†in†1:1:2†Cy:EA:M≥OH.†MS†
(ESI,†positiv≥†mo≤≥):†m/z†=†560.2†@†100,561.2†@†32,†562.2†@†65,†563.2†@†17,†564.2†@†10†:†[MH]+.†
MS†(ESI,†n≥gativ≥†mo≤≥):†m/z†=†558.2,†559.2,†560.2,†561.2,†562.2†:†[M-H]-.†HRMS†(TOF†MS†ESI+)†
calc≤†for†[C27H32Cl2N5O4]+†=†[MH+]:†m/z†560.1826,†foun≤†560.1814.††
NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†272†ff.;†th≥r≥†w≥r≥†as†≥xp≥ct≥≤†4†≤iast≥r≥oisom≥r-rotam≥r†pairs†
by†NMR,†though†not†as†w≥ll-r≥solv≥≤†as†th≥†pr≥vious†≥xampl≥s.†1H-NMR†(500†MHz,†chlori≤≥†
count≥rion,†CD3OD):†δ†=†8.28†(≤,†2.4†Hz,†1H,†H10),†8.00†+†7.98†(≤+≤,†≥ach†2.4†Hz;†1H,†H3),†7.94†(≤,†
2.4†Hz,†1H,†H13),†7.88-7.84†(m,†1H,†H12),†7.76†(≤≤,†8.7†Hz†&†2.3†Hz,†H5),†7.66-7.44†(m,†1H,†H6),†
4.71-2.91†(m,†6H,†H16†+†2×H17†+†H19†+†2×H24),†1.81-1.30†(m,†9H,†2×H20†+†H21†+†2×H23†+†2×H24†
+†2×H25),†1.04–0.85†(m,†6H,†6×H22)†ppm.†13C-NMR†(chlori≤≥†count≥rion,†CD3OD,†125†MHz,†
acquir≥≤†by†Maxim≥†Prost):†δ†=†170.7†(C18),†162.0†(C8),†154.4†(C15),†154.1†(C7),†149.2†(C14),†145.3†
(C1),†136.9†(C12),†135.0†(C4),†134.0†(C5),†132.4†(C11),†131.1†(C3),†128.2†(C9),†128.0†(C10),†127.0†
(C6),†126.3†(C13),†123.0†(C2),†53.0†(C19),†52.7+52.3†(C16),†41.6†(C24),†41.2†(C20),†39.8+39.4+39.2†
(C17),†27.1+26.9†(C23),†26.4+25.9†(C26),†25.4†(C21),†23.2+21.8†(2×C22),†19.8+19.7†(C25)†ppm.††
†
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3-oxo-3-(((1-((2-(4-oxo-3,4-≤ihy≤roquinazolin-2-yl)ph≥noxy)carbonyl)pip≥ri≤in-2-
yl)m≥thyl)amino)propan-1-amin≥†(1c)†
HCl†m≥tho≤:††To†32c†(693†mg,†1.26†mmol)†w≥r≥†a≤≤≥≤,†un≤≥r†argon,†≤ry†DCM†(10†mL)†th≥n†
Et2O·HCl†(2†M,†10†mL).†Aft≥r†th≥†initial†≥volution†of†gas†ha≤†c≥as≥≤†(2†min)†th≥†r≥action†mixtur≥†was†
stirr≥≤†at†RT†until†compl≥tion†as†monitor≥≤†by†TLC†(2†hours);†sonication†coul≤†b≥†us≥≤†to†br≥ak†up†th≥†
clumps†of†pr≥cipitat≥†that†form≥≤†≤uring†th≥†r≥action.†Th≥†mixtur≥†was†th≥n†filt≥r≥≤†an≤†th≥†colourl≥ss†
crystals†wash≥≤†with†DCM†(2×1†mL)†th≥n†Et2O†(2×1†mL);†th≥†filtrat≥†contain≥≤†only†contaminants.†
Th≥†r≥action†flask†was†th≥n†rins≥≤†with†≤ry†m≥thanol†which†was†th≥n†pour≥≤†onto†th≥†coll≥ct≥≤†
crystals†(2×5†mL);†th≥†filtrat≥†was†conc≥ntrat≥≤†to†yi≥l≤†cru≤≥†1c†hy≤rochlori≤≥†(474†mg,†0.98†mmol,†
77†%),†l≥aving†som≥†HPQ†on†th≥†frit.†Th≥†cru≤≥†was†≤≥≥m≥≤†pur≥†by†NMR,†but†coul≤†b≥†purifi≥≤†by†
column†chromatography†b≥for≥†≥nzym≥†t≥sts.†Aft≥r†soli≤†≤≥position,†using†≥luants†of†EA:Cy:M≥OH,†
HPQ†was†≥lut≥≤†with†1:1:0,†th≥n†1c†hy≤rochlori≤≥†was†≥lut≥≤†with†1:1:1†(325†mg,†0.67†mmol,†53%)†
as†an†off-whit≥†an≤†som≥what†hygroscopic†pow≤≥r†fluor≥scing†v≥ry†w≥akly†blu≥†un≤≥r†365†nm†UV†
light.†Tolu≥n≥†az≥otroping†(3×5†mL)†was†us≥≤†to†partially†≤ry†th≥†hy≤rochlori≤≥,†which†ha≤†Rf†~†0.0†
in†1:1†EA:Cy,†Rf†=†0.05†in†1:1:1†EA:Cy:M≥OH†an≤†is†stain≥≤†by†KMnO4†as†w≥ll†as†ninhy≤rin†(gr≥≥n).†
MS†(ESI,†positiv≥†mo≤≥):†m/z†450.2†@†100,†451.2†@†30,†452.2@4†:†[MH]+.†MS†(ESI,†n≥gativ≥†mo≤≥):†
m/z†448.2†@†100,†449.2†@†20,†450.2†@†4†:†[M-H]-.†HRMS†(TOF†MS†ESI+)†calc≤†for†[C24H28N5O4]+†
=†[MH+]:†m/z†450.2136,†foun≤†450.2133.†Whil≥†th≥r≥†ar≥†no†≤iast≥r≥om≥ric†forms†for†15,†th≥†pr≥s≥nc≥†
of†two†rotam≥rs†or†conform≥rs†in†approximat≥†ratio†2:1†giv≥s†ris≥†to†up†to†two†signals†p≥r†nucl≥us†in†
th≥†NMR†sp≥ctra.†1H-NMR†(CD3OD,†chlori≤≥†count≥rion,†500†MHz):†δ†=†8.40†(≤≤,†7.8†Hz†&†1.0†Hz,†
1H,†H10),†8.10†(~t,†7.7†Hz,†1H,†H12),†7.96†(≤≤,†8.0†Hz†&†1.0†Hz,†1H,†H3),†7.92-7.87†(m,†2H,†H5†+†
H13),†7.84†(~t,†7.6†Hz,†1H,†H11),†7.62†(~t,†7.6†Hz,†1H,†H4),†7.60-7.52†(m,†1H,†H6),†4.74-2.45†(m,†9H,†
H16†+†2×H17†+†2×H19†+†2×H20†+†2×H24),†1.83-1.04†(m,†6H,†2×H21†+†2×H22†+†2×H23)†ppm.†
13C-NMR†(CD3OD,†chlori≤≥†count≥rion,†125†MHz,††acquir≥≤††by††Maxim≥††Prost):††δ†=†171.2+171.1†
(C18),†160.1+160.0†(C8),†155.8†(C7),†153.2+152.8†(C15),†149.3†(C14),†140.3+140.2†(C1),†136.5†
(C12),†134.8†(C5),†130.3†(C3),†129.2†(C11),†127.2†(C13),†126.3†(C10),†123.5+123.3†(C4),†122.1+121.8†
(C9),†121.0†(C6),†119.9†(C2),†51.5+51.3†(C16),†40.4+40.0†(C24),†38.4+38.0†(C17),†35.9†(C20),†31.7†
(C19),†25.8†(C23),†25.2+24.8†(C22),†18.6+18.4†(C21).†
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3.†Enzymatic†Exp≥rim≥nts†
3.1.†Philosophy†of†th≥†≥nzym≥†t≥sts†
3.1.1.†Th≥†importanc≥†of†b≥ing†in†≥arn≥st†

(≥xpan≤≥≤†from†s≥ction†I.5.1.1):†Four†important†asp≥cts†to†my†t≥st†≤≥sign†w≥r≥†(1)†low†≥nzym≥†
conc≥ntration,†(2)†minimal†backgroun≤†manipulation,†(3)†using†only†stan≤ar≤†≥quipm≥nt†in†strictly†
unoptimis≥≤†fashion†to†coll≥ct†≤ata†(s≥≥†s≥ction†III.3.2.1),†with†a†statistically-≤≥f≥nsibl≥,†g≥n≥ralis≥≤†
algorithm†to†p≥rform†≤ata†tr≥atm≥nt,†an≤†(4)†≥xplicitly†≤≥t≥rmining†prob≥†stability†with†spontan≥ous†
signal†g≥n≥ration†control†≥xp≥rim≥nts,†which†w≥r≥†not†to†b≥†subtract≥≤†from†th≥†activ≥†≤ata,†but†rath≥r†
to†b≥†tak≥n†as†a†minimum†≥stimat≥†of†th≥†obs≥rvabl≥†backgroun≤.†
Ev≥n†ch≥mists†who†shoul≤†(an≤†≤o?)†fully†un≤≥rstan≤†th≥†importanc≥†of†spontan≥ous†signal†g≥n≥ration†
for†any†practical†applications,†may†n≥gl≥ct†to†≥xplicitly†r≥port†control†≤ata;†oth≥rs†‘hi≤≥’†control†≤ata†
on†lin≥ar-scal≥†graphs†comparing†activ≥†an≤†control†r≥sults,†an≤†l≥aving†th≥†r≥a≤≥r†to†mak≥†a†visual†
comparison†of†th≥†two†curv≥s†rath≥r†than†provi≤ing†≥xplicit†calculations.†Wh≥th≥r†this†too†is†wilful†
omission,†≤u≥†to†th≥ir†full†un≤≥rstan≤ing†that†th≥ir†prob≥s†cannot†hop≥†to†off≥r†th≥†ov≥r-impr≥ssiv≥†
r≥sults†th≥y†claim†for†th≥m†wh≥n†th≥y†ar≥†tak≥n†to†in†vivo†s≥ttings,†is†a†qu≥stion†which†in†my†opinion†
shoul≤†b≥†ask≥≤†mor≥†oft≥n†by†th≥†r≥vi≥w≥rs†who†allow†≥ss≥ntially†frau≤ul≥nt,†or†at†th≥†worst†
incomp≥t≥nt†(as†unr≥alistic)†claims†to†≥nt≥r†th≥†lit≥ratur≥.†
To†s≥l≥ct†on≥†r≥c≥nt†≥xampl≥†in†a†journal†of†goo≤†r≥put≥,†consi≤≥r†Urano’s†2011†pap≥r†in†JACS[9]:†
(1)†5†units†p≥r†w≥ll†of†≥nzym≥†ar≥†us≥≤†for†in†vitro†assays,†i≥†50†U/mL†sinc≥†th≥†w≥lls†ar≥†pr≥sumably†
of†volum≥†0.1†mL†but†this†is†unstat≥≤,†an≤†his†c≥lls†ar≥†transf≥ct≥≤†to†≥xpr≥ss†~300†U/mL†
(0.3†μU/c≥ll),†with†th≥†activiti≥s†as†assay≥≤†in†th≥ir†con≤itions.†Th≥ir†in†vitro†assay†th≥r≥for≥†has†th≥†
pot≥ntial†to†conv≥rt†50†μmol†of†substrat≥†p≥r†minut≥†p≥r†w≥ll,†i≥.†50†mM∙min-1†prob≥†conv≥rsion,†for†
an†initial†prob≥†conc≥ntration†of†only†1†μM‡††Rath≥r††than††b≥ing††surprising††that††this††assay†th≥r≥for≥†
rapi≤ly†r≥ach≥s†half-maximal†signal†(43†s≥con≤s),†it†is†mor≥†surprising†that†it†≤o≥s†not†≤o†so†v≥ry†
much†soon≥r.†Th≥†assay†was†also†stopp≥≤†aft≥r†only†8†minut≥s.†I†consi≤≥r†it†impossibl≥†that†any†
≥nzym≥†of†biological†int≥r≥st†will†b≥†nativ≥ly†≥xpr≥ss≥≤†at†activity†l≥v≥ls†approaching†≥v≥n†1†U/mL,†so†
≥v≥n†th≥†t≥st†≤≥sign†alr≥a≤y†pr≥v≥nts†any†tru≥†≥stimation†of†in†vivo†p≥rformanc≥.†
By†contrast,†my†in†vitro†fluor≥sc≥nc≥†assays†w≥r≥†monitor≥≤†ov≥r†40†h†at†30°C,†an≤†us≥≤†only†
0.1†U/mL†in†th≥†w≥ll,†with†activity†as†calculat≥≤†for†th≥†stan≤ar≤†substrat≥,†l≥ucyl†p-nitroanili≤≥,†an≤†
at†37°C.†Th≥†tru≥†≥nzymatic†activity†shoul≤†≤≥cr≥as≥†sharply†wh≥n†th≥†t≥mp≥ratur≥†is†low≥r≥≤†to†30°C,†
an≤†conv≥rsion†is†also†lik≥ly†to†b≥†substantially†low≥r†for†th≥†prob≥s’†ami≤≥†l≥aving-group†than†for†th≥†
small†≥l≥ctron-with≤rawn†anili≤≥;†in≤≥≥≤†I†calculat≥≤†an†≥ff≥ctiv≥†activity†towar≤s†prob≥s†1a†an≤†15a†
of†only†5†mU/mL.†Although†this†is†t≥n†thousan≤†tim≥s†low≥r†than†Urano’s†assay,†I†woul≤†still†consi≤≥r†
it†a†high†activity†as†compar≥≤†to†in†vivo†situations:†but†at†l≥ast†it†is†≥xplicitly†stat≥≤,†an≤†approaching†
far†mor≥†r≥asonabl≥†con≤itions.††
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(2)†Urano’s†pap≥r†claims††th≥†r≥a≤ing†just†aft≥r†th≥†a≤≤ition†of†th≥†fluorog≥nic†prob≥†as†th≥†
r≥f≥r≥nc≥†‘backgroun≤’†signal†in†th≥ir†r≥port≥≤†≤ata.†Th≥†claim†of†“up†to†76-fol≤†incr≥as≥†in†
fluor≥sc≥nc≥”†is†th≥r≥for≥†misl≥a≤ing:†in†r≥ality,†it†r≥ports†only†on†th≥†ratio†b≥tw≥≥n†absolut≥†ON-stat≥†
an≤†off-stat≥†fluor≥sc≥nc≥†l≥v≥ls,†rath≥r†than†in≤icating†th≥†fluor≥sc≥nc≥†≤iff≥r≥nc≥†actually†obs≥rvabl≥†
in†th≥†≥xp≥rim≥nt,†b≥tw≥≥n†th≥†≥nzymatic†an≤†non≥nzymatic†r≥actions.†In†a†r≥al†s≥tting†wh≥r≥†th≥†
prob≥†is†≤ynamically†alt≥ring†its†conc≥ntration†in†≥ach†tissu≥†by†≤iffusion†whil≥†simulatan≥ously†b≥ing†
activat≥≤,†no†prob≥-at-tim≥-z≥ro†subtraction†is†possibl≥†(s≥≥†≥g.†s≥ction†I.3.1)†so†this†‘76-fol≤†incr≥as≥’†
is†simply†impossibl≥.†In†fact,†th≥†obs≥rv≥≤†in†vitro†signal-to-control†ratio†aft≥r†8†minut≥s†is†actually†
l≥ss†than†25†an≤†≤ropping†constantly†(≤≥spit≥†using†50†U∙mL-1†≥nzym≥†an≤†only†1†μM†prob≥);†≥g.†aft≥r†
30†minut≥s†th≥†maximum†signal-to-control†ratio†woul≤†b≥†14,†an≤†aft≥r†2†hours,†only†3.†As†I†will†
show,†th≥†lik≥ly†signal-to-control†ratio†which†coul≤†b≥†obs≥rv≥≤†in†any†mor≥†r≥alistic†s≥ttings†of†
≥nzym≥†activity†is†almost†1:†i≥.†th≥†prob≥†provi≤≥s†no†information†about†≥nzym≥†activity†at†all.†
Furth≥rmor≥,†as†th≥†Stok≥s†shift†of†th≥†prob≥†is†low†(≥g.†Urano’s†18†nm),†th≥n†in†vivo,†th≥†tissu≥†
autofluor≥sc≥nc≥†will†lik≥ly†provi≤≥†a†larg≥†absolut≥†backgroun≤†signal†whos≥†variations†may†w≥ll†
swamp†any†variation†in†signal†≤u≥†to†prob≥†activation.†Low-Stok≥s-shift†prob≥s†cannot†claim†that†th≥ir†
in†vitro†backgroun≤†is†any†r≥fl≥ction†of†th≥†in†vivo†cas≥;†an≤†with†small†Stok≥s†shifts,†in†vivo†
applications†will†always†≥xp≥ri≥nc≥†much†r≥≤uc≥≤†or†≥v≥n†z≥ro†s≥nsitivity,†so†th≥†argum≥nt†that†this†
‘76-fol≤†incr≥as≥’†r≥fl≥cts†favourably†on†in†vivo†applications†is†≤oubly†flaw≥≤†(s≥≥†s≥ction†I.3.2).†By†
contrast,†my†in†vitro†fluor≥sc≥nc≥†assays†ha≤†a††larg≥†≥nough†Stok≥s†shift†to†avoi≤†most†backgroun≤†
incr≥as≥†≤u≥†to†autofluor≥sc≥nc≥†(145†nm),†an≤†as†p≥r†th≥†in†vivo†cas≥,†subtract†only†th≥†no-prob≥†
control†signal†to†achi≥v≥†a†bas≥lin≥†r≥a≤ing;†y≥t†aft≥r†11†hours,†th≥ir†signal-to-control†ratio†is†3000.†
(4)†Urano’s†pap≥r†≤o≥s†not†r≥port†any†no-≥nzym≥†control†r≥action.†A†r≥ason†which†woul≤†≥xplain†
both†this†an≤†th≥†(unr≥alistically†high)†≥nzym≥†≤os≥†woul≤†b≥†that††th≥†prob≥†≤≥sign†(an†≥l≥ctron-
with≤rawn†conjugat≥≤-ph≥nolic†glycosi≤≥)†was††inh≥r≥ntly†unstabl≥†in†wat≥r.†Such†instability†woul≤†
forc≥†assays†to†b≥†p≥rform≥≤†with†v≥ry†high†≥nzym≥†≤os≥s†(so†[E][S]k≥nz>>[S]kspont)†an≤†ov≥r†short†
tim≥†scal≥s;†only†th≥n†coul≤†≥nzymatic†r≥actions†plat≥au†an≤†b≥†stopp≥≤†b≥for≥†th≥†rat≥†of†spontan≥ous†
hy≤rolysis†outw≥igh≥≤†th≥†rat≥†of†≥nzymatic†proc≥ssing.†In≤≥≥≤,†his†assays†ar≥†only†r≥port≥≤†ov≥r†v≥ry†
short†r≥action†tim≥scal≥s†(8-30†min)†with†hug≥†≥nzym≥†activity†(50-300†mM∙min-1†max†conv≥rsion,†1-
10†μM††prob≥).†R≥a≤ing†furth≥r,†≥v≥n†th≥†s≥l≥ction†of†information†h≥†r≥ports†actually†mak≥s†any†
r≥liabl≥†calculation†of†prob≥†stability†by†th≥†r≥a≤≥r†almost†impossibl≥.†How≥v≥r,†consi≤≥ring†th≥†c≥ll†
≥xp≥rim≥nts,†ov≥r†an†incubation†p≥rio≤†of†30†minut≥s,†ROI†insi≤≥†“control”†c≥lls†show†a†fluor≥sc≥nc≥†
incr≥as≥†from†27.7†to†30.5†fluor≥sc≥nc≥†units†(+2.8),†an≤†ROI†of†transf≥ct≥≤†c≥lls†show†an†incr≥as≥†
from†34†to†73†(+39;†inclu≤≥s†spontan≥ous†hy≤rolysis)†–†i≥,†a†signal-to-control†ratio†of†only†14†≤≥spit≥†
th≥†high†transf≥ct≥≤†≥nzym≥†activity,†implying†a†spontan≥ous†hy≤rolysis†halflif≥†of†only†5†hours.††
Th≥r≥for≥,†w≥r≥†th≥†c≥lls†to†≥xpr≥ss†a†slightly†mor≥†r≥alistic†1†U/mL†≥nzym≥†rath≥r†than†300†U/mL†
(not≥,†this†is†still†200†tim≥s†th≥†acivity†us≥≤†in†my†in†vitro†t≥sts),†th≥n†th≥†ratio†of†“activ≥”†to†“control”†
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c≥lls’††fluor≥sc≥nc≥††with††his††10††μM††prob≥††assay†woul≤†b≥†[2.8†+†(1/300)×(39-2.8)]/2.8,†i≥†a†ratio†of†
only†1.04:1†(an≤†≤ropping†constantly).†In†my†opinion†th≥s≥†strong†obj≥ctions†can†har≤ly†support†th≥ir†
conclusion†that†“[this†prob≥†has]†favorabl≥†charact≥ristics†for†imaging†in†biological†sampl≥s,”†≥v≥n†for†
transf≥ct≥≤†c≥lls†≥xpr≥ssing†vast†quantiti≥s†of†≥nzym≥†r≥lativ≥†to†what†can†b≥†≥xp≥ct≥≤†in†a†nativ≥†
biological†syst≥m.†An≤†almost†c≥rtainly,†th≥†claims†“it†shoul≤†b≥†≥asy†to†≥xt≥n≤†this†simpl≥†but†
≥ff≥ctiv≥†≤≥sign†strat≥gy,†to†≤≥v≥lop†fluor≥sc≥nt†prob≥s†for†a†wi≤≥†vari≥ty†of†targ≥t†mol≥cul≥s,†such†as†
oth≥r†glycosi≤as≥s†(≥.g.,†siali≤as≥s/mannosi≤as≥s),†≥st≥ras≥s...”†ar≥†flaw≥≤†in†at†l≥ast†two†major†
r≥sp≥cts:†(a)†th≥†glycosi≤as≥s†m≥ntion≥≤†ar≥†unlik≥ly†to†b≥†us≥≤†as†r≥port≥rs†but†ar≥†usually†only†
pr≥s≥nt†at†tiny†nativ≥†activiti≥s†far†l≥ss†than†1†U/mL,†so†by†th≥†abov≥†calculation†cannot†giv≥†any†
≤≥t≥ction†of†≥nzym≥†activity†(signal-to-control†~1:1);†(b)†th≥†≥st≥ras≥†prob≥s†h≥†allu≤≥s†to†ar≥†shown†in†
th≥†Supporting†Information†to†hav≥†far†high≥r†spontan≥ous†signal†g≥n≥ration†than†≥v≥n†th≥†glycosi≤≥s:†
an†approximat≥ly†3:1†ratio†of†in-c≥ll†to†≥xtrac≥llular†fluor≥sc≥nc≥†signal†is†shown†for†th≥†≥st≥ras≥†
prob≥†structur≥†aft≥r†only†30†minut≥s.†Again,†no†≤ata†ar≥†pr≥s≥nt≥≤†to†≥nabl≥†a†prop≥r†calculation,†but†
this†woul≤†imply†that†th≥s≥†≥st≥ras≥†prob≥s†hav≥†a†spontan≥ous†hy≤rolysis†halflif≥†of†~50†minut≥s:†thus†
giving†corr≥spon≤ingly†far†l≥ss†s≥nsitiv≥†≥nzym≥†≤≥t≥ction†than†≥v≥n†th≥†glycosi≤≥†prob≥s.†
Not≥†of†cours≥†that†r≥liabl≥†stu≤i≥s†may†also†us≥†hug≥†≥nzymatic†conc≥ntations†in†vitro†(≥g.†Papot[10]:†
0.13†μmol.mL-1†pro≤rug†with†133†μmol-1.min-1.mL-1†≥nzymatic†turnov≥r†for†stan≤ar≤†substrat≥)†if†
stability†has†b≥≥n†oth≥rwis≥†prov≥n,†an≤†th≥†point†of†int≥r≥st†is†to†≥xamin≥†post-trigg≥ring†spac≥r-
≤≥gra≤ation†kin≥tics†(in†this†cas≥,†halflif≥†9†hours)†rath≥r†than†proving†goo≤†≥nzymatic†proc≥ssing†
kin≥tics†(for†this†≤≥sign,†th≥†substrat≥†≥xpr≥ssly†was†w≥ll†r≥mov≥≤†from†th≥†payloa≤).†

3.2.†D≥sign†of†≥nzym≥†t≥sts†
3.2.1.†Full†≥quipm≥nt†an≤†physics†param≥t≥rs†

Fluor≥sc≥nc≥†m≥asur≥m≥nts†w≥r≥†p≥rform≥≤†on†a†Mithras†LB†940†microplat≥†fluorim≥t≥r†controll≥≤†
by†MikroWin†softwar≥.†Excitation/≥mission†wav≥l≥ngths†w≥r≥†s≥l≥ct≥≤†by†10†nm†ban≤pass†filt≥rs†at†
355†nm†/†510†nm,†wh≥r≥†HPQ†an≤†≤iClHPQ†both†giv≥†~50†%†of†maximum†fluor≥sc≥nc≥†output.†
Th≥s≥†filt≥rs†corr≥spon≤†to†stan≤ar≤†n≥ar-UV†≥xcitation,†an≤†stan≤ar≤†GFP†≥mission†filt≥rs,†which†was†
chos≥n†for†th≥†gr≥at≥st†imm≥≤iat≥†applicability†of†th≥†r≥sults†to†biology.†Not≥†how≥v≥r†that†th≥ir†
≥mission†also†≥xt≥n≤s†w≥ll†past†600†nm†with†siz≥abl≥†int≥nsity,†an≤†this†far†gr≥at≥r†Stok≥s†shift†may†
allow†≥v≥n†gr≥at≥r†s≥nsitivity†(low≥r-BACQ;†s≥≥†s≥ction††I.3).†Exp≥rim≥nts†w≥r≥†launch≥≤†aft≥r†20†
minut≥s†of†≤ummy†acquisitions,†to†stabilis≥†th≥†apparatus,†oth≥rwis≥†th≥†initial†≤ata†is†ov≥rlai≤†with†
nonphysical†signal†≤rift†(possibly†≤u≥†to†variations†in†lamp†t≥mp≥ratur≥†or†photomultipli≥r†tub≥†
voltag≥;†s≥≥†≥g.†Figur≥†III.4).†
Th≥†choic≥†of†w≥llplat≥†prov≥≤†to†hav≥†an†influ≥nc≥†on†th≥†form†an≤†r≥liability†of†th≥†r≥sults.†Circular-†
an≤†squar≥-w≥ll†w≥llplat≥s†w≥r≥†both†t≥st≥≤†suc≥ssfully;†how≥v≥r,†a†w≥llplat≥†that†ha≤†a†larg≥†volum≥†
an≤†a†conv≥x†bottom†(500†μL,†96-w≥ll†roun≤-bottom†plat≥,†Nunclon)†was†s≥≥n†to†som≥tim≥s†saturat≥†
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th≥†≤≥t≥ctor†in†th≥†g≥om≥tric-scanning†mo≤≥†wh≥n†r≥a≤ing†c≥ntral†pix≥ls†(p≥rhaps†by†conc≥ntrating†
particl≥s†into†th≥†c≥ntr≥†of†w≥ll†≤uring†shaking),†an≤†th≥r≥for≥†was†avoi≤≥≤†as†unlik≥ly†to†giv≥†th≥†b≥st†
quantitativ≥†r≥sults†(consi≤≥r†too†th≥†≥ff≥ctiv≥†spatial†inhomog≥n≥ity†factor†A/W†as†outlin≥≤†in†s≥ction†
I.3.3).†Th≥r≥for≥†for†96-w≥ll†plat≥s†in†scan†mo≤≥,†shallow≥r,††flat-bottom≥≤†plat≥s†(220†εL,†Corning)†
w≥r≥†pr≥f≥rr≥≤†for†th≥†acquisition†of†s≥mi-quantitativ≥†≤ata†≥sp≥cially†with†larg≥†signals†obtain≥≤†aft≥r†
long†incubations†or†with†high≥r†prob≥†conc≥ntrations†(i≥.†th≥ir†high≥r†A/W†comp≥nsat≥s†th≥†high†M,†
an≤†th≥†shallow≥r†solution†contribut≥s†to†low≥r†optical†path†l≥ngths†at†high†signal:†s≥≥†s≥ction†I.3.3).†
T≥sts†w≥r≥†con≤uct≥≤†at†29-30°C†sinc≥†a†t≥mp≥ratur≥†of†37°C†too†rapi≤ly†r≥sult≥≤†in†th≥†≥vaporation†
of†th≥†t≥st†solutions,†an≤†th≥†us≥†of†an†optical†film†to†stop†this†≥vaporation†gr≥atly†low≥r≥≤†th≥†
s≥nsitivity†of†th≥†≤≥t≥ction.†Th≥†fluorim≥t≥r†(us≥≤†in†long-≤w≥ll-tim≥†scan†mo≤≥)†also†g≥n≥rat≥s†
substantial†h≥at†which†may†m≥lt†an†optical†film.†Th≥†≥vaporation†also†pr≥f≥r≥ntially†calls†for†p≥rio≤ic†
a≤≤ition†of†wat≥r†to†th≥†w≥lls†to†maintain†an†approximat≥†original†volum≥.†For†unknown†r≥asons†
(p≥rhaps†air†curr≥nts†from†v≥nting†or†cooling†in†th≥†machin≥),†w≥lls†in†th≥†low≥r†l≥ft†corn≥r†of†th≥†
plat≥†(≥g.†on†a†96-w≥ll†plat≥,†D02-G05)†w≥r≥†≥sp≥cially†pron≥†to†≥vaporation;†mor≥†logically,†w≥lls†
aroun≤†th≥†w≥llplat≥†rim†w≥r≥†also†mor≥†pron≥†to†≥vaporation†than†w≥lls†in†th≥†c≥ntr≥,†so†th≥†columns†
an≤†rows†of†w≥lls†on†th≥†bor≤≥rs†of†th≥†w≥ll†plat≥†w≥r≥†not†us≥≤†for†t≥sting†an≤†w≥r≥†fill≥≤†with†wat≥r†
to†try†an≤†slow†≥vaporation.†Du≥†to†th≥†spatially-≤≥p≥n≤≥nt†≥vaporativ≥†≥ff≥cts,†w≥lls†from†≥ach†s≥t†of†
r≥plicat≥s†w≥r≥†spatially†scatt≥r≥≤†across†th≥†w≥ll-plat≥†to†try†to†≤iminish†sk≥wing†of†th≥†r≥sults†(s≥≥†
Figur≥†III.2).†Th≥†maximal,†4†mm†b≥amwi≤th†s≥tting†was†chos≥n†to†cov≥r†th≥†gr≥at≥st†ar≥a†of†≥ach†
w≥ll†(w≥ll†wi≤th†=†4†mm†for†th≥†384-w≥ll†microplat≥s,†9†mm†for†th≥†96-w≥ll†microplat≥s);†so†to†
pr≥v≥nt†any†possibl≥†crosstalk†of†fluor≥sc≥nc≥†signal†from†n≥ighbouring†w≥lls,†only†w≥lls†lying†on†th≥†
int≥rs≥ction†of†≥v≥ry†s≥con≤†row†an≤†≥v≥ry†s≥con≤†column†w≥r≥†us≥≤,†with†th≥†oth≥r†w≥lls†b≥ing†fill≥≤†
with†wat≥r†which†was†int≥n≤≥≤†also†to†try†to†slow†≥vaporation†(s≥≥†Figur≥†III.2).†
All†of†th≥s≥†spatial/≥vaporativ≥†≥ff≥cts†r≥quir≥≤†car≥ful†≤≥sign†to†giv≥†r≥liabl≥†assay†r≥sults.†How≥v≥r,†
th≥y†coul≤†hav≥†b≥≥n†avoi≤≥≤†by†using†a†cl≥ar-bottom≥≤†w≥llplat≥†r≥a≤†from†b≥low,†with†an†optical†
film†or†li≤†cov≥ring†th≥†solutions;†how≥v≥r†this†r≥a≤ing†mo≤≥†was†not†possibl≥†for†our†apparatus.†
Kin≥tic†t≥sts†an≤†scan-mo≤≥†t≥sts†w≥r≥†th≥n†≤≥sign≥≤†to†r≥s≥mbl≥†two†≤≥sir≥≤†applications†of†this†
prob≥†t≥chnology,†nam≥ly†high-throughput†scr≥≥ning†an≤†c≥ll†counting,†r≥sp≥ctiv≥ly.††

3.2.2.†Kin≥tic†mo≤≥†s≥tup†
Kin≥tic†≤ata†acquisition†mo≤≥†is†th≥†stan≤ar≤†mo≤≥†for†in†vitro†assays†with†solubl≥†fluorophor≥s,†an≤†
was†conc≥iv≥≤†as†an†illustration†of†th≥†prob≥’s†capabiliti≥s†for†High-Throughput†Scr≥≥ning.††
Th≥†≥xcitation/≥mission†b≥ams†ar≥†≤ir≥ct≥≤†≤ir≥ctly†into†th≥†c≥ntr≥†of†≥ach†w≥ll,†th≥r≥by†r≥a≤ing†only†
fluor≥sc≥nc≥†from†th≥†c≥ntr≥†of†th≥†w≥ll.†Th≥r≥for≥†I†r≥tain≥≤†th≥†larg≥st†possibl≥†≥xcitation†b≥am†
wi≤th†(4†mm)†c≥ntr≥≤†on†th≥†w≥ll†c≥ntr≥,†but†switch≥≤†w≥llplat≥s,†choosing†th≥†small≥st-wi≤th†w≥lls†
(384-w≥ll†plat≥s,†vol†110†μL,†Nunclon≥,†4†mm†w≥ll†≤iam≥t≥r),†to†try†to†monitor†fluor≥sc≥nc≥†from†th≥†
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whol≥†w≥ll†(not≥†–†as†always,†n≥ighbouring†w≥lls†w≥r≥†l≥ft†blank†to†avoi≤†crosstalk).†Th≥r≥for≥†it†was†
consi≤≥r≥≤†possibl≥†that†kin≥tic†≤ata†coul≤†b≥†consi≤≥r≥≤†s≥mi-quantitativ≥,†≤≥spit≥†th≥†rim†probl≥m†
(s≥≥†s≥ctions†I.3.3†an≤†I.5),†an≤†this†was†≥valuat≥≤†favourably†lat≥r.†Kin≥tic†t≥st†acquisitions†w≥r≥†
p≥rform≥≤†by†th≥†“R≥p≥at≥≤”†option†in†th≥†softwar≥,†with†microplat≥†shaking†for†10†s≥con≤s†b≥tw≥≥n†
≥ach†plat≥†acquisition,†giving†on≥†acquisition†≤atapoint†for†≥ach†of†th≥†77†w≥lls†us≥≤†≥v≥ry†
5.5†minut≥s.†Th≥†acquisition†tim≥†p≥r†w≥ll†was†3†s≥con≤s,†an≤†a†lamp†pow≥r†s≥tting†of†10000†arbitrary†
units†(calibrat≥≤†to†a†softwar≥†int≥rnal†stan≤ar≤)†was†us≥≤†as†this†gav≥†satisfactory†signal†without†
saturating†th≥†≤≥t≥ctor.†Th≥†77†s≥ri≥s†of†fluor≥sc≥nc≥†signal†r≥a≤ings†(in†RFU)†p≥r†w≥ll†p≥r†tim≥†point†
coul≤†b≥†acquir≥≤†within†a†tim≥†rang≥†up†to†aroun≤†20†h,†but†acquisition†was†mor≥†r≥liabl≥†un≤≥r†12†h†
≤u≥†to†≥vaporation†of†th≥†w≥ll†solutions.†

3.2.3.†Scanning†mo≤≥†s≥tup†
This†≤ata†acquisition†mo≤≥†is†a†stan≤ar≤†mo≤≥†for†in†c≥llulo†assays†such†as†c≥ll†counting,†an≤†th≥†t≥st†
r≥sults†also†illustrat≥†th≥†prob≥’s†capabiliti≥s†in†that†application.††
To†try†to†giv≥†th≥†high≥st†s≥nsitivity†towar≤s†th≥†≤≥t≥ction†of†small†amounts†of†signal†≥.g.††for†
≥valuating†prob≥†stability†an≤/or†its†≤≥t≥ction†thr≥shol≤,†a†G≥om≥tric†Scanning†mo≤≥†was†s≥t†up†
wh≥r≥by†th≥†≥xcitation/≥mission†b≥am†was†scann≥≤†ov≥r†th≥†≥ntir≥†w≥ll†ar≥a†inclu≤ing†th≥†rim,†as†w≥ll†
as†cov≥ring†som≥†pix≥ls†outsi≤≥†th≥†w≥ll†boun≤ari≥s†to†≥nsur≥†compl≥t≥†cov≥rag≥†of†th≥†w≥ll.†This†
coul≤†b≥†a≤vantag≥ous†not†only†to†cov≥r†th≥†initial†rim,†but†also†in†cas≥†of†situations†≥.g.†wh≥r≥†only†
on≥†crystal†of†HPQ†may†hav≥†form≥≤,†in†a†corn≥r†of†th≥†w≥ll†not†usually†r≥ach≥≤†by†th≥†Kin≥tic†mo≤≥†
m≥asur≥m≥nts†(s≥≥†s≥ction†I.3.3†an≤†Figur≥†III.1).†
Th≥†softwar≥’s†“Scan”†mo≤≥†was†s≥l≥ct≥≤,†typically†with†a†20×20†pix≥l†acquisition†gri≤†s≥t†to†
compl≥t≥ly†cov≥r†th≥†w≥ll†of†int≥r≥st.†Du≥†to†softwar≥†r≥quir≥m≥nts†this†actually†impli≥s†s≥tting†th≥†
acquisition†gri≤†to†cov≥r†also†on≥†w≥ll†ra≤ius†into†th≥†≥ight†n≥ighbouring†w≥lls,†which†in†my†
≥xp≥rim≥nts†w≥r≥†fill≥≤†with†pur≥†wat≥r†to†pr≥v≥nt†fals≥†signal†contributions†(crosstalk);†thus†th≥†tru≥†
m≥asur≥m≥nt†gri≤†lying†≤ir≥ctly†ov≥r†th≥†w≥ll†of†int≥r≥st†is†of†approximat≥ly†10×10†pix≥ls†(Figur≥†
III.1).†Th≥r≥for≥†a†fals≥†w≥llplat≥†configuration†fil≥,†with†w≥ll†≤iam≥t≥rs†twic≥†as†larg≥†as†th≥†r≥al†siz≥,†
was†cr≥at≥≤†(OTS_CBO_trick.cfg).††
Du≥†to†th≥†4†mm†b≥amwi≤th,†th≥†r≥al†≤ata†contain≥≤†in†≥ach†pix≥l†ov≥rlaps†with†that†of†n≥ighbouring†
pix≥ls†(typical†s≥ttings†:†pix≥ls†nominally†~1×1†mm,†but†fluorim≥t≥r†b≥amwi≤ths†~4†mm),†so†th≥†≤ata†
of†th≥s≥†scan-mo≤≥†t≥sts†w≥ight†int≥rior†pix≥ls†mor≥†than†≥xt≥rior†on≥s†(mor≥†ov≥rlaps).†Th≥r≥for≥†it†
was†of†importanc≥†to†try†to†consi≤≥r†how†quantitativ≥†th≥†r≥sults†coul≤†b≥.††D≥spit≥†a†simplistic†
tr≥atm≥nt,†th≥y†prov≥≤†to†giv≥†final†signals†which†coul≤†b≥†corr≥lat≥≤†r≥liably†to†th≥†original†
conc≥ntration.†Not≥†too,†that†som≥†pix≥ls†c≥ntr≥≤†outsi≤≥†th≥†r≥al-signal†ar≥a†still†show†a†fluor≥sc≥nc≥†
signal†from†ov≥rlap†of†th≥†out≥r†part†of†th≥†pix≥l†ar≥a†with†a†portion†of†th≥†w≥ll†(Figur≥†III.1),†so†only†
pix≥ls†c≥ntr≥≤†in†th≥†w≥lls†w≥r≥†tak≥n†into†account†in†analys≥s.††
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It†was†consi≤≥r≥≤†that†a†squar≥†inscrib≥≤†within†th≥†tru≥†ar≥a†of†th≥†circular†w≥lls†was†an†a≤≥quat≥†
sampl≥†of†th≥†w≥ll,†an≤†that†s≥l≥cting†this†gri≤†of†10×10†-†12×12†pix≥ls†was†suffici≥nt†for†r≥liabl≥†≤ata†
acquisition†(giv≥n†a†r≥asonabl≥†acquisition†tim≥†an≤†≥xcitation†int≥nsity).†Pix≥ls†wh≥r≥†th≥†≤≥t≥ctor†
ha≤†saturat≥≤†w≥r≥†giv≥n†th≥†valu≥†of†th≥†av≥rag≥†of†th≥ir†n≥ighbours,†thus†giving†a†low≥r†boun≤†for†
th≥†hypoth≥tical†r≥a≤ing.†No†mor≥†than†1/20†of†th≥†pix≥ls†p≥r†w≥ll†w≥r≥†≥v≥r†obs≥rv≥≤†to†saturat≥.†A†
typical†acquisition†≤uration†for†a†singl≥†scan†of†a†plat≥†(15†w≥lls,†20×20†acquir≥≤†pix≥ls†p≥r†w≥ll)†was†
th≥r≥for≥†aroun≤†30†minut≥s.†Scanning†m≥asur≥m≥nts†us≥≤†0.25†s†acquisition†p≥r†pix≥l†an≤†a†lamp†
pow≥r†s≥tting†of†30000†arbitrary†units.†Scans†w≥r≥†con≤uct≥≤†at†sp≥cific†tim≥†points†(≥g†t=1†h,†t=2†h,†
t=24†h†≥tc.)†≤uring†incubation,†with†a†cov≥rsli≤≥†plac≥≤†ov≥r†th≥†w≥llplat≥†b≥tw≥≥n†r≥a≤ings†to†
minimis≥†≥vaporation.†Data†acquir≥≤†coul≤†b≥†visualis≥≤†as†a†lin≥ar-scal≥≤†gr≥yscal≥†plot†of†
fluor≥sc≥nc≥†r≥a≤ing†vs.†pix≥l†location†on†th≥†w≥ll†(Figur≥†III.1).†

†
Figur≥†III.1†-†Scanning†mo≤≥†r≥sults†visualis≥≤†in†black†(high†signal)†on†whit≥†(no†signal),†showing†rim†+†c≥ntr≥†

≤≥posits†of†fluorophor≥†with†th≥†initially-us≥≤†conv≥x-bottom≥≤†Nunclon†96-w≥ll†plat≥s.†Th≥†circular†w≥ll†boun≤ari≥s†
ar≥†in≤icat≥≤†in†pink.†

Not≥†that†≥ach†gri≤†squar≥†focus≥s†on†on≥†w≥ll,†although†n≥ighbouring†w≥lls†≥nt≥r†into†th≥†
fluor≥sc≥nc≥†imag≥s†(w≥ll†outlin≥s†mark≥≤†in†pink),†≤u≥†to†th≥†≤ummy†r≥numb≥ring.†Gri≤squar≥s†A2†
an≤†A3†illustrat≥†th≥†initial†pr≥cipitation†of†HPQ†aroun≤†th≥†c≥ll†rims,†with†subs≥qu≥nt†pr≥cipitat≥†th≥n†
falling†to†th≥†bottom†(i≥.†c≥ntr≥,†in†a†conv≥x†w≥ll;†cf.†s≥ction†I.3.3).†Figur≥†III.1†thus†≤≥monstrat≥s†why†
g≥om≥tric†scanning†was†initially†consi≤≥r≥≤†n≥c≥ssary†for†quantitativ≥†r≥sults,†an≤†why†kin≥tic†mo≤≥†
r≥a≤ings†with†this†w≥llplat≥†(9†mm†w≥lls,†4†mm†b≥amwi≤th,†so†c≥ntral†pix≥ls†only†ar≥†acquir≥≤)†was†
not†consi≤≥r≥≤†suffici≥nt,†as†most†of†th≥†rim†signal†woul≤†b≥†miss≥≤.†Not≥†how≥v≥r†that†th≥†r≥solution†
of†th≥†scanning†≥xp≥rim≥nts†us≥≤†in†≤ata†analysis†was†l≥ss†than†that†pr≥s≥nt≥≤†in†Figur≥†III.1;†a†typical†
scan†≤≥liv≥r≥≤†r≥sults†lik≥†th≥†following†(Figur≥†III.2).†
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Figur≥†III.2†–†Typical†scan†mo≤≥†r≥sults†for†a†singl≥†tim≥point†visualis≥≤†in†gr≥yscal≥.†Th≥†gri≤†has†b≥≥n†r≥-numb≥r≥≤†
to†r≥pr≥s≥nt†th≥†tru≥†w≥llplat≥†configuration;†not≥†th≥†s≥ri≥s†spatial†≤istribution†an≤†also†th≥†‘skipping’†of†≥v≥ry†
s≥con≤†w≥ll†(fill≥≤†with†wat≥r)†to†minimis≥†crosstalk,†cf.†s≥ction†3.2.1.†Th≥†four†≤iff≥r≥nt†≤ata†s≥ri≥s†(1a†at†209†μM,†
80†μM†an≤†20†μM†with†≥nzym≥,†an≤†a†no-≥nzym≥-control†at†209†μM)†can†cl≥arly†b≥†≤istinguish≥≤,†≥v≥n†aft≥r†40†h.†

3.2.4.†Bioch≥mical†param≥t≥rs†an≤†≥xp≥rim≥ntal†proc≥≤ur≥†
To†partially†simulat≥†physiological†m≥≤ia,†all†t≥sts†w≥r≥†con≤uct≥≤†at†pH~7.5,†buff≥r≥≤†with†
Tris/Tris.HCl†(25†mM)†an≤†containing†12†mM†NaCl,†h≥r≥aft≥r†r≥f≥rr≥≤†to†as†simply†pH~7.5†buff≥r.†
Stock†solutions†of†th≥†substrat≥s†w≥r≥†pr≥par≥≤†fr≥sh†b≥for≥†≥ach†run†by†w≥ighing†pr≥cis≥ly†~2†mg†of†
th≥†substrat≥†salt,†a≤≤ing†0.2†mL†M≥OH†to†≤issolv≥†it,†an≤†≤iluting†this†stock†with†pH~7.5†buff≥r†(with†
s≥con≤ary†≤ilutions†wh≥n†n≥≥≤≥≤)†such†that†th≥†volum≥†of†substrat≥†stock†to†b≥†a≤≤≥≤†to†th≥†w≥ll†lay†
b≥tw≥≥n†15-50†εL,†an≤†so†that†no†in≤ivi≤ual†≤ilution†in†th≥†s≥ri≥s†was†by†a†factor†of†mor≥†than†10†(for†
b≥st†accuracy).†In†a†typical†run,†such†pr≥par≥≤†substrat≥†stocks†(from†70†–†400†εM)†w≥r≥†l≥ft†stan≤ing†
for†approximat≥ly†2-3†hours†at†RT†b≥for≥†th≥†acquisition†was†launch≥≤,†although†th≥†378†εM†≤ata†
s≥ri≥s†for†prob≥†1a†of†run†1†was†pr≥par≥≤†from†a†solution†that†ha≤†b≥≥n†l≥ft†stan≤ing†for†thr≥≥†w≥≥ks†
(illustrating†a†≤iff≥r≥nt†practical†asp≥ct†of†th≥†robustn≥ss†of†th≥†prob≥†syst≥m).†
‘Microsomal†n≥utral†l≥ucin≥†aminop≥pti≤as≥†from†porcin≥†ki≤n≥y’†(LAP,†EC†3.4.11.1)†was†purchas≥≤†
from†Sigma†(Lot†numb≥r†069K7356V)†as†a†susp≥nsion†in†ammonium†sulfat≥†(3.5†M)†containing†
MgCl2†(10†mM),†with†3.5†mgmL-1†prot≥in†cont≥nt†an≤†10-40†U/mg†prot≥in†r≥port≥≤†for†th≥†stan≤ar≤†
substrat≥†l≥ucyl†p-nitroanili≤≥.†LAP†≥nzym≥†stock†was†pr≥par≥≤†by†≤iluting†10†εL†of†th≥†≥nzym≥†
susp≥nsion†(stor≥≤†at†4°C†for†l≥ss†than†40†≤ays†b≥for≥†us≥)†into†2†mL†of†th≥†pH~7.5††buff≥r†an≤†
shaking,†th≥n†l≥aving†at†RT†for†at†l≥ast†1†h.†Incubation†of†th≥†≥nzym≥†with†MgCl2†or†MnCl2†(≤≥scrib≥≤†
≥ls≥wh≥r≥†as†n≥c≥ssary†to†activat≥†it†from†th≥†≤ormant†stat≥[11])†was†not†obs≥rv≥≤†to†giv≥†an†
improv≥m≥nt†of†signal†g≥n≥ration†kin≥tics.†
NaCl†solution†(25†μL),†≤istill≥≤†wat≥r†(11-30†μL),†pH~7.5†buff≥r†(0-40†μL)†w≥r≥†th≥n†a≤≤≥≤†as†n≥≥≤≥≤†
to†≥ach†w≥ll†such†that†both†th≥†total†volum≥†an≤†th≥†final†buff≥r†conc≥ntration†w≥r≥†i≤≥ntical†in†all†
w≥lls,†irr≥sp≥ctiv≥†of†th≥†volum≥†of†substrat≥†stock†to†b≥†a≤≤≥≤.†Th≥†substrat≥†stocks†w≥r≥†th≥n†a≤≤≥≤†
(15.5-44†μL).†Th≥†final†st≥p†was†th≥†a≤≤ition†of†20†εεL†of†th≥†≥nzym≥†stock†to†≥ach†of†th≥†activ≥†w≥lls,†
so†that†in†th≥†kin≥tic†t≥sts†th≥†final†conc≥ntration†of†≥nzym≥†was†~3.5†εgmL-1††(~60†nm[12]),†with†
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approximat≥ly†10†mU†of†activity†p≥r†w≥ll†for†th≥†stan≤ar≤†substrat≥†l≥ucyl†p-nitroanili≤≥,†bas≥≤†on†th≥†
activity†quot≥≤†by†th≥†suppli≥r.†This†a≤≤ition†was†p≥rform≥≤†rapi≤ly†an≤†in†th≥†sam≥†or≤≥r†in†
which†th≥†w≥lls†w≥r≥†to†b≥†r≥a≤,†giving†approximat≥ly†α†2†minut≥s†≤iff≥r≥nc≥†b≥tw≥≥n†th≥†av≥rag≥†
r≥al†tim≥†≥laps≥≤†aft≥r†mixing†an≤†th≥†fix≥≤†tim≥†as†giv≥n†by†th≥†microplat≥†r≥a≤≥r,†to†≥nabl≥†th≥†b≥st†
comparison†of†≤ata†b≥tw≥≥n†≤iff≥r≥nt†w≥lls.†Importantly,†th≥†≤≥lay†tim≥†b≥tw≥≥n†a≤≤ing†th≥†first†
substrat≥†stock†an≤†starting†th≥†first†acquisition†was†always†l≥ss†than†30†min.†Aft≥r†th≥†a≤≤ition†of†th≥†
≥nzym≥,†th≥†cont≥nts†of†≥ach†w≥ll†w≥r≥†homog≥nis≥≤†by†tripl≥†aspiration†an≤†≥xpulsion†of†th≥†
cont≥nts,†an≤†th≥n†th≥†plat≥†was†loa≤≥≤†into†th≥†fluorim≥t≥r†an≤†acquisition†start≥≤.†Th≥†tim≥†≤≥lay†
b≥for≥†th≥†first†acquisition†(approximat≥ly†10-15†minut≥s)†was†factor≥≤†in†to†th≥†≤ata†≤uring†tr≥atm≥nt,†
which†is†why†th≥†kin≥tic†r≥sult†signals†hav≥†th≥ir†first†tim≥point†only†at†that†mom≥nt.†
Consi≤≥ring†pr≥-spiking†will†b≥†s≥≥n†to†b≥†important†wh≥n†comparing†th≥†p≥rformanc≥†of†my†prob≥s†
to†th≥†prior†art,†which†was†why†I†car≥fully†chromatograph≥≤†my†prob≥s†b≥for≥†≥nzym≥†t≥sting,†why†I†
insist≥≤†on†a†rapi≤†pr≥paration†of†th≥†stocks†an≤†th≥†w≥ll†solutions†from†th≥s≥†chromatograph≥≤†salts†
b≥for≥†≥ach†run,†an≤†why†I†chronom≥tr≥≤†th≥†total†substrat≥†pr≥paration†tim≥s†(<<200†min†in†total).†

3.2.5.†Data†proc≥ssing†–†kin≥tic†mo≤≥†
In†≥ach†run,†≤ata†w≥r≥†acquir≥≤†from†at†l≥ast†fiv≥†r≥plicat≥s†for†≥ach†s≥t†of†con≤itions†us≥≤†with†
≥nzym≥-activat≥≤†prob≥s,†or†from†at†l≥ast†thr≥≥†r≥plicat≥s†for†th≥†controls†(≥ith≥r†no†substrat≥†or†no†
≥nzym≥).†Th≥†param≥t≥rs†vari≥≤†w≥r≥†substrat≥†typ≥,†substrat≥†conc≥ntration,†an≤†≥nzym≥†pr≥s≥nc≥†or†
abs≥nc≥.†Th≥†raw†≤ata†w≥r≥†obtain≥≤†as†s≥ri≥s†of†fluor≥sc≥nc≥†m≥asur≥m≥nts†in†Ran≤om†Fluor≥sc≥nc≥†
Units†(RFU)†ov≥r†tim≥.†Th≥†raw†≤ata†for†≥ach†w≥ll†ar≥†≤≥not≥≤†AX,I(t’),†wh≥r≥†X†in≤icat≥s†th≥†s≥t†of†
con≤itions†in†that†w≥ll,†I†in≤icat≥s†th≥†numb≥r†of†th≥†r≥plicat≥†within†th≥†s≥t†of†w≥lls†with†thos≥†sam≥†
con≤itions,†an≤†t’†is†th≥†numb≥r†of†th≥†≤ata†point†in†th≥†acquisition†s≥ri≥s,†≥.g.†t’=1†for†th≥†first†≤ata†
point†acquir≥≤,†t’=2†for†th≥†n≥xt,†≥tc.†Th≥†s≥ri≥s†AX,I(t’)†w≥r≥†first†ch≥ck≥≤†to†confirm†that†no†≤≥t≥ctor†
saturation†ha≤†tak≥n†plac≥.†Th≥n,†thr≥≥†st≥ps†of†≤ata†tr≥atm≥nt†w≥r≥†p≥rform≥≤†to†giv≥†fluor≥sc≥nc≥†
signals†FX(t)†for†≥ach†s≥t†of†con≤itions†X†ov≥r†r≥al†≥laps≥≤†tim≥†t,†with†backgroun≤†signal†subtraction,†
normalisation,†outli≥r†r≥j≥ction†an≤†r≥plicat≥†s≥l≥ction†p≥rform≥≤†as†follows:†
1)†Inh≥r≥nt†Backgroun≤†signal†BACQ†(≤u≥†to†scatt≥ring†from†th≥†plat≥†an≤†th≥†solution†an≤†nois≥†in†
th≥†syst≥m)†was†subtract≥≤,†an≤†all†≤ata†w≥r≥†normalis≥≤†to†comp≥nsat≥†for†t≥mporal†≤rift†in†≤≥t≥ctor†
s≥nsitivity†or†lamp†luminosity,†p≥rmitting†a†mor≥†r≥liabl≥†quantitativ≥†comparison†of†th≥†≤ata†ov≥r†th≥†
long†acquisition†tim≥s†of†th≥†≥xp≥rim≥nt.†Th≥†≤ata†from†w≥lls†containing†only†≤istill≥≤†wat≥r†(not†≥v≥n†
≥nzym≥†in†buff≥r)†w≥r≥†av≥rag≥≤†to†giv≥†th≥†backgroun≤†signal†B(t’),†an≤†an†approximat≥†
normalisation†was†p≥rform≥≤†by†multiplication†of†th≥†s≥ri≥s†by†th≥†factor†B(1)/B(t’).†Thus†th≥†signals†
GX,I(t’)=[AX,I(t’)-B(t’)]×B(1)/B(t’)†w≥r≥†obtain≥≤.†
2)†Outli≥r†≤ata†points†w≥r≥†th≥n†≤iscar≤≥≤†from†≥ach†s≥ri≥s†if†th≥y†w≥r≥†suitably†≤iff≥r≥nt†from†th≥ir†
n≥ighbours.†It†was†consi≤≥r≥≤†that†such†outli≥rs†(≥.g.†points†≤iff≥ring†in†int≥nsity†by†up†to†a†factor†of†3†
from†th≥†m≥an†of†th≥†two†n≥ighbouring†points)†w≥r≥†not†n≥c≥ssarily†≤u≥†to†tru≥†spik≥s†in†fluor≥sc≥nc≥†
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signal,†but†that†som≥†w≥r≥†≤u≥†to†≤≥t≥ction†faults,†≥.g.†th≥†pr≥s≥nc≥†of†strongly†scatt≥ring†≤ust†particl≥s†
in†th≥†b≥am†path,†which†coul≤†justify†th≥ir†≤≥l≥tion;†oth≥rs†coul≤†hav≥†b≥≥n†≤u≥†to†th≥†b≥am†striking†
(or†missing)†an†unusually†≤≥ns≥†clump†of†th≥†pr≥cipitat≥≤†fluorophor≥†(s≥≥†s≥ction†I.3.3).†Arbitrarily,†
5%†of†th≥†≤ata†points†from†≥ach†s≥ri≥s†w≥r≥†≤≥l≥t≥≤†as†outli≥rs,†as†≤≥t≥rmin≥≤†by†th≥†following†
algorithm:†
For†≥ach†s≥ri≥s†GX,I(t’),†a†s≥ri≥s†of†≥xp≥ct≥≤†valu≥s†εX,I(t’)†was†calculat≥≤†as†p≥r†εX,I(t’)†=†[(3GX,I(t’-
3)†+†2GX,I(t’-2)†+†2GX,I(t’+2)†+†3GX,I(t’+3))/10].†Data†points†furth≥r†from†th≥†point†of†int≥r≥st†w≥r≥†
mor≥†h≥avily†w≥ight≥≤†than†n≥ar≥r†≤ata†points†to†comp≥nsat≥†for†th≥†obs≥rv≥≤†≥ff≥ct†that†such†outli≥rs†
oft≥n†occurr≥≤†in†spik≥s†of†two†to†thr≥≥†≤ata†points,†possibly†≤u≥†to†≥.g.†th≥†t≥mporary†s≥ttl≥m≥nt†of†a†
≤ust†particl≥†on†th≥†plat≥†n≥ar†th≥†w≥ll†b≥ing†r≥a≤.†A†w≥ight≥≤†m≥an-squar≥≤†≤iff≥r≥nc≥†function†
∆X,I(t’)†=[GX,I(t’)†-εX,I(t’)]2/[|†εX,I(t’)|†+†|GX,I(t’)|]†was†th≥n†calculat≥≤,†an≤†th≥†points†GX,I(t’)†giving†
th≥†gr≥at≥st†valu≥s†of†∆X,I(t’)†≤≥l≥t≥≤†on≥†by†on≥,†with†r≥calculation†of†εX,I(t’)†an≤†∆X,I(t’)†b≥tw≥≥n†
≥v≥ry†≤≥l≥tion.†If†th≥†outli≥r†≤ata†points†thus†r≥j≥ct≥≤†(approximat≥ly†5-10†p≥r†s≥ri≥s)†corr≥spon≤≥≤†to†
th≥†r≥gion†of†fluor≥sc≥nc≥†signal†ons≥t,†th≥y†w≥r≥†r≥instat≥≤,†sinc≥†this†algorithm†was†unsuit≥≤†for†
application†to†r≥gions†with†an†inh≥r≥ntly†non-lin≥ar†signal.†Tr≥atm≥nt†of†th≥†first†an≤†last†thr≥≥†≤ata†
points†in†a†s≥ri≥s†r≥quir≥≤†uni≤ir≥ctional†calculation†of†εX,I(t’).†
3)†Data†s≥ri≥s†GX,I(t’)†within†≥ach†s≥t†X†of†r≥plicat≥s†w≥r≥†th≥n†compar≥≤†to†s≥≥†wh≥th≥r†th≥y†w≥r≥†
consist≥nt;†s≥ri≥s†inconsist≥nt†with†th≥†oth≥rs†in†th≥ir†s≥t†w≥r≥†≤iscar≤≥≤†in†th≥†following†way.†Th≥†
m≥an†MX(t’)†of†all†s≥ri≥s†in†a†s≥t†was†calculat≥≤,†an≤†th≥n†th≥†av≥rag≥†valu≥†Q*X,I†of†th≥†m≥an-squar≥≤†
≥rror†function†QX,I(t’)†=|[GX,I(t’)†-†MX(t’)]2/MX(t’)|.†To†r≥j≥ct†a†s≥ri≥s†I,†th≥†ratio†RX,I†=†[Q*X,I†/†(th≥†
av≥rag≥†valu≥†of†th≥†last†fiv≥†points†of†MX(t’))]†ha≤†to†b≥†abov≥†an†arbitrary†thr≥shol≤,†chos≥n†as†
0.025.†Aft≥r†having†r≥j≥ct≥≤†th≥†r≥plicat≥†with†th≥†larg≥st†RX,I,†th≥†proc≥≤ur≥†was†follow≥≤†again†(with†
prior†r≥calculation†of†MX(t’),†QX,I(t’)†an≤†RX,I)†until†≥ith≥r†only†thr≥≥†s≥ri≥s†r≥main≥≤†in†th≥†s≥t†X,†or†
until†all†s≥ri≥s†ha≤†RX,I†≤††0.025.††Th≥n,††≤ata††from††corr≥spon≤ing††tim≥-valu≥s†of†th≥s≥†r≥maining†
r≥plicat≥s†w≥r≥†av≥rag≥≤,†an≤†th≥†≤ummy†tim≥s†t’†conv≥rt≥≤†to†tru≥†≥laps≥≤†tim≥s†t†sinc≥†th≥†a≤≤ition†
of†th≥†≥nzym≥,†to†giv≥†th≥†fluor≥sc≥nc≥†signals†FX(t).†
Although†similar†signal†proc≥ssing†tr≥atm≥nts†ar≥†common†in†physics,†I†hav≥†not†y≥t†foun≤†th≥m†us≥≤†
≥xplicitly†in†prob≥†≤ata†analysis;†on≥†possibl≥†≥xplanation†for†this†abs≥nc≥†is†that†th≥y†r≥mov≥†th≥†
possibility†of†‘touching†up’†≤ata†by†visual†insp≥ction†a≤justm≥nts.†

3.2.6.†Data†proc≥ssing†–†scanning†mo≤≥†
RFU†r≥a≤ings†from†th≥†c≥ntral†10×10†pix≥l†gri≤s†w≥r≥†av≥rag≥≤†to†giv≥†a†singl≥†RFU†valu≥†p≥r†w≥ll†
p≥r†tim≥†point,†an≤†th≥s≥†valu≥s†w≥r≥†filt≥r≥≤†for†consist≥ncy†as†p≥r†st≥p†3)†in†th≥†kin≥tic†t≥st†≤ata†
tr≥atm≥nt†s≥ction,†≤iscar≤ing†≤own†to†a†minimum†of†two†r≥plicat≥s†p≥r†s≥ri≥s†to†obtain†AX(t)†as†a†raw†
RFU†valu≥†of†w≥lls†n≥ar†th≥†m≥an†in†th≥ir†s≥t.†Th≥s≥†w≥r≥†th≥n†corr≥ct≥≤†by†subtraction†of†th≥†
instantan≥ous†BACQ†backgroun≤†r≥a≤ing†B(t),†≤≥t≥rmin≥≤†using†th≥†pur≥-wat≥r-only†w≥lls†as†a†
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minimum†≥stimat≥†of†backgroun≤†nois≥†in†th≥†fluor≥sc≥nc≥†acquisitions,†yi≥l≤ing†SX(t):†using†th≥†l≥tt≥r†
S†≤iff≥r≥ntiat≥s†Scan†≤ata†from†kin≥tic†≤ata,†which†w≥r≥†≤≥not≥≤†FX(t).†

3.2.7.†Choosing†th≥†important†factors†to†vary†
I†p≥rform≥≤†kin≥tic†an≤†scanning†≥xp≥rim≥nts†ov≥r†10-40†h,†with†prob≥s†1a,†1b†an≤†15a,†comparing†
th≥ir†hy≤rolytic†stability†(no†≥nzym≥,†high†prob≥†conc≥ntration)†an≤†kin≥tic†r≥spons≥†(with†≥nzym≥,†
varying†prob≥†conc≥ntration),†to†conclu≤≥†on†which†spac≥r†(pip≥ri≤yl†22†or†≤im≥thyl†21)†gav≥†th≥†
fast≥r†obs≥rv≥≤†r≥spons≥†(combin≥s†both†≥nzymatic†proc≥ssing†an≤†cyclisation†st≥ps),†an≤†to†compar≥†
th≥†stability†an≤†kin≥tic†p≥rformanc≥†≤iff≥r≥nc≥s†that†might†b≥†s≥≥n†with†th≥†HPQ†an≤†≤iClHPQ-
bas≥≤†prob≥s†at†≤iff≥r≥nt†conc≥ntrations.†
I†also†ran†n≥gativ≥†control†t≥sts†with†morpholino†≤≥rivativ≥†32x†to†s≥≥†if†th≥†≥nzym≥†us≥≤†actually†
nonsp≥cifically†hy≤rolys≥≤†this†prob≥,†which†it†shoul≤†not.†Pl≥asingly,†no†signal†was†obs≥rv≥≤†≤uring†
that†≥xp≥rim≥nt,†so†I†conclu≤≥†that†th≥†hy≤rolysis†obs≥rv≥≤†≤uring†th≥†prob≥†t≥sts†was†th≥†≤≥sir≥≤†
st≥pwis≥†proc≥ss:†first,†≥nzymatically†catalys≥≤†p≥pti≤≥†hy≤rolysis,†th≥n,†cyclisation†to†≥xp≥l†th≥†
fluorophor≥.†
It†was†consi≤≥r≥≤†that†th≥†most†r≥liabl≥†comparisons†of†≤ata†woul≤†b≥†b≥tw≥≥n†s≥ts†acquir≥≤†in†th≥†
sam≥†≥xp≥rim≥nt,†so†in†g≥n≥ral†I†us≥≤†on≥†≥xp≥rim≥nt†to†≥xamin≥†chang≥s†in†only†on≥†or†two†factors.†
R≥plicat≥s†using†similar†con≤itions†w≥r≥†us≥≤†to†prov≥†th≥†r≥liability†of†comparing†r≥sults†from†two†
≤iff≥r≥nt†acquisition†s≥ts.†To†≥nabl≥†comparisons†b≥tw≥≥n†all†≤ata†s≥ts,†I†always†us≥≤†th≥†sam≥†
(approximat≥)†conc≥ntration†of†th≥†≥nzym≥.†Not≥†that†th≥†≥nzym≥†is†≤≥liv≥r≥≤†in†a†som≥what†
inhomog≥nous†susp≥nsion†so†th≥†aliquots†tak≥n†to†pr≥par≥†≥ach†run†may†contain†≤iff≥r≥nt†amounts†of†
≥nzym≥,†≥v≥n†if†th≥†μL†amount†aliquott≥≤†can†b≥†w≥ll†r≥p≥at≥≤†(≥st.†r≥p≥atability†≥rror†~3%).†

3.3.†Enzym≥†t≥st†analys≥s:†st≥a≤y-stat≥†param≥t≥rs†an≤†CPPT(t)†
3.3.1.†Calculation†of†solubility†constants†KS†

Extrapolation†M≥tho≤:†Assuming†th≥†initial†conc≥ntration†of†≤iClHPQ†in†my†100†μM††no-≥nzym≥†
control†was†strictly†z≥ro,†th≥†≥valuation†of†th≥†≥ff≥ctiv≥††KS†was††rath≥r†straightforwar≤,†b≥caus≥†a†
spontan≥ous†hy≤rolysis†t≥st†of†15a†gav≥†a†cl≥ar,†an≤†abruptly†lin≥ar†start†of†signal†in†th≥†100†μM†no-
≥nzym≥†control†r≥action†aft≥r†~500†minut≥s†(R2=0.9977†ov≥r†>6†hours;†Figur≥†I.26),†which†I†
int≥rpr≥t≥≤†as†r≥sulting†from†rat≥-limiting,†ps≥u≤o-first-or≤≥r†spontan≥ous†hy≤rolysis†of†th≥†carbamat≥.†
If†pr≥cipitation†from†th≥†sup≥rsaturat≥≤†solution†ha≤†b≥≥n†a†significantly†rat≥-aff≥cting†factor,†th≥†
r≥gion†of†initial†signal†g≥n≥ration†woul≤†not†hav≥†shown†an†abrupt†switch†b≥tw≥≥n†th≥†two†r≥gim≥s.†
Th≥†lin≥ar†fit†to†th≥†sponan≥ous†hy≤rolysis†was†≥xtrapolat≥≤†to†a†y-int≥rc≥pt†of†-591×103†RFU,†which†
shoul≤†corr≥spon≤†to†th≥†signal†≥xp≥ct≥≤†from†th≥†‘missing’†prob≥,†i≥†to†th≥†≥ff≥ctiv≥†KS.†
For†th≥†most†r≥liabl≥†r≥sults†in†corr≥lating†this†RFU†r≥a≤ing†with†conc≥ntration,†I†initially†consi≤≥r≥≤†
th≥†≤ata†for†th≥†10.1†μM†prob≥†plat≥au†in†this†≥xp≥rim≥nt:†b≥caus≥†m≥chanistically†I†≥xp≥ct≥≤†th≥†b≥st†
lin≥arity†FPLAT=k×CPPT†in†th≥†w≥ak†absorption†r≥gim≥†at†low†conc≥ntration†(cf.†s≥ction†I.3).†As†its†
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plat≥au†was†at†4.4×106†RFU,†I†calculat≥≤†that†KS=10.1×0.59/(0.59+4.4)=1.2†μM†(this†m≥tho≤†of†
calculation†cr≥at≥s†th≥†low≥st†carry-on†≥rror†in†KS†≤u≥†to†non-lin≥arity†≥ff≥cts:†s≥≥†lat≥r).†I†th≥n†
ch≥ck≥≤†this†≥stimat≥†against†th≥†r≥sults†from†th≥†40.5†μM††≥xp≥rim≥nt††in†th≥†sam≥†run:†
FPLAT=15.0×106†RFU,†so†KS=40.5×0.59/(0.59+15.0)=1.5†μM;††a††similar††consi≤≥ration††from††th≥†
100†μM††run††(FPLAT=25.7×106†RFU)†giv≥s†KS=100.5×0.59/(0.59+25.7)=1.6†μM.††Th≥††agr≥≥m≥nt†
b≥tw≥≥n†th≥s≥†≥stimat≥s†was†pl≥asing†(although†it†was†not†n≥c≥ssary†from†a†th≥or≥tical†vi≥wpoint,†
b≥caus≥†th≥†lin≥ar†corr≥lation†of†signal↔conc≥ntration†is†not†actually†tru≥).†
I†th≥n†ha≤†to†choos≥†which†valu≥†to†trust†most.†Although†I†ha≤†gr≥at≥r†confi≤≥nc≥†in†th≥†compl≥tion†of†
attaining†signal†plat≥au†with†high≥r†prob≥†conc≥ntrations†(s≥≥†s≥ction†III.3.3.3),†what†was†actually†
much†mor≥†important†was†consi≤≥ring†th≥†strong†absorption†r≥gim≥.†If†this†strong†absorption†r≥gim≥†is†
approach≥≤†th≥n†th≥†signal†plat≥aux†will†b≥†low≥r†than†≥xp≥ct≥≤†for†a†lin≥ar†r≥lationship,†so†th≥†
≥stimat≥≤†KS†will†b≥†gr≥at≥r†than†th≥††r≥al†on≥s.†In†fact,†initial†calculations††of†th≥†valu≥s†of†k†from†
FPLAT=k×CPPT,†using†KS=1.4†μM††as††th≥†av≥rag≥†figur≥,†giv≥†k=(0.494,†0.384,†an≤†
0.258)×106†RFU∙M-1†for†th≥†thr≥≥†conc≥ntrations†10,†40†an≤†100†μM†r≥sp≥ctiv≥ly,†illustrating†≥xactly†
this†strong†absorption†≥ff≥ct,†an≤†highlighting†why†I†chos≥†th≥†ratiom≥tric†calculation†m≥tho≤†for†KS,†
th≥r≥for≥†I†chos≥†th≥†≥ff≥ctiv≥††KS=1.2†μM††(s≥≥††s≥ction†3.3.4†for†a†mor≥†compl≥t≥†≤≥scription†of†th≥†
nonlin≥ar†signal↔conc≥ntration†r≥lation).†
A†final†consi≤≥ration†was†that†actually,†this†calculation†m≥tho≤†≤≥liv≥rs†not†th≥†tru≥†KS†but†its†≥ff≥ctiv≥†
count≥rpart†(KS-CH),†for†a†‘pr≥-spiking’†conc≥ntration†CH††of†≤iClHPQ†pr≥s≥nt†at†tim≥†t=0†in†th≥†
≥xp≥rim≥nt.†To†≥stimat≥†th≥†unc≥rtainty†in†assuming†(KS-CH)=KS,†I†first†consi≤≥r≥≤†that†th≥†100†μM†
w≥ll†no-≥nzym≥†control†r≥sults†w≥r≥†obtain≥≤†by†≤ilution†of†25†μL†of†a†stock†solution†(which†ha≤†b≥≥n†
pr≥par≥≤†l≥ss†than†3†hours†b≥for≥),†to†a†final†volum≥†of†100†μL,††with††a††≤≥lay††of††<30†min†b≥tw≥≥n†
≤ilution†an≤†signal†acquisition†(s≥≥†s≥ction†3.2.4).†Consi≤≥ring†that†th≥†slop≥†of†this†spontan≥ous†
hy≤rolysis†r≥gim≥†was†1052†RFU/min,†I†us≥≤†th≥†initial†valu≥†of†k=0.494×106†RFU∙M-1†from†th≥†
w≥ak≥st-absorption†r≥gim≥†(which†is†most†r≥l≥vant†at†small†conc≥ntration)†to†conv≥rt†this†roughly†to†a†
spontan≥ous†hy≤rolysis†rat≥†of†about†0.6†μM†prob≥†p≥r†5†hours,†at†a†prob≥†conc≥ntration†of†100†μM.†
By†calculating†th≥†≤≥composition†at†≥ach†st≥p,†I†conclu≤≥≤†that†th≥†lik≥ly†maximum†valu≥†of†CH†was†
about†0.4†μM,†so†th≥†tru≥†valu≥†of†KS†was†som≥what†l≥ss†than†1.6†μM.†I†th≥r≥for≥†chos≥†
KS(≤iClHPQ)†=†1.5†μM.†
Not≥†that†this†consi≤≥ration†of†pr≥-spiking†mak≥s†littl≥†≤iff≥r≥nc≥†to†th≥†r≥sults†h≥r≥,†b≥caus≥†th≥†prob≥†
was†stabl≥,†an≤†b≥caus≥†th≥†sampl≥†pr≥paration†was†p≥rform≥≤†both†rapi≤ly†an≤†in†a†quantifiabl≥†
mann≥r.†For†unstabl≥†prob≥s,†as†will†b≥†s≥≥n†for†34a†an≤†34b†(s≥ction†III.3.5.1)†failur≥†to†consi≤≥r†pr≥-
spiking†compl≥t≥ly†≤istorts†th≥†r≥sults.†
Initial†V≥locity†M≥tho≤:†For†HPQ,†no†spontan≥ous†hy≤rolysis†was†obs≥rv≥≤†in†≥ith≥r†1a††or†1b.†
Th≥r≥for≥†I†first†≥xamin≥≤†th≥†quasilin≥ar†signal†g≥n≥ration†r≥gim≥,††n≥ar†th≥†start†of†th≥†obs≥rv≥≤†
signal†in†th≥†kin≥tic†t≥sts†with†th≥†≥nzym≥†pr≥s≥nt.†Assuming†that†similar†b≥haviour†can†b≥†≥xp≥ct≥≤†
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h≥r≥†as†for†15a,†th≥n†th≥†spontan≥ous†hy≤rolysis†contribution†will†b≥†not†only†strictly†lin≥ar,†but†also†
n≥glig≥abl≥.†Now,†assuming†that†(a)†th≥†≥nzymatic†hy≤rolysis†rat≥†is†approximat≥ly†constant†≤uring†
th≥†≥arly†p≥rio≤†of†th≥†≥xp≥rim≥nt†(which†is†≥xp≥ct≥≤†for†high†substrat≥†loa≤ing†with†a†w≥ll-proc≥ss≥≤†
substrat≥),†an≤†(b)†both†cyclisation†an≤†crystallisation†ar≥†fast†(i≥.†not†limiting†for†signal†g≥n≥ration),†
th≥n†th≥†≥xtrapolation†of†th≥†FX(t)†curv≥s†from†th≥ir†gr≥at≥st†gra≤i≥nts†(at†this†lin≥ar†r≥gion)†to†t=0†
shoul≤†lik≥wis≥†in≤icat≥†th≥†signal†that†woul≤†b≥†≥xp≥ct≥≤†from†th≥†‘missing’†(non-pr≥cipitat≥≤)†
conc≥ntration†of†fluorophor≥†which†is†originally†g≥n≥rat≥≤†b≥for≥†signal†is†s≥≥n.†How≥v≥r,†for†HPQ,†
th≥†r≥sults†obtain≥≤†by†that†m≥tho≤†w≥r≥†v≥ry†inconsist≥nt†an≤†gav≥†unr≥alistic†≥stimat≥s†of†KS,†≥g.†
50-100†μM.††I†th≥r≥for≥†conclu≤≥≤†that†assumption†(b)†was†wrong,†an≤†b≥caus≥†I†obs≥rv≥≤†fast†
crystallisation†with†th≥†similar†fluorophor≥†≤iClHPQ,†I†conclu≤≥≤†that†cyclisation†was†rat≥-limiting†
(s≥≥†Figur≥†III.8†an≤†th≥†≥xt≥nsiv≥†kin≥tic†analysis†in†s≥ction†I.5.5).†
Plat≥au†Fitting†M≥tho≤:†Th≥r≥for≥†I†inst≥a≤†≥xamin≥≤†th≥†scan†mo≤≥†r≥sults†SX(plat≥au)†wh≥n†th≥†
signals†ha≤†stabilis≥≤,†i≥.†all†th≥†prob≥†ha≤†b≥≥n†hy≤rolys≥≤†an≤†pr≥cipitat≥≤†in†th≥†≥nzym≥†w≥lls†(≥g.†
Figur≥†III.3).†Car≥†was†tak≥n†to†cov≥r†th≥†w≥llplat≥†with†a†plastic†sli≤≥†b≥tw≥≥n†m≥asur≥m≥nts†(if†th≥†
solutions†go†to†≤ryn≥ss,†th≥n†all†th≥†activat≥≤†prob≥†pr≥cipitat≥s†an≤†th≥†≤≥t≥rmination†is†inaccurat≥).††

†
Figur≥†III.3†-†R≥pr≥s≥ntativ≥†scan†mo≤≥†r≥sults,†SX(t),†for†prob≥†1a†(not≥†th≥†logarithmic†scal≥).†Tim≥-r≥solv≥≤†scan†
≤ata†show†that†high†conc≥ntration†t≥sts†(80†μM-209†μM)†r≥ach†th≥ir†maximum†signal†plat≥au†aft≥r†1†h†an≤†r≥main†
stabl≥†for†th≥†n≥xt†20†h,†that†a†low-conc≥ntration†t≥st†(20†μM)†only†approach≥s†its†signal†plat≥au†aft≥r†aroun≤†7†h,†an≤†

that†high-conc≥ntration†substrat≥s†without†≥nzym≥†≤o†not†giv≥†ris≥†to†any†appr≥ciabl≥†signal†ov≥r†20†h.†
I†consi≤≥r≥≤†that†if†th≥†off-stat≥†r≥ally†g≥n≥rat≥s†z≥ro†signal,†th≥n†all†significant†signal†shoul≤†
corr≥spon≤†to†pr≥cipitat≥≤†prob≥.†Th≥r≥for≥†th≥†‘pr≥cipitat≥≤†conc≥ntration’†CPPT†at†compl≥tion†is†
giv≥n†by†CPPT†=†P0-KS;†an≤†if†a†lin≥ar†corr≥lation†can†b≥†appli≥≤,†th≥n†SX(∞)†=†k×CPPT.†I†minimis≥≤†
th≥†≥rror†of†fitting†th≥†obs≥rv≥≤†signals†to†this†r≥lation,†to†calculat≥†valu≥s†of†KS†within†≥ach†
≥xp≥rim≥nt,†whil≥†constraining†KS†to†physical†valu≥s.†For†≥xampl≥,†for†HPQ†this†impli≥≤†10>KS>5,†
b≥caus≥†5†μM†w≥lls†n≥v≥r†gav≥†a†signal,†whil≥†10†μM†w≥lls†of†1a†gav≥†a†signal†aft≥r†about†7†hours.†As†
p≥r†s≥ction††I.3.3,†I†gav≥†most†w≥ight†to†th≥†r≥sults†of†plat≥au≤†≥xp≥rim≥nts†with†m≥≤ium†substrat≥†
conc≥ntrations,†≥g.†40-80†μM,†to†favour†th≥††most†lin≥arity†in†th≥†S↔CPPT†r≥lation.†From†th≥s≥†fits†I†
≤≥riv≥≤†6†μM<KS(HPQ)<8†μM†across†thr≥≥†in≤≥p≥n≤≥nt†≥xp≥rim≥nts†an≤†I†chos≥†KS(HPQ)†=†7†μM;†
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this†also†agr≥≥s†w≥ll†with†an†in≤≥p≥n≤≥nt†analysis†of†th≥†b≥haviour†of†prior-art†prob≥s†34a†an≤†34b†
(s≥≥†s≥ction†3.5.1),†so†is†th≥r≥for≥†consi≤≥r≥≤†suffici≥ntly†r≥liabl≥.†

3.3.2.†Hy≤rolysis†halfliv≥s†
As†intro≤uc≥≤†in†s≥ction†III.3.3.1,†for†15a,†th≥†hy≤rolysis†calculation†was†r≥lativ≥ly†≥asy,†consi≤≥ring†
th≥†strongly†lin≥ar†spontan≥ous†hy≤rolysis†r≥gim≥†(R2=0.9977†ov≥r†>6†hours;†Figur≥†I.26).††I†
r≥calculat≥≤††th≥††lin≥ar††≥stimation††of††signal↔conc≥ntration††using††KS=1.5†μM,†giving†
k=0.512×106†RFU∙μM-1†by†using†th≥†plat≥au†signal†from†th≥†low≥st-conc≥ntration†w≥ll†(with†th≥r≥for≥†
th≥†most†lin≥ar†/†w≥ak≥st-absorption†r≥gim≥,†an≤†also,†th≥†conc≥ntration↔RFU†r≥lation†which†is†most†
r≥l≥vant†at†small†conc≥ntrations).†Th≥n†I†conv≥rt≥≤†th≥†obs≥rv≥≤†fluor≥sc≥nc≥†incr≥as≥†ov≥r†tim≥†for†
th≥†100†μM††control††≤atas≥t†(+0.308×106†RFU†from†550†to†850†min)†to†an†amount†0.6†μM†
spontan≥ously†hy≤rolys≥≤†in†300†min.†Fitting†C0=98.5,†C300=97.9,†t=300†min†to†a†unimol≥cular†
≤≥composition†mo≤≥l†yi≥l≤s†th≥†hy≤rolysis†halflif≥†τ(15a)=567†hours†(24†≤ays).†
As†no†spontan≥ous†hy≤rolysis†was†obs≥rv≥≤†in†≥ith≥r†1a†or†1b,†I†inst≥a≤†calculat≥≤†thoroughly†r≥liabl≥†
minimum†halfliv≥s†by†positing†th≥†app≥aranc≥†of†a†fluor≥sc≥nt†signal†just†aft≥r†th≥†last†tim≥point†of†th≥†
long≥st†kin≥tic†monitoring†of†≥ach†prob≥†at†high†conc≥ntration.†Th≥†long≥st†≥xp≥rim≥nt†was†follow≥≤†
ov≥r†2093†minut≥s†(=35†h)†with†n≥ith≥r†1a†nor†1b†giving†a†signal†at†100†μM;††a†mor≥†conc≥ntrat≥≤,†
21†h†≥xp≥rim≥nt†at†209†μM††in††≥ach††confirm≥≤†this†r≥sult.†Giv≥n†KS=7†μM††woul≤††th≥r≥for≥††≥stimat≥†
th≥†minimum†halfliv≥s†from†th≥†latt≥r†≥xp≥rim≥nt†as†τ(1a),†τ(1b)>†427†h.†
B≥yon≤†this†though,†on†23/8/2011†I†pr≥par≥≤†two†tub≥s†containing†1a†at†2000†an≤†at†801†μM†an≤†l≥ft†
th≥m†stan≤ing†at†RT†for†3†w≥≥ks,†an≤†visually†obs≥rv≥≤†no†fluor≥sc≥nc≥†un≤≥r†UV.†On†13/9/2011†I†
th≥n†us≥≤†th≥†801†μM†solution†in†an†≥nzymatic†≥xp≥rim≥nt†with†a†≤ilution†factor†of†only†2,†an≤†I†still†
obs≥rv≥≤†a†≤≥lay†tim≥†b≥for≥†th≥†ons≥t†of†rapi≤†signal†g≥n≥ration,†so†conclu≤≥†that†th≥r≥†was†minimal†
pr≥-spiking†by†hy≤rolys≥≤†prob≥.†Compar≥†this†to†th≥†form†of†th≥†r≥sults†of†pr≥-spik≥≤†prob≥s†34a†an≤†
34b†(Figur≥†III.9),†which†≥xhibit†absolut≥ly†minimal†≤≥lay†tim≥s.†I†th≥r≥for≥†conclu≤≥†that†th≥s≥†vials†
lik≥wis≥†≤i≤†not†r≥ach†th≥†solubility†thr≥shol≤,†so†I†≥stimat≥†a†n≥w†low≥r-boun≤†hy≤rolysis†halflif≥†
(fitting†C0=2000,†C21=1993,†t=21†≤ays)†of††τ(1a)≈4151†≤ays,†an≤†giv≥n†th≥ir†similar†structur≥†at†th≥†
hy≤rolytically†w≥ak≥st†carbamat≥†bon≤,†I†woul≤†giv≥†a†similar†≥stimat≥†for†1b.†

3.3.3.†Prob≥†s≥nsitivity:†signal-to-control†ratios†at†plat≥au†
Plat≥au†valu≥s:†Tim≥-in≤≥p≥n≤≥nt†plat≥au†valu≥s†FPLAT(x)†w≥r≥†obtain≥≤†for†signal-stabilis≥≤†
tim≥cours≥s†with†initial†prob≥†conc≥ntrations†x,†by†av≥raging†th≥ir†signals†b≥tw≥≥n†t=500†min†an≤†
t=660†min.†Two†chi≥f†sourc≥s†of†≥rror†in†obtaining†physically†m≥aningful†plat≥au†valu≥s†FPLAT(x)†w≥r≥†
anticipat≥≤:†
(a)†If†th≥†≥nzymatic†r≥action†slow≥≤†substantially†towar≤s†th≥†≥n≤†as†substrat≥†b≥cam≥†scarc≥,†th≥†
plat≥au†valu≥s†obs≥rv≥≤†woul≤†b≥†un≤≥r≥stimat≥s†of†th≥†tru≥†plat≥au†fluor≥sc≥nc≥†valu≥s;†how≥v≥r,†
bas≥≤†on†th≥†rapi≤†attainm≥nt†of†th≥†plat≥au,†it†s≥≥m≥≤†that†th≥†KM†was†favourabl≥†an≤†that†th≥r≥for≥†
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th≥†r≥action†coul≤†b≥†consi≤≥r≥≤†practically†compl≥t≥.†Th≥n,†fluor≥sc≥nc≥†signals†from†prob≥s†1a†an≤†
1b†at†i≤≥ntical†conc≥ntrations†show†almost†i≤≥ntical†plat≥au†valu≥s,†sugg≥sting†that†both†≤iast≥r≥om≥rs†
of†th≥†22†spac≥r†ar≥†≥nzymatically†hy≤rolys≥≤.†Furth≥rmor≥,†both†≤iast≥r≥om≥rs†of†th≥†22†spac≥r†
app≥ar†to†b≥†hy≤rolys≥≤†at†comparabl≥†rat≥s,†sinc≥†oth≥rwis≥†th≥†kin≥tic†r≥sults†(≥g.†Figur≥s†I.25†an≤†
I.27†for†1a)†woul≤†≤isplay†two†≤isctinct†r≥gions:†first†fast≥r†hy≤rolysis†of†on≥†≤iast≥r≥om≥r,†th≥n†
slow≥r†action†on†th≥†oth≥r,†wh≥r≥as†th≥†signal†is†in†fact†smoothly†simpl≥-sigmoi≤al.†Th≥r≥for≥†I†
conclu≤≥†that†th≥†signal†plat≥aux†r≥ach≥≤†in†th≥†all†th≥†≥xp≥rim≥nts†can†b≥†assum≥≤†to†in≤icat≥†total†
activation†of†th≥†initial†quantiti≥s†of†th≥†prob≥s†x.†
(b)†Continuous†≥vaporation†from†th≥†w≥lls†conc≥ntrat≥s†th≥†t≥st†solutions;†wh≥n†th≥†ratio†KS/P0†was†
r≥lativ≥ly†high,†this†coul≤†significantly†impact†th≥†≥ff≥ctiv≥†x†(th≥†mor≥†≥vaporation,†th≥†mor≥†prob≥†is†
pr≥cipitat≥≤†out†of†th≥†starting†conc≥ntration,†so†(x–KS)†lat≥r†l≥a≤s†to†an†un≤≥r≥stimat≥†of†th≥†signal-
g≥n≥rating†conc≥ntration).†This†was†count≥r≥≤†by†p≥rio≤ic†topping-up†of†th≥†w≥lls.†
B≥for≥†th≥†≥nzym≥-activ≥†w≥lls†ar≥†consi≤≥r≥≤,†first†≥xamin≥†th≥†raw†signal†from†th≥†≤istill≥≤-wat≥r-
only†control†w≥lls†in†a†typical†kin≥tic†≥xp≥rim≥nt†to†s≥≥†th≥†≥xp≥ct≥≤†siz≥†of†variations†≤u≥†to†nois≥†
an≤†syst≥matic†variations†(Run†1;†Figur≥†III.4).†Th≥s≥†show†initial†stabilisation†(t<100†min),†th≥n†
small≥r†syst≥matic†variations†in†signal†(p≥rio≤†~80†min,†amplitu≤≥†~5000†RFU);†by†th≥†≤ata†tr≥atm≥nt†
algorithm†outlin≥≤†abov≥,†th≥s≥†w≥r≥†mostly†comp≥nsat≥≤†for†in†th≥†g≥n≥ration†of†proc≥ss≥≤†signals†
F(t)†from†th≥†raw†≤ata†A(t).†Th≥†small≥r-still†variations†≤u≥†to†tru≥†nois≥†ar≥†sup≥rimpos≥≤†on†this†
backgroun≤†(amplitu≤≥†~500†RFU).†Not≥†that†th≥†bulk†of†th≥†signal†acquir≥≤†is†mor≥†lik≥†≤u≥†to†
fluor≥sc≥nc≥†of†th≥†w≥llplat≥†plastic,†rath≥r†than†of†any†sp≥ci≥s†in†th≥†≤istill≥≤†wat≥r.†

†
Figur≥†III.4†–†Th≥†raw†fluor≥sc≥nc≥†signals†for†20†wat≥r-only†blank†w≥lls†illustrat≥†th≥†l≥v≥ls†of†corr≥ction†n≥≥≤≥≤†in†

proc≥ssing†acquir≥≤†signals†A(t)†into†tru≥†fluor≥sc≥nc≥†signals†F(t).†

Aft≥r††≤ata††proc≥ssing,†both†scan†an≤†kin≥tic†mo≤≥s†cl≥arly†show≥≤†hug≥†s≥nsitivity†for†th≥†≥nzym≥-
activ≥†w≥lls,†an≤†no†fals≥†positiv≥†signals†for†th≥†no-≥nzym≥†controls†or†th≥†prob≥s†with†conc≥ntration†
l≥ss†than†KS,†for†prob≥s†1a†an≤†1b.†As†shown†in†Figur≥†I.26,†th≥†100†μM†no-≥nzym≥†control†of†15a†
gav≥†a†signal†≤u≥†to†spontan≥ous†hy≤rolysis†aft≥r†8†hours,†but†≥v≥n†so,†s≥nsitivity†was†v≥ry†high.†
R≥pr≥s≥ntativ≥†r≥sults†ar≥†pr≥s≥nt≥≤†in†Tabl≥†III.1†(kin≥tic†mo≤≥,†all†prob≥s).†R≥call†that†proc≥ssing†
raw†≤ata†A(t)†into†F(t)†involv≥s†not†only†outli≥r†r≥moval†but†s≥ri≥s†consist≥ncy†ch≥cking,†which†

†
† 207†
†



†
Part†III.3†–†Enzymatic†T≥sts†

†

≥xplains†small†variations†in†tr≥n≤s†b≥tw≥≥n†th≥†two.†Th≥†v≥ry†high†signal-to-control†ratios†calculat≥≤†
for†th≥†plat≥au≤†signals,†an≤†≥v≥n†for†signals†that†w≥r≥†not†y≥t†plat≥au≤,†in≤icat≥s†th≥†≥xtr≥m≥ly†high†
s≥nsitivity†of†th≥s≥†prob≥s†as†a†practical†syst≥m†for†≤≥t≥cting†aminop≥pti≤as≥†activity.†

Kin≥tic†mo≤≥,†11†h† APLAT†(×105†RFU)†
FPLAT†(×103†RFU)†

FPLAT/FNoEnz†(Signal/Control),†
no†t0†subtract†

Signal†/†
Control,†t0†subtract†

Comm≥nt†

RUN†1†(660†min):† † † † † †
Distill≥≤†wat≥r† 3.4† (0)† -† -† -†
Enzym≥†without†prob≥† 3.4† 0.8† -† -† -†
1a,†378†μM† 362† 37517† 728† 7441† -†
1b,†100†μM† 112† 8661† 1467† ∞∞† -†
1a,†100†μM† 101† 9711† 618† 5712† -†
1b,†59†μM† 80† 5631† 954† ∞∞† -†
1a,†59†μM† 55† 3861† 371† 3976† -†
1b,†32†μM† 38† 3749† 635† ∞∞† -†
1a,†32†μM† 30† 2951† 427† 6009† -†
1b,†18†μM† 13† 605† 101† ∞∞† no†plat≥au†
1a,†18†μM† 13† 551† 108† 2274† no†plat≥au†
1b,†10†μM† 3.5† 9.5† 1.5† ∞∞† no†signal†
1a,†10†μM† 4.8† 47.6† 12† 476† no†plat≥au†
1b,†100†μM,†NoEnz† 3.5† 5.9† (1)† -† no†signal†
1a,†100†μM,†NoEnz† 3.5† 15.7† (1)† -† no†signal†
1b,†10†μM,†NoEnz† 3.5† 6.0† (1)† -† no†signal†
1a,†10†μM,†NoEnz† 3.5† 4.1† (1)† -† no†signal†
RUN†2†(960†min):† † † † † †
Distill≥≤†wat≥r† 4.5† (0)† -† -† -†
Enzym≥†without†prob≥† 4.5† 8† -† -† -†
15a,†100†μM† 310† 25818† 1655†(64)† 43000†(66)† t=300†(t=960)†
1b,†100†μM† 113† 20613† 2944† 21000† -†
15a,†40.5†μM† 166† 15009† 962† 25000† -†
1b,†40.5†μM† 38.5† 9872† 1400† 10000† -†
15a,†10†μM† 56† 4314† 276† 7190† -†
1b,†10†μM† 6.5† 16.6† 1.1† 17† signal†just†

starting†(960)†
15a,†100†μM,†NoEnz,†
200<t<400†min† 4.7† 15.6† (1)† -† no†signal†
15a,†100†μM,†NoEnz,†
t=960†min† 9.2† 404† 26† 673† no†signal†
1b,†100†μM,†NoEnz† 4.6† 7† (1)† -† no†signal†
Tabl≥†III.1†(as†pr≥s≥nt≥≤†in†part†I)†–†Raw†an≤†BACQ-subtract≥≤†signals†from†kin≥tic-mo≤≥†≥xp≥rim≥nts†with†all†th≥†prob≥s†(two†s≥parat≥†runs,†b≥tw≥≥n†which†≤ata†ar≥†not†comparabl≥;†r≥call†too†that†th≥†fluorophor≥s†of†15a†(≤iClHPQ)†

an≤†1b†(HPQ)†hav≥†≤iff≥r≥nt†signal†absorption/≥mission†so†cannot†b≥†int≥rcompar≥≤†≤ir≥ctly†≥ith≥r.†
In†Run†1,†giv≥n†th≥†consi≤≥rations†of†th≥†tosylat≥†count≥rion†(s≥≥†s≥ction†I.5.2.2),†th≥†appropriat≥†
conc≥ntration-≤≥p≥n≤≥nt†FNoEnz†figur≥†for†prob≥†1a†was†calculat≥≤†by†lin≥ar†fit†bas≥≤†on†th≥†≤atapoints†
for††FNoEnz(10†μM)†an≤†FNoEnz(100†μM),†≥g.†≥stimat≥≤†FNoEnz(59†μM)=10400†RFU.†Although†this†
backgroun≤†was†tiny†in†an†absolut≥†s≥ns≥,†its†conc≥ntration†≤≥p≥n≤≥nc≥†substantially†r≥≤uc≥≤†th≥†
s≥nsitivity†of†that†prob≥†wh≥n†computing†in†vivo-styl≥†s≥nsitivity†(no†t0†subtraction;†cf.†r≥lativ≥†chang≥†
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mo≤≥l),†compar≥≤†to†th≥†conc≥ntration-in≤≥p≥n≤≥nt†backgroun≤†s≥≥n†for†th≥†prob≥†1b†which†allow≥≤†
high≥r†s≥nsitiviti≥s.†
In†Run†2,†I†us≥≤†th≥†100†μM†no-≥nzym≥†controls†in†calculating†th≥†ratios†of†signal†to†control†for†all†
prob≥†conc≥ntrations.†Not≥†th≥†≥normous†s≥nsitivity†that†is†giv≥n,†≥v≥n†if†I†might†hav≥†≥xp≥ct≥≤†a†
small†r≥≤uction†in†th≥†no-≥nzym≥†control†signal†with†≤≥cr≥as≥≤†prob≥†conc≥ntration†for†prob≥†15a†an≤†
th≥r≥for≥†≥v≥n†high≥r†s≥nsitiviti≥s.†Cl≥arly,†th≥†limiting†factor†in†≤≥t≥ction†s≥nsitivity†in†th≥s≥†
≥xp≥rim≥nts†is†th≥†attainm≥nt†of†th≥†low≥st†possibl≥†r≥a≤ing†in†th≥†proag≥nt†w≥ll;†in†my†int≥rpr≥tation†
this†has†mor≥†to†≤o†with†sampl≥†pr≥paration†(≤ust†≥tc)†than†with†any†small†r≥si≤ual†fluor≥sc≥nc≥†
(cl≥arly†th≥r≥†was†non≥†abov≥†th≥†nois≥†l≥v≥l).†
R≥call†that†lit≥ratur≥†≤ata†is†almost†univ≥rsally†t0-subtract≥≤:†th≥†no-≥nzym≥†control†FN(t=0)†valu≥s†ar≥†
subtract≥≤†from†all†FPLAT†valu≥s†≤uring†calculation†of†signal/control†ratios.†For†≥xampl≥,†Urano†≥t†al.[9]†
subtract†th≥ir†t=0†fluor≥sc≥nc≥†r≥a≤ings,†so†as†to†calculat≥†a†signal-to-tim≥-z≥ro†valu≥†of†only†76,†aft≥r†
only†8†minut≥s†with†5†U†≥nzym≥†an≤†only†1†μM†prob≥†(as†I†outlin≥≤†in†s≥ction†3.1.1,†I†consi≤≥r†that†
this†is†b≥caus≥†with†th≥ir†5†hour†hy≤rolysis†halflif≥,†2%†of†th≥ir†prob≥†has†alr≥a≤y†hy≤rolys≥≤†≤uring†
this†tim≥,†so†th≥ir†tru≥†signal-to-control†ratio†is†l≥ss†than†25,†an≤†≤ropping†constantly).†Th≥r≥for≥†I†also†
consi≤≥r≥≤†calculating†t0-subtract≥≤†valu≥s†to†compar≥†my†unoptimis≥≤†r≥sults†with†lit≥ratur≥†valu≥s.†
In†Run†1,†I†obs≥rv≥≤†FN(1a,†10†μM)=4000,†FN(1a,†100†μM)=14000,†an≤†FN(1b)=8000†RFU†
(conc≥ntration†in≤≥p≥n≤≥nt).†Th≥r≥for≥†th≥†calculation†for†1a†coul≤†b≥†≤on≥†(controls†now†a≤just≥≤†to†
FNoEnz(10†μM)=100†RFU,†FNoEnz(100†μM)=1700†RFU,†lin≥ar†corr≥ction†as†b≥for≥.†How≥v≥r,†for†1b,†
subtracting†th≥†t=0†valu≥†woul≤†l≥a≤†to†n≥gativ≥†fluor≥sc≥nc≥†valu≥s†for†th≥†control†signal†(i≥.†z≥ro†
signal),†which†woul≤†imply†infinit≥†s≥nsitivity.†Th≥r≥for≥†any†signal†obs≥rv≥≤†abov≥†FN(1b)=8000†
RFU†woul≤†giv≥†‘whit≥-on-black’†≤≥t≥ction†(≥ntir≥ly†macroscopically†off-ON,†z≥ro†backgroun≤);†so†I†
mark≥≤†th≥†corr≥spon≤ing†signal-to-control†valu≥s†as†∞∞†to†in≤icat≥†this†infinit≥ly†high†s≥nsitivity†ratio.†
In†Run†2,†machin≥†stabilisation†took†long≥r,†so†I†chos≥†th≥†minimum†stabl≥†no-≥nzym≥†control†signals,†
FN(1b)=6000†RFU†an≤†FN(15a)=15000†RFU,†ov≥r†th≥†whol≥†rang≥.†As†can†b≥†s≥≥n,†my†t0-subtract≥≤†
signal-to-control†valu≥s†rang≥†from†500†to†43000†aft≥r†mor≥†than†11†hours†of†incubation†an≤†using†
2†or≤≥rs†of†magnitu≤≥†l≥ss†≥nzym≥;†this†is†unqu≥stionably†sup≥rior†s≥nsitivity†compar≥≤†to†what†can†
b≥†obtain≥≤†with†lit≥ratur≥-r≥port≥≤†solubl≥†r≥lativ≥†chang≥†prob≥s.†Ev≥n†≥xpr≥ssly†avoi≤ing†such†t0-
subtraction†≤uring†signal†tr≥atm≥nt,†th≥†s≥nsitiviti≥s†for†th≥†pr≥s≥nt†prob≥s†ar≥†still†far†sup≥rior,†which†
illustrat≥s†th≥†s≥nsitivity†that†th≥s≥†prob≥s†can†achi≥v≥†≥v≥n†ov≥r†long†tim≥scal≥s†at†in†vivo†con≤itions†
of†≥nzym≥†conc≥ntration,†without†‘fu≤ging’†th≥†signal†proc≥ssing†(s≥≥†s≥ctions†I.3.1-I.3.2)†.†
Tabl≥†III.2†pr≥s≥nts†s≥nsitivity†r≥sults†obtain≥≤†with†th≥†scanning†mo≤≥,†on†prob≥†1a,†to†illustrat≥†th≥†
v≥ry†clos≥†similarity†of†th≥†r≥sults†obtain≥≤†by†th≥†two†≤ata†acquisition†m≥tho≤s,†ov≥r†≤iff≥r≥nt†
tim≥scal≥s†an≤†on†≤iff≥r≥nt†≥xp≥rim≥ntal†runs.†This†confirms†th≥†practical†utility†of†th≥†prob≥†syst≥m†
as†a†r≥liabl≥†m≥tho≤†for†ultra-s≥nsitiv≥†≤≥t≥ction†of†aminop≥pti≤as≥†activity†across†a†rang≥†of†
(activity/prob≥-conc≥ntration)†valu≥s,†in†≤iff≥r≥nt†applications.†
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Prob≥†1a;†Scan†mo≤≥† AX(t)†(RFU)† FX(t)/B(t)†(Signal)† FX(t)/FNoEnz†;†no†t0†sub†(Signal/Control)†
W≥ll†S≥ri≥s† 24†h† 40†h† 24†h† 40†h† 24†h† 40†h†
Wat≥r† 72839† 73029† (0)† (0)† (0)† (0)†
81†μM,†NoEnz† 78944† 82526† 0.08† 0.13† (1)† (1)†
209†μM,†NoEnz† 86302† 94865† 0.18† 0.30† (1)† (1)†
209†μM† 4900858† 5042099† 66.3† 68.0† 368† 226†
81†μM† 2415589† 2462269† 32.2† 32.7† 403† 250†
21†μM† 511910† 543580† 6.03† 6.44† ≥st.†300† ≥st.†161†
Tabl≥†III.2†(r≥pro≤uc≥≤†from†Part†I)†–†Raw†an≤†BACQ-subtract≥≤†signals†from†a†scan-mo≤≥†≥xp≥rim≥nt†with†1a.†Brack≥ts†in≤icat≥†that†th≥†≤ata†point†was†us≥≤†to†calibrat≥†th≥†valu≥s†of†oth≥rs†in†its†column,†so†is†not†statistically†

significant.†
3.3.4.†Conv≥rsion†of†signals†F(t)†to†conc≥ntrations†CPPT(t)†

Firstly,†I†≥xamin≥≤†th≥†r≥lation†Fplat≥au↔Cplat≥au,†which†was†th≥†only†r≥liably-≥stimabl≥†
signal↔conc≥ntration†r≥lation.†Th≥†F(t)†≤ata†ar≥†scal≥≤†≤iff≥r≥ntly†b≥tw≥≥n†≤iff≥r≥nt†runs,†an≤†
b≥tw≥≥n†≤iff≥r≥nt†fluorophor≥s†in†th≥†sam≥†run;†so†I†normalis≥≤†th≥m†obtaining†int≥rcomparabl≥†
valu≥s†FNORM†by†(1)†≤ivi≤ing†all†fluor≥sc≥nc≥†plat≥au†valu≥s†by†th≥†plat≥au†for†1b†at†100†μM†in††th≥†
sam≥†run†(both†run†1†an≤†run†2†us≥≤†this†prob≥†at†100†μM)†to†normalis≥†signals†to†a†stan≤ar≤†amount†
of†HPQ†≥mission,†th≥n†(2)†a≤justing†th≥†for†th≥†≤iff≥r≥nt†HPQ†an≤†≤iClHPQ†≥mission†int≥nsiti≥s†by†
multiplying†≤iClHPQ†int≥nsiti≥s†in†run†2†by†a†factor†of††
FPLAT(HPQ)×CPPT(HPQ)/[FPLAT(≤iClHPQ)×CPPT(≤iClHPQ)]=0.81.†
Th≥n,†combining†both†s≥ts†of†≥xp≥rim≥ntal†≤ata†I†plot†CPPT†against†FNORM:†as†≥xp≥ct≥≤,†giv≥n†my†
absorption/inhomog≥n≥ity†consi≤≥rations†of†s≥ction†I.3,†th≥†≤≥p≥n≤≥ncy†is†nonlin≥ar†(Figur≥†III.5).†

†† †
Figur≥†III.5†(from†part†I)†–†Conc≥ntration†≤≥p≥n≤≥nc≥†of†th≥†ratio†of†plat≥au†fluor≥sc≥nc≥†signal†to†pr≥cipitat≥≤†

conc≥ntration,†with†my†b≥st-fit†bimo≤al†curv≥†(r≥≤).†
Som≥what†un≥xp≥ct≥≤ly,†th≥†≤iClHPQ†an≤†HPQ†fluorophor≥s†gav≥†such†similar†r≥sults†that†I†
combin≥≤†th≥m†for†a†singl≥†fit.†I†ha≤†actually†≥xp≥ct≥≤†a†strong≥r†nonlin≥arity†of†
signal↔conc≥ntration†r≥spons≥†for†th≥†≤iClHPQ†fluorophor≥†than†for†HPQ,†≤u≥†to†both†its†strong≥r†
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absorbanc≥†(ε),†an≤†to†its†probably†small≥r†av≥rag≥†particl≥†siz≥†(thus†l≥ss≥r†≥ff≥ctiv≥†inhomog≥n≥ity†
an≤†gr≥at≥r†A/W,†cf.†s≥ction†I.3).†This†probably†in≤icat≥s†that†both†ε†an≤†A/W†ar≥†so†similar†as†mak≥s†
no†≤iff≥r≥nc≥†for†th≥s≥†two†v≥ry†similar†fluorophor≥s.†
Th≥n,†to†fit†this†≤ata,†I†≥xp≥ct≥≤†a†multimo≤al†r≥lation†with†two†major†f≥atur≥s.††Limit†R≥gion†(1)†
woul≤†b≥†th≥†low-conc≥ntration,†w≥ak-absorption†r≥gim≥†wh≥r≥†k=C/F†is†conc≥ntration†in≤≥p≥n≤≥nt;†
r≥call†that†th≥†spontan≥ous†hy≤rolysis†shown†in†Figur≥†I.26†supports†this†b≥caus≥†w≥†≥xp≥ct†a†lin≥ar†
C(t)†from†hy≤rolysis†at†high†prob≥†conc≥ntrations,†an≤†a†strongly†lin≥ar†signal†is†in≤≥≥≤†s≥≥n†at†low†
conc≥ntrations†of†pr≥cipitat≥≤†≤iClHPQ†(≥st.†up†to†1.4†μM),†so†in†this†r≥gion†C=kF.†Int≥rm≥≤iat≥†
R≥gion†(2)†woul≤†b≥†an†int≥rm≥≤iat≥†absorption†r≥gim≥†wh≥r≥†k†≤≥cr≥as≥s†with†CPPT,†with†an†
unknown†≤≥p≥n≤≥ncy.†Limit†R≥gion†(3)†woul≤†b≥†th≥†zon≥†of†th≥†strong†absorption†limit,†wh≥r≥†no†
a≤≤itional†signal†is†s≥≥n†≤≥spit≥†pr≥cipitating†mor≥†fluorophor≥,†so†th≥†C(F)†curv≥†b≥com≥s†v≥rtical.†
Y≥t†b≥caus≥†k(HPQ@371†μM)†is†approximat≥ly†th≥†sam≥†as†k(HPQ@93†μM),†I†conclu≤≥†that†this†
limit†is†not†clos≥ly†approach≥≤†in†th≥†conc≥ntration†≤omain†of†int≥r≥st†(<150†μM).†
Th≥r≥for≥†in†Figur≥†III.5†I†hav≥†a≤≤≥≤†a†bimo≤al†(lin≥ar+≥xpon≥ntial)†fit†that†(a)†r≥pro≤uc≥s†lin≥arity†
at†low†conc≥ntration†(<12†μM),†(b)†smoothly†incorporat≥s†incr≥asing†nonlin≥arity†as†th≥†conc≥ntration†
incr≥as≥s.†Actually,†pr≥≤icting†what†≤≥p≥n≤≥ncy†such†a†tr≥n≤lin≥†shoul≤†hav≥†(qua≤ratic,†
≥xpon≥ntial,...)†was†irr≥l≥vant†in†vi≥w†of†th≥†≥xp≥rim≥ntal†unc≥rtainti≥s†an≤†assumptions;†a†functional†
fit†was†what†was†important:†th≥†absolut≥†valu≥s†of†th≥†conc≥ntrations†pr≥≤ict≥≤†ar≥†not†actually†as†
important†as†th≥ir†tr≥n≤.†In†p≥rforming†my†fit,†I†ignor≥≤†th≥†abnormally†low†k(CPPT)†s≥ri≥s†of†1a†at†
conc≥ntrations†b≥low†80†μM††in††run††1.††B≥caus≥†for†kin≥tic†comparison†I†only†n≥≥≤†to†mo≤≥l†
conc≥ntrations†b≥low†100†μM,††I††hav≥††not††≥xt≥n≤≥≤††my††fit††b≥yon≤††that.††Th≥††signal↔conc≥ntration†
r≥lation†for†1a†at†371†μM†is†th≥r≥for≥†calculat≥≤†by†s≥lf-normalisation,†which†is†justifi≥≤†b≥caus≥†th≥†
r≥gion†of†kin≥tic†int≥r≥st†(CPPT>40†μM)†is†at†suffici≥ntly†high†conc≥ntration†that†th≥†low-signal†
corr≥ction†is†not†n≥≥≤≥≤.†Using†my†fit†≥quation,†I†now†plot†CPROC(t)=†CPPT(t)+KS†for†th≥†≤iff≥r≥nt†
prob≥s†onc≥†th≥ir†signal-g≥n≥rating†r≥gions†ar≥†attain≥≤†(Figur≥†III.6).†
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Figur≥†III.6†–†Aft≥r†much†≤ata†proc≥ssing†an≤†analysis,†th≥†prob≥s’†fluorophor≥†r≥l≥as≥†curv≥s†can†b≥†plott≥≤†for†
prop≥r†kin≥tic†analysis.†Raw†≤ata†ar≥†us≥≤†without†smoothing,†h≥nc≥†th≥†larg≥†scatt≥r†sup≥rimpos≥≤†on†th≥†tru≥†

valu≥s.†
Not≥†that†this†plot†is†≥xp≥ct≥≤†to†conform†roughly†to†th≥†fluor≥sc≥nc≥†signal†obtainabl≥†with†th≥s≥†
substrat≥-spac≥r†pairs†but†r≥l≥asing†a†solubl≥†fluorophor≥†of†comparabl≥†l≥aving-group†capacity.†Also†
not≥†that†th≥s≥†curv≥s†ar≥†bas≥≤†on†th≥†assumption†that†pr≥cipitation†was†an†instantan≥ous†proc≥ss;†th≥†
tru≥†curv≥s†for†solubl≥†fluorophor≥s†woul≤†th≥r≥for≥†lik≥ly†b≥†shift≥≤†to†th≥†l≥ft†(mor≥†rapi≤†signal†
g≥n≥ration)†by†a†factor†comp≥nsating†for†th≥†tim≥†of†ons≥t†of†pr≥cipitation†(s≥≥†s≥ction†I.5.5).†

3.4.†Enzym≥†t≥st†analys≥s:†kin≥tic†param≥t≥r†≤≥t≥rminations†
3.4.1.†Kin≥tic†analysis†towar≤s†kCYC†

†
Figur≥†III.7†(from†part†I)†–†Th≥†st≥ps†involv≥≤†in†signal†g≥n≥ration,†as†illustrat≥≤†for†prob≥†1a.†An†≥ff≥ctiv≥†

conc≥ntration†of†pr≥cipitat≥≤†fluorophor≥†[S]†is†g≥n≥rat≥≤†by†≥nzymatic†hy≤rolysis†of†P†to†giv≥†int≥rm≥≤iat≥†Q†which†
cyclis≥s†to†r≥l≥as≥†fluorophor≥†into†solution;†onc≥†th≥†fluorophor≥’s†accumulat≥≤†conc≥ntration†R†is†gr≥at≥r†than†KS,†

pr≥cipitation†to†S†is†irr≥v≥rsibl≥.†
R≥call†that†th≥†signals†for†prob≥s†1a†an≤†1b,†at†th≥†sam≥†conc≥ntration,†r≥ach≥≤†th≥†approximat≥ly†th≥†
sam≥†fluor≥sc≥nc≥†plat≥au†valu≥s†with†similar-shap≥≤†signal†r≥spons≥†curv≥s.†This†is†≥xp≥ct≥≤†if†
≥nzymatic†hy≤rolysis†is†compl≥t≥;†th≥r≥for≥†I†conclu≤≥≤†that†th≥†≤iast≥r≥om≥rs†of†1a†≤o†not†influ≥nc≥†
th≥†≥nzymatic†proc≥ssing†st≥p.†Th≥r≥for≥:†
(1a)†I†assum≥†simpl≥†monomo≤al†Micha≥lis-M≥nt≥n†kin≥tics†for†P→Q,†i≥†-≤[P]/≤t†=†
vMAX×[P]/(KM+[P])†for†≥ach†of†th≥†spac≥rs;†I†also†assum≥†that†th≥†cyclisation†Q→R†is†unimol≥cular.†
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This†also†assum≥s†simpl≥†≥nzym≥†kin≥tics†(≥g.†no†f≥≥≤back†inhibition†of†th≥†≥nzym≥);†my†pr≥paration†
of†th≥†≥nzym≥†solution†at†l≥ast†an†hour†b≥for≥†t≥sting†was†also†m≥ant†to†≥nsur≥†no†‘≥nzym≥†activation†
tim≥’†was†n≥≥≤≥≤.†Th≥r≥for≥†both†(-≤P/≤t)†an≤†th≥†rat≥†Q→R†≤≥cr≥as≥†monotonically†with†≤≥cr≥asing†
P†or†Q†(r≥sp≥ctiv≥ly).†Not≥†that†th≥†≥xact†tim≥cours≥†solution†to†≥nzymatic†proc≥ssing†of†conc≥ntration†
P0†by†Micha≥lis-M≥nt≥n†kin≥tics†r≥sults†in†a†P(t)†which†is†in≤istinguishabl≥†(~1%)††from†th≥†lin≥ar†
approximation†until†P(t)=4×KM,†an≤†at†P(t)=2×KM†th≥†≥rror†is†only†30%.[13]†
I†≤≥fin≥†tLIN†which†is†th≥†tim≥†at†which†th≥†[R+S](t)†first†r≥ach≥s†its†maximum†gra≤i≥nt†mMAX,†with†
CLIN†=†[R+S](tLIN).†I†always†obs≥rv≥≤†that†th≥r≥†w≥r≥†a†minimum†of†3†n≥arly†collin≥ar†≤ata†points†
≤≥fining†mmax†(cf.†lin≥ar†r≥gions†mark≥≤†in†r≥≤†on†Figur≥†III.8).†

†
Figur≥†III.8†–†Magnifi≥≤†≤≥tail†of†Figur≥†III.6,†showing†th≥†initial†stag≥s†of†th≥†kin≥tic†≥xp≥rim≥nts.†R≥≤†lin≥s†in≤icat≥†
sampl≥†lin≥ar†fits†giving†mmax†as†≤iscuss≥≤†b≥low;†sampl≥†kin≥tic†param≥t≥rs†tlag,†tLIN†an≤†t1/2†ar≥†shown†for†on≥†

curv≥.†
(1b)†I†th≥n†corr≥lat≥≤†th≥†lin≥ar†r≥gion†with†th≥†occurr≥nc≥†of†a†st≥a≤y†stat≥†conc≥ntration†of†a†singl≥†
sp≥ci≥s†which†is†rat≥-limiting†for†th≥†incr≥as≥†of†signal.†I†ha≤†initially†assum≥≤†that†pr≥cipitation†
(R→S)†was†not,†in†g≥n≥ral,†strongly†rat≥-limiting;††although†this†assumption†will†b≥†shown†to†b≥†
flaw≥≤†wh≥n†mmax†is†larg≥,†analysis†will†support†th≥†g≥n≥ral†conclusion†that†th≥†strong≥st†rat≥-limiting†
proc≥ss†is†th≥†cyclisation†Q→R,†an≤†that†≤≥convolution†of†th≥†kin≥tic†contributions†P→Q†an≤†Q→R†
from†th≥†crystallisation†kin≥tics†of†R→S†will†b≥†possibl≥†by†s≥l≥cting†this†lin≥ar†r≥gion.†
I†also†≤≥fin≥†th≥†signal†ons≥t†tim≥†tlag†b≥tw≥≥n†th≥†start†of†th≥†≥xp≥rim≥nt†an≤†th≥†obs≥rvation†of†a†
≤≥finit≥†fluor≥sc≥nc≥†signal†(i≥.†KS†has†b≥≥n†pass≥≤†so†[R+S](t)†≤ata†ar≥†availabl≥),†th≥†tim≥†t1/2†wh≥n†
[R+S](t)†r≥ach≥s†half†of†its†maximum†valu≥,†an≤†th≥†tim≥†tC=0†which†is†th≥†t-int≥rc≥pt†of†th≥†lin≥ar†
r≥gr≥ssion†lin≥.†Th≥†≤≥t≥rmination†of†t1/2†incurs†much†l≥ss†t-≥rror†than†trying†to†i≤≥ntify†th≥†mom≥nt†
wh≥n†th≥†plat≥au†is†r≥ach≥≤,†b≥caus≥†th≥†quasilin≥ar†r≥gion†with†larg≥†signal†gra≤i≥nt†an≤†which†
contains†th≥†half-maximum†conc≥ntration†is†≥asi≥r†to†i≤≥ntify†than†is†th≥†plat≥au,†which†has†r≥lativ≥ly†
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larg≥†≤ata†v≥rtical†scatt≥ring†sup≥rimpos≥≤†on†th≥†signals,†≥sp≥cially†at†high†[R+S].†Not≥†that†t1/2†also†
giv≥s†an†upp≥r†boun≤†for†th≥†combin≥≤†halflif≥†of†(≥nzymatic†proc≥ssing†+†cyclisation),†i≥.†a†larg≥†
upp≥r†boun≤†for†th≥†in≤ivi≤ual†halfliv≥s.†Th≥s≥†initial†kin≥tic†param≥t≥rs†ar≥†now†tabulat≥≤.†
Kin≥tics:†b≥for≥†
t†corr≥ction†

tlag†(min)†
tC=0†(min)†

tLIN†(min)†
CLIN†(μM)†

mmax†(μM/min)†
QLB†(μM)†

PUB†(μM)†
tLB†(min)†

tUB†(min)†
t1/2†(min)†

RUN†1:† † † † † † † † † † †
1a,†378†μM† 29† 40† 45† 50† 10† (400)†(-70)† 7.2† 28.3† 65†
1a,†100†μM† 39† 52.5† 55† 10† 4.0† (210)†(-120)†30† 37.3† 58†
1a,†59†μM† 39† 32† 71† 13† 0.33† 10† 36† -107.8†17.8† 136†
1a,†32†μM† 104† n≤† 184† 9† 0.13† n≤† n≤† n≤† n≤† 259†
1b,†100†μM† 66† 90† 112† 27† 1.2† (107)†(-34)† 28.7† 60.2† 146†
1b,†59†μM† 93† 98† 125† 12† 0.45† 44† 3† -6.1† 77.4† 162†
1b,†32†μM† 168† n≤† 216† 11† 0.05† n≤† n≤† n≤† n≤† 312†
RUN†2:† † † † † † † † † † †
15a,†100†μM† 0† 10† 14† 16† 4.1† 41† 43† -10.4† -0.4† 22†
15a,†40.5†μM† 0† 11† 17† 6† 1.0† 11† 23† -23.5† -1.5† 33†
15a,†10†μM† 0† n≤† 14† 3† 0.14† n≤† n≤† n≤† n≤† 32†
1b,†100†μM† 67† 76† 85† 30† 3.5† (270)†(-200)†56.4† 65† 91†
1b,†40.5†μM† 120† 125† 151† 12† 0.45† (56)† (-28)† 61† 104.4†167†
Tabl≥†III.3†–†Uncorr≥ct≥≤†valu≥s†of†th≥†kin≥tic†param≥t≥rs†tlag,†tLIN,†mmax†an≤†t1/2,†an≤†th≥†kin≥tic†quantiti≥s†calculat≥≤†from†th≥m,†bas≥≤†on†th≥†assumption†of†instantan≥ous†pr≥cipitation.†Gra≤i≥nts†for†prob≥s†1b†an≤†1a†at†

32†μM†an≤†prob≥†15a†at†10†μM†w≥r≥†consi≤≥r≥≤†too†approximativ≥†to†b≥†r≥li≥≤†upon†for†furth≥r†calculations†(n≤†=†not†
≤≥t≥rmin≥≤),†although†that†m†is†inclu≤≥≤†to†illustrat≥†th≥†tr≥n≤.†

I†cannot†≥xplain†why†th≥†gra≤i≥nts†mMAX†shoul≤†b≥†so†≤iff≥r≥nt†b≥tw≥≥n†runs†1†an≤†2†for†1b†at†100†
μM,†≥xc≥pt†that†th≥†crystallisation†kin≥tics†may†hav≥†b≥≥n†≤iff≥r≥nt†for†som≥†r≥ason;†not≥†how≥v≥r†
that†both†th≥†signal†ons≥t†tim≥†an≤†CLIN†valu≥s†ar≥†r≥markably†consist≥nt.†Th≥†obs≥rvation†that†
tlag<tC=0†for†1a†at†59†μM††can††b≥††approximat≥ly†tak≥n†to†show†that†th≥†un≤≥rlying†lin≥ar†r≥gion†with†
global†maximum†gra≤i≥nt†(not†of†signal†g≥n≥ration,†but†of†fluorophor≥†r≥l≥as≥)†occurr≥≤†b≥for≥†
pr≥cipitation†b≥gan.†
(1c)†I†assum≥≤†that†th≥†kin≥tics†of†R→S†can†b≥†tr≥at≥≤†as†≥ss≥ntially†instantan≥ous,†for†th≥†purpos≥†of†
calculating†kin≥tic†param≥t≥rs,†onc≥†an†appropriat≥†corr≥ction†for†pr≥cipitation†tim≥†is†ma≤≥.††
I†justify†this†by†assuming†that†both†≥nzymatic†proc≥ssing†an≤†cyclisation†ar≥†substantially†slow≥r†than†
pr≥cipitation†in†th≥†lin≥ar†r≥gion†of†int≥r≥st.†I†will†show†that†this†assumption†giv≥s†r≥lativ≥ly†coh≥rant†
r≥sults†wh≥n†th≥†tim≥†≤≥p≥n≤≥nc≥†of†th≥†raw†≤ata†is†comp≥nsat≥≤†for†th≥†accumulation†of†a†tol≥rat≥≤†
amount†of†sup≥rsaturation,†on†top†of†th≥†comp≥nsations†for†th≥†solubility†constant†an≤†for†pr≥-spiking†
which†hav≥†alr≥a≤y†b≥≥n†p≥rform≥≤.†This†consi≤≥ration†of†sup≥rsaturation,†an≤†an†initial†≥valuation†of†
its†st≥a≤y-stat≥†b≥haviour,†has†alr≥a≤y†b≥≥n†intro≤uc≥≤†in†th≥†≤iscussion†of†Figur≥†I.26†(r≥call†th≥†
smooth†chang≥†b≥tw≥≥n†no-signal†an≤†pr≥cipitat≥≤†r≥gim≥s,†rath≥r†than†th≥†abrupt†switchov≥r†≥xp≥ct≥≤†
if†th≥r≥†is†no†sup≥rsaturation).†Th≥††corr≥ction††I†will†p≥rform†is†th≥†simpl≥st†on≥†possibl≥:†lin≥ar†
subtraction†of†a†tim≥†tcorr†from†th≥†≥xp≥rim≥ntal†tim≥s†t.†I†consi≤≥r≥≤†that†mor≥†complicat≥≤†
comp≥nsations†woul≤†involv≥†too†many†assumptions†to†b≥†justifi≥≤,†but†I†justify†this†on≥†as†it†≤≥liv≥rs†

†
†214†
†



†
Part†III.3†–†Enzymatic†T≥sts†

†

a†mor≥†coh≥rant†kin≥tic†analysis†as†simply†as†possibl≥.†Notably,†aft≥r†tcorr†subtraction,†th≥†valu≥s†of†
kCYC†≤≥convolut≥≤†from†th≥†tim≥-a≤just≥≤†≤ata†can†b≥†r≥concil≥≤†with†th≥†tim≥-a≤just≥≤†valu≥†of†t1/2,†
which†is†a†n≥w†upp≥r†boun≤†for†th≥†(proc≥ssing+cyclisation)†coupl≥≤†halflif≥.†
(1≤)††For†P0†>>†(KS,†KM),†th≥††lin≥ar†signal†r≥gion†starting†at†tLIN†shoul≤†corr≥spon≤†to†a†tim≥†wh≥n†
P(tLIN)>2×KM†if†pr≥cipitation†is†instantan≥ous.†This†woul≤†≥nabl≥†r≥asonably†accurat≥†mo≤≥lling†of†
th≥†≥nzymatic†rat≥†for†t<tLIN†as†a†constant,†A.[13]†Th≥n,†in†this†r≥gion†t<~tLIN†only,†applying†(1b)†l≥a≤s†
to†A=mmax,†an≤†th≥†≥quations†
→≤P(t)/≤t†≥†-A,†so†P(t)≤P0-t×mmax†;†so†th≥†upp≥r†boun≤†for†P(tLIN)†is†PUB=(P0-tLIN×mMAX)†an≤†th≥†
low≥r†boun≤†for†Q(tLIN)†is†QLB=mmax×tLIN-CLIN.†
→≤Q(t)/≤t†≤†A†-†kCYC×Q(t),†so†Q(t)†≥†mmax/kCYC×(1-≥-kt)†;††
→≤[R+S](t)/≤t†=†kCYC×Q(t),†so†[R+S](t)†≥†mmax×(t-1/kCYC)-†mmax/kCYC×≥-kt.†
If†QLB†>†P0-CLIN,†this†in≤icat≥s†that†both†cyclisation†an≤†pr≥cipitation,†but†not†≥nzymatic†proc≥ssing,†
w≥r≥†th≥†strong≥st†rat≥-aff≥cting†factors†in†th≥†lin≥ar†r≥gion,†an≤†I†assum≥†that†cyclisation†was†much†
mor≥†strongly†rat≥-≤≥t≥rmining.†Not≥†that†this†appli≥s†to†all†th≥†high-conc≥ntration†≤atas≥ts,†≥xc≥pt†
for†15a.†If†QLB†≈†P0-CLIN,†this†in≤icat≥s†that†cyclisation†was†th≥†strong≥st†rat≥-limiting†factor;†not≥†that†
this†appli≥s†to†th≥†1b†run††at††59††μM.†If†QLB†<<†P0-CLIN,†this†in≤icat≥s†that†≥ith≥r†or†both†≥nzymatic†
proc≥ssing†an≤†cyclisation,†but†not†pr≥cipitation,†w≥r≥†rat≥-limiting;†I†assum≥†that†cyclisation†was†
mor≥†strongly†rat≥-≤≥t≥rmining†(this†is†th≥†cas≥†that†appli≥s†to†both†≤atas≥ts†of†15a).†
I†th≥r≥for≥†conclu≤≥†that†for†all†th≥†≤ata†acquir≥≤,†th≥†cyclisation†st≥p†is†th≥†most†strongly†rat≥-
aff≥cting†st≥p;†th≥r≥for≥†th≥†kin≥tic†information†that†can†b≥†b≥st†≤≥t≥rmin≥≤†is†th≥r≥for≥†th≥†cyclisation†
halflif≥,†not†th≥†≥nzymatic†kin≥tics,†although†I†will†att≥mpt†to†≤≥t≥rmin≥†both†n≥v≥rth≥l≥ss.†

3.4.2.†Sup≥rsaturation†tim≥†corr≥ction:†motivation†
P≥rforming†≤≥convolut≥≤†≤ata†analysis,†by†assuming†R→S†is†instantan≥ous,†r≥quir≥s†accounting†for†a†
sup≥rsaturation/pr≥cipitation†tim≥lag†by†subtracting†a†constant†tcorr†from†tLIN.†To†show†this,†consi≤≥r†
that†physically,†th≥†con≤itions†on†th≥†two†limits†ar≥,†PUB>0†an≤†0<QLB<P0†:†how≥v≥r,†Tabl≥†III.3†
shows†that†this†con≤ition†is†not†always†m≥t.†In†fact,†t-corr≥ction†is†≥xp≥ct≥≤†to†b≥†most†n≥≥≤≥≤†wh≥n†
th≥†conc≥ntration†is†high†an≤†wh≥n†th≥†fluorophor≥†is†slow†to†crystallis≥†(if†all†oth≥r†factors†ar≥†≥qual),†
b≥caus≥†high≥r†prob≥†conc≥ntrations†will†mor≥†rapi≤ly†g≥n≥rat≥†R†an≤†so†pr≥cipitation†kin≥tics†will†
b≥com≥†mor≥†rat≥-limiting†in†signal†g≥n≥ration.†Pl≥asingly,†this†is†≥xactly†what†is†obs≥rv≥≤:†1b†an≤†1a†
at††59††μM††in††run††1††≤o††not††r≥quir≥†corr≥ction†(slow≥r-crystallising†HPQ†fluorophor≥,†but†low†
conc≥ntration),†an≤†nor†≤o†≥ith≥r†of†th≥†15a†≥xp≥rim≥nts†in†run†2†although†on≥†was†at†100†μM†(fast≥r-
crystallising†≤iClHPQ†fluorophor≥).†This†support≥≤†th≥†i≤≥a†that†this†way†of†alt≥ring†th≥†≤ata†r≥ally†
≤i≤†targ≥t†th≥†r≥moval†of†a†compon≥nt†st≥mming†from†crystallisation†kin≥tics,†rath≥r†than†simply†b≥ing†
an†arbitrary†alt≥ration†without†physical†justification.†
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So†I†≤≥ci≤≥≤†to†subtract†valu≥s†of†tcorr†from†th≥†tim≥†param≥t≥rs†of†th≥†≤ata,†to†try†to†r≥mov≥†as†much†
as†possibl≥†th≥†influ≥nc≥†of†this†sup≥rsaturation/nucl≥ation†tim≥†(which†is†not†of†intrinsic†kin≥tic†
int≥r≥st,†wh≥r≥as†kCYC,†an≤†pot≥ntially,†th≥†≥nzymatic†proc≥ssing†kin≥tic†param≥t≥rs,†ar≥).†I†consi≤≥r≥≤†
two†facts†about†acc≥ptabl≥†valu≥s†of†tcorr.†
Fact†1:†tcorr†<†tlag-(KS/mmax),†an≤†tcorr†<†tLIN-CLIN/mmax.†Th≥s≥†ar≥†upp≥r†boun≤s†for†tcorr†bas≥≤†on†th≥†
≥xp≥rim≥ntally†obs≥rv≥≤†signals,†an≤†≤≥t≥rmin≥≤†as†upp≥r†boun≤s†b≥caus≥†cyclisation†cannot†b≥†
instantan≥ous.†Th≥†two†limits†corr≥spon≤†to†th≥†calculat≥≤†minimum†tim≥†to†accumulat≥†th≥†first†
obs≥rv≥≤†signal,†an≤†to†accumulat≥†th≥†signal†obs≥rv≥≤†at†tLIN.†It†was†unknown†which†woul≤†b≥†th≥†
mor≥†r≥strictiv≥,†but†by†calculation,†it†was†always†th≥†solubility†r≥striction.†Th≥†upp≥r†boun≤†for†tcorr†is†
tabulat≥≤†as†tUB.†In†calculating†tUB†for†th≥†prob≥s†15a,†tlag†ha≤†to†b≥†≥xtrapolat≥≤†from†th≥†first†two†
≤ata†points†b≥caus≥†th≥†first†≤ata†point†acquir≥≤†alr≥a≤y†show≥≤†signal.†
Fact†2:†tcorr†>†tLIN†-†P0†/†mMAX†.†This†is†th≥†low≥r†boun≤†for†tcorr†so†that†PUB>0†an≤†QLB†<†P0,†an≤†is†
tabulat≥≤†as†tLB†(Tabl≥†III.3).†

3.4.3.†D≥t≥rmination†of†kCYC†by†sup≥rsaturation†corr≥ction†
Within†≥ach†s≥t†of†≥xp≥rim≥nts†with†on≥†prob≥†in†a†run†(≥g.†1b†at†100†μM†an≤†at†59†μM†in†run†1),†th≥†
larg≥st†of†th≥†low≥r†boun≤s†for†tcorr†(h≥r≥,†28.7†min†for†100†μM)†was†appli≥≤†to†its†≤ata†s≥t.†Th≥n†its†
kCYC†was†calculat≥≤,†from†th≥†st≥a≤y-stat≥,†larg≥-P†assumption,†i≥.†kCYC,LB†=†mmax/Q(tLIN-tcorr).†
Th≥n†th≥†tcorr†for†th≥†oth≥r†≤ata†s≥ts†of†th≥†sam≥†prob≥†was†vari≥≤†b≥tw≥≥n†its†boun≤ari≥s†to†achi≥v≥†th≥†
b≥st†agr≥≥m≥nt†with†th≥†initial†kCYC.†If†th≥†kCYC†valu≥s†≤i≤†not†conv≥rg≥†within†acc≥ptabl≥†tcorr†valu≥s,†
th≥n†th≥†original†tcorr†was†incr≥as≥≤†st≥pwis≥,†r≥p≥ating†th≥†conv≥rg≥nc≥†trials†until†th≥†clos≥st†match†
was†obtain≥≤†across†all†≤ata†s≥ts†for†that†prob≥†in†th≥†run.††
Th≥n†th≥†kin≥tic†param≥t≥rs†tlag,†tC=0†an≤†t1/2†w≥r≥†compar≥≤†b≥tw≥≥n†th≥†≤ata†s≥ts†to†≥nsur≥†th≥y†w≥r≥†
consist≥nt:†i≥,†th≥y†incr≥as≥†as†th≥†initial†prob≥†conc≥ntration†≤≥cr≥as≥s†(b≥caus≥†of†th≥†low≥r†ratio†of†
th≥†≥nzymatic†rat≥†to†th≥†conc≥ntration†n≥≥≤ing†to†b≥†proc≥ss≥≤†to†achi≥v≥†t1/2).†Th≥†≥xc≥ption†to†this†
woul≤†b≥†if†th≥†≥nzym≥†w≥r≥†totally†saturat≥≤†with†prob≥†until†t1/2:†th≥n,†≤≥cr≥asing†th≥†P0†woul≤†
≤≥cr≥as≥†t1/2,†whil≥†l≥aving†tlag†an≤†tC=0†unchang≥≤†within†≥xp≥rim≥ntal†≥rror.†This†was†≥xactly†what†
was†obtain≥≤†for†th≥†high≥st†prob≥†conc≥ntration†t≥st≥≤†(comparing†378†an≤†100†μM†of†1a),†which†I†
took†as†a†vali≤ation†of†my†mol≥cular†an≤†kin≥tic†un≤≥rstan≤ing†of†this†syst≥m,†as†w≥ll†as†a†vali≤ation†
of†th≥†physical†justification†for†my†sup≥rsaturation-only†corr≥ction.†
If†th≥†kin≥tic†param≥t≥rs†w≥r≥†now†physically†r≥asonabl≥,†th≥y†w≥r≥†r≥tain≥≤†(oth≥rwis≥,†th≥†original†
tcorr†was†again†st≥pwis≥†incr≥as≥≤†an≤†th≥†fitting†proc≥ss†b≥gun†again).†Final†valu≥s†r≥tain≥≤†ar≥†giv≥n†
in†Tabl≥†III.4.†Not≥†that†b≥caus≥†mmax†was†r≥quir≥≤†to†b≥†known†accurat≥ly†to†calculat≥†th≥†tim≥†
corr≥ctions,†th≥†low-conc≥ntration†≤ata†s≥ts†with†low†an≤†unc≥rtain†mmax†hav≥†b≥≥n†r≥mov≥≤.†Also,†th≥†
in≥xplicably†high†gra≤i≥nt†mmax†s≥≥n†for†run†2†of†1b†at†100†μM†woul≤†hav≥†forc≥≤†fitting†with†
tcorr=56.4†min†an≤†kCYC=0.050.†If†how≥v≥r†only†its†≤ata†s≥t†at†40.5†μM†w≥r≥†consi≤≥r≥≤,†th≥n†applying†
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tcorr=65†min†(≈tLB)†woul≤†r≥sult†in†matching†≥xactly†with†th≥†kCYC†calculat≥≤†for†that†prob≥†in†run†1,†
so†I†≥liminat≥≤†th≥†(1b,†100†μM,†run†2)†≤atas≥t†from†subs≥qu≥nt†tcorr†analysis.†From†th≥†low≥r-boun≤†
≥stimat≥s†for†kCYC,†upp≥r-boun≤†≥stimat≥s†for†th≥†cyclisation†halflif≥†tCYC,UB†ar≥†calculat≥≤.†

Kin≥tics:†AFTER†
l≥ast†t†corr≥ction†

tcorr†(min)†
tlag†(min)†

tC=0†(min)†
tLIN†(min)†

CLIN†(μM)†
mmax†(μM/min)†

kCYC,LB†(min-1)†
tCYC,UB†(min)†

t1/2†(min)†
RUN†1:† † † † † † † † † †
1a,†378†μM† 17.5† 11.5† 22.5† 27.5† 50† 10† 0.0444† 15.6† 47.5†
1a,†100†μM† 30† 9† 22.5† 25† 10† 4† 0.0444† 15.6† 28†
1a,†59†μM† 9.1† 29.9† 22.9† 61.9† 13† 0.33† 0.0444† 15.6† 126.9†
1b,†100†μM† 28.8† 37.2† 61.2† 83.2† 27† 1.2† 0.0165† 42.1† 117.2†
1b,†59†μM† 37.7† 55.3† 60.3† 87.3† 12† 0.45† 0.0165† 42† 124.3†
RUN†2:† † † † † † † † † †
15a,†100†μM† 0† 0† 10† 14† 16† 4.1† 0.099† 7† 22†
15a,†40.5†μM† 0† 0† 11† 17† 6† 1† 0.0909† 7.6† 33†
1b,†100†μM† 56.4† 10.6† 19.6† 28.6† 30† 3.5† 0.0499† 13.9† 35†
1b,†40.5†μM† 65† 55† 60† 86† 12† 0.45† 0.0169† 41.1† 102†

Tabl≥†III.4†(from†part†I)†-†Valu≥s†of†th≥†kin≥tic†param≥t≥rs†t*lag,†t*LIN,†mmax†an≤†t*1/2,†alt≥r≥≤†to†fit†th≥†instantan≥ous†pr≥cipitation†kin≥tic†mo≤≥l,†an≤†th≥†cyclisation†kin≥tics†calculat≥≤†from†th≥m,†inclu≤ing†upp≥r-boun≤†≥stimat≥†for†
cyclisation†halflif≥†tCYC.†

This†proc≥≤ur≥†r≥sults†in†choosing†th≥†minimum†possibl≥†tcorr†valu≥s†that†giv≥†a†math≥matically†
coh≥rant†calculation†of†kCYC,†which†is†also†th≥†most†inoff≥nsiv≥†≤ata†manipulation†that†can†b≥†appli≥≤.†
Forcing†th≥†minimum†of†tcorr†also†r≥sults†in†a†sci≥ntifically†justifiabl≥†low≥r†boun≤†for†kCYC;†that†this†is†
a†low≥r†boun≤†is†not†only†b≥caus≥†kCYC†incr≥as≥s†as†tcorr†incr≥as≥s,†but†m≥chanistically†too†b≥caus≥†if†
th≥†rat≥s†of†P→Q†or†R→S†ar≥†not†≥ff≥ctiv≥ly†instantan≥ous†aft≥r†this†lin≥ar†tcorr†a≤justm≥nt,†th≥n†th≥ir†
rat≥s†will†contribut≥†to†th≥†calculation†of†kCYC.†This†is†in†fact†an†a≤vantag≥,†b≥caus≥†th≥†original†
m≥asur≥†of†t1/2†giv≥s†an†in≤isputabl≥†upp≥r†boun≤†for†kCYC.†Th≥r≥for≥†I†hav≥†not†only†calculat≥≤†a†
valu≥,†but†obtain≥≤†a†v≥ry†strong†confi≤≥nc≥†int≥rval†for†it,†which†was†n≥c≥ssary†giv≥n†th≥†rath≥r†hair-
raising†≤ata†tr≥atm≥nt†that†has†ha≤†to†b≥†p≥rform≥≤†sinc≥†acquiring†th≥†original†≤ata,†A(t).†
Although†I†ha≤†r≥j≥ct≥≤†th≥†(1b,†100†μM,†run†2)†≤atas≥t†from†this†analysis†≤u≥†to†its†anomalous†mmax,†
so†≤ir≥ct†int≥rcomparison†of†15a†an≤†1b†within†run†2†was†rul≥≤†out,†importantly,†run†1†g≥n≥rat≥≤†
coh≥rant†an≤†r≥asonabl≥†≤ata,†an≤†strictly†compar≥≤†th≥†two†spac≥rs†b≥caus≥†th≥†l≥aving-group†ph≥nol†
was†i≤≥ntical.††
I†th≥n†us≥≤†th≥s≥†≤ata†(low≥r-boun≤†cyclisation†an≤†≥nzym≥†kin≥tics†valu≥s,†an≤†th≥†in≤ications†of†
th≥ir†r≥lativ≥†ratios)†in†a†full-fit†multiparam≥t≥r†kin≥tic†mo≤≥l†to†≤≥t≥rmin≥†b≥st-fit†valu≥s†of†all†th≥†
r≥l≥vant†kin≥tic†param≥t≥rs:†kCYC,†KM,†vmax,†an≤†pr≥cipitation†kin≥tic†quantiti≥s:†s≥≥†s≥ction†I.5.5.2.††

3.5.†Evaluation†of†prob≥†p≥rformanc≥†
3.5.1.†Pr≥paration†for†comparison†to†th≥†group’s†pr≥vious†≤≥signs[14]†

Kin≥tic†Param≥t≥rs†Cannot†b≥†Compar≥≤:†Th≥†group’s††pr≥vious†≤≥signs†for†pr≥cipitating-
fluorophor≥†prob≥s,†34a†an≤†34b,†show≥≤†signal††ons≥t†approximat≥ly†57†s≥con≤s†aft≥r†≥nzym≥†
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a≤≤ition,†un≤≥r†appar≥ntly†comparabl≥†≥xp≥rim≥ntal†con≤itions†(pH†7.4,†25°C,†38†μM††prob≥,†
20†mU∙mL-1;†Figur≥†III.9).†B≥low,†I†show†that†this†is†unr≥alistic†for†s≥v≥ral†r≥asons,†an≤†th≥†signal†≤ata†
cannot†b≥†r≥liably†compar≥≤.†Although†I†hop≥≤†to†corr≥ct†partially†for†th≥†pr≥vious†work’s†h≥avy†pr≥-
spiking†(s≥≥†b≥low)†by†a≤≤ing†a†minimum†of†168†s†to†th≥†r≥sults,†th≥†pr≥vious†≤ata†is†still†graph≥≤†at†
t=0.†This†cannot†b≥†physical,†b≥caus≥†it†tak≥s†tim≥†to†a≤≤†th≥†≥nzym≥†into†≥ach†w≥ll†an≤†th≥n†launch†
th≥†acquisition.†In†my†≥xp≥ri≥nc≥,†at†l≥ast†5†s†is†n≥≥≤≥≤†p≥r†w≥ll†to†a≤≤†≥nzym≥†an≤†th≥n†anoth≥r†15†s†
to†launch†acquisition,†with†multipl≥†w≥lls†to†b≥†us≥≤†for†r≥plicat≥s.†I†cannot†≥stimat≥†how†much†tim≥†
was†tak≥n,†b≥caus≥†th≥†numb≥r†of†w≥lls†us≥≤†is†not†sp≥cifi≥≤.†But†I†can†b≥†sur≥†that†what†is†
r≥pr≥s≥nt≥≤†as†t=0†is†at†l≥ast†t=60,†if†not†t=500†(minimum†tim≥†to†launch†acquisitions†with†about†40†
w≥lls†us≥≤†for†r≥plicat≥s).†This†m≥ans†that†faithful†comparison†of†signal†ons≥t†tim≥†with†this†prior†≤ata†
is†impossibl≥,†b≥caus≥†a†tru≥†tim≥†corr≥ction†cannot†b≥†appli≥≤.†Nor†can†I†conclu≤≥†on†th≥†accuracy†of†
th≥†KM†an≤†vmax†r≥port≥≤†in†this†prior†work†(98†μM†an≤†3†μM∙min-1†r≥sp≥ctiv≥ly)†b≥caus≥†only†kin≥tic†
≤ata†for†on≥†substrat≥†conc≥ntration†was†graph≥≤:†s≥≥ing†as†no†proc≥≤ur≥†for†KM†≤≥t≥rmination†was†
≥xplain≥≤,†I†conclu≤≥†that†th≥y†w≥r≥†unawar≥†of†th≥†pr≥-spiking†of†th≥†solution†(which†not†only†
chang≥s†th≥†signal†ons≥t†tim≥†gr≥atly,†but†un≤oubt≥≤ly†low≥rs†th≥†conc≥ntrations†that†w≥r≥†assum≥≤,†
among†oth≥r†probl≥ms),†an≤†unawar≥†of†th≥†non-lin≥ar††signal↔conc≥ntration††corr≥lation,††an≤†
probably†≥quat≥≤†th≥†obs≥rv≥≤†signal†with†instantan≥ous†spac≥r†immolation.†Th≥r≥for≥†I†cannot†
corr≥ct†any†of†th≥ir†kin≥tic†≤≥t≥rminations†if†this†is†n≥c≥ssary,†as†I†susp≥ct.†
Stability†must†b≥,†but†can†b≥,†substantially†corr≥ct≥≤:†To†compar≥†th≥s≥†prob≥s’†charact≥ristics†of†
hy≤rolytic†stability†to†thos≥†from†th≥†group’s†pr≥vious,†HPQ-r≥l≥asing†p≥pti≤as≥†prob≥s†34a†an≤†34b†
(Figur≥†III.9)[14]†was†initially†confusing.†Th≥†pr≥vious†prob≥s’†no-≥nzym≥†controls†w≥r≥†shown†to†start†
g≥n≥rating†spontan≥ous†signal†aft≥r†33†minut≥s†from†r≥port≥≤†conc≥ntrations†of†38†μM;†so†using†my†
calculat≥≤††KS(HPQ)=7†μM,†this†woul≤†in≤icat≥†that†7†μM†out†of†38†μM†ar≥†hy≤rolys≥≤†in†33†min,†
pr≥≤icting†a†halflif≥†of†112†minut≥s.†How≥v≥r,†consi≤≥ring†th≥†subs≥qu≥nt†lin≥ar†incr≥as≥†in†signal†
from†only†0†to†10%†of†th≥†plat≥au†l≥v≥l†of†th≥†≥nzymatic†r≥action†(wh≥r≥†CPPT=31†μM)†ov≥r†a†p≥rio≤†
of†120†min,†this†inst≥a≤†impli≥≤†spontan≥ous†hy≤rolysis†of†(0.1×31)=3†μM†out†of†31†μM††prob≥†
r≥maining†≤uring†th≥s≥†120†min:†i≥,†a†halflif≥†of†17†hours†inst≥a≤.†As†was†s≥≥n†in†s≥ction†III.3.3.1,†this†
s≥con≤†proc≥≤ur≥†≤o≥s†not†involv≥†th≥†assumption†that†th≥r≥†is†no†pr≥-spiking.†Th≥†≤isagr≥≥m≥nt†
b≥tw≥≥n†th≥s≥†pr≥≤ictions†was†too†s≥v≥r≥†to†ignor≥,†an≤†will†clarify†th≥†unusual†signal†g≥n≥ration†that†
was†s≥≥n†for†thos≥†pr≥vious†prob≥s.†
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Figur≥†III.9†–†Enzym≥†t≥sting†≤ata†r≥print≥≤†from†th≥†pr≥vious†prob≥†≤≥signs†r≥port≥≤†in†th≥†Hass≥ro≤t†group[14]:†
HPQ-r≥l≥asing†p≥pti≤as≥†prob≥s†34a†(b,†≤)†an≤†34b†(a,†c)†at†38†μM.†Curv≥s†a†an≤†b†with†≥nzym≥;†curv≥s†c†an≤†≤†ar≥†

no-≥nzym≥†controls.†
My†int≥rpr≥tation†of†th≥†≤iscr≥pancy†is†that†th≥†obs≥rv≥≤†signals†ar≥†trustworthy†≤ata,†but†th≥†r≥port≥≤†
con≤itions†ar≥†wrong,†which†l≥a≤s†to†th≥†≤isagr≥≥m≥nt†in†th≥†halflif≥†analysis:†th≥†substrat≥†is†not†at†
38†μM††initially,††but††(a)††th≥†solution†must†hav≥†b≥≥n†≥ff≥ctiv≥ly†pr≥-spik≥≤†with†HPQ,†an≤†(b)†it†is†
lik≥ly†that†th≥†total†initial†conc≥ntration†of†(HPQ†+†prob≥)†was†substantially†l≥ss†than†38†μM,†so†th≥†
plat≥au†signals†≤o†not†corr≥spon≤†to†38†μM††HPQ††pr≥cipitat≥≤.††Th≥s≥†con≤itions†woul≤†succ≥ssfully†
r≥pro≤uc≥†s≥v≥ral†f≥atur≥s†of†th≥†obs≥rv≥≤†signal†kin≥tics†which†woul≤†oth≥rwis≥†b≥†in≥xplicabl≥†
un≤≥r†my†off-ON†pr≥cipitating†mo≤≥l†(s≥≥†s≥ctions†I.3†an≤†I.5).†Not≥†that†this†≥valuation†≤o≥s†not†
int≥n≤†to†imply†sci≥ntific†≤ishon≥sty†in†th≥†pr≥vious†≥xp≥rim≥nts,†but†inst≥a≤†highlights†th≥†≥xtr≥m≥†
car≥†that†must†b≥†tak≥n†(an≤†in†th≥†curr≥nt†work,†was†tak≥n)†with†th≥s≥†unusual†pr≥cipitating†prob≥s†to†
obtain†an≤†r≥port†r≥liabl≥†r≥sults†an≤†conclusions.†
I†now†r≥calculat≥†for†th≥†prior†work,†th≥†param≥t≥rs†which†I†r≥quir≥†to†compar≥†stability,†accor≤ing†to†
my†int≥rpr≥tation†of†th≥ir†≤ata.†
(1)†Raw†≤ata:†th≥†plat≥au†fluor≥sc≥nc≥†valu≥s†in†that†work†ar≥†approximat≥ly†5540†RFU;†th≥†lin≥ar†
spontan≥ous†signal†r≥gim≥†starts†at†t=2000†s;†th≥†lin≥ar†r≥gim≥†shows†a†lin≥ar†incr≥as≥†of†520†RFU†in†
7000†s≥con≤s,†qualitativ≥ly†an≤†m≥chanistically†similar†to†th≥†signal†I†obs≥rv≥≤†in†my†own†≥xp≥rim≥nt†
stu≤ying†spontan≥ous†hy≤rolysis†of†15a†(Figur≥†I.26).†
(2)†Facts:†Ext≥n≤ing†th≥†lin≥ar†r≥gim≥†to†t=0†giv≥s†a†y-int≥rc≥pt†of†-150†RFU;†spontan≥ous†hy≤rolysis†
is†a†strictly†unimol≥cular†proc≥s†with†quasilin≥ar†b≥haviour†at†n≥ar-constant†prob≥†conc≥ntration,†so†
this††lin≥ar†≥xtrapolation†is†r≥liabl≥,†≥sp≥cially†at†low†signal†amounts†(w≥ak†absorption†r≥gim≥).†
Th≥r≥for≥,†this†is†unqu≥stionably†th≥†hypoth≥tical†fluor≥sc≥nc≥†that†woul≤†b≥†g≥n≥rat≥≤†by†th≥†
conc≥ntration†of†prob≥††CH†which†was†spontan≥ously†hy≤rolys≥≤†≤uring†th≥†initial†33†min.†At†
t=33†min,†[HPQ]=KS,†so†at†t=0,†[HPQ]0=KS-CH.†
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(3)†Con≤itional††calculation††1:†Assuming†that†th≥†plat≥au†valu≥†attain≥≤†r≥ally††corr≥spon≤s†to†
(38-KS)=31†μM††pr≥cipitat≥≤,†th≥n†this†impli≥s†that†CH=(150/5540)×31=0.84†μM,†an≤†using†my†
calculat≥≤†valu≥†for†th≥†KS(HPQ)†in≤icat≥s†that†[HPQ]0=6.2†μM.†
(4)†Propos≥≤†≥xplanation:††This†pr≥-spiking†may†b≥†a†≤ir≥ct†cons≥qu≥nc≥†of†(i)†th≥†prior†sampl≥†
pr≥paration†proc≥≤ur≥†coupl≥≤†with†(ii)†th≥†hy≤rolytic†instability†of†th≥†prior†≤≥sign.†Th≥†giv≥n†sampl≥†
pr≥p†proc≥≤ur≥†is:†“a†38†εM†solution†of†substrat≥...†was†pr≥par≥≤†(sonication†was†us≥≤†to†sp≥≥≤†up†
≤issolution)...†[to†a]†95†εL†aliquot†of†th≥†substrat≥†solution†was†[a≤≤≥≤†a]†5†εL†aliquot†of†conc≥ntrat≥≤†
l≥ucyl†aminop≥pti≤as≥†stock†solution...†an≤†≤ata†acquisition†was†launch≥≤.”[14]†My†int≥rpr≥tation†is†that†
th≥†substrat≥†solutions†pr≥par≥≤†w≥r≥†in†fact†constantly†hy≤rolysing†≤uring†sonication,†an≤†th≥r≥for≥†
th≥†sup≥rnatant†in†th≥†substrat≥†stock†was†≥ss≥ntially†saturat≥≤†in†HPQ.†Spontan≥ous†hy≤rolysis†from†
38†μM†to†HPQ†saturation,†i≥†(38-KS)~31†μM,†woul≤†only†tak≥†260†minut≥s,†an≤†th≥r≥†is†no†in≤ication†
for†how†long†sonication†was†p≥rform≥≤.†Furth≥rmor≥,†th≥†≤ilution†from†95†to†100†μL†actually†b≥com≥s†
significant:†th≥†total†HPQ†conc≥ntration†in†th≥†w≥ll†is†r≥ally†at†most†36†μM.†(Not≥†that†if†th≥†stock†
w≥r≥†saturat≥≤†with†HPQ†but†non≥†ha≤†y≥t†pr≥cipitat≥≤,†th≥n†th≥†solutions†≥xamin≥≤†woul≤†hav≥†
(95/100×KS)=6.6†μM†HPQ†onc≥†th≥†≥nzym≥†aliquot†was†a≤≤≥≤,†which†is†r≥markably†clos≥†to†th≥†
pr≥≤ict≥≤†valu≥†an≤†argu≥s†strongly†for†th≥†pr≥-spiking†int≥rpr≥tation).†
(4a)†Pr≥-saturation†calculation†2a:†If†my†initially-calculat≥≤†figur≥†of†[HPQ]0=6.2†μM†w≥r≥†corr≥ct,†
th≥n†I†coul≤†conclu≤≥†that†th≥†stock†solution†ha≤†[HPQ]0,stock=(6.2/0.95)=6.5†μM,††th≥r≥for≥†
[34a|34b]0,w≥ll=(38-6.5)×0.95=30†μM,††an≤††I††woul≤††≥stimat≥††a††sampl≥††pr≥paration†tim≥†of†240†min†
from†a≤≤ition†of†buff≥r†to†th≥†start†of†th≥†monitoring,†to†giv≥†this†amount†of†hy≤rolysis:†a†not†
unr≥asonabl≥†figur≥.†R≥calculating†th≥†spontan≥ous†hy≤rolysis†rat≥†r≥vising†th≥†plat≥au†pr≥cipitat≥≤†
conc≥ntration†to†(30+6.2-KS)=29.2†μM↔5540†RFU,†with†+520†RFU†hy≤rolys≥≤†in†7000†s†from†an†
initial†conc≥ntration†of†29.2†μM†at†th≥†start†of†pr≥cipitation,†giv≥s†a†halflif≥†of†τ(34a|34b)~13.3†hours.†
(4b)†Post-saturation†calculation†2b:†I†th≥n†won≤≥r≥≤†if†any†hy≤rolys≥≤†an≤†pr≥cipitat≥≤†HPQ†woul≤†
p≥rhaps†hav≥†b≥≥n†ignor≥≤†≤uring†sampl≥†pr≥paration†as†b≥ing†simply†un≤issolv≥≤†starting†mat≥rial,†
an≤†woul≤†hav≥†b≥≥n†avoi≤≥≤†as†only†th≥†sup≥rnatant†was†aliquott≥≤†into†th≥†w≥ll†plat≥s†(although†a†
quick†ch≥ck†with†a†UV†lamp†woul≤†hav≥†allow≥≤†confirmation†of†wh≥th≥r†any†w≥r≥†pr≥s≥nt).†I†th≥n†
calculat≥≤†this†through†to†s≥≥†what†≥ff≥cts†it†woul≤†hav≥.†Assuming†≤issolution†for†p≥rhaps†
360†minut≥s† giv≥s† HPQ† saturation †as †b≥for≥ †(so †[HPQ]0,th=6.6†μM), †an≤ †
[34a|34b]0=(38-8.25)×0.95=28.3†μM.†Th≥n†th≥†signal†plat≥au†corr≥spon≤s†to†35†μM††pr≥cipitat≥≤,††so†
r≥working†calculation†1†giv≥s†CH=0.74†μM†an≤†[HPQ]0,calc=6.3†μM,†which†is†still†in†clos≥†agr≥≥m≥nt†
with†th≥†≥stimat≥≤†saturation†calculation.†How≥v≥r,†I†hav≥†no†basis†for†choosing†this†ov≥r†(4a):†I†
simply†p≥rform≥≤†it†to†show†that†it†also†giv≥s†consist≥nt†r≥sults†an≤†th≥r≥for≥†is†a†not†unr≥asonabl≥†
sc≥nario.†
(5)†Alt≥rnativ≥†≥xplanation:†Similar†pr≥-spiking†coul≤†b≥†obs≥rv≥≤†by†having†us≥≤†an†impur≥†prob≥†
sampl≥†h≥avily†contaminat≥≤†with†HPQ.†
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(6)†Valu≥s†r≥tain≥≤†for†stability†comparison†to†th≥†pr≥s≥nt†work:†I†r≥tain†th≥†spontan≥ous†
hy≤rolysis†halflif≥†I†calculat≥≤†in†(4a),††τ(34a|34b)~13.3†h.†Consi≤≥ring†th≥†n≥ar-lin≥ar†r≥gion†of†
maximal†signal†r≥spons≥,†which†has†gra≤i≥nt†of†7†RFU∙s-1,†applying†th≥†conv≥rsion†factor†
(29.2/5540)=5.27×10-3†μM∙RFU-1,†an≤†calculating†a†corr≥ction†for†calculat≥≤†pr≥-spik≥≤†conc≥ntration†
of†6.2†μM,†sugg≥sts†that†(a†vast†un≤≥r≥stimat≥†of)†at†l≥ast†an†≥xtra†(6.2/(5.27×7×10-3))=168†s†must†b≥†
a≤≤≥≤†to†th≥†r≥sults’†tim≥scal≥,†so†th≥†signal†ons≥t†can†b≥†no†≥arli≥r†than†225†s.†How≥v≥r,†consi≤≥ring†
th≥†form†of†th≥†ons≥t†of†signal†s≥≥n†with†my†HPQ†prob≥s†(Figur≥†III.8),†an≤†≤u≥†to†th≥†convolution†of†
h≥avily†rat≥-limiting†cyclisation†kin≥tics,†I†consi≤≥r≥≤†that†this†corr≥ction†factor†was†an†un≤≥r≥stimat≥†
of†th≥†tru≥†valu≥†by†at†l≥ast†a†factor†of†fiv≥†or†t≥n†(s≥≥†kin≥tic†analysis,†s≥ction†3.3.4).†

3.5.2.†Towar≤s†a†practical†≥nzymatic†≤≥t≥ction†thr≥shol≤†
R≥s≥arch†conc≥rn≥≤†with†prob≥s†op≥rating†on†an†incr≥as≥†in†fluor≥sc≥nc≥†aft≥r†≥nzymatic†activation†
commonly†cit≥s†a†‘≤≥t≥ction†limit’†for†th≥†prot≥in†targ≥t≥≤,†which†is†a†function†of†th≥†ratio†b≥tw≥≥n†
control†an≤†activ≥†fluor≥sc≥nc≥†signals†at†a†fix≥≤†tim≥†t.†In†th≥†pr≥s≥nt†cas≥,†th≥†situation†is†altog≥th≥r†
≤iff≥r≥nt:†th≥†principl≥†of†a†tru≥†binary†off-ON†syst≥m†is†to†giv≥†an†arbitrarily†low†≤≥t≥ction†limit†for†
≥nzym≥†activity,†by†allowing†long≥r†incubation†to†comp≥nsat≥†for†low≥r†activity†without†any†fals≥†
positiv≥†signal†masking†th≥†r≥sults.†Our†syst≥m†provi≤≥s†th≥†first†≤≥monstration†of†such†a†fluorog≥nic†
aminop≥pti≤as≥†prob≥†(s≥≥†s≥nsitivity†mo≤≥ls†in†s≥ction†I.3.1).†
D≥t≥ction†is†th≥r≥for≥†achi≥v≥≤†as†soon†as†th≥†r≥l≥as≥≤†fluorophor≥†conc≥ntration†(≤≥p≥n≤≥nt†on†th≥†
≥nzym≥†activity†us≥≤,†th≥†rat≥†of†substrat≥†proc≥ssing,†initial†prob≥†conc≥ntration,†an≤†wh≥th≥r†th≥†
solution†is†pr≥-spik≥≤)†pass≥s†th≥†nucl≥ation†thr≥shol≤†sp≥cific†to†that†fluorophor≥†(≤≥p≥n≤ant†also†on†
th≥†t≥mp≥ratur≥,†pH,†oth≥r†≤issolv≥≤†sp≥ci≥s,†≥tc)†an≤†th≥†fluor≥sc≥nc≥†pass≥s†th≥†signal-to-nois≥†
thr≥shol≤†of†th≥†fluorim≥t≥r†s≥tup†us≥≤†(≤≥p≥n≤ant†on†th≥†acquisition†backgroun≤†an≤†acquisition†
s≥nsitivity,†th≥†cl≥anlin≥ss†of†th≥†s≥tup†or†th≥†autofluor≥sc≥nc≥†of†th≥†sampl≥,†th≥†purity†of†th≥†prob≥†
sampl≥†us≥≤†in†th≥†≥xp≥rim≥nt,†≥tc).†Th≥r≥for≥†a†‘≤≥t≥ction†limit’†will†b≥†a†function†of†all†th≥s≥†
param≥t≥rs,†as†w≥ll†as†a†≤ynamic†function†of†th≥†tim≥†≤uring†th≥†≥xp≥rim≥nt.†A†b≥tt≥r†approach†is†
th≥r≥for≥†continuous†monitoring,†to†b≥†sur≥†to†fin≤ing†th≥†win≤ow†of†binary†≤≥t≥ction†(as†p≥r†Figur≥†
I.9)†an≤†≥nsuring†ultras≥nsitiv≥†≤≥t≥ction†≥v≥n†of†≥nzymatic†hy≤rolysis†rat≥s†b≥low†spontan≥ous†
hy≤rolysis†rat≥s.†A†fix≥≤-tim≥†≤≥t≥ction†limit†using†this†mo≤≥l†aminop≥pti≤as≥†an≤†mo≤≥l†fluorophor≥†
in†a†mo≤≥l†s≥tting†woul≤†not†b≥†strictly†transf≥rabl≥†onc≥†any†of†th≥s≥†param≥t≥rs†ar≥†chang≥≤,†so†will†
not†n≥c≥ssarily†provi≤≥†us≥ful†≥xtra†num≥rical†information†to†th≥†r≥a≤≥r†int≥r≥st≥≤†in†applying†this†
nov≥l,†binary†off-ON†syst≥m†to†≥g.†pro≤rug†≤≥sign,†l≥t†alon≥†to†prob≥s†construct≥≤†with†oth≥r†
substrat≥s,†or†using†any†oth≥r†p≥pti≤as≥†typ≥s†or†conc≥ntrations,†typ≥s†of†fluorophor≥,†t≥mp≥ratur≥,†pH,†
t≥st†m≥≤ia†con≤itions,†or†≤≥t≥ction†protocol.††
What†can†b≥†transf≥rr≥≤†to†any†application,†is†that†this†off-ON†pr≥cipitating†syst≥m†≤≥liv≥rs,†for†th≥†
first†tim≥,†a†≤≥sign†for†an†arbitrarily†low†≤≥t≥ction†limit†(in†th≥†cont≥xt†of†prob≥†≤≥sign;†of†cours≥,†for†
applications†to†≥g.†pro≤rugs,†such†a†figur≥†is†not†m≥aningful)†which†will†≤≥p≥n≤†≥xclusiv≥ly†on†th≥†
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natur≥†of†th≥†application†an≤†impl≥m≥ntation†(choic≥†of†th≥†param≥t≥rs†list≥≤†abov≥,†notably,†
fluorophor≥†an≤†t≥st†m≥≤ia†con≤itions,†prot≥in†activity,†an≤†prob≥†conc≥ntration:†s≥≥†s≥ction†I.5.1).†In†
this†s≥ns≥,†≤≥t≥rmining†a†≤≥t≥ction†limit†for†th≥†mo≤≥l†prob≥†syst≥m†I†≥xplor≥≤†miss≥s†th≥†gr≥at≥r,†
conc≥ptual†importanc≥†of†th≥†information†alr≥a≤y†suppli≥≤.†
How≥v≥r†I†giv≥†bri≥f†sampl≥†calculations†as†follows,†k≥≥ping†in†min≤†that,†whil≥†prot≥in†activity†
≤≥p≥n≤s†on†a†compl≥x†s≥t†of†factors,†I†alr≥a≤y†chos≥†th≥†p≥pti≤as≥†conc≥ntration†to†b≥†among†th≥†
low≥st†us≥≤†in†th≥†lit≥ratur≥†I†hav≥†s≥≥n,†b≥ing†for†≥xampl≥†thr≥≥†thousan≤†tim≥s†low≥r†than†that†us≥≤†
in†Urano’s†work[9].†Th≥†fact†that†th≥†prob≥s†can†g≥n≥rat≥†signal†in†un≤≥r†a†minut≥†(15a†≥xtrapolation)†
with†this†low†LAP†≥nzym≥†activity†alr≥a≤y†highlights†th≥†≥xc≥ll≥nt†s≥nsitivity†of†our†syst≥m;†a†sampl≥†
‘≤≥t≥ction†limit’†s≥rv≥s†only†to†r≥inforc≥†this†conclusion,†but†shoul≤†not†form†th≥†≥xclusiv≥†basis†of†
≥valuation†an≤†comparison†of†th≥†prob≥†syst≥m†with†conc≥ptually†≤iff≥r≥nt,†prior†art†syst≥ms.†
D≥t≥ction†limits††aft≥r†~24†h:†Consi≤≥r†prob≥†1a†(KS(HPQ)††~††7††μM)†at†an†initial†conc≥ntration†of†
100†μM††us≥≤††in††a†24-hour†incubation†with†our†≤≥scrib≥≤†≥xp≥rim≥ntal†param≥t≥rs.†No†fals≥†positiv≥†
backgroun≤†signal†will†aris≥,†consi≤≥ring†th≥†halflif≥†for†spontan≥ous†hy≤rolysis†(τ1/2≈4000†≤ays,†so†it†
tak≥s†an†≥st.†420†≤ays†to†spontan≥ously†hy≤rolys≥†7†μM;†s≥≥†s≥ction†III.3.3.2).†Giv≥n†th≥†magnitu≤≥†of†
KS,††w≥†might†arbitrarily†r≥quir≥†12†μM††to††b≥††proc≥ss≥≤††to††count††as††a††highly††r≥liabl≥††≤≥t≥ction;†
macroscopically,†this†woul≤†≤≥liv≥r†a†fluor≥sc≥nc≥†signal†of†t≥n†tim≥s†th≥†total†backgroun≤†
fluor≥sc≥nc≥†signal†of†a†blank†sampl≥†without†r≥quiring†th≥†subtraction†of†any†backgroun≤†at†all,†but†
woul≤†giv≥†a†signal:control†ratio†of†≥asily†>100†by†subtracting†a†wat≥r-only†blank,†or†pot≥ntially†
whit≥-on-black†‘infinit≥’†s≥nsitivity†if†t=0†subtraction†w≥r≥†p≥rform≥≤†(cf.†Tabl≥†III.2,†≥xamin≥†th≥†
signals†from†prob≥s†1a†or†1b†at†18†μM†at†th≥†≥n≤†of†th≥†r≥action,†wh≥r≥†~5.5†μM†has†pr≥cipitat≥≤).†Th≥†
fitt≥≤†vmax†was†5†μM∙min-1†with†prot≥in†conc≥ntration†of†~60†nm,†so†I†approximat≥†v*†≈†0.1†μM∙min-1†
p≥r†1†nm†of†p≥pti≤as≥.†Th≥†≤≥t≥ction†limit†r≥quir≥m≥nt†is†12†μM††=†v*×24×60×[E]†at†prob≥†
conc≥ntration†>>†KM,†th≥r≥for≥†th≥†prob≥’s†≤≥t≥ction†limit†is†[E]~80†pM†of†l≥ucin≥†aminop≥pti≤as≥,†
in†a†noncomp≥titiv≥†s≥tting.†In†t≥rms†of†this†p≥pti≤as≥’s†activity†upon†this†substrat≥,†this†figur≥†is†
≥quival≥nt†to†8×10-6†U∙mL-1†of†l≥ucin≥†aminop≥pti≤as≥.††
This†is†how≥v≥r†a†vast†un≤≥r≥stimation†of†th≥†optimis≥≤†≤≥t≥ction†limit†of†a†prob≥†syst≥m†bas≥≤†on†
th≥s≥†spac≥rs,†principally†b≥caus≥†of†(1)†th≥†r≥lativ≥ly†high†KS,†(2)†th≥†non-optimal†pH†an≤†
t≥mp≥ratur≥†us≥≤†to†≤≥t≥rmin≥†v*,†an≤†which†ar≥†th≥r≥for≥†lik≥ly†un≤≥r≥stimat≥s†of†th≥†tru≥†v*.†As†to†
probl≥m†(1),†using†th≥†low≥r-KS†prob≥†15a†at†35†μM†(also†high†≥nough†abov≥†KM†to†≥nsur≥†n≥ar-vmax†
b≥haviour)†with†similar†r≥quir≥m≥nt†for†1.5×KS†hy≤rolys≥≤†l≥a≤s†how≥v≥r†to†aroun≤†t≥n†tim≥s†low≥r†
≤≥t≥ction†thr≥shol≤†un≤≥r†i≤≥ntical†cirumstanc≥s,†b≥caus≥†not†only†is†th≥†KS†is†5†tim≥s†low≥r,†but†also†
b≥caus≥†aroun≤†3%†of†th≥†prob≥†spontan≥ously†hy≤rolys≥s†≤uring†this†p≥rio≤†an≤†th≥r≥for≥†pr≥-spik≥s†
th≥†t≥st†m≥≤ium,†so†r≥quiring†only†0.5†μM††to††b≥††≥nzymatically††hy≤rolys≥≤††to†first†g≥n≥rat≥†a†signal,†
an≤†only†1.2†μM†to†r≥ach†th≥†thr≥shol≤†of†1.5×KS,†h≥nc≥†8×10-7†UmL-1.†
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Exp≥rim≥ntal:†Part†II†(Magn≥tog≥nic†Prob≥s)†
4.†App≥n≤ic≥s†to†Part†II†

4.1.1.†Quick†r≥cap:†NMR,†an≤†MRI†contrast†ag≥nts†
In†a†magn≥tic†fi≥l≤†B0,†th≥†allow≥≤†proj≥ctions†IZ†of†th≥†spin†magn≥tic†mom≥nts†of†nucl≥i†of†spin†I†
onto†th≥†fi≥l≤†(which†≤≥fin≥s†th≥†Z†axis)†ar≥†quantis≥≤.†For†1H†(I=ν),†two†≥n≥rgy†l≥v≥ls†ar≥†allow≥≤,†
s≥parat≥≤†by†ΔE=γB’;†th≥†gyromagn≥tic†ratio†γ†is†a†constant†for†all†1H†nucl≥i,†an≤†th≥†local†magn≥tic†
fi≥l≤†B’†is†th≥†≥xt≥rnal†magn≥tic†fi≥l≤†B0†mo≤ifi≥≤†by†th≥†ch≥mical†≥nvironm≥nt†of†≥ach†1H†atom,†
(≥l≥ctronic†≤≥/shi≥l≤ing†by†n≥ighbouring†groups,†≥tc).†Thus†for†a†known†fi≥l≤†str≥ngth,†th≥†fr≥qu≥ncy†ν†
(=†ΔE/h)††of††th≥††photons†≥mitt≥≤†≤uring†nucl≥ar†r≥laxation†in†a†sampl≥†can†b≥†us≥≤†to†≤iscriminat≥†
b≥tw≥≥n†th≥†ch≥mical†≥nvironm≥nts†an≤†compoun≤s†of†th≥†≥mitting†1H†nucl≥i†(NMR†≥ff≥ct).†
Conv≥rs≥ly,†if†th≥†≥xt≥rnal†magn≥tic†fi≥l≤†is†appli≥≤†with†a†3D†gra≤i≥nt,†th≥n†th≥s≥†photons’†
fr≥qu≥nci≥s†can†b≥†corr≥lat≥≤†with†th≥ir†spatial†location†(MRI).[15]†
Th≥†T1†“longitu≤inal”†or†spin-lattic≥†tim≥†constant†≤≥scrib≥s†th≥†tim≥scal≥†for†th≥†≤≥cay†of†th≥†
≥xt≥rnal-fi≥l≤-align≥≤†(longitu≤inal)†compon≥nt†MZ†of†th≥†n≥t†nucl≥ar†spin†magn≥tic†mom≥nt†v≥ctor†M†
of†a†sampl≥,†from†its†≥xcit≥≤†stat≥†to†its†≥quilibrium†valu≥†M0.†Th≥†T2†“transv≥rsal”†or†spin-spin†tim≥†
constant†≤≥scrib≥s†th≥†tim≥scal≥†for†th≥†loss†of†coh≥r≥nc≥†of†th≥†v≥ctor†proj≥ction†of†M†onto†th≥†XY†
plan≥†≤u≥†to†≤≥phasing†b≥tw≥≥n†spin†pack≥ts†of†oth≥rwis≥†i≤≥ntical†nucl≥i†which†ar≥†≥xp≥ri≥ncing†
≤iff≥r≥ntly†p≥rturb≥≤†local†magn≥tic†fi≥l≤s†(≥g.†≤u≥†to†inhomog≥n≥iti≥s†in†th≥†B0†fi≥l≤†or†to†
int≥rmol≥cular†int≥ractions).†Contrast†ag≥nts†may†aff≥ct†≥ith≥r†th≥†T1†or†T2†(or†both)†of†surroun≤ing†
wat≥r.[16]†Th≥†g≥n≥ralis≥≤†Solomon-Blo≥mb≥rg≥n-Morgan†th≥ory†≤≥scrib≥s†factors†gov≥rning†th≥†
r≥laxation†of†n≥ighbouring†wat≥r†proton†nucl≥i†in≤uc≥≤†by†paramagn≥tic†compl≥x≥s,†notably†th≥†
numb≥r†of†inn≥r-sph≥r≥-coor≤inat≥≤†wat≥r†mol≥cul≥s†(q)†an≤†th≥ir††m≥an††r≥si≤≥nc≥††tim≥††(τM),†th≥†
numb≥r†of†s≥con≤-sph≥r≥†wat≥r†mol≥cul≥s†(qSS),†an≤†th≥†compl≥x’s†rotational†tim≥†constant†(τR).[15]†
Th≥†clos≥r†a†wat≥r†mol≥cul≥†is†to†th≥†paramagn≥tic†m≥tal†ion,†th≥†mor≥†favourabl≥†can†b≥†its†magn≥tic†
int≥raction†with†th≥†ion’s†μ,†wh≥nc≥†th≥†importanc≥†of†qSS;†th≥†int≥raction†is†≥sp≥cially†favourabl≥†with†
≤ir≥ctly-coor≤inat≥≤†wat≥r†mol≥cul≥s,†h≥nc≥†th≥†importanc≥†of†q.†As†th≥†contrast†ag≥nt’s†conc≥ntration†
is†much†b≥low†that†of†wat≥r,†th≥†b≥st†transmission†of†th≥†r≥laxing†≥ff≥ct†of†th≥†compl≥x†to†bulk†wat≥r†
r≥quir≥s†coor≤inat≥≤†wat≥r†to†int≥rchang≥†with†bulk†as†rapi≤ly†as†possibl≥,†whil≥†still†r≥si≤ing†long†
≥nough†for†favourabl≥†magn≥tic††int≥raction,††so††τM†is†important†for†≤≥t≥rmining†r≥laxivity.††τR†also†
aff≥cts†th≥†r≥laxivity†by†gov≥rning†th≥†tim≥scal≥†of†th≥†int≥raction†b≥tw≥≥n†a†proton’s†nucl≥us†an≤†th≥†
compl≥x’s†μ-v≥ctor;††in††g≥n≥ral,††onc≥††τM†is†optimis≥≤,††a†larg≥r††τR†(slow†compl≥x†rotation)†giv≥s†a†
larg≥r†r≥laxivity,†≥sp≥cially†at†low†fi≥l≤s†(up†to†≥g.†3T);†how≥v≥r,†th≥†≥ff≥ct†≤iminish≥s†as†th≥†fi≥l≤†
str≥ngth†incr≥as≥s†an≤†high≥r-fi≥l≤†machin≥s†of†th≥†futur≥†(≥g†>5T)†may†show†littl≥†to†no†b≥n≥fit†from†
τR†tuning.†R≥laxivity†(r1)†is†calculat≥≤†as†th≥†r≥ciprocal†of†th≥†pro≤uct†of†th≥†conc≥ntration†c†of†th≥†
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paramagn≥tic†sp≥ci≥s†(in†mM)†with†th≥†m≥asur≥≤†wat≥r†proton†longitu≤inal†tim≥†constant†T1’†in†its†
pr≥s≥nc≥†(r1=1/[T1’×c])†an≤†so†has†units†mM-1s-1.[15,16]†

4.1.2.†M2†≤≥signs†–†pyri≤inylogous†h≥miaminal†spac≥r,†alkynyl†al≤≥hy≤≥†rout≥†
During†my†M2†work,[15]†I†ha≤†initially†≥xamin≥≤†≥limination†spac≥r†≤≥signs†analogous†to†44a†but†
which†woul≤†hav≥†as†much†fl≥xibility†as†possibl≥†at†th≥†critical†m≥thin≥†position†X†(Figur≥†III.10).††

†
Figur≥†III.10†-†Pyri≤inyl†spac≥r†≤≥sign†an≤†work†from†th≥†M2†th≥sis†

Th≥†pyri≤inylogous†≤≥sign†III-4-1†was†t≥st≥≤†by†mo≤≥l†compoun≤†III-4-3;†this†was†≤≥prot≥ct≥≤†in†
(som≥what†basic)†aqu≥ous†con≤itions†but†≤i≤†not†show†fragm≥ntation†to†pip≥ri≤in≥†an≤†III-4-6.†Th≥†
basic†m≥≤ia†w≥r≥†not†consi≤≥r≥≤†probl≥matic,†b≥caus≥†although†th≥y†r≥≤uc≥†protonation†of†th≥†
pip≥ri≤in≥,†in†th≥†final†compl≥x†III-4-1,†protonation†of†th≥†macrocyclic†nitrog≥n†is†not†possibl≥†≤uring†
≥limination†anyway.†Sp≥ci≥s†III-4-4†app≥ar≥≤†stabl≥†in†wat≥r†for†mor≥†than†2†months;†as†th≥†
coor≤ination†is†≥xp≥ct≥≤†to†incr≥as≥†stability†rath≥r†than†promot≥†≥limination,†this†≤≥sign†was†
aban≤on≥≤.†A†s≥con≤,†≥v≥n†mor≥†fl≥xibl≥†an≤†≥n≥rg≥tic†possibility,†th≥†umpolung†targ≥t†III-4-2,†was†
consi≤≥r≥≤†lik≥ly†to†b≥†much†too†hy≤rolytically†unstabl≥,†as†w≥ll†as†synth≥tically†chall≥nging.†
Th≥r≥for≥†th≥†furan†strat≥gy†towar≤s†targ≥ts†44†was†b≥gun†(Figur≥†III.11).†

†
Figur≥†III.11†–†Alkynyl†al≤≥hy≤≥†cyclisation†strat≥gy†from†M2†work†

Alkynyl†al≤≥hy≤≥s†III-4-8†w≥r≥†ma≤≥†by†formylation†of†th≥†propargyl†≥th≥rs†by†th≥†r≥v≥rs≥†qu≥nch†
strat≥gy†of†Journ≥t†≥t†al.[17].†Across†≥xt≥nsiv≥†t≥sts,†att≥mpts†to†cyclis≥†th≥m†to†compoun≤s†4-II†(≥n†
rout≥†to†4-III†an≤†≥v≥ntually†44b)†all†r≥sult≥≤†in†total†≤≥composition,†wh≥r≥as†a†corr≥spon≤ing†k≥ton≥†
cyclisation†gav≥†inst≥a≤†a†5-tBu-2-alkoxyfuran†on†th≥†first†(an≤†only)†trial.†
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5.†Compoun≤s†of†Part†II†
5.1.†Furyl†cycloisom≥risation†–†α-functionalisation†
5.1.1.†Ac≥tylations†

†
5-(2,3,4,6-t≥trab≥nzyl-β-galactosyl)p≥nt-3-yn-2-on≥†(56c)†
To†55c†(6.08†g,†10.5†mmol)[18,19]†an≤†2,2’-bisquinolin≥†as†in≤icator†(3†mg)†in†a†vacuum-≤ri≥≤†flask†
un≤≥r†argon†was†a≤≤≥≤†THF†(20†mL),†th≥n†to†th≥†solution†was†a≤≤≥≤†≤ropwis≥†at†-80†°C†ov≥r†fiv≥†
minut≥s,†until†th≥†colour†≤i≤†not†≤ark≥n†with†furth≥r†a≤≤ition,†tBuLi†(8†mL,†~1.6†M,†~13†mmol)†an≤†
th≥†mixtur≥†stirr≥≤†for†1†h.†Th≥†brown†solution†was†a≤≤≥≤†≤ropwis≥†via†cannula†into†a†solution†of†
Ac2O†(3.08†g,†30.2†mmol)†in†THF†(10†mL)†at†-55†°C.†Th≥†r≥action†mixtur≥†b≥com≥s†sun†y≥llow†
≤uring†a≤≤ition,†an≤†was†stirr≥≤†for†on≥†hour†whil≥†warming†to†RT†b≥for≥†qu≥nching†by†a≤≤ition†into†a†
rapi≤ly†stirr≥≤†mixtur≥†of†ic≥†wat≥r†(50†g)†an≤†≥thyl†ac≥tat≥†(100†mL).†Th≥†aqu≥ous†phas≥†was†
colourl≥ss†aft≥r†≥xtraction†with†≥thyl†ac≥tat≥†(50†mL)†an≤†was†furth≥r†≥xtract≥≤†with†≤i≥thyl†≥th≥r†
(2×40†mL)†b≥for≥†th≥†combin≥≤†organic†lay≥rs†w≥r≥†wash≥≤†with†saturat≥≤†NaHCO3†(2×30†mL),†H2O†
(30†mL),†an≤†brin≥†(2×30†mL),†≤ri≥≤†on†so≤ium†sulfat≥,†filt≥r≥≤,†an≤†conc≥ntrat≥≤†on†th≥†rotary†
≥vaporator†to†giv≥†7.5g†pal≥†y≥llow†oil.†NMR†of†th≥†cru≤≥†mixtur≥†r≥v≥al≥≤†55c†an≤†56c†as†th≥†only†
≤≥t≥ctabl≥†t≥trab≥nzylgalactosyl†compoun≤s.†Chromatography†with†10:1†→†4:1†p≥th:EA†≥luant†gav≥†
starting†mat≥rial†55c†(1.23†g,†2.12†mmol)†an≤†pal≥†y≥llow†oil†56c†(3.14†g,†5.05†mmol,†48%,†or†61%†
brsm).†No†significant†yi≥l≤†(<1%†in†cru≤≥)†of†un≤≥sir≥≤†bypro≤ucts†58c†or†59c†was†s≥≥n†by†this†
m≥tho≤.†TLC:†Rf†=†0.31†(5:1†Cy:EA),†Rf†=†0.49†(3:1†Cy:EA);†gr≥≥n†(van),†y≥llow†(anis),†positiv≥†
(DNPH).†1H-NMR†(CDCl3,†200†MHz):††δ†=†7.45-7.25†(m,†20H;†20×ph≥nyl†CH);†5.01-4.92†(m,†2H;†
H-1,†H-3);†4.82-4.55†(m,†7H;†H-2,†H-4,†H-5,†CH2-6,†1×b≥nzyl†CH2);†4.46†(s,†2H,†CH2-7);†3.94-3.84†
(m,†2H,†b≥nzyl†CH2);†3.61-3.55†(m,†4H,†2×b≥nzyl†CH2);†2.31†(s,†3H,†CH3)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ†=†183.9†(C-10),†138.6,†138.5,†138.3,†137.9,†2×128.5,†128.4,†128.3,†128.2,†2×127.9,†127.7,†
127.6,†102.2†(C-1),†86.9,†85.6,†82.2,†79.3,†75.2,†74.7,†73.7,†73.6,†73.5,†73.2,†68.8,†55.7†(C-7);†33.0†(C-
11) †ppm. †IR: †Charact≥ristic †ban≤s: †2212[w] †(CC-CO); †1680[s] †(CO-CC).†
(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s:†3088[w],†3063[w],†3030[w]†(CH†ph≥nyl);†2915[w],†2868[w]†
(CH†aliph);†1496[w],†1454[m]†(C=C†ph≥nyl);†1150-1000†[s,br,c]†(COC†aliph);†731[s],†697[s]†(CH).†
HRMS†(ESI-ToF):†calc≤†for†[C39H40O7Na]+†=†[MNa]+:†643.2672;†foun≤†643.2676.†
†
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4-m≥thyl-1,7-bis(2,3,4,6-t≥trab≥nzyl-β-galactosyl)h≥pta-2,5-≤iyn-4-yl†ac≥tat≥†(58c)†
Ac≥tylation†bypro≤uct†58c†was†obtain≥≤†in†variabl≥†yi≥l≤s†usually†un≤≥r†5%,†≤uring†th≥†proc≥≤ur≥†for†
56c;†its†yi≥l≤†coul≤†b≥†incr≥as≥≤†if†th≥†ac≥tic†anhy≤ri≤≥†w≥r≥†inst≥a≤†a≤≤≥≤†to†th≥†ac≥tyli≤≥†solution†
(≥g.†44%).†TLC:†Rf†=†0.21†(5:1†Cy:EA);†brown†(anis).†NMR:†1H-NMR†(CDCl3,†200†MHz):†δ†=†7.44-
7.24†(m,†40H),†5.03-4.95†(m,†4H),†4.79-4.62†(m,†10H),†4.48-4.45†(m,†8H),†3.95-3.86†(m,†4H),†3.64-
3.55†(m,†8H),†1.96†(s,†3H),†1.91†(s,†3H)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†168.0,†138.8,†138.5,†
138.4,†137.8,†128.2,†128.2,†128.1,†128.0,†127.7,†127.6,†127.3,†127.3,†101.6,†101.5†(anom≥ric†
carbons),†84.0,†84.0,†81.9,†80.0,†79.1,†79.1,†74.8,†74.4,†74.3,†73.2,†73.1,†72.8,†72.8,†68.5,†63.4†(C10),†
55.8,†30.3†(CH3†Ac),†21.1†(C11)†ppm.†Sali≥nt†IR†ban≤†(≤istinguish≥s†from†56c):†1753[m]†(CO2R);†
(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s†(s≥≥†56c).†HRMS†(ESI-ToF):†Calc’≤†for†[C78H80O14Na]+†=†
[MNa]+:†1263.5446;†foun≤†1263.5481.†
†
2-(2,3,4,6-t≥trab≥nzyl-β-galactosyl)-5-m≥thoxyp≥nt-1-≥n-3-yn-2-yl†ac≥tat≥†(59c)†
During†th≥†proc≥≤ur≥†for†56c,†b≥ginning†with†7.75†g†55c†(13.3†mmol)†p≥rforming†a≤≤ition†of†th≥†
ac≥tyli≤≥†to†th≥†ac≥tic†anhy≤ri≤≥,†chromatography†gav≥†th≥†fast≥r-running†59c†(600†mg,†0.91†mmol,†
8%)†as†an†pal≥†y≥llow†oil†which†coul≤†b≥†r≥crystallis≥≤†from†p≥ntan≥/≥thyl†ac≥tat≥†to†giv≥†colourl≥ss†
crystals.†TLC:†Rf†=†0.24†(5:1†Cy:EA);†y≥llow-brown†(anis),†blu≥†(van).†1H-NMR†(CDCl3,†500†MHz):†
δ†=†7.41-7.39†(m,†2H),†7.36-7.27†(m,†18H)†(20×ph≥nyl†CH);†5.27†(m,†1H,†H-11b);†5.21†(≤,†1H,†2J†=†
1.7†Hz,†H-11a);†4.83†(≤≤,†2H,†J≥ff†=†106†Hz,†2J†=†11†Hz,†b≥nzyl†CH2);†4.78†(≤≤,†2H,†
J≥ff†=†160†Hz,†2J†=†11.6†Hz,†b≥nzyl†CH2);†4.74†(≤≤,†2H,†J≥ff†=†27†Hz,†2J†=†11.2†Hz,†b≥nzyl†CH2);†4.57†
(≤,†1H,†J1-2†=†7.9†Hz,†H-1);†4.55-4.48†(m,†2H,†2×H-7);†4.42†(≤≤,†2H,†J≥ff†=†20†Hz,†2J†=†11.7†Hz,†b≥nzyl†
CH2);†3.90†(≤,†1H,†J4-3†=†2.6†Hz,†H-4);†3.83†(≤≤,†1H,†J2-1,†anti†=†7.4†Hz,†J2-3,†anti†=†9.2†Hz,†H-2);†3.61-
3.57†(m,†1H,†H-5);†3.58†(s,†2H,†2×H-6);†3.55†(≤≤,†1H,†J3-2,†anti†=†9.7†Hz,†J3-4,†gauch≥†=†2.8†Hz,†H-3),†2.10†
(s,†3H,†CH3)†ppm.†13C-NMR†(CDCl3,†125†MHz):††δ†=†168.4†(Ac);†138.8,†138.6,†138.5,†137.9†
(4×ph≥nyl†C);†135.7†(C-10);†128.5,†128.4,†128.3,†128.3,†128.2,†127.9,†127.6,†127.6†(20×†ph≥nyl†CH);†
112.4†(C-11);†101.8†(C-1);†85.7†(C-8);†82.1†(C-3);†80.3†(C-9);†79.3†(C-2);†75.1†(b≥nzyl†CH2);†74.5†
(b≥nzyl†CH2);†73.6†(b≥nzyl†CH2);†73.5†(C-5);†73.4†(C-4);†73.2†(b≥nzyl†CH2);†68.8†(C-6);†56.1†(C-7);†
20.7†(Ac)†ppm.†1H1H-COSY†(CDCl3,†500†MHz):††δ↔δ†=†7.44-7.27††(m,††20H,††20×ph≥nyl††CH)††↔†
7.44-7.27†(m,†20H,†20×ph≥nyl†CH);†5.27†(m,†1H,†H-11b)†↔†5.21†(≤,†1H,†H-11a);†4.57†(≤,†1H,†H-1)†↔†
3.83†(≤≤,†1H,†H-2);†3.90†(≤,†1H,†H-4)†↔†3.55†(≤≤,†1H,†H-3);†3.83†(≤≤,†1H,†H-2)†↔†3.55†(≤≤,†1H,†H-3)†
ppm.†1H13C-HSQC†(CDCl3,†500†MHz):††δ→δ†=†7.41-7.27†(m,†20H,†20×ph≥nyl††CH)††→††128.5-127.6†
(20×ph≥nyl†CH);†5.27†(m,†1H,†H-11b)†&†5.21†(≤,†1H,†H-11a)†→†112.4†(C-11);†4.57†(≤,†1H,†H-1)†→†
101.8†(C-1);†4.78†(≤≤,†2H,†b≥nzyl†CH2)††→††74.5††(b≥nzyl††CH2);†4.83†(≤≤,†2H,†b≥nzyl†CH2)††→††75.1†
(b≥nzyl†CH2);†4.74†(≤≤,†2H,†b≥nzyl†CH2)††→†73.2†(b≥nzyl†CH2);†4.55-4.48†(m,†2H,†2×H-7)††→††56.1†
(C-7);†4.42†(≤≤,†2H,†b≥nzyl†CH2)†→†73.6†(b≥nzyl†CH2);†3.90†(≤,†1H,†H-4)†→†73.4†(C-4);†3.84†(≤≤,†1H,†
H-2)†→†79.3†(C-2);†3.58†(s,†2H,†2×H-6)†→†68.8†(C-6);†3.61-3.57†(m,†1H,†H-5)†→†73.5†(C-5);†3.55†
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(≤≤,†1H,†H-3)†→†82.1†(C-3);†2.10†(s,†3H,†CH3)†→†20.8†(C-13)†ppm.†Sali≥nt†IR†ban≤s:†2242[w]†(CC);†
1766-1710[m,br,c]†(CO2R);†(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s†(s≥≥†56c).†HRMS†(ESI-ToF):†calc≤†
for†[C41H42O8Na]+†=†[MNa]+:†685.2777;†foun≤†685.2772.†
†
5-t≥trahy≤ropyran-2-yloxy-p≥nt-3-yn-2-on≥†(56a)*[20]†
Synth≥sis≥≤†similarly†to†56c†in†71%†yi≥l≤.†1H-NMR†(CDCl3,†200†MHz):†δ†=†4.80-4.74†(m,†1H),†4.37†
(s,†2H),†3.86-3.77†(m,†1H),†3.59-3.45†(m,†1H),†2.29†(s,†3H),†1.80-1.40†(m,†6H)†ppm.†13C-NMR†
(CDCl3,†50†MHz):†δ†=†184.0,†97.3,†87.8,†85.3,†62.1,†53.9,†32.6,†30.2,†25.3,†18.9†ppm.†
†
5-b≥nzyloxy-p≥nt-3-yn-2-on≥†(56b)†
Synth≥sis≥≤†similarly†to†56c†in†52%†yi≥l≤†brsm.†1H-NMR†(CDCl3,†125†MHz):†δ†=†7.38-7.24†(m,†5H),†
4.57†(s,†2H),†4.27†(s,†2H),†2.31†(s,†3H)†ppm.†13C-NMR†(CDCl3,†50†MHz):††δ†=†183.6,†136.8,†128.4†
(×2),†128.0†(×3),†87.2,†85.6,†71.9,†56.8,†32.4†ppm.†
†
5-(t≥rt-butyl≤im≥thylsilyloxy)-p≥nt-3-yn-2-on≥†(56≤)†
Synth≥sis≥≤†similarly†to†56c†in†25%†yi≥l≤.†1H-NMR†(CDCl3,†200†MHz):††δ†=†4.41†(s,†2H),†2.29†(s,†
3H),†0.86†(s,†9H),†0.09†(s,†6H)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†183.9,†90.0,†84.9,†51.5,†32.5,†
26.4,†25.7†(×3),†-5.1†(×2)†ppm.†

5.1.2.†Cycloisom≥risations†

†
2-(2,3,4,6-t≥trab≥nzyl-β-galactosyl)-5-m≥thylfuran†(57c-β)†
By†th≥†cycloisom≥risation†protocol†of†K≥l’in†an≤†G≥vorgyan,[21]†to†1.09†g†56c†(1.75†mmol)†in†a†
vacuum-≤ri≥≤†flask†un≤≥r†argon†was†a≤≤≥≤†CuI†(87†mg,†0.45†mmol),†DMAc†(8†mL),†th≥n†Et3N†stor≥≤†
ov≥r†KOH†(0.3†g,†3mmol);†th≥†r≥sultant†gr≥≥n†solution†was†h≥at≥≤†to†100†°C†wh≥r≥upon†it†≤ark≥ns†
forming†a†black†solution.†It†was†foun≤†that†th≥†cru≤≥†mixtur≥†pr≥s≥nts†an†i≤≥ntical†1H-NMR†sp≥ctrum†
wh≥th≥r†th≥†r≥action†is†p≥rform≥≤†in†a†s≥al≥≤†vial†or†in†a†two-n≥ck†flask†un≤≥r†a†con≤≥ns≥r;†this†is†
probably†only†g≥n≥rally†tru≥†for†non-volatil≥†pro≤ucts†(not†g≥n≥ralisabl≥†to†highly†volatil≥†low≥r†
furans†≥g.†57a).†Th≥†r≥action†coul≤†b≥†monitor≥≤†by†TLC†(5:1†Cy:EA,†anisal≤≥hy≤≥†or†vanillin†
≤≥v≥loping†solutions).†Aft≥r†16h†n≥ith≥r†starting†mat≥rial†56c†nor†any†unr≥cognis≥≤†int≥rm≥≤iat≥†(≥g.†
all≥n≥†3-IV)†coul≤†b≥†≤≥t≥ct≥≤†in†th≥†cru≤≥†mixtur≥,†an≤†th≥†r≥action†was†cool≥≤†to†RT†an≤†≤ilut≥≤†
with†wat≥r†(300†mL),†th≥n†≥xtract≥≤†with†≤i≥thyl†≥th≥r†(6×50mL).†Th≥†combin≥≤†organic†lay≥rs†w≥r≥†
wash≥≤†with†wat≥r†(8×50†mL),†10%†aq.†LiCl†(4×10mL),†an≤†brin≥†(3×20†mL),†≤ri≥≤†on†so≤ium†
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sulfat≥,†filtr≥≤,†an≤†conc≥ntrat≥≤†on†th≥†rotary†≥vaporator†to†giv≥†900†mg†of†black†oil.†A†b≥tt≥r†
proc≥≤ur≥†woul≤†involv≥†simply†≥vaporating†th≥†DMAc/Et3N†an≤†p≥rforming†a†soli≤-≤≥position†
column†at†onc≥,†sinc≥†hy≤rolytic†loss≥s†≤uring†≥xtraction†coul≤†approach†50%,†an≤†loss≥s†on†th≥†
column†(~20%)†w≥r≥†alr≥a≤y†≤ifficult†≥nough.††
Chromatography††with††a††g≥ntl≥††gra≤i≥nt††from††100%††→††10:1††→††5:1††p≥th:EA††≥luant††gav≥†57c-β†(310†
mg,†0.499†mmol)†as†a†whit≥†pow≤≥r†(30%)†which†coul≤†b≥†r≥crystallis≥≤†from†p≥ntan≥/≥thyl†ac≥tat≥†or†
p≥ntan≥/≤i≥thyl†≥th≥r.†Four†oth≥r†pro≤ucts†(57c-α,†60c-1,†60c-2†an≤†59c)†w≥r≥†isolat≥≤†≤uring†
chromatography;†pro≤ucts†running†slow≥r†than†59c†(appar≥ntly†inclu≤ing†a†partially†≤≥b≥nzylat≥≤†
compoun≤†an≤†two†compoun≤s†in†h≥miac≥tal†form†aft≥r†loss†of†th≥†alkynyl†moi≥ty)†w≥r≥†≤iscar≤≥≤.†
Ov≥rall†r≥cov≥ry†from†this†r≥action†was†th≥r≥for≥†54%.†All†th≥s≥†furan/ac≥tal†sp≥ci≥s†≤≥gra≤≥†if†stor≥≤†
in†CDCl3†(tim≥scal≥†~1†w≥≥k)†although†th≥†starting†mat≥rial†56c†is†p≥rf≥ctly†stabl≥†in†this†solution†for†
a†month†(no†sp≥ctral†chang≥).†Sampl≥s†shoul≤†b≥†stor≥≤†as†th≥†soli≤s†in†capp≥≤†vials†aft≥r†high†vacuum†
to†r≥mov≥†wat≥r†(to†which†th≥y†hav≥†a†surprising†affinity).†Conv≥ni≥ntly,†th≥†≤≥gra≤ation†pro≤ucts†ar≥†
r≥lativ≥ly†insolubl≥†in†Et2O,†so†if†a†sampl≥†pr≥s≥nts†partial†≤≥gra≤ation,†an†≥th≥r†rins≥†will†catch†th≥†
≤≥sir≥≤†furans†without†r≥quiring†a†s≥con≤†purification.†
TLC:†Rf†=†0.41†(5:1†Cy:EA);†gr≥≥n†(van),†gr≥≥n†(anis).†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†
273†ff.†1H-NMR†(CDCl3,†500†MHz):†δ†=†7.39-7.36†(m,†2H),†7.34-7.22†(m,†18H)†(20×ph≥nyl†CH);†
5.77†(m,1H,†H-9);†5.34†(≤,†1H,†J8-9†=†3.1†Hz,†H-8);†4.88†(≤≤,†2H,†J≥ff†=†90†Hz,†2J†=†10.7†Hz,†b≥nzyl†
CH2);†4.87†(≤,†1H,†J1-2,†anti†=†7.6†Hz,†H-1);†4.76†(≤≤,†2H,†J≥ff†=†170†Hz,†2J†=†11.8†Hz,†b≥nzyl†CH2);†4.72†
(≤≤,†2H,†J≥ff†=†22.4†Hz,†2J†=†12.0†Hz,†b≥nzyl†CH2);†4.39†(≤≤,†2H,†J≥ff†=†28.0†Hz,†2J†=†11.5†Hz,†b≥nzyl†
CH2);†4.04†(≤≤,†1H,†J2-3,†anti†=†9.3†Hz,†J2-1,†anti†=†8.0†Hz,†H-2);†3.89†(≤,†1H,†J4-3,†gauch≥†=†2.4†Hz,†H-4);†
3.60†(s,†2H,†2×H-6),†3.61-3.57†(m,†1H,†H-5),†3.54†(≤≤,†1H,†J3-2,†anti†=†9.5†Hz,†J3-4,†gauch≥†=†2.6†Hz,†H-3);†
2.15†(s,†3H,†CH3).†13C-NMR†(CDCl3,†125†MHz):†δ†=†157.0†(C-7);†143.0†(C-10);†138.5,†138.4,†138.3,†
137.8†(4×ph≥nyl†C);†2×128.3,†2×128.2,†128.1,†127.8,†127.7,†127.6,†2×127.5†(20×ph≥nyl†CH);†106.2†
(C-9);†104.0†(C-1);†86.7†(C-8);†81.8†(C-3);†78.8†(C-2);†75.3†(b≥nzyl†CH2);†74.5†(b≥nzyl†CH2);†74.0†(C-
5);†73.5†(b≥nzyl†CH2);†73.2†(C-4);†72.9†(b≥nzyl†CH2);†68.5†(C-6);†13.5†(C-11).†1H1H-COSY†(CDCl3,†
500†MHz):†7.39-7.22†(m,†20H,†20×ph≥nyl†CH)†↔†7.39-7.22†(m,†20H,†20×ph≥nyl†CH);†5.77†(m,1H,†
H-9)†↔†5.34†(≤,†1H,†H-8);†4.87†(≤,†1H,†H-1)†↔†4.04†(≤≤,†1H,†H-2);†4.04†(≤≤,†1H,†H-2)†↔†3.54†(≤≤,†
1H,†H-3);†3.89†(≤,†1H,†H-4)†↔†3.54†(≤≤,†1H,†H-3).†1H13C-HSQC†(CDCl3,†125†MHz):†7.39-7.22†(m,†
20H,††20×ph≥nyl††CH)††→††128.3-127.5†(20×ph≥nyl†CH);†5.77†(m,1H,†H-9)††→††106.2††(9);†5.34††(≤,††1H,†
H-8)†→†86.7†(C-8);†4.88†(≤≤,†2H,†b≥nzyl†CH2)†→†75.3†(b≥nzyl†CH2);†4.87†(≤,†1H,†H-1)†→†104.0†(C-
1);†4.76†(≤≤,†2H,†b≥nzyl†CH2)†→†74.5†(b≥nzyl†CH2);†4.72†(≤≤,†2H,†b≥nzyl†CH2)†→†72.9†(b≥nzyl†CH2);†
4.39†(≤≤,†2H,†b≥nzyl†CH2)†→†73.5†(b≥nzyl†CH2);†4.04†(≤≤,†1H,†H-2)†→†78.8†(C-2);†3.89†(≤,†1H,†H-4)†
→†73.2†(C-4);†3.61-3.57†(m,†1H,†H-5)†→†74.0†(C-5);†3.60†(s,†2H,†2×H-6)†→†68.5†(C-6);†3.54†(≤≤,†1H,†
H-3)†→†81.8†(C-3);†2.15†(s,†3H,†CH3)†→†13.5†(C-11).†Sali≥nt†IR:†1624[m],†1585[m]†(C=C-C=Cfuranyl†
:†high≥r†int≥nsity†than†≥xp≥ct≥≤†for†a†lin≥ar†syst≥m†≤u≥†to†rigi≤ification†in†th≥†h≥t≥rocycl≥);†
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(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s†(s≥≥†56c).†HRMS†(ESI-ToF):†Calc’≤†for†[C39H40O7Na]+†=†
[MNa]+:†643.2672;†foun≤†643.2697.†
†
2-(2,3,4,6-t≥trab≥nzyl-α-galactosyl)-5-m≥thylfuran†(57c-α)†
During†th≥†proc≥≤ur≥†for†57c-β,†chromatography†gav≥†th≥†fast≥r-running†57c-α†(15†mg,†0.024†mmol)†
as†a†whit≥†pow≤≥r†(2%)†which†coul≤†b≥†r≥crystallis≥≤†from†p≥ntan≥/≥thyl†ac≥tat≥†or†p≥ntan≥/≤i≥thyl†
≥th≥r.†It†is†thought†that†this†pro≤uct†is†mor≥†lik≥ly†to†hav≥†form≥≤†from†an†α-configur≥≤†contaminant†to†
th≥†starting†mat≥rial†56c†rath≥r†than†from†≥pim≥risation†≤uring†r≥action,†although†this†coul≤†b≥†
ch≥ck≥≤††with††≥xhaustiv≥ly††purifi≥≤††β††starting††mat≥rial.†TLC:†Rf†=†0.51†(5:1†Cy:EA);†gr≥≥n†
(anis).†1H-NMR†(CDCl3,†500†MHz):†δ†=†7.39-7.25†(m,†20H,†20×ph≥nyl†CH);†5.79†(m,†1H,†H-9);†5.36†
(≤,†1H,†J1-2,†gauch≥†=†3.1†Hz,†H-1,††α-configuration);†5.29†(≤,†1H,†J8-9†=†2.9†Hz,†H-8);†4.78†(≤≤,†2H,†
J≥ff†=†191†Hz,†2J†=†11.5†Hz,†b≥nzyl†CH2);†4.90-4.74†(m†=†2×≤≤,†4H,†2×b≥nzyl†CH2);†4.43†(≤≤,†2H,†
J≥ff†=†33†Hz,†2J†=†11.6†Hz,†b≥nzyl†CH2);†4.18-4.12†(m,†2H,†H-3†&†H-5);†4.11-4.07†(m,†1H,†H-2);†4.05†
(s,†1H,†H-4);†3.58-3.52†(m,†2H,†2×H-6);†2.19†(s,†3H,†CH3).†13C-NMR†(CDCl3,†125†MHz):†δ†=†156.8†
(C-7);†143.1†(C-10);†138.8,†138.7,†138.4,†138.0†(4×ph≥nyl†C);†2×128.5,†128.4,†128.3,†128.1,†127.9,†
127.8,†127.7,†2×127.6†(20×ph≥nyl†CH);†106.3†(9);†99.4†(C-1);†86.5†(C-8);†78.8†(C-2);†75.9†(C-3);†75.1†
(C-4);†75.0†(b≥nzyl†CH2);†2×73.5†(3×b≥nzyl†CH2);†70.7†(C-5);†68.7†(C-6);†13.5†(C-11).†1H13C-HSQC†
(CDCl3,†125†MHz):†7.39-7.25††(m,††20H,††20×ph≥nyl††CH)††→††128.4-127.6†(20×ph≥nyl†CH);†5.79†(m,†
1H,†H-9)†→†106.3†(9);†5.36†(≤,†1H,†H-1)†→†99.4†(C-1);†5.29†(≤,†1H,†H-8)†→†86.5†(C-8);†4.78†(≤≤,†2H,†
b≥nzyl†CH2)†→†75.0†(b≥nzyl†CH2);†4.90-4.74†(m†=†2×≤≤,†4H,†2×b≥nzyl†CH2)†→††73.5††(2×††b≥nzyl†
CH2);†4.43†(≤≤,†2H,†b≥nzyl†CH2)†→†73.5†(b≥nzyl†CH2);†4.18-4.12†(m,†2H,†H-3†&†H-5)†→†75.9†(C-3)†
&†70.7†(C-5);†4.11-4.07†(m,†1H,†H-2)†→†78.8†(C-2);†4.05†(s,†1H,†H-4)†→†75.1†(C-4);†3.58-3.53†(m,†
2H,†2×H-6)††→††68.7††(C-6);†2.19†(s,†3H,†CH3)††→††13.5†(C-11).†1H1H-COSY†(CDCl3,†500†MHz):†
7.39-7.25†(m,†20H,†20×ph≥nyl†CH)†↔†7.39-7.25†(m,†20H,†20×ph≥nyl†CH);†5.79†(m,†1H,†H-9)†↔†5.29†
(≤,†1H,†H-8);†5.36†(≤,†1H,†H-1)†↔†4.18-4.12†(m,†2H,†H-3†&†H-5);†4.18-4.12†(m,†2H,†H-3†&†H-5)†↔†
4.11-4.07†(m,†1H,†H-2);†4.18-4.12†(m,†2H,†H-3†&†H-5)†↔†3.58-3.52†(m,†2H,†2×H-6).†IR:†1622[w],†
1584[m]†(C=C-C=Cfuranyl†:†high≥r†int≥nsity†than†≥xp≥ct≥≤†for†a†lin≥ar†syst≥m†≤u≥†to†rigi≤ification†in†
th≥†h≥t≥rocycl≥);†(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s†(s≥≥†56c).†HRMS†(ESI-ToF):†Calc’≤†for†
[C39H40O7Na]+†=†[MNa]+:†643.2672;†foun≤†643.2655.†
†
2-(2,3,4,6-t≥trab≥nzyl-β-galactosyl)-5-m≥thyl≥n≥-2,5-≤ihy≤rofuran†(60c-1)†
During†th≥†proc≥≤ur≥†for†57c-β,†chromatography†gav≥†th≥†slow≥r-running†60c-1†(100†mg,†0.16†mmol)†
as†a†pow≤≥r†(10%).†This†compoun≤†is†thought†to†b≥†a†≤iast≥r≥oisom≥r†of†60c-2†with†a†≤iff≥r≥nt†C-7†
configuration,†bas≥≤†on†th≥†n≥ar-i≤≥ntical†NMR†sp≥ctra,†although†no†crystals†coul≤†b≥†isolat≥≤†for†
≤≥finitiv≥†structural†≤≥t≥rmination.†Lik≥†60c-2,†it†was†obs≥rv≥≤†to†b≥†unstabl≥†an≤†HRMS†coul≤†not†b≥†
obtain≥≤†b≥for≥†th≥†compoun≤†≤≥gra≤≥≤;†lik≥wis≥,†IR†sp≥ctra†acquir≥≤†rapi≤ly†in-hous≥†r≥v≥al≥≤†
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f≥atur≥s†which†w≥r≥†no†long≥r†≥vi≤≥nt†wh≥n†th≥†compoun≤†ha≤†b≥≥n†s≥nt†≥ls≥wh≥r≥†for†analysis.†
TLC:†Rf†=†0.36†(5:1†Cy:EA);†gr≥≥n†(anis),†gr≥≥n†(van).†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†
275†ff.†1H-NMR†(CDCl3,†500†MHz):†δ†=†7.33-7.21†(m,†20H,†20×ph≥nyl†CH);†6.34†(s,1H,†H-7);†6.31†
(≤,†1H,†J8-9†=†5.9†Hz,†H-8);†6.15†(≤,†1H,†J9-8†=†5.9†Hz,†H-9);†4.82†(≤†ov≥rlapp≥≤,†1H,†J†~†9†Hz,†H-1);†
4.77†(≤≤,†2H,†J≥ff†=†160†Hz,†2J†=†11.7†Hz,†b≥nzyl†CH2);†4.73†(≤≤,†2H,†J≥ff†=†99†Hz,†2J†=†10†Hz,†b≥nzyl†
CH2);†4.70†(≤≤,†2H,†J≥ff†=†33.8†Hz,†2J†=†11.9†Hz,†b≥nzyl†CH2);†4.46†(s,†1H,†H-11b);†4.39†(≤≤,†2H,†
J≥ff†=†20.6†Hz,†2J†=†11.3†Hz,†b≥nzyl†CH2);†4.17†(s,†1H,†H-11a);†3.87†(≤,†1H,†J4-3,†gauch≥†=†2.7†Hz,†H-4);†
3.82†(appar≥nt†t,†1H,†J2-3,†anti†~†J2-1,†anti†~†9†Hz,†H-2);†3.59-3.55†(m,†1H,†H-5);†3.56†(s,†2H,†2×H-6);†3.53†
(≤≤,†1H,†J3-2,†anti†=†9.8†Hz,†J3-4,†gauch≥†=†2.7†Hz,†H-3).†13C-NMR†(CDCl3,†50†MHz):†δ†=†162.5†(C-10);†
2×138.7,†138.0†(4×Cb≥nzyl);†131.7†(C-9);†129.0†(C-8);†128.7,†2×128.5,†128.3,†128.0,†127.9,†127.7†
(20×ph≥nyl†CH);†105.4†(C-7);†100.8†(C-1);†84.6†(C-11);†82.2†(C-3);†79.3†(C-2);†75.3†(b≥nzyl†CH2);†
74.7†(b≥nzyl†CH2);†73.7†(C-5);†2×73.6†(b≥nzyl†CH2†an≤†C-4);†73.4†(b≥nzyl†CH2);†68.8†(C-
6).†1H1H-COSY†(CDCl3,†500†MHz):†7.33-7.21††(m,††20H,††20×ph≥nyl††CH)††↔††7.33-7.21†(m,†20H,†
20×ph≥nyl†CH);†6.31†(≤,†1H,†H-8)†↔†6.15†(≤,†1H,†H-9);†6.15†(≤,†1H,†H-9)†↔†4.46†(s,†1H,†H-11b);†4.82†
(≤,†1H,†H-1)††↔††3.82††(appar≥nt††t,††1H,††H-2);†4.46†(s,†1H,†H-11b)† ↔†4.17†(s,†1H,†H-11a),†
≥ff≥ctiv≥†2J11-11†=†150†Hz;†3.87†(≤,†1H,†H-4)†↔†3.53†(≤≤,†1H,†H-3);†3.82†(appar≥nt†t,†1H,†H-2)†↔†3.53†
(≤≤,†1H,†H-3).†1H13C-HSQC†(CDCl3,†500†MHz):†7.33-7.21†(m,†20H,†20×ph≥nyl†CH)†→†128.7-127.6†
(20×ph≥nyl†CH);†6.34†(s,1H,†H-7)†→†105.4†(C-7);†6.31†(≤,†1H,†H-8)†→†129.0†(C-8);†6.15†(≤,†1H,†H-9)†
→†131.7†(C-9);†4.77†(≤≤,†2H,†b≥nzyl†CH2)†→†74.7†(b≥nzyl†CH2);†4.73†(≤≤,†2H,†b≥nzyl†CH2)→†75.3†
(b≥nzyl†CH2);†4.82†(≤†ov≥rlapp≥≤,†1H,†H-1)††→††100.8††(C-1);†4.70†(≤≤,†2H,†b≥nzyl†CH2)††→††73.4†
(b≥nzyl†CH2);†4.39†(≤≤,†2H,†b≥nzyl†CH2)†→†73.6†(b≥nzyl†CH2);†4.46†(s,†1H,†H-11b)†&†4.17†(s,†1H,†H-
11a)†→†84.6†(C-11);†3.87†(≤,†1H,†H-4)†→†73.6†(C-4);†3.82†(appar≥nt†t,†1H,†H-2)†→†79.3†(C-2);†3.59-
3.55†(m,†1H,†H-5)†→†73.7†(C-5);†3.53†(≤≤,†1H,†H-3)†→†82.2†(C-3);†3.56†(s,†2H,†2×H-6)†→†68.8†(C-6).†
Sali≥nt†IR:†Similarly†to†60c-2,†IR†sp≥ctra†acquir≥≤†just†aft≥r†synth≥sis†show≥≤†th≥†≤≥sir≥≤†vinyli≤≥n≥†
p≥ak†at†897[w]†(=CH2)†an≤†th≥†abs≥nc≥†of†th≥†strong†furan†p≥aks†aroun≤†1600,†fin≤ing†only†1662[w]†
(C=C-C=CH2).†(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s†(s≥≥†56c).†Onc≥†s≥nt†for†high≥r-r≥solution†
analysis,†hith≥rto†unobs≥rv≥≤†k≥ton≥-lik≥†p≥aks†at†1791[w],†1760[w],†1722[w]†an≤†1702[w]†w≥r≥†
obs≥rv≥≤†(possibly†hy≤rolysis/ring-op≥ning†bypro≤ucts).††
†
2-(2,3,4,6-t≥trab≥nzyl-β-galactosyl)-5-m≥thyl≥n≥-2,5-≤ihy≤rofuran†(60c-2)†
During†th≥†proc≥≤ur≥†for†57c-β,†chromatography†gav≥†th≥†slow≥r-running†60c-2†(75†mg,†0.12†mmol)†
as†a†pow≤≥r†(8%).†This†compoun≤†is†thought†to†b≥†a†≤iast≥r≥oisom≥r†of†60c-1†with†a†≤iff≥r≥nt†C-7†
configuration,†bas≥≤†on†th≥†n≥ar-i≤≥ntical†NMR†sp≥ctra,†although†no†crystals†coul≤†b≥†isolat≥≤†for†
≤≥finitiv≥†structural†≤≥t≥rmination.†Lik≥†60c-1,†it†was†obs≥rv≥≤†to†b≥†unstabl≥†an≤†HRMS†coul≤†not†b≥†
obtain≥≤†b≥for≥†th≥†compoun≤†≤≥gra≤≥≤;†lik≥wis≥,†IR†sp≥ctra†acquir≥≤†rapi≤ly†in-hous≥†r≥v≥al≥≤†
f≥atur≥s†which†w≥r≥†no†long≥r†≥vi≤≥nt†wh≥n†th≥†compoun≤†ha≤†b≥≥n†s≥nt†≥ls≥wh≥r≥†for†analysis.†
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TLC:†Rf†=†0.30†(5:1†Cy:EA);†gr≥≥n†(anis),†gr≥≥n†(van).†1H-NMR†(CDCl3,†500†MHz):†δ†=†7.44-7.40†
(m,†2H),†7.37-7.25†(m,†18H)†(20×ph≥nyl†CH);†6.34†(s,†1H,†H-7);†6.31†(≤,†1H,†J8-9†=†5.8†Hz,†H-8);†6.16†
(≤,†1H,†J9-8†=†5.8†Hz,†H-9);†4.88†(≤≤,†2H,†J≥ff†=†89†Hz,†2J†=†11†Hz,†b≥nzyl†CH2);†4.79†(≤≤,†2H,†
J≥ff†=†171†Hz,†2J†=†12†Hz,†b≥nzyl†CH2);†4.73†(≤≤,†2H,†J≥ff†=†23†Hz,†2J†=†11.8†Hz,†b≥nzyl†CH2);†4.54†(≤,†
1H,†J1-2,†anti†=†7.7†Hz,†H-1);†4.46†(s,†1H,†H-11b);†4.46†(≤≤,†2H,†J≥ff†=†28†Hz,†2J†=†11.8†Hz,†b≥nzyl†CH2);†
4.14†(s,†1H,†H-11a);†3.93†(≤≤,†1H,†J2-1,†anti†=†7.8†Hz,†J2-3,†anti†=†9.4†Hz,†H-2);†3.90†(≤,†1H,†
J4-3,†gauch≥†=†2.7†Hz,†H-4);†3.63†(≤,†2H,†J6-5†=†6.3†Hz,†2×H-6);†3.54-3.52†(m,†2H,†H-3,†H-5).†13C-NMR†
(CDCl3,†125†MHz):††δ†=†162.3†(C-10);†138.9,†138.7,†138.6,†138.0†(4×ph≥nyl†C);†131.8†(C-9);†128.9†
(C-8);†128.5,†2×128.4,†2×128.3,†128.0,†127.9,†127.7,†127.6†(20×ph≥nyl†CH);†107.8†(C-7);†100.1†(C-1);†
84.2†(C-11);†82.5†(C-3);†79.2†(C-2);†75.3†(b≥nzyl†CH2);†74.6†(b≥nzyl†CH2);†73.8†(C-5);†73.6†(b≥nzyl†
CH2);†73.4†(C-4);†73.1†(b≥nzyl†CH2);†68.9†(C-6).†1H1H-COSY†(CDCl3,†500†MHz):†7.44-7.25†(m,†
20H,†20×ph≥nyl†CH)†↔†7.44-7.25†(m,†20H,†20×ph≥nyl†CH);†6.34†(s,†1H,†H-7)†↔†4.46†(s,†1H,†H-11b),†
w≥ak;†6.34†(s,†1H,†H-7)†↔†4.14†(s,†1H,†H-11a),†w≥ak;†6.31†(≤,†1H,†H-8)†↔†6.16†(≤,†1H,†H-9);†6.16†(≤,†
1H,†H-9)†↔†4.46†(s,†1H,†H-11b),†w≥ak;†4.54†(≤,†1H,†H-1)†↔†3.93†(≤≤,†1H,†H-2);†4.46†(s,†1H,†H-11b)†
↔†4.14†(s,†1H,†H-11a),†≥ff≥ctiv≥†2J11-11†=†166†Hz;†3.93†(≤≤,†1H,†H-2)††↔††3.54-3.52†(m,†2H,†H-3†&†
H-5);†3.90†(≤,†1H,†H-4)††↔††3.54-3.52†(m,†2H,†H-3†&†H-5).†1H13C-HSQC†(CDCl3,†500†MHz):†
7.44-7.25†(m,†20H,†20×ph≥nyl†CH)†→†128.5-127.6†(20×ph≥nyl†CH);†6.34†(s,1H,†H-7)†→†107.8†(C-7);†
6.31†(≤,†1H,†H-8)†→†128.9†(C-8);†6.16†(≤,†1H,†H-9)†→†131.8†(C-9);†4.88†(≤≤,†2H,†b≥nzyl†CH2)†→†75.3†
(b≥nzyl†CH2);†4.79†(≤≤,†2H,†b≥nzyl†CH2)†→†74.6†(b≥nzyl†CH2);†4.73†(≤≤,†2H,†b≥nzyl†CH2)†→†73.1†
(b≥nzyl†CH2);†4.54†(≤,†1H,†H-1)†→†100.1†(C-1);†4.46†(s,†1H,†H-11b)†&†4.14†(s,†1H,†H-11a)†→†84.2†(C-
11);†4.46†(≤≤,†2H,†b≥nzyl†CH2)†→†73.6†(b≥nzyl†CH2);†3.93†(≤≤,†1H,†H-2)†→†79.2†(C-2);†3.90†(≤,†1H,†
H-4)†→†73.4†(C-4);†3.63†(≤,†2H,†2×H-6)†→†68.9†(C-6);†3.54-3.52†(m,†2H,†H-3,†H-5)†→†82.5†(C-3)†&†
73.8†(C-5).†A†long†13C†acquisition†of†th≥†r≥gion†160-240ppm†was†p≥rform≥≤†to†ch≥ck†wh≥th≥r†this†
compoun≤†might†b≥†an†all≥n≥†with†a†slowly-r≥laxing†quat≥rnary†carbon†(≥stimat≥≤†shift†200-230†
ppm);†how≥v≥r†th≥†only†p≥ak†foun≤†in†this†r≥gion†was†th≥†C-10†p≥ak†at†162.3†ppm,†in†k≥≥ping†with†th≥†
m≥thyl≥n≥-≤ihy≤rofuran†structural†int≥rpr≥tation.†IR:†Similarly†to†60c-1,†in-hous≥†analysis†show≥≤†
910†[s]†(=CH2)†an≤†(2,3,4,6-t≥trab≥nzyl-galactosyl)†ban≤s†(s≥≥†56c);†how≥v≥r†aft≥r†s≥n≤ing†for†
analysis,†it†was†not†long≥r†visibl≥†an≤†hith≥rto†unobs≥rv≥≤†p≥aks†at†1792[w],†1760[m],†1725[m]†an≤†
1702[m]†w≥r≥†foun≤†(≤≥gra≤ation).†
†

†
Th≥†following†sp≥ci≥s†w≥r≥†all†synth≥sis≥≤†similarly†to†57c-β,†from†th≥†corr≥spon≤ing†alkynyl†k≥ton≥s†
(200†mg†scal≥).†Th≥†pro≤ucts,†≥sp≥cially†th≥†furans,†ar≥†v≥ry†volatil≥†(in†contrast†to†th≥†par≥nt†alkynyl†
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k≥ton≥s)†an≤†probably†az≥otrop≥†with†cycloh≥xan≥;†so†p≥ntan≥/≤i≥thyl†≥th≥r†can†b≥†us≥≤†for†b≥tt≥r†
r≥cov≥ry†from†th≥†column.†In†g≥n≥ral†th≥y†hav≥†similar†prop≥rti≥s†of†hy≤rolytic†/†chromatographic†
instability†as†th≥†glycosyl†analogu≥s,†an≤†th≥†furans†ar≥†g≥n≥rally†spontan≥ously†oxi≤is≥≤†with†TLC†
r≥v≥aling†≤ips†≥g.†PMA†whil≥†th≥†≥nol†≥th≥r†ac≥tals†usually†r≥quir≥†warming.†Th≥†numb≥ring†syst≥m†
from†57c-β†has†b≥≥n†r≥tain≥≤†to†≥nabl≥†≥asi≥r†sp≥ctral†comparison.†
2-(t≥trahy≤ropyran-2-yloxy)-5-m≥thylfuran†(57a)†an≤†2-(t≥trahy≤ropyran-2-yloxy)-5-
m≥thyl≥n≥-2,5-≤ihy≤rofuran†(60a)†
From†56a,†57a†(~45%†in†cru≤≥;†Rf†=†0.50†on†5:1†Cy:EA)†an≤†60a†(~27%†in†cru≤≥;†Rf†=†0.41†on†5:1†
Cy:EA)†ar≥†r≥turn≥≤,†an≤†ar≥†≥sp≥cially†volatil≥,†so†yi≥l≤s†aft≥r†column†ar≥†low†an≤†mostly†≤≥p≥n≤†on†
conc≥ntration†con≤itions†at†th≥†≥n≤†(commonly†~10-20%).†
57a:†1H-NMR†(CDCl3,†200†MHz):†δ†=†5.80†(~≤≤,†3.1&1.1†Hz,†1H,†H9),†5.32†(~t,†2.4†Hz,†1H,†H1),†5.27†(≤,†
3.1†Hz,†1H,†H8),†3.98†(t≤,†11.0&3.0†Hz,†1H,†H5),†3.76-3.55†(m,†1H,†H5),†2.19†(s,†3H,†3×H11),†2.00-1.40†(m,†6H,†
2×H2+2×H3+2×H4)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†157.4†(C7),†142.6†(C10),†106.3†(C9),†99.5†
(C1),†85.4†(C8),†61.9†(C5),†29.8†(C2),†25.2†(C4),†18.1†(C3),†13.6†(C10),†ppm.†
60a:†1H-NMR†(CDCl3,†200†MHz):††δ††=††6.35-6.30†(m,†2H,†H7+H8),†6.14†(≤,†6†Hz,†1H,†H9),†5.08-
5.03+4.89-4.85†(m,†1H†total,†H1,†≤iast≥r≥os),†4.43-4.40†(m,†1H,†H11a),†4.15-4.07†(m,†1H,†H11b),†4.05-
3.90†(m,†1H,†H5),†3.67-3.51†(m,†1H,†H5),†2.00-1.40†(m,†6H,†2×H2+2×H3+2×H4)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ†=†162.4†(C10),†132.2†(C8),†128.7†(C9),†104.7†(C7),†97.7†(C1),†84.0†(C11),†63.0†(C5),†30.5†
(C2),†25.4†(C4),†19.5†(C3)†ppm.†
†
2-(b≥nzyloxy)-5-m≥thylfuran†(57b)†an≤†2-(b≥nzyloxy)-5-m≥thyl≥n≥-2,5-≤ihy≤rofuran†
(60b)†
From†56b,†57b†(<~20%†in≤icat≥≤†in†cru≤≥,†not†isolat≥≤;†Rf†=†0.55†on†5:1†Cy:EA)†an≤†60b†(~60%†in†
cru≤≥;†10%†isolat≥≤;†Rf†=†0.49†on†5:1†Cy:EA†)†ar≥†obtain≥≤.†Th≥†furan†is†≥xc≥ptionally†volatil≥.†
60b:†1H-NMR†(CDCl3,†200†MHz):†δ†=†7.40-7.29†(m,†5H),†6.40-6.37†(m,†2H,†H7+H8),†6.16†(≤≤,†
2.4&0.9†Hz,†1H,†H9),†4.71†(≤≤,†34.3&11.7†Hz,†2H,†2×H1),†4.51†–†4.45†(m,†1H,†H11),†4.16†(~s,†1H,†H11),†
ppm.†13C-NMR†(CDCl3,†50†MHz):††δ††=††162.4††(C10),††137.6††(C2),††131.5††(C9),††129.5††(C8),††128.5†
(2×C4),†128.1†(C5),†127.9†(2×C3),†107.8†(C7),†84.0†(C11),†69.4†(C1)†ppm.†
57b:†Sp≥ctra†ar≥†as†attribut≥≤†in†th≥†cru≤≥†mix:†1H-NMR†(CDCl3,†200†MHz):†δ†=†7.38-7.30†(m,†5H),†
5.31†(≤,†1.6†Hz,†1H,†H9),†5.24†(≤,†1.6†Hz,†1H,†H8),†4.65†(~≤,†11.7†Hz,†2H,†2×H1),†2.18†(s,†3H,†3×H11)†
ppm.†13C-NMR†(CDCl3,†50†MHz):††δ††=††160.0††(C7),††150.4††(C10),††134.8††(C2),††130.2††(2×C4),††128.5†
(C5),†128.2†(2×C3),†120.0,†112.5†(C9),†88.7(C8),†72.0†(C1),†15.2†(C10)†ppm.†
†
2-(t≥rt-burtyl≤im≥thylsilyloxy)-5-m≥thylfuran†(57≤)†
From†56≤,†57≤†(50%†in†cru≤≥)†an≤†60≤†(25%†in†cru≤≥)†w≥r≥†in≤icat≥≤†an≤†i≤≥ntifi≥≤†but†not†isolat≥≤;†
th≥†provisional†NMR†attributions†ar≥†giv≥n†to†show†how†th≥†cru≤≥†p≥rc≥ntag≥s†w≥r≥†calculat≥≤.†
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57≤:†1H-NMR†(CDCl3,†200†MHz):†δ†=†5.74-5.68†(m,†1H,†H9),†4.93-4.87†(m,†1H,†H8),†2.10†(s,†3H,†
3×H11),†0.93†(s,†9H,†9×H3),†0.15†(s,†6H,†6×H1)†ppm.†60≤:†1H-NMR†(CDCl3,†200†MHz):†δ†=†6.28-
6.14†(m,†2H,†H7+H8),†6.07-6.02†(m,†1H,†H9)†4.19-4.14†(m,†1H,†H11),†4.05-4.00†(m,†1H,†H11),†0.86†(s†
ov≥rlapp≥≤,†9H,†9×H3),†0.13+0.12†(2×s,†ov≥rlapp≥≤,†6H,†6×H1)†ppm.†

5.1.3.†α-oxi≤ation†proc≥≤ur≥s†

†
(Z)-2-(2,3,4,6-t≥trab≥nzyl-β-galactosyloxy)†4-oxop≥nt-2-≥noat≥†(61-cβ)†
In†a†r≥pr≥s≥ntativ≥†proc≥≤ur≥,†bas≥≤†on†th≥†protocol†of†An≤o†≥t†al.[22]†for†a†b≥nzofuran,†to†57c-β†
(46†mg,†0.07†mmol)†w≥r≥†a≤≤≥≤†≤ry†≤ioxan≥†(0.30†mL)†an≤†S≥O2†(30†mg,†0.27†mmol;†caution:†toxic)†
an≤†th≥†mixtur≥†h≥at≥≤†to†80°C†for†5†h.†A†brown-gr≥≥n†solution†ov≥r†gr≥y†pow≤≥r†is†pro≤uc≥≤.†
P≥ntan≥†is†a≤≤≥≤,†th≥†mixtur≥†is†filt≥r≥≤†on†C≥lit≥/cotton†pa≤†an≤†rins≥≤†with†Et2O,†giving†50†mg†of†
y≥llow†cru≤≥†oil†at†high†vacuum†which†was†fairly†pur≥†by†NMR†sav≥†a†small†amount†of†what†app≥ar≥≤†
to†b≥†2,3,4,6-t≥trab≥nzyl-β-galactos≥†(th≥†≥st≥r†hy≤rolysis†pro≤uct);†I†assign≥≤†th≥†r≥action†pro≤uct†as†
structur≥†61-cβ.†IBX†oxi≤ation†as†p≥r†th≥†proc≥≤ur≥†of†Nicolaou†≥t†al.[23]†gav≥†an†i≤≥ntical†pro≤uct†
onc≥†th≥†organic†lay≥r†was†wash≥≤†s≥v≥ral†tim≥s†with†NaHCO3.†Th≥†yi≥l≤s†for†th≥s≥†r≥actions†ar≥†
≥stimat≥≤†as†practically†quantitativ≥,†if†th≥†hy≤rolysis†is†avoi≤≥≤.†
NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†277†ff.†1H-NMR†(CDCl3,†500†MHz):†δ†=†7.50-7.20†(m†20H),†
6.49†(≤,†12.2†Hz,†1H,†H9),†5.95†(≤,†12.1†Hz,†1H,†H8),†5.63†(≤,†8.0†Hz,†1H,†H1†(anom≥ric†≥st≥r)),†
5.00-4.30†(m,†8H),†4.15-3.90†(m,†2H),†3.66†–†3.41†(m,†4H),†2.34†(s,†3H).†13C-NMR†(CDCl3,†
125†MHz):†δ†=†201.8†(C10),†163.4†(C7),†144.6†(C9),†138.5+138.2+138.2+137.7†(4×CBn),†
128.5+128.3+128.2+128.1+128.0+127.9+127.8+127.7+127.6+127.6†(20×CHBn),†122.9†(C8),†94.9†
(C1),†82.4†(C3),†77.9(C2),†75.4+74.7†(2×CH2†b≥nzyl),†74.3†(C5),†73.6†(C4),†73.1+72.9†(2×CH2†
b≥nzyl),†68.0†(C6),†29.9†(C11).†Assigning†th≥†≤oubl≥†bon≤†as†Z†was†p≥rform≥≤†with†r≥f≥r≥nc≥†to†
lit≥ratur≥†≥xampl≥s,†th≥†most†r≥l≥vant†of†which†is†a†thorough†stu≤y†by†C≥rmolo†≥t†al.[24]†who†r≥port†a†
photoch≥mical†synth≥sis†of†a†similar†Z-oxop≥nt≥noat≥;†“on†contact†with†chromatographic†a≤sorb≥nts†
[SiO2],†[cis]†compoun≤†[…]†isom≥riz≥≤†into†[trans],†an≤†th≥†≥xt≥nt†of†th≥†isom≥rization†strictly†
≤≥p≥n≤≥≤†on†th≥†tim≥†≥mploy≥≤†for†th≥†analysis.”†Th≥y†giv≥†NMR†≤ata††for††th≥††corr≥spon≤ing††ω-
al≤≥hy≤≥,†not†ω-m≥thyl†k≥ton≥,†but†th≥†coupling†constants†of†th≥†protons†shoul≤†b≥†similar:†th≥y†giv≥†
th≥†cis†form†protons†at†6.59†(≤,†11.4†Hz)†an≤†6.36†(≤≤,†11.4&7.4†Hz),†an≤†th≥†trans†form†with†protons†
at†6.68†(≤,†16.5†Hz)†an≤†6.97†(≤≤,†16.5&7.2†Hz),†matching†my†Z†int≥rpr≥tation.†As†I†≤i≤†not†p≥rform†
silica†g≥l†purification†I†coul≤†hop≥†that†my†Z-assignm≥nt†r≥fl≥ct≥≤†th≥†initial†r≥action†pro≤uct,†which†is†
m≥chanistically†r≥asonabl≥†too.†
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5.2.†Furyl†cycloisom≥risation†–†pyri≤yl†pr≥installation†
5.2.1.†Oxi≤ativ≥†rout≥s†

4-(2,3,4,6-t≥tra(b≥nzyl)β-galactosyl)but-2-ynal†(62b)†
Synth≥sis≥≤†an≤†charact≥ris≥≤†by†int≥rn†Clair≥†W≥issling≥r†from†55c,†following†th≥†formylation†
protocol†from†Journ≥t†≥t†al.[17],†but†using†tBuLi†for†≤≥protonation.†62b†is†r≥turn≥≤†as†a†y≥llow†oil†in†
61%†yi≥l≤†(Rf†=†0.28†on†Cy:EA†4:1;†Van).†HRMS†(TOF†MS†ES+)†calc≤†for†C38H38O7Na†[MNa+]:†
m/z†629.2515,†foun≤†629.2542.†NMR†acquir≥≤†by†Clair≥†W≥issling≥r.†1H-NMR†(CDCl3,†200†MHz):†
δ††=†9.19†(s,†1H),†7.56-7.25†(m,†20H),†5.09-4.45†(m,†11H),†4.01-3.82†(m,†2H),†3.74-3.46†(m,†4H)†
ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†176.2,†138.6,†138.5,†138.4,†137.8;†128.6,†128.4,†128.3,†128.2,†
128.2,†128.1,†127.9,†127.7,†127.6†(total†20×CAr),†102.2,†91.6,†85.5,†82.1,†79.2,†75.3,†74.6,†73.7,†73.6,†
73.3,†73.2,†68.7,†55.6†ppm.†

†
1-(pyri≤in-2-yl)-5-(t≥trahy≤ro-2H-pyran-2-yloxy)p≥nt-3-yn-2-ol†(63a)†
63%†(1.81†g,†6.9†mmol)†from†a†similar†protocol†to†thos≥†for†78a†or†as†us≥≤†by†Wang†an≤†Ding[25],†
using†2-picolin≥†(1020†mg,†11.0†mmol)†an≤†62a†(2.19†g,†13†mmol,†1.2†≥q)†qu≥nching†with†sat.†NH4Cl.†
S≥paration††us≥≤††4:1→1:1††Cy:EA.††Succ≥ssiv≥ly††(2:1†Cy:EA),†62a†(Rf†=0.62),†th≥n†a†THP-b≥aring†
alk≥n≥†(all≥n≥?)†of†un≤≥t≥rmin≥≤†structur≥†(Rf†=0.34)†th≥n†unr≥act≥≤†2-picolin≥†(Rf†=0.21)†ar≥†≥lut≥≤,†
th≥n†63a††(Rf†=0.07)†as†a†mo≤≥rat≥ly†stabl≥†y≥llow†oil†which†browns†on†stan≤ing†at†4°C†an≤†which†
app≥ars†to†≤≥gra≤≥†on†SiO2.†It†stains†a†v≥ry†≤istinctiv≥†blu≥†with†Drag≥n≤orff†r≥ag≥nt,†r≥≤†with†Van,†
an≤†gr≥y†with†Anis.†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†279†ff.†1H-NMR†(CDCl3,†200†MHz):†δ†=†
8.40†(≤,†4.6†Hz,†1H,†H15),†7.56†(t≤,†7.7&1.5†Hz,†1H,†H12),†7.21-7.00†(m,†2H,†H13+H14),†5.59†(s†br,†
1H,†OH),†4.81†(~t,†5.8†Hz,†1H,†H5),†4.61†(~≤,†2.6†Hz,†1H,†H1),†4.15†(≤,†1.2†Hz,†2H,†2×H4),†3.83-3.56†
(m,†1H,†H9),†3.42-3.35†(m,†1H,†H9),†3.13-3.06†(m,†2H,†H10),†1.83-1.36†(m,†6H,†2×H6+2×H7+2×H8)†
ppm.†13C-NMR†(CDCl3,†50†MHz):†δ††=††158.2††(C11),††148.4††(C15),††136.6††(C12),††124.0††(C13),††121.7†
(C14),†96.2†(C5),†86.5†(C2),†80.3†(C3),†61.7†(C9),†61.4†(C1),†53.9†(C4),†44.1†(C10),†30.0†(C6),†25.1†
(C8),†18.8†(C7)†ppm.†Th≥†jmo≤†sp≥ctrum†was†us≥≤†to†compl≥t≥†sp≥ctral†assignm≥nt.†HRMS†(TOF†MS†
ES+)†calc≤†for†C15H20O3N†[MH+]:†m/z†262.1443,†foun≤†262.1439.†
†
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†
(Z)-2-(2-((m≥thylthio)m≥thoxy)vinyl)pyri≤in≥†(64a)†an≤†bis(2-(pyri≤in-2-yl)≥thyl)†oxalat≥†
(64b)†
Following†th≥†Sw≥rn†protocol†of†Lam†≥t†al.[26],†2-(2-pyri≤yl)≥thanol†(2.038†g,†16.6†mmol)†was†
≥ngag≥≤,†an≤†1.8†g†of†r≥≤†cru≤≥†oil†isolat≥≤.†TLC†(Drag≥n≤orff;†PMA†≥sp≥cially†goo≤†for†64a)†is†us≥≤†
to†follow†column†s≥paration.†Column†p≥rform≥≤†with†1:1†Cy:EA,†≤≥liv≥ring†64a†as†a†y≥llow†oil†
(70†mg,†0.39†mmol,†2%;†Rf†=0.52†on†9:1†AcOEt:M≥OH)†an≤†th≥n†64b†as†a†y≥llow†oil†(130†mg,†
0.43†mmol,†2.6%;†Rf†=0.07†on†9:1†AcOEt:M≥OH).††
64a:†DIMS(+):†182†(MH+).†1H-NMR†(CDCl3,†200†MHz):††δ††=††8.44††(≤,†4.8†Hz,†1H,†H6),†7.55†(≤,†
12.6†Hz,†1H,†H8),†7.55-7.48†(t≤†ov≥rlapp≥≤,†1H,†H3),†7.08†–†6.99†(m,†2H,†H5+H4),†6.03†(≤,†12.4†Hz,†
1H,†H7),†4.99†(s,†2H,†2×H9),†2.22†(s,†3H,†3×H10)†ppm;†I†hav≥†assign≥≤†th≥†Z-configuration†from†th≥†
coupling†constant†of†th≥†alk≥nic†protons†(similar†to†61-cβ).††
64b:†Unit†Mass†DIMS(+;†only†p≥aks†b≥low†300†Da†coll≥ct≥≤):†152†(MH22++≤≥t≥ctor†≥rror?).†1H-NMR†
(CDCl3,†200†MHz):†δ†=†8.51†(≤,†4.7†Hz,†2H,†2×H6),†7.64†–†7.54†(m,†2H,†2×H3),†7.23-7.08†(m,†4H,†
2×H4+2×H5),†4.59†–†4.49†(m~t≤,†4H,†4×H8),†3.11†(t,†6.8†Hz,†4H,†4×H7).†
†

†
N,N-≤im≥thyl-2-(pyri≤in-2-yl)≥th≥namin≥†(65a)*†
73%†(601†mg,†4.1†mmol)†from†a†similar†protocol†to†that†for†78a†or†as†us≥≤†by†Wang†an≤†Ding[25],†
using†2-picolin≥†(520†mg,†5.59†mmol)†an≤†DMF†(2.17†g,†30†mmol,†5†≥q)†but†qu≥nching†into†pur≥†
wat≥r,†not†buff≥r.†If†qu≥nch≥≤†into†KH2PO4††(20†mL,†10%)+conc†HCl†(1†mL)+Et2O†(20†mL),†this†
pro≤uct†is†th≥†only†isolabl≥†pro≤uct†as†th≥†al≤≥hy≤≥†app≥ars†to†g≥n≥rat≥†compl≥x†mixtur≥s.†HRMS†
(TOF†MS†ES+)†calc≤†for†C9H14N2†[MH+]:†m/z†149.1079,†foun≤†149.1080.†NMR†match≥s†r≥f≥r≥nc≥[27].†
E/Z†ratio†was†not†assign≥≤.†
†
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E/Z-2-(2-((t≥rt-butyl≤im≥thylsilyl)oxy)vinyl)pyri≤in≥†(65b)†
R≥action†run†with†2-picolin≥†(420†mg,†4.52†mmol)†an≤†DMF†(927†mg,†12.7†mmol,†3†≥q)†similarly†to†
th≥†r≥action†for†78a†but†at†-90°C,†an≤†inst≥a≤†of†qu≥nching†into†aqu≥ous†m≥≤ia,†a†solution†of†TBSCl†
(1.95†g,†13†mmol)†in†THF†(7†mL)†was†inj≥ct≥≤†at†-80°C.†Th≥†colour†of†th≥†r≥action†vanish≥s,†an≤†
fuming†occurs,†≤uring†this†qu≥nch.†Extractiv≥†workup†an≤†high†vacuum†at†room†t≥mp≥ratur≥†gav≥†a†
pal≥†y≥llow†cru≤≥†oil†(1.07†g)†which†was†≥ss≥ntially†pur≥†65b††(4.5†mmol,†99%)†with†almost†no†
contaminants†an≤†on≥†of†th≥†most†b≥autifully-r≥solv≥≤†NMR†sp≥ctra†of†this†PhD.†Th≥†compoun≤†≤o≥s†
≤≥gra≤≥†upon†storag≥†in†th≥†fri≤g≥†at†4°C†how≥v≥r†an≤†is†≤≥stroy≥≤†aft≥r†about†a†month.†E/Z††ratio†
assign≥≤†as†40/60.†Th≥†compoun≤†is†totally†≤≥stroy≥≤†on†silica†g≥l†chromatography.†Th≥†NMR†
sp≥ctrum†is†r≥pro≤uc≥≤†on†pag≥†281†ff.†Z:†1H-NMR†(CDCl3,†500†MHz):†δ††=†8.45†(≤,†4.5†Hz,†1H,†
H6),†8.02†(≤t,†8.2&0.9†Hz,†1H,†H3),†7.55†(≤≤,†7.8&1.8†Hz,†1H,†H4),†6.97-6.95†(m,†1H,†H5),†6.58†(≤,†
6.7†Hz,†1H,†H7,†cis),†5.60†(≤,†6.7†Hz,†1H,†H8),†0.94†(s,†9H),†0.20†(s,†6H)†ppm.†E:†1H-NMR†(CDCl3,†
500†MHz):†δ†=†8.39†(≤,†4.8†Hz,†1H,†H6),†7.56†(≤,†11.8†Hz,†1H,†H7,†trans),†7.45†(t≤,†7.7&1.7†Hz,†1H,†
H5),†6.98-6.92†(m,†2H,†H4+H3),†6.03†(≤,†11.8†Hz,†1H,†H8),†0.92†(s,†9H),†0.20†(s,†6H)†ppm.†
†

†
1,7-bis(t≥trahy≤ro-2H-pyran-2-yloxy)h≥pta-2,5-≤iyn-4-ol†(66)†
Th≥†proc≥≤ur≥†was†similarly†p≥rform≥≤†to†that†for†56c,†using†propargyl†≥th≥r†55a†(420†mg,†3†mmol)†
an≤†al≤≥hy≤≥†62a†(420†mg,†2.5†mmol)†with†nBuLi†(1.6†M,†2†mL,†3.2†mmol).†S≥paration†with†7:1→3:2†
p≥th:EA†giv≥s†66†as†a†y≥llow†viscous†oil†(687†mg,†2.23†mmol,†89%).†HRMS†(TOF†MS†ES+)†calc≤†for†
C17H24O5Na†[MNa+]:†m/z†331.1521,†foun≤†331.1532.†1H-NMR†(CDCl3,†200†MHz):†δ†=†5.08†(s,†1H,†
H1),†4.70†(s,†2H,†2×H5),†4.33†(s,†1H,†OH),†4.24-4.12†(m†~q,†4H,†4×H4),†3.76-3.65†(m,†2H,†2×H9),†
3.47-3.39†(m,†2H,†2×H9),†1.75-1.40†(m,†12H,†4×H6+4×H7+4×H8)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ††=††96.6††(2×C5),††83.1††(2×C2),††79.9††(2×C3),††61.7††(2×C9),††54.0††(2×C4),††51.6††(C1),††29.9†
(2×C6),†25.1†(2×C8),†18.7†(2×C7)†ppm.†
†† †
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†
1,4,7-tris(t≥trahy≤ro-2H-pyran-2-yloxy)h≥pta-2,5-≤iyn-4-ol†(67a)†
Similarly†to†th≥†Sw≥rn†proc≥≤ur≥†giving†64a/b,†67a††(27†mg,†0.07†mmol,†6%)†was†th≥†only†isolabl≥†
pro≤uct†obtain≥≤†from†66††(370†mg,†1.20†mmol).†Rf†=0.63†on†5:1†Cy:EA,†stains†brown†with†
Anis.†1H-NMR†(CDCl3,†200†MHz):†δ†=†5.30†(~s,†1H,†H1),†4.91†(~s,†1H,†H10),†4.78†(~s,†2H,†2×H5),†
4.28†(~s,†4H,†4×H4),†3.90-3.70†(m,†3H,†2×H9+H14),†3.60-3.40†(m,†3H,†2×H9+H14),†1.85-1.60†(m,†
18H,†4×H6+4×H7+4×H8+2×H11+2×H12+2×H13)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†97.0†(C5),†
96.9†(C5),†95.4†(C10),†81.5+81.4†(2×C2),†80.8(2×C3),†62.1+62.0†(2×C9+C10),†54.8+54.4+54.2†
(2×C4+C1),†30.3+30.3+30.1†(2×C6+C11),†25.4†(2×C8+C13),†19.1†(2×C7),†18.9†(C13)†ppm.†
†
1-(pyri≤in-2-yl)-2,5-bis(t≥trahy≤ro-2H-pyran-2-yloxy)p≥nt-3-yn-2-ol†(67b)†
Similarly†to†th≥†Sw≥rn†proc≥≤ur≥†giving†64a/b,†67b†(116†mg,†0.35†mmol,†9%)†was†obtain≥≤†as†a†pal≥†
y≥llow†oil†from†Sw≥rn†oxi≤ation†of†63a†(990†mg,†3.81†mmol).†Rf†=0.46†on†1:1†Cy:EA,†stains†purpl≥†
with†Van,†strongly†with†Drag≥n≤orff.†1H-NMR†(CDCl3,†200†MHz):†δ†=†8.50-8.43†(m,†1H,†H20),†7.54†
(t≤,†7.7&1.7†Hz,†1H,†H19),†7.22†(≤,†7.8†Hz,†1H,†H7),†7.06†(≤≤,†6.9&5.5†Hz,†1H,†H18),†4.93†(~s,†1H,†
H5),†4.80†(t,†7.0†Hz,†1H,†H1),†4.65†(~s,†1H,†H10),†4.18†(s,†2H,†2×H4),†3.81-3.61†(m,†1H,†H9),†3.50-
3.35 †(m, †1H, †H9), †3.29-2.99 †(m, †4H, †2×H14+2×H15), †1.80-1.35 †(m, †12H, †
2×H6+2×H7+2×H8+2×H13+2×H12+2×H11)†ppm.†13C-NMR†(CDCl3,†50†MHz):††δ††=††157.4††(C16),†
148.8†(C20),†136.0†(C17),†124.5†(C18),†121.5†(C19),†96.4+96.3†(C5,†≤iast),†94.5†(C10),†84.1†(C2),†
81.7†(C3),†64.1†(C1),†61.8†(C9),†60.9†(C14),†53.9†(C4),†44.2†(C15),†30.1†(C6),†30.0†(C11),†25.2†
(C8+C13),†18.9†(C7),†18.4†(C12)†ppm.†
†

5.2.2.†Oxi≤ativ≥†pathway†1,†via†pyri≤ylac≥tic†aci≤†≤≥rivativ≥s†

†
N-m≥thoxy-N-m≥thyl-2-(pyri≤in-2-yl)ac≥tami≤≥†(68b)†
Pr≥par≥≤†by†th≥†protocol†of†Bax≥n≤al≥†≥t†al.†for†nicotinic†aci≤[28],†from†2-(2-pyri≤yl)ac≥tic†aci≤†
(4.302†g,†24.8†mmol),††giving††aft≥r††chromatography††(1:1:0→0:1:0→0:10:1††Cy:EA:M≥OH)††th≥†
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appar≥ntly†unatt≥st≥≤†W≥inr≥b†68b†as†a†y≥llow†oil†(725†mg,†4.01†mmol,†66%;†Rf†=0.41†on†9:1†
EA:M≥OH,†stains†without†h≥ating†with†KMnO4†an≤†also†strongly†with†Drag≥n≤orff).†1H-NMR†
(CDCl3,†200†MHz):†δ†=†8.40†(≤,†4.3†Hz,†1H),†7.50†(t≤,†7.7&1.8†Hz,†1H),†7.18†(≤,†7.7†Hz,†1H),†7.02†
(≤≤≤,†7.7&2.6&0.7†Hz,†1H),†3.86†(s,†2H),†3.54†(s,†3H),†3.08†(s,†3H)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ†=†171.1,†155.3,†149.1,†136.2,†123.8,†121.6,†61.2,†41.7,†32.0†ppm.†HRMS†(TOF†MS†ES+)†
calc≤†for†C9H13N2O2†[MH+]:†m/z†181.0986,†foun≤†181.0977.†
†
2,2-≤ibromo-N-m≥thoxy-N-m≥thyl-2-(pyri≤in-2-yl)ac≥tami≤≥†(71a)†an≤†2-bromo-N-
m≥thoxy-N-m≥thyl-2-(pyri≤in-2-yl)ac≥tami≤≥†(71b)†
In†a†r≥pr≥s≥ntativ≥†proc≥≤ur≥,†to†68b†(179†mg,†1.00†mmol)†w≥r≥†a≤≤≥≤†NBS†(215†mg,†1.2†mmol)†an≤†
AIBN†(30†mg)†un≤≥r†Ar.†CCl4††(15†mL)†was†a≤≤≥≤†an≤†th≥†mixtur≥†h≥at≥≤†to†90°C†for†2†h.†Th≥†
r≥action†was†conc≥ntrat≥≤,†an≤†th≥†portion†solubl≥†in†2:1†Cy:EA†was†loa≤≥≤†onto†column†(r≥maining†
soli≤†is†mostly†succinimi≤≥);†chromatography†with†2:1→1:1†Cy:EA†s≥parat≥s†71a†(44†mg,†0.13†mmol,†
13%;†Rf†=0.23†on†2:1†Cy:EA)†an≤†71b†(196†mg,†0.76†mmol,†76%;†Rf†=0.12†on†2:1†Cy:EA).†Th≥†yi≥l≤s†
can†b≥†a≤just≥≤†accor≤ing†to†th≥†≤≥sir≥≤†pro≤uct†mixtur≥†by†changing†th≥†stoichiom≥try†of†NBS.†
N≥ith≥r†pro≤uct†is†≥asily†oxi≤is≥≤†on†TLC†but†both†ar≥†cl≥arly†visibl≥†un≤≥r†UV.††
71a:††1H-NMR†(CDCl3,†200†MHz):††δ††=†8.49†(≤,†4.8†Hz,†1H),†7.97†(t≤,†8.1&0.9†Hz,†1H),†7.81†(t≤,†
7.8&1.8†Hz,†1H),†7.21†(≤≤≤,†7.5&4.8&1.1†Hz,†1H),†3.27†(s,†3H),†3.13†(s,†3H)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ†=†165.3,†159.3,†148.5,†137.8,†123.4,†120.0,†63.4,†59.8,†35.0†ppm.†HRMS†(TOF†MS†ES+)†
calc≤†for†C9H11N2O2Br2†[MH+]:†m/z†336.9187,†foun≤†336.9202.†
71b:†1H-NMR†(CDCl3,†200†MHz):†δ†=†8.53†(≤,†4.9†Hz,†1H),†7.85†(≤,†8†Hz,†1H),†7.75†(t≤,†7.4&1.8†Hz,†
1H),†7.25†(≤≤≤,†7.3&4.9&1.2†Hz,†1H),†6.12†(s,†1H),†3.68†(s,†3H),†3.25†(s,†3H)†ppm.†13C-NMR†
(CDCl3,†50†MHz):†δ†=†167.6,†155.9,†148.6,†137.2,†124.3,†123.4,†61.6,†45.3,†32.8†ppm.†HRMS†(TOF†
MS†ES+)†calc≤†for†C9H12N2O2Br†[MH+]:†m/z†259.0082,†foun≤†259.0092.†
†
2-bromo-N-m≥thoxy-N-m≥thyl-2-ph≥nylac≥tami≤≥†(71c)†
Similarly†to†th≥†proc≥≤ur≥†for†71a/71b,†71c†(30†mg,†0.12†mmol,†17%;†Rf†=0.31†on†5:1†Cy:EA)†was†
obtain≥≤†as†a†minor†pro≤uct†≤uring†ra≤ical†≤ibromination†(Rf†=0.60†on†5:1†Cy:EA)†of†known†70b,†
which†ha≤†b≥≥n†synth≥sis≥≤†by†a†lit≥ratur≥†proc≥≤ur≥[29].†1H-NMR†(CDCl3,†200†MHz):†δ†=†7.60-7.53†
(m,†2H),†7.41-7.30†(m,†3H),†5.99†(s,†1H),†3.60†(s,†3H),†3.23†(s,†3H)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ†=†168.4†(w≥ak),†136.8,†129.1,†129.0†(×2),†128.9†(×2),†61.7,†45.4,†33.0†ppm.†HRMS†(TOF†
MS†ES+)†calc≤†for†C10H12NO2BrNa†[MNa+]:†m/z†279.9949,†foun≤†279.9973.†
†
1-ph≥nyl-5-((t≥trahy≤ro-2H-pyran-2-yl)oxy)p≥nt-3-yn-2-on≥†(72)†
Similarly†to†th≥†proc≥≤ur≥†for†56c,†70b†(96†mg,†0.54†mmol)†was†r≥act≥≤†with†th≥†lithium†ac≥tyli≤≥†of†
55a†(210†mg,†1.51†mmol)†an≤†qu≥nch≥≤†into†KH2PO4/iPr2O†to†giv≥†aft≥r†workup,†pa≤†filtration†(2:1†
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p≥ntan≥:EA)†an≤†chromatography†on†30:1→10:1†p≥ntan≥:EA†gra≤i≥nt,†72†as†a†colourl≥ss†oil†(86†mg,†
0.33†mmol,†61%;†Rf†=0.13†on†20:1†Cy:EA).†Not≥†that†qu≥nching†into†NH4Cl†giv≥s†th≥†r≥arrang≥m≥nt†
pro≤uct†as†outlin≥≤†by†Chou≤hury†≥t†al.[30];†pat≥nts†commonly†cit≥†citric†aci≤†as†a†qu≥nch†buff≥r,†but†I†
fin≤†KH2PO4[17,31]†an†≥xc≥ll≥nt†g≥n≥ral†solution.†Compoun≤†≤≥gra≤≥s†on†silica†but†a†fast†column†can†
b≥†run.†1H-NMR†(CDCl3,†200†MHz):†δ†=†7.39-7.22†(m,†5H),†4.67-4.62†(m,†1H),†4.36†(s,†2H),†3.84†(s,†
2H),†3.84-3.71†(m,†1H),†3.54-3.44†(m,†1H),†1.91-1.46†(m,†6H)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†
184.5,†132.8,†129.9(×2),†128.8(×2),†127.5,†96.9,†90.0,†84.7,†62.0,†53.7,†52.0,†30.1,†25.3,†18.9†ppm.†
HRMS†(TOF†MS†ES+)†calc≤†for†C16H18O3Na†[MNa+]:†m/z†281.1154,†foun≤†281.1166.†
†

†
1-chloro-4-oxo-3-(pyri≤in-2-yl)-4H-quinolizin-2-yl†pip≥ri≤in≥-1-carboxylat≥†(69)†
Comm≥rcial†2-(2-pyri≤yl)ac≥tic†aci≤†hy≤rochlori≤≥†was†crush≥≤†an≤†≤ri≥≤†un≤≥r†vacuum†until†a†fr≥≥-
flowing†pow≤≥r†was†obtain≥≤.†To†this†(737†mg,†4.24†mmol)†was†a≤≤≥≤†SOCl2†(15†mL)†an≤†th≥†
mixtur≥†h≥at≥≤†to†60°C†for†30†min†(protocol†of†Mom≥nt≥au†≥t†al.†for†3-pyri≤yl†analogu≥)[32].†Gas†is†
≥volv≥≤†an≤†mixing†th≥†bright†brown-r≥≤†solution†can†b≥†probl≥matic.†Th≥†≥xc≥ss†SOCl2†was†
≥vaporat≥≤†to†a†col≤†trap†an≤†qu≥nch≥≤;†th≥n†th≥†r≥si≤ual†r≥≤†soli≤†≤issolv≥≤†in†CHCl3.†To†this†was†
a≤≤≥≤†slowly†pip≥ri≤in≥†(2.21†g,†30†mmol)†in†CHCl3†(10†mL),†giving†much†fuming†an≤†a†≤≥≥p†r≥≤†
solution,†which†was†cool≥≤†to†0°C.†NaOH†(20†mL,†1M,†0°C)†was†a≤≤≥≤†an≤†th≥†organic†lay≥r†wash≥≤†
with†wat≥r†an≤†brin≥,†≤ri≥≤†on†so≤ium†sulfat≥,†filt≥r≥≤†an≤†≥vaporat≥≤†to†giv≥†a†black†pow≤≥r†
(690†mg).†Two†pro≤ucts†ar≥†s≥≥n†by†TLC.††
Th≥†first†is†a†≤≥carboxylation[33]†compoun≤†whos≥†structur≥†coul≤†not†satisfyingly†b≥†assign≥≤,†but†
whos≥†structur≥†contains†an†or≤inary†2-pyri≤yl†moi≥ty,†an†or≤inary†N-pip≥ri≤yl†moi≥ty,†an≤†≥xactly†
on≥†≥quival≥nt†of†CO2†(confirm≥≤†by†HRMS,†[C11H15N2O2Na+]),†y≥t†pr≥s≥nts†th≥†quat≥rnary†p≥ak†of†
th≥†‘≥xtra’†carbon†at†195.4†ppm†in†th≥†13C†sp≥ctrum†which†I†coul≤†not†≥xplain†by†carbamat≥†(~155),†
ami≤≥†hy≤rat≥†(~120†ppm)†or†N-hy≤roxy≥st≥r†(~170)†structur≥s.†It†has†Rf††=†0.21†on†Cy:EA†2:1,†
fluor≥sc≥s†blu≥†un≤≥r†UV,†an≤†is†not†th≥†compoun≤†3-XVIII†(lit≥ratur≥†r≥f≥r≥nc≥†for†its†NMR[34]).†
Yi≥l≤†~150†mg,†i≥†0.75†mmol.†
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Th≥†s≥con≤†pro≤uct†fluor≥sc≥s†gr≥≥n†un≤≥r†254†nm†UV†in≤icating†an†≥xt≥nsiv≥†an≤†unusual†π-syst≥m,†
which†I†assign†as†69†(Rf†=†0.6†on†M≥OH:EA†1:9).†HRMS†(TOF†MS†ES+)†calc≤†for†[C20H19N3O3Cl]+†
=†[MH+]:†m/z†384.1115,†foun≤†384.1116.†As†this†r≥action†pro≤uct†was†so†un≥xp≥ct≥≤,†th≥†NMR†≤ata†
attribution†is†shown†in†full†(C†an≤†H†shifts,†H†multiplicity,†an≤†quinolizin≥†COSY†couplings,†on†th≥†
right-han≤†si≤≥),†with†th≥†Ch≥mNMR†pr≥≤iction†on†th≥†l≥ft†(r≥≤†an≤†blu≥)†for†comparison.†Th≥†bigg≥st†
≤iff≥r≥nc≥†with†th≥†pr≥≤iction†is†th≥†shift†of†hy≤rog≥n†8†(7.89†ppm,†not†pr≥≤iction†9.10).†HSQC†
confirms†all†th≥†C↔H†pairings.†1H-NMR†(CDCl3,†500†MHz):†δ†=†9.12†(≤,†7.5†Hz,†1H),†8.62†(≤,†4†Hz,†
1H),†7.89†(≤,†8.8†Hz,†1H),†7.68†(t,†7.5†Hz,†1H),†7.63†(≤,†8.1†Hz,†1H),†7.46†(t,†8.1†Hz,†1H),†7.17†(t,†
6.2†Hz,†1H),†7.00†(t,†7.0†Hz,†1H),†3.40-3.20†(2×~s,†4H),†1.50-1.40†(m,†6H)†ppm.†13C-NMR†(CDCl3,†
125†MHz):†δ†=†157.0,†153.7,†152.7,†150.8,†149.1,†139.0,†135.9,†132.2,†128.2,†126.2,†122.1,†121.9,†
115.3,†114.0,†102.7,†45.6†(×2),†25.4†(×2),†24.0†ppm.†

5.2.3.†Non-oxi≤ativ≥†pathway†2:†continuous†flow†r≥action;†an≤†cyclisation†trials†

†
N-m≥thoxy-N-m≥thyl-4-(t≥trahy≤ro-2H-pyran-2-yloxy)but-2-ynami≤≥†(78a)†an≤†N-
m≥thoxy-N-m≥thyl-3-oxo-4-(t≥trahy≤ro-2H-pyran-2-yloxy)butanami≤≥†(78b)†
73†was†synth≥sis≥≤†in†78%†yi≥l≤†from†r≥action†of†55a†with†nBuLi†in†THF†at†-65°C,†th≥n†cannula†
a≤≤ition†into†M≥OCOCl†(2†≥q),†an≤†qu≥nching†into†a†rapi≤ly-stirr≥≤†1:1†mix†of†Et2O†an≤†phosphat≥†
buff≥r†(0.33†M†in†HPO42-†an≤†0.24†M†in†H2PO4-),††s≥parating††th≥††cru≤≥††with††100:0→7:1†Cy:EA†
(Rf†=†0.44†on†Cy:EA†5:1),†similarly†to†≥g.†56c.†13C-NMR†(CDCl3,†50†MHz)†confirms†th≥†pro≤uct;†
p≥aks†ar≥†giv≥n†for†r≥f≥r≥nc≥:†δ††=†153.4,†96.9,†83.8,†77.1,†61.7,†53.4,†52.5,†29.9,†25.1,†18.6†ppm.†
R≥plac≥m≥nt†of†M≥OCOCl†with†≤i≥thyl†carbonat≥†r≥sult≥≤†in†~25%†yi≥l≤†of†th≥†corr≥spon≤ing†≥thyl†
≥st≥r.†R≥plac≥m≥nt†of†55a†by†galactosyl†55c†k≥≥ping†M≥OCOCl†r≥sult≥≤†in†no†isolat≥≤†yi≥l≤†although†
tBuLi†was†also†us≥≤†inst≥a≤†of†nBuLi.†
To†73†(450†mg,†2.12†mmol)†an≤†H2N(OM≥)M≥∙Cl†(430†mg,†4.37†mmol)†at†-7°C†un≤≥r†Ar†w≥r≥†a≤≤≥≤†
THF†(12†mL)†an≤†iPrMgCl†(2M,†4.8†mL)†≤ropwis≥†ov≥r†2†minut≥s†with†th≥†cooling†bath†in†plac≥.†Th≥†
mixtur≥†was†warm≥≤†to†RT†with†stirring†for†t≥n†hours,†qu≥nch≥≤†into†sat.†NH4Cl,†work≥≤†up†as†for†
56c,†an≤†78a†isolat≥≤†first†(Rf†=†0.45†on†Cy:EA†1:1,†chars†pink†with†Van;†270†mg,†1.19†mmol,†56%),†
follow≥≤†by†78b†(Rf†=†0.25†on†Cy:EA†5:1,†chars†y≥llow†with†Van;†33†mg,†0.13†mmol,†6%).†
78a:†1H-NMR†(CDCl3,†500†MHz):†δ†=†4.64-4.60†(m,†1H,†H1),†4.24†(s,†2H,†H6),†3.67-3.53†(m+s,†4H,†
3×H11+H5),†3.37-3.28†(m,†1H,†H5),†3.10†(s†br,†3H,†3×H10),†1.82-1.32†(m,†6H,†2×H2+2×H3+2×H4)†
ppm.†13C-NMR†(CDCl3,†50†MHz):†δ††=†153.4,†96.6,†87.4,†77.5†(br),†61.8†(br),†61.6,†53.5,†32.0†(br),†
29.8,†25.0,†18.6†ppm;†th≥†quat≥rnary†carbons†w≥r≥†v≥ry†slow†to†r≥lax†in†th≥s≥†acquisitions.†DIMS(+):†
228†(MH+).†
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78b:†1H-NMR†(CDCl3,†500†MHz):†Only†p≥aks†for†th≥†major†k≥to†tautom≥r†ar≥†giv≥n†(k≥to:≥nol†
~80:20):†δ†=†4.67†(~t,†3.3†Hz,†1H,†H1),†4.25†(≤≤,†30&12.7†Hz,†2H,†2×H6),†3.91-3.72†(m,†1H,†H5),†(s,†
3H),†3.55-3.42†(m,†1H,†H5),†3.18†(s,†3H),†1.90-1.50†(m,†6H)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†
202.5,†167.9,†98.9,†72.1,†62.3,†61.2,†44.7,†32.0,†30.1,†25.1,†19.1ppm.†HRMS†(ESI-ToF):†Calc’≤†for†
[C11H19O5NNa]+†=†[MNa]+:†268.1161;†foun≤†268.1168.†
†
†

†
1-(pyri≤in-2-yl)-5-(t≥trahy≤ro-2H-pyran-2-yloxy)p≥nt-1-≥n-3-yn-2-ol†(74a)†
Static†proc≥≤ur≥:†To†≤ry†THF†(20†mL)†un≤≥r†Ar†at†-80°C†w≥r≥†a≤≤≥≤†nBuLi†(1.6†M†in†h≥xan≥s,†
1†mL),†th≥n†≤ropwis≥†ov≥r†1†min†2pyM≥†(194†mg,†2.12†mmol)†an≤†th≥†colour≥≤†solution†stirr≥≤†for†
30†min†at†this†t≥mp≥ratur≥.†Th≥n†a†solution†of†78a†(265†mg,†1.17†mmol)†in†≤ry†THF†(2†mL)†was†a≤≤≥≤†
at†-110°C†in†on≥†shot;†th≥†colour†cl≥ars†aft≥r†2-3†s≥con≤s.†Th≥†t≥mp≥ratur≥†was†r≥turn≥≤†to†RT†an≤†th≥†
r≥action†qu≥nch≥≤†quickly†into†KH2PO4†(20†mL,†10%)+conc†HCl†(1†mL)+Et2O†(20†mL)†at†0°C,†an≤†
working†rapi≤ly,†th≥†aqu≥ous†lay≥r†was†≥xtract≥≤†twic≥†with†Et2O†onc≥†th≥†pH†was†a≤just≥≤†to†pH~7,†
th≥n†th≥†combin≥≤†organic†lay≥rs†w≥r≥†wash≥≤†with†wat≥r†an≤†brin≥,†≤ri≥≤†on†so≤ium†sulfat≥,†filt≥r≥≤†
an≤†≥vaporat≥≤†to†obtain†a†cru≤≥†oil†containing†74a:78a†at†mol†ratio†1:1†(>95%†cru≤≥†yi≥l≤†brsm).†An†
i≤≥ntical†proc≥≤ur≥†but†using†≥st≥r†73†r≥sult≥≤†in†a†≤istribution†1:3:0.25†74a:73:76,†with†varying†
amounts†of†th≥†al≤ol†pro≤ucts†77a/77b.†
Continuous†flow†proc≥≤ur≥:†Solutions†of†2-pyri≤yllithium†(syring≥†at†A,†465†mg,†5†mmol)†an≤†≥st≥r†
73††(at†B,†1.5†g,†7.58†mmol)†w≥r≥†inj≥ct≥≤†continuously†via†syring≥†pump†(conc≥ntrations†must†tak≥†
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account†of†syring≥†cross-s≥ction†to†achi≥v≥†corr≥ct†stoichiom≥try,†h≥r≥†~1.5:1†RLi:Est≥r);†th≥†syst≥m†is†
un≤≥r†positiv≥†pr≥ssur≥†of†Ar†(inl≥t†C).†At†inj≥ction†th≥†solutions†≥nt≥r†a†thin†glass†tub≥†which†is†
jack≥t≥≤†with†ic≥-wat≥r†(D)†an≤†ar≥†rath≥r†rapi≤ly†carri≥≤†≤own†to†point†E,†wh≥r≥†th≥†tub≥†is†narrow≥≤†
so†that†turbul≥nt†mixing†occurs†(not≥†th≥†consi≤≥rabl≥†light≥ning†of†th≥†solution†at†this†point).†Aft≥r†
this†mixing†point†th≥†solutions†≤rip†≤own†anoth≥r†s≥ction†of†tub≥†(wh≥r≥†th≥†w≥ll-mix≥≤†r≥action†can†
continu≥†to†occur)†until†falling†into†strongly†buff≥r≥≤†qu≥nch†mixtur≥†F,†which†is†also†un≤≥r†Ar†
blank≥t.†Aft≥r†compl≥t≥†a≤≤ition,†solution†F†is†≥xtract≥≤†as†p≥r†th≥†abov≥†proc≥≤ur≥.†Total†tim≥†≥laps≥≤†
≤uring†th≥†r≥action†was†only†a†f≥w†minut≥s,†important†for†slowing†≤≥gra≤ativ≥†loss≥s†of†74a;†r≥action†
tim≥†was†~10†s.†
Th≥†pro≤uct†≤≥gra≤≥s†on†silica†but†a†fast†column†is†possibl≥†(Cy:EA†gra≤i≥nt†20:1→2:1;†Rf†=†0.65†on†
5:95†M≥OH:AcOEt).†Th≥†isolat≥≤†yi≥l≤†≤≥p≥n≤s†strongly†on†th≥†amount†of†tim≥†th≥†pro≤uct†sp≥n≤s†at†
warm†con≤itions†(RT),†as†74a†≤≥gra≤≥s†continuously†by†cyclisation†to†75,†with†a†halftim≥†of†hours†at†
RT,†≤ays†in†th≥†fri≤g≥†at†4°C†(≤ays),†an≤†≥v≥n†≤≥gra≤≥s†at†-40°C†(2†months).†Th≥†pro≤uct†has†a†
≤istinct†ro≤≥nt-lik≥†sm≥ll†as†of†hous≥mic≥†or†rats.†HRMS†(ESI-ToF):†Calc’≤†for†[C15H18O3N]+†=†
[MH]+:†260.1287,†foun≤†260.1291†–†this†mass†almost†c≥rtainly†is†that†for†its†≤≥gra≤ation†pro≤uct†
(shipping†to†th≥†analysis†c≥ntr≥†tak≥s†som≥†≤ays),†but†as†th≥†≤≥gra≤ation†pro≤uct†is†an†isom≥r,†it†prov≥s†
th≥†mass†of†th≥†starting†mat≥rial.†HSQC/COSY†was†us≥≤†to†confirm†all†p≥ak†pairings.†NMR†sp≥ctra†
ar≥†r≥pro≤uc≥≤†on†pag≥†282†ff.†
74a:†1H-NMR†(CDCl3,†500†MHz):†δ††=†14.8†(s†br,†1H,†OH),†8.21†(≤,†5.1†Hz,†1H,†H15),†7.60†(~t,†
8.2†Hz,†1H,†H13),†6.98†(~t,†6.3†Hz,†1H,†H14),†6.95†(≤,†8.0†Hz,†1H,†H12),†5.75†(s,†1H,†H5),†4.84†(~t,†
3.7†Hz,†1H,†H6),†4.43†(≤,†2.5†Hz,†2H,†2×H1),†3.84†(~t≤,†10.6&2.4†Hz,†1H,†H10),†3.55-3.52†(m,†1H,†
H10),†1.85-1.50†(m,†6H,†2×H7+2×H8+2×H9)†ppm.†13C-NMR†(CDCl3,†125†MHz):†δ††=†157.6†(C4),†
149.2†(C11),†144.0†(C15),†137.6†(C13),†121.5†(C12),†119.2†(C14),†103.7†(C5),†97.0†(C6),†85.9†(C2),†
83.0†(C3),†62.1†(C7),†54.5†(C1),†30.3†(C7),†24.4†(C9),†19.1†(C8)†ppm.††
74b†≤istinctiv≥†p≥aks†(k≥to†form;†stan≤ar≤†shifts†for†H/C†at†positions†7-10):†1H-NMR†(CDCl3,†
500†MHz):†δ†=†8.56†(1H,†H15),†7.66†(1H,†H13),†7.24†(1H,†H12),†7.20†(1H,†H14),†4.35†(2H,†2×H1),†
4.07†(2H,†2×H5)†ppm.†13C-NMR†(CDCl3,†125†MHz):†δ††=†183.4†(C4),†166.3†(C11),†149.8†(C15),†
136.9†(C13),†124.6†(C12),†122.5†(C14),†97.7†(C6),†90.1†(C3),†84.8†(C2),†54.1†(C5),†53.8†(C1)†ppm.††
†
4-((t≥trahy≤ro-2H-pyran-2-yloxy)m≥thyl)-2H-quinolizin-2-on≥†(75)†
This†compoun≤†is†continually†form≥≤†by†cyclisation†of†74a.†In†th≥†static†proc≥≤ur≥†giv≥n†for†74a†with†
r≥actant†73,†75†was†isolat≥≤†as†a†bright†y≥llow†oil†(Rf†=†0.89†on†5:95†M≥OH:AcOEt).†NMR†sp≥ctra†ar≥†
r≥pro≤uc≥≤†on†pag≥†284†ff.†1H-NMR†(CDCl3,†500†MHz):†δ††=†8.06†(≤,†7.2†Hz,†1H,†H15),†7.18†(≤,†
9.1†Hz,†1H,†H12),†7.10†(t,†7.6†Hz,†1H,†H13),†6.90†(≤,†2.8†Hz,†1H,†H3),†6.63†(t,†6.9†Hz,†1H,†H14),†6.53†
(s,†1H,†H5),†4.93+4.67†(≥ach†≤,†13.4†Hz,†1H;†2×H1),†4.71†(~s,†1H,†H6),†3.93-3.80†(m,†1H,†H10),†3.58-
3.50†(m,†1H,†H10),†1.80-1.40†(m,†6H,†2×H7+2×H8+2×H9)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ††=†
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175.8†(C8),†145.2†(C2),†140.4†(C11),†128.7†(C15),†128.5†(C13),†124.8†(C12),†124.5†(C14),†112.5†(C3),†
111.9†(C5),†98.5†(C6),†65.5†(C1),†63.2†(C10),†30.4†(C7),†25.2†(C9),†19.5†(C8)†ppm.†HRMS†(TOF†MS†
ES+)†calc≤†for†C15H18O3N†[MH+]:†m/z†260.1287,†foun≤†260.1279.†

†
1-(pyri≤in-2-yl)-2-(pyri≤in-2-ylm≥thyl)-5-(t≥trahy≤ro-2H-pyran-2-yloxy)p≥nt-3-yn-2-ol†
(76)†
This†compoun≤†is†th≥†bis-a≤≤ition†pro≤uct†of†th≥†r≥action†to†74a.†In†th≥†static†proc≥≤ur≥†for†74a†with†
r≥actant†73,†76†was††isolat≥≤†in†up†to†22%†yi≥l≤†(Rf†=†0.15†on†100%†EA;†Rf†=†0.38†on†5:95†
M≥OH:AcOEt).†1H-NMR†(CDCl3,†500†MHz):†δ†=†8.47†(≤,†5†Hz,†2H),†7.60†(t≤,†7.6&1.6†Hz,†2H),†7.30†
(≤,†8†Hz,†2H),†7.15-7.12†(m,†2H),†4.37†(~s,†1H,†THP),†4.05†(s,†2H,†propargyl),†3.72-3.60†(m,†1H),†
3.41-3.31†(m,†1H),†3.21†(s,†4H,†2×CH2),†1.71-1.44†(m,†6H)†ppm.†13C-NMR†(CDCl3,†50†MHz):†δ†=†
158.1,†158.0,†148.3†(×2),†136.3†(×2),†125.1†(×2),†121.7†(×2),†95.6,†88.3,†80.5,†70.5,†61.7,†53.6,†48.3,†
48.2,†30.1,†25.2,†18.9†ppm.†HRMS†(TOF†MS†ES+)†calc≤†for†C21H25O3N2†[MH+]:†m/z†353.1865,†foun≤†
353.1871.†

†
(4Z,6E)-5-(pyri≤in-2-yl)-6-(pyri≤in-2-ylm≥thyl≥n≥)-1,9-bis(t≥trahy≤ro-2H-pyran-2-
yloxy)nona-4-≥n-2,7-≤iyn-4-ol†(77b)†
This†compoun≤†is†th≥†≤≥hy≤ration†pro≤uct†of†77a,†an≤†though†bar≥ly†visibl≥†in†th≥†cru≤≥†pro≤ucts,†it†is†
th≥†form†isolat≥≤†aft≥r†chromatography.†In†th≥†static†proc≥≤ur≥†for†74a†with†r≥actant†73,†77b†was†
isolat≥≤†in†up†to†10%†yi≥l≤†(Rf†=†0.40†on†100%†EA).†Ev≥n†mor≥†than†for†67a†an≤†66,†on≥†is†t≥mpt≥≤†to†
to†won≤≥r†what†h≥t≥rocycl≥s†coul≤†b≥†isolat≥≤†from†its†coinag≥-m≥tal†catalys≥≤†cyclisation‡†1H-NMR†
(CDCl3,†500†MHz):†δ††=†8.68†(≤t,†4.6&0.9†Hz,†1H),†8.58-8.53†(m,†2H),†7.81-7.69†(m,†2H),†7.39†(≤,†
8†Hz,†1H),†7.29-7.21†(m,†3H),†4.53†(≤,†13†Hz,†1H),†4.50†(t~s,†1H),†4.37†(t~s,†1H),†4.20†(≤,†13†Hz,†1H),†
4.12†(s,†2H),†3.75-3.61†(m,†2H),†3.44-3.32†(m,†2H),†1.90-1.46†(m,†12H)†ppm.†13C-NMR†(CDCl3,†
50†MHz):†δ††=†158.2,†158.2,†156.3,†149.1,†146.0,†139.7,†136.8,†135.7,†135.5,†125.7,†125.1,†122.0,†
121.9,†120.9,†120.2,†117.8,†98.0,†96.0,†93.3,†84.8,†66.4,†61.8,†61.6,†54.0,†30.3,†30.1,†25.3,†25.2,†19.0,†
18.9†ppm.†HRMS†(TOF†MS†ES+)†calc≤†for†C30H33O5N2†[MH+]:†m/z†501.2389,†foun≤†501.2393.†
†
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†
5-(((t≥trahy≤ro-2H-pyran-2-yl)oxy)m≥thyl)quinolin-7-ol†(75x)†
Not≥:†i≤≥ntical†proc≥≤ur≥s†but†a≤opting†th≥†catalysts†≤≥pict≥≤†(AuCl,†Ag2CO3,†CuI,†AgOAc)†r≥sult≥≤†
in†formation†of†th≥†(th≥rmally-favour≥≤)†r≥arrang≥m≥nt†pro≤uct†75†inst≥a≤.†It†is†int≥r≥sting†that†only†
this†silv≥r†salt†shows†this†activity:†I†suppos≥†that†th≥†tosylat≥†allows†th≥†silv≥r†to†coor≤inat≥†
≥xc≥ptionally†w≥ll†to†th≥†pyri≤in≥,†blocking†it†from†giving†th≥†nucl≥ophilic†a≤≤ition†pro≤uct†75.†
How≥v≥r,†this†r≥action†was†only†run†onc≥,†an≤†th≥†pro≤ucts†w≥r≥†i≤≥ntifi≥≤†on†th≥†basis†of†NMR,†so†
th≥r≥†is†limit≥≤†rigour†in†this†structural†assignm≥nt.†AgOTf†gav≥†≤≥gra≤ation†in†th≥†pr≥s≥nc≥†of†PPh3,†
but†a†cl≥an†pro≤uct†if†no†PPh3†was†a≤≤≥≤,†whos≥†structur≥†coul≤†not†how≥v≥r†b≥†assign≥≤,†but†which†
was†consi≤≥r≥≤†unlik≥ly†to†b≥†th≥†≤≥sir≥≤†furan.†
To†74a†(5†mg)†w≥r≥†a≤≤≥≤†HPLC-gra≤≥†DCM†(2.5†mL),†stirr≥r†an≤†catalyst†(h≥r≥,†AgOTs;†8.7†mg,†
us≥≤†in†≥xc≥ss)†an≤†th≥†r≥action†capp≥≤†an≤†stirr≥≤.†Aft≥r†24†hours,†th≥†solv≥nt†was†≥vaporat≥≤†an≤†th≥†
cru≤≥†tak≥n†into†CDCl3†for†NMR†analysis†comparing†th≥†amount†of†74a†an≤†75,†an≤†ch≥cking†if†oth≥r†
pyri≤yl-b≥aring†pro≤ucts†w≥r≥†pr≥s≥nt,†or†any†furans†(two†≤oubl≥ts,†≥ach†3†Hz,†at†about†5.7†an≤†
5.3†ppm).†With†AgOTs†I†assign≥≤†100%†conv≥rsion†to†th≥†structur≥†75x†bas≥≤†on:†1H-NMR†(CDCl3,†
500†MHz):†δ†=†8.22†(≤,†7.3†Hz,†1H,†H1),†7.35†(≤,†8.9†Hz,†1H,†H3),†7.11†(≤,†2.2†Hz,†1H,†H4),†6.90†(s,†
1H,†H5),†6.81†(~t,†~7†Hz,†1H,†H2),†4.99+4.75†(≥ach†≤,†13†Hz,†1H→2×H6),†4.72†(~m,†1H),†3.90-3.78†
(m,†1H),†3.64-3.52†(m,†1H),†1.80-1.40†(m,†6H)†ppm.†DIMS(+):†260†(MH+).†Th≥†≤istinctiv≥ly†≤iff≥r≥nt†
aromatic†p≥akshifts†can†b≥†compar≥≤†to†thos≥†for†75.†

5.3.†Furyl†SNAr†

†
4-((t≥tra-O-ac≥tyl)β-galactosyloxy)b≥nzyl†5-bromofuran-2-carboxylat≥†(87)†
Similarly†to†th≥†protocol†of†Morris†≥t†al.[35],†to†4-((t≥tra-O-ac≥tyl)β-galactosyloxy)b≥nzyl†alcohol†
(126†mg,†0.28†mmol)†un≤≥r†Ar†was†a≤≤≥≤†wash≥≤†KH†(25†mg,†0.57†mmol,†2†≥q),†an≤†th≥†flask†capp≥≤.†
Dry†≤ioxan≥†(3†mL)†was†inj≥ct≥≤†an≤†th≥†light†tan†solution†was†stirr≥≤†at†RT†(10†min)†b≥for≥†a†
solution†of†86†(169†mg,†0.78†mmol,†3†≥q)†in†≤ry†≤ioxan≥†(3†mL)†was†inj≥ct≥≤;†th≥†solution†was†stirr≥≤†
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ov≥rnight.†To†achi≥v≥†an†anhyrous†qu≥nch,†AcOH†(43%wt†in†Et2O,†55†mg,†0.4†mmol)†was†inj≥ct≥≤,†
SiO2†a≤≤≥≤††an≤††th≥††volatil≥s††≥vaporat≥≤.††Chromatography††with††soli≤††≤≥position††on††100:0→0:100†
p≥th:EA†r≥turn≥≤†≥xc≥ss†86††(Rf†=†0.23†on†10:1†Cy:EA,†chars†r≥≤†with†Van)†th≥n†87††(45†mg†in†pur≥†
fraction,†0.07†mmol)†as†a†colourl≥ss†oil†(Rf†=†0.51†on†1:1†Cy:EA,†Van).†NMR†confirms†a†1:1†pro≤uct†
of†th≥†r≥action,†with†furan†H3†an≤†H4†intact,†but†without†th≥†m≥thyl†group,†l≥a≤ing†to†structural†
assignm≥nt.†Th≥†NMR†sp≥ctrum†is†r≥pro≤uc≥≤†on†pag≥†286.†1H-NMR†(200†MHz,†CDCl3):†δ†=†7.45-
7.30†(m,†2H),†7.15†(≤,†3.1†Hz,†1H,†furan),†7.07-6.93†(m,†2H),†6.40†(≤,†3.4†Hz,†1H,†furan),†5.64-5.42†(m,†
2H),†5.27†(s,†2H,†OCH2),†5.18-5.03†(m,†2.5H),†4.40-4.00†(m,†3.5H),†2.17+2.08+2.08+2.03†(s+s+s+s,†
4×3H)†ppm.†Th≥†furan†p≥aks†can†b≥†compar≥≤†to†th≥†starting†mat≥rial†86,†showing†that†th≥†ring†
shi≥l≤ing†has†bar≥ly†chang≥≤†≤uring†r≥action:†86†1H-NMR†(200†MHz,†CDCl3):†δ†=†7.17†(≤,†3.6†Hz,†
1H),†6.50†(≤,†3.8†Hz,†1H),†3.94†(s,†3H,†m≥thyl)†ppm.††
†

†
2-furfural-5-(t≥tra-O-b≥nzyl)-β-glucosi≤≥†(88)†
T≥trab≥nzylat≥≤†glucos≥†79†was†synth≥sis≥≤†as†p≥r†Yamanoi†≥t†al.[36].†Similarly†to†th≥†proc≥≤ur≥†for†
87,†79†(154†mg,†0.29†mmol)†was†r≥act≥≤†with†wash≥≤†KH†(30†mg,0.75†mmol)†in†≤ry†≤ioxan≥†(2.5†mL)†
un≤≥r†Ar†at†RT†for†10†min,†giving†a†≤ark≥n≥≤†solution.†5-bromofurfural†(135†mg,†0.77†mmol)†in†≤ry†
≤ioxan≥†(860†μL)††was††inj≥ct≥≤††all††at††onc≥††an≤††th≥††r≥action††was††stirr≥≤††ov≥rnight.††TLC††was†us≥≤†to†
monitor†th≥†r≥action†(2:1†Cy:EA;†Van:†5-bromofurfural:†Rf†=†0.64,†bar≥ly†any†staining;†79:†Rf†=†0.41†
charring†blu≥-gr≥≥n;†88:†Rf†=†0.45†turning†y≥llow†almost†without†h≥ating†≤u≥†to†facil≥†oxi≤ation†of†th≥†
alkoxyfuran;†anisal≤≥hy≤≥†gav≥†unr≥liabl≥†colouration.)†Th≥†r≥action†was†qu≥nch≥≤†into†wat≥r†
(15†mL),†brin≥†(10†mL)†a≤≤≥≤,†an≤†th≥†mixtur≥†rapi≤ly†≥xtract≥≤†with†EtOAc†(3×15†mL)†giving†≤ark†
r≥≤†combin≥≤†organic†lay≥rs†which†w≥r≥†wash≥≤†with†brin≥,†≤ri≥≤†on†Na2SO4†an≤†filt≥r≥≤,†an≤†
conc≥ntrat≥≤†to†a†≤ark†cru≤≥†oil†(197†mg).†Chromatography†with†5:1→2.5:1†Cy:EA†r≥cov≥rs†β-anom≥r†
88†as†a†pal≥†y≥llow†oil†which†crystallis≥s†slowly†(111†mg,†0.174†mmol,†60%).†Th≥†alkoxyfuran†ha≤†an†
~1:4†ratio†of†two†forms†which†I†assign≥≤†as†th≥†α/β†anom≥rs,†an≤†t≥ntativ≥ly†conclu≤≥≤†that†th≥†ratio†
was†1:4†α:β†for†this†syst≥m†(as†p≥r†th≥†β-favour≥≤†≥xampl≥s†of†Morris†≥t†al.[35])†bas≥≤†on†th≥†anom≥ric†
CH†at†5.10†ppm†(H,†J=6†Hz)†/†102†ppm†(C)†b≥ing†th≥†major†form,†an≤†th≥†minor†anom≥ric†form†b≥ing†
at†5.45†ppm†(H,†no†cl≥ar†splitting)†/†98.4†ppm†(C).†Us≥†of†NaH†un≤≥r†i≤≥ntical†con≤itions†gav≥†un≤≥r†
10%†conv≥rsion†as†≤≥t≥rmin≥≤†by†cru≤≥†NMR.††
COSY†an≤†HSQC†sp≥ctra†w≥r≥†us≥≤†to†assign†all†p≥aks.†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†
287†ff.†1H-NMR†(500†MHz,†CDCl3):†δ†=†9.44†(s,†1H,†H11),†7.30-7.20†(m,†18H,†18×CHb≥nzyl),†7.12-
7.07†(m,†2H,†CHb≥nzyl†+†≤,†3.7†Hz,†1H,†H9),†5.64+5.55†(≥ach†≤,†3.8†Hz;†ratio†~3:1,†total†1H,†H8),†
5.45+5.09†(m+~≤,†5.9†Hz,†1:4†ratio,†total†1H,†H1),†4.93-4.34†(m,†8H,†4×CH2,†b≥nzyl),†4.06†–†3.51†(m,†
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6H,†2×H6†+†H4†+†H5†+†H3†+†H2)†ppm.†In†13C-NMR†only†th≥†p≥aks†for†th≥†major†anom≥r†ar≥†giv≥n:†
(125†MHz,†CDCl3):†δ†=†175.4†(C11),†162.7†(C7),†144.2†(C10),†138.0†+†137.6†+†137.6†+†137.4†(4×CBn),†
128.4-127.6†(20×CHBn†+†C9),†102.2†(C1),†89.1†(C8),†84.0†(C2),†81.0†(C3),†76.9†(C4),†75.5(×2)†+†74.9†
+†74.9†+†73.3†(4×CH2,†b≥nzyl†+†C5),†68.2†(C6)†ppm.†
†

†
R≥action†of†80†to†5-(t≥tra-O-ac≥tylgalactosyloxy)-2-furfural†(89)†an≤/or†bis(t≥tra-O-
ac≥tylgalactosyl)†≥th≥r†(90)†
T≥traac≥tylgalactos≥†80†was†cl≥anly†≤≥liv≥r≥≤†by†by†s≥l≥ctiv≥†anom≥ric†≤≥ac≥tylation†of†galactos≥†
p≥ntaac≥tat≥†by†a†lit≥ratur≥†protocol[37].†Similarly†to†th≥†proc≥≤ur≥†for†88,†80†(360†mg,†1.03†mmol)†was†
r≥act≥≤†with†KH†(78†mg†wash≥≤,†2†mmol)†an≤†5-bromofurfural†(475†mg,†2.71†mmol).†Th≥†black≥n≥≤†
mixtur≥†was†qu≥nch≥≤†into†a†rapi≤ly-stirr≥≤†mixtur≥†of†1:1:1†Cy:EtOAc:NaHCO3†an≤†≥xtract≥≤†with†
EA;†th≥†combin≥≤†organic†lay≥rs†w≥r≥†wash≥≤†with†pH~7†phosphat≥†buff≥r,†brin≥,†≤ri≥≤†on†so≤ium†
sulfat≥,†filt≥r≥≤,†an≤†conc≥ntrat≥≤.†TLC†(1:1†Cy:EA,†KMnO4)†shows†thr≥≥†spots:†bromofurfural†
(Rf†=†0.69),†pro≤uct†89†(Rf†=†0.51)†an≤†80†(Rf†=†0.38)†[not≥†that†90†has†Rf†=†0.56†in†this†≥luant].†Cru≤≥†
NMR†shows†an†approximat≥ly†1:7†ratio†of†89:80†(yi≥l≤†89†~13%†non-brsm)†with†no†90.†Alt≥rnativ≥ly,†
wh≥n†th≥†bromofurfural†solution†was†a≤≤≥≤†≤ropwis≥†into†th≥†ROK,†89:90:80†w≥r≥†r≥cov≥r≥≤†at†about†
1:1:1†(yi≥l≤†89†~5%†non-brsm).†Alt≥rnativ≥ly,†wh≥n†ROK†was†a≤≤≥≤†≤ropwis≥†into†th≥†bromofurfural,†
r≥cov≥ry†of†89:90:80†was†aroun≤†0:1:10.†As†th≥s≥†r≥actions†w≥r≥†not†consi≤≥r≥≤†succ≥ssful,†only†
simpl≥†charact≥risation†≤ata†ar≥†giv≥n:†89:†1H-NMR†(500†MHz,†CDCl3):†δ†=†9.37†(s,†1H),†7.19†(≤,†
3.7†Hz,†1H,†H4),†5.72†(≤,†3.8†Hz,†1H,†H3),†5.31†(~≤,†7.7†Hz,†1H,†Hanom≥ric),†4.19-4.05†(m,†6H),†2.14-
1.98†(4×s,†12H,†4×CH3)†ppm.†For†90,†not≥†that†th≥†pr≥s≥nc≥†of†up†to†4†anom≥r†pairs†brings†sp≥ctral†
complications;†how≥v≥r,†th≥†pro≤ucts†app≥ar≥≤†to†b≥†on≥†of†two†typ≥†only,†I†susp≥ct†both†ar≥†
anchim≥rically-assist≥≤†β-glycosylations,†of†an†incoming†nucl≥ophil≥†that†is†its≥lf†mor≥†lik≥ly†to†b≥†β†
than†α;†th≥†major†pro≤ucts’†p≥aks†ar≥†in†bol≤:†1H-NMR†(500†MHz,†CDCl3):†δ†=†6.40+5.73†(s,†1.5H†+†
≤,†8.3†Hz,†0.5H;†2H†anom≥rics),†5.52+5.46†(≤,†10.8†Hz,†1.5H†+†≤,†2.9†Hz,†0.5H;†2H),†5.40-5.31+5.11†
(m,†3.5H†+†≤≤,†10.4&3.3†Hz,†0.5H;†2H),†4.38+4.10†(t,†6.6†Hz,†1.5H+m,†ov≥rlapp≥≤,†0.5H;†2H),†4.25-
4.02†(m,†4H,†≥xocyclic),†2.19+2.15+2.07+2.05+2.03+2.01†(6†ov≥rlapping†singl≥ts;†24H;†ac≥tyls)†
ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†170.4+170.3+170.2+170.2+170.0+169.9+169.4+169.0†
(8×ac≥tyl†CO2);†92.2,†89.7†(anom≥ric†CHs),†71.7,†70.9,†68.8,†67.8,†67.4,†67.4,†66.8,†66.5,†61.3,†61.0,†
20.9,†20.8,†20.6-20.6†(3×ac≥tyl†CH3†ov≥rlapping)†ppm.†
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5-(4-m≥thoxy)ph≥noxy-2-furfural†(91)†
4-m≥thoxyph≥nol†was†≤ri≥≤†on†mol≥cular†si≥v≥s†in†Et2O,†th≥n†similarly†to†th≥†proc≥≤ur≥†for†88,†
226†mg†(1.82†mmol)†was†r≥act≥≤†with†KH†(73†mg,†1.82†mmol,†1†≥q)†an≤†5-bromo-2-furfural†(670†mg,†
3.76†mmol,†2†≥q)†in†≤ioxan≥†(total†vol.†13†mL.†Gas†≥volution†≤uring†th≥†KH†r≥action†was†rapi≤.†Th≥†
solution†stay≥≤†pal≥†for†a†long†tim≥,†in†contrast†to†r≥actions†with†sugar†substitutions†that†≤ark≥n†
rapi≤ly.†Th≥†r≥action†was†qu≥nch≥≤†into†phosphat≥†buff≥r†(pH~6.8,†0.35†M,†15†mL),†an≤†work≥≤†up†as†
for†88†to†giv≥†a†black†cru≤≥†oil†(700†mg),†s≥parat≥≤†with†5:1→2:1†Cy:EA†yi≥l≤ing†first†bromofurfural,†
th≥n†th≥†ph≥nol,†th≥n†91†as†colourl≥ss†crystals†(186†mg,†0.84†mmol,†46%;††Rf†=†0.53†on†1:1†Cy:EA,†
Han≥ss)†which†rapi≤ly†brown†un≤≥r†air,†an≤†which†b≥com≥†a†black†tar†aft≥r†s≥v≥ral†≤ays†in†th≥†
fri≤g≥.†1H-NMR†(500†MHz,†CDCl3):†δ†=†9.16†(s,†1H,†H1),†7.09†(≤,†ov≥rlaps,†1H,†H3),†7.00-6.90†(m,†
2H,†2×H7),†6.80-6.67†(m,†2H,†2×H8),†5.29†(≤,†3.8†Hz,†1H,†H4),†3.63†(s,†3H,†3×H10)†ppm.†13C-NMR†
(125†MHz,†CDCl3):†δ†=†175.61†(C1),†164.1†(C5),†157.51†(C2),†150.5†(C9),†144.5†(C6),†120.6†(2×C7),†
115.07†(2×C8),†114.9†(C3),†88.9†(C4),†55.7†(C10)†ppm.†Th≥†C3†p≥ak†s≥≥ms†quit≥†low;†if†I†hav≥†not†
mis-assign≥≤†it,†this†may†b≥†≤u≥†to†≥l≥ctron-≤onation†from†th≥†ph≥nol†(cf.†shift†in†glycosi≤≥†88).†
†

†
5-(2’-pyri≤ylm≥thyl≥n≥)-2-furanon≥†(44c)*†
R≥pr≥s≥ntativ≥†r≥action†without†≥xc≥ss†2pyLi†(this†run†carri≥≤†out†by†int≥rn†Nils†Aronssohn):†to†2-
bromopyri≤in≥†(43†mg,†0.27†mmol)†in†≤ry†THF†(3†mL)†un≤≥r†Ar†at†-80°C†was†a≤≤≥≤†nBuLi†(1.6M†in†
h≥xan≥s,†0.19†mL,†0.30†mmol).†Th≥†pink†solution†was†stirr≥≤†for†15†min†th≥n†inj≥ct≥≤†≤ropwis≥†into†a†
solution†of†88†(198†mg,†0.31†mmol)†in†≤ry†THF†(2†mL)†at†-80°C,†th≥n†stir†for†2†h,†allowing†th≥†
t≥mp≥ratur≥†to†ris≥†to†0°C.†A†solution†of†TsCl†(200†mg,†0.94†mmol)†in†≤ry†THF†(2†mL)†was†inj≥ct≥≤†
an≤†th≥†r≥action†stirr≥≤†for†a†furth≥r†2†h.†Th≥†r≥action†was†qu≥nch≥≤†with†≤≥gass≥≤†wat≥r†(80†mL)†still†
un≤≥r†Ar,†an≤†≥xtract≥≤†with†EtOAc†(3×25†mL).†Th≥†combin≥≤†organic†phas≥s†w≥r≥†≤ri≥≤†on†so≤ium†
sulfat≥,†filt≥r≥≤,†an≤†conc≥ntrat≥≤†to†a†brown†oil†(89†mg)†which†was†chromatograph≥≤†on†silica†
(10:1→2:1†Cy:EA)†to†giv≥†44c†(~30†mg†with†minor†contaminants;†~0.17†mmol,†~65%).†DIMS(+):†174†
(MH+).†Th≥†following†NMR†≤ata†w≥r≥†confirm≥≤†to†a†r≥f≥r≥nc≥†giving†an†orthogonal†m≥tho≤†of†
synth≥sis[38]:†1H-NMR†(500†MHz,†CDCl3):†δ†=†8.80†(≤,†5.5†Hz,†1H,†H9),†8.62†(≤≤,†4.8&1.7†Hz,†1H,†
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H6),†7.68†(t≤,†7.7&1.9†Hz,†1H,†H4),†7.28†(≤,†3.5†Hz,†1H,†H3)†7.19†(≤≤≤,†7.6&4.8&1.1†Hz,†1H,†H5),†
6.58†(≤,†1.5†Hz,†1H,†H1,†coupl≥s†w≥akly†to†H8),†6.34†(≤≤,†5.5,†1.8†Hz,†1H,†H8,†coupl≥s†w≥akly†to†
H1).†13C-NMR†(125†MHz,†CDCl3):†δ†=†169.5†(C10),†153.1†(C2,†C7),†150.12†(C6),†143.8†(C8),†136.8†
(C4),†126.0†(C3),†123.0†(C5),†122.0†(C9),†112.9†(C1,†-CH=)†ppm.†
†

†
2-pyri≤yl-ph≥nylm≥thanol†(4-XIV,†Ar=Ph)*†
Applying†th≥†sam≥†proc≥≤ur≥†as†for†44c†but†using†b≥nzal≤≥hy≤≥†allow≥≤†confirmation†of†(non-
≥liminat≥≤)†2-pyri≤yl-ph≥nylm≥thanol.†DIMS(+)†=†186†(MH+).†1H-NMR†(500†MHz,†CDCl3):†δ†=†8.54†
(~≤,†4.6†Hz,†1H,†pyH6),†7.62†(~t,†7.9†Hz,†1H,†H4),†7.38-7.25†(m,†ov≥rlapp≥≤,†≥st.†5H),†7.23†(m,†1H,†
H3),†7.17†(m,†1H,†H5),†5.78†(s,†1H,†CHOH).†13C-NMR†(125†MHz,†CDCl3):†δ†=†160.7†(C2),†147.7†
(C6),†143.0†(C7),†138.1†(C4),†128.5†(C8×2),†127.9†(C10),†127.0†(C8×2),†122.3†(C3),†121.3†(C5),†73.5†
(C1,†CHOH)†ppm.†
†
Sp≥ctral†f≥atur≥s†in†cru≤≥†NMR†assign≥≤†to†4-XIV,†Ar=alkoxyfuryl†
Sali≥nt†1H-NMR†(200†MHz,†CDCl3):†No†≥limination†pro≤uct†44c†≤oubl≥ts†at†8.80,†6.58,†6.34†ppm;†no†
p≥ak†for†th≥†anom≥ric†proton†of†79†in†th≥†r≥gion†~5.3†ppm.†Distinct†p≥aks:†δ†=†8.60†(~≤,†5.1†Hz,†1H,†
H6),†7.62†(~t,†7.9†Hz,†1H),†6.44†(≤,†9.5†Hz,†1H,†H1),†6.09†(≤,†3.8†Hz,†1H,†H8),†4.75†(≤,†ov≥rlap,†
~4.5†Hz,†≥st†1H,†H9).†
†

5.4.†Oxazolon≥s†an≤†oxazoli≤inon≥s†
5.4.1.†5-ch≥lating†oxazolon≥†scaffol≤s†

†
≥thyl†3-bromo-2-oxooctanoat≥†(96)*†
Bromination†was†p≥rform≥≤†by†th≥†m≥tho≤†of†King†≥t†al.[39,40]:†≥thyl†2-oxooctanoat≥†94†(4.3†g,†
23.2†mmol,†fr≥shly†synth≥sis≥≤†accor≤ing†to†W≥instock†≥t†al.[41]†in†38%†yi≥l≤)†was†≤issolv≥≤†in†CHCl3†
(120†mL)†an≤†EtOAc†(200†mL)†an≤†CuBr2†(15.6†g,†70†mmol,†3†≥q)†a≤≤≥≤.†Th≥†rapi≤ly-stirr≥≤†mixtur≥†
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was†h≥at≥≤†capp≥≤†un≤≥r†con≤≥ns≥r†at†86°C†ov≥rnight,†with†a†wi≤≥†air-outl≥t†n≥≥≤l≥†to†voi≤†th≥†
≥volv≥≤†HBr†into†an†≥ffici≥nt†fum≥†hoo≤,†though†a†bas≥†trap†coul≤†also†b≥†us≥≤.†Th≥†r≥sultant†mixtur≥†
of†gr≥y†soli≤s†an≤†gr≥≥n†organic†solution†was†filt≥r≥≤†ov≥r†15†cm†silica†an≤†conc≥ntrat≥≤†to†yi≥l≤†a†
y≥llow†cru≤≥†oil.†Th≥†cru≤≥†was†chromatograph≥≤†on†20:0→20:2†Cy:EA†gra≤i≥nt†to†yi≥l≤†96†as†a†mi≤-
y≥llow†oil†(5.02†g,†18.9†mmol,†82%).†TLC:†Rf†=†0.39††(10:1†Cy:EA,†KMnO4).†NMR†agr≥≥s†with†
r≥f≥r≥nc≥.[42]†
†
≥thyl†3-bromo-2-oxo-4-ph≥nylbutanoat≥†(97)*†
Comm≥rcial†≥thyl†2-oxo-4-ph≥nylbutanoat≥†95†(9.9†g,†48†mmol)†was†tr≥at≥≤†similarly†to†96†to†yi≥l≤†
pal≥†y≥llow†97††(11.3†g,†40†mmol,†84%).††TLC:†Rf†=†0.18††(20:1†p≥nt:EA,†KMnO4†or†DNPH).†NMR†
agr≥≥s†with†r≥f≥r≥nc≥.[42]†
†
5-p≥ntyl-4-carbo≥thoxy-4-oxazolin-2-on≥†(98)*†
Accor≤ing†to†th≥†m≥tho≤†of†Hoffman,†Okonya†≥t†al.[42,43],†to†96†(3.85†g,†14.5†mmol)†was†a≤≤≥≤†≤ry†
tolu≥n≥†(250†mL),†m≥thyl†carbamat≥†(5.67†g,†75.6†mmol,†5†≥q),†AgOTf†(3.71†g,†14.45†mmol,†1†≥q)†an≤†
catalytic†pTsOH†monohy≤rat≥†(347†mg,†0.13†≥q).†Th≥†mixtur≥†was†r≥flux≥≤†un≤≥r†Ar†ov≥rnight†at†
124°C†to†yi≥l≤†a†y≥llow†turbi≤†mixtur≥†which†was†pour≥≤†car≥fully†into†a†s≥parating†funn≥l,†an≤†aft≥r†
rinsing†th≥†r≥si≤u≥s†with†AcOEt†(100)†th≥†organic†lay≥r†was†wash≥≤†with†wat≥r†(4×50†mL),†brin≥†
(4×30†mL),†≤ri≥≤†on†Na2SO4,†filt≥r≥≤†an≤†≥vaporat≥≤†to†a†y≥llow†cru≤≥†oil†which†soli≤ifi≥≤†on†
stan≤ing†(3.75†g).†Th≥†cru≤≥†was†car≥fully†chromatograph≥≤†on†9:1†DCM:EA†to†run†off†s≥v≥ral†fast≥r†
impuriti≥s†b≥for≥†giving†98†(2.10†g,†9.24†mmol,†64%)†as†a†b≥autifully†crystallising†colourl≥ss†soli≤†
ting≥≤†with†pal≥†y≥llow.†TLC:†Rf†=†0.42††(9:1†DCM:EA,†Han≥ss,†DNPH†or†UV).†DIMS:†(+)†228†
(MH+),†250†(MNa+),†477†(M2Na+);†(-)†226†(M-H).†NMR†agr≥≥s†with†r≥f≥r≥nc≥.[42]†
†
5-b≥nzyl-4-carbo≥thoxy-4-oxazolin-2-on≥†(99)*†
Similarly†to†98,†97†(11.3†g,†40†mmol)†was†r≥act≥≤†with†m≥thyl†carbamat≥†(16†g,†213†mmol),†AgOTf†
(9.97†g,†38.8†mmol)†an≤†pTsOH†(0.796†g,†0.1†≥q)†in†or≤inary†tolu≥n≥.†Chromatography†on†9:1†
DCM:EA†yi≥l≤≥≤†99†as†b≥autifully†fluffy†whit≥†crystals†(5.9†g,†60%).†NMR†agr≥≥s†with†r≥f≥r≥nc≥.[42]†
†
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5-p≥ntyl-4-hy≤roxym≥thyl-4-oxazolin-2-on≥†(100)†
Following†th≥†proc≥≤ur≥†of†Okonya†≥t†al.[42],†to†98†(1452†mg,†6.38†mmol)†un≤≥r†Ar†at†0°C†w≥r≥†a≤≤≥≤†
≤ry†DCM†(16†mL)†th≥n,†≤ropwis≥,†DIBAL†(1†M†in†Cy,†25†mL,†25†mmol,†4†≥q).†Th≥†mixtur≥†was†
stirr≥≤†b≥tw≥≥n†-10°C†an≤†0°C†for†four†hours,†th≥n†pour≥≤†into†vigorously†stirr≥≤†col≤†HCl†(2†M,†
110†mL,†0°C).†Th≥†aqu≥ous†lay≥r†was†≥xtract≥≤†with†EtOAc†(2×40†mL),†an≤†th≥†combin≥≤†organic†
lay≥rs†wash≥≤†with†brin≥†(2×40†mL),†≤ri≥≤†on†Na2SO4†an≤†filt≥r≥≤†an≤†conc≥ntrat≥≤.†Th≥†y≥llow≥≤†
pow≤≥r†was†th≥n†triturat≥≤†with†3:1†p≥ntan≥:EA†(6×10†mL;†not≥:†this†giv≥s†b≥tt≥r†b≥haviour†than†
Cy:EA)†to†yi≥l≤†100†as†a†colourl≥ss†fluffy†soli≤†(975†mg,†5.26†mmol,†83%)†from†which†it†was†rath≥r†
≤ifficult†to†r≥mov≥†trac≥s†of†wat≥r.†Th≥†compoun≤†is†rath≥r†r≥sponsiv≥†to†static†≥l≥ctricity.†DIMS:†(+)†
186†(MH+),†208†(MNa+),†371†(M2H+);†(-)†184†(M-H).†1H-NMR†(200†MHz,†CDCl3):†δ†=†9.25†(s†br,†
0.9H,†NH),†4.37†(s,†2H),†3.55†(s†br,†1H,†OH),†2.39†(t,†7.3†Hz,†2H),†1.65-1.45†(m,†2H),†1.35-1.20†(m,†
4H),†0.88†(t,†6.6†Hz,†3H)†ppm.†13C-NMR†(50†MHz,†CDCl3):†δ†=†156.1,†138.7,†120.2,†53.4,†31.1,†27.2,†
24.4,†22.3,†14.0†ppm.†
†
5-b≥nzyl-4-hy≤roxym≥thyl-4-oxazolin-2-on≥†(101)*†
Similarly†to†100,†101†was†pro≤uc≥≤†as†fluffy†colourl≥ss†crystals†in†80%†yi≥l≤†(1.44†g†scal≥)†from†
DIBAL†r≥≤uction†of†99.†NMR†agr≥≥s†with†r≥f≥r≥nc≥.[42]†
†
5-p≥ntyl-4-((t≥rt-butyl≤im≥thylsilyloxy)m≥thyl)-oxazol-2(3H)-on≥†(102)†
Accor≤ing†to†th≥†proc≥≤ur≥†for†103,†100†(145†mg,†0.78†mmol)†was†r≥act≥≤†with†imi≤azol≥†(632†mg,†
9.3†mmol)†an≤†TBSCl†(430†mg,†2.84†mmol)†in†DMF†(6†mL).†Th≥†cru≤≥†was†chromatograph≥≤†on†
10:1→1:1††Cy:EA††giving†102†as†a†pal≥†y≥llow†oil†(118†mg,†0.40†mmol,†51%).†Th≥†compoun≤†is†
unusually†r≥sponsiv≥†to†static†≥l≥ctricity.†1H-NMR†(500†MHz,†CDCl3):†δ†=†9.23†(s,†1H),†4.41†(s,†2H),†
2.41†(t,†7.4†Hz,†2H),†1.62-1.55†(m,†2H),†1.37-1.27†(m,†4H),†0.92†(s,†9H),†0.91†(t,†7.2†Hz,†3H),†0.13†(s,†
6H)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†157.0,†137.5,†120.1,†54.6,†31.2,†27.3,†25.9†(×3),†24.6,†
22.4,†18.4,†14.0,†-5.2†(×2)†ppm.†
†
5-b≥nzyl-4-((t≥rt-butyl≤im≥thylsilyloxy)m≥thyl)-oxazol-2(3H)-on≥†(103)†
To†101†(292†mg,†1.45†mmol)†was†a≤≤≥≤†imi≤azol≥†(737†mg,†10.8†mmol,†6†≥q),†TBSCl†(666†mg,†
4.3†mmol,†3†≥q),†an≤†or≤inary†DMF†(8†mL)†un≤≥r†argon.†Th≥†solution†was†stirr≥≤†ov≥rnight†at†35°C,†
≥vaporat≥≤†at†75°C†to†2†g†an≤†th≥n†≤issolv≥≤†into†EA†an≤†wash≥≤†with†wat≥r.†Th≥†aqu≥ous†lay≥r†was†
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back-≥xtract≥≤†with†EA†(4×10†mL),†th≥†combin≥≤†organic†lay≥rs†w≥r≥†wash≥≤†with†wat≥r†(2×10†mL),†
brin≥†(2×10†mL),†≤ri≥≤†ov≥r†Na2SO4,†filt≥r≥≤†an≤†conc≥ntrat≥≤†un≤≥r†high†vacuum†to†a†brown-y≥llow†
oily†soli≤†(465†mg,†1.45†mmol,†99%)†which†was†shown†to†b≥†pur≥†103†by†NMR.†Subs≥qu≥nt†runs†
p≥rform≥≤†lat≥r†on†th≥†sam≥†starting†mat≥rial†≤≥liv≥r≥≤†yi≥l≤s†of†b≥tw≥≥n†75-90%,†an≤†r≥quir≥≤†
furth≥r†purification,†which†was†p≥rform≥≤†by†trituratation†with†col≤†(≥g†-20°C†-†-70°C)†p≥ntan≥†with†a†
≤rop†of†CHCl3†a≤≤≥≤,†yi≥l≤ing†colourl≥ss†crystals,†though†r≥moving†a†substantial†amount†of†pro≤uct†
which†was†also†pur≥†≥nough†for†furth≥r†work.†Th≥†silyl†group†s≥≥ms†to†b≥†mor≥†labil≥†than†is†
≤≥sirabl≥,†r≥sulting†in†a†≤istinctiv≥ly†sharp†o≤our.†Th≥†compoun≤†shoul≤†not†b≥†≥xc≥ssiv≥ly†h≥at≥≤,†
nor†h≥at≥≤†un≤≥r†r≥≤uc≥≤†pr≥ssur≥,†or†≤≥composition†b≥com≥s†≥xt≥nsiv≥:†this†is†possibly†a†r≥sult†of†
r≥si≤ual†wat≥r†which†was†≤ifficult†to†r≥mov≥;†but†cycloh≥xan≥†az≥otroping,†follow≥≤†by†p≥ntan≥†
az≥otroping†of†th≥†r≥si≤ual†cycloh≥xan≥†if†≤≥sir≥≤†(not†r≥quir≥≤),†≥ff≥ct≥≤†this.†Th≥†compoun≤†is†
unusually†r≥sponsiv≥†to†static†≥l≥ctricity.†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.47†(s†br,†1H,†NH),†7.32-
7.20†(m,†5H),†4.39†(s,†2H),†3.72†(s,†2H),†0.83†(s,†9H),†0.05†(s,†6H)†ppm.†13C-NMR†(125†MHz,†CDCl3):†
δ†=†155.6,†136.1,†135.2,†128.9†(×2),†128.7†(×2),†127.2,†120.5,†54.5,†31.3,†25.9†(×3),†18.3,†-5.3†(×2)†
ppm.†
†
≤ihy≤roxyac≥ton≥†≤im≥risation/cracking*†
Comm≥rcial†≤ihy≤roxyac≥ton≥†≤im≥r†has†a†compl≥x†1H-NMR†sp≥ctrum†in†th≥†r≥gion†3.8-3.4†ppm†
compos≥≤†of†ov≥rlapping†pairs†of†≤oubl≥ts†with†J=11.7†Hz,†c≥ntr≥≤†at†3.50†an≤†3.60†ppm,†plus†oth≥r†
p≥aks;†a†J=11.7†Hz†≤oubl≥t†at†4.13†ppm†is†also†s≥≥n,†as†w≥ll†as†a†≤istinctiv≥†singl≥t†at†4.31†ppm.†
Comm≥rcial†≤ihy≤roxyac≥ton≥†≤im≥r†(1.51†g)†was†r≥flux≥≤†in†t≥chnical†ac≥ton≥†(10†mL),†in†which†it†is†
insolubl≥,†un≤≥r†air.[44]†Aft≥r†six†hours,†th≥†susp≥nsion†has†≤issolv≥≤†in≤icating†cracking†of†th≥†≤im≥r†
to†th≥†monom≥ric†pro≤uct,†confirm≥≤†by†HSQC.†1H-NMR††(200†MHz,†CDCl3):†δ†=†4.34†(≤,†5.3†Hz,†
4H,†CH2),†4.03†(t,†5.3†Hz,†2H,†OH)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†211.0,†66.0†(×2)†ppm.†
This†monom≥r†shoul≤†b≥†us≥≤†without†too†much†conc≥ntration/h≥ating,†or†th≥†≤im≥r†may†r≥form.†

5.4.2.†6-†an≤†7-ch≥lating†oxazolon≥†scaffol≤s†

†
Dakin†≥t†al.[45]†hav≥†r≥port≥≤†th≥†synth≥s≥s†an≤†charact≥risations†of†105,†107†an≤†109,†an≤†106†is†
known,†how≥v≥r†th≥†compoun≤s†108†an≤†110†ar≥†unr≥port≥≤.†
4-((t≥rt-butyl≤iph≥nylsilyl)oxy)-1-hy≤roxybutan-2-on≥†(108)†
Accor≤ing†to†th≥†m≥tho≤†of†Bonini†≥t†al.[46],†a†solution†of†KMnO4†(8.42†g,†53.3†mmol)†in†wat≥r†
(34†mL)†an≤†ac≥ton≥†(102†mL)†was†pr≥par≥≤.†To†but-3-≥nyloxy-t≥rt-butyl-≤iph≥nyl-silan≥[47]†(10.58†g,†
34.1†mmol)†was†a≤≤≥≤†ac≥ton≥†(265†mL),†wat≥r†(60†mL),†an≤†AcOH†(10†mL),†th≥n†th≥†KMnO4†

†
† 251†
†



†
Part†III.5†–†Compoun≤s†of†Part†II†

†

solution†a≤≤≥≤†≤ropwis≥†ov≥r†four†hours.†Stirring†was†continu≥≤†for†3†hours†until†th≥†last†of†th≥†r≥≤†
ting≥†≤isapp≥ar≥≤,†th≥n†th≥†flask†was†l≥ft†on†its†si≤≥†to†s≥≤im≥nt†MnO2.†Th≥†sup≥rnatant†was†car≥fully†
≤≥cant≥≤†for†filtration†through†san≤†an≤†C≥lit≥.†Th≥†MnO2†was†rins≥≤†with†Et2O†(3×40†mL)†which†
also†ai≤s†filtration.†Aft≥r†≥vaporating†most†of†th≥†ac≥ton≥†an≤†≥th≥r,†sat.†NaHCO3†was†a≤≤≥≤†
cautiously†to†qu≥nch†AcOH,†an≤†th≥†aqu≥ous†phas≥†≥xtract≥≤†with†Et2O†(4×40†mL).†Th≥†combin≥≤†
organic†≥xtracts†w≥r≥†wash≥≤†with†wat≥r†an≤†brin≥,†an≤†≤ri≥≤†on†SiO2/K2CO3†an≤†filt≥r≥≤†an≤†
conc≥ntrat≥≤.†NMR†r≥v≥al≥≤†55%†pro≤uct†k≥tol,†15%†starting†mat≥rial,†1%†al≤≥hy≤≥,†an≤†approx.†
30%†cl≥avag≥†an≤†hy≤rolysis†pro≤ucts.†Chromatography†on†100:0→8:1†Cy:EA†ran†off†th≥†bypro≤ucts†
b≥for≥†r≥turning†108†as†a†colourl≥ss†oil†(5.65†g,†16.5†mmol,†50%).†TLC:†Rf†=†0.15†(10:1†Cy:EA;†chars†
r≥≤†with†vanillin).†1H-NMR†(200†MHz,†CDCl3):†δ†=†7.73-7.55†(m,†4H),†7.50-7.31†(m,†6H),†4.32†(~s,†
2H),†3.96†(t≤,†6.1†&†2.5†Hz,†2H),†2.60†(t≤,†6.0†&†2.1†Hz,†2H),†1.04†(~s,†9H)†ppm.†13C-NMR†(50†MHz,†
CDCl3):†δ†=†208.9,†135.6†(×4),†133.2†(×2),†130.0†(×2),†127.9†(×4),†69.3,†59.6,†31.6,†26.9†(×3),†19.2†
ppm.†Th≥†≤oubling†of†som≥†p≥aks†in†th≥†1H†sp≥ctrum†was†int≥rpr≥t≥≤†as†partial†≤im≥risation†of†th≥†
hy≤roxyk≥ton≥,†probably†≤uring†conc≥ntration.†
4-(2-((t≥rt-butyl≤iph≥nylsilyl)oxy)≥thyl)oxazol-2(3H)-on≥†(110)†
A†sampl≥†of†108†(3.21†g,†9.3†mmol)†was†twic≥†az≥otrop≥≤†with†tolu≥n≥†to†r≥mov≥†r≥si≤ual†wat≥r.†Th≥†
NMR†r≥v≥al≥≤†an†anhy≤rous†sampl≥,†but†cl≥arly†show≥≤†≤oubling†of†th≥†p≥aks†(cf.†≤im≥risation†
abov≥).†Accor≤ing†to†th≥†m≥tho≤†of†Dakin†≥t†al.[45],†to†this†w≥r≥†a≤≤≥≤†b≥nz≥n≥†(17†mL;†curiously,†
r≥plac≥m≥nt†with†tolu≥n≥†ha≤†not†giv≥n†≤≥sir≥≤†pro≤uct),†N,N-≤im≥thylanilin≥†(3†mL),†th≥n†phosg≥n≥†
(5.5†mL,†2†M†in†tolu≥n≥,†11†mmol)†a≤≤≥≤†≤ropwis≥†at†0°C†an≤†th≥†solution†stirr≥≤†for†35†min.†
Ammonia†(40†mL,†30%,†aqu≥ous)†was†a≤≤≥≤†car≥fully,†an≤†th≥†solution†stirr≥≤†for†20†minut≥s,†th≥n†a†
furth≥r†≤os≥†(10†mL,†20%,†aqu≥ous)†a≤≤≥≤†an≤†th≥†solution†stirr≥≤†for†a†furth≥r†t≥n†minut≥s.†Saturat≥≤†
KH2PO4††(80†mL)†was†a≤≤≥≤,†th≥n†conc†H2SO4†until†pH~3†was†obtain≥≤,†an≤†EtOAc†(10†mL)†was†
imm≥≤iat≥ly†a≤≤≥≤†to†s≥cur≥†th≥†pro≤ucts†out†of†th≥†aqu≥ous†phas≥,†th≥n†th≥†solution†r≥turn≥≤†to†RT.†
Th≥†aqu≥ous†phas≥†was†twic≥†mor≥†≥xtract≥≤†with†EtOAc†(25†mL),†an≤†th≥†combin≥≤†organic†≥xtracts†
w≥r≥†wash≥≤†with†wat≥r†an≤†brin≥,†an≤†≤ri≥≤†on†MgSO4†an≤†filt≥r≥≤†an≤†conc≥ntrat≥≤.†Th≥†cru≤≥†
contain≥≤††multipl≥††spots††an≤††was††car≥fully††chromatograph≥≤††with††100:0→1.75:1††Cy:EA,††r≥v≥aling†
with†vanillin.†Starting†mat≥rial†108†(350†mg,†1.04†mmol)†was†first†r≥cov≥r≥≤,†th≥n†pro≤uct†110†was†
obtain≥≤†as†a†y≥llow-ting≥≤†oil†(375†mg,†1.02†mmol,†12%†brsm).†Much†of†th≥†sp≥ci≥s†pr≥s≥nt†in†th≥†
mixtur≥†s≥≥m≥≤†to†b≥†TBDPS†cl≥avag≥†pro≤ucts,†which†contrasts†sharply†with†th≥†publish≥≤†proc≥≤ur≥†
wh≥r≥†an†85%†yi≥l≤†was†obtain≥≤.†TLC:†Rf†=†0.50†(1:1†Cy:EA;†chars†r≥≤-brown†with†vanillin,†UV-
activ≥,†an≤†cl≥arly†hy≤rophobic).†1H-NMR†(200†MHz,†CDCl3):†δ†=†8.71†(s†br,†1H),†7.73-7.55†(m,†4H),†
7.46-7.35†(m,†6H),†6.66†(m,†1H),†3.82†(t,††6.8†Hz,†2H),†2.54†(t≤,†6.5†&†0.9†Hz,†2H),†1.06†(s,†9H)†
ppm.†13C-NMR†(50†MHz,†CDCl3):†δ†=†157.0,†135.6†(×4),†133.0†(×2),†130.1†(×2),†128.0†(×4),†125.1,†
62.0,†60.6,†27.3,†27.0†(×3),†19.2†ppm.†
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5.4.3.†B≥nzoxazolon≥†scaffol≤s†

†
B≥nzoxazolon≥†114†was†form≥≤†from†113†≥xactly†as†p≥r†th≥†protocol†of†Fi≥l≤≥r†≥t†al.[48]††
B≥nzoxazolon≥†(116)*†
Similarly†to†Fi≥l≤≥r†≥t†al.[48],†to†2-aminoph≥nol†(1.47†g,†13.5†mmol)†was†a≤≤≥≤†≤ry†pyri≤in≥†(20†mL)†
th≥n†phosg≥n≥†(20%†in†PhM≥,†10†mL,†19†mmol)†in†th≥†≤ark.†Vigorous†h≥ating†r≥sult≥≤,†an≤†th≥†bright†
r≥≤†solution†was†stirr≥≤†for†24†h.†Th≥†r≥maining†phosg≥n≥†an≤†any†possibl≥†uncyclis≥≤†
chloroformat≥/isocyani≤≥/chloroformami≤≥†sp≥ci≥s†w≥r≥†qu≥nch≥≤†with†≤ry†EtOH†(3†mL)†an≤†th≥†
volatil≥s†≥vaporat≥≤.†Th≥†cru≤≥†past≥†was†tr≥at≥≤†with†charcoal†susp≥nsion†in†ac≥ton≥†an≤†filt≥r≥≤†an≤†
≥vaporat≥≤†(30†mbar,†60°C)†to†giv≥†3.6†g†of†brown≥≤†soli≤†only†faintly†sm≥lling†of†pyri≤in≥.†Th≥†cru≤≥†
soli≤†was†chromatograph≥≤†with†10:1→1:1†Cy:EA,†r≥v≥aling†with†KMnO4,†to†provi≤≥†116†as†a†whit≥†
soli≤†(425†mg,†3.14†mmol,†23%).†TLC:†Rf†=†0.23†(1:1†Cy:EA;†UV).†1H-NMR†(200†MHz,†CDCl3):†δ†=†
10.03†(s†br),†7.26†(≤,†7.8†Hz,†1H),†7.24-7.14†(m,†4H)†ppm.†13C-NMR†(50†MHz,†CDCl3):†δ†=†156.6,†
144.0,†129.6,†124.4,†122.9,†110.4,†110.3†ppm.†Th≥†main†bypro≤uct†isolat≥≤†was†th≥†≥thoxy†carbamat≥,†
in≤icating†incompl≥t≥†r≥action,†how≥v≥r†this†was†not†succ≥ssfully†conv≥rt≥≤†to†th≥†b≥nzoxazolon≥†in†a†
trial†r≥action†h≥ating†with†Cs2O3†in†DMF.†
†
m≥thyl†2-amino-3-m≥thoxyb≥nzoat≥†(112)*†
To†comm≥rcial†2-amino-3-m≥thoxyb≥nzoic†aci≤†111†(290†mg,†1.73†mmol)†in†≤ry†M≥OH†(20†mL)†was†
a≤≤≥≤†slowly†with†cooling†SOCl2†(1.06†g,†6†≥q),†th≥n†th≥†mixtur≥†r≥flux≥≤†ov≥rnight†at†82°C†un≤≥r†a†
KOH†guar≤.†NaOH/K2HPO4†w≥r≥†a≤≤≥≤†to†giv≥†pH~8†an≤†th≥†m≥thanol†mostly†≥vaporat≥≤.†Th≥†112†
as†a†colourl≥ss†soli≤†(250†mg,†1.4†mmol,†80%).†1H-NMR†(200†MHz,†CDCl3):†δ†=†7.6-7.4†(m,†1H),†
6.9-6.75†(m,†1H),†6.65-6.45†(m,†1H),†3.86†(s,†3H)†ppm.†DIMS(+):†182†(MH+).†TLC:†Rf†=†0.45†(1:1†
Cy:EA,†KMnO4).†A†similar†transform†≥ff≥ct≥≤†by†cat.†H2SO4†in†M≥OH†gav≥†only†30%†yi≥l≤.†
†
m≥thyl†2-amino-3-hy≤roxyb≥nzoat≥†(113)*†
Th≥†known†titl≥†compoun≤[48]†was†pr≥par≥≤†by†a†≤iff≥r≥nt†proc≥≤ur≥†to†th≥†r≥f≥r≥nc≥.†To†112†(250†mg,†
1.4†mmol)†w≥r≥†a≤≤≥≤†≤ry†DCM†(6†mL),†th≥n†≤ropwis≥,†BBr3†(1M†in†DCM,†4.2†mL,†3†≥q)†at†0°C.†Th≥†
mixtur≥†was†stirr≥≤†for†22†h,†th≥n†qu≥nch≥≤†in†an†ic≥bath†into†2M†NaOH†(6†mL),†to†which†was†a≤≤≥≤†
NaHCO3†an≤†phosphat≥†buff≥rs†to†achi≥v≥†pH~8.†Th≥†aqu≥ous†phas≥†was†≥xtract≥≤†into†DCM†
(4×15†mL),†th≥n†th≥†combin≥≤†organic†lay≥rs†wash≥≤†with†brin≥†an≤†≤ri≥≤†on†Na2SO4,†filt≥r≥≤†an≤†
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conc≥ntrat≥≤†to†yi≥l≤†113†as†a†y≥llow†soli≤†(63†mg,†0.38†mmol,†28%)†whos≥†NMR†match≥s†th≥†
r≥f≥r≥nc≥[49].†TLC:†Rf†=†0.3†(10:1†Cy:EA,†UV).†

5.4.4.†5-ch≥lating†oxazoli≤inon≥†scaffol≤†
Est≥r†123[50]†an≤†alcohol†124[51]†w≥r≥†synth≥sis≥≤†by†th≥†r≥port≥≤†m≥tho≤s.†That†alcohol†synth≥sis†is†
far†b≥tt≥r†than†qu≥stionabl≥,†four-st≥p†approach†of†Hwang†≥t†al.[52]†wh≥r≥†a†crucial†st≥p†for†chirality†
r≥t≥ntion†r≥li≥s†on†≤rawing†a†s≥rinol†l≥ft-to-right†(pap≥r†sinc≥†app≥ars†r≥tract≥≤).†
4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)oxazoli≤in-2-on≥†(125)†
As†p≥r†th≥†m≥tho≤†for†103,†in†on≥†run,†125†was†obtain≥≤†from†TBSCl†(5.76†g,†2.6†≥q)†silylation†of†124†
(1.696†g,†14.4†mmol)†in†DMF†(50†mL)†with†imi≤azol≥†(5.8†g),†with†trituration,†th≥n†scratching†
r≥crystallisation†from†p≥ntan≥†at†-80°C†giving†a†first†pur≥†crop†of†colourl≥ss†crystals†(1.92†g,†57%)†
which†w≥r≥†≤ifficult†to†≤ry;†a†s≥con≤†crop†of†l≥ss†pur≥†crystals†(~250†mg†pro≤uct)†coul≤†b≥†obtain≥≤†
with†≤ifficulty.†In†a†s≥con≤†run†following†th≥†sam≥†proc≥≤ur≥†th≥†yi≥l≤†was†improv≥≤†to†72%†by†b≥tt≥r†
r≥crystallisation,†still†using†≥xtr≥m≥†col≤†to†s≥parat≥†th≥†TBS-b≥aring†r≥action†pro≤ucts.†Th≥s≥†≤isplay†
compl≥x†t≥mp≥ratur≥-≤≥p≥n≤≥nt†solubility†as†th≥y†form†a†t≥rnary†mixtur≥†with†th≥†≤≥sir≥≤†pro≤uct†an≤†
th≥†solv≥nt,†but†h≥ating†an≤†cooling†at†about†20°C/min†b≥tw≥≥n†40°C†an≤†-80°C†usually†allows†goo≤†
accumulation†of†th≥†floccul≥nt†crystals†which†ar≥†pur≥†pro≤uct†(th≥†TBS†bypro≤ucts†ar≥†liqui≤-phas≥†
only).†Th≥†compoun≤†is†unusually†r≥sponsiv≥†to†static†≥l≥ctricity.†It†stains†bright†r≥≤†on†TLC†with†
Van.†1H-NMR††(500†MHz,†CDCl3):†δ†=†5.95†(s†br,†1H),†4.43†(t,†8.7†Hz,†1H),†4.16†(≤≤,†8.7&4.1†Hz,†
1H),†3.95-3.87†(m,†1H),†3.60†(≤,†5.5†Hz,†2H),†0.88†(s,†9H),†0.06†(s,†6H)†ppm.†13C-NMR††(125†MHz,†
CDCl3):†δ†=†160.0,†67.2,†64.9,†53.8,†25.9†(×3),†18.3,†-5.4†(×2)†ppm.†

5.4.5.†6-†an≤†7-ch≥lating†oxazoli≤inon≥†scaffol≤s†
Similar†to†th≥†rout≥†of†Hou†≥t†al.[53],†aspartic†an≤†glutamic†aci≤†bis-≥st≥rifications†(SOCl2/M≥OH)†an≤†
carbamylations†(BnOCOCl,†NaHCO3)†by†stan≤ar≤†m≥tho≤s†gav≥†sp≥ci≥s†127a/b†in†87/90%†yi≥l≤†on†
24†mmol†scal≥†for†2†st≥ps.†R≥≤uction†to†≤iols†by†NaBH4/CaCl2†gav≥†94/78%†yi≥l≤s†of†128a/b,†carri≥≤†
ov≥r†to†th≥†n≥xt†st≥ps.††
4-(2-((t≥rt-butyl≤im≥thylsilyl)oxy)≥thyl)oxazoli≤in-2-on≥†(130a)†
Th≥†first†st≥p†was†p≥rform≥≤†as†p≥r†Hou†≥t†al.[53].†To†bis-alcohol†128a†(4.78†g,†20†mmol)†w≥r≥†a≤≤≥≤†
at†0°C†un≤≥r†argon†≤ry†THF†(50†mL)†an≤†NaH†(60%†in†oil,†1.90†g,†47†mmol,†2.4†≥q),†an≤†th≥†mixtur≥†
stirr≥≤†vigorously†ov≥rnight†warming†to†RT.†Som≥†soli≤†mass†ha≤†form≥≤;†th≥†r≥action†was†now†
r≥flux≥≤†at†84°C†for†7†hours.†DIMS(+)†confirms†th≥†cyclis≥≤†pro≤uct†is†pr≥s≥nt†(154†Th,†MNa+).†
Rath≥r†than†isolating†th≥†pro≤uct†129a,†aft≥r†cooling†to†RT,†imi≤azol≥†(461†mg,†0.15†≥q)†an≤†TBSCl†
(7.15†g,†48†mmol,†1.1†≥q†r≥lativ≥†to†RONa)†w≥r≥†a≤≤≥≤†an≤†th≥†r≥action†stirr≥≤†ov≥rnight.†Th≥†r≥action†
was†th≥n†qu≥nch≥≤†into†phosphat≥†buff≥r†(pH~7,†0.4†M,†40†mL),†an≤†most†of†th≥†THF†≥vaporat≥≤†
from†th≥†now†biphasic†mixtur≥.†Extraction†with†≥thyl†ac≥tat≥†gav≥†a†pal≥†y≥llow†cru≤≥†oil†(9.1†g)†
which†NMR†in≤icat≥≤†contain≥≤†<4†mmol†of†th≥†≤≥sir≥≤†pro≤uct†130a,†how≥v≥r†total†≥vaporation†an≤†
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multipl≥†≥xtractions†on†th≥†~10†g†r≥si≤u≥†of†th≥†aqu≥ous†phas≥,†using†a†vari≥ty†of†con≤itions,†obtain≥≤†
l≥ss†than†200†mg†of†pro≤uct†along†with†a†vari≥ty†of†contaminants†so†th≥†original†cru≤≥†was†r≥tain≥≤,†
chromatograph≥≤††on††100:0→1:1††Cy/EA††gra≤i≥nt,††giving†130a†as†a†pal≥†y≥llow†oil†(390†mg,†
1.52†mmol,†7.6%)†with†Rf†=†0.57†(1:1†Cy:EA,†Han≥ss).†1H-NMR†(200†MHz,†CDCl3):†δ†=†6.12†(s†br,†
1H),†4.47†(t,†7.5†Hz,†1H),†4.04†(q,†7.4†Hz,†2H)†3.70†(~t,†5.6†Hz,†2H),†1.90-1.68†(m,†2H),†0.87†(s,†9H),†
0.04†(s,†6H)†ppm.†13C-NMR†(50†MHz,†CDCl3):†δ†=†159.9,†70.8,†65.2,†51.9,†37.7,†26.0†(×3),†18.2,†-5.4†
(×2)†ppm.†
†
4-(3-((t≥rt-butyl≤im≥thylsilyl)oxy)propyl)oxazoli≤in-2-on≥†(130b)†
Similarly†to†th≥†proc≥≤ur≥†for†130a,†bis-alcohol†128b†(4.10†g,†16.2†mmol)†was†cyclis≥≤†with†NaH†
(60%†in†oil,†1.54†g,†38†mmol,†2.4†≥q),†th≥n†r≥act≥≤†with†TBSCl†(6.14†g,†41†mmol,†2.5†≥q)†an≤†
imi≤azol≥†(402†mg,†0.15†≥q),†an≤†≥xtract≥≤†to†giv≥†a†cru≤≥†oil†(9.2†g)†which†was†similarly†
chromatograph≥≤†affor≤ing†130b†as†a†pal≥†oil†(1.02†g,†3.9†mmol,†24%)†with†Rf†=†0.39††(1:1†Cy:EA,†
Han≥ss).†1H-NMR†(200†MHz,†CDCl3):†δ†=†6.03†(s†br,†1H),†4.48†(t,†8.2†Hz,†1H),†4.04†(q,†8.1†Hz,†2H)†
3.70†(~t,†5.5†Hz,†2H),†1.77-1.50†(m,†4H),†0.88†(s,†9H),†0.04†(s,†6H)†ppm.†13C-NMR†(50†MHz,†CDCl3):†
δ†=†160.1,†70.5,†62.6,†52.7,†32.5,†28.7,†26.0†(×3),†18.4,†-5.2†(×2)†ppm.†

5.4.6.†Non-O-alkylat≥≤†≥l≥ctrophilic†≤≥rivatisations†
Oxazoli≤inon≥†tosylat≥†126[51]†was†synth≥sis≥≤†by†th≥†r≥port≥≤†m≥tho≤.†
3-hy≤roxy-2-(4-m≥thylph≥nylsulfonami≤o)propyl†4-tosylat≥†(126x)†
126x†was†isolat≥≤†as†th≥†ring-op≥ning†bypro≤uct†of†th≥†r≥action†giving†tosylat≥†126[51],†in†approx.†10%†
yi≥l≤†aft≥r†column.†TLC:†Rf†=†0.55†(5:7†Cy:EA,†KMnO4).†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.71†(~≤,†
8.1†Hz,†4H),†7.32†(≤,†8.3†Hz,†2H),†7.26†(≤,†8.2†Hz,†2H),†5.50†(≤,†8.0†Hz,†1H,†NH),†4.02†(≤≤,†
10.2&4.8†Hz,†1H),†3.94†(≤≤,†10.3&6.3†Hz,†1H),†3.65-3.59†(m,†1H),†3.52-3.41†(m,†2H=1H+1H,†
ov≥rlap),†2.56†(s†bar,†1H,†OH),†2.32†(s,†3H),†2.40†(s,†3H)†ppm.†13C-NMR††(125†MHz,†CDCl3):†δ†=†
145.5,†143.9,†137.2,†132.2,†130.2†(×2),†130.0†(×2),†128.1†(×2),†127.2†(×2),†68.1,†60.8,†53.4,†21.8,†21.7†
ppm.†
†

†
5-b≥nzyl-4-chlorom≥thyl-4-oxazolin-2-on≥†104†
This†compoun≤†was†not†isolat≥≤,†although†it†was†obs≥rv≥≤†in†cru≤≥†pro≤ucts†by†a†numb≥r†of†
oxazolon≥†chlorination†m≥tho≤s†(SOCl2,†CCl4/PPh3,†MsCl†with†int≥rnal†r≥plac≥m≥nt†of†OMs,†≥tc).†
On≥†such†proc≥≤ur≥†is†giv≥n:†to†101†(167†mg,†0.81†mmol)†w≥r≥†a≤≤≥≤†≤ry†DCM†(7†mL),†≤ry†pyri≤in≥†
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(130†mg,†1.68†mmol,†2†≥q),†th≥n†≤ropwis≥†SOCl2†(250†mg,†2.1†mmol,†2.6†≥q).†Th≥†insolubl≥†starting†
mat≥rial†≤issolv≥s†≤uring†th≥†r≥action.†Aft≥r†th≥†a≤≤ition†of†1.1†mmol†SOCl2†th≥†r≥action†su≤≤≥nly†
turns†r≥≤†(r≥call†th≥†starting†mat≥rial†is†≤ifficult†to†≤ry,†so†this†may†r≥pr≥s≥nt†1:1†r≥action).†Th≥†
r≥action†was†stirr≥≤†at†RT†for†2†h,†th≥n†qu≥nch≥≤†into†phosphat≥†buff≥r†(pH~12,†0.35†M),†≥xtract≥≤†
into†AcOEt,†wash≥≤†with†wat≥r,†brin≥,†an≤†≤ri≥≤†on†so≤ium†sulfat≥,†th≥n†conc≥ntrat≥≤†to†a†black†cru≤≥†
(165†mg,†crystallin≥†r≥fl≥ctions)†which†was†short-filt≥r≥≤†on†SiO2†using†AcOEt†(2†cm†in†a†past≥ur†
pip≥tt≥)†to†giv≥†a†brown†oil†(160†mg).†Th≥†TLC†show≥≤†no†starting†mat≥rial†pr≥s≥nt,†but†no†migrating†
spots†≥ith≥r,†≥v≥n†with†3:1†AcOEt:M≥OH.†DIMS†≤i≤†not†r≥v≥al†any†≥xp≥ct≥≤†p≥aks.†Cru≤≥†NMR†was†
how≥v≥r†promising†an≤†fairly†cl≥an,†although†most†p≥aks†w≥r≥†broa≤,†an≤†attributions†w≥r≥†confirm≥≤†
by†HSQC;†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†289†ff.†P≥ak†broa≤n≥ss†might†b≥†≤u≥†to†
int≥rmol≥cular†alkylation†lib≥rating†aci≤,†in†th≥†abs≥nc≥†of†bas≥†an≤†≤uring†conc≥ntration.†1H-NMR†
(500†MHz,†CDCl3):†δ†=†9.56†(s†br,†1H,†NH†or†possibl≥†OH†cf.†s≥lf-alkylation†th≥ory),†7.8-7.0†(m,†5H,†
ov≥rint≥grat≥s,†b≥nzyl),†4.4-4.0†(m,†2H,†CH2Cl),†3.75†(s,†2H,†b≥nzyl)†ppm.†13C-NMR†(125†MHz,†
CDCl3):†δ†=†156.5,†138.4,†135.4,†129.0†(×2),†128.8†(×2),†127.4,†118.5†(C4†upshift≥≤†r≥l.†to†starting†
mat≥rial),†34.1†(CH2Cl†much†upshift≥≤),†31.2†ppm.†How≥v≥r,†chromatography†≤i≤†not†yi≥l≤†any†of†
th≥†≤≥sir≥≤†compoun≤.†

5.4.7.†Initial†trials:†oxazolon≥†an≤†oxazoli≤inon≥†O-alkylations†

†
≥thyl†5-b≥nzyl-3-para-nitrob≥nzyl-2-oxo-2,3-≤ihy≤rooxazol≥-4-carboxylat≥†(131)†
A†similar†m≥tho≤†as†follows†but†using†3†tim≥s†as†much†bas≥,†in†M≥CN,†an≤†a≤≤ing†18-crown-6†(2†≥q)†
app≥ar≥≤†to†giv≥†no†isolabl≥†yi≥l≤†of†alkylat≥≤†pro≤ucts,†but†to†my†surpris≥†gav≥†chlorinat≥≤†pro≤uct†
133†in†20%†yi≥l≤.†To†99†(108†mg,†0.44†mmol)†w≥r≥†a≤≤≥≤†ac≥ton≥†(6†mL),†K2CO3†(289†mg,†2†mmol)†
an≤†p-NO2BnCl†(93†mg,†0.54†mmol)†an≤†th≥†mixtur≥†stirr≥≤†for†12†h.†Th≥†cru≤≥†was†partition≥≤†
b≥tw≥≥n†H2O†an≤†EtOAc,†th≥†aqu≥ous†phas≥†≥xtract≥≤†with†EtOAc,†th≥†combin≥≤†organic†phas≥s†
wash≥≤†with†wat≥r,†brin≥,†an≤†≤ri≥≤†on†so≤ium†sulfat≥,†th≥n†conc≥ntrat≥≤†an≤†chromatograph≥≤†
car≥fully†on†100:0→1:1†Cy:EA†giving†131†as†a†cl≥ar†oil†(30†mg,†0.08†mmol,†18%)†with†Rf=0.50†on†
5:2†Cy:EA†(Han≥ss).†DIMS(+):†383†([MH]+);†DIMS(-)†381†([M-H]-).†F≥atur≥s†confirming†
N-alkylation†to†a†t≥rtiary†carbamat≥,†not†to†th≥†O-alkylat≥≤†carbimi≤at≥,†ar≥†giv≥n†in†bol≤.†Sali≥nt†IR:†
1718[s]†(carbamyl),†1774[s]†(≥st≥r).†1H-NMR†(500†MHz,†CDCl3):†δ†=†8.18†(≤,†8.7†Hz,†2H,†2×H9),†
7.50†(≤,†8.7†Hz,†2H,†2×H8),†7.30-7.20†(m,†5H,†2×H16,†2×H17,†H18),†5.17†(s,†2H,†N-alkyl=2×H6),†
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4.31†(q,†7.2†Hz,†2H,†2×H12),†4.13†(s,†2H,†CH2,†2×H8),†3.46†(s,†2H,†2×H14),†1.32†(t,†7.2†Hz,†3H,†
3×H13)†ppm.†
†
≥thyl†5-b≥nzyl-3-m≥thyl-2-oxo-2,3-≤ihy≤rooxazol≥-4-carboxylat≥†(132)†
A†similar†m≥tho≤†using†M≥I†gav≥†no†obs≥rvabl≥†yi≥l≤†of†O-alkylat≥≤†pro≤uct†by†TLC.†To†99†(89†mg,†
0.36†mmol)†un≤≥r†Ar†w≥r≥†a≤≤≥≤†≤ry†THF†(6†mL),†th≥n†NaH†(60%†in†oil,†80†mg,†2†mmol).†Aft≥r†
10†min,†≥ff≥rv≥sc≥nc≥†ha≤†c≥as≥≤,†an≤†≤im≥thyl†sulfat≥†(47†mg,†0.37†mmol)†was†a≤≤≥≤†an≤†th≥†
mixtur≥†stirr≥≤†for†12†h.†Th≥†cru≤≥†was†partition≥≤†b≥tw≥≥n†H2O†an≤†EtOAc,†th≥†aqu≥ous†phas≥†
≥xtract≥≤†with†EtOAc,†th≥†combin≥≤†organic†phas≥s†wash≥≤†with†wat≥r,†brin≥,†an≤†≤ri≥≤†on†so≤ium†
sulfat≥,††th≥n††conc≥ntrat≥≤††an≤††chromatograph≥≤††car≥fully††on††100:0:0→1:1:0→1:1:0.1→0:10:1†
Cy:EA:EtOH,†giving†132†as†a†cl≥ar†oil†(28†mg,†0.11†mmol,†30%)†an≤†r≥cov≥r≥≤†99††(17†mg,†
0.07†mmol,†so†yi≥l≤†brsm†=†37%).†132†has†Rf=0.48†on†7:5†Cy:EA†(Han≥ss),†wh≥r≥as†99†has†Rf=0.28.†
DIMS(+):†262†([MH]+);†DIMS(-)†260†([M-H]-).†F≥atur≥s†confirming†N-alkylation†to†a†t≥rtiary†
carbamat≥,†not†to†th≥†O-alkylat≥≤†carbimi≤at≥,†ar≥†giv≥n†in†bol≤.†Sali≥nt†IR:†1722[s]†(carbamyl),†
1776[s]†(≥st≥r).†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.40-7.20†(m,†5H,†2×H10,†2×H11,†H12),†4.43†(q,†
7.3†Hz,†2H,†2×H13),†4.17†(s,†2H,†CH2,†2×H8),†3.46†(s,†3H,†N-m≥thyl=3×H6),†1.44†(t,†7.3†Hz,†3H,†
3×H14)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†158.9†(C2),†153.6†(C7),†148.2†(C9),†135.5†(C5),†
128.9+128.9†(2×C10†+†2×C11),†127.4†(C12),†114.4†(C4),†61.9†(C13),†32.5†(N-m≥thyl=C6),†30.7†(C8),†
14.4†(C14)†ppm.†
†

†
≥thyl†5-b≥nzyl-2-chlorooxazol≥-4-carboxylat≥†(133)†
A†similar†m≥tho≤†using†tri≥thylamin≥†s≥≥m≥≤†l≥ss†≥ffici≥nt.†A†similar†m≥tho≤†appli≥≤†to†98†r≥sult≥≤†in†
≥xt≥nsiv≥†≤≥gra≤ation.†Similar†m≥tho≤s†appli≥≤†to†alcohols†or†silyl†≥th≥rs†103,†103†an≤†100†r≥sult≥≤†in†
≤≥composition.†R≥plac≥m≥nt†with†or†tan≤≥m†us≥†of†PCl5†in†b≥nz≥n≥[54]†with†luti≤in≥†bas≥†≤i≤†not†giv≥†
isolat≥≤†pro≤ucts†≥ith≥r.†Bas≥≤†on†th≥†m≥tho≤†of†Ma≥kawa[55],†to†99†(247†mg,†1.00†mmol)†w≥r≥†a≤≤≥≤†
un≤≥r†Ar,†≤ry†pyri≤in≥†(100†mg,†1.3†mmol)†th≥n†POCl3†(850†mg,†5.4†mmol)†at†RT,†th≥n†th≥†mixtur≥†
h≥at≥≤†to†125°C†for†1.5†h.†Th≥†cru≤≥†was†qu≥nch≥≤†into†phosphat≥†buff≥r†(pH~12,†0.35†M),†≥xtract≥≤†
into†AcOEt,†an≤†th≥†combin≥≤†organic†lay≥rs†wash≥≤†with†wat≥r,†brin≥,†an≤†≤ri≥≤†on†so≤ium†sulfat≥,†
filt≥r≥≤†th≥n†conc≥ntrat≥≤†an≤†chromatograph≥≤†on†10:1→1:1†Cy:EA†giving†133†as†a†pal≥†y≥llow†oil†
(85†mg,†0.32†mmol,†30%)†an≤†starting†mat≥rial†(0.13†mmol,†so†yi≥l≤†brsm†=†37%).†Rf=0.54†on†5:2†
Cy:EA†(UV).†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.36-7.27†(m,†5H,†b≥nzyl),†4.43†(q,†7.3†Hz,†2H,†≥thyl),†
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4.39†(s,†2H,†b≥nzyl),†1.43†(t,†7.3†Hz,†3H,†≥thyl)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†161.1,†159.7,†
146.0,†135.4,†129.2,†128.9†(×2),†128.8†(×2),†127.4,†61.5,†32.1,†14.3†ppm.†
†
≥thyl†5-b≥nzyl-2-triflyloxazolon≥-4-carboxylat≥†(134)†
Th≥†≥xp≥rim≥ntal†proc≥≤ur≥†is†a≤opt≥≤†from†Fl≥g≥au†≥t†al.[56]†for†a†≤iff≥r≥nt†substrat≥.†To†99†(76†mg,†
0.71†mmol)†was†a≤≤≥≤†to†a†≤ry†flask†with†stirr≥r,†an≤†th≥†atmosph≥r≥†r≥plac≥≤†with†argon.†Dry†DCM†
(5†mL)†an≤†2,6-luti≤in≥†≤ri≥≤†for†40†h†on†3A†MS†(211†mg,†2†mmol,†2.7†≥q)†w≥r≥†a≤≤≥≤,†an≤†th≥†
r≥action†cool≥≤†to†-80°C.†Triflic†anhy≤ri≤≥†(300†mg,†1.06†mmol,†1.5†≥q)†was†a≤≤≥≤†≤ropwis≥†an≤†th≥†
r≥action†stirr≥≤†for†on≥†hour†b≥for≥†qu≥nching†with†phosphat≥†buff≥r†(pH~6.8,†0.35†M).†Th≥†aqu≥ous†
lay≥r†was†≥xtract≥≤†with†DCM,†an≤†th≥†combin≥≤†organic†lay≥rs†wash≥≤†with†brin≥,†≤ri≥≤†on†so≤ium†
sulfat≥,†filt≥r≥≤†th≥n†conc≥ntrat≥≤†in†th≥†col≤†to†a†pal≥†r≥≤†oil†(287†mg).†Th≥†fast≥st-running†spot†was†
r≥cov≥r≥≤††from††a††short,††fast††column††on††100:0→3:1††Cy:EA††gra≤i≥nt,††as††TLC††shows††partial†
≤≥composition†on†SiO2;†Rf=0.61†on†5:2†Cy:EA†(UV).†134†was†obtain≥≤†as†a†colourl≥ss†soli≤†(155†mg,†
0.40†mmol,†57%).†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.35-7.25†(m,†5H,†b≥nzyl),†4.42†(q,†7.1†Hz,†2H,†
≥thyl),†4.38†(s,†2H,†b≥nzyl),†1.41†(t,†7.0†Hz,†3H,†≥thyl)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†160.8,†
157.5,†148.4,†134.9,†129.1†(×2),†128.8†(×2),†128.1,†127.6,†118.5†(q,†322†Hz,†CF3),†61.5,†32.1,†14.3†
ppm.†
†
Trial†SNAr†with†triflat≥†134†
To†NaH†(74†mg,†60%†in†oil,†1.85†mmol)†un≤≥r†Ar†w≥r≥†a≤≤≥≤†≤ry†≤ioxan≥†(2.5†mL),†BnOH†(206†mg,†
1.94†mmol),†an≤†a†solution†of†134†(155†mg,†0.40†mmol)†in†≤ioxan≥†(3†mL).†Th≥†r≥action†was†stirr≥≤†at†
RT†for†2.5†h,†th≥n†qu≥nch≥≤†into†a†mixtur≥†of†DCM†(5†mL)†an≤†KH2PO4†(0.35†M,†pH~3.5,†3†mL).†
Th≥†organic†lay≥r†was†wash≥≤†with†wat≥r†an≤†brin≥,†≤ri≥≤†on†so≤ium†sulfat≥,†filt≥r≥≤,†conc≥ntrat≥≤†an≤†
chromatograph≥≤††with††100:0:0→1:1:0→0:15:1††Cy:EA:M≥OH,††giving††≤ib≥nzyl††≥th≥r††(21†mg,†
0.11†mmol),†an≤†a†1:0.7†mol†mixtur≥†of†≥thyl†≥st≥r†99††(Rf=0.5)†an≤†th≥†corr≥spon≤ing†b≥nzyl†≥st≥r†
99Bn††(Rf=0.6;†1:1†Cy:EA).†99Bn:†1H-NMR†(200†MHz,†CDCl3):†δ†=†9.1†(s†br,†1H),†7.45-7.15†(m,†
10H,†b≥nzyls),†5.33†(s,†2H),†4.12††(s,†2H)†ppm.†13C-NMR†Sali≥nt†P≥aks†(ov≥rlapp≥≤†aromatics)†
(50†MHz,†CDCl3):†δ†=†158.7,†154.1,†148.6,†135.5,†134.8,†128.9†(×4)†128.7†(×2),†127.4,†114.4,†67.0,†
32.1†ppm.†

5.4.8.†Substrat≥-spac≥r†pairs†
Ph≥nylac≥tyl-para-aminob≥nzyl†bromi≤≥†(147)†
Ph≥nylac≥tyl-para-aminob≥nzyl†alcohol†146†was†synth≥sis≥≤†as†p≥r†Nun≥z†≥t†al.[57].†Similarly†to†
S≥nt≥r†≥t†al.[58],†to†146†(135†mg,†0.56†mmol)†un≤≥r†Ar†was†a≤≤≥≤†≤ry†DCM†(10†mL),†an≤†to†this†
susp≥nsion†was†a≤≤≥≤†≤ropwis≥†HBr†(48%†in†AcOH,†4†mL).†Th≥†soli≤†≤issolv≥≤†aft≥r†th≥†a≤≤ition†of†
0.5†mL†of†HBr†solution.†Th≥†solution†was†stirr≥≤†with†a†larg≥-bor≥†n≥≥≤l≥†outl≥t†to†th≥†Ar†lin≥†for†
v≥nting†HBr.†Aft≥r†two†hours†th≥†solution†was†≥vaporat≥≤†trap-to-trap†to†giv≥†an†approximat≥ly†
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quantitativ≥†yi≥l≤†of†unr≥port≥≤†bromi≤≥†147†which†was†us≥≤†≤ir≥ctly.†1H-NMR†(500†MHz,†CDCl3):†
δ†=†7.48-7.30†(m,†9H),†7.13†(s†br,†1H),†4.50†(s,†2H),†3.80†(s,†2H)†ppm.†13C-NMR†(125†MHz,†CDCl3):†
δ†=†169.2,†137.8,†134.3,†133.9,†129.9†(×2),†129.7†(×2),†129.5†(×2),†128.0,†120.1†(×2),†45.1,†33.4†ppm.†
†
Boc-l≥ucyl-para-aminob≥nzyl†bromi≤≥†(150)†
N-hy≤roxysuccinimi≤≥†≥st≥r†148†was†synth≥sis≥≤†by†th≥†known†m≥tho≤[59]†th≥n†r≥act≥≤†with†PABA†
(153†mg,†1.24†mmol)†in†CHCl3††(5†mL)†at†RT†for†2†hours,†as†p≥r†th≥†protocol†of†Ma≥kawa†≥t†al.[60].†
Aft≥r†≥vaporation†of†th≥†volatil≥s,†rinsing†with†wat≥r†an≤†cycloh≥xan≥,†th≥†r≥si≤u≥†was†
chromatograph≥≤†on†5:1→1:1†Cy:EA†r≥v≥aling†with†KMnO4†to†giv≥†alcohol†149†as†a†pal≥†y≥llow†oil†
(150†mg,†0.42†mmol,†44%†for†two†st≥ps;†Rf†=†0.51†on†2.5:1†Cy:EA).†1H-NMR†(200†MHz,†CDCl3):†δ†=†
9.35†(s†br,†1H),†7.35-7.20†(≤,†8.4†Hz,†2H),†7.00-6.85†(≤,†8.0†Hz,†2H),†5.70†(≤,†8.2†Hz,†1H),†4.40†(s,†2H),†
4.40-4.30†(m,†1H),†3.80†(s†br,†1H),†1.80-1.40†(m,†3H),†1.30†(s,†9H),†0.85†(~t,†5.1†Hz,†6H)†ppm.†To†this†
149†(150†mg,†0.42†mmol)†w≥r≥†a≤≤≥≤†CBr4†(265†mg,†0.73†mmol),†DCM†(6†mL),†an≤†3A†mol≥cular†
si≥v≥s†to†≤ry†r≥si≤ual†wat≥r†for†5†min†b≥for≥†th≥†solution†was†cool≥≤†to†0°C.†PPh3†(246†mg,†
0.93†mmol)†was†≤issolv≥≤†in†DCM†(1.5†mL)†an≤†a≤≤≥≤†to†th≥†solution,†which†y≥llows.†Aft≥r†1†hour†
stirring†at†RT,†th≥†solution†was†filt≥r≥≤†an≤†≥vaporat≥≤;†cru≤≥†NMR†show≥≤†an†approx.†1:1†mixtur≥†of†
alcohol†(CH2OH†@†4.46†ppm)†an≤†(CH2Br†@†4.30†ppm);†this†was†s≥parat≥≤†on†a†quick†column†as†th≥†
bromi≤≥††hy≤rolys≥s††on††silica.††Chromatography††on††10:1→2.5:1††Cy:EA†gav≥†150†as†a†colourl≥ss†oil†
(39†mg,†0.09†mmol,†22%†==27%†brsm;†Rf†=†0.63†on†2.5:1†Cy:EA)†an≤†r≥cov≥r≥≤†149††(24†mg,†
0.07†mmol).††
†
para-(t≥traac≥to-β-galactosyloxy)b≥nzyl†bromi≤≥†(153)*†
β-galactosi≤≥†152†was†synth≥sis≥≤†in†50%†yi≥l≤†as†follows.†To†galactos≥†p≥ntaac≥at≥†(12†g,†31†mmol)†
was†a≤≤≥≤†p-cr≥sol†(11.5†g,†107†mmol,†3.5†≥q)†which†ha≤†b≥≥n†≤ri≥≤†in†solution†on†mol≥cular†si≥v≥s,†
an≤†DCM†(250†mL).†Th≥†solution†was†cool≥≤†to†0°C†an≤†BF3∙OEt2†(17.2†g,†122†mmol)†was†a≤≤≥≤†an≤†
th≥†solution†was†stirr≥≤†warming†to†RT†ov≥rnight,†qu≥nch≥≤†into†KOH/Na2CO3†(b≥tt≥r†m≥tho≤:†a≤≤†
carbonat≥†solution),†th≥n†DCM†≥vaporat≥≤†from†th≥†biphasic†mixtur≥,†Et2O†a≤≤≥≤,†an≤†th≥†organic†
lay≥r†wash≥≤†r≥p≥at≥≤ly†with†KOH†solution†till†th≥†aqu≥ous†lay≥rs†w≥r≥†not†colour≥≤.†Th≥†organic†
lay≥r†was†wash≥≤†with†brin≥,†≤ri≥≤†on†so≤ium†sulfat≥,†filt≥r≥≤,†conc≥ntrat≥≤,†an≤†chromatograph≥≤†to†
giv≥†152†as†a†colourl≥ss†pow≤≥r†(6.9†g,†15.7†mmol,†50%).†This†was†≤issolv≥≤†into†CHCl3†an≤†≤ri≥≤†on†
mol≥cular†si≥v≥s†for†24†h,†th≥n†NBS†(2.87†g,†16.1†mmol,†1.15†≥q)†an≤†AIBN†(230†mg)†w≥r≥†a≤≤≥≤†an≤†
th≥†solution†h≥at≥≤†to†60°C.†Aft≥r†1.5†h†an≤†3†h,†two†furth≥r†portions†of†AIBN†(230†mg)†w≥r≥†a≤≤≥≤,†
th≥n†all†th≥†soli≤s†ha≤†≤issolv≥≤,†an≤†th≥†r≥action†ha≤†attain≥≤†th≥†most†favourabl≥†≤istribution†(20:3:1†
pro≤uct:≤ibromo:starting†mat≥rial).†Th≥†r≥action†was†cool≥≤,†an≤†colourl≥ss†crystals†w≥r≥†filt≥r≥≤†off,†
th≥n††th≥††solution††conc≥ntrat≥≤††an≤††chromatograph≥≤††with††10:1→2.5:1††Cy:EA††r≥v≥aling†with†Van†to†
giv≥†known†153†as†a†colourl≥ss,†hygroscopic†foam†which†was†triturat≥≤†with†p≥ntan≥†to†giv≥†a†brittl≥†
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soli≤†(7.13†g,†11.7†mmol,†82%;†Rf†=†0.33†on†5:2†Cy:EA)†containing†trac≥†r≥si≤ual†≤ibromo†(Rf†=†0.48†
on†5:2†Cy:EA)†an≤†nonbromo†(Rf†=†0.21†on†5:2†Cy:EA)†compun≤s.†

5.4.9.†Final†m≥tho≤s:†O-alkylations†of†oxazolon≥s†an≤†oxazoli≤inon≥s†

†
2-(b≥nzyloxy)-4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)-4,5-≤ihy≤rooxazol≥†(135)†
In†on≥†≥xampl≥,†a≤apt≥≤†from†th≥†m≥tho≤†of†S≥ki†an≤†Matsumoto,[61]†125†(818†mg,†3.54†mmol)†was†
r≥act≥≤,†capp≥≤,†un≤≥r†air,†with†BnBr†(735†mg,†4.30†mmol)†an≤†Ag2CO3†(940†mg,†3.41†mmol)†in†≤ry†
PhM≥†(10†mL)†at†60°C†for†14†h†in†th≥†≤ark,†obtaining†a†gr≥≥n-y≥llow†soli≤†un≤≥r†a†cl≥ar†solution.†This†
solution†was†loa≤≥≤†as†is†onto†a†silica†column,†th≥†soli≤†wash≥≤†with†AcOEt†an≤†that†solution†a≤≤≥≤,†
th≥n†chromatograph≥≤†car≥fully†on†100:0→1:1†p≥th:EA†coll≥cting†all†spots.†On†TLC†with†7:2†Cy:EA†
r≥v≥aling†with†Van†th≥s≥†ar≥†s≥qu≥ntially,†≤ib≥nzyl†carbamat≥†(Rf†=†0.68,†trac≥,†chars†r≥≤),†135†
(Rf†=†0.41,†chars†gr≥y-gr≥≥n),†138+141†(Rf†=†0.32†ins≥parabl≥,†chars†gr≥y),†an≤†125†(Rf†=†0.03);†non≥†
of†th≥†pro≤ucts†w≥r≥†≥asily†oxi≤is≥≤†by†Van,†but†KMnO4/UV†coul≤†b≥†us≥≤†satisfactorily.†135†was†
r≥cov≥r≥≤†as†a†colourl≥ss†oil†(284†mg,†0.88†mmol,†25%)†an≤†assign≥≤†th≥†O-b≥nzylat≥≤†structur≥†on†
th≥†basis†of†th≥†following†bol≤≥≤†NMR†shifts†(NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†291†ff.):†1H-NMR†
(500†MHz,†CDCl3):†δ†=†7.44-7.35†(m,†5H),†5.27†(s,†2H,†OBn),†4.49-4.40†(m,†2H),†4.21-4.16†(m,†1H),†
3.81†(≤≤,†10.5&3.5†Hz,†1H),†3.56†(≤≤,†10.2&6.8†Hz,†1H),†0.94†(s,†9H),†0.11†(s+s,†2×3H)†
ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†163.8†(C2),†135.4,†128.6†(×2),†128.5,†128.1†(×2),†72.4†(OBn),†
71.6,†65.5,†64.9,†25.9†(×3),†18.4,†-5.2†(×2)†ppm.†B≥nzyl†carbamat≥†was†attribut≥≤†bas≥≤†on†1H-NMR†
(200†MHz,†CDCl3):†δ†=†7.41-7.28†(m,†10H),†5.18†(s,†2H),†4.57†(s,†2H)†ppm.†125†coul≤†b≥†r≥cov≥r≥≤†in†
up†to†15%†yi≥l≤.†
†
3-b≥nzyl-4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)oxazoli≤in-2-on≥†(138);†
4-((b≥nzyloxy)m≥thyl)oxazoli≤in-2-on≥†(141)†
138+141†was†obtain≥≤†as†an†ins≥parabl≥†mixtur≥†≤uring†on≥†such†proc≥≤ur≥†for†135†as†a†colourl≥ss†oil;†
in†th≥†following†proc≥≤ur≥s†th≥†mixtur≥†was†≤iscar≤≥≤.†By†NMR†th≥†yi≥l≤s†w≥r≥†calculat≥≤†as†138:†
34%†brsm;†141:†22%†brsm.†138†was†assign≥≤†th≥†N-b≥nzylat≥≤†structur≥†on†th≥†basis†of†th≥†following†
bol≤≥≤†NMR†shift,†with†th≥†oth≥r†attributions†p≥rform≥≤†as†b≥st†as†possibl≥:†1H-NMR††(500†MHz,†
CDCl3):†δ†=†7.42-7.27†(m,†5H),†4.71†(s,†2H,†NBn),†4.21-4.05†(m,†2H),†3.73-3.55†(m,†3H),†0.93†(s,†9H),†
0.10†(s,†6H);†141†was†assign≥≤†its†structur≥†bas≥≤†on†th≥†following†attributions:†1H-NMR†(500†MHz,†
CDCl3):†δ†=†7.42-7.27†(m,†5H),†4.83†(≤,†15†Hz,†2H,†CH2OBn),†4.31†(~t,†18†Hz,†2H),†4.21-4.10†(m≤,†
15†Hz,†1H),†3.85-3.75†(m,†1H),†3.73-3.65†(m,†1H).†

†
†260†
†



†
Part†III.5†–†Compoun≤s†of†Part†II†

†

†

†
5-b≥nzyl-2-(b≥nzyloxy)-4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)oxazol≥†(136)†
Similarly†to†th≥†proc≥≤ur≥†for†135,†103†(281†mg,†0.88†mmol)†was†r≥act≥≤†with†BnBr†(222†mg,†
1.30†mmol)†an≤†Ag2CO3†(254†mg,†0.92†mmol)†in†≤ry†PhM≥†(4†mL).†TLC†(Cy:EA†≥lu≥nts)†was†≥asily†
r≥v≥al≥≤†with†vanillin;†main†pro≤ucts†w≥r≥†136††(Rf†=†0.39†on†10:1,†Rf†=†0.74†on†5:2,†chars†r≥≤)†an≤†
140††(Rf†=†0.12†on†10:1,†chars†r≥≤).†Aft≥r†r≥action,†SiO2†was†a≤≤≥≤†an≤†th≥†tolu≥n≥†was†car≥fully†
≥vaporat≥≤.†Column†with†a†soli≤†≤≥position†of†th≥†total†cont≥nts†gav≥†136†as†a†colourl≥ss†oil†(236†mg,†
0.57†mmol,†65%),†which†was†assign≥≤†th≥†O-b≥nzylat≥≤†structur≥†on†th≥†basis†of†th≥†following†bol≤≥≤†
NMR†shifts††(NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥†293†ff.):†1H-NMR††(200†MHz,†CDCl3):†δ†=†7.45-
7.18†(m,†10H),†5.36†(s,†2H,†O-b≥nzyl),†4.62†(s,†2H),†3.98†(s,†2H),†0.96†(s,†9H),†0.16†(s,†6H)†
ppm.†13C-NMR††(125†MHz,†CDCl3):†δ†=†160.5,†141.8,†137.8,†135.1,†133.5,†128.7+128.7†(×6),†128.4†
(×2),†126.7,†72.6†(O-b≥nzyl),†58.5,†31.2,†26.1†(×3),†18.6,†-5.0†(×2)†ppm.†
†
3,5-≤ib≥nzyl-4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)oxazol-2(3H)-on≥†(140)†
140†was†obtain≥≤†≤uring†th≥†proc≥≤ur≥†for†136†as†a†pal≥†y≥llow†oil†(37†mg,†0.09†mmol,†10%).†
DIMS(+):†410†(MH+).†It†was†assign≥≤†th≥†N-b≥nzylat≥≤†structur≥†on†th≥†basis†of†th≥†following†bol≤≥≤†
NMR†shifts:†1H-NMR††(500†MHz,†CDCl3):†δ†=†7.45-7.20†(m,†10H),†4.93†(s,†2H,†N-b≥nzyl),†4.28†(s,†
2H),†3.79†(s,†2H),†0.94†(s,†9H),†0.07†(s,†6H)†ppm.†13C-NMR††(125†MHz,†CDCl3):†δ†=†155.9,†136.7,†
136.3,†135.8,†128.9†(×2),†128.8†(×2),†128.6†(×2),†128.0,†127.3†(×2),†127.1,†122.0,†53.8,†45.7†
(N-b≥nzyl),†31.0,†25.9†(×3),†18.3,†-5.3†(×2)†ppm.†
†

†
2-(3-paranitrob≥nzyloxy)-4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)-4,5-≤ihy≤rooxazol≥†
(137)†
Similarly†to†th≥†proc≥≤ur≥†for†135,†125†(501†mg,†2.17†mmol)†was†r≥act≥≤†with†pNO2BnBr†(606†mg,†
2.80†mmol)†an≤†Ag2CO3†(632†mg,†2.29†mmol)†in†≤ry†PhM≥†(7†mL).†TLC†(1:1†Cy:EA)†was†only†w≥ll-
r≥v≥al≥≤†by†UV.†Major†pro≤ucts†w≥r≥†137††(Rf†=†0.42)†an≤†139††(Rf†=†0.30)†as†w≥ll†as†significant†
isolat≥≤ †amounts †of †≤i(paranitrob≥nzyl) †≥th≥r †(12†mg, †0.04†mmol, †2% †isol) †an≤ †
paranitrob≥nzal≤≥hy≤≥†(18†mg,†0.12†mmol,†5%†isol),†starting†mat≥rial,†an≤†significant†non-isolat≥≤†
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amounts†of†th≥†thr≥≥†major†≤≥silylat≥≤†pro≤ucts.†137†was†obtain≥≤†as†a†colourl≥ss†oil†(80†mg,†
0.22†mmol,†10%),†which†was†assign≥≤†th≥†O-b≥nzylat≥≤†structur≥†on†th≥†basis†of†th≥†following†bol≤≥≤†
NMR†shift:†1H-NMR†(500†MHz,†CDCl3):†δ†=†8.25†(≤,†8.8†Hz,†2H),†7.58†(≤,†8.6†Hz,†2H),†5.36†(s,†2H,†
OBn),†4.49†(~t,†8.6†Hz,†1H),†4.43†(≤≤,†8.3&6.5†Hz,†1H),†4.20-4.15†(m,†1H),†3.77†(≤≤,†9.8&3.7†Hz,†
1H),†3.60†(≤≤,†9.8&5.9†Hz,†1H),†0.90†(s,†9H),†0.09+0.08†(s+s,†2×3H)†ppm.†13C-NMR†(125†MHz,†
CDCl3):†δ†=†163.4,†147.9,†142.7,†128.1†(×2),†123.9†(×2),†71.8†(OBn),†70.6,†65.2,†64.9,†25.9†(×3),†-5.2,†
-5.2†ppm.†Di(paranitrob≥nzyl)†≥th≥r†was†assign≥≤†bas≥≤†on†1H-NMR†(200†MHz,†CDCl3):†δ†=†8.21†(≤,†
8.8†Hz,†2H),†7.55†(≤,†8.6†Hz,†2H),†4.72†(s,†2H);†para-nitrob≥nzal≤≥hy≤≥†was†assign≥≤†bas≥≤†
on†1H-NMR†(200†MHz,†CDCl3):†δ†=†10.16†(s,†1H),†8.40†(≤,†8.7†Hz,†2H),†8.05†(≤,†8.5†Hz,†2H).†
†
3-paranitrob≥nzyl-4-(((t≥rt-butyl≤im≥thylsilyl)oxy)m≥thyl)oxazoli≤in-2-on≥†(139)†
139†was†obtain≥≤†≤uring†th≥†proc≥≤ur≥†for†137†as†a†pal≥†y≥llow†oil†(350†mg†with†ins≥p≥rabl≥†
contaminants,†calc.†0.5†mmol,†25%).†It†was†assign≥≤†th≥†N-b≥nzylat≥≤†structur≥†on†th≥†basis†of†th≥†
following†bol≤≥≤†NMR†shift:†1H-NMR††(200†MHz,†CDCl3):†δ†=†4.81†(s,†2H,†NBn)†ppm;†oth≥r†1H-
NMR†f≥atur≥s†ov≥rlapp≥≤†with†stan≤ar≤†shifts†for†similar†structur≥s†(s≥≥†137)†in†th≥†contaminants.†
†

†
2-(2-((4-nitrob≥nzyl)oxy)-4,5-≤ihy≤rooxazol-4-yl)≥thanol†(155)†
In†a†r≥pr≥s≥ntativ≥†proc≥≤ur≥,†130a†(1.52†mmol)†was†r≥act≥≤†with†pNO2BnBr†(847†mg,†3.90†mmol)†in†
th≥†pr≥s≥nc≥†of†AgOTf†(516†mg,†2.02†mmol)†an≤†Ag2O†(423†mg,†1.84†mmol)†in†tolu≥n≥†(2†mL)†at†
65°C†for†6h†in†th≥†≤ark.†A†cl≥ar,†pal≥†solution†ov≥r†a†gr≥y†soli≤†was†form≥≤.†Soli≤†≤≥position†
chromatography†as†for†135†yi≥l≤s†155†(55†mg,†0.20†mmol,†13%;†Rf†=†0.62†on†1:2:0.02†Cy:EA:M≥OH,†
gr≥y†with†Van)†b≥for≥†N-alkylat≥≤†bypro≤uct†155x,†as†w≥ll†as†≤i-p-nitrob≥nzyl†≥th≥r†(72†mg,†
0.25†mmol).†DIMS(+):†267†(MH+),†DIMS(-):†265†(M-H)-.†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†on†pag≥269†
297†ff.†1H-NMR††(500†MHz,†CDCl3):†δ†=†8.27-8.20†(m,†2H),†7.55-7.45†(m,†2H),†5.22†(s,†2H,†
OBnpNO2),†4.05-3.92†(m,†1H),†3.87-3.80†(m,†2H),†3.75-3.61†(m,†2H),†2.35-2.25†(m,†1H),†1.91-1.83†
(m,†1H)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†155.4,†147.7,†144.0,†128.3†(×2),†123.9†(×2),†73.6†(O-
p-NO2Bn),†66.9,†65.3,†52.1,†33.3†ppm.†
†
4-(2-hy≤roxy≥thyl)-3-(4-nitrob≥nzyl)oxazoli≤in-2-on≥†(155x)†
N-alkylat≥≤†155x†was†isolat≥≤†as†a†colourl≥ss†oil†(150†mg,†35%)†≤uring†th≥†proc≥≤ur≥†for†O-alkylat≥≤†
155.†TLC:†Rf†=†0.40††(1:2:0.02†Cy:EA:M≥OH,†gr≥y†with†Van).†DIMS(+):†267†(MH+).†1H-NMR†
(200†MHz,†CDCN:†pro≤uct†insolubl≥†in†CDCl3):†δ†=†8.18†(≤,†8.7†Hz,†2H),†7.55†(≤,†8.3†Hz,†2H),†6.44†
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(s†br,†1H),†4.61†(s,†2H,†NBnpNO2),†4.53†(t,†8.3†Hz,†1H),†4.20-4.05†(m,†2H),†3.65-3.55†(m,†2H),†1.88†
(t≤~q,†6.1†Hz,†2H)†ppm.†13C-NMR†(50†MHz,†CDCN):†δ†=†160.4,†147.4,†146.6,†128.0†(×2),†123.6†(×2),†
71.4,†70.9,†67.4,†51.1,†34.7ppm.†
†

5.4.10.†O-alkylat≥≤†oxazolon≥/oxazoli≤inon≥†≥l≥ctrophil≥s†an≤†grafting†

†
(5-b≥nzyl-2-(b≥nzyloxy)oxazol-4-yl)m≥thanol†(†142)†
Following†th≥†TBAF†protocol†of†Kaburagi[62],†to†136†(233†mg,†0.57†mmol)†was†a≤≤≥≤†TBAF†(1M†in†
THF,†2.5†mL)†an≤†th≥†orang≥-r≥≤†solution†stirr≥≤†un≤≥r†air†for†4†h.†CaCO3†(580†mg)†was†a≤≤≥≤,†th≥n†
Dow≥x†r≥sin†(50X8-100†aci≤†form,†1.72†g),†th≥n†th≥†mixtur≥†filt≥r≥≤†through†a†short,†wi≤≥†lay≥r†of†
san≤/C≥lit≥†rinsing†with†≤ry†M≥OH†(2×2.5†mL);†th≥†solution†was†≥vaporat≥≤†to†giv≥†a†quantitativ≥†
yi≥l≤†of†142†(168†mg,†0.57†mmol)†as†a†pal≥†orang≥†oil†containing†som≥†(inoff≥nsiv≥)†r≥si≤ual†TBA+†
salts†(76†mg).†1H-NMR†(200†MHz,†CDCl3):†δ†=†7.35-7.15†(m,†10H),†5.27†(s,†2H),†4.46†(s,†2H),†3.88†
(s,†2H)†ppm.†13C-NMR††(125†MHz,†M≥OD):†δ†=†160.7,†142.6,†137.5,†133.5,†128.5†(×2),†128.4†(×2),†
128.3†(×2),†128.1†(×2),†126.5,†72.6,†55.3†(CH2OH),†30.2†ppm.†DIMS(+):†296†(MH+).†
†
(5-b≥nzyl-2-(b≥nzyloxy)oxazol-4-yl)chlorom≥than≥†(144)†
To†142†(70†mg,†0.24†mmol)†w≥r≥†a≤≤≥≤†at†0°C†≤ry†DCM†(10†mL),†N-butylimi≤azol≥†(101†mg,†
0.81†mmol),†an≤†TsCl†(74†mg,†0.39†mmol).†Th≥†orang≥†solution†of†starting†mat≥rial†imm≥≤iat≥ly†turns†
pal≥†y≥llow†upon†a≤≤ition†of†th≥†TsCl.†Th≥†r≥action†was†stirr≥≤†warming†to†RT†for†12†h;†DIMS(-)†
in≤icat≥≤†tosylat≥†OTS254B††(448†Th,†[M-H]-)†an≤†DIMS(+)†in≤icat≥≤†bis-tosylation†(655†Th).†
Workup†as†for†126†follow≥≤††by††column††chromatography††on††100:0→0:1††Cy:EA††follow≥≤††by†
M≥OH/NEt3/AcOEt†rinsing†r≥turn≥≤†144†as†a†colourl≥ss†oil†(19†mg,†0.06†mmol,†25%†==†30%†brsm;†
Rf†=†0.57†on†5:2†Cy:EA,†chars†r≥≤†with†Van)†an≤†unr≥act≥≤†142†(12†mg,†0.04†mmol,†16%).†DIMS(+):†
314@100,†316@25;†MH+.†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.48-7.25†(m,†10H),†5.42†(s,†2H),†4.45†(s,†
2H),†3.97†(s,†2H)†ppm.†13C-NMR††(125†MHz,†M≥OD):†δ†=†160.7,†143.3,†136.4,†134.8,†131.0,†128.9†
(×2),†128.9,†128.8†(×2),†128.7†(×2),†128.4†(×2),†127.2,†73.0,†37.5†(CH2Cl),†31.2†ppm.†
†
(5-b≥nzyl-2-(b≥nzyloxy)oxazol-4-yl)-(1-pip≥ri≤yl)m≥than≥†(145)†
To†144†(19†mg,†0.06†mmol)†w≥r≥†a≤≤≥≤†≤ry†EtOH†(10†mL)†an≤†pip≥ri≤in≥†(242†mg,†3†mmol)†an≤†th≥†
mixtur≥†stirr≥≤†at†RT†ov≥rnight.†Th≥†volatil≥s†w≥r≥†r≥mov≥≤†an≤†th≥†r≥si≤u≥†chromatograph≥≤†on†
100:0→1:1††p≥th:EA††to††r≥mov≥††contaminants,††th≥n††th≥††≥luant††chang≥≤††to††45:45:5:2→40:40:10:10†
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p≥th:EA:M≥OH:NEt3†yi≥l≤ing†pur≥†145†as†a†colourl≥ss†oil†(15†mg,†0.05†mmol,†80%;†Rf†=†0.45†on†
1:1:0.2†Cy:EA:M≥OH,†chars†brown†with†Van).†DIMS(+):†363.2†(MH+).†NMR†sp≥ctra†ar≥†r≥pro≤uc≥≤†
on†pag≥†295†ff.†1H-NMR†(500†MHz,†CDCl3):†δ†=†7.45-7.15†(m,†10H),†5.40†(s,†2H),†3.96†(s,†2H),†3.37†
(s,†2H,†oxazolo-CH2-pip≥ri≤yl),†2.47†(~t,†5.4†Hz,†4H),†1.65-1.61†(m,†4H),†1.49-1.46†(m,†
2H)†ppm.†13C-NMR†(125†MHz,†CDCl3):†δ†=†160.4,†142.7,†137.8,†135.4,†131.4,†128.6†(×2),†128.5†(×2),†
128.5†(×2),†128.2†(×2),†126.6,†72.7,†54.6†(×2),†54.5,†46.4†(oxazolo-CH2-pip≥ri≤yl),†31.0,†25.9†(×2),†
24.4†ppm.†
†

†
1-(5-b≥nzyl-2-(b≥nzyloxy)oxazol-4-yl)m≥thyl-4,7-≤ipicolyl-1,4,7-triazacyclononan≥†(160)†
Not≥:†a†b≥tt≥r†proc≥≤ur≥†woul≤†us≥†DBU†inst≥a≤†of†Et3N.†1,4-≤ipicolyl-1,4,7-triazacyclononan≥†
(≤ptacn,†ag≥≤†an≤†black≥n≥≤,†112†mg,†≤0.38†mmol)†was†stirr≥≤†with†TFA†(4†mL)†for†1†h†at†RT†to†
≤≥compos≥†carbamic†aci≤s,†which†ar≥†oft≥n†cit≥≤†as†a†storag≥-≤≥gra≤ation†pro≤uct,†b≥for≥†high-
vacuum†≥vaporation†of†th≥†volatil≥s†an≤†trituration†with†p≥th.†To†142†(168†mg,†0.57†mmol)†w≥r≥†
a≤≤≥≤†at†0°C†≤ry†DCM†(4†mL),†KOH-≤ri≥≤†Et3N†(0.3†mL),†an≤†th≥n†in†on≥†shot,†a†solution†of†MsCl†
(88†mg,†0.77†mmol)†in†DCM†(1†mL).†Th≥†solution†was†stirr≥≤†for†10†min†at†0°C,†5†min†at†RT,†th≥n†
≥vaporat≥≤.†To†th≥†≤ptacn†was†a≤≤≥≤†≤ry†Et3N†(0.3†mL),†≤ry†EtOH†(8†mL),†an≤†KI†(30†mg);†th≥n†th≥†
m≥sylation†r≥si≤u≥†was†quickly†wash≥≤†in†with†EtOH†(2×2†mL)†an≤†th≥†solution†stirr≥≤†ov≥rnight.†
Alumina†TLC†(5:5:1†EA:Cy:M≥OH)†shows†≤ptacn†(immobil≥),†but†also†th≥†formation†of†a†fast≥r-
running†y≥llow†spot†(Rf†=†0.12).†DIMS(+):†296†(142H+),†379†(160x+),†589†(160H+),†611†(160Na+).†Th≥†
volatil≥s†w≥r≥†≥vaporat≥≤†an≤†a†short†column†on†basic†alumina†run†with†100:0→90:16†CHCl3:M≥OH.†
Th≥†pur≥-CHCl3†fractions†r≥cov≥r†r≥g≥n≥rat≥≤/unr≥act≥≤†142†(64†mg,†0.22†mmol,†38%).†Polarity†
90:10†≥luant†r≥cov≥r≥≤†a†fraction†of†84†mg†of†gr≥≥n-brown†oil†containing†an†≥stimat≥≤†~2:3†mixtur≥†of†
≤ptacn†an≤†160.†Sali≥nt†1H-NMR†(500†MHz,†CDCl3):†δ†=†5.30†(s,†2H,†O-b≥nzyl),†4.50†(s,†2H),†4.21†
(s,†2H),†3.83†(s,†4H),†3.15-3.10†(m,†4H,†≤ptacn),†2.98-2.82†(m,†8H,†≤ptacn).†R≥purification†will†b≥†
p≥rform≥≤†onc≥†≥xp≥rim≥ntation†r≥starts.†
†
†
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K≥y†NMR†Sp≥ctra†
K≥y†sp≥ctra†ar≥†giv≥n†in†th≥†or≤≥r†in†which†th≥†mol≥cul≥s†w≥r≥†pr≥s≥nt≥≤†in†th≥†t≥xt.†
Spac≥r†prot≥cting†group†strat≥gy†
Equilibrating†mixtur≥†syn/anti-28b↔E/Z-28a:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†

†
† †
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Equilibrating†mixtur≥†syn/anti-28b↔E/Z-28a:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†

†
† †
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Fluorog≥nic†prob≥s†t≥st≥≤†in†vitro†
1a:†1H-NMR†sp≥ctrum†(500†MHz,†D2O,†TFA†count≥rion)†

†
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1a:†13C-NMR†sp≥ctrum†(125†MHz,†D2O,†TFA†count≥rion)†

†
† †
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1b:†1H-NMR†sp≥ctrum†(500†MHz,†D2O,†TFA†count≥rion)†

†
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1b:†13C-NMR†sp≥ctrum†(125†MHz,†D2O,†TFA†count≥rion)†

†
† †
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1b:†u≤≥ft†13C-NMR,†aromatic†sp≥ctral†win≤ow†(125†MHz,†D2O,†TFA†count≥rion).†Th≥†fiv≥†
probl≥matic†quat≥rnary†carbon†p≥aks†from†165-147†ppm†ar≥†p≥ak-pick≥≤.†

†
† †
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15a:†1H-NMR†sp≥ctrum†(500†MHz,†M≥OD,†chlori≤≥†count≥rion)†

†
† †
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M≥thylfuranol†Glycosi≤≥s†from†Alkynyl†Cycloisom≥risation†
57c-β:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†(th≥†anom≥ric†57c-α†pr≥s≥nts†such†similar†f≥atur≥s†that†
only†th≥†β†form’s†sp≥ctra†ar≥†shown)†

†
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57c-β:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†

†
†
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60c-1:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†(th≥†≥pim≥ric†60c-2†pr≥s≥nts†such†similar†f≥atur≥s†that†
only†this†≥pim≥r’s†sp≥ctra†ar≥†shown)†
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61-cβ:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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Picolyl†Alkynyl†Cycloisom≥risation†Rout≥†
63a:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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E/Z-65b:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3,†cru≤≥)†
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74a:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3).†Not≥†th≥†minor†p≥aks†from†th≥†alkynon≥†form†74b.†
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74a:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3).†Not≥†th≥†minor†p≥aks†from†th≥†alkynon≥†form†74b.†
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75:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†

†
† †

†
†284†
†



†
Part†III†–†K≥y†NMR†Sp≥ctra†

†

75:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†

†
† †

†
† 285†
†



†
Part†III†–†K≥y†NMR†Sp≥ctra†

†

Furan†SNAr†Rout≥†
87:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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88:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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88:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†
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Cyclic†Carbamat≥s†
104:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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104:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†
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135:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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135:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†
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136:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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136:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†

†
† †

†
†294†
†



†
Part†III†–†K≥y†NMR†Sp≥ctra†

†

145:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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145:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†
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155:†1H-NMR†sp≥ctrum†(500†MHz,†CDCl3)†
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155:†13C-NMR†sp≥ctrum†(125†MHz,†CDCl3)†
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Publications†from†this†PhD†
†
Part†I:†A†pat≥nt††(J.†Hass≥ro≤t,†O.†Thorn-S≥shol≤;†Substrat†≤≥†P≥pti≤as≥†Fluorog≥n≥††[FR1158732/†
WO2013045854],†2011)†an≤†a†pap≥r†(O.†Thorn-S≥shol≤,†M.†Vargas-Sanch≥z,†S.†McK≥on†an≤†J.†
Hass≥ro≤t;†Ch≥m.†Commun.†2012,†48,†6253-6255)†hav≥†b≥≥n†publish≥≤†bas≥≤†on†th≥†work†in†Part†I.††
†
Th≥†Ch≥m.†Commun.†pap≥r†is†r≥pro≤uc≥≤†on†th≥†following†pag≥s;†th≥†full†pat≥nt†t≥xt†is†now†in†th≥†
public†≤omain†(as†of†April†2013)†but†is†not†r≥pro≤uc≥≤†h≥r≥.†
†
A†pap≥r†inclu≤ing†som≥†of†my†furth≥r†synth≥tic/≥nzymatic†r≥sults†with†th≥†prob≥s†of†Part†I,†as†w≥ll†as†
much†original†work†by†Maxim≥†Prost†who†took†ov≥r†th≥†fluorog≥nic†prob≥s†proj≥ct†in†2011,†is†plann≥≤†
for†pr≥paration†b≥ginning†in†Jun≥†2013†(M.†Prost,†O.†Thorn-S≥shol≤,†L.†Canapl≥,†J.†Hass≥ro≤t†≥t†al.).†
Th≥†combr≥tastatin†pro≤rug†sch≥≤ul≥≤†for†in†c≥llulo†t≥sts†in†Jun≥†shoul≤†≥nt≥r†into†a†s≥parat≥†
m≥≤icinal†ch≥mistry†publication.†A†final†pap≥r†communicating†som≥†of†th≥†r≥sults†of†th≥†mo≤≥lling†
≥xp≥rim≥nts†of†Part†I†may†b≥†pr≥par≥≤†s≥parat≥ly†at†a†lat≥r†≤at≥,†for†a†g≥n≥ral†conc≥pt†pap≥r.†
†
Part†II:†Furth≥r†≥xp≥rim≥nts†ar≥†b≥ing†p≥rform≥≤†(May-July†2013)†to†conclu≤≥†on†th≥†f≥asibility†
(↔aqu≥ous†stability)†of†th≥†furyl†an≤†≥sp≥cially†carbimi≤yl†syst≥ms.†If†th≥†syst≥ms†ar≥†≤≥≥m≥≤†too†
unstabl≥†for†us≥†as†spac≥rs†in†off-ON†prob≥s,†th≥n†th≥y†will†b≥†publish≥≤†s≥parat≥ly†for†th≥ir†synth≥tic†
ch≥mistry†cont≥nt.†How≥v≥r,†if†th≥y†allow†off-ON†MRI†prob≥s†in†aqu≥ous†m≥≤ia,†th≥ir†(lat≥r)†
publication†as†such†can†hop≥†to†comman≤†mor≥†att≥ntion.†

†
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†

†oliv≥r.torval≤.thorn-s≥shol≤@≥ns-lyon.fr;††+33†47272†8396;††w≥bsit≥.††
†Oliv≥r†Thorn-S≥shol≤,†M.Sc†
†
Stu≤i≥s†at:†Ecol≥†Normal≥†Supéri≥ur≥†≤≥†Lyon,†Franc≥†(ENS-Lyon);†Univ≥rsity†
of†Sy≤n≥y,†Australia†(USYD);†Göt≥borgs†Univ≥rsität≥t,†Sw≥≤≥n†(GU).†

Dat≥†of†Birth:†5†Jun≥†1985,†Sy≤n≥y.†Citiz≥nships:†Australian,†Sw≥≤ish,†British.†
†
Summary†
2009-pr≥s≥nt:†PhD,†Ecol≥†Normal≥†Sup≥ri≥ur≥†≤≥†Lyon†(Franc≥);†Sup≥rvisor:†Prof.†J.†Hass≥ro≤t.†
PhD†in†organic†synth≥sis†an≤†ch≥mical†biology:†D≥v≥lopm≥nt†of†Auto-Immolativ≥†Spac≥rs†for†
Prob≥s†of†Enzym≥†Activity.†

2008:†Mast≥r†2;†ENS-Lyon:†Gra≤uat≥≤†plac≥≤†5th.†Int≥rnship†in†synth≥sis†for†bio-organic†ch≥mistry.††
2007:†Honours;†Univ≥rsity†of†Sy≤n≥y†(Australia):†E≤na†Mau≤≥†Goulston†priz≥†in†Organic†
Ch≥mistry.†R≥s≥arch†un≤≥r†Prof.†R.†Gilb≥rt†(physical†ch≥mistry)†an≤†A.†Prof.†A.†Gray-W≥al≥†
(th≥or≥tical†ch≥mistry).†

2004-2006:†Bach≥lor;†USYD†an≤†Göt≥borgs†Univ≥rsität≥t†(Sw≥≤≥n):†Doubl≥†major†in†ch≥mistry.†
Exchang≥†to†GU†for†th≥or≥tical†ch≥mistry†an≤†optics†(2006).†Walt≥r†Burfitt†Ch≥mistry†Scholarship.†

2002–2003:†Int≥rnational†Ch≥mistry†Olympia≤s:†M≥mb≥r†of†th≥†Australian†t≥ams†at†th≥†34th†an≤†
35th†Int≥rnational†Olympia≤s,†winning†Bronz≥†(111th/228;†2002)†an≤†Silv≥r†(34th/232;†2003)†m≥≤als.†

1998–2003:†Sy≤n≥y†Grammar†School:†Aft≥r-hours†r≥s≥arch†with†Dr†Micha≥l†Bishop†in†inorganic†
ch≥mistry†(2000-2002)†l≥a≤ing†to†first†coauthorships.†Australian†Stu≤≥nt†Priz≥s†(2002†an≤†2003).††

†
Publications†/†Pat≥nt†
[6]†O.†Thorn-S≥shol≤,†M.†Vargas-Sanch≥z,†S.†McK≥on,†J.†Hass≥ro≤t;†Ch≥m.†Comm.†2012,†48,†6253:†A†Robust,†
High-S≥nsitivity†St≥alth†Prob≥†for†P≥pti≤as≥s.†

[5]†J.†Hass≥ro≤t,†O.†Thorn-S≥shol≤,†Fluorog≥nic†P≥pti≤as≥†Substrat≥†(Fr≥nch†Pat≥nt†FR1158732),†2011.†
[4]†D.†Konkol≥wicz,†O.†Thorn-S≥shol≤†an≤†A.†Gray-W≥al≥;†J.†Ch≥m.†Phys.†2008,†129,†054901.†
[3]†M.†M.†Bishop,†L.†Lin≤oy,†M.†McPartlin,†A.†Parkin,†O.†Thorn-S≥shol≤,†P.†Turn≥r;†Polyh≥≤ron†2007,†26,†415.†
[2]†M.†M.†Bishop,†S.†J.†Col≥s,†A.†H.†W.†L≥≥,†L.†F.†Lin≤oy,†A.†Parkin,†O.†Thorn-S≥shol≤,†P.†
Turn≥r;†Supramol≥cular†Ch≥mistry†2005,†17,†(7),†567.†

[1]†M.†M.†Bishop,†L.†F.†Lin≤oy,†O.†Thorn-S≥shol≤,†R.†O.†Piltz,†P.†Turn≥r;†J.†H≥t.†Ch≥m.†2001,†38,†(6),†1377.††
†
F≥llowships†an≤†Awar≤s†
Fr≥nch†R≥gional†Aca≤≥mic†R≥s≥arch†Council†grant†ARC1-Santé,†an≤†ENS-Lyon†R≥s≥arch†Support†
Fun≤†grant†(2013),†for†my†in≤≥p≥n≤ant-initiativ≥†proj≥ct†in†photo-controll≥≤†ch≥moth≥rapy,†
partn≥ring†with†groups†Traun≥r†(Munich),†Jalinot†(Lyon),†Vollmar†(Munich),†an≤†Coll†(Gr≥nobl≥).†

Fr≥nch†Ministry†of†R≥s≥arch†PhD†Scholarship†with†T≥aching†F≥llowship†(2009–2012).†Amp≥r≥†
Mast≥rs†Scholarship†(2008).††

E≤na†Mau≤≥†Goulston†priz≥†for†Organic†Ch≥mistry;†Honours†th≥sis†gra≤≥≤†High†Distinction†(2007).†
Univ≥rsity†of†Sy≤n≥y†Scholarship†with†M≥rit.†(2004-2007).†

Walt≥r†Burfitt†Ch≥mistry†Scholarship†N°†1†an≤†Hush†Priz≥†(2006;†USYD†priz≥s†for†g≥n≥ral†an≤†
th≥or≥tical†3r≤†y≥ar†ch≥mistry,†r≥sp≥ctiv≥ly).†Ch≥mistry†Exchang≥†Scholarship†(2006).†Royal†
Australian†Ch≥mical†Institut≥’s†Stu≤≥nt†Ch≥mistry†Priz≥†(2006).†Physics†Scholarship†N°†1†(2004).††

Silv≥r†m≥≤al†(34th/232)†at†th≥†35th†Int≥rnational†Ch≥mistry†Olympia≤†(Ath≥ns,†2003).†Bronz≥†m≥≤al†
(111th/228)†at†th≥†34th†IChO,†(Groning≥n,†2002).†H≥a≤mast≥r’s†Exhibition†philosophy†priz≥†(SGS,†
2003).†Australian†Stu≤≥nt†Priz≥s†(High≥r†School†C≥rtificat≥†≥xamination†2003,†an≤†IChO†2002).

†
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†

Skills†
Sci≥ntific:†Soli≤†≥xp≥ri≥nc≥†in†many†m≥tho≤s†an≤†t≥chnologi≥s†of†ch≥mistry,†particularly†organic†
synth≥sis.†Particular†≥xp≥ri≥nc≥†with†h≥t≥rocycl≥s,†polyamin≥s,†an≤†substrat≥-≤rug†conjugation†
strat≥gi≥s.†At†≥as≥†with†analysis†an≤†statistics,†mo≤≥l†buil≤ing†an≤†programming†(FORTRAN).†

R≥s≥arch†M≥tho≤s:†Highly†in≤≥p≥n≤≥nt,†innovativ≥†an≤†motivat≥≤†approach†to†r≥s≥arch.†Alr≥a≤y†
hav≥†≥xp≥ri≥nc≥†in†≤≥vising†proj≥cts,†ass≥mbling†groups†of†collaborators†across†bor≤≥rs,†writing†an≤†
obtaining†grants†(≥g.†Aca≤≥mic†R≥s≥arch†Council†an≤†ENS†R≥s≥arch†Fun≤†grants†in†2013).†
Succ≥ssful†in†sustain≥≤,†high-int≥nsity,†compl≥x†r≥s≥arch.†Eff≥ctiv≥†in†t≥ams,†motivating†group†
≥fforts,†an≤†l≥a≤ing†junior†r≥s≥arch≥rs.†

†Activ≥ly†≥ngag≥≤†in†transpar≥nt†≤iscussion†with†all†group†m≥mb≥rs,†r≥gar≤l≥ss†of†s≥niority,†to†
achi≥v≥†b≥tt≥r†r≥s≥arch†across†all†proj≥cts.†

†Conc≥rn≥≤†to†minimis≥†th≥†cost,†wast≥†an≤†≥nvironm≥ntal†impact†of†synth≥s≥s.†Aiming†for†rout≥s†
that†ar≥†simpl≥†an≤†mo≤ular,†for†≥asy†application†outsi≤≥†i≤≥al†s≥ttings†(≥g†in†≤≥v≥loping†countri≥s).††

Languag≥s:†Nativ≥†English†sp≥ak≥r†with†≥xc≥ll≥nt†quality†of†writt≥n†≥xpr≥ssion.†Flu≥nt†in†Fr≥nch†an≤†
Sw≥≤ish;†b≥ginn≥r†l≥v≥l†in†G≥rman.†Broa≤†cultural†≥xp≥ri≥nc≥.†At†≥as≥†l≥arning†for≥ign†languag≥s†
(also†stu≤i≥≤†Latin,†Italian,†Ol≤†Nors≥,†Ol≤†English).†

Enabling†T≥chnology:†Mast≥ry†of†Win≤ows†an≤†Mac†plus†th≥ir†usual†programs.†Exp≥ri≥nc≥≤†with††
Unix†syst≥ms.†At†≥as≥†in†x/html†(cr≥at≥≤†th≥†trilingual†Hass≥ro≤t†Group†w≥bsit≥†in†2010).†

†
Car≥≥r†Obj≥ctiv≥†
† I†wish†to†≤≥sign†simpl≥†an≤†mo≤ular†ch≥mical†m≥tho≤s†for†th≥†conc≥ption†of†bio-compatibl≥†
smart†prob≥s,†an≤†≥sp≥cially†for†targ≥t≥≤/bio-activat≥≤†pro≤rugs.†I†≥xp≥ct†multimo≤al,†bio-orthogonal,†
casca≤≥/autocatalytic,†an≤†multiply-gat≥≤†strat≥gi≥s†will†favour†robust†in†vivo†applications†to†r≥al-
worl≤†probl≥ms.†I†aim†to†l≥a≤†my†own†ch≥mical†biology†r≥s≥arch†group†in†aca≤≥mia.†
†
Oth≥r†Aca≤≥mic†an≤†T≥aching†Exp≥ri≥nc≥†
2009–2011:†T≥aching†F≥llowship†at†th≥†ENS-Lyon.†R≥sponsibl≥†for†th≥†practical†cours≥†in†3r≤†y≥ar†
organic†ch≥mistry†(48†h†/†yr);†assistant†for†th≥†Agrégation†T≥aching†Diploma†cours≥†(20†h†/†yr).†
Sup≥rvisor†of†stu≤≥nts†Nils†Aronssohn†(3r≤†y≥ar,†2011),†Clair≥†W≥issling≥r†(3r≤†y≥ar,†2010)†an≤†
An≤r≥as†Brunn≥r†(2n≤†y≥ar†of†Mast≥rs,†2009)†≤uring†th≥ir†int≥rnships.†

2007:†Writing†an≤†≤≥liv≥ry†of†a†short†cours≥†of†unusual†topics†in†th≥†“Sp≥cial†Stu≤i≥s”†ch≥mistry†
group†(th≥†top†stu≤≥nts†in†1st†y≥ar†ch≥mistry†at†USYD);†practical†sup≥rvisior†in†1st†y≥ar†ch≥mistry.†

2004–2007:†Tutor†in†1st-3r≤†y≥ar†ch≥mistry,†an≤†1st-2n≤†y≥ar†bioch≥mistry,†physics†an≤†maths†at†USYD.†
Tutor†for†IChO†pr≥paration†at†SGS.†Int≥rnships†in†organic†synth≥sis†with†Prof.†Mal†McL≥o≤†(2005)†
an≤†Prof.†Mark†Cost≥r†(2004),†an≤†with†Prof.†Tim†Schmi≤t†in†organic†/†analytical†ch≥mistry†(2006).†

2002–2003:†S≥t†up†an≤†ran†an†int≥r≥st†soci≥ty†for†Viking†cultur≥†an≤†Ol≤†Nors≥†languag≥.†
†
Oth≥r†int≥r≥sts†
Chamb≥r†music:†c≥llist†in†th≥†Ch≥stnut†Quart≥t†an≤†Paryon†piano†trio,†p≥rforming†in†Strasbourg†
(2012)†an≤†in†th≥†Milko†K≥l≥m≥n†f≥stival†(Croatia,†2010),†as†w≥ll†as†locally†s≥v≥ral†tim≥s†a†y≥ar.†

Sports:†hiking,†marathon/trail/rai≤,†roa≤†cycling.†
†
R≥f≥r≥≥s†/†R≥f≥r≥nc≥†L≥tt≥rs†
[1]†Prof.†J≥ns†Hass≥ro≤t,†PhD/Mast≥rs†sup≥rvisor†(2008-2012),†ENS-Lyon:†j≥ns.hass≥ro≤t@≥ns-lyon.fr†
[2]†Prof.†Bob†Gilb≥rt,†Honours†sup≥rvisor†(2007),†Univ≥rsity†of†Qu≥≥nslan≤:†b.gilb≥rt@uq.≥≤u.au†
[3]†Prof.†Em≥ritus†L≥if†Holmli≤†an≤†Prof.†Jürg≥n†Gräf≥nst≥in,†Exchang≥†sup≥rvisors†(2006),†GU.†
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Bornons†ici†c≥tt≥†carrièr≥†:†
L≥s†longs†ouvrag≥s†m≥†font†p≥ur.†
Loin†≤’épuis≥r†un≥†matièr≥,†

On†n’≥n†≤oit†pr≥n≤r≥†qu≥†la†fl≥ur.†
†

Il†s≥rait†t≥mps†qu≥†j≥†r≥pr≥nn≥†
Un†p≥u†≤≥†forc≥s†≥t†≤’hal≥in≥†
Pour†vaqu≥r†à†≤’autr≥s†proj≥ts†:†
Chimi≥,†c≥†tyran†≤≥†ma†vi≥,†
V≥ut†qu≥†j≥†chang≥†≤≥†suj≥ts†;†
Il†faut†cont≥nt≥r†son†≥nvi≥.†

†
Partons†pour†la†Lumièr≥†;†partons†≥nv≥rs†l≥†soufr≥†;†
L≥s†v≥nts†vou≤ront†qu’≥n†All≥magn≥†j≥†m’≥ngouffr≥.†

J’y†cons≥ns†:†sans†≤out≥†ma†v≥in≥†
En†sa†fav≥ur†s’échauff≥ra.†

H≥ur≥ux†si†c≥†travail†n’≥st†point†la†≤≥rnièr≥†p≥in≥†
Qu≥†CBO†m≥†caus≥ra†‡†

clin†≤’o≥il†à†La†Fontain≥†
†
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†
PhD†Th≥sis,†Oliv≥r†Thorn-S≥shol≤:†Short†Abstracts†in†Fr≥nch†an≤†English†

†

Dév≥lopp≥m≥nt†≤’≥spac≥urs†auto-≥ffon≤rabl≥s†
pour†≤≥s†son≤≥s†≤’activité†≥nzymatiqu≥††

†
C≥tt≥†thès≥†trait≥†≤≥†la†conc≥ption†≥t†mis≥†≥n†œuvr≥†≤’≥spac≥urs†auto-≥ffon≤rabl≥s†novat≥urs†

pour†un≥†utilisation†≤ans†≤≥s†son≤≥s†≤’activité†≥nzymatiqu≥†in†vivo.†
La†pr≥mièr≥†parti≥†≤étaill≥†la†synthès≥†≥t†la†vali≤ation†in†vitro†≤’≥spac≥urs†cyclisant,†couplant†

l’activité†≤’un†aminop≥pti≤as≥†à†la†libération†≤’un†phénol.†L≥s†son≤≥s†fluorogèn≥s†mo≤ulair≥s†basé≥s†
sur†c≥s†≥spac≥urs†1,2-≤iamin≥†sont†très†robust≥s†(≤≥mi-vi≥†>†560†h),†mais†sont†rapi≤≥m≥nt†
≥nzymatiqu≥m≥nt††hy≤rolysé≥s,††≥t†puis†r≥lâch≥nt†rapi≤≥m≥nt†(≤≥mi-t≥mps†~†3†min)†un†fluorophor≥†
ESIPT†insolubl≥†≥t†≥xc≥ptionn≥ll≥m≥nt†photostabl≥.†

C≥s†son≤≥s†ont†un≥†≥xc≥ll≥nt≥†s≥nsibilité†(rapport†signal:contrôl≥†>†3000:1),†≥t†fourniss≥nt†la†
pr≥mièr≥†≤émonstration†≤’un†systèm≥†macroscopiqu≥m≥nt†binair≥†ét≥int–ALLUMÉ,†pour†la†libération†
≤≥†phénols†sous†activité†≤’aminop≥pti≤as≥s.†C≥†systèm≥†pourrait†p≥rm≥ttr≥†≤≥†fair≥†≤≥†l’imag≥ri≥†
moléculair≥†ultra-s≥nsibl≥†≤’un≥†gamm≥†≤’≥xop≥pti≤as≥s.†C≥s†≥spac≥urs†pourrai≥nt†égal≥m≥nt†s≥rvir†
≤ans†≤≥s†son≤≥s†comportant†≤’autr≥s†fluorophor≥s†phénoliqu≥s,†≤ans†≤≥s†promé≤icam≥nts†≤≥†
phénols/alcools†activés†par†≤≥s†p≥pti≤as≥s†spécifiqu≥s†(thérapi≥s†ciblé≥s),†ou†comm≥†a≤aptat≥urs†
chimiqu≥s†≥n†général≥.†

La†≤≥uxièm≥†parti≥†≤étaill≥†l≥s†synthès≥s†≤≥†≤≥ux†famill≥s†≤’≥spac≥urs†tautomérisant/
éliminant†pour†utilisation†≤ans†≤≥s†son≤≥s†magnétogèn≥s†≤’activité†≤≥†glycosi≤as≥s.†L≥s†pr≥mièr≥s†
archit≥ctur≥s†substrat-≥spac≥ur†basé≥s†sur†≤≥s†2-furanols†≥t†≤≥s†carbimi≤at≥s†cycliqu≥s†ont†été†
≥xploré≥s.†Notamm≥nt,†≤≥s†glycosi≤≥s†2-furanoliqu≥s†ont†été†abor≤és†comm≥†≥spac≥urs†én≥rgétiqu≥s†
alt≥rnatifs†aux†quinon≥†méthy≤≥s,†≥t†≤≥s†carbimi≤at≥s†ont†été†≥xplorés†comm≥†≥spac≥urs†pour†ligan≤s†
mo≤èl≥s†≤≥s†son≤≥s†promagnétiqu≥s.†
†
† D≥v≥lopm≥nt†of†Auto-Immolativ≥†Spac≥rs†

for†Prob≥s†of†Enzym≥†Activity†
†

This†th≥sis†conc≥rns†th≥†≤≥sign†an≤†impl≥m≥ntation†of†nov≥l†auto-immolativ≥†spac≥rs†for†us≥†
in†prob≥s†for†≥nzymatic†activity†in†vivo.†

Th≥†first†part†r≥lat≥s†th≥†≤≥v≥lopm≥nt†an≤†in†vitro†vali≤ation†of†cyclisation†spac≥rs†which†
coupl≥†th≥†action†of†an†aminop≥pti≤as≥†to†th≥†r≥l≥as≥†of†a†ph≥nol.†Th≥†mo≤ular†thr≥≥-compon≥nt†
fluorog≥nic†prob≥s†bas≥≤†on†th≥s≥†1,2-≤iamin≥†spac≥rs†ar≥†v≥ry†robust†(halflif≥†>†560†h),†but†ar≥†also†
rapi≤ly†≥nzymatically†proc≥ss≥≤,†an≤†quickly†(halftim≥†~3†min)†r≥l≥as≥†an†≥xc≥ptionally†photostabl≥,†
insolubl≥†ESIPT†fluorophor≥.††

Th≥†prob≥s†hav≥†≥xc≥ll≥nt†≤≥t≥ction†s≥nsitivity†r≥lativ≥†to†curr≥nt†m≥tho≤s†(signal†to†control†
ratio†>†3000:1),†an≤†provi≤≥†th≥†first†≤≥monstration†of†a†macroscopically†binary†off–ON†syst≥m†for†
ph≥nol-r≥l≥asing†prob≥s†of†aminop≥pti≤as≥†activity.†Th≥†prob≥†syst≥m†may†allow†th≥†≥xc≥ptionally†
s≥nsitiv≥,†ESIPT-bas≥≤†mol≥cular†imaging†of†a†rang≥†of†≥xop≥pti≤as≥s.†Th≥†spac≥rs†may†also†b≥†
appli≥≤†in†off-ON†p≥pti≤as≥†prob≥s†of†oth≥r†ph≥nolic†fluorophor≥s,†to†p≥pti≤as≥-sp≥cific†
ph≥nol/alcohol†pro≤rugs†for†targ≥t≥≤†th≥rapy,†or†mor≥†g≥n≥rally†in†ch≥mical†a≤apt≥r†t≥chnologi≥s.†

In†th≥†s≥con≤†part,†two†nov≥l†famili≥s†of†auto-immolativ≥†≥limination/tautom≥risation†spac≥rs†
w≥r≥†≤≥sign≥≤†for†us≥†in†thr≥≥-compon≥nt†off-ON†magn≥tog≥nic†prob≥s†s≥nsing†glycosi≤as≥†activity.†
Th≥†first†known†substrat≥-spac≥r†≤≥signs†bas≥≤†on†2-hy≤roxyfurans†an≤†on†carbimi≤at≥s†w≥r≥†
≥xplor≥≤.†Notably,†2-furanol†glycosi≤≥s†w≥r≥†synth≥sis≥≤†in†pursuit†of†high-≥n≥rgy†alt≥rnativ≥s†to†
quinon≥†m≥thi≤≥s,†an≤†a†g≥n≥ral†m≥tho≤†for†pr≥paring†mo≤≥l†carbimi≤at≥-b≥aring†ligan≤s†for†pro-
magn≥tic†prob≥s†was†≥laborat≥≤.†

Oliv≥r†Thorn-S≥shol≤,†05-VI-2013†
†
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