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Abstract

This thesis consists of two parts. The first one deals with the synthesis and
electrochemical and fluorescence studies of new 1,2,4,5-tetrazine derivatives as
molecular sensors for anions and electron-rich compounds, and the second one with
the synthesis and preliminary electrochemical studies of ferrocene-containing
pyridinium salts.

In part I, a short overview of 1,2,4,5-tetrazine chemistry (s-tetrazine) is
presented. s-Tetrazines have already found applications in many fields, but their
ability to bind anions or electron-rich compounds through anion-n interaction or n-n
stacking has not been noticed until very recently. In this context, a series of novel
molecular sensors containing tetrazine moieties as both binding units and sensing
units are designed, including tweezer-tetrazines, tripod-tetrazines, cyclophane-
tetrazines, and calycular tetrazines. Among them, a tripod-tetrazine (86), two
cyclophane-tetrazines (90, 93) and two calycular tetrazines (94, 95) have been
successfully synthesized based on SyAr reactions of 3,6-dichlorotetrazine (23).
Fluorescence studies show that the fluorescence of 86, 90, 94 and 95 can be
efficiently quenched by electron-rich compounds such as triphenylamine (TPA),
tris(4-bromophenyl)amine, pyrrole, tetrathiafulvalene (TTF) and 1,3,5-
trimethoxybenzene. Electrochemical studies also indicate the interactions between the
tetrazine sensors and these electron-rich compounds. The fluorescence quenching
mechanisms are investigated in some cases, and calculations on molecular obitals are
carried out to investigate the relationship between molecular structures and
fluorescence properties.

In part II, the synthesis of a dibranched ferrocene-containing pyridinium salt
(45j) and two tri-branched ones (46h, 46j) through the condensations of 1,2,6-
trimethyl pyridinium or 1,2,4,6-tetramethyl pyridinium with aromatic aldehydes is
presented. A new synthetic route is also developed for the two important
intermediates, trans-5-(2-ferrocenyl-vinyl)-2-carbaldehyde-thiophene (47), and
ferrocenylethenyl-bithiopheneyl aldehyde (48). Preliminary electrochemical studies
show that bithiophene units influence greatly the redox behaviors of the molecules.






Résumé

Cette theése se compose de deux parties. La premicre traite de la synthése et
des études électrochimiques et de fluorescence de nouveaux dérivés de la
1,2,4,5-tétrazine en tant que sondes moléculaires pour des anions et des composés
riches en électrons. La seconde traite de la synthése et des études électrochimiques
préliminaires de sels de ferrocéne a base de pyridinium.

Dans la partie I, une vue d'ensemble de la chimie des 1,2,4,5-tétrazine (s-
tétrazines) est présentée. Les s-tétrazines ont déja trouvé des applications dans
beaucoup de domaines, mais leur capacité a se lier avec des anions ou des composés
riches en électrons par interactions anion-m ou empilement 7-n n'a été¢ démontrée que
trés récemment. Dans ce contexte, une sériec de nouvelles sondes moléculaires
contenant des noyaux tétrazine servant d'unités liantes et de détection a été congue,
comprenant des pinces-tétrazines, des trépied-tétrazines, des cyclophane-tétrazines, et
des calices-tétrazines. = Parmi eux, un trépied-tétrazine (86), deux
cyclophane-tétrazines (90, 93) et deux calices-tétrazines (94, 95) ont ét¢ synthétisés
avec succes en se basant sur des réactions de type SnAr avec la 3,6-dichloro-s-
tétrazine (23). Les études photophysiques prouvent que la fluorescence de 86, 90, 94
et 95 peut étre efficacement éteinte par les composés riches en électrons tels que la
triphénylamine (TPA), la tris (4-bromophényl) amine, le pyrrole, le tétrathiafulvaléne
(TTF) et le 1,3,5-triméthoxybenzéne. Les études électrochimiques indiquent
¢galement la présence d’interactions entre les sondes de tétrazine et ces composés
¢lectron-donneurs. Les mécanismes d’extinction de fluorescence sont étudiés dans
certains cas, et des calculs d’orbitales moléculaires sont présenter pour expliquer le
rapport entre les structures et les propriétés moléculaires de fluorescence.

Dans la partie II, la syntheése d’un sel de pyridinium a deux branches contenant
des ferroceénes (45j) et de deux analogues a trois branches (46h, 46j) obtenus par
condensations du 1,2,6-triméthylpyridinium ou 1,2,4,6-tétraméthylpyridinium avec
des aldéhydes aromatiques est présentée. Une nouvelle voie de synthése est également
développée pour les deux intermédiaires importantes, le trans-5- (2-ferrocényl-vinyl) -
2-carbaldéhydethiophéne (47), et I’aldéhyde du ferrocényléthényl-bithiophényle (48).
Les études ¢lectrochimiques préliminaires prouvent que les sous-unités bithiophéne
influencent considérablement le comportement redox des molécules.
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Part |

Synthesis, electrochemical and
fluorescence studies of 1,2,4,5-tetrazine
derivatives: towards molecular sensors for
anions and electron-rich compounds






Chapter 1 Introduction of 1,2,4,5-tetrazine
chemistry and applications

1.1 Introduction of 1,2,4,5-tetrazines

1,2,4,5-tetrazines (or s-tetrazines) are aromatic heterocycles with four nitrogen
atoms centered on the ring' (Figure 1):

N—N
R—</ \>—R' R or R'= H, Cl, alkyl, alkoxyl, alkylmercapto,
N=N alkynyl, aryl, heteroaryl, etc.

Figure 1. 1,2 4,5-tetrazines.

The two substituents located on the two sides of the ring can be identical
(symmetrical tetrazines) or different (unsymmetrical tetrazines); the substituents
include alkyl, alkynyl, aryl, heteroaryl, alkoxyl, alkylmercapto- and other heteroatoms.
If s-tetrazine is considered as a benzene derivative with four CH groups replaced by
nitrogen atoms, the symmetry is lowered from Dgp, to Dyp. The most distinct character
of tetrazines is their high electron affinity, which can be deduced from the
replacement of four CH group by four more electronegative nitrogen atoms on the
prototypical aromatic ring. In fact they are the electron poorest C-N heterocycles”, and
consequently are reduced at high to very high potentials (-0.8 ~ -0.4V vs Ag'/Ag).
The other remarkable character of tetrazines is their low-lying 7* orbital (Figure 2)°,
resulting in an n-m* transition in the visible range*”.

o
e (%) Eig a, (%)

byg (M ;H_//4H—f b3g (1)
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Figure 2. Qualitative diagram illustrating the energy shifts of the frontier orbitals of benzene
and s-tetrazine as a result of 1,2,4,5-tetraaza replacement and 3,6-disubstitution by electron donating
groups R (Adapted from ref. 3).

1,2,4,5-Tetrazine compounds were firstly synthesized more than 100 years
ago® and have gained much attention from chemists during the last decades. Several
synthetic methods have been developed and a lot of applications have been found in
various fields such as organic synthesis’, crop protection'®'', pyrotechnics (high-
nitrogen content energetic materials) 12-14 " etc. Very recently, research for new
compounds gathering optical and electrochemical properties became increasingly
active because these compounds have a huge potential especially in sensor
applications " '®. The group of Professor Audebert and others dedicated much
attention to the tetrazine family for such applications given their outstanding
photophysical and electron accepting properties, the details of which are presented in
Chapter 3.2.

1.2 Synthesis of s-tetrazines

The main preparative method for s-tetrazines is oxidation of dihydro-s-
tetrazines, by mild oxidizing agents such as amyl nitrite, bromine, air, ferric chloride,
hydrogen peroxide or chromic oxide, for example'® (Scheme 1):

HN—NH ol N-N
CeHs—\ /) —CeHs >~ CoHs—( _ Y —CetHs
N—N N—N

Scheme 1. oxidation of diphenyldihydro-s-tetrazine.

There are several methods for preparing dihydro-s-tetrazines (Scheme 2). A
number of modifications of the standard Pinner synthesis have been used as well as a
number of special procedures. Most of the procedures presented have been shown as
applying only to aromatic compounds, except for (2) and (4), which can be used to
prepare 3, 6- dialkyl-1,2-dihydro-s-tetrazines.

- N-N
N,CHCOOCH5 ont Hooc—</ \>—COOH (1)
HN-NH
A HN-NH
CoHsCN  + NH,NH, CoHs—\ ) —CeHs @)
N—N
S A HN-NH
CHsCNH, + NHNH, —=—— ¢l —(  )—CyHs 3)
NN
NH- HCI HN-NH
CeHsCOC,H5 + NHNH, ——= CoHs—\ />_CGH5 @)
N—N
HN-NH
CeHsC=N-N=CCgHs *+ NHNH, —= Cghs—  )—CqHs ()
cl cl N-N

Scheme 2. Preparation of dihydro-s-tetrazines.
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1.2.1 Pinner synthesis

Diaryl-s-tetrazines are often obtained via a variation of the original Pinner
synthesis®, in which the imido ester of an aromatic nitrile is reacted with hydrazine in
an aqueous solution of either ammonium hydroxide or potassium hydroxide. Under
these conditions the dihydro-s-tetrazine is formed, which is then oxidized by oxidants
like H,O,, isoamyl nitrite or FeCls to give the desired tetrazine (Scheme 3).

H.... H

N—N . . HN—NH N
Rl Vg Lotation T ok
N=N N—N N=N

Scheme 3. Mechanism of formation of tetrazines via Pinner synthesis.

Wiley and co-workers®® have improved the syntheses by carrying out the
reaction under anhydrous conditions in a mixture of methanol and triethylamine.
Some 3,6-diaryl-1,2,4,5-tetrazines (1, 2) and 3,6-di-p-biphenylyl-1,2,4,5-tetrazine (3)
were obtained in moderate yields (Figure 3).

N—N N—N N—N
O~ O O
N= N=N N=N
Figure 3. Bis-aryl-tetrazines synthesized by Wiley, et al.

Using the same protocol, Sotoducho and his colleagues have recently
synthesized a series of novel linear oligoheterocycles based on substituted tetrazines,
for example, bis(pyrrolyl)tetrazines (4) and bis(phenyl)tetrazines (5, 6, 7), from the
reactions of the respective aromatic nitriles with hydrazine (Scheme 4). Quantum
chemical calculations were performed to assess the usefulness of the synthesized
compounds for electropolymerization, and the results have indicated qualitative
differences between bis-pyrrole tetrazine and bis-phenyl tetrazines regarding the
electronic density rearrangement due to the loss of one electron.

17



N=N
NHoNH
U\CN oNH, O_< />_(j isoamy|nitrite O_<\ />_(j

N
H

Scheme 4. Bis-aryl-tetrazines synthesized by Sotoducho e al.

At the same time but independently, Audebert and colleagues?' ** have
synthesized some new original tetrazines (8, 9) substituted by heterocylclic rings
using a related protocol and submitted them to electropolymerization (Figure 4):

N—N
>~ 0 (L ALIL)
9
Flgure 4. Tetrazines synthesized by Audebert's group.

Although it has already been shown in the past that hydrazine reacts with
aromatic nitriles preferably in the presence of sulfur”, leading to the formation of
dihydro-1,2,4,5-tetrazines, the reactions require highly concentrated conditions as
well as a neat excess of hydrazine in many cases, and no mechanism was suggested.
On the basis of observations made during the course for the reaction (the colour
change of solution from colorless to light orange after the sulfur is added, and the
vigorous H,S gas emission taking place through out the reaction), Audebert et al.
have proposed that the active nucleophile was the fast addition product of hydrazine
to sulfur, namely H,N-NH-SH, with the mechanism shown below (Scheme 5):

NH

s Ay A - M J“Lm
H,N-NH, —> H,N—NHSH N—NH;
HS
Hs)
H,S

- NHLNH
HN—NH

Ar—<\ p)—Ar ‘) )—Ar
N—N

Scheme 5. Mechanism of formation of aromatic tetrazines proposed by Audebert ef al.
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3,6-Dialkyl-hexahydro-1,2,4,5-tetrazines, also can be obtained through the
reaction of alkyl aldehydes with hydrazine, which are then oxidized stepwise to give
the 3,6-dialkyl-1,2,4,5-tetrazines 24,25 (Scheme 6). s-Tetrazines with branched
substituents and mixed alkyl-s-tetrazines can be prepared by this procedure, however,
in low yields.

I " X
_ PtO,/O HNO -
Roene T Y Y
R’ R' R
R=R'=Me, Et, n-Pr, i-Pr, t-Bu, n-C4H43
or R=Me, R'=Et
R=Me. R'=i-Pr
R=Me, R'=t-Bu
R=Et, R'=i-Pr

Scheme 6. Preparation of 3,6-dialkyl-1,2,4,5-tetrazines.
Another alternative method was developed by Stollé about 100 years ago™® *.
Activation of the hydrazides with phosphorus pentachloride in refluxing
tetrachloromethane affords the hydrazidedioyl dichloride or the 1,3,4-oxadiazole.
Both react smoothly with hydrazine hydrate to yield dihydrotetrazines, which are
oxidized by nitrous gases to the tetrazines (Scheme 7).

D

N7 cl
Ph NsrC' T~ Ph N
A PCI ~ )\

HN™ 0 s.| A NoHg N7 ONH - NO NN

HN._O or N -NH NN
Ar '\|14<O Ar Ar

N% Ar= Ph, 2-Me-CgHy, 2,4,6-Me 3-CgHs
Ar

Scheme 7. Stollé’s method for preparation of diaryl-1,2,4,5-tetrazines.

1.2.2 Ring closure of S-methylisothiocarbonohydrazide salt with ortho-
formate/ortho-acetates or iminium chlorides

Fields and his colleagues®® have developed a two-step, one pot procedure for
preparing unsymmetrically substituted 6-alkyl (or H)-3-(methylthio)-1,2,4,5-tetrazines
(11, 12). Reactions of S-methylisothiocarbonohydrazide salt (10) with trimethyl
orthoformate, triethyl orthoacetate or dimethylformamide dimethyl acetal, and
subsequent in-situ oxidation by either bubbling air through the reaction vessel or by
adding H,0O,, Br,, or NaNO,/CF;COOH afforded a modest yield of tetrazines
(Scheme 8).



® o )<0'V'e )<0Me

HN—NH I OMe NMe, [ N—N
SMe  TEioH, EGN, A = R _ )—sme
H,N—NH SR N=N
10 11 R=H
12 R=Me

Scheme 8. Fields’ procedure for the preparation of tetrazines.

More highly-substituted substrates such as pivalate orthoesters and amide
acetals were difficult to prepare and reacted poorly with 10, giving invariably low
yields of 6-tert-butyl-3-(methylthio)tetrazine (14). However, utilization of the more
reactive iminium chloride 13 (Vilsmeier-type salt, formed by action of oxalyl chloride
on N,N’-dimethylpivalamide) followed by in situ oxidation and amination with
NH4sOH gave moderate yields of desired products (Scheme 9). This method
supplements existing methodologies in being able to access tetrazines bearing tertiary
alkyl groups and is amenable to scale-up. These compounds are also readily converted
to 6-alkyl-3-aminotetrazines, broadening the applications of the method.

® O
HoN—NH |
ﬁj\ I C|® >—SMe
R oxalyl chloride HaN—NH o2
W NMe, ————— R1 NMe, R=R'=R2=Me
R2 Rige @ EtOH, EzN, A or: R=Me, R'=R?=(CHy),
13 lo] or: R=H, R'=R2= (CH,)5

or: R=n-Pr, R'=R2=(CH,)s5
or: R=Me, R'=R?=Et
R N-N R N- or: R=Me, R'=R?=n-Pr
R>—  VY—NH, = NH,OH R 4 \>—s|v|eor R=Me, R'=Et, R2=n-Bu
R?  N°N EtOH R?  N°N
15 14
Scheme 9. Fields’ procedure for the preparation of more hindered substituted tetrazines.

1.2.3 Aromatic Nucleophilic Substitution (SyAr reaction)

The elegant work of Hiskey’s group” 2 opened an access to the preparation of

a large amount of symmetric and unsymmetric tetrazines. The basic starting
compound, bis(dimethylpyrazolyl)-s-tetrazine (17), can be obtained efficiently from
very cheap and accessible starting materials: guanidine, hydrazine, and 2,4-
pentanedione ( Scheme 10).

!
N N
0 O )N\ N
2HNYNH2‘ Hel NH,NH, HZNNYNHNH-ZHCI & ’l\l/ I}IH isoamy! nitrite 'l\l/ I’}l
NH, 1,4-dioxane, reflux 2 NHNH, H,0, 70°C HN*N DM, rt. Nﬁ/N
N. N\N
Wi \

-
(<]

17
Scheme 10. Preparation of bis(dimethylpyrazolyl)-s-tetrazine.
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It should, however, be pointed out that the reaction involved had been
discovered before”, while 17 itself had been prepared for the first time even earlier,
although in low yield™>.

The pyrazolyl groups in 17 act as soft leaving groups, allowing a large range
of heterocyclic substituents to be introduced on the tetrazine ring, provided that the
basic character of the entering nucleophile is not too strong and its hardness of

medium strength. This has been done in particular with hydrazine and ammonia®* *°

(Scheme 11).
N—N
\*\,\31\*\\]\? HN—( _ YNH,
gQOG N—N

NN Ns
N  N7N Nk,
HNHN—  H—NHNH,
N=N
19

Scheme 11. Substitution of bis(pyrazolyl)-s-tetrazine with hydrazine and ammonia.

Audebert and colleagues21 have also used the SyAr reaction of tetrazines with
N-pyrrolyl anion to prepare mono- and bis- pyrrolyl tetrazines (20 and 21) to
investigate their electrochemical and spectroscopic properties, as well as their
electrochemical polymerization (Scheme 12):

mn
_ R
= N/>—N'N; oK \N,N—<§ _:/>—N® C —<\ )—NG

N N—N
17 20
Scheme 12. Substitution of bis(pyrazolyl)-s-tetrazine with pyrrolyl anion.

Thereafter, Hiskey et al. have found a more general method that is to convert
bis(hydrazino)-s-tetrazine (19) to dichloro-s-tetrazine (23) with chlorine gas, which,
due to its stronger electron affinity, is more readily to undergo SyAr reaction with a
large variety of nucleophiles such as NHj;, morpholine, pyrrolidine, hydrazine,
alcohols, mercaptans, carbanions, etc, thus opening an access to various symmetric
and unsymmetric tetrazines(Scheme 13).

RoNH NN N
NHNH, N, o o O TR R DR,
N=N N=N
N N cl NN -2Ny. N7 NN AR
) [ SR 0 2 N N — ROH & b
NQ(N CH3;CN, rt. Nﬁ/N lll\ Illl CI_<N:N>_OR Ro_<N=N>_OR
NHNH y Cl” \r
2 N; ClI Cl

19 22 23

Scheme 13. Preparation of dichloro-s-tetrazine and its SyAr reactions with nucleophiles.
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Very recently, Helm and colleagues>* have reported a new method for
chlorination of bis(hydrazino)tetrazine. Using a solid chlorination agent,
trichloroisocyanuric acid, the bis(hydrazino)-s-tetrazine is converted smoothly to
dichloro-s-tetrazine, thus the use of more dangerous , less controllable gaseous
chlorine is avoided (Scheme 14).

0

1L

NHNH

PO P
N© N Cl N© N
N*(N CH4CN, 0°C-r-t. Nﬁ/N
NHNH, o]
19 23

Scheme 14. Chlorination of bis(hydrazino)-s-tetrazine using trichloroisocyanuric acid.

3,6-Dimethylthio-s-tetrazine (29), historically obtained before dichloro-s-
tetrazine because it is readily available from the reaction of thiocarbohydrazide 24
with dicarboxymethyl-trithiocarbonate 25 (Scheme 15)*77 was also and today is still
an often-used starting compound for the preparation of unsymmetrically disubstituted
tetrazines via SNAr reaction®® (Scheme 16). In fact dichloro-s-tetrazine was firstly
prepared from the chlorination of dimethylthio-s-tetrazine with chlorine gas at high
temperature, although in poor yield®.

~ POOH
HN—NH, S HN—NH HN-N
s=( + s=<( MO s )=s Hs—{ )—SH
HN—NH, s\ HN—NH N—NH
COOH 26 27
24 25 Mel,

NaOH

C|—</ \>—C| <—MeS—</ \>—SMe<ﬂMeS—<\ \>—3Me

140°C N=NH

23 29 28
Scheme 15. Preparation of dimethylthio-s-tetrazine and dichloro-s-tetrazine.
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tm(}\\yv Mes—</ \>—NHBoc 30
wat!

N=N
N"SN 1. NHy/CH,OH
N > MeS— )—NHAc 31
NN 2.Ac0, AP NI ’

50BN CbzHN—  )—SMe 32
N N=N

NH,
Scheme 16. Substitution of dimethylthio-s-tetrazine.
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1.3 Reactivity of tetrazines
1.3.1 Aromatic nucleophilic substitution (SyAr reaction)

Due to their electron affinity on the aromatic core, tetrazines bearing
appropriate leaving groups readily undergo aromatic nucleophilic substitution in the
presence of nucleophiles. This is especially true for 3,6-dichloro-1,2,4,5-tetrazine,
because chlorine acts as a good leaving group and at the same time, a strong —/
(electron-withdrawing inductive effect) group that enhances the electron deficiency of
the tetrazine ring, thus facilitating the nucleophilic attack on the ring.

Hiskey and colleagues®® have synthesized 3,6-bis(1H-1,2,3,4-tetrazol-5-
ylamino)-1,2,4,5-tetrazine (33), an energetic molecular material, by substitution of
dichloro-s-tetrazine with the sodium salt of 5-amino-tetrazole (Scheme 17):

N~
! N
Lo " L
~
NN Lo NON Nt ——— VTN
Nx N - Nx N
L 1
N
N, T
N-N 33

Scheme 17. Substitution of dichloro-s-tetrazine with tetrazole anion.

Bis-substituted pyrazolyl-s-tetrazine (17) also undergo substitution reactions
with nucleophiles like hydrazine or ammonia, as already mentioned above (Chapter
1.2.3). This has been used by Hiskey’s group to prepare a new high-nitrogen energetic
material: 3,3’-azobis(6-amin0-l,2,4,5-tetrazine)31 (36, Scheme 18):

/ Nx 05NH NH

34
NBS

NN N=N NH. B\ = N-N N=N_ Nx
(NN e < TN e N
N=N N—N N NN N—N Br

36 35

Scheme 18. Substitution of tetrazines with hydrazine and ammonia.

Kotschy’s group™ has explored the selectivity of nucleophilic substitutions on
various tetrazines. They established that 3,6-dicloro-s-tetrazine (23), 3,6-bis(3,5-
dimethylpyrazol-1-yl)-s-tetrazine (17) and 3,6-bis(4-bromo-3,5-dimethylpyrazol-1-
yl)-s-tetrazine (37) undergo nucleophilic substitution with a variety of nucleophiles to
give mono- and/or disubstituted products depending on the nature of the leaving
group and the nucleophile used (Scheme 19). When dichloro-s-tetrazine was reacted
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with a series of nucleophiles, the chlorine atoms were both good leaving groups,
while the electron donating substituents led to a marked decrease of reactivity, which
in turn allowed for only mono-substitution (in the cases of NHi;, KOH, N;H4,
morpholine, BuNH,, Et;NH and pyrrolidine). When MeOH, a stronger nucleophile,
was used, the yield of the monosubstituted product decreased to ~50%, and a nearly
equal amount of the disubstituted one was isolated. With 'BuSH, an even stronger
nucleophile, most tetrazines were disubstituted even when the mercaptan was present
in less than one equivalent per chlorine atom, indicating a strong tendency for
disubstitution of dichloro-s-tetrazine with mercaptans. The other tetrazines, 17 and 37,
showed the same tendency albeit less markedly, reflecting the lower ability of
pyrrazolyl rings to act as good leaving group (Table 1).

- =~ 2

NTON N NN N

e NN
LG LG Nu

LG: chloro; 3,5-dimethylpyrazol-1-yl; 4-bromo-3,5-dimethylpyrazol-1-yl
Nu: NH3, MeOH, 'BuSH, KOH, N,H4, morpholine, BuNH,, Et,NH, pyrrolidine

Scheme 19. Substitution of tetrazines by various nucleophiles.

Table 1. Results observed for the substitution of tetrazines by various nucleophiles (yield %).

LG NuH monosubstitution disubstitution

NH; 78%

MeOH 52% 39%

Chloro i-BuSH 5% 76%
(23) morpholine 83%
BuNH, 65%
Et,NH 89%
pyrrolidine 68%
NH; 96%

MeOH 80% 3%

i-BuSH 66% 12%
3,5-dimethylpyrrazol-1-yl KOH 782/0
(17) N2H4' 85%
morpholine T7%
BuNH, 91%
Et,NH 46%
pyrrolidine 74%
NH; 72%

MeOH 63% 8%

4-bromo-3,5-dimethylpyrrazol-1-yl ~ i-BuSH 23% 43%
37) KOH 81%
N,H4 67%
morpholine 83%

When a high-energy positron (¢), the antiparticle of an electron (¢), enters a
condensed medium, it will thermalize in a few picoseconds by losing its kinetic
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energy via ionization of the molecules of the medium*"**. After thermalization, the
positron annihilates with an electron into y quanta either via a free annihilation
process or from a bound state, which is known as a positronium (Ps) atom. Ps is the
simplest hydrogen-like exotic atom which can be considered as the lightest, “0 mass
number isotope” of hydrogen, where the heavy proton has been exchanged by the
much lighter positron. Due to the different spin combinations of a positron and an
electron, there are two possible Ps states, the para-positronium (p-Ps) with antiparallel
(singlet) spin state and the ortho-positronium (0-Ps) with parallel (triplet) spin state.
The intrinsic lifetimes of p-Ps and o-Ps are 0.125 and 140 ns, respectively. According
to the basic idea of the spur model of positronium formation, a thermalized positron
can form a Ps atom with an electron which is freed by the positron itself in its
ionization track or spur. Through its different decay modes Ps can be used as an
efficient microprobe of various physical or chemical properties of matter.

Lévay and co-workers have measured the chemical reaction rate constants of
the nucleophilic ortho-positronium (o-Ps) atom with a series of tetrazine derivatives
(16, 17, 38-44, Scheme 20) by positron annihilation lifetime spectroscopy®. The
pronounced reactivity of tetrazines toward o-Ps stems from the electrondeficient
tetrazine core: when the aromaticity of the tetrazine core is destroyed by reduction to
1,2- or 1,4-dihydro-s-tetrazines, the reactivity decreases dramatically by nearly 200-
fold. The introduction of electron-donating substituents onto the tetrazine ring
decreases the reactivity of the molecule toward o-Ps. The measured reaction rate
constants of o0-Ps also result in a good linear correlation with the calculated LUMO
energies of the tetrazines. The reactivity of tetrazines toward o-Ps correlated well also
with their reactivity toward classical nucleophiles.

N/ \
N Q Q
A X 1

17 38-43 44

2H
38: Qq=methoxy
39: Q1=4-methylpyperazinyl
N—-NH N 40: Q=diethylamino

- N
- ,N—</ />—N B 41: Q1=butylami.no
N HN—-N 42: Q1=mo_rpholmyl
43: Q,=amino
16 44: Q1=Q2=4-methylpyperazinyl

Scheme 20. Tetrazines used in annihilation with o-Ps.

1.3.2 Azaphilic addition with carbanions

When reactive carbon nucleophiles such as organolithium or Grignard
reagents are used in an attempt to substitute 3,6-bis(methylthio)-s-tetrazine, the
organic groups only add onto a ring nitrogen atom, giving “azaphilic addition”
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transformation*!, which is quite unprecedented for other heterocycles, but had been
reported previously for 3,6-diphenyl tetrazine, too™ .

Kotschy’s group ** has reacted a series of organometallic reagents with
different tetrazines (Scheme 21). They observed that more polar organometallic
reagents, especially lithium, magnesium and zinc derivatives showed a marked
affinity towards the nitrogen atom of the tetrazine core, a behaviour fairly unusual in
heterocyclic chemistry. Some reduction or oxidative rearrangement of the azaphilic
adducts to alkoxy/aryloxy tetrazines were also observed in certain cases (Table 2).

/ \

R R R R N

1 e 1 )N\ MX,

- ’ 7

NN RM, NTONTLONTONH NTON NS

N\fN HN\fN HN\fN N\fN N\fN
Ry 2 Ro R _N
Ny
17, 29, 38-40 a b c d

17: R1=R5=3,5-dimethyl-pyrazol-1-yl

29: R4=R,=methyithio

45: R1=R=3-pyridyl

46: R4=3,5-dimethyl-pyrazol-1-yl, R,=morpholino

47: Ry=morpholino, Ro,=choloro

Scheme 21. Azaphilic addition reactions of tetrazines with carbanions.

Table 2. Results of azaphilic addition reactions of tetrazines with carbanions (yield %).

No. Substrate R-M a (%) b (%) ¢ (%) d (%)
1 17 BuLi 70 5
2 17 PhLi 62
3 17 PhMgCl 85
4 17 BuCulLil 60 40
5 17 BuZnBr 85 15
6 17 PhZnBr 90
7 17 PhZnBr 45 35
8 17 (C3H5)3IH2BI‘3 60
9 17 (C3H5)3IH2BI‘3 50 50
10 45 BuLi 13 32
11 45 BuMgl 96
12 45 PhLi 35 25
13 45 PhMgCl 58
14 46 BuLi 13 80
15 46 BuMgl 43 56
16 46 PhLi 85
17 46 PhMgCl 90
18 29 BuLi 90
19 29 PhLi 80
20 29 PhMgCl 94
21 47 PhMgCl dec.
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1.3.3 Cross-coupling reactions with terminal alkynes

There remains some difficulty in the preparation of nonsymmetrically
substituted tetrazines, since the frequently utilized nucleophilic substitution reactions
have been mostly limited to amines and alcohols, which decrease the electron affinity
of the tetrazines after monosubstitution because of the electron donating nature of
these substituents. Kotschy’s group *° has successfully accomplished the cross-
coupling reactions of a series of substituted chlorotetrazines with different terminal
alkynes under Sonogashira or Negishi coupling conditions to furnish alkynyl-s-
tetrazines in good to moderate yield (Scheme 22). The electron-donating properties of
the substituent on the tetrazine core were found to have a significant influence on the
success of the reaction. These results constitute the first cross-coupling reactions on
tetrazines.

Q
P 5%(PPhg),PdCl, N=N
N7 N 5%Cul =
P 4 =—R Q ——R
NN TEA, DMA _<?\1—nf
cl
Q
ry)\hl . L 7% (PPhs),PdCl, _<N N
NQrN ClZn™=—"8Bu "75F s0°c \— ,\f:
cl

Q=morpholinyl, pyrrolidinyl, diethylamino
R=C(CH3)20H, Ph, C4Hg

Scheme 22. Coss-coupling reactions of tetrazines with terminal alkynes.

1.3.4 Inverse electron-demand Diels-Alder reaction

1,2,4,5-Tetrazines, as electron deficient dienes, are largely involved in inverse
electron demand Diels-Alder reactions, which are adopted as convenient methods for
the preparation of various substituted pyridazines or the construction of fused
heterocycles, or as key steps in total synthesis of complex natural products. Since the
initial report of symmetrical perfluoroalkyl 1,2,4,5-tetrazines participating in [4+2]
cycloaddition reactions with olefins, which constituted the first demonstration of the
viability of the inverse electron demand Diels-Alder reaction ' , extensive
investigations have defined the scope and potential of 1,2,4,5-tetrazine participating in
[4+2] cycloaddition processes. A wide range of dienophiles and heterodienophiles are
capable of participating in Diels-Alder reactions with electron-deficient 1,2,4,5-
tetrazines, including electron-rich, neutral, and eletrondeficient olefins, acetylenes,
dienes, enol ethers and acetates, enamines, ynamines, ketene acetals, enolates,
benzynes, selected aromatics, imidates, amidines, thioimidates, imines, aziridines and
cyanamides.

52, 53 54, 55

There have already been several reviews and book chapters
concerning the inverse electron demand Diels-Alder reactions of 1,2,4,5-tetrazines till
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1996. During recent years, the Diels-Alder cycloaddition reaction of tetrazines has
continued to be the subject of extensive studies, and a lot of molecules containing
heterocycles, including natural products are synthesized through this type of reaction.

For example, Chi Wi Ong>® and co-workers have used highly electron
deficient 1,2,4,5-tetrazines to react with tricarbonyl[(1-4-n)-2-methoxy-5-methylene-
cyclohexa-1,3-diene]iron to construct spiro skeletons (Scheme 23). They found that
the (4+2) cycloaddition reactions took place exclusively with highly electron deficient
tetrazines to form spiro[5.5]undecane system in good yield, while due to its more
electron-rich nature, the bis(4-methoxyphenyl)-1,2,4,5-tetrazine did not react.

r OCH, 7 OCH,

R=COOMe (48) 65%
Pyridinyl 55%
Phenyl (1) 45%

4-methoxyphenyl 0

Scheme 23. Tetrazines for construction of spiro skeletons.

Balci and co-workers®’ also used inverse-Diels—Alder reaction of electron
deficient tetrazine 48 with benzene cis-diol to produce dihydrodiol containing the 1,4-
dihydropyridazine ring, a carcinogenic compound which is useful in biological study
(Scheme 24).

N MSOZC
)C\OzMe N/ COzMe H COzMe
N-
+ NZON CHOL o N2 N7 H-shift, HN™ e
| I
N N —_— e
OH N%(N "t MeoC Y OH Yl OH
OH HO OH
COZMG MSOZC OH MEOZC OH

Scheme 24. Reaction of tetrazine with benzene cis-diol.
Kotschy and co-workers ® found that appropriately —substituted
azolyldienamines are readily to undergo double “inverse electron-demand” Diels-
Alder reactions with tetrazine derivatives, yielding azolylpyridazines and
dihydropyridazines as products, which implies that any of the double bonds of
dienamine can react with a molecule of tetrazine and at some stage, fission of the
C(2)-C(3) bond also took place. The highly electron-deficient bis(methylcarboxylate)-
s-tetrazines (48), bis(trifluoromethyl)-s-tetrazine (49) and bis(2-pyridyl)-s-tetrazine
(50) were used as dienes (Scheme 25).
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Scheme 25. Reaction of tetrazine with azolyldienamines.

Snyder and colleagues®® have used 2-substituted imidazoles as dienophiles in
inverse electron demand Diels-Alder reactions with 48 to produce
imidazo[4,5,d]pyridazines in excellent yieds (Scheme 26), while the cycloadditions of
imidazoles with 3-hydro-6-methylthio-s-tetrazine (11) or 3,6-bis(methylthio)-s-
tetrazine (29) are unproductive.

jJ\OOMe COOMe COOMe
N N N X N X
/E’\>+’?‘u N NN |—pn—<¢ [ N—— < ] O
NN N N ~N
Ph™ N Y N N N
H H H H
COOMe COOMe COOMe
48

Scheme 26. Tetrazines used for synthesis of imidazo[4,5,d]pyridazines.

Given high enough temperature, bis-aryl-1,2,4,5-tetrazines can react with
DBU to give a fused heterocyclic ring system (Scheme 27)%. In this process, DBU
acts as both reactant and reducing agent while the tetrazine acts as both reactant and
oxidizing agent. It is noteworthy that this novel reaction involves the sequential
addition of amidines, enamines, and dienamines (originally present or generated from
DBU) to the tetrazine moiety. It also demonstrates the ability of 1,2,4,5-tetrazines to
perform oxidation.
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Scheme 27. Reactions of tetrazines with DBU.

Kurth’s group has investigated reactions of 1,2,4,5-tetrazines with acyclic and
cyclic enolate nucleophiles ® . When the carbon nucleophile is derived from
cyclobutanone, condensation is followed by nitrogen extrusion and ring expansion to
give a conformationally restricted 8-member ring (Scheme 28).

Ar
oo R,

S
>R Nx
)A\r R R,
N "N Ar
| 1
N~ N @eo Q Ar
T —K R {
Ar E Ar:CGHs, 4-C|C6H4, 4-BFC6H4, 4-MeCeH4
R1, R2, R= H.
r
Scheme 28. Reactions of 1,2,4,5-tetrazines with acyclic and cyclic enolate nucleophiles.
Snyder and colleagues ® have found that indoles react readily with 3,6-
dimethylcarboxylate-1,2,4,5-tetrazine (48) through inverse electron demand Diels-

Alder reaction (Scheme 29). 3,6-bis-acetyl-s-tetrazine also reacts with indoles to
obtain pyridazino[4,5,b]indoles, although in lower yields.

E E=COOMe, COMe
Scheme 29. Inverse electron demand Diels-Alder reactions of tetrazines with indoles.
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3,6-Dichloro-s-tetrazine, due to its more electrodefficient character than bis-
methylthio-s-tetrazine, undergoes D-A reaction with a variety of alkenes and alkynes,
in toluene or dichloromethane to provide pyridazines. Stannyl and silyl alkynes, enol
ethers and enamines all react readily to afford substituted pyridazines in good yield
(Scheme 30)%.

N—N TMS——=
c— S—cl
TMS H
Et |
MsTO EtO \
—
N N I
Ny OEt
Cl
cl /s Cl Eto
NN
Scheme 30. Inverse electron demand Diels-Alder reactions of dichloro-s-tetrazine with alkenes and

alkynes.
The di(2-pyridyl)-1,2,4,5-tetrazine (50) reacts readily with substituted styrenes

. . . . 64 . .
in aqueous media and in organic solvents (Scheme 31)™". The reaction is solvent
sensitive:

7\ NN ON= H-shift

X=MeO, Me, H, CI, NO2
Scheme 31. Reactions of di(2-pyridyl)-1,2,4,5-tetrazine with substituted styrenes.

X

Tetrazine 50 also reacts with alkynes, and the reaction can be accelerated
under super heated microwave conditions. Moreover, ketones and aldehydes can also
be applied as dienophiles in the reaction with 50 (Scheme 32)®°. The reactions
proceed via the cycloaddition of enol tautomers with tetrazines and the subsequent
extrusion of N, followed by loss of a water molecule.
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Scheme 32. Reaction of 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine with acetone.

The reaction of di-methylthio-s-tetrazine with methanol in the presence of catalytic
NaOMe affords the unsymmetric 3-methoxy-6-methylthio-s-tetazine (51), which
reacts readily with various electron-rich and neutral dienophiles (Scheme 33)%. The
reaction pathway is similar to the one described in Scheme

Scheme 32. Reaction of 3,6-di(pyridin-2-yl)-1,2,4,5-tetrazine with acetone.
, with a final loss of HX instead of H,O.

MeQ
/N\
O d AP
j\l\/le DM, r. t. SMe
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|
NN
Y /l\ph [H\

SMe Xylene, 140°C N~
51 Ph

SMe

X=TMS, TBS
Scheme 33. Reacions of unsymmetric tetrazine with electron-rich and neutral dienophiles.

Boger and colleagues®” have disclosed the order of reactivity of a series of

tetrazines in inverse electron demand D-A reactions with electron-rich dienophiles
(Figure 5):
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Reactivity:
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Figure 5. The order of reactivity of a series of tetrazines in inverse electron demand D-A reactions
with electron-rich dienophiles.

They also found that the cycloaddition regioselectivity is consistent with the
polarization of the diene and the ability of the methylthio group to stabilize a partial
negative charge at C-3, and the N-acylamino group to stabilize a partial positive

charge at C-6 (Scheme 34):

o Cc2 j\
A / HN™ "R
& Z

==z
Z2
+

N~ .
- R+ _+ EDG
c3 8T '8
SMe SMe

Scheme 34. The cycloaddition regioselectivity of 3-acylamino-6-methylthio-tetrazine in inverse
electron demand D-A reactions.

The cycloaddition of 3-aryl-1,2,4,5-tetrazines with various monosubstituted
alkynes occurs with high regioselectivity to yield corresponding 3,5-disubstituted
pyridazines in high yield®®. The production of minors 3,4-disubstituted pyridazines is

neglectable (Scheme 35).

NN
N~ _N
CH CN
+ |
reflux

main minor

R=CMej, SiMe3, GeMes, SnMe;
Scheme 35. The cycloaddition of 3-aryl-1,2.4,5-tetrazines with monosubstituted alkynes.

1.4 Research development and applications of tetrazines

1.4.1 Tetrazines as molecular models for theoretical studies

1.4.1.1 Research about their electronic states

s-Tetrazines, due to their special structural features (symmetric substitution of
C by N, low-lying w* orbital, etc.), are subjects of numerous theoretical
investigations. For example, s-tetrazine (C,N4H,), with eight atoms and an aromatic
ring, can truly represent polyatomic systems, yet small enough to allow a detailed
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vibronic analysis of excited-state spectra. In fact s-tetrazine features a rich set of
vibrational motions, including ring breathing, puckering, bending, and stretching
vibrations, which can be selectively observed by tunable laser beams.

It is particularly interesting to investigate tetrazine derivatives, since they
represent the special, rare case of a “three-dimensional” organic chromophore with
well separated and relatively strong transitions in three perpendicular directions,
determined by molecular symmetry. Much effort has already been devoted to
characterize their ground and excited electronic states.

Early in 1959, the vibrational structures of the visible absorption spectrum of
s-tetrazine, dideutero-s-tetrazine, and dimethyl-s-tetrazine have been measured in the
vapour at low temperature by Mason®. For the vapour of s-tetrazine the strongest
band is the 0-0, which shifts towards the red end of the spectrum in the dideutero-
derivative. The observed upper-state progressions are short, indicating that the
electronic transition, whilst of low oscillator strength, is allowed by symmetry, and
that there is little change in the size of the molecule in excitation, although the
molecular zero-point energy increases. The particular vibrations active in the
electronic transition suggest that s-tetrazine assumes a more regular hexagonal shape
on excitation.

Barone and colleagues’® have also applied Time-dependent density functional
theory (TDDFT) to calculate vertical excitation energies of s-tetrazine both in the gas-
phase and in aqueous solution. The model density functional (PBEO) is obtained by
combining the Perdew-Burke-Erzenrhof (PBE) generalized gradient functional with a
predetermined amount of exact exchange, while the polarizable continuum model
(PCM) is used to mime solvent effects on electronic transitions. The results in the gas
phase show that the PBEO functional provides accurate excitations both to valence
and to low-lying Rydberg states. At the same time, the experimental solvent shifts in
aqueous solution are well reproduced when the solute and the first solvation shell are
embedded by a continuum solvent. These results show the potentialities of the
combined TDDFT/PCM approach for the study of UV spectra of aromatic compounds.

Weber and colleagues’' have calculated the electron diffraction patterns of s-
tetrazine in specific electronic and vibrational states for isotropic samples, for
molecules that are aligned in high-intensity laser fields, and for orientationally
clamped molecules. They found that both the electronic and the vibrational excitations
lead to changes in the diffraction patterns of isotropic samples in the range of +1%.

Thulstrup and colleagues® have studied six symmetrically disubstituted
derivatives of s-tetrazine by linear dichroism spectroscopy in the UV-visible region,
magnetic circular dichroism spectroscopy, and theoretical calculations of structure
and spectra (Figure 6). The electronic absorption spectra show three major,
characteristic transitions: an out-of-plane polarized n-n* transition at lowest energy,
an in-plane, short axis polarized n-n* transition at higher energy and a third, long axis
polarized transition at higher energy. The calculated and observed transition moments
and energies for these transitions are in good agreement.
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Figure 6. Tetrazines studied by Thulstrup's group.

Thulstrup and colleagues’ have also investigated the electronic structures of
3,6-diphenyl-s-tetrazine (1), 3,6-bis(4-pyridyl)-s-tetrazine (53), 3,6-bis(3-pyridyl)-s-
tetrazine (45), and 3,6-bis(2-pyridyl)-s-tetrazine (50), by linear dichroism (LD) UV-
Vis absorption spectroscopy, magnetic circular dichroism (MCD) spectroscopy, and
quantum chemical calculations (Figure 7). The LD spectra contain information on the
transition moment directions of the observed electronic transitions, and lead to
resolution of the otherwise hidden transitions in combination with the MCD spectra.
The electronic transitions predicted by time dependent density functional theory using
molecular geometries determined by X-ray crystallography are in excellent agreement
with the observed transitions. The combined experimental and theoretical evidence
lead to a consistent assignment of electronic states.

N
N \ / \ /N 53
— N—N y
N N=N —
77 N\
N 7\ 7 45 i
N—N N x
N N=N —
7\
N /N ) 50
— N— N

Figure 7. Tetrazines studied by Thulstrup's group.

1.4.1.2 Research on electron interactions: complexes with rare gas atoms

Apart from understanding their electronic ground and excited states, the s-
tetrazine is also of considerable interest from the standpoint of understanding the
interactions amongst non-bonding electrons and between bonding and non-bonding
electrons. Levy’s group’>” has investigated detailedly the van der Waals comlexes of
s-tetrazines with the rare gases He, Ar and Kr. For example, they have formed the
complexes of s-tetrazine with He and Ar in a supersonic free jet, and observed them
by the technique of laser induced fluorescence’. The resolution of rotational structure
in the n- m* electronic transition of the s-tetrazine chromophore allows the structure of
these complexes to be measured. The complex between s-tetrazine and one argon
atom 1is similar to that observed between s-tetrazine and He. The argon lies near the
out-of-plane A rotational axis with a ground state separation of 3.44 A, which
decreases to 3.40 A in the excited state. When the number of complexing atom is two
or less, they are found to always bind directly above and below the tetrazine ring.
Complexes containing three or more rare gas atoms have also been observed and their
structures have been measured. In this case the out-of-plane preferential binding sites
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are filled by the first two atoms and additional atoms must find new sites. As long as
one or more argon atoms are present, additional rare gas atoms bind to an argon atom
which is itself bound to the tetrazine ring at an out-of-plane site. The fluorescence
excitation and dispersed fluorescence spectra of the complexes have been studied to
determine the van der Vaals bond stretch and bend frequencies’®. In the case of
tetrazine-Xe, a vibrational progression spanning v = 0 to 8 in the bend vibrations was
detected. The harmonic frequencies of the van der Waals bond stretch and bond bend
vibrations are found to be very similar for the tetrazine-Xe, tetrazine-Kr and tetrazine-
Ar clusters. Spectra of the symmetric trimer of xenon-tetrazine-xenon show
progressions in the van der Waals bond stretch vibration up to v *~ = 5. The
frequencies of the stretch vibration on tetrazine-xenon and the symmetric stretch
vibration in xenon-tetrazine-xenon support the validity of pairwise additivity of the
van der Waals potentials. The excitation spectra also indicate the presence of other
more complicated clusters of tetrazine with xenon.

1.4.2 Tetrazine derivatives for NLO

Tetrazine derivatives appear to be very promising targets with respect to the
search for new optical and electroactive molecules as potential candidates for devices.
Tetrazine is the most electrodeficient aromatic heterocycle of the C-N familyz, and
their strong electron affinity is expected to enhance the charge transfer in related
conjugated molecules leading to enhanced nonlinear optical (NLO) properties.
Moreover, the reversible electrochemical reduction displayed by most tetrazines
might also constitute a useful feature for the achievement of electroswitchable NLO
devices.

Within this topic, Audebert’s group’® has prepared two donor-acceptor-donor
tetrazines containing ferrocene moieties as donor units (Figure 8, S4a and 54b), one
of them also containing a phenyl unit as a n—bridge (54b), and investigated their
spectral and electrochemical properties. UV-vis spectroscopic and cyclic
voltammetric studies show intramolecular charge transfer interaction in the solution,
especially when there is no spacer in the molecule. The oxidation potential of
ferrocene moieties indicates that the influence of the tetrazine ring on Fc is
considerably greater in 54a than in 54b in the ground state due to the presence of the
phenyl linkage between the ferrocene and tetrazine moieties, which increases the
electron density on the Fc units. On the other hand, UV-vis studies show an increase
of charge delocalization due to the phenyl linkage between the ferrocene and tetrazine
moieties. Both tetrazines display reduction potentials in the same range, showing a
much weaker influence of the Fc substituants on the tetrazines than the other way
around. Although the voltammograms are not fully reversible for compound 54a, both
tetrazines constitute potential molecules for device applications. The third-order NLO
properties of 54a and 54b were also investigated, and the results show that the
ferrocenyl group does not play a highly positive role in the optimization of y values.
However, it evidences the possible role of metal-to-ligand charge transfer on third-
order hyperpolarizability values, confirming the counteractive effect of the charge
transfer process already reported for quadratic nonlinear responses.

36



N=N N=N
o
Fe N—N Fe Fe N—N Fe
= " =

Figure 8. Third order NLO active tetrazine derivatives.

1.4.3 Tetrazines in coordination chemistry

With four m—accepting and o—donating sp® N atoms in the electron-deficient
aromatic ring, the 1,2,4,5-tetrazines exhibit a particular coordination chemistry,
characterized by electron and charge transfer phenomena and by the ability of these
heteroatom-rich ligands to bridge metal centers in various ways. A very low-lying *
orbital localized at the four nitrogen atoms is responsible for intense low-energy
charge transfer absorptions, electrical conductivity of coordination polymers, unusual
stability of paramagnetic radical or mixed-valence intermediates and for often well-
resolved EPR hyperfine structure in the radical complexes. The structural
consequences of electron transfer as well as the capability for efficient and variable
metal-metal bridging render the tetrazines valuable components of supramolecular
materials.

The obvious interest of tetrazines in coordination chemistry is the presence of
multiple metal binding sites. Discrete dinuclear complexes or linear coordination
oligomers and polymers may result. The latter motif has been used abundantly in the
construction of electrically conducting 1D materials.

Kaim has reviewed the established coordination variety of substituted tetrazine
ligands and their unique electronic structure (Figure 9)*. The coordination chemistry
of these 1,2,4,5-tetrazines with Cr, Mo, W, Mn, Fe, Ru, Os, Ag, Cu, Zn, Cd, Tc is
thoroughly explored. The results show that as remarkable small bridging ligands
which can convey efficient metal-metal interaction (as evident from stable mixed-
valence intermediates and high electrical conductivity), the tetrazines continue to be
promising components of functional supramolecular entities in further efforts towards
“molecular electronics”.

OHN N OMe Q—< >—(t> C>—<\:j:>—<\jN

MeO N—N
bctz 48 bptz(2, 2bptz dptz or pytz) 4,4'-bptz 53
A\ \ HN= N=
W CHOHD D
N NH N
3,3'-bptz 45 bmtz 55 Hobmtz 56

Figure 9. Tetrazines used in coordination chemistry.

More recently, an important example is given by Dunbar’s group’’, who used
anion-t interactions as controlling elements in self-assembly reactions of Ag(l)
complexes with m-acidic tetrazine rings. Reactions of 50 and 3,6-bis(2’-pyridyl)-1,2-
pyridazine (Figure 10, 57) with AgX salts (X=PF¢, AsFs, SbF¢, and BF,") afford
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complexes of different structural motifs, depending on the m-acidity of the ligand
central ring and the outer-sphere anion.

/_\ N\ / 7
N N—N N
bppn 57

Figure 10. bppn, used for comparison with tetrazines in self-assembly reactions of Ag(I) complexes.

The reaction with 50 leads to the polymeric {[Ag(50)][PFs]}- (Figure 11), the
dinuclear compounds [Agz(50)(CH3CN),][PFs]> and [Agx(50)2(CH3CN),][AsFg],, as
well as the propeller-type species [Agx(50):][AsFs]> and [Agy(50);][SbF¢l.. As
comparison, reaction of 57 with AgX produces the grid-type structures [Ags(57)4][X]4,
regardless of the anion present. In complexes of 57, n-m stacking interactions are
maximized, whereas multiple and shorter (therefore stronger) anion- m interactions
between the anions and the tetrazine rings are established in complexes of 50. These
differences reflect the more electron-deficient character of the tetrazine ring in 50 as
compared to the pyridazine ring in 57. Furthermore, the evidence obtained from the
solid-state structures was corroborated by density functional theory calculations. In
the electrostatic potential maps of the free ligands, a higher positive charge is present
in 50 as compared to the central ring of 57. Therefore it is concluded from these
systems that anion-m interactions in complexes of 50 play an important role in the
outcome of self-assembly reactions.

Figure 11. (a) Packing diagram of {[Ag(50)][PF¢]}.. depicting the shortest contacts between the PFg
anions and the tetrazine ring centroids. (b) Tetrazine ring with two PF¢ anions in {{Ag(50)][PF¢]}.,
displaying the three F atoms involved in each anion- & interaction.

1.4.4 Tetrazines as energetic materials

Tetrazines possess high positive heat of formation and crystal densities, which
are important properties for energetic materials applications. Hiskey’s group has
contributed a lot in the research of tetrazines derivatives as high-nitrogen energetic
materials. A lot of tetrazine derivatives have been synthesized and characterized in
their laboratory ( Figure 12)"* 7.
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Figure 12. Tetrazines synthesized in Hiskey's group for energetic materials applications.

Talawar and co-workers® have also contributed a lot by the synthesis and
theoretical performance computation of some 1,2,4,5-tetrazine high energetic
materials (HEMs), some of which are similar to the tetrazines synthesized by
Hiskey’s group and display potential as energetic additives for high explosive/rocket
propellant formulations.

1.4.5 Tetrazines as pharmaceuticals

There are several reviews® " * indicating that the use of compounds containing

1,2,4,5-tetrazine skeleton have been claimed for use as pharmaceuticals. For example,
3-amino-6-aryl-1,2,4,5-tetrazines have showed modest antimalarial activity in a
preliminary research™

Wei-Xiao Hu and colleagues® have prepared a series of s-tetrazine derivatives
and evaluated their antitumor activities in vitro (Figure 13). The results show that
some compounds at 10° UM have more than 50% inhibition rate to A-549 cancer cell
growth, and some at 10® uM have more than 50% inhibition rate to P-388 cancer cell
growth.

N—N
R— d—r
N=N

R=Pyrazinyl, Ph, p-CH3Ph,m-CIPh, p-CIPh,
0-CIPh, PhCH2, p-CIPhCH3, p-CF3Ph, efc.
Figure 13. Tetrazines with antitumor activities.
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Another two tetrazine derivatives, 58 and 59 (Figure 14), show strong
inhibition activity for P-388 and HL-60 growth, respectively.™

OH cl
N—N N N-N —
70\ 7 N\ \>_2t/>
N= = N N
HO

N:
Cl
58 59
Figure 14. Tetrazines with strong inhibition activity for P-388 and HL-60 growth.

1.4.6 Tetrazine derivatives for anticorrosion applications

Some heterocyclic compounds containing nitrogen atoms are good corrosion
inhibitors for many metals and alloys in various aggressive media*®. Lagrenée and co-
workers have investigated the inhibition effect of 3,6-bis(2-methoxyphenyl)-1,2-
dihydro-1,2,4,5-tetrazine (2-MDHT, 60, Figure 15) on the corrosion of mild steel in
acidic media, by weight loss and various electrochemical techniques. Results reveal
that this organic compound is a very good inhibitor, and is able to reduce the
corrosion of steel under acidic conditions.

H H
N—N
O
N—N
OMe MeO
60

Figure 15. Molecular structure of 2-MDHT.

Generally speaking, due to their intrinsic electron-deficient property, tetrazines
can participate in a variety of reactions, espetially in SyAr reaction and inverse
electron demand Diels-Alder reaction. 1,2,4,5-Tetrazines have already been very
widely utilised for the highly effective synthesis of natural products, ligands, NLO
materials, highly energetic materials, bioactive compounds, building blocks, etc. Such
applications of 1,2,4,5-tetrazines continue to increase rapidly in number, and a review
describing the advances and applications in 1,2,4,5-tetrazine chemistry over the last
ten years has just been published on the internet at the end of the composition of this
manuscript®’ . However, the potential of tetrazines in sensor applications has seldom
been noticed and not explored yet till now. In our consideration, the combination of
all these properties of tetrazine—good redox reversibility, fluorescence in some cases
(which will be discussed in Chapter 3), and high electron affinity—could lead to the
development of a new class of molecular sensors toward anions and electron-rich
compounds.
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Chapter 2 Development of anion and electron-
rich compound sensors

2.1 Supramolecular chemistry and receptors

Molecules which interact with one another through noncovalent forces
(hydrogen bonding, m—m stacking, van der Waals interactions and electrostatic
interaction) in organized assemblies to perform useful functions are termed
supramolecules (Figure 1). They are found in their most refined form in biological
systems.

Host Guests Supramalecule
1.} Hvdrogen Bonding 1) Van der Waals Interachions
2.} m-Stacking 4.} Electrostatic  Interactions

Figure 1. Molecular recognition and supramolecular bonding.

A receptor is a species that can select one of many possible binding partners
and form a complex that is stabilized by supramolecular interactions as mentioned
above.

Advances in supramolecular chemistry have given rise to the preparation of a
great deal of molecular receptors which bear adequate functional groups to establish
noncovalent interactions with molecular substrates. The research and the design of
such receptor molecules has an important and increasing impact in different fields,
such as analytical and medicinal chemistry, and in the development of catalytic
substances mimicking enzymes, etc. In comparison to cation receptors, research of
anion or neutral organic molecule receptors is a relatively new field, but has already
become an established area in supramolecular chemistry.

2.2 Optical (colorimetric, fluorescent) sensors and
electrochemical sensors

Generally speaking, sensors are developed from receptors. Usually the
structure of a sensor is a combination of a complexing part (acting as a receptor) and a
sensing part. The complexation of guest species with receptors can be monitored
either by optical (colorimetric or fluorescent) changes or by changes in
electrochemical behaviours (resistance, conductivity, current, potential, capacityl,
etc.), on which optical sensors and electrochemical sensors are designed and function,
respectively.
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2.2.1 Fluorescent molecular sensors

2.2.1.1 Brief introduction of fluorescence
Fluorescence is a particular case of luminescence. The mode of excitation is

absorption of a photon, which brings the absorbing species into an electronic excited
state. The emission of photons accompanying de-excitation is then called
luminescence (fluorescence, phosphorescence, or delayed fluorescence), which is one
of the possible physical effects resulting from interaction of light with matter.

The Perrin-Jablonski diagram (Figure 2) is convenient for visualizing in a
simple way the possible processes: photon absorption, internal conversion,
fluorescence, intersystem crossing, phosphorescence, delayed fluorescence and
triplet-triplet transitions. The singlet electronic states are denoted Sy (fundamental
electronic state), S;, Sy, etc., and the triplet states, T, T, etc.. Vibrational levels are
associated with each electronic state. Since the absorption is very fast (~10™" s, Table
1) with respect to all other processes, there is no concomitant displacement of the
nuclei according to the Franck-Condon principle, and the vertical arrows
corresponding to absorption start from the 0 (lowest) vibrational energy level of Sy
because the majority of molecules are in this level at room temperature. Absorption of
a photon can bring a molecule to one of the vibrational levels of S;, S,, etc.. The
subsequent de-excitation process consisting in the emission of photons accompanying
the S;—S, relaxation is called fluorescence. Generally fluorescence emission occurs
from S; and therefore its characteristics (except polarization) do not depend on the
excitation wavelength. The 0-0 transition is usually the same for absorption and
fluorescence, but the fluorescence spectrum is located at higher wavelengths (lower
energy) than the absorption spectrum because of the energy loss in the excited state

due to vibrational relaxation.
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Figure 2. Perrin-Jablonski diagram and illustration of the relative positions of absorption, fluorescence
and phosphorescence spectra. IC: Internal conversion, a non-radiative transition between two electronic
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states of the same spin multiplicity. In solution, this process is followed by a vibrational relaxation
towards the lowest vibrational level of the final electronic state. ISC: Intersystem crossing, a non-
radiative transition between two isoenergetic vibrational levels belonging to electronic states of
different multiplicities.

Table 1. Characteristic times of each process

CHARACTERISTIC TIMES
absorption 105
vibrational relaxation 1012-10"%
lifetime of the exited state S; 101°-107 s — fluorescence
intersystem crossing 101°-10%s
internal conversion 101-107s
lifetime of the excited state T, 10°-1 s — phosphorescence

2.2.1.2 Fluorescent molecular sensors

A fluorescent molecular sensor consists of a fluorophore as the signaling part,
which acts as a signal transducer that converts the information of the presence of an
analyte into an optical signal expressed as the changes in the fluorescence
characteristics.

A large amount of fluorescent molecular sensors are designed and synthesized,
because, firstly, there are high demands in analytical chemistry, clinical biochemistry,
medicine chemistry, environment, etc.; secondly, a huge number of chemical and
biochemical analytes can be detected by fluorescence methods: cations (H', Li", Na",
K, Ca2+, Mg2+, Zn2+, Pb2+, Al3+, Cd2+, etc.), anions (halide ions, citrates, carboxylates,
phosphates, ATP, etc.), neutral molecules (sugars, e.g. glucose, etc.) and gases (O,
CO; , NO, etc.); thirdly, fluorescent molecular sensors offer distinct advantages such
as high sensitivity, high selectivity, short response time, local observation (by
fluorescence imaging spectroscopy), and the possibility for remote sensing
(combining with optical fibers). The great improvement in the sensitivity and the
spatial or temporal resolution of instruments also promoted successfully the
application of fluorescent sensors in various fields.

Valeur has classified the fluorescent molecular sensors into three classes
(Figure 3)*:

Class 1: fluorophores that undergo quenching upon collision with an analyte;

Class 2: fluorophores that can reversibly bind an analyte, of which the
fluorescence can be either quenched (CEQ type: Chelation Enhancement of
Quenching) or enhanced (CEF type: Chelation Enhancement of Fluorescence) upon
binding;

Class 3: fluorophores linked, via a spacer or not, to a receptor. The design of
such sensors, which are based on molecule or ion recognition by a receptor, requires
special care in order to fulfil the criteria of affinity and selectivity, which are relevant
to the field of supramolecular chemistry. The changes in photophysical properties of
the fluorophore upon interaction with the bound analyte are due to the perturbation of
photoinduced processes by the latter (electron transfer, charge transfer, energy
transfer, excimer or exciplex formation or disappearance, etc.) Again, fluorescence
can be quenched or enhanced.
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Figure 3. Main classes of fluorescent molecular sensors classified by Valeur.
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2.2.2 Electrochemical sensors

Electrochemical sensors are based on changes of electrochemical behaviour

once the complex between redox-active receptor and analyte is formed®. The changes
in electrochemical behaviour can be used to monitor the complexation of guest

species, which is also considered as the process of molecular recognition.

. . 4-
versatile as ion sensors 7

For example, ferrocene derivatives, mostly those which are substituted with

macrocyclic ligands, are prototype molecules which have proved to be especially
. Cation binding at an adjacent receptor site of a ferrocene-
based host induces a positive shift in the redox potential of the ferrocene/ferrocenium
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couple, either by through-bond and/or through-space electrostatic interactions,
interference or conformational change®.

Molina and colleagues9 have synthesized a diferrocene derivative 61, in which two
ferrocene redox-active moieties are in proximity to the cation-binding
dihydroquinoline site through an aza-substituted bridge (Scheme 1). This molecule,
containing a ferrocenophane architecture with another ferrocenyl susbtituent,
functions as a highly selective electrochemical sensor for Mg2+ ion, while not
showing any response to Ca’" or alkaline ions. The response of 61 to Mg”" can be
clearly detected by electrochemical techniques even in the presence of a large amount
of other metal ions.

Scheme 1. Synthesis of an electrochemical sensor for the selective detection of Mg*".

Yua et al'® described an electrochemical sensor for an electrochemically
inactive compound using -CD immobilized on a poly(N-acetylaniline) film modified
electrode as a molecular host, in which 1,4-hydroquinone (HQ) was chosen as a probe.
The target analyte cinchonine (CCN) is electrochemically inactive within the potential
range studied and capable to form a strong complex with B-CD. In the presence of
CCN, the decrease in HQ peak current is directly proportional to the amount of CCN,
which provides a basis for the sensitive, fast and simple electrochemical CCN’s
sensing. The study of competitive inclusion processes also enables a better
understanding of cyclodextrin-based supramolecular chemistry and the design of
novel assay methodology for electrochemically inactive guest molecules.

In the search of a novel sensor to detect the presence of formaldehyde
(HCOH), a common environmental pollutant with serious toxicity'""'?, Chengbu Liu
et al”® developed a boron-doped (B-doped) single-walled carbon nanotube (SWCNT)
presenting high sensitivity to HCOH. The relevant sensing mechanism is attributed to
the sensitive conductance change of SWCNT caused by charge transfer between
SWCNTs and HCOH molecules which affects the electronic transport properties of
SWCNT.
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2.3 Anion sensors
2.3.1 Roles of anions

The design and synthesis of systems that are capable of sensing various anions
are currently of major interest because of the important roles that anions play in
physiological and environmental systems'*'®,

Anions are ubiquitous throughout biological systems and play essential roles.
For example, chloride is an important electrolyte in maintaining potentials across cell
membranes, and the misregulation of its transport through cell membranes by chloride
channels is the cause of cystic fibrosis'’. Transport of chloride as HCl by the
prodigiosins through biological lipid bilayer membranes has been shown to uncouple
lysosomal vacuolar-type ATPases™. In fact DNA, which carries genetic information
of organism, is a polyanion. A majority of enzyme substrates and co-factors are also
anionic. For example, the anionic carboxypeptidase A is an enzyme coordinating to
the C-terminal carboxylate group of polypeptides by the formation of an arginine-
aspartate salt bridge and catalyzing the hydrolysis of this residue.

Many anions are also of great importance as agricultural fertilizers and industrial raw
material®', as well as a significant influence factor for environment. For example,
phosphorous, a key nutrient in living organisms is involved in several biological and
environmental processes, but extensive input of phosphate due to over fertilization
and from industrial and domestic waste water pollution results in eutrophication, a
process that is often accompanied by growth of toxic algae® **. Pollutant anions have
also been linked to carcinogenesis, for example, the metabolites of nitrate. The
production of pertechnetate during the reprocessing of nuclear fuel (and its
subsequent discharge into the seas and oceans) is also a matter of environmental
concern.

2.3.2 Difficulties in anion recognition and sensing

Although molecular recognition of anionic species plays a pivotal role in a
large number of chemical and biological processes, practical detection of anions has
continued to be a more challenging issue than the detection of cations, which has been
fully developed for almost 40 years**>".

The difficulty in designing anion receptors comes from several aspects. First
of all, anions are larger than isoelectronic cations and therefore have a lower charge to
radius ratio®”, which means electrostatic binding interactions are less effective than
they would be for the smaller cation (Table 2).

Table 2. A comparison of the radii of isoelectronic cations and anions.

Cation r (A) Anion r (A)
Na’ 1.16 F 1.19
K' 1.52 Cr 1.67
Rb" 1.66 Br 1.82
Cs' 1.81 I 2.06
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Secondly, anions may be sensitive to pH values, for they are protonated at low
pH and so loose their negative charge, hence receptors must function within the pH
window of their target anion’”.

Additionally, solvent effects also play a crucial role in controlling anion
binding strength and selectivity. Electrostatic interactions generally dominate in anion
solvation, and hydroxylic solvents in particular form strong hydrogen bonds with
anions. Thus a potential anion receptor must effectively compete with the solvent
environment, in which the anion recognition event takes place. Usually a neutral
receptor that binds anions solely through ion-dipole interactions only associates with
anions in aprotic solvents, whereas a charged receptor binds to highly solvated
(hydrated) anions in protic solvent media.

Hydrophobicity can also influence the selectivity of a receptor. The
Hofmeister Series orders anions by their hydrophobicity and therefore degree of
aqueous solvation (Scheme 2)°'. Hydrophobic anions are generally bound more
strongly in hydrophobic binding sites.

hydrophilic
high p&, OH- F HPOs*
small
CH,CO,~ Cl~
Ny
Br
|':|II|"!' pKﬂ |-
large ClO.~

hydrophobic
Scheme 2. The Hofmeister Series order of hydrophilic/hydrophobic anions.

Last but not the least, anionic species have a wide range of geometries (Figure

4), therefore a higher degree of design may be required to make receptors
complementary to their anionic guest.
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Figure 4. The structure variety of anions.

2.3.3 Developments in research for anion receptors and sensors

Despite all the difficulties discussed above, a lot of developments have been
achieved in anionic recognition and sensing since the pioneering work of Lehn*? and
Schmidtchen®®, who have first developed sophisticated positively charged concave
receptors capable of including inorganic anions. Figure 5 shows their representative
receptor-anion complexes. In the case of a**, the rod-like azide anion is included in
the ellipsoidal cavity containing six ammonium groups; while in b*>, the spherical
iodide anion is included within the spherical cavity containing four tetraalkyl
ammonium groups. In both cases, the positively charged groups are positioned
strategically within the internal framework of receptor, and selectivity derives from
the matching of the geometrical features—shape, size—of receptor’s cavity with the
anion. Since then, a new branch of chemistry developed, which has been defined as
anion coordination chemistry®
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Figure 5. Prototypes of concave positively charged receptors suitable for anion inclusion.

By far, synthetic receptors for anions are usually based on macrocyclic
polyammonium/guanidinium, amides, urea/thiourea and functionalized calixarenes.

Similar to the classical coordination chemistry of metals, anion coordination
chemistry is based on non-covalent interactions, and an anion establishes multi-point
interactions with its receptor (either positively charged or neutral), as a metal ion with
its ligands. As a consequence, some concepts and paradigms of metal coordination
chemistry, for example the chelate effect or the macrocyclic effect, apply well to
anion coordination chemistry. Sensors derived from receptors can be positively
charged, from the presence of ammonium/tetraalkylammonium fragments, or
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incorporate metal ions. Sensors can be neutral, too; in that case, they should interact
with the anion through hydrogen bonding and should contain H-bond donor groups,
essentially N-H fragments from amides and ureas. Luigi Fabbrizzi’’ classified anion
receptors/sensors on the basis of the nature of the interaction, to which we added
another class of interaction—anion-7 interaction (Scheme 3).

nature of the interaction

metal-ligand

.. transition metals
 Positively ( )

charged
Electrostatic
Anions receptors/ (ammonium, guanidinium, pyridinium)
sensors
H-bond
(N-H fragments from amides, ureas, pyrroles)

- neutral

Anion-TT interaction
Scheme 3. Classification of anion-sensor interactions.

2.3.3.1 Anion sensors based on metal-ligand interaction

Positive charges within receptor’s cavity can be provided by transition metal
ions (e.g. Cu(Il)), which offer a binding site to one donor atom of the envisaged anion.
Metal-ligand interactions are relatively strong and in most cases more than
compensate the endoergonic terms associated to anion desolvation. As a consequence,
receptors containing transition metal ions ensure selective anion recognition in water.
For example, the Fabbrizzi’s group’’ has synthesized some dicopper(Il) bistren
cryptates, which are ideal receptors for ambidentate anions capable to bridge the two
Cu(II) centres (Figure 6):

" iy .
§NH‘_—_\H:% ERCI
«,NH HN_)

(,,M H Hl N) o ambidentate anion,
— eg. CI",NCO
00CRCOO-
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Figure 6. Inclusion process of an anion into a bistren dimetallic cage, and some examples of bistren
cryptates.

The size of the ellipsoidal cavity and consequent inclusion selectivity for
anions can be modulated by varying the length of the spacers linking the two tren
subunits. The selective recognition of halides, polyatomic anions, aromatic and
aliphatic dicarboxylates can be realized.

While most currently known anion sensors work only in organic solutions,
sensors for biological applications are required to function in neutral aqueous
solutions. Kikuchi et al.*® have designed a novel fluorescent anion sensor which could
be applied in aqueous solution (Scheme 4).

. CF3
HN \
§
N E N T
(o) (ow ]
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Scheme 4. Design concept of a fluorescent sensor of anions. M"" is a metal ion that can be chelated
stably by cyclen.

The sensor molecule 62-Cd(II) contains a 7-amino-4-trifluoromethylcoumarin
as a fluorescent reporter and Cd(Il)-cyclen (1,4,7,10-tetraazacyclododecane) as an
anion host. In neutral aqueous solution, Cd" of 62-Cd(Il) is coordinated by the four
nitrogen atoms of cyclen and the aromatic amino group of coumarin. When various
anions are added to a buffer solution (pH 7.4) containing 62-Cd(Il), the analyte
displaces the aromatic group of coumarin from the sphere of coordination of Cd(Il),
causing a change of the emission spectrum. While pyrophosphate and citrate are
detected with high sensitivity, fluoride and perchlorate produce no response. Some
organic anions such as ATP and ADP also give strong signals, indicating the potential
for biochemical and analytical applications. The same sensing principle could also be
widely applicable to the sensing of other molecules.

2.3.3.2 Anion sensors based on electrostatic interaction

Quarternary ammonium and guanidinium are often-used groups in the
construction of anion sensors to produce electrostatic interaction with anions.
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Schmidtchen’s group produced in an elegant work the macrotricyclic quaternary
ammonium hosts 63 and 64 (Figure 7), which can be used as receptors to form
complexes with a variety of anionic guests in water’”. The crystal structure of the
complex of 63 with an internal iodide was obtained and the driving force is the strong
electrostatic interactions of iodide ion with four quarternary ammonium groups.

Frontera and co-workers*’ have designed and synthesized a new tripodal
receptor based on squaramide-ammonium unit (65, Figure 7), which is able to form
stable complexes with tricarboxylate anions. Hydrogen bonding is also involved in the
formation of the complex. They have evaluated its binding properties with several
guests, and determined its association constants. A sensing ensemble of the receptor
65 with fluorescein is able to be applied for the determination of citrate in highly
competitive media.
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Figure 7. Macrotricyclic quaternary ammonium hosts for receptor applications (63, 64) and new
tripodal receptor based on squaramide-ammonium unit (65).

Since these electrostatic interaction-based anion sensors are positively charged
and are therefore associated with counterions, in many cases a competition for the
anion-binding site between the counterions and the analyte may occur. To overcome
this disadvantage, many neutral sensors based on hydrogen bonding are designed and
synthesized.

2.3.3.3 Anion sensors based on hydrogen bonding

The binding of anions to neutral receptors is of special significance; first, to
avoid the competing counterion complexes present if cationic hosts are used, and
second, the selectivity is highest in neutral receptors due to the dominance of
directional interactions. For instance, the high specificity of neutral, anion binding
proteins is due to a recognition site where the anion guest is bonded simply via
multiple hydrogen bonds*'. Obviously, each nonbonded interaction is weaker than
coulombic interactions present in positively charged receptors; however an enough
number of nonbonded interactions can lead to selective neutral receptors for anions.

The interaction firstly considered for a neutral molecular sensor with an anion
is hydrogen bonding. In particular, the receptor must act as an H-bond donor and the
anion as an H-bond acceptor. Suitable fragments for H-bond donation are OH and NH.
Due to the higher electronegativity of oxygen, the O-H bond is more polarized, from
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which results that OH is a more powerful H-bond donor than N-H. However,
molecules containing ureas, amides, and pyrrole groups have proven to be effective
and selective anion-binding agents42.

For example, urea derivatives, one of the most classical and first investigated
NH containing receptors, are able to donate two hydrogen bonds to Y—shaped anions
such as acetate, to give an H-bonded complex, whose structure is shown in Figure 8.
A variety of receptors containing one or more urea subunits have been designed and
tested for anion recognition and sensing over the past decade. Recently, the crystal
and molecular structure of complex 66 has been reported, which indicates that acetate
establishes two directional H-bonds with the two—NH fragments of the urea subunit,
and the N(urea)-O(acetate) distances (2.69 and 2.77 A) position the interaction
among ‘moderate’ hydrogen bonds, whose nature is mainly electrostatic. This
example emphasizes the directionality of the bifurcate hydrogen bonding interaction
with the acetate ion.

9 66: R,=R,= ONO2
Rie. AL R,
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Figure 8. The H-bond comlex between a urea based receptor and acetate.

Unlike ureas which bind Y-shaped anions in a parallel hydrogen-bonding
array, another NH containing receptors, amidopyrroles, offer a convergent hydrogen-
bonding array suited to bind a single atom in an anion (Figure 9)*.

©

Figure 9. Convergent hydrogen-bonds of amidopyrrole with anion.

2.3.3.4 Anion- 7 interactions and anion sensors based on multiple non-covalent
interactions involving n—n stacking interaction or anion- m interaction

Aromatic rings, for complexation purposes, have been intuitively regarded as
sources of electron density and were thus expected to interact repulsively with anions
for a long time. However, in 1997 and 1999, Dougherty®, Besnard* and Alkorta and
co-workers* have produced theoretical evidences of electrostatic bonding between
hexafluorobenzene and the heteroatom in molecules such as H,O, HCN, and HF
wherein the negative end of the dipole is directed toward the Cq axis of the ring
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(Figure 10). Ab initio calculations reveal a significant binding interaction between
water and hexafluorobenzene in a geometry that points the oxygen lone pairs directly
into the face of the m system. The geometry is as anticipated from electrostatic
arguments emphasizing the substantial quadrupole moment of the aromatic.

Fo 1 F Fy_i_F i

| | H-Li

< N F F—< N F =
N=CH
F F F F :CH,

Figure 10. Binding interaction between small molecules and hexafluorobenzene.

Then in 2002, Mascal and colleagues *® have demonstrated the basis for
unprecedented noncovalent bonding between anions and the aryl centroid of electron-
deficient aromatic rings, by an ab initio study of the interaction between 1,3,5-triazine
and the fluoride, chloride, and azide ions at the MP2 level of theory (Figure 11).
Minima are also located corresponding to C-H--X hydrogen bonding, reactive
complexes for nucleophilic attack on the triazine ring, and m-stacking interactions
(with azide). Trifluoro-1,3,5-triazine also participates in aryl centroid complexation
and forms nucleophilic reactive complexes with anions.
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PY X °
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F F
Figure 11. Noncovalent bonding between anions and electron-deficient aromatic rings.

This is the first theoretical demonstration of an interaction between a formally
negatively charged species and the m system of an aromatic ring, and complex
energies suggest that the aryl centroid-anion bond should be applicable as
noncovalent design principle, and the triazine ring incorporated as a new anion
recognition module in cyclophane chemistry.

Almost at the same time, D. Quifionero and colleagues47 have for the first time
used the term “anion- 7 interaction” to describe the interaction between the permanent
quadrupole of C¢F¢ and anions, during their research on the interactions between
anions (H', F°, CI', Br, NOs/, C032') and hexafluorobenzene. In these complexes the
anions are positioned over the benzene ring along the Cg axis. The results derived
from crystallographic structures and theoretical calculations reveal the existence of
anion-t interactions which are energetically favorable, and this new nonbonding
interaction has been studied by using a topological analysis of the electron density and
MIPp calculations.
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CeHg CeFa
Figure 12. Representations of the quadrupole moments of benzene (left) and hexafluorobenzene (right),
and the anion-r interaction (middle).

D. Quifionero and colleagues™® have also carried out ab initio calculations on
complexes between 1,3,5-trinitrobenzene (TNB) and anions (H', F', CI', Br’), where
the anions are positioned over the ring along the Cs; axis. This study combines
crystallographic and computational evidences to demonstrate an attractive interaction
between the anion and the n-cloud of TNB. This interaction is rationalized based on
the important role of the quadrupole moment of TNB and the anion-induced
polarization. In addition, the study has been extended to 1,3,5-trifluorobenzene (TFB),
which possesses a very small quadrupole moment. As a result, minimum energy
complexes have been found between TFB and both anions and cations due to the
stabilization obtained from the ion-induced polarization.

Untill now, the potential applications of these electron-deficient m systems of
aromatic rings for the construction of molecular sensors have only been demonstrated
by theoretical evidences, and very rare experimental examples of molecular sensor
design involving anion-m interactions have been reported.

2.4 Sensors for electron-rich compounds*
2.4.1 General strategy used for detecting neutral analytes: n—m stacking

The general and often-used strategy for the construction of sensors of neutral
compounds involves the establishment of m—r stacking between analyte and receptor.
For example, the favorable interactions in the benzene-hexafluorobenzene complex
have already been studied, including the face-to-face stacking in its crystal structure®.
A detailed analysis carried out by Williams stresses the important role of the large,
permanent quadrupoles of the two molecules, which are similar in magnitude but of
opposite sign (Figure 12)°°. The importance of the quadrupole moment for
understanding intermolecular interactions of aromatic systems has been
rationalized”'™?, and theoretical studies of the possible interaction of the m-electron
cloud of Cg¢Fs with several small electron donor molecules have been published
previously™*°.

Penelle and Rotello®’ have created a molecular sensor employing n-stacking
and lipophilic environment for efficient and rapid recognition of hexachlorobenzene
in water, by careful engineering of a thin, molecularly imprinted polymer film

" Sensors for small gaseous molecules (electronic nose) are excluded from this thesis.

58



attached to a quartz crystal microbalance. Efficient imprinting was obtained in these
films by controlling the heterogeneity of crosslinking in the polymer network and
using  appropriate  electron-rich complements to the electron-deficient
hexachlorobenzene (Figure 13). A comparison of the signals arising from two sensors,
coated with imprinted and blank films respectively, unambiguously distinguishes
hexachlorobenzene from small molecules of similar sizes and structures (anisole,
benzene, chlorobenzene, and cyclohexane). The investigated sensors demonstrate
both high selectivity and sensitivity (down to 10"* mol.L™"), while exhibiting an
exceptionally fast response time (~10 s).

Figure 13. Chemical structures of the monomeric components used in the film fabrication (a, b, ¢), and
predicted structure of the 2:1 n-stacked complex between 1,4-diacetoxybenzene and hexachloro-
benzene within the polymer matrix (Amber force field).

Calixpyrroles, an easy-to-make class of neutral macrocycles, has attracted
intensive interest in molecular recognition chemistry in recent years. Sessler and co-
workers stated that calixpyrroles are effective and selective receptors for anions as
well as neutral substrates™® >, Both optical and electrochemical sensors based on
calixpyrroles can be constructed for the recognition and sensing of anionic and neutral
analytes. Multiple hydrogen bonding interactions between calixpyrrole and substrate
are major binding contributions, while a subsidiary interaction mode using the
periphery of calixpyrrole as an electron-rich site for binding either metals or neutral
molecule species through metal-n, n—n stacking, or —H interactions, which helps to
stabilize the complex, has also been described. Shao® synthesized a new class of
calix[4]pyrroles 69-72 (Figure 14), which can form a 1:1 non-covalent, charge—
transfer molecular complex with chloranil (68) in CHCIl;, indicating that these
molecules could find applications in the detection of neutral electron-deficient
molecules.

0
Cl Cl
Cl Cl
0]
68
70 R=C2H5
71 R=CH, 72

Figure 14. Calixpyrroles for recognition of neutral analytes.
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2.4.2 Redox-switched binding

Electrochemical oxidation or reduction can influence or trigger a range of
physicochemical properties in a molecular system, which are often termed redox
switches (or electroswitches). The binding process can also be redox switched, if the
binding affinity of a receptor or host molecule towards a substrate or guest is changed
upon its oxidation or reduction. The change in redox potential upon complexation
enables the binding process to be read out electrochemically and leads to the
possibility of developing electrochemical sensors for a range of substrates. The
interactions between redoxactive compounds and organic compounds including
neutral ones have already been summarized by Tucker and Collinson®'.

For example, a nickel dithiolene complex was shown to bind olefins in a
reversible manner through a redox-switch cycle®. The complex bound the olefin in its
neutral form with the olefin adding across two sulfur atoms. This process could be
followed electrochemically by cyclic voltammetry studies in DM which revealed that
the reversible one-electron reduction wave of the nickel dithiolene was markedly
affected by the addition of excess alkene. Reduction appeared to diminish the stability
of the adduct to such an extent that the olefin was rapidly released from the complex,
which could then be oxidized back to the starting material (Scheme 5). Such a process
appears to be a viable method of separating and purifying ethene from gas streams
containing impurities such as CO, H,S and ethyne which do not interact with the
complex.

H20 CHy
F3C

FsC I » I ch CH, . I
FaC *’\’ bmdlng ~/\’
N:ycle rel7
e (\
H,C=CH,
Ppeeel

Scheme 5. A redox switch cycle for ethene separation.
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2.4.3 Rare examples of sensors for electron-rich compounds

Detection of electron-rich compounds is of important significance, especially
in environmental monitoring and pollutant controlling. Many organic pollutant
molecules comprise electron-rich parts such as benzene, naphthalene and other
aromatic rings including heteroaromatic rings. Yet examples for sensing such
electron-rich compounds are surprisingly rare, for most fluorophores and electroactive
groups in sensor molecules are also electron-rich, and thus generally specific non-
bonding interactions between analyte and sensor could hardly be established.

As a known example, 4-Chlorophenol (4-CP) is one of a family of
chlorophenols (CPs) which as a group represents a severe pollution problem to both
aquatic and terrestrial ecosystems® . Combining high-intensity ultrasound with a
mechanically and chemically robust boron-doped diamond electrode, Compton and
co-workers® have successfully developed an aqueous 4-chlorophenol voltammetric
sensor. The surface regeneration abilities of power ultrasound through cavitational
erosion of electrodeposited 4-chlorophenol by-products, facilitates a reproducible,
insonated limiting-current oxidative signal in dilute acid conditions, with increased
mass-transport offering enhanced sensitivity. A limit of detection of 1 mM and a
linear range of 1-300 mM are achieved.
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Chapter 3 Tetrazine derivatives for sensor
applications

3.1 Interaction of tetrazines with anions/electron-rich
compounds—anion-x interaction/mt —m interaction

The research on tetrazines for sensor applications is still an undeveloped field;
and the binding ability of s-tetrazines has not been noticed until very recently.

The interesting work of Dunbar’s group ' ? has for the first time offered
experimental evidences of anion binding ability of s-tetrazines, by reporting a one-pot,
high-yield synthesis of metallacyclophanes from 3,6-bis(2-pyridyl)-s-tetrazine (50)
and M(CH;CN)s>" (M=Ni, Co, Zn). The reaction is templated by the counterion (BF,,
SbF¢) which is fundamental to the formation of the metallacyclophane. Two
examples, retrieved from the Cambridge Structural Database, are shown in Figure 1.
In the first example (a), the encapsulated anion BF,4 resides in the void space in the
center of the cavity of the molecular square, m-interacting with the four electron
deficient s-tetrazine rings. In the second one (b), the anion used in the reaction is
SbF¢ and the result is the formation of a molecular pentagon; again the anion has
short contacts with the five aromatic s-tetrazine rings.

Figure 1. a. Crystal structure of [Niy(50),(CH;CN)]*" with encapsulated [BF,4] ion; b. Crystal
structure of [Nis(50)s(CH;CN);0]'"" with encapsulated [SbF4] ion.

They have also carried reactions of 50 with a series of other solvated first-row
transition metals M(II) (M= Mn, Fe, Cu), and obtained the respective cyclic products”.
The formation of the various metallacyclophanes is influenced by the choice of metal
ions, anions, and solvents. Short distances are also noted between the centroids of the
tetrazine rings to the O/F atoms of the encapsulated anions rather than interactions
with the cationic metal centers, which indicate clearly the anion-m interactions as a
stabilizing factor in the present cyclic structures.
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The anion—m interaction (see Chapter 2) has also been demonstrated by
Frontera’s group in the study of interactions between anions and hexafluorobenzene
or 1,3,5-trinitrobenzene’, and by Maascal et al.® during their study of interactions
between anions and electron-deficient s-triazine aromatic rings.

More recently, Frontera’s group’ has reported the results of high level ab initio
calculations computed for several complexes (Figure 2) of anions with urea (73a-c),
squaramide (74a-c) and the electron deficient aromatic ring of s-tetrazine (75a-c¢) to
better understand the binding forces entangled in both hydrogen bond and anion—n
interactions. The computed binding energies of complexes of s-tetrazine with anions
were compared with those of urea and squaramide which are well known binding
units for building neutral anion receptors. Furthermore, molecular electrostatic
potential (MEP) and molecular interaction potential maps without and with
polarization (MIP and MIPp, respectively) for all the anion acceptors used (urea,
squaramide and s-tetrazine) were calculated and carefully inspected in order to
evaluate the contribution of the different components (electrostatic, polarization, van
der Waals forces or charge-transfer effects) to the total binding energy of the
mentioned interactions. The results derived from their calculations confirmed that s-
tetrazine is a good candidate to be a new binding unit for designing and synthesizing
new cyclophane type receptors suitable for the recognition of anions. Moreover, the
physical nature of the interactions of s-tetrazine with anions, demonstrated by MIPp
calculations, indicated that the polarization and electrostatic terms dominate the
interaction.

O _
hiy = X
HN"NH  HN" NH |
l-l‘ /l_l H\ /H /N_:I_ N\
\\ //_ \\\ //_/ N: N
X
73 74 75

X = F (a), Cl (b), Br (c).

Figure 2. Anion complexes of urea, squaramide and s-tetrazine.

3.2 Development of tetrazines in sensor applications: the
previous work in Audebert’s group

Although some crystallographic structures found in the CSD confirm the n-
interaction of anions with the aromatic ring of the s-tetrazine derivatives, and
experimentally, anions have been used to template the synthesis of s-tetrazine-based
metallacyclophanes, the capability of binding anions or electron-rich compounds of s-
tetrazine has not yet been used in the molecular recognition of anions till now. During
their research Audebert et al. have noticed that some tetrazines have fluorescent
properties, which was also mentioned once by one research group before®. Otherwise
little attention was given on the fluorescence property of tetrazines.

66



In previous work conducted by Audebert ez al.’, several tetrazine compounds,
chloromethoxy-s-tetrazine (76), dimethoxy-s-tetrazine (52), chloronaphthoxy-s-
tetrazine (77) and a new bridged tetrazine 1,4-bis(chloro-s-tetrazinyloxo)butane (78)
have been synthesized (Figure 3), and their electrochemical and photochemical
properties have been investigated.

N—N N—N N—N

co— Y—ca o< H—ome Meo—~ H—oMe
N=N N=N N=N

23 76 52 o

N
1 |

N—N
Aoy oy
N™N Q N\\N /\/\/O
(0]

77 78
Figure 3. Tetrazines synthesized by Audebert et al.

N

The electrochemical study was performed to investigate the potential ability of
the anion radical of chlorotetrazines to cleave into a tetrazinyl radical and a chloride
ion, and to check the sensitivity of the reduction potential to chemicals, especially
electron-rich compounds, since it had been already suggested in the literature’, that
tetrazines should be able to coordinate to fluoride ions, and hence there is a possibility
that the redox potential could be affected by the addition of halide ions or electron-
rich aromatic compounds.

The results of electrochemistry measurements show that all the tetrazine
compounds investigated are reducible, giving well defined, fully reversible cyclic
voltammograms (CVs), as depicted on Figure 4. CVs are reversible whatever the
chlorine content. Apparently the tetrazine ring is electrodeficient enough to prevent a
chlorine atom to be expelled from the anion radical.

a) 30 by 4

g -2
;
o
[y —— L [ | I P gL vl P IR A AN .
1.4 1.2 -1 0.8 06 04 02 -11 =1 0% 08 07 086 05 -04
E/Vvs. Ag'lAg E/Vvs. Ag*iAg
Figure 4. CV of a) 23(- - - - - ),52(-———- ), 76 (——); and b) 78 in dichloromethane (+ TBAP)

on glassy carbon electrode at 0.1 Vs™. CV of compound 77 is similar to 52 and was not displayed for
clarity purpose.
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Some attempts were made to investigate the influence of halides added (all of
which have been tested) and electron-rich substances (phenol, anisole and
triphenylamine) on the redox potential of the tetrazine (dichloro-s-tetrazine was
chosen as the model substrate). No potential shift was observed, as it should have
been the case, if the formation of a somewhat stabilized adduct between the neutral
tetrazine and the electron-rich added compound had occurred. However, in the case of
acidic aromatic compounds such as phenol and especially 4-nitrophenol, a positive
shift of the reduction potential of the tetrazine, as well as a strong decrease of the
reoxidation current has been observed, which gives evidence for an efficient proton
transfer between the basic anion radical of the tetrazine compound and the phenolic
moiety.

Geometry optimisation has been completed and the results show that all of the
tetrazines investigated are completely planar, confirming a good electronic interaction
between the cycle and its substituents (Figure 5).

b)

c)

d)

Figure 5. Plots of HOMO (c), LUMO (b) and the two next ones HOMO-1 (d) and LUMO+1 (a) for
compound 76 (left column) and 52 (right column).

The absorption spectra of these compounds all show two major absorption
areas, located aroud 500-550 nm and 260-370 nm, respectively (Figure 6, Table 1).
The fluorescence spectra of these tetrazines have been recorded both in solution
(Figure 7) and in the crystalline state (Table 2). The fluorescence decays (Figure 8)
have also been investigated and show long lifetimes (several tens of ns) with
monoexponential behavior, as expected for small molecules in solution if only one
population of molecules is encountered. Compound 77 shows a biexponential
behavior with a very short lifetime, which might be due to the contribution of the
naphthalene moiety. For symmetric molecules dichlorotetrazine 23 and
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dimethoxytetrazine 52, lifetimes are all in the same range (50 to 60 ns) and quantum
yields are close. On the contrary, the chloromethoxytetrazine 76 shows a three times
higher quantum yield and a very long lifetime. This very unusual behavior is
interesting in view of potential sensor applications.
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Figure 6. Absorption spectra of compounds 23 (...... ), 76 (——),52(—e—<*—=*),and 78 (-- - ) in
dichloromethane.
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Figure 7. Fluorescence emission spectra of compounds 23 (...... ), 76 (——),52 (—+—<+—=*),and
78 (- - -) in dichloromethane. Excitation wavelength: 495 nm.

Table 1. Spectroscopic data of tetrazine 23, 76, 52 and 78.

Compound ﬂf::x (nm) ﬂ,:;x (nm) Eabs (L.mol-1.cm-1) Lifetime (ns) Pr

23 307-515 551-567 460 58 0.14
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76 269-327-520 567 1900 160 0.38

52 275-345-524 575 663 49 0.11
77 281-523 gg?b 573 120; 6° 0.004
78 270-328-521 572 1170 0.36

[a] Excitation at 281 nm. [b] Excitation at 524 nm. [c] Biexponential decay.

Table 2. Maximum emission wavelenths and lifetimes of tetrazines in the powder state (excitation
wavelenth at 495 nm).

abs

Compound A4, (nm) Lifetime (ns)
23 555 17.8
76 560 19.1
52 569 16.0
77 563 0.73‘b
12.6
78 559.5 8.0¢

[a] Multiexponential. [b] Monoexponential (excitation at the crystal centre). [c] Multiexponential
(excitation at the crystal edge).
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Figure 8. Fluorescence decays of tetrazines 23, 52, 76 in dichoromethane (excitation wavelenth
495nm).

In order to investigate the possible use of these molecules as sensor agents, the
fluorescence quenching was also studied by adding electron-rich rings of either
aprotic compounds such as anisole or tertiary amines or protic compounds such as
phenol or 4-nitrophenol. The tetrazine 78 was selected as potential “tweezer” for
donor substrates, because it can possibly act as a two-sided acceptor. In all cases the
electron-rich aromatic compounds have been shown to quench the fluorescence of the
tetrazine excited state in the visible range and electron transfer seems to be the most
efficient way of fluorescence quenching.

To sum up, all these tetrazines are reversibly electroactive, with redox
potentials shifting cathodically with the donor character of substituent; all these
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tetrazines are also fluorescent with maximum emission wavelengths in the range 550-
575 nm. Some of them show very long fluorescence lifetimes (a few tens of ns) and
remain fluorescent in the solid state without major changes in the spectral features,
which place them certainly among the smallest crystalline organic fluorophores in the
visible range ever prepared. Moreover, the fluorescence of these tetrazine derivatives
can be efficiently quenched by the presence of electron-rich compounds like
triphenylamine or anisole, which make them very promising molecules for sensor
applications.

3.3 Molecular designing for sensors

The preliminary investitations show that 1,2,4,5-tetrazines are very promising
candidates for the construction of fluorescent or electrochemical molecular sensors for
anions and electron-rich compounds. Some experimental results concerning the
fluorescence rules of tetrazines were also obtained:

. s-Tetrazine is weakly fluorescent;
. Aromatic s-tetrazines are not fluorescent;
. Several s-tetrazines substituted by heteroatoms are fluorescent (Figure 9):
Non fluorescent Weakly fluorescent Fluorescent
N=N N=N N=N
Alkyls—{ )—SAlkyl Alkylo—(  )—SAlkyl cI—{ ,)—OAlkyl
N—N N—N N—N
N=N N=N
cl—\ ,)—N(n-Alkyl), Alkylo—{ ,)—OAlkyl
N—N N—N
N=N N=N
CN—<\ />—Nij a— )N
N—N N—N

Figure 9. Some experimental results concerning the fluorescence rules of tetrazines.

Therefore, based on these results, a series of molecular sensors containing
tetrazine segments as both binding units and sensing units were designed (Figure 10):
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Type 1: Tweezer Type 2: Tripod Type 3: Cyclophane

V0 0

Type 4: Calyculus
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O =Fluorescent Tetrazines

O =Electron-rich molecules or anions

Figure 10. Molecular design of different types of sensors.

For the type 1, the first “tweezer” prepared before has a flexible alkyl chain,
which seems to be not very efficient to “bind” the anions or electron-rich molecules,
as indicated by electrochemistry studies. Therefore, besides the enlargement of
“tweezers” with flexible chains, we have also designed some tweezers with rigid
backbones (82-84, Figure 11, molecules in bold style in this figure and the subsequent
ones were synthesized successfully):

Cl /—\/—\ j)\Me OMe
o]
c TP D St NSy Mo WS
N)=N'N N NN N T lll\ﬁlll N)= N N
AN/ NOUN N&LUN Y S/
N AN T b "3 SO ' NS
[¢) o] Cl o} S
78 79 80 81
cl N=N
*I |)‘ o] =N>—0| N e
\ / —
> NN NN
-
©_\ N=N N=N
OO 0= »=cCl N )—Ci
N-N N—N
82 83 84

Figure 11. Synthetic targets of "Tweezers".

For the type 2, tripod sensors, three molecules were designed based on readily
available triols triethanolamine and 2-(bromomethyl)-2-(hydroxymethyl)propane-1,3-
diol ( Figure 12):
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Figure 12. Tripod-sensor targets.

Cyclophanes capable of both complexation and detection of a guest are the
field of active research'® because of the expected enhanced sensing abilities from the
presence of a cage-like structure. However, the complexation of anions or electron-
rich molecules remains a difficult task because of the lack of suitable receptors and
particulary of neutral ones. Therefore it was a natural challenge to try to prepare a
cyclophane containing several tetrazines which could lead to the formation of
complexes with anions or electron-rich molecules. Taking advantage from the various
properties of tetrazines, we might then detect the presence of a guest by fluorescence
and release it reversibly by electrochemistry. Therefore several cyclophane molecular
targets have been set up for this purpose (Figure 13):

IO\/\/\O_Q s <O—<\ /%S) OJ';NI \‘\L
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Figure 13. Cyclophane-tetrazine targets.

o-, B- and y-cyclodextrins (CDs) are toroidal molecules containing six, seven
and eight D-glucopyranose units, respectively. The internal diameters of the cavities
are approximately 5, 6.5 and 8.5 A, respectively, and the depth is about 8 A (Figure
14).
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Figure 14. Schematic representation of a-, B- and y-cyclodextrins (CDs).

To increase the affinity and the selectivity of the quenching, it remained to
favour the proximity of the tetrazine to the quencher. We reasoned that CDs, with
their size-adaptable internal hydrophobic cavity'', could especially fit this purpose by
favouring the inclusion in their midst of substrates of the appropriate dimension,
while the others would remain in solution and, therefore, participate much less
efficiently to the quenching. Multichromophoric CD derivatives have been reported as
photocatalytic devices that mimic the photosynthetic light-harvesting antenna'?, for
nonlinear optics > or to detect different cationic species'** . Sensing of small
molecules like aromatic hydrocarbons, quinones and steroids has become possible
with metallocyclodextrins by attaching lanthanide or ruthenium binding units to the
cyclodextrin '°. The transfer of the excitation energy amongst chromophores in
cyclodextrines has been studied: for instance, energy transfer to excimers'’ or to
embedded chromophores'®*"’ and red-edge effects®’ have been characterized and
quantified. But the chromophores used, naphtalene derivatives, absorb and emit light
at wavelengths that do not fit to the specification of modern light sources and
detectors. Tetrazines are the smallest dyes able to absorb and emit around 500 nm.
Besides their electron attracting character, the intrinsic chemistry of the
dichlorotetrazine is especially suited to achieve the proximity between the sensing
tetrazine ring and the cyclodextrin cavity, because this particular molecule was
anticipated to react directly with the OH functional groups of cyclodextrin. Therefore,
cyclodextrins functionalized by fluorescent tetrazine rings (Type 4, Figure 15) are set
up as synthetic targets for the calycular type of receptors.
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Figure 15. CD-tetrazine targets.
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Since “click chemistry” is generally considered to be very efficient and
reliable in the construction of new molecular structrures, and has already been widely
applied in organic synthesis (see Chapter 4), cyclodextrins functionalized by

fluorescent tetrazine rings through “click reaction” are also set up as synthetic targets
(Figure 16).
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Figure 16. CD-tetrazine targets using click chemistry.
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Chapter 4 Synthesis: results and discussion

4.1 Preparation of 3,6-dichloro-1,2,4,5-tetrazine (7)

3,6-Dichloro-1,2,4,5-tetrazine, because of its high reactivity toward various
nucleophiles as already mentioned before (Chapter 1.3.1), is used as starting material
for the preparation of a variety of 3,6-substituted tetrazines. Therefore a facile
preparation for a large quantity of dichloro-s-tetrazine should be established.

The dichloro-s-tetrazine (23) was obtained in our laboratory firstly by the

method described by Hiskey' (Scheme 1).
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Scheme 1. Preparation of dichloro-s-tetrazine.

First of all, guanidine hydrochloride was refluxed with hydrazine in dioxane to
give triaminoguanidine monohydrochloride in high yield, which is then condensed
with two equivalent of 2,4-pentanedione to afford 3,6-bis(3,5-dimethylpyrazol-1-yl)-

1,2-dihydro-1,2,4,5-tetrazine (16) in a high yield ( Scheme 2).
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Scheme 2. Preparation of 16.
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The dihydro-tetrazine 16 can then be oxidized easily by isoamyl nitrite to give
17. The yield of oxidation is high, but the alkyl alcohol generated from the oxidation
makes the work-up procedures slightly inconvenient. Thus we developed a new
method for the oxidation of dihydro-tetrazine: by using NaNO, combined with acetic
acid, the oxidation went smoothly in water. After the reaction, the pure product 17
could be obtained after washing with a dilute solution of potassium carbonate. The
bis-dimethylpyrazolyl-s-tetrazine (17) was then refluxed with hydrazine in a short
time to give 3,6-dihydrazino-1,2,4,5-tetrazine (19) (Scheme 3).

v W

N _ N NHNH,
)\ isoamy| nitrite y )\
N” "NH DM rit N™ N NHpNH» HO N7 N
Yo OR TN g
Y NaNOy, ACOH | Y

N. N. NHNH,

16 17 19

Scheme 3. Preparation of 19.

The bis-dihydrazino-tetrazine (19) was easily converted to 3,6-dichloro-
1,2,4,5-tetrazine (23) via the diazonium salt (22) by oxidation with chlorine gas
(Scheme 4). In our lab® we noticed that it was important, first to freshly prepare the
bis-hydrazino-tetrazine (19), second, to ensure an important flux of chlorine with a
strong agitation, because of the side reactions that might occur between the starting
compound and 23. The best way is to insure a large chlorine inlet and a powerful
magnetic stirrer, so that the reaction is complete in 7-10 min; longer reaction time
leads to the formation of by-products which are insoluble in acetonitrile. The reaction
is over when the solution becomes clear.

NHNH, N, CI” ji
N e Wy | sz
Na_N CH3CN, r.t. Nx N NQrN

NHNH, Ny CI” Cl

19 22 23

Scheme 4. Chlorination of 19 by chlorine gas.

The dichloro-s-tetrazine obtained upon evaporation of acetonitrile solution is
usually pure enough for most synthetic procedures. However, in some cases small
amounts of decomposed products of 23 or by-products from the chloration step might
influence the subsequent reactions, leading to low yield or even no reaction. In these
cases a short column chromatography using DM as eluent is necessary to purify the
dichloro-s-tetrazine.

However, using chlorine gas for chlorination of tetrazine is still inconvenient.
Very recently, we noticed and realized a new chlorination method firstly reported by
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Helm and colleagues’: in presence of a solid chlorination agent, trichloroisocyanuric
acid, the bis(hydrazino)-s-tetrazine is converted smoothly to dichloro-s-tetrazine, thus
the use of more dangerous , less controllable gaseous chlorine is avoided (Scheme 5).
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Scheme 5. Chlorination of 19 using trichloroisocyanuric acid.

4.2 Attempts to synthesize novel tweezer molecular sensors

4.2.1 SNAr reaction of tetrazines

As already mentioned before, 3,6-dichloro-1,2,4,5-tetrazine is readily to
undergo aromatic nucleophilic substitution with a variety of nucleophiles, because
chlorine acts as a good leaving group and at the same time, a strong —/ group that
enhances the electron deficiency of the tetrazine ring, thus facilitating the nucleophilic
attack on the ring. The mechanism of SyAr reaction of dichloro-s-tetrazine is
described in Scheme 6:

(V p—

N=N — I N=N N=N N-N
c— Cp—cl + Nu—2% azh < g <G esg— XC
N—NU Nzy Nu N=N Nu N=N Nu

N-N (Y N=N
— ’ fast _
— o~ A c— /)—Nu+ci
N=N Nu N-N
Scheme 6. SyAr mechanism of dichloro-s-tetrazine.

Once a chlorine is substituted by a heteroatom such as an oxygen or a sulfur,
the reactivity of the tetrazine ring toward another nucleophilic attack is changed,
which can be explained by the stability of the intermediate. This stability is different
with respect to the different nucleophiles (Scheme 7). Sulfur atom, due to the ability
of its empty low lying d orbitals to form d-m conjugation with the adjacent carbon
bearing a negative charge, is able to stabilize the negative charge on the tetrazine ring
to a large extent, and chlorine, with electron-donating mesomeric effect (+ M effect)
and much stronger electron-withdrawing inductive effect (- / effect), is also able to
stabilize effectively the negative charge on the tetrazine ring of the intermediate. On
the contrary, oxygen, because of its stronger electron-donating mesomeric effect
compared with its electron-attracting inductive effects, can hardly stabilize the
negative charge, and makes the alkyoxychlorotetrazines more resistant to undergo
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substitution reactions with nucleophiles. In fact it is this additional stabilization
brought by RS- on the reaction intermediate that makes RS-Tz-CIl even more prone
than Cl-Tz-Cl to undergo substitution with thiols, leading directly to the disubstituted
product RS-Tz-SR even when dichloro-s-tetrazine is in a large excess. However,
under carefully controlled reaction conditions, this kind of disubstitution can be
reduced to a minimum, and thus molecules like 98 can be obtained in a rather good
yield (Scheme 11, 98).
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stable
Scheme 7. Stability differences of intermediates in substitution of tetrazine C1-Tz-Cl, RO-Tz-Cl and
RS-Tz-Cl.

4.2.2 Tweezers with flexible chains

Dichloro-s-tetrazine reacts readily with methanol to give chloromethoxy-s-
tetrazine almost quantitatively at room temperature, while when reacting with 1,4-
butandiol, high temperature and excess of dichloro-s-tetrazine is needed. Even so the
second hydroxyl of diol is difficult to react with another molecule of dichloro-s-
tetrazine, and lots of mono-substituted products (4-(6-chloro-1,2,4,5-tetrazin-3-
yloxy)butan-1-ol) are isolated, even after a long reaction time (Scheme 8). Use of a
pressure tube did not improve markedly the yield, and the result was even worse when
another diol such as diethyleneglycol was used in the reaction.
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Scheme 8. Synthesis of flexible "tweezers".

82



The attempts to use 1,4-dianions to react with dichloro-s-tetrazine all failed
and only led to decomposition of all tetrazines (Scheme 9).
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Scheme 9. Reaction of 23 with dianion.

Another attempt to obtain a series of “tweezers” attached on a polymer chain
through polymerization of bithiophene also failed, because of the difficulty in
preparation of 2,3-di(2,2'-bithiophen-5-yl)butane-2,3-diol through the coupling of
acetyl bithiophene (Scheme 10).

N/ N cHcoc [\ J N\ o NaTHF AR E W RWA

Scheme 10. Attempt to prepare polymer tweezers.

1,4-Dithiol, as a stronger nucleophile, reacts much more easily with dichloro-
s-tetrazine, and has a strong tendency to react further with the mono-substituted
tetrazine to give products containing dithio-tetrazine segments even in the presence of
excess dichloro-s-tetrazine. On the other hand, the chlorothio- derivatives can easily
react further with methanol to give unsymmetric tetrazines (Scheme 11).
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Scheme 11. Reaction of 23 with dithiol and subsequent substitution with methanol.

4.2.3 Tweezers with rigid frameworks

All attempts to synthesize tweezer molecular sensors with rigid frameworks
failed. However we detailed here some attempts.

4.2.3.1 Reactions of tetrazines with dihydroxynaphthalene

In the presence of dichloro-s-tetrazine, 1,8-dihydroxynaphthalene was all
consumed but no new tetrazine products were formed, possibly because it is easy to
be oxidized by dichlorotetrazine under the reaction conditions. When dimethylthio-s-
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tetrazine was reacted with 1,8-dihydroxynaphthalene, again no reaction took place but
both reactants could be mostly recycled (Scheme 12).
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Scheme 12. Reactions of tetrazines with 1,8-dihydroxynaphthalene.

4.2.3.2 Reactions with ferrocenemethanol
Firstly the dianion of ferrocenedimethanol was used to react with dichloro-s-

tetrazine and failed (Scheme 13). All the tetrazine decomposed after the addition of
dianion.
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Scheme 13. Attempt to prepare 83.

Since ferrocenemethanol is much less expensive and much more readily
available, it was tested instead of ferrocenedimethanol to react with dichloro-s-
tetrazine under various conditions but all failed (Scheme 14).
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Scheme 14. Reactions of ferrocenemethanol with 23.

Considering that dimethylthio-s-tetrazine (29) is more stable, and easier to
undergo substitution with nucleophiles, it was tested to react with ferrocenemethanol,
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but also failed to give the expected product. Most of the ferrocenemethanol could be
recycled after the reaction, while all dimethylthio-s-tetrazine decomposed (Scheme
15). Chloromethoxy-s-tetrazine was also tested for the reaction, and decomposed fully
under the reaction condition (Scheme 16).
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Scheme 15. Reaction of ferrocenemethanol with 29.
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Scheme 16. Reaction of ferrocenemethanol with 76.

Tributylferrocenemethoxytin and tributylethoxytin were also prepared and
reacted with dichloro-s-tetrazine, since the oxygen in the Sn-O bond was supposed to
be much “softer” than in alkoxyl anions. However under the reaction conditions the
dichloro-s-tetrazine all decomposed, and no new tetrazine compounds was produced
(Scheme 17). We assumed that the possible reason is that ferrocenes are very
electroactive compounds and are easy to undergo one electron oxidation, leading to
ferroceniums. Again, dichloro-s-tetrazine acts as a good oxidant to undergo reduction-
oxidation reaction with ferrocenes, instead of substitution with OH groups.
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Scheme 17. Reactions of 23 with organic tin compounds.

4.2.3.3 Reactions with phenyl diaziridines

During the previous work in our laboratory, we have already synthesized 3-
chloro-6-(2,3-diphenylaziridin-1-yl)-1,2,4,5-tetrazine and observed its strong
fluorescence (Scheme 18). This inspired us to design and synthesize fluorescent
“tweezer” sensors based on aziridine-tetrazine. Therefore two methods were tried to
prepare the phenyl di-aziridines to react with dichloro-s-tetrazine.
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Scheme 18. Preparation of 3-chloro-6-(2,3-diphenylaziridin-1-yl)-1,2,4,5-tetrazine.

Firstly, the starting compound 1,3-divinylbenzene, obtained from Aldrich as a
mixture of 80% of 1,3-divinylbenzene, 15% of 1,4- and 1,2-divinylbenzene and 5% of
alkyl-styrene, was oxidized with m-CPBA to give a mixture which contained mostly
several isomers of 1,3-di(oxiran-2-yl)benzene ((R,R), (S,S) and (R,S)). The mixture of
di-oxyranes was then refluxed with NaN; and NH4Cl in propanol/H,O to give a
mixture of isomers of di-azidoalcohol, which was then condensed in the presence of
triphenylphosphine to afford all the possible isomers of 1,3-di(aziridin-2-yl)benzene
((R,R), (S,S) and (R,S)) (Scheme 19).

N <? NH

| XY m-CPBA NaN3, NH,CI
DM, 0°C, 24hs propanol/H,0, reflux THF reflux
—/ <1 <l
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Scheme 19. Preparation of di-aziridine from 1,3- d1V1nylbenzene

The products obtained from every step were always mixture of isomers, with
small amount of impurities derived from para- or ortho- isomers of divinylbenzene,
according to the analysis of 'H-NMR and *C-NMR. Moreover, the isolation and
purification of the final products was very tedious and caused lots of loss of products
because of the high polarity of phenyl di-aziridines.

To minimize the quantity of impurities derived from starting compound, we
have tried another method for the preparation of phenyl diaziridine ( Scheme 20). The
terephthaldehyde was reacted with trimethylsulfonium iodide to give 1,4-di(oxiran-2-
yl)benzene as a mixture of isomers ((R,R), (S,S), (R,S)), which reacted with NaN3; to
afford the azido alcohol, then condensed in presence of PPhs to give a mixture of
isomers of 1,4-di(aziridin-2-yl)benzene as a viscous liquid, which is soluble in DMF
but not in DM, EA or acetone.

HO _® 4 Na OH al
\S/|®
[ . KOH, H,0 NaN3, NH,4Cl PPh,
CH4CN, 60°C, 2 hs propanol/H,0, reflux THF, Ar, reflux

CHO A, HO~ A

Scheme 20. Preparation of di-aziridine from terephthaldehyde.
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Unfortunately all the attempts to react diaziridine with dichloro-s-tetrazine
only led to decomposition of all tetrazine (Scheme 21). Considering the fact that the
mono-aziridine—2,3-diphenylaziridine reacts when in large excess, with dichloro-s-
tetrazine to give the expected monosubstituted tetrazine, the failure of the reaction of
di-aziridine with dichlorotetrazine could be ascribed to the presence of another
aziridine group, which probably traps the HCI produced from the first substitution,
and thus couldn’t attack the second molecule of dichloro-s-tetrazine and might lead to
the decomposition of the whole monosubstituted molecule.
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Scheme 21. Attempt to prepare diaziridine-tetrazines.

4.3 Synthesis of tripod molecular sensors

4.3.1 Using triethanolamine

The reactions of triethanolamine with dichloro-s-tetrazine were carried out
under various conditions as a first attempt to prepare tripod but all failed (Scheme 22).
The possible reason is that the nitrogen on the triethanolamine might capture the HCI
produced by the substitution of dichloro-s-tetrazine, stopping the subsequent
substitution or leading to the decomposition of the product. Otherwise in the presence
of trialkoxide anions, the dichloro-s-tetrazine was all decomposed because of the too
harsh conditions.

N

HO_ -~ ~_OH |

N 23 (excess.) DM ,NaHCO; or DBU / Cl)l\N//N \ N\N/ al

H pressure tube, 125°C OYN‘\N
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NG g,
85
3NaH 23(3eq.) V. 85

THF,r.t  78°C, THF
Scheme 22. Reactions of triethanolamine with dichloro-s-tetrazine.
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Chloromethoxy-s-tetrazine was also tried to react with the tri-anion of
triethanolamine ( Scheme 23). Only traces of dimethoxy-s-tetrazine was isolated.
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Scheme 23. Reaction of triethanolamine with chloromethoxy-s-tetrazine (76).

OMe

4.3.2 Using 2-(bromomethyl)-2-(hydroxymethyl)propane-1,3-diol as triol

As already mentioned before, when only NaHCO; or KHCO;s were used as
base for the reaction of diol with dichloro-s-tetrazine, high temperature and long
reaction time were obligatory to ensure the second OH to react, and even so a
considerable quantity of mono-tetrazine product could be isolated. This is because
they are inorganic bases hence hardly soluble in organic solvents like
dichloromethane. So it acts as an absorbent for HClI more than a catalyst for the
substitution. Considering as well that the use of alkoxyl-dianions is too harsh and
leads to decomposition of tetrazines in most cases, we turned to 2,4,6-collidine which
is an often-used organic base with no nucleophilicity. We added a catalytic amount of
it and the reaction went smoothly to give the expected trisubstituted product (Scheme

24),
N=N Br
B c—\ ,)—cl WEV
N—N

(excess.) N\(O o O N
NaHC O3, 2,4 6-collidine(cat. ) PN '
OHoH OH py vt ovemight )\ NNTONON N~ CI
cl” N NN
18% Y
Cl 86

Scheme 24. Preparation of tripod-tetrazine 86.

Using the same method, the yield for the reaction of 1,4-diol with dichloro-s-
tetrazine was also greatly improved. However, the method used for monosubstitution
of dichloro-s-tetrazine can not be applied for the further substitution of chloroalkoxy-
s-tetrazine, since the reactivity of the latter is greatly decreased, and the alkoxide
needs to be prepared before the substitution. Unfortunately the reaction of the
trialkoxide with chloromethoxy-s-tetrazine only gave traces of dimethoxy-s-tetrazine
as product, the mechanism of which might be that the trialkoxide attacks the
chloromethoxy-s-tetrazine on the methoxy side to release a methoxide, which then
attacks another molecule of chloromethoxy-s-tetrazine to give dimethoxy-s-tetrazine
as a final product (Scheme 25).
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Scheme 25. Attempt to prepare tripod-tetrazine 87.

4.4 Synthesis of cyclophane molecular sensors

4.4.1 The first cyclophane-tetrazine

The first attempt to synthesize cyclophane-tetrazine 90 was carried out early
before our discovery of using 2,4,6-collidine as catalyst for triple substitutions of triol
with dichloro-s-tetrazine, and the low yield of the reaction of 1,4-diol with two
molecules of dichloro-s-tetrazine was still a problem. Therefore we decided to firstly
react 1,4-dithiol with two molecules of dichloro-s-tetrazine, which could give much
better yield. The retrosynthetic scheme was thus established (Scheme 26):

N’/
sl N cl

N
o & Sy
N)% E \E :>N N NqﬁN
(0] /N\N NYN )N\ N S/\/\/s
N:NJ\S/\/\/S N+ /\/\/ /
99

N=N SH
2 CI—</ \>_CI + HS/\/\/
=N
Scheme 26. Retrosynthesis analysis of cyclophane-tetrazine 90.

Slow addition of a solution of butyl dithiol into dichloro-s-tetrazine solution
afforded bis-tetrazine 98 in good yield, which then reacted with excessive butyl diol
to give the tetrazine-diol 99 (Scheme 27). The tetrazine-diol, with two terminal
hydroxyl groups, was expected to undergo double nucleophilic substitutions with one
molecule of dichloro-s-tetrazine to give the final cyclophane.

X
’}l hl HS HO
2 N _N 98 99
\r rt., 15% 120°C, 7%
Cl

Scheme 27. Synthesis of 99.

However, since the substitution by one oxygen atom reduces greatly the
activity of the tetrazine for the second nucleophilic substitution, as already mentioned
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before, many attempts for the last ring closure step ended up as a failure (Scheme 28).
The results indicated that using OTzO formation as a ring closure step was not

appropriate, and thus other ring closure reactions under mild conditions should be
considered.

N—N
c— H—cl
N=N

_N._O
KHCO, 1,2-dichloroethane; )N\ |
dilute, reflux 0 \N/N

1) Na, THF
99 -

2) NN N
20— H—cl I
N=N
1) NaH, THF
2) N—N
20— d—ci
N=N

Scheme 28. Attempts for ring closure.

N\

We then considered using other methods for ring closure. The bis-tetrazine 78
reacted with 2 equivalent of prop-2-ene-1-thiol to give 1,4-bis(6-(allylthio)-1,2,4,5-
tetrazin-3-yloxy)butane (100), which contains two terminal alkenyl groups and should
undergo readily RCM (ring closure metathesis) reaction in the presence of Grubbs’ 1%
generation catalyst. However, to our surprise, neither RCM nor intermolecular
metathesis took place, whether with or without addition of electron-rich compound
101 as template molecule (Scheme 29).
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N
NN 2 gy J
S

NN
\( CH3CN, EtsN, MgSOq,r.t.

Scheme 29. Attempt of RCM.

We have also explored the possibility of using McMurry reaction for the ring
closure step. For this purpose the model compound 99 was firstly prepared and
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oxidized to give di-aldehyde 129 with Dess-Martin periodinane. However, since the
diol 130 containing O-Tz-O subunits could not be obtained, and also considering that
the McMurry reaction is carried out under harsh conditions (TiCls/K), we gave up
trying on this synthetic route (Scheme 30).

NaClO (5%)56’ N=N
N=N PTC, r.t. 3—<\ />—O\/\/CHO

s—\ />—o\/\/\OH N-N
—N
N (COCl),, DMSO\/ _ NN
DM, -78°C - AN
NN _OH s— /)0 CHO

s—\ /)0 o N-N

N—N Dess-Martin Penodmaneb 129

99 CH,Cl, , r.t.
2Ll N=N
2 NaH - 78 \/ NN
2HO” ™5 oH 28— 510" M, 0
THF, rt. THF, -78°C N=N
- OH
O__<\ />_O/\/\/
N7N 430

Scheme 30. Preparation for McMurry reaction.

Bis-carboxylate tetrazines were also prepared, and their potentiality for
construction of cyclophanes was examined. It is interesting to notice that the diethyl
1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate 104, is oxidized readily with isoamyl
nitrite, while another bis-dicarboxylate dihydro-tetrazine with two hydroxyl groups,
bis(4-hydroxybutyl) 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (106), couldn’t
be oxidized under the same condition to give aromatic tetrazine ring. The possible
hydrogen bonding between the NH of tetrazine ring and the oxygen of hydroxyl group
might be responsible for it (Scheme 31).

COONa COOH COOC,H COOC,H
S X X L0 L
N=N NaOH _ N7 NH Hcl = N7 NH SOcCl N“ONH i nitrite. N7 "N
9 o a H'{l ,'\1 h ) 2 \ isoamy nitrite, ) )
CHO H,0 \F H,0 HNYN C,HsOH HNYN DM, r. t NYN
COONa COOH COOC2H5 COOCQH5
102 103 104 105
OIO\/\/\OH OIO\/\/\OH
O
103 1) SOCl,, THF, -30°C N” "NH isoamyl nitrite ><, N"TN
o O/\/\/OH o O/\/\/OH
106 107
1) 2 NaH, THF, -10°C _
N—N O O™ _<N_N>_
- 6] N ,—Cl
2)2¢c— H—cl N—N
N=N N” "NH

DM, NaHCO3, 108
pressure tube

Scheme 31. Synthesis and application of bis-carboxylate tetrazines.
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Since we have already noticed that dichloro-s-tetrazine has a strong tendency
to undergo disubstitution with thiols, we then considered using the reaction of dithiol
with dichloro-s-tetrazine as the ring closure step, and thus we adjusted the structure of
target molecule, and established another retrosynthetic approach (Scheme 32).

N//N\FS HS
S S W i
Iy Y A T

I
N o N0 N‘N)\o/\/\/o / 8

z=Z
/
z-Z
zZ=Z

S _N

N<
93 109
NN S OH
2c— D—ci + HO
N=N
Scheme 32. Retrosynthetic analysis of cyclophane-tetrazine 93.

The adjusting was proved to be very efficient. The cyclophane 93 was
obtained in three steps from dichloro-s-tetrazine (Scheme 33) in a moderate overall
yield. The substitution with sulphur was found to be more effective than with oxygen,
as reported in analogous cases. The ring closure occurs with a satisfactory 40% yield
in high dilution conditions. Single crystal X-ray structure (Figure 1) could be
successfully obtained, and shows that the cyclic structure is mainly driven by the
tendency of the alkyl chains to adopt an all trans- conformation. Therefore, the
tetrazine rings are more or less coplanar to the mean plane of the macrocycle instead
of facing toward the center of the cavity.

X
SNTON ho > ZHS gy highly diluted S
NN 78 109 — )\
N N-N X
Y 7\ N N
c— H—ci o
ca NEN SYN\ NYN
|
N< /\/\/O
N o

Scheme 33. Synthesis of cyclophane-tetrazine 93.
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Figure 1. Crystal structure of cyclophane (93) containing 3 tetrazines (S yellow, O red and N blue).

This is the first example of a cyclophane molecule based on tetrazine moieties
designed for electron-donating entities recognition. Unfortunately this cyclophane is
weakly fluorescent, although interactions between its anion-radical and phenol
derivative are evidenced subsequently through spectroscopic and electrochemical
measurements.

The utilization of diethyleneglycol instead of 1,4-butanediol as diol to
construct a larger cyclophane was tried once and failed, possibly because of the water
absorbed by acetonitrile during too long reaction time (Scheme 34). We didn’t
continue on this target and concentrated our efforts on the construction of another
cyclophane containing at least one O-Tz-O segment, which is strongly fluorescent
according to our experience (the fluorescence quantum yield of dimethoxytetrazine in
DM is about 0.11).

Ve N=N
cl
0 s
Y i © i A SH _<}\I-N/>_ -
NN OO o NTON N/NZHS AVA
NYN KHCO4, MgSO,, ,{,?N Ne N CHiCN, EtsN, MgSO, [o -
= SH
DM, pressure tube,120°C NN

Scheme 34. Attempt to prepare cyclophane-tetrazine 91.

4.4.2 Attempt to synthesize cyclophane-tetrazine 92

Using OTzO formation as a ring closure step is not appropriate due to the
difficulty of disubstitution of dichloro-s-tetrazine with hydroxyl group, as already
proved in the first attempt to prepare a cyclophane-tetrazine. Therefore we considered
preparing the OTzO part of the molecule at the very beginning, then introducing the
terminal thiol groups through FGI (Functional group interchange) (Scheme 35):
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Scheme 35. Retrosynthesis for cyclophane-tetrazine 92.

Dichloro-s-tetrazine reacted with two equivalents of mono-anions of 1,4-diol
at low temperature to give the tetrazine-diol 112 in moderate yield. The two pendant
OH groups were reacted with methanesulfonyl chloride to produce two OMs leaving
groups quantitatively. However the synthetic route was obstructed by the difficulty to
introduce two thiol groups in the terminal positions. All attempts to substitute the two
terminal OMs groups by SH ended up with nucleophilic attacks on tetrazine ring
leading to its decomposition (Scheme 36).
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Scheme 36. Attempts to prepare 111.

We also tried to reduce the tetrazine ring to 2H-tetrazine in order to reduce its
electrophilicity before the substitution, but this last step failed as well (Scheme 37).
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Scheme 37. Attempts to prepare 111 through reduction-substitution.

Since the functional transformations of hydroxyl to thiol with a tetrazine ring
existing in the molecule were unsuccessful, we therefore considered preparing an
alkyl chain comprising an alcohol at one end and a protected thiol at the other. Since
the attempts to prepare triisopropylsilyl- protected thiol alcohol 131 or THP-
protected thiol alcohol 132 all failed at the last step (Scheme 38), we decided to
prepare an acetyl protected one. Thus 1,4-diol was reacted with a half equivalent of
DHP in the presence of AICIl; to give mono protected diol 113, which was reacted
with methanesulfonyl chloride to produce 114 containing a leaving group MsO, which
was then substituted by ethanethioate to give 115. After deprotection of THP with
AICI3 and methanol, the alcohol containing an acetyl protected thiol 116 was obtained,
which was then deprotonized by NaH and reacted readily with dichloro-s-tetrazine to
give the tetrazine 117 with two protected terminal thiols ( Scheme 39).

A ~~_-OH DHP, AICI3 A~~_OTHP MsClI, Et3N A ~_OTHP
HO ~ HO oom - MsO
NaHS.H,0 e ~_OTHp (PsSIC o ~_OTHP
methanol, Ar H imidazole, dry DM (Pr)3Si~S 131

TsOH.H,0 ; é OH
DHP, DM THPS/\/\/OTHP methano2| THPS/\/\/
TsOH.H,O 132
Scheme 38. Attempts to prepare triisopropylsilyl- protected or THP- protected alcohols.
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Scheme 39. Synthesis of tetrazine with protected thiol groups.

However, when we tried to deprotect the acetyl groups with MeSNa, the MeS
anion attacked again the tetrazine ring. The rapid vanishing of the red color, which is
characteristic for most tetrazine derivatives, indicated the decomposition of tetrazine
ring or aza-addition to the ring. Deprotection of acetyl group with ammonium also
ended up with decomposition of most of the tetrazines (Scheme 40).

0" ™5 sH
A

MeSNa v N N
methanol, 0°C~r. t. N\fN 111

O~ A%-SH
2

117

ammonium
methanol, Ar, r.t.
Scheme 40. Attempts to deprotect 117.

117 > 111

4.4.3 Reconsideration of cyclophane-tetrazine 90

All the attemps to prepare the intermediate tetrazine-dithiol 111 failed.
However, after many trials of reactions between alcohols and tetrazines in presence of
different bases (Na,COs3;, NaHCO;, K,COs, EtsN, DBU, etc.), we discovered that
2,4,6-collidine is a good catalyst as well as a base for the introduction of alcohols on
dichloro-s-tetrazine, especially for polyols. We then reconsidered the first target
cyclophane 90 and developed a new synthetic route, which succeeded finally (Scheme

41).
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Scheme 41. Synthesis of cyclophane-tetrazine 90.

The mono-anion of 1,4-diol was reacted with a half equivalent of dichloro-s-
tetrazine to give the tetrazine-diol 112, which was reacted smoothly with another two
equivalent of dichloro-s-tetrazine to give 3,6-bis(4-(6-chloro-1,2,4,5-tetrazin-3-
yloxy)butoxy)-1,2,4,5-tetrazine (118) at room temperature. Ring-closing with 1,4-
dithiol under highly dilute condition afforded the new cyclophane-tetrazine 90
containing an O-Tz-O moiety in good yield (67%).

4.5 Synthesis of calycular molecular sensors—new
multichromophoric cyclodextrin functionnalized by
fluorescent tetrazine rings.

4.5.1 Attachment of tetrazines onto cyclodextrins via SyAr reactions.

The preparation of 2,3-peracylated B-cyclodextrin 122 was straightforward:
first the primary hydroxyls of 119 (on the upper face of the cyclodextrin cone) are
selectively protected with TBDMS, followed by the protection of the two secondary
hydroxyl (on the bottom of the cone) with acetyl to afford 121, and after selectively
removing the TBDMS groups, the 2,3-peracylated cyclodextrin 122 was obtained in
an overall high yield ( Scheme 42).
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Scheme 42. Preparation of 122.

Three methods were tried to link seven tetrazines onto the B-CD ring: when
NaHCO; was used as base, only a complicated mixture of tetrazine-containing
products was obtained, indicating the deprotection of secondary hydroxyls and
subsequent reaction with dichloro-s-tetrazine; when 2,4,6-collidine was used as base
and without molecular sieves, the target molecule could be obtained but in low yield;
with collidine as base and addition of molecular sieves, a yield of more than 50%
could be achieved (Scheme 43). Considering that there are seven substitutions of
hydroxyl with dichloro-s-tetrazine, the yield for each introduction of tetrazine onto
122 is up to 91%, which indicates that 2,4,6-collidine and anhydrous environment are
crucial for the success of the 7-fold substitution.
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Scheme 43. Reaction of 122 with dichlorotetrazine.

The 2,3-peracylated multichromophoric a-cyclodextrin functionnalized by six
fluorescent tetrazine rings was obtained by the same method as for the 3- analogue.
The yield of the last step is up to 50%, which means that an average yield of 89% can
be achieved for each substitution.

98



4.5.2 Attempt to attach tetrazines via “click chemistry”

“Click chemistry” was firstly proposed by Sharpless and coworkers* in order
to accelerate the synthesis of drug-like molecules, which sets up a set of criteria to
define reliable reactions: giving products stereoselectively in high yields, producing
inoffensive byproducts, low to no sensitivity to oxygen and water, utilizing readily
available starting materials, and having a thermodynamic driving force of at least 20
kcal'mol”. Preferably, the reactions should be conducted in benign solvents and
chromatography is not used for purification of reaction products. Two types of click
reactions that have influenced drug discovery are the nucleophilic opening of strained
ring systems’ and 1,3-dipolar cycloadditions®. Of particular interest is the Huisgen [3
+ 2] cycloaddition between a terminal alkyne and an azide to generate substituted
1,2,3-triazoles (Scheme 44). This reaction has been termed the “cream of the crop” of
click reactions and has found application in various facets of drug discovery.

R4
N-N=N RN, R, N,
+ TN °N + TN °N
\—(, g\—/
R Ro R

Scheme 44. 1,2,3-Triazole formation via Huisgen 1,3-dipolar cycloaddition.

The reaction generates a mixture of 1,4- and 1,5-disubstituted triazoles, and
various attempts to control the regioselectivity have been reported without much
success until the discovery of the copper(I)-catalyzed reaction in 2002, which
exclusively yields the 1,4-disubstituted 1,2,3-triazole”®. Several copper(I) salts such
as Cul and CuOTf-C¢Hs, can be employed but the reactions generally must be run
with acetonitrile as co-solvent, require a nitrogen base, and sometimes generate
unwanted diacetylene and bis-triazole by-products. The in situ reduction of copper(Il)
salts such as CuSO4-5H,0 with sodium ascorbate in aqueous alcoholic solvents allows
the formation of 1,4-triazoles at room temperature in high yield with less than 2 mol
% catalyst loading. Primary, secondary, and tertiary substituted azides as well as
aromatic azides can be utilized. Numerous terminal acetylene components participate
in the transformation and the reaction is compatible with various functional groups
such as esters, acids, alkenes, alcohols, and amines. The copper-catalyzed reaction
was also expanded later by Yamamoto and coworkers’ using a bimetallic catalyst so
that 1,4,5-substituted triazoles could be obtained from seemingly internal alkynes.
Due to the reliability and generality of the copper(I)-catalyzed azide-alkyne
cycloaddition to generate N-heterocyclic links, the reaction has been utilized for
various aspects, from drug discovery, in vivo enzyme activity-profiling to discovery
of novel chemical materials.

Therefore we considered utilizing this type of reliable “click reaction” to
attach the seven tetrazines onto the CD ring (Scheme 45). The 2,3-permethyl-p3-
cyclodextrin-azide (125) was obtained via bromination-azidation-methylation of -
cyclodextrin, and the 3-chloro-6-(prop-2-ynyloxy)-1,2,4,5-tetrazine (126) was
obtained through the substitution of propargyl alcohol with dichloro-s-tetrazine in
high yield. However, for the last step of attachment, many attempts have ended up as
a failure (Scheme 46). The dichloro-s-tetrazine couldn’t stand for a long time in the
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presence of base or water in the “click” conditions, while without base, no reaction
took place.
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Scheme 45. Attempt to synthesize B-CD-tetrazine through "Click chemistry".
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Scheme 46. “Click reaction” under different conditions.
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Chapter 5 UV/Visible absorption, fluorescence
and electrochemical studies

5.1 Introduction of fluorescence quenching: Stern-Volmer
equation and Rehm-Weller equation

A molecule (M), once in the excited state (M*) after absorption of a photon,
can return to the ground state (Sy), by emission of fluorescence, or through other de-
excitation pathways (Figure 1) ' : internal conversion, intersystem crossing,
intramolecular charge transfer and conformational change. Interactions in the excited
state with other molecules may also compete with de-excitation: electron transfer,
proton transfer, energy transfer, excimer or exciplex formation. Most of the main
intermolecular photophysical processes responsible for de-excitation of molecules,
involve a fast transfer process from a donor to an acceptor: electron transfer, proton
transfer or energy transfer.

' layed
hosphorescence *_lntersy_stem delay
PHosP Crossing fluorescence
fluorescence internal
emission conversion

hv

intramolecular
charge transfer

conformational

change
electron
transfer
photochemical proton
transformation transfer

exciplex
formation

energy

excimer transfer

formation
Figure 1. De-excitation pathways for an excited molecule.

If these de-excitation pathways take place on a time-scale during which the
molecules stay in the excited state (10'°-107 s), they may compete with fluorescence
emission. The characteristics of fluorescence (spectrum, quantum yield, and lifetime)
can be affected by any excited state process involving interactions of the excited
molecule with its close environment, and then can provide information on such a
microenvironment.

If the presence of a molecule Q decreases the fluorescence quantum yield,

leading to the loss of fluorescence intensity, the molecule is called a quencher, and the
process is called fluorescence quenching, whatever the nature of the competing

103



intermolecular process for molecules in the excited state (M*). The fluorescence
characteristics (decay time and/or fluorescence quantum yield) of M* are affected by
the presence of Q, as a result of competition between the intrinsic de-excitation and
other intermolecular processes.

The quenching mechanism can be either static or dynamic. If the fluorescence
quenching is dynamic (a diffusion-controlled reaction), the observed rate constant for
quenching is time-dependent, and the well known Stern-Volmer Equation (Equation 1)
is used to describe the quenching in steady-state experiments':

)1k 010

1

Equation 1. Stern-Volmer Equition.

where I and Iy are the steady-state intensities in presence and absence of quencher Q,
respectively; kq is the quenching constant; 1o is the lifetime of M* in the absence of Q;
and [Q] is the quencher concentration. Generally, the ratio Iy/I is plotted against the
quencher concentration [Q], so that the Stern—Volmer plot can be obtained according
to the equation. If the variation is found to be linear, the slope gives the Stern—Volmer
constant kg, (ksv = k¢ 70), and kq can be calculated if the excited-state lifetime in the
absence of quencher (1) is known.

If the fluorescence quenching is static, there are two possibilities: either there
is an existence of a sphere of effective quenching, or there is a formation of a ground-
state non-fluorescent complex. In the former case, the quencher Q is in large excess so
that there is a high probability that M* and Q are in proximity so that the interaction is
significant at the time of excitation. Therefore no mutual approach during the excited-
state lifetime is required. When the probability of finding a quencher molecule within
the encounter distance with a molecule M* is less than 1, this situation is relevant to
static quenching. In this case the ratio Iy/I is not linear and shows an upward curvature
at high quencher concentrations, according to the Equation 2:

1
70 =exp(V, N, [Q])

Equation 2. Equation for static quenching when Q is in large excess.

where Vg is the volume of a sphere (called the sphere of effective quenching, active
sphere or quenching sphere) surrounding the fluorophore M, N, is Avogadro’s
number, and [Q] is the quencher concentration.

In the latter case, a ground-state non-fluorescent complex is formed. The
excited-state lifetime of the uncomplexed fluorophore M is unaffected, which is in
contrast to dynamic quenching. The fluorescence intensity of the solution decreases
upon addition of Q, but the fluorescence decay after pulse excitation is unaffected. If
the ratio of fluorophore and quencher in the complex is 1:1, and considering that the
fluorescence intensities are proportional to the concentrations (which is valid in dilute
solutions), the relationship between the fluorescence intensities and the quencher
concentration can be expressed according to the Equation 3:
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1, L
N2 1=K [0]

Equation 3. Equation for static quenching when there is a formation of a ground-state non-fluorescent
complex.

where K is the stability constant of the complex. A linear relationship is thus
obtained, as in the case of the Stern-Volmer plot, but there is no change in excited-
state lifetime for static quenching, whereas in the case of dynamic quenching the ratio
Io/1 is proportional to the ratio 1o/t of the lifetimes.

Photoinduced electron transfer (PET) is often responsible for fluorescence
quenching, which is involved in many organic photochemical reactions. The oxidative
and reductive properties of molecules can be enhanced in the excited state, and the
variations in standard free enthalpy AG’ for the corresponding reactions can be
expressed according to the Rehm-Weller Equation':

2
e

AG’ =E(D/D*)—E(A/ A )~ E, , ———
E. r

r

Equation 4. Rehm—Weller Equation.

where e is the electron charge, ¢, the dielectric constant of the solvent and r is the
distance between the donor and acceptor, E(D/D") represents the redox potential of
electron donor, and E(A/A") the redox potential of the electron acceptor. The Equation
yields the free energy for the electron transfer between the two compounds. Usually it
is impossible to get the exact value of r, and thus it is assumed to be equal to the sum
of the donor and acceptor radii.

For a specified acceptor, the E(4/47) and Ej are fixed, and ¢’/(e,r) is constant,
therefore AG” can be expressed as a linear function of the redox potential of donors

(E? (D)), which is a simplified Rehm-Weller equation (Equation 5):

AG"

RT
Equation 5. The simplified Rehm-Weller equation.

=—-Log(k,)=a- E) (D)+b

105



5.2 Spectroscopic and electrochemical study for tripod-

tetrazine (86)
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5.2.1 Absorption and fluorescence studies

The UV-vis. absorption spectrum of the tripod-tetrazine 86 was recorded in
dichloromethane solution (Figure 2). It is similar to that of chloroalkoxy-s-tetrazines
(compounds 76 or 78, Chapter 3.2, Figure 6). The strong band at 323 nm can be
attributed to a n-m* allowed transition while the one at 518 nm corresponds to an n-*
transition, which is responsible for its color in the visible range. The position of the
UV band is strongly dependant on the electron donor or acceptor character of the
substituants on the tetrazines as already demonstrated with all the tetrazines
synthesized in our laboratory* .

1.4 1
1.2
1 4
0.8 -

0.6

Absorbance

0.4 -

R AN

0 T T T |
250 350 450 550 650

wavelength (nm)

Figure 2. Absorption spectrum of 86 in DM (C: 0.16 mM).

The shape of the fluorescence spectra of 86 is typical of tetrazine derivatives
(Figure 3). The position of the maximum is in accordance with those already observed
for chloroalkoxy-s-tetrazine derivatives: 565nm for tripod-tetrazine 86, and 567nm
and 572nm  for  chloromethoxy-s-tetrazine 76  and  1,4-bis(chloro-s-
tetrazinyloxo)butane 78 (Chapter 3.2, Figure 7), respectively. As observed for
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unsymmetrically substituted tetrazines studied in our laboratory, the fluorescence
quantum yield is good (0.29) and the fluorescence lifetime is long (150 ns, Table 1),
making it a promising candidate as fluorescent molecular sensor for anions or neutral
electron-rich molecules.

Furthermore, the comparison of the fluorescence excitation and UV-vis.
spectra (Figure 3) shows that they are identical in shape and position, and the
fluorescence excitation spectrum is the mirror image of the emission one, which
indicate that the emitting species is the same as the absorbing one. Hence it can be
concluded that despite their close proximity in the molecule, the three tetrazines of the
tripodal molecule are not interacting one with each other. This is further confirmed by
the fact that time resolved fluorescence decay presents only one characteristic lifetime
(Table 1) which is close to the one observed for the monomeric tetrazine 76 (160 ns).

Table 1. Main spectral data of tripod-tetrazine 86 in DM.

Compound  A“" (nm) gus(L.mol’.cm™) A7 (nm) @ Lifetime (ns)
Tripod-tetrazine 51 1802 565  0.29 150
(86) 323 7963
269 1251
1 + 1
0.8 - + 08
2 0.6 - +06
< 2
3 =
0.4 + 04
0.2 - + 0.2
O T T T 0
400 500 600 700 800

wavelength (nm)

Figure 3. Normalized fluorescence emission (=), fluorescence excitation (==) and UV-vis. absorption
(=) spectra of tripod-tetrazine 86 in DM.

5.2.2 Fluorescence quenching of tripod-tetrazine

In order to investigate the ability of 86 to act as a fluorescent sensor agent,
fluorescence quenching studies were carried out by addition of electron-rich aromatics:
tetrathiafulvalene (TTF), triphenylamine (TPA), tris(4-bromophenyl)amine, pyrrole
and trimethoxybenzene (Figure 4), and the corresponding Stern-Volmer slopes (ksy)
were obtained (Table 2). The results show that TTF is the most efficient quencher for
86.

107



1.5x10°

[TPA] 7

Fluorescence intensity
°
1

0.5

0.0

T T
550 600 650 700 750
‘Wavelength (nm)

1
800

[Q]/ [tripode]
Figure 4 a) Modification of fluorescence spectra of 86 in DM, upon addition of TPA from 0.06 mM (1
eq.) to 0.36 mM (6 eq.);
b) Stern-Volmer plots for the quenching of 86 with TTF (=), triphenylamine (=), tri(4-
bromophenyl)amine (=), pyrrole (==) and 1,3,5-trimethoxybenzene (~).

Table 2. Stern Volmer constant (ksy) for tripod-tetrazine 86 with the different tested quenchers.

Quencher

slope: ksy ke, E,
-] -1 -1
(Lmol”)  AL.mol".s") (v vs SCE)

Tetrathiafulvalene (TTF)

2897.9 19.32 - 10° 0.38

Triphenylamine (TPA) 1485.9 9.83 - 10’ 1.04
Tris(4-bromophenyl)amine 1271.9 8.48 - 10° 1.07
Pyrrole 988.1 6.59 - 10° 1.31
1,3,5-trimethoxybenzene 711.2 4.74 - 10° 1.56

a) Dynamic quenching mechanism is postulated here to calculate the k.

The differences in quenching for the tested molecules can be attributed to their
electron donor strength which is directly related to their oxidation potential. We can

then connect the observed k, to the corresponding E.. according to the Equation 5.

The plot is linear (Figure 5) which confirms that the quenching is due to an electron
transfer from the aromatic donor to the accepting tetrazine in its excited state.

E*(V)

0 0.5 1 1.5 2

-9.6
-9.7 A
-9.8 A
-9.9 A
10 A

-log(ka)

-10.1 A
-10.2 -
-10.3 A

-10.4 -

Figure 5 Rehm-Weller plot for 86, R* 0.992.
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The quenching of 86 by tetrathiafluvalene (TTF) was also studied by time
resolved fluorescence in order to decipher its mechanism. The results show that the
fluorescence of the tripod-tetrazine is efficiently quenched (Figure 6). As the quantity
of TTF increases, the initial fluorescence intensity of the fluorescence decay keeps
nearly constant (the small drop is less than 5% and is due to fluctuation of laser
intensity), while the lifetime becomes shorter and shorter but still monoexponential
(i.e. unique); this indicates that the mechanism of quenching is dynamic and not static.

(@)
©

Fluorescence

: Y[TTF] 7
*« W ,] ‘M' oL
L ‘!\l‘ﬂuﬂwu.m'l"mVwul.‘

0 100 200 400ns
Delay
Figure 6. Fluorescence decay variation of tripod-tetrazine 86 in DM upon addition of TTF from
0.15-10° mol.L" to 1.1-10”° mol.L".

Figure 7 shows the Stern-Volmer plot derived from Figure 6 for tripod-
tetrazine 86 in the presence of TTF in dichloromethane. In this case, in Equation 4,

the variation of intensity (% ) is replaced by the relative change in lifetime (ﬁ ).
T

2.8
2.6;
2.4;
2.2;
2.0;
1.8;
1.6;
1.4;
1.2;

(TofT)-1

1.0—_
0.8;
0.6;
0.4;
0.2;

0.0
I

T L T k T ' T ¥ T E T ! T ! T ! T ! T ! T
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10x1 073

TTF concentration mol/L
Figure 7. Stern-Volmer plot of 86 as function of TTF concentration.
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The slope was found to be 2480 L.mol” which is in the same order to the one
found from the steady state fluorescence (Table 2), confirming further that the
quenching mechanism is dynamic.

5.2.3 Preliminary electrochemical studies of tripod-tetrazine

We have also investigated the influence of addition of different electron-rich
compounds on the redox behaviour of the tripod-tetrazine. When 0.5 eq. of resorcinol
was added into the solution of 86, the redox current was dramatically decreased so
that the redox peak were no more distinct, hence it is difficult to observe if the redox
potential was shifted or not (Figure 8). The redox current was even completely lost
when 1 eq. of resorcinol was added. As for comparison, the CV of the tripod-tetrazine
86 is quite reversible in presence of 1 eq. of bithiophene (BTH), and the redox current
could be observed even when 5 eq. of BTH was added, although largely decreased
(Figure 9). The addition of (N-methyl pyrrole) NMP also influences the CV current of
86 significantly. The redox peaks were no more noticeable after 2 equivalents of NMP
were added. However, in all cases the redox potential of 86 seems to be stable, and is
not influenced by the addition of electron-rich aromatics.

1.00E-05
5.00E-06 1
0.00E+00 1 ——
< -5.00E-06 -
-1.00E-05 1
= Tripod-tetrazine
-1.50E-05 -1 —+0.5eq. resorcinol
+1eq. resorcinol
-2.00E-05 T T T T T
-1.20E+00 -1.00E+00 -8.00E-01 -6.00E-01 -4.00E-01 -2.00E-01 0.00E+00
Potential (V)

Figure 8. Variation of the cyclic voltammogram of tripod-tetrazine 86 with addition of resorcinol. Scan
rate: 50 mV - s™. E,c: -0.765 V, E, ,: -0.582 V. Reference: Ag wire.
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Figure 9. Variation of the cyclic voltammogram of tripod-tetrazine 86 with addition of BTH. Scan rate:

50 mV - s™'. Reference: Ag'/Ag.
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Figure 10. Modification of the cyclic voltammogram of tripod-tetrazine 86 with addition of NPM.

Scan rate: 50 mV - s
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5.3 Spectroscopic and electrochemical studies for the first
cyclophane (93)

The choice of 1,4-butanediol as a spacer was motivated by the fact that it
introduces an oxygen atom right on the tetrazine ring, and -OR type substituents have
been recognized to insure the existence of fluorescence properties in the tetrazine
systems, since the n orbital remains lying higher than the m orbital (indeed it is the
n-n* transition which generates fluorescence). Compounds 133 and 112 were
prepared for comparison (Figure 11).

NS N-N
N NN
)\\N/N Ho/\/\/o_<N:N>_OMe

)5\ 133
R —

Figure 11 Cyclophane 93 and model compunds 112 and 133

5.3.1 Spectroscopic study

The absorption spectrum of cyclophane-tetrazine 93 is similar to that of linear
tetrazines substituted by alkylthio and alkoxyl groups (Figure 12, Table 3). The band
at 403 nm can be attributed to a m-n* transition while the one at 529 nm corresponds
to an n-m* transition. Indeed, the position of the first band is common to all
sulphursubstituted tetrazines and is strongly red-shifted when compared to the bis-
alkoxytetrazines, since m-n* transitions are known to present such a shift when the
substituent is more electron-donor”. Accordingly, the energy of the n-7* transition is
less influenced by substitution on the tetrazine ring, so this band is found in a small
range of wavelengths (510-530 nm) for all compounds. Absorption and fluorescence
spectra of 133 and 112 are the same, and identical to the ones of dimethoxy-s-
tetrazine® as it could be expected, showing no effect at all of the hydroxy terminal
groups, even on the fluorescence. The shape of the fluorescence spectra of 93 is
typical of tetrazine derivatives. The position of the maximum is in accordance with
the fluorescence of linear tetrazines derivatives containing alkylthio and alkoxyl
substituents. As for all the sulphur-substituted tetrazines studied before”, the
fluorescence quantum yield is unfortunately very low. Therefore, it was not possible
to conduct satisfactory studies of its behavior in the presence of possible quenchers
like anions or electron-rich molecules.
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Table 3. Maximal absorption and emission wavelengths, molar extinction coefficient and fluorescence
quantum yield for compounds 93, 133 and 112.

Compound A™ (nm) ggs (L.mol’.cm™) A (nm) Pr

max max

93 529 1200 585 0.002
403 2100

133 526 572 0.10
347 Not determined

112 528 575 0.09

348 Not determined

2.0+ -1.0
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e ~0.8 &
3] :
& :
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% =
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Wavelength (nm)

Figure 12. Absorption and fluorescence spectra of 93 (black line, m), 133 (red line, X) and 112 (blue
line, +) in dichloromethane solution.

5.3.2 Electrochemistry study

The electrochemical behavior of tetrazine compounds 133 and 112 has been
investigated in dichloromethane. Both compounds exhibit similar redox behavior with
a well-defined reversible reduction wave at -1.11 V and -1.21 V vs. Ag/Ag’,
respectively. These potential values fit perfectly well with the one of dimethoxy-s-
tetrazine, showing that substitution of methoxy groups by butanedioxy ones induces
only an insignificant cathodic shift, and especially that no influence of the acidity of
the hydroxy terminal groups takes place.

The cyclophane 93 has a straightforward electrochemical behavior analogous
to tetrazines substituted by heteroatoms. Despite the presence of three tetrazines,
among which one is slightly different from the two others, a single peak is featured
with a redox potential at ca. -1.12 V vs. Ag/Ag'. All three tetrazines are reduced
together, since otherwise further electron transfer would be visible at lower potentials.
This is also in apparent agreement with the approximate number of electrons
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transferred, although this is less easy to estimate, due to uncertainties on the actual
diffusion coefficient. The comparison of the reduction peak current for 93 with the
oxidation peak current of ferrocene used as a standard, leads to a number of
exchanged electrons that falls between 2 and 3 for the cyclophane tetrazine,
depending on the size assumed for the solvated compound. Nevertheless this point
proves that the electron exchange of the tetrazine rings is rather fast at the timescale
used for CV.

5.3.3 Sensitivity of the electrochemical response to added organic
compounds

We have checked the sensitivity of the redox process of 93 to several electron-
rich molecules; especially, we were curious to check if a 3-fold symmetry donor
would change the electrochemical response of the 3-fold symmetric tetrazine
cyclophane, despite the electrochemistry has been shown to be less sensitive than

fluorescence in similar cases”.

Four compounds have been tested: naphthalene (which does not have the
appropriate symmetry, but seemingly fits with the cyclophane -cavity), 1,3,5-
trihydroxymethylbenzene, and triethanolamine, which both possess the
complementary symmetry, although with a different steric hindrance. Finally, we also
investigated the influence of resorcinol (1,3-dihydroxybenzene), which possesses two
OH- groups at 120° one another, on the electrochemistry of compound 112. The case
of resorcinol is interesting since it possesses two reactive groups that can match the
two hydroxy groups of 112, and it is also the most acidic among the tested compounds.

While naphthalene was found not to influence the electrochemical response of
the tetrazines in the cyclophane, the two other compounds have an effect on the redox
potential of the cyclophane (Figure 13). However, conversely to what one would
expect, the stronger complexing agent seems to be the anion-radical, since the peak
potentials happen to be shifted in the positive range. The benzenetrimethanol displays
the larger effect, since it probably fits much better the cyclophane cavity than the
smaller triethanolamine. As a reverse peak is observed without current loss even at
low scan rates, this is therefore a reversible complexation mechanism, and not a
proton transfer which would lead to an irreversible evolution of the electrochemical
behavior of the cyclophane. This analysis is moreover confirmed by the behavior of
133 and 112, which do not display any visible influence of their hydroxy terminal
groups on their electrochemical properties. The effect observed with the 3-fold
symmetry compounds is thus probably due to H-bonding interactions with the anion-
radical of the tetrazine, rather than a simple proton transfer effect. In order to confirm
the absence of the formation of a complex in the neutral state, a NMR titration of
cyclophane 93 was conducted in the presence of benzenetrimethanol in d;-acetonitrile.
No variation of the peaks position of the cyclophane could be detected upon addition
of increasing amounts of benzenetrimethanol.
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Figure 13. CVs of cyclophane 93 (ca. 5 mmol.L™") in CH,Cl, + TBAP on glassy carbon electrode at
0.05 V/s: alone (full line); +2 eq. of triethanolamine (dots); +1eq. of 1,3,5-trihydroxymethylbenzene
(dashed line).

As a comparison, the response of tetrazine 112 in the presence of resorcinol
was also examined. The Figure 14 represents the evolution of the CV of tetrazine 112
in the presence of increasing amounts of resorcinol. The behavior is most interesting
because not only the reversibility of the tetrazine reduction is gradually lost, but in
addition there is simultaneously an increase in the reduction currents and a shift in the
redox potentials. This is indicative of an irreversible reaction of the anion-radical in
the presence of the added substrate. To check whether the interaction occurs between
resorcinol and compound 112 or its anion-radical, UV-Vis absorption measurements
were performed upon addition of resorcinol to the solution of 112. No shift in the
absorption maximum wavelength was observed up to addition of 25 eq. of resorcinol.
This result was further confirmed by NMR titration of 112 in the presence of
resorcinol in ds-acetonitrile. No variation of the spectra of the tetrazine could be
detected in the presence of increasing quantities of resorcinol. Therefore, we can
conclude that interactions take place between resorcinol and the anion-radical of 112,
involving proton transfer. Besides the reoxidation of the protonated species can be
seen at higher potential (ca. -300 mV) on the CV.

1/pA
I

-12
-1600 -1400 -1200 -1000 -800 -600 -400 -200
E/mV vs. Ag+/Ag
Figure 14. CVs of the reduction of 112 (ca. 2 mmol.L") in dichloromethane (+TBAP) after addition of
increasing amounts of resorcinol (dissolved in acetonitrile): (a) 0 eq. (dashed line); (b) 0.5 eq.; (¢) | eq.;
(d) 1.5 eq.; (e) 3.5¢eq.; and (f) 4.5 eq. Currents are corrected for dilution effects.
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The spectroscopic and electrochemical properties of the first cyclophane
molecule based on tetrazine moieties were explored, and compared with several new
tetrazines. The cyclophane was designed for electron-donating entities recognition,
and the electrochemical response of it can be sensitive to electron-rich and hydroxyl
substituted compounds. This demonstrates the utility of tetrazine as a new building
block for the synthesis of receptors for electron-rich molecules.

5.4 Discussion of fluorescence of new cyclophane-tetrazine
90 and tetrazines 118 and 128

5.4.1 Trimer-tetrazine 118
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5.4.1.1 Absorption and fluorescence studies of 118

The absorption and fluorescence spectra of the compound before cyclization,
3,6-bis(4-(6-chloro-1,2,4,5-tetrazin-3-yloxy)butoxy)-1,2,4,5-tetrazine  (118), were
both recorded in DM (Figure 15). It displays two very strong bands in the UV region
(269 nm and 330 nm, Table 4), the latter corresponding to the n-n* allowed transition,
the peak value of which is between the ones for Cl-Tz-O (327 nm) and O-Tz-O (343
nm). Therefore this band is most probably the merge of two absorptions from CI-Tz-O
and O-Tz-0O, respectively. The much less intense band in the visible region (522 nm),
corresponding to the n-m* transition, is a common character for most tetrazine
derivatives and responsible for the color of the compound.

Compound 118 is strongly fluorescent, which is not surprising, since the three
tetrazine moieties that it possesses are all fluorescent according to our preliminary
results. The fluorescence spectrum in solution is also shown Figure 15 illuminating
the spectral shape and position of the band. The fluorescence characters are more like
dimethoxy-s-tetrazine (Chapter 3, compound 52), rather than chloromethoxy-s-
tetrazine (compound 76). For example, the values found for fluorescence lifetime and
quantum yield (7,=59 ns, ®F =0.126) are in the same range as those of dimethoxy-s-

tetrazine (7,=49 ns, ®r =0.11). However, both the fluorescence lifetime and quantum

yield are markedly decreased compared to chloromethoxy-s-tetrazine (7,=160 ns, ®f
=0.38).
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Figure 15. Absorption (=) and fluorescence (==) spectra of 118.
Table 4. Spectral data of 118.
Compound A (nm) gy (L'mol™-cm™) A% (nm) @p  Lifetime (ns)
522 2097 570 0.126 59
118 330 8510
269 3888

5.4.1.2 Fluorescence quenching of tetrazine 118

The fluorescence quenching of 118 was carried out in the presence of different
electron-rich quenchers: triphenylamine (TPA), tris(4-bromophenyl)amine, pyrrole
and 1,3,5-trimethoxbenzene. Figure 16(a) shows the modification of fluorescence
spectra of 118 upon addition of TPA, which represents the typical change of
fluorescence intensity during the addition of quenchers, and was used to obtain the
Stern-Volmer plots (Figure 16(b)), according to the Stern-Volmer Equation (see
Equation 1).

5x10°

a) b) 030

4

Fluorescence intensity

55;(1 6(‘)0 65‘:0 7(‘]0’ ) 7;:0 ) 800 c‘o c.‘z o.‘4 o.‘s o.‘s 1‘0 wzx‘wo3
Wavelength (nm) Quencher concentration (mol/L)
Figure 16 a) Modification of fluorescence spectra of 118 upon addition of triphenylamine (TPA);
b) Stern-Volmer plots for the quenching of 118 with triphenylamine (==), tri(4-bromophenyl)amine

(==), pyrrole (==) and 1,3,5-trimethoxybenzene ().
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The Stern-Volmer slopes (ksy) for the four quenchers are presented in Table 5,
along with their quenching constant kg Obviously the two triarylamines,
triphenylamine and tris(4-bromophenyl)amine quench the fluorescence of 118 much
more efficiently than pyrrole or trimethoxybenzene.

It should be noticed that, in the presence of the same quencher, the structures
of different sensor molecules influence greatly the quenching efficiency. For example,
in presence of TPA, the kg, for 118 is 603.1 L.mol'l, while for tripod-tetrazine 86, it is
much higher (1485.9 L.mol™, see Table 2), which illustrates that TPA quenches the
fluorescence of tripod-tetrazine 86 much more efficiently than it does for 118. This
probably indicates that in the case of TPA, the tripodal structure of 86 is more
favorable than the opened, chain structure of 118 to attain the proximity between
sensor and quencher, thus facilitating the sensing process. The same effect was also
observed in the case of tris(4-bromophenyl)amine, pyrrole, and 1,3,5-
trimethoxybenzene as quenchers, where the kg, values for tripod-tetrazine 86 are all
much larger than those for 118.

Table 5 Stern-Volmer constant (kgy) for compound 118 with different quenchers.

Quencher SZ[.);.OI?I' )TO L. mko[];aj s7) v vf%CE )
Triphenylamine (TPA) 603.1 10.22 - 10° 1.04
Tris(4-bromophenyl)amine 475.6 8.06 - 10’ 1.07
Pyrrole 250.3 3.53 - 10° 1.31
1,3,5-trimethoxybenzene 208.01 1.93-10° 1.56

a) Assuming a dynamic quenching.

As in the case of fluorescence quenching of tripod-tetrazine 86, a linear
relationship between the oxidative potentials of quenchers ( E..) and variations of free
energy (AG° = —RT log k,) is again obtained (Figure 17) according to the simplified

Rehm-Weller equation (Equation 5), confirming that it is through an electron transfer
mechanism that these electron-rich compounds quench the fluorescence of 118.

E°(V)
1 1.1 1.2 1.3 1.4 1.5 1.6
9.2 . . . . . ,

9.3

9.4

9.5

9.6

-log(kq)

9.7 1
9.8 -
9.9
101 o

-10.1 -

Figure 17 Rehm-Weller plot for 118; R*: 0.983.
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5.4.2 Cyclophane-tetrazine 90

0
0 90
N>/—N\ R
. >§N
N_<S/\/\/s

5.4.2.1 Absorption and fluorescence study of 90

The absorption spectrum of the cyclophane-tetrazine 90 is shown in Figure 18.
The two bands around 350 nm and 397 nm are in the region corresponding to m-m*
transitions. The absorption band at 528 nm is characteristic for nearly all 3,6-
hetetroatomsubstituted tetrazine compounds, which all show an absorbance band in
this region corresponding to an n-* transition.

The new cyclophane 90 was designed and synthesized in view of improving
the fluorescence quantum yield compared to the first cyclophane 93. However, once
cyclized, the compound was found to be only weakly fluorescent on TLC plate during
the synthetic procedures. Study of the fluorescence spectrum also confirmed the weak
fluorescence (Figure 18). The fluorescence quantum yield is unfortunately only about
0.006 in dichloromethane (Table 6), higher but close to that of the first cyclophane 93
(Or =0.002).

014 N | 1
0.12 -
- 0.8
g 0.1 -
c
8 0.08 1 - 06 g
S =
< 0061 L 0.4
0.04 -
- 0.2
0.02 -
O T T T T 0

300 400 500 600 700 800
wavelength (nm)

Figure 18. Absorption (=) and fluorescence (=) spectra of cyclophane-tetrazine 90 in DM (C: 0.034
mM).
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Table 6. Spectral data of cyclophane-tetrazine 90.

Compound A% (nm) E’;f-smol'l om™) A (nm)  Op Lifetime (ns)
528 1647 11 = 2.7%0.1 (99.6%)
90 32(7) 2098 585 0.006 T2=38.3+0.8(0.4%)
257 7, =4.6

The solvent effect on absorption and fluorescence was investigated. The
absorbance and fluorescence maxima of 90 in different solvents are almost identical,
with differences of less than 7 nm between each other. This is because it corresponds
to the n-mt* transition, which is insensitive to the environment. On the other hand, the
fluorescence quantum yields of the cyclophane-tetrazine 90 vary slightly in different
solvents: the highest @ (0.0144) is obtained when ethanol is used as solvent (Table 7).
We tried to rationalize this variation by comparing them to known solvent parameters:
Hildebrand solubility parameter (6), dielectric constant (g;), dipole moment (n), and
electrostatic factor (EF= g, x p). Unfortunately no linear correlation could be drawn.

Table 7. Solvent effects on photophysical properties of the new cyclophane-tetrazine 90.

Solvent A% (nm) A" (nm) DPr

Dichloromethane 528 577 0.0063
Acetonitrile 522 576 0.0042
Ethanol 528 582 0.0144
Chloroform 529 578 0.0049
Dioxane 524 578 0.0088
1,2-Propylene carbonate 522 576 0.0053

5.4.2.2 Fluorescence quenching of cyclophane-tetrazine 90

Although the fluorescence quantum yield of cyclophane-tetrazine 90 is low,
the quenching effect could still be observed with the electron-rich compound TPA
(Figure 19, Table 8). Compared to the tripod-tetrazine (86) and trimer-tetrazine (118),
although the kgy of 90 is smaller because of its much shorter lifetime, the quenching
constant kq is 2 times larger than that of tripod-tetrazine and trimer-tetrazine,
indicating that the ring structure of cyclophane is much more favorable than the open-
formed tripod structure or linear trimer structure to attain the sensor-quencher
proximity leading to a relative efficient fluorescence quenching.

a)aooxwaf b)60X10¥
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Figure 19. Fluorescence quenching of 90 with TPA: a) changes of fluorescence intensity upon addition
of TPA; b) Stern-Volmer plot of quenching in presence of TPA.
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Table 8. Values of quenching effect (ksy and k;) of 90 in presence of TPA.

) k
Quencher slope: ksy- kq-To (L.mol 1) (L_molq-],s'l )

TPA 102.4 222-10°
5.4.3 Tetrazine 128
N=N
o— /)0
<J \ \
o] o)

128
TN M=
N
N \ ’/
N=( \‘\_>~N
s~\—\ s
To investigate the reason of the weak fluorescence of the cyclophane-tetrazine

90, compound 128 was synthesized as an open-form analogue, and its absorption and
fluorescence spectra were recorded in DM for comparison (Figure 20).
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Figure 20. Absorption (=) and emission (==) spectra of 128.

Table 9. Spectral data of 128.
Compound A% (nm) A (nm) @f Lifetime (ns)

529 575 0006 10
399

128 348
259
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The absorption spectrum of the open-form analogue 128 is identical to the
cyclophane-tetrazine 90. The maxima of every absorption band for each compound
are almost the same, with differences of less than 2 nm (Table 9). Compound 128 is
also weakly fluorescent, and its fluorescence spectrum is almost the same to that of
cyclophane 90. These results confirmed that the loss of fluorescence of the
cyclophane-tetrazine 90 is coming not from the cyclic structure, but from the
introduction of thiol substituents on the tetrazines.

5.4.4 Molecular modeling and fluorescence properties

The novel cyclophane 90 containing an O-Tz-O moiety is only weakly
fluorescent, which was surprising at the very beginning because dimethoxy-s-tetrazine
is very fluorescent. Thus we tried to explain these results by modeling 3,6-
disubstituted-1,2,4,5-tetrazines using the Gaussian03 software’ at the B3LYP level of
theory and 6-31+G(d) base.

In a first step, a fluorescent tetrazine and a non fluorescent one were compared.
The main feature which was observed is that there is a clear inversion of the two
highest occupied orbitals between the two tetrazines (Figure 21). In the case of the
fluorescent one, the HOMO (Highest Occupied Molecular Orbital) is an n type one
and the HOMO-1 is & type. The situation is reversed for the non fluorescent one.

NON FLUORESCENT FLUORESCENT

—~

N—N

HOMO

/J
N

HOMO - 1

Figure 21 Comparison of the highest occupied orbitals for a fluorescent and a non fluorescent tetrazine

This trend was further confirmed when all the tetrazines obtained were
modelized using the same method (Figure 22).
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Figure 22 Energy diagram of the frontier orbitals of the tetrazine obtained in our laboratory
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Combination of the results of these calculations and the observations from our
experiments indicates clearly that when the HOMO is of n type the molecule is
fluorescent. This is the case for dialkoxyl- or chloroalkoxy-s-tetrazines (Figure 22).
The molecule is not fluorescent when the HOMO has a w character, which is the case
for dimethylthiol-s-tetrazine or tetrazine substituted by aromatics. While in the case of
3-alkoxyl-6-alkylthiol-s-tetrazines, for example 3-methoxy-6-methylthiol-s-tetrazine
which is weakly fluorescent, the energy level of HOMO-1 (n orbital) is nearly
degenerated with that of HOMO (& orbital) yielding a weak fluorescence.

Then we compared the energy differences of LUMO and HOMO for model
tetrazines substituted by two chlorines, chlorine/oxygen, chlorine/sulfur,
oxygen/sulfur, two oxygens and two sulfurs (Table 10, Figure 23). We found out that
for O-Tz-O and S-Tz-O, their LUMO energies are almost at the same level, while the
HOMO energy level of S-Tz-O is slightly higher than that of O-Tz-O, which makes
the HOMO-LUMO energy gap smaller than that of O-Tz-O. Therefore, if they coexist
in a same molecule like cyclophane 90, the first transition will take place on the S-Tz-
O moiety after the absorption of a photon. This is confirmed further by the
calculations of molecular orbitals of 90, which show clearly that both its HOMO and
HOMO-1 are located on each of the S-Tz-O moieties, respectively, and both show
distinct m character with a small contribution of n type which explains the weak
fluorescence observed (Figure 24).

-3 7 - - -
4 4 —=— LUMO
— —— HOMO-1
§ 5 —e— HOMO
-6 -
E _7 7
-8 4 m 1t type MO
= n type MO
-9 T T T
X=Y=ClI X=ClI X=Cl X=Y=0 X=0 X=Y=8S
Y=S Y=0O Y=S
Cl Cl Cl OMe OMe SMe
R T T T T U
NN AN NN [ RN [
b hd e b hd h
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Figure 23. Comparison of energy levels of different tetrazines

Table 10. Comparison of energy levels (in Hartree) of HOMO, HOMO-1 and LUMO of 3,6-
heteroatomsubstituted tetrazines.

= v HOMO-1 HOMO LUMO
N—N
X=Y=Cl 87540264 7.76227536 4.07450736
X=Cl Y=S 7.27592544 7.26286176 3.592512
X=Cl Y=0 8.05348656 7.25877936 3.58924608
X=Y=0 7.33090176 6.79501872 3.16086624
X=0 Y=S 6.81570288 6.7373208 3.177468
X=Y=§ 6.8230512 6.55878384 3.18263904
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HOMO HOMO-1

Figure 24. HOMO and HOMO-1 of cyclophane 90. Red: oxygen; yellow: sulfur; blue: nitrogen.

In fact the features of absorption and fluorescence spectra of other multi-
tetrazine derivatives can also be clarified by molecular modeling calculations. For
example, the fact that the fluorescence of trimer-tetrazine 118 is more like dimethoxy-
s-tetrazine rather than chloromethoxy tetrazine (see Chapter 5.4.1), can be explained
by the calculation results on energy levels of molecular orbital for a series of
tetrazines, which demonstrate that the HOMO-LUMO energy gap of O-Tz-O is
slightly lower than that of the CI-Tz-O (Table 10, Figure 23), which guarantees the
first n-m* transition to take place on O-Tz-O moiety. Calculations on the energy levels
of molecular orbitals also show clearly that the HOMO of 118, from which the
transition takes place leading to the fluorescence, is completely located on the middle
O-Tz-O moiety, while the HOMO-1 and HOMO-2 are loacated on each CI-Tz-O side
moieties.

HOMO

e g I °0 o
J%-%;‘ & ‘o0

HOMO-1 HOMO-2

Figure 25. HOMO, HOMO-1 and HOMO-2 of trimer-tetrazine 118. Red: oxygen; green: chlorine;
blue: nitrogen.
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5.5 Fluorescence and electrochemical study of
B-CD-tetrazine

5.5.1 Absorption and fluorescence studies

We have performed fluorescence studies on B-CD-tetrazine (94), both in
dichloromethane (Figure 26) and methanol (Figure 27). The fluorescence spectra of
the P-CD-tetrazine show characteristics close to the ones of the generic
chloromethoxy-s-tetrazine (76). Fluorescence lifetime and fluorescence yield depend
both on the molecule and on the solvent (Table 11).

5 - - 1.2
45 -
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< 2
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Figure 26. Absorption (left) and fluorescence (right) spectra of 76 (==) and B-CD-tetrazine 94 (==) in
dichloromethane.

Fluorescence
Fluorescence

1L
540 560 580 £00 620 640 660 680 700 ° 0 100 200 300 400ns

wavelength Delay

Figure 27 Steady state (left) and time resolved (right) fluorescence of 94 in DM (black) and MeOH
(red)
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Table 11. Spectroscopic characteristics of f-CD-tetrazine (94) vs. chloromethoxy-s-tetrazine (76).

Xabs (NmM) Aem (nM) (L,m(‘)gf'?s.cm'l) O 1, (ns)

76inDM 269,327,520 567 1900 035 160
94inDM  266,327.517 563 3675 0.12 gg Eggi;

76in MeOH 290,325,511 563 ] 023 150
94in McOH 265,325,512 564 ] 0.23 12388 (E)Oig)

a) Reference: Rhodamine 6G in ethanol, ®x=0.95

The fluorescence rate was measured from the fluorescence yield and lifetime.
It is close to 2x10°s™ for all compounds since the fluorescence rate is only slightly
affected by environment effects. We observe that the average fluorescence lifetime
and quantum yield of tetrazines bound to cyclodextrin are smaller than or equal to that
of the free dye. It may be due to interactions between neighbouring fluorophores on
the same cyclodextrin moiety. Indeed, the fluorescence lifetime of 76 is 160 ns in
dichloromethane and 19 ns in crystals. These interactions are stronger in
dichloromethane where they reduce the fluorescence lifetime and yield by a factor of
two. These differences in lifetime and quantum yield may reflect a closer distance
between the tetrazine substitutants in dichloromethane compared to methanol.

5.5.2 Fluorescence quenching of B-CD-tetrazine

The fluorescence quenching has been studied in the presence of an electron
donor, TTF (tetrathiafulvalene), for both compounds. The choice of TTF was made
because it fits correctly the cyclodextrin cavity (~5 A), and it has a weak affinity for
polar solvants (Figure 28):

N4
~

Figure 28. Principle of fluorescence quenching of 3-CD-tetrazine by TTF.

The fluorescence of tetrazine 76 is quenched by TTF via electron transfer in
dichloromethane (Figure 29). As time-resolved fluorescence lifetime decreases, it
shows that a dynamic quenching occurs'. From the time resolved measurements a
slope of the Stern-Volmer plot ksy=3200 mol™-L is measured. This gives a quenching
rate (kq) of 2 - 10" L-mol™"s™. In dichloromethane, the fluorescence of p-CD-tetrazine
94 is also quenched by TTF (Figure 29, Figure 30). The quenching was measured
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both in intensity and in lifetime. The Stern-Volmer plot is linear with a smaller slope
of 858 L-mol” (Figure 29, Table 12). A value of 798 L-mol” is derived from lifetime
variations. This confirms the value of the quenching rate and the predominance of the
dynamic quenching for B-CD-tetrazine in dichloromethane. In methanol, fluorescence
quenching starts with TTF concentration corresponding to a ratio B-CD-tetrazine:
TTF of 1:0.2 (Figure 30, b). As long as the ratio is smaller than 1:1, a drop of the
“zero-delay” amplitude is observed and the fluorescence lifetime does not change.
This means that static quenching occurs probably because of the entrapment of the
quencher in the cavity of the cyclodextrin in this lipophobic solvent. At higher ratio
(Figure 30, b), the lifetime decreases, corresponding to a dynamic quenching, because
the cavity is saturated, and additionnal quenching occurs with quenchers dispersed in
solution around the functionnalized cyclodextrine. Bithiophene (BTH) also quenches
the fluorescence of 94, although much less efficiently compared to the quencher TTF
(Table 12).
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Figure 29. Stern-Volmer plots for the quenching of the fluorescence of 76 (black, +) and 94 (blue, x)

by TTF in DM.
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Figure 30. Fluorescence decays of -CD-tetrazine in presence of TTF. a) in DM, ratio B-CD-tetrazine:
TTF 1:4.5 to 1:26, b) in methanol, ratio 1:0.2 to 1:5. The intensity drop observed in methanol is
characteristic of a static quenching between 94 and TTF.
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Table 12. The Stern-Volmer slopes and quenching constants of 94 in presence of TTF and BTH in DM.

Quencher S(l]?pnf ; lk IS)V ky (<10°)
Tetrathiafulvalene (TTF) 858.2 14.37
Bithiophene (BTH) 312.3 5.23

The results from fluorescence experiments show that the fluorescence of f3-
CD-tetrazine can be efficiently quenched by an aromatic molecule with the adequate
size in lipophobic environments. This should open the field to efficient quenching in
polymer films, and maybe in the future to the fabrication of new and selective sensing
devices based on tetrazines.

5.5.3 Electrochemical study of B-CD-tetrazine

Figure 31 shows the cyclic voltammogram for the B-CD-tetrazine, which
displays one reduction peak with good reversibility. The reduction potential is -0.88 V,
which is almost in the same range of chloro-oxygen substituted tetrazines previously
prepared (- 0.77 V, see Chapter 3.2), but slightly lower. Furthermore, the peak
difference of 200mV is indicative of a scattering in several discrete but close together
redox potentials for the seven tetrazines. This is likely due to the entropic factor
linked to the number of equivalent tetrazines in close proximity on the same molecule.

301 : : : .
201
1.0 4
0
1.0 5
-2.0 1
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4.0
5.0 5
6.0
7.0 5 :
1.6 1.4 1.2 1.0 08 06 0.4
Potential / V

Figure 31. Cyclic voltammogram of B-CD-tetrazine 94 in DM. Scan rate: 100 mV.s™. Ep: -0.878 V,
Epe: -1.075 V.

Current / 1e-6A

To investigate the interaction between 94 and electron-rich compounds, the
N-methyl pyrrole (NMP) was added into the DM solution of B-CD-tetrazine 94.
Figure 32 demonstrates clearly that the addition of NMP influences the
electrochemical response of the tetrazines on the B-CD ring. The reduction potential
peaks shifted gradually to the positive range with the increasing amount of NMP,
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while the oxidation ones also shifted gradually to the positive range. These
phenomena indicate that an interaction takes place between 94 and NMP. The nature
of this interaction is not easy to understand with these preliminary results.
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Figure 32. Titration of 94 by NMP in DM. Addition of NMP: leq., 2eq., 3eq. Scan rate: 100 mV.s™.
Working electrode: Glass carbon.
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5.6 a-CD-tetrazine (95)

5.6.1 Absorption and fluorescence studies of 95

The absorption spectrum of 95 is identical to 94 (Figure 33). The maxima for
each absorption band are almost the same, with differences of 1-2 nms (Table 13).
The strong absorption band around 328 nm corresponds to the n-n* allowed transition
of Cl-Tz-O, and the less intense band in the visible region (519 nm) corresponds to
the the n-n* transition which is responsible for the red color. The fluorescence
quantum yield of 95 in dichloromethane is in the same range as that of 94, but slightly
lower (0.10 for 95 to 0.12 for 94).
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Figure 33. Absorption (=) and fluorescence (=) spectra of a-CD-tetrazine 95 in DM (C: 0.296 mM).

Table 13. Spectral data of 95 in DM.

abs €abs em Lo (a)
Compound A, (nm) (L.mol" .cm™) A (nm) Lifetime * (ns)  @g
. 519 3379
“CD'(fgazme 328 16760 562 50®) 0.100
270 6708

a) An average lifetime of 142.5 ns (biexponential) was found in MeOH. b) Biexponential decay.

5.6.2 Fluorescence quenching

Fluorescence quenching of 95 by TTF was carried out, both in methanol
(Figure 34) and in DM (Figure 36). In both cases a linear relationship is found when
ploting the Stern-Volmer equation (Figure 35, Figure 37). The kg, is much larger in
methanol than in DM in the presence of TTF as quencher, which indicates that the
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quencher is more prone to enter into the lipophilic cavity of a-CD-tetrazine in polar
environment, leading to a more efficient fluorescence quenching for 95.
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Figure 34. Fluorescence quenching of a-CD-tetrazine with TTF in methanol.
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Figure 35. Stern-Volmer plot of a-CD-tetrazine with TTF in methanol. Stern-Volmer plot kgy = 2254
+100 (R* =0.98)
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Figure 36. Fluorescence quenching of a-CD-tetrazine with TTF in dichloromethane.
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Figure 37. Stern-Volmer plot of a-CD-tetrazine with TTF in dichloromethane. Stern-Volmer plot kgy =
791 £ 6 (R2=0.999), kq:15.8X109.

5.6.3 Electrochemical study

The cyclic voltammetry was performed in dichloromethane using a 1 mm
diameter Pt working electrode. Interestingly the a-CD-tetrazine shows only one fully
reversible reductive peak in the range 0 to -1.8 V, indicating that the six tetrazines on
the a-CD ring are identical, and are all reduced simultaneously at the same potential
(Figure 38). This behavior is very different from that of its analogue B-CD-tetrazine.
The standard reduction potential is -0.84 V, which is very close to the first reduction
potential of the B-CD-tetrazine (-0.82 V), indicating that the proximity of the
tetrazines does not influence their redox potential in this case.
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Figure 38. Cyclic voltammogram of a-CD-tetrazine 95 in DM. Scan rate: 100 mV - s Epe: -0.8392V,
Epa: -0.7032 V.
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Titration of a-CD-tetrazine 95 with NMP in DM was also carried out to
investigate the possibility to form the complex. As shown in Figure 39, the cyclic
voltammogram does not show any obvious shift of the reduction potential or current
loss. The CV remains mostly reversible during the addition of NMP, even when the
quantity of NMP is in large excess (5 eq.). This result indicates that, unlike the B-CD-
tetrazine that forms a stable 1:1 complex with NMP, the a-CD-tetrazine could not
form the complex with NMP, the reason of which might be the smaller cavity of 95
compared to the B-CD one’s. Titration of 95 with toluene gave the same result (Figure
40).
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Figure 39. Titration of a-CD-tetrazine 95 by NMP in DM.
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Figure 40. Titration of a-CD-tetrazine 95 by toluene in DM.
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General conclusion and perspectives:

A series of s-tetrazine derivatives towards molecular sensors for anions and
electron-rich compounds were designed, using tetrazine moieties as both binding units
and sensing units, including tweezer-tetrazines, tripod-tetrazines, cyclophane-
tetrazines, and calycular tetrazines. Among them the attempts using 1,8-
dihydroxynaphthalene, ferrocenedimethanol and phenyl diaziridines as rigid tweezer
frames all failed. However, a tripod-tetrazine (86) was obtained successfully after the
improvement of reaction conditions of dichloro-s-tetrazine (23) with polyols by a
careful scanning of the bases employed. Attempts to synthesize cyclophane 92 failed
because of the difficulty to introduce terminal thiols onto the tetrazine derivatives, and
other attempts to obtain the cyclophane-tetrazines through RMC or McMurry
reactions were also tried and failed. However two cyclophanes, 90 and 93, were
finally obtained, and the single crystal structure of 93 was also obtained. [-
cyclodextrin and a-cyclodextrin were used to construct the calycular tetrazine
derivatives (94, 95), both of which were obtained in good yield under the optimized
condition for SyAr reactions of dichloro-s-tetrazine (23) with polyols.

Fluorescence studies show that the fluorescence of 86, 90, 94 and 95 can be
efficiently quenched by electron-rich compounds such as TPA, tris(4-
bromophenyl)amine, pyrrole, TTF and 1,3,5-trimethoxybenzene. Electrochemical
studies also indicate the interactions between these tetrazine derivatives and electron-
rich compounds. The fluorescence quenching mechanisms were also investigated in
some cases, and a dynamic quenching was found in the case of 86 with TTF.

Moreover, a linear relationship between kq and E). is found for 86 in presence of

different electron-rich quenchers, confirming that the quenching is due to an electron
transfer from the aromatic donor to the accepting tetrazine in its excited state.
Calculations on molecular orbitals were also carried out to investigate the relationship
between molecular structures and fluorescence properties, and the weak fluorescence
of the two cyclophane-tetrazines can be explained by their HOMO-LUMO characters
and positions. Electrochemical studies of 86, 90, 94 and 95 were also performed and
the results show that the electrochemical responses are sensitive to the addition of
electron-rich compounds, indicating the interactions between them.

At the present time, a more detailed electrochemical investigation for the
interaction between these new tetrazine derivatives and electron-rich molecules and
anions 1is still going on, and an in-depth investigation for the complexation using
NMR techniques is underway.

At the same time, the methodology for tetrazine reactions developed in this
thesis is being applied to the synthesis of a fluorescent polymer:
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Furthermore, a series of new tetrazine derivatives containing a polyol chain
can be designed based on the method developed. The polyol frame is expected to be
able to catch a cation, which can then bind an anion together with the tetrazines
attached on each side. In this way the interactions with anions are expected to be
largely enhanced, and also able to be adjusted by the choice of cations. The synthesis
of the two molecules below is already finished and the electrochemical and
fluorescence studies are on the plan.

0 0 O/_\O
©) oy
NN NN NN O
NYN@N\‘(N N\\rN @ N?N

Cl Cl Cl Cl

Further developments will include grafting of tetrazines on metallic and silica
nanoparticles, attachement to photochromic compounds or two photons absorbent...
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Chapter 6 Experimental Section

General procedures

Synthesis

All chemicals were purchased from Aldrich or Acros and were used as received. All
solvents for synthesis were synthetic grade. Anhydrous solvents were freshly distilled before
use according to published procedures'. All column chromatographies (CC) were performed
on silica gel 60 (0.040-0.063 mm), silica gel SDS (Sociét¢ de Documentation et Synth¢se,
Peypin, Bouches du Rhone). Analytical thin layer chromatographies (TLC) were performed
on silica gel 60F254 (60/15um) on aluminum plates (SDS), and detected by UV (254 nm).
The deuterated solvents were purchased from SDS. NMR spectra were recorded on a Bruker
300 spectrometer. Chemical shifts are given in ppm related to the protonated solvent as
internal reference (IH: CHCIl; in CDCls, 7.26 ppm, CHD,SOCD; in CD3SOCD;3, 2.49 ppm;
BC: BeDCL in CDCL, 77.14 ppm, “CD;SOCD; in CD;SOCD;, 39.6 ppm); coupling
constants (J) in Hz. Mass spectrometry (chemical ionization with NH3) was performed on a
MS Engin 5989B mass spectrometer in the laboratory of the Institut Lavoisier de Versailles
(UMR 8180), Universit¢ de Versailles Saint-Quentin-en-Yvelines. Single crystal X-ray
diffraction was done by Jérome Marot at the Institut Lavoisier de Versailles (UMR 8180),
Université de Versailles Saint-Quentin-en-Yvelines.

Fluorescence

All solvents were of spectroscopic grade.

Steady-state spectroscopy

A U.V.-vis. Varian CARY 500 spectrophotometer was used. Excitation and emission
spectra were measured on a SPEX Fluorolog-3 (Jobin-Yvon). A right-angle configuration was
used. Optical density of the samples was checked to be less than 0.1 to avoid reabsorption
artefacts.

Time-resolved spectroscopy

The fluorescence decay curves were obtained with a time-correlated single-photon-
counting method using a titanium-sapphire laser (82 MHz, repetition rate lowered to 4 MHz
thanks to a pulse-peaker, 1 ps pulse width, a doubling crystals is used to reach 495 nm
excitation) pumped by an argon ion laser’. The Levenberg-Marquardt algorithm was used for
non-linear least square fit’. In order to estimate the goodness of the fit, the weighted residuals
were calculated®. In the case of single photon counting, they are defined as the residuals, i.e.

1 W. L. E. Armarego, C. L. L. Chai, Purification of laboratory chemicals, 5th edition, Butterworth-Heinemann,
an imprint of Elsevier Science, 2003.

2 L.Schoutteten, P. Denjean, R. B. Pansu, J. Fluoresc. 1997, 7, 155-165.

3 K. A. Levenberg, Appl. Math 11, 1944, 2, 164.

4 J. Fluoresc. 2005, 15,377-413.
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the difference between the measured value and the fit, divided by the square root of the fit. y*
is equal to the variance of the weighted residuals. A fit was said good for y” values between

0.8 and 1.2.

Apparatus for fluorescence experiments:
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Electrochemistry

Electrochemical studies were performed using dichloromethane (SDS, anhydrous for
analysis) as a solvent, with n-tetrabutylammonium perchlorate (Fluka, puriss.) as a supporting
electrolyte. The substrate concentration was ca. I1mM (accurate values are given in the figure
caption). A 1 mm diameter Pt electrode was used as the working electrode, along with a
Ag/Ag" (107 M) reference electrode and a Pt wire counter electrode. The cell was connected
to a PAR 272 petential state monitored by a PC computer. The reference electrode was
checked vs. ferrocene as recommended by IUPAC. In our case, E’(Fc'/Fc) = 0.046 V. All
solutions were deaerated by argon bubbling prior to each experiment.

6.1 Preparation of 3,6-dichloro-1,2,4,5-tetrazine.
6.1.1 Preparation of triaminoguanidine monohydrochloride.

HN - NH2 NH,NH, ~ HaNNo NHNH,

* HCI X > 9 * HCI
NH, 1,4-dioxane, reflux, 2 hs NHNH,

2
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To a slurry of guanidine hydrochloride (26.1 g, 0.267 mol) in 150 mL of dioxane was
added hydrazine monohydrate (45 mL, 0.91 mol) with stirring. The mixture was heated to
reflux for 2 hours, then cooled to r. t.. The solids were collected by filtration, washed with
dioxane and dried at 70°C overnight to give pure triaminoguanidine monohydrochloride (35.6
g, 95%).

6.1.2 Preparation of 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-1,2,4,5-tetrazine (16).

0o o
HoNN s NHNH PN N
2 Y ol = _ - —</ \>—N>j

NHNH, H,0, 25°C, 0.5h; 70°C, 4hs HN=NH

To a solution of triaminoguanidine monohydrochloride (35.6 g, 0.253 mol) in 200 mL
of water was added 2,4-pentanedione (52.5 mL, 0.506 mol, 2 eq.) dropwise with stirring at r.
t.. After the addition was complete the mixture was stirred at r. t. for 0.5 hour and at 70°C for
4 hours, during which time a yellow solid precipitated from the solution. The solids were
filtered from the cooled solution, washed with water, and dried in vacuo over P,Os to give
dihydro-tetrazine 16 (27.5 g, 79.9%).
'H NMR (300MHz, CDCls) & 8.06(s, 2H), 5.97(s, 2H), 2.49(s, 6H), 2.22(s, 6H)
C NMR (75MHz, CDCl3) § 150.11, 145.92, 142.45, 110.01, 13.95, 13.62

6.1.3  Preparation of 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine (17).
Method 1. Using isoamyl nitrite

/E<N—</ \>_N>j lsoamylmtnt )\/<N—</ \>—N;j
HN—NH

Isoamyl nitrite (36 mL, 2.6 eq.) was added by syringe into a solution of 3,6-bis(3,5-
dimethylpyrazol-1-yl)-1,2-dihydro-1,2,4,5-tetrazine (27.5 g, 0.101 mol) in 290 mL of DM at r.
t. while stirring. The mixture was stirred for 1 hour, then bubbled with N, to expel the
volatiles. The solvents and other volatiles were removed by evaporation to give tetrazine 17 as
a red solid (26.9 g ,99%).

"H NMR (300MHz, CDCl3) § 6.19 (s, 1H), 2.71 (s, 3H), 2.39 (s, 3H)
BC NMR (75MHz, CDCls) 8 159.22, 154.39, 143.69, 111.81, 14.58, 13.78

Method 2. Using NaNO, and AcOH

/E</N_</N_N\>—N/N\ NaNO, /E<N_</ \>—N/N;
N HN-NH )\ AcOH

In a 1L 2necked round bottom flask, prepare a solution of sodium nitrite (26.2g,
0.38mol) in 588mL of water and add 60mL of dichloromethane. Lower the temperature at
0°C and add 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2-dihydro-s-tetrazine (37g, 0.136 mole).
Add dropwise acetic acid (18.67mL, 0.326 mol). After gas evolution stopped, separate the
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organic layer and extract the aqueous layer with dichloromethane (3 x 100mL). The organic
layers are reunited, washed to neutrality with a 5% aqueous solution of potassium carbonate,
dried over calcium chloride and filtered. The product 17 is obtained by evaporation of the
solvent under reduced pressure.

6.1.4 Preparation of 3,6-dihydrazino-1,2,4,5-tetrazine (19).

N—N N N—N
- ~
7 N\ NH,NH, © H,O
NN T i ke
N N—N N=N

Hydrazine monohydrate (5.54 mL, 0.112 mol) was added slowly by syringe into a
solution of 3,6-bis(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine (15.2 g, 0.056 mol) in 100 mL
of acetonitrile while stirring. The mixture was refluxed for 0.5 hour, then cooled to room
temperature. The solids were filtered and washed with a small amount of acetonitrile. The
product 19 is unstable (explosive) and should not be dried fully. Due to its insolubility, it is
not characterized and used as such in the next step.

6.1.5 Preparation of 3,6-dichloro-1,2,4,5-tetrazine (23).
Method 1. Using chlorine gas

)N\HNHZ )N\2 cr i
N” "N Cl, N” "N - 2N, ~ON
~_N

I Il h —<No, ll\l

NQT/N CHACN, r.t. NQT/N N\T/

NHNH, N, CI” Cl

Into a suspension of freshly prepared 3,6-dihydrazino-1,2,4,5-tetrazine (19) (5.2 g,
0.037 mol) in 40 mL of acetonitrile cooled with an ice bath was bubbled chlorine gas under a
strong agitation. The mixture became homogeneous after 10 min, and the chlorine gas was
subsequently removed by bubbling N; into the solution. After evaporation of the solvent the
3,6-dichloro-1,2,4,5-tetrazine was obtained as a bright red solid which can be sublimated (5.0
g, 90%). The product obtained is usually pure enough for most synthetic purpose and a short
column chromatography (silica, DM) can be carried out for further purification.
C NMR (75MHz, CDCls) § 168.2

Method 2. Using trichloroisocyanuric acid

0]
Ci~ J\ -Cl
N N

PN

o N O

N—N iy N-N
HNHN—  )—NHNH, ca— d—c
N=N N=N

CH3CN, 0°C-rit.

To a slurry of 3,6-di(hydrazino)-1,2,4,5-tetrazine (12.5 g, 0.088 mol) in acetonitrile
(350 mL) at 0°C was added dropwise over 30 minutes a solution of trichloroisocyanuric acid
(40.8 g, 0.18 mol) in acetonitrile (250 mL). After the addition was finished the reaction vessel
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was allowed to warm to room temperature and stirred for 20 minutes. The white insoluble
precipitate was removed by filtration and the volatiles removed from the resulting orange
solution in vacuo to give crude 3,6-dichloro-1,2,4,5-tetrazine as an orange solid. Same
purification as previous gave pure 23 (6.785 g, 51%) as an orange powder.

6.2 Preparation of 1,4-bis(6-chloro-1,2,4,5-tetrazin-3-ylthio)butane (98).

5 X

N N /\/\/SH N IN
2 | I HS CI~ N~ NN
N%rN Et3N, CH4CN, r.t. JN\ \(
N> NS
Cl N S

1,4-dithiol (0.4 g, 3.3 mmol) and triethylamine (0.93 mL, 6.6mmol) were mixed in 30
mL acetonitrile in a dropping funnel and were added slowly into the solution of dichloro-s-
tetrazine (1.0 g ,6.6 mmol) in 10 mL of acetonitrile at room temperature. After the addition
the mixture was stirred for another 2 hours until TLC indicated the reaction was over (1:5
EA/PE). The solids were filtered, washed with ether, and the filtrate was evaporated. After a
column chromatography (silica, 1:6 ethyl acetate/ petroleum ether) 0.18 g of product 98 was
obtained as a red solid (15%).
"H NMR (300MHz, CDCl3) & 3.37(m, 4H), 2.02(m, 4H)
3C NMR (75MHz, CDCls) & 175.67, 165.64, 30.02, 27.52

6.3 Preparation of 3,6-di(1,4-dithiol-1-)-1,2,4,5-tetrazine (127)

SH

N—N NN N—N
2 HS
N=N Et3N, CH3CN, r.t. N=N

127

To a solution of 1,4-dithiol (1.6 mL, 13.3 mmol, 2 eq.) and triethylamine (1.9 mL,
13.3 mmol, 2 eq.) in 10 mL of acetonitrile was added slowly the solution of dichloro-s-
tetrazine (1.0 g, 6.6 mmol) in 30 mL of acetonitrile at room temperature. After the addition
the mixture was stirred for another 2 hours , then filtered. The filtrate was evaporated and the
residue passed through a column chromatography (silica, 1:3 ethyl acetate/ petroleum ether)
to give 0.8 g of compound 127 as a red powder (38%).
'"H NMR (300MHz, CDCls) & 6.72(s, 2H), 2.88(t, 4H, J=6.9Hz), 2.50-2.47(m, 4H), 1.77-
1.62(m, 8H)
BC NMR (75MHz, CDCls) & 149.79, 32.66, 31.02, 27.79, 23.91

6.4 Preparation of 3-chloro-6-methoxy-1,2,4,5-tetrazine (76)

N—N N—N
methanol, MgSO
c— Dol =R TR L o Y—0me
N=N 40°C,15min N=N

To a solution of dichloro-s-tetrazine (1.0 g, 6.62 mmol) in 100 mL of methanol was
added 0.5 g MgSO,. The mixture was stirred and warmed slowly to 40 °C. After 15 min TLC
indicated the reaction was finished (1:8 ethyl acetate/petroleum ether). The solids were
filtered and washed twice with DM, and the filtrate was evaporated. After a short column
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chromatography (silica, 1:8 ethyl acetate/ petroleum ether) a red fluorescent solid was
obtained which is easy to sublimate (0.5 g, 50%).

'H NMR (300MHz, CDCl5) & 4.33(s, 3H)

C NMR (75MHz, CDCl3) & 167.06, 164.61, 57.5

6.5 Preparation of 3,6-dimethoxy-1,2,4,5-tetrazine (52)

N—N
C|—</ \>—C| 2NaOVe oo~ H—ome
CH4CN, r N=N

To a solution of dichloro-s-tetrazine (0.31 g, 2 mmol) in 4 mL of anhydrous
acetonitrile was added dropwise the solution of NaOMe in methanol (0.1 g Na dissolved in 5
mL of anhydrous methanol) and the mixture was stirred at room temperature for 2 hours, after
which 3 drops of water was added to quench the reaction. After a short column
chromatography (silica, 1:10 ethyl acetate/ petroleum ether) 0.03 g pink solid was obtained
which is very fluorescent and easy to sublimate (10%).

'H NMR (300MHz, CDCl5) & 4.23(s, 3H)
3C NMR (75MHz, CDCls) & 166.55, 56.82

6.6 Preparation of 1,4-bis(6-methoxy-1,2,4,5-tetrazin-3-ylthio)butane (81)
X by
N" N N™ SN

[
O N#N MeoH, Mgso, _ MeO~ N~ NN
NiNJ\I\S/\/\/\Sr reflux, 20 h34 N\‘NJI\S/\/\/I

1,4-bis(6-chloro-1,2,4,5-tetrazin-3-ylthio)butane (94 mg, 0.27 mmol) and MgSO;4 (0.5
g) were added into 50 mL of methanol and the mixture was refluxed under Ar atmosphere for
20 hours. After filtration of the solids the filtrate was evaporated and the residue was passed
through a column chromatography (silica, 3:10 ethyl acetate/ petroleum ether). After
evaporation of the solvents 46mg of red solid was obtained which is not fluorescent on TLC
(50%).
'H NMR (300MHz, CDCls) & 4.24(s, 6H), 3.35-3.30(m, 4H), 2.03-1.96(4H)

6.7 Preparation of 4,4'-(6,6'-(butane-1,4-diylbis(sulfanediyl))bis(1,2,4,5-tetrazine-6,3-
diyl))bis(oxy)dibutan-1-ol (99)

HO
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To a 20-mL pressure tube were added 143 mg (0.41mmol) 1,4-bis(6-chloro-1,2,4,5-
tetrazin-3-ylthio)butane, 0.365 mL (10 eq.) of 1,4-butandiol, 34 mg (0.4 mmol) NaHCO3, 0.3
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g MgSOy4, and 6 mL of dichloromethane. The mixture was stirred and heated to 120 °C for 2
hours, then cooled to room temperature. After a column chromatography (silica, ethyl acetate)
13 mg di-substituted product was obtained as a red solid (7%).

'"H NMR (300MHz, CDCl3) & 4.63(t, 4H, J=6.3Hz), 3.76(t, 4H, J=6.3Hz), 3.33(m, 4H), 2.10-
1.98(m, 8H), 1.83-1.60(m, 4H), 1.60(br., 2H)
13C NMR (75MHz, CDCl3) § 171.16, 165.92, 69.53, 62.21, 30.11, 28.82, 27.90, 25.11

6.8 Attempts to synthesize cyclophane-tetrazine 90

(1)
N’/
HO X N
OH \/\L NeN 0 N
c— d—ci
N=N

o 0

S A
E E KHCOj, 1,2-dichloroethane E E

= ~

T Y Y

\( ){\l\ /\/\/S J\l\ /\/\/S

To a 500-mL 3-necked round bottom flask equipped with a N, inlet, a magnetic
stirring bar, a condenser and an oil bath, 50 mg tetrazine-diol 99 (0.1 mmol) and 200 mL of
dichloroethane were added, and the solution was heated to reflux. The solution of dichloro-s-
tetrazine (17 mg, 0.1 mmol) in 30 mL of dichloroethane was added dropwise. The mixture
was refluxed for 5 hours, and TLC indicated no new compound was formed, while most of
the dichloro-s-tetrazines were consumed, and most of the tetrazine-diol remained.

)

)O\ 1) Na, THF )O\

NN N ] NN

O_N. NN  2)2cCl Cl 0. _N. NN
7 T N=N ) T
\\N)\S/\/\/S N\\N)\S/\/\/S

20 mg tetrazine-diol 99 (0.04 mmol) was dissolved in 20 mL of anhydrous THF under
Ar atmosphere. Na (2 mg, 0.08 mmol) was added and the mixture was refluxed for 0.5 hour,
during which time a red solid was formed and precipitated from THF. A solution of dichloro-
s-tetrazine (7 mg, 1 eq.) in 20 mL of THF was added slowly into the miture while stirring.
After usual work-up procedure TLC (ethyl acetate) indicated most of the tetrazine-diol
remained.

3)
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4 mg NaH (60% in oil, 2 eq.) was added into a solution of 22 mg tetrazine-diol 99
(0.044 mmol) in 50 mL of THF at room temperature. The mixture was stirred for 0.5 hour,
and a solution of dichloro-s-tetrazine (7 mg, 1 eq.) in 20 mL of THF was added dropwise.
After stirring overnight TLC indicated no new compounds, while the tetrazine-diol remained
and all dichloro-s-tetrazine decomposed.

6.9 Preparation of 1,4-bis(6-chloro-1,2,4,5-tetrazin-3-yloxy)butane (78)

Cl
| PY
Z Ho/\/\/OH Cl N l}ll l\Il Cl N
o N° N NN NYN L PN
N§|/N DM(anhy.), MgSOy,, N\\//k N\\/K oH
pressure tube,120°C N" g >0 N™ N >

78

Dichloro-s-tetrazine (1.10 g, 7.28 mmol), 1,4-butandiol (0.26 mL, 2.9 mmol), MgSO4
(0.5 g), 10 mL of anhydrous dichloromethane and a magnetic stirring bar were added into a
20-mL pressure tube. The tube was sealed and heated to 120 °C for 2 hours, then cooled to
room temperature. The solids were filtered out and washed with dichloromethane. The
filtrates were combined and evaporated. After a short column chromatography (silica,
DM—1:20 methanol/DM) 0.16 g disubstituted product 78 (17%) and 0.12 g monosubstituted
product (20%) were obtained.
78: '"H NMR (300MHz, CDCls) & 3.75(t, 4H, J=5.88Hz, OCH,), 1.79(t, 4H, J=6.31Hz,
OCH,CH>)
3C NMR (75MHz, CDCl3) & 166.7(C of tetrazine), 164.3 (C of tetrazine), 70.9 (OCH,), 28.7
(OCH,CH>)
MS (EI), m/z: 318 (IM]", calc. 318)
Mono-substituted product: 'H NMR (300MHz, CDCls) 6 4.67(t, 2H, J=6.2Hz, OCH,), 3.71(t,
2H, J=6.3Hz, CH,-OH), 2.26(br., 1H, OH), 2.05-2.00(m, 2H, OCH,CH>), 1.79-1.74(m, 2H,
HOCH,CH>)

6.10 Preparation of 4,4'-(6,6'-(butane-1,4-diylbis(oxy))bis(1,2,4,5-tetrazine-6,3-diyl))
bis(sulfanediyl)dibutane- 1-thiol (109)
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To a solution of 1,4-dithiol (0.33 mL, 6 eq.) and triethylamine (0.14 mL, 2 eq.) in
20mL of anhydrous CH3;CN was added dropwise a solution of 0.15 g 1,4-bis(6-chloro-1,2,4,5-
tetrazin-3-yloxy)butane (0.5 mmol) in 50 mL of acetonitrile. The addition was finished in 3
hours, after which time the solution was stirred for another 1 hour. After filtration of the
solids the filtrate was evaporated and the residue was passed through a column
chromatography (silica, 1:2 ethyl acetate/ petroleum ether) to give a red solid which is not
fluorescent on TLC (0.1 g, 44%).

'H NMR (300MHz, CDCls) & 4.70-4.65(m, 4H), 3.29(t, 4H, J=7.2Hz), 2.59(m, 4H), 2.19-
2.17(m, 4H), 1.93-1.90(m, 4H), 1.82-1.78(m, 4H), 1.38(t, 2H, J=8.1Hz, SH)

6.11 Synthesis of cyclophane-tetrazine 93

HS NS
H N
S N

NN S

109 M | > 93 )\
S\(/N\ N\fN CH4CN, Et;N, MgSO, NN
i |

To a mixture of 100 mL of acetonitrile, 0.04 mL of triethylamine (2.5 eq.), and 0.3 g
MgSOQy, a solution of tetrazine-dithiol (0.1 g, 0.2 mmol) in 50 mL acetonitrile and a solution
of dichloro-s-tetrazine (0.031 g, 0.2 mmol) in 50 mL of acetonitrile were added at the same
speed through syringe in 2 hours. The mixture was stirred for another 1 hour, and the solids
were filtered. The filtrate was evaporated and the residue was passed through a column
chromatography (silica, 1:3 ethyl acetate/ petroleum ether) to give the cyclophane as a red
solid which is not fluorescent on TLC plate (46 mg, 40%).

'H NMR (300MHz, CDCls) & 4.72 (t, 4H, J=3.3Hz), 3.30-3.35 (m, 8H), 2.15-2.19 (m, 4H),
1.95-2.00 (m, 4H)

*C NMR (75MHz, CDCls) & 172.41, 171.29, 165.84, 68.71, 30.14, 29.68, 28.26, 28.12, 24.85
MS, m/z: 607.2(IM+K]"), 591.2([M+Na]", base peak), 569.4([M+1]", calc. 569), 413.3, 381.4,
353.4,301.2

6.12 Preparation of 6,6'-(2,2'-oxybis(ethane-2, 1-diyl)bis(oxy))bis(3-chloro-1,2,4,5-tetrazine)
(79)
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e ‘3
'?‘)\h‘ HO © OH ,KHCO; MgSO, N)\ 7
Na_N DM(anhy.), pressure tube,120°C lll N lll N

4 T

2

Dichloro-s-tetrazine (1.10 g, 7.28 mmol), di-ethyleneglycol (0.28 mL, 2.9 mmol),
KHCOs; (0.58 g, 5.8 mmol), MgSO4 (0.5 g), 10 mL of anhydrous dichloromethane and a
magnetic stirring bar were added into a 20-mL pressure tube. The tube was sealed and heated
to 120 °C for 2 hours, then cooled to room temperature. The solids were filtered out and
washed with dichloromethane. The filtrates were combined and evaporated. After a short
column chromatography (silica, 1:1 ethyl acetate/ petroleum ether) a red fluorescent solid was
obtained which was then recrystallized in cyclohexane (40 mg, 4%).

'H NMR (300MHz, CDCls) & 4.84-4.81(m, 4H), 4.08-4.05(m, 4H)
C NMR (75MHz, CDCls) 8 166.53, 164.46, 69.38, 68.76

6.13 Attempt to prepare 4,4'-(6,6'-(2,2"-oxybis(ethane-2, I-diyl)bis(oxy))bis(1,2,4,5-tetrazine-
6,3-diyl))bis(sulfanediyl)dibutane- 1-thiol

v N=N
O o O O—< />—S
A B SH [ eyl T s
N7 "N z 2 HS \/.
| I ’}l |l|\l (@)
Nﬁ/N N N CH3CN, Et3N, MgSO4 [ N=N o
cl cl o= )=s >
N-N

To a solution of 1,4-dithiol (0.33 mL, 6 eq.) and triethylamine (0.14 mL, 2 eq.) in
20mL of anhydrous CH3;CN was added dropwise a solution of 0.17 g 1,4-bis(6-chloro-1,2,4,5-
tetrazin-3-yloxy)butane (0.5 mmol) in 50 mL of acetonitrile. The addition was finished in 3
hours, and the solution was stirred overnight, after which time the solution had turned from
red to colorless, which indicated most of the tetrazine-containing compounds were
decomposed.

6.14 Preparation of 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylic acid (103)

-+
N=N= 0 HN=N Hel HN-N

2 ¥0%Naoocﬂ Y—cooNa ——— HooC—  H—COOH
C,Hs0 2 N—NH H20 N—NH

Ethyl diazoacetate (4.04 mL, 35 mmol) was added by syringe to a NaOH solution (6.4
g in 10 mL of H,O, 160 mmol) at 60~80°C in 15 min. The slurry was stirred for 10 min more
and cooled to r. t., then poured into 40 mL of 95% ethanol. The liquid was decanted and
solids were washed with 95% ethanol (5 x 30 mL), absolute ethanol (20 mL) and ether (20
mL). After drying in vacuo 3.7g of sodium 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate
was obtained as a grey solid (99%).

The sodium salt (3.7 g, 17.5 mmol) was dissolved in 10 mL of iced water and the

mixture was cooled with an ice bath. 3.5 mL of concentrated HCI (35%, 39.4 mmol, 2 eq.)
was added dropwise, and the solution was stirred for another 20 min after addition. The solids
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were filtered and washed with ether (5 x 8§ mL). After drying in vacuo 1.86 g of solids were
obtained (62.5%).

'H NMR (300MHz, DMSO-de) & 8.85(s, 2H)

C NMR (75MHz, DMSO-de) & 159.94, 139.49

6.15 Preparation of diethyl 1,2,4,5-tetrazine-3,6-dicarboxylate (105)

OOH COOC,Hs COOC,Hs

P X

'?'/ NH SOCl, N~ 'NH _isoamylnitrite. N”" "N
HN\fN C,Hs0H(anhy.), -30°C HN\fN CH,Clh, 1. t. NQfN

COOH COOC,Hs COOC,Hs

SOCI; (0.68 mL, 9 mmol) was added slowly by syringe into 20 mL of anhydrous
ethanol in a 100-mL 2-necked round bottom flask at — 40°C ~ — 35°C while stirring. Dihydro-
tetrazine-dicarboxylic acid (0.194 g, 1.14 mmol) was added portionwise at -35°C, and the
temperature was allowed to raise slowly to r. t.. After stirring at r. t. for 1 hour and at 40°C for
2 hours, the mixture was cooled again to -50°C, and the solids were filtered out. The filtrate
was evaporated; the residue was put into water and extracted with DM (5 x 20 mL). The
organic layers were combined and dried with MgSO,. After evaporation the diethyl 1,4-
dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate was obtained as a yellow powder (0.14 g, 55%).
'H NMR (300MHz, CDCls) & 7.48(s, 2H), 4.37(q, 4H, J=7.0Hz), 1.38(t, 6H, J=7.0Hz)

C NMR (75MHz, CDCls) & 138.94, 123.65, 67.06, 29.80

Isoamyl nitrite (0.24 mL, 1.7 mmol, 3 eq.) was added slowly into the solution of
diethyl 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (130 mg, 0.58 mmol) in DM, and the
mixture was stirred at r. t. for 2 hours, during which time the solution turned red. After
evaporation of the solvent the residue was passed through a short column chromatography
(silica, 1:20 methanol/ DM) to give diethyl 1,2,4,5-tetrazine-3,6-dicarboxylate as a red solid
which is unstable on TLC plate (78 mg, 60%).

'H NMR (300MHz, CDCls) & 4.68(q, 4H, 7.4Hz), 1.53(t, 6H, 7.0Hz)
BC NMR (75MHz, CDCls) 8 160.16, 159.45, 64.49, 14.22

6.16 Preparation of bis(4-hydroxybutyl) 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (106)

COOH ON-O~""on

N 'I\IH 1) SOClI,, THF, -30°C NZ >NH

[ | [
g ot

-30°C ~ r. t. ~40°C
COOH P o OH

To a solution of 1,4-butandiol (6 mL, 67 mmol) in 7 mL of anhydrous THF was added
SOCI, (0.3 mL, 4 mmol) slowly by syringe at -30°C while stirring. The dihydro-tetrazine-
dicarboxylic acid (0.34 g, 2 mmol) was added portionwise and the temperature was allowed to
rise to r. t., and then kept at r. t. for 1 hour and at 40°C for 2 hours. After evaporation of the
solvent the residue was passed through a column chromatography (silica, 1:8 methanol/ DM)
to give bis(4-hydroxybutyl) 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate as a brown solid
(0.27 g, 43%).
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'H NMR (300MHz, CDCls) & 7.62(s, 2H), 4.34(t, 4H, J=6.6Hz), 3.67(t, 4H, J=6.6Hz),
2.14(br., 2H), 1.88-1.79(m, 4H), 1.69-1.62(m, 4H)
3C NMR (75MHz, CDCl;) & 158.71, 138.50, 67.20, 62.08, 29.00, 25.02

6.17  Attempt to synthesize bis(4-hydroxybutyl) 1,2,4,5-tetrazine-3,6-dicarboxylate (107)
Oio\/\/\OH OIO\/\/\OH
N "NH isoamyl nitrte \/,. SN
HN =N DM, r. t. NN

Oj/io/\/\/o H O;|//\O/\/\/O H

Isoamyl nitrite (0.33 mL, 3 eq.) was injected slowly by syringe into a solution of
bis(4-hydroxybutyl) 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (0.25 g, 0.8 mmol) in 10
mL of DM. The mixture was stirred for 48 hours and TLC indicated lots of products, which
were all decomposed on column when neutral Al,O; was used for a column chromatography
(neutral Al,O3, 1:9 methanol/ DM).

6.18 Attempts to prepare bis(4-(6-chloro-1,2,4,5-tetrazin-3-yloxy)butyl) 1,4-dihydro-1,2,4,5-
tetrazine-3,6-dicarboxylate (108)

(1)
N=N
Ox O
~"0H ) O\/\/\O_<\ />—CI
- y N-N
N~ NH 1) 2 NaH, THF, -10°C N~ 'NH
HN- N N—N HN. N
;'/i 2)2 CI—</ \>—CI J/i N=N
A~ ~_OH N=N A~ O0— )l
) 0] o) 0 N—N

NaH was added into a solution of bis(4-hydroxybutyl) 1,4-dihydro-1,2,4,5-tetrazine-
3,6-dicarboxylate (50 mg, 0.16 mmol) in 20 mL of anhydrous THF at -10°C. After stirring for
0.5 hour, the solution was cooled to -20°C and dichloro-s-tetrazine (50 mg, 2 eq.) was added.
The temperature was allowed to rise to r. t. and the mixture was stirred for another 1 hour.
The solvents were removed by evaporation and the residue was passed through a column
chromatography (silica, 1:15 methanol/ DM). 2 red-colored tetrazine-containing products
were separated, the 'H NMR of which were too complex to identify the structure.

2)
Oj\:o\/\/\ OH

0 Ow~~. NN
I o—\ /,)—cl
’

N—N
N NH N NH

N—N
20— d—cl
| NTN |

| |
HN. N DM, NaHCO3, pressure tube HN. N
N=N

o) 0 N—N

»

Dichloro-s-tetrazine (0.10 g, 0.6 mmol), bis(4-hydroxybutyl) 1,4-dihydro-1,2,4,5-
tetrazine-3,6-dicarboxylate (0.077 g, 0.25 mmol), NaHCO; (0.04 g, 2 eq.), 10 mL of
anhydrous dichloromethane and a magnetic stirring bar were added into a 20-mL pressure
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tube. The tube was sealed and heated at 100 °C overnight, then cooled to room temperature.
The solids were filtered out and washed with dichloromethane. The filtrates were combined
and evaporated. After a short column chromatography (silica, 1:15 methanol/ DM) a red
product was separated, the structure of which couldn’t be identified by 'H NMR.

6.19  Preparation of 3,6-bis(allylthio)-1,2,4,5-tetrazine

2 \/\SH

EtsN, MgSO4, r.t.

N=N N-N
c—§ )—cl N~ H—sTNF
N-N N=N

To a solution of prop-2-ene-1-thiol (0.57 mL, 4.1 mmol) and triethylamine (0.58 mL,
4.1 mmol) in 10 mL of acetonitrile was added slowly a solution of dichloro-s-tetrazine (0.302
g, 2 mmol) in 100 mL of acetonitrile during 8 hours, after which time the mixture was stirred
overnight. The solvents were removed by evaporation and the residue was passed through a
column chromatography (silica, 1:10 ethyl acetate/ petroleum ether) to give 3,6-bis(allylthio)-
1,2,4,5-tetrazine as a red liquid (0.14g, 31%).
'H NMR (300MHz, CDCls3) & 5.97-5.88(m, 2H), 5.41-5.34(m, 2H), 5.21-5.16(m, 2H), 3.93-
3.90(m, 4H)
BC NMR (75MHz, CDCls) & 172.20, 131.55, 119.58, 33.14

6.20  Preparation of 1,4-bis(6-(allylthio)-1,2,4,5-tetrazin-3-yloxy)butane (100)

7 h¢

S
NN 2 gy | 1
Cl N-< NN N AN
i N CH3CN, EtsN, MgSOy, . t. Loy b
N\\N)\O/\/\/O “ \{\l \(
N\\N)\o/\/\/o

To a solution of prop-2-ene-1-thiol (0.25 mL, 2.2 eq) and triethylamine (0.25 mL, 2.2
eq) in 10 mL of acetonitrile was added slowly a solution of 1,4-bis(6-chloro-1,2,4,5-tetrazin-
3-yloxy)butane (0.26 g, 0.85 mmol) in 100 mL of acetonitrile during 10 hours, after which
time the mixture was stirred for another 2 hours. The solvents were removed by evaporation
and the residue was passed through a column chromatography (silica, DM) to give 1,4-bis(6-
(allylthio)-1,2,4,5-tetrazin-3-yloxy)butane as a red solid (0.19 g, 59%).

'"H NMR (300MHz, CDCl3) & 6.01-5.90(m, 2H), 5.39(dd, 2H, J=10.7Hz and J=1.5Hz),
5.18(dd, 2H, J=10.1Hz and J=1.1Hz), 4.69-4.65(m, 4H), 3.92(td, 4H, J=7.0Hz and J=1.1Hz),
2.18-2.14(m, 4H)

BC NMR (75MHz, CDCls) 8 171.13, 166.07, 131.84, 119.47, 69.10, 33.64, 25.33

6.21 Preparation of molecular template (101)
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Tosyl chloride (7.86 g, 0.04 mol, 2 eq.) was added slowly into the mixture of
monomethyl-diethylene glycol (2.38 mL, 0.02 mol), triethylamine (11.3 mL, 4 eq.), DMAP
(0.22 g, 0.09 eq.) and 20 mL of DM at 0°C. The mixture was warmed to r. t. and stirred for 16
hours. The solvent was removed by evaporation and the residue was passed through a column
chromatography (silica, 1:50 ethanol/ DM) to give tosyl-diethylene glycol ether as a colorless
liquid (4.45g, 61%).

'H NMR (300MHz, CDCls) & 7.61(d, 2H, J=8.5Hz), 7.21(d, 2H, J=7.7Hz), 4.00(d, 2H,
J=3.7Hz), 3.51(d, 2H, J=4.5Hz), 3.39-3.38(m, 2H), 3.30-3.29(m, 2H), 3.16(s, 3H)

Dihydroxynaphthalene (1.32 g, 8 mmol), K,COs (6.3 g, 3 eq.) and 60 mL of
anhydrous DMF were mixed and heated to 80°C, then tosyl-diethylene glycol ether (4.4
2,0.016 mol) was added by syringe, and the mixture was heated to 100°C. After stirring
overnight the mixture was cooled to r. t., poured into water, and extracted with petroleum
ether. 0.51 g white plates of 1,5-bis(2-(2-methoxyethoxy)ethoxy)naphthalene was obtained
from a column chromatography (silica, ethyl acetate) followed by recrystalliztion from
petroleum ether (17%).

'H NMR (300MHz, CDCl3) & 7.71(d, 2H, J=11.5Hz), 7.14(t, 2H, J=8.1Hz), 6.55(d, 2H,
J=7.7THz), 3.95(t, 4H, J=4.1Hz), 3.66(t, 4H, J=4.5Hz), 3.48(t, 4H, J=6.9Hz), 3.30(t, 4H,
J=3.3Hz), 3.14(s, 6H)

6.22 Attempt to synthesize cyclophane 89 through RCM reaction (ving closure metathesis)

N=N
o—\ )—s/w />—s
N—N ‘
N=N ‘ DM (anhy) r.t. ( ‘
- h hout I
O—<\ )—S\) with or without template />—S

N—N
(1
50 mg ( 0.13 mmol) 1,4-bis(6-(allylthio)-1,2,4,5-tetrazin-3-yloxy)butane and 0.01 eq.
of Grubbs’ first generation catalyst were added into 200 mL of anhydrous DM under Ar
atmosphere. The mixture was stirred overnight and TLC indicated no reaction.

(2)

50 mg ( 0.13 mmol) 1,4-bis(6-(allylthio)-1,2,4,5-tetrazin-3-yloxy)butane, 0.01 eq. of
Grubbs’ first generation catalyst and 1 eq. of 1,5-bis(2-(2-methoxyethoxy)ethoxy)naphthalene
were added into 200 mL of anhydrous DM under Ar atmosphere. The mixture was stirred
overnight and TLC indicated no reaction.

6.23 Preparation of naphthalene-1,8-diol
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0—S80, OH OH

300°C

1,8-naphthosultone (2.0 g, 9.6 mmol) and KOH (9.16 g, 85% pure, 150 mmol) were
mixted and heated with stirring in a stainless steel beaker to 300°C until the mixture became a
homogeneous black liquid. After 5 min it was cooled to r. t. and neutralized with aq. HCI
(conc. HCI/H,O 1:2). The water layer was extracted with ethyl acetate, and the organic layer
was dried with MgSO,. After a column chromatography (silica, ethyl acetate) 0.7 g of
naphthalene-1,8-diol was obtained as a brown solid which turned dark slowly in the air (47%).
"H NMR (300MHz, CDCls) & 8.23(s, 2H, OH), 7.41(dd, 2H, J=8.3Hz and J=0.9Hz), 7.33(dd,
2H, J=7.5Hz and J=0.9Hz), 6.85(dd, 2H, J=7.4Hz and J=1.1Hz)
C NMR (75MHz, CDCls) & 152.81, 137.13, 126.85, 120.62, 114.66, 109.48

6.24 Attempt to prepare 1,8-bis(6-chloro-1,2,4,5-tetrazin-3-yloxy)naphthalene (82)

¢
_,\{>—C| @

N
2 ci—
0 i ezt 3.
DM, pressure tube, 120°C, 2 hs /N

Dichloro-s-tetrazine (0.6 g, 4 mmol), naphthalene-1,8-diol (0.16 g, 1 mmol), MgSO,
(0.3 g), and 8 mL of anhydrous DM were mixed in a 20-mL pressure tube and heated to
120°C for 2 hours. TLC indicated naphthalene-1,8-diol was all consumed while no new
tetrazine-containing compounds were formed.

6.25 Preparation of 1,4-dihydro-1,2,4,5-tetrazine-3,6-dithiol

_NHNH, ,S—CH,COOH HN—NH
$=C + s=c. PEOH s )=s ~—Hs—<\ \>—SH
NHNH, S—CH,COOH 30~40°C HN=NH N—NH

The thiocarbohydrazide (5.3 g, 0.05 mol) was dissolved in 75 mL of water and heated
to 40°C. to this solution was added dropwise a solution of dicarboxymethyl-trithiocarbonate
(11.3 g, 0.05 mol) in 100 mL of 1N NaOH. The mixture was stirred at 40°C for another 20
min and at r. t. for 30 min, then cooled to 0°C. The slightly yellow solids were filtered out,
washed with water, and dried in vacuo (3.16 g, 43%)).

6.26 Preparation of 3,6-bis(methylthio)-1,2,4,5-tetrazine (29)

HN—NH HN—N N—N
2 CH3l, 2 NaOH \ 2 FeClj N
S:< >:S ethanol, r. t. H3CS_<\ >_SCH3 ethanol H3CS_< — >_SCH3

HN—NH N—NH

Dithio-p-urazine (3.16 g, 0.021 mol) was dissolved in IN aq. NaOH (1.76 g, 2 eq.)
and degased with Ar. A solution of CH3I (2.7 mL, 2 eq.) in 20 mL of ethanol was added
dropwise through a dropping funnel, during which time a pale yellow solid precipitated. The
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mixture was stirred for another 2 hours and the solids were filtered, washed with water and
dried in vacuum to give 3,6-bis(methylthio)-1,4-dihydro-1,2,4,5-tetrazine (0.7g, 20%).

'H NMR (300MHz, CDCl5) & 6.54(br., 2H), 2.41(s, 6H)

C NMR (75MHz, CDCl3) & 150.94, 14.14

An aqueous 2N solution of ferric chloride (1.37 g, 8.2 mmol) was added dropwise to
the solution of 3,6-bis(methylthio)-1,4-dihydro-1,2,4,5-tetrazine (0.72 g, 4.1 mmol) in ethanol
at r. t.. The mixture was stirred for 0.5 hour and extracted with ether. The ether layer was
dried with MgSQ,4, and the ether was removed by evaporation. After a short column
chromatography (silica, 1:3 ethyl acetate/ petroleum ether) 0.22 g of 3,6-bis(methylthio)-
1,2,4,5-tetrazine was obtained as a red solid which is easy to sublimate (31%).

'H NMR (300MHz, CDCl5) & 2.64(s, 6H)
C NMR (75MHz, CDCls) § 172.95, 13.53

6.27 Preparation of 3-(methylthio)-6-(pyrrolidin-1-yl)-1,2,4,5-tetrazine

e

ethanol (anhy.)
pressure tube,100°C

N—N N—N
Mes—’ H—sMe Mes—/ \>—NG
N=N N=N

Bis(methylthio)-1,2,4,5-tetrazine (63 mg, 0.36 mmol) and pyrrolidine (0.036 mL, 0.43
mmol) were dissolved in absolute ethanol (15 mL) in a pressure tube and heated to 100°C for
15 min with stirring. The mixture was kept stirring at 65°C for another 2 hours, then cooled to
r. t. After evaporation of the solvent the residue was passed through a column
chromatography (silica, 1:2 ethyl acetate/ petroleum ether) to give 0.07 g of product (~100%).
"H NMR (300MHz, CDCls) & 3.73-3.68(m, 4H), 2.65(s, 3H), 2.11-2.07(m, 4H)

6.28 Preparation of 3-(methylsulfonyl)-6-(pyrrolidin-1-yl)-1,2,4,5-tetrazine

N—N ) QO N-N
Mes— \>—N® m-CPBA Me—§—</ B \>—Nij
N—N 0o N=N

DM, r. t.,, 4hs

3-(methylthio)-6-(pyrrolidin-1-yl)-1,2,4,5-tetrazine (0.1 g, 0.5 mmol) and m-
chloroperoxy benzoic acid (0.31g, 1.3 mmol) were mixed in 25 mL of DM and stirred at r. t.
for 4 hours. After evaporation of solvent the residue was passed through a column (silica,
ethyl acetate) to give 0.12 g of product (~100%).

'H NMR (300MHz, CDCl;) & 3.84-3.80(m, 4H), 3.35(s, 3H), 2.16-2.11(m, 4H)
3C NMR (75MHz, CDCl;) & 162.87, 157.51, 47.37, 41.36, 25.13

6.29 Attempt to synthesize 1,8-bis(6-(methylthio)-1,2,4,5-tetrazin-3-yloxy)naphthalene

Me SMe
e

N—N
oH OH mMes— Y—sme A MY N
T
O O

N=N
OO NaH or DBU, THF i i
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NaH (0.03 g, 2 eq.) was added into a solution of naphthalene-1,8-diol (0.06 g, 0,37
mmol) in 5 mL of anhydrous THF at r. t., and the solution turned dark quickly. To this
solution bis(methylthio)-1,2,4,5-tetrazine (0.13 g, 2 eq.) was added and the mixture was
stirred for 24 hours, after which time TLC indicated that most of bis(methylthio)-1,2,4,5-
tetrazine and part of naphthalene-1,8-diol remained and no new compound was produced.
When DBU was used as base instead of NaH, no reaction took place and both of starting
compounds remained mostly.

6.30 Preparation of ferrocenemethanol

CHO @—CHzOH
F
-

NaBH4

ethanol (anhy.) °

—

(=4

NaBH4 (0.21 g, 5.5 mmol) was added into a solution of ferrocenealdehyde (1.1 g, 5
mmol) in 20 mL of ethanol and the mixture was stirred at r. t. overnight. The solvent was
removed by evaporation and the solids were dissolved in ethyl ether, washed with water and
dried over MgSO,. After evaporation of ether the solids were passed though a short column
chromatography (silica, DM) to give 1.0 g of pure product (81%).

'H NMR (300MHz, CDCls) & 4.27(s, 2H), 4.23(t, 2H, J=1.8Hz), 4.14(t, 2H, 1.8Hz), 4.12(s,
5H), 1.55(s, 1H)
3C NMR (75MHz, CDCls) 8 69.42, 68.54, 68.42, 68.04

6.31 Attempts to synthesize ferrocenylmethoxy-1,2,4,5-tetrazine (83)

(D
N:
O—<\ ’\/S’CI
Fe —béHNzl—li\l 0°0 Fe NN >/\ Fe
E=—cH,on CHCN.0°C A= c.6

N=N
O—<\ />—CI
N-N

NaH (60% dispersion in oil, 17mg, 0.4lmmol) was added into a solution of
ferrocenedimethanol (50 mg, 0.2 mmol) in 10 mL of anhydrous acetonitrile at 0°C. The
mixture was stirred for 0.5 hour, after which time a solution of dichloro-s-tetrazine (62 mg,
0.41 mmol) in 10 mL of acetonitrile was added dropwise and the solution turned black
quickly. The mixture was stirred for another 1 hour at r. t. after the addition, and the solvents
were removed by evaporation. The residue was passed through a column chromatography
(silica, 1:2 ethyl acetate/ petroleum ether) to give a main tetrazine-containing product, of
which the "H NMR is too complex to deduce the structure.

)

NaH. 18-crown-6-ether N=N \/,
e Fe N=N

CH3CN or THF, 50°C éD:: é::

- N-N
F

(=4



In a similar manner to that described in (1), except that the mixture of ferrocene
methanol and NaH was transferred slowly into the dichloro-s-tetrazine solution. Dichloro-s-
tetrazines were all decomposed and most of ferrocenemethanol remained.

3)
- N=
@\/OH CI—<’N_N>—CI @\/O\s\ S\C,
Fe NN X~ Fe N
<= NaHCOj3, MgSO, <=

DM, pressure tube, 120°C

In a same manner to that described in 50.12. Most of ferrocenemethanol and dichloro-
s-tetrazine remained.

4

N‘N CI

OH NN o~ \°N
@\/ ci—~< )—ci @\/ i I
e DBUN'I:I,rll F e
= | =

To a solution of ferrocene methanol (50 mg, 0.23 mmol) and dichloro-s-tetrazine (60
mg, 0.4 mmol) in anhydrous THF was added DBU (0.035 mL, 0.23 mmol) slowly by syringe
at r. t.. TLC indicated that ferrocenemethanol was consumed and a red polymer-like
compound was produced which does not move on TLC plate.

(5)
NN
@—CHZOH 2c— Y—cl @—cHzo—sz BMIMI*PF :
Fe NN X Fe AN

6

Ferrocenemethanol (0.11 g, 0.5 mmol) and dichloro-s-tetrazine (0.15 g, 1 mmol) were
mixed in 4 mL of BMIM PF; and warmed slowly to 40 °C under Ar atmosphere. After 0.5
hour TLC indicated dichloro-s-tetrazine was all decomposed, while ferrocenemethanol
remained mostly.

(6) ]
_</N N\>_SMe
N=N

- NN 0

<?>—CHZO Mes— _—sMe @—/
NN \,

Fe Fe

é: = THF, r. t. é) THF, -78~-30°C é)

NaH was added into a solution of ferrocenemethanol (68 mg, 0.32 mmol) in THF
(5mL) under Ar atmosphere and the mixture was stirred at r. t. for 1 hour, then cooled to -
78°C, and transferred through a stainless steel cannula into a solution of bis(methylthio)-
1,2,4,5-tetrazine (50 mg, 0.3 mmol) in THF (8 mL) at -78°C. The mixture was stirred at -78°C
for 2 hours and -30°C for 1 hour. TLC indicated no reaction. The temperature was allowed to
rise slowly to r. t., and bis(methylthio)-tetrazine began to decompose, and ferrocenemethaol
remained mostly.
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(7)

N_
OSnBus NN o< i
@_CWOH @_/ ca—~ d—ci @—/ N=N
Bu3SnCl, DMAP N=N
e DM, imidazole, r.t. £ THF, 0°C " Fe
& ommeaent wo NI

Ferrocenemethanol (0.11 g, 0.5 mmol), tributyl tinchloride (0.14 mL, 0.5 mmol),
imidazole (0.05 g, 0.7 mmol) and DMAP (0.006 g, 0.05 mmol) were mixed in 10 mL of
anhydrous DM at r. t.. After stirring overnight, dichloro-s-tetrazine was added into the
solution, and soon decomposed (TLC: 1:3 ethyl acetate/petroleum ether).

(8)
NN
C,HsONa C'_<N=N>_ <y N-N
BusSnCl — > Bu;Sn-OEt c—~< Y—OEt
C2H5OH , r.t. THF, r.t. N=N

NaH (60% dispersion in oil, 26.5 mg, 2 eq.) was added into 20 mL of anhydrous
ethanol. After stirring for 15min, tributyl tinchloride was injected and white solids
precipitated, which were filtered. The filtrate was evaporated to give a colorless liquid, which
was dissolved in anhydrous THF, followed by addition of a solution of dichloro-s-tetrazine
(50 mg, 0.033 mmol) in 3 mL of THF. TLC indicated only a polymer-like product formed
which did not move on TLC plate even when methanol/DM (1:10) was used as eluent.

6.32 Preparation of 3,6-bis(6-bromohexyloxy)-1,2,4,5-tetrazine

b g e
N \|I\] ZBr/\MZ\OH v/ yl\jl \N
N\fN DM, 120°C, A NYN
P t 2.5h
ol ressure tube, 2.5 O _Br
4

Dichloro-s-tetrazine (0.2 g, 12 mmol) and bromohexanol (0.45 g, 2 eq.) were
dissolved in 5 mL of DM. The mixture was heated to 128°C in a pressure tube for 2.5 hours,
then cooled to r. t.. The solvent was removed by evaporation and the residue was passed
through a column chromatography (silica, 1:5 EA/PE) to give a small amount of product
which was identified to be the mono-substituted one by *C NMR analysis.

'H NMR (300MHz, CDCl3) & 4.63(t, 2H, J=6.3Hz), 3.39(t, 2H, J=6.9Hz), 2.00-1.81(m, 4H),
1.55-1.50(m, 4H)
C NMR (75MHz, CDCls) 8 166.70, 164.21, 70.77, 33.64, 32.54, 28.36, 27.73, 24.94

6.33  Synthesis of 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)dibutan-1-ol (112)
(1)
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L X
NN 2O o | TSy
N.-N DM, 120°C, NYN

0—

Pressure tube, 10h

Dichloro-s-tetrazine (0.87 g, 5.8 mmol) and 1,4-butandiol (5 mL, ~10 eq.) were mixed
in 10 mL of anhydrous DM. The mixture was heated to 120°C in a pressure tube for 10 hours
with stirring. After cooling to r. t., the solvent was removed by evaporation and the residue
was passed through a column chromatography (silica, 1:8 methanol/DM) to give 0.13 g of
product as a red fluorescent solid (9%).

"H NMR (300MHz, CDCl3) & 4.60(t, 2H, J=6.6Hz), 3.75(t, 2H, J=6.3Hz), 2.06-1.97(m, 2H),
1.84-1.75(m, 2H), 1.45 (br., 1H)

BC NMR (75MHz, CDCls) 8 166.19, 69.83, 62.43, 29.07, 25.35

MS, m/z: 281.2([M+Na]", calc. 281.2), 186.3, 142.2

)
cl O/\/\/OH SN OH
A, Ho A
N \N \/\/\OH y \N Ho/\/\/ONa N \N
N._-N DM, Pressure tube, N.~N THF NN
Y 60°C, 3h Y Total vield: 23% \r

Dichloro-s-tetrazine (0.5 g, 3.3 mmol) and 1,4-butandiol (1 mL, ~3 eq.) were mixed in
10 mL of anhydrous DM. The mixture was heated to 60°C in a pressure tube for 3 hours with
stirring. After cooling to r. t., the solvent was removed by evaporation and the residue was
passed through a column chromatography (silica, 1:8 methanol/DM) to give 0.33 g of the
mono-substituted product 4-(6-chloro-1,2,4,5-tetrazin-3-yloxy)butan-1-ol as a red fluorescent
solid (50%).
'H NMR: see 5.9.

NaH (60% dispersion in oil, 66 mg, 1.7 mmol) was added into a solution of 1,4-diol
(0.15 mL, 1.7 mmol) in 5 mL of anhydrous THF. The mixture was stirred at r. t. for 0.5 hour,
then cooled to 0°C with an ice bath, and transferred into a solution of 4-(6-chloro-1,2,4,5-
tetrazin-3-yloxy)butan-1-ol (0.33g, 1.6 mmol) in 5 mL of THF at -78°C. The mixture was
allowed to warm slowly to r. t. and stirred at r. t. for 2 hours. The solids was filtered, washed
with DM and the filtrate was concentrated by evaporation and passed through a column
chromatography (silica, 1:8 methanol/DM) to give 0.2 g of 4,4'-(1,2,4,5-tetrazine-3,6-
diyl)bis(oxy)dibutan-1-ol as a red fluorescent solid (48%).

(3)
)C\I O/\/\/OH
1] | N A
NYN THF, -78°C ~-30°C ~ . t. N\fN
cl O~
OH
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NaH (60% dispersion in oil, 265 mg, 6.6 mmol) was added into a solution of 1,4-diol
(0.59 mL, 6.6 mmol) in 5 mL of anhydrous THF. The mixture was stirred at r. t. for 0.5 hour,
then cooled to -78°C and transferred slowly with a stainless steel cannula into a solution of
dichloro-s-tetrazine (0.50g, 3.3 mmol) in 5 mL of THF at -78°C. The mixture was allowed to
warm slowly to r. t. and stirred at r. t. for 2 hours. The solids were filtered, washed with DM
and the filtrate was concentrated by evaporation and passed through a column
chromatography (silica, 1:8 methanol/DM) to give 0.21 g 4,4'-(1,2,4,5-tetrazine-3,6-
diyl)bis(oxy)dibutan-1-ol as a red fluorescent solid (24%).

(4)

NN NN
Nﬁ/N THF, -78°C ~-30°C ~r. t. NYN
N. )

In a same manner to that described in (3). All tetrazines were decomposed.

6.34 Attempts to synthesize 3,6-bis(4-(6-chloro-1,2,4,5-tetrazin-3-yloxy)butoxy)-1,2,4,5-
tetrazine (118)

(1)
_ N=N
i/\/\/OH SN0 N= O/\/\/O_<\ />_C|
N—N
2cl— %m
N" N 2 NaH N™N N-N_ l}ll)ﬁ\l
N\fN THF , -78°C N\|¢N \ N\fN
o} o} - o) N=
"0 ~N0 \/\/\O_<\ h}*Cl
N-N

In a same manner to that described in 6.33 (3). Only traces amounts of red-colored
compound was obtained, the "H-NMR of which was not in accordance with the disubstituted
or monosubstituted product.

(2)
N=N N=N
~_~~_-OH =N O/\/\/o—<\ />—CI O/\/\/O_<\ />_CI
cl >_ N—N N—N
N ,—C PY
X _ BN -
II\II l}j N—N (excess.) 'N [}] ibid ;é IH l}l
NN DM, DBU, MgSOy, NN NN
Y pressure tube, 125°C Y Y -N
0 N=
N—N

4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)dibutan-1-ol (0.20 g, 0.78 mmol), DBU (0.24
mL, 2 eq.), MgS04(0.5 g), and dichloro-s-tetrazine (0.47 g, 4 eq.) were mixed in 5 mL of DM
in a pressure tube. The mixture was heated to 125°C for 10 hours, then cooled to r. t.. The
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solvent was removed by evaporation and the residue was passed through a column
chromatography (silica, 1:5 ethyl acetate/petroleum ether) to give a small amount of the
mono-substituted product 4-(6-(4-(6-chloro-1,2,4,5-tetrazin-3-yloxy)butoxy)-1,2,4,5-tetrazin-
3-yloxy)butan-1-ol.

The reaction of mono-substituted product with additional tetrazine in the same manner failed.

)
N=N

O/\/\/OH N=N NO_<\ />—O/\/\
1 20—\ ,)—cl 0 N—N o
NN NN P X
NN DM(anhy.), collidine(2 eq.) N~ N N” N
\|/ Nx N N N
112 On Cl 118 Cl

Tetrazine-diol 112 (0.13 g, 0.5 mmol.) and dichloro-s-tetrazine (0.151 g, 1 mmol)
were dissolved in 15 mL of anhydrous DM. 2.4,6-Collidine (0.13 mL, 1 mmol) was added
dropwise into the solution, and the mixture was stirred overnight under Ar atmosphere. The
solvent was evaporated and the residue was passed through a column chromatography (silica,
DM) to give 3,6-bis(4-(6-chloro-1,2,4,5-tetrazin-3-yloxy)butoxy)-1,2,4,5-tetrazine (118) as a
red fluorescent solid (0.22 g, 92%).

"H NMR (300MHz, CDCls) & 4.77(t, 4H, J=5.7Hz), 4.67(t, 4H, J=5.7Hz), 2.21-2.17(m, 8H)
*C NMR (75MHz, CDCl;) 8 166.76, 166.17, 164.56, 70.32, 69.20, 25.32(2C)
MS, m/z: 504([M+NH,]", calc. 504), 487(base peak), 408, 391, 357, 325, 295, 247, 171

6.35 Synthesis of cyclophane-tetrazine (90)

N=N O'*( S*_O
o poTY N=N \\\\\\
j‘\ N—N /\/\/SH
Y

P
N~ N N E@N CH4CN
N N\rN highly diluted N/ \N
cl cl N=( >;:N
/\/\/S
S
118 90

In a 500-mL 3-necked round bottom flask containing 200 mL of anhydrous
acetonitrile was added simultaneously in 2 hours a solution of 1,4-dithiol (0.037 mL, 0.31
mmol) and triethylamine (0.087 mL, 0.62 mmol) in 60 mL of acetonitrile in one dropping
funnel and a solution of tetrazine 118 (0.15 g, 0.31 mmol) in 60 mL of acetonitrile in another
dropping funnel. The mixture was stirred for another 0.5 hour and the solvent was evaporated.
After a column chromatography (silica, 1:2 EA/PE) 0.11 g of the cyclophane-tetrazine 90 was
obtained as a red solid which is weakly fluorescent on TLC plate (67%).

'H NMR (300MHz, CDCls) & 4.77-4.61(m, 8H), 3.32(t, 4H, J=6.0Hz), 2.18-2.11(m, 8H),
1.95-1.91(m, 4H)
BC NMR (75MHz, CDCls) & 171.30, 166.02, 165.90, 68.93, 68.88, 30.26, 28.08, 24.93, 24.88
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MS, m/z: 537([M+17", calc. 537), 351, 334, 310, 261, 243, 211, 190, 156(base peak), 120

6.36 Synthesis of 3,6-bis(4-(6-(butylthio)-1,2,4,5-tetrazin-3-yloxy)butoxy)-1,2,4,5-tetrazine
(128)

- o— /,)—o
N—N 0
Y . 2HsTS o
N” N N” "N Et;N, CHiCN y N\N NN:<N
Nﬁ/N Nﬁ/N = \_\\ v
Cl cl s

‘—\—\ S
118 128

A solution of 1-butanethiol (0.084 mL, 0.78 mmol) and triethylamine (0.11 mL, 0.78
mmol) in 60 mL of acetonitrile was added dropwise through a dropping funnel into a 250-mL
round bottom flask containing a solution of tetrazine 118 (0.19 g, 0.39 mmol) in 60 mL of
acetonitrile. The mixture was stirred at r. t. for 2 hours and the solvent was evaporated. After a
column chromatography (silica, DM—1:34 methanol/DM) 0.11 g product 128 was obtained
as a red solid which is weakly fluorescent on TLC plate (47%).

'H NMR (300MHz, CDCls) & 4.67-4.65(m, 8H), 3.27(t, 4H, J=7.4Hz), 2.19-2.15(m, 8H),
1.81-1.71(m, 4H), 1.55-1.45(m, 4H), 0.95(t, 6H, J=7.4Hz)

*C NMR (75MHz, CDCl3) & 717.98, 166.13, 165.96, 69.27, 69.08, 30.91, 30.75, 25.36, 25.33,
22.05, 13.67

6.37 Preparation of 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4, I-diyl)
dimethanesulfonate

SN -OH S OMs

l}lli\l}l EtsN, 2 MsCl N \l\ll
NN DM NN
\Ol/\/\/\ yield: 98% \Ol/\/\/\
OH OMs

Methanesulfonyl chloride (0.38 mL, 4.8 mmol) was added dropwise into a solution of
tetrazine-diol 112 (0.52 g, 2 mmol) and triethylamine (0.85 mL, 6 mmol) in 15 mL of DM at
0°C. The mixture was stirred at 0°C for another 0.5 hours and TLC indicated that the reaction
was completed. The solvent was evaporated and the residue was passed through a short
column chromatography (silica, 1:6 methanol/DM) to give 0.818 g product as a red
fluorescent solid (98%).

'"H NMR (300MHz, CDCl3) & 4.61(t, 4H, J=5.9Hz), 4.33(t, 4H, J=5.9Hz), 3.03(t, 6H,
J=2.6Hz), 2.07-2.00(m, 8H)
C NMR (75MHz, CDCls) 8 166.17, 69.27, 69.10, 37.61, 25.97, 25.07

6.38 Preparation of 3,6-bis(4-iodobutoxy)-1,2,4,5-tetrazine
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o -OMs S~~~

'H \ll\l Nal, acetone (anhy.) lﬂ \l}l

N.~N Ar, reflux, 4hs NN
\|/ yield: 61% \r
O\/\/\OMS O\/\/\I

4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4,1-diyl) dimethanesulfonate (0.2 g,
0.48 mmol) and Nal (0.09 g, 1.2 mmol) were added into 20 mL of anhydrous acetone. The
mixture was heated to reflux under Ar atmosphere for 4 hours then cooled to r. t.. The solvent
was evaporated and the residue was passed through a short column chromatography to give
0.14 g of product as a red fluorescent solid (61%).
'H NMR (300MHz, CDCl3) & 4.61-4.57(m, 4H), 3.30-3.25(m, 4H), 2.11-2.02(m, 8H)
3C NMR (75MHz, CDCl;) § 166.20, 68.80, 29.86, 29.75, 5.64

6.39  Attempts to prepare 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)dibutane-1-thiol (111)
(1)

O/\/\/OMS O/\/\/SH
P _NH, PY
N STNH SN
N N 2 NaOH. H,0\, _HeL N )
N\fN EtOH, reflux reflux N\|¢N
(0] (0]
\/\/\OMS \/\/\SH

4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4,1-diyl) dimethanesulfonate (0.2 g,
0.48 mmol) and thiourea (0.074 g, 0.97 mmol) were added into a mixture of 20 mL of ethanol
and 2mL of DM. the mixture was refluxed for 5 hours and TLC indicated no reaction. NaOH
(60 mg) was added and TLC showed that the fluorescence gradually disappeared, indicating
the decomposition of tetrazine core.

(2)
0 > OMs )o\/\/\/SH
NN 2 NaHS.xH,0 Ve NOON
NN DMF or (CH30H/Et,0)!" NN
1/ Ar,0°C ~r.t. \Ol/

NaHS-H,0 (8mg, 1 eq.) was dissolved in 2 mL of dry methanol and the solution was
added slowly into a solution of 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4,1-diyl)
dimethanesulfonate (50 mg, 0.12 mmol) in 10 mL of dry ether at 0°C with stirring. The
solution turned from red to colorless. When warmed to room temperature it became red again.
Then another 1 eq. of NaHS-H,O (8mg) was added, and the solution became colorless again.
The mixture turned red again after being stirred for 5 min. TLC (EA) indicated some
decomposition and some amount of starting compound.

G)
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IH l}l 2NaHSxH,O ll\lI l}l
N\fN CH3OH, Ar, rt. N\fN
O\/\/\I O\/\/\SH

In a same manner to that described in (2), for the same result.

“4)
oM
)O\/\/\/OMS O/\/\/ S )O\/\/\/SH
00

AN ’
N" N NaO'S-S-ONa >N NH 2 NaHS xH,0 _ isoamyi nitrite \j, N~ N
N?N Na,CO,, CH3OH/H,0, . t. NYNH CH3OH, Ar, r.t. NYN

o) (0]

\/\/\OMS \/\/\OMS O\/\/\SH

A solution of 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4,1-diyl) dimethane-
sulfonate (0.5 g, 1.2 mmol) in 20 mL of methanol and 10 mL of water was heated to 45°C.
Na,COs (0.33 g, 3.1 mmol) and Na,S,;04(0.55 g, 3.1 mmol) were added, and the mixture was
stirred for 8 min, during which time it turned colorless. The mixture was cooled to r. t. and the
solids were filtered. The filtrate was extracted with DM, and the organic layer was dried with
MgSO,. The solvents were removed by evaporation to give 0.14 g of a white solid including a
small amount of red solid inside.

The product obtained above (0.14 g, 0.34 mmol) was dissolved in dry methanol under
Ar atmosphere and NaHS-H,O (50 mg, 2 eq.) was added with stirring. The mixture was
stirred for 1 hour, during which time it became more and more red. Isoamyl nitrite (0.05 mL)
was added and the mixture was stirred for 0.5 hour. The solvents were evaporated and the
residue was passed through a column chromatography (silica, 1:8 EA/PE) to give 20 mg of a
red fluorescent solid, which was confirmed to be dimethoxy-tetrazine by '"H NMR.

()
S ~_-OMs O/\/\/OMS O/\/\/SH

N" N Hp, Pd/C(10%) N” "NH _2 NaHS.xH,0 ><, HN™ SN
N\fN EtOAc r.t. Nﬁ/NH DMF, Ar, 0°C~r.t. HNYN

O\/\/\OMS O\/\/\OMS O\/\/\SH

Pd/C (10%, 18mg) was added into a solution of 4,4'-(1,2,4,5-tetrazine-3,6-
diyl)bis(oxy)bis-(butane-4,1-diyl)dimethanesulfonate (100 mg, 0.24 mmol) in 10 mL of ethyl
acetate in a 50- mLflask equipped with a balloon filled with H,. Air was removed by three
vacuum-H, charging cycles, and the mixture was stirred at r. t. for 1 hour, during which time
the red color faded gradually. The solids were filtered out and the filtrate was quickly
transferred into a flask with an Ar ballon protection. A solution of NaHS (30 mg, 0.48 mmol)
in 4 mL of DMF was injected slowly by syringe. The red color appeared gradually during the
addition of the NaHS solution, and then faded away during the next 2 hours. After another 2
hours’ stirring at r. t. the mixture was extracted with ethyl acetate, and the organic layer was
washed with water.
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The solvents were evaporated and the residue was passed through a column
chromatography (silica, EA) to give 90 mg of a red liquid, the '"H NMR of which was too
complex to be resolved.

6.40  Attempts to prepare protected tetrazine-dithiol

OMs
£ Y
(0]
N \ll\l CH4COSH, K,CO3 or Cs;,C03 \/_ N \l}l
NN methanol or ethanal, r. t. N. N
T Y o
O\/\/\OMS O\/\/\S)K

Potassium carbonate (17 mg, 0.12 mmol) and thiolacetic acid (0.018 mL, 0.24 mmol)
were mixed in 2.4 mL of methanol, and 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-
4,1-diyl) dimethanesulfonate (50 mg, 0.12 mmol) was added with stirring. The mixture was
stirred at 1. t. for 3 hours and monitored by TLC (1:30 methanol/DM). The red color faded
gradually, which indicated the decomposition of the tetrazine core. The result was the same
when Cs,CO3 was used instead of K,COs.

6.41 Attempts to oxidize tetrazine-diol 99

(1)
N=N N=N
NN NaCIO (5%)\/_ NN
N PTC, rt. -
s o >N s— )0 > “cHo
N—N N-N
99 129

Chlorox (9.6% of NaClO, 0.68 mL, 4 eq., diluted to 5%) was added slowly into a
solution of 99 (0.1 g, 0.22 mmol) in DM (5 mL) with stirring. Tetrabutyl ammonium bromide
(0.012 g, 0.17 eq.) was added as PTC. The mixture was stirred for 1 hour and TLC indicated
only traces of conversion. The red color started to fade when more chlorox was added,
indicating destruction of the tetrazine core.

(2) Swern oxidation

99 (COClI),, DMSO;é 129

DM, -78°C

DMSO (0.04 mL, 0.56 mmol) dissolved in 5 mL of DM was added slowly by syringe
into a solution of oxalyl chloride (0.025 mL, 0.28 mmol) in 5 mL of dry DM at -78°C with
stirring. The tetrazine-diol 99 (50 mg, 0.11 mmol) dissolved in 3 mL of THF was added, and
the mixture was stirred at -78°C for 1 hour, then 0.12 mL of triethylamine was added and the
mixture was warmed slowly to r. t.. Water was added and the mixture was extracted with DM,
dried with MgSO,4 and concentrated by evaporation. One main product was isolated by
column chromatography, the '"H NMR of which was not in accordance with the expected
structure.
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(3) Dess-Martin oxidation

Dess-Martin Periodinane=
CH2C|2 , r.t.

129

To a solution of Dess-Martin periodinane (0.14 g, 4 eq.) in DM was added by syringe
a solution of tetrazine-diol 99 (36 mg, 0.08 mmol) in 5 mL of DM. The mixture was stirred at
r. t. for 4 hours. The solids were filtered and the filtrate was concentrated and passed through
a short column chromatography (silica, EA) to give 30 mg 4,4'-(6,6'-(butane-1,4-
diylbis(sulfanediyl))bis(1,2,4,5-tetrazine-6,3-diyl))bis(oxy)dibutanal as a red solid (83%).
'H NMR (300MHz, CDCls) & 9.84(s, 2H), 4.61(t, 4H, J=6.2Hz), 3.34-3.29(m, 4H), 2.77-
2.72(m, 4H), 2.28-2.19(m, 4H), 2.00-1.95(m, 4H)
C NMR (75MHz, CDCls) 8 200.87, 171.56, 165.96, 68.65, 40.15, 30.29, 28.04, 21.30

6.42 Attempt to prepare 4,4'-(6,6'-(butane-1,4-diylbis(oxy))bis(1,2,4,5-tetrazine-6, 3-
diyl))bis(oxy)dibutan-1-ol (130)

N=N
O—‘<\ />—O\/\/\OH
78 N-N
2HO % Yon -2 5 Lo ™0 -
THF, rt. THF, -78°C NN o
O__<\ />_O/\/\/
N=N 130

The 1,4-butandiol (0.2 mL, 2.3 mmol) and NaH (60% dispersion in oil, 90 mg, 2.3
mmol) were stirred in THF at r. t. for 3 hours, then cooled to -78°C and transferred slowly into
a solution of 78 (0.36 g, 1.1 mmol) in 10 mL of THF at -78°C. The mixture was warmed
slowly to r. t. and stirred for another 15min. The solids were filtered and the filtrate was
concentrated by evaporation. 70 mg of a red solid was obtained from a column
chromatography (silica, EA), the '"H NMR of which was not in accordance with the expected
structure.

6.43 Preparation of diethyl 2,2'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)diacetate

_ OEt
N—N
ol o LT
OEt 2 NaH A OEt N=N N N
2 HO/\[( THF, -78 ~ -50°C 2 O/\[( l\llI 2 ll\l
0 , o) THF,-78 ~-50 C ~ r.t. \l/ o

o A

In a same manner to that described in 50.33 (3). EA/PE (1:1) was used as eluent for
column chromatography (silica). A red fluorescent solid was obtained (41%).
'H NMR (300MHz, CDCls) & 5.12(s, 4H), 4.24(q, 4H, J=7.0Hz), 1.27(t, 6H, 7.2Hz)
3C NMR (75MHz, CDCl;) § 166.94, 165.93, 65.04, 61.96, 14.16

OEt

6.44  preparation of benzyl 2,2'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)diacetate
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OBn
N—N
R Y
o Ya I}
2 HO OBn 2 NaH _ 2(3%08” N=N l\lll fl\l
o  THF,-78~-50°C 0  THF,-78~-50C~rt. N\fNo

o A

In a same manner to that described in 50.33 (3). DM was used for column
chromatography. A red fluorescent solid was obtained (33%)).
'H NMR (300MHz, CDCl3) & 7.38-7.31(m, 10H), 5.22(s, 4H), 5.17(s, 4H)
BC NMR (75MHz, CDCls) 8 166.82, 165.89, 134.85, 128.77, 128.63, 128.54, 67.56, 65.02

OBn

6.45 Deprotection and reduction of benzyl 2,2'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)diacetate

OBn
Y e
o) o)

N Hp , PdIC(10%)_ HN™ SN

\f\N/ﬁ\ EtOAc, r. t. HN\|7N

O"ogn O~ 0H

N
N

Pd/C (10%, 14 mg) was added into a solution of benzyl 2,2'-(1,2,4,5-tetrazine-3,6-
diyl)bis(oxy)diacetate (52 mg, 0.12 mmol) in 9 mL of EA in a 50-mL 3-necked round bottom
flask equipped with a H; balloon. Air was removed by three H, charging-vacuum cycles. The
mixture was stirred overnight, and solvents were removed by evaporation. The residue was
passed through a column chromatography (silica, methanol) to give 25 mg of a white-ligh red
product which is soluble in water but not in chloroform or DMSO (85%).

'H NMR (300MHz, D,0) & 4.51(4H)

6.46 Preparation of 1,2,4,5-tetrazine-3,6-dicarboxylic acid

HN-N . . N=N
| nitrit
Hooc—\ Y—CooH ';‘;/Tmyt e ¥~ Hooc—{ ,)—COOH
N—NH I L N—N

Isoamyl nitrite (0.3 mL, 2 mmol) and 1,2,4,5-tetrazine-3,6-dicarboxylic acid (0.34 g, 2
mmol) were mixed in 10 mL of DM. The mixture was stirred at r. t. for 2 days and the color
remained the same, indicating no reaction.

6.47  Preparation of sodium 1,2,4,5-tetrazine-3,6-dicarboxylate

HN-N =

NaNO,, CHsCOOH '\E

NaOOC— )—COONa =2 NaOOC*{\\I ,)—COONa
N—NH ethanol, 0°C N=N

unstable in water.

To a solution of sodium 1,2,4,5-tetrazine-3,6-dicarboxylate (0.216 g, 1 mmol) in 10
mL of 95% ethanol was added a solution of NaNO, (0.14 g, 2 mmol) in 1 mL of water at 0°C,
followed by dropwise addition of acetic acid (0.22 mL, 3.9 mmol). The mixture turned
orange-red during 1 hour. The solids were filtered, washed with ethanol and the filtrate was
evaporated to give 0.11 g of product (50%).
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6.48  Attempts to prepare of 3,6-difluoro-1,2,4,5-tetrazine
(1)

HN-N =N
XeF

NaOOC— }—COONa—£4L———%%-F—<F )—F
DM(anhy.) N-N

N—NH

Sodium 1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylate (0.1 g, 0.5 mmol) and XeF; (3
eq.) were mixed and stirred in 5 mL of anhydrous DM for 1 hour. No reaction took place. 1
drop of H,SO4 was added and the mixture was stirred for another 1 hour. After which time
one drop of pyrrole was added and the mixture was stirred for 0.5 hour. No expected product
was isolated from column chromatography (silica, 1:1 EA/PE).

(2)
HN-N N=N
XeF, (3 eq.
Hooc—\ )—coon ==r2Bed)y, p (N ¢
N—NH DM(anhy.) N—N

1,4-dihydro-1,2,4,5-tetrazine-3,6-dicarboxylic acid (100 mg) and XeF, (300 mg) were
mixed in 3 mL of DM. the mixture was stirred at r. t. for 2 hours, during which time it turned
red gradually. The mixture was stirred overnight and TLC indicated that only oxidized
tetrazine-carboxylate (highly polar) was formed.

6.49  Attempts to prepare tripod-tetrazine

(1)
-N._O (0] N<
N \/\N/\/ \W SN
HO\/\N/\/OH )l\ N NP
H DM ,NaHCOjor DBU / (| N~ N Tl
pressure tube, 125°C O-_-N¢
oH N
N., A
N Cl
In a same manner to that described in 5.9. No expected products were isolated.
()
N—N NGO O N
N N N
HO OH 7\ b
\/\N/\/ 3C|—< B >—C| )I\ N N
\ 3NaH N—N \/, Cl N N Cl
THF, r.t  _78°C, THF O~ N
OH N
N 2
N Cl
In a same manner to that described in 5.33 (3). All tetrazines were decomposed.
3)
N—N N O ™ O~ Ns
N N N
7 N\
3NaH N—N MeO N N OMe
THF,r.t.  _78°C. THF o N«
OH | N
N\ =
N OMe
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In a same manner to that described in 5.33 (3). Only traces of dimethoxytetrazine was
formed.

6.50 Attempt to synthesize triisopropyl(4-(tetrahydro-2H-pyran-2-yloxy)butylthio)silane (131)

o°C~r.t. HO dry DM, 0°c MsO

i .
NaHSHO , A~ _~_OTHP (Pr)sSiCl (Prysi-s” > >-OTHP
methanol, Ar imidazole, dry DM 3 131

1,4-butandiol (1.5 mL, 16.5 mmol) and DHP (1 mL, 11 mmol) were mixed and cooled
to 0°C with stirring. Aluminium chloride (18 mg, 0.13 mmol) was added and the mixture was
allowed to warm slowly to r. t. and stirred for another 40 min. After a short column (silica,
1:10 EA/PE) 4-(tetrahydro-2H-pyran-2-yloxy)butan-1-ol was obtained as a colorless liquid
(1.4 g, 73%).

Another method using TsOH-H,O as catalyst, anhydrous DM as solvent, and freshly
distilled DHP was also tested. The yield is lower and the treatment procedure more complex.
'H NMR (300MHz, CDCls) & 4.61-4.58 (m, 1H), 3.89-3.76 (m, 2H), 3.68-3.64 (m, 2H), 3.52-
3.41(m, 2H), 2.14(br., 1H), 1.80-1.53(m, 10H)

*C NMR (75MHz, CDCls) 8 99.02, 67.65, 62.85, 62.47, 30.75, 30.25, 26.68, 25.51, 19.68

Methanesulfonyl chloride (2.2 mL, 0.028 mol) was added slowly by syringe into a
solution of 4-(tetrahydro-2H-pyran-2-yloxy)butan-1-ol (4 g, 0.023 mol) and triethylamine (4.8
mL, 0.035 mol) in 30 mL of anhydrous DM at 0°C. The mixture was warmed slowly to r. t.
and stirred for 2 hours. The solids were filtered and the filtrate was washed with water and
brine, and the water layer was extracted with EA once. The organic layers were combined and
dried with MgSO,. After evaporation of the solvent 4-(tetrahydro-2H-pyran-2-yloxy)butyl
methanesulfonate was obtained which was pure enough for the next step (5.4 g, 93%).

'H NMR (300MHz, CDCls) & 4.54 (t, 1H, J=3.3Hz), 4.25 (t, 2H, J=6.6Hz), 3.81-3.74(m, 2H),
3.48-3.39(m, 2H), 2.98(s, 3H), 1.85-1.20(m, 10H)

BC NMR (75MHz, CDCl3) § 99.02, 70.05, 66.65, 62.49, 37.43, 30.77, 26.41, 25.78, 25.49,
19.71

NaHS-H,O was added into a solution of 4-(tetrahydro-2H-pyran-2-yloxy)butyl
methane-sulfonate (5.4 g, 0.021 mol) in 30 mL of methanol under Ar atmosphere at 0°C. The
mixture was warmed to r. t. and stirred for 5 hours. The methanol was evaporated and ethyl
acetate was added. The solids were filtered and the filtrate was washed with brine and dried
with MgSO,. After a column chromatography (silica, 1:1 EA/PE) the racemic mixture of 4-
(tetrahydro-2H-pyran-2-yloxy)butane-1-thiol was obtained as a strongly odorous liquid (1.9 g,
46%).

'"H NMR (300MHz, CDCls) & 4.56(t, 1H, J=2.6Hz), 3.83-3.72(m, 2H), 3.50-3.37(m, 2H),
2.70(t, 1H, J=7.0Hz, -SH), 1.76-1.51(m, 12H)

*C NMR (75MHz, CDCls) & 98.92, 67.05, 62.40, 39.01(C-SH), 30.84, 28.70, 26.19, 25.60,
19.71

168



To a solution of 4-(tetrahydro-2H-pyran-2-yloxy)butane-1-thiol (1.9 g, 0.01 mol) and
imidazole (0.83 g, 0.012 mol) in 20 mL of anhydrous DM was added by syringe
triisopropylsilyl chloride (2.9 mL, 0.013 mol) at 0°C. The mixture was stirred overnight and
TLC indicated no reaction.

6.51 Attempt to synthesize 4-(tetrahydro-2H-pyran-2-ylthio)butan-1-ol (132)

p TsOH.H,0 \/

/\/\/OTHP _DH_=—>P DM /\/\/OTH /\/\/OH
HS TsOH.H,0 THPS methanol, rt./ > THPS
132

4-(tetrahydro-2H-pyran-2-yloxy)butane-1-thiol (1.1 g, 5.8 mmol) and freshly distilled
DHP (0.5 g, 1 eq.) were mixed in 20 mL of DM at 0°C. TsOH-H,O (1.1 g, 1 eq.) was added
and the mixture was stirred for 2 hours. The solvent was evaporated and the residue was
passed through a column chromatography (silica, 1:1 EA/PE) to give 2-(4-(tetrahydro-2H-
pyran-2-yloxy)-butylthio)tetrahydro-2H-pyran as a colorless liquid (0.27 g, 17%).
The liquid (0.27 g) and 4-methylbenzenesulfonic acid (1N, 4.1 g) were mixed in 20 mL of
methanol and stirred at r. t. for 1 hour. No expected product was obtained.

6.52  Preparation of S-4-hydroxybutyl ethanethioate (116)

AcSH, Cs,CO AICI
OTHP 223 AN NOTHP 2228 S OH
Mso” > DMF, r.t. AcS methanol, r.t. ACS 116

4-(tetrahydro-2H-pyran-2-yloxy)butyl methanesulfonate (0.5 g, 0.002 mol) and
Cs,COs (1.96 g, 0.006 mol) were added in 5 mL of anhydrous DMF, and the mixture was
stirred at r. t. for 0.5 hour. Thioacetic acid (0.45 mL, 0.006 mol) was added and tne mixture
was stirred for another 0.5 hour, then poured into water. The water layer was extracted with
EA and the organic layer was dried with MgSOy,. After a short column (silica, 1:4 EA/PE) S-
4-(tetrahydro-2H-pyran-2-yloxy)butyl ethanethioate was obtained as colorless liquid (0.42 g,
91%).
'H NMR (300MHz, CDCls) & 4.57-4.55(m, 1H), 3.88-3.69(m, 2H), 3.52-3.36(m, 2H), 2.91-
2.88(m, 2H), 2.31(s, 3H, Me-CO), 1.68-1.50(m, 10H)
C NMR (75MHz, CDCl3) & 195.92, 98.97, 66.98, 62.41, 30.84, 30.72, 29.10, 29.02, 26.61,
25.62,19.73

S-4-(tetrahydro-2H-pyran-2-yloxy)butyl ethanethioate (0.4 g, 1.7 mmol) was
dissolved in 20 mL of anhydrous methanol, and AICl; (2 mg, 0.017 mmol) was added at . t..
After stirring for 24 hours, the solvent was removed by evaporation and the residue was
passed through a column chromatography (silica, 1:5—1:2 EA/PE) to give S-4-hydroxybutyl
ethanethioate as a colorless liquid (0.2 g, 80%).

'H NMR (300MHz, CDCls) & 3.67-3.63(m, 2H), 2.91-2.86(m, 2H), 2.31(s, 3H, Me-CO),
1.76(br., 1H), 1.65-1.61(m, 4H)
C NMR (75MHz, CDCls) 8 196.20, 62.26, 31.70, 30.71, 28.90, 26.08

6.53  Preparation of S,5'-4,4"-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4, 1-diyl)
diethanethioate (117)
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N-N
i} o~ _ )—ci N=N SAc
2 Acs” Y Yon 2NAHTHE o 5 s o —NN . S/—\_/O—<\N hf>_ 0
tAc _

-78°C, 15min THF, -78°C

117

In a same manner to that described in 50.33 (3). 1.44 g S-4-hydroxybutyl
ethanethioate (0.01 mol) and 0.76 g dichloro-s-tetrazine (0.005 mmol) gave 0.4 g of product
(column chrom.: silica, 1:2.5 EA/PE) (21%).

'H NMR (300MHz, CDCls) & 4.56(t, 4H, J=6.2Hz), 2.95(t, 4H, J=7.0Hz), 2.33(s, 6H), 1.98-
1.95(m, 4H), 1.83-1.78(m, 4H)
*C NMR (75MHz, CDCl3) & 195.75, 166.16, 69.31, 30.74, 28.67, 27.83, 26.15

6.54  Attempts to prepare 4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)dibutane-1-thiol (111)
(1)

MeSNa SH

N=N
117 methanol, 0°C~r. t. ‘HS/_\—/O_<\N—I\1>_O

111

S,S'-4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4,1-diyl) diethanethioate (0.2 g,
0.55 mmol) was dissolved in 2.4 mL of methanol at 0°C under Ar atmosphere. Sodium
thiomethoxide (21%, 0.33 mL, 1.1 mmol) was added. TLC indicated that most of the tetrazine
was decomposed after 5 min.

(2)
ammnium hydroxide 111
methanol, Ar, r.t.

117

S,S'-4,4'-(1,2,4,5-tetrazine-3,6-diyl)bis(oxy)bis(butane-4,1-diyl) diethanethioate (0.2 g,
0.55 mmol) was dissolved in 2.4 mL of methanol at 0°C under Ar atmosphere. 4 drops of
NH3-H,0 (28%, 2 eq.) was added and the mixture was stirred at r. t. for 1 hour. No reaction
took place except some decomposition.

6.55 Preparation of 4-(6-methoxy-1,2,4,5-tetrazin-3-yloxy)butan-1-ol (133)

NaH O CI-Tz-OMe N=N _~_OH
HO S OH 88— g N0 2R BB Meo— )0
THF, .t THF, -78°C =

133

NaH (0.11 g, 2.7 mmol) was added into a solution of 1,4-diol (0.244 mL, 2.7 mmol) in
5 mL of anhydrous THF. The mixture was stirred at r. t. for 0.5 hour, then cooled to -78°C
and transferred slowly into a solution of chloromethoxytetrazine (0.40 g, 2.7 mmol) in 5 mL
of THF at -78°C. The mixture was allowed to warm slowly to r. t. and stirred at r. t. for 1 hour.
The solids were filtered, washed with DM and the filtrate was concentrated by evaporation
and passed through a column chromatography (silica, 1:1 EA/PE) to give 0.15 g of 4-(6-
methoxy-1,2,4,5-tetrazin-3-yloxy)butan-1-ol as a red fluorescent solid (27%).
"H NMR (300MHz, CDCls) & 4.61(t, 2H, J=6.3Hz), 4.24(s, 3H), 3.75(t, 2H, J=6.2Hz), 2.05-
1.98(m, 2H), 1.84-1.77(m, 2H), 1.56(br., 1H)
BC NMR (75MHz, CDCls) 8 166.43, 166.30, 69.86, 62.42, 56.79, 29.06, 25.34
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MS, m/z: 223.1([M+Na]", calc. 223.1), 186.3, 142.2

6.56  Preparation of 4-(6-methoxy-1,2,4,5-tetrazin-3-yloxy)butyl 3-(triethoxysilyl)propyl
carbamate

Bt oo ("
O:C:N\/\/Si: Me0*<\ />_O/\/\

N=N
e ~_OH Ot N—N 0
MeO <}\I—N/>_O toluene, 80°C, Ar, 12hs OEt ):O
I -OEt
_Si NH
EtO NG~

4-(6-methoxy-1,2,4,5-tetrazin-3-yloxy)butan-1-ol (0.1 g, 0.5 mmol) and 3-
(triethoxy)silyl isocyanate (0.75 g, 3 mmol) were added into 30 mL of toluene. The mixture
was heated to 90°C under Ar atmosphere overnight. The solvent was removed by evaporation
and the residue was passed through a column chromatography (silica, EA) to give 0.22 g of 4-
(6-methoxy-1,2,4,5-tetrazin-3-yloxy)butyl 3-(triethoxysilyl)propylcarbamate (98%).

'H NMR (300MHz, CDCls) & 4.56(t, 2H, J=6.2Hz), 4.21(s, 3H), 4.10(t, 2H, 6.0Hz), 3.83-
3.76(m, 6H), 3.16-3.13(m, 2H), 2.01-1.52(m, 6H), 1.22-1.17(m, 9H), 0.64(t, 2H, J=8.1Hz)

C NMR (75MHz, CDCl3) & 166.39, 166.23, 156.66, 69.48, 58.53, 58.45, 56.70, 45.45, 25.62,
25.45, 23.35, 18.33,7.70

6.57  Preparation of 2-phenylaziridine

(0]
©/\ m-CPBA (j/Q NaN2, NH,Cl O/\ PPhy, THE
DM, 24hs, r. t. propanol/H,0(8:1), OH  Ar, reflux 2hs

reflux 20hs

3-chloroperoxybenzoic acid (22.2 g, 0.09 mol) was added into a solution of styrene
(5.8 mL, 0.05 mol) in 100 mL of anhydrous DM at 0°C. The mixture was stirred at r. t. for 24
hours, then washed with aq. Na,S,0s (10%), aq. Na,COs, water and brine. The solvent was
removed by evaporation and the residue was passed through a column chromatography (silica,
DM) to give 2.3 g of 2-phenyloxirane which is volatile (38%).
'H NMR (300MHz, CDCls) & 7.43-7.36(m, 5H), 6.10(q, 1H, J=4.0Hz), 4.08-3.92(m, 2H)
*C NMR (75MHz, CDCls) & 133.36, 129.85, 128.88, 126.76, 77.95, 66.11

The epoxide (2.3 g, 0.019 mol), sodium azide (4.9 g, 0.076 mol) and ammonium
chloride (1.5 g, 0.028 mol) were dissolved in 20 mL of propanol/water (8:1). The mixture was
refluxed for 15 hours, then cooled to r. t.. The solids were removed by filtration and the
filtrate was concentrated by evaporation. After a column chromatography (silica, 3:7 diethyl
ether/PE) 0.8 g of 2-azido-2-phenylethanol was obtained (26%).

'H NMR (300MHz, CDCl3) & 7.39-7.31(m, 5H), 4.68(t, 1H, J=6.4Hz), 3.75(t, 2H, J=6.0Hz),
2.31(br., 1H)
3C NMR (75MHz, CDCl;) & 136.37, 129.03, 128.81, 127.25, 67.94, 66.56

The azido alcohol (3.6 g, 22 mmol) and triphenylphosphine (7 g, 27 mmol) were
added into 100 mL of anhydrous THF and the mixture was heated to reflux under Ar
atmosphere for 4 hours. The THF was removed by evaporation and ether was added to
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precipitate the phosphine oxide. After a column chromatography (silica, 1:10 methanol/DM)
the 2-phenylaziridine was obtained as a high polar colorless liquid (0.3 g, 11%).

'H NMR (300MHz, CDCl3) & 7.44-7.20(m, 5H), 3.01-2.98(m, 1H), 2.19(d, 1H, J=6.3Hz),
1.78(d, 1H, J=3.0Hz)

6.58  Preparation of 3-chloro-6-(2-phenylaziridin-1-yl)-1,2,4,5-tetrazine

N—N
NH —’ N |
oy
DM, Ets N, r. t. N=N

To a solution of dichloro-s-tetrazine (0.38 g, 2.52 mmol) and Et;N (2.52 mmol) in 5
mL of anhydrous DM was added dropwise the aziridine (0.3 g, 2.52 mmol) by syringe. The
mixture was stirred for 10 min and TLC indicated the reaction was complete. 30 mg of 3-
chloro-6-(2-phenylaziridin-1-yl)-1,2,4,5-tetrazine was obtained by a column chromatography
(silica, 3:7 ether/cyclohexane) as a strongly fluorescent solid (5.1%). Another 80 mg of a side
product was isolated which is red but not fluorescent.
"H NMR (300MHz, CDCls) & 7.44-7.38(m, 5H), 3.90(dd, 1H, J=6.3Hz and J=3.7Hz), 3.15(d,
1H, 5.9Hz), 2.96(d, 1H, 4.4Hz)
3C NMR (75MHz, CDCls) & 170.53(tetrazine, C-Cl), 164.65(tetrazine, C-N), 135.84(phenyl),
128.84(phenyl), 128.55(phenyl), 126.57(phenyl), 42.90(aziridine, CH), 37.69(aziridine, CH;)

6.59  Preparation of diaziridine from divinylbenzene

X
m-CPBA NaNs, NH4ClI
X DM, 0°C 24hs propanol/Hy0, reflux THF reflux
NH

mixture of isomers

In a same manner to that described in 5.57. A mixture of para- and m- product was
obtained.

6.60 Attempt for preparation of 1,3-bis(1-(6-chloro-1,2,4,5-tetrazin-3-yl)aziridin-2-
vl)benzene (84)

N=N

NH | N )—cl
NaHCO; or 2,4,6-collidine N—N

or Et3N /.

j&lll DM, 1. t. N
NH cl N )—c
N—N

+2N
N

In a same manner to that described in 5.58. Only two side products were obtained
which were not fluorescent.
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6.61 Preparation of 1,4-di(aziridin-2-yl)benzene

0] NH

N3
HO OH

\C;)/le
[ ,KOH HO NaN3, NH,CI PPh;
CH4CN, 60°C, 2 hs propanol/H,0, reflux THF, Ar, reflux

CHO HO
o) N3 NH

To a solution of terephthaldehyde (1.37 g, 10 mmol) and trimethylsulfonium iodide
(4.16 g, 20 mmol) in 40 mL of acetonitrile were added grinded KOH (2.5 g, 40 mmol) and 0.1
mL of water with stirring. The mixture was heated to 60°C for 3 hours and cooled to r. t.. The
solids were filtered and the filtrate was concentrated by evaporation. After a column
chromatography (silica, 1:3 ether/PE) 0.84 g of 1,4-di(oxiran-2-yl)benzene was obtained as a
white solid (52%).
'H NMR (300MHz, CDCls) & 7.28(s, 4H), 3.87(q, 2H, J=2.2Hz), 3.16(dd, 2H, J=5.5Hz and
J=1.1Hz), 2.80(dd, 2H, J=5.5Hz and J=2.5Hz)
3C NMR (75MHz, CDCl;) § 137.70, 125.64, 125.63, 52.02, 52.00, 51.08, 51.06

The 1,4-di(aziridin-2-yl)benzene was prepared in a same manner to that described in
5.56 as a viscous liquid which is soluble in DMF but not in DM, EA or acetone.
2,2'-(1,4-phenylene)bis(2-azidoethanol):
'H NMR (300MHz, CDCl3) & 7.39-7.33(m, 4H), 4.86(dd, 1H, J=7.4Hz and J=4.4Hz), 4.66(t,
1H, J=6.6Hz), 3.70(d, 2H, 6.6Hz), 3.42(m, 2H)
*C NMR (75MHz, CDCl3) & 140.91, 138.83, 135.78, 128.30, 127.31, 126.33, 74.29, 73.10,
73.07, 67.65, 66.46, 58.33, 58.05
1,4-di(aziridin-2-yl)benzene:
'H NMR (300MHz, CDCl3) & 7.30-7.16(m, 4H), 3.99-3.95(m, 1H), 3.67-3.63(m, 1H), 3.51-
3.40(m, 1H), 3.40-3.35(m, 3H), 3.2-2.4(br., 2H)
*C NMR (75MHz, CDCl3) & 141.49, 139.23, 136.75, 128.03, 126.81, 126.77, 126.00, 125.93,
125.77, 67.82, 57.11,
DEPT (75MHz, CDCl3) 6 126.82, 126.79, 126.00, 125.93, 125.77, 67.80(down), 57.11,

6.62  Attempt to prepare 1,4-bis(1-(6-chloro-1,2,4,5-tetrazin-3-yl)aziridin-2-yl)benzene

Cl

= Cl
N=N
sc— ,)—Cl >=N N
HNQ—@—Q\'H N-N v NN NN
OV colidine, 1. 1.7% N7X )=N
O
The di-aziridine (32 mg, 0.2 mmol) and 2,4,6-collidine (0.053 mL, 2 eq.) were added

into 5 mL of anhydrous DMF with stirring. A solution of dichloro-s-tetrazine (60 mg, 2 eq.)
in 5 mL of THF was added slowly. TLC indicated only decomposition of tetrazines.

6.63  Preparation of 6,6'-(2-(bromomethyl)-2-((6-chloro-1,2,4,5-tetrazin-3-yloxy)methyl)
propane-1,3-diyl)bis(oxy)bis(3-chloro-1,2,4,5-tetrazine) (86)
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N=N Br
Br C|_<\ />_C|
N—N  (excess.)

N
> N._©C0 Oy™y
NaHCO;, 2.4 6-colidine(cat) N AP 1"/ _
OHoH OH DM, r.t., overnight AU NNTN N P
Cl N Nﬁ/N
Cl

2-(bromomethyl)-2-(hydroxymethyl)propane-1,3-diol (0.2 g, 1 mmol), dichloro-s-
tetrazine (0.45 g, 3 mmol), sodium bicarbonate (0.34 g, 4 mmol) and 2 drops of 2, 4, 6-
collidine were added under Ar atmosphere into 10 mL of anhydrous DM and the mixture was
stirred at r. t. overnight. The solids were filtered and washed with DM. the filtrate was
concentrated by evaporation and passed through a column chromatography (silica, DM) to
give 0.1 g product as a red fluorescent solid (18%).
"H NMR (300MHz, CDCls) & 5.07(s, 6H), 4.01(s, 2H)
C NMR (75MHz, CDCls) § 166.42, 165.49, 68.16, 44.23, 30.92
MS, m/z: 560([M+NH,4]", calc. 560, base peak), 533, 508, 479, 463, 411

6.64  Attempted preparation of tripod-methoxytetrazine (87)

N=N Br
g o ,)—oMe WEV
ﬁl/\' N—N  (excess.) \/>

N
NaHCO;, 2,4,6-collidine cat.) N g v
OHoH OH pm, rt., overnight M NNTN NS P> o

In a same manner to that described in 5.63. Only trace of dimethoxy-s-tetrazine was
obtained.

6.65 Modification of [-cyclodextrin

CH,0H TBDMS-CI CH,OTBDMS | Ac,0DMAP CH,OTBDMS | BF,- Et,0
o pyridine, o pyridine, r.t., DM, r. t,
H 0°C-r. t. 4 days 6hs
OH
7 7 7
119 120 121 122

B-cyclodextrin 119 (4.54 g, 4 mmol, dried at 110°C in vacuum over P,Os to constant
weight before use) was dissolved in 60 mL of dry pyridine at 0°C. A solution of tert-
butyldimethylsilyl chloride (4.7 g, 30 mmol) in 40 mL of dry pyridine was added slowly with
stirring. The mixture was kept at 0°C for 3 hours and then at r. t. overnight. Water was added
and the precipitate was collected and washed with water. Column chromatography (silica,
84:15:1 DM/methanol/H,0) afforded 3.76 g of tert-butyldimethylsilylated product 120 (49%).
'H NMR (300MHz, CDCl3) & 6.69(s, 7H), 5.27(s, 7H), 4.89(d, 7H, J=3.3Hz), 4.00(t, 7H,
J=8.8Hz), 3.90(d, 7H, J=8.8Hz), 3.72-3.58(m, 28H), 0.87(s, 63H), 0.03(d, 42H, J=3.3Hz)
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C NMR (75MHz, CDCl3) § 102.14, 81.87, 73.73, 73.55, 72.68, 61.76, 26.03, 18.40, -4.95, -
5.07

The tert-butyldimethylsilylated B-cyclodextrin 120 (1.11 g, 0.57 mmol) was dissolved
in 4 mL of dry pyridine. 3 mL of acetic acid and 20 mg of DMAP were added, and the
mixture became transparent after stirring for 5 min. The mixture was stirred at r. t. for 4 days,
then 5 mL of methanol was added at 0°C. The mixture was stirred for 5 min and poured into
100 mL of water. The water was extracted with EA (3x100 mL). The organic layers were
combined and washed with aq. HC1 (1M, 2x50 mL) and water (2x50 mL), then dried with
MgSOs,. Evaporation of the solvent afforded 1.4 g of pure acetylated tert-
butyldimethylsilylated product 121 (~ 100%).

'H NMR (300MHz, CDCl3) & 5.37-5.31(m, 7H), 5.15(d, 7H, J=3.7Hz), 4.70(dd, 7H, J=9.9Hz
and J=3.7Hz), 4.05-3.70(m, 21H), 2.09-2.04(m, 49H), 0.88(s, 63H), 0.04(d, 42H, J=2.2Hz)
*C NMR (75MHz, CDCls) & 170.90, 169.57, 96.58, 75.36, 71.96, 71.69, 71.35, 61.96, 25.98,
21.02, 20.88, 18.37, -4.88, -5.16

To a solution of Ac-TBDMS-B-cyclodextrin 121 (1.4 g, 0.55 mmol) in 20 mL of dry
DM was added boron trifluoride etherate in ether (48%, 2 mL, 23 mmol) at r. t. and the
mixture was stirred under Ar atmosphere for 6 hours. The mixture was diluted with 40 mL of
DM, then poured into ice water. The organic layer was separated and washed with aq.
NaHCO; and water, then dried with Na,SO4. A column chromatography (silica, 8:1—4:1
chloroform/ methanol) afforded 0.64 g of desilylated product 122 (68%).
'H NMR (300MHz, DMSO-dg) & 5.25(t, 7H, J=9.0Hz, H-3), 5.09(d, 7H, 3.0Hz, H-1), 4.80-
4.78(m, 7H, H-2), 4.59(dd, 7H, J=10.3Hz and J=2.9Hz, H-5), 3.86-3.80(m, 21H, H-6+OH),
3.62(d, 7H, J=7.7Hz, H-4)
BC NMR (75MHz, DMSO-ds) 8170.20(C=0), 169.35(C=0), 95.97(C-1), 75.24(C-4),
72.00(C-2), 70.69(C-3), 70.41(C-5), 59.61(C-6), 20.62(Me), 20.54(Me)

6.66 Synthesis of [-cyclodextrin-tetrazine (94)

OH

4 N’
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(o} OH ! Ac \
OAcO AcO o\ _n o fore N- el
o Jore }/ 5
(excess.) N/< ACO
2 4 6-collidine, Ac
molecular sieves,
DM Ar, r.t., ~4 days Ac 3\
7 N
%\, QA @/Aﬁéco ="

N-N
CI’/</ \>”0

Three methods were tried to link tetrazines onto the CD ring: when NaHCO3 was used
as base, only a complicated mixture of tetrazine-containing products was obtained; when
2,4,6-collidine was used as base and without molecular sieves, the target molecule could be
obtained but in low yield; with collidine as base and molecular sieves inside, a yield of more
than 50% could be achieved.

Method 1.
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Ac-protected B-cyclodextrin  (20mg, 0.012mmol), dichloro-s-tetrazine (14mg,
0.093mol, 8eq.), NaHCO; (6.8mg, 0.08mmol, 7eq.), 1g MgSOy4 and 1 drop of 2,4,6-collidine
were added into 15mL of anhydrous dichloromethane under argon atmosphere at room
temperature. The mixture was stirred in the darkness at room temperature and under argon
atmosphere for 6 days. The solids were filtrated and washed twice with dichloromethane.
TLC (1:20 methanol/dichloromethane) indicated a lot of red fluorescent tetrazine-containing
products which couldn’t be separated by column chromatography.

Method 2.

50 mg of Ac-protected B-cyclodextrin and 50 mg of dichloro-s-tetrazine were
dissolved in 20mL of anhydrous dichloromethane under argon atmosphere at room
temperature. 0.04 mL of 2,4,6-collidine (0.3mmol, 10 eq.) was added dropwise by syringe and
the mixture was stirred at room temperature and under argon atmosphere for 6 days. TLC
(1:15 methane/DM) indicated a lot of tetrazine decompositions and a main product (Rf =0.4).
The solids were filtrated and washed twice with dichloromethane. The filtrate was
concentrated by evaporation. After a long column chromatography (silica, 1:20 methanol/DM)
10mg of red solid was obtained (yield 13.7%).

Method 3.

To an 100-mL pre-dried 1-necked round bottom flask equipped with an Ar balloon
and a magnetic stirring bar was added 50mg of Ac-protected B-cyclodextrin (0.029mmol),
50mg of dichloro-s-tetrazine (0.33mmol, 11eq.), 30mL of anhydrous dichloromethane and 5 g
of 3 A molecular sieve (activated at 200 °C for 2 hours before use). 0.04 mL of 2,4,6-collidine
(0.3mmol, 10 eq.) was added dropwise by syringe, and the mixture was stirred at room
temperature for 4 days. The solids were filtrated and washed twice with dichloromethane. The
filtrate was concentrated by evaporation. After a column chromatography (silica, 1:20
methanol/DM) 39 mg of pure red solid was obtained (yield 53%).

'H NMR (300MHz, CDCl3) & 5.34-5.29 (m, 7H, H-3), 5.12 (d, 7H, J=4.0Hz, H-1), 4.94-4.90
(m, 21H, H-2,6,6"), 4.53-4.50 (m, 7H, H-5), 3.85 (7H, t, J=6.9Hz, H-4), 2.15 (21H, s, Ac),
2.06 (21H, s, Ac)

C NMR (75MHz, CDCl;) & 170.47 (Ac), 169.60 (Ac), 166.31 (C-tetrazine), 164.76 (C-
tetrazine), 97.73 (C-1), 77.34 (C-4), 70.55 (C-3), 70.23 (C-5),, 69.31 (C-2), 68.89(C-6), 20.84
(Ac), 20.78 (Ac)

DEPT (75MHz, CDCl3) 6 97.73, 77.60, 70.55, 70.23, 69.32, 68.89(down), 20.86, 20.81

M.S. (TOF), m/z: 2543.34 ([MNa+], calc. 2543.32).

H-H COSY
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6.67  Modification of a-cyclodextrin

CH0TBDMS | Ac,0,DMAP,

CH,OH TBDMS-CI CH,O0TBDMS | BF;* Et,0
—_—

o, A VAT,
(0] pyridine, pyridine, r.t., DM, r. t,
H 0°C~r. t 4'days 6hs

OH

6
119 120 121 122

In a same manner to that described in 5.65:
Tert-butyldimethylsilylated a-cyclodextrin, yield 88%
'H NMR (300MHz, CDCls) & 6.53(s, 6H), 5.27(s, 6H), 4.88(d, 6H, J=2.9Hz), 4.04-3.54(m,
18H), 0.88(s, 54H), 0.04(d, 36H, J=2.2Hz)
Acetylated tert-butyldimethylsilylated a-cyclodextrin, yield 97%
'"H NMR (300MHz, CDCls) & 5.46(t, 6H, J=9.0Hz), 5.08(d, 6H, J=3.3Hz), 4.69(dd, 6H, J=
10.3Hz and J=0.6Hz), 4.11-3.99(m, 6H), 3.88-3.85(m, 6H), 3.68(d, 6H, J=11.8Hz), 2.05-
2.03(m, 42H), 0.88(s, 54H), 0.04(d, 36H, J=2.6Hz)
3C NMR (75MHz, CDCl3) & 170.82, 169.57, 96.79, 75.51, 72.20, 72.00, 71.44, 61.98, 21.04,
20.86, 18.37, -4.86, -5.16
Desilylated acetyl a-cyclodextrin, yield 80%.

6.68 preparation of a-cyclodextrin-tetrazine (95)
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In a same manner to that described in 6.66 Method 3. Rf=0.3 (silica, 1:20
methanol/DM).
a-cyclodextrin-tetrazine, yield 50%.
'H NMR (300MHz, CDCl5) & 5.56(t, 6H, J=8.8Hz), 5.12-5.01(m, 18H), 4.85(dd, 6H, J=9.9Hz
and J=3.7Hz), 4.63-4.61(m, 6H), 4.01(t, 6H, 8.6Hz), 2.10(s, 18H), 2.06(s, 18H)
C NMR (75MHz, CDCl3) & 170.39, 169.47, 166.26, 164.65, 97.20, 77.10, 70.57, 70.56,
70.00, 68.71, 20.85, 20.82
DEPT (75MHz, CDCl3) 6 97.20, 77.10, 70.54, 70.01, 68.71(down), 20.88, 20.85
H-H COSY
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6.69  Preparation of 6-azido-2,3-O-methyl-6-deoxy-f-cyclodextrin

OH PPh3Br, Br NaNj3 N3 NaH, CH3l N3
— —_— R —
o DMF, 80°C, o DMF, 80°C, I6) THF, rt., 2 days 0
oH 18hs QoH 3 days oH QMe
OH OH OH oM
7 7 7 7

Br; (3.64 mL, 70.7 mmol) was added slowly by syringe into a solution of PPh; (18.7 g,
70.7 mmol) in 70 mL of anhydrous DMF at 0°C. The mixture was warmed to r. t. and stirred
for 20 min, then B-cyclodextrin (4.5 g, 3.95 mmol, dried over P,Os in vacuum at 110°C for 3
hours) was added in one portion. The mixture was heated to 80°C for 18 hours, after which
time it was concentrated to half of the volume, and neutralized with 25 mL of 3 N NaOMe in
methanol. The mixture was stirred for 0.5 hour and then poured into 500 mL of cold water. A
white solid was precipitated, which was collected by filtration and washed with water. The
solids were dispersed in 200 mL of dichloromethane, stirred for 15 min, and then filtered and
washed with dichloromethane. The solids were dissolved in 50 mL of DMF and precipitated
again by addition of 200 mL of ice water. After filtration and dryness 3 g of bromo-f3-
cyclodextrin was obtained as a white solid (48%).
'H NMR (300MHz, DMSO-ds) & 6.04(d, 7H, J=7.0Hz), 5.91(d, 7H, J=0.5Hz), 4.98(d, 7H,
J=3.3Hz), 4.01(d, 7H, J=9.9Hz), 3.83(t, 7H, J=8.0Hz), 3.40(q, 14H, J=7.0Hz), 3.34(s, 14H)
3C NMR (75MHz, DMSO-de) § 102.07, 84.58, 72.24, 72.01, 70.94, 64.86

Bromo-f-cyclodextrin (1.9 g, 1.2 mmol) and sodium azide (3.47 g, 53.4 mmol) were
added in to 40 mL of anhydrous DMF and the mixture was heated to 80°C for 3 days. The
solvent was evaporated and the residue was dispersed in water, then filtered and washed with
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water. After drying in vacuo the solids were washed with ether and dichloromethane and dried
again to afford 1.3 g B-cyclodextrin-azide (83%).

'H NMR (300MHz, DMSO-ds) & 5.93-5.75(m, 21H), 4.91(s, 7H), 3.80-3.36(m, 35H)

*C NMR (75MHz, DMSO-de) 8 102.02, 83.33, 72.55, 71.98, 70.39, 51.32

NaH (60% dispersion in oil, 1.44 g, 36 mmol) was washed with cyclohexane 4 times
in an 100-mL flask and then 20 mL of anhydrous THF was added. The mixture was cooled to
-5°C with an ethanol-ice bath, and then B-cyclodextrin-azide (1.3 g, 1 mmol) was added in
several portions. The mixture was stirred at r. t. for 45 min, then methyl iodide (2.24 mL, 36
mmol) was added and the mixture was stirred for 2 days, then poured into water. The aqueous
phase was extracted with dichloromethane 4 times, and the organic layers were combined and
dried with MgSO,4. After a column chromatography (silica, DM—EA) the methoxy-f3-
cyclodextrin-azide was obtained as a white solid (1.17 g, 78%).

'H NMR (300MHz, CDCl3) & 5.03(d, 7H, J=3.7Hz), 3.73-3.68(m, 7H), 3.67-3.57(m, 7H),
3.56-3.51(m, 28H), 3.47-3.36(m, 35H), 3.12(dd, 7H, J=9.2Hz and J=3.7Hz)

*C NMR (75MHz, CDCl3)  98.59(C-1), 81.52(2C), 80.88, 70.88, 61.36(0Me), 58.75(0Me),
51.74(CH;N3)

6.70  Preparation of 3-chloro-6-(prop-2-ynyloxy)-1,2,4,5-tetrazine

OH

N=N — / N—N —
c—\ ol ~ca— o
N—N NaHCOj3, 2,4,6-collidine -
N—N
DM,r.t, 5hs

Dichloro-s-tetrazine (0.1 g, 0.66 mmol), propargyl alcohol (0.04 mL, 0.66 mmol),
2,4,6-collidine (3 drops) and NaHCO; (0.055 g, 0.66 mmol) were added into 20 mL of DM
and the mixture was stirred for 3 hours at r. t.. The solvent was evaporated and the residue
was passed through a short column chromatography (silica, DM) to give 3-chloro-6-(prop-2-
ynyloxy)-1,2,4,5-tetrazine as an orange solid (0.27 g, 85% ).

"H NMR (300MHz, CDCls) & 5.29(d, 2H, J=2.2Hz), 2.63(t, 1H, J=2.2Hz)
BC NMR (75MHz, CDCls) 8 166.07, 165.18, 77.50, 75.75, 57.82

6.71  Preparation of acetyl bithiophene

[N Yercoousmei, [\ Y omate v [ ) HOR . /7Y
S S CH;CIZ, Ar, oocfr. tQ—Q\{ -78°C~0°C s s S S

Acetyl chloride (0.085 mL, 1.17 mmol) and tin(IV) chloride (0.14 mL, 1.17 mmol)
were mixed in 10 mL of anhydrous DM in a dropping funnel and added dropwise into a
solution of 2,2’-bithiophene (0.2 g, 1.17 mmol) in 20 mL of DM at 0°C. After the addition the
mixture was stirred at 0°C for 2 hours, and 20 mL of water was added. The organic layer was
separated and the water layer was extracted once with DM. The DM layers were combined
and washed with aqueous NaHCOs, then dried with MgSOs. A short column chromatography
(silica, DM) afforded 0.2 g of acetyl bithiophene as a yellow solid (82%).
'H NMR (300MHz, CDCl3) & 7.58(d, 1H, J=3.7Hz), 7.33-7.31(m, 2H), 7.17(d, 1H, 4.1Hz),
7.07-7.04(m, 1H), 2.55(s, 3H)
*C NMR (75MHz, CDCl3) & 190.46, 145.88, 142.56, 136.47, 133.39, 128.35, 126.60, 125.75,
124.25, 26.64
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The acetyl bithiophene (0.1 g) was dissolved in 5 mL of anhydrous THF. The solution
was cooled to -78°C, and 0.012 g of Na was added. The mixture was warmed slowly to r. t.,
then to 50°C. TLC (DM) indicated no reactions.
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Part Il

Synthesis and electrochemical study of
ferrocene-containing pyridinium salts






Chapter 1 Introduction

1.1 Introduction of ferrocene

Ferrocene (Figure 1) was discovered for the first time unexpectedly by T. J.
Kealy and P. L. Pauson in the early 1950’s, when they were trying to synthesize
fulvene from cyclopentadienyl magnesium bromide and iron (III) chloride. The
mechanism is that Fe’™ is firstly reduced by Grignard reagent and then reacts with
CsHsMgBr to give ferrocene. Almost at the same time, Miller and co-workers have
also obtained ferrocene through reactions of Fe with cyclopentadiene under high or
normal atmosphere'. In 1952, Wilkinson and Woodward? have elucidated from
measurements of IR, magnetic susceptibility and dipole moment the structure of
ferrocene, which was confirmed by X-ray crystallography afterward. The special
structure, bonding and aromaticity of ferrocene defied conventional bonding
descriptions, thus stirred up the imagination of chemists consumedly. The discovery
and characterisation of the structure of ferrocene opened up a new area of chemistry,
leading to an explosion of interest in d-block metal carbon bonds and bringing about
development and the now flourishing study of organometallic chemistry.

Figure 1. Structure model of ferrocene.

The research for the synthesis, structures and properties of ferrocene
derivatives has been continually active during the last several decades. Many
ferrocene derivatives have been synthesized and their properties and applications have
been thoroughly explored, which has promoted the development of the theory of
chemical bond and the structural chemistry. During recent years, based on
development in electrochemical technologies, great progress has been made in the
research of basic electrochemical behaviors of ferrocene and its derivatives, their
applications in intermolecular electron transfer research, electrocatalysis,
electroanalysis, molecular recognition, etc..

1.2 Basic electrochemical behaviors

A number of the ferrocene derivatives have been synthesized and used as
electronic and optical materials because the cyclopentadienyl (Cp) ligand of ferrocene
is readily functionalized by nucleophilic organic reagents and because
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electrochemical properties of the Fe(I[)Cp, fragment can be tuned by selecting the
substituents introduced on the Cp ligand. The oxidation between the neutral Fe(II)
state and cationic Fe(Ill) state, involving fast and reversible electron transfer, is the
important property of the ferrocene derivatives. Introduction of electrochemically
active organic groups on the ligand of ferrocene leads to molecules containing both
organometallic and organic redox-active centers, which can be wused as
electrochemical materials in various applications.

1.3 Development in research of molecules containing
multiple ferrocenes

1.3.1 Molecules containing two ferrocene units

There is a growing interest in the study of electron or energy transfer between
two redox acive and/or photoactive termini across an unsaturated organic bridge3'7.
Molecular wires comprising mixed-valence bimetallic fragments could be used for
applications in molecular electronics, optoelectronic devices, and chemical sensor
appliances. Systems incorporating ruthenium polypyridyl®* ' or ferrocene'*'® moieties
are known with oligoene or oligoyne spacers, and alternations of the bridges with
arenes have been explored. In most of the biferrocenes studied, the ferrocene units are
linked either directly or using a polyene bridge. If the bridging ligands are phenylene
vinylene oligomers, the biferrocenes exhibit a rather diminished solubility, and use of
permethylated cyclopentadienyl units is necessary to overcome this drawback. This
modification in the cyclopentadienyl moiety also enhances the stability of the
oxidized ferrocenium species.

Polyalkene species present high electron transmission efficiency, but their
thermal and photochemical instability pose severe drawbacks. On the other hand, the
efficiency of the more stable aromatic and acetylene-based systems appears limited by
excessive charge confinement. Thiophene-2,5-diylvinylene oligomers are considered
a good tradeoff between the efficiency of polyethylenic systems and the stability of
the polyaromatic ones'*'. Due to this, thiophene-based oligomers and polymers are
regarded to have potential for technological applications in electrical and optical
devices?** . The solubility of the thiophene derivatives can be increased when
warranted by incorporating alkyl chains in the 3- and 4-positions of the thiophene
nucleus.

Despite these advantages, the reports of ferrocene complexes containing
thiophene are very limited. Lin and co-workers** have designed and synthesized a
series of bis-ferrocenes linked by thienyl or furanyl vinyl and thienyl ethynyl spacers

(Figure 2).

184



M
? Fe

o ==
=

1a X=S

1b X=0

(-

S/ [ S\ = D
O L et ;
F Fe n €
<= = & ==

prit

3 4c n=3

Figure 2. Bis-ferrocenes containing thiophene as spacers.

Cyclic voltammetry (CV) and Osteryoung square wave voltammetry (OSWYV)
were used to investigate the possibility of “electronic communication” between the
two metal centers in these homobimetallic complexes. The results of these
electrochemical studies indicated that the proximal disposition of ferrocenyl units in
la enhances the through-space electronic communication; in 3, the two ferrocenyl
groups weakly communicate through the less aromatic thiophene conjugation chain.
The metal-metal interaction is weak but greater than that in the corresponding
phenylene analogues.

Sato and co-workers ° have prepared hexyl-sexithiophene (FHST) and
methoxy-terthiophene (FMTT) derivatives with two terminal ferrocenyl groups as
model compounds of molecular wires (Figure 3). Electrochemical measurements and
absorption spectroscopy were performed to elucidate the oxidation process and the
properties of the oxidized states of those model compounds. The first oxidation of the
model compounds takes place on one of the terminal ferrocene moieties. In the hexyl-
sexithiophene derivative, the resultant oxidized state seeps into the sexithiophene link.
In the methoxy-terthiophene derivative, the oxidized species spreads over the entire
molecule encompassing the terthiophene link and the other ferrocene moiety,
indicating a charge transfer between the terminal complexes via the wire. These
conclusions suggest that it is important in the “molecular wire” architecture to co-
ordinate a wire and a terminal, and multi-thiophenes act as good “wire” for electron
and charge transfer.
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Figure 3. Bis-ferrocenes connected with thiophenes.

Wong and co-workers have synthesized and characterized a new class of
biferrocenes bearing some fluorenebased spacers covalently appended to the redox-
active ferrocenyl center via an ethynyl bridge (Figure 4). These bis(alkynyl) species
are electrochemically active and cyclic voltammetric studies in CH,Cl, solutions
reveal that each complex undergoes a concomitant oxidation of the ferrocenyl
subunits that are present, the E;, value of which is influenced by the electronic effect
of the substituent at the periphery of the central fluorenyl moiety. However, there is
only a very weak electronic communication between the terminal ferrocenyl
electrophores.

P=r1TNV=F =3 1=7T
I=OUTI ET007Z
(0
l
= =
£ O e

T
&

Figure 4. biferrocenes bearing fluorenebased spacers.

Matsuo and colleagues *° have recently reported the synthesis and
electrochemistry of a new class of linked diferrocenes that they called double-decker
buckyferrocenes 13 and 14 (Figure 5). The linker unit consists of a hoop-shaped, 40
n-electron[ 10]cyclophenacene  and  homoconjugatively  allows  electronic
communication between the two ferrocene moieties. They have developed two
synthetic approaches to these double-decker buckyferrocenes, which are potentially
suitable for synthesis of a variety of bimetallic [60]-fullerene metal complexes
possessing symmetric and dissymmetric organic substitution patterns and the same or
different metal atoms. The multistep redox behavior accepting and giving up a total of
at least four electrons makes these complexes interesting subjects of inorganic and
materials studies. They showed that photoexcitation of the buckyferrocene 12 results
in the formation of a charge-separated state (ferrocenium and fullerene radical anion),
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which agrees with the presence of electronic communication between the two
ferrocene moieties in 14. Given the self-assembling behavior of pentaorganofullerene
derivatives, higher-order aggregated structures of the dimetallic complexes will be an
intriguing subject of further studies.

PhCN

1) MeMgBr

12 14 D54 symmetry 16
Figure 5. Double-decker buckyferrocenes.

1.3.2 Molecules containing multiple ferrocene units

Electroactive compounds containing multiple but identical redox units are of
much current interest because of their potential use as electrode modifiers, multi-
electron redox catalysts and electron reservoirs or batteries’”**. A wide variety of
such redox-active compounds have been studied towards these aims® =2 Ferrocene,
owing to its chemical stability, well-defined electrochemistry such as stable reversible
redox properties™, and ease of functionalization, makes multiple ferrocene-containing
compou1§4ds4ghe most studied variety in the multiple redox-center containing molecular
systems ~ .

Molina and co-workers *' have synthesized a molecule containing three
ferrocenes on a cyclopropane backbone (Figure 6). The '"H-NMR spectrum of this
tris(ferrocene) compound shows two sets of three well-separated signals in a 2:1 ratio,
characteristics of mono-substituted ferrocenes indicating that only two ferrocenyl
groups are magnetically equivalents, and the BC-NMR spectrum also reveals the
existence in the molecule of two different types of monosubstituted ferrocenes, while
cyclic voltammetry responses of the compound with scan rate increasing from 0.02 to
1.00 V s™" display only a single anodic process with features of chemical reversibility.

187



Fe

N =
e
e

(0] @
o=

=
-

e
=

17
Figure 6. Tris-ferrocene with a cyclopropane backbone.

Sengupta’s group has described the synthesis and electrochemistry of a
covalent hexaferrocenyl cluster based on a redox passive hexavalent schaffold
cyclotriphosphazene core (Figure 7) * . The sixfold substitution reaction of
hexachloro-cyclotriphosphazene ~ with  4-ferrocenylphenol gave a covalent
hexaferrocenyl cluster, in which all six ferrocene units are electrochemically
equivalent. On the other hand, reaction of hexachlorocyclotriphosphazene with

ferrocene methanol only produced ferrocene aldehyde.
<
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Figure 7. A hexaferrocenyl cluster based on a cyclotriphosphazene core.

Organometallic fragments assembled on substituted benzenes, polyaromatics,
and heteroaromatics such as thiophenes and pyridines have received immense interest
in recent years due to their potential use as models for organometallic polymers and
targets for the study of electron-transfer processes. Also important is the possibility
that the mixed-valence materials derived from these multi-metallic systems, after
partial oxidation, may exhibit unique magnetic properties. By means of palladium-
catalyzed reactions, Peruga and co-workers™ have designed an effective method for
the synthesis of several star-shaped ferrocenyl containing compounds. The method
shows clear advantages over the traditional Wittig method for the synthesis of
olefinated complexes, both in yields and in steroselectivity of the double bond (all E
isomers) (Figure 8). Unfortunately the electrochemical studies do not show any
significant interactions between the iron centers of different branches, although there
is an important electronic coupling in those complexes in which the ferrocene units
are separated by a vinylene unit.
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Figure 8. Star-shaped ferrocenyl containing compounds.

The compound 27 is not showing a perfect anti configuration in its neutral
form. However, once fully oxidized, it must show a structural rearrangement to a fully
expanded form, in which the electrostatic repulsion between all the six iron centers is
minimized. This behaviour makes it a good candidate to a size tunable complex, in
which the radius of this star-shaped compound can be electrochemically switched
(Figure 9).

Figure 9. Electrochemical switch of configuration.

Thomas and Lin* have also described a series of tri- or tetra-ferrocenes,
covalently attached to either triphenylamine (Figure 10) or thiophene (Figure 11)
cores by a triple bond, since triarylamines and polythiophenes are considered as
important classes of compounds in materials science. Triarylamines, owing to their
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low oxidation potentials and easy glass-forming ability, are widely used as
holetransporting materials in organic light-emitting diodes. Similarly, thiophenes
because of their excellent electronic conducting properties find much use in the
construction of opto-electronic devices. In view of these advantages, they have
utilized both triphenylamine and thiophene as the core unit for the construction of
polyferrocenes. Palladium-catalyzed Sonogashira coupling reactions were used for
tailoring the units together by a triple bond.
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Figure 10. tri-ferrocenes, covalently attached to triphenylamine.
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Figure 11. Tetra-ferrocenes covalently attached to thiophene.

Unfortunately, these star-shaped molecules did not exhibit any intramolecular
electronic communication between the ferrocene units in these tri- or tetra-metallic
systems, which is attributed to the nature and length of the conjugation chain.
However, the presence of ferrocene significantly affects the electrochemical behavior
of the triphenylamine or thiophene core, and the extended conjugation by
triphenylamine or thiophene makes the appended ferrocenes undergo comparatively
facile oxidation, indicating a weak electronic interaction between the ferrocene and
the central cores (triphenylamine or thiophene).
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Kumar and colleagues *° have carried out hydroalumination reaction on
ferrocenylnitrile to obtain the imidoalane cluster [HAI-NCH,CsH4FeCp]s (30), which
exhibits a reversible electrochemical behavior (Figure 12). Moreover, in the presence
of ferrocenylmethanol, metathesis reactions took place on [HAINCH,(C4H3S)]s (31a)
and [HAINCH;Ph]s (31b) to give product [CpFeCsH4-CH,OAINCH,(C4H3S)]s (32a)
and [CpFeCsH4CH,OAINCH,Ph]¢ (32b). The ferrocenylmethoxide groups present in
the latter two compounds show a single reversible oxidation wave, which suggests
their electrochemical equivalence. Electrochemical studies were also carried out on
the carbaalane [(AlH),(FcC=CAl)4(AINMes),(CCH,Ph)s] (34), which exhibited a
considerably broadened redox wave with shoulders preceding the main anodic and
cathodic peak, and it can be assigned to weak electronic interactions between the
individual ferrocenyl sites.
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Figure 12. Ferrocene clusters on imidoalanes and carbaalanes.

Poon and colleagues*® have prepared a series of phthalocyanines containing 4,
8, or 16 2-ferrocenylethoxy moieties on the periphery (Figure 13). Electrochemical
studies of these phthalocyanineferrocene conjugates by cyclic voltammetry have
revealed that all the ferrocenyl redox centers attached to the macrocyclic core are
electrochemically independent, undergoing an oxidation at the same potential and a
rapid electron transfer to the excited phthalocyanine core.

191



é \ / % é \ / i
/ \ / \ / N
Figure 13. Phthalocyamnes containing multiple ferrocenes.

Although much research interests have been focused on the synthesis and
electrochemical investigation of multiferrocenyl systems as redox sensors for
molecular recognition, as mediators in amperometric biosensors, as building blocks in
polymers or as coatings to modify electrode surfaces, only few ferrocenyl and
polyferrocenyl systems are water soluble. However, these water soluble ferrocenyl
systems are of particular interest as redox mediators, for example in scanning
electrochemical microscopy (SECM)*" investigations in biological systems. Salmon
and colleagues® have prepared and investigated the electrochemical properties of a
class of water soluble multiferrocenyl compounds: through quaternization of 2-(N,N-
dimethylamino)ethylferrocene or 1,1-bis(2-(N,N-dimethylamino)ethyl)ferrocene with
different organic halides, molecules with up to four redox ferrocene units have been
obtained (Figure 14):

@/\/NMez @_/?N/\—Q

+2 ——™ Fe 2Br”

Fe
<::7\V/\NMe2 =\

N
38 Br 39

S & ﬂ@

Of = = Of = W@

Figure 14. Polyferrocenes derived through quaternization of nitrogen.
Voltammetric investigations of the ferrocenyl systems show that the redox

potential depends on the length of the carbon bridge between the redox centre and
ammonium group. The diffusion coefficients of the ferrocenyl systems could be
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determined by chronocoulometry and chronoamperometry in DMSO solution. The
obtained values are a function of the molar weight of the molecules and allow the
calculation of the hydrodynamic radii.

1.3.3 Dendrimers containing ferrocenes

The redox activity of dendrimers is of promise in applications as materials
devices. The preparation and characterization of ferrocene dendrimers has received
considerable attention in recent years since they illustrate the potential access to
precise redox active nanoscopic molecules with original properties. Ferrocene
dendrimers could serve as supramolecular receptors for molecular recognition.
Various redox sensors have been reported on recognition of anions. Other
supramolecular aspects of ferrocene dendrimers such as transport and self-assembly
have also been exemplified.

Based on the use of well established poly(propylene imine) dendrimers,
Salmon and colleagues®® have prepared a series of water soluble ferrocene-containing
dendrimers: the reductive amination of formyl ferrocene with the NH,-functions of
these macromolecules leads to ferrocenyl dendrimers with 4 to 64 ferrocene units
(Figure 15). The multi ammonium salts of these compounds exhibit solubility only in
polar solvents. All prepared ferrocene dendrimers have been studied with
voltammetric, amperometric and coulometric techniques.
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Figure 15. Water soluble poly(propylene imine) dendrimers with 4 ferrocene units.

Astruc’s group has synthesized and studied several novel ferrocene-containing
dendrimers. For example, based on reactions of amine dendrimers with FcCOCI, they
have synthesized several polyamidoferrocene dendrimers containing 3 (compound 45),
9 (compound 46) or 18 (compound 47) ferrocene units (Figure 16)*. Titrations of
these dendrimers by n-BuN" salts of H,PO,, HSO,, CI, Br, and NO; and
monitoring by cyclic voltammetry and 'H-NMR indicated a remarkable dendritic
effect in the recognition of small anions.
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Figure 16. Ferrocene dendrimers synthesized in Astruc’s group.

Astruc and colleagues™ have also explored the self-assembling of redox-active
ferrocene dendrimers (48) by multiple H-bonding to possibly benefit from positive
dendritic effects for the recognition of anions such as H,POs (Figure 17). The
titration experiments showed new positive dendritic effects characteristic of
amidoferrocenyl dendrimers assembled by H-bonding. They rationalized the
completely unusual trends found during electrochemical monitoring of the titration
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(half-stoichiometry, sudden wave change, dramatic intensity decrease) in terms of the
formation of a dendritic assembly, in which each H,PO4 wunit links two
amidoferrocenyl groups at the dendrimer periphery.
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Figure 17. Ferrocene dentrimers assembled by multiple H-bonding.

A 54-ferrocene dendrimer has also been synthesized in their group’', by a
convergent route and can be used to modify a Pt electrode. The dendrimer can be
reversibly oxidized in DMF in a single 54-electron wave. The electrochemical
reversibility observed for the oxidation of 49 indicates that the structural
rearrangement between 49 and 49°*" is small. Since the repulsion between the
positively charged ferrocenium units in 49°*" requires that they be at the periphery of
the dendrimer with maximum space expansion, the shape of 49 is relatively closely
related to that of 49°*". The fact that a single reversible wave is observed is due to fast
rotation of the dendrimer compared to the electrochemical timescale, so that all the
redox centres come close to the electrode within this timescale. In addition, a kind of
relay-mechanism from a ferrocene site to the next (hopping electron transfer or via n-
stacking of the ferrocenes units or via the o bonds between ferrocene units) may
eventually occur. Otherwise, the heterogeneous electron transfer between the
electrode and the most remote redox sites of the globular dendrimer would be slow, as
it is when the redox site is isolated at the center of the dendrimer. This type of stable
polyredox dendrimer in which the redox centers are all active and fully chemically
and electrochemically reversible at about the same potential could find use in the
future as molecular batteries and sensors.
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Figure 18. A 54-ferrocene dendrimer synthesized in Astruc’s group.
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Chapter 2 Molecular design of ferrocene-
containing pyridinium salts

2.1 Previous work in Tang’s group

During the previous work in Tang’s group, a series of pyridinium salts have
been synthesized, primarily for the exploration of their nonlinear optical (NLO)
properties (Figure 1). Pyridinium was chosen as a core to construct this kind of
molecules because of its stability, and the positive charge that makes it a good
candidate as electron acceptor. Besides, the double bonds conjugated to the
pyridinium ring can be established efficiently through a classical Knoevenagel
condensation between the activated methyl groups on pyridinium ring and aldehydes.

During the continuous research for molecular materials gathering both
excellent electrochemical and optical properties, we realized that some of these
pyridinium salts, owing to their multiple redox active centers (ferrocene) could also
be interesting objects for electrochemical research'. The ferrocene moiety, with its
almost always reversible one electron system, can be switched from a good donor in
the reduced state, to a weak attractor in the oxidized one. Therefore it often provides a
molecular switch for many physical properties in the case of compounds containing
ferrocenes linked to another active moiety””. This is especially true for the linear and
nonlinear optical properties, which could thus be triggered through the
electrochemical conversion of the compounds, as suggested recently by Audebert ef al.
in the case of ferrocenes-tetrazines®.

The different conjugated bridges between the electron deficient pyridinium
center and the electron-rich ferrocene ends are expected to allow electron transfer
between them, which could be detected by measurement of changes on the redox
potentials of the ferrocenes.
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Figure 1. Ferrocene-containing pyridiniums synthesized in Tang’s group.

The electrochemical properties of 45e-45h and 46e-46h were investigated and
the primary results showed that all these multiferrocenyl pyridinium salts are potential
electrochemical molecular materials with good oxidation-reduction reversibility.

2.2 Molecular design

As already mentioned before (Chapter 1.3.1), thiophene and bithiophene are
often-used building blocks in the construction of molecular candidates with good
electrochemical properties, since they present high electron transmission efficiency
and high thermal and photochemical stability. As a comparison, polyalkene species
present higher electron transmission efficiency, but mediocre thermal and
photochemical stability; aromatic and acetylene-based systems are more stable, but
their electron transmission efficiency is limited by excessive charge confinement.
Thiophene and polythiophene systems are considered a good tradeoff between the
efficiency of polyethylenic systems and the stability of the polyaromatic ones’”. Due
to this, thiophene-based oligomers and polymers are regarded to have potential for
technological applications in electrical and optical devices'® '
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Therefore, to further investigate the relationship between molecular structures
and electrochemical properties of the conjugated pyridinium salts, we planned to
prepare the di-branched (45i, 45j) and tri-branched (46d, 46i, 46j) pyridiniums, and to
study their properties by electrochemical methods. The intent to prepare 45i and 46i is
to investigate the electrochemical behaviour of these pyridinium salts without
ferrocenes ends. Concerning the ferrocenes-containing pyridiniums, the bridges
between the ferrocene ends and the pyridinium core are varied from trans-ethenyl-
thiophenyl-trans-ethenyl to trans-ethenyl-bithiophenyl-trans-ethenyl, offering an
opportunity to investigate the influence of bridges for electron transfer.
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Chapter 3 Results and discussion

3.1 Synthesis of dibranched and tribranched pyridiniums

3.1.1 Improvement of synthesis of trans-5-(2-ferrocenyl-vinyl)-2-
carbaldehyde-thiophene

The synthetic route of trans-5-(2-ferrocenyl-vinyl)-2-carbaldehyde-thiophene
was firstly established by Lin’s group (Scheme 1)'. Vilsmeier formylation of
ferrocene and thiophene gave both ferrocenylaldehyde and thiophenylaldehyde in
good yield. The ferrocenylaldehyde was chosen to prepare the phosphonium salt
because thiophenylaldehyde is less stable and oxidize readily in air at room
temperature. Therefore, ferrocenylaldehyde was reduced by NaBH; to give
ferrocenemethanol quantitatively. Ferrocenemethyl phosphonium bromide was
generated from the reaction of ferrocenemethanol with PPh;-HBr, and reacted with
thiophenyl-carboxyaldehyde under the Wittig olefination condition to give a mixture
of cis- and trans- ferrocenylethenylthiophene. The trans- isomer can be obtained by
recrystallization of the mixture, or isomerized in toluene in the presence of I,.

.
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POCI, CHO NaBH, QF ~" PPh;" HBr ~ e

e

) Br

@ DMF(anhy.) @

_PoCl; CHO
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Scheme 1. Lin’s synthetic route for trans-5- (2 ferrocenyl-vinyl)-2-carbaldehyde-thiophene.

However, in our laboratory we found that the yield of the last step, selective
formylation of trans-ferrocenylvinylthiophene, was very low even when the reaction
conditions were carefully controlled, e.g. water-free, air-free, etc. Too high
temperature (beyond r. t.), too long reaction time (> 4hs) or excess formylation
reagents (POCl; with DMF) all led to decomposition of all starting compound (the
color of the solution turned dark and TLC indicated no separable products), while
under low temperature (below 0°C) and given appropriate reaction time (3~4 hs), a
yield of less than 10% could be achieved. We presumed that it is because the
conjugated ferrocene ring has similar reactivity with thiophene to formylation that a
complex mixture of various formylation products (including multi-formylated
products) was produced under the reaction conditions. Therefore, we considered
setting up an orienting group onto the thiophene ring to better control the selective
formylation on the expected position, and thus a new synthetic route for the
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preparation of trans-5-(2-ferrocenyl-vinyl)-2-carbaldehyde-thiophene was established
(Scheme 2).

(] POCI; ®/CHO Br, Br\@/CHO NaBH Br\@/\OH PPh3" HBr
DMF(anhy.)
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S
Br DMF
Scheme 2. New synthetic route for trans-5-(2- ferrocenyl vinyl)-2- carbaldehyde—thlophene

Thiophenylaldehyde, obtained from Vilsmeier formylation, was firstly
brominated in the 5 position to give 5-bromothiophene-2-carbaldehyde, which was
reduced and reacted subsequently with PPh;-HBr to give ((5-bromothiophen-2-
yl)methyl)triphenyl phosphonium bromide. Wittig reaction with ferrocenylaldehyde
gave cis- and trans- 2-bromo-5-ferrocenylethenylthiophene, which was recrystallized
in hot hexane to give pure trans- isomer. The (E)-5-ferrocenylethenylthiophene-2-
carbaldehyde was obtained by reaction of n-butyl lithium with (E)-2-bromo-5-
ferrocenylethenyl-thiophene followed by subsequent addition of anhydrous DMF at
low temperature.

Following almost the same method, ferrocenylethenyl-bithiophenealdehyde
was also obtained in good yield (Scheme 3):
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Scheme 3. New synthetic route for trans-ferrocenylethenyl-bithiophenealdehyde.

3.1.2 Influence of base for Wittig olefination

Two bases were tried for the Wittig olefination of bromothiophenylmethyl
triphenyl phosphonium bromide with ferrocenylaldehyde. When NaOMe was used,
only a 30% yield of a mixture of isomers could be obtained, while using a stronger
base t-BuOK, the yield of isomers could reach up to 86% (Scheme 4). We assumed
that since NaOMe is usually freshly prepared with sodium and anhydrous methanol
before its addition, it might be the water getting into the reaction system during the
transfer of reagent or the reaction time which destroyed part of the Wittig reagent.
Moreover, slower deprotonation speed when using the weaker base NaOMe might
also be responsible for the lower yield.
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Scheme 4. Wittig olefination of bromothiophenylmethyl triphenyl phosphonium bromide with
ferrocenylaldehyde.

Fe

3.1.3 Isomerization of Z-isomers to E-isomers with I,

The generation of carbon—carbon double bonds in geometrically pure form is
one of the most important reactions in organic chemistry” and many elegant methods
are known in the literature’. However, mixtures of Z- and E-alkenes are also often
formed together in some reactions such as Wittig reaction in our case. Several
methods including applying radical® or photochemical® reactions have been used to
transform the Z-isomers to the corresponding E-ones. For example, isomerization of
(2)-stilbene to the E-isomer and dimethyl maleate to dimethyl fumarate are usually
catalyzed by bromine via the reversible addition of a bromine radical to the double
bond ® . Spencer et al. ' have demonstrated a facile palladium(I)-catalyzed
isomerization of Z-arylalkenes to E-arylalkenes. Thereafter Argade and co-workers®
have also reported a new method providing an easy access to several types of
geometrically pure E-olefins wusing N-bromosuccinimidedibenzoyl peroxide/
azobisisobutyronitrile (NBS-DBP/AIBN) reagent.

I, has been recognized as one of the extremely effective catalysts for the cis-
trans isomerization of olefins for a long time’. The iodine radical, usually generated
by heating, adds to the double bond to give a carbon radical, which can be converted
into the other conformation through internal rotation about the single bond and
subsequent release of the iodine radical (Scheme 5).

- R R
R_R+I._‘\-_<
|

ﬂ Rotation
] R‘
R . .
S —
R R I
Scheme 5. [somerization of olefins in presence of I,.

Considering the availability of iodide and the simple and convenient operation for isomerization,
we have chosen this method to transform the cis- products we obtained to their corresponding
trans- isomers. Cis-ferrocenylethenylthiophene and cis-2-bromo-5-ferrocenylethenyl-thiophene

all gave the corresponding trans-isomers after refluxing in toluene under N in less than 0.5 hour,
while cis-5’-bromo-5-(2-ferrocenylvinyl)-2,2’-bithiophene failed to give the trans- isomer after

more than 1 hour’s reflux (

Scheme 6). In the latter case, 'H-NMR indicated that the cis- isomer mostly
remained after the reaction. The reason is still unclear, but the expanded conjugation
system which decreases the activity of the double bond to the radical addition, or the
more bulky bromobithiophenyl group which increases the activation energy of single
bond rotation might be responsible. However, since more than 60% of the trans-
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isomer could be obtained from recrystallization of the mixture of cis- and trans-
isomers, we didn’t pursue search for an isomerization method.

Br

N\ S S
€© Q/\/© o "R
=

F Toluene No, Toluene, Ny,
€ reflux Fe reflux

NS
Oy W
Toluene, Ny,
A reflux

Fe

Scheme 6. Isomerization of ferrocenyl compounds in presence of L.

3.1.4 Condensation of aromatic aldehyde with multimethyl-pyridiniums

3.1.4.1 Influence of base

Three bases were used for trial in the condensation of bithiophenyl aldehyde
with 1,2,6-trimethyl pyridinium or 1,2,4,6-tetramethyl pyridinium: K,COs, piperidine,
and 2,4,6-collidine. When K,CO; was wused for the condensation of
bithiophenealdehyde with 1,2,6-pyridinium ( Scheme 7), the reaction went smoothly
in methanol at room temperature, but only 22% of the expected all trans- product was
isolated after 4 hours. TLC indicated the all trans- alkene as a major product, 2 minor
products, possibly the (cis-, trans-) and the all-cis-, and many degraded products
which did not move on TLC plate.

\ \ methanol
22%
Scheme 7. Condensation of blthlophenyl aldehyde with pyridinium in presence of K,COs.

Micro-scale experiment on the same reactants was carried out in the presence
of piperidine and subsequent TLC analyses indicated that the yield might be better.
Therefore the piperidine was used for the triple condensation of bithiophenylaldehyde
with 1,2,4,6-tetramethyl pyridinium salt (Scheme 8).

S S\ -CcHO | N piperidine
SN\ A\ + o
N methanol/chloroform, reflux

Scheme 8. Condensation of bithiophenyl aldehyde with pyridinium in presence of piperidine.
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After optimization of the reaction conditions (reflux in N, atmosphere for 12
hours), a yield of 89% for the all-trans- product was obtained. Traces of minor
products could also be detected by TLC but were successfully removed after a column
chromatography.

Use of piperidine for the condensation of ferrocenylethenyl-
thiophenylaldehyde with 1,2,6-trimethyl pyridinium or 1,2,4,6-tetramethyl pyridinium
also gave satisfactory yields, 79% and 33%, respectively (Scheme 9).

X
|®/ X

Y CHO Y e & le.
2 _Fe L £e \ ! | W
piperidine, = L
methanol/chloroform, |
reflux, 4hs

piperidine,
methanol/chloroform,
reflux, 24hs

Scheme 9. Condensation of ferrocenylethenyl-thiophenylaldehyde with pyridiniums.

Reactions of (E)-5'-ferrocenylvinyl-2,2'-bithiophene-5-carbaldehyde with
1,2,6-trimethyl pyridinium or 1,2,4,6-tetramethyl pyridinium also gave moderate
yields for all-trans- products (49% and 34%, respectively). However, we also tried the
2,4,6-collidine as base. The results showed that in the presence of collidine, the
reaction of the aldehyde with 1,2,4,6-tetramethyl pyridinium was cleaner (no
degradation), much faster than when using K,CO; or piperidine, but only gave di-
branched products. Indeed, '"H-NMR indicated clearly two signals for methyl groups
on the pyridinium ring, one of which is the N-methyl.

We assumed that this is because the mechanisms of condensation between
aldehyde and methyl pyridinium depends on the base employed. Usually, when
piperidine is used in such condensations, for example, Knoevenagel condensation, an
enol intermediate is formed initially (Scheme 10):

H
)’O\ )’O\ _ ‘N“
H. : H : :
H e

ToT w

EtO" ™= OEt

,CI\ |E:I_ ‘\.-D\ _(O\
EtO /u\%eoa - Fi0) /U\r'fﬂ\oa
H H

Scheme 10. Formation of an enol intermediate in Knoevenagel Condensation.
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Then this enol reacts with the aldehyde, and the resulting aldol undergoes
subsequent base-induced elimination (Scheme 11):

EtO OFt
= H
Qg
H

Scheme 11. The subsequent base-induced elimination in Knoevenagel Condensation.

However, as the concept “organocatalysis” was brought forward and was
getting more and more attention, the mechanism of this type of condensation was
reconsidered and a reasonable variation of the mechanism was suggested.
Organocatalysis uses small organic molecules, predominantly composed of C, H, O,
N, S and P, to accelerate chemical reactions. The advantages of organocatalysts
include their lack of sensitivity to moisture and oxygen, their ready availability, low
cost, and low toxicity, which confers a huge direct benefit in the organic synthesis
when compared with (transition) metal catalysts. In the example of the Knoevenagel
condensation, it is believed that piperidine forms a reactive iminium ion intermediate
with the carbonyl compound (Scheme 12):

o 0 5
HE* *+ EtO OEt H =0+ Her
| ! H
- ‘>, M
O *\Y Ho+ 8B
o 0

Scheme 12. Condensation mechanism through a reactive iminium ion intermediate with the carbonyl
compound.

Therefore, we assumed that for the condensation of the first and second
methyl of 1,2,4,6-tetramethyl pyridinium with aromatic aldehyde (E)-5'-
ferrocenylvinyl-2,2'-bithiophene-5-carbaldehyde, both collidine and piperidine can
catalyze the reaction through the first mechanism (Scheme 13):
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Scheme 13. Assumed mechanism for condensation of the first and second methyl groups of pyridinium.

However, after the second condensation, the molecule has a largely expanded
conjugated system, which diffuses the positive charge of the pyridinium and thus
lowers greatly the reactivity of the third methyl group. In this case collidine, which
can’t form the more reactive iminium ion with aldehyde, is not able to catalyze the
third condensation anymore, while piperidine, due to its ability to form the active
iminium ion, continues to catalyze the third condensation through alternative
proposed mechanism (Scheme 14).

OHC-R + HB (‘H

\\ 5 l

B* )/_‘ MeOH + B:

H R
xR

H

H =

09 <« |
~ A+ =
HpC™ N R H,C QN R
S S
7

R= Fe L/ \_/

R
Scheme 14. Condensation mechanism through reactive iminium ion intermediate.

3.1.4.2 Influence of substituents
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When ferrocenealdehyde reacted with 1,2,4,6-tetramethyl pyridinium, TLC
indicated clearly one major product (all-trans) with 5 side products, most possibly all-
cis, (cis, cis, trans), (cis, trans, cis), (cis, trans, trans), (trans, cis, trans); reaction of
bithiophenyl with 1,2,4,6-tetramethyl pyridinium also gave several side products but
in less quantity. However, reaction of ferrocenyl-ethenyl-thiophenylaldehyde with
1,2,4,6-tetramethyl pyridinium gave one major product (all trans) and one minor
product, and reaction of ferrocenylethenyl-bithiophenylaldehyde gave exclusively the
all-trans- product. These results indicate that the size of the aromatic aldehyde
influences greatly the cis/trans selectivity of condensation with multimethyl
pyridinium: the bulkier the aldehyde, the higher the selectivity to trans- configuration
of the newly formed double bond. Moreover, the earlier condensation also influences
the subsequent one. Monitoring of reactions of ferrocenylethenyl-bithiophenyl-
aldehyde with 1,2,4,6-tetramethyl pyridinium by TLC tracking indicated that after the
first condensation with aldehyde, the second became more difficult, and the third was
even slower, while at the same time, the latter condensations were more selective (to
trans- isomers) than the former ones because of the increased steric hinderance.

3.1.4.3 Influence of solvents

Solvents influence greatly the reaction of the aldehydes with multimethyl
pyridiniums. Reaction of bithiophenyl aldehyde with 1,2,6-trimethyl or 1,2,4,6-
tetramethyl pyridinium all give satisfactory yields in methanol. However, when
methanol was wused as solvent for the condensation of ferrocenylethenyl-
thiophenylaldehyde or ferrocenylethenyl-bithiophenyl aldehyde with 1,2,6-trimethyl
or 1,2,4,6-tetramethyl pyridinium, no reaction took place after refluxing for 24 hours;
when chloroform was used instead, the reaction took place but at a low rate: a lot of
aldehyde remained after refluxing for 24 hours.

We assumed that as the conjugated systems of aldehydes expand, their
solubility decreases in methanol while increases in chloroform, which makes the
reactions faster in chloroform than in methanol. However since highly polar reagents,
1,2,6-trimethyl or 1,2,4,6-tetramethyl pyridinium, are much more soluble in methanol
than in chloroform, the addition of methanol increases largely the reaction speed by
enhancing the solubility of the mutimethyl-pyridinium. After optimization, the
combination of chloroform/methanol in a 3:1 ratio gave the best result.
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3.2 Electrochemical results and discussion

3.2.1 Preliminary electrochemical study of 45i and 46i

-
WY I \ N\

The cyclic voltammograms of 45i and 46i show that the oxidation processes
are both irreversible. The current decreased slowly from the second scanning cycle,
and the oxidation peak diminished in the 5th one (Figure 1). A black thin film was
produced on the surface of the working electrode, indicating the polymerization of the
bithiophene units. However, the electrodeposited polymer does not appear to be
conducting enough to ensure efficient deposition of multilayer films.

9.00E-06 +

7.00E-06 +

5.00E-06 ¢

3.00E-06 4 —1st cycle
= 5th cycle

Current (A)

1.00E-06

-1.00E-06 4

-3.00E-06 v v T T J

2.00E-01 4.00E-01 6.00E-01 8.00E-01 1.00E+00  1.20E+00
Potential (V)

Figure 1. CV of 46i in acetonitrile (conc. 1.0 mM) on platinum at 100 mV/s.

3.2.2 Preliminary electrochemical study of 45h

45h

Figure 2 shows the electrochemical response of the dibranched compound 45h,
which features a typical cyclic voltammogram shape of ferrocenic compound. The
CV displays a single oxidation peak, which is in accordance with all the dibranched
and tribranched ferrocene compounds tested in our laboratory before'’. The fact that
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all electrons seem to be transferred at the same potential tends to show that only the
molecule center is electronically connected to the branches, and that on the other hand
the branches have little influence on each other, and especially the redox state of a
given ferrocene end-group has little influence on the redox potential of the others.
This result was not at all obvious, since most molecules containing coupled redox
centers show differentiated waves. The peak potential difference (AE, =E, ,—E, =

86 mV) is larger than the expected 35 mV value for ideal non interacting redox
centers. This is probably indicative of a small difference for the redox potentials
corresponding to successive electron transfers from ferrocenes of one molecule, due
to slightly mutual repulsive interactions.
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Figure 2. CV of 45h in dichloromethane (conc. 1.0 mM) on platinum at 100 mV/s. E, ,: 0.190V; E,, .:
0.094 V.

Current / 1e-6A

3.2.3 Preliminary electrochemical study of 46h

Figure 3 shows the cyclic voltammogram for the tribranched pyridinium
compound 46h. The CV is still reversible, but the shape does no longer look like a
typical reversible cyclic voltammogram of ferrocenes. The peak corresponding to the
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reduction process is more intense than the oxidative one. Moreover, the peak features
an adsorption-like shape, probably because of the generation and precipitation of
oligomers on the electrode, due to an uphill electron transfer between ferrocenium
cations and the thiophene branches. Therefore the voltammogram is no longer readily
analyzable. The broad oxidation peak indicates a larger spreading of the oxidation
potentials corresponding to the successive 3 electron transfers in the tribranched 46h
as compared to the 2 electron transfers in the dibranched 45h in the previous case, due
to stronger repulsive interactions.

1.57 P T R S I T T S PR S SR R S S N R S T S P T RSt
124
0.9

Current / 1e-6A

"".""\""I"“I""\“"I““-
-0.10 0 0.10 0.20 0.30 0.40 0.50 0.60

Potential / V
Figure 3. CV of 46h in dichloromethane (conc. ~1.0 mM, roughly) on platinum at 100 mV/s. E, .:
0.178V; E,.: 0.063 V.

The redox potentials of pyridinium ferrocenes are both more positive than the
ferrocene’s one, but the redox potential of the tribranched 46h is less shifted than the
dibranched one. This is in accordance with the fact that: 1) the pyridinium core plays
an attracting role that destabilizes the ferrocinium cation, and 2) this attracting effect
is more important in the dibranched compound than in the tribranched one, as a result
of sharing of the attractive power of the core between two ferrocenyl branches in the
former case instead of three in the latter. However, this effect is not strictly additive,
since in this case a larger difference between the two compounds would have been
expected.

3.2.4 Preliminary electrochemical study of 45j

Figure 4 shows the cyclic voltammogram of compound 45j, the most
remarkable character of which is the two oxidative peaks in the range of 0 to 1 V. The
first one is reversible, although the shape is unlike the CVs of typical ferrocene
compounds. The second one shows up at a much more positive potential (0.840 V)
and is completely irreversible. Continuous cyclic voltammetry were tried in the range
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-0.1 V to 1.0 V, and the results indicated that the current decreased dramatically from
the second cycle, and the peak signals were no more detectable after several cycles.
The Pt working electrode was found to be covered with a thin brown film after being
taken out from the solution. The electrode was grinded and put back to use, and the
same signals were obtained again. We assume that the first peak corresponds to the
reversible redox of one of the ferrocene units, and the second one to the signal of
polymerization of the bithiophene bridge. The bithiophene unit is oxidized instead of
the second ferrocene, because the oxidative potential of the second ferrocene is
largely increased due to the first oxidation and the conjugation in the whole molecule.
This means that the two ferrocene units in the molecule, both connected to the
pyridinium center with trans-ethenyl-bithiophenyl-trans-ethenyl bridge, are not
independent one to each other any more. The oxidation of one ferrocene influences
greatly the electrochemical behavior of the other, by raising up largely its redox
potential, which becomes higher than the potential of the bithiophene unit, and hence
the oxidation and subsequent polymerization of bithiophene takes place, instead of
oxidation of the other ferrocene. This result also indicates that bithiophene is a good
conjugative bridge for electron transfer in molecules.
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Figure 4. CV of 45j in dichloromethane (conc. 1.5 mM) on platinum at 50 mV/s. E;,,: 0.194 V; . E, .5
0.840 V; E,1:-0.03 V.

Current / 1e-6A

However, the first peak is quite reversible if the scan potential is kept in a
range -0.2 Vt0 0.5 V, with E, , of ~0.19 V and E, . 0of 0.09 V, which is similar to the
behaviour of the other dibranched pyridinium 45h using thiophene instead of
bithiophene in the bridge (Figure 5).
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Figure 5. CV of 45j from -0.2 V to 0.5 V in dichloromethane (conc. 1.5 mM) on platinum at 50 mV/s.
Epa1:0.185 VS E, 12 0.086 V.

3.2.5 Preliminary electrochemical study of 46j

The cyclic voltammogram of the tribranched pyridinium ferrocene 46j is
completely different from the one of typical ferrocenes, and also different from the
dibranched analogue (Figure 6). The CV shows three irreversible oxidation peaks in
the range -0.2 V to 1.0 V. The second cycle can still give one signal corresponding to
the first peak, while in the third cycle, no peak signals were detectable. A black thin
film was produced on the surface of the working electrode, which blocked the
reaction pathway and should be responsible for the loss of signals. After polishing the
electrode the same signals could be recorded again. The first peak corresponds to the
oxidation of ferrocenes, and the second probably corresponds to the first oxidation of
the thiophene ethylene units, while the origin the third peak is speculative (maybe the
degradation of deposited oligomers).
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Figure 6. 3 CV cycles of 46j in dichloromethane (conc. 1.68 mM) on platinum at 50 mV/s. E; ,;: 0.125

V; . Epan: 0.516 V; Ep,3: 0.784 V.

Given the potential recorded, it is clear that the ferrocenes account for the first
system observed. However, the return peak is not reversible, and displays a shape
characterized of an electroactive thin layer. This occurs whatever the potential limit of
the scan, as can be seen in Figure 4 and Figure 5, and is likely to come from
bithiophene oligomers deposition. The fact that bithiophene branches oxidation is
observed even when the scan limit is +0.5 V (Figure 5) is indicative of an uphill
electron transfer process between the ferrocenes and the bithiophene branches.
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General conclusion and perspectives:

A new dibranched ferrocene-containing pyridinium salt (45j) and two tri-
branched ones (46h, 46j) have been synthesized through the condensations of 1,2,6-
trimethyl pyridinium or 1,2,4,6-tetramethyl pyridinium with corresponding aromatic
aldehydes. A new synthetic route has been developed for the two important
intermediates, trans-5-(2-ferrocenyl-vinyl)-2-carbaldehyde-thiophene (47), and
ferrocenylethenyl-bithiopheneyl aldehyde (48): thiophenylaldehyde, obtained from
Vilsmeier formylation, was firstly brominated in the 5 position to give 5-
bromothiophene-2-carbaldehyde, which was reduced and reacted subsequently with
PPh;-HBr to give the corresponding phosphonium bromide. Wittig reaction with
ferrocenylaldehyde and subsequent recrystallization gave trans-2-bromo-5-
ferrocenylethenylthiophene, which produced the intermediate aldehyde 47 through
lithiation and subsequent reaction with DMF in good yield. Aldehyde 48 was also
obtained using the same protocol. Piperidine was found to catalyze the condensations
of 1,2,6-trimethyl pyridinium or 1,2,4,6-tetramethyl pyridinium with aldehydes more
efficiently than other bases such as potassium carbonate or 2,4,6-collidine.

Preliminary electrochemical studies show that the conjugated bithiophene
bridges influence greatly the redox behaviors of the molecules. Only the reversible
oxidations of ferrocene units take place in the case of ferrocenyl pyridiniums
containing thiophene bridges (45h, 46h), although the shape of the cyclic
voltammogram of 46h is not like the classical ones of ferrocenes, probably indicating
a larger spreading of the redox potentials corresponding to the successive 3 electron
transfers in it as compared to the 2 electron transfers in the dibranched one (45h).
However, the cyclic voltammograms of the ferrocenyl pyridiniums containing
bithiophene bridges (45j, 46j) show distinctively different characters from those for
ferrocenes. In both cases, a subsequent polymerization take place after the oxidation
of ferrocene units, indicating an uphill electron transfer process between the
ferrocenes and the bithiophene branches.

At present, an investigation of the nonlinear optical properties of these
ferrocene-containing pyridinium salts is anticipated, given their ability to allow
electron transfer in molecules. Considering the fact that anions usually play an
important role in adjusting non linear optical properties of the molecules, the
preparation of these pyridiniums with different anions through anion exchange is
ongoing.

Br
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Chapter 4 Experimental section

General procedures

Most of the procedures were performed in a same manner to that described in
Part I, Chapter 6, except that NMR spectra were acquired on a Bruker Advance 500
spectrometer, and mass spectrometry was performed on an Agilent 5973N mass
spectrometer.

4.1 Preparation of 2-thiophenealdehyde

S/ POCI, S~ ~CHO

DMF (anhy.)

To a 100-mL three-necked round bottom flask was added 16 mL (0.19 mol) of
thiophene, 16.3 mL (0.21 mol) of anhydrous DMF and 40 mL of anhydrous
chloroform. The solution was cooled to ~0°C in an ice bath and 19.6 mL of POCl;
(0.21mol) was added dropwise with stirring. The solution was then warmed to room
temperature followed by refluxing for 4 hs, then cooled to room temperature and
poured into iced water. The water layer was extracted with dichloromethane (3x50
mL), and the organic layers were combined and washed with water (2x50mL) and
satured aqueous sodium bicarbonate (2x50 mL), and dried over MgSO,4. After
evaporation of the solvent 25 g of 2-thiophenealdehyde was obtained from fractional
distillation in vacuo (108-112 °C, 53mmHg) as a colorless liquid (70%).

4.2 Preparation of 5-bromo-2-thiophenealdehyde

S

@/CHO BFQ, NaHCOq Br\@/CHO
CHCl3, 0°C—r.t.

To an ice-cooled solution of 2-thiophenealdehyde(16.2 g, 0.14 mol) and
NaHCOs; (12.6 g, 0.15 mol) in dry chloroform, 7.4 mL of bromine (0.14mol) was
added dropwise with stirring, and the mixture was left at room temperature for 2
hours, then poured into water. After separation, the water layer was extracted with
dichloromethane (3x20mL), and the organic layer were combined and washed with
satured aqueous sodium bicarbonate, then with water, and dried with MgSO,. After a
short column (silica, 1:20 ethyl acetate/petroleum ether) 21.4 g of product was
obtained as a colorless liquid (80%).

'H NMR (500 MHz, CDCl3) & 9.78 (s, 1H), 7.52 (d, 1H, J=4.0 Hz), 7.19 (d, 1H,
J=4.0Hz).
Reference: Buu-Hoi, N. P.; Lavit, D. J. J. Chem. Soc. 1958, 1721.

b.p. 148-150 °C (40 mmHg.), No NMR data mentioned.

4.3 Preparation 5-bromo-2-thiophenemethanol
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S S

BFUCHO NaBH4 Br\@/\OH
ethanol, 0°C-r.t.

To an ice-cooled solution of 5-bromo-2-thiophenealdehyde (15 g, 0.079 mol)
in 50mL of methanol, NaBH4 (6 g, 0.16 mol, 2eq.) was added portionwise, and the
mixture was stirring at room temperature for ~ 4 hours. After evaporation of the
solvent, dichloromethane was added to dissolve the residue and the insoluble salts
were filtered. After a short column chromatography (silica, 1:10 ethyl
acetate/petroleum ether) 11g of 5-bromo-2-thiophenemethanol was obtained as a
colorless liquid (73%).

'H NMR (500 MHz, CDCls) & 6.92 (d, 1H, J=3.7Hz), 6.76 (d, 1H, J=3.7 Hz), 4.75 (s,
2H), 1.73(s, br, 1H).

4.4 Preparation of 5-bromo-2-thenyl triphenylphosphonium bromide

S

+
Br@/\OH PhsP. HBr Br\@/\PPh:;

CHCl, B

5 g of 5-bromo-2-thiophenemethanol (0.026 mol), 8.9 g of (0.026 mol)
triphenylphosphine hydrobromide and 40 mL of anhydrous chloroform were added
into a 100-mL flask equipped with a condenser. After refluxing for 1 h, the condenser
was replaced by a distillation equipment. The solvent was distillated off slowly until
dryness during 1 hour. The crude product was then dissolved in chloroform, and the
pure phosphonium bromide was recovered by precipitation with addition of diethyl
ether, washed 2 times with ether, and isolated by filtration (12.8 g, 96%).

Refefence: Zhang, J.-X.; Dubbois, P.; Jerome, R. Synth. Commun. 1996, 26, 3091.
No m.p. data or NMR data reported.

4.5 Preparation of ferrocenealdehyde

@ POCI ©\CHO
Fe — -2+ Fe
=y PMFenhy) e

To a 500-mL three-necked round bottom flask was added 20 g (0.11 mol) of
ferrocene, 17 mL (0.25 mol) of anhydrous DMF and 80 mL of anhydrous chloroform.
The solution was cooled to ~0°C in an ice bath and 20.3 mL of POC]l; (0.08 mol) was
added dropwise with stirring. The solution was then warmed to room temperature
followed by refluxing for 24 hs, then cooled to room temperature and poured into iced
water. The mixture was neutralized with saturated aqueous sodium bicarbonate,
extracted with dichloromethane (3x150 mL), and the organic layers were combined,
washed with water (2x150 mL) and satured aqueous sodium bicarbonate (2x100 mL),
and dried over MgSQ,. After a column chromatography (silica, 1:6 EA/PE) 15 g of
ferrocenecarboxaldehyde were obtained as a deep red solid (65%).

4.6 Preparation of trans-5-(2-ferrocenyl-vinyl )-2-bromo-thiophene
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©\c HO

Fe

S S
Br\@/\SPh Buok = Recrystalization . B~ N
o THF(anhy.),0°C reflux 4hs from hot hexane Fe
Br =

5.18 g (0.01 mol) of 5-bromo-2-thenyl triphenylphosphonium bromide was
dissolved in 30 mL of dry THF in a 3-necked round bottom flask under N,
atmosphere and cooled to ~0°C. Potassium z-butoxide (1.39 g, 0.012 mol) was added
slowly through a side arm while stirring the solution vigorously. The generated deep
red solution was stirred at 0°C for another 30 mins, then brought to room temperature.
Ferrocene carboxaldehyde (2.14 g, 0.01 mol) was added portionwise and the mixture
was heated to reflux for 4 hs. The solution was poured into iced water and extracted
with diethyl ether. The ether layer was washed with brine and dried with MgSO,. A
mixture of cis- and trans-5-bromo-2-(2-ferrocenyl-vinyl) thiophene was obtained from
a short column chromatography (silica, 1:6 DM/PE) as a red solid (3.2 g, 86%).
Recrystallization of 4.4 g of the mixture from hot hexane gave 1.7 g of pure trans-5-
bromo-2-(2-ferrocenyl-vinyl) thiophene.

The solid obtained after evaporation if the filtrate (2.8 g of cis/trans 4:1) was treated
with 0.01eq. of I, in refluxing toluene under N, atmosphere for 1 hour to give 2.7 g of
pure trans- product (96%).

'H NMR (500 MHz, CDCl3) & 6.90 (d, 1H, J=4.0Hz), 6.64 (m, 2H), 6.56 (d, 1H,
J=16.0Hz), 4.47 (s, 2H), 4.34 (s, 2H), 4.18(s, SH).

Reference: Thomas, K. R. J.; Lin, J. T.; Lin, K.-J. Organometallics, 1999, 18, 5285
NMR data reported:

'H NMR (CDCl3;, TMS): ¢ 6.88 (d, 1H, J=3.72Hz), 6.65 (m, 2H), 6.55 (d, 1H,
J=15.9Hz), 4.39 (m, 2H), 4.27 (m, 2H), 4.12(s, 5H).

4.7 Preparation of trans-5-(2-ferrocenyl-vinyl)-2-carbaldehyde-thiophene

S N S
5 ) "BuLi DMF OHC—"7 N
THF, -78°C  -78°C-0°C-rt. Fe

 —

To a cooled (-78 °C) solution of trans-5-(2-ferrocenyl-vinyl)-2-bromo-
thiophene (1.64 g, 4.4 mmol) in 30 mL of THF was added dropwise 3.3 mL of n-
butyllithium (1.6M in hexane, 5.3 mmol, 1.2 eq.). The mixture was stirred for 15mins,
allowing the temperature to rise to -50 °C, then cooled again to -78 °C. After dropwise
addition of anhydrous DMF (0.41 mL, 5.3 mmol, 1.2 eq.), the reaction temperature
was allowed to rise to 0°C in 2 hours. The reaction mixture was then stirred for 4
hours at 0 °C and 2 hours at room temperature, then poured into iced water and
extracted with dichloromethane, which was then washed with water (2x30 mL) and
dried over MgSO,. After a short column chromatography (silica, 1:6—1:2
dichloromethane/ petroleum ether) 0.85 g of pure product of aldehyde was obtained as
a violet solid (60%).

'H NMR (500 MHz, CDCls) & 9.83 (s, 1H), 7.61 (d, 1H, J=4.0Hz), 7.01 (d, 1H,
J=4.0Hz), 6.96 (d, 1H, J=16.0Hz), 6.79 (d, 1H, J=16.0Hz), 4.47 (m, 2H), 4.26 (m, 2H),
4.16(s, SH).
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NMR data reported (Thomas, K. R. J.; Lin, J. T.; Wen, Y. S. Journal of
Organometallic Chemistry 1999, 575, 301.): 'H NMR (No solvents or frequency
mentioned) & 9.87 (s, 1H), 7.81 (d, 1H, J=4.2Hz), 7.20 (d, 1H, J=3.8Hz), 7.10 (d, 1H,
J=15.9Hz), 7.00 (d, 1H, J=15.9Hz), 4.60 (m, 2H), 4.38 (m, 2H), 4.17(s, SH).

4.8 Preparation of 2,2'-bithiophene-5-carbaldehyde

S S S

POCI, S CHO

POCl; (2.05 mL, 22 mmol) was added dropwise to a solution of 2,2’-
bithiophene (3.43 g, 20 mmol) and anhydrous DMF (1.7 mL, 22 mmol) in anhydrous
1,2-dichloroethane (60 mL) at 0°C under Ar Atmosphere. The solution was warmed to
room temperature and then refluxed for 2 hs. After cooling to room temperature, the
mixture was poured into an aqueous solution of sodium acetate (1 M, 200 mL) and
stirred for 2 hs to complete the hydrolysis. After the separation of the organic phase,
the aqueous phase was extracted with CH,Cl, (2x50 mL). The organic phases were
combined and dried over MgSOs, and then evaporated in vacuo. After purification by
a column chromatography (silica, 1: 1 DM/PE) 3.77 g of product was obtained as a
yellow solid (94%).

"H NMR (500 MHz, CDCl3) 8 9.87 (s, 1H), 7.67 (d, 1H, J=4.0Hz), 7.37 (m, 2H), 7.26
(d, 1H, J=3.0Hz), 7.09 (t, 1H, J=5Hz)

4.9 Preparation of 5'-bromo-2,2'-bithiophene-5-carbaldehyde

S S\ CHO Br S S\ ~CHO
WA Y et W

A solution of Br, (0.97 mL, 18.6 mmol) in 10 mL of CHCIl; was added
dropwise to the refluxing mixture of 2,2'-bithiophene-5-carbaldehyde (3.00 g, 15.5
mmol) and sodium bicarbonate (1.6 g, 18.6 mmol) in 45 mL of CHCIl;. After
refluxing for 4 hs, the mixture was cooled to toom temperature and poured into iced
water. The organic layer was washed with water and saturated aqueous NaHCOs3, and
dried over MgSO,. After evaporation of the solvent, the solid was purified by a
column chromatography to afford 3.8 g of pure 5'-bromo-2,2'-bithiophene-5-
carbaldehyde (90%).

'H NMR (500 MHz, CDCl3) § 9.90 (s, 1H), 7.68 (d, 1H, J=4Hz), 7.20 (d, 1H, J=4Hz),
7.13 (d, 1H, J=4Hz), 7.06 (d, 1H, J=4Hz)

4.10  Preparation of ferrocenemethanol

Fe Fe

ethanol @

NaBH; (1.5 g, 39.5 mmol) was added portionwise into a solution of
ferrocenealdehyde (4.0 g, 18.7 mmol) in 40 mL of ethanol. The mixture was stirred at
room temperature for 4 hours, then concentrated by evaporation. The solids were
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filtered and washed several times with DM. The filtrate was concentrated and passed
through a short column chromatography (silica, DM) to give 3.6 g of product as a
yellow solid (89%).

4.11  Preparation of ferrocenemethyl triphenylphosphonium bromide

+
@\/OH PhsP. HBr @\/PP[13

Fe ———— Fe Br

—— CHOl, =

3.6 g of ferrocenemethanol (16.7 mmol), 5.7 g (16.7 mmol)
triphenylphosphine hydrobromide and 40 mL of anhydrous chloroform were added
into a 100-mL flask equipped with a condenser. After refluxing for 1 h, the condenser
was replaced by a distillation equipment. The solvent was distillated off slowly until
dryness during 1 hour. The crude product was then dissolved in chloroform, and the
phosphonium bromide was recovered by precipitation with addition of diethyl ether,
washed 2 times with ether, and isolated by filtration (9.0 g, 97%).

4.12  Preparation of 5’-bromo-5-(2-ferrocenylvinyl)-2,2 -bithiophene

s S S\ ~CHO
L PPhs B~ ¢ J iization B S SH\
Fe - _'‘BuOK recrystallization \ T\ /

N B 1H F(anhy.),0°C reflux from hexane

Fe

531 g (9.8 mmol) ferrocenemethyl triphenylphosphonium bromide was
dissolved in 50 mL of dry THF in a 3-necked round bottom flask under N,
atmosphere and cooled to ~0°C. Potassium z-butoxide (1.3 g, 11 mmol) was added
slowly through a side arm while stirring the solution vigorously. The generated deep
red solution was stirred at 0°C for another 30 mins, then brought to room temperature.
5'-bromo-2,2'-bithiophene-5-carbaldehyde (2.68 g, 9.8 mmol) was added portionwise
and the mixture was heated to reflux for 6 hs. The solution was poured into iced water
and the water layer was extracted with dichloromethane. The organic layer was
washed with brine and dried with MgSO,. A mixture of cis- and trans-5’-bromo-5-(2-
ferrocenylvinyl)-2,2’-bithiophene was obtained from a short column chromatography
(silica, 1:5 DM/PE) as a red solid (3.1 g, 69%).

Recrystallization of 3.1 g of the mixture from hot hexane gave 1.9 g of pure
trans-5’-bromo-5-(2-ferrocenylvinyl)-2,2’-bithiophene.

'H NMR (500 MHz, CDCl3) & 6.96 (d, 2H, J=3Hz), 6.89 (d, 1H, J=3Hz), 6.80 (m,
1H), 6.67 (m, 2H), 4.46 (s, 2H), 4.33 (s, 2H), 4.17 (s, SH)

The rest of the mixture (1.2 g, mostly cis- isomer) recovered from the filtrate
was treated with 0.01 eq. of I; in refluxing toluene under N, atmosphere for 1 hour but
failed to give pure trans- product.

4.13  Preparation of (E)-5'-ferrocenylvinyl-2,2"-bithiophene-5-carbaldehyde

S S s S
Br HC N
\ N\ ro IBuli DMF © VaY
< THF,-78°C  -78°C-0°C-rt.

Fe
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To a cooled (-78 °C) solution of trans-5’-bromo-5-(2-ferrocenylvinyl)-2,2’-
bithiophene (1.9 g, 4.2 mmol) in 30 mL of THF was added dropwise 2.6 mL of n-
butyllithium (1.6M in hexane, 4.2 mmol). The mixture was stirred for 15mins,
allowing the temperature to rise to -50 °C, then cooled again to -78 °C. After dropwise
addition of anhydrous DMF (0.33 mL, 4.2 mmol), the reaction temperature was
allowed to rise slowly to 0°C in 3 hours and TLC indicated the reaction was finished.
The mixture was poured into iced water and extracted with dichloromethane, which
was then washed with water (2x30 mL) and dried over MgSQOs. After a short column
chromatography (silica, 1:6—1:2 dichloromethane/ petroleum ether) 1.5 g of pure
aldehyde was obtained as a violet solid (88%).

'H NMR (500 MHz, CDCl3) 6 9.85 (s, 1H), 7.67 (d, 1H, J=3Hz), 7.24 (d, 1H, J=4Hz),
7.16 (d, 1H, J=4Hz), 6.95 (d, 1H, J=16Hz), 6.71-6.68 (m, 2H), 4.48 (s, 2H), 4.36 (s,
2H), 4.19 (s, 2H)

4.14  Preparation of 1,2,6-trimethylpyridinium iodide

| N CHgl | N
N/ r.t ﬁ/_

Methyl iodide (10 mL, 0.16 mol) was added dropwise to a solution of 2,6-
lutidine (10.7 g, 0.1 mol) in dichloromethane at 0 °C. After stirring at room
temperature overnight, the solvent was evaporated to give a white solid which was
recrystallized in methanol to give 16 g of product as white needles (64%).

4.15  Preparation of 1,2,4,6-tetramethylpyridinium iodide

N CH4l B
N~ O\ CHoCly, 1t N

Methyl iodide (14.2 mL, 0.23 mol) was added dropwise to 2,4,6-collidine
(10.6 mL, 0.08 mol) at 0 °C. After stirring at room temperature overnight, solids
precipitated from the solution were filtered, washed several times with

dichloromethane and recrystallized in methanol to give 15 g of product as white
needles (71%).

4.16  Preparation of 2,6-bis((E)-2-(2,2'-bithiophen-5-yl)vinyl)-1-methylpyridinium
S S\, ~CHO N K,CO | S
+ Do .S S NS
2\/ \ l,‘\‘l/ methanol, r.t. \/ N\ // o N \ \/
[~
Bithiophenealdehyde (0.582 g, 3 mmol), 1,2,6-trimethylpyridinium iodide

(0.249 g, 1 mmol) and potassium carbonate (0.276 g, 2 mmol) were added into 30 mL
of anhydrous methanol. The mixture was stirred at room temperature for 4 hours and
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TLC indicated that the reaction was finished. After a column chromatography (silica,
1:10 methanol/DM) 0.13 g of product was obtained as a red solid (22%).

'H NMR (500 MHz, DMSO-dg) & 8.36 (t, 1H, J=8Hz, H-4 of pyridinium), 8.20 (d, 2H,
J=8Hz, H-3 and H-5 of pyridinium), 7.93 (d, 2H, J=16Hz, trans -HC=), 7.61 (d, 2H,
J=5Hz, bithiophene), 7.58 (d, 2H, J=5Hz, bithiophene), 7.45(d, 2H, J=3Hz,
bithiophene), 7.41 (d, 2H, J=4Hz, bithiophene), 7.29 (d, 2H, J=16Hz, tans —HC=),
7.15 (t, 2H, J=5Hz, bithiophene), 4.24 (s, 3H, N'-Me)

3C NMR (125 MHz, DMSO-de) & 152.78, 142.50, 140.35, 138.61, 135.80, 134.77,
133.02, 128.61, 126.89, 125.34, 125.11, 123.33, 117.21, 41.45 (N"-Me)

MS , m/z: 475 ([M-I+1]", calc. 475), 426, 280, 249(base peak)

Anal. Calcd for CosHpoNS4I: C 51.91, H 3.35, N 2.33. Found: C 51.74, H 3.840, N
2.2717.

UV (DMF) Apax: 464.00 nm

4.17  Preparation of 2,4,6-tris((E)-2-(2,2'-bithiophen-5-yl)vinyl)-1-
methylpyridinium iodide

S S\ -CHO A piperidine
sQ T\
+ _ methanol/chloroform, reflux

Bithiophenealdehyde (0.194 g, 1 mmol, 4 eq.), 1,2,4,6-tetramethylpyridinium
iodide (0.066 g, 0.25 mmol) and 5 drops of piperidine were added into a mixture of 30
mL of anhydrous methanol and 10 mL of chloroform. The mixture was refluxed for
12 hours and TLC indicated that the reaction was finished. After a column
chromatography (silica, 1:10 methanol/chloroform) 0.176 g of product was obtained
as a deep red solid (89%).
'H NMR (500 MHz, DMSO-de) & 8.29 (m, 3H, H-3 and H-5, p-HC=), 7.98 (d, 2H,
J=16Hz, o- HC=), 7.63 (t, 3H, J=5Hz, bithiophene), 7.58 (d, 2H, J=4Hz, bithiophene),
7.46-7.42 (m, 5H, bithiophene), 7.39 (d, 1H, J=4Hz, bithiophene), 7.24 (m, 3H, 2H of
0-HC= and 1H of bithiophene), 7.19-7.14 (m, 3H, bithiophene), 7.05 (d, 1H, J=16Hz,
p-HC=), 4.13 (s, 3H, N'-Me)
BC NMR (125 MHz, DMSO-ds) & 151.92, 140.03, 139.40, 139.38, 139.00, 138.61,
135.75, 135.72, 134.10, 132.80, 128.63, 126.87, 125.31, 125.25, 125.02, 119.10,
117.33, 40.54 (N"-Me)
MS , m/z: 663 ([M-I-1]", calc. 663), 473 (base peak), 127

4.18 Preparation of  I-methyl-2,6-bis((E)-2-(5-(E)-ferrocenylvinyl-thiophen-2-
vl)vinyl)pyridinium iodide
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piperidine, = -
methanol/chloroform, |®
reflux, 4hs

To a 100-mL flask equipped with a condenser, 31 mg (0.12mmol) of 1,2,6-
trimethyl pyridinium iodide, 150 mg (0.37mmol, 3 eq.) of trans-5-(2-ferrocenyl-
vinyl)-2-carbaldehyde-thiophene, 30 mL of anhydrous chloroform, 10 mL of
anhydrous methanol and 2 drops of piperidine were added. After refluxing for 4 hours
under N, atmosphere, the solution was cooled to room temperature. The solvent was
evaporated and the residue was passed through a column chromatography (silica, 1:15
methanol/dichloromethane) to give 84 mg of all trans- product as a dark violet solid
(79%).

'H NMR (500 MHz, DMSO-d¢) & 8.34 (t, 1H, J=8.1Hz, H-4 of pyridinium), 8.20 (d,
2H, J=8Hz, H-3 and H-5 of pyridinium), 7.97 (d, 2H, J=15.5Hz, trans HC=), 7.51 (d,
2H, J=3.7Hz, thiophene), 7.21 (d, 2H, J=15.5Hz, trans HC=), 7.16 (d, 2H, J=3.7Hz,
thiophene), 7.03 (d, 2H, J=15.8Hz), 6.88 (d, 2H, J=15.8Hz, trans HC=), 4.63 (s, 4H),
4.40 (s, 4H), 4.21 (s, 3H, N'-Me), 4.17 (s, 10H).

C NMR (125MHz, DMSO-d) & 152.67, 147.32, 137.42, 135.04, 133.47, 130.32,
126.27, 122.68, 118.62, 116.29, 81.87, 69.63, 69.12, 67.16, 41.25

4.19  Preparation of [-methyl-2,4,6-tris((E)-2-(5-(E)-ferrocenylvinyl-thiophen-2-
vlvinyl)pyridinium iodide

3 Fe

piperidine,
methanol/chloroform,
reflux, 24hs

To a 100-mL flask equipped with a condenser, 49 mg (0.19mmol) of 1,2,4,6-
trimethyl pyridinium iodide, 180 mg (0.56mmol, 3 eq.) of trans-5-(2-ferrocenyl-
vinyl)-2-carbaldehyde-thiophene, 25 mL of anhydrous chloroform, 10 mL of
anhydrous methanol and 4 drops of piperidine were added. After refluxing for 24
hours under N, atmosphere, the solution was cooled to room temperature. The solvent
was evaporated and the residue was passed through a column chromatography (silica,
1:20 methanol/dichloromethane) to give 80 mg of all trans- product as a dark violet
solid (33%).

'H NMR (300 MHz, DMSO-de) & 8.29 (s, 2H, H-3 and H-5 of pyridinium), 7.95 (d,
2H, J=15.5Hz, trans HC=), 7.49 (d, 2H, J=3.7Hz, thiophene), 7.37 (d, 1H, J=4.1Hz,
thiophene), 7.21-7.16 (m, SH), 7.03(d, 4H, J=15.8Hz, trans HC=), 6.90-6.83 (m, 4H),
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4.63 (s, 6H, CH, of Cp), 4.40 (s, 6H, CH, of Cp), 4.17 (s, 15H, CH, of Cp), 4.11 (s,
3H, N"-Me)

4.20  Preparation of I-methyl-2,6-bis((E)-2-(5"-(E)-ferrocenylvinyl-2,2'-bithiophen-
S-vl)vinyl)pyridinium iodide

piperidine,
methanol/chloroform,
reflux

To a 50-mL flask equipped with a condenser, 60 mg (0.24 mmol) 1,2,6-
trimethyl pyridinium iodide, 200 mg (0.50 mmol) (E)-5'-ferrocenylvinyl-2,2'-
bithiophene-5-carbaldehyde, 30 mL of anhydrous chloroform, 10 mL of anhydrous
methanol and 2 drops of piperidine were added. After refluxing overnight under N,
atmosphere, the solution was cooled to room temperature. The solvent was evaporated
and the residue was passed through a column chromatography (silica, 1:20—1:10
methanol/dichloromethane) to give 120 mg of all trans- product as a deep violet solid
(49%).

"H NMR (500 MHz, DMSO-dg) & 8.34 (t, 1H, J=8Hz, H-4 of pyridinium), 8.19 (d, 2H,
J=9Hz, H-3 and H-5 of pyridinium), 7.96 (d, 2H, J=15Hz, HC=), 7.58 (d, 2H, J=4Hz),
7.40 (d, 2H, J=4Hz), 7.35 (d, 2H, J=4Hz), 7.26 (d, 2H, J=16Hz, HC=), 7.07 (d, 2H, J=
3Hz), 6.94 (d, 2H, J=16Hz, HC=), 6.74 (d, 2H, J=16Hz, HC=), 4.60 (s, 4H, Fc), 4.37
(s, 4H, Fc), 4.24 (s, 3H, N"-Me), 4.17 (s, 10H, Fc)

BC NMR (125MHz, DMSO-de) & 153.13, 147.56, 144.30, 141.01, 138.90, 135.18,
133.93, 133.40, 129.03, 126.77, 126.73, 125.36, 123.55, 119.07, 117.47, 84.53, 69.84,
69.58, 67.43,41.91

4.21  Preparation of 1-methyl-2,4,6-tris((E)-2-(5'-(E)-ferrocenylvinyl-2,2'-
bithiophen-5-yl)vinyl)pyridinium iodide
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piperidine,

methanol/chloroform,
reflux

To a 50-mL flask equipped with a condenser, 60 mg (0.24 mmol) of 1,2,6-
trimethyl pyridinium iodide, 277 mg (0.69 mmol) of (E)-5'-ferrocenylvinyl-2,2'-
bithiophene-5-carbaldehyde, 30 mL of anhydrous chloroform, 10 mL of anhydrous
methanol and 7 drops of piperidine were added. After refluxing for 48 hours under N,
atmosphere, the solution was cooled to room temperature. The solvent was evaporated
and the residue was passed through a column chromatography (silica, 1:20
methanol/dichloromethane) to give 110 mg of all trans- product as a black-violet solid
(34%).

"H NMR (300 MHz, DMSO-d) & 8.30 (s, 2H, H-3 and H-5 of pyridinium), 7.98 (d,
2H, J=15.8Hz, trans HC=), 7.60 (d, 2H, J=3.7Hz), 7.46-7.36 (m, 6H), 7.26 (d, 2H,
J=15.1Hz, trans HC=), 7.10 (d, 3H, J=4.1Hz), 6.98 (t, 3H, J=15.8Hz), 6.77 (t, 3H,
J=15.8Hz), 4.60 (s, 6H), 4.37 (s, 6H), 4.16 (s, 15H), 4.14 (s, 3H, N"-Me)

C NMR (75MHz, DMSO-dg) & 143.72, 140.27, 139.78, 139.12, 138.48, 134.00,
132.93, 132.92, 129.57, 128.47, 126.25, 126.24, 124.83, 118.57, 82.20 (CH of Cp),
69.33 (CH, of Fc), 69.07 (Cp of Fc), 66.92 (CH, of Cp), 45.70 (N"-Me)
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