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ABSTRACT

This thesis in seven chapters describes the dynamic covalent chemistry of imines on the
interplay between motional, reactional and constitutional dynamic of molecules.

The introductory chapter defines the terms used throughout the thesis, such as different
types of molecular dynamics. It gives an outline of the phenomena discussed in the thesis in different
fields and discusses the concept of reversibility with particular attention to the imine bond. It also
briefly reviews some general properties and applications based on the imine linkage.

Second chapter describes the initial screening of available aldehydes. Dynamic covalent
chemistry based functional systems employing the reversible imine bond require three basic
features: 1) fast rate of formation of the imine bond, 2) conversion to imine as high as possible, 3)
fast rate of exchange of the components. This leads to important question “What are the best
reagents to form imines?” First, thermodynamic parameters were examined, i.e. the conversion of
the aldehyde to its corresponding imine was determined, addressing the need for high conversion in
DCC systems. Small library of 19 aromatic aldehyde derivatives was chosen, containing several
different substituents on several (hetero)aromatic rings. This library was titrated with amine and the
relative conversion to imines was followed by NMR. This screening gave two hits: pyridine-2-
carboxaldehyde (expected due to electron-withdrawing character of the pyridine ring) and
salicylaldehyde (unexpected because of electron donating properties of the hydroxyl group). This was
explained due to presence of a strong intramolecular OH...N hydrogen bond. The kinetic parameters
are relevant to the need of fast rate of formation and fast rate of response to applied stimuli.
Therefore the kinetics of imine formation and imine exchange were determined for the identified
aldehyde hits and a few other derivatives for comparison, in various media. The Hammett plot for
different salicylaldehyde derivatives substituted in position 5 (meta to carbonyl function, para to the
OH group) was constructed.

Third chapter describes an interesting behaviour observed in the case of salicylaldehyde
reacted with ethylenediamine. Fast intramolecular imine exchange reaction through aminal
intermediate leads to methylene signal broadening. This process can be observed for many different
aldehydes as it was revealed by the Dynamic NMR (DNMR) techniques (variable temperature NMR,
line-shape fitting analysis, EXSY), but the composition of the mixture varies: while salicylaldehyde
gives only imines, pyridine-2-carboxaldehyde gives mixture of its imine and cyclic aminal with ratio
dependent on diamine length and pH. Thus the DNMR of pyridine-2-carboxaldehyde reacted with
ethylenediamine clearly proves the mechanism of the intramolecular exchange via the formation of a
cyclic aminal intermediate. For salicylaldehyde, the exchange process can be described as end-to-end
displacement. Temperature profiling followed by line-shape fitting analysis allowed evaluation of the
activation parameters of this process from the Eyring equation. The rate of the exchange depends on
the substitution on the aromatic ring and also the diamine length plays an important role due to the
formation of a cyclic intermediate. The phenomenon of the end-to-end displacement was extended
from simple a,w-diamines to linear ethyleneimine oligomers, like diethylenetriamine and
triethylenetetraamine. Like in the previous case, salicylaldehyde reacted with polyamines gives only
the imine, which is convenient for the analysis. Using EXSY, the rate of the end-to-end exchange can
be determined; since this rate is independent of concentration and mixing ratio, the displacement
process is intramolecular. For longer ethyleneimine oligomers, the rate of the intramolecular




exchange falls below the rate of the intermolecular one and cannot be determined. The
displacement proceeds through reversible formation of cyclic aminal intermediates with secondary
nitrogen atoms on the track. The intramolecular exchange was also studied on branched and cyclic
ethyleneimine oligomers. The displacement process can be seen as small molecule walking along a
polyamine track, a synthetic analogy to the biological walkers like the kinesin motor. In this
perspective the challenging goal of directional small-molecule walker was studied. Among several
possibilities, the pH driven displacement was chosen to explore, profiting from the ability of the 2-
carboxybenzaldehyde to close a lactone ring on a secondary nitrogen atom. To achieve directional
walking, the track must be oriented, i.e. one end must be different than the other. For this purpose,
hydroxylamine terminated polyamines were synthesized and used to prove the concept of
directional walking.

Chapter four develops the selectivity of aldehydes in formation of different condensation
products with amines into an area of dynamic reaction selectivity. The selectivity of different
aldehyde derivative in reaction with different amines represents a selection algorithm, or a self-
sorting mechanism, driven by the complexity of the reaction mixture. Initially, a theoretical approach
for quantification of the selection efficiency was developed using an algebraic representation of DCC
libraries and demonstrated on the examples of selection in the literature. This approach was then
extended to the complexity driven selection and demonstrated on the example of three different
aldehydes reacted with three different amines. If all three aldehydes and amines are mixed together,
only three matching-pair products are formed. However, high selectivity is achieved only if all
reagents are present. If one or more of them are missing the selectivity is decreased, lost or even in
some cases inverted. Full deconvolution of this example of complexity driven selection consisting of
mixing all combinations of reagents was performed and discussed. This feature of complexity-driven
selection was called simplexity. Finally, the dynamic reaction selectivity of aldehydes and amines was
applied to the sequential selective derivatization of polyamines using aldehydes as protecting groups.
The selective formation of imine, aminal or lactone derivatives allows to address specific nitrogen
sites and to attach different acyl or alkyl residues. This was demonstrated on selective sequential on
pot attachment of different acyl residues on a diamine.

Chapter five is devoted to the study of the dynamic nature of the imine bond at the solid-
liquid interface using STM and was elaborated in cooperation with Dr. Artur Ciesielski, Dr. Mohamed
El Garah and Sébastien Haar. Initially, a series of bis-imines formed by condensation of three a,w-
diamines with two equivalents of 4-hexadecyloxybenzaldehyde were prepared. These bis-imines
form similar lamellar structures on the HOPG surface differing only in the distance between the
aromatic rings. In the next step, these structures were formed by in situ condensation on the surface.
In all cases, very fast full surface coverage by desired molecules was achieved. In cross-check
experiments the same reactions were performed in NMR tube without the graphite and followed. It
was found that the rate of the reaction at the surface is accelerated by approximately four orders of
magnitude. In the following experiments the layer of one bis-imine was mixed with a competing
diamine. The layer undergoes easy and fast reconstitution to give uniquely structures containing the
longest a,w-diamines chain available in the solution. Like in the case of layer formation, the exchange
reactions were cross-checked by NMR and, in addition to significant rate acceleration, surface-
induced amplification of bis-imine species with the longest spacer was observed.

Chapter six gives general conclusions and summarizes the partial conclusions following each
chapter. Chapter seven consists of experimental part, providing crucial experimental data, processing
details and synthetic procedures as well as characterization of the synthetized products.



ABBREVIATIONS

A 4-hexadecyloxybenzaldehyde

A Angstrom, 10 m

A;B2 N-(4-hexadecyloxybenzylidene)-1,2-diaminoethane
A,B6 N-(4-hexadecyloxybenzylidene)-1,6-diaminohexane
A;B12 N-(4-hexadecyloxybenzylidene)-1,12-diaminododecane
A,B2 N,N’-bis(4-hexadecyloxybenzylidene)-1,2-diaminoethane
A,B6 N,N’-bis(4-hexadecyloxybenzylidene)-1,6-diaminohexane
A,B12 N,N’-bis(4-hexadecyloxybenzylidene)-1,12-diaminododecane
AcOH acetic acid

B2 ethylenediamine, 1,2-diaminoethane

B6 hexamethylenediamine, 1,6-diaminohexane

B12 1,12-diaminododecane

BENZAL benzaldehyde

Boc t-butyloxycarbonyl

bp boiling point

brs in NMR, broad signal

C,DA! ethylenediamine, 1,2-diaminoethane

CsDA propylenediamine, 1,3-diaminopropane

C,DA putrescine, 1,4-diaminobutane

C;DA cadaverine, 1,5-diaminopentane

CsDA 1,8-diaminooctane

calc. calculated

CAXAL 2-carboxybenzaldehyde

Cbz benzyloxycarbonyl

CDC constitutional dynamic chemistry

cyclen 1,4,7,10-tetraazacyclododecane

d in NMR, doublet

DBU 1,8-diazabicyclo[5.4.0Jundec-7-ene

DCC dynamic covalent chemistry

DCL dynamic combinatorial library

DCM dichloromethane

DMF N,N-dimethylformamide

DMSO dimethylsulfoxide

dd in NMR, doublet of doublets

dt in NMR, doublet of triplets

E electrophile

EA elemental analysis

ED electron-donating

EWG electron-withdrawing group

EXSY NMR exchange spectroscopy

! The abbreviation C,DA is a duplicate of the B2. This duplicity was created to keep consistent with
nomenclature chosen in two different publication manuscripts, and here reported in two separate chapters.
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RESUME

Ce travail de these se divise en sept chapitres et décrit la chimie covalente dynamique des
imines, a linterface entre mouvement moléculaire, sélectivité réactionnelle et dynamique
constitutionnelle des molécules.

Les systémes fonctionnels basés sur la Chimie Covalente Dynamique (CCD) utilisant une
liaison imine réversible doivent présenter trois caractéristiques : 1) la formation rapide de la liaison
imine, 2) une conversion vers la formation de I'imine élevée, 3) un échange rapide entre les
composants. Les deux premiéres caractéristiques sont nécessaires a la construction rapide du
systeme dynamique tout en obtenant un rendement élevé. Le troisiéme point permet d’obtenir une
réponse rapide aux stimuli appliqués. Regroupées, ces trois propriétés engendrent un controle
thermodynamique efficace du systeme. Ces critéres nous aménent a la problématique suivante :
“Quels sont les meilleurs réactifs permettant de synthétiser des imines ?“ La nucléophilie des amines
a été largement étudiée et cette propriété est aujourd’hui bien décrite dans la plupart des manuels
de chimie. En revanche, les données portant sur I’électrophilie des aldéhydes sont rares. Les amines
sont également plus présentes dans la nature que les aldéhydes. Pour cette raison, I'utilisation de la
chimie dynamique des imines dans les biosystémes offre la possibilité de travailler seulement sur le
composé aldéhydique, lequel peut étre modifié et dérivatisé.

Le premier chapitre de ce travail de thése introduit et définit les termes utilisés dans ce
manuscrit, tels que les différents types de dynamiques moléculaires (dynamique constitutionnelle
présentée en Figure 1, mouvement moléculaire en Figure 2 et sélectivité réactionnelle en Figure 3). Il
apporte également un apercu des phénomeénes observés au cours de cette thése dans les différents
domaines abordés.

a)
X, Xy -0
N + /O\NHZ . ©ﬁN . \NHZ
b)
PAAN /R H —_— PAAN /RI - H
RSs + RS RSs + RS

Figure 1. Deux exemples de dynamique constitutionnelle : a) réaction d’une imine avec la méthoxyamine pour obtenir une
oxime et I'amine libérée ; b) échange dynamique d’'un disulfure avec un thiol menant a un nouveau disulfure. La
dynamique constitutionnelle covalente est décrite comme un processus d’échange d’une partie de la molécule. Ceci
s’effectue par dissociation d’une liaison covalente et reformation de celle-ci avec un autre composant.
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Figure 2. (Gauche) Exemple de mouvement moléculaire non-directionnel entre une molécule de corannuléne et un atome
de ruthénium. L'atome de ruthénium peut se déplacer facilement parmi les cycles aromatiques conjugués menant a un
systeme fluxionnaire. (Droite) Déplacement monodirectionnel permettant le transport d’'un cargo, ici démontré par le
mouvement d’une molécule de kinésine sur un microtubule cellulaire.

. @

(\5\\\0(\
©

condition 2
+ —_— i E +
Co,
/707.
(7
%\

Figure 3. Représentation de dynamiques réactionnelles : un mélange de réactifs méne a des produits différents en fonction
des conditions utilisées pendant la réaction. Si les liaisons formées sont réversibles, les produits peuvent se redistribuer
pour s’adapter aux changements des conditions. Cette adaptation aux conditions est rendue possible grdce a un réseau de
réactions connectant tous les composants.

+

Le second chapitre décrit les premiéres études menées sur le panel des aldéhydes
disponibles. Dans un premier temps, les paramétres thermodynamiques sont examinés, et plus
particulierement la transformation des aldéhydes en imines correspondantes, abordant ainsi
I'importance du taux de conversion dans la CCD. Un petit ensemble composé de 19 aldéhydes
aromatiques a été choisi pour ce travail. Ce groupe, qui contient des cycles hétéroaromatiques
greffés par différents substituants, a été divisé en 5 sous-groupes (chaque sous-groupe contient le
benzaldéhyde, étudié de maniére approfondie et utilisé comme référence) pour faciliter I'analyse.
Chaque sous-groupe a été titré par une amine et la conversion relative en imine a été suivie par
RMN.
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Figure 4. Bibliothéques des aldéhydes étudiés, divisées en quatre groupes. Différents aldéhydes aromatiques présentant
différents substituants ont été étudiés pour découvrir les deux aldéhydes les plus attractifs en CCD : le salicylaldéhyde et le
pyridine-2-carboxaldéhyde.

A l'issue de cette étude, deux molécules ont été sélectionnées : le pyridine-2-carboxaldéhyde
(résultat attendu, en raison du caractére électroattracteur du cycle pyridine) et le salicylaldéhyde
(résultat surprenant si I'on considére le caractére électrodonneur du groupe hydroxyle). Les
salicylaldimines forment de fortes liaisons hydrogenes intramoléculaires OH---N, mises en évidence
par les mesures de RMN (décalage du proton du groupement OH de 10,5 a 14 ppm), les mesures en
UV-VIS (bande d’absorption a 406 nm) et par les expériences de cinétiques (voir plus bas). Ces
liaisons intramoléculaires sont également décrites dans la littérature.

N OH o-H
Figure 5. Les deux aldéhydes les plus intéressants en CCD sont le salicylaldéhyde (au milieu) et le pyridine-2-
carboxaldéhyde (a gauche). La présence d'une liaison hydrogéne favorise la formation des imines a partir de

salicylaldéhyde (a droite). C’est aussi grdce a cette liaison hydrogéne que les imines de salicylaldéhyde sont plus stables et
I’échange de la partie amine est plus lent par rapport aux autres aldéhydes étudiés.

L'étude des parametres cinétiques est cruciale pour I'obtention de vitesses de formation et
de réponse aux stimuli élevées. Pour cette raison, les cinétiques de formation et d’échange des
imines ont été déterminées pour les aldéhydes sélectionnés ainsi que pour d’autres aldéhydes a titre
de comparaison, dans différents milieux. Nous avons découvert que la liaison hydrogéne
intramoléculaire de la salicylaldimine induit I'augmentation de la vitesse de formation de I'imine,
mais diminue sa vitesse d’échange. En particulier, la constante de vitesse de formation de I'imine
dans le chloroforme a partir du salicylaldéhyde est dix fois plus grande qu’a partir du benzaldéhyde.
De maniére surprenante, ceci montre que le groupement OH induit une accélération de la réaction,
méme par rapport au groupement p-nitro étudié dans la bibliothéque. Dans un mélange eau-
acétonitrile (3:7 v/v), la cinétique de formation de I'imine a partir du salicylaldéhyde n’est plus que
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16 % plus élevée qu’a partir du benzaldéhyde. Cependant, la conversion est maintenue a 77 % pour
le salicylaldéhyde alors qu’elle est de 20 % pour le benzaldéhyde. Le ralentissement de la réaction
d’échange de I'imine due a la liaison hydrogéne intramoléculaire se manifeste a la fois dans le
chloroforme ainsi qu’en milieu aqueux. Dans le chloroforme, la constante de vitesse diminue d’'un
facteur 3. Dans un mélange eau-acétonitrile, seule la constante de vitesse de formation de la
salicylaldimine peut étre mesurée. En effet, elle se révéle trop rapide pour étre évaluée dans le cas

de la benzaldimine.
k \N/\/
_— + H,O
ACN/W

~0 A~
+ H,N

Aldéhyde Parameétre Valeur
Z 5
DRI T : (=K) (24.29 i709.282)/0- (126123 mol™s™
p-nitrobenzaldéhyde A= (=K) (27.92 fgé;/)o _qgf’f)mol.l =
el el el Y (=K) (18.47 ig (3;:360/)0 -(13121 E)mol'l st
pyridine-2-carboxaldéhyde (:K) (29.22 J_rgoﬁtzst))/o- (156'3233 mol? s
pyridine-d-carboxaldéhyde /=< (=K) (67.56 J_rgo?.solt)%- (1862’93 mol™ s

Figure 6. Constantes de vitesse de formation d'une imine par réaction d'un aldéhyde avec la propylamine dans un
mélange acétonitrile-eau (7:3 v/v) ; le pH étant fixé a 8,73 en utilisant un tampon de triéthanolamine (valeur de pH non-
corrigé pour l'effet isotopique de deutérium). Deux paramétres importants sont donnés : la conversion (x, aussi présentée
comme la constante d’équilibre K) et la constant de vitesse (k).

La courbe de Hammett a été tracée pour différents dérivés de la salicylaldéhyde substitués
en position 5 (en meta de la fonction carbonyle et en para du groupement OH). Le tracé de la courbe
est en accord avec la constante 6,, montrant ainsi I'importance du groupe OH dans la cinétique des
réactions de la salicylaldimine.

X o k X SN
C@ fOHNTT e CC
OH ’ OH

X=  k=[Lmol!s1]
H (3.83+0.06)-107
CHO (7.55+0.02)-10™"
Cl  (5.76 +0.01) - 107
Br (6.67+0.02)-107
OH (1.56+0.04)-107
NO, 4.48 +0.01

Figure 7. Constantes de vitesse de la réaction du salicylaldéhyde présentant différents substituants avec la propylamine.
Les substituants riches en électrons diminuent la vitesse de la réaction, et a l'inverse les substituants électroattracteurs
augmentent cette méme vitesse.

13



La courbe de Hammett: log (ks/kH)
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Figure 8. Courbe de Hammett qui explique le réle des substituants greffés sur la molécule de salicylaldéhyde. Une
corrélation a été observée uniquement avec les constantes op et non pas avec les constantes om. Ceci indique que l'effet
électro-donneur ou attracteur se propage par conjugaison au groupe hydroxyle et que cet effet est plus important que
leffet du groupe carbonyle. Cette expérience prouve le réle crucial de groupe hydroxyle sur la réactivité du
salicylaldéhyde.

Le troisieme chapitre résume I'état de I’art concernant les petites molécules motrices
synthétiques ainsi que les machines moléculaires en général. Le travail décrit le comportement
intéressant de la réaction entre le salicylaldéhyde et I'éthylénediamine. La réaction d’échange
intramoléculaire de I'imine via la formation I'intermédiaire aminal est rapide et conduit ainsi a un
élargissement des signaux méthyléne en RMN. Ce phénoméne a été observé pour de nombreux
aldéhydes et mis en évidence par des techniques de RMN Dynamique (DRMN, RMN a température
variable, I'analyse d’ajustement au modeéle théorique, EXSY). Cependant, la composition du mélange
varie : alors que le salicylaldéhyde ne donne que I'imine, la pyridine-2-carboxaldéhyde conduit a un
mélange d’imine et d’aminal cyclique dont le rapport dépend de la longueur de la diamine et du pH.
Ainsi, la DRMN de la réaction entre le pyridine-2-carboxaldéhyde et I'éthylénediamine prouve que le
mécanisme d’échange intramoléculaire se fait via la formation d’un intermédiaire de type aminal
cyclique. Dans le cas de le salicylaldéhyde, le processus d’échange peut étre décrit selon un
déplacement d’un bout a I'autre.

OH OH HO
’ N ¢

| — \ — |

N NH2 k' HN k H2N N

Figure 9. Mouvement intramoléculaire découvert dans la réaction du salicylaldéhyde avec I'éthylenediamine et d’autres
diamines aliphatiques. Le groupe salicyl se déplace sur deux atomes d’azote formant ainsi une structure cyclique d’aminal
intermédiaire. Le déplacement est non-directionnel car la diamine est totalement symétrique.

La vitesse de I'échange est indépendante du ratio du mélange ainsi que de la concentration,
ce qui prouve sa nature intramoléculaire. Elle est également indépendante du pH dans la gamme 9-
12. Le profil de température de 15°C a 75°C confirmé par un ajustement sur le modele théorique
permet I"évaluation des parametres d’activation du processus a partir de I’équation de Eyring (pour
le salicylaldehyde AH* = 38.840.5 kJ mol™, AS* = 66.0+1.5 J mol™ K™).
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Figure 10. Régression linéaire de I'équation d’Eyring pour la vitesse de déplacement intramoléculaire dans la réaction du
salicylaldéhyde avec I'éthylenediamine dans un mélange acétonitrile-eau (7:3 v/v). Les résultats et les paramétres de
régression sont indiqués, notamment les valeurs expérimentales (points noirs), la régression (ligne rouge) et les
intervalles de confiance dans un niveau a=0.05 (ligne bleue). Le coefficient de détermination R2 est de 0.9935.

La vitesse de I"’échange dépend de la substitution du cycle aromatique et le ratio entre les
vitesses d’échange de deux aldéhydes dérivés peut étre inversée par la température. Par exemple, le
5-hydroxysalicylaldéhyde a une vitesse d’échange plus grande que le dérivé 4-hydroxy jusqu’a 30°C.
Au-dela, la vitesse d’échange du 4-hydroxy est plus grande. La longueur de la diamine joue
également un réle important en raison de la formation du cycle intermédiaire et donc la vitesse
d’échange d’un bout a l'autre diminue de 360 Hz pour I'’éthylénediamine, a 190 Hz pour la
propylénediamine et a 10 Hz pour la putrescine. Pour les diamines présentant une distance plus
longue entre les groupes amino, la vitesse d’échange intermoléculaire est supérieure au procédé
intramoléculaire. Ainsi, seul le procédé intermoléculaire est observé.

H,N-(CH.),-NH; n= 2 3 4 5
, ) intra 365 187 10 -M
salicylaldehyde inter JB022 - 032
intra 0.17 05 14 0.60
Pyridine-2-carboxaldéhyde  Ouverture d’aminalr’ 044 1 -€ .
_ e _ e

Reformation d’aminalr 1.35 74

Tableau 1. La vitesse de déplacement intramoléculaire pour les deux aldéhydes les plus intéressants a été étudiée pour
différentes diamines en fonction de la distance entre les atomes d’azotes. La vitesse de ce processus diminue avec cette
distance entre les atomes d’azotes. Dans le cas du salicylaldéhyde, le processus d’échange intermoléculaire a été aussi
observé et dans certains cas, la vitesse de ce processus a été déterminée (note a : processus observé mais n’ayant pas pu
étre quantifié). Dans le cas de la cadaverine, le processus de déplacement intramoléculaire ne peut pas étre observé car le
processus d’échange intermoléculaire est plus rapide masquant donc les processus plus lents (note b). Dans le cas du
pyridine-2-carboxaldéhyde, le produit majoritaire de la réaction est I'aminal. Cependant, cet aminal est présent dans un
équilibre dynamique avec la fonction imine et donc la vitesse de déplacement intramoléculaire a pu étre déterminée par
une expérience EXSY. La vitesse de déplacement est cependant calculée a partir de la vitesse d’ouverture de cycle aminal
et la vitesse de reformation de ce cycle. Dans le cas des diamines plus longues, comme la putrescine et la cadaverine, cet
aminal cyclique n’est pas observé (les cycles comportant sept ou huit atomes se formant moins facilement), ainsi les
processus de déplacement ont pu étre déterminés directement (note c).
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Le phénomeéne de déplacement d’un bout a I'autre a été étendu des a,w-diamines simples
aux oligomeres éthyleneimine, comme la diéthylenetriamine et la triéthylenetetramine. Comme
dans le cas précédent, la réaction entre le salicylaldéhyde et le polyamine conduit seulement a une
imine, ce qui se révele pratique pour I'analyse. En utilisant I'EXSY, la vitesse d’échange d’un bout a
I'autre peut étre déterminée. Puisque la vitesse est indépendante de la concentration et du ratio
entre réactifs, le processus de déplacement est intramoléculaire. Pour des oligoméres éthyléneimine
plus longs, la vitesse de I'échange intramoléculaire devient inférieure a la vitesse de I'échange
intermoléculaire et ne peut donc pas étre mesurée. Le déplacement se déroule par la formation
réversible des intermédiaires cycliques avec les azotes secondaires sur le chemin polyamine. Lorsque
ces atomes d’azote sont remplacés par des groupes méthylenes, des atomes d’oxygéne ou des
azotes tertiaires, I’échange devient dépendent de la concentration et donc intermoléculaire.

OH HO
N N = N N

H
NH, H2N/\/N\/\N/\
HN HO NH
HO
_ y _
HZN\/\+/\/N\/\ [\
N NH, N N
/ — = HNT " NH,
OH
@)

Figure 11. Processus de déplacement intramoléculaire décrit pour les diamines et pouvant aussi étre appliqué sur les
chaines polyamines. Le salicylaldéhyde réagit avec le groupe amino terminal pour former une imine. Cette imine se
transforme en un aminal intermédiaire qui se déplace sur les atomes d’azote présents dans la chaine, formant un iminium
avec les amines secondaires.

De plus, afin de démontrer que le procédé s’effectue en une seule étape, la
triéthylenetétramine a été mise a réagir avec 3 équivalents de salicylaldéhyde pour donner une
structure bis-imine-aminale. Cette molécule a ensuite été traitée avec 1 équivalent de méthoxyamine
pour conduire a I’élimination d’un résidu salicylidéne terminal donnant une mono-imine-aminale. Le
dérivé aminal du salicylaldéhyde formé avec les deux atomes d’azote secondaires au centre de la
voie se réarrange pour donner une structure bis-imine thermodynamiquement favorisée. Enfin,
I'intermédiaire iminium formé pendant I'’échange entre aminals peut étre capturé sous forme de 2-
carboxybenzaldéhyde, qui est capable de former des lactones relativement stables. Ainsi, toutes les
étapes élémentaires de déplacements ont été identifiées et démontrées. L'échange intramoléculaire
a également été étudié sur des oligomeres éthyleneimine branchés (tris(2-aminoéthyl)amine, tren)
ou cycliques (cyclen, cyclam, hexacyclen).
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Figure 12. Démonstration de la capacité du salicylaldéhyde a effectuer un déplacement : ceci a été prouvé en utilisant un
composé formé par la réaction de la triéthylene tétramine avec trois équivalents de salicylaldéhyde. Le produit de cette
réaction comporte deux fonctionnes imines aux extrémités de la chaine et un aminal au milieu. Lors de I'ajout d’une
amine plus nucléophile, comme la méthoxyamine, une des fonctions imines est détruite, libérant I'amine primaire. Le
salicylaldéhyde préférant la forme imine a la forme aminal, il se déplace du milieu vers l'extrémité de la chaine. Les
atomes d’hydrogéne nommés H1-H5 présentent des signaux bien séparés en RMN, permettant donc l'observation de la
cinétique de ces déplacements.

Les processus de déplacement mentionnés ci-dessus peuvent étre vus comme de petites
molécules aldéhydiques marchant le long d’un chemin polyamine. Par analogie, on pourrait les
comparer aux molécules biologiques motrices, comme les kinésines, protéines capables de se
déplacer le long des microtubules. Dans cette perspective, il serait trés intéressant d’utiliser les
machines synthétiques pour pouvoir changer les déplacements aléatoires, purement Browniens, en
déplacements dirigés et mimer les molécules biologiques motrices. Dans notre cas, les déplacements
controlés par le pH ont été choisi, profitant de la propriété du 2-carboxybenzaldéhyde de fermer les
cycles lactone a 5 atomes sur I'atome d’azote secondaire.

COoH H,N  HN-R > o . CoO
@O + SN /N\/\N,R ~
R
H HN” N
-/
o)
o) 1
0 coor
OH O
[l+
~_N<
H,N R HQN/\/N\R

Figure 13. Un autre composé, le 2-carboxybenzaldéhyde, a été étudié pour la stabilisation de structures intermédiaires du
déplacement sur les atomes d’azote secondaires. La présence d’'un groupe carboxyle a proximité du groupe carbonyle
permet la formation d’une lactone. Ce processus a été démontré par RMN. Ceci a inspiré l'exploration vers un systeme de
déplacement intramoléculaire directionnel utilisant les chaines polyamine non-symétrique, comportant une fonction
amine primaire sur une extrémité et une fonction amine secondaire sur l'autre. La formation de lactone a été démontrée
comme étant contrélable par le pH : les valeurs de pH les plus élevées favorisent la formation de I'imine alors qu’un pH
neutre voire un peu acide méne a la formation de lactones.
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Pour obtenir un déplacement directionnel, le chemin doit étre orienté, c'est-a-dire que
I'extrémité d’un chemin doit étre différente de I'autre. Pour cette raison, des polyamines linéaires
possédant un groupe benzyle sur 'atome d’azote terminal ont été synthétisées. Dans le cas de la N-
benzyléthylenediamine, le carboxybenzaldéhyde réagit en conditions basiques (pH > 10) pour donner
I'imine. Diminuer le pH en dessous de 7 conduit aux déplacements intramoléculaires de résidus
aldéhydiques sur I'azote secondaire et donc a la fermeture du cycle lactone, alors que le groupe
amine primaire est protoné. Si I'on augmente a nouveau le pH jusqu’a 10, on induit I'ouverture
réversible du cycle lactone et la migration de I'aldéhyde jusqu’a I'azote terminal pour former a
nouveau l'imine. L'ouverture de la lactone se produit en milieu basique, tout comme I'hydrolyse d’un
ester. Cependant, 'utilisation de polyamines plus longues (comme la N-benzyldiéthylenetriamine ou
la N-benzyltriéthylenetetramine) a dans ce cas échoué en raison des petites différences de
nucléophilie et de basicité entre les atomes d’azote. Pour remédier a ce probléme, des dérivés
hydroxylamines ont été synthétisés. L’hydroxylamine est un nucléophile tres fort qui forme des
oximes trés stables en présence de composés carbonylés et I'échange requiert des conditions
difficiles. Cependant, le dérivé N,O-disubstitué de I’hydroxylamine ne peut pas former d’oxime et sa
basicité est faible comparée aux amines, bien qu’il soit toujours capable de former une structure
lactone avec le 2-carboxybenzaldéhyde.

H coor H
N e) DBU N 0
H OH TFA
H H
(0]

Figure 14. Schéma d’un systéme présentant un déplacement directionnel développé pendant ces travaux de thése. Un
aldéhyde présentant a la fois la fonction salicylaldéhyde et la fonction 2-carboxy-benzaléhyde peut réagir avec une
chaine polyamine terminée par une hydroxylamine. L'aldéhyde formé peut migrer entre la fonction lactone basée sur
I’hydroxylamine terminale et la fonction imine de I'amine primaire par ajout d’acide ou de base. Le déplacement est donc
directionnel et réversible. Il a été possible d’effectuer jusqu’a trois cycles d’addition d’acide et de base sans observer de
perturbation en RMN.

Le chapitre 4 développe la sélectivité des aldéhydes précédemment mentionnée avec les
amines pour la formation de différents produits de condensation dans le nouveau domaine de la
sélectivité dynamique réactionnelle. La bibliotheque CCD présente I'avantage unique de générer des
quantités importantes de produits variés sans avoir besoin de synthétiser les différentes molécules
grace a la réversibilité des connections entre les différents blocs. Cette incroyable complexité
générée in situ peut étre réduite en appliquant un stimulus qui permet de trier les especes pour n’en
garder que quelques-unes, comme cela a été démontré pour les imines triées par exemple grace a la
distillation. Dans ce cas, la bibliothéque d’imines se redistribue pour amplifier la formation de I'imine
avec la température de distillation la plus basse dans toutes les combinaisons possibles, alors que les
toutes les autres combinaisons des mémes réactifs sont diminuées. Ainsi, la distillation ne donne que
quelques imines, triées par température de distillation croissante. D’un autre c6té, la sélectivité de
différents aldéhydes réagissant avec différentes amines représente un algorithme de sélection dirigé
par la complexité du mélange réactionnel.

Initialement, I'approche théorique pour quantifier I'efficacité de la sélection a été
développée en utilisant la représentation algébrique de la bibliotheque CCD et démontré sur des
exemples de sélection dans la littérature.
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X, X, X, X, X, X,
Y, 1/z 1/z 1/z |sélection| VY, 1 0 0
Y, 1/z 1/z 1z [—— Y, 0 1 0
Y, 1/z 1/z 1/z Y, 0 0 1

Figure 15. Proposition de représentation d'un phénomeéne de sélection dans une bibliothéque combinatoire dynamique.
Une série de composants X est représentée par des colonnes, leurs partenaires réactionnels B étant listés dans les lignes.
Ceci crée une matrice de produits possibles. Les éléments de cette matrice représentent les fractions molaires de ces
différents produits. L’application d’une sélection méne a une redistribution, les produits sélectionnés étant amplifiés et a
l'inverse la concentration de ceux ne l'étant pas diminuée. Un systéme de quantification de la force de sélection est
proposé, basé sur cette représentation algébrique.

Cette approche a par la suite été étendue a la sélection conduite par la complexité et
démontré sur un exemple de trois différents aldéhydes (salicylaldéhyde, pyridine-2-carboxaldéhyde
et 2-carboxybenzaldéhyde) réagissant avec trois amines différentes (iso-pentylamine, N,N’-
diméthylpropylénediamine et pipéridine). Le salicylaldéhyde avec I'iso-pentylamine forment une
paire complémentaire pour la formation d’imine. Le pyridine-2-carboxaldéhyde et la N,N’-
diméthylpropylénediamine forment une autre paire complémentaire pour la formation d’aminal et le
2-carboxybenzaldéhyde avec la pipéridine forment une paire pour la formation de lactone. Si les trois
aldéhydes et les trois imines sont mélangés ensemble, seulement trois produits sont formés, les
paires complémentaires citées précédemment.

\N
H oy )
—

Figure 16. Un phénoméne d’auto-sélection dans une bibliothéque combinatoire dynamique basé sur la complexité des
composants réactionnels a été nommé « simplexity ». Ce processus a été démontré sur une série de bibliothéques
dynamiques composées de 2-carboxybenzaldéhyde, de salicylaldéhyde et de pyridine-2-carboxaldéhyde. Ces composés
réagissent chacun préférentiellement avec une amine différente (pipéridine, iso-pentylamine et N,N’-diméthyléthyléne-
diamine, respectivement) pour former la lactone, I'imine et 'aminal correspondant.

Cependant, une grande sélectivité est obtenue seulement si tous les réactifs sont présents. Si
un ou plus de ces réactifs est manquant, la sélectivité est diminuée, perdue voire dans certains cas
inversée. Comme dans le cas du 2-carboxybenzaldéhyde : s’il est mélangé avec a la fois la pipéridine
et I'iso-pentylamine, le produit majoritaire de la réaction est I'imine avec I'iso-pentylamine. Mais
quand le salicylaldéhyde est ajouté, le mélange se redistribue pour donner seulement le
salicylaldimine et la lactone du carboxybenzaldéhyde avec la pipéridine. L’analyse compléte de cet
exemple de sélection conduite par la complexité consistant a mélanger toutes les combinaisons de
réactifs a été réalisée et discutée. Ce processus de sélection conduite par la complexité a été appelée
simplexité.
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Pyridine-2- 2-
carboxaldehyde Carboxybenzladehyde
i-Pentylamine 0.88 0.12 0
N,N’-dimethyl
propylenediamine
Piperidine 0 0 1

Tableau 2 Le phénomeéne de « simplexity » a été démontré sur une bibliothéque composée de 3 amines et de 3 aldéhydes.
Les espéces amplifiées se retrouvent sur la diagonale de la matrice 3*3. L’importance de la complexité pour une meilleure
sélection est démontrée par déconvolution de la matrice. Ceci s’effectue en examinant toutes les combinaisons possibles
des composants et en déterminant leurs conversions relatives. Bien sir, I'augmentation de la taille de la matrice méne a
une augmentation exponentielle du nombre d’expériences de déconvolution a effectuer.

Salicylaldehyde

0.12 0.88 0

Pour finir, la sélectivité dynamique de la réaction entre aldéhydes et amines a été appliquée
sur la dérivatisation séquentielle sélective de polyamines en utilisant les aldéhydes comme
groupement protecteur. La formation sélective d’imines, d’aminals ou de lactones permet de cibler
spécifiguement des atomes d’azote et d’y attacher différents résidus acyles ou alkyles. Ceci a été
démontré sur des séquences sélectives d’attachement de différents résidus aminoacides sur les
atomes d’azote de la chaine spermidine en « one pot », mais la méthode est généralement
applicable sur une grande variété de polyamines et fournit un accés facile a une large famille de
composés.

1.) SALAL 0 o
2.) p-NO,BzCI/EtsN N
H\/\/NHZ > N/\/\N)K/ “Cbz
- 3.) benzhydrazide I H
4.) Cbz-GlyONp O2N
CH3CN

Figure 17. Bis-acylation sélective, séquentielle et « one pot » de la N-méthyl-1,3-diaminopropane par réaction initiale
avec le chlorure de p-nitrobenzoyle puis avec un ester activé de glycine N-protégée. La formation de l'imine du
salicylaldéhyde rends cette séquence sélective. Cette sélectivité peut étre inversée par l'usage de la pyridine-2-
carboxaldéhyde qui forme I'aminal. La déprotection a été effectuée sous conditions douces par échange d’'imine. De plus,
les produits mono-acétylés sont facilement accessibles par cette procédure et dans de meilleurs rendements que dans la
littérature.

Le Chapitre 5 s’intéresse a I'étude de la nature dynamique de la liaison imine a l'interface
solide-liquide par microscopie a effet tunnel. En premier lieu, des séries de bis-imines formées par
condensation de trois a,w-diamines (diamine-ethane, -hexane et -dodecane) avec deux équivalents
de 4-hexadecyloxybenzaldéhyde. Ces trois différentes bis-imines forment des structures lamellaires
similaires entre elles, trés organisées sur des surfaces de graphite HOPG dans le phényloctane,
différant seulement par la distance entre les cceurs aromatiques. De maniere intéressante, les
chaines alkyl latérales ne s’interpénetrent pas et des structures a couches multiples peuvent étre
observées pour des concentrations élevées en substrat.
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Figure 18. Images STM d’auto-assemblages en 2 dimensions. Monocouches de a) 4-hexadecyloxybenzaldéhyde, c) bis-
imine de I'aldéhyde formée avec I'éthylénediamine, e) bis-imine formée avec le 1,6-diaminohexane et g) bis-imine formée
avec le 1,12-diaminododécane a linterface liquide-graphite, a partir d’'une solution dans le 1-phényloctane. Les
assemblages des molécules sont représentés dans les parties b), d), f), et h). Dans un souci de clarté, les espaceurs bis-
imines (c’est-a-dire les chaines aliphatiques entre les imines) ont été mis en valeur dans des couleurs différentes.

Dans I'étape suivante, ces structures ont été formées in situ par condensation sur la surface
HOPG. Dans tous les cas, un recouvrement total et rapide de la surface par les molécules a été
obtenu. Dans les expériences de contrdle, la méme expérience a été suivie par ‘H-RMN sans la
présence de la surface de graphite. Nous avons observé que la vitesse de la réaction a la surface est
multipliée par 10000, ce qui représente une augmentation de la vitesse de réaction jamais observée
et due a 'effet de la surface.

Dans les expériences suivantes, les couches préformées de bis-imines ont été mises en
présence d’'une diamine compétitive. Comme |’énergie d’adsorption augmente avec un nombre
croissant de groupes méthyléne hydrophobes, la couche est soumise a une reconstitution facile et

21



rapide pour donner uniquement des structures ordonnées contenant la plus longue chaine a,w-
diamine disponible dans la solution. En d’autres mots, la monocouche de bis-imine formée a partir
du diaminoéthane réagit immédiatement avec la diaminohexane pour former une monocouche tres
organisée, identique a celle formée a partir de la bis-imine préparée ex situ. De la méme maniere, la
monocouche contenant I'espaceur diaminohexane réagit avec la diaminododecane pour donner la
monocouche contenant seulement I'espaceur diaminododécane.

O e )

NH_{(CH,) ,-NH,

NH,-(CH,),-NH,

L

NH_-(CH,),,-NH,

NH_-(CH,),-NH, NH,-(CH,),-NH,

\

NH,(CH.),,-NH,

Constitutional Dynamics

Figure 19. Images STM représentant le processus de bis-transimination in situ. La réaction d‘échange d’imines a été
effectuée directement sur le graphite (HOPG) et méne a la formation des produits les plus longs. Le processus inverse
(c’est-a-dire I'obtention de molécules plus courtes adsorbées sur la surface) nécessite un large excés de réactifs et un
temps réactionnel plus long. Les résultats présentés dans cette image démontrent la possibilité d’utiliser la chimie
constitutionnelle dynamique sur une surface de graphite. Monocouches de A) 4-hexadecyloxybenzaldéhyde, A2B2) bis-
imine de I'aldéhyde formée avec I'éthylénediamine, A2B6) bis-imine formée avec le 1,6-diaminohexane et A2B12) bis-imine
formée avec le 1,12-diaminododécane

Pour inverser la réaction, un grand exces de la plus courte diamine (100 équivalents) et un
temps de réaction long (10 heures) sont nécessaires. Comme dans le cas de la formation de la
couche, les réactions d’échange ont été vérifiées par RMN. En plus d’'une augmentation significative
de la vitesse, la surface induit une amplification de la quantité d’espéces bis-imines avec le plus grand
nombre de groupements méthylénes. Tous ensemble, I'implantation pionniere de CCD basée sur des
imines a l'interface solide-liquide révele une amplification de la conversion et une accélération de la
formation et de I'échange d’imines sans précédent dues a la surface de graphite.

Le chapitre 6 contient les conclusions générales de ce travail et résume les conclusions de
chaque chapitre.

Le chapitre 7 présente la partie expérimentale, les détails des différentes expériences, les
protocoles de synthése ainsi que les procédures de caractérisation des produits synthétisés.
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1. MOLECULAR DYNAMICS

“Every art and every inquiry, and similarly every action and pursuit, is thought to aim at some
good; and for this reason the good has rightly been declared to be that at which all things aim.” ™

The Universe, from the beginning until now, combines simple parts to form more
complicated ones, from atoms to molecules, from molecules to proteins, from proteins to cells, from
cells to apes, from apes to human thinking about the chain of events that lead to creation of Man
and their thoughts.m The higher complexity is therefore considered to be either the good at which all
things aim, or the pursuit aiming at the good.[l] In either case, the generation of higher degrees of
complexity is natural, indispensable and maybe even an inevitable principle of evolution.® Chemistry
itself followed a similar path in the last two centuries,™ growing more and more complex and
evolving from molecular chemistry, which deals with the formation and dissociation of covalent
bonds, to supramolecular chemistry — “chemistry beyond the molecule”.” By analogy to biological
evolution, chemistry has also adopted approaches which render it dynamic,[6'7] selective,

evolutionary, and finally adaptive.®

The dynamicity in chemistry proceeds through many levels, from atoms and molecules of
several Angstroms to assemblies of milimetric scale, with every increase in dimension leading to a
higher level of complexity. Considering the possible relationships between multiple dynamics in a
system, there are three ways in which two or more dynamic features can interact: 1) they can be
isolated when one has no interaction with the other, 2) they can be concerned when a change in one
enhances or diminish the other one, or 3) they can be in concerto, tuned so that one cannot exist
without the other one. The intertwined dynamic molecular processes are therefore another mean of
generation of higher complexity.*™”

1.1. Types of molecular dynamics

The dynamicity of a molecule can be seen from different perspectives. For example, we can
look at the geometry and relative positions of several parts of the molecule which may change in
time. We may follow changes in bonding or we can observe an exchange of parts of the molecule. In
all cases, we look at a process of one state of the matter changing into another state. Such a process
takes a certain initial composition (input), and at a given rate produces an outcome (output) with
certain probability. All three parameters, input, rate and output, are valid descriptors of the dynamic
process and can serve as ways to classify different types of dynamics. The dynamic processes can be
present at the same time or even one may be based on another. Altogether, they contribute to the
inherent properties of matter which we observe at the macroscopic level.

In the following chapters, several types of dynamicity will be discussed in detail and it is
therefore necessary to introduce them here. Some of the denominations for those types of
dynamicity are generally accepted terms (conformational, constitutional) and will be used as such,
while others have been used in a variety of contexts in the literature (motional, reaction) and will be
defined only for the purpose of this thesis. As discussed already, some types of dynamicity inherently
comprise other types. For example, it is impossible to perform oscillating reaction without breaking

23




and forming any bonds. Therefore the dynamics classification as such is hardly universal and reflects
a somewhat subjective point of view.

1.1.1. Covalent constitutional dynamics

Constitution is the description of a molecule based on covalent bonds between atoms
comprising the molecule. Therefore any change in constitution requiring at least one covalent bond
to break and one to form is considered covalent constitutional dynamics. Among the most common
processes qualified as constitutional dynamics are tautomerism, sigmatropic rearrangements,
electrocyclic reactions or any exchanges of a part of the molecule for a different part, like in the
imine exchange reaction.

a)
AN Xy -0~
gN + /O\NH2 e ©ﬁN . \NHZ
b)
PAAN /R H —_— PASAN /RI - H
RSs + RS Rs + RS

Figure 1.1-1 Covalent constitutional dynamics: a) reaction of an imine with methoxyamine to give an oxime and a free
amine, b) reversible constitutional exchange of disulfides reacting with thiols.

General constitutional dynamics, taking into account also non-covalent bonds, is a key
feature which enables the construction of dynamic combinatorial libraries (DCL), where a large pool
of compatible components forms various possible combinations in one mixture. The construction of
DCLs has attracted much attention recently[e'lg'm as this approach provides a fast and efficient way
to readily generate and test large libraries of potentially active pharmaceutical molecules and
circumvent the need for tedious and elaborate separate syntheses of thousands of chemical species
and their expensive testing and purification. In order to form a DCL, many different components are
mixed in one pot to form all possible combinations. The target (typically an enzyme, protein, active
site, recognition pattern etc.) is then exposed to this dynamic mixture and its response (inhibition,
activation, binding) is monitored. In fact, the effective species does not need to be physically present
in the original dynamic mixture because the target of interest can favour the assembly of the
effective molecule (“the lock assembles its key”®?%).

Covalent constitutional dynamics is change in structure of the molecule which requires
covalent bond breaking and reforming.

1.1.2. Configurational dynamics

Configurational dynamics is closely related to the constitutional dynamics also requiring for a
covalent bond to break and reform, but the product of the reaction has the same constitution as
before the reaction differing only in the stereochemistry around an atom or a bond. The aspect of
bond breaking/reformation is important in order to distinguish between similar processes. For
example, the racemization of trisubstituted amines occurs through nitrogen inversion, while
racemization of bromotriarylmethane occurs through the dissociation of the C-Br bond (formation of
relatively stable carbocation and bromide) and C-Br bond reformation (Figure 1.1-2). The
trisubstituted amine racemization is not considered configurational dynamics but the latter is.
Similarly the cis/trans isomerism requires the dissociation of one of the bonds of the double bond to
allow free rotation but atoms of the molecule have not exchanged, and therefore cis/trans
isomerism is another example of configurational dynamics. The energetic barrier is not considered,
thus the rate of the process is irrelevant.
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Figure 1.1-2 Isomerization of bromotriarylmethane is an example of constitutional dynamics since the C-Br bond must
dissociate and reform for the inversion process to take place. On the other hand, a trisubstituted amine isomerises
through nitrogen inversion mechanism and is therefore an example of motional dynamics (vide infra).

Configurational dynamics is a change in stereochemistry of an atom or a bond comprising for
one bond breaking/reformation.

1.1.3. Motional dynamics

At the molecular level, motional dynamics describe a process of displacement of one
molecule or its part with respect to another linked to it, wherein the linkage is broken and reformed
in different positions. The nature of the linkage can range from covalent, to coordination, to
hydrogen bonds and van der Waals interactions. One molecule or a part of it is considered as an
internal inertial system, along or around is the second one moving. An example of motional dynamics
in chemistry is the isomerization of trisubstituted amines (vide supra) or non-directional
displacement of n°-ruthenium in complexes with polycyclic aromatic compounds like anthracene or
corannulene.”” In biology, this motional dynamics is behind the epitomical molecule kinesin, which
walks directionally along the microtubule in a cell (Figure 1.1-3).[29_37]

Figure 1.1-3 A fluxional ruthenium complex with corannulene is constantly moving by ruthenium displacement between
the aromatic rings (left). Kinesin (right), the epitomical cellular walker, is transporting a cargo from the centre of the cell
towards the surface along a microtubule track.

Motional dynamics is a process of displacement of only one molecule or its part with respect
to another which can be described by a simple displacement vector.

1.1.4. Reaction dynamics

A chemical reaction is a basic process of transformation of matter, where reactants are
consumed to give products at a certain rate under given conditions. The rate is investigated by
reactions kinetics, monitoring the concentration of species over time to evaluate basic parameters:
the order of the reaction, the rate constants and the activation parameters. On the other hand, the
reaction dynamics do not concern the rate as the concept pertains to the ability of a reaction to give
different products from the same starting material or mixture of starting materials as a function of
applied conditions.
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However, reaction dynamics and reaction kinetics may overlap in certain cases. For example,
dynamic kinetic resolution®® defines a concept following which a reaction gives different products
due to very different kinetic parameters of two concurring reactions. One of the most famous
applications of dynamic kinetic resolution is the hydrolysis of esters by lipase (known also in
asymmetric version for enantiomer selection from racemic mixtures).

h O condition 2
+ 5 i E +

Figure 1.1-4 Schematic representation of reaction dynamics: reagents under different conditions form different products
or product mixtures. Different conditions 1-3 can also hold for very different reaction time in case of dynamic kinetic
resolution reactions.

Reaction dynamics is condition-modulated variability of the output of a reaction starting
from the same reagent or mixture of reagents.

1.1.5. Other types of molecular dynamicity

Conformational dynamics

Conformation describes the relative position of different parts of the molecule at a certain
moment. A change in conformation can be the result of a rotation around a single bond or elongation
of the bond due to the thermal vibration. All molecules at temperatures above 0 K undergo
conformational changes (vibrational only for diatomic molecules). There is, in principle, an infinite
number of different conformations. Each conformation has a given energy and in equilibrium those
conformations are distributed according to the Boltzmann distribution. The rate of interconversion
between given conformations is determined by temperature and the energy barrier (energy of the
transition state, deeply studied in case of cyclohexane®™?). The energy barrier strongly depends on
the nature of the bond, its substituents and steric hindrance thus covering range from 3 kcal mol™ for
the rotation of a methyl group in the molecule of ethane!* up to ca. 40 kcal mol™ in case of 1,1’-
binaphthyl-2,2’-diols (BINOL)“* or hindered amines,* a value which makes the rotation practically
impossible and leads to two separable conformational isomers — atropoisomers (Figure 1.1-5).

Unlike motional dynamics, conformational exchange does not involve any bond dissociation
and re-formation and cannot be described by a simple displacement vector. For example, in the case
of cyclohexane inversion, half of the substituents move from an equatorial to axial position, but the
second half is performing exactly the opposite displacement. Similarly, the racemization of BINOL
derivatives implies a change in the relative position of the naphthalene rings, but the hydroxyl groups
are displaced in the opposite direction and therefore it does not qualify as motional dynamics.
Moreover, both of these examples of dynamics proceeds without any bond dissociation.
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Figure 1.1-5 Cyclohexane and its derivatives (left) were thoroughly studied for their conformational dynamicity. Axially
chiral binaphthalene derivatives like BINOL (right) are frequently used in enantioselective synthesis.

Conformational dynamics is such a process by which relative positions of the parts of a
molecule change without breaking any bond.

Oscillating chemical reactions

Oscillating chemical reactions repeat periodically without any addition of energy, fuel or
external stimulus. There are only a few known reactions of this type: the Beloushov-Zhabotinsky
reaction, the Briggs-Raucher reaction, the Bray-Liebhafsky reaction and the iodine clock reaction.
They all are very similar, and rely on the periodically changing concentration of halogens (bromine,
iodine) at different redox states. A typical setup requires iodate, hydrogen peroxide, malonic acid
and a strong mineral acid, with starch being used to magnify the visual effect. In the case of the
iodine clock reaction, the iodate is reduced by hydrogen peroxide to iodine (coloured) which is then
oxidised by hydrogen peroxide back to iodate. Thus, hydrogen peroxide acts as both an oxidising and
a reducing agent. Moreover, the difference in relative rates of the two reactions enables observation
of periodic colour changes.[46'49]

Brownian motion

At temperatures above 0 K all atoms and molecules are in constant movement called
Brownian motion. While a single isolated molecule would move constantly straight, the Brownian
motion is chaotic as a result of frequent atomic or molecular collisions. Therefore the Brownian
motion is linked to the characteristic of bulk. In general use, the term “Brownian” is used to denote
processes which happen spontaneously, randomly and do not require any activation energy.”*"

1.2. Reversible chemical reactions

Reversibility represents a unique feature in chemistry. It may be looked at as a way to go
back one step and, if needed, to grant the possibility of repairing an error made. For example, the
replication of the genetic information from one cell to a whole human body necessitates billions of
billions of nucleobase to nucleobase “copy/paste” steps, with even a single error becoming
potentially fatal. Even the most reliable copying mechanism cannot ensure an error-free copy of such
a large amount of information, which means that this information would not propagate to next
generations unless a repair mechanism was present.”>>* On the other hand, the reversibility also
presents an opportunity of diversification and adaptation as certain distribution of products can
redistribute upon the application of an external stimulus.”?>®!

A reversible chemical reaction is one which leads to an equilibrium mixture of products and
which can go in either direction upon a change in conditions, as stated by the Le Chatelier’s
principle.””*® The chemical reversibility was described for the first time by Berthollet in 1803 who
noticed that in salt lakes calcium carbonate can react with sodium chloride to give calcium chloride
and sodium carbonate, an opposite outcome to the known reaction at that time.”® He also correctly
pointed out that the conditions determine which direction the reaction proceeds: “Les circonstances
qui peuvent favoriser I'efflorescence sont un mélange convenable de muriate de soude et de
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carbonate de chaux et une humidité soutenue a une température élevée;... C’est par ces
circonstances, que j'ai observées sur les bords du lac Natron, que j‘ai cru pouvoir expliquer la

formation continuelle d’une immense quantité de carbonate de soude.

«59]*

Under given conditions, a reaction gives a certain ratio of reactants and products which is
called equilibrium constant K and for a reaction

with k; being the rate of forward and k, the rate of backward reaction, it is defined as

A + B =~~~ C + D

[60]

_ [ClD] _ Ky
[4lB] ~ ks

Among the most studied reversible chemical reactions are:

Imine formation and exchange — a reaction between a carbonyl compound and an
amine to form an imine. The reaction proceeds through a hemiaminal intermediate
which can or cannot be observed in the reaction mixture. Hemiaminal formation and
decomposition are therefore inherently reversible. Imines can also react with amines
to perform a fully reversible imine exchange (or transimination), that involves
formation of the reversibly formed aminal intermediate (of similar properties to
hemiaminal).!®*¢!

Ry
R, HN

xR
R R ON2

R OH

Hemiacetal (acetal) formation and exchange — addition of a hydroxyl group to a
carbonyl to form a hemiacetal (or hydrate in case of reaction with water). The second
step, the formation of the acetal, has the equilibrium strongly shifted towards the
starting materials and requires the removal of water under acidic catalysis to
effectively produce the acetal. The reverse reaction, hydrolysis, usually occurs rapidly
in slightly acidic agueous media. Both acetals and hemiacetals can react with alcohols
to perform a transacetalization, reversible exchange reaction analogous to
transimination.®”~°!

R + R
o 2 R,OH/H _ o "2
_ o _R
Metathesis — two alkenes react to form a new pair of alkenes with exchanged
substituents attached to the double bond, which proceeds through a double [2+2]
electrocyclic reaction catalysed by Grubbs catalyst. In principle, the reaction is

reversible but in practice, the elimination of ethylene gas is required to drive the
reaction one way.[7°]

Al + BiAs A~ + Ao
Ay B, B, B
Reversible electrocyclic reactions and rearrangements — the most famous reversible

electrocyclic reaction is the Diels-Alder reaction, a [4+2] cycloaddition of a diene to
an alkene (dienophile).”" Retro-Diels-Alder reactions usually take place when very

" The conditions which favour precipitation are a convenient mixture of sodium chloride and calcium
carbonate and enhanced humidity at higher temperatures;... It is due to these conditions that | was able to
explain the continuous formation of extensive amounts of sodium carbonate on the shores of the Natron lake.”
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stable small molecules (typically N,, making the reaction irreversible) or when large
conjugated m-systems are produced.”? The Claisen and Cope rearrangements are
among the most famous reversible rearrangements.”*

SO -

R
2 R ~_R
N IN + [ —_— R — N::[ + N,

’ -/

N N
Michael/retro-Michael reaction — the addition of a nucleophile to the double bond
of a a,B-unsaturated carbonyl or similar conjugated electron-accepting compounds.
The a,B-elimination is called retro-Michael reaction and occurs readily in cases
involving good leaving groups, formation of a large conjugated m-systems or in cases
of highly acidic protons in the a-position.”‘we] An example of the tandem Michael
addition/retro-Michael elimination is the Morita-Baylis-Hillman reaction.!”’ 5"

N\ 0] 0]
Nu \)J\O/ ) Nu/\)J\O/
Thiol-disulfide redox reaction and disulfide exchange — a reversible oxidation of two
thiols to form a disulfide bond. The disulfide can be readily reduced under mild

conditions. The disulfides react with thiols under basic conditions to exchange one of
the thiolates bound in the disulfide.[*%??%5681-84]

_SH , _ _SH [0x _S__Ry
R, Ry RS
[Red]
S.__R S - S__R S
RS 1+ RZ/S = Rr>s 2+ R1/S

Boronic esters — boronic esters are readily formed from boronic acids and alcohols
and easily hydrolysed under basic condition to give boronates. The electron-deficient
character of the boron atom also enables boronic trans-esterification reactions to
occur under mild conditions.

. R
H ~
BOH), + g : R (E')s R
OH \O/ \O/
R
R
-0, 0 -
s OH <= R\B/R:RER+R/OH
2 SN
O\ O 2 \O/ \O/ 2

R

Transacylation — the transfer of the acyl group formed from a carboxylic acid. This
transfer may result in retention of the functional group (e.g. transesterification) or
may change the functionality (e.g. aminolysis of esters to form amides).*&5¢°¢!

0] 0]
YH XH
/Rl + R W~ ~—— ,R ' + Rl/
R)]\X 2 R)]\Y 2
XY=0orNH



e Coordination bond formation and exchange — the formation of metal complexes and
ligand exchange has been deeply documented in the literature. The possibility of
having several oxidation states of the coordinating metal adds another level of
complexity to the system.!>20:97710¢]

Among the reversible reactions described thus far, the imine formation and exchange are
particularly attractive because it amalgamates interesting features:

1. They can be performed in a vast variety of solvents, from water to cyclohexane,
with very different polarities, being limited only by the solubility of the
reactants.®”!

2. They can be modulated by many stimuli, such as pH, solvent polarity and
composition,'”'% presence of coordinating metals"®>'® or even electric
field.!""!

3. The reactions proceed under mild conditions, typically at room temperature and
within a pH range of 4 - 10, and can be performed in biocompatible media.

4. A large pool of the reagents are commercially available, many are found in
nature and have a biological effect.

5. A large variety of protocols exist for the synthesis of amine and aldehyde
derivatives.

6. The aldehyde and amine functional groups are not in principle toxic.

1.3. General aspects of the imine bond

Imines are characterised by the presence of a carbon - nitrogen double bond (Figure 1.3-1).
In the literature, imines are often referred to as Schiff bases, being named after the German-Italian
chemist Hugo Schiff who prepared them for the first time,'**¥! and bases due to their weak basic
character. However, many misuses and misinterpretations of the term “Schiff base” are common
among chemists. The IUPAC Glossary™? defines a Schiff base as an imine subclass of general formula
R’N=CR,, where R’#H. Other commonly used name is “azomethine”, which originally designated
compounds of the general formula R’N=CHR but is now considered synonymous with the term Schiff
base, and the name “anil” - defined by a general structure R’'N=CR,, where R’=phenyl or a substituted
phenyl group. Imines are also differentiated according to the nature of their parent carbonyl
compound: imines derived from aldehydes are called aldimines, imines arising from ketones are
referred to as ketimines.

a) N b) 3R
i .
Schiff base R'#H _
azomethine R'#H,R,=H AN~ 3.04
anil R' = (substituted) phenyl 2101 = 2:95

Figure 1.3-1 a) Schematic structure and nomenclature of imines according to IUPAC. b) The electronegativity difference
between carbon and nitrogen atoms causes polarization of the double bond to give the partial charges indicated.

Like the carbon - oxygen double bond of a carbonyl, the imine bond is polarised due to the
difference in atom electronegativity, which generates a partial negative charge on the nitrogen atom.
The polarisation makes the imine susceptible to attack on the electrophilic carbon atom by a variety
of nucleophiles, such as water (causing hydrolysis to give the carbonyl compound and amine via the
intermediate hemiaminal, older works use the term “carbinolamine”), alcohols (giving hemiaminals
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and acetals), thiols (giving thio(hemi-) aminals) or amines to perform an imine exchange reaction
(sometimes called transimination, discussed in Chapter 2.3 on page 56) via aminal intermediates.

The electrophilicity of the imine carbon varies with the electronic properties of its
substituents and parallels that of carbonyl compounds. The electrophilicity can be quantified by
measuring the relative rate of reaction with a given nucleophile.[n‘” As expected, electron-
withdrawing substituents, such as nitro group, halogens or carbonyl, increase the reactivity towards
nucleophiles while electron-donating groups like the hydroxyl or dimethylamino decrease the rate of
reaction. These electronic effects propagate through a conjugated m-system. The electron-
withdrawing character of the CFs- group also has a strong effect on the sp” carbon of the carbonyl or
imine when attached directly, rendering the double bond extremely polarised. Trifluoromethyl
ketones and imines thus show different behaviours than other carbonyl compounds and favour the
formation of compounds with an sp3 carbon configuration, like hydrates, hemiacetals, acetals,
hemiaminals or aminals, depending on the type of nucleophile.““’”sl

Aldimines and unsymmetrical ketimines can exist in two configurations along the imine
double bond: Z (cis) and E (trans), the latter being generally favoured for steric reasons. The
configuration can be flipped by UV-irradiation from E to Z; however the thermal relaxation to the
thermodynamically favoured E isomer generally proceeds quickly through a lateral nitrogen inversion
process.[lle_lzl] A kinetically stable Z configuration has been observed in the case of hydrazones,
acylhydrazones"® and oximes (Figure 1.3-2).1*2"%24

” NfR' v R'\|N > AN RS-R
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Figure 1.3-2 a) The thermodynamically favoured E form of imine can isomerise to the metastable Z form by UV
irradiation. The transformation back to the E form proceeds thermally by nitrogen inversion. b) Imines can be protonated
to form the iminium salts; secondary amines also condense with carbonyls to form iminium salts. c) Structural analogues
of imines: hydrazones are formed by reaction of a carbonyl compound with hydrazine or its derivative with one NHz
group; acylhydrazones are formed from hydrazides; oximes are formed from hydroxylamine or its O-alkyl derivatives.

Imines are weakly basic compounds which can be protonated by strong acids, like sulfonic
acids."™®! Cationic iminium species are also formed by reacting a secondary amine with a carbonyl
under acid catalysis and water removal (molecular sieves, azeotropic distillation) or by alkylating
imines with strong alkylating agents such as dimethyl sulfate or methyl iodide. The resulting iminium
salts are unstable and react readily with any nucleophile, usually water, ultimately leading to
hydrolysis of the imine to give the carbonyl compound and protonated amine.

1.3.1. Imine formation and imine exchange

1.3.1.1. Mechanism of imine formation

Imines are formed by the reaction of a carbonyl compound with an amine and the
mechanism has been studied in great detail by Jencks and Leussing.®*®***"3% pyring the course of
the reaction (Figure 1.3-3), the electrophilic carbon atom of carbonyl group 1 is attacked by the
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nucleophilic nitrogen atom of amine 2 followed by a shift of an electron pair from the double bond to
the oxygen atom. This zwitterionic intermediate 3a is highly unstable and can either revert to starting
materials or be stabilised by a protonation/deprotonation sequence to give a hemiaminal
intermediate 3c. The stability of the hemiaminal strongly depends on the nature of the substituents
and the reaction conditions. As a result, the hemiaminal either goes undetected as in case of
aromatic aldimines or represents the major species present in the solution, a situation encountered
in the formation of aliphatic ketimines. In the following step, the hydroxyl group of the hemiaminal
intermediate 3c gets protonated turning it into good leaving group 3d. After elimination of a
molecule of water, the positive charge on carbon atom is compensated by the electron pair of the
nitrogen atom forming a double bond. The positively charged iminium ion 4a is stabilised through
deprotonation by the medium, giving the final imine compound 4b.

+ R + R _R
N s R, HoNT2 0+ H' HNT2 _ -H'. HNT?
Ri” ~0 HoN = .- = =0 L
R O -H R~ “OH +H R{” “OH
1 2 3a 3b 3¢
_H+ +H+
.
)N/RZ m j,R2 _H,0 j\l\,Rz
+ +
R, +H R4 *HO R -OH,
4b 4a 3d

Figure 1.3-3 A plausible mechanism of imine formation. Multiple protonation and deprotonation steps are formally
involved, with the protons coming from the solvent, usually protic, or from residual water in the solvent. The aldehyde
reacts with the amine to form the hemiaminal (older works use the term “carbinolamine”) which is sometimes observable
as an intermediate.

It is important to note several characteristics of the imine formation reaction mechanism:

1.) All steps are fully reversible and the equilibrium of the reaction can be shifted in
either direction by changing the conditions.®"

2.) Water is eliminated in the forward reaction and thus imine formation is
disfavoured in aqueous media or in the presence of adventitious water.""”

3) The elimination step leading to the imine is acid-catalysed while the addition step

is inhibited by the protonation of the amine. Therefore, pH is a key parameter
that affects both the kinetics and the thermodynamics of the reaction.®¥%%%

There are several other reactions which give imine compounds. Among the most interesting
transformations is the proline-catalysed C=C/C=N exchange reaction of 5-arylidene barbiturates and
imines. The aldehyde residues undergo dynamic exchange to give rise to a new imine and a new 5-

arylidene barbiturate (Figure 1.3-4).1%%
g X
HN™ “NH N-R proline HN™ “NH N
+ I - + I
0] | O Rz) O%j/go R1)
R4 Rz

Figure 1.3-4 Reversible arylidene exchange between imines and barbiturates (catalysed by proline).
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1.3.1.2. Mechanism of imine exchange

The imine exchange reaction, sometimes called transimination, is a general term applied to
all reactions in which one of the imine components, aldehyde or amine, is exchanged for a different
moiety. There are three possible mechanisms: 1.) imine hydrolysis and reformation, 2.) amine
exchange, 3.) imine metathesis. Each of these mechanisms can be used to explain the imine
exchange reaction under different conditions.

+ R + R R
Ry R, HoN" 2 HH. HN 2 - H* HN™ 2
Re N HzN )\ Ry T _jt )\ Ri 4t R N

° H
5 6 7a 7b 7¢
_ H+ + H+
R + R R
N 2 -H* HN 2 _RyNHp;  HN" 2
+ +R
R3) +H R3) + R1NH2 R3)\N 1
Hy
8b 8a 7d

Figure 1.3-5 Elementary steps of the mechanism of the amine exchange reaction. The character of R3 strongly affects the
composition of the reaction mixture. For example, when R3 is 2-hydroxyphenyl no aminal intermediates are observed in
the NMR spectrum. On the other hand, when R3 is 2-pyridyl, the aminal is usually the dominant species in the solution.

The amine exchange mechanism occurs through a nucleophilic attack of the imine by the
unbound amine to form an aminal intermediate, which then releases the original amine moiety to
form the new imine (Figure 1.3-5).

The imine hydrolysis mechanism is favoured when the aldehydes are in large excess over the
amine, so that all the amines are bound as imines. The reaction is simply the reverse of the imine
formation process described above, involving a hemiaminal intermediate. The liberated amine can
then react with another aldehyde.

Aq

Bw AW—N'BZ .
ﬁl ’\“\, k —_— Ntk A, B,
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Figure 1.3-6 Proposed mechanism for imine metathesis through the [2+2] cycloaddition of two imines.

The imine metathesis mechanism may apply when only imines are present in solution and in
the absence of water or amine. It involves the [2+2] cycloaddition of the two imine bonds forming a
1,3-diazetidine intermediate, which undergoes retro [2+2] cycloaddition to give the original or a new
pair of imines (Figure 1.3-6). However, establishment of this mechanism is difficult since absolutely
anhydrous conditions are practically impossible to achieve and residual water in the mixture can be
responsible for the occurrence of the reaction. It is noteworthy that all imine exchange mechanisms
are, in principle, reversible.
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1.3.2. Imines in coordination chemistry

The nitrogen atom of the imine bond has a lone pair of electrons which can be employed in
formation of coordination bonds with metals or metal cations. As imines are formed by condensation
of an amine with a carbonyl compound, a large array of imines can be readily created without the
need of tedious syntheses of a large number of well-defined ligands. In this manner, imine ligands
formed either by conventional synthesis or in situ have indeed been used with various metal ions to
build diverse supramolecular architectures,®®*%32% molecular containers,™™*** to design many
different specific salen-type catalysts,!"** ¢ specific sensors,!***™*" |uminescent molecules,!**>"***
and in many other applications.

The coordination bond between the metal ion and the imine nitrogen is in fact formed
reversibly, like the imine linkage itself, and the energy of this bond strongly depends on the character
of the metal, its oxidation state and the steric hindrance introduced by the imine ligand. Therefore,
metal complexes of imines exhibit double dynamics, the covalent imine dynamics and the metal
coordination dynamics. This feature has been used in the formation of doubly dynamic combinatorial
libraries.'®*37242 A further combination with disulfide linkages has been studied as an example of a
triply dynamic systems.[se]

The presence of a coordinating cation during the imine formation may affect both kinetics
and equilibrium compositions,[m] and several divalent metals like lead, cadmium, manganese,
magnesium or zinc have been shown to exert a strong effect.*””! Typically, Zn** catalyses the
formation, hydrolysis and exchange of the imine, and also changes the rate determining step under
neutral pH by trapping the hemiaminal intermediate.® Also, the involvement of the nitrogen lone
pair in the formation of a dative bond with a metal leads to a stronger polarisation of the imine bond
and thus facilitates the imine exchange reaction in the presence of a competitive amine.[##101%9 gp
the other hand, imines formed from reagents bearing electron-donating groups bind more strongly
to the metal.!**

An important issue concerning the imine process in the presence of coordinating cations is to
distinguish if, the reaction proceeds in the coordination sphere of the metal, or if the binding occurs
after the imine is formed. This difference has already lead to contradictory results in the literature,
for example in reporting on Cu® ion activity: if the stability of the complex between copper and a
reacting amine is low (like in case of ethylamine), McDonnell et al. reported copper as a highly active
catalyst for imine formation and hydrolysis.”™ But if the complex is strong (such as that of amino
acids acting as bidentate ligands) the ability of the amine nitrogen for nucleophilic attack on the
carbonyl is lowered due to coordination, thus the reaction can only proceed with the non-
coordinated substrate and negligible activity of Cu*" is reported by Hopgood and Leussing.™*”

Nucleophiles coordinated to metal cations are still able to react with suitable
eIectrophiIes.“SG] For example, a cobalt(lll) complexes bearing five ammonia groups and one a-
ketopropionate are stable under acidic or neutral conditions, but quickly react if a strong base is
added leading to deprotonation of one of the ammonia groups and its subsequent reaction with the
neighbouring carbonyl of the ketopropionate to give an imine.””*** Both the amine and carbonyl
compounds, as well as the resulting imine, are bound to the metal during the entire course of the
reaction, and therefore the process occurs exclusively in the coordination sphere of the metal. In a
similar fashion, other transformations have been examined within a coordination sphere, such as the
synthesis of long coordinating polyamines,™”** and tandem imine formation-electrophilic
alkylations."®? Furthermore, the reactivity of different metal centres have also been investigated.*®®
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Figure 1.3-7 The formation of imine in the coordiantion sphere of Co3* ammonia complexes. Strong base is needed for
deprotonation of one of the ammonia groups and the reaction with ketopropionate to occur.

Polyamines bearing more than one amino group, and imines derived from those amines, can
wrap around one coordinating metal, or covalently link several coordination spheres. In the case of
ethyleneimine oligomers and their derived imines, polynuclear complexes with controllable distances
between metal cations can be formed."** % |f the polyamines are mixed with aldehydes in a certain
ratio, that only some of the amino groups can form imine, a tautomeric equilibrium between imine
and aminal is established. Nice example has been demonstrated by Drew et al. 187 \where clever
design of a ligand allowed for the construction of a dynamic cavity which can adjust the size to fit a

series of different coordinating metals (Figure 1.3-8).

\HV“ HN (N

Figure 1.3-8. Ring contraction and expansion to accommodate different sized metal ions in the cavity.[167]

pd

In fact, the coordination to a metal can also stabilise and favour the formation of the
hemiaminal intermediates when condensation to imines cannot proceed.”ss] In some specific cases,
the condensation of amines with carbonyls can be switched between the imine and the aminal
formation and vice versa. For example, under pH control, tris(aminomethyl)phosphine was reacted

with benzaldehyde derivatives (Figure 1.3-9) and formation of triazaphosphadamantane was
[170-172]

observed,™ instead of the expected chelating tris-imine.

Figure 1.3-9. Formation of either an the imine or the aminal can be, in specific cases, controlled by pH, like in case of the
condensation of an aldehyde with tris(aminomethyl)phosphine.[16%]

The coordination sphere of a metal cation is geometrically organised and the atoms of the
participating ligand are forced to occupy defined positions around the metal, which in turn leads to
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generation of distinct stereoisomers."””®! The preorganization of the coordination sphere has served
as a template for the synthesis of various imine-based inherently chiral helical structures.””**”® pue
to the dynamic nature of the bonds employed in their formation, those helicates can invert
stereoselectively upon a stimulus,®®*’” or can undergo long-range structural reorganisation leading
to dramatic change in length of the molecule.™®

Imines derived from diamines and salicylaldehyde derivatives are called salen Iigands.“zs]

They form very stable complexes even with weakly coordinating metals which are supported by
deprotonation of the phenolic OH groups, thus leading to charge balancing of the metal cation. These
complexes are widely used as catalysts.* 178 Bis.imines formed from pyridine-2,6-
dicarboxaldehydes are called pincer ligands and represent another group of common catalysts
(Figure 1.3_10).[147,148,182—186]

a) R R b) X
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Figure 1.3-10 a) The salen ligand complexes are formed from a metal cation, a diamine and two molecules of
salicylaldehyde or its derivatives. The ligand has four coordinating sites, comprising two imine nitrogens and two
phenolic oxygens; deprotonation of the phenols balances the positive charge of the cation and thus leads to a stronger
binding.

Introduction of a chiral group to the coordination sphere of a metal has been shown to cast
enantioselectivity and diastereoselectivity upon the alkylation reactions of substrates bound in its
coordination sphere."® % Amino acids are widely used as chiral selectors as they are readily
commercially available in very high enantiomeric purity. To this extent, amino acids, including the
only non-chiral aminoacid glycine, have been reacted enantioselectively with aldehydes to give a-
amino-B-hydroxycarboxylic acids.”® % pyridoxal, a naturally occurring aldehyde, also forms
complexes with coordinating metals.2%*%!

1.3.3. Vitamin B6: biological imine-amine carrier

Amino acids are fundamental building blocks of living organisms. Based on their availability,
they are divided into two groups: essential amino acids which cannot be synthesised in the human
body, and non-essential ones which are formed metabolically. The metabolic pathway of the
synthesis of amino acids involves the enzymatic reductive amination of a-ketocarboxylic acid
(provided by the Krebs cycle!®™) by a cofactor pyridoxamine 5’-phosphate, generally called vitamin
B6 (Figure 1.3-11).

Ox HO H,N
OH OH OH
HO | N HO | N HO | N
— — —
N N N
Pyridoxal Pyridoxine Pyridoxamine

Figure 1.3-11 Vitamin B6 consist of three similar compounds, pyridoxal (aldehyde), pyridoxine (alcohol) and
pyridoxamine (amine), which are interconverted in an organism. Active forms of the species are phosphorylated on
position 5.

The scheme of the transamination mechanism is presented in Figure 1.3-12. Initially,
pyridoxamine 9 forms an imine 10 with the carbonyl group of the a-ketocarboxylate. The imine then
undergoes two-step pseudo hydride shift: first, by simultaneous action of a base on the benzylic
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hydrogen and protonation by acid on the nitrogen atom of the pyridine ring, a quinoidal
intermediate 11 is generated.™>'* |n the next step, the proton is transferred from protonated base
to the a-carbon of the carboxylate with concomitant deprotonation of the pyridine to restore the
aromatic system 12. However, the carbon-nitrogen double bond is now shifted, and consequently,
the a-ketocarboxylate has been reduced to an amino acid and pyridoxamine is oxidised to an imine.
After hydrolysis, the pyridoxal 5’-phosphate (P5P) 13 is liberated. P5P is a naturally occurring
aldehyde, which together with pyridoxamine and pyridoxine (Figure 1.3-11) form so called vitamin B6
group.™ P5P serves as a cofactor in the biochemical decomposition (digestion) of amino acids.!**!

N "00C” "Ny
OH
_0 X S~ = e o -OH
P | T P |
—
N N
13 AH

Figure 1.3-12 The mechanism of the synthesis of amino acids by P5P-mediated reductive amination of a-ketocarboxylate
involves formation of the imine, followed by a pseudo hydride shift and imine hydrolysis. The carbon-nitrogen double
bond shift during the reaction is facilitated by formation of the conjugated quinoidal structure of the protonated pyridine
ring. P in the scheme denotes phosphate, PO3?-.

The importance of transamination reactions in the organisms has triggered extensive
research efforts in the field of Schiff bases of pyridoxal***?*2%! and their analogues, and several
general trends for the imine formation can be extracted. For example:

1. the formation of the imine is enhanced by higher pH!?"/2%%27]

2. branching at the B-position of the carboxylic acid stabilises the imine

3. the presence of a coordinating metal increases the rate of imine formation and its
stabi“ty[IZG,ZlO,le]

4. afluorine-imine gauche effect was demonstrated!?*?

5. P5P has been used to label specific aminoacid residues in enzymes
relatively stable iminium species?*"

6. aliphatic diamines form equilibrium mixtures of imine and cyclic aminals

[208,209]

2131 or to prepare

[215-217]
The equilibrium between the cyclic aminal and the open imine form in the case of pyridoxal
and aliphatic diamines represents an interesting feature involving the displacement of an aldehyde

residue between two nitrogen atoms. It is also type of transformation which can be linked to
motional and constitutional dynamics.
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2. THE IMINE BOND - A VERSATILE
CHEMICAL LINKAGE

2.1. Concept

Imines are among the most frequently used types of compounds in dynamic covalent,
adaptive and supramolecular chemistry due to their ease of formation, reversibility and exchange.
Successful construction of a functional dynamic covalent system relies upon three basic features: 1)
high conversion of the constituents to products, 2) fast rate of formation of the system and 3) fast
response to stimuli applied on the system.™®? High conversion is necessary for the efficiency of
formation of the system, while the rate of formation and exchange are desired for practical reasons,
i.e. reduced lag time between mixing the components or a stimulus application, and the time at
which the system reaches thermodynamic equilibrium. Such systems are referred to be under
thermodynamic control, unlike conventional organic reactions which are controlled kinetically.

The heteromeric linkage of the imine double bond consists of the fusion of an amine and
carbonyl. The question which arises from this bond asymmetry is “What are the ideal amines and
carbonyls required to yield imines in the shortest amount of time, with maximum conversion and
rapid exchange?“

The reactivities of different amine derivatives have been studied, and now the scale of
nucleophilicity of amine derivatives forms part of any organic chemistry textbook. Further
experiments have been performed by Dr. Manuel Chaur and Sirinan Kulchat® in our group with the
following outcome: aldehydes react the fastest with primary amines (giving imines), slightly slower
with hydrazines (forming hydrazones), followed by hydrazides (forming acylhydrazones) and finally
hydroxylamines (giving oximes). The ease of the exchange reaction decreases with lower rates of
formation of those products, i.e. exchange of an amine in imine proceeds under milder conditions
than that of an oxime. When all four amine derivatives are mixed together (amine, hydrazine,
hydrazide and hydroxylamine) and reacted with an aldehyde, immediate formation of the most
stable oxime is observed, perhaps due to faster reaction of a hydroxylamine derivative with an imine
compared to reaction with an aldehyde. This observation is in agreement with the result of Jencks et
al.®*1% stating that the rate determining step of the imine exchange reaction is the proton transfer
in the aminal intermediate®. On the other hand, the reactivities of aldehydes have been explored
only partially in terms of the electrophilicities of various carbonyl compound derivatives.™ Similarly
to the nucleophilicity of amines, the electrophilicity of aldehydes determines only part of its efficacy
and suitability for the imine-based dynamic covalent systems.

This chapter describes the studies of reactivities of different carbonyl compounds and
provides experimental characterisation of the roles of various substituents either directly attached to
the carbonyl or to different positions on the aromatic ring of various aromatic aldehydes.

' Unpublished results
5 The mechanism of the imine exchange reaction is discussed in Figure 1.3-5 on page 26.
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2.2.  Structural properties influencing imine formation

The ability of a carbonyl compound to form an imine consists of the combination of two
criteria: high conversion even in aqueous media (thermodynamic criterion) and fast rate of formation
(kinetic criterion). Simultaneous evaluation of both might render some difficulties and hence it was
separated into two studies based on different experimental approaches. The thermodynamic
criterion was extracted from competition experiments in which several carbonyl compounds
compete for one amine substrate in water/organic solvent mixture, while the kinetic criterion was
determined by conventional kinetic experiments in absence of competing species both in pure
organic solvent and in water/organic solvent mixture.

For the competition experiments, a library of 19 available aldehydes was separated into 5
subgroups (Figure 2.2-1) with benzaldehyde present in all of them as reference, diluted in mixture of
water/DMSO 3:7 (v/v) and reacted with equivalents of n-propylamine. The formation of imines was
followed by NMR spectroscopy. After addition of one molar equivalent, the spectra were measured
repeatedly until no change in the relative integral intensities was observed, indicating that the
thermodynamic equilibrium has been reached.

@
o
c
S
>
@
9]
o
S
m
@
3]
o
S
o
@
3
o
S
o

Group E:

o

o

SE

I

2 o/i
Z—
\ /
/
(@)
2 o/;
(@)
2 O/% ;

(0]

o

\
\, /
/
o
=
Y,
/
o
o
@
0/%
T o
Q /i

Ol
OH

o} N O o}

HO Ol

9
z
P4
r
z%
T
/
\
z
@]
N
z
: i
¥ /i

O,N HO
o) | X No 2 o o~ o o
v ~
N”  NH, OH OH OH
O\

Figure 2.2-1 Scheme of the aldehydes screened for reactivity with n-propylamine, divided into five subgroups. The groups
A to C involve various heterocyclic aldehydes and trifluoromethylketones, the group D was chosen to explore the role of
electron withdrawing substituents in the case of surprisingly reactive salicylaldehyde, and the group E to investigate the
role of second hydroxyl-group on the aromatic core.

In the first three subgroups A, B and C, various different aromatic aldehydes and
trifluoromethyl ketones bearing either electron-donating (ED) or electron-withdrawing groups (EWG)
were investigated. Equimolar mixtures of aldehydes in the group were prepared and then titrated by
equivalents of n-propylamine. *H NMR spectra were recorded 2 hours after mixing the components
or after addition of the following aliquot and then again after 24 hours to verify that the equilibrium
was reached. Equilibration was reached within 2 hours after addition of up to 3 equivalents of the
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amine, but was prolonged to 24 hours after the addition of the fourth equivalent and took 2 days
after the final addition of the fifth aliquot. The titration curves are plotted in Figure 2.2-2 through
Figure 2.2-6. The total conversion of n-propylamine to all imines is provided for clarity.

Titration of the group of aldehydes A

100% /
80%
60% / == salicylaldehyde
20% / / F* «=he=pyridine-2-aldehyde
()
/ / / == p-nitrobenzaldehyde
20% == o0-anisaldehyde
0% - . T T . ,  =@=conversion of amine
Oeq.of 1leqg.of 2eq.of 3eq.of 4eqg.of 5eq.of
PrNH2 PrNH2 PrNH2 PrNH2 PrNH2 PrNH2

== benzaldehyde

Conversion to imine

Figure 2.2-2 Titration of the group A of aldehydes by equimolar amounts of n-propylamine. Unexpectedly high reactivity
of salicylaldehyde was observed even in presence of aldehydes bearing EWG (like p-nitrobenzaldehyde) or electron-poor
aromatic aldehydes (like pyridine-2-aldehyde).

A surprising trend in reactivity was found: salicylaldehyde (SALAL), bearing an ED hydroxyl
substituent, was found to be the most reactive aldehyde, more so than aldehydes bearing EWG or
electron-poor heterocyclic aldehydes like pyridine-carboxaldehydes, or even very electron-deficient
trifluoromethyl ketones. Indeed, the trifluoromethyl ketones under given conditions (water/DMSO
3:7) exist in their hydrated forms which are unreactive towards nucleophilic attack by an amine.

Titration of the group of aldehydes B
100% B

80% =¢=Dbenzaldehyde

60% == pyridine-4-aldehyde

== 2-aminopyridine-3-aldehyde

40%
=>é=thiofen-2-aldehyde

Conversion to imine

20% ==imidazol-4-aldehyde

. =@=conversion of amine

0%

Oeq.of leqg.of 2eq.of 3eq.of 4eq.of 5eq.of
PrNH2 PrNH2 PrNH2 PrNH2 PrNH2 PrNH2

Figure 2.2-3 Group B examines different heterocycles bearing the aldehyde group. Only pyridine-4-aldehyde exceeds the
reactivity of benzaldehyde, which was among the least reactive aldehydes in the group A. The 2-aminopyridine-3-
carboxaldehyde, capable of formation of the intramolecular hydrogen bond like salicylaldehyde, is also less reactive.

The unexpected reactivity of SALAL can be explained by formation of a strong intramolecular
hydrogen bond between the hydrogen of the 2-hydroxyl group and the imine nitrogen. This
conclusion is supported by comparison of SALAL with its methylated derivative, 2-anisaldehyde,
which is fairly unreactive under the given conditions, or by comparison with 2-aminopyridine-3-
carboxaldehyde, which in spite of the capability of formation of a similar, but weaker, hydrogen bond
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is also unreactive (Figure 2.2-3). Introduction of two more substituents, 5-nitro and 3-methoxy, on
the SALAL core leads to complex behaviour of this derivative which alters the usually high conversion
of the first equivalent of n-propylamine, maybe due to higher acidity of the medium and partial
protonation of the amine (Figure 2.2-4).

The existence of the intramolecular hydrogen bond in salicylimines has been previously
reported in the literature in crystal structures™® 2% and also suggested in solution!®**27128:221,

Titration of the group of aldehydes C
0,
100% =¢—Dbenzaldehyde
o o | S
£ == salicylaldehyde
S 60%
c
2 40% == 2-(trifluroacetyl)-pyridine
S 20% - =>¢=trifluoroacetophenone
0% _
Oeq.of leq.of 2eq.of 3eq.of 4eq.of 5eq.of z-n|trc|1(;2-hhy:roxy-3-methoxy
PrNH2 PrNH2 PrNH2 PrNH2 PrNH2  PrNH2 enzaldehyde

Figure 2.2-4 Group C provides a comparison with trifluoromethyl ketones. The reactivity of these species is lowered by the
formation of hydrates in aqueous media, which are less susceptible towards nucleophilic attack by the amine.
Salicylaldehyde bearing 5-nitro and 3-methoxy groups exhibit complex behaviour, being superior to salicylaldehyde after
introduction of the first equivalent, but falling behind after subsequent additions.

In the group D, the derivatives of SALAL bearing EWGs in position 5 (para to the aldehyde
function) were tested, namely 5-chloro, 5-bromo, 5-nitro and 5-formyl substituted SALAL, and
compared with non-functionalized benzaldehyde (Figure 2.2-6). Unfortunately, the aldehyde signals
were heavily overlapped and unambiguous identification of each aldehyde was difficult, therefore
the conversion to imines was based on the aromatic proton signals. Moreover, the situation is
further complicated by the fact that 4-hydroxyisophthalaldehyde (“5-formylsalicylaldehyde”) bears
two carbonyls, both of which could compete for the amine. Indeed, this double reactivity was
confirmed by control experiments: 4-hydroxyisophthalaldehyde was reacted with 1 equivalent of n-
propylamine in mixture of D,0/ds-DMSO (3:7 v/v) and in d-chloroform (Figure 2.2-5). While in
chloroform the reaction proceeds only on the carbonyl next to the hydroxyl group, in the mixture of
water/DMSO the relative ratio of imines para and ortho to the OH group is about 1:10 in favour of
the latter. Addition of a second equivalent of propylamine leads to formation of the bis-imine. The
characterization and identification of different species in the mixture was done by multidimensional
proton-carbon correlated NMR.

X
o7 o o7 N A~
SO GETE—
Figure 2.2-5 The reaction of 4-hydroxyisophthalaldehyde in chloroform proceeds clearly on one aldehyde site only. In the

mixture of water/DMSO the selectivity by ratio 10:1 still in favour of the OH-bonded imine.

To better understand the actual effect of the EWGs, the kinetics of formation of the N-
propylimine starting from the corresponding aldehyde was followed by NMR and UV-VIS
spectrophotometry (see Section 2.2.2).
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Figure 2.2-6 Group D explores the effect of EWGs on the aromatic ring of salicylaldehyde. The order of reactivity of the
derivatives was found to follow the strength of electron-withdrawing properties as described by the Hammett constants.
After addition of the fourth equivalent of propylamine the situation is complicated by the double reactivity of 5-formyl
derivative.

Group E was explored in order to discern the effect of the second hydroxyl group on the
aromatic ring (Figure 2.2-7). It was found that the position of the second hydroxyl only has a small
effect. Nevertheless, two different influences on the reactivity of the carbonyl can be distinguished:
a) formation of a second intramolecular hydrogen bond in case of 2,3-dihydroxybenzaldehyde
increases the strength of the OH---N hydrogen bond leading to higher equilibrium conversion in
comparison to SALAL; b) the conjugation between two hydroxyl groups in para position decreases
acidity of phenolic proton and thus weakens the intramolecular hydrogen bond. Surprisingly, an ED
hydroxyl at the para position conjugated to the aldehyde group does not lead to significant
difference in equilibrium conversion. After addition of 1-3 equivalents of n-propylamine, 2,3-
dihydroxy benzaldehyde is superior to SALAL giving nearly an identical conversion as 2,4-dihydroxy
derivative, and they are both superior to the 2,5-dihydroxy isomer. After addition of four or five
equivalents, the difference in relative conversion is very small or negligible.

Titration of the group of aldehydes E
100%
()
E 80% =¢=Dbenzaldehyde
E 60% =fli—salicylaldehyde
.§ == 2,3-dihydroxy benzaldehyde
L 40%
g =é=2 A-dihydroxy benzaldehyde
[=
S 20% - :
o =i=2,5-dihydroxy benzaldehyde
0% - =@==conversion of amine
Oeqg.of 1leqg.of 2eq.of 3eq.of 4eq.of 5eq.of
PrNH2 PrNH2 PrNH2 PrNH2 PrNH2 PrNH2

Figure 2.2-7 Group E examines the effect of the second hydroxyl group on the aromatic ring. The major effects are: second
intramolecular hydrogen bond in the 2,3-dihydroxy benzaldehyde leading to higher reactivity; effective conjugation in
the 2,5-dihydroxy isomer lowering the acidity of the phenolic OH and thus weakening the imine-stabilizing
intramolecular hydrogen bond.
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The imine formation by condensation of an aldehyde with an amine is accompanied by the
elimination of a water molecule. In the reverse reaction, water causes hydrolysis of the previously
formed imine back to corresponding aldehyde and amine. Thus the water content in the medium is a
crucial parameter in determining the equilibrium conversion of the reaction.”® In principle, the
imine formation and the hydrolysis share the same equilibrium constant. Therefore, the choice of
approach, i.e. following the formation or hydrolysis of the imine, depends on practical issues like
solubility, miscibility and homogeneity. To investigate the stability of the imines of SALAL in aqueous
solution 20 pL of N-propylsalicylaldimine was diluted in a mixture of CD;CN with D,0 in different
ratios, and the equilibrium composition of the mixture was followed by NMR (Figure 2.2-8).
Equilibrium was reached within 6 hours for all the samples and the ratio of the imine and the
hydrolysed aldehyde was determined by integration of the corresponding signals.

Imine stability in aqueous media
100%
90% \‘\‘x
80% \

70% \\
60%

50% T T T T 1
0% 20% 40% 60% 80% 100%

D,O content in d;-aceonitile [vol. %]

Conversion to imine

Figure 2.2-8 N-propylsalicylaldimine was diluted in media containing different percentage of water in acetonitrile to
partially hydrolyse and the equilibrium composition of the mixture was plotted.

As expected, increased water content leads to an increased degree of hydrolysis, but an
imine conversion as high as 90 % is still achieved in a solution containing up to 40 % of D,0.
Remarkably high conversion to imine (above 60 %) is observed even in pure D,0, indicating a strong
support provided by the intramolecular hydrogen bond.

The supportive role of the hydroxyl group in imine formation was also investigated in case of
carbonyl compounds which normally do not form imines, and rather undergo Michael reactions, like
p-benzoquinone derivatives (Figure 2.2-9).[222] However, the inherent basicity of amines results in
deprotonation of the relatively acidic hydroxy groups, as in the case of 2,5-dihydroxybenzoquinone.
Here, no condensation of amine with carbonyl compound is achieved, but rather a precipitation of
the ammonium salt is observed, as it was proved by NMR and microanalysis of the isolated product.
To achieve the condensation of hydroxy-ketones with amines, elevated temperature and acidic
media are required.””® These compounds are known and studied for their tautomeric o-hydroxy-
imine/o-amino-ketone equilibria.?2***!

OH o)
F 2 HNTY + 2 HNT
HO CHCl, o

Figure 2.2-9 Basic amines cause deprotonation of relatively acidic dihydroxyquinones.
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The possible tautomerism of o-hydroxy imines was studied by several groups.!?*#220:2257229]

However, some controversy remains regarding the electronic structure of these compounds.
Specifically, it has not been shown whether the proton-displaced structure formed in minor
quantities is rather o-quinone type or phenoxide-ammonium structure (Figure 2.2-10). The presence
of the imine nitrogen atom opens another possibility of examining the actual electronic structure of
these compounds through the nitrogen NMR spectra.

xR x+ R R
N e N Z>N
-~ _H - H
OH o) o)
A B c

Figure 2.2-10 The possible tautomeric and resonance structures of the salicylaldimines. The dominant species in solution
is in the enol form A, however the strong yellow colour resulting from the absorption band around 400 nm in the UV-VIS
spectra is attributed to the tautomeric structures B or C.

2.2.1. Electronic structure of Schiff bases through nitrogen NMR

There have been numerous NMR studies on the chemical shifts of Schiff bases in 'H and *C
spectra in the literature, summarized in several reviews, 219220:225.229] However, information about the
nitrogen (**N and °N) NMR of imines is rather scarce,™ probably due to the difficulties in acquiring
the spectra. N is a dipolar nucleus giving sharp spectral lines, but the low natural abundance
combined with a low gyromagnetic ratio (y) makes the acquisition of 1D NMR spectra relatively
difficult. On the other hand, *N is almost 100 % abundant in nature, but is quadrupolar, giving broad
lines in NMR spectra and also has a low gyromagnetic ratio'”**%Y. Ssome magnetic properties are
summarized in Table 2.2-1.

Nucleus Natural abundance Spin vy/2n[MHz T-1]

H 99.98 % % 42.576
N 99.63% 1 3.077
BN 037% % -4.316

Table 2.2-1 NMR properties of nitrogen nuclei compared with the values for the proton.

The quadrupolar properties of the nucleus are defined by the corresponding Hamiltonian
(Equation 1). Quadrupolar energy level splitting and quadrupolar interactions contribute largely to
the line broadening™?. An interesting parameter in the Hamiltonian is the parameter q which
defines the gradient of the electric field around the quadrupolar nucleus. For symmetrical electric
fields this parameter is close or equal to zero and thus cancels the entire contribution of quadrupolar
effects to the complete Hamiltonian. Thus highly symmetrical nitrogen compounds, like quaternary
ammonium salts, give sharp N lines. Therefore, examining the line-widths in **N NMR spectra can
indicate on the local electronic structure around the nitrogen atom.

e’qQ
Ho ) [31Z2 — 17 + n(I2 - IZ)]

= 412l -

Equation 1 The Hamiltonian for quadrupolar nucleus, where e is the electronic charge, q is the electric field gradient, Q is
nuclear quadrupole momentum, 1 is scalar 1 which is an operator of the spin of the nucleus and 1 is the asymmetry
parameter.

The aforementioned resonance structures of the salicylaldimine tautomers (Figure 2.2-10)
differ largely on the nitrogen atom: while C resembles a secondary amine, B is a positively charged
nitrogen atom and as a consequence, the line width should be dramatically decreased in case of the
structure B compared to structure C. For this purpose, 13 derivatives of imines and related
derivatives were prepared and their nitrogen NMR spectra (both **N and °N) were compared in neat
liquids, solutions in CDCl; and TfOH where it is guaranteed that all nitrogens are protonated.
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@N/O\ @AN/OH HO/N\\O

Figure 2.2-11 Series of examined imines and related derivatives by 14N and 15N NMR spectroscopy.

The spectra were recorded under three different conditions: a) neat with external CD;NO,
standard in capillary, b) as a 10 % solution (v/v) in a mixture of CDCl;/CD3;NO, (95:5), c) as a 20 %
solution (v/v) in triflic acid with an external CD;NO, standard in the capillary. Both the N and the N
spectra were recorded with ds-nitromethane serving as the deuterium lock solvent (conditions a) and
c) and as a signal reference at §=0 ppm. Results are summarized in Table 2.2-2 to Table 2.2-4. The ®N
nucleus gives sharp lines and therefore the line widths, typically around 1.5 Hz, are not reported. The
YN and N signal shifts strongly correlate.

Structure 14N shifts [ppm] !5N shifts [ppm] 14N line width [Hz]
neat in CDCl;/CDsNO,

\N/\/
-85.66 -81.36 1460 530
OH
\N/\/
-48.48 -45.06 900 580

N
| XN -41.10 -35.59 1050 620
_N 7431 -62.00 1600 1200

Cl \N/\/
\E:C -77.32 n.d. n.d. 820
OH
Br \N/\/
\(>\A 78.46 n.d. n.d. 870
OH
OaN SN 7.78 g 180
-128.34 n-a. e 430
OH

Table 2.2-2 Chemical shifts and line widths of 1*N NMR signals in the spectra measured as neat liquids and in CDCl3
solutions of studied imine derivatives, n.d. stands for not determined in cases when spectra were not recorded.

By comparing the signal line widths of neat samples with those diluted in chloroform one can
estimate the contribution from the viscosity to the line broadening. The line width is decreased by
approximately 400 Hz by dilution of the compound in CDCl; in the cases of benzaldimine and
pyridineimine, for both the imine and pyridine nitrogen atoms. However in the case of
salicylaldimine, this line width is reduced by ca 900 Hz, indicating intermolecular interactions to a
larger extent than in previous cases. Comparison of the Hammett constants with the line widths of
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salicylaldimine and its derivatives bearing EWGs (5-Cl, 5-Br, 5-NO,) exhibit strong nonlinearity,
showing that the contribution to the line width does not rise from the acidity of the OH group (see
Section 2.2.2 for the effect of EWGs on the rate of formation of the imines). On the other hand, the
line widths seem to correlate with the mesomeric effect of the substituent (-M for nitro, neutral for
hydrogen, +M for halogens).

Triflic acid was used as a solvent to fully protonate the imine species and to avoid
precipitation or side reactions of the resulting iminium salts. The ds-nitromethane standard was
sealed in capillary and placed into the studied solution (20 % v/v of the compound in TfOH) as a
locking and shimming solvent as well as an internal standard referenced at 6=0 ppm. Results are
shown in Table 2.2-3. The line width for benzaldimine and pyridine imine signals is further decreased
by approximately 200 Hz when compared to solutions in CDCl;, but is slightly increased in the case of
salicylaldimine. This indicates that the effect responsible for line sharpening is much weaker in case
of salicyl than in other two cases. Again, the N and N signals strongly correlate. It is noteworthy
that protonation of the imine nitrogen leads to observable strong coupling with the azomethine
proton of about 18 Hz (details in the Experimental part).

Structure YN shift [ppm] N shift [ppm] YN line width [Hz]

\ﬁ/\/
H -197.97 -196.84 600
OH TfO
\ﬁ/\/
H -199.21 -197.68 390
TfO

X+
oS ”/\/ -165.70 -165.81 450

+
_NH 2 TfO" -188.97 -187.14 650

Table 2.2-3 Nitrogen NMR data of studied imine derivatives in TfOH solutions. The spectrum of pyridine imine shows
partial decomposition of the compound and elimination of protonated propylamine (signal at -349 ppm LW 160 Hz.).

To complete the overview on the nitrogen NMR parameters of imines and their related
derivatives, the spectra were recorded for several other compounds, and the results are summarized
in Table 2.2-3. In some cases, the corresponding signal could not be observed, either due to chemical
shift in close proximity of the nitromethane reference or due to extreme line widths which make the
signal indistinguishable from the background, even after long acquisition times.” If both were
accessible, the N and N signals correlate like in the previous examples. The imine nitrogen signal
for hydrazones and oximes are slightly shifted downfield compared to imines, but its line width varies
largely with the nature of the chemical environment, being extremely large in case of oximes (Table
2.2-4). For example, the N,N-dimethylhydrazone of acetaldehyde gives two appreciably different
nitrogen signals: the imine one at -30 ppm with a line width of 600 Hz and the amine one at -279
ppm and a line width of 780 Hz, which are in perfect agreement with observed imine and free amine
signals; but the imine signal of the pyridine-2-carboxhydrazone at -34 ppm has a line width of
1200 Hz, while other nitrogen signals are in good agreement both in chemical shift and line width
with related compounds. The O-methylbenzoxime was the only oxime compound which gave
observable *N signal with a line width of 1570 Hz.

" The spectral measurements over the range of 800 ppm, typically required for nitrogen NMR, often
bring problems in phase and baseline corrections over the whole range. More details can be found in
7.Experimental part.
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Structure 14N shifts [ppm] 15N shifts [ppm] 14N line width [Hz]

neat in CDCl;/CD3;NO,
\N’NV -29.85 -30.13 600 d
| -280.01 -279.15 780 e
\N’O\
491 Not observed 1570 n.d.
NSNS Not observed -51.24 Not observed n.d.
/N\OH
O/ Not observed -39.47 Not observed Not observed
©/\ Not observed -22.12 Not observed n.d.

N

Ofl\ Not observed -333.80 Not observed n.d.
Sy NH: -34.02 1200
| -71.65 n.d. n.d. 1130
2N -263.70 820

Table 2.2-4 Overview of the related imine derivatives and their nitrogen NMR parameters, n.d. stands for not determined
in cases when spectra were not recorded, Not observed relates to spectra which were recorded, but corresponding
signals were not observed in the spectra.

From the data acquired for the “N and N NMR signal chemical shifts, line widths,
substituent variation and the effect of solvents and protonation, two conclusions can be made: a) the
imine signals shift and its line width do not correlate with Hammett constants but rather with a
mesomeric effect (Figure 2.2-12), b) full protonation of the imine nitrogen of salicylaldimine does not
lead to line sharpening like in related imine compounds. Based on these observations, one can
conclude that the prevalent enol form A of the salicylaldimine (Figure 2.2-10) gives upon tautomeric
shift a quinoid structure C, rather than zwitter-ionic phenoxide B

02N R |
= _
TN = oy
0 H
(@]

Figure 2.2-12 Suggested explanation of the line width correlation with mesomeric effect. The quinoid structure exists in
two resonance forms where one of them puts a partial positive charge on the imine nitrogen. Substituent with +M effect,
like halogens, on the other hand significantly broaden the lines by contributing to the secondary-amine character of the
nitrogen atom.

2.2.2. Kinetic parameters of imine formation

For any optimal imine-based functional system, high yields and rapid rates of formation are
required. Therefore, the rate of the condensation reaction of an aldehyde with an amine forming an
imine is, together with overall conversion to the imine, a crucial parameter for the effective and fast
construction of imine based systems. The previously identified hits from the aldehyde screening were
thus examined also from the kinetic perspective, specifically for the rate of imine formation and
imine exchange.

As the kinetic behaviour strongly depends on conditions, perhaps even more so than the
equilibrium conversion, it is necessary to establish a link, or a reference point, which can be
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compared to related published results. In the case of aromatic imines, the logical choice is
benzaldehyde (BENZAL), as it is the simplest of aromatic aldehydes. The formation of N-
propylbenzaldimine was followed by NMR in CDCl; (Figure 2.2-13). The integrated signal intensities
were processed according to second order kinetics with correction for a non-stoichiometric ratio
(Figure 2.2-14)."

NS
CF e e (Y
2 CDCl;

k= (3.26+0.01)-10° Lmol™s™
Figure 2.2-13 The reference reaction for imine formation: the condensation of benzaldehyde with n-propylamine in d-
chloroform was followed by NMR and the rate constant was evaluated. The conversion under the conditions used herein
is quantitative and therefore the inherently reversible reaction follows kinetics of an irreversible reaction.
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Figure 2.2-14 a) 1H-NMR spectrum of the N-propylimine of BENZAL (bottom blue trace): the azomethine -N=CH- proton
of the imine gives typical signal at around 8.5 ppm, the aromatic CH protons give signals in a wide range of 6 - 9 ppm,
depending on the character of the aromatic ring. The signal of the aliphatic =N-CHz- protons is largely shifted compared
to the free amine in solution (approximately by 1 ppm downfield), appearing in the range of 3.5-4.0 ppm. Very fine
coupling with the azomethine proton introduces small splitting of the corresponding signal with interaction constant of
about 1 Hz, which is a very good identification mark for the imine signals in complicated mixtures. b) The NMR spectrum
recorded in the course of the imine condensation reaction (BENZAL + n-propylamine). The aldehyde peak at 10 ppm is
decreasing with time as well as the free amine signal at 2.6 ppm. The peaks corresponding to imine are on the other hand
increasing, both for the azomethine (8.25 ppm) and aliphatic (3.6 ppm) part.

Introduction of an EWG on the aromatic core leads to rate acceleration. On the other hand,
branching introduced at the a-position of the amine decreases the rate of the reaction. In the case of
the sterically hindered t-butylamine, the rate constant of imine formation with p-nitrobenzaldehyde

" The kinetic models, their mathematic treatment and version for reversible reactions as well as
corrections for non-stoichiometric mixing ratio are part of any physical chemistry textbook.™ The data could
be fitted both by the function [A] = f(t), [A] represents the actual concentration of compound A, or the
derivative (d[A]/dt = f(A) ) form of the kinetic equations. The model and the fitting approach used are always
indicated in the corresponding paragraph of the Experimental part.
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drops by the factor of about 30 (Figure 2.2-15). The imine formation under the conditions used is
quantitative and therefore the irreversible reaction kinetic model was used for fitting.

NS
\O R k N/\/
* HN” P
O,N 2 CDCly

O,N

R= k = [L mol-! s1]
n-propyl  (5.27 +0.06) - 10
cyclobutyl (4.00 +0.09) - 10°
t-butyl  (1.95+0.02)-10™
Figure 2.2-15 The rate constants of imine formation from 4-nitrobenzaldehyde and series of amines with increased
branching on the a-carbon of the amine. Steric hindrance of the amino group leads to significant diminishment of the

rate constant. The EWG nitro group on the other hand accelerates the rate of formation when compared to plain
BENZAL.

An unexpected hit from the aldehyde screening was obtained, with SALAL, and was further
investigated in terms of kinetics. Several substituents were introduced to position 5 on the aromatic
ring (i.e. para to the OH, meta to the carbonyl) and the rate of imine formation was monitored by
UV-VIS spectrophotometry, following the intensity of the characteristic absorption band around 400
nm. The optical density of this band was determined by measuring the UV-VIS spectrum at three
different defined concentrations. Control experiments in CDCl; performed by NMR, indicated the
total conversion to imines, and therefore irreversible kinetic model was used for fitting.

Five different substituents were chosen for this study: a single electron-donating 5-hydroxy
derivative and four derivatives bearing EWGs, namely 5-chloro, 5-bromo, 5-formyl and 5-nitro (Figure
2.2-16). Similarly to benzaldehyde, the rate of imine formation is increasing with the electron-
accepting nature of the substituent. The hydroxyl decreases the rate constant by a factor of about 2,
while the chlorine atom increases the rate by about the same factor. A SALAL derivative with the 5-
formyl substituent™ possesses two reactive aldehyde groups. As described above (see page 41),
these two carbonyls differ dramatically in their reactivities, which depend on the conditions used. In
chloroform, only the carbonyl on the position ortho to the hydroxyl reacts with amines, and the rate
is accelerated by a factor of about 20 compared to the parent SALAL. The strongest electron
acceptor, the nitro group, causes a rate augmentation by more than two orders of magnitude.

X o k X SN
CC f RN e
OH ’ OH

X=  k=[Lmol!s1]
H (3.83+0.06)-107
CHO (7.55+0.02)- 10"
Cl  (5.76 +0.01) - 107
Br (6.67 £0.02)- 107
OH (1.56+0.04)-10°
NO, 4.48 +0.01

Figure 2.2-16 Rate constants of the imine formation determined for several derivatives of salicylaldehyde in chloroform
by UV-VIS spectrometry. EWGs accelerate the rate of formation while ED groups are decelerating it.

From the data collected on the rate of imine formation from SALAL bearing substituents in
position 5, a more detailed analysis on the role of the OH in the imine formation can be extracted.

" Correct name of this compound is 4-hydroxy-iso-phthalaldehyde, the nomenclature “5-formyl” is
used to reflect the connection with other SALAL derivatives studied.
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For this purpose, a Hammett plot has been constructed. The logarithm of the rate constant of the
reaction with a substituent over the rate constant of the reaction without any substituent was
plotted against a set of corresponding Hammett constants, both 6, and 6., (Graph 2.2—1).[233] A
correlation has been found with the o, constants, with a slope of 2.33 and the coefficient of
determination R* = 0.9032.
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Graph 2.2-1 The Hammett plot of the rate constants of imine formation from the reaction of propylamine with substituted
salicylaldehyde derivatives as a function of o, constants. Linear regression gives a slope of 2.33 and R? = 0.9032.

The very steep slope suggests building of a negative charge during the reaction (possibly on
the phenolic oxygen) and high susceptibility to substituents, probably from the combined effects on
the OH group and the carbonyl function. Also, the significantly worse correlation with G,, constants
(R* = 0.7187) indicates that the effect on the hydroxyl group is more important than the one on the
carbonyl group. Consequently, it can be assumed that the rate of the reaction is dominated by the
acidity of the OH group and, as a result, the strength of the intramolecular hydrogen bond in the
imine formed.

The reactions studied by NMR and UV-VIS in chloroform exhibit total conversion to imines.
However in agueous media, the conversion of an aldehyde to imine is lowered by the occurrence of
the reverse reaction, imine hydrolysis, caused by elevated water content in the solution. Accordingly,
the kinetics in organic solvent/water mixtures follows the models for reversible reactions taking into
account equilibrated amounts of unreacted starting materials. The rate constants for imine
formation and the equilibrium constants of these reactions were determined in ds-acetonitrile/D,0
(7:3 v/v) mixture which provides wide range of solubility of both the aldehydes and the amines. The
aqueous medium also brings the role of pH into play. To this extent, six aldehydes were treated with
1 eq. of n-propylamine in the CD;CN/D,0 (7:3 v/v) mixture and the pH was buffered at 8.73 + 0.01 by
2 M triethanolamine buffer, the imine formation rate constants (k)*° were determined as well as the
equilibrium conversion (x). Results are summarised in Figure 2.2-17.

% Note that the reported rate constants are sum of two subconstants: the rate of the forward reaction
and the rate of the backward reaction, tight together by the equilibrium constant, i.e. equilibrium conversion.
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Figure 2.2-17 The rate constants of imine formation and equilibrium constants in aqueous media determined for six
aldehydes in the mixture of CDsCN/D:0 (7:3 v/v), buffered by triethanolamine (2.0 M) at pH 8.73 (uncorrected for
deuterium isotope effect, throughout the measurements).

Interestingly the nitro group, responsible for rate acceleration in chloroform, has a negligible
effect on the rate constant in ACN/W mixture, but enhances the equilibrium conversion to imine
compared to parent BENZAL by 20 %. Both hits from the aldehyde screening, pyridine-2-
carboxaldehyde (PYRAL) and SALAL, exhibit higher rate of imine formation by approximately one
order of magnitude greater than benzaldehyde, an observation that is similarly found in chloroform.
An interesting observation was made with pyridine-4-carboxaldehyde, another reactive aldehyde
from the screening experiments, which has an imine formation rate constant approximately four
times lower than PYRAL, which might be caused by higher degree of hydration of this isomer in
aqueous solutions.!?*"

2.2.3. Imines of aminoacids and metal catalysis

Among the naturally occurring compounds bearing an amino group, aminoacids hold a
special place as they are the basic building blocks for all proteins and enzyme molecules. The ability
of the amino group to undergo condensation with an aldehyde opens a possibility of reversible
derivatization of an N-terminus of a protein. Several aldehyde derivatives, mostly those with
biological relevance, were studied in the literature for their ability to form imines with various amino
acids at broad pH ranges and also in presence of metal ions. These imine-forming reactions are

particularly important, and play a critical role in the biological transamination process facilitated by
Vitamin BG [64,126,127,129,208]

PYRAL was chosen as a reactive aldehyde to probe the efficiency of imine formation from
aminoacids in pure water as a solvent. The corresponding imine formed possesses chelating
properties, coordinating to the metal ion by the pyridine-ring nitrogen, the imine nitrogen and by the
oxygen atoms of the carboxylate function of the amino acid. This tridentate binding motif fits well in
the 2:1 binding stoichiometry with hexacoordinating metal ions, such as zinc(ll). In the initial study, a
1:1 mixture of PYRAL and alanine was titrated with base, and the difference between the reaction
with 0.5 eq. of zinc chloride and those without zinc was plotted as a function of pH (Graph 2.2-2). No
conversion to imine was observed without the zinc present until a pH of about 8, and the conversion
grows steadily up to about 25 % at pH 13. However, when Zn** is present, the imine formation is
observed at pH as low as 3.5 and grows rapidly up to a pH of about 6, achieving approximately a 50 %
conversion. Further addition of a base unfortunately leads to large signal broadening and, upon
prolonged standing, to formation of a precipitate.
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In the next experiment, pyridine-2,6-dialdehyde was reacted with alanine in presence of zinc
(Figure 2.2-18). The bis-imine formed from the double condensation with the amino acids form a
binding site which is known as a pincer ligand. Again, the reactions with and without zinc were
compared. The dialdehyde dissolved in pure water forms an equilibrated mixture of the bis-aldehyde
and its mono- and di-hydrate. The signals produced by these species complicate the azomethine
region of the NMR spectrum. However, the aliphatic part is well resolved and allows quantification of
imine conversion.

PYRAL with Alanine - pH titration

o a

30% /

20% / /
10% /

3.0 5.0 7.0 9.0 11.0 13.0
pH

50%

Conversion of PYRAL

== Conversion to imine (no Zn) =fll=Conversion to imine (0.5 eq of Zn)

Graph 2.2-2 Conversion of PYRAL and alanine (both at 20 mM) to the imine as a function of pH in presence or absence of
0.5 eq. of zinc chloride in pure D20. The hexacoordinating zinc ion acts as an active template for the imine formation and
thus a higher conversion is reached at much lower pH values. High pH values in the presence of zinc leads to complicated
NMR spectra and partial precipitation, therefore these points have been omitted from the graph.
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Figure 2.2-18 1H-NMR spectra of the reaction of 2 eq. of alanine with 1 eq. of pyridine-2,6-dialdehyde at increasing pH.
The aldehyde dissolved in D20 gives equilibrated mixture of its mono- and di-hydrate (signals at 6 ppm). As a result, the
imine part of the spectrum is relatively complicated. On the other hand, the signals of free alanine and its corresponding
imine are well separated (3.6 and 4.1 ppm respectively). The free alanine signal shifts upfield with increasing pH as a
result of deprotonation of the amino group. The conversion to the imine was calculated from the alanine signals.
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In D,O, 2 eq. of alanine were mixed with 1 eq. of pyridine-2,6-dialdehyde and the mixture
was titrated with stock solution of NaOD in D,0 (Graph 2.2-3). With increasing pH, the conversion to
imines also increases, as expected. The initially formed mono-imine still undergoes dynamic
hydration of the unreacted carbonyl function, thus giving a pair of signals in the azomethine region.
Also, the signal coming from the alanine part of the imine shows a more complicated splitting pattern
than expected from the adjacent methyl group. At pH above 10, significant broadening of the
aldehyde and the hydrate peak is observed, indicating a fast equilibration between the two species.
At pH as high as 12 the conversion to corresponding bis-imine is almost complete (95 %), and further
pH augmentation does not lead to any improvement in imine formation (see Graph 2.2-3).

Pyridine-2,6-dialdehyde + Alanine

100%

60% JI.
40% W
20% ~4
0% '_‘*’ T T T T
3.5 5.5 7.5 9.5 11.5
pH

Conversion of the aldehyde

==@==conversion to imine (no Zn)  =ll=conversion to imine (0.5 eq. Zn)

Graph 2.2-3 Conversion of alanine (2 eq.) to its corresponding imines in the reaction with 1 eq. of pyridine-2,6-dialdehyde
in presence of 0.5 eq. of zinc chloride and a comparison with the reaction without zinc. At pH values above 6.5, the spectra
are very broad and complicated, therefore these data have been excluded from the graph.

The reaction was reproduced under the same conditions (2 eq. of alanine, 1 eq. of pyridine-
2,6-dialdehyde) and 0.5 eq. of zinc chloride was added, the reaction was titrated by stock solution of
NaOD like in the previous case. The formation of the imine, most likely coordinated to zinc, is
observed even at pH values when only a very little amount of imine is seen in the absence of the
metal ion. However, only a narrow range of pH was accessible: similarly to the previous case,
dramatic line broadening and ultimately precipitation was observed. Figure 2.2-18 shows the NMR
spectra of the titration without the Zn*" in solution. Only partial broadening is observed at high pH
values. In comparison, Figure 2.2-19 shows the same reaction mixture but with the addition of zinc,
and large broadening is observed at pH as low as 7.5. The reason behind the signals disappearing
from the spectrum is difficult to interpret. Upon prolonged standing, formation of precipitate is again
observed.

Additional experiments were performed to investigate the role of different metal ions,
different amino acids and to probe different experimental approaches. However, the formation of
uncharacterised precipitate was found to be a rather general problem at elevated pH values. In some
cases (Ni**, Co™) DLS experiments revealed formation of microparticles dispersed in the medium.
Some of the metals were found to interact with the lateral groups of some amino acids, such as the
hydroxyl group in the case of serine, which makes the spectra even more complicated. In general,
better results were obtained with larger, more lipophilic amino acids and most importantly, with
oligopeptides. However due to the experimental difficulties, this branch of investigation was
abandoned.
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Figure 2.2-19 1H-NMR spectra of the reaction of 2 eq. of alanine with 1 eq. of pyridine-2,6-dialdehyde and 0.5 eq. of ZnClz
at increasing pH. Above the pH of 6.5 (upper two traces) the signals get very broad and the spectrum is difficult to
interpret.

The aforementioned participation of the lateral function of some aminoacids is particularly
interesting in the case of aminoacids bearing a secondary amino group in the molecule, like lysine
and ornithine. Both of these amino groups are capable of forming imines, but due to their distance
they cannot simultaneously interact with one carbonyl function, i.e. they cannot form an
intramolecular aminal. The study was performed with ornithine, which was reacted with SALAL in a
mixture of acetonitrile-water due to the limited solubility of SALAL in pure water (Graph 2.2-4).

SALAL + ornithine - pH titration

100%

80%

60%

40%

20%

Relative concentration
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5.0 6.0 7.0 8.0 9.0 10.0 11.0
pH

—¢—Aldehyde =fll=Mono-imine ==A=Bis-imine

Graph 2.2-4 Relative conversion of SALAL to the mono- and the bis-imine in the reaction with the amino acid ornithine
bearing two amino groups in a mixture of CDsCN/D2z0 (7:3 v/v). The mono-imine is a dynamic structure in which the
aldehyde residue displaces between the a- and the §-amino groups as evidenced by 2D NOESY spectra.

54



The mixture of SALAL with 1 eq. of ornithine was titrated in a CD;CN/D,O mixture by either
NaOD or DBU stock solutions (Figure 2.2-20). The choice of base has no effect on the equilibrium
composition of the reaction mixture. First, formation of two mono-imines is observed: the imine
formed on the a-amino group and on the &-amino group of ornithine. These two are present in an
equimolar ratio and are dynamically interchanging as evidenced by 2D NMR. An increased pH causes
preferential formation of the bis-imine wherein both amino groups react. This leads to the presence
of some amounts of free ornithine and unreacted SALAL in solution. The reason for the preferential
formation of the bis-imine instead of increased mono-imine conversion is unknown. The 2D NMR
spectra also show that the mixture undergoes dynamic exchange: the bis-imine is in equilibrium with
the mono-imine, which dynamically exchanges the salicylidene residue between the two amino
groups, and eventually hydrolyses to give free aldehyde and ornithine. These dynamic processes
occur in fully equilibrated samples, i.e. the relative concentration of species is constant, therefore
qualifying as a dynamic equilibrium.
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Figure 2.2-20 'H-NMR spectra of the reaction of salicylaldehyde with ornithine in a mixture of CDsCN/Dz0 (7:3 v/v) at
increasing pH. The imine signals emerge as a pair of signals, one belonging to the a- and the other to the §-amino group.
The corresponding =N-CH- and =N-CHz- signals of imines overlap heavily: the a-imine has a CH signal overlapped with
the water signal, whereas the §-imine CH: overlaps with the CH signal of the free ornithine. Signal identification and
assignment has been based on 2D NMR experiments. As the pH increases, the initial formation of mono-imine is observed
which is finally overtaken by the formation of the bis-imine.

In order to avoid using a mixture of water and organic solvent, a water soluble aldehyde, 2,3-
dihydroxybenzaldehyde, was taken and reacted with serine at different pH. The conversion grows in
the range of pH 5 to 10, after which it reaches its peak of about 65 % conversion. Further increase in
pH probably leads to deprotonation of one of the phenolic OH groups and consequently, to charge
repulsion between the phenoxide and carboxylate anions, ultimately leading to hydrolysis of the
imine formed. In Graph 2.2-5, the conversion is plotted as a function of pH while Figure 2.2-21
provides the corresponding NMR traces used for the conversion curve construction.
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Graph 2.2-5 Relative conversion to the imine in the case of the 2,3-dihydroxybenzaldehyde reacted with serine in pure
D20 as function of pH. The dihydroxy derivative of SALAL was chosen for solubility reasons. As the pH increases above the
typical pKa of the phenolic OH, charge repulsion between the carboxylate and the phenoxide leads in the end to
enhancement of hydrolysis of the imine.
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Figure 2.2-21 1H-NMR spectra of the pH titration of a mixture of 2,3-dihydroxybenzaldehyde with serine. The aldehyde
signal decreases with pH while the imine signal increases up to the pH value of about 10 when maximum conversion is
reached. Further pH augmentation decreases the imine conversion. The aliphatic signal of serine is shifting upfield upon
deprotonation, the aliphatic signal corresponding to the imine formed can be found at 4.1 ppm.

2.3. Imine exchange

In constitutionally dynamic systems, a response to a stimulus (in other words “adaptation”) is
reflected in the change of the constitution of the system, i.e. in the change of the covalent bonding
of its components. The response time to the stimulus is determined by the rate at which the
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components can exchange. Therefore, fast component exchange is reflected by fast adaptation. This
has two important outcomes: a) the experimental time needed to achieve full equilibration is
reduced by fast component exchange and, b) the risk of perturbation of the thermodynamic control
over the system by kinetic factors is reduced in quickly responding systems. It is thus feasible to look
for reactions and conditions which give the fastest reconstitution of the components.

In the case of the dynamic imine linkage, either of the two components (aldehyde or amine)
can exchange in a reversible manner as a response to a change in condition or composition. To this
extent, the aldehyde candidates studied previously have been investigated also in terms of the
exchange kinetics. The N-propyl imines of SALAL and BENZAL were treated with 1 eq. of i-pentyl-
amine in CDCl; and the formation of corresponding N-i-pentyl imines was followed by NMR (Figure
2.3-1 and Figure 2.3-2).

« HN CDCl,
X

X=_ x=(K) k = [s1]
H 50%(1.00) (4.38+0.26)-10°
OH 50% (1.00) (1.26+0.01)-10°

Figure 2.3-1 Rate constants of the imine exchange reaction in the case of benz- and salicylaldimine. Exchange between n-
propyl and i-pentyl amine has an equilibrium constant of 1, showing no preference for either of these residues. The rate of
exchange for salicylaldimine is slower, probably due to stabilization of the species by the intramolecular hydrogen bond.

It is noteworthy that the imine exchange reaction follows pseudo-first order kinetics,
although the mechanism is inherently bimolecular. This is in agreement with published results of
Jencks et al.,'®® claiming that the rate determining step is the deprotonation of the reversibly formed
aminal (a monomolecular process, Figure 1.3-5 on page 33). All other steps, including reversible
aminal formation, are kinetically fast. This, on the other hand, does not imply a high concentration of
this species in solution, which is only determined by the corresponding equilibrium constant.
Therefore, aminal deprotonation can be a rate determining step even though there is very little or no
amount of aminal observed.
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Figure 2.3-2 Representative NMR trace for the imine exchange experiment in CDCl3 in the reaction of N-propyl imine of
SALAL with i-pentylamine. The bottom trace correspond to pure N-propyl imine, red trace above is recorded immediately
after addition of the i-pentylamine, following traces correspond to time stamp 8, 20 and 45 minutes after the addition.
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As shown by the exchange rate constants, the intramolecular hydrogen bond present in
salicylaldimines acts as stabilizing group not only in the imine formation, but also in the imine
exchange. In other words, the rate of exchange is decreased in the case of SALAL compared to
BENZAL. The two amine parts were chosen for their similar behaviour resulting in equimolar
amounts of their imines (and consequently also free amines) in the exchange reaction. On the other
hand, their signals in the NMR spectra are still well separated and can be fitted by kinetic models.
However, when the two exchanging amines are very different, like in the case of n-propylamine and
aniline, the equilibrium is shifted to one side of the reaction, in this case, in favour of the N-propyl
imines (Figure 2.3-3). This can be attributed to higher nucleophilicity of n-propylamine compared to
aniline, even though the imine formed from aniline provides a larger conjugated system. The
equilibrium conversion to N-phenyl imines does not exceed 10 % and the rate constants for both
SALAL and BENZAL are almost identical in this case.

\N/\/ . @ X /© + H N/\/
X H2N CDC|3 @(\N 2
X

X=_ x=(K) k=[s"]
H 10%(0.11) (1.00+0.04)-10°
OH 6.4%(0.068) (9.7+0.2)-10"

Figure 2.3-3 Exchange rate constants and equilibria in the case of asymmetrical exchange, i.e. one of the exchanging
amines has higher affinity towards the imine formation. The contribution of the protective intramolecular hydrogen bond
is negligible in this case.

In similar vein to the imine formation reactions, imine exchange was also followed in a
CDsCN/D,0O (7:3 v/v) mixture. Since there is some unreacted aldehyde in aqueous solutions of
studied imine, introduction of the second amine leads to an increased conversion, typically by about
5 %. For practical reasons, this conversion enhancement was neglected in the exchange rate constant
calculations.”

N N K=1 /\)\
N + /\)\ \N + H N/\/
HoN 2

ACN/W
Aldimine k=[s1]
benzaldimine (1.3+0.1) - 107
p-nitrobenzaldimine (3.3+0.1)-10°
salicylaldimine >0.027
pyridine-2-carboxaldimine >0.027

pyridine-4-carboxaldimine  (2.06 + 0.05) - 10°
Figure 2.3-4 Rate constants of the imine exchange reaction for several aldimines determined in an acetonitrile/water
mixture. Equilibrium constants are equal to 1 in all cases, proving that there is no preference for either of the amine
parts. pH was buffered at 8.73 + 0.01 by 2 M triethanolamine.

A significant difference in the exchange rate constants was found compared to those
determined in chloroform (Figure 2.3-4). The protecting effect of the intramolecular hydrogen
bonding of salicylaldimines in aqueous media is lost, giving the rate of exchange too fast to be
followed by NMR (> 0.027- 10° s), similarly to PYRAL. Pyridine-4-aldehyde is again slower in

™ The simple reversible exchange kinetic model would, in case of accounting for the increased
conversion, give a set of four differential equations which cannot be solved analytically. The absence of an
analytical solution to these differential equations also prevents the determination of confidence intervals.
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exchange than PYRAL, like in the case of imine formation. Surprisingly, benzaldimine exchanges
faster than its p-nitro derivative. The reason for these observations under the given conditions is
unknown.

The preceding exchange experiments were performed in excess of the amine part and/or in
aqueous media in which some free amine is present in the solution. In fact, this free nucleophile acts
as the active species and contributes to the rate of the imine exchange to large extent. A different
model must be proposed when the aldehyde is in excess (in which case there is very little or no free
amine present) or in the case when two different preformed imines are mixed together.

For this purpose, three imines were synthesized: N-propyl imines of BENZAL and SALAL and
N-i-pentyl imine of PYRAL. As shown before, the aldehydes have no preference for either of these
two amine residues, giving an equimolar ratio of each when mixed. The imines were distilled from
P,O;s to ensure that the compounds were anhydrous and free of residual amines, and sealed under
nitrogen. The exchange experiments were performed in dg-toluene which was distilled from sodium
prior to use and stored under argon. These conditions should ensure the lowest water content
possible and thus disfavour the exchange mechanism proceeding through the hydrolysis of the imine
and its reformation as well as exchange caused by an excess of nucleophile.

In the first experiment, the exchange between imines of SALAL and PYRAL was studied. The
reaction does not proceed at room temperature, and even after 24 hours there is still no NMR trace
of the products of imine exchange. To achieve the exchange, the reaction must be heated up to 70 °C
for 1 hour when the peaks of the exchanged products start to emerge (Figure 2.3-5).
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Figure 2.3-5 1H-NMR traces of the exchange reaction of imines of SALAL and PYRAL in dg-toluene. There is no observable
difference between spectra recorded immediately after mixing and after 24 hours (two lower traces). The imine exchange
products start to emerge (two small triplets in between two strong triplets at 3 and 3.5 ppm) after 1 hour heating at 70
°C.

For comparison, the study was repeated with the imine of BENZAL instead of SALAL. In this
case, exchange occurs even at room temperature, giving approximately 10 % conversion after 20
hours. It was thus shown that the relatively acidic phenolic OH (the only source of acidic protons in
the reaction mixture) in case of imines of SALAL does not catalyse the imine exchange reaction.
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Figure 2.3-6 The effect of the OH-clipped imine was tested in imine exchange reaction.

To show the effect of the phenolic acidity, the exchange reaction of imines of BENZAL and
PYRAL was repeated in presence of 1 eq. of phenol under the same conditions (Figure 2.3-6).
Dramatic enhancement of the reaction rate was observed, giving almost equilibrium conversion (47
%) in 20 hours after mixing (Graph 2.3-1 and Figure 2.3-7).

Phenol-catalyzed imine exchange
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Graph 2.3-1 Phenol catalyses the imine exchange reaction. The relative conversion of catalysed and non-catalysed
reaction is shown (1 eq. of phenol was used). The catalysed reaction is almost at equilibrium after 20 hours, while the
non-catalysed give only 10 % conversion at the same time.
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Figure 2.3-7 1H-NMR traces of the non-catalysed (lower three) and phenol-catalysed (upper three) imine exchange
reaction between imines of BENZAL and PYRAL. The time stamps for both catalysed and non-catalysed reactions
correspond to 0, 1 and 20 hours after mixing. The emergence of the new imine peaks is much faster in the catalysed
reaction. The imine peak of the BENZAL imines in the non-catalysed reaction is overlapped with one the pyridine
aromatic signals, while the signals of PYRAL imines are well resolved (8.0 ppm in the non-catalysed and 7.9 ppm in the
catalysed reaction).

2.4.
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Summary of Chapter 2

An aldehyde screening was performed and the two most reactive aldehydes,
salicylaldehyde and pyridine-2-carboxaldehyde, were identified.

The reactivity of salicylaldehyde has been demonstrated to be the result of the
intramolecular hydrogen bond.

The tautomer of salicylaldimine has been suggested to correspond to the quinoid
structure rather than the phenoxide zwitterionic structure.

The selected aldehyde hits are also superior in terms of kinetics of imine formation.
The acidity of the phenolic OH was identified to be governing factor in the kinetic
activity of salicylaldehyde.

The selected aldehyde hits are also suitable in terms of exchange kinetics, being
superior to other aldehydes in agueous media.

The intramolecular hydrogen bond of salicylaldimine was shown to have a protecting
effect in non-aqueous media.



3. MOLECULAR WALKING VIA
DYNAMIC IMINE BOND

3.1. Introduction: Molecular walking

Molecular walking is an example of motional dynamics. The walker unit is displaced along the
track in a repetitive, step-like mechanism. Nature has developed walking cellular protein motors
which consume a fuel to power the displacement of one molecule or part of the molecule with
respect to another in a given direction. The fuel provided enables operation against the gradient
driving the system towards thermodynamic equilibrium and to actually perform work. Synthetic
mimics of this fascinating biological process have been demonstrated, although so far they all
operate under thermodynamic control. Artificial molecular walkers operating under kinetic control
are still an open challenge.

3.1.1. Biological molecular walkers

The complexity of cellular structure emerging during early cell evolution required a way to
reliably organize the interior of the cell, cytosol, and as the cells were growing bigger, also a way to
transport diverse cargo from the interior of the cell to the surface as well as in the opposite direction.
Early eukaryotes have developed protein molecules which can reversibly bind to the cytoskeleton,
and fuelled by ATP, a cellular energy source, they can perform step-like movement along the
cytoskeletal track towards one end. If a cargo is attached to this protein, it is dragged by the walking
protein to its destination.®® Large numbers of such protein molecules have been discovered and
studied until today and they are divided into three major classes: 1.) the kinesin superfamily (KIF) —
protein molecules which walks along the microtubule to is plus end (to the surface of the cell),?>*?
2.) dynein — a protein that walks along the microtubule to its minus end (to the cell centre),® 3.) the
myosin superfamily — proteins that walk along actin chains.!**”

These cellular motors perform very important tasks throughout the cell’s life — starting by
separation of chromatin during cell division and organization of cellular structures by moving the
organelles to their specified positions, to waste disposal by vesicle transport to the surface and
signalling by mRNA transport.®”

To achieve high reliability and performance, the walker system has to fulfil several criteria.
The motor protein must remain in contact with its track during the period of making a step,
otherwise it would detach from track. Biological motors have typically two binding domains,
therefore when one is making a hand-over-hand step, the other keeps the motor protein attached to
the microtubule or actin filament.!*” Also, the movement must be strictly directional, i.e. when one
step is taken towards the plus-end of the microtubule the next step must be in the same direction
otherwise all work done during the first step would be lost during the second one. The active site of
the walking protein is an ATPase enzyme, which causes conformational changes to the protein
backbone leading to destabilization of trailing foot binding to the track and consequently its lifting,
overtaking the leading foot and ultimately binding to the track again. Cellular walkers usually form
dimeric structures such that the structure of the active ATPase centre before and after the step is
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taken is identical, which ensures that the steps can be taken in one direction only for a given protein
[34]
motor.

MT/AF track lifted foot overtaking foot

trailling foot leading foot
Figure 3.1-1. Schematic description of a biological molecular walker performing a single step.

Important descriptors of the biological walker are the length of the step taken, the speed of
walking, and the force applied in pulling a cargo. These values depend on the type of the motor and
the size of the cargo. For example, kinesin makes a step of 8.3 nm in one step and can reach a speed
of 0.2-0.6 um st 1323499 Dynein, walking in the opposite direction, can reach a speed of 5-10 um s™
and the step length can vary from 8 nm when carrying a heavy cargo, to 32 nm when no cargo is
transported.® Myosin is capable of moving up to 95 nm in one step event.”” Due to the bipedal
structure of the walking motors (dimeric proteins), the length of the cargo displacement is only half
as long as the step size, i.e. the distance that the trailing head must overcome to get to leading
position. Using optical tweezers, the force applied by the walker on the cargo has been measured to
vary from 1.1 pN for dynein up to 8 pN for kinesin.> Impressive as these steps might be, one has to
realize the size of the motors - kinesins are approximately 80-350 kDa proteins with sizes from 50 to
80 nm, dynein being approximately as twice as big.??** In other words, the walking proteins
perform steps of approximately 10 % of their size.

Many important questions in the field of cellular transporters are still not satisfyingly
answered.”**% For example, the cell environment is a relatively concentrated solution of various
cellular structures and components, which might be in the way of the walking process. Therefore
effective and functional molecular walkers need to avoid or overtake such obstacles, for which
Nature apparently found a way although the mechanism is not known. Also, how does the cell
manage traffic on its rich highway net of microtubules and filaments? And how does a cargo
recognize its predestined motor unit? These and many other questions are now accessible to
investigation using innovative emerging techniques like scanning probe microscopies[237"24°],
fluorescence confocal microscopy® 2! FRET®**?*! quantum dots™*** and optical

tweezers!?%%1,

3.1.1.1.  Biological tracks & directionality control

The cellular motors work in a unidirectional manner, i.e. they can only walk in one direction
along the asymmetric microtubule or filament. Kinesins are walking towards the plus-end of the
microtubule (anterograde direction, towards the surface of the cell), while dyneins are moving in the
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opposite direction to the minus-end of the microtubule (retrograde direction, towards the cell’s
nucleus).” Thus the cargo can be transported in either direction by anchoring to the proper motor
unit. In fact, a single cargo can anchor more than one motor, and these motors can even be of
different types. As long as one type of motor is inactivated, directional transport of a cargo is
observed. Switching the active/inactive unit at the cargo’s destination results in backward motion, as
was observed in several biological structures.!**%

Directional movement of the biological motor proteins requires an inherently bipolar,
oriented track, which microtubules are. They are formed from heterodimers of a- and B-tubulin,
where a-tubulin exposed ends are called minus and B-tubulin end are called plus.””*® Elongation (or
shrinking) of the microtubules proceeds much faster on the plus end (driven by GTP hydrolysis),?*"
and, in mammalian cells, the minus ends are often rigidly anchored to other cellular structures. The
active site of the motor protein, originally thought to be responsible for directionality of the
protein,’”®> was found to be very conserved throughout the motor protein families,””*® and rather
than to directionality it contributes to processivity.”””) The consensus on the origin of the
directionality claims that it is the dimeric form of the walking protein resulting in two feet bound to
the track by different strength which prevents the backward steps by the ratchet type
mechanism.'”*® It was further shown, that the directionality of the motor proteins can be biased by
ionic strength[zsg] or completely inverted by coupling multiple motor proteins together with respect
to individual motor protein.[m] A very similar situation is found also in the case of the actin-walking
proteins,[zel] which are inherently capable of walking in either direction along the bipolar, oriented
actin filaments. The processivity is again gained by duplication of the walking foot, like in the kinesin
family, but the directionality is achieved by different mechanisms.!*?

3.1.2. Artificial molecular walkers

The fascinating properties of biological walking motors have attracted the attention of
chemical research to create simpler, affordable and modular transporters for practical applications.
However, several issues emerge when one tries to create non-protein molecular walker. In addition
to processivity and directionality required also for biological motors, synthetic molecular walker must
have other features which are inherent to biological kinesin-like molecules:?**!

e Repeatability — every step taken by the walker should be the same, i.e. consuming
the same fuel, performing the same work and overcoming the same distance.

® Progressivity — after performing one step biological walkers have the same structure
as before, being ready to make another step. This elegant solution is not guaranteed
for artificially designed motors.

e Autonomous functionality — when enough fuel is supplied, the system should keep
performing the task until it is finished or until the fuel is depleted, without any
intervention.

Several smart and elegant solutions of aforementioned problems have been demonstrated in
the literature (Section 3.1.2.3). However, construction of a system of small molecules performing
molecular walking and cargo delivery is still a challenge.

3.1.2.1.  Toolbox of molecular machinery

Molecular walkers are part of a broader family called molecular machines.””*****! Similarly to
their macroscopic counterparts, molecular machines are designed to perform work (output) as a
response to application of a force or providing fuel (input). The basic phenomena[m] as well as state
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of the art in this field have been summarized in exhaustive reviews.?**?**! From numerous systems in
the literature, only a few inspiring examples are presented here for illustration.

The molecules which can undergo a reversible transition between two (or more) chemically
distinct states are called molecular switches. The transition from state A to state B can be stimulated
for example by light, heat, coordination or electrochemical potential.®®?¢-*8 Different properties of
the two states can manifest in various ways — the switch can be an ON/OFF catalyst of a chemical
reaction,’”* 2! the two states can have different electronic structure and conjugation between parts
of the molecule®®®? etc. Finally, the two states can be inherently chiral which can ultimately lead to
switchable enantioselective catalysis of Michael addition.?**!

Generation of mechanical force from molecular movement represents an attractive concept
for nanoscience. The one dimensional motion has been shown using molecules which can change
their length as an adaptation to the stimulus, e.g. coordination to metal ion.100178284 Eytansion to
two dimensions has been demonstrated for molecular rotors where one part of the molecule is
rotating about an axle with respect to another part of the same molecule.28>2%¢] By combination of
the two, a unidirectional twister which undergoes simultaneous length change and rotary motion has
been prepared.”” Different modes of 3D motion is the case of autonomously operating self-
propelled bimetallic nanorods which “swim” in hydrogen peroxide solutions.””®® Also, their motion
direction can be controlled by acoustic or magnetic fields.!?**!

Catenanes are mechanically interlocked molecules consisting of two intertwined macrocyclic
rings. Similarly, rotaxanes consist of a macrocycle wrapped around a dumbbell-like molecule, so that
the stoppers (end-capping groups) prevent the ring from slipping from its central rod-like part.
Catenanes bearing both tridentate (like terpyridine) and bidentate (like phenanthroline) ligands in
each of their macrocycles can coordinate metal cations by four, five or six dative bonds. As the
coordinating demands of copper changes as a function of its oxidation state, the catenane with two
Cu(l)-coordinated phenathrolines in the intersection can be switched by electrochemical oxidation of
the copper to Cu(ll) to structure with two Cu(ll)-coordinated terpyridines in the intersection.?*?°" |n
a similar way, switchable rotaxanes have been introduced, using different oxidation and protonation
states.[2922%! Recently, a rotaxane bearing several aminoacid residues was used as synthetic peptide
synthesizer, a feature which is performed by ribosomes in living cells.”*®! As the presented examples
are powered by external stimulus (fuel), they can, in agreement with the second law of
thermodynamics, perform tasks (work).

a)

i
y

b)

Figure 3.1-2. a) Schematic representation of a switchable rotaxane. Blue circles represent stoppers at the ends of the
linear central part, around which a macrocyclic ring is wrapped. b) Schematic drawing of a switchable catenane, two
intertwined macrocycles are mechanically interlocked. Two distinct coordinating pockets are indicated in green and red.
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From many fascinating machines on the molecular scale, only those which have a
resemblance to molecular walking are discussed in following two sections, although many features
are common to all molecular machinery. In the following text, the switchable catenanes and
rotaxanes are considered shuttles and not walking molecules because the processivity of the
displacement from position A to position B, i.e. the fact that the walker doesn’t fall of its track, is due
to mechanical interlocking of the molecules, unlike the walking motor where the processivity is
achieved through bonding (either covalent or noncovalent) of the walker with the track.

3.1.2.2. DNA-based molecular walkers

Tremendous progress in the field of DNA synthesis has enabled preparation of complex
artificial structures based on long DNA sequences. The formation of a stable, yet reversible duplex of
matching DNA sequence provides a unique way to design and control the system. In the first example
of a DNA walker,?” single-stranded foot and foothold DNA sequences were linked by a simultaneous
formation of the duplex with programmed “anchoring” DNA sequence, in which one part is
complementary to the foothold and one to the foot sequence. Also some non-pairing nucleobases
are present. Specific sequences for each foot, foothold and anchor provide precise control over the
binding of each foot to its designed foothold. After addition of a DNA sequence fully complementary
(energy gain by complementarity with previously non-pairing nucleobases)?*® to the anchor, the foot
is released from its foothold. This released foot can now be anchored to a different foothold by
addition of the corresponding anchoring sequence. By crosslinking of two feet, one obtains a
molecular DNA biped with feet addressable by specific DNA sequences.

Many fascinating examples have been demonstrated using the complementarity of the DNA
sequence and even autonomous modes of operation has been introduced.”**Y A more detailed
overview of this rich and swiftly evolving field can be found in the published review.?*

3.1.2.3. Small-molecule walkers

All previous examples of smart machines capable of molecular walking share a single
drawback: their size (molecular weight) is enormous. The ideal molecular walker is a small molecule
requiring a simple track so that these systems can be easily modified to match the particular needs
and conditions. Also, controlled synthesis of large sophisticated molecules is generally more costly
than for smaller molecules. This motivated research in the field to achieve a system which is capable
of performing the molecular walking in an oriented manner using small molecules and easily
accessible tracks.

Controlled step-like motion was demonstrated®**® using a combination of two

independent dynamic reversible reactions operating under different conditions: acylhydrazone
exchange and disulfide exchange. While hydrazone exchange proceeds under acid catalysis (by either
Brgnsted or Lewis acid), the disulfide exchange requires basic conditions to generate thiolate anions
which then induces the exchange of disulfides. Alternatively the disulfide exchange can be performed
using a sequence of reduction and oxidation step — the reduction breaks the disulfide linkage into
two thiols which are then linked again by oxidation. By introduction of both hydrazide and disulfide
in one molecule one can address each of the feet separately by periodic changes in pH. The
mechanism is illustrated in Figure 3.1-3. The track is synthesized with the walker unit already
attached by both acylhydrazone and disulfide foot. The track also contains an aldehyde and another
disulfide linkage. Under neutral conditions the molecule is stable. By acidification the acylhydrazone
group becomes labile and undergoes reversible hydrolysis and recondensation, but the condensation
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can proceed with either the original aldehyde group or the other available aldehyde. The connection
to the track remains intact due to stability of disulfide linkage under acidic conditions. Next, the pH is
increased which leads to “freezing” of the acylhydrazone dynamics, but on the other hand the
disulfide linkage becomes labile and undergoes disulfide exchange. Thus second step is performed
and the walker unit is displaced along the track.

0 0 0

HNJL"N\§ R\§ _H g/“"“lLrIuH R\sI _oH R\§ HI}IJMN\§
N S 0 S 0 S N S 0o S Ne. S
T 1T )

Figure 3.1-3. Schematic representation of acylhydrazone/disulfide diade used for molecular walking.

Each of the steps performed in disulfide-acylhydrazone step-like motion is non-directional, in
other words, it has 50% chance to perform a step forward, but has also 50% chance to make a step
back. Therefore after several cycles of pH changes the distribution of species attached along the
track is statistical and equilibrium is reached. However, the mixture is still dynamic in nature and can
be qualified as dynamic equilibrium in which species interconvert but their overall ratio does not
change.

Enhancement of directionality was achieved by introduction of a photoisomerizable double
bond in the track.*®” The sequence of the acylhydrazone-disulfide exchange is inverted in this case
(Figure 3.1-4). The track is synthesized with the walker unit attached at one end and with the double
bond in the Z configuration. This configuration brings the walker unit in proximity to the second
disulfide linkage and therefore under basic conditions the disulfide exchange proceeds. If the double
bond is in E configuration the exchange proceeds less effectively. When the walker unit is attached in
the central position on the track and then the photoisomerization of the double bond is performed,
high strain is introduced into the macrocyclic structure. Following acidic acylhydrazone exchange
proceeds unidirectionally (i.e. the original acylhydrazone bond is hydrolysed and new one is formed
with the other carbonyl without recondensation with the original carbonyl) to release the strain
accumulated in the macrocycle by the photoisomerized double bond. In this manner, the
directionality reached up to 95 %.5%¥
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Figure 3.1-4. Photoisomerizable double bond enhances the directionality in ratchet type molecular walking.
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Another non-directional walker was demonstrated based on reversible Michael/retro-
Michael reaction of a p-nitrostyrene derivative and a linear polyamine chain.”? The principle is
illustrated in Figure 3.1-5. The trimethyl(2-(4-nitrophenyl)prop-3-en-1-yl)Jammonium salt reacts with
the terminal nitrogen of the selectively protected polyamine chain. After deprotection (removal of
Boc by TFA) the walker unit undergoes Michael addition to a neighbouring amino group on the
alkene conjugated with the aromatic ring and the nitro-group forming an intermediary seven-
membered ring. This ring breaks through the retro-Michael reaction with 50 % chance to open on
each side to allow the walker unit to be either displaced to the next nitrogen atom or to the original
one. Placing a fluorescent molecule on one end of the track leads to significant fluorescence
decrease over time as the nitrophenyl group serves as a fluorescence quencher.

NO, N NO,

RS SE ¢ u 00 ¢ u 00
HN N N N HN N N N HoN N N N

Figure 3.1-5. Small molecule that walks down along a polyamine chain through the reversible Michael addition of the
nitrostyrene derivative.

Unidirectionality was introduced also for this type of walker by attachment of two different
aromatic groups (phenylpropyl and 1-naphthylmethyl) on the polyamine chain. The walker unit starts
at the position next to the phenylpropyl group and slowly walks towards the naphthylmethyl-
substituted end.® However, once the equilibrium is reached, the walker cannot be reverted to the
starting position, nor recycled, and hence this type of walker is one-use-only. A similar principle of
single unidirectional displacement has been applied to mimic the natural ribosome function by
synthetizing oligopeptides with well-defined sequence.*®

H*, heat
N base, heat N
N
N | N
| = | =
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Figure 3.1-6 Reversible directional displacement of the coordinating biped along the track of pyridine ligands.
Protonation of the more basic pyridine leads to displacement of the labile palladium foot while more strongly bound
platinum foot remains permanently attached to its site.

Finally, a reversible unidirectional walker has been demonstrated, working as a biped with pH
controlled heat driven coordinating feet.” The two feet are based on two different metal ions:
palladium as the labile foot and platinum as the fixed one (Figure 3.1-6). The labile palladium foot
can exchange between two pyridine coordinating sites, out of which one bears a p-dimethylamino
group. This substitution leads to an enhanced nucleophilicity, but also to increased basicity.
Therefore, under basic conditions the palladium foot occupies the more nucleophilic site, but upon

68



acidification this site gets protonated and the labile foot shifts to the less basic, non-substituted
pyridine ring while the platinum foot remains constantly locked in its position. The complexity of the
walker and the track is demonstrated by more than 12 synthetic steps required and by the molecular
mass of the system higher than 2 kDa.

3.1.3. Concept

The phenomenon of molecular walking, well known in cellular biology and also studied on
artificially synthesized systems was brought to the field of the reversible aldehyde-amine
condensation. First, non-directional two-site displacement was examined as well as ways to influence
and to control the system and the rate at which it operates. Then the system was probed on longer
multi-site tracks of various topologies. Also, experimental evidence on the mechanism of observed
motional dynamics as well as demonstration of basic steps is provided. The results to this point were
published.BO” Finally, the directionality control was explored.

3.2. Imine bond-based small molecule walkers

Dynamic Covalent Chemistry (DCC)[6'20'22'26'27'308'309] rests on the implementation of reversible

covalent reactions for the generation of dynamic covalent/combinatorial libraries (DCLs) of
constituents from the reversibly connecting components. The reversible imine formation process
deserves a particular attention in view of the ubiquity of the amino function in substances of interest
in chemistry, biology[am] and materials science.P* As it proceeds with the liberation of water, its
dynamic character depends on and may be controlled by the presence of water. To further extend its
scope in the realm of DCC, the exploration of the imine forming and exchange reactions of a number
of aldehydes with typical amines was undertaken (see Chapter 2). The observations show much more
than simple molecular reactivity and recognition, uncovering some remarkable features, involving
both constitutional and motional covalent processes. An especially attractive processes involving the
imines of salicylaldehyde (SALAL),®*28:209221.226312) is anyorted adding novel facets to the chemistry of
this extensively investigated molecule. They display remarkable formation and exchange features, of
much interest for DCC,'*****? for which it might be called an “imine clip” reporting on the internal
hydrogen bond established between imine nitrogen and the neighbouring hydroxyl group.

The imines formed by SALAL with oligo-amines (such as ethylenediamine,
diethylenetriamine, etc...) display particularly interesting intramolecular non-directional motional
processes, involving transfer of the salicylidene group between amino groups by reversible covalent
bond formation, that bear relation to the synthetic molecular “machines”[264266276:313314] 5
biological motor proteins!?®3%3>399235] graas, very actively investigated in recent times. These
results were complemented by a comparison with the behaviour of pyridine-2-carboxaldehyde
(PYRAL)M920%20831%] g of benzaldehyde (BENZAL)®'**'” as reference compounds. Imine formation
by the related pyridoxal-5-phosphate has been extensively studied in the literature, [19%20%209.215.217,318]
in view of its importance as biological cofactor (see Section 1.3.3) and the present data may also
have implications for the related transamination reactions. Group transfer through making and
breaking of covalent bonds has been described for several functional groups, such as acyl or borinyl
transfer. 1888993319320 Tha dynamic behaviour of imines is of special interest® in view of its
widespread role in chemistry, biochemistry!??#32323] 35 well as in materials science.

In more general terms, the results reported in this Chapter represent a combination of
constitutional and motional dynamic covalent processes (a feature envisaged earlier™™®”) within the
same system, as illustrated schematically in Figure 3.2-1. They lead to the notion of Dynamic
Covalent Motions (DCMs), concerning motions that result from reversible covalent bond formation
and dissociation within molecules, rather than by changes in non-covalent arrangements within
supramolecular architectures. By extension, the processes uncovered also impact on the design of
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nanochemical devices of artificial as well as biological significance, whereby simple aldimine systems
represent prototypes of entities that may both undergo intramolecular displacement motions and
intermolecular exchange of their parts, thus enabling in principle adaptation by structural variation.

Constitutional dynamics Motional dynamics

VR PRV

Motional dynamics

L I

Figure 3.2-1 General scheme of merging motional and constitutional dynamics.

3.2.1. Aldehydes with aliphatic a,w-diamines

In order to promote high efficiency of formation, high rates of formation and high rates of
exchange, a mixed aqueous-organic solvent, aqueous acetonitrile (CH;CN/H,O, 7/3) was chosen,
which in addition to insuring a wide range of solubility also allowed the observation of novel dynamic
features. The previously determined kinetic parameters of imine formation and exchange from
Chapter 2 relevant to the herewith studied compounds are recapitulated in Table 3.2-1

Aldehyde k|[10-3M-1s1] Conversion[%] Half-lifes]ll R?2

BENZAL 61.1+0.9 20 818 0.88
SALAL 71.4+04 77 700 0.99
PYRAL 202 +2 61 248 0.98

N-Propylimine of k-:K[M-1s-1] Conv.toi-pentylimine [%] Half-life [s]l2] R2

BENZAL = 50 <20 =
SALAL 0.73+0.02 50 76 0.97
PYRAL = 50 <20 =

Table 3.2-1 Selection of kinetic data from Chapter 2 relevant to the studied phenomena, rates and equilibria for imine
formation with n-propylamine (top) and for amine exchange of the resulting imine with i-pentylamine (bottom). [a] The
half-life indicated is calculated from the rate constant and initial concentration of 20 mM for the imine formation and
18.2 mM for the imine exchange. Study was performed in mixture of CD3CN/D20 7:3 (v/v) with triethanolamine buffer
(pH = 8.73) with 20 mM starting concentration of reagents (aldehyde + n-propylamine) in 1:1 ratio and followed by NMR.
Exchange experiments were performed on samples equilibrated for 3 days adding 1 eq. of i-pentylamine (decreasing
initial concentration to 18.2 mM) and followed by NMR.

The determined rate of imine exchange is tied with the equilibrium constant of aminal
formation, and thus it is concentration dependent (discussed in detail in Section 7.4.1). The criterion
of rate concentration dependence is thus applicable to distinguish between the intermolecular and
intramolecular mechanism of the process under study.

In fact, transimination can be performed as exchange of either the amine part (discussed
above) or the aldehyde part. Thus, addition of 1 eq. of SALAL to the equilibrium mixture of PYRAL +
n-propylamine leads to reequilibration of the mixture giving 24 % and 76 % of the n-propylimines of
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PYRAL and SALAL, respectively. Similarly, when equilibrated mixtures of PYRAL + i-pentylamine and
SALAL + n-propylamine are combined in a mixture of acetonitrile/water (7:3, v/v), reequilibration
takes place again to give an equimolar mixture of n-propyl and i-pentylimines of PYRAL (45 %) and
SALAL (55 %, note that this exchange is not proceeding in non-aqueous media as discussed on page
59). Both experiments illustrate the constitutional exchange expected for exchanging
aldehyde/amine systems.

OH oH HO
H

| Kk N K |

N NH, K HI k

Figure 3.2-2 The intramolecular imine exchange reaction occurs through the cyclic aminal intermediate.

The amine exchange process on imines may occur either by hydrolysis followed by
recondensation or by addition of the new amine to the imine double bond to give a gem-
diamine/aminal intermediate. It follows that, if the amine groups undergoing exchange are linked, as
in a,w-aliphatic diamines, an intriguing situation presents itself, whereby intramolecular self-
exchange takes place, with bonding fluctuation on imine-aminal-imine interconversion, via a cyclic
aminal that may or may not be present in significant amounts, depending on the relative stability of
the two entities under the conditions used (Figure 3.2-2). Such a process thus performs a motional-
type displacement of two molecular moieties relative to one another.

NH2-(CH2)n-NH> H N/\F/Xq/\NH
2 n 2

n=2 C,DA n=1, X=NH enyN3

n=3 C3DA n=2 X=NH ensNy

n=4 C4DA n=3 X=NH enygNs

n=5 CzDA n=1,X=0 O-enyN,
n= 2, X=0 Oz-en3N2
n=2 X=CH CgDA

| oS- (CH2)n-NH2 2 8
=Y
mono-imine
| N \N/(CH2)”\N/ | N Nl N HO
=Y Yz =
bis-imine BENZAL PYRAL SALAL

Figure 3.2-3 The amines and aldehdyes used throughout the motional study and their condensation products.

Indeed, the reactions of the aldehydes with the simple aliphatic diamines H,N-(CH,),-NH,
(Figure 3.2-3) turned out to follow such a scheme. When SALAL, BENZAL and PYRAL were mixed with
a diamine in chloroform, a mixture of mono-imine and bis-imine was obtained and sharp 'H-NMR
signals were observed, as one would expect®***! (Figure 3.2-4). However, the situation was very
different when the same reactions were run in CD3CN:D,0 (7:3 v/v). A 1/1 mixture of SALAL and
C,DA displayed very broad ‘H-NMR signals for the CH, groups and broadened signals for the imine
protons, whereas the signals of the aromatic protons were sharp. Signal integration showed that
these bands belonged to the mono-imine (about 55 % based on aldehyde). The bis-imine (about 45 %
based on aldehyde) was also formed but presented the expected sharp peaks, while the aminal of
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SALAL is not observed if the imine can be formed, as documented in the literature.**® Moreover, no
signal was observed for a —CH(O)(N) proton corresponding to the hemiaminal that would form by
addition of a water molecule to the imine (expected around 5 — 5.5 ppm). The presence of the very
broad peaks at a chemical shift between those expected for CH, protons next to the C=N group and
next to an NH, group, was interpreted as indicating the operation of a kinetic process in the mono-
imine, whereby the two CH, groups exchange at a rate compatible with the NMR time scale.

4.8 4.0 s a0 28 [ppm]

Figure 3.2-4 1H-NMR spectra of SALAL + CzDA (in 1:1 ratio) in CDCl3 (bottom), CD3CN (middle) and CD3CN/Dz0 (7:3 v/v;
top) at 20 mM concentration level. Triplets around 3.65 ppm are =N-CHz- methylene signal, triplets at 3.05 (bottom) and
2.85 (middle) correspond to the -CHz-NHz methylene group. Methylene signals of bis-imine appear at around 4 ppm
(overlaps with water signal), free CzDA is around 2.6-2.7 ppm.

Comparison of half-widths of peaks in deuterochloroform (1.17 Hz), pure ds-acetonitrile
(3.5 Hz) and a mixture of CD;CN/D,0 (7:3 v/v; about 100 Hz) clearly demonstrates the trend. BENZAL
performs much slower intramolecular exchange than SALAL, nevertheless line shape broadening is
clearly visible from comparison of spectra taken in d-chloroform and a mixture of CD;CN/D,O (7:3
v/v, pH adjusted to 10.7, see Figure 7.5-1 on page 185).

Variable temperature ‘H-NMR (VT-NMR) of SALAL + C,DA reaction mixture was performed in
CDsCN/D,0 (7:3 v/v) and broadening of the signals of the two CH, groups of the mono-imine with
increasing temperature is observed until the coalescence temperature is reached. Above this
temperature signals merge into a singlet which gets sharper with further increase of the temperature
(maximum around 75 °C, above which the solvent mixture starts to overheat and locking on the
solvent signal is not possible). Figure 3.2-6 shows the evolution of VT-'H-NMR over the temperature
range of 30 °C. The reaction mixture can also be cooled down to approximately 7 °C. Below this
temperature phase separation occurs. Phase separation is caused by the solute in the solvent
mixture but inhomogeneous-solution behaviour is observed even without any solute (solvent signal
splitting) when cooled below 5 °C.
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Figure 3.2-5 400 MHz 1H-NMR spectra of the methylene region of SALAL + CzDA in CD3CN/D20 (7:3 v/v), temperatures
from bottom to top: 25, 30, 35, 40, 45, 50 and 55 °C, *peak of bis-imine CHz groups, # peak of unreacted Cz2DA, peak of
water truncated for clarity.

Variable temperature *H-NMR measurements showed a coalescence of the two broad signals
at a temperature of about 37°C (Figure 2). Thus, NMR line shape analysis was performed in the
temperature range of 10 - 75 °C (steps of 5 °C) at three different concentrations (4, 20 and 100 mM
of both reagents) and three different ratios (2:1, 1:1 and 1:2) of SALAL and C,DA. In all cases, the
same coalescence temperature of 37 £ 1 °C was observed, which clearly confirmed that the process is
of intramolecular nature, as expected. It is noteworthy that this monomolecular process is observed
in NMR samples in equilibrium, which can therefore be qualified as dynamic equilibrium.
Furthermore, line shape-fitting analysis (performed using DNMR module in TOPSPIN©) gave very
consistent rate data suitable for fitting the Eyring equation. This equation is for the purpose of
regression transformed into the linear form

ln(z)—_AH:F-l+ln(k—B)+A—Sat
T/ R T h R

where kg is Boltzman constant, h is Planck constant, R is universal gas constant, r is the rate
value, T is the temperature in K and AH* and AS* are the activation enthalpy and entropy of the
reaction, respectively. The linear regression gave the activation enthalpy of AH* = 9.3 kcal mole™ and
entropy AS* = -15.8 cal mol™ K (38.780.47 kJ mol™ and -66.0+1.5 J mol™® K respectively, R* =
0.9935). The region of NMR spectra with corresponding fitted lines at four temperatures is shown in
Figure 3.2-6. The data on rates used for fitting the reaction of SALAL + C,DA in CD;CN/D,0 (7:3 v/v)
are given in Table 3.2-2, and the Eyring plot with regression parameters is shown in Figure 3.2-7.
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Figure 3.2-6 Example of the line shape-fitting analysis of the reaction of C2DA with SALAL in CDsCN/D:0 7:3 (v/v) at pH =
10.7 at temperature 25, 30, 35 and 50 °C. Experimental spectra in blue, calculated fit in red for each temperature. Only
sum of the fitted individual signals is shown for clarity.

T[°C] 10 15 20 25 30 35 37 40 45 50 55 60 65 70 75
r[Hz] 171 201 272 365 454 565 671 739 959 1181 1518 2025 2598 3601 4452
Table 3.2-2 Rates of intramolecular exchange reaction of SALAL + CzDA in CDsCN/D20 (7:3 v/v) in the temperature

range 10 - 75 °C determined by the line shape fitting analysis.

3.0— 0 'n(k/T)
1 —Linear regression
2.5 —95 % conf. interval

4.0d4—, . . . . : . .
0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 0.0035 0.0036

1/T [K]

Figure 3.2-7 Eyring plot: rates of the intramolecular exchange reaction of SALAL + CzDA in CD3CN/D20 (7:3 v/v) in the
temperature range 10 - 75 °C fitted by the linear form of the Eyring equation, 95% confidence interval shown, R? =
0.9935.
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The rate of exchange was also examined for the effect of pH. The pH of the mixture SALAL +
C,DA was varied using DCl or NaOD and again coalescence was determined as an indication of the
intramolecular exchange rate. The coalescence temperature of the two methylene signals of the
mono-imine was found to be independent of pH in the range 9.3-12.0 (Figure 7.5-8); below pH 9 only
very small amounts of the mono-imine were formed (bis-imine and free C,DA prevail) and for pH
above 12 the acetonitrile/water mixture tended to phase separate. For all following results, the pH of
the mixture was adjusted to 10.7 £ 0.1 by DCl or NaOD.

In order to investigate the possibility of exchange between more distant terminal amino
groups, similar line shape analysis and/or "H-NMR EXSY®?**!! studies (discussed in Section 3.2.2.4,
and it Section 7.5.2 with experimental details) were conducted with the longer aliphatic diamines
H,N-(CH,),-NH,, propylenediamine (C3DA, n=3), putrescine (C4,DA, n=4) and cadaverine (CsDA, n=5).
The independence of the rate of exchange of the two N-CH, groups from concentration was taken as
a diagnostic of the intramolecular nature of the process. The rates of end-to-end exchange decreased
rapidly on chain lengthening, as may be expected (Table 3.2-3), going from 365 Hz for C,DA down to
10 Hz for n=4 in C4,DA, and to not observable for n=5, as the intermolecular exchange becomes faster
than the intramolecular one (discussed in Section 3.2.1.2).

As in the case of the shorter homologue, the activation parameters for SALAL + C;DA can be
calculated. The situation in this case is complicated by an important overlap of the mono-imine
signals with the water signal, therefore only a few points could be analysed: AH*=32.9+1.8 ) mol™,
AS'=-91.6+5.7 ) mol™* K™, R = 0.9932.

H2N-(CH).-NH; n= 2 3 4 5§
intra 365 187 10 -"
SALAL
inter -B022 -F 032
intra 0.17 0.5 1.4 0.60
PYRAL aminal openingr’ 0.44 1 -1 _[
aminal closingr 135 74 -9 .M

Table 3.2-3 Rates of the intramolecular imine exchange of SALAL and PYRAL were determined by the line-shape fitting
analysis and EXSY methods from NMR data. The intramolecular values are given as the rates of the end-to-end
displacement, which in case of PYRAL were calculated from residence times in the imine and the aminal state from the
individual rates stated below. [a] Exchange observed, but broad signal shapes or low intensities prevent quantification.
[b] Exchange not observed. [c] No aminal signals are observed in the spectrum therefore the value cannot be calculated.

The intramolecular process was similarly observed with PYRAL, but at widely different rates
(Table 3.2-3). With C,-DA and C3;-DA, PYRAL forms stable cyclic aminals which predominate over the
imines in solution,®*® in clear contrast to SALAL, where the aminal is not seen. Nevertheless,
dynamic equilibrium between the ring and chain forms takes place (Figure 3.2-8) and can be
qguantified. To make the rates of such exchanges comparable with other end-to-end exchanges, they
were calculated according to Figure 3.2-2 from the residence times % and % of the protons in the two

states, as
1
1, 1.,
2(7 + 7)
where r is rate of ring closing and r' is rate of ring opening. Since the cyclic intermediate is
symmetrical, the chance of opening on each nitrogen site is the same, giving 50 % probability to go
back and 50 % probability to perform end-to-end exchange. For C,-DA and Cs-DA, no aminals are
observed and direct determination of the end-to-end displacement rate was possible. Coalescence of

the signals of mono-imine and aminal could not be reached and thus 2D EXSY was used to determine
the corresponding rates.
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Similarly to PYRAL, the dynamic equilibria between aminals of C,DA and C;DA and their imine
forms have been also observed with BENZAL, however 2D EXSY did not provide reliable data to
calculate the rates of the process due to low overall conversion of the aldehyde. Only rough
estimation of the rate of about 15 Hz can be extracted from the line shape data (the aminal signals
were not well resolved from the background and thus neglected). The fact that the aminals are
formed with other aldehydes supports the existence of cyclic aminal as an intermediate of the
intramolecular exchange in the case of SALAL, even though it is not detected. The formation of
intermediate geminal diamines has been studied in detail for pyridoxaI—5—phosphate.[215'217]
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Figure 3.2-8 2D 1H-NOESY spectrum of PYRAL + CzDA in CDsCN/D20 (7:3 v/v). The imine and the aminal have exchange
cross-peaks (cross-peak between the aminal signal at 4.42 ppm and the imine signal at 8.17 ppm as well as the methylene
groups in the aliphatic region). The signals of the methylene groups of the aminal correspond to the five-membered ring
which can open to give the mono-imine (peaks at 2.92 and 3.17 ppm belonging to the aminal structure are exchanging
with the imine peaks at 3.75 ppm and 2.84 ppm).

3.2.1.1. Aminal intermediate in the intramolecular imine exchange

The mechanism of intramolecular exchange between the two methylene groups =N-CH, and
H,N-CH, in the mono-imine formed from an a,w-diamine and an aldehyde requires going through a
cyclic aminal form as shown in the case of SALAL in Figure 3.2-2. Such a process represents an
intramolecular molecular motion involving the continuous exchange of the salicylidene group
between the two ends of the C,DA molecule in a binary rhythm of “stepping-in-place” type. SALAL
strongly prefers the imine state and the presence of an aminal cannot be detected by recording the
NMR spectra directly. However, PYRAL and BENZAL give equilibrium mixtures of cyclic aminal and
imine forms which interchange, as can be seen in 2D NOESY spectra (Figure 3.2-8). In addition, the
VT-NMR in the range 25 - 75 °C showed signal broadening of the signals which are involved in the
exchange process, but coalescence could not be reached (Figure 7.5-9 and Figure 7.5-10). Variation
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of concentration doesn’t affect the temperature dependent signal shape evolution and thus proves
the intramolecular nature.

SALAL must follow the same mechanism for intramolecular exchange. Evidence that the
intermediary aminal is also formed in the case of SALAL was obtained when the reaction rate was
slowed down dramatically by changing the solvent system to CDCl;/CDsCN 1:1 (v/v) and replacing
simple diamines by diethylenetriamine, en,Ns. Even in this case, the aminal broad signal at 4.42 ppm
is only observed after recording 1024 scans. The identity of the signal was confirmed by comparison
with the condensation product of SALAL with N,N'-dimethylethylenediamine, which is unable to form
an imine. In the corresponding 2D NOESY spectrum, shown in Figure 3.2-9, a positive cross peak (with
respect to the positive diagonal peaks) between the imine proton and the “hidden” proton at 4.42
ppm is observed.

I |

—| . '_v
| _ I
-

=l W -
- N e
4]'? P - @ . i

T T T T T T T T T T T T T T T T

8 6 4 F2 [ppm]

Figure 3.2-9 2D 1H-NOESY spectrum of SALAL + enzN3 in CDCl3/CD3CN 1:1 (v/v). The exchange cross-peaks between the
mono-imine and the aminal form are indicated by arrows. Chemical exchange cross-peaks in the aliphatic region are
partially overlapped with NH/OH broad proton signals.

The estimation of the amount of aminal present in the case of SALAL is rendered difficult by
the fast exchange process in CD3;CN/D,0O (7:3 v/v) and the preferential formation of the imine. An
approximate amount of the aminal form can be calculated by >C-NMR line-shape fitting analysis of
the mixture of SALAL and C,DA. Significant broadening of the azomethine carbon signal at 166 ppm is
observed. This arises from the fast exchange with the aminal carbon, whose position was
approximated to be 90 ppm, by accepting the position of the aminal signal formed from SALAL and
N,N'-dimethylethylenediamine. With the rate of exchange already evaluated from 'H-NMR line-shape
analysis, the fitted model can be optimized in terms of the percentage of aminal as the only variable,
giving an estimation of 3 % of the aminal form and 97 % imine form.

Altogether, the phenomenon of the aldehyde displacement between the nitrogen atoms of
diamines is general and leads itself to a variety of interesting extensions (Section 3.2.2).
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Figure 3.2-10 13C-NMR spectrum of SALAL + C2DA in CDsCN/D20 (7:3 v/v). Two broad peaks at 60 ppm and 41 ppm
correspond to methylene groups; the broad peak at 166 ppm is the azomethine signal.

3.2.1.2.  Entangled motional and constitutional dynamics

Intermolecular and intramolecular exchanges are always present at the same time in the
reaction mixture resulting from a dynamic equilibrium distribution of the products (unreacted,
mono- and bis-imine) of equimolar amounts of SALAL and a diamine. Intermolecular constitutional
exchange may occur by the reaction of a free diamine, acting as a nucleophile, with mono-imine and
replacing its amine part, and thus competing with the intramolecular process. It can be observed by
2D NMR spectra where cross-peaks indicate exchange between free diamine and mono-imine giving
the very same imine and free diamine. Indeed, cross-peaks in the 2D *H-NMR NOESY spectrum of
SALAL with C,DA and C;DA in CD;CN:D,O (7:3 v/v) were indicative of an intermolecular exchange
(Figure 3.2-12), but in case of C,DA the breadth of the corresponding mono-imine signals prevents
the quantification of the exchange rate. The intermolecular nature of the process was always
confirmed by the concentration dependence of the exchange rate, which was much slower than the
intramolecular process (Table 3.2-3) for shorter diamine chains, but became comparable in case of
cadaverine. The EXSY data for SALAL and CsDA gave a good fit for first order kinetics, which is in
agreement with the mechanism of intermolecular imine exchange, and the intramolecular exchange
rate was not determined, in this case being overridden by the intermolecular one.
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Figure 3.2-11 Intermolecular imine exchange processes revealed by EXSY.
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Another exchange reaction is evidenced by the cross-peak between mono- and bis-imine
signal demonstrating that bis-imine is also formed by condensation of two mono-imine molecules
eliminating free diamine and giving the bis-imine (Figure 3.2-12).

DTN

i

F1 [ppm]

20

B jo&

— . —— o

e
=S
e
==
E 3

L Jtﬂw

B
4.0 35 3.0 25 20 F2 [ppm]

Figure 3.2-12 2D 1H-NOESY spectrum of SALAL + C3DA in CD3CN/D20 (7:3 v/v). The assignment of peaks corresponds to
structures in the previous figure; bis-imine: triplet at 3.70 ppm and quintet at 2.1 ppm; mono-imine: two broad signals at
3.60 and 2.70 ppm and multiplet at 1.80 ppm; free C3DA: triplet at 2.60 ppm and quintet at 1.55 ppm. The cross-peaks
indicate two intermolecular exchange processes described in the previous figure and one intramolecular exchange
process.

It was shown above that imines formed by SALAL with diamines present both intramolecular
motion and intermolecular exchange. When only one diamine is present in the solution, the
intermolecular exchange results in the same composition of the mixture as before the reaction in a
degenerate process. However, when there are two or more different diamines present, the imine can
react with either of these amines, thus undergoing constitutional change by transimination. In the
simple case where SALAL was mixed with 1 equivalent of both C,DA and C;DA (each component at
20 mM concentration in CD;CN/D,0O 7:3 v/v), the 'H-NMR spectrum showed the intramolecular
motions in both mono-imines (although the signals of the C,DA and C;DA mono-imines are very close
and very broad and therefore cannot be separated), while 2D EXSY experiments revealed
incorporation of both diamines into the mono-imines with rates of intermolecular exchange similar
to those obtained with only one diamine at the same concentration (0.45+0.05 for C,DA™™" and
0.34+0.01 Hz for C;DA).

In similar fashion, addition of 5-chlorosalicylaldehyde to an equilibrated mixture of 5-
hydroxysalicylaldehyde and C,DA (1 eq. each) gave an *H-NMR spectrum containing the CH=N proton
signals of all the mono and bis-imines formed, together with broad signals for the CH,-CH, protons,
resulting from the superposition of the corresponding signals of each mono-imine (for NMR trace see
Figure 7.5-21). These data again indicate the occurrence of equilibration and constitutional dynamics
by intermolecular exchange of both the amino and the salicylidene groups.

" Estimation from single cross-peak evaluation, full dataset is not available due to signal width and
overlap.
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Figure 3.2-13 Aliphatic region of the 1H-NOESY NMR spectrum of the mixture of SALAL with 1 eq. of CzDA and 1 eq. of
C3DA. Cross-peaks shown are attributed to intermolecular exchanges. The fast intramolecular ones lead to significant
broadening of signals 3.55 and 2.65 ppm and thus low intensity of cross-peaks in 2D spectra.

Taken together, the data above indicate that mono-imines of a,w-diamines undergo both
internal and intermolecular exchange of components, thus merging motional and constitutional
dynamics. The internal process corresponds to: a) a stepping-in-place when the initial imine is
regenerated backward from the intermediate aminal and, b) to taking a single step forward when the
salicylidene group goes over to the other nitrogen site (Figure 3.2-2).

It is noteworthy that EXSY analysis provides a unique analysis of complicated dynamic
equilibria as shown above, i.e. even in cases when products of a reaction are identical to the starting
materials or when the signals are partially overlapped.

3.2.1.3. Rate control

The intramolecular group transfer process described on the aldehyde molecules SALAL and
PYRAL consists of taking a step from one nitrogen atom to the adjacent one, and is therefore of a
motional type. In scope of potential applications of the system, it is of much interest to be able to
modulate the speed at which the steps are taken. There are several ways to achieve such control.

a) Introduction of substituents

The aromatic core of SALAL allows for a wide range of substitution in up to four positions.
Introducing various substituents from electron-withdrawing to electron-donating, both the
electrophilicity of the carbonyl (or imine) and the acidity of the OH group are modified (see Section
2.2.2). These two factors markedly influence the rate of the internal motion of C,DA as can be seen in
Figure 3.2-14, showing the signals of the two CH, groups of the mono-imine. The spectrum of the
mono-imine of C,DA with the most electron-donating 4-diethylamino group substituted SALAL shows
two well separated signals with visible triplet structure of the signals. The less electron-donating 5-

80



hydroxy group gives two well separated but broad signals, similar to SALAL itself. The electron-
withdrawing 5-chloro derivative presents only one broad signal for both CH, groups with a
coalescence temperature around 12 °C. The most electron-withdrawing substituent, 5-
nitrosalicylaldehyde, displays only one relatively sharp signal for both CH, groups.
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Figure 3.2-14 Methylene region of the 1H-NMR spectra of imines of C2DA with SALAL bearing various substituents: 4-EtzN
(blue), 5-OH (red), non-substituted SALAL (green), 5-Cl (purple) and 5-NO: (yellow), from bottom to top. Signals of the
ethyl groups in the bottom trace have been truncated for clarity.

The line-shape fitting analysis provides an access to the intramolecular exchange rates. The
range of motion speeds (Table 3.2-4) is remarkably wide: while substitution by a slightly electron-
donating 5-hydroxy group lowers the rate to approximately half that of non-substituted SALAL, the
strong electron-donor 4-diethylamino group drops the rate to as low as 5 % of its original value. A 4-
hydroxy substitution has an effect very similar to that of a 5-hydroxy group, although the activation
enthalpy is close to that of the 4-diethylamino group, differing mostly in activation entropy
(activation parameters listed in Table 3.2-5). Introducing electron-withdrawing groups has an even
larger effect: the weakly electron-accepting 5-chlorosalicylaldehyde increases the motion rate three
times compared to SALAL. In the case of the strongest electron-acceptor, the 5-nitro group, the two
methylene signals are already coalesced at temperatures above 5 °C. The initial parameters for the
line-shape analysis were thus extracted by comparison of the signal chemical shifts in different
solvents for various substituents. The effect of the nitro group shoots the motion rate up into the
range of about 17 kHz, a 50 fold increase in speed, thus covering a range of three orders of
magnitude.

SALAL derivative 4-Et;N 4-OH 5-OH H 5-CI 5-NO:
Motion rate [Hz] 20 108 148 365 1040 ~17 000

Table 3.2-4 Rate of the intramolecular imine exchange at 25 °C was determined by the line-shape fitting analysis. In the
case of 5-nitrosalicylaldehyde the rate is only rough estimation because the signals of the CHz groups of the ethylene unit
are already coalesced at temperatures above 5 °C.

VT-NMR experiments were performed for C,DA and 5 derivatives (4-diethylamino, 4-hydroxy,
5-hydroxy, 5-chloro and 5-nitro) of SALAL and the spectra were evaluated by THE line-shape analysis
to obtain the rates of motion as functions of temperature. These rates were then also fitted by the
Eyring equation and the activation parameters were calculated (Table 3.2-5). Interestingly, the
activation enthalpy varies only moderately changing from electron-donating 5-hydroxy to electron-
withdrawing 5-chloro substitution (and maybe even 5-nitro, although the data are only estimative in
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this case) but the activation entropy differs greatly. Similar behaviour is also found for substitution in
position 4, but further experiments are required to prove the trend.

Aldehyde AH? [K] mol1] AS# [] mol! K-1] R2 Mono-imine Bis-imine

SALAL 38.8+0.5 -66.0+1.5 0.9935 51% 42 %
4-diethylamino 414+1.0 -80.3+3.1 0.9913 63 % 24 %
5-hydroxy 29.0+£0.7 -106.9+£ 2.2 0.9910 64 % 34 %
5-chloro 29.3+0.3 -89.1+0.8 0.9985 74 % 22 %
4-hydroxy 441+1.2 -57.6+3.9 0.9909 37 % 14 %
5-nitro!® 28 -70 - 62 % 23 %

Table 3.2-5 Activation parameters for the intramolecular CzDA motion for various aromatic core substitutions of SALAL
and composition of the equilibrium mixture at 20 mM concentration of both reagents in CDsCN/D20 7:3 (v/v) at pH 10.7
and 25 °C. Difference between 100 % and sum of mono-imine and bis-imine is the unreacted aldehyde. [a] insufficient
data for statistical evaluation of the fitting, provided activation parameters are only rough estimations.

b) Solvent composition

The rate of the intramolecular exchange in the SALAL-C,DA mono-imine is also very
dependent on the composition of the solvent. Gradually changing the CDs;CN:D,0 solvent
composition from 5:5 to 6:4, 7:3, 8:2 and 9:1, the coalescence temperature of the CH, 'H-NMR
signals increased from 29 °C to 32, 37, 46 and 80 °C respectively (NMR traces given in Figure 7.5-2 to
Figure 7.5-7), corresponding to rates of internal motion at 25 °C from 552, to 442, 365, 226 and 158
Hz, respectively (Table 3.2-6). In pure ds-acetonitrile, the methylene signals appear as sharp triplets,
and the rate of intramolecular exchange is only 7 Hz at 25 °C. In this case obviously coalescence
cannot be reached since it is higher than the boiling point of acetonitrile (82 °C). The exchange rates
have been determined by the line-shape analysis over a range of temperatures of about 50 °C and
used to calculate the Eyring activation parameters (Section 7.5.1.1). It is thus possible to modulate
the rate of the process by changing the nature or the composition of the solvent in a much more
delicate way compared to core substitution.

D.0 percentage 50% 40% 30% 20% 10% 0%
Coalescence temperature [°C] 27 31 37 46 75 n.d.
Rate at 25 °C [Hz] 552 442 365 226 158 7

Table 3.2-6 Intramolecular exchange rates at 25 °C and corresponding signal coalescence temperatures of the mono-
imine of SALAL with CzDA at different proportions of D20 in CD3CN; n.d. for not determined in the case of coalescence
temperature above the boiling point of the solvent used.

c) Temperature

Finally, as already shown in the previous examples, temperature variation allows for a very
fine and gradual adjustment of the exchange rates.

In total, the speed of the internal group displacement motion may be modulated easily in
three different ways: coarse adjustment by introduction of substituents on the SALAL core, more
gentle adjustment by changing the solvent composition, and fine tuning by temperature. The effect
of other factors that may affect the speed of this process, such as pH, addition of a chemical effector,
etc. could be investigated. By a combination of these different effects, one may expect to be able to
cover a range of rates even larger than the four orders of magnitude demonstrated in previous
examples.

3.2.2. Aldehydes with ethyleneimine oligomers

The intramolecular exchange process described above for simple aliphatic a,w-diamine
molecules (Figure 3.2-2) becomes particularly attractive when one considers its extension to more
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complex polyamine molecules such as linear polyamine chains. The end-to-end transfer of an
aldehyde residue on a diamine unit, together with the formation of an intermediate aminal, allows
one to envision systems where the aldehyde moiety would effect a back-and-forth, non-directional
“walk” along a polyamine chain such as diethylenetriamine (en,Ns;) and its longer analogues,
triethylenetetraamine (en3N,;) and tetraethylenepentamine (ensNs), as well as the biogenic amines
spermine and spermidine, which contain amino sites separated by two, three or four methylene
groups (Figure 3.2-3), thus suggesting an intriguing extension into the area of motional dynamic
involving relative displacement of two linked molecules presented in Figure 3.2-15.
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Figure 3.2-15 Proposed mechanism of SALAL end-to-end displacement in the reaction with ensN4.

When 2D 'H-NMR measurements were performed on the reaction of SALAL with en,N; or
enz;N,;, EXSY analysis of the cross-peaks indicated that intramolecular exchange was taking place
between the two ends of the polyamine moiety. In the case of ensN; it could not be observed, as it is
probably so slow that it is hidden under the faster intermolecular exchange, similarly to the case of
pr.N; which has a longer distance between the nitrogen sites. The data from these EXSY experiments
are given in Table 3.2-7. The intermolecular exchange rate for 20 mM and 8 mM solutions of both
components in CD3CN:D,0 (7:3 v/v) fits again very well with first order kinetics. The intermolecular
exchange, which can occur by intermolecular reaction with an external partner (such as a solvent
molecule or an amine group) at the terminal imine or an intermediate iminium state, would
correspond to the falling-off in biological motor systems.

Polyamine enzN3 enzN, enyNs przN3
Intramolecular rate [Hz] 0.60 £ 0.05 0.28+0.03 Not observed Not observed
Intermolecular rate [Hz]™® Not observed Not observed  0.40 + 0.04 0.15+0.02

Table 3.2-7 Rates of intra- and intermolecular exchange processes as determined by EXSY analysis of 2D 1H-NMR data.
[a] Rate of the first order intermolecular exchange given at 20 mM concentration of both reagents.
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Such processes, where a given molecule moves along another one, are of great interest as
nanomechanical molecular devices both in biology and in nanoscience and the design of synthetic
systems effecting analogous molecular motions has also attracted much attention (see the
Introductory Section 3.1 for specific examples and corresponding references).

The present case would represent a very simple implementation of such behaviour. One may
further note that, whereas in the biological systems the attachment of the molecules and the walking
process involve formation and rupture of supramolecular interactions, in the present case, the
motion is enabled by a dynamic covalent bond forming and breaking. The processivity of the
displacement arises from double bonding of the salicylidene residue to the polyamine track in all
stages of the walking process.

3.2.2.1. Mechanism of walking along the polyamine chain

In fact, the mere existence of intramolecular exchange is not sufficient proof that the
aldehyde residue is really moving along the polyamine strand. Indeed, a long chain might adopt a
conformation which would allow a direct "jump"-type, end-to-end transfer of the aldehyde unit from
one terminal nitrogen to the second terminal free NH,, even though the results obtained with
cadaverine, CsDA, indicate that such a distant jump is not very likely to happen. The strong
preference for the imine formation over aminal in the case of SALAL is here very beneficial, because
it makes the spectra much easier to decipher compared to PYRAL, which forms multiple aminals and
mixed imine-aminals, leading to a complex ‘H-NMR spectrum, which is very difficult to unravel and
impossible to quantify. However, when N-propylsalicylaldimine is treated with N,N"-
dimethylethylenediamine in CDCl; the aminal is obtained with K = 1.4, indicating that SALAL is
capable of aminal formation as well.

To investigate whether the aldehyde moiety is indeed “walking” along the polyamine track
molecule, the oxa-analogue of ens;N,;, where the two internal nitrogen atoms are replaced by
oxygens, 0,-enzN,, was studied. The absence of the secondary amines on the track prevents
formation of aminals and iminium states and, indeed, prevents intramolecular exchange as the
observed process was found to be concentration dependent, indicating intermolecular exchange,
with first order kinetics. The exchange rate values were 0.30+£0.02 Hz and 0.17£0.02 Hz for 20 mM
and 8 mM solutions, respectively. Similarly, 1,8-diaminooctane (CgDA) as en3;N, analogue having
methylene groups instead of secondary nitrogens also exhibit only intermolecular exchange at
0.12+0.02 Hz for 20 mM and 0.04+0.01 Hz for 8 mM solutions.

In similar fashion, diethylenetriamine analogues were investigated. The results with CsDA
gave a good fit with first order kinetics (Table 3.2-3) and thus showed the exchange to be
intermolecular. The en,N; on the other hand performs an intramolecular exchange (Table 3.2-7) at
0.60+0.05 Hz under given conditions. The oxa-analogue 0-en,N; was studied by EXSY. Surprisingly, an
intramolecular exchange was observed with rates of 0.22+0.02 Hz and 0.18+0.01 Hz at 20 and 8 mM
respectively. The unexpected behaviour can be explained by the known gauche effect of the oxygen
atoms in hydrocarbon chains.®*?

To further support the “walking” mechanism, the derivative of ensN, with two SALAL
moieties attached as imines and a third one forming a central aminal (bis-imine-aminal), SalsenzN,,
was synthesized and treated with methoxyamine, expecting that it would first react with the imine
double bond and thus release one of the terminal NH, groups. As SALAL prefers to form a terminal
imine, the group of the central aminal should thereafter move from the central position towards the
end of the ensN, molecule, through a lateral aminal to the terminal nitrogen site, to give a bis-imine
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(Figure 3.2-16). To prove the reasoning of this hypothesis, relative reactivities of aldehyde, imine and
aminal towards nucleophilic attack by methoxyamine was examined in separate experiments.
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Figure 3.2-16 Mechanistic scheme and proton signal assignment for the reaction of methoxyamine with the bis-imine-
aminal SalsensNg, corresponding to the kinetic experiments in Figure 3.2-17.

SALAL and its imine were individually treated with methoxyamine and the rate constant of
the reaction was determined. Methoxyamine gives upon condensation with a carbonyl derivative a
very stable oxime, whose formation is under given conditions irreversible. On the other hand the
basicity (and related nucleophilicity) of methoxyamine is much lower compared to amines changing
the rate determining step of the reaction and consequently the order of the exchange reaction to
second order kinetics. In chloroform, SALAL and its propylimine react with methoxyamine with
almost the same second order rate constant (8.6 - 10° and 8.4 - 10 L mol™ s respectively), but in
CD3CN/D,0 (7:3 v/v) the imine is reacting much faster than the aldehyde (6.4 - 10 for SALAL and
1.2- 102 L mol* s for its N-propylimine). The reaction of N-propylimine with 1 eq. of N,N"-
dimethylethylenediamine to form the aminal proceeds only slowly in CDCls, but after 20 hours the
equilibrium mixture contains about 60 % of the aminal and 40 % of the imine.

When equimolar solution of SALAL, its propylimine and its aminal (N-propylsalicylaldimine
and N,N'-dimethyl-2-(2-hydroxyphenyl)-imidazolidine) was treated with 3 eq. of methoxyamine (as a
free base) both in CDCl; and in CD3CN/D,O (7:3 v/v, pH uncontrolled). A rapid decrease of the
aldehyde peak was observed followed by slight decrease of the imine peak intensity. When the
aldehyde had reacted completely, in CDCl; the imine continues to diminish while the amount of the
aminal is constant. In a mixture of CD;CN/D,0 7:3 v/v, consumption of the aminal is approximately as
fast as that of the imine.

From these results it can be concluded that the reaction rates with methoxyamine are in the
order aminal <<< aldehyde < imine. The re-equilibration between imine and aldehyde is taking place
due to the amine liberated by the formation of the oxime both in chloroform and CD;CN/D,0. The re-
equilibration between imine and aminal becomes kinetically relevant only in CD;CN/D-0, while it is
not observed in chloroform. It is thus reasoned that the walking model compound Salzen;N, in
chloroform reacts with methoxyamine only at the imine double bond.

Reacting SalzensN,; with one equivalent of methoxyamine (free base) in CDCl; at 25 °C gave
gradually rise to the signals of a mono-imine-aminal. A steady state concentration was reached and
no further increase in concentration was observed as this mono-imine-aminal subsequently
transformed into the a,w-bis-imine of enzN,4. In the NMR spectra, concomitant disappearance of the
bis-imine-aminal signals and appearance of the bis-imine and oxime signals is observed both in
azomethine region (Figure 3.2-17) and in the aliphatic part (Figure 7.5-30 on page 201). The
corresponding kinetic profile is shown in Figure 3.2-18.
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Because the reaction was run in CDCI3m with no free SALAL present, an intermolecular

mechanism can be excluded, thus confirming the linear displacement process (see Figure 3.2-16).
Further evidence in favour of the motion of the SALAL moiety along the en3N, chain is provided by
the reported observation that N!N* N*tris((o-hydroxyphenyl)methyl) triethylenetetraamine is
formed as a minor product in the borohydride reduction of SalsensN,."%! The presence of a terminal
amine bearing two aldehyde residues may be explained as resulting from the shift of the aldehyde
residue of the central aminal over to the terminal nitrogen site through an intermediate iminium
state.
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Figure 3.2-17 Detail of the imine and oxime region of the 400 MHz 'H-NMR spectra of the reaction of 1 eq. of
methoxyamine with SalsensNs in chloroform. For the signal identification see the previous figure. Concomitant
appearance of the oxime and bis-imine peak is observed, while the bis-imine-aminal peak is disappearing. Detail on the
aliphatic part of the spectrum is provided in Experimental part. Signal H7, not described in Figure 3.2-16, belongs to the
mono-imine of ensNs which is formed by double reaction of SalsensN+with methoxyamine.

The existence of an iminium species as an intermediate cannot be confirmed by NMR
experiments due to its short half-life under the conditions used. However, one might be able to trap
it by the participation of a neighbouring nucleophilic group. To this end, sodium 2-formylbenzoate
was reacted with one equivalent of en,N; in CD;CN/D,0 7:3 (v/v) and compared to the reaction with
propylamine and C,DA (pH adjusted to 10.7 by DCl). While propylamine and C,DA give only imine, a
new peak appeared at 5.12 ppm in the reaction with en,N; (Figure 3.2-19). By extensive
multidimensional NMR characterization (Figure 7.5-12 to Figure 7.5-17 on page 191), it was assigned
to the O-CH-N proton of the amino-lactone generated by the internal addition of the carboxylate to
the iminium,® expected to form as a transient species in the displacement process. This
observation points to the possibility of trapping the iminium species occurring as intermediates along
a polyamine chain, and to observe each consecutive step in the displacement process.

¥+ As control experiment, the same reaction was performed in d-DMSO and ds-acetonitrile, in both

cases the situation was similar, however, the best signal separation was achieved in chloroform.
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Figure 3.2-18 Signal evolution during the kinetic experiment of SalzensNas treated with 1 eq. of methoxyamine, the
process and the signal assignment given in Figure 3.2-16. Signal H7, not described in Figure 3.2-16, belongs to the mono-
imine of ensN4+ which is formed by double reaction of SalsensNs with methoxyamine. “Signal sum” represent the sum of
signals of aminals, imines and oxime and shows that all azomethine (and related) protons are conserved throughout the
measurement.
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Figure 3.2-19 Comparison of the 1H-NMR spectra of sodium 2-formylbenzoate reacted with propylamine (blue), CzDA
(red) and enzN3 (green). The signal of the O-CH-N proton of the aminolactone formed is indicated. Full NMR
characterization with all signal assignment is given in Experimental part.

3.2.2.2.  Aldehydes with cyclic ethyleneimine oligomers

The non-directional displacement along the polyamine chain shares the topology with the
linear polyamine used, being one-dimensional and length-limited. However, by connecting the two
ends of the polyamine chain, cyclic topology of the amine is obtained and thus an infinite motion in a
circle can be envisaged. Taking into account the limitation of the two-carbon distance between the
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nitrogen atoms (Table 3.2-7), there are several cyclic polyamines available: 1,4,7-triazacyclononane
(tacn), 1,4,7,10-tetraazacyclododecane (cyclen) and 1,4,7,10,13,16-hexaazacyclooctadecane
(hexacyclen).

The cyclic polyamines bear only secondary nitrogen atoms and thus cannot form imines like
the linear polyamines discussed above. Thus upon condensation with aldehydes they are
transformed to the corresponding aminals by linking two adjacent nitrogens into a five-membered
ring. As shown above (Section 3.2.2.1), the aminal can dissociate one of its N-C-N bonds to form the
transient iminium which is highly reactive and immediately reacts with an amine in proximity to form
again an aminal. As both amine and the aminal derived from it are symmetric the probability for
breaking either of the aminal C-N bonds is equal. Similarly, the intermediary iminium can be attacked
by the amine which just dissociated to close the ring between the same pair of nitrogens, or it can
react with the nitrogen in the opposite direction and thus displace the aminal by one ethyleneimine
monomer. Therefore, the cyclic motion is degenerate and non-directional.
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Figure 3.2-20 a) Cyclic polyamines used for intramolecular circular displacement study. b) Non-directional aminal
displacement of SALAL and PYRAL. c) Non-directional displacement of CAXAL, capable of aminal-lactone
interconversion.

The simplest cyclic polyamine capable of intramolecular aminal displacement is tacn. While
two nitrogen atoms are involved in aminal formation, the third one can induce the intramolecular
motion. To this extent, when tacn was mixed with SALAL, PYRAL or CAXAL (1:1 ratio, 20 mM) in d¢-
DMSO, formation of the aminal was clearly observed. It is noteworthy that aminal signals derived
from cyclic polyamines are largely downfield shifted compared to linear polyamines (as also reported
in literature®*). However the only chemical exchange signals recorded by 2D NMR correspond to
the conformational dynamics of the five-membered ring and no displacement is observed. If 1 eq. of
trifluoroacetic acid (TFA) was added to the samples, the lines of the signals of the aliphatic
methylene groups of the aminal broadened significantly and the exchange signals were visible in the
2D spectra for all aldehydes. In the case of CAXAL (added as sodium salt), the aminal CH signal splits
into three different signals upon addition of and an acid: the most downfield shifted peak at 6.70
ppm was attributed to CAXAL which hydrolysed from the tacn and closed the hydroxy-lactone form,
the signal at 6.66 ppm corresponds to the amino-lactone closed on one of the tacn nitrogens, and
finally signal at 6.27 was assigned to the aminal structure. Interestingly, the signal of aminal has a
chemical exchange correlation with the amino-lactone peak, proving that these two species coexist
in a dynamic equilibrium.
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To improve the rate of the intramolecular displacement, more polar solvent can be used.
Thus, slow exchange rates in DMSO can be enhanced by employing a mixture of ds-acetonitrile/D,0
(7:3 v/v, hereafter referred as ACN/W). When SALAL was mixed with tacn in this solvent mixture,
formation of the aminal was observed almost instantaneously. The signals of the aliphatic protons
appear partly broadened and for unambiguous characterization the water content was lowered to
5 %. The signal assignment is shown in Figure 3.2-21a and the multidimensional NMR spectra are
given in the Experimental part. The condensation to the aminal leads to formation of two fused rings:
one five- and one eight-membered.[334] The corresponding CH, signals in "H NMR spectrum appear as
largely overlapped multiplets, but the protons labelled Hb (Figure 3.2-21b) are well separated from
the other signals, as well as the signal of unreacted tacn (sharp singlet). It is noteworthy that the
chemical exchange signals between the multiplets observed inherently implies the intramolecular
nature of the exchange process, whereas the intermolecular one would appear as exchange cross-
peaks with the isolated tacn singlet, which were not observed in the 2D NOESY spectrum.

a) 5. 74 ppm

3.26 + 2.92 ppm
47.69 ppm

47.96 ppm 3.31 + 3.08 ppm s
56.60 ppm "Hb

Figure 3.2-21 a) Signal assignment performed by multidimensional NMR. b) MMFF model of the aminal formed from
SALAL with tacn. The conformation of the two fused rings leads to complicated coupling pattern and complex multiplets
observed in the spectrum, but the signal of protons Hb is well separated at 3.08 ppm.

To understand the chemical exchange cross-peaks, it is necessary to look at the destiny of
each hydrogen atom when a single displacement step is made. This exchange pattern can be
represented as equations

4H, > Hy+ Hy +H, + Hy
2H, > Hy+H,
2H, > H, +H,
2H. - Hy, +H,
2H; > H, + H,

It is noteworthy that the intermediary iminium is a planar cation which also enables a “ring-
flip” of the aminal (antrafacial ring re-formation) which transforms protons Ha to Hb and protons Hc
to Hd. In the 2D NOESY spectrum (Figure 3.2-22), three chemical exchange cross-peaks are observed:

1. Between the signal Hb and the overlapped signals of He+Hc. This cross-peak is due to
the chemical exchange Hb<>Hc and Hb<>He, comprising for two proton exchange
sharing the same rate.

2. Between Hb and the overlapped signals of Hd+Ha. This exchange corresponds to the
“ring-flip” of the aminal ring.
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3. Between the overlapped signals of He+Hc and the overlapped signals of Hd+Ha. Part
of this exchange arises from the “ring-flip” Hc¢<>Hd exchange (as in the case 2), and
part from the motional displacement He<>Ha+Hd (as in the case 1).

-——m -
34 32 3.0 28 F2 [ppm]

Figure 3.2-22 Zoomed aliphatic part of the 2D NOESY spectrum of the mixture of SALAL with tacn in an ACN/W solvent
mixture. Signal of the proton He overlaps with the signal of Hc, similar to the overlap between signals Hd and Ha. Signals
corresponding to the protons Hb are well separated from others.

From the 2D EXSY experiments the intensity of cross-peaks as a function of the mixing time
can be extracted and is shown in Graph 3.2-1. Three different curves were obtained. The exchange
assigned to the motional Hb<>Hc+He exchange has the lowest slope of 0.75 + 0.04 Hz, the ring-flip
process has a calculated slope of 1.8 + 0.3 Hz, and the cross-peak He+Hc<>Ha+Hd of combined
displacement and ring-flip has a slope of 2.50 + 0.23 Hz, which is in a very good agreement with the
sum of the two individual rates.
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Graph 3.2-1 Cross-peak intensities as a function of the mixing time. Three cross-peaks observed were found to correspond
to a single intramolecular exchange process.
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Moreover, the calculated sum of the cross-peak integrals Hb<>Hc+He and Hb<>Ha+Hd
normalized for the number of protons (signal He comprises for four atoms) fits well with the curve of
the cross-peak intensity of the exchange He+Hc<—>Ha+Hd, thus convincingly confirming the results of
the 2D EXSY experiments. Unfortunately, the example of SALAL reacted with tacn in an ACN/W
mixture was the only case where the rates of the intramolecular processes could have been
obtained.

Both CAXAL and PYRAL also form aminals with tacn efficiently in ACN/W medium, but the
resulting aminals are very stable and do not exhibit the intramolecular motion. Acidification of the
aqueous samples of aldehydes and cyclic amines leads to extensive hydrolysis of the aminal. The
signals of the residual aminal are broad, indicating a fast exchange rate, but due to the low cross-
peak intensities in 2D NOESY spectra the quantification has not been performed.

When cyclen was examined, very low conversion to aminals (< 5 %) was observed in ACN/W
mixtures for all aldehydes. In DMSO, the aminal was formed in acceptable conversion for SALAL and
PYRAL (69 % and 56 % respectively) but no exchange was observed. On the other hand, CAXAL did
not give any aminal at all. To enhance the intramolecular displacement, the samples were acidified
by 1 eq. TFA. Indeed, SALAL exhibited enhanced exchange upon addition of the acid, but the signals
overlap with residual water signal and therefore prevent integration in the 2D EXSY experiment.
PYRAL did not provide any exchange signals even upon acidification and addition of more than 1 eq.
of TFA leads to extensive hydrolysis. CAXAL upon acidification converted partially to its amino-
lactone (Figure 3.2-20c) giving a mixture of free aldehyde (7 %), lactone closed on the aldehyde alone
(hydroxy-lactone, 36 %) and the amino-lactone on cyclen (57 %). Interestingly, the signals in the
aliphatic part of the spectrum are broad and largely overlapped, indicating an intramolecular
displacement of the lactone in the cyclen ring, which was also evidenced by 2D NOESY (Figure
3.2-23). However, the spectra were not suitable for rate evaluation.
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Figure 3.2-23 Magnified aliphatic part of the 2D NOESY spectrum of the mixture of CAXAL with cyclen acidified by 1 eq.
of TFA: the methylene protons appear as non-resolved complex signal, but the exchange cross-peaks observed indicate an
intramolecular exchange.

In order to enhance the exchange process without the need for acidification, d,-methanol
was used as a solvent. When SALAL was mixed with cyclen in MeOD at (100 mM, both reagents),
indeed the formation of the aminal was observed with about 54 % conversion, calculated from the
characteristic aldehyde CHO signal at 10.18 ppm and the aminal Ar-CH signal at 5.35 ppm). However
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the composition of the mixture strongly depends on the concentration: if the same mixture is
prepared at 20 mM, the aminal is still formed in 35 % conversion, but is accompanied by 22 % of the
hemiaminal formed by the reaction of the iminium intermediate with CD;0D, thus giving new signals
at 5.63 (Ar-CH) and at 2.65 ppm of the CHD, group (CHD,0OD signal referenced at 3.33 ppm). 2D
NOESY spectrum of the mixture at 100 mM indicated that this hemiaminal could be present even at
higher concentration, but at less than 1 %, and that this hemiaminal interconverts with the aminal
structure (Figure 3.2-24). Importantly, the methylene signals exhibit a very rich pattern of chemical
exchange cross-peaks, in which every single peak is exchanging with all others. Such a pattern
strongly indicates that intramolecular exchange is indeed taking place, but the corresponding EXSY
experiments (at both concentration levels) provided highly erroneous integral intensities of the

cross-peaks which were not usable for the rate evaluation.
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Figure 3.2-24 2D NOESY spectrum of the mixture of SALAL and cyclen in CD30D: the aminal signal at 5.35 ppm has
exchange cross-peaks with barely visible broad signals downfield, probably the hemiaminal formed with MeOD, and NOE
correlation with the aliphatic protons. A complex exchange pattern is observed for the aliphatic signals indicating the
intramolecular displacement, although the corresponding EXSY experiments failed.

In the case of hexacyclen, formation of multiple aminal species is observed for all aldehydes
used. In an acetonitrile-water mixture, only PYRAL forms aminals efficiently, but four different
aminal signals are observed in the range of 4.8-5.2 ppm and two more around 4.1 ppm.
Determination of exchange rates was not performed since it was not possible to attribute the signals
to defined structures. In dg-DMSO, SALAL and CAXAL do not form the aminals unless 1 eq. of TFA is
added, but in such case, multiple overlapping signals are observed and assignment of the exchange
process to defined structures was not possible.

3.2.2.3. Branched polyamines

In the case of the branched triamine compound tren (tris(2-aminoethyl)amine), EXSY studies
enable insight into the behaviour of the reaction mixture it generates with SALAL (1:1 ratio, 20 mM)
in CD3;CN:D,0 (7:3 v/v), where three different imines are observed: mono-imine (59 %), bis-imine (28
%) and tris-imine (10 %) and 3 % of aldehyde remains unreacted. Cross-peaks in the NOESY spectrum
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revealed multiple exchange processes involving specific signals. The data from the azomethine
signals indicate that the imines are interchanging intermolecularly between themselves rather than
reacting with the small amount of available aldehyde (similarly to the case of diamines discussed in
3.2.1.2). In the aliphatic region, the spectrum is more complicated. Nevertheless, the same exchange
pattern as described for the azomethine protons can be observed here as well. Furthermore,
exchange cross-peaks of =N-CH,- protons with H,N-CH,- protons are clearly visible. Among all the
exchange processes, two concentration independent ones, clearly assignable to mono-imine and bis-
imine intramolecular interchanges (Figure 3.2-25), could be evaluated with rates of 3.84 + 0.16 and
1.13 £ 0.18 Hz, respectively.

\/\;\/NHZ /N\/\N/\/N\

NH, NH,

Figure 3.2-25 Intramolecular exchange processes in the mono-imine and the bis-imine of tren reacted with SALAL
observed by NMR with rates obtained by EXSY.

3.2.2.4.  EXSY - analysis of exchange rates

2D EXSYB¥-3313% represents a unique tool to determine the rates of exchange processes
taking place in dynamic equilibrium and in terms of the range of quantifiable rates complements the
line-shape analysis. Extension of the spectral range into two dimensions also allows for better
separation of concomitant processes in complex mixtures and is to some extent insensitive to partial
signal overlap. The procedure of an EXSY experiment is demonstrated on the case of SALAL with
tren, which was presented in the previous Section.
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Figure 3.2-26 2D 1H-NOESY of the mixture of tren with SALAL in CD3CN:D20 (7:3 v/v). Cross-peak A indicates the
intramolecular exchange present in the mono-imine, cross-peak B is due to the intramolecular exchange of the bis-imine.
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The experiment consists of a set of 2D NOESY experiments with different values of the delay
in the pulse sequence, called the mixing time (t.,). As a sequence noesyph was used, the receiver gain
was optimized once for the first experiment and kept constant for the sample. A typical set of t,,
values was 0, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25 and 0.5 s, where t,,=0 was used for
evaluation of “equilibrium magnetization” (diagonal peak intensity). Baseline correction was
performed in both dimensions prior to integration. 2D integration ranges were optimized on the
spectrum with t,,=0.5 s and transferred to all others. Integration of the spectra with different mixing
times using the same integration ranges provides raw integral data. The procedure is demonstrated
on the case of SALAL reacted with tren (discussed above) where two simultaneously occurring
exchange processes are observed and, furthermore, both of them can be quantified from a single
data set.

Calculation of exchange rates was performed using the NOESY build-up curve, where the
intensity of the cross-peaks is plotted as a function of t,,. Due to the inherent symmetry of the 2D
NOESY spectrum, the average between symmetrical cross-peaks was taken. A typical curve obtained
is shown in Figure 3.2-27. The curve grows linearly from t,,=0 until the relaxation becomes important
(in the presented case around t, of 0.2 s) and this linear part is fitted by linear regression with a
forced null x-intercept. The slope of this regression is divided by the “equilibrium magnetization”
which is the intensity of diagonal peaks, between which the cross-peak is observed, at t,=0. For an
exchange between peak A and B, the slope divided by the equilibrium magnetization of peak A gives
the rate of exchange A - B, k;, and on the other hand, the same slope divided by the equilibrium
magnetization of peak B is the value for the reverse reaction B = A, k,, fulfilling the definition for the

N k .
equilibrium constant K = Z—B = k—l . The rates were verified by the EXSYCalc program[‘m] for t,, values
A 2

of 50 ms, 150 ms and 250 ms. EXSYCalc cannot process the entire EXSY experiment and therefore
does not provide any statistics on the quality of the data.
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Figure 3.2-27 Typical NOESY build-up curve for a system with two exchanges, here represented on the case of SALAL
reacted with tren. The exchange 1 (black squares) correspond to the intramolecular exchange in the bis-imine of tren
(cross-peak B in Figure 3.2-26), the exchange 2 (red circles) is due to the intramolecular exchange in the mono-imine of
tren (cross-peak A in Figure 3.2-26). Both exchange processes can be observed and evaluated simultaneously. An extract
from the set of 2D NOESY spectra used for construction of the plot is presented in Experimental part in Figure 7.5-23 to
Figure 7.5-25 on page 197, signal assignment is provided in Figure 7.5-26.
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For the intramolecular exchange reaction of symmetrical amines where the starting and the
end points are the same, k; = k,. This is very beneficial since peaks of polyamine molecules can
overlap heavily in the NMR spectra. With this approach, only one well separated signal is needed to
calculate the exchange rate, such as the imine =N-CH,-signal, which is strongly shifted downfield
compared to the parent amine derivative.

EXSY experiments were recorded for at least two concentration levels, 20 and 8 mM. It was
shown that intermolecular imine exchange reactions follow first order kinetics and thus lowering the
concentration by a factor of 2.5 should lead to a decrease in the observed rate by a factor of 2.5 as
well. This was the criterion used for qualifying the imine exchange as intra- or intermolecular. For all
exchange rates, a 95 % confidence interval was calculated. Data with a 95 % confidence interval
which was 10 % or less of the rate value were considered good, data with a 95 % confidence interval
of 20 % and more were rejected, and data with a 95 % confidence interval between 10 % - 20 % were
repeated twice more to make them acceptable (narrowing the confidence interval) or they were
rejected (if not reproducible).

3.3. Directional walking

The phenomenon of non-directional walking presented above brings into chemistry the
features of random walking, a process of high interest in the field of quantum physics®*"*3 or
biology.'**? However, a typical application of this process in chemistry involves some sort of a cargo
transport ultimately requiring a directional mode of operation controlled by a stimulus. Also, the
walker unit and the track need to remain attached to each other for the entire time of operation,
thus fulfilling the condition of processivity. The possibility brought by CAXAL to trap the intermediate
iminium states by formation of the lactone ring inspired the search for a condition which could
provide a directional small-molecule walker controlled by the change in pH.

3.3.1. Lactone formation - trapping of iminium on secondary nitrogens

The displacement of an aldehyde between nitrogen atoms proceeds through repetitive
aminal ring closure/opening. In the case of primary amines, the ring opening leads to the formation
of an imine. However, if the displacement is taking place between secondary amines, the formation
of an imine is not possible, but instead an iminium is formed. Due to the positive charge, this
intermediate is very unstable and readily reacts with any nucleophile present. In the molecule of
CAXAL, a nucleophile, the carboxylic group, is inherently present in proximity of the aldehyde
function. The reaction of the transient iminium with the carboxylate yields a five-membered lactone
ring fused with the benzene core, bearing an amino substituent in position 3. The ester bond in the
lactone as well as the formation of the cationic iminium were supposed to act as the pH dependent
states which can be addressed by addition of a base or an acid.

In the initial study, N-benzylethylenediamine (BnEDA) was mixed with the sodium salt of
CAXAL (in dg-DMSO, 20 mM each) and the reaction was followed by NMR (Figure 3.3-1). Concomitant
formation of two species, the imine and the aminal, was observed reaching the equilibrium in about
4 hours and overall conversion of the aldehyde was about 99 % (Graph 3.3-1). In equilibrium, the
imine is present in 77 % and the aminal in 21 %, and these products coexist in dynamic equilibrium as
evidenced by exchange cross-peaks in the 2D NOESY spectrum (Figure 7.5-44 on page 208).
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Kinetics of CAXAL + BnEDA reaction
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Graph 3.3-1 The reaction of CAXAL with BnEDA in ds-DMSO followed by NMR: concomitant appearance of the imine and
the aminal is observed. In the equilibrium, the mixture contains 77 % of the imine, 21 % of the aminal and about 1 % of
the aldehyde remains unreacted.

In the following experiments, the equilibrated DMSO solutions of the mixture of BnEDA and
the sodium salt of CAXAL were titrated by a stock solution of TFA and the 'H-HMR spectra were
recorded (Figure 3.3-2). After addition of the first equivalent of TFA both the imine and the aminal
azomethine signals disappear from the spectrum while the aliphatic region shows two sets of signals
of approximately equal intensity. One of the sets appear as a pair of sharp triplets assigned to the
hydrolysed BnEDA, the other set appears as a broad coalesced signal indicating a fast exchange
reaction on the NMR time scale. This indicates that the species undergoes a very fast exchange
between imine, aminal, lactone and hydrolysed amine and aldehyde, which was evidenced by the
exchange cross-peaks between the broad signal and the two sharp triplets in the 2D NOESY spectrum
(Figure 7.5-45 on page 208). The spectra recorded immediately after addition of the acid and one
hour after the addition are identical, showing that the equilibrium is established within one minute.
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Figure 3.3-1 CAXAL and BnEDA as model system for directional walking: condensation of the aldehyde with the diamine
to give a mixture of imine and aminal which can be converted to the lactone by acidification of the medium.
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Addition of the second equivalent of TFA leads to emergence of a new sharp peak at 6.65
ppm assigned to the lactone, formed in 65 % conversion. The aminal and the imine (broad signals)
are observable as well in 2 % and 33 % conversion, respectively, and, similarly to the sample before
acidification, they are dynamically interconverting as shown by 2D NOESY. The azomethine carbon of
the lactone formed bears four different substituents and is therefore chiral. The chirality causes
“desymmetrisation” of the benzylic CH, protons which are thus diastereotopic and appear in the
NMR spectrum as a pair of doublets with a strong coupling of 14.4 Hz. The presence of the lactone
peak at 6.65 ppm and the splitting of the benzylic CH, signal can serve as a good indication of the
formation of the lactone in proximity of the benzylic group.
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Figure 3.3-2 1H-NMR spectra of the mixture of BnEDA and sodium salt of CAXAL, from bottom to top: equilibrated sample
of the condensation reaction (blue); the sample after addition of 1 eq. of TFA (red); the sample after addition of the
second equivalent of TFA (green); the sample containing 2 eq. of TFA after addition of 1 eq. of t-BuOK (purple); the
sample containing 2 eq. of TFA after addition of 3 eq. of t-BuOK (yellow).

To examine the reversibility of the lactone formation, the samples after addition of two
equivalents of TFA were back titrated with potassium tert-butoxide, t-BuOK. When the first
equivalent of t-BuOK was added to the sample with TFA, the spectrum was identical to those after
addition of the first equivalent of TFA, showing two sets of signals in the aliphatic region and no
azomethine signal. After addition of the second equivalent of the base, however, the spectrum did
not change significantly. Addition of the third equivalent of t-BuOK was necessary to obtain a
spectrum identical to the initial condensation experiment, showing the imine (78 %) and the aminal
(22 %) as the only species present in the solution. The NMR traces of the titration by acid and back-
titration by base are given in Figure 3.3-2.

The experiments on BnEDA reacted with CAXAL prove the concept of the directionality
control of the displacement of an aldehyde along the polyamine chain (Figure 3.3-3). Under basic
conditions there are not enough protons available for the formation of the transient iminium and
therefore only imine/aminal equilibrium is established. Addition of the acid allows for aminal ring
protonation on either of its nitrogen atoms (nitrogens are called “primary” and “secondary” like in
the parent amine although they are tertiary and secondary in the aminal structure). If the
protonation occurs on the “secondary” nitrogen the aminal opens to form the imine on the
“primary” one, however if the protonation occurs on the “primary” amine the ring opens to provide
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an iminium which immediately stabilises by formation of the lactone. The lactone ring
closure/opening indeed depends on the acidity of the medium: upon addition of a base the labile
ester bond is cleaved and the iminium formed is stabilized by the formation of the aminal, which
consequently re-equilibrates with the imine form. From the mechanism-energy point of view the
system can therefore be attributed to the Brownian ratchet mechanism.*®*
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Figure 3.3-3 Representation of the pH dependent displacement of CAXAL between the two nitrogen sites of BnEDA with a
schematic energy diagram: under basic conditions the imine and the aminal coexist in dynamic equilibrium but the
formation of the transient iminium is impossible due to the absence of an acid. After acidification, the iminium is formed
but is immediately trapped in the form of the lactone. Addition of a base leads to opening of the labile ester bond and
consequently to reestablishment of the imine-aminal equilibrium.

The experimental difficulties, notably the extensive hydrolysis after addition of 1 eq. of acid
and the imine/aminal inner equilibrium, lead to the search for a CAXAL derivative with improved
performance in the directional displacement. First, introduction of substituents at the position 4,
para to the aldehyde function, was examined (Figure 3.3-4a). Two groups with the opposite
properties were chosen: a) the strongly electron-withdrawing nitro group which could lead to higher
electrophilicity of the aldehyde and thus to increased conversion in the reaction with an amine; b)
the strongly electron-donating dimethylamino group which could provide stabilization for the
transient iminium thus decreasing the amount of hydrolysed product upon acidification (Figure
3.3-4b). The nitro derivative was synthesised using the published procedure,*® the dimethylamino
derivative is described in the Experimental part.

The presence of the nitro substituent indeed increases the electrophilicity of the aldehyde,
but it in turn also changes its character: the electron deficient carbonyl function reacted with amines
providing only sp® hybridised products like aminals, hemiaminals or hydrates and no imine signal was
observed in the NMR spectra. On the other hand, the electron-donating properties of the
dimethylamino group make the aldehyde very unreactive and only very low conversion to either of
the products of the condensation with amines is observed.

In the non-directional displacement studies, SALAL exhibited very convenient properties: it
produced almost uniquely the imine even when reacted with diamines which can form aminals, and
it also gave a very high conversion even in aqueous media. Therefore, another derivative, 2-formyl-3-
hydroxycarboxylic acid (Figure 3.3-4c), was envisaged and synthesized using the published
protocol.[34°] The presence of the hydroxyl group ortho to the aldehyde resembles the structure of
SALAL, while the carboxylic function in the other ortho position is similar to the structure of CAXAL.
Moreover, the hydroxyl is conjugated with the aldehyde and can thus contribute to the stabilization
of the iminium in a similar way as envisaged before for the dimethylamino derivative (Figure 3.3-4d).
Indeed, this derivative is capable of formation of both the imine and the lactone, which can be
interconverted by the action of acid or base, and the results are discussed in the Section 3.3.3.
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Figure 3.3-4 Structure variations of CAXAL: a) EWG or ED substitution in the position para to the aldehyde strongly
influences its reactivity and properties, but nitro and dimethylamino groups did not lead to improved performance of the
parent CAXAL, b) possible stabilization of the transient iminium by a push-pull conjugated system, c) 2-formyl-3-
hydroxycarboxylic acid comprising for the structural properties of both SALAL and CAXAL, d) the participation of the
hydroxyl group in the stabilization of the imine on a primary nitrogen, stabilization of transient iminium by conjugation
with the aldehyde, and lactone formation by the reaction with the carboxylate function in the position ortho.

3.3.2. Desymmetrisation of the walking track

The non-directional displacement discussed in the Section 3.2 was demonstrated on
symmetrical polyamine chains where the two termini of the linear track are indistinguishable from
each other. For the introduction of directionality of the motion, however, the two termini must be
different to some extent in order to provide two distinct states for the walker unit to reside in. Also,
for practical reasons, the track should be rather easily accessible in variety of lengths starting from
readily available commercial compounds. It was therefore necessary to explore some possibilities of
desymmetrisation of the polyethyleneimine oligomers.

First, the case of BnEDA explored before was extended to derivatives containing a longer
polyamine chain. These derivatives are readily available by reductive amination of BENZAL by
commercially available ethyleneimine oligomers like en,N; or ensN, (Figure 3.3-5a). When these
polyamines are mixed with the sodium salt of CAXAL, the formation of the imine is observed in the
NMR spectrum, accompanied by the formation of aminals. Also, the mixed imine-aminal species,
formed by the reaction of one polyamine with two molecules of CAXAL, were observed. Acidification
was performed by step-wise addition of equivalents of TFA. For efficient formation of the lactone,
one equivalent of TFA per amino group was necessary, i.e. three for the track derived from en,N; and
four equivalents of the one from enz;N,. Under such conditions, one equivalent of the acid serves to
neutralize the carboxylate group of CAXAL, which can thus close the lactone ring, and the others
protonate all the nitrogen atoms except the one where the lactone resides. However, 2D NOESY
experiments revealed that the lactone ring does not form on the N-benzyl amino site, but rather on
one of the nitrogens in the middle of the track. This is probably due to charge repulsion of the
protonated amines (Figure 3.3-5b).

The following design involved the reductive amination of SALAL instead of BENZAL with the
same amines en,N; and ens;N,. The presence of the hydroxyl group in proximity could lead to
formation of the hemiaminal, benzooxazine, on the N-benzyl side of the chain (Figure 3.3-5c).
However, no formation of such species was observed by NMR under various conditions investigated.
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The charge repulsion of protonated amines can be circumvented by employing amines with
significantly lower basicity, such as anilines. Therefore, the ethyleneimine oligomers were derivatized
by a series of substituted phenyl groups on one of the termini (Figure 3.3-5d). The basicity of the
aniline nitrogen was thus further reduced by the presence of EWG on the aromatic core.
Unfortunately, the aniline nitrogen of such derivatives is very unreactive and the only species which
were formed in the reaction with CAXAL were the imine and aminals on the nitrogens of the aliphatic
amine chain. Under several conditions investigated, no reaction of the aniline nitrogen was observed.
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Figure 3.3-5 N-alkylated ethyleneimine oligomers as walking tracks: a) tracks prepared by reductive amination of
BENZAL by commercial polyamines, b) repulsion between positive charges of the protonated track leads to the lactone
formation on the nitrogen in the middle of the track, c) tracks prepared by reductive amination of SALAL do not form the
envisaged benzooxazine structure, d) functionalized anilines possess a nitrogen of lower basicity than aliphatic amines,
but such a nitrogen is not reacting with CAXAL.

Previous experiments have shown that the lactone ring closure cannot be driven by total
protonation of the polyamine chain since such cases lead to preferential charge separation and the
lactone resides in the middle of the track. This observation led to the design of tracks bearing a more
nucleophilic nitrogen which would not be capable of imine formation, but can still serve as the site
for the lactone ring formation. As the first system of such a design, a polyamine chain substituted by
N,N-dimethyl hydrazine on one side was proposed (Figure 3.3-6a). The synthesis of these derivatives
was first attempted by simple alkylation reactions of the N,N-dimethyl hydrazine with polyamine
bearing a short alkyl chain terminated by a good leaving group, such as bromo or O-Ts, on one of the
termini of the amine chain. These reactions however do not yield the desired compounds due to the
preferential reaction of the N,N-substituted nitrogen over the primary one (Figure 3.3-6b), as it was
also reported in the literature.?*" These reactions thus provide quaternary hydrazinium salts which,
unlike in the literature examples, did not show any reversibility of the alkylation.
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Figure 3.3-6 a) Hydrazine based walking tracks, b) alkylation of N,N-dimethyl hydrazine proceeds only on the tertiary
nitrogen yielding quaternary hydrazinium salts, c) synthetic procedure for the N’-bromoethyl-N,N-dimethyl hydrazine,
the deprotection of the Cbz groups requires harder conditions than the reductive cleavage of the N-N bond, d) double
non-symmetric reductive amination of glyoxal by dimethyl hydrazine and aliphatic polyamine yields the desired product,
but deprotection of the Boc group, necessary for purification, leads to decomposition of the compound.

The next synthetic approach started from N’-Cbz-N,N-dimethyl hydrazine which can be
deprotonated by the action of a strong base, such as sodium hydride, and reacted with
dibromoethane to give a bromoethyl substituted hydrazine, suitable for the reaction with linear
polyamines (the procedure for preparation of polyprotected polyamines with one primary amino
group unprotected is available in the literature,®** and an improved approach is discussed in Chapter
4). It is noteworthy that this alkylation proceeds only with Cbz protected amines. The alkylation
products were fully protected by Cbz and purified by column chromatography. However, the
deprotection of the Cbz groups by hydrogenation on palladium requires conditions under which the
cleavage of the N-N bond is easier than the Cbz deprotection and therefore the products isolated do
not contain the desired hydrazine unit (Figure 3.3-6d). Other known procedures for Cbhz
deprotection, such as HBr/AcOH and BBr;, lead to total decomposition of the product.

Another approach involved a double non-symmetric reductive amination of glyoxal which
was reacted with both dimethyl hydrazine and the polyamine. First, glyoxal was mixed with the
polyamine in water, where the imine linkage formed is readily reversible, and then dimethyl
hydrazine was added. The mixture of all imines formed was reduced by sodium cyanoborohydride.
The reaction produced a complex mixture of products and was therefore completely derivatized with
Boc and purified by column chromatography which provided the desired product. The same
procedure was repeated with glyoxal mono-dimethylhydrazone, which became commercially
available during the experimentation, with similar results. Unfortunately, the deprotection step
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(TFA/CHCI;) failed again: the excess of acid necessary for full Boc cleavage also causes full
protonation of the polyamine, including a double protonation of the hydrazine unit. This twice
charged species acts as a very good leaving group and thus the only products isolated after
deprotection was the N,N-dimethyl hydrazine and piperazine, formed by the intramolecular
nucleophilic substitution of the twice charge hydrazinium by the primary amine.

Many other approaches were investigated involving derivatives of 2-(dimethylhydrazino)-
acetaldehyde, 2-(dimethylhydrazino)ethanol or glyoxal mono-benzhydrazone, as well as other
protecting groups, such as Fmoc, Alloc or benzyl, or even a combination of different protecting
groups. None of these attempts provided the desired product and therefore the hydrazine design
was abandoned.

Another highly nucleophilic amine derivative with lower basicity than the aliphatic amines is
the hydroxylamine. While hydroxylamine derivatives with primary NH, group react with aldehydes to
give very stable oximes, an N-substituted hydroxylamine derivative cannot condense to oxime, but it
can still serve as the site for the lactone formation. First, a procedure analogous to that with
dimethyl hydrazine and glyoxal was investigated. To this end, O-benzylhydroxylamine was added to
the pre-equilibrated mixture of glyoxal and aliphatic polyamine and consequently reduced by sodium
cyanoborohydride under acidic conditions (Figure 3.3-7). However, benzyloxyamine under these
conditions does not provide the desired product and forms rather the bis-oxime, even when mixed in
highly non-stoichiometric ratios. Another approach, analogous to that of hydrazine presented in
Figure 3.3-6¢ was studied with the benzyloxyamine derivative, but similarly to the previous case, the
N-O bond cleaves easily under the hydrogenation conditions. None of the procedures examined for
the hydrazine design worked for the hydroxylamine derivative either.

H

H
-NH; \/@
@/\O + ONO + HZN\/\NH2 >< HZN/\/N\/\N/O

Figure 3.3-7 The double non-symmetric reductive amination involving benzyloxyamine does not yield the desired product
and rather the formation of the bis-oxime of glyoxal is observed.

Finally, a different design was proposed: instead of the two-carbon distance between the
lactone site and the rest of the ethyleneimine chain, a propylene spacer was chosen (Figure 3.3-8).
To this end, a polyamine was dissolved in water and the pH was adjusted to about 7. The mixture
was cooled to 0 °C and acrolein was added. Acrolein displays a double reactivity: the carbonyl can
react with amino groups to provide imines or aminals, and the conjugated double bond acts as a
good Michael acceptor. Moreover, while the condensation of the carbonyl function is a reversible
and highly dynamic reaction under the conditions used, the Michael addition is irreversible.
Furthermore, the low temperature applied during the reaction also favours the Michael reaction of
the sterically least hindered nucleophiles, such as primary amines in the present case. Following
addition of the benzyloxyamine leads to the formation of the very stable oxime bond. Finally, the
reduction of the oxime provides the desired product. Indeed, this procedure provides the desired
product, although only in mixture with other isomers and the products of a multiple reaction.
Repeated purification on the reverse phase column is therefore necessary, lowering the final yield to
only 13 %. However, the benzyloxyamine terminated polyamine chains proved to be suitable tracks
for directional walking and the results are discussed in the following Section.
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Figure 3.3-8 Synthetic approach for the preparation of benzyloxyamine terminated tracks with Cs spacer: Michael
addition of a polyamine on acrolein is irreversible under the conditions applied, while the condensation of the carbonyl
with amines is reversible. Consequent reaction with benzyloxyamine provides stable oximes which after reduction yield
the desired track molecules.

3.3.3. Directional small-molecule walking

In the previous Sections, the suitable constituents of the directional walking systems were
elaborated: 2-formyl-3-hydroxybenzoic acid (OH-CAXAL) and benzyloxyamine terminated
ethyleneimine oligomers (N3en,prNOBn and N4en;prNOBn). The concept of directionality relies on
the ability of formation of imine or lactone controlled by pH, as discussed several times above.

In the search for the optimal conditions, first an ACN/W mixture, used for the non-directional
walking experiments, was investigated. To this extent, when OH-CAXAL (acid form) was mixed with
the Nsen,prNOBn (free base form) in CD;CN/D,O (7:3 v/v), formation of the lactone on the
hydroxylamine nitrogen was observed, but addition of either an acid or a base leads to significant
hydrolysis and dissociation of OH-CAXAL from the track. Notably, the formation of the lactone was
observed even in pure D,0, however the pH adjustment leads to even more extensive hydrolysis
than in an ACN/W mixture. As a result, a mixture of dg-DMSO containing 1 % D,O was chosen as the
solvent and used throughout the following experiments.

Another issue to investigate comes with the choice of the base and the acid used for pH
adjustment. The solvent mixture used implies solubility restrictions especially for the base. For this
purpose, stock solutions of four different bases were prepared: potassium tert-butoxide (t-BuOK),
sodium methoxide (MeONa), 1,8-diazabicyclo[5.4.0]Jundec-7-ene (DBU) and triethylamine (Et;N). The
alkoxide solutions can be prepared as concentrated as about 100 mM, while DBU and Et;N are fully
miscible with DMSO and 2 M solutions were prepared. For the acids used, 2 M stock solutions of
acetic acid (AcOH), TFA and methanesulfonic acid (MeSOzH) were prepared and used in the study.

First, equimolar mixtures of OH-CAXAL and Nsen,prNOBn (20 mM) were prepared and left to
equilibrate for 3 days. These solutions contain the lactone structure closed on the hydroxylamine
nitrogen in about 90 % conversion, and approximately 10 % of the aldehyde and the polyamine
remain unreacted. The imine and aminal structures may also be present but in very low amounts
which prevents reliable quantification. Similarly to the case of BnEDA, the lactone ring closure
comprises for the formation of a chiral carbon atom which in turn leads to splitting of the benzylic
protons into a pair of doublets (Figure 3.3-9). Full NMR characterization is provided in the
Experimental part. Moreover, the NMR sample was submitted to the MS analysis which confirmed
the structure (calc. 414.227, found 415.233 [M+H]).
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Figure 3.3-9 1H-NMR spectrum of OH-CAXAL (acid form) mixed with N3enzprNOBn without any pH adjustment. The
lactone C-H proton appears as sharp singlet at 6.55 ppm, but its chirality causes splitting of the benzylic protons into a
pair of doublets at 4.69 and 4.20 ppm with a coupling of 9.7 Hz. The signals around 2 ppm correspond to the middle
methylene group of the propylene spacer in the molecule of NsenzprNOBn. It is evident that apart from the lactone (2.1
ppm) and the unreacted NsenzprNOBn (1.85 ppm) there is a third very broad methylene signal. 2D NOESY spectra
suggests that there is indeed some amount of aminal (not clear with which nitrogen atoms) and some imine, although the
intensity of the corresponding signals in 1H-NMR spectrum does not allow for quantification.

These solutions were thereafter titrated by a stock solution of a base. When aliquots of Et;N
were added, no change in the NMR spectra was observed even after addition of up to 10 equivalents.
On the other hand, addition of either of the alkoxide bases leads to emergence of a new peak at
around 8.46 ppm, which could resemble the imine peak. However, the intensity of this peak depends
on the experimental approach: if small amounts of the base are added one after another, the
intensity of the peak correlates with the expected intensity of the imine formed, but when 2
equivalents of the alkoxide are added in one portion, the intensity is largely diminished and new
broad peak arises around 9.13 ppm. Moreover, HSQC experiment didn’t provide a correlation with
any carbon signal. Furthermore, this peak was observed also in the sample containing only the OH-
CAXAL deprotonated by the alkoxide base, and was therefore assigned to a side-reaction of the
aldehyde alone. It's noteworthy that the formation of this side-product is not reversible and addition
of an acid does not decrease its intensity. Finally, the DBU was investigated as a base. In this case,
clear and fast conversion of the lactone to the imine was observed by NMR (Figure 3.3-10) by
addition of a total of 3 eq. of DBU. It is noteworthy that the reaction reaches equilibrium within less
than five minutes after the base addition, and the final solution contains the imine in about 90 %
conversion while the other 10 % is in the form of aminal. As evidenced by 2D NOESY, these two
species interconvert, which results also in significant broadening of the signals in the 'H-NMR
spectrum.
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Figure 3.3-10 1H-NMR spectrum of the mixture of OH-CAXAL and NsenzprNOBn after addition of 3 eq. of DBU. The
lactone sharp singlet at 6.55 ppm has disappeared completely, as well as the pair of doublets of the benzylic protons.
Instead, broad imine signal at 9.15 ppm and sharp singlet of benzylic protons at 4.60 ppm appeared. The broad imine
signal is accompanied by a small, but sharp singlet. This signal could belong to the imine structure which has also an
aminal on the adjacent nitrogen (two aldehyde molecules reacting with one track), and which therefore cannot exchange
between imine and aminal. Also, 2D NOESY indicated chemical exchange between the imine peak and the aminal peak,
both appearing as broad signals at 9.15 and 4.75 ppm. HSQC and HMBC experiments confirmed the structure.

Next, the effect of the different pK, of the acids chosen was studied. The sample previously
titrated with DBU (3 eq.) was first back-titrated by AcOH, but no change in the NMR spectrum was
observed up to the addition of 10 eq. of the acid. On the other hand, addition of MeSO;H leads to
dramatic changes in the spectrum, reverting most of the species back to the lactone form, but
relatively high hydrolysis is observed as well. If the sample is allowed to equilibrate for a few days,
the hydrolysed OH-CAXAL reacts again with the N3en,prNOBn track providing the desired lactone,
however such a reaction is intermolecular and the walking concept fails in fulfilling the need for
processivity. Finally, the addition of TFA leads to quantitative conversion of the imine to the lactone
without extended hydrolysis. The Figure 3.3-11 shows the titration of the mixture of OH-CAXAL and
Nzen,prNOBn by first DBU, and then TFA. It is noteworthy that this base-acid cycle can be repeated
three times until the excessive generation of the DBU-TFA salt start to perturb the NMR experiment.
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Figure 3.3-11 Titration of the mixture of OH-CAXAL and NsenzprNOBn by first DBU (0, 0.8, 1.6, 2.4 and 3.2 equivalents of
DBU from bottom blue to yellow traces respectively) and then by TFA (0, 0.8, 1.6, 2.4 and 3.2 equivalents of TFA from
orange to top blue trace, respectively).
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In conclusion, the experiments shown above prove the concept of the directional walking of
an aldehyde along the polyamine chain using the imine and the lactone structures to trap the
aldehyde at one of the extremities of the polyamine track. Further experiments will be performed to
demonstrate the walking on various tack lengths, to obtain the conditions under which only one
molecule of aldehyde reacts with the polyamine track, and to show the ability of the system to
transport cargo over a distance.
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Figure 3.3-12 Scheme of the reaction of a small molecule (OH-CAXAL) walking along the polyamine chain

(N3enzprNOBn).

3.4.

Summary of Chapter 3

A simple degenerate intramolecular displacement of aldehyde residues between the
nitrogen atoms of small aliphatic diamines has been demonstrated.

The rate of the displacement was shown to be finely controllable over a wide range
by the action of temperature, the solvent composition and the substituent
introduced on the aromatic core of the aldehyde.

The intramolecular exchange process is accompanied by the intermolecular one, thus
merging constitutional and motional dynamics within one system.

The motion has been extended to linear polyamines thus introducing a non-
directional small-molecule walker which displaces along the track via reversibly
formed intermediary species of different valency.

The motion was also shown for branched and circular polyamines which introduce
different topologies of the displacement process.

The directionality control over the walking process has been introduced by
desymmetrisation of the track and by pH-dependent trapping of the aldehyde
residue at the extremities of the polyamine chain.
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4. DYNAMIC REACTION SELECTIVITY

4.1. Introduction

. . . . . 12,20,22,24,2 2,104,108,226,32 .
Dynamic combinatorial libraries (DCLs)!%202%2426:5682,104,108,226323343] 36 formed by reversibly

linked components giving an equilibrium mixture of products under thermodynamic control. The
reversibility of the linkage allows constitutional exchange by the means of constitutional dynamic
chemistry (CDC) providing all possible combinations of constituents without the need for tedious
synthesis and purification of large number of compounds. By application of a stimulus, the DCL
undergoes constitutional adaptation where some species are amplified while others are
depleted.[344'345] These features have proven the attractiveness of DCLs for material
science,[11'80'84’310'346_353] for the synthesis of nanoarchitectures,[15'16'141'143’354"359] receptorsmo] and
sensors”®Y as well as in research for biologically active compounds.[21’23'25’321'322’362_365] In fact, only
the “virtual presence”™® of all combinations is required as the amplified species can be formed upon
the application of the stimulus — in the terms of the “lock and key” principle, the lock assembles its
key. Deconvolution of the DCL, which consists of systematic removal of single components and
verification of functionality of the reduced library, provides a way to identify of the species of
interest.

Imines are particularly interesting for DCL construction due to their ease of formation and
exchange, usually under mild conditions. The imine bond is a heteromeric linkage formed by
condensation of an amine and a carbonyl compound. It is also satisfactorily orthogonal™*%*¢37% tg
many other reversible bonds and its dynamic nature can be “frozen” by reduction or other
transformations.”’" Simplification of the complex mixture of species in the library is achieved
through adaptive sorting,®*'%%723”® for example in the course of crystallisation,!!%*37637")
oxidation,®”® distillation®*”*® or coordination.!®1%7381-3%2]

This chapter initially concerns a theoretical approach for representation and comparison of
DCLs, which is used thereafter for quantification of the efficiency of selection during self-sorting
processes. Also, it identifies key differences in supramolecular dynamics®*® between self-sorting
upon applying an exogenous selector and self-sorting by increasing the complexity of the
library,%63%*3%] resulting in “simplexity” of a DCL. The self-sorting, or selection, driven by the
complexity is demonstrated for aldehyde-amine libraries in the cases of 2+2 and 3+3 mixtures as well
as for multivalent polyamines. Finally, the concept is applied in the synthesis of polyamine
derivatives, in which aldehydes serve as dynamic selective protective groups. The preparative scale
synthesis was elaborated in collaboration with Dr. Anne Meister and the experiments done by Dr.
Meister are indicated in the text.

4.2. Representation of dynamic reaction networks

In reaction dynamics, the outcome of the reaction network is determined by the conditions
used. In other words, the outcome of the reaction (product or ratio of products) is dependent on the
presence or absence of a driving force for formation of particular product. It has been demonstrated
in the literature that DCLs can be sorted for example by, for example, distillation, 3”938
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crystallization®*7%*”") or oxidation.®”® Any sorting process can be represented as a selection

process by the means of linear algebra in the form of a selection matrix.

The representation of selection can be explained through the example of distillation sorting
of an imine library. The library is formed from m derivatives of aldehydes (which can be algebraically
represented as vector X) and the same number of amine derivatives (vector Y). If the aldehydes are
distributed as columns and amines as rows, a square matrix XY of possible products x;y; is obtained
(Table 4.2-1). In the ideal case, every possible combination in this matrix has the same mole fraction
(population). When a selector is applied, such as distillation, redistribution of the product
populations takes place, giving ideally onlya number m of products, while all other species are
depleted (in the case of a total selection). If the aldehydes X and amines Y are initially sorted on he
basis of boiling points, the matrix obtained after the selector is applied is an identity matrix, or it can
be transformed to a diagonal identity matrix by swapping its rows/columns (Table 4.2-1).

X1 X, X, X1 X, X,
Y: 1/m 1/m 1/m | selector | Y, 1 0 0
Y, 1/m 1/m /m [— Y, 0 1 0
Y, 1/m 1/m 1/m Y, 0 0 1

Table 4.2-1 A hypothetical selection experiment: matrix XY of initial populations (I) is transformed into the matrix of final
products (F) by the action of a selector. The selector is such that it enhances the formation of xiyi adducts and disfavours
formation of xijyj adducts. Typical example of such a selector is the distillation driven self-sorting of dynamic libraries.

The selection process can be generalized. In an n-component reaction,®*® each component is
represented by a vector R—n) of m reagents X. By mixing the components in equimolar ratio we create
atensor Ty, m of order n, normalized such that Y, .»Tg,  m = m.By the action of a selector,
this tensor changes values of its elements (redistribution of reaction products) to give an identity
tensor (in case of total selection) or tensor which can be transformed to identity tensor by swapping
the vectors, i.e. a tensor in which diagonal elements T; =1 and off-diagonal elements
T,-],#k = 0. It is important to point out:

1=i2=""ip

1. If the selector is not part of the tensor (like the distillation or oxidation process)
reduction of the size (eliminating one reagent) of the tensor does not in principle
affect the selection.

2. The size x of the vectors R_n) can be in principle different giving a rectangular instead
of a square tensor.

3. The selector might apply only on some of the R_,: vectors, e.g. metal cation can
change imine distribution without touching distribution of disulfides while pH
changes the disulfide distribution without redistributing imine populations.

4. The aforementioned algebraic description of the selection phenomenon can also be
interpreted using graph theory, where each component vector would be represented
as a column of compounds and each of its elements would have a connection to all
compounds in neighbouring column. The thickness of the connection would
represent the relative population in the mixture. This representation makes the
agonistic-antagonistic relationships more obvious, but on the other hand
quantification and deconvolution is less evident.

558 Typically n=2, like in the case of aldehyde-amine libraries, but examples of up to n=4 are
demonstrated in the literature.”®
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An important process is so-called “deconvolution” of a dynamic library. Deconvolution simply
relates to removal of a given component from the mixture, e.g. removing one aldehyde and one
amine and repeating the distillation. Thus to fully deconvolute the imine library, it is necessary to
perform the distillation experiments on the libraries m*m, (m-1)*(m-1),... to 1*1, giving in total m
independent experiments. It is noteworthy that for the general case of n-dimensional tensor this
value is always m, regardless the dimensionality n. Also, it is possible to remove just one of the
reacting partners, e.g. an aldehyde, and keep its amine counterpart in the distillation mixture. Such
an experiment would be represented by a rectangular instead of a square matrix. In the following
Sections, only the simplest case of a square 2D matrix is discussed for clarity. However, the
extensions to the general case of a rectangular n-dimensional tensor can be envisaged.

4.2.1. Quantification of selection for a two-component libraries

Using the same example of the distillation sorted imine library, a system for quantification of
the selection in two-component libraries can be proposed. The imines are formed by the general
scheme A+B = C. Taking, for example, three aldehydes A and three amines B a 3x3 matrix of imines is
created. This matrix before the distillation represents the initial composition of the library, and is
therefore called 1, and its elements i;; represent the molar fraction (population) of each imine. After
the distillation, we get a new matrix representing the molar fractions of obtained imines, called the
final matrix F. The selection process can now be seen also as a matrix called the selector matrix S,
defined by the formula

F=I1+S

The selector matrix § can be used to quantify the selection. As seen in the schematic
representation in Table 4.2-1, the elements of the diagonal have increased (by (m-1)/m) and the off-
diagonal elements have decreased (by -1/m). In practise, the elements s;; of the selection matrix S
are obtained as the difference in mole fraction (population) of the products before and after the
selector is applied. In principle, due to the mass conservation law, the sum of the elements of the
selector matrix is 0. However, in practice all chemical processes lead to some loss (residue after
distillation, incomplete reactions etc.), and therefore the sum of the elements s;; of matrix S is a
small negative number. Now, the selection index & can be defined as follows

o Ziilsisl
2
where the factor of 2 allows for the fact that each decrease in population of a given product
is compensated by an increase of a different one. If the species in rows and columns are sorted such
that after selection the positive (amplified) species are on the diagonal, then the positive elements
(amplified species) are on diagonal, then the negative elements (depleted species) are off-diagonal,
and the selection index is simply the sum of elements on the diagonal.

It is important to consider the possible values of & by examining the limiting cases. In the
case of a selector which doesn’t change the population of the species, the elements of the selector
matrix s;; are all equal to zero and thus also the value of the selection index & is zero. In the case of
an ideal selection, i.e. initial 3x3 matrix consists of equal amounts of all species and after selection
only three products are obtained (Table 4.2-2), the selection index is equal 2 (or in general m-1I). In
another case, where only three products form in the initial population but redistribute upon action of
a selector to give three different products, the value of the selection index is 3 (or m for the general
case).
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X1 Xy X3 selector X: X X3
Y.(1/3 1/3 1/3 2/3 -1/3 -1/3 Y.|]1 0 O
Y,|1/3 1/3 1/3|+|-1/3 2/3 -1/3|—=> |yv,|]0 1 0O
Y;(1/3 1/3 1/3| |-1/3 -1/3 2/3 Y;|0 0 1

Table 4.2-2 A schematic representation of an ideal selector and its corresponding selector matrix. An equally populated
mixture of all possible products is transformed to only three selected species.

It is obvious that value of the selection index is a function of the size of the initial matrix, for a
2x2 matrix it takes values from 0 to 2, for a 4x4 it can be up to 4. To generalize the selection
descriptor, the selection index can be transformed into a percentage value called the selection
strength & as follows: for x number of derivatives A or B, the values of the selection index & from 0 to
(m-1) define a range from 0 to 100 %, and values from (m-1) to m define the range from 100 to 200
% (Figure 4.2-1). Thus an ideal selector has strength of 100 %, a selector which inverts the
populations has strength of 200 %, and a selector which does not influence the system has strength
of 0 %. All other cases fall in between those values.

Strength vs. index correlation
200%
% 150%

9

é 100% / —
3 0%

0% 1 / |

0 x-1 X
Selection index

Figure 4.2-1 Graphical representation of the dependence of the selection strength on the selection index.

As for all descriptors, a single value does not completely describe the system but serves only
for quick comparisons. The mathematical construction above enables single-value comparison of
different selection systems.

4.2.2. Simplexity: selection in dynamic reaction networks

Considering dynamic reaction selectivity, which will be discussed below, the selection is
driven by the complexity of the reaction mixture. In other words, the selection for a given product is
a result of an increased number of species in the mixture. In such a case, the selector is inherent to
the selection matrix, i.e. the feature of selectivity is encoded in the components. This property will be
said to define the simplexity. If one or more components of the library are removed, the selection
can be strongly perturbed or even completely lost. Therefore, to perform the deconvolution of such
a system, all combinations of reagents must be experimentally explored requiring for (2™ — 1)"
experiments. Clearly, the number of experiments rises exponentially as the system gets more
complex and even just for a 3+3 library 49 experiments are required.

Quantification of the selection in the case of simplexity is complicated by the fact that the
selector is inherently present in the matrix and the matrix of initial populations I (as in the
abovementioned case) is not available. In such case, the deconvolution of the full constitutional
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matrix is required. In practice it means that all combinations of reactants A are mixed with all
combinations of reactants B. In the case of an imine library, it means that every single aldehyde and
every single amine, as well as all combinations of two or more aldehydes or amines, are not added to
the library and the equilibrium composition of the resulting mixture is determined.

The result of the deconvolution enables for construction of the selection matrix S. Its
elements s; ; are defined as

sij = (fij — ;)1 — std;)

where s;; is the element of the selection matrix, f;; is the population of the product in the
full matrix (i.e. that where all constituents are present), ft,, is the mean of the population of this
product in all the deconvolution experiments where this product can be formed (i.e. both its
constituents are present) and std,-’j is the standard deviation of the population of a given product
through the deconvolution experiments. The term (f;; — [, ) defines the result of a selection
process, as discussed above, and its value falls in between -1 and 1. The term (1 — std,;) reflects
the variation of the population of a given product through the deconvolution and warrants a closer
look. In a hypothetical case, a product x;;is formed in 100 % conversion when all the constituents of
the library are present. But through the deconvolution experiments, its conversion is constantly 0 %.
It seems logical that the selection for its 100 % formation requires large effort. Conversely, if its
conversion varies greatly between 0 and 100 % through the deconvolution, it seems that the change
to 100 % conversion would be easier. Therefore, for a constant conversion through the
deconvolution experiment, the stdu will be close to 0 and the whole term close to 1. For a
fluctuating conversion it will be close to 0.5, thus reducing the contribution to the selection caused
by this product. In other words, this term describes how great is the propensity to form a given
product. With the selection matrix in hand, it is possible to calculate the selection index and
thereafter the selection strength, analogously to the case of an external selector described above. It
is noteworthy that due to the (1 — std; ;) term the sum of the elements of the selector matrix no
longer needs to be zero. Also, due to this term, the selection strength in the simplexity selection
should be lower than in the selection driven by an external force.

4.3. Constitutional selection in aldehyde-amine libraries

4.3.1. Selection in the 2+2 aldehyde-amine libraries

Aldehydes react with amines to provide a series of products. The type of the resulting
molecule is determined by the structure of the parent compounds. It is thus possible to form imines,
as in the case of salicylaldehyde (SALAL) with primary amines (Section 2.2), aminals in the case of
pyridine-2-carboxaldehyde (PYRAL) with short a,w-diamines (Section 3.2), or to generate amino-
lactones derived from 2-carboxybenzaldehyde (CAXAL) reacted with secondary amines (Section 3.3)
as illustrated in Figure 4.3-1. Due to the reversibility of the formation, these products can
dynamically interconvert in the mixture adapting to a change in conditions.
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Figure 4.3-1 The reactions of with corresponding amines forming the expected products: amino-lactone of CAXAL, imine
of SALAL and aminal of PYRAL.

Initially, simple condensation experiments of SALAL and CAXAL were performed in de-DMSO
containing 1 % of D,0. The addition of D,0 ensured a relatively constant amount of water in the
reaction mixtures during the condensation reaction, and this solvent mixture was used throughout
the NMR experiments. First, SALAL was reacted with j-pentylamine (IPA) and the formation of the
imine was followed by "H-NMR spectroscopy. The reaction proceeds quickly, establishing equilibrium
in a few minutes, and giving the imine as the only product observed in the reaction mixture. In
similar fashion, CAXAL was mixed with piperidine (PIP) and the NMR spectra were recorded. The
formation of the amino-lactone was observed immediately after mixing, equilibrium being reached
within one hour with the amino-lactone as the only species present in the solution. Spectra of both
products are given in Figure 4.3-2. It is noteworthy that CAXAL in solution exists as a dynamic mixture
of two structures: carboxyaldehyde and hydroxy-lactone (discussed in Section 3.3.1). The
characteristic signal of the lactone C-H proton occurs at a very similar chemical shift for the hydroxy-
and amino-substituted derivatives, and therefore in all cases involving CAXAL, a 2D NOESY spectrum
was recorded to establish the NOE interactions with the amine part of the molecule.
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Figure 4.3-2 The imine formed from SALAL and IPA (bottom blue trace) and the lactone derived from CAXAL and PIP
(top red trace) are formed as the only products when the reagents are mixed in ds-DMSO + 1 % D:0. The reactions reach
equilibrium in less than 1 hour.

The SALAL+IPA and CAXAL+PIP pairs form the expected products and can be called
“matching” pairs. The outcome of the reactions of the unmatching pairs, i.e. CAXAL+IPA and
SALAL+PIP was also examined but in both cases complicated behaviour was observed. When CAXAL
was mixed with 1 eq. of IPA, equilibrium was reached almost instantaneously. The aliphatic signals of
IPA shifted downfield (by up to 0.5 ppm) and the aromatic protons appeared as a clear sharp pair of
doublets and a pair of triplets assigned to a single species. However the azomethine CH proton
appeared as a broad signal at 6.9 ppm. The HSQC spectrum did not show any cross-peak of this signal
with any carbon peak and also the correlation for the N-CH, protons was missing. An extended
acquisition of the *C spectrum revealed two broad signals at 46 and 144 ppm, assigned to the N-CH,
and the azomethine carbons, respectively. The shift of the azomethine carbon signal lies in between
the imine (typically around 155 ppm) and the aminal or lactone signal ranges (around 85-95 ppm).
The NOESY spectrum also indicated chemical exchange between the azomethine signal and the
residual water signal, probably resulting from the overlap with the hemiaminal OH proton. From
these results it can be concluded that the product formed undergoes rapid interconversion between
imine, lactone and hemiaminal.

When SALAL was mixed with PIP, approximately 30 % of the aminal formed from 2 amine
molecules and 1 aldehyde was observed immediately. The composition of the mixture remained
constant for 2 days. However, upon prolonged standing new set of peaks became apparent, notably
sharp singlets at 7.95 and 5.65 ppm, as well as set of multiplets heavily overlapped with the residual
water signal, accompanied by a strong colour change from bright yellow to deep red. These signals
could be due to a Mannich type of reaction of SALAL leading to the condensation of two aldehyde
molecules.

In subsequent experiments, the propensity towards the formation of the expected product
was tested in presence of competing amine of a different type, i.e. each aldehyde was reacted with
equimolar mixture of the two amines. SALAL showed a very high preference for imine formation
reacting solely with IPA and leaving PIP unreacted in the solution. However, the conversion of the
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aldehyde in this case was not complete and approximately 10 % of the aldehyde remained unreacted
although the aldehyde CHO signal was broad.

In contrast, CAXAL under the same reaction conditions provided two products: the lactone
on the PIP ring was formed in about 39 % yield and the imine derived from IPA was present in about
61 % yield. Furthermore, the imine of IPA exhibited broad signals in the "H-NMR spectrum, indicating
an underlying dynamic process fast on the NMR time scale, a similar process to the case of CAXAL
reacted only with IPA. This was also supported by VT-NMR measurements: by increasing the
temperature from 25 to 45 or 65 °C the imine N=CH- signal at 8.52 ppm became sharper and shifted
upfield towards the very broad signal around 6.5 ppm. The spectra are given in Figure 4.3-3.
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Figure 4.3-3 The spectrum of SALAL with 1 eq. of IPA and PIP (bottom blue trace) shows only the imine present in the
reaction mixture and PIP stays untouched in the solution. CAXAL reacted with the two amines gives two products: the
lactone formation derived from PIP is evidenced by the sharp singlet at 6.5 ppm and the imine of IPA has a signal at 8.5
ppm. The imine undergoes fast intramolecular imine-lactone exchange leading to peak broadening. Increased
temperature leads to signal sharpening - spectra recorded at 25 (red), 45 (green) and 65 °C (purple, top trace).

Next, experiments involving two aldehydes competing for one amine were performed. When
SALAL and CAXAL were mixed with IPA (1 eq. each), formation of the products of both aldehydes
was observed. However, after a prolonged reaction time, the imine formed from SALAL began to
dominate and at equilibrium, established after 48 hours, the imine of SALAL was present in 77 %
conversion and the product from CAXAL (dynamic imine-lactone) in 23 % conversion. When PIP was
reacted with the aldehyde mixture, the fast reaction of CAXAL led to rapid formation of the
corresponding lactone and after three hours the reaction reached and equilibrium where only this
product was present, leaving SALAL unreacted in the solution.

Finally, the full 2+2 aldehyde-amine experiment was performed. Thus, SALAL and CAXAL
were mixed with IPA and PIP (20 mM each) and the formation of the products was followed by 'H-
NMR spectroscopy. Equilibrium was reached in about 5 hours and the final mixture contains only two
products: the imine of SALAL + IPA and the lactone of CAXAL + PIP (Figure 4.3-4). By comparison with
the previous experiments which showed that both aldehydes were capable of reaction with both
amines and vice versa, only the “matching” products were formed from the four possible
combinations.

114



oL,

. ‘ ; ‘ ; ‘
10 8 5 4 2 [ppm]

Figure 4.3-4 1H-NMR spectrum of the dynamic library composed of SALAL and CAXAL treated with IPA and PIP (20 mM
each). While SALAL provides only its imine with IPA (azomethine singlet at 8.55 ppm, =N-CHz-triplet at 3.6 ppm), CAXAL
gives only the lactone with PIP (lactone singlet at 6.5 ppm, N-CH: signals at 2.6 ppm).

Taking another aldehyde, PYRAL, into play gives the opportunity of formation of aminal
species, different to the lactone and imine. Indeed, PYRAL efficiently formed both five- and six-
membered-ring aminals with N,N’-dimethyl-1,2-diaminoethane (Me,EDA) or N,N’-dimethyl-1,3-
diaminopropane (Me,PDA), reaching quantitative conversion when mixed with either of the two
diamines. When the aldehyde was reacted with an equimolar mixture of Me,EDA and Me,PDA, the
preferential formation of the five-membered ring was observed (77 % conversion to the aminal of
Me,EDA). Notably, both SALAL and CAXAL reacted with these diamines as well in high conversion
(about 90 % for SALAL and quantitative for CAXAL), giving similar aminal structures. Conversely,
PYRAL provided its corresponding imine quantitatively when reacted with IPA, but gives complicated
mixture of products when mixed with PIP, with an overall conversion of the aldehyde of about 40 %
(mixture of aminal, hemiaminal and hydrate).

Proceeding to the mixed aldehydes, the combination of PYRAL and SALAL was examined
first. The propensity of PYRAL to form the aminal (both with Me,EDA and Me,PDA) was assessed in
the presence of the imine-forming primary amine IPA. To this end, PYRAL was mixed with IPA and
one of the diamines (20 mM each) and the NMR spectra were followed in time. The spectra taken
shortly after mixing showed the presence of the imine as the major product of the reaction.
However, the mixture continued to evolve over time, to finally reach equilibrium after 3 days. In the
equilibrated solutions, the aminal was the dominant species in case of both diamines, giving 79 % of
the six-membered and 82 % of the five-membered derivative. It is noteworthy that the high
preference for formation of the five-membered aminal in the separate experiment (77:23 in favour
of the aminal of Me,EDA over Me,PDA) is translated in only negligible 3 % enhancement of the
aminal-over-imine selectivity in the competition experiment with IPA.

Interestingly, when SALAL was exposed to the same amine reagents, i.e. equimolar mixture
of IPA with one of the diamines, the imine was formed first, as in the reaction with PYRAL, but the
reaction evolved over three days to finally reach an equilibrium containing mostly the aminal (60 + 2
% for both diamines). These experiments show that both PYRAL and SALAL have a high propensity to
form aminals, regardless of whether the size of the ring is five- or six-membered. For comparison, the
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two aldehydes were allowed to compete for one amine. Thus when an equimolar mixture of SALAL
and PYRAL was mixed with 1 eq. of IPA, the conversion to corresponding imines was 68 % and 29 %
for SALAL and PYRAL respectively. Similarly, when these aldehydes were reacted with Me,PDA, the
conversion to aminals reached 31 % and 63 % for SALAL and PYRAL respectively.

The full 2+2 selection was then examined for the case of SALAL mixed with PYRAL. An
equimolar mixture of the two aldehydes was mixed with 1 eq. of equimolar mixture of IPA and
Me,EDA, or IPA and Me,PDA. In both cases the results were similar: rapid high conversion of SALAL
to its products was observed and the ratio between aminal and imine changed slightly in favour of
the imine as the reaction approached equilibrium. In contrast, PYRAL remained largely unreacted
over the first few hours. As the reaction evolved, the aminal of PYRAL was formed in larger quantities
while the concentration of corresponding imine stayed relatively constant. Equilibrium was reached
within 24 hours and the final composition for Me,PDA amounted to 74 % imine of SALAL and 26 % of
the aminal and exactly the opposite ratio for the imine and the aminal of PYRAL, respectively (Figure
4.3-5). In the case of Me,EDA, the relative concentrations of the imine-aminal species reached the
ratio of 80:20 and followed the same trend as in the case of Me,PDA.
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Figure 4.3-5 1H-NMR spectrum of the 2+2 library consisting of SALAL, PYRAL, IPA and MezPDA. Only trace amounts of
unreacted aldehydes are observed (bellow 1 %). The preferred products (imine of SALAL and aminal of PYRAL) are
formed in 76 % conversion while the non-preferred ones are present in 24 %.

Finally, the combination of PYRAL and CAXAL with their matching amines was investigated.
As indicated above, CAXAL reacted with both aminal-forming diamines in quantitative conversion,
while PYRAL with PIP gave a complicated mixture of products in overall 40 % conversion. When
PYRAL was mixed with 1 equivalent of each PIP and Me,PDA, the corresponding aminal formed with
a high selectivity of about 88 % and 12 % was converted to the aminal formed by the reaction with
two molecules of PIP. However, when CAXAL was exposed to the same amine mixture, a spectrum
with two sets of signals was obtained. The first set of sharp peaks was assigned to the lactone formed
on PIP, but the second set consisted of very broad, largely overlapping signals. The 2D NOESY
spectrum indicated chemical exchange of the signals in the aliphatic part of the spectrum which was
assigned to the dynamic equilibrium between the aminal of Me,PDA and the lactone formed on one
of its nitrogen atoms. The shape of the signals allowed only a rough estimation of the relative
concentrations of the products, indicating that 10 % of CAXAL had reacted with PIP and about 90 %
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with Me,PDA. The combination of two aldehydes with one amine counterpart was also examined:
PIP reacted with the two aldehyde to form solely the lactone of CAXAL, leaving PYRAL completely
unreacted in solution, while Me,PDA gave a mixture of the two aminals in 44 % and 55 % conversion
for PYRAL and CAXAL respectively.

As previously, the 2+2 aldehyde-amine selection experiment was performed for PYRAL,
CAXAL, Me,PDA and PIP. When all four reagents were mixed, an immediate reaction of CAXAL and
PIP was seen, giving both the lactone of PIP and the aminal with Me,PDA. As the reaction proceeded,
the ratio increased in favour of the lactone due to the slower formation of the aminal of PYRAL,
reaching equilibrium after 3 days. The equilibrated mixture was composed of 97 % the aminal of
PYRAL and only 3 % of the aldehyde remained unreacted, while CAXAL formed the lactone in 94 %
conversion and the aminal in only 6 %. Notably, replacement of the diamine by Me,EDA led to
almost identical results within £ 2 % difference in relative conversions (Figure 4.3-6).
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Figure 4.3-6 1H-NMR spectrum of the mixture of PYRAL and CAXAL reacted with MezPDA and PIP. The quantification
was based on the azomethine signals. The lactone of CAXAL appears as sharp singlet at 6.5 ppm, while the minor aminal
product gives a small broad signal around 3.7 ppm. Similarly, the aminal of PYRAL shows a sharp singlet at 3 ppm and
the unreacted aldehyde is observed as small peak at 10 ppm.

It is noteworthy that PYRAL can be replaced in the experiments by BENZAL with similar
results. However, due to the lower reactivity of BENZAL, significant amounts of unreacted aldehyde
were observed in the NMR spectra.

The selection in 242 libraries discussed above represents a new type of self-sorting process.
Unlike the selection driven by an external force (distillation, oxidation), the simplification of a given
library results from the complexity of its composition. The equilibration proceeds due to a network of
interconnected reactions leading to an amplified formation of the selected species and depletion of
the non-preferred ones. The phenomenon of simplexity shows that complexity has properties which
simplicity lacks. Specifically, a non-selective species reacting with several compounds is forced to be
selective towards a given product when a different selective species is present and completely
monopolises one of the components.
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4.3.1.1.  Quantification of simplexity selection

The complexity-driven selection described above can be quantified using the model
introduced in the Section 4.2. The procedure of quantification is described in detail on the case of
SALAL and CAXAL reacted with IPA and PIP, and the quantification results for the other selection
experiments are also provided. In the full 2+2 experiment, only two species were observed: the imine
of SALAL and the lactone of CAXAL. The final matrix is thus an identity matrix:

SALAL CAXAL
IPA 1 0
PIP| O 1
In the separate experiments, both of these products were also formed quantitatively:

SALAL \
1
PIP]

IPA

Also the “not-matching” pairs were examined:

\ CAXAL
1

When the two amines were reacted with only one of the aldehydes, a distribution of
products and in the case of SALAL incomplete reaction was observed by NMR:

SALAL CAXAL
IPA| 0.9 IPA 0.61
PIP| © PIP 0.39

Similarly, when the two aldehydes were treated with only one of the amines, a distribution of
products in the case of SALAL was observed by NMR:

SALAL | CAXAL SALAL | CAXAL

IPA| 0.77 | 0.23

From the conversion values through the deconvolution the mean and its standard deviation
can be calculated for each product:

x[SALAL + IPA] € {1,0.9,0.77}, 7 = 0.89,std = 0.12
x[SALAL + PIP] € {0.3,0,0}, 1 = 0.1,std = 0.17
x[CAXAL + IPA] € {1,0.61,0.23}, i = 0.61,std = 0.39
x[CAXAL + PIP] € {1,0.39,1}, 1 = 0.80,std = 0.35
From these values, the selector matrix can be constructed:

(1-089)(1-0.12) (0—-0.61)(1—-0.39)] 1 01 —0.37
(0-0.1)(1-0.17) (1-08)(1-0.35 ] [—0.08 0.13

The sum of absolute values of the selector matrix gives a selector index of 0.34, which can be
expressed as the selection strength of 34 %. Using the same approach, selection strength of the
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SALAL and PYRAL with IPA and Me,PDA system was calculated as 24 % (the same value for Me,EDA),
and for the mixture PYRAL and CAXAL with Me,PDA and PIP the selection strength is 48 %.

4.3.1.2.  Kinetics in simplexity experiments

The most important feature of simplexity experiments is the fact that they are governed by
thermodynamics and therefore relate to the equilibrium composition of the mixture. However, the
relative ratio of species formed immediately upon mixing the components can be very different from
the final equilibrium, as mentioned in several cases above. Also, the equilibration of the mixture
proceeds through a network of interconnected reactions, each with a given rate constant, and the
equilibrium is thus established when the sum of all reaction rates is zero. Kinetics is therefore
inherently involved in the simplexity experiments. One example can be briefly illustrated on the
library consisting of SALAL, CAXAL, IPA and PIP.

To demonstrate the role of the reaction network, the condensation of SALAL with IPA was
followed with increasing complexity of the mixture. Initially, only these two reagents were mixed in
de-DMSO with 1 % of D,0 and the conversion to the imine was observed. To eliminate the effect of
pH on the kinetics, a triethanolamine buffer (800 mM, apparent pH = 9.20 — 9.40) was used
throughout the following experiments. The signals arising from the buffer protons as well as residual
water signal appear in the 2-5 ppm region of the spectrum, whereas the aldehyde and imine peaks
are at 10 or 8 ppm respectively, and their integration is therefore not perturbed. The condensation
experiment was performed at 20 mM of both reagents, and the data provided a value for the second
order rate constant of 0.02 M s™ with overall conversion to the imine of about 90 % (note that in
the reaction without a buffer the conversion was quantitative).

In the following experiment, CAXAL was first mixed with SALAL and then 1 eq. IPA was
added. Again, the conversion to the imine of SALAL was followed (Graph 4.3-1).”" The rate of the
reaction of SALAL was significantly lower in this case and at equilibrium there was only 77 %
conversion. This observation shows that the competition of two aldehydes for one amine affects
both the equilibrium (conversion) and the kinetics (rate of formation).” "

Finally, a mixture of the two aldehydes was mixed with both IPA and PIP (20 mM each), so
that each aldehyde had its “matching” partner, and the conversion of SALAL to its imine was again
followed by NMR spectroscopy. Interestingly, very fast imine formation was observed in this case,
the rate being higher even when compared to the initial SALAL+IPA experiment (Graph 4.3-1). This
observation might reflect the possibility of catalysis of the aldehyde condensation reactions by
secondary amines (formation of iminium species), as known in the literature.****”! Again, it
demonstrates that the complexity of a reaction mixture can strongly influence not only the
equilibrium composition, but also the kinetic properties.

EEETY

As mentioned before, CAXAL gives under these conditions a dynamic mixture of imine and lactone
and the integrals are not suitable for kinetic analysis.
" The equilibrium constant and the rate constant are, of course, still the same. It is the apparent
equilibrium and kinetics resulting from the presence of new species that lead to different observations.
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Kinetics in simplexity experiments
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Graph 4.3-1 Relative percentage of the imine formed by the reaction of SALAL + IPA plotted as a function of time. The
rate is significantly lower when CAXAL is added to the mixture as a result of competition of two aldehydes for one amine.
Interestingly, when also PIP is also added, the rate is higher than the previous two rates, indicating a catalysis due to PIP.

4.3.2. Extended complexity in 3x3 aldehyde-amine library

In the previous Section, the process of selection and amplification in dynamic libraries caused
by an increased complexity of its components, called simplexity, was demonstrated on three
examples of 2+2 aldehyde-amine mixtures. In fact, three different aldehydes as well as three
different amines were used for the experiments, which ultimately leads to the idea of increasing the
complexity even further, by creating a 3+3 aldehyde-amine library composed of the components
used in previous studies. To this end, a mixture of SALAL, PYRAL and CAXAL was mixed with a
mixture of IPA, Me,PDA and PIP (20 mM each), so that each component could react with its
preferred counterpart, and the NMR spectra were recorded (Figure 4.3-7). It is noteworthy that the
equilibration in this case takes up to about a week, but it can be speeded up by heating the mixture
at 60 °C overnight. The equilibrated samples contained the imine of SALAL and IPA in 88 %
conversion and the aminal of SALAL and Me,PDA in 12 %. The ratio for the imine and the aminal of
PYRAL was exactly the opposite as that for SALAL. CAXAL provided only its lactone with PIP.

The library was also prepared in several concentrations: 4, 10, 20, 60 and 100 mM of the
components. It has been demonstrated in the literature that the target concentration of species can
play a role in the selection process.?*! However, the equilibrium composition of the library at the
concentrations indicated above was constant, showing that this is not the case, at least not in the
concentration range investigated.

The library was also assessed for the effect of pH. For this, the pre-equilibrated library was
titrated with up to 4 equivalents of acid (MeSOsH) or up to 2 eq. of base (t-BuOK). After addition of 1
eq. of base almost complete hydrolysis of the aminals of both SALAL and PYRAL was observed while
the imines underwent only 26 % hydrolysis. After addition of the second equivalent of MeSOsH, the
imine hydrolyses reached 60 % and CAXAL-derivative hydrolysis was detectable. Continued titration
by acid led to complete hydrolysis of imines and extensive hydrolysis of the CAXAL-derivative, finally
giving after the addition of total of 4 equivalents only the hydrolysed products. It can be therefore
concluded that the most labile structure under acidic conditions is the aminal, followed by the imine,
with the lactone being the most stable. In contrast, upon titration by base, disappearance of the
lactone was observed. Interestingly, this lactone depletion was not accompanied by the emergence
of the aldehyde peak of CAXAL, but rather of a new imine of CAXAL with IPA and liberation of SALAL
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was observed. This example is another demonstration of the reaction network interconnecting the
species within the dynamic library.
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Figure 4.3-7 1H-NMR spectrum of the 3+3 aldehyde-amine library with assignment of the peaks. Three major species are
formed: imine of SALAL, aminal of PYRAL, and lactone of CAXAL, the latter being the only product of this aldehyde.

Full deconvolution of this 3+3 dynamic library was performed, i.e. all possible combinations
of aldehydes were treated with all possible combinations of amines, in total involving 39
experiments, some of which have been described in Section 4.3.1. From the relative conversions to
given products the selector matrix could be calculating, providing a selection index of 0.77 and a
selection strength of 38 %. The full set of matrices is provided in the Experimental part.

4.3.3. Multivalency and simplexity

Selection in dynamic aldehyde-amine libraries described in Section 4.3.1 and 4.3.2 is due to
the preference of a given aldehyde for its matching amine derivative, namely SALAL reacts with
primary amines, CAXAL with secondary and PYRAL with 1,2- or 1,3- secondary diamines. The
establishment of equilibrium proceeds through an intermolecular reaction with a different amine
molecule. This brings an interesting question of the aldehyde selectivity for the same functional
groups within one polyamine molecule. The intermolecular exchange would here be replaced by an
intramolecular one, thus giving a sequence of aldehydes defined by the structure of the polyamine
used. In other words, multivalency of a polyamine molecule could serve as the organization
principle.**®

Five polyamine derivatives were chosen to investigate multivalency sorting: N-benzyl-
ethylenediamine (BnEDA), diethylenetriamine (en,Ns;), triethylenetetraamine (en3;N,), spermidine
(SPE) and N-(3-aminopropyl)-ethylenediamine (PEA, Figure 4.3-8). The only commercially unavailable
product, PEA, was synthesized by Michael addition of acrylonitrile to ethylenediamine, subsequent
reduction by H,/RaNi, and purification by vacuum distillation. The same three aldehyde derivatives as
discussed in previous cases were also used for this study.
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Figure 4.3-8 Polyamine derivatives used in the study of dynamic aldehyde-multivalent polyamine libraries.

First, the case of BnEDA was examined. This diamine has one primary and one secondary
nitrogen, and the latter was shown before to act as a site for the lactone ring formation (Section
3.3.1). Initially, the aldehydes CAXAL and SALAL were reacted separately with the diamine. In both
cases broad NMR spectra were recorded, indicating fast exchange between species, and in the case
of CAXAL the azomethine peak disappeared completely from the spectrum. Next, a mixture of the
aldehydes (20 mM each) was treated with BnEDA (1 eq.) and allowed to equilibrate at 60 °C
overnight. The dominant product formed (about 70 %) was the expected imine-lactone: the imine of
SALAL formed on the primary nitrogen and the lactone of CAXAL closed on the secondary nitrogen
(Figure 4.3-9). However, CAXAL also provided its imine (15 %) and about 17 % remained unreacted
(equilibrium between aldehyde and hydroxy-lactone). The formation of the imine by CAXAL also
resulted in larger amounts of unreacted SALAL (30 %) as it cannot react with secondary amines. Note
that some aminals were formed as well, but the complicated overlap of signals in the important
region prevented quantification.
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Figure 4.3-9 1H-NMR spectrum of the mixture of SALAL, CAXAL and BnEDA showing that the dominant species in the
solution is the imine-lactone (in about 70 %), but other species are formed as well (bottom blue trace). BnEDA was
reacted also individually with each aldehyde and the spectra are given for comparison (SALAL - red middle trace, CAXAL
- green top trace).

Next, the imine formation of SALAL on the primary nitrogens at the extremities of the
polyamines en,N;, ensN,;, SPE and PEA was studied. Each of the polyamines was reacted with 2
equivalents of SALAL and the NMR spectra were monitored (Figure 4.3-10), reaching equilibrium in
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all cases within 30 minutes. Very broad signals over the whole spectral region were observed in the
case of en,N; and PEA, indicating a fast exchange. SPE under the same conditions gave two different
imine signals, each a relatively sharp singlet at around 8.5 ppm. When SPE or PEA was reacted with
only one equivalent of the aldehyde, two relatively broad and largely overlapped signals were
observed. These signals were deconvoluted by line-shape fitting showing about a 1:1 ratio of two
signals and indicating no preference for the imine formation on either of the two sides. However, a
much more complicated mixture was observed in the case of ensN,;. The NMR spectrum revealed
four different imine signals (three sharp and one broad) and three aminal peaks. Thus, in this case, all
possible combinations of imine-aminal structures (aminal on the central two nitrogen atoms) were
formed in an essentially statistical fashion.
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Figure 4.3-10 Spectra of 2 equivalents of SALAL reacted with 1 equivalent of (from bottom to top): enzN3, en3N4, PEA and
SPE. Dynamic equilibrium resulted in broad signals in the case of enzN3 and PEA. The aldehyde peak in the case of enzNs
is due to imprecise stoichiometry. A complicated mixture of products was observed in the case of ensNs and the spectrum
indicates the coexistence of multiple imines as well as multiple aminals. The spectrum of SPE shows two relatively sharp
imine peaks corresponding to two different imines at the extremities of the polyamine chain.

L

In the following experiment, SPE or PEA was treated with both SALAL and PYRAL (1 eq.
each). While PEA is capable of formation of either five- or six-membered-ring aminals, SPE can form
only the six-membered one. By design, SALAL should form an imine and PYRAL should provide an
aminal. However, when the NMR spectra were recorded, a statistical distribution of all possible
products was observed. Specifically, in the case of PEA, both aldehydes gave a mixture of imines and
aminals formed on both sides of the polyamine. Moreover, considerable amounts of unreacted
aldehydes were also observed in the spectrum. In the case of SPE, the situation is slightly simplified
by the fact that seven-membered aminal ring cannot be formed, however at least four imine and two
aminal signals were observed and confirmed by 2D NOESY.

Finally, when en3zN,; was mixed with 2 eq. of SALAL and 1 eq. of PYRAL, the formation of the
imine on the terminal primary amines was observed accompanied by aminal formation between the
central two nitrogen atoms in an overall conversion of about 60 % (Figure 4.3-11b). Of course
formation of other species was observed as well, notably imines of PYRAL (28 %) and the aminal of
SALAL (12 %), together with significant amounts of unreacted aldehyde (27 % of SALAL and 13 % of
PYRAL).
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Several other aldehyde-polyamine combinations were examined, especially those comprising
CAXAL for the lactone formation. However in all such cases very complex mixtures were observed by
NMR, and notably, in combinations involving CAXAL, a large amount of the other aldehyde remained
unreacted. Altogether, these results for multivalent polyamines indicate that a stronger selection is
required to observe formation of only the desired species.

a)
SALAL OH
HoN \/\N/\© CAXAL N~ N
H
O
o)
b)

2 SALAL

/
H PYRAL SNSNN
H N/\/N\/\N/\/NHZ —_—
2 N OH | N HO
=

Figure 4.3-11 Selection by multivalent polyamines: a) BnEDA reacted with imine-forming SALAL and lactone-forming
CAXAL gave the desired product in about 70 % conversion. b) Formation of imines at extremities of ensNs+ was
accompanied by the formation of aminal of PYRAL with the central pair of nitrogen atoms.

4.4. Applications - dynamic selective protection

The chemical synthesis of complicated molecules, like natural products, often involves the
need for selective reactivity of a chosen functional group in presence of very similar functions.
Selective and specific addressing of a given chemical function in complex molecules is enabled by the
use of protecting groups.>****? However, introduction and removal of a protecting group
necessitates two more synthetic steps accompanied by a purification procedure. It has therefore
been of much interest recently to develop “protecting-group-free” methodology for natural product
synthesis. 1403404

Dynamic protecting groups could represent an opportunity intermediate between these two
approaches: they can be formed directly in the reaction mixture under thermodynamic control thus
protecting the selected function, yet their dynamic nature provides reversibility for easy trans-
reaction and thus deprotection without the need for isolation and purification. Moreover, there are
several types of dynamic linkages which have been shown to be orthogonal to each other, %3370
thus providing a pool of reagents for different functional groups,“” %" analogously to the classical
protecting groups in organic synthesis.**> Note that dynamic bonds have been also used for dynamic
kinetic resolution.784%!

Imines and related structures have been used as protecting groups in the synthesis of various
derivatized amines. Typically, the protection of an amine in the form of an imine allows for
generation of a carbanion by the action of a strong base and consecutive selective C-alkylation. %!
Selective alkylation of the hydroxyl group over the amino group has been demonstrated,*?**?? as
well as amine protection under oxidative dihydroxylation of a C=C double bond,"**® or protection of
the aldehyde function against the action of an organometallic compounds.”*** As protecting
aldehydes, salicylaldehyde®**?*" and formaldehyde®***3****! have been used for selective imine or
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aminal formation respectively, thus complementing the formamidine protecting group.**** As for
deprotection, the typical acidic hydrolysis setup“®*!* can be replaced by the transimination reaction
by application of hydrazides**® or hydroxylamine derivatives.*?**** Moreover, selectivity in the
imine formation has been used to differentiate between primary and secondary amines in the same
molecule of substrate,?®**® and the preferential formation of a hydrazone over an imine has been
applied in the diazotation reaction.!**”!

The selectivity of different aldehydes for formation of a given product, which was discussed
previous Sections, was therefore applied as a dynamic protection in acylation reactions of
polyamines. For the proof of principle, N-methyl-1,3-diaminopropane (MePDA) was used as the
amine substrate in this study. Detailed synthetic procedures as well as full characterization are given
in the Experimental part.

441. Selective mono-acylation of diamines

The NMR measurements described above demonstrated the strong preference of SALAL for
imine formation. Given a substrate with which it could form either the imine or the aminal, the imine
signals were always observed. This led to an idea of its use as protecting group for primary amines in
presence of secondary ones, as also applied in other instances.*”?! With the chosen diamine, the
formation of imine leaves the secondary nitrogen available for acylation (Figure 4.4-1). It is
noteworthy that imine formation is indeed reversible, whereas the acylation under given conditions
is not. Deprotection of primary nitrogen atoms can be achieved by acidic hydrolysis, but some
derivatives can be unstable under such conditions. Thus, use of the imine exchange reaction,
discussed in several Sections above, was examined. In this, formation of a more robust imine
derivative, such as an oxime or acylhydrazone, was used for the deprotection in a quantitative
conversion.

1.) SALAL o
2.) Cbz-GlyONp H
¥ A
= N
N NH - N
NS N2 3.) BnONH, Cbz ITI NH,
CH3CN

Figure 4.4-1 Selective mono-acylation of N-methyl-1,3-diaminopropane by an activated ester of N-protected glycine. The
selective formation of imine by SALAL is used to protect the primary amine in presence of a secondary one.

In acetonitrile, MePDA was first mixed with SALAL and stirred for 2 hours. Then, N-Cbz-
glycine p-nitrophenyl ester (N-Cbz-GlyONp) was added and the mixture was stirred for two hours.
Finally, O-benzyl hydroxylamine was added and the solution again stirred for 2 hours. The product
was obtained by reverse phase chromatography on C18-modified silica using a water/acetonitrile
gradient. The p-nitrophenol leaving group complicates the separation, therefore after injection of the
crude reaction mixture, 0.15 M HCl was also injected, leading to protonation of both the product and
p-nitrophenoxide. The product was then isolated as the hydrochloride in 82 % yield. As the imine
condensation is a reversible reaction, some amount of the diamine remains unreacted in solution.
This led to isolation of about 6 % yield of the product of bis-acylation.

The reaction was repeated using different acylating agents, such as acylchlorides or
isocyanates, also by using benzhydrazide for the deprotection of SALAL. These experiments were
performed by Dr. Anne Meister and are listed in Table 4.2-2. The isolated yields of the reaction are in
the range of 69 — 86 %.
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Acylating agent Solvent Deprotecting agent Yield

O
)J\ CHsCN benzhydrazide 70 %
Ph,N” Cl
0]
Ph\N//C CHsCN BnONH, 86 %

)
02N4®—/< CHiCN BnONH, 69 %
Cl

Table 4.4-1 Isolated yields of selective mono-derivatization of N-methyl-1,3-diaminopropane. Experiments performed by
Dr. Anne Meister.

In all cases, full NMR characterization was performed to prove the regioselectivity of the
acylation step (NOE and HMBC correlations). It is noteworthy that the amides formed exist as a
dynamic mixture of two rotamers which interconvert, as proved by 2D NOESY and VT-NMR.

The experiment was reproduced without the use of SALAL as protecting group. The product
was isolated in 85 % vyield, but consisted of a mixture of regioisomers in 2:1 ratio in favour of the
product of acylation on the secondary nitrogen. The yield of the bis-acylated product in this case was
similar to that in experiment with the protecting group. Importantly, the isolated yields are in all
cases significantly higher than the yields of the most generally used procedure of protection of
primary amines by trifluoroacetyl,[342] which gives yields around 65 % in the first protecting step,
whereas the present procedure gives isolated yields above 69 % after three steps, i.e. protection,
acylation and deprotection.

The deprotection step is that of forming an oxime of SALAL. This oxime is very apolar, unlike
to the target product of the reaction, and thus does not complicate the separation. The very low
polarity of the oxime formed was observed also for PYRAL (discussed below). In contrast, the
acylhydrazone formed from benzhydrazide is more polar, and thus the polarity of the deprotection
byproduct can be chosen in a way which leads to easier separation. Numerous hydrazides and
hydroxylamines are commercially available, so the polarity of the byproduct can be varied over a
wide range.

4.4.2. Sequential selective bis-acylation of diamines

The acylation procedure using an imine protecting group presented above provides mono-
substituted diamines and the protecting group can be removed under mild conditions giving a more
stable imine species. This opens up the possibility of performing a bis-acylation of the diamine in
“one pot” fashion without isolation of the mono-derivatized intermediate (Figure 4.4-2).

1.) SALAL o) o
2.) p-NO,BzCI/Et;N H
- N/\/\H)J\/ \CbZ

Y

3.) benzhydrazide I
4.) Cbz-GlyONp O:N
CH5CN

H
N~ NH;

Figure 4.4-2 Selective, sequential, one-pot bis-acylation of N-methyl-1,3-diaminopropane by reaction first with p-
nitrobenzoyl chloride and then with an activated ester of N-protected glycine. The formation of the imine of SALAL
directs the selectivity of the sequence.

To this end, MePDA was mixed with SALAL in acetonitrile and stirred for two hours at room
temperature. Then an equivalent amount of triethylamine was added together with one equivalent
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of p-nitrobenzoyl chloride and the mixture was stirred continuously for two more hours, after which
benzhydrazide (1 eq.) was added for SALAL deprotection. After two more hours of stirring N-Cbz-
GlyONp was added and the mixture was stirred for two more hours. The pure product was obtained
by column chromatography giving an overall 78 % yield of the desired product. Also, about 7 % yield
of the inverted regioisomer was isolated as well as an 8 % yield of bis-(N-Cbz-glycyl)MePDA. It is
important to point out that the procedure consists of four steps, i.e. protection, first acylation,
deprotection and second acylation, performed one-pot, which means an average yield of 94 % per
step.

To demonstrate the need of a protecting group, a control experiment similar to the one in
previous section was performed. As the first acylating agent, N-Cbz-glycine p-nitrophenyl ester was
used, followed by acetic anhydride in the fourth step. A total yield of 92 % was isolated, consisting of
two regioisomers in the same ratio as in the mono-acylation procedure.

The reaction conditions were studied using various combinations of reagents, using either
hydroxylamine or hydrazide deprotecting reagents, and also in ethanol as a solvent to demonstrate
versatility of the protocol. These experiments were performed by Dr. Meister and showed that the
choice of solvent between MeCN or EtOH, as well as type of the deprotecting agent leads to only
minor changes in isolated yields (around 2 %). The optimal conditions and the isolated yield of these
reactions are listed in Table 4.4-2.

Acylating agent 1 Acylating agent 2 Solvent Deprotecting agent Yield

O o)
Bn. Ph. .C~ CH5CN benzhydrazide 60 %
O)J\CI N
© g 1
Ph. .C~ B EtOH BNONH, 82 %
~ 7 n\
N o~ Cl
O O
)J\ )J\ EtOH BnONH, 60 %
Ph,N” ~Cl Ph” Cl
@] O
)J\ )J\ N-Cbz-GlyONp ~ CH5CN BNnONH, 37%
O
N-Boc-AlaOSu N-Boc-PheOSu EtOH BNONH, 32%

Table 4.4-2 Isolated yields of sequential selective bis-acylation of N-methyl-1,3-diaminopropane. Experiments performed
by Dr. Anne Meister. Two other activated esters of aminoacid have been introduced: N-Boc-alanine N’-
hydroxysuccinimide ester (N-Boc-AlaOSu) and N-Boc-phenylalanine N’-hydroxysuccinimide ester (N-Boc-PheOSu).

4.41. Inverted selectivity of acylations

The protection by SALAL as discussed in previous Sections provides diamines acylated on
secondary nitrogen. However, products of acylation on the primary nitrogen without derivatization
of the secondary one are of interest as well. Moreover, the first two entries in the Table 4.4-2 show
an interesting issue: a change in the order of acylating agents leads to a difference in isolated yields
of about 20 % (note that change in solvent or deprotecting agent leads only to 2 % change in
conversion). Therefore, it can be of interest in some instances to invert the order in which the
nitrogen atoms are derivatized.

In this vein, PYRAL, which was previously shown to form aminal efficiently, was used as a
protecting group instead of SALAL. The cyclic aminal formation connects two nitrogen atoms and
converts the secondary amine to tertiary (hereafter referred as “secondary”) and the primary one to
secondary (“primary”). Subsequent addition of an acylating agent can thus proceed only on the
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“primary” nitrogen, giving after deprotection step the inverted regioisomer compared to the
protection by SALAL.

1.) PYRAL
2.) Cbz-GlyONp H

H N~ -Cbz
N NH > N
N ~_NRy 3.) BNONH,CI TK\H
CH3;CN

Figure 4.4-3 Inverted selectivity of the mono-acylation of N-methyl-1,3-diaminopropane by the activated ester of N-
protected glycine. The formation of six-membered aminal ring by the reaction with PYRAL leads to selective acylation of
the “primary” amine in presence of a “secondary” one.

In acetonitrile, MePDA was mixed with 1 eq. of PYRAL and the solution was stirred for 2
hours. Then, N-Cbz-GlyONp was added (1 eq.) as solid. The mixture was stirred at room temperature
and after 2 hours O-benzyl hydroxylamine hydrochloride and triethylamine (1 eq. each) were added.
The reaction was stirred for 2 more hours. The product was obtained by reverse phase
chromatography on C18-modified silica. To improve the separation from p-nitrophenol, again 0.15 M
HCl was injected after the injection of the crude mixture, giving the product as hydrochloride salt in
58 % yield. As shown in previous experiments, PYRAL forms aminals rather efficiently, but is capable
of imine formation as well. This leads to a lower selectivity of the acylation, and the product of the
acylation of the “secondary” nitrogen is isolated as well (15 %).

In similar fashion to the one-pot bis-acylation using SALAL protection, the inverted sequential
acylation was also performed using the PYRAL protecting group. The procedure was the same as for
SALAL, as discussed in the previous Section. The product was isolated in 65 % yield, but consisted of
both regioisomers in ratio 8:1 in favour of the desired product.

1.) PYRAL b0 o)
H 2) p-NOBZCUELN o /NQJ\N/\/\N
N._~_NH; i - 4 H
- 3.) benzhydrazide I
4.) Cbz-GlyONp NO,

CH,CN

Figure 4.4-4 Inverted sequential bis-acylation - PYRAL was used the aminal-forming protecting group driving the
selectivity in opposite order to SALAL.

Altogether, the experiments shown above show an application of a dynamic aldehyde-amine
linkage for syntheses of acylated polyamines. The aldehyde can be chosen in a way that either the
primary or the secondary amine centre can be reacted in presence of the other one. Removal of the
protecting group was performed by an imine exchange reaction under mild conditions. The
demonstrated procedure can be applied for preparation of mono-derivatized diamines or it can even
be used to selective sequential bis-acylation in one-pot fashion. The procedure was repeated in
different solvents (acetonitrile and ethanol) and using various acylating reagents, proving its
versatility of use for the synthesis of diverse polyamine derivatives.

4.5. Summary of Chapter 4

e An approach for representation of dynamic combinatorial libraries was proposed. A
system of quantification of selection upon self-sorting conditions was envisaged
based on the algebraic representation of DCLs.

e The phenomenon of simplexity, i.e. simplicity arising from the complexity of a
mixture, was discussed.

e Simplexity was demonstrated on series of 2+2 aldehyde-amine libraries.
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An extended example of simplexity was illustrated on a 3+3 DCL, created by
combination of the 2+2 experiments. Specifically, an amplified conversion of the N-i-
pentylsalicylaldimine, N,N’-dimethyl-2-(pyrid-2-yl)-hexahydropyrimidine and 3-
(piperidin-1-yl)-isobenzofuran-1(3H)-one (imine of SALAL and IPA, aminal of PYRAL
with Me,PDA and lactone of CAXAL and PIP, respectively) was observed as compared
to the mixture of reduced complexity of reagents.

The observed aldehyde selectivity for a formation of a given product of condensation
with amines was applied in synthesis of N-derivatized polyamines.

Protection of a primary group in presence of a secondary one was achieved with
SALAL. Both mono- and bis-derivatization were performed in one-pot fashion.
Inverted sequential selective derivatization of diamines was demonstrated with
PYRAL, giving the opposite regioisomers as compared to SALAL.

An imine exchange reaction was used for protecting group removal under mild
conditions.



5. DYNAMIC IMINE BOND AT THE
SOLID-LIQUID INTERFACE

5.1. Introduction

In the last decades, supramolecular chemistry®>***° elaborated the application of non-

covalent interactions to self-assemble chemical entities, with a precision on the molecular scale, to
form materials exhibiting programmed chemical and physical properties. However, the labile nature
of non-covalent interactions limits the stability of the self-assembled structures, especially in
solution, thereby impeding their technological use. In this regard, the possibility of constructing
molecular architectures based on more robust, yet reversible, bonds has evolved supramolecular
chemistry towards dynamic covalent chemistry (DCC).[3°9'451] The DCC shares key features with
supramolecular chemistry; in particular, they both employ reversible bonds enabling the formation
of products under thermodynamic control. Both supramolecular chemistry and DCC are modular
since they allow for selection and exchange of the components,[6'20'21'25’26’309'45” thus representing
branches of constitutional dynamic chemistry (CDC).[8'452] While early examples of supramolecularly
assisted covalent synthesis relied strongly on kinetically controlled reactions for post-assembly
covalent modification,”***** the DCC method takes advantage of the reversible linkage, e.g.
disulfide,[gzl acetal,[455’456] ester,[457] imine[27/61,626566458 44 horonate!**4%%! bonds, to allow the
generation of covalent structures under thermodynamic control. For these reasons DCC has emerged
as an efficient and versatile strategy for the design and synthesis of complex molecular systems.

Imines are of particular interest for DCC®2%225:26309451458] ginca the condensation of an

amine with a carbonyl into imine compounds and the imine exchange reactions”*® usually take place
under mild conditions (discussed in detail in Chapter 2), even in aqueous media, allowing for shifting
the equilibrium between imine condensation or hydrolysis. Dynamic exchange involving the C=N
bonds in imines is among the most widely used classical dynamic covalent reactions (discussed in
Chapters 2, 3 and 4) in fields ranging from biochemistry®**?? to materials science.**6*46%

On-surface chemistry has recently attracted much attention in nanoscience and molecular
electronics, because it represents a novel bottom-up approach for producing defined functional
nanostructures through the covalent coupling of precursors rigorously under kinetic control.[#6*-¢#
Scanning tunnelling microscopy (STM)“®™*! is extremely powerful, widely used tool to study
ordered molecular architectures at interfaces with sub-nanometre resolution, providing direct insight
into the supramolecular world."’>*®? Beyond the mere visualization of the two-dimensional (2D)
ordering of physisorbed monolayers, recent studies have shown the potential of the STM in a vast
area of topics, such us monitoring the molecular dynamics,”®** molecule manipulation,*®™*% or
surface chirality."**"

Among self-assembled structures investigated by STM, those comprising boronates!*?%4%

and imines***%! are particularly attractive. The on-surface synthesis of boroxine'**® or imine linkage
(both in ultra-high vacuum (UHV)¥”*%® and at water/gold interface,'**®) have been demonstrated,
but the reversibility has never been shown on surface.
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The project presented in this chapter was done in cooperation with Dr. Artur Ciesielski, Dr.
Mohamad El Garah and Sebastien Haar. It reports on sub-molecularly resolved STM of surface-
mediated reversible imine formation and exchange processes of aliphatic bis-imines occurring at the
solid—liquid interface on highly oriented pyrolytic graphite (HOPG) surface. The results from STM
show stark contrast with the results obtained in bulk solution, pointing out the striking role of the
HOPG surface on the course of the processes. The STM experiments and adsorption energy
calculations were done by Dr. Artur Ciesielski, Dr. Mohamad El Garah and Sebastien Haar.

5.2. Dynamic imine bonds on surfaces

5.2.1. Design of imine system for the HOPG surface

Molecules are adsorbed on the HOPG surface through relatively strong molecule-graphite
van der Waals interactions. Highly ordered 2D structures are obtained due to the molecule-molecule
noncovalent interactions. Therefore, to achieve acceptable adsorption to the surface, a
benzaldehyde bearing n-hexadecyloxy substituent in the para position was proposed (experimental
details in the Section 7.2.4.1). For the amine part, linear a,w-diamines of different alkyl chains
lengths were chosen as they are capable of formation of bis-imines and thus duplicate the long alkyl
chain present in the aldehyde moiety (Figure 5.2-1).

n=0 B2 n=0 A4B2
A n=4 B6 n=4 A,B6
n=12 B12 n=12 A.B12

Figure 5.2-1 Compounds employed in the imine formation and exchange on surface studied by STM.

Initially, the self-assembly of the aldehyde A alone was investigated. Applying a drop (4 uL) of
a 0.1 mM solution of A in 1-phenyloctane on the HOPG surface lead to formation of a crystalline
monolayer consisting of a lamellar structure of A physisorbed flat on the surface (Figure 5.2-2a). It is
noteworthy that the self-assembly of A can be described by the formation of trimer-like sub-units
(indicated in Figure 5.2-2b), which further expands into lamellar arrays, characterized by an assembly
according to an aldehyde-to-aldehyde motif within a given lamella, and tail-to-tail packing between
adjacent lamellae. On the other hand, none of the a,w-diamine derivatives (B2, B6 nor B12) was
found to form ordered structures at the liquid—solid interface, highlighting their highly dynamic
nature on the graphite surface on a time scale faster than STM imaging, as determined by their low
affinity for HOPG.

The adsorption of the bis-imines formed by condensation of 2 eq. of A with 1 eq. of either of
the diamines was also tested. The bis-imines A,B2, A,B6 and A,B12 were synthesized and
characterized (Section 7.2.4). Casting a drop (4 L) of 0.1 mM solution of these bis-imines in 1-
phenyloctane on the HOPG substrate leads to formation of lamellar structures. In the 2D crystals, the
long n-hexadecyloxy side chains of A are clearly visible, and are physisorbed flat on the surface,
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whereas the two shorter diamine spacers appear as darker areas on the STM image (Figure
5.2-1c,e,g). Furthermore, linearly aligned bright spots (noticeably visible on the STM images) can be
attributed to the phenyl rings of the A units. By comparison of the unit cell parameters of all
monolayers self-assembled at the HOPG—solution interface (Table 5.2-1) it can be seen that the only
difference between those structures is the value of the vector a. For better comparison, this was
divided into two sub-vectors ¢ and d, where vector d comprises the n-hexadecyloxy side chains and
the vector cis the distance between the phenyl rings. From these values it is clear that the difference
between these structures is only defined by the vector ¢, i.e. the distance between the phenyl rings
and therefore the length of B spacer.

Figure 5.2-2. STM images of self-assembled 2D nanopatterns. Monolayer of molecule a) A, c) AzB2, e) AzB6 and g) AzB12
at the liquid-graphite interface self-assembled from a solution in 1-phenyloctane. Molecular packing motifs of A, AzB2,
Az2B6 and A2B12 are shown in panels b), d), f) and h), respectively. For clarity, bis-imine spacers, i.e. the aliphatic chains
between C=N bonds, have been highlighted using different colours.
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Structure a (nm) b (nm) a(®) ¢ (nm) d (nm) A(mm)2  Nmo  Amol (Nm)?2
A 3.98+0.31 1.71+0.11 922 NA NA 6.80+0.43 6 1.36+0.43
A,B2 473+0.42 0.60+0.06 90+2 0.81+0.01 3.92+0.01 2.84+0.28 1 2.84+0.28
A,B6 5.88+0.54 060+0.06 902 194+0.01 3.94+0.01 3.53+0.35 1 3.53+0.35

A,B12 6.51+0.62 0.60+0.06 90+2 258+0.01 3.93+0.01 3.91+0.39 1 3.91+0.39

Table 5.2-1. Unit cell parameters of A2B2, AzB6 and A2B12 monolayers. The variation in the diameters of the unit cell is
caused only by contribution of the length of the diamine spacer in the bis-imine, here expressed as the sub-vector c.

In order to determine the enthalpic contribution to the adsorption energies of diamines and
bis-imines, several MMFF calculations were performed with the program CHARMMP®>% and the
data are presented in Figure 5.2-3. It should be noted that the calculated values are the enthalpy
contribution to the free energy of physisorption of an individual molecule, occupying a given surface
area. When such adsorption energy is divided by the surface area occupied, the obtained value is,
not surprisingly, constant for A,B2, A,B6 and A,B12 (see Table 5.2-2), which have a comparable
molecular conformation.

-100 Disordered structures 70

ol - 60

g -80 0 ® =

= o 50 @

g =

> -60 @) 40 §

2 o)

o 30 @

s -40 O e

3 ® 20 °

5 . >

g 20 0O ® 10

< 0 Self-assembly at the solid-liquid interface

0
T T T T T T T
B2 B6 B12 A AB2 AB6 AB12

Figure 5.2-3 Comparison of adsorption energies. Adsorption energies of each molecule have been compared with the
length of corresponding molecule. Low adsorption energies of diamines B prevent formation of order 2D crystalline
structures on the HOPG surface.

Molecule Area dH dH dH/A dH/A
[nm?] [kcal mol!] [eV] [kcal mol!/nm?] [eV /nm?]
A 1.36+0.43 33.59 1.45 24.69 £ 5.92 1.06 £ 0.25

A,B2 2.84+0.28 59.26 2.56 20.86 £ 1.86 0.90+0.08
A,B6 3.53+0.35 71.76 3.11 20.32+1.82 0.88 £0.08

A;B12 3.91+0.39 81.22 3.52 20.77 £1.88 0.90+0.08

Table 5.2-2 Enthalpy contributions to the adsorption energy of A, AzB2, A2B6 and A2B12 molecules calculated for single
molecules and also presented per nm2. Whereas the adsorption energies for single molecules differ largely, the energy
gain per surface area is constant.

5.2.2. On-surface generation of bis-imines

STM was used to probe the in situ synthesis of bis-imines, i.e. synthesis of the bis-imines
directly on the HOPG surface by condensation of the aldehyde A with diamines B. To this end, a 2 uL
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drop of 0.1 mM solutions (pyridine:1-phenyloctane, 1:99 v/v) of either B2, B6 or B12 was deposited
on top of a monolayer of A pre-formed by applying a 4 uL drop of a 0.1 mM solution
(aldehyde:diamine ratio 2:1) of A in 1-phenyloctane on the HOPG surface. In all three cases, the
addition of the diamine resulted in desorption of molecules A followed by formation of new type of
2D crystals. By comparison of the unit cell parameters, i.e. length of vectors a and b, a (angle
between the vectors), unit cell area (A) and number of molecules in the unit cell (N,,,) these crystals
were found to be identical (Figure 5.2-4) to the monolayers formed by dropcasting a solution of ex
situ synthesized*m bis-imines and presented in Figure 5.2-2.

//

Figure 5.2-4 Comparison of 50x50 nm scale STM images of monolayers formed by the bis-imines AzB2 (a), AzB6 (b) and
AzB12 (c).

In most of the cases the size of domains amounts to thousands of nm” However in
approximately 5 % of experiments the A,B6 and A,B12 bis-imines were found to self-assemble into
smaller domains, as displayed in Figure 5.2-5. Only if the single domain sizes exceeded 100x100 nm
the crystal was considered good for the imine exchange discussed in Section 5.2.4.

Figure 5.2-5 Comparison of 50x50 nm scale STM images of monolayers formed by bis-imines A2B6 (a), A2B12 (b),
multiple domains are clearly visible.

Interestingly, the condensation reactions occurring at the solid-liquid interface were found to
be very fast, fully covering the surface by the bis-imine products in less than 600 seconds after
mixing. The timescale of the STM experiments is defined by the scanning rate of STM, which was
fixed at 41 s per image. The in situ condensation experiments (20 independent experiments) were
repeated and the drop was intentionally placed in different positions on the HOPG surface with
respect to STM tip. In such a way the average time needed to completely cover the surface can be
estimated. This finding was compared to the experiments in bulk solution followed by NMR.

N0 the text, in situ is used to describe the process performed directly on the HOPG surface,

whereas ex situ concerns molecules synthesized and characterized by conventional organic synthesis.
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5.2.3. Kinetics of bis-imine formation in solution

Initially, the condensation of the aldehyde A with the diamines B was studied by *H-NMR in
non-deuterated 1-phenyloctane. However, the solubility of the bis-imines in phenyloctane is rather
low (between 1 — 7 mM) which render difficulties in quantification of the signals next to very strong
signals coming from the non-deuterated solvent. On the other hand, aldehyde A is highly soluble in
phenyloctane (up to 0.75 M) and therefore remains in solution during the entire condensation
experiment whereas the bis-imines precipitate. To this end, the decrease of the aldehyde
concentration could be followed by NMR in the course of the A + B2 condensation in phenyloctane
(with ds-nitromethane as external standard in a sealed capillary). If ds-toluene is chosen as a solvent,
the solubility of the bis-imines is increased by a large amount and the reaction remains
homogeneous even in equilibrium. For the purpose of comparison of the solvents, the A + B2
condensation was performed in both solvents and the rates of aldehyde conversion to imines was
followed (Figure 5.2-6).
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Figure 5.2-6 1H-NMR observation of the conversion of the aldehyde A to mono- and bis-imines of B2. Comparison in
toluene and phenyloctane at various concentrations. The curves show the decrease of the -CHO aldehyde proton signal
(8.53 ppm in phenyloctane and 9.70 ppm in toluene).

In phenyloctane, precipitation of A,B2 was observed when a critical concentration between
3.5 — 7 mM of A,B2 was reached. The kinetic curves (Figure 5.2-7) for the conversion of A and
formation of the imines A;B2 and A,B2 are consistent with a second order kinetic model up to this
point, beyond it, precipitation causes irreversible removal of A,B2 from the reaction mixture.
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Figure 5.2-7 1H-NMR observation of the conversion of aldehyde A to mono-imine AiB2 and bis-imine AzB2 in
phenyloctane at 114 mM A and 57 mM B2 concentration. The red solid trace is experimental observation of
disappearance of the aldehyde CHO peak (8.53 ppm), the blue solid trace is the sum of the emerging signals of the mono-
and the bis-imine (6.86 and 6.89 ppm, respectively). Both traces are compared with conversions calculated (dotted
traces) from the second order kinetic model. The mismatch between observed and calculated imines trace at times longer
than 8x103 s is related to the precipitation of the bis-imine from the solution.
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Figure 5.2-8 1H-NMR spectra of the reaction A + B2 in phenyloctane (blue trace gives an overview on the full NMR
spectrum, red trace is amplified to show the relevant reagent signals: aldehyde peak at 8.53 ppm, mono-imine peak at
6.86 ppm, bis-imine peak at 6.89 ppm, in the aliphatic region the signal at 1.28 ppm corresponds to free B2, two triplet at
1.69 and 2.29 ppm correspond to two methylene groups of the mono-imine, and the singlet at 2.70 ppm corresponds to
the bis-imine, low in intensity due to precipitation).

It is seen that the kinetics of condensation in toluene and phenyloctane are very similar
(slightly slower in phenyloctane). Thus, the rate of the reaction in phenyloctane cannot be higher
than in toluene and the data obtained in dg-toluene are asymptotic limits for the rates in
phenyloctane. Taking into account the poor solubility in 1-phenyloctane, the following kinetic data
are therefore derived from *H-NMR experiments in dg-toluene.

The condensation reaction of a diamine B with the aldehyde A to form first the mono-imine
and consequently the bis-imine is described by the following general scheme.

So NN, K SN MNR,

~
ClEHJZ\O n=0,4,10 P C15H33\o n=0,4,10

k
/@/\ ~ N/M\NHp - f,2
CieHaa-, CieHaa~g n=0.4.10 Ko CreMaa~y n=0,4. 10 o-CreHaa

Figure 5.2-9 General scheme for the condensation of aldehyde A with a diamine.

As the diamine B possesses two functional groups, the actual concentration of amino groups
[B] is twice as high as the diamine concentration. Taking into account the reversibility of the reaction
and the fact that the observed rate is the sum of the forward and backward rates k; = kf; + k;;

connected by the equilibrium constant K; = kf‘ one obtains a set of differential equations:

i

% = —k;[A = Acq][B — Beg] — ka[A — Aeq][A1B — A1Beg] (E1)

d[ng] Ki[A = Aeq|[B = Beq] = k2[A = Aeql[A1B — A;Beg] (E2)

d[A;B]

ac = K2[A—Aeql[A1B —A;1Beg]  (E3)
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The initial (t=0) and final (t==) boundary conditions are the initial [A], [B], [A:B], and [A;B],
and the equilibrium [A].,, [B]eq and [A;B]., concentrations, which are experimentally available by
'H-NMR. This set of differential equations can then be solved iteratively in Excel to obtain the second
order rate constants. When aldehyde A (2 eq., 36.4 mM) is mixed with B2 diamine (1 eq., 18.2 mM)
in toluene, slow formation first of mono-imine and subsequently of bis-imine is observed in the CH=N
imine proton region (peak at 8.02 ppm for the mono-imine and at 8.10 ppm for the bis-imine) and in
the aliphatic region (peak 2.38 ppm for free ethylenediamine, triplet at 2. 89 ppm and 3.48 ppm for
mono-imine, and peak 3.99 ppm for bis-imine, for NMR traces see Figure 5.2-11).

The equilibrium is reached after approximately 48 hours and contains 80 % bis-imine, 10 %
mono-imine and 10 % unreacted aldehyde. The solutions are homogenous, even at a concentration
as high as 180 mM. By plotting the integral intensity of the corresponding signals (aldehyde 9.70
ppm, mono-imine 8.02 ppm and bis-imine 8.10 ppm) the rate constants can be determined by
iteratively solving the equations E1-E3. The values obtained for the second order rate constants (as
defined in Figure 5.2-9) are k; =2.0x 10° s* M and k, = 2.7 x 10® s M™ with a very good coefficient
of determination R* = 0.9975 (experimental and fitted curves in Figure 5.2-10).
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Figure 5.2-10 1H-NMR observation of species formation in the reaction of 2 eq. of A with 1 eq. of B2 in ds-toluene
(R?=0.9975); average of four runs; data based on the integration of the signals of aldehyde 9.70 ppm, mono-imine 8.02
ppm and 8.10 ppm).

With the rate constants in hand, one can estimate the kinetics of the imine formation
process in the drop on the HOPG surface in the STM measurement. To fully cover the STM surface
(1 cm?) a total amount of 3.5 x 10" of A,B2 molecules is needed to be produced by the condensation
reactions (2.5 x 10" in case of A,B12), based on the area of a unit cell. By mixing 4 pL of 0.1 mM
solution of aldehyde A with 2 pL of 0.1 mM solution of diamine B one gets 6 L of the solution with
the concentration of 6.67 x 10° M of the aldehyde and 3.33 x 10> M of the diamine. This means that
the required concentration of the bis-imine A;B2 in the supernatant solution is 9.7 x 10° M (6.9 x 10°®
M for A,B12). From the known rate constants and initial concentrations the model given by
equations E1-E3 indicates that the reaction time needed to reach this concentration of A,B2 is
approximately 1.25 x 10’ s. The fact that full surface coverage is achieved in less than 600 seconds
gives rate acceleration by a factor of about 2 x 10*.
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Figure 5.2-11 TH-NMR spectra of the reaction of two equivalents of A with 1 eq. of B2 in ds-toluene (aldehyde peak at 9.70
ppm, mono-imine peak at 8.02 ppm, bis-imine peak at 8.10 ppm; in the aliphatic region the signal at 2.38 ppm
corresponds to the methylene groups of free B2, the two triplets at 2.89 and 3.48 ppm correspond to the two methylene
groups of the mono-imine, and the singlet at 3.99 ppm corresponds to the bis-imine).

To increase the solubility of the diamines (most importantly B12), 1 % of pyridine was added
to the 1-phenyloctane solvent. To verify the effect of pyridine, the kinetic experiment for the
condensation of the aldehyde A with the diamine B2 was reproduced in dg-toluene containing 1 % of
pyridine and compared to the experiment without pyridine. The rates of the aldehyde conversion to
both mono- and bis-imines are identical (Figure 5.2-12), thus showing that a pyridine content up to 1
% does not affect the kinetics of the processes discussed above.
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Figure 5.2-12 Conversion of the aldehyde A (36.4 mM) to imines in the reaction with B2 (18.2 mM), comparison of the
reaction rates in ds-toluene without and with 1 % of pyridine.

The striking acceleration of imine formation of the HOPG surface as compared to bulk
solution can be most likely because of two main reasons: (1) at the solid-liquid interface the
concentration is at least higher than a saturation regime whereas in solution the concentration is

138



typically much lower; (2) the pre-ordering of molecules at the surface may facilitate the reaction by
lowering the activation barrier. In the present case, the rates and rate constants of the condensation
and exchange reactions determined by 'H-NMR revealed that the acceleration is in the range of four
orders of magnitude. Furthermore, the kinetic experiments in phenyloctane, if available, might
indicate even higher acceleration at solid-liquid interface, where molecules have to proceed through
desorption-reaction-readsorption sequence.

5.2.4. Surface assisted transimination

In order to fully explore the reversible nature of C=N bonds, and to gain insight into the bis-
transimination processes of A,B molecules, successive in situ imine-formation/bis-imine-exchange
cycles were performed. As shown before, upon in situ addition of 0.5 eq of B2 on top of a pre-
existing monolayer of A (Figure 5.2-13a), the A,B2 motif was obtained (Figure 5.2-13b). Upon
subsequent addition of B6 (0.5 eq) solution, the A,B2 monolayer was transformed into an A,B6
structure (Figure 5.2-13c). Finally, the addition of a drop of B12 (0.5 eq) solution resulted in the
formation of an A,B12 2D pattern (Figure 5.2-13d). From the mechanistic point of view, once
transimination is taking place on a single molecule embedded in a molecular lamella (typically
positioned at the domain boundaries), a structural defect in the supramolecular 2D structure is
created. This structural defect can act as seed for the disassembly of adjacent molecules, ultimately
leading to the transformation of the entire adlayer.

NH_{CH,) -NH,
NH_-(CH,),-NH, \\ k

NH_(CH,),.-NH,

NH_-(CH,),-NH, NH_-(CH,) -NH, \

NH,-(CH,),,-NH,

Constitutional Dynamics

Figure 5.2-13 STM representative images of in situ bis-transimination processes. a) monolayer of A, b) monolayer of
A:zB2, c) and e) monolayer of Az2B6, d), f) and g) monolayer of AzB12. Tunneling parameters: I = 10 - 15 pA, Ve = 400 -
600 mV. The size of the STM images (a-g) amounts to 18 x 18 nm. Diamines are colour coded: B2 red, B6 green, B12 blue.

While in the case of A + B condensations the addition of diamine was always followed by a
desorption/adsorption process (lasting ca. 10 min), bis-transimination reactions (A,B2 to A,B6 and
A,B6 to A,B12) were found to be much faster. Interestingly, the rate of the bis-transimination
processes and the formation of the new monolayer structures depends on the length of a,w-diamine,
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e.g. A,B2 monolayers transform into A,B6 after 3.0 + 0.3 min of desorption/re-adsorption process,
whereas A,B12 monolayers are formed after 1.0 £ 0.1 min after addition of B12 solution on top of
the A,B6 structure.

Furthermore, it is important to note that although the number of components in the
supernatant solution during the consecutive bis-transiminations increases, only one type of
supramolecular pattern is formed at the solid-liquid interface. This surface selection for only one
type of bis-imine to be adsorbed can be explained by the different free energies of physisorption of
bis-imines with altered B units.

The physisorption is an exothermic reaction ruled by the free energy minimization. The
minimization of the enthalpy is achieved by maximum packing density at surfaces, which can be
equally obtained by formation of tight 2D assemblies of either short (A,B2) or long molecules
(A,B12), as calculated in Table 5.2-2. Conversely, because of translational entropy reasons the
adsorption of longer versus shorter molecules at the interface is favoured, since upon immobilization
at the interface the molecules loose translational entropy per particle. Thus, there is higher entropy
cost for the adsorption of smaller than for larger/longer molecules as more of small molecules are
required for covering the same surface area.

For longer chains the entropic contribution per unit mass to the overall free energy increases
due to the reduced configurational space of the molecule at the interface.*® Therefore the
preferential physisorption of the molecules comprising the longer bridge, i.e. A,B12, with respect to
the shorter A,B2 and A,B6 at the solution-graphite interface may be considered an entropy driven
selective adsorption.

To complete the exchange reaction network, bis-transimination of A,B2 with B12 resulted in
the formation of A,B12 monolayers. It was thus shown that all bis-imine exchange reactions proceed
to provide a bis-imine which has higher affinity to the HOPG surface (Figure 5.2-14).
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Figure 5.2-14. Condensation of A with a,w-diamines, and schematic representation of diamine exchange on the bis-imines
investigated at the solid-liquid interface. Diamines are colour coded: B2 red, B6 green, B12 blue.

Real-time bis-transimination

In order to cast light onto dynamic process of in situ bis-transimination, several consecutive
images have been recorded after addition of 1 eq. of B12 on top of a pre-existing monolayer of A,B2,
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and are shown in Figure 5.2-15. Upon addition of B12 solution it was possible to visualise step-wise
bis-transimination by STM. The Figure 5.2-15a shows the image taken immediately after depositing a
drop of B12. Obviously the reaction cannot be observed at the single molecule level. During the
continuous scan (Figure 5.2-15b-f) over the same sample area, the area of A,B2 domain (indicated in
red) decrease, indicating the progress of bis-transimination reaction, and formation of A,B12
domains (in purple).

Figure 5.2-15 Series of consecutive STM images showing the exchange reaction at the solid-liquid interface from the AzB2
structure (in red) to AzB12 (in purple). Tunnelling parameters I:= 15 pA, Ve = 550 mV. The size of the STM images (a-f) is
to 28 x 28 nm.

5.2.5. Kinetics and equilibria of transimination by NMR

The bis-transimination, i.e. the A,B2 + B6 exchange reaction, was investigated in toluene and
followed by 'H-NMR at 600 MHz. The higher field led to partial separation of the A;B6 and A,B6
signals, which can therefore be deconvoluted. To the equilibrated reaction mixtures from the imine
formation experiments (Section 5.2.3), 1 eq. of 18.2 mM solution of B6 in ds-toluene was added
(reagent ratio A:B2:B6 = 2:1:1, theoretical concentrations 33.1 : 16.5 : 16.5 mM). The evolution of
the "H-NMR signals is shown in Figure 5.2-16. Immediate decrease of the signals belonging to A;B2
(both azomethine and aliphatic) is observed with concomitant appearance of the signal of A;B6. The
signal of B2 is increasing at a slower rate as it is liberated by the double transimination reaction. The
signal of A,B6 starts to emerge after a lag time of about 20 minutes. The equilibrium is reached in
about 4 hours. Interestingly, the equilibrated mixture contains more of the bis-imine of B6 than that
of B2, and conversely more mono-imine of B2 than B6. This can be due to proximity of sterically
demanding aldehyde groups in case of the bis-imine A,B2. For the ease of comparison, the signals in
the Figure 5.2-16 were normalized for the number of protons they comprise, in a way that
azomethine signal of bis-imines was divided by 2, signal of free B2 divided by 4 etc., so they are
representative for the relative concentration of the species in solution. Signals which are overlapping
(like —CH,NH, signals of B6 and A;B6 or non-deconvoluted A,B6 azomethine signal) were not
normalized and are plotted in respect to secondary ordinate axes.
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Figure 5.2-16 Signal evolution in the exchange experiments followed by 600 MHz !H-NMR. The NMR signals are
normalized for the number of protons, i.e. the signal for AzBx is divided by two that for B2 divided by 4 etc., so that they
correspond to the relative concentrations in solution. Mixed signals (B6 amine and AxB6 imine signals), due to the
overlap of the signals from several species, cannot be normalized and are plotted with respect to the right ordinate axis.

The re-equilibration of the reaction mixtures proceeds through several reactions

K3 Ky.7

A + B6 <——— A,B6 AB2 + B6 <~——— AB6 + B2
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Figure 5.2-17 General scheme for imine exchange processes in the AzB2 + B6 reaction. Due to incomplete conversion,
about 10 % of A is present as free aldehyde in the solution. However, the timescale for condensation reaction was
previously shown to be much higher than for the exchange.

As a result of this complex reaction network, it is difficult to establish a kinetic model. To fully
cover the 1 cm?® of HOPG surface with A,B6, 2.8 x 10" molecules are needed (calculated from the
unit cell area of a single A,B6 molecule as reported in Table 5.2-1), which corresponds to 5.6 x 10** of
aldehyde residues. The total amount of aldehyde molecules added is 2.4 x 10™ and thus about 23 %
of the aldehyde needs to be transformed to A,B6 to achieve full surface coverage, as observed by
STM in less than 3 minutes. As the imine exchange follows first-order kinetics, the time needed to
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reach defined conversion is independent of starting concentration.®**® The time needed to achieve
this conversion in solution at 16.5 mM concentration of B6 as followed by NMR is about 1.1 hours,
indicating again kinetic enhancement of the reaction on the HOPG surface. The NMR traces of the
kinetic run are given in Figure 5.2-18 (azomethine and aromatic region) and Figure 7.7-1 in the
Experimental part (aliphatic region).
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Figure 5.2-18 1H-NMR (at 600 MHz, aromatic region) of the signal evolution during the A2B2 + B6 imine exchange
reaction (the peaks assignment: A2B2 8.10 ppm, A1B6 8.09 ppm, A2B6 8.08 ppm, A1B2 8.02 ppm).

5.2.6. Reverse in situ bis-transimination

The reversible imine exchange on surface, shown in previous sections, proceeds smoothly
when performed in sequence leading to larger/longer molecules. It is however necessary to
demonstrate that the HOPG surface does not lead irreversible formation and adsorption of the
longest of possible bis-imines. To this extent, a drop of equimolar amounts of B6 and/or B2 solutions
were applied on top of a pre-existing monolayer of A,B12, but the diamine exchange was not
observed, confirming the significance of the free energy of physisorption in governing the monolayer
stabilization. However, by changing the bis-transimination conditions, especially the concentration of
the diamine deposited on top of the A,B12 monolayer, the equilibrium of the diamine exchange
process can be shifted towards the species incorporating a shorter B unit. To this end, 100 eq. of B6
(2ul of a 20mM solution in pyridine:1-phenyloctane, 1:99 vol:vol) was applied on top of the A,B12
monolayer (Figure 5.2-19a). After ca. 280 min, the formation of bi-component architectures was
observed, as indicated in Figure 5.2-19b, showing the co-existence of A,B12 (blue arrows) and A,B6
(green arrows) lamellae. While A,B6 + B12 bis-transimination process is very rapid (1 min), the A,B12
+ B6 reaction was completed (on the surface) only after ca. 430 min, as evidenced by the
disappearance of A,B12 lamellae (over 1 um” area, accessible with STM).

5555 The evaluation of time needed for 23 % conversion is analogous to the evaluation of the half-life of

. . . . . —In(conversion
first order kinetics reaction, giving t.onversion = %
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Figure 5.2-19. STM representative images of A2B12 transition into AzB6. a) AzB12 monolayer, b) co-existing A2B12 and
A2B6 domains, c) AzB6 monolayer. The size of the STM images (a-c) amounts to 28 x 28 nm.

It is important to point out, that NMR of the same reaction mixture (2 eq. A+ 1 eq. B12 + 100
eq. B6) does not contain any bis-imine. Also, even smaller ratios of B6 added to A,B12 (about 10 eq.)
leads to complete transimination of A,B12 into mono-imines and free diamine. This comparison
shows the selective amplification of formation of species which have the highest free energy of
adsorption (Section 5.2.7).

It is noteworthy that neither A,B12 + B2 nor A,B6 + B2 bis-transimination reactions could be
accomplished at the solid-liquid interface. Despite exploring very high molar ratios (up to 1000 eq. of
diamine B2), as well as long reaction times (up to 2 days) by the means of STM, neither the
coexistence of different species, nor the diamine exchange could be observed, probably due to
evaporation of relatively volatile B2 before the reaction can take place.

5.2.7. On surface selection in dynamic imine library

Dynamic combinatorial libraries are able to undergo constituent amplification in a mixture
through component selection in response to a physical stimulus or a chemical
effector,[62021,25,26309451504] | \iaw of the results above, it was of interest to examine the effect of
surface adsorption forces on the set of bis-imines investigated. Experiments were conducted both by
STM and NMR to investigate the occurrence of such features on a surface.

Upon deposition of a drop of 0.1 mM equimolar solution of A,B2, A,B6 and A,B12 only the
A,B12 patterns were observed on the HOPG surface, indicating surface induced selection of the
library constituent presenting the thermodynamically most stable physisorption. In order to confirm
the selective nature of pattern formation, experiment was reproduced 10 times and each time 1 um?
surface area (accessible with STM) has been monitored. For each set of experiment, A,B12 patterns
were formed within tens of seconds and covered the entire surface of graphite.

The strong selection observed by STM on the HOPG surface was compared to experiments in
solution. In dg-toluene, the aldehyde A (4 eq., 80 mM) was mixed with B2 (1 eq.) and B12 (1 eq.) to
favour the formation of the corresponding bis-imines A,B2 and A,B12 over the mono-imines (such
case is discussed together with kinetics in Section 5.2.5). The mixture was heated at 60 °C overnight
to reach the equilibrium. Since precipitation of some bis-imines was observed at room temperature,
the NMR spectra were recorded at 50 °C when the solutions were homogenous. In the equilibrated
mixture the bis-imines are formed almost quantitatively, approximately 10 % of the aldehyde
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remains unreacted which is reflected by approximately 10 % of the A;B2 mono-imine formation,
while the A;B12 mono-imine is present in less than 2 %. This can be due to the proximity of sterically
demanding aldehyde groups in case of the bis-imine A,B2, in agreement with previous observations
(Figure 5.2-16). The bis-imines are formed in the similar amounts, thus indicating that there is no
selection for either of the bis-imines formed.

In the next experiment, all three diamines B2, B6 and B12 (1 eqg. and 20 mM each) were
reacted in the NMR tube with 6 eq. of aldehyde A. Again, the equilibrium was reached by heating at
60 °C overnight and the NMR spectra were recorded at 50 °C to dissolve the precipitate formed in
the course of the reaction. In the equilibrated mixture, the bis-imines are formed almost
quantitatively, only 8 % of the aldehyde remains unreacted which is reflected by approximately 10 %
formation of the A;B2 mono-imine while other mono-imines are present only in < 4 % amount (i.e.
<2 % each), again in agreement with previous observations. The bis-imines are formed in the same
amounts (with slightly lower amount of A,B2), thus indicating that there is no selection for either of
the bis-imines formed.

Additional STM in situ bis-imine selection experiments have been performed to in order
explore the potential role of the adsorption energy (which differ for each A,B compound), acting as
selection/amplification effector. To this end, a 4 pL drop containing a mixture of 2 eq. of A and three
diamines B2 + B6 + B12 (1 eq. and 0.1 mM each) was deposited on top of HOPG surface. Statistical
analysis of 10 independent experiments revealed that in majority of experiments patterns of A,B12
were formed exclusively. However, in 2 out of 10 experiments coexistence of two structures was
observed for relatively short period of time (1-3 min) as illustrated in Figure 5.2-20.

(1,851 (8)812) (821 (a)812)
N s \

R

Figure 5.2-20 STM representative images of co-existing AzB structures. a) co-existing AzB6 and AzB12 domains, b) co-
existing AzB2 and AzB12. The size of the STM images (a-b) amounts to 30 x 30 nm.

Analysis of the corresponding NMR experiment in toluene, i.e. sample containing 2 eq. of A
and three diamines B2 + B6 + B12 (1 eq. and 20 mM each), did not provide any reliable insight.
Therefore, HPLC analysis of the mixture was performed. To this end, NMR sample (0.5 mL) was
reduced by BusNBH, (to freeze the imine exchange), acidified by methanolic HCl, evaporated,
dissolved in 0.2 mL of methanol and finally injected into the HPLC apparatus (10 uL per run). The
analysis was repeated five times, run 1 was ignored and the signals from run 2 — 5 were averaged for
calculation. The mixture of products after the reduction contained: 24 % A;B2, 32 % A;B6, 33 %
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A;B12, 1 % A,B2, 4 % A,B6 and 5% A,B12, as shown in Figure 5.2-21. The eluted fractions were
collected and submitted to mass spectrometry which confirmed the identity of the compounds.

From the distribution of species revealed by HPLC, it becomes evident that the formation of
A,B12 is amplified on the surface, as about 20 % conversion is needed for full surface coverage
whereas only 5 % is present in the equilibrated solution.
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Figure 5.2-21 HPLC chromatogram showing the distribution of species obtained from the reduction of an equilibrated
mixture of 2 A + B2 + B6 + B12. The compounds were confirmed by MS spectra of collected fractions.

The marked contrast between the deposition of a dilute solution in phenyloctane on HOPG
(revealing A,B12 patterns exclusively) and the HPLC analysis (showing statistical distribution) of the
same compound mixture indicate that adsorption:

1. drives reaction to completion, as the deposited solution contains mainly mono-
imines whereas the surface is covered by bis-imine molecules only

2. leads to an exclusive constituent selection of a specific bis-imine, e.g. A,B12, from
the dynamic library of imines present in the solution

3. leads to a specific component amplification, since amount of A,B12 in equilibrated

solution is not sufficient to fully cover the surface, as observed by STM

The overall process is free-energy driven through the interplay of gain in enthalpy upon
molecular physisorption and loss of translational entropy.”® In the present experiments, the free
energy of physisorption acts as effector/driving force amplifying a given constituent of a dynamic
covalent library. The process is reminiscent of the selective formation of a single entity upon
crystallization from a mixture of three equilibrating constituents.®’”!

The results above taken together stress the crucial role of interactions with the surface as a
selection force driving the outcome of covalent chemical reactions, allowing or inhibiting given
transformations and thus leading to surface controlled product formation and reaction selectivity,
essentially different from the product distribution observed in solution.

5.3. Summary of Chapter 5

e Bis-imines of a,w-diamines of different length are packing on the surface in similar
lamellar structures which can be differentiated by the distance between the
aldehyde residues.

e The condensation reaction of the aldehyde with the diamines can be performed in
situ on the HOPG surface in 1-phenyloctane.

e The formation of the bis-imines on HOPG is accelerated by four orders of magnitude
as compared to bulk solution.

e The imine exchange reaction can be performed and directly followed in situ on the
HOPG surface.
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The imine exchange on HOPG proceeds readily when longer/larger molecules are
formed.

The kinetics of the imine exchange giving longer/larger molecules is faster than
corresponding process in bulk solution.

The inverted exchange reaction giving shorter/smaller molecules is achievable by
large excess of the shorter component(s) to shift the equilibrium.

Only the bis-imines are selectively adsorbing on the surface from the equilibrium
mixture of aldehyde/amine/mono-imine/bis-imine.

Only the longest/largest bis-imine from complex equilibrium mixture of mono- and
bis-imines is adsorbing on the surface.

The surface amplifies formation of the longest/largest bis-imine which has the
highest free energy of adsorption from a complex mixture. The amplified species do
not need to be even formed in observable amounts, it is sufficient if they are
“virtually present”.

The surface assisted imine formation and exchange is ruled by the free energy of
adsorption.



6. CONCLUSIONS & PERSPECTIVES

The manuscript of the thesis presents an amalgamation of several types of dynamics,
motional, reactional and constitutional, to introduce new features in various fields of chemistry. It
begins with definitions of general terms, explains the concept of reversibility and summarises the
most important known reversible reactions, from which the imine formation was chosen for further
studies. It also discusses the basic mechanistic questions of imine formation and exchange and gives
an overview on applications of the imine chemistry in several fields.

Initial experimentation focused on acquiring the basic knowledge of the imine formation and
exchange, notably on identifying the most reactive aldehydes. The reactivity of the selected
candidates, salicylaldehyde and pyridine-2-aldehyde, was thoroughly studied by the methods of
physical organic chemistry, such as chemical kinetics and electronic structure determination by
nitrogen NMR. Moreover, the ambivalent role of the phenolic OH group of salicylaldehyde on its
reactivity was observed and experimentally clarified.

The results of these experiments have significant impact in the whole field of constitutional
dynamic chemistry based on the utilization of the imine bond as they provide rational and reasoned
guideline for the choice of constituents of the dynamic system. Some of the results have been
already successfully applied in the group to achieve superior performance in terms of formation and
exchange not only for imines, but also for hydrazone, acylhydrazones and oximes. The relatively high
stability observed even in aqueous media can lead to interesting discoveries in imine-based covalent
dynamics including in biological applications.

Constitutional dynamics of imines was examined in the reaction with polyamines revealing
an intertwined motional and constitutional dynamics occurring through the intramolecular imine
exchange. The fascinating motional displacement was extensively analysed by available NMR
techniques, elucidating the role of derivatization and various conditions on the rate of the motion,
and also proving the concomitant intermolecular exchange, thus merging motional and constitutional
dynamics in one. The initially observed displacement between two sites was extended to linear
polyamines which represents the simplest non-directional small-molecule walking system known.
Also, different topologies of the polyamine chain were investigated illustrating the ability of circular
or branched motion. Finally, directionality was introduced by pH trapping of different aldehyde-
amine condensation products, and it was demonstrated that these products can be converted one
into another by the action of base or acid. Finally, a system capable of controllable directional
walking was demonstrated which amalgamates the knowledge acquired on different reactivities of
aldehyde derivatives. The aldehyde walker unit combines the reactivities of salicylaldehyde and 2-
carboxybenzaldehyde, thus profiting from both the imine stabilization by OH “imine-clip” and the
iminium trapping by the lactone formation on secondary nitrogen. A hydroxylamine terminated
polyamine serves as the track and the control over the system is achieved through addition of a base
or an acid.

The directional walking presented here is the first known example of such an artificial
system. The search for a directional walker was inspired by the discovery of the biological motors
such as kinesin and was pursued by several laboratories around the world. The small-molecule
walker developed during the experiments can have a tremendous influence on several fields, ranging
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from nanotechnology to chemical biology. With the possibility of controllable oriented displacement,
nanoscale cargo transporters can be envisaged. Similarly, active transmembrane transporters are
easily accessible using the developed system. Moreover, by creating a macroscopic pH gradient, such
a system can be constantly out of equilibrium and thus can perform its task continuously without any
intervention. This can also contribute to the development of an artificial cell.

Dynamic combinatorial libraries were studied from a new perspective. A process of “self-
sorting” was achieved due to a complexity driven selection for given species, a phenomenon which
was called simplexity. First, an approach for representation of dynamic combinatorial libraries was
proposed, and based on that approach a system for quantification of efficiency of self-sorting
processes was suggested. This system was then used to quantify the selection on 2+2 aldehyde-imine
libraries which were used for the simplexity demonstration, and the example was even extended to a
3+3 library. The library was shown to adapt to a change in conditions through a network of
interconnected reactions, illustrating the dynamic reaction selectivity. The concept was applied in
synthesis of N-derivatized polyamines using aldehydes as dynamic specific protecting groups.
Specifically, salicylaldehyde acts as a protecting group for primary amine via the imine formation
while pyridine-2-aldehyde applies for secondary amines due the formation of aminal. Series of mono-
and bis-derivatized products were obtained using an imine exchange reaction as a deprotection
under mild conditions.

The simplexity experiments show interesting and rather unexpected behaviour in chemistry:
instead of increased complexity of chemical mixtures with increasing number of reagents, in some
cases preferential formation of fewer species is observed. This suggests that an “order out of chaos”
sorting process can be in some cases the natural, intrinsic or even inevitable principle of organization
of matter encoded in the structure of the matter itself. This very general concept was demonstrated
to have also very practical applications, such as dynamic selective protecting groups developed here
— an approach which can have vast influence in the field of synthetic chemistry and synthesis of
complicated molecules such as natural products.

The reversible imine linkage was also studied at the solid-liquid interface by STM. For this
purpose, an aldehyde bearing a long alkyl chain was condensed with a,w-diamines of various lengths.
The formation and even the reversible imine exchange can be performed directly on the HOPG
surface. By comparison with the NMR analysis, the adsorption on the surface was found to largely
increase the rate of the reactions. Also, an amplification of the formation of the largest molecules on
the surface as compared to bulk solutions was observed and explained in terms of free energy of
adsorption.

It is the first shown example of a reversible, dynamic covalent chemistry on a surface.
Together with the identification of the governing principles, i.e. enthalpy and entropy of adsorption,
construction of sophisticated nanoarchitectures can be envisaged on the surface. The reversibility
ensures that errors made in the assembly can be repaired thus paving the way to extremely large
uniform structures. The exchange process also enables for easy post-assembly modifications and
transformations of the architecture to generate or introduce a function. By combining with
irreversible transformations and photolithography, construction of robust and smart materials and
systems can be achieved.

In general, the experiments presented here show the path from acquiring very basic
knowledge to the development of understanding of the system under study, revealing interesting
properties and their application in various fields, thus introducing new features of growing
complexity. Finally, these applications demonstrate the general phenomena of motion, selection,
amplification and adaptation in chemistry, which represent “the good at which all things aim.”™
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7. EXPERIMENTAL PART

7.1. Instrumentation

NMR spectra were recorded on Bruker Avance 400 (400.14 MHz for *H and 100.62 MHz for
3¢), Bruker Avance IlI plus 400 (400.34 MHz for 'H and 100.67 MHz for **C), Bruker Avance | 500
(500.13 MHz for 'H and 125.61 MHz for **C) and Bruker Avance 11l 600 (600.13 MHz for *H and 150.90
MHz for 13C) NMR spectrometers. Spectra measured in aqueous solutions were referenced on
2,2,3,3-tetradeutero-3-trimethylsilylpropionic acid (6=0). The other spectra were referenced on
residual solvent signal according to Nudelman et al.®®®

Deuterated solvents were purchased from Euriso-TOP and used without further purification.

Reagents and solvents were purchased from Sigma-Aldrich, Alfa Aesar, Bachem, ABCR,
STREM and Carlo Erba and used without further purification.

pH measurements were done on a Mettler Toledo Seven multimeter with glass electrode
calibrated by standard buffer solutions from Sigma-Aldrich (4.01, 7.00 and 10.00). The values were
not corrected for the deuterium isotope effect.”®”!

UV-VIS spectra were recorded on a JASCO V670 dual beam spectrophotometer.

Mass spectra were obtained on Bruker MicroTOF and HRMS on Bruker MicroTOF-Q, both
with electrospray ionization. Nominal precision of HRMS analysis is 10 ppm.

Elemental analysis was performed on ThermoFisher Scientific Flash 2000 with absolute
precision of 0.3 %.

Melting points were measured on a Blichi Melting Point B-540 apparatus and temperature
data are uncorrected.

HPLC analysis was performed on an Agilent 1220 Infinity HPLC instrument equipped with an
Agilent Zorbax SB-Aq 5 um, 4.6x250 mm column, using a water/acetonitrile gradient for elution (flow
1 mL/min, both solvents with 0.01 % TFA, gradient program in the table below). The analysis was
repeated 5 times, run 1 was ignored and the signal area was averaged for runs 2-5 for calculation).

Time  Water Acetonitrile

0 min 95 5
16 min 5 95
20 min 5 95
20.2 min 95 5
25 min 95 5
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7.2. Syntheses

7.2.1. Imines

7.2.1.1.  N-propylbenzaldimine

dichloromethane and n-propylamine (22.2 mL, 1.1 eq.). The reaction is

exothermic. Magnesium sulfate was added to absorb water eliminated during
the reaction. The reaction mixture was stirred for 2 hours, then filtered and evaporated on a rotary
evaporator to give a viscous liquid. Pure imine was obtained by vacuum distillation (bp 66 °C) from
P,Os at 3.6 mbar, placed over molecular sieves (3 A) and sealed under nitrogen atmosphere. Yield:
28.2 g (78 %, loss due to the distillation). Analysis consistent with literature.*%!

@AN/\/ Benzaldehyde (25.0 mL, 246 mmol) was diluted in a mixture of 150 mL of

'H-NMR (400 MHz, CDCls, 25 °C): §=8.27 (s,1 H; N=CH), 7.73 (m, 2 H; Ar-H), 7.41 (m, 2 H;
Ar-H), 3.58 (dt, J=1.08, 7.0 Hz, 2 H; CH,), 1.73 (m, J=7.2 Hz, 2 H; CH,), 0.96 (t, J=7.4 Hz, 3 H; CH;)

BC-NMR (100 MHz, CDCl;, 25 °C): 6=160.72, 136.41, 130.41, 128.54, 128.03, 63.51, 24.08,
11.85

7.2.1.2.  N-propylsalicylaldimine

and n-propylamine (2.50 mL, 1.1 eq.) was added. The reaction is exothermic.

OH Magnesium sulfate was added to absorb water eliminated during the reaction.

The reaction mixture was stirred for 2 hours, then filtered and evaporated on a rotary evaporator to

give a yellow viscous liquid. Pure imine was obtained by vacuum distillation (bp 104 °C) from P,0s at

4.0 mbar, placed over molecular sieves (3 A) and sealed under nitrogen atmosphere. Yield: 3.39 g (75
%, loss due to the distillation). Analysis consistent with literature.*

©\A\N/\/ Salicylaldehyde (3.00 mL, 27.7 mmol) was diluted in 50 mL of dichloromethane

'H-NMR (400 MHz, CDCls, 25 °C): 6=13.66 (br s, 1H; OH), 8.33 (s, 1H; N=CH), 7.30 (dt, J=1.7,
7.8 Hz, 1 H; Ar-H), 7.25 (dd, J=1.8, 7.9 Hz, 1 H; Ar-H), 6.97 (d, J=8.2 Hz, 1H; Ar-H), 6.87 (dt, J=0.7, 7.4
Hz, 1 H; Ar-H), 3.56 (dt, J=0.9, 6.8 Hz, 2 H; CH,), 1.73 (m, J=7.2 Hz, 2 H; CH,), 0.99 (t, J=7.4 Hz, 3 H;
CH;)

BC-NMR (100 MHz, CDCls, 25 °C): 6=164.49, 161.33, 131.85, 131.03, 118.70, 118.20, 116.82,
61.01, 23.93, 11.53

7.2.1.3.  N-propyl-5-chlorosalicylaldimine

Cl N 5-Chlorosalicylaldehyde (3.00 g, 19.2 mmol) was diluted in 50 mL of
\©\/\ dichloromethane and n-propylamine (1.73 mlL, 1.1 eq.) was added. The
OH reaction is exothermic. Magnesium sulfate was added to absorb water

eliminated during the reaction. The reaction mixture was stirred for 2

hours, then filtered and evaporated on a rotary evaporator to give a yellow viscous liquid. Crude

product was purified by column chromatography on silica (R=0.45) with CHCI; as eluent. The final
product contained 6 % of the starting aldehyde (evaluated by NMR), repeated chromatography leads
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to increased amount of this aldehyde. Yield: 3.56 g (94 %). Analysis was in agreement with
literature.®”

'H-NMR (400 MHz, CDCls, 25 °C): §=13.69 (s,1 H; OH), 8.28 (s,1 H; N=CH), 7.26 (m, 2 H; Ar-H),
6.92 (d, J=8.7 Hz, 1 H; Ar-H), 3.59 (t, J=6.8 Hz, 2 H; CH,), 1.75 (m, J=7.1 Hz, 2 H; CH,), 1.01 (t, J=7.4 Hz,
3 H; CH;)

BC-NMR (100 MHz, CDCls, 25 °C): 6=163.38, 160.05, 131.86, 130.20, 122.88, 119.49, 118.60,
61.21, 23.95, 11.66

MS (ESI): calc. 197.06, found 198.07 [M+H"]

7.2.1.4. N-propyl-5-bromosalicylaldimine

Br N~ 5-Bromosalicylaldehyde (3.00 g, 14.9 mmol) was diluted in 50 mL of

\C(\ dichloromethane and n-propylamine (1.35 mL, 1.1 eq.) was added. The

OH reaction is exothermic. Magnesium sulfate was added to absorb water

eliminated during the reaction. The reaction mixture was stirred for 2

hours, then filtered and evaporated on a rotary evaporator to give a yellow viscous liquid. Crude

product was purified by column chromatography on silica (R=0.49) with CHCI; as eluent. The final

product contained 3 % of the starting aldehyde (evaluated by NMR), repeated chromatography leads
to increased amount of this aldehyde. Yield: 3.50 g (97 %).

'H-NMR (400 MHz, CDCls, 25 °C): 6=13.69 (s,1 H; OH), 8.24 (s,1 H; N=CH), 7.36 (m, 2 H; Ar-H),
6.85 (d, J=8.4 Hz, 1 H; Ar-H), 3.56 (t, J=6.8 Hz, 2 H; CH,), 1.72 (m, J=7.2 Hz, 2 H; CH,), 0.97 (t, J=7.4 Hz,
3 H; CHy)

BC-NMR (100 MHz, CDCl;, 25 °C): 6=163.29, 160.57, 134.68, 133.20, 120.11, 119.09, 109.74,
61.19, 23.94, 11.66

MS (ESI): calc. 241.01, found 242.02 [M+H"]

EA: calc.: C49.61 %, H 5.00 %, N 5.79 %; found: C 48.99 %, H 4.89 %, N 5.64 %

7.2.1.5.  N-propyl-4-hydroxysalicylaldimine

@NN This compound was synthesized by published method.”* 2,4-

Dihydroxybenzaldehyde (3.00g, 21.7 mmol) was dissolved in 50 mL of
HO OH ethanol and n-propylamine (1.96 mL, 1.1 eq.) was added. The reaction is
exothermic. The reaction mixture was stirred for 2 hours at RT. Solid precipitated out of the solution.

It was filtered, washed with diethyl ether and dried under high vacuum. Yield: 2.52 g (65 %). Analysis
was consistent with literature.®"!

'H-NMR (400 MHz, ds-DMSO0, 25 °C): 6=13.92 (s,1 H; OH), 9.96 (s,1 H; OH), 8.32 (s,1 H; N=CH),
7.15 (d, J=8.5 Hz, 1 H; Ar-H), 6.23 (dd, J=2.2, 8.5 Hz, 1 H; Ar-H), 6.13 (d, J=2.2 Hz, 1 H; Ar-H), 3.45 (t,
J=6.7 Hz, 2 H; CH,), 1.60 (m, J=7.1 Hz, 2 H; CH,), 0.90 (t, J=7.4 Hz, 3 H; CHs)

BC-NMR (100 MHz, ds-DMSO, 25 °C): 6=166.27, 165.00, 162.36, 133.77, 111.50, 107.08,
103.19, 58.55, 24.13, 11.85

MS (ESI): calc. 179.10, found 180.10 [M+H"]
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7.2.1.6.  N-propyl-5-nitrosalicylaldimine

OoN N 5-Nitrosalicylaldehyde (3.00 g, 18.0 mmol) was diluted in 50 mL of

dichloromethane and n-propylamine (1.62, 1.1 eq.) was added. The

OH reaction is exothermic. Magnesium sulfate was added to absorb water

eliminated during the reaction. The reaction mixture was stirred for 2

hours, then filtered and evaporated on a rotary evaporator to give a deep yellow solid. Crude

product was purified by column chromatography on silica (R=0.19) with CHCl; as eluent. Yield: 3.63 g
(97 %). Analysis was in agreement with literature.*?

'H-NMR (400 MHz, CDCls, 25 °C): §=8.32 (s,1 H; N=CH), 8.23 (d, J=2.8 Hz, 1 H; Ar-H), 8.18 (dd,
J=2.8,9.3 Hz, 1 H; Ar-H), 6.93 (d, J=9.3 Hz, 1 H; Ar-H), 3.64 (t, J=6.8 Hz, 2 H; CH,), 1.79 (m, J=7.2 Hz, 2
H; CH,), 1.02 (t, J=7.4 Hz, 3 H; CHs)

BC-NMR (100 MHz, CDCls, 25 °C): 6=170.89, 163.90, 138.27, 128.53, 128.37, 119.67, 116.14,
58.88, 23.62, 11.44

MS (ESI): calc. 208.09, found 209.09 [M+H"]

7.2.1.7.  N-(3-methylbutyl)salicylaldimine

A)\ Salicylaldehyde (3.00 mL, 27.7 mmol) was diluted in 50 mL of
N

X dichloromethane and iso-pentylamine (3.53 mL, 1.1 eq.) was added. The
reaction is exothermic. Magnesium sulfate was added to absorb water
OH eliminated during the reaction. The reaction mixture was stirred for 2 hours,

then filtered and evaporated on a rotary evaporator to give a yellow viscous liquid. Pure imine was
obtained by vacuum distillation (bp 121 °C) from P,0s at 4.0 mbar, placed over molecular sieves (3 A)
and sealed under nitrogen atmosphere. Yield: 3.50 g (66 %, loss due to the distillation). Analysis
consistent with literature."

'H-NMR (400 MHz, CDCls, 25 °C): 5=13.73 (s,1 H; OH), 8.37 (s,1 H; N=CH), 7.33 (t, J=7.4 Hz,
2 H; Ar-H), 7.27 (d, J=7.6 Hz, 1 H; Ar-H), 6.99 (d, J=8.3 Hz, 1 H; Ar-H), 6.90 (t, J=7.5 Hz, 2 H; Ar-H), 3.64
(t, J=7.1 Hz, 2 H; CH,), 1.75 (m, J=6.7 Hz, 1 H; CH), 1.62 (g, J=7.1 Hz, 2 H; CH,), 0.99 (d, J=6.6 Hz, 6 H;
CH;)

BC-NMR (100 MHz, CDCls, 25 °C): 6=164.40, 161.40, 132.02, 131.04, 118.85, 118.38, 117.04,
57.61,39.84, 25.78, 22.47

7.2.1.8.  N-(3-methylbutyl)pyridine-2-carboxaldimine

was diluted in 50 mL of dichloromethane and iso-pentylamine (6.70 mL,
| _N 1.1 eq.) was added. The reaction is exothermic. Magnesium sulfate was

added to absorb water eliminated during the reaction. The reaction mixture
was stirred for 2 hours, then filtered and evaporated on a rotary evaporator to give a viscous liquid.
Pure imine was obtained by vacuum distillation (bp 94 °C) from P,0s at 3.6 mbar, placed over
molecular sieves (3A) and sealed under nitrogen atmosphere. Yield: 5.74 g (62 %). Analysis
consistent with literature.™*"

/\)\ Freshly distilled colourless pyridine-2-carboxaldehyde (5.00 mL, 52.6 mmol)
NS
N N
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'H-NMR (400 MHz, CDCls, 25 °C): 5=8.55 (d, J=4.8 Hz, 1 H; Ar-H), 8.30 (s,1 H; N=CH), 7.90 (d,
J=7.9 Hz, 1 H; Ar-H), 7.63 (m, J=1.5, 7.7 Hz, 1 H; Ar-H), 7.20 (m, J=1.1, 4.9, 7.5 Hz, 1 H; Ar-H), 3.60 (t,
J=7.2 Hz, 2 H; CH,), 1.60 (m, J=6.6 Hz, 1 H; CH), 1.53 (q, J=7.1 Hz, 2 H; CH,), 0.86 (d, J=6.5 Hz, 6 H; CHs)

BC-NMR (100 MHz, CDCls, 25 °C): §=161.52, 154.65, 149.29, 136.37, 124.44, 121.03, 59.57,
39.65, 25.82, 22.47

7.2.2. Compounds for walking

7.2.2.1. N,N'-dimethyl-2-(2-hydroxylphenyl)-imidazolidine

\N Salicylaldehyde (3.00 mL, 27.7 mmol) was diluted in a mixture of 50 mL of

/> dichloromethane and N,N'-dimethylethylenediamine (3.30 mL, 1.1 eq.), the reaction

N is exothermic. Magnesium sulfate was added to absorb water eliminated during the

\ reaction. The reaction mixture was stirred at RT for 2 hours, then filtered and

OH evaporated on a rotary evaporator to give a yellow viscous liquid (quantitative). Pure

product was obtained by vacuum distillation (bp 133-134 °C) from P,0s at 5.3 mbar, placed over

molecular sieves (3 A) and sealed under nitrogen atmosphere. Yield: 3.30 g (62 %, loss due to the
distillation). Analysis consistent with literature.”*?!

'H-NMR (400 MHz, CDCls, 25 °C): 6=11. 47 (br s, 1H; OH), 7.19 (ddd, J=1.8, 7.4, 8.1 Hz, 1 H; Ar-
H), 6.95 (dd, J=1.7, 7.4 Hz, 1 H; Ar-H), 6.82 (dd, J=0.9, 8.1 Hz, 1 H; Ar-H), 6.76 (dt, J=1.2, 7.4 Hz, 1 H;
Ar-H), 3.41 (s, 1H; CH), 3.38 (m, 2H; CH,), 2.54 (m, 2 H; CH,), 2.26 (s, 6 H; CH,)

B3C-NMR (100 MHz, CDCls, 25 °C): $=158.16, 130.32, 129.48, 120.16, 117.92, 116.43, 91.47,
51.86, 38.64

7.2.2.2.  N,N'-bis(2-(salicylideneimino)ethyl)-2-(2-hydroxylphenyl)-
imidazolidine

The literature procedure was slightly modified.®*

S N/\/N N\/\N/ Triethylenetetramine (3.12 g, 21.3 mmol) was diluted
in 50 mL of ethanol and salicylaldehyde (7.20 mL, 3.1
OH - : .

OH HO eq.) was added giving an exothermic reaction.
Magnesium sulfate was added to absorb water

eliminated during the reaction. The mixture was

refluxed for 3 hours and filtered while still hot. The filtrate was allowed to cool down slowly (fast
cooling gives an oil) and precipitation occurred. The precipitate was filtered off, washed with diethyl

ether and recrystallized twice from ethanol to remove salicylaldehyde residues. Pure product was
sealed under nitrogen atmosphere. Yield: 7.63 g (78 %).

'H-NMR (400 MHz, CDCls, 25 °C): §=13.22 (br s, 2 H; OH), 10.68 (br s, 1H; OH), 8.25 (s, 2H;
N=CH), 7.31-7.20 (m, 5 H; Ar-H), 7.00 (dd, J=1.6, 7.7 Hz, 1 H; Ar-H), 6.93 (d, J=8.0 Hz, 2 H; Ar-H), 6.86
(dt, J=0.8, 7.4 Hz, 2 H; Ar-H), 6.82-6.79 (m, 2H; Ar-H), 3.83 (s, 1H; CH), 3.59 (t, J=6.3 Hz, 4 H; CH,), 3.43
(m, 2 H; CH,), 2.97 (dt, J=6.4, 12.7 Hz, 2 H; CH,), 2.68 (m, 2 H; CH,), 2.64 (t, J=6.6 Hz, 2 H; CH,)

BC-NMR (100 MHz, CDCls, 25 °C): 6=166.17, 161.18, 158.37, 132.38, 131.50, 131.02, 130.39,
120.95, 118.82, 118.67, 117.11, 117.06, 89.73, 58.60, 52.94, 51.29
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7.2.2.3.  5-(dimethylamino)-2-formylbenzoic acid

1) MeOH, H* | A solution of methyl 3-
e k)

|
_N COOH _N COOMe dimethylaminobenzoate
\@/ > P0G O \@O (700 mg, 3.90 mmol) in DMF
= (20 ml) was cooled in ice

bath and POCI; (364 mg) was

[0)
21% added dropwise to the
mixture. After stirring for 20
| 1) NaOH min at 0°C, the mixture was
_N COOMe 2) HCI0.15 M __N COOH allowed warm up to RT and
- then heated to 70°C
\@%O THF/H,0 11 \@40 overnight. After that, the
98 % solution was poured into ice

and NaOH (5 M) was added
until pH = 6. The crude mixture was then extracted with Et,0 and organic layer was washed with
KHCO; (15 %) and dried over sodium sulphate. Solvent was removed under reduced pressure and
crude product was purified by column chromatography (Petrolether/EtOAc 3:1) to obtain 169 mg
methyl 5-(dimethylamino)-2-formylbenzoate (21%). The published procedure was not successful, but
the product analysis was consistent.®**

Hydrolysis of the ester was performed by dissolving the ester (169 mg) in 5 mL of THF and addition of
5 mL of 2 M NaOH in water. The mixture was refluxed for 3 hours, then acidified by 0.15 M aqueous
HCl to pH ca 4 and injected on reverse phase column. Chromatography was performed using
water/acetonitrile gradient (98:2 = 5:95). Pure product was isolated after evaporation in 98 % yield
(155 mg).

'H-NMR (400 MHz, CDCls, 25 °C): 9.50 (s, 1H; CHO), 7.87 (d, J=2.8 Hz, 1H; Ar-H), 7.73 (d, J=8.8
Hz, 1H; Ar-H), 6.85 (dd, J=2.8, 8.8 Hz, 1H; Ar-H), 3.23 (s, 6H; (CH3),N)

BC-NMR (100 MHz, CDCl5, 25 °C): 193.01, 166.17, 154.40, 141.90, 133.64, 120.43, 119.00,
112.49, 40.24

MS (ESI): calc. 193.07, found 194.08 [M+H"]
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7.2.2.4. 2-formyl-3-hydroxybenzoic acid

COOMe COOMe Hexamethylenetetraamine (5.00 mmol,
(CH5)gN4 700 mg) was added to a stirred solution
—>TFA 0 of methyl 3-hydroxybenzoate (5.00

mmol, 760 mg) in TFA (5 mL). The
mixture was stirred for 3 h at 75°C. After
22% cooling to RT, solution was diluted with
an ice-water mixture (100 mL) and
extracted with EtOAc (3x50 mL). Solvent

OH OH

COOMe 1) NaOH COOH was then removed under redl:|c'ed

2) HCI 0.15 M pressure and crude product was purified

_0O > _0O by column chromatography on silica gel

THF/H0 1:1 (Petrolether/EtOAc 10:1) to obtained 200

OH OH mg of methyl 2-formyl-3-
quant.

hydroxybenzoate (22%).

Hydrolysis of the ester was performed by dissolving the ester (100 mg) in 5 mL of THF and addition of
5 mL of 2 M NaOH in water. The mixture was refluxed for 3 hours, then acidified by 0.15 M aqueous
HCl to pH ca 1 and injected on reverse phase column. Chromatography was performed using
water/acetonitrile gradient (98:2 = 5:95). Pure product was isolated after evaporation in 99 % yield
(91 mg).

The product was isolated in the hydroxy-lactone form. The equilibrium between the open and close
form however depends on the solvent used. The NMR analysis reports for the closed lactone form.

'H-NMR (400 MHz, dg-DMSO, 25 °C): 10.37 (s, 1H; Ar-OH), 7.88 (br d, J=7.0 Hz, 1H; lactone
OH), 7.45 (t, J=7.7 Hz, 1H; Ar-H), 7.24 (d, J=7.4 Hz, 1H; Ar-H), 7.14 (d, J=8.1 Hz, 1H, Ar-H), 6.61 (br d,
J=5.6 Hz, 1H; lactone C-H)

BC-NMR (100 MHz, dg-DMSO, 25 °C): 169.18, 153.94, 133.07, 132.49, 128.93, 121.54, 115.20,
97.62

MS (ESI): calc. 166.03, found 189.02 [M+Na']

EA: calc.: C57.84 %, H 3.64 %; found: C57.54 %, H 3.70 %

7.2.2.5. N!-(3-(benzyloxyamino)propyl)diethylene triamine

H H Diethylene triamine (2.00 g, 19.4 mmol) was diluted

HZN\/\N/\/N\/\/N\O in distilled water (50 mL) énd pH was adjusted to 6.5-
H 7.5 by 1 M HCI. The solution was then cooled to 0 °C

in ice bath and acrolein (1.50 mL, 1.04 eq) was added
drop-wise with 20 mL of water. When addition was finished, the solution was kept stirring for 1 hour
at temperature below 5 °C. Then, O-benzylhydroxylamine hydrochloride (3.10 g, 1.0 eq) was added
as a solid, the reaction was removed from ice bath and kept stirring for 1 hour. The the reaction was
cooled again to 0 °C in ice bath and sodium cyanoborohydride (1.22 g, 1 eq) was added as solid in
small portions to keep the temperature below 5 °C. When the addition was finished, the reaction
mixture was slowly acidified by 1 M HCI to pH approximately 1 while keeping the temperature below
5 °C. Then the reaction mixture was concentrated on rotary evaporator, injected on C-18 column and
purified by reverse phase chromatography. The initial fractions were collected and evaporated to
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dryness. Then this crude was diluted in 0.2 M NaOH (10 mL) and again injected on reverse phase
column. The fraction containing the product (verified by LCMS) was concentrated on rotary
evaporator and injected one more time on reverse phase. The third purification provided pure
product in 13 % vyield (670 mg). The product in the free base form must be stored under argon
atmosphere at -20 °C. Nevertheless, degradation was observed over time (3 weeks) requiring for
repurification before use. Salts of hydroxylamine derivatives are reported to be more stable than the
free bases, however for the use in directional walking a free base form was required. Stock solution
in DMSO is stable for about 2 weeks whereas stock solution in water is degrading in a few days. It is
noteworthy that different than optimized conditions (temperatures, pH) indicated in the Michael
reaction with acrolein lead to extensive aldol polymerization and ultimately null product yield.

'H-NMR (400 MHz, D,0, 25 °C): 7.32 (m, 5H; Ar-H), 4.63 (s, 2H; Ar-CH,), 3.00-2.75 (m, 12H; N-
CH,), 1.81 (q, J=7.6 Hz, 2H; C-CH,-C)

BC-NMR (100 MHz, D,0, 25 °C): 136.55, 129.01, 128.79, 128.59, 75.41, 47.79, 46.74, 45.93,
45.22,44.12, 38.75, 23.54

HRMS (ESI): calc. 266.211, found 267.216 [M+H"]

7.2.2.6. N!-(3-(benzyloxyamino)propyl)triethylene tetramine

H H H The procedure is analogous the previous one
HZN/\/N\/\N/\/N\/\/N\O (Section 7.2.2.5). Triethylene tetramine
H (2.00 g, 13.7 mmol) was diluted in distilled

water (50 mL) and pH was adjusted to 6.5-
7.5 by 1 M HCI. The solution was then cooled to 0 °C in ice bath and acrolein (0.91 mL, 1 eq) was
added drop-wise with 25 mL of water. When addition was finished, the solution was kept stirring for
1 hour at temperature below 5 °C. Then, O-benzylhydroxylamine hydrochloride (2.18 g, 1 eq) was
added as a solid, the reaction was removed from ice bath and kept stirring for 1 hour. The the
reaction was cooled again to 0 °C in ice bath and sodium cyanoborohydride (1.75 g, 2 eq) was added
as solid in small portions to keep the temperature below 5 °C. When the addition was finished, the
reaction mixture was slowly acidified by 1 M HCl to pH approximately 1 while keeping the
temperature below 5 °C. Then the reaction mixture was concentrated on rotary evaporator, injected
on C-18 column and purified by reverse phase chromatography. The initial fractions were collected
and evaporated to dryness. Then this crude was diluted in 0.2 M NaOH (10 mL) and again injected on
reverse phase column. The fraction containing the product (verified by LCMS) was concentrated on
rotary evaporator and injected one more time on reverse phase. The third purification provided pure
product in 9 % yield (380 mg). The stability issues are the same as for the shorter analogue as well as
the strong conditions dependency.

'H-NMR (400 MHz, D,0, 25 °C): 7.36 (m, 5H; Ar-H), 4.68 (s, 2H; Ar-CH,), 2.90-2.50 (m, 16H; N-
CH,), 1.60 (q, J=7.7 Hz, 2H; C-CH,-C)

BC-NMR (100 MHz, D,0, 25 °C): 136.54, 128.76, 128.73, 128.53, 75.37, 52.00, 51.84, 51.77,
51.35, 48.91, 48.50, 38.95, 22.97

HRMS (ESI): calc. 309.253, found 310.256 [M+H"]

7.2.3. Experiments using dynamic protecting groups

The experimental protocols discussed in the manuscript are here reported in detail. For the
experiments performed by Dr. Anne Meister the protocols are not provided. It is important to point
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out that amide derivatives can exist as two rotamers. This was indeed observed during the NMR
analysis, as splitting of the signal in to two sets, and proved by 2D NOESY. The reported analysis
therefore comprises for both rotamers. The structures were of course determined by full NMR
analysis including HSQC, HMBC, COSY and NOESY spectra, but the corresponding traces are not
provided.

7.2.3.1.  N-(Cbz-glycyl)-N-methyl-1,3-diaminopropane

Cbz. o) N-methyl-1,3-diaminopropane (0.30 g, 3.4 mmol) was diluted in
” acetonitrile (35 mL) and salicylaldehyde (0.37 mL, 1 eq.) was added. The
N NHz - reaction mixture was stirred at room temperature for 2 hours. Then N-
Cbz-glycine p-nitrophenyl ester (1.14 g, 1 eq.) was added as solid and the mixture was stirred at room
temperature. After 2 hours, O-benzyl hydroxylamine hydrochloride (0.55 g, 1 eq.) together with
triethylamine (0.50 mL, 1 eq.) was added and the mixture was stirred for 2 more hours. Then it was
concentrated on rotary evaporator an injected on C18 reverse phase column. After injection of the
crude, 10 mL of 0.15 M HCI was injected as well to improve the separation. Pure product was
obtained by chromatography using acetonitrile-water gradient (0:100 = 95:5) as hydrochloride salt
in 82 % yield (0.88 g). The product of the bis-acylation was isolated in 6 % yield (0.09 g).

'H-NMR (400 MHz, CD;CN, 25 °C): 7.45-7.30 (m, 5H; benzyl H), 5.11 (s, 2H; Ar-CH,), 4.02 +
3.94 (brs, 2H; Gly CH,), 3.42 + 3.31 (t, J=6.9 Hz, 2H; N-CH,), 2.91 + 2.88 (s, 3H; CH,), 2.64 + 2.57 (t,
J=6.5 Hz, 2H; CH,-NH,), 1.66 + 1.59 (q, J=6.6 Hz, 2H; C-CH,-C)

BC-NMR (100 MHz, CD5CN, 25 °C): 168.47, 168.26, 156.57, 156.50, 137.17, 128.45, 127.88,
127.76, 66.06, 45.84, 44.82, 42.36, 42.12, 38.66, 38.51, 33.34, 32.52, 31.15, 30.45

7.2.3.2.  N-(Cbz-glycyl)-N’-methyl-1,3-diaminopropane

@) _Cbz N-methyl-1,3-diaminopropane (0.30 g, 3.4 mmol) was diluted in
H Y\ acetonitrile (35 mL) and pyridine-2-carboxaldehyde (0.33 mL, 1 eq.) was
N NH added. The reaction mixture was stirred at room temperature for 2
hours. Then N-Cbz-glycine p-nitrophenyl ester (1.14 g, 1 eq.) was added as solid and the mixture was
stirred at room temperature. After 2 hours, O-benzylhydroxylamine hydrochloride (0.55 g, 1 eq.)
together with triethylamine (0.50 mL, 1 eq.) was added and the mixture was stirred for 2 more hours.
Then it was concentrated on rotary evaporator an injected on C18 reverse phase column. After
injection of the crude, 10 mL of 0.15 M HCl was injected as well to improve the separation. Pure
product was obtained by chromatography using acetonitrile-water gradient (0:100 - 95:5) as
hydrochloride salt in 52 % yield (0.56 g). The product of the bis-acylation was isolated in 31 % yield
(0.50 g).

Ir=z

'H-NMR (400 MHz, CD5CN, 25 °C): 7.45-7.30 (m, 5H; benzyl H), 5.11 (s, 2H; Ar-CH,), 3.71 (br s,
2H; Gly CH,), 3.23 (m, 2H; N-CH,), 2.57 (t, J=6.5 Hz, 2H; CH,-NH,), 2.32 (s, 3H; CH3), 1.59 (q, J=6.6 Hz,
2H; C-CH,-C)

BC-NMR (100 MHz, CD5CN, 25 °C): 169.35, 156.76, 137.31, 128.47, 127.94, 127.85, 66.23,
49.26, 44.08, 37.58, 35.35, 28.45
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7.2.3.3.  N-(Cbz-glycyl)-N-methyl-N’-(4-nitrobenzoyl)-1,3-diaminopropane

O.N N-methyl-1,3-diaminopropane (0.25 g, 2.8 mmol) was
2 diluted in acetonitrile (15 mL) and salicylaldehyde (0.30 mL,
o O N/Cbz 1 eq.) together with triethylamine (0.40 mL, 1 eq.) was

H . . .
_N_~_NH added. The reaction mixture was stirred at room

temperature for 2 hours. Then p-nitrobenzoyl chloride (0.53
g, 1 eq.) was added as solid and the mixture was stirred at room temperature for 2 hours, after which
benzhydrazide (0.39 g, 1 eq.) was added and the mixture was stirred for 2 more hours. Then N-Cbz-
glycine p-nitrophenyl ester (0.81 g, 1 eq.) was added as solid and the mixture was again stirred at
room temperature for 2 hours. The mixture was then concentrated on rotary evaporator and pure
product was obtained by column chromatography on silica using DCM-MeOH gradient elution (99:1
- 90:10), yielding 0.95 g (78 %).

'H-NMR (400 MHz, ds-DMSO, 25 °C): 8.27 (d, J=8.6 Hz, 2H; Ar-H), 7.89 + 7.72 + 7.45 (t, 1H;
NH), 7.66 + 7.59 (d, J=8.3 Hz, 2H; Ar-H), 7.4-7.2 (m, 5H; benzyl H), 5.02 + 5.00 (s, 2H; Ar-CH,), 3.58 +
3.44 (d, J=6.0 Hz, 2H; Gly CH,), 3.46 + 3.10 (m, 2H; N-CH,), 3.13 + 2.90 (m, 2H; N-CH,), 2.96 + 2.83 (s,
3H; CHs), 1.73 + 1.63 (q, J=6.7 Hz, 2H; C-CH,-C)

BC-NMR (100 MHz, dg-DMSO, 25 °C): 169.40, 169.02, 168.80, 156.90, 148.09, 143.49, 137.48,
128.75, 128.54, 128.21, 128.15, 124.13, 79.62, 65.92, 48.65, 44.95, 44.16, 43.92, 37.29, 36.53, 36.19,
32.57,28.21, 27.07

7.2.3.4. N-(Cbz-glycyl)-N’-methyl-N’-(4-nitrobenzoyl)-1,3-diaminopropane

NO The procedure is analogous to the previous one. N-methyl-
2 1,3-diaminopropane (0.30 g, 3.4 mmol) was diluted in

Cbz\N O O acetonitrile (35 mL) and pyridine-2-carboxaldehyde (0.33

/Y mL, 1 eq.) together with triethylamine (0.50 mL, 1 eq.) was
H

AN NH added. The reaction mixture was stirred at room

temperature for 2 hours. Then p-nitrobenzoyl chloride (0.64 g, 1 eq.) was added as solid and the
mixture was stirred at room temperature for 2 hours, after which benzhydrazide (0.47 g, 1 eq.) was
added and the mixture was stirred for 2 more hours. Then N-Cbz-glycine p-nitrophenyl ester (1.14 g,
1 eq.) was added as solid and the mixture was again stirred at room temperature for 2 hours. The
mixture was then concentrated on rotary evaporator and pure product was obtained by column
chromatography on silica using DCM-MeOH gradient elution (99:1 = 90:10), yielding 0.95 g (78 %).

'H-NMR (400 MHz, d¢-DMSO, 25 °C): 8.85 + 8.87 (t, J=5.5 Hz, 1 H; NH), 8.32 (d, J=8.6 Hz, 2H,
Ar-H), 8.07 (d, J=8.8 Hz, 2H; Ar-H), 7.4-7.2 (m, 5H; benzyl H), 5.03 (s, 2H; Ar-CH,), 3.86 (d, J=5.8 Hz,
2H; Gly CH,), 3.36 (m, 2H; N’-CH,), 3.27 (m, 2H; N-CH,), 2.96 + 2. 83 (s, 3H; CHs), 1.83 + 1.73 (g, J=7.1
Hz, 2H; (C-CH,-C)

BC-NMR (100 MHz, d-DMSO, 25 °C): 168.95, 168.62, 165.22, 164.95, 156.95, 149.42, 140.72,
140.68, 137.60, 129.16, 129.08, 128.80, 128.22, 128.12, 124.02, 123.99, 65.80, 46.33, 45.58, 42.58,
42.26,37.54,37.48,34.24,33.48,31.17, 28.04, 27.24
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7.2.4. Compounds for the STM experiments

7.2.4.1. 4-Hexadecyloxybenzaldehyde

/O In 100 mL of dry DMF, 4-hydroxybenzaldehyde (7.00 g, 57.3 mmol) was
C16H3304©—/ diluted and 2.50 g of sodium hydride (as 60 % dispersion in oil, 1.1 eq.) was
added. When gas evolution ceased the mixture was allowed to cool back to
RT, then 19.25 g of n-hexadecylbromide was added via syringe and reaction was stirred overnight at
RT. Then 150 mL of water was added and mixture was extracted 3 x 200 mL of toluene, combined
organic extracts were dried over magnesium sulfate and evaporated on rotary evaporator. Pure
product was obtained by column chromatography on silica using petrolether / ethyl acetate (99:1 to
70: 30) as eluent. Yield: 5.73 g (29 %).

'H-NMR (500 MHz, CDCls): 10.12 (s, 1 H), 8.07 (d, J=8.7 Hz, 2 H), 7.23 (d, J=8.7 Hz, 2 H), 4.28
(t, J=6.6 Hz, 2 H), 2.05 (m, 2 H), 1.71 (m, 2 H), 1.50 (m, 24 H), 1.12 (t, J=7.0 Hz, 3 H)

BC-NMR (125 MHz, CDCl;): 190.84, 164.28, 132.00, 129.72, 114.74, 68.43, 31.95, 29.73,
29.72,29.72, 29.70, 29.69, 29.68, 29.61, 29.58, 29.40, 29.37, 29.07, 25.98, 22.72, 14.16

EA: calc. C79.71 %, H 11.05 %; found C 79.41 %, H 10.50 %.

MS: calc. 346.29, found 369.27 [M+Na]

7.2.4.2.  N,N’-bis((4-hexadecyloxy)benzylidene)-a,w-diamines

Compounds A,B2, A,B6 and A,B12

N—(CH5),—N
C16H33O©J \\_@OCmHsa were  synthesized according to
published protocol.”™ Diamine B

(1.44 mmol) was mixed with two equivalents of 4-hexadecyloxybenzaldehyde (A) (1.00 g, 2.89 mmol)
in 100 mL of ethanol and refluxed for 2 hours. Reaction mixture was then evaporated to dryness and
pure product was obtained by recrystallization of the crude from ethanol.

7.2.4.3.  N,N’-bis((4-hexadecyloxy)benzylidene)-1,2-diaminoethane

Yield: 78 %

'H-NMR (400 MHz, CDCls): 8.22 (s, 2H), 7.64 (d, J=8.7 Hz, 4 H), 6.90 (d, J=8.7 Hz, 4 H), 3.99 (t,
J=6.6 Hz, 4 H), 3.93 (s, 4H), 1.80 (m, 4 H), 1.46 (m, 4 H), 1.27 (m, 48 H), 0.90 (t, J=6.8 Hz, 6 H)

BC-NMR (100 MHz, CDCls): 162.14, 161.17, 129.64, 128.81, 114.40, 68.08, 61.80, 31.98,
29.76, 29.72, 29.66, 29.63, 29.44, 29.21, 29.08, 26.05, 26.00, 22.77, 14.23

EA: calc. C80.39 %, H 11.24 %, N 3.91 %; found C 80.51 %, H 11.14 %, N 3.84 %
HRMS: calc. 716.622, found 717.627 [M+H]

m.p.: 90 °C
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7.2.4.4. N,N’-bis((4-hexadecyloxy)benzylidene)-1,6-diaminohexane

Yield: 70 %

'H-NMR (500 MHz, CDCl,): 8.15 (s, 2 H), 7.61 (d, J=8.7 Hz, 4 H), 6.88 (d, J=8.7 Hz, 4 H), 3.95 (t,
J=6.6 Hz, 4 H), 3.54 (t, J=6.9 Hz, 4 H), 1.76 (m, 4 H), 1.67 (m, 4 H), 1.23 (m, 56 H), 0.86 (t, J=6.9 Hz, 6 H)

BC-NMR (125 MHz, CDCl3): 161.08, 160.18, 129.52, 129.06, 114.47, 114.46, 68.09, 61.65,
31.96, 31.00, 29.74, 29.73, 29.71, 29.70, 29.66, 29.63, 29.60, 29.42, 29.40, 29.22, 27.19, 26.04, 22.73,
14.17

EA: calc. C80.77 %, H 11.47 %, N 3.62 %; found C 80.70 %, H 11.41 %, N 3.56 %.
HRMS: calc. 772.685, found 773.683 [M+H]

m.p.: 87 °C

7.2.4.5.  N,N’-bis((4-hexadecyloxy)benzylidene)-1,12-diaminododecane

Yield: 85 %

'H-NMR (400 MHz, CDCl5): 8.20 (s, 2H), 7.67 (d, J=7.9 Hz, 4 H), 6.92 (d, J=8.6 Hz, 4 H), 3.99 (t,
J=6.6 Hz, 4 H), 3.57 (t, J=7.0 Hz, 4 H), 1.80 (m, 4 H), 1.69 (m, 4 H), 1.46 (m, 4 H), 1.32 (m, 64 H), 0.89 (t,
J=6.8 Hz, 6 H)

BC-NMR (100 MHz, CDCl;): 161.09, 160.09, 129.51, 114.48, 68.11, 61.72, 31.94, 31.06, 29.70,
29.67, 29.60, 29.57, 29.47, 29.40, 29.37, 29.21, 27.37, 26.02, 22.70, 14.13

EA: calc. C81.25 %, H 11.76 %, N 3.27 %; found C 81.27 %, H 11.73 %, N 3.24 %
HRMS: calc. 856.778, found 857.793 [M+H]

m.p.: 92 °C

7.3. Example of 1¥N-NMR

Nitrogen NMR spectra were measured on Bruker Avance Il plus 400 MHz spectrometer
equipped with Prodigy broadband cryoprobe, with the resonance frequencies of 40.566 MHz for °N
and 28.92 MHz for **N. The N-NMR spectra were measured at natural abundance. It is noteworthy
that the acquisition of “*N spectra does not require a cryoprobe. For the N spectra, the pulse
sequence consisted of a 30 degree pulse with power-gated decoupling (zgpg30), while for the N
spectra the decoupling does not lead to any change in the spectrum and therefore is not necessary.
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Figure 7.3-1 1H-NMR spectra of N-propylbenzaldimine: (bottom) neat, (top) as 20 % solution in triflic acid. In triflic acid,
the azomethine signal (8.5 ppm) is coupled with the protonated iminium (10.1 ppm) thus showing a coupling of 17.8 Hz,
which is in agreement with the range of proton couplings on a trans-substituted double bond.
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Figure 7.3-2 1#N-NMR spectra of N-propylbenzaldimine: (bottom) neat, (top) as 20 % solution in triflic acid. Spectra
referenced on ds-nitromethane (0 ppm). Significant sharpening of the nitrogen signal as well as upfield shifting is
observed.
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Figure 7.3-3 15N-NMR spectra of N-propylbenzaldimine: (bottom) neat, (top) as 20 % solution in triflic acid. Spectra
referenced on ds-nitromethane (0 ppm) and measured at natural abundance. Large signal shift upon protonation is
observed. 15N-NMR spectra are acquired on a wide range of ppm and often exhibit a strongly perturbed baseline. Only
partial baseline correction on the region of interest was applied in such cases.
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7.4. Kinetics experiments

7.4.1. Mathematic models for kinetic data

Several kinetic measurements were presented in the manuscript. The mathematic treatment
was performed according to appropriate kinetic model (first, second, pseudo-first order). These
models are part of any physical chemistry textbook.®” The following section summarizes formulas
and equations used in the measurements. An explanation of pseudo-first-order kinetics of imine
exchange is given in Section 7.4.1.3. In the following Sections, [A] stand for actual concentration of
A, Ay is the initial concentration, A, is the equilibrium concentration and A, is a concentration at a
given time t. Both reversible and irreversible models are provided. Please note that for an in principle
reversible reaction with quantitative conversion the reversible kinetic model is reduced to the
irreversible form. This reduction is only due to mathematic reasons, specifically A., = 0, and has no
importance for the physical nature of the process under study.

7.4.1.1. First-order kinetics

The first-order kinetics expresses the concentration of species by a given equation

_diAal_
T—T— k[A]

This equation gives after separation of variables and integration

A
fo a7 =kt

In some cases, the differential fitting can be applied

A[A]

o - RN

For reversible first-order rate kinetics, the equation is derived similarly

d([A] - Aeq) _

r= dt - _k([A] - Aeq)

Which gives after variable separation and integration a formula
At - Aeq

In——=—kt
AO - Aeq

7.4.1.2. Second-order kinetics

The second-order kinetics of a reaction A+ B - C + ... expresses the concentration of species
by a given equation
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_d[A] _d[B]

=Tar ar o CMAIIE

If the stoichiometry of the reaction is given as 1:1 and the reagents are mixed in the same

ratio, then the equation can be rewritten as
d[4]
—— = —k[A)?
T [A]

Which after separation of variables and integration gives

tdlA]
fo T =~k

L
Ar Ao

Similarly to first order kinetics, the reversibility can be introduced

_ d([A] _Aeq) _ d([B] - Beq) _
r= dt - dt - _k([A] - Aeq)([B] - Beq)

If the stoichiometry of the reaction is given as 1:1 and the reagents are mixed in the same
ratio, then the equation can be rewritten and processed as
1 1

— = kt
(At - Aeq) (AO - Aeq)

If the stoichiometry of the reaction is given as 1:1 but the reagents are mixed in different
ratio, then the irreversible equation can be expressed as

1 ABy

=kt
A, — B, | B.A,

In a similar vein, the reversibility can be introduced

1 In (At - Aeq)(BO - Beq) _

(AO - Aeq) - (BO - Beq) (Bt - Beq)(AO - Aeq) B

Also the differential form can be used

kt

AlA]
¢ - kAr

7.4.1.3. Imine exchange: pseudo-first-order kinetics

The imine exchange reaction was found to follow the first-order kinetics. However, the
process in its nature is bimolecular and the reason for observation of a pseudo-first order behaviour
deserves a closer explanation. The mechanism of the imine exchange was discussed in the Section
1.3.1.2 on page 33, for clarity the corresponding Figure is repeated here.
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5 6 7a 7b 7c¢
_H+ +H+
_R + R _R
N 2 _-H HN 2 _RNH;  HN" 2
+ +R
H,
8b 8a 7d

In the literature,’®*®* the rate-limiting step was attributed to the deprotonation of the aminal

intermediate 7b or 7d to give the aminal intermediate 7c, while all other steps were kinetically fast.
The aminal intermediate is formed by the reaction of the imine with an amine and the equilibrium of
the reaction is given by the equilibrium constant

_ [7b]

[5][6]

Since the deprotonation of the structure 7b is the rate limiting step, the rate of formation of
the imine 8b can now be expressed as
d[8b]

From the definition of the equilibrium constant we can now substitute

d(8b] k- K -[5][6]
Y = — = . .
dt
Since amines used in study are very much the same in reactivity, proceeding reaction liberate
into the solution an amine which has the same capability to form the aminal, therefore the apparent
concentration of 6 is constant (standing for both R;NH, and R,NH,) and can be denoted as Am,y. So
the term [6] can be replaced by the initial Am, concentration of 6, since this is constant in time.
d[8b] k-K-[5]-A
r=—= . . . m
dt 0
Accounting the reversibility of the reaction (50 % equilibrium conversion) and definition of
reaction rates for [5] and [8b], we get

d([S] - Seq)
([5] - Seq)dt
This formula can be used either in the derivative form or be integrated (analogously to the

previous examples). Values of intermediate equilibrium constant K and rate constant k cannot be
separated by simple experiments.
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7.4.2. Results of kinetics experiments

The following Sections report on the kinetics of formation and exchange of imines. The
experimental data were processed according to the appropriate kinetic equations discussed above.
The statistical parameters (the standard deviation 6 and the coefficient of determination R?) of the
fitting and the rate constants are provided.

7.4.2.1.  N-propylbenzaldimine formation

NS
oL e N
2 CDCl,

In NMR tube, benzaldehyde was mixed with 1 equivalent of propylamine in CDCl;. The
spectra were recorded at interval of 177 s. The actual concentration of the aldehyde was 123 mM
and of the amine 114 mM. The integration of the peaks of the aldehyde consumed (10.024 ppm) and
imine formed (8.270 ppm) was process as second-order reaction kinetics corrected for the
non-stoichiometric reagent mixing ratio. Data are plotted in Figure 7.4-1 and the results are given in
Table 7.4-1.
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Figure 7.4-1 Plot of the processed NMR integral intensities of the imine formation reaction of benzaldehyde with n-
propylamine. Data were processed according to second-order reaction kinetics with correction for non-stoichiometric
reagent mixing ratio.

k= (3.26+0.01)-103Lmolls!
o= 2.609-10° L mol™*s™
R? = 0.9981

Table 7.4-1 Linear regression coefficients and kinetic parameters of imine formation for the reaction of benzaldehyde
with n-propylamine in CDCI3 followed by NMR.

167



7.4.2.2.  N-propylsalicylaldimine formation

X0 k \N/\/
+ H2N/\/ -
OH CDCl5

OH

In NMR tube, salicylaldehyde was mixed with 1 equivalent of propylamine in CDCl;. The
spectra were recorded at interval of 157 s. The actual concentrations of both the aldehyde and
amine were 117 mM. The integration of the peaks of the aldehyde consumed (9.929 ppm) and imine
formed (8.358 ppm) was process as second-order reaction. Data are plotted in Figure 7.4-2 and the
results are given in Table 7.4-1.
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Figure 7.4-2 Plot of the processed NMR integral intensities of the imine formation reaction of salicylaldehyde with n-
propylamine. Processed according to second-order reaction kinetics.

k= (3.83+0.06)102Lmol!s1
o= 1.681-10° L mol™*s™
R*= 0.9570

Table 7.4-2 Linear regression coefficients and kinetic parameters of imine formation for the reaction of salicylaldehyde
with n-propylamine in CDCls followed by NMR.
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7.4.2.3.  N-propyl-4-nitrobenzaldimine formation

X0 k \N/\/
+ H2N/\/ _—
O,N CDCl, O,N

In NMR tube, p-nitrobenzaldehyde was mixed with 1 equivalent of propylamine in CDCls. The
spectra were recorded at interval of 87 s. The actual concentration of the aldehyde was 119 mM and
of the amine 127 mM. The integration of the peaks of the —N-CH,- group of the unreacted amine
(2.641 ppm) and imine formed (3.635 ppm) was process as second-order reaction kinetics corrected
for the non-stoichiometric reagent mixing ratio. Data are plotted in Figure 7.4-3 and the results are
given in Table 7.4-3.
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Figure 7.4-3 Plot of the processed NMR integral intensities of the imine formation reaction of p-nitrobenzaldehyde with n-
propylamine, processed according to second-order reaction kinetics with correction for non-stoichiometric reagent
mixing ratio.

k= (5.27 £0.06) - 103 L mol- s
o= 1.01-10* L mol*s™
R = 0.9991

Table 7.4-3 Linear regression coefficients and kinetic parameters of imine formation for the reaction of p-
nitrobenzaldehyde with n-propylamine in CDCls followed by NMR.
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7.4.2.4.  N-cyclobutyl-4-nitrobenzaldimine formation

o k w
& L :

ON H,N CDCl, g

2 O,N

In NMR tube, benzaldehyde was mixed with 1 equivalent of cyclobutylamine in CDCl;. The
spectra were recorded at interval of 102 s. The actual concentration of the aldehyde was 119 mM
and of the amine 123 mM. The integration of the peaks of the —N-CH,- group of the unreacted amine
(3.384 ppm) and imine formed (4.230 ppm) was process as second-order reaction kinetics corrected
for the non-stoichiometric reagent mixing ratio. Data are plotted in Figure 7.4-4 and the results are
given in Table 7.4-4.
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Figure 7.4-4 Plot of the processed NMR integral intensities of the imine formation reaction of p-nitrobenzaldehyde with
cyclobutylamine, processed according to second-order reaction kinetics with correction for non-stoichiometric reagent
mixing ratio.

k= (4.00+0.09)-103Lmolls!
o= 1.417 - 10* L mol*s*
R’ = 0.9948

Table 7.4-4 Linear regression coefficients and kinetic parameters of imine formation for the reaction of p-
nitrobenzaldehyde with cyclobutylamine in CDCls followed by NMR.
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7.4.2.5.  N-t-butyl-4-nitrobenzaldimine formation

X0 k X ><
2 3
OoN O,N

In NMR tube, benzaldehyde was mixed with 1 equivalent of t-butylamine in CDCl;. The
spectra were recorded at interval of 116 s. The actual concentration of the aldehyde was 119 mM
and of the amine 135 mM. The integration of the peaks of the CH; groups of the unreacted amine
(1.138 ppm) and imine formed (1.300 ppm) was process as second-order reaction kinetics corrected
for the non-stoichiometric reagent mixing ratio. Data are plotted in Figure 7.4-5 and the results are
given in Table 7.4-5.
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Figure 7.4-5 Plot of the processed NMR integral intensities of the imine formation reaction of p-nitrobenzaldehyde with t-
butylamine, processed according to second-order reaction kinetics with correction for non-stoichiometric reagent mixing
ratio.

k= (3.11+0.13)-10+Lmols!
o= 2.232-10° Lmol™*s™
R = 0.9773

Table 7.4-5 Linear regression coefficients and kinetic parameters of imine formation for the reaction of p-
nitrobenzaldehyde with t-butylamine in CDCls followed by NMR.
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7.4.2.6.  N-propyl-5-formyl-2-hydroxybenzaldimine formation

= A k = AN
OH CHCl,

OH

In UV-Vis cuvette, stock solutions of 4-hydroxy-isophthalaldehyde and n-propylamine (both
in chloroform) were mixed to give equimolar mixture of total volume of 3.000 mL and resulting
concentration of both reagents of 0.856 mM. Absorbance at 403 nm was measured at interval of 20
s. The molar absorption coefficient was determined as follows: the NMR spectrum of 112 mM
solution of both reagents in CDCl; was recorded and showed full conversion of uniquely one
aldehyde group to imine while the other aldehyde group remained (identification of the signals of
the two aldehyde groups was based on 2D NOESY, HSQC and HMBC spectra). This sample was then
diluted to concentrations of 5.0 mM, 1.1 mM and 0.2 mM and the UV-VIS spectra were recorded.
The slope of the plot of absorbance as a function of concentration is the molar absorption
coefficient, determined to be 2260 L mol™ cm™.
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Figure 7.4-6 Plot of the processed UV-Vis absorbance intensities of the imine formation reaction of 4-hydroxy-
isophthalaldehyde with propylamine, processed according to second-order reaction kinetics. The reaction shows a total
conversion and therefore irreversible kinetic model was used.

The absorbance data were processed according to second-order reaction kinetics and plotted
in Figure 7.4-6. Linear regression of the obtained data gave rate constant of (7.55 + 0.02) - 10 L mol™
s™'. The regression coefficients are given in Table 7.4-6.

k= (7.55#*0.02)-101Lmolls!
o= 6.259 - 10* L mol™* s™
R? = 0.9997

Table 7.4-6 Linear regression coefficients and kinetic parameters of imine formation for the reaction of 4-hydroxy-
isophthalaldehyde with propylamine in CHCI3 followed by UV-Vis spectrophotometry.
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7.4.2.7.  N-propyl-5-chloro-2-hydroxybenzaldimine formation

Cl k Cl XN~
o, NN N
2 CHClI,4
OH

OH

In UV-Vis cuvette, stock solutions of 5-chloro-salicylaldehyde and n-propylamine (both in
chloroform) were mixed to give equimolar mixture of total volume of 3.000 mL and resulting
concentration of both reagents of 3.818 mM. Absorbance at 403 nm was measured at interval of 10

s. Molar absorption coefficient was determined using imine prepared separately (Section 7.2.1.3) as
€=190 L mol* cm™
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Figure 7.4-7 Plot of the processed UV-Vis absorbance intensities of the imine formation reaction of 5-chloro-
salicylaldehyde with propylamine, processed according to second-order reaction kinetics. The reaction shows a total
conversion and therefore irreversible kinetic model was used.

The absorbance data were processed according to second-order reaction kinetics and plotted
in Figure 7.4-7. Linear regression of the obtained data gave rate constant of (5.76 + 0.01) - 10 L mol™
s™'. The regression coefficients are given in Table 7.4-7.

k= (5.76+0.01)-102Lmolls?
o= 2.180-10° L mol™*s™
R? = 0.9919

Table 7.4-7 Linear regression coefficients and kinetic parameters of imine formation for the reaction of 5-chloro-
salicylaldehyde with propylamine in CHCI3 followed by UV-Vis spectrophotometry.
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7.4.2.8.  N-propyl-5-bromo-2-hydroxybenzaldimine formation

Br k Br SN
o, U N
oH 2 CHCly

OH

In UV-Vis cuvette, stock solutions of 5-bromo-salicylaldehyde and n-propylamine (both in
chloroform) were mixed to give equimolar mixture of total volume of 3.000 mL and resulting
concentration of both reagents of 0.322 mM. Absorbance at 403 nm was measured at interval of 5 s.

Molar absorption coefficient was determined using imine prepared separately (Section 7.2.1.4) as
€=200 L mol* cm™
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Figure 7.4-8 Plot of the processed UV-Vis absorbance intensities of the imine formation reaction of 5-bromo-

salicylaldehyde with propylamine, processed according to second-order reaction kinetics. The reaction shows a total
conversion and therefore irreversible kinetic model was used.

The absorbance data were processed according to second-order reaction kinetics and plotted
in Figure 7.4-8. Linear regression of the obtained data gave rate constant of (6.67 + 0.02) - 10 L mol™
s™'. The regression coefficients are given in Table 7.4-8.

k= (6.67+0.02)-102Lmols1
o= 3.419-10° Lmol™* s™
R? = 0.9996

Table 7.4-8 Linear regression coefficients and kinetic parameters of imine formation for the reaction of 5-bromo-
salicylaldehyde with propylamine in CHCI3 followed by UV-Vis spectrophotometry.
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7.4.2.9.  N-propyl-2,5-dihydroxybenzaldimine formation

HO o k HO \N/\/
\CE\ +OHNTT — o \©f\
OH 3 OH

In NMR tube, stock solutions (in CDCl;) of both reagents were diluted in CDCl; to give
equimolar reaction mixture at concentration of 40 mM in total volume of 0.500 mL. The integral
intensities of the signals of aldehyde (9.844 ppm) and imine (8.281 ppm) were followed with
increasing interval for 101 minutes (almost equilibrium). Data were processed as second-order
reaction kinetics corrected for the non-stoichiometric reagent mixing ratio and are plotted in Figure
7.4-9 and the results are given in Table 7.4-9.
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Figure 7.4-9 Plot of the processed NMR integral intensities of the imine formation reaction of 5-bromo-salicylaldehyde
with n-propylamine, processed according to second-order reaction kinetics with correction for non-stoichiometric
reagent mixing ratio.

k= (1.56+0.04)-102Lmol!s!
o= 6.71-10* L mol™*s*
R = 0.9870

Table 7.4-9 Linear regression coefficients and kinetic parameters of imine formation for the reaction of 5-bromo-
salicylaldehyde with n-propylamine in CDCl3 followed by NMR.
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7.4.2.10. N-propyl-5-nitro-2-hydroxybenzaldimine formation

2 CHCly
OH OH

In UV-Vis cuvette, stock solutions of 5-nitro-salicylaldehyde and n-propylamine (both in
chloroform) were mixed to give equimolar mixture of total volume of 3.000 mL and resulting
concentration of both reagents of 0.766 mM. Absorbance at 403 nm was measured at interval of 5 s.
Molar absorption coefficient was determined using imine prepared separately (Section 7.2.1.6) as
€=4190 L mol* cm™.
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Figure 7.4-10 Plot of the processed UV-Vis absorbance intensities of the imine formation reaction of 5-nitro-
salicylaldehyde with propylamine, processed according to second-order reaction kinetics. The reaction shows a total
conversion and therefore irreversible kinetic model was used.

The absorbance data were processed according to second-order reaction kinetics and plotted
in Figure 7.4-10. Linear regression of the obtained data gave rate constant of (3.89 + 0.01) L mol™ s™.
The regression coefficients are given in Table 7.4-10.

k= (3.89+0.01) Lmol!s!
o= 2.430-10°Lmolts™
R’ = 0.9998

Table 7.4-10 Linear regression coefficients and kinetic parameters of imine formation for the reaction of 5-nitro-
salicylaldehyde with propylamine in CHCI3 followed by UV-Vis spectrophotometry.
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7.4.2.11. N-propyl-aldimines formation in aqueous media

The imine formation by the reaction of several aldehyde derivatives with n-propylamine was
studied in aqueous media, specifically a ds-acetonitrile/deuterium oxide mixture (7:3, v/v). To this
end, 200 mM stock solutions of the reagents were prepared in the solvent mixture. The reagents
were mixed in NMR tube in 1:1 ratio and diluted to give the final concentration of 20 mM of both
reagents. The NMR spectra were recorded immediately after mixing. The integral intensities of the
aldehyde peak and the imine peak were processed according the second-order kinetics. The results
of the fitting are provided in Table 7.4-11.

AN k XN
o HN" N +  HO
ACN/W

Figure 7.4-11 A general scheme of an imine formation by the condensation of an aldehyde with n-propylamine.

Aldehyde Parameter Value
X = (K) 70.8 % (2.42)
k= (24.29+0.22) - 10° L mol™s*
DRI T o 43710 L mol? s™
2= 0.9958
x = (K) 91.2 % (10.36)
. k= (27.92+0.08) - 10° L mol™s*
p-nitrobenzaldehyde 5 599 -10% L mol™ s
R’ = 0.9940
X = (K) 93.4 % (14.15)
. k = (18.47 £0.96) - 10° L mol™* s
salicylaldehyde s 45 -10% L mol™ s
R’ = 0.9917
X = (K) 84.2 % (5.33)
- k = (29.22 £0.48) - 10° L mol™* s
pyridine-2-carboxaldehyde 5 8.09 - 102 L mol* s
R’ = 0.9947
X = (K) 89.0 % (8.09)
- k= (67.56 +0.51) - 10° L mol™ s
pyridine-4-carboxaldehyde 851 -10% L mol™ s
R?= 0.9984

Table 7.4-11 Summary of the imine formation kinetics for various aldehydes in a mixture of CD3CN/D20 (7:3, v/v). The
equilibrium conversion (x) is also expressed in terms of the equilibrium constant (K).
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7.4.2.12. N-propylbenzaldimine exchange with i-pentylamine

NS
A~ &)\
N + /\)\ e \N + HZN/\/
HoN CDCly

N-propylbenzaldimine was mixed in NMR tube with 1 equivalent of i-pentylamine thus giving
equimolar reaction mixture at concentration of 564 mM in CDCls. The reaction was followed by NMR
at intervals of 150 s. The integral intensities of =N-CH,- protons (3.45 — 3.61 ppm) were processed as
reversible first-order kinetic reaction with equilibrium constant K = 1.00. Data are plotted in Figure
7.4-12 and the results are given in Table 7.4-12.
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Figure 7.4-12 Plot of the processed integration data of imine exchange reaction for N-propylbenzaldimine with i-
pentylamine in CDCls followed by NMR. Raw integrals were processed as reversible first-order reaction with equilibrium
constant of K=1.

x = (K) 50 % (1.00)
k= (4.38+0.26)-10°s"
o= 1.16-10"s™
R?= 0.9982

Table 7.4-12 Linear regression coefficients and kinetic parameters of imine exchange reaction for N-propylbenzaldimine
with i-pentylamine in CDCls followed by NMR.
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7.4.2.13. N-propylsalicylaldimine exchange with i-pentylamine

SN ~ /\/k
HoN CDCl,

OH OH

N-propylsalicylaldimine was mixed in NMR tube with 1 equivalent of i-pentylamine thus
giving equimolar reaction mixture at concentration of 152.1 mM in CDCl;. The reaction was followed
by NMR at intervals of 157 s. The integral intensities of =N-CH,- protons (3.527 — 3.613 ppm) were
processed as reversible first-order kinetic reaction with equilibrium constant K = 1. Data are plotted
in Figure 7.4-13 and the results are given in Table 7.4-13.
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Figure 7.4-13 Plot of the processed integration data of imine exchange reaction for N-propylsalicylaldimine with i-
pentylamine in CDCls followed by NMR. Raw integrals were processed as reversible first-order reaction with equilibrium
constant of K = 1.

x = (K) 50 % (1.00)
k= (1.26+0.01)-10°s"
o= 2.456-10°s™
R?= 0.9924

Table 7.4-13 Linear regression coefficients and kinetic parameters of imine exchange reaction for N-
propylsalicylaldimine with i-pentylamine in CDCls followed by NMR.
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7.4.2.14. N-benzylidenaniline exchange with n-propylamine

NS
N
\N/© + HZN/\/ ~cDCh N + /©
3 HoN

N-benzylidenaniline was mixed in NMR tube with 1 equivalent of n-propylamine thus giving
equimolar reaction mixture at concentration of 264 mM in CDCls. The reaction was followed by NMR
at intervals of 176 s. The integral intensities of -CH=N- protons (8.467 ppm for N-benzylidenaniline
and 8.280 ppm for N-propylbenzaldimine) were processed as reversible first-order kinetic reaction
with equilibrium constant K = 9.00. Data are plotted in Figure 7.4-14 and the results are given in
Table 7.4-14.
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Figure 7.4-14 Plot of the processed integration data of imine exchange reaction for N-benzylidenaniline with n-
propylamine in CDCls followed by NMR. Raw integrals were processed as reversible first-order reaction with equilibrium
constant of K=9.

x = (K) 90 % (9.00)
k= (5.62+0.04)-10"s"
o= 7.85-10°s™
R?= 0.9980

Table 7.4-14 Linear regression coefficients and kinetic parameters of imine exchange reaction for N-benzylidenaniline
with n-propylamine in CDCI3 followed by NMR.
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7.4.2.15. N-propylbenzaldimine exchange with aniline

x>
N , @ \N/© TN U
H,N CDCl3 ©/\ 2

N-propylbenzaldimine was mixed in NMR tube with 1 equivalent of aniline thus giving
equimolar reaction mixture at concentration of 564 mM in CDCls. The reaction was followed by NMR
at intervals of 177 s. The integral intensities of -CH=N- protons (8.492 ppm for N-benzylidenaniline
and 8.308 ppm for N-propylbenzaldimine) were processed as reversible first-order kinetic reaction
with equilibrium constant K = 0.11. Data are plotted in Figure 7.4-15 and the results are given in
Table 7.4-15.
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Figure 7.4-15 Plot of the processed integration data of imine exchange reaction for N-propylbenzaldimine with aniline in
CDCIs followed by NMR. Raw integrals were processed as reversible first-order reaction with equilibrium constant of
K=0.11.

x = (K) 10 % (0.11)
k= (1.002+0.042)-107s*
o= 2.035-10°s™
R?= 0.9916

Table 7.4-15 Linear regression coefficients and kinetic parameters of imine exchange reaction for N-propylbenzaldimine
with aniline in CDCls followed by NMR.
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7.4.2.16. N-propylsalicylaldimine exchange with i-pentylamine

NS
H,N 3

OH
OH

N-propylsalicylaldimine was mixed in NMR tube with 1 equivalent of aniline thus giving
equimolar reaction mixture at concentration of 572 mM in CDCls;. The reaction was followed by NMR
at intervals of 157 s. The integral intensities of =N-CH,- protons (2.722 ppm) were processed as
reversible first-order kinetic reaction with equilibrium constant K = 0.068. Data are plotted in Figure
7.4-16 and the results are given in Table 7.4-16.
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Figure 7.4-16 Plot of the processed integration data of imine exchange reaction for N-propylsalicylaldimine with aniline
in CDCIs followed by NMR. Raw integrals were processed as reversible first-order reaction with equilibrium constant of
K=0.068.

x = (K) 6.4 % (0.068)
k= (9.68+0.18)-10"s"
o= 3.20-10°s™
R?= 0.9897

Table 7.4-16 Linear regression coefficients and kinetic parameters of imine exchange reaction for N-propyl-
salicylaldimine with aniline in CDCls followed by NMR.
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7.4.2.17. N-benzylidenaniline exchange with t-butylamine

©ﬁ\ N© ' H2N>< ool g >< H2N/©

N-benzylidenaniline was mixed in NMR tube with 1 equivalent of t-butylamine thus giving
equimolar reaction mixture at concentration of 264 mM in CDCls;. The reaction was followed by NMR
at intervals of 241 s. The integral intensities of -CH=N- protons (8.498 ppm for N-benzylidenaniline
and 8.316 ppm for N-t-butylbenzaldimine) were processed as reversible first-order kinetic reaction
with equilibrium constant K = 2.00. Data are plotted in Figure 7.4-17 and the results are given in
Table 7.4-17.
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Figure 7.4-17 Plot of the processed integration data of imine exchange reaction for N-benzylidenaniline with t-
butylamine in CDCls followed by NMR. Raw integrals were processed as reversible first-order reaction with equilibrium
constant of K=2.

= (K) 66 % (2.0)

k= (4.52+0.01)-10°s"
o= 8.36-10%s™
R?= 0.9998

Table 7.4-17 Linear regression coefficients and kinetic parameters of imine exchange reaction for N-benzylidenaniline
with t-butylamine in CDCls followed by NMR.
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7.4.2.18. N-propyl-aldimines exchange in aqueous media

The imine exchange reaction of several imines derived from various aldehydes was studied in
aqueous media, specifically a ds-acetonitrile/deuterium oxide mixture (7:3, v/v). To this end, the
equilibrated samples from the imine condensation experiments (Section 7.4.2.11) at 20 mM
concentration of the starting reagents were mixed with 50 puL of a 200 mM stock solution of
i-pentylamine, thus lowering the concentration level to 18.2 mM. The NMR spectra were recorded
immediately after mixing. The integral intensities of the two imine signals (both in the azomethine
region and the aliphatic region) were processed according the pseudo-first-order kinetics as
discussed in Section 7.4.1.3. The results of the fitting are provided in Table 7.4-18.

N\ —_
/\/ K=1 /\)\
N + A/k SN + O HNTYT
H,N 2

ACN/W
Aldimine Parameter Value
k= (12.83+0.96) - 10° s
benzaldimine o 6.88-10"s™
= 0.9946
k = (3.32+£0.08)-10° s
p-nitrobenzaldimine o 1.16-10%s™
R = 0.9933
k = >0.027s*
salicylaldimine o N/A
R>= N/A
k = >0.027 s
pyridine-2-carboxaldimine o N/A
R = N/A
k = (2.06 £0.05) - 10°s*
pyridine-4-carboxaldimine o 6.61-10°s™
R = 0.9937

Table 7.4-18 Summary of the imine exchange experiment in a mixture of CD3CN/D20 (7:3, v/v). The exchange reactions of
imines of salicylaldehyde and pyridine-2-aldehyde proceed too rapidly to be followed by NMR and the equilibrium is
reached within 60 seconds, which is the time needed to acquire the NMR spectrum. The rate is thus higher 0.027 s1. The
ratio between N-propyl and N-i-pentyl imine is 1:1 in all reaction mixture. The overall conversion of the aldehyde to
imines is increased when a second amine is added, but for the kinetic evaluation this conversion enhancement (about
5 %) was neglected, as it the kinetic models accounting for the conversion increase are very difficult.
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7.5. NMR experiments of imine-based molecular motion

The process of intramolecular displacement discussed in Chapter 3 was thoroughly studied
by NMR. From the large number of spectra acquired (>10 000 in this project), those which are
considered particularly important to prove the concept or structure are provided below. Caption
under each spectrum explains the composition of the sample and the important features.

7.5.1. NMR experiments of linear imine motion

In the following Figures, the intramolecular displacement is shown on several examples. The
Figures also show the importance of the conditions used, which explains why this process was not
described before, even though the compounds were studied in many instances. In each caption the
Larmor frequency of the spectrometer in indicated, as the line-shape and eventually coalescence of
signals is a function of the chemical shift in Hz, therefore it depends on the strength of the magnetic
field.
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Figure 7.5-1 1H-NMR spectra of BENZAL + Cz-DA in CDCls (top) and CD3sCN/Dz0 (bottom). Triplets around 3.65 ppm is
=N-CHz- methylene signal, triplets at 3.05 (top) and 2.85 (bottom) correspond to the -CH3-NH: methylene group.
Methylene signals of the bis-imine appear around 4.1 ppm (overlaps with water signal), free Cz-DA is around 2.6-2.7 ppm.
Small broadening of the methylene signals indicates acceleration of the intramolecular displacement to some extent, but
still relatively insignificant.
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Figure 7.5-2 400 MHz 1H-NMR spectra of the methylene region of SALAL + Cz-DA in pure CDsCN, temperatures from
bottom to top: 25, 35 and 55 °C. Signal of the methylene groups of the bis-imine is a singlet at 4.0 ppm, the =N-CHz-
methylene group is a triplet at 3.65 ppm, the -CH2-NH2 methylene group is a triplet at 2.95 ppm, free C2-DA is a singlet at
2.6 ppm. Sharp triplets are broadening with increased temperature, indicating accelerated intramolecular exchange.
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Figure 7.5-3 400 MHz 'H-NMR spectra of the methylene region of SALAL + Cz-DA in CDsCN/D20 (9:1 v/v), temperatures
from bottom to top: 5, 10,15, 20, 25, 35, 55, 60 and 70 °C. The triplets already lost the coupling pattern at 5 °C, but full
coalescence could not be reached (deuterium lock lost).
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Figure 7.5-4 400 MHz 1H-NMR spectra of the methylene region of SALAL + C2-DA in CD3CN/D;0 (8:2 v/v), temperatures
from bottom to top: 25, 35, 40, 42 and 44 °C. The coalescence of the methylene signals was reached at around 44 °C.

40 38 36 34 32 3.0 28 26 [ppm]

Figure 7.5-5 400 MHz 1H-NMR spectra of the methylene region of SALAL + Cz-DA in CDsCN/D20 (7:3 v/v), temperatures
from bottom to top: 25, 34, 35, 36, 37, 38 and 39 °C. The coalescence of the methylene signals was reached at 38 + 1 °C.
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Figure 7.5-6 400 MHz 1H-NMR spectra of the methylene region of SALAL + C2-DA in CD3CN/D:0 (6:4 v/v), temperatures
from bottom to top: 25, 30, 31, 32 and 35 °C. The coalescence of the methylene signals was reached at 31 + 1 °C.
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Figure 7.5-7 400 MHz 1H-NMR spectra of the methylene region of SALAL + Cz-DA in CDsCN/Dz0 (5:5 v/v), temperatures
from bottom to top: 25, 26, 27, 28, 29 and 30 °C. The coalescence of the methylene signals is already almost reached at
room temperature, being 27 + 1 °C.
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Figure 7.5-8 400 MHz 1H-NMR spectra of the methylene region of SALAL + Cz-DA in CD3CN/D20 (7:3 v/v) at 36 °C, pH
from bottom to top 9.29 (acidified by DCI in D20), 10.63 (unchanged), and 11.83 (alkalized by KOD in D:0). Peaks
truncated for clarity. This experiment shows that the coalescence temperature does not depend on pH in range of pH 9.3-
11.8.
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Figure 7.5-9 400 MHz 1H-NMR spectra of the methylene region of BENZAL + C2-DA in CD3CN/D20 (7:3 v/v), temperatures
from bottom to top 25, 35, 45, 55, 65 and 75 °C. The two methylene groups of the mono-imine give triplets at 3.62 ppm
(CHz group next to imine nitrogen) and 2.85 ppm (CHz group next to amine nitrogen). A small amount of aminal is
present as well, as can be seen in the region 3.0 - 3.1 ppm where weak signals of multiplets of the aminal can be found.
The water signal is gradually shifting from 3.93 ppm at 25 °C to 3.27 ppm at 75 °C. The signal of the two methylene
groups of the bis-imine at 3.91 ppm is hidden behind the water peak at 25 °C and is revealed as the temperature
increases. The signal of unreacted Cz-DA appears at 2.65 ppm.
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Figure 7.5-10 400 MHz 1H-NMR spectra of the methylene region of PYRAL + C2-DA in CD3CN/D:20 (7:3 v/v), temperatures
from bottom to top 25, 35, 45, 55, 65 and 75 °C. The signal of the methylene group next to the imine nitrogen in the mono-
imine is at 3.74 ppm while the signal of the methylene group next to the amine overlaps with the aminal signals at 2.93
and 3.13 ppm. The aminal is the dominant product of this reaction. The water signal is gradually shifting from 3.98 ppm
at 25 °C to 3.33 ppm at 75 °C. The signal of the two methylene groups of the bis-imine is found at 4.05 ppm. The signal of
unreacted Cz-DA appears at 2.65 ppm.
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Figure 7.5-11 Graph of Eyring equation fits for different proportions of D20 in CD3CN.
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Figure 7.5-12 600 MHz 'H-NMR spectrum of sodium 2-formylbenzoate with enzN3 in CD3CN/D20 7:3 (v/v) at 100 mM
concentration of both at 25 °C. The two peaks at 5.1 ppm correspond to the O-CH-N proton of the central aminolactone;

signal assignment in Figure 7.5-17.
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Figure 7.5-13 150.9 MHz 13C-NMR spectrum of sodium 2-formylbenzoate with enzN3 in CD3CN/D20 7:3 (v/v) at 100 mM
concentration of both at 25 °C.
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Figure 7.5-14 2D 1H-COSY NMR spectrum of sodium 2-formylbenzoate with enzNs in CDsCN/D20 7:3 (v/v) at 100 mM
concentration of both at 25 °C.
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Figure 7.5-15 2D 1H-13C HSQC NMR spectrum of sodium 2-formylbenzoate with enzNs in CDsCN/D20 7:3 (v/v) at 100 mM
concentration of both at 25 °C.
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Figure 7.5-16 2D 1H-13C HMBC NMR spectrum of sodium 2-formylbenzoate with enzNs in CD3CN/D20 7:3 (v/v) at 100 mM
concentration of both at 25 °C.
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Figure 7.5-17 Structure representation and peak assignment for spectra from Figure 7.5-12 to Figure 7.5-16.
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Figure 7.5-18 Comparison of 1D 400 MHz H-NMR spectra of sodium 2-formylbenzoate reacted with propylamine (blue),
C2-DA (red) and enzN3 (green) in CD3CN/D20 7:3 (v/v) at 20 mM concentration of both reagents at 25 °C. pH maintained
at 11.1#0.1. The lactone peak at 5.1 ppm appears only in the case when secondary nitrogen is present. Also, this
comparison disproves the aminal structure, as the aminal could be equally formed with Cz-DA and enzNs, but only in case
of enzNs the corresponding signal is observed.
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Figure 7.5-19 1H-NMR spectrum of a 20 mM equimolar mixture of SALAL + C3-DA in CDsCN/D20 (7:3 v/v). The mixture
contains unreacted aldehyde (10.10 ppm), unreacted C3-DA (2.64 ppm triplet, 1.57 ppm quintet), mono-imine (8.38, 3.64
and 2.73 ppm, broad singlets, 1.81 ppm multiplet), and bis-imine (8.47 ppm singlet, 3.73 ppm triplet and 2.12 ppm
quintet).

194



)
-ﬁ

ﬂf\

e e e e e e e e e e e e e e e e e e e e [ s B

: ; s &F
# ﬁ >
e,
CC\NWNH?. .,
OH J
B ’ o
' @ = H
LA (LA R B R (LN S B I S R I B B I L
35 3.0 25 2.0 15 F2 [ppm]

15 F1 [ppm]

3.0 25 20

35

Figure 7.5-20 2D *H-NOESY spectrum of SALAL + Cs-DA in CDsCN/D20 7:3 (v/v). The signal of the methylene group next
to imine nitrogen is at 3.61 ppm while the methylene group next to amine nitrogen overlaps with free Cs-DA at 2.60 ppm.
The positive cross-peaks correspond to intermolecular exchange of free diamine with mono-imine. It is noteworthy that
the intramolecular exchange is probably taking place as well, but it is covered by the faster intermolecular one.
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Figure 7.5-21 1H-NMR spectra of Cz-DA with 5-hydroxy-SALAL (green), 5-chloro-SALAL (red) and 5-chloro-SALAL added
to the equilibrated mixture of Cz-DA with 5-hydroxy-SALAL (blue). Evident reequilibration takes place and signals of both
mono-imines are observed simultaneously (two broad signals at 3.6 and 2.9 ppm for hydroxy derivative, and broad signal
at 3.25 ppm for chloro derivative). Sample suffered heavy precipitation of resulting bis-imines.
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7.5.1.1.  Activation parameters as function of water content

D20 content 50 % 40 % 30 % 20 % 10 % 0%
AH [KImol®] 37.8#1.4 41.3+25 38.8+0.5 36.9+3.0 22.5+0.5 16.1+4.8
AS'[Jmol* K?']  -6545 -55¢8 -66.0+1.5 -76+10 -129+2  -175%15
Table 7.5-1 Activation enthalpy (AH%) and entropy (AS*) of the intramolecular imine exchange of SALAL + Cz-DA

determined in a mixture of CD3CN/Dz0 at different percentage of water. The corresponding spectra are presented in
Figure 7.5-2 to Figure 7.5-7.

7.5.2. Example of EXSY experiment

2D EXSY experiments were used throughout the Chapter 3 to quantify rates of chemical
exchange in dynamic equilibria studied. EXSY is a unique tool for the rate analysis, especially in its 2D
form, because: a) signals are separated into two dimensions thus reaching better resolution, b)
unlike signal line-shape (and the subsequent fitting) the EXSY does not depend on the strength of the
magnetic field, c) unlike for line-shape fitting analysis, for EXSY is sufficient to have one well
separated signal from other and, d) complex exchange processes can be evaluated simultaneously in
one experiment.

The 2D EXSY experiment consists of series of 2D NOESY experiments with different values of
one delay in the pulse sequence called mixing time (t,). Only plain noesyph pulse sequence is
suitable for EXSY as all its other variants are using gradients and/or the mixing cannot be set as 0,
which is necessary for the determination of the so-called equilibrium magnetization (intensity of the
diagonal peaks). The receiver gain was optimized once for the first experiment and kept constant for
the sample. Typical set of t,, values was 0, 0.010, 0.025, 0.05, 0.075, 0.1, 0.125, 0.15, 0.175, 0.2, 0.25
and 0.5 s. The 2D integration ranges were optimized on the spectrum at around t,=0.5 s and
transferred to all others. Integration of all spectra with the same integration ranges gave a matrix of
integral intensities for the given set of mixing times.

Calculation of exchange rates was performed using the NOESY build-up curve, where the
intensity of the cross-peaks is plotted as a function of t,. Due to the inherent symmetry of NOESY
spectra, the cross-peak intensity was averaged over the diagonal. A typical curve obtained is shown
in Figure 7.5-22. The curve grows linearly from t,=0 until the relaxation becomes important (usually
around t,=0.2 s) and this linear part is fitted by linear regression with forced intercept y,-0=0. The
slope of this regression is also function of the receiver gain. To remove this effect, the slope is
divided by the “equilibrium magnetization” which is the intensity of diagonal peaks between which
the cross-peak is observed at t,,=0. Therefore, the slope divided by the equilibrium magnetization of
peak A gives the rate of exchange A - B, k;, and on the other hand, the same slope divided by the
equilibrium magnetization of peak B is the value for the reverse reaction B - A, k,, fulfilling the
definition for the equilibrium constant K=c[B]/c[A]=ki/k,. The rates were verified by EXSYCalc
program. For the intramolecular exchange reaction of symmetrical diamines where starting and end
points are the same, k; = k,. This is very beneficial since peaks can overlap heavily in the NMR
spectra. With this approach, only one well separated signal is needed to calculate the exchange rate.

EXSY experiments were recorded at two concentration levels, 20 and 8 mM. It was shown
that intermolecular imine exchange reactions follow first order kinetic and thus lowering the
concentration by factor of 2.5 should lead to decrease in the observed rate by 2.5 as well. This was
the criterion used for qualifying the imine exchange as intra- or intermolecular. For all exchange
rates, 95 % confidence interval was calculated. Data with 95 % confidence interval which was 10 % or
less of the rate value were considered good, data with 95 % confidence interval being 20 % and more
were rejected, data with 95 % confidence interval between 10 % - 20 % were repeated twice more to
make them acceptable (narrowing the confidential interval) or to be rejected (if not reproducible).
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Figure 7.5-22 Typical NOESY build-up curves for the mixture of SALAL with tren in CD3CN/Dz0 (7:3 v/v). Two
intramolecular exchanges are observed, one in mono-imine and one in bis-imine. The slope is identical for the two
concentrations proving the intramolecular character of the process.

An example of a 2D EXSY experiment is shown on reaction of SALAL with tren. Due to the
presence of bis- and tris-imine, exchange pattern is very rich. The 2D NOESY spectra at three mixing
time values are given in Figure 7.5-23 to Figure 7.5-25 and Figure 7.5-27. Integration regions are not
shown for clarity. A comparison of the obtained rates by NOESY build-up approach and by EXSYCalc
program at two different concentrations is given in Table 7.5-2.
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Figure 7.5-23 2D 1H-NOESY NMR spectrum of SALAL with tren at 20 mM concentration both in CD3CN/D;0 7:3 (v/v).
NOESY mixing time = 0 s. The observed cross-peaks are COSY correlations as the NOESY sequence with mixing time = 0 s
is essentially identical to the COSY sequence.
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Figure 7.5-24 2D 1H-NOESY NMR spectrum of SALAL with tren at 20 mM concentration both in CDsCN/D20 7:3 (v/v) at

pH = 10.7. NOESY mixing time = 0.500 s.
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Figure 7.5-25 2D 1H-NOESY NMR spectrum of SALAL with tren at 20 mM concentration both in CD3CN/D;0 7:3 (v/v) at
pH = 10.7. NOESY mixing time = 0.800 s. Peaks labelled in this spectrum are assigned to the structures in Figure 7.5-26.
Since 2D-NOESY spectra are diagonally symmetrical, average between equivalent peaks was taken into the calculation,
i.e. intensity of cross-peak AF + intensity of cross-peak AF' was divided by 2. Signals around 3.6 ppm are well separated
and suitable for EXSY calculation.
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Figure 7.5-26 Structures for peaks assignment in Figure 7.5-25. Signals D and G are superposition of two signals, which is
confirmed by other NMR techniques.
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Figure 7.5-27 2D 1H-NOESY NMR spectrum of SALAL with tren at 20 mM concentration both in CDsCN/D20 7:3 (v/v) at
pH = 10.7. NOESY mixing time = 1.000 s. Arrows indicate signals which were chosen to plot their relative intensities in
Figure 7.5-22.

Rate at 20 mM Rate at 8 mM Rate at 20 mM Rate at 8 mM

by NOESY build-up by NOESY build-up by EXSYCalc by EXSYCalc
Integral A 3.68 4.00 4.00 4.00
Integral B 1.06 1.20 1.25 1.25

Table 7.5-2 Comparison of obtained rates at two different concentrations and EXSYCalc values calculated at mixing time
=0.125 s (in the linear growth region).

7.5.3. Kinetic experiments of walking

To prove the ability of SALAL to perform a single step, the bis-imine-aminal Salzen;N, was
treated by methoxyamine (free base) in CDCl; (control experiments in dg¢-DMSO and CDs;CN), as
discussed above. Following Figures show the NMR traces recorded after addition of the
methoxyamine.
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Figure 7.5-28 Overview of the time evolution of the 400 MHz !H-NMR spectra of SalzensNy treated with 1 eq. of
methoxyamine in deuterochloroform. Time stamps indicated.
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Figure 7.5-29 Detail of the imine and oxime region of the 400 MHz H-NMR spectra. The initial imine signal of Salzen3N4
is decreasing over time, while the oxime signal at 8.19 ppm is increasing. Also, signals of intermediary species are
observed. For the signal identification see Figure 7.5-31.
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Figure 7.5-30 Detail of the aliphatic region of the 400 MHz 'H-NMR spectra. The initial aminal signal of Salzen3N4 at 3.88
ppm is decreasing over time. Concomitantly, the singlet of the central methylene groups of the final bis-imine is
increasing at 3.55 ppm. For the signal identification see Figure 7.5-31.
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Figure 7.5-31 Mechanistic scheme and proton signal assignment for the reaction of methoxyamine with the bis-imine-
aminal SalsensNs, corresponding to the kinetic experiments in the previous Figures.

As control experiment, the same reaction was performed in d¢-DMSO and ds-acetonitrile and
in both cases the situation was similar, however the best signal separation was achieved in
chloroform.
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7.5.4. NMR experiments of circular motion

7.5.4.1. Triazacyclononane
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Figure 7.5-32 1H-NMR spectra of tacn mixed with SALAL (blue), PYRAL (red) and CAXAL (green) in ds-DMSO. In all case
the aminal is formed relatively efficiently, but the structures are very stable and no intramolecular exchange is observed,
which is also indicated by sharp lines in the aliphatic region. The aminal signals are largely shifted upfield compared to
linear polyamines studied before (consistent with the literaturel334).
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Figure 7.5-33 2D 1H-NOESY spectrum of the mixture of SALAL with tacn in ds-DMSO after addition of 1 eq. of TFA. The
signals in the aliphatic part of the spectrum are very broad and overlap, yet they do show chemical exchange cross-peaks.
However, the shape and the overlap of the signals prevent the rate determination by EXSY.
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Figure 7.5-34 2D 1H-NOESY spectrum of the mixture of PYRAL with tacn in ds-DMSO after addition of 1 eq. of TFA. The
signals in the aliphatic part of the spectrum are broadened and they do show chemical exchange cross-peaks. However,
the shape and the overlap of the signals prevent the rate determination by EXSY
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Figure 7.5-35 2D 1H-NOESY spectrum of the mixture of CAXAL with tacn in ds-DMSO after addition of 1 eq. of TFA. The
signals in the aliphatic part of the spectrum are very broad and overlap with residual water signal, yet they do show
chemical exchange cross-peaks. Moreover, the azomethine signals splits into two singlets: one at 6.1 ppm corresponding
to the aminal structure, and one at 6.6 ppm corresponding to the lactone structure (the other relatively close signal is the
hydroxy-lactone of hydrolysed CAXAL. Furthermore, the aminal and lactone structures do have chemical exchange cross-
peaks, indicating a dynamic exchange process between these two forms.
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Figure 7.5-36 2D 1H-NOESY spectrum of the mixture of SALAL with tacn in CD3CN/Dz0 (7:3). The signals in the aliphatic
part of the spectrum are partially broadened, yet they do show chemical exchange cross-peaks. EXSY analysis was
performed on the chemical exchange pattern and gave a rate of the intramolecular exchange of 0.75 Hz. Concomitant
“ring-flip” process has a rate of 1.8 Hz.
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Figure 7.5-37 1H-NMR spectra of tacn reacted with PYRAL (blue) and CAXAL (red) in a mixture of CD3CN/D20 (7:3, v/v).
The aminals are formed very efficiently, but the structures are very stable, giving sharp line of the aliphatic signals and no
exchange cross-peaks in the corresponding 2D NOESY spectra.
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Figure 7.5-38 1H-NMR spectra of the same samples as presented in Figure 7.5-37 (tacn reacted with PYRAL (blue) and
CAXAL (red)) after acidification by 1 eq. of TFA. Extensive hydrolysis was observed in both cases, the residual aminal
signals are broad indicating that the intramolecular exchagne is indeed taking place, but no quantification was
performed.

7.5.4.2. Cyclen
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Figure 7.5-39 1H-NMR spectra of cyclen reacted with SALAL (blue) and PYRAL (red) in ds-DMSO. The aminal is indeed

formed in these two cases (unlike in the case of CAXAL, not presented here), but the structures are very stable, giving
sharp lines of the aliphatic signals and no chemical exchagne cross-peak in the corresponding 2D NOESY spectra.
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Figure 7.5-40 2D 1H-NOESY spectrum of cyclen reacted with SALAL in ds-DMSO after addition of 1 eq. of TFA. The
chemical exchange cross-peaks in the aliphatic region are observed, but they overlap (with each other and with residual
water signal) and the 2D integration is heavily flawed by this overlap. No quantification was therefore performed.
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Figure 7.5-41 2D 1H-NOESY spectrum of cyclen reacted with PYRAL in ds-DMSO after addition of 1 eq. of TFA. The aminal
structure is stable even after acidification and no exchange peaks are observed. Further acidification by more equivalents
of TFA leads to extensive hydrolysis.
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Figure 7.5-42 1H-NOESY spectrum of cyclen reacted with CAXAL in ds-DMSO after addition of 1 eq. of TFA. The signals in
the aliphatic region are very broad and actually coalesced. Chemical exchange cross-peaks are observable, but cannot be
integrated. No quantification of the exchange was performed.
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Figure 7.5-43 1H-NMR spectrum of cyclen reacted with SALAL in ds-methanol at 20 mM concentration. A hemiaminal
formed by the reaction of iminium with the solvent is observed as a singlet at around 5.4 ppm as well as a new CHD;
quintet at around 2.6 ppm. The aminal signal is also observed as a singlet at 5.6 ppm. The hemiaminal formation is
strongly dependent on concentration - at higher concentration level of reagents this structure is not observed. On the
other hand, formation of a bis-aminal (reaction of 2 aldehydes with 1 cyclen) becomes important at concentrations as
high as 100 mM.
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7.5.5. NMR spectra for directional walking
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Figure 7.5-44 2D 1H-NOESY spectrum of the mixture of sodium salt of CAXAL with BnEDA in ds-DMSO without any pH
adjustment. The imine is the dominant species in the solution, but some aminal is observed as well. Moreover, Chemical
exchange between the imine and the aminal is observed by the positive cross-peaks.
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Figure 7.5-45 2D 1H-NOESY spectrum of the mixture of BnEDA with sodium salt of CAXAL after addition of 1 eq. of TFA.
Very broad signals in the aliphatic part indicate a very fast exchange process between species.
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Figure 7.5-46 2D 1H-NOESY spectrum of the mixture of BnEDA with sodium salt of CAXAL after addition of 2 eq. of TFA.
The lactone formed appears as a singlet at around 6.6 ppm. The chiral centre on the lactone ring causes splitting of the
benzylic CHz protons into a pair of doublets at 3.75 ppm. Some hydrolysis is observed as well, specifically the hydrolysed
BnEDA appears as a benzylic singlet at 4.2 ppm. NOE interactions of the lactone singlet with the split benzylic signals as
well as with the methylene CH: signals prove the structure.
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Figure 7.5-47 2D 1H-13C HSQC spectrum of the mixture of OH-CAXAL with NsenzprNOBn in ds-DMSO without any pH
adjustment. (proton spectrum provided in the Section 3.3.3). The chiral centre of the lactone ring causes splitting of the
benzylic signals into a pair of doublets at 4.7 and 4.1 ppm. These two signals have HSQC correlation with only carbon
signal, proving that they indeed belong to one benzylic CHz group of two diastereotopic protons. Some unreacted
NsenzprNOBn is observed as well, appearing as a signal at 4.6 ppm.
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Figure 7.5-48 2D 1H-13C HMBC spectrum of the mixture of OH-CAXAL with NsenzprNOBn in ds-DMSO without any pH
adjustment. The lactone signal at 6.6 ppm has an HMBC correlation with one of the aliphatic CHz signals, proving that the
lactone is indeed formed on the terminal hydroxylamine site. It also proves that the structure observed is not an aminal,
as the aminal azomethine proton would have an HMBC correlation with two or three different CHz groups.
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Figure 7.5-49 2D 1H-NOESY spectrum of the mixture of OH-CAXAL with NsenzprNOBn in ds-DMSO without any pH
adjustment. The lactone signals at 6.6 ppm has a NOE correlation with the two benzylic doublets and the signal of the
middle methylene group of the propylene spacer. The correlation with the terminal methylene signal is visible when the
intensity of the spectrum is scaled up, but other correlations are less clear in this case. The observed NOE correlation
clearly confirm that the lactone is indeed formed on the terminal hydroxylamine site.
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Figure 7.5-50 2D 1H-COSY spectrum of the mixture of OH-CAXAL with NsenzprNOBn in ds-DMSO without any pH
adjustment. The split benzylic CH:z signals have a strong COSY correlation, proving the geminal coupling of a
diastereotopic pair of protons.
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Figure 7.5-51 2D 1H-13C HSQC spectrum of the mixture of OH-CAXAL with NsenzprNOBn in ds-DMSO with DBU. The
lactone signal has disappeared from the spectrum, instead an imine signal at 9.1 ppm is observed. This signal has an
HSQC correlation with a carbon signal at around 165 ppm, which is the typical region of the imine carbon signals.
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Figure 7.5-52 2D 1H-NOESY spectrum of the mixture of OH-CAXAL with NsenzprNOBn in ds-DMSO with DBU. The imine
signal at 9.1 ppm has an exchange correlation with a signal at around 4.7 ppm, probably indicating a dynamic exchange
with the aminal form. It is noteworthy that the signal at 4.7 ppm is a barely visible broad singlet in 1D 1H-NMR spectrum.
The NOE interaction of the imine signal with the =N-CH: signal is visible when the intensity of the spectrum is scaled up
(only small trace in the presented picture), but other correlation are less clear in such case. The strong signals in the
aliphatic region are attributed to DBU.
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Figure 7.5-53 2D 1H-13C HMBC spectrum of the mixture of OH-CAXAL with NzenzprNOBn in ds-DMSO with DBU. The
imine signal at 9.1 ppm has an HMBC correlation with one of the aliphatic signals proving that the imine is indeed formed
on the NH: terminus of the polyamine chain.
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7.6. Dynamic reaction selectivity

The Chapter 4 discussed the simplexity selection in 3+3 aldehyde amine library. Since this
experiment inherently includes the 2+2 experiments through the deconvolution, the respective
selection matrices are provided here. Please note that the molar fraction indicated states for all
products formed by the reaction of the two species (if there is more than one). Also, the difference
between the sum of each row or column and 100 % is the fraction of unreacted compound.

7.6.1. Selection matrices
SALAL PYRAL CAXAL SALAL PYRAL CAXAL
IPA 0.88 0.12 0
Me2PDA 0.12 0.88 Me2PDA 0.21 0.89 0
PIP 0 0 1 PIP 0 0 1
SALAL PYRAL SALAL PYRAL CAXAL
IPA 0.83 0.17 IPA 0.71 0.29 0
Me2PDA 0.17 0.83
PIP 0 0 PIP 0 0 1
SALAL CAXAL SALAL PYRAL CAXAL
IPA 0.6 0 IPA 0.7 0.25 0.07
Me2PDA 0.4 0.59 Me2PDA 0.12 0.52 0.36
PIP 041 ]
PYRAL | CAXAL SALAL PYRAL | CAXAL
IPA 0.35 0.23
Me2PDA 0.65 0.24
PIP 0 0.53 PIP 0 0 1
SALAL SALAL PYRAL | CAXAL
IPA 0.5 IPA 0.58 0.27 0.15
Me2PDA 0.5
PIP
CAXAL
IPA 0.33
Me2PDA 0.63 Me2PDA
PIP 0.04 |
SALAL PYRAL
IPA IPA 0.75 0.25
Me2PDA Me2PDA
PIP
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Me2PDA
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selector

mean
0.732 0.419 0.259
0.461 0.688 0.489
0.023 0.116 0.744

0.123 -0.220 | -0.191

-0.232 0.145 -0.337

-0.022 -0.097 0.166
std

0.169 0.265 0.264

0.318 0.243 0.310

0.078 0.163 0.351
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7.7. NMR comparison for STM results

The following figures provide detailed NMR data on the imine formation and exchange which
were used for a comparison between bulk solution kinetics and kinetics observed by STM on the
HOPG surface. The results are discussed in Chapter 5. In the Captions of the following Figures, the
molecules are abbreviated in the same fashion as in the text, specifically: 4-(hexadecyloxy)-
benzaldehyde A, ethylenediamine B2, 1,6-diaminohexane B6 and 1,12-diaminododecane B12. The
mono-imines formed by the condensation of one molecule of A with one amino group of either of
the diamines is denoted as A;Bx, the bis-imine formed by a double condensation reaction is denoted
as A,Bx.
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Figure 7.7-1 1H-NMR spectrum (at 600 MHz, aliphatic region) of the signal evolution during the AzB2 + B6 imine
exchange reaction (the peaks assignment: AzB2 3.99 ppm, A1B6 3.55 ppm, A2B6 3.58 ppm, A1B2 3.48 and 2.90 ppm, B2
2.38 ppm, signal around 2.50 ppm is a mixture of the -CH2NH: signals of B6 and A1B6).
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Figure 7.7-2 400 MHz 1H-NMR spectrum of the mixture of 4 eq. of aldehyde A with B2 and B12 diamines (1 eq. each, both
20 mM in dg-toluene), aliphatic part. The singlet at 3.4 ppm corresponds to the methylene signals of the AzB2, pseudo-
quartet at 3.0 ppm contains =N-CHz-signals of both A1B12 and AzB12, triplets at 2.9 and 2.3 ppm correspond to the
methylene signals of the A1B2, multiplet at 1.95 ppm correspond to the -CHz2-NH: proton of the A1B12.
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Figure 7.7-3 The aldehyde and imine section of the 400 MHz 1H-NMR spectrum of the mixture of 4 eq. of aldehyde A with
diamines B2 and B12 (1 eq. and 20 mM each). Approximately 10 % of the aldehyde remains unreacted (9.12 ppm). The
imine signals overlap and only the signal of A1B2 is separated at 7.45 ppm. Indicated integral values are normalized with
respect to the aliphatic part of the spectrum in Figure 7.7-2.

218



[rel]

1.0 12

08

06

04

0.2

AN S B S S S S B S S S B S S B B S S S SN BN S B BN S S

_.__J A M,
A HA B S

Figure 7.7-4 The aliphatic section of the 400 MHz 1H-NMR spectrum of the mixture of 6 eq. of the aldehyde A with
diamines B2, B6 and B12 (1 eq. and 20 mM each). The singlet at 3.4 ppm corresponds to the methylene signals of the
AzB2, the multiplet at 3.0 ppm contains =N-CHz-combined signals of A1B6, AzB6, A1B12 and Az2B12, triplets at 2.9 and
2.3 ppm correspond to the methylene signals of the A1B2, the multiplet at 1.95 ppm correspond to -CH2-NHz protons of
the A1B6 and A1B12.
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Figure 7.7-5 The aldehyde and imine section of the 400 MHz 1H-NMR spectrum of the mixture of 6 eq. of the aldehyde A
with diamines B2, B6 and B12 (1 eq. and 20 mM each). Approximately 8 % of the aldehyde (9.12 ppm) remains
unreacted. The signals partially overlap: separated single at 7.45 ppm correspond to mono-imine A1B2, the singlet at
7.50 ppm corresponds to AzB6, the singlet at 7.55 ppm contains both AzB2 and AzB12 signals (corrected integrals
obtained by signal deconvolution gives integral intensity of 2.0 for the AzB6 at 7.50 ppm and 4.0 for the mixed A2B2 and
AzB12 signal at 7.55 ppm). Indicated integral values are normalized with respect to the aliphatic part of the spectrum in
Figure 7.7-4. The ratio of bis-imines A2B2 : A2B6 : A2B12 is 1:1:1.
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MOTIONAL, REACTIONAL AND CONSTITUTIONAL
DYNAMICS OF IMINES

Résumé

Les travaux réalisées lors de cette these s'intéressent aux dynamiques de mouvement, de réaction et
de constitution des fonctions imines. Les aldéhydes les plus réactives pour cette réaction de
condensation ont été identifiées. Un processus d'échange intramoléculaire aléatoire rapide a été
observé entre le salicylaldéhyde et I'éthylenediamine dont la vitesse est contrblée par les
substituants, la longueur de la chaine amine, le solvant et la température. Cette observation conduit
a I'élaboration de mouvements de déplacement d'abord non-directionnels puis développés pour
devenir directionnels. Une sélectivité dynamique réactionnelle a été introduite sur des mélanges
d'aldéhydes et d'amines. Elle a été baptisée simpléxité et est utilisée pour de la protection de
fonctions. Enfin, la nature dynamique de limine a été étudiée a linterface solide-liquide par
microscopie a effet tunnel et montre une accélération et une amplification des produits formées sur la
surface.

Mots-clés : mouvement moléculaire, bibliotheques combinatoires dynamiques, simplexité, sélection
en réseaux réactionnels, effets de surface

Summary

This thesis reports on the intertwined motional, reactional and constitutional dynamics of imines. It
goes from acquiring the basic data about the reaction to applications in various fields of Chemistry.
The most reactive aldehydes for the reaction were identified and their reactivities were explained by
physical-organic chemistry methods. An intramolecular motion was observed for simple diamines.
This observation led to introduction of a non-directional small molecule walking, and eventually to
development of a directional walker. A representation of dynamic combinatorial libraries was
proposed and then was used for analysis of aldehyde-amine libraries, which exhibit selective
amplification of a given species due to the complexity of its composition. This phenomenon was
called simplexity. The simplexity example was then used as a concept for dynamic selective
protecting groups in acylation of amines. Also, the dynamic imine linkage was also studied on the
solid-liquid interface. It was found that the reactions taking place at the graphite surface are largely
accelerated and that the formation of the largest molecules is amplified due to the surface.

Keywords : molecular walking, dynamic combinatorial libraries, simplexity, selection in reactional
networks, surface effect




