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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.
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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.

20



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
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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
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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.

33



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.
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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
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. =@=conversion of amine
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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,
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Figure 2.2-4 Group C provides a comparison with trifluoromethy