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Voorwoord

Ondanks het toenemende aantal promoties is het voltooien van een proefschrift
ook tegenwoordig geen sinecure. Bovendien is er een sterk contrast tussen enerzijds de tijd en
moeite die je je als AIO getroost om tot een inhoudelijk mooi en goed leesbaar proefschrift te
komen, en anderzijds de tijd die je publiek erin leest. Na gezorgd te hebben voor mooie
resultaten vergde het opschrijven ervan tot een goed leesbaar en begrijpelijk verhaal met een
duidelijke lijn veel moeite. Hierbij werd zowel mijn geduld als dat van mijn begeleider danig
op de proef gesteld, maar na stug doorzetten is het dan zover: het boekje is nu eindelijk af.

Voor het schrijven van het dankwoord daarentegen, ongetwijfeld het meest
gelezen deel van een proefschrift en door de meesten die daarin vernoemd worden vaak ook
wel het meest gewaardeerde, heb je ironisch genoeg veel minder tijd nodig, hoewel dit
schrijven soms ook behoorlijk lastig kan zijn. Gedurende mijn promotietijd zijn er vele
mensen geweest die, elk op hun eigen wijze, een bijdrage hebben geleverd cq. invloed hebben
gehad die geleid heeft tot het resultaat zoals dat nu voor je ligt. Van deze gelegenheid maak ik
dan ook graag gebruik om desbetreffende personen voor hun bijdrage te bedanken.

Als eerste wil ik mijn (eerste) promotor, Bert Meijer, bedanken voor de
geboden gelegenheid om een promotieonderzoek in zijn lab uit te voeren, voor het zeer
motiverende en enerverende onderwerp waaraan ik heb mogen werken, voor de vrijheid die
hij mij in het uitvoeren van het onderzoek heeft gegeven, en voor zijn aanhoudende
stimulering cq. prikkeling om te komen tot ‘de gemiddelde AIO ontstijgende’ resultaten. Bert,
meer nog wil ik je bedanken voor het inzicht dat je me hebt gegeven dat het verkrijgen van
mooie resultaten één ding is, maar dat de vaardigheden om deze te kunnen ‘verkopen’
soms/vaak zo mogelijk nog belangrijker gevonden worden en dus kunnen zijn. Hoewel de lijn
en targets van het onderzoek, de strategie om te komen tot de resultaten, en een (mogelijke)
strategie tot presentatie, mij altijd duidelijk zijn geweest, heeft jouw visie op de grote lijnen,
en op de optimale ‘verkoop’strategie, me veel inzicht gegeven in de mogelijke succesfactoren
in de moderne wetenschappelijke wereld. Daarom heeft dit me op diverse punten veel
geholpen, oa bij het schrijven van het proefschrift. Bij deze wil ik eveneens mijn tweede
promotor, David Reinhoudt, bedanken om mijn tweede promotor te willen zijn.

Als begeleider en tevens copromotor was jij, Rint Sijbesma, altijd nauw bij
mijn onderzoek betrokken, vooral toen na het vinden van de sterke en unidirectionele
dimerisatie via viervoudige waterstofbruggen één van je doelstellingen gerealiseerd leek te
kunnen worden. Deze nauwe betrokkenheid heeft als positief effect het behalen van de mooie
resultaten danig bespoedigd. Het bleek helaas echter nogal lastig om dit inhoudelijke succes,
en het dientengevolge kunnen realiseren van Lehn’s mooie concepten, om te zetten in
persoonlijk succes (een Science artikel), maar jij hebt me laten zien dat een aanhouder



viteindelijk kan winnen. Verder wil ik je volhardendheid in het verbeteren van mijn
manuscripten, en de shelheid van doorkijken daarbij, niet onvermeld laten.

Jef Vekemans, jou wil ik bedanken voor je steun in raad en daad door, mijns
insziens, je diepgaand inzicht in persoonlijke gezichtspunten, waarden en normen. Je had
altijd wel een minuutje (of meer) tijd. Beste Jef, van je vermogen om alles in een bredere
contekst te plaatsen, en dat zelfs vanuit verschillende perspectieven, heb ik veel waardevolle
dingen geleerd. Behalve op menselijk gebied heb je zeker ook op wetenschappelijk gebied
een belangrijke bijdrage geleverd, voor mij met name bij het schrijven van het proefschrift.

~ Tijdens mijn promotie hebben diverse studenten een waardevolle inbreng
geleverd aan mijn onderzoek. Toch is deze inbreng, om verschillende redenen, niet altijd even
expliciet in de inhoud van mijn proefschrift terug te vinden. Justin Hommes, als mijn eerste
research-stage student heb je je bezig gehouden met iets wat uiteindelijk helaas een dood
spoor bleek. Toch heb ik jouw voorliefde voor, en succes in ruige chemie zeer gewaaidcerd.
Jacco de Kraker, ook jouw onderzoek bleek later helaas een doodlopend spoor, hoewel je
jouw specifieke research-stage opdracht met succes hebt volbracht. Jij hebt inzicht gegeven in
de moeilijke ketoester chemie. Hoang Hirschberg, omdat jij gelukkig op een tijdstip kwam
dat mijn onderzoek meer vorm had gekregen, zijn jouw waardevolle syntheseresultaten terug
te vinden in hoofdstuk 3. Luc Brunsveld, jij kwam werkelijk op het meest ideaal denkbare
tijdstip in mijn onderzoek terecht, maar het is toch zé€ker ook zo dat jij zelfstandig een zeer
waardevolle bijdrage hebt geleverd. Het inhoudelijke succes met de supramoleculaire
polymeren is voor een substantieel deel mede te danken aan jouw buitengewone inzet, en de
daaruit volgende resultaten. Ky Hirschberg, als afstudeerstudent heb jij laten zien dat jouw
aanvankelijke opdracht intrinsick gedoemd was niet mooi te gelukken, waarna je je echter
meester gemaakt hebt van een eigen stuk expertise: de ‘siliconen’chemie. Ky, door je gave
om gemakkelijk contacten te leggen heb je hierbij de kennis en ervaring van Huub van Aert in
de (siliconen)polymeerchemie gemobiliseerd. Dat heeft geleid tot resultaten die een
substanti€le en nieuwe bijdrage geleverd hebben aan het succes van de supramoleculaire
polymeren, nl. het rheologisch gedrag in bulk. Tenslotte wil ik ook Michel Pepers bedanken
voor het inzicht dat hij heeft gegeven in de heterodimeeruitwisseling. Michel, ten gevolge van
je voetbalongelukje kon -je. niet vee]l anders dan het 2D-NMR werk voor de
heterodimeeruitwisseling doen. Daaraan heb je met zeer veel inbreng en enthousiasme
gewerkt, en je hebt de moeilijke wiskunde van de kinetiek Begrepen en kunnen toepassen.

Veel dank ben ik verschuldigd aan Huub Kooijman en Anton Spek
(Universiteit Utrecht, vakgroep Kristal- en Structuurchemie) voor hun zeer grote inzet en
enthousiasme bij het meten van kristalstructuren. Huub, de kristalstructuren zijn van enorme
waarde geweest voor (het verloop van) het onderzoek, mede dankzij jouw hulp in de
interpretatie hiervan. Ook wil ik prof.dr. J. Van der Maas en Bert Lutz (Universiteit Utrecht,
vakgroep Analytische Molekuulspectrometrie) hartelijk bedanken voor de geboden



gelegenheid om bij hen Infrarood te meten op geavanceerde apparatuur, en het assisteren
daarbij. Hendrik-Jan Luinge wil ik bedanken voor zijn specialistische inbreng in de
kwantitatieve evaluatie van de meetgegevens. Bert en Hendrik-Jan, jullie inzet heeft geleid tot
een betrouwbare bepaling van de dimerisatieconstanten van verbindingen 10 en 11 in
hoofdstuk 3, wat van zeer grote waarde is geweest. Hartmut Fischer, jou wil ik hartelijk
bedanken voor je waardevolle hulp die je mij als totale leek in het gebied van de vloeibare
kristallen hebt gegeven, alsmede voor het meten van X-ray verstrooiing van diverse
verbindingen in hoofdstuk 5, en jouw interpretatie en uitleg hiervan. Tenslotte wil ik ook Jos.
van Wolput hartelijk bedanken voor het meten van IR spectra bij hoge temperaturen.

De vaste staf wil ik bedanken voor het kritisch volgen van mijn onderzoek
(o.a. tijdens de lunches en als commentaar op het kwartaalverslag). Joost van Dongen wil ik
bedanken voor het meten van ESI-MS spectra, hoewel ik zijn actie samen met Brigitte om
het spectrum in figuur 6.4 op mijn zuurkast te plakken, en dan vooral de bijgeschreven tekst,
lange tijd niet zo heb kunnen waarderen. Henk Eding wil ik bedanken voor het uitvoeren van
de elementanalyses (Henk, en dan vooral voor het geduld dat jij met mij moest hebben toen je
nog op het oude apparaat mat) alsmede voor het verzorgen van voor een prettige werksfeer
zorgende activiteiten zoals borrels. Hans Damen dank ik voor de snelle zorg voor chemicalién
en glaswerk. Marcel van Genderen dank ik voor zijn inbreng van NMR expertise, en ook voor
zijn correcties en suggesties op diverse proefschrifthoofdstukken.

Alle (oud)-collega’s en studenten wil ik bedanken voor de gezelligheid en
open sfeer op het lab. Een speciaal woord van dank richt ik tot Huub van Aert voor zijn
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eveneens voor suggesties bij andere hoofdstukken; Brigitte Folmer bedank ik voor VPO-
metingen. Een speciaal woord van dank wil ik in deze rij tot Ronald Lange richten. Beste
Ronald, hoewel ik mijn onderzoek altijd zoveel mogelijk een eigen identiteit heb willen
meegeven, en we mede daarom in verschillende richtingen hebben gewerkt, is het begin van
mijn onderzoek voor een belangrijk deel aan jouw werk te danken geweest. Hiervoor wil ik je
hartelijk danken, mede omdat het me tijdens mijn promotietijd namelijk aan de hand van
ervaringen van sommige collega’s steeds duidelijker geworden is hoe afhankelijk je als ATO
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Chapter 1

Introduction

1.1 Supramolecular Chemistry

Inspired by Nature and motivated by the desire to understand and design complex
multi-molecular structures, supramolecular chemistry has become one of the most fascinating
and largest fields in modern organic chemistry.! Supramolecular chemistry is generally
described as the chemistry beyond the covalent bond, and deals with the organization of
molecules into larger structures via spontaneous assembly that is governed by non-covalent
interactions between —or within— molecules.” Compared to the relatively inert covalent or
ionic bonds (with typical enthalpies of 100—400 kJ.mol™ and ~250 kJ.mol™', respectively),
non-covalent interactions are relatively weak, and often reversible, Non-covalent interactions
comprise of hydrogen bonds (with typical bond enthalpies of 10~65 kJ.mol™ for normal
hydrogen bonds), dipole—dipole and VanderWaals interactions (with typical bond enthalpies
of 2-10 kJ.mol™), and hydrophobic interactions. Despite the weakness of non-covalent
interactions, thermodynamically stable complexes can be obtained by the cooperative action
of many weak interactions.

In natural systems, a delicate balance between covalent and the different kinds of non-
covalent interactions results in the formation of large and complex, yet very well-defined
structures. Spontaneous organization, governed by non-covalent interactions, and its
reversibility, allows for controlled building of complex structures, with the possibility of
spontaneous repair of mismatches. As a consequence, in almost all life processes, such as
signalling, recognition, transport, replication, and construction, the association or
complexation of two or more molecules is involved, ranging from the molecular to the
cellular scale. :

An example of the effect of assembly on the molecular scale in biological systems is
the folding of polypeptides into their tertiary structure, governed by a delicate balance
between the different non-covalent interactions in their aqueous environment. The specific
activity of enzymes, e.g, which catalyze nearly all metabolic processes, arises from this
tertiary structure, as well as the complexation of the substrate to the active site. The high
tensile strength of cellulose, the major construction material in plants, as well as that of
chitin, contained in the exoskeleton of insects and crustacea as construction material, arises
for a large part from stabilization of the long and straight polymer chains of cellulose and
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chitin by intramolecular hydrogen bonds, and hydrogen bonds between the chains.® Collagen,
the main fibrous element of skiri, bone, tendon, cartilage, blood vessels and teeth of
mammals, consists of three polypeptide chains in a helical conformation, wound around each
other and kept together by non-covalent interactions to form a stiff cable with remarkable
strength.

Within the area of applying the principles of supramolecular chemistry to polymer
chemistry —with the intention to obtain novel, self-assembled, functional materials— the
specific aim of this thesis is to investigate the possibilities of the application of multiple
hydrogen bonding in polymer chemistry. By virtue of its unique combination of strength,
directionality and specificity, multiple hydrogen bonding is the favorite intermolecular force
in self-associating systems. Multiple hydrogen bonding is therefore one of the most attractive
candidates for application as the organizing interaction to obtain well-defined structures in
supramolecular polymer chemistry.

1.2 Fundamentals of Hydrogen Bonding

Hydrogen bonds are attractive interactions between a positively charged hydrogen
atom bonded to an electronegative element (the donor: DS'—H""'), and a negatively charged
atom with a lone pair of electrons (the acceptor: As').4 Hydrogen bonding is most often
associated with the functional groups summarized in table 1.1.° |

Table 1.1: Functional groups that can form hydrogen bonds, arranged by element.

element Donors Donor strength  Acceptors Acceptor strength
fluorine F-H very strong F, very strong
F-H strong
oxygen O-H strong “0-P, 0O-S", strong
(in an acid) “0-C, strong
oxygen O-H medium 0=P,0=S,0=C, medium—strong
(in water, or H,0, H-0-C, medium
alcohols) C-0-C
nitrogen N-H strong C=N-C ; medium
nitrogen N-H medium N(R);, medium
sulfur S-H weak =C medium-—-weak
carbon C-H weak T -electrons weak

In a certain medium, the strength of a single hydrogen bond depends mainly on the
Donor (D) strength and the Acceptor (A) strength of the functional groups involved. Several
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scales for hydrogen bonding acidity and basicity have been developed, and a qualitative idea
of the donor and acceptor strength of the possible functional groups is given in table 1.1.°
These hydrogen bonding donor and acceptor strengths do generally not correlate with the
proton acidity and atom basicity (pK, and pKy) of the groups involved, but a proportional
relation has been established within hydrogen bonding functionalities of one type of
functional groups. '

The strongest hydrogen bonds are formed between a strong donor, i.e. a hydrogen
atom bonded to a very electronegative element (like F-H, and O-H in acids), and a strong
acceptor, i.e. a strongly electronegative element (F). Positively charged donors (N*—H), or
negatively charged acceptors (F~, "O-P, "0-S, "0-C), also give rise to strong hydrogen
bonds. However, by far the most hydrogen bonds occurring in natural systems, such as N—
H'N, N-H"0=C, and O-H"0, have neutral atoms and are of medium strength. The
existence and importance of weak hydrogen bonding, with C—H and S—H donors, has become
generally accepted only recently. This kind of hydrogen bonding has been suggested to be in
fact very important, particularly in crystal enginecring.7

The strength of hydrogen bonds is divided into three catagories. Weak hydrogen
bonds have energies less than 5 kJ.mol™, hydrogen bonds of medium strength have energies
between 5 and 40 kJ.mol™, and strong hydrogen bonds have energies between 40 and 100
kJ.mol™". Very strong hydrogen bonds with energies exceeding 100 kJ .mol ™" are exceptional,
and only occur with the element fluorine. Whereas hydrogen bonds of weak and medium type
can be considered as electrostatic interactions between a positive and a negative charge (or
dipole), strong hydrogen bonds are more of a covalent bond type. As a result of their nature,
hydrogen bonds are one of the most reliable and predictable non-covalent interactions: (i)
they are among the strongest of non-covalent interactions, (ii) they are specific and directional
because donor (D) and acceptor (A) functionalities are involved.

1.3 Arrays of Multiple Hydrogen Bonds, and the
Jorgensen model

Arrays of multiple parallel or near parallel hydrogen bonds are frequently encountered
in molecular recognition, both in natural as well as in man-made systems. The cooperative
action of the hydrogen bonds in such arrays increases strength, and especially specificity and
directionality of the interaction. The binding strength of multiple hydrogen bonded complexes
is of course dependent on the strength of the invidual hydrogen bonds in the array, and the
number of hydrogen bonds. However, the particular arrangement of donor (D) and acceptor
(A) groups in the array was found also to be very important. Although the large difference in
bonding strength between the triply hydrogen bonded DNA base pairs
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AdeninesThymine/Uracil (a DADeADA couple) and GuanineeCytosine (a DAAeADD
couple) has been observed long ago (for models, see figure 1.1a-b),} Jorgensen was the first
to realize that this anomaly could be explained by the order of hydrogen bonding functional
groups (vide infra).” Zimmerman has taken a lot of synthetic effort to prepare the DDDsAAA
couple (figure 1.1¢c),'® of which the bonding strength (K, > 10° M) was fully in line with the
trend observed for the DADeADA and the DAAeADD couple.

, H
HC ~ OwH-N N

D s A
?—J< —
@) 7 NeH e WN\ Ka=102- 103 M1 A § D

N J; CaHs
CH{ OmwhH— D 4 A
H
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7 N —| NN = - -1 A Do
(b) <N Nowen H J\__’}/ Gt Ka=104-105W™ ‘X'D
fibose O H—h?_ A%.D
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ON H-N OPr A ‘\'{' D
=\ _Ph Vs N
------- - -1 A%t D
(©) (ON i ¥ Kq>105M o
(ON- it oPr A%.2D
HO
Ph

 (atiractive) hydrogen bond ‘/" = attractive secondary interaction

/ = repulsive secondary interaction

Figure 1.1: Bonding strength of, and secondary interactions in, triply hydrogen bonded complexes.**

Because of the functional groups involved, the hydrogen bonds in multiple hydrogen
bonding arrays are of intermediate strength, and can as a consequence be considered as
electrostatic interactions between charges. In an array of hydrogen bonding functionalities, the
distances between a functionality and the neighbour of the opposing functionality are still
relatively short. With the typical bond lengths of the primary hydrogen bonds of
approximately 1.9-2.0 A between donor and acceptor in the triply hydrogen bonded DNA
base pairs, these distances are between 2.3 and 3.7 A, Hence, these cross-interactions invoke
a substantial secondary electrostatic interaction (depicted in figure 1.1 by double headed
arrows). Obviously, similar charges cause a repulsive electrostatic interaction, and opposite
charges cause an attractive interaction.

4



Introduction

In several excellent papcrs,a Jorgensen modelled this effect by quantum mechanical
calculations, resulting in a calculated AG-value of -31.4 ki.mol™ for every primary
interaction (the attractive hydrogen bond), and +10.5 kJ.mol™ and —10.5 kJ.mol™ for every
repulsive or attractive secondary interaction, respectively. Although his theory give trends in
the right direction, the calculated energy of the effects upon association are probably too large
(vide infra). Also using quantummechanical calculations, Burrows has discerned between
secondary interactions resulting from an atom in the array that is also involved in (primary)
hydrogen bonding (effect +/-7 kJ.mol™"), and additional secondary interactions, resulting
from a spectator atom that is not involved in primary hydrogen bonding (+/—~11 kJ.mol™).
Recently, Schneider has proposed an empirical free energy relationship for the stability of
multiple hydrogen bonded complexes in chloroform.!’ Derived from a large number of
experimental association data of heterocyclic compounds with spatially fixed arrays, he
showed that the complex stability in chloroform may be estimated reasonably well by a
simple sum of increments: AG is a sum of —7.9 kJ.mol™" for each hydrogen bond, and + or —
2.9 kJ.mol™ for each attractive or repulsive secondary electrostatic interaction, respectively.

1.4 Hydrogen Bonding in Supramolecular Chemistry

Artificial receptors. Many biologically active molecules contain multiple hydrogen
bonding sites. Consequently, it has been a challenge for supramolecular chemists to develop
and synthesize artificial receptor molecules that form complexes with these substrates with
high binding strength and selectivity. For example, barbiturates, a class of compounds widely
used for their physiological action on animals as sedatives and anticonvulsants, have a well-
defined functional-group structure consisting of 2 donor and 6 acceptor functionalities
capable of hydrogen bonding (figure 1.2).

Figure 1.2: Complex of diethyl-barbiturate and an artificial receptor designed by Hamilton. The
barbiturate molecule in the centre is complexed by the receptor by six hydrogen bonds.'
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Hamilton'? has designed a complementary unit that complexes the barbiturate strongly
by six hydrogen bonds (figure 1.2). The synthesis of the receptor molecule involved a high-
dilution coupling of a di(acid chloride) with a diamine, which gave a yield of the desired
product of only 12-14 %. The structure of the complex was confirmed by NMR in solution
and X-ray diffraction studies of crystals. '

Such receptors have been covalently attached onto solid supports, such as silica and
polymers. The first example was reported by Feibush et al,”* who functionalized silica with a
chiral di(acylamino)pyridine unit (figure 1.3); a long and tedious 9-step synthesis was
required. With these silica materials as stationary phase, mixtures of barbiturates and uracil
derivatives could be separated chromatographically. The separation is based on difference in
association constants of the complexes with the di(acylamino)pyridine unit on the silica.
Because the receptor carried one enantiomer in the acylamino group, separation into
enantiomers was also feasible. The same concept has been applied by Tanabe'® and
Zimmerman,'® with other functional groups and/or solid supports.

CoHs
H
o
oo N-H-O Y.
L o-Si o-@u ------ H- . 0.
N-HO  CHa
o .
H
H

Silica

Figure 1.3: Complex of a receptor on silica with a barbiturate molecule via three directional hydrogen
bonds reporied by Feibush.'®

Programmed self-assembly. Several structures have been designed and
synthesized that assemble spontaneously into a well-defined structure, similar to the
spontaneous folding of proteins into a well-defined architecture by a delicate balance of the
different non-covalent interactions. Mendoza and Rebek'® have designed a large class of self-
complementary molecules, capable of the formation of a molecular container by folding like
the two halves of a tennis-ball (a simple example is given in figure 1.4). The formation of the
container is driven by hydrogen bond formation. It is also shown that it is possible to include
neutral guest molecules of the appropriate size within the containers (or capsules), and this
inclusion is in many cases very size-specific.
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Figure 1.4: Self-complementary molecule that self-assembles into a molecular container reported by
Rebek."®

Supramolecular structures based on the six-membered, hydrogen bonded cyclic motif
of three substituted melamine/2,4,6-triaminopyrimidine and three substituted barbituric
acid/cyanuric acid molecules have been reported by the groups of Lehn,'” Whitesides,'® and
Reinhoudt.' The latter demonstrated the self-assembly of a complex molecular box with 36
hydrogen bonds, consisting of two stacked cyclic rosettes (figure 1.5). The cyclic rosettes are
formed by 3 melamine moieties (attached onto bifunctional calixarene molecules) and 3
diethylbarbiturate molecules. The two stacked rosettes are linked by calixarene molecules.

RORO OROR RORO OROR

BuHN N HN N NHBu
= \(
YY Dl
Y "y
NH, N, mix
calixarene with two in CHCl,
melamine moleties
(o}
w
2
o?ﬁgo fo
RO
RO
R
diethylbarbiturate o

Figure 1.5: Self-assembled stacked rosette structure of Reinhoudt in solution."®

Crystal engineering. Crystallographers have tried for long to correlate molecular
structure and solid-state structure. In general, their attempts were not very successful, since a
large variety of crystal packing factors determines the crystal structure. However, their
attempts were relatively successful in cases where hydrogen bonding interactions are used.?’
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Recently, Desiraju introduced the term crystal engineering, the design of solid structures
using supramolecular entities.”’ Crystal engineering has become one of the central topics in
supramolecular design. As a good example of crystal engineering, Whitesides has shown that
subtle structural modifications may lead to different solid state structures in cocrystals of
barbiturate and melamine molecules (see figure 1.6).2
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Figure 1.6: Crystal structures of melamine and cyanuric acid derivatives reported by Whitesides,?
(a) linear extended tape, (b) crinkled tape, (c) rosette (= cyclic hexamer).
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A similar example includes the formation of infinite tapes of type (a) from self-
complementary units, and from complementary units in a 1:1 ratio, as reported by Lehn.”
Miillen also showed that solid state structure in cocrystals of 5-alkoxyisophthalic acid
derivatives with various nitrogen heterocycles was governed by delicate structural
variations,”* while Mascal demonstrated the ‘programmed’ formation of a macrocycle from
self-complementary molecules, by using the directionality and specificity of multiple
hydrogen bonding arrays.”

Self-assembly of bilayers, membranes, or fibers. In natural systems, the
spontaneous assembly of membranes and fibers from small molecules is governed by non-
covalent interactions. This has also been mimicked successfully in artificial systems.?
Kunitake”’ and Ringsdorf>® have reported the spontaneous formation of monolayers on the
air-water interface, or even bilayers by hydrogen bonding (figure 1.7). Furthermore, the
spontaneous formation of tube-like nanostructures in water by association of complementary

hydrogen bonding units has been reported.29

(a) CoHzy CoHay CoHz
) o) o)
N N N
Air
- N NN ——— NON S
Ha NS e S ”\N*N*N'“ Water
f H H H Hoi
0 6]
e XNg
(b) CgHx CgHax CgHx  CgHaz CgHx  CgHas

Figure 1.7: (a) monolayer on the air water interface of Kunitake,”
(b) monolayer structure of Ringsdorf.?
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Non-covalent assembly of polymers. The concept of obtaining linear polymers
by association of monomeric units via non-covalent interactions was already described by
Lehn in 1988 as an interesting challenge in supramolecular chemistry.> Lehn realised the
formation of supramolecular polymers by using bifunctional molecules with complementary
hydrogen bonding functionalities (figure 1.8)% Mixing of solutions of both molecules
resulted in the precipitation of a liquid crystalline material consisting of polymeric chains. As
was shown by electron microscopy and X-ray diffraction, these chains are wound around each
other in a helical fashion.

Other examples of self-assembled polymers are reported by Griffin,) who uses
bifunctional molecules of the pyridine—acid couple, by Fréchet,* using the combination of
pyridine and acid with trifunctional molecules, and by others. >

o N‘H ").j\/o OR* O H o
T A L ek -
L oR 0 o
"H, o/\/o o"\/o N‘H.,
o . k.,
.

Figure 1.8: Supramolecular linear polymer reported by Lehn.®

Modification of polymer properties. Several research groups have tried to obtain
special polymer properties by using non-covalent interactions. Stadler* grafted functional
groups capable of hydrogen bonding onto a polyisobutylene polymer (figure 1.9a).
Rheological studies showed that clustering of these functional groups enhanced the
mechanical properties. A number of interesting publications® deals with side-chain
functionalized polymers, with the side-groups complexing another molecule by hydrogen
bonds —using the pyridine—acid combination— inducing liquid crystalline behavior (figure
1.9b). Lange®® has shown that the alternating styrene—maleimide copolymer can molecularly
dissolve melamine in a 3:1 ratio between imide groups- and melamine (figure 1.9¢). A cross-
linked material with new properties is obtained.
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Figure 1.9: Engineering of polymer properties using hydrogen bonding:
(a) cross-linking of polymers by hydrogen bonding,*
(b) side-chain functionalization of polymers by hydrogen bonding,35
(c) molecuiar dissolution of melamine in the alternating styrene—maleimide copolymer.®
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In order to obtain synthetically easily accessible units that bind very strongly, insight
into the factors that determine the strength of multiple hydrogen bonding is of great value,
since this gives the possibility for rational design. Hence, obtaining a good understanding of
these factors is one of the aims in this research. It has been only recently that the importance
of secondary interactions as described by Jorgensen was recognized.

We started our search for strongly associating and synthetically well accessible units
with the known, but only scarcely used,*® combination of diaminotriazine and uracil. It was
anticipated that by acylating the amino groups of the diaminotriazine units, more stable
complexes would be obtained, in analogy to 2,6-diaminopyridine. In binding experiments,
however, we actually found the opposite effect. The unexpectedly low association constants
prompted us to look in detail into the conformation of acylaminotriazines. Using insights
from that study, and from the work of Jorgensen that brought the importance of secondary
interactions to our attention, we designed new, self-complementary, quadruple hydrogen
bonding units. These units were required to be simple to synthesize, yet they should form very
strong dimers. The present thesis is a report on the preparation and characterization of such
heterocyclic recognition units, and their use in supramolecular systems.

1.6 Outline of this Thesis

Chapter 1 gives a general introduction into the field of supramolecular chemistry,
focussing on hydrogen bonding. To give insight into the strerigth of multiple hydrogen
bonded complexes, Jorgensen’s model for arrays of multiple hydrogen bonds is elaborated. A
survey of applications of hydrogen bonding in supramolecular chemistry is then given to
show the potential of hydrogen bonding in supramolecular chemistry. Finally, it is described
that exciting new prospects arise from combining of the fields of polymer chemistry, organic
chemistry, and supramolecular chemistry. '

Detailed studies to obtain insight into the effect of acylation of diaminopyridines and
diaminotriazines on complexation with uracils, and on dimerization, are described in chapter
2. The complexation behavior in solution is studied by a combination of 'H-NMR and FT-IR,
while the hydrogen bonding patterns in the solid state in cocrystals are studied by X-ray
diffraction.* In chapter 3, the possibilities of obtaining strong dimerization of DADA arrays
in acylated derivatives of diaminotriazine and diaminopyrimidine are investigated. Stronger
dimerization is achieved by applying Jorgensens model, as well as by pre-organization of the
array by an intramolecular hydrogen bond.** Studies of quadruple hydrogen bonding in 2-
ureido-4-pyrimidinones are given in chapter 4, disclosing the possibilities of DDAA arrays.46

With several interesting new hydrogen bonding units available, our attention focused
on applications in supramolecular systems. In chapter 5, a new type of discotic liquid

13
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crystalline materials, in which the core is formed by a quadruply hydrogen bonded dimer, is

presented.”’ Chapter 6 describes an initial move towards supramolecular polymers, in which

the polymeric chain is built non-covalently by association of bifunctional monomeric units

via strong and directional hydrogen bonding of the ureidopyrimidinone units.*® Finally,

chapter 7 describes crystal engineering in melamine—uracil complexes, disclosing the

programmable formation of 1:2 herring-bone structures and 1:3 rosette-like structures.?
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Chapter 2

Triply Hydrogen Bonded Complexes of
Diaminopyridines and Diaminotriazines
with Uracils:

Opposite Effect of Acylation on Complex Stabilities

Abstract:

The complexation behavior of several 2,4-diamino-s-triazines and 2,0-
diaminopyridine with uracil derivatives was studied, with special emphasis on the effect of
acylation of the aminogroups on binding. '"H-NMR and IR-spectroscopy were used for
characterization of the complexation in solution, while X-ray diffraction was used to
ascertain the hydrogen bonding patterns in the solid state in (co)crystals.

Acylation of the amino groups of 2,6-diaminopyridine leads to a stepwise increase of
the association constant of the complexes with N-propylthymine in CDCl; from 84 to 460 —
920 M, presumably due to an increased donor strength of the N-H groups of
diaminopyridine involved in the triple hydrogen bonding. However, acylation of the amino
groups of 2,4-diamino-s-triazines leads to a dramatic decrease of the association constant of
the complexes with N-propylthymine, from 890 to approximately 6 M.

This phenomenon is related to different conformational preferences of the amides in
these compounds. The amide groups in di(acylamino)pyridines prefer a trans-conformation,
with the carbonyl group anti with respect to the ring nitrogen, and coplanar with the
aromatic ring. However, the amides of di(acylamino)triazines reside predominantly in a cis-
conformation. Repulsive secondary electrostatic interactions between the cis-amide and
uracil carbonyl groups are thought to be responsible for the low association constant of
complexes of di(acylamino)triazines with uracils.

The higher dimerization constants of di(acylamino)triazines compared to
di(acylamino)pyridines have been rationalized by dimerization via quadruple hydrogen
bonding of the ADADA array of di(acylamino)triazines, formed by extension from the DAD-
array of a diaminotriazine with two cis-amide acceptor sites.
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2.1 Introduction

The use of multiple hydrogen bonding for the assembly of supramolecular structures
is now a well-established principle.l Multiple hydrogen bonding is a particularly good way to
achieve recognition, because of its strength, directionality and specificity. In a program aimed
at the use of multiple hydrogen bonding for the assembly of supramolecular polymer
complcxes,2 we are aiming at (self)-complementary hydrogen bonding units that offer an
optimal balance between synthetic accessibility, strength, and specificity.

A complementary pair frequently encountered in supramolecular chemistry consists of
a di(acylamino)pyridine as the Donor-Acceptor-Donor (DAD) unit and an imide as the
Acceptor—Donor—Acceptor (ADA) unit. Examples include complexes of 2,6-
di(acylamino)pyridines with uracils, succinimides or glutarimides,” with association constants
in CDCl; in the range of 50-500 M1, Recently, the use of melamines,* 2,4,6-
triaminopyrimidines,s aminoall(yl-s-triazines,6 and 2,4-diamino-s-triazines’ as DAD groups
was also reported.

We decided to compare the hydrogen bonding properties of synthetically well-
accessible  6-alkyl-2,4-diamino-s-triazine  derivatives with the well-studied 2,6-
diaminopyridine, with. special emphasis on the effect of acylation on binding strength with
uracils/thymines, and dimerization. '"H-NMR titrations and IR spectroscopy in chloroform
solution are used to study the complexation via hydrogen bonding of parent and of acylated
diaminotriazines and diaminopyridine with uracil derivatives, as well as the amide
conformations of acylated compounds in solution. Additional information is gathered from
(co)crystallization experiments giving access to crystal structures and hence to detailed
information about the geometry of the hydrogen bonded complexes. Taking into account the
decisive role of amide conformations, the results of the complexation experiments are
discussed in the framework of the model of Jorgensen.® This model uses secondary
electrostatic interactions to explain differences in strength between arrays of hydrogen
bonding groups.

2.2 Results
2.2.1 Synthesis

Synthesis of diamino-s-triazine derivatives. 2,4-Diamino-s-triazines can be
prepared conveniently by condensation of the appropriate nitrile with dicyanodiamide in

alcohol at reflux temperature (scheme 2.1).° This well-known route was applied to synthesize
compounds 1-3 from commercially available nitriles. To study the effect of substitution with
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groups capable of additional hydrogen bonding interactions, the water soluble 6-
hydroxymethyl substituted 2,4-diamino-s-triazine 4 was prepared. The synthesis of 4 was
performed according to the method of Sims'® via a three-step synthesis. Glycolonitrile!! was
protected as its butyl vinyl ether (yield 53%), which product was subsequently converted to
the corresponding 2,4-diamino-s-triazine (59%). Finally, triazine 4 was obtained by
deprotection with acid (63%).

H NH,
N/ . N“‘< 1:R=CHj
o i} 2: R=n-CqzH2s
R—C=N + HaN—C f‘ll C=N _—> R—<NC——><N 3: R = CH,OCH3
H 4:R= CH20H

Scheme 2.1:  General route for the synthesis of 2,4-diamino-s-triazines.

The solubility of 2,4-diamino-s-triazines 1, 3, and 4 in chloroform was unfortunately
too low to use these compounds in association studies. The solubility of diamino-triazines
was enhanced considerably by attaching a long alkyl chain to the 6-position, as in compound
2. Acylated 2,4-diamino-s-triazines were prepared with the expectation that the amide N—H
protons would display stronger hydrogen bonding than the parent NH; protons.
Di(acetylamino)triazine 5 was prepared by boiling diaminotriazine 3 in acetic anhydride;"?
di(hexanoylamino)triazine 6 and di(pivaloylamino)triazine 7 were prepared using two
equivalents of the appropriate acid chloride in refluxing pyridine. The acylated triazines 5 and
6 readily undergo hydrolysis in water at room temperature.'®

0 0 C(CHas
HyC-C’ n-CeHy-C’ o
_<N—H _(N—H B —H
N N N
CH3—O—CH2—<@< N CH3—O—CH2—<@< N Hao—(@ N
N—H N—H N—H
HaC-‘C\\ n-Can—Q\ O
o) 0 C(CHg)3
5 6 7

Synthesis of uracil derivatives. Uracil derivatives 10 and 11 were synthesized
according to the well-known sequence of condensation of [-keto esters with thiourea,
followed by conversion of the thiouracils 8 and 9 to the corresponding uracils by hydrolysis
of the thiogroup with chloroacetic acid'® (see scheme 2.2). The limited solubility of 6-
methyluracil 10 and even of 6-tridecyluracil 11 in chloroform prevented their use in NMR-
complexation experiments. The proton on N-1, which does not participate in formation of a
triply hydrogen bonded complex and is capable of additional hydrogen bonding, was removed
by N-1-methylation, with the hope of increased solubility. Selective N-1-methylation of
uracils 10 and 11 was accomplished by silylation of these uracils with trimethylsilylchloride
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and triethylamine in THF, followed by reaction of the intermediate silyl derivatives with
methyl iodide, and then deprotection with water. This sequence afforded uracil derivatives 12
and 13, respectively.'* The solubility of uracil 12 in chloroform was low, but, fortunately,
uracil 13 was readily soluble in CHCls. 3-N-Methyl-6—tﬁdecyluracil (14) was isolated as a
minor byproduct (7%) in the synthesis of 13.

S N
K 0 1. CICH,CO0H, H:0

o 0 |-|2N/C\N}-|2 2. HCI, H;0
R—C—CH,-C—O—Et — R — > R N-H

7 N-H
N N=
H _<\s A

H (@]
8: R=CHg 10: R=CHg
9: R = n-Cy3Hz7 11: R=n-Cy3Hy7
CISi(Me)s, OSi(Me)g o] 0
N{Et)3 1. CHjl
— R QN ——» R{ NH + R _<—CH3
N
osiMe); 2 20 H< O H o
12 R=CHj 14: R =n-Cy3Hz27
13: R =n-Cy3Ha7 ’

Scheme 2.2: General route for the synthesis of uracil derivatives.

To study the effect of substitution with additional groups capable of hydrogen bonding
interactions besides the ADA array, 6-hydroxymethyl substituted uracil 15 was prepared by
reduction of the butyl ester of 6-carboxyuracil.’> The sequence of silylation and N-1-
methylation via the silyl-Hilbert-Johnson reaction could also be applied to this uracil,
affording derivative 16. Deprotection of the silylated hydroxymethyl substituent was achieved
by prolonged acid treatment in water. N-1-propylthymine (17) was prepared by direct
alkylation of thymine according to a literature procedure.®

o o CHy O
HO-CH, :q _<\N—H HO—CHF(/th\ —H _ <; _<\: -H
H o HC O nHc{ O
15 16 17

Synthesis of 2,6-diaminopyridine derivatives. Acylation of 2,6-
diaminopyridine (18) with one equivalent of hexanoyl chloride in THF at 0°C gave a mixture
of the starting material, and of mono- and di(acylated) compound. From this mixture,
mono(hexanoyl)diaminopyridine 19 was obtained in 57% yield after purification by column
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chromatography. Attempts to synthesize mono(acylated) derivatives of 2,6-diaminopyridine
with acetic anhydride, acetyl chloride, hexanoyl chloride or palmitoyl chloride were
unsuccessful when performed in pyridine at 0°C; only formation of bis-acylated compound
was observed. Bis(acylamino)pyridines 20 and 21 were prepared by acylation of
diaminopyridine under standard conditions'” with hexanoyl chloride and acetic anhydride,

respectively.
n-CsHyy CH,
o=’ 0=
NH2 NH, N-H N—H
{ONn 18 {ON 19 {(ON 20 @4 21
NH, -H N-H N—H
0=C o:<C o
CeHy n-CsHyq CHs

2.2.2 Association Studies in Solution

Association constants of hydrogen bonded complexes may be determined from
evaluation of 'H-NMR titration data by computer fitting with non—linear least squares
methods. Provided the proper binding model is used, this method guarantees a more reliable
treatment of data than the use of graphical methods. In the present investigation, we were
specifically interested in dimerization, and we certainly did not want to neglect its effect on
the calculated hetero-association constants. Therefore, dimerization constants were
determined separately, and the titration data of hetero-complexation were analysed using a
model that explicitly takes dimerization into account. The reader is referred to the
experimental section for detailed information.

Dimerization. Dimerization constants in CDCl; at 298 K were determined by
monitoring the N-H proton shift in 'H-NMR as a function of concentration. The
concentration dependence of the dilution data could be fitted well to the dimerization
model.'® The fitting procedure afforded dimerization constants, as well as the monomer and
dimer shifts (Table 2.1). In some cases, for example derivatives 5 and 7, several of the C-H
signals of the aromatic ring or the CHj signals adjacent to the N—H group in 20 also showed a
concentration dependent shift large enough to allow reliable monitoring. Fitting of these data
afforded the same dimerization constants within experimental error (£ 15%). The
dimerization constants of 2,6-diaminopyridine (18) and of 2,6-di(acetylamino)pyridine (21)
could not be determined due to the limited solubility of these compounds. Kgiy, values are
generally very low, except those of di(acylamino)triazines 5 and 6, and of 3-N-methyluracil
14.
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Table 2.1: Dimerization constants (Kgm) and complexation induced shift (CIS) valaes
of N-H protons in dimers of diaminotriazine-, diaminopyridine- and uracil

derivatives.

Entry Compound Kam M™)*  CIS (ppm)
1 2-amino-6-hexanoylaminopyridine (19) <l 3.0
2 2,6-Di(hexanoylamino)pyridine (20) <l 2.9
3 2,4-Diamino-6-dodecyl-s-triazine (2) 2.2 2.37
4 2,4-Di(acetylamino)-6-methoxymethyl-s-triazine (5) 37 2.35
5 2,4-Di(hexanoylamino)-6-methoxymethyl-s-triazine (6) 24 2.33
6 2,4-Di(pivaloylamino)-6-methyl-s-triazine (7) 1.7 0.76
7 1-N-propylthymine (17) 43 3.40
8 1-N-methyl-6-tridecyluracil (13) 7.0 3.52
9 3-N-methyl-6-tridecyluracil (14) 94 3.93

* estimated relative error in Kgin ts 15%.

Hetero-complexation. Job-plots of the DAD-ADA hydrogen bonded complexes
of (acylated) derivatives of diaminopyridine and -triazine with uracils show a maximum at
mol fraction = 0.5, indicating a 1:1 stoichiometry in the complex formation. Job plots of
diaminotriazine 2 and di(acetylamino)triazine 5 with N-propylthymine 17 are shown in figure
2.1." The results of the titration experiments, affording association constants corrected for
dimerization of the titrant,2’ are summarized in table 2.2.

(a) (b)
~ 14
S }
x 151 12
§ 1.0
o
“ 40 0.8
2
g 0.6-
€
£ 54 - 0.4
e .
X 0.2
~
- 0 ; ; - — 0.0 r . —— S
0.0 0.2 0.4 0.6 0.8 10 0.0 0.2 0.4 0.6 08 10

mol fraction 17 mo! fraction 17
Figure 2.1: Job plots, measured at total concentrations of 8-10 mM, for:

(a) diaminotriazine 2 with N-propylthymine 17,
(b) di(acetylamino)triazine 5 with 17.
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Table 2.2: Association constants (K,), and complexation induced shift (CIS) values of
complexes of diaminopyridine- and diaminotriazine derivatives with

(thio)uracil derivatives.

Entry diaminopyridine-, N-propylthymine/ K. M™)* CIS (ppm) of
diaminotriazine- uracil derivative NH proton;
derivative (probe)

1 diaminopyridine 18 N-propylthymine 17 84 1.36; (18)

2 (hexanoyl)diaminopyridine 19  N-propylthymine 17 230 2.82; (19)

3 di(hexanoylamino)pyridine 20  N-propylthymine 17 460 2.81; (20)

4 di(acetylamino)pyridine 21 N-propylthymine 17 920 2.86; (21)

5 di(hexanoylamino)pyridine 20  N-1-methyluracil 13 530 2.80; (20)

6 diaminotriazine 2 N-propylthymine 17 890 5.65; (A7)

7 diaminotriazine 2 N-1-methyluracil 13 750 5.61; (13)

8 di(acetylamino)triazine § N-propylthymine 17 5.7 1.39; (5)

-9 di(hexanoylaminotriazine 6 N-propylthymine 17 6.4 1.68; (6)

10 di(pivaloylamino)triazine 7 N-propylthymine 17 4.7 1.28; (7)

11 diaminotriazine 2 thiouracil 9 107 3.76; (9)

12 diaminotriazine 2 N-3-methyluracil 14 <2 -

* estimated relative error in K, is 15%.

Substituents on the uracil/thymine, or on di(acylamino)pyridine strongly effect the
association constants of the complexes, but barely influence the chemically induced shift of
the protons in the complexes (compare entries 2, 3, 4, and 5, and entry 6 with 7 in table 2.2).
High association constants are observed for the complexes of 2,6-di(acylamino)pyridines 20
and 21 with uracils 13 and 17, respectively, and also for the complexes of diaminotriazine 2
with uracils 13 and 17. These association constants are comparable with literature values of

complexation of triazines with uracils ™"

and with flavine derivatives.>® Complexes of 2,6-
diaminopyridine (18) and 2-amino-6-hexanoylaminopyridine (19) with N-propylthymine 17
have lower association constants, whereas very low association constants are observed for the

complexes of di(acylamino)triazines §, 6, and 7 with N-propylthymine (17).

IR Spectroscopy of (acylamino)pyridines and di(acylamino)triazines. IR-
spectra of compounds 2, §, 6, 7, and 18-21 -were recorded in dry chloroform solutions,
generally at 50 mM. For di(acylamino)triazines § and 6, compounds with substantial
dimerization, concentrations in the range 1-5 mM were applied to obtain the monomer
spectrum. Wavenumbers of the monomer N-H stretch vibrations are reported in Table 2.3.
Di(acylamino)pyridines 20 and 21, monohexanoylaminopyridine 19, and di(pivaloylamino)-
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triazine 7 show their amide N-H stretch vibration at approximately 3422 and 3424 cm™,
respectively, while di(acylamino)triazines 5 and 6 show their N—H stretch vibration band at
lower wavenumbers, at 3384 and 3395 cm", respectively.

Complex formation of compounds 2, 5§, and 18-21 with N-propylthymine (17) in
chloroform solution was also studied by means of infrared spectroscopy. Wavenumbers of the
N-H stretch vibrations of these compounds in the complexes are also given in Table 2.3.

Table 2.3: Wavenumbers of N-H stretch vibrations of diaminopyridines, diamino-
triazines and their acylated derivatives as free molecules and in their
complexes with N-propylthymine 17.

Compound Ve (em™) Vg (em™) in v (em™) of
' ‘complex with 17 17 in complex *
diaminotriazine 2 3424;3540° 3328;3497 ¢ 3216
di(acetylamino)triazine 5 3384 -4 -4
di(hexanoylamino)triazine 6 3395 -4 -4
di(pivaloylamino)triazine 7 3424 -4 -4
diaminoypridine 18 3408; 3508 b 3339; 3493 ° 3219
2-amino-6-hexanoylamino- 3418, 3511 b 3319; 3492 ¢ 3218
pyridine 19 3418 ° 3271
di(hexanoylamino)pyridine 20 3422 3275 3215
di(acetylamino)pyridine 21 3422 . 3275 3211

* Vet Of free 17: 3395 cm™; ® Symmetric and asymmetric stretch vibrations, respectively; © Vy-y of hydrogen
bonded N—H and of free N—H, respectively; 4 Bands due to complex were not observed; ° N~H stretch vibration
of amide coincides with the symmetric NH, stretch vibration.

2.2.3 Complexation in the solid state; X-ray single crystal structures

Cocrystallization. To study the complexation between uracils and (acylated)
derivatives - of diaminotriazines, cocrystallization of complementary pairs of triazine and
uracil derivatives -was. investigated. No complexes were obtained upon attempts to
cocrystallize di(acylamino)triazines 5~7 and N-propylthymine from ethyl acetate or hexane;
rather, separate crystals of the individual components crystallized. However, complexes were
obtained if parent diaminotriazines were cocrystallized with uracils. To study the specificity
of the triple hydrogen bond in complexes of these derivatives, derivatives with additional
functionalities capable of hydrogen bonding were used, such as hydroxymethyl substituted
derivatives, and N-1 non-methylated uracils. We prepared a range of crystalline complexes of
various diaminotriazines with complementary uracil derivatives, summarized below:
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6-methyl-triazine 1 with 6-methyl-uracil 12,

6-methyl-triazine 1 with 6-hydroxymethyluracils 15 and 16,
6-hydroxymethyl-triazine 4 with 6-hydroxymethyluracil derivatives 15 and 16,
6-hydroxymethyl-triazine 4 with 6-methyluracil 10,

6-dodecyl-triazine 2 with 6-tridecyluracil derivatives 11 and 13.

Water or ethanol proved to be the most suitable solvents for cocrystallization. In these
solvents, the nicest and largest crystals were formed. This may be ascribed to favorable
hydrophobic interactions in these solvents, and to similar solubility of the compounds. The
preference for the formation of crystalline 1:1 complexes was very pronounced. Even when a
stoichiometry considerably different from 1:1 was used, formation of 1:1 cocrystals was
observed, sometimes accompanied by crystals of the compound present in excess. The only
exception to the formation of 1:1 cocrystals we observed, was the crystallization of a 1:2
complex of 2,4-diamino-6-methyl-s-triazine 1 with 1-N-methyl-6-methyluracil 12. This 1:2
crystalline complex was even formed when an equimolar aqueous solution was used.
However, these 1:2 crystals gradually redissolved on prolonged standing, while crystals of a
1:1 complex were formed. The formation of cocrystals with two different stoichiometries is
remarkable for multiple hydrogen-bonded complexes, but has been reported previously.?!

Crystal structures of Diaminotriazine ~ Uracil Complexes. Unambiguous
information about the hydrogen bonding patterns in the cocrystals was obtained by single
crystal X-ray diffraction. In some of the crystalline complexes, crystal water is present
forming complex hydrogen bonding structures (which we will not discuss in detail).
PLUTON? drawings of the hydrogen bonding patterns between diaminotriazine and uracil of
several cocrystals are reported in figures 2.2a—g.
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Figure 2.2a: PLUTON representation of the hydrogen bonding pattern between diamino-s-triazine
and uracil in the 6-dodecyl-diaminotriazines6-tridecyluracil complex 2011.
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Figure 2.2b: PLUTON representation of the hydrogen bonding pattern between diamino-s-triazine
and uracil in the 6-dodecyl-diaminotriazines1-N-methyl-6-tridecyluracil complex 2¢13.

Figure 2.2c: PLUTON representation of the hydrogen bonding pattern between diamino-s-triazine
and uragil in the 6-hydroxymethyldiaminotriazines6-hydroxymethyluracil complex 415.

Figure 2.2d: PLUTON representation of the hydrogen bonding pattern between diamino-s-triazine
and uracil in the 6-methyl-diaminotriazines1-N-methyi-6-hydroxymethyl-uracil complex
1416.

26



Effect of Acylation of Diaminopyridines and Diaminotriazines on Stabilities of Complexes with Uracils

Figure 2.2e: PLUTON representation of the hydrogen bonding pattern between diamino-s-triazine
and uracil in the 6-hydroxymethyl-diaminotriazinee1-N-methyl-6-hydroxymethyl-uracil
complex 4¢16.

Figures 2.2f and g:PLUTON representation of the hydrogen bonding pattern between diamino-s-
triazine and uracil in the:
1:1 6-methyl-diaminotriazinee1-N-methyl-6-methyl-uracil complex 112 (left),
1:2 6-methyl-diaminotriazinee1-N-methyl-6-methyl-uracil complex 112 (right).

X-Ray diffraction of di(acylamino)triazine 5. The crystal structure of
di(acetylamino)triazine 5 was determined in order to gain a better insight into the
conformational differences between di(acylamino)triazines and di(acylamino)pyridines. A
PLUTON drawing of the crystal structure of § is shown in figure 2.3. This drawing shows
two crystallographically independent molecules, of which three amides are in cis-
conformation, and one amide in trans-conformation. The trans-amide deviates 8.97(8)
degrees from coplanarity with the triazine ring, presumably to reduce electrostatic repulsion
between the carbonyl group and the ring nitrogen atom.
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Figure 2,3: PLUTON representation of the hydrogen bonding pattern in the crystal structure of 2,4-
di(acetylamino)-6-methoxymethyl-s-triazine (5).

2.3 Discussion
2.3.1 Dimerization of uracil derivatives

Non-methylated uracil derivatives possess a lactam-like DA array, and an imide-like
ADA array. These compounds can dimerize via hydrogen bonding in five different
geometries.” Oligomers or polymers can be formed if the two arrays are simultaneously
involved in hydrogen bonding. The latter fact is undoubtedly responsible for the low
solubility of non-substituted uracil derivatives in chloroform. N-1-Methyl-6-tridecyluracil 13
can dimerize via its ADA array in three geometries. However, for the N-3-alkyl derivative 14,
only one dimer geometry remains possible,

N-3-Methyl-uracil 14 has a much higher dimerization constant than N-1-methyl-uracil
13 (Table 2.1, entries 8 and 9). This observation is in complete agreement with the difference
in dimerization constants of imides and lactams reported by Jorgensen8 and Burrows.? These
effects were explained through repulsive electrostatic interactions between carbonyl oxygen
atoms. We propose that similar effects are contributing to the difference in dimerization
constants of 13 and 14. In the centrosymmetric dimer of 14 (figure 2.4a), there are two
repulsive secondary interactions, whereas in all three possible dimer geometries of 13, due to
two spectator oxygens, there are two additional repulsive interactions (depicted by double-
headed arrows in figure 2.4b). Consequently, the dimerization of 14 is more favorable than
the dimerization of 13. The low dimerization constant of N-propylthymine (4.3 M™") can be
explained similar as for uracil 13.
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Figure 2.4: (a) Centrosymmetric dimer geometry of 3-N-methyl-6-tridecyluracil (14).
(b) One of three possible dimer geometries of 3-N-methyl-6-tridecyluracil (13).
Additional repulsive electrostatic interactions are indicated by double-headed arrows.

2.3.2 Comparison of Diaminotriazines and (acylated) Diaminopyridines.
Dimerization and complexation with N-propylthymine and uracil
derivatives

The 'H-NMR data in table 2.1 show that dimerization constants are low for
diaminotriazine 2 and for the mono- and di(hexanoylamino)pyridines 19 and 20. The
dimerization constants of 2,6-diaminopyridine 18 and di(acetylamino)pyridine 21 could not
be determined by "H-NMR dilution due to low solubility, but these are estimated also to be
very low based on infrared spectra of these compounds in dilute chloroform solution.® The
low dimerization constants of compounds 2 and 18-21 can be explained by destabilization of
the dimer geometry of a DAD-array by additional repulsive secondary interactions, analogous
as for the ADA-array of wuracils. Remarkably, the dimerization constants of
di(acylamino)triazines, except that of the sterically hindered di(pivaloylamino) derivative 7,
are higher by one order of magnitude.

2,6-Diaminopyridine (18) forms a 1:1 complex with N-propylthymine (17) which has
an association constant of 84 M™. Upon acylation of one of the amino groups, the association
constant of the complex increases to 230 M, while if both amino groups are acylated with
hexanoyl groups, the association constant increases further to 460 M. This stepwise increase
upon acylation presumably results from the increased acidity of the amide protons as
compared to the amino protons in 18. The association constant of the complex of N-
propylthymine 17 with di(acetylamino)pyridine 21 (K, = 920 M™) is significantly higher than
of 17 with di(hexanoylamino)pyridine 20 (K, = 460 M~ l). This difference is remarkable in
view that the only difference between 20 and 21 is the chain-length of the alkanoyl
substituents, and the difference is likely caused by entropic factors of the alkanoyl chains.

Due to the electron withdrawing nature of the triazine ring, the amino protons of
diaminotriazines are expected to be considerably more acidic than the amino protons of
aminopyridines. This is indeed the case, since the wavenumbers of the asymmetric and
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symmetric NH; stretch vibrations —which are known to occur at higher wavenumbers if the
amino group is substituted with an electron-withdrawing groupzs—- in diaminotriazine 2 are
found at higher wavenumbers than in diaminopyridine 18. Consequently, the amino protons
in diaminotriazines are expected also to be better hydrogen bond donors. Inspection of table
2.2 indeed shows that N-propylthymine (17) forms a complex with triazine 2 which has a
much higher association constant (K, = 890 M'l) than the complex with diaminopyridine (K,
= 84 M™"), while the former complex is of comparable strength as the complex of 2,6-
di(acetylamino)pyridine (21) with N-propylthymine 17 (K, = 920 M™").

Inspection of the IR-data in table 2.3 shows that diaminotriazine 2, 2,6-
diaminopyridine (18), 2-amin6—6-hexanoylaminopyridine 19, and di(acylamino)pyridines 20
and 21 all form complexes with N-propylthymine (17) in chloroform solution. Complexation
induces a decrease of the wavenumber of the N-H stretch vibration of N-propylthymine (17)
of 179, 176, 177, 180 and 184 cm™, respectively. In the complex with N-propylthymine (17),
the asymmetric and symmetric NH, stretch vibrations in diaminotriazine 2 are shifted to

1

lower wavenumbers by approximately 43 and 96 cm™, respectively, whereas the

corresponding shift of vibrations upon complexation is only 15 and 69 em™ in
diaminopyridine 18. Upon complexation, the wavenumbers of the (single) N-H stretch of
di(acylamino)pyridine 20 and 21 decrease by 147 and 149 cm™, respectively. From these
data, it is evident that N-propylthymine (17) forms stronger hydrogen bonds with 20, 21 and 2
than with 18, in line with the association constants determined by 'H-NMR titrations.

The lack of association of 2 with 14 (K, <2 M~ l) is not unexpected, because a triply
hydrogen bonded complex cannot be formed, and steric interactions with the alkyl substituent
of 14 cannot be avoided in a complex involving two hydrogen bonds. Complexation of 2 with
thiouracil 9 is weaker than with uracil 13, because the sulfur atom is a weaker hydrogen bond
acceptor.

2.3.3 Persistence of the triazine-uracil triple hydrogen bonding motif in the
solid state

In all crystal structures of studied diaminotriazine—uracil complexes, the
diaminotriazine is paired via its DAD array with the ADA array of a uracil derivative.?” This
confirms our observation from complexation experiments in chloroform solution that the
DAD-ADA triple hydrogen bond is the dominant interaction between diaminotriazines and
uracils. In all the determined crystal structures, except the 1:2 cocrystal 1¢12, networks are
formed by additional hydrogen bonding interactions between the triply hydrogen bonded
complexes. The additional hydrogen bonding interactions we observe in the crystailine
diaminotriazine—uracil complexes are the following:
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@ uracil dimerization (N-1-non-methylated uracils 2e11, and 4¢15),

(i) formation of base quadruplets (211, and 1¢16),

(iii)  triazine dimerization via double hydrogen bonds (1:1 and 1:2 cocrystal 1012, 415,
and 2e¢11),

(iv)  formation of an infinite chain of triazines by dimerization on both sides via double
hydrogen bonds (213, and 4¢16),

W) formation of cooperative hydrogen bonding ring-like networks, in cocrystals with
crystal water or hydroxymethyl groups (1:1 complex 1012, and complex 416).

These additional hydrogen bonding interactions are quite common in nucleobase
pairing,27 and seem not to interfere with the triple hydrogen bonding motif. %

In the crystal structure of the 1:2 complex of 2,4-diamino-6-methyl-s-triazine 1 with
1-N-methyl-6-methyluracil 12 —the only exception to the general formation of 1:1 cocrystals
we observed— (figure 2.2g), one of the two uracil molecules is triply hydrogen bonded to the
triazine DAD array. However, the second uracil molecule is not triply hydrogen bonded, but
forms, with its (central) N-H and one carbonyl, a double hydrogen bond to a triazine N—-H
and a non central triazine ring nitrogen atom. The other carbonyl group of this uracil molecule
points towards one of the hydrogen atoms of the triazine CHs. The remaining triazine N-H
and non central nitrogen atom dimerize in a centrosymmetrical fashion, and sheets are formed
of these complexes without further hydrogen bonding interactions.

The hydrogen bond distances of the triple hydrogen bonds in the diaminotriazine—
uracil complexes are typically 2.8-3.1 A, and the angles 159—178 degrees. These values are
- general for nucleobase pairing, and are comparable to those in cocrystals of
di(acylamino)pyridine derivatives with imides.”” They fall in the region of intermediate
hydrogen bonding strf:ngth.27 The bond distances of the outer N~H “O=C hydrogen bonds are
comparable to the inner N—H"N distances; the lines through the three nitrogens of
diaminotriazine, and through the central nitrogen and two oxygens of uracil, are virtually
linear.

2.3.4 Opposite effect of acylation on the stability of diaminopyridine and
diaminotriazine complexes. Dimerization and complexation with N-
propylthymine

The association constant of ~the complex of diaminopyridine (18) with N-
propylthymine (17) increases approximately tenfold upon acetylation of the amino groups. A
corresponding increase in association constant upon acetylation of diaminotriazines was
expected. However, when the amino groups of a diaminotriazine were acetylated, the
association constant of the complexes with N-propylthymine dramatically dropped to

31



Chapter 2

approximately 6 M~ ! (Table 2.2, entries 5, 7 and 8). Infrared spectroscopy also shows that N-
propylthymine and 2,4-di(acetylamino)triazine § do not form a stable complex in chloroform
(Table 2.3).

Initially, these unexpected results seemed rather strange. In acylated triazines, the
reduced basicity of the ring nitrogen atoms alone fails to explain the differences, because this
effect is not observed for di(acylamino)pyridines, where a similar reduction in basicity is
expected. The spectroscopic and X-ray data discussed below led us to believe that the
differences result from the formation of a linear ADADA array of five hydrogen bonding sites
when the amides in di(acylamino)triazines are in a cis conformation (figure 2.5).

N—H D
A

Figure 2.5: Linear ADADA amay of a di(acylamino)triazine with cis-amide groups.

Whereas in di(acylamino)pyridines the trans conformation is the most stable

conformation,*®

in di(acylamino)triazines the cis conformation might predominate, due to
electrostatic repulsion between the amide oxygen atom and one of the nitrogen atoms in the
triazine ring that cannot be avoided when the amide is trans. In both types of molecules, it is
expected that the amide group is more or less coplanar with the aromatic ring because of
resonance stabilization. A search of the Cambridge structural database for
acylaminopyridines, -pyrimidines and -triazines confirmed this hypothesis. The search yielded
8 structures of di(acylamino)pyridines,”’ all having amides exclusively in the trans
conformation, with the carbonyl arnti to the ring nitrogen atom. In the only two structures of
2-acylaminopyrimidines in the database, the amide has a cis conformation.*? Remarkably, one
of these crystal structures features a linear array of four alternating donor and acceptor groups,
incorporated in a quadruply hydrogen bonded centrosymmetric dimer.

Although the crystallographic data suggest a preference for cis amides in the non
sterically hindered di(acetylamino)triazine § and in a 2-acetylamino-4-aminopyrimidine
derivative in the solid state,”® they do not give information on the occurrence of this
conformation in solution. Therefore, we decided to record infrared spectra of di(acylamino)-
triazines and di(acylamino)pyridines in dilute chloroform solution.

In the IR spectra of N-aryl amides in dilute CHCIl; or CCl, solution, in which the
amides are predominantly in trans-conformation, the N-H stretch vibration of the trans-
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amide appears at higher wavenumbers than that of the cis-amide.*® In the infrared spectrum of
di(acetylamino)- or di(hexanoylamino)pyridine at 50 mM in dry CHCls, we find a single band
at 3422 cm™, strongly suggesting that the amide groups are predominantly in the trans
conformation.*

In di(acylamino)triazines 5 and 6, however, bands at 3383 and 3395 cm™,
respectively, are found for the N—H stretch vibration in dilute chloroform solution (5 mM 3,
In di(pivaloylamino)triazine 7, in which the conformation of the amide groups is trans for
steric reasons, this band is found at 3424 cm™ .3 Comparison of these wavenumbers with the
N-H stretch vibration wavenumbers of cis and trans conformers of acetanilide in CCl,
solution (3402 and 3446 cm™ rcspectivcly)36 strongly suggests that the amide groups in § and
6 are predominantly cis in solution. Due to the cis conformation of the amide groups, these
compounds have a linear ADADA array of five hydrogen bonding sites, in noticeable contrast
with the DAD array in 2,6-di(acylamino)pyridines. The formation of a linear ADADA array
has two important consequences for the complexation behavior of di(acylamino)triazines:

(i) The amide oxygen atoms in di(acylamino)triazines create additional repulsive
secondary interactions in complexes with ADA systems, and thus decrease the binding
strength with uracil derivatives (see figure 2.6a).36

(ii) Dimerization constants of di(acylamino)triazines are much higher than
dimerization  constants of di(acylamino)pyridines. The ADADA array of
di(acylamino)triazines allows for dimerization to a complex that is held together by four
hydrogen bonds, with the geometry depicted in figure 2.6b.%7

(a) o) (d)
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N—Hmwm®™O  CHs ~<N—H Thxle}
N -
Gl Al
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O

Figure 2.6: (a) Proposed geometry of the complex of AN-propylthymine (17) and
di(acetylamino)triazine 5.
(b) Proposed dimer geometry of di(acylamino)triazines with quadruple hydrogen bonding.
Additional repulsive electrostatic interactions are indicated by double-headed arrows.
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2.4 Conclusion

2,4-Diamino-s-triazines form complexes with uracil derivatives that are as strongly
associated as complexes of di(acylamino)pyridines with uracils. Because 6-substituted
triazines are synthetically more accessible than 4-substituted di(acylamino)pyridine
derivatives, 2,4-diamino-s-triazine and uracil represent a convenient couple for
supramolecular chemistry. Both units are synthesized in a comparable fashion by simple
condensation reactions of nitriles or esters, and B-keto esters, respectively. Furthermore, both
units are functionalized in the same fashion with a substituent at the 6-position. The reliability
of the triple hydrogen bond as the dominant organizing interaction between diaminotriazines
and uracils has been shown by the persistence of the triple hydrogen bonding motif in
cocrystals, in the presence of groups capable of additional hydrogen bonding interactions.

The linear ADADA array we propose for acylated diaminotriazines, possible due to
the preference for cis-amides in these compounds, is not suitable for the formation of
complexes with imides. However, acylaminotriazines may be used for the construction of
self-complementary complexes via four hydrogen bonds. The interesting possibility to
achieve very strong dimerization of self-complementary groups via quadruple hydrogen
bonding is explored in the following chapters of this thesis.

2.5 Experimental Section

General methods. Chemicals were purchased from Acros Chimica, Fl‘uka or Aldrich and
used as received unless otherwise stated. Compounds 1, 8, 10, 12 and 15 were synthesized
analogous to the described methods, and compounds 4," 16,"® and 17'® according to literature
procedures; all compounds gave satisfactory analyses. All reactions were camed out under an
atmosphere of dry nitrogen and solvents were of technical grade, unless otherwise stated. Anhydrous
THF and diethyl ether were obtained by distillation from sodium/potassium/benzophenone, analytical
grade pyridine, ethanol and iso-propanol were dried over 4 A molecular sieves. NMR-spectra were
recorded on a Vanan Gemini 300 or a Bruker AM400. Chemical shifts are given in ppm relative to
TMS for proton and carbon spectra. For the 'H-NMR titrations, deuteriochloroform was used as
received. IR-spectra were recorded on a Perkin-Elmer 1600 FT-IR spectrometer. Melting points were
determined on a Jenaval THMS 600 melting point microscope and are uncorrected.

Binding experiments. For the 'H-NMR titrations, CDCl, (Cambridge Isotope Laboratories)
was used as received, since the chloroform was found to be of sufficient quality: (i) Upon saturation of
CDCl; from a freshly-opened bottle with water, the association constant of the complexes of
di(hexanoylamino)pyridine 20 with uracils 17 and 13 dropped by maximal 20%, (i) Filtration of CDCl,
through alumina before the titration did not change the association constant of the complex 217
significantly (<10%).*® 'H-NMR titration experiments were performed foliowing the guidelines of
Conriors,® Derenleau* and Canta et al*' Dimerization and association constants were evaluated by
fitting the data to the appropriate equation using a nonlinear least squares fitting procedure. When one
of the components in a complex showed significant dimerization, the binding model for fitting the
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complexation data to obtain the association constant was adopted to a model taking dimenization into
account, using the previously determined dimerization constant and its CIS value as fixed parameters.

IR-experiments in chloroform. Dry chloroform for the infrared experiments was obtained by
purification of analytical grade chloroform (stabilized with ethanol) by several extractions with water,
followed by drying over calcium chloride for two hours, and distillation under an atmosphere of dry
nitrogen. Spectra were taken in a 0.1 mm NaCl cell for concentrations higher than 5 mM, and in a 1
mm. cell for lower concentrations (typically 1-5 mM). Solvent contributions were removed by
subtraction.

Preparation of diaminotriazine—uracil cocrystals. Unless otherwise stated, cocrystals were
obtained by crystallization from excess hot water by slow cooling, followed by slow evaporation in air.
Cocrystals of 2,4-diamino-6-dodecyl-s-triazine and 6-tridecyluracil were obtained by slow evaporation
of an ethanol/water/dichloromethane 8:1:1 v/v/v solution. Cocrystals of 2,4-diamino-6-dodecyl-s-
triazine and 1-N-methyl-6-tridecyluracil were obtained by dissolving both components in warm
aqueous ethanol, followed by slow cooling and evaporation of solvent in air.

X-ray single crystal structure analyses. Crystals suitable for X-ray structure determination
were mounted on a Lindemann-glass capillary, and transferred to an Enraf-Nonius CAD4-T
diffractometer on rotating anode (MoKa radiation, graphite monochromator, A = 0.71073 A, 7 = 150
K). Data were corrected for Lorentz-polarization effects and for linear instability in the periodically
measured reference reflections, but not for absorption. The unit-cell parameters were checked for the
presence of higher lattice symmetry.42 The structures were solved by automated direct methods
(SHELXS-86 “%). Refinement on F? was carried out by full-matrix least-squares techniques (unless
otherwise stated: SHELXL-93 *). No observance criterion was applied during refinement. All hydrogen
atoms were located on different Fourier maps; their coordinates were included as parameters in the
refinement. All non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen
atoms were refined with a fixed isotropic thermal parameter related to the value of the equivalent
isotropic displacement parameter of their carner atoms.

Crystal data for compond 5: CoH3NsOa, M, = 239.23, colourless, plate-shaped crystal (0.05
x 0.2 x 0.7 mm), triclinic, space group P1 (no. 2) with a = 8.7289 (8), b = 10.9012 (7), ¢ = 11.5137(7)
A, o =95.915(5), p = 93.588(6), Y= 93.153 (6)°, V = 1085.54 (14) A%, Z = 4, D, = 1.464 g.cm™, F(000)
= 504, p(Mo Ka) = 1.1 cm™'. 8465 Reflections measured, 4985 independent reflections, Ry = 0.033
(1.78° < 8 < 27.50°), and 385 parameters. Final wR2 = 0.106, w = 1/[c*(F?) + (0.004P)? + 0.28P], R1 =
0.043 (for 37911 > 20(1)), S=1.04, -0.26 < Ap < 0.24 e A,

Crystal data for complex 2e11: C;sHz9NseC17H3oN,0,, M, = 573.87, colourless plate-shaped
crystal (0.02 x 0.6 x 1.0 mm), triclinic, space group P1 (no. 2), witha =6.7134 (13), b= 7.7297 (7), ¢
= 31.988(3) A, a = 93.917(7), B = 91.894(11), y=93.704 (12)°, V = 1651.4 (4) A’, Z = 2, D, = 1.154
g.cm™, F(000) = 632, u(Mo Koa) = 0.7 cm™. 12414 Reflections measured, 7576 independent
reflections, Riy = 0.064 (0.64° < § < 27.50°), 547 parameters. Final wR2 = 0.174, w = 1/[c*(F?) +
{0.0567P)*], R1 = 0.071 (for 3332 | > 26(l)), S = 1.02, -0.25 < Ap < 0.24 ¢ A,

Crystal data for complex 2¢13: C;5HxNs¢CigH31N,0,, M, = 587.90, colourless, needle-
shaped crystal (0.05 x 0.05 x 0.3 mm), triclinic, space group P1 (no. 2), with a = 11.779 (6), b =
12.319:(8), ¢ = 13.782(6) A, 0. = 66.71(4), P = 75.94(4), y=73.97 (4)°, V= 17451 (19) A}, Z=2, D, =
1.119 g.cm™, F(000) = 648, p(Mo Ko) = 0.7 cm™'. 6432 Reflections measured, 5494 independent
reflections, Ry = 0.0918 (1.63° < 8 < 25.0°), and 392 parameters. Hydrogen atoms were included on
calculated positions. The atoms C(117) through C(120) of the dodecyl group are disordered over two
positions. Final wR2 = 0.2104, w = 1/[6°(F%) + (0.01P)? + 4.0P], R1 = 0.0974 (for 2696 1 > 24(})), S =
1.299, -0.33 < Ap<0.40 e A,
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Crystal data for complex 4¢15: C4H;NsOCsHgN,O3, M, = 283.24, colourless, block-shaped
crystal (0.3 x 0.5 x 0,7 mm), triclinic, space group P1 (no. 2) with a = 6.9057 (6), b = 9.0323 (8), ¢ =
10.0639(8) A, o = 73.793(7), B = 72.431(7), y = 80.202 (7)°, V = 572.13 (10) A%, Z = 2, D, = 1.644
g.cm?, F(000) =296, p(Mo Kar) = 1.3 cm™. 5391 Reflections measured, 2610 independent reflections,
Rim = 0.078 (2.19° < 6 < 27.50°), and 220 parameters. Final wR2 = 0.137, w = 1[0%(F?) + (0.0466P) +
0.06P], R1 = 0.052 (for 1479 1 > 2a(l)), S = 1.01, for 0.27 < Ap <0.32 e A,

Crystal data for complex 1¢16: C;H;NseC¢HgN,O1eH,0, M, = 299.29, colourless, block-
shaped crystal (0.1 x 0.2 x 0.4 mm), triclinic, space group P1 (no. 2), with a = 6.9536 (4), b =7.3103
(6), ¢ = 13.2804(7) A, o = 94.337(5), p = 102.548(5), y = 96.874 (5)°, V =650.61 (8) A®, Z =2, D, =
1.528 g.cm®, F(000) = 316, u(Mo Ka) = 1.2 cm™. 4839 Reflections measured, 2977 independent
reflections, Ry = 0.0275, (1.58° < 8 < 27.5°), and 241 parameters. Positional parameters of the
hydrogen atoms were refined. Final wR2 = 0.1134, w = 1/[02(F2) + (0.0528P)2 + 0.15P], R1 = 0.0425
(for 2055 1 > 25(1)), S = 1.036, -0.22 < A p < 0.33 e A*®,

Crystal data for 1:1 complex 1¢12: C,H;N5eCeHgN:O203H,0, M, = 319.33, colourless,
needle-shaped crystal (0.1 x 0.1 x 0.4 mm), triclinic, space group P1 (no. 2) with a = 7.2290 (6), b =
9.1350 (9), ¢ = 12.2020(9) A, o= 107.15(7), B = 103.27(6), y = 94.52 (7)°, V = 740.0 (4) A>, Z=2, D, =
1.433 g.cm™, F(000) = 340, u(Mo Ko) = 1.2 cm™'. 6999 Reflections measured, 3388 independent
reflections, Ry = 0.0456, (1.82° < 8 < 27.5°), and 262 parameters. Positional parameters of the
hydrogen atoms were refined. Final wR2 = 0.1406, w = 1/[6*(F?) + (0.0800P)° + 0.05P], R1 = 0.0495
(for 2391 | > 25(1)), S = 1.011, -0.32 < A p < 0.25 0 A®,

Crystal data for complex 4¢16: C,H;NsOeCgHN,O302H,0, M, = 333.31, colourless, needle-
shaped crystal (0.05 x 0.05 x 0.8 mm), monoclinic, space group P2,/c (no.14), with a = 6.8342 (10), b
=17.246 (2), ¢ = 12.3853(12) A, o0 = 90, B = 95.194(10), y= 90°, V = 1453.8 (3) A%, Z = 4, D, = 1.523
g.cm™, F(000) = 704, u(Mo Ko)) = 1.3 cm’™'. 5589 Reflections measured, 3302 independent reflections,
Rim = 0.0808, (1.18° < 0 < 27.5°), and 260 parameters. Positional parameters. of the hydrogen atoms
were refined, except for the disordered hydrogen atoms of water, which were included in a rigid group.
Final wR2 = 0.1819, w = 1[0*(F%) + (0.0488P)], R1 = 0.0808 (for 1445 | > 20(1)), S = 1.038, -0.38 < A
p<0.340A”

Crystal data for 1:2 complex 1s12: C,H;Nse2C¢HzN,O5, M, = 405.41, colourless, plate-
shaped crystal (0.05 x 0.5 x 0.5 mm), triclinic, space group p1 (no. 2) with a = 8.8253 (9), b = 9.4084
(15), ¢ = 12.377(2) A, . = 107.271(12), B = 98.762(9), y= 105.526 (11)°, V=915.0 (3) A*, Z=2, D, =
1.472 g.cm®, F(000) = 428, p(Mo Ko) = 1.1 cm™. 4900 Reflections measured, 4174 independent
reflections, Ry = 0.0556, (1.78° < 6 < 27.5°), and 331 parameters. The structure was solved with SIR-
88, and refined using SHELLXL-93. Positional parameters of the hydrogen atoms were refined. Final
wR2 = 0.1968, w = 1/[c*(F?) + (0.0976P)% + 0.22P], R1 = 0.0667 (for 2539 | > 25(l)), S = 1.039, -0.27
<Ap<0.50eA?

2,4-Diamino-6-dodecyl-s-triazine. (2). Tridecanitril (20.3 g, 0.104 mol) was heated under
reflux overnight with dicyanodiamide (9.18 g, 0.109 mol), and potassium hydroxide (1.77 g, 0.031 mol)
in dry Fpropanol (120 mL). After cooling to ambient temperature, ice-water was added. The resultant
white precipitate was filtered, and was crystallized from water/ethanol 1:1 v/v yielding large colourless
plates (70%). These crystals appeared to contain the product and starting material in a 1:1 ratio.*®
Dissolving the solid in warm methanol and subsequent addition of a large amount of hexane caused 2
to precipitate as tiny needles. Repeating this procedure gave pure 2 (8.72 g, 30%, mp 121.5°C). 'H-
NMR (CDCly) &: 5.12 (br, 4H), 2.48 (t, 3H), 1.69 (m, 2 H), 1.26 (m, 18 H), 0.88 (1, 3H). *C-NMR
(CDCly) &: 179.7, 167.1, 38.8, 31.9, 29.6, 29.6, 29.5, 29.4, 29.3, 27.9, 22.7, 14.1. IR (KBr) v: 3493,
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3452, 3394, 3315, 3144, 2916, 2850, 1628, 1550, 1433 cm™. Anal. calcd for CsHagNs: C, 64.48; H,
10.46; N, 25.06. Found: C, 64.09; H, 10.59; N, 24.88.

2,4-Diamino-6-methoxymethyl-s-triazine (3). A mixture of dicyanodiamide (31.0 g, 0.37
mol), methoxyacetonitrile*® (29.2 mL, 0.34 mol) and potassium hydroxide (5.70 g, 84 mmol) in dry iso-
propanol (240 mL) was heated under reflux overnight. After cooling to 0°C, the resulting white
precipitate was filtered off, and washed with cold water (50.5 g, 88%). An analytical sample was
prepared by crystallization from hot water, giving colourless plates. Only after thoroughly drying at
50°C in vacuo, satisfactory elemental analysis of 3 was obtained, mp 258—260°C (with decomposition
and sublimation; solid phase transition at 244—250°C). 'H-NMR (DMSO-d;) 8: 6.95, 6.75 (br, 4H), 4.05
(s, 2H), 3.29 (s, 3H). °C-NMR (DMSO-d;) &: 174.6, 167.3, 74.2, 58.5. IR (KBr) v: 3385, 3333, 3231,
3146, 1667, 1638, 1546, 1469 cm™'. Anal. caled for CsHgNsO: C, 38.71; H, 5.85; N, 45,14, Found: C,
39.06; H, 5.77; N, 45.50.

2,4-Di(acetylamino)-6-methoxymethyl-s-triazine (5). To 2,4-diamino-6-methoxymethyl-s-
triazine 3 (8.55 g, 50 mmol), acetic anhydride (50 mL) was added (no reaction occurred). After boiling
for 15 min under reflux, the suspension had turned into a clear solution, and reflux was continued for 2
h. After cooling, most of the acetic anhydride was removed in vacuo. Then, diethyl ether was added,
and the resultant suspension was filtered and washed thoroughly with diethyl ether. After drying at
50°C in vacuo, crude 5 was obtained (8.14 g, 68%). An analytical sample of 5, as suitable X-ray quality
crystals, was prepared by crystallization from hot ethyl acetate after treatment with active charcoal, mp
165—166°C (solid phase transition at 158—160°C). 'H-NMR (CDCly) &: 9.67 (br, 2H), 4.54 (s, 2H), 3.53
(s, 3H), 2.56 (s, 6H). >C-NMR (CDCl;) 5: 178.8, 172.6, 164.4, 74.4, 60.0, 26.5. IR (KBr) v: 3477, 3294,
3162, 2932, 1737, 1688, 1589, 1496, 1298 cm™'. Anal. calcd for CoHy3NsOq: C, 45.19; H, 5.48; N,
29.27. Found: C, 45.24; H, 5.31; N, 29.16.

2,4-Di(hexanoylamino)-6-methoxymethyl-s-triazine (6). To a suspension of 2,4-diamino-6-
methoxymethyl-s-triazine (8.55 g, 50 mmoi) in boiling dry pyridine (35 mL), hexanoyl chioride (14 mL,
0.102 mol) was added slowly. After 20 min refiuxing, a clear solution had formed, which was then
cooled to ambient temperature. Addition of ethyl acetate (100 mL) gave a suspension which was
filtered. The filtrate was evaporated and the residue was dissolved in dichloromethane. The solution
was washed with dilute sodium bicarbonate solution and with water, dried over sodium sulfate, filtered
and concentrated to ca. 50 mL. Addition of a large amount of hexane caused 6 to precipitate slowly.
The product was filtered and washed with hexane, and the precipitation procedure was repeated once
more. Drying in vacuo gave pure 6 (12.91 g, 74%). An analytical sample was prepared by dissolving in
hot ethyl acetate, treatment with active charcoal and filtration. Adding hexane caused the product to
precipitate as white grains, mp 82-83°C. 'H-NMR (CDCls) &: 9.91 (br, 2H), 4.50 (s, 2H), 3.50 (s, 3H),
2.83 (t, 4H), 1.68 (m, 4H), 1.30 (m, 8H), 0.88 (1, 6H). '’C-NMR (CDCl,) &: 178.8, 175.5, 164.4, 74.4,
59.9, 38.4, 31.9, 24.9, 22.9, 14.4. IR (KBr) v: 3252, 3201, 3145, 2955, 2928, 2871, 1736, 1891, 1583,
1485, 1381,1322 cm™". Anal. calcd for Ci7HNsO5: C, 58.10; H, 8.32; N, 19.93. Found: C, 57.89; H,
8.40; N, 19.70.

2,4-Di(pivaloylamino)-6-methyl-s-triazine (7). To a suspension of 2,4-diamino-6-methyl-s-
triazine (6.26 g, 50 mmol) in boiling dry pyridine (110 mL), pivaloy! chloride (2.6 mL, 0.102 mol) was
added slowly via a syringe. After boiling under reflux for 75 min, the clear solution was poured into ice-
water. The resultant precipitate was filtered, and dissolved in dichloromethane. The dichloromethane
phase was extracted with water, dried over sodium sulfate, filtered and partially evaporated. Addition
of a large amount of hexane caused the product to precipitate as off-white crystals (9.65 g, 66%).
Recrystallization from hot ethanol/water 1:3 v/iv yielded crystals of the hydrate of 7, mp (of the
anhydrate) 221-222°C (loss of crystal water and sublimation to anhydrous crystals from 151—213°C;
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sublimation to liquid 213—221°C). 'H-NMR (CDCly) &: 8.35 (br, 2 H), 2.58 (s, 3H), 1.32 (s, 18 H). °C-
NMR (CDCls) 8: 179.2, 176.3, 163.9, 40.5, 27.1, 25.8. IR (KBr) v: 3477, 3263, 2975, 1708, 1588, 1487,
1397, 1360 cm™'. Anal. calcd. for C14H23Ns0, 0.5 H,0: C, 55.61; H, 8.00; N, 23.16. Found: C, 55.56;
H, 7.83; N, 23.24. ‘

6-Tridecyl-thiouracil (9). Ethyl 3-oxopalmitoate was prepared first, using the method
described by Huckin. *’ To 60% sodium hydride (4.42 g, 0.11 mol) in dry THF (250 mL), was added at
0 °C ethyl acetoacetate (13.0 g, 0.10 mol). After stirring at this temperature for 15 min, 1.6 M -
butyllithium in hexane (65.6 mL, 0.105 mol) was added dropwise with a syringe at the same
temperature. After stirring for 15 min at 0°C, dodecyl bromide (27.6 g, 0.11 mol) was added. Then the
- temperature was allowed to rise to room temperature during 30 min, whereupon the mixture was
poured into acidified ice-water and extracted several times with diethyl ether. The combined diethyl
ether layers were copiously washed with water, dried over sodium sulfate and evaporated to dryness
to yield a yellow oil (33.77 g). NMR showed the oil to consist of ethyl 3-oxopalmitoate and unreacted
dodecyl bromide in a ~ 3:2 ratio (yield 67%). This crude product was used without phriﬁcation.

The condensation reaction of the keto-ester with thiourea to yield the thiouracil was performed
analogous to the method of Gershon.* Freshly cut sodium (2.17 g, 0.094 mol) was dissolved in dry
ethanol (94 mL). To the solution were added subsequently thiourea (5.0 g, 0.066 mol) and crude ethyl
3-oxo-palmitoate (23.7 g, ca. 0.047 mol) at once. After refluxing overriight, the solution was cooled to
ambient temperature and acidified with dilute hydrochloric acid. After removal of most of the solvent in
vacuo, the product was filtered off. Crystallization from ethanol gave pure 9 (8.39 g, 57%). An
analytical sample was prepared by recrystallization from water:ethanol 4/1 viv, mp 154-155°C. 'H-
NMR (DMSO-dp) 8: 12.34 and 12.00 (br, 2 H), 5.66 (s, 1H), 2.32 (t, 2H), 1.31 (m, 2H), 1.21 (m, 20 H),
0.82 (t, 3H). "*C-NMR (DMSO-dy) 8: 176.4, 161.4, 103.2, 31.7, 29.4, 29.3, 29.1 (overlapping peaks),
29.0, 28.7, 27.6, 22.5, 14.3. IR (KBr) v: 3058, 2955, 2918, 2849, 1662, 1639, 1585 cm™. Anal. calcd
for C47H3oN0S: C, 65.76; H, 9.74; N, 9.02. Found: C, 65.89; H, 9.78; N, 9.06.

6-Tridecyluracil (11). 6-Tridecyithiouracil (4.10 g, 13 mmol) and chloroacetic acid (2.49 g, 26
mmol) were heated under reflux in water (26 mL) in air during 6 h, whereafter a clear water-layer with
a floating pasty oil was obtained. After adding concentrated hydrochloric acid (6.5 mL), refluxing was
continued overnight to yield a clear liquid containing crystals. After cooling in an ice bath, the crystals
were filtered off and recrystallized from chloroform, then from ethanolwater 4:1 v/v to yield 11 as tiny
white needles (3.25 g, 85%), mp 172—173.5°C. "H-NMR (DMSO-dy) 8: 10.88 and 10.78 (br, 2H), 5.30
(s, 1H), 2.24 {t, 2H), 1.51 (m, 2 H), 1.22 (m, 20H), 0.83 (t, 3H). '*C-NMR (DMSO-dj) &: 165.0, 157.2,
152.0, 98.2, 32.0, 31.8, 29 (overlapping peaks), 27.6, 22.1, 13.9. IR (KBr) v: 2954, 2920, 2847, 1740,
1650 cm™. Anal. calcd for CyHaoN20z: C, 69.35; H, 10.27; N, 9.51. Found: C, 69.60; H, 10.44; N,
9.22.

1-N-methyl-6-tridecyluracil (13). 2,4-Bis(trimethylsityloxy)-6-tridecylpyrimidine was prepared
as described for 2,4-bis(trimethyisilyloxy)-6-trimethyisityloxymethyi-pyrimidine (vide infra). The crude
product was distilled quickly with the aid of a burner (79%, bp 205°C, 0.8 mm Hg). 'H-NMR (CDCl5) &:
6.09 (s, 1H), 2.48 (t, 2H), 1.59 (m, 2H), 1.21—1.18 {m, 20 H), 0.81 {t, 3 H), 0.31 (s, 18 H). *C-NMR
(CDCly) & 174.5, 170.1, 163.1, 102.2, 32.6, 31.7, 29.6, 29.5, 29.4 (overlapping peaks), 29.3, 28.5,
22.7,14.1,04. '

The distilled 2,4-bis(trimethylsilyloxy)-6-tridecylpyrimidine (3.79 g, 86.4 mmol) was set aside
with freshly distilled methyl iodide (10 mL) under nitrogen in the dark. After a period of two weeks,
ethanol was added, and the methy! iodide evaporated in vacuo into a cold trap. Dilute hydrochloric acid
was added, and the product was filtered. The product was dissolved in chloroform, and the chloroform
solution was successively extracted with dilute hydrochloric acid, dilute potassium permanganate
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solution in dilute acid, sodium sulfite solution, dilute hydrochloric acid and water. The chloroform layer
was dried over sodium sulfate, filtered and diluted with hexane. Partial evaporation of the solvent gave
a white precipitate, which was filtered off. Crystallization from water/ethanol 1:1 v/v, then from ethanol
gave analytically pure 13 as tiny white needles (1.84 g, 54% based on uracil 11, mp 138.6—139.8°C).
'H-NMR (CDCl3) &: 10.19 (br, 1H), 5.50 (s, 2H), 3.31 (s, 3H), 2.40 (t, 2H), 1.52 (m, 2H), 1.33 (m, 2H),
1.19 (m, 8 H), 0.81 (t, 3H). *C-NMR (CDCly) & 163.3, 157.6, 152.2, 100.6, 32.6, 31.8, 30.3, 29.5
(overlapping peaks), 29.4, 29.3, 29.2, 29.1, 28.9, 27.0, 22.5, 14.0. IR (KBr) v: 3176, 3044, 2953, 2922,
2848, 1717, 1679 cm™'. Anal. caled for C1gH12NoO,: C, 70.09; H, 10.46; N, 9.08. Found: C, 70.38; H,
10.78; N, 8.99.

Column chromatography (silica, CHCl;:MeOH 200:3 v/v) of the mother liquor from the
recrystallization of 13 afforded another fraction of pure 13 (0.31 g, 9% based on uracil 11) (R; = 0.20),
and a small amount of 3-N-methyl-6-tridecyluracil (14) (0.25 g, 7% based on uracil 11, mp 147.0—
147.4°C) (R = 0.30). 'H-NMR (CDCl,) &: 10.61 (br, 1H), 5.59 (s, 2H), 3.30 (s, 3H), 2.39 (1, 2H), 1.64
(m, 2H), 1.32 (m, 2H), 1.25 (m, 18H), 0.87 (t, 3H). '°C-NMR (CDCl,) &: 163.7, 153.8, 153.5, 99.2, 32.6,
31.8, 29.6 (overlapping peaks), 29.5, 29.4, 29.3, 29.1, 28.9, 27.0, 26.8, 22.6, 14.0. IR (KBr) v: 3420,
2919, 2850, 1738, 1637, 1598 cm™'. Anal. caled for CigHN,0,: C, 70.09; H, 10.46; N, 9.08. Found: C,
70.92; H, 10.41; N, 8.68. MS: m/e 308.30 (M*, 4.6%).

1-N-Methyl-6-hydroxymethyluracil (16). To a suspension of 6-hydroxymethyluracit'® (9.95 g,
70 mmol) in dry THF (500 mL) were added trimethyisilyl chloride (28 mL, 0.22 mol) at once, and dry
triethylamine (22 mL, 0.22 mol) in THF (200 mL) dropwise (analogous to the method of Nishimura).*
After stirring overnight, the suspension was filtered (under nitrogen). The white cake was thoroughly
extracted with dry THF. The combined filtrates were evaporated to dryness. The residual yellow oil
was distilled (23.72 g, 95%, bp 109°C, 0.05 mmHg). The product, 2,4-bis(trimethylsilyloxy)-6-
trimethylsilyloxymethyipyrimidine, is extremely sensitive to moisture. 'H-NMR (CDCl3) &: 6.21 (s, 1H),
4.23 (s, 2H), 0.25 (s, 18H), 0.02 (s, 9H). *C-NMR (CDCl5) &: 174.1, 171.2, 163.1, 100.2, 64.9, 0.8, 0.8,
0.2.

To the distilled 2,4-bis(trimethylsityloxy)-6-trimethylsilyloxymethylpyrimidine (23.7 g, 66 mmol)
was added freshly distilled methyl iodide (ca. 100 mL), under an atmosphere of dry nitrogen. After
standing in the dark for two weeks, 1 M hydrochloric acid (300 mL) was added. After strirring for 1 h,
methy! iodide was distilled off under reduced pressure into a cold trap. The water layer was extracted
repeatedly with diethyl ether which removed the yellow colour. The water layer was then neutralized to
pH = 7 and evaporated to ca. 200 mL. Cooling to 0°C gave pure 16 as nice crystals (5.49 g, 53%, mp
235-237°C, slight dec. starting at 230°C). Another 20% yield of 16 was obtained by evaporation of the
mother liquor to dryness, extraction of the residual solid with hot DMSO, evaporation of this DMSO
solution to dryness, and finally crystallization from water. *H-NMR (DMSO-dg) &: 5.70 (br, 1H), 5.60 (s,
1H), 4.33 (s, 2H), 3.19 (s, 3H) ppm. *C-NMR (DMSO-d;) &: 163.2, 158.1, 152.2, 98.3, 59.3, 29.3 ppm.
IR (KBr) v: 3286, 3174, 3045, 1714, 1674 cm™'. Anal. calcd for CeHgN2O3: C, 46.15; H, 5.16; N, 17.94.
Found: C, 46.43; H, 5.41; N, 17.95.

2-Amino-6-hexanoylaminopyridine (19). To a well-stirred solution of 2,6-diaminopyridine
(2.18 g, 20 mmol) in dry THF (40 mL) and triethylamine (2.9 mL, 20.5 mmol) was added dropwise
hexanoy! chloride (2.69 g, 20 mmol) at 0°C. After 10 min, the precipitate was filtered and the filtrate
evaporated to dryness. The product mixture was dissolved in chloroform and extracted 5 times with
water, which removed 2,6-diaminopyridine 18 quantitatively (19 is insoluble in water). Column
chromatography with 3% methanol in chloroform (product: Rs= 0.21; bis derivative: Ry = 0.44) foliowed
by crystallization from hexane/dichloromethane afforded pure 19 as tiny needles (1.39 g, 57%, mp
81.8—82.4°C). A 13% yield fraction of bis derivative 20 was also obtained. "H-NMR (CDCl,) &: 7.76 (br,
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1H), 7.54 (d, 1H), 7.44 (t, 1H), 6.24 (d, 1H), 4.33 (br, 2H), 2.32 (t, 2H), 1.70 (m, 2H), 1.32 (m, 4H), 0.89
(t, 3H), *C-NMR (CDCls) &: 171.9, 157.1, 149.9, 139.9, 104.0, 103.1, 37.3, 31.1, 24.9, 22.1, 13.7. IR
(KBr) v: 3477, 3362, 3235, 2954, 2927, 2857, 1673, 1622 cm™. Anal. calcd. for Cy1Hy7N30: C, 63.74;
H, 8.27; N, 20.27. Found: C, 64.10; H, 8.39; N, 20.29.

2,6-Di(hexanoylamino)pyridine  (20). In an attempt to  synthesize the
mono(hexanoylamino)pyridine 19, to a solution of 2,6-diaminopyridine 18 (1.09 g, 0.01 mol) in dry
pyridine (20 mL) was added hexanoyl chloride (1.54 mL, 0.011 mol) at 0°C. After stirring at ambient
temperature overnight, the solution was evaporated to dryness, and the residue dissoived in
chloroform. The chloroform solution was extracted with water three times, dried over sodium sulfate,
and evaporated to dryness. Analytically pure 20 was obtained in 42% vyield by crystallization from
hexane/ethyl acetate 1:2 v/v with norit treatment, mp 127-128°C. No trace of mono-acylated
compound could be found in the mother liquor. 'H-NMR 20 (CDCl3) &: 8.24 (br, 2H), 7.93 (d, br, 2H),
7.64 (t, 1H), 2.34 (tr, 4H), 1.66 (m, 4H), 1.30 (m, 8H), 0.88 (t, 6H). "*C-NMR (CDCI;) &: 171.8, 149.5,
140.3, 109.3 37.3, 31.1, 24.8, 22.1, 13.6. IR (KBr) v: 3246, 3040, 2960, 2931, 2858, 1661, 1585, 1526,
1447 cm™'. Anal. calcd. for Ci7HzN1O2: C, 66.85; H, 8.91; N, 13.76. Found: C, 66.73; H, 8.96; N,
13.67.

2,6-Di(acetylamino)pyridine (21). To a solution of 2,6-diaminopyridine 18 (1.09 g, 10 mmol)
in dry pyridine (7 mL) was added acetic anhydride (2.4 mL, 25 mmol). After stirring at ambient
temperature overnight, the solution was evaporated to dryness. Recrystallization ofi the residue from
water afforded 1.83 g of pure 21 (95% yield), mp 210—210.5°C. 'H-NMR (CDCl3) &: 7.90 (d, br, 2H),
7.74 (tr, 1H), 7.57 (br, 2H), 2.20 (s, 6H). **C-NMR (DMSO-d) 5: 169.6, 150.7, 140.2, 109.2, 24.4. IR
(KBr) v: 3292, 3252, 3194, 3150, 3048, 1678, 1584, 1529, 1450, 1300, 1244 cm™'. Anal. calcd. for
CgH11N3O2: C, 55.69; H, 5.71; N, 21.65. Found: C, 55.68; H, 5.71; N, 21.71.
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Chapter 3

The DADA Motif in Quadruply Hydrogen
Bonded Dimers of Triazines and Pyrimidines

Abstract:

Dimerization via quadruple hydrogen bonding in a Donor—Acceptor-Donor—
Acceptor (DADA) array in acylated diaminotriazine and diaminopyrimidine derivatives is
studied in detail using "H-NMR spectroscopy, FT-IR spectroscopy and X-ray diffraction.

2,4-Di(acylamino)triazines are capable of dimerization via quadruple hydrogen
bonding (Kgm = 37130 M™'), because these compounds can form an ADADA array due to
the preference for cis-amide conformations. These ADADA dimers are destabilized relative to
DADA dimers by two additional repulsive secondary interactions caused by the terminal
acceptor functionalities. Removal of these two spectator repulsions —by using mono-
acylated diaminotriazine derivatives— effects an increase in the dimerization constant to 530
M

An increase in the stability of the dimers is also achieved by replacing the cis-amide
group by a (butyl)ureido group; the ureido group forms an intramolecular hydrogen bond
pre-organizing the array. Hence, the dimerization constants of di(ureido)triazines are 180—
440 M, despite destabilization of these dimers by two spectator repulsions. The highest
dimerization constant of the triazine derivatives studied is observed for a mono-ureido
derivative (Kgm = 2.0 x 10° M'). These dimers are not destabilized by spectator repulsions,
and the DADA array is pre-organized. The value is more than one order of magnitude higher
than for mono-acylated diaminotriazines, and almost two orders higher than for
di(ureido)triazines.

Dimerization of self-complementary DADA arrays is also observed for acylated
derivatives of 2,4-diaminopyrimidine. In di(acylamino)pyrimidines, a DADA array is formed
because the acylamino group between the two ring nitrogens prefers the cis-conformation,
while the acylamino group adjacent to only one ring-nitrogen is in a trans-conformation. The
dimerization constants of di(acylamino)pyrimidines are between 200 and 1000 M. Pre-
organization by an intramolecular hydrogen bond also increases the stability of dimers of
pyrimidine derivatives. The dimerization constant of 2-butylureido-4-acetylamino-pyrimidine
is too large to be measured directly in pure chloroform. By extrapolation of dimerization
constants of this compound in chloroform/methanol solvent mixtures, the value in pure
CDCI; was estimated to lie between 2x 10° and 1x 10° M/,
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3.1 Introduction

In molecular recognition, arrays of multiple parallel or near-parallel hydrogen bonds
are a commonly used motif,' since strength, specificity and directionality are increased
compared to single hydrogen bonds. The strength of multiple hydrogen bonded complexes
has been found to depend not only on the number of hydrogen bonds —and the donor acidity
and acceptor basicity of the individual hydrogen bonds™— but also strongly on the particular
arrangement of the donor and acceptor functional groups.3 Linear arrays of three hydrogen
bonds have been studied in detail, and the strength of triple hydrogen bonds was found to
vary from moderate (K, = 102-10°> M™! for the DAD—ADA couple in chloroform),”* to strong
Ka= 10° —10° M! for the DDD-AAA couple in chloroform).’ Despite its moderate strength,
the DAD-ADA couple is by far the most frequently encountered couple in supramolecular
engineering, because of its ease of synthesis. The synthesis of the components of the much
stronger bonding DDA—AAD, and especially of the DDD-AAA couple, requires much more
effort. Several strongly bonded hetero-complexes held together by more than three hydrogen

bonds have also been described, of which a few examples are given in figure 3. 1.5°

(8) (b)

(c) (d)
050
o
&

Figure 3.1: Host—guest complexes with a very high binding strength:
(a) complex of a barbiturate with an artificial receptor, held together by 6 hydrogen bonds
of two cooperative triple hydrogen bonding arrays, K, = 1.4 x 10° M in chloroform,®
(b) flavin—receptor complex, K, = 1.4 x 10° M~ in chioroform,’
(c) urea—receptor complex, K, = 6.6 x 10° M~ in chloroform,®
(d) guanine—receptor complex, K, > 1.9 x 10° M™" in CDCL/DMSO 4:1 viv.®
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Dimerization via DADA Arrays

In these cases, however, the array of hydrogen bonding groups is not linear. All these strongly
bonded complexes, and other cxamplcs,10 are usually obtained by elaborate synthesis.

For a number of applications —such as self-assembling container molecules'! and
supramolecular tubes'>— self-complementarity is used. Self-complementarity, combined with
strong association of the functional groups, is also advantageous for the assembly of linear
hydrogen bonded polymers.'® Evidently, self-complementarity is found only in arrays with an
even number of hydrogen bonds. Several examples of self-complementary DA-arrays have
been described,™ but the strength of two hydrogen bonds is only moderate. In principle, the
strength could be increased by using linear arrays of four cooperative hydrogen bonds, but
such arrays are notably absent in the field of supramolecular chemistry."®

In the previous chapter, dimerization of di(acylamino)triazines via four cooperative
hydrogen bonds was proposed to explain their higher dimerization constants (Kgim = 37 M)
with respect to di(acylamino)pyridines (Kgim < 1 Ml). Since the amides in
di(acylamino)triazines prefer a cis-conformation —as was shown by IR-studies in dilute
chloroform solution— a linear ADADA-array can be formed. This ADADA array can
dimerize via four hydrogen bonds as depicted in figure 3.2a. However, this dimer geometry is
destabilized by two additional repulsive secondary interactions, indicated by the double-
headed arrows. Since these repulsive interactions result from a superfluous carbonyl group in
the ADADA array that itself is not involved in hydrogen bonding, we will refer to these
interactions as spectator repulsions.

Because of the potential of dimerization via four hydrogen bonds, it was decided to
investigate the possibility of obtaining significantly stronger bonded dimers than the dimer of
di(acetylamino)triazine 1. As a first approach to stronger dimerization, the two spectator
repulsions "destabilizing the di(acetylamino)triazine dimer are eliminated. This can be
achieved by using mono-acylated diaminotriazines (figure 3.2b).

In a second approach to stronger dimers, the carbonyl groups are fixed into a pre-
organized and coplanar array. This is achieved by an intramolecular hydrogen bond (figures
3.2¢ and d) of a ureido functionality, which can be obtained by reacting the amine(s) of the
diaminotriazine with an isocyanate. To obtain a full comparison of effects, the dimerization
of di(ureido)triazine derivatives (figure 3.2c) —dimers with two spectator repulsions— is
investigated as well as dimerization of mono(ureido) derivatives (figure 3.2d) —dimers
without two spectator repulsions.
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1: R=-CH2-O-CH3 ; R' = -CH3
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Figure 3.2: Quadruple hydrogen bonding in acylamino- and ureidotriazines:
(a) The dimers of di(acylamino)iriazine are destabiiized by two spectator repulsions.
(b) Dimers of monoacylated diaminotriazines are not destabilized by two spectator

repulsions.

(¢ and d) In ureidotriazines, the array is pre-organized by an intramolecular hydrogen

bond.

{c) Di(ureido)triazine dimers are destabilized by two spectator repulsions.
{d) Mono(ureido)triazine dimers are not destabilized by spectator repulsions.

The concept of quadruple hydrogen bonding via DADA arrays is extended to di-

acylated derivatives of 2,4-diaminopyrimidine: the amide group between the two aromatic

ring nitrogens is expected to be in a cis-conformation, just like in acylaminotriazines, while

the other amide, adjacent to only one ring nitrogen, is expected to be in trans-conformation,

like in acylaminopyridines (figure 3.3a). Furthermore, the concept of pre-organization by an

intramolecular hydrogen bond is also applied here (figure 3.3b).
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cis-amide hydrogen bond

(a) (b)
Figure 3.3: Quadruple hydrogen bonding in:
(a) dimers of di(acylamino)pyrimidine,
(b) dimers of 2-ureido-4-acylaminopyrimidine.

We studied in detail the effect of the modifications as described above on the
hydrogen bonding properties of acylated derivatives —both with acylamino groups as well as
with a ureido group— of 2,4-diaminotriazine and 2,4-diaminopyrimidine. X-ray diffraction
studies on single crystals were used to elucidate the hydrogen bonding pattern in the solid
state, furthermore affording detailed information on the bonding geometry. In solution, the
formation of quadruply hydrogen bonded dimers was studied by 'H-NMR and FT-IR
spectroscopy. Furthermore, dilution studies in chloroform solution afforded dimerization
constants. The results of these studies are discussed in the framework of the model of

J orgensen.2

3.2 Quadruple Hydrogen Bonding in  Acylated
Diaminotriazine Derivatives

3.2.1 Synthesis

Amido derivatives of diaminotriazines. Mono-acylated diamino-s-triazines 2—4
were prepared by heating a suspension of the corresponding diaminotriazine in a mixture of
the corresponding anhydride and pyridine as solvent, at reflux temperature for a short period
(15-30 min).'® The formation of the bis-derivative was minimized by stopping the reaction as
soon as the diaminotriazine had dissolved completely. Derivatives 2—4 were obtained in good
to excellent yields by merely cooling of the reaction mixture in an ice-water bath: the mono-
acylated product crystallized, while the trace of di(acylated) derivative remained in solution.
Derivatives 2—4 have low solubilities in chloroform —the solvent in which association via
hydrogen bonding is generally studied— obstructing detailed NMR/IR studies in this solvent.
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Due to the low solubility of derivatives 2—4, mono-acetylated diaminotriazine 7
—having three solubilizing alkyl chains— was prepared (scheme 3.1). Methyl 34,5-
trihydroxybenzoate was alkylated in DMF with dodecyl bromide and potassium carbonate at
70°C, to afford methyl 3,4,5-tri(ldodecyloxy)benzoate 5."7 A condensation reaction'® of this
ester 5 with biguanide'® afforded the corresponding diaminotriazine 6. Mono-acetylated
derivative 7 was predominantly formed by refluxing triazine 6 with one equivalent of acetic
anhydride in dry pyridine for two hours, although the crude product of the reaction was
contaminated with 6 and 8. The diaminotriazine 6 was easily removed by crystallization from
ethyl acetate. However, the desired mono(acetyl) derivative 7 could not be purified
completely from di(acetyl) derivative 8 by either column chromatography or crystallization.
Finally, a fraction containing 5% bis-acetylated compound 8 was the purest batch obtained.
For a complete comparison, bis(acetylamino)triazine 8 was synthesized by refluxing 6 in
excess acetic anhydride.

H H
NN
HO HasCp—O HNTNTNH, - HiCo—0Q NFe
HasCpBr H M
HO COOMe '~ ——»  HpCp—0 COOMe ——»  HxCp—O N
K,CO3, DMF ;
» Ho-CoG HeC~0-CHyCHyOH (¢, O H,
5 6
0O
_q’
HysCp—0 " NH, 1.eq. AcoO excess Acg0 Hﬁcn—o;: N—{:_ i
H502—0—©—<@ - 6 — HpsCo—O Q(
HyCo—0 N-H HsCe—0 N-H
HLC~C. HoG
\o o
7 8

Scheme 3.1:  Synthesis of 6-[3,4,5-tri(dodecyloxy)phenyl] substituted diaminotriazines.
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Ureido derivatives of diaminotriazines. To obtain the ureido derivatives of
diaminotriazines, acylation reactions with isocyanates were performed. Heating a solution of
2,4-diamino-6-methyl-s-triazine in pyridine with butyl isocyanate? under reflux for two hours
primarily gave rise to mono-acylation. By cooling of the solution, the mono-butylureido
derivative 9 crystallized in a 95% yield. Only a trace amount of the bis-ureido derivative 11
was present in the mother liquor. Compound 9 was obtained pure by crystallization from
chloroform. The limited solubility of 9 in chloroform prompted the preparation of 10, with a
similar solubilizing group as in the case of the acetyl derivative. This compound 10 was
prepéred in a similar way as described for 9, but purification to remove traces of bis-
derivative 12 was performed by column chromatography.

‘ * HpCop~0 _(NHZ
N
H30—<p stcg—o—@—(pN
HpsCp—0 H N-H
/N— > /‘N—C"
n-Cq4Hy © n-C4Hg Y
9 10

In addition, to perform a full study of hydrogen bonding properties in ureidotriazines,
bis-ureido derivatives 11 and 12 were prepared. These well-soluble compounds were obtained
by prolonged heating of the appropriate diaminotriazine with tenfold excess of butyl
isocyanate in pyridine at reflux.

n-CHo o ' n- ({4"'9 0
—c
H _<N—H HpsCp—0 l-( N H
. N
e~ %@4@
H N-H HpsCp—O N—H
N-C. -C,
/o /
n-CeHg © b ©
11 12

3.2.2 Hydrogen bonding pattern in the solid state

To elucidate the hydrogen bonding pattern in the solid state, crystal structures were
determined by single crystal X-ray diffraction. The crystal structures of mono(acetylamino)-
and mono(ureido)aminotriazines 2 and 9 feature quadruply hydrogen bonded, planar,
centrosymmetrical dimers of DADA arrays (figure 3.4a—b). The carbonyl group of both the
acetylamino derivative 2 (figure 3.4a), as well as of the ureido derivative 9 (figure 3.4b), are
cis with respect to the N-H on the ring, giving rise to a DADA array. An intramolecular
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hydrogen bond of the ureido group to a non-central triazine ring nitrogen atom is present in
ureido derivative 9. The N to N distance is 2.658 (4) A, with an angle of 139 (2) degrees in
the hydrogen bond. :

(a)

Figure 3.4 : PLUTON representation of the hydrogen bonding patterns in the crystal structures of:
(a) 2-(acetylamino)-4-amino-6-methyl-s-triazine 2,
(b) 2-butylureido-4-amino-6-methyl-s-triazine 9.

In both crystal structures, infinite chains are formed by additional dimerization via
double hydrogen bonds of the remaining triazine amine with a non-central triazine ring
nitrogen atom. Thus, in the solid state, all potential donor atoms of 2 and 9 are involved in
hydrogen bonding. Bond lengths and angles of the quadruply hydrogen bonded dimers are
reported in Table 3.1.

Table 3.1: Hydrogen bond distances [A] and X-H-X bond angles [°] in the crystal

structures of 2 and 9.
N-H"N N-H"N N-H~0=C N-H"0=C Hydrogen bond
distance angle distance angle length difference
2 3.195 (2) 174.5 (1.9) 2.839(2) 175(2) 0.356
9 3.101(4) 176(3) 2.797(4) 176(3) 0.304

A striking difference in bond length between the inner (N-H "N) and the outer
hydrogen bond (N-H""O=C) is present: the inner N-H "N hydrogen bonds are 0.30 A to 0.36
A longer than the outer N-H0=C hydrogen bonds. The DADA arrays in both crystal
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structures deviate significantly from linearity; the oxygen atom does not fall on the line
connecting the three nitrogen atoms in the array of one molecule, but is protruding. The
enforced bond length difference between N-H~O=C and N~-H "N hydrogen bonds —which
have in general similar equilibrium lengths®! — apparently does not prevent the formation of
dimers. Bond lengths are slightly shorter in ureido derivative 9 than in acetyl derivative 2.2

In the crystal structure of di(butylureido)triazine derivative 11, both butylureido
substituents are in a cis, trans conformation, and intramolecularly hydrogen bonded (figure
3.5). These intramolecular hydrogen bonds have distances of 2.655 (6) and 2.684 (6) A with
angles of 132.6 (1.6) and 131.5 (1.6) degrees, respectively. These values are similar to those
in 9. Formation of a quadruply hydrogen bonded dimer is not observed in the crystals of 11
studied, because one of the intramolecular hydrogen bonds is directed to the central triazine
ring nitrogen between the two ureido substituents. As a result, dimerization via quadruple
hydrogen bonding is impossible, and a two-dimensional hydrogen bonding network is
present, formed by one double hydrogen bonding and two single hydrogen bonding
interactions per molecule.

Figure 3.5: PLUTON representation of the hydrogen bonding pattem in the crystal structure of 11.
3.2.3 Association studies in chloroform solution

Formation of Hydrogen Bonded Complexes. The formation of hydrogen
bonded complexes in solution was substantiated by FT-IR and 'H-NMR spectroscopy. By
measuring IR-spectra in chloroform at various concentrations, N-H and NH, stretch
vibrations of monomer and dimer could be assigned (table 3.2).”* These IR-studies show that
the molecules exist in the tautomeric forms as shown in the structural formulas; other
tautomeric forms have not been observed. The antisymmetric and symmetric NH; stretch
vibrations in the monomers of compounds 7 and 10 are found at similar positions as for
parent diaminotriazines (see chapter 2). Upon dimerization, a shift to lower wavenumbers
occurs similar to, but somewhat larger than for, diaminotriazines upon complexation with
uracils (see chapter 2). For the monomers of di(acetylamino)triazines 1 and 8, and of
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mono(acetyl) diaminotriazine 7, the amide N-H absorption is found between 3380 and 3390
em™, a position characteristic for a cis-amide conformer (see chapter 2). Upon dimerization,
a shift of the acetylamino N-H stretch vibration to lower wavenumbers is observed, similar as
for N-propylthymine upon complexation with a diaminotriazine; again, the shift is somewhat
larger. The ureido N-H stretch vibration in the monomers is found between 3424 and 3415
cm™, and shifts upon dimerization also to lower wavenumbers by comparable numbers as the
amido N—H protons (see table 3.2).

Table 3.2: N-H stretch vibrations (v in em™) in monomers and dimers of
diamineotriazine derivatives, most likely assignment of vibrations (in
parentheses), and complexation induced shifts (Av).

Compound v N-H in monomer v N-H in dimer Av?
di(acetylamino)- 3384 (cis-amide) 3251 (N-H0=C) 133
triazine 1 3192 (N-H"'N) 192
di(acetylamino)- 3390 (cis-amide) b 3252 (N-H0=C) 138
triazine 8 3192 (N-H "'N) 198
mono(acetyl)- 3542 (antisymmetric NH;) 3494 (non-bonded NH>) €
diaminotriazine 7 3424 (symmetric NH3) 3304 (NH, ~0=C) ' 168
3392 (cis-amide) 3219 (N-H'N) 173
mono(ureido)- 3542 (antisymmetric NH;) 3490 (non-bonded NH,) €
triazine 10 3424 (symmetric NH,) 3295 (NH, 0=C) 181
3424 (ureido N-H) 3203/3223 (N-H'N) 221/201
3284 (intramolecular HB)  3223/3203 (intramolecular HB)
di(butylureido)- 3415 (ureido N-H) 3285 (N-H0=C) 130
triazine 11 3252 (N-H'N) 163
3287 (intramolecular HB) ¢

2 Av =v N-H in dimer — v N—H in monomer; ® A shoulder at 3419 is also observed, which is ascribed to a trace
of trans-amide; © The stretch vibrations of both N-H functionalities of a NH, are coupled, resulting in
antisymmetric and symmetric NH, stretch vibrations. The average of these corresponds to the non-bonded N-H
stretch vibration in the dimer, where coupling is not present. Hence, the sum of observed Av’s corresponds to the
Av upon dimerization; ¢ The vibration of the intramolecular hydrogen bond coincides.

The presence of hydrogen bonded complexes was further substantiated with 'H-NMR.
At high concentrations in chloroform, the N-H signals of most compounds in this study have
positions at very low field, indicating that the N-H protons are involved in hydrogen bonding.
Dilution effects a gradual upfield shift, indicating dissociation of the. hydrogen bonded
complex, and a fast exchange between monomer and dimer on the NMR timescale.
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Dimerization Constants. For most compounds, dimerization constants were
obtained by monitoring the N-H resonances in 'H-NMR in chloroform at 298 X as a function
of concentration. The concentration dependence of the N-H resonances could be fitted well
to a model assuming dimerization only (see Experimental Section for procedure). The fitting
procedure afforded both dimerization constants, as well as Chemically Induced Shift values
(CIS), given in table 3.3. In many cases, dimerization constants could also be determined by
monitoring other protons, such as the acetyl CHs, butyl CH,, or aromatic protons where
appropriate, despite a small CIS value. The dimerization constants of monoureido-
aminotriazine 10 and di(ureido)derivative 11 could not be determined reliably by "H-NMR.?*
These dimerization constants were therefore determined by fitting the monomer and dimer
peak intensities of N-H vibrations in the FT-IR spectrum at different concentrations. This
technique afforded values of 2.0 (+ 0.3) x 10* M~" and 440 (+ 60) M™* for derivatives 10 and
11, respectively (see Experimental Section for details).

Table 3.3: Dimerization Constants (Kg,) in CDCls, and CIS values of N-H protons of
triazine derivatives at 298 K.

Compound Kagim MY ® CIS (ppm)" AGgim (kJ.mol™)
diaminotriazine 6 1.3 (0.05) 2.85 (0.05) -0.65
di(acetylamino)triazine 1 35(5) 2.35 (0.03) -8.81
di(acetylamino)triazine 8 130 (20) 3.0(0.1) -122
di(butylureido)triazine 11 440 (60) ® - -15.5
di(butylureido)triazine 12 180 20) ¢ - -129
mono(acetyl)-diaminotriazine 7 530 (40) d 2.9 (0.05) -15.5
mono(ureido)triazine 10 - 2.0(03)x10** - —24.5

® Estimated error in parentheses; ® determined by IR in CHCl; © Fitted from shift of phenyl protons and CH,
protons of butyl group; ¢ Compound contaminated with 5% of bis-derivative; dimerization constants determined
for batches with 5 and 20% of bis-derivative were 530 and 730 M, respectively.

Substituents exert a large influence on the dimerization constants. The dimerization
constants differ substantially for analogues 1 and 8 —di(acetylamino)triazines only differing
in the 6-position substituent—, and for analogues 11 and 12 —di(butylureido)triazines also
differing only in the 6-position substituent. In a recent paper with related
di(acylamino)triazine derivatives,” it was proposed that electron donating groups on a phenyl
group at the 6—position enhance binding, while electron withdrawing groups diminish
binding. This trend is consistent with our observations for di(acetylamino)triazines 1 and 8.
However, the opposite is observed for di(butylureido)triazines 11 and 12, which may be
related to steric hindrance of the phenyl group at the 6-position on forming the intramolecular
hydrogen bond in these ureido derivatives. As a result of the strong opposite effect of
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substituents, a fair comparison of di(acetylamino)triazines and di(butylureido)triazines to
show the effect of pre-organization of the intramolecular hydrogen bond cannot be made.

As a consequence of the strong substituent effects on dimerization constants in
di(acylamino)triazines 1 and 8, the dimerization constant of mono-acetyl diaminotriazine 7 is
15 times higher than Ky of di(acetylamino)triazine 1, but only three times higher than Ky,
of di(acetylamino)triazine 8. This substituent effect interferes with the effect of removing two
spectator repulsions, but the results still clearly indicate that DADA arrays dimerize stronger
than ADADA arrays of analogous compounds. The effect of elimination of two spectator
repulsions is more pronounced in ureido derivatives. Ky, of mono-ureido triazine 10, having
a DADA array without spectator repulsion, is almost two orders of magnitude higher than
Kgim of diureido-triazines 11 and 12 that have ADADA arrays. The largest dimerization
constant is observed for monoureido triazine derivative 10, having a pre-organized DADA-
array.

Variable temperature 'H-NMR studies with di(acylamino)- and
di(butylureido)triazine derivatives. Di(acetylamino)- and di(butylureido) triazines 1 and
11 do not form quadruply hydrogen bonded dimers in the solid state. The dimerization
constants of these compounds are also lower than of their corresponding mono-acylated
derivatives, which do feature quadruply hydrogen bonded dimers in the solid state. To gain
more information on the association mode for the di(acylated) compounds in solution,
variable temperature "H-NMR studies were performed.

Cooling of chloroform solution of 1 resulted in decoalescence of the/N~H signal and
of the acetyl signal in the 'H-NMR spectrum (figure 3.6). At 230 K in CDCl3, the N-H and
the acetyl peaks of 1 have both split in two equally intense peaks. The N~H signals have
downfield shifts, 10.5 and 11.4 ppm, indicating involvement in hydrogen bonding. The
decoalescence behavior observed is completely in line with dimerization via quadruple
hydrogen bonding. Formation of polymeric aggregates via two kinds of double hydrogen
bonds (figures 3.7a and 3.7b) is considered unlikely for the following reasons: (i) in solution,
formation of polymeric aggregates is entrbpically less favorable than formation of dimers, (ii)
the ratio of hydrogen bonds to spectator repulsions is lower in the polymeric, aggregates than
in the dimers. Consequently, the former association mode is less favorable, (iii) the slow
exchange of dimers —decoalescence at low temperatures— should have resunlted in separate
signals for the end-groups.

~ Coalescence upon cooling is also observed in the 'H-NMR spectrum of 12 for all the
N-H signals, as well as for the N—~CHj protons of the butyl group. Furthermore, a second set
of signals is observed at 280 K and below (figure 3.8, indicated by asterices). The ratio of the
two sets of signals is concentration dependent at 260 K; the amount of least-abundant form
increases upon dilution from less than 10% at 35 mM to 30% at | mM.
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Figure 3.6: Variable temperature NMR experiment of a 20 mM CDCl; solution of di(acetylamino)-
triazine 1. The asterix indicates a minor impurity.
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Figure 3.7: Two possible association modes of di(acylamino)triazines via two kinds of double
hydrogen bonds, leading to polymeric aggregrates: (a) with one out of four amides in a
trans-conformation, as observed in the crystal structure, (b) with all amides in cis-
conformation, having more symmetry. {¢) Formation of a quadruply hydrogen bonded
dimer. Spectator repulsions are indicated by double-headed arrows.
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Figure 3.8: Variable temperature NMR-experiment of a 35 mM solution of 12 in CDCl;. The asterices
indicate a minor amount of another conformer (see below).
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Figure 3.9: Temperature dependent equilibria in chloroform solutions of 12.

The observed behavior is explained by the equilibria shown in figure 3.9. Four
separate signals with equal intensity are observed for the N-H protons at low temperatures,
indicating slow exchange on the NMR-timescale of quadruply hydrogen bonded dimers (B, in
figure 3.9). Coalescence occurs upon heating in the region 240-260 K. Above 260 K, dimers
B, exchange fast with their monomer B. A second set of four N-H resonances, and an
aromatic C-H signal, is observed in the range 240-280 K, which increases in intensity upon
heating. This second set is assigned to conformer A, which does not dimerize via quadruple
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hydrogen bonding, and exchanges slowly with conformer B. The positions of the N—H signals
of form A indicate that two of these N—H protons are not involved in hydrogen bonding.

In conclusion, in contrast to what is observed in the solid state, formation of
polymeric aggregates through double hydrogen bonds is negligible in solution for
di(acylamino)- and di(ureido) triazines. The results clearly indicate that in solution,
di(acylamino)- and di(ureido) triazines form dimers held together by four hydrogen bonds as
depicted in figures 3.2a and 3.2c.

3.3 Quadruple Hydrogen Bonding in  Acylated
Diaminopyrimidine Derivatives

3.3.1 Introduction

In the triazine derivatives discussed above, additional hydrogen bonds are present
between the remaining NH, donor and a ring nitrogen acceptor. In view of the desirability of
unidirectional interactions for supramolecular applications,26 —and to show the generality of
the concept— the scope was extended to acylated derivatives of 2,4-diaminopyrimidine. A
unidirectional interaction with respect to hydrogen bonding was expected to be feasible in
these compounds, because the additional hydrogen bonding sites as present in mono-acylated
diaminotriazines are not present in di-acylated diaminopyrimidines.

3.3.2 Synthesis

Acyl derivatives. Di(acylamino)pyrimidines 13 and 14 were prepared by reacting
2,4-diaminopyrimidine with an excess of the corresponding anhydrides in boiling pyridine.

ChHy -CsHn
O:C\ O:C‘

NH, N—H N—H
4

Hy,C—C n-CsHy—C,
2,4-dlaminopyrimidine 3 ‘0 s ‘0
13 14

Ureido derivatives. The first acylation of 2,4-d.iaminopyrimidine with one
equivalent butyl isocyanate occurred with high selectivity at predominantly the 2-position,
resulting in 2-butylureido-4-aminopyrimidine 15. The desired compound 15 could be isolated
pure by one crystallization of the crude product from ethanol. Also acylation with one
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equivalent acetic anhydride afforded predominantly the 2-isomer 16. The 2-acetyl-2,4-
diaminopyrimidine isomer 16 was separated by column chromatography from minor amounts
-of starting material, the 4-acetyl isomer 17, and the di(acetyl) derivative 13. The solubility in
chloroform of compounds 15-17 was too low to perform association studies.

Acylation of 15 with acetyl chloride yielded the well-soluble compound 18, the
identity of which was confirmed by single crystal X-ray diffraction (see below). Reaction of
pure 16 with one equivalent butyl isocyanate gave the other isomer, 2-acetylamino-4-
butylureidopyrimidine 19. Again, solubility of this compound in chloroform was not
sufficient for association studies.

CHy CHy
0=C 0=C H 0
NH, NH, N-H N—H N-C'
‘ N—n-CqHy
Q< N Q< N Q N Q< N Q< N
H N-H N-H He H N-H N-H
N—C HC—C, N—C, HyC—C,
nCH{ O ‘0 ncH{ O o
15 16 17 18 19

3.3.3 Hydrogen bonding pattern in the solid state

In their crystal structure, the molecules of 2,4-di(hexanoylamino)pyrimidine 14 and 2-
butylureido-4-acetylaminopyrimidine 18 form centrosymmetric, quadruply hydrogen bonded
dimers of DADA arrays (see figure 3.10a-b).

Figure 3.10: PLUTON representation of the hydrogen bonding patterns in the crystal structures of:
(a) 2,4-di(hexanoylamino)pyrimidine 14,
(b) 2-butylureido-4-acetylaminopyrimidine 18.

In the crystal structure of di(hexanoylamino)pyrimidine 14, the amide between the
two ring nitrogens is in a cis-conformation, resulting in a DADA array. The other amide of
di(hexanoylamino)pyrimidine 14, adjacent to only one ring nitrogen, is in a trans-
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conformation, and coplanar with the pyrimidine ring. A short contact between the hydrogen
atom on C5 and the carbonyl oxygen atom of this zrans-amide is present; the distance from
C5 to the carbonyl oxygen is 2.851(2) A, under an angle of 125(2) degrees. In the crystal
structure of ureido derivative 18, a DADA array is formed by the carbonyl functionality of the
butylureido group that is in cis-conformation. Furthermore, an intramolecular hydrogen bond
from the ureido N—H to the non-central pyrimidine ring nitrogen N1 is present. The N-N
distance is 2.671(3) A with an angle of 136(2) degrees. The 4-acetylamino group in this
pyrimidine derivative is also in a trans-conformation, and coplanar with the pyrimidine ring.
A comparable short distance between the carbonyl of the 2-acylamino substituent and the
hydrogen atom on CS5 is present in the crystal structure of 18 as in the crystal structure of 14;
the distance is 2.834(4) A and the angle is 118(2) degrees.

Bond lengths and angles of the quadruply hydrogen bonded dimers are reported in
Table 3.4, illustrating an even larger difference in bond length between the inner (N-H""N)
and the outer hydrogen bond (N-H'O=C) than observed for the triazine derivatives. Like for
the triazines, bond lengths in the ureido derivative (18) are slightly shorter than in the diamide
derivative (14).

Table 3.4: Hydrogen bond distances [A] and X-H-X bond angles [°] in the crystal
structures of 14 and 18.

N-H"N N-H"N N-H0=C N-H"0=C Hydrogen bond
distance angle distance angle length difference
14 3.245(2) 166(2) 2.789(2) 162(2) 0.456
18 3.239(4) 171(2) 2.748(3) 169(2) 0.491

In contrast to the triazine derivatives 2 and 11, pyrimidine derivatives 14 and 18 do
not form hydrogen bond networks in the solid state via additional hydrogen bonding
interactions. The only hydrogen bonding interactions in the crystal structures of both these
pyrimidine derivatives are those needed for the formation of the dimer, including the
intramolecular hydrogen bond in 18. The absence of additional hydrogen bonding interactions
between the pyrimidine dimers allows for several supramolecular applications in which
unidirectionality is a conceptual prerequisite. 2

Crystal structure of di(acetylamino)pyrimidine 13. Remarkably, the
molecules of di(acetylamino)pyrimidine 13 (figure 3.11) are not dimerized via quadruple
hydrogen bonding in the crystal. Although the amides of molecules of 13 have the required
conformation for formation of a quadruply hydrogen bonded dimer in the crystal structure
(one amide is cis, one is trans), the cis-amide does not have the appropriate orientation to
form a quadruply hydrogen bonded dimer. The cis-amide dimerizes via two hydrogen bonds,
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and two additional attractive interactions between the cis-amide carbonyl and an aromatic C—
H are present. These ‘dimeric’ structures are connected via single hydrogen bonds of the
trans-amide via an infinite chain (see figure 3.11). In this way, a pleated plane is formed by a
two-dimensional hydrogen bonding network.

Figure 3.11: PLUTON representation of the hydrogen bonding pattern in the crystal structure of 13.

The absence of the quadruple hydrogen bonding motif in the crystal structure of
di(acétylamino)pyrinﬁdine 13 is remarkable. A more precise analysis shows that the same
number of hydrogen bonds per molecule is present in the crystal structure of 13 as in the
crystal structure of derivative 14, which does form quadruply hydrogen bonded dimers.
Apparently, favorable packing interactions stabilize the observed structure observed for 13.
This explanation is supported by the high density of the crystal of 13 of 1.5 g.cm‘3.

3.3.4 Association in Chloroform Solution; Dimerization Constants

Mode of Association. IR spectra in (concentrated) chloroform solution and in the -
solid state show strong similarity for derivatives 14 and 18, both in the N—H: region (3500—
3170 em™) as well as in the double bond region (1750—1400 cm™). This similarity is a strong
argument that the complexation mode is the same in the solid state and in solution:
dimerization via quadruple hydrogen bonding.?® N-H stretch vibrations of ~monomer and
dimer in chloroform solution, reported in table 3.5, as well as "H-NMR and *C-NMR spectra
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taken both in CDCl; and in DMSO-ds are only in agreement with the tautomeric forms of the
structural formulas.? Like for the triazines, 'H-NMR indicates association via hydrogen
bonding.

Table 3.5: N—H stretch vibrations (v in cm") in monomers and dimers of diamino-
pyrimidine derivatives, most likely assignment of vibrations (in parentheses),
and complexation induced shifts (Av).

Compound v N-H in monomer v N-H in dimer Av
di(acylamino)- 3417 (trans-amide N-H) 3250 (N-H0=C) 167
pyrimidines 13, 14 3408 (cis-amide N-H) 3172 (N-H"N) 236
2-butylureido-4- 3426 (ureido N-H) ° 3170 (ureido N-H'N) 256
acetylamino- 3415 (trans-amide N—H) 3257 (amide N-H0=C) 158
pyrimidine 18 ¢ 3286 (intramolecular HB)

2 Av = v N-H in dimer — v N-H in monomer; ® Measured at 0.3 mM and 0.09 mM in a 5 mm cell, a small and
split peak is observed that can be ascribed to monomer; *° ® The N-H stretch vibration of the intramolecular
hydrogen bonded N~H in the monomer could not be determined.

Dimerization constants in CDCI.. By fitting the concentration dependence of the
N-H resonances as described in section 3.2,31 dimerization constants and chemically induced
shift values (CIS) of pyrimidine derivatives 13 and 14 in pure CDCl; were obtained (table
3.6). The dimerization constant of 18 in pure chloroform is beyond the range measurable by
'H-NMR: the resonances only start to shift at the lowest measurable concentrations. With IR
spectroscopy, which allows for higher dilutions, the dimerization constant of 18 in pure
chloroform could also not be determined, because only a small percentage of dissociation is
observed at the lowest measurable concentration.

Table 3.6: Dimerization Constants (Kgr,) in CDCls, and CIS values of N-H protons of
pyrimidine derivatives at 298 K.

Compound Kaim M) ® CIS (ppm)° AGgir, (kJ.mol™)
di(acetylamino)pyrimidine 13 890 (60) 2.95 (0.02) -16.8
2.47 (0.02)
di(hexanoylamino)pyrimidine 14 170 (30) 2.73 (0.01) -127
' 2.35 (0.01)

2-butylureido-4-acetylamino- R - -

pyrimidine 18

* estimated error in parentheses; ® 100 large to measure.
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The dimerization constants of di(acylamino)pyrimidines 13 and 14 (K4im = 890 and
170 M™!, respectively) are remarkably different for analogues that only differ in the length of
the alkanoyl substituent. These differences are likely to be caused by entropic factors of the
alkanoyl groups, since the shifts of the wavenumbers of the two N-H stretch' vibrations of the
amides of 13 and 14 upon complexation are the same.

Dimerization Constants in CDCl; / CH;OH mixtures. Because the
dimerization constant of 18 in pure chloroform was too large to determine directly by 'H-
NMR or IR, dimerization constants were measured in mixtures of chloroform with methanol.
It was expected that the co-solvent methanol would compete in hydrogen bonding, resulting
in a decrease of dimerization constants. We anticipated that dimerization constants would
come into the measurable range, and that it might even be possible to extrapolate to Kgm
values in pure CDCls. To check the reliability of this technique, the dimerization constants of
mono-ureidotriazine 10 and di{acetylamino)pyrimidine 13 were also determined in the
solvent mixtures (Table 3.7).*

Table 3.7: Dimerization Constants (M) of Triazine and Pyrimidine derivatives in
solvent mixtures of CDCl; and CH;0H at 298 K. '

CH.
o=cfCHB o=C :
N-H HysCo—0 NH, N-H
S T e SR o
0 H H H H
. H HxCo g . q
o) HC{ O ncH{ 'O
13 10 18
com- _ Volume percentage CH30H in CDCl; (%)
pound | O 05 1 2 3 4 5 7 10
13 890 195 67 21 -4 6 - - -
10 20x10*® P 6800 4800 2070 1920 1100 700 -
18 b -5 50x10* 22x10° 8000 5800 3200 1500 800

* IR value; ° Too large to determine directly; © Kgn too low to determine due to low solubility; ¢ not determined.

The dimerization constant of 18 in pure chloroform was estimated to lie between 2 X
10° and 1 x 10° M", based on three different methods of extrapolation.
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(i) Monomer and dimer shifis in the mixtures were plotted versus solvent
composition, and extrapolated to pure CDCls. A good extrapolation was obtained for the
proton next to the acetylamino substituent, because monomer and dimer shifts for this proton
are very similar in the applied mixed solvent systems. Thus, an estimate for the dimerization
constant in pure CDCls of 1.9 (+ 0.5) X 10° M~! was obtained.*

(ii) Log Kdim Was plotted versus solvent composition (figure 3.12). Although it has
been presumed that a linear relation between energy of association and solvent mixture
composition is present,34 we find a non-linear relation between log Kum and solvent
composition. A similar non-linear relation has recently been reported for other hydrogen
bonded complexes in toluene/ethanol mixtures by Hayashi.** This non-linear relation
hampers extrapolation to pure CDCl;. A relation between observed dimerization constants in
the mixtures and solvent composition may be derived from .a simple model that uses only
additional competitive equilibria between monomer and co-solvent (see Experimental
Section). Fitting of the points does give lines that go nicely through the points (solid lines),
but we do not obtain a reliable combination of parameters, and hence no reliable value in pure
CDCl,. Fitting of the datapoints for compounds 10 and 13, omitting the measured point in
pure CDCl; (dotted lines), affords extrapolated values higher than the measured values.

67 = compound 18
1 e compound 10
5 "-? A compound 13

dim

log K
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T ' {
0.00 002 004 006 008 010 0.12 0.14 0.16 0.18
mol fraction MeOH

Figure 3.12: Plot of log Kgm versus solvent composition. Solid lines represent fits inctuding the
datapoint in pure CDCl;; dotted lines represent fits without the datapoint in pure CDCl,.
Error bars are only given when errors are larger than the size of the point.
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(iii) Because the energies of many processes have been shown to be linearly related to
solvent polarity, log Kaim, was plotted versus ET(30), one of the most widely used empirical
parameters for solvent polarity (figure 3.13).36 A strikingly linear relation between log Kgim
and ET(30) is obtained.”” Extrapolation affords a value of roughly 5 x 10° M for the
dimerization constant of 18 in pure CDC13.38

61 ®  compound 18
® compound 10
5- ? A compound 13

log Kdlm

1 -

1 M i M 1 1 M L] M l M 1

. —
39 40 41 42 43 44 45 46 47
ET(30) of 00013/ MeOH mixture

Figure 3.13: Plot of log Kam versus ET(30) value, and linear fitted lines. Solid lines represent fits
including the datapoint in pure CDClj,; dotted lines represent fits without the datapoint in
pure CDCls. Error bars are only given when errors are larger than theisize of the point.
The ET(30) value of CDCl;3 equals 39.00.

3.4 Evaluation of Relative Strength of Dimerization

Although the dimers of compounds 2—4, 7-14, and 18 are all stabilized by four
intermolecular hydrogen bonds, the strength of the dimers differs remarkably by as much as
21.3 kJ.mol’. The dimerization constants of complexes destabilized by spectator
repulsionsz—present in di(acylated) derivatives of diaminotriazines and resulting from the
spectator carbonyl groups in their ADADA-array— are lower than of corresponding mono-
acylated derivatives with a DADA-array without these repulsive interactions. That
di(acetylamino)triazine derivative 1 (see chapter 2) and di(butylureido)triazine 11 do not form
quadruply hydrogen bonded dimers in the solid state is also likely to be related to the relative
low stability of dimers of a ADADA array. A fair comparison of di(ureidb)triazines with
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respect to di(acylamino)triazines to show the effect of pre-organization could not be made,
because of the strong opposite effect of substituents on the association constants.

The dimerization constants of compounds with DADA arrays differ significantly,
ranging from Kgim = 170 M™' (AGim = —12.7 kJ.mol™) to Kgim = 1.9 X 10° M (AGgim = —
30.1 kJ.mol™).* Sartorius and Schneider have recently proposed a simple free energy
relationship for the stability of multiple hydrogen bonded complexes in chloroform.*’ This
model predicts a dimerization constant of 310 M~ ! (AGgim = —14.2 kJ.mol") for DADA
arrays. The dimerization constants of amide derivatives 7, 13 and 14 agree reasonably well
with the calculated value (Kgm = 530, 890 and 170 M7, respectively). However, the
dimerization constants of ureido-substituted derivatives 10 and 18 are anomalously high (Kgim
=2.0x 10* and 1.9 x 10° M, respectively), exceeding the calculated values by 10.3 and 15.9
kJ.moI™". Clearly, the strength of these quadruply hydrogen bonded complexes is determined
by more factors than just the number and order of hydrogen bonds.

The most striking difference in dimerization constants is observed between
compounds with a butylureido substituent on one hand and compounds with an acetylamino
substituent on the other hand. The DADA array in ureido derivatives 10 and 18 is stabilized
by pre-organization by the intramolecular hydrogen bond. In dimers of amido-compounds 7,
- 13 and 14, the amide is in an enthalpically unfavorable cis-conformation, and it is coplanar
with the aromatic ring. In ureido-derivatives 10 and 18, formation of an energetically
favorable intramolecular hydrogen bond fixes the carbonyl in the enthalpically unfavorable
cis-conformation required for dimerization. Furthermore, two rotations are freezed by pre-
organization: rotation over the C-N bond from the aromatic ring to the N—H substituent, as
well as rotation of the amide bond itself. We believe that these are the main effects
responsible for the larger dimerization strength of ureido derivatives in comparison with
amido derivatives.

The differences may also be related to different enthalpies of the individual hydrogen
bonds themselves. A rough idea of the enthalpy of hydrogen bond formation may be obtained
from shifts in the N-H stretch vibrations upon dimerization (Av). These shifts are similar for
13 and 18 (Av N-H values are 167 and 235 cm™ for 13, and 158 and 256 cm™ for 18). For
mono(acetyl)- and monoureido-amino triazines 7 and 10, a larger shift of wavenumbers upon
complexation is present in the ureido than in the amido compound (Av N-H values are 168
and 173 cm™ for 7, and 181 and 221/201 ¢cm™ for 10).

The dimerization constant of ureido-pyrimidine 18 (Kgim = 1.9 X% 10° M~ l) is
approximately one order of magnitude higher than that of ureidotriazine 10 (Kgim = 2.0 x 10*
M™Y. A less pronounced difference in the same direction is observed for acetylated
derivatives of pyrimidines and triazines (Kgip = 890 M™ ! for di(acetylamino)pyrimidine 13,
and 530 M™! for acetylaminotriazine 7, respectively). These differences are partly related to a
larger enthalpy of hydrogen bond formation. Shifts of wavenumbers of N-H stretch
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vibrations in IR upon complexation (tables 3.2 and 3.5) are significantly larger in pyrimidines
than in corresponding triazines, both for the cis-amide as well as the ureido. substituent. The
larger enthalpy upon hydrogen bond formation in the pyrimidines is likely to be caused by the
higher basicity of the pyrimidine ring nitrogens. However, also a steric effect of the 6-phenyl
substituent on the formation of the intramolecular hydrogen bond in ureidottriazine 10 may
account for the lower dimerization constant of the triazine 10 with respect to pyrimidine 18.

3.5 Conclusion

Self-complementary DADA arrays are obtained in one step by acylation of 2,4-
diaminopyrimidine or 2,4-diaminotriazine with an acid chloride or anhydride. Because of the
favored cis-amide conformation of an amide between two aromatic ring nitrogens, the DAD
array of parent diamino-derivative is extended to a DADA array. The stability of dimers is
increased significantly by replacing the cis-amide group by a ureido substituent. The ureido
substituent forms an intramolecular hydrogen bond to a non-central ring nitrogen, pre-
organizing the array. These ureido compounds are conveniently synthesized by an acylation
reaction with an isocyanate. -

The concept of dimerization via quadruple hydrogen bonding opens a wide range of
possibilities for several supramolecar applications, because of the unique combination of ease
of synthesis of the units, the conceptual advantage of self-complementarity, and the strength
of the four-point interaction. The absence of additional hydrogen bonding interactions
between dimers of pyrimidine derivatives is useful for several supramolecular applications
where unidirectionality is required.

3.6 Experimental Section

General methods. Chemicals were purchased from Acros Chimica, Fluka or Aldrich and
used as received unless otherwise stated. All reactions were carried out under an atmosphere of dry
nitrogen unless otherwise stated. Solvents were of technical grade unless otherwise stated. Anhydrous
THF and diethyi ether were obtained by distillation from sodium/potassium/benzophenone; analytical
grade pyridine, ethanol and iso-propanol were dried over 4 A molecular sieves. NMR-spectra were
recorded on a Varian Gemini 300 or a Bruker AM400. Chemical shifts are given in ppm relative to
TMS for proton and carbon spectra. For the 'H-NMR titrations, CDCl; was used as received. For the
IR-experiments in solution, analytical grade chloroform (stabilized with ethanol)  was purified by
extractions with water, followed by drying over calcium chionde for two hours and destillation under an
atmosphere of dry nitrogen. IR-spectra were recorded on a Perkin-Elmer 1600 FT-IR spectrometer.
For determination of the dimerization constants with IR, spectra were recorded on a Perkin-Elmer
2000 FT-IR spectrometer. Spectra at concentrations above 5 mM were taken in a 0.1 mm NaCl cell,
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and ina 1 mm cell (or 5 mm cell) for lower concentrations. UV/VIS spectra for determination of ET(30)
solvent polarity were measured on a Perkin Elmer Lambda 2B spectrophotometer. Melting points were
determined on a Jenaval THMS 600 melting point microscope and are uncorrected.

Binding experiments. For the 'H-NMR fitrations, CDCl; (Cambridge Isotope Laboratories)
was used as received from a recently purchased, newly opened bottle which was kept in the dark and
had a clear silver blade. At least 10 datapoints in the 20-80% saturation range were measured. The
dimerization constants were evaluated by non-linear least-squares computer fitting of the
concentration dependence of the chemical shifts of N-H protons (and also of aromatic and CHj
protons were appropriate) to the appropriate equation, following the guidelines of Connors.*'

Determination of dimerization constants from IR-spectra. |R spectra of 7 samples of
dissolved compound in dry chloroform were taken at varying concentrations. The spectra were
corrected for solvent, dissolved water and water vapour. Concentrations ranged from 1 x 10~ to 2 x
107° M for compound 10, and from 3 x1072 to 8 x107* M for compound 11. Spectra of monomer-dimer
mixtures were regarded as a fraction-weighed sum of the spectra of the pure monomer and of the
pure dimer. Measured spectra, spectral range 3560-3390 cm™, were fitted affording the pure
monomer ‘and dimer spectra, as well as the fractions of monomer and dimer at each concentration,
which gives the dimerzation constant. No trend with the concentration was found in the fitted
dimerization constants, and the values at different concentrations had only a small relative error
(<5%), indicating this technique is very reliable.

Derivation of relation between log Kan, and solvent mixture composition. A monomer
molecule (designated as M) associates with a single methanol molecule of the cosolvent (S) to a
monomer-methanol complex (M-S), with corresponding equation for the competitive complexation
(Keomp) With methanol.

. K [M-S]
M+S M-S comp = T oo
P~ IMm]x[s]
The equation for the dimerization (Kam) is as follows:
[ Dimer ]

M+M

D Kdim = —————
[ monomer ]2

The dimerization constant in the solvent mixture (Kus) is then expressed as:
[D] [D]
(total [M]R ([ M] + [ M-S])2

Kobs =

Substitution and rearrangement gives the following equation:
log Kobs = log Kdim -2 * log (1 + Kcomp * [S])

Taking into account the possibility of higher order association, i.e. for example two molecules of
methanol per monomer molecule, it can be deduced that the formula then becomes an array:

log Kobs = log Kdim -2 * log (1 + Kcomp1 * [S] +
Kcomp2 * [S12 +
Kcomp3 * [S]3 + )

As [S] is the concentration of free competing solvent, the equation only holds if Kcomp [S] << 1. The
observed relation between log Kus and solvent composition could be fitted reasonably well with the
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equation without higher order terms (lines in figure 3.13). The combination of parameters from the fits
is however not reliable; exclusion of the point at 0% gives a significant change in the values of the
parameters.

X-ray single crystal structure analyses, Crystals suitable for X-ray analysis were mounted
on a Lindemann glass capillary and transferred onto an Enraf-Nonius CADAT diffractometer, and were
irradiated with Mo Kot irradiation with graphite monochromator, A = 0.71073 A, @ scan, at T = 150 K,
on rotating anode. Data were corrected for Lp effects, and for linear instability of three reference
reflections, but not for absorption. The structure was solved by automated direct methods (SHELXS-
96). Refinement on F? was carried out by full-matrix least-squares techniques (SHELXL-96); no
observance criterion was applied during refinement. Positional parameters for hydrogen atoms were
included in the refinement; initial values were obtained from a ditference Fourier map. All non-
hydrogen atoms were refined with anisotropic thermal parameters; hydrogen atoms were refined with
a fixed thermal isotropic related to the value of the equivalent isotropic of their carrier-atoms by a
factor of 1.5 for the CH; and NH, hydrogen atoms, and 1.2 for the other hydrogen atoms.

Crystal data for 2: CgHgNsO, M, = 167.17, colourless needle-shaped crystal (0.05 x 0.10 x
0.45 mm), triclinic, space group P1 (no. 2) with a = 40732 (3), b = 8.6054 (9), ¢ = 11.1902(14) A, a =
75.348(9), p = 83.461(8), y = 78.752 (8)°, V = 371.33 (7) A, Z = 2, D, = 1.4951(3) g.cm™, F(000) =
176, w(Mo Ko) = 1.1 cm™'. 3882 Reflections measured, 1703 independent reflections, Ry = 0.047
(1.9° < 8 < 27.5°), and 136 parameters. Refinement converged at wR2 = [E[W(Fo2-F 22/ ZIW(Fo2)2>°
= 0.1170, w = 1[c%(F%) + (0.0592P) + 0.13P], where P = (max(F,2,0) + 2F3/3, R1 = X |F, | -
F. |} Fo |=0.0426 (for 1343 reflections with | > 25(1)), S = 1.041, -0.30 < Ap < 0.28 e A,

Crystal data for 9: CsH,6NeO, M, = 224,27, colourless, needle-shaped crystal (0.05 x 0.10 x
0.50 mm), triclinic, space group P1 (no. 2) with a = 4,703 (2), b = 7.924 (6), ¢ = 15.833(18) A, o =
78.69(9), B = 86.18(8), Y= 74.43 (6)°, V = 557.3 (8) A®, Z = 2, D, = 1.3365(19) g.pm"", F(000) = 240,
w(Mo Ka) = 0.9 cm™. 4350 Reflections measured, 2567 independent reflections, Fi.,. =0.0589,(1.3°<0
< 27.5°), and 193 parameters. Refinement converged at wR2 = 0.1323, w = 1[o%(F?) + (0.0465P)% +
0.07P], R1 = 0.0553 (for 1474 reflections with | > 26(1)), S = 1.021, -0.22 < Ap < 0.27 0 A=,

Crystal data for 11: Cy4H2sN;O2, M, = 323.4, colourless plate-shaped crystal (0.05 x 0.2 x 0.6
mm), monoclinic, space group C2/c (no. 15) with a = 29.54 (2), b= 4.613 (5), ¢ = 26.89(2) A, o = 90, B
=109.34(7), Y= 90°, V = 3457 (5) A%, Z = 8, D, = 1.2427(18) g.cm™, F(000) = 1392, u(Mo Kao) = 0.9
cm™'. 20434 Reflections measured, 3191 independent reflections, Ry = 0.4191, (0.80° < 6 < 25.1°),
and 226 parameters. Hydrogen atoms were included on caiculated positions. The atoms C112 through
C115 of the butyl group are disordered over two positions. Final wR2 = 0.1990, w = 1/[02(F2) +
(0.0403P)? ], R1 = 0.0682 (for 1136 1 > 25(1)), S = 0.954, -0.35 < Ap < 0.23 0 A,

Crystal data for 13: C3H4N402, M, =194.19, colourless needle-shaped crystal (0.05 x 0.1 x
0.4 mm), monoclinic, space group P2,/c (no. 14) with a = 5.4141 (5), b = 19.552 (2), ¢ = 9.1558(15) A,

o= 90, B = 116.886(9), 7= 90°, V = 864.4 (2) A°, Z = 4, D, = 1.4922(3) g.cm™, F(000) = 408, p(Mo Kay)
= 1.1'cm™". 4496 Reflections measured, 1973 independent reflections, Ry = 0.0865, (1.04° < 0 <
27.5°), and 157 parameters. Positional parameters of the hydrogen atoms were refined. Final wR2 =
0.1222 , w = 1/[c®(F?) + (0.0399P)? ], R1 = 0.0543 (for 1116 | > 25(l)), S = 0.970, —0.24 <Ap < 0.31 e
A—G

Crystal data for 14: C,6H26N4O>, M, = 306.41, colourless block-shaped crystal (0.2 x 0.3 x 0.5
mm), triclinic, space group P (no. 2) with a = 4.9675 (11), b = 8.1236 (7), ¢ = 20.911(3) A, a =
100.663(9), B = 93.080(15), y = 91.680 (12)°, V = 827.4 (2) A®, Z = 2, D, = 1.2299(3) g.cm™, F(000) =
332, p(Mo Ka) = 0.8 cm™. 4552 Reflections measured, 3814 independent reflections, Ry = 0.055,
(1.0° <o <'27.5°), and 277 parameters. Refinement converged at wR2 = 0.1567, w = 1/[02(F2) +
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(0.0880P)* + 0.31P], R1 = 0.0553 (for 2963 reflections with | > 20()), S = 1.015, -0.27 < A p<034e
A=

Crystal data for 18: C,4H7Ns0,, M, = 251.29, colourless, needle-shaped crystal (0.1 x 0.1 x
0.7 mm), monoclinic, space group C2/c (no. 15) with a = 20.119 (18), b = 5,194 (2), ¢ = 25.186 (16) A,
a.=90, B = 94.55 (4)°, y=90, V = 2624 (3) A%, Z =8, D, = 1.2722(15) g.cm™, F(000) = 1072, p(Mo Ka)
= 0.9 cm™. 8860 Reflections measured, 3007 independent reflections, Ry = 0.075, (1.0° < 8 < 27.3°),
and 214 parameters, measured on an Enraf-Nonius FAST area detector on rotating anode.
Refinement converged at wR2 = 0.1332, w = 1/[c*(F?) + (0.0300P)? + 4.33P], R1 = 0.0644 (for 2305
refiections with | > 20(l)), S = 1.16,-0.25<Ap <0.25 e A=,

2-Amino-4-acetylamino-6-methyl-s-triazine (2). A suspension of 2,4-diamino-6-methyl-s-
triazine (2.50 g, 20 mmol) in a mixture of dry pyridine (30 mL) and acetic anhydride (20 mL) was boiled
under reflux for 15 min, and a much thicker suspension was obtained. After quick cooling to ambient
temperature, the suspension was filtered, and the residue was washed thoroughly with acetone, giving
almost pure 2 (3.30 g, 99%). Crystallization from DMF gave analytical pure product as X-ray quality
crystals, mp > 300°C (sublimation). '"H-NMR (DMSO-dg) &: 10.12 (s, 1H), 7.30 and 7.24 (br, 2H), 2.22
and 2.21 (2 s, 6H). ®C-NMR (DMSO-d,) 8: 175.8, 169.9, 167.0, 163.5, 25.2, 24.8. IR (KBr) v: 3301,
3215, 3133, 3036, 1676, 1611, 1535, 1486, 1370, 1305 cm™". Anal. calcd. for CgHoNsO: C, 43.11; H,
5.43; N, 41.89. Found: C, 43.27; H, 5.43; N, 41.89.

2-Amino-4-hexanoylamino-6-methyl-s-triazine (3). In a similar procedure as for 2, reaction
of 2,4-diamino-6-methyl-s-triazine (2.50 g, 20 mmol) with hexanoic anhydride (19 mL, 80 mmol) in dry
pyridine (60 mL) gave compound 3 (2.80 g, 65%), with continuing reflux for 156 min after dissolution.
Crystallization from DMF gave an analytically pure sample, mp 234-235°C. 'H-NMR (DMSO-d,) &:
10.09 (s, 1H), 7.27 (br, 1H), 7.21 (br, 1H), 2.52 (t, 2H), 2.22 (s, 3H), 1.54 (m, 2H), 1.26 (m, 4H), 0.87
{t, 3H). *C-NMR (DMSO-dj) &: 175.8, 172.4, 167.1, 163.4, 36.6, 30.8, 24.7, 24.3, 21.6, 13.8. IR (KBr)
v: 3305, 3236, 3138, 2954, 2930, 2870, 1691, 1673, 1612, 1535, 1367, 1330, 1267, 1211 cm™". Anal.
caled. for CyoH47NsO: C, 53.79; H, 7.67; N, 31.37. Found: C, 53.94; H, 7.53; N, 31.87.

2-Amino-4-acetylamino-6-methoxymethyi-s-triazine (4). In a similar procedure as for 2,
2,4-diamino-6-methoxymethyl-s-triazine (3.40 g, 20 mmol) was reacted with acetic anhydride (20 mL)
in dry pyridine, resulting in a crude yield of 4 in 61%. An analytical sample was prepared by
crystallization from DMF, mp 252°C. 'H-NMR (DMSO-d;) &: 10.25 (s, 1H), 7.49 (br, 1H), 7.39 (br, 1H),
4,22 (s, 2H), 3.35 (s, 3H), 2.24 (s, 3H). *C-NMR (DMSO-d,) &: 175.5, 170.0, 167.1, 163.6, 73.6, 58.3,
25.2. IR (KBr) v: 3303, 3229, 3145, 2935, 1672, 1608, 1540, 1374, 1310 cm™'. Anal. calcd. for
C;H11NsO;: C, 42.64; H, 5.62; N, 35.51. Found: C, 42.49; H, 5.49; N, 36.05.

Methyl 3,4,5-tri{dodecyloxy)-benzoate (5). A 500 mL flask, charged with methyl 3,4,5-
trihydroxybenzoate (gallic acid methyl ester) (11.04 g, 0.06 mol) was brought under nitrogen
atmosphere. Subsequently added were dry DMF (280 mL), anhydrous potassium carbonate (66.34 g,
0.48 mol), and, after a few minutes, 1-bromododecane (59.8 g, 0.24 mol). The suspension was stirred
overnight at 65°C with a large magnetic stirming egg grinding the potassium carbonate. The
suspension was filtered, and the residue was washed with hexane. The filtrate was extracted with
water (300 mL). The aqueous phase was extracted three times with hexane (300 mL). The combined
organic phases were subsequently extracted with water, twice with 1 M hydrochloric acid and twice
with water. The organic phase was dried over sodium sulfate, treated with active carbon, filtered and
evaporated to dryness. The product thus obtained was NMR pure, however TLC showed an impurity
(hexane/ethyl acetate 4/1 v/v: product R; = 0.58; impurities at Ry = 0.29 and 0). These impurities were
removed by recrystallizing twice from ethanol (2 L) with filtering lukewarm, yielding TLC pure product
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as tiny microneedles (38.34 g, 93%), mp 43.8°C. 'H-NMR (CDCl,) &: 7.23 (s, 2H), 4.01 (t, 6H), 3.88 (s,
3H), 1.8-1.6 (m, 6H), 1.5~1.4 (m. 6H), 1.3 (br, 48H), 0.89 (t, SH). *C-NMR (CDCls) &: 167.4, 153.4,
142.8, 125.2, 108.6, 74.0, 69.7, 32.5, 30.9, 30.3, 30.2, 30.1, 30.0, 29.9, 26.6, 23.2, 14.6. IR (KBr) v:
2919, 2848, 1716, 1589 cm™. Anal. calcd. for C4HgOs: C, 76.69; H, 11.70. Found: C, 77.43; H,
11.65.

2,4-Diamino-6-[3,4,5-tri(dodecyloxy)phenyl]-s-triazine (6). Sodium (7.65'g, 0.33 mol) was
dissolved in dry ethoxyethanol (400 mL). Biguanide suifate'® (31.5 g, 0.158 mol) was added, and the
mixture was stirred under reflux for 2 h. To the suspension was added methyl 3,4,5-
tri(dodecyloxy)phenylbenzoate (72.4 g, 0.106 mot), and reflux was continued overnight. The solvent
was removed, and the resulting sticky brown gum was dissolved in dichloromethane. The suspension
was treated with active carbon. The insoluble material was removed by filtration through celite.
impurities with R; (5% methano! in dichloromethane) = 0 and Ry = 0.49 (black) were removed from the
product (R; = 0.46, fluorescing blue) by crystallization from dilute ethanolic sodium hydroxide solution
(2L). The product was further purified by simple column chromatography (first elution with
dichloromethane: product R; = 0, impurity R = 0.74), then elution with 5% methanol in
dichloromethane. A second crystallization from slightly basic ethanol (2 L, containing 0.4g KOHAL)
gave the pure product as tiny microneedles (26.4 g, 34%), mp 98-100°C. 'H-NMR (CDCly) 5: 7.55 (s,
2H), 5.51 (br, 4H), 4.2 (m, 6H), 1.9-1.7 (m, 6H), 1.5~1.4 (m, 6H), 1.3-1.2 (br, 38 H), 0.88 (1, 9H). °C-
NMR (CDCl3) 8. 172.5, 168.1, 153.5, 142.0, 131.7, 107.3, 74.0, 69.6, 32.5, 30.9, 30.2 (overlapping
peaks), 30.0, 29.9, 26.7, 23.2, 19.0, 14.7. iR (KBr) v: 3475, 3401, 3170, 2930, 2852, 1627, 1568,
1545, 1511,1467,1417, 1377 cm™. Anal. caled. for CusHg1NsO3: C, 73.02; H, 11.03; N, 9.46. Found: C,
73.00; H, 11.51; N, 9.55.

2-Amino-4-(acetylamino)-6-[3,4,5-tri(dodecyloxy)phenyl]-s-triazine (7). A solution of 2,4-
diamino-6-[3,4,5-tri({dodecyloxy)phenyi}-s-triazine (1.60 g, 2.2 mmol) 5 and acetic anhydride (0.22 g,
2.2 mmol) in dry pyridine (15 mL) were heated under reflux for 1 h. After cooling, solvent was
evaporated under reduced pressure aided by co-distillation with toluene. The product was dissolved in
hot ethyl acetate, treated with active carbon, and filtered hot. After cooling, the white precipitate
(containing a mixture of 7 and 8) was filtered {the mother liquor contained almost only the diamino-s-
triazine 6) and crystallized subsequently from dichlioromethane, and from ether/THF 10:1 viv, gave
product (0.34 g, 20%) which was 95% pure, mp 60°C (liquid crystalline), change to other LC-phase at
148°C, isotropization at 158°C. '"H-NMR (CDCls) &: 10.49 (br, 1H), 8.40 (br, 1H), 7.60 (br, 2H), 5.47
(br, 1H), 4.0 (m, 6H), 2.80 (s, 3H), 1.83 (m, 4H), 1.74 (m, 2H), 1.47 (m, 6H), 1.27 (br, 54H), 0.88 (6H).
3C-NMR (CDCly) &: 175.4, 171.5, 167.8, 163.7, 152.9, 142.0, 130.2, 106.9, 73.5, 67.0, 31.9, 30.4,
29.7 (overlapping peaks), 29.6, 29.5, 29.4, 26.8, 26.1, 26.1, 22.7, 14.1. IR (KBr) v: 3500, 3297, 3220,
2920, 2850, 1678, 1837, 1582, 1540 cm™. Anal. calcd. for C47Hg3NsO4: C, 72.17; H, 10.69; N, 8.95.
Found: C,72.44; H, 11.02; N, 8.98.

2,4-Di(acetylamino)-6-[3,4,5-tri(dodecyloxy)phenyl]-s-triazine (8). A  solution of
diaminotriazine 8 (3.12 g, 42.2 mmol) was boiled under reflux in acetic anhydride (50 mL) for 4 h. After
cooling, the acetic anhydride was distilled off in vacuo, aided by co-distillation of toluene. The brown
gum was then dissolved in hot hexane, treated with active carbon, and filtered. A small amount of
ether was added to the solution, and after cooling, the white precipitate was filtered (2.97 g, 85%).
Analytically pure product was obtained by crystallization from dichloromethane giving tiny
microneedles (1.66 g, 48%), mp 97°C, clearance point 186.5-187.4°C. 'H-NMR (CDCls) &: 10.24 (br.,
2H), 7:51 (s, 2H), 3.97-3.92 (m, 6H), 2.61 (s, 6H), 1.79-1.72 (m, 6H), 1.46 (br, 6H), 1.28 (br, 42H),
0.89 (t, 9H). '*C-NMR (CDCl,) &: 172.9, 172.1, 163.8, 152.7, 142.7, 129.0, 106.8, 73.3, 68.7, 31.9,
30.4, 29.8, 29.7, 29.6, 29.5, 29.4, 29.3 (twice), 26.5, 26.2, 26.1, 22.6, 14.0. IR (KBr) v: 3252, 2918,
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2850, 1739, 1681, 1554, 1423 em™. Anal. calcd. for CagHgsNsOs: C, 71.40; H, 10.39; N, 8.50. Found:
C, 71.66; H,10.53; N, 8.71.

2-Amino-4-(butylureido)-6-methyl-s-triazine (9). A suspension of 2,4-diamino-6-methyl-s-
triazine (1.25 g, 10 mmol) and butyl isocyanate (2;4 mL, 21 mmol) in dry pyridine (50 mL) was heated
under reflux for 2 h. After this period, the solvent was removed under reduced pressure. The resulting
solid was suspended in hexane, filtered and washed thoroughly with hexane. The product was
crystallized from chloroform to give a white powder (2.0 g, 95%). An analytical sample was prepared
by recrystallization from ethanol giving thin plates, mp 141-142°C. X-ray quality crystals were obtained
by crystallization from DMF. "H-NMR (DMSO-d;, 120°C): &: 8.96 (br, 1H), 8.47 (br, 1H), 6.88 (br, 2H),
3.24 (q, 2H), 2.24 (s, 3H), 1.54 (p, 2H), 1.38 (m, 2H), 0.92 (¢, 3H). "*C-NMR (DMSO-d;, 120°C) &
174.8, 165.9, 162.7, 153.1, 38.4, 30.7, 23.8, 18.8, 12.5. IR (KBr) v: 3212, 2956,2950, 2861, 1683,
1617, 1587, 1533, 1481 cm™". Anal. calcd. for CoH16NsO: C, 48.20; H, 7.19; N, 37.47. Found: C, 48.13;
H, 7.29; N, 37.54.

2-Amino-4-(butylureido)-6-[3,4,5-tri-(dodecyloxy)phenyl]-s-triazine (10). A solution of 2,4-
diamino-6- -[3,4,5-tri-(dodecyloxy)phenyl)]-s-triazine 6 (0.74 g, 1.0 mmol) and butyl isocyanate (0.23
mL, 2.0 mmol) in dry pyridine (10 mL) was heated under reflux for 2 h. The solvent was evaporated in
vacuo leaving a yellow gum. Column chromatography (silica gel, dichloromethane/methanol 97:3 v/iv)
afforded 0.35 g (42%) of product 10. Crystallization from toluene gave analytically pure product as tiny
needles, mp 85°C (liquid crystalline), clearance point 182.9-183.8°C. 'H-NMR (CDCls) 5: 10.16 (br,
1H), 9.78 (1, 1H), 9.29 (br, 1H), 7.37 (s, 2H), 5.49 (br, 1H), 3.96 {m, 6H), 3.30 (m, 2H), 1.75 (m, 6H),
1.66 {m, 2H), 1.57 {m, 2H), 1.5-1.1 (m, 42H), 0.87 (t, 3H), 0.80 (t, 9H). *C-NMR (CDCl3) &: 170.3,
167.2, 163.7, 155.9, 163.0, 142.1, 130.2, 106.9, 73.5, 69.2, 40.0, 32.2, 31.9, 30.4, 29.7, 29.7, 29.7,
29.6, 29.5, 29.4, 26.1, 26.1, 22.7, 20.3, 14.1, 13.8. IR (KBr) v: 3492, 3419, 3212, 3132, 2921, 2849,
1684, 1638, 1578, 1528 cm™'. Anal. calcd. for CsoHeoNsO4: C, 71.52; H, 10.80; N, 10.05. Found: C,
71.52; H, 11.26; N, 9.89.

2,4-Di(butylureido)-6-methyl-s-triazine (11). A suspension of 2,4-diamino-6-methyl-s-
triazine (1.25 g, 10 mmol) and butyl isocyanate (11.3 mL, 100 mmol) in dry pyridine (50 mL) were
heated under reflux for 16 h. After this period, water was added to the resultant solution to hydrolyse
the excess of butyl isocyanate. After removal of the solvent, the resulting solid was crystallized from
ethanol/ water 2:1 v/v. Column chromatography (6% THF in chioroform), followed by crystallization
from ethyl acetate and treatment with active carbon, gave analytically pure sample (0.53 g, 16%), mp
229°C. 'H-NMR (CDCl) &: 10.17 (br), 9.05 {br), 3.32 (q, 4H), 2.42 (s, 3H), 1.52 (m, 4H), 1.34 (m, 4H),
0.89 (t, 6H). "*C-NMR (CDCl,) &:175.1, 162.8, 153.6, 39.4, 31.1, 25.2,-19.8, 13.3. IR (KBr) v: 3407,
3266, 3203, 2956, 2930, 2918, 26871, 1704, 1684, 1593, 1526, 1478 cm™". Anal. calcd. for C1aHasN;0,:
C, 52.00; H, 7.79; N, 30.32. Found: C, §1.93 ; H, 7.70 ; N, 30.47.

2,4-Di(butylureido)-6-[3,4,5-tri(dodecyloxy)phenyl]-s-triazine (12). A solution of 2,4-
diamino-6-[3,4,5-tri-(dodecyloxy)phenyl)]-s-triazine (1.48 g, 2.0 mmol) 6 and butyl isocyanate (2.3 mL,
20 mmol) was heated under reflux in dry pyridine (20 mL) for three days. After quenching with water,
the solvent was evaporated in vacuo leaving a dark yellow gum. The product was crystallized from
ethanol after treatment with active carbon, treated with active carbon in hot hexane to remove
coloration, and finally crystallized from a ethanol/dichloromethane mixture by slow evaporation of
solvent to air to yield pure 12 (1.16 g, 61%), mp 40°C, and clearance point 177°C. 'H-NMR (CDCl,) &:
10.45 (br, 2H)), 9.19 (br, 2H), 7.37 (s, 2H), 4.1 (m, 6H), 3.44 (q, 4H), 1.85 (m, 4H), 1.77 (m, 4H), 1.63
{m, 4H), 1.44 (m, 6H), 1.39-1.26 (m, 42H), 0.95 (1, 6H), 0.88 (t, 6H). "*C-NMR (CDCl,) &: 170.1, 163.5,
154.2, 153.3, 143.2, 129.3, 107.2, 73.7, 69.4, 40.1, 32.2, 31.9, 30.3, 29.7, 29.6, 29.4 (several), 29.3,
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26.1, 26.0, 22.7, 20.3, 14.1, 13.8. IR (KBr) v: 3299, 3251, 2923, 2853, 1715, 1684, 1597, 1535 cm™".
Anal. calcd. for CgsHogN;Os: C, 70.39; H, 10.63; N, 10.45. Found: C, 70.20; H, 10.97; N, 10.36.

2,4-Di(acetylamino)pyrimidine (13). A suspension of 2,4-diaminopyrimidine (1.10 g, 10
mmol and acetic anhydride (4 mL, 40 mmol) in dry pyridine (20 mL) was heated  under reflux for 3 h.
After cooling, the suspension was diluted with hexane, and filtered. The crude product was crystallized
from ethyl acetate with treatment with active carbon, giving white powder. Subsequent crystallization
from ethanol gave analytically pure product (0.34 g, 18%), mp 250°C. 'H-NMR (CDCl;) &: 10.86 (br,
1H), 10.01 (br, 1H), 8.44 (d, 1H), 8.00 (d, 1H), 2.65 (s, 3H), 2.30 (s, 3H). *C-NMR (CDCls) &: 175.0,
170.9, 159.5, 159.1, 157.0, 105.9, 25.5, 24.5. '"H-NMR (DMSO-d;) &: 10.67 (br,1H), 10.30 (br, 1H),
8.46 (d, 1H), 7.71 (d, 1H), 2.15 (s, 3H), 2.12 (s, 3H). *C NMR (DMSO-dy), 170.7, 169.3, 159.3, 158.4,
157.3, 104.6, 24.7, 24.2. IR (KBr) v: 3270, 3155, 3106, 2976, 2930, 1685, 1587, 1499, 1420, 1380,
1288, 1241 cm™". Anal. calcd. for CgHioN4O2: C, 49.48; H, 5.19; N, 28.85. Found: C, 47.79; H, 5.53; N,
27.72.

2 4-.Di(hexanoylamino)pyrimidine (14). A suspension of 2,4-diaminopyrimidine (1.10 g, 10
mmol) and hexanoic anhydride (7 mL, 30 mmol) in dry pyridine (20 mL) was heated under reflux for 3
h. After cooling, the suspension was diluted with hexane, and filtered. The icrude product was
crystallized from hexane/ethyl acetate 1:1 v/v with active carbon treatment, giving white crystals (1.10
g, 36%), mp 180—-180.5°C. 'H-NMR (CDCls) 8: 10.77 (br, 1H), 9.89 (br, 1H), 8.42 (d, 1H), 8.00 (d, 1H),
3.04, (tr, 2H), 2.54 (tr, 2H), 1.71 (m, 4H), 1.38 (m, 8H), 0.92 (m, 6H). *C-NMR (CDCl,) 5: 178.0,
174.3, 159.5, 158.9, 156.9, 105.8, 37.3, 37.0, 31.5, 31.4, 24.9, 24.4, 22,5, 22.4, 13.9. IR (KBr) v: 3270,
3166, 2955, 2871, 1699, 1674, 1452 cm™'. Anal. caled. for CyeHagN4O2: C, 62.72; H, 8.55; N, 18.29.
Found: C, 62.36; H, 8.51 N, 18.66.

2-Butylureido-4-amino-pyrimidine (15). To a solution of 2,4-diaminopyrimidine (1.10 g, 10
mmol) in warm dry THF (50 mL) was added via a syringe butyl isocyanate (1.13 mL, 10 mmol). After
boiling under reflux for 1 h, the suspension was cooled, and diluted with water (200 mL). Upon
reduction of the volume to approx. 100 mL, white powder precipitated. This white powder was filtered,
and crystallization from ethanol gave analytically pure 15 as crystals (0.30 g, 15%), mp 264.5°C with
decomposition. 'H-NMR (DMSO-ds) 5: 9.43 (t, 1H), 9.09 (s, 1H), 7.88 (d, 1H), 7.09 (br, 2H), 6.08 (d,
1H), 3.18 (q, 2H), 1.46 (m, 2H), 1.31 (m, 2H), 0.90 (t, 3H). *C-NMR (DMSO-d,) 5: 163.9, 158.0, 155.0,
154.6, 99.1, 38.6, 31.7, 19.7, 13.7. IR (KBr) v: 3378, 3243, 3168, 3067, 2954, 2926, 2869, 1655, 1610,
1555, 1467, 1352, 1273 cm™". Anal. calcd. for CgH14NsO: C, 51.91; H, 6.78; N, 33.63. Found: C, 51.47;
H, 7.28 ; N, 33.39.

2-Acetylamino-4-amino-pyrimidine (16), and a minor amount 4-Acetylamino-2-amino-
pyrimidine (17). To a solution of 2,4-diaminopyrimidine (1.69 g, 15 mmol) in warm dry THF (70 mL)
was added via a syringe acetic anhydride (1.45 mL, 15 mmol). After boiling under reflux for 5 h, the
solution was cooled, and evaporated to dryness. Column chromatography (flash silica, 10% MeOH in
chloroform) afforded 0.10 g of di(acetylamino)pyrimidine 13 (3%), 0.38 g of 2-amino-4-acetylamino-
pyrimidine (17%, compound 17, mp 165-167°C), and 1.19 g of 2-acetylamino-4-amino-pyrimidine
(52%, compound 16). Analytical sample of 16 was prepared by crystallization from ‘chloroform/ethanol
4:1 viv, mp 205.5-206.5°C. 'H-NMR of 16 (DMSO-d;) &: 9.87 (s, 1H), 7.93 (d, 1H), 6.64 (br, 2H), 6.13
(d, 1H), 2.20 (s, 3H). *C-NMR (DMSO-d;) 5:169.7, 164.1, 157.5, 155.5, 100.4, 24.8. IR of 16 (KBr) v:
3408, 3340, 3261, 3206, 1656, 1642, 1613, 1561, 1472, 1316 cm™'. Anal. calcd. for CsHgNLO: C,
47.36; H, 5.30; N, 36.82. Found: C, 47.04; H, 5.37; N, 36.86.

"H-NMR of 17 (DMSO-d;) 5: 10.32 (s, 1H), 8.13 (d, 1H), 7.26 (d, 1H), 6.42 (br, 2H), 2.10 (s,
3H). *C-NMR (DMSO-ds) : 170.4, 163.2, 159.3, 158.4, 99.0, 24.2. IR of 17 (KBr) v: 3468, 3439,
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3341, 3205, 3158, 3015, 1719, 1657, 1607, 1581, 1526, 1452, 1304, 1247 cm™". Anal. calcd. for
CeHgN,O: C, 47.36; H, 5.30; N, 36.82. Found: C, 41.24; H, 6.01; N, 29.77.

2-Butylureido-4-acetylaminopyrimidine (18). To a warm solution of 2-butylureido-4-
aminopyrimidine 15 (0.42 g, 2 mmol) in dry pyridine (30 mL) was added acetyl chloride (0.16 g, 2.1
mmol) in dry THF (10 mL). Immediately, the solution turned yellow. After a few minutes, the solution
was evaporated to dryness, and the residue was dissolved partially in hot acetone (100 mL), with
some added tnethylamine. Water (300 mL) was added to give a clear solution. Evaporation of solvent
to 100 mL resulted in a white precipitate, which was filtered and washed with water. Column
chromatography (fiash silica, ethanol/chloroform 97:3 v/v) gave pure product (0.20 g, 40%). Analytical
sample as fine white crystals was obtained by dissolving in hot ethyl acetate, treatment with active
carbon, and crystallization, mp 211.5-212°C. X-ray quality crystals were obtained by slow evaporation
to air of a dichloromethane/hexane 10:1 v/v solution. 'H-NMR (CDCl3) §:12.04 (s, 1H), 9.66 (t, 1H),
9.38 (s, 1H), 8.27 (d, 1H), 7.93 (d, 1H), 3.36 (q, 4H), 2.30 (s, 3H), 1.61 (m, 2H), 1.42 (m, 2H), 0.97 (m,
3H). ®C-NMR (CDCl) &: 171.6, 160.1, 157.6, 156.9, 156.0, 104.6, 39.7, 31.6, 24.4, 20.2, 13.8. 'H-
NMR (DMSO-de) 5:10.73 (s, 1H), 9.47 (s, 1H), 9.09 (t, 1H), 8.38 (d, 1H), 7.44 (d, 1H), 3.22 (q, 2H),
2.16 (s, 3H), 1.49 (m, 2H), 1.31 (m, 2H), 0.90 (t, 3H). *C-NMR (DMSO-dy) &: 170.2, 159.2, 157.7,
157.5, 153.9, 102.2, signal missing lying under DMSQO-peak, 31.9, 24.5, 19.6, 13.7 ppm. IR (KBr) v:
3290 (s), 3205, 3172, 2953, 2910, 1711, 1673, 1594, 1564, 1448, 1330, 1313 cm™". Anal. caicd. for
C11H17Ns03: C, 52.58; H, 6.82; N, 27.87. Found: C, 52.74; H, 6.90; N, 27.78.

2-Acetylamino-4-butylureidopyrimidine (19). 2-Acetylamino-4-aminopyrimidine 16 (0.39 g,
2.6 mmol) was dissolved in dry pyridine (5 mL) by heating. To this warm solution was added butyl
isocyanate (0.32 g, 2.8 mmol). The mixture was boiled under reflux for 1 h, resulting in a clear red
solution. The solution was evaporated to dryness, and the residue was crystallized from
methanol/water 1:2 v/v with treatment with active carbon and the product isolated at 4°C to give pure
19 (0.20 g, 31%), mp 241-242°C. 'H-NMR (DMSO-dy) 8: 10.73 (s, 1H), 9.77 (s, 2H), 8.25 (d, 1H), 8.55
(d, 1H), 3.21 (q, 2H), 2.13 (s, 3H), 1.52 (m, 2H), 1.30 (m, 2H), 0.90 (t, 3H)."*C-NMR (DMSO-d;)
5:169.1, 158.9, 157.8, 155.7, 154.0, 102.2, 39.2, 31.5, 24.6, 19.6, 13.7. IR (KBr) v: 3192, 2956, 1710,
1687, 1605, 1563, 1514, 1414, 1328, 1208 cm™'. Anal. caled. for Cy;Hi;NsO,: C, 52.58; H, 6.82; N,
27.87. Found: C, 52.65; H, 6.85; N, 28.15.
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Although is seems axiomatic that shorter hydrogen bonds mean stronger hydrogen bonding
(see reference 21), a thorough analysis of bonding distances has shown that packing factors
effect a 20% distortion from the equilibrium Iéngth. However, especially since the geometry of
the dimers are virtually the same, the shorter distances in ureido derivatives may well point to
stronger bonding, although the shorter distances may not be considered as proof.

The formation of dimers is concluded from the fact that upon dilution, the intensity of all bands
assigned to complexed N-H groups diminishes simuitaneously, while the intensity of all bands
assigned to uncomplexed N-H functionalities (in the monomer) increases simultaneously. The
shifts upon dimerization that can be derived are all characteristic for hydrogen bonds of
intermediate strength.

For compound 10, the 'H-NMR dilution technique gave no reliable value because the N-H
signals became to broad to monitor at low concentrations. Monitoring of the phenyl signals
was hampered by the fact that the monomer shift coincided with a **C-satellite of CDCl,,
obstructing reliable determination of peak positions at low concentrations. For compound 11,
the NMR-dilution technique was hampered by the occurrence of a second process, which
leads to a decrease of 8-values at higher concentrations, probably stacking of dimers.

R. Daens, G. Cooke, V.M. Rotello, J. Org. Chem., 1997, 62, 836.

Non-unidirectional interactions may result in the formation of polymeric aggregates, as
observed in the crystal structure.

Of course, other and weaker interactions are present in the crystals of these denvatives, such
as n-stacking.

In accordance with the fact that the molecules of di(acetylamino)pyrimidine 13 do not dimerize
via quadruple hydrogen bonding in the crystal, there are significant differences between the
IR-spectra in the solid state and chloroform solution for denvative 13.

Differences in the chemical shift of non-N-H protons in the 'H-NMR spectrum in CDCl; and
the spectrum in DMSO-d; are < 0.4 ppm, while resonances in *C-spectra in chloroform and
DMSO-ds do not differ more than 5 ppm for compounds 13 and 18 (see Experimental
Section). This indicates no change in tautomeric form upon dissociation of the dimer.

At the lowest concentration at which an IR spectrum in chloroform could be measured (0.09
mM in a 5 mm cell), a weak and split absorption band at 3420 cm™ is present. This band
reaches less than 20% of the dimer absorption band, and is assigned to two overlapping
bands: the N-H stretch vibration of the trans-amide N-H and of the ureido N-H. The
absorption of the intramolecular hydrogen bond in the monomer could not be determined
because only few dissociation is reached and this band appears in the same region as the
dimer bands.

Dimerization constants could again also be determined by monitoring acetyl CHj, butyl CH,, or
aromatic protons were appropiate, despite a small CIS value.

The dimerization constant of ureido-triazine 10 in all the mixtures was determined using the
pheny! proton (the N-H resonances became too broad in all mixtures). Of 2-butylureido-4-
acetylamino-pyrimidine 18, the acetyl CH; and the proton adjacent to the acetylamino
substituent were monitored. For compound 13, all proton resonances (both N-H and other)
gave the same dimerization constants in all the mixtures.

Several samples were measured in pure CDCl; at as low as reasonably possible
concentrations (approx. 0.015 mM). Using the extrapolated monomer and dimer shift values,
the percentage of monomer can be calculated using the position of the resonance of H5 in
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pure CDCl3: 34% monomer at 0.015 mM. Hence, the dimerization constant follows:1.9 (+ 0.5)
% 10° M™". The error in the value was estimated from averaging multiple samples.
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ET(30) is one of the most widely used empirical solvent polarity parameters, and is defined as
28590/Ama of Reichardt’s Dye, 2,6-diphenyl-4-(2,4,6-triphenylpyridinio)phenolate. ET(30)
values in mixed solvent systems do not measure the bulk solvent polarity, but they rather
refloct the polarity of the solvation shell surrounding the dye. The deviation from linearity of
experimental ET(30) values and solvent composition is in fact a nice measurement for
preferential solvation of the dye by the more polar component in a solvent mixture. In mixed
solvent systems with one polar hydrogen bonding donor component, such as methanol, it has
been shown that ET(30) is a measure for specific hydrogen bonding interactions between
hydrogen bonding donor cosolvent and Reichardt's Dye [C.A. Coleman, C.J. Murray, J. Org.
Chem., 1997, 57, 3578].

The linear refation between ET(30) and log Ksm suggests that preferential solvation of the
monomer occurs in a similar way as for Reichardt’s Dye.

The error is estimated to be relatively large (£ 4 x 10° M"), since a large extrapolation is
made, and linear extrapolating for 10 and 13 affords similar errors.

We will arbitrarily use the value of 1.9 x 10° M~ for the dimerization constant of 18. That the
real value may actually be larger does not alter the line of the discussion.
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Chapter 4

The DDAA Quadruple Hydrogen Bonding Motif
in 2-Ureido-4-Pyrimidinones

Abstract:

Both in the solid state and in chiloroform solution, 6-methyl-2-butylureido-4-
pyrimidinone 3a dimerizes via four hydrogen bonds. This occurs via a linear Donor—Donor-
Acceptor-Acceptor (DDAA) array of hydrogen bonding sites in the 4[1H]-pyrimidinone
tautomer, The DDAA array is pre-organized by an intramolecular hydrogen bond from the

" non-central pyrimidine N—H group to the oxygen atom of the urea functionality.

Dimerization via quadruple hydrogen bonding is general for ureidopyrimidinones
3a-l. However, compounds with other substituents than 3a can form dimers with a DADA
array —which is also pre—organized by an intramolecular hydrogen bond— of an aromatic
pyrimidin-4-ol tautomer. The tautomeric equilibrium between the 4[1H]-pyrimidinone and
pyrimidin-4-ol tautomers is strongly influenced by electronic substituent effects.
Electronegative 6-substituents favor the pyrimidin-4-ol form. In dimers with a DDAA-array,
as well as in dimers with a DADA-array, all donors are involved in the construction of the
dimer. The interaction is unidirectional with respect to hydrogen bonding. The dimerization
strength of both quadruply hydrogen bonded dimers in apolar solvents is very large; in
CDCl3, no sign of dissociation is observed upon dilution down to 1 0 M.

In polar solvents, like DMSO, ureidopyrimidinones exist predominantly as a
monomeric 6[ 1H]-pyrimidinone tautomer. In mixed solvent systems of CDCl; and DMSO-ds,
dimers of 4[1H]-pyrimidinone and pyrimidin-4-ol tautomer are in equilibrium with this
monomeric 6[ 1H]-pyrimidinone tautomer; these equilibria are slow on the NMR-timescale.
Solvent and concentration effects on these tautomeric equilibria are rationalized by the
monomer—dimer relationship. Complex dimerization constants in chloroform, which include
a tautomerization between dimeric and monomeric form, exceed 10° M™! for compound 3a —
with a DDAA array of the 4[ 1H]-pyrimidinone tautomer— and 4.5 x 10° M”! Sfor compound
31 —with a DADA array of the pyrimidin-4-ol tautomer. In a mixture of two compounds at
low concentrations in CDCl;, slowly exchanging hetero-dimers ~—formed in an (almost
statistical) ratio— are observed. The lifetime of the dimers in CDCl; is estimated between 0.1

seconds and 3 minutes.
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4.1 Introduction

In many synthetic self-assembling structures, the components are held together by
arrays of multiple hydrogen bonds.' Due to their strength, directionality and specificity, arrays
of multiple hydrogen bonds are useful building blocks for the reliable construction of
complex supramolecular structures. This combination of advantageous properties is expected
to be particularly pronounced in large arrays of hydrogen bonds. That large arrays of
hydrogen bonds form very stable complexes has been shown in many occasions, such as
reports on synthetic receptors for barbiturates,’ urea,’ flavin,” guanines,5 and melamine® (see
chapter 3 for some examples), reports of self-assembled receptors,” and nanotubes formed
from cyclic peptides,8 and also in other examples.” However, the use of these multipoint
hydrogen bonding groups is limited by the synthetic efforts required for their preparation.

In the previous chapter, it was shown that strongly bonded dimers of self-
complementary, linear arrays of Donor—Acceptor-Donor—Acceptor (DADA) hydrogen
bonding sites could easily be obtained.'® Based on differences in secondary interactions from
the Jorgensen model,'' stronger dimerization is expected when the order of the hydrogen
bonding functional groups in the array is changed from DADA to DDAA (see figure 4.1). The
empirical evaluation of Schneider'? has predicted association constants for DADA and
DDAA arrays of 3.1 x 10% and 3.6 x 10° M™! in chloroform, respectively.

D X A D ‘\_, A = hydrogen bond
A D

. .4 Lo .
X versus X 4 = attractive se¢ondary interaction
D A A D

....................

A N 4 / . .
: =r nter:
X Pradd epulsive secondary interaction

Figure 4.1: Interactions in DADA and DDAA dimers. While both quadruply hydrogen bonded dimers
have 4 attractive primary hydrogen bonds, the DADA dimer has 6 repulsive secondary
interactions, whereas the DDAA dimer has 2 repulsive and 4 attractive secondary
interactions. ’

The expected very strong dimerization of self-complementary DDAA arrays of
hydrogen bonding sites is interesting, for example for the construction of linear
supramolecular polymers. Therefore, it was decided to investigate the binding properties of 2-
ureido-4-pyrimidinone derivatives, which can be easily synthesized in one step by reaction of
an isocytosine with an isocyanate.'® Based on the experimentally observed'*'>!® and quantum
mechanically calculated'” relative stabilities of the tautomeric forms of the parent isocytosine,
2-ureido-4-pyrimidinone is expected to exist in one of the forms depicted in figure 4.2.
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0 0 A o-H D
4
R14(/_<N-H R‘_(_,(N A n1—(—< N A
AR N
N_<N—<o H _<N_H 0 H'%—H D
H  N-R2 °=(N_H N—(
§[1H] a[H) OH

Figure 4.2: Three possible tautomeric forms of 2-ureido-4-pyrimidinone:
6[1H] 6[1H]-pyrimidinone tautomer,
4[1H] 4[1H]-pyrimidinone tautomer having a DDAA array of hydrogen bonding sites,
OH  pyrimidin-4-ol tautomer having a DADA array of hydrogen bonding sites.

In analogy to the parent isocytosines, the 6[1H]-pyrimidinone tautomer is expected to
be the most stable tautomeric form of an isolated 2-ureido-4-pyrimidinone molecule.'®
However, ureidopyrimidinones may actually exist as dimers of tautomeric forms 4[1H] and
OH, since considerable stabilization is expected by dimerization of the linear array of four
hydrogen bonds. Noticeable, both dimerization via a DDAA array, as well as dimerization via
a DADA array is possible. In both cases, the linear array of the four hydrogen bonds is pre-
organized by an intramolecular hydrogen bond, a concept shown in the previous chapter to
enhance the stability of the dimers considerab'ly.4

In this chapter, the formation of exceptionally stable DDAA dimers of 6-methyl-2-
butylureido-4-pyrimidinone 3a —synthesized in one step from commercially available and
inexpensive starting materials— is reported first. The full scope of dimerization of ureido-
pyrimidinones was investigated in a range of ureidopyrimidinones 3a-l, bearing different
substituents on C6, and at the terminal ureido nitrogen.” As we show by X-ray
crystallographic and FT-IR studies in the solid state, and FT-IR and various NMR techniques
in solution, these derivatives can dimerize via DDAA arrays of the 4[1H]}-pyrimidinone .
tautomer, as well as via DADA arrays of the pyrimidin-4-ol tautomer. The dimerization
strength was studied by experiments in mixed solvent systems of CDCls and DMSO-dg.

4.2 Results and Discussion
4.2.1 The DDAA motif in dimers of 2-butylureido-6-methyl-4[1H]-pyrimidinone
2-Butylureido-6-methyl-4-pyrimidinone ~ (or  N-butylaminocarbonyl  6-methyl-

isocytosine) 3a was readily prepared by reaction of commercially available 6-methyl-
isocytosine 2a with butyl isocyanate in boiling pyridine (scheme 4.1). Compound 3a indeed
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forms quadruply hydrogen bonded DDAA-dimers, both in the solid state as well in
chloroform solution, as is evident from single X-ray diffraction on suitable crystals, FT-IR in
the solid state and solution, and NMR-spectroscopy.

0 (0]
n-C4Hg—N=C=0
2a H3C—(/.—« N—H e H;,C—é—q N 3a

N=( =

NH, H  N-H
o=

N-H
n-CaH

Scheme 4.1:  Synthesis of 2-butylureido-6-methyl-4-pyrimidinone 3a.

Figure 4.3: PLUTON representation of the dimer geometry of 3a in the crystal.

The crystal structure of 3a (figure 4.3) shows that the molecules are in the 4[1H]-
pyrimidinone form. The urea functionality is in a trans—trans conformation, and an
intramolecular hydrogen bond is present from the non-central pyrimidine N-H to the carbony]
group of the trans—trans urea functionality. This results in a pre-organized DDAA array of
hydrogen bonding sites, which forms a centrosymmetrical dimer. All the three potential
hydrogen bonding donors of one molecule are involved in the construction of the dimer. The
intramolecular hydrogen bond is not part of the recognition site, but very important for the
stability of a dimer as we showed in chapter 3, and will show later. The bonding distances are
reported and discussed later in section 4.2.2.

Formation of hydrogen bonds is evident from the FT-IR spectrum of 3a in KBr. The
N-H region features an absorption at 3212 cm™}, which is assigned to the outer N~H-O=C
hydrogen bond from the terminal ureido N~H group to the pyrimidine carbonyl atom at C4.
Another absorption is present at 3147 cm™, assigned to the inner N—-H~N hydrogen bond
from the ureido N-H to the central pyrimidine ring nitrogen atom. The absorption of the
intramolecular hydrogen bonded N-H in the pyrimidinone dimer is not observed separately,
and probably lies under the large peak of C—H absorptions.
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Strong similarity between IR-spectra in the solid state and in chloroform indicates that
the DDAA dimers persist in chloroform solution. In the "H-NMR-spectrum of 3a in CDCl;
(figure 4.4), the N-H proton resonances are found at 13.15, 11.86, and 10.15 ppm; the large
downfield shifts for the N~H protons are indicative for involvement in strong hydrogen
bonding. Since the "H-NMR spectrum shows only one form, and IR-spectra of 3a in the solid
state and in chloroform solution are very similar, it is concluded that 3a exists in chloroform
solution exclusively as 4[1H]-pyrimidinone dimers. Dilution in CDCl; of 3a to 10~ M~ does
not result in significant dissociation,?® which puts a lower limit on the dimerization constant
of 45x10° M™ (for determination of dimerization constants, vide infra).

The DDAA dimer geometry of the 4[1H]-pyrimidinone tautomer of 3a in solution was
confirmed by nuclear Overhauser effect (NOE) spectroscopy, used to assign the N—H proton
signals. A strong NOE-effect for the resonance at 13.15 ppm was observed when the CHj
signal was irradiated. The resonance at 13.15 ppm therefore corresponds to H,. Analogous
reasoning led to the assignment as given in figure 4.4. The protons at 13.15 and 11.86 (in
figure 4.4, H, and H,, respectively) exchange within 4 seconds, the applied irradiation time.
Quick exchange is also observed with DO exchange experiments, which indicate that the N—
H proton of the ureido-substituent adjacent to the CH, exchanges slowly, whereas the other
N-H groups are exchanged directly after addition and mixing of D;O.

85% ("Hd 0

He—’ N
N /
e%k»Hé _<'N—Hb
0=C

> 13%
‘N_Hc
&4

5%

Ha Hb Hc Hd

| | | -

14 12 10 8 6 4 2 0
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Figure 4.4: 1H-NMF(-spectrum of compound 3a in CDCl;, and geometry of dimerized molecule.‘
Nuclear Overhauser effectsbetween protons (in%) are indicated with arrows.
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4.2.2 Tautomeric equilibrium between dimeric 2-ureido-4[1H]-pyrimidinone
and 2-ureido-pyrimidin-4-ol tautomers

Synthesis. The scope of dimerization of the ureido-4-pyrimidinone functionality
was investigated in a range of derivatives (compounds 3a-1), bearing different substituents at
C—6 and at the terminal ureido nitrogen. These compounds were synthesized by a two-step
sequence as depicted in scheme 4.2.

o]
(o] (¢] H2N NH2 R2"‘N:C'—'O
R1/U\)LO—CHZCHS —» R il _(N—H —» Ri—¢ _/<N
= N
NH, _ H  N-H
O—_-<
N—H
R2
1a: Rl =CH, 2a: R1=CH, 3a: R1=CHg, R2 = n-C4Hy

3b: R1=CH;, R2 = CyH,

1b: R1 = n-CyizHy 2b: R1=nCygHyy 3c: R1=n-CigHgz, R2 = nCyHg
3d: R1=n-Cy3Hay, R2 = £C4Hy
Je: R1 = I)-C13H27, H2 = CeHs
3f: R1=nCy3Hyy, R2 = pNO,-CeH,
3q: Rl = n-CyaHoy, R2= P-NEt>-CgH4

1c: R1 = CgHs 2¢: R1 =CgHs 3h: R1=CgHs, R2 = n-C4Hg
3i: R1=CgHs, R2 = £C4Hy

1d: Rt = pNO,-CgH, 2d: R1 = pNO»-CgH, 3j: R1=pNO,-CgH,, R2 = n-C4Hy
3k: R1=pNOyCgHs, R2 = n-CygHy;

1e: R1=CF; 2e: R1=CF; 3I: R1=CF3 R2=n-CyHyg

Scheme 4.2: Route to the ureidopyrimidinones 3a-3I.

Condensation of the appropriate P-keto-ester (la—e) with guanidine (added as
guanidinium carbonate) afforded 6-substituted isocytosines 2a—e. Keto-esters 1a and 1c—1e
were commercially available; the synthesis of 1b has been described in chapter 2. In the
subsequent step, the isocytosine was reacted with the appropriate isocyanate to give the target
compounds 3a-k. The isocyanates were also commercially available, except p-
diethylaminophenyl isocyanate, which was synthesized analogous to a literature procedure by
reaction of p-diethylamino-aniline with phosgene.21 These N-acylation reactions were
generally performed in boiling pyridine with reaction times of 2 to 4 hours. In all cases,
except for compound 3], cooling resulted in crystallization of the crude ureidopyrimidinones.
The crude products could be purified well by recrystallization. Some derivatives are thermally
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instable; heating of 3f in DMSO solution results in decomposition, and the parent isocytosine
was detected by NMR.

The solubility of 6-phenyl substituted compounds was enhanced considerably by
attaching three dodecyloxy chains on the phenyl group, as in compounds 10a—d (scheme 4.3).

213
c-C-C-C-0-Et
KOH socl, Fsl=C-0
R-COOCH, —_— R—COOH —_— R-COCH —
ethanol/water ether/ethanol
4 5 [
H
1. NaOM i
aOMe
CH; ’ ~C. O
0 G=0 MeOHnoluens o o H N “NH, R1—N=C=0
R—t_éH —»  p-b-chtocHh —> R N -
\C=O i ethanol N pyridine
, 2. dil. H,SO04, H
O H,0
7 e?"z 8 9
CH,
[o] o] o] o]
n—(/—;/( N R— _I<N n~(/i<ll< N R~(/_I( N
N N N N
H N-H H N-H H N-H H N-H
“ =C‘ b:q b:‘C\ ’ zq
N N-H N—H N—H
oN Et,
10a 10b 10¢ 10d
OCgHps
with R = OCpHog
OCeHzs

Scheme 4.3: Route to ureidopyrimidinone derivatives 10a—d with the 3,4,5-tri(dodecyloxy)-
phenyl group at the 6-position.

Ester 4, of which the synthesis is described in chapter 3, was hydrolysed to the acid §,
and then converted to acid chloride 6 by refluxing in thionyl chloride. The acid chloride was
then converted to B-keto-ester 8 via a two-step synthesis analogous to literature procedures.**
First, in an ether/ethanol mixture, the mono-anion of ethyl acetoacetate was condensed with
acid chloride 6 to give 7. In the next step, an acetyl group of 7 —crude 7 was used without
purification— was preferentially eliminated as methyl acetate by reaction with methoxide in a
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methanol / toluene mixture. The resulting B-keto-ester 8 in turn was reacted with guanidinium
carbonate to afford isocytosine 9. Subsequent N-acylation with the appropriate isocyanates
afforded the target molecules 10a—d. .

Crystal structure evidence for tautomerism in the solid state. Compound
3h crystallized either as needles or as plates upon slow evaporation of a chloroform solution
in air. As revealed by X-ray diffraction, the molecules of 3h in the needles are present as
dimers of the 4[1H]-pyrimidinone tautomer (figure 4.5), like for compound 3a. Four
independent molecules form two independent dimers, without internal crystallographic
symmetry. One molecule of CHCl3; —which is also present in the crystal— is hydrogen
bonded to the ureido carbonyl group of one molecule of a dimer. Two crystallographically

independent and non-centrosymmetrical dimers are formed, one of which is depicted in figure
45.

Figure 4.5: PLUTON representation of the dimer geometry of the molecules of 3h in the 4[1H]-
pyrimidinone tautomer in the needle-shaped crystals.

In contrast, the molecules in the plate-like crystals of 3h exist as dimers of the
pyrimidin-4-ol tautomer, bearing a hydroxyl functionality as proton donor (figure 4.6). The
butylureido functionality is in the cis-trans conformation, and forms an intramolecular
hydrogen bond to the non-central pyrimidine ring nitrogen atom. In this manner, a DADA
array originates, forming a quadruply hydrogen bonded dimer.

X-ray diffraction on several crystals revealed that at least three crystal modifications
had formed, all in which the dimers have a similar geometry. In all modifications, the dimers
are packed in layers; the main difference between the modifications is the relative position of
these layers with respect to each other. Like in the crystal structure with DDAA dimers of the
4[1H]-pyrimidinone tautomer, all six hydrogen bonds are involved in the build-up of the
dimeric structure in the pyrimidin-4-ol dimers.
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Figure 4.6: PLUTON representation of the dimer geometry of the molecules of 3h in the pyrimidin-4-
ol tautomer in the plate-shaped crystals.

Bonding distances in Pyrimidin-4-ol and 4[1H]-Pyrimidinone dimers.
First, the difference in directionality of the intramolecular hydrogen bonds is addressed. The
intramolecular hydrogen bond in dimers of the pyrimidin-4-ol tautomer is directed from the
ureido N-H group —which is in cis—trans conformation— to the non-central pyrimidine
nitrogen N1 atom. In all three crystal modifications of 3h with pyrimidin-4-ol dimers, the
intramolecular hydrogen bonds have very similar N-N distances between 2.67 and 2.68 A,
with angles of approximately 136 degrees. These values are comparable to the values found
for ureido-triazine and 2-butylureido-4-acetylamino-pyrimidine described in chapter 3.

In dimers of the 4[1H]-pyrimidinone tautomer, the intramolecular hydrogen bond is
directed from the N-H group on the non-central pyrimidine ring nitrogen atom N1 to the
oxygen atom of the urea functionality, which is in trans—trans conformation. The bond
lengths and angles of the intramolecular hydrogen bond in the crystal structure of 3a (with
only one crystallographically independent intramolecular hydrogen bond) and in the crystal
structure of 4[1H]-pyrimidinone tautomer of 3h (with four crystallographically independent
intramolecular hydrogen bonds because of pseudo-symmetry) are very similar; the N-N
distance is 2.56 A with an angle of 134-140 degrees. Compared to the distance in the
pyrimidin-4-ol dimers, the bond distances are significantly shorter; the angles are comparable.

The arrays of the quadruple hydrogen bonds are virtually planar —the r.m.s. deviation
from planarity is in the range 0.05 to 0.10 A— both in the crystal structures of 4[1H]-
pyrimidinone tautomers (compounds 3a and 3h), as well as of pyrimidin-4-ol tautomers
(compound 3h, 3 modifications). Bond lengths and angles of the quadruple hydrogen bonds
are collected in table 4.1,
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Table 4.1: Bond distances [A] and X-H—X angles [°] in the crystal structures of 3a, and
of the 4[1H]-pyrimidinone and pyrimidin-4-ol tautomer of 3h.

compound N-H*N N-H"N X-H"0" X- Hydrogen bond
distance  angle distance HO length difference
angle
3a 2.966(3) 175(3) 2757(3) 163(3) 0.209
4[1H]-pyrimidinone 3h ®*  2.95(1) 172(6) 2.78(5) 166(3) ~0.17
pyrimidin-4-ol 3h 2.98(1) 173(4) 2.58(1) 169(3) ~0.40

* X =N in 3a and 4[1H]-pyrimidinone tautomer of 3k; X = O in pyrimidin-4-ol tautomer of 3h;" Average of four
sets, since four independent molecules are present that form two crystallographically non-centrosymmetrical
dimers; © Average of 6 sets, since there are three pyrimidin-4-ol polymorphs with each two crystallographically
non-equivalent molecules forming non centrosymmetric dimers.

The quadruple arrays of donor and acceptor functional groups are not linear in
pyrimidin-4-ol nor in 4[ 1H]}-pyrimidinone tautomer. As observed for the molecules in chapter
3, the outer hydrogen bonds are longer than the inner ones: the carbonyl is protruding from
the line through the three nitrogen atoms involved in hydrogen bonding. In DDAA dimers of
the 4[1H]-pyrimidinone tautomer, the difference between inner and outer hydrogen bonding
lengths is however strikingly smaller (difference only 0.13—-0.21 A) than in DADA dimers of
the 2-ureido-4-pyrimidin-4-ol form (difference 0.40 A). Table 4.2. gives a comparison of the
hydrogen bonding distances of inner and outer hydrogen bonds of i4[1H]-pyrimidinone
dimers, pyrimidin-4-ol dimers, and of 2-butylureido-4-acetylamino-pyrimidine dimers (see
chapter 3).

Table 4.2: Comparison of bond distances [A] in the crystal structures of 4[1H]-
pyrimidinone dimers, pyrimidin-4-ol dimers, and of 2-butylureido-4-
acetylamino-pyrimidine 11.

system N-H"Ndistance = X-H"O distance ® Hydrogen bond
(inner HB) (outer HB) length difference

DDAA of 4[1H]- 2.95-2.97 2.76-2.78 0.17-0.21

pyrimidinone

DADA of pyrimidin-4-0l 2.98 2.58 0.40

DADA of 4-acetylamino- 3.24 275 0.49

pyrimidine 11

* X =N in DDAA of 4[1H]-pyrimidinone and DADA of 2-butylureido-4-acetylamino-pyrimidine 11; X = O in
DADA of pyrimidin-4-ol.
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Noticeable are the short outer O—H "O=C hydrogen bonds in the pyrimidin-4-ol
dimers (2.58 A in all three crystal modifications);? the corresponding distance in related 2-
butylureido-4-acetylamino-pyrimidine discussed in chapter 3 is 2.75 A. Also, the inner
hydrogen bonds in the pyrimidin-4-ol dimers are significantly shorter than in the related
DADA dimer of 2-butylureido-4-acetylamino-pyrimidine 11 (2.96 A versus 3.24 A). In the
DDAA systems, the hydrogen bonds have a normal length (2.95-2.97 A for the inner, and
2.76-2.80 A for the outer hydrogen bond). The inner hydrogen bonds of DDAA systems are
of similar length as for the DADA dimers of pyrimidin-4-ol, while the inner hydrogen bonds
of 2-butylureido-4-acetylamino-pyrimidine 11 are significantly longer. The outer hydrogen
bonds of DDAA systems are of similar length as for the DADA dimers of 2-butylureido-4-
acetylamino-pyrimidine 11, while pyrimidin-4-ol has significantly shorter outer hydrogen
bonds.

Comparison of IR of Pyrimidin-4-ol and 4[1H]-Pyrimidinone tautomers.
The FT-IR spectra in the solid state of dimers of 3h in the 4[1H]-pyrimidinone and the
pyrimidin-4-ol tautomer (figures 4.7 and 4.8) show very pronounced differences.
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Figure 4.7: IR spectrum in KBr of crystals of compound 3h in the 4[1H]-pyrimidinone form.
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Figure 4.8: IR spectrum in KBr of crystals of compound 3h in the pyrimidin-4-ol form.

The two tautomeric forms have characteristic bands. Therefore, IR is a powerful tool
for a quick analysis to define the tautomeric form present. Dimers of the pyrimidin-4-ol
tautomer feature a very indicative absorption at approximately 2500 cm™. This band is
characteristic for a strong O—~H~O=C hydrogen bond, like in an acid dimer. The inner N—
H-N hydrogen bond —from the ureido N-H to the central pyrimidine ring nitrogen— is
found in the region 3155-3130 cm™, at a similar position as for dimers of the 4[1H]-
pyrimidinone tautomer. The absorption of the intramolecular N—H~N hydrogen bond in the
pyrimidin-4-ol dimers is present between 3200 and 3260 cm™.

Pyrimidin-4-ol and 4[1H]-Pyrimidinone tautomers in solution. The '"H-NMR
spectrum in CDCl3 of 6-phenyl substituted compound 3h shows two sets of signals (figure
4.9a). The most-abundant set of N—H signals (87%) is found at & = 13.95, 12.06, 10.23 ppm,
and is assigned to the 4[1H]-pyrimidinone tautomer.?* A second set of signals, ascribed to
dimers of the pyrimidin-4-ol tautomer, is observed at 13.6, 11.3 and 10.0 ppm (13% in
abundance). Double sets of signals in the same ratio are also observed for the alkylidene
signal and NH-CH, signals. Noticeable is the approx. 0.5 ppm downfield shift of the
alkylidene proton of the pyrimidin-4-o] tautomer relative to the 4[1H]-pyrimidinone tautomer.
This is assigned to an aromatic shift. The ratio between the dimers of the two tautomeric
forms is solvent dependent; dimers of 4[1H]-pyrimidinone tautomer and pyrimidin-4-ol
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tautomer of compound 3h are present in approximately equal amounts in toluene (figure
4.9b).
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Figure 4.9: 'H-NMR spectra of 3h. (a) in CDCls, (b) in toluene-ds; @ = signals of 4[1H}-pyrimidinone
tautomer, Il = signals of pyrimidin-4-ol tautomer.

The ratio of pyrimidin-4-ol and 4[1H]-pyrimidinone dimers differs enormously for
molecules with different substituents. The ratio is obtained by integration of the two sets in
'H-NMR. Thus, dimers of pyrimidin-4-ol and 4[1H]-pyrimidinone are present in a roughly
1:1 ratio in CDCl; for compounds 3i and 3k. 6-Trifluoromethyl derivative 3l is present in
CDCl; exclusively as the pyrimidin-4-ol dimeric form.” The O—H resonance in dimers of this
compound is assigned to the signal at & = 14.30 ppm. The intramolecularly hydrogen bonded
terminal N-H of the butylureido chain corresponds to the signal at 9.30 ppm, because this
signal is a triplet and exchanges slowly with D,0. The ureido N-H resonance is found at § =
11.14 ppm. Relative amounts of both tautomers in the solvents CDCls, toluene-ds and THF-dg
are reported in table 4.3 for several ureidopyrimidinones.
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Table 4.3: Relative amounts of dimers of 4[1H]-pyrimidinone and 0
pyrimidin-4-ol tautomers for different compounds in various R’—d“

solvents.” Ao N
o=('N—H
. R2
Com- R' R? % 4[1H]- % 4[1H]- % 4[1H]-
pound pyrimidinone  pyrimidinone  pyrimidinone
in CDCl, in toluene-dg in THF-dg
3a “CHj3 n-C4Ho >99 insoluble insoluble
3b CH; t-C4Hy 97 - -
3c Ci3Hyy n-C4Hy >99 87 79
3d CisHy t-C;Hy 96.5 76 -
3e Ci3Hy, CeHs >99 98 -
3f Ci3Hy p-NO»-CsHs  >99 insoluble insoluble
3g CisHy p-NEt,-CsHs  >99 97 -
3h CeHs n-CsHy 86 42 -
3i CeHs t-C;Hy 50 44 -
3k P-NO,-C¢Hs n-CgHsy 40 insoluble insoluble
31 CF; n-C4Hy <1 - -
10a CsHz(OCy2Hys)3 n-CiHy 87 56 31
10b CsHx(OC2Hzs)3 CgHs 93 77 -
10c C¢Hy(OCyoHys)s p-NO,-CgHs > 99 > 99 -
10d C¢Hy(OCy;Hs)3 p-NEt-C¢Hs 85 51 -

* Only dimers of the 4{1H]-pyrimidinone and pyrimidin-4-ol tautomer were observed in these solvents.
4.2.3 Dilution studies to obtain dimerization constants

Studies in chloroform. As was mentioned in section 4.2.1, dilution of 3a in CDCl;
did not result in perceivable dissociation. Upon dilution of a CDCl; solution of compound 31
—which exists exclusively as dimers of the pyrimidin-4-ol tautomer in chloroform— or of a
CDCl; solution of compound 3i —which is present as a 1:1 mixture of 4(1H]-pyrimidinone
and pyrimidin-4-ol dimers— to 10~ M, dissociation was also not observed,” nor did the ratio
4[ 1H]-pyrimidinone/pyrimidin-4-ol dimers change for 3i. In view of the noise in the spectrum
at these low concentrations, a conservative estimate of the percentage of dissociation is made
that lies below 10%. This estimate results in a lower limit of 4.5 x 10° M~ for the
dimerization constant of both pyrimidin-4-ol and 4(1H]-pyrimidinone tautomers of 3a, 3i and
3L
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Studies in THF. More quantitative data on the size of dimerization constants were
desired than that they exceed 4.5 x10° M in pure CDCl3. Therefore, we measured 'H-NMR
spectra in more polar solvents —in which dimerization due to hydrogen bonding is expected
to be weaker— and diluted to observe dissociation effects. Dilution of 10a in THF-ds showed
that the ratio between dimers®® of the 4[1H]-pyrimidinone and pyrimidin-4-ol tautomer
tautomers is strongly concentration dependent at low concentrations (see figure 4.10).

0.30-

0.25
0.207
0.15 4
0.10 4

0.05

fraction 4[1H]-pyrimidinone dimers

0.00

T v L) v T T T 4 T v T
0.00 0.02 0.04 0.06 0.08 0.10 0.12
concentration (M)

Figure 4.10: Plot of the fraction of 4[1H]-pyrimidinone tautomer versus the concentration in solutions
of 10a in THF-dg; the solid line serves to guide the eye.

Furthermore, the position of the N-H and O-H signals of the pyrimidin-4-ol tautomer
showed a concentration dependence, while the signals of the 4[1H]-pyrimidinone tautomer
did not shift in the measured concentration range. These observations indicate that the 4[1H]-
pyrimidinone tautomer is dimeric throughout the whole concentration range studied, whereas
the pyrimidin4-ol dimers dissociate at lower concentrations. Because only a small
dissociation range could be covered, a dimerization constant could not be fitted to the
concentration dependence of the N-H (O-H) protons of the pyrimidin-4-ol dimers. The
equilibrium between dimers of 4[1H]-pyrimidinone and pyrimidin-4-ol tautomers was found
also to be concentration dependent for compound 3¢ in THF-dg, and for 10a in pyridine-ds.
No concentration dependence within the measurable range was observed in CDCls3, toluene-dg
and o-dichlorobenzene-dy.

Studies in mixed solvent systems, in particular DMSO/CDCI; mixtures.
As another option to explore the strength of dimerization, studies were performed in solvent

mixtures of CDCl3 with methanol and DMSO. Addition of up to 10% MeOH to CDCl;
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solutions of 3a did not result in significant dissociation,?” and addition of more methanol led
to strong line broadening of the N—H resonances to such extent that a quantitative analysis
was impossible. Addition of DMSO-ds —a strong hydrogen bond acceptor solvent— to
CDCl; solutions of compound 3a resulted in only slight line-broadening of the N—H
resonances of dimers (at fixed positions at § = 13.95, 12.06, and 10.23 ppm). However, with
increasing amounts of DMSO added, a second set of (broader) N-H peaks emerged at 11.4,
9.4 and 7.2 ppm, respectively. In pure DMSO, the latter set of signals is the only one
observed. Separate signals are also observed for the alkylidene proton, and for the protons of
the butyl CH; and the 6-methyl substituent.

0 0
R14(/__<</ N-H R14(/_< —H
N= O N=
N-C H  N-H
N-R2 N-C

2 o)

(a) (b)

Figure 4.11: Two possible geometries of the monomeric 6[1H]-pyrimidinone tautomer, as observed
for compounds 3a, 3i and 3l in DMSO solution. Geometry (a) is found in solution.

This new set of signals is attributed to a monomeric 6{1H]-pyrimidinone tautomer.
The N-H peak positions (at 11.4, 9.4 and 7.2 ppm for compound 3a) agrec best with the
conformation a in figure 4.11, with an intramolecularly hydrogen bonded pyrimidinone N1-H
group, and two non-hydrogen bonded ureido N—H groups. ‘

This assignment is confirmed by the observation that for 3i (R' = phenyl; R = t-butyl)
—of which in CDCl; dimers of the 4[1H]-pyrimidinone and pyrimidin-4-ol tautomers coexist
in a 1:1 ratio—a third tautomer is observed in CDCl/DMSO-ds mixtures, which is also
ascribed to the 6[1H]-tautomer. The 6[1H]-pyrimidinone tautomer is also the monomeric
form in CDCly/DMSO-ds mixtures of 6-trifluoromethyl derivative 3l, which is present
entirely in the pyrimidin-4-ol dimeric form in pure chloroform. Notably, the alkylidene proton
of the 6{1H]-pyrimidinone tautomer for 3l is 0.4 ppm upfield (at 6.3 ppm) with respect to the
alkylidene signal of the dimeric pyrimidin-4-ol form (at 6.7 ppm). Additional proof for the
assignment of this new tautomer was obtained from '*C-NMR spectra of 3a and 31 in CDCl,
and DMSO-ds. Whereas the *C-NMR spectra of 3a in CDCl; and DMSO-dj are very similar
—but not identical— the *C-NMR spectra of 31 in CDCl; and DMSO-dg show significant
differences. The spectra indicate that 3a exists as pyrimidinone tautomer in both solvents,
whereas 3l changes of tautomeric form from CDCl3 to DMSO-d.

In a given solvent mixture, the ratio (Kgim:) of dimeric tautomer (either the 4[1H]-
pyrimidinone tautomer for 3a, or the pyrimidin-4-ol tautomer for 3I) to the square of the
concentration of - 6[1H]-pyrimidinone tautomer has a constant value within experimental
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error.® This implies a dimer~monomer relationship, with the 6[1H]-pyrimidinone tautomer
as the most stable form of monomeric molecules of 3a or 3l in CDCIl3/DMSO-ds solvent
mixtures. The constant ratio of dimeric tautomer (either 4[ 1H]-pyrimidinone or pyrimidin-4-
ol) over the squared concentration of 6[1H]-pyrimidinone tautomer may then be considered as
a complex dimerization constant (Kgne), based on dimerization and simultaneous
tautomerization (see discussion). With the expectation that extrapolation to pure chloroform
would be feasible, the complex dimerization constants of compounds 3a and 31 were
determined in several CDCl3/DMSO-ds solvent mixtures (Table 4.4). In the solvent mixtures
used, only the 6[1H]-pyrimidinone tautomer was observed as the monomeric species.

The dimerization constant of 2-butylureido-4-acetylamino-pyrimidine 11 (see chapter
3) was also determined in several of these mixtures, since dissociation of dimers of this
compound is not accompanied by tautomerization. For this compound, a quick exchange
between monomers and dimers was observed,” and dimerization constants were determined
by fitting the concentration dependence of the CH; and aromatic HS proton signal (see
chapter 3). We also determined the ET(30) solvent polarity of the solvent mixtures.

Table 4.4: Complex dimerization constants K+ of ureidopyrimidinones 3a and 31, and
dimerization constants K, of 11 in several CDCl; /DMSO-ds mixtures.™®

o CHy

_(_« O-H 0=C
7 N—H
N Fﬁ-@ N

_ N—H
O_CN_H \N-C:\ H\ _<N—H
i ncH{ O N—C,
4 nCH{ O
3a 3l 11

solvent composition: volume% DMSO-ds in CDCl3, and ET(30) values
Com- |03% 0.5% 1% 2% 3% 4% 6% 8% 10% 15%
pound | 39.00 3933 3937 3976 3987 4021 4055 41.02 4126 4198

3a 1.2*10° 2.0*10° 5.0%*10° 1.2*10* 39*10° 2200 750 370 170 51
3l 160 53 14 28 13 0.52 024 -° e e

11 - - - 26%10° - 1.2*10* 5600 - - -

* Estimated error <20% for 3a, <40% for 31, and <30 % for 11; ®In pure CDCl,, no dimerization constants could
be determined, © Too low to determine.

We tried to evaluate the dimerization constants in pure CDCl; with the same three
methods as described in chapter 3. Extrapolation of the monomer and dimer shift is not
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applicable in slowly exchanging systems like 3a and 3l, while for 11, a good extrapolation
could not be obtained.*

Log Kgim* of ureidopyrimidinones 3a and 3l is strongly dependent on solvent
composition, especially when small amounts of DMSO-d; are present in the solvent mixtures
(figure 4.12). Because of this, extrapolation to a Kgim+ value in pure chloroform is impossible
without a quantitative model for the relation between dimerization constant and solvent
composition. The procedure used in chapter 3 for fitting dimerization constants in
MeOQOH/CDCIl3; mixtures —based on a model taking competitive complexation of monomers
by the cosolvent into account®'— did not give a reliable combination of parameters, rendering
extrapolation to a value for the dimerization constant in pure CDCl3 impossible.
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Figure 4.12: Plot of log Ksm versus solvent composition for compounds 3a, 31 and 11 in
CDCIly/DMSO-ds mixtures; the lines only serve to guide the eye.

A third method of extrapolation involved plotting log Kgip+ versus the experimental
ET(30) solvent polarity (figure 4.13). We had expected (and hoped for) a linear relation
between log Kginm» and ET(30) solvent polarity, because log Kgips is a sum of log Kgim and 2 x
log Kiau (see discussion). Both values are expected to be linearly related to ET(30), because:

(i) The energies of many equilibria have been found to be linearly related to ET(30)
solvent polarity (see chapter 3). Furthermore, we have established a linear relationship
between log Kgim and ET(30) solvent polarity for the systems described in the chapter 3,
which were measured in CDCl3/MeOH mixtures and dealt with compounds not undergoing
tautomerization upon dissociation. To test the generality of this linear relation, we measured
the dimerization constants of compound 11 in the CDCl/DMSO-dg solvent mixtures.
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(ii) Tautomeric equilibria are known to be dependent on solvent polarity, and their log
K values have often been found to be linearly related to solvent polarity.* However, the
tautomeric equilibria themselves cannot be determined for 3a and 3l, because of the
simultaneous effect of dimerization.”?
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Figure 4.13: Plot of log K4m+ versus the ET(30) solvent polarity of the CDCl,/DMSO-ds mixtures; the
lines serve to guide the eye. The ET(30) value of CDCI; equals 39.00.

In contrast to the systems described in chapter 3, the relation between log Kgin+ and
the ET(30) solvent polarity is strongly non-linear for compounds 3a and 31, especially at
relatively low amounts of cosolvent DMSO-ds (figure 4.13). Despite the limited number of
data points, the results clearly indicate that log Kgim of compound 11 is less dependent on
ET(30) than the log K+ of 32 and 313 This difference is probably related to a solvent
dependent contribution of Ky to K gim* for compounds 3a and 31.

As a result of the strong solvent composition dependence at low amounts of DMSO,
we cannot give a reliable extrapolation for the value in pure CDCl3. The strong solvent
composition dependence indicates that the complex dimerization constant Kgme of 6-methyl
derivative 3a in pure chloroform significantly exceeds 10° M™'. Especially when log Kgims is
plotted versus ET(30), it is clear that a large gap is present between the measured range and
pure CDCl;. Furthermore, the data clearly indicate that the complex dimerization constant
Kiim* of 6-trifluoromethyl derivative 31 —present as a DADA dimer of a pyrimidin-4-ol
tautomer— is lower than that of 3a —present as a DDAA dimer of a 4[1H]-pyrimidinone
tautomer— by roughly 4 orders of magnitude in the CDCl/DMSO-ds mixtures.

97



Chapter 4

4.2.4 Exchange of dimers: heterodimers

Exchange between monomer and dimer in hydrogen bonded complexes is generally
fast on the NMR-timescale, and a time-averaged peak position is observed. At lower
temperatures, exchange rates may become slow on the NMR timescale. This was observed for
quadruply hydrogen bonded dimers of di(amido)- or di(ureido)triazines (see chapter 3).
Exchange at room temperature is expected to be slower for the more strongly hydrogen
bonded dimers of ureidopyrimidinones. Slow exchange between monomer and dimer of
ureidopyrimidinone, even at high concentrations (0.5 M), was described in the previous
section, and is probably related to a slow tautomerization step.34 The exchange rate of dimers
is even more interesting, as the life-time of a dimer is the important factor that determines
physical properties related to dynamic exchange. Exchange of dimers may be much faster
than monomer—dimer exchange if dimers exchange without the slow tautomerization to the
most stable form of the monomer.

The 'H-NMR spectrum of mixtures of two ureidopyrimidinone derivatives at low
concentrations indeed shows slowly exchanging hetero-dimers: the spectrum at 298 K of an
equimolar 1 mM solution of 3¢ and 10¢ (figure 4.14) shows splitting of the signals attributed
to N~H protons, but also of the signals of phenyl and alkylidene protons.35 The process of
exchange leads to an almost statistical mixture of dimers, as in equimolar mixtures of 3¢ and
10¢, a 1:1 ratio of heterodimers and homodimers is observed.*

The lifetime of the dimers is estimated to lie between 0.01 seconds (the lifetime for
which coalescence is expected) and 3 minutes (the time needed to prepare a sample and
measure its spectrum). In an attempt to analyse the exchange between the dimers, temperature
and concentration dependent spectra were-taken. A concentration experiment performed with
the couple 3e and 3h (figure 4.15) cannot be explained by a simple coalescence process. A
concentration dependent upfield shift, possibly due to stacking, is also observed.

Because of the ambiguity, the exchange rate was studied by EXSY, a 2D-NMR
measurement. This type of measurement is more reliable, because exchange is observed
unambiguously, and the ratios between molecules that do and do not exchange is integrated.
Preliminary results of these experiments performed by Michel Pepers indicated that there is
indeed exchange between the dimers, of which the life-time is below 0.2—-0.4 s.

The exchange rate of the dimers is much higher than the tautomeric equilibration of
the monomer. Hence, if the dimer exchange occurs via monomers, these do not tautomerize
before exchange. Other explanations are that the 4{1H]-pyrimidinone tautomer instead of the
6[1H]-pyrimidinone tautomer is the most stable form of the monomer in pure chloroform, or
that two dimers exchange in a sort of concerted process without dissociation.
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Figure 4.14: 'H-NMR spectrum of a 1 mM equimolar CDCl, solution of 3¢ and 10¢ at 298 K; open
figures belong to homo-dimers, filled figures to hetero-dimers.
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Figure 4.15: Dilution experiment with an equimolar CDCl, solution of 3e and 3h at 298 K.
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4.3 Evaluation
4.3.1 Monomer-Dimer, and Tautomeric Equilibria in Solution
In solution, three different tautomeric forms of 2-ureido-4-pyrimidinones are

observed. These are proposed to be related by the equilibria depicted in figure 4.16.

/
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Figure 4.16: Equilibria in solution between tautomeric forms, and between monomer and dimer of
ureidopyrimidinones 3.

The complex dimerization constant Kgim+ is thus related to the dimerization constant
Kaim of a single tautomer, and the tautomerization constant Ky, of that tautomer. Within the
simplified scheme proposed in figure 4.16 for the complex process, the following equations
describe the relation of Kgine, Kgim and Ky for derivatives with 4[1H]-pyrimidinone dimers;
a similar relation can be derived for derivatives with pyrimidin-4-ol dimers.

concentration 4[1H]}-pyrimidinone dimers

Kdim = - .
[ concentration 4[1H)-pyrimidinone monomers ]2
K concentration 4[1H]-pyrimidinone monomer
taut concentration 6{1H]-pyrimidinone monomer
concentration 4[1H]-pyrimidinone dimers
Kdim* =

[ concentration 6{1H]}-pyrimidinone monomers 12
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Substituent effects on tautomeric equilibria. As is evident from inspection of
Table 4.2, a very large influence on the 4[1H]-pyrimidinone/pyrimidin-4-ol equilibrium is
exerted by the substituents. The following relative preference for the 4[1]-pyrimidinone form
over the pyrimidin-4-ol form in dimers was deduced for the 6-substituent,

OCgHas

‘n.CnH27 ~ CHsj > QOCQH% -~ —@ > —@—-N02 > CF3

OCoHgs

while for the ureido substituent, the following relative order was deduced:

Q> O > > O >

Clearly, the effects of both substituents are predominantly electronic. An electron-
withdrawing group at the 6-position, for example a 6-trifluoromethyl substituent, favors the
pyrimidin-4-ol tautomer. This effect can be understood by applying an explanation given by
Gordon and Katritzky for the analogous 4-pyridone system to the 2-ureido-4-pyrimidinone
unit (figure 4.17)."*'® Both the 4[1H]-pyrimidinone (4[1H]) and the pyrimidin-4-ol (OH)
tautomer are in (hypothetical) equilibrium with the same protonated species (the two
structures in the middle of figure 4.17 are mesomers). The position of the tautomeric
equilibrium is then determined by the relative acidities of the O—H and N-H protons: if the
O—H proton is more acidic than the N-H, then this proton will be abstracted most easily, and
the 4[1H]-pyrimidinone tautomer results; if the N=H proton is more acidic, then pyrimidin-4-
ol tautomer results. The effect of the 6-position substituent X can now be understood. An
electron withdrawing group X renders the ortho N-H more acidic, and thus results in a
preference for the pyrimidin-4-ol tautomer. Although the effect of a-substituent Y was not
studied due to limited synthetic accessibility, an electron withdrawing substituent Y is
similarly expected to stabilize the 4[1H]-pyrimidinone tautomer.

H N-H H N-H N-H H N-H
0=C 0=C 0=C N—C
N—H N-H N-H f0
(4[1H) (OH)

Figure 4.17: Explanation for the preference for the pyrimidin-4-ol tautomer (OH) over the 4[1H]}-
pyrimidinone tautomer (4[1H]) with electron withdrawing 6-position substituents.

101



Chapter 4

There is also a distinct electronic effect of the ureido substituent. Electron
withdrawing groups on the ureido group favor the 4[1H]-pyrimidinone tautomer. The cause
of this effect is rather unclear to us. Obviously, an electron-withdrawing group renders the
adjacent N—H more acidic, and consequently, this N-H becomes a better hydrogen bond
donor. The different acidities of the N—H groups adjacent to the ureido substituents are also
reflected in the relative exchange rates of N—H signals with D,O. The N-H protons adjacent
to the butyl substituent in 3a or the p-di(ethylamino)phenyl substituent in 3g exchange slower
than corresponding protons adjacent to a phenyl or p-nitrophenyl substituents in compounds
3e and 3f. However, it is unclear to us why the increase of donor strength of the ureido N-H
has a larger stabilizing effect on 4[1H]-pyrimidinone dimers than on pyrimidin-4-ol dimers.

Solvent and concentration effects. The solvent composition was found to have
a strong effect on the complex dimerization constants Kgm» in CDCly/DMSO-dg mixtures.
Since Kgim+ is equivalent to the product of K4m of a single tautomer times the square of a
tautomeric equilibrium constant Ky, this can be explained very well: the solvent is expected
to have an effect on Ky as well as on Ky

The observation of the 6[1H]-pyrimidinone tautomer as the mox‘lomeric form in
DMSO, or in its mixtures with chloroform, is in line with generally accepted knowledge. For
related uracils and parent isocytosine, it has been well documented that a 6] 1H]-pyrimidinone
tautomer is more stable ‘than a 4[1H]-pyrimidinone tautomer.'*'® In relatively non-polar
solvents favorable for hydrogen bonding, and also in the solid state, diniers of the 4[1H]-
pyrimidinone tautomer and of the pyrimidin-4-ol tautomer are observed. These normally less
stable tautomeric forms are stabilized significantly by the strong dimerization via quadruple
hydrogen bonding.

The largest relative amount of 4[1H]-pyrimidinone dimers was observed in
chlorofom. In other solvents, such as THF, o-dichlorobenzene and pyridine, but also the very
apolar solvent toluene, a higher fraction of the molecules is present in the pyrimidin-4-ol
dimeric form. The observed high relative amount of 4[1H]-pyrimidinone dimers in
chloroform may be due to stabilization of the keto-groups by interactions of the hydrogen
donor of chloroform. Aromatic solvents, such as toluene, pyridine and o-dichlorobenzene,
seem to favor the aromatic pyrimidin-4-ol tautomer. Dilution in THF resulted in an increase
of the amount of the pyrimidin-4-ol tautomer, reaching approximately 100% at high dilutions,
and the observed concentration dependence of the pyrimidin-4-ol tautomer N-H and O-H
signals suggested dissociation of the dimers of this tautomer. These observations suggest that
the pyrimidin-4-ol tautomer is the most stable form of monomeric 10a in THF-d;s. This is in
sharp contrast to the situation in CDCly/DMSO-ds mixtures, and may be explained by
stabilization of keto-groups by the weak hydrogen bonding donor interactions of chloroform.
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4.3.2 Relative strength of dimerization

In an evaluation of the dimerization strength, it should be kept well in mind that we
determined complex dimerization constants Kgqy+. These complex dimerization constants
Kgim* give the ratio between dimerized and non-dimerized molecules that actually will occur
in solution at a given concentration, and reflect the difference in energy between the dimer
and the most stable form of the monomer. The dimerization constants Kgin of a single
tautomer in the CDCl3/DMSO-ds mixtures are higher than the complex dimerization
constants Kgine+, because Kyim» is the product of Kgm and Kmtz, and Ky is smaller than 1
(nearly all the monomer is in the 6[1H]-pyrimidinone form). Because 4[1H]-pyrimidinone or
pyrimidin-4-ol monomers were not observed, we could not determine Ky, and Keye
separately. '

The complex dimerization constant in chloroform of 6-trifluoromethyl ureido-
pyrimidinone 31 —which exists in chloroform as the pyrimidin-4-ol tautomer dimerized in a:
DADA array— (Kgim* > 4.5 x 10° M") exceeds the value predicted by Schneider (310 M~ ! for
DADA arrays) by at least three orders of magnitude, or 32 kJ.mol™. The anomalously high
stability of pyrimidin-4-ol dimers may be attributed to a combination of two effects:

(i) The DADA array is pre-organized by an intramolecular hydrogen bond. Pre-organization
was shown in chapter 3 to increase the dimerization constants of multiple hydrogen bonded
dimers strongly. '

(ii) The dimers of the pyrimidin-4-ol tautomer contain an O—H~0O=C hydrogen bond, which
are known to be stronger than N-H-O=C hydrogen bonds.>” The empirical free energy
relationship of Schneider is entirely based on systems with weaker N—-H~O=C and N-H-N
hydrogen bonds; also the compounds in éhapter 3 had this kind of hydrogen bonds.

The complex dimerization constants of DDAA systems of this study in chloroform
could not be determined exactly, because the complex dimerization constants K+ measured
in the mixed solvent systems could not be extrapolated to pure chloroform. The results show
that the value for 3a in pure CDCl; is at least of the same order of magnitude as predicted by
Schneider (3.6 x 10°M™ l). The actual values of K4inm» are probably even larger, because:

(i) The complex dimerization constant Kgn» of 3a is already 1.2 x 10 M in CDCl; with

0.3% v/v DMSO-ds, while it is strongly dependent on the presence of small amounts of

DMSO.

(ii) The DDAA-array is pre-organized by an intramolecular hydrogen bond, which was shown

in the previous chapter to result in anomalously high association constants for DADA-arrays.
(iii) IR indicates stronger hydrogen bonding in the DDAA dimers than in the DADA dimers

" discussed in the previous chapter.
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4.4 Conclusion

A novel building block for self-assembly, ureido-pyrimidinone, is synthesized from
readily available isocytosines and isocyanate derivatives. This building block forms
exceptionally stable dimers via a pre-organized array of four hydrogen bonds, with effective
dimerization constants significantly exceeding >106 M™ in chloroform. Furthermore, no
additional hydrogen bonding interactions are present between ureido-pyrimidinone dimers;
the unidirectionality with respect to hydrogen bonding is advantageous for several
supramolecular purposes.

Although the association behavior is complicated by tautomeric equilibria, —both
dimerization via a DADA or a DDAA array is possible— these tautomeric equilibria can be
steered by the predictable substituent effects. Hence, two discrete self-complementary
hydrogen bonding units with DDAA and DADA arrays, respectively, are obtained. As a
fortunate coincidence, derivatives with n-alkyl substituents at both the ureido-group and at the
6-position —which are the easiest accessible, have the largest possibility for structural
variation, and have good solubility characteristics— are exclusively present in chloroform as
4[1H]-pyrimidinone dimers, the tautomeric form with the highest association constant. The
ready availability of compounds with the self-complementary DDAA motif of the 4[1H]-
pyrimidinone tautomer opens the way to special supramolecular architectures, because of the
unique and unprecedented combination of strength and ease of synthesis.

4.5 Experimental Section

General methods. Chemicals were purchased from Acros Chimica, Fluka or Aldrich and
used as received unless otherwise stated. All reactions were carried out under an atmosphere of dry
nitrogen unless otherwise stated. Solvents were of technical grade unless otherwise stated. Anhydrous
THF was obtained by distillation from sodium/potassium/benzophenone; analytical grade pyridine,
ethanol and iso-propanol were dried over 4 A molecular sieves. NMR-spectra were recorded on a
Varian Gemini 300 or a Bruker AM400 spectrometer. Chemical shifts are given in ppm relative to
TMS. For the 'H-NMR titrations, deuteriochioroform was used as received. IR-spectra were recorded
on a Perkin-Elmer 1600 FT-IR spectrometer. Dry chloroform for the infrared experiments in solution
was obtained by purification of analytical grade chloroform by several extractions with water, followed
by drying over calcium chloride for two hours, and distillation under an atmosphere of dry nitrogen.
Spectra at concentrations higher than 5 mM were taken in a 0.1 mm NaCl cell, and for lower
concentrations in a 1 mm cell. Melting points were determined on a Jenavali THMS 600 melting point
microscope and are uncorrected.

Binding experiments. Dimerization constants were determined from integrated peak areas of
appropriate signals. For compound 3a, the sharp and intense CHjy signals were used, allowing reliable
integration down to 107> M with an estimated relative error of 20% in the 10-90% saturation range. For
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compound 3, the broader N-H signals had to be used, resulting in a larger relative error of 40% in the
20-80% saturation range.

X-ray single crystal structure analyses. Data were collected on an Enraf-Nonius CADAT
diffractometer on rotating anode (w scan, T = 150 K, Mo Ka radiation, graphite monochromator, A=
0.71073 A). Accurate unit-cell parameters and an orientation matrix were determined by least-squares
fitting of the setting angles of 25 well-centered refiections.®® The unit celt parameters were checked for
the presence of higher order lattice symmetry.”® Data were corrected for Lp effects and for the
observed linear decay of the periodically measured reference reflections. Structures were solved with
direct methods using SHELXS-96, and refined on F? using SHELXL-96. in the weighing scheme, P =
(max(F¢Z, 0) + 2F.2/3. No observation criterion was applied during refinement on F2. The hydrogen
atoms of 3h (4[1H]-pyrimidinone tautomer) were included in the refinement on calculated positions;
the hydrogen atoms of all other structures were located on a difference Fourier map, and their
coordinates were included as parameters in the refinement. The non-hydrogen atoms of all structures
were refined with anisotropic thermal parameters. The hydrogen atoms were refined with a fixed
isotropic displacement parameter related to the value of the equivalent isotropic displacement
parameter of their carier atoms. Neutral atom scattering factors and anomalous dispersion
corrections were taken from the International Tables for Crystallography.” Geometrical calculations
and illustrations were performed with PLATON.*!

Crystal data for 3a: C,oHeN4sO2, M, = 224.26, colourless, plate-shaped crystal (0.05 x 0.15 x
0.60 mm), triclinic, space group P1 (no. 2) with a = 4.5570(2), b = 10.3195(8), c = 12.0901(10) A, . =
83.525(7), B = 83.602(6), y = 86.813 (5)°, V = 560.87(7) A%, Z = 2, D, = 1.3279(2) g.cm™, F(000) =
240, p(Mo Ka) = 1.0 cm™. 5857 Reflections measured, 2565 independent reflections, Ry = 0.1273,
{1.7° < 8 < 27.5 °), and 193 parameters. Final wR2 = 0.1743, w = 1/6%(F?) + (0.0711P)? ], R1 = 0.06562
(for 1473 1> 2 6(1)), S = 0.984, -0.38 < Ap < 0.31 e A,

Crystal data for 3h 4[1H]-pyrimidinone tautomer: (CisHgN4O.) * ¥2 (CHCl;), M, = 346.02,
colouriess, needle-shaped crystal (0.1 x 0.1 x 0.6 mm), triclinic, space group P1 (no. 2) with a =
13.9838 (14), b = 14.431 (2), ¢ = 16.9539(15) A, o = 86.314(11), B = 88.910(8), y = 71.063 (11)°, V =
3231.3(7) A%, Z = 8, D, = 1.4226(3) g.cm™, F(000) = 1448, p(Mo Ko) = 3.3 cm™. 25717 Reflections
measured, 11391 independent reflections, Ry = 0.2346, (1.2° < © < 26.5°), and 887 parameters. Final
wR2 = 0.1725, w = 1/ *(F?) + (0.0401P)? ], R1 = 0.0736 (for 4061 1> 2 o(l)), S = 0.894, -0.36 < A p <
0.38e A

Crystal data for the three modifications of 3h pyrimidin-4-ol tautomer: M, = CysH:gN4O2,
M, = 286.33, colourless, plate-shaped crystal.

modification A) Crystal dimensions 0.05 x 0.2 x 1.0 mm, triclinic, space group P1 (no. 2)
with a = 10.1040 (7), b = 11.2468 (10), ¢ = 14.6926(9) A, & = 77.710(7), B = 70.286(6), ¥ = 64.667 (6)°,
V = 1416.0 (10) A3, Z = 4, D, = 1.3431 (2) g.cm™, F(000) = 608, p(Mo Ka) = 0.9 cm™. 11078
Reflections measured, 6477 independent reflections, Ry = 0.0411, (1.5° < © < 27.5 °), and 487
parameters. Final WR2 = 0,1402, w = 1/[6°(F?) + (0.0655P)? ], R1 = 0.0546 (for 3612 | > 2 o(f), S =
0.978, 032 <Ap< 0250 A,

Modification B) Crystal dimensions 0.05 x 0.20 x 0.50 mm, triclinic, space group PT (no. 2)
with a = 11.0259 (10), b = 11.1756 (10), ¢ = 13.2723(10) A, & = 80.187(6), B = 106.695(7), y= 112.808
8)°, V = 1431.8 (2) A%, Z = 4, D, = 1.3283(2) g.cm™, F(000) = 608, p(Mo Ko) = 0.9 cm™'. 7028
Reflections measured, 5050 independent reflections, Ry = 0.2318 (1.62 ° < © < 25.0 °), and 487
parameters. Positional parameters for the hydrogen atoms were refined. Final wR2 = 0.1495, w =
116°(F?) + (0.020P)? + 2.0P], R1 = 0.0692 (for 2595 | > 2(1)), S = 1.125,-0.35 < Ap < 0.33 6 A™>.
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Modification C) Crystal dimensions 0.03 x 0.20 x 0.30 mm, triclinic, space group P1 (no. 2)
with a = 8.3975 (8), b = 10.4896 (18), ¢ = 17.377(2) A, a = 92.667(12), B = 98.049(9), y = 108.196
(12)°, V = 1433.2 (3) A%, Z = 4, D, = 1.3270(3) g.cm™, F(000) = 608, w(Mo Ko) = 0.9 cm™. 8025
Reflections measured, 5041 independent reflections, Ry = 0.0551 (1.19 ° < 6 < 25.0 °) and 487
parameters. Positional parameters for the hydrogen atoms were refined. Final wR2 = 0.1582, w =
1[6*(F?) + (0.0447P)?], R1 = 0.0757 (for 2177 | > 26(1)), S = 1.024, -0.31 <Ap < 0.28 0 A™>.
N-Butylaminocarbonyl-6-methyl-isocytosine (3a). A suspension of 6-methyl-isocytosine,
2a, (6.20 g, 50 mmol) and butyl isocyanate (10 mL, 90 mmol) in dry pyridine (200 mL) was boiled
under reflux for 2 h, giving a clear solution. After cooling, acetone was added (200 mL), and the
resulting white micro-crystalline powder was filtered. Recrystallization from ethanoV chloroform 9:1 v/v
gave analytically pure 3a (3.30 g, 99%), as colourless needles, mp 225°C with sublimation. X-ray
quality crystals were obtained by slow evaporation of a dichloromethane solution to air. 'H-NMR
(CDCls) 8: 13.15 (s, 1H), 11.85 (s, 1H), 10.16 (s, 1H), 5.81(s, 1H), 3.24 (dd, 2H), 2.23 (s, 3H), 1.58 (m,
2H), 1.37 (m, 2H), 0.94 (tr, 3H). "C-NMR (CDCl;) & 173.0, 156.5, 154.7, 148.1, 106.6, 39.7, 31.5,
20.1, 18.9, 13.7. "H-NMR (DMSO-d,) 5: 11.82 (s, br, 1H), 9.75 (s, br, 1H), 7.52 (s, br, 1H), 5.78 (st,
1H), 3.17 (g, 2H), 2.05 (s, 3H), 1.44 (m, 2 H), 1.25 (m, 2H), 0.86 (t, 3H). '*C-NMR (DMSO-d;) 5: 164.0
{br), 161.5 (br), 154.8, 151.4, 1045, 38.8, 31.2, 23.2 (br), 19.4, 13.6. IR (KBr) v: (dimeric 4[1H)}-
pyrimidinone tautomer) 3215, 3147, 3036, 2954, 2916, 2870, 1704, 1665, 1583, 1528, 1252 cm™'.
Anal. calcd. for CygH16N4sO5: C, 53.56; H, 7.19; N, 24.98. Found: C, 53.57; H, 7.36; N, 25.18.
N-t-Butylaminocarbonyl-6-methyl-isocytosine (3b). A suspension of 6-methyi-isocytosine,
2a, (1.24 g, 10 mmol) and t-butyl isocyanate (1.7 mL, 15 mmol) in dry pyridine (25 mL) was boiled
under reflux for 4 h, giving a clear solution. Cooling induced the formation of crystals. Acetone was
added (50 mL), and the resulting powder was filtered. Recrystallization from acetone/chloroform 1:1
v/iv gave analytically pure 3b (0.46 g, 21%) as white needles, mp 203-204°C (dec, gas evolves). H-
NMR (CDCl3) &: {major tautomer > 97%)13.14 (s, 1H), 11.73 (s, 1H), 9.53 (s, 1H), 5.81 (s, 1H), 2.22
(s, 3H), 1.43 (s, 9H)."’C-NMR (CDCl3) &: 172.8, 155.8, 154.9, 147.9, 106.7, 51.3, 28.8, 18.9. IR (KBr)
v: (dimeric 4[1H]-pyrimidinone tautomer) 3212, 2970, 1698, 1674, 1636, 1586, 1521, 1265 cm™'. Anal.
calcd. for. CygH16N4sO2: C, 53.56; H, 7.19; N, 24,98, Found: C, 53.76; H, 7.29; N, 25.04.
6-Tridecyl-isocytosine (2b). Crude B-keto ester 1b (136.1 g, containing 0.29 mol of keto
ester, see chapter 3) in ethanol (220 mL) was boiled with guanidinium carbonate (30.6 g, 0.17 mol)
ovemight. The resultant clear, yellow solution was partially evaporated to dryness by distillation of
ethanol at atmospheric pressure, and then cooled, inducing precipitation of a white powder. Addition of
hexane (500 mL) and then water (500 mL) resuited in the precipitation of more white powder, which
was filtered off, and washed thoroughly with water, then acetone. Crystallization from ethanol gave
pure 2b as tiny white plates (39.7 g, 36%), mp 181°C. 'H-NMR (DMSO-dj) &: 10.57 (s, 1H), 6-7 (br,
2H), 5.36 (s, 1H), 2.24 (1, 2H), 1.55 (t, 2H), 1.26 {m, 20 H), 0.86 {t, 3H). *C-NMR (DMSO-d;) 5: 171.8,
162.7, 155.0, 99.2, 36.1, 30.4, 28.1 (multiple peaks), 26.6 (multiple peaks), 21.1, 12.6. IR (KBr) v:
3365, 3146, 2920, 2850, 2713, 1662, 1634, 1553, 1468, 1400 cm™', Anal. calcd. for Cy7HsN3O: C,
69.58; H, 10.65; N, 14.32. Found: C, 69.74; H, 10.80; N, 14.00.
N-Butylaminocarbonyl-6-tridecyl-isocytosine (3c). A solution of 6-tridecyl-isocytosine 2b,
(10.22 g, 36 mmol) and butyl isocyanate (6.8 mL, 60 mmol) in dry pyridine (200 mL) was boiled under
reflux for 2 h. After cooling, the solution was evaporated to dryness. Treatment of the residue in hot
acetone with active carbon, and crystallization afforded analytically pure 3¢ as tiny white needles (11.6
g, 82%), mp 118°C. "H-NMR (CDCl) &; 13.18 (s, 1H), 11.88 (s, 1H), 10.17 (s, 1H), 5.82 (s, 1H), 3.24
(g, 2H), 2.45 (¢, 2H), 1.62 (m, 4H), 1.31 (m, 22 H), 0.90 (m, 6H). *C-NMR (CDCl,) 5: 174, 157, 155,
152, 106, 41, 33, 32, 30 (multiple peaks), 24, 21, 15, 14. IR (KBr) v: (dimeric pyrimidin-4-ol tautomer)
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3203, 3130, 3012, 2955, 2920, 2849, 2498, 1666, 1610, 1557, 1453, 1318 cm™'. Anal. calcd. for
CoHa1N4Oy: C, 67.31; H, 10.27; N, 14.35. Found: C, 67.31; H, 10.41; N, 14.35.

N-t-Butylaminocarbonyl-6-tridecyl-isocytosine(3d). A solution of 6-tridecyl-isocytosine, 2b,
(0.56 g, 2 mmol), and t-butyl isocyanate (0.3 mL, 2.6 mmol) in dry pyridine (10 mL) was boiled under
reflux for 2 h. After cooling, the suspension was diluted with acetone. The precipitated powder was
filtered off and. recrystaliized from acetone to give pure 3d as white needles (0.55 g, 70%), mp 117.3—
117.9°C (recrystallization via liquid at 113-116°C). 'H-NMR (CDCl3) &: 13.22 (s, 1H), 11.72 (s, 1H),
9.57 (s, 1H), 5.81 (s, 1H), 2.45 (t, 2H), 1.63 (m, 2H), 1.42 and 1.31 (m, 29H), 0.88 (t, 3H).
Furthermore: 3.5% of pyrimidin-4-ol tautomer: 13.5 (s, 1H), 11.0 (s, 1H), 10.0 (s, 1H), 6.1 (s, 1H), 2,6
(m, 2H), other peaks obscured by peaks of main tautomer. BC-NMR (CDCly) §: 173.0, 155.9, 155.0,
152.1, 105.7, 51.2, 32.6, 31.7, 29.6, 29.6, 29.4 (multiple peaks), 29.3, 29.2, 29.0, 28.8, 26.9, 22.7,
14.1. IR (KBr) v: {dimeric pyrimidin-4-ol tautomer) 3224, 3133, 2922, 2850, 2490, 1664, 1612, 1560,
1458, 1330 cm™. Anal. calcd. for CxH4iN4O2: C, 67.31; H, 10.27; N, 14.35. Found: C, 67.57; H, 10.36;
N, 14.30.

N-Phenylaminocarbonyl-6-tridecyl-isocytosine(3e). A solution of 6-tridecylisocytosine, 2b,
(2.93 g, 10 mmol) and phenyl isocyanate (2.1 mL, 18 mmol) in dry pyridine (50 mL) was boiled under
reflux for 2 h. After cooling, the suspension was diluted with acetone and the resulting powder was
filtered. Crystallization from acetone/chloroform 2:1 v/v afforded analytically pure 3e (1.25 g, 30%) as a
white microcrystalline powder, mp 155-156°C. 'H-NMR (CDCly) &: 13.0 (s, 1H), 12.21 (s, 1H), 12.19
(s, 1H), 7.70 (d, 2H), 7.34 (t, 2H), 7.09 (t, 1H), 5.83 (s, 1H), 2.30 {t, 2H), 1.53 (m, 2H), 1.26 (m, br, 20
H), 0.88 {t, 3H). *C-NMR (CDCl3) &: 173.0, 154.6, 152.8, 142.0, 138.2, 128.9, 123.9, 120.6, 106.0,
32.5, 32.0, 29.6, 29.6, (multiple peaks), 29.4, 29.4, 29.2, 28.8, 26.6, 22.7, 14.1. IR (KBr) v: (dimeric
4[1H]-pyrimidinone tautomer) 3133, 3022, 2910, 2850, 1701, 1660, 1580, 1500 cm™. Anal, calcd. for
Ca4H3sN4O2: C, 69.87; H, 8.79; N, 13.58. Found: C, 69.97; H, 8.99; N, 13.49.

N-(p-Nitrophenyl)aminocarbonyl-6-tridecyl-isocytosine (3f). A solution of 6-tridecyl-
isocytosine 2b, (0.44 g, 1.5 mmol) and p-nitrophenyl isocyanate (0.27 g, 1.6 mmol) in dry pyridine (20
mL) was boiled under reflux ovemight. The resultant suspension was evaporated to dryness, and the
yellow powder extracted with hot toluene. Crystallization of the residue from acetic acid afforded
analytically pure 3f, mp 234.5-237.5°C. 'H-NMR (CDCl3, 55°C, saturated) §: 12.83 (s, 1H), 12.7 (s, br,
1H), 12.36 (s, br, 1H), 8.20 (d, 2H), 7.94 (d, 2H), 5.99 (s, 1H), 2.56 (t, 2H), 1.71 (s, 2H), 1.27 (s, br, 20
H), 0.88 (t, 3H). **C-NMR could not be measured: solubility too low in CDCl; even at 55°C, solubility
too low in DMSO-ds at ambient temperatures, and total decomposition upon heating of sample to
110°C. IR (KBr) v: (dimeric 4[1H]-pyrimidinone tautomer) 3067, 2920, 2850, 2750, 1712, 1656, 1625,
1574, 1511, 1500, 1334, 1240 cm™. Anal. calcd. for Co4HasNsO4: C, 63.00; H, 7.71; N, 15.31. Found:
C, 62.65; H, 7.63; N, 15.49.

N-(p-N,N-Diethylaminophenyl)aminocarbonyl-6-tridecyl-Isocytosine (3g). A solution of 6-
tridecylisocytosine 2b, (2.93 g, 10 mmol) and p-N,N-diethylaminopheny! isocyanate® (3.0 g, 15 mmol)
in dry pyridine (20. mL) was boiled under reflux for 4 h. After cooling, water was added, resulting in
precipitation of a brown gum. This was crystallized subsequently from acetone/water/ethanol 20:10:1
viviv with treatment with active charcoal, and from acetone/ethanol 1:1 v/v to give analytically pure 3g
(1.04 g, 22%), mp 76-90 °C (dec).'H-NMR (CDCl3) &: 13.09 (s, 1H), 12.12 (s, 1H), 11.97 (s, 1H), 7.49
(d, 2H), 6.67 (d, 2H), 5.75 (s, 1H), 3.32 (m, 4H), 2.19 {m, 2H), 1.48 {m, 2H), 1.24 (m, br, 20 H), 1.14
{tr, 3H), 0.88 (t, 3H). BC-NMR (CDCl3) &: 173.0, 154.6, 152.5, 144.8, 126.8, 122.5, 112.7, 105.6, 44.6,
32.3, 31.7, 29.6-29.2 (multiple peaks), 28.7, 26.5, 22.6, 14.1, 12.5. IR (KBr) v: {(dimeric 4[1H]}-
pyrimidinone tautomer) 3128, 3030, 2923, 2851, 1698, 1663, 1616, 1587, 1512, 1326, 1243 cm™".
Anal. calcd. for CgHasNsO2: C, 69.53; H, 9.38; N, 14.48. Found: C, 69.99; H, 9.56; N, 14.33.
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6-Phenyl-Isocytosine (2c). A mixture of ethyl benzoylacetoacetate 1¢ (19.2 g, 0.10 mol) and
guanidinium carbonate (9.09 g, 50 mmol) in absolute ethanol (100 mL) was refluxed overnight. After
cooling, the precipitated white powder was filtered off, and washed thoroughly with ethanol, water and
acetone. Drying gave pure 2¢ (12.02 g, 64%), mp 312°C. "H-NMR (DMSO-d;, 90°C) : 10.84 (br, 1H),
7.9 (m, 2H), 7.43 (m, 3H), 6.62 (br, 2H), 6.11 (s, 1H). "*C-NMR (DMSO-ds, 90°C) §: 162.8, 162.2,
155.2, 137.1, 128.9, 127.4, 125.9, 97.4. IR (KBr) v: 3350, 3087, 2956, 1658, 1502, 1476, 1380 cm™.
Anal. calcd. for. C1gHoN3O: C, 64.16; H, 4.85; N, 22.45. Found: C, 64.05; H, 4.85; N, 22.52.
2-Butylaminocarbonyl-6-phenyl-isocytosine (3h). A suspension of 6-phenyl-isocytosine 2¢
(1.93 g, 10 mmol) and butyl isocyanate (1.7 mL, 15 mmol) in dry pyridine (40 mL) was boiled under
reflux for 4 h. After cooling, acetone was added, and the precipitated white powder was filtered off.
Crystailization from ethanol/chloroform 1:1 v/iv gave analytically pure 3h (2.34 g, 82%), mp 245°C
(pyrimidin-4-ol tautomer)."H-NMR (CDCl,) &: 13.92 (s, 1H), 12.04 (s, 1H), 10.21, s, 1H), 7.67 {m, 2H),
7.54 (m, 3H), 6.35 (s, 1H), 3.30 (m, 2H), 1.65 (q, 2H), 1.42 (q, 2H), 0.88 (t, 3H); 14% of pyrimidin-4-ol
tautomer at 13.6 (2, 1H), 11.3 (s, 1H), 10.0 (s, 1H), 6.7 ({m, 2H), 3.5-3.4 (m, 2H), other peaks
obscured by those of main tautomer. '*C-NMR (CDCls) &: 173.2, 157.0, 155.4, 148.8, 131.4, 129.6,
125.8, 104.4, 40.0, 31.6, 20.2, 13.9; pyrimidin-4-ol tautomer at 157.0, 137.0, 130.7, 128.9, 126.9, 39.9,
31.8, other peaks obscured by main tautomer. By crystallization from chloroform, plates and needles
could be obtained, both as X-ray quality crystals, mp of both tautomers is at 245°C. The needles of the
4[1H]-pyrimidinone tautomer lose chloroform upon heating, and recrystallize. IR of plates (KBr) v:
(dimeric pyrimidin-4-o! tautomer) 3208, 3134, 3025, 2955, 2930, 2870, 2502, 1657, 1612, 1556, 1441,
1328 cm™'. IR of needles (KBr) v: (dimeric 4[1H]-pyrimidinone tautomer) 3202, 3133, 3010, 2958,
2871, 1692, 1656, 1588, 1528, 1255 cm™ . Anal. (pyrimidin-4-ol tautomer): caled. for CysH1sN4O2: C,
62.92; H, 6.34; N, 19.57. Found: C, 63.10; H, 6.41; N, 19.34.
N-1-Butylaminocarbonyl!-6-phenyl-isocytosine (3i). A suspension of 6-phenylisocytosine 2¢
{0.98 g, 5 mmol) and t-butyl isocyanate (0.86 mL, 7.5 mmol) in dry pyridine (20 mL) was boiled under
reflux for 2 h. After cooling, acetone was added. The white crystals were filtered off, washed with
acetone, and dried (1.14 g, 80%), mp 259°C (decomposes); sublimation to liquid between 243-259°C.
'H-NMR (CDClg) 3: (equimolar ratio of pyrimidin-4-of and 4[1H]-pyrimidinone tautomer) 14.03 (br,
0.5H), 13.79 (s, 0.5H), 11.90 (s, 0.5 H) and 11.12 (s, 0.5 H), 10.02 (s, 0.5 H) and 9.60 (br, 0.5H), 7.90
(1H), 7.67 (1H), 7.54 and 7.49 (3H), 6.70 (br, 0.5H), 6.36 (s, 0.5H), 1.47 (s, 9H). *C-NMR (CDCls) &:
158, 148.6, 136.8, 131.4, 130.7, 129.6, 128.7, 126.9, 125.7, 104.4, 98, 51.4, 51.1, 29.1, 29.8. IR (KBr)
v: (dimeric pyrimidin-4-ol tautomer) 3214, 3138, 3030, 2974, 2502, 1658, 1609, 1560 cm™ . Anal.
caled. for CisHygNsO2: C, 62.92; H, 6.34; N, 19.57. Found: C, 63.40; H, 6.46; N, 19.67.
6-p-Nitrophenyl-isocytosine (2d). A mixture of ethyl p-nitrobenzoyi-acetoacetate, 1d, (11.86
g, 50 mmol) and guanidinium carbonate (4.86 g, 27 mmol} in absolute ethano! (50 mL) was heated
under reflux overnight. After cooling, the dark yellow powder was filtered off, and washed thoroughly
with acetone, water and ethanol. The dark yellow-brown powder was triturated at reflux temperature
with water/fethanol 1:1 viv (1 L) resulting in partial solution; subsequent cooling afforded yellow
microneedles. This procedure was repeated twice, then the nice yellow microneedles in suspension
were decanted and filtered from a brown residue sticking on the bottom of the flask. Drying the
needles gave pure 2d (3.49 g, 30%), mp > 300°C (dec). 'H-NMR {DMSO-dg) & 11.05 (s, 1H), 8,28 (d,
2H), 8.21 (d, 2H), 6.78 (br, 2H), 6.30 (s, 1H). "*C-NMR (DMSO-d) 5: 163.3, 161.0, 156.0, 148.1,
143.5, 127.9, 123.5, 99.6. IR (KBr) v: 3440, 3286, 3167, 3116, 2966, 1662, 1611, 1544, 1345 cm™".
Anal. caled. for C1oHgN4O5: C, 51.60; H, 3.71; N, 24.07. Found: C, 51.33; H, 3.91; N, 24,44,
N-Butylaminocarbonyl-6-p-nitrophenyl-Isocytosine (3]). A suspension of 6-p-nitrophenyi-
isocytosine 2d, (1.16 g, 5 mmol) and butyl isocyanate (3 mL, 15 mmol) in dry pyridine (15 mL) was
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boiled under reflux for 4 h, After cooling, the suspension was filtered, and the residue washed
thoroughly with acetone, water, then again acetone. 'H-NMR (DMSO-ds;, 110°C, with partial
decomposition < 20% ) &: 10.5 (very br, 2H), 8.24 (d, 2H), 8.14 (d, 2H), 7.21 (br, 1H), 6.53 (s, 1H),
3.20 (g, 2H), 1.50 (m, 2H), 1.36 (m, 2H), 0.92 (tr, 3H)."*C-NMR (DMSO-ds, 110°C) &: 160.9, 158.8,
154.0, 151.6, 148.2, 142.1, 127.3, 122.9, 103.5, 38.4, 30.6, 18.7, 12.6. Insoluble in CDCl;.

N-Octadecylaminocarbonyl-6-p-nitrophenyl-isocytosine (3k). A suspension of 6-p-
nitrophenyl-isocytosine 2d, (0.92 g, 4 mmol) and octadecyl isocyanate (2.36 g, 8 mmol) in dry pyridine
(15 mL) was boiled under reflux for 4 h. After cooling, acetone was added. The powder was filtered off
(2.16 g, 105%). Analytical sample was prepared by trituration with hot acetic acid, mp 271-283°C
{dec). 'H-NMR (CDCl,, 60°C, low solubility): 4[1H]-pyrimidinone tautomer 40%: 14.35, 12.10, 10.10,
8.4, 8.05 (d), 6.44; pyrimidin-4-ol tautomer 60%: 13.93, 11.32, 9.74, 8.40, 6.80. Peaks coinciding for
both tautomers at: 3.5, 3.3, and 3.1 (m), 1.7-1.0 (alkyl), 0.9 (CHj). 'H-NMR (DMSO-ds, 110°C, partial
decomposition < 32%, not given) &: 10.5 (br, 2H), 8.24 (d, 2H), 8.15 (d, 2H), 7.30 (br, 1H), 6.53 (s,
1H), 3.20 (m, 4H), 1.50 (m, 2H), 1.25 (br, 30H), 0.85 (t, 3H). *C-NMR (DMSO-ds, 110°C, partial
decomposition < 32%, not given): 161.2, 158.7, 154.0, 151.8, 148.2, 142.2, 127.3, 122.8, 103.5, 30.6,
29.4, 28.7 (multiple peaks), 25.7, 21.2, 12.9. IR (KBr) v: (dimeric pyrimidin-4-ol) 3228, 3136, 3091,
3024, 2953, 2919, 2849, 2516, 1665, 1618, 1567, 1533, 1456, 1348, 1331 cm™'. Anal. calcd. for
CaoHasNsO4: C, 66.00; H, 8.59; N, 13.27. Found: C, 65.94; H, 8.79; N, 12.81.

6-Trifluoromethyl-isocytosine (2e). A mixture of ethyl trifluoroacetoacetate 1e, (9.2 g, 50
mmol) and guanidinium carbonate (4.68 g, 26 mmol) in absolute ethanol (50 mL) was heated
overnight. After cooling, water (100 mL) was added. The volume of the solution was partially reduced,
resulting in precipitation of 2e (5.63 g, 63%), mp 289°C with sublimation at 220°C to 240°C (other
crystals form) and at 280-289°C (liquid condenses). 'H-NMR (DMSO-de): 9-12 (br, 1H), 6.99 (br, 2H),
5.90 (s, 1H). "*C-NMR (DMSO-dg): 162.9, 157.2, 153.0 (q), 120.8 (q), 98.5. IR (KBr) v: 3456, 3330,
3166, 2938, 2767, 1678, 1644, 1496, 1446 cm™. Anal. calcd. for CsH N;OF;: C, 33.53; H, 2.25; N,
23.46. Found: C, 32.05; H, 2.73; N, 24.04,

N-Butylaminocarbonyl-6-trifluoromethyl-isocytosine (3I). A solution of 6-trifluoromethyl-
isocytosine, 2e, (1.79 g, 10 mmol) and butyl isocyanate (1.0 mL, 18 mmol) in dry pyridine (25 mL) was
boiled under reflux for 4 h. After cooling, the solution was evaporated to dryness. The resultant powder
was crystallized from acetone with treatment with active carbon. Cooling to 0°C resulted in the
formation of white crystals (0.74 g, 27%), mp 178.3-185.5°C. Melting and recrystallization in that
region occurs too. 'H-NMR (CDCls) &: 14.30 (s, 1H), 11.14 (s, 1H), 9.30 (s, 1H), 6.64 (s, 1H), 3.38 (m,
2H), 1.58 (m, 2H), 1.43 (m, 2H), 0.97 (t, 3H). *C-NMR (CDCl,, 60°C) &: 172.6, 157.8, 156.4, 155.5 (q),
quartet at (124.4, 121.6, 118.9, 116.2), 100.1, 40.0, 31.3, 19.9, 13.5. "H-NMR (DMSO-dp) &: 12.17 (s,
1H), 10.46 (s, 1H), 6.93 (s, 1H), 6.39 (s, 1H), 3.14 (q, 2H), 1.44 (m, 2H), 1.29 (m, 2H), 0.89 (t, 3H).
SC-NMR (DMSO-d,) &: 160.2 (br), 154.6, 153.4, 152.2 (quartet), 120.7 (quartet), 104.9, 38.8, 31.2,
19.4, 13.5. IR (KBr) v: (dimeric pyrimidin-4-ol tautomer) 3263, 3150, 3115, 3052, 2969, 2937, 2864,
(2594, 2529, 2466, 2398), 1673, 1622, 1563, 1477, 1453, 1340, 1268, 1196, 1143 cm™". Anal. calcd.
for C1oH13NsO2F3: C, 43.17; H, 4.71; N, 20.14. Found: C, 43.54; H, 4.89; N, 20.23.

3,4,5-Tri{dodecyloxy)benzoic acid (5). A suspension of methyl 3,4,5-tri{dodecyloxy)-
benzoate, 4, (38.3 g, 55.6 mmol, see chapter 3), KOH (7.8 g) in ethanol (600 mL) and water (30 mL)
was boiled under reflux for 4 h. To the hot solution was cautiously added concentrated hydrochloric
acid until acidic. Then the solution was cooled, while more water was added (1L). The white precipitate
was filtered, and crystallized from ethanol/i-propanol mixture containing a trace of hydrochloric acid, to
give analytical pure 5 (33.63 g, 90%), mp 58.3-59.1°C. "H-NMR (CDCly) &: 7.33 (s, 2H), 4.03 (m, 6H),
1.82 (m, 4H), 1.74 (m, 2H), 1.5 (m, 6H), 1.3 (m, 48H), 0.88 (m, 9H). 3C-NMR (CDCly) & 172.70,
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153.4, 143.8, 124.2, 109.2, 74.1, 69.8, 32.5, 30.9, 30.3, 30.2, 30.1, 30.0, 29.9 (overlapping peaks),
26.7, 26.6, 23.3, 14.7. IR (KBr) v: 2920, 2850, 2642, 1684, 1587, 1431, 1334, 1122 cm™. Anal. calcd.
for C43H780s: C, 76.50; H, 11.65. Found: C, 76.67; H, 11.41.

3,4,5-Tri(dodecyloxy)benzoic acid chloride (6). A suspension of 3,4,5-tri(dodecyloxy)-
benzoic acid 5 (27.00 g, 40 mmol) in thionyl chloride (100 mL) was boiled under reflux for 4 h. The
solution was evaporated to dryness, and the residue was flushed several times with hexane, leaving a
yellow gum. 'H-NMR (CDCla): 7.33 (s, 2H), 4.08 (1, 2H), 4.01 (t, 4H), 1.9-1.7 (m, 6H), 1.5 (m, 6H), 1.3
{br, m, 48H), 0.88 (t, 9H). '*C-NMR (CDCls) 5:168.2, 153.4, 145.4, 127.8, 110.6, 74.3, 69.9, 32.5, 30.9,
30.3-29.9 (multiple overlapping peaks), 29.8, 26.6, 26.5, 23.3, 14.7.

Methyl 3,4,5-tri(dodecyloxy)benzoylacetate (8). To a solution of ethyl acetoacetate (10.93
g, 84 mmol) in dry ether (68 mL) was added a solution of sodium ethoxide (80.8 mmol) in absolute
ethanol (prepared by dissolving 1.87 g sodium in 40 mL absolute ethanol), whilst the temperature was
maintained below 5°C by cooling with an ice-bath. At the same temperature, crude acid chlonde 6
(~40 mmol) in dry ether (100 mL) was added dropwise. The resulting thick suspension was stirred
overnight at rt. The suspension was poured into dilute sulfuric acid, and dichloromethane was added.
The layers were separated, and the aqueous layer was extracted with dichloromethane. Further work-
up of the combined organic phases included washing with a diluted sodium hydrogen carbonate
solution (twice), diluted hydrochloric acid (twice), and water (three times), drying over sodium sulfate,
fitration, and evaporation to dryness. The resulting white solid (crude 7) was dissolved in dry toluene
(20 mL), and a solution of sodium (60 mmol) in dry methanol (prepared by dissolving 1.40 g sodium in
70 mL methanol) was added slowly. The suspension was stirred for several hours, afterwards heated
to reflux gently to achieve complete dissolution, and then stirred overnight at . The solution was
poured into ice-cold dilute sulfuric acid, and the aqueous phase was extracted with ether/hexane. The
combined organic phases were consecutively extracted with dilute hydrochloric acid (twice), sodium
hydrogen carbonate solution (twice), and finally with water (three times). The organic phase was dried
over sodium sulfate, filtered, and evaporated to dryness. Thin layer chromatography (hexane/ethyl
acetate 4:1 v/v) showed that the product 8 (R, = 0.2) contained as a minor contamination methyl 3,4,5-
tri(dodecyloxy)benzoate 4 (R; = 0.36). This minor impurity was mostly removed by two
recrystallizations from £propanol (20.58 g, 70%, purity > 98%); the quality of this product is sufficient
for further synthesis. An analytical sample was prepared after column chromatography with
hexane/ethyl acetate 5:1 v/v, by crystallization from ~propanol, mp at 46°C (isotropisation) with LC in
the region 41-46 °C. 'H-NMR (CDCls): 7.17 (s, 2H), 4.03 (m, 6H), 3.75 (s, 3H), 1.8-1.7 (m, 6H), 1.47
(m, 6H), 1.28 (m, 48H), 0.88 (t, 9H). *C-NMR (CDCl) 5: 191.0, 167.9, 152.9, 143.4, 130.7, 107.2,
73.5, 69.2, 69.1, 52.3, 45.6, 31.8, 30.3, 29.6-29.2 (multiple peaks), 26.0, 29.95, 22.6, 14.0. IR (KBr) v:
2919, 2849, 1744, 1725, 1677, 1583, 1468, 1429, 1341, 1121 cm™'. Anal. calcd. for CaHgOs: C,
75.78; H, 11.06. Found: C, 75.63; H, 10.91.

6-[3,4,5-Tri(dodecyloxy)phenylj-isocytosine (9). A solution of methyl 3,4,5-tri(dodecyloxy)-
benzoylacetate, 8, (5.86 g, 8 mmol), and guanidinium carbonate (0.87 g, 0.0048 mol) in absolute
ethanol (30 mL) was boiled under reflux ovemnight. The solution was evaporated to dryness, and the
residue dissolved in dichloromethane (300 mL). The solution was extracted with water several times,
and dried over sodium sulfate. Ethanol was added (200 mL), and the solution boiled and treated with
active carbon, and filtered. Slow addition of water to the colourless filtrate, and slow reduction of the
volume by rotary evaporation resulted in the precipitation of pure 9 (3.2 g, 54%), isotropisation 130°C.
'H-NMR (CDCl,): 12.35 (br, 1H), 7.11 (s, 2H), 6.16 (s, 1H), 5.88 (br, 2H), 4.01 (s, 6H), 1.8-1.7 {m,
6H). 1.48 (m, 6H), 1.26 (m, br, 48H), 0.88 (t, 9H). *C-NMR (CDCl,) &: 159.8, 154.0, 153.8, 151.4,
142.7, 123.6, 105.8, 100.4, 73.7, 70.0, 31.9, 30.5, 29.7-29.5 (multiple peaks), 29.3, 26.2, 26.1, 22.6,
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13.9 ppm. IR (KBr) v: 3155, 2922, 2851, 1654, 1467, 1119 cm™'. Anal. calcd. for CagHsoNaO4: C, 74.75;
H, 10.91; N, 5.68. Found: C, 74.67 ; H, 10.91; N, 5.73.

N-Butylaminocarbonyl-6-[3,4,5-tri(dodecyloxy)phenyl]-isocytosine (10a). A solution of 6-
[3,4,5-tri(dodecyloxy)phenyl]-isocytosine (9). (1.70 g, 2.3 mmol), and butyl isocyanate {0.73 mL, 6.5
mmol) in dry pyridine (20 mL) was boiled for 3 h. The solution was evaporated to dryness, and the
residue co-distilled with toluene. The resuiting dark yellow gum was dissolved in hot hexane. This
solution was treated with sodium dihydrogen phosfate with a few drops of water. The solution was
dried over sodium sulfate and treated with active carbon, then filtered through celite. Evaporation gave
a yellow gum, which was dissolved In hot dichloromethane/acetone 1:1 v/iv. Cooling and siow
evaporation in air resulted in the precipitation of white microneedles (1.09 g, 56%), mp 131°C (clearing
temperature), LC in the range 45-131°C. 'H-NMR (CDCly) &: 4[1 H]-pyrimidinone tautomer) 13.9, (s,
1H), 12.04 (s, 1H), 10.19 (s, 1H), 6.82 (s, 2H), 6.25 (s, 1H), 4.02 (m, 6H), 3.29 (m, 2H), 1.84 (m, 6H),
1.75 (m, 2H), 1.63 (m, 2H), 1.42 (m, 6H), 1.27 (m, br, 48H), 0.94 (m, 3H), 0.88 (m, 9H). Furthermore,
13% pyrimidin-4-ol tautomer at: 13.62 (s, 1H), 11.38 (s, 1H), 10.00 (s, 1H), 7.05 (s, 2H), 6.62 (s, 1H),
3.42 (m, br, 2H), rest of peaks overlap with peaks of main tautomer. *C-NMR (CDCly) &: (4[1H]-
pyrimidinone tautomer) 173.3, 156.7, 155.0, 153.8, 149.1, 140.9, 125.9, 104.1, 103.6, 73.6, 69.3, 39.8,
31.9, 31.5, 30.3, 29.7-29.2 (multiple peaks), 26.0, 22.7, 20.2, 14.1, 13.8. IR (KBr) v: 3226, 3132, 3020,
2952, 2920, 2850, 1694, 1639, 1608, 1336, 1121 cm™. Anal. calcd. for Cs1HsoN4Os: C, 72.99; H, 10.81
i N, 6.68. Found: C, 73.19; H, 11.12; N, 6.94.

A concentrated solution in THF-ds, contains approximately 69% pyrimidin-4-ol tautomer. In
toluene-ds at all measured concentrations, 44% pyrimidin-4-ol is present. *C-NMR (THF-dy) &
aromatic part of 4[1H]-pyrimidinone set: 173.3, 157.7, 155.9, 154.7, 148.7, 141.9, 126.6, 104.6, 103.8;
aromatic part of pyrimidin-4-o! set: 172.9 (br), 164.9, 158.5 (br), 157.8, 154.3, 142.0, 132.1, 106.4,
98.2 (br). *C-NMR (toluene-ds) &: aromatic part of 4[1H]-pyrimidinone set: 173.1, 157.5, 155.6, 154.4,
148.5, 141.6, 126.4, 104.2, 103.7; aromatic part of pyrimidin-4-of set: 172.7, 164.7, 158.2, 157.8,
154.1, 141.8, 132.1, 106.1, 98.0.

N-(Phenylaminocarbonyl)-6-[3,4,5-tri(dodecyloxy)phenyl]-isocytosine (10b). A solution of
6-[3,4,5-tri(dodecyloxy)phenyl]-isocytosine, 9, (0.37 g, 0.50 mmol), and phenyl isocyanate (0.22 mL,
2.0 mmol) in dry pyridine (5 mL) was boiled for 3 h. The solution was cooled to 1, acetone was added,
and the white precipitated powder was filtered off. Crystallization from ethanol gave analytically pure
10b as a white powder (0.03 g, 7%), mp 95-105°C (turning liquid crystalline), isotropization in the
range 235-240°C. 'H-NMR (CDCl3) &: (4[1H]-pyrimidinone tautomer) 13.77 (s, 1H), 12.39 (s, 1H),
12.24 (s, 1H), 7.72 (d, 2H), 7.28 (d, 2H), 7.06 (t, 1H), 6.60 (s, 2H), 6.32 (s, 1H), 4.0 (m, 6H), 1.84 (m,
4H), 1.73 (m, 2H), 1.47 (m, 6H), 1.26 (m, 48H), 1.15 (t, 4H), 0.88 (t, 9H). Furthermore, 7% of
pyrimidin-4-ol tautomer: 13.25 (s, 1H), 12.40 (s,'1H), 11.49 (s, 1H), 7.55 (br, 2H), 6.66 (s, 1H), rest of
peaks overlap with peaks of main tautomer. BC-NMR (CDCly) &: (only 4[1H]-pyrimidinone tautomer
given) 173.2, 154.9, 154.7, 153.8, 149.1, 141.1, 138.2, 128.7, 125.5, 123.7, 120.4, 104.0, 103.8, 73.6,
69.3, 31.9, 30.3, 29.8-29.3 {multiple peaks), 26.1, 22.7, 14.1. IR (KBr) v: 3205, 3128, 3060, 2919,
2050, 1691, 1646, 1590, 1567, 1499, 1329, 1258, 1120 cm™". Anal. calcd. for Cs3HgeN4Os: C, 74.08; H,
10.09 ; N, 6.52. Found: C, 72.85; H, 10.09; N, 6.18.

N-(p-Nitrophenylaminocarbonyl)-6-[3,4,5-tri{dodecyloxy)phenyl}-isocytosine (10c). A
solution of 6-[3,4,5-tri{dodecyloxy)phenyl]-isocytosine (9). (0.37 g, 0.50 mmol), and p-nitrophenyl
isocyanate (0.16 g, 1.0 mmol) in dry pyridine (5 mL) was heated under refiux for 3 h. After cooling,
acetone was added. The resultant white powder was filtered, and dissolved in hot chioroform/acetone
1:1 v/v. The solution was treated with active charcoal and filtered hot. Cooling caused pure 10c to
precipitate as a white powder, which was filtered off and dried (0.23 g, 51%), mp 132°C (turning liquid
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crystalline), phase change at 159°C, isotropisation with decomposition at 261°C. 'H-NMR (CDCly):
4[1H]-pyrimidinone tautomer) 13.51 (s, 1H), 12.85 (s, 1H), 12.46 (s, 1H), 8.09 (d, 2H), 7.88 (d, 2H),
6.74 (d, 2H), 6.29 (s, 1H), 4.00 (m, 6H), 1.83 (m, 4H), 1.78 (m, 2H), 1.49 (m, 6H), 1.27 (m, br, 48H),
0.88 (t, 9H). “*C-NMR (CDCl,, 50°C) 5: 172.9, 154.9, 154.5, 154.1, 149.1, 1445, 143.4, 142.4, 124.5,
124.3, 119.4, 104.3, 103.4, 73.8, 69.8, 32.0, 30.5, 29.8-29.4 (multiple peaks), 26.2, 26.2, 22.7, 14.0.
IR (KBr) v: 3052, 2955, 2920, 2849, 1701, 1649, 1629, 1582, 1567, 1512, 1498, 1332, 1264, 1226 cm"~
', Anal. calcd. for Cs3HgsNsO7: C, 70.40; H, 9.47; N, 7.74. Found: C, 70.51; H, 9.50; N, 7.72.

N-(p-N, N-Diethylaminophenylaminocarbonyl)-6-[3,4,5-tri(dodecyloxy)phenyl]-
isocytosine (10d). A solution of 6-[3,4,5-tri{dodecyloxy)phenyl]-isocytosine (9). (0.37 g, 0.50 mmol),
and p-N,N-diethylaminophenyl isocyanate (0.19 g, 1.0 mmol) in dry pyridine (5 mL) was boiled for 3 h.
After cooling the solution to rt, acetone was added. The resulting white powder was filtered oft, and
dissolved in a hot dichloromethane/acetone mixture. Slow evaporation of the solution resulted in the
precipitation of 10d as a creamy-white powder (0.28 g, 60%), mp 134.5-135°C (isotropisation), LC in
the range 110-135°C. '"H-NMR (CDCly) 8: (4[1H]-pyrimidinone tautomer) 13.83 (s; 1H), 12.34 (s, 1H),
11.91 (s, 1H), 7.51 (d, 2H), 6.84 (s, 2H), 6.68 (d, 2H), 6.33 (s, 1H), 4.0 (m, 6H), 3.33 (dd, 4H), 1.84 (m,”
4H), 1.73 (m, 2H), 1.47 (m, 6H), 1.26 (m, 48 H), 1.15 (t, 4H), 0.88 (t, 9H). Furthermore, 15% of
pyrimidin-4-ol tautomer: 13.45 (s, 1H), 12.04 (s, 1H), 11.49 (s, 1H), 7.38 (d, 2H), 7.13 (s, 2H), 6.65 (s,
1H), rest of peaks overlap with peaks of main tautomer. *C-NMR (CDCl;) &: (set of 4[1H]-
pyrimidinone tautomer given only) 173.3, 165.0, 154.6, 153.8, 153.5, 149.1, 144.9, 141.0, 126.8,
125.9, 122.4, 112.7, 112.3, 105.4, 104.1, 103.8, 73.6, 69.3, 44.6, 44.5, 31.9, 30.4, 30.3, 29.7-29.2
(multiple peaks), 26.1, 26.0, 22.7, 14.1, 12.5. IR (KBr) v: 3215, 3128, 2923, 2852, 2500, 1691, 1643,
1606, 1514, 1332, 1257, 1229, 1118 cm™". Anal. calcd. for Cs;HesNsOs: C, 73.58: H, 10.29 ; N, 7.53.
Found: C, 73.91; H, 10.39; N, 7.54.
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In IR in chloroform solution, the 4[1H]-tautomer is dominant.

Existence of 31 exclusively in the pyrimidin-4-ol tautomeric form is concluded from: (i) the
NMR-spectrum has only one set of signals, (i) its IR-spectrum in chloroform solution features
the characteristic O—H~0=C vibration at 2600-2400 cm™'.

The presence of dimers is concluded from the position of N-H (O—H) resonances in the 'H-
NMR spectrum, which are found at basically the same positions in THF as in CDCls.

Neither a significant shift of the dimer peaks was observed (shifts less than 0.3 ppm), nor the
appearance of new signals was observed.

Every concentration should be read as within the 20 to 80% saturation range, because
integration becomes prone to error with exceeding ratios. Because of the sharpness and
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intensity of the CHjs-signal of 3a, integration of that signal is less prone to error, and the 10—
90% saturation range gives similar values for the complex dimerization constants.

The concentration dependence of the N-H signals is indicative for quick exchange of
monomers and dimers.

The main reason for this is the limited number of datapoints measured. However, monomer
and dimer shift of H5 do also strongly depend on solvent composition in the CDCl3/DMSO-d;
mixtures, in sharp contrast to the CDClyMeOH mixtures in chapter 3.

The equation derived in chapter 3 was used (see below), but the fit is unreliable by lack of
convergence, probably because a limited number of datapoints and too many parameters are
involved.

log Kobs = 109 Kdim -2 * log (1 + Kcomp1 *[S] + Kcomp2 *[S12 * Kcomp3 * ISP + )

Kiau is not a constant in a solvent mixture, but strongly depends on concentration due to the
dimerization.

Comparison with the results in chapter 3 indicates that the relation should deviate in the
direction of solvent mixtures with less DMSO than which were measured.

Tautomerization involves proton shifts, and a conformational change of the ureido substituent.
Since the resonances of the non-acidic protons also split up, it is concluded that the observed
behavior must be ascribed to the formation of heterodimers, and not to exchange of acidic
protons.

A slight preference for the formation of heterodimers is actually observed for mixtures of
compounds with a large electronic difference in the substituents, e.g. a nitrophenyl substituent
on the one hand, and a butyl or p-diethylaminophenyl substituent on the other hand. The
largest splitting is also observed in these cases.
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Chapter 5

Discotic Liquid Crystals
from Quadruply Hydrogen Bonded Dimers

Abstract:

A new type of disk-like mesogens has been synthesized. These disk-like mesogens are
formed by a quadruply hydrogen bonded dimer, using self-complementary triazine and
ureidopyrimidinone units (see chapters 3 and 4), functionalized at the 6-position with a
phenyl group with flexible alkoxy chains. The liquid crystalline properties of these materials
- —studied by polarization microscopy, differential scanning calorimetry, and X-ray
diffraction— were compared with those of materials with disk-like mesogens based on
complexes of diaminotriazine and uracil.

Whereas the latter triply hydrogen bonded complexes of two different parts display
liquid crystalline behavior in temperature ranges of only 30°C, the mesogens formed by
dimers of self-complementary quadruple hydrogen bonding units have mesophase
temperature ranges of 90—130°C. The mesophases have similar temperature stability for all
quadruple hydrogen bonding units applied, of which the binding strength ranges from weak
to very strong. The large temperature range of mesogens with quadruply hydrogen bonded
dimers in comparison with double or triply hydrogen bonded complexes may be rationalized
by assuming that the core is more rigid and better filled.

As revealed by X-ray diffraction studies, the mesophases of mesogens formed from
quadruply hydrogen bonded dimers are discotic and hexagonal, with one dimer as discotic
entity. Mono-acetylamino-triazine 1, however, has two liquid crystalline phases, of which the
higher temperature phase is a Dy, phase with one dimer in a disk. The X-ray diffraction
pattern of the lower temperature phase indicates a sheet-like structure, with infinite chains of
dimers formed by dimerization of the triazine dimers via additional hydrogen bonding
interactions.

115



Chapter 5

5.1 Introduction

Since the discovery of the liquid crystalline phase in 1888 by Reinitzer,' numerous
compounds exhibiting this behavior have been described in literature.? The liquid crystalline
state is a meso-phase in between the solid crystal and the isotropic liquid. Hence, it combines
characteristics of both, such as anisotropy of the highly ordered crystalline phase, and
mobility of the non-ordered liquid phase. The special properties of liquid crystalline materials
are used in numerous applications nowadays. The best-known application is in Liquid
Crystalline Displays (LCDs), using refractive index anisotropy.

Two classes of liquid crystals can be distinguished: thermotropic and lyotropic.
Thermotropic liquid crystalline behavior is present when a single component shows
mesomorphic behavior in a certain temperature range, while lyotropic liquid crystalline
behavior is present when a compound in solution shows mesomorphic behavior.
Thermotropic liquid crystallinity in single organic compounds originates from shape
anisotropy in the molecules.’ Two main classes of shape anisotropy of molecules can be
distinguished: the molecules may be rod-like (or lath-like), or disk-like. Rod-like molecules
have the tendency to order in a parallel fashion (i.e. in the Jength of the rod). Depending on
the degree of order, nematic or smectic phases result. Mesophases resulting from rod-like
molecules have been known for more than 100 years.?

Disk-like molecules can give rise to a nematic discotic phase (Ng), in which the only
order is parallelity of the normals of the disks (figure 5.1a). Apart from this N4 phase, disk-
like molecules can lead to phases in which the molecules are stacked in columns, the so-
called columnar mesophases. The disks may have regular or irregular distances (figure 5.1b).
The columns may be ordered in several different ways, with a perpendicular or tilted
orientation of the column axis and n-director, and different packing (figure 5.1c). Although it
had long been realized that mesophases consisting of disk-like molecules should be possible
too, the first example was reported only 20 years ago.*

The last decades, research of liquid crystalline materials has become a central topic for
many research groups at universities and in industry. Consequently, the number of
compounds that display liquid crystalline behavior has grown enormously. The use of non-
covalent interactions, such as hydrogen bonding® and metal-ion complexation,6 has recently
been introduced as a powerful tool to facilitate the synthesis of large and rigid central cores.
Hydrogen bonding is both used within one molecule (intramolecular), as well as between two
or more molecules (intermolecular). Intramolecular hydrogen bonding may be used to obtain
large coplanar disks.” Intermolecular hydrogen bonding may be used to assemble the mesogen
from two parts in a non-covalent way.
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Dn

(a) (b) (c) (d)

Figure 5.1: Several possible liquid crystalline phases resulting from disk-like molecules:
(a) In a nematic discotic phase (Ng), the only order is parallelity of the disk-normals.
(b) Disks can be stacked with a regular distance between the disks (D, discotic
ordered), and with an irregular distance between the discs (Dq4 discotic disordered).
(c) The columns of disks can be ordered orthogonally in a hexagonal fashion: Dy, or
tilted with several possibilities: D;: rectangular, Dq: oblique.
(d) Representation of the D, phase.

Hydrogen bonding between two different, complementary parts has often been used to
form liquid crystals. Lehn showed that 1:1 mixtures of monofunctional molecules with the
di(acylamino)pyridine—uracil couple form columnar liquid crystalline phases with hexagonal
order (figure 5.2a); the discotic entity contains two complexes.8 Furthermore, Lehn has
published a thorough study of liquid crystalline materials obtained from equimolar mixtures
of bifunctional compounds.9 By incorporation of chiral groups, the formation of helical
columnar phases was induced. Kato has recently reported on liquid crystals containing the
di(acylamino)pyridine—acid combination (figure 5.2b).1° Many more examples of liquid
crystalline materials by hydrogen bonding of two complementary parts, mostly a single
hydrogen bond between a pyridine and a carboxylic acid functionality, have been described
by Kato and Fréchet,"! and others.'* Numerous examples of liquid crystalline materials that
consist of polymer backbones, functionalized with hydrogen bonding units that are
complexed with small molecules, have been reported."?

However, only limited use has been made of self-complementary units to form
discotic phases. Lattermann'® and Lillya" have reported on self-complementary amides
forming columnar mesophases (figure 5.2c—d). In these discotic mesophases, the disks are
formed by one single dimer. Discotic phases involving carboxyl dimer formation, with two
dimers in one disk, have been described by Malthéte et al.'® Lattermann has described the

117



Chapter 5

- formation of discotic phases with six cis, cis-(dihydroxycyclohexyl)-3,4,5-tri(decyloxy)phenyl
benzoate molecules in one disk.'” Generally, the use of hydrogen bonds for construction of
the core leads to mesophases with only a limited temperature range.'®

(@) (¢)

(b) R () OR OR

Figure 5.2: (a) the di(acylamino)pyridine—uracil heterocouple used by Lehn.?
(b) the di(acylamino)pyridine—acid heterocouple used by Kato.'®
(c) self-complementary amide described by attermann.*
(d) self-complementary amide described by Lillya et al.'®
R is a long alkyl chain in all cases.

In chapters 3 and 4, we showed several new functional groups capable of dimer
formation via self-complementary arrays of four hydrogen bonds, some of which feature very
strong bonding. As a result of these investigations, we have modified these hydrogen bonding
units with a flexible group, the 3,4,5-tri(ddodecyloxy)phenyl group, with the intention to
induce liquid crystallinity (see figure 5.3).

Figure 5.3: Disk-like entity formed by a quadruply hydrogen bonded dimer.
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In this chapter, we focus on the thermotropic liquid crystalline behavior of self-
complementary compounds 1-4 and Sa-d (chart 5.1), of which the synthesis has been
described in chapters 3 and 4. -

o]
HpsCp—O HC-C
2sCo— NH, HzsCe—O —H HpsCpo—O NH»
N N N
HpsCo—0 p N HpsCp—0 @( N HesCo—0 @( N
HpsCp—O —H HpsCp—0 N-H HpsCp—0 H N-H
HaC—C HsC—C, N-C
¢ 0 HC{ ©
1 2 3
Ca O
He N 5a: R1=n-CqHg
HpsCp—O H N-H HysCo—0O 0
N
HpsCp—0 —<pN HasCo— / _(N 5b: R1 = Pheny!
=( N
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- Chart5.1: Studied derivatives with a self-complementary quadruple hydrogen bonding unit.

To compare the effect of the number of hydrogen bonds on mesophase stability, we
have also studied the liquid crystalline properties of complexes with a triply hydrogen bonded
core. For that purpose, we have synthesized complexes based on triple hydrogen bonding of
the heterocouple diaminotriazine—uracil, with both units substituted with a 3,4,5-
tri{dodecyloxy)phenyl group at the 6-position (see chart 5.2). The liquid crystalline properties
of most materials were studied by a combination of techniques, such as polarization
microscopy, IR, Differential Scanning Calorimetry (DSC) and X-ray diffraction.

H H H
_<N—H ....... o) _<N—H ....... o) N—Hmo O
N N N
R_<@< N H_A?_’\}R R—@N ....... H—NWR R_<©<N H-r?_'\}—n
N—H s>/_ H —Heinn o>/_ H N—Heroe o>/_ CH,
H H H
68 €9 611

Chart5.2: Diaminotriazine—uracil hetero-complexes. R is a 3,4,5-tri{dodecyloxy)phenyl
" group.
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5.2 Results
5.2.1 Synthesis

The syntheses of derivatives 1-5d have been described in chapters 3 and 4, as well as
the synthesis of diaminotriazine 6 and keto-ester 7. Starting from this keto-ester 7, uracil
derivatives 8, 9, 11 and 12 were synthesized as depicted in scheme 5.1. Condensation of keto-
ester 7 with thiourea gave thiouracil 8, which was converted to the uracil 9 by acidic
hydrolysis after reaction with chloroacetic acid. A two-phase system of water and toluene was
used to drive this reaction to completion. Uracil 9 was N-1 methylated via the silyl derivative
10, but in contrast to other uracil molecules described in chapter 2, the conversion to the N-1-
methylated 11 was low. Only 16% had reacted to the N-1-methylated compound after
standing for 2 weeks with methyl iodide, while also the N-3 methylated compound 12 was
formed. The mixture of compounds 9, 11 and 12 was separated by column chromatography.
Since the identity of the fractions was difficult to determine unambiguously based on NMR
and IR alone, the identities were ascertained by determination of the association constant of
the complex with 2,4-diamino-6-dodecyl-s-triazine (see chapter 2). The least polar compound
(which was obtained in a yield of only 7%) was identified as the N-3-methyl uracil 12, since
the complex of this compound with dodecyl-diaminotriazine had an association constant of
only 9 M. The second fraction (yield only 16%) was identified as the N-1-methyl uracil 11
(K, of complex with 6-dodecyl-diaminotriazine was 810 M"l).

By co-crystallization from ethanol, 1:1 complexes were obtained of 6-(3,4,5-
tri(dodecyloxy)phenyl) substituted diaminotriazine 6 with thiouracil 8, and with uracils 10
and 11.

i o 1. CICH,COOH, H,0 )
e o HAN"“~NH, 2. HCI, H,0 TMSC, NEty
CHE — R~ N-n E—— 7 N-H —_—
X ethanol H toluene/water N THF
0-Chy H s H _\<o
7 8 9
OSi(Me)3 1. Mel o) [o}
2.H,0
R N —_— 9 + R—’ N-H + R— N-CH,
N N—(
0Si(Me)s HC © H o
10 1 12

Scheme 5.1: Synthetic route to uracil derivatives used for study; R is a 3,4,5-tri{(dodecyloxy)-
phenyl group.
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5.2.2 Studies of Liquid Crystalline Properties

Polarization Microscopy. The thermotropic properties of compounds 1-4 and 5a—
d, and of the diaminotriazine—uracil complexes 6e8, 6¢9 and 6e11, were studied with
polarization microscopy. Strongly birefringent mesophases were observed for compounds 1-
4, and Sa—d. The mesophase is present over broad temperature ranges of 90 up to 130°C, and
the observed phase transitions were sharp. For these compounds, fan-like textures were
obtained upon slowly cooling from the isotropic phase, being typical for Dy, phases. The
diaminotriazine~uracil complexes feature mesophases with a temperature regime of only
approximately 30°C. The liquid crystalline phases appear as viscous fluids, which are slightly
birefringent. Upon isotropisation, the viscosity suddenly drops.

IR-spectroscopy. IR-spectra of thin films of the mesophase and melt of compounds
3 and 5a, taken at elevated temperatures, show only minor differences. The changes do not
occur suddenly at melting or isotropisation, but occur gradually (a slight sharpening of peaks
is observed, and small changes in intensity). Compound 5a tautomerizes (partly) to dimers of
the pyrimidin-4-ol tautomer upon heating. However, no bands at characteristic positions for
free N-H stretch vibrations are observed, even in the isotropic phase, indicating the dimers
persist even in the isotropic phase. Similar behavior has been reported for the benzamide
derivative with double hydrogen bonding (figure 5.2.c, G. Lattermann, reference 17).

Differential Scanning Calorimetry. DSC-s of compounds 1-4 and 5a (figure 5.4)
feature a large endotherm in the first heating run between 40 and 100°C. This endotherm is
ascribed to melting of the crystalline phase to a liquid crystalline mesophase.'” A second
endotherm, with a much smaller enthalpy, is observed between 120 and 200°C. This
endotherm corresponds to the transition to the isotropic phase. Crystallization of liquid
crystalline samples is generally slow (several hours to a few days); only
di(acetylamino)triazine 2 features a quick crystallization in DSC (figure 5.4b).

The thermotropic properties of the studied compounds and complexes are summarized
in Table 5.1. '
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Figure 5.4: First and second heating and cooling run (denoted with 1* and 2™) in DSC of
microcrystalline material of:
{a) mono(acetyl)diaminotriazine 1,
(b) di(acetylaminojtriazine 2,
{c) mono(butylureido)triazine 3,
{d) butylureido-pyrimidinone 5a.

Mono(acetylamino)triazine 1 has two reversible mesophases (figure 5.4a). The
transformation of these two mesophases, at 148°C, occurs very quickly, and was also clearly
and repeatedly observed with polarization microscopy. DSCs of monoureidotriazine 3 (figure
5.4c) and di(ureido)triazine 4 feature two transitions in DSC after- initial melting of the
. material and before isotropisation, but only .one transition in that region occurs in subsequent
runs. This additional transition likely points to the existence a second liquid crystalline phase,
which is obtained only in the first heating. However, a clear transiﬁon between two
mesophases was not observed with polarizing microscopy. The enthalpy of the transition
from the crystalline phase to the liquid crystalline phase is much larger than the enthalpy upon
isotropization. The values we find are comparable to the systems shown in figure 5.2¢ and
5.2d, which have melting enthalpies between 40 and 60 J/g, and enthalpies of isotropisation
of 2-10 J/g, respectively.

122



Discotic Liquid Crystals from Quadruply Hydrogen Bonded Dimers

Table 5.1: Thermotropic Properties. *

Compound K T AH M; T AH M, T AH I
O dlg) (O d® (°C) d/g)
1 e 60 80° e 148 2 . 158 3¢ .
2 o 97 50 - - - . 187 3¢ .
3 e 85 117° o¢ (162)¢9 2)¢ 183 10° o
4 e 40 40° ¢ (130)¢ ()¢ o 177 2°¢ .
5a e 45 50 - - - . 131 2 .
5b e 95105 - - - - o 237 - .
5¢ e 50 - - - . . 135 - .
5d o 13] - ¢ (149)° - e  280(dec) - .
complex 68 o  65-70 - o 105 - - - - °
complex 6¢9 o 95 - o 115 - - - - .
complex 6011 o 82 - .. 105 - - - - °

e phase observed; * Values determined with polarization microscopy; for 1-4 and 5a, values obtained by DSC
are similar to microscopy. The other derivatives, 5b—d and diaminotriazine-uracil complexes, were studied only
with microscopy; ® First heating run of crystallized sample; only compound 2 crystallized in DSC; ¢ Second
heating run; ¢ Not observed with microscopy, only observed in first heating run with DSC; ® Transition suspected
with microscopy study, observed only in first heating.

X-Ray Diffraction. To elucidate the identity of the mesophases, the mesophases of
compounds 14 and 5a were studied by means of X-ray diffraction, focussing in detail on
compound 2. Samples were prepared either by drawing isotropic melts into a glass capillary
and cooling back to the liquid crystalline phase, or by shearing the compound between two
warm beryllium plates into one direction. Samples were screened to find suitably large
monodomains. :

At room temperature, a crystallized sample of 2 in a glass capillary features several
sharp reflections, characteristic of a highly ordered crystalline phase. The diffraction pattern
of a flow-aligned sample of 2 in a glass capillary measured at 137°C, at which temperature 2
is in its mesophase, features a hexagonal arrangement of the small angle reflections at 29.0 A
(see figures 5.5a and b). This pattern is characteristic for a Dy, phase, with the X-ray beam in
the direction of the column axis. From the small angle reflection, a column distance of 33.5 A
is derived. Superimposed on this diffraction pattern are minor patterns resulting from
monodomains with different orientations: one monodomain is also oriented with the X-ray
beam parallel with the column axis, but this monodomain is rotated around is length-axis
with respect to the first monodomain; another minor monodomain is oriented with the X-ray
beam perpendicular to the column axis. The wide angle reflection at 3.7 A emerges from the
monodomain with a perpendicular orientation of the columns and the X-ray beam; this
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reflection is assigned to the disk—disk distance. The regular distance of 3.7 A between the
disks indicates this is an ordered phase. The broad reflection at 4.9 A is assigned to the alkyl
halo. :

A view perpendicular to the columns of an aligned sample was also obtained for
compound 2 (figure 5.5c, measured at 150°C). A sharp reflection is present at 29.0 A,
assigned to the 100 reflection. Weaker reflections with a relative distance to the 100 reflection
of V3 and V4 are present, representing the 110 and 200 reflections. These reflections further
substantiate the hexagonal packing of the columns. In the wide angle area, reflections at 3.7
and 4.9 A are present, the former being oriented perpendicular to the small angle reflection.
The perpendicular arrangement indicates that this mesophase is an orthogonal phase. Twenty
degrees above the isotropisation temperature, the small angle reflection, the alkyl halo and the
disk—disk reflection have not disappeared, but are still present, though broadened. This
behavior indicates that the dimers do not break apart at isotropisation, and suggests also that
the Jocal stacking of the disks in columns does not disappear suddenly at isotropisation, but

-
1% and Lattermann'” have reported similar behavior.

rather fades gradually. Lillya

Diffraction patterns with the direction of the X-ray beam perpendicular to the
columnar axis were also obtained for oriented samples of the mesophases of compounds 5a
(figure 5.5d), and of 3 and 4. All these diffraction patterns feature a perpendicular orientation
of the small-angle reflections and the wide-angle reflections, indicating orthogonal phases.
Also the 110 and 200 reflections, with a relative distance to the 100 reflection of V3 and V4,
are present (a circularly integrated intensity distribution showing these reflections is shown
for compound 3 in figure 5.5¢). For compound 3, no disk—disk reflection is observed,
indicating a disordered Dy, phase. The high temperature mesophase of mono-acetyl triazine 1

is a Dy-phase. The observed reflections in the diffraction patterns are summarized in table 5.2.

Table 5.2: Diffraction spacings in A for the discotic phases of compounds 1-5a.

Compound 1 (high temp. 2° 3¢ 44 5a°¢
phase) ®

100 ‘(1) 31.0 29.0 26.4 27.6 28.9
110 (V3) 184 16.7 15.2 16.7 154
200 (V4) 15.3 144 13.7 144 14.1
210 (V7) 11.7 - 11.8 129 -
alkyl halo - 49 47 4.5 44
inter disk distance - 3.7 - 35 35
inter column distance 35.8 335 30.5 31.8 334
phase identity Dy Dho Dy Dho Do

® Measured at 150°C; ® Measured at 120 and 137°C; ® Measured at 160, and at 48°C as a supercooled shear-
aligned fiber); 4Measured at 20°C (fiber); ° Measured at 20°C (supercooled, shear-aligned fiber).
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The diffraction pattern of a shear-aligned sample of the low temperature mesophase: of
compound 1, measured at 42°C (figure 5.5f), features a sharp small angle reflection at 31 A.
Perpendicular to this small angle reflection at 31 A, sharp reflections are present at 9.4 and
4.6 A. These reflections indicate that the dimers are repeated at a regular distance in that
direction, which probably corresponds to the shearing direction. The observed pattern is a
strong argument to propose that the dimers form an infinite, board-like chain by additional
triazine dimerization via double hydrogen bonds (see figure 5.6a), similar to the crystal
structure of 2-acetylamino-4-amino-6-methyl-s-triazine (presented in chapter 3, picture given
in figure 5.6b). The repeat-length in the direction of a chain is 10.5 A in that crystal structure,
which corresponds well to the value of 9.4 A we find for the low temperature mesophase of 1.

(a)

(b)

Figure 5.6: (a) Proposed structure of the low temperature mesophase of 1. The alkyl chains must be
partly interdigitated, because the distance of 40.5 A derived from the 31 A distance and
40 degrees angle is too short for the alkyl chains to be not interdigitated.
(b) X-ray crystal structure of 2-amino-4-acetylamino-6-methyl-s-triazine with the relevant
distance (see chapter 3).

The 4.6 A reflection is ascribed to the second order reflection of this 9.4 A reflection.
A broad alkyl halo is present at 4.8 A, with its main orientation perpendicular to the direction
of the infinite chains. The exact origin of the weak and broad reflection at 15.2 A — split in
four equally intense peaks under an angle of 40 degrees— is not fully clear to us. We think
that the angle of 40 degrees corresponds to the angle between the shortest distance between
the infinite chains (of dimers) and the long distance between two dimers, and that the splitting
is caused by the possibility of different orientations in different layers. Obviously, no
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reflection due to molecules on top of each other was observed, since the X-ray beam was
oriented perpendicularly onto the flat layers.

Hence, the low temperature mesophase of mono-acetylaminotriazine 1 has a sheet-like
structure with board-like bands formed by infinite chains of dimers in the sheets. It is a
supramolecular analogue of the sanidic phase,”® which has been observed for polymers with
disk-like mesogens linked rigidly in the main chain. At elevated temperatures, the relatively
weak double hydrogen bonding interactions forming the infinite chains are broken, and a less-
ordered columnar Dy-phase results.

5.3 Discussion and Conclusion
5.3.1 Discotic entity

The X-ray diffraction studies clearly indicate that the mesophases of 1-5a are discotic.
It can also be deduced from these data that the discotic entity is a dimer. The small-angle
reflection in the discotic phases of 1-5a corresponds to an inter-column distance of 30.5 to 37
A. This distance is too large to fit only one molecule per disk: with fully extended alkyl
chains, one molecule would be only 26 A long at most. The value of 30.5 to 37 A found for
the inter-column distance indicates the alkyl chains are not fully extended (a dimer with fully
extended alkyl chains would be approximately 52 A in size), but strongly bent around the
central disk.

As a second argument for the presence of one dimer per disk, calculation of the
density of the material, using the column diameter and the 3.5-3.7 A intracolumnar disk—disk
spacing, only gives reasonable values if it is assumed that two molecules are present in one
disk. Hence, densities of 0.84 and 0.91 g.cm'3 are calculated for the discotic phases of 2
(measured in a capillary at 137°C) and 5a (measured in a fiber at ambient temperature),
respectively, while the calculated density of the higher temperature phase of
mono(acetylamino)triazine 1a is 0.67 g.cm‘3 (measured at 150°C). Unreasonably low
densities of 0.33-0.42 g.cm™ would result if the disk contained only one molecule, and
unexpectedly high densities > 1 g.cm™ would result if more than two molecules were present
in one disk.

The observation that no liquid crystalline mesophase is observed for the
di(pivaloylamino)-substituted triazine analogue of 2 is consistent with the concept of a liquid
crystalline phase induced by disk-like entities formed by dimers. This compound
approximates the shape of monomeric 1-5d, but the di(pivaloylamino)triazine functionality is
not capable of dimerization via quadruple hydrogen bonding, as was shown in chapter 2.

127



Chapter 5

5.3.2 Mesophase temperature stability

Liquid crystalline mesophases are present for all compounds 1-5d capable of
dimerization by way of self-complementary quadruple hydrogen bonding, as well for the
complexes studied with the heterocouple diaminotriazine—uracil. The transition to a
mesophase occurs generally between 40 and 100°C; only ureidopyrimidinones 5b and 5d
have higher melting points. The melting temperatures can be assigned to the melting of the
dodecyl chains; the very high melting temperatures of Sb and Se are probably caused by very
efficient packing in the solid state. Compounds that turn liquid crystalline at high
temperatures have also the highest isotropisation temperatures. Thus, the temperature range
with liquid crystallinity is 90-130°C for all the compounds 1-5d with the self-
complementary quadruple hydrogen bonding units. These temperature ranges are significantly
larger than those reported in literature for double or triply hydrogen bonded complexes,
having mesophase temperature ranges of typically a few degrees (the system in figure 5.2c)"
to 20°C (the system in figure 5.2d)."% Our triply hydrogen bonded diaminotriazine—uracil
complexes also have mesophases in significantly smaller temperature ranges of only 30°C.
Although it is very tempting to explain this difference by the association strength of the unit,
several observations are not in agreement with the assumption that the mesophase
temperature range is related to the association strength in chloroform:

(i) The dimerization strength of di(acetylamino)triazine unit in 2 (Kgim = 130 M’l) is
lower than the association strength of the diaminotriazine—uracil couple (K, = 810 M™" for
complex 6e11), and comparable to the association strength of the pyridone unit applied in the
system in figure 5.2d (Kgim = 95 M_l).15 However, the mesophase temperature range is 90°C
in the former and only 23°C and 20°C in the latter cases.

(ii) The mesophase temperature ranges of compounds 1-5d are similar, yet the
dimerization strength in chloroform of these compounds varies from weak to very strong: all
ureidopyrimidinone derivatives 5 dimerize strongly via pre-organized DDAA arrays (Kgim >
10° M‘l), derivative 3 dimerizes via a pre-organized DADA array (Kgim ~ 2.0 X 10* M'l),
derivative 1 dimerizes via a DADA array (Kgim = 530 M™"), and derivatives 2 and 4 dimerize
weakly via DADA arrays destabilized by spectator repulsions (Kgim = 130 and 180 M
respectively). Strikingly, the smallest mesophase temperature range in the quadruply
hydrogen bonded dimers is observed for derivative Sa, which dimerizes very strongly in a
DDAA array. The triazine derivatives dimerize less strongly, but have larger mesophase
temperature ranges.

(iii) Large differences are observed within the ureidopyrimidinone series, which all
have a very large dimerization strength of similar order of magnitude.

(iv) As was indicated by X-ray diffraction experiments, the quadruply hydrogen
bonded dimers of compound 2 are not dissociated 20°C above the isotropisation temperature,
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while compound 2 has the lowest dimer strength in the range of compounds that can dimerize
via quadruple hydrogen bonding we studied.

The relatively large mesophase temperature ranges for the self-complementary
quadruple hydrogen bonding units may be explained in several ways. An argument using the
difference between dimerization and association of two species fails to explain the
differences, since the mesophase temperature ranges for compounds that dimerize by way of
double hydrogen bonds are also small. We propose as the most likely argument for the larger
mesophase temperature ranges in quadruply hydrogen bonded systems that: (i) the core with a
quadruply hydrogen bonded dimer is larger and/or more efficiently filled than with double or
triple hydrogen bonding: there is less empty space in the core, (ii) quadruple hydrogen
bonding planarizes better than double or triple hydrogen bonds: twisting is more difficult. As
a result of these two effects, a more rigid core is present, which results in a larger temperature
stability of the columns.

Furthermore, the substituents also have a large influence, as is evident from the
ureidopyrimidinone series. Comparison of compound 5a with 5b shows that the presence of
more aromatic groups in the core induces a larger mesophase temperature range, and higher
transition temperatures. This is probably due to the presence of a more rigid and better filled
core, with a larger aromatic surface causing stronger m-stacking interactions between the
disks. The temperature range and transitions are somewhat lower for diethylaminophenyl-
ureidopyrimidinone Sc¢, whereas an electron-withdrawing nitrophenyl group in compound 5d
induces an even larger mesophase temperature range.

5.4 Conclusion

Thermotropic discotic liquid crystalline materials with relatively large mesophase
temperature ranges are obtained using self-complementary quadruple hydrogen bonding units.

5.5 Experimental Section

General methods. Unless otherwise stated, all reactions were carried out under an
atmosphere of dry nitrogen and technical grade solvents were used. Anhydrous THF was obtained by
distillation from sodium/potassium/benzophenone. NMR-spectra were recorded on a Varian Gemini
300 or a Bruker AM400. Chemical shifts are given in ppm relative to TMS for proton spectra and
carbon spectra. IR-spectra were recorded on a Perkin-Elmer 1600 FT-IR spectrometer. Melting points
and liquid crystalline mesophase ranges were determined on a Jenaval THMS 600 polarizing
microscope, and are uncorrected. DSC-s were taken on a Perkin-Eimer DSC-7 under a nitrogen
atmosphere, with heating and cooling rates of 10 K.min™".
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Wide-Angle X-ray diffraction. on liquid crystalline phases. X-ray diffraction patterns of
oriented and non-oriented samples were recorded using a multiwire area detector X-1000 coupled with
a graphite monochromator. Measurements at elevated temperatures were performed on samples in
glass capillaries, and using a Linkam THM 600 hot stage for temperature control {(accuracy 0.5 K).
Oriented fiber samples were obtained by shearing on a (warm) beryllium plate, and were measured by
hanging in the beam at the correct focus point. Samples were screened to find suitable large
monodomains.

6-[3,4,5-tri(dodecyloxy)phenyl]-thiouracil (8). Sodium (0.46 g, 20 mmol) was dissolved in
dry ethanol (35 mL). Subsequently added were keto-ester 7 (7.29 g, 10 mmol) and thiourea (1.14 g, 15
mmol). The suspension was boiled under reflux overnight; a clear solution was obtained. The ethanol
was distilled off gradually, and the resultant gum dissolved in dichloromethane. The solution was
extracted with dilute sodium dihydrophosphate solution 5 times. The organic phase was dried over
sodium sulfate, filtered, and the filtrate evaporated to dryness. The crude product was purified by
column chromatography (3% ethyl acetate in dichloromethane; product: Ry= 0.15, impurities with Rs=
0 and R¢ = 0.54), affording 5.0 g pure product (66%). Analytical sample was prepared by dissolution in
hot dichloromethane, adding 4 volume parts ethanol and cooling, causing pure' 8 to precipitate as a
fine white powder (4.12 g, 54%), mp 73.3-75.5°C. 'H-NMR (CDCl3) &: 11.2 {br, 1H), 10.3 (br, 1H),
6.75 (s, 2H), 6.07 (s, 1H), 4.0 (m, 6H), 1.84 (m, 4H), 1.76 (m, 2H), 1.50 (m, 6H), 1.4-1.2 (m, 54H),
0.88 (t, 9H). '*C-NMR (CDCl,) &: 175.8, 161.8, 153.6, 153.4, 141.2, 125.3, 104.8, 102.2, 73.6, 69.3,
31.9, 30.2, 29.7-29.2 (multiple peaks), 26.0, 26.0, 22.6, 14.0. IR (KBr) v: 3480, 3200, 2917, 2851,
1666, 1618, 1556, 1498, 1471, 1452, 1361, 1332, 1172, 1108 cm™'. Anal. calcd. for CaeHgoN,04S: C,
72.91; H, 10.64; N, 3.70. Found: C, 71.12; H, 10.70; N, 3.63.

6-[3,4,5-tri(dodecyloxy)phenyl]-uracil (9). A suspension of 6-[3,4,5-tri(dodecyloxy)phenyl]-
thiouracil 8 (2.28 g, 3.0 mmol), chloroacetic acid (0.56 g, 6.0 mmol), and water (15 mL) was boiled
under reflux for 6 hours in air. The resulting emulsion turned quickly into a solid. Concentrated
hydrochloric acid (3 mL) was added, and the emulsion was refluxed overnight. An additional quantity
concentrated hydrochloric acid (2 mL) and toluene (6 mL) were added, and reflux was continued for
48 h. Cooling gave a clear waterlayer and a solidified lump. The lump was taken and dissolved in hot
chloroform with some ethanol. The hot organic phase was extracted three times with warm water
(caution for pressure build-up in the separatory funnell). The chioroform layer was dried over sodium
sulfate, and filtered warm. Evaporation gave 2.0 g crude product (purity ~ 95%). This crude product
was purified by column chromatography (silica, chloroform 4% ethanol; product: Ry = 0.40; impurity Ry
= 0), affording 1.80 g product. Analytical sample was prepared by dissolving in hot dichloromethane
(200 mL), and adding ethanol (1.5 L). The solution was filtered hot, and slow cooling resulted in the
precipitation of white powder (1.69 g, 94%), liquid crystalline between 93°C and 154°C. 'H-NMR
(CDCl5) 8: 9.37 (s, 1H), 8.84 (s, 1H), 6.77 (s, 2H), 5.88 (s, 1H), 4.02 (s, 6H), 1.83 (m, 4H), 1.73 (m,
2H), 1.50 (m, 6H), 1.4-1.2 (m, br, 54H), 0.88 (t, 9H). '*C-NMR (CDCl,, 50°C) &: 164.2, 153.9, 153.0,
152.4, 141.9, 125.9, 105.4, 98.2, 73.7, 69.7, 31.9, 30.4, 29.7-29.3 (multiple peaks), 26.2, 26.1, 22.6,
14.0. IR (KBr) v: 3180, 2920, 2850, 1728, 1677, 1495, 1468, 1132 cm™. Anal. caled. for CygHgoN2Os:
C, 74.55; H, 10.88; N, 3.78. Found: C, 73.27; H, 10.78; N, 3.60.

1-N-methyi-6-[3,4,5-tri(dodecyloxy)phenyl]-uracil  (11), and  3-A-methyl-6-[3,4,5-
tri(dodecyloxy)phenyl]-uracil (12). A suspension of uracil 9 (1.48 g, 2 mmol) in dry THF (20 mL),
trimethylsilyl chloride (0.54 mL, 4.2 mmol), and dry triethylamine (0.59 mL, 4.2 mmol) was stirred
overnight. The suspension was filtered under nitrogen, and the filtrate evaporated to dryness, leaving a
yellow gum of (not further characterized) 2,4-bis(trimethylsilyloxy)-6-[3,4,5-tri{dodecyloxy)phenyl]-
pyrimidine (10). Freshly distilled methyl iodide was added (8 ij, and the mixture was allowed to
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stand in the dark for two weeks, with occasional shaking and warming. Ethanol was then added, and
the solvent was evaporated in vacuo. The residue was dissolved in.chloroform, and the (purple)
solution was consecutively extracted with acid, dilute acidic potassium permanganate, 10% sodium
sulfite solution (coloration disappéared), dilute acid, and water. Drying of the organic phase over
sodium sulfate, filtration, and evaporation to dryness left 1.30 g of a gum. NMR showed this to consist
of mainly the starting material, but also of two N-1-methyl uracil derivatives. TLC (silica, 5% THF in
chloroform) indicates Ry = 0.44, Ry = 0.17, and R; = 0.064 (starting material). Repeated
chromatographic separation afforded three pure fractions. The identity of the first two fractions was
ascertained by determination of the association constant with 2,4-diamino-6-dodecyl-s-triazine.
fraction 1: R; = 0.44, 0.10 g (7%), 0.0474 g after precipitation in ethanol, mp 109-110°C. A-3-methyl
derivative 12, '"H-NMR (CDCls) &: 10.16 (s, 1H), 6.8 (s, 2H), 5.92 (s, 1H), 4.0 (m, 6H), 3.14 (s, 3H),
1.8-1.7 (m, 6H), 1.5 (m, 6H), 1.4—1.2 (m, br, 54H), 0.88 (tr, 9H). >C-NMR (CDCls) &: 163.6, 153.6,
153.2, 150.4, 141.1, 126.0, 104.8, 98.0, 75.6, 69.6, 31.9, 30.3, 30.3, 29.7-29.3 (multiple peaks), 27.1,
26.1, 26.0, 22.7, 14.1. IR (KBr) v: 3263, 3096, 2956, 2918, 2850, 1709, 1639, 1467 em™. Anal. calcd.
for Ca7HgN2Os: C, 74.75; H, 10.94; N, 3.71. Found: C, 72.15; H, 10.26; N, 3.46.
fraction 2: Ry = 0.17, 0.24 g (16%), 0.06 g after precipitation in ethanol, melting at 48°C (liquid
crystalline), isotropisation at 58°C. N-1-methyl derivative 11, "H-NMR of (CDCl3) 3: 9.65 (s, 1H), 6.48
(s, 2H), 5.68 (s, 1H), 3.98 (m, 6H), 3.22 (s, 3H), 1.80 (M, 6H), 1.48 (M, 6H), 1.4-1.2 (m, br, 54H), 0.88
(t, 9H). *C-NMR (CDCly) &: 162.9, 157.3, 153.4, 152.0, 139.6, 127.8, 106.1, 102.8, 73.6, 69.3, 33.7,
31.9, 30.3, 29.7-29.2 (multiple peaks), 26.0, 22.6, 14.1 ppm. IR (KBr) v: 3168, 3048, 2929, 2850,
1700, 1466, 1330, 1242, 1116 cm™'. Anal. calcd. for CaHa:N2Os: C, 74.75; H, 10.94; N, 3.71. Found:
C,74.59; H, 11.12; N, 3.31.
fraction 3: Ry = 0.064, 0.69 g, 47%, starling material 9.

Preparation of diaminotriazine-uracil complexes, and study by microscopy.
1) 0.1850 g of triazine 6 and 0.1895 g of thiouracil 8 were dissolved in a hot ethanol/ dichloromethane
mixture. Cooling resulted in crystallization of microneedles, containing both components in a 1:1 ratio
as indicated by NMR. These needles turned to a highly viscous and sticky gum upon storage. Upon
heating of the needles under polarizing microscope, the boundaries of the freshly obtained needles
faded at 63-70°C; the edges of a spot of the very viscous gum also roundened also at 65°C, with a
drop in viscosity. A moderately viscous and low birefringent liquid was present above 70°C.
Isotropisation occurred at 105°C, with a sudden drop in viscosity.
2) 7.0 mg of triazine 6 and 7.0 mg of uracil 9 were codissolved in a warm ethanol/dichloromethane
mixture. Cooling resulted in precipitation of a gel, but after prolonged standing (more than one year),
dots of microneedles had crystallized, while the gel had disappeared mostly. The dots of tiny
microneedles were harvested by spatula picking, and washed by suspending in ethanol and filtering.
Filtration gave a sticky white powder, consisting of 6 and 9 in a 1:1 ratio as indicated by 'H-NMR. A
sample under the polarizing microscope shows roundening of the boundaries at 95°C with a drop in
viscosity. The slightly birefringent viscous gum turned isotropic at 115°C.
3) 7.4 mg of triazine 6 and 7.6 mg of uracil 11 were dissolved in ethanol. Cooling and evaporation in
air resulted in the precipitation of a 1:1 complex, as indicated by 'H-NMR. As observed by polarizing
microscopy, this gum melted to a liquid crystalline material of intermediate viscosity at 82°C.
Isotropisation occurred at 105°C, with a sharp transition to a low viscous fluid.

References and Footnotes

1) F. Reinitzer, Monatsch. Chem., 1888, 9, 421.

131



Chapter 5

2)

3

4)

5)

6)

7

8)

9)

10)

11)

12)
13)

14)
15)

16)

17)
18)

19)
20)

132

Approximately 5% of all organic compounds exhibit liquid crystalline behavior (Liquid Crystals,
the fourth state of Matter, Ed. F.D. Saeva, Marcel Dekker Inc., New York, 1979).

For books on liquid crystallinity, see: (a) G. Vertogen, W.H. de Jeu, Thermotropic Liquid
Crystals, Fundamentals, in: Springer Series in Chemical Physics, vol 45, Ed. V.l. Goldanskii,
F.P Schafer, J.P. Thoenes, Springer Verlag, Berlin, 1988, (b) E.B. Priestley, D.J. Wojkowicz,
P. Sheng, Introduction to liquid Crystals, Plenum Press, New York, 1975, (c) G.W. Gray,
Molecular Geometry and the Properties of Nonamphiphilic Liquid Crystals, in: Advances in
Liquid Crystals, vol 2, Ed. G.H. Brown, Academic Press, New York, 1976.

(a) S. Chandrasekhar, B.K. Sadashiva, K. Suresh, Pramana, 1977, 9, 471, (b) C. Destrade,
M.C. Mondon, J. Malthéte, J. Phys, Colloq. (Paris), 1979, 40B, C3.

For excellent reviews, see: (a) C.M. Paleos, D. Tsiourvas, Angew. Chem. Int. Ed. Engl., 1995,
34, 1696, (b) T. Kato, Supramolecular Science, 1996, 3, 53.

For some examples, see: (a) H. Zheng, B. Xu, T.M. Swager, Chem. Mater., 1996, 8, 907, (b)
J. Barbera, C. Cativiela, J.L. Serrano, M.M. Zurbano, Adv. Mat., 1991, 3, 602, (c) M.N. Abser,
M. Beliwood, C.M. Buckley, M.C. Holmes, R.W. McCabe, J. Mater. Chem., 1994, 4, 1173, (d)
H. Zheng, P.J. Carroll, T.M. Swager, Liquid Crystals, 1993, 14, 1421, (e) N.J. Thompson, J.L.
Serrano, M.J. Baena, P. Espinet, Chem. Eur. J., 1996, 2, 214,

(a) M. v.d. Auweraer, C. Catry, L. Feng Chi, O. Karthaus, W. Knoll, H. Ringsdorf, M. Sawodny,
C. Urban, Thin Solid Films, 1992, 210/211, 39, (b) A.R.A. Palmans, J.A.J.M. Vekemans, H.
Fischer, R.A. Hikmet, EW. Meijer, Chem. Eur. J., 1997, 3, 300.

M.-J. Brienne, J. Gabard, J.-M. Lehn, |. Stilbor, J. Chem. Soc., Chem. Comm., 1989, 1868.

(a) C. Fouquey, J.-M. Lehn, A.-M. Levelut, Adv. Mat., 1990, 2, 254, (b) M. Kotera, J.-M. Lehn,
J.-P. Vigneron, J. Chem. Soc., Chem. Comm., 1994, 197.

(a) T. Kato, Y. Kubota, M. Nakano, T. Uryu, Chem. Lett, 1995, 1127, (b) T. Kato,
Supramolecular Science, 1996, 3, 53.

(a) T. Kato, J.M.J. Fréchet, J. Am. Chem. Soc., 1989, 111, 919, (b) T. Kato, A. Fujishima,
J.M.J. Fréchet, Chem. Lett., 1990, 919, (c) T. Kato, H. Adachi, A. Fujishima, J.M.J. Fréchet,
Chem. Lett., 1992, 265, (d) M. Fukumasa, T. Kato, T. Uryu, J.M.J. Fréchet, Chem. Lett., 1993,
65, (e) T. Kato, J.M.J. Fréchet, P.G. Wilson, T. Saito, T. Uryu, A. Fujishima, C. Jin, F.
Kaneuchi, Chem. Mater., 1993, 5, 1094.

L.J. Yu, J.M. Wy, S.L. Wu, Mol. Cryst. Liq. Cryst., 1991, 198, 407.

(@) U. Kumar, T. Kato, J.M.J. Fréchet, J. Am. Chem. Soc., 1992, 114, 6630, (b) T. Kato, H.
Kihara, T. Uryu, A. Fujishima, J.M.J. Fréchet, Macromolecules, 1992, 25, 6836, (c) S. Malik,
P.K. Dhal, R.A. Mashelkar, Macromolecules 1995, 28, 2159, (d) T. Kato, N. Hirota, A.
Fujishima, J.M.J. Fréchet, J. Polym Sci., part A: Polym. Chem., 1996, 34, 57.

U. Beginn, G. Lattermann, Mol. Cryst. Liq. Cryst., 1994, 241, 215.

(a) R. Kleppinger, C.P. Lillya, C. Yang, Angew. Chem., 1995, 107, 1762, (b) R. Kleppinger,
C.P. Lillya, C. Yang, J. Am. Chem. Soc., 1997, 119, 4097.

J. Malthéte, A. Collet, A.-M. Levelut, Lig. Cryst. 1989, 5, 123.

G. Lattermann, G. Staufer, Liq. Cryst. 1989, 4, 1303.

Few examples of hydrogen bonded systems have mesophase temperature ranges exceeding
50°C. We are aware of only one instance with mesophase ranges exceeding 100°C for
hydrogen bonded mesogens, see ref 9a.

The compounds were crystallized from a solvent.

H. Ringsdorf, I. Voigt-Martin, J. Wendorff, R. Wuestefeld, R. Zentel in Chemistry and Physics
of Macromolecules, Ed. E.W. Fischer, R.C. Schulz, H. Sillescu, VCH, Weinheim, 1991, 211,



Chapter 6

Reversible Linear Supramolecular Polymers,
by Self-Complementary Quadruple Hydrogen
Bonding of Bifunctional Compounds

Abstract:

Strong and unidirectional association via quadruple hydrogen bonding of self-
complementary ureidopyrimidinone units is used to obtain linear polymers that are bonded
non-covalently. This is achieved by linking two ureidopyrimidinone units by a spacer. The
properties of such a bifunctional ureidopyrimidinone derivative, 3, are reminiscent of
conventional polymers in many respects. A concentrated solution of this compound in
chloroform shows a high viscosity. The viscosity is strongly concentration dependent, and the
concentration dependencefollows Cates’s model for reversibly breakable polymers above the
overlap concentration. The presence of linear supramolecular polymer structures of
reversibly linked monomers in chloroform solution was further substantiated by the addition
of a monofunctional compound. The latter acts as a chain stopper and limits the degree of
polymerization, leading to a dramatic drop in viscosity even when added in very small
amounts. From this chain-stopper experiment at 40 mM, an average degree of
polymerization of at least 700 was deduced, with a corresponding dimerization constant
exceeding 2x 10° M™".

In the solid state, the supramolecular polymers display properties normally observed
for macromolecules, and not for organic molecules. The bulk material is viscous and rubbery
at ambient temperatures, from which fibers can be drawn. In contrast to conventional
polymers, however, the melt is a low viscous fluid at high temperatures. The molecules with
alkyl chains as spacers tend to crystallize, rendering detailed study of the polymer properties
in bulk impossible. Therefore, a synthetic route to siloxane-spaced bifunctional molecules
was developed in collaboration with Ky Hirschberg and Huub van Aert. This route uses a
double hydrosilylation coupling of a benzyl protected 3-butenyl pyrimidinone unit with o, @-
dihydro-siloxanes, and removal of the benzyl protecting group by hydrogenolysis after the
hydrosilylation coupling. In contrast to the alkyl-spaced supramolecular polymers, these
materials with flexible siloxane spacers do not crystallize from the melt. This opens the way
to study visco-elastic properties in the bulk by rheology.
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6.1 Introduction

Nowadays, polymers are virtually synonymous with macromolecules, which are very
large molecules built by linking smaller units (monomers) by covalent bonds.'
Macromolecules may be formed by numerous chemical reactions, such as free radical
reactions, (trans)esterification, (trans)amidation or other condensation reactions, anionic or
cationic addition reactions, and organometallic coordination reactions. The polymer chains
may be linear (e.g. polyethylene, polytetrafluorethylene, polycaprolactam), carry short side
chains (e.g. polystyrene, polybutadiene), or may even be branched, or the polymer may
consist of an infinite network of cross-linked chains. Macromolecules occur widespread in
natural systems, most often as construction materials, such as cellulose, which is a
polysaccharide in plants, or collagen, a polypeptide in animals. Polymers have an enormous
and intriguing range of unique properties, such as rubber elasticity and high solution
viscosity. These are due to the length of the macromolecular chains, which become entangled
above a certain critical chain length.

In the early days of polymer chemistry, it was not yet established that the unique
properties of polymers are caused by the presence of long-chain macromolecules. The
macromolecular concept was formulated by Hermann Staudinger in 1920, after being
presented in a lecture in 1917. However, the new idea was under debate dufing the 1920s, and
was opposed by many scientists. They argued that polymers are colloidal assemblies of
organic molecules, kept together by VanderWaals interactions. Only at the end of the 1920
decade, the research results decisively pointed to the macromolecular nature of polymers.

Nowadays, supramolecular chemistry —using non-covalent interactions to assemble
well-defined structures— has become increasingly important in polymer s‘lcience.2 Although
hydrogen bonding and other weak, reversible interactions have been recognized to be very
important in determining polymer properties, —e.g. in polyamides’— the design of new
polymer architectures based on non-covalent interactions has started only recently.
Substantial efforts are being undertaken to alter the properties of polymers by end-group
functionalization,* and hydrogen bonding has been used to obtain side-chain liquid crystalline
polymers.’ These efforts rely mostly on cooperativity of many weak interactions, giving rise
to phase-separation, such as formation of microcrystalline domains or induction of liquid
crystallinity.

Although self-assembly by well-defined, cooperative non-covalent interactions is a
well-recognized process in biological systems,® the general concept of self-assembly of
synthetic molecules by molecular recognition of complementary components received general
attention only after it was integrated by Lehn in the field of supramolecular chemistry.” As
described by Lehn in 1988, one exciting challenge of supramolecular chemijstry is to assemble
linear, polymeric structures using non-covalent interactions. Monomeric molecules, with two
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associating functional groups, are assembled reversibly into linear chains by non-covalent
interactions of these functional groups (figure 6.1 gives an example of a copolymeric system
with hydrogen bonding). A prerequisite for these linear supramolecular polymers —in which a
reversible alternative for the covalent bond is used— is to incorporate strong, highly
directional and reversible non-covalent interactions.

H\N/J*o

OR" O
H‘N:©\o’\/ojf\gu\o’\/o 7‘:H,
/go R @N/%' """ (o]

Figure 6.1: Supramolecular polymers reported by Lehn,” obtained by mixing bifunctional compounds
with the complementary couple di(acylamino)pyridine-uracil in a 1:1 ratio.

The concept of supramolecular polymers has been known for years, but systems that
are reversible, flexible, and have appreciable degrees of polymerization in the amorphous
state or in dilute solution have scarcely been obtained.® The reason is that the required
sufficiently strong, yet highly directional and reversible secondary interactions were not
available. Ionic interactions have sufficient strength, but lack directionality, giving rise to
network formation and gelation,” whereas coordination of metal ions shows limited
reversibility and tunability.'°

Multiple hydrogen bonds are reknown for their unique combination of strength and
directionality. The hydrogen bonded copolymer systems Lehn reported (figure 6.1), obtained
by mixing two bifunctional compounds with complementary hydrogen bonding units in a 1:1
ratio, indeed feature polymeric structures in bulk, in a liquid crystalline state with additional
ordering. In solution, however, no polymeric structures were observed, probably because the
chains were too short due to the low association constant of the di(acylamino)pyridine—uracil
couple. Other efforts to use highly directional multiple hydrogen bonds have been hampered
mainly by the insufficient stability of single,' double,'? or triple hydrogen bonds,' or by the
difficult preparation of the strongest couples.'
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The finding that readily accessible derivatives of 2-ureido-4-pyrimidinone dimerize
strongly and unidirectional by means of a self-complementary DDAA array of four hydrogen
bonding sites (see chapter 4), prompted us to use this functionality as the associating end-
group in reversible self-assembling polymer systems (see figure 6. 2 for the concept).

spacer on R' or R2

A

Figure 6.2: Schematic representation of reversible linear supramolecular polymers obtained from
bifunctional compounds with the self-complementary 2-ureido-4-pyrimidone unit.

The self-complementarity of the ureidopyrimidinone linking unit, resulting in a
homopolymer, has two paramount advantages in comparison with the system of Lehn, who
uses complementary groups that form a copolymer:

(i) Less synthetic effort is required because only one unit has to be synthesized.

(ii) It is not necessary to mix exact stoichiometric quantities.

As described in theoretical considerations of condensation polymerization,'*'
copolymerization of monomers A—A and B-B will only give long chains if the co-monomers
are mixed in exactly 1:1 stoichiometries: a 1% excess of one of the components will limit the
number-average degree of polymerization to at most 200. The formation of supramolecular
polymers by linking via self-complementary units is comparable to condensation
polymerization of a lactone or lactam, i.e. only one monomer. The molecular weight of this
type of condensation polymerization is not limited by mixing of the monomers in
stoichiometric quantities.

As also follows from the concept depicted in figure 6.2, a high degree of purity is
required to obtain long polymer chains. Any impurity in the form of a monofunctional
compound will act as a chain stopper, and considerably diminish the degree of
polymerization. This occurs in the same way as the chain length of a condensation polymer of
type A-B is limited by the presence of monofunctional impurities in the monomer. '

In this chapter, the development of synthetic routes to symmetrical compounds with
two self-complementary arrays of four hydrogen bonding groups in one molecule is
discussed. The synthesis includes extensive purification and impurities are carefully
monitored by Electrospray lonization Mass Spectrometry. To show the polymeric nature of
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our supramolecular polymers, we focus on the behavior in solution using viscosimetry. The
viscosity of a polymer solution is related to the length of the polymer chains.! The polymeric
nature in the solid state is deduced from its physical appearance, qualitative ~mechanical
experiments, and from preliminary microscopy results. The material properties are compared
to those of conventional polymers, and the interesting features of this new system with
respect to conventional macromolecular polymers are discussed.

6.2 Results & Discussion
6.2.1 Synthesis and characterization of supramolecular polymer

Synthesis. Based on our knowledge of the influence of substituents on tautomerism
and bonding behavior of ureidopyrimidinones in solution (as in monofunctional derivative 2,
see chapter-4), aliphatic spacers were chosen in our first approach to link those units in the
supramolecular polymers.'> 6-Tridecyl-isocytosine 1 (see chapter 4) was reacted with
commercially available hexane diisocyanate, affording bifunctional compound 3 in one step
(scheme 6.1). The reaction was performed by refluxing in dry pyridine for 48 hours. After the
reaction time, the crude product 3 was isolated in 95% yield by precipitation in acetone.

O=C=N_~_~

n-Cy3He 7 N-H
N=
NH,

1 .. _ n-CiaHar
HoF o"‘H\NJ\:\L

(o]
-0

H
| | )
N N\/\/\/\ ’é\ N
0=0N o y SN
N=C=0 ~ N\H“‘o |:.| H : H
n-CiaHgz 3

Scheme 6.1: Synthesis of monofunctional compound 2, and of bifunctional compound 3.
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Purification and ESI-MS characterization. The purity of 3 was only ~ 90% as
deduced from 'H-NMR. The major impurity was identified as bifunctional molecule 4,
carrying an additional hexylurea spacer (figure 6.3). This impurity suggests partial hydrolysis
and subsequent decarboxylation of an isocyanate group to afford the amine, which
subsequently reacts with another isocyanate molecule.'®

HoH 0 H

H H ':'l H H
YU NN Y
S NG H“‘O H H 0., .N_~
-CpHer 4 " n-CgHy

Figure 6.3: Likely impurity 4 in raw material of 3.

Impurity 4 was removed by a column chromatographic separation on flash-silicagel
using chloroform/ethanol 95:5 v/v as eluent, and 3 was obtained as a white powder by
precipitation from chloroform into acetone. This material was sufficiently pure to obtain
satisfactory elemental analysis. Since impurities, especially those capable of interfering with
the formation of a hydrogen bonded polymer, had to be excluded rigorousFy to guarantee a
high degree of polymerization, further purification was attempted. Repetitive precipitations
from chloroform/ethyl acetate (by cooling of a hot solution) were found to résult in a further
improvement of the purity. The specific viscosity of a 40 mM solution in chloroform, a good
qualitative measure for the length of a polymer chain, jncreased by these repetitive
precipitations from 6.5 after the column chromatographic separation, to 11.7 after 5
precipitations, and then, the viscosity did not increase any more (see Experimental Section).

The impurities were. monitored by Electrospray Ionization Mass Spectrometry (ESI-
MS).!” ESI-MS spectra taken from the material after column chromatography, and after three
precipitations from hot chloroform/ethyl acetate, are shown in figure 6.4.

(a) (b)

M, He MH,
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755.6
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1678.4 N Mz 18118 M MBI
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Figure 6.4: ESI-MS spectra of compound 3: (a) after column chromatography and acetone
precipitation, (b) after 3 precipitations from hot chloroform/ ethyl acetate.
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An impurity with an additional dodecy! chain is present in the material after column
chromatography and precipitation from acetone, which is removed by precipitations from hot
chloroform/ethyl acetate. The structure of the impurity is assigned to 6, based on a triplet
signal at 3.7 ppm of this impurity in 'H-NMR. Impurity 6 is likely to originate from O-
alkylation of isocytosine 1 by dodecyl bromide (scheme 6.2).'® As further proof of the identity
of this impurity, the O-alkylated isocytosine 5 was isolated from the mother liquor of the
crude isocytosine reaction and unambiguously characterized as the O-alkylated derivative by
'H-NMR and "*C-NMR (see Experimental Section).

Ci2HpsBr SNPUN N\n/N\/\/\/\N/C\N/H
mc,st,_(/_/( N-H —— n-CwHTy—(@(N v A \]/ o N
N=( = N A
> -

NH, N

Scheme 6.2: Formation of impurity 6 in supramolecular polymer 3.

Based on integration of the signals in 'H-NMR, impurity 6 is present in the product
after column chromatography and precipitation in acetone in approximately 0.4%. This value
corresponds well to the value deduced from chain stopper experiments performed with
batches of different purity (vide infra). The large relative intensity of the signals attributed to
the impurity 6 in the ESI-MS spectrum can be explained well by preferential protonation of
the O-alkylated ureido-4-pyrimidinone end-group in 6. This preferential protonation of an O-
alkylated ureidopyrimidinone end-group probably occurs because it cannot dimerize via
quadruple hydrogen bonding, and hence lacks the stabilization by dimerization. Furthermore,
figure 6.4b shows that dimers, trimers, etc. are present even in dilute solutions, and in the
presence of the strongly hydrogen bonding competitive solvent formic acid.

'H-NMR dilution studies in chloroform. 'H-NMR-studies were performed to
gather insight into the hydrogen bonding behavior of 3 in solution. In "H-.NMR spectra of
concentrated CDCl; solutions of compound 3, the region of N-H and alkylidene absorptions
is similar to that of monofunctional compound 2 (figure 6.5) This indicates that the ureido-
pyrimidinone groups of 3 are involved in dimerization. In dilute chloroform solutions, three
new sets of peaks are present, of which the signals lie very close to the signals at high
concentrations. Unfortunately, the ratios of the different forms could not be determined
reliably — not even by deconvolution— due to strong peak overlap.
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Figure 6.5: Concentration dependence (concentrations given in mM) of the three N-H signals and
the alkylidene signal in the *H-NMR spectrum of supramolecular polymer 3 in CDCl,.

Their locations indicate, however, that the new signals originate also from dimerized
ureidopyrimidinone units. Therefore, these signals are attributed to cyclic oligomeric
structures of different size. The concentration dependence of the equilibria between cyclic
oligomeric structures (at low concentrations) and linear polymeric structures (at high
concentrations) is similar to the ring—chain equilibria in condensation polymerization
described by Flory.'®

6.2.2 Polymer properties in solution

Viscosity of chioroform solutions. Concentrated solutions of bifunctional
compound 3 in chloroform are very viscous, and the viscosity is highly concentration and
temperature dependent. A plot of the logarithm of the specific viscosity (for viscosity
measurement procedures, see Experimental Section) versus the logarithm of the concentration
is linear with a slope of 3.76, while a slope of 0.94 is found for monofunctional compound 2
(figure 6.6). The constant high slope of 3.76 for compound 3 suggests that, in the whole
concentration range covered, molecules 3 behave like entangled polymers, following Cates’s
model for reversibly breakable polymers above the overlap concentration.'® Cates’s model

—
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predicts that the zero-shear viscosity of a solution of a reversible breakable polymer that
undergoes scission—recombination, or end—interchange, quicker than reptation (cancelling of
entanglements) is proportional to the volume fraction (or concentration) to the power of 3.7
and 3.5, respectively.

. = Dbifunctional compound 3
¢ monofunctional compound 2
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Figure 6.6: Specific viscosity of solutions in chloroform as a function of concentration (in g/L) of
bifunctional derivative 3 and for monofunctional derivative 2.

Chain stopper experiment. To confirm the unidirectionality of the quadruple
hydrogen bonding interaction, the specific viscosity of a 40 mM solution of 3 in chloroform
was monitored as increasing amounts of monofunctional compound 2 —which acts as a chain
stopper for the supramolecular polymer— were added. A dramatic drop in viscosity was
observed even upon addition of very small amounts of 2 (see figure 6.7). This observation
proves the reversibility of the hydrogen bonding interaction, and implies that the high
viscosity should be assigned to unidirectional interactions, and not to multidirectional
gelation.
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specific
viscosity
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Figure 6.7: Specific viscosity of solutions of 3 in chioroform as a function of added monofunctional
compound 2.

This phenomenon is reminiscent to the limitation of the molecular weight of a
condensation polymer by the addition of a monofunctional monomer."!® Monofunctional
compound 2 (mol fraction chain stopper = x) limits the number-average degree of
polymerization (DP) of bifunctional compound 3 to at most DPyy = 2/x. DP is further
determined by the degree of association, which is a function of concentration and association
constant. The degree of polymerization (DP) of 3 is given by the following equation (see
Experimental Section): »

2-(81+[2D

= 1
[2]-ZE[1—,/1+8K([2]+2.[s]]

bpr

1)

When an exponential relation between Ty, and DP is assumed in the form of s, = p X
DP* the data fit well for ng, ~ (DP)*7%, and Kyim = 2.2 x 10° M~'. Furthermore, it follows
that the degree of polymerization of a 40 mM solution is ~ 700, which corresponds to a
molecular weight of approximately 5 x 10° g.mol™'. A chain stopper experiment performed at
30 mM gives, as expected, a lower degree of association but also a lower association
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constant, due to a higher degree of cyclization at lower concentrations. Because of this
cyclization, and also because 100% purity is assumed in the fitting procedure, the obtained
values are minimal values.

6.2.3 Polymeric properties in bulk

The bulk properties of reversible supramolecular polymers of type 3 are of great
interest for possible applications as materials, and also very interesting from a fundamental
point of view. As a consequence of the reversibility of the hydrogen bonding in the links
between the monomers, entanglements of these supramolecular polymer chains will have only
a certain and limited lifetime. Scission and recombination of the chains can occur, similar as
dimers of type A—A and B-B exchange and form heterodimers A-B (see chapter 4, section
4.2.5 on heterodimers). The lifetime of the hydrogen bonded links is expected to be very
dependent on temperature, as well as the association constant and hence the degree of
polymerization. Therefore, the materials are expected to feature a large and interesting
temperature dependency on their properties. The limited lifetime of the bonds permits the
material to ‘immediately’ adjust its configuration to external stimuli, thus affording an
interesting object for rheological studies of visco-elastic properties.

Bulk material of compound 3 appears as an amorphous white powder after
precipitation from ethyl acetate, and melts at 160°C to a low viscosity fluid. Fibers can be
drawn from the melt at that temperature, which on standing gradually turn brittle. However,
thethe bulk visco-elastic properties of compound 3 could not be investigated, because this
compound has a strong tendency to crystallize. Inspection by polarizing microscopy shows
that the amorphous glass, obtained by quick supercooling of the fluid from 160°C to room
temperature, crystallizes slowly upon standing. When the fluid is kept between 160°C and
180°C, needle-like crystals form slowly. Further heating results in melting of these crystals,
and another type of crystals forms. The compound melts at 196°C to an isotropic liquid with
low viscosity, but also decomposes slowly at that temperature.

Synthesis of supramolecular polymers with siloxane spacers. Because a
compound was desired that does not crystallize, a route to bifunctional compounds containing
a flexible siloxane spacer was developed in close collaboration with Ky Hirschberg and Huub
van Aert. To obtain bifunctional compounds with siloxane spacers, we have chosen to couple
the unit as a whole entity onto both ends of a bifunctional hydrosiloxane core molecule via
hydrosilylation, because:

(i) Hydrosilylation is known to be compatible with many functional groups.*!
(ii) A precursor of the quadruple hydrogen bonding unit with an alkene functionality is readily
accessible.??
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(iii) This approach has been proven to be feasible by Zimmerman et al, who also could couple
(unprotected) hydrogen bonding functional groups -—di(acylamino)pyridine units—
functionalized with an alkene group onto siloxane polymers by hydrosilylation.®
(iv) The approach of coupling the unit as a whole entity furthermore offers the possibility of
polymer functionalization, and is not restricted by the availability of di-isocyanates.

The route we applied is depicted in scheme 6.3; the key step is double coupling of
alkene functionalized ureidopyrimidinones with a bis-hydride terminated siloxane.
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Scheme 6.3: Synthesis of bifunctional siloxane compounds.
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Compound 13 was obtained as crystals by crystallization from ethyl acetate after
several purifications. When these crystals are melted (mp 112°C), or when a chloroform
solution is evaporated to dryness, an amorphous state is obtained that does not crystallize
upon standing, even after weeks. This amorphous state appears at room temperature as a very
viscous rubbery material, while the benzyl protected material 11 is a low viscous fluid. The
polymer analogues 12 and 14 have also substantial differences in appearance; 12 is a low
viscous oil, 14 is a rubbery material. Further details on the properties of 13 and 14, including
study of rheological behavior, are discussed elsewhere.?*

6.3 Conclusion

Linear supramolecular polymers, in which the monomers are linked non-covalently
and reversibly, have been obtained by incorporating two 2-ureido-4-pyrimidinone units,
which dimerize very strongly (yet still reversibly) via unidirectional quadruple hydrogen
bonding, in one molecule. The bifunctional molecules that feature these properties can be
synthesized by a very convenient and short synthesis. However -—— unavoidably in view of the
concept — extensive purification of the crude products to a very high degree of purity (>
99.95% preferably) is necessary.

These linear supramolecular polymers show DPs by far exceeding those of existing
self-assembled systems based on less than four hydrogen bonds. The very high association
constant and the self-complementarity of the ureidopyrimidinone unit induce polymer-like
behavior even in solution at low concentration. Furthermore, hydrosilylation allows for
functionalization of short and long-chain dihydro-siloxanes with 2-ureido-4-pyrimidinone
units at both ends. The flexible siloxane spacer in these molecules prevents crystallization of
the material in bulk, in contrast to the molecules with n-alkyl spacers, offering a good object
for study of bulk properties.

Concludingly, a new and unique class of materials with polymer-like behavior has
become available. These supramolecular polymers enable fundamental studies on the effect of
lifetime of the links between the monomeric units (and hence of entanglements) on polymer
behavior, which has been the subject of recent speculations.”” Because of the reversibility of
the bonding, it should be easy to prepare random block-copolymers by mixing two
comparable components. The chain length of the supramolecular polymers is adjustable by
addition of chain stoppers, in a way similar to that of condensation polymers. Finally, cyclic
structures of different size may be formed to a varying degree by simply varying the
concentration.
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6.4 Experimental Section

General methods. Chemicals were purchased from Acros Chimica, .Fluka or Aldrich and
used as received unless otherwise stated. All reactions were carried out under an atmospherse of dry
nitrogen unless otherwise stated. Solvents were of technical grade unless otherwise stated. Analytical
grade pyridine was dried over 4 A molecular sieves. NMR-spectra were recorded on a Varian Gemini
300 or a Bruker AM400. Chemical shifts are given in ppm relative to TMS for 'H and '*C spectra. IR-
spectra were recorded on a Perkin-Elmer 1600 FT-IR spectrometer. Melting points were determined
on a Jenaval THMS 600 meiting point microscope and are uncorrected. Electrospray lonization Mass
Spectrometry was performed on a Perkin Elmer Sciex AP1-300 LC-MS/MS (Norwolk, USA). Samples
were prepared by dissolving approx. 1 mg sample in 10 mL chioroform p.a., and acidified with formic
acid. Samples were measured in Flow Injection Analysis mode. Measurements were performed
directly after preparation, since samples were found to deteriorate upon standing.

Viscosity measurements. Viscosities were measured in Schott Capillary Viscometer
Ubbeiohdes using a Schott Viscosity Measuring Unit AVS350 for exact time measurement,
thermostated at 20.00°C using a Schott CT1650 waterbath. The solutions of the supramolecular
polymers in chloroform (p.a. stabilized with amylene) were filtered through 5 um before use. Dynamic
viscosities v = K x (t-8)/density were determined from running times of the solution through the
capillaries, using the capillary constant K of the ubbelohde, and a correction time 6 that was given in
tables enclosed with the ubbelohdes. The relative viscosity (Nw) is defined as Vsontion/Vsowen; the
specific viscosity (vp) equals N —1. In the dilution experiment, ubbelohdes with different constants K
were calibrated relative to each other to cover a large range.

Derivation of equation 1. The number average degree of polymerization (DP) is defined as
the average of the number of molecules in a polymer chain. Since there are always two end-groups in
a linear chain, DP equals the ratio of the total number of molecules in solution, divided by half the
number of end-groups. Dimers of the stopper are thus treated as DP = 2; with small amounts of
stopper, nearly all stopper molecules will end-cap polymer chains. The number of end-groups equals
the sum of stopper molecules and non-complexed ureidopyrimidinone functional groups. We define
several parameters:

DP Number average degree of polymenzation.

Kaim Kame in chapter 4, since the complex dimerization constant determines the ratio between
complexed ureidopyrimidinone units and non-bonded ureidopyrimidinone units.

[Dim]  Concentration of dimerized ureidopyrimidinone functional groups (not molecules!).

[Mon] Concentration monomeric (= non-complexed) ureidopyrimidinone functional groups.

[Bif] Concentration bifunctional molecules (3).

[Stop] Concentration monofunctional molecules (2).

(] Total concentration of ureidopyrimidinone functional groups

Since the experiment is confined to a certain constant volume, the ratio of molecules is equal to the
ratio of concentrations, so in formula we can write for DP:

2 x { [ Bif] + [Stop] }
[ Stop ] + [Mon]
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The concentration of non-complexed ureidopyrimidinone functional groups is a function of Kgm and the
concentration of the ureidopyrimidinone functional groups. It is assumed that the association constant
is equal for the unit in compounds 3 and 2, and is also independent of DP. This assumption is
considered reasonable, since the differences in structure are remote from the ureidopyrimidinone unit.
Furthermore, we neglect cyclization assuming all the chains are linear.
From the definition of Kym and the total concentration of ureidopyrimidinone functional groups,
[Dim]
Mon + Mon === Dim Kdim = —— Ctot = 2 x [Dim] + [Mon]
[Mon]2

it follows that the concentration of monomeric ureidopyrimidinone functional groups is derived from the
following equation:

[Mon] = Ctot - 2 x Kdim X [Mon]2

and solution of this quadratic equation gives:

-1 +V1 + 8 x Kdim x Ctot

[Mon] =
4x Kd'm

Since the total concentration of ureidopyrimidinone functional groups equals the sum of concentration
of stopper (2) and twice the concentration of bifunctional molecules (3), DP is given by:
2 x {[ Bif] + [Stop] }
DP =

[Stop]- —1— x{1-V1 + 8 x Kdim x ( [Stop] + 2 x [Bif] ) }
4 x Kdim

N,N’-(1,6-Hexadlyl)-bis-(2-ureldo-6-tridecyl-4-pyrimidinone) 3. A suspension of 6-
tridecylisocytosine 1 (11.20 g, 40 mmol) in dry pyridine (80 mL) and toluene (10 mL) was heated to
reflux. A clear solution was obtained, and 10 mL of solvent were distilled off. After cooling, 1,6-hexane
diisocyanate (3.33 g, 19.8 mmol) was added via a syringe, and the solution was boiled under reflux for
72 h. After cooling, the solution was poured into acetone (1 L), and the suspension filtered. The crude
product was purified by column chromatography (flash silica, 5% ethanol in chloroform, Ry = 0.10—
0.30), and impure fractions were purified again analogously. The pure fractions were combined, and
the solvent volume reduced to 100 mL. The solution was poured into acetone, and the white
precipitate that formed filtered and dried, yield 66%. This material was of sufficient purity to obtain
satisfactory elemental analysis. 'H-NMR (CDCl,) 6: 13.18 (s, 2H), 11.88 (s, 2H), 10.18 (s, 2H), 5.82 (S,
2H), 3.23 (s, 4H), 2.45 (1, 4H), 1.63 (d, 8H), 1.25 (m, 44H), 0.88 (t, 6H). "*C-NMR (CDCl,) 5: 173.2,
156.6, 154.7, 152.4, 105.8, 40.0, 32.7, 31.9, 29.4, 29.3, 29.1 (overlapping peaks), 26.8, 22.7, 14.1. IR
. (KBr) v: 3220, 3139, 3030, 2924, 2852, 2605, 1699, 1660, 1586, 1525, 1460, 1252 cm™. Anal. calcd.
for C4oH7sNgO4: C, 66.81; H, 9.88; N, 14.84, Found: C, 67.25; H, 9.77; N, 14.62.

The product was however purified more intensively by the following procedure that was
applied repeatedly. The product was dissolved in hot chloroform, and two volumes ethyl acetate were
added. Cooling caused the product to precipitate as a white powder, with a recovery of ~ 95% in every
step. The specific viscosity of a 40 mM solution was monitored as a function of purification steps, and
from the chain stopper experiments performed with those fractions, the purity with respect to
monofunctional compounds (presumably 6) was determined. After 5 precipitations, the specific
viscosity of a 40 mM solution in chloroform had reached a maximum, and attempts to obtain a higher
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specific viscosity by more precipitations were unsuccessful, and led to deterioration instead. The
specific viscosities, and the estimated purity are given in the table below.

purification steps crude  after column after 3 after 4 after 5
product precipitations precipitations  precipitations
a b c c [
specific viscosity low 6.50 10.05 11.14 11.67
estimated purity ¢ 90% 99.6% 99.94% 99.96% 99.98%

@ product after precipitation of reaction mixture in acetone; ® product after precipitation in acetone after
column chromatography; ¢ product after precipitations from hot chlorofom/ethyl! acetate; ¢ estimated
from chain stopper experiments and 'H-NMR.

O-Alkylated isocytosine 5 (2-butylureido-4-dodecyloxy-6-tridecyl-pyrimidine). The
reaction mixture of the synthesis of isocytosine 1 (see chapter 4) was cooled, and diluted with hexane
and water. The white powder was filtered (isocytosine 1), and a fine white powder separated from the
filtrate during filtration. This powder was filtered off, and consisted of a mixture of 1 and 5. Dissolution
in chloroform, and filtration removed insoluble 1. The filtrate was evaporated to dryness, and the white
powder crystallized from hexane, giving analytically pure 5 as white microneedles (2.37 g). 'H-NMR
(CDCl3) &: 5.77 (s, 1H), 5.36 (br, 2H), 3.90 (t, 2H), 2.31 (t, 2H), 1.69 (1, 2H), 1.58(t, 2H), 1.25 (br,
38H), 0.88 (t, 6H). 3C-NMR (CDCl,) &: 166.6, 161.9, 153.7, 100.0, 76.0, 40.4, 36.2, 30.8, 28.6, 28.5—
28.3 (multiple peaks), 27.0, 26.2, 25.9, 21.6, 13.1.

References and Footnotes

1) (a) P.J. Flory, Principles of Polymer Chemistry, Comell University Press, Ithaca, 1953, (b)
P.C. Painter, M.C. Coleman, Fundamentals of Polymer Science, Technomic Publishing
Company, Lancaster, USA, 1994, (c) UW. Gedde, Polymer Physiscs, Chapman and Hall,
London, 1995.

2) (a) C. Hilger, M. Drager, R. Stadler, Macromolecules, 1992, 25, 2498, (b) A. Aggeli, M. Bell,
N. Boden, J.N. Keen, P.F. Knowies, T.C.B. McLeish, M. Pitkeathly, S.E. Radford, Nature,
1997, 386, 259.

3) F.W. Billmeyer Jr, Textbook of Polymer Science, 3rd Edn, Wiley Interscience, New York,
1984,

4) (a) M. Maller, A. Dardin, U. Seidel, V. Balsamo, B. Ivdn, HW. Spiess, R. Stadler,
Macromolecules, 1996, 29, 2577.

5) Reviewed by C.T. Imrie in Trends in Polymer Chemistry, 1995, 3, 22, (b} U Kumar, T. kato,

J.M.J. Fréchet, J. Am. Chem. Soc., 1992, 114, 6630, (c) T. Kato, H. Kihara, T. Uryu, A.
Fujishima, J.M.J. Fréchet, Macromolecules, 1992, 25, 6836, (d) S. Malik, P.K. Dhal, R.A.
Mashelkar, Macromolecules 1995, 28, 2159, (e) T. Kato, N. Hirota, A. Fujishima, J.M.J.
Fréchet, J. Polym Sci., part A: Polym. Chem., 1996, 34, 57.

6) For a discussion of self-organization in biological systems, see: (a) M. Eigen, L. DeMayer,
Naturwissenschaften, 1966, 53, 50, (b) M. Eigen, Naturwissenschaften, 1971, 58, 465. For a
review on the assembly of the tobacco mosaic virus, see: A. Klug, Angew. Chem. Int. Ed.
Engl., 1983, 22, 565.

148



Linear Supramolecular Polymers formed from Quadruple Hydrogen Bonding of Monomers

7

8)

9)

10)
11)
12)
13)

14)
15)

16)

17)

18)
19)

20)

(a) J.-M. Lehn, Angew. Chem. Int. Ed. Engl., 1988, 27, 89, (b) J.-M. Lehn, Angew. Chem. Int.
Ed. Engl., 1990, 29, 1304, (c) C. Fouquey, J.-M. Lehn, A.-M. Levelut, Adv. Mater., 1990, 2,
254, (d) J.-M. Lehn, Makromol. Chem. Makromol. Symp., 1993, 69, 1.

(a) A recent example of a unidirectional polymer chain undergoing scission/recombination,
based on a complex of copper and an organic molecule with oxygen ligands: P. Terech,
Progr. Colloid. Polym. Sci., 1996, 102, 64, (b) P. Terech, V. Schaffhauser, P. Maldivi, J.M.
Guenet, Langmuir, 1993, 8, 2104. This system, however, is rigid and forms a gel.

M. Méller, J. Omeis, E. Mihleisen, in: Reversible Polymeric Gels and Related Systems, Ed.
P.S. Russo, American Chemical Society Symposium series 350, Chapter 7. (American
Chemical Society, Washington DC, 1987).

C.D. Eisenbach, A. Géldel, M. Terskan-Reinold, U.S. Schubert, Makromol. Chem. Phys.
1995, 196, 1077.

(a) C. Alexander, C.P. Jariwala, C.-M. Lee, A.C. Griffin, Macromol. Chem., Macromol. Symp.,
1994, 77, 283, (b) P. Bladon, A.C. Griffin, Macromolecules, 1993, 26, 6604, (c) C.-M. Les,
C.P. Jariwala, A.C. Griffin, Polymer, 1994, 35, 4550, (d) C.B.St. Pourcain, A.C. Giriffin,
Macromolecules, 1995, 28, 4116.-

(a) C.P. Lillya, R.J. Baker, S. Huette, H.H. Winter, Y.-G. Lin, J. Shi, L.C. Dickinson, J. C.W.
Chien, Macromolecules, 1992, 25, 2076, (b) Y. Ducharme, J.D. Wuest, J. Org. Chem. 1988,
53, 5787.

(a) C. Fouquey, J.-M. Lehn, A.-M. Levelut Adv. Mater., 1990, 2, 254 (b) M. Kotera, J.-M.
Lehn, J.-P. Vigneron, J. Chem. Soc. Chem. Commun., 1994, 197.

T. J. Murray, S.C. Zimmerman, J. Am. Chem. Soc., 1992, 114, 4010.

Alkyl substitution is favorable, because these substituents favor the 4[1H]-pyrimidinone
tautomer, which dimerizes more strongly by a DDAA-motif than the DADA motif of the
pyrimidin-4-ol tautomer (see chapter 4). Furthermore, compounds with alkyl substituents
show better solubility.

We have tried to diminish the presence of small amounts of water by drying the isocytosine
thoroughty, using dry solvent, working under an atmosphere of dry nitrogen, and drying the
solution of isocytosine in pyridine by azeotropic distillation with toluene.

For the principles of Electrospray lonization Mass Spectrometry, and its potential and
application as analytical tool, the reader is referred to: R. Saf, C. Mirtl, K. Hummel, Acta
Polymer., 1997, 48, 513.

Dodecyl bromide was still present in the crude keto-ester used.

(a) M.E. Cates, J. Phys. Chem., 1990, 94, 371, (b) M.E. Cates, S.J. Candau, J. Phys.:
Condens. Mater, 1990, 2, 6869, (c) S. J. Candau, A. Khatory, F. Lequeux, F. Kern, J. de
Phys. IV, Colloque C1, Suppl. on J. de Phys. II, 1993, 3, 197, (d) C. Dammer, P. Maldivi, P.
Terech, J.-M. Guenet, Langmuir, 1995, 11, 1500.

For macromolecular polymers, the well-known empirical Kuhn-Mark-Houwink-Sakurada
equation (Tmans = P DP®) holds. The intrinsic viscosity is the limit to zero concentration of N
divided by concentration. Hence, the equation holds for the non-entangled concentration
domain. References for the Kuhn-Mark-Houwink-Sakurada equation: 1a, 1b, and: H.-G.
Elias, An Introduction to Polymer Science, VCH, Weinheim (Germany), 1997, p. 200-213.
These supramolecular polymers, however, have an intrinsic viscosity of zero, and hence the
Mark-Houwink relation does not hold. We therefore tried to fit our data assuming a similar
relation between specific viscosity and the degree of polymerization, and the data fitted well.

149



Chapter 6

21)

22)
23)

24)

25)

150

The same scaling relation was also used by Cates for his model of reversible breakable
polymers.

(a) W. Noll, Chemistry and Technology of Silicones, Academic Press, New York, 1968, ( b)
C. Eaborn, Organosilicon Compounds, Butterworth Sci. Publ., London, 1960, (c) C. Eaborn,
R.W. Bott, in: Organometallic Compounds of the group IV elements, Vol.1, p 105, New York,
1960, (d) F.O. Stark, J.R. Fallender, A.P. Wright, in: Comprehensive organometallic
Chemistry, Ed. Sir G. Wilkinson, Vol. 2, p 305, New York, 1982, (e) E. Lukevics, Russ. Chem.
Chem. Revs., 1977, 46(3), 264, (f) L. Yilgbr, J.E. Mc Grath, Polysiloxane Containing
Copolymers; A survey of Recent Development, 1988, (g) H.R. Kricheldort, Silicon in Polymer
Synthesis, Germany, 1996.

The synthesis of a keto-ester with an alkene endgroup is reported: S.N. Huckin, L. Weiler, J.
Am. Chem. Soc., 1974, 96, 1082.

S.C. Zimmerman, W.-S. Kwan, Angew. Chem. Int. Ed. Engl., 1995, 34, 2404.

(a) R.P. Sijbesma, F.H. Beijer, L. Brunsveld, B.J.B. Folmer, J.H.K.K. Hirschberg, R.F.M.
Lange, JK.L. Lowe, EW. Meijer, Science, 1997, 278, 1601, (b) J.H.K.K. Hirschberg, F.H.
Beijer, R.P. Sijbesma, H.W.A. van Aert, E.W. Meijer, manuscript in preparation.

(a) T. McLeish, Science, 1997, 278, 1577, (b) F. Lequeux, S. Candau in: Theoretical
Challenges in the Dynamics of Complex Fluids, Ed. T. McLeish, Kluwer, Dordrecht (The
Netherlands), 1997.



Chapter 7

Crystal Engineering of Melamine—Uracil
Complexes

Abstract:
Melamine forms crystalline complexes with uracil or thymine derivatives in either a
1:2 or a 1:3 stoichiometry.
In the 1:2 crystalline complexes, as revealed by single crystal X-ray diffraction, two
DAD sites of melamine are complexed by the ADA sites of two uracil molecules, thus forming
a V-shaped wedge. Additional hydrogen bonding between the 1:2 complexes leads to the
formation of herringbone-like infinite chains in the complexes with 1-N-methyl-6-
tridecyluracil 4 and 1-N-methyl-6-hydroxymethyluracil 6. In the 1:3 crystalline complexes,
the three DAD sites of melamine are complexed by the ADA arrays of three uracil molecules,
resulting in a rosette-like structure.
6-Hydroxymethyl substituted uracils, which have functional groups capable of
. additional hydrogen bonding interactions, form cocrystals with melamine in a 1:2 as well as
in a 1:3 ratio. In these cocrystals, infinite hydrogen bonding networks are present. Melamine
and N-propylthymine form exclusively a 1:3 complex, which has a rosette-like structure with
threefold symmetry. Because all potential hydrogen bond donors are involved in the rosette
formation, there are no hydrogen bonding interactions between the 1:3 rosette-like
structures. The exclusive formation of 1:3 complexes of melamine with N-propylthymine has
been rationalized by the fact that the N-1-propyl and the 5-methyl substituents shield one
acceptor site of two potential sites of the carbonyl groups in N-propylthymine.
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7.1 Introduction

~ As early as 1962, it was proposed that 2,4,6-triamino-s-triazine (melamine) and 2,4,6-
trihydroxy-s-triazine (cyanuric acid) form an infinite, two-dimensional lattice upon mixing,
due to hydrogen bonding interactions in two directions (figure 7.1).!
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Figure 7.1: Proposed infinite, two-dimensional lattice formed by melamine and cyanuric acid.

Until now, the proposed structure could not be confirmed due to the impossibility to
obtain crystals of sufficient quality for X-ray analysis.” A crystal structure of the hydrochloric
acid salt of melamine and cyanuric acid has been reported.® Model studies by several groups
have been performed to mimic structures using this hydrogen bonding pattern. Whitesides®
has investigated several complexes using parts of this infinite, two-dimensional melamine—
cyanuric acid lattice. If melamines and cyanuric acid (or barbiturates) were substituted, a
variation of linear tapes, crinkled tapes, and rosettes (= cyclic hexamers) could be obtained. A
variation of the linear tape, as well as a cyclic hexamer, were described by Lehn et al’
Kunitake reported the formation of several helical and tube-like nanostructures from the
complexation of di(alkyl) substituted melamines with a diimide.® Rebek has reported strong
complexation of melamine by a tris-imide acting as a molecular cleft. ’

However, only few complexes containing parent melamine have been reported.
Whitesides® and Mingos® have reported crystal structures of complexes of melamine and
imides. In these complexes, the stoichiometry of melamine, having three DAD arrays, and the
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imide, with its ADA array, is 1:2. As a consequence, one of the three DAD sites of melamine
is not complexed with the ADA array of the imide, and a herringbone-structure is formed.
Ronald Lange showed that 1:1 and 1:2 complexes were formed when melamine was
cocrystallized with succinimide and glutarimide, respectively.!® Recently, Takuda also
reported the formation of a 1:1 complex between melamine and succinimide.!! Despite the
resemblance in the crystal structures of both I:1 complexes between melamine and
succinimide, polymorphism is present.

Ronald Lange showed that it was possible to molecularly dissolve melamine in the
alternating copolymer of styrene and maleimide, up to a 1:3 ratio of melamine and imide
groups.'? A 1:3 rosette-like architecture of three imides around the melamine molecule was
proposed. However, up to our model studies,'® no examples of crystalline 1:3 complexes
with melamine were disclosed, while the C; symmetry of melamine suggests that it should be
possible to obtain a 1:3 complex with a rosette-like structure. With a variety of ADA-units in
the form of uracil derivatives at hand (compounds 1-7, see chapter 2 for their. preparation),
cocrystallization with melamine from water or other polar solvents was attempted in order to
obtain a crystalline 1:3 complex. The complexes were studied by single crystal X-ray

diffraction.
o] o
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7.2 Results
7.2.1 Cocrystallization of melamine with uracils

Cocrystallization experiments were generally performed in water, because this is a
solvent in which melamine is moderately soluble. Furthermore, water is known to be an
excellent solvent for such cocrystallizations, due to hydrophobic effects. When uracils were
too insoluble in water, mixtures of water and ethanol were used.

Attempts to obtain X-ray quality crystalline complexes of melamine with uracils 1-3
were unsuccessful. Cooling of a dilute solution of melamine and uracil 1 in a 1:3 ratio in hot
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water quickly resulted in the precipitation of a fine precipitate. The melamine—uracil ratio of
this precipitate did not have a constant and discrete ratio, indicating precipitation of a mixture
of crystals. The solubility of melamine and 6-alkyluracil 2 in aqueous ethanol differed so
much that only the uracil precipitated. With N-1-methylated uracils 3 and 4, only crystalline
complexes with a 1:2 stoichiometry were formed. The crystals of the melamine complex with
uracil 3 had the appropriate size for X-ray analysis, yet their quality was judged insufficient
because they were bent and twinned. The crystals of the 1:2 complex of melamine and uracil
4 were small and of poor quality, yet good enough to obtain a reasonably well-refined single
X-ray crystal structure.

With the expectation that higher solubility would improve the ¢hance of obtaining
good crystals, melamine was cocrystallized with the water soluble uracils 5 and 6, and large
plate- and needle shaped crystals, respectively, indeed separated slowly. 'H-NMR in DMSO-
ds indicated that both these complexes had a 1:3 stoichiometry. However, upon standing of
the 1:3 crystals in the mother liquor, these crystals gradually redissolved, and, simultaneously,
1:2 complexes crystallized. Although we did not study elaborately the fa‘Tctors that determine
the choice for the formation of 1:2 and 1:3 crystals, the experiments petformed showed a
general trend that the 1:3 complexes formed initially when crystallization experiments were
performed at high concentrations, or with melamine—uracil ratios exceeding 1:3, while 1:2
complexes resulted at low concentrations or with melamine—uracil ratios below 1:3.

In search of a compound that would form 1:3 complexes exclusively, our attention
was turned to the moderately water soluble N-propylthymine 7. Cocrystallization in water of
melamine with 7 in various ratios between 1:1 and 1:5 resulted in the formation of crystalline
complexes with a 1:3 stoichiometry, sometimes accompanied by crystals of melamine. Since
the crystals of the 1:3 complex obtained from water were severely twinned and irregular
(bent) and therefore judged to be unsuitable for X-ray analysis, cocrystallization experiments
in ethanol (96%) were attempted. These experiments were initially frustrated by the
insolubility of the crystals of melamine, and the melamine and N-propylthymine 7 were first
thoroughly grinded together in a mortar in a 1:3 ratio. Now, we were able to obtain a
homogeneous solution in ethanol. Slow cooling of this solution gave crystals of sufficient
quality for X-ray crystal structure determination.

7.2.2° Crystal structures

The crystal structure of the 1:2 complex of melamine and 1-N-methyl-6-tridecyluracil
4 features V-shaped wedges, consisting of one melamine and two uracil molecules. These
wedges form herring-bone like infinite chains by two single hydrogen bonds of the two
remaining melamine N—H donor sites to two remaining uracil carbonyl acceptor sites at C4
(figure 7.2). Because all the available hydrogen bond donor functional groups are involved in
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the formation of the herring-bone structure, one of the melamine ring nitrogen acceptor sites
remains unused. The herring-bone like chains form layers, with two adjacent chains in an
antiparallel fashion. These layers form a plate-like crystal; the chains lie slightly translated
above each other, and are also antiparallel.

Figure 7.2: PLUTON representation of the crystal structure of the 1:2 cocrystal melaminee4,
featuring the herringbone structure formed by an infinite chain of V-shaped wedges of
one melamine and two uracil molecules.

The crystal structure of the initially formed 1:3 complex of melamine and 6-
hydroxymethyluracil 5 could not be determined by single crystal X-ray diffraction, because
the plate-like crystals were too thin. The 1:2 complex of melamine and S, which formed upon
prolonged standing in the mother liquor, appeared to contain also three molecules of crystal
water per unit. In the crystal, melamine and two uracil molecules form a V-shaped wedge,
with two DAD—-ADA hydrogen bonding contacts (figure 7.3a). These wedges form infinite
chains by dimerization of uracil via two hydrogen bonds. The infinite chains are connected
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via hydrogen bonds of the uracil hydroxymethyl to a uracil carbonyl group in another chain,
thus forming a (pleated) plane (figure 7.3b). These pleated planes fit on top of each other, and
the planes are connected via an extensive hydrogen bonding network formed by the
hydroxymethyl groups of the uracil molecules, and three molecules of crystal water (figure
7.3c). These water molecules form hydrogen bonds with the remaining two melamine N—-H
donors and the remaining melamine ring nitrogen atom, and with a uracil carbonyl at C4 of
one of two uracil molecules.

Figure 7.3a: PLUTON representation of the crystal structure of the 1:2 cocrystal melamines5,
featuring a V-shaped wedge formed by one melamine molecule and two molecules of
uracil 5.

Figure 7.3b: PLUTON representation of the crystal structure of the 1:2 cocrystal melamines5,
featuring formation of a pleated plane by uracil dimerization and interaction between the
chains. The three molecules of crystal water have been omitted for clarity.
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Figure 7.3¢c: PLUTON representation of the crystal structure of the 1:2 cocrystal melamines5. View
in the direction of the infinite chains, showing stacking of the complexes. An extensive
network of hydrogen bonds of hydroxymethyl groups with three molecules of crystal
water is present in the lattice.

The 1:2 complex of melamine and 1-N-methyl-6-hydroxymethyluracil features a
herringbone structure of V-shaped wedges of melamine and two uracil molecules (figure
7.4a), similar as observed in the previously discussed crystal structure of melamine and 1-N-
methyl-6-tridecyluracil. In this crystal structure, the hydroxymethyl groups of other, parallel,
herring-bone like structures form hydrogen bonds to the remaining melamine ring nitrogen
atom acceptor site. This results in a pleated sheet structure (figure 7.4b).

The hydrogen bonds of the hydroxyl group to the melamine ring nitrogen are
significantly longer (D-H~A distance is 3.164 (2) A) than the other hydrogen bonds (D-H~A
distance in the range 2.82-2.97 A), suggesting the former hydrogen bonds are weaker.

Figure 7.4a: PLUTON representation of the crystal structure of the 1:2 cocrystal melamines6,
featuring a herringbone structure formed by an infinite chain of V-shaped wedges of
melamine and two uracil molecules.
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Figure 7.4b: PLUTON representation of the crystal structure of the 1:2 cocrystal melaminee6, with a
view in the direction of the herringbones, showing the connection of the herring bones.

The crystal structure of the 1:3 complex between 1-N-methyl-6-hydroxymethyluracil 6
and melamine features a 1:3 rosette-like architecture (figure 7.5a). The V-wedge fragment
found in the 1:2 cocrystal forms a part of the 1:3 rosette, and hence there is no symmetry in a
1:3 rosette-like structure. These 1:3 rosette-like structures form a pleated plane by connection
via a hydrogen bond from a hydroxymethyl group to a uracil carbonyl acceptor site in one
direction, and via a hydrogen bond between two hydroxymethyl goups of two different 1:3
rosette-like structures in the other direction (figure 7.5b). Alternatingly on top and below of
these 1:3 rosette-like structures in one pleated plane, another 1:3 rosette-like structure is
present with different orientation, connected by two single hydrogen bonds of hydroxymethyl
groups (figure 7.5c). More hydrogen bonds between hydroxymethyl substituents result in a
three-dimensional network.
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Figure 7.5a: PLUTON representation of the crystal structure of the 1:3 cocrystal melamines6,
featuring a rosette-like structure of one melamine and three uracil molecules.

3RO D

Figure 7.5b: PLUTON representation of the crystal structure of the 1:3 cocrystal melaminee6,
featuring a pleated plane structure of rosette-like structures.
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Figure 7.5c: PLUTON representation of the crystal structure of the 1:3 cocrystal melamine«6,
featuring attemating packing on top and below of 1:3 rosette-like structures.

C;-symmetrical and planar rosette-like structures of one melamine and three N-
propylthymine molecules are present in the crystal structure of the 1:3 complex of melamine
and N-propylthymine (figure 7.6a). Since all hydrogen bond donors are involved in the

formation of the 1:3 rosette-like structures, there are no hydrogen bonding interactions
~ between the 1:3 rosette-like structures. Layers are formed by hexagonal. packing in the a,b
plane, around sixfold axes in the c-direction and perpendicular to the layers (figure 7.6b). The
next layer is centered around the 6;-axis, but it is rotated by 60 degrees (figure 7.6¢). In this
way, infinite channels are formed, which are filled with disordered solvent, and the propyl
chains, which are disordered over four positions.
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Figure 7.6a: PLUTON representation of the rosette-like structures with threefold symmetry in the
crystal structure of the 1:3 cocrystal melamines?,

Figure 7.6b: PLUTON representation of the crystal structure of the 1:3 cocrystal melaminee?,
featuring the hexagonal packing of the rosette-like structures in the in the a,b-plane.
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Figure 7.6c: PLUTON representation of the crystal structure of the 1:3 cocrystal melamines7, with a
view perpendicular on the infinite channels.

7.3 Discussion of Complex Stoichiometries

Melamine forms crystalline complexes with various imides in a 1:1, 1:2, as well as a
1:3 stoichiometry. The complex stoichiometry is very dependent on the nature of the imide:

(two different polymorphs of) 1:1 complexes are formed with succinimide,'®!!

a 1:2 complex
is formed with glutarimide,lo with dibromobarbituric acid,8 and with a ADA array of a metal
chelate.” Complexes in a 1:2 as well as a 1:3 stoichiometry result with uracil and thymine
derivatives, indicating the influence of structural variations even within one class of

compounds. No well-defined crystalline complexes with a discrete melamine/uracil ratio are
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formed with uracils 1 and 2, N-1-unsubstituted and without a 6-hydroxymethyl substituent,
while N-1-methylated uracils 3 and 4 give complexes with a 1:2 stoichiometry only. With 6-
hydroxymethyl substituted uracils 5 and 6, both 1:2 as well as 1:3 complexes result. Most
strikingly, melamine forms exclusively 1:3 complexes with N-propylthymine 7. We recently
reported an explanation for this trend in complex stoichiometries.'®

In the complexes, all potential hydrogen bonding donors are involved in the hydrogen
bonding scheme. However, potential acceptor sites are sometimes not involved in the
hydrogen bonding scheme. The discrepancy between potential donor and acceptor sites seems
to drive the complex stoichiometry: the stoichiometry with a minimal discrepancy between
the number of donor and acceptor sites is favored. The availability of the acceptor sites for
hydrogen bonding is strongly influenced by the geometry of the imide, and by substituents.

In the 1:2 complex of melamine with 6-hydroxymethyluracil §, all uracil carbonyls
are involved in hydrogen bonding twice; also the three melamine ring nitrogen acceptor sites
are bonded.”® In the 1:2 complex of melamine with 1-N-methyl-6-tridecyluracil 4 with the
herring-bone structure, one melamine ring nitrogen acceptor site is not involved in hydrogen
bonding, because all potential donors are used in the formation of the herring-bone. Of the
four potential acceptor sites of the uracil carbonyl groups, three sites are involved in hydrogen
bonding: the acceptor site not hydrogen bonded is the one adjacent to the N-1-methyl
substituent. Also in the other 1:2 complexes with a herring-bone like structure, of melamine

1% 5ne of the

and 1-N-methyl-6-hydroxymethyluracil 6, and of melamine and glutarimide,
four potential acceptor sites (of two carbonyl groups) in the imide is not involved in hydrogen
bonding. In the 1:2 complex with uracil 6, this is also the carbonyl group adjacent to the N-1-
methyl substituent. While one melamine acceptor site is not involved in the hydrogen
bonding scheme in the 1:2 complexes of melamine with N-1-methyl-6-tridecyluracil 4 (and
with glutarimidemb), the similar melamine ring nitrogen in the herring-bone like 1:2 complex
of melamine and 1-N-methyl-6-hydroxymethyluracil 6 accepts a hydrogen bond from the
hydroxymethyl substituent of 6, while the hydroxy acceptor site remains unused. The
formation of a hydrogen bond to the melamine acceptor site is in line with the empirical rule
described by Etter," stating that hydrogen bonds are generally formed from the strongest
donor to the strongest acceptor: the melamine ring nitrogen is a much stronger acceptor than
the oxygen of the hydxoxymethyl.15

In the 1:3 complex of melamine with N-propylthymine 7 with the rosette-like
structure, every uracil carbonyl group is involved in hydrogen bonding only once. In the 1:3
structure with 6-hydroxymethyluracil 6, the carbonyl groups of two uracil molecules also
accept only once, while every third uracil molecule in a 1:3 rosette-like structure has three
acceptor sites of two carbonyls used, owing to an additional hydrogen bond from a
hydroxymethyl. From these results, combined with the structures reported by I..ange,m""b the
following guidelines are deduced:
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(i) Complexes with a 1:2 stoichiometry result when one of the potential four carbonyl
acceptor sites of the two carbonyls of the imide is shielded by a substituent, as in N-1
methylated uracils 3 and 4.

(ii) Complexes with a 1:3 stoichiometry are formed when two of four potential carbonyl
acceptor sites of the two carbonyls of the uracil are shielded by adjacent substituents at N-1
and at the 5-position, as in N-propylthymine 7.

(iii) Additional hydrogen bonding interactions in hydroxymethyl substituted uracils S and 6
cause that both the 1:3 stoichiometry and the 1:2 stoichiometry are observed.

7.4 Conclusion

The stoichiometry of supramolecular complexes of melamine and uracils can be tuned
by the accessibility of the carbonyl acceptor sites of the uracil molecules, through introducing
substituents at N-1 and at the 5-position. This result shows that uncovering assembly rules
governing the crystallization of a distinctive group of related complexes is a useful approach
to the design of crystalline solids, and hence represents a distinctive step forward towards
crystal engineering.'®

7.5 Experimental Section

General methods. The synthesis of uracil molecules has been described in chapter 2.
Melamine was recrystallized from water with filtering hot before use in the cocrystallizations.

Cocrystallizations. Unless otherwise stated, cocrystals were obtained by recrystallization
from excess hot water by siow cooling, followed by slow evaporation in air. The crystals of the 1:3
melamine—N-propylthymine complex from ethano! and from water have identical IR spectra.

X-ray single crystal structure analyses. Crystals suitable for X-ray structure determination
were mounted on a Lindemann-glass capillary and transferred to an Enraf-Nonius CAD4-T
diffractometer on rotating anode (MoKo radiation, graphite monochromator, A = 0.71073 A, T = 150
K). Data were corrected for Lorentz-polarization effects and for linear instability in the periodically
measured reference reflections, but not for absorption. The unit-cell parameters were checked for the
presence of higher lattice symmetry.”” Unless otherwise stated, the structures were solved by
automated direct methods (SHELXS-86 '®), and refined on F? by full-matrix least:squares techniques
(SHELXL-93 *%). No observance criterion was applied during refinement. All hydrogen atoms were-
located on different Fourier maps; their coordinates were included as parameters in the refinement. All
non-hydrogen atoms were refined with anisotropic thermal parameters. Hydrogen atoms were refined
with a fixed isotropic thermal! parameter related to the value of the equivalent isotropic displacement
parameter of their carrier atoms.

Crystal data for 1:2 complex melaminee4: C;HgN3e2 Cy5H3N,O5: M, = 743.05, colourless,
plate-shaped crystal (0.01 x 0.1 x 0.3 mm), monoclinic, space group C2/c (no. 15)‘with a=23.843 (7),
b = 8.4059 (16), ¢ = 20.874(3) A, o= 90, B = 94.038(18), y=90°, V = 4173.3 (16) A%, Z= 4, D, = 1.183
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g.cm"’. F(000) = 1624, w(Mo Ka) = 0.8 cm™. 4494 Reflections measured, 2722 independent
reflections, Ry = 0.149, (1.0° < 6 < 25.0°), and 239 parameters. Data collected on an Enraf-Nonius
FAST area detector on rotating anode, T = 100K. The structure was solved with SHELXS-86, and
refined using SHELXL-97. Hydrogen atoms were included in the refinement on calculated positions
riding on their carrier atoms. Part of the 6-alkyl chain of 1-N-methyl-6-tridecyluracil is disordered over
two positions. Final wR2 = 0.1716, w = 1/[c%(F?) + (0.0010P)? + 20P + 5000], R1 = 0.0983 (for 1060 | >
26(1)), $=1.197, 042 <Ap <0.44 e A~,

Crystal data for 1:2 complex melaminee5: C;HgN3e2 Cs;HgN,O3e3 H,O: M, = 464.40,
colourless, needle-shaped crystal (0.01 x 0.1 x 0.7 mm), monoclinic, space group P2,/c (no. 14) with a
=7.2903 (16), b = 21.948 (13), ¢ = 12.148(7) A, = =90, p = 98.46(3), y=90°, V = 1922.6 (17) A%, Z =
4, D = 1.6044(14) g.cm™, F(000) = 976, p(Mo Ko) = 1.4 cm™'. 16893 Reflections measured, 3393
independent reflections, Ry = 0.0684, (0.93° < 6 < 25.0°), and 303 parameters. The structure was
solved by SHELXS-86, and refined using SHELXL-96. Hydrogen atoms were included on calculated
positions. Final wR2 = 0.2187, w = 1/[c*(F?) + (0.06P)?], R1 = 0.0815 (for 1221 | > 25(l)), S = 0.942, -
0.34<Ap<0.360A° _

Crystal data for 1:2 complex melaminee6: C3HgNge2 CsHgN.O3, M, = 438.40, colourless,
plate-shaped crystal (0.1 x 0.2 x 0.5 mm), monoclinic, space group C2 (no. 5) with a = 15.8345 (10), b
= 8.0746 (7), ¢ = 7.2945(14) A, o = 90, P = 101.644(11), y= 90°, V = 913.5 (2) A%, Z= 2, D, = 1.5938
(3) g.cm™, F(000) = 460, u(Mo Ka) = 1.3 cm™', 2434 Reflections measured, 1131 independent
reflections, Ry = 0.0684, (2.63° < 8 < 27.5°), and 175 parameters. Positional parameters of the
hydrogen atoms were refined. Final wR2 =0.0847, w = 1/[c*(F?) + (0.0568P)* + 0.09P], R1 = 0.0345
{for 111215 26(1)), S = 1.033, -0.31 <Ap <0.32 e A,

Crystal data for 1:3 complex melamine6: C;HgNge3 CgHgNO3, M, = 594.55, colourless,
plate-shaped crystal (0.15 x 0.50 x 0.55 mm), monoclinic, space group P2,/c (no. 14) with a = 9.5342
(6), b=22.6908 (12), ¢ = 12.3059(9) A, o = 90, P = 106.666(7), Y= 90°, V =2550.4 (3) A®, Z=4,D. =
1.5484 (2) g.cm'a, F(000) = 1248, p(Mo Ko) = 1.2 cm™', 7821 Reflections measured, 5827
independent reflections, Riy = 0.0451, (0.9° < 8 < 27.5°), and 462 parameters. Positional parameters
of the hydrogen atoms were refined, except for the hydrogen atoms of methyl group C(12), which were
included in a disorder model. Final wR2 = 0.1543, w = 1/[6°(F?) + (0.0539P)? + 1.46P], R1 = 0.0606
{for 3370 | > 26(l)), S = 1.033, 0.28 < Ap < 0.48 e A2,

Crystal data for 1:3 complex melaminee7: C3HsN;e3 CgHy2N,O,, M, = 1261.41, colourless,
block-shaped crystal (0.1 x 0.2 x 0.5 mm), hexagonal, space group P6ym (no. 176) with a =
17.212(2), b = 17.212(2), ¢ = 6.3697(5) A, ¢ = 90, B =90, y=60°, V= 16342 (3) A%, Z=2, D, =
1.282(2) g.cm™, F(000) = 672, p(Mo Ko = 1.0 cm™. All data are given without disordered solvent
contribution (vide infra). 4825 Reflections measured, 1366 independent reflections, Riy = 0.14, (1.37°
<0 <27.5°, T =100 K, and 113 parameters. The N-propyl moiety is disordered over four positions,
two of which are generated by the space group symmetry. The occupancy ratio of the two unique
conformations was included as a parameter in the refinement. The unit cell cointains a channel
paraliel to the c-axis and passing through the origin, filled with disordered solvent (probably water).
This density was modeled by introducing two partially occupied oxygen sites in the channel. Hydrogen
atoms were included on a difference Fourier map, and subsequently included in the refinement. All
non-hydrogen atoms were refined with anisotropic thermal parameters, except for the carbon atoms in
the disordered propyl chain. Hydrogen atoms were refined with a fixed isotropic thermal parameter
related to the value of the equivalent isotropic displacement parameter of their carrier atoms by a
factor of 1.5 for the methyl, disordered methylene, and amine hydrogen atoms, and by a factor 1.2 for
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the other hydrogen atoms. Final wR2 = 0.179, w = 1/[0*(F?) + (0.0483P)° + 1.81P], R1 = 0.065 (for 690
I>26(1), S=1.07,-0.26 <Ap <028 e A,

References and Footnotes

1)
2)

3)
4)

5)

6)

8)

9)

10)

11)

12)

13)

14)

15)

16)

17)
18)

19)

166

G. Ostragorich, R. Bacaloglu, Tmisoara. Studii Cercetari Stiint. Chim., 1962, 9, 273, (b) A.lL
Finkel'shtein, O.S. Rukevich, Zh. Prikl. Speckirosk., 1983, 38, 327.

J.A. Zerkowski, J.C. MacDonald, C.T. Seto, D.A. Wierda, G.M. Whitesides, J. Am. Chem.
Soc., 1994, 116, 2382.

Y. Wang, B. Wei, Q. Wang, J. Crystallogr. Spactrosc. Res., 1990, 20, 79.

For a review see: G.M. Whitesides, E.E. Simanek, J.P Mathias, C.T. Seto, D.N. Chin, M.
Mammen, D.M. Gordon, Acc. Chem. Res., 1995, 28, 37.

(a) J.-M. Lehn, M. Mascal, A. DeCian, J. Fischer, J. Chem. Soc., Chem. Comm. 1990, 479. (b)
J.-M. Lehn, M. Mascal, A. DeCian, J. Fischer, J. Chem. Soc., Chem. Comm, 19982, 461.

(a) N. Kimizuka, T. Kawasaki, K. Hirata, T. Kunitake, J. Am. Chem. Soc., 1995, 117, 6360, (b)
N. Kimizuka, S. Fujikawa, H. Kuwahara, T. Kunitake, A. Marsh, J.-M. Lehn., J. Chem. Soc.,
Chem. Comm., 1995, 2103.

J. Rebek Jr., Pure & Appl. Chem., 1989, 61, 2103.

Crystal structure of melamine with two molecules of dibromobarbituric acid: J.A. Zerkowski,
J.C. MacDonald, G.M. Whitesides, Chem. Mat., 1994, 6, 1250.

A.D. Burrows, C.-W. Chan, M.M. Chowdhry, J.E. McGrady, D.M.P. Mingos, Chem. Soc. Rev.,
1995, 329.

(a) R.F.M. Lange, PhD. Thesis, Eindhoven University of Technology, 1997, (b) R.F.M. Lange,
F.H. Beijer, R.P. Sijpesma, R.W.W. Hooft, H. Kocijman, A.L. Spek, J. Kroon, EW. Meijer,
Angew. Chem. Int. Ed. Engl., 1897, 36, 969.

H. Tukada, Y. Mazaki, Chem. Lett., 1997, 441.

(a) R.F.M. Lange, E.W. Meijer, Macromolecules, 1995, 28, 782, (b) R.F.M. Lange, E.W.
Meijer, Macromol. Symp, 1996, 102, 301, (c) reference 10a.

The carbonyl between the two N-H groups (on C2) is involved in the DAD-ADA bonding and
in uracil dimerization, while the carbonyl at C4 is involved in a hydrogen bond with a
hydroxymethyl group, or a water molecule. Also the third melamine ring nitrogen atom is
hydrogen bonded to a water molecule.

M.C. Etter, Acc. Chem. Res., 1990, 23, 120.

(a) G.A. Jeffrey, W. Saenger, Hydrogen Bonding in Biological Structures, Springer Verlag,
Berlin, 1994, (b) G.A. Jeffrey, An Introduction to Hydrogen Bonding, Oxford University Press,
Oxford, 1897.

(a) C.B. Aakerdy, K.R. Seddon, Chem. Soc. Rev., 1993, 397, (b} G.R. Desiraju, Angew.
Chem. Int. Ed. Engl., 1995, 34, 2328.

Spek, A.L. J. Appl. Crystallogr., 1988, 21, 578.

G.M. Sheldrick, SHELXS-86, Program for crystal structure determination, University of
Gottingen, Germany, 1986.

G.M. Sheldrick, SHELXL-93, Program for crystal structure refinement, University of Gdttingen,

~ Germany, 1993,



Samenvatting

Dit proefschrift beschrijft gedetailleerde studies om nieuwe meervoudige
waterstofbrugeenheden te verkrijgen welke sterkte en unidirectionaliteit van binding
combineren met gemak in synthese, evenals enkele supramoleculaire toepassingen hiervan.
Het relatief nieuwe gebied van de supramoleculaire chemie, met zijn principes, doelen en
uitdagingen, wordt omschreven in het inleidende hoofdstuk 1. Door hun unieke combinatie
van sterkte, specificiteit en gerichtheid zijn meervoudige waterstofbruggen een van de
favoriete niet-covalente interacties om zelf-geassembleerde functionele materialen te
verkrijgen. Daarom wordt uitgebreid ingegaan op de principes van waterstofbrugvorming, en
op de factoren die de bindingssterkte van rijen van meervoudige waterstofbruggen bepalen.
Waterstofbrugeenheden die sterkte en gerichtheid combineren met een gemakkelijke synthese
—welke ten grondslag kunnen liggen aan diverse nieuwe supramoleculaire
polymeerarchitecturen— zijn echter sporadisch aanwezig in de supramoleculaire literatuur.

Een poging om sterke complexatie via drievoudige waterstofbruggen te verkrijgen
tussen de (gemakkelijk toegankelijke) combinatie di(acyl)aminotriazine—uracil wordt
beschreven in hoofdstuk 2. Gedetailleerde 'H-NMR en IR studies in chloroform oplossing
zijn gebruikt ter bestudering van het effect van acylering van de aminogroepen in enerzijds
2,4-diaminotriazines en anderzijds 2,6-diaminopyridine op de waterstofbrugvorming. Een
tegengesteld effect op de bindingssterkte van complexen met uracillen treedt op, terwijl
dimerisatieconstanten van di(acylamino)triazines veel hoger zijn dan die van di(acylamino)-
pyridines. Deze twee fenomenen zijn mede het gevolg van verschillende conformationele
voorkeuren van de amides in di(acylamino)jtriazines en di(acylamino)pyridines, zoals
associatieconstanten van complexen in CDCl; in onderstaande figuur aangeven.

Kdim = 37 M-1
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In hoofdstuk 3 wordt de eerder vermelde capaciteit van 2,4-di(acylamino)triazines om
te dimeriseren via viervoudige waterstofbruggen verder uitgewerkt, met het doel de
dimerisatie te versterken. Zoals in onderstaande figuur is weergegeven, is het mogelijk
sterkere dimerisatie via een lineaire DADA rij van waterstofbrugfunctionaliteiten te
verkrijgen door twee afstotende interacties ten gevolge van overbodige carbonylen weg te
nemen, simpel door het gebruiken van mono-geacyleerde diaminotriazine derivaten. Sterkere
dimerisatie wordt bovendien verkregen door pre-organisatie toe te passen middels een
intramoleculaire waterstofbrug, door een amide te vervangen door een (butyl)ureido
substituent.
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Het tweede deel van hoofdstuk 3 laat zien dat dimerisatie via zelf-complementaire
DADA rijen van waterstofbrugfunctionaliteiten ook aanwezig is in geacyleerde derivaten van
2,4-diaminopyrimidine, en dat voor-organisatie door een intramoleculair¢ waterstofbrug ook
in pyrimidine derivaten een substanti€le toename van de stabiliteit van de dimeren teweeg
brengt. Daar de dimerisatieconstanten in pure CDCl; zo groot zijn dat bepaling hiervan
onmogelijk is door de te lage gevoeligheid van 'H-NMR en FT-IR, zijn studies in gemengde
oplosmiddelcombinaties van chloroform en methanol gebruikt om, door middel van
extrapolatie, een schatting te verkrijgen voor de waarde in pure CDCl;. Deze worden
weergegeven in onderstaande figuur.

Kdlim = 890 M-1 Keiim ~ 2 * 106 M-3
Hoofdstuk 4 beschrijft studies naar viervoudige waterstofbrugvorming in 2-ureido-4-

pyrimidinon derivaten, en toont aan dat deze verbindingen exceptioneel sterk kunnen
dimeriseren via voor-georganiseerde DDAA rijen van waterstofbruggen, dit in verbindingen
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Samenvatting

die heel gemakkelijk zijn te synthetiseren. Het complexatiegedrag van deze ureido-
pyrimidinonen is echter gecompliceerd door het optreden van evenwichten tussen drie
mogelijke tautomere vormen. Het 6[ 1H]-pyrimidinon tautomeer wordt waargenomen als de
(meest stabiele) monomere vorm, terwijl dimeren gevormd kunnen worden zowel via DDAA
rijen van het 4[1H]-pyrimidinon tautomeer alswel in een DADA rij van het pyrimidin-4-ol
tautomeer.
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Deze tautomere evenwichten worden beinvloed door begrepen, en dus stuurbare,
substituenteffecten, en zijn afhankelijk van het oplosmiddel en de concentratie. Extrapolatie
van complexe dimerisatieconstanten, waarin een tautomerisatie is inbegrepen, in
CDCl13/DMSO-ds oplosmiddelmengsels geeft aan dat de dimerisatieconstante in pure CDCl,
groter is dan 4.5 x 10° M voor 6-trifluoromethyl-2-butylureido-pyrimidin-4-ol, welke stof
voorkomt als een DADA dimeer van het pyrimidin4-ol tautomeer, en zelfs substantieel
groter dan 10° M™ is voor 6-methyl-2-butylureido-4-pyrimidinon, welke verbinding
voorkomt als een DDAA dimeer van het 4] 1H]-pyrimidinon tautomeer.

Hoofdstuk 5 beschrijft de vorming van vloeibaar kristallijne fasen van schijfvormige
mesogenen, welke gevormd worden door viervoudig waterstofgebrugde dimeren
gefunctionaliseerd met alkoxy staarten. Polarisatie microscopie, differenti€le scanning
calorimetrie, infrarood, en rontgen verstrooiing studies laten zien dat in het algemeen
discotische hexagonale fasen verkregen worden in opmerkelijk brede temperatuurstrajecten.

Hoofdstuk 6 laat zien dat lineaire supramoleculaire polymeren, in welke de bindingen
tussen de monomeren van niet-covalente aard zijn, verkregen worden door twee zelf-
complementaire ureidopyrimidinon eenheden, welke sterk en unidirectioneel dimeriseren via
viervoudige waterstofbruggen, in €én molecuul in te bouwen. Als een gevolg van de sterke,
maar reversibele binding tussen de monomeren laten deze supramoleculaire polymeren een
unieke en niet eerder vertoonde combinatie van eigenschappen zien, die, afhankelijk van de
condities, karakteristieken van zowel organische moleculen als van macromoleculen hebben.

Hoofdstuk 7 beschrijft kristalstructuurontwerp in melamine—uracil complexen. Door
de toegankelijkheid van de carbonyl acceptoren in de uracil moleculen te beinvloeden, dit
door introductie van substituenten op de N-1- en/of op de C-5-positie, kan de vorming van
1:2 visgraatstructuren of 1:3 rozet-achtige architecturen gestuurd worden.
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This thesis describes detailed studies to obtain novel multiple hydrogen bonding units
that combine strong and unidirectional binding with ease of synthesis, as well as some
supramolecular applications thereof. The relatively young field of supramolecular chemistry,
including its principles, aims and challenges, is described in the introductory chapter 1.
Because of their unique combination of strength, specificity and directionality, multiple
hydrogen bonding is one of the most applied non-covalent interactions to obtain self-
assembling functional materials. Hence, the principles of hydrogen bonding, and factors that
determine the strength of multiple hydrogen bonding arrays, are elaborated in detail.
However, multiple hydrogen bonding units that combine strong and unidirectional binding
with ease of synthesis, which could be useful for several new supramolecular polymer
architectures, are only scarcely reported in supramolecular literature.

Chapter 2 describes an attempt to induce strong complexation via triple hydrogen
bonding between the (synthetically easily accessible) combination di(acyl)aminotriazine—
uracil. Detailed "H-NMR and IR investigations in chloroform solution allowed the study of
the effect of acylation of the amino groups of 2,4-diaminotriazines and 2,6-diaminopyridine
on hydrogen bonding. A remarkable, opposite effect of acylation with respect to
complexation with uracils occurs, while the dimerization constants of di(acylamino)triazines
are significantly higher than those of the corresponding di(acylamino)pyridines. These two
phenomena presumably arise from different conformational preferencés of the amides in
di(acylamino)triazines and di(acylamino)pyridines, as the association constants of complexes
given in CDCl; in the figure below indicate.
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In chapter 3, the previously observed capacity of 2,4-di(acylamino)triazines to
dimerize via quadruple hydrogen bonding is elaborated, with the intention to strengten the
tendency for dimerization. As shown in the figure below, stronger dimerization via linear
DADA arrays is achieved by removal of two spectator repulsions, by using mono-acylated
diaminotriazine derivatives. Stronger dimerization is also achieved by pre-organization of the
DADA-array by an intramolecular hydrogen bond, through replacement of the amide group
by a (butyl)ureido group.
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The second part of chapter 3 shows that dimerization via self-complementary DADA
arrays is also present in acylated derivatives of 2,4-diaminopyrimidine, and that pre-
organization by an intramolecular hydrogen bond effects a substantial increase in the stability
of dimers also in pyrimidine derivatives. Since the dimerization constants in pure chloroform
are so large that their determination is hampered by the sensitivity of 'H-NMR and FT-IR
being too low, studies in chloroform/methanol solvent mixtures were performed to get, by
extrapolation, an estimate for the value in pure CDCl; as given in the figure below.

Kdim ~ 2 * 105 M-1

Chapter 4 describes studies of quadruple hydrogen bonding in 2-ureido-4-
pyrimidinone derivatives, and shows that it is possible to obtain exceptionally strong
dimerization via (pre-organized) DDAA arrays of hydrogen bonding groups in compounds
that are readily accessible. The complexation behavior of these ureidopyrimidinones is,
however, complicated by the occurrence of equilibria between three tautomeric forms. The
6[1H]-pyrimidinone tautomer is observed as the (most stable) monomeric form, while dimers
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may be formed via DDAA arrays of the 4[1H]-pyrimidinone tautomer, as well as by DADA
arrays of the pyrimidin-4-ol tautomer.
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These tautomeric equilibria are influenced by understood, and hence steerable,
electronic substituent effects, and are dependent on solvent and concentration. Extrapolation
of complex dimerization constants, which include a tautomerization, in CDCly/DMSO-ds
mixtures indicate that dimerization constants in pure CDCls exceed 4.5 x '10° M™! for 6-
trifluoromethyl-2-butylureido-pyrimidin-4-ol, which dimerises via a DADA array of the
pyrimidin-4-ol tautomer, and even substantially exceed 10° M™" for 6-methyl-2-butylureido-4-
pyrimidinone, which dimerises via a DDAA array of the 4[1H]-pyrimidinone tautomer.

Chapter 5 describes the formation of liquid crystalline phases of disk-like mesogens
formed by quadruply hydrogen bonded dimers functionalized with alkyl chains. Polarization
microscopy, differential scanning calorimetry, and X-ray diffraction studies indicated that, in
general, discotic hexagonal phases are obtained in remarkably broad temperature ranges.

Chapter 6 shows that linear supramolecular polymers, which are bonded non-
covalently, originate from the strong and unidirectional association via quadruple hydrogen
bonding of self-complementary ureidopyrimidinone units in bifunctional compounds. As a
result of the strong, yet reversible, binding between the monomers, these supramolecular
polymers feature, depending on conditions, a unique and unprecedented combination of
properties, reminiscent both of organic molecules and of macromolecules.

Chapter 7 describes crystal engineering in melamine-uracil complexes. By tuning the
carbonyl acceptor accessibility in uracil molecules, through introducing substituents at the N-
1- and/or at the C-5-position, the formation of 1:2 herringbone-like structures. or 1:3 rosette-
like architectures is regulated.
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