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17.1 INTRODUCTION

This chapter summarizes efforts to construct soluble aggregates and crystalline materials utilizing
the noncovalent interactions (principally hydrogen bonds) between derivatives of cyanuric acid
(CA) and melamine (M). The discussion is divided into two parts: soluble aggregates and crystalline
materials. :

Organic chemistry is turning from the synthesis of covalent molecules to the assembly of non-
covalent aggregates. This shift in interest reflects both a high degree of mastery of covalent
synthesis, and realization of the importance of noncovalent interactions. The dissection of natural
systems—exemplified by Mrksich and Dervan’s examination of dsDNA-distamycin derivatives,!
Schreiber’s study of F K-506-FKBP,? and Williams et al.’s inquiries into vancomycin-D-Ala-p-Ala3 ._
—has begun to clarify their structural and thermodynamic foundations. The specificity of these
naturally occurring systems is not matched by design-based efforts of the type pioneered by
Pedersen,* Cram,5 and Lehn.6 These efforts have, nonetheless, produced increasing numbers of
aggregates of different classes.

The design of noncovalent aggregates is now a central challenge for organic chemistry. By

keeping the number of particles and/or the number of different types of noncovalent interactions
to a manageable number, it is beginning to be

17.1.1 Ton Receptors

Aggregates such as Ca2*-ionomycin, and related complexes of alkali and alkaline earth ce_iti‘v ns
with polyether antibiotics, offer a natural paradigm for the recognition of alkali metals.” _Slmllquy,‘
the complexation of Fe''l by siderophiles has suggested structural bases for the selective reco

nition of transition metal ions. Figure 1 shows some representative assemblies that recognize
monoatomic and polyatomic ions. o

17.1.2  Small Molecule Receptors

There are many natural paradigms for these receptor—target assemblies; the recognitio
Ala-p-Ala vancomyecin is one of the best understood, both theoretically and experimentally.
fundamental stimulus for this work is the need to understand the recognition of small molecy
enzymes and receptors.® The recognition of other small molecules, such as barbituric acid, im|
dazole, and molecules of biological interest (inctuding the amino acids and cholesterol) is be
examined by many groups. This interest has, however, broadened to encompass recognitto
nonaqueous solution, and to include classes of aggregates for which there are no d

ecules. The relative ease with which calixarenes, cryptands, and cyclodextrins can b
has led to active communities engaged almost exclusively in their study. o

17.1.3 Molecular “Machines”

~ The work of Stoddart and co-workers (Equation (1)) and Shanzer®® and co- :
(2))°® exemplifies the concept of molecular machines as primitive switches thgt show
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17.1 INTRODUCTION

This chapter summarizes efforts to construct soluble aggregates and crystalline materials utilizing
"the noncovalent interactions (principally hydrogen bonds) between derivatives of cyanuric acid
(CA) and melamine (M). The discussion is divided into two parts: soluble aggregates and crystalline
materials.

Organic chemistry is turning from the synthesis of covalent molecules to the assembly of non-
covalent aggregates. This shift in interest reflects both a high degree of mastery of covalent
* synthesis, and realization of the importance of noncovalent interactions. The dissection of natural
systems—exemplified by Mrksich and Dervan’s examination of dsDNA-distamycin derivatives,! -
Schreiber’s study of FK-506-FKBP,2 and Williams et al.’s inquiries into. vancomycin-D-Ala-p-Ala3 -
—has begun to clarify their structural and thermodynamic foundations. The specificity of these .
naturally occurring systems is not matched by design-based efforts of the type pioneered by :
Pedersen,* Cram,® and Lehn.® These efforts have, nonetheless, produced increasing numbers of .
aggregates of different classes. » _

The design of noncovalent aggregates is now a central challenge for organic chemistry. By
keeping the number of particles and/or the number of different types of noncovalent interactions
to a manageable number, it is beginning to be possible to develop general principles of self-
assembly. While several classes of designed assemblies have been explored, four main classes have
emerged as foci for current interest. ' N

17.1.1 Ion Receptors

Aggregates such as Ca?* -ionomycin, and related complexes of alkali and alkaline earth catio
with polyether antibiotics, offer a natural paradigm for the recognition of alkali metals.” Similarl
the complexation of Fe''! by siderophiles has suggested structural bases for the selective recog- i
nition of transition metal ions. Figure 1 shows some representative assemblies that recognize
monoatomic and polyatomic ions. , .

17.1.2 Small Molecule Receptors

There are many natural paradigms for these receptor—target assemblies; the recognition of
Ala-p-Ala vancomycin is one of the best understood, both theoretically and experimentall 3
fundamental stimulus for this work-is the need to understand the recognition of small molegules;b
enzymes and receptors.® The recognition of other small molecules, such as barbituric acid, If
dazole, and molecules of biological interest (including the amino acids and cholesterol) 1 being
examined by many groups. This interest has, however, broadened to encompass recognl
nonaqueous solution, arid to include classes of aggregates for which there are no preced
nature. Figure 2 shows representative examples of receptors that recognize small organi¢
ecules. The relative ease with which calixarenes, cryptands, and cyclodextrins can be sy
has led to active communities engaged almost exclusively in their study. o

17.1.3 Molecular “Machines”

~ The work of Stoddart and co-workers (Equation (1)) and Shanzer® and co-wOrker,S.-(Eq‘;‘..!
(2))*® exemplifies the concept of molecular machines as primitive switches that show ":0fi:
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Figure 1 Recognition of ions in solution.

“on” states as a functxon of a physxcal stimulus such as redox or pH. Current molecules and
aggregates are molecules that exist in different states under different conditions, but show no
switching function. The gap between structure and useful function in these materials remains large
and the classes of the materials ultimately developed in this area will probably reflect the require-
ments for “utility” as defined by mformatlon and sensor technologies, rather than biological

precedent.
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171.4 Mulfiparticle Aggregates

Many important recognition events involve multiple particles (either connected or independent):
formation of molecular crystals; folding of proteins; assembly of multiprotein structures such as
ribosomes and viral capsids; formation of lipid bilayers and liposomes.'® These large assemblies
can serve as structural elements in materials and catalysts, and as molecular scaffolds that orient
and position functional components. tRNA is one example of a molecular scaffold: holding
recognition and reaction domains at a specific distance in specific orientations is accomplished by
a combination of hydrogen bonding and other interactions present on an oligonucleotide back-
bone. Enzymes provide another sophisticated example in which many recognition and catalytic
elements are positioned by a self-assembled structure. Figure 3 shows examples of synthetic
scaffolds. '

17.2 OUR WORK

Our own efforts in noncovalent synthesis and molecular self-assembly center on the construction
of multiparticle aggregates. We have used derivatives of CA and M to investigate self-assembly
both in solution and the solid state. (We refer to any derivative of isocyanuric acid or barbituric
acid as CA.) The system offers, as one of its asséts, a strong conceptual complementarity between
soluble aggregates and crystalline solids. While the majority of this chapter is dedicated to the
description of soluble aggregates, efforts in the solid state have suggested important concepts—
; especially those based on steric constraints to shape (peripheral crowding)—that are also directly
?,q: : applicable in soluble assemblies. ‘
(o]

17.3 CA*M

OH L The CA-M lattice is shown in Figure 4. We have identified three different motifs that are useful
as scaffolds for the construction of soluble aggregates and crystalline materials: the rosette, and the
linear and crinkled tapes. The construction of soluble scaffolds requires a simple, soluble, and
-discrete system: our efforts focus on the rosette. The study of crystalline materials benefits by

w e
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Stoddart ' Kunitake Lehn Seeman (DNA)

Figure 3 'Scaffolds based on noncovalent interactions.
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reducing the dimensionality of the problem: learning the rules governing the alignment of quasi-
one-dimensional tapes in the solid state should be easier than understanding the packing of “zero-
dimensional” molecules with no constraints on their orientation. The solubility of extended tape
structures is low and they are, for that reason, good choices for work with solids, but poor choices
for soluble systems.

Y Isocyanuric Acid

Melamine

Figure 4 The lattice of isocyanuric acid and melamine. Three motifs are highlighted: two extended tape
motifs and the discrete rosette. We represent melamines as darkened disks and isocyanuric acids as whit

In addition to affording motifs for the design and construction of soluble aggregates or cry
talline solids, CA-M offers additional advantages: the relatively high stability reflects the networ
of hydrogen bonds between molecules of CA and M; the ease of characterization due to the
metries of the individual molecules and resulting assemblies; the straightforward synthe

- derivatives of CA and M. We comment on each of these advantages separately.

17.3.1 Hydrogen Bonds

The assembly of an aggregate in solution requires that the enthalpic gain resulting from
formation of new bonds exceeds the entropic costs of bringing molecules together. The enthalp,
aggregation can be influenced in two ways: by increasing the strength of the interaction (v
Waals forces < hydrogen bonds < metal chelates < covalent bonds), and by increas



~ nt of quasi-
1g of “zero-
tended tape
-1 oor choices

2nded tape
ds as white

tes or crys
e network
to the sym
synthesis 0

reasing

Q
=

~~
<
[
=3

Cyanuric Acid and Melamine 601

number of bonds being formed. The assembly of a multiparticle aggregate must occur revérsibly if
it is to lead to a structurally well-defined system. The importance of reversibility stems from the
fact that irreversible association of components in solution will usually result in a number of dif-
ferent aggregates, and kinetic assembly will not normally cleanly generate the most thermo-
dynamically stable aggregate. For the target (equilibrium) structure to form, the components of
the assembly must be able to reorganize repeatedly and with small expense in energy: if the
enthalpy of the interactions is too high, the favored product can be made kinetically inaccessible.

We (and many others) choose to use hydrogen bonds for our studies of noncovalent assembly.
Each hydrogen bond in a structure based on the CA-M lattice contributes 4.186~-12.56 kJ mol-!
to the enthalpy of aggregation in chloroform solution. This value is comparable to
RT = 2.51kJmol™! at 300 K, and equilibrium among aggregates is usually rapid. Although this
value is relatively small compared to charge~charge interactions in nonpolar solvents, and to some
metal-chelate interactions, the total enthalpy of aggregation can be “tuned” by increasing or
decreasing the total number of hydrogen bonds. Hydrogen bonds offer additional advantages:
they involve distinct donor and acceptor groups, and they are directional: they thus offer more
possibility for structural design than forces that are symmetric and nondirectional.!!

17.3.2 Symmetriés

Molecules of CA and M are effectively C, symmetric with respect to the axis connecting the two
sets of interacting hydrogen bonds. Functionalizing the third edge of a CA usually does not
influence this symmetry. Functionalizing molecules of M can decrease this symmetry: it introduces
a potential for isomerism in some of these aggregates (Figure 5). While this isomerism can com-
plicate structural characterization, it can also provide important information about the rigidity of
the framework that organizes the hydrogen-bonded components. Isomerism due to the linker
groups on M does not change the positions at which CA is recognized, that is, isomerism does not
affect shape, and therefore, probably does not affect function. We discuss isomerism in more detail
in Section 17.5.2.8.
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R! !Izz . ;Ls
L K ;

Figure 5 CA are C, symmetric unless R! is chiral. For M, unless R? = R3, there is no C, symmetry.

17.3.3 Syntﬁeéis

The synthesis of the linker groups used for tethering melamines or cyanuric acids is not difficult;
details are available in the original sources.!? The efficient generation of derivatives of CA and M
is also relatively straightforward, but is sufficiently challenging that it deserves some comment. The
methods used for the “synthesis” of the noncovalent aggregates that form when derivatives of CA

‘and M are mixed also requires description.

Two types of molecules related to CA are used in these studies. Diethylbarbital (and other
derivatives of barbituric acid) come from the condensation product of diethyl dialkylmalonate and

“urea (Equation (3)). Neohexylisocyanuric acid and other N-substituted derivatives of CA are
~-synthesized in two steps from the appropriate amine (Equation (4)). Reaction of an alkylamine

with nitrobiuret yields an isolable intermediate—an alkylbiuret—which is cyclized with a carbonyl
ource such as diethyl carbonate and carbonyl diimidazole. Yields are often high (60%), but

~depend strongly on the amine used. Many derivatives of CA are commercially available.

Cyanuric chloride reacts selectively with amines and generates trisubstituted melamines
Equation (5)). The first equivalent of amine (typically an unreactive aniline derivative) is added at
0°C. After 10 min, a second amine (such as NH3) is added. After stirring at room temperature for
0 min, the final amine (often a reactive alkyl or benzyl amine) is added. Refluxing these reactants
or 8 h yields the trisubstituted melamine in ~80% yield.
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The ease of synthesis of an aggregate from its components depends partially on their solubility
in chloroform: most molecules of CA are only slightly soluble in organic solvents. When both
components are soluble, simply mixing them generates the aggregate. Heating the components at |
reflux in chloroform for ~30s yields aggregates for all but those containing the least soluble
components. In these final'cases (i.e., the bis(rosette) that will be introduced later), approximately
5% methanol is added to the chloroform to increase solubility, and the mixture of components is _
refluxed. The solution is evaporated to dryness. The observation that the resulting powder i
completely soluble in chloroform is an indication that aggregation is occurring.

17.4 - ORGANIZATION OF THIS CHAPTER

For simplicity, we divide this review into two sections—soluble aggregates and crystalline tapes
We discuss similarities between these systems as they arise. '

17.5 SOLUBLE AGGREGATES

We divide our discussion of soluble aggregates (shown pictorially in Figure 6) into four parts
Design describes two strategies for noncovalent synthesis: preorganization and peripheral CI_'OWd
ing. Characterization outlines the methods we employ to assign structure; evaluating isomer1s
discussed in this section. Computation summarizes our initial efforts to rationalize the relativ
stabilities of a series of simple aggregates. Theory sketches our efforts to arrive at a concept
framework and structure-based parameters for comparing stabilities of aggregates, in order t
make it possible to design new structures. ' -

17.5.1 Design

We have applied two strategies to the design of noncovalent assemblies based on the CA
lattice: preorganization and peripheral crowding. Cram’s rule of preorganization qual.ltatl
highlights the entropic aspects of self-assembly.!® The rule states that the assembly occurring W1
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the smallest loss of entropy is most favorable. Preorganization is most efficiently discussed in terms
of the entropies affected: translational, rotational, and conformational. Peripheral crowding
describes a strategy for design that favors one recognition motif over a second by designing
enthalpic costs into the two through steric overlaps. This strategy is related, conceptually, to the
use of the gauche effect in influencing conformational equilibria in covalent organic molecules.

17.5.1.1 The effect of preorganization on the translational entropy (ASians) of assembly
If N particles assemble, the magnitude of AS,,,, is proportional to N-1 (Equation (6)).14

5 V (2nkT\? [ M, \*?
ASlra'l-\' = (N i l) I:ER + R lnj—v (——7;’21) (-"‘-‘Mp ) = (N - ])Clmns (6)
ass

We expect (and observe experimentally) that (1), comprising 6 molecules joined by 18 hydrogen
bonds, will be less stable than (3), comprising 2 molecules joined by 18 hydrogen bonds. Linking
the recognition domains (such as M-in hub(M); and CA in hub(CA); by tethers—and thereby
reducing AS,,.,~—has yielded a series of stable aggregates (Figure 6(a)).

17.5.1.2  The effect of preorganization on rotational entropy (AS,q0)

The entropic cost associated with loss of rotational entropy on assembly, like that of transla-
tional entropy, is proportional to the number of particles (Equation (7)).!4 Reducing the number
of particles will also reduce the magnitude of the entropic cost of aggregation.

AS,e = (N = l)[R 1{% (l’—*’)] = (N=1)Crur ©)

17.5.1.3  The effect of preorganization on conformational entropy (AS ,nr)

Most of our efforts are invested in understanding and minimizing the costs of the reduction of
conformational entropy on assembly. These costs come from requiring freely rotating single bonds
to adopt. a single conformation (or a limited set of conformations) upon aggregation. Ideally, we
want the geometries of the preassembled components to be similar to those adopted in the aggre-
gate. Hub(M);3:3neo-hexyl(CA), (2)—the model system for most of the aggregates generated to
date—incorporates attempts that we envision to lead to preorganization: rigid linking groups;
curved tethering arms. . v

The majority.of bonds in hub(M); are rigid: aromatic rings and amides. By contrast, flex(M);3
contains polymethylene chains linked by esters. We have not quantitatively explored the relative
stabilities of aggregates derived from these compounds; stability correlates qualitatively with
rigidity. We comment on_this correlation further in Section 17.5.3. '

All of the tethered molecules were-designed to place the recognition element in the appropriate
orientation. Much of this positioning is accomplished by the substitution of aromatic groups. We
‘hypothesized that m-phenylenediamine and o-anthranilate of hub(M); might cooperate in forming
a 180° turn that oriented the melamine groups beneath the central core, that is, into a geometry
~ that allows them to form networks of hydrogen bonds with molecules of CA. We believe that the
m-xylenyl linker of hub(MM); (of (5)) offers the same type of preorganization.

17.5.1.4 Peripheral crowding

- Peripheral crowding is a strategy for favoring-a mono- or bis(rosette) (1) or (4) in solution rather
-than a tape by increasing the size of the groups on the periphery (Figure 7). Unfavorable steric
nteractions between these substituents maximize the distance between them; this distance increases
. as the three motifs are ordered: linear tape < crinkled tape < rosette. Tables 1 and 2 show the
. dependence of stability of bis(rosettes) on the size of the peripheral groups.
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~Figure 7 Peripheral crowding describes the preference for the indicated motif based on the size of the

peripheral groups (pg: indicated as blackened disks). When the pg are small, we observe linear tapes in

the solid state. As pg get larger, steric overlap (arrows) between them result in the formation of crinkled
tapes over linear tapes. Rosettes are favored over both tape motifs when the pg become large.

17.5.2 Characterization

‘We assign structures to soluble aggregates based on the summation of inferences from a number
of techniques; no single technique is completely convincing in these systems, and we have not, Wlth
one exception, been able to obtain diffraction-quality crystals for x-ray structure analysis.
Experiments that use NMR spectroscopy to follow the titration of the M component by addition
of CA have established the relative stoichiometries of components; differences in solubgllty
between aggregates and individual molecules of CA and M are a useful indicator of aggreganpn-
Molecular weights can be determined by vapor phase osmometry (VPO), electrospray-ionization
mass spectrometry (ESI-MS), and gel permeation chromatography (GPC). The shape of the GPC




>f the
ses in
inkled

wumber
it, with
lysis. 15
'~ 1dition
' lubility
gation.
ization
2 GPC

Cyanuric Acid and Melamine ' 607

Table 1 Increasing the size of the peripheral groups favors rosette formation. Aggregates which are stable
indefinitely are marked with (++). Unsuccessful formation of an aggregate is indicated with .

NH, NH
By 0 NH, NH,
/“\ )N\ | N N/LN NJ§N
HN”N” O NH HNJ\N/ NH L L
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trace and methanol titrations provide another type of estimate of the stabilities of these
aggregates. The majority of detail about structure (number and symmetries of isomers) comes

* from 'HNMR spectroscopy; "C NMR spectroscopy is also useful.

17.5.2.1 Stoichiometry

Proton-NMR spectroscopy can be used to monitor titration experiments that yield the ratio of

- CA:M. Visual inspection corroborates the result. To a solution of the soluble M component, the

CA component (which is. insoluble by itself) is added. Assembly is cooperative in most cases—
sharp lines (those of the final aggregate) appear superimposed on the broadened spectrum of the

"~ melamine; there.is no spectroscopic evidence for intermediate complexes with different stoichio-

metries. The intensities of the lines increase until some integral stoichiometry is reached (for 2),
lines increase in intensity until three equivalents of CA have been added); beyond this point, CA is

. no longer soluble and a suspension of insoluble material can be observed.

17.5.2.2 The determination of molecular weight: vapor phase osmometry

Molecular weights can be estimated using VPO—a technique based on the difference in vapor
pressures of a pure solvent and solutions containing aggregates. Known amounts of aggregate (or
standard) are dissolved in chloroform and applied in small volumes (300 uL) to a thermistor. Pure
chloroform is applied to a second thermistor. The two thermistors are kept at the same tempera-
ture by passing current through heating elements; the voltage is monitored. This voltage is recor-
ded for a series of concentrations (5100 mM), and the values are extrapolated to infinite dilution.

The results are compared to values obtained using standards of known values of MW. The result

is a number-averaged MW. The value for MW is typically accurate to within only 20% of the

expected value, and depends strongly on the standard used as a reference of MW. Many standards
are used in an effort to check for (and control) the nonidealities of the system. E
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Table 2 Increasing the size of the peripheral groups favors rosette formation. Aggregates which are stable
indefinitely are marked with (++). Aggregates that formed, but were stable in solution for days, are marked
with (+). Unsuccessful formation of an aggregate is indicated with (-).

NH
N .
N S=NH, j\ : 0
H H 0 H /”\ H
R! NH TNTNT N7 a
)\ /‘K 'H\N N/H )\ /K H )I\ H
0] 02 > g N7 N7
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17.5.2.3 The determination of molecular weight: gel permeaiion chromatography

GPC is a size exclusion technique. Solutions of aggregates afe injected onto a column containing
semiporous polystyrene beads having a narrow distribution of pore sizes. Molecules (or aggre-
gates) small enough to diffuse into the stationary liquid in the pores move through the column
more slowly than larger molecules that are sterically excluded from the pores. Figure 8 shows the
. correlation between retention time and molecular weight (which correlates with size). The trend
observed with the aggregates is similar to that seen with soluble polystyrene, although the slopes of
the lines are significantly different. We show two dashed lines on the graph corresponding to
aggregates comprising one and two rosettes. While the difference between these lines suggest that it
may ultimately, with greater understanding of GPC, be possible to distinguish between these and
other structural motifs for CA-M-based aggregates based on their shape, it is not currently pos-
sible to draw conclusions (based on the limited numbers of aggregates explored) beyond molecular
weight. Even in this limited sphere, GPC is not useful in estimating molecular weight unless com-
pounds that are structurally closely related are being compared. We use GPC primarily to estimate
" relative stabilities of aggregates (see below), rather than their molecular weights. '

17.5.2.4  The determination of molecular weight: electrospray ionization mass spectrometry

Molecular ions corresponding to the assembled aggregates associated with one or more .
equivalents of CI- have been recorded using ESI-MS for many of our more stable aggregates.
Tonization is accomplished from solutions of the aggregate in chloroform containing Ph,P*Cl™as
a soluble source of CI".!6 In general, the values of MW obtained from ESI-MS are those expGCted
for the hypothesized structure. ' i
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Figure 8 The retention time from gel permeation chromatograms of (2)—(9) correlate with molecular weight.
The dotted lines organize similar classes of aggregates: those comprising single rosettes (solid dot) are
distributed around the lower line; aggregates comprising two rosettes (ringed dot) are distributed
around the higher line. Aggregate (9) (with three rosettes) is shown with a double-ring dot. Both lines
appear to have similar slopes, suggesting a similar shape-dependent behavior.

e ' Table 3 compares.fhe MW determined by a variety of techniques. While ESI-MS is by far the
 — most accurate, GPC and VPO still offer interesting and useful information about stabilities and
nonideal behaviors.
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ows the
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17.5.2.5 Relative stability: methanol titrations

One of the.aggregates based on CA-M (1) must be at concentrations above 4 mM to be observ-
able by NMR spectroscopy—at concentrations below 4mM, the NMR spectrum appears as a
superposition of the spectra of the individual components. The remaining aggregates exhibit
concentration-independent stability: they are observable by NMR spectroscopy up to dilutions
(< 0.05mM) at which covalent molecules are not observed. The relative stability of these aggre-
gates can be 'determined by measuring the lifetime of the aggregate in solutions containing

sse and methanol-d,.!” The most stable aggregate slowly dissociates over 3d in 20% methanol (viv): ~5M
ly pos- CD30D in '10M ‘CDCl;. The remaining aggregates can be ordered by their lifetime in solutions
lecular containing 5% or 10% methanol in chloroform. The results of this ranking are shown in Table 4
35 com- and will be discussed in greater detail later.

stimate

17.5.2.6 Relative stézbility: analysis of the GPC trace

The extent of tailing of the GPC trace yields information about the stability of the aggregate.
. We consider any aggregate that elutes from the column to be stable; aggregates that dissociate and
" m;)erse ' " precipitate on the column are unstable. Figure 9 shows the GPC traces of representative aggre-
- (g:?_ a s gates. Of the aggregates that elute, we believe that the extent of tailing of the GPC trace correlates
' ected with the stability of the aggregate: more stable aggregates elute as sharp peaks; less stable aggre-
- pecte gates tail. Tailing results when the partial dissociation of CA molecules provides a soluble aggre-
gate of slightly different shape and mass than the original aggregate (and often, a longer elution
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Table 3 Calculated and experimental molecular weights for a series of aggregates.

Aggregate Calculated ESI-MS VPO

m 1724.2 ) a 1700

(2a) 2732.7 | : 27327 : 3200
(2b) 1961.2 3922.6 4000
A3) 4100.6 4100.2 6500
@)  36ss a 3700
) ' 41426 4142.6 4200
©) 4196.4 4196.1 4500
0] 5519.5 5519.1 ‘ 5400 .

&) , 6440.6 - 6433.8 6500

2Molecular ions were not observed for these aggregates.. PNo molecular ion corrésponding to the hypothesized structure was observed, only
an ion corresponding to the dimer.

time). If the dissociation of components yields insoluble by-products (dissociation triggers com-
plete and irreversible dissociation and precipitation of all components onto the matrix), the eluting
peak may appear uncharacteristically sharp. The unexpected sharpness of (4) may result from this
situation: both components are insoluble in chloroform, unless organized into a bis(rosette).

17.5.2.7 'H and '3C NMR spectroscopies

NMR spectroscopies have yielded the majority of structural information about these aggre-
gates. The 'H and '>CNMR spectra of unassociated components—especially the polymelamines
—show very broad peaks due to nonspecific aggregation. Few lines are visible in the '*CNMR
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Table4 Aggregates (1)-(9) are arranged in order of decreasing stability based on the percentage of methanol
 —— at which the aggregate survives. HB.is the number of hydrogen bonds. N is the number of particles.
VPO »
Percentage HBJ(N-1) HB N
N,
1700
20(3) i8 18 2
3200
: 20 12 36 4
4000
6500 )
: 20 ’ 9 36 5
3700
10 9 6 5
4200
5 6 18 4
4500 Stability
increases .
5 6 36 7
5400
5 6 54 10
6500
<5 4 18 6
«rved, only
<5 45 36 6
-5 com- : '
eluting
om this 0 3.8 18 6
3).
| Spectra. Upon formation of the aggregate, sharp lines appear (Figure 10) in thq 'HNMR spec-
- aggre- trum. Lines due to the N—H protons of the CA groups also appear at §16-13; this spectral region
lamines contains no other signals, and the pattern of lines for the N—H protons are highly diagnostic for
ZNMR the number of aggregates present in solution, and the symmetries of these aggregates. '
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Figure 9 GPC traces for selected aggregates arranged in order of increasing stability of the aggregate.

17.5.2.8 Isomensm

As aggregates get larger conformational isomers become more important. The NMR spectra
also become increasingly complex, and the §10-0 region-almost impossible to interpret. While we
envisage (and observe) only two isomers of hub(M);:3CA, a structure based on a monorosette,
structures based on bis(rosettes), such as hub(MM);-6CA, can exist as 16 isomers. Understandmg
these 'THNMR spectra and correlating their characteristics with conformational isomers of the
rosettes provides a powerful method for analyzing the structures of these aggregates.

The region of the 'H NMR spectrum at 81613 is diagnostic for the number of isomers, and
symmetries of the isomers of hub(M);-3CA.1® The hydrogen-bonded imide (N—H- - -O) groups
appear in this region. The symmetric isomer shows two lines as a result of the unsymmetric sub-
stitution of the adjacent melamine group. The asymmetric isomer shows six lines (Figure 11).
Ratios of isomers depend on the structure of the CA used, but are not significantly influenced by
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Figure 10 The 'N NMR spectrum of (a) hub(M);-3CA and (b) hub(M);. The imide region (§16-13) is
uncrowded and diagnostic for the number and symmetries of aggregates present. For a complete assignment
of peaks, see Simanek et al.’8

solvent. The energy barrier to interconversion of these isomers at 328 K is ~ 58.6 kJ mol~!. This
value is similar to the barrier of exchange of CA molecules between different pairs of adjacent

melamine groups.

(a)
(PANS J 2) <
© uﬁ_u__: v
_d bl e
L [ N ] |
4 i | 1 i | i | 1
17 16 15 14 13
8 (ppm)

Figure 11 The imide regions of two aggregates reveals the
spectrum shows two different aggregates. Assignment of (a

number and symmetries of the isomers. Each
) is straightforward—only two isomers exist.

Assignment of (b) is less straightforward—12 isomers can exist.
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More complicated aggregates behave similarly. The aggregate 2 hub(M);-3 bis(CA) shows either
two or five isomers, depending on the derivative of bis(CA) that is used: at least 12 isomers are
theoretically possible for this aggregate. The spectra of (2) and (7) are shown in Figure 11. We do
not currently understand why we observe only two isomers with benz(CA), and at least five with
furan(CA),. The fact that isomers are observed, however, provides additional information for the
assignment of structure.

17.5.3 Computation

Utilizing hub(M);-3CA and related structures, we have explored the use of computational
models!® for determining relative stabilities. Estimating relative entropies and enthalpies for these
structures computationally is not currently practical, because these calculations would require
enormous amounts of time. Ideally, the method for estimating the values of entropy and enthalpy
—or arriving at some stability factor that can be used to compare two aggregates—should be
accessible to members of the experimental community, fast, and general enough to be applied to a
large number of related structures. The role of solvent must be considered in many cases.

17.5.3.1 Starting point for the calculations and minimization strategy

The rosette was constructed by placing three M and three CA rings on a common plane in a
rosette at a distance of 180 pm (measured from the N—H to O of any hydrogen bond donor—
acceptor pair). The spokes were attached to preserve the C3 symmetry observed in the 'HNMR
spectrum. All torsional angles were rotated to preserve this symmetry and to maximize the dis-
tance between the rosette and central hub. Energetically unfavorable interactions were minimized
by a 1000 step conjugate gradient energy-minimizing algorithm. Additional details are available in
the original source.'”® From this starting point, minimizations (described above) could be carried
out for any of the aggregates with a structure shown by (2).

We have explored a surrogate for these values—a value that we refer to as “DP” (distortion
from planarity). To calculate DP, we determine the minimized structures of aggregates built using
valence geometries from QUANTA 3.3 using the CHARMm 22 force field. (The role of solvent in
these calculations is discussed in Section 17.5.3.2) A plane is fit through the rosette portion of the
minimized aggregate so that the sum of squared distances from that plane is minimized. The dis-

- tance of all nonhydrogen atoms of the M and CA groups from the plane is measured and DP is
calculated using Equation (8).

. [(g (Ar,~)2>]|/2 e .

where Ar is the distance of an atom from the plane and N is the number of atoms in the rosette.
Large values of DP correspond to rosettes that are more bowl-shaped; small values of DP correspond
to rosettes that are more planar (Figure 12). The values of DP correlate with experimentally
determined stabilities for hub(M);-3CA > triaz(M);-3CA and Ad(M);-3CA > flex(M);-3CA.: the
larger the value of DP, the lower the stability of the aggregate.

[=S2=——N= =N+ N

Hub(M); 3 CA ' Ad or Triaz(M)'3 CA Flex(M);-3 CA

Stability increases and DP increases

Figure 12 The stability of aggregates (determined experimentally) can be correlated to the computational
parameter, DP, that describes the distortion of the heavy atoms of CA and M from a mean plane. The most
stable aggregate (left) shows the most planar rosette after minimization (small DP). The least stable aggregate

(right) shows the most bowled rosette after minimization (large DP). Both triaz(M); and ad(M); yield
comparable values of DP and are of comparable stability. The bowling of the rosettes is shown crudely:
for a more rigorous diagram, please see the original source (Ref. 19).
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s either ¥ 3 17.5.3.2 ‘T he role of solvent _
1er§ are g i Initial simulations carried out for (2) in vacuum resulted in a structure that was inconsistent
We do i with the "HNMR spectra: symmetry was lost due to strong interactions between the three amides
. ve with a8 of the central hub and portions of the rosette. The aggregate collapsed upon itself, Simulations
for the done in chloroform, with one molecule of chloroform placed within the central cavity of the
£ aggregate (between the rosette and hub portions), resulted in structures more consistent with the
§ i3 'HNMR spectrum-—and more similar to the starting structure than those without solvent. For the
{ timescale of the experiment (80 ps), no significant diffusion of molecules of chloroform away from
R § i the aggregate was observed. Of all the molecules of chloroform in the simulation, four interacted
Fatxonal i most strongly: the caged chloroform and one between each of the three spokes. The trend in value
or these N of DP for an abbreviated (and faster) minimization strategy including only these four chloroform
require molecules showed the same trend in stability. : :
nthalpy 5
ould be ) i
iedtoa R o2
© f ] 17.5.4 Theory
§ iy One goal of this project has been to develop an intuitive sense for the design of aggregates and
: their stabilities. This strategy requires an understanding of the balance between enthalpic gains
. resulting from the formation of hydrogen bonds, and entropic costs from the aggregation of
‘é‘e n a independent particles. Ideally we would like to be able to estimate AG, or a surrogate of it. To
' {gﬁ&r}; accomplish this goal, we require simple estimates of AH and AS.
the dis-
nimized . .
ilable in 17.5.4.1 The mlmber. of hydrogen bonds (HB) is proportional to the enthalpy
carried of aggregation (AH)

. The total enthalpy of assembly can be described as the sum of hydrogen bonds and van der
;itort{on Waals forces (Equation (9): no ionic or charge—charge interactions exist in these aggregates). Since
ttusing recognition occurs in organic solvents, we believe that the contribution of van der Waals interac-
’lYean"ﬁ“ tions to the stability of an aggregate is minimal—that is, organic molecules show little preference
0o (; ¢ for contact with molecules of solvent or molecules of solute. If all the hydrogen bonds have equal
The ‘P“§" energy, or are identical in the aggregates compared (i.e., while the hydrogen bonds of a rosette are
d DP is likely to be different in strength, the contribution of an entire rosette should be constant), the total

enthalpy of aggregation should be proportional to the number of hydrogen bonds (HB).
(8) ' AH = AHus + AHygw =HB - )

rosette. 17.5.4.2 The number of particles is proportional to the entropy of aggregation
Tespond Equations (6) and (7) describe the rotational and translational entropies of aggregation. In both
nentally cases, the total entropy is proportional to (N—1) Estimating the contribution of conformation
‘CA: the entropy is difficult. If the molecules that are being compared have similar connectivities, then this
component can be ignored. While this approximation limits the generality of any subsequent
model, models that rationalize stabilities have emerged.

) AS=(N-1) (10)
& Estimating AG using Equations (9) and (10) yields Equations (11)—(13). This expression is of
A limited use because the constants ¢, and ¢, cannot be easily evaluated and may be system depen-
| dent. If we choose to evaluate these expressions as described by Equation (13), a situation sug-
gesting a melting process is implied: this melting can be examined experimentally by titrations of

!
\

solutions of aggregates with methanol.

itational .
The most AG = AH - TAS (1
| 35%;;’53‘6 AG = ¢HB — ¢, TAS (12)

-rudely: (c2/¢1)T=HB/(N-1) (13)
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While evaluating the constant terms and solving Equation (12) rigorously would be preferred,
HB/(N-1) is qualitatively useful: it seems to correlate with stability. Values for HB/(V 1) are
given in Table 4 for a number of aggregates.

17.6 CRYSTALLINE SOLIDS

Our discussion of crystalline solids based on CA-M is divided into three parts. Section 17.6.1
describes our motivations for this study. Section 17.6.2 introduces our studies of crystalline ma-
terials and discusses representative crystal structures. Section 17.6.3 summarizes the conclusions
we can so far draw from our efforts with this system.

17.6.1 Crystal Engineering

The phrase “crystal engineering” describes both the effort to rationalize the relationship
between the structure of molecules and the structures of the crystals that form from them, and the
attempt to use this information to design molecules that will pack in desired crystal structures. The
strategy that we have adopted-—a strategy that has been used by many others including Etter and
co-workers,2® Leiserowitz and co-workers,?! Taylor and Kennard,?? Jeffrey and Saenger,?® Bishop
and Dance,?? Hsu and Craven,23 and Shimizu et a/2>—is to use directional interactions such as
hydrogen bonds to impose constraints on the packing arrangement.
Many enthalpic constraints have been identified and used successfully: repulsive van der Waals
forces prevent energetically unfavorable close contacts; attractive van der Waals interactions tend
to bring molecules into arrangements that minimize the free volume of the crystal; specific inter-
actions—hydrogen bonds,?* charge—charge,?® dipole-induced dipole,?® and charge transfer?’—
orient molecules in specific arrangements. The magnitude of the enthalpic gain from engineering
. these forces into a crystalline architecture must exceed the entropic costs associated with that
- specific packing arrangement: vibrational motion and conformational freedom of the molecules
- :influences the packing arrangement in unpredictable and nonintuitive ways.

~Although there is some progress both experimentally and theoretically,?® prediction of a crystal
structure based on the structures of' the component molecule(s) is impossible. In an effort to sim-
plify the problem,. there has been a substantial focus on the design and development of specific
architectures based on directional interactions: tapes,? sheets,® and diamondoid?! structures have
been investigated most thoroughly. These motifs limit the range of possible arrangements of the
molecules in space and begin to reduce the dimensionality of the problem—that is, the ability to
predict how two-dimensional sheets stack to form a three-dimensional crystal would represent a
substantial contribution to this field.

Our work has focused on tapes comprising 1:1 cocrystals of CA and M: we have observed-both
linear and crinkled tapes derived from the CA-M lattice. Here we will summarize only the broad
features of this work, and will emphasize information relevant to the idea that the CA-M lattice
can be considered a scaffold for the design in the solid state as well as design in solution. We now
believe that the problem in rationalization posed by this system, although simpler than that for an
arbitrary organic molecule without constraints, is still too complex to be solved at the current state
of the science in this area. The problem of polymorphism attributable (at least in part) to rota-
tional isomers around the N-phenyl bond and the ethyl groups of diethylbarbituric acid is a par-
ticular problem that has proved intractable, although it may be possible to use molecules with
substituents chosen to eliminate the conformational isomerism that results from these groups.

17.6.2 Motifs and Structure

Three motifs can be obtained from the cocrystallization of CA and M: rosettes and linear or
crinkled tapes.3?~5 These motifs arise from different connectivities of CA and M. The pattern of
connectivity is highly dependent on the size of the groups on the periphery: peripheral crowding
is an effective strategy for design in the solid state.

17.6.2.1 Linear tapes: small peripheral groups

The majority of crystalline tapés that we have obtained are linear. When the peripheral groups are
small (Figure 13), linear tapes appear to be favored over crinkled tapes and rosettes, although for no ‘
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.| preferred, i b obvious reason. We have obtained tapes from two related series of molecules: the cocrystalli-
 N-1) are §§ zation of 5,5-diethylbarbituric acid with any of seven N, N'-bis(p-X-phenyl)melamines (X=H,
& F, Cl, Br, I, Me, and CF3) or any of four N,N'-bis(m-X-phenyl)melamines (X=F, I, Me,
g5 and CF3).3 Four additional complexes also form linear tapes (Figure 14).3% These last four
s b were pursued to assess opportunities for secondary interactions (R—I..:NC—R), to observe
: what happened in the absence of peripheral groups, and to determine the propensity of
on 17.6.1 imperfect molecules to form tapes.
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inear or Figure 13 Linear tapes, crinkled tapes, and rosettes are classified based on the structures of the molecules
4t £ comprising them. In all cases, tapes pack with their long axes (the hydrogen-bonded axis) parallel (long edge
‘oer:il't?g of the block). The block diagrams serve to communicate crudely the three-dimensional packing of these tapes.
rowdi

Similar arrangements do not imply polymorphism: the crystal structures are less similar than these diagrams
' imply.

With one exception, all tapes lie with their long axes parallel. The packing of linear tapes shows
no simple trend with the size of the groups on the periphery. Figures 13 and 14 attempt to
represent some of this diversity. Translations in all three dimensions make these structures even
less similar: only one isomorphous pair exists (Br and Cl). Generalizations about the role of

>ups are
hforno
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Figure 14 Linear tapes resulted from the crystallization of the molecules shown. In one instance, the tape
axes did not align parallel.

peripheral groups can be made, but the complexity of these molecules and polymorphism (dis-
cussed later) complicate these issues.

17.6.2.2 Crinkled tapes: medium-sized peripheral groups

When the size of the substituents on the melamines is increased, crinkled tapes are observed: 5,5-
diethylbarbituric acid and N,N'-bis(4-X-phenyl)melamines (X is- CO,-Me) yield crinkled tapes,
while X < CF; yields linear tapes (Figure 13).35 Crinkled tapes are obtained from 1:1 complexes
between N,N'-di(s-butyl)melamine and 5,5-disubstituted barbituric acids (diethyl, dimethyl,
diphenyl, ethyltrifluoroethyl). While the crinkling of one tape may effect the packing of its neigh-
bor, no general trends emerge about the relative structure of these tapes.

17.6.2.3 Rosette: large peripheral groups

If the size of the peripheral group is further increased (as shown in Figure 12), the infinite crinkled
tape structure is replaced by the rosette. We have been able to obtain only one crystal structure of
a rosette: the 1:1 complex of N,N’-bis(4-t-butyl phenyl)melamine and 5,5-diethyl barbital. The
crystal structure is shown in Figure 15.1% '

17.6.3 Implications for Crystal Engineering

‘While the synthetic accessibility to a large number of substituted melamines and barbiturates
makes this system attractive, many issues suggest that CA-M is not the system of choice for these
studies. '

17.6.3.1 Cocrystallization is difficult

The tapes based on cyanuric acid (barbital) and melamine lattices are difficult to crystall.ize-
Growing crystals of the quality and size suitable for single-crystal x-ray diffraction requires
patience, Crystal growth is favored kinetically along the tape axis (in the direction that leads to
new hydrogen-bond formation): crystals obtained are usually needles that are too thin to be use
for single-crystal x-ray diffraction study. :
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Figure 15 The crystal structure of the rosette. Carbon atoms are black. Hydrogen atoms are white. Nitrogen
atoms are striped. Oxygen atoms are hatched.

17.6.3.2 Conformational complexity and polymorphism

The number of ways that molecules of CA and M can arrange their peripheral groups while
maintaining the same tape motif leads to the existence of polymorphs. Orientations of the ethy!
groups of diethylbarbital and free rotation along the N-phenyl bond is probably responsible for
polymorphism in the CA-M system. '

17.6.3.3  The utility of powder diffraction

One of the key concerns in efforts to develop a rational understanding of the organic solid state
is the unpredictable, but substantial, occurrence of polymorphism. The crystal structure obtained
in any single-crystal study could be a true minimum energy structure, or a local minimum, or a
metastable phase formed kinetically under the conditions of a specific crystallization. To survey
for polymorphism, we have relied on x-ray powder diffraction (XPD). XPD performed on pow-
ders of mixtures of CA and M from different solvents (such as acetone, MeCN, THF-CHCl;, and
MeOH) has led us to believe that a majority of the reported structures are minimum energy
structures. Using XPD we were, however, able to determine that the tape from N,N’-bis(P-bromo-
phenyl)melamine does crystallize in two different structures. By comparison of the XPD, patterns
calculated based on the single-crystal coordinates with the experimental XPD patterns from the
powders obtained from different solvents suggest that one of the polymorphs is isomorphous to
the X = Cl complex, the other is. related to the X = Me complex.

177 CONCLUSIONS

CA-M is a useful platform for the construction of soluble aggregates and crystalline materials,

- although its use for exploring the latter is limited by the low solubility of the components, by the

difficulties of cocrystallization, and by the complexities of polymorphism and structural isomer-
ism. The greatest benefit from efforts with this system is the observation that important principles
which emerge from the solid state also seem relevant to solution-based design. The most important
of these is the value of steric effects (peripheral crowding) in excluding structures: if one wishes a
particular structure not to form, it may be possible to exclude it by arranging substituents in a way
that make it sterically unfavorable This strong conceptual complementarity is a strong motivation

- to us, and others,3¢ for pursuing this system.
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Exploration of the CA-M system provides trials of techniques of characterization useful for the
study of noncovalent systems. While these techniques are not new to the community of organic
chemists, their application to this class of compounds has suggested both their strengths and
weaknesses. GPC, VPO, and ESI-MS will undoubtedly prove useful to others in the community.
Additional techniques are being surveyed: analysis of limited regions of the 'H NMR spectra is
proving to be both useful and general.

The most significant contribution of this work to date is the generation of a data set: we have
constructed more than 20 different aggregates based on the rosette. With this data set we can begin
exploring the use of computation and theory for more efficient design. The use of computation to
rationalize stabilities and to aid in design remains in its early stages, although the surrogate for
stability, DP, appears to be general to many of these aggregates based on monorosettes. This set of
data sharpens intuition about the balance between enthalpy and entropy in these systems. A useful
result is rule-of-thumb: increased stability correlates with higher values of HB/(N-1).
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