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Abstract: The self-assembly of hydro-
gen-bonded aggregates (rosettes) in
solvent mixtures of different polarity
has been studied by calorimetry. The
Cs, parameter, the concentration when
50% of the components are incorpo-
rated in the assembly, is used to com-
pare assemblies with different stoichi-
ometry. Cs, for the single rosette
1;:(BuCYA); (1=N,N-di(4-tert-butyl-
phenyl)melamine; BuCYA =n-butyl-

25uM, whereas for double rosettes
2a;(BuCYA)s and 2b;(BuCYA) (2=
calix[4]arene—-dimelamine) it is 0.7 and
7.1uMm, respectively. AG°, AH°, and
TAS® values indicate that the thermo-
dynamics of double rosettes reflect the
independent assembly of two individu-
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al single rosette structures or two ro-
settes reinforced by additional stabiliz-
ing interactions. In more polar solvents
the stability of double rosettes decreas-
es. From the correlation of AG° with
solvent polarity it is predicted that it
should be possible to assemble double
rosettes in methanol or water. The as-
sembly of 2b;(BuCYA); in 100%
MeOH was proven by 'HNMR and
CD spectroscopy.

cyanuric acid) in 1,2-dichloroethane is

Introduction

Because of the weak nature of the hydrogen bond (2-
10 kcalmol ™),V self-assembly in polar solvents has received
little attention. Most self-assembly studies in polar solvents
are carried out by using metal coordination®' or a combi-
nation of hydrogen bonding with other weak noncovalent
interactions, such as cation—m and s stacking, which has
led to molecular capsules stable in polar organic sol-
vents.'>"7l Furthermore, multiple ionic interactions have
been used to obtain stable supramolecular complexes in
polar solvents."™* Polar solvents such as methanol and
water can act as hydrogen-bond donors and acceptors, there-
by competing for hydrogen bonding during assembly forma-
tion. This results in a decrease in stability of the hydrogen-
bonded assemblies.

Whitesides and co-workers predicted qualitatively the sta-
bilities of multiparticle hydrogen-bonded aggregates based
on the numbers of hydrogen bonds and of particles.?! Three
indices, I, Iz and Is/(n—1), were introduced to estimate
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relative stabilities of hydrogen-bonded aggregates based on
a rosette motif. Iy, is directly related to the number of hy-
drogen bonds and the number (n) of particles, and has been
shown to be the most valuable. /5 corresponds to a free
energy of assembly, and assumes an average net enthalpy of
formation of each hydrogen bond in the solvent of inter-
est™ and an average translational and rotational energy. I/
(n—1) corresponds to a free energy of association per parti-
cle. These indices are useful for estimating qualitatively the
relative stability of different aggregates with similar hydro-
gen-bonding patterns, but they identify neither differences
in hydrogen-bond strength within comparable assemblies,
nor differences in stability due to steric strain or electronic
influences induced by substituents present in the assembly.

Here we describe quantitatively the thermodynamics of
the self-assembly of hydrogen-bonded single and double ro-
settes in solvent mixtures of different polarities. We have an-
alyzed the energetic parameters for the formation of single
rosette assemblies as reported by Whitesides and co-workers
in apolar solvents,” and we have compared the data with
those for the larger double rosette.

The single rosette 1;(BuCYA); (Scheme la), assembled
from three N,N-di(4-tert-butylphenyl)melamine (1) mole-
cules and three n-butylcyanuric acid (BuCYA) molecules,
has six DAD-ADA (D =donor, A =acceptor) interactions
with a total of 18 hydrogen bonds formed.

The double rosette motif involves calix[4]arenes diametri-
cally substituted at the upper rim with two functionalized
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processes. ITC is the only tech-
nique able to measure directly
the change in bonding enthalpy
(AH®) for reversible interac-
tions (very high or very low
bonding constants are not di-
rectly accessible by ITC be-
cause of the steepness of the
ITC titration curve or the re-
quirement for high concentra-
tions of the components, re-
spectively). A more indirect
method to determine thermody-
namic parameters is van’t Hoff
analysis.”” This method re-
quires variable-temperature
UV or NMR spectroscopy, with
the approximation of assuming
a zero heat capacity for the re-
action. Besides measurement of
AH®, well-designed ITC experi-
ments allow the calculation of
formation constants K;; there-
fore, appropriate treatment of
ITC data can give a very de-
tailed thermodynamic analysis.

~3 nm

Scheme 1. Structures of melamine 1, 2a-¢, DEB, and BuCYA and self-assembly of a) single rosette
1;-(BuCYA);; b) double rosettes 2a,b;-(DEB/BuCYA),. The magnification shows the DAD-ADA bonding

motif present in the assemblies.

melamine units. Here, the calix[4]arene-dimelamines bear
butyl or Boc-L-lysine methyl ester moieties, which form
well-defined assemblies 2;-(DEB/BuCYA) with two equiva-
lents of 5,5-diethylbarbituric acid (DEB) or n-butylcyanuric
acid (BuCYA). Thus, the double rosette assemblies consist
of three calix[4]arene-dimelamines and six DEBs (or
BuCYAs) with 12 DAD-ADA interactions. Each dimela-
mine forms 12 hydrogen bonds (4xDAD) and each DEB
(or BuCYA) six hydrogen bonds (2x ADA), giving a total
of 36 hydrogen bonds within the assembly.””*’) Double ro-
settes, as studied by 'HNMR spectroscopy and MALDI-
TOF-MS,?*2 are stable in aprotic organic solvents such as
dichloromethane, chloroform, benzene, and toluene even at
10~*m. The high stability of this strong multiple DAD-ADA
system makes it very useful for studying the influence of
more polar solvents on hydrogen bonding. Previously our
group reported association constants of 10> and 10*m~' for
melamine-barbiturate and melamine—cyanurate, respective-
1.l In addition, experiments in which chiral barbiturates in
double rosettes were exchanged with achiral cyanurates®™
demonstrated that double rosettes with cyanurates are more
stable than those with barbiturates. Quantification of the
thermodynamics for self-assembly of double rosettes is
therefore expected to reveal a higher stability for
2;-(BuCYA); than for 2;-(DEB),.

Isothermal titration microcalorimetry (ITC) was used to
determine thermodynamic parameters of these self-assembly
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ITC has found widespread ap-
plicability within supramolec-
ular chemistry, especially in
host-guest recognition,? =¥ but
to the best of our knowledge
there have been no ITC studies
of the assembly of multiple molecules into complex nonco-
valent systems.

Results and Discussion

Synthesis: Melamines 1 and 2a were synthesized following
literature procedures.”**! Compound 2b was synthesized
starting from calix[4]arenebis(chlorotriazine) 2¢ (Sche-
me 1b).?*! Reaction of 2¢ with an excess of Ne-Boc-L-lysine
methyl ester hydrochloride and N,N-diisopropylethylamine
(DIPEA) in THF at 90°C for five days gave 2b in 85%
yield.

Characterization of the corresponding double rosette by
'"H NMR spectroscopy,®>*! confirmed the formation of the
hydrogen-bonded assemblies 1;(DEB); and 2;(BuCYA/
DEB),.

Isothermal titration microcalorimetry: As a typical example,
Figure 1 shows the results of an ITC measurement (298 K)
of the formation of 2a;:(BuCYA), by using 0.050, 0.075, and
0.10mm solutions of BuCYA in 1,2-dichloroethane (1,2-
DCE) in the ITC cell and with 0.25, 0.375, and 0.50mwm 2a
in 1,2-DCE as titrant, respectively.!

The strong heat effects measured when dimelamine 2a
was added to BuCYA clearly indicate that the self-assembly
process is strongly enthalpy-driven. At all concentrations
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Figure 1. a) ITC measurement of the formation of 2a;(BuCYA),; cell:
0.075mm BuCYA, burette: 0.375mm 2a. b) ITC titration curves obtained
for formation of 2a;(BuCYA)q: (m, cell: 0.050mm BuCYA, burette:
0.250mm 2a; A, cell: 0.075mm BuCYA, burette: 0.375mm 2a; e, cell:
0.010mm BuCYA, burette: 0.500mmM 2a.

the ITC measurements indicate a 1:2 ratio for 2a—~BuCYA
complex formation. This is consistent with the formation of
a double rosette, in which three molecules of 2 and six mole-
cules of BUCYA self-assemble. Furthermore, the concentra-
tion dependence of the ITC titration curves in these experi-
ments is typical for high-order self-assembly processes.

To determine values of AG°, AH®, and TAS® from the ob-
served heat effects, the ITC
data have to be fitted to an ap-

propriate bonding model. The (e assemblies in 1,2-DCE.

try) no species other than free melamine, free barbiturate
(or cyanurate), and rosette assemblies in solution 3!

For the equilibrium shown in Scheme 1a, this means that
single rosette assemblies are formed directly from three
melamines and three barbiturates, and that the formation
constant K; [M~°] can be written as in Equation (1).

[1, - BuCYA,]

K, = [APBuCYA] (1)

Analogously, double rosette assemblies are directly
formed from three calix[4]arene dimelamines and six barbi-
turates (or cyanurates), and the formation constant K, [M~?]
can be written as in Equation (2).

2, BuCYA/]
= 2FBuCYAF (2)

To analyze the ITC data obtained, a nonlinear least-
squares minimization protocol was used in a 3:3 and 3:6
complexation model for single and double rosette assem-
blies, respectively. The heat effects, measured at all three
concentrations, observed in the example shown in Figure 1
could be fitted to a 3:6 complexation model using K;=2.7 x
10¥ and AH°=-123 kcalmol™ (AG°=—59 kcalmol™ and
TAS° = —64 kcalmol ™). Consistency in the results of these
calorimetric titrations at all three concentrations clearly in-
dicates that the applied model is valid.

Self-assembly in apolar solvents

Single versus double rosettes: The results obtained after fit-
ting the ITC data to the models described earlier are shown
in Table 1. Because it is not possible to compare the K; [M~]
of single rosettes directly with the K; [M~®] of double ro-

Table 1. Thermodynamic parameters determined by ITC (298 K) for the self-assembly of single and double ro-

process of rosette formation

.. . K AH® Cs AG® TAS®
can be divided into two parts: [kcal ' mol '] [pm] 1 [kcal 'mol™] [kcal ' mol™"]
first, the formation of linear ag- " pucya), (1420310 ° 5045 2541 275402 2345
gregates  between melamines  2a.(DEB), (15+0.6)x10"M*  —110+2 2344 —423+08 —68+3
and barbiturates (or cyanu- 2ay(BuCYA), (2.742.0)x10¥m® —123411 0.740.1 -59.140.5 —64+11
rates), and secondly the cycliza- 2bs(DEB), (3.8+1.0)x10¥m® —68+5 3541 —403+0.2 —28+6
2b;(BuCYA), (1.4£0.8)x10*M™® -96+1 7.1£0.6 —47.9+0.4 —49+1

tion to rosette assemblies. In

general, cyclization of linear ag- [2] See references [40,41].

gregates is concentration-de-

pendent and driven by entropy. For self-assembly processes
the complex or aggregate with the lowest stoichiometry, in
which the hydrogen bonds are used the most efficiently, is
preferred. Furthermore, preorganization of the building
blocks can stimulate the rosette assemblies to cyclize, be-
cause during the formation of the linear aggregates only
minor conformational changes have to be made for cycliza-
tion to rosette assemblies and therefore the entropy change
within the cyclization step is usually minimal. However, as
favorable enthalpy changes due to hydrogen bonding will
occur, cyclization is strongly induced. For the self-assembly
of single and double rosettes, we have observed (with
'HNMR spectroscopy and MALDI-TOF mass spectrome-
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settes,*) we calculated the concentration (Cs,) of assembly
present when 50% of the components are incorporated in
the complex (see Table 1).*! Single rosette 1;(BuCYA),
with C5=25pum is less stable than double rosette
2b;:(BuCYA), (Csp=7.1um), indicating that double rosette
assemblies are stable at lower concentrations. Furthermore,
AH° for 2b;(BuCYA); (—96 kcalmol ™) is about twice that
for 1;(BuCYA); (AH°=—-50 kcalmol™!). This implies that,
in this case, the enthalpy change of double rosette assem-
blies is the sum of the enthalpy change of two single rosettes
(formation of 36 (2x18) hydrogen bonds). In addition, for
the double rosette 2a;(BuCYA), the enthalpy change
(AH°=—123 kcalmol ') is about 2.5 times higher than for

www.chemeurj.org Chem. Eur. J. 2004, 10, 3632 —-3639
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the single rosette 1;:(BuCYA);. In this case, the enthalpy
change for the double rosette assembly is greater than the
sum of those for two single rosettes, which may indicate ad-
ditional complex stabilizing interactions.

For assembly 1;(BuCYA), a TAS® of —22.5kcalmol™
was obtained, whereas for 2a;-(BuCYA) and 2b;(BuCYA)q
TAS® values of —64.0 and —48.5 kcalmol™', respectively,
were calculated. Single and double rosettes are built by as-
sembling six and nine building blocks, respectively, leading
to six and twelve enthalpic contributions for the six and
twelve hydrogen-bonding arrays (DAD-ADA) being
formed, whereas entropically the translational and rotational
energies of only five or eight building blocks are restricted
relative to the starting building block. The lower number of
entropic contributions is clearly a direct consequence of the
cyclization occurring in the assembly formation. When it is
assumed that TAS® is determined merely by gathering of
building blocks, the entropy factor for the association of one
particle with another has to be the same for single and
double rosettes, because each association consists of the
same hydrogen-bonding arrays. For assemblies 1;-(BuCYA);,
2a;(BuCYA),, and 2b;(BuCYA),, values of TAS°=-4.6,
—8.0, and —6.1 kcalmol ™ per additional building block are
calculated, respectively. These data reinforce the hypothesis
that assembly 2b;(BuCYA), is basically a summation of
two single rosette assemblies, where the stability is merely
determined by hydrogen-bond formation and the gathering
of building blocks. The somewhat higher unfavorable en-
tropic contribution for 2b;(BuCYA), can most probably be
attributed to greater restriction of rotational mobility of the
calixarene building blocks linking the two rosette planes
than for the single rosette. Different entropic contributions
per building block are obtained for 1;(BuCYA); and
2a;(BuCYA)s, which have identical hydrogen-bonding
arrays. The somewhat higher enthalpy observed for
2a;(BuCYA), (as mentioned above) is partially counterbal-
anced by higher unfavorable entropic contributions; this is a
commonly observed enthalpy—entropy compensation effect
(see below).

A possible explanation of the greater stability of assembly
2a;(BuCYA), than 2b;(BuCYA), (Cso=0.7um and 7.1 pm,
respectively), and of its higher enthalpy change (Table 1),
was illustrated by molecular modeling. Gas-phase molecular
modeling (Quanta 97, CHARMm 24.0) shows that the two
rosette motifs in 2a;(BuCYA), are stacked on top of each
other with an interatomic separation of 3.2 A at the edges
and 2.8 A in the center of the rosette, whereas for
2b;(BuCYA), the interatomic separation is 3.4 A at the
edges and 3.2 A in the center (Figure 2). Consequently, the
surface arrangement in 2a;(BuCYA)y can lead to better
stacking and/or to hydrogen-bonding interactions between
the two rosette layers. In addition, TAS° will be larger for
2a;(BuCYA), than for 2bs;(BuCYA)s because of restric-
tions in mobility due to formation of the additional interac-
tions. The exact role of the different functionalities remains
unclear, although steric or electronic influences from the
bulkier lysine functionality are conceivable.

Chem. Eur. J. 2004, 10, 3632 —3639 www.chemeurj.org
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1

Figure 2. Gas-phase minimized structures: a) 2a;(BuCYA);; b)
2b;(BuCYA),.

Barbiturates versus cyanurates: Our group™! has previously
reported that the self-assembly of a melamine with a cyanu-
rate (CYA) gives stronger complexes than between mela-
mine and barbiturate (BAR), because of the higher acidity
of the CYA. Association constants of 10> and 10*m™" were
reported for melamine-BAR and melamine-CYA, respec-
tively. Double rosette assemblies contain 12 of these bond-
ing motifs. Therefore, assemblies of 2;:-(BuCYA), are expect-
ed to be more stable than the corresponding assemblies of
2;(DEB),.

Effectively, assemblies 2a;(DEB)s and 2b;(DEB), exhib-
it lower K; values than their BuCYA analogues (Table 1).
The difference in AH° between 2b;(DEB), and
2b;(BuCYA), (AH°=-682 and —96.4 kcalmol™!, respec-
tively) is mainly due to stronger hydrogen bonding provided
by BuCYA. Differences between enthalpy as well as entropy
changes are less pronounced between assemblies
2a;(DEB)s and 2a;(BuCYA)s (AH°=-1102 and
—123.1 kcalmol™'; TAS°=-67.9 and —64.0 kcalmol™, re-
spectively), supporting the hypothesis that the stability of
double rosettes with 2a are not determined only by the for-
mation of 12 DAD-ADA bonding motifs but that additional
stabilizing interactions may contribute.

Effect of solvent polarity on double rosette formation: ITC
measurements with single rosette 1;:(BuCYA); and double
rosettes 2a;(DEB), and 2by(DEB), in MeOH/1,2-DCE
mixtures were not possible. The low stability of these nonco-
valent complexes requires concentrations exceeding the sol-
ubility of the components. However, the high stability of
double rosette assemblies 2a;(BuCYA); and 2b;:(BuCYA)j,
containing the cyanurate derivative, make them perfect can-
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didates for stability studies by ITC. The thermodynamic pa-
rameters associated with formation of double rosette assem-
blies 2a;(BuCYA), and 2b;(BuCYA), in different MeOH/
1,2-DCE solvent mixtures are shown in Table 2.

methanol (and other polar solvents), we used a theoretical

model in which the solvent polarity is correlated with AG°®.

For this purpose we determined the solvent polarity parame-

ter EY for solvent mixtures ranging from 0 to 100 % MeOH
in 1,2-DCE using UV/Vis mea-
surements.+]

Table 2. Thermodynamic parameters determined by ITC (298 K) for the self-assembly of double rosette as-

semblies in different mixtures of 1,2-DCE and MeOH.

A plot of AG° values

from Table2 for assemblies

Assembly MeOH in K; AH° Csy AG® TAS®
12-DCE [%] [m¥ [kcal 'mol™]  [um]® [kcal 'mol™']  [kcal 'mol™'] 2a;(BuCYA), and 2by(BuCYA),

2a,(BuCYA), 0 Q7+£21)x10% —123+11 07401 -59.1+05  —64+11 against these E;' values resulted
10 (97£1.1)x10®  —71+2 3140 —40.9+0.1 3042 in a straight line for both assem-
20 (34£21)x10*  -50+1 8441 —-362+0.1 —14+1 blies (Figure 4), indicating a
50 (5.6£5.0)x10%  —38+1 186+£2  —32440.1 —6£1 linear correlation between AG®

2b,(BuCYA), 0 (14£08)x10*  —96+1 71406 479404  —49+1 d the polaritv of the solvent
10 (1441.0)x107  —60+5 7146 —369+04  —23+5 and the polarty ol the solven
20 (42£3.0)x10*  —46+2 150420 —334+06  —12+1 (mixture). A steeper curve sug-
50 (7.3+£0.6)x 10" 3942 32043 —29.8+0.1 —9+2 gests a more pronounced (nega-

[a] See references [40,41].

Compared with neat 1,2-DCE, the Cj, values in a 1:9 mix-
ture of MeOH/1,2-DCE increased from 0.7 and 7.1 um to 31
and 71 um for 2a;(BuCYA), and 2b;(BuCYA),, respective-
ly (Table 2). A further increase in the percentage of MeOH
in 1,2-DCE led to a less dramatic increase in Cs,. From the
ITC measurements for both assemblies, when the percent-
age of MeOH is increased, a decrease in both enthalpy and
entropy is observed. For the formation of 2a;(BuCYA),
and 2b;(BuCYA), in neat 1,2-DCE, AH° values of —123
and —96.4 kcalmol ™!, respectively, were obtained. When
10% of MeOH was present these values were —70.5 and
—59.8 kcalmol !, respectively. This loss in enthalpy was
partly compensated by a less negative value for TAS® (from
—64.0 to —29.6 kcalmol™' and from —48.6 to —22.9 kcal-
mol ™).

An enthalpy—entropy compensation (EEC) plot reflects
how increasing favourable enthalpy is offset by a change in
entropy or vice versa. When the entropy and enthalpy of
formation for assemblies 2a;(BuCYA)¢ and 2b;(BuCYA),
at different ratios of MeOH in 1,2-DCE are plotted togeth-
er, a straight line is obtained (Figure 3, solid line). Conse-
quently the slope of the EEC plot coincides for both assem-
blies, meaning that the extent of compensation for the de-
crease in enthalpy of formation by lower entropy is identical
for both assemblies. The slope of the EEC plot is 1.46; this
means that the free energy of formation is more sensitive to
changes in enthalpy.*”! A slope greater than unity suggests
that when the percentage of MeOH in the solvent mixture
is increased, eventually the decrease in enthalpy change
cannot be compensated by entropy changes.”! Nevertheless,
for assemblies 2a;(BuCYA), and 2b;(BuCYA) this will
only happen for strongly endothermic AH® values.

Correlation between solvent polarity and AG°: With metha-
nol as solvent, it was not possible to measure any apprecia-
ble heat effect for the formation of double rosettes
2a;(BuCYA),; and 2b;(BuCYA), by ITC, because of the
solubility limitations of dimelamines 2a and 2b and of
BuCYA in this solvent. Therefore, to estimate the thermo-
dynamic data for the formation of double rosettes in pure
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tive) effect on assembly stability

AHY keal mol
100

50

) 20 40 60 80
TASY keal mol-!
0%)

AIZ-I =1.46-TAS - 27.66
R"=0.996

Figure 3. Solid line: enthalpy—entropy compensation (EEC) plot reflect-
ing how increasing favorable enthalpy is offset by a change in entropy
and vice versa. A: 2a;(BuCYA)g; 0: 2b;-(BuCYA),. The percentages of
MeOH in 1,2-DCE are indicated in parentheses. Broken line: behavior
when the enthalpy changes are completely compensated by entropy
changes.

upon an increase of solvent polarity. At EY=0.76 both assem-
blies exhibit the same change in free energy (AG°®=—26.8 kcal
mol ™). Coincidentally, the EY value of MeOH is also 0.76,
implying that assemblies 2a;(BuCYA)y and 2b;(BuCYA)q
exhibit equal stability in pure MeOH (Cs,=0.6 mm).
Correlation of the solvent polarity with AG® provides
AG? values for assemblies 2a;(BuCYA), and 2b;:(BuCYA),
in various solvents. From these values together with the
equation describing the EEC plot, AH° and TAS° can be
calculated for the formation of both assemblies. For both
double rosettes in MeOH, AH°=-24.8kcalmol™! and
TAS°=2.0 kcalmol . These data suggest that, based on sol-
vent polarity, the self-assembly of 2a;(BuCYA)s and
2b;(BuCYA), in methanol is possible. Surprisingly, in meth-
anol this process is still mainly enthalpy-driven, although re-
inforced by entropic effects. Thus in MeOH the positive en-
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0.0 1-1.0 40°C. Although precipitation
-10.0 120 occurred at lower temperatures,
200 ' formation of double rosettes

< 1-3.0 2b;(BuCYA), was observed by
g =00 lao "H NMR spectroscopy
T 400 E (Figure 5). Because of rapid ex-
= 500 150 § change, the '"H NMR spectrum
3 80.0 1-6.0 = does not show the characteristic
- 170 hydrogen-bonded protons®®” of

700 the assembly in [D,Jmethanol.
-80.0 180 However, the signal at 0=5.9
-90.0 1-9.0 belongs to the aromatic proton
-100.0 ' 0.0 (H,) of the calix[4]arene moiety

£y

Figure 4. Effect of solvent polarity on AG® for assemblies 2a;-BuCYA¢ (o) and 2b;-BuCYA; (0). &: AG°=
76.409 EY—84.897 (R*=0.996), 0: AG°=50.503 EY—65.86 (R*=0.980). The percentages of MeOH in 1,2-DCE
are indicated in parentheses. The crossing point of the broken lines corresponds with formation of double ro-

settes in pure methanol.

thalpy of desolvation of solute molecules is not able to over-
ride the negative enthalpy for double rosette formation.

For double rosette formation in water (EY=1.00), AG®
values of —8.5 and —14.7 kcalmol ™' for 2a,(BuCYA), and
2b;(BuCYA)q, respectively, were calculated, indicating that
these two assemblies might also be formed in water. Calcu-
lated Cs, values of 28.7 and 7.8mm for 2a;(BuCYA)y and
2b;(BuCYA), indicate that double rosette 2b;(BuCYA),,
bearing the lysine moiety, exhibits greater stability in water.

Interestingly, calculated AH° and TAS° values for
2a;(BuCYA)s (33.2 and 41.7 kcalmol™!, respectively) and
for 2b,(BuCYA), (13.5 and 28.2 kcalmol™!, respectively),
indicate that the formation of both double rosettes would be
entropically driven in water, in which a positive enthalpy
change is expected to arise from a positive enthalpy of de-
solvation, which overrides the expected negative enthalpy
for double rosette formation. These results indicate that the
solvation abilities of methanol and water are very different,
but that assembly formation is possible, in principle, in both
solvents.[*]

Double rosette formation in MeOH: As mentioned above,
ITC measurements for the formation of double rosettes in
MeOH are not possible. However, the theoretical thermody-
namic profile obtained as described in the preceding section
implies that double rosettes could be formed in this solvent.

To prove experimentally the formation of double rosette
2b;(BuCYA), in MeOH we used 'HNMR and CD spec-
troscopy. These techniques allow the use of more dilute solu-
tions of the building blocks. Moreover, 2b and BuCYA can
be mixed directly in these techniques (ITC requires initially
separate solutions of each component), leading to higher
solubility of the double rosette than of the isolated compo-
nents. Based on the AG® versus EY plot, 97 % formation of
2b;(BuCYA); in [DJmethanol was predicted from the free
energy.

Mixing of dimelamine 2b (3 umol) and BuCYA (30 pmol)
in [D,Jmethanol (1 mL) resulted in clear solutions above
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100 that is only present at this

chemical shift when the assem-
bly is formed. The percentage
of assembly formed was deter-
mined by comparing the inte-
grals of Hy with the Ar—CH,—

w‘#“*
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Figure 5. Part of the "H NMR spectrum of 2b;(BuCYA); in [D,Jmetha-
nol at 300 MHz and 298 K.

Ar of the calix[4]arene moiety. This resulted in about 63 %
formation of 2b;(BuCYA), in [D,]Jmethanol. The lower
double rosette formation observed by '"H NMR spectroscopy
is probably due to some precipitation of the assembly (com-
ponents) at 298 K.

Additionally, formation of double rosette 2b;(BuCYA);
in MeOH was demonstrated by circular dichroism (CD)
spectroscopy. The dimelamine moieties in 2b have chiral
centers owing to the presence of the lysine residues. Subse-
quently, owing to complete induction of supramolecular
chirality, the hydrogen-bonded assembly 2b;(BuCYA),
exists exclusively as a single diastereomer.”"! As a result,
double rosette assemblies exhibit a very strong CD, while
the individual components are hardly CD-active (Figure 6).
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Figure 6. CD spectrum of 2b;:(BuCYA), in methanol (A) and chloroform
(m) at 298 K.

Both the '"H NMR and CD spectra clearly prove that double
rosette 2b;(BuCYA); is formed in pure methanol.

Conclusion

The thermodynamic properties required for the formation
of single and double rosettes were determined by ITC,
which provides a facile and effective approach to measuring
changes in bonding enthalpy and calculating other thermo-
dynamic parameters for self-assembled systems. Depending
on functionalities in the calix[4]arene—dimelamine moieties,
it was found that the thermodynamics for the formation of
double rosette assemblies can be either the sum for the self-
assembly of two single rosette structures or the sum for two
single rosettes reinforced by additional complex stabilizing
interactions. As expected, double rosettes bearing cyanuric
acid derivatives are more stable than the corresponding ro-
settes bearing barbiturate derivatives.

An increase in the solvent polarity decreases AG® and
thereby results in less strong assembly formation. In all 1,2-
DCE/MeOH solvent mixtures the negative effect of desol-
vation on AH° did not override the high favorable enthalpy
of double rosette formation. Formation of double rosettes
remained, therefore, enthalpy-driven.

Correlation of AG® energies with the solvent polarity indi-
cated that it is possible to obtain double rosette assemblies
in methanol and in water. As expected, the simulation
shows that formation of double rosettes in water is entropy-
driven rather then enthalpy-driven. However, to our sur-
prise, double rosette formation in MeOH is still enthalpy-
driven.

"H NMR spectroscopy and CD spectroscopy proved that
hydrogen-bonded double rosettes can be formed in neat
methanol.

Experimental Section

General methods: THF was distilled from Na/benzophenone. All chemi-
cals were reagent grade and used without further purification. NMR
spectra were recorded on a Varian Unity 300 (‘H NMR 300 MHz) spec-
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trometer in [D;]chloroform or [Dmethanol. Residual solvent protons
were used as an internal standard, and chemical shifts are given relative
to trimethylsilane (TMS).

FAB spectra were measured on a Finnigan MAT 90 spectrometer with
m-nitrobenzyl alcohol (NBA) matrix. MALDI-TOF mass spectra were
recorded on a PerSpective Biosystems Voyager-De-RP spectrometer. A
337 nm UV nitrogen laser producing 3 ns pulses was used in the linear
and reflector modes. Elemental analyses were performed on a Carlo
Erba EA1106 instrument. Calorimetric measurements were carried out
in a Microcal VP-ITC microcalorimeter (cell volume 1.4115 mL). For
each experiment the heat effect of 60 injections of 5 pL titrant was mea-
sured. Instrument settings were: injection duration 30 s, spacing 570's,
low feedback at 16.3 pcals™' reference power, temperature 25°C. UV/Vis
measurements were performed on a HP8452A diode array spectropho-
tometer using solvents of spectroscopic grade.

ITC measurements: Hydrogen bonds are less strong in 1,2-DCE than in
CHCI,,*"* because the dipole moment and dielectric constants of
CHCIl; (u=1.1 D, ¢,=4.89) are lower than those for 1,2-DCE (¢=1.8 D,
£,=10.36).1 Nevertheless, to prevent errors incurred by evaporation, the
ITC measurements were performed in 1,2-DCE at 298 K.

ITC measurements for the formation of 1;(BuCYA); in 1,2-DCE were
made in triplicate, with 1mm solutions of melamine 1 in the cell and
10mm BuCYA solutions in the burette. In this case, measurement at dif-
ferent concentrations was not possible, because of solubility problems at
high concentrations of 1 and of BuCYA. Furthermore, at lower concen-
trations no assembly formation was observed. ITC measurements with
2;(DEB/BuCYA), in 1,2-DCE were performed at three different concen-
trations with solutions of DEB or BuCYA in the cell and solutions of di-
melamine 2a or 2b as titrants. The formation of 2a;(BuCYA), and
2b;-(BuCYA), in solvent mixtures containing different percentages of
MeOH in 1,2-DCE was also studied by ITC measurements in triplicate
at MeOH/1,2-DCE ratios of 0, 0.1, 0.2 and 0.5. ITC curves were deter-
mined at two different concentrations depending on the amount of
MeOH present.

UV/Vis measurements: EY values were determined by measuring the ab-
sorbance changes of 2,6-diphenyl-4-(2,4,6-triphenyl-1-pyridino)phenolate
(Reichardt’s dye) upon increasing the percentage of MeOH in the
MeOH/1,2-DCE mixture from 0% to 100%. Stock solutions of Reich-
ardt’s dye (0.12mgmL™") in MeOH and 1,2-DCE were prepared and
mixed to the desired MeOH/1,2-DCE ratios. For each solvent mixture
three UV/Vis measurements were made and a blank was recorded.
Syntheses: The synthesis of 1, 2a and 2c¢ has been reported previous-
Iy 2833

5,17-N,N-Bis{4-amino-6-[2-(6-Ne-Boc-aminohexanoic acid methyl ester)-
amino]-1,3,5-triazin-2-yl}diamino-25,26,27,28-tetrapropoxycalix[4]arene
(2b): Ne-Boc-L-lysine methyl ester hydrochloride (3.0 g, 10.2 mmol) and
DIPEA (2.0 mL, 11.4 mmol) were added to a solution of bis(chlorotria-
zine) 2¢ (1.0 g, 1.14 mmol) in freshly distilled THF (20 mL). This mixture
was stirred at 90°C for five days. The solution was cooled to room tem-
perature. The product was precipitated in water (40 mL), and recrystal-
lized from methanol. Pure dimelamine 2b was obtained in 85% yield
(1.28 g, 0.96 mmol). 'HNMR ([Dg]DMSO): 6=6.3-6.05 (brm, 10H),
4.58-4.40 (brm, 2H), 4.3 and 3.1 (q, AB, YJyy=12.6 Hz, 8H), 3.9 (t,
*Jun=8.0 Hz, 4H), 3.7-3.5 (brm, 10H), 2.96-2.78 (m, 4H), 2.0-1.8 (brm,
8H), 1.75-1.65 (m, 4H), 1.45-1.2 (brm, 26H), 1.07 and 0.87 ppm (t,
Jun=74Hz, 12H). MS (FAB): m/z=1327.9 [M+H*] (caled 1327.7);
elemental analysis calcd (%) for C;)HyuN,,0,,,0.65MeOH: C 62.93, H
7.52, N 14.54; found: C 62.90, H 7.55, N 14.35.
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