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Abstract: The noncovalent synthesis of
enantiomerically pure hydrogen-bonded
assemblies (M)� and (P)�13 ¥ (CA)6 is
described. These dynamic assemblies
are of one single handedness (M or P),
but do not contain any chiral compo-
nents. They are prepared by using the
™chiral memory∫ concept: the induction
of supramolecular chirality is achieved
through initial assembly with chiral
barbiturates, which are subsequently
replaced by achiral cyanurates. This
exchange process occurs quantitatively
and without loss of the M or P handed-

ness of the assemblies. Racemization
studies have been used to determine an
activation energy for racemization of
105.9� 6.4 kJmol�1 and a half-life time
to racemization of 4.5 days in benzene at
18 �C. Kinetic studies have provided
strong evidence that the rate-determin-
ing step in the racemization process is

the dissociation of the first dimelamine
component 1 from the assembly 13 ¥
(CA)6. In addition to this, it was found
that the expelled chiral barbiturate
(RBAR or SBAR) acts as a catalyst in
the racemization process. Blocking the
dissociation process of dimelamines 1
from assembly 13 ¥ (CA)6 by covalent
capture through a ring-closing metathe-
sis (RCM) reaction produces an increase
of more than two orders of magnitude in
the half-life time to racemization.

Keywords: enantioselectivity ¥
hydrogen bonds ¥ noncovalent
interactions ¥ self-assembly ¥
supramolecular chirality

Introduction

Chiral molecules have asymmetric arrangements of atoms and
form structures that are nonsuperimposable mirror images of
each other. Specific mirror images (enantiomers) may be
obtained from enantiomerically pure precursor compounds
either through enantioselective synthesis with a chiral catalyst
or by resolution of racemic mixtures of opposite enantiomers
by means of crystallization or chiral chromatography. Re-
gardless of the methods used, it is crucial that racemization is
sufficiently slow to permit isolation of the enantiomerically
pure compound.

Noncovalent assemblies can similarly adopt chiral supra-
molecular structures when the individual components arrange
themselves in a dissymmetrical fashion.[1±4] Several studies
have shown that supramolecular chirality (M or P) in metal-
coordinated[5, 6] and hydrogen-bonded assemblies,[7, 8] or com-
binations of both,[9, 10] can be induced by means of chiral
centers present at the periphery of the assemblies. In cases in

which the assemblies are held together by relatively strong
interactions, such as metal coordination, methods analogous
to those used to obtain chiral molecules yield enantiomeri-
cally pure noncovalent products.[11±17] However, the resolution
of assemblies formed through weak interactions, such as
hydrogen-bonding, remains challenging, reflecting their lower
stability and significantly higher susceptibility to racemiza-
tion.

In a previous communication we described the designing of
supramolecular structures 13 ¥ (CA)6, held together by the
cooperative action of multiple H-bonds, which provide
sufficient kinetic stability to allow the isolation of the pure
enantiomers (Scheme 1).[18] The assemblies were synthesized
enantioselectively by using the ™chiral memory∫ concept
previously employed for the enantioselective syntheses, both
based on strong ionic interactions, of a porphyrin complex
(Aida et al.[19]) and of a polymeric system (Yashima et al.,[20]).
Very recently, a similar approach was employed by Rebek
et al. for the resolution of H-bonded capsules.[21] In this paper
we give a full experimental account of the enantioselective
synthesis of assemblies (M)� and (P)�13 ¥ (CA)6, including
studies of the different thermodynamic and kinetic character-
istics of barbiturate and cyanurate assemblies. In addition, we
provide a detailed description of the kinetic studies that we
performed to unravel the racemization mechanism. Further-
more, we show that the half-lives of these H-bonded
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assemblies (4.5 days at 20 �C in benzene) can be increased by
two orders of magnitude by covalent capture of the structure
through a ring-closing metathesis (RCM) reaction.

Results and Discussion

Thermodynamic stabilities of double-rosette assemblies com-
prising barbiturates and cyanurates : This paper starts with a
study of the thermodynamic and kinetic stabilities of assem-
blies 13 ¥ (CA)6. These studies provide important information
regarding the isolation of the enantiomerically pure assem-
blies (M)�13 ¥ (CA)6 and (P)�13 ¥ (CA)6.

Previously, we described the formation of a wide variety of
assemblies 13 ¥ (CA)6 upon mixing of dimelamines 1 with
either barbiturates or cyanurates.[22±25] A crucial difference
between assemblies incorporating barbiturates and those
incorporating cyanurates is that cyanurates form much
stronger complexes with melamines than barbiturates do.
This difference in stability is clearly illustrated by comparison
of the association constants for the 1:1 model complexes 2 ¥ 3
and 2 ¥ 4, which (in chloroform) are (1.0� 0.1)� 102��1 and
(1.5� 0.1)� 104��1, respectively.[26] The increased binding
strength of cyanurates relative to barbiturates presumably
results from the presence of the nitrogen atom, which
produces a higher electron density on the carbonyl moieties
and increases the acidity of the NH protons.[27±29] For that
reason, the NH protons of cyanurates in assemblies 13 ¥ (CA)6
resonate at a much lower field (�� 14 ± 16) than barbiturates
do (�� 13 ± 15).

To study the effect of the presence of barbiturates and
cyanurates on the thermodynamic stability of assemblies 13 ¥
(CA)6, THF titration experiments were performed with
assemblies 1a3 ¥ (DEB)6 and 1a3 ¥ (BuCYA)6 in chloroform.
The polar solvent THF competes favorably with H-bond
formation within the assemblies and, consequently, reduces

Scheme 1. Left: assembly 13 ¥ (CA)6 forms quantitatively upon mixing dimelamines 1 and barbiturates/cyanurates CA in a 1:2 ratio in apolar solvents such as
chloroform and toluene. Right: schematic representations of the M�D3 and P�D3 isomers of assembly 13 ¥ (CA)6.
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their thermodynamic stability.[30] The thermodynamic stability
was evaluated in terms of the �50% value, which represents the
percentage of THF at which 50% of the assemblies are
dissociated.[31, 32] The CD intensities of assemblies 1a3 ¥
(DEB)6 and 1a3 ¥ (BuCYA)6 were measured in CHCl3/THF
mixtures varying between 100:0 and 0:100. As reported
previously, CD spectroscopy is a very useful tool for assessing
the thermodynamic stability of these assemblies, since dis-
sociation of the assemblies results in almost complete loss of
the CD activity.[33]

From the resulting plots of relative CD intensity versus the
percentage of THF, �50% values of 11% and 95% were
determined for assemblies 1a3 ¥ (DEB)6 and 1a3 ¥ (BuCYA)6,
respectively (Figure 1). This large difference shows the
enormously increased thermodynamic stability of cyanurate-
based assemblies relative to assemblies that incorporate
barbiturates. Even in pure THF, the CD measurements show
the presence of a significant amount of 1a3 ¥ (BuCYA)6
(40%). This was confirmed by 1H NMR spectroscopic
measurements on the assembly 1a3 ¥ (BuCYA)6 in [D8]THF,
which show the characteristic H-bonded NHBuCYA signals at
�� 14.60 and 14.15 (Figure 2). Comparison of the integrals of
these signals with those of the calix[4]arene CH2-bridge
signals of 1a shows that 30% of 1a3 ¥ (BuCYA)6 is associated,
in good agreement with the CD data.

Kinetic stabilities of barbiturate and cyanurate assemblies :
Despite the fact that double-rosette assemblies 13 ¥ (CA)6 are
thermodynamically stable, the individual components 1 and
CA are continuously in exchange. As will be shown, the
higher binding affinity of cyanurates (in comparison with
barbiturates) to melamines also significantly increases the
kinetic stability of the assemblies.

Figure 1. Relative CD intensities of solutions of assemblies 1a3 ¥ (DEB)6
(�) and 1a3 ¥ (BuCYA)6 (�) in CHCl3/THF plotted against the concen-
tration of THF/vol%. Spectra were recorded at 286 nm at room temper-
ature. The CD intensities were related to the CD intensities of assemblies
1a3 ¥ (DEB)6 and 1a3 ¥ (BuCYA)6 in CHCl3 (1.0m�).

Figure 2. Part of the 1H NMR spectrum of assembly 1a3 ¥ (BuCYA)6 in
[D8]THF.

Exchange rates for dimelamine components 1 from assemblies
13 ¥ (CA)6 : The kinetic stability of dimelamines 1 in assemblies
13 ¥ (DEB)6 can be studied by mixing solutions of homomeric
assemblies 1b3 ¥ (DEB)6 and 1c3 ¥ (DEB)6. The heteromeric
assemblies 1b1c2 ¥ (DEB)6 and 1b21c ¥ (DEB)6 are formed
spontaneously as a result of the interassembly exchange of
dimelamines 1b and 1c (Scheme 2).

This process can be conveniently monitored by 1H NMR
spectroscopy, since the heteromeric assemblies give rise to
separate signals for the NHDEB protons (Figure 3).[34] The

Scheme 2. Mixing of homomeric assemblies 1b3 ¥ (DEB)6 and 1c3 ¥ (DEB)6 results in the formation of heteromeric assemblies 1b1c2 ¥ (DEB)6 and 1b21c ¥
(DEB)6 through exchange of dimelamines 1b and 1c.
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thermodynamic equilibrium has been reached when the ratio
between the assemblies 1bn1c3�n ¥ (DEB)6 (n� 0 ± 3) does not
change further. We have previously reported that, in [D8]tol-
uene, it takes 2.5 hours at room temperature before thermo-
dynamic equilibrium is reached.[35] Two-dimensional NMR
spectroscopic analyses showed that the dimelamine compo-
nents 1a and 1b were distributed nearly statistically over the
four assemblies.[36]

A much smaller exchange rate for dimelamines 1 was
observed for the cyanurate-based assemblies 1b3 ¥ (BuCYA)6
and 1c3 ¥ (BuCYA)6. Upon mixing 1b3 ¥ (BuCYA)6 and 1c3 ¥
(BuCYA)6 in a 1:1 ratio in [D6]benzene at 70 �C, only signals
corresponding to the homomeric assemblies were observed in
the 1H NMR spectrum (Figure 4a ± c). In time, new signals
originating from the heteromeric assemblies 1b1c2 ¥ (Bu-
CYA)6 and 1b21c ¥ (BuCYA)6 slowly appeared (Figure 4d).
Extrapolation with model calculations (vide infra) show that
it takes 10 hours at 70 �C before thermodynamic equilibrium
is reached. At room temperature, no trace of the heteromeric
assemblies 1bn1c3�n ¥ (BuCYA)6 (n� 1 ± 2) was detected even
after one day. This clearly illustrates the much higher kinetic
stability of the cyanurate-based assemblies.

Exchange rates for cyanurate components CA in assemblies
13 ¥ (CA)6 : In a similar fashion, the exchange of cyanurate
components was studied. Mixing of homomeric assemblies
1c3 ¥ (RCYA)6 and 1c3 ¥ (BuCYA)6 in a 1:1 ratio in [D6]ben-
zene at room temperature resulted in the formation of the
heteromeric assemblies 1c3 ¥ (RCYA)n(BuCYA)6�n (n� 1 ± 5)
through exchange of the cyanurates RCYA and BuCYA
(Scheme 3). The 1H NMR spectrum recorded immediately
after mixing showed the presence of numerous new signals

Figure 4. Sections of the 1H NMR spectra of: a) assembly 1b3 ¥ (BuCYA)6,
b) assembly 1c3 ¥ (BuCYA)6, c) a 1:1 mixture of 1b3 ¥ (BuCYA)6 and 1c3 ¥
(BuCYA)6 immediately after mixing, and d) the same mixture after 3 h. All
spectra were recorded in [D6]benzene (1.0m�) at 70 �C.

originating from the assemblies 1c3 ¥ (RCYA)n(BuCYA)6�n

(n� 1 ± 5) (Figure 5c). The much faster exchange rate of
cyanurates compared to dimelamines is not surprising, since
only six H-bonds need to be broken in order to expel a
cyanurate from the assembly. Combined with the much higher
binding affinity of cyanurates–in comparison to barbitu-

Figure 3. Sections of the 1H NMR spectra of: a) 1b3 ¥ (DEB)6, b) 1c3 ¥ (DEB)6, and c) a mixture of 1b3 ¥ (DEB)6 and 1c3 ¥ (DEB)6 (1:1 ratio) recorded after
2.5 hours. All spectra were recorded in [D8]toluene at room temperature. These results have been published in a preliminary communication.[35]

Scheme 3. Mixing of homomeric assemblies 1c3 ¥ (RCYA)6 and 1c3 ¥ (BuCYA)6 results in the formation of heteromeric assemblies 1c3 ¥ (RCYA)n-
(BuCYA)6�n (n� 1 ± 5) through exchange of the cyanurate components RCYA and BuCYA.
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rates–for melamines, this offers the possibility of applying
the chiral memory concept to H-bonded assemblies 13 ¥ (CA)6,
as is shown next.

Enantioselective synthesis of hydrogen-bonded assemblies
(M)�1c3 ¥ (BuCYA)6 and (P)�1c3 ¥ (BuCYA)6 :

Exchange of a chiral barbiturate for an achiral cyanurate :
Application of the chiral memory concept to assemblies 13 ¥
(CA)6 implies the induction of supramolecular chirality
through the use of chiral barbiturates, which are subsequently
replaced by achiral cyanurates. We have previously reported
the induction of supramolecular chirality through the use of
chiral barbiturates RBAR and SBAR.[18, 37] It was found that
RBAR nearly quantitatively induces M chirality in assembly
1c3 ¥ (RBAR)6 in benzene (de� 96%). Integration of the two
NHRBAR proton signals at �� 12.69 and 14.46 in the 1H NMR
spectrum revealed that these
corresponded to 98% of all the
signals in the �� 12 ± 15 region.
Similarly, the chiral barbiturate
SBAR induces P chirality in
assembly 1c3 ¥ (SBAR)6. The
enantiomeric relationship be-
tween assemblies (M)�1c3 ¥
(RBAR)6 and (P)�1c3 ¥ (SBAR)6
is clearly reflected in their iden-
tical 1H NMR spectra and mirror
image CD curves (Figure 6).

Subsequently, the exchange of
chiral barbiturate RBAR for
achiral cyanurate BuCYA was
studied by a 1H NMR titration
experiment. Increasing amounts
of BuCYA were added to a
1.0m� solution of assembly
(M)�1c3 ¥ (RBAR)6 in [D6]ben-
zene. The observed changes in
the �� 12 ± 15 region of the
1H NMR spectrum clearly
showed that the RBAR units in
assembly (M)�1c3 ¥ (RBAR)6
were substituted for BuCYA
units (Figure 7). The exchange
was instantaneous, since the
spectral changes occurred imme-
diately after mixing. At a 1:1.3

Figure 6. CD spectra of assemblies (M)�1c3 ¥ (RBAR)6 (1), (M)�1c3 ¥ (Bu-
CYA)6 (2), (P)�1c3 ¥ (SBAR)6 (3), and (P)�1c3 ¥ (BuCYA)6 (4). All spectra
were recorded in benzene (1.0m�) at room temperature.

Figure 5. Sections of the 1H NMR spectra of: a) 1c3 ¥ (RCYA)6, b) 1c3 ¥ (BuCYA)6, and c) a 1:1 mixture of 1c3 ¥ (RCYA)6 and 1c3 ¥ (BuCYA)6 immediately
after mixing. All spectra were recorded in [D6]benzene (1.0m�) at room temperature.

Figure 7. a) 1H NMR titration of assembly (M)�1c3 ¥ (RBAR)6 (1.0m�) and BuCYA (amounts of BuCYA are
relative to RBAR). All spectra were recorded at room temperature in [D6]benzene. b) MALDI-TOF mass
spectrum of assembly 1d3 ¥ (DEB)6 after Ag�-labeling, and c) the same sample after the addition of 2.3 equiv. of
BenCYA (relative to DEB).
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ratio of RBAR and BuCYA,
the exchange was quantitative,
as shown by the new set of
signals at �� 14.42 and 14.89
for assembly 1c3 ¥ (BuCYA)6
and the complete disappear-
ance of the signals at �� 12.69
and 14.46 for assembly (M)�
1c3 ¥ (RBAR)6.

Additional evidence for the
fact that cyanurates quantita-
tively replace barbiturates was obtained from MALDI-TOF
mass spectrometry measurements.[25, 38] Since assembly 1c3 ¥
(BuCYA)6 lacks the essential binding site for Ag�, an
exchange experiment was performed with dimelamine 1d
and BenCYA. The MALDI-TOF mass spectrum of assembly
1d3 ¥ (DEB)6 after Ag� labeling showed an intense signal at
m/z� 4277.2, corresponding to the Ag� complex of assembly
1d3 ¥ (DEB)6 (calcd for C228H276O30N48Ag: 4276.6; Figure 7b).
After addition of 2.3 equivalents of BenCYA (relative to
DEB), only a signal at m/z� 4487.3 was observed, corre-
sponding to the Ag� complex of assembly 1d3 ¥ (BenCYA)6
(calcd for C240H258O30N54Ag: 4486.7; Figure 7c). No signals at
all were observed for assemblies 1d3 ¥ (DEB)n(BenCYA)6�n

(n� 1 ± 6), in which only partial exchange of DEB for
BenCYA had occurred.

Chirality memory by assembly 1c3 ¥ (BuCYA)6 : The crucial
question to be answered is whether assembly 1c3 ¥ (BuCYA)6,
synthesized by exchange of the RBAR components for
BuCYA in (M)�1c3 ¥ (RBAR)6, ™memorized∫ the M chirality
induced by the RBAR units. The CD spectrum of assembly
1c3 ¥ (BuCYA)6 measured immediately after the addition of
1.2 equivalents of BuCYA (relative to RBAR) to assembly
(M)�1c3 ¥ (RBAR)6 did indeed show very strong CD, despite
the fact that the assembly no longer contained any chiral
components (Figure 6). In a similar manner, the P enantiomer
of assembly 1c3 ¥ (BuCYA)6 was synthesized by addition of
BuCYA to diastereomer (P)�1c3 ¥ (SBAR)6, as reflected in the
opposite sign of the CD curve from that of assembly (M)�13 ¥
(BuCYA)6.

Three arguments provide strong evidence that the enantio-
meric excess of the assembly 1c3 ¥ (BuCYA)6 must be equal to
the diastereomeric excess of assembly (M)�1c3 ¥ (RBAR)6
(i.e., 96%). Firstly, the observed CD intensity of the assembly
(M)�13 ¥ (BuCYA)6 (��max� 90 Lmol�1 s�1) is of the same
magnitude as that commonly observed for similar assemblies
with single handedness (��max� 80 ± 100 Lmol�1 s�1). Second-
ly, at room temperature, racemization does not occur on the
timescale (seconds) in whichRBAR is exchanged for BuCYA,
as shown later. Thirdly, it was shown by an additional 1HNMR
exchange experiment that exchange of the dimelamine
components–and thus racemization (vide infra)–does not
take place during barbiturate/cyanurate exchange.

Assemblies 1b3 ¥ (DEB)6 and 1c3 ¥ (DEB)6 were mixed in a
1:1 ratio in [D8]toluene at �5 �C. Previously, it had been
shown that, under these conditions, the formation of hetero-
meric assemblies 1bn1c3�n ¥ (DEB)6 (n� 1,2) is very slow.[35]

The addition of 1.2 equivalents of BuCYA (relative to DEB)

resulted in the quantitative formation of the homomeric
assemblies 1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 (Scheme 4), as
attested to by the presence of four signals in the �� 12 ± 16
region of the 1H NMR spectrum (Figure 8). No signals were
observed at all for the heteromeric assemblies 1bn1c3�n ¥
(BuCYA)6 (n� 1,2).

Figure 8. Section of the 1H NMR spectrum after addition of BuCYA,
showing that the exchange of DEB for BuCYA does not result in an
exchange of dimelamines 1b and 1c. The spectrum was recorded at room
temperature.

Several control experiments were carried out in order to
exclude the possibility that the memory of chirality observed
in (M)�1c3 ¥ (BuCYA)6 was due to the presence of free RBAR.
First of all, it was found that the addition of free RBAR to the
racemic assembly (M/P)�1c3 ¥ (BuCYA)6 did not give rise to
CD of significant intensity (��max� 5 cm2 mmol�1), even after
the mixture had stood for one hour at room temperature.
Moreover, the CD intensity of assembly (M)�1c3 ¥ (BuCYA)6
in the presence of the free RBAR was reduced to zero after a
solution in benzene was heated at 70 �C for 45 minutes, and it
was not restored after the solution had cooled to room
temperature and been left to stand for an additional hour.

Activation energy for racemization : Assembly (M)�1c3 ¥ (Bu-
CYA)6 is the kinetic product of the exchange reaction of
RBAR for BuCYA in assembly (M)�1c3 ¥ (RBAR)6. As a
result of racemization, assembly (M)�1c3 ¥ (BuCYA)6 will
convert in time into a racemic mixture of the M and P
enantiomers. In order to determine the activation energy for
racemization, the racemization rate was measured by mon-
itoring the decrease in the CD intensity over time at different
temperatures (Figure 9a).

The resulting curves were fitted to the following racemiza-
tion model:

(M)�1c3 ¥ (BuCYA)6 ��
krac

krac

(P)�1c3 ¥ (BuCYA)6 (1)

Scheme 4. Addition of 1.2 equiv. of BuCYA (relative to DEB) to a 1:1 mixture of assemblies 1b3 ¥ (DEB)6 and
1c3 ¥ (DEB)6 in [D8]toluene (1.0m�) at �5 �C results in the quantitative formation of assemblies 1b3 ¥ (BuCYA)6
and 1c3 ¥ (BuCYA)6.
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Figure 9. a) Racemization of assembly (M)�1c3 ¥ (RBAR)6 as monitored by
the decrease in CD intensity over time at various temperatures. The time-
dependent measurements were started immediately after addition of
1.2 equiv. of BuCYA (relative to DEB) to a 1.0m� solution of (M)�1c3 ¥
(RBAR)6 in benzene at room temperature. The solid lines represent the
calculated best fits of the experimental data to the racemization model
described in the text. b) Arrhenius plot of lnkrac versus 1/T.

in which krac [s�1] is the rate constant for racemization. Linear
regression analysis gave the values for krac reported in Table 1.
Subsequent analysis of these data using Arrhenius× equation
(i.e., krac�Ae�Eact/RT) gave an activation energy for racemiza-
tion of 105.9� 6.4 kJmol�1 (Figure 9b). The calculated half-
life to racemization for assembly (M)�1c3 ¥ (BuCYA)6 at 18 �C
was found to be approximately 4.5 days. These results clearly
reflect the high kinetic stability of the enantiomers of this
H-bonded assembly.

Mechanism for the racemization of assemblies 13 ¥ (CA)6 :

Kinetics of the racemization process : The enantioselective
synthesis of assembly (P)�1c3 ¥ (BuCYA)6 provides for the first
time an opportunity to study the racemization mechanism of
double-rosette assemblies. In principle, three species can
play a role in the racemization mechanism: the assembly (P)�

1c3 ¥ (BuCYA)6 itself, the expelled SBAR molecules, and the
BuCYAmolecules present in excess. However, a possible role
for free BuCYA can be ruled out because of the very low
solubility of BuCYA in benzene (�0.1m�). Therefore, the
racemization of the assembly (P)�1c3 ¥ (BuCYA)6 was meas-
ured as a function of the initial concentrations both of
assembly (P)�1c3 ¥ (BuCYA)6 and of SBAR at 50 �C in
benzene. The initial racemization rates,Rt�0 , were determined
by the racemization model described earlier:

Rt�0��d��P � 1 c3	�BuCYA
6�

dt

� krac[(P)-1c3 ¥ (BuCYA)6]0 (2)

in which krac [s�1] is the overall racemization rate constant.
The values of Rt�0 obtained in this way were analyzed by
using:

Rt�0�krac�[SBAR]m0 [(P)-1c3 ¥ (BuCYA)6]n0 (3)

Different initial concentrations of (P)�1c3 ¥ (BuCYA)6 were
obtained by performing the exchange of SBAR for BuCYA at
different concentrations of (P)�1c3 ¥ (SBAR)6. It is important
to realize that in this way the concentration of expelled SBAR
is altered as well. Therefore, the slope of 1.8� 0.2 found for a
plot of lnRt�0 against ln [(P)�1c3 ¥ (BuCYA)6]0 (assuming the
orderm in SBAR to be 0) cannot be directly interpreted as the
order n. The influence of SBAR on the racemization rate (i.e.,
m) was studied independently by performing racemization
studies at a constant initial concentration of (P)�1c3 ¥ (Bu-
CYA)6, in the presence of additional amounts of SBAR. A
plot of lnRt�0 against ln [SBAR]0 gave a straight line with
slopem� 0.9� 0.1, this showed the active role of SBAR in the
racemization process (Figure 10b).

Figure 10. Dependence of the racemization rate Rt�0 on the initial
concentrations of (P)�1c3 ¥ (BuCYA)6 and SBAR. a) Plot of lnRt�0 versus
ln [(P)�1c3 ¥ (BuCYA)6]t�0 , and b) plot of lnRt�0 versus ln [SBAR]t�0 .

Table 1. Rate constants for the racemization of the enantiomerically pure
assembly (M)�1c3 ¥ (BuCYA)6 as a function of temperature.

T [�C] krac [10�5 s�1]

70 67.0� 0.30
60 20.6� 0.07
50 8.2� 0.05
40 1.8� 0.03
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Based on these results, the following model is proposed for
the racemization of assembly 1c3 ¥ (BuCYA)6:

(P)-1c3 ¥ (BuCYA)6 ��
kuncat

kuncat

(M)-1c3 ¥ (BuCYA)6 (4)

(P)-1c3 ¥ (BuCYA)6� SBAR ��
kcat

kcat

(M)-1c3 ¥ (BuCYA)6� SBAR (5)

this results in the following rate equation:

Rt�0��d��P
-1 c3	�BuCYA
6�
dt

� kuncat[(P)-1c3 ¥ (BuCYA)6]0 � kcat[SBAR][(P)-1c3 ¥ (BuCYA)6]0
(6)

Values for kuncat� (1.0� 0.6)� 10�5 s�1 and kcat� (7.5�
0.8)� 10�3 Lmol�1 s�1 (at 50 �C) were determined by plotting
krac versus [SBAR] for the concentration-dependent racemi-
zation studies discussed above (Figure 11 and Table 2). The
value for kuncat was determined by extrapolating krac to
[SBAR]� 0m�. Since only a relatively small concentration
range (6 ± 13m�) of [SBAR] was studied, the kuncat value has a
relatively large error. Unfortunately, the nature of the
exchange experiment does not allow the determination of
kuncat in an independent manner.

Figure 11. Determination of kcat and kuncat by plotting kobs against [SBAR].

From the kcat and kuncat values it can be calculated that
racemization of a 1.0m� solution of (P)�1c3 ¥ (BuCYA)6 (and
consequently 6.0m� SBAR) occurs 81% by the catalyzed
pathway and only 19% by the uncatalyzed pathway. However,
this ratio is strongly concentration-dependent. For example, at
0.1m� concentrations the uncatalyzed pathway predominates
(ratio 31:69), whereas at 10m� the uncatalyzed pathway no
longer plays any significant role (ratio 98:2).

Kinetic studies on the exchange of dimelamine components 1
from assemblies 13 ¥ (BuCYA)6 : The kinetic data obtained
from the concentration-dependent CD studies do not indicate
whether dissociation of the assembly is a prerequisite for
racemization to occur. In order to determine whether
racemization occurs intramolecularly or by a dissociative

mechanism, the exchange of dimelamine components 1b and
1c in assemblies 1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 (vide
supra) was studied in more detail by 1H NMR spectroscopy.
Heteromeric assemblies 1b1c2 ¥ (BuCYA)6 and 1b21c ¥ (Bu-
CYA)6 can only form after dissociation of dimelamines 1b and
1c from the homomeric assemblies, a process that requires the
disruption of twelve hydrogen bonds. Previous studies re-
vealed that the assembly process displays strong cooperativity,
and that partly-formed assemblies are completely absent.[22]

Therefore, it is reasonable to assume that dissociation of the
first dimelamine from the homomeric assemblies is the rate-
determining step for dissociation of the assembly, and that
further dissociation of the assemblies is very fast.

Assemblies 1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 were mixed
at different concentrations, and 1H NMR spectra were
recorded at regular time intervals at 70 �C in [D6]benzene.
The concentrations of both the homomeric and heteromeric
assemblies were determined as a function of time by
integration of the signals (Figure 12a). The resulting curves

Figure 12. a) Time-dependent changes in the concentrations of homomer-
ic assemblies 1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 (�) and heteromeric
assemblies 1b1c2 ¥ (BuCYA)6 and 1b21c ¥ (BuCYA)6 (�) after mixing of
1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 in 1:1 ratio in [D6]benzene (0.8m�) at
70 �C. The concentrations were determined by integration of the corre-
sponding signals of the homomeric and heteromeric assemblies in the
1H NMR spectrum. The lines represent the calculated best fits of the
experimental data to the model described in the text. b) Plot of lnRt�0

versus ln [1b3 ¥ (BuCYA)6 � 1c3 ¥ (BuCYA)6]t�0 .

were fitted to a simple kinetic model in which assemblies 1b3 ¥
(BuCYA)6 and 1c3 ¥ (BuCYA)6 were treated as the identical
species ™homomer∫ and assemblies 1b1c2 ¥ (BuCYA)6 and
1b21c ¥ (BuCYA)6 were treated as the species ™heteromer∫.
These species are in equilibrium through:

homomer ��
3kobs

kobs

heteromer (7)

Table 2. Rate constants for the racemization of the enantiomerically pure
assembly (P)�1c3 ¥ (BuCYA)6, together with exchange of dimelamine
components 1c as determined by CD and 1H NMR spectroscopy,
respectively.

Method T [�C] kuncat [10�5 s�1] kcat [10�3 s�1]

racemization CD 50 1.0� 0.6 7.5� 0.8
exchange 1H NMR 70 7.0� 0.4 16.2� 0.2



FULL PAPER P. Timmerman, D. N. Reinhoudt et al.

¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0810-2310 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 102310

with kobs [s�1] being the rate constant. The initial rate of
exchange, Rt�0 , is given by:

Rt�0��d��homomer�

dt

� 3kobs[homomer]nt�0 (7)

Linear regression analysis of the experimental data for a
plot of lnRt�0 against ln [homomer] resulted in kobs� (7.0�
0.4)� 10�5 s�1 and an order n� 1.1� 0.1 (Figure 12b).[39]

In order to determine whether free SBAR accelerates the
dissociation of the assemblies, additional exchange experi-
ments were performed at constant concentrations of assem-
blies 1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 (1.3m�) in the
presence of increasing amounts of SBAR (1.6 ± 4.6m�).
Similarly to what was observed for the racemization experi-
ments, a plot of lnRt�0 versus [SBAR] shows an increase in the
dissociation rate with increasing [SBAR] (Figure 13a). The
determined order of 0.5� 0.2 is on the low side, but this might
be partly attributable to the fact that only three different
concentrations of SBAR were studied. From a plot of
kobs versus [SBAR], a value for kcat of (16.2� 0.2) �
10�3 Lmol�1 s�1 was obtained (Figure 13b).[40]

Figure 13. a) Plot of lnRt�0 versus ln [SBAR], and b) determination of kcat

by plotting kobs versus [SBAR].

The exchange of dimelamines 1b and 1c from assemblies
1b3 ¥ (BuCYA)6 and 1c3 ¥ (BuCYA)6 as determined from the
1H NMR exchange experiments can be expressed by a rate
equation similar to that used for the racemization of 1c3 ¥
(BuCYA)6 (Table 2). The slightly higher values for dimel-
amine exchange are attributable to the higher temperatures at
which the 1H NMR experiments were conducted (70 �C) and
the relatively large error in the experimentally determined
order for [SBAR].

Proposed Mechanism of Racemization : The results of the
exchange experiments strongly indicate that racemization
occurs predominantly through a dissociative mechanism, both
catalyzed and uncatalyzed (Scheme 5). The rate-determining
step in the uncatalyzed pathway involves dissociation of the
first calix[4]arene dimelamine from the intact (P)�1c3 ¥ (Bu-
CYA)6 assembly by breaking a total of twelve hydrogen
bonds. The intermediate produced (P)�1c2 ¥ (BuCYA)6 either
falls apart rapidly and subsequently reassembles to give either
the M or the P enantiomer, or alternatively, intermediate (P)�
1c2 ¥ (BuCYA)6 racemizes quickly and immediately reforms
after uptake of a dimelamine.

In the catalyzed process, formation of an activated complex
(P)�1c3 ¥ (BuCYA)6 ¥ (SBAR), resulting from (weak) associa-
tion of an SBAR unit to assembly (P)�1c3 ¥ (BuCYA)6, precedes
dissociation of the intact assembly. Binding of SBAR to one of
the melamine DAD (donor± acceptor±donor) arrays presum-
ably takes place. It is very unlikely that, for this interaction to
occur, the melamine completely breaks all three hydrogen
bonds with the BuCYAunit, because that interaction is known
to be much stronger. However, interaction of the melamine
with the SBAR could occur while the melamine ± cyanurate
interaction stays largely intact and is only weakened slightly.
Subsequently, dissociation of the activated complex should be
much faster, since breaking of the slightly weakened mel-
amine ± cyanurate H-bonds would occur more easily.

Increase of the kinetic stability through covalent capture of
double rosette assemblies : We have previously shown that
treatment of assembly 1e3 ¥ (CA)6, which has six oct-1-enyl
side chains, with Grubbs× catalyst in toluene results in the
quantitative formation of assembly 5 ¥ (CA)6 (Scheme 6).[41, 42]

A threefold RCM covalently connects the three calix[4]arene
dimelamines 1e to give macrocycle 5. In view of the fact that
dissociation of dimelamines 1 from assembly 13 ¥ (CA)6 is the
rate-determining step in the racemization process, covalent
capture of this structure would be expected to reduce the
racemization rate of the H-bonded assembly significantly.

For the preparation of an enantiomerically enriched
covalently captured assembly by the chiral memory concept,
it is essential to induce the supramolecular chirality with a
chiral barbiturate. Therefore, the assembly behavior of
dimelamine 1e with RBAR was studied. Comparison of the
integrals of the NHRBAR signals in the �� 13 ± 15 region and
the calix[4]arene CH2 bridge protons of 1e revealed the
quantitative formation of assembly 1e3 ¥ (RBAR)6. However,
numerous signals for the NH�BAR moieties were present,
similarly to what had been observed for other RBAR-
containing assemblies (Figure 14a).[37] Presumably, these sig-
nals arise from assemblies with reduced symmetry, caused by
different orientations of the RBAR components. Although
this may hardly affect the induction of supramolecular
chirality by RBAR, this large number of signals precludes
any accurate determination of the de of assembly 1e3 ¥
(RBAR)6. Moreover, we cannot exactly determine the optical
purity of the mixture from comparison of the CD signals with
closely related assemblies, since the chromophores are in most
cases not the same.[43] Therefore, a quantitative comparison is
excluded. However, the maximum CD intensities of assem-
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Scheme 6. Covalent capture of assemblies 1e3 ¥ (CA)6 through an RCM
reaction to give assembly 5 ¥ (CA)6.

blies 1e3 ¥ (RBAR)6 (��295nm�� 45 Lmol�1 cm�1) and 5 ¥
(BuCYA)6 (��max�� 95 Lmol�1 cm�1; see Figure 14d) (vide
infra) are at least comparable, in a qualitative sense, with
those of the corresponding uncaptured assemblies 1c3 ¥
(RBAR)6 and 1c3 ¥ (BuCYA)6 (��max�� 50 Lmol�1 cm�1 and
� � 90 Lmol�1 cm�1). Therefore, we assume that the extent of
chiral induction should be more or less the same (de� 80%).
Actually, it is not at all important to know the exact de for
determination of the rate constant, since the value is
independent of the initial M/P ratio in the mixture.

Covalent capture of assembly 1e3 ¥ (RBAR)6 by means of an
RCM reaction was performed by addition of Grubbs× catalyst
(30 mol%) to a 0.75m� solution of 1e3 ¥ (RBAR)6 in [D8]tol-
uene. The reaction was monitored by 1H NMR spectroscopy,
which showed the complete disappearance of the signals for
the terminal vinylic protons of 1e at �� 5.5 and 4.8, and the
appearance of a new signal at �� 5.45, corresponding to the
internal vinylic protons of assembly 5 ¥ (RBAR)6. Judging
from the fact that the combined NH�BAR signals did not
decrease in intensity (Figure 14b), the reaction proceeds
without destruction of the assembly. After covalent capture of
the H-bonded structure, the number of NH�BAR signals even
increased, presumably due to the different steric effect
imposed upon the RBAR units by the connected octenyl side
chains. The quantitative formation of covalently captured
assembly 5 ¥ (RBAR)6 was also evidenced by the exclusive
presence of a signal at a mass-to-charge ratio of 3098 in the
FAB mass spectrum, corresponding to exclusive formation of
trimer 5 (calcd for C180H240N36O12� 3098). No signals corre-
sponding to monomeric or dimeric structures were observed.
The CD curves recorded before and after covalent capture are

Scheme 5. Proposed mechanism for the racemization of the assembly (P)�1c3 ¥ (BuCYA)6. Racemization can occur both through an uncatalyzed pathway
and through a catalyzed pathway in which free SBAR acts as a catalyst. In both pathways, the rate-determining step is dissociation of the first dimelamine 1c
from the intact assembly. This slow step is followed by rapid racemization and formation of the enantiomeric assembly (M)�1c3 ¥ (BuCYA)6.
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Figure 14. Sections of the 1H NMR spectra of assemblies: a) 1e3 ¥
(RBAR)6, b) 5 ¥ (RBAR)6, and c) 5 ¥ (BuCYA)6. d) CD spectra of assem-
blies: 1e3 ¥ (RBAR)6 (1), 5 ¥ (RBAR)6 (2), and 5 ¥ (BuCYA)6 (3). All NMR
and CD spectra were recorded in [D8]toluene (0.75m�) at room temper-
ature.

nearly identical; this shows that assemblies 1e3 ¥ (RBAR)6 and
5 ¥ (RBAR)6 have very similar de×s (Figure 14d).

Enantiomerically enriched assembly 5 ¥ (BuCYA)6 was
prepared by addition of 1.2 equiv. of BuCYA (relative to
RBAR) to a solution of assembly 5 ¥ (RBAR)6 in toluene
(0.75m�) at room temperature. The quantitative exchange of
RBAR for BuCYA was evidenced by the exclusive presence
of only two new signals at �� 14.87 and 14.38 in the �� 13 ± 15
region of the 1H NMR spectrum (Figure 14c). All signals
corresponding to assembly 5 ¥ (RBAR)6 had completely dis-
appeared. Assembly 5 ¥ (BuCYA)6 exhibited very strong CD
activity (��300nm��92 Lmol�1 cm�1), comparable to that
of the uncaptured assembly 1c3 ¥ (BuCYA)6 (��300nm�
� 85 Lmol�1 cm�1); this shows that this assembly had also
quantitatively ™memorized∫ the chirality induced by the
RBAR components.

Racemization of the enantiomerically (almost) pure as-
sembly (P)�5 ¥ (BuCYA)6 was monitored by measuring the
decrease in CD intensity (300 nm) as a function of time at
70 �C (Figure 15). Fitting the curve to our model for race-
mization (vide supra) resulted in a value of krac� (1.0� 0.1)�
10�6 s�1 and a corresponding half-life to racemization of

Figure 15. CD spectra showing the racemization of (P)�53 ¥ (BuCYA)6 (�)
and 1c3 ¥ (BuCYA)6 (�) over time. Spectrum measured at 300 nm and 70 �C.

95 hours (�4 days). Comparison with the half-life of uncap-
tured assembly 1c3 ¥ (BuCYA)6–0.14 hours under similar
conditions (benzene, 70 �C)–shows that covalent capture of
the assembly decreases the racemization rate by a factor of
650. The high kinetic stability of assembly 5 ¥ (BuCYA)6 is
emphasized by the fact that the CD intensity had decreased by
only 9% after two weeks at room temperature in toluene.

These results clearly show that blocking the dissociative
racemization pathway by covalent capture decreases the
racemization rate by more than two orders of magnitude. The
racemization mechanism of the captured assembly is un-
known at present, but most likely involves an intra-assembly
rearrangement in which most of the 36 hydrogen bonds have
to be broken.

Conclusion

The enantiomerically pure H-bonded assembly 1c3 ¥ (Bu-
CYA)6 has been prepared by the ™chiral memory∫ concept:
induction of supramolecular chirality is achieved with chiral
barbiturates, which are subsequently replaced by achiral
cyanurates in a qualitative manner. The success of this
approach relies primarily on the association between cyan-
urates and melamines being much stronger than that between
barbiturates and melamines and the very low dissociation rate
of dimelamine 1c from the double-rosette assembly 1c3 ¥
(BuCYA)6. Racemization studies revealed an activation
energy for racemization of 105.9� 6.4 kJmol�1 and a half-life
of 4.5 days in benzene at 18 �C. These values clearly reflect the
remarkably high stability of these H-bonded assemblies,
which results from the cooperative action of multiple weak
interactions. Kinetic studies have provided strong evidence
that dissociation of the first dimelamine 1c from assembly
1c3 ¥ (BuCYA)6 is the rate-determining step in the racemiza-
tion process. Remarkably, a catalytic role was observed for the
expelled barbiturate, which presumably enhances the disso-
ciation of dimelamines 1c through the formation of an
™activated∫ complex with assembly 1c3 ¥ (BuCYA)6.

The kinetic stability of the assemblies was increased
significantly by covalent capture of the H-bonded structure
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through an RCM reaction, which connects the three dimel-
amine components 1e to give the assembly 5 ¥ (BuCYA)6. In
this way the dissociative racemization pathway was blocked;
this resulted in a half-life to racemization of �4 days in
toluene at 70 �C. Relative to assemblies 1c3 ¥ (BuCYA)6, the
half-life has been increased by more than two orders of
magnitude.

Experimental Section

The syntheses of dimelamine 1a,[24] barbiturates RBAR and SBAR,[37] and
BuCYA[24] have been described elsewhere. Dimelamines 1b ± e and model
compounds 2 ± 4 were prepared according to literature procedures.[23, 26, 41]

Barbiturate DEB was obtained from Fluka.

N-(Benzyl)imidocarbonic acid : N-(Benzyl)imidocarbonic acid was pre-
pared by following the procedure for the synthesis of N-[(R��1-phenyl-
ethyl]imidocarbonic acid.[37]

N-(Benzyl)-1,3,5-triazine-2,4,6(1H,3H,5H)-trione (BenCYA): BenCYA
was prepared by following the procedure for the synthesis of cyanurate
RCYA, with N-(benzyl)imidocarbonic acid as an intermediate.[37]

Barbiturate ± cyanurate exchange experiments : Typically, a solution of
BuCYA (15m�� 500 �L, obtained after sonication at elevated temper-
atures) in benzene was added to a solution of assembly 13 ¥ (BAR)6 in
benzene (6.0m�� 100 �L). CD and 1H NMR measurements at variable
temperatures were performed immediately after the components had been
mixed.

Metathesis reaction : The metathesis reactions were performed by follow-
ing the previously published procedure.[24, 41]
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