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Abstract: The amplification of supramolecular chirality has been studied in dynamic chiral hydrogen-bonded
assemblieds:(CA)s using “Sergeants and Soldiers” experiments. Previously, we have shown that chiral centers
present in either the dimelamine componénor the cyanurate component CA quantitatively induce one
handednesa\ or P) in the assembly. This offers the possibility to study the amplification of chirality under
two different kinetic regimes. When chiral dimelaminksre used, the exchange of chiral components and
(M/P)-interconversion, i.e., interconversion between g @nd P)-isomers of assemblis-(CA)s, take place

via identical pathways (condition A). When chiral cyanurates CA are used, the exchange of chiral components
occurs much faster thanM(P)-interconversion (condition B). Experimentally, a much stronger chiral
amplification is observed under condition B. For example, the observed chiral amplification for a mixture of
chiral and achiral components (40:60) is 46% under condition B and 32% under condition A. Kinetic models
were developed to fit the experimental data and to simulate chiral amplification in dynamic systems in general.
These simulations show that it is theoretically possible that the diastereomeric excess in a dynamic system is
more than 99% with less than 1% chiral component present!

Introduction polymer did not change when the ratio of chiral to achiral
monomers was lowered from 100:0 to 158Bven polymers
containing only 0.5% of chiral monomers still expressed a strong
chiroptical activity. The reason for this strong amplification is
that the achiral components “follow” the helicity induced by
the chiral components. This is commonly referred to as the
“Sergeants and Soldiers” principlét is a general phenomenon
%ot restricted to polyisocyanates, but in principle is also
applicable to other polymers with stiff helical backbo@&s>
Chiral amplification has also been observed in noncovalent
macromolecular system&17 Recently, Meijer and co-workers
studied the Sergeants and Soldiers principle in dynamic mac-
romolecular aggregates that are held together via noncovalent
interactions, such as-z stacking or hydrogen bondiri§-2°
Large optical activities were observed for chiral columnar
assemblies containing only a small fractior5%6) of chiral
component382l We have studied the Sergeants and Soldiers

Amplification of chirality occurs in systems where a small
initial chiral bias induces a high diastereomeric excess (d.e.) or
enantiomeric excess (e.&3.The main reason for the interest
in this phenomenon is its relevance to enantioselective synthesis
Asymmetric autocatalytic reactions and nonlinear effects have
been extensively studied to develop systems that display a stron
amplification of chirality?=> From a more philosophical point
of view it is also regarded essential for the explanation of
homochirality in Naturé—8 A few years ago, Green and co-
workers reported the amplification of chirality in the synthesis
of polyisocyanates, having a stiff helical backbone, based on
the cooperative action of individual small force¥. The
macromolecular helicity of these polymers can be quantitatively
controlled via the incorporation of asymmetric centers in the
side chains. They found that the chiroptical properties of the

* To whom correspondence should be addressed. principle in dynamic hydrogen-bonded assemblies of well-

T Part of this work has appeared as a preliminary communicétion.
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Figure 1. General molecular structure of assembllegCA)s with schematic representations of tid){ and )-enantiomers. The supramolec-
ular chirality of these assemblies is a result of the staggered orientation of the two melamine fragniemikicfi can either be positivé®) or

negative ¢).
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defined molecular compositidi. Initially, experiments were
carried out under thermodynamically controlled conditions. In
this paper we describe chiral amplification experiments that are
performed under kinetically controlled conditions. These experi-
ments provide remarkable new insights into the application of
the Sergeants and Soldiers principle to dynamic systems. Model
simulations show that it is possible to obtain a ¢:e99% in

R’=NO,

RCYA

N

olt]
CH,

a dynamic system wher 1% of the component is chiral.

Results

Hydrogen-bonded assembligég(CA)s spontaneously form
upon mixing of calix[4]arene dimelamingswith barbiturate
DEB or cyanurate BUCYAZCYA in a 1:2 ratio in apolar
solvents (Chart 13325 The driving force for the assembly
process is the formation of 36 hydrogen bonds between the
complementary hydrogen-bonding arrays of the nine compo-

of the two rosette motifs, which can be either lef#)(or right-
handedP). The helical twist is caused by a staggered orientation
of the two melamine fragments on each calix[4]arene unit
(Figure 1). Recently, we found that the enantiomeric assemblies
racemize, i.e., interconvert between thé){ and P)-isomers,
remarkably slowly (half-life~4.5 days at room temperature in
benzene¥’ Kinetic studies showed thal({P)-interconversion,

i.e., interconversion between thé/\- and @)-isomers of
assemblyls-(CA)g, requires the complete dissociation of the
dimelamine components from the assembly.

In the absence of chiral centers at the periphery, the
assemblies form by definition as a racemic mixtureMj-(and
(P)-enantiomers. However, when chiral components are used,
the (M)- and @)-isomers have a diastereomeric relation and
consequently are energetically nondegenerate. Previously, we
have shown that the supramolecular chirality of these assemblies
can be controlled in a quantitative manner using chiral
dimelamines, cyanurates, or barbituraf&sor instance, the two
(R)-1-phenylethylamine moieties present la induce (M)-
helicity in assembliedas-(DEB)s and 1az(BUCYA)s with a
d.e.> 98%. This was evidenced by the presence of a single set
of TH NMR signals and a very strong chiroptical activity
(A€max &~ 100 L'mol~t-cm™1). In a similar fashion,RCYA
quantitatively inducesR)-helicity in assembliedbs-(RCYA)s
and1cs(RCYA)s (d.e.> 98%).

Despite the fact that the double rosette assemblies are
thermodynamically stable, their individual components are
continuously exchanging. The rate of exchange is primarily
dependent on the number and strength of the hydrogen bonds
to be broken (12 or 6), which means that the exchange rates of
the dimelamined and of the cyanurates/barbiturates CA differ
by orders of magnitud®. Moreover, the exchange rate of
dimelamines is significantly lower when assemblies are formed

nents?6 The assemblies are chiral as a result of a helical twist With cyanurates instead of barbiturates, because of the higher
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binding strengths of cyanuraté®2® Also the solvent polarity
and temperature can drastically change the rate of the exchange
processes. The slow exchange of the dimelamine components
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Figure 2. (a) Mixing homomeric assemblidss-(BuCYA)s and1ds-(BUCYA)s results in the formation of heteromeric assemblied d;-(BuCYA)s

and 1¢1d,-(BUCYA)s because of an exchange of calix[4]arene dimelamiteeand 1d. Part of the'H NMR spectra of (b)lc*(BuCYA)s, (c)
1ds*(BUCYA)s, and (d) a 1:1 mixture ofcs:(BuCYA)s and1ds-(BuCYA)e recorded immediately after mixing. (e) The same mixture after heating
for 3 h at 70°C. All spectra were recorded in benzemgat 70°C.
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Figure 3. (a) Mixing homomeric assemblids;-(RCYA)s and1cs-(BUCYA)s results in the formation of heteromeric assemdigSRCYA)(BUCYA)s—,
(n = 1-5) because of an exchange REYA and BuCYA. Part of theH NMR spectra of (b)Lcs'(BUCYA)e, (€) 1c(RCYA)q, and (d) a 1:1
mixture of 1¢*(RCYA)s and 1c*(BUCYA)s recorded 15 min after mixing. All spectra were recorded in benzgrag-room temperature.

1in benzeneds at 70 °C is illustrated by the fact that th&H Chiral Amplification under Thermodynamically Con-
NMR spectrum recorded immediately after homomeric as- trolled Conditons: The Sergeants and Soldiers Principle.
semblieslcs*(BUCYA)s and1ds (BUCYA)s were mixed did not Mixing of solutions of assembly)-1as:(DEB)s and racemic
show any signals corresponding to the heteromeric assembliesassemblylbs-(DEB)s results in the formation of the heteromeric
1c1ds—n(BUCYA)s (n = 1, 2) (Figure 2a,d). Only after assemblieslalb;(DEB)s and 1a1by+(DEB)s (Figure 4a-
prolonged heating, new signals originating from the heteromeric ¢).?%%°In this case the thermodynamic equilibrium is reached
assemblies appear slowly. Extrapolation using model calcula- Within seconds after mixing, which is much faster than the
tions showed that it takes 10 h at 70 before the thermody- ~ assemblies comprising BUCYA. This is caused by the high

namic equilibrium is reached (Figure 2e). From thé#$&MR exchange rate of dimelamingsa and 1b in the less stable
measurements a rate constant of (£M.4) x 105 s 1 was barbiturate assemblies and the solvent chloroform. NMR
determined for the exchange of dimelamints and 1d in analysis using a variety of 2D techniques has previously shown

benzeneds at 70 °C. The cyanurate assemblies used in this that for this type of assembly the distribution of components
study, i.e. lag"(BUCYA)s and1bs(BUCYA)s, behave similarly. laand1b over the four assemblies is nearly statisti®al.
The exchange of cyanurate components is fast under the same INterestingly, we found that the CD intensities of mixtures

conditions. Mixing of homomeric assemblitg:(RCYA)s and of (M)-1a*(DEB)s and 1bs+(DEB)s were significantly higher
1cs(BUCYA)s in a 1:1 ratio in benzends results in the than the sum of the CD intensities of the individual assemblies

formation of the heteromeric assembties (RCYA),(BUCYA)s_n (corrected for the relative ratida:1b; see Figure 4d). This

(n = 1-5) via an exchange of cyanuratREYA and BUCYA phenomenon, which has also been observed in other dynamic
The 'H NMR spectrum recordedt room temperature'm-l systems$8-20is an example of chiral amplification. It is directly
mediately after mixing showed the presence of numerous new related to the presence of the heteromeric assembégi,-

. L . (DEB)s and 1ay1b,-(DEB)s. These assemblies contain four or
?égrflifg?'rziﬁ'ggrgogn d;heﬁf:i?ﬂﬁg;??;ggﬁg??;t'e of WO (R)-substituents, respectively, and this leads to the prefer-

cyanurates compared to dimelamines is not surprising, sinceentlal formation of the correspondinylj-diastereomers. Ap-

only six H-bonds need to be broken to expel a cyanurate ™ 30y Crego Calama, M.; Fokkens, R.; Nibbering, N. M. M.; Timmerman,
component from the assembly. P.; Reinhoudt, D. NChem. Commurl998 1021-1022.
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Figure 4. Part of the!H NMR spectra of (a)las*(DEB)s, (b) 1bs:(DEB)s, a

recorded in CDGlat room temperature immediately after mixing. (d) Relative CD intensity (filled squares, measured at 286 nm) versus the mole

nd (c) a 1:1 mixture ofas:(DEB)s and1bs*(DEB)s. The spectra were

fraction of chiral componenla, measured in chloroform at room temperature. The line represents the calculated besfitifor —13.4

kJ-molL.

parently, the d.e. for these assemblies is significantly higher
than 66% Lax1b;-(DEB)s) or 33% (Laylby,*(DEB)g), values

present have the same305 which seems reasonable regarding

their very similar molecular structurésFigure 5a shows that

expected when the d.e. is related in a linear fashion to the the relative CD intensities at= 0 correspond to the initial

number of chiral centers present. This is the phenomenon

mole fraction of \)-1as-(BuCYA)s present. However, the CD

described by Green and co-workers as the Sergeants and Soldierisitensities increase over time as a result of the formation of the

principle, which indicates that within the assembly the achiral
units follow the helicity induced by the chiral units.

As a first step, the nonlinear CD curve was fitted to a simple
model based on an enthalpy differeneely, ., between the
(M)- and P)-diastereomers of assemblids,lbs_n(DEB)s
(n = 1-3) at thermodynamic equilibriu#?. The entropy term
AS’ was considered to be equal for all assemblies, since they
all comprise nine components and have similar structures.
Cooperativity between chiral centers was not included in the
model, and thereforaHy,, was assumed to increase linearly
with the number of chiral substituents present. Linear regression
analysis of the CD data resulted iWHy, (298 K) = 2.23

heteromeric assemblidsy1b;-(BUCYA)s andlay1b,(BUCYA)s
(vide supra). After approximateB h constant values fakesos
are reached. In the remainder of the text, these thermodynamic

values will be referred to a&eerm (for simulations d.gmerm).32
A plot of Aemerm @s a function of the ratida:lb shows the
typical nonlinear behavior of a Sergeants and Soldiers experi-

ment (Figure 5c).

Mixing Chiral and Achiral Cyanurates (Experiments B).
In experiments B chiral induction in double rosette assemblies
13 (RCYA)(BUCYA)s—n (n = 0—6) occurs via the R)-
phenylethyl substituents RCYA. Solutions of assemblie®}-
1c*(RCYA)g and racemidcs(BUCYA)s in benzene (1.0 mM)

kJ-mol™* per chiral substituent. This corresponds to an enthalpy were mixed in ratios varying between 90:10 and 10:90 at 70

difference AHg, (298 K) = 13.4 kdmol™! between the Ni)-
and P)-diastereomers of assemHtlgs:(DEB)s, which contains
six chiral substituents.

Chiral Amplification under Kinetically Controlled Condi-
tions. Subsequently, we have investigated chiral amplification
in assemblieds-(CA)s under conditions at which the exchange
of the dimelamine componentss slow on the laboratory time
scale (referred to as “chiral amplification under kinetic control”).
We have performed two different sets of experiments. First, we
have studied chiral amplification in mixtures of assemblies
la,1bs*(BUCYA)s (n = 0—3) containing both chiral and
achiral dimelamines. In this case both the exchange of chiral
and achiral componentisand the A/P)-interconversion occur

°C, and the CD intensity at 308 nm was measured as a function
of time. The Aezpg value of assemblylcs-(BUCYA)s (—73.8
L-mol~t-cm 1?7 is significantly lower than thé\ezgg value of
assembly P)-1c*(RCYA)s (—103.8 L'mol~t-cm1), because

of the absence of six benzyl chromophores. The measured CD
intensities were related to a calculated 100% value for the
mixture based on the ratibcs(RCYA)s:1cs:(BUCYA)e (Figure
5b) 33 For example, the 100% value for a 40:60 mixturel of
(RCYA)s and 1c*(BUCYA)s was calculated to be-85.8
L-mol~t-cm™L. The CD intensities increase rapidly in time,
particularly for high ratios oORCYA/BUCYA. As a result, the
relative CD intensities a@ = 0 do not correspond in all cases
to the initial mole fraction of 1)-1as*(BUuCYA)s. In all cases

via the same pathway, and consequently these processes havge, . - is reached after approximately 30 min (Figure 5c).

identical rates. Second, we have studied mixtures of assemblies

1¢3°(RCYA)(BUCYA)s—n (n = 0—6) containing both chiral and
achiral cyanurates. In these experiments, the exchange of chiral
and achiral components CA and thé/P)-interconversion occur
via different pathways with a much lower rate for thé/P)-
interconversion.

Mixing Chiral and Achiral Dimelamines (Experiments A).
In these experiments induction of chirality in double rosette
assemblieda,1bs_,-(BUCYA)s (n = 0—3) occurs via theR)-
phenylethyl substituents in dimelamiri&. Solutions of as-
semblies )-1lag:(BUCYA)s and racemiclbs-(BUCYA)s in
benzene (1.0 mM) were mixed in ratios ranging from 90:10 to
10:90, and the CD intensity at 305 nm was measured as a
function of time at 70C. From these measurements the relative
CD intensities compared to the CD intensity of a 1.0 mM
solution of M)-1ag:(BUCYA)s were determined and plotted as
a function of time (Figure 5a). It was assumed that all assemblies

Comparison of the Results of Experiments A and B.
‘Although both experiments at first sight seem very similar, there
are some remarkable differences, both in the time scale at which
chiral amplification takes place and in th&erm values. First,

the time at whichAe starts to changeti{) is about 100 s in
experiment A, whereas thée in experiment B increases
immediately after mixingt(i; = 0). Secondini; in experiment

(31) Previous studies have shown that assemblies containing similar
chromophores exhibit similar CD intensities.

(32) Defined as d-%erm = ([M]therm - [P]thern')/([M]therm + [P]therm);

€therm = AEthermM — Aéthermp-

(33) It is assumed that the CD intensity of heteromeric assemblies
1¢3*(RCYA)y(BUCYA)s—n (n = 1-5) is linearly composed of the CD
intensities of the homomeric assemblies-(RCYA)s and 1c;(BUCYA)s.

In reality, this is not necessarily true as a result of slightly different
orientations of the chromophores in the heteromeric assemblies compared
to the homomeric assemblies. This might explain why the values for high
ratios of RCYA to BUCYA are slightly higher than 100%.
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Figure 5. (a) Increase of the relative CD intensity (at 305 nm) in time for mixturedtfias*(BuCYA)s and 1bs-(BuCYA)s with different initial
mole fractions of i1)-13-(BUCYA)s (l, 90%; A, 70%; ®, 50%; *, 30%;4, 10%). All spectra were measured in benzene at@0The solid lines
represent the best fits using model A. (b) Increase of the relative CD intensity (at 308 nm) in time for mixtuRslef (RCYA)s and 1cs*
(BUCYA)s with different initial mole fractions ofR)-1cs:(RCYA)s (l, 90%; A, 70%;®, 50%; *, 30%;4, 10%). The solid line represents the best
fit to model B. All measurements were performed in benzene &C/{c) Relative CD intensities at the thermodynamic equilibrium obtained in
experiments AQ) and B @) for different mole fractions of chiral componeritgin experiment A andRCYA in experiment B).

Ais virtually independent of the ratiba:1b, while in experiment
B tinit depends strongly on the ratiBCYA:BUCYA. For
example, wherRCYA and BuCYA are present in a ratio of

after dissociation of one dimelamine component. Previous
studies have shown that assembly formation is highly coopera-
tive, and for this reason the dissociation of the first dimelamine

90:10 or 70:30 induction is so fast that intermediate values for 1 from an assembly is considered to be the rate-determining

Aétherm are not measurable. RCYA:BUCYA = 10:90tj,; is
about 100 s and roughly equdlg: in experiment A. Finally,
significantly higherAewmerm values are obtained in experiment

step?’ For this reason, further dissociation of the intermediate
assemblies is consequently not incorporated into the model. It
is important to notice that dissociation of eitherR®-(or an

B compared to experiment A for the same ratio of chiral and (M)-assembly results in a loss of the supramolecular chirality.

achiral components (Figure 5c). For examp\@nerm = 86%
in experiment B for a ratio oRCYA to BuCYA of 40:60,
whereasAceinerm IS only 72% for the same ratio of chiral to
achiral components in experiment3ATo explain the observed

Therefore, intermediate assembli@sy(BUCYA)s, laylbs:
(BUCYA)s, and 1b,-(BUCYA)s are treated aachiral species.
Consistent with previously obtained experimental data, inter-
conversion between theMj- and {)-assemblies requires

differences, we developed theoretical models A and B that dissociation of the assemb#y.This means that the exchange
describe the essential kinetic processes that take place in bottof dimelamines andM/P)-interconversion occur via identical

experiments. These models will be discussed first.
Kinetic Models for Chiral Amplication in Double Rosette
AssembliesModel A.Model A describes all relevant dissocia-

pathways.
The difference in free energy between diastereomeric as-
semblies, the origin of chiral induction, is reflected by a lower

tions and associations that occur in a mixture of assemblies (M)- kinetic stability of the thermodynamically unfavorabl®){

lag (BUCYA)s andlbs-(BUCYA)s (experiment A). The mixture

diastereomers. To account for this difference, we have intro-

is treated as an equilibrating system containing eight different duced a factofy, for each chiral center present that increases
assemblies, three intermediate assemblies, and the free comthe dissociation rate of dimelaminésrom the @)-diastereo-

ponentsla and 1b (Figure 6). The model considers thil)
and ()-diastereomers of the homomeric assemblies-
(BUCYA)s and1bs (Bu(CYA)s and the heteromeric assemblies
laplb;*(BUCYA)s andlalb,-(BUCYA)s. These assemblies are
all in equilibrium with the intermediate assemblids:
(BUCYA)s, laylb;-(BUuCYA)s, and 1by(BuCYA)s, obtained

mers compared to theM()-diastereome?> For example, the
dissociation rate of dimelamineka and 1b from assembly

(35) In principle, the different thermodynamic stabilities of the diaster-
eomeric assemblied/)-1a,1bs " (BUCYA)s (n = 3—1) and P)-1a,1bz—p-
(BUCYA)s (n = 3—1) could be reflected by both different association and
different dissociation rates of dimelaminkfom the respective assemblies.
However, it is assumed that the differences in the association rates are not

(34) These values correspond to a chiral amplification of 46% and 32%, relevant because the time scale at which chiral amplification takes place is

respectively.

determined by the rate-determing step (il@is,m)-
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Figure 6. Kinetic model A describing the relevant exchange and
interconversion processes that occur in a mixture of assemiligs (
las(BUCYA)s and 1bs-(BUCYA)s.

(P)-1a1bs*(BUCYA)s is a factorfy* higher than from If1)-
1la1by-(BuCYA)s, because of the presence of four chiral centers.
The increase irf, is consistent with the linear increase in
AHy,p previously used in our thermodynamic modéh &

e AGwRT 2236 Also here, cooperativity between the chiral
centers is not included in the model. All association steps are
equal and are considered to be fdgt{= 10° L-mol~1-s71,

vide infra). For the dissociation steps statistical factors are
introduced to account for all different possibilities of dissocia-

Prins et al.

assemblies. Again, the parametgris used to account for the
difference in kinetic stability between theMj- and @)-
diastereomers, the latter being more stable WRENA is used.
The dissociation rates of boRCYA and BUCYA are regarded

to be equal for all assemblies. Despite the fact that this
assumption is not completely valid (discussion below), it seems
unlikely that the small difference in exchange rates will influence
the chiral amplification. All association constants, for both
dimelamines and cyanurates, are considered to belast.&
Kassc= 10P L-mol~1-s71). As in model A, statistical factors are
introduced to account for the different possibilities of dissocia-
tion.

Simulations Using Theoretical Models A and B.To
understand how the different parameters in models A and B
affect the chiral amplification, a number of simulations were
performed in which the initial ratio of chiral and achiral
componentsiy, Kdis m Kass,m @ndkass cwere systematically varied
over a wide range of different values.

Initial Ratio of Chiral to Achiral Components. The initial
ratios of M)-1ag(BUCYA)s/1bs(BUCYA)s and P)-1cs(RCYA)¢d/
1c(BUCYA)s in models A and B, respectively, were systemati-
cally varied between 90:10 and 10:90 with constant values of
kdism= 10"° st andfy = 2 (kiisc= 0.1 s'* in model B). The
value forkgism is based on previously obtained experimental
data for this type of assembfy.The resulting plots of the
calculated d.e. as a function of time are depicted in Figure 8a,b.

The three experimentally observed differences between
experiments A and B (vide supra) are clearly recognizable in
these simulations. For model Ay is identical ¢~10* s) for all
ratiosla/:1b (Figure 8a). For model B;q;; is dependent on the
ratio RCYA/BUCYA, but is for all ratios ofRCYA to BUCYA
smaller than thej,; value of 1@ s in model A (Figure 8b).
Finally, the calculated d.g.rmVvalues are much higher for model
B than for model A (Figure 8c).

Parameterfp,. In both models parametéy is used to create
a difference in stability between th#l}- and P)-diastereomers.
Each chiral substituent present in the unfavorable isomer
increases the dissociation rate of the dimelamine components
1 with a factorfy, = e “®*RT The influence of,, was studied
by systematically varying the parameter between 1 and 10 for
a constant ratio chiral:achira 40:60 andkgism = 107° s71
(kgis.c = 0.1 s1). The plots of the calculated d.e. as a function

tion. The exchange of BUCYA is not incorporated into model of time using models A and B are depicted in parts a and c,
A, since it is assumed to be fast for all assemblies and CO”Sideredrespectively of Figure 9.

not to influence the chiral amplification of the system.

Model B.Model B describes all relevant dissociations and
associations that occur in a mixture of assemblies1(®)-
(RCYA)s andlcs (BUCYA)s (experiment B). Model B is more
extended than model A, because of the increased number o

heteromeric assemblies present (Figure 7). Furthermore, the

exchange of cyanurates is included, since the chiral centers
reside on these components. As in model W/F)-intercon-
version occurs via intermediate achiral assembliss:
(RCYA)(BUCYA)s—n (n = 0—6), obtained after dissociation

of 1c from assemblied.c;'(RCYA),(BUCYA)s—n (N = 0—6).
Exchange of RCYA and BuCYA occurs via intermediate
assembliesN])-1c;:(RCYA)r(BUCYA)s-, (n = 0—5) and P)-
1c3*(RCYA)(BUCYA)s—, (n = 0-5). It is assumed that the

exchange of cyanurates occurs independently from the exchange

of dimelamines and does not affect the chirality of the

(36) In contrast to the thermodynamic model, the entropy terms are not
equal for all assemblies in the kinetic models A and B (eight or nine
components). Therefore, the different stabilities of tiv)-(and @)-

diastereomers in these models are interpreted in terms of a free energy

difference AGyp.

f

Whenfy,, = 1, all (M)- and @)-assemblies are equal in stability
and have identical dissociation rates for the dimelamihes
Consequently, this results in digrm = 0% for both models
with a distribution of assembligs,1bs—n*(BUCYA)s (N = 0—3)
and 1¢cz*(RCYA)(BUCYA)s—n (N = 0—6) entirely determined
by statistics. As expected, dig:m increases whefy, > 1, but
the maximum values that can be obtained in both models are
very different. Using model A, the dy@mdoes not exceed 73%
(Figure 9b), whereas for model B values higher than 99% can
be obtained (Figure 9d). This is further exemplified by calcula-
tions of the maximum values of dygm for all ratios chiral:
achiral withf, = 100 (Figure 8d). From these calculations it
can be concluded that the chirality can be quantitatively
amplified for all ratios chiral:achiral using model B.

Parameter Kgis m. The parametekgis m was systematically
varied between 10 and 107 s~ with a constant ratio of chiral

to achiral of 40:60 andn = 2 (kgis¢ = 0.1 st in model B).
Plots of the calculated d.e. values as a function of time using
models A and B are depicted in Figure 10a,b. In model A the
parametekgis monly determinesyi; and has no effect on dy@m
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at all. On the other hand, in modellg;s m influences bothiy; Discussion of the Simulations
and d.aperm For high values okgism (1071—102 s71) tin is
smaller than for low values (18—1077 s™1), but surprisingly
this results also in much lower digimVvalues (64% versus 76%).
Parameter Kgis c. In model B, the parametég;s c was varied
between 10dand 107 s for constant values dfgism = 107°
stand P)-1c*(RCYA)s:1c:(BUCYA)s = 40:60. Although in
reality not possible, simulations were performed with . =
ég;::gelggﬁ)\jvé? ﬁgr:“;tee (\;\;rr;]aetlgr?]?np:r;icl;g%gyin;Ir(?tteof dissociation of dimelamine&a and 1b from the homomeric
d.enam s a function okyec s given in Figure 11. Fokge . assembliesM)-1az-(BUCYA)g andlbs-(BUCYA)e. Since these
values higher than 16 s7! the d.enem iS constant at 76.5%. (37) Initially a small decrease in d.e. is observed. This is caused by the

o _ fact that assemblyM)-1lag:(BUCYA)s (d.e.= 100%) dissociates to form
The calculated d.gem decreases whekyis,c is only 1-100x intermediatelay(BUCYA)s, which is achiral. This intermediate rapidly

higher thankgism (1073-107° s71). Whenkgisc < kiism the forms both the 1)- and {)-diastereomers afay1b;+(BUCYA)s in equal
d.eherm remains again constant at 62.5%. amounts sincekassis the same for both diastereomers. At this time scale

; ; both diastereomers are kinetically stable, and as a result the d.e. decreases.
Parameterskass,;and Kassm Changing either parametitss,c In time the thermodynamic equilibrium is reached, and the difference in

0] .mol-loa1 1 i u . :
or kassmbetween 18and 16°L-mol~*-s™* has no effect on t.he kinetic stability of the i1)- and @)-diastereomers is fully reflected by
simulations. Values lower than 20-mol~1-s1 are not realistic. d.€herm

The Value of tinit. The simulations using model A (Figure
8a) show that after mixing of the homomeric assemblies it takes
~10* s (tint) before the d.e. starts to increa€eFurthermore,
tinit iIs the same for all ratioga:1b. This is rationalized by the
fact that an increase in d.e. requires the presence of heteromeric
assembliedaylb;-(BUCYA)s and 1ay1by:(BUCYA)s (vide su-
pra). In model A these assemblies can only foafier
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d.ewmerm Values of (c) versus.

dissociation rates are only determinediay n, the ratiola:lb
does not influencéy;:.

Simulations with model B (Figure 8b) show that the increase
in Ae starts much earliertify ~ 10°—10* s) and thatty; is
dependent on the amountRCYA present. These observations
can be rationalized as follows. In model B the formation of
heteromeric assembliglcs(RCYA)(BUCYA)s—n (N = 1-5)

occurs via dissociation dRCYA and BUuCYA components and
does not require dissociation of the dimelamidesSince the
dissociation rates for cyanuratés;{. = 10~ s™1) are much
higher than those for dimelaminek{ ,~=10"° s™1), the M)-
and @)-diastereomers of the heteromeric assemblies are both
populated shortly after mixing. Whereas tii®-fiastereomers
are stable on this time scale, dimelamilestarts to dissociate
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from the less stableM)-diastereomerskfismey > Kdis,me))-
Consequently, for all ratios chiral:achirgli; is much smaller

in model B compared to model A. Furthermaig, is dependent
on the ratioRCYA:BUCYA. For high ratios, the concentration
of assemblies containing four, five, or six chiral cyanurates is
high. The unfavorableM)-diastereomers of these assemblies
have a much higher dissociation rate of dimelamirig§ {.>,
andfi®, respectively), and consequentiy is small. In contrast,
for low ratios ofRCYA to BUCYA the difference in dissociation
rates between thé)- and P)-diastereomers is small, amg

is only slightly higher than the corresponditig: obtained in
model A. The effect of an increasefip onti,i; in model B can
be explained in a similar manner (Figure 9d).

The Value of d.eyerm. The most striking differences between
the two models are the higher digm values obtained with
model B. Simulations showed that a theoretical limit for the
d.ewmerm Value exists for model A. The reason is that in model
A the exchange of chiral and achiral components avitP}-

another example of chiral memory in a dynamic sys#é#§.3°

In theory, this allows a quantitative induction of chirality for
all ratios of chiral to achiral, provided that the difference in
stability between theM)- and {)-diastereomers containing a
single chiral component (paramefg) is high enough.

When the difference betwedqis m andKkyis ¢ is smaller, the
“memory” effect decreases and the situation shows more
resemblance with experiment A. Simulations show that the
calculated e.e. for assemhlys-(BuCYA)s drops significantly
(from 76% forkgism = 107° s to 18% forkgism= 1071 s71).
This is also reflected by the simulations in whigls: was
lowered (Figure 11). Fokgisc < kais,m €xchange of the chiral
components is slower than the interconversion of chirality. In
that case, the “chiral memory” effect is reduced to 0, which
results in values for d.@emsimilar to the values obtained with
model A.

Model Assumptions.Both models give a minimal description
of the kinetic processes that occur in the mixtures, which is
sufficient to simulate and interpret the experimentally obtained
data. The assumptions made in the models will be reflected on
in this section.

First, it was assumed that dimelaminéa and 1b and
cyanuratesRCYA and BUCYA have equal dissociation rates
Kdis,m and kqis o respectively. Unequal rates would result in a
nonstatistical distribution between assemhligd bs—(BUCYA)s
(n=0-3) andlcs(RCYA)(BUCYA)s—, (N = 0—6) favoring
the homomeric assemblies. This would result in a loweggg.
for both models, since mixing is essential for chiral amplification
to occur.

Second, it is assumed that the dissociation rates of cyanurates
from the M)- and P)-diastereomers dics(RCYA)(BUCYA)s-n
(n = 0—6) are equal, but in reality these will be different (i.e.,

interconversion occur via the same pathway and consequentlykdis,cpm) > Kdiscp). TO account for this difference, a parameier

have the same rate. Therefore, asseniliy(BUuCYA)s is by
definition present as a racemic mixture, which puts a limit to
d.ewerm based on the statistical amount @bz-(BUCYA)s
present.

would have to be introduced, which would increase the
dissociation rate dRCYA depending on the number BCYAs
incorporated in the assembly. Incorporation of paraméter
would only affect the assemblies with unfavorat¥®{helicity,

In model B the exchange of chiral and achiral components i.e., (M)-1¢3*(RCYA)n(BUCYA)s-n (N = 0—6). However, in-
occurs via a different pathway and with a higher rate than corporation of such a parametgrin model B in its current

(M/P)-interconversion. This has a very strong effect on the

form would not be successful for the following reason. The

d.emerm value. When the exchange of cyanurates is fast parameteffc would shift the equilibrium in the model toward

compared to the exchange of dimelaminkgs ¢ > Kqis m), all

the eight-component assembli®4){1cs'(RCYA)(BUCYA)s—n

assemblies contain on average the same number of chiral(n = 1-—5), containing only five cyanurates. Since model B does
cyanurates. The calculated d.e. for each individual assembly,not allow these assemblies to interconvert directly to #je (

i.e., 1c*(RCYA)(BUCYA)s—, (n = 0—6), isidentical for all
assembliesThis includes assemblycs-(BuCYA)e, which does
not contain any chiral cyanurates! Thaantiomeric excessf
assemblylcs(BuCYA)s, containing no chiral cyanurates, is
equal to the d.e. of assemilygs:(RCYA)g containing six chiral
cyanurates (fofy, = 2 this is 76%). This can be regarded as

diastereomers, the parametewould cause the concentration
of (M)-assemblies to be too high. Consequently, a lowefg:.

(38) Furusho, Y.; Kimura, T.; Mizuno, Y.; Aida, T. Am. Chem. Soc.
1997, 119,5267-5268.

(39) Yashima, E.; Maeda, K.; Okamoto, Wature 1999 399, 449
451.
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would be found. This model problem could be circumvented so fast that for most ratioRCYA:BUCYA intermediateAe

by allowing both the )- and @)-diastereomers of eight-
component assemblids;:(RCYA)n(BUCYA)s—n (n=1-5) to
interconvert. In that case, the “true” effect of the paraméter
would be observed. Within the serieM)-1c3-(RCYA),-
(BUCYA)s—n (n = 0—6) the assemblies containing multiple
RCYAs (e.g.,n =5, 6) are more strongly destabilized compared
to assemblies containing a feRCYAs (e.g.,n = 0, 1).
Effectively, a shift would be observed in the distribution of the

values are not measurable amtkerm is reached almost
instantaneously. Only for a ratiBCYA:BUCYA of 10:90 is
chiral amplification slow enough to obtain an accurate fit (Figure
5b). Model B requires three paramete{§s m Kdiso andfy, all

of which are unknown for this mixture. Therefore, it was
assumed that the dissociation rate of dimelaniio&s equal to
the dissociation rate of dimelaminéa and1b in experiment

A (4.6 x 104 s™1). Fitting using linear regression resulted in

(M)-diastereomers favoring the assemblies with a few chiral kgisc= 0.26+ 0.9 s andfy, = 2.24 4+ 0.04*! The obtained
cyanurates. The mass balance requires that this must bevalue forkgs is within the range that can be expected for a

accompanied by a similar shift in the distribution of tH&-(

complex held together by six hydrogen bonds in benzene. The

diastereomers in favor of the assemblies containing multiple large error inkgis ¢ is an indication that the kinetic processes
RCYAs. This would presumably lead to a decrease in the incorporated in the model are too limited compared to reality.

observed d.@erm sSince the assembliesMf-1c;'(RCYA),-
(BUCYA)s—n (e.g.,n = 0, 1) are only slightly destabilized
compared to the corresponding){diastereomers.

A third point not included in the model is cooperativity
between the chiral centetf$Cooperativity would mean th#G°
between theNl)- and {)-diastereomers increases nonlinearly
with the number of chiral centers present. For exampie;
between 1)-1c3:(RCYA)s and P)-1c3-(RCYA)g is larger than
6AG(p)- In experiment A cooperativity is expected to be

The value off, corresponds te-AGy,x(298 K) = 2.0+ 0.05
kJ-mol~1. The absence of intermediate valuesAerfor higher
ratios of RCYA to BUCYA resulted in unreliable fits. It should

be noted though that in general the experimentally observed
chiral amplification occurs much faster than predicted by model
B. This seems to suggest that cooperativity between chiral
centers in fact plays a role in this type of assembly. As discussed
previously, cooperativity results in higher ¢igm values and
smallerti,; values, because the dissociation rates of dimelamines

negligible, because the chiral centers on the dimelamine from the unfavorableN])-diastereomers increases.

components are remote (9.2 A based on the X-ray crystal

Experimental Effect of Changing the ParameterKgis m.

structure) and can only indirectly influence each other, taking Models A and B provide accurate simulations of experiments

into account the size of the substituent4(5 A). In experiment

A and B, respectively. Model B gave surprising novel insights

B, however, cooperativity may play a role because the chiral into the Sergeants and Soldiers principle applied to dynamic
cyanurates are pairwise in close proximity (6.4 A based on the systems: if the exchange rate of the chiral compounds is faster

X-ray crystal structure). A nonlinear relation betwe®@° and

than the rate of interconversion, a very high geg: can be

the number of chiral centers present, i.e., in the case of obtained even when only small amounts of chiral component

cooperativity, would result in smalldpi; and higher d.@erm

are present. Additional experiments were performed to support

values in model B. This is caused by the stronger destabilizationthis outcome. The only parameter affecting gegthat can be

(higher kgism) of (M)-assemblies containing multiple chiral
cyanurates.

Experimental Validation of Models A and B

Fitting of Experiment A. Experiment A was fitted to model
A to validate the model and to determine the factor for
assemblieda,1bs (BUCYA)s (n = 0—3). To fit the experi-
mental values, thée values have to be interpreted in terms of
a d.e. Assuming the same CD activity for thd){ and @)-

experimentally altered for an identical mixture, i.e., equal ratio
chiral:achiral, iskgsm Since the parametefy, is entirely
determined by the nature of the chemical substituents.

A decrease in temperature results in a decreaskjdm.
Therefore, experiment B was carried out at 70, 60, 50, and 40
°C for four different initial ratios of P)-1cs*(RCYA)s and1cs:
(BuCYA)s. The relative CD intensities at thermodynamic
equilibrium (after 1 h) are given in Figure 12a. As predicted by
model B, lowering the temperature by 3G indeed results in

diastereomers, the data points were independently fitted for each 4% increase ofemerm However, the relatively small increase

ratio la:1b to model A using linear regression by varyikgs m
andfm, keepingkassconstant (1®L-mol~1-s71). The results of

might indicate thakgis m does not change significantly over this
temperature range. An alternative explanation is that &tC70

these fits are depicted in Figure 5a (solid lines). Averaging the Kdismis already much lower thakyis . In that case a decrease

obtained values for all ratios results kgs m = (4.6 = 0.9) x
104 s ! andfy, = 5.7 & 2.6. This rate constant is only a factor

of 10 higher than the rate constant previously determined for

assemblylcs (BUCYA)g (Kobs = 7.0 x 107° s71) by 'H NMR
spectroscopy’ The value forfy, = 5.7 & 2.6 corresponds to
—AGyp(298 K) = 4.3 + 1.3 kImol~! for each chiral sub-
stituent in the favorable diastereomer. IndependentlyAth@rm

values (Figure 5c) were fitted to the previously used thermo-

dynamic model which resulted inAHy,5(298 K) = 2.7+ 0.6

of kgis,m by lowering the temperature does not have a large effect
on Aeterm (Se€ the simulations in Figure 10b).

A second set of Sergeants and Soldiers experiments was
performed under conditions in whidis mis higher. Previously,
we observed that the presence of free barbiturates accelerates
the dissociation of dimelamindsvia the formation of activated
complexes. It is assumed that in these complexes partly
dissociated melamine fragments are stabilized by the free
barbiturates.'H NMR experiments clearly show that the

kJ-mol~1. The difference between the two values indicates the barbiturates are not incorporated into the assemblies, because

different contribution of the entropy term.

Fitting of Experiment B. Experiment B was fitted to model
B to validate the model and to determine thefactor for
assembliedcs (BUCYA)(RCYA)s—n (N = 0—6). As for model
A, it was assumed that th&/}- and {)-diastereomers have an
equal CD activity. In experiment B, chiral amplification occurs

of their lower association constants with melamines compared
to those of cyanurates (Figure 13). Experiments A and B were
carried out in benzene at 7€ with increasing amounts of DEB
present. Plots of thAewmerm Values versus the concentration of
DEB showed surprising results (Figure 12b). T&nermVvalues
obtained after mixingNl)-1ag:(BUCYA)s and 1bz(BUCYA)s

(40) The cooperativity meant here is the synergetic effect of multiple
chiral centers in an assembly.

(41) The error corresponds to the standard deviation as calculated by
Scientist. A negative value fdgis c has obviously no physical relevance.
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Figure 12. (a) Relative CD intensity at thermodynamic equilibrium as a function of temperature for mixtures of asseR)blies(RCYA)s and
1c(BUCYA)s with varying initial mole fractions ofR)-1c;-(RCYA)e (M, 50%;<, 40%:; A, 30%; *, 20%). (b) Relative CD intensity at thermodynamic
equilibrium for mixtures of assemblieB)}1cs:(RCYA)s andlcs (BUCYA)s (M) and (M)-1as"(BuCYA)s and1bs(BUCYA)s (A) versus the concentration
of DEB. In all cases the mole fraction of chiral component was 40%. All spectra were recorded in benzeri€at 70

o

with a very highfy, value corresponding to a largGy,p
value. Furthermore, it will be of interest to study the combined
chiral amplification and memory effects in other dynamic

UL noncovalent systermi§1°

a) A J The reported observations also provide interesting perspec-
tives when catalytic reactions in dynamic systems are studied.
Using the Sergeants and Soldiers principle, it is possible to bring
a large number of achiral components into a chiral microenvi-

ronment. When these achiral side chains in the components carry
UL prochiral centers, reactions on these centers could express
enantioselectivity.

b) "

15.0 14.0 Experimental Section

6 /ppm —> The syntheses of compoundls,? 1b,%5 1¢;2* 1d,2* BUCYA,? and
Figure 13. Part of the!H NMR spectra of assemblycs:(BUCYA)s RCYA?> have been reported previously. DEB was commercially
(a) without and (b) with 10 mM DEB present. Spectra were recorded obtained from Fluka. NMR spectra were recorded on a Varian Unity
in benzeneds at room temperature. 300 (H NMR 300 MHz) spectrometer. CD spectra were recorded on

a JASCO J-715 spectropolarimeter.

in a 40:60 ratio (experiment A) were identical in the presence Assembly Formation. Assemblies were formed by dissolving calix-
and absence of DEB (up to 10 mM). This is in good agreement [4larene dimelamines and the corresponding barbiturates/cyanurates
with model A, which does not predict a dependence of the in a 1:2 molar ratio in THF, after which the solvent was evaporated.

Aétnerm Values onkgism However, the thermodynamic values ﬁ;t:r being dried under high vacuum, the assemblies were ready for

pbtained after, mixing ofR)-1cs:(RCYA)s and J‘,C3'(BUCYA)6 CD Titration Studies. Assembly solutions (1.0 mM) of the
in 2 40:60 ratio showed a decrease of 16% in the presence ofyomomeric assemblies were mixed in ratios from 90:10 to 10:90 at
10 mM DEB. This is in perfect agreement with model B, which  yoom temperature and injected into a thermostated cell (0.01 cm)

predicted a decrease in Gh&m Upon an increase ikgism immediately after being mixed. The CD intensities of the mixtures were
) monitored in time at constant temperatures. The resulting plots were
Conclusions and Outlook treated as decribed in the text.

: P . Model Simulations. Models A and B were implemented in
The experiments and kinetic models presented here gives neWMicroMath Scientist for Windows, Version 2.01. Text files of the

insights i_nto the amplification of chiral@ty as applied to dynamic 0o ore provided as Supporting Information.
assemblies. If the exchange of chiral components and the

interconversion of chirality occur via identical pathways, the  Acknowledgment. Prof. Feike de Jong is gratefully ac-
d.ewermVvalue is theoretically limited to a maximum value. The knowledged for stimulating discussions. L.J.P. thanks the
reason is that the assemblies without chiral components are atCouncil for Chemical Sciences of the Netherlands Organization
all times present as a racemic mixture of ti){ and @)- for Scientific Research (CW-NWO) for financial support.

isomers. However, when the exchange of chiral components is Supporting Information Available: Models A and B as
much faster than\{/P)-interconversion, no intrinsic limit exists . | pp g h . h Sci - ; ind )

for the d.enerm Value. The model even predicts that with 1% Implemented in _M|groMa¥ Scientist for Win ows, Version
(or less) chiral component a d.e. higher than 98% can be 2.01. This material is available free of charge via the Internet
induced, provided that thfg, value is high enough. Future work at http://pubs.acs.org.

will therefore be aimed at the synthesis of chiral cyanurates JA010610E



