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Self-Assembled Receptors for Enantioselective
Recognition of Chiral Carboxylic Acids in a
Highly Cooperative Manner
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One of the ultimate aims in molecular recognition is to
understand fully and mimic the exquisite selectivities so
eminently observed in natural receptors, such as antibodies
and enzymes. A first approach is to build synthetic receptors
by using rigid covalent scaffolds, to which are attached
functional groups that can bind their guest molecules by
multiple noncovalent interactions, such as hydrogen bonding,
m—m stacking, or metal coordination.! However, covalent
systems are often too rigid and unable to adapt their shape to
that of the guest, which can result in less than optimal binding
affinities and selectivities. Another important drawback of
covalent receptor molecules is their labor-intensive synthesis,
which leaves little potential for structural variations in the
scaffold.l?!

A different approach to shaping the binding site of an
artificial receptor is to bring together the different compo-
nents by multiple noncovalent interactions.> 4 This approach,
which more closely resembles Nature’s strategy, is currently
being investigated as a potential alternative to covalent
receptor molecules. A number of systems based on coordina-
tive metal —ligand interactionsP! or hydrogen-bonding inter-
actions!! have been investigated, and some show significant
structural selectivities.”! However, in the majority of cases,
substrate selectivity is the result of shape complementarity
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rather than specific binding. Strong coordinative metal —li-
gand interactions have been used for the synthesis of
receptors with specific binding of guest molecules.!! Never-
theless, hydrogen-bonded, self-assembled receptors which
bind the guest through functional-group interactions are
rare,l¥l probably because such functionalities are often not
compatible with the noncovalent interactions that hold the
receptor together.’l Here we show that amino functionalities
positioned on a chiral noncovalent scaffold stereospecifically
recognize carboxylic acids with detailed structural selectiv-
ities, both with respect to the substrate and the scaffold. The
recognition takes place primarily by use of acid —base (NH, -
HOOOC) interactions,™'? whereas the observed enantioselec-
tivity is the result of a secondary interaction with the
noncovalent platform, which acts in a cooperative manner,
similar to the binding of oxygen in hemoglobin.

The core of the self-assembled scaffold consists of a double-
rosette hydrogen-bonded assembly 1;- (CYA), (CYA =cya-
nuric acid), to which six amino functionalities have been
attached; these serve as principal binding sites for guest
complexation. The scaffold is composed of nine different
components, that is, three calix[4]arene dimelamines 1 and six

BenCYA : X = NCH,Ph

BUCYA : X = NCH,CH,CH,CH,

units of a barbituric or cyanuric acid derivative.l'3] A total of
36 cooperative hydrogen bonds hold the components togeth-
er, so that these structures are fully assembled at >5 uMm in
benzene or at >100 pm in chloroform.[ The scaffold can be
present in three isomeric forms (D;, C,, and Cy,), of which the
chiral D;isomer is formed in most cases.'”] When no chiral
centers are present in either one of the components, the
D; isomer exists as a racemic mixture of the P and M enan-
tiomers (Figure 1). However, chiral centers present in either 1
or CYA induce the supramolecular chirality of the scaffold,
and only one of the two diastereoisomers (P or M) is
formed.["l Assembly 1;- (CYA) is strongly circular-dichroism
(CD) active because of the dissymmetric arrangement of the
many different chromophoric units within the structure.'!
We studied the complex formation of double-rosette
assembly 1a;- (CYA), (R =2,2-dimethylpropyl amine)!'”) with
a variety of chiral carboxylic acids 2. The assembly 1a;-
(CYA), is used as a platform to organize the six amino
functionalities. Typically, six equivalents of 2 were added to a
solution of 1a;- (BuCYA), (1.0 mm) in [Dg]toluene at room
temperature (ratio of COOH:NH, 1:1) and the mixtures were
equilibrated for ten hours. The interaction between host and
guest becomes apparent from shifts of the
signals in the 'H NMR spectrum (Figure 2).
For example, in the case of acid (S)-2b

HN- "NH  Eqicya: X = NCH,COOCH,Ph (6 equiv), the H* (2.57ppm) and H'

RN NHR 0% x" o RCYA:X=N-(R)-CH(CH,)CH.CH, (2.37 ppm) proton signals shift upfield

and downfield —(0.09-0.18 ppm) and

Me St OCOMe +0.32 ppm,.respectively, upon ad.dition of

Ph—( Ph P _\ Ph the guest (Figure 3). In addition, signals er

COOH COOH CO0H COOH the H° Hc, HY, and H' protons are split,

(R)-2a (R)-2b (S)-2b (R)-2¢ because of the formation of the diastereo-

1a: R = CH.C(CH.CHNH meric assemblies (M)-1a;- (BuCYA)/(S)-
a: = 2 372 2 2 .

1b : R = CH,CH,CH,NH, OMe OMe Et 0 2b and (P)-1a3 . (BUCYA)G/(S)-ZII, which

1c: R = CH,CHNH, Ph ph_<..c|:3 Me—< are no longer mirror images (Figure 2 and

1d: R = CHCH.CH.CH, COOH COOH COOH coon  3).'® In contrast, (S)-2b shows no interac-

(R)-2d (R)-2e (S)-2f (15)-29 tion with assembly 1d;- (BuCYA),, which

15+ (CYA)

Figure 1. Chiral recognition by D;-symmetrical rosette assemblies.

Angew. Chem. Int. Ed. 2002, 41, No. 11 © WILEY-VCH Verlag GmbH, 69451 We

Fisomer

Pisomer

xﬁi

M isomer

Misomer

inheim, Germany, 2002 1433-7851/02/4111-1925 $ 20.00+.50/0 1925



COMMUNICATIONS

: J

kH
HBWH
NH,

Ma Me

a}

quHz
H

The chiral acids (R)-2a, (R)-
2b, (5)-2b, (R)-2¢, (S)-2f, and
(15)-2 g express a clear selectiv-
ity in binding towards one of
the two enantiomers (M or P)
of assembly 1a;- (BuCYA),. As
a result, the enantiomer that is
bound most strongly is ampli-
J fied in the mixture, as both
enantiomers are in dynamic
equilibrium. This increase caus-

HH
q es the CD spectrum of assem-

bly 1a;- (BuCYA), to show re-

o liable and reproducible Cotton
HH effects in the presence of these

responding de values can be

O w
I} L,

U chiral acids (Figure 4). The cor-

-

determined by measuring the
peak intensities for both dia-
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Figure 2. 'HNMR spectra of 1la;-(BuCYA), (1 mm) in [Dg]toluene in the presence of

b) six equivalents of (S)-2b.

o) W <
1" e
d)
1 k2
) H e H

29 28 27 26 25 24
«—— &/ppm

Figure 3. H* and H! proton resonance signals in the 'H NMR spectra of
1a;-(BuCYA), in the presence of (S5)-2b: in [Dg|toluene, [la;-
(BuCYA)s] =1 mwm: a) 0, b) 1.5, ¢) 6, d) 12, and e) 60 equivalents of (S)-2b.

lacks the pendant amino groups. Complexation-induced shifts
were not observed in this case, even when (§)-2b was present
in a large excess (~ 90 equiv), which clearly indicates that (S)-2b
interacts primarily with the pendant amino group in la;-
(BuCYA);.

1926
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I stereomeric complexes in the
'THNMR spectrum: for the
complexation with  (5)-2b
(>12 equiv), the de values were
directly estimated by integra-
tion of the completely split

o 5 4 3

a) none and

(15129

(R)-2¢

-15
275

280 305

AL nm
Figure 4. CD spectra of 1la;- (BuCYA), (1 mMm) in [DgJtoluene in the
presence of (R)-2a, (R)-2b, (S)-2b, (R)-2¢, (S)-2f, and (15)-2g (6 equiv; in
0.01-cm-width cell).

320 335

—_—

signals arising from H¥' and H¥ (Figure 3). Under the
optimum conditions (60 equivalents of (S)-2b, Figure 3¢) a
de value of 50% can be achieved. A plot of these values
against the CD intensities at 305 nm (see Supporting Infor-
mation) gives a straight line, from which an ellipticity of
~36 mdeg (Ae~110 cm?’mmol-!) can be determined at
100 % de, by extrapolation from the data. This value compares
well with CD intensities of diastereomerically pure rosette
assemblies.['”] This relationship allows us to calculate de val-
ues directly from the CD spectra (Table 1), because the
de values could be obtained directly from 'H NMR titration
methods in (S)-2f and (15)-2g systems.

The enantioselectivity differs strongly amongst the various
chiral acids 2. The highest enantioselectivities were observed
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Table 1. Induction of chirality in assembly 1a;- (BuCYA); as a result of the
addition of chiral acids 2a—g.[?]

Entry 2 Yield [ de value 19 Helicity!!! CDj5 1
[%] [%] [mdeg]

1 - 100 - - -

2 (R)-2a 100 19 P ~6.79
3 (R)-2b 100 21 P —17.80
4 (S)-2b 100 21 M 7.73
5 (R)-2¢ 54 el - — 1260
6 (R)-2d td - - -

7 (R)-2¢ td - - -

8 (S)2f 100 1 M 0.43
9 (1S)-2g 55 5 M 1.87

[a] Conditions: in [Dg]toluene, [las-(BuCYA)¢]=1.0mmMm, [2]/[1as-
(BuCYA),] =6, at room temperature. [b] Determined by integration of
the ArCH,Ar and the NH/ArH" proton signals in the 'H NMR spectrum.
[c] Precipitate was formed upon addition of the acid. [d] Calculated from
the CD signal intensity at 305 nm (see Supporting Information). [e] The
de value could not be checked because of the different CD pattern and lack
of splitting in the 'HNMR spectrum. [f] Helicity of the preferentially
formed isomer (M or P) of assembly 1a;- (BuCYA),, which is assigned on
the basis of CD signal sign: see reference [16]. [g] CD signal intensity at
305 nm. [h] CD signal intensity at 282 nm.

for acids 2a and 2b, that is, 19 and 21 % de (6 equiv, entries 2 —
4 in Table 1). However, a drastic decrease in de value (to
~1%) was observed upon substitution of the phenyl for a
methyl group, as in 2f (compare entries 3 and 4 with 8 in
Table 1), emphasizing the crucial importance of the phenyl
group in the chiral recognition process. The acids (R)-2¢ and
(15)-2g seem to break down the scaffold, while complex
formation occurs (entries 5 and 9 in Table 1). Interestingly, the
CD spectrum in the presence of (R)-2¢ is entirely different
from the others (Figure 4), which may suggest that the
assembly changes structure upon binding to (R)-2¢. On the
addition of the acids (R)-2d and (R)-2e, a white precipitate
was immediately formed (entries 6 and 7 in Table 1), which
precludes solution studies on these systems. 'H NMR spec-
troscopic analysis ([Dg]DMSO) shows that for (R)-2d, the
hexameric complex 1a;-(BuCYA)s-[(R)-2d]s precipitates
(molar ratio of 1:2:2 for 1a:BuCYA:(R)-2d).

Interestingly, the observed CD signals are strongly depend-
ent on the amount of chiral acid 2 present. It is likely that the
de value will increase with an increasing number of chiral acid
units in the complex.['! Indeed, titration of assembly 1a;-
(BuCYA), against (5)-2b clearly shows a nonlinear increase
in the CD intensity at 305 nm. First, the CD intensity in-
creases by up to 90 times and then slowly decreases upon
further addition of (S)-2b (Figure 5). The observed CD spec-
trum changes clearly indicate two saturation points around
15 equivalents and 60 equivalents, which suggests a two-step
mechanism for the complex formation. An isosbestic point
observed in both the first and second complexation indicates
that only two species are present in each equilibrium (see
Supporting Information). Interestingly, both the first and
second CD spectra display sigmoidal curvatures; this curva-
ture is a sign of homotropic positive allosterism, which arises
from cooperativity in the complexation process.'>!l The
cooperativity was analyzed using Equation (1)

y = KI([G]"+K) = CD/CD,, (1)
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Figure 5. Plot of CD values at 305 nm versus [(S)-2b]/[1a;- (BuCYA)] for
the titration of 1a;-(BuCYA)s by (S)-2b in [Dg|toluene; [las-
(BuCYA),] =1 mMm. The insets show expansions of the main plot.

and the Hill equation [Eq. (2)],?” where [G] is the concen-
tration of the added guest (S)-2b, K the association constant,
n the Hill coefficient, CD,, the observed CD intensity, and
CD,, the saturated CD intensity.

log(y/(1—y)) = nlog[G]+logK 2)

From a plot of log(y/(1 —y)) against log[G], values of
log K =6.6 and n=2.9 were calculated for the first sigmoidal
CD change (correlation coefficient, 0.996). For the second
sigmoidal change, values of log K=4.1 and n=2.1 (correla-
tion coefficient, 0.995) were obtained (for details see Sup-
porting Information).?] These n values suggest that three
molecules of (S)-2b interact with the three amino groups on
one side of assembly 1a;- (BuCYA)q, to form the 1:3 complex
1a;- (BuCYA); - [(S)-2b];, whereupon three additional mole-
cules of (S)-2b interact with the remaining three amino
groups at the other side to form the 1:6 complex 1a;-(Bu-
CYA)q-[(S)-2b],.?2 In each step, the three amino groups
interact with (S)-2b in a cooperative way.

The observed selectivity for complexation of chiral acid 2b
is very sensitive to structural changes in the hydrogen-bonded
scaffold. For example, replacement of the 2,2-dimethyl-1,3-
propylene linkers in 1a with 1,3-propylene (1b) or ethyl-
ene (1¢) spacers completely inhibits complex formation.
Instead, the corresponding assemblies 1b;- (BuCYA), and
1¢;- (BuCYA), are not stable and dissociate in the presence of
(R)-2b (6 equiv). Similarly, the selectivities change dramati-
cally when BuCYA is replaced with BenCYA or EstCYA.
Despite the complete stability of the corresponding assem-
blies 1a;- (BenCYA), and 1a;- (EstCYA), in [Dg]toluene in
the presence of (R)-2b (6equiv), the observed de value
decreases to 0%. Most remarkable is the observation that
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addition of six equivalents of (R)-2b to the chiral assembly
(P)-1a;- (RCYA),, which bears an additional methyl group
on the a-carbon of the propyl chain, leads to almost complete
loss of optical activity (assembly formation decreased to
about 50% and CD intensity at 305 nm decreased to about
10%). These results clearly illustrate how sensitive the
observed enantioselectivity is to structural changes, which
emphasizes once more the subtle nature of this particular
complexation process.

How exactly does 2b interact with the chiral assembly 1a;-
(BuCYA)¢? The interaction is primarily electrostatic in
nature, as 2b transfers a proton to the basic amino group.
The tight ion pair is the main species.”) According to
computer simulations of the hexacation 1a;-(BuCYA),-
(HY)s (gas phase MM calculation, Quanta 97/
CHARMmM 24.0; Figure 6), it is possible that the pendant

Figure 6. Computer-simulated structure of a) hexacation 1a;- (BuCYA);-
(H"), and b) close-up (only half of the structure is shown for clarity).

NH;" groups interact strongly with the electron-rich aromatic
ring in the connecting calix[4]arene moiety, through cation — 5
interactions (Figure 6).* 2] The calculated distances between
the NHT nitrogen atom and the aromatic carbon atoms
(NH*-ArC; 3.0-3.7A) are very close to those of the
benzene —ammonia dimer (distance N-benzene plane=
3.59 A), as measured by spectroscopy.?! This interaction
induces a significant conformational change in the scaffold
and removes any rotational freedom within the binding site.
The fixed RNH;" functionalities are in a chiral environment
and adopt a clearly defined spatial orientation to recognize
chiral guests enantioselectively. The strong RNH;" —benzene
interaction also accounts for the observed cooperativity,
because the binding of one molecule of 2 will strongly
preorganize and fix the binding site for the second, third, etc.
molecules of 2,! as the various binding sites are intercon-
nected by the noncovalent scaffold. It seems likely that
attractive guest—guest interactions?”) (for example, face-to-
face or edge-to-face m—m stacking) might also contribute to
the observed cooperativity, with regards to the drastic
decrease in enantioselectivity from 2b to 2 £

In conclusion, we have demonstrated that noncovalent
hydrogen-bonded assemblies are able to recognize chiral
carboxylic acids by a simple acid—base complexation, with
considerable structural and stereoselectivities. Cooperativity
in the binding process probably plays an important role in the
observed selectivities, which are very sensitive to changes in
the structure of the host.
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Nobuyoshi Yasuda, and Paul J. Reider

Asymmetric allylic alkylation has been developing signifi-
cantly over the past several years!! Among the metals
capable of effecting such reactions are palladium,?!
molybdenum,®! and tungsten.™ In contrast to these
metals, in which the chirality of some substrates,
notably vinylcarbinols of the type shown in Equa-
tion (1), is lost, iridium,! rhodium,!®! and ruthenium!”!
normally retain the optical purity of such starting
substrates. In spite of these many studies, very little is
known about the structure of the active complex in the
catalytic cycle. The case of Mo is quite intriguing. The
catalyst system based on ligand 18! has shown extra-
ordinary levels of regio- and enantioselectivity, even at
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elevated temperatures (80-100°C) [Eq. (1)].% Furthermore,
the reactions were qualitatively significantly faster than in the
previously reported achiral reactions.””) How such a seemingly
flat system is able to provide such high selectivities has
stimulated the development of an understanding of its binding
mode. Although the direct characterization of m-allyl —metal
complexes is certainly desirable, the relevance of these
isolable/observable complexes to the catalytic cycle is not
assured. Herein we adopted an indirect probe of the question
of the binding of this ligand to Mo during the catalytic cycle
which has led to a totally unexpected result.

AT
Nu™ Nu
or 1
X Mo Ar)\/

O

o o
NH HNJS_\

N NN

\ /" 1 =/

In the original design, three binding modes I—III for these
octahedral metals were considered. Conceptually, it was
postulated that binding mode I, while the most common,

Cms NN

would have less probability of inducing high enantiomeric
excesses in asymmetric allylic alkylations than II and III. The
reaction depicted in Equation (2) was employed to evaluate

CH30,C.__CO,CHs
ArMOCOZCH3 HJ\/\/
2 NaO O Ar
or CH50 OCH; Mo precatalyst (R)- or (S)-5
+ H ligand
+
OCO,CH3 4
CO,CHjs
Ar = AT \(
3 CO,CHg3
a: Ar=Ph 6

b: Ar=p-FCgH,4

the ligands. Several ligands were evaluated, and their
effectiveness compared with that of 1 as the standard ligand
(Table 1, entries 1, 2, and 12).

In initial studies, one of the two picolinamide units was
replaced with a nicotinamide group (see 7). Surprisingly, the
regio- and enantioselectivities were slightly better than with
the standard ligand 1, although the reactions were slower
(Table 1, entry 3). Since it seemed that the nitrogen atom of
the nicotinamide group could not participate in the binding,
the simple benzamide ligand 8 was examined. In agreement
with the above hypothesis, the reaction of ligand 8 with the
achiral substrate 2 (Table 1, entry 4) gave the same results as
the reaction of ligand 7 with 2 (Table 1, entry 3). Interestingly,
better selectivities were obtained in the reaction of ligand 8
with chiral racemic substrate 3 (Table 1, entry 5) than in the
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