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The propensity of racemic solutions of organic molecules to
frequently produce racemic crystals and to only rarely resolve
into crystals that contain exclusively one enantiomer (con-
glomerates) has been known for a long time.'l More than
a decade of foldamer chemistry has provided strong empirical
evidence that this observation also holds true for helical
aromatic foldamers. A vast number of racemic crystals that
contain both right-handed (P) and left-handed (M) helices
have been reported,™3 whereas conglomerates are extremely
rare.) When aromatic-foldamer helices are exclusively one-
handed through the introduction of chiral groups that control
helix handedness, our experience is that crystals do not grow
well and X-ray quality crystals that allow structure resolution
are rarely obtained.”! In contrast, the corresponding race-
mates often crystallize readily. Thus, racemic mixtures have
purposely been used to assign absolute helix handedness of
aromatic foldamers induced by covalently appended chiral
residues® or by noncovalently bound chiral guests.”’ Racemic
crystallography has also been used to solve the structure of
some proteins that can be produced by chemical synthesis and
that were shown to crystallize more readily as a racemic pair
than as a single enantiomer.®!
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As an extension to racemic crystallography, quasi-race-
mates are sometimes found to co-crystallize, as was originally
described by Pasteur for malate and tartrate salts.”’) A quasi-
racemic crystal comprises a pair of molecules, the structures
of which are almost, but not exactly, mirror images."”'"! Quasi-
racemic crystals of small proteins have recently been pro-
duced, allowing the resolution of the three-dimensional
structure of a slightly modified protein without having to
synthesize its enantiomer when the enantiomer of the
prototypical protein is available.'!l In helical aromatic
foldamers, quasi-racemic crystals have been encountered as
well, with a diastereomeric pair, a P helix and an M helix with
the same chiral terminal residue, co-crystallizing in an almost
perfectly centrosymmetric fashion.!*'>'

Herein, we describe the use of quasi-racemic crystallog-
raphy as an efficient method to simultaneously elucidate the
structures of diastereomeric complexes of tartaric and malic
acids, the same molecules that allowed the first description of
a quasi-racemic crystal by Pasteur 160 years ago,””’ encapsu-
lated into a helically folded host. We took advantage of the
high propensity of enantiomeric P and M helices to co-
crystallize, and demonstrated that co-crystals still form even
when the guests introduced in the cavities are not mirror
images.

We have previously shown that the aromatic oligoamide
sequence 1 (Figure 1) folds into a stable helix with a cavity
that binds to tartaric acid (2) with high affinity (K,=
5300 Lmol™ in CDCIly/[D¢]DMSO=9:1 (v/v)) and high
diastereoselectivity: L-tartaric acid is preferentially bound in
M-1 and D-tartaric acid in P-1, with a diastereomeric excess
de>99%.") Upon mixing racemic tartaric acid with 1,
a racemic solution of P-10p-2 and M-1DL-2 complexes was
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Figure 1. Formula of hosts 1 and 3 together with structures of the
isomers of tartaric and malic acids.
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formed. This racemate crystallized in the centrosymmetric
P21/n monoclinic space group, and its structure was solved,
showing an array of hydrogen bonds between the acid and
hydroxy functions of 2 and the inner wall of 1, consistent with
data obtained in solution.” In another experiment, enantio-
merically pure tartaric acid L-2 was mixed with 1 and two
diastereomeric complexes P-10L-2 and M-1DL-2 were formed
in solution.™ Thus, the less favored complex P-10L-2 still
shows enough stability to form quantitatively at mm concen-
tration, as a kinetic supramolecular product (see below). We
called the P-1DL-2 complex the mismatching complex as
opposed to the M-12L-2 complex, which has matching host—
guest stereochemistry. Intrigued by this phenomenon, we
sought for structural information about the mismatching
complex to shed light on the better complementarity and
higher stability of the matching complex.

The P-1DL-2 plus M-1DL-2 mixture may be considered to
be a quasi-racemate inasmuch as the two complexes are
expected to be mirror images for most part (the large helical
host) at the exclusion of the stereochemistry and orientation
of the small tartaric acid guest. As such, this mixture
represented a candidate to grow quasi-racemic crystals.
Unfortunately, the mismatching complex is a transient spe-
cies. As the P and M helices equilibrate through an unfold-
ing-refolding process, the mismatching complex converts into
the more stable matching complex.'¥! Attempts to grow
quasi-racemic crystals before the mismatching complex dis-
appeared failed in our hands.

In order to capture the mismatching complex, we
considered an original approach to lock helix handedness,
making use of an earlier design that allows to introduce
a helix reversal within a helical aromatic-foldamer
sequence.™ Oligomer 3 consists of two segments, each
derived from the sequence of host 1 connected at their
termini by a terephthalic acid unit (Figure 1, see also
Figure 2). As described in detail in the Supporting Informa-
tion, the preparation of 3 required the development of a new
synthetic approach of the host sequences to enable desym-
metrization and distinct functionalization at each end. The
intramolecular hydrogen-bonding motif at the central ter-
ephthalamide is such that the two host segments on each side
of the central unit have opposite handedness."”! The overall
structure of 3 thus possesses two independent binding sites for
tartaric acid, one in a P helix, the other in an M helix. On
average, 3 possesses an inversion center, as reflected by the
multiplicity of '"H NMR signals (13 amide resonances, Fig-
ure 3a and Figure S1). The presence of both P and M seg-
ments were expected to facilitate its crystallization. This was
indeed the case and the structure of 3 was solved in the P1
space group with a single molecule in the unit cell (Figure 4 a).
It is worth noting that while the two enantiomeric P- and M-
helical segments are important for crystallization, the result-
ing structure does not necessarily have a crystallographic
inversion center or plane of symmetry, as was also observed in
some racemic protein crystals.'® The propensity of the P and
M helices to co-crystallize may not be directly related to the
availability of centrosymmetric space groups.

All "H NMR titrations of 3 were carried out in CDCl,,
using [Dg]DMSO (1%) to dissolve the guest in the stock
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Figure 2. Schematic representation of the encapsulation of a) two
molecules of the L-enantiomer of tartaric acid and b) a racemic mixture
of b- and L-tartaric acid (left equilibrium) and a mixture of L-tartaric
acid and L-malic acid (right equilibrium) in host 3, which possesses
two cavities of opposite handedness. P and M handedness are
denoted in blue and red, respectively. The inversion center controlling
the stereochemistry of 3 is colored in light grey. The golden balls stand
for the hydroxy groups of the guests. Red-in-blue and blue-in-red
complexes are mismatching complexes.
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Figure 3. Parts of the '"H NMR spectra (700 MHz) of 3 (0.5 mm in
CDCl;:[Dg]DMSO=99:1 (v/v)) at 298 K in the presence of a) 0 equiv of
guest; b) 2 equiv of D/L-2; c) 0.5 equiv; d) 1 equiv; €) 1.5 equiv; and
f) 2 equiv of L-2; g) 1 equiv of L-2 and 3 equiv of L-4. For 3D(2-D;2-L)
(b) signals of the carboxylic acid protons of 2 in the matching helices
are denoted with full black circles. For 3D(2-), (c—g) signals of the
carboxylic acid protons of L-2 in the M helix (matching) are marked
with half-black circles when the P helix is empty, and with black circles
when the P helix also hosts a guest; signals of the carboxylic acid
protons of L-2 in the P helix (mismatching) are marked with a black
square. It should be noted that the two mismatching acid resonances
are at coalescence at this temperature. For 3D(2-L;4-L), signals of the
carboxylic acid protons of L-2 in the M helix (matching) are marked
with black circles and carboxylic acid protons of L-4 in the P helix
(matching) are denoted with black triangles.
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L-tartaric acid 2-(R,R) in M (red) and P (blue) cavity

L-tartaric acid 2-(R,R) in M (red) and
L-malic acid 4-(S) in P (blue) cavity

Figure 4. a,b,e) Side view of the solid-state structure in the tube representation of a) 3, b) 32(2-L),, and €) 3>(2-L;4-L). c,d) Slice views of 3D (2-
L), with ¢) the left-handed cavity (M) showing guest 2-L with its hydroxy groups pointing toward the naphthyridines, and d) the right-handed cavity
(P) showing guest 2-L with its hydroxy groups pointing toward the pyridazine. f, g) Slice views of 3>(2-L;4-L) with f) the left-handed cavity (M)
showing guest 2-L, and g) the right-handed cavity (P) showing guest 4-L with its hydroxy group pointing toward the naphthyridines. The position
of malic acid in the P helix is disordered, leading to two partially occupied positions of its hydroxy oxygen atom (e, f: yellow). P and M helices are
denoted in blue and red, respectively. The central terephthalic acid unit is colored in grey. Tartaric and malic acid are represented as CPK (b, e) or
tube (c,d,f,g) structures. Isobutyl groups and included solvent molecules are not shown for clarity.

solution. As observed previously for 1,7 binding and release
of the guest was slow on the NMR time scale at 298 K. A
titration of 3 using D/L-2 led to the emergence of a new set of
signals corresponding to a centrosymmetric 1:2 complex
(32(2-p;2-L)) in which both cavities of 3 are filled with the
matching guest (Figure 2b, left). Evidence for this assignment
stemmed from the symmetry of the final complex (Figure S1,
13 amide resonances), which is the same as that of the empty
host, from the stoichiometry assigned by integrating the host
and guest signals in the complex, and from the chemical shift
values of the carboxylic acid protons of the guest at 13.5-
14 ppm, which are characteristic of a matching complex.”!
During the titration, the formation of this 1:2 complex is
preceded by a 1:1 matching complex (i.e. 322-p or 3D2-L)
having one empty cavity and lacking any symmetry (26 amide
signals, Figure S2). Interestingly, NMR signals of the guest in
both 1:1 and 1:2 complexes show that its own symmetry is
broken upon encapsulation, regardless of the symmetry of the
overall structure. Distinct signals are observed for each
carboxylic acid proton because each cavity of 3 is itself
dissymmetric.

A second titration experiment consisted in the addition of
a single enantiomer of tartaric acid 2-L to host 3 (Figure 2a).
The addition of 0.5 equivalents of 2-L led to the appearance of
a new set of signals with twice the number of resonances
compared to 3 alone, corresponding to a 1:1 complex in which
2-L was fully encapsulated in the M cavity and not in the
P cavity. Again, the two sharp signals at 13.96 and 13.63 ppm
are those of the hydrogen-bonded acid protons of the guest in
a matching configuration and surrounded by a dissymmetric
environment (Figure 3c—e, half-circles). Upon further addi-
tion of 2-L, resonances corresponding to 3D2-L were replaced
by another set of signals corresponding to 3D(2-L), with both
a matching and a mismatching complex. Using *C and ""N-
heteronuclear single-quantum coherence (HSQC) spectros-
copy, we identified the signals of the carboxylic acid protons
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of the mismatching 2-L in the P helix of 3 (Figure 3, squares)
to be broad and to show less upfield-shifted resonances at
10.20 and 10.13 ppm at 273 K (Figure S4), thus indicating
weaker hydrogen bonding than in matching complexes.

Unlike 3D(2-p;2-L), 3D(2-L), is not centrosymmetric. Yet
these two 1:2 complexes differ only by the configuration of
one of the guests inside one of the two helical cavities of 3.
Thus, 3D5(2-1), appeared to be a good candidate for a quasi-
racemic crystallographic analysis that would finally allow the
elucidation of the structure of a mismatching complex.
Indeed, single crystals of 3>(2-L), grew from the slow
diffusion of hexane into chloroform solutions and the
structure was solved in the P1 space group. In both the P
and M cavities, 2-L is positioned perpendicular to the helical
axis and adopts a conformation with the two acid and the two
hydroxy groups in trans and gauche position, respectively
(Figure 4b-d). In both mismatching and matching complexes,
carboxylic acid groups are doubly hydrogen bonded to the
neighboring 7-aminonaphthyridine (P helix dgy.n=2.67 A,
dyioc =311 A; Mhelix doyg.n=279A, duy.oc=2.95A)
and also hydrogen bonded to the aromatic pyridazine protons
(P helix degy..oc=3.33 A; M helix dgy..oc=3.11 A). Tartaric
acid adopts an anti arrangement of the O=C—C—OH bonds in
the matching configuration, whereas the syn conformer is
observed in the mismatching configuration. Overall, the guest
2-L in its mismatching configuration has to shift its position in
the cavity, moving away from the pyridazine central unit in
order to accommodate its hydroxy groups in between. In
contrast, in the matching complex, the CH groups of the guest
point toward the pyridazine.

A step further in our study consisted in exploiting the
centrosymmetric nature of 3 to serve the crystallographic
analysis of the complexes it may form with two different
guests. Malic acid (4; Figure 1) also binds to 1, though with
lower affinity (K,=70 Lmol™" in CDCL/[D;]DMSO =9:1 (v/
v)) and poorer diastereoselectivity (de =52 %) than tartaric
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acid. A consequence of the poor diastereoselectivity is the
coexistence of matching and mismatching complexes, even
when using racemic malic acid, which has prevented crystal-
lization and structural analysis until now. L-malic acid (L-4)
differs from L-tartaric acid (L-2) by the lack of one hydroxy
group and by the absolute configuration of its only stereo-
genic center. The two acids are thus quasi-enantiomers and
their successful combination in quasi-racemic crystals was
demonstrated by Pasteur long ago® and recently fully
characterized.”™ We thus endeavored to crystallize both
acids in complex with 3.

The addition of L-2 (1equiv) and L-4 (3 equiv) to 3
resulted in the almost quantitative formation of a single
species 30(2-L;4-L) (Figure 3 g, see also Figure 2b, right). This
hetero-trimolecular complex features four low-field resonan-
ces that correspond to the carboxylic acid protons of
encapsulated L-2 and L-4, both in a matching complex.
Upon cooling to 243 K, each of the two signals (at 13.63 and
13.36 ppm) assigned to carboxylic acid protons of L-4
broadened and then split into two (Figure S7), consistent
with two different orientations of L-4 within the P helix of 3.

Again, quasi-racemic crystallography proved successful to
analyze the structure of encapsulated L-4, an otherwise
elusive complex. X-ray quality crystals of 35(2-L;4-L) were
obtained and its structure solved in the P1 space group. Both
2-1 and 4-L were found to adopt a matching anti conformation
and to be similarly hydrogen bonded to the 7-aminonaph-
thyridine (2-L in M helix doy..x=2.80 A, dy.oc =3.08 A; 4-
L in Phelix doy.n=278 A, day.oc=3.08A) and to the
pyridazine protons (dcy..oc=3.25 A and dep-oc=3.26 A,
respectively). As observed in solution, 4-L exists in two
disordered positions in the solid state, arising from its
dissymmetric structure. This disorder relates to the disorder
of malic acid in its quasi-racemic crystals with tartaric acid.”™

Our investigation thus adds to very recent reports that
quasi-racemic crystallography can be used deliberately to
analyze X-ray structures that would be difficult to elucidate
otherwise, including those of host-guest complexes.!
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