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Amino acid hydrogen oxalate quasiracemates — hydrocarbon side
chains
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Amino acid quasiracemates — generated from the assembly of pairs of chemically distinct amino acids of opposite
DOI: 10.1038/x0xx00000 handedness — continue to provide important opportunities to understand how self-assembly can be promoted despite using
components with drastically different sizes and molecular shapes. Previous studies by Gorbitz et al. and others cataloged
32 crystal structures of amino acid quasiracemates, with each showing the building blocks aligned with near inversion
symmetry similar to their racemic counterparts. This investigation examined the impact of using a secondary coformer
molecule, hydrogen oxalate, on the cocrystalline landscape of amino acid quasiracemates with hydrocarbon side chains.
Eight racemic (4) and quasiracemic (4) hydrogen oxalate structures were generated. Crystal structures of these systems
show the hydrogen oxalate moieties assembled into C(4) molecular columns by the construction of robust O-H:--O" hydrogen
bonds with the amino acid enantiomers and quasienantiomers linked to these column motifs using a complex blend of N*-
H---O7, O-H---O", and N*-H---O=C contacts. The racemates and quasiracemate forming similar packing motifs; however, due
to the chemically non-identical nature of the quasiracemic components, the outcome is that the amino acids organize with
near inversion symmetry. Both the conformational similarity (y&ms) and degree of inversion symemtry (G) of related pairs
of quasienantiomeric components have been systematically assessed using readily available structural tools. This study
shows how coformer molecules such as hydrogen oxalalate can provide new and critical insight into the molecular

recognition process of quasiracemic materials.

a naphthyl substituent.1® Anindication of the importance of this
Introduction structural change comes from the successful pairing of H-NO>

substituents quasienantiomers. For the larger naphthylamide
For several years we have been interested in the class of

quasiracemic

molecular scaffold, a crystal structure of the material was
produced, while in the case of the smaller diarylamide'?, pairing
the H-NO; quasienantiomeric components lacked any indication
Studies
presented in this article continue our efforts to examine the role

compounds known as quasiracemates or

materials2 to probe the role of molecular shape in

supramolecular assembly. These materials result from the .
o . ; of molecular assembly from solution or the melt.
pairwise alignment of near enantiomers and have proven useful

for examining such areas as molecular recognition profiles3-3 . . e . . .
& & P ' of increased lattice stabilization to quasiracemate formation by

asymmetric transformations®’, and chemical separations®°.
The majority of our previous reports on quasiracemic systems
followed a design strategy that included neutral small organic
molecules that often limited the use of hydrogen bond contacts
and other strong cohesive forces.10-14 These investigations
effectively showed that molecular shape can play a principal
role in the construction of molecular assemblies. Our recent
focus turned to understand how increased crystal lattice
stabilization impacts the structural boundary of quasiracemate
formation. One such investigation achieved 27% greater crystal
stability by systematically increasing the size of a diarylamide
molecular framework by replacing a pendant phenyl group with
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exploiting the use of strong directional hydrogen bonds present
in amino acid quasiracemic structures and the robust motifs
generated by use of hydrogen oxalate (HOx) anions.
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Fig. 1 Previously reported crystal structures of amino acid quasiracemates (blue) and the
percent difference in amino acid R group volumes (%AV) for each functional group pair.
Yellow highlighted entries represent the focus of the current work. *In the absence of a
reported volume for allo-Ile, Vg is taken as V) (ref. 32).

The selection of amino acid components for this study follows a
logical approach to quasiracemate synthesis by offering easy
access to chiral materials with increased crystal lattice
stabilization. Because amino acids often exist in the zwitterionic
form, they routinely promote strong crystal packing networks
via charge-assisted hydrogen bonds.l> The second benefit
amino acids provide relates to the scope of available structural
information of quasiracemic materials. The rich history of
amino acid quasiracemates dates to the late 1990’s where
Gorbitz and coworkers showed that simple cocrystallization
studies using pairs of chemically distinct L and D amino acids
resulted in crystal structures closely resembling the strict
centrosymmetric  alignment their
counterparts.16-20 As shown in Fig. 1, this early structural study

(25 entries) and those from more recent efforts (7 entries)20-24

found in racemic

contribute to the 32 known amino acid quasiracemic crystal
structures. While the success from several of these systems
might be largely anticipated due to the structural similarity of
the amino acid pair [butyrate (Abu)-norvaline (Nva), methionine
(Met)-norleucine (Nle) and leucine (Leu)-isoleucine (lle)] other
outcomes emerge from this set as more remarkable given the
considerable difference in molecular shapes and sizes of the
components [alanine (Ala)-isoleucine, valine (Val)-norleucine
and butyrate-phenylalanine (Phe)]. The significance of these
findings can be gauged by considering the extant database of
neutral small molecule quasiracemates where a common

Cl-Bri2,13,25-27

structural theme is pairing H-F! and

quasienantiomers to generate quasiracemates. In contrast to
these relatively small topological differences, the set of amino
acid quasiracemates shown in Fig. 1 provides greater structural
variance of the quasienantiomeric components. This difference
in structural framework starts with the H-CHs pair as seen with
the Abu-Val, Abu-Nva, lle-Val, lle:‘Nva, Leu-Nva, and Nle-Nva
systems and extends to the CHs-C¢Hs substitution pattern of

Abu-Phe.
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Fig. 2 Racemic and quasiracemic amino acid hydrogen oxalate systems examined in the
current study.

The current investigation re-examines the structural space of
four of these amino acid quasiracemic systems — j.e., Nva:-lle,
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Nva-Leu, Leu-lle, and Leu-Nle - by introducing oxalic acid as a
secondary coformer molecule (Fig. 2). Outcomes from these
new systems are compared in light of several related racemic
hydrogen oxalates and previously reported bimolecular amino
acid quasiracemates with a focus on the topological similarity of
the amino acid components. An understanding of these
structural similarities is achieved by assessing how well the
structures approximate inversion symmetry and the degree of
conformational similarity of the quasienantiomers. This report
emphasizes amino acid components with hydrocarbon side
chains and a subsequent article in this journal targets the
structural impact of sulfur-containing amino acids. Together,
these reports show how the addition of a secondary coformer
molecule such as hydrogen oxalate to quasiracemate formation
creates complex and robust crystal structure motifs capable of
not

creating decidedly non-centrosymmetric assemblies

previously observed in quasiracemic crystal structures.

Results and discussion

Racemic and quasiracemic amino acid hydrogen oxalates

The eight racemic (4) and quasiracemic (4) amino acid-hydrogen
oxalate systems examined in this report were prepared by slow
evaporation of aqueous solutions consisting of a 2:1:1 ratio of
the oxalic acid, L-amino acid, and D-amino acid components.
Each generated X-ray crystal structure shows the components
in the amino acid*-H hydrogen oxalate form, where the proton
associated with one of the oxalic acid carboxyl groups is
transferred to the amino acid carboxylate (Table S1t, Fig. 3). The
significance of this acid-base process is that it creates
cocrystalline molecular salts where the set of hydrogen-bond
groups participates
nonbonded contacts. Figure 3A shows the packing diagrams of
a model system — i.e., DL-leucinium hydrogen oxalate (space
group P1) (previously reported in the CCDC Cambridge
Structural Database?® as refcode WIPQOE?°) - and the various
structural
quasiracemic structures.
dominate this structure and occur via hydrogen oxalate-
hydrogen oxalate (O-H---O°), hydrogen oxalate-leucinium (2
N*eucinium-H***"02ChHox and Oleucinium‘H“’-OZCHOx), and leucinium-
leucinium (N*-H---O=C) interactions. These molecular
assemblies form rigorously centrosymmetric L-leucinium:---D-
leucinium assemblies with R3(10) graph-set notation3°31, while
the hydrogen oxalate components align into translationally
related C(4) chains. When viewed together, the leucinium and
hydrogen oxalate molecules further assemble to give Ri(lS)
motifs (Fig. 3B).

donor in an extensive network of

features shared with the other racemic and

Charge-assisted hydrogen bonds

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 The structure of DL-leucinium hydrogen oxalate showing A) two views of crystal
structure packing and B) a diagram depicting common hydrogen-bond motifs.

Close inspection of these crystal structures reveals that the
hydrogen oxalate coformer molecules participate in dominant
packing motifs that provide a common structural theme for all
amino acid-hydrogen oxalate systems. In the case of the
racemic leucinium hydrogen oxalate system (Fig. 3A), the C(4)
motifs occur via strong O-H---O" interactions where the O---O-
distance is 2.613(1) A with a nearly linear £0-H--O- angle
(175(2)°). This chain motif aligns with a neighboring inversion
related hydrogen oxalate chain to create molecular columns
with a short stack distance of 3.05 A. The next closest set of
hydrogen oxalate columns are translationally related with
spacing corresponding to the b axis (9.56 A). These hydrogen
oxalate columns provide a consistent scaffold in the crystal
where the link via N*eycinium-H:"+
0,C(hydrogen oxalate) and Ojeucinium-H---"02C(hydrogen oxalate).
Another identifying feature of the DL-Leu-HOx structure relates

leucinium components

to crystal organization, where the hydrophilic (CO,,, NH3* and
HOx anions) and hydrophobic (R groups) structural features
align into distinct crystal regions that alternate in the ab plane.
This bilayer pattern in the crystal creates a 2D array of dominant
non-bonded contacts that involve the amino acid cations and
hydrogen oxalate anions with the tail ends of the amino acids
assembling using van der Waals surfaces.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4 Amino acid oxalate quasiracemic crystal structures showing A) crystal packing and
near centrosymmetric alignment of the amino acid components and B) plots of
conformational overlays (yrms) and degree of inversion symmetry (C) data.

With the exception of DL-lle:HOx (P21/n), each racemic [PT; DL-
Nva-HOx and DL-Nle-HOx (Fig. S#)] and quasiracemic [P1; L-
Nva-D-Leu-2HOx, L-lle-D-Nva-2HOx, L-lle-D-Leu-2HOx, and L-
Nle-D-Leu-2HOx (Fig. 4A)] hydrogen oxalate structure provided
in this study exhibit a high degree of isostructurality with similar
datasets and unit cell parameters to the DL-Leu-HOx example.
In these cases — including DL-Ile-HOx — this collection of amino
acid hydrogen oxalates form nearly identical crystal packing
patterns. As such, these structures also assemble using a similar
set of contacts (N*-H::-O-, O-H:--O", and N*-H---O=C) that create
a network of hydrogen bonds described by a common set of
graph-set descriptors (Fig B). The structures show pairs of D and
L amino acids bordered by hydrogen oxalate columns ranging
from 9.49 to 9.86 A depending on the steric features of the
amino acid side groups (R). For the quasiracemic systems, the
pairs of amino acid quasienantiomers and hydrogen oxalate
columns organize into motifs that mimic the packing patterns
observed in the racemic structures.
molecular  alignment in

While very similar, the

these cases are strictly
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noncentrosymmetric due to use of chemically unique
quasienantiomeric components.

In general, the crystals and amino acid components in the
crystal structures were well behaved. DL-Nle-HOx provides the
exception to this trend where the crystals grow as curved
needles with the Nle fragments exhibiting whole-molecule
disorder. This suggests that the bilayer crystal landscape of DL-
Nle-HOx supports multiple Nle orientations likely due to the
weak interactions at the interface of the amino acid side chains

(Fig. S1,%).

A) B)

---I-0

ov' -0 (A)

Q Hydrogen-bond data retreived from the CSD
@ Current study

Fig. 5 A) Stacking motif of neighboring oxalate chains and B) a scatterplot of O---O- and
£0-H---O" hydrogen-bond parameters.

Hydrogen oxalate coformer structural tendencies

We wondered if the hydrogen-bonded motifs and close stacking
of the hydrogen oxalate chains observed in the current set of
crystal structures transfers to other known systems. A search
of the CCDC-Cambridge Structural Database?® (CSD, version
5.42, update 2) for O-H::-:O- hydrogen oxalate-hydrogen oxalate
interactions revealed 120 contacts from 99 CSD entries with
average O---O- distances and £0-H--O" angles of 2.55 A and
170.9°, respectively (Fig. 5).
oxalate interactions generate molecular chains where the
components are either translation (85), glide (21), or screw (14)

In such cases, these hydrogen

symmetry related. These structures occur by pairing hydrogen
oxalate with a variety of molecular and atomic cations such as
quaternary amine (68), amino acid (14), pyridinium (9), atomic
cationic (4), and triazolium (2) components. 18 of these entries
exist with multiple molecules in the asymmetric unit (Z/ > 1). Of
the 99 CSD entries, over half (50) of the structures exhibit close
stacking of the hydrogen oxalate chains with 31 entries forming
pairs of stacked chains similar to the leucinium hydrogen
oxalate example shown in Fig. 3A and 19 of these structures
form infinite stacks of hydrogen oxalate chains. This CSD search
shows the structural breadth of hydrogen oxalate as a coformer
participant with variety of molecular and atomic cations.
Perhaps the most striking structural feature of the oxalate
moiety is its ability to form persistent supramolecular
chain/stacking architectures that further serve to align the

principal amino acid components via strong donor-H---O-

4| J. Name., 2012, 00, 1-3

contacts. The 8 systems included in this study generate 12
O-H--:O-  hydrogen oxalate-hydrogen
interactions with hydrogen bond parameters that closely

unique oxalate
compare to the CSD study with an average O---:O- distance of
2.60 A and a £O-H---O- angle of 171.2°. These hydrogen oxalate
motifs provide considerable crystal lattice stabilization that
permits the pairing of structurally diverse amino acid
components.

Quasiracemates — R group volumes, molecular
conformations, and near inversion symmetry

Looking beyond the supramolecular motifs described in this
study, we turn our attention to several methods that provide
useful insight to the molecular topology and crystal packing
differences of amino acid quasienantiomeric components.
These methods target the variation in group volumes, spatial
arrangement of the side groups, and the near symmetry
alignment of the quasienantiomeric components.

Recently, we approximated the topological difference between
pairs of quasienantiomers by tabulating the percent difference
in volume (%AV) of functional groups for a family of
naphthylamides.’® While not a true indicator of molecular
shape, this approach has proven useful as a diagnostic tool to
assess the variation of shape space for sets of molecular
fragments. For example, the H-F and Cl-Br substitution patterns
commonly used in quasiracemic design strategies give %AV
values of 60 and 16, respectively. By comparison, the smallest
imposed structural difference associated with assembling
amino acid quasienantiomers is the H-CHs pair where %AV =
100%. This information, and that provided in Fig. 1, suggests the
amino acid framework offers an important entry point to
explore molecular recognition events using components with
greater structural diversity.

Fig. 1 provides %AV data for each pair of amino acid side groups
(R). These estimated R group volumes were determined by
removing -0,C—CH-NHs3* component from the reported partial
molar volume of amino acids (%).32 This %AV data correlates
with the expected variation in pendant alkyl group sizes and this
difference is most prominent with straight chain systems such
as in the case of pairing alanine with amino acids of increasing
chain length [Ala-Abu (%AV = 62.0), Ala-Nva (%AV = 128.1), and
Ala-Nle (%AV = 193.9)]. When this method is applied to the 32
cocrystallization successes, the %AV information offers an
effective quantitative measure of the scope of these successes
(Fig. 1). While some of the entries may have been anticipated
due to the structural similarity of the components [Met:-Nle
(%AV = 3.4) and Leu-lle (%AV = 2.9)], other successful entries
combine amino acids with significantly different R groups
[Abu-Phe (%AV = 117.0) and Ala-lle (%AV = 185.2)]. In addition
to providing a quantitative gauge of the existing quasiracemic
systems, another benefit of this method is that it can be used as
a predictive tool. Of the 45 entries provided in Fig. 1, 13 remain
unreported and relate to the alanine and allo-isoleucine

This journal is © The Royal Society of Chemistry 20xx



systems. Does the absence of these systems relate to attempts
to pair ill-suited quasienantiomers or are these omissions
simply an artefact of uncharted territory where the
cocrystallization experiments have yet to be conducted? The
answer is likely yes to both questions. Inspection of the %AV
data in Fig. 1 indicates Ala-lle (%AV = 185.2) as the system
reported with the largest volume difference of the component
R groups. Though the Ala-lle entry is quite significant, it is
possible that other systems near or exceeding this %AV
threshold lack the necessary structural complementarity of the
quasienantiomeric components for cocrystal formation.
Equally important to point out are the 6 systems with %AV
values < 100 (Ala-Abu and allo-lle with Ile, Met, Nva, Val, and
Abu). Since the majority of these entries pair allo-lle with other

amino acids, the absence of these entries likely reflects the

infrequent use of allo-lle rather than unsuccessful
cocryallization attempts. As such, this %AV information
suggests that cocrystallization of these amino acid

quasienantiomers could result in the expected quasiracemates.
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Fig. 6 Crystal structures of L-leucine-D-norvaline (BERNER) and L-isoleucine-D-leucine
(FITNIF) showing A) strategy for conformational overlays, B) plots of tabulated structure

indices ( Rms and C; data and C) degree of inversion symmetry (C).

The next two methods assess the conformational similarity
(xrms) and degree of inversion (G) symmetry that relates pairs

of quasienantiomeric components. As shown in Fig. 6, the

This journal is © The Royal Society of Chemistry 20xx

Leu-Nva (CSD reference code BERNER) and Leu-lle (FITNIF)
structures offer model systems to describe these techniques.
The structure overlay feature provided in the CCDC-Mercury
program33 used to processes the
similarities of each quasienantiomeric pair.

conformational
This process

was

involved inverting the chirality of one component, omitting the
hydrogen atoms, and then selecting the appropriate pairs of
atoms to process (Fig. 6A). Atoms without a corresponding
partner were not included in the assessment — j.e., for BERNER
one atom was removed and FITNIF two atoms were omitted
from the calculations (Fig 5A, orange highlights). The root-
mean-square (yrms) calculation determines the degree of
overlay with yrvs values near zero indicting a close match of the
molecular fragments. The flexibility in atom selection is an
important feature of the CCDC-Mercury resource. When this
approach is applied to the amino acid quasiracemate structures,
the degree of structural overlay can be measured as a function
of R group chain length (Fig. 6B). In each case, the core 0,C-C(C)-
N fragment is nearly conformationally identical with the attached R
group chain providing the point of structural divergence. For
BERNER, the CCDC-Mercury overlay calculations gave an insignificant
increase in yrms values with increasing chain length (0.02, 0.02, 0.02)
as compared to those tabulated for FITNIF (0.10, 0.17, 0.29).

Avnir and coworkers have developed the Continuous Symmetry
Measures method that quantitatively evaluates the degree of basic
symmetries present in structural motifs.343¢ The measured value
obtained ranges from zero (the motif has the investigated symmetry)
to an upper limit of 100. By processing data in a similar manner to
the CCDC-Mercury overlay approach, we were able to determine the
extent of inversion symmetry (G) these model structures exhibit as a
function of chain length (Fig. 6C). The G data generated for both
BERNER FITNIF The
guasienantiomers in BERNER align in the crystal with nearly idealized
inversion symmetry (G = 0.002, 0.003, 0.003) while the lle-Leu
components for FITNIF are decidedly less centrosymmetric (C;=0.09,
0.33, 0.86) (Fig. 6B).
similarity (CCDC-Mercury structure overlay) and degree of symmetry

and are quite revealing. Nva:-Leu

The combined use of the conformational

(C) approaches offers an important strategy for understanding the
organization of quasiracemic structures. For the BERNER structure,
the two quasienantiomeric components possess similar molecular
conformations that effectively align with near inversion symmetry.
In the case of FITNIF, however, the lle:leu components take on
similar molecular shapes, but these molecules assemble into
motifs that deviate to a greater extent from C; symmetry.

The application of the CCDC-Mercury overlay and G symmetry
methods to the current set of amino acid hydrogen oxalate
quasiracemates offers a unique opportunity to assess the spatial
variance of quasienantiomeric components in these systems. Similar
to the BERNER and FITNIF examples (Fig. 6), the calculations for these
crystal structures were systematically processed by varying the chain
length of the amino acid pair (Fig. 4). The hydrogen oxalate
molecules were omitted from these calculations because their
column motifs closely match centrosymmetric alignment. Outcomes
from this study were compared to the non-hydrogen oxalate

J. Name., 2013, 00, 1-3 | 5



quasiracemate structures found in the literature. Fig. 4B provides
the degree of inversion symmetry (G) and conformational similarity
(xrms) for pairs of amino acid components. For the lle-Nva-2HOx and
Leu-Nle-2HOx systems, the low yrws values indicate similar
molecular shapes for the amino acid components. Comparatively,
these structures are less efficient at inversion alignment of the
components since the C values are greater than 0.1. The other two
systems — Leu-Nva-2HOx and Leu:-lle:2HOx — align molecules in the
crystal with higher yrvs and G values demonstrating a greater
variation in molecular conformations and inversion symmetry.

The G and RMS information summarized in Fig. 7 corresponds
to calculations utilizing the entire amino acid molecule. This
information shows that while the use of hydrogen oxalate as a
coformer molecule promotes the formation of three-
component amino acid quasiracemic systems, the alignment of
the components in these systems do not differ drastically from
the non-HOXx literature examples. In fact, three of the four non-
HOx structures exhibit larger yrvs and G values than the
hydrogen oxalate counterparts.
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3
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. Present Study - Quasiracemate with oxalic acid coformer

A CSD Entry - Quasiracemate in the absence of oxalic acid coformer

Fig. 7 Assessment of the conformational similarity (yrms) and degree of inversion (C)
symmetry for pairs of quasienantiomeric components for entries from the present study
and CSD. Values correspond to the last atom in the side group chain.

Conclusions

The outcomes from this study underscore the role of increased
crystal lattice stabilization to the success of quasiracemate
formation. Amino acids offer an interesting addition to
quasiracemic materials because they provide easy access to
structurally diverse quasienantiomeric components assembled
from extensive networks of charge-assisted non-bonded
contacts. This study produced three new racemates and four
new crystalline phases of known amino acid quasiracemates by
the addition of a secondary hydrogen oxalate coformer
molecule. The crystal structures of these systems show the
hydrogen oxalate moieties assembled into C(4) molecular
columns by construction of robust O-H-:-:O- hydrogen bonds.

6 | J. Name., 2012, 00, 1-3

The amino acid enantiomers and quasienantiomers are then
linked to these column motifs using a complex set of N*-H---Or,
O-H---:O-, and N*-H:--:O=C contacts. While the racemates and
quasiracemate form similar packing motifs, because the
quasiracemates are constructed from chemically non-identical
components, the outcome is that the amino acids organize into
near inversion symmetry.

Several structural tools were applied to these multi-component
systems to understand the spatial diversity of the amino acid
building blocks. Since the majority of quasiracemates organize
into assemblies that mimic the inversion relationships observed
in racemates, we were interested in examining the level of
symmetry-distortion that the pair of amino acid components
exhibit. Crystal structures generated from this study and those
retrieved as non-hydrogen oxalate forms from the CCDC-CSD
were assessed. Avnir’s Continuous Symmetry Measures and the
structure overlay feature in CCDC-Mercury were used to
evaluate the degree of inversion symmetry and conformational
similarity of the components. Use of these structural tools
showed that one structure (lle-Leu-2HOx) achieved a
conformational similarity index (xrwms) greater than 0.5 and four
structures (lle-Leu-2HOx, FITNIF, GOLWEJ, FITJEX) possess
packing motifs distorted from inversion symmetry with G values
greater than 0.2. The use of these methods with quasiracemic
materials offers important advances in understanding the
factors responsible for the assembly of quasienantiomers.
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