
Amino acid hydrogen oxalate quasiracemates – sulfur 
containing side chains 

Journal: CrystEngComm

Manuscript ID CE-ART-09-2021-001214.R1

Article Type: Paper

Date Submitted by the 
Author: 21-Oct-2021

Complete List of Authors: Wells, Russell; Whitworth University, Chemistry
Sahlstrom, Katriel; Whitworth University, Chemistry
Wheeler, Kraig; Whitworth University, Chemistry

 

CrystEngComm



ARTICLE

Please do not adjust margins

Please do not adjust margins

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Amino acid hydrogen oxalate quasiracemates – sulfur containing 
side chains
Russell G. Wells,a Katriel D. Sahlstrom,a and Kraig A. Wheeler a*

New additions to quasiracemic materials have been developed by cocrystallizing a ternary component – hydrogen oxalate – 
with pairs of amino acid quasienantiomers where at least one of the side-chain R groups contains a sulfur atom.  Of the eight 
quasiracemates investigated, six exhibit crystal packing that drastically deviates from the expected centrosymmetric 
alignment present in the racemic counterparts and the extant database of quasiracemic materials.  These structures were 
quantitatively assessed for conformational similarity (CCDC-Mercury structure overlay) and the degree of inversion 
symmetry (Continuous Symmetry Measures) for each quasienantiomeric pair.  Despite the variance in quasienantiomeric 
components, these structures exhibit a high degree of isostructurality where the principal components assemble by a 
complex blend of common N+-H···O and O-H···O- interactions.  These charge-assisted hydrogen-bonded networks form 
thermodynamically favored crystal packing that promotes cocrystallization of a structurally diverse set of quasienantiomeric 
components.

Introduction
The companion article preceding this report highlights the 
utility of oxalic acid as a designer additive for organizing pairs of 
amino acid quasienantiomeric components.1  In that 
investigation, we showed how amino acids decorated with 
aliphatic side chains (R) when combined with hydrogen oxalate 
(i.e., Nva·Ile·2HOx, Nva·Leu·2HOx, Leu·Ile·2HOx, and 
Leu·Nle·2HOx) provided significant opportunities to understand 
the structural effects coformer molecules play on the self-
assembly process of quasiracemates.  Outcomes from that 
report contribute to a growing body of work that explores the 
cocrystallization tendencies from pairing chemically distinct L- 
and D-amino acid components.  When considering the 32 
known examples of coformer-free amino acid quasiracemates, 
these collective crystal structures offer an important view of the 
structural variation possible when combining equimolar ratios 
of amino acids.2-10  While it might be anticipated that 
component pairs with similar topological features such as L-
methionine·D-norleucine3 and L-isoleucine·D-leucine5 form 
quasiracemic crystalline phases, the success of using 
quasienantiomers of greater structural diversity (e.g., L-
isoleucine·D-alanine5 and L-phenylalanine·D-norvaline2) was 
less predictive.  By examining a new set of ternary amino acid 

quasiracemates, these studies underscored the diversity of 
amino acid quasienantiomers, the potential importance of ionic 
hydrogen bonds to crystal lattice stabilization, and they paved 
the way for further studies on amino acid quasiracemates.
Our previous article in this series utilized a set of structural tools 
to quantitatively assess the conformational similarity and 
degree of inversion symmetry of the hydrogen oxalate and 
related non-hydrogen oxalate amino acid quasiracemates.  For 
these structures where the R groups contain only C/H chemical 
functions, the molecular topologies for the pair of amino acids 
(i.e., L-X·D-X’) closely correlate, as do their crystal packing 
patterns to true inversion symmetry.  The shared structural 
feature of these hydrogen oxalate structures, including the 
previous family of 32 quasiracemates, is that they all form 
crystal patterns that closely approximate inversion symmetry.

Fig. 1 Racemic and quasiracemic hydrogen oxalate amino acid systems examined in the 
current study.
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In this article, we continue our effort to understand the 
structural consequence of using oxalic acid as a coformer 
molecule with amino acid quasiracemates, where at least one 
of the amino acid components includes a sulfur-containing R 
group (i.e., methionine (Met), ethyl cysteine (Etcyst), and 
methyl cysteine (Mecyst)).  As shown in Fig. 1, of the six building 
blocks selected for this study - norvaline (Nva), methyl cysteine, 
leucine (Leu), norleucine (Nle), methionine, ethyl cysteine - five 
contain straight chain side groups.  Combining pairs of the L and 
D forms of these components with oxalic acid produced eight 
new quasiracemic crystal structures (L-Mecyst·D-Nva·2HOx, L-
Met·D-Nva·2HOx, L-Etcyst·D-Nva·2HOx, L-Met·D-Leu·2HOx, L-
Met·D-Nle·2HOx, L-Etcyst·D-Leu·2HOx, L-Etcyst·D-Met·2HOx, L-
Etcyst·D-Nle·2HOx).  In general, chain length, branching pattern, 
and the -S-/-CH2- substitution provided the primary structural 
points of difference for these systems.  While the -S-/-CH2- 
substitutions are known isomorphic groups that have guided 
previous quasiracemate studies11,12, the structural outcomes 
from using these functional groups in this study were 
profoundly unexpected since many of these quasiracemates 
formed decidedly non-centrosymmetric crystal packing 
patterns.

Results and discussion
Crystallographic Assessments

Fig 2.  Illustrations of Type I and II hydrogen bond motifs for racemic and quasiracemic 
amino acid hydrogen oxalates. (Fig. 2A taken from ref. 1)

Racemates.  Numerous homochiral13-20 and racemic21-28 crystal 
structures of amino acid hydrogen oxalates exist in the 
literature.  A common theme from inspection of these 
structures is that the hydrogen oxalate components prefer to 
form robust hydrogen-bonded strands via O-H···O- interactions.  
The amino acids then hydrogen bond to these hydrogen oxalate 
motifs using a complex blend of contacts.  For this study, we 
initially focused our attention on the racemic forms of amino 
acid hydrogen oxalates where at least one of the components 
relates to the quasienantiomers included in this study.  The 
structures of DL-Nva·HOx and DL-Met·HOx were prepared and 
crystallographically determined with DL-Leu·HOx24 and DL-
Nle·HOx1 retrieved from the literature.  Each component 

associated with these racemic systems crystallized in space 
group P  with Z’ = 1 (Table S1, †).  The structural similarity is 𝟏
further expressed in unit cell constants where the parameters 
a, b, c, , , and  are noticeably similar for this set of structures.  
The hydrogen oxalate anions link to translationally related HOx 
neighbors via O-H···O- interactions to give an extended motif 
with C(5) graph set notation (Fig. 2).29,30  These hydrogen 
oxalate chains self-assemble as inversion related dimers with 
close stacking between the chains (i.e., 2.97 – 3.15 Å) promoted 
by a single amino acid NH3

+ group via two N+-H···OHOx contacts.  
By evaluating the orientation of the amino acid···amino acid 
interactions, these structures could be further classified as Type 
I or II.  The structures of DL-Nva·HOx, DL-Leu·HOx, and DL-
Nle·HOx follow Type I patterns where pairs of amino acids 
assemble into (10) centrosymmetric dimers aided by N-𝑹𝟐

𝟐

H···O=CAmino Acid contacts using the third NH3
+ hydrogen atom 

(Fig. 2A).  The remaining hydrogen-bond donor participates in 
CO2Hamino acid···O-

HOx contacts that control the spatial proximity 
between adjacent hydrogen oxalate dimer motifs with 
distances corresponding to the length of the crystallographic b 
axes (9.40 - 9.56 Å).  This collection of hydrogen-bonded motifs 
creates a bilayer structure where the R group side chains and 
core amino acid residues reside in distinct ab-planes.  
The methioninium hydrogen oxalate (DL-Met·HOx) structure 
exhibits Type II hydrogen-bond motifs.  In addition to using the 
methioninium NH3

+ group to span the hydrogen oxalate dimer 
strands via two N+-H···OHOx contacts, the third NH3

+ hydrogen 
atom participates in N+-H···O=Cmethioninium contacts linking C(5) 
translationally related methioninium molecules with the same 
chirality (Fig. 2B).  For Type II motifs and with the structure of 
DL-Met·HOx, the remaining methioninium carboxyl donor 
contributes to crystal packing via a CO2Hmethioninium···O-

HOx 
interaction that effectively links the hydrogen oxalate dimer 
stacks with a distance of 9.44 Å.  Type II motifs, similar to Type 
I, also form bilayer structures where the R groups are isolated 
in the ab-plane.
These four racemic HOx structures offer a valuable view of the 
structural tendencies of amino acid hydrogen oxalate systems.  
One such structural preference relates to the hydrogen oxalate 
anion as a key participant in supramolecular assembly. This 
small but structurally potent coformer molecule consistently 
self-assembles to generate pairs of centrosymmetrically related 
hydrogen-bonded strands.  These HOx pillars form reliable 
spacing in the crystal at ~9.5 Å, where the inter-pillar space is 
occupied by the amino acid components.  Given the structural 
irregularities described in the preceding sections for sulfur-
containing amino acid hydrogen oxalate quasiracemates, it is 
important to note that the sulfur atom in DL-Met·HOx, as well 
as the C/H groups of the side chains in the other racemic 
structures, lacks any significant observable role in the 
construction of the non-bonded contacts or assembly of R 
group side chains outside of weak van der Waals interactions.
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Quasiracemates.  The quasiracemic structures presented in this 
study include pairs of quasienantiomers where at least one of the 
components contains an R group with a sulfur atom.  Five of these 
amino acid components involve straight-chain R groups (Nva, 
Mecyst, Nle, Met, and Etcyst), while one entry, leucine, exists as a 
branched-chain side group.  By pairing the L and D forms of these 
quasienantiomers with oxalic acid, eight new quasiracemic crystal 
structures were prepared (Fig. 1).  

Fig. 3  Crystal structure views of quasiracemates L-Met·D-Nle (GOLVOS) and the 
hydrogen oxalate form (L-Met·D-Nle·2HOx).

Our involvement with sulfur-containing amino acid hydrogen 
oxalate quasiracemates initially targeted the Met·Nle·2HOx 
system.  Because the selection of this quasiracemate included 
the use of two quasienantiomeric isosteres that differ only by -
CH2- and -S- substitutions, we anticipated this strategy would 
promote quasiracemate formation even in the presence of a 
secondary coformer molecule such as oxalic acid. This case 
study proved successful by providing a valuable opportunity to 
uncover the complex structural architectures present in the 
sulfur-based amino acid hydrogen oxalate quasiracemates.  Fig. 

3A depicts the crystal structure of the non-HOx and hydrogen 
oxalate forms of the L-Met·D-Nle system.  The previously 
reported non-HOx form deposited in the CCDC-Cambridge 
Structural Database31 (CSD, version 5.42, update 2), refcode 
GOLVOS3) crystallizes in chiral space group P21.  Due to the 
location of the amino acid quasienantiomers in the crystal and 
the near inversion symmetry that relates these components, 
this structure closely mimics centrosymmetric space group 
P21/c and the inversion symmetry elements found in the crystal 
packing of DL-Nle32 and DL-Met33,34 (Fig. 3A).  The structure of 
the related hydrogen oxalate equivalent is noticeably different 
(Fig. 3B, space group P1).  In this case, the quasienantiomers 
and hydrogen oxalate moieties align with Type I crystal packing 
via a complex network of hydrogen bonds that follows the 
structural patterns described for the analogous racemic 
systems.
The unusual feature of the Met·Nle·2HOx structure is that the 
spatial alignment of the central core of the amino acids – i.e., 
H3N+-CH(CH2)-CO2H – closely mimics near inversion symmetry, 
while the remaining pendant R groups deviate significantly from 
this symmetry operator.  This observation is significant and 
contrasts the generally accepted notion that quasiracemates 
nearly always crystallize with near inversion relationships 
between the quasienantiomeric components; structural 
patterns that strongly mimic the rigorously centrosymmetric 
packing found in the racemic counterparts.  This correlation has 
been reported extensively, with many studies citing nearly 
indistinguishable or very similar crystallographic data sets, unit 
cell parameters, and crystal packing patterns for related 
racemates and quasiracemates.35,36  To give some perspective 
to this phenomenon, the only outlier to the approximate 
centrosymmetric nature of quasiracemate structures we are 
aware of is a recent reinvestigation of Pasteur’s 1850’s 
tartaramide/malamide quasiracemates where the components 
organized with pseudo glide-plane symmetry37.  For the 
Met·Nle·2HOx structure, the dimeric stacks of hydrogen oxalate 
chains and central amino acid framework strongly correlate to 
inversion symmetry and space group P .  However, the spatial 1
arrangement of the R groups of the norleucinium and 
methioninium components deviate significantly from this 
inversion symmetry relationship or other rational symmetry 
operators (crystallographic or noncrystallographic symmetry).  
This deviation from centrosymmetry appears to be more 
pronounced near the tail end of the amino acid chains.
Motivated by our experience with carbon-based amino acids 
and the structure of L-Met·D-Nle·2HOx, this study then focused 
on examining the structural effects and use of other sulfur-
containing amino acids as building blocks in the construction of 
quasiracemic materials.  Does the structural variance observed 
in L-Met·D-Nle·2HOx transfer to other sulfur-containing amino 
acid quasiracemates?  In addition to pursuing this question via 
crystallographic investigations, this effort also quantitatively 
assessed the conformational similarity of the 
quasienantiomeric pair (RMS) and how far these components 
differ from inversion symmetry (Ci).  As previously described1, 
Avnir’s Continuous Symmetry Measures38-40 (CSM) and the 
Structure Overlay utility in CCDC-Mercury41 provided practical 
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tools for these evaluations.  Several structural modifications 
were applied before determining these numerical parameters.  
Because both structural tools require symmetric sequences 
with shared atom connectivities for each quasiracemic pair, 
atoms that lacked an equivalent partner were omitted from the 
assessments.  Because CSM distinguishes between atom types, 

sulfur atoms were replaced with carbon, and for the CCDC-
Mercury studies, the stereochemistry of the quasienantiomeric 
pair was matched by inverting one of the amino acid 
components.  Hydrogen atoms were also removed to 
streamline the process.

Fig 4.  Eight amino acid hydrogen oxalate quasiracemates showing the crystal structures projected down the c axis, an isolated view of the quasiracemic pair showing molecular 
conformations (hydrogen atoms omitted for clarity), and a plot of the structure indices (RMS and Ci) for each quasienantiomeric pair.

Fig. 4 shows the crystal structures of the eight amino acid 
hydrogen oxalate quasiracemates where the R group of at least 
one of the components contains sulfur.  This homologous family 
displays a high degree of isostructurality with each crystallizing 
in space group P1 or P21, imitating  or P21/c due to the 𝑃1
presence of near inversion symmetry, and exhibiting Type I 
hydrogen bond motifs.  An interesting aspect of these closely 
related structures is the significant variability of R group spatial 
orientation within a quasienantiomeric pair and between these 
quasiracemic systems.  A good indicator of this contrast can be 

found from visual inspection of the four structures containing 
the methioninium moiety (i.e., L-Met·D-Nva·2HOx. L-Met·D-
Leu·2HOx, L-Met·D-Nle·2HOx, L-Etcyst·D-Met·2HOx) (Fig. 4, 
right). Though the common feature is a methioninium 
component, various group geometries for the -CH2CH2SCH3 
fragment are present in these structures. This variation also 
exists when extending this qualitative assessment to all amino 
acids containing R groups with a straight chain of four atoms 
(i.e., Met, Nle, and Etcyst). This assessment produced ten 
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molecules from seven crystal structures with an equally drastic 
variation in R group conformations.
Since the core amino acid framework (H3N+-CH(CH2)-CO2H) 
associated with these structures visually indicates a greater 
extent of conformational similarity and symmetry alignment 
than the pendant R groups, we wondered how these measures 
correlate as a function of R group chain length.  These strategies 
were recently applied to aliphatic amino acid hydrogen 
oxalates, where the molecular conformations (RMS) and degree 
of inversion (Ci) between the two quasienantiomers closely 
correlate.1  Inspection of the L-Met·D-Nle·2HOx example (Figs. 
3B and 4) shows that the RMS and Ci values associated with the 
core amino acid fragment are relatively small, indicating a 
strong conformational similarity and symmetry relationship of 
these groups.  By contrast, including the R groups in the 
calculations significantly increased the RMS and Ci parameters.  
This increase correlates directly to chain length (RMS (1-4) = 
0.03, 0.06, 0.62, 0.99 and Ci (1-4) = 0.02, 0.04, 1.25, 3.58) and is 
consistent with the initial observation that the tail ends of the 
amino acids appear to deviate considerably from true inversion 
symmetry.  However, when this approach was applied to the 
non-oxalate L-Met·D-Nle structure (GOLVOS), the results 
indicate components with similar geometries (RMS(max) = 0.12) 
and an alignment that approximates near inversion symmetry 
(Ci(max) = 0.017).  This trend is largely true for the other 
methionine amino acid quasiracemic structures provided in the 
literature [L-Val·D-Met (BERQIY), RMS(max) = 0.05, Ci(max) = 
0.07; L-Nva·D-Met (URODIP), RMS(max) = 0.09, Ci(max), 0.02; L-
Ile·D-Met (FITLID), RMS(max) = 0.12, Ci(max) = 0.15; L-Leu·D-
Met (BERNIV), RMS(max) = 0.25, Ci(max) = 0.79; L-Phe·D-Met 
(POVYOP) RMS(max) = 0.71 Ci(max) = 1.17].  An additional 
methionine quasiracemate, L-Abu·D-Met (ANUPOQ, 
ANUPOQ01 polymorphs), likely contains components with at 
least appreciably different quasienantiomeric rotamers; 
however, considerable disorder present in the R groups 
prevented suitable assessment of the structure indices.
A somewhat unanticipated result from this study was that the 
asymmetry displayed in the initial model structure of L-Met·D-
Nle·2HOx exists in many of the other quasiracemic structures 
(Fig. 4).  Five of these additional structures display Ci values 
greater than 1 with the most significant divergence being the L-
Mecyst·D-Nva·2HOx system with Ci = 4.44 (L-Etcyst·D-
Nva·2HOx, Ci(max) = 1.33; L-Etcyst·D-Leu·2HOx, Ci(max) = 2.50; 
L-Etcyst·D-Nle·2HOx, Ci(max) = 3.69; L-Met·D-Nva·2HOx, 
Ci(max) = 2.69). The remaining two systems, L-Mecyst·D-
Nva·2HOx and L-Met·D-Leu·2HOx, form crystal structures 
where, despite containing the sulfur-based methioninium and 
methyl cysteinium fragments, the quasienantiomers closely 
mimic inversion symmetry (L-Mecyst·D-Nva·2HOx, Ci(max) = 
0.05 and L-Met·D-Leu·2HOx, Ci(max) = 0.14).  The 
conformational similarity for these same systems ranges from 
RMS(max) = 0.12 to 1.00. (L-Mecyst·D-Nva·2HOx, RMS(max) = 
0.12; L-Etcyst·D-Nva·2HOx, RMS(max) = 0.61; L-Etcyst·D-
Leu·2HOx, RMS(max) = 0.88; L-Etcyst·D-Nle·2HOx, RMS(max) = 
0.89; L-Met·D-Nva·2HOx, RMS(max) = 0.90; L-Met·D-Leu·2HOx, 
RMS(max) = 0.14; L-Met·D-Nle·2HOx, RMS(max) = 0.99; L-
Etcyst·D-Met·2HOx, RMS(max) = 1.00).  The structures with the 

largest RMS(max) values correlate proportionally to larger 
Ci(max) values, indicating that pairs of quasienantiomers with 
different geometries are often accompanied by crystal motifs 
that deviate considerably from inversion symmetry.  Also, we 
were unable to determine a relationship between the spatial 
variation of quasienantiomeric components and the extent of 
divergence from inversion symmetry; HOx quasiracemates 
constructed from isosteric (D-Met·L-Nle·HOx) and or non-
isosteric (D-Nva·L-Etcyst·HOx) quasienantiomers seem equally 
capable of forming highly asymmetric crystal assemblies.

Molecular Conformations
The conformational differences present in several of the 
quasienantiomeric pairs are largely unprecedented in the field 
of small molecule quasiracemic materials.  While these 
structures maintain dimeric stacks of consistently spaced 
hydrogen-bonded HOx strands, the alignment of amino acid 
quasienantiomers linked to these motifs is often decidedly non-
centrosymmetric.  This departure from near inversion 
symmetry is largely inconsistent with the idea that 
centrosymmetric packing of achiral or racemic compounds 
yields energetically favorable motifs, where this penchant for 
inversion symmetry alignment has been estimated at >90% for 
racemic compounds.42,43  So then, what structural factors drive 
these sulfur-based quasiracemates as the exception to the rule?  
Perhaps one area that could provide insight into this issue is the 
crystal growth experiments of these systems.  All X-ray quality 
samples were prepared by room temperature straightforward 
cocrystallization experiments (S1, †).  Crystals retrieved for both 
the racemic and quasiracemic crystal growth studies often 
formed thin layered plates, with many samples directly suitable 
for crystallographic assessment.  Those samples requiring 
additional recrystallizations did not follow a consistent pattern 
related to amino acid selection or tabulated RMS and Ci values.  
In the case of one of the racemates, DL-Nle·HOx, a previous 
report described this sample forms significantly curved crystals 
accompanied by whole-molecule disorder of the norleucinium 
molecules.1  While this result may suggest that the 
centrosymmetric packing found in the frustrated crystals of DL-
Nle·HOx (space group ) lack ideal crystal organization, this 𝑃1
singular event is insufficient to explain why combining 
conformationally dissimilar L and D quasienantiomers is favored 
in many of the quasiracemic systems.  It is also worth 
mentioning that centrosymmetric alignment does not always 
offer the most energetically favorable arrangement of 
molecules, as evidenced by the 8-9.5% of racemates that adopt 
non-centrosymmetric space groups44,45.  While one could argue 
that the alignment of the R groups of the current 
quasiracemates closely resembles these non-centrosymmetric 
racemates, this is likely not the case since the components of 
the DL-amino acid·HOx structures assemble into rigorously 
centrosymmetric structures.
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Fig. 5 CCDC-Mercury structure overlay plots of A) ten sulfur-containing amino acids 
[methyl cysteinium (1 entry, violet), ethyl cysteinium (4 entries, light blue), and 
methioninium (5 entries, cpk colors)] from the current study and B) the addition of 
nineteen methioninium CSD structures.  H atoms were omitted for clarity.

To further understand the structural differences observed in the 
quasiracemate structures, this study examined the molecular 
conformations of each sulfur-containing amino acid 
component.  The crystal structures were processed by isolating 
the desired molecule, matching the handedness of the 
quasienantiomers (L), and overlaying the N-C-CO2 atoms for the 
set of compounds using the structure overlay function found in 
CCDC-Mercury (Fig 5A).  The ten amino acids with sulfide 
groups, C-S-C, found in these eight crystal structures included 
methyl cysteinium (1 entry), ethyl cysteinium (4 entries), and 
methioninium (5 entries).  Inspection of the overlay plot 
depicted in Fig. 5A shows that the core H3N+-CH(CH2)-CO2H 
fragments in these structures closely match, with DL-Met·HOx 
as the exception where the carboxyl hydrogen atom is located 
on the other carboxyl oxygen atom.  The fixed geometry of the 
carboxyl group seems uniquely linked to the protonated forms 
of these amino acids since the non-hydrogen methionine 
oxalate structure, DL-Met, exists in two polymorphic forms 
(DLMETA07 and DLMETA08), with both displaying a variation in 
-CO2

- group geometry.  This same overlay data also shows that 
the R groups of the methyl and ethyl cysteinium molecules take 
on well-defined orientations.  By contrast, the five 
methioninium entries from this study crystallize with a range of 
R group rotamers.  A search of the CSD for structures containing 
each of the three sulfur-based amino acid fragments resulted in 
19 additional methioninium molecules (Figure 5B).  These 
entries serve to confirm that the core molecular framework of 
methioninium is retained, while the pendant sidechains take on 
a wide variety of conformations.  Four of these CSD entries exist 
with two symmetry-independent methioninium molecules 
(LUDHEX, REMSUX, VICZEN, and YIGMEI).  In these cases, the 
spatial arrangement of the -CH2CH2SCH3 groups for each set of 
methioninium molecules from the same structure is 
significantly different, further supporting the observed 
structural pattern that methioninium readily takes on a range 
of conformations even within a given structure.

Fig. 6  Dihedral angle distributions from crystal structures containing methionyl, methyl 
cysteinyl, ethyl cysteinyl, and norleucinyl fragments.

The conformational preferences identified for the sulfur-
containing amino acids and norleucine were further examined 
using the structural data from this study and the extant 
literature.  A CSD search for the methionyl, methyl cysteinyl, 
ethyl cysteinyl, and norleucinyl fragments retrieved 292, 35, 12, 
and 69 entries, respectively.  When applicable, these dataset 
entries were inverted to the L isomer to ensure consistency of  
stereochemical configurations.  Dihedral angle () distributions 
are presented in Fig. 6 as 2D plots.  As expected, due to steric 
repulsions, the staggered geometries of these species 
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effectively separate the data into roughly three rotamer bins (0 
<  < 120, 120 <  < 240, and 240 <  < 360) for each dihedral 
angle.
Both gas phase calculations44 and a search of high-resolution 
protein crystallographic data45 previously provided essential 
insight to preferred methionine geometries.  These studies 
showed that the flexibility of the methionyl R group leads to a 
variety of low-energy geometries distributed over several 
conformers, and that the interplay of hyperconjugative effects 
and steric repulsion contributes to geometry stabilizations.  As 
an example of the structural intricacies of these factors, the 
most destabilized conformers by steric hindrance are also the 
most stabilized species by hyperconjugation.  Achieving a 
balance of these interrelated complex structural properties and 
others results in local/global energy minima corresponding in 
preferred geometries.  When considering these factors in light 
of crystal packing forces, it is not surprising that multiple 
rotamers not only exist but compete during molecular assembly 
of the cocrystallization process.  The populations of various 
rotamers of methionine and its analogues have been identified.  
Consistent with the computational44 and protein crystal 
structures45, the predominant rotamer displays 1 ~ 180, 
where the R group is anti to the -CO2R group.  Furthermore, 
previous use of the protein and small molecule crystal structure 
databases provided additional evidence of preferred Met 
conformer orientations with 2 ~ 180 and 3 ~ 60 or 300.45  
The geometry of the pendant methionine methyl group in these 
instances is inconsistent with that identified for Nle where 3 ~ 
180.  Applying this information to the Met·Nle case study in 
this report revealed non-idealized component geometries for 
both Met·Nle (GOLVOS) [(Met) 1 = 187.6, 2 ~ 180.6, 3 = 
189.2 and (Nle) 1 = 172.4, 2 = 177.0, 3 = 174.3] and 
Met·Nle·2HOx [(Met) 1 = 163.5, 2 = 304.2, 3 = 304.3 and 
(Nle) 1 = 187.7, 2 = 168.3, 3 = 66.2].  For Met·Nle 
(GOLVOS), the components exhibit complementary anti-
staggered geometries with 3(Met) skewed by ~60 from the 
idealized structure.  A similar departure in dihedral angle is 
observed in the structure of Met·Nle·2HOx for both the 2(Met) 
and 3(Nle) parameters.
Inspection of the two panels of dihedral angle distributions 
provided in Fig. 6 shows the spatial variation of the amino acid 
R groups. For the methionyl fragment, the data (292 entries) 
clusters at 1 ~ 180, with 67% of the total population, at 2 ~ 
180 (73%) and 3 ~ 60 (30%), 180 (27%), and 300 (43%).  The 
methyl cysteinyl structures (35 entries) cluster at 1 ~ 180 
(68%) and 2 ~ 300 (71%), those with the ethyl cysteinyl 
framework (12 entries) cluster at 1 ~ 180 (50%) and 300 
(50%), 2 ~ 60 (83%), and 3 ~ 180 (67%), and for norleucinyl 
the data clusters at 1 ~ 180 (65%),  2 ~ 180 (83%), and 3 ~ 
180 (75%).  While each of the four fragment types shows 1 
dihedral angle distributions favoring ~ 180, the 2 values 
corresponding to the methyl and ethyl cysteinyl fragments, 
species that differ only by a methyl group, vary by ~ 120.  
Norleucinyl appears to be the most rigid fragment with 
rotamers favoring 180 for each of the torsion angles.  Of 
additional importance to the current discussion is that the nine 
methionyl fragments reported in this study show patterns in 1, 

2, and 3 distributions similar to those previously reported for 
entries from protein crystal structures.
An important aspect of this study relates to the lack of 
complementary conformations observed for the quasiracemate 
components. Fig. 5 shows that the ethyl cysteinium fragment 
prefers 1 ~ 300, 2 ~ 100,  and 3 ~ 160, while the 
methioninium components from our study take on a variety of 
conformations.  Also, the rotamer of methyl cysteinium in Fig. 5 
is similar to ethyl cysteinium.  A CSD search for methionyl, 
methyl cysteinyl, and ethyl cysteinyl fragments increases the 
number of dataset entries and shows corresponding dihedral 
angle distributions (Fig. 6).  Though there is some overlap with 
the methionyl and ethyl cysteinyl entries, the data for these 
fragments cluster in different regions of the two panels.  This 
information provides evidence that the position of the sulfur 
atom along the side chain (i.e., methionyl and ethyl cysteinyl) 
results in different energetically favorable conformations and 
that this variance in rotamer structures is accommodated in the 
crystal.  Additionally, because the R groups reside in bilayer 
regions that lack strong non-bonded contacts, the crystal 
packing forces needed for near inversion symmetry alignment 
are likely minimal or at least less than what is required to 
overcome the preferred R group conformations.

New Additions to Amino Acid Quasiracemates
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Fig. 7  Crystal structure representations and structure indices (RMS and Ci) for L-Etcyst·D-
Nva, L-Etcyst·D-Nle, and L-Etcyst·D-Met.

During the course of these studies, several non-hydrogen 
oxalate quasiracemates containing ethyl cysteine (i.e., L-
Etcyst·D-Nva, L-Etcyst·D-Nle, and L-Etcyst·D-Met) were 
prepared and crystal structures determined (Fig. 7).  The 
hydrogen-bond patterns for these systems show components 
linked by a series of CO2

-···H3N+ interactions producing C(5) 
motifs and other cyclic hydrogen-bond patterns (i.e., 8-, 10-, 12-
, and 20-membered hydrogen-bonded rings).  Similar to the 
amino acid·HOx structures, these quasiracemic systems align 
components into bilayer motifs with two distinct regions of 
closely aligned R groups and 2D hydrogen-bonded networks 
involving the core H3N+-CH(CH2)-CO2

- amino acid framework.  
While ethyl cysteine provided the initial common building block 
for these structures, several distinguishing features exist, such 
as the variance in the number of symmetry unique molecules 
(Z’) and distinct rotamers, even when considering the multiple 
occurrences of the ethyl cysteine fragment in the same 
structure.  This lack of conformational similarity is all the more 
striking when considering the structures Etcyst·Nle, Etcyst·Met, 
and Met·Nle where the R group chain length is the same, and 

the isosteric components differ only by the placement of sulfur 
atoms or the S/CH2 substitutions.
A recent survey of previously reported amino acid 
quasiracemates showed these systems consistently form one of 
two crystal packing patterns.46  These structural motifs include 
bilayer structures with molecular sheets constructed from 
racemic (LD-LD) or homochiral (L1-D1) components.  The LD-LD 
pattern is typically seen in unbranched amino acids, and L1-D1 
is often reserved for branched side chains.  Comparing the L-
Etcyst·D-Nva, L-Etcyst·D-Nle, and L-Etcyst·D-Met systems to this 
extant database reveals several critical structural differences.  
Though the Etcyst·Nva and Etcyst·Met structures resemble LD-
LD patterns and Etcyst·Nle shares similarities with L1-D1, the 
assembly of each of these new structures follows a unique set 
of hydrogen bonds that are unreported in other amino acid 
quasiracemic structures.
Calculation of the structure indices RMS and Ci for these three 
systems used pairs of quasienatiomers located in close 
proximity and linked by hydrogen bonds.  For the EtCyst·Nva 
and EtCyst·Met structures, the RMS and Ci values of < 0.6 
indicate the components show a high degree of conformational 
similarity and align with near inversion symmetry.  
Cocrystallizing Etcyst with Met provides quite a different 
structural landscape where the two sets of symmetry-
independent molecules result in sizable RMS (1.29 and 1.03) 
and Ci (3.27 and 6.27) values.  The importance of this structure 
is that it offers the only example of a non-HOx amino acid 
quasiracemate with crystal alignment that deviates significantly 
from near centrosymmetric crystal packing.

Conclusions
A new set of amino acid hydrogen oxalate quasiracemates that 
differ in their side groups have been designed, synthesized, and 
characterized.  Crystal structures of these systems show the 
side groups align with decidedly non-centrosymmetric packing, 
while the core amino acid frameworks (i.e., H3N+-CH(CH2)-CO2

-) 
and hydrogen oxalate column motifs closely mimic this 
symmetry element.  Further quantitative assessment of these 
structures looked at the conformational similarity of each 
quasienantiomeric pair (RMS) and how far these amino acid 
components differ from inversion symmetry (Ci).  The results 
show that six of these systems display Ci values > 1.3 
accompanied by different quasienantiomeric geometries (RMS 
> 0.6).  Large RMS and Ci values were also determined for the 
non-HOx system L-Etcyst·D-Met.  The observed structural 
deviation from inversion symmetry lacks any apparent 
correlation to the length, composition, or geometry of the R 
group.  To the best of our knowledge, this study represents a 
new addition to quasiracemic materials where the components 
deviate significantly from near inversion or glide-plane 
symmetry.  Because the motifs found in these amino acid·HOx 
systems provide a unique detour from all recognized crystalline 
quasiracemates, these results promise to open yet further 
perspectives in quasiracemate chemistry.  Additional work to 
uncover the structural features responsible for the asymmetric 
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alignment of the amino acid side groups is ongoing in our 
laboratory, and the results will be disclosed in due course.
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