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Abstract: The title species has been studied in two crystal-
line forms resulting from reports describing (1) a centro-
symmetric form [P2//n, Z = 1.0] and (2) a Sohncke form [P2,,
Z' =2.0; Flack parameter = —0.04(2)]. They are related by the
fact that (a) the two have, approximately, the same cell
constants, while (b) Z is doubled in the latter in the course of
losing the n-glide plane. The existence of species displaying
such a remarkable relationship was noted approximately
75 years ago, but, ignored probably because the discoverers
(see below) never completed the necessary experimental
work to fully document the phenomenon, inasmuch as (1)
crystallography was in its infancy then and (2) synthesizing
the necessary, pure, chiral species and growing the neces-
sary high-quality crystals was a major challenge which has,
not even yet, been accomplished. Moreover, O. Hassel, the
major player in this field, was distracted by his work on the
chair-boat equilibrium in cyclohexane and related rings
systems for which he eventually won the Nobel Prize (1969).
Herein, we have attempted to contribute a chapter to this
curious crystallographic phenomenon, which has been
made even more fascinating by the observation that a
ruthenium Grubbs catalyst belongs in the racemic mimic
class.
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1 Introduction

At the moment, awareness of the existence of Racemic
Mimic pairs is limited, probably because the members of
such pairs are frequently reported by different authors
(as is the case here) or the same authors at different times,
and miss the correlation, probably because of the differ-
encein Z. Be asit may, even in cases in which CCDC directs
the reader to the existence of the pair, it may not attract
the searching authors’ attentions to examine both the
papers in the detail sufficient to notice such subtle corre-
lations, which are based on comparison of cell constants;
and which, in fact differ by small amounts butlarge enough
to distract the reader’s attention, resulting in missing
the correlation-unless, of course, you are already looking
forit.

Moreover, curiosity as to whether a clear definition of
the concept is available in Internet searches, leads to nothing
of value and to a lot of responses having nothing to do
with the subject at hand. It is also pertinent to mention that
two masterful compendiums on the range of crystallization
behaviors, such as Bernstein” and Jacques et al.®> have no
entries in their indices for this topic.

This state of affairs is not surprising since its discov-
ery (see below) took place a long time ago and, as we
shall see, finding examples of the phenomenon requires
substances that can produce high quality crystals of
two kinds: racemic and Sohncke, meeting very demanding
conditions described in detail in what follows. Therefore,
in order to acquaint the reader with the material in
print relevant to this discussion, we begin with the
question.
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2 What is a meant by racemic
mimic crystals?

A “racemic mimic” in the context of crystals, described
in more detail below, refers to a crystal structure where
molecules of a single enantiomer arrange themselves in a
crystal lattice in a way that closely resembles the pattern of a
true racemic mixture. This effectively mimics the symmetry
and packing of a 50:50 mixture of enantiomers; essentially,
they create a pseudo-racemic arrangement within a Sohncke
crystal structure. Racemic mimics are broadly related
to quasi-racemates or pseudo racemates referred to by

Wu et al.* and Brock.’ Brock® recently documented the

approximate periodic symmetry in molecular crystals for

Z' > 1in the low-symmetry space groups P2 and C2, previously

referred to as either pseudo symmetry or hyper symmetry

by Zorky.® These included many cases where an approxi-
mate inversion center in the non-centrosymmetric crystals
was recognized. Other terms sometimes used are “pseudo-
racemates” or “quasi-racemates”.*

N.B.: A substance is said to crystallize in the class of

Racemic Mimics, if:

(@) It crystallizes with Z = an even number of constituents,
consisting of pairs of enantiomers. As such, the space
group must be centrosymmetric.

(b) It must also crystallize in a Sohncke space group such
that all the chiral centers must be the same; however,
dissymmetric fragments do not have to be identical
in magnitude; but they must have opposite sign. This is
necessary because they are located at semi- or pseudo,
or nearly-centers of inversion.

(c) and absolutely necessary, the cell constants must
be close to identical; thus, requiring that the
Z'(Sohncke) = 2 Z'(centrosymmetric).

3 On racemic mimics from Wood
et al.” (paraphrased)

Arecent study by Wood et al.,” suggests that Erdmann’s salts
of cocaine and methamphetamine display the characteris-
tics of racemic mimics. In this paper, they give a clear and
concise explanation of the early recognition of this type of
crystalline material, where they direct the reader to four
papers that represent some of the earliest modern de-
scriptions of what is now understood as a racemic mimic.
Those papers, presented in chronological order, include
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studies by Furberg and Hassel,® who investigated the crystal
structure of phenyl glyceric acid grown slowly from water,
Schouwstra,”'® who examined crystals of p.-methylsuccinic
acid grown by sublimation and from water solution, and
Mostad," who analyzed o-tyrosine crystals grown from
methanol with small amounts of ammonia to enhance
solubility. In all of these cases, both the racemic and optically
pure crystals exhibited nearly identical cell constants. The
racemic crystals (P2;/n) had Z' = 1.0, while the pure enan-
tiomers (P2)) had Z' = 2.0. The lattice of the racemic crystals
contained racemic pairs, while the pure enantiomers
formed pairs of enantiomers. Crystals grown from racemic
material contained racemic pairs, while those from the pure
enantiomers formed pairs of enantiomers, which is not an
oxymoron inasmuch as the former could have crystallized as
either conglomerates or kryptoracemates; and, the latter as
simple cases of Sohncke crystals with Z' = 1.0. In a remark-
ably clear and straightforward answer to the question of
“why” and “how”, Furberg and Hassel® suggested that the
pure chiral material seemed to crystallize as a “twin” that
resembled the packing of the true racemate — which they
termed a “racemic twin.” They also proposed that substances
with flexible (dissymmetric) fragments and low torsional
barriers would be ideal candidates for this phenomenon,
documenting additional examples. This was an exception-
ally advanced concept for its time, and it aligns with the
concept we discuss in this report, where we have an example
of a racemic mimic pair. Serendipitously, the Erdmann salts
of cocaine and methamphetamine fall in the categories just
described above; e.g., the nitro ligands of Erdmann’s anion
are flexible, low-barrier sources of dissymmetry; e.g., see
Bernal."?

Having clarified the issue of racemic versus racemic
mimic, we now define the term “kryptoracemic crystalliza-
tion” in order to avoid any confusion with that polymorphic
class since there may have been some confusion in the past,
given that racemic mimics and kryptoracemates are
both characterized by having Z' = 2.0 while belonging to the
Sohncke class.

4 The concept of kryptoracemic
crystallization

During the 1995 meeting in Montreal, celebrating the 100th
Anniversary of the discovery of X-rays by Wilhelm Conrad
Rontgen, a heretofore un-noticed form of crystallization was
described, within the Sohncke class, whose asymmetric
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unit Z = 2.0 which consists of a racemic pair." Given that
such crystallization mode was novel and, heretofore never
before been described, it was then baptized “kryptor-
acemic” from the Greek for hidden® - e.g., a racemate hid-
den within a Sohncke space group where, till then, the
normal expectation was that both components would be iso-
chiral. The substance in question being (+)[Co(en)s]I53-H,0,
for which a very detailed structural analysis, including the
experimental methods used to ascertain its belonging to the
kryptoracemic class (e.g., Second Order Harmonics) were
described." We recommend the readers peruse this report.
Soon, it became clear that the phenomenon was not so
rare — merely that it had been overlooked. For example,
between 1995 and 1998, three new examples of coordination
compounds were published appearing in the CCDC' as
GAPHUAO01," NIXGIK," and FILGIQ;" eventually, reviews
started appearing e.g.'®' By now, the readers should have
enough information to understand what follows, which is a
description of our interpretation of the X-ray crystallo-
graphic data of one of Grubbs’ catalysts — a ruthenium
compound that is the subject of our current inquiry.

5 Ruthenium coordination
compounds in the CCDC

There are 1,104 ruthenium coordination compounds re-
ported in the CCDC' where the metal has four or more li-
gands and that crystallize in the space group P2;. Of these,
303 (27 %) crystallize in the space group P2, with Z' = 2. These
numbers reduce to 698 and 179 (26 %) respectively if one
only includes structures with 3D coordinates, R < 0.075, no
disorder or errors, and are not polymeric. Only one of the 303
crystal structures has a racemic structure reported of the
same molecule. It is the latter complex, REPTIT? that we
discuss in this paper.

6 Some background on Grubbs
catalysts

A Grubbs catalyst is a transition metal carbene complex
used to catalyze olefin metathesis reactions, see Vougiou-
kalakis & Grubbs?' and Antonova & Zubkov.?” New cyclic
alkyl amino carbene (CAAC) ruthenium complexes that
promote macrocyclization and cross metathesis with
acrylonitrile reactions at low loadings have recently been
reported.”® The ruthenium compound of interest here
(see Scheme 1) was synthesized by Gawin et al. as a racemic
mixture and crystallized in the space group P2y/n in
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NO,

Scheme 1: The structure of the ruthenium coordination compound
considered in this study, with * indicating the chiral center: dichlorido
[1-(2,6-diethylphenyl)-3,5,5-trimethyl-3-phenylpyrrolidin-2-ylidene]-
({5-nitro-2-[(propan-2-yl)oxylphenyl}methylidene)ruthenium(II).

QEGBUC.” In a subsequent study, Morvan et al.”° the two
enantiomers were separated and crystallized as chiraly
pure crystals in space group P2, with Z’ = 2 (REPTIT).
REPTIT and QEGBUC form a racemic mimic pair, as we
now describe.

7 Discussion

As indicated above, we shall now compare the unit cells,
stereochemistry and packing features of the two compo-
nents of the Grubbs catalysts whose REFCODES in the CCDC’
are QEGBUC® and REPTIT,” respectively characterized
by (a) space group = P2y/n, Z'=1.0 and (b) P2;, Z'=2.0. Table 1
compares the unit cell data for the two structures.
The similarity between the unit cells is immediately
apparent.

Table 1: The unit cell information for the structures REPTIT and QECBUC
discussed in this paper. The Flack parameter was obtained from the
deposited data.

REFCODE REPTIT? QEGBUC?
Crystal system Monoclinic Monoclinic
Space group P2, P2,/n

alA 17.3665(11) 16.3803(14)
b/A 11.5707(6) 12.7318(8)
c/A 17.4342(11) 17.4287(17)
Br 115.407(2) 114.581(11)
Unit cell volume/A® 3,164.45(s.u.) 3,305.36(s.u.)
z 4 4

V4 2 1

Flack parameter —-0.04(2) -

T/K 150 273

Density 1.437 1.376
Crystal color Bronze Green
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Figure 1: Alabelled view of the pentacoordinated ruthenium(II) species
(QEGBUC) whose C5 is (S), produced using the program, DIAMOND.?*
Crystallizing in a centrosymmetric group, its enantiomer is also present in
the lattice.

Figure 2: A labelled view of a centrosymmetrically related pair in
QEGBUC. The center of symmetry is located at the intersection of the
dotted green lines - (%, 0, 0).

As for the stereochemistry, beginning with the QEGBUC,
Figure 1 pictures the molecule present in the asymmetric
unit.

Since QEGBUC? is racemic, the mirror image of that in
Figure 1is automatically present in its lattice and C5 will, in
that case be (R). The pair should then appear in the lattice as
an inverted pair, related by a lattice inversion center — such
is the case, as shown in Figure 2.
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Figure 3: Overlay of mol2 on mol1 of REPTIT displaying the chiral ()
carbons labelled C12 and C45. The fit is remarkably good given the large
dangling groups, held to the central portion by single bonds.

In REPTIT, case (b), where Z' = 2.0, both enantiomers
will have stereochemistry at position 5 will be either (S) or
(R), depending on the ligand used, which in this case (C12
and C45) are also (S); thus, identical with the molecule on
Figure 1, except for minor variations on torsional angles
cause by differences in molecular packing.

With respect to stereochemical differences caused by
molecular packing, how similar or different are the pair in
case (b)? The answer is displayed Figure 3 which was drawn
using MERCURY.”

Now, as to the question of mimicking a racemate,
Figure 4 shows the packing of the molecules of REPTIT?® in
their unit cell.

In order to emphasize the point concerning the degree
to which the mimic imitates the racemate, we use Figure 5,
which is a small fraction of Figure 4 and showing an
expanded region near the center.

This can also be seen in Figure 6, which compares the
packing in QEGBUC and REPTIT. The packing diagram was
drawn using MERCURY.” The view is approximately down
the b-axis for both structures, but with the unit cell for
REPTIT rotated by 180° about the z-axis. The packing
diagram was then constructed by finding short contacts
between molecules and selecting neighboring molecules
that were similar in the P2;/n and P2,, Z' = 2 structures.
The origin of the P2; structure differs to that of the P2y/n
structure. Note: the “Search, Crystal Packing Similarity...”
feature in MERCURY was not suitable for comparing the
Z’=1and Z’ = 2 structures.
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Figure 4: Packing of two unit cells in REPTIT along the c-direction - a view chosen to display the center of mass of that array, located in the middle of this
ensemble and located at coordinates (0.5000, 0.4802, 0.0000), which are nearly (%, %, 0).

Figure 5: The center of mass of this fragment is located at (0.5000, 0.4741, 0.0000). Note the labels of the atoms selected above. The molecules crystallize
in a fashion close to being a true racemic pair.
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Figure 6: A comparison showing the similarity of packing in QEGBUC (P2,/n) left and pseudo-racemic REPTIT (P2,, Z' = 2) right.

8 Conclusions

This study delves into the intriguing phenomenon of racemic
mimicry, a crystallization behavior where a single enan-
tiomer arranges itself in a lattice that closely resembles a
true racemic mixture. We were fortunate to discover in the
published literature a fine pair of crystallographic reports
describing the structures of a Grubb ruthenium(II) catalyst
which, at the same time, constitute a racemic mimic pair.
The two crystalline forms are a centrosymmetric structure
(P24/n, Z' = 1.0) and a structure in Sohncke space group (P2,
7' =2.0).

Despite the difference in space groups, the two forms
exhibit remarkably similar unit cell parameters. The
Sohncke structure, with its doubled Z' value, effectively
mimics the racemic arrangement through the formation
of pseudo-inversion centers between Rul-Rul and
Ru2-Ru2 pairs, propagating throughout the lattice.
This observation highlights the subtle interplay between
molecular symmetry, crystal packing, and intermolecular
interactions.

The discovery of racemic mimicry in this ruthenium
complex adds to the growing body of evidence for this phe-
nomenon. It underscores the importance of careful crystal-
lographic analysis and the potential for unexpected
structural motifs in chiral compounds.
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