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Abstract

Enantiomeric compounds can form crystals of two main types: conglomerates (1:1
mechanical mixture of optically pure crystals) or racemic crystals (1:1 enantiomers within the
same crystal lattice). Conglomerates are less common than racemic crystals, and compounds
which form conglomerate crystals generally are easier to resolve. Thermodynamic studies of
the relative stability of conglomerate and racemic crystals could aid in the understanding and
control of enantiomeric resolutions.

In this thesis, the thermodynamic changes on forming racemic crystals from the
corresponding conglomerates have been investigated with emphasis on mandelic acids.
Using a thermodynamic cycle and the fusion values, the thermodynamic changes for this
process have been shown to be uncertain due to the common assumption that the solid-liquid
heat capacity differences at the fusion temperature are zero. Semi-empirical investigations of
the correlation between intermolecular rotational symmetry and flexibility with ideal gas,
solid and liquid heat capacities, have shown that the solid and liquid heat capacity difference
for various organic compounds can be estimated. This estimation has been applied to
thermodynamic calculations involving enantiomeric crystals, to improve cycle calculation
methods.

Furthermore, the experimental heat capacities of enantiomeric mandelic acid,
o-fluoromandelic acid and o-chloromandelic acid crystals have been measured and used to
independently calculate entropy and enthalpy changes from 7 = 0 K to above the fusion
temperatures. Rac-mandelic acid was found to be entropically stabilised relative to its
conglomerate, and this is linked to less hindered phenyl ring motion. Rac-o-fluoromandelic
acid was found to the enthalpically stabilised and entropically destabilised relative to its
conglomerate, and this is correlated with a stronger hydrogen bond network.

Overall, both enthalpic and entropic factors have been found to be potentially
important for the relative stability of racemic and conglomerate enantiomeric crystals.
However, the enthalpic differences were found to be more general than the entropic
differences. Thus it would seem that if one wants to choose molecules which are more likely
to form conglomerates, soft flexible molecules with sterically demanding groups would be

favourable.
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1 INTRODUCTION

P

When we study material things of whatever nature, as regards
their forms and the repetition of their identical parts, we soon
recognise that they fall into two large classes of which the
following are the characters. ...

Louis Pasteur, 1866

1.1 Optical activity and molecular dissymmetry

Understanding the physical and chemical consequences of chirality or dissymmetry is
fundamental to the current knowledge of any chemist. Stereochemical studies can be useful
in further understanding reaction pathways, biological reaction activities and the efficiencies
of resolution techniques.(1'3 ) Unfortunately many reaction pathways yield racemic mixtures
after which the resolution of enantiomeric products is rarely trivial. Not only are reaction
activities of enantiomers different with chiral reagents, some key physical properties also are
different. These properties, such as optical activity, chromatographic mobility on chiral
supports and spectroscopic properties in chiral environments, are important in the quantitative
analysis of enantiomeric excess.®® While knowledge of the enantiomeric excess is crucial to
any stereochemical study, the physical properties representing enantiomer interactions also
can offer clues towards the best possible resolution technique to be applied.(g'u) Indeed, the
discovery and observation of these properties have led to the current understanding of
stereochemistry and the physical importance of symmetry.

Generally chemists are familiar with most molecular stereochemical terms and

descriptions; however some ambiguity is possible when describing solid-state enantiomeric

'At the beginning of every chapter in this thesis the reader will find a quote. Many of these
belong to Louis Pasteur and have been taken from the translated memoirs of a young Pasteur
(mid forties)."® At one point, Pasteur apologises for emotional digressions and suggests that
in our day, and with our habits, they would offend in a scientific memoir.



mixtures and crystal types. To limit this ambiguity for the reader, some of the basic
definitions and descriptions that have been used throughout this thesis are described here.

During the early 1800’s Malus,¥ Arago(15 ) and Biot"'® all contributed to the
characterisation of materials by first describing optical activity or rotation of plane polarised
light. Yet, at that time the fundamentals and origins of optical activity and the nature of
atoms and molecules were unknown."” Jean Baptist Biot had coined the term ‘molecular
rotary power’ while studying the optical rotary differences between quartz crystals.(ls)
During the 1840’s, the young Louis Pasteur obtained sodium ammonium tartaric tetrahydrate
crystals and identified two mirror image crystal morphologies of equal and opposite
molecular rotary power.(w) Remarkably, these crystals. were obtained from a recrystallisation
of the sodium ammonium paratartaric acid which exhibited no rotary power. The latter
experiment was significant in showing that optical rotation is a property of the asymmetry or
dissymmetry of the building blocks of a crystal, rather than simply a different organisation of
identical units. The physical chemical experiments to follow would eventually lead to the
understanding that optical rotary power is a consequence of both molecular dissymmetry and
crystal dissymmetry. Kelvin later described this dissymmetry as chirality.?” Objects which
contain no improper symmetry elements are chiral.

In modern studies, still one of the most commonly described physical properties of
enantiomers is their ability to rotate plane polarised light. In solution this property is a result
of the symmetry of exciting and relaxing energy levels. These energy level differences also
are dependent on environmental properties such as temperature, solvent and wavelength of
incidental light. The utility of this property arises from the ability of enantiomeric molecules
to rotate light in equal but opposite direction to that of their mirror image molecules or

optical antipodes. As a result of this property, enantiomeric excess or enantiomeric purity is

often measured by solution polarimetry.



In this thesis, the term optical activity will be used to describe the purity of an
enantiomeric mixture, where it is understood an optically active mixture implies that there is
an excess of one enantiomer, i.e., a partially resolved mixture. Similarly, the term optically
pure is used when describing a system containing only one enantiomer. This distinction is
important, as these terms can imply the optical rotary power of a crystal. While
enantiomorphic crystals have optical rotary power, an enantiomorphic crystal does not
require molecular enantiomers as building blocks. Some achiral molecules also are known to
form enantiomorphic crystals (e.g., glycine, quartz and a-quinone).(zl)

The distinction of enantiomers by the dextro and levorotary, d or I, system has not
been used in this thesis as the symbolism does not convey information with respect to the
absolute configuration of the molecules in question.m) The thesis primarily will be
concerned with molecular crystals, where the configurational differences of many of the
molecules are known: therefore, the rectus and sinister notation of Cahn, Igold and Prelog,*”
R and S, has been chosen to distinguish between the absolute configurations of two different
enantiomers using Fisher projection diagrams. However, the utility of assigning
stereospecific nomenclature describing the molecular rotation direction of plane polarised
light has not been totally ignored. The thesis will use the addition of bracketed positive and
negative symbols, (+) and (-), to indicate the directions of polarised light rotation in solution
and not in the crystal.

The word racemic was derived from the once common name for the paratartarate or
racemic acid.?¥ Chemists now describe paratartarate as a racemic mixture of tartaric acid
enantiomers. In this thesis, equal mixtures of R and S enantiomers will always be described
as a racemic mixture or a racemate, but the terms racemic crystal and racemic compound

are reserved for describing a specific type of packing of enantiomers in a crystal lattice

structure. In other words, the term racemate is not limited to a single physical state of the



mixture, but rather describes the concentration of the bulk enantiomeric mixture. Upon
crystallisation of a racemic mixture there are three possible types of crystals which are known
to form: conglomerate crystals, racemic crystals, and the least common, pseudoracemic

crystals.(3 25 Of these, only the first two will be discussed in detail.

1.2 Conglomerate crystals

A conglomerate crystal system is a heterogeneous racemic mixture of optically pure
crystals, where the optically pure crystals are immiscible at all concentrations. As Pasteur
discovered, given the right conditions, conglomerate crystals can naturally form upon
crystallisation and mirror image crystals can be identified by morphology (allowing
spontaneous resolution)."? Through Pasteur’s pioneering work, investigating spontaneous
resolution by comparison of morphological differences was, for a time, the major method of
characterising and resolving enantiomers. Indeed, publishing early stereochemical work
often involved a drawing of the crystal morphologies to classify the type of enantiomer or
crystal.®) Characterising crystals by their morphology is now a scientific art of the past as
chemists have turned to other more rapid and reliable methods to obtain crystal structures.

Aside from the visual-spatial challenges of observing crystal morphology differences,
many crystals, especially conglomerate crystals, are too small to be separated by means of a
human hand and/or small tweezers. However, the formation of a conglomerate crystal
implies that other simple resolution techniques can be applied.(3 122628 1 some cases, if a
racemic liquid mixture containing a seed crystal of one or more enantiomer were to be slowly
cooled, the resulting crystals would be spontaneously resolved and separable by either crystal
size or location."***? Even when spontaneous resolution is not a viable alternative, a
conglomerate has the potential to be resolved by several simple and inexpensive preferential

crystallisation techniques.(3’31'34) It is often advantageous to investigate crystal formation



with different solvents, temperatures and pressures, in order to find conditions where a
conglomerate is favoured over other crystal types.(19’35’3 9 Those molecules which do not
form conglomerate crystals under accessible conditions are generally more difficult to resolve
and often require asymmetric reaction pathways, biological expression type synthesis or
expensive and often impractical chiral chromatography techniques.(32’37) Therefore, the
identification and causes of the equimolar enantiomeric crystal type, as a conglomerate or
otherwise, provides very useful information.®26-28:3839

The previous discussion implies that the identification of conglomerate crystals by
means other than crystal morphology is important prior to choosing a suitable resolution. In
1899, Roozeboom™ introduced the use of characteristic binary phase diagrams as analytical
fingerprints for enantiomeric crystals. Through these phase diagrams, Roozeboom was able
to point out three categories of enantiomeric crystads.(25 ) Until the common use of X-ray
crystallography, the measurement of melting points eliminated the need to publish drawings

of the crystal morphology and it became routine to publish phase diagrams. Figure 1.1 shows

a typical conglomerate melting point phase diagram.
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Figure 1.1 A typical melting point phase diagram for a conglomerate enantiomeric mixture.



By measuring the melting point of an optically pure crystal, Trs® or Ths’, and that of
the racemic mixture, 75", one can determine with good accuracy whether a conglomerate
crystal type has formed. The liquidus in figure 1.1 can be calculated using a simplified

freezing point depression equation (simplified Schroder-van Laar equation): %4
Ay HE 1
lnx=——§’3—————[-1—~————~), (L1)

where x is the mole fraction of the more abundant enantiomer, Ag,sH" is the enthalpy of

fusion for the optically pure enantiomer (AasH" = AgsH') and R is the ideal gas constant. The
notation T5ys™" is used to denote the depressed melting point at x = 0.5. The assumptions
made in deriving equation 1.1 and the apparent success of the equation for conglomerate
racemic mixtures have important thermodynamic implications which will be discussed
further in Section 2.2.1. It should be noted that equation 1.1 is sometimes referred to as the
van’t Hoff freezing point depression equation.

Spectroscopy also can aid in the detection of a conglomerate crystals. Spectroscopic
solid-state characterisation techniques include comparing infrared and Raman spectra of the
racemic mixture to that of the optically pure crystal.(42’43) The vibrational spectrum of an
optically pure crystal is equivalent to the opposite enantiomeric crystal; therefore, if the
spectrum of a crystalline racemic mixture is superposable on the spectrum of the optically
pure species, the mixture is likely a conglomerate. Unfortunately, the latter methods are not
always conclusive because the vibrational modes often do not show a large change when the
lattice symmetry and arrangement is different. Many solid-state NMR studies have had good
success in determining if an enantiomeric molecule’s crystal environment has changed.®*¥

In many cases spectroscopic methods are not convenient for studying crystals; however, with

enantiomers in solution they are very useful.



Because the ultimate goal of many stereochemical studies is a successful optical
resolution, trial and error is often the approach.”) For example, if a preferential
crystallisation is shown to resolve enantiomers, then the component is forming a
conglomerate under the conditions of the crystallisation. Determining the optical resolution
of the resulting crystals by redissolving the crystals in an appropriate solvent or determining
the optical resolution of the mother liquor is where many of the spectroscopic techniques
have most of their utility. Here circular dichroism (CD), optical rotatory dispersion (ORD),
ultraviolet/visible absorption and NMR are all useful.**® Hence, indirectly spectroscopic
methods can be important for determining what type of crystal has been formed.

Finally, knowing the crystal structure on a molecular basis through X-ray
crystallography has allowed chemists to catalogue many conglomerate crystals. In addition,
determining the structures often indicates which intermolecular forces are more important to
the packing nature of the molecules. With this inventory of conglomerate crystals, chemists
also are able to investigate the frequency of conglomerate crystals with respect to other
known enantiomeric mixtures. A commonly discussed problem is that conglomerate crystals
are rare and much less common than racemic crystals, the former accounting for
approximately 10% or less of the known solid-state racemic mixtures.®*”*® Because
conglomerate crystals are formed from enantiomers which are generally easier to resolve, it
would be an asset to know why conglomerate crystals appear to be less favoured than

racemic crystals.

1.3 Racemic crystals

A racemic crystal is one where a 1:1 ratio of enantiomers is distributed in an ordered
fashion within the same crystal lattice. It is the most common type of solid-state

enantiomeric mixture.”) Prior to using measured melting points, Pasteur and others were able



to distinguish racemic crystals by determining if the crystals morphology contained inversion
symmetry elements. Thus, during the very early years of stereochemistry, achiral crystal
morphology was thought to indicate a racemic compound and enantiomorphic or chiral
crystals were identified as crystals containing only one enantiomer. Therefore, if a system
produced chiral crystals, the system was thought to be a conglomerate. These definitions
have changed because some racemic compounds such as Rac-o-tyrosine and Rac-o-
methylsuccinic acid are now known to form enantiomorphic crystals.e) Enantiomorphic
crystals rotate plane polarised light; therefore, neither crystal morphology nor lack of optical
rotary power alone can distinguish a crystal as a racemic compound. A typical racemic

crystal phase diagram is shown in figure 1.2.
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Figure 1.2 A typical melting point phase diagram for an enantiomeric mixture which
forms a racemic crystal. typical liquidus and solidus for the racemic crystal;
wasssass liquidus for the hypothetical conglomerate crystal.




Once again, one of the simplest methods to identify racemic crystals is by utilising the
melting point phase diagram. The melting point test for a racemic crystal is similar to the test
described for the conglomerate. If the melting point and enthalpy of fusion of the optically
pure enantiomers are known, then the trademark eutectic melting point corresponding with
the conglomerate can be calculated using equation 1.1. This value can then be compared to
the actaal melting point of the racemic mixture. If the melting point of the racemic mixture is
higher than the calculated conglomerate eutectic, then the mixture is probably a racemic
crystal.

A more thorough test for a racemic crystal is to measure the melting points at various
resolutions and then compare to the calculated liquidus of a racemic compound. The liquidus
curves between a eutectic point and the pure enantiomer can be calculated using the
Schroder-van Laar equation, equation 1.1, and the liquidus curve between the two eutectic

points can be calculated using the Prigogine-Defay equation:*”

A H Rac
in4x(l-x)= 284 i L , (1.2)
R Tre T,

fus

where x is the mole fraction of one of the enantiomers, AgsH"* is the enthalpy of fusion for
the racemic crystal (x = 0.5), and T is the melting point of the racemic crystal. The
importance of the assumptions made in deriving equation 1.2 and the apparent success of the
equation for racemic crystal mixtures will be discussed further in Section 2.2.2.

The small possibility of a third crystal type, the pseudoracemic crystal, can complicate
the identification of racemic and conglomerate crystals by phase diagrams.(3’25) The phase
diagrams shown in figures 1.1 and 1.2 all rely on the thermodynamic assumption that
optically pure and racemic crystals are immiscible at all concentrations. There have been

reported cases of solid solutions of enantiomers (ideal and non-ideal) which fall under the
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category of pseudoracemic crystals.®* These cases are rare and will not be a focus of this
thesis, thereby allowing the more common crystal types to be discussed in greater detail.

In summary, the majority of crystalline enantiomer mixtures are racemic crystals and
enantiomers which form racemic crystals are generally more difficult to resolve than
enantiomers which form conglomerate crystals. Although a variety of techniques can be used
to identify a racemic or conglomerate crystal, identifying preferential crystallisation
techniques remains a matter of trial and error, because the physical factors governing the
formation of these types are poorly understood. Ultimately, predicting the class of
enantiomeric crystal from an accumulated knowledge of symmetry and crystal stability
relationships would be of great industrial and academic value. As history indicates,
understanding the physical chemistry of racemic and conglomerate crystals is indirectly very

important to many aspects of stereochemistry.

1.4 Thesis objectives

So far, the first chapter has outlined the historical usefulness of discovering some
physical stereochemical properties.

The second chapter continues by reviewing some recent studies and addressing the
current theoretical and experimental limitations. The chapter concludes with some
calculations, which reveal a need for heat capacity measurements and estimations which can
be used to for quick thermodynamic calculations. The differences between liquid and solid
heat capacities at the fusion temperature will be shown to be larger for chiral molecules
compared to achiral molecules.

Throughout the investigation of condensed phase heat capacities for chiral molecules,
molecular properties of molecular symmetry, flexibility and vibration will be considered

several times. Many of these properties affect the solid, liquid and ideal gas thermodynamic
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properties in similar ways. Empirical and semi-empirical models have used indicators of
these effects in estimating ideal gas properties; therefore, this area is important to studies
reported in subsequent chapters. Some schemes for estimating ideal gas heat capacities were
investigated and these are discussed in Chapter three. This chapter concludes with a semi-
empirical equation which takes advantage of rotational symmetry numbers to estimate ideal
gas heat capacities for molecular organic molecules. The investigations in this chapter have
helped in understanding the thermodynamic properties of condensed phase molecular
organics.

The fourth chapter discusses condensed phase heat capacities. Common empirical
values were investigated for solid and liquid heat capacities. The differences between solid
and liquid heat capacities at the fusion temperatures for molecules of different rotational
symmetries are pressented. A symmetry relationship, similar to that shown in Chapter three
for ideal gases and empirical correlations with fusion properties, has been found for
molecular organic solid and liquid heat capacity differences. This relationship has been used
to empirically estimate the differences between the liquid and solid heat capacity at the fusion
temperature for a large list of chiral molecules. These estimations are used to compare
thermodynamic calculations for enantiomeric crystals to those originally discussed in Chapter
two.

The fifth chapter is used to introduce the mandelic acid systems, including their
synthesis and characterisation. This chapter also reports estimations of thermal expansion
and isothermal compressibility, where these properties are used to calculate constant volume
heat capacities from experimental constant pressure heat capacities, later in the thesis.

The sixth chapter describes the assignment of solid state vibrational modes for

enantiomeric mandelic acid, o-fluoromandelic acid and o-chloromandelic acid. These
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vibrational mode assignments are used to calculate intramolecular vibrational heat capacity
contributions, with the equations discussed in Chapters three and four.

The experimental heat capacities of enantiomeric mandelic acid, o-fluoromandelic
acid and o-chloromandelic acid are reported and discussed in Chapter seven.
Thermodynamic calculations utilising these heat capacities are compared to the quick
calculation methods discussed in Chapters two and four. The calculations reveal the
importance of the entropic and enthalpic differences between the crystals. These differences
are related to molecular flexibility and hydrogen-bonding pattern differences for difference
crystal types.

Finally the eighth chapter summarises the research presented in the thesis and
suggests possible future directions.

The overall objective of the thesis is to calculate and compare the Gibbs energy,
enthalpy and entropy changes for forming racemic crystals from their corresponding
conglomerate crystals using experimental fusion temperatures, entropies of fusion and heat

capacities.



2 CURRENT UNDERSTANDING OF THE RELATIVE STABILITY OF
CONGLOMERATE AND RACEMIC CRYSTALS

3

...the dissolved tartarate deviates the plane of polarisation, while
the paratartarate is indifferent.... Yet, here the nature and number
of the atoms, their arrangement and distances, are the same in the
two substances compared.

Mitscherlich, 1844%

2.1 Packing enantiomers into crystal structures

2.1.1 Crystallographic and volumetric considerations

The number of known enantiomers which form racemic crystals is much larger than
the number of known con glomerates.(3’47’48) This implies that enantiomers preferentially pack
in racemic crystals rather than conglomerate crystals. Knowledge of the crystal structures
and other physical properties of the crystal types has enabled researchers to postulate why
this preference occurs. Most experimental properties have been confined to investigations at
the melting point or within the limited temperature range where solution experiments are
practical. Most crystal structures have been determined only at one temperature.(3) In
addition, volumetric and thermodynamic calculations and generalisations which rely on
literature values have been the source of some debate.””" In this chapter, some of these
generalisations and calculations will be discussed in detail with reference to the relative
stability of the following equilibrium system,

0.5 R-crystal + 0.5 S-crystal === racemic crystal. (2.1)

The concept that molecular symmetry was related to crystal morphology was
discussed by chemists well before Pasteur’s studies. In 1819, the famous crystallographer
Eilhardt Mitscherlich had introduced what was to become ‘Mitscherlich’s law of

isomorphism"(”’sz) Mitscherlich had reported that tartaric and paratartaric acid formed the

13



14

same crystals and were the same molecules, a report which Thomas Graham suggested
defeated every attempt at explanation for optical isomerism.®*%*? Pasteur later wrote that
the celebrated crystallographer, in spite of the most minute and severe study possible, was
not able to recognise the smallest difference."® Application of Mitscherlich’s law of
isomorphism implied that because paratartaric acid crystals included mirror image crystals,
the molecules of paratartaric acid also must be optical enantiomers. The crystallography of
enantiomeric crystals has now been well studied for over 150 years and much better
understood. However, like Pasteur, researchers periodically return to the subject to lend
further insight.

The extensive availability of X-ray crystallographic information has prompted many
investigators to consider the possible packing arrangements of enantiomers and the statistical
probability of these arrangements. Of the 230 possible crystal space groups, 66 (29%) have
chirality, i.e., no inversion symmetry elements. These 66 space groups fall into 11 of the 32
crystal classes. Thus an optically pure enantiomer can only crystallise in one of the 66 chiral
space groups whereas a racemic mixture can, in principle, form crystals in any of the 230
space groups. This statistic would seem to indicate, to some extent, why racemic crystals are
more common than conglomerate crystals; however, the experimental probability of finding
particular space groups also is different from one space group to another. By examining
several compiled inventories, Jacques et al.?’ found that 70 to 90% of optically pure
enantiomers, for which crystal structures are known, crystallise in the P2,2,2, and P2; space
groups, whereas 60 to 80% of racemic crystals belong to the P2/c, C2/c, and PT space
groups.m Brock and Dunitz*® have compiled a more recent (1994) list to obtain space group
distributions using the Cambridge Structural Database (CSD). These authors have suggested
that, because only a limited number of the 66 chiral space groups are common, the

probability of racemic crystal formation is even higher. For example, it was found that the
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centrosymmetric space groups P2;/c and PT together account for 60% of known organic
crystal structures and the third most common, P2,2,2;, which is chiral, accounts for
approximately 11%.“® Tt was noted that the high probability of the P2;/c and P1 space
groups includes crystals which are formed from achiral molecules; therefore, the probability
of obtaining a racemic crystal type would significantly decrease if these were removed from
the statistics.

One reason why these types of statistical inference studies can be invalid for this
argument was outlined in a previous study by Brock et al.,®? where it was pointed out that
some of these statistical studies are biased. They have suggested that compiled lists of
enantiomer crystal structures predominantly exclude non-resolvable or rapidly
interconverting enantiomers and compiled lists do not include those crystal pairs where the
racemic crystal is less stable. This prompted the authors to partition a large list of racemic
and conglomerate crystal structures into two sample populations; the first included
non-resolvable systems (achiral molecules and those that rapidly interconvert in solution) and
the second included resolvable enantiomers. In particular, those authors were investigating
the validity of the packing rule proposed by Wallach,® that high packing density is
favourable for racemic crystals. Wallach’s rule was found to be statistically valid at the 95%
confidence level for the group of molecules which included resolvable enantiomers but
invalid for the first group. Most stereochemical studies are concerned with those molecules
which are resolvable; however, the study by Brock et al.®" has shown one reason why
statistical comparisons of crystallographic data can be misleading.

Wallach’s rule is a good example of the type of controversial generalisations alluded
to in the introduction. In 1895 Wallach®” studied the densities of eight pairs of enantiomers

and found that seven of eight racemic crystals were denser than their corresponding optically

pure crystals. The study has been used to justify why racemic crystals are more stable, i.e.,
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racemic crystals are generally denser; therefore, heterochiral packing would be more efficient

and favourable than homochiral packing of the same species. Although many textbooks>~%
reiterate Wallach’s rule, several crystallographic studies have found that the densities of
racemic crystals can be either higher or lower than their corresponding optically pure

3,51)

crystals.

For comparison of packing, an apparent molar volume, V,(cr), for any crystal can be

calculated:
Vv, (cr)= VZA , (2.2)

where, V is the volume of the unit cell, Z is the number of molecules in the unit cell, and N, is
the Avogadro constant. Equation 2.2 yields an apparent molar volume since empty crystal
space has been included. Alternatively, packing coefficients can be considered, but for two
crystal pairs of the same molecule this would be equivalent, assuming that configurational
intra-molecular volume changes are negligible.

Of the 65 enantiomeric structure pairs reported in table 1 of Brock et al.®P (Group II:
Enantiomers that can be resolved), 22 were found to violate Wallach’s rule. Their study
shows that for these 65 pairs, there is a small but significant difference in the molar volumes
of the two different crystal types. A histogram of the volume ratio for the 65 enantiomers is
shown in figure 2.1. The overall average molar volume was found to be 0.92 + 0.29%
smaller for molecules in group II; however, the authors also indicated that the distribution

was not symmetric.
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Figure 2.1 Histogram of relative molar volumes from table 1 of Brock et al.®P Relative
molar volumes of V,,**/V,,F < 1.00 are in agreement with Wallach’s rule.

There have been other compilations of racemic crystal and conglomerate crystal pairs.
Those which have been discussed here represent the smallest and oldest compilation
(Wallach)(54) and the most recent and comprehensive compilation (Brock et al.).®" While
both these studies show a small statistical validity for Wallach’s rule, it should be noted that
other authors have disagreed.m In addition, several exceptions are expected as Wallach’s
rule is a generalisation.

The apparently higher probability of racemic crystals cannot be entirely attributed to
denser packing, as the orientational dependence of homochiral and heterochiral interactions
must be considered. Strong intermolecular interactions can change molecular geometry, such
that the close packing is compromised. While the differences in volume do offer pressure-
dependent thermodynamic stability information, the pressure derivative of the Gibbs energy
difference, i.e., the volume difference, is usually much smaller than the total Gibbs energy

difference between two condensed phases.(57) In addition, although rare, the volumetric



18

difference need not have the same sign as the entropic difference, e.g., fusion of water.
Moreover, most crystallographic structures are only available at one temperature.

Aside from space group distributions and volumetric information, X-ray structures
also offer information about molecular interactions. Structures of enantiomeric crystals can
be faartitioned into categories describing the similarities between different racemic and
conglomerate crystal pairs. Several authors have described similarities and preferences of
packing modes for racemic and conglomerate crystals.®*”® By examining the list from
Brock et al.®" of separable enantiomers from the CSD, Marthi et al.®” were able to identify
14 crystals with ‘identical packing’ (similar packing modes) and they summarised some of
the similarities by describing three types of similar packing modes. The 14 chiral molecules
showing the three types of similar packing modes are shown in table 2.1 along with their
respective relative molar volumes.

The first category defined by Marthi ez al.® is where the racemic and the optically
pure crystal have the same number of molecules in the respective unit cell, ZRc=7R and the
dimensions of the unit cells are very similar. In this case the enantiomers are arranged in a
similar way in both the optically pure crystal and the racemic crystal; however, the racemic
crystal has a pseudoinversion centre which relates the two different enantiomers,

e.g., P1 5 PT. The first six crystal pairs in table 2.1 belong to this group. The second case is
where the unit cell dimensions are similar and the unit cells contain the same number of
molecules; however, the pseudoinversion centre is absent. Here the crystals differ in layers,
where both crystals are composed of homochiral layers. The third group contains only
optically pure crystals belonging to the P2, space group. Here the relative positions of one
optical enantiomer are the same for both crystal types; however, the volume of the unit cell of
the racemic crystal is twice that of the optically pure crystal and contains both enantiomers.

Conceptually, one can think of expanding and overlapping two optically pure structures.
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Other authors also describe the first two categories of Marthi et al® by considering
the packing arrangements of homochiral columns.®*®Y A homochiral column related by a
binary axis would form a homochiral layer as described by their second group.(sg) This
homochiral layer can subsequently be related by another binary axis or by an inverse
symmetry element. The latter operation results in a racemic crystal while the former results
in an optically pure crystal.

As Marthi et al.®® have noted, these types of comparative studies show a diverse
range of relationships between racemic and enantiomeric crystals and also show that the
incidence of similar packing modes cannot be considered rare among enantiomeric crystal
types. Although not shown in the study by Marthi et al.,®? table 2.1 also shows the ratio of
the molar volume of the racemic to that of the optically active crystal. It is interesting that

1.5Y into 14 species of even greater

even after further partitioning the list from Brock et a
similarity, the sample group shows no strong statistical validity for Wallach’s rule.

Although only a few examples and concepts have been discussed here, many
statistical studies using the CSD have been presented in the literature;*>" however, structural
information offers little quantitative thermodynamic stability information. The structural
studies do show that no one concept can predict all crystal structures and those that differ
only slightly require that many interactions be considered. In addition, the relationships
between symmetry and close packing are not well understood. ®**56>%) However,

similarities and differences between known structures can be used empirically to describe

what forces dictate the homochiral or heterochiral preference.
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2.1.2 Interaction potentials and computational insights

Many theoretical calculations used to investigate possible and energetically
favourable packing arrangements require empirical potentials which can be calibrated using
known structures and thermodynamic quantities