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ABSTRACT

An Investigation otthe ViedmaDeracemization
Process on Conglomerate Crystals of Achiral Molecules
Dylan Thomas McLaughlin

Viedma deracemizationis the attrition-induced asymmetric amplification of a
conglomerate crystal mixture of achiral or racemizing compoundsere are 13 reported
crystalline systems that undergo Viedma deracemization that cacléesified as havingi) (
achirdity in solution,(ii) a racenizing state in solutiowr (jii) a reversible racemizg reaction in
solution. This phenomenon is based on an autocatalytic attritemhanced Ostwald ripening
process with a requirement for aachiral, or rapidly racemizing state in solutiofihe ©ncepts
of WOKA NI £, whSYYSS a'A | Y02 £ S Odzf SDlast iDdolutd, andPi K62 N2 YY 2 v
Iy OSa i 2 NierS e hifdlitydf daughter crystals is the same as the mathgstal, can
be used to rationalize the eneration of a homochiral solistate. The involvement of chiral
clusters in the overall deracemization mechanisen critical. This research explores the
generality of Viedma deracemization for an additional 5 achirglanic molecules: benzil,
diphenyl disulfide, benzophenoneputylated hydroxybluene and tetraphenylethylene.
Stochastic chiral crystallization was observed for benzil, however chiral crystallization for
butylated hydroxytoluene, diphenyl disulfide, tetraphenylgigne and benzophenone was non
stochastic, likely resulting from a cryptochiral environmentUnder standard Veidma
deracemization conditions, each system reached homochirality within 2 to 30 hdusfiaking
mechanism and liquid assisted grinding comati§ were also examined and yielded homochiral
benil crystalsas little as 10 minutesChiral methylbenzylamine was used to direct the chiral
amplification of benzil as an example of implementigi K S  NXzf S un@ef attrhidh @S NB& | £
conditions where (R-methylbenzylamine yielded Nbrm benzil and (Shethylbenylamine

yielded Pform benzil.
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1. Introduction

1.1. Chirality in nature

Chirality is a term used to describe the asymmetry of molecules that are mirror images
of one another but also neauperimposableife. enantiomerd. One of the intriguing mysteries
in science isvhy the molecular building blocks of life are almost exclusively of one handedness
(e.g. L-amino acids and>-sugars):* This vast dominance of one handedness is unexpected,
since the laboratory synthesis of chiral molecules in the absence of chiral auxiliaries, normally
results in racemic mixtures.€. an equal mixture of bilh enantiomers) Much research has
focused on discovering the mechanism(s) behind the evolution towards a homochiral-state.
Many theories of homochirogenesig.e. the origins of homochirality) are based on biotic or
abiotic mirror symmetry breaking events, where the latter are more widely accép@sderall,
homochirogenesis relies oan initial broken mirror symmetryevent coupled with asymmetric
amplification to a homochiral state® Three recognized mechanismi®r broken mirror
symmetry are: (i) parity violation energy differenée (i) differential absorption of circularly
polarized light and {ii) enantioselective adsorption ochiral mineral surface$ From these

processes, a smahantiomeric excess can emerge amisome cases, be amplified.

An early model used to describe asymmetric amiglition from a very small
enantiomeric excess was hypothesized by Charles Frank in’ 1983 roposed an autocatalysis
mutual antagonism mechanism, where in a pool of substrate and enantiomeric molecules, an
enantiomer can interact with the substrate to catalyze a reaction tlegenerates itselfi. an
autocatalytic reaction). However, it édsopossibé that both enantiomers careact with one
another to create a mutual antagonistic interaction, which prevents the possibility of the
enantiomer to interact with a substrateA simplified model with only one mutual antagonism

event per autocatalytic cycle can be used representthe chiral amplification of a scalemic

°
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mixture §.e.anon-racemic mixture)Kigure 1). This process is reminiscent of implementigi K S
commont y O S & (i 2 akarSafatoyail ¢hiral amplificatiBriThe common ancestor effect is
a notionbrought forth by CairnsSmithto describe the emergence of horbirality? Although

CNIy1Qa mMdpo NBLERZ2NI ¢é6Fla GKS2NBGAOFKfX AG f1AR

asymmetric amplification, which wible highlighted in this thesis.

Ne



(a) 3L:2D KEY

0.5 -0-0
D . . . = Enantiomer autocatalyst
+ = = Pair selected for “mutual antagonism”
ll’:gl = Deactivated enantiomer
Mutual
Antagonism
(b) (©)

Autocatalyst:
Deactivation
— > EMOEGEEEE

Simplify
(e) (d)
Mutual
CITEIEIE])[s][s] - Antagonism [s][s][c][t][o][s][5]
€ :
1T [P E] 1T [E[o][s][s] 4-+2P
Autocatalyst:
Deactivation

U) (9)
SImpity_ |:|
oI S]EE] I EPIEIE] =
I EIEE] oL:2b
Figurel. / KI NI S Zsy@mdiriy dmQlfication modefa) initial state with20%enantiomeric excess
of L,(b) mutual antagonism interaction followed bfc) deactivation and autocatali selfreplication anc

(d) removal of thedeactivated enantiomers frorthe pool (33% enaribmeric excess of L)e, f and g}he
processepresented in(b), (c)and(d) is repeated (50% enantiomeric excess of L)

It was not until recently that several experimental examples, following concepts similar
to those proposed by Frank, were reporténl generate homochiral materidl. Although the
underlyingmechanism of homochirogenesis is still not understood, therenane experiments

that provide proof that broken mirror symmetry can bemplified to a homochiral state.

°
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Examples include chiral amplification during the sublimation of amino d€iésantioseledive
co-crystallization of amino acids with -Dor L asparagin€ and attrition-enhanced

deracemization of conglomerate crystalke topic of this thesi&

1.2. Chirality and crystals

The lack of an improper rotation axi§,[N.B.S =" (mirror plane) ands = i (inversion
center)], is the mainmethod used to identify ifi moleculeis chiral**'* Chiralmolecules are
often referred to as optically active due to their ability to rotate the plane ofapped light
either clockwise dextrorotatory) or counterclockwise levorotatory).”®> Although enantiomers
have the same molecular formula and physical properties, they behave differently in chiral
environments due to their asymmetryThis can be easily visualized with a left hand fitting only
into a lefthanded glove and a right handtiitg only into a righthanded glovée Indeed, the
word chiral originatef NB Y (G KS DNBS{1 42 NR BiagndINouldslarg Bibther &
classic example of the importancé chiral environmerdg. Sincechiralbiomolecules are almost
exclusively homochiral, it isgssential to treat enantiomericmolecules, such as chiral
pharmaceuticalsas separate entities since they have the potentialrteiact differently in the
body.'” For example,halidomide a drug introduced in the late 1950s to treat morning sickness
in pregnant women, is a wellnown and tragic example of the importance of chiralfgggre
2).!% In this case, the (R3nantomer is an analgesic, however, the-éBantiomer was found to
be teratogenic and over 10,000 babies were born with deformi@issa result of being
prescribed racemic thalidomid®® This example establishes the importance of understanding
molecular chirality in the pharmaceutical wstry. In additionchiralityis equally important in
agrochemistry €.g. herbicides, insecticides and fungicifesand food sciencee(g. flavonoids,

amino acids and bioactive aming8§*

Ny



0 0
Nl 0 N 0
NH NH
0] 0 0 o}

(RThalid (ShThalid
Figure2. Enantiomers ofhalidomide

There are limited routes to prepare (or isolate) enantiomerically pure compounds.
Examples includei)(using a chiral auxiliatg synthesize chiral molecul@&(ji) extracting chiral
molecule from a natural souré®and i) resolution’* More relevant to the topic of this thesis,
NB & 2 f dzé depashition af diracematato the componenknantiomers,? typically relies on

chiral resolving methods such as chiral chromatograpwycrystallizatiorf®

Crystallization of enantiomers can yiel:racemic crystalsjif conglomerate crystals or
(iii) a solid solutionFgure 3)** Racemic crystals hawoth enantiomers within the unit cell.
Conglomerate crystals have only one enantiomer in the unit cell, where both enantiomers
crystallize as separate crystals. Solid solutions have both enantiomers in the crystal lattice,
however with no regular arrazement® About 9895%of chiral molecules will crystallize into
racemic crystalswhereas 510% will crystallized into conglomerate crystai6R.examples of

solid solution crystals are very ra@ 02%)->%

.‘ e ¢ e ede ¢
¢ e e et ¢
.‘c ¢t e ¢ et
c@ e ttee¢ @AW

Racemic Conglomerate Solid
Crystals Crystals Solution

Figure3. Crystallizatiorof enantiomeric molecules: Racenaitystals have both enantiomers in the
lattice, conglomerate crystals are crystals that only have one enantiomer in the lattice and solid so
are crystals that have both enantiomers present, with no regular arrangement

°
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Toseparate enantiomers by crystallization, conglomerate crystallization is required. An
obvious disadvantagef resolutionvia conglomerate crystallization is that it can ompisoducea
maximumyield of 50% since only half the racemic material is the dedi enantiomer. To
overcome ths limitation new approaches have been brought forward and includesded
crystallization in a racemizing saturated solufioand (i) Viedma deracemization, the main

topic of this thesig?

1.3. Achiral molecules to chiral crystals
Chirality is not only observed at the molecular level, Habaat the supramolecular level
in two-dimensional and threelimensional assembled struges?*° This supranolecular
chirality is due to the ability of molecules to sa¥semble into asymmetric structures.
Crystallization is the quintessential example of-safembly’' where noncovalent interactions

I 4a8Y0tS Y2¢S80dzA S48 §(23SGKSNI Ayd2 +y AYTFAYAGS

DS a Qo

Crystallization requires a change in the dynamic equilibrium of a solution where the
energy is no longer at a mimum. This can be achieved by changing the temperature, pressure,
pH or chemical potential of a solutidh. A steady state supersaturation (or supercooling) is
essential to increase the free energy and allow crystals to nucleateyavd®® The process of
crystallization relies oni)(primary nucleation andif secondary nucleation. Primary nucleation
is the initial formation of a nucleus by molecules packing together without any external
influences® Nucleation occurs when molecules are distributed in a solvent and begin to
agglomerate together to create a cluster. In solution, nuclei clusters are unstatille writical
size is reached, wheréhe critical size of a crystal cluster is a function of saturation and
temperature of the solutior® Secondary nucleation is the growth of a primary nucleus or

external nucleus into larger crystdfs.Crystals grow while keeping the lowest surface energy

°
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possible®® The growth rate of various crystal faces differ due to their distinct surface energies
and will generate a specific crystal habie. ided shape of a crystaBnd morphology”* The
different faces on a crystals arassignedusing Miller indicegh,k,[13* These values represent
the reciprocal pointsvherethe face would intersect in a Cartesian plafgre 4). In addition,

a bar over a number represents the negatiwe  diSequivalent to-1)® For example[120]
signifies a plane that passes throutjte Cartesian value of x equal to 1egual to 1/2 and z

equal to 0.

Yk Yk Yk

i o |

Figure4. Examples oMiller indices: the blue face is an example of the planky along the x axis at a value of 1, 1
green face is an example of the plane only along the y axis at a value of 1 and the red face is an example of 1
only along the z axis at a value of 1

Crystals can be characterized using space groupgstem that describes the packing
lattice and translatioal symmetry operations There are differennomenclaturesused to
describe space groups, howevéne most commonly used is the HermaiMauguin notation
[Li], where the four lettersconsist of a Bavais lattice (L) anthree translatioral symmetry
operatiorsfor the three different direction i¢e.i: primary direction, k: secondary direction and j:
tertiary direction)® In general the Bravais lattices can be separated inte @hstinct packing
lattices, the simplest being thggrimitiveQattice. The primitive lattice (P) has lattice points at
each corner of a cube. All other Bravais lattices have the same attributes as the primitive unit

cell, with additional lattice points They are: faceentered lattices (A, B or C), all faegentered

°
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lattice (F)and bodycentered lattice (1) (Bure 54).3" The translation symmetry operations
consist of screw axes and glide planes. A screw axis is describedtbyranslation symmetry
element with the rotation defined by 360h, where n is the number of rototranslationstil the
lattice point returns to its original position. The translation between lattic@oints (before
returning to its original positionisgiven in the form of a fractionf the unit cellasSn. The
term S denotes the amount of translation that has occurred before the rototranslation returns
the lattice point to its original position. To simplify the notation when describing a screwtaxis,
is denoted as gto describe both the rototranslation (nyd the translation amount (S)i¢ftire

5B). Finally, aglide plane is a translatiocombinedwith amirror reflection (Fgure5Q.%

A

a
P

Figureb. The Bavais latticesscrew axis andlide plane (A) 4 of the 18Bravais lattices: (P) Primitive
lattice, (C) Faceentered lattice on C face. (F) All faznteredlattice and (I) Bodycentered lattice. (BA
3, screw axis where the atoms have a rotation of 120° and is displaced 8 Zdirection. (C) A
example of atype glide plane where the arrow ameverted by the mirror pane andranslated

Only 230 space groupsan be generated whewoombining all thedifferent possible

symmetry operations. Of these 230 space groups, 65 of them aren-centrosymmetric

e



W{ 2 K y¥pade J@ups and generate chiral crystafd*® These 65 space groups are called
Sohnckespace grougsince in 1876, Leonhard Sohncidentified thembased on the symmetry
operations (the unit cellwithout considering thechirality of the packedcrystal structure
(supramolecular structure™*® It is important to note that only 11 (22 if yomclude their
enantiomorphicpartner) of the 65 space groups are actually chifalheSohncke space groups
can be divided into two categorigd (i) those with enantiomorphic unit cells.g. P3 is
enantiomorphic with P3 which are chiral space groups afiigl those where the unit cell is not
enantiomorphic €.9. P2 and P22,2,) which are casidered achiral space groupsafle 1). In
the latter case, although the unit cell is achiral, there is chjraitthe supramolecular leveln
terms of space groupshiality within a crystalis onlypossiblewhen it lacksglide planes and

inversionoperations

e



Tablel. 65 chiral and achiral Sohncke space groups

Chiral Sohncke space
groups <enantiomorph>
P4 <P4>
P42,2 P42,2>
P4,22 <p422>
P3<P3>
P312 <P312>
P321 <P321>
P6 <PG>
P6 <P6>
P622 <Pg22>
P622 <PG22>
P4,32 <P432>

Achiral Sohncke space
groups
P1
P2
P2
C2
p222
P223
P22,2
P22:2;
C222
C222
F222
1222
12,212,
P4
P4

In general, the most commonly observefiohncke space groups areP22,2;
(orthorhombic crystal structe with a primitive lattice andscrew axes in all directionsp2
(monoclinic crystal structure with a primitive lattice and a screw axis on the primary @#s)
(monoclinic crystal structure with face centered lattice and a screw axis on the primary axis)

and P1(triclinic crystal structure with a primitive lattice and a screw axis on the primaryZaxis)

10

Achiral Sohncke space
groups

14

14,

P422

P422

P422

P42,2

1422

14,22

P3

R3

P312

P321

R32

P6

P&

P622

PG22

P23

F23

123

P23

12,3

P432

P432

F432

F432

1432

14,32




When crystallizingachiral molecules, roughly 8%ill crystallize intoSohnckespace
groups® ¢ KAa OFy 6S NIGA2YylfATSR dzaAy3a 21 ftflFOKQa
in this case) are observed to bersser than their chiral counterpar{gonglomerate crystals)

This observatiorsuggestghat a heterochiral crystalacks more efficiently #n a homochiral
crystal’*  Chirality is observed in crystals of achiral molecules as a result &&doc
conformations in the crystal lattice and asymmetric packi@hiral assembly can be due t: (

axial chirality induced within bonds of a normally achiral moleculeiiprpacking achiral
molecules in a helical arrangemefit Although achiral in solution, crystallization can lock bond
rotations of a molecule into an axial chiral conformationa crystal. Chirality can also be
obtained when an achiral molecule packs asymmetrically and generates a helix. When looking
at a helix from the top, it will move inwards in either a clockwise or coucltmckwise direction.

These chiral helical cogfirations are known as BI(Q9 or M (minug, respectively (Bure 6).

7 > TN\

M-Configuration P-Configuration

Figure6. M-andP-form helices On the left is an example afleft-handed (counteclockwise rotatiof
helixwith M (minug configuration and on the right is an example afght-handed ¢lockwise rotatiof
helixwith P (plus) configuration

1.4. Viedma deracemization

The study of chirality has been closely associated with crystallization since Louis Pasteur

first resolved chral crystals of sodium ammonium tartrate based on the dissymmetry of the

11



individualcrystals'®> Since then, finding methods of spontaneously generating homochirality in

materials has been sought after and intensely investigated.

Kipping and Pope demonstrated another method for obtaining homochiral
conglomerate crystals by seeding crystals of sodium chldrasaturated solutiong? Since
sodium chlorate is achiral in solution, it can crystallize into either a deftighthanded chiral
conglomerate crystal. Therefore, when the achiral solution is seeded with chiral seed crystals
(either left- or right-handed), it continues to grow by secondary nucleatidihe growth of the
crystal only generates one handedness since dkpawith the same configuration as the seed
crystak. Kipping and Pope were able to generate homochiral conglomerate crystals by chiral

seeding in an achiral solution

An early example of spontaneously generating one enantiomer of a racemic mixture
was demonstrated by Egbert Havingd. He wused a chiral ammonium salt,
allylethylmethylanilinium iodide which racenzes quidkly in chloroform and crystallizesnto
conglomerate crystals. The experiment consisted of seeding a saturated solution and allowing it
to crystallize over a period of one month af@. Out of 14 experiments, 1generatedsamples
that rotated the phne of polarized light. &hlly, once a primary crystal forms in saturated
solution, the crystal grows, depleting the crystallizing enantiomer in solution and driving the
racemization equilibrium towards the handedness of the crystallizing enantidfigire 7).

This results in the crystal growth of one enantiomer alegbletion of the other until the chiral
molecule has completely crystallized as one enantiomaraddition, polarimetry showed very
little to no rotation of planepolarized light in the dation phase, as expectedThis example
demonstrates thatby introducing racemizationin solution complete resolution of one

enantiomer can be achievdad, crystallizatior{i.e. 100% vyield is possible)
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Figure7. Resolution of enantiomers by raceration and secondary nucleation:

Allylethylmethylanilinium iodideacemizes quickly in chloroform and in the presence of a single crys
growth of a single enantiomer occurs by driving the equilibrium towards the drafvthe crystal

Stirred crystallization is another example of a technique tbah generatea high
enantiomeric exces§&** In 1990, Kondepudiet al. demonstrated that stirring an achiral
saturated solution of sdium chlorate generated either lefianded or righthanded
conglomerate crystals with high enantiomeric exc&ssThis process was also demonstrated
with stirring melts of binaphthyl, generating either the R or S enantiomorply&tals with high
enantiomeric exces The driving force for this process is based on a stochastic primary
nucleation evat that is subsequenthamplified by secondary nucleatiofigure 8). When a
saturated solution (or meltgncountersaninitial primary nu¢eation event, thraigh stirringthe
mother crystal will fragment into daughtecrystals. For example,tihas been shown that
binaphthyl grows into whisker crystals that break very easily at high saturatiomhese
secondary nucleation and fragmentation processes are repeated until crystallization is

complete This resultsn a high enantiomeric excess and, more often than not, homochirality.

Since the solution (or melt) is highly saturatedgce a crystal is formed, secondary nucleation is
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much more favorable than primary nucleation and there are virtually no further primary

/—}@

Primary Fragmentation Fragmentation .
Nucleation Secondary Nucleation

nucleation event$*

. . P-formcrystal @ : M-form crystal
A 1 Achiral molecule (melt) ( \ : Stirring
=g
Figure8. Kandepudi stirred crystallizationThe initial event consists of primary nucleation. Through
stirring, fragmentation of the mother crystal occurs, breaking into daughter crystals with the same
chirality as the mother crystal. The daughter crystals grow through secondary nucleation amgand:
fragmentation again from stirring generating new dauglagyrstals

For theprocesseslescribed above, spontaneous generation of homochiralitginates
from a single crystal created by a primary nucleation event or added as assektie system is
subsequentlyoverwhelmed by secondary nucleatignowth. However, within the past decade,
spontaneous generation of homochirality was observed when starting with a racemiarenoft
conglomerate crystals.In 2005, Cristébal Viedmalemonstiated that a racemic mixture of
sodium chlorate crystals in saturated solution can spontaneously transform to homochirality
under attrition conditionsi(e. by grinding)’> ¢ KA & LINROSaa Aa yz2¢ 2FaGSy 1
RSNI OSYAT FGA2Yy Q *2 MNisHsdid phask transfolrdStiri tifad Que the
attrition conditions, yields homochirality in conglomerate crystalline systems when coupled with

an Ostwald ripeningrocess
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This simple technique hagpawnedthe interest of many researchers as it provides an
unprecedented route for the spontanesuresolution of a racemic mixture. However, many
scientists were initially sceptical of this novel process for generating homochiral crystals
developed by a relativg unknown geologist in SpairThere are currently 13 examples in the
literature that report Viedma deracemizatiortransforming racemic crystal mixtures to
homochirality. These include achiral molecular systems, chiral moleayatems (including
pharmaceutically relevant compounds), metal complexes, and chiral systeased on
reversibk reactions (@ble 2). Alternative methods to carry out Viedma deracemization are also
being explored, and include sonicatfér{(instead of stirring with grinding medias well as
simply boiling a saturated solution of a racemic mixture of conglomerate cryst8isce
+ASRYlI Qa AYAGAFEt NBLR2NI Ay HnnpX ySg Y2t SOdAg |
investigatedto further understand the theoretical aspects of this process as well as to probe the

potential for practical applications.

Table2. Molecules that undergo Viedma deracemization

Compound Structure Compound Type Reference
A Sodiumchlorate Na” /~C-I\¢O Achiral ViedmacCristobal Phys. Rev.
o Yo Lett.,200594, 065504

_ Nat Achiral ViedmaCristobal Astrobio,
B.  Sodiumbromate oY chira 2007,7(2), 312

Ethylenediamonium .o 0 _ Cucciaet al, Chem.
sulfate % Achiral Commun. 2008 987
NH3
Imine of 2 Blackmonckt al., J. An.
D. AN Chiral
methylbenzaldehyde ! . Chem Sc., 2008 130, 1158



E.

Compound Structure Compound Type Reference

Imine ofalanine amide QvNYMe Chiral

Me CONH,

N-(4-
chlorobenzylidene) Chiral

Sy OCH,
phenylalaninemethyl /©/\ !
Cl
o]

1-(4-chlorophenyl)

4,4dimethyt2-(1H1,2,4 J H Chiral
triazotl-yl)pentan3-one ci Iﬂ/ N
~7
(0]
Asparticacid HONOH Chiral
o) NH,
0 Me e
. m, |l wC
Oxo-rhenium(V) zrrﬁewl/o _
o o Chiral
complex o Me
Me Me
Me Me
e
Clopidogrel (Plavix) cl

precursor @/\\N nH,  Chiral

o
OR )
Naproxen ester OO 1 Chiral
MeO

R=Me or Et
Aldol product
(4-tert-ButyF2-[hydroxy
(4-nitro-phenylymethyl}-
cyclohexanong

Manich product Br
(2-(4-Bromo \©\ Chiral
NH O

OH
)\CL Chiral
No, Reaction

Kellogeet al.,
CrystEngComn2010 12,

Vlieget al., Angew. Chem.
Int. ED.2008 47,7226

Coquerekt al,,
Tetrahedron: Asym2009,

Blackmonckt al., J. An.
Chem Sc., 2008 130, 15274

Rybaket al.,, Tetrahedron:
Asym. 2008, 19, 2234

Kellogget al., Og. Proc.
Res.Dev.2010 14,908

Vleiget al,, Angew.
Chem. Int. E¢2009, 48,

Bolmet al., Chem. Eur. J.
2010 16,3918

Maukschet al., Angew.

phenylaminoj4-oxo- Reaction Chem. Int. E¢l2009, 48,590
EtOOCM

pentanoic acid ethyl estgr



1.5.Understanding the Viedma deracemization process

To date, several modetf the Viedma deracemizatioprocesshave been proposednd
it is still being investigated actively to fully understand the mecharfiéhThere is no complete
consensus on the overall mechanidnowever thereare accepted processes to understand this
unexpected transformation of racemic crystals towards homochiralily this thesis, we will
ALISOATAOIEtE & F20dza-] RWSUHIRIOS TBERINIOA R EWFildtMIO S |j dzA
suggested by Viedni&®* The initial theoretical model of Viedma asymmetric amplification was
first developed by Uwaha in 200%,and improvedn 2008%° Noorduinet al. later incorporated

both models andexperimentally demonstratethe theoretical aspects of Uwakkeories™

The initial model consisted of a continuous attrition, dissolution and recrystallization
(Ostwald ripening) cyclghat amplify the chirality of the crystalsThis is known as the attritien
enhanced Ostwald ripeningycle*’ A schematic representation of tresymmetricamplification
mechanism igjivenin FHgure 8. Attrition breaks up the existing crystals into smaller fragments
and according to the GibbBBhompson equation, these smaller fragmented crystals dissolve
more readily than larger crystals since they have greater surface energy than the larger crystals
(i.e. the thermodynamic driving forcé} Fragmentation of the larger crystals also produces new
nucleation sites, thus facilitating secondary nucleatiiiven crystal growth(i.e. the kinetic
driving force)* The larger crystals grow at the expense of the smaller ones, akmelvn
process known as Ostwald ripenitig This continuous attrition, dissolution and crystallization
cycle amplifies any enantiomeric imbalance in the solid phase. Amjptificet homochirality

NEtASa 2y WwWasStSOGABS Gl OKYSy ( Gragméntedatifrdl NI £ NB

crystalOf dz&a°li SNBE Q @

Coarsening or ripening of a crystal can occur @yOstwald ripening, where larger

crystals grow at the expense of smaller crystaistlfe fusion or attachment of two crystals to



make a new larger crystal orniiY a combination of both Ostwald ripening and crystal
attachment> When including this concept in the attritieenhanced chiral amplification model,

it is important to note that homochiral crystal fusion is favored over heterochiral crystal fusion
due to chiral recognitiol® ¢ KA & WaSt SOGAGS GG OKYSYyGiQ A&
Viedma deracemization process Due to the collision probability between homochiral
crystallites,dissolutionof the fragmented crystals lowersompared to a system that has no
collision probability> Combining theseprocess mationed above provides the attrition
enhanced Ostwald ripening mechanism cycle thedn be used to explain Viedma
deracemizatior(Fgure 9.

Solution phase

/

Solid phase
@ @ ’
?g? g uw
~————> : Dissolution ~ ~ ~ "~ "~ . Selective attachment : Saturated solution (achiral)
—— : Attrition : Crystallization @ W : Conglomeratecrystals

Figure9. IdealAttrition-enhanced Ostwald ripening mechanism

There are currently three known driving forces that allow racemic solids to be amplified
towards homochirality: () a common link between conglomerate crystals (achirality or
racemizatiyy Ay & 2t dzi A 2 VT (i) $rBHlAsike ifiducéd solubifyand @iy initial
chiralimbalances”?
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Chiral amnesia is a term used to describe how a molelagdes its original chirality
during dissolution andrecrystallizeeither on a left or righthanded crystal’ This term
describes aWY 2 f Slok@betwdsn enantiomorphic crystals.For achiral molecules,hiral
amnesiais always present sinaghirality is lost in solutionIn the casef chiral molecules, dhal
amnesia occurs when adding a racemization catalyst since intercamwesdll exist between
enantiomers Without this link,the molecules would dissolve andlsctively recrystallize to the
same handed crystal with no amplification observed under the Viedma deracemization
conditions®**® This link between enantiomorphic crystals is required to observe asymmetric

amplification during Viedma dacemization proces¥.

Crystal sizénduced solubility is a relatively nedriving force used to describe the
amplification of racemiconglomerate solids to homochiralit§ This mechanism is guided by
the GibbThompson egation, where smaller crystals have higher solubfiityTherefore under
attrition conditions {.e. grindingvia stirring or sonication), the crystals will fragment to smaller
crystallites with increased solubilityTherelationship between the crystal size distribution and
amplification to hanochirality was investigate@nd reported by Blackmonet al>® They
performed the Viedmaderacemization process with Clopidogrel and observed that samples
with alargercrystal size distribution did not undergo asymmetric amplification in comparison to
those with a smallercrystal sizedistribution. In addition, hey alsoreported the effects of
dynamic dissolutiorin a saturated solutioncaused by attritionover a period of time They
observed anormalized value (actual concentration/saturated concentration)caf 1 until a
large seed crystal was added, perturbithg value toca.0.9 (.e.a drop in concentrationand
shifting towardsca. 1.05 after10 minutesof vigorous stirring The relationship between the
crystal size distribution and dissolution denotes an important role in the Viedma deracemization
process, since a larger tlibution can actually inhibit the amplification procesg\dditional
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evidenceof the crystal sizenduced solubility as a driving force was demonstrated by inducing
different levels of solubility between connected flasks This was achieved using two flasks
connected by circulating solution between thenThe initial flask had of a large aomtt of
racemic mixture grinding vigorously (high induced solubility) while the second flask only had a
few seed crystals and was gently stirred (low induced solubil®yertime, the initial flask lost

its solid phase and the mass was transferred to the second flask. The ghawtbok placein

the second flasknaintainedthe same chirality of the initial seedsThis experiment indicate

that material with asmaller crystl size distribution has a higher solubility than material vaith
larger crystal size distributionClearly a high attrition probabilityand crystal sizelistribution

have a strong influence on the Viedma deracemization process

All examples to date showhat any initial imbalance will be amplified towards
homochiralityvia the Viedma deracemization proces$One might question the origin of this
initial chiral imbance or broken mirror symmetry.However, in such crystalline systeyres
chiral imbalancecan simply occudue to a biaed weight ratio,unequal crystasize distribution
and/or random fluctuations during the attrition procesy. For example, when generating a
racemic mixture, the mixture can be initially perceived to be 50:5bwever, when looking at
the molecular level, simple statistics tell us that one enantiomer will dominate very slightly
generating a small imbalané® Looking at the example where there are twice as many left
handed crystals (greer) as righthanded crystals (redj) (Hgure 10), there is now a higher
probability d selective attachment of lefhanded fragment crystals Each cluster has an
increased chance of colliding and fusing with homoclargstallites. Terefore, lowering the
overall probability that lefhanded fragments will dissolveln figure 10 each lefthanded
fragment has two chances out of three to collide with a-ledhded crystal, whereas the right
handed clusters only have a oiethree chance of a favourable encounteifhis imbalance
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affects the dissolution rate of one haadnes over the other, forcing theight-handedcrystals

to feed theleft-handedcrystals until homochirality is achievéd Thisenantiospecific imbalance

acts as a driving force to drive chiral amplifioatin one direction Viedma deracemization

takes advantage of this oftennidentifiedo N2 { Sy a@YYSUiNE (2 | YLX AT

homochirality

Solution phase

Solid phase

Y @
————> : Dissolution — ~ ~ — "~ . : Selective attachment : Saturated solution (achiral)
——5 : Attrition : Crystallization B W : Conglomerate crystals

Figurel0. Attrition-enhanced Ostwald ripening mechanisvith an enantiomeric imbalance: An increa
in the enantiomeric excess lowers the dissolution process since it has a higher chance of selective
attachment.

1.5.1. Literature exploration of Viedma deracemization

As stated above, there are currently 13 molkecu examples of the Viedma
deracemization where a racemic powder was amplifiechéonochirality A major goal of this
thesis is to further explore the generality of Viedma deracemizatidm this subsection, a
literature survey of the different molecuteand conditions of the Viedma deracemization

processs presented
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Achiral molecular systems are the simplest molecules to undergo Viedma
deracemization since the common linke(chiral amnesia) between conglomerate enantiomeric
crystals is the achiramnolecule in solution When the conglomerate crystals dissolve, the
NEadzZ GAy3 F OKANIt Y2fSOdzZ S&a Ay azftdziazy KI @S
crystallizing’ There are currently three examples in the literaturdiase achiral molecules
undergo Viedma deracemizationi) §odium chlorate @ble 2, A)? (ii) sodium bromate Table
2, BJ* and {ii) ethylenediammonium sulfateTéble 2, C§* The firstexample of the Viedma
deracemization process waemonstratedwith sodium chloraté? Viedma prepared a racemic
mixture of left and righthanded crystals susperd in a saturated aqueous solution with 3 mm
glass beads as grinding media. This suspension was stirred at 600 rpm and the crystals were
driven to homochirality irca. 24 hours. Viedmaalso investigated the effect of the amount of
grinding media used anithe stirring speed on the rate of chiral amplification. He observed that
increasing the amount of grinding media and increasing the stirring speed decreased the
amplification time The chiral amplification of sodium bromate crystals in saturated agueous
solution was achieved under similar conditichsAgain, an amplification time afa. 24 hours
was observed using 4 mm glass beads with a stirring rate of 600 rpm. The latest example of an
achiral system to be asymmetrically amplified by the Viedma deracemization process was
reported by Cuceiet al. using ethylenediammonium sulfafé. An amplification time ofa. 80
hours was observed when using 0.8 mm ceramic beads with stirring at 2400 rpm. In addition,
Cucciaet al. also demonstrated that the time to achieve complete chiral amplification was

dependant on the stirring rate and the size of the grinding media.

Unlikeachiral molecules, chiral molecules require theerconversion of enantiomerns
solution in order for Viedma deracemization to take place. The addition of a racemization
catalyst, as used in the early spontaneous resolution work described by H&Viegsrates a
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common link(i.e. chiral amnesiapetween enantiomers since they are now in equilibrium with
one anoher, similar to the achiral system. Therefore, when a fragmented crystal dissolves, it
can racemize in solution anckcrystallize to the enantiomorphic conglomerateThere are
currently 7 examples of chiral molecules that undergo chiral amplificationViadma
deracemization with racemizing conditions in solutiofihe first example of a chiral molecule
asymmetrically amplifying towards homochirality was an imine of methylbenzyaldegtie (

2, D), reported by Blackmonet al?® Amplification to homochirality for the conglomerate
crystals of theimine occurred in a saturated solution of acetonitrile with 5 mol%1@&F
diazabicyclo[5.4.0lundeé-ene (DBU) as a racemizing catalyst. Homochiral crystals were
obtained inca.10 days when using 2.5 mm glass beads with stirring at 1250 rpm. Blacletnond
al. also verified that a small initial enantiomeric imbalance reduces the amount of time required
for the chiral amplification process to reach homochirality. Two other iminealaamne amide
(Table 2, E¥ and phenylalaninemethyl ester(Table 2, F§? which both racemize with DBU, also
undergo Viedma deracemization. Asymmetric afigation of the imine of the alaninamide

was achieved under similar conditions te imine of methylbenzyaldehyde, however, the
authors do not indicate the time required to reach homochiraiftyAsymmetic amplification of

the imine of henylalaninemethyl esterwith 10 mol % of DBU was achieveci4 days using
glass beadgunknown size}tirring at 600 rpnf® The triazol compond (3(4-chlorophenyh4,4-
dimethyt2-(1,2,4triazot1-yl)pentan3-one) (Bble 2, G) in saturated water/methanol (20/80)
with 0.7 g of sodium hydroxide as a racemization catalyst, undergoes Viedma deracemization in
ca.3 hours using 2 mm glass beads dadjng media with stirring at 700 rpf. Approximately

15 days were required for the Viedmardeemization of aspartic acidgBle 2, H) in saturated
acetic acid under racemration conditions with 6 vol.%alicylaldehydeusing 2.25 mm glass

beads $irring at 1200 rpm at 90°C®*® When increasing the temperature to 18D, an
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amplification time of 5 days was observed. In this work, the authors also obsasyeametric
amplification under norattrition boiling conditions. A strong temperature gradient, with a
maximumof a160 °C produced fasamplification to homochiralityn ca.5 days and at 103C
isothermal heating, amplification was observed but even after 30 days, conpbatechirality

was not obtained.In this case, the enantiomeric excess in 30 dayscaa’0%.

The oorhenium(V) complex(Table 2, 1) ([ReOgLPO)py] [py = pyridine; =
(OCMeCMeO)POCM«£LMeO™)) is the first example of a metal complex that undergoes
Viedma deracemizatioff. There arewo enantiomericcisstructures for this complex, and they
crystallize as conglomerates. In this case, the common (liekchiral amnesia)between
enantiomers is thdrans structure, which is accessed by heating the solution. Racemization of
the metal complex results from the abiliyf the pyridyl group to alternate betweeais and
trans. Chiral amplification occurred in approximately 9 days when the raceisycoduct was

suspended in saturated boiling toluene and stirred vigorously at 1100 rpm.

The Viedma deracemization process has also been investigated for potential use in
industry. This has been highlighted with the chiral amplification of two pharmaceutically
relevant molecules. Clopidogrelgfle 2, J), a drug used for treatment of ischemic strokes,
heart attacks, atherosclerosis and the prevention of thrombosis, undergoes Viedma
deracemization under racemization conditions at the gram scale (approximately iB5a
volume of 315 mL) using an industrial bead fMill.This is the first example of Viedma
deracemization on a large dea highlighting the potential use of this process in the
pharmaceutical industry. Here, the minimum time required for chiral amplificationcaat7
hours when grinding at 2500 rpm. A second pharmaceutical compound that was investigated

was aNaproxen esters (fble 2, K) N.B. Naproxen is an anthflammatory drug.®® Since
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Naproxen crystallizes as a racemic crystal, Wiedma deracemizatioprocesswas attempted

on the conglomerate systems ahethyl and ethyl esters of NaproxenUnlike the systems
mentioned above, the Viedma deracemization was also attempted between two
enantiomorphic molecules and crystdisethyl and ethyl Naproxemynder esterification and
racemization conditions.Both esters were used in this study since avous investigation of
resolving mixtures of methyl Naproxen proved unsucce$&ftil. The esterificationand
racemization process links, by chiral amnesilh,four moleules in solution and allosvfor
crystallization to occur between four crystals-rflethyl, Smethyl, Rethyl and Sethyl
Naproxen). In addition,his process takesadvantage of the solubility, racemization, and
reactionproperties of both estersNoordun et al. started with racemic ethyl estewith a small
amount of the (S)nethyl ester andasymmetricamplification towards the (Shnethyl esterwas
observed. Asymmetric amplification took approximately 5 dalgen suspended in a mixture of
sodium methoxide and methanol (as racemization and esterificationditiong with glass
beads(unknown size¥tirring at 700 rpm. Since the ethyl ester is more soluble then the methyl
ester, it slowly feeds thdormation of the methyl ester driving the formation of the methyl
ester crystalline product In addition since there wasan imbalance of (S)methyl ester,

secondary nucleation drives the formationa/stals with $handedness

Aldol”® and Mannich" products (Bble 2, L and Mrespectively), thatcrystallize into
conglomerate crystals andre obtained byreversible reactionshave also been shown to
undergo Viedma deracemizationThese two examples are the first ofieir kind to take
advantage of a reversible reaction tnterconvert the chiral molecules in solutisather than
conventional racemization.The reversible reaction generates two achistdrting materials,
which is the racemizing common linky chiral amnesiabetween the chiral enantiomeric
products. When the achiral starting materials react to generate a product, either of the
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enantiomers is generated.€. the reversibility of the eaction allows for racemization). The
Aldol product undergoes chiral amplification up to 98% enantiomeric excess in 2 to 10 days
when starting with an enantiomeric excess cé. 80% to 60%, respectively. This was
accomplished by suspending the product in DMSO with 10 %hoff racemization catalyst
(pyrrolidine) with ZrQ beads(unknown size)and stirring at 800 rpm? The Mannich product
amplified to homochiralityn ca.7 days in saturated toluene by using a 30 mol % primary amine

thiourea catalyst for reversibility and stirring at 1300 rpm with 6 mm glass béads.

Recently, two new molecular systepsodium ammonium tartrate anthreonine, hawe
undergone resolution undeattrition-enhanced Ostwald ripenirg. Blackmonct al. confirmed
that sizeinduced solubility can be used to resolve enantioraein the solid phase. They
determined that a sizénduce solubility gradient between two flasks can occur when vigorous
grinding is applied in one flask and gentle grinding in the other. An Ostwald ripening mechanism
occurs through solution transferallowing the mass to transfer towards the flask with a lower
solubility, induced by gentle grinding. Performingthe Viedma proceswith a racemic mixture
allows the solutewith the seedhandednessto transfer in the secondary flasky Ostwald
ripening. The overall result was the resolutiontloé racemicmixture. Blackmondet al. were
also able to establish thathe Viedma deracemization conditions can also be used for the
resolution of a racemic mixturavithout a racemizing agent It is only fitting that sodium
ammonium tartrate, the first example of a racemic mixture resolved by Pasteur himseé|stan
be resolved under Viedma attritiononditions. In this case as in a typical resolution, the

maximum yield is 50% for each enantiomer.

In a period of less than 10 years, there are oryetamples of Viedma deracemization

(15 when including the resolution methpdodium ammonium tartrate and theoripethe
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majority of which are chiral conglomerate crystal systems that require racemizing conditions in
solution for chiral amplification.  Surprisingly, given the relative abundance of achiral
conglomerate crystal systems, sodium chlorate, sodium bromate and ethylenethaium
sulfate are the only three examples demonstrated to undergo Viedma deracemization. These
systems can be considered as the simplest, given that the molecules are inherently achiral in
solution. The central goal of this thesis is to identégditional achiralconglomerate crystal
systems and to explore the scope and generality of the Viedma deracemization pbetesgn

them.

1.6. Viedma deracemization and mechanochemistry

Viedma deracemization is a sclthte transformation from a racemic mixture t@®
homochiral mixture driven by attrition.The process can be considered to fall witthie realm
of mechanochemistry. Mechanochemistry is the studgf changing matter under solistate
grinding’? Investigations using mechanochemistry have successfully yie{fjecbvalentbond
formation,” (i) coordination bond formatiofi* and supramolecular assembfy.In most cases,
mechanochemistry can simplify the formation of functional solids and simplify reatitras
and methods’® It can either be carried out without solvent (neat) or under liquid assisted
conditons usng a small amount of solvent. To investigate the role of solvent in
mechanochemistryan' parameter Equation 1)was establisH® An' value above 12L m¢' is
considered to be under solution synthesis, a value between 2 and. 12g" is considered to be
a slurry and a value between 0 andR2 mg' is considered to be liquid assisted grindiAglin
most casesViedma deraemizationexperimentsfall betweenliquid assisted grindingnd slurry

conditions { values ofca.0.5 to4 >L mg").>*%+7%7
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Liguid assisted grindinig a relatively newnethod used in mechanochemistigonsistng

(Equationl)

of usingvery small amouns of solvent during a grinding egdment(* values ofca.0.1 and 2>L
mg").”® The liquid assisted grindinmethod was introduced in 20Q2vhere Joneset al.

Ay @S a GsbldhtdrépRrinding Ay G KS Y S Okytlohéxandl 8, 6tkcSriokylic 2 T
acid co-crystals’’ Liquid assisted griidg experiments are now used to investigate the
screening of carystals® and silts”® as well as for the synthesis of metal organic framewdtks

It is believed that the liquid is either acting as a lubricant during grinding, as a catalyst to help
drive a reaction towards a product @rmay have an unknown effeduring grinding®” Since

the liquid assisted grinding method is relatively new, there are no general explanations for the

role of the liquid phase, and it may vargm system to systemHerein, the role of a saturated

solution in terms of theé parameter in reléion to Viedma deracemization is investigated

1.7. Directed chiral amplification

1.7.1. By enantioselective adsorption

Adsorption of chiral molecules on chiral surfaces isxduisiteinterest since some
researchers believe it to be associated with the originahbchirality in biomolecule¥. This is
a possibility considering thahany chiral mineralse(g. quartz) and achiral minerals with chiral
surfaces €.g.gypsum and calcite) were present in abundance during prebiotic time. In addition,
it has been shown that these minerals can enantioselectively adsorb chiral amino acids on their
chiral surfaces. For example, £4.4% enantiomeric excess was obtainedew adsorbing>-
and L-alanine on the surface of levorotatory and dextrorotatory quartz, respectffely.
Enantioselective adsorption of 28 chiral organic molecules, including amino acids, was observed

on specific chiral surfaces of gypsffimEnantioselective adsorption @f and L- aspartic acid
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was investigated on the chiral facesaaficite. By dipping calcite crystals in a racemic solution of
D- and L-aspartic acid, enantiomeric enrichments cd. 10% were obtained on specific chiral

faces®

At least three noHinear contact pointare required for any chiral material to seleatly
bind on a chiral surfaceigfure 11).%° Three norequivalent interacting groups arranged in a
non-linear fashion will adsorb preferentially on one surfaser the enatiomorphic surface, as

seen in Fyure 11%

Enantiomer B

Enantiomer A

Chiral
Additive

B' Chiral Crystal B

Surface A
Surface

Surface A

Figurell. The three point contact modelf a chiral enantiomeimteracting with achiral surface:
Generic model of enantiomers adsingon the same chiral surface (adapted from ref. 83 with
permission)

Enantioselective adsorption can occur on differehtral faces of a crystal. This effect
has been reported fo(Ror 9-3-methylcyclohexanon@n chiral surfaces of coppéry Gellman
et al.®® An experimentatesorption difference of approximately 0.7 + 0.2 kJ/mol was observed
between specific chiral surfaseand both enantiomers of -Bnethylcyclohexanone Crystal
growth is also affected when chiral molecules enantioselectively adsorb on crystal surfaces.
Surface analysis (by AFM) of untreated and treated calcite iwdhd D-aspartic acid confirmed

80,84

an enantioselective change icrystal growth (Fgure 12). When untreated, symmeit

growth steps were observedifftire 12, A), but when submerged in either or D-aspartic acid,
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enantiomorphic growth steps were observed and believed to be caused bytingigrowth at

certain sites (igurel12,B).

Untreated Calcite L-aspartic Acid D-aspartic Acid

Figurel2. Growthof calcite underteated and untreated conditions(A) Unteated calcite (B) Treated
with aspartic acid (adapted from ref. 81 with permisgion

There are some examples of chiral moleculasinly amino acids, whichave been
used to direct theasymmetricamplification of Viedma deracemizatiéf’>®>® Cucciaet al.
demonstrated the first achiral molecular system (ethylenediammonium sulphate, EDS), that
crystallizes into conglomerate chiral crystals, that can be directed usimg D-amino acid$®
They categorized their findings into three different groups of amino adjdfar(13 amino acids,
the L-isomers amplified the chirality of EDS tads levorotatory crystals and the-isomers
amplified the chirality of EDS towards dextrorotatory crystaily, f¢r 3 amino acids, the-
isomers amplified the chirality of EDS towards dextrorotatory crystalsbdedmers amplified
the chirality of EDS teards levorotatory crystals andiif for 3 amino acids, no directing
properties were observedThe initial experiment in directing the asymmetric amplification of a
chiralsystem was explored by Blackmoetlal. using the imine omethylbenzaldehydé® They
demonstrated that (R-phenylglycine amlified the racemic mixture towards theS-

methylbenzaldehydeand (S-phenylglycine amplified the racemic mixture towards t(®-



methylbenzaldehyde Blackmonget al. also demonstrated that the amplification of an imine of
methylbenzaldehydean be directed by phenylglycineamideadditive®® The(R)-phenylglycine
amide additive amplified the racemic mixture towards t®-methylbenzaldehydend the(S-
phenylglycine amide additive amplifed the racemic mixture towards the(R-
methylbenzaldehyde Kellogget al. also demonstrated thelirected chiral amplification athe
imine ofmethylbenzaldehydeising an alanine additi&. (R-alanine directed the amplification
towards the(9-imine of methylbenzaldehydand (§-alanine directed the amplification towards

the (R-imine.

It is thought that a chiral molecule can adsorb enantioselectively on the surface of a
chiral crystal and podldy inhibit its growth, allowing the enantiomorpharystal to grow more
rapidy. ¢ KAa AaX Ay Sa3aSyO0Ss GKS AYLX SYSyédbyiAzy
Addadiet al®” The rule of reversal describes theeferential adsorption of ahiral additive to
crystals causing a decrease in crystal growth of one enantiomorph, allowing for preferential
crystallization of the opposite enantiomorph The conglomerate systems Addadt al.
investigated were (Ror S}glutamic acid hydrochloride, (Rr S)}hreonine, (R orS}(p-
hydroxyphenyl)glycing-toluenesulfonate, and (Rr S}asparagine hydratewhere a series of
chiral amino acid additives were shown to induce preferential tatyzation. During
crystallization, an enantiopure amino acid additive was added to the conglomerate systems, and
only one handedness was observed during crystallizatibime crystal with additive associated
with it grows more slowly and does not reach the critiaius size in solution armédissolves
easily,while the crystal not associated with the chiral additive undergoes gratwelsecondary
nucleation. Overall, a crystal growth reversal is observethis early work provides excellent
precedence for the abil to direct chiral amplification under Viedma deracemization ¢bods
using chiral additives idgure 13).
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Time

B @ : Conglomeratecrystals : Viedma deracemization cycle

@Q : Enantioselective additives : Saturated solution (achiral)

Figurel3. Directed asymmetric amplification using chiral additives

1.7.2. By circular ly polarized light

Circulaly polarized light has also been regardedlie connectedwith the origin of
homochirality in biomolecule$.This is due to the asymmetric photochemical induction that can
occur when chiral molecules aynthesized, generating an enantiomeric excesScientist
strongly believe that circuléyr polarized ligh can affect the synthesis of molecules since
meteorites that have been exposed with cosmic cirdylpplarized light have generated amino

acids withslightenantiomeric excess.

Circularly polarizeddht has reently been used to direct the asymmetamplification
of Viedma deracemizatiorDirectedasymmetricamplification is observed since enantiomorphic
molecules will differentially absorb circularly polarize light at certain wavelerfjtAsymmetric
amplification bythe Viedma deracemizatioprocesswill F OG Ay | 002 NRI yOS (2
reversal, where the nonrexcited moleculeis amplifiedto homochirality. In this case, itis
believed that the excited enantiomorphic molecule crystallizes slowly in comparison to the non
excited enantiomorphic molecufé. Vlieg et al. demonstrated that exciting the imine of

methylbenzaldehydewith circularly polarized light directed the asymmetric ampliiica:
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exciting with I-circularly polarized light amplified théS-imine of methylbenzaldehyde and

exciting withd circularly polarized light amplified tH&)-imine of methylbenzaldehyd&®

1.8. Cryptochiral environment
Cryptochiral environments are adusived 2 dzZNDS 2F OKANI f A Yol f 1 yOf

originates from the Greek worfl = _ ~ meaning hidden or secrd? In chemistry,the term

cryptochiral is defined by a system (or environment) that has optically eactiaterial at
concentrations nodetectable by instruments’ Unlike physical imbalances.§. enantiomeric
imbalance by weight ratio), a cryptochiral environment can affagstallization or even the

Viedma deracemization processthe same way as describéat i KS WNHz §2%¥2 F NB JS N&

It is tremendously difficult to completely eliminate possible cryptochiral molecules
world mntaminated with chirality® It has been suggested that chiral contamination can also
come from the eperimenters themselve¥. An example of this is the conglomerate
crystallization ofb- and L-tartaric acid copper complexes. When performing the experiment,
three different Japanese laboratories were only able to obtain the dextrorotatory crystals. The
phenomenon was believed to have been caused by cryptochiral seeding by the experinienters.
Cryptochiral seeding can occur from optically active dust particles that are found in various
sources”’ The seed behaves as a nucleus and preferentially favors the growth of one crystal
over the other Some examlps of experiments that have possibly been influenced by
cryptochiral environments are the crystallization of helité&llylamine copper chloridewhere
only Mform crystals formed? and the crystallization of sodium chlorate, where a series of
crystallization generated high ratios of lefts. right-handed crystals (ranging from 60% to 99%

in favour of lefthanded crystalsy’
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1.9. Thesis objectives

Our initial objective is to investigate the generality of Viedma deracemization on novel
systems of conglomerate chiral crystalsd to extend this process to purely organic molecules
These systems rang&om achiral anddynamically racemic moleculeghiral cocrystals
enantiomeric atropisomerand valence isomersTable Jists the compounds that dzO Gab ks Q &
currently investigating. The molecules under investigation in this thesidbeamzil, dijenyl

disulfide, benzophenondyutylated hydroxytoluengand tetraphenlylethylene

Table3. Moleculesthat are beingnvestigated for the/iedma deracemization process

Compound Structure Compound Type

0]

+ +
. NH _)J\ _ 'NH .
Guanidine carbonate J\z o Yo J\z Achiral
HNT SNH,  HoNT NH,

OH
Butylated hydroxytoluene Achiral
. o N .
Magnesium sulfate Mg /S\ Achiral
- N
o (0]
S§—S
Diphenyl disulfide Achiral
Q 0

Benzil O O Achiral



Compound Structure

Benzopheneone “

Tetraphenylethylene

Hippuric acid NWOH
H
o)
H
N s
¢NELIWI YAY p - ()
thiophene-2-carboxylic acid NH*
-00C
H
7 N O
¢CNELWEFYAY p: .
2-furoic acid \ /
NH*
-00C

I ONARAYS
diphenylacetic acid

o]
, . o)
Triro-thymotide
0 o~ o

o]
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Achiral

Achiral

Achiral

Cocrystal

Cocrystal

Cocrystal

Atropisomer



Compound Structure Compound Type

X
\ /’ Valence isomer

Cyclooctatetraene
dimer

Diarylethene derivative

, . Valence isomer
(benzoic acid)

Our secondary objective is to investigate different conditions for Viedma
deracemization. This includes exploring alternate attrition conditions and exploring the effect of
changing the amount of solvent used. A new Viedma deracemization method bgghaither
than stirring, using benzil will also be reported. Optimization of this new method and new
protocol using a very small amount of saturated solvent (liquid assisted grinding) will be
discussed. A long term goal is to explore the possibiligaafying out Viedma deracemization

without solvent under dtition/sublimation conditions.

Our third objective is to investigate the potential for directing the chirality during the
Viedma deracemization process using chiral additivd$. chiral additive have directing
capabilities, further experimentalnal theoretical studies will be carried ottt understand the
enantioselective binding of chiral additives at chiral crystal surfacBsected asymmetric

amplification ofbenzilusing an organic chiradditive will be discussed.
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1.10.Molecules under investigation

Benzil
Benzil (ibhenylethanediong is an achiral molecule that crystallizes into conglomerate

chiral crystalé® Benzil is commonly studied due to its photochemical propeffiand has been
used in photographic materials as well as a photoinitiator in radical polymeriZ4tiBenzil is a
uniaxial class crystal, and has an tetragonal crystal structure belonging to the non

centrosymmetric Sohncke space group,A3BENZILOZ®

Diphenyl Disulfide
Diphenyl disulfide (phenyldisulfide) is an achiral molecule that crystallizes into

conglomerate chiral crystafé Diphenyl disulfideis commonly studied to investigate the

conformations of éphenyl dichalcogenide¥ Diphenyl disulfides a biaxial class crystal, and has
an orthorombic crystal structure belonging to the roantrosymmetric Sohncke space group,
P22,2; (PHENSS)Y’

Benzophenone
Benzophenone is an achiral molecule that crystallizes tanglomerate crystaf®.

Benzophenone is commonly investigated due to its crystalline alptiactivity?®*°
Benzophenonés a biaxial class crystal and has an orthorombic crystal structure belonging to the

non-centrosymmetric Sohncke space group; %2, (BPHENO10d§°

Butylated hydroxytoluene
Butylated hydroxytoluend2,6-di-tert-butyl-4-methylpheno) is an achiral molecule that

crystallizes into conglomerate chiral crystdls Butylated hydroxytolueneis most commonly
investigated as an antioxidaft" Butylated hydroxytoluends a biaxial class crystal and has an
orthorombic crystal structure belonging to the naentrosymmetric Sohncke space group,

P22,2; (MBPHOLOR™
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Tetraphenylethylene
Tetraphenylethylene is an achiral molecule that crystallizes into conglomerate cfstals.

Tetraphenylethylene is commonly studied to take advantage of its rich electrochemical and
exciied state properties® Tetraphenylethylenés a biaxial class crystal, and has an monoclinic
crystal structure belonging to the nerentrosymmetric Sohnckespace group, B2

(TPHETY(2*
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2. Materials and method

2.1. Chemicals
Diphenyl disulfide((CAS 88383, GHsSS@Hs; F.W. 218.34)penzil (CAS 1381-6];

GHsCOCOgk; F.W. 210.23), 1,1,2f2traphenylethylene ((CAS632-51-9]; (GHs),CC(GHs)2;
F.W. 332.44), butylated hydroxytoluene ([CEZB-37-0]; [(CH):CLGH.(CH)OH; F.W. 220.35),
xylene([CASL33020-7]; reagent grade; &4(CH),; F.W. 106.17) anhydrousluene (JCAS 108
88-3]; GHs(CH); F.W. 92.14) anpotassium bromid¢[CAS 77582-3]; KBr; F.W. 119.08eated
to 440°C and oven dried at 13C) were purchased from Sigma AldricBenzophenone ([CAS
11961-9]; (GHs).CO; F.W. 182.22) was from Anachemia Science. Ethanol QELS5];
CHCHOH; F.W. 46.0) was obtainéf®dm Commercial Alcohol Ind\ujol mineral oil ([CA8012

95-1] wasobtainedfrom Plough Inc.

2.2. Instrumentation

Circular dichroisnmspectra were recorded using Jasco-J410 spectropolarimeter A
Mettler Toledo MX5 ndrobalance was used to prepasamples forcircular dichroism A
SPECAC manual hydraulic press with 13 mm evacuable die with two hardened stainless steel
pellets was used to prepare KBr pelletd. 1. mL dass syringe (SGE Analytical Science) was
used for the measurements of solubjli A home-built magnetic stirrer based on a PINE 101
industrial drive (coupled with a PINE MSRX speed control) or a Fast®2regh@ker operating at
a speed of 5 m/s, (MP bio) were used for Viedma deracemizat’'éiZ® high wear resistant
zirconia grindig media (0.8 mm dia.) were used as the grinding imefbr Viedma
deracemization.A Nikon SMZ1500 microscope coupled with a Nikon DS F1 camera was used to
photograph the crystals.SHAPE V7.2 software was used to model and index the prominent

faces of eals crystal.
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2.3.General procedures

2.3.1. Conglomerate crystallization

A predetermined amount of the desired molecule in the required solvent was dissolved
by heating the solution to boiling in a crystallization d{8B0 mL;ca. 10 cm diameter) The
solution wasallowed to cool to room temperature and a watch glass was then placed on top of
the crystallization dish to allow for slow undisturbed crystallization. Crystals were typically
obtained within 4 to 14 days, collected with tweezers and the residual moitpeod was wiped
off each crystal with a Kimwipe. Counting the ratio of-leét right-handed crystal was
accomplished using circular dichroism spectiBhe statistics for each system was calculated
using the binomial function in excel (BINOM.DIST(nunobexutcomes, number of events (N),

probability, FALSE [Probability mass function]).

2.3.2. Visuali zing crystal morphologies

An adequate single crystal from each molecular system was picked out of a
crystallization dish for imagingCrystallographic data of eadlystal system was downloaded
from the Cambridge Crystallaaphic Data Centre (CCDC) aadalyzed within the SHAPE
software. Modeling of the faces was carried out by using the resizing tool and optimizing the

faces until it resembled the representativeystal

2.3.3. Stirred melt crystallization

In a vial(20 mL),the desiredmolecule, witha stir bar(3mm x 13 mm; straightwas
heated until it was completely melted. The melt was stirred at 1300 RPM (OtpiChem: Digital
hotplate stirrer) and, with the heating turned off, allowed to slowly cool to room temperature.
The resulting solid was then crushed into a powder using d@anand pestle. Some samples

were seeded to control the generation of either leftr righthanded samplesThe melts were
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seeded withca. 10 to 30 mg of crystals with the desired handedne3$ie seedpowder was

added when the thermostat reached@ bebw the melting point.

2.3.4. Solubility measurements

In a vial (20 mL), the desired molecule, with a stir bam(8 x 13 mm; straight), was
slowly dissolved with the desiresblvent described in section 2.3:213.15. The vial was placed
in an oil bath at roomemperature The dissolution process was accomplished by adding small

increments of salentusing al.00 mL glass syringantil the powder was completely dissolved.

2.3.5. Circular d ichroism
Circulardichroism (JASCO Corp715b) was used as a method determine the chirality

of chiral solid samples.Typicalcircular dichroismparameters were450 to 250 nm with a
standard sensitivity, continuous scanning modenm bandwidth 0.2 nm data pitch,l sec
response,50 nm/min scan speed an8 to 5accumulations. Spectra were collected at room
temperature. Circular dichroismspectra were recordedas a Nujol mull between quartz
windows (1.05 cm diameter; 0.3 cm thick) as a KBr pellet (13 mymas indicated in section

2.3.1115andthe figure captions.

KBr pelletsvere prepared by grinding together the desired molecule (described in the
sections 2.3l1to 2.3.15) with potassium bromide using a mortar and pestle. Once the mixture
was homogeneous, a portion of the powder was weighed (50 mg) and pressed using a manual
hydraulic press (Specac). The weighed powder was placed between two 13 mm pellets and
pressed at approximately 8 tons for about 20 seconds. The pellets was then placed in a

homemade cardboard holder and positioned in 8pectropolarimeterfor analysis.

Nujol mulls were prepared by grinding together the desired molecule (described in

section 2.3.11) with Nujol mineral oil using a mortar and pestle. Once the mixture was
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