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Abstract

Six new coordination compounds were prepared framodentate sulfide
ligands and copper(l) halides and their crystalcttires were determined
by single-crystal X-ray diffraction. The aim was poepare coordination
polymers that crystallize as conglomerates in otdeuse them in total
spontaneous resolution. The anionic and neutrainlg were varied in
order to examine how they would affect the crystation. All six
complexes formed racemic crystals, and five of tesre polymeric.

Bidentate sulfide ligands were used to increasetssibility of obtaining
a coordination polymer. Five new complexes werepared and
structurally characterized by single crystal X-dhffraction. Three of the
complexes formed coordination polymers but nonéhem crystallized as
a conglomerate.

Tetrahedral metal complexes have been resolvedotal spontaneous
resolution for the first time. A cationic silver(@omplex with a bidentate
sulfide ligand was prepared and it crystallized asconglomerate.

Enantioenriched crystal batches were obtained anidntiomeric excesses
up to 90 %.

Three chiral Ru(ll) complexes with bidentate sudfidyands were prepared
and all three crystallized as conglomerates. Theyewsed in absolute
asymmetric synthesis and oxidized enantioselegtiv@lhe oxidations

resulted in a selectivity of > 98% without the wdea chiral catalyst. One
of the Ru(ll) complexes isomerizes when exposedigbt. Four new

phases, containing one or both isomers, co-crizdllfrom the same
solution.

Keywords: Absolute asymmetric synthesis, total spontaneesslution,
optical activity, coordination compounds, coordioat polymers,
photoisomerization, enantioselective sulfide oxmatsingle crystal X-ray
crystallography, co-crystallization of diastereomer
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1. Introduction

1.1 Coordination compounds
1.1.1 General

Coordination compounds, also known as metal conaglezonsist of a metal
lon that binds to ligands. Alfred Werner is consaitas the founder of this
branch of chemistry and therefore inorganic comgdexare often called
Werner complexes or classical complexes. The mostnton geometry in
these types of compounds is octahedral and thedgyaan be monodentate,
bidentate or polydentat8.In octahedral complexes they are arranged as in
figure 1. The bonds in these complexes are catbeddinate bonds when both
electrons come from the ligaffd®

Monodentate ligand Bideatigand Tetradentate ligand
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Figure 1 Ligands in octahedral complexes

A central part in coordination chemistry is theefig-orbitals (figure 2). They
affect many of the properties of the metal comptesxed hence the chemistry
that they can undergo.
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Figure 2 The five d-orbitals

When ligands bind to a metal ion then the orbitas affected. Depending on
the geometry of the complex, the orbitals will spito different energy levels.

This can be illustrated in a crystal field spligtidiagram. For tetrahedral and
octahedral coordination compounds the orbitalsaaranged as in figures 3
and 4, respectively.

A dyy Oy d

Figure 3 Crystal field splitting diagram for tetrahedralaplexes

A d;2 dy2-)2
. € A

Figure 4 Crystal field splitting diagram for octahedral qolexes

The orbitals in the,slevel are more stable than the orbitals in théeeel.
The ligand-field splitting parameten) is the energy difference betweepn e



and pgq orbitals!” There are mainly three factors that affact” configuration
of the metal, whether the metal is a third, founttifth row element and if the
ligand is high or low field. There is a differenbetween the tetrahedral
geometry and the octahedral regardigin the tetrahedral geometry it is
about 2/3 compared to the octahedral geontdtry.

1.1.2 Inert and labile complexes

Coordination compounds can be classified as inertlabile. In labile
complexes ligand dissociation occurs more easififite classification into
the two categories is difficult but an arbitraryasdification can be made
according to the following definition by Henry TaubIf no delay is noted in
the substitution reaction under ordinary conditi@ires, room temperaturea
0.1 M solutions) the system will be described as lablleThe majority of
complexes that are substitutionally inert have egitbctahedral or square
planar geometrf A complex is labile if the difference in free eger
between the reactant and the activated complexmiasll.s The lability in
octahedralcomplexes can be predicted with some reliabilifythe central
metal atom in a complex hakelectrons in the gdevel or less than three
electrons, it will often be labile. A common elextrconfiguration for inert
complexes with octahedral geometry is é large value for results in a low
spin complex and vice versa. For example, complevitts o® configuration

g:]an be either high spin or low spin, dependinghenvialue ofA (figure 5)# %

Largen, o Smalley o
low spin complex high spin complex
Cg
J J
A | I e

Figure5 Electron configurations for octahedral complexes



Labile complexes racemize rapidly in solution éyhare chiral, in contrast to
inert complexes. Coordination compounds with tetdihl geometry are in
general labile. There are cases in which a tetrahemmplex is inert but
those cases are exceptions. This is in completgastrto organic chemistry
and tetrahedral carbon compoutdS.

1.1.3 Isomerization

There are different types of isomerism in coordoratcompounds. Some
types apply for several geometries while othersspexific for one geometry.
Cis/transisomerism is common in octahedral complexes betsd exist in
tetrahedral complexes. Another type of isomerisat #xists for octahedral
complexes is faciaf@c) and meridionalroer isomerism (figure 6).
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Figure 6 Cis-transisomerism andiac-merisomerism

Isomers can have different properties and can thendistinguished by
chemical or physical methods. Isomerization canuoaue to exposure to
light or heat, i.e. photoisomerization and thermamerization, respectively.
Both types of isomerization can be reversible @viersible. Just as in organic
chemistry there is also stereoisomerism in cootdinacompounds. The
subclassification is the same, enantiomers andedazmers. * ©

1.2 X-ray crystallography

1.2.1 Principles of the method
X-ray crystallography is an important method foe #imalysis of coordination
compounds. It is used for crystal structure deteatnon. From the crystal

structure one can determine connectivity in theemwle, bond lengths, bond
angles and the crystal packing.



Many analytical methods are based on the absorptionemission of
electromagnetic radiation by matter. For this gbon to occur the energy in
the radiation has to match energy levels in the pmamd. Different
wavelengths of the radiation affeoatter in different ways. X-rays have short
wavelength, ~1A, and are high in energy. The edastin the atoms have the
ability to scatter X-ray beams and one can takeaahge of this in X-ray
crystallography. For the analysis single crystals eequired. In a crystal
atoms or molecules are arranged in very reguldeipes, lattices, which are
repeated infinitely. The smallest repeating unitha crystal is called the unit
cell and there are several possibilities for a it (figure 7). By exposing
the crystal to X-rays, the electrons scatter theayXbeams and a diffraction
pattern is obtained. From it the crystal structofethe compound can be
deduced® *°
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Figure7 Crystal lattice and a unit cell

1.2.2 Different types of crystals

For a single compound there may exist several argstuctures. This is called
polymorphism, although strictly speaking there are clear definitions of
what polymorphism i§* *? Different polymorphs have different physical
properties such as density, melting point and stityi®*® There are several
reasons for polymorphism and different kinds of ypmbrphism. Which
polymorph that is obtained might depend on the esglvtemperature or
impurities!***® In packing polymorphism the difference lies in stat
packing and in conformational polymorphism there different conformers.
Hydrates and solvates are not really considerggblsnorphs since there is a



difference in constitution but nevertheless they @alled pseudopolymorphs.
If chirality aspects are considered, then a comgooan crystallize as a
racemate, conglomerate or solid solution. In a macecrystal both
enantiomers are present in equal amounts. In coregkites the crystals are
enantiopure but the whole crystal batch may séilrdicemic if there is an even
distribution of both types of crystals. In solidwgmn there can be an uneven
distribution of the two enantiomers (figure[8].

Racemic crystals Conglomerat Solid solution

Figure 8 Chirality aspects in crystals

The symmetry operations in molecules can be gadhete 32 point groups.
The total number of combinations for the symmeteyrents in crystals is 230
and they are called space grofifisRacemic solutions normally crystallize as
racemic crystals. It is quite rare for a compoumd drystallize as a
conglomerate, it is estimated that only 5-10 &b all organic and
organometallic compoundsystallize as conglomeratéd. Compounds that
crystallize as conglomerates belong to one of th&éhncke groups. Among
these space groups 22 of them are chiral, i.e. ddnt®morphic pairs.
The rest are not chiral even though a compoundathysng in such a group
will crystallize as a conglomerate. Lately anottegm has been introduced for
the Sohncke space groups, namely chirodescripfve reason is that the
term Sohncke space group is not self-explanatdrignantiopure compounds
crystallize as conglomerates by necessity, butmacer achiral compounds
may crystallize either in an achiral or a Sohngsace group:” If an achiral
compou[gdzcgrystallizes as a conglomerate, the diyiratiginates from the

packing:



1.3 Chirality

1.3.1 Chirality in coordination compounds

When chirality was first discovered it was thougtdt it only was a property
of organic compounds. Several attempts made bydNerner to prove that
chirality could originate from coordinate compourmsuld be discarded by
Jorgenseff! Alfred Werner finally managed to prove that théstriction did
not exist by the resolution of hexol (figure 9).Xdewas the first optically
active non-carbon containing compound to be resdf¢e”!

6+
NH; \

H3N\C|O _NH
TH3 y HT/ | NH,
RN | O~ | _OH
HN C|o\o/ C|O\OH
NH, M HO\C|O/NH3
HN" | SN,
NH,

Figure 9 The cation of hexol

The different geometries in coordination compoun@sult in a rich
stereochemistry. There are three reference systemghe designation of
chirality in metal complexes. The first is the steg wheel reference system
which is also used in organic chemistry. In tetdhbhe complexes the two
enantiomers are namdd and S, respectively. In all other cases the two

enantiomers are namétl (for clockwise) andA (for anti clockwise) (figure
10).
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Figure 10 The steering wheel reference system in tetrahathchoctahedral complexes

Bidentate ligands can form chelate rings when thieg to a metal atom. In
order to describe the chirality in the complexds skew line reference
system is used. This is the second reference sysidém two enantiomers are
designated aa andA if the whole molecule is considered X if only the
chelate ring is under consideration (figure 11).
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Figure 11 A/A andA/ chirality

The oriented line reference system is the thirdrefce system (figure 12). It
is suitable for some tetrahedral complekeé!

R4 k4

- —

A A

Figure 12 Oriented line reference system



Single atoms in the ligand can also be the sourctimlity. This can happen
if the ligating atom becomes stereogenic upon cergtion or if the ligand is
chir[a]I to start with. In both these cases the tasuh chiral complex (figure
13)1

a R R, a \
N/ /
3, \\\\\': a, | N
‘" ‘M
R4 | S R4 | ~,
a a

Figure 13 Chirogenic nitrogen or carbon atom

1.3.2 Absolute asymmetric synthesis and
total spontaneous resolution

Asymmetric synthesis is the preparation of enamtiepcompounds, but it
usually requires a preexisting optical activity.sdhute asymmetric synthesis
(AAS) on the other hand creates optical activitgnir achiral or racemic
precursors. This is in contradiction with a comnvagw that says that optical
activity cannot be created in a closed system. dé&nition of AAS has
changed throughout the years. Bredig was thevihgt introduced the term in
1923 and in that definition asymmetric forces wergortant in order to
achieve absolute asymmetric synth&isToday’s definition simply states: in
absolute asymmetric synthesis optical activity ieated from achiral or
racemic starting materiaf€ Two major approaches exist for absolute
asymmetric synthesis, either the use of circulpdjarized light or by the
crystallization of a compound in enantiopure crigstAttempts have also been
made with chiral physical forces but without sustes

If a compound crystallizes as enantiopure crystads there is the possibility
of total spontaneous resolution (TSR), where &l tinystals obtained in a
batch have the same handedness. The compound badabile so that fast
enantiomerization can occur in solution. Slow @il&ation is also necessary
so that only one nucleus will form as a result nary nucleation. From this

nucleus the rest of the nuclei will form througlt@edary nucleation (scheme
1).[1, 27-30]



fast enantiomerization
in solution
(+)-enantiomer —g———— (-)-enantiomer

Slow
crystallization -

R
2 No crystals of

(-)-enantiomer

Crystals of

(+)-enantiomer

Scheme 1 Total spontaneous resolution

Kondepudiet al showed in 1990 that stirring during the crystallian of
NaClG; resulted in homochiral crystal batches. During ¢hestallization one
nucleus is formed from primary nucleation and tlestrare formed from
secondary nucleation. This resulted in homochingstal batche¥” McBride
et alshowed this mechanism in a video recordifig.

The first time enantiopure crystals were used steacoselective reaction was
in 1969. Penzien & Schmidt reacted enantiopure talysof 4,4'-
dimethylchalcone with bromine gas or bromine liquithe reaction with gas
resulted in 6-25%ee but in the reaction with liquid bromine there was
optical activity®™ ** In 1971 Pincocket al resolved 1,1'-binaphthyl by
heating crystals to 105-150 *&. Vestergreret al reported in 2003 absolute
asymmetric synthesis reaction with Grignard reagyamid aldehydes. Thee

in those reactions were up to 23%.In 2005 helical aluminum homochiral
complexes did react with organometallic reagents the resulting alcohols
were obtained with a maximuee of 16%%? In 2009 a reaction between a
labile indenylzinc complex and-chlorosuccinimide resulted in a maximum
eeof 89% for the product 1-chlorindeli8.

1.3.3 Homochirality in nature

An interesting aspect of chirality is the homocliyain biomolecules: for
example the sugar molecules deoxyribose and rilmsBNA and RNA,
respectively, and amino acids in proteins. Ther theories on how this
phenomenon arose and evol&d®*® ¥ In a publication from 1953, Frank
suggested a mechanism where a compound is botthita catalyst and the

10



product in a stereoselective reaction. Sehtial have been working with
asymmetric autocatalysis and in 1995 they publigshpdper where theein a
reaction increased from 2% to 88%. In 1999 theynuped the reaction and
gained a yield of 99% and aeof 99.5% (scheme ¥

20 mol% I, >99.5% ee
N A asymmetric autocatalyst N %
tBu——— ;>—CHO + iPryzn > tBu———— _\/ Q
N cumene, 0 °C, 3h N= OH

I
I
Scheme 2 Asymmetric autocatalysis

Viedma showed that grinding undissolved Nag{I® a saturated solution
resulted in an enantiopure sample. If there wasmamtiomeric excess in the
sample either of the enantiomers could be formedt By adding one
enantiomer with an enantiomeric excess of 5% to sé@ples, one could
control which enantiomer that would foff.

1.4 Sulfoxides
1.4.1 Chiral sulfoxides

Counting the two free electron pairs on the sultom, sulfides possess a
tetrahedral geometry. This feature makes unsymaoa¢tsulfides prochiral,
since upon oxidation they become chiral sulfoxidebkiral sulfoxides have
gained a lot of interest over the years in steretotled reactions and this is
mainly because of their high optical stability,igfncy in carrying chiral
information and accessibility of both enantiome&nce sulfoxides are
ambidentate and can bind with the sulfur atom antlife oxygen atom they
are able to bind to both hard and soft metals. futheir low rate low of
racemization, a common application is as chiral il@mes. Sulfoxides
normally require harsh conditions for racemizationoccur. They are also
interesting in biological systems as drugs, witle timost famous being
omeprazole. Of the two enantiomers it is the S-Boamer that is the active
form and it is called esomeprazole (figure £41*"]

11



Figure 14 Esomeprazole

Chiral sulfoxides are also frequently occurringhatural products. One of the
most familiar is alliin that exists in garlic (fige115)1®!

\2

Figure 15 Alliin

1.4.2 Stereoselective sulfide oxidation

Enantiopure sulfoxides can either be prepared byotidation of a prochiral
sulfide or by nucleophilic substitution of chirallfur derivatives, if resolution
methods are excluded. Among different methods fmangoselective
sulfoxidation the most commonly used is catalytiamioselective oxidation.
In those reactions the catalyst is usually a coattbn compound with chiral
ligands. Titanium catalysts are among the mosufeaty used’*>"

By adding 1 equiv of KD to Sharpless epoxidation reagent, Kagan’'s group
could oxidize prochiral sulfides into chiral sulfdgs in good enantiomeric
excess in 1984? Modenaet al managed in 1984, independently of Kagan, to
obtain high selectivity in the oxidation of prodisulfides, as well. As in the
case of Kagan, they used a modified Sharplessmysiie without theaddition

of water and with a larger amount of diethyltartr&té. 3! Despite some
limitations in modified Sharpless catalysts, theg still considered as one of
the most effective sulfoxidation systefs.A few changes were introduced
into the modified Sharpless system in the prepamatf esomeprazole. The
system was reported in 2000 by von Urg@l and the enantioselectivity was
>94 %ee The changes in the system were that the catadgstprepared in

12



the presence of the unsymmetrical sulfide, theotlrssl titanium complex was
equilibrated at an elevated temperature and/oaflonger period of time and
finally there was also the addition of an aniife.

A different approach that does not use a modifiddhrless system is
demonstrated by Scheek al In this case the sulfide was attached to a chiral
ruthenium complex, oxidized and afterwards remdv&d€havarotet al used

a ruthenium(ll) complex as well as a catalyst. Th&lyst was chiral at the
metal and the oxidations resulted in a maxireanf 18%°

13
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2. Coordination polymers
with prochiral sulfides

The origin of homochirality in nature is still a ttex of discussion. Examples
of AAS are thus interesting from that aspect sith@y can provide an insight
into how optical activity is created. One methodtds use TSR where
homochiral crystal batches can be obtained fromirachor racemic
compounds. There are two requirements for thatctmig the compound has
to be stereochemically labile and it has to crligialas a conglomerate. We
know how to prepare a labile complex but we cametict how a complex
will crystallize. One way to address this problesrby the crystallization of
very similar compounds. In this way it is possitdebtain knowledge on how
small variations in the molecule will affect thestal packing? 3% °¢>

The aim with this project was to prepare chiral rdomation polymers with
sulfides as ligands. When sulfides are oxidizedfogiudes are obtained and
they are generally inert. If prochiral sulfides ased then it is possible to trap
the chirality. Copper(l) halides were used as Leauisls for two reasons, their
lability and because they are soft Lewis acidsd€suh 3).

15
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Scheme 3 Total spontaneous resolution and subsequent oaidati

Six new complexesl-6 were prepared in order to obtain coordination
polymers that crystallize as conglomerates. Thesehosulfides were
thioanisole and ethyl methyl sulfide (figure 16).

.
AN

thioanisole ethyl methyl sulfide
(CH3SCeHy) (CH;SC,Hs)

Figure 16 The ligands used in the complexes

Thioanisole was chosen because it is commonly imsexidation reaction§?
Ethyl methyl sulfide is an interesting ligand besauasymmetric catalytic
oxidation of dialkyl sulfides is usually difficuft! The sulfides can act both as
terminal and as bridging ligant¥. If they act as terminal ligands then the
sulfur atom will be chirogenic. Complex&s3 have thioanisole as ligand and
4-6 have ethyl methyl sulfide as ligand. Table 1 shawsompilation of the
aggregation and coordination mode in the complexes.

16



Table1l Aggregation and coordination modeli®

Complex Aggregate CuX:L L®
(1)[Cuals(CH3SCgH5s)4) Tetramer 1:1 4:0
(2)[Cu3Brs(CHsSCgHs)zln Chain 3:2 1:1
(3)[CusCl3(CH3SCgHs)2]n Chain 3:2 1:1
(4)[Cugls(CH3SGHs)3)n Chain 4:3 2:1
(5)[CuBr(CH;SGH5)], Layer 1:1 1:3
(6)[CusCls(CH3SCGH:)3]n Layer 4:3 0:3

terminal:bridging sulfide ligands

In 2-6 polymers did indeed form whilel formed discrete molecules.
Unfortunately none of the complexes crystallized aasonglomerate. In
complexesl-5 the sulfides act both as bridging and/or termliggnds. In6
there are only bridging ligands. The molecular dte of
[Cu4l4(CH3SGHs)4] (1) is shown in figure 17. The complex forms tetraimer
aggregates and it can also be considered as alistoyted cuban8&Y All the
ligands have the same configuration, which makextmplex chiral.

Figure 17 Molecular structure of

17



Changing the anion il results in several changes in the structures for
[CusBry(CHsSGHs),], (2) and [CuCly(CHSGHs),], (3). The complexes
form isostructural chains linked together by bridgiigands (figures 18 and
19). Since there are terminal ligands as well thee= two kinds of sulfur
atoms in the structure. One type is chirogenic #ral other is not. The
chirogenic sulfur atoms in the structure have d#ifeé configurations in a 1:1
ratio. Another feature i and3 is that the aggregates in the chains have the
shape of hexagonal drums.

Figure 18 Part of the chains ia and3

18



Figure 19 Chain formation ir2 and3

The polymer [Cul4(CH;SGHs)s], (4) forms tetrahedral aggregates quite
similar to1 but in4 they are linked together with bridging ligandsuléag in
chains, (figure 20). The sulfur atoms in the temhiigands have opposite

configurations.

Figure 20 The asymmetric unit i4
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The complex [CuBr(CkBGHs)], (5) forms layers with two types of
aggregates, a tetranuclear ladder and a dinucleambus. These two
aggregates form 28-membered rings, (figure 21).

Figure 21 Asymmetric unit and part of a layern

20



The complex [CyCl4(CHsSGH:)s], (6) also forms layers that consist of 28-
membered rings but the rings consist of octanu@ggregates instead, (figure
22).

Figure 22 Part of a layer i
Since none of the complexds6 crystallized as conglomerates, five new

complexes/-11 (table 2) were prepared. Bidentate ligands weesl urs order
to facilitate polymer formation. The ligands ar@wsin in figure 23.

/
s._“

phenyl propargyl allyl methyl 2,5-dithiahexane
sulfide (Sprop) sulfide (Sally) (SS)

Figure 23 The ligands used in complexéd.1

Three of the complexes formed polymers but unfately none of7-11
crystallized as conglomerates.
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Table 2 Aggregation and coordination mode/il

Complex Aggregate CuX:L L®

(7)[CuClI(Sprop)]n layer 1:1 1:0
(8)[Cu2Bro(Sprop)a] dimer 1:2 1.0
(9)[CuCl(Sally)]n layer 1:1 11
(10)[CusMesy(Sally),] tetramer 2:1 2.0
(11)[CusMesy(SS)]n  chain 4:1 1.0

terminal:bridging sulfide ligands

The complex [CuCIl(Sprop)](7) (figure 24) was prepared from Sprop and
CuCl. It formed layers and both functional groupsdbto copper atoms. In
this complex there are only terminal sulfide liggndhe two sulfur atoms
have different configuration.

Figure 24 The asymmetric unit ii
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Crystals of [CuBr,(Sprop)] (8) was prepared by using CuBr instead but with
the same ligand a&(figure 25). In this complex the propargyl grouped not
coordinate to a metal atom and all sulfide ligaadsterminal. This complex
Is a discrete molecule and forms a dimer. All sufitoms are chirogenic but
the molecule is not chiral because two of the sulloms have R
configuration and the rest have S configuration.

Figure 25 The dimer in8

Direct reaction between CuCl and Sally resultedGoCl(Sally)],. (9). The
asymmetric unit is shown in figure 26. Both funotdities in Sally coordinate
to copper atoms. In this complex there are botmiteal and bridging sulfide
ligands. However, the terminal sulfide ligands disordered.

Figure 26 The asymmetric unit i@
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In the final two structures the copper source isitykeopper. In the first

structure Sally is used as a ligand. The complax([es),(Sally),] (10) did
not form polymers but all ligands are terminal ahdve the same

configuration which makes the complex chiral, eweough it does not
crystallize as a conglomerate. The molecular strecfor the complex is
shown in figure 27.

Figure 27 The molecular structure @b
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Changing ligand from Sally to the SS ligand waseed a good choice since
the ligand managed to link the tetramers in mesiyber. The final
compound [CyMes)(SS)], (11) is a coordination polymer that consists of
chains (figure 28). There are only terminal liganmaghis complex but the
sulfur atoms have opposite configurations, whidults in racemic chains.

c25
c24 O c1
c23
c20
c22 c21

c26

Figure 28 Part of a chain inl
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3. Total spontaneous resolution of
tetrahedral complexes

Tetrahedral stereochemistry is fundamental in agahemistry. In sharp
contrast, inorganic stereochemistry based on tedirah metal complexes is
mainly unexplored One reason for this is the lability in most teedral (T-
4) metal complexes which makes isolation of T-4resissomers difficult.
Tetrahedral Be(ll) and Zn(ll) complexes have beemtiglly resolved by
formation of diastereomeric complexes with brucamel strychnin&? ¢ For

a tetrahedral complex with bidentate ligands tocheal there are some
restrictions (figure 29). The two ligating atomstihe bidentate ligand have to
be different and if the other two ligands are mamidte they have to be
different as well.

Achiral complexes

R
M.,

Mo, My,
N SLIY v \A/B

A B \_/
Chiral complexes

a A

)

/* My, ~ M
A A \B

S

Figure 29 Chirality in tetrahedral complexes with bidentédgands
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The bidentate ligand (2-(methylthio)ethyl)dipherydsphine (PS) was used
together with AgBE in the preparation of [Ag(PgBF, (12), shown in figure
30. Complex12 has a distorted tetrahedral geometry and crystallias a
conglomerate.

— - + +
Ph Ph

\

_—Ph

P
/\
/ Ph™ ph

(A,85)-12

|

BF,

Ph—__ /

N\

BF,

Tj
WAg(®

w

\S

S
<!
bt Ph \

(A,RR)-12

Figure 30 The two enantiomers dR

The two enantiomers crystallize in the chiral spgiaips P21, (A,S,9-12),

and P321,(4,R,R )-12), respectively. Oxidations have been performed in
order to obtain the enantiopure sulfoxide but goofay racemic product has
been obtained. The molecular structures of thewradf the two enantiomers
are shown in figure 31.

(A,S,S) —12

(O, RR)-12

Figure 31 Molecular structure of the cation of the two emamers of12
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This complex is labile and undergoes total sporttasaesolution upon slow
crystallization from acetonitrile, with an obtained of approximately 90 %.
Since the two ligating atoms it are different and the complex has distorted
tetrahedral geometry, the chirality in the compt=n be described by the
oriented-lines reference system (figure 82§

Figure 32 Oriented-lines reference systemli

For the determination of thee, solid state CD spectroscopy was used. A
single crystal was used as reference. By measirargl performing an X-ray
crystallography analysis it was possible to deteemiits mass and
enantiomeric purity. By doing so it was also po&sitp determine the
configuration of the two enantiomers in the CD s$@ecThe CD spectra for
the enantiomers are illustrated in figure 33.

6 [
[ (A,5S5)-12
4 L \ ’[\

CD/mdeg

-6 \ / (A,RR)-12
[

L | . | . L |
300 400 500 600
Wavelength/nm

Figure 33 Superimposed solid state CD-spectra/q5(3-12 and {\,R,R-12
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4. Absolute asymmetric synthesis:
protected substrate oxidation

Oxidation of unsymmetrical sulfides results in ahisulfoxides. A direct
oxidation usually results in a racemic product andorder to obtain
enantiopure sulfoxides there has to be some matlics in the oxidation
methods. One common method is to use a chiralysataHere a different
method is introduced (scheme 4). The unsymmetso#fide is used as a
ligand in a complex and upon complexation the sulatom will be
chirogenic. If the complex crystallizes as a congoate and undergoes TSR
then homochiral crystal batches of the sulfide demgan be obtained. The
enantiopure compound can then be oxidized andefakidation proceeds
faster than the racemization of the complex, itp@ssible to obtain an
enantiopure sulfoxide complex. Sulfoxides are galherinert and the
liberation of the sulfoxide should not result iMlecrease oée Since optical
activity is created from achiral and/or racemic qursors this method
illustrates an example of AAS. As can been seem Boheme 4 the procedure
Is recyclable and both enantiomers can be obtagedlly easily.
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Wy, o yleld and ee J!
SRR ru® 100 %yieldandee S

. . IR '
of either enantiomer » . SRR

R R
v possible in each cycle \_/

(¢}
I

S

WY / "l//R
RR\'/ \MLn LnM \R'
single-colony single-colony
crystallization crystallization
R\\““l\ 2%

[0] @ uin L™ e [0]

Scheme 4 Recyclable, stereoselective sulfide protection @idation

With AAS as the intention, three new complexes [R(KS)]-DMSO,
[RuCl(dmso}(NS)] and [RuCl(dmso)}(SS)] @3-15) were prepared (figure

34). They all crystallized as conglomerates and ewdnerefore good
candidates for AAS.

~ o] ¢ | i
S /Ph \\S,,/ ’ S \ \S/ |
C|/,,’” ‘ . \\P\Ph ;RU; O= /", , \\\\\S
/Ru\ _Ph Cl \ N7 /Ru\ j
c” | P\Ph s Cl \ S
_—
_S (')l Cl |

Figure 34 Complexed3-15
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All three complexes exhibi\/A chirality in addition to the chirogenic sulfur
atoms. ComplexX3 and15 have two chirogenic sulfur atoms. The molecular
structures for one of the enantiomerd 15 are shown in figures 35-37.

Figure 36 Molecular structure for the enantiomé, §-14
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Figure 37 Molecular structure for the enantion{gtR,R)415

The complexes were prepared from [Ri@ihso)] and the aim was to
oxidize them enantioselectively. The first step wasobtain enantiopure
crystal batches and although crystal batches witBreantiomeric excess were
obtained in all three cases, the best results welngeved with compled5.
With TSR crystal batches with up to 9@éwere obtained. For the oxidations
dimethyldioxirane (DMDOQO) was chosen as oxidizingeaty The oxidized
product forl3 could be characterized by single crystal X-raystaljography.
The structure of the oxidized compound, [RYREO)]|IDMSO (16) is shown
in figure 38.

Figure 38 Molecular structure for the enantioméstR,R)16
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Compound16 crystallize as a conglomerate and is isomorphoiis 8.
Single crystals ofl3 could be oxidized enantioselectively. The oxidagio
were performed in CKCl, and monitored with both CD spectroscopy and
reversed phase HPLC. A single crystal oxidatioshiswn in figure 39. As a
reference a single crystal d® was used.

13
10 |

Oxidized product

CD/mdeg

4 ; Reference

250 300 350 400 450 500

Wavelength/nm

Figure 39 CD spectra for an oxidation @8, with 16 used as a reference

The selectivity of the oxidations is shown in figu#fO monitored by reversed
phase HPLC. The spectrum shows that the oxidatiodyct is obtained with

>98 %eefor both enantiomers.
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100

80

60 | (A, R R)-16 (A, S,5)-16

Absorbance/mAU

40 |

20 +

Retention time/min
Figure 40 HPLC diagram for the two enantiomersl6f

The absolute configuration of the oxidized produat determined with single
crystal X-ray diffraction analysis. By using thensa crystal in X-ray
diffraction analysis and in CD spectroscopy it ywassible to identify the two
enantiomers in CD spectroscopy. In a similar way/ttho enantiomers could
be identified in HPLC. After an oxidation the rasgdwas split into two parts.
One part was for HPLC analysis and the other par€D spectroscopy. Since
16 is obtained in nearly 100%e during the oxidations the mechanism is
thought to proceed via direct oxidation of the fedectron pair on the sulfur
atom. A possibility would otherwise be that an aoxthenium intermediate
would form which would result in breakage and readsly of the sulfur-
metal bond® This could lead to loss of selectivity.
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5. Concomitant polymorphism and
co-crystallization of diastereomers

[RUuCl(PS)] can exist as five possible diastereomers if dikyraspects are
not considered (figure 41). IiB8 the cis,cis,transisomer with co-crystallized
DMSO, is found.

SMe PPh; (\SM
(\ Ph, (\ Ph, ©

PhQP//// \\\ Pj MeS/,/ \\\ Pj P h2P///, \\\S )
CI/ | \s CI/ | \s CI/ | ‘

Cl Cl
C|S,C|S,Ci5 C|S,C|S,tran5 ClS,tranS,Cls
PPh, (\ SMe
MeS/,/ | \\C| Ph2P//// | \\C|

|/| PPh, |/| PPh,

Mes\/ MeS

trans,cis,cis trans,trans,trans

Figure 41 The five possible isomers of [Ru(PS)]
[RuCl(PS)] undergoes photoisomerization frasis,cis,transto trans,cis,cis

In a dichloromethane solution a8 layered with hexane, four new types of
crystals are formed when the solution is exposetigtd. The first type of
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crystals that are formed is tlees,cis,transisomer crystallizing as a racemate,
[RUuClL(PS)]-CH,CI,, (17), (figure 42) and they became visible after ong da

Figure 42 Molecular structure of7

Upon subsequent exposure to light ttnans,cis,cisisomer is starting to
crystallize in the solution. Within a few days pabeange crystals of
2{(cis,cis,tran¥-[RuCL(PS)]}( trans,cis,ci¥[RuCL(PS)] (18), that contain
the diastereomers, cis,cis,trans and trans,cisfed,to grow (figure 43).

Figure 43 The asymmetric unit inl8. Co-crystallization of the two diastereomers,
cis,cis,trans and trans,cis,cis

After a week crystals of thdrans,cis,cissomer, 2{S,S)(trans,cis,cis)
[RuChL(PS)J} (R,R)-(trans,cis,cis)RuCL(PS)] (19), are obtained. This
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iIsomer crystallizes in a chirodescriptive group lsirice there are three
molecules in the asymmetric unit and both enantisnage present in a 2:1
ratio, theeein a crystal is 33%. The asymmetric unitX® is presented in
figure 44.

Figure 44 There are three molecules in the asymmetric arfi®i The complex crystallizes
in a chirodescriptive space group and both enamtisrare present in a 2:1 ratio

Finally a racemic form of thérans,cis,cisisomer, [RuCJ(PS)], (20), was
obtained as well (figure 45).

Figure 45 Molecular structure o20. Thetrans,cis,cisgsomer crystallizing as a racemate
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The photoisomerization was monitored withi-NMR. Two NMR samples
were prepared with3 dissolved in CDGl One sample was kept in the dark
while the other was exposed to light. In the santipé was exposed to light
the trans,cis,cisisomer started to form within a day atd had completely
Isomerized in two weeks. In order to determinénd photoisomerization was
reversible the NMR sample which had been exposdigilio was kept in the
dark for approximately a month. A new NMR spectrsimmwed that there had
not been any changes during this period of timesugestion for the
Isomerization mechanism is presented in scheme 5.

PPh, (\PF’hz (\Pth
(\ Ph, ghz PhyP

eS., |
MeS,u,// \\\\.-SMe ,//

e M )\ N
A\ \
Ru j — Ru j —> CI—Ru :\
a” | s a” | |\pph c” | ‘
Me 2
cl cl cl

h;
SMe

L-cis,cis, trans (13) SPY-5 TB-5 L-cis,cis,cis
‘ + PPh. * PPha PPh.
2 2
PPh Me .
(\ 2 Ph, MeS,,,/// | \\\\\.S Mes,,,/ \\\‘I\S/Ie Mes"’//,R| e
y, aw P Ru I/R W u
//R AN j CI/ \P CI/ I ‘ CI/ | \P
a” ‘s Phe cl Pn, a
SPY-5 o SPY-5 cr SPY-5 SPY-5

| | | |
- o, N e

" .PPh
Cl—— PP c—ruW=SMe C'_R”“\\‘ e C'_R”\“\\ ’
A AN e NG
Mes\) Mes\) SMe 2
cr cr — —
. PPh SMe
TB-5 TB-5 2 l TB-5 TB-5
SMe PPh,
PhaP.,, - .l Mes.,, - «Cl
a?” | “Veph, a?” | “Veph,
Mes\/ MeS

trans,trans, trans trans,cis,cis (20)

Scheme 5 Suggested mechanism for the isomerization
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