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ABSTRACT

This thesis describes the oxidative addition of 1,2,5,6-tetrathiocins to low valent
transition metals and p-block elements. Chapter 1 provides a literature review of
tetrathiocin reactivity and the related dithiete chemistry for both the p- and d-block
elements. Chapter 2 describes the synthesis of a library of tetrathiocins used extensively
through the rest of this thesis alongside the synthesis of a series of group 10 dithiolate
complexes through the oxidative addition of tetrathiocins to M.dbaz (M = Pd or Pt) in the
presence of the chelating phosphines dppe and dppf to generate complexes of general
formula M(dt)(dppe) and M(dt)(dppf) [M = Pd, Pt, dt = benzenedithiolate derivatives]. The
coordination chemistry of complexes bearing benzo-15-crown-5-dithiolate ligands, M(15-
c-5-bdt)(dppe) and M(15-c-5bdt)(dppf) with Na® ions was probed through UV-Vis
spectroscopy, X-ray diffraction and electrochemical studies. These revealed formation of
1:1 complexes [M(Na-15-c-5-bdt)(dppe)][BPh4] and [M(Na-15-c-5-bdt)(dppf)][BPhs] (M
= Pd, Pt). Chapter 3 describes the oxidative addition of tetrathiocins to the Co(l) complex,
CpCo(CO), generating the 16e” Co(l1l) complexes, CpCo(dt) and/or the 18e complexes
[CpCo(dt)]2, depending on the nature of the tetrathiocin. In the case of the
dimethoxybenzene dithiolate (dmobdt?) derivative, both monomeric CpCo(dmobdt) and
dimeric [CpCo(dmobdt)]. species could be isolated in the solid state depending upon
crystal growth conditions. CpCo(dmobdt) was found to undergo an unusual
mechanochemical solid state transformation to the denser [CpCo(dmobdt)]> phase upon
grinding. Chapter 4 describes the synthesis of the benzo-15-crown-5 and benzo-18-crown-
6 dithiolate complexes CpCo(15-c-5-bdt) and CpCo(18-c-6-bdt). In contrast to the group
10 chemistry described in Chapter 2, spectroscopic studies in solution and crystallographic
studies in the solid state indicated that CpCo(15-c-5-bdt) was found to coordinate to the
alkali metal ions Na*, K", Rb™ and Cs* to form 2:1 complexes [A{CpCo(15-c-5-
bdt) }2][BPh4] (A = Na, K, Rb, Cs). Chapter 5 describes the one-pot synthesis of a series of
substituted nickel(IT)dithiolate bipyridine ‘push-pull’ complexes, Ni(bdt)(bpy), via
oxidative addition chemistry of tetrathiocins to Ni(COD)2 in the presence of chelating
bipyridine ligands. The spectroscopic properties of the visible absorption maxima were

sensitive to solvent and substituent effects. Empirical correlations were identified for both
vii



the solvatochromic effect and the electronic properties of the functional group attached to
the bipyridine ligand. EFISH measurements revealed large molecular hyperpolarizabilities,
comparable with previously reported Ni(ll) dithiolate/diimine complexes. Chapter 6
examines the oxidative addition chemistry of tetrathiocins to Ge(ll) in the form of
GeCly-dioxane to afford Ge(bdt). derivatives. The dimethoxybenzenedithiolato complex,
Ge(dmobdt). was found to be polymorphic and the phase stability examined through DSC
and VT-PXRD studies.
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CHAPTER 1: INTRODUCTION

1.1 Introduction to dithietes and higher oligomers

Highly strained molecules, such as epoxides and aziridines are often used as
building blocks in chemistry due to their high reactivity but well-defined chemical
outcomes. For example, epoxides tend to undergo regioselective Sn2 reactions at the
heterocyclic carbon atom with inversion of stereochemistry,® while the chemistry of the
less well studied aziridine compounds have been reviewed in relation to epoxide
chemistry.? The strained nature of these rings means they are often challenging to prepare
and/or are extremely reactive.

Within this family, 1,2-dithietes (la, Chart 1.1) are 4-membered rings comprising
a 6m aromatic core. It is well known that disulfides (RS-SR) prefer to adopt a ca. 90°
torsional orientation around the S-S bond in order to minimize lone pair interactions

between S atoms (Figure 1.1).3

s ad
SN é RN
S

e k/ Q\s s&
r\ ﬁs S{*

Chart 1.1. The dithiete ring (la) and its 1,2-dithioketone tautomer (1b), along with the

1,2,5,6-tetrathiocin (11) and higher trimeric and tetrameric oligomers, 111 and V.

) l% v
/NN LN

eclipsed (0 = 0°) staggered (6 = 90°)

Figure 1.1. Lone pair repulsion in planar cis-oid and non-planar twisted disulfides.
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Deviation from 90° is typically associated with S-S bond weakening. When the S-S bond
is a part of a dithiete ring, the cis-oid planar conformation is enforced, maximizing lone
pair repulsions between S atoms. This weakens the S-S bond, making dithietes reactive
species whose isolation can be challenging. Despite this destabilization, computational
studies indicate a close energetic balance with their acyclic dithio-ketone tautomer (Ib).*
Indeed the dithio-ketone tautomer only appears prevalent when it comprises part of a
strained cyclic system such as recent reports on thiosquaramides,® or bulky substituents
such as 'Bu and adamantyl, whereas electron-donating groups move the equilibrium
towards the dithione tautomer.®

In this Chapter, the chemistry of dithietes, R2C.S>, is reviewed and their (quasi-)
reversible conversion to 1,2,5,6-tetrathiocins (R2C2S2)n (n = 2, I1) and higher oligomers (n
= 3, Il and n = 4, 1V; Chart 1.1) described. Reactivity studies on tetrathiocins are
compared with the known chemistry of dithietes to show that while these unstrained
tetrathiocins have long term stability, their reactivity patterns seem to largely follow those
of their more reactive dithiete congeners.

1.2 Dithietes

1.2.1. Preparation

The first dithiete, (F3C)2C2S2 (V) was reported in 1960 from the reaction of
hexafluorobut-2-yne with sulfur vapours at 445 °C in 80% yield (Scheme 1.1).” Trace
amounts of base facilitates S-S bond cleavage and catalyses its dimerization to form the
tetrathiocin (V1).2 Notably these early studies showed that the tetrathiocin V1 converts back
to entropically favored V at temperatures above 200 °C.® Several other fluorinated
derivatives have been prepared in a similar fashion® and this methodology has also been
exploited to prepare dithietes from a range of both acyclic alkynes RC=CR (R = 'Bu, Ad,
Ph) and cyclic alkynes, though not all (R = COCFz and CO2Me) vyield the dithietes

cleanly.©
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Scheme 1.1. Preparative routes to dithietes.

An alternative strategy to prepare 1,2-dithietes is the reduction of transition metal
dithiolate complexes. For example, the titanocene derivative VII reacts with SO,Cl, to
form the dithiete V111 (R = CO2Me) as the major product (66%) and the larger oligomers
IX and X (R = CO,Me) as the minor products (Scheme 1.1).1112 An alternative transition-
metal mediated process is the reaction of acetylenes with zirconocene, followed by
treatment with sulfur monochloride, S:Cl> (Scheme 1.1), forming the dithiete and
eliminating zirconocene dichloride.® Ring expansion reactions have also been implemented
with the 1-adamantyl dithiete (R = Ad) prepared from the dithiirane-1-oxide by treatment
with Lawesson’s reagent, [(p-MeOCsHa)2P2S4], initially forming the trans-1,2-dithione as
purple crystals (Scheme 1.1).° At elevated temperatures trans/cis isomerization and
cyclization occur to form the dithiete with AH* = 74 kJ mol ™. Other strategies to dithietes
typically involve thermal®® or photolytic* entropically-driven ring contractions with
elimination of volatile side products such as CO, SO or CoHs (Scheme 1.2). Notably
desulfurization of cyclic polysulfides in the presence of a Lewis acid such as AICI3 was
proposed to lead to the 1e~ oxidized radical cation (Scheme 1.2) rather than the dithiete.!®
However, studies by Passmore prepared and crystallographically characterized the
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bis(trifluoromethyl)-trithiolylium radical cation, [(F3C).SSS]™" and showed its EPR
spectrum was identical to “[(F3C)2SS] ™, casting some doubt over the nature of the para-
magnetic species generated during these desulfurization reactions.® Such ring contraction
reactions have been implemented to prepare benzannulated dithietes. The parent
benzodithiete was first described in 1926 but analytical data were sparse.’’ Subsequent
spectroscopic studies indicated that the parent benzodithiete is a transient species, unstable

above 180 K,*3 and an unspecified larger oligomer was proposed based on the high melting

point (185-190 °C).2
S
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Scheme 1.2. Formation of benzodithiete through thermal decomposition.

1.2.2. Structural studies of dithetes

A report of the structure of V, determined by electron diffraction in the gas phase,
revelaed the dithiete ring essentially planar with C=C and S-S bond lengths of 1.40 £+ 0.03
A and 2.05 + 0.01 A respectively.!® The solid state structures of several dithietes and
benzannulated derivatives (XI-XIV) have been determined by X-ray diffraction (Chart
1.2).%1119 While the benzo-fused derivatives XI and XII exhibit C-C-S bond angles
(100.5-103.3°) comparable to the non-fused derivatives X111 and XIV (101.5-102°), the
S-S bond lengths in X1 and X11 (2.12-2.13 A) are a little longer than those for structurally
determined acyclic derivatives X111 and XIV (2.07-2.09 A) and conventional S-S bonds
(2.06 A in Sg). These geometric differences appear correlated with ring strain and the nature
of the C—C bond; longer C—C bond lengths (average 1.39 A) in the benzo- fused derivatives
are accompanied by longer S-S bond lengths, whereas the shorter C=C bonds in X111 and



X1V (average 1.36 A) lead to shorter S-S bonds. The average S-S distance across the series
averages 2.10(2) A.

iPr

tBu e}

XI X1 XIII XIv

Chart 1.2. Structures of dithietes determined by X-ray diffraction.

1.2.3. Computational studies on dithetes

Calculations at the Hartree—Fock, post-Hartree—Fock and Density functional levels
of theory have examined the stability of the dithiete (1a) in relation to the acyclic dithione
(Ib, cis or trans). These reveal that polarization functions are essential, particularly for S,
to provide a good electronic description of these molecules.?’ At the CCSD(T)/cc-pVTZ
level of theory the dithiete H>C>S, is more stable than both the trans-dithione (+13 kJ
mol1) and the cis-dithione (+33 kJ mol™) tautomers.* Despite the similar thermodynamic
stability of the dithiete and dithione, calculations at a range of levels reveal a substantial
energy barrier to ring-opening (ca. 90 kJ mol™).2! The relative stability of the dithiete in
relation to the dithione is even more pronounced for the benzo-fused derivatives; the
benzodithiete is computed (MP2/6-31G*) to be substantially more stable (73 kJ mol™) than
the ortho-benzodithioquinone while the parent H2C,S> system shows the dithiete to be
more stable by just 27 kJ mol1.# Such differences likely lead to significant differences in
chemical reactivity between dithietes (where the dithione form appears to play an important
role) and their benzannulated analogs.

1.2.4. Reactivity

Organic chemistry of dithetes. The organic reactivity of dithietes appear to largely
reflect the dithione tautomer, acting as 4x dienes in Diels—Alder reactions with alkynes to
form dithiins (Scheme 1.3). Substituted thiophenes are often observed as by-products of
these reactions, thermally driven through elimination of sulfur and aromatization of the

ring, with the thiophene favored as the dominant product at elevated temperatures.®?22
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Cycloaddition reactions with alkenes have also been reported to form dihydrodithiins
Yields are typically moderate (22—72%).”?4?° The cyclizations of the Z and E isomers of
BnSCH=CHSBn occurred stereospecifically (Scheme 1.3), suggesting a concerted reaction
pathway, consistent with a Diels—Alder cyclization mediated via the 1,2-dithione.
Computational studies indicate that the cyclization follows a reverse electron demand
process where the dominant frontier orbital interaction involves the HOMO of the alkene
and the LUMO of the dithione.®

FiC
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¥ G =X
R SBn R SBn
R s SBn R SBn
Jie J— X
R BnS R

SBn

R =COOMe

Scheme 1.3. Cycloaddition chemistry of dithietes.

Chlorination of the bis(trifluoromethyl) dithiete V affords the bis(sulfenyl chloride)
which undergoes condensation with primary amines to form dithiazoles while reaction with
reactive methylene groups such as B-dicarbonyls forms dithioles.?® Extended chlorination
leads to chlorination of the C=C double bond. Oxidation of the bis(adamantyl)dithiete (R
= Ad) with one equivalent of mCPBA affords the cyclic 1,2-dithiete S-oxide which
undergoes a reversible ring-opening at elevated temperature (Scheme 1.4). In the presence
of excess MCPBA, dithietes (R = 'Bu, Ad, Me,CCH.CH.CH,CMe;) form the
corresponding disulfine which were identified as E,E, E,Z and Z,Z isomers.%?” The E,E-
isomer was crystallographically characterized but the E,Z and Z,Z isomers exist in

equilibrium at room temperature. Heating the E,E-isomer in refluxing 1,2-dichlorobenzene
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led to some isomerization to E,Z and Z,Z isomers. The disulfines are thermally robust and
appear unreactive with respect to dienes, dienophiles and o-phenylene diamine. No
evidence for further oxidation to the sulfene occurred in the presence of excess mCPBA.
In situ generation of the carbene, R2C, in the presence of the bis(adamantyl)dithiete leads

to insertion of the R2C group into the S-S bond in quantitative yield.?

cl a ¢
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Scheme 1.4. Ring-opening and ring-expansion reactions of dithietes.

Reduction with Li[BHEtz], followed by condensation with SOCI», CS; and PhBClI>
lead to ring expansion products in modest yields while ring opening can be achieved to
form the E-isomer upon lithiation and addition of Mel in excellent yield (Scheme 1.4).%8

Inorganic chemistry of dithietes. Dithietes undergo oxidative addition reactions to
both main group compounds and low valent transition metal complexes. Such reactivity is
comparable to the organic cycloaddition reactions where electron-flow is from the alkene

to the LUMO of the dithione. The oxidative addition chemistry of dithietes to transition
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metals has been examined extensively and is driven not only by the release of ring strain
from the dithiete but also by the favourable chelate effect upon metal coordination.

Group 6. Reaction of the zero-valent metal carbonyl, Mo(CO)s with the
trifluoromethyl-functionalized dithiete V afforded the formal Mo(V1) species Mo(tfd)s [tfd
= (CF3)2C2S2?71.%° Similarly oxidative addition of V to the Mo(l) complex [CpMo(CO)3].
afforded the asymmetric dinuclear Mo(lll) complex, [CpMo(CO)z(u-tfd).MoCp] which
eliminates CO under irradiation to form the symmetric dimer [CpMo(u-tfd)]2.%° Ligand
exchange between V and [EtsN]2[MSs] (M = Mo, W) provided a route to the related
Mo(IV) complexes [EtaN]2[M(tfd)s].3! Similar substitution reactions include work to
develop  push—pull molybdenum tris(thiolene) complexes via reaction of
Mo(bdt)(PPhoMe), with 3.3 equivalents of V to form Mo(bdt)2(tfd) [bdt = benzene
dithiolate, CeHS>*1.32 These asymmetric tris(dithiolene) complexes show an
unconventional binding of ethene at sulfur and have been implemented as catalysts for the
cycloaddition chemistry of tetrathiocins (section 1.3.4). The 2e~ reduction of V with
sodium acenaphthylenide to form the dithiolate, followed by ligand exchange with
[Mo(=0)CI(MeNC)4]" was used as a route to [Mo(=0)(tfd).] as a model for the active site
of molybdoenzymes.

Group 7. The quinone/dithiete ligand, O2Ce'Bu2S2, (Scheme 1.5) offers both hard
and soft metal binding sites. Initial reaction with Mn,COz0 occurs at the harder quinone
site, with addition to the dithiete occurring afterwards.®* This should be contrasted with the

reactivity of this ligand to group 10 and 11 metals (vide infra).
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Scheme 1.5. Reactivity of group 6, 7 and 8 complexes with dithietes.

Group 8.
trifluoromethyl-functionalized dithiete V with Fe(CO)s
stoichiometry: a 1:1 mole ratio afforded a diamagnetic violet Fe(ll) dithiolate complex,
Fe(tfd)(CO)s (Scheme 1.5, tfd = (F3C)2C2S2*),*® but formed a bridged bimetallic species
when the reaction is carried out in a 1:2 ratio.®® while a 2:1 ratio leads to formation of
Fex(tfd)2.3” Substitution of the remaining carbonyls could be achieved using PhsE (E = P,
As, Sb) and related group 15 donors.® The analogous reaction with RusCO1, afforded an
incompletely characterized compound of approximate composition Ruz(tfd)(CO)e.®
Addition of PPh3 affords Ru(tfd)(CO)(PR3)2 which exists as two different five coordinate

Initial

work showed that the outcome of the reaction of the

is sensitive to
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structural isomers. Recent studies have examined the isomerisation of these two structural
isomers and identified the intermediate in the Berry pseudo-rotation process (Scheme
1.5).%

Group 10. Reaction of V with nickel powder in a bomb afforded the formal Ni(IV)
dithiolate complex, Ni(tfd)..** This complex was found to activate ethene. In this case two
possible activation processes exist; the first, an orbitally symmetry-forbidden addition,
formed an isolable inter-ligand adduct, where ethene bonds across the two dithiolate
ligands. Whereas, the second possibility, is the symmetry-allowed intra-ligand complex
(analogous to Mo(bdt)(tfd), described above) was found to be unstable and led to
decomposition with elimination of the dihydrodithiin. In a similar fashion, a range of
Ni(IV) dithiolates (R = H, R’ = CF(CF3),, Scheme 1.6) were prepared from RANEY®
nickel and the dithiete and examined as a potential p-dopant (a hole injection layer) for the
generation of improved organic semi- conductor matrix materials.** In terms of the heavier
group 10 metals, oxidative addition of dithietes to Pt(PPhs)2(C2H4) afforded the square
planar Pt(Il) dithiolate complex, R2C2S;Pt(PPhs)..° In the absence of additional
coordinating ligands, reaction of the bis(trifluoromethyl)dithiete V with Pd>dbas afforded
the hexanuclear Pd(I1) complex, Pds(tfd)s, comprising a face-capped cube motif with
bridging dithiolate ligands (Figure 1.2).*? The orthoquinone-dithiete, O2Cs(‘Bu)2S2, offers
both hard and soft metal binding sites for oxidative addition. When reacted with M(PPhs)4
(M = Pd, Pt), the reaction occurs regioselectively at the dithiete ring.®* Subsequent le”
reduction with Tl, K or Mn2COyo led to reduction of the ortho-quinone to generate
semiquinone radicals. Conversely, a pair of regio-isomers are formed in a ca. 50:50 mole
ratio with Pddbas in the presence of dppe when the reaction is undertaken in toluene,*
though the composition is solvent dependent. The two regio-isomers interconvert in THF
at room temperature. Computational studies support the dithiolate isomer as being more
stable by ca. 20 kJ mol™. This chemistry appears unique to the chelating dppe ligand.
When the oxidative addition is carried out in the presence of other chelating ligands such
as dppp, dppb and dppf, the reactions all appear regiospecific, selectively undergoing

coordination at the dithiete.**
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Figure 1.2. Crystal structure of the hexanuclear complex Pds(tfd)s.*
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Scheme 1.6. Reactivity of group 10 complexes with dithietes.

Group 11. Reaction of the quinone/dithiete ligand, O2Cs'Bu.S2, with copper metal
in the presence of triphenyl phosphine leads to a Cu(l)/semiquinone complex, whereas
reaction of the same ligand in the presence of bipyridine affords the Cu(ll) complex
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(Scheme 1.7). In both cases the Cu ion is bound at the semiquinone/catecholate site, leaving

the softer dithiolene ligand intact.*®
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Scheme 1.7. Reactivity of Group 11 complexes with dithietes

p-Block chemistry. To date, studies of the oxidative addition chemistry of dithietes
and p-block elements seem largely limited to phosphorus. A recent study examined the
generic insertion of the P(l) species “PhP”, in the form of (PhP)s, into S-S bonds including
its reactivity with dithietes leading to the P(Ill) dithiaphospholes (Scheme 1.8) with
recovered yields in the range 73-77%.% Reaction of P(I11) compounds such as phosphites
and phosphines with the bis(trifluoromethyl)dithiete V afforded a series of phosphoranes
(Scheme 1.8).474® In the case of the strained cyclic phosphine, PhPC2Ha, addition occurred
with elimination of ethene and, in the presence of a further equivalent of dithiete, an
additional oxidative addition reaction occurred to form the phosphorane. Similar reactivity
was reported for a series of 5-membered rings containing P(I11) which were shown to react
with dithiete V to form P(V) systems.*® In some cases, the phosphine abstracted sulfur from
the dithiete (presumably forming the dithiin). The subtle balance in oxidative addition vs.
S-abstraction is reflected in the comparative reactivities of CoH4S,P—-OCH.CF3 and the
NMe analogue (Scheme 1.8) with the NMe derivatives favouring S-abstraction over

oxidation.
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Scheme 1.8. Reaction of dithietes with phosphorus compounds.

In addition to these studies, the reaction of the bis (trifluoromethyl)dithiete V with
CpIn(I) has been examined, leading to n'-Cpln(tfd). Subsequent addition of chelating bpy
and phen ligands leads to 5-coordinate In(111).%°

1.2.6. Ring interconversion reactions

The dithiete V is a liquid (bp 93-94 °C) and undergoes slow dimerization at room
temperature, depositing the tetrathiocin (mp 110-111 °C) over 2 months in 87% yield
(Scheme 1.9). The addition of a drop of EtsN catalyses this process, affording an immediate
exothermic reaction with deposition of the tetrathiocin.”® Heating the tetrathiocin at 180—
220 °C led to distillation of the dithiete V, consistent with the dithiete being entropically
favoured and the tetrathiocin being the enthalpically favoured product. In contrast, dithiete
X111 (Chart 2) forms the 16-membered tetramer (75% yield) along with a small quantity
of tetrathiocin when stirred in neat CHCls.2? Theoretical studies at the MP2/6-31G* level
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of theory revealed the parent dithiete, H2C2Sz, was less stable than its tetrathiocin dimer,
12-membered cyclic trimer, or 16-membered cyclic tetramer with the tetramer being the

most stable.? The interconversion between oligomers is discussed in more detail in section
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Scheme 1.9. Oligomerization of dithietes.

1.3 Introduction to 1,2,5,6-tetrathiocins

In relation to dithietes, the chemistry of their dimeric form, the 1,2,5,6-tetrathiocin,
is much less explored. While examples of tetrathiocins, derived from dimerization of
dithietes (section 1.2.6) are known, a large number of tetrathiocins are based on their
benzannulated or other fused-ring derivatives.

1.3.1. Preparation

There are numerous reported routes to benzannulated tetrathiocins and other
tetrathiocins with fused rings. Here we focus on methodologies which afford tetrathiocins
as the major product.

Oxidation of 1,2-dithiols and dithiolates. The preparation of the parent dibenzo-
1,2,5,6-tetrathiocin was reported by Field et al. in 1961 through oxidation of benzene
dithiol with iodine as a mild oxidant (Scheme 1.10).%! In a similar fashion, Chivers et al.
reported the oxidation of both fluorinated and chlorinated benzene dithiols 1,2-CsX4(SH):
(X =F, CI) with I or SO,Cl; afforded the corresponding tetrathiocins with recovered yields
greater than 85%.°? The superoxide ion has also been implemented in similar processes

using benzene or toluene dithiol.>
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Oxidation of 1,2,-dithiols and 1,2-dithiolates
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Scheme 1.10. Synthetic routes to tetrathiocins.
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A similar synthetic strategy to access 1,2,5,6-tetrathiocins is the oxidation of s-, p-
and d-block 1,2-dithiolate complexes using mild oxidants such as 12, SO.Cl, or mCPBA.
For example, oxidation of Naz[C3Ss] with Me,TeCl, afforded CsSio in 49% yield.>*
Similarly, oxidation of [EtaN]2[Zn(C3Ss)2] with SO.Cl> affords selectively the tetrathiocin
CsS10 in 46% yield.>® Organo-tin and organo-tellurium dithiolate complexes undergo facile
oxidation in high yield when treated with acid followed by aerial oxidation (Scheme
1.10).%%°" This methodology has also been applied to the synthesis of the heavier Se
analogues in a similar manner.®’

Via reduction of thio-containing substituents (SCN, SR). Rogers and coworkers
showed that reduction of organo-thiocyanates with NaBH4 could afford tetrathiocins in a
quantitative fashion.®® This methodology has also been applied to naphthoquinone
derivatives in 54% recovered yield using the mild base, NHsOAc.%° Birch reduction of S'Pr
derivatives initially forms dithiols which readily undergo aerial oxidation to afford
tetrathiocins in 45-85% recovered yield (Scheme 1.10).5°

Via ring contraction. Extrusion of sulfur from hetero- cyclic pentasulfides by
treatment with PhsP or CN™ (forming PhaP=S or SCN") can lead to tetrathiocins in 54-74%
recovered yield.®%? In the case of 2,3-substituted thiophenes, N-methyl indole and
pyrroles, mixtures of the two possible tetrathiocin isomers are formed, typically in a 50:50
mole ratio. Benzo-fused trithioles also act as suitable precursors for tetrathiocin synthesis,
using CN~ or NaBHy in good yield (84—-95%).56:63-65

Via reaction of S;Cl, with catechol ethers. Work by Stender and co-workers®
showed that reaction of catechol ethers with S>Cl in glacial acetic acid afforded good
yields of dibenzo-1,2,5,6-tetrathiocins on a multi-gram scale (Scheme 1.10). The
methodology is effective in the presence of m-donor substituents and has also been
successfully applied to 1,2-dimethoxy-naphthalene and naphthalenediol with lower
recovered yields (29-33%).%¢ Recent exploitation of this methodology has generated a
broader range of catechol ethers®” including benzo-15-crown-5 and benzo-18-crown-6 as
well as functional groups comprising t-donor N (yields: 53-88%), which will be discussed
further in Chapter 2.
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1.3.2. Structural studies of 1,2,5,6-tetrathiocins

A total of 22 crystal structures (excluding metal complexes and cocrystals) which
contain the 1,2,5,6-tetrathiocin group were identified in the 2020 release of the Cambridge
Structural Database. The majority of these structures (77%) adopt a chair
geometry,525557:58.68-80wjth just 5 structures adopting a twisted geometry. Notably three of
the five structures which adopt a twisted conformation comprise all the non-fused
derivatives (R1R2C2S2)2 (R1 = R2 = CO2Me; R1 = H, R2 = CO2Me; R1 = Rz = H),*28! along
with two benzo-fused derivatives, (XsCsS2)2 (X = Cl, MeS).>?%2 The average S-S bond
length for these structures is 2.06(2) A, the same as that observed in the reported dithiete
structures within 3 esd’s. The structures of (CeF4S2)2 and (CsCl4S2)2 are shown in Figure

1.3 as representative of the chair and twisted conformations respectively.>

§ - P g O-g®
v%< :&;ﬂ:,l“?\v

Figure 1.3. Crystal structures of (CeF4S2)2 (left) and (CeClaS2)2 (right) which adopt the

chair and twisted conformations respectively.

1.3.3. Computational studies on 1,2,5,6-tetrathiocins

The 1,2,5,6-tetrathiocins can adopt multiple conformations, with six
computationally identified local energy minima.®® For annulated derivatives only the three
Z,Z conformations need be considered and comprise twist, chair and half-chair geometries
(Figure 1.4). At the MP2/6-31G™ level of theory the twist conformation is more stable than
the chair conformation by 22 kJ mol % although such a quantitative interpretation at this
level of theory should be treated with some caution (see discussion of computational
studies on dithietes and the importance of incorporating adequate polarization functions).
The half-chair conformation is least stable and is consistent with crystallographic studies

which have, to date, revealed examples of only the chair and twist conformations.
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Figure 1.4. Optimized local energy minima for (Z,2), (E,Z) and (E,E) conformations of
the parent tetrathiocin, H4C4Sa4. [Figure reproduced from reference 83 with permission]

1.3.4. Reactivity of 1,2,5,6-tetrathiocins

Despite the strength of the S-S bond, tetrathiocins undergo a number of reactions
comparable to their dithiete monomers. Indeed, the interconversion between different
oligomers, particularly at elevated temperatures, may indicate similar reactivity pathways
can be expected for dithietes and tetrathiocins (1.2.6). However, for benzannulated
derivatives, ring-opening of the dithiete to form the dithione is less favourable than for
other dithietes (see section 1.2.4) and this may reduce some aspects of chemical reactivity
where the dithione tautomer is important. Despite the greater stability of the tetrathiocins
in relation to dithietes, their chemistry is rather less well explored.

Organic chemistry of tetrathiocins. Reaction of tetrathiocins with Cl, or with
SO2Cl2 under reflux yields the corresponding bis(sulfenyl chloride) derivatives (Scheme
1.11). 848 For example, reaction of the tetrakis(trifluoromethyl)tetrathiocin with Cls
affords the same bis(sulfenyl chloride) as that generated from chlorination of dithiete V
(section 1.2.4).25 Conversely, reduction of tetrathiocins with H3PO,, NaBH4 or LiAlHq4
affords the dithiol 53698 Much of the chemistry of tetrathiocins relates to these initial
chlorination or reduction steps. For example, condensation of the air-sensitive bis(sulfenyl
chloride)s with one equivalent of MesSiN3 affords dithiazolium salts which are precursors

to stable radicals.®> They can similarly be condensed with acidic C—H bonds to generate
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dithioles, or with amines to form dithiazoles (Scheme 1.11).2% Conversely, the dithiols
undergo cyclization with acetone in the presence of a Lewis acid catalyst (BF3-Et20) to
form dithiolo-substituted heterocycles or undergo ring closure with dibromoethane in the
presence of base to form dithiino-fused heterocycles (Scheme 1.11). The dithiol can also

be used as a precursor to tetrathiafulvalene derivatives.*®

o SH Me,CO, o s
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Scheme 1.11. Ring-opening reactions of tetrathiocins through oxidation and reduction

processes are frequently coupled to ring-closing reactions.

Tetrathiocins are susceptible to undergoing ring contraction reactions with stepwise
elimination of sulfur under irradiation. Stirring a CH2Cl> solution of the dibenzotetrathiocin
derivative (R = Et, X = H) for 6 h at room temperature affords a mixture of trithiepin and
thianthrene derivatives (Scheme 1.12).57%* Extended reaction times (48 h) led to the
thianthrene derivative in 94% vyield. However, substituents appear to play an important
role. For example, the tetrabromo derivative (R = Et, X = Br, Scheme 1.12) undergoes only
a 7% conversion to the thianthrene,®® whereas the related derivative (R = Et, X = H) affords
94% conversion under similar conditions. This methodology has allowed access to the

polycyclic bisanthrathianthrene (Scheme 1.12) in 59%.% For the parent tetrathiocin,
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H4C4Sy4, irradiation in benzene forms a (CHS)» polymer as the major product and two small
molecular species (Scheme 1.12) in 10% and 13% recovered yield respectively.®’ In this
context, it should be noted that 1,2,5,6-tetrathiocins have also been shown to isomerize to
the 1,2,3,6-tetrathiocin isomer (Scheme 1.12).%2

R R R R R R
X s-s X S-$ X S X
hv, it X X +
X S-S X X S X X S X
R R R R R R
R=1Pr, X =H Bh Ph
9994980000
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Ph Ph

S
vt S-S SX , §5°S S&X
{ )‘ <\> >—< \ >—< g S +(CHS), polymer

S St S S

0,
W\ 10% 13% 60%
S
H S-S S S-S S \4\>

F F E S/S\S F
F S F
hv, rt F
F F S
s-s .
F F FF F

Scheme 1.12. Photo-induced reactions of tetrathiocins.

Unlike dithietes, the cycloaddition chemistry of tetrathiocins has been less studied.
However, the ability of the tetrathiocin to form the dithiete on heating often leads to similar
reactivity patterns. For example, reaction of the tetra-methyl-ester functionalized
tetrathiocin, (MeO2C)4C4Ss with ethyl vinyl ether yields the anticipated dihydro-dithiin
(64%). Reaction with diphenylacetylene in refluxing p-xylene affords the thiophene
derivative (49%), presumably via S-elimination from the expected dithiin.2> Conversely,
irradiation of the tetrathiocin H4C4Ss with 2,3-dimethyl butadiene in benzene forms a
mixture of compounds, derived from photodegradation of HsC4S4, along with a cyclization
product from reaction with the diene (44%) (Scheme 1.12). A major advance is the recent

work by Fekl and coworkers who investigated the [4 + 2] cycloaddition of dibenzo-1,2,5,6-
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tetrathiocin (as a source of benzodithiete) with a range of alkenes in 55-96% yield (NMR)
in the presence of a catalyst.8 The catalyst (5 mol%) comprises a molybdenum
tris(thiolate) complex, Mo(bdt)(tfd)2, which has been shown to bind alkenes (section 1.2.4).
The proposed mechanism is shown in Scheme 1.13. Initial turn over frequencies (TOF)
were slow at ca. 1.2 h™* but increased to almost 10 h™* in the presence of CD3sCN. The
initial step is proposed to be binding of the alkene to the catalyst, followed by cyclization

and elimination of the dihydrodithiin.
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Scheme 1.13. (top) mechanistic path for the Mo(bdt)(tfd).-catalyzed reaction of dibenzo-
1,2,5,6-tetrathiocin with alkenes®® (bottom) Mo(bdt)(tfd). catalysed cyclisation reactions.

Inorganic chemistry of tetrathiocins. Tetrathiocins have been shown to generate
transition metal dithiolate complexes via ligand exchange with transition metal complexes
bearing monodentate thiolate complexes, exemplified by the Mo(1V) chemistry illustrated

in Scheme 1.14.%% These Mo(IV) complexes can also be prepared from the Mo(V)
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complexes, [EtaN]J[MoO(SPh)4] in the presence of [EtsN][BH4]. 8 For sterically less
demanding groups a mixture of cis and trans isomers can be formed but sterically
demanding substituents drive selective formation of the trans isomer.%° Oxidation of
Mo(IV) to Mo(VI) could be achieved by subsequent addition of Me3NO. Similar reactivity
patterns are observed for tungsten. ®© These molybdenum complexes are being actively
pursued as models for molybdenum and tungsten oxo-transferases. Reduction of the
tetrathiocin with four equivalents of [EtaN][BHa] generates the dithiolate salt which reacts
with group 12 salts MX> (ZnBr,, CdCl, or HgCl>) to form the corresponding bis(dithiolate)

complexes (Scheme 1.14). %
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Scheme 1.14. Formation of dithiolate complexes from tetrathiocins through ligand

exchange.

The reactivity of tetrathiocins with low valent transition metals appears to mimic
the oxidative addition chemistry of dithietes (section 1.2.4) but is less well-established.
Work by Wrixon and coworkers examined the oxidative addition of the tetramethoxy-
dibenzotetrathiocin to zero-valent group 10 metals, exemplified by Ni(COD); in the
presence of dppe, as well as M(dppe)2 (M = Pd, Pt) (Scheme 1.15). Under microwave
heating, oxidative addition afforded a series of square-planar dithiolate complexes,
M(dmobdt)(dppe) (M = Ni, Pd, Pt) in 77-89% recrystallized yields (Scheme 1.15).%
Subsequent studies showed that the phosphine can play an important role in determining
the outcome of the oxidative addition reaction to Pd.dbas: chelating phosphines such as
dppe, dppp and dppf favour formation of monometallic complexes, whereas PhsP forms
M(dmobdt)(PPhsz)2 and the dimetallic complex [M(dmobdt)(PPhs3)]. (M = Pd, Pt) with the
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dithiolate exhibiting p>-S atoms.”®® Under microwave conditions, the sterically-
demanding phosphine ‘BusP does not participate in the final product and a hexanuclear
complex Pds(dmobdt)s analogous to Fekl’s hexamer (Figure 1.2) was isolated.*® Recent
studies have shown the generality of these oxidative addition reactions using a diversity of
functionalized dibenzotetrathiocins.®” Notably, the combination of Stender’s synthetic
methodology to access tetrathiocins, coupled with the oxidative addition reaction provides
a convenient two-step route to both benzo-15-crown-5 and benzo-18-crown-6 benzene
dithiolate complexes in two steps from commercial starting materials, rather than the

previously reported multi-step reaction sequence.®’
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Scheme 1.15. Reactivity of the tetramethoxy-dibenzo-1,2,5,6-tetrathiocin with low valent

(top) transition metals and (bottom) main group P(l) compounds.
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Main group reactivity. Tetrathiocins have been shown to undergo oxidative
addition to the P(I) complex, [dppeP]Br, to form a mixture of P(Il) and P(IlI)
dithiaphospholes (Scheme 1.15).%* The P(11) species appears as an intermediate en route to
P(11), as subsequent reaction of the P—P bonded system with additional tetrathiocin has
been shown to form the P(I11) compound (Scheme 1.15).

1.3.5. Biological studies

The family of lissoclibadin alkaloids comprise a family of sulfur-rich natural products
which have been extracted from ascidia in the southern pacific. One member of this family
includes lissoclibadin 7 (Chart 1.3) which is closely related to lissoclinotoxin D.% In both
cases the more stable ‘trans’ tetrathiocin isomer is proposed but the characterization is
recognized as being ambiguous. Lissoclibadin 7 shows weak anti- bacterial activity against
both S. aureus and E. coli, which has been tentatively assigned to the phenolic group and

has also been shown to inhibit formation of colonies of Chinese Hamster V79 cells.%

NMe, NMe,
OH OMe
MeO S-S HO S-S
S-S OMe S-S OH
OH OMe
NM62 NMe2
Lissoclibadin 7 Lissoclinotoxin D

Chart 1.3. Structures of natural products containing the tetrathiocin functional group.

A series of synthetic tetrathiocins have also been examined as antiviral agents
against feline immunodeficiency virus (FIV) and have been shown to have potent activity
at nanomolar concentrations, yet exhibit low toxicity.5? The tetrathiocins are proposed to
interact with the zinc finger protein, which has an SsN coordination environment, through
extrusion of the Zn?* ion (Scheme 1.16). The benzo-fused tetrathiocin derivatives studied

performed better than tetrathiocins with fused heterocycles.
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Scheme 1.16. Proposed mechanism for extrusion of Zn?* from zinc finger proteins

[reproduced with permission from reference 62].

1.4 Trimeric and tetrameric dithietes
1.4.1. Preparation

Early work by Krespan”® on dithietes showed that the bis(trifluoromethyl)dithiine
V dimerized in the presence of Et;N to selectively form the corresponding tetrathiocin but
could convert back to the dithiete at elevated temperatures (section 1.2.6). Indeed, the
interconversion between oligomers appears complex and sensitive to reaction conditions.
For example, studies on the parent tetrathiocin, H,C,S,, showed it was stable in CHCI,
solution over 4.5 h but formed the tetramer in 76% yield in CHCI./MeCN (1/4 ratio) under
otherwise identical conditions, whereas the tetramer formed in just 15% vyield in
CHCI3/MeOH (1/4) solution (with the majority converting to (CHS)n polymer).? The
bis(methyl ester) dithiete, X111 (Chart 1.2), exhibits similarly complex behavior: a CHCl3
solution of X111 forms the tetramer in 71% yield with a small quantity of tetrathiocin (5%)
on standing for 4.5 h. Conversely, a CHCIlz/MeCN (1/4) solution of XII1 generated the
dimer and tetramer in 19% and 41% respectively, whereas a CHClI3 solution of X111, stirred
with silica gel, afforded the tetrathiocin as the major product (45%) while the tetramer was
isolated as the minor product (24%). Time-dependent studies indicated that the tetrathiocin
was formed prior to formation of the tetramer in this reaction. Notably, in pure CHCI3

solution, both the tetrathiocin and the tetramer appear stable, with no evidence for
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conversion between oligomers or back to the dithiete.*? This indicates that both silica gel
and MeCN drive these ring transformations, in an analogous fashion to EtsN driving
formation of the tetrathiocin from dithiete V. Supporting this argument, the different
oligomers derived from dithiete X111 appear stable in pure CHCl3, but form mixtures of
dithiete monomer, tetrathiocin dimer and 16-membered tetrameric ring when dissolved in
CHCI3/MeCN (1/4) (Scheme 1.17).12 While the S-S bond is strong (264 kJ mol™), ¥
disulfides are well-known to be dynamic even at ambient temperature, particularly in the
presence of base, and have extensive roles in supramolecular chemistry®® and nature,®
where disulfide reduction with thiols such as glutathione (GSH) play an important
biological role. To highlight the complexity of these systems, it is notable that the trimer
(H2C2S2)3 was not formed from the parent tetrathiocin in the studies above. However, the
parent tetrathiocin has been shown to transform into the trimer in the presence of EtsN.%
The trimer can exist in four isomeric forms, depending on the Z or E conformation about
each of the C=C bonds. Formation of isomers with E conformation presumably arise via
ring- opening of a dithiete intermediate, which initially forms the cis-dithione but is known
to convert to the more stable trans-dithione (section 1.2.3). While trimeric benzo-fused
analogs, (CeHaS2)s, have not yet been reported, the rigidity of the structure would

necessarily lead to formation of the Z,Z,Z isomer.
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Scheme 1.17. Ring transformations between oligomers of dithietes

1.4.2. Structural studies
To date there are no known structures of the cyclic trimer, (R2C2S>)3, but the crystal
structure of the tetrameric oligomer, (H2C2S2)4, has been determined by X-ray diffraction
(Figure 1.5).8! The double bonds all adopt a Z configuration, with the arrangement of
double bonds similar to that in cyclo-octatetraene (COT). The average S-S bond length in

the tetramer is 2.050(2) A, comparable to those observed in both dithietes and tetrathiocins.
g e 8 e
Y ¢ X S
] P ot

Figure 1.5. Crystal structure of the cyclic tetramer, (H2C2S2)4, highlighting the Z
configuration at each double bond (left) and folding of the ring (right).

1.4.3. Computational studies
Few computational studies have been undertaken on these larger oligomers. For the
parent trimer, (H2C>S>)3, four isomers based on the Z vs. E conformation at the double bond
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are possible (Scheme 1.17). Of these, the Z,Z,Z conformation has been identified as the
most stable trimer.%® It is computed to be only slightly less stable than the tetrathiocin at
the MP2/6-31G* level of theory. The scarcity of the trimer in experimental studies was
proposed to arise from conformational challenges required to generate the trimer during
the oligomerization process. Notably the tetramer, (H2C>S>)4, is computed to be the most
stable of all the possible (H2C2Sz)n oligomers (n = 1-4).%
1.4.4. Reactivity studies

Until recently the trimer was unknown and there are no reactivity studies reported
to date. Few tetramers are known, and reactivity studies are limited. As we have seen
already, conversion between different oligomers is known. While the tetramer,
[(Me02C).C,S2]4, is stable in pure CHCls, it forms both the dithiete (6%) and the
tetrathiocin (12%) after 2 h in CHCls/MeCN.? Similarly, in the presence of silica gel the
same tetramer forms the dithiete (10%) and tetrathiocin (40%) after 4 h. The reaction of
the tetramethylester tetramer with ethyl vinyl ether at room temperature forms the dihydro-
dithiin in 63% yield (Scheme 1.18), comparable with the tetrathiocin (64%) and the dithiete
(65%), consistent with all reactions proceeding via the dithione.® Reaction with
diphenylacetylene in refluxing p-xylene afforded the thiophene (Scheme 1.18), presumably
proceeding via sulfur elimination from an intermediate dithiin, again following reactivity

pathways observed for the dithiete and tetrathiocin.?®
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Scheme 1.18. Cycloaddition reactions of the tetramer, [(MeO2C)2C2S:]a.
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1.5 Overview of this thesis
Previous studies examining the oxidative addition of tetrathiocins has been
discussed in section 1.3.4, which discussed a microwave assisted synthetic methodology

to obtain metal dithiolate complexes containing group 10 (M = Ni, Pd, Pt) and an auxiliary
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phosphine ligand to afford M(dmobdt)(dppe).®? As well, further studies investigated the
role of the phosphine to promote mono-, di- or hexa-nuclear complexes.’®%

In this thesis, Chapters 2—6 describe the oxidative addition reactions of the S-S bond
of 1,2,5,6-tetrathiocins (Figure 1.6) to a variety of low valent p- and d- block elements to
form metal dithiolate complexes. Chapter 2 extends previous studies of oxidative addition
to zero-valent group 10 metals (Pd or Pt), implementing a library of tetrathiocin derivatives
in the presence of an auxiliary phosphine ligand. This includes tetrathiocins with
nitrogenous m-donors and benzo-15-crown-5 and benzo-18-crown-6 ether functional
groups. The latter were studied as potential optical and electrochemical sensors for group
1 metals. Chapter 3 extends this synthetic methodology to the group 9 metal, cobalt, and
examines the equilibrium that exists between monomeric CpCo(dmobdt) and dimeric
[CpCo(dmobdt)].. The fine balance between monomer and dimer is explored through the
preparation and characterization of a series of alkoxy-functionalized [CpCo(bdt)]n
complexes (n =1, 2). Chapter 4 describes the synthesis of the corresponding cobalt benzo-
15-crown-5 and benzo-18-crown-6 derivatives and investigates their reactivity towards
group 1 metals. Chapter 5 examines a series of nickel dithiolate diimine complexes that
exhibit intense colours with potential applications as second order non-linear optic (NLO)
materials and near-IR absorbers for solar light harvesting applications. Chapter 6 explores
the reactivity of tetrathiocins towards the low oxidation state p-block valent Ge(ll)
precursor, GeCl,-dioxane, as an extension of previous oxidative addition to low-valent P(I)
compounds. Chapter 7 provides an executive summary of the findings of this thesis, along

with a perspective on possible future work.

S
1aR = Me RO O S 1cn=1 0 S
1bR = Et « 1dn=2 >< i
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Figure 1.6. Tetrathiocin ligands used to create metal dithiolate complexes.
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CHAPTER 2: SYNTHESIS AND REACTIVITY OF
PLATINUM AND PALLADIUM DITHIOLATE
PHOSPHINE COMPLEXES

2.1 Introduction

Transition metal dithiolene complexes have been an active area of research since
the 1960s, when they were first explored by Schrauzer and Mayweg.! Due to the unique
redox and structural properties they exhibit, these complexes can be used in such varied
fields as dyes,? non-linear optics,® catalysis,* and in conducting® and magnetic materials,®
serving as potential building blocks for many materials applications including organic light
emitting diodes’ and solar cell technologies.® In addition they have been used extensively
as models for a range of metalloenzymes such as iron and nickel/iron hydrogenases.® There
are two main pathways typically employed to form dithiolate complexes, namely: (a)
ligand exchange reactions of s-block metal dithiolates with d-block metal salts; and (b)
condensation reactions of free thiols with transition metal oxo, alkoxo, and amido
precursors.t® The redox behaviour of the dithiolene ligand is important in both biological
and materials processes in which inter- or intra-molecular electron transfer processes play
a key role.t! For example intramolecular ligand-to-ligand electron transfer in nickel
dithiolene complexes with N,N’-chelate ligands is sensitive to the nature of both the
dithiolate and N,N'-chelate.!?> The use of n-delocalized benzene dithiolates offers the
potential for both electronic and steric control of the dithiolate, yet a survey of
crystallographically characterized benzene dithiolates reveals the majority derive from
commercially available 1,2-benzene dithiol and 4-methyl-1,2-benzene dithiol: A search of
the CSD (2019) revealed 1642 structures containing a benzo-dithiolate core. 68 % of these
complexes comprised either benzene dithiolate (bdt) or toluene dithiolate (tdt) at 58 % and
10% respectively. An alternative route to dithiolene complexes involves the oxidative
addition of 1,2-dithietes to low valent transition metals (see Chapter 1.2.4).12 In this context
our recent studies indicate that benzo-fused 1,2,5,6-tetrathiocins (which can be considered
as dimers of the strained dithiete ring) exhibit similar reactivity pathways to dithietes. For

example, oxidative addition of tetramethoxy-dibenzo-1,2,5,6-tetrathiocin (1a) to zero-
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valent group 10 metals [Ni(COD),, Pd2dbaz and Pt(dppe):] in the presence of the bidentate
dppe ligand provides a convenient route to the mononuclear complexes M(dmobdt)(dppe)
(M = Ni, Pd, Pt) [dmobdt = 4,5-dimethoxybenzene-1,2-dithiolato] (Scheme 2.1).14

| | | Ph Ph
(o] S$—S O . O S \p/
2M(0) (M =Ni,Pd, Pt), dppe _ u”
PhMe, 150 °C, 20 min u—wave /N
o (o} o ) R
s—s /
| | | PH Ph
1a

Scheme 2.1. Synthesis of group 10 dithiolates.

Subsequent studies revealed that in the presence of monodentate phosphines, both
dinuclear [M(PR3)(dmobdt)]. and hexanuclear [M(dmobdt)]s complexes could be prepared
from 1a, with the reaction outcome largely defined by the steric demand of the phosphine.*®

As an extension of these initial studies, | expanded the range of tetrathiocins
available for such oxidative addition processes. Stender et al.*® originally reported a limited
number of tetrathiocins (1a—1d) that were accessible via electrophilic aromatic substitution
of activated n-donor dialkoxy-benzene derivatives. In this Chapter, this methodology has
been implemented to afford a wider range of alkoxybenzenes (1e, 1g, 1i) and extended to
nitrogenous 7w-donors (1f) (Figure 2.1). Their general potential to undergo oxidative
addition reactions was then explored through a series of reactivity studies with zero-valent
Pd and Pt forming complexes 2a—2g and 3a-3g, respectively with recovered yields of
crystalline product ranging from 37-89%. In particular, the effectiveness of this synthetic
methodology has been highlighted through the preparation of the benzo-15-crown-5
complexes 2g and 3g in good yield via this simple two-step process starting from
commercial benzo-15-crown-5. This is compared to the existing literature procedure which

involves a labour-intensive multi-step process.!’

S

1aR =Me RO O S 1cn=1 0] S
1bR = Et s tan -2 >< i
RO e} en= e}
S 2 S 2 S 2
o
Me s ( o s
1f 1gn=1
O:< j@( 0o g@[ thn=2
M s «’t OFe g
2 O\) 2

Me

Figure 2.1. Tetrathiocin ligands used to prepare metal dithiolate complexes.
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2.2 Results and Discussion

2.2.1. Synthesis

These studies commenced with the synthesis of several different tetrathiocins (la—
1d Figure 2.1) from dialkoxybenzenes using the procedure outlined by Stender et al.® in
which the =m-donor alkoxy substituents activate the ring to electrophilic aromatic
substitution by sulphur monochloride. The resultant tetrathiocins precipitated from the
reaction mixture and were easily isolated by filtration. As an extension of these earlier
studies, tetrathiocins le, 1g, 1h and 1i were also prepared using this method. Notably, the
rates of substitution were slower for larger ring sizes, likely as a result of decreased n-donor
ability of the O lone pair. For dioxole, a search of the Crystallographic Structural
Database!® (CSD) reveals the Csps—O—Csp—Cspz UnNit to be essentially planar, maximizing
n-overlap, but increasingly deviates from planarity for dioxane and dioxepine derivatives.
While the isolated yield of 1a compared well to the literature data, yields of 1b-1d were
significantly improved compared to the original report by the application of extended
reaction times to account for the slower reaction kinetics (Table 2.1). Based on these
observations it was found that (i) m-donor N-substituents were also sufficiently activating
and led to the tetrathiocin 1f and (ii) crown ether derivatives such as benzo-15-crown-5
would also react, albeit with slow kinetics (1 week at room temperature).

Table 2.1. Reaction times and isolated yields of tetrathiocins.

Tetrathiocin  Donor type  Functionality Time (h) Yield

la —OR —OMe 18 68% (65%)%
1b —OR —OEt 60 53% (17%)2
1c —OR 1,3-dioxole 48 72% (52%)2
1d -OR 1,4-dioxane 120 88% (52%)?2
le —OR 1,4-dioxepin 168 78%
1f —N(C=0O)R Urea 72 71%
1& —OR 15-crown-5 168 61%
1 —OR 18-crown-6 336 33%
1i —OR 2,2-dimethyl- 168 57%
1,3-dioxole

2 Literature data in parentheses taken from reference 16.
Oxidative addition of the tetrathiocins 1la-1g with Pdx(dba)s in toluene under microwave
irradiation (150 °C, 20 min) in the presence of dppe afforded derivatives 2a—2g, 2i in 48—
89% recovered, recrystallized yield (Table 2.2). Using Ptydbaz (x = 1.9-2.0) as a starting

material, the corresponding Pt derivatives 3a—3g, were isolated in 37-86% recrystallized
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yield. The lower yields reported for 3c and 3d were unoptimized. Replacement of dppe by
dppf permitted the ferrocene derivatives 4a, 4g (Pd) and 5g (Pt) to be prepared in an
analogous fashion. All complexes were characterized by 'H and 3P NMR with the
coordinated dppe ligand in complexes 2b—2e and 2g observed as a singlet in the 3P NMR
with chemical shifts ranging from 51.5-51.9 ppm. The 3P NMR of the corresponding Pt
complexes 3a—3g reveal the expected singlets with %Pt satellites with *Jptp coupling
ranging from 2748 to 3605 Hz, depending on the dithiolate ligand. This corresponds well
with the literature data for similar complexes whose couplings correlate with their Pt-P

bond lengths.1%1°

Table 2.2. Yields of dithiolate complexes derived from the oxidative addition of
tetrathiocins 1a—1i to Pd2dbas or Ptodbas in the presence of the auxiliary chelating ligands

dppe and dppf.
Complex M  Tetrathiocin Functionality Phosphine Yield
2a Pd 1a —OMe dppe 85%"“
2b Pd 1b —OEt dppe 83%
2¢ Pd 1c 1,3-dioxole dppe 83%
2d Pd 1d 1,4-dioxane dppe 89%
2e Pd 1e 1,4-dioxepin  dppe 78%
2f Pd 1f Urea dppe 65%
2g Pd 1g 15-crown-5 dppe 61%
2i Pd 1i 2,2-dimethyl-  dppe 48%
1,3-dioxole
3a Pt 1a —OMe dppe T7%"*
3b Pt 1b —OEt dppe 57%
3¢ Pt 1c¢ 1,3-dioxole dppe 38%"°
3d Pt 1d 1,4-dioxane dppe 37%¢
3e Pt 1le 1,4-dioxepin  dppe 86%
3f Pt 1f Urea dppe 68%
3g Pt 1g 15-crown-5 dppe 83%
4a Pd 1a —OMe dppf 50%"
49 Pd 1g 15-crown-5 dppf 57%
Sg Pt 1g 15-crown-5 dppf 62%

Crystals of all complexes were grown by layering or slow diffusion. Several
crystallize as solvates (see Appendix A) and once removed from the mother liguor, the
crystals tend to desolvate, reflected in sub-stoichiometric quantities of solvent based on the

analytical data. This synthetic methodology was successfully expanded to access the
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benzo-crown ether derivatives 2g, 3g, 49 and 5g through the same two-step synthetic
strategy in 57-83% recovered yield. It is noteworthy that the benzo-crown ether ligands
have been prepared previously by Garner et al.l” However their synthetic route to the
dithiol precursor requires four synthetic steps (Scheme 2.3) which must be followed by
deprotonation prior to complexation. Related non-benzo-fused crown-ether dithiolate
complexes were initially described by Green and more recently have been investigated by

Fourmigué and co-workers.?°

RO:i: Br,, AcOH Roj@m
— >
RO RO Br
"BuSCu, 3:1
pyridine-quinoline

RO SLi Li, NHg(l), THF RO S"Bu
RO:©:3U RO:©:S"BU
lHCKa‘KI)
RO SH
RO:©:SH
Scheme 2.3. Garner’s route to the benzene dithiol precursors. The final steps to complex

formation involve ligand deprotonation and complexation.

2.2.2. Structural Studies
The structures of all new complexes were determined by X-ray diffraction. Each pair of
palladium and platinum derivatives prepared from tetrathiocins 1b, 1c, 1d, and 1e were
found to be isomorphous. A search of the CSD (2018 release) revealed 37 mononuclear Pd
dithiolate complexes with two phosphine ligands with Pd—S bonds which revealed mean
Pd-S bonds lengths of 2.30(2) A and mean Pd—P bond lengths of 2.29(3) A. In this context,
the crystal structures of 2b—2g, 2i and 4g reveal unexceptional geometric parameters with
Pd-S bond lengths in the range 2.283(1)-2.310(1) A and Pd-P bond lengths in the range
2.250(1)-2.303(1) A. The chelate SPdS angles are almost invariant, falling in the range
88.83(3)-89.44(3)° comparable with the average bond angle derived from the CSD search
(88.70(11)°), while the PPdP angles also show little variation 84.66(3)-85.97(2)°. The
CSD search reveals a broader range of PPdP angles (90(7)°), but when limiting this to
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chelating phosphines comprising five-membered C2P.Pd rings with two S donors, then a
much narrower distribution of bond angles is observed at 85.5(8)°. The PdP.S; centres are
essentially planar with the sum of the internal angles falling in the range 356.0-360.4°. The
structures of all new complexes described here are presented in Appendix A. The structures

of the benzo-15-crown-5 derivatives 2g and 4g are presented in Figure 2.2.

Figure 2.2. Crystal structures of 2g (left) and 4g (right) with thermal ellipsoids of the
non-H atoms drawn at the 50% probability level. Minor components of disorder (2g) and

lattice solvent molecules (4g) omitted for clarity.

2.2.3. Complexation Studies

Garner and co-workers prepared metal dithiolate complexes containing benzo-15 -
crown-5 dithiolate ligands with a variety of metals such as Ni, Co, W, Mo and Ti.!” They
noted subtle shifts in the UV-Vis data upon coordination of alkali metals to the 15-crown-
5 pocket, although no structural studies were undertaken. The cation binding properties of
29 and 4g with respect to Na* cations, for which the benzo-15-crown-5 ligand is known to
have selectivity over other alkali metals,?! were examined in solution and in the solid-state.

Addition of excess NaBPhg to a solution of 2g led to a colour change from red to
orange, reflecting a change in Amax upon binding of the alkali metal. A UV-Vis
spectroscopic titration (1:1 CH2Clo:MeCN) revealed a plateau in Amax consistent with
formation of an intermediate complex [Na(2g)2]" (see Figure 2.3), before shifting again
once the stoichiometry afforded 2g: Na* < 1:1, consistent with formation of [Na(2g)]" as
the dominant species present. MALDI-TOF mass spectrometry revealed only the presence
of the 1:1 complex [Na(2g)]" in solution, while other spectroscopic data (3P and *H NMR)
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were inconclusive, revealing only subtle differences in chemical shift between free ligand
and complex. The only complex which we were able to crystallize from the reaction
mixture under a variety of conditions was the 1:1 complex, [Na(2g)(MeOH)2][BPha], while
crystals of [Na(49)][BPh4] formed from solutions comprising 4g and NaBPha.
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g 07 E s
= 0.6 = L @
+— L
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204 < [ o)
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0'2 = 490
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Figure 2.3. Solution UV-Vis data for 2g in the presence of increasing numbers of
equivalents of Na* ions (left) and change in Amax for 2g with equivalents of NaBPhs
added (right) (solvent = 1:1 CH2Cl2:MeCN).

Reaction of 2g with one equivalent of NaBPhs in a 1:1 mixture of CH2Cl> and
MeOH afforded the crown ether complex [Na(2g)(MeOH)2][BPha], which was crystallized
by layering the reaction mixture with hexanes. Complexation of the macrocycle 2g to the
Na* cation leads to a small increase in the Pd-S bond lengths from an average of 2.300(1)
A'in 2g to 2.315(2) A in [Na(2g) (MeOH)2][BPhs]. However other geometric parameters
including the C-S bond lengths (average 1.762(4) in 2g and 1.768(3) A in
[Na(2g)(MeOH).][BPhs]) remain unchanged within error. The Na* cation is seven-
coordinate, bound by five O-donors from the benzo-15-crown-5 macrocycle plus an
additional two coordinated methanol molecules with Na—O bond lengths in the range
2.336(3)-2.559(3) A (Figure 2.4). The geometry is highly distorted with O---Na---O bond
angles ranging from 63.53(8)-164.4(1)°, but approximates to a face-capped trigonal prism.
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Figure 2.4. Crystal structure of (left) [Na(2g)(MeOH)2][BPha4] and (right)
[Na(49)][BPhs]. Thermal ellipsoids for non-H atoms are drawn at 50% probability while

lattice solvent and BPhs~ anions are removed for clarity.

Unlike [Na(2g)(MeOH)2][BPh4], the crystal structure of the dppf complex,
[Na(4g)][BPha] reveals no solvent to complete the coordination environment of the Na*
ion (Figure 2.4). Instead, the dimer is located about a crystallographic inversion centre
generating a dimer, [Na(4g)]2[BPhs].. Within the dimer the Na* cation adopts a six-
coordinate geometry with an OsS donor set comprising the five O donor atoms of the
benzo-15-crown-5 and one of the dithiolate sulfur atoms which adopts a p? -bridging mode
between Pd and Na* ions (Figure 2.4). The Na—O bond distances to the Na* ion span the
range 2.364(3)-2.513(4) A. The bridging S atom (S12) forms a longer contact to Nal
(2.953(2) A). In turn this leads to some variation in Pd—S bonding, with the bridging sulfur
atom (S12) forming a longer Pd—S bond (Pd-S12 at 2.311(1) A) than Pd1-S11 (2.290(1)
A). Overall this suggests a synergistic interplay between Na—S and Pd—S bonding within
these dimers, comparable to Pd-S bond length differences observed between monodentate
and bridging S atoms in dimeric [(dmobdt)Pd(PPhs)].."

2.3.4. Electrochemical Studies

The electrochemistry of the benzo-15-crown-5 complexes 2g—-5g were studied by
cyclic voltammetry (Figure 2.5) and a summary of electrochemical data presented in Table
2.3.
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Figure 2.5. Cyclic voltammograms of complexes 2g-5g using a 0.10 M ["BusN][PFs]
supporting electrolyte in CH2Cl with scan rate of 100 mV/s.

All four complexes exhibit a reversible redox wave at ca. 0.5 V vs. Ag/AgCl,
comparable with that previously reported for M(dmobdt)(dppe) (M = Pd, Pt, 2a and 3a
respectively).!* A second oxidation is observed at higher potential (ca. 1.2 V) for 2g and
3g and two additional redox waves observed for the dppf derivatives 4g and 5g. The peak-
to-peak separations for the first redox process (AEp, = 73-110 mV) for 2g-5g are slightly
larger than the value of 57 mV expected for an ideal Nernstian process, but more varied
for subsequent oxidation processes (Table 2.3), consistent with the quasi-reversible nature
of the later oxidation processes. DFT studies (B3LYP/6-31G* with an LACV3P* effective
core potential for Pd) reveal that both the HOMO of 2g and the a-HOMO of 2g* are
dithiolate-based MO’s supporting both oxidation processes being ligand-based (Figure
2.6).

Removal of the first electron from the complex leads to the expected orbital energy
lowering upon oxidation, shifting the second redox wave to more positive potential. For
the dppf derivatives 4g, DFT studies again support the initial redox wave as being
dithiolate-based (Figure 2.7) with the highest ferrocene-based MOs corresponding to the
HOMO-2 and HOMO-3 (Figure 2.6). As with 29, oxidation lowers the orbital energies of

49, leading to a benzenedithiolate-based radical with a near triply degenerate set of orbitals
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(HOMO-1 to HOMO-3), two of which are ferrocene-based and one dithiolate based. At

this level of theory the oxidation of 4g™ is expected to be dithiolate based with subsequent

oxidations ferrocene based.

Table 2.3. Electrochemical data for benzo-15-crown-5-dithiolate complexes of palladium

and platinum with auxiliary dppe and dppf ligands (qr = quasi-reversible and reflects

oxidation processes in which a maximum can be found in the return wave; ir —

irreversible and show no clear maximum in the return wave)

Compound Ep,ox ) Ep,red Ep,ox, Ep,red Ep,ox ; Ep,red
E1/2, AEpp E1/2, AEpp E1/2, AEpp
Pd complexes
29 0.517, 0.432 1.200, 1.1419"
0.475, 0.085 1.171, 0.059
[Na(29)]* 0.612, 0.510 0.951" 1.342,1.135
0.561, 0.102 1.239, 0.207
ity 0.495, 0.422 1.090, 0.983%" 1.299,1.159%"
0.459, 0.073 1.037, 0.107 1.229, 0.140
[Na(49)]* 0.599, 0.527 0.925,4" 1.134,1.039
0.563, 0.072 1.087, 0.095
Pt complexes
39 0.584, 0.506% 1.251"
0.545, 0.078
[Na(39)]* 0.655, 0.544 0.993'
0.600, 0.111
59 0.572, 0.462 1.202, 1.068%" 1.372, 1.242%"
0.517,0.110 1.135,0.134 1.307, 0.130
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Figure 2.6. DFT computed orbital energies (B3LYP/6-31G* with LACV3P* for Pd and
Na) for 2g, 2g™ and [Na(2g)]" For cationic 2g" the energies of the one-electron orbitals
corresponding to “spin-up” (a) electrons and “spin-down” (3) electrons derived from the

UHF calculation are presented.
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Figure 2.7. DFT computed orbital energies (B3LYP/6-31G* with LACV3P* for Pd and
Fe) for 4g and 4g*. For cationic 4g* the energies of the one-electron orbitals
corresponding to “spin-up” (a) electrons and “spin-down” (b) electrons derived from the

UHF calculation are presented.
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Coordination of Na* to the benzo-15-crown-5 complexes (2g, 4g and 5g) leads to a
shift of ca. +100 mV in the first oxidation potential of these complexes (Figure 2.8), as
reflected in the DFT studies (Figure 2.7) which show a lowering of the frontier orbital
energies of [Na(2g)]" in relation to 2g. Similar positive shifts in redox potential have been
observed for other redox active groups attached to crown ethers such as TTF studied by
Hansen and Bryce (up to 120 mV).?? The additional oxidation process for both [Na(2g)]*
and [Na(4g)]" around 0.95 V corresponds to the irreversible oxidation of the BPhs
counterion.
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Figure 2.8. Cyclic voltammograms of complexes 2g and 4g and their Na* complexes,
[Na(2g)]" and [Na(4g)]* using a 0.10 M ["BusN][PFe] supporting electrolyte in CH.Cl>
with scan rate of 100 mV/s.

2.3 Conclusion & Future Work

The current study has expanded the range of tetrathiocins available for oxidative
addition chemistry to low valent metals through a convenient one-pot process. This
methodology has been highlighted by incorporating a crown ether functional group into
the backbone, which provides a highly flexible two-step synthetic route to metal—dithiolate
complexes via (i) tetrathiocin synthesis and (ii) a one-pot self-assembly of the coordination
complex. This should be broadly applicable to a range of transition metals. Preliminary

studies indicated similar oxidative addition chemistry with low oxidation state p-block
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elements, exemplified by P(1).% For the transition metal reactivity, the oxidative addition
will likely support a range of other auxiliary ligands in addition to phosphines. The
oxidative addition of tetrathiocins to the d-block metals nickel and cobalt with supporting
N-donor and Cp groups is described in Chapters 3, 4, and 5, while the oxidative addition

chemistry to low oxidation state p-block compounds is described in Chapter 6.

2.4. Experimental
2.4.1. General Procedures

Unless otherwise stated all chemicals were purchased from Sigma-Aldrich, Strem
or Alfa Aesar. Tetrathiocins 1a—1d were prepared according to a modified procedure and
their analytical data matched the literature report.'® N,N’- Dimethylbenzimidazole was
prepared from literature methods.?* Pd.dbas-CHCIls and Ptcdbas-CH.Cl. were prepared
according to the literature methods.?>? Pt.dbas-CH,Cl, is known? to often be sub-
stoichiometric in Pt and micro- analytical data were recorded on each batch prepared before
use. In our hands the quantity of Pt persistently fell close (x = 1.9-2.0) to the stoichiometric
value. Standard solvents were dried and deoxygenated using an Innovative Technology
Solvent Purification System and manipulation of air-sensitive materials carried out under
an atmosphere of dry nitrogen using standard Schlenk techniques and a dry-nitrogen glove
box (MBraun Labmaster). Microwave reactions were carried out in sealed vessels using a
Biotage Initiator 1 microwave.

2.4.2. Physical Measurements

Elemental compositions were determined on a PerkinEImer 2400 Series Il CHNS/O
Analyzer. UV-Vis spectra were measured on an Agilent 8453 spectrophotometer using ca.
2 x 1072 M solutions in a 1:1 mixture of dichloromethane and acetonitrile in the range 200—
800 nm. IR spectra were obtained using a Bruker Alpha FT-IR spectrometer equipped with
a Platinum single reflection diamond ATR module. NMR spectra were recorded at room
temperature on a Bruker Avance Ultrashield 300 MHz. Chemical shifts are reported in ppm
relative to internal standards for *H using CDCls (*H & = 7.26 ppm, s), DMSO-ds (*H & =
2.50 ppm, quintet), or MeCN-ds (H & = 1.94 ppm, septet) as an internal reference point
relative to MesSi (5 = 0 ppm) and external standard for 3'P (85% HsPO4 = 0 ppm). Mass
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spectra were recorded on a Waters XEVO G2-XS spectrometer specifically using the
atmospheric solids analysis probe in positive resolution mode (ESI+) or on a Waters
Micromass LCT Classic Electrospray lonization Time of Flight (ESI-TOF) mass
spectrometer operated in positive mode. Electrochemical studies were undertaken using a
BAS electrochemical instrument controlled through BAS epsilon software using scan rates
between 100 and 500 mV s . Samples were measured using a degassed CHCl, solution
of 0.10 M ["BusN][PFe] supporting electrolyte and a 3.0 M NaCl reference electrode at

room temperature.

2.4.3. X-Ray Crystallography

Crystals of the metal complexes were mounted on a cryoloop with paratone oil and
examined on either a Bruker D8 Venture diffractometer equipped with Photon 100 CCD
area detector or a Bruker APEX-II diffractometer with CCD detector using graphite-
monochromated Mo-Ka radiation (L =0.71073 A). An Oxford Cryostream cooler was used
to maintain cryogenic temperatures for these studies. Data were collected using the APEX-
Il software?” integrated using SAINT?® and corrected for absorption using a multi-scan
approach (SADABS).?° Final cell constants were determined from full least squares
refinement of all observed reflections. The structures of 2c-2f were solved by direct
methods (SHELXS),* [Na(2g)(MeOH)][BPh4] was solved using charge flipping methods
(olex2.solve),®! while all other structures were solved using intrinsic phasing (SHELXT).%2
All structures were refined with full least squares refinement on F? using either SHELXL®®
or Olex2 software.®! In structures 2b, 2g, 3b, and 4g there were regions of poorly resolved
electron density located in voids indicative of residual lattice solvent that could not be
modelled sensibly. These were treated with a solvent mask using PLATON SQUEEZE.3
All hydrogen atoms were added at calculated positions and refined isotropically with a
riding model.

2.4.4. Computational Methods

Geometry-optimized DFT calculations on 2g, 2g™ and [Na(2g)]* as well as 4g and

[Na(4g)]* were made within Jaguar and visualized using the Maestro GUI.3® Geometry

optimization used the B3LYP functional and 6-31G* basis set for all non-metals and the
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LACV3P* basis set for Na, Pd and Fe. The crystallographic geometry was implemented as
an initial starting point for these calculations. The extent of solvation of the Na* ion in
[Na(2g)]" and [Na(4g)]" in solution is unknown and likely solvent dependent. For these
qualitative studies the methanol solvate molecules in the cation [Na(2g)(MeOH)2]" were
omitted and the donor S-atom making up the coordination environment of the sodium ion
in [Na(4g)]* was similarly omitted. For the paramagnetic species 2g* and 4g* an
unrestricted Hartree Fock approach was implemented.
2.4.5. Synthesis of benzo-18-crown-6-1,2,5,6-tetrathiocins (1h)

Benzo-18-crown-6 (1.40 g, 4.46 mmol) was added to 10 mL of degassed glacial
acetic acid under a nitrogen atmosphere. S>Cl, (0.37 mL, 4.5 mmol) was added dropwise
to the solution, and the solution was stirred for 14 days, undergoing a color change from
yellow to green and finally forming a yellow precipitate in solution. The solution was
vacuum filtered and washed with Et2O (2 x 10 mL). The yellow solid was dried in vacuo
(1.67 g, 34%). A sample was redissolved in CH2Cl, (15 mL), washed with H20 (3 x 20
mL) to remove trace HOAC, dried over MgSQOg4, and dried was used for characterization.

HRMS (ESI+) m/z: [M]" calc. for Cs2H44012S4" 748.1716. Found 748.1703.

MS (ESI+) m/z: [M + K]* calc. for C32H4012S4K* 787.1. Found: 787.1.

Elemental Analysis calc. for C32Ha4012S4-CH2Cl2: C 47.53; H 5.56. Found: C
47.32; H5.47.

IR vmax (cm™): 2861 (br, m), 1633 (w), 1571 (m), 1554 (m), 1488 (s), 1448 (s),
1352 (s), 1351 (s), 1312 (m), 1256 (vs), 1203 (vs), 1090 (vs), 1046 (vs), 968 (s), 954 (s),
942 (s), 912 (m), 881 (m), 868 (s), 839 (m), 803 (s), 678 (w), 645 (w), 611 (w), 552 (W),
510 (w), 462 (w), 446 (w).

2.4.5. Synthesis of 1,1-dimethyldioxolobenzene-1,2,5,6-tetrathiocin (1i)
2,2-dimethyl-1,3-benzodioxole, (1.00 g, 6.60 mmol) was added to 20 mL of
degassed glacial acetic acid under a nitrogen atmosphere. S2Cl> (0.53 mL, 6.6 mmol) was
added dropwise to the solution, and the solution was stirred for 7 days, undergoing a color
change from yellow to green and finally forming a yellow precipitate in solution. The
solution was vacuum filtered and washed with Et,O (2 x 10 mL). The yellow solid was

dried in vacuo (0.591 g, 42%).
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Elemental Analysis calc. for C1gH1604S4: C 47.53; H 5.56. Found: C 47.31; H
3.60.

2.4.5. Synthesis of (deobdt)Pd(dppe) (2b)

Pd2dbaz-CHCI3 (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1b (0.050 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added, and the suspension was heated in the microwave
for 20 min at 150 °C. The resultant pink solid was isolated from a pale-yellow solution by
filtration. The precipitate was washed with hexanes and dried in air (0.133 g, 83% yield).
The solid was recrystallized from a saturated CH,Cl, solution layered with hexanes to
produce red needles suitable for X-ray diffraction.

H NMR (300 MHz, ppm, CDCls) 81 = 7.88-7.81 (8H, m, phosphine m-H), 7.51—
7.44 (12H, m, phosphine o,p-H), 6.93 (2H, s, benzo C-H), 3.97 (4H, q, J = 6.9 Hz, O—CH)>),
2.51 (4H, d, 2Jp_n = 20.7 Hz, PCHy), 1.36 (6H, t, J = 6.9 Hz CH3).

3P NMR (121 MHz, ppm, CDCl3) §p{*H} = 51.73.

HRMS (ESI-TOF) m/z: [M + H]* calc. for CzsH3s702P.S,Pd™ 733.0757; found
733.0767.

Elemental Analysis calc. for C3sH3s02P2S,Pd: C 58.98, H 4.95%; found: C 58.92,
H 4.87%.

IR (Vmax, cm™1): 3050(w), 2974(m), 2901(w), 1583(w), 1463(s), 1434(vs), 1389(m),
1337(m), 1235(vs), 1148(s), 1101(s), 1046(s), 998(w), 877(m), 820(m), 745(m), 690(vs),
528(vs), 483(m).

2.3.6. Synthesis of (doxlbdt)Pd(dppe) (2c)

Pd2dbas-CHCI3 (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1c (0.040 g 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added, and the suspension was heated in the microwave
for 20 min at 150 °C. The resultant dark red solid was isolated from a pale-yellow solution
by filtration. The precipitate was washed with hexanes and dried in air (0.125 g, 83% yield).
The solid was recrystallized from a saturated CH2Cl. solution layered with hexanes to

produce red-orange needles suitable for X-ray diffraction.
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'H NMR (300 MHz, ppm, CDCls) 81 = 7.87-7.81 (8H, m, phosphine m-H), 7.51—
7.44 (12H, m, phosphine o,p-H), 6.85 (2H, s, benzo C-H), 5.82 (2H, s, O—CH>—-0), 2.51
(4H, d, 2Jp-n = 20.7 Hz, PCH>).

3P NMR (121 MHz, ppm, CDCls3) 8p{*H} = 51.52.

HRMS (ESI-TOF) m/z: [M + H]* calc. for CasH290,P2S,Pd* 689.0131; found
689.0153.

Elemental Analysis calc. for Cs3H2302P.S2Pd-1/8CH2Cl2: C 56.87, H 4.05%;
found: C 57.07, H 3.82%.

IR (Vmax, cM1): 3052(w), 2888(w), 1498(w), 1454(vs), 1435(s), 1309(w), 1216(vs),
1102(m), 1036(m), 998(w), 928(m), 819(m), 745(m), 690(s), 662(m), 527(s), 480(m).

2.4.7. Synthesis of (doxbdt)Pd(dppe) (2d)

Pd2dbas-CHCI3 (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1d (0.043 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 min at 150 °C. The resultant red-orange solid was isolated from a pale-yellow
solution by filtration. The precipitate was washed with hexanes and dried in air (0.137 g,
89% yield). The solid was recrystallized from a saturated CH2Cl> solution layered with
hexanes to produce red-orange needles suitable for X-ray diffraction.

'H NMR (300 MHz, ppm, CDCls): 84 = 7.87—7.81 (8H, m, phosphine m-H), 7.49—
7.43 (12H, m, phosphine o,p-H), 6.89 (2H, s, benzo C-H), 4.13 (4H, s, O—CH>—CH>—-0),
2.50 (4H, d, 2Jp_1 = 20.7 Hz, PCHy).

3P NMR (121 MHz, ppm, CDCl3) §p{*H} = 51.63.

HRMS (ESI-TOF) m/z: [M + H]" calc. for Cs4H3102P2S,Pd* 703.0287; found
703.0265.

Elemental Analysis calc. for CasHz002P2S2Pd-1/SCH2Cl2: C 57.05, H 4.26%;
found: C 57.07, H 4.13%.

IR (Vmax, cm™): 3052(w), 2972(w), 2917(w), 2869(w), 1556(m), 1458(vs),
1435(vs), 1289(vs), 1246(vs), 1093(s), 1067(s), 894(m), 749(m), 690(vs), 529(vs), 483(m).
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2.4.8. Synthesis of (doxebdt)Pd(dppe) (2¢e)

Pd2dbaz-CHCIz (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
le (0.046 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 min at 150 °C. The resultant dark red-brown solid was isolated from a pale-yellow
solution by filtration. The precipitate was washed with hexanes and dried in air (0.122 g,
78% vyield). The solid was recrystallized from a saturated CH2Cl> solution layered with
hexanes to produce orange needles suitable for X-ray diffraction.

'H NMR (300 MHz, ppm, CDCls): 64 = 7.86-7.80 (8H, m, phosphine m-H), 7.50—
7.45 (12H, m, phosphine o,p-H), 7.03 (2H, s, benzo C-H), 3.99 (4H, t, J = 5.1 Hz, O—CH:-
CH2—CH2-0), 2.50 (4H, d, 2Jp-11 = 21.0 Hz, PCH>), 2.06 (2H, apparent triplet, J = 5.1 Hz,
O—-CH2—CH2—CH.-0).

3P NMR (121 MHz, ppm, CDCl3) §p{*H} = 51.96.

HRMS (ESI-TOF) m/z: [M + H]* calc. for CasHz30.P2S,Pd* 717.0444; found
717.0462.

Elemental Analysis calc. for CssH3202P2S2Pd-1/4CH2Clo: C 57.34, H 4.44%j;
found: C 57.17, H 4.30%.

IR (Vmax, cm1): 3072(w), 2953(w), 2865(w), 1467(vs), 1450(vs), 1435(vs),
1382(m), 1296(m), 1264(vs), 1250(s), 1096(s), 1046(s), 874(m), 690(vs), 528(vs), 482(m).

2.4.9. Synthesis of (dmbimdt)Pd(dppe) (2f)

Pd2dbaz-CHCIz (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1f (0.049 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 mins at 150 °C. The resultant dark purple solid was isolated from a pale solution by
filtration. The precipitate was washed with hexanes and dried in air (0.104 g, 65% yield).
The solid was recrystallized from a saturated CH.Cl, solution layered with hexanes to
produce red needles suitable for X-ray diffraction.

H NMR (300 MHz, ppm, CDCls): 84 = 7.90-7.80 (8H, m, phosphine m-H), 7.48-
7.45 (12H, m, phosphine o,p- H), 7.00 (2H, s, benzo C—H), 3.28 (6H, s, NCH3), 2.52 (4H,
d, 2Jpn = 20.7 Hz, PCH>).

54



31p NMR (121 MHz, ppm, CDCls3) 5p{*H} = 51.66.

HRMS (ASAP) m/z: [M + H]* calc. for CssH33sN20P,S,Pd* 729.0556; found
729.0561.

Elemental Analysis calc. for CssH32N202P2S2Pd: C 57.65, H 4.42, N 3.84%;
found: C 57.62, H 4.38, N 3.47%.

IR (Vmax, cm1): 3048(w), 2960(w), 2915(w), 1690(C=0, vs), 1580(m), 1496(m),
1483(m), 1435(s), 1398(m), 1378(m), 1319(w), 1261(s), 1187(w), 1101(s), 1081(m),
1027(m), 998(m), 941(w), 876(w), 820(m), 730(s), 691(s), 650(s), 617(m), 582(m), 530(s),
482(m).

2.4.10. Synthesis of (b-15-c-5-dt)Pd(dppe) (29)

Pd2dbasz-CHCI3 (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1g (0.073 g 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 mins at 150 °C. The resultant pink microcrystalline solid was isolated from a pale
yellow solution by filtration. The precipitate was washed with hexanes and dried in air
(0.172 g, 94% vyield). The solid was recrystallized from the slow diffusion of Et>O into a
saturated MeCN solution to produce bright red needles of 2g suitable for X-ray diffraction
(61% vyield for recrystallized material).

!H NMR (300 MHz, ppm, CDCls): 61 = 7.87-7.79 (8H, m, phosphine m-H), 7.51—
7.42 (12H, m, phosphine o,p-H), 6.93 (2 H, s, benzo C-H), 4.06-4.01 (4H, m, crown C—
H), 3.86-3.81 (4H, m, crown C—H), 3.75-3.71(8H, m, crown C—H), 2.51(4H, d, 2Jp1 = 20.8
Hz, PCH>); (300 MHz, DMSO-d¢): o1 = 7.86—7.77 (8H, m, phosphine m-H), 7.62 —7.57
(12H, m, phosphine o,p-H), 6.72 (2H, s, benzo C-H), 3.92-3.85 (4H, m, crown C—H),
3.74-3.69 (4H, m, crown C-H), 3.62-3.59 (8H, m, crown C—H), 2.64 (4H, d, 2Jp = 20.2
Hz, PCH2); (300 MHz, ppm, MeCN-ds) on = 7.85-7.76 (8H, m, phosphine m-H), 7.57—
7.47 (12H, m, phosphine o,p-H), 6.72 (2 H, s, benzo C-H), 3.96-3.91 (4H, m, crown C—
H), 3.75-3.70 (4H, m, crown C—H), 3.61-3.56 (8H, m, crown C-H), 2.63 (4H, d, 2Jpn =
20.5 Hz, PCHy).

3P NMR (121 MHz, ppm, DMSO-ds) 8p{*H} = 53.52; (121 MHz, ppm, MeCN-
ds) SP{*H} = 52.89.
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HRMS (ESI-TOF) m/z: [M + H]" calc. for CaoH4205P2S,Pd* 835.1076; found
835.1097.

Elemental Analysis calc. for CsoHs205P2S,Pd-12CH,Cl: C 55.42, H 4.95%;
found: C 55.36, H 5.14%.

IR (Vmax cM™1): 2923(m), 2862(m), 1474(s), 1450(s), 1435(vs), 1244(s), 1134(m),
1102(vs), 1064(m), 876(w), 713(m), 703(s), 691(vs), 528(s), 481(m).

2.4.11. Synthesis of (dmdoxlbdt)Pd(dppe) (2i)

Pd2dbaz-CHCI3 (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1i (0.046 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 mins at 150 °C. The resultant dark purple solid was isolated from a pale solution by
filtration. The precipitate was washed with hexanes and dried in air (0.104 g, 65% yield).
The solid was recrystallized from a saturated CH.Cl, solution layered with hexanes to
produce red needles suitable for X-ray diffraction.

H NMR (300 MHz, ppm, CDCls) 1 = 7.87-7.84 (8H, m, phosphine m-H), 7.54—
7.41 (12H, m, phosphine o,p-H), 6.88 (2H, s, benzo C—H), 2.45 (4H, d, 2Jp-n = 22.9 Hz,
PCHy), 1.70 (6H, s, O—C(CHj3)>-0).

3P NMR (121 MHz, ppm, CDCl3) §p{*H} = 51.40.

Elemental Analysis calc. for CasH2802P2S2Pd: C 57.52, H 4.15%; found: C 57.07,
H 3.82%.

IR (Vmax cm™1): 3053(w), 2983(w), 1466(m), 1377(w), 1217 (s), 1098(m), 1093(s),
843(m), 744(w), 691(s), 521(vs), 477(m), 432(w).

2.4.12. Synthesis of [(b-15-c-5-Na-dt)Pd(dppe)][BPha4] ([Na(2g)(MeOH)2][BPha])

Pd2dbasz-CHCI3 (0.100 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1g (0.073 g 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 mins at 150 °C. The resultant pink microcrystalline solid was isolated from a pale
yellow solution by filtration. The precipitate was washed with hexanes and dried in air
(0.172 g, 94% yield). The solid was recrystallized from the slow diffusion of Et20 into a

saturated MeCN solution to produce bright red needles of 2i suitable for X-ray diffraction
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'H NMR (300 MHz, ppm, DMSO-dg): 8+ = 7.82-7.79 (8H, m, phosphine m-H),
7.55-7.53 (12H, m, phosphine o,p-H), 7.17-7.15 (8H, m, borate C—H), 6.94-6.89 (8H, m,
borate C—H), 6.81-6.76 (4H, m, borate p-C—H), 6.71 (2H, s, benzo C—H), 3.93-3.90 (4H,
m, crown C—H), 3.70 (4H, m, crown C—H), 3.59 (8H, br s, crown C—H), 2.73 (4H, d, 2Jpn
= 21.1 Hz, PCHy); (300 MHz, ppm, MeCN-ds3) &n = 7.77 — 7.75 (8H, m, m-H), 7.56-750
(12H, m, o,p-H), 7.26 (8H, br s, borate C—H), 6.99 (8H, t, J = 7.2 Hz, borate C—H), 6.85-
6.83 (4H, brd, J=3.3 Hz, borate C—H), 5.45 (2H, s, benzo C—H), 4.03 (4H, s, crown C—H),
3.76 (4H, s, crown C—H), 3.66 (8H, s, crown C—H), 2.62 (4H, 2.66-2.59, d, 2Jpr = 21.3 Hz,
PCH>).

3P NMR (121 MHz, ppm, DMSO-ds) 8p{*H} = 53.59; (121 MHz, ppm, MeCN-
d3); SP{'H} = 54.12.

HRMS (MALDI-MS) m/z: [M]" calc. for C4oH20sP.S;PdNa* found: 857.0895;
found: 857.0896.

Elemental Analysis calc. for CesHe2BNaOsP2S,Pd-MeOH C 64.55, H 5.50%;
found: C 64.78, H 5.21%.

IR (vmax cm™1): 3053(w), 2911(w), 2876(w), 1585(w), 1480(m), 1455(m), 1433(m),
1383(w), 1357(w), 1348(w), 1307(w), 1244(s), 1184(m), 1118(m), 1101(s), 1093(s),
1051(m), 1030(m), 998(w), 972(w), 927(m), 876(m), 858(w), 849(w), 840(m), 821(m),
747(s), 733(s), 704(vs), 690(vs), 623(w), 610(s), 530(s), 523(s), 482(s), 430(w).

2.4.13. Synthesis of (deobdt)Pt(dppe) (3b)

Ptodbas-CH.Cl> (0.133 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and
tetrathiocin 1b (0.050 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave
vial in the glove box. Dry toluene (5 mL) was added and the suspension was heated in the
microwave for 60 min at 150 °C. The resultant solution was stirred overnight and a yellow-
brown solid was isolated from a pale orange solution by filtration. The precipitate was
washed with hexanes and dried in air (0.103 g, 57% yield). The solid was recrystallized
from a saturated CH2Cl> solution layered with hexanes to produce clear yellow plate-
shaped crystals suitable for X-ray diffraction.
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'H NMR (300 MHz, ppm, CDCls): dn 7.825 (8H, 7.84-7.81, m, phosphine m-H),
7.46 (12H, 7.51-7.40, m, phosphine o,p-H), 7.09 (2H, s, benzo C-H), 3.97 (4H, g9, J=8.4
Hz, CH>), 2.47 (4H, d, 2Jpn = 20.4 Hz, PCH?), 1.36 (6H, t, J = 6.3 Hz, CHy).

3P NMR (121 MHz, CDCls) 8p{*H} = 45.30 with satellites at 56.86 and 33.74
(YJpep = 2816 Hz).

HRMS (ESI-TOF) m/z: [M + H]* calc. for CasH370.P2S,Pt"™ 822.1358; found
822.1306.

Elemental Analysis calc. for CasH3s02P2S:Pt: C 52.61; H 4.42%; found: C 52.47,
H 4.37%.

IR (Vmax, cM™1): 3049(w), 2969(w), 2954(w), 2915(w), 2848(w), 1585(w), 1572(m),
1463(m), 1433(s), 1402(m), 1388(m), 1338(m), 1237(s), 1182(m) 1156(m), 1152(m),
1099(s), 1043(m), 998(m), 917(m), 877(m), 847(m), 815(m), 746(s), 714(s), 693(vs),
654(s), 532(vs), 792(s), 463(m), 438(m).

2.4.14. Synthesis of (doxIbdt)Pt(dppe) (3c)

Ptodbas-CH.CIl> (0.128 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and
tetrathiocin 1c (0.040 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave
vial in the glove box. Dry toluene (5 mL) was added and the suspension was heated in the
microwave for 60 min at 150 °C. The resultant solution was stirred overnight and a yellow-
brown solid was isolated from a pale orange solution by filtration. The precipitate was
washed with hexanes and dried in air (0.064 g, 38% yield). The solid was recrystallized
from a saturated CH2Cl> solution layered with hexanes to produce clear yellow plate-
shaped crystals suitable for X-ray diffraction.

!H NMR (300 MHz, ppm, CDCls): 8H = 7.845 (8H, 7.87-7.82, m, phosphine, m-
H), 7.47 (12H, 7.51-7.44, m, phosphine o,p-H), 6.99 (2H, s, benzo C—H), 5.84 (2H, s,
O—CH,—0), 2.45 (4H, d, 2Jpn = 17.4 Hz, PCH>).

31P NMR (121 MHz, ppm, CDCls): 8P {*H} = 41.60 with satellites at 56.46 and
26.70 (Npep = 3622 Hz).

HRMS (ESI-TOF) m/z: [M + HJ]" calc. for Cs3H2002P2S,Pt" 778.0732; found
778.0695.
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Elemental Analysis calc. for CasH2302P2S2Pt-%2 CH2Cl>: C 48.33; H 3.44%); found:
C 48.11; H 3.60%.

IR (Vmax, cm™1): 3050(w), 2860(w), 1494(w), 1472(m), 1455(s), 1435(s), 1405(m),
1350(w), 1310(w), 1220(s), 1102(m), 1064(m), 1035 (m), 998(w), 949(w), 933(m), 877
(m), 842(m), 820(m), 745(m), 688(s), 655(m), 527(s), 495(m), 439(m).

2.4.15. Synthesis of (doxbdt)Pt(dppe) (3d)

Pt.dbas-CH.Cl> (0.138 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1d (0.043 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 60 min at 150 °C. The resultant solution was stirred overnight and a brown-orange solid
was isolated from a pale yellow solution by filtration. The precipitate was washed with
hexanes and dried in air (0.0632 g, 37% yield). The solid was recrystallized from a
saturated CH>Cl, solution layered with hexanes to produce clear yellow plate-shaped
crystals suitable for X-ray diffraction.

'H NMR (300 MHz, ppm, CDCls): 61 = 7.82 (8H, 7.83-7.81, m, phosphine m-H),
7.45 (12H, 7.46-7.44, m, phosphine o,p-H), 7.04 (2H, s, benzo C—H), 4.13 (4H, s,
O—CH2—CH2-0), 2.45 (4H, d, 2Jpn = 18.3 Hz, PCH>).

3P NMR (121 MHz, ppm, CDCls): 8p{*H} = 41.60 with satellites at 56.50 and
26.71 ({Jpep = 3622 Hz).

HRMS (ESI-TOF) m/z: [M + HJ]" calc. for C34H3102P2S,Pt" 703.0287; found
703.0265.

Elemental Analysis calc. for CzsHz002P2S:Pt-1/4CH2Cl: C 50.23; H 3.72%);
found: C 50.50; H 3.49%.

IR (Vmax, cm™1): 3045(w), 2912(w), 2865(w), 1554(m), 1458(m), 1449(m), 1433(s),
1376(w), 1349(w), 1287(s), 1245(s), 1186(w), 1169(w), 1101(m), 1091(s), 1062(s),
1027(m), 998(m), 910(m), 893(m), 880(m), 854(m), 749(m), 742(m), 714(s), 703(s),
688(Vvs), 528(vs), 483(s).
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2.4.16. Synthesis of (doxebdt)Pt(dppe) (3e)

Ptodbas-CH.Cl> (0.128 g, 0.056 mmol), dppe (0.087 g, 0.104 mmol) and tetrathiocin
le (0.024 g, 0.056 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 60 min at 150 °C. The resultant solution was stirred overnight and a yellow-brown solid
was isolated from a pale orange solution by filtration. The precipitate was washed with
hexanes and dried in air (0.079 g, 86% yield). The solid was recrystallized from a saturated
CHClI; solution layered with hexanes to produce clear yellow plate- shaped crystals
suitable for X-ray diffraction.

'H NMR (300 MHz, ppm, CDCls): 8w = 7.845 (8H, 7.88-7.81, m, phosphine m-H),
7.455 (12H, 7.47-7.44, m, phosphine o,p-H), 7.12 (2H, s, benzo C—-H), 4.00 (4H, 4.02-
3.98,t,J = 5.4 Hz, O-CH2—CH2>—CH2—0), 2.46 (4H, d, 2Jpry = 18.3 Hz, PCHy>), 2.07 (2H,
2.087-2.053, apparent t, J = 5.1 Hz, O—CH,—CH2—CH>-0).

3P NMR (121 MHz, ppm, CDCls): 8p{*H} = 41.53 with satellites at 56.40 and
26.63 ({Jpp = 3618 Hz).

HRMS (ESI-TOF) m/z: [M + H]" calc. for CssH3102P2S,Pt" 806.1045; found
806.1049.

Elemental Analysis calc. for CasH3z002P2S2Pt-1%CH,Cl2: C45.05; H 3.46%;
found: C 44.93; H 3.56%.

IR (Vmax, cm™1): 3048(w), 2953(w), 2860(w), 1585(vw), 1572(vw), 1537(vw),
1483(m), 1468(m), 1449(s), 1409(m), 1381(m), 1335(w), 1296(m), 1252(s), 1184(m),
1160(w), 1097(s), 1043(s), 983(m), 948(w), 878(m), 820(w), 746(m), 688(vs), 654(s),
634(m), 528(vs), 489(m), 480(m), 447(m).

2.4.17. Synthesis of (dmbimdt)Pt(dppe) (3f)

Pt.dbas-CH.Cl> (0.138 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1f (0.046 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 60 min at 150 °C. The resultant solution was stirred overnight and a yellow-brown solid
was isolated from a yellow solution by filtration. The precipitate was washed with hexanes
and dried in air (0.121 g, 68% yield). The solid was recrystallized from a saturated CH,Cl>
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solution layered with hexanes to produce clear yellow plate-shaped crystals suitable for X-
ray diffraction.

'H NMR (300 MHz, ppm, CDCls): 64 = 7.85 (8H, 7.887-7.802, m, phosphine m-
H), 7.48 (12H, 7.52- 7.45, m, phosphine o,p-H), 7.14 (2H, s, benzo C—H), 3.285 (6H, s,
NCHs), 2.49 (4H, d, 2.524-2.462, 2Jpn = 18.6 Hz, PCHy>).

3P NMR (121 MHz, ppm, CDCls): &p{*H} = 41.63 with satellites at 56.47 and
26.69 ({Jpe.p = 3621 Hz).

HRMS (ESI-TOF) m/z: [M + H]" calc. for C3sH33sN2OP.S,Pt* 729.0556; found
729.0561.

Elemental Analysis calc. for C3sHz202P2S2Pt-%2CH.Cl2: C 48.87; H 3.75%; N
3.26%; found: C 48.22; H 3.61% N 3.26%.

IR (Vmax, cm): 3056(w), 3048(w), 2978(w), 2943(w), 2904(w), 1695(vs),
1582(w), 1504(s), 1481(m), 1435(s), 1398(m), 1357(w), 1320(w), 1293(w), 1262(m),
1243(m), 1137(m), 1098(s), 1079(m), 1027(m), 897(m), 851(m), 741(s), 703(s), 690(vs),
649(m), 618(s), 581(s), 531(vs), 486(s), 476(s), 455(S).

2.4.18. Synthesis of (b-15-c-5-dt)Pt(dppe) (39)

Ptodbas-CH.Cl> (0.138 g, 0.109 mmol), dppe (0.087 g, 0.218 mmol) and tetrathiocin
1g (0.066 g, 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 60 min at 150 °C. The resultant solution was stirred overnight and a yellow-brown solid
was isolated from a yellow solution by filtration. The precipitate was washed with hexanes
and dried in air (0.061 g, 30% yield). The solid was recrystallized from a saturated CH,Cl>
solution layered with hexanes to produce clear yellow plate-shaped crystals suitable for X-
ray diffraction.

'H NMR (300 MHz, ppm, MeCN-d3) 6n = 7.836-7.769 (8H, m, phosphine m-H),
7.53-7.46 (12H, m, phosphine o,p-H), 6.91 (2H, s, benzo C—H), 3.98-3.95 (4H, m, crown
C—H), 3.75-3.72 (4H, m, crown C-H), 3.62—3.57 (8H, m, crown C—H), 2.58 (4H, d, 2JpH
=19.6 Hz, PCH)).

31P NMR (121 MHz, ppm, MeCN-ds): 5p{*H} = 46.44 with satellites at 57.87 and
35.09 ({Jpt.p = 2784 Hz).
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HRMS (ESI-TOF) m/z: [M + H]" calc. for CaoH420sP2S,Pt"™ 923.1597; found
923.1588.

Elemental Analysis calc. for C40H4205P2S2Pt-%2CH.Clz: C 48.65; H 4.29%); found:
C 49.08; H 4.11%.

IR (Vmax, cm™1): 3048(w), 2908(w), 2862(wW), 1584(w), 1483(m), 1449(m), 1434(s),
1405(m), 1356(m), 1346(m), 1308(s), 1246(m), 1193(m), 1132(vs), 1099(s), 1064(m),
1028(m), 996(m), 942(m), 928(m), 878(m), 846(m), 821(m), 750(m), 712(vs), 692(vs),
683(vs), 651(m), 526(vs), 473(s).

2.4.19. Synthesis of [(b-15-c-5-Na-dt)Pt(dppe)][BPh4] ([Na(3g)][BPh4])

Complex 3g (0.020 g, 0.0218 mmol) and NaBPhs (0.010 g, 0.0218 mmol) were
combined in a small 10 mL vial with a 1:1 mixture of CH,Cl, and MeOH (8 mL) and left
to stir for 1 hour under ambient conditions. Crystallization occurred by layering hexanes
on a concentrated CH>Cl2:MeOH mixture to afford yellow crystals suitable for X-ray
diffraction (0.022 g, 79% vyield).

!H NMR (300 MHz, ppm, DMSO-ds): 81 = 7.82-7.74 (8H, m, phosphine m-H),
7.55-7.48 (12H, m, phosphine o,p-H), 7.18-7.11 (8H, m, borate C—H), 6.94-6.83 (8H, m,
borate C—H), 6.81-6.76 (4H, m, borate C—H), 6.74 (2H, s, benzo C—H), 3.95-3.89 (4H, m,
crown C—H), 3.71 (4H, m, crown C—H), 3.64 (8H, br s, crown C—H), 2.63 (4H, d, 2Jpn =
19.6 Hz, PCHy); (300 MHz, MeCN-d3) én = 7.86 — 7.77 (8H, m, phosphine m-H), 7.59-
747 (12H, m, phosphine o,p-H), 7.31-7.24 (8H, m, borate C—H), 7.06-6.96 (8H, m, borate
C—H), 6.88-6.82 (4H, m, borate C—H), 5.47 (2H, s, benzo C—H), 4.08 (4H, s, crown C—H),
3.80 (4H, s, crown C—H), 3.68 (8H, s, crown C—H), 2.60 (4H, d, 2Jpy = 18.9 Hz, PCH).

3P NMR (121 MHz, ppm, DMSO-ds) 3p{*H} = 46.14 with satellites at 57.51 and
34.80 ({Jpep = 2748 Hz); (121 MHz, ppm, MeCN-d3) 8P {*H} = 46.23 with satellites at
57.57 and 34.85 ({Jpt.p = 2749 Hz).

HRMS (ESI(+)) m/z: [M + H]* calc. for CaoH20sP.S;PtNa* 946.1494; found:
946.1492.

Elemental Analysis calc. for CesHs2BOsNaP2S2Pt- 12MeOH: C 59.71, H 4.85 %,
found: C 59.70, H 4.94%.
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IR (Vmax, cm™1): 3052(w), 2980(w), 2917(w), 2873(w), 1684(w), 1654(w),1602(w),
1579(w), 1535(w),1513(w), 1482(m), 1452(m), 1435(s), 1384(w), 1350(m), 1290(w),
1245(m), 1177(m), 1120(m), 1100(vs), 1087(s), 1047(m), 1029(m), 975(w), 938(m),
923(m), 909(m), 878(m), 847(m), 825(m), 798(w), 782(w), 747(m), 733(s), 704(vs),
689(vs), 658(m), 611(s), 533(Vvs), 484(s), 432(w).

2.4.20. Synthesis of (b-15-c-5-dt)Pd(dppf), (49)

Pd2dbaz-CHCI3 (0.100 g, 0.109 mmol), dppf (0.121 g, 0.218 mmol) and tetrathiocin
1g (0.072 g 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the
glove box. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 20 min at 150 °C. The resultant dark solution was filtered off leaving behind a small
amount of dark red solid. The filtrate was evaporated in vacuo to afford dark solid (0.062
g, 57% vyield). Recrystallization of the solid was achieved by layering hexanes on a
concentrated CH.Cl,:MeOH mixture affording yellow crystals suitable for X-ray
diffraction.

'H NMR (300 MHz, ppm, DMSO-dg): 8+ = 7.73-7.67 (8H, m, phosphine m-H),
7.46-7.41 (12H, m, phosphine o,p-H), 6.38 (2H, s, benzo C—H), 4.55 (4H, s, Fc C—H), 4.16
(4H, s, Fc C—H), 3.84-3.82 (4H, m, crown C—H), 3.65 (4H, m, crown C—H), 3.59 (8H, s,
crown C—H); (300 MHz, ppm, MeCN-d3) én = 7.75- 7.73 (8H, m, phosphine m-H), 7.44-
39 (12H, m, phosphine o,p-H), 6.42 (2H, s, benzo C—H), 4.26 (4H, s, Fc C—H), 4.20 (4H,
s, Fc C—H), 3.88-3.86 (4H, m, crown C—H), 3.71-3.69 (4H, m, crown C—H), 3.60 (8H, br
s, crown C—H).

3P NMR (121 MHz, ppm, DMSO-ds) 8p{*H} = 24.97; (121 MHz, ppm, MeCN-
ds) SP{*H} = 25.10.

HRMS (ESI(+)) m/z: [M + H]* calc. for CagHa7FeOsP,S,Pd" 991.0743; found:
991.0726.

Elemental Analysis calc. for CsgHasFeOsP2S2Pd- 1/4CH2Clo: C 57.24, H 4.64 %);
found: C 57.42, H 5.06 %.

IR (Vmax, cm™1): 3053(w), 2911(m), 2865(m), 1480(s), 1450(s), 1435(vs), 1306(w),
1247(s), 1133(m), 1096(s), 1063(m), 931(w), 847(w), 824(w), 746(m), 732(m), 695(vs),
635(w), 546(s), 491(s), 466(m).
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2.4.21. Synthesis of [(b-15-c-5-Na-dt)Pd(dppf)][BPh4] ([Na(4g)][BPha])

Complex 2g (0.089 g, 0.089 mmol) and NaBPhs (0.031 g, 0.089 mmol) were
combined in a small 10 mL vial with a 1:1 mixture of CH2Cl> and MeOH and left to stir
for 1 hour under ambient conditions. Crystallization occurred by layering hexanes on a
concentrated CH.Cl.:MeOH mixture to afford orange crystals suitable for X- ray
diffraction. The yield for this reaction was invariably low, yielding only a few crystals per
reaction attempt.

'H NMR (300 MHz, ppm, DMSO-dg): 3+ = 7.54 (8H, m, phosphine m-H), 7.43
(12H, m, phosphine o,p-H), 6.92 (12H, m, borate C—H), 6.78 (8H, m, borate C—H), 6.41
(2H, s, benzo C—H), 4.54 (4H, s, Fc C—H), 4.16 (4H, s, Fc C—H), 3.85 (4H, m, crown C—H),
3.65 (4H, m, crown C—H), 3.58 (12H, m, crown C—H); (300 MHz, ppm, MeCN-d3) o1 =
7.53 (8H, m, phosphine m-H), 7.27 (12H, m, phosphine o,p-H), 6.99 (12H, m, borate C—H),
6.84 (8H, m, borate C—H), 6.52 (2H, s, benzo C—H), 4.47 (4H, s, Fc C—H), 4.19 (4H, s, Fc
C—H), 3.97 (4H, m, crown C—H), 3.64 (4H, m, crown C—H), 3.58 (12H, s, crown C—H).

31P NMR (121 MHz, ppm, DMSO-ds) §p{*H} = 25.49; (121 MHz, ppm, MeCN-
d3) SP{'H} = 25.78.

HRMS (MALDI-MS) m/z: [M]" calc. for CagHasFeOsP2S;PdNa* 1013.0562;
found 1013.0568.

Elemental Analysis calc. for C72HesBFeOsNaP.S2Pd C 64.85, H 4.99%; found: C
64.50, H 4.95%.

IR (Vmax, CM1): 3049(w), 2153(w), 1982(w), 1579(w), 1480(m), 1454(m),
1433(m), 1385(w), 1351(w), 1242(m), 1179(m), 1126(m), 1095(s), 1058(m), 1031(m),
998(w), 938(w), 927(w), 910(w), 846(m), 823(m), 744(s), 732(s), 704(vs), 693(vs),
631(w), 611(s), 544(m), 527(m), 520(s), 491(vs), 464(vs), 430(s).

2.4.22. Synthesis of [(b-15-c-5-dt)Pt(dppf)][BPh4] (59)

Ptodbaz (0.119 g, 0.109 mmol), dppf (0.121 g, 0.218 mmol) and tetrathiocin 1g
(0.072 g 0.109 mmol) were combined in an oven-dried 5 mL microwave vial in the glove
box. Dry toluene (5 mL) was added and the suspension was heated in the microwave for
60 min at 150 °C. The resultant dark solution was filtered off leaving behind a small amount

of dark brown solid. The filtrate was evaporate in vacuo to afford dark solid (0.062 g, 57%
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yield). The solid was recrystallized from DCM layered with hexanes to produce yellow
plates suitable for X-ray diffraction.

'H NMR (300 MHz, ppm, DMSO-ds): &+ = 7.69-7.66 (8H, m, phosphine m-H),
7.55-7.40 (12H, m, phosphine o,p-H), 6.54 (2H, s, benzo C—H), 4.52 (4H, s, Fc C—H), 4.15
(4H, s, Fc C—H), 3.862-3.830 (4H, m, crown C—H), 3.65 (4H, m, crown C—H), 3.59 (8H,
s, crown C—H); (300 MHz, ppm, MeCN-d3) én = 7.77- 7.71 (8H, m, phosphine m-H), 7.52-
7.49 (12H, m, phosphine o,p-H), 6.59 (2H, s, benzo C—H), 4.44 (4H, s, Fc C—H), 4.21 (4H,
s, Fc C—H), 3.91-3.88 (4H, m, crown C—H), 3.72-3.69 (4H, m, crown C—H), 3.60 (8H, br
s, crown C—H).

3P NMR (121 MHz, ppm, DMSO-ds) SP {*H} = 17.72 with satellites at 29.94 and
5.59 ({pep = 2946 Hz); (121 MHz, ppm, MeCN-ds) 8P {*H} = 17.49 with satellites at 29.70
and 5.33 (1Jpp = 2949 Hz).

HRMS (ESI(+)) m/z: [M + H]" calc. for CsgH4705P2S2PtFe™ 1080.1338; found:
1080.1306.

Elemental Analysis calc. for CsgHasFeOsP2SoPt: C 52.39, H 4.29 %; found: C
53.70, H 4.58 %.

IR (Vmax, cm™1): 3071(w), 3046(w), 2920(w), 2860(w), 1647(w), 1622(w), 1579(W),
1547(w), 1472(m), 1453(m), 1433(m), 1393(w), 1344(w), 1301(m), 1251(m), 1170(m),
1131(s), 1094(m), 1061(m), 1028(m), 982(w), 868(w), 832(w), 748(s), 693(vs), 636(m),
550(m), 530(m) 511(m), 490(s), 464(vs), 436(m)

2.4.23. Synthesis of [(b-15-c-5-Na-dt)Pt(dppe)][BPhas], ([Na(5g)][BPha4])

Complex 5g (0.020 g, 0.0218 mmol) and NaBPhs (0.010 g, 0.0218 mmol) were
combined in a small 10 mL vial with a 1:1 mixture of CH,Cl, and MeOH (8 mL) and left
to stir for 1 hour under ambient conditions. Crystallization occurred by layering hexanes
on a concentrated CH>Cl2:MeOH mixture to afford yellow crystals suitable for X-ray
diffraction (0.022g, 79% yield).

'H NMR (300 MHz, ppm, DMSO-ds): 6n = 7.73-7.64 (8H, m, phosphine m-H),
7.55-7.38 (12H, m, phosphine o,p-H), 7.18-7.11 (8H, m, borate C—H), 6.94-6.86 (8H, m,
borate C—H), 6.81-6.75 (4H, m, borate C—H), 6.54 (2H, s, benzo C—H), 4.53-4.45 (4H, s,
Fc C-H), 4.16-4.12 (4H, s, Fc C—H), 3.85-3.81 (4H, m, crown C—H), 3.66-3.58 (12H, m,
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crown C—H); (300 MHz, MeCN-dz) dn = 7.78-7.66 (8H, m, phosphine m-H), 7.55-7.31
(12H, m, phosphine o,p-H), 7.30-7.18 (8H, m, borate C—H), 7.03-6.90 (8H, m, borate
C-H), 6.88-6.77 (4H, m, borate C—H), 6.70 (2H, s, benzo C—H), 4.45-4.33 (4H, s, Fc C—H),
4.22-4.12 (4H, s, Fc C—H), 4.02-3.92 (4H, m, crown C—H), 3.68-3.53 (12H, m, crown
C-H)

3P NMR (121 MHz, ppm, DMSO-ds) 8p{*H} = 17.47 with satellites at 29.58 and
5.26 ({Jpp = 2943 Hz); (121 MHz, ppm, MeCN-ds) 5p{*H} = 17.80 with satellites at 30.05
and 5.64 (1Jpep = 2954 Hz).

HRMS (ESI(+)) m/z: [M + H]" calc. for C4gHas0sP.S,PtNaFe* 1103.1171; found:
1103.1172.

Elemental Analysis calc. C72HesBFeOsNaP,S;Pt: C 60.81, H 4.68 %; found: C
60.50, H 4.54%.

IR (Vmax, CM1): 3053(w), 2036(w), 3003(w), 2902(w), 2864(w), 1578(w),
1475(m), 1451(m), 1431(m), 1381(w), 1353(w), 1293(w), 1239(m), 1166(m), 1115(m),
1093(s), 1036(m), 997(w), 975(w), 940(w), 919(m), 846(m), 822(m), 735(s), 696(vs),
636(m), 610(m), 550(s), 516(m), 490(vs), 466(vs), 436(m).
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3. TRANSFORMATION BETWEEN MONOMER AND
DIMER FORMS OF COBALT(II1) DITHIOLATE SPECIES

3.1 Introduction

Typically, reactions occur in solution or gas phases where molecules are able to
move freely to orient themselves in an appropriate orientation for a reaction to occur.
Indeed, the orientation factor, along with collision frequency determine the pre-exponential
term, A, in the Arrhenius equation in the collision theory of chemical reactions.!?
Conversely, in the solid state, the relative orientation of molecules is determined by crystal
packing forces, and it is therefore unusual for molecules to adopt molecular packing
arrangements which support chemical reactions in the solid state. When such solid state
chemical reactions occur, they are known as topochemical processes. One of the most well-
studied solid-state reactions is the [2+2] photodimerization of alkenes. The first example
to be investigated by X-ray diffraction was the dimerization of cinnamic acid by Schmidt
et al. in 1964, although this reaction was first described over 20 years earlier by
Bernstein and Quimbly.® These reports indicate that the a-trans-cinnamic acid dimerizes
to a-truxillic acid, whereas B-trans-cinnamic acid dimerizes to B-truxinic acid (Scheme
3.1), provided that the irradiation is carried out at low temperature (< 50 °C) where the
(thermal) B — o phase transition cannot occur.? These studies identified the importance of
the spatial orientation of adjacent molecules in the solid state in order to support the orbital
overlap required for the [2+2] cyclization, highlighted in Schmidt’s rule’ that the double
bonds should be separated by ca 3.5 — 4.2 A. In this context, a range of supramolecular
strategies have been implemented to generate the desired packing arrangements to promote
the [2+2] cycloaddition.®
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a-truxillic acid B-truxinic acid

Scheme 3.1. The [2+2] cyclization of trans-cinnamic acid to produce the a-truxillic acid

and B-truxinic acid (H atoms omitted for clarity).

While the [2+2] cycloaddition process is arguably one of the most well-studied
topochemical processes, it is certainly not unique in solid state chemistry and, generally,
solid state reactions and phase transitions are considered to occur with minimum atomic
and molecular movement.® Single crystal to single crystal (SCSC) transformations have
become particularly topical in recent years,'%? since SCSC reactions can lead to unusual
products due to the geometric constraints imposed by the solid state packing.'® These types
of transformations usually require an external stimulus such as light,** heat,*® vapour® or
solvent,!” or in other cases applying a mechanochemical force.’® In these SCSC
transformation complexes, the structural changes often lead to a change of physical
property such as colour, magnetism, porosity, luminescence, chirality, etc. as well as a
change in coordination number, geometry, and dimensionality.%2°

Such topochemical processes are not limited to organic chemistry and examples of
coordination complexes that exhibit topotactic reactions have been reported, in some cases
more substantial lattice reorganization occurs. For example, Jameson and co-workers?

described the interconversion of [NiXz(dab)]. (X = Cl or Br and dab = N,N'- disubstituted-
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diazabutadiene) into NiXz(dab) on heating to 105 °C, whereupon “a violet reaction front
can be observed advancing through the yellow crystals”. Here the dimeric yellow Ni(II)
complex with trigonal bipyramidal coordination geometry converts to a violet monomeric
Ni(Il) complex with tetrahedral coordination (Figure 3.1). This transformation is
irreversible but topotactic, i.e. the unit cell parameters of monomer and dimer phases are
related. In this case the dimer adopts the monoclinic space group C2/c (a = 20.429(5), b =
7.156(1), c= 20.504(5) A, p = 98.50(2)°) whereas the monomer is monoclinic P2:/n (a =
7.125(3), b = 19.717(10), ¢ = 10.396(5) A, B = 90.91(2)°). Notably the displacement of the

Ni atoms is reported to be over 10 A%

\\ | Br2

Figure 3.1. Crystal structures of (left) dimeric [NiBrz(dab)]> and (right) monomeric
NiBrz(dab).

In the latter example, the breakdown of the dimer into the monomer is associated
with cleavage of two Lewis base/Lewis acid dative bonds between Br and Ni(ll). A similar
transformation has been observed for the organometallic cobalt (I11) complex, CpCo(bdt)
(bdt = benzene dithiolate, CsH4S>?") and its dimer, [CpCo(bdt)]2, described by Miller and
co-workers.?> The monomer is a formal 16e” complex in which the Co(ll) centre is Lewis
acidic and is capable of reacting with strong donors such as phosphites, e.g. P(OMe)s.?®
Conversely the dithiolate S atom is Lewis basic and can donate its lone pair and adopt a
bridging mode, forming a range of complexes with M(CO), [M =Mo or W, n=2; M = Fe,
n = 3)].24? In the absence of a Lewis acid or Lewis base, CpCo(bdt) can dimerize to form
[CpCo(bdt)]2 through formation of two S—Co dative bonds. In this case the process is

reversible: the monomer undergoes a kinetically slow solid-state conversion to the dimer
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at 25 °C, while the dimer can be transformed back to the monomer by heating to
temperatures in excess of 150 °C (Scheme 3.2). DSC studies reveal AH = +18.9 kJ mol™?)

for this process from which the entropy change AS can be estimated as ca. +45 J KX mol
1

s 25°C, 14 days /Cé
2 @[ jcm{)) — s /°
S Co.
T>50°C S

Scheme 3.2. Reaction equilibrium between the monomer CpCo(bdt) and the dimer
[CpCo(bdt)]2.

Structural studies on the monomeric phase indicated it crystallized in the monoclinic space
group P2¢/c with two molecules in the asymmetric unit (Z' = 2). They identified that one
of the two crystallographically independent molecules forms a pair of centrosymmetric
Co...S contacts (Col...SI at 4.70 A). The second crystallographically independent
molecule has a similar but even longer pair of centrosymmetric contacts (Co2...S3 at 5.06
A) (Figure 3.2). In contrast, the dimer phase has half a molecule in the asymmetric unit
with equivalent Col....S2bbonds of 2.27 A, much shorter than the inter-molecular contacts
in the monomer phase. With two molecules in the asymmetric unit of the monomer phase
and just one molecule in the dimer phase, the unit cell volumes are not the same and the
orientation of the crystallographic b-axis is not the same in the two forms. As a

consequence, the reaction is not topotactic (i.e. the two unit cells are not directly related).
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Figure 3.2. Crystal structure of (left) CpCo(bdt), highlighting centrosymmetric
intermolecular Co...S contacts between the two crystallographically independent pairs of

monomers; (right) dimeric structure of [CpCo(bdt)]..

Miller et al. indicated that CpCo(S2C2Rz2) (R = CN, CFsz, H), CpCo[(NH)2CsHa4],
CpCo[(NH)SCeH4] and CpCo(02CeH4) do not dimerize in the solid state and, as a
consequence are unable to exhibit similar solid state transformations. Similarly the stronger
electron-donating effect of the Cp* group makes the Co(lll) centre a weaker Lewis acid
and Cp* cobalt dithiolate complexes appear to be invariably monomeric.2?2° As a
consequence, fine tuning of the dithiolate ligand, may provide insight into this process.
Specifically, electron-donating groups on the benzene ring are anticipated to increase the
Lewis basicity of the S, favoring dimerization. In this context, this Chapter describes the
preparation and characterization of the related cobalt complexes 6-10 (Figure 3.3). We find
that these derivatives exhibit a range of both monomer and dimer phases as well as mixed
phases comprising both monomers and dimers. In the case of 6 a mechanochemically

driven solid state phase transition is observed from monomer to dimer.

74



set | e past

No -0 O-X

R=Me,n=10r2 8 n=1
R=Et,n=1o0r2 9 n=2
10 n=3

Figure 3.3. Novel CpCo(dt) complexes investigated in this study.

3.2 Results and Discussion
3.2.1. Synthesis

Reaction of tetrathiocins la—e with CpCo(CO)2 in a sealed 2—5 mL microwave
reaction vial at 150 °C for 30 min in toluene under microwave irradiation afforded the
corresponding complexes 6-10. After releasing the pressure, the toluene was evaporated,
and the blue residue was taken up in CHCIs, filtered, and dried in vacuo. The resultant
complexes were isolated as dark blue solids by dissolving in the minimum amount of
CH:2Cl> and precipitating with hexanes in 71—75% isolated yield.

'H NMR studies were conducted on complexes 6-10 and reveal a single resonance
for the benzo protons, consistent with a symmetric monomer in solution. In this context,
previous work on dimers of the form [Pt(dmobt)(PPhaz)]. reveal two distinct benzo protons
reflecting benzo H atoms adjacent to chelating S and bridging S atoms.>®> The NMR
spectrum of 6 is shown in Figure 3.4, as representative of this series and comprises a singlet
for the benzo H atoms at 7.51 ppm, a singlet for the Cp ring at 5.40 ppm and a single
resonance for the methoxy group at 3.85 ppm. Low temperature NMR studies in both
deuterated chloroform and deuterated DCM down to ca. —85 °C showed no evidence for
dimer formation. UV-Vis spectroscopy measurements on 6 reveals two absorptions at 291

nm and 538 nm, comparable to similar complexes.®
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Figure 3.4. *H NMR spectrum of 6, in CDCls at room temperature.

3.2.2. Crystal Growth of Complexes

Based on the previous work by Miller et al, crystallization was attempted from both
solution and vacuum sublimation. To date, multiple attempts to generate single crystals of
9 suitable for single crystal X-ray diffraction from either solution or by vacuum sublimation
have proved unsuccessful, although other spectroscopic data (EA, *H NMR and MS)
support its molecular structure. Results of these studies for complexes 6-8 and 10 are
summarized in Table 3.1. Complex 6 was found to exhibit similar behaviour to the parent
CpCo(bdt) in that crystallization from solution afforded selectively a dimer phase whereas
sublimation afforded a monomeric phase. For the di-ethoxy derivative, 7, the behaviour
was more complex. Recrystallization at ambient temperature afforded a cocrystal phase
containing two monomeric and two dimeric units in the asymmetric unit, whereas
recrystallization at low temperature afforded a monomeric phase. Meanwhile, 8 and 10
were both found to crystalize as monomers from solution with phase purity confirmed by

powder X-ray diffraction.
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Table 3.1. Summary of crystallization conditions for 6-10.

Crystallization Conditions

Compound Recrystallization Recrystallization Vacuum
(Fridge temp =18 °C) (Room temp) Sublimation
6 - (6)2 6
7 7 Co-crystal: (7)2-7 -
8 — 8 -
10 - 10 -

3.2.3. Structures of 6 and (6)2

Crystals of (6)2 were grown by slow diffusion of hexanes into a saturated CHCl.
solution. It crystallizes in the monoclinic space group P2i/c with half a molecule in the
asymmetric unit. The structure of the 18e~ dimer adopts a three-legged piano stool
geometry at the Co(l11) centre with the two sulfur atoms and n’-coordinated Cp ring. The
Cp ring is bent out of the C¢S2Co plane such that the angle between the C,S; and CoS;
planes (Figure 3.5) is 22.98°. The C-S bonds are 1.779(2) and 1.760(3) A for C11-S11 and
C12-S12 respectively. The Col-S11 and Col-S12 bond lengths are 2.2309(8) and
2.2499(7) A, while the bridging Co1-S11’ bond length is 2.2672(7) A, consistent with a
dithiolate.®?

Figure 3.5. Crystal structure of (6). with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms have been omitted for clarity.

77



The monomeric form, 6, was isolated through sublimation conditions (+175 °C to
-3 °C) under static vacuum. Complex 6 crystallizes in the orthorhombic space group Pbca
with one molecule per asymmetric unit. The structure of 6 (Figure 3.6) is a two-legged
piano stool in which the fold angle between CoS> and C»S; planes is just 3.23° (c.f. 22.98°
for (6)2] with the Co atom located just 0.044 A from the C¢S2Co mean plane. The Cp ring
plane is essentially perpendicular to the C2S; plane, at 85.03°. The Co—S bond lengths fall
in the range of 2.111(2)—2.128(2) A, ca. 0.1 A shorter than those in (6)2. The C—S bond
lengths are in the range of 1.726(6)—1.733(6) A, comparable with (6)2. The Cp-centroid to
Co distances of 1.657 A for 6 and is comparable with those of other 16e~ cyclopentadienyl
cobalt(Ill) benzenedithiolate structures (1.640—1.656 A) and a little shorter than the
corresponding distance in (6)2 (1.697 A).2228293334 A comparison of the solid state packing
of 6 and (6)2 is presented in section 3.2.5 and the crystallographic parameters found in
Table 3.3.

Figure 3.6. Crystal structure of 6 with thermal ellipsoids drawn at the 50%

probability level. Hydrogen atoms have been omitted for clarity.

3.2.4. Structures of 7, 8 and 10
Recrystallization of 7 from slow diffusion of hexanes into DCM at 25 °C generates
a highly unusual cocrystal comprising both 7 and (7).. The structure comprises two
crystallographically independent monomers and two crystallographically independent half
molecules of [CpCo(deobdt)]> such that the overall composition is (7)2:2(7)-CH2Clo.
(Figure 3.7).
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Figure 3.7. Crystal structure of (7)2-2(7)-CH2Cl> with thermal ellipsoids drawn at the
50% probability level. The CH2Cl> solvate molecule and hydrogen atoms have been

omitted for clarity.

In contrast, recrystallization of 7 at low temperature afforded the pure monomer phase, 7,
with four molecules in the asymmetric unit (Figure 3.8). Similar to 6 and (6)2, the dimer
exhibits a lengthening of Co-S bond lengths with the range found in the monomeric units
to be 2.02(1)-2.130(2) A vs. 2.241(3)-2.256(2) A for the dimeric units found in the
structure of (7)2-2(7)-CH2Cl>. The Cpeentroid-+-Co for the two monomers are 1.646 and 1.656
A, whereas the dimer is again, elongated to 1.706 and 1.702 A for the crystallographically

independent half molecules in the asymmetric unit.

‘ & a S31
Co31 % 3

Figure 3.8. Crystal structure of 7 with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms have been omitted for clarity.
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Crystallization of both 8 and 10 from slow diffusion of hexanes into a saturated DCM
solution at room temperature afforded the 16e- monomer phases (Figure 3.9 and 3.10) with
two molecules in the asymmetric unit (8) and one molecule per asymmetric unit (10)
respectively. These monomer derivatives exhibit similar geometric parameters to 6 and 7
(above) and summarized in Table 3.2.

Figure 3.9. Crystal structure of 8 with thermal ellipsoids drawn at the 50% probability

level. Hydrogen atoms have been omitted for clarity.

o1 ¢ S1

o2

Figure 3.10. Crystal structure of 10 with thermal ellipsoids drawn at the 50%

probability level. Hydrogen atoms have been omitted for clarity.
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Table 3.2. Summary of bond lengths and angles in the monomer crystals of 6, 7, 8 and

10.

Compound

7

8 10

Co-S1 (A)

Co-S2 (A)

S1-C1 (A)

S2-C6 (A)

Cpelane) L C2S2(plane) ®)

Maximum deviation
from CsS2Co plane (A)

Cpeentroid*--Co0 (A)

2.111(2)

2.128(2)

1.726(6)

1.733(6)

85.03

Col 0.044

1.657

2.102(4)
2.102(4)
2.102(4)
2.108(4)
2.124(4)
2.126(4)
2.128(5)
2.122(5)
1.73(1)
1.74(1)
1.75(1)
1.73(1)
1.73(1)
1.74(2)
1.73(1)
1.75(1)
88.71
86.10
89.08
89.87
C102 0.037
$210.035
$320.047
C403 0.019
1.652
1.660
1.667
1.666

2.116(1) 2.116(1)

2.114(1) 2.115(1)

1.730(5) 1.737(3)

1.728(5) 1.732(3)

85.84 85.65

S12 0.028

Co2 0.023 Co1 0.035

1.654 1.655

3.2.5. Phase behaviour of 6

Since complex 6 was found to form both monomer and dimer phases, analogous to

CpCo(bdt), it seemed a strong candidate to explore possible phase transitions between the

two phases. Initial studies commenced with confirmation of the phase purity of both (6)2
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(from recrystallization) and 6 (prepared by sublimation). PXRD studies on both monomeric
and dimeric species revealed good agreement between the experimental PXRD pattern of
the bulk sample and that predicted based on the low temperature SC-XRD structure
determinations (Figure 3.11 and Figure 3.12). There is some similarity in the low angle
PXRD patterns of 6 and (6). but they are readily distinguished through high intensity
reflections corresponding 20 = 12.2° for (6). and 26 = 18.0° and 19.8° for 6. These
correspond to the (0 1 1) and (1 1 4) and (2 0 0) reflections for (6). and 6 respectively.

Variable temperature PXRD on (6)2 revealed no change in PXRD profile up to the
upper limit of the VT-PXRD study, indicating no phase transition from (6). to 6 up to at
least 150 °C (Figure 3.13). To probe the thermal stability further, DSC studies were
undertaken on both (6)2 and 6. The DSC of (6). reveals no thermal event up to the melting
point at 215 °C, consistent with the VT-PXRD studies. DSC studies on 6 shows a slightly
lower melting point at 205 °C (Figure 3.14b). These observations indicate that 6 and (6).
do not interconvert up to their corresponding melting points. However, a heat/cool/re-heat
cycle on (6). revealed the emergence of a second feature around 205 °C, prior to melting
of (6)2 at 215 °C. The latter is consistent with formation of at least some monomer, 6,
during melting of (6).. This leads to a mixture of solid 6 and (6)2, affording features
associated with melting of both 6 (at 205 °C) and (6)2 (at 215 °C) during the reheating cycle
(Figure 3.14a).
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Figure 3.11. Room temperature PXRD profile for (6)> with simulation based on low
temperature SC-XRD (dotted line).

5 10 15 20 25 30
20(°) —>

Figure 3.12. PXRD profile for 6 at room temperature with simulation based on low
temperature SC-XRD (dotted line).
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Figure 3.13. VT-PXRD of pristine (6)> from room temperature up to 150 °C
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Figure 3.14. DSC profile for the phase pure (a) dimeric (6)2 and (b) monomeric 6.
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In addition to these studies, both PXRD and SC-XRD studies were run
concomitantly on freshly sublimed 6, which appeared phase pure by optical microscopy.
The crystalline sample was then gently ground with a pestle and mortar to facilitate
mounting in capillary tubes and unexpectedly revealed a powder pattern consistent with
dimeric (6)2. A second sample was then prepared and carefully treated without grinding
and the experimental PXRD then matched that of monomeric 6 (Figure 3.15). Additional
studies indicated that samples of pristine 6, subject to minimal grinding provided PXRD
patterns comprising a mixture of both 6 and (6). consistent with a mechanochemical
transformation of 6 to (6).. The transition from 6 to (6)> upon grinding can be noted by
monitoring the previously highlighted reflections at 26 = 18.0° and 19.8° for 6 and 26 =
12.2° for (6)2.

5 10 15 20 25 30 35
20(°) »

Figure 3.15. PXRD of 6 at room temperature (solid black line) with simulation (dotted
black line); the green line corresponds to a lightly ground sample of 6 while the solid red
line corresponds to a sample subjected to more sustained grinding. The dotted red line
corresponds to the simulated PXRD pattern based on SC-XRD studies of (6)2.

While there has been no evidence for (6)2 to convert to 6, the irreversible conversion of 6
to (6)2 was intriguing. A comparison of the unit cell parameters for 6 and (6). (Table 3.3)
reveal a commonality of the two phases linked through an approximate halving of the
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crystallographic c-axis, although the change in crystal system from orthorhombic to
monoclinic mitigates against a true topotactic process.

Table 3.3. Unit cell parameters for 6 and (6)2.

6 (6)2
Crystal System Orthorhombic Monoclinic
Space Group Pbca P21/n
a/A 9.0701(4) 8.3163(4)
b/A 7.3043(3) 7.7394(4)
c/A 39.524(2) 20.2842(10)
al® 90 90
pr° 90 101.737(2)
v/° 90 90
VIAS 2618.51 1278.26
Dc/g cm™ 1.645 1.685

Unlike the parent compound CpCo(bdt) which exhibits close Co...S intermolecular
contacts (Figure 3.2) and a pre-orientation of molecules to form dimeric [CpCo(bdt)]2, the
crystal packing structure of 6 and (6). (Figure 3.16) mitigate against a thermally-driven
trivial lattice reorganization analogous to CpCo(bdt): The molecular packing of 6 indicates
four monomer orientations with regard to their spatial displacement along the
crystallographic c-axis (labelled A — D in Figure 3.16 and highlighted in orange, red, light
green and dark green). While the nearest Co...S contacts (4.719(2) A) are comparable to
those in CpCo(bdt), they correspond to contacts between molecules within the same
‘stack’, i.e. of like orientation. The corresponding Co...Co separation between molecules
in columns A/B (and C/D) which are related via the necessary inversion symmetry to
generate (6)2 is 14.489 A. Formation of (6), from 6 therefore requires substantial molecular
displacements. Upon heating (required to increase molecular motion in the solid state), the
conversion of 6 to (6)2 is less likely since it is an entropically disfavored process. Indeed

the DSC data point towards the opposite process, i.e. generation of 6 from pristine (6)2,
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upon melting. The thermodynamic driving force for the current transformation appears to
be the application of pressure through mechanochemistry which favors the denser phase,
(6)2 (Table 3.3).

Figure 3.16 Schematic relationship between molecules in 6 and the structure of (6). (one
pair of molecules in the two phases are highlighted in color to emphasize the translational
relationship along the c-axis).
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Preliminary grinding studies on the monomers 7, 8 and 10 showed no evidence for any

mechanochemical phase transition.

3.3 Conclusions & Future Work

The current study describes the one pot synthesis of a series of n°-cyclo-pentadienyl
cobalt(I11) dithiolate complexes via oxidative addition of tetrathiocins to CpCo(CO).. The
fine energetic balance between 16e- monomer and their dimeric counterparts is reflected in
the polymorphic nature of 6 which crystallizes as 6 and (6)2, as well as 7 which forms 7
and the cocrystal (7)2:2(7)-CH2Cl,. Studies on 6 indicate that 6 does not convert to (6).
thermally but can be driven mechanochemically. Future studies will focus on examining

the thermochemistry and mechanochemistry of complexes 7-10.

3.4 Experimental
3.4.1. General Procedures
Chemicals were purchased from Millipore Sigma or Alfa Aesar. Tetrathiocins la-
1d were prepared according to a modified procedure and their analytical data matched the
literature reports.® Standard solvents were dried and deoxygenated using an Innovative
Technology Solvent Purification System and manipulation of air-sensitive materials
carried out under an atmosphere of dry nitrogen using standard Schlenk techniques and a
dry-nitrogen glove box (MBraun Labmaster). Microwave syntheses were carried out in
sealed vessels using a Biotage Initiator 1 microwave. The microwave reactions to prepare
metal complexes are carried out in a sealed glass vial evolve CO. Using a 2-5 mL
microwave vial and 5 mL of solvent the final pressure was typically between 5 and 10 bar
based on a 0.5 mmol reaction. The vial was cooled back to room temperature before
releasing the pressure.
3.4.2. Physical Measurements
IR spectra were obtained using a Bruker Alpha FT-IR spectrometer equipped with
a Platinum single reflection diamond ATR module. All NMR spectra were recorded on a
Bruker DPX300 UltraShield 300 MHz spectrometer with a Broadband AX Probe using

CDCls (*H & = 7.26 ppm, s; 1*C § = 77.16 ppm) as an internal reference point relative to
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MesSi (6 = 0 ppm). Elemental compositions were determined on a Perkin Elmer 2400
Series Il Elemental Analyzer. Mass spectra were recorded on a Waters XEVO G2-XS in
either ESI(+) or ASAP(+) mode. UV-Vis spectra were measured on an Agilent 8453
spectrophotometer using ca. 2 x 10* M solutions of dichloromethane in the range 200—
800 nm. Melting points were determined using a Stanford Research Systems MPA120 EZ-
Melt Automated Melting Point Apparatus. DSC studies were performed on a Mettler
Toledo DSC 822¢e or a TA Instruments DSC 2500. Samples of approximately 1.5-3.0 mg
were hermetically sealed in pierced aluminium pans which were heated from 25 to 200 °C,
and then cooled back to 25 °C under a nitrogen atmosphere. Heating and cooling rates were
5°C min?,
3.4.3. X-Ray Crystallography

Crystals of the metal complexes were mounted on a cryoloop with paratone oil and
examined on either a Bruker D8 Venture diffractometer equipped with Photon 100 CCD
area detector or a Bruker APEX-II diffractometer with CCD detector using graphite-
monochromated Mo-Ko. radiation (A = 0.71073 A) or Cu-Ka radiation (A = 1.54056 A). An
Oxford Cryostream cooler was used to maintain cryogenic temperatures for these studies.
Data were collected using the APEX-I1 software®® integrated using SAINT®' and corrected
for absorption using a multi-scan approach (SADABS).*® Final cell constants were
determined from full least squares refinement of all observed reflections. The structures of
(6)2, [(7)2-2(7)-DCM], 7, 8, and 10 were solved by direct methods (SHELXS),*® while the
structure of 6 was solved using intrinsic phasing (SHELXT).%° All structures were refined
with full least squares refinement on F? using either SHELXL* or Olex2 software.3! All
hydrogen atoms were added at calculated positions and refined isotropically with a riding
model.

3.4.4. Synthesis of CpCo(dmobdt) (6)2

Tetrathiocin 1a (0.200 g, 0.5 mmol) was placed in a microwave vial under inert
atmosphere to which dry toluene (5 mL) was added. The vial was sealed and CpCo(CO)2
(0.13 mL, 1 mmol) was added via syringe. The mixture was heated in the microwave at
150 °C for 30 minutes to afford a deep blue solution. After slowly releasing pressure from

the vial, the solvent was evaporated by rotary evaporation, the resultant blue solid dissolved
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in CHCls, which was then filtered, evaporated and the dark blue-black solid washed with
Et,O and dried in air (0.262 g, 81% vyield).

'H NMR (300 MHz, ppm, CDCls): 81 = 7.50 (2H, s, benzo C-H), 5.39 (5H, s, Cp
C-H), 3.85 (6H, s, O—CHs).

13C NMR (75 MHz, ppm, CDCls): ¢ = 155.87 (s, aryl O-C), 147.13 (s, aryl S-C),
111.31 (s, benzo-C), 79.35 (s, Cp—C), 56.18 (s, O—CHy3).

HRMS (ASAP) m/z: [M + H]" calc. for C2sH270sS4Cor" 648.9456; found
648.9449.

Elemental Analysis calc. for C26H2604S4C02: C 48.15; H 4.04%; found: C 47.95;
H 4.04%.

Melting Point: 215 °C

UV-Vis (CH2Cl2): Amax (nm), & (mol.Lt.cm™): 291(14200), 638(6720).

IR (Vmax, cm™1): 2830(w), 1580(w), 1553(w), 1497(w), 1484(m), 1471(m), 1434(s),
1418(m), 1345(w), 1317(w), 1240(vs), 1202(s), 1179(s), 1153(w), 1105(w), 1059(w),
1037(vs), 1017(w), 1000(w), 942(w), 924(w), 852(m), 822(vs), 782(s), 682.13(m), 647(w),
583(w), 572.58(w), 445(m).

3.4.5. Synthesis of CpCo(dmobdt) (6)

The complex (6)2 (0.262 g) was placed at the bottom of a 100 mL Schlenk tube
fitted with a greased cold-finger and placed in a Buchi Kugelrohr under a static vacuum.
Initial heating began at 100 °C with isopropyl alcohol circulating at ca.—3 °C. The
temperature was increased by 15 °C each day until temperature reached 175 °C and left for
1 week total. (0.203 g) *H NMR, UV-Vis and IR afforded results matching those of (6)-.

HRMS (ASAP) m/z: [M + H]" calc. for C13H140,S,Co* 324.9767; found 324.9767.

Melting Point: 205 °C

3.4.6. Synthesis of CpCo(deobdt) (7)2:2(7)

Tetrathiocin 1b (0.229 g, 0.5 mmol) was placed in a microwave vial under inert
atmosphere to which dry toluene (5 mL) was added. The vial was sealed and CpCo(CO):
(0.13 mL, 1 mmol) was added via syringe. The mixture was heated in the microwave at
150 °C for 30 minutes to afford a deep blue solution. After slowly releasing pressure from

the vial, the solvent was evaporated by rotary evaporation, the resultant blue solid dissolved
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in CHCIs, which was then filtered, evaporated and the dark blue- black solid washed with
Et,O and dried in air (0.269 g, 76% yield).

'H NMR (300 MHz, ppm, CDCls): 81 = 7.50 (2H, s, benzo C-H), 5.39 (5H, s, Cp
C-H), 4.05 (4H, g, %J = 7.1 Hz, O-CH2-CHj3), 1.47 (6H, t, 2J = 7.1 Hz, O-CH,-CHs3)

HRMS (ASAP) m/z: [M + H]" calc. for Dimer: C3oH3504S4Co," 705.0082; found
705.0071 Monomer: C1sH1802S,Co* 353.0080; found 353.0081

Elemental Analysis calc. for 1:2 Mixture C3oH3404S4C02 : Ci15H1702S,Co: C
51.13; H 4.86%; found: C 50.83.68; H 4.98%.

UV-Vis (CH2Cl2): Amax (nm), & (mol.Lt.cm™): 291(50000), 638(21100).

IR (Vmax, cm™1): 3071(w), 2973(w), 2921(w), 2852(w), 1583(w), 1517(w), 1492(w),
1492(m), 1457(m), 1410(w), 1386(m), 1354(w), 1338(m), 1237(vs), 1195(vs), 1152(m),
1106(w), 1094(m), 1039(vs), 998(m), 919(w), 887(m), 850(m), 817(m), 692(w), 652(w),
582(w), 496(m), 448(w), 406(w).

3.4.7. Synthesis of CpCo(doxIbdt) (8)

Tetrathiocin 1c (0.229 g, 0.5 mmol) was placed in a microwave vial under inert
atmosphere to which dry toluene (5 mL) was added. The vial was sealed and CpCo(CO)2
(0.13 mL, 1 mmol) was added via syringe. The mixture was heated in the microwave at
150 °C for 30 minutes to afford a deep blue solution. After slowly releasing pressure from
the vial, the solvent was evaporated by rotary evaporation, the resultant blue solid dissolved
in CHCIs, which was then filtered, evaporated and the dark blue-black solid washed with
Et,O and dried in air (0.269 g, 76% yield).

'H NMR (300 MHz, ppm, CDCls): 84 = 7.45 (2H, s, benzo C-H), 5.87 (2H, s,
O—-CH>-0), 5.38 (5H, s, Cp C-H).

Elemental Analysis calc. for C12H902S,Co-%2 CHCl3: C 43.52; H 2.76%; found: C
43.38.68; H 3.06%.

IR (Vmax, cm™1): 3079(w), 2906(w), 2852(w), 1564(w), 1448(s), 1410(m), 1314(w),
1225(vs), 1112(m), 1019(m), 922(m), 823(m), 753(w), 662(w), 570(w).
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3.4.8. Synthesis of CpCo(doxbdt) (9)

Tetrathiocin 1d (0.229 g, 0.5 mmol) was placed in a microwave vial under inert
atmosphere to which dry toluene (5 mL) was added. The vial was sealed and CpCo(CO):
(0.23 mL, 1 mmol) was added via syringe. The mixture was heated in the microwave at
150 °C for 30 minutes to afford a deep blue solution. After slowly releasing pressure from
the vial, the solvent was evaporated by rotary evaporation, the resultant blue solid dissolved
in CHCI3, which was then filtered, evaporated and the dark blue- black solid washed with
Et>O and dried in air (0.269 g, 76% vyield).

'H NMR (300 MHz, ppm, CDCls): 64 = 7.54 (2H, s, benzo C-H), 5.41 (5H, s, Cp
C-H), 4.23 (4H, s, O-CH,—CH>—0).

Elemental Analysis calc. for C13H110,S,Co: C 48.45; H 3.44%; found: C 47.37,
H 4.07%.

IR (Vmax, cm™1): 3095(w), 2918(vs), 2855(m), 1728(w), 1560(w), 1457(s), 1484(m),
1373(w), 1285(s), 1147(s), 1153(w), 1105(s), 1054(s), 897(m), 797(s), 695(w), 570(w),
498(w), 452(m).

3.4.9. Synthesis of CpCo(doxebdt) (10)

Tetrathiocin 1le (0.229 g, 0.5 mmol) was placed in a microwave vial under inert
atmosphere to which dry toluene (5 mL) was added. The vial was sealed and CpCo(CO)2
(0.13 mL, 1 mmol) was added via syringe. The mixture was heated in the microwave at
150 °C for 30 minutes to afford a deep blue solution. After slowly releasing pressure from
the vial, the solvent was evaporated by rotary evaporation, the resultant blue solid dissolved
in CHCIs, which was then filtered, evaporated and the dark blue- black solid washed with
Et>O and dried in air (0.269 g, 76% vyield).

'H NMR (300 MHz, ppm, CDCls): 81 = 7.67 (2H, s, benzo C-H), 5.43 (5H, s, Cp
C-H), 4.18 (4H, t, J = 5.8 Hz, O—CH2-CH>—CH2-0), 2.18 (2H, apparent triplet, J = 5.8
Hz, O—CH,—CH2—CH>—0).

Elemental Analysis calc. for C14H1302S2Co- % CH2Cl,: C 44.29; H 3.65%; found:
C 44.70; H 3.69%.
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IR (Vma, CML): 3088(w), 2920 (w), 2860(w), 1520(w), 1485(m), 1450(m),

1381(m), 1297(m), 1242(vs), 1113(w), 1032(m), 982(m), 823(m), 730(w), 488(w),
424(w).

1)
)
(3)
(4)

Q)
(6)
(7)
(8)

9)

(10)

(11)
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4. OXIDATIVE ADDITION OF 1,2,5,6-
TETRATHIOCINS TO CO(l): A RE-EXAMINATION OF
CROWN ETHER FUNCTIONALIZED BENZENE
DITHIOLATE COBALT(I11) COMPLEXES

4.1 Introduction

The dithiolene ligand system, R2C>S;", is a well-established family of non-
innocent ligands which is known in a series of oxidation states (n = 0—2), related by two
sequential 1e~ redox processes.’ The presence of multiple oxidation states for both the
ligand and transition metals can make formal assignment of the metal and ligand oxidation
state in transition metal dithiolene complexes challenging, and a range of computational
and experimental methods have been implemented to unambiguously characterize ligand
and metal oxidation states.* Within the family of organometallic 16" dithiolene complexes
of general formula CpCo(S2C2R>), the 16e™ Co(l1l) center is Lewis acidic, while the S lone
pair is basic. For example, the Co(lll) center forms adducts with the donor phosphite,
P(OMe)s,> while the S lone pair is Lewis basic toward M(CO), fragments (M = Mo or W,
n =2, M=Fe n=3)5%In the absence of additional Lewis acids and bases, the
complementarity of the Lewis basic S and Lewis acidic Co centers can lead to dimerization
through a pair of dative S — Co bonds.>!° Here there is a fine energetic balance between
monomers and dimers,>12 reflected in the solid-state conversion of the 16e~ monomeric
CpCo(bdt) complex to the 18e™ dimer [CpCo(bdt)]. at ambient temperature (Scheme 4.1).1°

A_s
25°C, 14 days Co ji)
S, . /s
v Co > - s/
S L Co
Sublimation 150°C g <\g

OR

recrystallization from
noncoordinating solvent

Scheme 4.1. Transformations between the monomer CpCo(bdt) and the dimer
[CpCo(bdt)]2.
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The family of CpCo(S2C2R2) complexes exhibits both an intense low-energy transition in
the visible region and accessible redox processes within the £ 1 V window (vs Ag/AgCl)
which may make them potentially suitable as probes for changes in chemical environment
such as sensors for the presence of metal ions.!3* A search of the CSD (release 2020.2.0)
reveals that ca. 60% of structurally characterized benzene dithiolate complexes of the d-
block metals comprise derivatives of either benzene or toluene dithiolate, primarily due to
their commercial availability. While both 3,6-benzo-substituted!! and 4,5-benzo-
substituted (X = H, Y = SiPr) derivatives of CpCo(bdt) (Scheme 4.2) as well as
asymmetrically substituted complexes have been described,**'* CpCo(bdt) derivatives

bearing functional groups suitable for coordination to metal ions are less well established.

X
Y- S,
)
Y S
X

Scheme 4.2. Symmetric derivatives of CpCo(bdt) (X=F, Cl, Br,Ph. Y =H; X =H, Y =
S'Pr).

Notable exceptions are benzo-15-crown-5 and benzo-18-crown-6 complexes 11
and 12 reported by Garner, which were prepared from benzo-15-crown-5 and benzo-18-
crown-6 in six steps (Scheme 4.3, steps a—f). Their synthetic method is lengthy, and several
intermediates were incompletely characterized and/or yields not reported.'*** An
alternative synthetic strategy to access dithiolate complexes is the oxidative addition of
dithietes to low-valent metals.™® This methodology has recently been exploited by Fekl and
Kuropatov who examined oxidative addition of dithietes to Pd(0).*% In this context, we
have explored the related benzo-fused-1,2,5,6-tetrathiocins which can be considered as
dimers of the dithiete moiety and exhibit similar reactivity to zero-valent group 10 metal
complexes.’®2 The current study describes a simple two-step synthesis of benzo-crown
functionalized derivatives 11 and 12 and explores their reactivity with selected alkali metal
ions (Na*, K*, Rb*, and Cs*) and 3d metal ions (Co?* and Cu?*), focusing on the

stoichiometry of coordination and the nature of the products formed through oxidation.
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Scheme 4.3. Synthesis of macrocyclic cyclopentadienyl cobalt dithiolate complexes 11
and 12; Route (a) — (f) taken from reference [13]; (g) — (h) this work. (a) Br2, HOAC, rt;

(b) Cu"Bu, quinoline, pyridine, reflux; (c) Li(s), NHz(l); (d) 12 M HCI; (e) K(s), MeOH,;
(f) CpCo(CO)I2, CH2Clz; (g) S2Clo, HOAC, rt; (h) CpCo(CO)2, PhMe, 150°C, p-wave.

4.2 Results and Discussion

4.2.1. Synthesis

Reaction of tetrathiocins 1g and 1h with CpCo(CO): in a sealed 2—5 mL microwave

reaction vial at 150 °C for 30 min in toluene under microwave irradiation afforded the

corresponding complexes 11 and 12. After releasing the pressure, the toluene was

evaporated, and the blue residue was taken up in CHCIs, filtered, and dried in vacuo.

Complexes 11 and 12 were isolated as dark blue solids by dissolving in the minimum

amount of CH2Cl> and precipitating with hexanes in 71-75% isolated yield.

98



4.2.2. Structures of 11 and 12

Crystals of 11 and 12 were grown by slow diffusion of hexanes into saturated
CHCl: solutions of 11 and 12. Complexes 11 and 12 crystallize in the space groups Cc
and P21/c, each with one molecule per asymmetric unit. Both 11 and 12 have a monomeric
16e~ Co(lll) coordination geometry (Figure 4.1) in which Co(III) adopts a “two-legged
piano-stool” geometry with the cobalt, the benzene dithiolate atoms, and the Cp ring
centroid essentially planar (maximum deviation from the CsS2Co mean plane is less than
0.038 A for 11 and 0.023 A for 12). The Cp ring plane is essentially perpendicular to the
C2S2 plane, at 89.47° for 11 and 89.42° for 12. For 11 and 12 the Co—S bond lengths fall
in the range of 2.106(5)—2.130(4) A, while the S—C bond lengths are in the range of
1.728(4)-1.737(1) A and are consistent with a dithiolate structure.?* The Cp-centroid to Co
distances of 1.660 and 1.651 A for 11 and 12 are comparable with those of other 16e~
cyclopentadienyl cobalt(IIT) benzenedithiolate structures (1.640—1.656 A).%12%5

(b)

(d)

Figure 4.1. (top) Crystal structure of 11 viewed (a) parallel to and (b) perpendicular to
the CsS2 ring plane with one of the two molecules in the asymmetric unit shown;
(bottom) Crystal structure of 12 viewed (c) parallel to and (d) perpendicular to the CeS:
plane. Thermal ellipsoids plotted at the 50% probability level. Hydrogen atoms omitted

for clarity.

During attempted coordination studies of 11 with Co(BF4)2 (vide infra), crystals of

dimer (11). were formed during slow diffusion of pentane into a CH2Cl,/MeOH (1:1 viv
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ratio) of 11 in the presence of Co(BF4)-6H.O (Figure 4.2). Under these conditions,
crystallization of (11). appears reproducible. Dimeric complex (11)2 crystallizes in the
monoclinic space group C2/c with half a molecule in the asymmetric unit. One sulfur of
each dithiolate adopts a po-bridging mode, comparable with other reported dimeric
structures such as [CpCo(bdt)]> (Scheme 4.1).°° The geometry at the cobalt centers now
reflects a three-legged piano-stool motif with a formal 18e Co(lll) center. As a result, the
Co atom is pushed out of the CsH2S; plane and sits 0.565 A above the plane with the Cp
ring at an angle of 129.98° to the CsS> plane. Unlike CpCo(bdt), which undergoes a solid-
state dimerization (Scheme 4.1), there was no evidence for 11 to dimerize in the solid state
to form (11)2, and the window of conditions to form (11), appears narrow. Nevertheless,
the identification of both monomeric 11 and dimeric (11). clearly reflects a fine
thermodynamic balance between the 16e” monomer and 18e™ dimer forms. Spectroscopic
studies in solution (NMR and UV-Vis) revealed that 11 and (11). exhibited identical

properties consistent with the complete dissociation of (11)2 to form 11 in solution.

Figure 4.2. Crystal structure of (11)2 with thermal ellipsoids drawn at the 50%

probability level with hydrogen atoms omitted for clarity.

4.2.3. Solution Studies
Both 11 and 12 exhibit an intense blue color in solution reflected in one band in the
visible region of the spectrum at 634 nm for 11 (CH.Cl>/MeCN 1:1 v/v) and 649 nm for
12 (CH2Cl,). *H NMR studies on both 11 and 12 in CDCls reveal the aryl protons to be
equivalent, consistent with the presence of a 16e” monomeric cyclopentadienyl cobalt
dithiolate complex in solution rather than the 18e™ dimer. In this context, it is worth noting

that the *H NMR spectra of the corresponding dimeric dithiolate-bridged group 10
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complexes [M(dmobdt)(PPhs)]2 (M = Pd and Pt; dmobdt?” = dimethoxybenzenedithiolate)
reveal two distinct chemical environments for the aromatic *H nuclei of the dmobdt?
ligand.?!
4.2.4. DFT Studies

DFT studies on 11 were undertaken using the both B3LYP-D3 and M06 functionals
and the LACV 3P basis set augmented with diffuse and polarization functions for all atoms.
The results from the MO6/LACV3P**++ are discussed here as they provided superior
agreement with the UV-Vis data. The gas-phase geometry of 11 was fully optimized, and
subsequent TD-DFT calculations of the UV-Vis spectra used the geometry-optimized
structure, taking into account solvent effects using a conductor-like screening model.?® An
examination of the frontier orbitals revealed a near degenerate pair of essentially dithiolate-
based ligand orbitals, whereas the LUMO is largely an antibonding orbital of n-character
between the dithiolate S atoms and the CpCo fragment (Figure 4.3). The LUMO+1 is an
antibonding orbital of o-character between the S and CpCo fragments. These calculations
suggest that redox processes will involve dithiolate-based oxidation and CpCoS,?~ based
reduction (see the Electrochemical Studies section). TD-DFT calculations on the gas-phase
geometry-optimized structure (MO6/LACV3P**++/COSMO (CH.CI;)) revealed an
intense low energy band at 622 nm (oscillator strength, f = 0.19), c.f. experimental
absorption at 634 nm in 1:1 CH,Cl2/MeCN. This transition has large HOMO — LUMO
and HOMO—-1 — LUMO contributions, consistent with electron transfer between the

benzenedithiolato and CpCoS: fragments (Figure 4.3).
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Figure 4.3. DFT computed orbital energies (M06/LACV3P**+ +/COSMO(CHCI)) for
11.

4.2.5. Coordination Chemistry of 11

Crown ethers are well- known to form strong complexes with the alkali metals,
underpinned by much of the pioneering work of Nobel Laureate Charles Pederson, and are
known to have strong selectivity between metal ions.?’ Indeed, Garner reported that both
the Amax and redox potentials of both 11and 12 are sensitive to the presence of Na*, but the
composition of their s-block complexes were only characterized by FAB-MS data which
pointed to a complex of formulation [Na(11)]*.** Notably, MS studies on samples of 11
and 12 stored in glass vials revealed ions consistent with [11 + NH4]", [11 + Na]*, [12 +
NH4]*, [12 + Na]*, and [12 + K], respectively, confirming their ability to bind cations (see
Figures D.1-3). However, our use of softer ESI+ methods identified both the 2:1 sandwich
complexes [M(11)2]* (M = Na, K, Rb, and Cs) as well as the corresponding 1:1 complex
ion [M(11)]*. These MS studies showed the expected isotope distribution patterns (see
Figures 4.4 and D.4-D.10).
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Figure 4.4. Mass spectrum of 11 after storage in a glass vial reveals 11 + NHs™ (m/z =
472, calculated isotope distribution pattern: 472 = 100, 473 = 23.1, 474 = 12.4, 475 = 2.2)
and 11 + Na* (m/z = 477, calculated isotope distribution pattern: 477 = 100; 478 = 22.7;
479 = 12.3; 480 = 2.2). Isotopomers with less than 1% abundance are neglected.

4.2.6. Solution Studies of 11

To probe the nature of the complex present in solution, variable-temperature H
NMR studies on 11 in the presence of Na* were inconclusive, revealing only nuanced
changes in the Cp, aryl, and crown ether regions. We therefore switched to UV-Vis
spectroscopy to examine the effects of metal binding on 11. Solution UV-Vis data on 11
(1:1 CH2Cl2/MeCN) in the presence of Na* (as [Na][BPha]) shows a small dependence on
the mole ratio, with the Amax shifting from 634 nm (free ligand) to 616 nm in the presence
of excess Na® ions (Co:Na = 1:5). This replicates Garner’s observations (recorded in
MeCN), which showed the free ligand at 634 nm and a shift to 617 nm upon addition of
Na[ClO4]. Notably, titration of 11 with Na* revealed an initial marked shift in Amax On
addition of Na* ions up to a Co:Na ratio of 2:1, but no subsequent change in Amax Was
observed on addition of further Na* (see Figure 4.5), consistent with formation of

[Na(11)2]" as the dominant species in solution.
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Figure 4.5. The change in 4,4, for 11 with of a 0.00005 mol L™ solution with
equivalents of a 0.0001 mol L™* NaBPhs solution added.

4.2.7. X-ray Crystallography
Both the MS and UV-Vis data provided evidence for formation of 2:1 complex
[Na(11)2]" which were confirmed by crystallographic studies. These revealed that
recrystallization of 11 in the presence of M[BPhs] (M = Na, K, Rb, and Cs) in both 1:1 and
2:1 stoichiometric ratios invariably formed crystals of 2:1 complexes 13a—13d in which
two molecules of 11 sandwich the alkali metal (Scheme 4.4, Figure 4.6).

O/\\ o/\\
(\ O S, M[BPh,] - ( 0 S,
P - oowmeon P j@ ,CO— “BPh
Q/ o S DCM/MeOH 4

Scheme 4.4. Alkali-metal cation binding to 11 [M = Na, K, Rb, Cs]
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Figure 4.6. Crystal structure of the cations in (top) 13a and (centre) 13c with thermal
ellipsoids for non-H atoms drawn at the 50% probability level. The BPhs- counterions are
omitted for clarity. (bottom) Illustrations of the geometric parameters d, 6 and v

discussed in the text.

The structures of 13a—13d all crystallize in the monoclinic space group C2/c with Na*, K*
and Rb* complexes being isomorphous (Table 4.1).
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Table 7.1. Crystallographic data for compounds 13a—13d

Compound 13a 13b 13c 13d
Formula Cs2HesBC02Na010Ss Cs2HesBC0,KO10S4 Ce2HesBC0,010RDS, Cs2HessBC02Cs010S4
FW (g mol™) 1251.15 1266.15 1313.52 1360.96
Temp. (K) 170(2) 170(2) 170(2) 170(2)
Wavelength 0.71073 0.71073 1.54178 0.71073
Crystal System Monoclinic Monoclinic Monoclinic Monoclinic
Space Group C2/c C2/c C2/c C2lc

a 23.666(6) 23.5985(17) 23.4199(9) 17.591(6)
b 15.585(4) 15.8177(10) 16.0367(9) 22.017(7)
c 34.260(9) 34.230(2) 34.0682(14) 32.559(15)
a 90 90 90 90

B 100.904(8) 101.096(2) 100.945(3) 92.088(16)
Y 90 90 90 90

VIA® 12408(6) 12538.4(15) 12562.5(10) 12602(8)

z 8 8 8 8

D (g cm™) 1.3394 1.343 1.389 1.435
Unique reflections 15482 10705 4973 13110
Reflections with 12986 8865 4049 11118

1> 25(1)

Rint 0.0495 0.0410 0.1133 0.0498
Ri(1>25(1)) 0.0386 0.0319 0.0509 0.0269
WR; (all) 0.0926 0.0740 0.0993 0.0560

S 1.060 1.034 1.044 1.058
APrmax, ApPmin l67A® +0.83, —0.75 +0.65, —0.67 +0.40, —0.43 +0.55,—0.78

In the case of 13a, the Na* ion is formally nine-coordinate with Na---O distances ranging
from 2.501(2)—2.989(2) A and the remaining Na---O contact at 3.119(2) A, falling just
beyond that expected for a formal Na—O bond. For the heavier s-block ions the geometries
are all 10-coordinate (Figures 4.6, A2.S2, and S3). The bond distances and angles of the
cobalt(l11) dithiolate moiety remain relatively unchanged upon coordination to the alkali
cations. There is a slight distortion of the Co center away from the C.S; plane with the
CoS; and C,S» planes forming angles (@) between 1.86 and 5.24° (Table 4.2, Figure 4.6).

Table 4.2. Values of 8, d and v, for complexes 13a-13d.

Complex Cation 6(°) dA) vy (9
13a Na®* 10.54 3.126 55.10(1)
13b K* 13.67 3.324 55.65(1)
13¢ Rb* 1517 3.525 55.78(1)
13d Cs* 3697 4.305 56.76(1)
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As the size of the cation increases (Na™ < K™ < Rb* < Cs*), the “sandwich” formed by the
two [Os] planes and the s-block ion “opens up” to accommodate the larger size of the metal,
highlighted in Figure 4.6. This change in geometry is manifested in (i) the angle (0)
between the two [Os] mean planes and (ii) the separation of the centroids (d) of the two
[Os] planes (Table 4.2). The angle, 6, systematically increases from 10.54° in 13a to 36.97°
in 13d to accommodate the larger cation. Similarly, the value of d increases from 3.126 A
in 13ato 4.305 A for 13d. While the steric bulk of the CpCo fragment might be anticipated
to lead to a “trans” arrangement of coordinating ligands (y = 180°), the CpCo fragments
are closer to an eclipsed geometry (y = 0°) with vy, corresponding to the
Co—Oscentroid—Oscentroid—C0O ~ torsion  angle, largely invariant across the series
(55.10(1)—56.76(1)°, Table 4.2).
4.2.8 Electrochemical Studies
Electrochemical studies on 11 reveal a quasi-reversible reduction at E1;» = —0.69 V

and an irreversible oxidation at E, = +0.95 V with respect to Ag/AgCI (Figure 4.7).

u Ilo HA

Current

1.5 1 0.5 0 -0.5 -1
Potential (V vs Ag/AgCl)

Figure 4.7. Cyclic voltammograms for 11 and 13a (0.01 M ["BusN][PFs] supporting

electrolyte, solvent = CH2Cl, scan rate 100 mV/s).

Under these conditions, the Fc/Fc™ redox couple occurs at Ei2 = +0.50 V. While the
reduction potential is in good agreement with Garner’s data, the oxidation wave is shifted
significantly with respect to the literature data (Ered at —0.65 V and Eox at +0.76 \V vs SCE,®
equivalent to —0.70 and +0.72 V, taking into account the +0.045 V difference between SCE
and Ag/AgCl reference electrodes). On the basis of the DFT calculations (Figure 4.3), the

HOMO is largely dithiolate- ligand-based, yet oxidation of 11 is shifted to a considerably
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more positive potential when compared to the analogous Pd(dppe) and Pt(dppe) complexes
with the same 15-crown-5-benzenedithiolate ligand (+0.52 and +0.58 V vs Ag/AgCl,
respectively) whose HOMO is similarly of dithiolate character?® (See section 2.3.4). This
likely arises as a consequence of the higher oxidation state of the Co(lll) lowering the
HOMO energy. Unlike the Pd(dppe) and Pt(dppe) derivatives, this oxidation is irreversible.
The irreversible nature of this process for cobalt likely arises from the outcome of the
oxidation reaction which leads to dimerization, S—S o-bond formation and a change in
metal coordination geometry (vide infra). Conversely, the strong geometric preference for
Pt(11) and Pd(11) to adopt a square- planar geometry would appear to suppress a comparable
process for the group 10 metals. For 13a, coordination of Na* into the crown ether pocket
has the anticipated effect of markedly increasing the oxidation potential (E, = +1.32 V) by
increasing the positive charge on the complex and lowering the ligand-based HOMO
energy. The DFT calculations (M06/ LACV3P**++/COSMO(CHCIy)) reveal the LUMO
to be of CpCoS: character (Figure 4.3) and therefore expected to be relatively insensitive
to the dithiolate ligand and any coordinated s-block cation. This is reflected in the reduction
potentials of 11, 12, and 13a whose potentials are almost invariant, ranging from —0.66 to
—0.70 V (Table 4.3). The peak-to-peak potential for all three reduction processes is,
however, significantly larger than the Nernstian value of 0.059 V expected for a le”

process, suggesting these processes are better described as quasi-reversible.

Table 4.3. Summary of oxidation and reduction potentials for 11, 12 and complex 13a.
Oxidation processes are irreversible and the peak potential is reported. Reduction
processes were quasi-reversible. Half-wave reduction potentials and peak-peak
separations are reported. All data referenced to Ag/AgCl.

Oxidation Reduction
Compound Ep,ox (V) Eiz (V) AEpp (V)
11 1.00 —-0.70 0.15
12 1.01 —0.66 0.14
13a 1.32 —0.67 0.17
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4.2.9 Chemical Oxidation of 11

To extend our studies of the crown-ether coordination chemistry from s- to d-block
metals, we made a search of the CSD which revealed a small number of benzo-15-crown-
5 complexes with first row transition metals, limited to M(1l) ions (M = Cu, Co, Fe, Mn,
and Zn).?831 We therefore commenced these studies by exploring reactivity toward M(II)
salts with weakly interacting anions, exemplified by Cu(CF3sSOs3), and Co(BFa4)2-6H-0.
These did not afford coordination at the crown ether site but rather led to oxidation of 11:
The reaction of 11 with Cu(CF3sSO3). led to the fortuitous isolation of a few crystals, which
were identified by X-ray diffraction as [(CpCo)2{S2CsH20O(CH2CH20)4}2][CF3SOs]2,
[14][CF3S0s3]2. Crystals of [14][CF3SOs]. were very poor but unambiguously revealed the
molecular connectivity with an S—S bond between dithiolene ligands consistent with a

ligand-based oxidation (Scheme 4.8).

P &° P s—s °
D~ OO
2cu®* 2cu*

Scheme 4.8. Oxidation of the benzenedithiolate ligand to form a disulfide.

The structure of [14][CF3SOs]2 can be considered to derive from the reduction of Cu(ll) to
Cu(l) and the oxidation of the dithiolate ligand which is accompanied by dimerization with
S—S bond formation (Scheme 4.8). Similarly, reaction of 11 with Co(BF4)2-6H20 over an
extended period similarly generated a few crystals of [14][BF4].-6H20 (Figure 4.9). In both
cases, NMR studies indicated the supernatant solution comprised 11 as the dominant

species in solution and salts of 14%* were isolated only as a minor product.
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Figure 4.9. Structure of the [14]?* cation in the structure of [14][BF4]2. Thermal
ellipsoids for non-H atoms presented at 50% probability. Counterions and solvent
molecules omitted for clarity.

Here the crystal data were somewhat better (Table 4.4), though it should be noted that
neither reaction was particularly reproducible, and the crystal quality was universally poor.
The source of oxidant in this second reaction is less clear since Co(ll) is unlikely to be
reduced to Co(l) in alcoholic solution. A more likely scenario is aerial oxidation of Co(ll)
to Co(lll), 32 which then acts as an oxidizing agent for 11, regenerating Co(I1). The interplay
between dithiolate and disulfide on Co(l1/111) centers has been investigated experimentally
and computationally.®® The oxidation of transition metal dithiolate complexes to form
disulfide complexes is not without precedent. In 2001, Liaw and co-workers reported that
the manganese complex, Mn(CO)3(bdt), underwent dimerization via oxidation with either
HBF4 or [CpzFe][BF4] to form a new S—S bond.®* Another example of oxidation-induced
dimerization was reported by Rosenberg et al. through reaction between [M2(CQO)10] (M =
Mn or Re) with triethylamine N-oxide followed by 3,4-toluenedithiol to produce
[M2(CO)s(tdt)2].%> Similarly, Leung described an iridium complex containing a 1,2-
benzene dithiolate ligand that was oxidized with Ag(OTf) to form a dimeric species
containing a S—S bond.® In these three reported instances, the S—S bond lengths were in
the range of 2.222(1)-2.317(4) A, a little longer than that observed in [14][BF4] (2.182(3)
A), but all are comparable with 42 conventional disulfide bonds (cf. the S—S bond in Sg at
2.05 A). When the crystal structures of (11), and [14][BF4]. are compared, there are no
significant changes in the Co—S and C—S bond lengths. For example, the Co—S bond
lengths range from 2.221(3) to 2.243(2) A in (11); and from 2.205(3) to 2.230(2) A in
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[14][BF4]2, while the C—S bond lengths all range from 1.736(9) to 1.771(9) A. Conversely,
the S1---S2 distance between dithiolate ligand S atoms in (11); is 3.164 A, whereas the
S12-S22 bond formed in [14][BF4]2 is 2.182 A. The nonbonded S---S distance between
CeS2 rings in [14][BFa4]2 (3.028 A) is comparable to the nonbonded S---S distance in (11)..
This asymmetry in bonded and non-bonded S—S distances is manifested in the angle
between the two CsS2 planes. The ring planes are parallel in (11)2, but they intersect at an
angle of 31.58° in [14][BFs].. A change in the angle between the Cp and CeS2 plane shifts
from 129.98° in (11), to 118.10° and 122.15° in [14][BF4]>.

4.3 Conclusions

A simple two-step route to functionalized cyclopentadienylcobalt(lll) benzene
dithiolates bearing a crown ether substituent has been identified through oxidative addition
of tetrathiocins to CpCo(CO).. This has allowed us to re-examine the coordination
chemistry of these crown ether complexes. We find that although the crowns do indeed
bind s-block metal cations, solution and solid-state measurements all point to formation of
2:1 complexes (rather than 1:1 complexes previously proposed) in which the alkali metal
is sandwiched between two benzo-crown ethers. Spectroscopic studies reveal rather subtle
changes in the low-energy Amax (460 cm™1) absorption upon s-block metal ion coordination,
whereas electrochemical studies reveal a more marked shift in the oxidation potential
(+0.32 V) associated with the increased positive charge on the complex. Preliminary
complexation studies with d-block metals both favored oxidation processes in preference
to coordination in the crown ether pocket, with no evidence for coordination of Co(ll/111)
or Cu(l/ll) ions in the crown pocket. Crystallographic studies reveal that oxidation is
associated with S—S bond formation.

4.4 Experimental

4.4.1. General Procedures

Standard solvents were dried and deoxygenated using an Innovative Technology
Solvent Purification System and manipulation of air-sensitive materials carried out under
an atmosphere of dry nitrogen using standard Schlenk techniques and a dry-nitrogen glove
box (MBraun Labmaster). Microwave syntheses were carried out in sealed vessels using a
Biotage Initiator 1 microwave. Ligand 1g was prepared according to the literature
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method.?® Caution! The microwave reactions used to prepare ligands 11 and 12 are carried
out in a sealed glass vial and evolve CO. Using a 2-5 mL microwave vial and 5 mL of
solvent the final pressure was typically between 5 and 10 bar based on a 0.5 mmol reaction.
The vial was cooled back to room temperature before releasing the pressure.
4.4.2. Physical Measurements

All NMR spectra were recorded on a Bruker DPX300 UltraShield 300 MHz
spectrometer with a Broadband AX Probe using CDCls (H § = 7.26 ppm, s; 1*C § = 77.16
ppm) as an internal reference point relative to MesSi (6 = 0 ppm). IR spectra were obtained
using a Bruker Alpha FT-IR spectrometer equipped with a Platinum single reflection
diamond ATR module. Elemental compositions were determined on a Perkin Elmer 2400
Series Il Elemental Analyzer. Mass spectra were recorded on a Waters XEVO G2-XS in
either ESI(+) or ASAP(+) mode, a Bruker HCTplus lon-Trap in ESI(+) mode or Thermo
DFS in EI+ mode. Cyclic voltammetry measurements were made on 0.01 M solutions in
CHCI, using 0.1 M ["BusN][PFs] as the supporting electrolyte. All experiments were
conducted on a CHI 760E electrochemical workstation (CHI Instruments, Texas, US) using
a conventional three-electrode figuration. A silver/silver chloride (Ag/AgCl, 3 M KCI)
reference electrode was used, and a Pt wire served as the counter electrode. A Pt electrode
with a diameter of 1.6 mm was deployed as the working electrode. The three electrodes
were positioned in the regular triangular arrangement with electrode-electrode distances of
about 1.0 cm.

4.4.3. X-Ray Crystallography

Crystals were mounted on a cryoloop with paratone oil and examined on either a
Bruker D8 Venture diffractometer equipped with Photon 100 CCD area detector or a
Bruker APEX-II diffractometer with CCD detector using graphite-monochromated Mo-Ka
radiation (A = 0.71073 A) or Cu-Ko radiation (A = 1.54178 A). An Oxford Cryostream
cooler was used to maintain cryogenic temperatures for these studies. Data were collected
using the APEX-1II software,® integrated using SAINT® and corrected for absorption
using a multi-scan approach (SADABS).* Final cell constants were determined from full
least squares refinement of all observed reflections. All structures were solved using
intrinsic phasing (SHELXT)® and refined with full least squares refinement on F? using
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either SHELXL* or Olex2 software.*? In structure 13d there were regions of poorly
resolved electron density located in voids indicative of residual lattice solvent. This was
treated with the SQUEEZE function within PLATON.*® All hydrogen atoms were added
at calculated positions and refined isotropically with a riding model.

4.4.4. Computational Methods

DFT calculations on 11 were undertaken using the LACV3P**++ basis set* and
(i) the B3LYP functional®® with Grimme’s D3 dispersion correction*® and (ii) the M06
functional®’ within Jaguar.*® LACV3P**++ uses a Los Alamos effective core potential for
Co with triple zeta potential for valence and outermost core electrons and triple zeta 6-
311G basis set for all other atoms. Diffuse and polarization functions are included for all
atoms including H. A comparison of the crystallographic and computed coordination
geometries are presented in Table D.1. Using the B3LYP-D3 functional, little variation
was observed in the most intense low energy calculated Amax values when comparing
LACV3P, LACV3P** LACV3P++ and LACV3P**++ functionals and using a CH2Cl>
solvent model (PCM/COSMO) (Table D.2). Conversely the M06 functional proved more
responsive to both the basis set and solvent model. The MO6/LACV3P**++ functional and
basis set with a polarizable continuum model (COSMO) gave good agreement with
experimental (Table B.2, Figure B.11). The discrepancy between experimental and
computed (MO6/LACV3P**++/COSMO) values was 525 cm™. The contributions to this
lowest energy transition are tabulated in Table D.3. Selected frontier orbitals (HOMO-3 to
LUMO+1) are shown in Figure D.12. The two largest coefficients to the low energy
transition correspond to the HOMO—LUMO and HOMO-1—-LUMO transitions
associated with movement of electron density from the benzene = system to the CpCoS:
fragment.

4.4.5. Synthesis of CpCo(b-15-c-5-dt) (11)

Tetrathiocin 1g (330 mg, 0.5 mmol) was placed in a microwave vial to which
toluene (5 mL) was added. The vial was sealed and CpCo(CO)2 (0.13 mL, 1 mmol) was
added via syringe. The mixture was heated in the microwave at 150 °C for 30 min to afford
a deep blue solution. After slowly releasing the overpressure from the vial, the solvent was

evaporated by rotary evaporation, and the resultant blue solid was dissolved in CHCI3 and
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filtered. The filtrate was dried in vacuo to afford a dark blue solid. This was dissolved in a
minimal amount of CHCl, precipitated by the addition of excess hexanes, filtered and
dried in air (320 mg, 71%).

!H NMR (300 MHz, ppm, CDCl3): 81 = 7.48 (2H, s, benzo C—H), 5.39 (5H, s, Cp
C—H), 4.08 (4H, 4.08—-4.07, d, crown C—H, J = 4.2 Hz), 3.92 (4H, 3.93— 3.91, d, crown
C-H, J=4.2 Hz), 3.75 (8H, s, crown C—H).

13C NMR (75 MHz, ppm, CDCls): 8¢ = 156.06 (s, aryl 0—C), 146.93 (s, aryl S—C),
113.16 (s, benzo—C), 79.33 (s, Cp—C), 71.34 (s, crown— C), 70.46 (s, crown—C), 69.44 (s,
crown—C), 68.81 (s, crown—C).

HRMS (ASAP(+)) m/z: [M + H]* calc. for C19H2405S,Co* 455.0397. Found
455.0396.

Elemental Analysis calc. for C19H2305S2C0-¥4 CsH12: C 51.73; H 5.61. Found C
52.12; H5.47.

UV-Vis (1:1 CH2CI2/MeCN): Amax (nm), € (mol L™t cm™): 634 (5100).

IR vmax (cm™1): 2924(w), 2864(w), 1590(w), 1516(m), 1485(m), 1475(m), 1446(s),
1411(w), 1357(m), 1334(w),1246(vs), 1199(s), 1128(s), 1089(m), 1077(s), 1050(s),
1033(s), 999(m), 987(m), 928(m), 882(m), 847(m), 833(s), 825(s), 805(w), 692(w),
557(w), 530(w), 484(w), 425(w), 411(w), 406(w).

4.4.6. Synthesis of CpCo(b-18-c-6-dt) (12)

Ligand 1h (43 mg, 0.05 mmol) was placed in a microwave vial to which toluene (5
mL) was added. The vial was sealed, and CpCo(CO). (0.02 mL, 0.1 mmol) was added via
syringe. The mixture was heated in the microwave at 150 °C for 30 min to afford a deep
blue solution. After slowly releasing the overpressure in the vial, the solvent was
evaporated by rotary evaporation, and the resultant blue solid was dissolved in CHCI3 and
filtered. The filtrate was evaporated to afford a dark blue solid. This was redissolved in a
minimal quantity of CH>Cl, and precipitated by the addition of excess hexanes, filtered,
and dried in air (42 mg, 75%).

IH NMR (300 MHz, ppm, CDCla): 8n = 7.48 (2H, s, benzo C—H), 5.38 (5H, s, Cp
C—H), 4.21 (4H, m, crown C—H), 4.11 (4H, m, crown C—H), 3.92 (4H, m, crown C— H),
3.77-3.67 (8H, m, crown C—H).
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HRMS (ASAP(+)) m/z: [M + H]* calc. for Co1H2806S2.Co™ 499.0659. Found
499.0656.

Elemental Analysis calc. for C21H2706S2Co0-2¥4CH,Cl2: C 40.50; H 4.60. Found C
40.31; H4.77.

UV-vis (CH2Cly): Amax (nm), € (mol L™t cm™): 649 (6400)

IR vmax (cm™1): 3097(w), 2917(w), 2856(w), 1582(w), 1518(m), 1483(m), 1470(m),
1446(s), 1415(w), 1352(m), 1338(w), 1241(vs), 1197(s), 1104(s), 1048(s), 943(m), 848(s),
795(s), 746(m), 632(w), 591(w), 583(w), 550(w) 484(w), 464(w), 419(w), 402(w).

4.4.7. Synthesis of [NaCpCo(b-15-c-5-dt)][BPhs] (13a)

Complex 11 (9.9 mg, 0.0218 mmol) and Na[BPh4] (5.0 mg, 0.0146 mmol) were
combined in a small 20 mL vial with a 1:1 mixture of CH2Cl> and MeOH (6 mL total) and
left to stir for 1 h under ambient conditions. Layering hexanes onto the solution afforded
blue crystals suitable for X-ray diffraction (9.2 mg, 50% yield).

'H NMR (300 MHz, ppm, CDCls): 64 = 7.48 (4H, 7.49-7.47, m, p-C—H BPhy),
7.38 (8H, 7.41-7.34, m, 0-C—H BPhs), 6.99 (8H, 7.04-6.95, m, m-C—H BPha), 6.85 (4H,
s, benzo C—H), 5.44 (10H, s, Cp C—H), 3.95 (8H, s, crown C—H), 3.76 (8H, s, crown C—H),
3.61 (16H, 3.62— 3.59, m, crown C—H)).

HRMS (ESI(+)) m/z: [M]* calc. for CagHss010SsCoNa" 931.0536. Found
931.0548.

Elemental Analysis calc. for Ce2HesO10S4BC0o2Na-%2CH,Cl,: C 58.03; H 5.22.
Found C 58.04; H 5.24.

IR vmax (cm™1): 3099(w), 3051(w), 2863(w), 1594(w), 1579(w), 1525(w), 1476(m),
1447(m), 1423(w), 1411(m), 1360(m), 1336(w), 1299(w), 1246(vs), 1199(s), 1150(w),
1124(m), 1096(s), 1079(s), 1046(vs), 1000(m), 929(s), 884(m), 859(s), 831(s), 750(m),
735(vs), 706(vs), 610(s), 570(m), 516(m), 470(m), 422(m), 411(m).

4.4.8. Synthesis of [KCpCo(b-15-c-5-dt)][BPha4] (13b)

Complex 11 (9.9 mg, 0.0218 mmol) was dissolved in CH.Cl> (2 mL) and was
layered with an acetone (2 mL) solution of K[BPh4] (3.9 mg, 0.0109 mmol). After 1 day,
hexanes were layered onto the solution, affording blue crystals suitable for X-ray
diffraction (8.9 mg, 64% yield).
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H NMR (300 MHz, ppm, CDCl3): 64 = 7.43 (4H, 7.47— 7.38, m, p-C—H BPha),
7.27 (8H, 7.29—7.24, m, 0-C—H BPha), 7.03 (8H, 7.07—6.98, m, m-C—H BPhs), 6.86 (4H,
s, benzo C—H), 5.48 (10H, s, Cp C—H), 3.75 (16H, s, crown C—H), 3.61 (8H, m, crown
C—H), 3.54 (8H, m, crown C—H).

HRMS (ESI(+)) m/z: [M]" calc. for C3sHa6010S4C02K* 947.0275. Found 947.0275.

Elemental Analysis calc. for Ce2Hess010S4BC02K-%CHCl2: C 57.32; H 5.20.
Found C 57.86; H 5.22.

IR vmax (cm™1): 3097(w), 3052(m), 2934(w), 2893(m), 2859(m), 1706(w), 1594(w),
1579(w), 1523(w), 1475(m), 1447(s), 1412(m), 1360(m), 1335(m), 1300(w), 1244(vs),
1198(s), 1149(w), 1124(s), 1105(m), 1093(s), 1078(s), 1043(s), 1002(m), 932(s), 883 (M),
856(s), 833(s), 750(m), 736(vs), 708(vs), 611(m), 568(m), 526(m), 512(m), 471(m),
424(m), 411(m).

4.4.9. Synthesis of [RbCpCo(b-15-c-5-dt)][BPh4] (13c)

Complex 11 (9.9 mg, 0.0218 mmol) was dissolved in CH2Cl> (2 mL) and was
layered with an acetone (2 mL) solution of Rb[BPh4] (4.4 mg, 0.0109 mmol). After several
days, the solution was layered with hexanes, affording blue crystals suitable for X-ray
diffraction (12 mg, 84% vyield).

'H NMR (300 MHz, ppm, CDCls): 81 = 7.46 (4H, 7.49-7.40, m, p-C—H BPh4),
7.22 (8H, 7.25-7.20, m, 0o-C—H BPh4), 7.02 (8H, 7.04-6.99, m, m-C—H BPh4), 6.84 (4H,
s, benzo C—H), 5.38 (10H, s, Cp C—H), 4.04 (8H, m, crown C—H), 3.89 (8H, m, crown
C—H), 3.73 (16H, s, crown C—H).

HRMS (ESI(+)) m/z: [M]* calc. for CasHss010S4CoRb" 992.9756. Found
992.9754.

Elemental Analysis calc. for Ce2HesO10SsBCo2Rb-Y2hexanes: C 57.55; H 5.42.
Found C 57.82; H 5.27.

IR vmax (cm™1): 3094(w), 3053 (w), 2859(w), 1706(w), 1592(w), 1579(w), 1521(w),
1475(m), 1447(m), 1413(w), 1359(m), 1334(w), 1299(w), 1244(vs), 1197(m), 1149(w),
1124(m), 1105(m), 1091(m), 1075(m), 1041(s), 1002(m), 930(s), 882(m), 854(m), 832(s),
749(m), 735(vs), 707(s), 602(m), 565(m), 524(m), 510(m), 470(m), 439(w), 423(m),
408(m).

116



4.4.10. Synthesis of [CsCpCo(b-15-c-5-dt)][BPh4] (13d)

Complex 11 (9.9 mg, 0.0218 mmol) and Cs[BPhs] (5.0 mg, 0.0109 mmol) were
combined in a small 20 mL vial with a 1:1 mixture of CH2Cl> and MeOH (4 mL total) and
left to stir for 1 h under ambient conditions. Layering hexanes onto the solution afforded
blue crystals suitable for X-ray diffraction (2.6 mg, 18% yield).

!H NMR (300 MHz, ppm, CDCl3): 8n = 7.49 (8H, 7.51-7.47, m, 0-C—H BPha),
7.40 (4H, 7.43-7.38, m, p-C—H BPhs), 6.99 (8H, 7.03-6.97, m, m-C—H BPha), 6.84 (4H,
s, benzo C—H), 5.40 (10H, s, Cp C—H), 4.06 (16H, s, crown C—H), 3.88 (8H, m, crown
C—H), 3.73 (8H, m, crown C—H).

HRMS (ESI(+)) m/z: [M]* calc. forCssHss010S:4C02Cs* 1040.9693. Found
1040.9695.

Elemental Analysis calc. for Ce2HesO10S4BC02Cs: C 54.71; H 4.89. Found C
54.92; H 4.64.

IR vmax (cm™1): 3054(w), 3028(w), 3002(w), 2981(w), 2931(w), 1577(w), 1546(w),
1478(m), 1449(m), 1426(m), 1353(w), 1345(w), 1311(vw), 1246(s), 1194 (m), 1134(m),
1114(m), 1067(m), 1049(s), 1027(m), 978(m), 918(w), 872(s), 848(m), 833(m), 822(m),
738(vs), 716(vs), 707(vs), 680(m), 626(m), 600(s), 485(m), 462(m).

4.4.11. Synthesis of [CpCo(b-15-c-5-dt)][BF4]2 (14)

Complex 11 (9.9 mg, 0.0218 mmol) and Co(BF4)2-6H20 (7.4 mg, 0.0218 mmol)
were combined in a small 20 mL vial with a 1:1 mixture of CH2Cl> and MeOH (4 mL total)
and stirred for 1.5 h under ambient conditions. Slow diffusion of pentane into the reaction
mixture afforded a small quantity of blue crystals suitable for X-ray diffraction over a
period of a couple weeks. *H NMR, UV-Vis, and MS studies on the supernatant solution
afforded results matching those of 11, consistent with [14][BF4]2 being formed as a minor
product with low solubility.
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5. INVESTIGATION OF THE ELECTRONIC
PROPERTIES OF NICKEL(DIIMINE)(DITHIOLATE)
COMPLEXES

5.1 Introduction

The interaction of light with matter is central to many fields of materials chemistry
including, but certainly not limited to, non-linear optics, (solar) light-harvesting, photo-
conducting materials and photo-switchable devices. At low light intensities the interaction
of matter with light typically follows a linear relationship between the physical response
and the light intensity or number of incoming photons. Such a linear relationship holds
for the magnitude of the induced dipole (p) and the light intensity (magnitude of the
electric field, E; Section 5.1.1). However, in the presence of more intense light sources
(such as a laser), the response may become non-linear. This Chapter explores the use of
the oxidative addition chemistry of tetrathiocins to prepare nickel(ll) dithiolate/bipyridine
complexes and examines the second order term known as the molecular
hyperpolarizability () which relates how the induced dipole depends upon the square of
the electric field. Such higher order behaviour is important for second order non-linear
optical response, or frequency doubling in which two photons are absorbed and a new
photon of twice the energy is emitted. This section provides a basic introduction to non-
linear optics (NLO) and provides an overview of previous work on group 10 complexes
as NLO materials.

5.1.1. Non-linear optics
When a molecule is subject to an electric field, E, then an induced dipole, p, is
generated due to the polarization of the electron cloud by the electric field. In the simplest
form:
p=oaE Eq.5.1
where o is the molecular polarizability. More generally, the polarizability can be written
as a power series in terms of the electric field, E:

p=aE + PE2 +yE® +... EqQ. 5.2
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This induced polarization of the molecule by the presence of an electric field is in addition
to any permanent polarization of the molecule arising from the permanent dipole. The
total dipole, u, can be written in terms of the permanent dipole in the absence of an electric
field (u°) and induced dipole terms which can be written as a power series in E:
nw=pl+oE +%PE2+ 1/6 yE3 +... Eqg.5.3
The term 3 is known as the molecular hyperpolarizability. For normal, low intensity light
the electric field E is small and these second and third order terms (i.e. those that do not
depend linearly on E) can be neglected and the molecular dipole can be written in terms
of the permanent dipole and the induced dipole (u = u° + a.E). However, for high intensity
light, such as a laser, then the higher order terms become significant. In second order non-
linear optics (NLO), we consider the effects of the second order term, B. In the two level

model (which assumes only the ground state and first excited state contribute to p):!
B =

where 7 is the reduced Planck’s constant, e and me are the electron charge and electron

2,2
3nfe“fA,
2m.AE3

Eq5.4
mass, f is the oscillator strength (‘allowedness’) of the transition, Au is the difference in
molecular dipole between the ground and (first) exited state and AE is the energy gap
between the ground and excited state. Since p depends on 1/AE®, systems with small
HOMO-LUMO gaps should give rise to large values of the molecular hyperpolarizability.
The B parameter can be computed using DFT calculations and measured experimentally
using the electric field induced second harmonic generation (EFISH) technique.

NLO materials are important in device applications in which two photons of
incident radiation with frequency o are absorbed by the system and a single photon of
energy 2w is emitted, i.e. second harmonic generation is a frequency doubling process.
Multiple other factors are also relevant to the development of second order NLO materials.
These include the requirement of the material to adopt a non-centrosymmetric
environment, phase matching the angle of the beam with respect to the crystal and the heat
transfer properties of the material since irradiation with a high intensity laser tends to lead
to localized heating.?
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5.1.2. Group 10 metal complexes as non-linear optic materials

Group 10 metal complexes featuring dithiolate and bipyridine chelating ligands
comprise a sub-set of a larger family of diimine-dithiolate complexes first described by
Miller and Dance.® These ‘push-pull’ complexes have been examined for a variety of
applications including second order non-linear optic materials,*>® light-harvesting
devices,” luminescent materials,®° as ambipolar cores for discotic liquid crystals'®!! and
as donors in the formation of charge-transfer salts.'? Studies have explored how they can
be integrated onto silicon surfaces for device applications!® and have more recently been
studied as light absorbers for the photo-reduction of H*aq) to H.* The optical properties
of these materials are central to many of these applications and are typically reflected in
an intense absorption (¢ ~ 10* M cm™) in the visible-NIR region of the spectrum which
has been assigned to a mixed-metal/ligand-to-ligand charge-transfer transition
(MMLL'CT).'® This typically comprises a HOMO-LUMO transition involving a metal-
dithiolate based HOMO and a diimine-based LUMO (Figure 5.1).

V 2

— LUMO (bipyridine) Y

: ¢
e @
— HOMO (dithiolate) J '

Figure 5.1. Schematic of the frontier orbitals (DFT, B3LYP-D3/LACV3P*) of the
Ni(bpy)(dmobdt) complex highlighting the dithiolate-based HOMO (orange) and bpy-
based LUMO (blue).

In this context, studies by Robertson and co-workers on derivatives of Ni(bpy)(dt)
implemented 4,4'-ester functionalized bpy [bpy = 2,2'-bipyridine] derivatives to

systematically lower the LUMO energy and increase Amax.* These complexes exhibited
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some of the largest molecular hyperpolarizabilities (B) observed within the family of
square-planar push-pull complexes. An alternative strategy to shift the NIR absorption to
lower energy is to lower the HOMO-LUMO gap by raising the HOMO energy. The latter
IS sensitive to the nature of the dithiolate and adding donor groups to the dithiolate should
raise the HOMO energy.

Nickel bipyridine-dithiolate complexes are typically prepared from Ni(bpy)Cl.
and alkali metal salts of the dithiolate, Mz(dt) [M = Li, Na, K],*>® although displacement
of dithiolate in [M(dt)2]* by a range of monodentate and bidentate donors including N,N’-
chelate ligands has recently been described.’® Previously, fundamental studies of the
microwave-assisted oxidative addition of tetrathiocins to zero-valent group 10 complexes
has been undertaken in the presence of chelating phosphines as a route to dithiolate
complexes.t”8 In this context reaction of tetrathiocins with Ni(COD): in the presence of
the chelating phosphine dppe afforded Ni(dmobdt)(dppe).r Similarly, oxidative addition
of the dithiete (F3C)2C2S2 to Ni(CO)2(PPhs). has previously been described.’® Such
oxidative addition reactions proved sensitive to the stereoelectronic effects of the auxiliary
phosphine, variously affording mono-, di- or hexa-nuclear Pd complexes.?> Work in
Chapter 3 and 4 extended this methodology to the formation of cobalt (111) complexes
with auxiliary cyclopentadienyl ligands. In the current contribution the oxidative addition
of tetrathiocins to Ni(COD): in the presence of chelating bipyridine ligands is described,
affording a family (Figure 5.2) of bipyridine-dithiolate complexes of Ni(ll) in good yield
in a one-pot reaction. This has permitted us to undertake systematic tuning of both the
dithiolate donor and the bipyridine acceptor.
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Figure 5.2. Nickel (11) complexes investigated for their NLO and near-IR potential.

5.2 Results and Discussion

5.2.1. Synthesis
Ni(Il) bipyridine dithiolate complexes were prepared by adapting the synthesis of
Ni(dmobdt)dppe),’® replacing the dppe ligand with a functionalized bpy ligand: Oxidative
addition of the tetrathiocin to Ni(COD)> in toluene under microwave irradiation (150 °C,
60 min); in the presence of a series of chelating bpy derivatives afforded the derivatives
15-20 which were isolated as powders by filtration in 59-86% recovered yield (Table
5.1). Initial work was conducted by a visiting research student, Nadia Fendi, and crystals
of 16-20 were grown by Nabila Hamidouche through layering a saturated CHCI3 solution
with toluene and hexanes or diethyl ether.

Table 5.1. Yields of dithiolate complexes derived from the oxidative addition of

tetrathiocins to Ni(COD)2 in the presence of auxiliary bipyridine ligands.

Complex  Dithiolate  bipyridine Yield

15 dmobdt bpy 75%
16 dmobdt ECOOhpy  82%
17 dmobdt Meppy  66%
18 dmobdt Plbpy  66%
19 dmobdt Bippy  86%
20 doxbdt Buppy  59%
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All complexes were characterized by *H NMR in CDCl, as well as mass spectrometry,
UV-Vis spectroscopy and X-ray diffraction (vide infra). These compounds were also
characterized by elemental analysis. Where compounds crystallized as solvates, some
residual solvent was typically required to fit the analytical data, despite extended drying
in vacuo.
5.2.2. Structural Studies

The structures of 15-20 were all determined by X-ray diffraction, with a summary

of the crystallographic parameters (Table 5.2) and the molecular structures (Figure 5.3).
Table 5.2. Unit cell parameters for 15-20.

15-CHCIs 16-CsH100 17 18-CHCIs 19 20
Crystal . . - .

Monoclinic Triclinic Triclinic Monoclinic Monoclinic  Orthorhombic
System
Space _ _

P21/C P1 P1 P21/n P21/n P2:2121

Group
alA 13.248(10) 13.3519(10) 8.9511(7) 7.2720(15) 10.9877(9) 7.1757(9)
b/A 11.843(9) 13.8437(11) 9.9971(9) 14.248(3) 16.7624(12) 19.360(2)
c/A 14.474(10) 15.4806(12) 15.2191(13) 33.770(8) 13.9965(11) 42.861(5)
a/® 90 77.575(4) 107.439(3) 90 90 90
b/° 109.54(4) 88.63(5) 90.591(3) 91.95(3) 92.343(3) 90
gl° 90 62.334(5) 115.402(3) 90 90 90
VIA3 2140(3) 2465.4(4) 1158.34(18) 3496.93 2575.7(3) 5954.4(13)
Dc/g cm® 1.659 1.507 1.613 1.360 1.360 1.337
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19 20
Figure 5.3. Crystal structures of 15-20 determined by X-ray diffraction. Thermal

ellipsoids for non-H atoms plotted at the 50% probability level. Solvent molecules and
minor disorder in the structure of 16 omitted for clarity. For 20 only one of the two

molecules in the asymmetric unit is shown.
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All six structures reveal square-planar coordination at the Ni(ll) center with the maximum
deviation from the NiN2S; plane found in 17 (0.109 A). The Ni-N and Ni-S bond lengths
are tabulated in Table 5.3. A search of the CSD (2021, Nov.) revealed that there are 17
structures with Ni(Il)(diimine)(dithiolate) structures with five of them bearing
benzodithiolate ligands. These CSD structures reveal Ni—S bond lengths in the range
2.1339(7)-2.151(1) A while the corresponding Ni—N bond lengths fall between 1.926(2)—
1.946(5) A 4112122 |n this context, the coordination geometries observed for complexes
15-20 are unexceptional.

Table 5.3. Summary of bond lengths and measured distances in crystal structures of 15—
20.

Maximum
Ni-S1 (A) Ni-S2 (&) Ni-N1 (&) Ni-N2 (A)  deviation from
NiN:S; plane (A)

15 2150(2) 2.137(2) 1.935(3)  1.942(3) N2 0.039
o 2157(1)  2.146(2) 1.927(5)  1.935(4) N10.028

2157(2)  2.138(1)  1.932(4)  1.938(5) N3 0.091
17 2.1538(7) 2.1367(6) 1945(2) 1.931(2) N1 0.109
18 2.148(2) 2.143(2) 1.931(6)  1.933(6) N1 0.004
19 2.1459(6) 2.1418(5) 1.935(1)  1.936(1) N2 0.046
2 2141(1) 2139(1) 1.930(2) 1.934(2) N2 0.026

2.142(1)  2.131(1) 1.930(2)  1.937(2) N3/N4 0.008

Complex 16 crystallizes with two molecules in the asymmetric unit and forms a trans-
dimer with a weak Ni—Ni interaction of 3.385(2) A and longer S...S contacts at 4.502—
5.061 A (Figure 5.3). This dimeric motif structure appears to only be supported in the
solid state, as mass spectrometry, NMR and UV-Vis data are all consistent with a

monomer in solution. All other crystals bearing the dmobdt?” ligand are monomeric with
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one molecule in the asymmetric unit. Complex 20 has two molecules in the asymmetric
unit and crystallizes in the non-centrosymmetric space group P21212;.
5.2.3. UV-Vis Studies

The UV-Vis spectra were investigated to probe the HOMO-LUMO energy gap
and examine how it is affected by (i) the solvent, (ii) the substituents on the 4,4’ position
of the bipyridine and (iii) the nature of the dithiolate ligand. Literature UV-Vis data on
Ni(ll) dithiolate bipyridine complexes have been recorded in a variety of solvents and
found to vary significantly as a function of solvent (Table 5.4). In the current study, all
complexes were measured at six concentrations across the range of 1.0 x 10° M to 1.0 x
10 M and ¢ values for each complex computed through an absorbance vs. concentration
plot for each transition as well for one derivative, 15 in different solvents. This also
confirmed that all transitions follow Beer-Lambert law with R? values in the range
0.9733-0.9926, consistent with the absence of any equilibrium process
(dimerization/oligomerization/aggregation) in solution.

Table 5.4. Previously observed solvent effects on the absorption maxima in the visible

region (400—700 nm) for nickel bipyridine dithiolate complexes.

Dithiolate  Bipyridine ();1”;;") Solvent Ref
520 DMF

mnt COORppy 583 CHCIls 23
559 CH.Cl>
548 DMF

tfd COORpny 602  CHCls 24
581 CH.Cl>
610 DMF
COOMe 670 CHC|3

bt bPY 630 CH.C, 4
590 MeCN
557 CHCl3

bdt bpy 517  MeOH 22
520 MeCN

Solvent effects: Compound 15 was used as a representative compound in this series to
undertake to investigate the effect of solvent on Amax. Optical studies on solutions of 15

immediately reveal transitions in the visible region are sensitive to the nature of the solvent
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(Figure 5.4). Spectroscopically, the corresponding Amax for the transition in the visible

region shifts by 118 nm as a function of solvent. Figure 5.5 reveals that the colour of

complex 15 in solution is strongly solvent dependent.

Figure 5.4. Solutions of 15 in different solvents.
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Figure 5.5. UV-Vis of 15 in different solvents recorded at a concentration of 2.0 x 10°
M.

Previous work on related platinum dithiolate bipyridine complexes reported by Cummings
et al. examined a range of solvent scales, but ultimately led them to develop their own
empirical solvent scale covering a range of 13 different solvents.® Using their scale, an
excellent linear correlation was observed between Amax and their empirical solvent polarity
index (R? = 0.99). Based on these data the corresponding solvent polarity index for
methanol (which was not reported in their study but examined here) is 0.607. The negative
slope of the plot of Amax VS solvent polarity index indicates a negative solvatochromic
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effect, i.e. a decrease in Amax With increasing solvent polarity (Figure 5.6). Given the strong
solvent dependence of these spectra, comparative studies of 15-20 implemented a
common solvent to extract meaningful information on how functional groups affect the

spectroscopic properties.
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Figure 5.6. Correlation of Amax With solvent parameter index for 15.

Effects of bipyridine substitution: For the series of complexes 15-19 the dithiolate ligand
is constant and data for all complexes measured in CH>Cl> reveal changes in the position
of Amax in the visible region with respect to the nature of the substituents at the 4,4’ position
of the bipyridine ligand (Figure 5.7). The Amax values are summarized in Table 5.6 and
span a range of 150 nm from 557 to 707 nm, corresponding to a change in transition
energy of 3800 cm™. A plot of Amax VS Gpara revealed a good correlation between Amax of
the absorption band in the visible region and the substituent permitting the Amax to be

systematically tailored by tuning the functional group.

Amax = 601 + 2146p nm Eqg.5.6
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Table 5.6. Summary of Amax data for complexes 15-19 and the corresponding Hammett

parameters for the substituents in the 4,4’ positions.

Complex Substituent  cpara Amax (CH2Cl2)/nm
15 H 0 579
17 Me -0.17 557
18 ‘Bu -0.20 571
19 Ph -0.01 600
16 EtCOO +0.45 707
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Figure 5.7. UV-Vis spectra of 15-19 in CH2Cl, with a concentration of 2.0 x 10° M.

Effects of dithiolate substitution: The spectroscopic properties of nickel bipyridine with
benzenedithiolate derivatives have not been extensively studied. In this context we note
that Ni(Me“°Cbpy)(bdt) exhibits a Amax at 610 nm in DMF,® while the closely related

complex 16, Ni(F““Cbpy)(dmobdt), exhibits a Amax at 667 nm in the same solvent:
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Incorporation of the electron-donating methoxy groups reduces the transition energy by
1400 cm™,

Long wavelength absorption: One feature of this series of complexes is the appearance
of Amax Values in the near infrared region (NIR) of the electromagnetic spectrum, with Amax
values for 15-19 occuring around 950 nm in CH2Cl, (Figure 5.7). The intensity of this
NIR absorption appears sensitive to both the substituent (essentially absent for 17 in
CHCIy), while solvent dependent studies on 15 indicated this transition is largely
suppressed in DMF and toluene (Table 5.7). Plots of absorbance vs. concentration, as
indicated earlier in this section, reveal this transition follows Beer-Lambert law and is
unlikely to be due to aggregation. To probe the nature of this transition preliminary TD-
DFT studies were undertaken (B3LYP-D3/LACV3P*) on 15-19 in the gas phase. These
calculations reveal the lowest energy transition corresponds to the HOMO-LUMO
transition and occurs in the range 864 — 1069 nm. The computed transition wavelengths
qualitatively agree with the experimental data measured in DMF with Amax being in the
order 20 < 15 < 18 < 19 but the transition energies are almost identical in CH2Cl,
suggesting some considerable solvent effects. Notably the computed oscillator strengths
(f) do exhibit some variation with functional group (0.14 < f < 0.22) but are certainly not
as marked as those observed experimentally.

In order to examine solvent effects, further TD-DFT studies on 15 (B3LYP-
D3/LACV3P**) were undertaken on a fully-optimized gas-phase structure, taking into
account solvent effects using a conductor-like screening model (COSMO).? The results
of these TD-DFT calculations in DMF, CHCI3 and DCM are summarized in Table 5.8.
These calculations clearly reveal an over-estimate of the effect of solvent in shifting the
transition to higher energy in relation to the gas phase value (950 nm) but do qualitatively
reflect the experimentally observed trends in extinction coefficients, with marked

suppression of the transition in DMF.
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Table 5.7. Summary of Amax data and corresponding extinction coefficients for
complexes 15-19 in both CH2Cl> and DMF alongside the corresponding gas phase TD-
DFT computed lowest energy transition (B3LYP-D3/LACV3P*) and oscillator strength.

Complex Amax (€) A ()
CH2CI> DMF TD-DFT

15 954 (2100) 983 (710) 950 (0.159)
16 944 (2650)  --- 1069 (0.221)
17 941 (30) 991 (0.141)
18 956 (5200) 990 (3400) 957 (0.184)
19 952 (480) 1001 (1100) 1007 (0.209)
20 942 (450) 790 (800) 864 (0.179)

Table 5.8. Comparison between the experimental Amax and e values for complex 15 in
different solvents and TD-DFT calculated values taking into account solvent effects with
a PCM model (COSMO).

Solvent Amax (8)

Experimental TD-DFT

CH:Cl> 954 (2100) 714 (0.132)
CHCI3 944 (4260)  751(0.162)
DMF 983 (710) 666 (0.0088)

In summary, the UV-Vis spectra of these complexes reveal a Amax in the visible region
whose position is sensitive to solvent and substituent effects in a systematic manner. In
addition, a long wavelength transition is observed around 950 nm which is rather invariant
to substitution patterns but whose extinction coefficient appears sensitive to a lesser
degree on substituent and to a greater degree on solvent effects. Correlation of these
computational studies with experimental measurements in DMF solution suggest this

transition is associated with the lowest energy HOMO-LUMO transition.
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5.2.4. EFISH measurements

EFISH measurements on compounds 16—-20 were measured by Prof. F. Tessore at
the University of Milan. The experimental Amax data (Table 5.9) are in good agreement
with our own observations. Their DFT-computed dipole moments (B3LYP/6-
31G(TM)//COSMO(DMF)) are somewhat larger than those we computed at the B3LYP-
D3/LACV3P* level of theory but are of the same magnitude. The computed values of
uP1.907 (Table 5.9) are based on the value of u computed at the B3LYP/6-31G(TM) level
of theory using a solvent continuum model for DMF and the experimental
hyperpolarizability at an excitation wavelength of 1.907 um. The values of uBo were

calculated using Eq 5.7:
uBo = pPi[l — Qhmax/A)?V[L — (Amax/2)?] Eq.5.7

where Amax IS the wavelength of the absorption maximum of the charge-transfer transition
and A is the wavelength of the incident light (1907 nm). All the complexes display
negative quadratic hyperpolarizability values (u1B1.907 < 0). This result implies a reduction
of the molecular dipole moment upon the charge-transfer excitation, so that the difference
between the excited and the ground state dipole moment of the molecule is negative. This
is in good agreement with the bathochromic shift of the electronic absorption band with
decreasing the solvent polarity already discussed. The values of |upBo| span the range 564—
895 x 10 esu and are comparable to other reported nickel/bipyridine/dithiolate
complexes, which are among some of the most hyperpolarizable square planar nickel (11)
complexes, e.g. Ni(bdt)(MCbpy) (ufo = -581 x 1078 esu), Ni(dddt)(E*“°°bpy) (upo = -
954 x 108 esu) and Ni(mi-5edt)(E““Cbpy) (ufo = -618 x 108 esu) (Figure 5.8).%
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Table 5.9. Experimental molecular polarizability data for compounds 16-20.

Compound  Amax (NM) ul pP uP1.907° 1o
(e Mtcm?) (D) (D) (x 10*8 esu) (x 10 esu)
16 667 (6900)  21.03  10.53 ~1280 574
17 549 (2900) 20.06 12.00 -920 -564
18 546 (2700) 21.28 12.11 -1450 -895
990 (3400)
19 593 (5600) 21.47 11.58 -1040 -576
1001 (1100)
20 539 (7400) 17.31 10.87 -1250 -783
790 (800)

a.  Molecular dipole computed at the B3LYP/6-31G(TM) level of theory using a polarized continuum model
(COSMO) for DMF.
Molecular dipole computed in the gas phase using the B3LYP-D3/LACV3P* level of theory.
Values of mb are computed using the B3LYP-631G(TM) computed ground state dipole moment.
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Figure 5.8. Molecular structures of (left) Ni(bdt)(M*°Cbpy) (upo = -581 x 1078 esu),
(center) Ni(dddt)(E““Cbpy) (ufo = -954 x 108 esu) and (right) Ni(mi-5edt)(““Cbpy)

5.3 Conclusions & Future Work

In conclusion, we have successfully developed a one-pot reaction to generate
‘push-pull’ type nickel dithiolate/bipyridine complexes in good yield. The compounds
have been structurally determined and their spectroscopic properties explored.
Solvatochromic and chemical trends in Amax in the visible region have been explored and

correlate extremely well with previous empirical models of solvent polarity and
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substituent effects (Hammett). Preliminary data indicate these compounds offer large
molecular hyperpolarizabilities and absorption maxima in the NIR region of the

electromagnetic spectrum arising from a low energy HOMO-LUMO excitation.

5.4 Experimental
5.4.1. General Procedures
Tetrathiocins were prepared according to a modified procedure and their analytical
data matched the literature report.2’ 2,2'-Bipyridine-4,4'-dicarboxylic acid® and
Ni(COD), were synthesized through a literature method?® or purchased from Sigma
Aldrich. All other bipyridines were purchased from Sigma Aldrich. Standard solvents
were dried and deoxygenated using an Innovative Technology Solvent Purification
System and manipulation of air-sensitive materials carried out under an atmosphere of dry
nitrogen using standard Schlenk techniques and a dry-nitrogen glove box (MBraun
Labmaster). Microwave syntheses were carried out in sealed vessels using a Biotage
Initiator 1 microwave.
5.4.2. Physical Measurements
All NMR spectra were recorded on a Bruker DPX300 UltraShield 300 MHz
spectrometer with a Broadband AX Probe using CD2Cl, (*H § = 5.34 ppm, s) as an internal
reference point relative to MesSi (6 = 0 ppm). IR spectra were obtained using a Bruker
Alpha FT-IR spectrometer equipped with a Platinum single reflection diamond ATR
module. Elemental compositions were determined on a PerkinElmer 2400 Series Il
Elemental Analyzer. Mass spectra were recorded on a Waters XEVO G2-XS spectrometer
specifically using the atmospheric solids analysis probe in positive resolution mode
(ASAP+) or Agilent 6120 Quadrupole LC/MS mass spectrometer operated in positive
mode.
5.4.3. X-ray Crystallography
Crystals of the metal complexes were mounted on a cryoloop with paratone oil
and examined on a Bruker D8 Venture diffractometer equipped with Photon 100 CCD
area detector. An Oxford Cryostream cooler was used to maintain cryogenic temperatures

for these studies. Data were collected using the APEX-11/111 software,3%3! integrated using
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SAINT?? and corrected for absorption using a multi-scan approach (SADABS).*® Final
cell constants were determined from full least squares refinement of all observed
reflections. The structures of 16—20 were solved by direct methods (SHELXS),** while 15
was solved using intrinsic phasing (SHELXT).®® All structures were refined with full least
squares refinement on F2 using either SHELXL3® or Olex2 software.®’ In structures 15,
17, 18 and 20 residual lattice solvent molecules were identified in difference maps. All
hydrogen atoms were added at calculated positions and refined isotropically with a riding
model.

5.4.4. Computational methods
DFT and TD-DFT calculations on metal complexes 16-20 were performed using
the B3LYP-D3 functional and LACV3P* basis set within Jaguar,® using the
crystallographically determined geometry as an initial starting point for geometry
refinement. Solvent effects were considered using the polarizable continuum model
(PCM) employing standard parameters for each solvent for the conductor like screening
model (COSMO).*®

5.4.5. Synthesis of (2,2°-bipyridyl)Ni(dmobdt) (15).

Ni(COD). (0.075 g, 0.27 mmol), 2,2'-bipyridyl (0.043 g, 0.27 mmol) and 1a (0.055
g, 0.14 mmol) was placed in an oven dried 5 mL microwave vial in the glovebox. Dry
toluene (5 mL) was added and the suspension was heated in the microwave for 1 hour at
150 °C. The resultant dark blue solid was isolated from a light brown solution by filtration.
The precipitate was washed with ether (30 mL) and dried in air (0.086 g, 75%). Crystals
were grown from a saturated solution of CHCI3 layered with hexanes.

'H NMR (300 MHz, ppm, DCM-dz) 81 = 8.86 (2H, m, aryl C-H), 7.96 (4H, m,
aryl C-H), 7.46 (2H, m, aryl C-H), 6.70 (2H, s, benzo C-H), 3.75 (6H, s, OCH3).

LRMS (ESI-TOF) m/z: [M]* calc. for C1sH1602N2S2Ni* 414.00; found 414.00;
[M + H]* calc. for C1sH1702N2S2Ni* 415.01; found 415.0.

Elemental analysis calc. for CisHi602N2S2Ni-Y4CHCIs: C 49.16; H 3.67; N
6.28%. Found: C 50.53; H 3.63; N, 6.40%.
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UV-Vis (CH:Cl2): Amax (nm), & (mol.Lt.cm™): 247(32100), 306(18500),
579(4580), 951(2100).

IR vmax (cm™1): 3053(w), 2984(w), 2933(w), 2828(w), 1602(m), 1579(w), 1482(s),
1472(s), 1463(s), 1432(vs), 1348(m), 1317(m), 1235(vs), 1199(s), 1166(m), 1108(s),
1041(s), 1021(m), 928(w), 839(s), 779(vs), 765(vs), 753(vs), 722(s), 693(m), 641(w),
458(w), 423(m).

5.4.6. Synthesis of (Diethyl [2,2'-bipyridine]-4,4'-dicarboxylate)Ni(dmobdt) (16).

Ni(COD). (0.150 g, 0.545 mmol), diethyl(2,2'-bipyridine)-4,4'-dicarboxylic acid
(0.164 g, 0.545 mmol) and 1a (0.110 g, 0.273 mmol) was placed in an oven dried 5 mL
microwave vial in the glovebox. Dry toluene (5 mL) was added and the suspension was
heated in the microwave for 1 hour at 150 °C. The resultant dark green solid was isolated
from a dark brown solution by filtration. The precipitate was washed with ether (30 mL)
and dried in air (0.250 g, 82%). Crystals were grown from a saturated solution of CHCl3
layered with hexanes.

IH NMR (300 MHz, ppm, DCM-d,) 8n = 9.01 (2H, d, 3] = 5.8 Hz, aryl C-H),
8.46 (2H, s, aryl C—H), 7.91 (2H, d, 3 = 5.8 Hz, aryl C—H), 6.59 (2H, s, benzo), 4.46 (4H,
g, 3 = 7.2 Hz, (C=0)OCH2-CH3), 3.75 (6H, s, OCHsa), 1.45 (6H t, 3J = 7.2 Hz,
(C=0)OCH2-CHs3).

HRMS (ASAP(+)) m/z: [M]" calc. for CasH2406N2SoNi* 558.0429; found
558.0403.

Elemental analysis calc. for C2sH2406N2S2Ni-%2CHClz: C 47.48; H 3.98; N
4.52%. Found: C 46.48; H 3.90 N, 4.41%.

UV-Vis (CH2Cl2): Amax (nm), & (mol.Ll.cm™): 250(25900), 323(15400),
707(5150), 948(4200).

IR vmax (cm™1): 3052(w), 2997(w), 2929(w), 2829(w), 1584(w), 1483(s), 1469(s),
1434(vs), 1343(m), 1244(vs), 1199(s), 1174(m), 1100(s), 1043(s), 815(m), 782(m),
746(m), 690(vs), 531(vs), 482(m).
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5.4.7. Synthesis of (4,4'-dimethyl-2,2’-bipyridyl)Ni(dmobdt) (17).

Ni(COD). (0.075 g, 0.27 mmol), 4,4'-dimethylbipyridine (0.054 g, 0.27 mmol)
and 1a (0.055 g, 0.14 mmol) was placed in an oven dried 5 mL microwave vial in the
glovebox. Dry toluene (5 mL) was added and the suspension was heated in the microwave
for 1 hour at 150 °C. The resultant dark purple solid was isolated from the brown solution
by filtration. The precipitate was washed with ether (30 mL) and dried in air (0.102 g,
66% yield). Crystals were grown from a saturated solution of CHClIz layered with hexanes.

'H NMR (300 MHz, ppm, DCM-d2) 8x = 8.63 (2H, d, 3J = 5.8 Hz, aryl C-H),
7.74 (2H, s, aryl C-H), 7.17 (2H, d, 3J = 5.8 Hz, aryl C-H), 6.70 (2H, s, benzo), 3.74 (s,
6H, OCH3s) 2.48 (6H, s, aryl-CHs).

HRMS (ASAP(+)) m/z: [M]* calc. for CaoH2002N2S2Ni* 442.0320; found
442.0293.

Elemental analysis calc. for C20H2002N2S2Ni-CHCl3: C 44.77; H 3.76; N 4.97%.
Found: C 45.22; H 3.93; N 5.16%.

UV-Vis (CH2Clz): Amax (nm), & (mol.Ll.cm™): 265(29700), 310(16700),
557(4390).

IR vmax (cm™1): 2989(w), 2950(w), 2900(w), 2831(w), 1616(s), 1583(w), 1482(m),
1437(s), 1237(vs), 1193(s), 1167(m), 1036(m), 833(s), 817(s) 742(vs), 661(w), 514(s).

5.4.8. Synthesis of (4,4'-diphenyl-2,2’-bipyridyl)Ni(dmobdt) (18).

Ni(COD). (0.075 g, 0.27 mmol), 4,4'-diphenyl-bipyridine ligand (0.084 g, 0.27
mmol) and 1a (0.055 g, 0.14 mmol) was placed in an oven dried 5 mL microwave vial in
the glovebox. Dry toluene (5 mL) was added and the suspension was heated in the
microwave for 1 hour at 150 °C. The resultant dark purple solid was isolated from the
brown solution by filtration. The precipitate was washed with ether (30 mL) and dried in
air (0.102 g, 66% yield). Crystals were grown from a saturated solution of CHCIs layered
with toluene as a buffer layer and then hexanes.

'H NMR (300 MHz, ppm, DCM-d>) 81 = 8.88 (2H, d, ] = 5.5 Hz, aryl C-H),
7.80 (2H, s, aryl C-H), 7,70 (10H, m, Ph) 7.21 (2H, d, 3J = 5.6 Hz, aryl C-H), 6.72 (2H,
s, benzo), 3.77 (6H, s, OCH3).
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LRMS (ESI+) m/z: [M + H]" calc. for C3oH2502N2S2Ni* 567.07; found 567.2.

Elemental analysis calc. for C3oH2402N2S2Ni-2%CHCls: C 43.88; H 3.01; N
3.12%. Found: C 44.10; H 3.05; N 2.62%.

UV-Vis (CH2Cl2): Amax (nm), & (mol.L™t.cm™): 261(27900), 600(926), 955(2870).

IR vmax (cm™): 3053(w), 2986(w), 2930(w), 2830(w), 1611(m), 1522(w),
1463(m), 1429(s), 1407(s), 1334(m), 1228(vs), 1200(m), 1157 (m), 1086(w), 1041(m),
1018(m), 925(w), 879(m), 836 (m), 762(s), 694(s), 624(m), 583(w), 512(w).

5.4.9. Synthesis of (4,4'-di-tert-butyl-2,2’-bipyridyl)Ni(dmobdt) (19).

Ni(COD). (0.075 g, 0.27 mmol), 4,4'-di-tert-butyl-bipyridine (0.073 g, 0.27
mmol) and la (0.055 g, 0.14 mmol) were combined in an oven-dried 5 mL glass
microwave vial in the glove box. Dry toluene (5 mL) was added and the suspension was
heated in the microwave for 1 hour at 150 °C. The resultant dark purple solid was isolated
from a brown solution by filtration. The precipitate was washed with ether (30 mL) and
dried in air (0.245 g, 86% yield). Crystals were grown from a saturated solution of CHCI3
layered with toluene as a buffer layer and then hexanes.

'H NMR (300 MHz, ppm, DCM-d2) 34 = 8.69 (2H, d, 3] = 5.9 Hz, aryl C-H),
7.88 (2H, s, aryl C—H), 7.46 (2H, d, 3J = 5.9 Hz, aryl C—H), 6.71 (2H, s, benzo), 3.75 (6H,
s, OCHa) 1.42 (18H, s, 'Bu).

HRMS (ASAP(+)) m/z: [M]+ calc. for CasH3202N2S:Ni* 526.1258; found
526.1231.

Elemental analysis calc.: C26H3202N2S2Ni-¥%CHCls: C 56.51; H 5.83; N 5.02%.
Found: C 56.37; H 5.87; N 5.12%.

UV-Vis (CH:Cl): Amax (nm), & (mol.Lt.cm™): 253(34400), 309(21600),
571(5040), 951(350).

IR vmax (cm™): 3077(w), 3009(w), 2940(w), 2869(w), 2842(w), 1616(m), 1505(s),
1482(s), 1461(s), 1435(s), 1239(vs), 1174(vs), 1046(s), 840(vs), 780(s), 695(w), 596(s).
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5.4.10. Synthesis of (4,4'-di-tert-butyl-2,2°-bipyridyl)Ni(doxbdt) (20).

Ni(COD). (0.150 g, 0.525 mmol), 4,4’-di-tert-butyl-bipyridine ligand (0.140 g,
0.525 mmol) and 1d (0.108 g, 0.273 mmol) were combined in an oven-dried 5 mL
microwave vial in the glove box. Dry toluene (5 mL) was added and the suspension was
heated in the microwave for 1 hour at 150 °C. The resultant dark purple solid was isolated
from a dark brown solution by filtration. The precipitate was washed with ether (30 mL)
and dried in air (0.128 g, 89% yield). The solid was recrystallized from a saturated CHCl3
solution layered with ether to produce dark purple (0.058 g, 59% yield) crystals suitable
for X-ray diffraction. Crystals were grown from a saturated solution of CHCI3 layered
with toluene as a buffer layer and then hexanes.

!H NMR (300 MHz, ppm, DCM-d>) 61 = 8.76 (2H, s, aryl C-H), 7.79 (2H, s, aryl
C-H), 7.48 (2H, s, aryl H C-H), 6.63 (2H, s, benzo C-H), 4.18 (4H, s, O—CHa-
CH2—CH2—-0), 1.42 (18H, s, 'Bu)

Elemental analysis calc. for C2sH3002N2S2Ni-2%2CHCl3: C, 41.61; H, 3.98; N,
3.41. Found: C, 41.40; H, 4.41; N, 3.36.

HRMS (ASAP(+)) m/z: = [M]" calc. for CosH3002N2S2Ni* 524.1102; found
524.1083.

UV-Vis (CH2Cl2): Amax (nm), & (mol.Ll.cm™): 231(19800), 310(11000),
550(3680), 942(450).

IR vmax (cm™): 2953(w), 2871(w), 1615(m), 1562(m), 1447(s), 1293(s), 1248(vs),
1105(m), 1094(m), 912(m), 836(s), 745(m), 688(m), 559(m), 420(w).
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6. GERMANIUM DITHIOLATE CHEMISTRY

6.1 Introduction

While the coordination chemistry of dithiolate ligands with transition metals is
extensive, dithiolate complexes of the p-block metals are rather less studied with less than
150 examples structurally characterized across the p-block metals (CSD version 5.42
update #3, Sept 2021).

Group 13 complexes of benzene dithiolates are limited to the heterometallic
[Cp*Ti(bdt),]TI where the TI* acts as a counterion to the [Cp*Ti(bdt)2]  anion,! the unusual
dimeric TI(1) complex [Tlz(uz-bdt)2]?~ (Figure 6.1) and the TI(11I) complex [TI(bdt)2]".2
Particularly relevant to this work is the oxidation of dithietes to Cp*In(l)® to form
Cp*In(dt), described in section 1.2.4.

TMB

e
Sn2 Si4

Figure 6.1. Crystal structures of the (left) [Tl2(u2-bdt)2]> anion and (right) Sna(pi.-
bdt){N((SiMes3).}> (H atoms omitted for clarity).

Examples of group 14 complexes with benzene dithiolate ligands are more
expansive. Complexes in which the tetrel exists below its group oxidation state are
prevalent on descending the group where the inert pair effect becomes dominant. These are
exemplified by the Sn(Il) dimer, Snz(u2-bdt)(N(SiMes)2). (Figure 6.1)* and the Pb(ll)
polymers [Pb2(S2CeH2S2(en)]n and [Pbs(CeSe)]n derived from 1,2,4,5-benzenetetrathiol and

1,2,3,4,5,6-benzenehexathiol respectively, alongside the network structure Pbz(HTT)
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where HTT is the hexathiotriphenylene anion, [C1sSe]®~ .° In the group valence state,
examples are more plentiful and structures of general formula M(dt)R2 and M(dt)X> (dt =
dithiolate; R = alkyl, aryl; X = halide) abound, as well as homoleptic complexes of formula
M(dt), are known which contain tetrahedrally-coordinated tetrels, such as Ge(bdt). (Figure
6.2).° These complexes exhibit some Lewis acidity and examples of [M(dt)R2X],
[M(dt)X3]~ and [M(dt)2X]— have all been reported and typically adopt a hypervalent
distorted square pyramidal or trigonal bipyramidal geometry.” The structure of [Ge(tdt)2F]-
is shown in Figure 6.2,2 while the corresponding [Ge(tdt)z2Me]~ anion has also been
reported.® Hexa-coordinate Sn(V1) dithiolate complexes have also been reported, including

the [Sn(bdt)s]?- dianion and comprise distorted octahedral geometries.*°

=10 e

Figure 6.2. Crystal structures of (left) Ge(bdt). and (right) [Ge(tdt)2F]~ (H atoms omitted
for clarity).

For group 15, the inert pair effect leads to examples drawn from both pnictogens in
the trivalent state, alongside the expected pentavalent states. This is exemplified by the
Sb(I11) complexes, Sh(bdt)(SMe),** Sb(bdt)Cl,*? [Sb(bdt).]-,** and the Sh(V) anion,
[Sb(tdt)s]~.}* These are typically structurally analogous to the group 14 complexes
described above.

The reactivity of dithietes with main group elements is largely unexplored but
reviewed in Chapter 1. Both P(I)'° and P(I11)* undergo reactions with dithietes (see Section
1.2.4). However, a preliminary foray into the oxidative addition of tetrathiocins to P(I)
(see Section 1.3.4), afforded a mixture of formally P(I1) and P(11l) dithiolate derivatives,
suggesting some divergence in reactivity between dithietes and tetrathiocins with regard to
p-block chemistry. In this context the reactivity of Ge(ll) appeared entirely unexplored as
a route towards Ge(IV) dithiolate complexes. The first Ge(IV)bis(dithiolate) complex was

reported in 1965 by Fink et al. as part of a series where they prepared a series of complexes
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of formula M(tdt), (M = Si, Ge, Sn and Pb) to investigate their optical properties.'8 In this
study, the reactivity of tetrathiocins with the low-valent germanium(ll) precursor,
GeClz-dioxane, is explored.

6.2 Results and Discussion

6.2.1 Synthesis

The reaction of tetrathiocins 1a, 1b and 1c with the low-valent Ge(ll) source,
GeCl-dioxane in dry DCM under an N2 atmosphere proceeded very quickly. This was
evident by rapid formation of a clear yellow solution (whereas the tetrathiocins 1a — 1c are
sparingly insoluble in CH>Cly). The products 21, 22, and 23 (vide infra) were isolated by
slow evaporation from CH2Cl> with recovered yields between 33-42%. All complexes
were characterized by *H NMR as well as mass spectrometry, X-ray diffraction and
elemental analysis. The analytical data were consistent with 21 unexpectedly being the
germanium bis(dithiolate) complex, Ge(dmobdt),, rather than the anticipated
Ge(dmobdt)Clz. A likely possibility for formation of 21 is outlined in Scheme 6.1, where
the initial mixed-ligand complex exhibits a Schlenk-type equilibrium (ligand redistribution
reaction) with Ge(dmobdt). and GeCls. However, attempts to capture GeCls through
complexation with solvents containing N and O donors (py and THF) were unsuccessful
and this process is speculative, although ligand redistribution at Ge(1V) has been reported
in mass spectrometry studies.®

| | |
o s, Cl 0 S o
') S ClI 0 S S 0
| | |

Scheme 6.1. Proposed ligand redistribution reaction of Ge(dmobdt)Cl, to form
Ge(dmobdt),.

During subsequent examination of 21 as a potential Lewis acid, a second polymorph
of 21 was isolated from recrystallization of 21 in the presence of CI". In subsequent
discussion the two polymorphs will be referred to as 21-1 and 21-11 respectively. Similar
behaviour was observed by Holmes et al. who found evidence for formation of a 1:1 adduct

with chloride ions in solution but afforded a precipitate of the neutral bis(dithiolate) upon
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cooling.® It is noteworthy that a 5-coordinate chloro,-bis(dithiolato)-germanium(IV) anion
has been isolated,?° indicating a fine energetic balance between the 4-coordinate neutral
Ge(1V) complex and the chloride adduct. The phase behaviour of 21-1 and 21-11 will be
discussed in section 6.2.3.

Reaction of the related tetraethoxy tetrathiocin (1b) with GeCl,-dioxane followed a
slightly different reaction path. Crystals isolated from this reaction were determined to be
a cocrystal comprising the expected germanium(lV) dithiolate (22) and unreacted 1b.
Repeated reactions using different stoichiometries persistently afforded 22-1b. Conversely
reaction of GeCl,-dioxane with tetrathiocin 1c afforded 23 whose structure is analogous to
that of 21.

6.2.2 Structural studies

Crystals of 21-1, 21-11, 22 and 23 were all grown from slow evaporation of DCM
solutions under N2 atmosphere. From the reaction mixture, 21-1 was found to crystallize as
yellow blocks in the monoclinic space group P21/n. The second phase of Ge(dmobdt), 21-
Il, crystallizes in the orthorhombic space group Fdd2 as long, yellow needles. A
comparison of the unit cell parameters for the two polymorphs of this complex is presented
in Table 6.1.

Table 6.1. Unit cell parameters for 21-1 and 21-11.

21-1 21-11
Crystal System Monoclinic Orthorhombic
Space Group P21/n Fdd2
alA 11.4460(5) 40.577(2)
b/A 12.6520(7) 20.0338(12)
c/A 11.7325(6) 4.5945(3)
a/° 90 90
b/° 92.131(2) 90
g/° 90 90
VIA3 1832.06(15) 3735.2
Dc/g cm® 1.715 1.683
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Attempts to crystallize 22 through slow evaporation of DCM from the mother
liquor provided long needle-like crystals that diffracted poorly at high angles. Nevertheless,
preliminary data were of sufficient quality to solve the structure which revealed that 22
forms a 1:1 cocrystal with the tetrathiocin starting material 1b. The benzodioxole
derivative, 23, crystallized in the triclinic space group P1. Crystal structures of 21 (in 21-
1) 22 (in 22-1b) and 23 are presented in Figure 6.3.

(d)
Figure 6.3. Asymmetric unit of (a) 21-1, (b) 21-11, (c) 22 and (d) 23 shown in capped
sticks.
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The Ge-S bond lengths found in these structures fall in the range 2.186(2)-2.216(1)
A and offer SGeS angles between 98.52—-100.14° (Table 6.2). These parameters reflect a
slightly distorted tetrahedral geometry, with angles falling between 109.15(7)-120.27(7)°,
comparable with the three four-coordinate Ge(IV) dithiolate complexes previously
reported.®2%22 The chelating SGeS angles fall between 98.54-97.30(2)and the GeS; planes
intersect at an angle between 77.19-88.50°.

Table 6.2. Summary of important geometric bond lengths and angles for newly

synthesized germanium compounds.

2 between
chelate

Ge-S1(A) Ge-S2(A) Ge-S3(A) Ge-S4(A) GeS; planes
£SGeS (°)

(°)
98.25(2)

21-1 2.2003(6) 2.1989(7) 2.2056(7) 2.2022(7) 88.50
98.25(2)

21-11  2.2030(7) 2.2061(7) - - 98.54(2) 77.19
97.7(3)

2.205(9)  2.198(8)  2.232(8) 2.184(9) 88.60
98.4(3)

22

97.7(3)

2.213(9)  2.198(9)  2.222(9) 2.180(8) 86.04
97.7(3)
97.67(2)

2.2154(6) 2.2073(6) 2.2026(6)  2.1992(5) 84.88
97.76(2)

23

98.22(2)

2.2163(6) 2.2007(6) 2.1970(6) 2.2051(6) 87.75
97.30(2)

6.2.3 Phase behaviour of 21-1 and 21-11
The purities of both phases of 21 (21-1 and 21-11) were confirmed by pXRD at
room temperature (Figure 6.4).
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Figure 6.4. Room temperature PXRD profile for (top) 21-1 and (bottom) 21-11, with
simulations based on low temperature SC-XRD (dotted lines).

In order to understand the relationship between the two phases of 21, DSC studies

were undertaken on both the blocks (21-1) and needles (21-11). A DSC trace on pristine 21-

I showed no thermal event up to the sharp endothermic melt at 230 °C. During heating of

the needle phase (21-11) a melt was observed at 231 °C (Figure 6.5). However, cooling and
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reheating the sample revealed an exotherm (163-173°C, AH = -4.5 kJ mol™) (Figure 6.5)
followed by melting again at 231 °C. These observations are consistent with 21-1 melting
at 230 °C and crystalizing from the melt to reform 21-1. Conversely 21-11 appears to form
a third (unidentified phase, 21-111) from the melt. This third phase appears to undergo a
transformation (163-173 °C) to reform 21-11 which exhibits the same melting point as
pristine 21-11. A third heat cycle replicates both the transition and melt observed on the

previous cycle.

Y . NN
Second Heating Cycle
First Heating Cycle
50 75 100 125 150 175 200 225 250

Temperature °C

Figure 6.5. DSC profile for the phase pure 21-11 (needles) at a heating rate of 5°C min™.

VT-PXRD studies were then conducted on both phases to see if any changes to the
powder pattern could be observed upon heating. VT-PXRD studies recorded on 21-1 up to
200 °C (Figure 6.6) indicated only minor changes in the peak positions and no evidence
for any phase transformation across this temperature range, consistent with DSC data.
However, significant discolouration of the material from yellow to orange began at
approximately 175 °C (Figure 6.7). PXRD studies on the sample after cooling back to room

temperature indicated it was no longer crystalline.
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5 10 15 20 25 30 35

26(°) >
Figure 6.6. Variable temperature PXRD profile for (21-1) with simulation based on low
temperature SC-XRD (dotted line line), the initial room temperature (blue line), 150 °C
(green line), 175 °C (orange line), 200 °C (red line).

(a) (b) (c)
Figure 6.7. Capillaries of 21-1 at (a) room temperature (b) 175 °C and (c) 225 °C.

154



VT-PXRD on 21-11 indicates that the powder pattern changes on passing through the
melt/cool cycle, generating a new PXRD pattern distinct from both 21-1 and 21-11. The
DSC and PXRD data are consistent provided melting of 21-11 forms a new phase (21-111)
upon cooling the melt and 21-111 undergoes a phase transition around 163 — 173 °C to

regenerate 21-11 (which melts at the same temperature as pristine 21-11).

After Heating

Room Temperature
n n .......... Simulated

5 10 15 20 25 30 35

20(°) »
Figure 6.8. Variable temperature PXRD profile for (21-11) with simulation based on low
temperature SC-XRD (dotted blue line), the initial room temperature (blue line) and room
temperature PXRD after heating to 240 °C (red line).

6.3 Conclusions & Future Work

This chapter describes the first foray into the oxidative addition of tetrathiocins to
the low valent Ge(ll) precursor, GeCl,-dioxane. Structured obtained through X-ray
crystallography reveal the unexpected formation of germanium(lV) bis(dithiolato)
complexes at room temperature, which may be mediated via a ligand redistribution
reaction. The complex 21 was found to be polymorphic exhibiting two structurally
determined phases and some evidence for the presence of a third phase based on DSC and

PXRD data. Attempts to solve the structure of 21-111 from the PXRD data are on-going.
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6.4 Experimental
6.4.1 General Procedures
All manipulations were carried out under an atmosphere of dry nitrogen using
standard Schlenk techniques and a dry-nitrogen glove box (MBraun or VAC). All
chemicals and reagents were purchased from Sigma-Aldrich and used without further
purification. Standard solvents were dried and deoxygenated using an Innovative
Technology Solvent Purification System. Tetrathiocins la—1c and le were prepared
according to a modified procedure and their analytical data matched the literature report.?
6.4.2. Physical Measurements
NMR spectra were recorded at room temperature on a Bruker Avance 111 500 MHz
or Bruker Avance Ultrashield 300 MHz spectrometer. Chemical shifts are reported in ppm
relative to internal standards for *H and **C using DCM-d, (*H & = 5.32 ppm, singlet; 3C
d = 53.5 ppm, quintet) as an internal reference point relative to MesSi (6 = 0 ppm).
Elemental compositions were determined on a Perkin Elmer 2400 Series Il Elemental
Analyzer. Mass spectra were recorded on a Waters XEVO G2-XS spectrometer
specifically using the atmospheric solids analysis probe in positive resolution mode (ESI+)
or Thermo Scientific DFS (Double Focusing Sector) mass spectrometer (EI+).
6.4.3. X-Ray Crystallography
Crystals for investigation were covered in paratone oil and mounted onto a
goniometer head, and then rapidly cooled under a stream of cold N2 using the low-
temperature Oxford Cryostream attached to the Bruker D8 Venture diffractometer
equipped with Photon 100 CCD area detector. The data was then collected using the
APEX-III software suite,?* integrated using SAINT? and corrected for absorption using a
multi-scan approach (SADABS)?® XPREP was used to determine the space group and the
structures were solved by direct methods (SHELXS)?’ or intrinsic phasing (SHELXT).?®
All structures were refined with full least squares refinement on F? using either SHELXL?®
or Olex2 software.>® All hydrogen atoms were added at calculated positions and refined

isotropically with a riding model.
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6.4.4 Synthesis of Ge(dmobdt)z, Phase I (21-1)

Tetrathiocin 1a (0.145 g, 0.375 mmol) and GeCl-dioxane (0.184 g, 0.750 mmol)
were loaded into a Schlenk flask to which dry DCM (10 mL) was added. The initial cloudy
yellow solution turned clear in ca. 10 mins indicating the reaction was complete. The DCM
was removed under reduced pressure and the resulting oil was dissolved in DCM (5 mL).
The solution was left at room temperature to slowly evaporate to afford large yellow block-
shaped crystals suitable for X-ray diffraction (0.060 g, 34% based on 1a).

'H NMR (300 MHz, ppm, DCM-d>) &+ = 6.96 (4H, s, benzo C-H), 3.78 (12H, s,
O-CHs)

13C NMR (121 MHz, ppm, DCM-d>) 8¢ = 147.8 (s, aryl O-C), 125.3 (s, aryl S-C),
109.87 (s, benzo—C), 56.2 (s, O—CHy)

Elemental analysis calc. for C16H16Ge04S4-%4 CH2Cl2: C, 39.47; H, 3.36. Found:
C, 39.81; H, 3.09.

HRMS (ESI(+)) m/z: = [M]" calc. for C16H16Ge04Ss" 473.9142; found 473.9141.

Melting Point: 229 °C

IR vmax (cm™): 2982(w), 2931(w), 2888(w), 2823(w), 1588(w), 1491(s), 1439(m),
1346(m), 1241(vs), 1149(vs), 1028(vs), 917(m), 8.26(s), 779(s), 663(,), 639(sh), 443(w).

6.4.5 Synthesis of Ge(dmobdt)z, Phase Il (21-11)

Ge(dmobdt)2 (0.052 g, 0.109 mmol), and PhsPCI (0.041 g, 0.109 mmol), were
loaded into a Schlenk flask to which dry DCM (10 mL) was added. The reaction was stirred
for 24 h and the DCM was removed under reduced pressure. The powder was dissolved in
DCM (5 mL) and left for recrystallization at room temperature for slow evaporation to
afford long yellow needles as single crystals (0.23 g, 42%). Analytical data (*H NMR, 3C
NMR, EA, HRMS and IR) revealed this material is consistent with 21-1, but single crystal
X-ray diffraction and PXRD studies are consistent with a second phase.

Melting Point: 230 °C

6.4.6 Synthesis of 2 Ge(deobdt)2-1b (22)

Tetrathiocin 1b (0.171 g, 0.375 mmol) and GeCl,-dioxane (0.184 g, 0.750 mmol)

were loaded into a Schlenk flask to which dry DCM (10 mL) was added. The initial cloudy

yellow solution turned clear in ca. 10 mins indicating the reaction was complete. The DCM
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was removed under reduced pressure and the resulting oil was dissolved in DCM (5 mL).
The solution was left at room temperature to slowly evaporate to afford yellow needles that
could only give preliminary single crystal data (0.051 g, 30%). Note: Upon dissolving into
DCM-d>, the solution turned slightly cloudy indicating that the tetrathiocin (1b) was not
soluble and therefore visible in the *H NMR.

'H NMR (300 MHz, ppm, DCM-d,) 81 = 6.96 (4H, s, benzo C-H), 4.01 (8H, q, 3J
= 6.8 Hz, O-CH2CHa), 1.39 (12H, t, 3J = 6.8 Hz, O—-CH,CH?3)

Elemental analysis calc. for 2 C20H24Ge04S4-C20H2404S4-1%2CH2Cl2: C, 44.90; H,
4.60. Found: C, 44.72; H, 4.21.

IR vmax (cm™): 2983(w), 2932(w), 2889(w), 2823(w), 1588(w), 1492(s), 1438(m),
1346(m), 1241(vs), 1200(vs), 1119(m), 1029(vs), 916(m), 827(m), 781(m), 666(m),
634(w), 586(w).

6.4.7 Synthesis of Ge(doxIbdt)2(23)

Tetrathiocin 1c (0.115 g, 0.315 mmol) and GeCl»-dioxane (0.146 g, 0.630 mmol)
were loaded into a Schlenk flask to which dry DCM (10 mL) was added. The initial cloudy
yellow solution turned clear in ca. 10 mins indicating the reaction was complete. The DCM
was removed under reduced pressure and the resulting oil was dissolved in DCM (5 mL).
The solution was left at room temperature to slowly evaporate to afford yellow single
crystals (0.046 g, 33%).

!H NMR (300 MHz, ppm, DCM-d>) 8+ = 6.94 (4H, s, benzo C-H), 5.96 (4H, s, O—
CH2-0O)

Elemental analysis calc. for C14HgGeO4S4-1%2 CH2Cl2: C, 32.98; H, 1.91. Found:
C, 32.88; H, 1.70.

HRMS (EI(+)) m/z: = [M]" calc. for C14HsGeO4Ss™ 441.8512; found 441.8520.

IR vmax (cm™): 2964(w), 2890(w), 2776(w), 1460(vs), 1221(vs), 1124(m),
1080(m), 923(s), 835(s), 722(m), 647(m), 587(w), 549(w), 448(w).
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7. CONCLUSIONS AND FUTURE OUTLOOK

7.1 Conclusions

Previous work in our group has demonstrated the oxidative addition of 1,2,5,6-
tetrathiocins to zero-valent group 10 metal under microwave irradiation to yield the
respective dithiolate complexes.! As well, the phosphine co-ligand has also been
investigated in a systematic fashion that leads to a variety of mono-, di- and hexanuclear
complexes with Pt and Pd centers.?3 Therefore, Chapter 2 of this study looks into changing
the dithiolate ligand to tune the electronic properties of the metal complex for both Pt and
Pd. These complexes were able to utilize the two-step synthetic route to incorporate crown
ether functional groups into the dithiolate backbone and investigate the redox potentials
upon binding group 1 metal cations into the benzo-crown dithiolate ligand. Although the
redox properties of the complex show shifts in oxidation waves of around 0.1 V in the
presence of Na* ions, further work would be required to probe the selectivity of the
complexes for different alkali metals and how binding of these other ions would affect the
redox and spectroscopic properties. It is also relatively subtle and comparable to other
crown ether complexes attached to redox active groups.

Chapter 3 successfully expands the oxidative addition of 1,2,5,6-tetrathiocins to
group 9, Co. A family of compounds was synthesized through the microwave irradiation
of CpCo(CO)2 and the respective tetrathiocin derivative to isolate four novel cobalt
compounds. This study investigates the energetic balance between 16e~ monomer and the
dimeric counterpart of two CoCp(dithiolate) derivatives, 6 and (6)2 as well as 7, which
forms 7 and the cocrystal (7)2:2(7)-CH2Cl». Studies on 6 indicate that 6 does not convert to
(6)2 thermally, which has been shown by Miller et al.* but can be driven
mechanochemically.

Chapter 4 utilizes the same synthetic methods as Chapter 3, but to generate cobalt
complexes containing the benzo crown ether ligands. These compounds were initially
synthesized by Garner and co-workers® through a multi-step labour intensive synthetic
route with a poor overall yield. This has allowed us to re-examine the coordination
chemistry of these crown ether complexes. We find that although the crowns do indeed

bind s-block metal cations, solution and solid-state measurements all point to formation of
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2:1 complexes (rather than 1:1 complexes previously proposed) where the alkali metal is
sandwiched between two benzo-crown ethers. The electronics of this complexation was
probed by a nuanced change (460 cm™) in the low-energy Amax absorption upon s-block
metal ion coordination through UV-Vis, whereas electrochemical studies reveal a more
pronounced shift in the oxidation potential (+0.32 V) associated with the increased positive
charge on the complex. Preliminary complexation studies with d-block metals both favored
oxidation processes in preference to coordination in the crown ether pocket, with no
evidence for coordination of Co(lI/I1l) or Cu(l/l) ions in the crown pocket, however
crystallographic studies reveal that oxidation is associated with S—S bond formation.

Chapter 5 focused on synthesizing ‘push-pull” nickel dithiolate/bipyridine
complexes for non-linear optical properties. This series of compounds explored the
solvatochromic and chemical trends in the Amax in the visible region and correlate well with
the previous empirical models of solvent polarity and substituent effects (Hammett
Parameter). An initial complex to examine the effect of the role of the dithiolate ligand was
also investigated with one complex. Preliminary data indicate these compounds offer large
molecular hyperpolarizabilities and absorption maxima in the NIR region of the
electromagnetic spectrum arising from a low energy HOMO-LUMO excitation.

The final chapter expands the reactivity with p-block elements through the
oxidative addition with a low valent Ge(ll) precursor. Synthesis pointed the initial reaction
product to undergo a Schlenk equilibrium in order to obtain the germanium bis(dithiolate
species. Two derivatives were successfully crystallized and their structures were confirmed
by single crystal x-ray diffraction. Furthermore, the polymorphic nature of 21 was
investigating through its thermal properties monitored by DSC and pXRD, which were
inconclusive but suggests a potential third phase. This initial look into the reactivity did
not produce the expected complex like that which was found from the P(l) compounds.®
This indicates that the p-block chemistry is not as predictable as the d-block, and therefore

more experiments should focus on expanding this area of chemical reactivity (Scheme 7.1).
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Scheme 7.1. Outlook of p-block reactivity to date.

Overall, this research has expanded the range of both metals and supporting ligands
that can be used in such oxidative addition chemistry which now incorporates group 9 and
10 metals, Cp, phosphine and bipyridine ligands. This methodology permits a range of
coordination complexes to be prepared in a one-pot synthesis. In the case of crown-ether
functionalized derivatives this has led to far fewer steps in the synthetic pathway and
permitted a more rigorous exploration of the solution chemistry. The latter has highlighted
that crown-ether derivatives exhibit some sensitivity of the UV-Vis and electrochemical
response and led to some revision of the species formed in solution on addition of alkali
metals. While oxidative addition of tetrathiocins also occurs with Ge(ll), the p-block
chemistry is less predictable and further investigations are needed to develop a larger body
of work to better understand the underlying themes of the reaction chemistry.

7.2 Future Outlook

The oxidative addition of tetrathiocins to CpCo(CO); is a good indication for the
generation of a range of d-block complexes derived from other low valent metal carbonyls,
including group 6 carbonyls, M(CO)s [M = Cr, Mo, W], group 7 carbonyls such as
Mn2(CO)10, and group 8 carbonyls such as Fe(CO)s or Fez(CO)o. These reactions can be

undertaken in the presence of auxiliary ligands such as phosphines (Scheme 7.2).
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Scheme 7.2. Possible reactivity of tetrathiocins with other group 6-10 d-block metals.

The group 6 complexes generated from these reactions will be closely related to the
tris(dithiolate) molybdenum complexes prepared by Fekl,” which have been used to
catalyse the cycloaddition chemistry of tetrathiocins with alkenes and alkynes and offer the
potential to make sulfur-rich heterocycles. The iron® and nickel dithiolates and mixed
iron/nickel systems could be used as potential models for nickel hydrogenases or as
homogeneous hydrogenation catalysts exemplified through recent work by Adams et al.®
With the extension to group 9 and promising results, future experiments may also include
second row transition metals, such as Wilkinson's catalyst, RhCI(PPh3)s.

On the main group side, oxidative addition of 1,2,5,6-tetrathiocins has only begun
in terms of possible reactivity. The germanium bis(dithiolate) species must be investigated
more thoroughly to identify the potential third phase identified through PXRD and DSC
studies. Furthermore, poor crystals of the diethoxy dithiolate indicated that two molecules
co-crystallize with unreacted starting material. This system requires further investigation
in order to unambiguously determine the reaction by obtaining the crystal structure and
analytical data. Other low oxidation state p-block compounds could also be studied, which
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might focus on readily accessible indium(l) and tin(Il) precursors such as InCp or InCp*
and dialkyl tin species.

Finally, metal dithiolates have been studied since their discovery in the 1960s,
however their counterparts of diselenoates chemistry has not been as extensively studied.
In a recent paper by Kimura et al.*° they prepared stable diselenetes to form Pt complexes
with phosphine co-ligands. These diselenetes also showed their dimerization propensity to
form the respective tetraselenocins. Similar structures have also been shown with
diselenolate analogues to what is Chapter 3 and 4 of CpCo(R2CeH4E2) complexes (E = S
or Se).!r Work by Dr. Elodie Heyer, previously in our group has found that the
corresponding tetraselenocins can be prepared in a similar fashion. Recent work by
Freedman and co-workers has shown Cu and V systems offering future avenues of study

for quantum computing and molecular electronics.*?
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APPENDIX A

Crystallographic Information from Chapter 2

* Note that any counterions or solvate molecules within each diagram have been
removed for clarity. Where more than one molecule exists in the asymmetric unit, just one

molecule is illustrated.
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Structure LWO067_1 P21 ¢

Table A.1. Crystal data and structure refinement for LW067_1 P21 c.

Identification code LWO067_1_ P21 ¢
Empirical formula CasH3602P2PtS;
Formula weight 821.80
Temperature/K 170(2)
Crystal system Monoclinic
Space group P2i/c
alA 12.1612(5)
b/A 13.3852(5)
c/A 23.7430(10)
al® 90
BI° 94.925(2)
yl° 90
Volume/A3 3850.6(3)
Z 4
peac glcm? 1.418
u/mm?t 3.863
F(000) 1632
Crystal size/mm? 0.363 x 0.159 x 0.134
26 range for data collection/° 2.934 to 26.447
Index ranges -15<h<15
-16 <k <16
-29<1<29
Reflections collected 85346

Independent reflections 7914 [R(int) = 0.0368]
Data/restraints/parameters 7914 /0/ 390
Goodness-of-fit on F? 1.029
Final R indexes [I>=20 (I)] R:=0.0200, wR>=0.0424
Final R indexes [all data] R1=0.0268, wR>=0.0450
Largest diff. peak/hole /e A 0.801 and -0.527
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Structure LWO070_P21 n

Table A.2. Crystal data and structure refinement for LW070_P21 n.

Identification code LWO070_P21 n
Empirical formula C33H2802P2PtS;
Formula weight 777.70
Temperature/K 170(2)
Crystal system Monoclinic
Space group P21/n
alA 11.1176(4)
b/A 12.7701(5)
c/A 20.8750(9)
al® 90
BI° 97.1010(10)
yl° 90
Volume/A3 2941.0(2)
z 4
pealc glcm?® 1.756
u/mm? 5.052
F(000) 1528
Crystal size/mm?® 0.386 x 0.086 x 0.016
26 range for data collection/° 2.987 to 25.433
Index ranges -13<h <12
-15<k<15
25 <1<25
Reflections collected 9962

Independent reflections 5420 [R(int) = 0.0650]
Data/restraints/parameters ~ 5420/0/ 361
Goodness-of-fit on F2 1.116
Final R indexes [I>=20 (I)] R1=0.0268, wR,=0.0478
Final R indexes [all data] R1=0.0392, wR»=0.0519
Largest diff. peak/hole /e A 1.227 and -0.869
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Structure LWO071_2ndxtal

Table A.3. Crystal data and structure refinement for LWO071_2ndxtal.

Identification code LWO071_2ndxtal
Empirical formula C345H31CIO2P2PtS>
Formula weight 834.19
Temperature/K 170(2)
Crystal system Monoclinic
Space group P21/n
alA 17.8196(7)
b/A 20.1432(1)
c/A 17.8701(9)
al® 90
BI° 92.049
yl° 90
Volume/A3 6410.3(5)
Z 8
Pealc g/cm3 1.729
u/mm?t 4.723
F(000) 3288
Crystal size/mm? 0.508 x 0.278 x 0.088
260 range for data collection/°  3.049 to 26.25
Index ranges -19<h <22
24 <k<25
21<1<22
Reflections collected 96564

Independent reflections 9277 [R(int) = 0.1349]
Data/restraints/parameters 9277 /0/ 766
Goodness-of-fit on F2 1.040
Final R indexes [I>=20 (I)] R1=0.0501, wR>=0.0863
Final R indexes [all data] R1=0.0897, wR>=0.1009
Largest diff. peak/hole /e A 2.409 and -1.733
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Structure LWO069 1

"\
Table A.4. Crystal data and structure refinement for LW069_1.

Identification code LWO069 1
Empirical formula C35H3202P2PtS;
Formula weight 805.75
Temperature/K 170(2)
Crystal system Orthorhombic
Space group P212122
alA 11.4938(4)
b/A 12.8694(4)
c/A 21(4788(6)
al® 90
BI° 90
yl° 90
Volume/A3 3177.11(17)
z 4
pealc glcm?® 1.685
u/mm? 4.680
F(000) 1592
Crystal size/mm?® 0.420 x 0.252 x 0.241
26 range for data collection/° 3.040 to 27.544
Index ranges -14<h<14
-13<k<16
27 <1<27
Reflections collected 36129

Independent reflections 7216 [R(int) = 0.0276]
Data/restraints/parameters 7216 /60 / 409
Goodness-of-fit on F2 1.018
Final R indexes [I>=2¢ (I)] R1=0.0233, wR»=0.0511
Final R indexes [all data] R1=0.0263, wR»=0.0524
Largest diff. peak/hole /e A 0.692 and -0.767
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Structure LWO072_P21 n

Table A.5. Crystal data and structure refinement for LW072_P21 n.

Identification code LWO072_P21 n
Empirical formula Cs5H3202N2P2PtS;
Formula weight 817.77
Temperature/K 170(2)
Crystal system Monoclinic
Space group P21/n
alA 10.2809(5)
b/A 16.2519(7)
c/A 18.8916(9)
al® 90
BI° 95.946(2)
yl° 90
Volume/A3 3139.5(3)
z 4
pealc glcm?® 1.730
u/mm? 4.737
F(000) 1616
Crystal size/mm?® 0.269 x 0.227 x 0.138
260 range for data collection/° 3.057 to 27.578
Index ranges -13<h <13
-20<k<21
24<1<24
Reflections collected 108432

Independent reflections 5755 [R(int) = 0.0901]
Data/restraints/parameters ~ 5755/0/390
Goodness-of-fit on F2 1.130
Final R indexes [I>=2¢ (I)] R1=0.0383, wR>=0.0629
Final R indexes [all data] R1=0.0619, wR>=0.0712
Largest diff. peak/hole /e A 1.502 and -0.993
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Structure LWO073_P21 ¢

Table A.5. Crystal data and structure refinement for LWO073_P21 c.

Identification code LWO073_P21 ¢
Empirical formula CaoH4205P2PtS;
Formula weight 923.88
Temperature/K 170(2)
Crystal system Monoclinic
Space group P2i/c
alA 11.6904(5)
b/A 13.5792(6)
c/A 24.8680(12)
al® 90
BI° 101.911(2)
yl° 90
Volume/A3 3862.7(3)
Z 4
pealc glcm® 1.589
u/mm? 3.866
F(000) 1848
Crystal size/mm?® 0.216 x 0.137 x 0.129
26 range for data collection/° 2.925 to 29.206
Index ranges -14<h<16
-18 <k <18,
-34<1<34
Reflections collected 158228

Independent reflections 10455 [R(int) = 0.0819]
Data/restraints/parameters ~ 10455/0/ 451
Goodness-of-fit on F2 1.051
Final R indexes [I>=20 (I)] R:1=0.0478, wR>=0.1012
Final R indexes [all data] R1=0.0693, wR>=0.1117
Largest diff. peak/hole /e A 3.365 and -1.828
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Structure LWO088 1 P 1

Table A.5. Crystal data and structure refinement for LW088 1 P 1.

Identification code LWo088_1 P_1
Empirical formula CesHesBClsNaOsP2PtS,
Formula weight 1435.93
Temperature/K 150(2)
Crystal system Triclinic
Space group P1
alA 13.0406(8)
b/A 16.0671(16)
c/A 16.7995(11)
al® 80.747(4)
BI° 78.054(2)
yl° 66.431(3)
Volume/A3 3144.4(4)
Z 2
Pealc g/cm3 1.517
u/mm?t 2.575
F(000) 1452
Crystal size/mm?® 0.237 x 0.228 x 0.118
26 range for data collection/° 2.941 to 27.530
Index ranges -12<h<16
20<k<20
21<1<21
Reflections collected 37422

Independent reflections 14041[R(int) = 0.0250]
Data/restraints/parameters 14041 /29 /762
Goodness-of-fit on F? 1.133
Final R indexes [I>=20 (I)] R:=0.0319 wR2=0.0658
Final R indexes [all data] R1=0.0416, wR>=0.0712
Largest diff. peak/hole /e A 2.209 and -1.181
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Structure LW098

Table A.6. Crystal data and structure refinement for LW098_1 P_1.

Identification code LW098
Empirical formula Cs0.75H51.50Cls.50FeOsP2P
tS2
Formula weight 1313.39
Temperature/K 150(2)
Crystal system Monoclinic
Space group P2i/c
alA 18.343(2)
b/A 19.8358(19)
c/A 15.1897(17)
al® 90
Bl° 102.082(4)
yl° 90
Volume/A3 5404.4(10)
Z 4
Pealc glcm? 1.614
u/mm? 3.307
F(000) 2622
Crystal size/mm?® 0.388 x 0.274 x 0.149
26 range for data collection/° 2.836 to 26.434
Index ranges -22<h<22
24 <k<24
-18<1<19
Reflections collected 170329

Independent reflections 11090 [R(int) = 0.0965]
Data/restraints/parameters 11090/ 26 / 631
Goodness-of-fit on F? 1.103
Final R indexes [I>=20 (I)] R:1=0.0736, wR2=0.1667
Final R indexes [all data] R1=0.0980, wR>=0.1822
Largest diff. peak/hole /e A 4.480 and -2.389
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Structure LWO089_3rdxtal P21 c

Table A.7. Crystal data and structure refinement for LW089_3rdxtal P21 c.

Identification code LWO089_3rdxtal_P21 c
Empirical formula C72HssBFeNaOsP2PtS:
Formula weight 1422.04
Temperature/K 150(2)
Crystal system Monoclinic
Space group P2i/c
alA 10.8886(6)
b/A 33.2871(17)
c/A 17.9102(9)
al® 90
BlI° 106.0570(10)
yl° 90
Volume/A3 6238.3(6)
Z 4
Pecalc g/Cm3 1.514
u/mm? 7.587
F(000) 2880
Crystal size/mm?® 0.176 x 0.153 x 0.109
260 range for data collection/° 3.984 to 50.358
Index ranges -10<h <10
-33<k<33
17 <1<17
Reflections collected 59803

Independent reflections 6471 [R(int) = 0.0534]
Data/restraints/parameters 6471/ 365/ 787
Goodness-of-fit on F? 1.271
Final R indexes [I>=20 (I)] R:=0.0961, wR>=0.1992
Final R indexes [all data] R1=0.1125, wR»=0.2065
Largest diff. peak/hole /e A 1.120 and -3.703
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APPENDIX B

Crystallographic Information from Chapter 3

* Note that any H atoms within each diagram have been removed for clarity.
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Structure LW046_Pbca_a

Table B.1. Crystal data and structure refinement for LW046_Pbca_a.

Identification code LWO046 Pbca_a

Empirical formula C13H13C00:2S;
Formula weight 324.28
Temperature/K 149.93
Crystal system orthorhombic

Space group Pbca
alA 9.0701(4)
b/A 7.3043(3)
c/A 39.5242(18)
a/° 90
B/° 90
v/° 90
Volume/A3 2618.5(2)
z 8
peatcg/cm? 1.645
wmm™ 13.176
F(000) 1328.0
Crystal size/mm? 0.365 x 0.168 x 0.161
Radiation CuKa (A= 1.54178)
20 range for data collection/°8.95 to 109.984
Index ranges -9<h<9
-7<k<6
-41<1<41

Reflections collected 10701
Independent reflections 1633 [Rint= 0.0679, Rsigma = 0.0449]
Data/restraints/parameters 1633 /12 /165
Goodness-of-fiton F>  1.286
Final R indexes [[>=2c (I)] R1=0.0541, wR>=0.1270
Final R indexes [all data] R:=0.0586, wR,=0.1287
Largest diff. peak/hole / e A2 0.46/-0.52
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Structure LW062 2 P 1 a

Table B.2. Crystal data and structure refinement for LW062_2 P 1 a.

Identification code w062 2 p 1 a

Empirical formula C15H17C002S;
Formula weight 352.33
Temperature/K 170(2)

Crystal system triclinic
Space group P-1
alA 8.6038(6)
b/A 8.6688(5)
c/A 41.693(3)
a/° 88.980(2)
/e 90
v/° 90
Volume/A3 3109.2(3)
z 8
peatcg/cm? 1.505
p/mm? 11.143
F(000) 1456.0
Crystal size/mm? 0.160 x 0.052 x 0.040
Radiation CuKoa (A =1.54178)
20 range for data collection/° 8.484 to 100.876
Index ranges -8<h<8
-8<k<8
-41 <1<41

Reflections collected 18077
Independent reflections 4343 [Rint= 0.0614, Rsigma = 0.0776]
Data/restraints/parameters 4343 /51 /531
Goodness-of-fiton > 1.053
Final R indexes [[>=2c (I)] R1=0.0795, wR>= 0.1567
Final R indexes [all data] R:=0.1217, wR>=0.1804
Largest diff. peak/hole / e A20.72 and -0.46
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Structure of LW037_a

Table B.3. Crystal data and structure refinement for LWO037_a.

Identification code LWO037_a

Empirical formula Ci5.25H17Clo5C002S;
Formula weight 373.06
Temperature/K 149.88
Crystal system triclinic

Space group P-1
alA 7.1883(15)
b/A 20.081(4)
c/A 23.291(5)
o/ 97.447(10)
/e 98.801(7)
v/° 100.016(7)
Volume/A3 3229.3(12)
Z 8
pcalcg/Cm3 1.535
wmm? 1.403
F(000) 1536.0
Crystal size/mm?® 0.191 x 0.143 x 0.138
Radiation MoKa (A =10.71073)
20 range for data collection/°5.802 to 51.272
Index ranges -8<h<8
-23<k<24
-28<1<27

Reflections collected 35533
Independent reflections 11228 [Rint = 0.0855, Rsigma = 0.0990]
Data/restraints/parameters 11228 /0/ 751
Goodness-of-fiton F>  1.130
Final R indexes [[>=2c6 (I)] R1=0.0768, wR2>=0.2217
Final R indexes [all data] R1=0.1336, wR2=0.2562
Largest diff. peak/hole / e A< 0.94/-0.89
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Structure of LW059 P 1 a

Table B.4. Crystal data and structure refinement for LW059 P_1 a.

Identification code w059 p 1 a

Empirical formula C12H9C00>S>
Formula weight 308.24
Temperature/K 170(2)

Crystal system triclinic
Space group P-1
alA 6.2350(2)
b/A 13.4679(4)
c/A 14.6858(4)
a/° 109.1900(10)
/e 99.8150(10)
v/° 91.9760(10)
Volume/A3 1142.19(6)
Z 4
pcalcg/Cm3 1.793
wmm™ 15.070
F(000) 624.0
Crystal size/mm? 0.219 x 0.138 x 0.122
Radiation CuKa (A =1.54178)
20 range for data collection/°6.494 to 136.766
-7<h<7
Index ranges -16<k<16
-17<1<17

Reflections collected 32545
Independent reflections 4194 [Rint= 0.0666, Rsigma = 0.0363]
Data/restraints/parameters 4194 /0 /307
Goodness-of-fiton F>  1.059
Final R indexes [[>=2c (I)] R1=10.0431, wR2>=0.0883
Final R indexes [all data] Ri1=0.0571, wR2=0.0961
Largest diff. peak/hole / e A2 0.65 and -0.35
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Structure of LW060 P21 n_a

Table B.5. Crystal data and structure refinement for LW060_P21 n_a

Identification code LWO060 P21 n a

Empirical formula C14H13C002S;
Formula weight 336.29
Temperature/K 170.0
Crystal system monoclinic

Space group P21/n
alA 6.6495(2)
b/A 7.1273(3)
c/A 28.5224(11)
a/° 90
/e 94.1340(10)
v/° 90
Volume/A3 1348.24(9)
Z 4
pealcg/cm?® 1.657
w/mm?t 1.575
F(000) 688.0
Crystal size/mm?® 0.214 x 0.208 x 0.184
Radiation MoKa (A =10.71073)
20 range for data collection/°5.892 to 52.856
-8<h<8
Index ranges -8<k<8
-35<1<35

Reflections collected 41117
Independent reflections 41117 [Rint = 0.0601, Rsigma=0.0517]
Data/restraints/parameters 41117 /0/ 225
Goodness-of-fit on F>  1.068
Final R indexes [[>=2c (I)] R1=0.0423, wR2>=0.0696
Final R indexes [all data] R:=0.0601, wR>=10.0742
Largest diff. peak/hole / e A©0.37 and -0.44
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APPENDIX C

Crystallographic Information from Chapter 4

* Note that any H atoms within each diagram have been removed for clarity.
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Structure of JIMR_LWO017

Table C.1. Crystal data and structure refinement for JMR_LWO017.

Identification Code JMR_LWO017

Empirical formula C21H27C006S:
Formula weight 498.47
Temperature/K 149.99
Crystal system monoclinic

Space group P2i/c
alA 14.5232(12)
b/A 17.0416(11)
c/A 8.9492(7)
a/° 90
/e 96.345(5)
v/° 90
Volume/A3 2201.3(3)
Z 4
pealcg/cm?® 1.504
wmm? 1.004
F(000) 1040.0
Crystal size/mm?® 0.05 x 0.05 x 0.01
Radiation MoKa (A =10.71073)
20 range for data collection/® 3.698 to 49.35
Index ranges -16<h<17
-19<k<19
-10<1<8

Reflections collected 21142
Independent reflections 3692 [Rint= 0.1491, Rsigma = 0.1427]
Data/restraints/parameters 3692 /36 / 241
Goodness-of-fiton F>  1.256
Final R indexes [[>=2c (I)] R1=0.1350, wR2= 0.2060
Final R indexes [all data] R:=0.2071, wR2=10.2339
Largest diff. peak/hole / e A 0.75 and-0.81
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Structure of LWO075
¥

Table C.2. Crystal data and structure refinement for LWO075.

- &

Identification code LWO075

Empirical formula C3sH46010S2C02B2Fs
Formula weight 1082.47
Temperature/K 170(2)

Crystal system monoclinic
Space group P2i/c
alA 19.2080(12)
b/A 11.1691(7)
c/A 25.6152(16)
a/° 90
/e 103.133(4)
v/° 90
Volume/A3 5351.6(6)
z 4
peatcg/cm? 1.343
w/mm? 6.969
F(000) 2216.0
Crystal size/mm?® 0.296 x 0.163 x 0.04
Radiation CuKa (A= 1.54178)
20 range for data collection/°7.088 to 109.302
Index ranges -20<h<20
-11 <k <11
-26<1<26

Reflections collected 61316
Independent reflections 6592 [Rint= 0.1226, Rsigma = 0.0590]
Data/restraints/parameters 6592 / 384 / 608
Goodness-of-fiton F2  1.099
Final R indexes [[>=2c (I)] R1=0.0956, wR2= 0.2289
Final R indexes [all data] R:=0.1094, wR,=0.2377
Largest diff. peak/hole / e A=1.30 and -0.69

185



APPENDIX D

Supplementary Information on Chapter 4
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. Mass Spectrometry
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Figure D.1. Mass spectrum of 1h after storage in a glass vial reveals [Lh+K]" (The

isotopomers at 771 correspond to [Lh+Na]* and those at 766 correspond to [1h+NHa]").

Inset: comparison of calculated and experimental isotope distribution patterns for

[1h+K]*.
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Figure D.2. (top) Experimental HRMS ASAP(+) mass spectrum of 12 and (bottom)
simulated HRMS spectrum
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Figure D.3. Mass spectrometry of 12 showing complexation with ions from the glass
vial: 12+NH4* (m/z = 516; calculated isotope distribution pattern: 516 = 100, 517 = 25.4,
518 =13.1, 519 = 2.5) 12+Na" (m/z = 521, calculated isotope distribution pattern: 521 =
100, 522 = 25, 523 = 13, 524 = 2.5) and 12+K* (m/z = 537; calculated isotope distribution

pattern: 537 = 100, 538 = 25, 539 = 20.3, 540 = 4.3, 541 = 1.4). Isotopomers with less

than 1% abundance are neglected.
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Figure D.4. Mass spectrum of 13a showing the 2:1 ratio between the cobalt complex and
Na*[(11)2Na*: m/z = 931; calculated isotope distribution pattern: 931 = 100, 932 = 45.4,
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933 =29.7,934 =10.2, 935 = 3.5). The isotope distribution pattern at 947 corresponds to
(11)2K* (m/z = 947; calculated isotope distribution pattern: 947 = 100, 948 = 45.4, 949 =
36.9, 950 = 13.4, 951 = 5.6, 952 = 1.5) while the isotopomers around 926 correspond to
(11)2NH4" (m/z = 926; calculated isotope distribution pattern: 926 = 100, 927 = 45.8, 928
=29.9, 929 = 10.3, 930 = 3.5). Isotopomers less than 1% abundant are neglected.

htens:, +MS, 1.6-1.7min #(20-24), Background Subtracted
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Figure D.5. Mass spectrum of 13a in the low mass region, revealing the 1:1 ratio
between the cobalt complex 11 and Na*, (11)Na* ((m/z = 477, calculated isotope
distribution pattern: 477 = 100; 478 = 22.7; 479 = 12.3; 480 = 2.2). Isotopomers with less

than 1% abundance are neglected.
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x10

9471

084

0.6

0.4

0.24

0.0

Figure D.6. Mass spectrum of 13b showing the 2:1 ratio between the cobalt complex 11
and K%, (11)2K* (m/z = 947; calculated isotope distribution pattern: 947 = 100, 948 =
45.4,949 = 36.9, 950 = 13.4, 951 = 5.6, 952 = 1.5). Isotopomers with less than 1%

abundance are neglected.
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Figure D.7. Mass spectrometry of 13b showing the 1:1 ratio between the cobalt complex
and K, (11)K* (m/z = 493; calculated isotope distribution pattern: 493 = 100, 494 = 22.7,
495 =19.5, 496 = 3.8, 497 = 1.3). Isotopomers with less than 1% abundance are
neglected.
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Figure D.8. Mass spectrum of 13c in the low mass region, highlighting the (11)Rb" ion

Intens.
x106

0

(m/z =539, calculated isotope distribution pattern: 539 = 100; 540 = 22.7, 541 = 50.8,

542 = 11, 543 = 5.2). Isotopomers with less than 1% abundance are neglected.
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Figure D.9. Mass spectrometry of 13d showing the 2:1 ratio between the cobalt complex
and Cs", (3)2Cs™ (m/z = 1041, calculated isotope distribution pattern: 1041 = 100, 1042 =
45.4,1043 = 29.7, 1044 = 10.2, 1045 = 3.5). Isotopomers with less than 1% abundance

are neglected.
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Figure D.10. Mass spectrometry of 13d showing the 1:1 ratio between the cobalt
complex and Cs*, (11)Cs* (m/z = 587; calculated isotope distribution pattern: 587 = 100,
588 = 22.7,589 = 12.3, 590 = 2.2). Isotopomers with less than 1% abundance are

neglected.

I1. Density Functional Theory
Table D.1. Comparison of crystallographically and computationally determined
geometries for 11.

Computed
X-ray
Parameter B3LYP-
diffraction MO6/LACV3P**++
D3/LACV3P**++
Average C-S bond length/A 1.728 1.746 1.735
Average Co-S bond length/A 2.117 2.149 2.132
Co-Cp-centroid distance/A 1.660 1.689 1.726
Angle between Cp and C¢S; 89.81 88.61 86.97

planes/°
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Figure D.11. Comparison of experimental and computed UV-Vis spectra for 11.

Table D.2. Computed lowest energy UV-Vis transitions for 11 with oscillator strength, f

>0.1.
Basis Set Functional Solvent Amax/NM

B3LYP-D3 LACV3P gas phase 561
LACV3P** gas phase 565

LACV3P**++ PCM COSMO(CHCly) 572

MO06 LACV3P gas phase 551
LACV3P** gas phase 583

LACV3P**++ PCM COSMO(CH2CIy) 622

Experimental CHCl 643

Table D.3. Contributions to the lowest energy excitation with oscillator strength, f > 0.1.

Transition wavelength oscillator contribution x-coeff
number (nm) strength
5 622 0.205
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Figure D.12. Frontier orbitals for 11 computed at the
MO6/LACV3P**++/COSMO(CH2CI>) level of theory.
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APPENDIX E

Crystallographic Information from Chapter 5

* Note that any solvate molecules within each diagram have been removed for
clarity. Where more than one molecule exists in the asymmetric unit, just one molecule is

illustrated.

196



Structure of LW176_P21 c done_a

Table E.1. Crystal data and structure refinement for LW176_P21 ¢ done_a.

Identification code LW176 P21 c done_a
Empirical formula C19H17CI3N2NiO2S;

Formula weight 534.52
Temperature/K 170.0
Crystal system monoclinic
Space group P2i/c
alA 13.248(10)
b/A 11.843(9)
c/A 14.474(10)
a/° 90
/e 109.54(4)
v/° 90
Volume/A3 2140(3)
z 4
pcallcg/Cm3 1.659
w/mm 1.496
F(000) 1088.0
Crystal size/mm?® 0.86 x 0.199 x 0.033
Radiation MoKa (A =0.71073)
20 range for data collection/°5.974 to 56.84
Index ranges -17<h<17
-15<k<15
-19<1<19

Reflections collected 66534
Independent reflections 5340 [Rint= 0.1437, Rsigma = 0.0536]
Data/restraints/parameters 5340/ 0/ 264
Goodness-of-fiton F>  1.130
Final R indexes [[>=2c (I)] R1=0.0577, wR2=0.1104
Final R indexes [all data] Ri1=0.0887, wR2=0.1267
Largest diff. peak/hole / e A-20.89 and -0.76
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APPENDIX F

Crystallographic Information from Chapter 6

* Note that any counterions or solvate molecules within each diagram have been
removed for clarity. Where more than one molecule exists in the asymmetric unit, just one

molecule is illustrated.
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Structure of LW020_0m_a

Table F.1. Crystal data and structure refinement for LW020_0m_a.

Identification code mo_LW20 0Om_a

Empirical formula C16H16Ge04S4
Formula weight 473.12
Temperature/K 170.0
Crystal system monoclinic

Space group P21/n
alA 11.4460(5)
b/A 13.6520(7)
c/A 11.7325(6)
a/° 90
/e 92.131(2)
v/° 90
Volume/A3 1832.06(15)
Z 4
peaicg/cm® 1.715
wmm™ 2.147
F(000) 960.0
Crystal size/mm? 0.68 x 0.35 x 0.165
Radiation MoKa (A =0.71073)
20 range for data collection/°5.722 to 56.724
-15<h<14
Index ranges -18<k<18
-15<1<15

Reflections collected 36449
Independent reflections 4583 [Rint = 0.0430, Rsigma = 0.0224]
Data/restraints/parameters 4583 /0 /230
Goodness-of-fiton F>  1.190
Final R indexes [I>=26 (I)] R1=10.0313, wR2>=0.0607
Final R indexes [all data] R:=0.0478, wR2=0.0696
Largest diff. peak/hole / e A2 0.44 and -0.53
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Structure of JMR_LWO033 0m_a

Table F.2. Crystal data and structure refinement for IMR_LWO033_0m_a.

Identification code JMR_LWO033 Om_a

Empirical formula C16H16Ge04S4
Formula weight 473.12
Temperature/K 150.15
Crystal system orthorhombic

Space group Fdd2
alA 40.577(2)
b/A 20.0338(12)
c/A 4.5949(3)
a/° 90
pB/e 90
v/° 90
Volume/A3 3735.2(4)
Z 8
pcalcg/Cm3 1.683
w/mm 2.106
F(000) 1920.0
Crystal size/mm?® 0.18 x 0.07 x 0.04
Radiation MoKa (A =0.71073)
20 range for data collection/°4.016 to 57.774
-54<h<53
Index ranges 26 <k <26
-6<1<6

Reflections collected 30148
Independent reflections 2396 [Rint= 0.0451, Rsigma = 0.0246]
Data/restraints/parameters 2396 /1 /117
Goodness-of-fiton F>  1.081
Final R indexes [[>=2c (I)] R1=0.0225, wR> = 0.0487
Final R indexes [all data] Ri1=0.0243, wR2= 0.0494
Largest diff. peak/hole / e A2 0.40 and -0.28
Flack parameter 0.081(11)
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Structure of LW077_P21 c a

Table F.3. Crystal data and structure refinement for LW077_P21 ¢ a.

Identification code LWO077 P21 ¢ a

Empirical formula C20Ge0.6704S4
Formula weight 480.83
Temperature/K 170.0
Crystal system monoclinic

Space group P2i/c
alA 37.4730(12)
b/A 12.1737(4)
c/A 15.6474(5)
a/° 90
/e 102.079(2)
v/° 90
Volume/A3 6980.1(4)
z 12
peatcg/cm? 1.373
w/mm? 4.875
F(000) 2848.0
Crystal size/mm?® 0.221 x 0.040 x 0.012
Radiation CuKa (A= 1.54178)
20 range for data collection/°5.774 to 90
Index ranges -34<h<34,-11<k<I11,-14<1<14

Reflections collected 44301
Independent reflections 5634 [Rint= 0.0985, Rsigma = 0.0520]
Data/restraints/parameters 5634/216/542
Goodness-of-fiton F2  1.132
Final R indexes [I>=2c (I)] R1=0.0739, wR>=0.1828
Final R indexes [all data] R:=0.0821, wR>=0.1890
Largest diff. peak/hole / e A*1.81/-0.48
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Structure of LW078_P_1

X2 .

Table F.4. Crystal data and structure refinement for LW077_P21 c.

Identification code LW078 P 1 a

Empirical formula C14HgGeO4S4
Formula weight 441.03
Temperature/K 150.0
Crystal system triclinic

Space group P-1
alA 7.1721(4)
b/A 13.9502(7)
c/A 16.6551(8)
a/° 99.319(2)
pB/e 90.285(2)
v/° 90.634(2)
Volume/A3 1644.25(15)
Z 4
Pcalcg/Cm3 1.782
w/mm? 2.385
F(000) 880.0
Crystal size/mm?® 0.222 x 0.164 x 0.064
Radiation MoKa (A =0.71073)
20 range for data collection/°5.92 to 55.17
-9<h<9
Index ranges -18<k<18
21 <1<21

Reflections collected 96110
Independent reflections 7617 [Rint= 0.0263, Rsigma = 0.0113]
Data/restraints/parameters 7617 /0 /415
Goodness-of-fiton F>  1.143
Final R indexes [[>=2c (I)] R1=0.0246, wR2= 0.0687
Final R indexes [all data] R1=0.0281, wR2=0.0711
Largest diff. peak/hole / e A20.42 and -0.79
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