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This thesis explores the coordination chemistry of functionalized thiourea ligands
with electronwithdrawing sulfonyl, phosphoryl and diacyubstituents. These
ligands, despite their structural similarity to acylthioureas, exhibit unique
coordinationbehaviourghat have been largely understudiedthin the literature
particularly with platinum grou@nd related late transition metal8y utilizinga
series ofcharacterization techniques, including singlgstal Xray diffraction,
electrospray ionization mass spectrometry, NMR spectroscopy, and
computational methods, this work aia to establish foundational knowledge to

inform future applicatiordriven researctwithin this research domain.

Firstly, dianionic sulfonylthiourea ligands were investigated towards platinum(ll),
revealing adistinct preference fordistal isomer (coordinatedvia S,Nsulfonyl)
which was found to be a result ofséabilizing chalcogen bond between thiourea
sulfur and sulfonyl oxygen atoms. This namvalent interaction, confirmed
computationallyand crystallographicallyhighlights the potential for modulating
isomer selectivityof thiourea ligandshrough ligand desigr-ollowing this study,
Chapter 3 extends theinvestigation of dianionic and monoanionic
sulfonylthiourea ligands to organometallicuthenium(ll), iridium(lll), and
rhodium(lll) in the piano stool arrangement. The resulting complexes
demonstrated how steric factors influence isomerization andesulting
coordination modes. Whil¢ghe proximalisomer persisted among the prepared
complexes, using sufficient steric bulk around the metal centredib&lisomer
was formed exhibiting proximal to distal isomerizationin the liquid state
Anticancer assessments against various human cancer cellarespeformed
externally whichshow moderateactivity. Trends indicating enhanced efficacy
through increased ligand lipophilicityere observed among the ruthenium(ll)
complexes In Chapter 4, platinum(ll) complexes with dianionic
phosphorylthiourea ligands are characterized, revealing a considistalisomer

preference modulated by bulky substituents. The inclusion of phosphorus atoms



onto the ligandenhances characterization capabilitieser similar ligandwvia
31p{1H} NMR spectroscopy, providing a robust tool for elucidating coordination
modes.Chapter 5 introduces symmetric diacylated thioureas as versatile ligands
for platinum(ll), palladium(ll), and gold(lll). Their coordinatrande, forming
four-membered S,N coordinatedmetallocycles, contrasts witithe related
monoacylatedacylthioureaanalogues. Moreover, the inclusion of a second acyl
group onto the thiourea core allows for additional chalcogen and hydrogen
bonding interactions which dominate the structe of the complex.Finally,
Chapter 6 presents a ruthenium cymene complex featuring a neutral
monodentate diacylthiourea ligand. Nonovalent interaction analysis identifies
chalcogen and hydrogen bonding as determinthg structural arrangement,

reinforcing the importance of these features in future applications.

Collectively, this thesiprovidesa comprehensive foundation for understanding
the coordination chemistry of functionalized thiourea ligandsearing
electronegative substituenisopening avenues for their tailored use in fields

ranging from catalysis to medicinal chemistry.
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Figure 11: General structure of thioure@R = Hland thiourea derivatives (Redkyl

oraryDX X X X X X X X XK XXX XXX XXX XXX X X XXX DDMm

Figure 12: Fourmembered MSGN coordination mode with monand dianionic

thiourea ligands. R = H or alkyl, apglIX X XXXX X X X X XXXXRXPX X X X X ® O H
Figure 13: Structure and coordination modes of acylthiourea ligands. R = H or alkyl,

ArYLX X X XX XXX XX XXX XXX XXX XXX XXX XXX XRXIKKoX X X X P
Figure 14: General structure of disubstitutedulfonylthiourea R = H or alkyl,

aAryX X X X XEEX XX XXX XXX XPOX XXX XX XXXXXXXX KD D
Figure 15: General structures ofproximal and distal linkage isomers of
sulfonylthiourea ligands. R = H or alkyl, afyk XXX X XXX X X X X X X X X d P n
Figure 16: Synthetic routes for monwr disubstitutedsulfonyithiourea ligands. R

= Horalkyl, arfd X XXX X X X X X X X X X X X X XXX X X X X P D p
Figure 17: Molecular structure of [N{PhSNC(S)NHEf} Hydrogen atoms

removed for clarity and ellipsoids shown at 50% probability

levels X X X X X X X X X X X X X X X X X X X XKLL KKK XXX XXX DPPT
Figure 18: Molecular structure of [Pt{MeSNC(S)NPh}(PBH. Hydrogen atoms

removed for clarity and ellipsoids shown at 50% probability

levels X X X X X X X X X X X X X X X X X X X XKLL KIKK XXX XXX DDy
Figure 19: Molecular structure of [Pt{MeSNC(S)NPh}(PB)H. Hydrogen atoms

removed for clarity and ellipsoids shown at 50% probability

levelsX X X X X X KE K X X XXX X X X X XXX XXX XXXXXX X DD
Figure 110: Synthesis of phoswrylthiourea from di-phosphoramidateand
isothiocyanate. R = H or alkyl, 2fyK X X X X X X X XXX X X X X X X X X DD ™M 1
Figure 1.1: Synthesis of phospmhylthiourea from an amide anghhosphamic
isothiocyanate. R = H or alkyl, afyK XXX X X X X X XOKXXKIKX X X X X X X P D™ N
Figure 112: S,Nand S,COcoordination modes of phosphorylthiourea ligangs= H

or alkyl, aryk X X X X XXX X X X X X X X X X X X X X X X X XXX X d d ™M H
Figure 1.13 General structure of CdDME. R = H or alkyl,

aryX X X X XE XX XX XXX XXX XXX X X X X X XROKRXXXRHXXHXADD M H

iX



Figure 1.14 Molecular structure of [Co{PhC(S)NP(O)(&tr)and
[Co{PhC(S)NP(O)(Oip4) Hydrogen atoms removed for clarity and thermal

ellipsoids shown at 50% probabilifyX X X X X X ® X X X WX X X X X X X P Dm0
Figure 1.15 Structure of a tridentate PyNHC(S)NHP(O)(OPrNi

compleX( X X X X XXX XXX XXX XXX X X X X X XXX ED D M N
Figure 116. Polymerized phosphorylthiourea  Ni  complex  with

pyrazing{ X X X X X X X X X X X X X X X X XXOOOOOOOMKIK X X X X X X D DM p
Figure 117: General structure of cyanothioureas. R = H or alkyl,

aryDX X X XX X X X XXX XXX XXX X X X X X XKD D D™ p
Figure 1.18 Synthesis of cyanothiourea ligands from an isothiocyanate and
cyanamide. R = H or alkyl, 26K X X X X X XXX X X X X X XXX X dwmc
Figurel.19 general S,N coordination mode of cyanothiourea ligands shown as its
monoanion. R = H or alkyl, axyK X X X X X X XXX X X X X XXX X dpbdbm T
Figurel.20 Methyl cyanothiourea platinum triphenylphosphine complex in the
distalisometX X X X X XXX X X X X X X X X X X X X X X X XX XXX P DMy
Figure 1.21: Treatment of dianionic cyanothiourea complexes with aqueous
hydrochloric acidR =Hor alkyl, ary. R=P,AS{ BIX X X X X X X X X X X X X X P DMy
Figure1.22 Dinuclearruthenium cyanothiourea complexesontaining bridging

thiourea dianion ligands X X X X X X X XXX X X X X X X X XKXKXKXPXPA n

Figure 2.1: Proximal and distal isomers of sulfonylthiourea

ligands X X X X X X X X X XX X X X X X X X X X X X X X XXX X X X & ¢ Hb1d
Figure 22: Sructures of the sulfonythiourea ligands prepared in this

chapteeX X X X X X X X X X X X X X X X X X X X XXX XXX XXXXXXXXXXX
Figure 2.3 Reactions of " -tosytisothiocyanate and

Morpholine. XX X X X X X X X X X X X X X X X X X X DX XXX XXX X DdDo n
Figure 24: Sulbnylthiourea complexes prepared in this investigatasthe distal

isomer. X X XXX X X X XXX X X X X XXXXXBEPE XX XEID Do m

Figure 25: ESIMS(+) spectrm of complex2a showing the isotope pattern of the

[M+H]"  ion and the calculated pattern of  the same

formulaxX X X X X X XXX X X X X X X X X X XK KKK X X XXX DPDO H



Figure 26: 'H NMR spectra of complexexl (top) and 2b (bottom) showing
characteristic CH  resonances of the tertiary phosphine

ligands. X X X X X X X X X X XERLRLRKRKL X X XXX XXX XXX XXX XXX XX D(
Figure 27: 3'P{H} spectracomparism of complexe2a and 2f showingJ(PtP)

coupling constanfE X X X X X X X X X X X X X X X X XX X XXX X X DdDo n

Figure 28: Molecular structure oRashowing a partial atom numbering scheme.

Hydrogen atoms and solvent of crystadlion are omitted for clarity and ellipsoids

are shown at the 50% probability leXeKXPX X X X X X DX X X X X X X X X ddo c
Figure 29: Molecular structure of complekb showing a partial atom numbering

scheme. Hydrogen atoms are omitted for clarity and ellipsoids are shown at the

50% probability leved X X X X X X X X X X X XXX X X X X X X X X X DdPo T
Figure 210: Molecular structure of comple2cshowing a partial atom numbering

scheme. Hydrogen atoms and two water moleculesrgétallizationare omitted

for clarity and ellipsoids are shown at the 50% probability

leveX X X X X X X X X X X X X X X X X X XXX XXX XXKEX X X X DPDPOT
Figure 211: Structures of thalistalisomer of complexea, 2b and 2c showing

possible norcovalent interactions between the thiourea S amlfonyl O

AIOMKX X X X X X XXX XXX XXX X X X XKLL XXX XXX DDOo Y
Figure 212. Molecular structure of the comple®f showing a partial atom

numbering scheme. Hydrogen atoms and a molecule of metharmoysfallization

are omitted for clarity and ellipsoids are shown at the 50% probability

leveX X X X X X X X X X X X X X X X X X X XX XXXXXXERXXXXXDPDPo
Figure 2.8: Molecular structure of. Hydrogen atoms and a molecule of methanol

of crystallizationare omitted for claritf{ X X X X X X X X X X X XXXX X ddn m
Figure 2.4Y L t £ dz& ( NJ (0 Ahalg/inteta€tiond KslafreSudt &f Seyvis base

electron doration to a " -hole on the chalcogen

AOMX X X X X X XX XXX XXX XXX XXX XX X X X XXX I D
Figure 2.5: Chalcogen bonding positions of the complexes prepared in this
investigation compared (left) with isothiourea copper complexes

(rghX X X X X X X X X X X X X X X X X X XXOOOOOXXIXIX X X X X X dDn p
Figure 2.8Y t f 20 2F w5 D) foracomplek$ashoiag traughs y o <
related to chalcogen bonding interacticRSX X X X X X X X X X X X X X X X X X ddn T

Xi



Figure 217t £t 2G4 2 F w5 Dy) doaapmpi&E(4) 2c (B), PtA(C)0 <

and Pt2 (D) showing troughs related to chalcogen bonding
interactionsX X X X X X X X X X X X X X X X X X X X XXX EX X XX XXX DPDOn T
Figure 2.8: NCI isosurfacesf the chalcogen interactiofor complexlausing a
bluegreenNBE R O2f 2 dzNJ & Ol {2)3(r) F#0B2vau.isovdluers 0.4 fora A Iy 6 <
clarfyX X X X X X X X X X X X X X X X X X XXRLRLRKRERKRKRKKX X X XXX X PPNy
Figure 3.1: General structure of [(cym)Ru®ENCIIPE (Al and
[(cym)RU(PPH(T)IPE(A2X X X X X X X X X X XK X X X X X X X XX X dDc n
Figure 3.2: Monodentate S and bidentate Sehkt@l) coordination modes of
sulfonylthiourea ligandX X X X X X X X X X XXX X X X X X X X X X DD Cc ™
Figure 3.3: Structures of theulfonylthiourea ligands referred to in this

chapteBXXX X X X X X X X X X X X X X X X X X X XX XXX XXXXXXXXPDcC H
Figure 3.3Comparison of théH Cp* resonance c2dL2 2dL1and the Cp2H{P}

resonance of2dL2 (Drawn as thedistal isomer). * Indicates an unknown

IMpUrityX X X X X X X X X X X X X X X X X ZKXKBROXKRXKKXKX X X X X X X dPcCc T
Figure 3.4: 'H'H COSY NMR spectrum of compleball freshly

preparedX X X X X X X X X X X X X X X X X X X X X X X X X X XXXPXpX ¥ X X
Figure 3.5:Comparison between the aromatic-cymene resonances of the
proximalisomer oflalL 1(bottom), thedistalisomer (top) and a mixture of isomers

(middle) in the!H NMR spectra recordéd CDGX XX X X X X X X X X X X X X X X d dc y
Figure 3.6: Comparison of tHecymene isopropytH resonances in complexes

lal lproximalanddistal, 2aLlandaLIX X X X X X XXXPX X X X X X X X X X X X dDc ¢
CAIdzNBE odTY az2f SéudanWSyS i NASHEMBEab12 T 00"
showing a partial numbering scheme. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for clarigz. X X X X X X X X XXPPX X X P DT 0
CA3IdzNB odyY az2f SOGE Y\ STRSGMOS)HNC a2 06
showing a partial numbering scheme. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for clabdfikx X X M X X X X X X X X X X X X X DT n
Figure 3.9: Molecular structure ofCp*Rh{TolSENC(S)NPh}PTACI] 2dL1

showing a partial numbering scheme. Ellipsoids are shown at the 50% probability
level.Hydrogen atoms are omitted for clarKyX X X M X X X X X X X X X X X X X DT n

Xii



Figure 3.10: Molecular structure fEp*Ir{TolSENC(S)NPh}(PTA] 2cL1showing

a partial numbering scheme. Ellipsoids are shown at the 50% probability level.
Hydrogen atoms and ligand substituents are  omitted  for

clarfyX X X X X X X X X X X X X X X X X X XRLRLRLRERLRKRKLKX X X X XXX DPDT p
CAIdzNBE odmmY a?2f&OazyS WS e NNERPATHBaLI2 T 00"
showing a partial numbering scheme. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for cladiyX X X MX X X X X X X X X X X X X P DT C
CAIdzNBE odmMHY a2 f{80dzx NS GNNHCEEDIEaLE T wo '
showing a partial numbering scheme. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for cladfpX X X X X X X X X X X X X X X X P DT ¢
CA3IdzNBE oodmMoY az2f SMdhb Y NS yZSHNGEHIPHBERh 2 F @6
1bL3 as preparedin a previous studd showing a partial numbering scheme.

Ellipsoids are shown at the 50% probability level. Hydrogen atonsnaiteed for

clarityX X X X X X X X X X X X X X X X X X XX X K IKIRXRDX X X X X DDT T
CAIdzNE oodmnyY az2f SQa@ VSl SGMGENPRINEL 2T O
showing a partial numbering scheme. Ellipsoids are shown at the 50% probability

level. Hydrogen atoms are omitted for clabipX X X X X X X X X X X X X X X X P DT T
Figure 3.15:Phosphine ligand and arene ligand structure and linkage isomer
relationship{ X X X X X X X X X X X X X X X X X X X XXX B X X X X XXX DOPDT y
CA 3 dzNB odmc Y t £ 2404 2T )wSd complen BS NB
JaLX X X X X X XX X XXX XX XXX XXX XXX XXXXERXXXXXDPDT ¢p
Figure 4.1 Structures of the phosphorylthiourea Pt(Il) complexes shown as their
distalisomerst X X X X X X X X X X X X X X XXOXHKIK X X X X X X X DD hc
Figure 4.2: Comparison between the available 8 and PPt 2J coupling of the

distal and proximal isomers of complexes 4a (Left) and 4b

(RIghtXK X X X X X X X X X X X X X X X X X XXX IKIK X X X X X P D PT
Figure 4.32'P{H}NMRspectrum of compleXdahighlighting the AB doublets and

satellite peak¥ X X X X X X X X X X X X X X XXX IK X X X X X X X DD Py
Figure 4.4: 3P{H} NMR spectrum of complex 4b showing 3J PP

SPHtiNGX X X X X X X X X X X X X X X X X RKEK KKK KKK XXX XXX XDDM N
Figure 4.53'P{H}NMRspectrum of complexXb showing3J PP splitting andJ P

Ptsplittingd X X X X X X X X X X X X X X X XXRERERXRXRXKXK X X X X X X DDM™M N s
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Figure 4.6: Molecular structure of compléa Hydrogen atoms are omitted for

clarity and thermal ellipsoids are shown at the 50% probability

level. X X X XX X X X X X XXX XXX XX XXX XXXXXXXXEXDPDOMAH
Figure 4.7: Molecular structure of compldk. Hydrogen atomsnd one of the

unique molecules ofPt{(EtO)PONC(S)N{iutyl)}(PPh)2] are omitted for clarity

and thermal ellipsoils are shown at the 50% probability

levelX X X X X X X X X X X X X X X X X X XXX XXX XX BBXX XXX DPDM A H
Figure 4.8: Plot of RDG (s) verdes )y for complexdashowing a trough related

to chalcogen bonding interactiofsX X X X X X X X XX X X X X X X X X X X X P Pm n
Figure5.1: Monodentate S and bidentate S,N and S,0 coordination modes of
acylthiourea ligands X X X X X X X X X X X XXX X X X X X X X X X DdPDPM MO
Figure 52: Synthesis of the diacylthiourea ligands in this

SIUAYX X X X X X X X X X X X X X X X X X XX IKIK X X X X X P DM M [
Figure  5.3: Diacylthiourea to diacylurea conversion by
hydrolysigX X X X X X X X X X X X X X X X XXX X X X X X X DDM M p
Figure5.4: Hydrolysis of the complexes prepared in this study to the mono

acylated analogue complExX X X X X X X X XXOOOMXIKIK XXX X X X P DOM M T
Figure 55: Sructures of the diacylthiourea complexesof symmetric
diacylthioureas ligandprepared in this sStuU X X X X X X X X X X X X X X X X P DM M Y
Figure 5.6: 13C NMR comparison of the thiourea and acyl carbon atoms of
complexes 5e, 5f and ligand DAL2 Data are scaled for

clarfyX X X X X X X X X X X X X X X X X X X X X X XXX XXX XXXXXDPPMM (
Figure5.7: Molecular structure ofigand DA-L2. Hydrogen atoms are omitted for

clarity. Hlipsoids are shown at the 50% probability

leveX XX X X X X X X X XXX XX X X X X X XRKRKRKREREREKKX X XXX DDPMH M
FigureS5y Y tf 20 27T wpH r DASNEWIE tréughd yelated to

chalcogen and hydrogen bonding interactions and NCI isosurfaces using-a blue
greenred colour scale. Isovalue = 0.5 for ClaXitf®E X X X X X X X X X X X X X D DM H H
Figure 5.9: Molecular structure of the complex [PERCONC(S)}PP] 5a

showing a partial atom numbering scheme. Hydrogen atoms and a molecule of
dichloromethane otrystallzation are omitted for clarity and ellipsoids are shown

at the 50% probability levEl X X X X X X X X XO0OXXXIKIK X X X X X X X X X PDMH O

Xiv



Figure5.10 Molecular structure of the complex [REHCHCON)CS(PPh),] 5b

showing a partial atom numbering scheme. Hydrogen atoms and a molecule of
dichloromethane of crystafation are omitted for clarity and ellipsoids are shown

at the 50% probability [evBX X X X X X X X XXX XXPXPX X X X X X X X X X P DM H n
Figure5.11: Molecular structure of the complex [A@HCHCONHCN(anp)] 5f

showing a partial atom numbering scheme. Hydrogen atoms and a molecule of
dichloromethane of crysta#fation are omitted for clarity and ellipsoids are shown

at the 50% probability [eVEX X X X X X X X X X X X X X X X X X X X X X X X P DM H n
Figure5.12y t f 20 2 7F w5 Dfor BfSSN&viBgi troudjs Fefated to

chalcogen interactions and NCI isosurfaces using adreenred colour scale.

Isovalue = 0.5 for claryX X X X X X X X X X X X X X XXX X X X X X X X X PDPMH C
Figure 5.13: Dimeric hydrogen bond bridged dimer of two molecules of
[Au{{CHCHRCONHXCN((anp)]in the molecular structureHydrogen atomsexcept

for the N-H of the anp ligandare omitted for clarity and ellipsoids are shown at

the 50% probability levé XX X X X X X X X X X XRORKRHEDX X X X X X X X DDOMH T
Figure 5.14: Representation ointeric hydrogen bond bridged dimer af with

hydrogen atoms except for the NH of the anp ligand omitted for clarity

Isosurface =04 X X X X X X X X X X X X X XEBKRKRKRKKXEA X X X X X X X DPDPMH (
Figure5.15 Molecular structure of the comple®f{(CHRCHRCONHCN(PPh)CI

5gshowing a partial atom numbering scheme. Hydrogen atoms and a molecule of
dichloromethane of crystailation are omitted for clarity and ellipsoids are shown

at the 50% probability levi X X XXXX X X X X X X X XOOOXXXIKIXK X X X X D Dm0 n
Figure5.16. Molecularstructure of the complexRB{(CHCHCONHCN(PPR)CI

5h showing a partial atom numbering scheme. Hydrogen atoms and a molecule of
dichloromethane of crystailation are omitted for clarity and ellipsoids are shown

at the 50% probability levE X X X X X X X X XXX IKIK X X X X X X X X X P DM 0O n
Figure5.17:t f 20 2 F w5 B f@ Sykida Shahowing Bofighsrelated to

chalcogen and hydrogen bonding interactions and NCI isosurfaces using-a blue
greenred colour scale. Isovalue = 0.5 for claXilK X X X X X X X X X X X X X X ® P M 0 W
Figure 6.1: Generalized structure of monodentate acylthiourea piano stool
complexes. R = alkyl or aryl, M = Ru(ll), Ir(lll) or Rh(lll), X = Cb.dRPPhbymene,

benzene oIP*X X X X X X X X X X X X X X BB KXE X X X X X XX DPDmn a
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Figure 6.2: General structure of S,N chelated thiourea complexes of chapter 5
highlighting the structurally determining chalcogen

interaCtionX X X X X X X X X X X X X X X X X X XX XXX B X X XXX XX DPDMnN n
Figure 6.3: Synthesis ofa from DAL2 and [0 ®%f-cymengRuCl]. in
dichloromethan& X X X X X X X X X X X X XXXXRXXRXRXRKHAPPX X X X X X X X P DPmn ¢
Figure 6.4 Molecular structure of compléa. Hydrogen atoms are omitted for

clartyX XX X X X X X X X X X X X X X X X X X X XXX XXX XXXXXXDddPmMnNT
Figure 65 Molecular structure of complex6a (side view).Hydrogen atoms are

omitted for clarfX X X X X X X X X X X X X X X X X XX X X XXX XXX X DPDOmMn y
Figure66Y t f 20 2 7F w5 foocaniple@Shaiiggdroughs @Iyted<

to chalcogerand hydrogerbonding interactionEX X X X X X X X X X X X X X ddmn ¢
Figure6.7: NCI isosurfacesf the chalcogen interactiofor complex6a using a
bluegreenNE R O2f 2 dzNJ & Ol {2)S(r) F+#0B2au.isovdlues 0.4 fora A 3y 6 <
clarityX X X X X X X X X X X X X X X X X XEKEK XXX XXX X X DPdmn ¢
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Scheme 2.3 Reactions of " -tosykisothiocyanate and

MorpholineX X X X X X X X X X X X X X X X X X X XXRRRRRXIBADPAD 0 N
Scheme 3.1: Reactions between the Rudtymene and Rh(lll) Cp* dimers with
SL1andSL2X X X X X X X X X X X X X X X XK KK RXKXPIPX X X X X X X PDPc o
Scheme 3.2: Reactions betwesi.1and SL2with Ir(lll) and Rh(lll) precurso?s

and2dX X X X X X X X X X X X X X X X X X XE K XXX XX E XXX XXX PDc o
Scheme 3.3: Reactions 1.1 with a series of Ru(ll), Ir(lll) and Rh(Ill) phosphine
precursor complexgg X X X X X X X X X X X XXX X X X X X X X X dDc n
Scheme 3.4: The conversion @@Ll into lalLl using silver oxide and
triphenylphosphin X X X X X X X X X X X X X X X X XX X X X X X X X X X DdDc p
Scheme 3.5: preparation @L1from the Ru(ll) -cymene dimer and5L1 and

EBAXX X X X X X XXX XXX XXX XKBFEXXXXXXXXXXXPdDcC
Scheme 4.1. Reaction betweediethyl phosphoramidate andalkyl/aryl
isothiocyanate in DMF and potassium -butoxide

(KOtBY X X X X X XXX X X X X X X X REKRAKRXKK X X X X XXX AXdd P ¢h n
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Table 2.1Selected bond lengths (A) and angles (°) for the complexesh, 1cand

IIX X XXX XXX RKEEKKXXXXXXXXXXXX XXX X XOXXIKNXX X X D P
Table 2.2 Calculated ground state energies of compl2agx, 2f, PtlandPt2X n o

Table 2.3: Synthesis details for the prepasatfonylthiourea complexeX X X ®p o

Table 3.1Energy difference between isomers in their ground state for complexes
aLlal2lalLl 1bL3and2aLlIX X X X X X X X X X X X X X X X X X X X X X X X X X X X
Table 3.2: Selected bond lengths in the molecular structure of compéxiesal 2

lalLl 2all 2cL] 2dL1andaLl Arene = cymene or benzene centroid, Cp* = Cp*

centroidP X X X X X X X X X X X X X X DX X XX XX XXX XXXXXXXXXXX X
Table3.3: Anticancer activity of selected Ru(ll), Ir(lll), Rh(lll) complexes against

human colorectal (HCT116), nemall cell lung (H460), cervical (Siiajl colon

(SW480) carcinoma cell lines (meansoIC:t standard deviation in

MMIP X X XXX XXXXXXXXXPXXXXXXXXXXXXXXPXXXXXXX
Table 3.4:Synthesis details for the preparedulfonyithiourea piano stool

complexesX X X X X X X X X X X X X X PX X X XXX XXX XXXXXPXXX X X X
Table 4.1Selected bond lengths (A) and angles (°) for the compkaetb and

the second independent molecule 4 (4b(a)) in the unitcellX X X X X X X X X ®m 11 0
Tabled.2: Synthetic details for the prepared phosphorylthiourea complEx@sd m 1 T

Table5.1: Synthesis details for the preparddcylthioureacomplexeX X X X X m o p
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NMR- Nuclear Magnetic Resonance

Hz- Hertz

J- Coupling Constant (in Hz)

ppm - parts-per-million

1 - chemical shift (in ppm)

MHz- Megahertz

ESIMS- ElectrosprayonizationMass Spectrometry
m/z - massto-charge ratio (ESVS)

XRD- x-ray diffraction

A - Angstrom

mp - melting point

COD- 1,5-cyclooctadiene

Dppe- 1,2-bis(diphenylphosphino)ethane
Dppp- 1,3-bis(diphenylphosphino)propane
Bipy- H Z-Bip@ridine

tolyl - p-tolyl substituent

bp ¢ 2-benzylpyrigyl substituent

PPh - triphenylphosphine

TCER tris(2-cyanoethyl)phosphine

PTAg 1,3,5triaza7-phosphaadamantane
Py- Pyridine

cymg p-cymene

Cp*- pentamethylcyclopentadienyl

en - ethylenediamine

DMF- dimethylformamide

CDd- deuterated chloroform

DMSO- dimethyl sulfoxide

phen- 1,10phenanthroline

anp- 2-anilinopyridyl

XiX
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Thiourea,H-NHC(S)N;, and its relatedderivatives constitute a diverse group of
organcsulfur ligands which have garnered widespread interest and attention
within practically all realms of chemistry (Figur&)Z: 2 This interest is in no small
part because of the ease of synthesis and the facile substitution of the two
nitrogen atoms on the core moiety. In combination, these reasons result in a large
array of substituted and functionalized derivatives, which aremftonsidered to

be classes of ligands in their own right.

™~ ~

N N
H H
Figure 11: General structure of thiourg@® = Hland thiourea derivatives (Ratkylor aryl).

Thiourea and its derivatives have demonstrated a broad spectrum of applications,
serving as antibacterial agent§,catalysts’ antioxidants® and contributors to
metal recovery’. 190f particular relevance to this thesis, is the ability of thioureas
to function as versatile ligands towards a large array of transition metal centres.
This coordination versatility arises from the combination of the hard nitrogen and
soft sulfur donor atoms which allows for a range of coordination possibilities.
Typically, simple thioureas act as neutral ligands which bind to metal cantees

monodentatefashionthrough the thioureasulfur donor atom!! However,they

1



may also act amono*® 3or dianionst* > often chelating the metal centre in a

four-membered MSGN ring system (Figure2).

L R L R
NN / NN/
IVI\ >—NH /IVI\ N
L/ ITJ L ITI
R R

Figure 12: Fourmembered MSCGN coordination mode with mon@nd dianionic thiourea

ligands. R = H or alkyl, aryl.

The two thiourea nitrogen atoms are easily substituted, leading to maiig tri-,

or more rarely, tetrasubstituted derivatives. The coordination chemistry of these
functionalized derivatives can differ in some significant ways from the parent
ligand, and for this reason, are often differentiated as their own distinct class of
ligands. An illustrative and wedtudied example is the acylthiourea class of
thiourea ligands, where substitution with an acyl group (e.g., benzoyl) leads not
only to a new classf thiourea ligand, but also introduces distinct coordination
modes by adding a new oxygen donor atom. Acylthioureas have been extensively
studied in the literature because of their numerous potential applicatHsuch

as their biological” 8 and catalyticabilities!® ?° As a consequence of the
additional oxygen donor atom, acylthioureas have shown a distinct preference for
coordinationviathe thioureasulfur and acyl oxygen atoms to form snembered
M-SCN-SO ring chelate¢Figure 1.3)Coordination in this way offers the stability

of asixmembered ring motif and is the most common coordination mode for this
class of ligand¥ 21 22Although significantlyless common, foumemberedS,N
chelated complexes with acylthioureas are algported (Figure B), particularly

as bidentate ligands for piargtool complexes of the group 8 and 9 metéls.
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Figure 13: Structure and coordination modes of acylthiourea ligands. R = H or alkyl, aryl.

While acylthioureas have received considerable attention, thiourea ligands with
other electronegative substituents, such aslfonyl (RS®@), phosphoryl (FPG)

and cyano (N¢ thioureas, are much less explored. Moreover, the use of these
functionalized thioureas as ligands, especially as marodianionic ligands,
remains largely underdeveloped. These similar but distinctly different thioureas

represent a ptentially overlooked area of coordination chemistry.
1.1 Sulonylthioureas

Sulbnytsubstituted thioureas, RSRHC(S)NHR (Figurd)l. most likely prompted

by the historical success stilfonamide pharmaceuticals, have garnered some
interest for their potential medical and pharmaceutical applications, including
studies exploring their use aanti-thyroid compound%* and human carbonic
anhydrase inhibitorg®> Despite this medicinal promise, the exploration of
sulfonylthioureas as ligands towards transition metal centres artteir

applicationsare seldom explored.

Figure 14: General structure of disubstitutestilfonythiourea R = H or alkyl, aryl



Sulbnylthioureasare ableof coordinationviathe core thioureaS,Ndonor atoms,
creating a four membered M-CGN ring chelate. In principkulfonylthioureasmay
alsocoordinateviathe core S angulfonyl O atoms, in a sinembered MSGN-

SO ring chelate, however, no examples of coordination by this mode are reported.
Moreover, coordination by thé&,Ndonor atoms leads to the formation of two
distinct linkage isomers: coordination by the S andIlkyl atoms herein termed

the distal linkage isomer (thesulfonyl group being away from the coordination
centre) or by theSN-sulfonyl atoms, herein termed thgroximalisomer (Figure

15).

L R L SO,R
Ny _N/ N _N/
/ \T> / \T

SO,R R
Proximal Distal

Figure 15: General structures of proximal and distal linkage isomessi@dnykhiourea ligands. R

=H or alkyl, aryl

1.1.1 Synthesis oBulfonylthioureas

An early recorded synthetic route for mossmbstituted sulfonylthiourea was
reported by Arquet and Charpentier in their 1950s patent for the preparation of
various arylsulfonylthioureas®® The synthesis involves a simple treatment of
hydrogen sulfide with a corresponding arybsulfonyl cyanamide to yield the
correspondingsulfonylthiourea with the general formula RGENC(S)NHFigure
1.6). While this method provides a straightforward route, the flexibility of the
target compound is greatly limited to the variability of tkalfonyl cyanamide.
Instead, a more common synthetic route is outlined by Sétadl, which involves

a simple nucleophilic addition of an alkyl or aylfonamide to an isothiocyanate
mediated by alkaline conditions (Figures)l?’ typically achieved using sodium
hydroxide, potassium carbonateor more recently potassium and sodiut@rt-
butoxides?® This route resultsn a disubstitutedsulfonylthiourea of the general

formulaRS® b/ 6 { 0 b | wQ dGulgngltificufes8y this roldeStill remains
4



the common choice because of its ease, low cost, and the relative abundance of

sulfonamide starting materials.

I 0

l C R?
—N7 N7 =— R2—NCs + R'—S—NH,

|| I
0

H H 0

Rl—S—NHCN + H,S —= Rl—

Figure 16: Synthetic routes for moror disubstitutedsulfonykhiourea ligands. R = H or alkyl, aryl

More recently, driven primarily by interest in pharmaceutical applications,
alternative methods for the synthesis stilfonylthioureasusing atomefficient

and green chemistry techniques have been explored. One such method is
proposed by Dinget al, which involves an aqueous phase reaction under mild
conditions and short reaction time&8.The method entails adding a solution of the
sulfonamide potassium salt, RSMHK, dropwise to a solution of a dithiocarbonate
which results in the correspondingulfonylthiourea in yields similar to more
traditional methods. Another alternative method is presented by €aal, who
were first to demonstrate the use of mechanochemistry in the synthesis of
sulfonylthioureas®® Baseassisted mechanosynthesis of thelfonylthiourea with

the formula (TolSENHC(S)NHPh) was conducted on the gram scale with equal
molar amounts ofsulfonamide, KCQ and isothiocyanate. Thsulfonyithiourea

TolISGNHC(S)NHPh (Tgitolyl, CHGHs) was formed in high yield (91%) and high
purity.

1.1.2 Coordination ofsulfonylthioureas

Three coordination modes are possible satfonylthiourea ligands. The first mode
is monodentateviathe core thioureasulfur donor atom when the ligand acts as a
neutral ligand®* The second mode is bidentatéa both the core thiourea S and
either one of the two norequivalent N donor atom&3* and finally, in principle,

bidentate via the core thiourea S and one of the O donor atoms of shéonyl



group. The latter two are typically exhibited bylfonylthioureasacting as mone

or dianionic ligands.

1.1.2.1 Sulonylthiourea acting as monoanionic ligands

Research on metal complexes derived fraulfonythiourea ligands can be
categorized into two distinct periods: the late 1980s to 1990s literature, and more
recent advancements. Early work, albeit somewhat esoteric because of limited
accessibility and insufficient characterization, indicates a prelingiteardency for
sulfonylthiourea ligands to act as monoanionic ligands towards transition metal
centres. The earliest of these complexes were reported by Uhlig and Doering in
1988 in the investigation of aryulfonated thioureas for metal extraction,
resulting in the synthesis of several Cu(ll), Ni(ll), and Co(}igdniplexes’? As a
result of IR (Infrared spectroscopy), EPR (Electron paramagnetic resonance) and
XPS (Xay photoelectron spectroscopgharacterizatiordata, the Cu(ll) and some
Co(Il) complexes were assigned tHeur-membered MSGCN bidentate
coordination mode while the Ni(ll) and some Co(ll) complexes were assigned the
sixmembered MSGN-O coordination mode. Subsequent studies examining
sulfonylthiourea ligands towards period 4 transition metals were also observed to
observe these trend3*38 During this period of research, the fistilfonyithiourea
complexes with platinum group metals were reported by Koegti@l. in their
investigation of the fluorescent metal detection ability of dansyl derisetonyl
thiourea ligands’ The Pt(ll) and Pd(Il) complexes, as well as the other reported

complexes, were all assigned the-siembered MSCGN-O coordination mode.

A later study by Schuster and Sandbralso investigating dansyl derived
sulfonyltthiourea ligands, gave the most comprehensive array of metal centres
reported thus far. 8M complexes were reported with the metal centres Cr(lll),
Mo(Ill), W(lII), Ru(ll) Os(I1), Rh(lll, Ir(111), Au(lll), In(l11), Sb(lll) and Bi(ldMand L
complexes with Mn(ll), Co(ll), Ni(ll), Pd(ll), Pt(ll), Cu(ll), Zn(ll), Cd(ll), Hg(ll) and
Pb(Il). The complexes were assigned the fmembered coordination mode with

the exception of Nil) which was assigned the snembered coordination mode.



While these early reports indicate the formation of someSMG-N-SO six
membered chelates, predominantly indicated by dpectroscopy and similar
techniques, no definitive structuraharacterizatiorwas provided. To remedy this,

a recent study by Beele, Bill and Mohr reports a crystallographic investigation of
some previously reported MLcomplexes withsulfonylthioureaswith metal
centres Ni(ll), Co(ll), Cu(ll), Zn(ll) in an effort to unequivocally determine the
adopted coordination modé? The investigdon revealed that despite earlier
attempts to charactege these complexes a$,0 coordinated they were
determined by single crystalidy diffraction to beS,Ncoordinated instead (Figure
1.7).

5N

Figure 17: Molecular structure of [Ni{PhQWC(S)NHEf} Hydrogen atoms removed folarity
and ellipsoids shown at 50% probability levéls.

1.1.2.2 Sulonylthioureasacting as dianionic ligands

All of the historical reports ofulfonyithiourea ligands centre omisthiourea
complexes in which the ligand acts as a monoanion. Only recently has mixed ligand
complexes with dianionisulfonylthiourea ligands been reported. Recently, we
have published our pilot studies on the chemistrysaffonylthioureasacting as
dianionic towards the #icentres Ni(ll), Pt(ll), Pd(ll) and cyclometallated Adtlll).
CKAA ©62N] o1& O2YLIX SGSR Fa LINI 2F | LINX:
project and does not form part of the work of this thesi$ie sulfonylthiourea

complexes fetring triphenylphosphine, 1;Bis(diphenylphosphino)ethane
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(dppe), 1,2bis(diphenylphosphino)propane dppp), 2,2bipyridine and 2
benzylpyridine (bp) ancillary ligands were characterized bYWIESS(Electrospray
ionizationmassspectrometry), NMR (Nuclear Magnetic Resonance spectroscopy),
IR and S&RD (Single crystatRay diffraction). Like thdis-sulfonythiourea
complexes reported previously by Mohr and coworkers, the complexes were
revealed to beS,Ncoordinated (Figure 8) and were also revealed to be
exclusively in thedistal linkage isomer §,Nalkyl). No evidence of th&,O

coordination mode was obtained from this study.

Figure 18: Molecular structure of [Pt{MeSRC(S)NPh}(PBE. Hydrogen atomsemoved for
clarity and ellipsoids shown at 50% probability levéls.

1.1.2.3 Sulfonylthioureasas a source o$ulfide.

It is known that thioureas may act as a sourcesofiide in reactions involving
metal ions. Sulbnylthiourea complexes may alsondergo deulfurization,
theorized to be a result from the hydrolysis of the&sGhiourea bond of the metal
complex. This drulfurization is likely promoted by a reduction of electron density
around the central thiourea carbon, as a consequence oftlilenyl substituent,
making sulfonylthiourea complexes more susceptible to nucleophilic attack by

water and/or hydroxide. This can result in stable metal aggregates, for example,

8



the trinuclear palladiurf? sulfido aggregate [Pg>-S)(dppe)]?* which was
observed to form in solutions of the sulfonylthiourea complex

[Pd{TolSEeNC(S)NPh}(dppe)] over extended periods or elevated temperattres.

1.2 Phosphorylthiourea

Phosphorysubstituted thioureas, #(O)NHEG)NHR (Figure 9, similar to
acylthioureas, have the capacity to coordinate to metal centres in both-four
membered S,N and sixmembered S,O coordination modes and are able to
function as either neutral, mong or dianionic ligands. Interestingly, literature
concerning phosphorylthioureas bearing exclusively alkyl substituents on the
phosphorus atom (#0) is relatively few when compared to the significantly
more prevalent estecontaining counterparts ((R&0O). This observation is most
likely a consequence of the sifioantly reduced solubility of the alkphosphoryl
ligands. Research on allgdntaining phosphoryl thioureas is primarily
concentrated between 1968 and 1987, with relatively limited recent studies.
Conversely, estecontaining phosphorylthioureas havetmcted considerable
attention, most likely a result of the accessibibtiyd low cosbf starting materials
and straightforward synthetic routes. Recent investigations into estertaining
phosphorylthioureas have explored their potential in various dunatal

applications, includingllV inhibitiorf® and antimicrobial activity?

Figure 19: General structure of phosphorylthiourea. R = H or alkyl, aryl

1.2.1 Synthesis of Phosphorylthiouresa

A common method for theysmthesisof thiourea ligands is the reaction between a
primary or secondary amide with an isothiocyanate in the presence of a base. In
9



the case of functionalized thioureas, either the amine or isothiocyanate can bear
the functional group, for examplesulfonylthioureasand their corresponding
sulfonamides (RS8H). Interestingly, only two examples of phosphorylthioureas
have been reported to be synthesized in this manner. Both examples were
provided by Subramanyamet al. in their 2012 study of thesynthesis and
antimicrobial activity evaluation of phosphorylated urea/thiourea derivatit/da.

both cases, diethylphosphonic amide reacted with either allyl or aryl
isothiocyanate in the presence of triethylamine base to produce the

corresponding phosphorylthioure@igurel.10).

0 0 I

| C R
RO—P——NH, + R—NCS —> RO—P—H/ \H/

OR OR

Figure 110: Synthesis of phobprylthiourea fromdi-phosphoramidateand isothiocyanate. R = H
or alkyl, aryl

Phosphorylthioureas are more commonly synthesized by isothiocyanates bearing
the P=0 functionality reacting with alkyl or aayhides (Figure 11).4%° Of note

is the distinctive absence of base mediation in reactions involving phosphoryl
isothiocyanates because of their increased reactivity towards nucleophilic
addition. These phosphorglubstituted isothiocyanates are typically synthesized
from dialkylor diphenyl phosphites or phosphinyl acids with thiocyanogerma
thiocyanate intermediaté? ! This intermediate quickly undergoe®mmerization

leading to the final substituted isothiocyanaté.

0 0 ||

R—NH, + RO——P——NC§ ——» Ro—‘%—H/C\m/R

OR OR

Figure 1.1: Synthesis of phosplylthiourea from an amide anphosphaicisothiocyanate. R = H
or alkyl, aryl
10



Other examples of alkali pseudohalogenides have also been used in the
preparation of functionalized isothiocyanates, such as potassium thiocyahéte,
which results in the isothiocyanates of the corresponding dialkylphosphoric acid.
Potassium thiocyanate is a common reagent in the synthesis of many
functionalized isothiocyanates for the preparation of functionalized thioureas.
Alternatively, a ongoot procedure involving the reaction of a phosphinyl chloride
(diphenyl phosphinyl chloride) with ammoniurhidcyanate in the presence of a
catalyst (PE@00), followed by the addition of an amine, has been repoffethis
method leads to the target phosphinyl thiourea with easy purification and

moderate yields.

1.2.2 Coordination of Phosphorylthiourea

While still somewhat obscure compared to the more common acylthioureas,
examples of coordination compounds derived from phosphorylated thioureas are
notably more common than other lessstudied functionalized thioureas. Recent
examples of phosphorylthioeas coordinating as neutral monodentate ligands
and as monoanionic bidentate ligands in both the fouembered® M-SGN and
sixmembered®>” M-SGN-P-O coordination modes are reported (Figureld).

The latter is the mae commonly observed coordinatiomode because of the
effectiveness of the P=0O dond@f these complexes, only phosphorylthiourea
ligands with phosphorusster substituents have been reportepkesumably due

to the reduced solubility of the phosphoradkyl analogues. The vast majority of
phosphorylthiourea complexes reported to date are mdigand of the type iM

with the exception of selected spoordinate Ni(ll), Zn(ll), and Cd(ll) mixed ligand
complexes bearing the neutral ligands pyrazine, pyridine, @mehanthrolineg®

and also with solvent molecules acting as ligands such as dimethylformamide. To
date, no examples of phosphorylthiourea ligands acting as dianions towards

transition metalcentres have been reported.
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0
O:P/R \P/
PRI N I Ve A
N -~ o |V|\ 2 NH

Figure 112 S,N and S,O coordination modes of phosphorylthiourea ligfigs= H or alkyl, aryl

1.2.2.1 Phosphorylthiourea acting as monoanionic ligands

In recent (post2000) literature, the first example of a metal complex containing a
phosphorylthiourea monoanionic ligand was reported in 2005 by Solatlal/in

their study of the Zn(ll) and Cd(ll) chelate complexes w&N-
thiocarbamoylamidophosphate¥.Complexes with Zn(ll) were synthesized from
the potassium salt of the phosphorylthiourea ligand and were assigned to the six
membered MSGN-P-O coordination mode. Similarly, the gigordinate mixed
ligand solvato complexes of the formula Cd(DMF)which contain DMF
coordinated as a neutral ligand in each of the axial positions of the structure, were

also prepared (Figure 113).

/
"\
PrO s H ——R
PI’O-———_P_O ‘ _<
N Cd
= ! O_P'/‘“OPr
R_H o OPr
\
N
/N

Figurel.13 General structure of Cd(DME) R = H or alkyl, ar$l

Slightly later, the same team and-wmrkers studied the coordination diversity of
N-phosphoryiN@henylthiourea towards Co(ll), Ni(ll), and Pd(ll) metal cerdfres.
This study provides the first reported example of the fougmbered (MSGN)
coordination mode observed for such ligands. Single crystal XRD analysis of the

Ni(ll) and Pd(Il) complexes (Figurel4) shows an expected distorted square

12



planar MNS environment with atrans configuration of the ligands, which is
analogous to traditional thioureas coordinating in this méfleConversely, the
same ligand chelates Co(ll) in thesigmbered (MS GN-P-O) coordination mode,
resulting in a tetrahedral geometry and C&environment around the metal

centre.

Figurel.14 Molecular structure ofN{PhC(S)NP(O)(Oifi)and [Co{PhC(S)NP(O)(QiFY)

Hydrogen atoms removed for clarity and thermal ellipsoids shown at 50% prob#bility.

Following these resultswo papers were published by Safat al, exploring
phosphorylthioureas containing crown ether andttNoacylamidophosphates
towards Zn and C&°° Slightly later in 2007, several papers examining the
coordination structures and properties of phosphorylthiowgerived complexes

with the metal centres Ni(ll), Pd(ll), Co(ll), Zn(ll), and Cd(ll) were reported. The bulk
of these complexes coordinated the expected shmembered (MSGN-P-O)
coordination mode®?®? with a few examples of the formembered (MSGN)
coordination mode being shown for the metal centres Ni(ll) and Pa(#)From

2008 to 2013, several papers by Safin and team examined the coordination of
monoanionic phosphorylated thiourea ligands towards metal centres Co(ll), Ni(ll),
Zn(l), Pd(ll), Cd(ll). The coordination modes observed for the complexes were
primarily in he common sbmembered coordination mod& & 72 with examples

also reported of the less common feamrembered coordination mae,* 47 871

the latter only being observed for the metal centres Ni(ll), Zn(Il) and Pd(Il). Another
paper by the same authors studying the synthesis, characterization, and
complexation properties of {ghosphorylated thioureas RNHC(S)NHP(O)(&(Rr)

= 2Py, 3Py) towards Ni(ll) metal centres reported a phosphorylated thiourea
13



ligand bearinga 2-pyridyl group as a substituent (Figure.15).*® The ligands
coordinate to the Ni metal centre through the nitrogen atoms of both the pyridine
and the thiourea core as well as the phosphoryl P=0O donor atom in a tridentate

manner.

Figurel.15 Structure of a tridentate-PyNHC(S)NHP(O)(OiRli)complex®

Following these reports by Safin and teamabashkinaet al. reported the
synthesis of a neutral 1Boordination polymer from a phosphorylthiourea Ni(ll)
complex linked together by pyrazine, providing a potential sksglerce precursor

for nickel nanoparticles and metatganic frameworks (MOF®)Of interest is the
observed change in coordination mode upon polymerization of individual
complexes. Initial synthesis of theM. complexvia the potassium salt of the
phosphorylthiourea ligand led to a squapéanar complex in the foumembered
coordination mode, frequently observed for such nickel compleXasther
coordination of an additional donor ligand, pyrazine, led to polymerization of the
complex. An apparent change in coordination from the fmembered to the six
membered P=0O and C=S coordination mode is observed uvgassignment
(Figure 116). This change in coordination mode is directly observed by comparing

the single crystal XRD structures of both the single complex and polymer.
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Ph‘“\ﬁ/\ ek aslia

| pyrazine \ /
—_—
—Ni—S ——Ni——N N—Ni—N N—Nj——

Figure 116; Polymerizeghosphorylthiourea Ni complex with pyrazitie.

1.3 Cyanothioureas

Cyanesubstituted thioureas (Figure.17), (RNHC(S)NHCN), represent a class of
thiourea compounds characterized by the presence of a cyano functional group
on one of the core thiourea nitrogen atoms. Several recent potential applications
are reported,such as uses antioxidants/® antiviral agents* and antitumor
agents’” Cyanothiourea ligands are comparable to the previously discussed
functionalized thioureas: acylthioureas, sulfonylthioureas and
phosphorylthioureas, because of their shared preseontean electronegative
substituent on the core thiourea moiety. However, unlike the previous thioureas,
the additional functional group cannot chelate because of the geometry of the
ligand. Instead, the cyano substituent may act as a bridging ligand. ©heréie
coordination chemistry of cyanothioureas ligands is limited to monodentater(S)
(CN) and bidentate (S and N) binding modes. While many cyanothiourea
compounds are known within the literature, their ability to act as versatile ligands

towards transition metal centres is seldom explored.

N
\\C ).L R
Y -

N N
H H

Figure 117: General structure of cyanothioureas. R = H or alkyl, aryl
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1.3.1 Synthesis of cyanothiourea

The synthesis of cyanothioureas is usually achieved by an equimolar reaction of an
isothiocyanate andyanamidé* " 7 (or the sodium salt thereofyto produce the
corresponding thiourea (Figure18). An early reported example is given in 1980
by Jeffersoret al. in their investigation of 2aminoethyl thiourea derivative& This
method involves the addition of cyanamide to smdium ethoxide solution
followed by the addition of an isothiocyanate. After stirring for one hour, the
solution is concentrizzd followed by the addition of ether to precipitate the crude
product. This synthetic scheme is similar to other functionalized thioureas, which
typically involve a reaction between an isothiocyanate and amide, either of which
bears the targeted functiorliy.*® ® In the case of reactions involving neutral
cyanamide, a base is used to catalyse the reacti@ndeprotonation of the
amine’® Alternatively, the sodium salt is used without the need for base

assistance.

N
s
R—NCS + H,N—C==N > ™~ ~

Figurel.18 Synthesis afyanothiourea ligands from an isothiocyanate and cyanamide. R = H or

alkyl, aryl

Many alternative synthetic routes have also been reported which utilize an
amine®® or similarly by a reaction between a simple thioursagh as diimidazole
thiourea” or dipyridone thioure&'), cyanamide and an amine. In some cases,
carbamothioic chloride @RICSCI) andhiophosgened / { 8 Have been used as
thiourea precursor backbones in reactions involving either a tertiary amine and
sodium iodide or a primary amide and cyanamide, respectively. Although these
and other minor synthetic routes are gemadly purposefit and are in the minority

compared to general procedures involving simple isothiocyanates and cyanamide.
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1.3.2 Coordination of cyanothiourea

Two coordination modes are available for cyanothiourea ligands: monodentate
through the core thioureaulfur* atom or bidentate through the core thiourea
sulfur and one of the two nomquivalent nitrogen atoms (Figufel9) .83 The latter
coordination mode results in a foomembered metallocycle. The distinctive lack
of a third coordination mode, usually observed for functionalized thioureas, is a
consequence of the added cyano functionality not containing possible donor
atoms hat are able to chelate. Instead, cyanothioureas can be thought
resemble traditional thioureas. Because of the remuivalence of the core
thiourea nitrogen atoms, the bidentate foumembered S and N coordination
mode of the corresponding metal complexean be in one of two isomers. In the
case of complexes derived from monoanionic cyanothioureas ligands,

iIsomerizationhas been observed between the two configurations.

: CN
N N
Mo )
N

R

NH

Figurel.19 general S,N coordination mode of cyanothiourea ligands shown as its monoanion. R =
H or alkyl, aryf®

1.3.2.1 Cyanothiourea acting as monoanionic ligands

Metal complexes derived from cyanothiourea monoanions have been reported
relatively recently in comparison to other functionalized thioureas. The first
reported complex was documented in 2001 by Henderson and his team in their
study of platinum complexesedived from thiourea monoanions incorporating
chiral, fluorescent, or chromophoric groups.Among the many thiourea
complexes reported, a single monoanionic cyanothiourea complex derived from
the commercially available sodium salt of ethyl cyanothiourea
(Na[MeNHC(S)NCN])) ligand is described. The complex was isolated as its cation
using sodium tetraphenylborate after the successful ligand substitutionisf
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[PtCh(PPR)2] in methanol. The resulting complex, contained the cyanothiourea
ligand coordinating to the metal centkgathe core thiourea S and N atoms in the
distal linkage isomer (a remote cyano group), resulting in a foembered
chelating coordination mode (Figuie20). Analysis by NMR revealed a mixture of

both possible isomers indistal - proximalratio of 4:1.

PPh,
PhyP—Pt—
|
/ N\ _CN
H,C N~

Figurel.20 Methyl cyanothiourea platinum triphenylphosphine complex in the distal isomer

In 2002, Henderson and team reported monoanionic cyanothiourea Cp*
(1,2,3,4,5pentamethylcyclopntadieny)  rhodium(lll) complexes in the
monodentate yia S) coordination modé? These complexes were synthesized by
treatment of previously prepared bidentate dianionic cyanothiourea complexes
with aqueous hydrochloric acid (Figute21). The resulting cleavage of the RN
bond of the dianionic complex resulted in the corresponding monoanionic
complex containing a monodentate S bonded cyanothiourea. Sings&atiXRD
analysis of one such monodentate complex, [Cp*RhCI{SC(=NCN)NHM#g}(PPh
confirmed the monodentate coordination mode and revealed the geometry of the

complex to be the archetypal piano stool structure around the rhodium metal

centre.
G
NN/ HCI AN CN
Rh N - Ph,E /
PhE \T %N
CHj Hoc—NH

Figurel.21 Treatment ofdianionic cyanothiourea complexes with aqueous hydrochloric Bcid

H, alkylor aryl. E= P, As or SH.
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The most recent reported example of a monoanionic cyanothiourea complex is
given in 2005 by Henderson and team in their study on the synthesis,
characterization, supramolecular aggregation, and biological activity of phosphine
gold(l) complexes with monoa@mic thiourea ligand&* A series of phosphine
gold(l) complexes containing monoanionic thiourea ligaisadeported including
examples of multligand cyanothiourea complexes derived fromsPAuCl and
dppe(AuCh with the commercially available monoanion thiourea salt,
Na[MeNHCS)NCN]. Single crystal XRD of these complexes revealed a linearly
coordinated gold centre defined by S and P donor atoms, as is typical for thiourea
monodentate complexes of this kind. Interestingly, examination of the torsion
angles reveals the formallgC=NZLR thiourea residue is essentially planar,
indicating delocalization gb-electron density. However, this does not extend to
the remainder of the motif as evident from the significant torsion angle between

the CN2-R containing portion of the thiourea core.

1.3.3 Cyanothiourea acting as dianionic ligands

During the publication history of cyanothiourea monoanionic complexes, a
number of papers reporting cyanothioureas acting as dianionic ligands have
simultaneously been reported by Henderson and tedime first was reported in
1996 as part of a study on the synthesis and electrospragsspectrometry of
platinum complexes derived from thiourea dianionic ligands, including a series of
platinum cyanothiourea complexes. These complexes are analogous to the
previously discussed monoanionic platinum complexes. Interestingly, unlike the
analogous monoanionic complex, ngomerizationwas detected in the NMR
spectrum. The complex consists of a dianionic cyanothiourea ligand coordinating
to the platinum metal centre in the fourmembered S and N bidentate
coordination mode in thalistal isomer (remote CN)The gometry around the
platinum metal centre is in the expected and typical square planar configuration

in acisconfiguration.

Henderson and team further explored the coordination chemistry of

cyanothiourea compounds acting as dianionic ligands in their study of thiourea
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mono and dianionic complexes with metal centres rhodium(lll) and
ruthenium(l1)!* Both di and mono nuclear complexes are reported with the
commercially available sodium salt of the methane cyanothiourea ligand,
Na[MeNHC(S)NCN]. The former, binuclear complexes wgnthezied from
[LMCIp-CDE, [M = Rh, L= h>-GMes (Cp*); M = Ru, L= h8p-cymene]. The
ruthenium complex (Figur&.22) wascharacterizedby single crystal XRD and
revealed the dimeric nature of the complex containing tv§-p-cymene
ruthenium groups linked by two cyanothiourea dianion ligands. The coordination
of the ligand to the metal centre is in the bidentate femembered coordination
mode with a remote cyano substituent. Tkalfur atom of the thiourea moiety
bridges the second ruthenium metal centre creating aJRuS ring system. The
mononuclear complexes [Cp*Rh{SCNCN)NMe}jPPh and
[Cp*Rh{SCNPh)NPh}(RRttontain the ligand bound as a dianion through the S
and N centres in the foumembered coordination modenithe distalisomer with

the archetypalpiano stool geometry of the metal centre.

NCN

B@_*

Figurel.22 Dinuclearuthenium cyanothiourea complexentaining bridging thiourea dianion

N\,
/

/ \_‘

‘ﬂ/

ligands!*

1.4 Conclusios

The coordination chemistry of functionalized thioureas bearing electronegative
substituents centres orbismonoanionic thiourea ligands, with relatively few

examples of complexes being reported with mixed or dianionic ligands. Moreover,
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the bulk of the literature relating to these ligands appears before the year 2000,
with very little work being done in modern times. The reason for the lack of recent
attention for these functionalized thioureas may be a result of the assumption that
the ordination chemistry of these ligands is closely related to their more
prevalent acylthiourea counterpart. However, the content of this revieweha
highlighted that this may not be the casgulbnylthioureasfor instance, while in
principle thesulfonyl group can participate in coordinatiomll of the reported
complexes are&s,Nchelated like traditional unfunctionalized thioureas. However,
unlike traditional thioureas, the presence of tisailfonyl group provides some
biological implications and additional naovalent interactions. It is clear that the
chemistry of thesesulfonyl, phosphoryl and cyanothiourea ligands is in its infancy

and may represent overlooked classes of thiourea ligands.

1.5 Research aims

Research on the coordination chemistry of functionalized thiourea ligands,
particularly those with electroiwithdrawing substituents, remains surprisingly
limited. This is notable givehe extensive research and demonstrated success of
closely related acylthiourea complexaghich have shown promise in fields such
as catalysis, medicinal chemistry, and material sciencHse success of
acylthioureas suggests that similar or even superior applications might be
achieved by exploring thiourdaased complexedAlthough existing studies have
primarily focused on firsNRE & G NI y & A A 2 y-typey Soinpléxes, |
relatively little attention has been given to the interactions of these ligands with
platinum group metals or in mixed ligand systems. Tésearchgap may result
from assumptions that thiourea ligands would behave analogously to
acylthioureas, yet this review highlighé®mesignificant differencesMoreover,
with applications in mind, subtle differences in the ligands can havarge
influence on thedesired effect which can only be discovered by experiment. It is
known that hiourea and its functionalized derivatives provide versatile scaffolds
for designing complexes with tailored chemical properties, making them
promidng for both biological and industrial applicationBectron-withdrawing

substituents on these ligands influence their coordination modes and result in
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unique properties that distinguish them frorine closely relatedacylthiourea
complexes. Therefore, atablishing a foundational understanding of their
coordination chemistry is a crucial first step in enablmiwire applicationdriven
research. Thus, this thesis aims to advance knowledge on the coordination
chemistry of specific, lesstudied functionalized thiourea ligands, offering insights
that canprovide a foundationfor future studies. To this end, singteystal Xray
diffraction, mass spectrometrfWMR spectroscopy, and density functional theory
(DFT) will be employed to thoroughly characterize their coordination behaviour.
The broader significance of this work lies in the potential applications of these
thioureabased complexes iareassuch as pharmaceuticals, where platinum
based compounds are already widely uskdthis regardChapter 3 of this thesis
contains a small study to evaluate initial potential in the area of -tyxic

applications.
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Recentlya preliminary investigation into the coordination chemistrysofifonyl
substituted thiourea ligands towards thé thetal centres nickel(ll), platinum(ll),
palladium(ll) and gold(lIjvas reported! Xray structures of two platinum(ll)
triphenylphosphine complexes, [PH{ToBT (S)NPh}(PBH and
[P{CHSQGNC(S)NPh}(PBb], were obtained, both exhibiting expectetl,S
coordination. Furthermore, both complexes exclusively formeddis¢alisomer
with a remote NSER group(Figure 2.1and no evidence folsomerizationto the

proximalisomerof these complexes in solution was observed.

R L S R
O~/ S N O\
L s S o ( M DN
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L N I H H 0=S=0
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Figure 2.1Proximalanddistalisomers of sulfonylthiourea ligands.

31PLH} NMR analysis of the remaining comple@&s{TolSGNC(S)NPKD] M =
Ni(ll), Pd(ll), Pt(ll) or Au(lll), L BhP(CH):PPh, H Zbip@ridine or 2-
benzylpyriding, which could not be characterized using crystallograpbgause

no crystals were obtainedvas found to also follow distal isomer preference
Initially, this observation was attributed to the bulky nature of the ancillary
phosphine ligands (PRland dppe), which could potentially deter the formation
of the proximal isomer. However, specific aspects regarding the nature and
influencing factors of the coordination dgulfonylthiourea ligands remained

largely unexplored. Gaining a comprehensive understanding of these effects could
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open new possibilities in ligand design for the useswfonythioureas as viable
ligands for applicatiofiocused research. In this context, the coordination
chemistry of platinum(li3ulfonylthiourea complexes bearing ancillary phosphine
ligands was revisitemh depthto better comprehend the influencing factors of the
chosen isomer. Herein this chapter, Pt(ll) complexes witonylthiourea
complexes are prepared araharacterizedn an effort to shed light on thidistal

iIsomer exclusivity.
2.1 Results and discussion

2.1.1 Synthesis andharacterizationof sulfonylthiourea ligands

Sulbnylthioureas can be synthesized by a reaction betweersufonamide
(RS@NH) with an isothiocyanat€RNCS)nder alkaline conditions. Previously in
our studied on sulfonytthiourea ligands we have sed readily available
sulfonamides and isothiocyanates in acetone with aqueous sodium hydroxide,
followed by acidification with acetic acid. While synthesis by this route resulted in
the target ligand in moderate yields, consecutive crygtibns from hot ethanol
were needed to achieve sufficient purity. This was primarily a result of the
formation of 1,3disubstituted thiourea as a bByroduct from the selreaction of
isothiocyanate in the presence of moistyrée., RNHC(S)NHR from RKCS
Moreover, the use of acetone as a solvent posed further challenges because of
aldol condensation in the presence of harsh bases such asrakdlihydroxide.
In an effort to minimize these factors, it was insteddcidedto use minimal
volumes of dry dimethylformamide (DMF) and potassitem-butoxide (KOtBu),
based on the success pfeviously reported studie3 These changes, combined
with a shorter reaction time and higher reaction temperatures, effectively reduced
the formation of the byproducts and yielded the targetulfonyltthiourea with
satisfactory purity. Apart from the obviouslimination in aldol condensation
products, the change of baseofn sodium hydroxide to potassiutert-butoxide
was observed to have made the most promising change. The reason for this is
most likely a result of #tanature of thenon-nucleophilicbutoxidebase.From the
reactions between eithem-tolyl or ethyl sulfonamide with phenyl or butyl
isothiocyanate, the ligands ToISMHCSNHPIS{1), EtSGNHCSNHPIS{2 and
TolISONHC(S)NHCH(8)) (SL3 were prepared (Figure 2.
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Figure 22: Sructures of thesulfonythiourealigands prepared in this chapter

2.1.2 Attempted synthesis of sulfonylthiourea ligands via sulfonyl-

isothiocyanates

A common synthetic routéo acylated thiourea molecules is by an alkyl or aryl
acyhisothiocyanate precursor. The adgbthiocyanate is commonly prepared by
reactions of an acythloride with either sodium or potassiuthiocyanate(NCS)
which can be further reacteith situwith a primary or secondary amine to produce
the target acylthiourea. In principle, an analogous reaction zrtgi sulfonyl
chlorides should be feasible. In this regard, reactions betwetsyl chloride and
potassium thiocyanate &re conducted in refluxing acetonéfter approximately

2 hoursat refluxingthe mixture had turned dark amber and was allowed to cool
to room temperature. The solvent was removedderreduced pressure to yield
a bright orange reaction mass which was extracted into diethyl either. To the
diethyl etherextract, an equal molar amount of morpholine (OECH).NH) was
added dropwise. Theesulting whiteprecipitate was collected and dried in aiihe

'H NMRspectrumof the productshowedresonances consistent with the target
thiourea productL4i.e. peaks relating to the tosyl and morpholine groups were
presentand their were naunexpected featuresTheESIMS(+)mass spectrunof
the product however, revealed a strong ion at an/z of 242 which was suspected
to be the tertiary sulfonamide 4[(4-methylphenylsulfonyllmorpholine (). A

generalizedscheme of the reaction is included belowFagure 2.3
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Scheme.3 Reactions of fosytisothiocyanate and morpholine.

The SCXRD structure of the product, recrystized from dichloromethane,
confirmed the product to bd (vide infrg. The formation ofl is likely a result of
thiocyanate being a good leaving group which is promoted by the presstbe
sulfonyl moiety. Additional synthetic attempts were nohade although it is
possible that alteng reaction conditions, such as loweg the temperature,

might result in the target thiourea

2.1.3 Synthesis an@haracterizationof sulfonylthiourea metal complexes

Reactions betwee®& L1, SL2and SL3andbis(phosphine) platinum(ll) complexes
bearing triphenylphosphine (PBhtris(2cyanoethyl)phosphine (TCEP) and 1,3,5
triaza7-phosphaadamantane (PTandcischloride ligands were carried out in hot
methanol with triethylamine as base, or in the case of PTA bearing complexes,
aqueous sodium hydroxida open atmosphere The resultingPPh and TCEP
bearing complexes were isolated by precipitation with water. Solutions of the
complexes bearind®TA on account of the extremely high solubility in protic
solvents,were initially evaporated to dryness and subsequently redissolved in
dichloromethane. The solutions were then filtered through approximately 2 cm of
silica to remove traces of insoluble sodiwsualts before being evaporated to
dryness again under reduced pressure to yield the target complex. The -mixed
ligand platinum(ll) complexes containing triphenylphosphine and pyridine
ancillary ligands wersynthesizedrom [Pt(COD)g]l (COD =ycloocta-1,5-diene)

in hot methanol with pyridine and consecutive one molar equivalent additions of

PPh, and the correspondingulfonylthiourea ligand. These complexes were
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isolated by precipitation with cold water. The structures of the synthesized

complexes are shown in Figurel2.
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Figure 24: Sulbnykhiourea complexes prepared in this investigatasthe distal isomer.

The ESIMS(+) mass spectraof the sulfonyithiourea complexes showed no
unexpected features in their positive ion specti spectrashowed the expected

[M +HJ"ions and in some cases the corresponding sodiated ionsNisff". At high
capillary exit voltages, ions corresponding to the loss of an ancillary phosphine
ligand [(M- PR) + H]" were also observed. No unexpected ions were observed.
Isotope patterns of the complexes were also in good agreement with calculated

patterns, including the appearance of distinctive platinisatope patterns. An
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example is shown ifigure 25, the [M + HJ" ion of complex2a including the

predicted pattern for the same molecular formula.
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Figure 25:ESIMS(+) spectrm of complex2a showing the isotope pattern of the [M+Hpn and

the calculated pattern of the same formula.

2.1.4 NMRspectroscopi@nalysis

The 'H and3P{H} NMR spectra of théis(phosphine) complexes show the
expected featuresArchetypalHNMR spectraleatures of the ancillary phosphine
PTA and TCHRan be easily used to characterize the complex. For instance, for
complexes2a and 2d, the H spectra show the Glroups of the norequivalent
PTA ligands as two distinctive sets of a doublet of dosldet a singlet peak.
Likewise, the'tH NMRspectium of 2b shows four archetypal sets of doublstof
triplets that appear as quartetbecause of overlapping resonanceg., J(FP)F
J(HH) (FHgure 26).
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Figure 26: 'H NMR spectra of complex2d (top) and2b (bottom) showing characteristic ¢H
resonances of the tertiary phosphine ligan@f1Glat 25°C

The3'P{H} NMR spectra show the expected AB doublet of doublet resulting from
the presence of nomequivalent phosphorus atoms (Ransto S and Rransto N)
along with accompanyin§>Pt satellite peaks. Th&J(PtP) coupling constants for
the bis(phosphine) complexe?a, 2b, 2d and 2f are within the range of 1407 Hz to
3610 Hz, consistent with the expectedNSbidentate coordination modé.>
Furthermore, considering the slightly highteansinfluence exerted by theulfur
atom, the phosphorusiucleuswith the smaller coupling constant is assigned to
the positiontrans to the sulfur, while the phosphorusucleuswith the higher
LJ(PtP) coupling constant is assigned to the posttiansto the nitrogen® In the
case of complexe®a, 2b and 2¢, the 1J(PtP) coupling constants are 2908 Hz, 1407
Hz and 1881 Hz respectively, tentatively indicating the presence oflidtal
isomer,i.e. coordination through the Mlkyl nitrogenatom with a remote NSeR
group. Conversely, compl&f has'J(PtP) phosphorusansto nitrogen coupling

of 3610 Hz, which is higher than the typical range of 3300 Hz to 3400dittadf
isomers of similarbisPPR) complexes, suggesting the formation of the
unexpectedproximalisomer. The latter is most likely as a result of the sterically

bulky nature of the-butyl substituent on the thiourea ligand (Figuré&.
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Figure 27: 3'P{H} spectra comparison of complex@sand 2f showing'J(PtP) coupling constants.
CDGlat 25°C

ThelJ(PtP) coupling constants for tbes(PTA) complexegaand2d, were within

a relatively narrow range of 2740 to 2908 Hz, which is in accordance with reported
values for platinum(ll) thiourea complexes witis-PTA ligand$interestingly, the
difference in the magnitude between the coupling constants for compl2aesd

2d are 168 Hz and 127 Hz, respectively, which are larger than typical literature
values of around 20 Hzlt is noteworthy that these coupling constants are
relatively less pronounced than those observed for similasie&mplexes, where
values typicdy range between 200 to 600 M2 For thebis(PPh) complex2f, the
LJ(PtP) coupling constants are 2610 Hz and 3028 Hz with a difference of 582 Hz,
consistent with the aforementioned literature values. In stark contrast, the
bi TCEP) compledb has'J(PtP) coupling constants of 2939 and 1407 Hz with a

relatively large difference of 1532 Hz.
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Although isomerizationof bis(PPR) platinum(ll) complexes with simpls,N-
substituted alkyl thioureas has been previously documerted isomerization
has been detected within time scales of up to three months at room temperature
for similar sulfonyithiourea complexes. To explore this phenomenon further,
variable temperature®'P{H} NMR spectra were recorded at 10°C intervals
between 30 and 100°C for compl®a and the previously reported complex
[Pt{TolS@GNC(S)NPh}(PBb in DMS®&e. In both instances, no notable changes in
the spectra were observed. To investigate possible solvent effects on the observed
isomer, spectra ofPt{ToISEGNC(S)NPh}(PBk were recorded in nomleuterated
CHCbk, MeOH and THF. Additionally, [PH{TaISO(S)NPh}(PBH was re
synthesizedn CHCb, CHGland THF and'P{H} NMR spectra were collected of
the neat reaction mixturs before isolation. Despitéhese efforts, no change in
isomer or anyisomerizationfor complexes2a and [Pt{TolSENC(S)NPh}(PBH

was observed. This implies that either the thermodynamically stedote
kinetically favourableésomerare the sameor there exists a significant energy
barrier between the kinetically favourable and the thermodynamically stable

isomers.

2.1.5 X-ray structure determinations

Structural analysis of complex&s, 2b and 2cwas conducted by means of single
crystal Xray diffractionin order todetermine the nature of coordination of the
complexes. Molecular structures f@a, 2b and 2c are shown in Figures&.29
and 210with relevant bond lengths and angles are shown in Table 2.1. A table of
crystallographic details is included in Appendix 1. The three structures rtnatal
the sulfonythiourea ligand chelating the platinum centrein an SN bidentate
mode, with compleacontaining twocisPTA ligandb containing twocis TCEP
ligands and2c containing a PPHigand and a pyridine ligand coordinated in an
antisymbiotic manneét(Ntransto S). The resulting square planar geometry around
the platinum atom is slightly distorted on account of the smd#-8l bite angle of
around 69° foRa, 2band2cas opposed to the largerPt-P, and FPt-N anglesof
about 100° and 92° respectively. The three compl@eband2care confirmed
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to be thedistalisomess with N1 coordinated to the platinum and the N2 in the

distal position, validating thé'P{H} NMR spectroscopgbservations.

Figure 28: Molecular structure o2a showing a partial atom numbering scheme. Hydrogen atoms
and solvent of crystaiation are omitted for clarity and ellipsoids are shown at the 50%

probability level.

N2

Figure 29: Molecular structure of complebb showing a partial atom numbering scheme.

Hydrogen atoms are omitted for clarity and ellipsoids are shown at the 50% probability level.
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Figure 210: Molecular structure of compledcshowing a partial atom numbering scheme.
Hydrogen atoms and two water moleculescofstallizationare omitted for clarity and ellipsoids

are shown at the 50% probability level.

Metallacyclic bond distances of both complexes are extremely similar averaging
[SEPt 2.322, NPt 2.085, CN1 1.324, GB1 1.777 A], which are in very close
agreement with thebisPPR) complex[Pt{TolSGNC(S)NPh}(PBH, which has
bond distances of [SRt 2.322(2), NPt 2.105(5), GN1 1.330(8), G81 1.770(6)

A]l Of note is a consistent feature between complexé&a, 2b, 2c of the
orientation of thesulfonyl group and a short SD1 distance averaging 3.041 A,
implying the possible presence of a nroovalent interaction (Figure P21)

between these atomsv{deinfra).
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Figure 211: Structures of the distal isomer of compleas2b and 2cshowing possible nen

covalent interactions between the thiourea S autfonyl O atoms.

Previously, it had been assumed that the observation of the ubiquithsial

isomer formation of square planaulfonylthiourea complexes was most likely a

direct consequence of the steric bulk of the ancillary phosphine ligands,
triphenylphosphine (PR 1,3big(diphenylphosphino)propanedppp) and 1,2
bis(diphenylphosphino)ethanedppe) which have cone angles of 150°, 127° and

125° respectively? 1In an attempt to encourage the formation of thpoximal

iIsomer by a reduction dhe bulk around the coordination sphere, it waslected

to instead use PTBecause2 ¥ (G KS f A 3l y RBEAO03Y prondpting O2y S
the synthesis of compleRa. However, thee efforts were unfruitful as evident

from the molecular structure an##P{H} NMR spectra.

The second attempt at encouraging theoximalisomer was by way of creating a
cavity of space around the coordination sphere by the introduction of a slender
pyridine ligand, leading to the synthesis of the mbtigdnd complex2c. However,
despite the molecular structure showing the pyridine ligand sitting perpendicular
to the metallacyclic plane and, creating a large cavity in whiclstitfenyl group
could sit, the complex also formed tliestal isomer. Clearly, as the bulk of the
ancillary ligands appears to have little consequence on the raguisomer,
attention wasturned to the ligandSL3 on account of the bulkf{butyl moiety. As
such, the resultingpis(PPh) complex, [P{TolSRC(S)N(Gh)}(PPh);] 2f, was
characterized by Xay diffraction, which confirmed the complex to be in the
unexpectedproximalisomer, with N2 coordinated to the platinum centre. The
molecular structure o®f is shown in Figure 22 and relevant bond lengthand
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angles aregivenin Table2.1. The coordination sphere of the complex is nearly
identical to that of2a, 2b and 2cwith similar metallacyclic bond distances of {S1
Pt 2.325(6), NPt 2.095(2), GN2 1.431(4), G81 1.787(3) A] with a slightly
elongated CIN2 compared to the GN1 metallacyclic bond distances of the
complexes in thelistalisomer. As such, it is apparent that while tthistalisomer

is favoured, the incorporation of a bulky substituent on the ligand is able to

successfully force the formation of tipgoximalisomer.

Figure 212: Molecular structure of the compl@kshowing a partial atom numbering scheme.
Hydrogen atoms and a molecule of methanotiyfstallizationare omitted for clarity and

ellipsoids are shown at the 50% probability level.

Table 2.1Selected bond lengths (A) and angles (°) for the compkex@b, 2c and 2f

HI- HO HO HT
t ot G HO®PHP HOPHY STHDPHO HDPO N O
t vt G HPHN HOHPTT HPHNN
b ot Tt Tt HONT T
{ mt 0 H®Pon HPOOTHDHY HDPOHDP
b mt U HPNDPHDPATTHDAY TT
b Ht 0 Tt Tt Tt H®n dp
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2.1.5.1 X-ray structure determination of 4[(4-methylphenyl)sulfonyl]

morpholine

To determine the structure of the product prepared by the reaction of tosyl
isothiocyanate with morpholineSection 1.1.2), crystals were grown by the slow
evaporation of a dichloromethane solutio The molecular structure of the
product (4[(4-methylphenylsulfonyllmorpholine) is asin Hgure 2.1B. The
molecule, which crystalized in the @ space group, containsrat unexpected

bent structure as a result of the tetrahedral geometry of S1. Bond lengths, angles
and general features are consistent with reported molecular structures of the

same compound?

O3

7/ \?%5\ '~

C1 )
‘ /i‘[ 02 N1
=
C7 ¥ C6 7 G

Figure 2.8: Molecular structure of. Hydrogen atoms and a molecule of methanol of

crystallizationare omitted for clarity
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2.1.6 Computational investigations and chalcogen bosthbilization

To investigate the thermodynamic aspects of the preferendadtal isomer

formation of the sulfonylthiourea complexesdensity functional theory (DFT)
calculations were performed on isomeric structural pasfscomplexes whose

solid-state structures had been previously determined. These complexes included

2a, 2b, 2c, and 2f, along with the previously reported complexes

ot §9¢2t { hi b/ &O0 bltyKRY 6cittGKSi/0lii6{ hét2h/ 6 { O bt KYOt

To select a basis sahd method for the following calculations, initial geometry

and single point calculations of thgroximal and distal isomers of comple®tl

were conducted using the B3LYP, M@% andwB97XD functionals with the

LACVP basis set. On account of the observation thatittalisomer is exclusively

observed (unless otherwise forced) and that isomerizationto the proximal

isomer could be observed in the NMR tricsdtion 1.1.4), it was determined that

the distal isomer would have the lower ground state energy between the two

isomers. With this assumption, the difference in ground state energy values of the

isomers (Gistai G Goroxima) termed DG would be expected to be a negative value if

the distal isomer is indeed lower in energy. Therefore, the method/basis set
combinations can baccessedy comparingthevaluess @ ® ¢ KS nD @I f dzS2
B3LYP/LACVP, M@6- k [ ! / +t = -DILKGVP wera@, +50, and+9.3 kJ

Y2feux NBALISOUAODSE e d ¢ kBpicsucddBaludsicioser A Yy RA O
to zero, aligning more closely with expectations and experimental observations;

however, no method yielded a negativalueofn D® ¢ KSa$S @I f dzSa adza:
. . (p-D, with its included D3 dispersion correction, may better account for the
longrange and shortange intra and intermolecular interactions that are

typically critical in te geometry and behaviour of transition metal complexes.
Consequently, dispersietorrected functionals were determined to be essential

for the following calculations.

Current literature supports using VV10 nimtal correlation methods to analg
longrange interactions insulfur-containing compoundst*  particularly for
transition metal complexe¥ as an alternative to D3 and D4 dispersion corrections.

¢ Kdza = -5 .IdyTR +. ®@8AB 02 YLI NBR T dzNI KONE LINE R
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and +pdo W Y2Z2feuyz

LIS NF 2 NI I y O SD, it Wds ¢hosen fap the following calculatidriaNith
this knowledge in hand, optimization of the structures in the gas phase was
f SoSt

potential for platinum. CompleRtl was also optimized in liquid phase using the

O2y RdzOGSR G4 UKS

universal SMD solvation model in a selection of solvents. The difference in Gibbs

free energy between thproximalanddistalisomers DG), was compared and the

results are shown in Table 2.2

NB a LIS o/ deddbdirdtet belter @ S y

.. hTaxk[ V] £t

Table 2.2Zalculated ground state energies of comple2&<2¢, 2f, Ptl1and Pt2

/ 2YLX SDD 61 0W DD

61™ t NBRA hoaSN

H M M py t NEEAY 5Aad
HO MT T O t NEEAY 5A4d
HO 0 M O t NPEAY 5Aadl
HT M p cp t NEPEAYt NRE)

t Gwm M A nH t NPEAY 5Aad

t 0 H M M np t NEEAY 5Aad

t G 2 £ dz M C cy t NEEAY 5Aad
t Grin 1 4 € p H N t NPEAY 5Aad
t oM W f 0 M M t NPEAY 5A4&i
t G 1 C 0 M M t NEPEAY 5Aad
t GoM I/ b M p t NEEAY 5A4ad
t Gma Shil M p t NPEAY 5A4&i

As the more thermodynamically stable isomer will have the lower Gibbs free
energy, a negative value fBG therefore implies that thdistalisomer is favoured.
For complexf, the value oDG is+65 kJ mot, predicting theproximalisomer and
confirming the experimental observations. The remainiDg values for
complexea, 2k 2¢, PtlandPt2in the gas phase were in the range of33 kJ

mol?! and would therefore imply that theroximalisomer is favoured, contrary to
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experimental observations. Moreover, calculationsRifl in the liquid phase,
while closer to zero, are still in disagreement with the experimental resAlts.
possible explanation for the discrepancy between the calculated and observed
result could be because of the gas phase nature of the calculations which do not
take into account the complex intramolecular interactions that govern solid state
structures.An interesting observation d®Ptlin the liquid phase is the trend of
decreasingDG with increasing solvent polarity, implying some polar solvent
stabilizationof the distalisomer is taking place. Given that results do not match
with the experimental observations, an increase in the level of theory tecaug
pV(Q+d)Z/LACVP for P, S, N and O atoms of co@akaxd Ptlin the gas phase
was conducted and produced values % of+28 and+20 kJ mol respectively.
These results suggest that noovalent interactions could be playing a stabilizing
role and that diffuse basis functions are necessary to accurately model the
complexes. The extended basis functions with small exponents offer greater
flexibility in the "&il" portions of atomic orbitals, which is essential for accurately
analing both short and longrange inter/intramolecular interactions.
Consequently, attention was instead turned towards the analysion-covakent

interactions.

2.1.6.1 Analysis of norcovalent interactions

Motivated by the orientation of thesulfonyl moiety on the complex and the

relatively short intramolecular-SO distance of the thioureaulfur and sulfonyl

oxygen observed in the crystal structures (averaging 3.04%eétjon 1.1.5),

exploration of the possibility of a stabilising chalcogen bond (ChB) between these

atoms is explored. The presence of such a bond may explain the observation of

the preferential distal isomer formation. Chalcogen bonds are attractive fion

covalent interactions (NCI) characterized by the interaction of an electron
RSFAOASY(d NBIAZ2Y 27F ihole)dgith anilkcirdd BonddrK | f 02 3 S
Lewiso &S (G KI & R 2-gfbital & &he chatcogéniCl§ atomp= (Figure

2.14).
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G- hole

Electron donor
N — Ch 'l - m

It

Figure 2.8Y L f f dza ( NJ { Ah@le/inte2attior® &sla fe€uit & Beylis base electron

donationto a " -hole on the chalcogen atom.

Similar to other NCI, such as the more common hydrogen and halogen bonding,
chalcogen bonds have been used to describe interactions in protein foftling
crystal engineering and catalystd® It has been well documented that the
presence of an electrewithdrawing substituent bonded toor in the vicinity of

the sulfur atom enhances the Ch bonds strengiaf I NEh8léé) allowing for a
greater degree of donation from the donor atoth?° For example, some ML
sulfonyl substituted isothiourea complexes with Cu(ll) display enhanced Ch bond
preference with a stronlg electronwithdrawing-NQ, substituent as opposed to

a -Cl substituent at the same positi&n(Figure 2.10). Additionally, it has been
reported that the coordination of a chalcogen atom to a metal centre enhances
the Ch bond by the creatioor & G NB y 3 (i K Shole gpPosit © the GtV
bond, replacing the necessity for strong electnoithdrawing groupg? It is likely

that the platinum(ll) complexes repatl here exemplify this latter effect on
account of the coordination of theulfur atom to the platinum centre with a
sulfonyloxygen located in the opposite directibmthe ChM bond at the location

2F | LiddedFigaré Z3). °
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Figure 2.5: Chalcogen bonding positions of the complexes prepared in this investigation
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compared (left) with isothiourea copper complekgaght).
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To investigate the presence of a chalcogen bond of the typ8- M@, the Non

Covalent Interactions index of Johnson andwawkers, which was specifically
developed to reveal nogovalent interactionswas utilizec?® 2* The NCI index
centres on the use of the normalized and dimensionless reduced density gradient
produced from the electron density and
MK @ R 7|/ “#3) and electron density (r), both conveniently calculated
using readily available software (multiwft) The RDG has long been a useful
scaler field used in many aspects of DFT calculations to represent the deviations in
homogenous electron density of th&ystem?® The corresponding plots of RDG
2NASY(iSR oe@

verses 0 NJ

GdKS

a A)Foghavestlikelak S

its first diversat®@DG =

exponential curve in the absence of noavalent interactionsrepresenting the

expansional decay of electron density moving away from an atompidsence

of NCimanifeston the plotl a

are analogues tdond crystal point&- 22and are a distinctive and characteristic

feature of NCI.

¢ KS
LINR RdzO S

indications on the strength of the interactiorthe corresponding plots of RDG

versey ) produces plots in which both attractive and repulsive interactions of the

G4 NR dzZaAK A&

2 NJdéngityJlol Gradient A y

region. These troughs indicate regions of unusually low density (RDG = 0) which

a A fistingRidhes<he nature of the interactions: attractive interactions
y' S JwhileA @fbisivé IntBrgctions yield a positive
a A 3 ¥4 ¥Lwhile analysis of the electron density) (itself provides useful

asSoz

idKS

same magnitude of strength overlap. In this regard,@hie f dzS 2 fasheerd y 0 <

shown to be more indicative of the type of interaction preséhthis isusually
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described in the literature as being a result of te&tionship between the second
| S &)sand thye accumildtibnEor ¢ <

depletion of density in the plane perpendicular to the interaction which is

eigenvalue of the electroR Sy a A G &

characteristic of the type of N@resent?* 32However, in the original report by

Johnson and coworkers, they argue that wiatene quantitative differenceare

introducedwhen consideringlensity relaxationFor noncovalent interactions, the
main features of the electm density and its derivatives appear cleaglen in the
case whenhe density izonstructed fromasimple sum of atomidensities?® This
indicates that whileaccumulation or depletion of densitjoes play an important
role on the positioning of the trough ol A 3 ¥/, @ isriottthe only consideration.
Therefore, when comparing the value of the trough, similar systems and
interactions should be compared. With these considerations in n#bdplots of
0KS NBRdzOSR RSy aA (5 wed\daleukatdyusing @@iNiZed a
structures of complexe®a, 2b, 2¢, Pt1 and Pt2 (using single point calculations of
.. pTaxk[ !/ £t 0
midpoint between the sulfur and oxygen atoms and encompasses the region of
interest. The resulting colourized 2D plot of compBaxis shown in Figure 261

and 2D plots of the remaining complexes are shown in Figuigé 2.1

Figure 2.8Y

RDG
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showing troughs related to chalcogen bonding interactions.

Each plotof RDG versea A 3 ¥ shews @ distinctive negative trough with an
I @S NI 3§ valde Diagproximately-0.015 whichis accompanied by a
corresponding positiveraluering critical poing which relate to steric repulsion
interactions from ringtype structural featuresi.e. those relating to the steric
strain of the SGN-SO crescent Plots2.17 a, b and ¢ also show much weaker
(more positive}roughs relating to common weak Van der Waals interactions from
nearby atomsThe primary negative troughs shown in the produced RDG (dots
d) appear in the region most commonly associated with weakrdyen boding
type interactions. This provides some tentative indication that the strength of the
interaction is relatively strong. Moreover, it demonstrates that the interaction is
comparatively higher in strength than simpan der Waalsnteractions which
appear at slightly more positive valuego further illustrate the location and
directionality of the NCI present, isosurfaces tbé interaction between the
thiourea sulfur and sulfonyl oxygen oftomplex2a are presented in 3D space

(Figure 2.8) on a representation of the geometry optimized structure. In this case,
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the NCI manifests between the thiourealfur and sulfonyl oxygen atoms with

colouring corresponding to the plot lgure 2.18.

Figure 2.8: NCl isosurfaces the chalcogen interactiofor complexla using a bluggreenred
02t 2dzNJ a0FtS DNBNWLLAOAN P HAAHAMOL A2 € dzS T n

The presence of this relatively strong NCI betweentti@ureasulfur andsulfonyl
oxygen atoms validates thieitial assumption of a Chond being present based
on SO bond distances in the molecular XRD structures and provides a likely

explanation of the observed preferentidistalisomer formation.

2.2 Conclusions

In this chapter, a series of platinum(Hulfonylthiourea complexes, which, as
shown by NMR and XRD analyses, preferentially forndistal isomer unless a
sterically bulky ligand forces the adoption of thproximal isomer. A
crystallographic structural analysis revealed a short S---O distance distaé
isomer, indicating the presence of a chalcogen ho@dmputational analysis of
the noncovalent interactions (NCI) indexdicates that indeed such an interaction

is possible While this chalcogen bond appears to contribute significantly to the
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overall stability of thedistalisomer, differences between the calculated lowest
energy structures and the experimentally observed structures suggest that the
level of theory applied may not have fully captd all energetic contributions
within the system. Despite these theoretical constraints, the presence of the
chalcogen bondmay account for the observed preference fatistal isomer
formation. These findings establish a good foundation and tools for modulating
non-covalent interactions ofulfonylthiourea complexes, opening avenues for
future research on ligand design and applicationgnted studies in which isomer

selectivity plays an important role.

2.3 Experimental
2.3.1 Materials

The following chemicals were used as supplied from commercial soypees:
toluenesulfonamide (BDH), potassiuributoxide, phenyl isothiocyanate, ethyl
isothiocyanatet-butyl isothiocyanate and ethaselfonylchloride (Sigma Aldrich).
The complexeis[PtCh(PPR)2], cis[PdC}PTA)] and cis[PtCLTCER) were

prepared by ligand substitution of the cyebotal,5diene (COD) ligand of
[PtCH(COD) with the stoichiometric quantity of phosphine in dichloromethane.

2.3.2 Instrumentation

31p (243 MHz)and *H (600 MHz)NMR spectra were recorded at 25°C (unless
otherwise stated)on a 600 MHz ebl ECZR NMR spectrometasing CDglor
DMSGQds as the solvent. Som@P spectra, where stated, were recorded from neat
reaction mixtures in nofleuterated solvent. Spectra were processed using the
Joel Delta software. ESI mass spectra were recorded in methanol using a Bruker
Daltonics MicrOTOF electrospray mation mass spectrometerMethanolic
sodium formate solution was used for calibration. Samples were prepared in
Eppendorf tubes by dissolvirepch sample in 1 drop of dichloromethane and
making up to 1.5 mL with methanol. Samples were centrifulgefbre use to
ensure separation of undissolved solids. Spectra were recorded withpdlary

Exitvoltage of 150 V and 8kimmer lvoltage of 50 V unless otherwise stated.

49



Elemental analysis was performed by the Chemical Analysis Facility, Department
of Molecular Sciences, Macquarie University, Sydney, Australia. Single crystal X
Ray diffraction was carried out by the University of Auckland Micro
characterzation Facility, Auckland, New Zealand. Optimization and single point
calculations were conducted using Qchem softwaren the New Zealand
eScience Infrastructure (NeSl) high performance computing facilities. MultiwvFN
was used for the calculation of naovalent interactios including the calculation

of the reduced density gradiedt Gnuplot was used for the representation of 2D

RDG plot® and VMB®was used for the representation of 3D isosurfaces.

2.3.3 Synthesis op-TolSGNHC(S)NHP{&L1)

Thiourea ligandsvere synthesizedby the modified procedure inspired bgrees

et al.2 p-Toluenesulfonamide(5.0 g 0.03 mo) and potassiuntert-butoxide (3.2 ¢

0.03 mo) were added to DMF (20 mL) and warmed to 60°C with stirring to ensure
the contents were fully dissolved. To the warmed solution, phenyl isothiocyanate
(3.91 g 0.029 was added portionwise before being stirred for a furthet®
minutes. The product was precipitated by the single addition of ice cold water (50
mL) which hd been acidified with hydrochloric acid (3 mL approx.) before being
isolated immediately by vacuum filtration and washedhdiistilled water (2 x 20
mL). The resulting solid was recrystallized from hot EtOH yielding a white
crystalline solid (4.1 g, 46 %). ESI MS: Capillary exit voltager@9[Wl + HJ* 307,
[M+Na]" 330.

2.3.4 Synthesis of EtSSIHC(S)NHP(&L2)

Ethanesulfonyl chloride (5 g 0.039 mal was added dropwise to concentrated
aqueous ammonia (150 mB3%.excess) with rapid stirring, during which time the
temperature was allowed to rise to 80 °C before being helthsttemperature

for 2 h. The solution was thesooledand maintained at room temperature for 48
hours open to the air to allow evaporation of excess ammonia. The product was
extracted by three consecutive liquldjuid separations into acetonitrile (3 x 100
mL) and the combined organic phases wereparated to a thick oily residue

which was used without further purification. The target ligand sgsthesized
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following the method ofL1 using the freshly preparedthanesulfonamide (3 g),
potassiumtert-butoxide (3 g) and phenyl isothiocyanate (3.7 g). White crystalline
solid (2.6 g, 39 %). ESI MS: Capillary exit voltager@z Y + HJ" 245, [M+ NaJ
267.

2.3.5 Synthesis of ToISIHC(S)NHCH(&)k) (SL3)

The ligand L3 was synthesized following the method of L1 using p-
toluenesulfonamide (5 g0.03 mo), potassiunt-butoxide (3.25 g0.03 mo) andt-
butyl isothiocyanate (3.4,.029 mol) White crystalline solid (4.1 g, 49 %). ESI MS:
Capillary exit voltage 90 ¥h/z [M +H]* 287, [M+ Na]" 309.

2.3.6 General synthesis ofbis(PPh) and bis(TCEP)sulfonylthiourea

complexes

Equimolar quantities of the ligand and metal starting material warspended in
MeOH (30 mL) with stirring. The mixture was brought to reflux followed by the
addition of triethylamine (0.3 mL, excess). The solution was refluxed for 5 minutes
after which time the complex was precipitated by the rapid addition of cold
distilled water (40 mL). The mixture was cooled rapidly using an ice bath to
facilitate precipitation and coagulation before the solid product was filtered and
washed with distilled water (3 x 20 mL) and dried under vacuum. Details pertaining

to each compound @ given in Table 2.3.

2.3.7 General synthesis dbis(PTA)sulfonylthiourea complexes

Equimolar quantities of the ligand apeitCh(PTA)] were suspended in MeOH (30
mL) with stirring. The mixture was brought to reflux and 2 madueous solution

of sodium hydroxide (56 [ = $wa® &ldedl. The solution was refluxed for a
further 10 minutes before removal of the solvent under reduced pressure. The
solid product was dissolved in the minimal amount ofCIH3-5 mL) and passed
through 2 cm of silica to remove undissolved solids before the removal of the
solvent under reduced presure. Details pertaining to each compound are given in

Table 2.3.
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2.3.8 General synthesis of mixed ligarguilfonylthiourea complexes

The complexRt(COD)G] in methanol (20 mL) was brought to reflux. Pyridine (3
drops, excess) was addedquimolar amounts of triphenylphosphine and the
thiourea ligand were added consecutively with a duration-@frhinutes between
each addition. The solution was refluxed for 5 minutes before precipitation with
the rapid single addition of cold water (30 mLje mixture was cooled rapidly
using an ice bath to facilitate precipitation and coagulation before the solid
product was filtered and washed witfistilled water (3 x 20 mL) and dried under

vacuum. Details pertaining to each compound are given in Table 2.3.

Table 2.3: Synthesis details for the prepasatbbnythiourea complexes.

Starting metal PPR/Pyridine | Thiourea Yield
complex

Product mg | mmol | mg mg mmol | mg %

2a cis 100 | 0.172 | - 54 0.176 | 99 70.5
[PICHPTAY]

2b cis 100 | 0.167 | - 52 0.169 | 122 82.3
[PtCKTCER)

2c cis 40 | 0.106 | 28.5/96 33 0.107 | 64 71.1
[PtCL(COD)]

2d cis 100 | 0.172 | - 43 0.176 | 95 73.2
[PtCHPTA)]

2e cis 40 | 0.106 | 28/87 28 0.114 | 67 80.4
[PtCHCOD)]

2f cis 100 | 0.126 | - 38 0.132 | 103 81.0
[PtCH(PPhR)2]
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[P{TolS@NC(S)NPh}(PTARa

Off-white solid. Elemental analysis: Found (%) C 38.4; H 4.57NCHiculated (%)
C 38.3; H 4.4; N 13.7. ESI Mz [M +H]* 814. NMR (DMS@s 243 MH3: 31P{H},

1 -61.06 [d \bip2740Hz 2hp21 HA and-77.73 [d Lbp2908Hz 2Fp21 H4; (DMSQ
ds 600 MHzYl = + iyl CH DHR,¥.35 (t, aromatic G2 B, 7.22 (dp-
tolyl CH2 B, 7.12 (t, aromatic CHL H, 6.89 (d, aromatic CH H, 4.41 (dd, N
CH-N, 6 B, 4.15 (dd, NCH-N, 6 B, 4.12 (s, NCH-P, 6 B, 3.73 (s, NCH-P, 6 B,
2.30 (s, CkB H.

N
P S <
AN /N
T N=N ©
/=R N
N/
<N\
N

[P{ToIS@NC(S)NPh}TCHER)b

Off-white solid. Elemental analysis: Found (%) C 43.3; H 4.1; N 12.3. Calculated (%)
C 43.39; H 4.1; N 12.6. ESI| M&[M +H]*886. NMR (DMS@s 243 MH3: 31P{H},

1 ¢ O e 2980RIZ 2kp21 HE and-2.86 [d,1bw 1407Hz 2kp21 HZ; (DMSQ

ds 600 MHz)}'l = 1 d,ptlylCH D1, 7.32 (t, aromatic G2 B, 7.20 (d p-

tolyl CH2 H, 7.17 (t, aromatic CH H, 6.96 (d, aromatic GR2H), 2.83 (dt, CH

CN 2 B, 2.69 (dt, CHCN 2 B, 2.36 (dt, CHP, 2 H, 2.29 (s, CH3 H, 1.83 (dt,

Ch-P, 2 H.
NC CN
RS

NC P\ /S 7/ \\O
gp/Ft\N}N

o
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[PH{TolSeNC(S)NPh}(Py)(Pft2cPale yellow solid. Elemental analysis: Found (%)

C 52.4; H4.0; N 4.9. Calculated (%) C 52.8; H 3.8; N 5.0. B8z W6+ H]" 841.

NMR (CDER43 MHZ: 3Pl Y'I + IMmeB8BEHZ (CBG600 MHz = + y ®H
6.6 (m, aromatic29 H, 2.15 (s, C§I3 H).

[PHEtS@NC(S)NPh}(PTARd

Off-white solid. Elemental analysis: Found (%) C 33.7; H 4.8; N 14.7. Calculated (%)
C 33.5: H 4.5; N 14.9. ESI k& [M +H]J* 752. NMR (DMS@s 243 MHJ: 31P£H},

1 -60.9 [d,“bip2754Hz 2bp18 HZ and-70.6 [d,2br2881Hz 2bp18HZ; (DMSQO

ds 600 MHz}Yl = + T dop OdiH 7.12NPaMoinalid G H, 6.94 (d,
aromatic CH2 B, 4.43 (dd, NCH-N, 6 B, 4.16 (dd, NCH-N, 6 B, 4.16 (s, NCH-
P,6H,3.76 (s, CH-P, 6 H, 2.83 (q, CKH2 B, 1.05, (tCh, 3 H.
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[PHELS@NC(S)NPh}(Py)(PHiRe

Pale yellow solid. Elemental analysis: Found (%) C 49.5; H 347 Qlsulated (%)

C 49.3; H3.8; N 5.4. ESI M® [M +H]' 779. NMR (CD€I43 MH}: 3Pl YZ 4+ n ®n
[s, 3 Pr3626H7 (CDGI600 MHZz}I =  +6.7 tmparomatic25 H, 3.67 (q, CKH 2

H), 1.50 (t, CH 3 B.

Ph
Ph\ / O

~N
N

P S
Ph A2 __ />0
>—N

/Pt\
~N N
s

[PH{ToISENC(S)N{Butyl)}(PP¥).] 2f Pale yellow solid. Elemental analysis: Found
(%) C 52; H4.6; N 2.9. Calculated (%) C 57.4; H 4.6 8NESI MSn/z [M +HJ*
1004. NMR (CD£243 MHY:3PE YS 1 \bgBR@MHZz 2E»E2EF and 12.25

[d, 2pr3610HZ 2bp22H7; (CDCGI600 MHZ}l =  +6.9 tmparomatic34 H, 2.26

(s, CH3 H, 1.07 (st-butyl, 6 B.

ph ih

-
Ph P\ S

Ph—p” N
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2.3.9 X-ray crystal structure determinations

Crystals of satisfactory quality for single crystal diffraction of compl2xesd?2c
were grown by the slow diffusion of diethyl ether into dichloromethane solutions
of the complexes. Crystals 2 were grown slowly from a DMSO/water mixture
and crystals oRf were grown by the slow evaporation of a methanol solution
containing the complex. Structures were solved using Glexgith the
Olex2.solvé& structure solution programme using Charge Flipping and refined
with the Olex2.refiné refinement package using Gagbewton minimzation.

Crystal and refinement details are sumnzad in the supplementary data.
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Ruthenium(ll) pianstool complexes and the similar rhodium(lll) and iridium(lll)
analogues have garnered considerable attention as promising alternatives to
platinumbased metallodrugs in the treatment of a variety of candersAn
important aspect of research in this area is the nature and coordination behaviour
of the ligands, which form the robust backbone and foundation of the complex
and offer an easily modifiable route for achieving desired characteristic$his
context, an array of organometallpianastool complexes with a wide range of
ligands have been investigated for both their coordination chemistry and
biological activity Two prominent examples include RAPCTA [( ®-p-
cymeneRURTACH (PTA =1,3,5triaza7-phosphaadamantaneand its many
derivatives popularised by Dyson and -worker$!! and RM175 [Ruf-
biphenyl)(en)Cf](en = 1,2diaminoethane) studied by Sadler and colleagtfes.
Acylthiourea compounds have seen extensive interest on account of their facile
synthesis, diverse coordination chemistry and promising pharmaceutical
properties!® “Many recent studies on the coordination chemistry and biological
activity of ruthenium(ll) based acylthiourea complexes have been repdrtél.
Promising recent examples include complexes of the type [(cym)Ry)(Pyi]P§

(A1) and [(cym)Ru(PB{T)IPE(A2) C A 3 dzNB o Tikymedel) @hich dhow
sub-micromolar G values in human lung cells (T =

NZacylh (monosubstituted)thiourea}’
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Figure 3.1: General structures of [(cym)RugRPJCIIPEAL) and [(cym)Ru(PBXT)]PE(A2)Y

While acylthioureabased compounds have seen a significant increase in
interest,'% ®¥functionalized thiourea derivatives with other electravithdrawing
groups have not. For example, thosesofifonylthiourea ligands, which differ by
the replacement of the acyl C=0 functional group with a simsiléfonylgroup are
promising given the significant biological activity often associated with
sulfonamide andsulfonylurea-based pharmaceuticals. Unlike acylthiourea ligands
which typically favour S,O or S,N chelatisalfonyithiourea ligands have been
shown in this thesis to coordinate to metal centres exclusivelyhe S,N donor
atoms!®?! Presumably, this is because of the reduced nucleophilicity of the
sulfonylgroup compared to that of the acyl C=0 group (Figure 3.2). Because of this
reduced nucleophilicitysulfonyltthiourea ligands are not expected to coordinate
via the O atoms. In principlesulfonylthioureas may also coordinate as
monodentate neutral or monoanionic ligands through the core thiourea S donor

atom, although no prior examples have been reported to date.
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Figure 3.2: Monodentate S and bidentate S,N (distal) coordination modeHariythiourea

ligands.

Given that no organometallic complexes @aflfonythiourea ligandshave been
reported, and prompted by the potential antiproliferative and antimicrobial
biological activity often exhibited bgulfonylcontaining compounds and related
acylated thiourea analogues, this chapter investigates these ligamaiso-stool
complexes In this chapter a preliminary investigation tonthe coordination
chemistry ofsulfonyithiourea ligands with rutheniuiil) arene and iridium(lll) and
rhodium(lll) Cp* pianetool complexes and studies on the antiproliferative

activity are given.
3.1 Results and discussion

3.1.1 Synthesis andaharacterizationof organometallic complexes with

mono- and dianionicsulfonylthiourea ligands.

Given the significant differences in coordination chemistry, reactivity and
behavour that often result from the change of metal centres, different avenues
of synthesis @ those reported inChapter 2 are explored. As there is currently no
literature precedentfor the synthesis of organometallic piaistool complexes
with sulfonylthiourea ligands, a series of reactions and conditions are investigated
in this sectionusing the sulfonylthiourea ligangsTolISGNHCSNHPIS{.1) and
CHCHSONHCSNHPhS{2 (Premred in Chapter 2, Figure 3.3). The ligand
CHSQONHCSNHPEL3) is also shown in Figure 3.3.
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Figure 3.3: Structures of tisailfonylthiourea ligands referred to in this chapter

Because of the large quantity of intermediates and various reaction paths, a
different numbering scheme is used in this chapter which will be explained briefly
here. Letters a indicate type of arene ring and metal on the piano stool complex,
a =p-cymene and ruthenium(ll), b = benzene and ruthenium(ll), c = Cp* and
iridium(lll) and d = Cp* and rhodium(lll). The numbef3 ihdicate the type of
phosphine on the central metal atom, 1 = BPh= PTA and 3 = TCEP (TG&${2=
cyanoethyl)phosphinge The sifix LE:L3 indicates the sulfonylthiourea ligand as
indicated in Figure 3.3. A complete reaction mechanism for this chapter is included
as Appendix 2. Complexesémp-cymene)RUTHSQONC(S)NPh}(PRPh1alL3 w &t
benzene)RGHRSQANC(S)NPh}PBh 1bL3 and w 61p-
cymene)RUTHSONC(S)NPh}(tcep)Bal3 were prepared in a previous MSc

research project and are included for discussion éhly.

Initial investigations centred osulfonylthiourea ligands acting as monoanionic
ligands towards the Ru(lp-cymene dimer. In this regardhe synthesis of the
chlorido-containing complexeal.1and aL2was achieved bthe reactions othe
Ru(ll) dimeric precursof(cym)RuG]z (a) with two mok equivalents of the
sulfonylthiourea ligandsSL1and SL2in methanol (Scheme 3.1). The complexes
were isolated in good yield and purity by removal of the solvent under reduced
pressure, followed by washing withetroleum spiritsand hexane. By the same
method, complexdL1was prepared by the reaction between the Rh(lll) precursor
[Cp*RhCG]2 and SL1 The complexes were confirmed uing 8§l mass
spectrometry by the observation of ions relating to the fragmentated loss of the

chlorido ligand, [M; CIF.
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L1 orL2 62
- S Ph
\ 7/

/
Mo M M~ >—NH
cl” e cl’ N
SO,R’
R aL1 M =Ru,R=cym, L = L1
a R = p-cymene, M = Ru al2 M =Ru,R=cym,L=1L2
d R = Cp*, M= Rh dL1 M =Rh, R=Cp* L =L1

Scheme 3.1: Reactions between the Ru{gymeneor Rh(lll) Cp* dimers witdL1land SL2

The tertiary phosphineontaining complex2cLl which also contains the
sulfonylthiourea ligandbound as a monoanion, was prepared from the Ir(lll)
precursor [Cp*IrG(PTA] (20 in methanol in the presence of NaOH (Scheme 3.2).
Using the same method, complexexilLl and 2dL2 were prepared from
[Cp*RhCGAPTA] (2d) with SL1andSL2respectivelyThe complexes were isolated

by removal of solvent under reduced pressure. Removal of residual NaOH was
achieved by dissolving the product in dichloromethane before passing the

dissolved complex through approximately 1cm of silica.

L1 orL2
NaOH ANel
I—— RA_
PTA” L
cl ¢l PTA 2dL1L=L1
% \M/ . _Cl 2dL2L=L2
c’ ol M
PTA” ClI %‘
L1
— 2cM=1Ir
cM=Ir NaOH L1
d M=Rh 2d M =Rh N

7/ N\

PTA L1

2cL1

Scheme 3.2: Reactions betweghland SL2with Ir(lll) and Rh(lll) precursd@sand 2d.

ESIMS(+)mass spectrunof complex2cL] which contains two monodentate
sulfonytthiourea ligandsshowedan ion relating to the loss of a single thiourea
ligand, [Mc¢ L], with minor ions being observed corresponding to [M +Téald

[M + K} adducts. Complexe&dlL1and2dL2were confirmed by the appearance of

ions relating to the intact protonated complex, herein termed the pseudo
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molecular [M + H] base peak. Minor ions which could be assigned to the
fragmented loss of the phosphine ancillary ligand sjPiRom the protonated
complex, [M¢ PR + HJ, were also observedH NMR spectra of these complexes
display a broad singlet resonance between 9.4 and 9.9 ppm which could be
assigned to the thiourea NH, confirming the monoanionic nature of these ligands.
The remainingH and3'P{H} specta show thearchetypalfeatures. Interestingly,
despite the addition of base to the reaction mixé and therefore the possibility

of the sulfonyithiourea ligands to act as a dianion, by the removal of both thiourea
hydrogen atoms, the complexes contained the ligand bound as a monoanion
instead. It is also noteworthy that with reactions between thdfonylthiourea
ligandsand the Ru(ll)p-cymene dimer, the ligand acts as a monoanionic ligand
despite the absence of base. This observation indicatesttifesulfonylamidic

proton must be quite acidic and therefore easily removed.

To investigate thesulfonylthiourea ligands acting as dianionic ligands a series of
reactions with L3 with phosphine containing precursor complexesre
investigated. Thus, reactions between tkalfonyithiourea ligandSL1 and the
ruthenium(ll), rhodium(lll) and iridium(lIl) precursd& 1c, 1d and2ain mixture
of methanol and triethylamine stirred at room temperature for approximately 12

hours gave the corresponding complexXied.1 1cL1 1dL1and 2al 1lrespectively

(scheme 3.3
R
6? s SO,R’
7 7/
R R M >=N
RsP” N
L by
M/CI\M/CI PR, M/CI Et,N
N7 / N\
c’ e 1 PR, = PPh, RsP Cl R and /or
2PR;=PTA
R 3 PRy = TCEP s oh
— — — 4 7/
a R = p-cymene, M =Ru 1a M = Ru, R = cym, PR3 = PPh; M > N
cR=Cp* M=l 1c M = I, R = Cp*, PR3 = PPhy R:P7 N
d R =Cp*, M=Rh 1d M = Rh, R = Cp*, PR3 = PPh; éo -
2

2aM=Ru, R =cym, PR, = PTA
3aM=Ru,R=cym PRy=TCEP 15 1 M=Ru,R =cym, PRy = PPhs, L = L1
1cL1 M =1Ir, R = Cp*, PRy = PPh,, L = L1
1dL1 M = Rh, R = Cp*, PRy = PPh,, L = L1
2al1M=RuR =cym, PRy = PTA, L = L1
Scheme 3.3: Reactions®E1with a series of Ru(ll), Ir(lll) and Rh(lll) phosphine precursor

complexes.
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The low solubility of the resulting complexes, with the exception of conffaéx,
resulted in the target compound precipitating out of the methanol solution during
the reaction because of this, the isolation and purification of the complexes was
conducted by filtration followed by washing with distilled water. On account of
the considerably increased solubility in protic solvents afforded byPthdligand,

the reaction mixture oRal lrequired near complete removal of solvent before
satisfactory precip#tion occurred. It is worth noting that the repeated attempted
syntheses of the ruthenium complexes by this route with temperatures exceeding
50 °C, which has been documented previously for piano stool complexes with
simple thiourea ligandd and acylthioureas? resulted in grey/green coloured
presumablyoxidized species and decomposition products. For unknown reasons,
this is presumably a result of the inclusion the phosphine ancillary ligand as
reactions of the chlorido containing complexes did notfeuffrom such

degradation during synthesis.

An alternative synthesis of compléallwas achieved using the chlorido complex
aLl The complex was dissolved in chloroform, followed by the addition of PPh
and powdered AgD (Scheme 3.4). This resulted in the substitution of the labile
chlorido ligand with PPhwhile the AgO acts as a sufficiently strong base to

deprotonate the ligand to its dianionic forand as a halide abstracting agent

N /S o /SOZtOIyI

Ru\ N
PPhy” I}l
Ph

s Ph 1 PPhs and / or
R{ >—NH alL1, Ag,0
CI/ \'}l
SO,tolyl
2 N /S . /F’h

alL1 Ru\ >—N
PPhy” N

SO,tolyl

1aL1

Scheme 3.4: The conversiorabflinto 1al1using silver oxide and triphenylphosphine
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Using a similar method as for complexaslandal 2, the thioureasulfur-bridged
dimeric complexa,L1 was prepared from the reaction betwee®&L1 and
[(cym)RuC]2in a methanol andriethylamine mixture §cheme 3.5). In th&S]
MS(+)spectra, the complexes bearing a phosphine ligand were confirmed by the
appearancef their pseudemolecular [M + H]base peak and [M PR+ Hf ions.

The dimeric comple&L1was confirmed by thassigned [M + Hpase peak and

an ion which could be assigned to fragmented splitting of the dimer, [M/2° +AH]

full synthetic scheme for this chapter is included\ppendix2.

Ph

L1
cl. Cl EtsN S N—tosyl

Ry R{ |
cli” ¢l tosyl—N_ S

BN

A
AN

\;U/

z

Ph”
azL1

Scheme 3.5reparation ofazL1from the Ru(ll) gymene dimer an&L1land EsN.

'H and*P{H} NMR spectra of the Ru(ll), Ir(lll) and Rhgulfonylthiourea
complexes showed the expected features,, the methyl resonance of the Cp*
ligand appeared as a doublet in thbosphinecontaining complexesl¢L1 1dL],

2dL1 2dL2and 2cL) between 1.75 and 1.65 ppm with a J coupling constant of 4
Hz. This resonance for compldkl, which does not contain a phosphine ligand
was notably a single peak at 1.75 ppm. This observation indicates that in this case,
the phosphorus atom coupling to the methyl hydrogen atoms rather than the
rhodium atom is responsible for the doublet peak b&tmethyl Cp* resonance.

This observation was further supported by thé'P} NMR spectrum of contgx

2dL2which clearly showed the methyl Cp* resonance as a singlet (Figure 3.3).
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RH
PPhy” PPhy” l}l c”
Ph Ph Ph

tolyl tolyl tolyl
N2 S NS O AW
RH > —NH 2 RE D>—NH © { >—NH 2
; |

*

U L U

1.75 1.7 1.65 19 1.8 1.7 16 1.5 1.85 1.8 1.75 1.7 1.65

ppm ppm ppm
1H-2dL2 TH{3'P} - 2dL2 H-dL1

Figure 3.3Comparison of théH Cp* resonance a2dL2 2dL1and the Cp2H{P} resonance of

2dL2(Drawn as the distal isomer). * Indicates an unknown imputiyGlat 25°C

The aromaticp-cymene resonances of complexatl, alL2 2alland of the
previously reportedlal3and 3aL3in the 'H spectra display as the typical set of
four doublets between 4.5 and 6.0 ppm with coupling constants of 6 Hz. On the
other hand, these resonances were observed in the spectrum of conplelas

an unusually well separated set of an AB quartet at d 6.03 ppm and two doublets
atd5.12 and 3.75 ppm, which were attributed to theoximalS,N{uionated) iSOMer.
H-1H COSY NMmalysisvas consistent with an AB spin system, showing that the
AB quartet correlated only with itself, while the two remaining aromptaymene
doublets correlated with each otheFA@ure 3.4). Two minor sets of four doublets
were also present between 5.0 and 5.5 ppm which were attributed todiséal
S,Nfonsuibnated) iISOmer and a potential impurity, the latter did not appear in
subsequent preparations of the sample. The ratio betweenpiteximalanddistal

isomeris approximately9:1.
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Figure 3.41H-'H COSY NMR spectrumadfeshly prepared solution cbmplexiall

Over the course of 7 weelgd room temperature the sample oflaLlunderwent
isomerizationin solution fromthe proximalto distalisomer, which resulted in a
proximalto distalratio of approximately 4:96 (Figure 3.5). Following an additional
5 weeks the ratio between theroximalanddistalisomer did not produce notable

change.

SO,tolyl
N S 22
R >=
PhsP I}l
Ph

P

Ph
NS /
R =
PhgP ’T‘
SOstolyl
L M DN — S
1

6.0 5.5 5.0 4.5 4.0 3.5
8 (ppm)

Figure 3.5Comparison between the aromatiecgmene resonances of the proximal isomer of
lal1(bottom), the distal isomer (top) and a mixture of isomers (middle) iAHN¢MR spectra
recordedin CDCl
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The remainingd-cymene resonances of complé&all specifically the isopropyl
CH and two Ciresonances (Figure 3.6), are shifted distinctly downfield in the
distal isomer compared to theroximalisomer. For instance, the isopropyl CH
resonance of theroximalisomer oflallappears at 2.9 ppm which is similar to
both the PTAanalogue complefal 1and the chlorido completal 1 which show
this resonances atl 2.77 andd 2.90 respectively and are also in tipeoximal
linkage isomer. In contrast, the isopropyl CH atom of the newly foraistil
isomer of compleXtaLlresonates aid 2.22. Theisopropyl Cklof the proximal
isomer resonances appear as two doubletsldt18 and 1.17, which is similar to
both the PTAanalogue compleal1(1.19, 1.14 ppm) and the chlorido complex
lal1(1.27, 1.23 ppm). For thadistalisomer oflaL1these resonances are shifted

to a lower frequency and appear as two overlapping doubleid@B7 and 0.95

ppm.

o d
pta/ \N/
F‘:O Htolyl Jm‘\
hwlw.

|

3.2 3 28 26 24 22 1.2 1 0.8

Figure 3.6: Comparison of thecgmene isopropyH resonances in complexial 1proximal and

distal,2alLlandall.
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To explore the thermodynamic aspects of the complexes and the isomerization of
lall geometryoptimized structures were calculated for isomeric structural pairs

of ruthenium complexes, where at least one isomer's setate structure was

experimentally determinedvide infrg. Specifically, complexes.l alL2,1all

2al 1land the previously reportetibL3were optimized in the gas phase. The mixed
basis sets used included aagpV(D+d)Z fosulfur and phosphorus, augcpVDZ

for oxygen, nitrogen, and chlorine, -p&DZ for carbon and hydrogen, and

[ ' b[H5% BAOK STFSOGAGDS O2NB -GGG A | €
was applied for all systems. The choice of $asis was decided based on findings

in Chapter 2Section 2.1.6, which indicated that diffuse functions and additional
basis functions were essential for accurately modelling these systems. Using a
combination of related basis sets for different atoms provided an optimal balance
between computational accacy and efficiency. LANL2DZ was used as the sesult

generated were found to be more accurate to experimental observations than the

LACVP method used ithapter 2 for the Ru(ll) systems in this chapt&he

differences in electronic ground state energies between the two isomeks(&

Boroxima) termedDE are shown in Tabi1.

Table 3.1Energy difference between isomers in their ground state for compdéxeal 2 1al 1,

1bL3and2all
/ 2YLID9 t NBRA hoaSN]
61 WG
L[ ™ nT t NPEA t NRPEA
[ H cc t NPEA t NRPEA
MFE[ 1 THO 5Aa0 B5Aai
MO[ ¢ HA t NEPEA t NREA
HE[ o1 Hp t NEEA t NREA
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Following the methods of Chapter the difference inthe ground state energies

of each isomerDE, indicats which isomer is more favoureddence, a positive
@t dzS TF2NJ p9 praximalisdm@rdis favéured, andiée SersaThe
difference in the ground state energi€Bable 3.13how that complexeall al.2
1bL3and?2al lare thermodynamically more stable as theoximalisomer. As no
isomerizatiorwas detected for these complexes, it can also be reasoned that the
initially formed, kinetically favourable isomer, is also gneximalisomer, as there
was no detectable transition between the two. For complet ] the difference

in grourd state energies between the two isomers indicate that in this case, the
distalisomer is more thermodynamically stable. It can be concluded therefore that
the observedisomerizationof the proximalto distal isomers is the result of the
initially formed, kinetically favourable product, transitioning to the lower energy,
thermodynamically stable, isomer. It can also be extrapolated that as this
conversion is relatively slow, the activation energy barrier bemvehe two
isomers must be highalthough calcudtion of the exact activation energy is

outside of the scope of this study.

3.1.2 X-ray molecular structure determination

In order to definitivelycharacterizethe complexes prepared in this study, the
molecular structures of complexes1 alL2 1alLl a2L] 2alLl 2dL1and2cL1lwere
determined by single crystatrdy diffraction. Crystallographic detadlse included
in Appendix1. A table of selected bond lengths in included in Table 3.2.
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Table 3.2: Selected bond lengths in the molecular structure of compleked 2 1al 1 2al ]

2cL12dL1andasl1l Arene = cymene or benzene centroid, Cp* = Cp* centroid.

. 2YR . 2yR £)Sy3idkK

F[ m [ H HE[ M ME][ M Fg[ ™

I NEBYWS: M POHM MPOHAO MPaTdH MPOD® M PT Fp

w dat T T H®ocd Hdon T

wdz f HPNMHC(CH®PN Mp T L1 T

wdZ€ ™M HPNHMCHPOHGPHPAL HDPO T H v

wdf mI Tt T T T H dmyv
wd m T T T HPn o
w dzb H HPMOMCH @AMO H H Dot TT H Dodm

{ ™ m MOPTMP(MDPT MH MPaHd M dT ¢ M Parw

/ N M MdPooT (MPoocC MODHDD M DPY®OH M D HPD J

/ Nmb H MPopmcmPony mbPaop MmPo o M PnaiTd

HR[ ™ HO[ M
/| LiwK Mdyyomn / LdgL N m oy @
w K H ®ochy ¢ L MdJ H®H H
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/ Nb H M B @)

The metallacyclic bond lengths of the bidentate complexes are very similar,
averaging2.404 (RuS1), 1.761 (SC1), 2.117 (GN) and 2.117 A (RN). These
bond lengths agree with literature values for similar pigtool complexes of
acylthiourea complexe®:?? For instance, the chlorido complet.1(Figure 3.7)
which contains the ligand coordinated as a monoanion, formed agptbeimal
isomer with metallacyclic bond lengths d.421(5) (Rtb1), 1.715(2) (ST1),
1.351(2) (CAN) and 2.131(2) A (Ru). These values are in agreement with a similar
Ru(ll) chlorido acylthiourea complex reported by Gandhawetedi. of 2.391 (Ru
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S1), 1.701 (ST1),1.341 (CiN) and 2.111 A (RN) 2 The slight deviations in these
values are most likg because of the differences between the electronic
properties of thesulfonyland acyl substituents. Complak2(Figure 3.8) is also in
agreement, and in this example, the ligand substituents betwadetandal.2did

not appear to influence the coordination behaviour or adopted linkage isomer.
Complexe2dL1 (Figure 3.9) an@cL1(Figure 3.10), whilst also containing the
sulfonylthiourea coordinating as a monoanionic ligand, showed a different
coordination mode as both coordinated as monodentate liganidsthe core
thiourea sulfur atom. ComplexdL1contained only onesulfonyithiourea and a
chlorido ligand, whil@cL 1featured twosulfonylthiourea ligands and no chlorido
ligand. The reason for this sudden change of isomer between the metal centres
(Rh(l1) vs Ir(IlY)s not immediately apparent. It may be possible that the difference
in synthetic routessuch as excess reagertdsyeactivity between the Ru(ll), Ir(lIl)

and Rh(lll) centres may be the reason.

CAIdzNBE o@d7TY a2f Si@dxYISNISAMGIENARCKRE sHwing @ partial
numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.
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CA3IdzNBE ooy Y a2t Si@dYISNISEHBRKEIS)NRZNERL2showiga partial
numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.

Figure 3.9: Molecular structure Ep*Rh{TolSDIC(S)NPh}PTACI]2dL1showing a partial
numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.

74



Figure 3.10: Molecular structure @p*Ir{TolSeNC(S)NPh}(PTA] 2cL1showing a partial
numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms and ligand

substituents are omitted for clarity.

Complexe2alL1(Figure 3.11) andalL1(Figure 3.12) are similan structure to
complexalLland differ only by the replacement of the chlorido ligand on the Ru
centre with either PP¥or PTA ComplexXal 1contains thesulfonylthiourea ligand
chelating the Ru(ll) centreia the SN(sulonated) donor systemas the proximal
isomer,whilstin contrast, in complegal 1the ligand was found to coordinatga

the SN(hon-suionated) atoms resulting in theistalisomer. Thalistalisomer adopted

by complextaL1may be a result of the combination between the increased size
of the cone angle of the PRligand (50°), as opposed 8TA(103°)?5 ?’and the
p-cymene arene ligand, together providing sufficient steric strain orptiogimal
isomer. This is further indicated by the molecular structure of complei3
(Figure 3.13%?whilst also containing &iphenylphosphine ligand, also contains a
slightly smaller benzene arene ligand, and adoppsaximallinkage isomer. The
thiourea sulfur-bridged ruthenium dimer, comple®L1 (Figure 3.14), was also
prepared and the structure determined by single crystahy diffraction. The Ru

¢ S¢Rug S core is revealed to be approximately rhomboid with simiBRu®»ond
distances oR.410(6)and 2.418(6)A. The thiourea core sits on opposite sides of

an inversion centre in theroximalisomer. The metallacyclic bond distan@es
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in agreement with a previously reportesulfur-bridged Rug-cymene) dimeric
structure with a cyaneubstituted thiourea ligand® i.e., [( ®mLJ
cymengRU{NCNCSNg}H, (2.398(1) (R&), 1.796(3) ¢8), 1.309(4) @®) and
2.084(3) A (RI), with only minor differences relating to the change of ligand.

}/

/

CA3IdzNBE odmmY a2 {560aH $ WS GMOISHNDEPEANIEL 1shdwingoapartial
numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.

CAJdzNBE odmHY a2 {560aH $ WS GMOISHNDR@E@HhEL 12hdwing & '
partial numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.
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CAIdz2NB odmoY a2f %0 &yl Sy:SENQERD R EbL38s Preparsed
in a previous study showing a partial numbering scheme. Ellipsoids are shown at the 50%

probability level. Hydrogen atoms are omitted for clarity.

02

CA3IdzNE odmnY a2 t5%0Qa¢ $ WS GMOISNPRidNSEEowdgra periial
numbering scheme. Ellipsoids are shown at the 50% probability level. Hydrogen atoms are

omitted for clarity.
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The molecular structures imply that the observed isomer for ruthenium(ll) piano
stool complexes is related to the size and steric bulk of the ligands around the
metal centre. For instance, th@cymene and triphenylphosphine ligandstbé
complex force the complex into trdistalisomer because of the large size of these
ligands. However, replacement of tipecymene with the smaller benzen&l(L3

or replacement of the triphenylphosphine wiBhT A2aLJ) or a chlorido ligandaf_],

aL? reduces the steric stin, favouring the formation of th@roximalisomer.
These results correlate with DFT calculations of the ground state enewies (
suprg and also with similar acylthiourea ruthenium(ll) complexes which also tend

to favour theproximalarrangement.

Decreasing ancillary ligand size

@ S Ph @ S SOR

S Ph
/ s / /
M OD>=N M. >=N M. >=N
PPhy” \l}l PPhy” \l}l ‘R’ \r]l
SO,R Ph SO;R
Proximal Distal Proximal

Decreasing n-arene ligand size

Figure 3.15: Phosphine ligand and arene ligand structure and linkage isomer relationship.

Interestingly, theproximal isomer preference observed in this study for the
sulfonylthiourea Ru(ll), Ir(lll) and Rh(lll) piastool complexes, is in contrast to
Pt(Il) squareplanar complexes with the same ligands prepared in Chapter 2. These
Pt(Il) complexes have shown to predominantly favourdistalisomer as a result

of shortranged chalcogers-hole interactions (chalcogen bond) between the
thiourea sulfur and sulfonyl oxygen atoms, promoted by the polarisation of the
sulfur atom by platinum. To explore the presence of such an interaction for the
distalisomer of complexdall analysis of the nogovalent interactions between

the thioureasulfur and sulfonyl oxygen was conducted using the nroavalent
Interactions index of Johnson and-amrkers as used in Chapte&ction 2.1.6.1.
Thus the calculated reduced density gradiemtS D T 3R] b’ H/ 6*8) versus

the electron density 6 NV = 2NASY (SR o6& (KS &mwasy 2F (K
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plotted. The plot shows a distinct trough ai~® n m p 2)” iwhighyby comparison
with previous calculations in Chapter 2, relates tchalcogers-hole interaction
which indicates that this interaction is indeed present in this complekis
chalcogenrs-hole interaction appears to have much less influence on the resulting
isomer of the ruthenium(ll) complexes as compared to the platinum(ll) complexes
previously reported?® Presumably this is because of the weaker polarization of the
sulfur atom by ruthenium(ll) compared to platinum(lgr trans influence

differences.
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3.1.3 Anticancer activity

Complexesll al2 dL1, 1aLl 2all 2cL1 2dL], 2dL2 anda2L1were evaluated
for antiproliferative activity against human colorectal (HCT116),-sroall cell
lung (H460), cervical (SiHa), and colon (SW480) carcinoma celidinesxternal
collaboration with theHartingergroup, University of Aucklandrhe remaining
complexes were excluded due to insufficient aqueous solubility. Overall, most
complexes demonstrated modest activity, with compikelk 2being the exception,

as it was inactive (Table3j.
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Table3.3: Anticancer activity of selected Ru(ll), Ir(lll), Rh(lll) complexes against human colorectal
(HCT116), neamall cell lung (H460), cervical (SiHa) and colon (SW480) carcinoma cell lines

(mean IG* standard deviation in mM)

/| 2YLX SEI / ¢mmc | ncn { AL} {2nyn
F[ m cn B N ym p pTO B Gon B O
F [ H nn p O Cdh B Ccyn B HOP B C
R[ ™ Py B M(YyH B HT®HM B MOC B 5
M [ ™ MAn B H MO B HMT B N MO H M
HIE [ ™ 00 B M po B T Ny B n bmnan
HO[ ™ MM B H Mp B N0 MC B OHC B P
HR[ ™ nd 5 y pc b5 Mdd b H dOH b M
HR[ H Bmnan Bmnan Bmnan Bmnan

Fa[ ™ MPp B H HT B N MT B H MY H M

Oowdzo Q& Y nomwH §'® nnene'® odgr A'8 ongn §8
OAALX I o Hdpm ®88 ndgy1 P o0 dym Py dgp P HB

[a] is taken from ref. [7]ib] is taken from ref. [27]

Among theruthenium complexes, the thiourelridged dimer 42L1) and the
triphenylphosphinecontaining complex 1aL) exhibited the highest activity,
followed by thePTAbearing complexal) and the chlorido complexeal(land
aL2. These results suggest a trend of increasing activity with the lipophilicity of
the ancillary ligand (CIRTA< PPBH), consistent with observations reported in the
literature.> 28 29 Likewise, the dimeric complea2L1showed notable potency
NBfI 0AGDS (2 5X-dyinend)RB]O Tas FridiudElll) codpleRcll
containing two thiourea ligands, demonstrated higher activity compared to
related rhodium complexe¥. This difference may be attributed to the increased
lipophilicity provided by thesecond thiourea ligand or to subtle structural and
electronic differences between Ir(Ill) and Rh(lll) compleikasay also be possible
that the dissociation of the thiourea ligand is contributing to the activity which
may explain why comple&cLl containing two thiourea ligands, has increased
activity. Other factors, such as cellulaptake, stability, and biomolecular
interactions?° likely influence the bioactivity of these complexes, especially in
cases like th&@TAbearing comple2dL2 which wasnactive.
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3.2 Conclusions

A series of ruthenium(ll), iridium(lll) and rhodium(lll) complexes with rmana
dianionicsulfonyltthiourea ligandsvere syntheszed dharacterizedand assessed

for anticancer activity. Analysis by single crystal XRD revealed that the observed
isomer of the ruthenium(ll) complexes is a direct result of the steric bulk of the
ligands in the coordination sphereg. the distal isomer is observed only with
sterically demanding ligands. XRD analysis also revealed the preference of the
monoanionic ligand for wnodentate coordination with iridium(lll) and
rhodium(lll) centres.Proximalto distal isomerizationwas observed by NMR
spectroscopy for complekalL1which was indicated by DFT calculations to be a
conversion from the initially formed kinetically favourable to the
thermodynamically more stable isomer. Computational analysis also revealed that
while thedistalisomer contains a chalcogen bond between the thiowselur and
sulfonyl oxygen atoms, this interaction has much less influence on isomer
preferenceas compared to platinum(ll) complexes. The antiproliferative activity
of the complexes investigated was found to moderate against human HCT116,
H460, SiHa and SW480 cancer cells. However, structural trends indicate a clear
improvement in activity with ineasing lipophilicity of the ancillary ligands.
Overall, the results presented here demonstrate promising avenues for the use of

sulfonylthioureas as tailorable ligands for ligand and complex design.
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3.3 Experimental
3.3.1 Materials

Triphenylphosphine (Sigma Aldrich), triethylamine (Sigma Aldrich) ax@(B&pH)
were used as supplied. The tertiary phosphirtesp®® and PTA? and the
complexegCp*IrC}]232and wereprepared by literature methods and provided by
W. Henderson, University of Waikato. The dimdGp*RhC2,3 ® 6-p-
cymene)Ru@],®? were prepared using literature methods or minor variations
thereof. Rutheniumand rhodiumtrichloride hydrateswas acquired from Precious
Metals Online(Australia).Sulbnylthiourea ligandsSL1 and SL2 were used as
prepared in Chapter 2, Section 2Becursor complexeka-1d, 2a, 2cand2d were
prepared by mixing the relevant dimeric precursor complex and 2 mol equivalents
of the relevant phosphine in dichloromethane for 3 hours. The target complexes
were isolated by precipitation with petroleum spirts, filtered and dried in 3ar.
was prepared following literature method$.ComplexeslaL3 1bL3and 3aL3

were used as prepared in a previous stddly.

3.3.2 Instrumentation

A 600 MHz Je@CZR NMR spectrometer was used to reédrt 243 MHz)3'P{H}

(243 MHz)H£P}(600 MHz)and *H (600 MHz)NMR spectra in CDQir DMSQ

ds at 25°C. Spectra were processed using the Jeol Delta software. ESI mass spectra
were recorded in methanol using a Bruker Daltonics MicrOTOF electrospray
ionization mass spectrometefSodium formate solution was used for calibration.
ESIMS spectra were recorded with a Capillary Exit voltage of 150 V and a Skimmer
1 voltage of 50 V unless otherwise stated. Elemental analysis was performed by
the Chemical Analysis Facility, DepartmentMdlecular Sciences, Macquarie
University, Sydney, Australia or the Cdamfp Microanalytical Laboratory,
Department of Chemistry, University of Otago, Dunedin, New Zealacld)(
Collection of single crystatrdy diffraction data was carried out by the University

of Auckland MicroharacterizatiorFacility, Auckland, New Zealand.
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3.3.3 General synthesis of @&ll), Ir(lll) and Rh(Ill) complexes with
monoanionic sulfonylthiourea ligands: alL1, aL2iL1, 2dL1, 2dL2,
2clLl.

Equimolar amounts of theulfonylthiourea ligand and metal starting material
were suspended in MeOH (30Unwith gentle stirring. For Ir(lll) and Rh(lII)
complexes, an aqueous solution of sodium hydroxide (2 il L b, excess) was
added to the reaction mixture. After 6 hours at room temperature the solvent was
removed by rotary evaporation to yield the target complex. Compleddsal 2
anddL1were washed with petroleum sgits (15 ) and hexane (15 by before
drying under vacuum. The residues of qoexes2dL], 2dL2 and 2cL1were
dissolved in the minimum volume of &F# (3-5 mL) and passed through 2 cm of
silica to remove undissolved solids before the removal of the solvent to yield the

final product. Details pertaining to each compound are given in Table 3.

3.3.4 General synthesis of Ru(ll), Ir(lll) and Rh(lll) complexes with
dianionic sulfonylthiourea ligands: l1lall, 1cL1, 1dL1, 2alLl, 3all,
aoLl.

Equimolar amounts of theulfonyithiourea ligand and dimeric metal precursor
were suspended in MeOH (30Unwith gentle stirring. Triethylamine (0.15Lm
excess) was added and the solution was stirred at room temperature for 12 h.
Afterwards, the precipitated solids were filtered and washed with water (4 x 10
mL) before being dried under vacuum. For compke 1 the methanol reaction
mixture was reduced in volume (approximatehd 2nL)under reduced pressure

to encourage precipitation before being filtereshd washed with ice cold water

(1 x 10 nh) and dried under vacuum. Details pertaining to each compound are

given in Table 3.
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Table 3.4 Synthesis details for the preparsalfonythiourea piano stool complexes.

[/ 2YLIaGFNbyYy3d YY3I YY2i[A3IIYTYY2  ASt, AS

oY3ale:o

FIm wéoedvwdd/ £ cn ndn [ M cnndm mMcT T

F[H @6 Ywdd £ cn noni[H ny ndm c 7 CT

R[ ™ w/ LFWK/ £ don ndmi[ m ygn®dPH MMH CT

MmE[ M @6 MAAN®dM [ M pnndm dc cy
O8& Y 00 dza0 e

MO[ M &/ LIROLINBB dn ndmMi [ M nHAPMTP CH

MR[ M O/ LFWKH® dn ndm|[ m ny nd®m yp cCT

HIE [ M @6t MAPpANDHI[ M chnodH dy CH
O&lvw gd €U 8

HO[ M @/ LIRAL 08 t dn ndm [ M pnnandmcn oc

HR[ M @/ LIFuil €8l & dn ndmi [ M pdhndm e cy

HR[H @/ LIFr €8l & n ndMi [ H pPAnDPH MM CT

Ff M @O6MO8YOdzZ cn n®ni [ M cnndM MMH Cp

® &1p-cymene)Ru{TolSTC(S)NHPh}GIL1

Light red solidElemental analysis: Found (%) C 50.1; H 4.5; N 4.4. Calculated for
CoaHa7CINORUS (%) C 50.0; H 4.7; N 4.8. ESI M&:[M ¢ CII 541.0290 NMR

(CDG, 600 MHZ)Y + pdT p 0 & 53] H8IHE, tolyl) 2B1)57.39.42m, O RS
aromatics), 5.54 (d) =5 Hz, cymenrd, 1H), 5.52 (d) = 6 Hz, cymenrd, 1H), 5.45

(d,3J = 6 Hz, cymend), 5.12 (d3J = 5 Hz, cymend, 1H), 2.90 (sept) = 7 Hz,
isopropy+CH, 1H), 2.20 (s, &H) 2.14 (s, cymerReCH, 3H), 1.27 (#J = 7 Hz,
isopropytCH(a), 3H), 1.23 (3] = 7 Hz, isoprop@H(b), 3H).
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w 8mp-cymene) Ru{CHCHSQNC(S)NHPh}CI}.2

Light red solidElemental analysis: Found (%) C 44.3; H 5.1; N 5.3. Calculated for
CoHsCINORUS (%) C 44.4; H 4.9; N 5.45. ESI M&:[M ¢ CIff 478.9095. NMR
(CDG], 600 MHz)Yl 973 (s, NH, 1H), 7.367.19 (m, aromatics, 5H3,58 (d3J

= 6 Hz, cymenel, 1H), 5.54 (4] = 6 Hz, cymenrd, 1H), 5.45 (d) = 6 Hz, cymene

H, 1H), 5.20 (8J = 6 Hz, cymerd, 1H), 3.31 (m, GH2H), 2.95 (sept) = 7 Hz,
isopropytCH, 1H), 1.55 (s, cymepeCh, 3H), 1.33 (t3J = 8 Hz, GH3H), 1.28
(overlapping doublets, isoprop@h(a,b), 6H).

R »>—NH
cl’ rTJ
o:sio

[Cp*Rhp-ToISGNC(S)NHPh}GIL 1

Red solid.Elemental analysis: Found (%) C 49.8; H 4.9; N 4.6. Calculated for
CaHsCINORNS (%) C 49.8; H 4.8; N 4.8. ESI M&:[M ¢ CIJf 543.1143. NMR
(CDG 600 MHZ)Il +  ddcn 06 agh.9%(n,zaromadtias)x2.35 @,drel
3H), 1.75 (s, GHCp*, 15H).
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w 6ip-cymene)RyE-TolSGNC(S)NPh}(PBhlalLl

Yelloworange solidElemental analysis: Found (%) C 62.3; H 5.1; N 3.3. Calculated
for CioHatN2O,PRUB(%) C 62.9; H 5.15; N 3.5. ESIMZ{M + H] 803.1394, [(M

¢ PPh) + Hf 541.0503NMR proxima) (CDG| 243MHz)3P{l ¥ 1+ (€DCPT m P
600MHz)M + T @y aHzOtdkyE 2H), 7¢%6.9 (m, aromatics), 6.81 ] = 8

Hz, NPh, 1H§5.37 (d3J = 8 Hz, NPh, 2H), 6.03 (ABq, cyrérddas= 0.017Hz,

Je= 6.0 Hz, 2H), 5.11 (& = 6 Hz, cymenrd, 1H), 3.74 (#J = 6 Hz, cymerid,

1H), 2.89 (sept) = 7 Hz, isoprop@H, 1H), 2.30 (s, tol@h, 3H), 1.77 (s, cymene
p-CH, 3H),1.18 (d3J = 3 Hz, isoprop@h(b), 3H). 1.16 (d®J = 3 Hz, isopropyl
CH(b), 3H). NMRdstal): 3'P{I ¥ 1 b pdn T @+ HzOtEWE, 2H), 7¢7

6.9 (m, aromatics), 6.81 &] = 11 Hz, NPh, 1H), 5.47%(ds 10 Hz, cymerg, 2H),

5.44 (d3J = 10 Hz, cymerd, 1H), 5.17 (&) = 10 Hz, cymertd, 1H), 5.03 () =

10 Hz, cymendd, 1H), 2.31 (s, toNZH, 3H), 2.22 (sept) = 11 Hz, isoprop@H,

1H), 1.44 (s, cymeng-Ch, 3H), 0.96 (m, isopropgH, 6H).

[Cp*Ir{p-ToISGNC(S)NPh}(PBh1lcLl

Yellow solid Elemental analysis: Found (%) C 55.3; H 4.6; N 4.4. Calculated for
Ci2Ha2l IN2O2P'S-CHO (%) C 55.8; H 5.0; N 3.0. ESIMMIS[M + HJ 895.1301, [(M

- PPh) + H} 633.0761. NMR (DMS@, 243MHz):3'P{l Y 56.5.NMR (DMS@s,

600 MHz)! 1 ¢ §.80(m, aromatics), 2.29 (s, tolgh, 3H), 1.10 (m, GHCp*,

15H).
* o 4 O

PPh3 And/or PPh3
_s_
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[Cp*Rhp-TolSGNC(S)NPh}(PBh1dL1

Red solid.Elemental analysis: Found (%) C 62.4; H 5.0; N 3.5. Calculated for
CioHaoN2OPRIS (%) C 62.7; H 5.3; N 3.5. ESI M& [M + HJ 804.9558. NMR
(CDG, 243MHz):31P{l Y +  &hyedbblds. (@FGE600 MHZ)Y ¢ ®H O
6.73 (m, aromatic), 2.33 (s, tolggH, 3H), 1.66 (£J = 4 Hz, GKCp*, 15H).

S N
/ ~N
RR >=N o
N

PPhy”

w &ip-cymene)Ry§-TolSGNC(S)NPHRTA] 2aL1

Yelloworange solidElemental analysis: Found (%) C 51.2; H 5.6; N 9.9. Calculated
for GuoHaaNsO:PRU$(%) C 51.7; H 5.5; N 10.0. ESIMI8{M + H} 698.4424NMR
(CDG), 243MHz):3'P¢l Y -33.33.(CDG 600 MHz)H  + y @ & 8 HzOtélyE
2H), 7.25 (d, tolyl, solvent obstructed), 7.1¢Jt= 8 Hz, NPh, 2H), 6.921t= 8 Hz,
NPh, 1H)6.84 (d3J = 8 Hz, NPh, 2H) 5.7431= 6 Hz, cymend, 1H), 5.59 (&) =

6 Hz, cymendd, 1H), 5.36 (dJ = 5 Hz, cymerd, 1H), 5.03 (¢) = 5 Hz, cymene
H, 1H), 4.46 (dd) = 32 HZJ = 13 Hz, I&H-N, 6H), 4.22 (dd]) = 82 HZ) = 6 Hz,
N-CH-P, 6H), 2.77 (sept) = 7 Hz, isoprop@H, 1H), 2.39 (overlapping singlets,
cymenep-CH and CH, 6H) 1.19 (J = 6 Hz, isoprop@H(a), 3H), 1.24 (d) = 15
Hz, isopropyCH(b) 3H).

RS D>=N
PTA” rTJ

0=S8S=0
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[Cp*Ir{p-TolSGNC(S)NHPHPTA] 2¢cL1

Yellow solid Elemental analysis: Found (%) C 48.4; H 4.8; N 8.7. Calculated for
CiaHs3lrN7OsPS (%) C 48.25; H 4.9; N 8.95. ESI i3 {M + H] 1096.3062, [M +

Na]- 1118.2140, [M L] 790.1937, [M- (L +PTA]* 633.1266. NMR (DMSE®, 243

MHz):3'P{l Y 63.8 NMR (DMS@ls, 600 MHz)l 1+ dPdPnH 04§20 bl X ml
(m, aromatics), 4.61 (dé) = 41 HZ) = 13 Hz,4&H-P, 6H), 4.10 (s,-8H-N, 6H),

2.32 (s, tolyiCH, 3H), 1.57 (J = 2 Hz, GHKCp¥).

[Cp*Rhp-TolSGNC(S)NHPHTACI 2dL1

Red solid.Elemental analysis: Found (%) C 48.7; H 5.8; N 9.4. Calculated for
GoHaoCINNOPRIS (%) C 48.95; H 5.5; N 9.5. ESI M&:[M - CI} 699.9798, [M-

(Cl +PTA]* 542.9293. NMR (CD243MHz):31P{l Y £32.23 [d, 1 knp137] NMR

(CDGL 600 MHZ + O LIIY O Pp ¢6.91 Emsardmbtiss), M47¢nE, T ®dn
N-CH-P, 6H), 4.23 (s,-8H-N, 6H), 2.37 (s, GH3H) 1.66 (¢?J = 4Hz, CkCp*,

15H).
= o
RA
PTA” s
\>/NH

O\\ /N

N\
Q\O
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[Cp*Rh{CECHSQNC(S)NHPHTACI]2dL2

Red solid.Elemental analysis: Found (%) C 44.1; H 5.7; N 9.9. Calculated for
CosHasCINO:PRhS(%) C 44.55; H 5.7; N 10.4. ESIMI3{M - CI} 637.9467, [M

(Cl + PTA)A80.9002. NMR (CD243MHz):31P{l Y 332.16 [d,'knp136] NMR

(CDG, 600 MHZ)YI + d®dpc 0 & B3I =0IHZ Phy2H), ¥.241(tdsolverdt R S
obstructed, Ph, 2H), 6.99 #l = 8 Hz Ph, 1H), 4.51 (SCN-N, 6H), 4.32 (m, {TH-

P, 6H), 3.15 (§J = 7 Hz GH2H), 1.74 (] = 4 Hz, GHCp*, 15H), 1.42 (8] = 7 Hz,

Ch, 3H).
%\'P @
Rh
PTA” s
\}/NH

O\\ /N

(e

 6m-cymene)Ryf-TolSGNC(S)NPh3hoL1

Orange solidElemental analysis: Found (%) C 53.3.9%4 N 5.4. Calculated for
CigHsoN4sOsRWS: (%) C 53.4; H 4.8; N 5.2. ESI M&:[M + HJ 1081.0611, [M/2 +
HJ* 541.0240. NMRCDG] 600 MHz)!  8.10 (d3J = 9 Hz, tolyl, 2H), 7.84.01
(m, aromatics), 5.20 (&) = 5 Hz, cymend, 1H), 4.93 (d)= 6 Hz, cymenél, 1H),
4.84 (d3J = 6 Hz, cymend, 1H), 4.74 (d) = 5 Hz, cymerd, 1H), 2.45 (s, cymene
p-Ch, 3H), 2.25 (m, isopropytH, 1H), 1.63 (s, &BH) 1.05 (¢J = 7 Hz, isopropyl
CH(a), 3H), 0.92 (d) = 7 Hz, isoprop@H(b), 3H).

e
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3.3.5 Sulbrhodamine B (SRB) assay

In vitroanticancer activity in human colorectal (HCT116),-somall cell lung (N€I
H460), cervical (SiHa) and colon (SW480) carcinoma cell linesondsacted
externally by a collaboration with the Hartinger group, University of Auckland,
New Zealand. Aulforhodamine B (SRB) assags usedasthey havereported

previously3®

3.3.6 X-ray crystal structure determinations

Crystals of satisfactory quality for single crystal diffraction were grown by slow
evaporation of a methanol solution of the complex (Complexie$ aL2 2cL]
2dL) or by diffusion of diethyl ether into GEb (ComplexeslalLl 2all.
Structures were solved using Olékavith the Olex2.solv& structure solution
program using Charge Flipping and refined with the Olex2.r&firefinement
package using Gaugdewton minimization Crystal and refinement details are
summarizedn the supplementary data. The use of a the Olex2 solvent mask was
used for the crystal o2al. 1which was best modelled in the presence of a single
molecule of methanol and fazcL1which was best modelled in the presence of
two methanol and three water molecules. The crystal #alL1l contains a
disorderedPTAligand on accounof rotation about the ReP bond which could be
modelled as two distindPTAunits of half occupancy. It should also be noted that
the crystal oflaLlappears to have a minor degree of twinning on account of a

small residual peak near S1.

3.3.7 Theoretical investigations

Geometry calculations were conducted usingl@m software®® The mixed basis

sets used were augcpV(D+d)Z for S and &gccpVDZ for O, N and Cl-p¥DZ
F2NI/ YR 12T [!b[H5% F2N wdz dzaAywda (KS
method was used for all systentdultiV/FN was used for the calculation of ron
covalent interactions including the calculation of the reduced density gradient

(RDG}? Gnuplotwas used for the representation of the RDG ffot.
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/ KI LJGSNJ C2 dzNJ

tfFGAYdzZYo L Lhdzo BUK 2 & K S RE G KA 2 dzNB
6ADRLIK2ALIKAYS fAIlIYyRE YR a2Y8$
GNALKSyetairAoAyS Fylf23d83a

t K2aLIK2NEf GKA 2 dzNGS)NHRAsHdreystRuGturad sinilariteb with
both acylthioureas andsulfonylthioureasby featuring an electrorwithdrawing
substituent onathiourea nitrogen. Consequently, like acghdsulfonylthioureas,

the coordination chemistry ophosphorylthioureas can differ significantly from
that of traditional alkyl thioureasSulbnylthioureashave been showno bind
metal centres eithem amonodentatefashionthroughthe thioureaS donor ofin

a bidentate manner via S,N donor atomgChapters 2 and 3)In contrast,
phosphorylthioureas in their monoanionic form oftemore closelyresemble
acylthioureas While phosphorylthioureas have also demonstrated S,N
coordination*they typically favour S,0 coordination with the thiousafur and
phosphoryl oxygen donor atoms to form a-shembered ring motif: > Notably,

no examples of phosphorylthioureas acting as dianionic ligands have been
reported to date, indicating a significant gap in the literaturéhis is especially
apparent with the consideration that the chemistry of thiourea ligands acting as
dianions can differ significantly when compared to thiourea ligands acting as
monoanions.Given the potential applications of functionalized thiourea ligands,
understanding the fundamental chemigt of these lessestudied
phosphorylthioureas is of considerable intere§tf particular interest is how the
dianionic nature of the ligand may change the coordination chemistry. Moreover,
the presence of the phosphoryl group raiseklitionalquestionsn relation to the
results of chapter two regarding the possildestal isomer selectivitythrough
possiblePtcS---O=P chalcogen bonding interactions. Additionally, the-aiilire
phosphorus atom in the phosphoryl group could aid in the characterizatitmeof
resulting complexesproviding a useful tool in the further study of these ligands

and their complexesin this context, this chapter presents the synthesis and
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characterization of several platinum(ll) complexes of phosphorylthiourea ligands,
analyed throughX-ray crystallography, nuclear magnetic resonance spectroscopy,

and computational methods, including n@ovalent interaction analysis.

4.1 Results and discussion

4.1.1 Synthesis and charactesation of phosphorylthiourea ligands.

Phosphorylthioureasof the type (RQP(O)NHCSNHKEBan be synthesized by the
reaction between a phosphoramidate with an isothiocyanate under alkaline
condition® or more commonly by the treatment of a phosphoroisothiocyanatidic
acid (phosphoryl isothiocyanate, (RED)NCS) with a primary amirteBy an
analogous method? phosphinylthioureas of the typez2RO)NHCSNHR can also be
prepared. The lattealkylcontaining phosphinylthioureas are notably much less
soluble, and therefore more difficult to work with than the estmntaining
counter parts. For this reason, investigations centred on the ligand
(EtOXP(O)NHCSNHPHP{LD which was synthesized by the rection between the
commercially available diethyl phosphoramidate and phenyl isothiocyanate in
DMF and potassiurttbutoxide (Scheme 4.1jollowing the methods used in the
synthesis okulfonylthioureas in Chapter 2 (Section 2.1.By the same methqd
using ethyl and-butyl isothiocyanates, the ligands (EsB([D)NHCSNHEP-L2),
(EtOXP(O)NHCSNHC(GKI(P-L3 were also prepared. Attempted synthesis using
allyl isothiocyanate was unfruitful artiere wasimmediate decompsitioninto a

blacksolution upon additiorof the phosphinamide/potassiuributoxide mixture.

S
0] 0]
N KOtB N _R
O—P—NH, + S=C=N OtBu O—P—N)LN
| \R DMF | H H
\/O \/O

Schemet.1: Reaction betweediethyl phosphoramidate analkyl/arylisothiocyanate in DMF and
potassium tbutoxide(KOtBQ
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The ligands were characterized by-ES&(+) as their pseudomolecular [M + lgh
and in some cases their sodium and potassium adducts. Sufficient purity of the

ligands for complexation reactions was determined usi§H} NMR.

4.2 Synthesis andcharacterization of phosphorylthiourea metal

complexes.

Reactions between the compleis[PtCh(PPRh)2] andthe ligandsP-L1, P-L2or P-

L3 in a hot methanol/triethylamine mixture gave the correspondifgs
triphenylphosphinghioureacomplexes which were isolated by precipitation with
water and collected by vacuum filtration. By the same metH®&d1lwas reacted

with cis[PtCh(SbPh)2], [PtCHAsSPh)2], [PtCE(P**)2], [PtCH(P°}] and [PtCAdppe)]

(P** = PPh(GHsOMe), P° = PPIGsHsNMe, and dppe = PBP(CH).PPh). The
structures of the complexes are shown in Figurd. Elemental analysis of
complexes4a and 4b show sufficient purity and the purity of the remaining
complexes in the series is demonstrated by their NMR spectra. Satisfactory purity
of the triphenylstibine and triphenylarsine complexes could not be achieved

because of presumed decomposition in sauat
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L N

l
Complex L R
4a PPh Ph
4b PPh t-Butyl
4c PPh Et
4d AsPh Ph
4e SbPh Ph
4f p** Ph
49 P Ph
4h dppe Ph

Figure 4.1 Structures of the phosphorylthiourea Pt(Il) complexes shown as theirisistedrs.

ESIMS(+) spectra of the phosphorylthiourea complexes showed the typical
features. At a capillary exit voltage of 150 V, parent ions of [N"and in some
cases lower intensity sodated ions, fMNa], were observed. Higher capillary exit
voltages gave the corresponding [(WR) + H]" ions due to a loss of an ancillary
monodentatephosphine ligand. Aion of [M - 60]* wasconsistentlyobserved in

all samples at varying intensitieghichwas not possibléo identify, howeverit is
presumably a minor decomposition product of hydrolysis that was not detected in

the NMR spectra.

4.2.1 NMR analysis

The *H and3P{H} NMR spectra of thebis-phosphine complexeslisplay the

archetypafeatures in the'H NMRspectra, the indicative methyl peaks of the P**

and P° ligands are observed as two singlets at 3.80 and 3.78 ppm for cathplex
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and 2.99 and 2.97 ppm for complédg. For complexf, these peaks overlap with
the CH multiplet of the ethyl ester group, while for compleg, the peaks are
shifted slightly downfield, allowing for clear interpretation. ThexGtdup of the
ancillarydppe ligand in comple®h is tentatively assigned to a multiple peak at
2.24 ppm, considering integration and the absence of other discernible

resonancs.

The incorporation of the phosphorus atom onto the thiourea ligands provides a
useful tool for the characterization of the resulting complexes*#®{H} NMR
spectroscopy. Thalistal arrangement of the complex places the thiourea
phosphorus atom away from the coordination sphere, free from possible J
coupling, and is therefore expected to display as a singlet resonance. In contrast,
the proximal isomer has the possibility ofis®J(PP), trans2J(PRP) and RP
coupling(Figure 4.2). However, according to the Karplus equatidmecause the
cisP-P dihedralangleof the PPBand thiourea phosphorus atoms close to 99

3J coupling of these atoms is not expected to be observed. Previously in Chapter 2,
it was demonstrated that the incorporation oftébutyl substituent onto the alkyl
portion of the functionalized thiourea forces the formation of gheximalisomer

by steric means. Using this technique, compléxwas prepared to analyse the

difference in NMR spectrum bgeen the two possible isomers.

trans-3J(P-P) cis-3J(P-P)
2)(P-Pt)

Distal Proximal

Figure 4.2: Comparison between the availabR3® and FPt2J coupling of thelistaland

proximalisomers of complexeta (Left) and4b (Right).
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The 3'P{H} NMR spectra of complexeda, 4c, and 4f-4h show the typical AB
doublet of doublets, reflecting the presence of requivalent phosphorus atoms
(Ptransto S and Rransto N), along with satellite peaksecause otoupling to
195ptwhich is 33% abundanThe*'P{H}NMRspectra of complexdais shown in
Figure4.3. Singletresonancepeaks related to the phosphorylthiourea ligand's P
atom are also evident in the range of 2.4 to 3.1 ppm. DiiletP) coupling constants
for the complexes fall within the range of 3000 to 3400 Hz, consistent with the
expected S\ bidentate coordination mod&:14 Moreover,because ofhe slightly
highertrans influence exerted by thesulfur atom, the peaks with the smaller of
the two 1J(PtP) coupling constants are assigned to the P atom positioaesito
the S, while the phosphorus with the highg(PtPxoupling constant is assigned
to the P atomdransto the N for complexeda, 4c, and4f-4h.

o)
O / \
PhP. s P
IN N/ o
PE N
Ph,P” N )

Ptransto S P trans to N-Ph
| | |
N Y J\,_MJL_+_._._JLWA i\ JLA
20 15 10 5
ppm

Figure 4.33'P{H} NMRspectrum of comple#a highlighting the AB doublets and satellite peaks.
CDClat 25°C

The coupling constants oftRansto N for these complexes are in the range of 3126
¢ 3371 Hz, consistent with thdistal isomer (Ptrans to N-alkyl). Thet-butyl-

containing complexb showsa slightly largetJ(PtP) coupling constant fotans
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to N of 3482 Hz, implying the complex is fireximalisomer (Rransto N-POR).
However, the determination of the exact coupling constant value is challenging
because of the coincidence of a satellite with the other phosphorus resonance.
Further evidence supporting thproximalisomer includes the observation of a
doublet of doublet resonance for thetRinsto N and a doublet resonance for the
phosphorylthiourea P atom, resulting from né\y( PP) coupling because of the
close proximity of the phosphotyiioureas P atom to the coordination sphere.
The doublet of doublet resonance Bfransto Nprovides secondary confirmation

of the assignment that this resonance relates to the phosphorus dtams to
nitrogen, on the assumption that it is indeed tlrans coupling as opposed tois
coupling that is responsible for the splittinfhe3'P{H}NMRspectum of complex

4b is shown inFigure 4.4 A smallPJ(PPt) coupling (around 9@00 Hz) of the
phosphorusatombondedto the platinum(ll) centre is alsabserved as unresolved
shoulders on the resonance pe#kigure 4.5Notably, the resonance for the
phosphorylthiourea P atom of complebb appears at 9.14 ppm, a considerable
shift from complexesta, 4c, and4f-4hs ¢ K SNB  (P¥R 3esohakhcad afeR Q &
observed between 2.4 to 2.7 ppm. Moreover, the two phosphoryl ethylg@btips

in the distal complexes resonate as single overlapping multipleyhile in the
spectrum of complexdb, the two CH groups resonate as two distinct multiplets.
Both observations ajn with a significant shift in the environment of the thiourea

phosphorus atom.
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Phy

P-N
PO S >L P trans to N-P
PE >N

Php” N

Ptransto S

25
ppm

Figure 4.43P{H}NMRspectrum of comple#b showing®J PP splitting.CDCGlat 25°C

1 1 1 1

22 20 13.8 134 13 126 9.5 9 8.5
ppm ppm ppm

Figure 4.53'P{H}NMRspectrum of comple#b showing®J RP splitting andJ PPt splitting.

CDGClat 25°C
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Comparison of the’'P{H} spectra of complexe$a and 1b provides a clear
distinction between the two isomers. With this knowledge in hand, the remainder
of the phosphine containing complexetc(4f-4h) can be extrapolated to also be
the distallinkage isomer by the distinct lack of ligapdosphine interactions. The
distal isomer assignment is further supported usiht{PtP) couplingonstants

which indicate a Bransto N-alkyl arraignment\ide supra.

4.2.2 X-ray structure determinations

The molecular structures of complexéa (Figure 4.6)and 4b (Figure 47) were
elucidated through singlerystal Xray diffraction, providing unequivocal
confirmation of the adopted linkage isomer of each compl8rlected bond
lengths and angles are included in Table #He molecular structure afareveals

the ligand's coordination to the platinum(ll) centveathe S and Malkyl atoms as
the distal isomer, aligning with theé!P NMR observations. Metatyclic bond
distances are 2.326(8) ($1), 2.088(3) (NPt), 1.345(7) (GN1), and 1.796(4) A
(C%S1), showing close agreement with similais(PPh) sulfonylthiourea
complexes (Chapter 2) and related alkyl thiourea compleXes'# Further
similarities between complex4a and analogousbis(PPR) sulfonylthiourea
complexes are evident ithe relatively short PO---S distance of 3.078 A and the
nearly flat plane defined by S21EN2-P-O. Together, these features suggest the
likely presence of a shorainge clalcogen bond. The molecular structure of
complex4breveals the complex to be in thoximallinkage isomer, coordinating
viathe S and Nphosphoryl atoms. This adopted coordination mode is likely a
result of steric effects of the bulkibutyl substituent, an observatiomvhich
aligned with the observations iGhapter 2 Despite this difference in the linkage
isomer, the average of the metallacyclic bond distances between the two unique
molecules of comple®b in the asymmetric unit are similar to those of complex
4a (2.3162) (SEPt), 2.0596) (N2-Pt), 1.4281) (CEN2), and 1.80@) A (C1S1))
with the exception of the slightly elongated G2 bond of 1.43@®) A compared

to the CIN1 bond of 1.34&) A. Both complexes also contain a shortNhon
coordinated) bond distance averaging 1.266 A, suggesting a degree obomnuti

character at this position.
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Figure 4.6: Molecular structure of compie Hydrogen atoms are omitted for clarity and

thermalellipsoids are shown at the 50% probability level.

Figure 4.7: Molecular structure of complix Hydrogen atomand one of the unique molecules
of [Pt{(EtO)PONC(S)Nfuty)}(PPB)2] are omitted for clarity and thermalllipsoids are shown at
the 50% probability level.

Table 4.1Selected bond lengths (A) and angles (°) for the compiaxdd and the second

independent molecule of 4b (4b(a)) in the unit cell.
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The reason for observed N¢Bordination mode for these platinum complexes
instead of the O,$oordination mode often observed for phosphorylated thiourea
ligands is unclear. Potential explanations may include the affiniffladinum(ll)
towards nitrogen donorgollowing the hardsoft acidbase principle chalcogen

bond stabilizationor simple steric effects.

4.2.3 Computational investigations of noigovalent interactions

Previously in Chapter 2, it was determined that the obserdestal isomer
selectivity of thesulfonylthiourea platinum(ll) complexes was most likely a result
of a stabilising chalcogen bond between the thiousediur andsulfonyl oxygen
atoms. Molecular structures and analysis of the wamvalent interactions using
the NCI index provided evidence for the presence of such acpwalent
interaction. In Chapter 3, while the complexes demonstrapgdximal isomer
selectivity, thedistalisomer of thep-cymere ruthenium(ll) PPjtomplex was also
demonstrated to contain a chalcogen interaction. It can therefore be surmised
that the phosphorylthiourea platinum(ll) complexes reported in this chapter
represent an analogous system. Indeed, the molecular structure of corplex

contains a near flat sendircle arrangement of-&N-P-O suggesting a chalcogen

103



bond is present between the thioureaulfur and phosphoryl oxygen atoms.
Moreover, 3P{H} NMR spectroscopic analysis of the remaining complexes
indicates they too are in thdistalisomer, with the exception of comple&b (vide
suprg. To provide additional confirmation of the presence of the chalcogen bond
in phosphorylthiourea platinum(ll) complexes reported in this chapter, the
reduced density gradient was calculated between the thiousadfur and
phosphoryl oxygen atoms, following the methods outlined in Chapter 2. The
resulting plot of RDG verses sigy¢ is shown in Figure 4.8. The plot clearly shows
a distinct low gradient, low density trough which, by comparison to the results in
Chapters 2 and 3, relates to a chalcogen interaction and therefore confirming its

presence.
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chalcogen bonding interactions.

4.3 Conclusions

In thischapter,a series of nevbis-phosphine, triphenylarsine and triphenylstibine
platinum(ll) complexes with dianionic phosphorylthiourea ligamdse been
prepared Analysis of the complexes by single crystahy<diffraction, ESMS,
NMR spectroscopyand computational methods, reveal a tendency for the
complexes to form thelistal linkage isomer unless otherwise forced by a butky

butyl substituent.lt has beershown that3!P{H} NMR analysis of the complexes
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provides a clear indication of the observed coordination mode by indicht{#P)
couplingsand new3J(PP) couplings which are only present forgheximallinkage
isomer, providing a powerful tool in the absence of more indicative techniques
such as single crystatray diffraction. Further insight into the nowtovalent
interactions of complexa highlights the potential presence of a short ranged
chalcogen bond, supporting the observations from the molecular crystal structure
and indicating a potentiateason for the observedistal isomer preference. In
summary, while the coordination chemistry of these ligands acting as dianions
towards platinum(Il) mimics that of the closely relatsdlfonylthiourea ligands,

the incorporation of a phosphorus atom onto the ligand proves to be an extremely

useful tool for characteration by3P{H} NMR spectroscopy.

4.4 Experimental

4.4.1 Materials

Phenyl isothiocyanate, ethyl isothiocyanatébutyl isothiocyanate, diethyl
phosphoramidate andootassiumt-butoxide were used as supplied [Egma
Aldrich. The complexesis[PtCh(PPR)2], [PtCk(SbPB):], [PtChk(dppe)] and
[PtCh(P**);] were prepared by ligand substitution of the cydota1,5diene
(COD) ligand of [P#QCOD) with the stoichiometric quantity of appropriate
phosphine indichloromethane using a modified proceddteThe complexes
[PtCh(AsPh);] and[PtCh(P°}] were prepareddy a similar method usingRtCh as

the starting material and were used as supplied by W. Henderson, University of

Waikato.

4.4.2 Instrumentation

ESIMS spectra were recorded usirgBruker Daltonics MicrOTOF electrospray
ionization mass spectrometer using sodium formate for calibration. Samples were
dissolved in a single drop of dichloromethane and made up to 1.5 mL with
methanol. Spectra were recorded with Gapillary Exivoltage of 150 V and a
Skimmer 1lvoltage of 50 V unless otherwise stated. Elemental analysis was

performed by the Chemical Analysis Facility, Department of Molecular Sciences,

105



Macquarie University, Sydney, Australia. Single crystedyXdiffraction was

carried out by the University of Auckland MiaiwaracterizatiorFacility, Auckland,
New Zealand®'P{H} (243 MHz)andH (600 MHzZNMR spectra were recorded in
CDdat 25°C using a 600 MHmIECZR NMR spectrometer.

4.4.3 Synthesis of EtOP(O)NHC(S)NHPHP{L D)

Diethyl phosphoramidate(EtO)P(O)NH, 3 g, 19.6 mmol), and an equal molar
equivalent of potassiurttbutoxide (2.2 g, 19.6 mmol) were added to DMF (20 m
with gentle heating and stirring until the contents of the flask were dissolved
(approx. 5 minutes). To the warm solution, phenyl isothiocyanate (2.65 g, 19.6
mmol) was added dropwise before being stirred for a further 10 minutes. The
product was precipated by a single rapid addition of ice cold water (50 mL) which
had been acidified witltoncentratedhydrochloric acid (2.5 mL approx.) before
being immediately collected by vacuum filtration, washed with distilled water (3 x
20 mL) and dried in vacuum to yield a white powdered solid. (3.75 g, 66 %) ESI MS:
Capillary exit voltage 90 ¥/z [M +H]* 289, [M+Na]" 311, [2M+ Na]  599. NMR
(CDGI243 MH: 3Pl Y 33.77 (s).

4.4.4 Synthesis of (EtQP(O)NHC(S)NHCH(€) (P-L2)

P-L2was syntheged following the method for the synthesis BfL1usingdiethyl
phosphoramidate (), 19.6 mmol), potassiumbutoxide (2.2 g, 19.6 mmol) and
t-butyl isothiocyanate (2.26 g, 19.6 mmdlpon addition of cold acidified water,
the solution was allowed to sit for three days at room temperature, at which time
the white crystalline solid was collected by filtration and washed with distilled
water (2 x 10 rh) and dried in vacuum to give the target compound as a crystalline
solid. (1.29 g, 25 %) ESI MS: Capidaityvoltage 90 \n/z [M +H]* 269 [M+ NaJ

291, [2M+Na] 559. NMR (CD£243 MHY: 31P{l Y 53.97 (s).
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4.4.5 Synthesis of (EtQP(O)NHC)NHCECH (P-L3

P-L3was synthesized following the method for the synthesi$df1 usingdiethyl
phosphoramidate (5.57 g, 36.4 mmol), potassiubutoxide (4 g 36.4 mmol) and
ethyl isothiocyanate (3.17 g, 36.4 mmol). White powdered solid. (1.57 g, EGPo)
MS: Capillary exit voltage 90/z [M +HJ" 241. [M+Na}]' 263, [M+K]" 279, [2M
+Na] 503. NMR (CD£243 MH: 31P{l Y =3.60 (s).

4.4.6 General synthesis of the phosphorylthiourea complexes

The ligand, equimolar quantities of the platinum(ll) starting material tmde
drops of triethylamine were suspended in MeOH (20 wmith stirring. The mixture
was brought to reflux until the reactants were completely dissolved and after a
further 5 minutes the product was precipitated by the rapid addition of cold water
and cooled in an ice bath to aid in precipitation. The targehglex was collected

by vacuum filtration, washed with distilled water (3 x 1@)mand dried under

vacuum. Details pertaining to each compound are sumzredrinTable4.2.

Table4.2: Synthetic details for the prepared phosphorylthiourea complexes.

Product| starting mg | mmol | Ligand | mg | mmol | Yield | Yield

material (mg) | (%)
4a [PtCh(PPR);] | 100 [0.127 |[PL1 |36 |0.127 [101 |79
4b [PtCh(PPR);] | 100 |0.127 [P-L2 |34 [0.127 |97 |78
4c [PtCh(PPR);] | 110 [0.127 |P-L3 |34 |0.127 |116.5] 87
4d [PtCh(SbPB);] | 110 [0.113 |[P-L1 |33 [0.113 |85 |67
4e [PtCh(AsPh);] | 117 [0.133 | P-L1 |38 [0.133 [107 |57
4f [PtCh(P**);] | 100 |0.110 [P-L1 [32 [0.110 |73 |59
4g [PtCh(P°Y] 100 [ 0.114 |PL1 |33 |0.114 |106 |85
4h [PtCh(dppe)] | 100 [ 0.151 |P-L1 |43 |0.151 [110 |83
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[Pt{(EtO)PONC(S)NPh}(Psph4da

Off-white solid. Elemental analysis: Found (%66M7; H 4.757; N 2.97; S 3.125.
Calculated (%) C 56.12; H 4.512.)6; S 3.19. ESI M8&/z [M + HJ* 1006, [M+
Na] 1028. NMR (CD£243 MH: SIPEHY =+ Midud3p5a Hz Gk 32 HA,
11.67 [d,*}wr3350Hz 2bp23 HZ, 2.48 (s)NMR (CD&bB00 MHZ: *H 7.53¢ 6.93
(m, aromatic), 6.4% 6.27 (m, 5 H, ¥Ph), 3.80 (m, 4 H, OQH1.06 (3] = 76 H,
CH).

[Pt{(EtO)PONC(S)Nguty)}(PPB)2] 4b

Off-white solid. Elemental analysis: Found (%) C 54.84; H 5.13; N 3.14;. S 2.93
Calculated (%) C 54.82; H 5.01; N 2.84; S 3.25. EBVMBE + H]* 986, [M+ NaJ*
1008.NMR(CDGI243 MHX: 3Pl Y {  Abp80BXHZ Xb#RTIHA, 13.27

[dd, Lbp3482Hz 2bp25HA, 9.14 (d2hp31H2); NMR (CDEB00 MHY: H 7.74¢

6.95 (m, aromatic), 3.51 (m, 2 H, Q¥1.30, (m, 2H, OGH 1.26 (s, 9 H;butyl),

0.85 (t,3J =7 H&H H, Ch)
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[Pt{(EtO)PONC(S)NGEH}(PPh);] 4c

Off white solid. ESI M&/z [M + HJ* 958, [M+ Na] 980.NMR (CD&R43 MH3:
PAl YI 4 Mhw3052dy 2BeRIHA, 13.43 [d 1bp3242Hz 2bp21 HZ, 3.10
(s);NMR (CD&B00 MH2: *H 7.50¢ 7.10 (m, aromatic), 3.96 (m, 4 H@b3), 2.79
(m, 2 H, Ch) 1.94 (t3) = 7 HB H, Ch), 0.36 (t3J = 7 HAB H, Ch)

[P{(EtO)PONC(S)NPh}(ShRh4d

Yellow solidESI MSM/z [M +H]* 1094.NMR (CDGP43 MHX: 3Pl YS { mdoy
NMR (CDEB00 MH3: *H 7.50¢ 6.99 (m, aromatic), 6.60 6.45 (m, NPh), 3.99

(M, 4 H, OC#, 1.21 (t3] = 7 H H CH).

Ph 00—\
Ph\ / O\\P/

ph-Sb_ S >

[P{(EtO)JPONC(S)NPh}(AsREh4e Pale yellow solidESI MSm/z [M + H]" 1186.
NMR (CDER43 MHE 3Pl Y= {1 NMRCPESEOBMHT: *H 7.52¢6.28 (m,
aromatic), 3.87 (mQCH), 1.11 (t3J = 7 HZCH).
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[Pt{(EtO)PONC(S)NPR}*),] 4f

Off-white solid. ESI M&1/z [M +HJ* 1127, [M+Na]* 1149.NMR (CD&R43 MH:
PAl YI  + hbe3DTRBIZ 2Z8pRIHZ, 8.76 [d,1bp3372Hz 2kp21 HZ, 2.52
(s);NMR (CDgb00 MH2: *H 7.46¢ 6.93 (m, aromatic), 6.766.28 (m, 5 H, NPh),
3.80 (m, OC}H), 3.80 (s, PhOMe), 3.78 (s, PhOMe), 1.08 &,7 H# H, Ch).

OMe

[Pt{(EtO)PONC(S)NPh}R 49

Off-white solid. ESI M&/z [M +H]* 1093, [M+Na]* 1115.NMR (CDEP43 MH3:
pd| Y3 4 Abp3DPAEIZ 28R2ZHZ, 9.15 [d, )b 3364HzZ 2bp22 HY, 2.64
(s);NMR (CDeB00 MH2: 'H 7.48¢ 6.88 (m,aromatic), 6.6% 6.31 (m, 5 H, NPh),
3.80 (M, OCH), 2.99 (s, 6 H, NGH2.97 (s, 6 H, NGH1.06 (t3] = 7 HA H, Ch).

MezN

z ( Ph o)
/ O\\P/ \

P S ~
Ph—"\_~ _ /0
/Pt\ }N
thF" N

Ph

MezN
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[PH{(EtO)PONC(S)NPhpe)] 4h

Off-white solid. ESI M$®1/z [M + HJ* 880, [M+ NaJ 902.NMR (CDER43 MH:
31pdH} NMR (CDEB00 MH2: ¢+ 1 o Plbw305@HRz21p6 HA, 37.27 [d 1w
3142Hz 2¥p6 HA, 2.69 (s)!H 7.83¢ 7.13 (m, aromatic), 6.6 6.54 (m, 5 H, N
Ph), 3.95 (m, OGH 2.24 (m, 4 H, PGERP), 1.18t,3J = 7 HA H, Ch).

0
Ph, O\\P/ \
o)

P’ s

N_ s 7
[ PE }N

P” N

Ph,

4.4.7 X-ray crystal structure determinations

Crystals of satisfactory quality for single crystal diffraction of compkaasd4b
were grown by diffusion of diethyl ether intdichloromethane. Structures were
solved using Olex2with the Olex2.solvE structure solution programme using
Charge Flipping and refined with the Olex2.refineefinement package using
GausgNewton minimzation. Crystal and refinement details are sumrmeed in

the supplementary data.

4.4.8 Theoretical investigations

Optimization and single point calculations were conducted using Qchem
software’®atthe. . pta+k[ ! b[ H5% f S@St 2F (GKS2NE
core potential for platinunon the New Zealand eScience Infrastructure (NeSl) high
performance computing facilitie€slobal minima were not checked because of the
high computational cost. Cartesian coordinates of the optimized systems are
provided in the supplementary datdlultiwFN-° was used for the calculation of
non-covalent interactions including the calctitm of the reduced density

gradient. Gnuplo®® was used for the representation of 2D RDG plot.
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Throughout this thesis exploring the coordination chemistrysaffonyl and
phosphorylthiourea ligands towards platinum group and surroundiate
transition metals, a reoccurring theme is the comparison of these systems to the
related acylthiourea class. Unlike the lesser studied functionalized thiourea ligands
investigated here, literature on acylthiourea ligandsnumerous'™ with many
investigations exploring the complexes foatalyti®’ and biological activig.®1

The coordination modes available for acylthioureas are also diversest
commorly, the ligands act as monoanionic ligands, follovdagrotonation of the
amide functionality to form sixmembered ring systemthrough S,Gchelation
involving the thioureasulfur and the oxygeratomsof the acyl functional group
(Figure5.1).1: 2Less commonly, they masoadopt fourmembered MSGN ring
systemghrough the core thioureaulfur and nitrogen donor atom%pr as neutral

monodentate ligands through only th&ibureasulfur donor atom?

o S
JU L R
R™ N7 N
H H
S S,0
M R
| SN )Y
o s /
J\ /IJ\ R L, S R L\M/S:\<N
R™ >N N7 N SN
H /M\ N L o-_<

Figure5.1: Monodentate S and bidentate S,N and S,0 coordination modes of acylthiourea ligands.

Because ofthe considerableinterest in acylthioureasit is surprising that no

transition metal complexes of diacylated thiourea ligands, diacylthia)ieave
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been reported. Diacylthiourea molecules have been known for at least a century
as evidenced by an early 1915 report by E. F. Kohmann detailing the reactions
between thiourea and acetic anhydridéRecently, there has been only a small
number of reports 6 the synthesis of both symmetfit and asymmetricat
diacylthiourea and the corresponding applicatio@sven that no transition metal
complexes have been reported thus far, ahd promising avenues of research of

the monoacylated counterparfs this chaper explores some preliminary
investigationsnto the coordination chemistry of symmetric diacylthiourea ligands

towards Pt(Il), Pd(ll) and Au(lll).

5.1 Results and discussion

5.1.1 Synthesisand characterzation of symmetric diacylated thiourea

ligands and resulting complexes

The synthesis of diacylthiourea ligands followed an abridged procedure based on
that of E. F. Kohmant Thiourea inexcesscetic, propanoic, or benzoic anhydride
was heated to approximatel\80¢100°C for40 minutes, during which time the
thiourea dissolvd, and the solution changkefrom colourless todeep yellow
(Figureb.2). Prolonged heating beyond this point resulted in an orangartder
colouration, which did not significantly impact yield or puritput was not
necessary to achievgatisfactoryconversion Once the solution reacltka deep
yellow colour, itvasremoved from heat and allowed to cool to room temperature

In reactions using liquid anhydrides, cooling led to the formation of small to large
yellow needle crystals. The product was collected and washed with additolagl

anhydride, yielding the target diacylthiour@ath excellent purity
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Figureb.2: Synthesis of the diacylthiourea ligands in this study.

In the case of reactions involving solid benzoic anhydride, on cooling, the target
diphenyldiacylthiourea along with excess benzaithydride and benzoic acid
byproduct will solidify. Sufficient purity for further reactions was achieved by
consecutive crstallizations of the reaction mass from pure etharsttempts to
purify the benzoyl thiourea bylissolving the solid reaction mixture in neawiling
water to remove soluble benzoic aadnvers thediacylthiourea to diacylureaia
substitution of the thiourea sulfur with oxygen(Figure5.3), as observedy ESI
massspectrometry. This observation was unexpected, but not surprising given the
relatively electron deficient thiourea carbon atom which is primed for hydrolysis
by the presence of two adjoining electravithdrawing acyl groups. Similar
thiourea to urea conversions have dre reported for moneacylated thioureas in
the presence of permangandfe or hydrogen peroxidé® The target
diacylthiourea ligands are readily identified in the-EISI(+) spectra as [M + Na]
and [2M + Na&j sodium adduct ions. ThéH and**C NMR spectrahsw the
archetypalfeatures,i.e. the core thiourea and acyl carbon resonances appear
between 183 and 177 ppm for C=S and 174 and 166 ppm for C=0.

O s O H,0 O 0 O
R)J\N)kN)LR RAN)LN)J\R e
H H H H
L1-L3

Figure5.3: Diacylthiourea to diacylurea conversion by hydrolysis
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Reactions between the diacylthiourea ligandé-L1, DAL2 and DA-L3 and cis
[PtCh(PPR)2] in refluxing methanol and sodium hydroxide produced the
corresponding triphenylphosphine complexd®t{MeCONXCS(PPh),] (5d),
[PH{(EtCONICS(PPh);] (5b) and [Pt{(PhCONLCS(PPR),] (5¢). The resulting
solutions were evaporated to dryness under reduced pressure, dissolved in
dichloromethane and passed through approximately 1 cm of silica to remove any
insoluble solids. The solutions were again evaporated to dryness to yield the target
complexes which were readily identified in the B&5(+) spectra asheir
pseudomolecular [M + H]ons and in some cases also as their [M + Sadlium
adducts. At higher capillary voltages (> 180 V), ions relating to the fragmented loss
of a single triphenylphosphine were also observed, which is a characteristic
feature ofbig(phosphine) platinum(ll) complexes. In some cases, ions relating to
the fragmented loss of an acyl groyM ¢ ROOK+ HJ are also present, which

appears to be a characteristic ion for complexes of these ligands.

The'H NMR spectra of the complexes showed two sets of resonances relating to
the alkyl substituents of the ligand as a result of the breaking of the ligand
symmetry by coordination to the platinum(ll) centre, providing a good indication
that complexation has acurred. In the’!P{H} NMR spectrahe expectedset of

AB doublet of doublets resulting from the presence of #muivalent phosphorus
atoms (Rransto S and Pransto N) along with accompanyiri§®Pt satellite peaks

can be seerThelJ(PtP) couplingpmstantsare between the range &116to 3377

Hz which correlates with aBN bidentate coordination mod&’: 18

Minor decomposition ofthe platinum(ll) complexes was observed after several
months in solution or upon refluxing the complex in a methamater mixture.
ESIMS(+) analysis of the decomposed samples revealed a strong intensity peak
corresponding to the monacylated complex [P{RGICSNH}(PR)] with [M +

H]J* m/z values of 835 (R = Me), 849 (R = Et), and 897 (R WRilg.these peaks

are noted as common fragments in the 88 spectra of complexes of this type
(vide supr, the 3P{H} NMRspectrum of the sample displays a second set of
resonancef lower intensity which were absent in freshly prepared samples.

Preparations of complexds-5cfrom reactions withcis[PtCh(PPR)2] and DALL,
116



DAL2 and DAL3 in a methanol/sodium hydroxide solution does not initially
appear to form the monecylated product as evident from B@885,H and3'P
NMR analysis of the crude reaction mixture. However, attempted isolations of the
complexes by precipitation with water gives a mixture of products as indicated by
ESIMS. It can be summarized that thdecomposition mechanism of the
diacylated complexes involves -deylationas a result ohydrolysis producing
[PY{RCONCSNPPR).] and RCOO(Figure5.4). Decompositiorvia this route is
consistent with the stability of acetate, propanoate, and benzoate anions as
leaving groupswhich is further supported by th&tagmentationpatternsin the

ESIMS spectraf the intact diacylthiourea complex

S

AN 7/
M NH
v N
O %\
R 0 R
L S H,0
M N and/or + ROO"
/ AN
N
A 2
o) R LS R
NS _
M N
v N

Figure5.4: Hydrolysis of the complexes prepared in this study to the ramytated analogue

complex.

Following the methods outlined for complexdésac5c (vide suprdy, further
reactions of ligandDAL2 were conducted with the precursor complexes
[PtCh(dppe)] (dppe = PIRCHCHPPhR), [PdCi(phen)] (phen = 1,10
phenanthroline), and [Augbnp)] (anp = cyclometallated-ghilinopyridyl). The
structures of the resulting complexeSd, 5e, and 5f, are shown in Figuré.5.
Additionally, chlorido complexesg and 5h were synthesized from [PAdQCOD)]
and [PtGI(COD)] (COD = i¢yclooctadiene)n methanol with a few drops of
pyridine.Complexe$d, 5e and 5f were readily identified using EBIS(+) as their
pseudomolecular [M + Hijons. ComplexeSe and 5f were also identified by [2M
+ Na} sodium adduct ions. The chlorido compleXesand 5h were identified by
their distinctive [M¢ Cl + Hj ions, which is characteristic of similar chlorido

containing complexes (Chapter 3).
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e el T
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5a-5¢ 5d-5¢ 59 5h

Complex M Lor L-L R
5a Pt PPh Me
5b Pt PPh Et
5C Pt PPh Ph
5d Pt dppe Et
5e Pd phen Et
5f Au anp Et
59 Pd PPh/CI Et
5h Pt PPR/CI Et

Figure5.5: Structures of the diacylthiourea complexes of symmetric diacylthioureas ligands

prepared in this study.

Previously, in Chapter 2, the reactions betwgBtCh(COD)] triphenylphosphine

and sulfonylthiourea ligands in the presence of pyridine produced the mixed
ligand complexes of the typgPt{L}(Py)(PP¥] (Py = pyridine L = dianionic
sulfonylthioureg. Interestingly, analogous reactions with diacylthiourea ligands
produced only the chlorido complex. Attempts to prepare mixed ligand complexes
of the type[Pt{L}(Py)(PP$)] with increasing volumes of pyridine (up to 2 mL) were
unsuccessful, indicating that in this case, the pyridine is not sufficiently basic to
form the dianion of the diacylthiowa ligand. Moreover, it may suggest pyridine

as a good base for the selective medeprotonation of diacylthiourea.
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Because ofhe absence of phosphorus nucieithe ancillary ligands in complexes
5e and 5f, preventing analysis BYP NMRspectroscopy*G'H} NMR spectra
were recorded for these complexes. Both complexes displayed resonances in the
aromatic range characteristic of their respective ancillary ligarftislO-
phenanthrolineand 2-anilinopyridy). Two pairs of resonances, corresponding to
the CHand CHcarbon environments of the ethyl group on the diacylthiourea
ligand, were observed between 33.7 and 34.5 ppm fof &id between 9.1 and
10.5 ppm for Ck These resonances appear sliglttywnfield compared to the
chemical stits of the free ligand. More pronounced downfield shifts are noted for
the thiourea C=S and acyl C=0 carbons (Figue Forinstance, the C=S
resonance, located at 177.3 ppm in the free ligand, shifts to 185.9 ppm in complex
5eand 187.2 ppm in compleX. Additionally, the acyl C=0 resonance in the free
ligand, originally at 173.6 ppm, splits into two distinct peaks upon coordination.
The acyl carboatom attached to the coordinating nitrogen (@WN¢C=0) appears

at 181.4 ppm for compleXe and 174.0 ppmdr complex5f. This substantial shift
relative to the free ligand is likely because of its close proximity to thea&N
coordination sphere. The second acyl resonance for thegummdinating thiourea
nitrogen shows a smaller shift relative to that of the free lidaat approximately
173 ppm forseand a slight upfield shift to 174 ppm f6f. Similar downfield shifts
have been previously observed for meaoylatedthiourea complexesywhich are

I G GNXROdzi SR -életronNdelRcatioefidR chafacterisic of the S,N

metallocycle'®

C-S M-N-C=0 C=0

J S5e
AT ' i P L P LR
C=S =
o DA-L2
C-S  MN-C=0 c=0

186 184 182 180 178 176 174 172
ppm

Figure5.6: 3C NMR comparison of the thiourea and acyl carbon atoms of compexafsand

ligandDAL2 Dataare scaled for clarityCDGlat 25°C
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Analogous shiftin resonanceare also seen in thtH NMR spectra, most notably
in the ethytsubstituted complexes of ligadAL2 For example, among the two
CH-N quadruplet resonances, one resonance itabty downfield relative to the
free ligand, presumablgecause ofts proximity to the coordination sphenghile
the shift of the secondCH-N quadruplet resonanceemains relatively less

pronounced

5.1.2 X-ray molecular structure determination and theoretical

investigations

Preparations of the diacylthiourea moleculBg-L1and DA-L2produced small to
medium sized yellow needle crystals upon cooling of the anhydride reaction
mixture. While diacylthiourea ligands were first reported in 1915, crystal
structures of only thedimethyP® and diphenyd! diacylated thiourea molecules
have been reported thus far. In this regard, the molecular structure of the diethyl
diacylated thioureaDA-L2 was determined (Figur&.7). Crystallographic details
and a table of selected bond lengths are includedAppendix 1. The central
thiourea carbon atom adopts the standard trigonal planar geometry wit€C$1
CEN1 and CIN2 bond lengths of 1.652(2), 1.382(3) and 1.37&(2yhe spatial
arrangement of the molecule is defined by two intramolecular 1womalent
interactions; a hydrogen bond between O1 and the hydrogen of N2, forméag a
membered ring motif and a chalcogen bond between S1 and O1, forming a
crescentlike arrangement of SCEN1-C201. Both interactions result in a nearly
planar geometry of the molecule. Intramolecular hydrogen bonding of this type is
commonly observed in acylthiourea molecutés?® Because the hydrogen bond
between thelil KA 2 dzZNBI bbbl YR GKS FYARA® h
relatively strong,chalcogens-hole interactiors in acylthiourea lone ligands are

typically absent.
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Figureb.7: Molecular structure dfgand DAL2. Hydrogen atoms are omitted for clariilipsoids

are shown at the 50%brobability level

To investigate the nowovalent interactions governing the spatial arrangement of

the molecular structure oDAL2 the NCI indexdeveloped by Johnson and-co
workers was employeét This method was used to anadythe chalcogen bond
between the thioureasulfur and acyl oxygen, as well as the hydrogen bond
between the thiourea §H group and the amidic oxygen donor atom of the acyl
group, followingthe method outlined in Chapter ZThe resulting plot of the
calculatedreduced density gradient versus the elext density’ (r), oriented by

0KS airaday 2F (KS ) &Sldan/iR Fighr®.8 Sloghg with &S 6 <
isosurfaces of the reduced density gradient colourized by Isiyn{vhich are

shown on a geometry optimized structure of the ligatie RDG plot reveals two
RAAGAY OO UGUNRdzZAKA Ay O Kduesobapdrodihaed.0ONl vy ISS ¢
and-0.015 atomic units (a.u.). Additionally, positive ring critical points, indicative

of steric repulsion from rindgjke structural featuresare also observed. The

YI 3y A dzRS piofidesudefdlyisightiinid the type of interactionin this

regard, thetrough at ~0.015 corresponds to a chalcogen bond interaction, as
establi©ied by comparison witlprevious calculations in Chapters42while the

more negative trough at -©.04 aligns with values commonbBttributed to
hydrogen bond$> 26 The positioning of these isosurfaces on the structur®Af
L2further supports their characterization and highlights the directional nature of

these interactions.The presence of the chalcogen interaction is notable, as it
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typically occurs when thgsulfur atom is polarized by either coordinatitma metal

centre?’ or by the presence of nearby electron withdrawing groéps.
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FigureSy Y t f 20 27F w5 DDPRSNGiSgrouts BEelatédto chalcogen and
hydrogen bonding interactions and NCI isosurfaces using egbdesred colour scale. Isovalue =

0.5 for clarity.

To definitively characterizéhe structure and coordination mode of theomplexes
prepared in this studythe molecular structuresf complexeba, 5b, 5f, 5g, and
5hwere determined bysingle crystal Xay diffraction.All complexes were shown
to form a fourmembered metallocycle through coordination to the thiourea
sulfur and a nitrogen atomshemetallacyclic bondengthsof the complexes are
similar, averagin@.304(M-S1), 1.48 (S1C1),1.363(CtN) and 2.08 A (M-N).
These resultsare in agreement with literature values for similsguareplanar
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complexes with S,N bidentate acylthiourea ligadid® as well as with the S,N
chelated molecular structures reported in Chapterd.Zhe molecular structures
of complexesba (Figure5.9) and 5b (Figure5.10) are similar, both featuring
bis(PPR) ancillary ligands. In contrast, complék (Figure5.11) incorporates a
bidentate, cyclometallated -2nilinopyridyl ligand, which coordinatega the
nitrogenatomand aortho-carbonatomfrom the adjacent ring. The squaptanar
geometry of these complexes is slightly distorted, with the relatively srdHNG
bite angle (~69°) contrasting with the largePPP and €Au-N angles, which are

approximately 99° and 87°, respectively

Figure5.9: Molecular structure of the complex [fFEHCONCS}(PP$)2] 5a showing a partial
atom numbering scheme. Hydrogen atoms and a molecule of dichloromethane of eatstalli

are omitted for clarity and ellipsoids are shown at the 50% probability. level
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Figure5.10: Molecular structure of the complex [BRCHCON)CS(PPh)z] 5b showing a partial
atom numbering scheme. Hydrogen atoms and a molecule of dichloromethane of eatstalli

are omitted for clarity and ellipsoids are shown at 96 probability level

Figureb.11: Molecular structure of the complex [AGHCHCONHCS(anp)]5f showing a partial
atom numbering scheme. Hydrogen atoms and a molecule of dichloromethane of eatstalli

are omitted for clarity and ellipsoids are shown at the 50% probability. level
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The arrangement of the diacylthiourea ligand differs notably betweerbti@Ph)
platinum(ll) complexesba and 5b and the goldlll) complex5f. In complexeba

and 5b, the noncoordinating Nacyl group is positioned perpendicular to the
squareplanar coordination plane, whereas in compkefx is coplanar, creating a
crescentlike arrangement of £N-GO, similar to the structure of the free ligand
DAL2 This arrangement iBf suggests the presence afLJ2 G Sy G Al f - OKI f O2:
hole interaction between the thioureaulfur and acyl oxygen atom3he crystal
packing environments provide a likely explanation for these structural differences.
In complexe®aand5b, the bulkytriphenylphosphine ancillary ligand$ adjacent
molecules of the complexmpose steric constraints that hinder the planar
arrangement observed in compl&% As a result, the formation of intramolecular
OK I t OsdeSnferactionswhich are often cited as the reason for the planar
arrangement in similar S;bidentate complexes containing dianionic
sulfonylthiourea and phosphorylthiourea ligandspreventedNCI interactions in
transition metal complexes are of particular interest because of theiomamce

in dictating the spatial arrangement of the structure and by extension processes
such as ircatalysig! 2and pharmacology® 34To investigate the presence of the
chalcogen bond, RDG plots were made following the method used for the ligand
DAL2(videsuprg. Thus, the RDG was calculated between the thiostdfar and

acyl oxygen atom and plotted againdtA 3 V. dl'kei corresponding plots and
isosurfaces mapped onto a geometry optimized structurg&fa$ shown in Figure
5.12.
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The plotofw 5 D @S N&)Sréveais & disfinttive trough with@ A 3)y \@lge

of ~0.025 a.u., confirming the presence of the chalcogen interaction at this
position. Notably, the position of the trough @A 2)y'ie rdore negative than the
ligandDA-L2(~-0.015a.u.). While the value éf A 3)Yis not directly proportional

to the strength of the interaction, stronger interactions typically have more
negative valued* 35 6 Therefore, it can be surmised that the chalcogen
interaction in comple%f is more attractivej.e. stronger, than that oDAL2 This
difference is not surprising considering the bonding of the thiow@&ir atom to

a metal centre increases the size of g4ole opposite to the $/ bond, therefore

increasing the contribution from the Lewis base electron donor and subsequently
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increasing the strength of thimteraction?”: 31t is also noteworthy that, because
of the greater polarization of theulfur atom by gold(lll) compared to platinum(ll),
thell2aAGA2y 27F G KSisdisth@lyaibie nedafive dhandlsted <
chalcogen bond interactions imis(phosphine) platinum(ll) complexes of related
sulfonylthiourea complexes which typically have valuesm@und -0.015 (a.u.).

This is likely a result of the comparatively high electronegativity of gold.

LY FTRRAGAZ2Y (2 GKS holelingractdris Dsdeietd MI OK I £ O
complex5f, the crystal packing environment reveals an intermolecular hydrogen

bond between the NH donor of the anp ligand and the C=0 acceptor of the acyl

group attached to the coordinating nitrogen of a neighbouring molecule. This
interaction creates a hydrogelmond-bridged dimeretween two molecules obf

(Figureb.13).

(D)

Figure5.13: Dimeric hydrogen bond bridged dimer of two molecules of
[Au{{CHCHCONH)S(anp)]in the molecular structureHydrogen atomsexcept for the NH of

the anp ligandare omitted for clarity and ellipsoids are shown at the 50% probability. level
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The bonding nature of the gold dimer was investigated using the NCI index and by
energy decomposition calculation&l{MOEDA. The latter has been shown to be

a useful tool for unravelling the nature of intermolecular interactioby
separating the calculated total interaction energy into separate electrostatic, Pauli
repulsion, dispersion, polarization and charge transfer compoesetrgies’® °
These separate energy terms describe not only the nature of the interaction in
meaningful energy terms, but can also be used to infer the type of interactions
occurring.Prior to theoretical analysis of the gold dimer, the hydrogen atoms of
the molecular pair were normalized to 1.0%6to provide the more accurate
positioning. The two NH hydrogens of th&-anilinopyridylgroups in the dimer
were optimized in the gas phase with the remaining atoms fixed in position to
provide the most accurate placement tife hydrogen atoms. NCI analysis was
then conducted between the two intermolecul&-H.- O=C interactions and the
RDG isosurfaces colourized &yA 3)Y were modelled onto the dime(Figure
5.14). With the presence of the hydrogen bonds reinforced by NCI analysis, the
interaction energy of the dimer was calculated using AiEMOEDAmethod d
HeadGordon andco-workers®® 3% The total energy of the dimer interaction
was-149 kJ mol which was primarily composed of dispersion interactiof8 kJ
mol?) followed by nortrivial contributions from polarization-88 kJ mot) and
charge transfer terms-23 kJ mol). Interestingly, while the polarization, charge
transfer and a portion of the dispersion interactions likely arise and allude to the
hydrogen bonds between the individual complexes, the large contribution to the
total interaction energy by the dispersigarm indicates that a notfinsignificant
contribution from a series of wéar dispersion interactions between the dimer
are present between the molecules of the complex.

The molecular structures of complexga 5b, and5f share some notable
features, including a distinctively short bond distance between the thiourea
carbon and the nortoordinating acyl nitrogen (§N2), averaging 1.283 A. This
short bond length suggestdouble bond character, confirming the dianionic
nature of the ligands in these complexes. In contrast, theN2lbond distances in
the chlorido complexeSg (Figure5.15 and5h (Figure 5.1%are slightly longer, at
1.3523)and 1.3473)A, respectively, indicating that in these structures, the ligand

is bound as a monoanion.
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Figure5.14: Representation oficheric hydrogen bond bridged dimer&fwith hydrogen atoms

except for the NH of the anp ligand omitted for claritysosurface = 0.4.

The molecular structures of complexbg and 5h are nearly identical, differing
only in the metal centre (palladium(ll) or platinum(ll)), and exhibit similar features
to the previously discussed structures. Both complexes adopt a slightly distorted
squareplanar geometry, with @4¢N and RPtcCl anglef approximately 69°

and 89°, respectivelyn both cases, the arrangement around the metal centre is
Cltrans to S and Rrans to N. The spatial arrangement of the monoanionic
diacylthiourea is defined by twd y & N> Y2 f S Odzt | Méleiryeia&idhl OG A 2 y &
between the thioureasulfur atomand the nonrcoordinating acyl oxygeatom, as
described above, and a hydrogen bond between the carbonyl oxygen atom of the
coordinating acyl group and thecN group of the norcoordinating acyl nitrogen,
forming an NH---O=C interactiofMhe resulting configuration is reminiscent of the
lone ligandDAL2
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Figure5.15; Molecular structure of the compleRE(EtQO)NGS)NHC(O)EPPR)C] 5g showing a
partial atom numbering scheme. Hydrogen atoms and a molecule of dichloromethane of

crystallzation are omitted for clarity and ellipsoids are shown at the 50% probability. level

Figureb.16: Molecular structure of the complegPH{(EtC(O)NC(S)NHC(QERR)CI 5h showing a
partial atom numbering scheme. Hydrogen atoms and a molecule of dichloromethane of

crystallzation are omitted for clarity and ellipsoids are shown at the 50% probability. level
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NCI plots of the two interactions (Figusel7) reveal two distinct troughs relating
to both the hydrogen bond ¢0.045) and the chalcogen bond@-018). Te values
2T & Bnbotkinteractions are more negative than those observed for the
free ligand, consistent with the polarization effects induced by coordination to the
metal centre. Notably, the chalcogen interaction in complexgsnd 5h is less
negative than in the gold(lll) compl&xk reflecting the weaker polarization of the

sulfur atom by palladium(ll) or platinum(ll) compared to gold(lll).
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5.2 Conclusions

This work has demonstrated the straightforward and facile-poe synthesis of
symmetric diacylated thioureas and their use as both monoanionic and dianionic
ligands towards platinum(ll), palladium(ll) and gold(lIl). Analysis by a combination
of conventioral and computational techniques, such as XRD, NMR and NCI
revealed the ligands bind to the metal centre through the thiousedfur and
nitrogen atoms forming foumembered metallocycles. Coordination in this mode

is atypical for the closely related acyiltirea class of ligands. The difference in
coordination may be a result of the importance of rcovalent interactions which
were demonstrated to dictate both tharrangementof the ligand and complexes,

as well the formation of intermolecular hydrogen bonded dimers. The results
presented here highlight a potentially underexplored class of thiourea ligands and

provides the groundwork for further avenues of research in this area

5.3 Experimental
5.3.1 Materials

The following chemicals were used as supplied from commercial sources: Thiourea,
acetic anhydride, benzoic anhydride, deuterated solvents, triphenylphosphine,
pyridine, triethylamine (Sigma Aldrich) amtopanoic anhydride RDH. The
complexes cis[PtCh(PPRh)2] and cis[PtCk(dppe)] were prepared by ligand
substitution of the cyclapcta-1,5-diene (COD) ligand ¢PtCL(CODX° with the
stoichiometric quantity of triphenylphosphine or 1,2
bis(diphenylphosphino)ethane The complexegPdCi(phen)] and [AuCk(anp)]

were prepared by literaturgoroceduresor minor variations thereof and used as

supplied by W Henderson, University of Waik&td?
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5.3.2 Instrumentation

31p (243 MHz)'H (600 MHz)and *3C{H} (151 MHz)NMR spectra were recorded

in CDGlat 25°C using a 600 MHeol ECZR NMRpectrometer Spectra were
processed using thdeol Delta software. ESI mass spectra were recorded in
methanol using a Bruker Daltonics MicrOTOF electrosprayzaibmm mass
spectrometer. Sodium formate solution was used for calibrati®pectra were
recorded with aCapillary Exivoltage of90 V and aSkimmer lvoltage d 30 V
unless otherwise stated. Elemental analysis was performed by the Chemical
Analysis Facility, Department of Molecular Sciences, Macquarie University, Sydney,
Australia.Complexe$c and 5e contain slightly elevated values for carbon which
were corelated to long sample storage times prior to analysis, for unknown
reasons.Single crystal -Xay diffraction was carried out by the University of

Auckland Microcharactezation Facility, Auckland, New Zealand.

5.3.3 Synthesis of symmetric methyl DAL1 and ethyl DALZ2

diacylthiourea ligands

Thiourea (4 g) was added to acetic or propanoic anhydrid&(B@L, large excess)
with light stirring. The reaction mixture wasnder reflux conditionsto
approximately 86100°C during which time the thiourea dissolves completely and
the colourless solution took on a yellow hue. The solution was kept at temperature
for approximately 40 minutes until which point a deep yellow colour had
developed. The solution was removed fromaheand let to cool to room
temperature until the needldike crystals appeareavhich were collected by
vacuum filtration and washed with 2 x 20 mL additions of the respective anhydride.

The filtrate was evaporated slowly in air to yield additiotrgistalizedoroduct.
(CHCONHC(SPALL(8.42 g, 77 %) EBIS(+) Capillary exit voltage 90 Wy/z [M

+ Nal* 183.0881 [2M + NaJ 343.1767 NMR (CD@): 13C, + 177.7 (C=S), 170.3
(C=0), 25.6 (GHY = 2.29 (s, CH.
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(CHCHCONBLC(SPA-L2(9.89 g, 80 %) EBIS(+)Capillary exit voltage 90 ¥h/z
[M + HF189.1224]M +Na|* 211.1122 [2M +NaJ* 399.3881NMR (CD@): 13C, 4

177.4 (C=S), 173.6 (C=0), 31.5) @4 (Ch), !l X 2.30 (q,3J = ™Mz CH, 2H).
1.20 (t,3J = Mz CH, 3H).

5.3.4 Synthesis of symmetridibenzoyldiacylthiourea ligand

Thiourea (4 g) and benzoic anhydride (30 g, 2.5 molar equivalents) were combined
and heated gently until the benzoic anhydride melted completely and the thiourea
started to dissolve (approximately 4D °Q. The temperature of the mixture was
raised to approximately 80200°Cfor 40 minutes until the solution had a dark
yellow hue, at which point, the solution cooled to room temperature to solidify.
The reaction mass was recrystalized three consecutive times in 100 % ethanol until
a yellow solid remained. fCONHC(SPAL3(4.22 g, 28 %) EBIS(+):Capillary

exit voltage 90 Vin/z [M +Ng* 307.0754 [2M + Na]' 591.1651NMR (CDell51
MHZz)'3C{H}, + 182.4 (C=S), 166.6 (C=0), 133:R)A31.6 (CH), 129.2 (CH), 127.7
(CH)HZ 1 ¢ 7y4 ddaromatic).

5.3.5 General synthesis ofhe complexeswith diacylthiourea dianionic

ligands

Equimolar quantities of the ligand and metal starting material were suspended in
MeOH (30 mL) with stirring. The mixture was brought to reflux followed by the
addition of4 drops of a 0.5 molar aqueous solution of NaOH. The solutions were
refluxed for a further 5 minutes followed by removal of solvent by reduced
pressure. The solid residues, containing the complex, sodium chloride and sodium
hydroxide were redissolved irHChand filtered through cotton and 1 cm of silica.
The filtrate containing the coniex was evaporated to dryness by reduced
pressure to yield the target complex which was dried further under vacuum.

Details pertaining to each compound are given in Télle

134



5.3.6 General synthesis of the complexes with diacylthiourea

monoanionic ligands

The complexy1(COD)G] (M = Pt or Pdinh methanol (20 mL) was brought to reflux.
Pyridine b drops, excess) was addefllowed by euimolar amounts of
triphenylphosphine and thaliacythiourea ligandin subsequent additionThe
desired product precipitated immediately upon addition. The mixture was
refluxed for a further 23 minutes and cooled to room temperature. The solid
product was collected by vacuum filtration, washed with 1 x 10 mL increments of
water, ice cold methanlocand petroleum spirts and dried under vacuubetails

pertaining toeach compound are given in Talsld.

Table5.1: Synthesis details for the preparéhcylthioureacomplexes.

Starting metal PPh Thiourea Yield
complex
Product mg | mmol mg mg mmol mg %
5a cis 160 | 0.203 - 32 0.203 | 116 65
[PtCh(PPhs)2]
5b cis 165 | 0.209 - 39 0.209 146 77
[PtCh(PPhs)2]
5c cis 170 | 0.215 - 61 0.215 142 66
[PtCh(PPls)2]
5d [PtCh(dppe)] | 152 | 0.229 - 43 0.229 | 116 | 63
5e [PAChk(phen)] | 181 | 0.507 - 95 0.507 97 41
5f [AuCk(anp)] | 340 | 0.794 - 149 0794 | 299 | 79
59 [PACE(COD] | 203 | 0.711 186.5 133.7 0.711 | 334 80
5h [PtCH(COD)] 200 | 0.534 140 100.6 0.534 278 77
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[Pt{(CHCON)CS(PPh),] 5a

Off-white solid.Elemental analysis: Found (¥§328 H4.1; N 3.3;S 35. Calculated
for GiHseN2OPPtS(%) (56.1; H4.1; N3.2; S3.6.ESIMS(+) Capillary exit voltage
90 V,m/z [M + H]* 878.6225 [(M ¢ COCH) + H} 835.4705, [(M¢ PPh) + HY
616.1955NMR CDGI243 MH2: 3'P{l Y 318.0([d, *}br3126Hz 2kp21 HZ, 12.4
[d, 1k 3371Hz 2Fp21 HZ; (CDCGI600 MHZz}H 7.50¢ 7.10 (m, aromatic), 2.12 (s,
Ch, 3H), 2.05 (s, GH3H).

ph_Ph 0

P s -
ph— P
P FN
N

Ph—P”

7
PhPh%\
o)

[P{(CRCHCONCS(PPh)] 5b

Off-white solid. Elemental analysis: Found (%)5C.0 H 4.5, N 2.3; S 2.82

Calculatedor CiaHaoN2O:P2PtS(%) (57.0H4.4; N3.1; S 3.5ESIMS(+):Capillary
exit voltage 90 in/z [M +H]*906.6736NMR CDGI243 MH2: 31P{l Y 38.3(d,

1pp3127Hz 2bp21 H4, 12.6[d, 1bp3372Hz 2bp21 HA; (CDGI600 MHZ)}H 7.50
¢ 7.10 (m, aromatic), 2.55 (g, J = 8 Hz;,@H), 2.39 (q, J = 8 Hz,,CRH), 2.07 (t,
J =8 Hz, GH3H), 0.53 (t, J = 8 Hz,£CBH).

ph_Ph Q
P S
ph—P S ; \
P >=N
Ph—P
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[P{(PhCON}(PPh)] 5¢

Off-white solid.Elemental analysigiound (%) 67.7, H4.0; N 3.1;S3.6. Calculated
for G1iHaoN2OoPoPtS(%) (B51.1; H4.0; N2.8; S 3.2ESIMS(+) Capillary exit voltage
90 V)m/z[M +H]*1001.0858[(M ¢ COCH) + H898.0581.NMR CDGJ243 MH3:
31pg| Y 17.9{d, 1bp2991Hz 2bp21 HZ, 12.7[d, Lbp3475Hz 2hp21 HE; (CDG
600 MHz}H 7.7¢ 6.9 (m, aromatic).

Ph_ " Q
_P_ S >*Ph
Ph AN _

P %N
Ph—P” N

/|
Ph Ph&]\
o) Ph

[Pt{(CHCHCON)CS}(dppe)pd

White solid.Elemental analysis: Found (%»@9, H4.4; N 3.5;S3.6. Calculated
for GaHaN2OPPtS(%) (50.8 H4.4; N3.6; S 4.1ESIMS(+) Capillary exit voltage
90 V,m/z [M + H]* 780.0374 [(M ¢ COCH) + H] 724.0067, [M + N&J802.0212.
NMR CDGJ243 MH2: 3Pl Y 25.3(d, 2p3220Hz 2bp9 HZ, 40.0[d, 1bp3171
Hz 23p9 HZ; (CDGI243 MHZz)H 7.90¢ 7.30 (m, aromatic), 2.71 (q, J = 8 Hz;,CH
2H), 2.50 (q, J = 8 Hz, CBH), 2.20 (m, PGEHP, 4H), 1.13 (t, J = 8 Hz3C3H),
0.76 (t, J = 8 Hz, GI3H).
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[Pd{(CBCHCON)CS}(Phenge

Yellow solidElemental analysis: Found (Y4 C3 H3.7; N 11.7;S6.7. Calculated
for CigH1sN4sOPdS(%0) C18.2 H3.8, N11.8; S 6.7ESIMS(+):Capillary exit voltage
90 V,m/z [M + H|* 472.8932[2M + N&* 968.7931[3M + N&|* 1439.6990NMR
(CDQ151 MH3: 13C 185.9 (C=S), 181.4 (C=0) 173.1 (C=0) 157.0 (ar@Hatic
150.9(aromaticCH), 146.7 (aromatCH), 145.6 (aromati€H), 138.7 (aromatic
CH), 137.9 (aromatiCH), 130.3 (aromatCH), 130.0 (aromati€CH), 127.9
(aromaticCH), 126.6 (aromatCH), 126.2 (aromatCH), 125.2 (aromati€H),
33.9 (Ch), 33.8 (Ch), 10.2 (CH), 9.5 (Ch); (CDCGI600 MHz)}H10.3 (m, aromatic,
1H), 8.5Q; 7.50 (m, aromatic, 7H), 3.00 (q, J = 8 Hz, &H)), 2.48 (q, J = 8 Hz .CH
2H), 1.16 (overlapping t, GH6H).

\

= N/

[Au{(CHCHCON)CS}anp)pf

Yellow solidElemental analysis: Found (Y3@4 H3.5; N 10.1;S5.8. Calculated
for CigHisAUNIOS (%) (39.1; H3.4; N10.1; S 6.9ESIMS(+) Capillary exit voltage
90 V,m/z [M + H|* 552.9624[2M + Ng* 1126.9245NMR CDGI151 MH3: 13C
187.2 (C=S), 179.1 (C=0) 174.0 (C=0), 150.3 (ardapiiitic148.2 (aromatCH),
141.1 (aromatieCH), 134.6 (aromatiCH), 134.3 (aromatCH), 129.9 (aromatic
CH), 123.8 (aromaticH), 117.3 (aromat€H), 116.0 (aromatiCH), 115.1
(aromaticCH) 114.1 (aromatkCH), 34.3 (G 9.9 (Ch), 9.3 (Ch), 8.5 (Ch);
(CDGI600 MHz)*H 8.65 (bs, NH, 1H), 8.206.50 (m, aromatic, 8H), 3.15 (q, J = 8
Hz, CH 2H), 1.32 (q, J = 8 Hz,2C2H), 1.22 (overlapping t, gHH).

138



[PA{(EtC(O)NC(S)NHC(O)Et}¢{RR}5g

Orange solidElemental analysiszound (%) 61.2 H4.6; N 4.6;S5.2. Calculated
for GasHosCINOPPAS(%) C50.8 H4.2 N 4.7; S 5.4ESIMS(+): Capillary exit
voltage150V, m/z [(M ¢ Cl)+H]* 555.1717NMR CDGJ243 MH}: 3Pl Y B1.4
[s]; (CDGI600 MHz)'H 7.70¢ 7.40 (m, aromatic), 2.81 (g, J = 8 Hzz,@H), 2.36
(9, J = 8 Hz, GH2H), 1.13 (t, J = 8 Hz,CBH), 1.06 (t, J = 8 Hz, £SBH).

[Pt{(EtC(O)NC(S)NHC(O)Et}¢gREbh

Yellow solidElemental analysis: Found (%0344 H3.9; N 4.0;S4.3. Calculated
for GsHsCINOPPt%) Gl4.2 H3.7, N4.1; S 4. 7TESIMS(+) Capillary exit voltage
150V, m/z [(M ¢ Cl)+ H]* 644.21651NMR CDG243 MHZ: 31P&l Y 3.39(s,1bp
3951HZ; (CDGI600 MHz)}H 7.70¢ 7.30 (m, aromatic), 2.85 (q, J = 8 Hz;, @H),
2.37 (9, J = 8 Hz, §12H), 1.13 (t, J = 8 Hz,£CBH), 1.07 (t, J = 8 Hz, £BH).

)

PhsP. S %
}NH

/Pt\
Cl N

A
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5.3.7 X-ray crystal structure determinations

Crystals ofatisfactory quality for single crystal diffractioh DA-L2were grown

by the slow cooling of the reaction mixture. Crystal®af5b, 5f, 5gand5h were
grown by the diffusion of diethyl ether into a solution of ZCH containing the
complex.Structures were solved using Olék®ith the Olex2.solv¥ structure
solution program using Charge Flipping and refined with the Olex2.féfine
refinement package using Gagdiewton minimeation. Crystal and refinement

details are summazed inAppendix 1

5.3.8 Theoretical investigations

Geometry optimizationsingle point, frequency and ALMEDAcalculations were

conducted using @hem software’> The mixed basis sets used were g

pV(D+d)Z for S and &jgccpVDZ for O, N and Cl-p¥DZ for C and H, LANL2DZ
forPt,Pdand Auatondza Ay 3 G KS STFSOUGAGS-vaemd LI20GSy.
was used for all systemBlultiWwFNwas used for the calculation of narovalent

interactions including the calculation of the reduced density gradient (RDG).

Gnuplot was used for the representation of the RDG pl&requency calculations

were conducted for all geometry optimized systems to ensure a minima, with the

exception of comple%abecause of computational constraints. Thédhydrogen

atoms of the gold(lll) dimer were optimized with the remaining atoms fixed in

position to remain as true to the solid state molecular structur@essible.
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/ K LPGASENJ
{ey(iKSaArAa: aORWOl &NB KyRSW2 YA
2 XIOLID e YSY 8 boldzh by &/ £ 8

The coordination chemistry of acylthiourea ligands as neutral monodentate
ligands towards piano stool ruthenium(l)? as well astheir isostructural
rhodium(lll¥ andiridium(lll} analoguesds well-studied. Interest in these systems

is rooted in their demonstrategbotential for biological and catalytic activityn
particular, many pianstool complexes featuring acylthiourea ligands have
demonstrated promising sulnicromolar antiproliferative activiy’ or high
selectivity in catalytic reactions such as transfer hydrogenatidnin these
systems, the acylthiourea ligand acts as an excelletr®r backbone, which can
be readilymodified to finetune the chemical properties and reactivity of the
overall complexXFigure 6.1)The remaining coordination sites of the piastool
complex are occupied by an arene ring and typically, though not exclusively, two
chlorido ligands which are often associated with DNA bindin§ or serve as

substitutional sites for catalytic processes.

)
A g

R

X/ \S /

Figure 6.1: Generalized structure of monodentate acylthiourea piano stool complexes.

R = alkyl or aryl, M = Ru(ll), Ir(lll) or Rh(lll), X = Cl arfPRhcymene, benzene or cp*.
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The structural arrangement of neutral and monoanionic acylthioureas in transition
metal complexes is largely defined by an intramolecular hydrogen bond between
the acyl oxygen and the amidic hydrogen (Figure 6.1). This interaction persists
even in S,Nacyl chelates involving monoanionic acylthioureas. Additionally,
diacylthioureas exhibit a second naovalent interaction in the form of a
chalcogen bond between the thioureulfur and acyl oxygen atoms (Figure 6.2),
as demonstrated in Chapter 5. This intetian is observed even when the ligand

is in its dianionic form. While the precise mechanisms linkpagial arrangements

of ligandsto the pharmacologicadl *? and catalytic propertie's:# of the overall
complexes is not completely understood, it is well established that the
configuration of these ligands plays a crucial role in their actidonsequently,
developing a detailed understanding of these arrangements and the factors

influencing them is of importander future applicationfocused invesgations.

Figure 6.2: General structure of S,N chelated thiourea complexes of chapter 5 highlighting the

structurally determining chalcogen interaction.

Notably, despite extensive studies on acylthioureapiamo-stool coordination
environments, no analogous complexes featuring diacylthiourea ligands have
been reported.In this regard the ruthenium(ll) cymene complex with a neutral
monodentate diacylthiourea ligand, {-p-cymene)Ru{(GIECHCONHCS}(G] (6a),

is prepared and its solistate structureis analysedor non-covalent interactions

6.1 Results and discussion

6.1.1 Synthesis oty 6-"-cymene)Ru{(CE#CHCONH)CS}C] 6a

¢tKS NBIFIOGA2Y 0S06SSy UK SpcywimeRGg,/addy O YSy

the ligand (CECHCONHICDAL2(prepared in Chapter 5) in dichloromethane at
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room temperature produced the complda after approximately 5 hour§~igure
6.3).Removal of the solventnderreduced pressure followed by several washings
with petroleum spirits and diethyl ether gave the product in good yield and purity.
ESla{ob0 2F (GKS LINRPRdzOO RA&LIX @SR FF NBfIFGA
which is characteristic of similar ruthenium(ll) chlorido complexes with
monodentate acylthiourea ligand8:>More intense ions relating to [(M H¢ 2ClI
CCHCHCO)+H]F YR wa b | *weraialsd obderven. S helfodmisra
characteristicfragment ion for complexes of diacylthiouréigands. ThéH NMR
spectum is consistent with a monodentate coordination mode, showing
symmetry around the ruthenium(ll) centre, i.e siagleset of aromatig-cymene
resonances are observed. The ethyl groups of the diacylthiourea ligand, however,
display as two environmentshe two CHgroups display as two triplet resonarg;e
while the CH groups display asvo overlapping quartetsThe lack of symmetry

for the diacylthiourea ligand isotentially a result of an intramolecular hydrogen
bond (ide infrd. The3G!H} carbon NMR spectrurdisplays three significantly

low field resonances between 171 and 179 ppm corresponding to the thiourea C=S
carbon atom and two nofequivalent acyl C=0 carbon atoms. The aromatic
cymene resonanceappear in the range of 8840 ppm while the remaining
cymeneresonancesand diacylthiourea alkyl resonances appear betwee00

ppm.No atypical features were observed in the spectrum.

o s 0 N\ Cl_ Cl CH,Cl, N _Cl o
\)k )k )k/ + Ru\ Ru - C|’Ru\s
0

oy

DA-L2 6a

Figure 6.3: Synthesis & from DA-L2and[6 ®mt ymengRuC)2in dichloromethane.
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6.1.2 Molecular structure of[(* 5-p-cymene)Ru{(CsCHCONH)CS}C] 6a

The molecular structure dda was elucidatedvia singlecrystal Xray diffraction
using crystals grown by the diffusion of diethyl ether imalichloromethane
solution of the compleXFigure 6.4). The structure was best resolved in th#nP4
space group, with a single molecule of the complex present in the asymmetric unit.
Coordination around the ruthenium centre exhibits the characteristic pistool
geometry, with two chlorido ligands and one diacylthiourea ligabdvIi(2)
coordinated in a monodentate fashion through the thiousdfur atom.Bonding
angles around the ruthenium atom for GRUCI2, CIZRuS1 and SRuCI1 are
87.7(2), 88.4(2) and 95.0(2) respectivdlize bond distances for the two chlorido
ligands are 2.441(6) A (GRu) and 2.425(6) A (GRu), slightly longer than the
bond distance between the neutral-ddnor diacylthiourea ligand and the
ruthenium centre, measured at 2.399(5) A¢R1li). The centrahiourea carbon in

the diacylthiourea ligand adopts a standard trigonal planar geometry, witC§1
CIN1, and C4N2 bond lengths of §85(2), 1.357(3), and 1.360(3) A, respectively.
These bond distances align well with those observed in the molecular structure of
the uncoordinated ligand, which were determined as 1.652(2) AGS$), 1.382(3)

A (CEN1), and 1.370(2) A (€42) (Chapter 5).

>~

=

Rut

Cl2
St

@/’_\/m )

g
\

Figure 6.4 Molecular structure of compka Hydrogen atoms are omitted for clarity
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The spatial arrangement of the diacylthiourea ligan@aclosely resembles that
of the free ligand, characterized by two intramolecular rzmvalent interactions.
A hydrogen bond between O1 and the hydrogen atom of N2, forming a six
membered ring motifand achalcogen bond between S1 and O1, resulting in a
crescentlike arrangement defined by 8CIKN1¢C2,O1. A third intramolecular
interaction, involving the hydrogen atom on N2 and one of the chlorido ligands
(CI2), causes the ligand to tilt slightly, shiftangay from the axis defined by Gl1
Rw;CI2 (Figure 6.5The packing arrangement of the molecular structure shows no

atypical features.

Figure 65 Molecularstructureof complex6a (side view)Hydrogen atoms are omitted for clarity.

6.1.3 Non-covalent interactions analysis of ©é-"-
cymene)Ru{(C¥CHCONH)CS}C] 6a

The intramolecular interactions determining the spatial arrangemeriafvere
analyzed using the neoovalent interactions (NCI) index, following the
methodologies outlined in Chapterg2 Specifically, the reduced density gradient
(RDG) was calculated for the presumed chalcogen and hydrogen intramolecular

interactions at OtS1, N£O2, and N2CI1. The combined plot of RDG versus
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