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ABSTRACT

This review summarises the coordination chemisttytie isomeric 3- and 4-
mercaptobenzoate ligands, derived from EEMCOOH, being analogues to the widely-studied
2-mercaptobenzoate (thiosalicylate) ligand. Theardd 4-mercaptobenzoate ligands show a
wide range of coordination modes, including mondaten(through either S or less commonly
0), chelation through the carboxylate group al@sewell as a wide range of bridging modes.
However, S,0-chelation, which is prevalent for Hailicylate complexes, is not found in the
3MBA and 4MBA analogues. In the solid-state, compte of 3AMBA and 4MBA ligands
containing protonated carboxylic acid groups tyjyoandergo aggregation through formation
of classical hydrogen-bonded carboxylic acid dimmatifs, which can be supplemented by
additional interactions such as aurophilic (Au--)-Aoteractions in the case of gold(l)
complexes. The hybrid hard-soft nature of SMBA dMBA ligands facilitates the use of these
ligands in the construction of early-late heterodtiatic complexes. These ligands also find
numerous applications (such as the protection éaltreegold and silver nanoparticles), which
are especially prevalent for 4AMBA where the pardbaaylate/carboxylic acid group is remote

from the sulphur coordination site.
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1 Introduction

Hybrid ligands containing a combination of soft@ulr and hard oxygen donor atoms
are of significant interest for their coordinationemistry. This combination of donor groups
accommodates a diverse variety of metal ions spgnttie entire Periodic Table. While the
coordination chemistry of such ligands has beantefest for a number of years, applications
in areas such as materials chemistry are incregsexgloiting this heterodifunctional nature
as a means of coupling different materials.

Mercaptobenzoic acids are of particular intereghia class of hybrid ligand, due to
their availability and stability, combined with therich coordination chemistry. The
coordination chemistry of the 2MBA ligand (oftenfemed to by its common name of
thiosalicylate, Chart 1) has been the subject oéaent review.[1] Ligands derived from
thiosalicylic acid (by deprotonation of one or baitidic hydrogens) are able to coordinate to
a diverse range of metal centres, through onetbrdifdhe thiolate-sulphur and the carboxylate
group, in a variety of binding modes, including madantate, chelating and a range of bridging
modes. In this review we summarise the coordinatioemistry of the isomeric 3MBA and
4MBA ligands (Chart 1), with a particular emphasis the structural and supramolecular
chemistry of the resulting complexes. Due to geoimeatonstraints these ligands do not
participate in metal chelation, however this ‘dificy’ is replaced by the formation of a
significant number of supramolecular structurescaordination complexes of 3MBA and
4MBA where the ligand is S-bonded to one or more¢alegand the free COOH group then
participates in hydrogen-bonding interactions. Gaytic acids are well-known to form
hydrogen-bonded dimers in the solid-state.[2,3pAgsult, the carboxylic acid group is well
established as a versatile functionality in suprdaewar chemistry, and a wide variety of
hydrogen-bonded networks have been described lmesedordination compounds [4,5,6] as

well as organometallic [7,8,9,10] compounds. Adudti#l interest in 3SMBA and 4MBA ligands



comes from their ability to act as bridging ligar$ween chemically disparate metal centres,

e.g. early and later transition metals; this is suamsed in Section 14 of this Review.

COOCH
COOH
COOH
SH SH SH
EPMBA H23MBA H4MBA

Chart 1 Structures of the isomeric mercaptobenzoic acids.

Because of space restrictions, the coverage ofatiisw does not include coordination
compounds of 3MBA or 4MBA ligands which involve ler (i) functionalisation of the
carboxylate group into ester or amide derivativ@ssh as S-bonded technetium [11] or
platinum [12] complexes of the [SB4CO:R] (R = Me, Et) ligands; or (ii) functionalisation
of the thiol group into thioether derivatives suah [MeSGH4CO,]", such as occurs in O-
bonded oxido/hydroxido complexes of iron.[13]

The illustrative molecular structure diagrams herare original, being drawn with
DIAMOND [14] using atomic coordinates obtained fréime Cambridge Crystallographic Data

Centre [15].

2. 3- and 4-Mer captobenzoic acids

H>3MBA and H4MBA are both commercially available in gram-quaes. These
compounds can also be synthesised by a varietyettiods, some of which are summarised
below.

Reaction of m- or p-chlorobenzoic acids with eletabrsulphur in a molten salt
(NaOH/KOH) medium at 360 °C for 3 min. has beerorggd to give H3MBA and H4MBA
in yields of ca 44 and 61%, respectively.[16ANIBA can be synthesised as a pale-yellow
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solid (m.p. 218 °C) from methyl 4-hydroxybenzoatdhree steps, in 57% yield, according to

Scheme 1.[17,18]

COOMe j\ COOMe COOMe COOH
MezN (¢]] A, 220-230 oc KOH(aq), MeOH
M -
DABCO
Me,N Me,N
Scheme 1

Copper(l) iodide has been employed in the synshefsnercaptobenzoic acids, together
with other related aryl thiols. The reaction oflapdides with sulphur powder, catalysed by
Cul, followed by reduction of the mixture with NaBtr PrRP/HCI gave H3MBA and
H4MBA in 91 and 87% vyields, respectively, Schemel@}[This work was subsequently
developed using Cul nanopatrticles, leading to ahegis of H4AMBA in 87% vyield starting
from 4-bromobenzoic acid; reaction conditions ammarised in Scheme 3.[20] Ethane-1,2-
dithiol has also been used as the thiol sourcesiiogle-step reactions with aryl halides,
catalysed by 5 mol% CuSG®H0, giving H3MBA and BH4MBA, Scheme 4.[21]

COOH COOH
1. Cul (10 mol%), Sg, K,CO3, DMF
2. NaBH, or Ph;P/HCI

»

Scheme 2

COOH COOH

1. Cul nanoparticles (1.5 mol%), Sg, "BusNOH aq.
2. Zn/HCI

Br SH



Scheme 3

COOH COOH
d CuS045H,0 (5 mol%), KOH, DMSO-H,0 (10:1),
HS 90-110°C, 20 h
+ \/\SH >

X SH

Compound X Yield (%)

H24MBA | 94
H24MBA Br 91
H23MBA | 94

Scheme 4

Although there have been no X-ray structure detestions on free (thiol-containing)
H>3MBA or H4MBA, the related disulphides (864COOH) have been structurally
characterised.[22] Both compounds are 2-fold symmand form puckered chains through
the formation of hydrogen-bonds between carboxatic groups, as shown in Figs. 1 and 2

for the 3- and 4- isomers, respectively.

Fig. 1. A view of the hydrogen-bonded chain structurenfed by the disulphide
(SGH4COOH-3) (CUVCUS). Colour code in this and subsequentrégusulphur, yellow;
red, oxygen,; nitrogen, blue; carbon, grey; hydrodeight-green. The O-HO hydrogen-

bonds are shown as orange dashed lines.
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Fig. 2. A view of the hydrogen-bonded chain structurenfed by the disulphide

(SGsH4COOH-4) (CUVDAZ).

3. Complexes with s-block metals

There is only one characterised example of aroskbimetal derivative, this being
[BesO(OCCsHaSH)g], formed by the reaction of AMBA with Be(OH). The compound was
proposed to have the same cage structure adoptbddny beryllium acetate [B®(OAC)],
with 4 B&* ions clustered aroundpa-oxido ligand, and the Be ions of the resulting {@e-
0O)} tetrahedron bridged by carboxylato ligandsyleg six uncomplexed free thiol groups,

consistent with the strongly oxophilic nature ofyiieum.[23]

4. Organotin derivatives
4.1  Triorganotin complexes

The preparation of organotin(IV) derivatives isdigachieved by simple metathetical
reactions starting with the organotin chlorides. geries of 4MBA complexes
RsSn(SGH4CO:H-4) (R = Me, nBu, Ph or CiPh) have been prepared by reaction of the

respective triorganotin chlorides&1Cl with H4MBA and NaOEt, to give the complexes

: 0
S
OH

1.[24]

R3Sn
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The structure of Pn(SGH4sCOOH-4) has been determined, and forms a hydrogen-
bonded carboxylic acid dimer structure, Fig. 3, iehtlhe tin centre is four-coordinate, and
bonded to the thiolate-sulphur.[24] Such carboxgoid dimers are a commonly-repeating
structural motif in the solid-state structures MEBA and 4MBA complexes, and many other
examples are described in subsequent sectionssafethew. By contrast, in an earlier study,
the triphenyltin complex was reported to have anygex-bonded ligand, Vviz.
PheSnOC(0)GH4SH-4; analysis of this complex BYC and''®Sn NMR spectroscopies was

used to provide evidence that the complex exisésimonomeric form in solution.[25]

Fig. 3. The solid-state structure of f&n(SGH4CO:H-4) (LAVKAV) showing the formation
of a carboxylic acid dimer between two centrosynmioally-related molecules. Additional

colour code: key heavy element, orange.

Several compounds with two triorganotins coordiddte a single MBA ligand have
also been reported. Reaction o4NIBA and the organotin chlorides®1Cl (R = Me, nBu,
PhCH and Ph) in the presence of NaOEt gives the coraplf&SnSGH4sCOOSnR-4].[24]
The bis(triphenyltin) derivative of 3MBA, [BBnOC(O)GHsSSnPh-3], has also been
prepared by reaction of2BMBA with PleSnCl and NaOEt in benzene.[26] Crystals of the 3-
[26] and 4- [24] isomers of the complex BBNOC(O)GH4SSnPh| have been characterised
by single-crystal X-ray diffraction; the 3-isomershown in Fig. 4, and the 4- isomer in Fig. 5.

In both structures the tin centre coordinated éotkiolate-sulphur is four-coordinate, while the
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other tin centre is coordinated to one oxygen abbrthe carboxylate group via a relatively
short Sn—O bond [3MBA structure 2.049(2), 4MBA sture 2.055(4) A] and there is a
secondary, weaker interaction to the C=0 oxygenchvis somewhat shorter in the 4AMBA
complex [2.738(4) A] compared to the 3MBA compl&@72(3) A]. This results in a pseudo-
five-coordinate, cis-6D2, geometry at the carboxylate-bound tin centresesected, there
are no hydrogen-bonding interactions between mdédscaf these compounds, due to the
absence of free carboxylic acid groups. The 4MBAgound PESNnOC(O)GH4SSnPh has
been evaluated for insecticidal activity againstyefmurth-instar larvae of a resistant strain of

the diamondback motRlutella xylostella.[27]

Fig. 5. Molecular structure of the 4AMBA compound BhSGH4COOSnPki4] (LAVJUO)

as its ethanol solvate (not shown).
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The X-ray structure of the bis(trimethyltin) commaluderived from 3MBA, viz2
(synthesised by reaction 0bBMBA with NaOEt in benzene followed by additioné&sSnCl)
has been determined, Fig. 6.[28] The structure cm®p a tin-carboxylate polymeric chain,
with a helical topology and with five-coordinaters-GO;, tin centres, but with disparate Sn—
O bond lengths of 2.153(3) and 2.465(3) A. Reftegthis disparity, the C—O bond distances
of 1.240(5) and 1.273(4) A are consistent with deund single bonds in the carboxylate
group. The thiolate atom is bonded to a Salt®up, resulting in four-coordination at this tin
centre as a result of its reduced Lewis aciditychSaterplay between monomeric, cis€i,
Figs 4 and 5, and polymeric, transdi, Fig. 7, structures is well documented in triorgiam
chemistry and is, to a first approximation, dicthlsy the size of the tin- and/or organic-bound

substituents [29].
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Fig. 6. The X-ray structure of [MSNSGH4COOSnMe-3]n (JAYLOL): (a) the bridging of
two SnMe moieties by the 3MBA ligand and (b) formation dkettin-carboxylate chain

structure with H atoms omitted.

The structure of the bis(trimethyltin) 4AMBA complMesSnSGH4sCOOSnMe-4] has

also been determined, Fig. 7, and shows a simdlicdl structure to that of the 3-isomer.[24]

14



Fig. 7. The X-ray structure of [M&nSGHsCOOSNnMe-4], (LAVJIEY): (a) the bridging of
two SnMe moieties by the 4MBA ligand and (b) formation diettin-carboxylate chain

structure (H atoms are omitted), analogous to MBA analogue shown in Fig. 6.

The bis(trimethyltin) derivative of 4AMBA forms adduct with 4,4bipyridine3, which
was structurally characterised, Fig. 8.[24] Thisitoesymmetric complex contains four-
coordinate tins coordinated to the electron-dowggtinolate ligands (giving ansS donor set)
together with five-coordinate (trigonal bipyramigéhs bonded to the 4MBA oxygen and a

nitrogen atom of the 4'-bipy ligand (giving an éNO donor set).

15



Fig. 8. Molecular structure of the 4;Bipyridine adduct of the 4MBA derivative

MesSnSGH4COSnMe; (LAVKEZ). Additional colour code: nitrogen, blue.

4.2  Diorganotin complexes

The structural chemistry of diorganotin derivativesth 3MBA and 4MBA is
considerably more complex than the triorganotin@mees, as a result of: (i) the combination
of strong Sn—O and Sn-S bonds, facilitating lighndging, (ii) the ability of tin to expand its
coordination number from 4 to 5 or 6 and (iii) thiality to form supramolecular structures
through extended hydrogen-bonding andtinteractions.

Reactions of the diorganotin dichloridesSRCbk (R = Me, nBu, Ph, CHPh) with 2
equivalents of RFAMBA and NaOEt in benzene gave the respective isptexes
R2Sn(SGH4CO:H-4), 4 in good yields.[24] The X-ray structures of the pyleand n-butyl
derivatives were determined and found to be sirfild} the butyl derivative is shown in Fig.
9. The tin atoms have a tetrahedral geometry, ¥agand the complex dimerises through the
formation of two carboxylic acid dimers stackedop of each other, Fig. 9b. The phenyl rings,

separated between their centres by approximat@é/A, are not coplanar.

o)
R,Sn s——@——-{
OH
2

4
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Fig. 9. Structure of nBeSn(SGH4COH-4), (LAVJIOI): (a) molecular structure and (b) the
formation of a centrosymmetric dimer through twarpaf carboxylic acid interactions (non-

acidic H atoms are omitted).

Reactions of BSnCbk (R = Me or nBu) with HBMBA in 95% ethanol with added
sodium ethoxide gave complexes that can be formdlags {[RSN(QCCsH4S-
3)RSN(SGH4CO2-3)SnR]O} 2, which are centrosymmetric, hexanuclear macrosyelih
double-cavity structures. These compounds are olaltypical organic solvents, including
benzene, ether, chloroform and lower alcohols.[3% structure of the methyl derivative is
shown in Fig. 10, while that of the n-butyl analegs shown in Fig. 11. There are three types
of tin in the methyl complex: four-coordinatedz:S2 (exocylic) tin atoms, penta-coordinated
(exocyclic) tins with a distorted trigonal bipyrahal, GO3, geometry, and hexa-coordinated,
C204 tins in the four-membered Z ring system. The n-butyl analogue, with two
independent but chemically similar molecules cosipg the crystallographic asymmetric

unit, is analogous, but not identical, to the mettomplex, because two of the carboxylate
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groups in the former have a chelating-bridging méaldwo tin centres, giving rise to a

tetradentate di-anion.

Fig. 10. The molecular structure of {{M8n(QCCsH4S-3)MeSn(SCH4CO2-3)SnMe]O} 2

(TEBJUG).

<

Fig. 11. The molecular structures of one of the two indelemt molecules of
{[NBu2SN(QCCeH4S-3)nBuSN(SGH4CO,-3)Sn(nBu)]O} > (TEBKAN); H atoms are

omitted.
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5. Complexes of titanium, zirconium and hafnium

Although no hafnium complexes of 3MBA or 4MBA ligds appear to have been
reported to date, there is a well-established csieynof both titanium and zirconium with these
ligands.

The reaction of CpZr(CHz)2 with 2 mole equivalents of AMBA gives the O-bonded
complex Cp3Zr(O.CCsHsSH), with elimination of methane. In solution, the lmaxylate
ligands of Cp3Zr(O.CCsHsSH) are fluxional (Scheme 5), and only one set of a@grare
observed for the aromatic rings in the room tempeedH NMR spectrum. Upon cooling to
low temperature, two signals for the ortho-protars observed, which coalesce at 175 K. An
X-ray structure determination on this complex, HiBa, shows one of the carboxylate groups
acting as a bidentate chelating ligand, and therdtinctioning in the monodentate mode.[31]
The complex assembles into a supramolecular chareisolid-state through the formation of
S—H---O hydrogen-bonds, Fig. 12b, with the uncoetdd oxygen of the monodentate
carboxylate ligand. The other S—H groups form S-® hydrogen-bonds to the oxygen atoms
of the THF solvate molecules. Two heterobimetaliiconium(IV)-gold(l) complexes bridged

by 4MBA have been prepared from GarO2CCsHaSH),, and are described in Section 14.

< > Zo HS o

HS . _ ., *
O /,’Cp \\‘ //,,”, /Cp
O“‘“‘“‘*Zl{ —— ——— Ollllllun :::::: Zﬁ/

! 5: \\ o/ \m
M ST HS—<: >—§ cp*
\6
HS Y

Scheme5
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Fig. 12. Structure of the complex Cgr(0O.CCeHsSH). as its THF solvate (BODMOX)
showing (a) the coordination complex and (b) hyéregonding interactions involving the

thiol-proton (non-acidic H atoms are omitted).

A zirconium-containing Metal-Organic Framework (MPDFnaterial has been
constructed using the octahedraj Zode [Zg(j3-OH)s(OH)]®* in conjunction with HTBAPY
[1,3,6,8-tetrakis(4-benzoic acid)pyrebg giving [Zrs(us-OH)s(OH)s(TBAPY)], which is a
mesoporous material with OH-functionalised chann®écondary derivatisation of the MOF

was achieved by reaction with various carboxylidscincluding H4MBA.[32,33]

20
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6. Complexes of chromium, molybdenum and tungsten

Reaction of the molybdenum(V) dimer [Me{S2C>(CN)}] 2% 6 with H4MBA and a
bidentate N-donor ligand L-L (either 2f@pyridine or 1,10-phenanthroline) results in the
formation of the mononuclear molybdenum(V) compiepdo(0O){S:C2(CN)2}(SCsH4C O H-
4)(L-L)]” 7 (Scheme 6) which were structurally characterisethair tetra-n-butylammonium
salts.[34] The structure of the bipy complex iswshon Fig. 13, showing a slightly distorted
octahedral geometry at the metal centre and thadton of a hydrogen-bonded carboxylic
acid dimer unit.

No chromium or tungsten complexes of SMBA or 4MB@ahds have been reported

to date.

NC I S N L-L / Hy4MBA
-~ 2
PELT [ e e
§/ ) |\S /\\\
NC

Scheme 6
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Fig. 13. Structure of the hydrogen-bonded dimer of twam@eymmetrically related complex

molecules in the crystal of NBN[Mo(O)}{S2C2(CN)}(SCsH4COH-4)(bipy)] as its benzene

dichloromethane solvate (DIBROX); cation and sotvenlecules are omitted.

7. Complexes of manganese, technetium and rhenium

There has been particular interest in 4-mercaptirge ester derivatives of technetium
and rhenium for radiopharmaceutical applicationswelver, fewer complexes containing free
acid derivatives have been reported, and arectedrio rhenium; there are no known examples
of manganese or technetium complexes. ReactioiRefQ)CI(SCHCH,SCHCH,S)] with
H24MBA and EtN gave comple® as an air-stable, red solid, which was solublg onlTHF
and DMF.[35] The complex showed an Re=0 stretd@6@tcm’ in the IR spectrum. The X-
ray structure of the complex, Fig. 14, showed thren&ition of a hydrogen-bonded carboxylic
acid dimer. The coordination geometry about thenidma(V) centre was considered to be
distorted square pyramidal (rather than distontiggbmal bipyramidal). The basal plane of the
coordination sphere comprises three sulphur atdntisearidentate, thioether-thiolate ligand,

plus the sulphur of the 4MBA ligand, with the rhami(\V) atom lying above the basal plane.

O

O
ﬁs;FlL(: @ \/OH
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Fig. 14. X-ray structure of [ReO(SEI4COOH-4)(SCHCH,SCHCH,S)] (RITVIA) showing

the formation of a centrosymmetric, carboxylic adicher.

8. Complexes of iron, ruthenium and osmium

As part of a study into dendritically-encapsulateter-soluble derivatives containing
the {Fe&Ss} cubane unit, reaction of (MM)[FesSs(SBu)s] with 4-HSGH4CO, gave the
substituted product (M8l)o[FesSy(SCsH4CO2-4)4] as the only known iron complex of 3MBA
or 4MBA ligands.[36]

A number of ruthenium and osmium carbonyl clustaiatives of 3aMBA and 4MBA

ligands are known and are summarised in Section 15.

9. Complexes of cobalt, rhodium and iridium

There is a considerable number of rhodium comgldgemed by 3MBA and 4MBA
ligands, but none of cobalt or iridium.

Several 4AMBA complexes containing rhodium(l) haweio synthesised, along with
complexes that contain rhodium(lIl), formed in lg¥veld and identified crystallographically.
The rhodium(l) 4AMBA complexes are able to act ataft@igands towards other metal centres,
and this aspect of their chemistry is describe8ention 14. The complexes [RhCI®R (R
= Et or Ph) react with the potassium salt of4MBA giving equilibrium mixtures of

[Rh(SGH4COOH)(PR)3] and the dimeric complex [{Rp¢SGH4COOH)(PR)2} 2], as shown

23



in Scheme 7.[37] When R = Ph, the dimeric speciedgminates, however when R = Et the
addition of free PEtshifts the equilibrium in favour of the mononucleaomplex. The
binuclear complex [{Rh(-SGH4COOH)(PPBh)2} 2] was structurally characterised, Fig. 15a,
confirming the presence of a puckered {§RRSR)} core, Fig. 15a, with a dihedral angle of
139° between the Rh1,S1,S2 and Rh2,S1,S2 planekeffihg in these systems can be
explained by the strong tendency of the thiolalefsur to adopt sphybridisation, and by the
tendency for & rhodium(l) centres to mutually interact. The twGsH4sCOOH groups of a
{Rh2S;} core showrt - Tt stacking, with an average distance of 3.58 A betweeighbouring
carbons. [{Rhi-SGHsCOOH)(PPBh)2} 2] molecules then interact through the formatiobwaf

pairs of carboxylic acid dimers, giving a centrosyetric, tetrameric aggregate, Fig. 15b.

Ho_ O
PR, PRs RsP. PR
3 S 3
| | P "¢
S RsP——Rh——S —
RsP Rh cl — 3 /\ RN
‘ OH rp” S PRs
PR3 PR3
+2PR,
HO™ o

Scheme7 Reaction of [RhCI(PE3] (R = Et or Ph) with the potassium salt G4NIBA, giving

equilibrium mixtures of mono- and bi-nuclear rhadil) 4MBA complexes.
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Fig. 15. Molecular structure of the binuclear rhodium(IMBA complex [{Rh{u-
SGH4COOH)(PPB)2} 2] (NETWEP) showing (a) the structure of one molecib) the cores
of two molecules (with only ipso carbon atoms o #Ph ligands shown and non-acidic H
atoms omitted), which dimerise through the fornmatad two carboxylic acid dimer pairs.

Additional colour code: phosphorus, pink.

The reaction of the triphos analogue [RhC{PRHPPh),}] with H24MBA in the
presence of nBIN base in THF gave the corresponding complex
[Rh(SGH4sCOOH){PPh(GH4PPh)2}] 9 as a highly air- and moisture-sensitive yellowidol
The complex, which was structurally characteridéid.(16) is almost insoluble in common
organic solvents, but in contrast to the PRhd PEf analogues was resistant towards

phosphine labilisation and dimerisation.[37]
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PPh,

<7 o

PPh,

Fig. 16. Molecular structure of [Rh(SB4sCOOH){PPh(GHsPPh)2}] 9 (NETVUE): (a)
showing the coordination environment of one mole@uid (b) diagram showing the formation
of a centrosymmetric carboxylic acid dimer betwéga molecules (non-acidic H atoms are

omitted).

Two rhodium(lll) derivatives containing bridging @A ligands have also been

isolated. The first product was obtained from thénublear complex [{Rh{-
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SGsH4COOH)(PPBh)2} 2]. This undergoes decompaosition in solution, witte @roduct (dark-
brown crystals obtained by diffusion of hexane iatof'HF solution) identified by X-ray
diffraction as the mixed-valence rhodium(l)-rhodilih complex [{Rh'Rh"(u-
SGH4COO)-SCsH4COOH)(SGH4COOH)(PPB)s} 2], shown schematically &k0.[37] The
X-ray structure of the complex is shown in Fig. Although solvent loss from the crystals
reduced the quality of the data, coupled with disoed phenyl rings and bridging ligands, it
allowed the identification of the interesting carethe structure. The rhodium(lll) centre is
octahedrally coordinated, while the rhodium(l) cerftas the usual square-planar geometry.
There are two SEEHH4COOH groups; one is terminally bonded, while theeotoridges the two
rhodium(lll) centres. In addition, a di-anionic 4MBigand [SGH4COOF" bridges the two
rhodium(lll) atoms through the sulphur atom. Two tbése units then dimerise through
carboxylate groups which chelate the rhodium(lénice of the other {Ri%} unit. The
octahedral coordination at rhodium(lll) is comptetey a PPhligand.[37] As in the complex
of [{Rh(p-SGH4sCOOH)(PPh)2} 2] there istt - Tt stacking inl0, though the phenyl rings of the
bridging 4MBA?" ligands are somewhat offset due to geometricastcaimts. The molecules
of 10 also interact through hydrogen-bonding interacionthe solid-state, forming a linear,
supramolecular chain by carboxylic acid dimer fotiora Fig. 17c, involving the carboxylic
acids of the terminal thiolate ligands. Additioyathe remaining C&H groups form hydrogen-
bonds to the O atoms of the THF solvate molecules.
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Fig. 17. The X-ray structure of the tetranuclear mixedewak rhodium(l)-rhodium(lIl)
complex [{RARN" (u-SCH4COO)[-SCH4COOH)(SGH4COOH)(PPh)s} 2] 10 (NETWAL).

(a) shows the complete structure, while (b) shdwescbre with only ipso carbon atoms of the
PPh ligand and (c) shows the assembly of the tetr@auchggregates into hydrogen-bonded
chains through carboxylic acid dimer formation,dtiger with hydrogen-bonding to the THF

solvent molecules. In (b) and (c), non-acidic binas are omitted.

The second rhodium(lll) 4MBA derivative was formesla by-product in the synthesis
of [Rh(SGH4COOH)(PE#)s] upon crystallisation of a concentrated solutiand has the
structurell. This complex has structural similarities to thed-valence comple0, in that
the rhodium(lll) centres are octahedral and the glemcontains bridging [SéE2CO;]? di-

anions (whose carboxylate ligands chelate the tmo@ll) centres) but in this complex the
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thiolate ligands are terminally bonded (not bridginThe X-ray structure of this binuclear
complex, Fig. 18, confirms the two octahedral riodlll) centres; the complex also

assembles into hydrogen-bonded zigzag chains thralig formation of carboxylic acid

dimers.[37]
HO
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Fig. 18. Structure of the centrosymmetric, binuclear rbot(ill) derivative of 4MBA 11

(NETWIT): (a) diagram showing the structure of tlimeric unit with [SGH4CO;]? ligands
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bridging rhodium(lll) centres and (b) formation afhydrogen-bonded supramolecular chain

involving the S-bound S€EI4COOH groups (non-acidic H atoms are omitted).

10.  Complexesof nickel, palladium and platinum

The 24-membered macrocyclic dinickel compl&has been reacted with4VBA in

the presence of Hl base, by substitution of the bridging chloridgaind, to give the 4AMBA

complex13 (isolated as the ClOor BPh salts) which has the two nickel centres bridged by

the carboxylato ligand.[38]

Cloy

12

SH

13

>

Cl

ClO

Complex13 behaves as a typical thiol, and is for examplesamsitive, undergoing

oxidative dimerisation to give a compound with ti macrocycles bridged by a disulphide
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bond. The structure of this non-symmetric complax been determined, Fig. 19.[38] Complex
13 is also able to act as a metalloligand towardsPtiREAuU* fragment; further details of this

heterobimetallic {NiAu} complex are given in Seatid4.[38]

Fig. 19. Molecular structure of the MBA disulphide-bridgedmplex formed by oxidation
of the thiol13 (COYSEQ): (a) full tetra-nuclear di-cation and {h¢ di-cation with H atoms

omitted. Anions and solvent molecules are omitted.

A number of platinum(ll) and palladium(ll) complexeontaining S-bonded 3- and 4-
isomers of MBA have been synthesised, with theidiéniof the ancillary phosphine ligand
being used to control the geometry. Thus, reactbrH4MBA with NaOMe and cis-
[Pt(OTf)2(PES)2], or with cis-[PtC}PRs)2] (R = Et or Ph) and BN base in MeOH gives the

trans isomers of [Pt(SE84COOH)(PRs)2], Scheme 8.[39] Reaction of eithep3BA or
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H24MBA with [PtCL(dppm)] with EtN base gives the cis isomers [Pt6BGCOOH)(dppm)],

Scheme 8.[39]

PR,

HO 0

OO,
PR,

A
cis-[Pt(OTf)o(PEts),] + NaOMe /
cis-[PtClo(PR3)] (R = Et, Ph) + Et;N

[PtCly(dppm)]
0

i /@
<F’F{zpt\34@\(o
OH

Scheme 8 Synthesis of mononuclear platinum complexes oBaMind 4MBA ligands (R =

N

Et or Ph).

The triphenylphosphine complex trans-[PtH@COOHY(PPh),] has been
structurally characterised, and shows two indepeinamlecules with slightly different bond
parameters. The structure of one of the indepenaetécules is shown in Fig. 20a. In the
crystal, the complexes aggregate via the usualogglic acid dimer formation; each
independent molecule self-assembles to form vistu@éntical supramolecular chains with the
same pitch and a Pt- - - Pt separation of 18.0 Ay@srsin Fig. 20b. In this structure, the eight-
membered hydrogen-bonded rings are puckered ddeviations of the O—H- - - O angles from

linearity. The complex trans-[Pt(SK4COOH)Y(PEB),] has also been structurally
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characterised, both as its monohydrate, and éssii:methanol) solvate. The monohydrate has
an analogous structure to the RBbmplex (vide supra); the water molecule is lodatethe
lattice and is not involved in hydrogen-bondinghwihe carboxylic acid dimer groups. The
structure of the complex as its methanol solvasé@svn in Fig. 21a, and the hydrogen-bonding
network is shown in Fig. 21b. Methanol forms int@etular hydrogen-bonds between two
carboxylic acid groups of two adjacent complexesning large hydrogen-bonded rings. Each
carboxylic acid group acts as a hydrogen-bond domane methanol molecule, and as an
acceptor to another methanol. The resulting mactecgontains a large cavity having the

dimensions 7.5 x 18.2 A.[39]

(a)

).
‘{&\)‘ tgtx Q )g‘m Iilfji—}‘%
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{} \) I )’X {r o

Fig. 20. (a) Molecular structure of one of the independenblecules of trans-
[Pt(SGHsCOOH)Y(PPh)2] (WOCCIC) and (b) self-assembled hydrogen-bondedns of the
one independent molecules of trans-[PHMCOOH(PPh)2] (shown in (a)) formed through

carboxylic acid dimers.
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Fig. 21. (a) Molecular structure of the 4MBA complex trdR$(SGH4sCOOH)(PE®),] as its
methanol solvate (WOCCOI) and (b) hydrogen-bondmegwork formed in the 4MBA

complex trans-[Pt(SEH4COOHR(PE&)2]- 2MeOH.

Reactions of the complexes cis-[Pt(Q{PEg)2] or cis-[M(OTf)(diphos)] (M = Pd,
Pt; diphos = dppe or dppp) withBMBA or H24MBA in the absence of base resulted in the
formation of a series of binuclear thiolate-bridgeanplexes as shown in Scheme 9.[39] The
complexes were characterised by NMR and IR spexipiss, and by X-ray structure
determinations on three derivatives, [Pt{B&COOH-3)(PE)2]2(0Tf)2, [Pt(SGH4COOH-
4)(PE)2]2(OTf)2:2HO0 and [Pd(SeH4sCOOH-3)(dppe}(OTf)2:2HO. The molecular
structure of the platinum triethylphosphine 4MBAngadex is shown in Fig. 22a. The

molecules associate via hydrogen-bonds involvirg ¢arboxylic acid groups with water
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molecules and triflate (OTf) anions; the C=0 andH@roups form hydrogen-bonded rings of
graph set B(12) and R(8), and the triflate anions bond to the outside &f timg, as shown

in Fig. 22b. The structures of the 3MBA derivatij$(SGH4sCOOH-3)(PE$)2](OTf)2 and
[PA(SGH4COOH-3)(dppeyd(OTf).- 2H0O are somewhat different. The structure of theocati
of [Pd(SGH4sCOOH-3)(dppe}y(OTf)2:- 2HO0 is shown in Fig. 23a. In the crystal, one of the
oxygen atoms of the triflate counterion hydrogendsoto water molecules, forming an eight-
membered ring. The carboxylic acid OH group hydmbends to the exterior of this ring via
a ring oxygen of a water molecule, as shown in BRp. Finally, in the platinum 3MBA
complex [Pt(SEH4COOH-3)(PE%)2]2(0OTf)2 the carboxylic acid group is hydrogen-bonded to
an oxygen atom of a triflate anion (Fig. 24); thisralso a weak noncovalent O- - - O interaction

(2.83 A), leading to the formation of an infiniteain structure.

_ 0] OH ] 2+ — o ] 2+
OH
L S L L S L
SN, SN,
HO
(@]
. HOT o ) - _
aM=Pt, L=PEtl; dM=Pt L=PEt3
bM = Pd, L-L = dppe e M = Pd, L-L = dppe

cM=Pt, L-L = dppp
Scheme 9 Structures of the binuclear platinum(ll) and paillen(ll) phosphine complexes

containing bridging 3MBA or 4MBA ligands.
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Fig. 22. (a) Molecular structure of the cation of [PteBCOOH-4)(PE4)2]2(OTf)2: 2H0
(WOCDID) showing the four-membered {Rt-SR)] ring and (b) formation of a hydrogen-
bonded network in [Pt(SEI4«COOH-4)(PES)2]2(OTf)2- 2H0 via hydrogen-bonding of two
carboxylic acids and two water molecules; triflateons hydrogen-bond to the exterior of the

resulting 12-membered ring. Non-acidic atoms anéted.
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Fig. 23. (a) Structure of the coordination complex catioh [Pd(SGHsCOOH-
3)(dppe)}(OTf)2- 2H0 (WOCDAV) and (b) the hydrogen-bonding in this gmund, showing
the formation of eight-membered rings involving tmflate anions and two water molecules.

Non-acidic atoms are omitted.

Fig. 24. The structure of the cation of [Pt(&GCOOH-3)(PEs),]»(OTf). (WOCDEZ),

showing hydrogen-bonding interactions with thddté anions.
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11. Complexes of copper, silver and gold
This Section describes complexes containing SMBAMBA ligands with the metal
in the +1 oxidation state; cluster compounds of¢hmetals (where the average metal oxidation

state is <1) are summarised in Section 16.

11.1 Copper complexes

Little work appears to have been carried out rdiggrcopper complexes of 3MBA or
4MBA ligands, though a detailed study reported00&by Che and co-workers described the
synthesis and characterisation of the polymeric pedi) 4MBA compound
[Cu(SGH4COOH)]..,, along with a number of other polymeric coppegiyl thiolates.[40]
Thus, reaction of GO with H4MBA in refluxing ethanol for 48 h gave [Cu(8&COOH)}.
in 82% vyield as a pale-yellow, insoluble solidwas found to show considerable thermal
stability, being much more stable than the corredpw aliphatic thiolate analogue
[Cu(SMe)].. Powder X-ray analysis of [Cu($84COOH)}. indicated that the compound has
a different solid-state structure to [Cu@aMe-4)].. and [Cu(SE@HsOMe-4)]., which form
infinite polymer chains. Instead, it was proposedatt the polymer chains of
[Cu(SGH4COOH)]. are aggregated through hydrogen-bonding intenastibetween the
carboxylic acid groups; the formation of a plateelicrystal habit for [Cu(S€E14COOH)}.
versus rod-like habits for [Cu(8B4X-4)]. (X = CHs, H, CHO, tBu and CE) was consistent
with this.[40] The C-OH stretching and O-H---O tlegdnodes for [Cu(SE&H4sCOOH)}.
were similar to those of crystalline 4MBA, and tBeH (3480 crit) and C=0 (1684 cr
stretches are lower than for a 4MBA SAM on gold78%nd 1749 crhrespectively).[41] A

polycrystalline solid sample of [Cu($84COO0OH)}. was found to show low charge mobility.

11.2  Slver complexes
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In contrast to the extensive coordination chemistrthe 2MBA (thiosalicylate) ligand
with silver, forming a wide range of compounds utthg mononuclear complexes,[1]
surprisingly there appears to be no examples ofomaclear silver complexes of 3SMBA or
4MBA ligands. However, there is a very extensiverafstry of 3SMBA and 4MBA towards

silver clusters, nanoparticles and surfaces, wisickescribed in Section 16.

11.3 Gold complexes

The chemical softness of gold(l) means that itdnagong affinity for thiolate ligands,
so not surprisingly there have been a large nurabstudies on gold(l) complexes of 3SMBA
and 4MBA ligands. While the majority of complexamtain a neutral ancillary ligand, there
is a single example of a bis(MBA) gold(l) complextwut ancillary neutral ligands. Thus,
reaction of [PPN][AuCG] with 2 equivalents of HIMBA and NaOMe in methanol gives the

gold(l) complex [PPN][Au(SeHsCOOH-4})] 14 in 77% yield.[42]

OO |

14

A wide range of MBA derivatives with ancillary pmhine ligands has been
synthesised, as was also the case with the isothévgalicylate (2MBA) ligand.[1] Typically,
gold(l) phosphine derivatives of SMBA and 4MBA bkttypel5 can be prepared by a simple
metathesis reaction from the phosphine gold(l) rothéo complex RPAuUCI.[42,43] Thus,
reaction of (PkP)AuCI with either H3MBA or H4MBA with added base (either NaOH or
NaOMe) gave the complexes [@PNAU(SGH4CO:H)] as white powders.[43] In a detailed
study by Schmidbaur and co-workers, a series of AMBmplexes [(BP)Au(SGH4sCOOH-
4)] (RsP = MeP, EtP, PRP or PAPyP) were prepared, along with two examples of aamgs
containing bisphosphines, namely the dppb and dpmiplexesl6.[42]
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15

16a P-P = PHP(CH)4PPh (dppb)

16b P-P = Fef>-CsHiPPh) (dppf)

Alternatively, reduction of HAuGI3H0 by S(CHCH>OH): followed by addition of
H-4MBA in ethanol gave a light-yellow precipitate [#fu(SCsH4COOH)] that was isolated
and characterised, and presumably has a polynteuictgre containing thiolate bridges [31],
analogous to other gold(l) thiolate compounds ahposition [Au(SR)}. Reaction of this
compound with PMgh gave [(PhM#)Au(SGH4sCOH)] which was found to have
interesting photoluminescence properties (high guanyield, multi-component emission,
large photoluminescence lifetime).

[(PhMeP)Au(SGH4CO:H)] has been used as a metalloligand in the syistladsa
heterobimetallic {ZrAu} complex (vide infra).[31] He ferrocenylphosphine complex
[(PhePFC)Au(SGH4COH)] was synthesised by reaction of equimolar quigstiof H4MBA
and KOH, followed by addition of [(BRFc)AUCI]; this complex (along with the PPh
analogue) were used in the synthesis of 4AMBA-bddgEAu} heterobimetallic complexes
(vide infra).[44,45]

A considerable number of X-ray structure deternmamst on phosphine gold(l)

derivatives of 4AMBA have been carried out. The citrrtes of the 4MBA derivatives
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[(CysP)Au(SGH4COH)| [ 46 ], the ferrocenylphosphine derivative
[(PhePFC)Au(SGH4COH)] [45], the triethylphosphine complex [@E)Au(SGH4CO:H)] [42]

and the pyridylphosphine complex [@PPYy)Au(SGH4CO:H)] [42] show the usual hydrogen-
bonded carboxylic acid dimer. As illustrative exdesp Figs 25a and b show the structures of
the CyP and PEPFc complexes, respectively. In theFEtPhPFc and PHPPy complexes (but
not the PCycomplex) there were additional weak Au- - - S inteyas, forming four-membered
AuxS; rings, which link the dimers into chains, as shdamthe triethylphosphine complex in

Fig. 26.

Fig. 25. Representative structures of the phosphine goldMBA complexes (a)
[(CysP)Au(SGH4CO:H-4)] (DABXIO) and (b) [(PAPFc)Au(SGH4sCO:H-4)] (HUJGIE)

showing the formation of a carboxylic acid dimertiho
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Fig. 26. Structure of [(EP)Au(SGH4CO:H-4)] (XETNEP) showing the formation of
supramolecular chains through carboxylic acid dinfi@mation coupled with Au---S

interactions.

The triphenylphosphine complex [#)Au(SGH4CO:H)] crystallises as a tetrameric
unit; pairs of molecules form dimers through thealsarboxylic acid dimer formation, and

these dimers then associate through aurophilic-Auw- interactions, Fig. 30.[42]

Fig. 27. The solid-state supramolecular structure of théBA complex
[(PheP)AuU(SGH4COH)] (XETNIT) showing the tetrameric assembly of mxlles mediated

by carboxylic acid dimer formation and via Au- - -&uwrophilic interactions.

When the phosphine co-ligand is less sterically al®fing, such as in
[(PhMeP)Au(SGH4CO:H)], Fig. 28a, additional aurophilic interactiongtiveen gold(l)

centres are found, Fig. 28b, forming stacks of @ayhic acid dimers.[31]
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Fig. 28. The solid-state structure of the complex [(BR®AuU(SGH4CO:H)] (BODMEN):
(@) the molecular structure and (b) the assemblynofecules in the solid-state through
carboxylic acid dimer formation and stacking of dmn through Au---Au aurophilic

interactions (non-acidic H atoms are omitted).

In comparison, there are only two X-ray structuségold(l) complexes with 3MBA
ligands, namely [Au(SEH4COH-3)(PRs)] (R = Ph or Cy).[47] The tricyclohexylphosphine
complex shows the usual carboxylic acid dimer mat#sembling closely the binuclear
aggregate shown in Fig. 25a. By contrast, théanémylphosphine complex, whose molecular
structure is shown in Fig. 29a, shows a more coxptdid-state structure, Fig. 29b. The
smaller steric bulk of the PRPhgand compared to PGyermits a closer aggregation of gold
centres in the former complex, via Au- - - Au auraplmieractions, O—H- - - S hydrogen-bonding
interactions, as well ag - Ttinteractions between the phenyl ring of the 3MBgahd and a
phenyl ring of the triphenylphosphine. Issuestiatato the disparity in the supramolecular

aggregation in the isomeric [Au(8€:CO:H)(PPh)] structures and related systems discussed
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herein have been summarised in a very recent pialphic review of the interplay of
conventional hydrogen-bonding interactions on thee diand and aurophilic Au---Au

interactions on the other [48].

(a)

Fig. 29. The structure of the 3MBA gold(l) complex [Au(8§€CO.H-3)(PPh)] (NENFOB):
(a) Molecular structure of the complex and (b)d&aliate structure showing the formation of a
two-dimensional array formed by Au- - - Au and O—-Hhy&ogen-bonding interactions (non-

acidic H atoms are omitted).

A series of triorganophosphine gold(l) derivatie¢ SMBA [(R3P)Au(SGH4CO:H-3)]

(R = Cy, Ph) and 4MBA [(EP)Au(SGH4CO:H-4)] (R = Cy, Ph, Ethave been tested against
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a panel of seven human cell lines and the compofmasd to show somewhat reduced
cytotoxicity compared to isomeric thiosalicylateMRBA) complexes.[46] The anti-microbial
activity of the triphenylphosphine 3MBA and 4MBA rdatives [(PBP)Au(SGH4COH)]
against a range of organisms has been reportedUidcluding a correction to the original
work [43] which reported the activity as agaiisaureus rather tharB. subtilis.

Several examples of gold(l) 4AMBA complexes withiday organometallic ligands in
place of the phosphine have also been reported:tiBeaf the isonitrile complexes LAuCI
(where L = tBuUNC or 2,6-M&£sHsNC) with Ho4AMBA and NaOMe gave the complexes
[LAU(SCsH4COH-4)] in good vyield; no structure determinationsrevearried out on these
derivatives.[50] In recent work by Contel and corkars, a series of gold(l) complexes of
4MBA containing ancillary N-heterocyclic carbeneH®) ligands (Scheme 10) were prepared
by reaction of the respective (NHC)AuCI| complexhwit.4MBA in EtOH/H.O using KOH
base.[51] The IMes complex was structurally chametd (Fig. 30); the complex forms
hydrogen-bonded carboxylic acid dimers, but no tamthl interactions are noted, presumably
as a result of the steric bulk of the NHC ligandl][Bhese complexes were used in the synthesis

of heterobimetallic {TiAu} complexes (vide infra).
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Scheme 10

Fig. 30. Dimeric supramolecular aggregate involving theeasbly of the two independent
molecules comprising the asymmetric unit of the dtehocyclic carbene gold(l) 4MBA

complex, [(IMes)AuSEHsCOOHp (ref. 51).

Gold(l) phosphine derivatives of AMBA (as well adBA), viz. (RsP)AuSGH4COH

(R = Ph, Cy) have been utilised for their hydrogpemding interactions with 2,4,6-
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triarylamino-1,3,5-triazine, resulting in the foriwe of supramolecular aggregates which
display a stable columnar hexagonal mesophas®mt temperature. Analogous adducts were
obtained with the same triazine and the chigalor (S)-BINAP-derived complexe8, which

were prepared from BINAP(AuCland H4MBA in the same way.[52]
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Finally, there are two other interesting derivasivof gold(l) with 4MBA ligands. An

HO Ph,
S Au—P\
@)

OO

18

example of a gold(l) complex with an ancillary ppbme sulphide ligand, [Au(SE4+COOH-
4)(PhPS)] was prepared by reaction of [AuCI(SBPith H24MBA and NaOMe.[42] The
bis(aurated) complex [(BRAuUX(SCH4COOH)]BF: 19 has also been prepared by reaction of

H24MBA with the well-known oxonium aurating agent [P Au)sO]BF4.[42]
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12. Complexesof zinc, cadmium and mercury

In very early work on mercaptobenzoate complexesnefcury, the ethylmercury
derivative EtHgSEH4CO-H was synthesised by reaction of EtHgCI witttMBA and added
NaOH. A series of related compounds including timartant ortho-isomer derived from
thiosalicylic acid EtHgSEH4COxH were also prepared in this work.[53] Evaluatidthe anti-
bacterial activity of these compounds [54] ledite subsequent widespread use of the sodium
salt EtHgS@H4CO:Na (Thiomersal®, Thimerosal®) as an anti-bactexggnt (which has been
summarised elsewhere [1]); the 3- and 4- isomeEtld§SGHsCOOH have a lower activity
compared to the 2-isomer.

In contrast to the extensive coordination chemisfrg MBA (thiosalicylate) ligands
with zinc and cadmium,[1] there are surprisinglyaxamples of 3SMBA or 4MBA complexes

with these metals.

13. Complexesof the lanthanide and actinide elements

Lanthanide complexes of 4AMBA have been obtaineddagction of the complexes
[M(tta)2(H20)2] (M = Eu or Gd; tta = thenoyltrifluoroacetonatoijtivthe mono-sodium salt of
H24MBA, followed by precipitation with M@NCI, to give the anionic europium complexes
MesN[Ln(tta)3(4-0.CCsH4sSH)] 20.[55] The ground-state geometry of the europium @em

was determined by computational methods, which sldothhe MBA carboxylate ligand to
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coordinate to the europium in bidentate chelataghion. The photophysical properties of the
complexes was studied using luminescence specpgsand theoretical calculations, and

showed high quantum yield.

IVle4N+

20

4MBA has been used to modify Merrifield and Wandypteric resins, Scheme 11.
These materials were then used, in conjunction antlonic liquid-modified mesoporous silica
(SBA-15), and either hydrated gadolinium or euraopinitrates, to encapsulate the europium
polytungstate species BEUW10036- 32H0. The ionic liquid was immobilised on the surface
of the mesoporous silica through reaction of swafaeydroxyl groups with the
methylimidazolium (Melm)-functionalised organosiaf(EtOxSi(CHz)sMelm]*Cl-. It was
proposed that the benzoate groups of the modiéisiths were coordinated to theGdr EU*
ions. The emission properties of these hybrid netewas investigated, and many found to
show cool-white emission, making them potentiakbgful in optical devices.[56] A parallel
study investigated the introduction and photoptaisproperties of the corresponding®Th

system.[57]
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Scheme 11 Modification of Merrifield and Wang resins with 4MB

Although no actinide complexes of 3MBA or 4AMBAdigds have been isolated per se,
a series of uranyl complexes containing oxidise@. (idisulphide-containing) ligands
(SGH4COOHY) have been reported,[22] in some cases by theaurogidation of the thiol to
the disulphide; three different compounds were ablée structurally characterised. These
compounds, together with the macrocyclic nickel ptax 13 (vide supra) [38] are the only
structurally characterised examples of complexeweld from the disulphides of 3MBA or
AMBA. The compound U&IC7H4O>Sk-HO was prepared by hydrothermal reaction of
UO2(NO3)2- 6HO with HL3MBA in water with added ammonia base for 3 days3& °C. The
structure of UQ(C7H402S)- H2O contains the 3MBA disulphide ligand coordinatbrbtigh
the bidentate chelating carboxylate ligand to admuranyl (U@*) moiety, forming a
hexagonal bipyramidal coordination geometry, assthated in Fig. 31. There is considerable
disorder of the disulphide ligand in the crystalffise to mention the authors described the

molecular packing as defining a “hexagonal plarté [22].
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Fig. 31. The coordination geometry at uranium in the uraeyivative containing a 3SMBA
disulphide ligand, Ug{C7H40.S)- H.O (CUVCEC); for clarity, only half of each disulpla

ligand is shown.

The compound [UIC/H402S)u] was prepared by reaction of Y@Os)2-6HO with
the disulphide of BMBA and ammonia at 180 °C fod&/s. The structure comprises one-
dimensional ribbons constructed by edge-sharedhedral uranyl centres that are connected
via the carboxylate groups of 3MBA disulphide ligarj22] there are two crystallographically

independent but chemically equivalent uranyl groapgse polymeric chain, Fig. 32.
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Fig. 32. The polymeric chain in [URC7H4+0.S)] (CUVCOM) formed by bridging of uranyl

groups with the carboxylate ligands of 3MBA disutighligands.

Finally, the 4MBA disulphide-containing compound Qk{C7H40-S)(C7H50.S)]
(CUVCIG) was prepared by in situ oxidation of4MBA, in a hydrothermal reaction (180 °C,
3 days) with UQ(NOs)2:6H0 in the presence of ammonia. The compound contagsyl
groups bridged by 4MBA disulphide ligands. The cliation geometry about uranium is
shown in Fig. 33a which shows one of the carborytbups is coordinated in a bidentate

chelating mode, another in a monodentate modevemadther positions in the equatorial plane
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of the uranyl group is completed by carboxylategety atoms derived from two bridging
ligands, leading to a pentagonal bipyramidal geopj@R] The bridging 4MBA disulphide
ligands and uranyl groups form a two-dimensionalwith topology 4%7, as illustrated in Fig.

33b.

Fig. 33. (a) The coordination environment of the uranygugr with 4AMBA disulphide ligands
in [UO2(C7H402S)(C7Hs0.S)] (CUVCIG); only half of each disulphide ligansl shown and

(b) the two-dimensional network (non-acidic H atcems omitted).

14. Heterobimetallic coordination compounds containing bridging 3MBA or 4AMBA
ligands
The hybrid hard-soft ligand characteristics of MBgands offers much potential for
this class of ligand to act as a bridge betweerd rend soft metal centres, to form
heterobimetallic complexes. A number of studiesehawestigated the potential of these
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ligands, and to date, heterobimetallic compoundk mietal stoichiometries {ZrAu}, {TiAu},
{ZrRh}, {ZrRh 2} and {Ni>Au} have been synthesised and characterised. liti@aalca number
of applications of 3MBA and 4MBA ligands in matdsiachemistry also exploits the
heterobifunctional nature of MBA ligands, as ddsed in Sections 15 and 16.

Methane elimination has been extensively usechénsynthesis of heterobimetallic
compounds containing Ti or Zr, facilitating simpleduct purification. This is exemplified by
the reaction of [CpZrMe;] with 2 mole equivalents of the gold(l) 4MBA deatwe
[(Me2PhP)AuSG@H4COOH)] which results in the elimination of metharel formation of the
colourless {ZrAu} heterobimetallic complex [CgZr{O CCsHsSAu(PMePh)};] 21 in 69%
yield.[31] The'H NMR spectrum showed a single resonance for thigogprotons, which
broadens and splits into two signals between 1IK2ue to a fluxional process similar to
that for [Cp*%ZrMe(O.CCsH4SH)] (vide supra). From a crystallisation trial of slrgomplex
some crystals of the Zr-Me intermediate [&rMe{O.CCsHsSAu(PMePh)}] were isolated

and structurally characterised, Fig. 34, showirggdhesence of a bidentate carboxylate group.
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Fig. 34. Molecular structure of the 4MBA-bridged heterobtallic ZrAu intermediate
[Cp*2ZrMe{0.CCesHsSAu(PMePh)}] (BODMIR). Additional colour code: second hga

atom (Zr), dark-yellow.

Because of the biological activities of both titan(IVV) and gold(l) complexes against
tumour cells, the two heterobimetallic titanium{y9ld(l) complexef2 were prepared by a
methane elimination reaction of the titanocene demfCp.Ti(CHs)2] (Cp =n>°-CsHs) with
the 4AMBA complexes RRPAuSGH4COOH (R = Ph or ferrocenyl).[44,45] In contrasthie
Zr complexes (vide supra), only a single carboxylgtoup was coordinated to the smaller
titanium centre. These compounds, which were aid moisture-stable, were found to be
considerably more toxic when tested against a resater cell line (Caki-1) when compared
to reference compounds including cisplatin anchaitzgene dichloride (GpiCl2). An in vivo
study of the PPjxomplex against Caki-1 mouse xenografts was asoed out, resulting in a
67% decrease in tumour size. Preliminary mechansstidies suggested that the complex is
active through inhibition of thioredoxin reductasad titanium and gold were found to co-

localise in a 1:1 ratio in the Caki-1 cells.
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Subsequently, this work was developed to gold(hglexes containing less labile
NHC ligands, via the reaction of the NHC gold coexgls (Scheme 10) with €fMe», giving
a series of four new, air- and moisture-stableoyekolids, Scheme 12.[51] These complexes

were found to be more soluble than the correspgnpitosphine analogues. IR spectroscopy
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supported by DFT calculations suggested a monotecd@rdination mode of the carboxylate
group to Ti, on the basis of a difference of >2@0'qin the range 210 to 351 chbetween
the CQ symmetric and asymmetric bands. These NHC-comigigold and gold-titanium
complexes were evaluated for their biological attiggainst renal, prostate, colon and breast
cancer cell lines. Co-localisation of Ti and Audnl:1 ratio was observed for the {TiAu}

complex with the SIPr ligand in PC3 prostate camedis.
T
N

N Cp2TiMe, .

i '>> Au—S O toluene/THF,RT [ > —Au
N N
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Scheme 12 Synthesis of heterobimetallic {TiAu} complexes fmoNHC gold(l) MBA

complexes; for the structures of the R groups ref&cheme 10.

Reaction of the 4AMBA complex [Rh(S84COOH)(PE#)s] with Cp*2ZrMez in a 1:1
molar ratio (in the presence of excess 3Pt suppress phosphine labilisation) gives the
heterobimetallic {RhZr} complex [CpZrMe(u-OCCsH4sS)Rh(PES)s], which reacts with 1
equivalent of water to give the corresponding hyato complex [Cp3Zr(OH)(u-
0.CCsH4S)RN(PE$)3].[58] These complexes dimerise in solution by disstion of PE,
giving the {ZrRhy} complexes, as shown in Scheme 13. The moleculactstes of these

complexes, which are almost identical, are showrign 34.
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Scheme 13 Dimerisation process in heterobimetallic {ZrRh}naplexes; X = CHor OH.

Fig. 35. Views of the nearly identical molecular strucsiad (a) the methyl (WETJEL) and
(b) hydroxido (WETJIP) heterobimetallic {RhZr} conexes [Cp3ZrX(p-

O2CCeH4S)Rh(PE#)3] (X = Me, OH).
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The reaction of [Cp*ZrMg with [{Rh(u-SGH4COOH)(PPh)2}2] or with
[Rh(SGH4COOH)(PE$)3] (Section 9) gives 32-membered macrocyclic ringsirgavthe
structure23.[58] The molecular structure of the RRierivative23a is shown in Fig. 36, while
that of the PEtanalogueé3b is shown in Fig. 37. In these complexes the zitgorcentres are
coordinated by one bidentate chelating carboxyigeend and one monodentate carboxylate
ligand. The phosphine group does not alter theadhvgtioichiometry of the metallomacrocycle,
but the thiolate groups occupy an exo positiorhefguckered four-membered {F83} ring in
the PPB complex, and an endo position in the Rierivative. This has a significant effect on
the overall geometry of the cavity, which is rhorhbedral in the PPyderivative (with internal
cavity edges of 3.31 and 4.70 A), while in the RBimplex the cavity comprises two smaller

cavities each with dimensions 0.87 x 3.80 A.
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Fig. 36. The molecular structure of the metallomacrocycléCp*.Zr{(u-
0O2.CCeHaS)Rh(PPB)2} 2)2] 23a (WETHUZ): (a) the complete molecular structure @indthe
core of the macrocycle with all but the ispo-carldoms of the PRHigands and all H atoms

omitted for clarity, and the Cp* groups shown askst
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Fig. 37. (@) Molecular structure of the metallamacrocyclgCp*2Zr{( -
0O2.CCeHaS)RN(PE)2} 2)2] 23b (WETJAH): (a) the complete molecular structure @ndthe
core of the macrocycle with all H atoms omitted dtarity, and the Et and Cp* groups shown

as sticks.

The macrocyclic dinickel compleX3 containing two nickel centres bridged by the
carboxylate group of 4MBA (vide supra) reacts WaitsPAuCI in the presence of NaOMe to

give the gold(l) thiolate comple2d4, Scheme 14, which was structurally characteriBag,38.
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The binding of the thiolate group to gold does sighificantly affect the dinickel macrocycle,
however the P-Au-S bond angle at 174° is somewbkatlinear than in BRAuSPh, i.e. 179°
[59], presumably due to steric effects and/or ®oghesence of an aurophilic interaction in the
latter, i.e. Au---Au = 3.16 A. The gold compl@% undergoes a reversible one-electron
oxidation process in electrochemical experimeriténg a mixed-valence NNi'' species.[38]
The redox chemistry of the parent thikd was similar, with additional features ascribed to

redox chemistry of the 4MBA ligand.

AuPPh, ]
SH S
B 1+
7N 7N
‘k'), PhsPAUCI/NaOMe ‘k'),
13 24

Scheme 14 Synthesis of the BRAu derivative of a macrocyclic dinickel compl2&from 13.
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Fig. 38. Molecular structure of the (EP)Au complex of the macrocyclic dinickel complk
(COYSAM) containing a 4MBA ligand bridging the twdi centres through the carboxylate

group, and the gold through the thiolate-sulphur.

15. Useof MBA ligandsin the functionalisation of metal chalcogenide materials

The bifunctional nature of 4AMBA has been utilisedthe derivatisation of metal
chalcogenide materials, allowing the introductidrcarboxylic acid/carboxylate groups onto
the surface of the material. This is of interestifoparting water solubilisation, as well as
providing a functional group (the carboxylic acalooxylate) which imparts further reactivity,
allowing coupling to other materials. While we hang attempted to provide a comprehensive
coverage of this field, selected examples are giveltustrate the general applicability of this
chemistry of MBA groups.

The modification of quantum dots derived from metalcogenide materials including
CdSe [60,61] and CdTe [62,63,64] has attractediqudait interest. As an example, CdSe
quantum dots protected with tri-n-octylphosphinégdexTOPQ) were treated with g&]BF4
to remove the TOPO protecting groups and providactivated, BE-stabilised quantum dot.
Subsequent treatment withh4MBA in THF gave 4MBA-derivatised CdSe quantum dags

shown in Scheme 15.[65]
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Scheme 15 Functionalisation of a CdSe quantum dot with 4MBA.

4MBA has been employed as a heterobifunction&klirbetween metal chalcogenide
guantum dots and metal oxides, such as betweero€@8Se and Ti@nanoparticles,[66,67]
or between CdSe and ZnO single crystal electro@8% [such materials are of significant
interest as an electrode in quantum dot-sensissdal cells. For the same purpose, multi-
walled carbon nanotubes have been functionaliséld palyaniline, which was then reacted
with H24MBA (resulting in an interaction between the anmgneups of the polyaniline and the
carboxylic acid) in order to derivatise the resyjtcomposite material with thiol groups that
could be used to adsorb CdS-coated CdSe quantusnjcjt

Lanthanide ions (EYi and TH*) have been immobilised onto CdS quantum dots
immobilised in a zeolite. Firstly, cadmium ion-eaciged zeolite was reacted with sulphide
ions to form the CdS quantum dot-loaded zeolitee TS was then derivatised through the
thiol group of a mercapto carboxylic acid, speaeilig 4AMBA, together with thiosalicylic acid

(2MBA) and mercaptoacetic acid (HSE@EDOH). Subsequent reaction with the*Lion in
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the presence of 1,10-phenanthroline (phen) gavéyhed zeolite-CdS-lanthanide materials,
as shown schematically #6.[70] The luminescence properties of these mategalld be
changed from white or pink to red upon changingrttercaptocarboxylic acid, attributed to

the different electron-transfer abilities of thélseee acids.

S 0
@RX%@
el U

HOOC

25

4MBA has been used as a linker in the constructif@hybrid material containing TO
(which is functionalised by the MBA carboxylate gps), CdS quantum dots, and a
polysiloxane material which is used to bind a Ipb@nanthroline-rare earth element (Eu, Thb)
group.[71] The use of an MBA-derived linker hasoaieen employed to link gadolinium(lll)

complexes to InP/ZnS quantum dots for use as MRirast agents.[72]

16. Use of MBA ligandsin the functionalisation of metal clusters, nanoparticles and
metallic surfaces
16.1 Metal carbonyl cluster derivatives

As for the isomeric 2MBA ligand,[1] 3SMBA and 4MBA@known to form a number
of carbonyl cluster derivatives with ruthenium aygimium. Li and Leong have investigated
the reactivity of the labilised osmium carbonylqresor [Og(CO).o(NCMe),] with 3MBA and
4AMBA, which gave the thiolato-bridged clusters §@O).o(u-H)(U-SCH4COH)] 26a and
26b in 73 and 68% yields for the 3- and 4-isomerg&esvely. Additionally, for the 3-isomer
the linked cluste?7 was isolated in 3% yield.[73] The X-ray structufelee osmium derivative
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of the 3MBA ligand26a has been reported and exists as a hydrogen-bamaabdxylic acid
dimer in the solid, as shown in Fig. 39. The X-satyicture of the bridged compouBdshows
the thiolate-sulphur bridging the Os—Os bond of @gecluster, while the carboxylate group
bridges the Os—Os bond of the second €sster, Fig. 40. Reaction of the more reactive
[Ruz(CO)2] with H23MBA and H4MBA gave the trinuclear thiolate-bridged analog@és
and26d in 61 and 27% yields for the 3- and 4- isomerspeetively. No linked clusters were

observed for the ruthenium system.

HOOC

S—_
@S/M(CO)3 I //OS(CO)3
\ ’ (0C);08<H
/H \
(OC)sM M(CO),4 Os(CO),4
M= Os Ru 27
3-isomer 26a 26¢
4-isomer 26b 26d

Fig. 39. Molecular structure of the 3MBA derivatiaéa (DIZHUQ) showing the formation

of a carboxylic acid dimer.
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Fig. 40. Molecular structure of the 3MBA derivati¥& (DIZJAY) showing the 3MBA ligand

bridging two Os triangles.

16.2 Well-defined non-carbonyl metal clusters containing MBA ligands

Small clusters of the coinage metals silver and gah be protected by thiolate ligands,
and such materials have attracted considerablatiattesince their initial development;[74,75]
the reader is referred to a number of reviews Haate summarised developments in this
field,[76,77,78,79,80] and here only a brief ovewis given. As a thiol with a para-substituted
carboxylic acid group providing further functiongli H4MBA is well-known to act as a
stabiliser for metal nanopatrticles such as gold 8t silver.[82]

The general methodology for the synthesis of galdters involves the reduction of a
Au(lll) precursor (e.g. AuGl) to Au(l) using thiol, followed by further reduot to gold(0)
using NaBH. However, poor reproducibility in nanoparticle esidistribution has often
hampered the development of such materials. In sa®es however, well-defined compounds
with atomically-precise cores (i.e. with a well-ohefld number of gold atoms in the metal core)
can be obtained. Such materials are describedsnSection, with a particular emphasis on
compounds that have been crystallographically changed. However, there is inevitably
some overlap with those studies described in theeqquent section, where metal nanopatrticles
protected by MBA ligands are described. In somesdéisese may be atomically precise, but

are not reported as such.
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The earliest synthesis of well-defined gold clustprotected with thiolate ligands
concerned the synthesis and structural charadiensaf [Auzs(SR)s]” (R = PhCHCH).[83]

A computational study explored the predicted striret and electronic properties of a series of
related 4-thiophenolate derivatised clusters oftipe [Aws(SGHaX)1g]” where X = H, Cl,
NO. and the 4MBA derivative where X = COOH. The MBArigative was predicted to have
the most distorted AgS:s core geometry; this was correlated with a redud@&MO-LUMO

gap with a consequent effect on the optical absor@pectrum.[84] In another computational
study, the effects of ligands (including 4MBA) dretstabilities of a range of thiol-stabilised
gold nanoclusters of the types [A(BR)s], [Auss(SRp4 and [AuoASRu4 (SR =
SGH4COOH) were explored.[85]

The use of CO as a mild reducing agent (in pladgbeMmore reactive NaB#ihas been
employed in a study of the reduction kinetics of WA in the presence of dMBA, giving
atomically-precise [Aes(3MBA)1g]” nanoclusters in estimated >90% vyield. The ESI mass
spectrum of the isolated nanoclusters showed twakgeat approximately m/z 2850
(corresponding to 3- ions) and 3870 (corresponding- ions), with both attributed to the
[Au25(3MBA)1g]” species. The work also allowed the identificabba total of 29 intermediate
gold(l) species of the general composition JABRNCIp]9 using ESI MS, such as
[Au3(SR:CI]" which is susceptible to reduction by CO. A randestable nanocluster
intermediates, of varying nuclearities, were alssevved.[36]

4MBA has been used to stabilise /Aganoparticles, which were obtained on a large
(multi-gram) scale as a pure product and foundetdilghly stable.[87,88] The formation of a
truly single-sized nanoparticle product is rarethe area of nanoparticle synthesis, and is
attributed to the high stability of the nanopa#ggl structure. The synthetic methodology
involved the reaction of aqueous Agklwith an ethanol solution of 4MBA. Following pH
adjustment to pH 9 (preferably using CsOH) to siikdthe Ag thiolate precursor, followed

by adjustment to pH 12 to stabilise the produatuction with NaBH gave a dark-red solution
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containing the MAg44(4MBA)30 with the carboxylate groups in salt form. Theseensolated
by precipitation with DMF, followed by protonatiowith acetic acid giving the final
M4sAg44(4MBA)30 product (containing a mixture of alkali metal ceemions M). It was found
that a coordinating solvent (such as DMSO) protétite nanoparticles, which were best stored
as damp rather than dry solids. Crystals of theusodalt NaAgs4(4MBA)30 were obtained
from its DMF solution, and the X-ray structure bétproduct is shown in Fig. 41. The silver
core of the cluster comprises a hollow icosahedvighin a dodecahedron, resulting in 32-
silver excavated dodecahedral core, having icosahegmmetry. The core is capped by the
remaining 12 Ag atoms in the form of six A ‘mounts’ (three-dimensional decorations of
the core). ESI mass spectrometry of the crude mtodave various ions consistent with a
uniform cluster size, viz. [Ag(4MBA)30* at m/z 2336 and the fragment ion [A@MBA) 2g]*>

at m/z 2975, formed by dissociation of [Ag(4MBR)

Fig. 41. X-ray structure of the sodium salt of theségluster, NaAgs4(4MBA) 30 (XIMHOS).

Na’ cations, H atoms, disordered component and urfigaksblvent are not shown.
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The 3MBA analogue28 containing a nitro substituent has been used tbilis&
monodisperse silver nanoclusters having the cortipngiAgs4(SR)o™, prepared by NaBH
reduction of an AgN®&thiol mixture. The nanoclusters were characterisgd variety of
technigues and found to be stable for at least moeths under ambient conditions.[89]

COOH

HS NO,

28

Molecular dynamics simulations have been carrig@doucosahedral Aunanoclusters
that are surface-coated with 60 4MBA groups in e&ggjueous solutions containing a range of
cations and anions. The behaviour of the nanockistas predicted to be alterable by changing
the pH and solute ion combinations, which may beftettive way of modulating the tendency
for such nanoclusters to aggregate in solution.[90]

The most intensively studied of the discrete gtddters capped by MBA ligands is the
large cluster Awx4MBA)44. This was initially prepared as a minor componehtao
nanoparticle mixture, and has been obtained asestmgstals from a solution containing 40%
methanol, 200 mM NaCl and 100 mM NaOAc at a pH.5f[21] An improved procedure by
the same research group subsequently gave the cohpohigh yield (50-70% conversion of
HAuUCIs to Auio(4MBA)44) and purity; the methodology involves reactionasf aqueous
methanol solution of HIMBA, NaOH and HAuC] with NaBH,, followed by a sequence of
precipitation-centrifugation-dissolution steps.[92]

Au10(4MBA)44 has been structurally characterised, Fig. 42.J91 structure has the
central gold atoms in a 49-atom Marks dodecahedgsonpunded by layers of gold atoms.
Alternatively, the Marks decahedron can be vieweé\e twinned fcc or hcce crystallites; the
Au-Au distances in the core (2.8 to 3.1 A) corresfsowith the distance in fcc metallic gold

(2.9 A). The gold atoms in the core (which do maeiact with the MBA ligands) all have 12
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nearest neighbours, but those near the surfacedeween 2 and 11 nearest neighbours. The
4MBA ligands interact strongly with the gold atorasd also interact with each other (through
Tt - Ttinteractions of phenyl rings, T-stacking of phengts through C—H-reinteractions and
S---Ph interactions) forming a rigid surface cagtinthe nanoparticles. The structure can also
be viewed as an Ag(MBA) 44 layer (with each gold interacting with two thiaatto form the
so-called ‘staple motif’), surrounding a core ofg@d atoms, and the cluster can therefore be

represented as AgiAu23(4MBA)44].

Fig. 42. Structure of the 4MBA-protected cluster [B#4MBA)44 (TORDEK). H atoms are

omitted.

The structure of ALb{MBA) 44 is chiral, with both enantiomers present in thestal;
nanoparticles interact in the crystal through cayho acid hydrogen-bonding interactions, in

some cases involving water molecules.[91] A partgblution of the enantiomers has been
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achieved using a chiral phase transfer methodretyethe chiral ammonium sal)-1R,2S-

N-dodecyl-N-methylephedrinium bromid29 facilitates phase transfer from water into
chloroform. At low concentrations (ca 0.5 mg W lof the ammonium saR9, partial phase

transfer of one enantiomer occurs, and the aquaodhloroform phases both show optical
activity with near mirror image relationship, due the formation of diastereomeric salts.
However, at high ammonium salt concentrations, filase transfer occurs, although the
chloroform phase still shows optical activity, whiovas rationalised by one of the

diastereoisomers having very strong optical agtij@8]

OH Me Me

\C12H25-n Br

29

A large number of studies have concerned the ptieseand potential applications of
the Auo(4MBA)44 gold cluster. A number of computational investigas, employing density
functional theory (DFT), have explored the struatand electronic properties of Ad(SRu4
clusters, yielding results in agreement with theezimentally determined structure.[94,95]
The studies predict an energy gap of approxim&&eV upon adsorption of MBA molecules
onto the gold core, and that the stability of thegecies is due to a combination of the staple
motif, stability against dissociation and a sigrafitt HOMO-LUMO separation. The stability
of this cluster has been described by a “noblesgagr-atom analogy”.[96] The relationship
between Auw4MBA)44 and large metalloid clusters of gallium and aluomm has also been
explored.[97]

The ESI mass spectrum of A4MBA)44 showed a series of ions having m/z ratios

that correspond to a series of ions in differemtqmation states, while MALDI TOF mass
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spectrometry showed a broad peak at around 22,@0€oDsistent with a species containing
102 Au and 44 S atoms.[92] The UV-visible spectafmMuio(4MBA)44 shows a peak at 269
nm due to the 4MBA ligand, but no surface plasnesonance band, consistent with other gold
clusters < 2 nm in size.[92] A detailed vibratiospkctroscopic study of the compound in the
mid-IR to UV region has also been carried out.[98]

The AuoA4MBA) 44 cluster undergoes a thiolate-exchange reaction tgection with
4-bromobenzene thiol, BeBsSH, giving the partly-exchanged cluster
Au10(4MBA)40(SCsH4Br)4. The structure of this compound was determined¢chvihowed
that 2 of the 22 symmetry-independent MBA positiomslergo rapid exchange.[99] These
observations suggested that theiA4#MBA)44 cluster should be a very useful substrate for
further modifications via thiolate-exchange reaasioFor example, the As(4MBA)a4 cluster
has been successfully conjugated to biological oudéss, via thiolate-exchange reactions, to a
single chain antibody fragment containing an exgosgsteine group, and to a 14-residue
oligodeoxyribonucleotide that had been modifiechveih SH group.[92]

Larger 4AMBA-protected gold nanoparticles contagnid4 gold atoms are also known.
[Au144SCGH4COOH),] was prepared by NaBHeduction of an aged, alkaline solution of
HAuCls and H4MBA, and proposed to be related to the crystadipbically-characterised
[Au10(SCsH4COOH)4] cluster (vide supra).[100] [Au(SCGHsCOOHX() is also known and
has been isolated as hexagonal-plates, and chasadtdy MALDI TOF MS.[101] These
Auissclusters were used in bioconjugation studiesgfample to conjugate a thiol-based small
molecule SDC-1721 via a simple thiolate ligand-exuaye reaction, where the resulting
conjugate effectively inhibited HIV-1 fusion to ham T cells.[100] Conjugates with proteins

and DNA have also been investigated.[102]
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16.3 Metal nanoparticles

As described in the preceding section, 4MBA hashmsed in the synthesis of thiolate-
protected metal clusters that are atomically peedssignificant number of studies have also
concerned the synthesis and applications of MBAgmted metal nanopatrticles of less well-
defined metal nuclearity, such as in the use oh@MBA-capped gold seeds in the synthesis
of gold nanorods.[103]

An improved procedure for the synthesis of Au nambgles protected with 3MBA or
4AMBA (or other thiols) involved reaction of HAuQNith the thiol in methanol, giving a white
precipitate, which was allowed to equilibrate at p#Hat room temperature for 16 h, followed
by reduction with NaBHifor 4.5 h, which gave uniform-sized, water-solulptéd nanoparticles
that were stable for years in water. The ratiolebltto gold determined the size of the
particles.[104] 4AMBA-protected gold nanoparticles @lso be prepared using ‘size-focusing’.
The resulting nanopatrticles were separated usihgugiication and found to have sizes in the
range 1.5-2.5 nm, with three large nanopatrticlesiraving masses of 23, 51 and 88 kDa.[105]

The carboxylate groups of MBA ligands affords wadelubility to the nanoparticles,
and a study of the interfacial chemistry of 4MBAsfacted gold nanoparticles has
demonstrated the effect of pH on the propertigh@de nanoparticles. An aqueous solution of
4MBA-protected gold nanopatrticles with a mean s& nm at pH 9 is red; adjustment of the
pH to 2 resulted in the formation of a thin-film mdnoparticles at the water-heptane interface,
with the film adhering to the hydrophobic wall dktglass vial. Adjustment of the pH of the
aqueous phase back to 9 resulted in the re-digpen$ithe nanoparticles in the aqueous phase,
restoring the red colour. Interestingly, for 4AMBApped nanoparticles with a larger mean size
(16 nm), the interfacial film of nanoparticles fagthat pH 2 was not re-dispersed back into the
aqueous phase when the pH was adjusted to 9.[106]

Surface-enhanced Raman scattering (SERS) spempywsan MBA-functionalised

metallic nanoparticles has been an area of corabberinterest.[107,108,109] In this
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application, the MBA group is used as the Ramaiv@ceporter molecule. MBA-capped metal

nanoparticles have also been employed as a componsiiica-coated metal nanoparticles

which are then further derivatised with quantunsdotprovide hybrid SERS and fluorescence
dual mode probes, for example in cancer cell targg¢i110,111,112]

As an example, 4MBA-protected gold nanoparticlegehzeen used to develop a “turn-
off” bio-sensing method based on SERS for the deteof thrombin.[113] In this work, the
synthetic arginine-based oligopeptide, Arg-Arg-Axg-Arg-Arg-Arg-Arg-Arg (Arge) was
used as the thrombin substrate. In the absentearhbin, Arg induces the aggregation of the
4AMBA-modified Au nanoparticles, via electrostatitractions between the negatively-charged
nanoparticles and the positively-charged argininugs. This results in a large
electromagnetic coupling effect produced an enhaeot of the SERS activity of the 4AMBA.
However, when Argis treated with thrombin, it is hydrolysed intogdragments, which have
a much weaker interaction with the Au nanopartictesulting in reduced aggregation, and a
concomitant reduction in SERS intensity. The desgaea SERS intensity can therefore be used
as an assay for thrombin. Other morphologies haen bMBA-functionalised for SERS
applications, including gold nanostars, [ 114, 1156 JLisilver nanowires,[ 117 ] gold
nanowires,[118] silver-gold nanowires [117] and dyalanotubes.[117] 4MBA on silver
nanoparticles has been encapsulated in a 30 nik-8i1@ layer having small pores. This
functionalised surface allowed pH to be determittedugh SERS detection of the 4MBA
group. An advantage of this methodology was that3®> encapsulation prevented bovine
serum albumin molecules from interfering with theface 4MBA groups. These functional
silver nanoparticles were successfully taken ufMiyg J774A.1 macrophage cells, permitting
determination of the pH of the local environmentinigiendocytosis.[119]

As previously described for metal chalcogenide niete MBA-functionalised metal
nanoparticles can also be coupled through the gglib@acid moiety onto other materials. For

example, raspberry-like gold microspheres have beéenvatised with 4MBA, and the
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consequent particles then immobilised on an inditmoxide (ITO) surface that had been
functionalised with amine groups by derivatisatiaith HoN(CH>)3Si(OMe), with the
interaction of the carboxylic acid and amine groupsoviding the immobilisation
pathway.[120]

AMBA-modified metal nanoparticles have been extatg employed in analytical
chemistry, for example in the colorimetric deteratian of metal ions. Here, the aggregation
of the nanoparticles mediated by the metal ionltegn a colour change, which can be
determined spectrophotometrically. For example, AMBodified silver or gold nanoparticles
have been used in the determination of*dans; in the case of the Ag nanoparticles the
concentration of Cii could be determined by a colour change from brygiibw to purple, as
represented in Scheme 16.[121] Silver nanopartitledified with R4MBA and melamine
have been used in the colorimetric determinatiodMaf* ions; there the additional use of
melamine resulted in additional selectivity over BM alone.[122] Similarly, H3MBA-
modified Au nanoparticles were shown to aggregatthé presence of & PI¥*, Cdf* and

Al®*ions.[123]

: _COOH COOH HOOC
S s’ ¥
SN S S

COOCH COOH HOOC

Q

Scheme 16 Schematic diagram showing the aggregation of 4M@&#ctionalised silver

nanoparticles in the presence of copper(ll) ions.

p-Type silicon (100) wafers have been used ashatsate for deposition of a 4MBA

SAM by simple immersion in an ethanolic solution-b#MBA. The resulting SAM was used
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as a substrate for the deposition of crystallingsBthin films, by reaction of Bf ions and
thiourea in an aqueous acidic solution.[124] Trealteng BbSs crystals were found to have a
rectangular paralleliped shape, with preferentralrgh in the [001] direction; this contrasted
with Bi>Ss deposited on an unfunctionalised surface, whictméal as quasi-spherical
polycrystalline particles.

4AMBA has also been ‘embedded’ in metal nanopagialithin metal layers. Thus, gold
nanoparticles functionalised with 4AMBA were usedaasibstrate for the colloidal deposition
of silver. After addition of a thiol-terminated pgholipid (which was considered to replace
some of the MBA molecules) and encapsulation ofrtheoparticles in polystyrene-block-
poly(acrylic acid), core-shell nanoparticles withleedded 4MBA molecules were obtained, as
shown in Scheme 17. These materials had a largeSS&fRancement as a result of the
embedded MBA molecules.[125]

Ag deposition
Au >

\

4MBA-protected
Au nanoparticle

Scheme 17 Formation of polymer-encapsulated core-shell Ag@noparticles.

There are many other applications of MBA-functitsed metal nanoparticles that have
been utilised in the analysis of biologically-aetwmolecules through SERS measurements, and
developments in this area have been reviewed.[ I26dmples include analysis of the
neurotransmitter dopamine using ferrocene-cappedld gmanoparticle/streptavidin
conjugates,[127] identification of anti-biotics [&R and aflatoxin B1,[129] as well as

application in live-cell imaging.[130]
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The 3MBA-derived Oscluster [Os(CO)o(p-H)(3MBA)] 26a has been used to modify
silver nanopatrticles; TEM analysis showed the presef spherical particles with an average
size of 2.9 £ 0.6 nm. Evidence for the cluster-nrticle interaction was provided by: (i) a
red-shift of the UV-vis absorption band, (ii) EDXextra, which showed the presence of Os,
Ag and S; (iii) IR spectroscopy, which showed dtshithe G=O stretching band, indicating
the surface interaction to be through the carbd&yaoup; and (iv) ToF-SIMS, which showed

ions such as [QECOW(p-H)(u-S)] (n = 1-10).[131]

16.4 Metal surfaces

The chemistry of EBMBA, and especially HIMBA, on metal surfaces is extensive,
and a brief discussion of this field follows on uradly from the applications in cluster and
nanoparticle derivatisation. Although no attemps l@en made to provide comprehensive
coverage herein, the following discussion servesillicstrate the importance of the
heterobifunctional MBA ligands in modifying the $are properties of metallic materials, and
acting as linkers, affording functional materiagés/img practical applications.

H24MBA is well-known to form stable, self-assembledmuolayers (SAM’s) on gold
and silver surfaces. An IR spectroscopic study 8AM of 4MBA on gold showed that the
carboxylic acid groups show characteristics ofasal gas-phase molecules viz. a sharp O-H
stretching band, together with a non-hydrogen-bdnd€=0O stretch.[41] These
conformationally-rigid monolayers contrast with nRogid SAMs formed by w
mercaptoalkanoic acids, which showed spectra featiypical of hydrogen-bonding involving
the carboxylic acid groups. A detailed study by M/et al. [132] has investigated the formation
of SAMs from the three isomericcMBA molecules on gold. Wells et al.[132] and Creage
and Steiger [41] report a main shamQstretch at 1747 ¢ together with a shoulder at 1710

cml, corresponding to molecules that are respectias$pciated and unassociated within the
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SAM. This behaviour has been summarised by Zandereasd van Zee.[133] A comparison
with the SAM formed by EBMBA showed a band at 1730 &ncomprising several peaks,
indicating that the carboxylic acid is participgtinin various hydrogen-bonding
interactions.[132,133]

A more recent study investigated the surface chieyro$ H4AMBA self-assembled on
Ag(111) surfaces, and on Ag nanoparticles, usingay-photoelectron spectroscopy,
electrochemical methods and high-resolution trassimin electron microscopy, coupled with
computational methods (DFT). The SAM o4 BA molecules on the Ag(111) surface
assembles in &3 x 4 lattice with coverag@ = 0.25.[134]

Surface-enhanced Raman scattering (SERS) spegiyosmo MBA-functionalised
metallic surfaces, like the analogous applicatioagg metallic nanoparticles, has been of
considerable interest. Studies of 4AMBA monolayer\g and Au surfaces gave evidence for
the 4AMBA molecules adopting a tilted arrangemermlhwespect to the surface when the surface
modification is carried out in agqueous solutionsettral to alkaline pH values, and with low
concentrations of HIMBA. In this situation, the MBA molecules were saiered to interact
with the surface through both S and Ogdoups. However, at higher 4AMBA concentrations
(>10% M) and/or use of acidic pHs, the 4MBA moleculesvéhaa more perpendicular
arrangement, and the carboxylate groups are praia35,136] The bonding of 4MBA to
silver was interpreted in terms of multilayer agdmn supported by the Freundlich isotherm
model; this multilayer adsorption contributes te 8ERS effect.[136]

In another study,[137] SAMs formed from4MBA on gold surfaces have been
characterised using cyclic voltammetry and Foutransform infrared external reflection
spectroscopy. The electrochemical studies showagdltle application of an electric potential
allows the carboxyl group to be protonated or deprated, dependent on the pH of the
electrolyte. The formation of surface salts (with"N<* or C&* ions) was explored, with a

ions quenching the field-driven protonation/depnatiion, leading to a stable carboxylate salt
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thin film. The possibility of using a 4AMBA SAM onotg for investigating the surface
complexation of Cu(ll) was investigated, but weorirfd to be unsuitable because of the
orientation of the MBA ligands.[138] SAMs of:BMBA have been prepared using porous
alumina membranes that were coated with gold uaimglectroless process; the resulting
SAMs were characterised using SERS.[139]

A 4MBA SAM on gold has been used as a substrat¢hrelectroless deposition of
copper metal, using a basic copper sulphate salutithe presence of sodium hydrogentartrate
and formaldehyde. In contrast, a bare gold surface SAM derived from 3MBA, did not
deposit copper, indicating that the presence argitipo of the carboxylic acid group is
important in facilitating metal deposition. A micantact printed surface of 4MBA on gold
deposited copper only on the printed surfaces.[133]

In an interesting application involving scanningrelling microscopy (STM), gold tips
were derivatised with MBA. The resulting chemicaihpdified tips were then used in order to
detect the ester group of palmityl palmitate,s(H2)14COO(CH)1sCHs, which was adsorbed
at the interface between highly orientated pyrolydraphite and phenyloctane. Such tips
enhanced the contrast between the ester and me¢hgeups in the compound, due to
hydrogen-bond formation facilitating electron tuting.[140]

The dinickel(Il) macrocyclic compound derived frottpdMBA, [NioL(HMBA)] * 13 as
its perchlorate salfsee Section 10) has been grafted onto an Au(lidd)escrystal using a
dichloromethane solution, as shown in Scheme 18.438 The resulting grafted macrocyclic
complex was investigated using scanning tunnellmicroscopy (STM) and X-ray
photoelectron spectroscopy (XPS), showing the ftionaf large monolayers, with additional
granular structures, anchored via the usual Aut8&adntion, and showing a height of around

1.5 nm.

78



SH O O

ClO4

13

Scheme 18 Schematic diagram showing the immobilisatiorhefinacrocyclic dinickel 4AMBA

complex13 onto a gold surface through the 4MBA thiol group.

Finally, L3MBA and H4MBA have been explored (along with a wide rangetbér
organic molecules including organic acids, hetecbcycompounds and thiol-acids) for their
applicability as corrosion inhibitors towards tHamainium alloys AA2024-T3 (containing a
higher copper content, 5.3% Cu) and AA7075-T6 (ammhg a higher zinc content, 5.4%).
H24MBA was found to be an effective corrosion intabitor both alloys, while bEBMBA was
a poor inhibitor for AA2024-T3 and accelerated osron in the case of AA7075-
T6.[142,143,144] Experimental work has been suppldged by computational studies, which
investigated ionisation and deprotonation energgemdicators of the effectiveness of various

small molecules (including 4MBA) as functional coatings.[145]

17.  Conclusions
The 3MBA and 4MBA ligands have an extensive coation chemistry, though there
are fewer examples of compounds compared to tihesiso 2MBA (thiosalicylate) ligand, and

complexes of some elements are not yet representgdrticular for the main group elements.
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In part this is due to the inability of the 3- addisomers to chelate metal centres, as is
widespread for 2MBA. The 3MBA and especially the BiMligands do however possess a
rich structural chemistry when bound to a metahasono-anion through sulphur, with the
resulting carboxylic acid group(s) participatingextensive hydrogen-bonding interactions in
the solid-state. Furthermore, the 4MBA ligand haerb shown to act as an effective
heterodifunctional linker, bridging soft metal ce# (gold, rhodium) with hard centres
(titanium, zirconium), and it also finds applicat®oin the functionalisation of both metal
clusters, nanoparticles and surfaces, as well dal mlealcogenide and other materials. It is
clear that the 3MBA and 4MBA ligands possess a cmbrdination chemistry, and many new

discoveries can be anticipated using these ligands.
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