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Abstract

The bridging behaviour of deprotonated heterocyclic thiones, the heterecyclic thionates, is
reported. The anions are effective bridging ligands among binuclear, trinuclear, tetranuclear,
hexanuclear and polynuclear metallic species. The metals involved are mostly from the second
and third series of transition metals together with some from the first transition series. Some
examples involving main group metals are also included.

The anionic ligands included in the review mostly involve the monothionat. derivatives of
pyridine, imidazole, triazole, quinoline, thiazole, and thiadiazole derivatives. Dithionate deriv-
atives are few in number and are limited 10 p,-S,N bridging pyrimidine and p,-S.S bridging
1.2,5-thiadiazole bases, Several bridging modes are described. These may involve the exclusive
use of the thionate sulphur atom in the rare edge-bridging, p,-S(n2-S), of two metat centres,
Alternatively, both the sulphur and the nitrogen atoms of the thioamide groups may be
involved in the formation of ¢ither binuclear double-bridging, pa-(n*-8:n'-N), or binuclear
triple-bridging, ,-(n>-8S:in'-N) systems, Trinuclear face-bridging, pe(n>-Sin'-N). ligands
occur among trinuclear, tetranuclear and octahedral complexes. Refatively rare tetranuclear,
(-8 N), bridging ligands generate polymeric aud ofigomeric complexes, Combinations
of similar, or different, bridging arrangements are also involved in the fonmation of double
or multiple bridges among binuclear and polynucicar metal centres.

Preparative routes, vibrational and electronic spectra as well as the clectrochemistry of the
complexes are described and discussed. Isomeric fomms of the complexes, arising mostly from
4 combination of the bifunctional and polydentate charaetor of the bridging lipunds 1owards
the metal centres, ave tlso described and discussed.

The review emphasises the structures and dimensions devived from the N-ray erystallo-
graphic study of a farge number of binuclear and polynuclenr complexes. The eflect of
deprotonation and coordination on the dimensions of some of the parent ligands is abso
reported and discussed. Some structures, as well s some structural changes. derived from
solution NMR spectra, are also reported, © 1997 Elsevier Scicnee S.A.

Kepwords: Binuclear and polynuclear metal complexes; Bridging heterocyelie thivnate ligands;
Molecular geometry: Preparations and spectroscopy
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Major ligand abbreviations

py2SH pyridine-2-thione
py4SH pyridine-d-thione
tepSid thiocaprolsctam (hexamethylenehnine-2-thione)

im2SH, 1. 3-imidazoline-2-thione



imzdSH.,
bzimSH.,
pym2SH
pymd,6(SH),
pym24(SH),
tucH,
dtucH,
cytSH

trzSH,
qun2SH

tzSH

bztzSH
FANTE

R PR
1.2.51d2(5H ),

bzoxSI
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1.3-imidazolidine-2-thione
benzo-1,3-imidazoline-2-thione
pyrimidine-2-thione
pyrimidine-4,6-dithione
pyrimidine-2,4-dithione

2-thiouracil (4-oxopyrimidine-2-thione)
2 4-dithiouracil ( pyrimidine-2.4-dithione)
thiocytosine (4-aminopyrimidine-2-thione)
1. 24-triazoling-3( 5 )-thione
quinoline-2-thione

1. 3-thiazoline-2-thione
benzo-1,3-thiazolineg-2-thione

b 3-thiszolidine-2-thione

1.3 4-hiadiazole-2-dithione

1.2 5-thiadiazole-3.4-dithione

benzo-1.3-0xazoline-2-thione

477

(Alkyl, aryl, amino, trialkylsilyl and other derivatives are distinguished from the
parent heterocycle by the addition of suitable prefixes, e.g. me., ph, am, SiR, ctc.,
to the above abbreviations.)

Miscellancous abbreviations

dppmy  bis(diphenylphosphino)methanc

dppe  bis(diphenylphosphino)ethane

COD  cycloocta-1.5-diene

nbd norborna-2,5-dienc
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tfbb tetraflurorobenzo[ 5,6 1bicyclo{2,2,2]octa-2,5,7-triene
(tetrafluorobenzobarrelene)

py pyridine

thf tetrahydrofuran

1. introduction

The first part of this review [1] dealt with the monodentate (n'-S and n'-N) as
well as the S,N-chelating character of heterocyclic thionates. This second part is
concerned exclusively with the behaviour of heterocyclic thionates as bridging ligands
in binuclear and polynuclear complexes. The review is intended to be comprehensive
in character with the literature surveyed from about 1980 to the summer of 1996.

The relationships between multinuclear metallic complexes, homogeneous cataly-
sis, magnetic cxchange phenomena and metalioprotein chemistry have been explored
by many authors {2,3]. Macrocyclic dinucleating ligands, which are capable of
bridging two metals in close proximity, have served as the essential precursors of
homo- and hetero-bimetallic compiexes since 1970 {4), However, the range of bridg-
ing ligands has been extended considerably in recent years. Some recent examples
include diphosphines, with the P-C,-P skoleton [5], as well as diphosphinoamines
and cyclodiphosphazenes {6]. Compartmental ligands, derived from a variety of
mostly Ketonic precursors, have also been developed and employed., together with
phosphorus containing ligands, in the successful peneration of bimetallic complexes
[7.8]. The increasing use of alkyl and arly thioltes has also broadened the range
of bridging bgands and made sulphur-bridged polynuciear metallic systems more
aeeessible [9.10].

Aromatic mitrogen containing heterocyclic molecules, such as dinzines and azo-
lates, have been increasingly used in a variely of bridging capacities in recent yeurs
[ 11]. Bi-heterocyclics such as 2,2%-bipyridine are efiective N,N'-bridging and chelating
ligands towards copper and other metals [11,12]. The growing interest in the pro-
duction of self-assembled inorganic clusters has given rise to the design of specific
open-Chain bridging heterocyclic higands [13]. A variety of heterocyelic amides,
including some thivamides, have been used to bridge multiply bound bimetallic
clusters [14).

The exiensive use of heterocyclic thionates as bridging ligands stems from the
presence of the thioamide N-C -8~ group, in o variety of heteroeyclic environments.
The involvement of thicamide sulphur and nittopen atoms enable the formation of
either 1,-8 or 1-5,N bridges between binuclear and polynuclear metal centres. The
parent ligands adopt the thione form in the solid (Ta) but may exist, at least in part,
as twe thiol form (Ib) in solution. particularly in non-polar solvents [ 14].

Deprotonation of the parent thione is readily achicved in a variety of agqueous
and non-agueous media {1} As in Part | the term heterocyclic thionate (Ie) is
dehiberately chosen so as to avoid conlusion with alky! and aryl thiolates, as well as
related figands. Complexes of organo-thiolate hyands are. however, constantly used
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for comparative purposes in this review. An additional advantage of the nomencla-
ture is that it relates the anion directly to the principle tautomeric form of the parent
molecule (sec abbreviations section). The heterocyclic thionates most frequently
involved as bridging ligands are shown in (II) in their commonly deprotonated

forms.
Most of the ligands are monothionate in characier and are derived primarily from
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imidazole (1kn), pyridine (1ic), pyrimidine (11d). 1.3.4-triazole (11b). quinoline (1'g).
E.3-thinzole (1th) and 1,2 4-thiadiazole (11f) bases. Somie double-bridging, p-S.N.
dithionates are also reported but they are mosdy limited to pyrimidine derivatives
such as 2d=dithiouracil (Mdiv) and to 1.2, 5-thiadinzole- 3 A-dithionate (11§) which is
a rare example of an §,8-bridpng heterocyelic thionate. A rare  trithionate,
syl 3, 5-trinzoline-2,4,6-trithionate (11£) 15 devived from thiocyamie acid and
reportedly functions as a bridging tris-chelating ligand (see Section 2.1 1tis howeser
a relatively neglected ligand, despite its bridging potentiat,

With both thionate sulphur and thioumide nitrogen atoms avaitable for coordina-
tion heterocyclic thionates are versatife, clectron rich, bridging ligands (1),

J L L
N\ Nf N N/ §
\

S
-~ \M MM J,
() {h) ()

M

Binuclear bridging, in cither single or multiple combinations. is achieved by the
relatively rare, edpe-bridging, 1,-8,13-8) system (1a) and by the much more
comman jeS.N(M -8 N ) (5eb) system. Both of these examples are thiee electron
donors. The binuclear winie-bridging system, u,-S.N(>-S:n'-N) (Me). is a five
electron donor and is simatancously n-S bridging and S, N-chelating. This arrange-
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(1)

ment generates & unique combination of three four-membered rings around the
central metals in bimetallic complexes (see Section 2.3.3.3. The trinuclear triple-
bridging system, py-S,N(n2-Sin!-N) (1Ild). is also a five-clectron donor. This system
is ideally adapted for coordination to individual triangular metallic clusters (sce
Section 3.2 as well as for the triangular laces of tetrahedral (see Section 4.2 and
octahedral (see Section 5.2 metal aggregates. Maximum involvement of the thionate
sulphue stom’s valence clectrons produces the extremely rare tetranuclear bridging,
e SIN(S SN system (He), a seven-electron donor. An exclusively sulphur
donating trinuclear triple-bridging py-S(1*-8) system (M) is also possible but has
currently not heen teported. As has been observed in thiokire chemistry, the greater
the electron imvolvement ol the thiome sulphur atom the fewer are the reported
vomplexes, Typical of this generalisiation is the fact that the pe-S.N bridging anion
has been shown to be an effective means of linking disercte tetranuclear metailic
aggregates into polymetallic species in only one instanee (see Scetion 4.2, More
examples ol this type of bridging must surely arise in the future,

Configurational isomerism is common @ nong binuclear complexes with two and
four, louble-bridging. p,-S,N, ligands (see Sections 2.3 and 2.5. Such arrangements
generate pairs of “head to head” and “head 1o wil” isonxers (see Section 2.1
Pyramidal inversion about coordinated sufphur is & common cause of fluxionality
among thiokite complexes [16]. Among binuclear heterocyclic thionate containing
complexes, low coergy conversion between j,-8.N and p,-8(n?-8) bridging modes
(1V) is also an occasional cause of fluxionality.

The structure of this review is bused upon the increasing nuclearity of the com-
piexes. Subsidiary classilications involve a flexible combination of the aumber of
bridging ligands, metal coordination numbers, compound stoichiometry and the
type of bridping ligand. Some flexibility is required because some complexes contain
more than one type of bridging ligand. In this case the complex is categorised with
those complexes that contain the most extensively bridging ligand. Some approxima-
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tion of the coordination number is also required in the presence of terminal organo-
metallic dienes,

As in Part | the review describes the preparation as well as the vibrational and
clectronic spectra of the complexes. The redox chemistry and electrochemistry of
the complexes are also included wherever possible. The isomeric possibilities arising
from the bifunctional character of the ligands are described and discussed. In
particular, the review emphasises the structural chemistry of the complexes obtained
primarily, from X-ray crystallographic studies. The effects of deprotonation and
coordination on the thioamide dimensions of the parent ligands are reported and
discussed, especially for pyridine and 1,3-thiazole derivatives, Some structures, as
well as dynamic struetural changes, derived from solution NMR spectra, are also
reporied,

2. Binuclear complexes
21 hiroduction

Interest in hinuclear metablic complexes has heen sustained at a bigh level since
the early 19703 and the literature is now enormous, Many reviews are now avinfable
that survey neutral, anionic, symmetric and bifunctionul bridging ligands of both
homometallic und heterometallic systems.

Among bridged binuclear complexes with heterocyclic thionate ligands the number
of bridging ligands may range from one to four. Homolepticity among the complexes
is rare and limited mosty to the {M,thet-8,N),] species, For the remaining complexes
the courdination at the metal is made up of various combinations of terminal
monodentate (halide, carbonyl, phosphine), chelating (1.2-diaminocthane, heterocy-
clic thionates) and organometailic (allyis, dienes) ligands. With bitunctional ligands,
such as the heterocyclic thionates, there are numerous isomeric possibilities.
Furthermore, they may also be complicated, on accasions, by the occurrence
of conformational isomerism  among  terminal  chelating  lgands, such  as
1.2-diaminoethane, as well as by the presence of other bridging ligands.

With two bridging ligands both head-to-tail and head-to-hiead isomers are possible
in either rans-retated planar “A-frame™ (Va, b) or cis-related non-planar forms ( Ve,
d). A varicty of 1erms have beent used to define the cis-related isomeric torm, notably,
“open=book”, ace-to-face”, “vicinal” and “cradle™.
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trans; head-to-tail .
trans; heaa-to head

(@) (b)
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cix, headdto-tari iy head-to-fead

(c) (d)

V)

Four bridging ligands generate four possible isomeric forms, The ¢is,cis-head-1o-
head:2 ¢ 28:2N) isomer contains two pairs of cis-related sulphur and nitrogen donor
atoms (VE). The cis.cischead-to-tail; 2 ( 28, N ) isomer contains two pairs of both ¢is-
and frans-related sulphur and nitrogen denor atoms and may be described in terms
ol cither arrangement (VIb), The two remaining isomers involve four bridging
tipands in the all-cis;head-to-head: { 45:4N), (Vie) arrangement and an intermediate
pmomer with theee eis-related ligands and a (35N SIN) arrongement (VId). The
italicised nomencliature wsed velates to both the ligand and to the donor atom
distribution, .

With ligand bites in the region of 2.6 A and metal- metal distances varying from
2.6 to in excess of 3.0 A the resultant structure is frequently distoried. With disparate
ligar.d bite and metat-metal separation distances the distortion generally involves
“tilting™ (V1Ia) of the coordination spheres on cach metal towards the centre of the
complex as well as “twisting” of the same coordinittion spheres out of the formally
eclipsed configuration (V11b).

Other modes of binuclear bridging, such as (Ille), arc also capable, at lcast in
principlc, of trans “A-frame” and cis “open-book™ configurations. Both hiad-to-tuil
( Vilia,c) und head-to-head (VIbd) ligand combinations are possible. An additional
structural feature, in the case of this mode of attachment, involves the proliferation
of rings around the binuclcar centre involving the heterocycle, its donor atoms and
the metal atoms (VIIE). The formation of head-to-head attachments (Villbd) in
this isomeric form is manifestly unlikely.

Ligand deprotonation relies heavily on the use of metal derivatives such as sodium-
alkoxides [40-43] and a-buty] lithium {64-66], or their hydrides [54], in the presence
of anhydrous organic solvents (ethanol, ether, thf'). A variety of preparative routes
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have been used for the complexes. The chussic technigue of replacing bridging halide,
invariably chioride, with bridging thiolate (17], in this cuse heterocyclic thionate, is
eatensively used. It is also possible to start Irom mononuclear precursors [19], or
even the parent metal [30], and to rely on the bridging ability of the ligunds to
produce the required complex. Such procedures have been successful with many
examples, and numbers, of bridging ligands, The double-bridging acctate groups in
hinuctear metal tetra-acetates are readily replaced with bridging heterocyelic thio-
nates {96]. Occasionally the breakdown of a trinuclear cluster, such as RuyC),,.
has been used to generate a binuclear product {73}

Trans-annular oxidution -addition reactions { 18], that resuit in the formal one-
¢lectron oxidation of euch metal and the gencration of metal metal bonds, are a
particulur feature ol bridged binuclear complexes. The metals west allected by
such reactions include: platinumeil) fsee Section 2.5.2), rbodivm(l) {$6] and
indiam{l) [71).

Some of the aspects of the solution chemistry ol these complexes that have
attracted avtention include: low-energy isomeric (1V) [27] and structural changes as
well s scrambling among terminad ligands, especially carbonyl--phosphine exchange
[64- 66].
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Z# P
trans; head-to-1oil rans; head-to-head
(a) (b)
| \: “ 7
NTUS_s SN
AV Ve
SN AN
oix. head-to-tail cis; head-to-head
(c) (d)

(Vi)

.2 Complexes witiv one bridging hererocvelic thionate livand

This is a relatively rare class of complexes. In spite of the three possible means
by which u binuclear metal group may be bridged by one heterocyelic thionate
(Lila-c) only one established example has been reported.

The two molybdenum(0) atoms in (CgHzoNYMoy(p-py2S)(CO)] [19] have
distorted octahedral geometry and are p,-S,N(n2-8,1*-N), triple-bridged, by a single
pyridine-2-thionate anion. The complex is obtained, under nitrogen, from molyb-
denum hexacarbony!, pyridine-2-thione, sodium methoxide and tetraethyl ammo-
nium chioride, in 1:1:1:1 molar ratio in thi at 318--323 K. Because of the asymmetric
triple-bridging nature of the anion the molybdenum atoms have different donor sets
(IX). Furthermore, the separation distance (Mo...Mo=4.5609(7) A) is consistent
with the absence of a metal...metal interaction {20} The extent of the octahedral
distortion is indicated by the range of bonding angles at cach metal (Mo(1)
03.6(1)-173.0(2)"; Mo(2) 89.0(2)-177.5(2)°). The narrowest value is the
S Mo(1) N chelating angle and the Targest is the trans S -Mo(2)-Cypony angle.
The asymmetric bridging ligand generates a refatively short molybdenum-nitrogen
distance, non-eguivalent molybdenum-sulphur distances and a substantial bridging
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angle at the thionate sulphur atom (Mo-N=2.284(4), Mo{l1)-8=2.617(1),
Mo(2)-S=2.582(1) A; Mo-S-Mo=122.59(6) A). Inequivalence among metal-
sulphur bridging distances is not unusual [21]. In this complex however, the mequiva-
fence probably reflects the unequal electron donations to the two molybdenum(0)
atoms. Inequivalence is also reflected in the bridging angies at . :vigau utom
(Mo(1)-S-C=80.9(1), Mo(2)-S-C=112.0(2)°); the smaller of the two values is
within the four-membered chelate ring. The molybdenum-carbonyt bond distances
are unexceptional, apart from the distances rrans to the bridging sulphur atom
(Mo(1)-C =1.934(5) and Mo(2)-C =1.991(6)"). These distances show evidence of
modest rrans-effects.

[ s
oc ’/S\E‘-_/

Md () Mo
o { Mo /\(B“-m
. O

(adapted from [19])

(x)

The thioamide distances i the pyridine-2-thionate anion are insignificantly
diffevent from 1he corresponding values in the parent ligand [22]. However, the
N-C. S thioamide angle is reduced from 120.6(2)", in the parent ligand, (o T1LR(3)
in the complex, in order Lo accommodate binuclear triple-bridging (Tuble 2),

The production of mononuclear, binuclear and  trinuclear  complexes  of
bisgmethyleylopentadienyl ytitamium (111 species from 2-hydroxypyridinato (Heil),
2 4-dihydroxypyridinato (uracilate) and 2,4.6-teihydroxycyanurate anions | 23] estab.
lished the bridging capability of otherwise mostly N.O-chelating pyrimidine deriva-
tives. This suceess fed to the attempied preparation of the corresponding complexes
with 2-thiouracilate (Ilditi). 2.4-dithiouracilate (Ildiv), 4.6-pyrimidinedithionate
(Hdily and 2,4.6-trithiocyanurate (Hf) anions [24]. The complexes are prepared
by heating ihe sodiwm salt of the approprinte heterocyclic thione and
bis(methyleyclopentadienyt ) titanium monochloride, in thi, Tor several days at 50 °C
under helium, ANl the products are air sensitive. Unusual trinuckear, triangular
arrangements (see Scetion 3.2 have heen proposed for the trithiocyanurate comples
HTIM3-MeCH ). (tendS) (X) and its oxygen analogue. Binuclear monobridged
structures have been proposed for the comploxes of the pyrimidine - thione derivatives
and established for that of the 2 4-dithiouracttate anion [T MeCH,), ! (diue)]
by erystal structure analysis ( X{)

The dianionie 2:b-dithicuracilate anion  simultincousty  bis-S,N-chelates and
monobridges the two  bisimethyleyclopentadienyl ) titanium (1) units (T Ti =
6.075(2)} A). The two ttanium atoms are nearly voplanar with the bridging
dithiouracilate anion, The ttanium-cyclopentadienyl ring dimensions (Ti-C=
2.282(11)-2.538¢12) A) and “tilt-angles™ are uncxceptional. The S, N-chelating char-
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(adapted trom {24))

acter of the bridging dianion s manifest in the average distances and angles generated
(Ti S=:2.504, Ti N»2206A: NTi $=660, Ti N Ca= 1018, Ti-§ C=79.00).
These ave similar to those reported for other S,N-ciiclating antons 1.

Variable temperature (4.2 244 K) magnetic susceptibility and EPR data have
been veported for the heterocyelic thionate complexes [24,25) and those of their
oxygen analogues {23]. The magnetic properties penerated by the dithiouracilate
and the trithiocyanurate anions are significantly diflerent from those reporied for
those of their oxygen analogues. Significantly, the former group of complexes exhibit
weak ferromagnetic behaviour (J= +2.0 and +3.1 em ™) while the latter exhibit
weak anti-ferromagnetic exchange interactions (J= ~2.2 and —0.93 em ). Thesc
differences in magnetic properties are ascribed to the presence of an acute Ti--8-C
angle in the heterocyclic thionate complexes that assists the formation of a net
ferromagnetic interaction. In addition, the EPR spectra of the two heterocyelic
thionate complexes, in toluene glass at liquid nitrogen iemperatures, show zero-ficld
splitting cnergics that are about four times greater than those of their oxygen
analogues. Larger values for the heterocyclic thionate complexes are rationalised in
terms of substantial pseudo-dipolar through-space interactions.

2.3. Complexes with two bridging heterocyelic thionate tigandy

This is the most exiensive group of complexcs contained in any section of this
review, Metal coordination mcludes four. five and six-coordinaied systems.
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Conventional terminal, as well as organometallic, ligands are involved in the coordi-
nation together with double and triple-bridging, asymmetric, heterocyclic thionates.
There are numerous isomeric possibilities resulting from the various ligand combina-
tions and most of them have been structurally established.

2.3.1. Four-coordinate (tetrahedral) complexes

The combination of two double-bridging, p,-S,N(n!-S;n'-N), ligands and two
tetrahedrally coordinated metals generate isomers derived from cis “head-to-tail’’ or
“head-to-head” (Ve, @) ligand distributions. Each isomer contains an unusual central
cight-membered M,N,C,S, ring that tends to be folded, rather than planar, in order
to minimise ligand-ligand interactions. The bridging ligands are ecither pyridine-
2-thionate (Ilc) or imidazoline-2-thionate derivatives (Ila).

Not surprisingly the reported complexes involve mctals from ecither group
twelve, {Zna(3SiMe,-py2S),) [26] or thirteen [{{Me),Al(py2S)},] [27] and
[{ Me,Ga( 1-me-imz2S)},} {28]. The group thirteen metal complexes are rare exam-
ples of combinations of heterocyclic thionate bridging ligands with main group
metais. The zinc(1l) complex is readily prepared from zinc nitrate hexahydrate and
the parent ligand (3SiMe,-py2SH) in cthanol. The aluminium(1i) and gallium(1il)
complexes require more sensitive handling since their preparations involve the elimi-
nation of methane from trimethyl metal precursors with the parent ligands in toluene
and thi, respectively.

Each of the complexes adopts & somewhat folded double-bridged configuration
with either a “headerostail” ligand arrangement, in the case of zinc and gallium,
(XMab) or “headsto-hoad”" as is the case with the aluminium complex ( XHe).

SiMe,

Me Me
._-. ,

L8
S/ \N,\
‘{N N~
N
& \ .~}

n

Me
h My

Me Mo

(b} (adapted fiom |28))

(1) tadapied trom [ o))

A variabke temperature 'H NMR study of the aluminium complex in beazene-d,
tdicates dynamic behaviour in solution. This consists of rapid rearrangement of
the dimeric structure at room temporature and above. At intermediate temperatures
tw species of unequal pepulation underge stow exchange and at low temperatures
(< 35 °C) one form occurs. The latter is consistent with the solid state structure
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Me Me

Al

g N
Mc Me

{¢) (adapted from [27})

(Xih

Possible rearrangements involve conversion to “head-to-teil” or 10 py-S bridged
species (1V). More complicated structural alternatives, based on five- or six-coordi-
nated species, are akso suggested [27].

The steucture of the zine complex consists of two “head-to-tail”” Jouble-bridging,
1a-SIN(y'-Sin'=N), ligands and two terminal .N-chelating ligands (Xila), Each
metal theretore has an S;N, donor set. The -inc-nitrogen distances (Table 1a) of
both ligand types are not sipnificantly difierent. However, the zine -sulphur distances
of the terminal chelating ligands are significantly Jonger than those of the bridging
ligands. This is clearly a conscquence of the acute chelating anghe (average 8- Zn- N =
70.2°), The slighdy larger angles at the metal and fonger bond distances for the
centrosymmettic gallinm complex, compared with the values for the aluminium
complex, are due 1o the larger size of the gallium atom. The radically diflerent
bridging angles at the aluminim atoms (S AL S 97.33(9), N AL N2 129.5(2))
are the result of ditferent donor sets. Tn addition, there appuars 10 be a real possibility
of residual attraction between the two thionate sulphur atoms in this complex. The
bridging angle in the gallium complex (8 Ga N={00.90(07)) is wlso significantly
less than the average of the values reported for the aluminium complex. in other
respects the ditferent donor scts: $,C, and N,C,, for aluminium, and S.NC, for
both of the gatlium atoms, do not appcar Lo cause signilicantly differem dimensions
in the complexes. Furthermore, there is no obvious reason why the two metals adopt
different bridging ligand arrangements.

The average thioamide dimensions of 1-methylimidazoline-2-thione {29} (C S=
1685, C-N=1.345 A) show some sensitivity 10 deprotonation and coordination.
These distances are respectively longer und shorter (C $§=1.733(3), C-N=
1.335(3) A) in [{ Me,Ga)(pe-1-meimz2S )i 5} than they are in the parent ligand. The
thioamide angle, in the complexed ligand however (N -C-3 = 127.0(2)") readily
accommodates 1,-S,N{M'-Sin'-N) bridging without any significant change to the
average free ligand value (N-C-8:127.1"). The fact that the imidazoline ring is a
five-membered, rather than a six-membered ring, undoubtedly helps the bridging
process in this respect.
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Table |

Binuclear complexes with two double-bridging, p,-(S.N)(n'-8:n'-N), heterocyclic thionate ligands;

selected dimensions (A and °)

Complex and Reference

metal...metal angles at the M-8 M-N M-N-C M-5-C

distances metal

(a) Four-coordinate {tetrahedral) complexes

[Zn(p-38iMe;-py28),(35iMe,-py2S),] [26)

NR 123.8¢1)- 2.335(3y- 2.066(7)- NR NR
141.7(3) 2337 2.055(6)

5,N-chelating 69.902) 2.405(3)- 2.055(6)- NR NR

tigands 24100 20126

{1 MeAl(1py28)3,1 [27)

NR 97.34(9) 23351 1.992(4)- £20.7(3)- NR
129.5() 231 1.993(4) 121.2(3)

{1 Me,Gaty-lmeimz28) 1" {28}

NR 100.90(07)- T IR 20902 122.2(02) 100.97(0%)
124.9{02)

(b) Fivewwoordinate complexes

FCd 0= 35iMe - py28),( 35iMe-py 25 1.]* [ 30}

3.4374(5) 064, 84(9) 2590 23804 NR NR
hLBTR ] 2667

8. N-chelating G202 24951 2381

ASiMe;-py2S

(¢} Four-eoordinte (squase-plasiat) and siv-coodinate (octaliedral ) complexes

TPdequind® biquin2S K PMe,), 140

AN T 554N LRV Y 2 NR (ELENEN (1
170 8¢ 3 IR TR AN LIEN! NIt 184 00

n'-8 2325¢5) (RN

quin2s bR LT3 [OX U

{{Pddmba)(p-quinS)t,) {41)

299%() B1.G2) 22971 LISR(H NR 11474
e Neied ] 22461 lniih NR L1194

JEPEGEpy 28 PMe, )OI ] [42]

2940 ’R.092) 2854 3) b R NR 14 2t
7.9 286 X 139

[ PdEr-pym 281 PMc ) ClL)* [43)

295 NR I MR RRERTET NI N#

[ Pdgped-mepym 28 L PMe U L) {43

292411) NR IR 212 NR NR

{PA (e TaneimadN HPMe MO ] 43

LHM) NR LA7(3R) 209 7) NR NR

2.296{ ) 2096t Ty
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Table t (contmmed)

Complex and Reterenue
metal. . metal angles at the M S M ON MNCC M5 C
distanees wetal

[{Pre-py2S Men ) ] [48)
3083 1) 8315} - 2302¢0- 2089¢10)- 1237 oA
o181} 2.299(4) 204111) 122.3010) H0.A(4)

(¢t Prip=d-mepy 28 Yien)! ) (48]
ERLITEY) 83.3(3). 2.294(2) 2042(6)- 124.2(4) 12003y
94.6(1) 2291(2) 202047 121.7¢0) 118.6(2)

[LRB (-td28 HCODN ). 20K, |54
17154(4) 90.3(1) 2.355( 1) 2079(3) 127.4(3) 107.4¢01)
1663 2) 23621 RATLIIKY) [29.1{3) iR.5(1)

B lrgued 25 COMY ) | 54)
154004) 92 1) 2329(2) 2O87(3) 129.5(5) 106.7¢2)
16894 3) R VI R] 20904 5) 13015 W TN

R B tad 25 OO PPy 3 YVHTE [5S)

LMI5 ) B2 JATR(L) 202 126,34 i 1)
175D REYUTRE! R UAIED 12744 W63 1)

1URDtAd IS OO PMe )t ] |35]

LOAM) R M Xagl MOUIY) 13500 %) LIS
17K FAL) L TR T RS 128 1¢ %) 1 T)

LRt LS Bidpped] 0 STHIE P60

ARSI B Ri2 N0 LR RIT T UM S) 125 00b} UL |
Vet N LRI A AT IR TS {HYARTIRG |

PRI -1l (OOt pponnd [CLETEUTL |56
JUSTT) KO G aen JAMI) (ILURTEE N 1/ eh
[ RIS IY Y

[+ Bhppe 25 ST ACTLLOO (o)

1Oy URTRY) TANND) L ALY HRA(M ERNYRY
F10.503)
pa-S Drdpige Bb % Rh
Py.rN BLS{H) 2 Wi seh
LN DI FET002)
[ Rhgge iy 25 ) (00, 41" [00)
2L BT AT [ TER(O) 120 s) JAh( )

177.3%)

LR B (D28 ) PR OO, (0%
30355(5) 86.3(1) ARVOTRR 2400( 3) 120902 TURIEE,
175.4(2) 2.37001) LA 121.8(2) 16201y
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Table 1 {cortinved)

Complex and Reference
metal...metal angles at the M-S M-N M-N-C M-S--C
distances metat

[(PPhy)Pt(p-bzt228),RhCHCO)]} [70]

2.6266(4) 83.7(1)- 2.306(1) 2.040{4} 123.5(3) 165.5(2)

177.9¢(1) 2.3103(1 2.045(4) 124.7¢3) 105.7(2)
{Pt-8) {Rh-N} {Rir-N-C) (Pt-8-C)

{Iey(spy28){COJ(CH, 1)) [71]

2.695(2) 88.4(4)- 2.360(4) 2,409 NR NR
172.6(4) 2.361(4) 2212

[Tr{p-bztz28 }(CO),15)] [130]

2.676(2) Ie-Tr-\ 2.386(5) 2.10(2) NR NR
1743 vecager 2.395(6) 2.13(6)

[t RhCl(p+py28 ) (n'-py2SH KCO),]* [ 72)

26524 83.6(1)- 2330 21234 NR NR
99.4(1})

n'py2SH ligand 24273 NR

[{Ru(p=bzt228 M py)(CO), 124 {73

2.759(4) 832 2445(4) 2177(6) 120.0¢4) NR

F1.4¢2) 2449(%) T198¢6) 120.614)

= T TR T T e T T T« PRAT T ST T SR = e e e

NR not seposied.
* Symmetrical complex

2320 Fivescoordinate comple ves

Among [{M(het-5,N),},] complexes, that contain binuclear double-bridging
ligands, pyramidal five-coordinate metal coordination is readily achieved by conver-
sion of the ligand to a binuclear riple-bridging (11kh-+¥¢) system. Such coordini-
tion occurs in [Cd{p-38iMey-py28 )2(38iMe,-py2S)s] [30]. This complex is one of
the products of a series of preparations involving the electrochemical oxidation
of metals (nickel, zine, cadmium and copper) in acetonitrile in the presence of
the parent ligand, (3-trimethyisilyl)-pyridine-2-thione. Empirical stoichiometries
of the products are [M(3SiMe,-pydSil for the divalent metals, and
[Cu(3SiMey-py28). for the copper(l) complex. Adducts of the nickel
complex [Ni(35iMe,-py2S)yadd)]. with 2,2%bipyridy!l and 1, 10-phenanthroline,
and  with  1,.2-his(diphenylphosphino)ethune  (dppe} for  the copper  complex
{Cu,( 3SiMey-py28)stdppe)y], are obtaned by the commen practice of adding the
appropriate chelate to the electrolysing solution,

The room-temperature magnetic moments and the electronic spectra of the nickel
complexes are all consistent with mononuclear products and pscudo-octahedral
geometry, The NMR (‘H, V'C, Y'P) speetra of the {Cuy( 38iMepy2S )atdppelsl
complex are consistent with terminal n'-§ donating heterocyclic thionates and a
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combination of terminal and bridging diphosphines. The similarity with the corre-
sponding 1.3-benzothiazoline-2-thionate complex is striking and suggests the two
complexes to be isostructural [31].

The absence of both the ligand v(NH) band in the IR spectrum (3140 cm™ 1) and
the broad signal of the NH proton (13.37 ppm) in the 'H NMR spectrum, of the
cadmium complex, together with the upfield shift of the thioamide (C2) carbon
atom, are indicative of sulphur donating heterocyclic thionates [32]. The crystai
structure of {{Cd(p-35iMe,-py28),},] consists of centrosymmetric, discrete, neutral
binuclear units. Each cadmium atom is coordinated by one terminal S,N-chelate
and one binuclear triple-bridging, p,-S.N{n-S; n’-N), ligand, in a distorted five-
coordinate trigonal-bipyramidal environment (XH1). Each S;N, donor set in the
complex consists of three equatorial sulphur atoms, two of which are bridging and
onc is (erminal, and two apical nitrogen atoms.

(adapted trom {30}
(NI

Much of the distortion in the structure is caused by the characteristically narrow
angles of the terminal and bridging S.N-chelating ligands (8-Cd - N =62.06(9),
64.84(9)"), respectively. These ligands form a rrans-Nyerminan~Cd - Niorigging 4ngle
(158.1(1)") which deviates signiticantly from the ideat value. The cadminm-nitrogen
distances howover are effectively identical (Table 1b). The cadmium sulphur dis-
tances show some interesting variations that corretate well with the relative degrees
of strain induced @t the sulphar atoms by, binuclear triple-bridging and terminal
S.N-chelating ligands, respectively. The two bridging ligands form a trans (2-anti)
arrangement across the centre of the structure that produces a centrosymmetric
C'd.S, core. This core is itsell at the centre of a five-ring sequence, which also
includes two four-membered S.N-chelates, (sce Section 2.3.3.2. The vore dimen-
sions (Cd $=2.597(2), Cd- 8= 2.667(2), 8...5'=3.985(}). Cd...Cd = 3.4374(3) A
Cd-S-Cd’ == 81.56(4). $-Cd--8' =98.45(3)") are typical of many M,S, cores that are
generated by organo thiolates [9,1€] as well as by heterocyclic thiones [33) and
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thionates (see Section 4. The cadmium-sulphur distances within the core are signifi-
cantly longer than those of the terminal S,N-chelates (Cd—S =2.495(1) A). Clearly,
the combined steric and electronic demands on the bridging sulphur atom are greater
than those on the terminal chelating sulphur atom, in this structure. This is in direct
contrast to the situation described for the w,-S,N(n'-§, n!-N) double-bridging and
S,N-chelating ligands in {Zn,(p-3SiMe;-py2S),] described above (see Section 2.3.2).

The effects of deprotonation and coordination on the thioamide dimensions of
the bridging and chelating ligands are very similar (Table 2). The carbon-nitrogen
distances of both ligands are comparable with the corresponding distance in the
parent (pyridine-2-thione) ligand {22]. The carbon—sulphur distances in the bridging
and chelating ligands are both significantly longer than the corresponding value in
the parent ligand. The most significant effect however is seen in the thivamide angles
of the bridging and chelating ligands (N-C-8=113.0(3). 114.4(4)°), respectivcly.
Both of these values are significantly reduced relative to that of the parent ligand
(120.6(2)).

The ability of metal complexes of multisulphur n-acceptor ligands to generate
molecular metals, superconductors and materials with novel optical properties has
intensified the search for such materials. Vicinal dithione derivatives, such as
1,2,5-thiadiazole-3,4-dithione (1), are sulphur rich and contain adjacent thioamide
(N -C-§) groups. In this respect the molecule is similar to dithiomaleonitrile. The
bis §,S-chelating ability of this ligand has been reported [35] as well as the crystal

Tuble 2

l'ymlinc» -lhmmltc wmplcnm swcrlgcliun.unulc dsmcmmm(z\ 4m! }

(.nmpiex ahd releronee ¢ S ( N N ( N
Pyridines2-thione | 22 | nm(*) l\_\ﬁ?t 31 l*u o “l
(&) §i2-8.N bridging figands

HPL(pYy2S)cendt )} [(47) 1,754 NP hal

{1 PH{4-Mepy2S yen)) 5} |48] AR NP 1227
[LRB(U-py2S HHEb ) . CH,CL, [66) 1.742(6) 1AL 116.9(6)
H=pyas ligand L7824 6) LA 117.6(%)
[t Rh(u-py2S)CON, 1 ,* {66] 1.738(8) 1,350 1N PROXS
[PLCLGepy2S) L 2CHCH, [RS) 1.752 NR ey
(B4, Clyp-4Mepy28 1), 0.5C,H, (89 1.733 NR {07
(Mo (p-py2S HCOY] {19) 1.765( %) 1.361(6) LIR.3(1)
[Cd(p-38iMe,-py28 ), py2S )]  30) 1.770¢4) 13525 1301
S.N-chelate R DTR Y] LA LIA(4)
{01 138N bradgiog hpands

TRU G (epy 2SO0 [ 113) 1.70¢1) (IRATE R N85
[RhyGepy2N )00 HECH0,) [64,119) 1783 353 198

1€) 1-8.N bridging ligands
Ry eH ) epy2S HCONR L {113 1.7 1.3%3 183

* Symmetrival molecule,



E.S. Ruper i Coordinatian Chemistry Reviews 165 ( 1997) 475-567 495

structures of two dianionic nickel(Il) salts [3€]. A monoanionic, nickel(III). com-
plex (PBu,)[Ni(1,2,5-tdz82),] has also been reported {37]. The nickel(11}) complex
is obtained fron: the nickel(I11) precursor by iodine oxidation in degassed acetone
under nitrogen. The crystal structure of (PBu,)[Ni(g-1,2,5-1dzS2),] consists of
anionic dimeric pairs in which each five-coordinate nickel(1II) atom has an S donor
set and square-pyramidal geometry (XIV).

20

—N |
5 N.
S\Nq‘ S.. - I -
H“N‘ N
S

Sevanipgjmne S
N
N L
(adapted from [37})
(XIV)

Within the dimeric pairs the anions are staggered, relative to one ancther, so as
to facilitate additional nickel-sulphur contacts and the formation of a central
Ni;S» core, Similar arranguments have been reported among corresponding dithio-
lene complexes [38]. Within the monoanion the nickel-sulphur distances are about
222 A in those cases weere the sulphur atom is not involved in interdimer inter-
actions. In those instances where the Ni(11E) atom is involved in such interactions
the distance is slightly shorter at 2,207 A. The central Ni,$, core is typically asymmeci-
¢ with an intradimer nickel-sulphur distance of 2.385 A. The slight difference in
nicke! sulphur bond distances between the monoanion (averape Nio $=:2.200 A)
and the dianion is considered to be consistent with the addition of an extra electron
to a delocalised by, moleculur orbital on the dianion. Bond distances in the hetero-
cyclic ligand are also consistent with extensive deloculisation of the m-electron
density. Cyclic voltammetric studies of (PBu)[Ni(p-1.2,5-1dz82),] in acetonitrile (vs
SCE) show an irreversible oxidation at +0.87 V which is ascribed to the formation
of the insoluble newtral complax. Differences between solid and solution electronic
spectra are attributed to the formation of discrete monoanions in solution and
dimeric species in the solid.

2.3.3. Four-coordinate ( square-planar ) and six-coordinate (octahedral) complexes

In principle, both planar frans-related (“A”-frame) (Va,b} and non-planar
cis-related (“open-book™) (Ve,d) configurations arc possible for square-planar
complexes. However. only cis-refated isomers are generaily observed for complexes
with square-planar metal geometry with two double-bridging, p-S,N(r'-S;n'-N),
ligands. These arise from the possibility of cither “head-to-1ail” (Ve) or “head-to-
heud” (Vd) double-bridged ligand arrangements, Each isomer contains ai: unusual
central eight-membered M,N,C.S, ring which is invariably folded, rather than
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planar, in order to minimise ligand-tigand interactions. Planar rrans-related configu-
rations are conuiionly observed with neutrat planar diphosphine ligands [5} and also
for one mixed-metal double-bridged heterccyclic thionate complex.

Octahedral six coordinate metal coordination, in combination with two double-
bridging, ,-S,N(1'-S; n!-N), heterocyclic thionate ligands, however, generate both
planar rrans-related (“A”-frame) (Va,b) and non-planar cis-related (“open-book™)
(Vc,d) configurations.

In addition to the inherent structural interest of the isomers, cooperative inter-
actions with substrate molecules, dynamiv ligand exchange in solution (V). trans-
annular oxidation of the metal centres and the translation of bridging ligands to
terminal sites are all salient features of interest among this class of complexes.

2.3.3.1. Palladium(ll} and platinum(1l) complexes., Addition of  the
2-(dimethylaminomethyl)phenyl  (dmp) palladum(il) chioro-bridged complex
Pd,Chidmp),] to pyridine-2-thione or its 6-methy! derivative, in the presence of
ricthylamine, generates the binuclear complexes [Pdy(dmp)y(het-S.N),] (het-S,N =
py2S and 6-mepy2S) [39]. These complexes exist as “head-to-tail” cis-isomers with
the palladium coordination plancs approximately parallel. Because both ligands are
unsymmetrical the bridged complexes exist in five diastreoisomeric forms. Two of
these have “head-to-head’ and three have “head-to-rail” arrangements of the bridging
pyridine-2-thionate ligands. Only one “head-to-tail” isomer is present in solution
with 2 'H NMR spectrum consistent with two-fold symmetry, Variable temperature
'H NMR spectra of [Pdy(dmp)y(6-mepy2S),] have been interpreted in terms of
fuxional enantiomerisation. Rates of exchange of the dinsteroscopic ligand N-methyl
groups have also been reported. These bridged dimers behave as neutsal eyclie
dridging ligands towards other metal centres in the formation of trinuclear compleses
(v¢e Seetion 3,

The ability of quinoline-2-thionate (A1) to j1,-S.N bridge binuclear palladium(il)
¢entres has been reported [40]. In addition, reaction of the dimeric palladivn
complex  {{PACI(PMe)p-Cll,] with  guinoline-2-thione  produves  monomeric
[PAdQuinSH)ICL,(PMe,)]  in acctone,  Under more  forcing  conditions,
[Pd(quinSH),Cl{PMe,)jClis produced in ethanol. Both complexes contain distorted
square-plamir geometry and monodentate, n'-8, quinoline-2-thione ligands (average
Pd-§ =2.317 A), Both the terminal and bridging chlorine atoms in the same binuclear
palladiumIl) precursor, are replaced with monodentate, n'-8, and double-bridging,
#2-S.N, quinoline-2-thionate  anions,  respectively, i the  production ol
[{ PA(quin2S){ PMey)} ] (XV).

This complex is prepared by reacting the binuclear  prevussor with sodium
quinoline-2-thionate i ethanol under nitvogen. The azido groups in dimeric
[ PAddmbn)IN,} L] tdmba s dimethylbenzyhmine) are similarly repliced with double-
bridging quinoline-2-thionute anions by reacting the complex with soadinm guinoline-
2-thionute in ethanol, also under nitrogen [41], Both complexes effectively have two-
fold symmetry, Geometey at the metad is essentiully square-planar with cis-related.
and somewhat “olded™, “head-to~tail” double-bridging, p-S.N(n'-S'-N). quino-
line-2~ibtonate ligands. The remaining coordination sites in the two compleaes are
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PMe; TN

(XV)

occupied by rrans-related monodentate w'-S donating quinoline-2-thionate and
cyclopalladated C,N-donating dimethylbenzylamine ligands, respectively. Selected
dimensions of these two similar complexes are given in Table 1c. Particularly note-
worthy are the dimensions of the terminal and bridging quinoline-2-thionate ligands
in [{Pd(quin2S),(PMe;)},]. The average terminal and bridging palladium--sulphur
distances {Pd- S erminan = 2.330, Pd--S prigging: = 2.350 A) are just significantly different
(Ao =4) while the average angles at the correspouding thionate sulphur atoms are
equtivate 1t (Pd-S-C=104.2°), within experimental error (Table 1¢). These relative
values suggest that the simitarity in the angles is achieved by a slight relaxation in
the bridging palladium-sulphur distance. Furthermore, the average thioamide dis-
tance (C-8$=1.73A) is the samec lor both terminal and bridging quinoline-
2thionate ligands.

A group of complexes with the general formuta [{ Pd(het-S,N)(PMey)Cl,]
(het-SN = py2S [4.2), pym28 [43], 4-mepym28 [43] P-meimz28 [43]) has been
prepared by treating |{ PACHPMe p-Cl | with the sodium salts of the correspond-
ing heterocyclic thionate in ethanol. Their erystal structures have also been reported.
The complexes are elfectively isostructural with the paladium atoms bridged by cis-
reluted “headato-tail”’ p8,N(M'S; '-N) double-bridging heterocyclic thionates,
The metal geometry is distorted square-planar with the terminal chlorine and trimeth-
yiphosphine ligands frans to the thicamide sulphur and nitrogen atoms, respectively
(XVI). Selected dimensions of these structures are given in Table l¢.

N
1%
L S '
\Pd

...--""'w i’d

T/ !
PMe, '
My

(adupted from [42])
(XVhH
The metal separation  distances (2.915(I)~--3.l(}4(2)f5\) lic outside the range

(2.595-2.848 A) reported for binuclear patladium( 1§ ) complexes with sirong metal--
metal bonds [44]. Of the remaining bond distancys (M-S and M-N in Table 1¢)



495 E.S. Ruper | Coordination Chemistry Reviews 163 ( 1997) 475567

those of the six-membered heterocycles are similar while the metal nitrogen distance
formed by l-methylimidazoline-2-thionate is slightly smailer than the others in the
series. Interesting and varied dynamic behaviour in solution has been reported for
these complexes on the basis of 'H, >)C{*H} and ¥'P{'H} NMR spectra together
with molecular weight measurements. Variable temperature NMR spectra have
established that all of the complexes are fluxional in character, with the exception
of [{ Pd(p-1-meimz2S)-(PMe;)Cl},]. This fluxionality is based on a reversible dimer—
monomer equilibrium that involves rupture of the palladium-nitrogen bond. The
monomeric species are more stable at higher temperatures (XVIH).

D
/ N INLH
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o d ) 5, [P
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In contrast, the variable temperature (~50 to +100°C) 'H NMR spectra of
[ Pd(1-meim228 }{ PMe,)Cl},) are static and indicative of the absence of any rapid
equilibrium process on the NMR time-scale. The crystal structures of the pyridine-
and pyrimidine-2-thionate complexes suggest that there are no inherent structural
differences among the double-bridging anions, despite significant differences in the
basicities of the parent Hgands, They have relatively narrow ligand thioamide angles
(N C S=1219(2) to 124.5(8)") which restrict metal ligand coordination and
wadken the resultant metal nitrogen interactions. These thioamide angles are also
responsible for the similarity in dynamic behaviour wmong the complexes, The
Emethylimidazoline-2-thionate anion, # five-membered heterocyele, has a karger
thivumide angle (N-C -§==128.4(7)"), which is similar 1o the uvernge value in the
parent molecule (127.17) {29), and is uble to form stronger palladium-nitrogen
bonds. This accounts for the static variable temperature 'H NMR spectra of the
{{Pd(p-1-meimz2S )(PMe,y)Cl},) complex [43].

The preparation and characterisation of' binuclear platinum(11} complexes of
2-pyridonate (Meil) and 1. 2-diaminoethane (en) [{ PipyNO)en)},) [45.46] has ied
to the preparation of the corresponding complexes of pyridine-2-thionate and its
4-methyl derivative {47,48], Preparation of the complexes involves the addition of
potassium hydroxide (0.1M) to an agueous solution of (Pt(en)Cly] and the parent
ligand: the yellow complexcs are obtuined at neutral pH. Both of the conplexes
adopt & “head-to-head” configuration of the double-bridging. S N('-8:1'-N),
pyridine-2-thionate tigands (XVII).

The study ulso involved the preparation and characierisation of a hinuclear
complex ol 2-aminocthyl-2-pyridylsulphide (aps) [ Ptaps)C1},]C1,.3H,0, which
contins a “head-ro~iail” configuration of the bridging ligands in the solid state.

Selected dimensions of the pyridine-2-thionate complexes are in given Table lc,
The PN, and P1S,N, coordination spheres are approximately planar with angles at
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o

{adapted from [48])
(Xviin

the metal deviating significantly from the regular values and Pt...Pt distances that
are too long for metal-metal bonding. The coordination planes in both complexes
are also tilted (31.0(3) and 31.9(2)°) (VHa). In addition, the average values of the
(S-Pt—Pt-N) torsion angles (32.6 and 34.3°). in both complexes, indicate the extent
by which the coordination planes are twisted out of the eclipsed position (VIlb).
Such distortions are common among binuclear complexes with planar metal coordi-
nation especially when metal...metal distances significantly exceed ligand bite
distances, The AX (or 38) conformations of the 1.2-diaminoethane ligands in the
solid are presumed to undergo rapid conformational (A<8) interconversion in
solution. The metal-ligand dimensions are very similar in the two complexes
( Tabie I¢).

The ligand thicamide dimensions however do show some characteristic differences
refative to those of pyridine-2-thione [22] (Table 2). The average carbon- sulphur
distance in the complexes is significantly fonger than it is in the free ligand. Among
the ligand angles the average thioamide angle (N-C S=122,1, 122.7 ) and those at
the thioamide nitrogen atoms (Pt N C= 1231, 123.07) arc increased slightly relative
to the free ligand vatues (12006(2), 12L0010) ), respectively. The average angle i
the thionate sulphur atoms (P-S- C== 1117, 110.37) is in the nuddie of a relatively
extensive range of values (104 1157 Table 1¢), tor this series of complexes. The
evidence suggoests a redistribution of the thicamide n-clectron density, probably
towards the carbon-nitrogen bond. Accommodation of the modest steric demands
required by the double-bridging binuclear ligands is probably assisted by the angular
flexibility of the thionato sulphur atom. Both complexes exist as centrosymmetric
dimeric pairs in the solid (P1...Pt'=3.613(1), 3.72012) A).

Cyclic voltammetric studies show that both complexes exhibit irreversible oxida-
tion and reduction in dimethylformamide (+0.77 and +0.55 V5 +1.20 and +0.86 V)
relative to a silver/silver chloride reference electrode. This behaviour is attributed Lo
a two-glectron metal centred (2Pt(11)—2Pt(1H)+ 2¢) oxidation. Simitar behaviour
also occurs with the corresponding 2-pyridonate complex {49]. Production of the
“head-to-head” isomer is ascribed to the initial replacement of the chlorine atoms
in {Pt(en)Cl,] with monodentate n-S donating pyridine-2-thionates.

2.3.3.2. Rhodium and iridivm complexes.  Prior 10 the use of bifunctional ligands,
such as heterocyclic thionates, halide {50] and organo-thiolate [51] were frequently
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used in the production of cis-related double bridged square-planar complexes ( XIX).
Hoffmaun and Hoffmann pointed out that such structures, based on square-planar
d%-d® complexes, have a vacant coordination site between the metals as well as
similar valence orbitals [52]. Considerable effort has been expended recently to
increase the range of bridging ligands that are capable of generating bridged binuclear
complexes with the heavier transition metals such as rhodium and iridium.

X,
[ . x_._‘\ld M= "‘M\
N it !
co—Y | S0 R/ \ e,
P P PR‘[ PR\
() (b) (X = halde & organo-thiokale}

{XIX)

Cowie and his co-workers have made a useful contribution in this area by describ-
ing the synthesis and characterisation of a serics of binuclear complexes of rhodium
and iridiun with bifunctional ligands such as 2-pyridinonate (Ilcii), pyrazolate [53],
pyridine-2-thionate (Ne¢i) {54] and 1,3-thiazolidine-2-thionat: (ki) [54--56] as well
as diphosphines {56]. Structwal nterest in these complexes centres on how the
bridging groups affect the “tilt” of the two coordination plances (VIla) and on the
resulting metal-metal distances. The latier is significant in the photochemical activa-
tion of such complexes in two-centre oxidation-addition reactions [71]. The transter-
ehee of bridging anions to terminal sites as a result of their replacement by
diphosphines is also of interest. Such “bridge-opened™ species have been proposed
as key intermediates in the activation of substeates by hinuclear “eiverelated” double-
bridged complexes [57], The use of diphosphines. to facilitate the translerence of
bridging tigands, raises the question of whether the resultim structures adopt planar
rrans=related or non=planar civ-related stractures (XIX).

The preparation of complexes with the general formula [{ M(pu-anion(COI)L )
(COD = 1,5-cyclooctadiene; M=Rh, [t} involves addition of the parent ligand
(¢.g. 1,3-thiazolidine-2-thione) and sodium hydride, in thf, to the precursor
complex [{M(u-Cl)(CODM,], under nitrogen [54]. The terminal dienes in
[ M(p-tzd2S HCOD)}3) may also be replaced with carbon monoxide giving the
corresponding tetracarbony! complex. Further addition of tri-phenyl and tri-methyl
phosphines to the tetracarbonyl, in thf, results in the production of
trans-[{ M{(p-tzd2S WCOIL} 3] (L =Ph,P, Me,P) [55]). The crystal structures of the
1.3-thinzolidine-2-thionate complexes have been reported; selected dimensions are
listed in Table l¢. The [{ Rh(p-12d28 }(COD)! 5} complex erystallises from dichloro-
methane, with two molocules of the solvent, as a cissrelated “head-re-tail”” double
bridized dimer (XX).

The coordination planes are tilied (34.3(2)°) and are also twisted out of the
totally eclipsed position (ca. 407), about the metal -metal axis. This is a consequence
of the need to avoid interactions between the hydrogen atoms of the terminal ligands,
tn other yespects terminal ligand geometry is normal. Variable temperature (—40 to
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(adapted from [55])
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+38 °C) 'H NMR spectia are ascribed to fluxionality in the complex due to facile
rotation of the dienc ligand about the metal-diene axis. Bridging ligand geometry
consists of a short strong rhodium-nitrogen bond (average 2.091 A), similar to that
observed for a related pymzolylate bridged complex [58], and a rhodium-sulphur
bond (average 2.361 A) that is comparable to the value observed in a related
thiolate bridged complex [58). Similarly, average angles at the bridging atoms
(Rh-N-C=128.2, Rh-S-C=108.0") reflect the modest steric demands of the
Ha-S.N(1'-S:n'-N) bridging ligands. Inclination of the coordination planes, men-
tioned above, involves hoth a degree of “folding™ about the bridging groups and
“twisting™", of’ the planes, about the metal--metal axis, in order to stagger the terminal
diene ligands. Although there is no precise measurement of the degree of folding
required in this structure the dihedral angle is 54.3(2). This indicates a greater
degree of folding than is observed with double-bridged thiolate and halide complexes,
where the dihedral angle is gencrally about 1207, or in the case of double-bridged
pyrazolate complexes where the dibedral angle is about 79 [83]. Cowice argues
convincingly | 54] that the degeee of folding, decreasing dihedval angle, is refated to
the ditferent constraints imposed by the one- (thiofate), two- (pyrazolylate) or three-
atom (Cheteroeyelic thionate) bridging wnits, In order to maintain normal unstrained
wigdes wt twe ln‘idbinb atoms, and 1o generate optimum orbital overkap, it is neeessary
for the folding to incrcase as the number of bridging atoms increases. Such a dq,.r«.c
of folding is not accompunied by compression of the rhodium rhodium distanee in
this structuve (Rh-Rh=3.7154(5) A).

The [{Ir(p-tzd2S)(COD)} ;] comiplex is virtually isostructural with that of the
binuclear rhodium analogue [54]. The coordination planes arc folded 1o effectively
the same degree (55.2(2)°) and twisted about the iridium-iridium axis (37.3") so as
to stagger the terminal diene ligands. A smaller metal-metal separation (I Ir=
3.5434(4) A) is the only significant difference between the two structures,

With the exception of the rrany-refated pairs of carbonyl and phosphine ligands
the crystal structures of the rrans-[{ Rh{p-1zd2S HCO)(R;P)} o} (R =Ph and Me) [55]
complexes are similar 10 that of the corresponding diene. Each metal atom has
approximately square-planar geometry formed by an N,S.P,C-donor sct, pairs of
cis-related “head-to-tail” bridging ligands ( XX ) and approximately two-fold symme-
trv about the rhodium- rhodium axis. Selected dimensions are given in Table l¢. The
coordination planes are blslbi,bl'&d (ca. 30.97), as are the phenyl groups of the terninal
triphenyl phosphine ligands. in order to minimise intra-ligand interactions. The
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dihedral angle between the inclined coordination planes (38.57) in these structures
is less than that observed for the corresponding diene complex (54.3(2)°) and is
accompanied by a decrease in rhodium-rhodium separation distance (3.2435(3) A).
This is probably due to the reduced steric interaction caused by replacing COD
ligands with carbonyl and phosphine. The metal-ligand dimensions are generally
similar to those of the corresponding dirhodium complex (Table ic). Differences
between the average rhodium-sulphur distances (2.379, 2.395 A) in the two com-
plexes are attributed to differences in the degree of the trans-effect generated by the
phenyl- and methyl-phosphine ligands. Furthermore, the smaller trimethylphosphine
ligand permits a shorter metal-metal separation distance (3.0524(4) A) and a more
acute angle (30.0”) between the coordination planes.

Attemipts have been made (o combine the structural featurcs of both mrans-("A™.
frame} and cis-related (“open-book™) binuclear complexes in one complex. This has
been achieved by the incorporation of diphosphine ligands, such as bisdiphenylphos-
phinomethane or cthane {(dppm, dppe) into a binuclear cis-related structure [56].
The chosen starting point for these reactions are complexes of the type
[ M (u-1zd28 3 CO),8,] (M =Rh, Ir) where the metal-metal separation distances
(3.05 A) arc comparabic to the bite of the diphosphine ligands. A range of
complexes has been prepared. Treatment of the precursor complex with one
cquivalent of the diphosphine hgand in thf gives complexes of the type
[M3(pu-12d28)5(CO),(1-dppm)]. The oxidative-addition of iodine atoms 10 these com-
plexes, in some cases, gives { Moly(p=12d28),(CO),(p-dpprin)]. With two cquivalents
of the diphosphine trans-rclated  (“A-frame™)  complexes  of  the  type
M A{CO),(1-1zd28 Y1 -12d28) (p-dppm),) are produced. In solution, the terminal
monodentate n'-8 donating 1, 3-thiazolidine-2-thiomate anion in these complexes
exchanges with both the corresponding bridping and free heterocyelic thionate
anions,  Trestment  of  frans-[{ MCIICOYdppn)ts] with  two  equivalents  of
the  E3-thiazolidines2-thinnate anion also gives | MyCHCO) (12428 Mdppm) ).
The rhodium  dimer @ ooorgoes  reversible  halide  dissocintion  to give
[Rh,(CO),(p-t2d 28 )(dppin; i CT. These complexes have been chacucterised by 1R
and NMR methods, Complexes of formula {M(p-12d28),(CO)(p-dppim)] have eix-
refated 1 3-thinzolidine-2-thionate anions, one bridging diphosphine trans to a bridg-
ing thionate, and terminal carbonyls. They may consequently be regarded as cither
“A-frame” or “open-book™ in character. The relatively clean irans-annular oxidatio-
n-addition of iodine to [Rhy(je12d28),(CO)y(pedppmr)] permitted the isolation of
[REa15(0=12d28),(COy(p-dppe)] 0.5THE, whose crystal stoucture has been reported
[56] (XXIu).

This structure consists of pairs of cis=related, “head-to-rail” 1, 3-thiazolidine-
2-thionme bridging anions, that produce a distorted “open-book™ areangement
becruse of the narrow hgand bite (S...N = 2.685(6) A). The bridging diphosphine
{average Rh-P== 2325 A) is frens 1o one of the bridging heteroeyelic thionates with
which it forms u distorted “A-frne™ arrangement due (o the dimensional disparity
between the two bridping lgands (P...P=3841(3) A). The remuining bridging
heterocyclic thionate atoms effectively occupy apical positions frans o the two
carbonyls. With the two rhodium(11) atoms separated by a single bond (Rh-Rh=
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(XXh

2.748(1) A) the six-coordinate geometry is completed by terminal iodo ligands
slightly offset from the Rh--Rh vector (average Rh-Rh-1=169.87). Selected dimen-
sions are summarised in Table 1c. Angles at the metal sigmify the extent of distortion
from regular gecometry in the complex. Average angles at the bridging thoamide
nitrogen (123.87) and thionate sulphur atoms ( 1007) are typical of binuclear double-
bridging heterocyclic thionates. Differences in the rhodium-sulphur and rhodium--
nitrogen distances, trans to the phosphorus atoms or to the carbonyl groups, arc
the reverse of that reported for [{ Rh(CO)(PPh,) (2-PhS)},] [59]. The two sets of
octahedra in the complex are offset by inclination (16.4°) about the axial direction,
parallel to the rhodium- phosphorus bonds. They are also staggered about the
rhodium rhodium bond by an average torsion angle of approximately 33

The reversible dissociation of [Rhy(CO)(p-12d28)Cldppm),] in dichloro-
wethane (XX permits isolation off  the  cationic  complex
| RBACO)-t2d 28 dppm L] CLCHCL, The crystal structure of this complex bas
also been reported 156] (XX1b).

FRR2(CORt2d28)CHdppmp fag=te  {Rh2A(COR(12d28) (dppmp |l
{XXID

The complex cation [Rhy{(CO),(p-tzd28)(dppm);]* shows considerable resem-
blance to conventional “A-frame™ structures with the diphosphines in the frans-
bridging positions. The 1.3-thiazolidine-2-thionate anion is at the apex and rrans (o
the carbonyt ligands. Sclected dimensions are listed in Table fe. Square planar
geometry at the metals is signiticantly distorted with the N Rh-C and 5 Rh C
angles (172.9(2), 151.9(2)"), respectively, resuiting from the displucement of the
arbonyls. The distance between the rhodium(l) atoms (2.9957(7) A) is slightly
compressed relative to the average diphosphine intraligand distance (P..P=
3.062 A). Cowie regards this as a consequence of crystal packing of the bulky phenyl
groups, rather than the result of metal...metal bonding. In conventional “A-frame™
structures where the capping ligand is a single atom, such as halide or sulphide (see
XIX), the resultant tilting of the coordination planes is substantial {ca. 83”). In this
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binuclear rhodium structure, and in (XXIa), the capping ligand binds to the two
metals through two well separated donor atoms. This opens up the “A-frame™ with
more closely parallel coordination planes in which the dihedral angle is only 16(2)°.
Consequently, the dimeric cation adopts a geometry similar to that of “face-to-face”
dimers such as trans-[{ RW{(CO)Cl(dppm)},} {60]. In other respects the dimensions
of the coniplex are similar to those of {(XXla).

This group of complexes permits careful analysis of the effects of deprotonation
and coordination on the dimensions of the parent 1,3-thiazolidine-2-thione ligand
[61]. The rclevant dimensions are summarised in Table 3. Because of the ethylenic
backbone in the parent ligand the bulk of the xn-electron density, conveniently
expressed as the percentage of double-bond character, is concentrited in the hetero-
cyelic portion of the molecule (C-N=77%, C-S.,=235%. C-Scngo =37%) [62.63].
The effect of deprotonation and coordination is to concentrate the n-clectron density
in the thioamide carbon-nitrogen bond, with an average of about 95% double-bond
character [62]. This is achicved at the expense of the carbon-sulphur bonds, where
the coriesponding double-bond character is about 20% (C-S.4,) and 33%
(C-8,,.). respectively [63]. In contrast the thtoamide, N--C--S,,,. angle is scarcely
affected by coordination (Table 3). This is also indicative of the modest steric
demands of binuclear, double-bridging ligands, as are the Rh-N-C and Rh-§-C
angles in Table 1. All the other angles in Table 3 are affected by deprotonation and
coordination {o some extent,

Oro and his co-workers have also exiended the range of asymmeirically bridged
hinuclear rhodiam and iridium complexes by using pyridine-2-thionate (ki) and
benzo-1.3-thiazoline-2-thionate  (1Thiil) {64 66]. The gencral synthetic stratepy
adopted involves deprotonation of the parent ligands in dicthyl ether with #-butyl
lthium in hexane followed hy addition of the generad precursor  complex
[ RB(ge=Cl)oletin} 5] olefin = COD, nb and wiralurorobenzo<] 5.6 -bicyelo-{ 2.2.2]-
acti=2.5. 7-triene (10 . All reactions were casried ont under nitrogen. Repliacement
of the bridging chloro ligands by the heterocyclic thionates generates the correspond-
ing binuclear double-bridged complexes. [{ Rh(p-het-S.N )(oletin)!,;]. Replacement
of the terminal n2-olefins in these complexes, by carbonylation in dichloromethane,
produces the corresponding carbonyl complexes  [{ Rh{p-het-8,N)}CO), 1)
Subsequent replacement of a pair of carbonyls with triphenylphosphine is also
possible in some cases giving {{ Rh(p-py2S)(PPh)(CO) 5], The intensity and pattern
of the major IR bands in this, and simitar complexes, is consistont with a “fuce-to-
Jace” disposition of the two Rh(CO), groups. Detailed analysis of the ' NMR
spectrum of [{ Rh(p-py2SHCO),},] has also enabled the more intractable aspeets of
the NMR spectra of the olefin complexes {§ Rh(u=py2S ){olelind,] to be rationalised.
Although the 'H NMR spectrum of' the carbonyl complex is invariant in the range
-- 2010 -+ 50 C fuxional behaviour is manifest in the form of two doublet resonances
arising from two sets of equivalent carbonyl groups in ity NC{'HY spectrum at
=30 'C. A higher temperatures the four carbonyl groups become equivalent and
generate a resonance doublet. This spectral change, in which the coupling constant
i also retained above conlescence, is ascribud o carbonyl scrambling without their
dissociation. The fluxionality in the complex is ascribed to the reversible conversion
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Table 3
1.3-Thiazolidine-2-thionate complexes: selected ligand dimensions (A and )

(2 pn.-8.N deunblk bridging ligands in binuclear rhodium und iridium complexes

Bond lengths and angles

Complex and reference

C_semlc C-N C“‘Sexu C-N-C N-C- Sendo N'C“Sem Smdo' C- Scm C- Sendﬁ" C

t.3-Thiazolidine-2-thione(average dimensions) [61]
1,725 1.313 1.626 118.5 1.7 126.2 1221 93.1

[{Rh(n-tzd28)(COD)} 3} [54]

1.756 1.283  1.731 113.3 115.6 126.3 117.4 91.3
1.767 1272 1737 114.5 116.2 126.5 118.2 910
fUIr(p-tzd28 COD)Y 5] [54)

1.755 1282 1,723 1129 116.6 126.4 1174 9t.1
1.753 1282 1.733 1124 115.9 126.6 117.5 91.3
[{ Rh(p-tzd2SHCOK PMe;) !, [55]

1.772 1286 1.696 114.0 1149 127.1 117.8 915
1.767 1.28 1753 1128 1156 126.6 118.0 90.2
[{ R (u-12d28$)(COM PP, ] [55]

1.781 1278 1.6Y6 1134 114.1 128.3 117.7 89.6
£.753 1287 1783 4.1 115.7 126.5 17.6 90,6
[Rhal st pu-12d28 1,0 CO) eippml] [56]

1,758 L2 1737 A% 116.9 127.4 175 89.2
1,754 1L.2%0 1.7 1.7 1t6.8 125.7 115.7 90.1

RO fd S HCO W dppi)]* | 56])
$.775 1283 1.7 P17 [F RN 138 1161 5.7

() Mascellinwons | 3-tiasolidine-2-thioaate bridping compleses
Complex and referene U Sen U N C oS N X

o : i mmomarioi st AeiRie esdfpa AR G DWERL DTS Lrm- o et

1O H O R (0-12d 283,01 CLIH O [80)
#2-5,N double-bridging ligund 1.728¢ 1) L277015) 1.765¢11) 130.449)

12-S.N triple-bridging ligand L7112 1.2 1.73(14) .21
[Os - H OEtzd 28 HCOY, ] |L09] Gaverage dimensions of twe independent molecules)
Ha-S, edge-bridging ligand .74 1.29 1.79 1274
[{Cutp1zd28)} . (toluench ) [ 133] (average dimensions)

p=S.N bridging ligand 1.744 1.277 1.770 1254
He-S.N bridging ligand 1,758 ) 1.781 1264
BCupA2d28 )} {1zd28H ),)* [134)

p-S.N bridging ligand 1,727 1.287 1,767 127.8
'8 monudentate ligand LoR1ET) 1373012 LOT5(6) 123.8(6)

I NGO (y) (t2428)1,).2py * [ 137}
1:-5.N double-bridging ligands L74() 1.26(3) 177() 12401

csd’s 0.003 0007 A and 0.2- 0.5,
* Symmetrical molecule.
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of one of the binuclear pyridine-2-thionate ligands from a double-bridging,
1,-S,N(n'-8;n'-N), to an edge-bridging. p,-S (n>-8), mode (1V). Isomeric inter-
convetsions are successfully avoided in the correspondingly bulkier benzo-i,3-
thiazoline-2-thionate complexes. An additional interesting characteristic of
[{ Rh(p-py2S HCO),},] is the smooth double oxidative-addition of methyl iodide
giving the binuclear diacyl complex [{ Rh(p-py28 HCOMe)I(CO).}.]. This behaviour
contrasts with that of a similar tertiary-butylthiolate complex in which oxidative-
addition of methyl iodide occurs readily on only one of the metal centres. Oro
argues that this contrasting behaviour illustrates the enhanced activity of pyridine-
2-thionate complexes, relative to that of analogous atkanethiolate complexes, in this
type of reaction.

The crystal structures of [{Rh(u-py2S)(1fbb)},} and [{Rh(p-py28HCO),},)
provide definitive evidence of binuclearity and the contrasting nature of the
double-bridging systems utilised in these complexes. Both structures invelve
binuclear rhodium(I) species with bridging pyridine-2-thionate anions as well
as terminal mi-donating olefin or carbonyl ligands. The carbonyl complex
(XXIHa) has a crystallographic two-fold axis and two cis-related, “head-to-tail”
H-S,N(n'-8:n'-N) double-bridging, pyridine-2-thionate anions. The olefinic
complex (XXIHb) contains the rare combination of one double-bridging.
S N(M'-8in'-N). and one slightly asymmetric and also double-bridging,
H8(n28), pyridine-2-thionate ligand. Selected dimensions of these complexes are
summarised in Table 1c.

% Iﬁ R . ’ . "?
. R = ~ ;j h»“”.".
& L o W

{adapted from [6061)

(XXiih)

There are slight diffcrences in the metd- ligand and metal metal distances formed
by the double-bridging, 1-S.N('-8:n'-N), ligands in the two complexes. The
slightly longer distances in the olefin complex clearly result from the additional steric
demands of the double-bridping, §1,-8(n*-8), pyridine-2-thionate anion (Rh-§ =
2.349(2), 239D AT Rh-8 Rh=805(1 ). The two complexes have slightly
different donor sets as well as distorted square-planar geometry, Furthermore, the
inclination of the pairs of coordination planes i the two complexes is significantly
dilferent, In the olefinic complex the dihedral angle is 81.2(1)" whercas in the
carbonyl complex the value is 18.9(2)"; a clear indication of the extent by which
singlc atom bridges distort the binuclear peometry. In the carbonyl complex the
angles at the bridging ligands (Rh-N-C, Rh-§-C) are normal (Table I¢). The
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slightly asymmetric character of the double-bridging, u,-S(n>-8). pyridine-2-thionate
anion in the olefinic complex is more apparent in the angles at the donor atom
(Rh-8-C=105.5(2), 117.0(2)") than in the corresponding rhodium-sulphur dis-
tances. There is no marked effect on the angles at the donor atoms in the other
bridging ligand in this complex however (Rh-S-C=113.1(3), Rh-N-C=
119.1{5)°). Nor are there any significant differences in the bite (S...N) distances of
the planar bridging pyridine-2-thionate ligands in these two complexes. In the
n-S(n*-8) bridging ligand, the bite distance is 2.666(7) A, with a corresponding
distance of 2.636(6) A, for the pn,-S.N bridging ligand. In the carbenyl complex the
distance is 2.692(7) A. Clearly these distances do not seem to affect, or to be affected
by, differences in bridging function.

The most significant conseguences of deprotonation and coordination on the
thioamide dimensions of pyridine-2-thione are observed for the 1,-S{n>-S) bridging
ligand in the olefin complex ( Table 2). This ligand shows the largest increase in the
C-S distance and the largest reduction in the C-N distance, the N-C-8S angle is
also significantly reduced. The corresponding vatues for the -S.N bridging ligand
in this complex show a significant reduction in the thicamide angle which is also
due to the additional steric demands of the yt,-S(1-S) bridging ligand, The thicamide
dimensions of the crystaliographically unique bridging ligand in the carbonyl com-
plex are normal in comparison (Table 2).

The  production  of  disubstituted  phosphines  of  the  type
[ Rh(u-py28)(PPh;(CO)},] from the corresponding tetracarbonyl  complex
haus  been  olluded 1o above [66]. The monosubstituted  complexes
[Rh(p-het-S,N ) PPh)(CO);]) however are less well known. They are probably
refatively rare because of their tendency to disproportionate and (o exist in equilib-
vivm with the tetracarbonyl and  disubstituted  complexes. Such  behaviour
has been shown 1o occur among simitar iridium-thiolate  complexes [67]. In
addition,  the  production  of  [{Rh(u-py2SHCOMYE,]  from solutions
of  [Rh(p-het-SN L PPh)CO)], at low  temperature, s also known o
oceur  [66]. Oro has  described  the  preparation  of  darkered  crystalline
[RRu(n-62228 ) PPh(CO),) Trom the carbonylation of 1} Rh(-baz28 (COM ]
followed by the addition of one-equivalent of trimethylphosphine [68). Careful
monitoring of the reaction medium by *'P{'H} NMR speciroscopy revealed the
existence of both the monosubstituted and disubstituted complexes in solution.
However, the ntonosubstituted complex is insoluble at lower temperatures becatse
of its reduced solubility. In addition, the presence of three strong carbonyl bands in
the IR spectrum indicated the monosubstituted character of the product. This was
confirmed by crystal structure analysis.

The tetracarbonyl precursor exists in solution in both “head-to-head”
and  “head-to-tail” isomeric torms. Consequently, several isomeric forms of
[Rhs(p-b21228),( PMe,)(CO),] are possibie depending on the distribution of the
bridging ligands and on the position of the phosphine ligand. The structure of the
complex is shown in (XXIV).

The complex consists of two distorted square-planar metallic centres bridged
by two cis-related, “head-to-1ail” double-bridging, 1SN -Sin'-N), benzo-
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(adapted from [68])

(XX1V)

1,3-thiazoline-2-thionate ligands. Disparity in the donor sets and the narrow bite of
the bridging ligand cause distortion in the angles at the metal (Table 1c) as well as
their displacement from the coordination planes. The coordination planes are aiso
tilted (30.3(1)°) and twisted (38.5(1)") in order to minimise intra-iigand interactions.
The major dimensions of the complex (Table I¢) are similar to those of related
complexes with the metal-metal distance too long for metal-metal bonding.

The clecis of deprotonation and courdinaiion on the dimensions of
benzo-1,3-thiazoline-2-thione {69] are similar to those reported for 1,3-thiazolidine-
2-thione (Tuble 3) and are summarised in Table 4. The average thioamide distances
for the ligand show the characteristic increase and decrease in the carbon-sulphur
and carbon-nitrogen distanccs, respectively. Although the thioamide angle remains
refutively unaffected by coordination some perturbation (ca. 2 -7") of the remaining
angles in the heterocyclic portion of the molecule occurs.

As Q result of disproportionation in dichloromethane
[RR(ji=bBz1228 ), PMe, ) (CO),) is immediately in equilibrium with the tetracarbonyt
complex and it’s disubstituted product (XXV). The temperature depencence of the
MPOHY NMR spectrum shows the complexes to be in a dynamic equilibrium that
shifts towards the monosubstituted complex as the temperature rises. Equilibrium
is also reached when equimolar quantities of { XXVa and b) are mixed. Scrambling
experiments, carried out with the analogous 6-methyl-benzo-1,3.-thiazoline-2-thione
complexes, suggest that polynuclear intermediates are responsible for the ligand-
redistribution equilibrium.

The bifunctional nature of heterocyelic  thionwtes  should  Tacilitate  the

N/\S__\ N/‘\g NAg
2 i AL N s [ s
P A the R
] " ] |
Ph, i L,x) (48] S (‘f/, a)’l ”hp‘,/’ (t)"
’ 44 0 ¢ PPl
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{XXV)
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Table 4
Benzo-1.3-thiazoline-2-thionate complexes; selected average ligand dimensions (A and )

Complex and reference C-Sexo C-N C-Sendo N-C-§

Benzo-1,3-thiazoline-2-thione [69]
1.662{4) 1.353(6) 1.722¢3) 127.4(3)

a) 11,-8.N bridging ligands
[Rhy(1-b21225 ) PPh3)(CO);) [68)

1713 1.319 1.738 125.8
{(Ph PPt H ) (n-bztz25 ). Rh¢ CI(COY] [70]

1.726 1.303 1.740 127.2
{} Rugp-bztz2S KCOL{py)i a1 {73)

1.746 1.306 1.719 128.1
[Pda(p-bztz28),] [90]

178 1.323 1.743 130.0
{Ptn-b2t2251,] {911 1.706 1.342 1.753 130.5

{h) p-S.N bridging ligands

[Rugn-HOebzz2S OO {112)
.73 L) 1.75¢1) 124.4(5)

[Rby01-b2t228 1,0CO)PPH LU CIO,) [119)
1.73 1.3 1 675 1234

HCODLRIAP-DAZIN I ZARIOIO L F120,1021 ]
1757( 1)

| MR(16) VL7 ) RIXUIRLI!

* Symmeteical molecule,

generation  of heterobimetallic complexes.  Accordingly,  reactions  of
[ Rh(p-bzt£2S 3 (PPILCO)} 5] with [MCI(COD)} (M=Pd, Pt) in  toluene
were  used to  generate  the  diamagnetic  heterobimetallic  species
[(Ph,P)M (p-b2t22S ), RhC{CO)] (M =Pd, Pt} together with [MCl(PPhy);] and
[ Rh(p-C1(COD)} ] [70]. The complicated nature of the underlying processes con-
trofling these veactions has been studied by *'P NMR spectroscopy of the reaction
solution. An alternative route to the heterobimetallic complexes involves reacting
species such as trans-{Pt{bz1228 },{ PPh;),] with [{ Rh(u-CH(CO),},). Structural char-
acterisation of J(Ph,P)Pt(p-bztz28),RhCI(CO)} has been achieved by spectral and
crystal structure analysis, The P NMR spectrum of the complex indicates the
presence of a P-PL-Rh unit. 1n addition, the equivalence of the "TH NMR spectra
of the benzo-1.3-thiazoline-2-thionate ligands suggest an unusual rrans-related *head-
to-head” distribution of the double-bridging ligands. These features of this currently
whigue structure were confirmed by crystal structure analysis of the dichloromethanc
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solvate. The structure is shown in ( XXVI) and selected dimienstons are sununarised

in Table lc.

‘-

‘ e
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.
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e
(adapted from {70])

(XXVD

The metallic centres are connected by a short metal-metal bond (2.6266(4) A)
and bridged by two rrans-related, “head-to-head” benzo-1,3-thiazoline-2-thionate,
H-S.N (n'-8:n'-N), double-bridging ligands. Unusually, the average ligand bite
distance (S...N=2.710 A) is comparable with the metal-metal distance in this com-
plex. The presence of a metal-metal bond, a consequence of the thirty clectron
count, denies the structure some flexibility. In addition, the “Aead-ro~head”” ligand
distribution, coupled with the proximity of metal -metal and ligand bite distances,
require  frany, rather than a ¢is-refated arrangement, of double-bridging ligands;
primarily for steric reasons. Such an arrangement, which persists in solution, is
unique among this class o’ complexes. Terminal sttes are occupied by the remaining
monadentate ligands. Coordination at platinum 1) is square planar with octahedral
geometry at rhodium (1), The extent of the relatively slight distortion at both metals
is manifest in the angles at the platinum (1) t83.701) 176.39(5) ) and rhodivm( 1)
atoms (R.0{1)-177.9(1)"), respectively. The dihedral angle tormed by the ligand
planes is 12.5(1)". They ulso form an average dihedral angle with the coordination
plane about the platinum(Il) of 13.1°, providing further evidence of the slight
geometric distortion. Oro atiributes the absence of an additional werminal ligand at
the rhodium(l) atom to intramolecular contacts between the metal and adjacent
hydrogen atoms (average Rl H = 2,880 A). These rhodium. . hydrogen contacts are
also detectable in the 'H NMR spectrum. The average thioamide dimensions of the
bridging ligands show the characteristic changes resulting from deprotonation and
coordination { Table 4),

Replacement of the diolefin molectles in {$irG-py2S HCOD)) ] with curbonyl
ligands, in toluene,  produeces  deep-purple  air-sensitive  solutions  of
HIQEpy2S)LCOY, ) ] from which black-violet crystals of the complex are obtained
[71]. The IR and "H NMR spectra of this complex are consistent with a eis-related
“head-to-rail” diswribution, of py8.N(n'-Sin'-N), double-bridging ligands. This
complex undergoes frans-annular oxidative-addition of iedine, methyl iodide or
methylene dodide,  upon exposure 1o sunhight or UV-light, giving air-stable
iridium (1) complexes {{Ir(u-py2SHCOLR},) (R=1. CH,l, Me). The crystal
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structure of [Iry(p-py2S),(CO)I(CH,I)] shows that the complex consists of the
anticipated distribution of bridging ligands, {our terminal carbonvls and a separation
distance (Ir-Ir=2.695(2) A) consistent with a metal-metal bond. Octahedral coordi-
nation about the metals is completed by an iodo atom in one case and by a methylene
iodide group in the other. Consequently, each metal has a slightly different donor
set. The structure is shown in ( XXVII) and selected dimensions are given in Table ic.
A free-radical mechanism is proposed for the formation of the complex.

IH{-....._]' 'Ir y
0 \co 06 "o

(adapted from {71 ])
(XXVII)

Two complexes have been reported with metal-metal bonded d’-d7 systems
involving rhodium(I1} [72] and ruthenium(l) [73}. Ycllow solutions of
(R, CLCO),] react with pyridine-2-thione, in 1:2 molar ratio in chloroform and
a nitrogen atmosphere, slowly giving blue-black crystals of the double-bridged
binuclear rthodium( 1) complex [Rh,Cly(u-py2S)»(11'-pySH ),(CO),}.2CHCI;. Aerial
oxidation of chloroform solutions of [Rh,Cl,(CO),] and pyridine-2-thione (in 1:3
molar ratio) also produce the tris-chelate [Rh{py2S),). The crystal structure of
[RELCLG-py28):(n'-pySH),(CO),] . 2CHCT, shows that the molecule has two-fold
crystallographic symmetry about the metal metal axis (XXVHI)

(adapted from |72}
(XXViih

The metallic centres are connected by a short metal-metal bond (2.652(4) A) and
bridged by two cis-related, “head=to-tail” p=S.N (1'-8:n'-N) double-bridging, pyri-
dine-2-thionate ligands. The neutral pyridine-2-thione ligands are terminal monoden-
tate (n'-S) donating. There are significant dificrences between the bridging and
terminal rhodium--sulphur distances with the bridging anion, as expected, binding
more strongly than the terminal neutral molecule. In addition, the terminal chloro
ligands form intra-molecular hydrogen bonds with the terminal pyridine-2-thione
molecules (N--H...Cl=3.003 A). This results in the generation of pscudo-chelate
rings. Coordination planes about the metals are also staggered rather than eclipsed
(S-Rh-Rh-N=37"). Selected dimensions are summarised in Table lc.
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Conversion of a trinuclear ruthenium cluster to a binuclear ruthenium(1) complex
is achieved by heating a mixture of Ruy(CO),; and benzo-1,3-thiazoline-2-thione
(1:3 molar ratio) in air-free toluene and a nitrogen atmosphere. This reaction
produces red-orange crystals of the binuclear complex [{ Ru(bztz25){(CO);} .}
Recrystallisation of this product from pyridine produces orange air-stable crystals
of the pyridine adduct [{ Ru(p-bztz2S)(py)(CO),},] [73]. The structure of the com-
plex consists of six-coordinate metal and a pair of cis-related, “/read-to tail” double-
bridging, heterocyclic thionate ligands (average N-Ru-S§ =87.1°). Terminal pyridine
molecules, trans to the metal--metal axis, together with pairs of cis-related carbonyl
ligands, rrans 10 the thioamide nitrogen and sulphur atoms, complete the coordina-
tion. The structure is shown in { XXIX) and selected dimensions are given in Table lc.

Q\A/é H

m =‘=-l<{x -~—le PN
X 0
© M 0
(adapted from {73D)

(XXIX)

The metal meal distance in this struciure is sximitir 1o that in the preceding
thodium{1) complex. Slight distortion about the motd octahedra (Table 1¢) is
aseribed to the difference between the metal metal distance snd the bridging ligand
bite, Breakdown of the trianpular ruthenium cluster is aldso aseribed 1o initial replace-
ment of axial earboayts, by bengo-13-thinzoline-2-thionute anions, followed by
ejection of one ruthenium atem: by the second brideing ligand. Average thionmide
group dimensions in the bridgti: byands show the characteristic concentiation of
the r-¢lectron density in (se cobon uitrogen thivanmde Jistanee at the espense of
the carbon-sulphur distances «fable 45

With the exception of {('h PIPtOr-br 228 1L RMCIT O 0] tus structurally well-
characterised group of complexes all contain pairs of binuciear eds-related, double-
bridging, heterocyclic thionate ligands, These bridging ligands are securely bonded
to the metal through strong contacts to the thivamide nitrogen (Table 1¢). Both the
ligand thivamide (N- C-5) angles, and those of the thioamide nitrogen (Rh-N-C),
are close to the values in the {ree ligand. This is consistent with the absence of a
significant degree of strain in the bridping hipands, The requisite flexibility in the
bridging function however is achieved through modest varviations in distances and
angles at the thiomue sulphur atomms { Table I¢). In addition, dilferences between
the bridging ligand bite (S...N) and the metal.. .moetal separation distances in the
complexes are accommuodated by varying degrees of tilting and twisting ol the
coordination planes.
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2.3.3.3. Complexes with p-S.N(y*-s:n'-N} bridging ligands.  An increase in the
¢leciron involvement of the thionate sulphur atom in binuclear, double-bridging
ligands, enables the production of binuclear. triple-bridging, p,-S.N (1*-S:n!-N)
(Ilc), heterocyclic thionates. The change, from a three- to a five-electron donating
system, clearly involves increased metal coordination by the thionate sulphur atom
{(see Section 2.3.2.

A group of binuclear complexes have been reported with six-coordinate metals
and pairs of binuclear triple-bridging ligands in either centrosymmetric, frans-related
(chair), or chiral, (C,) cis-related (boat), configurations. Each complex incorporates
a central combination of three fused four-membered rings consisting of two S,N-
chelates. grouped around a central M,S, core ( XXX). The bridging ligands involve
imidazoline-2-thionate (2aii), pyridine-2-thionate (Ilci). quinoline-2-thionate (1g).

benzo-1,3-thiazoline-2-thionate (1khiii) and 2-thiouracilate (I1diii) derivatives.

)
R R
o g """‘"ws-"" | Mo c0” [ 8 | o
€0 N 0 (0
DMy
() (b)
{(XXX)

Dirhenium dodeca-carbonyl is a uscful precursor for complexes of the formula
[§Re (p=-het-8.N HCO),1 2] (het-8,N =bzt228 | 74], 6-mepy2S {75]). The yellow crys-
talline benzo-1,3-thiazoline-2-thionate complex is obtained by prolonged heating of
| Re £ COY,,) with benzo- 1, 3-itiazoline-2-thione in dimethylenegiycol dicthylether fol-
lowed by slow cooling of the reaction mixture, Refluxing in xylene is preferred for
the 6-methylpyridine-2-thionate complex followsd by chromatographic separation
of the product. An analogous manganese complex of benzo-1,3-thiazoline-2-thione
has also been preparcd from [Ma(CO)sBr) [74]. Infrared and muass spectral observa-
tions on some manganesc-thioumide complexes had previously indicated that the
chatir form was preferred in the solid state ( XXXa), primarily for steric reasons [ 76].
However, except for [{Re (p-6-mepy28)(Cir},},], the above rhenium and manganese
complexes possess a crystaliographi. t1.0-fold axis and are therefore constrained to
adopt the boat form. Furthermore, the presence of five IR carbonyl bands
(1917- 2039 em ') suggests that [{ Re (p-6-mepy2S XCO),1 ;) also adopts the bout
form (XXXb). In addition, a crystallographic two-fold axis also constrains
[{ Mo( 1-meimz2S }(n -aliyl) (carbonyl)},] to adopt the boat form [28]. Selected
dimensions for these complexes are listed in Table 5 no structural data have been
reported for [{ Mn(u-bz1228 )(CO);} 5).

The metal...metal separation distances confirm the absence of metal--metal bonds
in the thenium(1) and molybdeaum(11) structures. A variety of terminal ligands,
including fac-carbonyl and n-2-methylallyl groups, complete the distorted octahe-
dral coordination at the metals. The bridging ligands are securely held by strong
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Table § .
Binuclcar complexes with triple-bridging. w,-(S.N}n2-8:n'-N), ligands: setected dimensions (A and ')

»Complex and reference

M-M M-8 M-N M-S-M S-M-S M-§-C M-N-C  §-M-N

[Rey{1t-6-mepy28),{CQO)) [75]

NR 2.529(6)- 2.181(10) 93.3(2) 80.7(2) NR NR 65.8(3)
2.556(6) 2.194(10)  96.2(2) Bl.1{1) 63.6(3)

[Res(p-bztz228),(CONJ* [74]

37546)  2.541(7) 218 44.1(7y R2.5(7) T6.9(5) NR 639
2.586(7) 109.1(M

{Mo, {0 iyl )y p=1-meimz28),(COY, ) £28]

IRM N4 25876(T) 2283y 9383 80.96(2)  75.66(9)  101.2(2)  63.89(6)
2.0868(7) H11.06{2)

VO A1-py2Shyfpy2S )" {77]

3I989(2y 245U 21067y 98.65(9) NR NR NR 62.35(2)
2798}

S.N-¢helating py2$
24273 LO8R(H NR NR 68.51(9)

[Rea(p=1 Jpot-me- OO, Meiquin-2.8 O] [ 79)

3904) 251N 2001
253N (Re 1. 278%¢3), 280004y

[N )R pet2d28),C1 CENELO [80)

atnTy 24X 20481 N7 Ky IR TR R TR A 6y
2l ALLRIEY

Ha-SNEHN /N B
2 95¢ 1) P HM{RY PIYS{d) 126 59y

{"p-eymene)Ru,(eCh Clge4,3-phymeimz2S )] CL .5CH ON | R0]

LImiy  2anseh 24008 W2 80.0¢1) 718N W) o2 1)
241, 8001 063,34
Ru Ck, 2437¢h (UT Ru sy
245900 Ru ), Ru

Ru €, 2.391(2) YR.5¢1})

I e BT EE EPE EE o ET  p—— —=— ==

NR 1ot weported.
* Synmetrical molecule,

metal nitrogen  bonds  that  are incorporated  into S,N-chelating  bridges,
Consequently, the 8 M N, M S C und M N € angles (Table §) are highly
strtined. The central M8, core in the complexes is invariably puckered. as is
idicated by the torsion angle in the molybdenum complex (8 -Mo 8- Mo'=24).
The extent of the asymmetry in the metal-sulphur bonds is variable. However,
the M S M angles are tairly conswnt (93.83(2)-96.2¢2)) und the larger M-8-C
angles (ea. 1107) are in the range observed for the less strained. binuclear double-
bridging 1, S.N(-8: n'-N). lipands (Table 1}. The thicamide dimensions in
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the l-methylimidazoline-2-thionate lgand (C-S=1744(3). C-N=1.309(3) A;
N-C-S=118.9(2)°) {28] all show characteristic differences relative to the average
dimensions in the parent ligand (C-S=1.685. C-N=1.345 A; N-C-8S=127.47)[29].
The consequences of S,N-chelation are clearly evident in the reduced thioamide angle.

In spite of the strained bridging ligand the complexes are reputedly thermally
stable. Significantly, the 'H NMR spectra of a deuterated chloroform solution of
equimolar quantities of (XXXI a and b) show separate signals for the two compounds
{75]. During several days at room temperature however, an equilibrium is reached
which involves ( XXXI a, b and ¢). Several processes have been proposed to rational-
ise this novel ligand distribution; most of them involve either cleavage of the
rhenium-nitrogen bond or of the dimer itself. The results of substitution reactions
involving phosphine derivatives are also reported. All these observations highlight
a structurally labile system [75].

I\lc@ @@ M“@
' - I e R N === - ”/Ilh “""'\""m"fc:.

@ T ()

(XXXD

Adoption of the boat form by the above complexes, cven in the absence
ol the relevant erystallographic constraints, contrasts markedly with binuclear
copper(l) compleses  of  heterocyelic  thiones.  These  complexes, of - which
[HCu 1-meimz2SHND(CH,Y ] [ 78] and [{Cu 1 -meimz2SH ) E (B1), | 79] are typical,
have centrosymnietric Cu,S, cores which adopt  truny (2-anti) disposition of the
bridaing ligands. Such a disposition favours the formation ol intramoleculir (N H...
Cl) hydrogen bonds in the former and intermolecutar (N -H.. ) hydrogen bonds
in the tatter. Removal of the thicamide proton prevents the corresponding thionate
anion from gencrating hydrogen bonds, However, a possible advantage of the boat
form is that it is more compact than the chair form. Conscquently, molecular
packing is probably a deciding fuctor in the production of the boat form in the
solid state.

The vanadyl(1V) complex [(VO),(1-py2S)(n*-S.N-py28):1. is obtained by the
addition of sodium pyridine-2-thionate to { VOCI(thf),] in thf [77]. This complex
is crystailographically centrosymmetric and consequently adopts the chair (XXXa)
configuration in the solid, with consequent reduction of intra-ligand repulsion. Metal
coordination in the complex is distorted square-pyramidal and consists of terminal
vanadyl-oxygen, together with terminal S.N-chelating and binuclear triple-bridging,
pyridine-2-thionate ligands. Metal-metal separation distances and ligand generated
dimensions arc similar 1o the other complexes in Table 5. Of particular interest
however, is the fact that the terminal chelating angle (68.5(2)) is significantly larger
than that of its bridging (62.4°) counterpart.

The remaining complexes in this section involve mixed bridging ligands. A novel
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means of synthesising complexes of quinoline-2-thionate (1Ig) derivatives has been
established. The method involves the metal assisted coupling and cyclisation of aryl
isothiocyanates to alkyne ligands [79]. The reported route involves reacting the
lightly stabilised metallated complex (XXXlIa) with p-tolyl isothiocyanate. The
product (XXXIIb) results from insertion of isothiocyanate into the substituted
rhenium-carbon bond. Treating (XXXIIb) with iodine and ultra-viole: radiation
causes the tolyl ring to cyclise with the unsubstituted end of the metalated olefin
yielding the quinolin.-2-thionate rhenium complex (XXXlIIe).

Me Me
(I)MC \ ; "\
/(‘H‘(’?RC(N(Mc \ ; “M‘E ¢
0\ . (r}\ 1ol INCS, (i’Mc TS.-I--;R,:-..- (';C‘--g
/R‘;:( H wog /c‘_c/‘“‘\- I, uv }c‘iN
0 il .- \l s
(:n \Rc’/‘;‘u o /?P(\Rc/
A =N
tn

(adapted from {79}
XXX

The products (XXXIIb and ¢) were characterised by IR, 'H NMR and single-
erystal X-ray methods, In (XXXMNe) the Re (CO), and Re (CO), groups are bridged
by an iodo atom and by a binuclear triple-bridging, quinoline-2-thionate derivative,
The metal...metal and the metal Jigand distances in ( XXXHe) are comparable with
those of simitur complexes in Table 5. Attempts to prepare a varety of complesed
quinoline-2-thionate derivatives by varying the substituents on the alkyne and syl
groups are also reported.

Binuclear complexes with mixed bridging ligands have been prepared from the
ruthenium(il) precursor {{(n%p-cymene),RuCl,!,) ¢ pcymene = MeC H,CHMe,).
Preparations involve equimolar quantities of the ruthenium complex and, cither the
1-methyl (1-meimz2SH ) ar the 4,5-bipheny! (4,5-ph,-im2z2SH ) imidazoline-2-thione
derivatives (Hail), in agqueous methanol and an organic buse (80}, The resultant
complexes huve the formulka {(n°-p-cymene),Rustp-RS ) p-CHCCL (RS = meimz22S,
4,5-phy-imz28) (XXXHig). A similar preparation with 1.3-thiazolidine-2-thione
(tzd2SH) and [{(\"CHIRUCL},] pives the red erystalline cationic complex
(A" CH) R (-12d289),C1CL (XXXUHID). A mononuclear  1.3-thinzolidine-
2-thione complex fin®-p-cymene);, Ru(u-t2d2SH)YCLL] is also obtained. from a 132
tealar catio Gootal complex:ligand) of the components in aqueous methanol. A
winuckear product {{a"p-cymene)Ruytjiy4.5-Php-imz28) (-CHYCL] has also been
reported (see Section 3.2, All these complexes crystallise with added solvent,

The mononuctear complex has monodentate (31-S) donating 1.3-thiuzolidine-
2-ihione  (Ru-8=2400(1), C-So o= L6{HA; N-S-C=128.6(3). Ru-§-C=
H4.3(1)") and approximately t2trabedral metal geometry. Proton NMR spectra, in
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(adapted from |80))
(XXX

deuterated methanol, of the benzenoid protons in {(n°-CoHg):Ru,(p-t2d28),Cl|Ci
clearly indicate the two ro.thenium atoms to be coordinated by different combinations
of ligands. Crystal structure  analysis revealed o combination of.  double-
bridging, 1:-S,.N(-8;n'-N), and triple-bridging, p-S.N(1*-8S:'-N), binuclear
E,3-thinzolidine-2-thionate ligands, in the complex cation (XXXHIb). With two
terminal farcne groups and one terminal chloro atom (Ru Ci=2.419(4) A) each
metal has different donor sets. The unigue composition of the complex enables
the geometry of each bridging ligand to be assessed (Tuble 5). One common feature
of both bridging ligands is the equivalence of the metal- nitrogen distances. The
ruthenium-sulphur distance (Ru(2)-8(1)=2.395(1) A), formed by the double-
bridging ligand, is similar to that formed by the neutral ligand in the mononucicar
complex above. In addition, the significant angutar parameters (Ru-N-C and
Ru-S--C, Table 5) are similar to those of other binuclear double-bridging ligands
(Table 1). The ligand thicamide dimensions formed by the binuclear double-bridging
lirand (Table 3), despite rather large errors, indicate the typical accumulation of
double-bond character in the carbon -nitrogen bond. This is achieved at the expense
of the double-bond character in the carbon-sulphur bonds, with only a slight
extension to the thioamide angle, In contrast, the binuclear triple-bridging ligand
gencrates asymmetric ruthenium- sulphur distances, and a Ru-8(5)-Ru angle that
is larger than those gencrally observed for such ligands (Table 5). The remaining
angular parameters (M-$--C, M--N-C and $-M-N) are comparable with similar
bridging ligands ( Table 5). The thioamide dimensions of the binuclear triple-bridging
ligand ( Table 3) show increased lengthening of the carbon--sulphur bonds and added
strain in the thioamide angle. These dimensional differences in the complex are
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clearly a consequencc of the additional electronic demands of trlple-bndgmg.
Ha-S,N(N2-8;n'-N), relative to those of double-bridging. n,-S. N(n'-S:n'-N).
binuclear ligands.

The similarity of the 'H NMR spectra of the
[(n®-p-cymene),Ru,(p-RS) (p-C)CI]Cl (RS =meimz28, 4,5-ph,-imz2S) complexes,
both of which indicate dissimilar environments for the ruthenium (1I) atoms, suggest
the complexes to be isosiructural [80]. A crystal structure analysis of the
4,5-biphenyl-imidazoline-2-thionate complex cation showed the structural differences
to be due to differences in the donor sets and in the metal geometries. The complex
cation is shown in (XXXIlla) and selected dimensions are given in Table 5. The
central asymmetric Ru(1)-Cl-Ru(2)-8(2) core of the complex is folded with modest
atomic displacements (4-0.146 A) from the best least-squares mean-plane. Angles at
the bridging chloro (98.5( 1)) and thionate sulphur atoms (98.2(1)") arc remarkably
similar 1o one another. They are also similar to the bridging angles formed by other
binuclear triple-bridging ligands (Table 5). The disparity in the bridging atoms
however causes a slight contraction in the angles (Cl-Ru(1)-8 and C1-Ru(2)-8)
normally formed at the metals by pairs of triple-bridging binuclear ligands (Table 5).
This angular contraction is also matched by a slight increase in the metal...metal
separation distance. Significantly, the ruthenium--sulphur distances are slightly longer
than those reported for the [(n°-C H, 2, Ruy(pt-t2d28),C1] " cation. The ruthenium-ni-
trogen distance and the remaining, significant, angular parameters (M-S-C, M-N-C
and §: M N) are similar 10 those listed in Table 5. Such similar dimensions reflect
the similarity in geometric requirements for binuckear tple-bridging ligands.

The thioamide dimensions  of  the  imidazoline-2-thionate  derivative
(C Seaz= LIS € N= L3O AN C 8+ IH.?M)") difler from those of the
unsubstituted imidazoline-2-thione medecude (¢ 8, - L), C N LMD AL
N-C 8::1208(2)) 811 The observed d1.m;_.,c.~. are charpcteristic of hinuclew
double=bridging, heterocyclic thionate ligands.

Examples of binuclear triple-bridging tigands in both homoleptic and mixed-
ligand complexes are ¢learly searce. This probably owes much to the fine bulance
between the benefits of additional metal-thionate sulphur coordination and the
ackded sterie demands of triple-bridging, in such ligands.

A hot solution of 2-thiouracil (Idiii) in dimethyl sulphoxide dissolves caleium
hydroxide from which colourless erystals of [{Cat2-thiouracilate),. DMSO.H.0) )
are obtained in high yield. The bridging monoanion is unusual since it is not based
on the deprotonated thione, but on the deprotonated hydroxy tautomer.
Consequently, the ligand is NJO-, rather than S.N-bridging {82]. The crystallographi-
cally centrosymmetric dimeric complex contains pairs of terminai monodentate
oxygen donating and N,O-bridging 2-thiouracilate anions. Dimethyl sutphoxide
solvent molecules are also terminal oxygen donating. The seven coordinate metal
has pseudo-pentagonal hl]‘\) ramidal geometry with six of the attachments to oxygen
donors (Ca O=2.324(4) -2.366(3) A) and the seventh to a 2-thiouracilate nitrogen
atom (Ca- N=2.557(4) A) (XXXIV). There are no calcium contacts to thione
sulpbur. The thione-sulphur atom of the bridging anions form hydrogen bonds with
terminal water molegoles (8.0 =3 ’?{H(S)A) Every poteatial donor ¢ontre not
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involved in coordination, to calcium(1l). is invelved in an intricate system of intra-
and intermolecular hydrogen bonding. Two tautomeric forms of the 2-thiouracilate
anion are present that differ only in the positions of the remaining proton. One of
these tautomers is terminal and the other is bridging. The role of calcium in this
complex and its preference for oxygen, rather than sulphur donors, is responsible
for the alternative coordination mode of the 2-thiouracilate anion.

S ——N
'.==<I e N =5
: 1L" N
Ho. | .0 g o M
At .
M o e ISMe>
0/ \Q"'"'(“'//(
H M»‘:S( \0“‘
s”——/\\]_._\ ) = /
‘ N1 S

(adapted from [82])
{XXXIV)

A solution of the complex in dimethylsulphoxide dissolves solid platinum
dichloride. Addition of & mixture of alcohol and toluene to this solution
precipitites a pold coloured. water soiuble. powder with the composition
L Ca( 2-thiouracilate),. DMSQ.H,0)} 1. PtCls.

2.4 Complexes with three brideing heterocyelic thionate ligands

In contrast to the farge number of complexes based on two bridging ligands in
Section 2.3 enly one example has been reported for this class of complexes.

In addition to the binuclear complex [( VO),(py2S),). involving a combination
of bridging and chelating  pyridine-2-thionate anions, referred to above (see
Seetion 2.3.3.2 the simme report containg details of a binuclear, mixed-metal,
sodium--vanadiwum (1) complex | NaV(p-S.N-py28).(py2S)(tht'),] [77]. This com-
plex is obtained by the addition of four equivalents of sodium pyridine-2-thionate
10 the vanadium(Illl) complex [VCly(thf);], in thf. The seven coordinate
vanadium( H1) atom has a N;S,-donot set consisting of one S,N-chelating and three
triple-bridging. p,-S.N(n2-S:1'-N), pyridine-2-thionate anions, The three bridging
thionate sulphur atoms and one of the pyridine-2-thionate nitrogen atoms arc
connected 10 the second metallic centre in the dimer, the six-coordinate sodium
atom, which has a N§;0, donor set. Two terminal thf molecules provide the oxygen
atoms ( XXXV),

In addition 1o the six heterocyclic molecules the complex contains four, four-
membered S,N-chelate and three, four-membered puckered, NaVS, rings. This is an
extraordinary profusion of rings in such a relatively small structure. Distances 10
the sodium atom  (Na-8§=2.960, g Na-N=2.400(3); Na-0=2.286(3),
2.325(3) A) are generally longer than those 10 vanadium(11) (V-8=2.534, . .0



5241 E.S. Raper § Coordination Chemistry Reviews 165 ( 1997) 475-567

{adapted from [77])

(XXXV)

V-N=2.162,,crge A). The S.N-chelating angles (S-V-N =65.18,ycrage ) are typically
narrow. In addition, angles at the bridging thionate sulphur atoms within the central
NaV$§, cores (Na-8-V=79.18,,crage ) are narrower than the corresponding angles
in Table 5 (M-S-M =93.83--117.8(1) ). This is presumably due to a relatively short
sodium-vanadium( ) separation distance that is unfortunately not reported.

2.5. Complexes with four bridging heterocvelic thionate ligands

Divalent, dimeric acetates of general formula {{ M(jeCHCOL)(H0M ) (M =
Cu. Cr. Rh, Mo) lormed the first series of complexes to be characterised with the
classic “lantern” structure (XXXVH). Such an arrangement is typical of binuclear
complexes with four doublebridging ligands of which hundreds of examples are
now known [14], The progressive reduction in metal metal separation distances
(2.64 2,10 A) for the above sevies of dimeric tetra-acetates also confirmed the
increusing bond order {83]. Subsequently, the search for bridping ligands with bite
distances comparabic to those of the short metal nwetal distances in the complexes,
has been intensified. The production of binuclear rhodium(il) complexes with
bridging dialkylaminotormanmids, 2-pyridinate or related organic or inorganic
ligands is typical of such rescarch {84]. More recently, heterocyelic thionates have
also been shown to be capuble of replacing the double-bridging acetate higands of
mostly divalent metals with the resultant formation of comparable binuckear
complexes, The metals involved in this series of complexes mostly involve
molybdenum(11), thodium(11) and those from group ten. The latter readily generate
d® ™ metal pairs with square-planar geometry that underge osidative-addition
reactions which produce metal mettl bonded (17 -d7) halogenated complexes. A
wide range of heterocyclic thionates have been involved in the production of this
seeies of complexes including:  pyridine-2-thionate  (kiei), pyrimidine-2-thionate
(Hdi), imiduzoline-2-thionate (Haii), 1.2.4-triazoline-3-thionate (1lb), 1,3-thiazole-
2-thionate (1th) and hexamethylencimine-2-thionate (Ite) derivatives. The bifunc-
tional nature of the ligand gencrates a number of isomeric possibititics (V1) all of
which have been structurally characterised.
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(M = Cu, Cr. Rh. Mo) (adanggl from {89])

(a)
(XXXVD)

2.5.1. Palladium( 11} and platinum( lI) complexes

The production and characterisation of binuclear platinum(1l) complexes with
pairs of N.O-bridging 2-pyridonate anions (lcii). the “platinum pyridone biue”
complexes [85] and their halogenated oxidation products [86] prompted attempts
to prepare the corresponding pyridine-2-thtonate complexes. The structural similarity
of the ligands and the longer bite of the pyridine-2-thionate anion (S...N=2.7; N...
0=2.3 A) being the major reasons for repeating the work with the thionate anion
[871.

The room-temperature reaction of palladium(ll) acetate with pyridine-2-thione,
in a 1:2 molar ratio in dioxane, initially gives a brown product that redissolves
viclding a red solution from which an orange solid is produced. Such &
seepience of coloured  products is typical of complicated metaklipand  redox
reactions.  Recrystallisation  of  the orange  product  from  chiovoform  gives
[Pelatp-py 28 )1 2CHICH, This is an casily oxidised crystaltine solid with & centre of
synnmetry it the mid-point of the palladiam... palladium axis (Pd.. Pd = 2.677(1) A).
The bridging ligands also have a ciscissheadsio-liead. 2 ( 25:2N) distribution {Via)
with the PdS,N, coordination squares slightly twisted about the palladium...palla-
dium axis (@verage S Pd Pd-N=1.57). Addition of iodine to o solution of
the complex, a 2:1 molar ratio in chloroform. produces tetrameric crystalline
[Pd1-py28), 1) rather than an oxidised product.

The lemon-yellow mixed ligand complexes {Ptyen) (p-het,S,.N);|Cl.3H,0
(het-S,N = py2S. d-mepy2S) [88] are obtained from [Pt{en)1;] and the patent
ligands in water with the bridging ligand deprotonated by dilute acacous potassium
hydroxide. Their crystal steuctures have heen reported, together with that of
IPLICH,(-aps),] Cl.3H0 (aps = 2-aminocethyl-2-pyridylsulphide). Selected dimen-
sions of the pyridine-2-thionate complexes are listed in Table 6a. Both complexes
have a combination of two N.N-chelating [.2-diaminocthane and two cis-related,
head-to-head binuclear  double-bridgng, 0,-S,N(n-8:n'-N). pyridine-2-thionate
ligands (Vd). These generate &t combination of PINy and ¢is-PtS;N, coordination
squares. The dissimilar metal..metal and ligand bite distances cause the two
platinum(11) atoms to deviate out of the coordination plancs towards cach other
(ca. 0.10 A). The coordinztion plancs also tilt (VIla) towards one another (average
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Table 6
Bi_nuclcar compiexes with four double-bridging, p-(S.N)n'-Sin'-N), ligands: selected dimensions
(Aand )

P Complex and reference
Isomeric Metal- Angles at M-§ M-N M-8-C M-N-C
form metal the metal

(a) Palladium(Il) and platinum{th) complexes
[Pty{en)n-py28),)Cl,. 3H,0 [88]

vd 10831y 8- 21994 204110 110.4(4) 12397
94.8(1) 2.302(4) 20591 12.9(5) 122.4(10)

[Palen) (p-4inepy2S),] C1,. 3H,0 {8R)

vd ER1iIIRN 83.3(1)- 2291(2) 2024 HOR 6L 121.7(6)
94.6(1) 2,294(2) 2.042(6) 112.0(3) 124.2(4)

[Pry{padinepy2S),P2. 0.5C;H, [B9]

Via 2.680(2) BR.6(5) 227447 2042y 109 48} 122.1415)
N7 2293 21N L8 125.8(16)

[Pds{p-bzt228)JF (90

Via 2745(1y  BR.4(1) 2.285(2) 20785y 104.0¢2) 126.1¢4)
2H.6(2) 22940 JOR4(5) 04,7 126.3(3)

{PLG-B20228 1) DME® [91)

Vi 2I061(1)  RR.6(1) 22U D 207004 D) 122 H4)

27831y 9021y 228NH 20814y 107.642) 128.2¢4)

(b} Platinunm (1) complexes

EPLO)=dmepy2S )] 2CHCT, {89

Vi 2N ERSYH 20N Y H0R) 106 7 (4) X
91 1Yy 2304 3y kA THOT N 190 I NS

O] 2458820 CL=172.00 1)

(P OEpYymMS Y] 93

Via 2551y NR J.2RA) ORI Pe-1 = 2.7 0mean)
L AR TN ] T PP 1732 ()
IPLCTr-pym 281, [94)
Vid bR IRE RE Sy XM 2551t EEXNER Y 19.8(8)
P eh 2UWH ) 220 194041 121607

ProO 248 meun ) B0 UL 18,700

(Bl s(p-tucH)) [99)
Vi 254602 L TR IR H I 3.7 U852
W8 R TR TN 213N e 1 L3 1244021
P 277 0meand UM LD 102

[PLCTOEPYM2S L8, pym28)) {938

Via RIS VI Rib( 3y i M Y JO 2N NR NR
93.506) 2307(8) 206 2)
PUCH 2494070 I I CE= 17530
nhS eunds PSS 24388
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Table 6 (cantinued )

P Complex and reference
Isomeric Metal- Angles at M-S M-N P1-8-C M-N C
form metal the metal

{c) Molybdenum(1l) and rhodium(II} complexes
[Mo.(p-4,6-me2pym28},1.CH,CL, [96]

Vib 20832y 81.5(1)- 2.444(4)- 248(1)- 102.7¢5)- 120.1(9)-
97.9(5) 2.454(4) 2.22(1) 163.9(5) 124001

[Mo(O,CBu')y(p-imdz28)(py)a] [97]

~ 2116(1) 89 248N4) 2.124¢1) 101.9(6) 121.9(9}
28.8(3)

Mo Oimean}= 2120 Mo-N(py}=2631(12), 2.966(19)

[Rhs(p-tep28),00,'-S tep28)} [101]

Vic 2497(1)  88.51(2)- 2.343(1)- 2.016(2)- 104.601)- 124.7¢ 1)-
92551 23591} 20322 106.5¢1) 125.7¢ )

(n'-S tcp28) 2388(1) 114.8¢1)

[Rhadp-tepiSHCOW [101]

Vic 29501 B4 237%¢ b 2.033¢1) WS 125.0(2)
Y2.57(3)

{Rb(3e5-MeS-1.3.4-00228),( PPhy) [99)
Vie 26030 1) 86.6¢1) 2A55¢) - 2.002(7) NR NR
YT M1 23793 2.02008)

1) Nicket( V) conaples
INVE-2S 3O | 104
Vie TedR(H RS D 211D 2008{H WIni2, 12L6(1
92501 20 20RO S5 [{{RRTE N 120 1

NR il yeported.
* Syminetvicn) malecule,
® Two half compleses per nsyanetric unit,

interplanar angle=31.8") and twist (VIIb) out of the totally cclipsed position
(average S-Pt-Pt-S torsion angle=33.2°). Although the 1wo complexes are
asynunetric in the solid state the two coordination planes undergo rapid thermal
oscillation about the metal...metal axis in solution with cach [ 2-diaminoethane
lignnd  undergoing  rapid  conformational  (A«»8) interconversion.  In the
[Pt(CD{p-aps);)Cla.3H,0 (aps=see above) complex the bridging ligands have a
head-to-tail distribution with the coordination planes in the eclipsed configuration.

Preparation of binuclear platinum(Il) and platinum{ 1) complexes of pyridine-
2-thionate and its 4-methyl derivative initially involves production of the lemon-
yellow binuclear complexes [89]. The procedurc involves reaction of pyridine-
2-thione with ¢is-[PICI(NH;),] in dioxane under argon, and addition of the
potassium salt of 4-methylpyridine-2-thionate 10 ¢is-[PtCl,{CH,CN),] in toluene, also
under argon. Slow evaporation of chloroform solutions of these complexes gives the
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red crystalline binuclear platinum(1I1) complexes [Pt,Cly(p-py2S),].2CHCI; and
[Pt,Cly(p-4-mepy2S),}. 0.5C,Hg. The crystal structures of both of these complexes
have been reported; the binuclear platinum(IIl) complex will be considered with
other plaiinum(Il) complexes {(Section 2.5.2, The bridging ligands in the
[Pty(n-4-mepy2S),] 0.5C,Hg complex have the cis,cis;head-ro-head;2 ( 25:2N) distri-
bution (VIa). Selected dimensions are listed in Table 6a. The two coordination
planes are twisted slightly out of the eclipsed configuration (average torsion ang'e
N-Pt-Pt--8=13.4"). This is probably why the complex has the shortest inetal...
metal distance (Pt...Pt=2.680(2) A) of this set of binuclear ptatinum(11) complexes
(‘Table 6a). The metal-nitrogen and metal-sulphur distances in Table 6a are verv
similar to other listed values while the angles at the ligand donor atoms (M-S-C
and M-N-C) show little sign of angular stress. The latter arc similar to those of
other binuclear double-bridging ligands (Table 1). The average thioamide carbon-
sulphur distance and thioamide angle of the pyridine-2-thionate ligands show the
characteristic variations, relative to the parent ligand {22], that are typical of binu-
clear bridging ligands (Table 2). The [P1y(u-4-mepy2S),] complex exhibits metal-
centred, quasi-reversible, cyclo-vollammetric peaks in  dimethylformamide (vs
(Ag/Ag(Crypi(2,207) centred at +0.282 V.,

Addition of aqueous-ethanolic solutions of benzo-1,3-thiazoline-2-thione to
aqueous potassium tetrachloropalladate, and the equivalent platinum(11) chloro-
anion, produces isostructural complexes with four double-bridging ligands
[M,(p=bztz28),] (M =Pd, P1}{90,91]. The presence of the anion in the platinum(1])
complex is clearly indicated, in the IR spectrum, by the absence of the (NH ) band
and the presence of v(Pt-N) and v(P1-8) bands. Selected dimensions are given in
Tuble 60, Both complexes consist of pairs of metal wtoms with eiv.cissliead-1o-
head: 21 28:2N), double-bridging, binuclear Hgands (VIa): und u centre of symmetry
at the mid-point of the metal...metal axis. The cieMS$,N, coordination planes are
essentially square-planar und in the eclipsed position; displcement of platinum(11)
aloms from the coordination planes is minimal. Metal separation distances are
similar to one another and shorter than the distances in the parent metal (Pd-Pd =
2,751, Pt-Pr=2.775 A){20]. The remaining distances and angles in the two structures
are also similar. In particular, the metal-sulphur distances (2.282(3)-2.289(2) A)
resemble metal-thiokate distunces and are shorter than those of the corresponding
metal-thione values (2.339 - 2.362 A) [91]. Average thioamide dimensions among the
bridging ligands ( Table 4). coupled with significant perturbation of the angles (2°.7°)
at the thioumide carbon atom, are indicative of the redistribution of a-electron
density in the bridging anions { Table 4).

2820 Platiman{ 1) comploxes

The oxidative-uddition of hatogen atoms to binuclear plutinum(t) complexes s
& vready general source of the corresponding binuclear platinum(111) species [92].
Successful  preparative routes include: addition of iodine to the binuclear
platinum(I1) complex in chioroform {87] and recrystallisation of the binuclear
platinum(it) complex from chlorotorm, from which chlorine atoms are abstracted
[89]. The addition of the tetraicdoplatinate (11 ) ion to monomeric {Pt{(pym2S},] in
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hot methanol is alse effective {93]. Direct reactions of the tetrachioroplatinate (1)
ion with pyrimidine 2-thione derivatives in hot methane! [94.95]. have also been
used. All the reported platinum(Ii1 ) complexes seem to require axial terminal ligands
to effect their stabiisation. Consequently, the metals effectively have octahedral
geometry with metal-metat separation distances (2.518(1)-2.547(2) A) that are
inevitably shorter than those of the corresponding binuclear platinum(11) complexes
(2.680(2)--3.101 (1) A). Selected dimensions of the reported crystal structures, which
are inherently similar, are given in Table 6b.

In [Pt.Cl(u-py2S},}.2CHCI; {89] the chlorine atoms occupy the expected axial
sites (C1-Pt-Pt = 172.6(1)°) with the four double-bridging, p#>-S,N(n'-S:n'-N). pyri-
dine-2-thionate ligands arranged in a cis.cis;head-to-head:2 ( 28:2N) arrangement
(XXXVIb). The structurc has an approximate two-fold axis perpendicular to the
Cl-Pt-Pt—Cl axis. The two ¢is-PtS,N, coordination squares twist out of the eclipsed
configuration with an average torsion angle (N-Pt- Pt- §=23.3") larger than that of
its sister complex [Pty(n-4-Mepy2S),] [89]. The larger twisting angle is primarily due
to the shorter metal-metal distance generated by the platinum(ill) atoms.
Metal-ligand distances and angles are similar to those of the binuclear platinum(1])
complexes listed in Table 6a. Average thioamide ligand dimensions (C--§=1.733 A:
N-C-8 =122.2") show the characteristic changes relative to the parent ligand [22].
The [P1.Cly(u-py2S),] complex exhibits a pseudo-reversible cyelic veltammetrie
curve {£;;= +0.257 V), in dimethylformamide. A redox cycle involving a two-
clectron exchange together with complicated loss and uptake of chlorine atoms and
solvent molecules is proposed for the complex. The structure of [P1l,(p-pym28),]
is simifar w0 that shown in (XXXVIb), The ¢is=PtS,N, coordination squares are
wwisted about the metal metad axis, and out of the celipsed position, by about 26
[93]. The (IS.N:S,3N) (V) disposition of the four bridging ligands in the
[ PO Gp=pyn2S ),y | unnplcx generites PIS;N and PISN, coordimition squares that
are twisted by approximately 297 nbout the metal metal axis. I addition, the metal
atoms are slightly displaced towards the axial chlorine atoms {94). There s also
some evidence of frans-effects among the metal ligand bonds. In the 2-thivuracilate
complex [Ptalap-2-tucti )y} the ligand distribution is as shown in (VIa) with
cis-Pt8,N, coordination squares rotated about the metal-metal axis by 257, The
average thioamide dimensions of the 2-thiouracilate anion (C-S$==1.719, C N=
1.349 A; N--C-S+=124.0") are characteristic of bridging heterocyclic thionates [94].
The five pyrimidine-2-thionate ligands in [Pt,Cl(pym28)s] {95] consist of one term-
nal, (n'-S), and four double-bridging, p,-S,N(1'-8:n*-N ), anions. The latter adopt
the ofs, cisshead-to-head: 2 ( 28:2N) arrangement (V1a). Conscquently, the donor sets.
$,N,Ct and S;N,, of the platinum(H1) atoms are different. Of particular interest 13
the fact that the terminal platinum: sulphur distance is longer (2.438(8) A) than
those involving the bridging ligands (2.292(8) 2.307(8) A).

2.5.3. Molvbdenum( 11} and rhodinm( I1) complexces

Complexes containing multiple metal metal bonds generally possess wide ranging
optical, magnetic and electrochemical properties [14]. Such desirable beliaviour has
prompted the search for suitable bridging ligands.
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Quadruply-bonded binuclear motybdenum(I1} complexes with a range of bridging
ligands have been prepared and characterised. The acetate groups in dimolybdenum
tetra-acetate are readily replaced by the addition of sodium 4,6-dimethylpyrimidine-
2-thionate, in absolute e¢thanol, under nitrogen [96]. Recrystallisation of
the red product in dichloromethane produces the solvated complex
[Moy(p-4,6-me,pym28),].CH,Cl,. The four bridging ligands all adopt the cis,cis;-
head-to-11il;2(2S,N) arrangement (VIb) in this complex and virtual D, symmetry.
There a»- 10 capping ligands in this structure. Selected dimensions are given in
Table 6¢. 1 he metal-metal distance (Mo-Mo =2.083(2) A) is the longest in a series
of binuclear molybdenum structures that involve bifunctional bridging ligands with
carbon, oxygen or nitrogen donors (2.064(1)-2.072(2) A) [96]. The remaining
metal-ligand distances and angles are typical of those generated by binuclear double-
bridging ligands (Tablel). The average thioamide dimensions of the
4,6-dimethylpyrimidine-2-thionate ligand (C-S=1.72, C-N=1.3754; N-C-§=
120.0°) are also similar to other heterocyclic thionates.

Attempts 10 prepare polymers based on gquadruply bonded dimetal tetra-
carboxylate subunits bridged by conjugated aromatic ligands have led to
the isolation of [Mo,(O,CBuY),(u-imdz28)(py),] {97}, The amber crystalline
complex is obtained from the sodium salt of imidazolidine-2-thionate
and [Moy(0,CBuY)Y,(CH,CN),J(BF,) in a dichloromethane-acetonitrile—methanol
solvent mixture. Recrystallisation from pyridine gives the bis-adduct in which the
two axial pyridine molecules are weakly bound 10 the metais. The more weakly
bound pyridine (2.966(14) A) is accompanicd by a tilting of the molecule so that
the nitrogen lone pair is not aptimised for bonding (XXXVIL).

N )‘4 )!hl‘

N
()“"l K¢
@N“—*M&ﬂ_mﬁ ..... C:';N '

tadapted fram [97))
(XXXViID)

The metat- metal distance (Mo Mo = 2. 1H6(1) A; Table () is slightly tonger than
that in [Mo(-4,6-me;pym2S ).} but is typical of carboxykito coordinated systems
{96]. The metal ligand distances and angles generated by the imiduzolidine-2-thiopate
ligand are typical of u binuclenr double-bridging. 1-S.N(-S:nN), ligand
(Table 6¢). The thicamide dimensions (C-S=1.693(6), C-N=1.362(19) A;
N-C-8=122.7(11)") of the bridging imidazolidine-2-thionate ligand show some
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evidence for the concentration of the thioamide n-electron density in the carbon -
nitrogen bond and a slight narrowing of the thioamide angle [98].

A group of air-stabie orange or brown dirhodium(lI) complexes have been
prepared by partial or complete replacement of the acetate groups in dirhodium
tetra-acetate with a range of heterocyclic thionates [99]. Typically, preparation of
the bis-substituted complexes [Rh,(het-S,N),(CH,COO),L,] initially involves
abstraction of the sodium salt of the heterocyclic thionate from sodium hydride
in ether. The recovered sodium salt is then refluxed in benzene with
[Rhy(CH;CO0),(CH,OH),], in a 1:2 (metal:ligand) molar ratio, in the presence of
bases, such as triphenylphosphine or one of its derivatives. Tetra-substituted
products [Rhi(het-S,N),L] are invariably produced by reacting a large excess
of the sodium salt of the heterocyclic thionate with {[Rh{CH;CO0)(CH,0H),},
in ethanol, followed by the addition of triphenylphosphine. The hetero-
cyclic thionates used include S-methylthio-1,3,4-thiadiazole-2-thionate (I1j),
4,5-disubstituted-1,2,4-triazoline-3-thionate (IIb) and 1,3-thiazolidine-2-thionate
(I1hi). The bases used involve triphenylphosphine or its methoxy, isopropyloxy
and phenoxy derivatives. Some twenty complexes are reported together with the
crystal structure of the [Rhy(5-MeS-1,3,4-tdz28)(PPhy)] complex. A combination
of IR, luser Raman, 'H NMR and UV spectral data confirmed the presence of
deprotonated ligands, Rh-Rh bonds (287-289 ¢cm™!) and essentially octahedral
coordination at the metal, in the complexes. The crystal structure of
[Rhy(p-5-MeS-1,3,4-tdz2S ) (PPh,)] established the presence of four binuclear
double-bridpine, 1,-S,N(n'-S; n'-N), ligands in an all-cis;head-to-head;(4S:4N)
arrangement { Vic). Conscquently, onc rhodium atom has square-pyramidal coordi-
nation formed from a Nyg donor set. The other rhodium atom has octahedral
coordination and a terminal S,P donor set. The disparity in donor sets does
not significantly alfect the eis-angles at the rhodium(ll) metal. In ¢ach case the
mverage angle is close to 907, The coordination squarcs however twist about the
metal-metal  oaxis (S-Rh-Rh-N=23.8"). The resultunt metal-metal distance
(Rh-Rh=2603(1)A), as well as the metal-ligand dimensions (Table 6¢), are
compirable  (Rh-Rh=2.550 A) with other dirhodium(ll) systems such as
[Rhy{SOCCH,)( HSOCCH,),) {100].

'The non-planar anion w-thiocaprolactamate (11e) also replaces the bridging acctate
groups in dirhodium tetra-acetate [101]. Heating a mixture of dirhodium tetra-
acetate and the parent ligand until molten and extracting the product with dichloro-
methane produces large green-black crystals of [Rh,(tep28),(1cpSH )], after evapora-
tion of the solvent. The terminal monodentate n'-S donating parent ligand is stowly
and irreversibly replaced in [Rhy(p-1cp28)4(n'-tcpSH)] with carbon monoxide in
dichloromethane. The product [Rhy(u-tcp28)4(CO)] is removed as either a brown
powder or as green crystals, Attempts to perform similar exchange reactions with
pyridine, phosphines and other ligands were not successful. Both of the axially
coordinated dirhodium complexes adopt essentially the same structure with the
axial ligands attached to the RhS, site (XXXVIH). The metal-metal axis in
[Rh(p-1cp28),(CO)] however occupics a crystallographic four-fold axis. Sclected
dimensions of both structures are given in Table 6c.
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(adapted from [101])
XXXVHI

In [Rh,(ptep28 )41 -tepSH)) the average cquatorial distance (Rh-S=2.354 A) is
shorter than the axial distance formed by the o-thiocaprolactam molecule (Rh-S=
2.388(1) A). The latter also has a larger Rh-S-C angle (114.8°) than that of the
bridging anions (Rh-8-C,erage=105.3"). The shorter equatorial distances and
smaller Rh-8--C angles formed by the thionaie sulphur atoms are clearly a conse-
quence of steric restrictions caused by the binuclear double-bridging ligands.
The coordination cores twist about the metal metal axis (S-Rh-Rh-N=21.1")
the extent of the twist is similar 10 that i the dirhodium(ll) S-methyithio-
1.3 4-thindiazole-2-thionate  complex.  The  wmetal-metal  separation  distances
are similae in the two m-thiocaprolictanute complexes and are slightly shorter than
that 1 the dirhodium(11) S-methyithio-1.3.4-thiadiazole-2-thionate vomplex. The
relationship between metal wmetal separation distances and the bite angle of
bridging ligands in dirhodium complexes has been discussed | 1021, However, simikur
ligand bite distances (S...N=ca. 2.7 A), similar torsion angles (N-Rh -Rh-$ =¢a.
227) and thivamide angles (N-C-§=122- 125") generate dissimilar metal distances
in [Rhy(p-5-MeS-1,3.4-1d228 ), ( PPh,)] and [Rhy(-1cp28),L) (L= tepSH und CO).
These observations would seem to negate a direct relationship between ligand bite
and metal-metal separation distances, at lkeast for dirhodium heterocyelic thionatwe
complexes. Production of the 4S:4N isomer, rather than that of any other form, is
also useribed to the steric and electronic consequences following attachment of the
first o-thiocaprolactumate double-bridging anion [ 101]. The remaining metal- ligand
dimensions are similar in both of the dirhodium w-thiveaprolactamate complexes.

The clectrochemical properties of dichodium complexes with bifunctional ligands
are quite different from those of divhodivm tetra-carboxylates, While the tetra-
carboxylates only undergo a single electro~oxidation the w-thiccaprolactamate com-
plexes undergo two reversible one-clectron oxidations to form Rh¢11) Rh(111) and
ROCIEL) Rh(1) species. The half-wave oxidation potentials, in dichloromethane,
increuse (+0.31 0.71 V) in the order:

[RBs(1ep2S)} <[Rh,(1ep28),(tep2SH )] < [Rh, (1cp28),(COY
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This is consistent with a lowering of the HOMO upon axia! binding of either the
w-thiocaprolactam or carbonyl ligands. In the case of the carbonyl adduct lowering
of the HOMO is particularly large (0.45 V). The complex nature of the oxidation
products and ligand-solvent exchanges involved are evident from the fact that the
ESR spectra of the mono-oxidised products [Rh,{tcp2S),(tcpSH)]* are different in
dichloromethane and acetonitrile.

2.5.4. Nickeli {l) complexes

The relative absence of binuclear nickel( I ) complexes, with four double-bridging
heterocyclic thionate ligands, is in striking contrast to the behaviour of other group
ten metals (see Section 2.5.1). However, nickel(11) readily forms mononuciear S,N-
chelates with heterocyclic thionates [ 1] as well as mostly diamagnetic sulphur-bridged
binuclear complexes with thiolate ligands [9, 10]. One of the problems with nickel(I1)
complexes is that deprotonation of the parent ligand in aqueous solution, in the
presence of a nickei(1i) salt, invariably generates mtractable solids [103). More
recently, the brown crystalline, binuclear complex ( Et,N)[Nia(p-1228),Cl], has been
prepared by adding triethylamine 10 a mixture of ( Et,N)[NiCl ] and 1,3-thiazoline-
2-thione (IThii) in acetonitrile {104]. Aprotic solvents, complexed nickel(11), in situ
ligand deprotonation and the correct order of addition of the reactants are apparently
essential for the successiul preparation of crystalline nickel(11) heterocyclic-thionate
complexes. Absence of the v(NH) band and the presence of v(Ni~N) and v(Ni-S)
bands in the IR spectrum confirmed the presence of both deprotonated and S,N-
voordinating ligands in the complex. The crystal structure of the complex shows
that the nickel and chlorine atoms of the binuclear anion occupy a crystillographic
two-fold axis with the four double-brdging, p,-S.N(y'-8:n'-N). ligands in the
eclipsed allcisshead-to-head:45:4N configuration (Vie). The capping ligand occupies
the NiN, (average Ni- N=2.077 A), rather than the Ni$, (average Ni §:22.225 A),
site { XXXEX). In this respeet the nickel(H ) complex differs from those ol the heavier
metals deseribed in this section.

N g
u--—-—’;!;,{.': h!l"z'b
Nl o !

tadapted from §104])
XXXIX

Furthermore, the nickel(1) atom has diamagnetic square-planar NiS; and

nickel(2) has paramagnetic squarc-based pyramidal NiN,Cl (Ni-Ni m2.§48(2) A),
coordination. This distribution rationalises the room-temperature magnretic moment
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of the complex (uy=1.92 per nickel(II) atom). The reported angular dimensions
(Table 6d) are similar to those generated by other binuclear double-bridging
ligands (Table1). The complex undergoes ligand-centred irreversible oxidation
(E,= +0.6 V; vs SCE} in acetonitrile.

The effects of deprotonation and coordination on the parent ligand dimen-
sions [105] are similar to those reported for i,3-thiazolidine-2-thione {Table 3)
and benzo-1,3-thiazoline-2-thione (Table 4) [90,91]. All of the central thioamide
dimensions of the parent ligand [105] (C-S,,,=1.657(4), C-N=1.335(35),
C-Septo=1.767(4) A; N-C-S,,, = 127.4(3)°) are affected to some extent. The corre-
sponding average dimensions in the complex (C-S,,,=1.726, C-N=1.314,
C-8.04o=1.735 A; N-C-8,,,=127.1°) show lengthening of the carbon-sulphur
and shortening of the carbon-nitrogen bonds. Although the thicamide angle
{N--C-8,,,) is scarcely affected by the coordination process all of the remaining
angles show some degree of perturbation.

3. Trinuclear complexes
3.1 Introduction

The bridging ability of organothiolates and the established trinuclear character
of some metaltoprotein systems have collectively stimulated considerable activity
in trimetallic systems in recent years. A typical product of this activity is the
{Fey(ua-PhSHCLE - anion with a planar hexagonal Fe,8, core, p,-8 edge-bridging
phenyl thiolates, 1erminal chlorine and tetrahedial coordination at the metal [2,10].
More recently, biomimetic activity of the active sites in nickel hydrogenases has
produced linear [106] and cychie {107] wrinuclear thiolete bridged nickel(11)
cotnplexes,

Heterocyclic  thionates rarely utilise py-S  wdge-bridging modes  (Ha).
Consequently, most of the rescarch effort has concentrated on p,-S.N (1lIb) and
iy-8,N (JHd) bridging modes in the controlled production of polynuclear, including
trinuclear, metal complexes. The py-S.N(W-Sin'-N), faca-b.idging mode (111d), is
particularly suitable for trinuclear sites and is involved in the formation of homo-
and hetero-trimetaltic clusters.

Several methods are available for the synthesis of trinuclear heterocyclic thionate
complexes. Thermolysis of trimetallic carbonyls in the presence of heteroeyclic
thiones [108] and the controlled addition of solvated ML, species to binuclear
double-bridged, 1y-8.N, heterocyclic thionate complexes [64,68] have been particu-
kerly successtul. A combination of the pareat ligand and a suitable mononuclear
precursor has also oceasionadly been successful (126]. All of the established com-
pound stoichiometries involve one trinuclear unit in combination with one, two or
six bridging ligands. The established trimetallic cores are either cyclic or angular.
No hincar species have been characterised. A large number of heterocyclic thionate
ligands have been used in the production of the known complexes but established
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crystal structures ars limited to complexes of imidazoline-2-thionate (Iia), pyridine-
2-thionate () and benzo-1.3-thiazoline-2-thionate (1¥h) derivatives.

3.2. Complexes with one bridging heterocyclic thionate

Trinuclear ruthenivm and osmium polycarbonyls form readily available starting
materials from which trimetallic complexes with one bridging heterocyclic thionate
ligand have been obtained.

Thermolysis of [Ruy(CO),,} with pyridine-2-thione gives the trinuclear complex
[Ruy(u-H)(u-py28)(CO)o]. This complex may be converted into polymeric
[{ Rus(p-py28)(CO),},] which, on further reaction with pyridine-2-thione gives the
S,N-chelated mononuclear complex [Ru(py28),(CO),] [108]. A combination of IR
and NMR ('H, »'P{!H}) spectral data established the presence of bridging hydride
and p3-S,N bridging pyridine-2-thionate in the trinuclear and polymeric complexes.

Triosmium clusters readily react with organosulphur compounds, including
heterocyclic thioamides. The acetonitrile substituted triosmium carbonyl
[Os3(CO),6 (MeCN )] reacts with several heterocyclic thione molecules under gentle
reflux, in benzene or hexane, giving complexes of general formula:
[Os3(CO)yo( HY(het-S.N)J (het-S.N =imzd2S, bzimz2S, 1-meimz2S, bztz2S, tzd2S,
bzoxz28) [109]. All the complexes were characterised by 'H and *C NMR
spectra. The upfield shift shown by the thicamide (C(2)) carbon atom of
benzo-1,3-thiazoline-2-thionate (189.9 to 171.6 ppm), upon coordination, is typical
of the series and is consistent with both thione-thionate conversion and thionate
sulphur coordination.

The erystal structure of [Os(CON(-H)-12d28)] revealed @ complex with a
trinuclear osmium cluster and terminal carbonyl ligands. Six coordinate geometry
- the metal limits the §L3-thinzolidine-2-thionate anion to -8, rather than
Pa-S.N bridging (XL). The presence of a bridging hydride anion implies two isomers
with the symmetric isomer (XEa) confirmed by ' NMR spectra. Selected dimen-
sions ure given in Table 7.

The metal-metal  separation  distances  in {Os(COYo(p-H ) (r-12d28)]  are
slightly  shorter  than  the  average  corresponding  distance  in
[O05,(CO)ya] (Os-Os,, =2.887 A) {110]. A narrow Os-$--Os angle, together with
metal-sulphur distances and M-S-C angles that are similar to those of p-S,N
bridging heterocyclic thionate anions in this serics ( Table 7a), characterise the p,-S
bridging anion. Average thioamide dimensions of the 1,3-thiazolidine-2-thionate
ligand are in Table 3. The non-involvement of the thioamide nitrogen atom leaves
the thioamide (N-C-8,,,) angle virtually the same as that in the parent ligand.

Mono-decarbonylation of the [Os;(CO) gip-H }p-12d28)} complex leads to pro-
duction of the corresponding nonacarbonyl and conversion of the p,-S bridging
anion 10 a j,=8,N bridging mode [109]. Two isomers are again possible (XLb,c)
with room-temperature 'H and *C NMR spectra consistent with the symmetric
isomer, More extensive thermolysis of {Os;(CO)o(p-H )} (p-t2d28)1, by refluxing the
nonacarbonyl in refluxing octane, results in thionate ( >C—S8,,,) bond cleavage,
desulphurisation of the bridging ligand and production ol the sulphur-capped
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Table 7
Trinuclear complexes: selected dimensions (A and ')

» Complex and reference

M--M Angles at M. 5§ M--N M.-5-M M-5-C M-N-C
the metal
{a) Complexes with one bridging ligand
{08 (p-H ) {(p-1z428 M COY, " [109]
2.837(2)- 59.5(1)- 2416(11) 20(3) 106.4(17)
2.865(2) 2D 2419(% 109.4(17)
[Ruy(p-H M btz 28 WCOY,] [112)
27860 5) 0.3(1) 2.404(5 2107 7232y 105.0¢3) 8.1
2.836(5) 6LO4 2405(5) 105.1(4)
[Ru (1) (e py2 SHCON| T
2.774¢1) IENIREE 2398(H) 21747 T26(1) 106.8(4) 121.0(6)
2.841(1) 0.0¢h T401( N 107.9(4)
(Ru Ru &)
1R =1 ) (apy28)(COY 4] [113]
2T70201) 79.2606) 14210 2A71(R) 7501 1O4.8(2) 122241
LIRS RLOL{O)Y RG] 2T T35.68(7) LN 124.1(1)
(Ru Ru 8
by Compleses with 1wo Bridging gy
TR (e py2S) (CONICHOD.CHLUT [, 119
2RI ) 120N RETETRY AR(CTHTHE T TN 17 (6 120
RIC AT Y) (N T LRI TR EY TSR IREELEY] a1 )
PRI BalZ28 1000000 ), G010, (119
AR R 12001 LX) 2100(11) T 18, (7)) (LB TR}
RRIAKTER R RSN LR EU TN WHD LAy (W TERT)
(COERW,(eB 28, AR KLU, P 120121
Kl Ag Rh Ag BRI Kh § Kh N Rh 8 Ap Ap 8 U R N ¢
L0(3) L5 2 35R(4) YR 8. 401 ) (IRETET RTES
Ap R R S ¢
200004 LG
[Ped ydmph(pepy 28 )L 3" | 39]
U RATE ) 106,300 Y080 AR R ITRRY) FARTE I [ FTTY
29384 107.7() RO ETRY REETE RS LIS H15.5¢5)
RIS Gy S 100 SO E LN 1ty
1M I’d‘ AN N Rh 8 v Pds
MUTCRTR Y ARYATTO! 2 Pl 5
PR Yot 258 L0453 IRy
92004

1929(4)



E.S. Ruper / Coordination Chemistry Reviews 165 { [997) 475-567 533
Tabie 7 (contimicd)
»Complex and refercnce
M-M Angles at M-S M-N M-5-M M-8-C M-N-C
the metal
S, N-chelate Rh-§ Rh-N S-Rh-N S-Rh-§ Rh-§-©
3.327¢4)- 2.070(8) 68.9(3) 90.0(2)- 98.8(2)
23944 2.078(7) 68.9(3) 161.2¢1) 100.0¢3)

{c) Complexes with six bridging ligands
[Pby(p-38iMe-py28).J* [125]

Pb...Pb S-Pb-§ Pb-§ Pb-N
283 56.2(6)- 2.707(9)- 2500
94.8(2) 1A 2.81¢3)

NR not reported.
* Symmetrical molecule.
* Two independent molecules {cations} in the unit ceil.

N
g
(O )
A
(O, Os \()q (C0),
(a)
> >
k;/’l.""—,hi .‘/:“-‘-N
/] e .
RN Sl oy, O - O
1
Ha{) (O} €O, O
(o) (c)

complex [Os;(CO)o H) (125-8 }(12d)] (tzd = 1,3-thiazolidinyl). The *H NMR spectrum
of this complex shows a broad hydride resonance at 0 "C that resolves into two lines
at —60 °C. This is consistent with hydride ligand migration across two edges of the
osmium triangle. Hydride migration is suppressed at room temperature (X1d,e).

In addition to thionate ( >C -8, bond cleavage oxidative desulphurisation
of 1,3-thiazolidine-2-thione is also possible i certain circumstances.  For
example, production of both sulphate and (2-oxo-1,3-thiazolidin-3-yl Ycarbonyl-
thiocthylammonium ions occurs by reacting the ligund with zine dichloride and
hydrogen peroxide [111]

Heating suspensions of [Rus(CO),,) with benzo-1,3-thiazoline-2-thione [112] or
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(mh (C&?);
Os
2N ZAY

N— N

</S </S

(d) (e)
{adapted from {109))
(XL)

pyridine-2-.thione [1i3] in refluxing toluene and cyclohexane. respectively, ander
nitrogen, produces crystalline complexes of formula [Ruy(CO)o( H)(het-S,N)]. Red
crystalline [Ruy(CO)y(p-H )(u-bztz2S)] is obtained at low temperature with the
yellow pyridine-2-thionate complex obtained by chromatographic (TLC) separation.
These products are in agreement with the mode! proposed for reactions involving
[Rus(CO),,} and thiols in which three carbonyls are replaced by one py-S,N bridging
heterocyelis thionate ligand [114]. Infrared data on both complexes are consistent
with deprotonation of the parent molecule and S,N-coordination of the anion.
Bridging hydride ligands were characterised by a high ficld '"H NMR signal in both
complexes. The complexes are effectively isostructural and adopt the symmetric
configuration similar to that shown in (XLb), with six-coordinate ma2ta’ and the
Ks=SN bridging hgand approximaiely perpendicular to the plane of the triruthenivm
cluster, Selected dimensions ave given in Table 7a.

The presence of the bridging thionate sulphur atomt and the hydride ion on the
same edge of the triruthenium cluster scarcely affeet the onginal metal metal dis-
tances (Ru Ru=2.848 A in Ru(COY,,) [115]. The arrangement also causes only
slight perturbation of the angles at the metal. Angutur dimensions are very similar
in the two complexes. Narrow angles (Ru- 8-Ru) characterise the double bridging
thionate sulphur atom. Approximatcly tetrahedral (M-8 C) angles are inevitably
narrower than most values usually observed for u,-S.N bridging ligands ( Table 1).
Trigonal (M-N -C) angles are consistent with minimusa angular perturbation of the
thioamide nitrogen donor mom. Selected thioamide ligand dimensions for the pyri-
dinc-2-thionate and benzo-1,3-thinzoline-2-thionate anions are in Table 2 and
Table 4, respectively. The values fack the precision to justity detailed analysis but
the established trends are indicated.

Double decarbonylation  of  [RuydCOM-1Du-py 28] oceurs in refluxing
cyclohexane  with e production  of  trimeie  darkud  crystalline
( Rus(CO o pa-H M ta-py28)3 31 {113]. Proton NMR specira mdicated the presence
of hydride and pysidyl groups in the trimer and gave no indication of thionate
(T +8,4) bond cleavage. Reyencration of the starting product, on passing carbon
monoxide through a toluene solution ol the trimeric complex. indicated that the

]

thionate (C - 8,,,) bond was unchanged during thermalvtic production of the wimer.
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However, the anticipated thermolysis product [RugCO)o(pu-H Y in-2-pyridyt }(u-S )i
does require cleavage of the exocyclic thionate (C—S,,,) bond and the resultant
migration of the sulphur atom. This product was not obtained.

Crystals of the electron precise trimer are trigonal and contain three independent
trimers in the unit cell; two of the trimers are structurally equivalent. Each trimer
contains three symmetry-related triruthenium clusters linked by an Ru,S; ring, in a
chair conformation, and with an overall screw arrangement. One of the trimers
possesses a right-handed screw and the other is left-handed. The unit cell contains
equal numbers of the enantiomeric molecules.

Production of the trimer is facilitated by conversion of the p;-S,N bridging
pyridine-2-thionate, in the precursor complex, to & §4-S,N bridging mode (IlIe) in
the trimer. This enables the thionate sulphur atoms to generate additional sulphur
bridges to neighbouring triruthenium clusters (XLE) and to function in a manner
similar to that of the sulphide ion in [{ Ruy(CO)g(p-H)a(k-S) 51 [116].

(adapted from [ 113}
(XLD)

However, the generation of three ruthenium: sulphar bonds per molecule s the
formation of the trimer is insuflicient Toe saturation. Coasequently, the formation
of six additional, long-range, ruthenium ruthenium bonds is necessary to achieve
this, Attempts to ¢cleave the long-range bonds in the trimer, by the selective addition
of curbon monoxide, lead to complete carbonylation with regeneraiion of the precur-
sor complex. Selected dimensions are listed in Tuble 7a. Both normal (2.705- 2975 A)
and long-range (3.2-3.3 A) metal-metal distances are reporied. The ruthenium -sul-
phur distances are slightly longer than those reported for p,-S.N bridging pyridine-
2-thionate 1o the precursor complex ( Table 7a) but the ruthenium--nitrogen distances
are cffectively the same. Angles at the ligand donor atoms remain close o the
tetrahedral (Ru-S-C) and trigonal (Ru-N-C) values typical of py-S,N bridging
heterocyclic thionates (Table 7a). Average thioamide bridging ligand distances are
summarised in Table 2. 1t is clear that lengthening of the thione distance and
reduction of the thioamide (N € 8) angle occur in the bridging anion.

Dimeric [{n"-p-cymene)RuCl,},] reacts with 4,5-biphenyl-l-methylinudazoline-
2-thione in methanol-sodium methoxide. Solvent remeval, addition of aqucous
methanol and cooling (—40 "C) of the reaction medium produce deep-ved crystalline
[(M°-p-cymene);Ru(p-Cl ) (-4, 5-ph,-imz28)Cl;) [80]). Structural details of this
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complex have been reported although poor crystal quality prevented a detailed
analysis of the molecular dimensions. The structure is similar to that of the dinuclear
cation ( XXXIIa) and is shown in {(XLII).

(L = pcyimeng)

(adapted from {80])
(XLI1)

Deprotonation and cyclometallation of the bridging imidazoline-2-thionate deriva-
tive result in the production of the pentadentate trianion, Incorporation of the third
ruthenium atom is achieved by means of the deprotonated imidazoline N(3) atom
and the ortho-carbon atom of the phenyl group attached to the imidazole carbon
(C(4)) atom. Such a reaction appears to be of general applicability, especially with
heterocyelic thionates that contam an additional replaceable proton.

3.3, Comploxes with two briduimg hetorocvelic dhionate lgands

The controlled production of polynuclenr complexes ix o topic of cousiderable
interest, especiully in relution 1o the design of new materials {117]. In this respect,
the use of ligands with small bites, such as 1. 8-naphthyridin-2-onate, in the synthesis
of trinuclear lincar aggregates of rhodium is typicd [ 18], OF more general applicabil-
ity is the controlled addition of a metal frapment to a binuclear complex that
contxing {wo kp-S,N bridging heterocyclic thionate ligands. This results in a tri-
nuclear py-S,N bridged complex of predetermined structure (X111).

N N Noems_ o N
~M- R P VU /" S\
) T vl -y S
/ \ /N
(XLt "\

This synthetic voute has been used in the suecessful production of trinuclear
vhodium complexes with pyridine-2-thionate and benzo-1,3-thizzotine-2-thionaie
[04--66, H9]. Hetero-trinuclear complexes involving rhodium, iridium and palladium
thave also been successfully produced {120-123]. The isomeric possibilities associated
with the cyclic, or non-lincar, trinuclear double-bridged metal aggregates,
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*“M;(p3-het-8,N)," (XLIV), have been described. The reaction pathways involved
in their production have also been discussed [119].

S

S'S
NN DT
] h 1 S ___-'
\>R{|""”"S/ 5 ® ™~ )\ .-?"“?N

A
ERE! Rh:
Rh ™ Ve
/\ ’
(a) (b}

wdeahsed |Rh3t1t3-b21228)2] conformers
(XLIV)

Single isomers of trinuclear cationic complexes have been obtained as the perchlo-
rate salts, The series are of gencral formulae [Rhy(pa-het-S,N )y(diolefin),]
{(het-S.N=py2S, bztz2S; diolefin=COD, nbd, tflb). [Rh;(p;-het-S.N)L(CO),)"
(het-S.N = py2S, bztz2S) and {Rh,(bztz28S),( PPhy)(diolefin),]*  (diolefin =COD,
nbd. Tb) {119]. Decp-green solutions of cationic [Rhy(jt3-py28),(diolefin)y] " are
readily obtained from the binuclkear precersors [{Rh(p-py28)(diokelin},] and
{{Rh(p-Ch(diolefin}i ;] in polar solvents. Addition of perchlorate ion enables
isolation of the erude complex. No reaction oceurs in a non~coordinating sofvent
so the solvent plays a crucisl part in providing, cotionic rhodium species. An
altersutive, and more general route, involves addition of a solvated metadlic
fragment  [Rh(diolefin){Me,CO),|*Y o the appropriate  binuclear  complex
[{ Rh{pa-py2S Mdiolefin)} ;]. Carbonylation at room temperature replaces the dioletin
molkecules giving [Rh(Ra~py28):(COY,J (C1O,), after the addition of perchlorate
ion. All the complexes were characterised by a combination of IR, 'H
and ¥P NMR and UV.visible electron spectroscopy. The umit cell of
[Rh;(n-py28),(CO),] (CIO,) CH,Cl; consists of two chemically identical but crystai-
lographically independent cations together with perchlorate ions and solvent mole-
cules. The structure of the cation is shown in (XLVa) with selected dimensions in
Table 7b.

The trichodium group is angular rather than cyclic (Rh(H)--Rh(2) Rb(3)q,) =
112.5%) with metal-metal separation distances consistent with weak metal-metal
bonding. Each rhodium(}) atom has distorted square-planar peometry and donor
sets of either S,N(CO),, for Rh(1) and Rh(3) or $,(CO),, for Rh{2). Angular
distortion a1 the central Rh(2) atom is greater than that at the terminal rhodium
atoms, probably because of the steric demands of the bridging thionate sulphur
atoms. Each pyridine-2-thionate ligand is p3-S,N{n*Sin'N) donating and contributes
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tadapted from | 119])
(NL\)

two of the donor atoms at each ol the motals, The renuining coordination is
provided by the terminal carbonyl ligands. While the rhodium: sulphur bonds are
comparable with those formed by other p-SN bridging ligands (Table 7a), the
rhodium nitrogen bond lengths are slightly shorter, This awy be due to the vather
more open geometry of the trivhodivm cluster, Angles at the thioamide donor atums
(M-S M. M-85 C. M N C) are simifir 1o those of other p,-S,N bridging ligands
(Table Ta). Apart from a slight extension to the exveyclic thionate ( 5 - Se)
distances the average thioumide dimensions of the bridging ligands (Table 2) show
litde change from those of the parent ligand.

Addition  of  the  appropriate solvated  metal species (o
I Rivp=batz2S) tdioletinl} )] (diolelin - COD, abd, b)) vickds the air-stable
[Rby{ji=bzt228),(diokefind;] complexes in good yicld, Carbonyiation of the diolefin
complexes  in dickloromethane  also  produces the  hexacarbonyl  complex
{RYy (bt 28),(CO)JICIO ). This hexacarbonyl complex reacts cheanly with triphe-
nyl phosphine w give single isomers of [Rh(1-b21228),{CO PPh,),] (CIHQ,).

Production of one of the two ehantiomeric confarmers of the “RhyN-C-8),"
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fragment (XLIV) depends on which of the three possible conformations of
the “"M,(NCS),” group reacts with the additional metallic fragment “ML.".
Proposed reaction pathways for the formation of the trinuclear complexes
have also been tested and extensively discussed [119]. Deduction of the proposed
recction pathways involved the preparation and characterisation of
[Rh(p1-bzt228 ),(CO)A PPh,) tifb)](CIO,) and other complexes. Equivalence of the
carbonyl and phosphine ligands as well as that of the bridging ligands, in the mono-
tetrafluorobarrelene complex, have all been demonstrated by NMR spectral data.
Crystal structure analysis confirms that this equivalence arises because the cation
has effectively two-fold symmetry (XLVb). Selected dimensions are given in Table 7b.
The structure of the cation is very similar to that of the pyridine-2-thionate complex
(XLVa) with an open angular arrangement of three rhodium atoms bridged by two
13-S,N(n°S;1'N) donating ligands. Square-planar tour-coordination at the metals
is completed by a combination of terminal carbonyl. phosphine and n’-donating
tetraflourobarrelene ligands. Coordination at the metals is shighdy more distorted
than in the pyridine-2-thiomate complex. The rhodium--sulphur bonds are compara-
ble in the two complexes but the rhodium-nitrogen distances are slightly longer in
the benzo-1,3-thinzoline-2-thionate complex. Angles, at the donor atoms of the
bridging ligands (M-8-M., M-S-C, M--N-C), are very similar to thosc in the
pyridine-2-thionate complex. Average thioamide dimensions of the bridging ligands
arc in Table 4, The most significant change in these dimensions occurs in the
heteracyelic thione (SC-Syng0) distance that is, unusually, significantly reduced.

The general synthetic strategy used above for the production of single isomers off
trinuclear thodium(1) complexes. of predetermined structure, is manifestly capable
of extension to other systems. Oro has done this and has successtully produced «
number of both homo- and hetero-trinuclear anpular aggregates involving rhodium,
iridium, palladium and group cleven metals | 120,121,

The rrivuclear cations L et z28 )50 -C Oy, ) and
| Pdy(ptact228)5(n°-Coll);51* are obtained by addition of the solvated metal species
to the appropriate binuctear metal complex (XLUT) and are isolisted as the perchio-
rate salts [120]. The structures consist off symmetrical py-S.N(0*S:n'N) bridging
ligands, four coordinate metals and terminal n’-donating diene ligands (XLV1),

{adapted from |120))
(XLVD)
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Production of single isomers of hetero-trinuclear aggregates with a predetermined
structure requires addition of solvated metal species with metals other than those
of the binuclear precursor (XLIII). A large number of neutral hetero-trinuclear
complexes have been prepared from binuclear rhodium and iridium precursurs in
this manner. Copper, silver or gold chlorides, tetrafluoroborates or perchlorates,
provide the third metal. A neutral, symmetrical, tetranuclear product has also been
reported {(PhyP),(CO),Rhy(bztz2S)Ag,(0OC10,),] [121}. This complex contains
weakly coordinated perchlorates in the solid and is conducting in polar solvents. In
non-polar solvents the complex retains its characteristic combination of symmetrical
bridging and termina! phosphine ligands as well as coordinated perchlorate ions.
The trinuclear aggregates have been characterised by IR, 'H and 3'P NMR spectra.
The crystal structure of [(n2-COD),Rh,(-bz21228),Ag(0,Cl0,)] also provides defin-
itive structural data for the series. This symmetrical structure is shown in (XLVI1)
and selected dimensions are given in Table 7b.

(adapted from J121])
(XLVI)

A two-fold crystallographic axis bisects the bridging lgands and the angular
arrangement of the metal atoms in the hetero-trinuclear complex.  The
#3-S.NGYS:!N) bridging ligands interact with ail three metal atoms. Terminal
n*-donating diene ligands complete the square-planar coordination at the rhodium
atomns, A disordered O,0-chelating perchlorate ion completes the teirahedral coordi-
nation at the silver atom, The rhodium: silver separation distance (2.796(3) A) in
the heterometallic aggregate is considered to be an aliractive interaction rather than
a metal metal bond. The distorted coordination at the silver atom s the sesult of
n 8,0, donor set and the consequent dispavity in the bond lengihs (Ag-O =
2.532(17) A). The marrow angle (O Ag O=352.2(5)') also resulis from the short
bite (0,,.0"=222(}) A) of the perchlorte ligand. The major differences between
this hetero-trinuclear structure and that of the trinuckar rhodivm(l) counterparts
{Table 7b) are a shorter metal metal (Rh-Ag) separation, asymmetry in the metal
sulphur bridging distances and a decrease in the sulphur bridging angle (Rh-$-Ag).
The rhodium nitrogen separation distance remains unaflected. However, the angular
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dimensions (M-8-C and M-N-C) of the j1,-S.N bridging ligands are respectively
slightly smaller and larger than those reported for the corresponding trinuclear
rhodium(1) complex. Clearly, a slight modification of the trirhodium aggregate has
been wecessary in order to accommadate the silver atom. Rather large errors in the
thioamide dimensions of the bridging ligands inhibit meaningful analysis. However,
the thioamide angle (N-C-S,,,) is significantly smaller than that of the free ligand
(Table 4).

The remaining complexes in the series all have structures similar to that ‘n (XLVH)
with the hetero-atom utilising the electron rich sulphur atoms to enter the structurs.
Coordination at the hetero-atom is completed by either O.O-chelating perchlorate
or monodentate, chlorine or triphenylphosphine, ligands

Addition of solvated pyridine(11) complexes [Pd(dmp)(solvent)]” to pyridine-
2-thiomtte symmetrically bridged binuclear palladium complexes [Pdy(dmp)s(py28S),)
(dmp = 2-(dimethylaminomethyl jphenyl; solvent=H,0 or (Me),CO) gives tri-
nuclear cationic [Pd;(dmp);(py2S):1(BF,) [39]. Complicated 'H NMR spestra indi-
cated asymmetry in the molecular cation. Crystal structure analysis showed that the
cation contains a trinuclear, double-bridged (Pd;(p,-py28),) unit and three terminal
cyclometallated 2-(dimethylaminomethyl)phenyt ligands. There are two crystatlo-
graphicatly independent cations in the unit cell. The structure is shown in (XLVIIIa)
with selected dimensions in Table 7b.

i-mNO /H—Q
Ymm.

Mo

(adapted from {39)) (adapted from {122])
(a) (b)

In spite of the relatively short metal...metal separation distinces no palladium-
palladinm bonds are proposed for this structure. The trinuciear palladium unit s
considered 1o be angular (Pd-Pd Pd,, = 10707} in which cach metal atom has
distorted square-planar geometry. The non-equivalence of the Pd(2) and Pd(3}
atoms results from the unsymmetrical nature of the cyclometallated chelate(dmp)
at the Pd( 1) atom. This feature also removes the two-fold molecular symmetry and
accounts tor the complicated nature of the 'H NMR spectra. The different trans
influences of the C.N-chelate are also responsible for the variations in palladium
sulphur bond lengths and angles (Pd-S--Pd, Pd S- (') at the bridging thionate
sulphur atoms (Table 7b).
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A novel variation of the combination of a metallo-ligand and solvated
metallo-specics  has  been  described. The  procedure  involves  monomeric
[Rh(py2S)(py2SH)] in combination with two equivalents of the solvated
2-methylallyl  complex  cation  [PA(m*-CH,)(solvent),](BF,) (solvent=H,0 or
Me,CO) and  trimcthylamine in dichloromethane [122]. The six-coordinate
rhodium(H1) complex contains three pyridine-2-thionate anions. Two of the anions
are cis-S.N chelating and one is monodentate sulphur donating. The pyridine-
2-thione ligand is monodentate sulphur donating. The 'H NMR spectra of the
salmon-pink trinuclear heterometallic product [RhPd,{ py28)4(n*-C H4)l( BF,) indi-
cated the allyl groups 1o be equivalent but unsymmetrical. Two eguadly populated
sites for the pyridine-2-thionate ligands and molecular rigidity up to 80 °C were also
indicated, The crystal structure established the presence of an approximately 1wo-
fold axiy Disecting the S(3) R S(4) anple and pairs of S,N-cheliting and
a=-SNMZS'N) bridging pyridine-2-thionate tigands. The structore is shown in
(XLVINB)Y and selected dimensions are given in Table 7h, Metd metal sepacation
distances are too fong for mett! metal bonding. Coordination is octahedral at the
thodium (111} atom and square-planar at the patladium(1!) atoms. Both arrange-
ments are distorted and consistent with the retention of the original oxidation states.
The rhodium has a 8,N; donor set with dimensions that are typical of 8,N-chelating
pyridine-2-thionate and similar to those reported for [Rh(py2S),(py2SH)) |123].
Each palladium atom has S.N(MC Hy) coordination. The geometry of the
ERhPd,(ppy2S), ) aroup is biycyelic with the heterometadlic core capped above and
below by the bridging ligands. The metal ligand distances and angles of the bridged
trinuclear species are similar to related systems { Table 7b). The bridging angles w
the thionate sulphur atoms (Pd- 8 Rh) however, do refleet the open nature of the
central hetero-metdlic core. Various ways of {forming a “M(pa-py2S8),”~ cage, by
the addition of metal atoms o pyridine-2-thionate coordinated wetal species, are
also considered,

Deeming 9] also points out that the “Pdypepy2S)” (XLYHIC) and
“PAyRIOpY2S),™ OXLVIH) cages, although apparently dilferent. are topologi-
saly equivadent. The “Pdy(ua-py2S)," cage has two long (Pd...Pd) and one short
{Pd...Pd} distnces while the “Pd,Rb{i;-py28)," cage has one short (P4, Pd) and
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two long (Pd...Rh) distances. However, the two structures are inter-convertible
conformations that can be mutually transfcrmed by 10tating the ligands about the
bonds to the thionate sulphur atoms without t1ese bonds being broken. The confor-
mations { XLVille,d) appear to be close to the limit of the two extreme possibilities
that can be adopted by “M,{pi;-het-S,N ), cages.

3.4. Complexes with six bridging ligands

The combination of a cyclic, or angular, trinuclear aggregate and six bridging
heterocyclic thionate ligands presents some interesting structural possibilities. The
simplest combination involves divalent metals and six p,-S double-bridging hgands
spanming cach edge of the polygon. A similar arrangement has been proposed for
organothiolate ligands [9] and observed in [Co{CO);(p-CO)(1t-SEL),) [124). With
six p,-S,N bridging kgande, aleo nrranged in double-bridging pairs: several isomeric
forms are possible because of the asymmetric nature of the bridging ligands. Six,
Ha-S.N, trinuclear-bridging ligands generate cighteen metal - ligand contacts that
clearly may be distributed about three acceptor atoms in a variety of ways. There
is one reported example to consider, [Ph,{ 3SiMe;-py2S),).

The complex is readily prepared by the addition of two cquivalents of
J-trimethylsilyl pyridine-2-thione to lead(I1) aitrate in ethanol. Production of
[Pb:(3SiMe-py28),] is clearly a “ligand driven™ process in which the presence of
the triorganosilyl substituent confers enhanced solubility to the product and assists
in the generation of diserete molecular species. The same ligand also veacts with
g 1) chtoride producing monomeric | Sn{3SiMue,-py2S),l. This complex contiaing
four S,N-chelating hgands | 1251,

The complex {Pb{ 3SiMe «py 28 )0 occupies a twaosTold erystallographic asss in the
solid, Fhere are two distinet geometries about the theee fead (1) stoms that mvolve
an asynumetnie distribution of the metad figand contacts. Furthermore, ¢ach biny-
clear bridging p-8.N(Si'N) figund involves three metal ligand contacts (Hie).
Consequently, such an avrangement gencrates a total of eighteen metal ligand
contucts in the complex. The structure is shown in ( XLIX). Selecied dimensions are
given in Table 7¢.

The trinuclear aggregate is angular with the central metal atom (Pb(2)) occupying
the two-fold axis. The symmetry-related lead(11) atoms (Pb(1 and 19} have a
S,N, donor set provided by three separate ligands. The donor set consists of three
primary contacts with thionate sulphur atoms aad two additional secondary inter-
actions to thioamide nitrogen atoms. This arrangement generates distorted trigonal-
pyramidal, five-coordinate geometry, with the lead(11) atom at the apex. The central
lead(11) atom has an SN, donor set that is afso formed by a combination of
primary and sccondary attachments to all of the ligands. This arrangement results
in distorted eight coordinate geometry. The irregular geometries associated with the
metal atoms are ascribed to the influence of cach stereochemically active fone-
pair. The overall geometry of the complex is similar to that reported for
[Po(SCH, ~ 2,4,6 - Pri),} [126].



544 E.S. Raper | Coordination Chemistry Reviews 165 ¢ 1997) 475-567

q'.

S

= R
(R = SiMe3, :.dapted from [125}])
{XLVIX)

4. Tetranuclear complexes
4.1. Introduction

The structures of a variety of organo-thiolate bridged cyclic tetranuclear complexes
have been established. They have arisen primarily as a consequence of the biological
relevanee, and the structural diversity, of metd thiolate interactions |9, 10].
lavestigation of copper(l) sulphur cores is particelarly sctive with tetrahedial
HOCWRSYM L as well as octabedral [{CuW(RSH ] and dodecabiedrat [JCu(RSY )
(RS == trimethyl silylphenyl thiolate derivatives) species veeently reported [127], The
structures andt fuminescent properties of tetranuclear coppuer(?) halide complexes
with heteracyclic nitrogen donors, such as [{Cul(py)d ], bave also attracted particu-
lar interest [128]. In addition. binuclear double-bridping, u-S(1%-8), heterocylic
thiones, tend to produce tewranuclear copper(l) aggregates with plinar rhomboid
metallic cores of varied stoichiometry [1291.

There are, however, relatively few fully characterised 1etranuclear compleses off
heterocyelic thionates. Such complexes thit are known to oceur involve pyridine-
2-thionate (Me), imidazole-2-thionate (11a) and 1, 3-thiazole-2-thionate (31h) deriva-
tives. They include cyelic and acyclic as well as homeo- and  heterosmetallic
tetranuclear cores. Preparitive routes involve the grans-ounukar oxidative-addition
of’ binuclear iridium(l) complexes [130]. Degradation of polymeric heterocyelic
thionate complexes with pyridine or phosphine devivitives { 136]. Direct electrochems-
ical synthesis from the pavent ligand, in acetonitrile, also provides effective routes
o tetranuelear nickel(1) [137] and copper()) 1132 complexes. A direet voute
to hetero-metallic tetranuekear compleses involves controtled reactions between
binuelear rhenium( 1) compleses and triruthenium dodecacarbonyl. Such reactions

mvolve & combination of oxidition addition with thionate { XC S ) bond cleavage
{138 140
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4.2. Acvclic and cyclic complexes

Transannular oxidation-additton reactions of bridged binuclear complexes {18],
having been used successfully in the stabilisation of otherwise reactive binuclear
iridivm species [71], have also been used in the production of a linear tetrairidium
cluster [130]. Oxidative-addition of iodine to [Ir,(pn-bztz28),(CO),] in toluene pro-
duces tetranuclear {Ir (p-bztz28),(CO),1,], in the presence of UV radiation. This
tetrairidium complex is of structural and mechanistic significance. It is an intermed:-
ate in the oxidative-addition of iodine to [Ir,(j1-bztz2S),(CO),] that ultimately resuits
in the binuclear end-product [Ir,(p-bztz2S),(CO)4l,], in dichloromethane. Further
oxidative-addition of iodine to the tetrairidum complex also produces the same
binuclear end-product. Crystal structures of both the tetrairidium cluster and the
iodo end-product have been reported. The structure of {iry(p-bztz28),(CO)4l;] is
similar to that of {Iry(jt-py28),(CO),{CH;I)] (XXVII) in which an iodine atom
replaces the terminal methylene 1odide group [7t]). The dimensions (Table 1) of the
two binuclear complexes are also similar.

The tetrairidium cluster contains two binuclear sections related by a two-fold axis
and is shown in (L). Selected dimensions of the structure are given in Tabile 8.

Ty, ..u"
'l“-m

(X)/ \\(.U

{adapted from [130])
(L)

Each binuclear section contains the {1ry(nu-bz1228),} group with twoe metal -metal
bonded iridium atoms and two civ-head-to-head, p-S.N(1)'S;:n'N), double-bridging
tigands. Both of the outer iridium atoms complete their coordination with terminal
iodine (Ir=1=2.731(2) A) while the inner iridium atoms form a non-bridged metal-
met bonded contact with its symmetry related partner. The almost lincar tetrairid-
ium chain results in an EPR silent complex. Furthermore, the structure of
the complex indicates that iodine attacks one of the metal centres in the
binuclear precursor  giving  the  metal-metal  bonded  complex  radical
(e Ap-b21228),1(CO), 3 ®; this fragment rapidly dimerises. In this way the sccond
metal centre involved in the formation of the tetrameric complex provides anchimeric
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Table 8
Tetrunuclear complexes; selected dimensions (A and )

» Complex and reference
M -core Angles at M-S M--N M-5-M M-N-C M-S C
dimensions the metal

[1r,}-bz1z25 M ,{CO)g].(toluene)* {130]

273142y, Ir-Ie-1 2.382(2), 2.09(2), - NR NR
2.828(2), 168.5(1), 2.408(6) 2.11{2)

F70.2(1)
{1Cu{p-meimz28)1 3 {i32]
26712y, W32 2233, 1.095(6) 72101 119.2(5) 16.8(2)
AE3202n P33 23012y 96.8(2)
TLE(D
[1Cutp-12d28 ) 4.(toluene)], {133]
2.092(4) 92.51(ID) 22734y 1.993(4) 0.53(12) 117.2(3) 97.7(2)-
1687(6) 130185(9) 279003 2.023(4) R7.4912) 127.5(3) 118.4(2)
57.23¢11)

HBA501L)

[CU IS 1 -0 2SH 1] [134]

I RRHy 4D 2.225(2) 1.9904 7) TR R INIKS) P T e g
(¥Xh DAY OISy 86957} 128145 L ERRTEY!

(-8 Hrd2SH Y4 (LI T3

HEnep-tAat250y 0 el - py, o 1 L - 1PPhy, -2 [136]

B YRId NR BB IT g 14990 (1)

+127¢1 2AME) Yooty

FC R D0 dS B A PPh L~ A e

MEINIRE NR AR LTS I ETTY

42754 1) 244 2063(7)

HNFQEOH D (rezd 28 py P 1137)

2041 T804 Tl Hudh Llogdy NR
YOR(I1) 175.1¢06) Ni Py

Ni O Ni 23l

95.6(4)

1032y

[ReRuy(p-S1p-CHN WO, ] {130]
Ru Re 2891
Ru Ru 279014

WS 23N ool

T HY R R
2yl Ru € 28009 Ru N i
|Re,Ru oS00 CH NS OO, P 1140
Ru Ru Re N Re N Re 8 Re Re 8 C
2 2380 217w G692 THS5)

2T LA 2.19¢2) 97707 0.3(3)
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Table 8 (continued)

» Complex and reference

M,-core Angles at M-S M-N M S-M M-N-C M-S-C
dimensions the metal
ueS 2.409¢2)- 68.05¢6)-
25532 125.63(8)

-Pyridyi Ru-C=2.07(1) Ru-N=2114(8)-2.124{9)
{ReyRutp-8 )t p-CHLN W py28),(CO),, I° [138]
Ru-Re Ru-§ Re-S Re-N
88401 2.443(4)- 2.500¢3)- 2.15¢1)-
2902(1) 2835 2.610(4) 217t
eS8 238401y 72.5(1)-

253U 13951
2-Pyridvl{average) Ru =204 Ru-N =22

NR not ceported,
* Symmetrical molecule,
* Runge of vadues reported Tor 1wy isomers,

assistance in cleaving the added molecular iodine. Orientational changes in the
1-S.N bridging ligands, between the tetranuclear complex and its binuclear precur-
sor, are probably a result of their inherent mobility: both complexes are fluxional.
Metid ligand dimensions generated by the §#1,-S.N bridging ligands ave simikir 1o
those ol the binuelear end-product (Table 1).

Organothiolate figands form donble. (jt,-S) bridges along the six edges of the
wirahedrea) core in the JCu PhS) ) ion (131]. A more extensive series ol tetra-
miclenr complex anions is also formed with additional tesminal monodentate ligands
amd {MY(RS )" "™ stoichiometry [9§. Although similar arrangements are pos-
sible with binuclear bridging heterocyclic thionates (IHa) it is the five-eleetron
donating trinuclear, py-S.N(Sin'N). face-bridging mode (1), that dominates
the tetranuclenr  copper(l) cores of complexes with  general  stoichiometry
fCulhet-S.N) ).

Coloutless, crystalline, diamagnetic, air-stable [{Cu(pu-meimz28)},] is obtained
clectrochemically by mceans of a platinum cathode, a copper anode and
l-methylimidazoline-2( 3H )-thione in acctonitrile in the presenee of a supporting
electrolyie [132]. The complex may also be obtiained from cquimolar solutions of
hydrated copper acetate and  [-methylimidazoling-2(3H )-thione. In situ ligand
deprotonation is achicved by the addition of agueous ammonia. The same reactants
in dry cthanol with metallic sodium as the deprotonating agent was also successtul.
The IR specira of all the products indicated both ligand deprotonation and S,N-
coordination. The structure of the complex is shown in (LE) and sclected dimensions
are given in Tabie 8,

The tetranuclear complex occupics a crystallographic four-fold inversion axis and
possesses a slightly flattened Cuy tetrahedron. The anionic ligands are virtually
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(adapted from {132))
{Lh

normal to the isosceles triangular faces of the Cu, tetrahedron and form trinuclear,
1-S.N(n>S:n'N). bridges with the copper(l) atoms on ¢ach triangular plane.
Consequently, cach copper{l) atom has an S;N donor set and distorted trigonal
geometry formed by three separate ligands, The bridging ligands form short metal-
nitrogen bonds and metal--sulphur distances that are broadly comparable with those
observed for trinuclear heterocyclic thionate complexes {Table 7). Angles at the
thioamide donor atoms are close 10 the expected trigonal value in the case of the
thioamide nitrogen (Cu N C). The double-bridging thionate sulphur atom generates
characteristically narrow (Cu-§ Cu) and asymmetric (M-8-C) angles (Table 8).
Ligand thiomnide dimensions show changes, (C 8=1.751(7), C N=1.329(9) A;
N € 8= 127.2(5) ), relative to the average vidues of the free ligand (C 8= LGRS,
CNSLMSAIN C S=127.1) [29]. that are characteristic of 1,-S.N bridging
ligands,  The complex  undergoes  arveversible  higasd  centred  oxidation

A similar  electrochemical  procedure  with | 3-thiwzolidine-2-thione  in
toluene  produced  pale-yellow  crystals  of  toluene-solvated  polymeric
HCu{p-t2d25)}  toluene)), { 133]. The same reaction mixture subsequently produced
a small  quantity of  deep-yellow  crystads  of  the  tetranuckar  complex
[HCu{p-12d28)} fn=tzd2SH),] [134]. The polymeric toluene solvate consists of selt
assembled [Cu(-12d28) ] tetramers that are sulphur bridged through the “wing-
tip” copper wloms into polymeric chains, A section of the structure is shown in
(L) and selected dimensions are piven in Table 8.

The central tetranuclear copper(l1) core of the complex has an “open-butterfly™
conliguration. The “spinal™ copper atoms (Cu...Cu= 2882(5) A) have distorted
trigonal 8;N coordination involving thiee separate ligands. The “wing-1ip™ copper
atoms (Cue. Cu= 3.087(06) A) have distorted tetrahedea) coordination from three
different ligands within s individual teteamer plus an additiona) contact from a
thionate sulphur atom i a neighbouring wiramer, The ktter contact generates
asymmetrie, centrosymmetrically relaed Cu,S, units (Cu $=2.539(3) 2.790(3) A:
Cu § Cu=129.72012), 13L.63(7) ) that link the “wing-tip” atoms into & polymeric
chain. These are the longest copper- sulphur distanees in the structure (Table 8). the
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(adapted from [ 133
(LID

remaining distances being mostly comparable with those of trinuclear p;-8.N bridg-
ing ligands. Consequently. the four ligands in cach tetramcr consist of two pairs of
13-S.N(n3S:n'N) and p-S.N(n*S;n'N) bridging ligands. This unique combination
of bridging ligands is necessary in order to accommodate the coordination require-
ments of the two types of copper atoms. The arrangement also facilitates polymer
formation. The remaining angles at the thioamide donor atoms (Cu-N--C, Cu-5-Cu,
and Cu-S-C) are similar to those reported for [{Cu(p-meimz28)},] (Table 8), for
similar reasons. Average ligand thicumide dimensions are summuarised in Table 3b.
These show the characteristic shift of rm-cleetron density from the carbon-sulphur
bonds to the carbon-nitrogen bond, for both types of bridging ligand. As has been
observed with other 1, 3=thiazolidine-2-thionate complexes { Table 3a) all of the thioa-
mide angles are also perturbed by between 2 7 . The complex undergoes irreversible
two-stage, ligand-centred oxidation, in acctonitrile (2, = - 0.5 and + 0.5V vs SCLE).

The strseture of the central tetranuekear core in [Cug(p-12d28 ),0-12d28H )1 s
essentinlly similar (o that of the polymeric product. 1t consists of an open-butterily
arvangenient of copper(l) atoms, pe-S.N(SM'N) bridging Tigands and similar
metal ligand dimensions [ 134]. The structure is shown in (L) and selected dimen-
sions are given in Table 8.

The terminal, neutral, monodentate (1'-8) ligands are attached to the “wing-tip”
atoms. Consequently, these atoms have distorted tetrahedral geometry and an SyN
donor set. The “spinal atoms" in the wetranuclear aggregate have distorted trigonal
coordination generated from S;N donor sets involving three sepurate ligands, The
“spinal” copper atoms also form long-range contacts (Cu- 5= 3.006 A) with the
thione sulphur atoms of terminal monodentate ligands in neighbouring tetramers,
Clearly, the copper atoms, and especilly the “wing-tip™ copper atoms, have a
marked preference for four-coordinate tetrihedral geometry in these comptexes, This
is achicved by additional copper sulphur interactions between adjacent tetramers n
the polymer and by monodentate, or long-range, contacts 1o neutral ligands in the
case of [Cuy(p-tzd28 ),(n-1232811),). The fact that the polymer iy always the major
product indicates that polymerisation is the preferred option.

Thicamide ligand dimensions are given in Table 3b. The average dimuensions of
the j13-S.N bridging ligands are comparable with those of the solvated tetranuclear



550 £.8. Ruper [ Coordination Chemistrv Reviews 165 ( 1997) 475-567

N

S

e

~

[ s
N//Qf:““-:--S"‘p
/s\ ) S“““‘\:;:i
S -
SN S
\\,f:‘;:,—ﬂ-t\-._(ND
8

(ifu
S

#

-

{adapted from {134])

HN\) (LI

polymer. The dimensions of the disordered monodentate (n'-S) ligands arc some-
what anomaious.

Prior to the publication of polymeric [{Cu(p-12d28)} .(toluene)], copper com-
plexes of deprotonated 1.3-thiazolidine-2-thione have had a somewhat uncertain
history. Both [Cu(1zd2S)] [103] and [Cu{t2d2S),] {135] had been known for some
time, the latter with an anomalous room-temperature magnetic moment. The first
reliable attempt 1o establish the nuclearity and 1o rationalise the structure of
[Cu(tzd28)] involved prepasition of the compley from hydrated copper(11) acctate
and the parent ligand {136], Treatment of the inseluble product with pyridine,
and abo with triphenylphosphine, genernted  polymeric HCogu-tal2S ) oyt
and {Cuy(p=e2d2S) (PP ),]L respeetively, Similar reactions were performed with
silver acetate and a mixture of copper and sitver aeetates. These penermed
HAR(H=tzd28) 1) and [CwaAR(p=12d28 )], tespectively. Selectrd dimensions of the
resultant structures are given in Table 8. All the compioxes, except that of the
pyridine adduct, have structures similar to that of [{Cu(u-12d28 )} j(n-12d28H ),).
Each structure consists of an “open-butterfly™ tetranuclear metallic core, together
with four pe-SN(MSin*N) bridging ligands. Terminal phosphine ligands are
attached to the “wing-tip™ copper ttoms. In the misedsmetal complex the silver(l)
atoms occupy the “wing-tip” sites. The pyridine complex is unusval in that only
one molecule of pyridine, also attached to a “wing-tip™ atom, is involved in cach
tetranuclear unit. This enables the other “wing-tip™ atom in cach tetramer to interact
with an endocyclic sulphur atom of a bridging ligand in a neighbouring tetramer
(€ Sypg0 = 2.723(3) A). This is the most novel manner by means of which @ “wing-
tip™ aton achieves tetrahedral four-coordination in this series of complexes. The
proposed interactions also result in the production of a polymeric complex. 1t would
appear that an excess of pyridine distupis the polymeric arrangement in the parent
complex {Cu(p-t2d28)1 ). replacing it with the proposed alternative. As is observed
in the other complexes in this series the “wing-tip™ separation (3.6-4.2 A) exceeds
that of the “spinal-atoms™ (2.7 3.1 A) as well as the distance between “wing-tip”
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and “spinal-atoms” (2.9-3.0 A). Metal-ligand distances are similar to the others in
the series.

In addition to the production of {Cu(1zd28)], described above [103]. the same
report also describes the production of other complexes of the §,3-thiazolidine-
J-thionate anion. These complexes involve divalent metals [M(tzd2S),] (M =Zn,
Cd, Hg, Co, Ni. Pd, Pt, Au, Mn) as well as Ag(tzd2S)} and {Ir(tzd2S);]. These
products are mostly intractable solids and are described as polymeric with p,-S,\N
bridging ligands, largely on the basis of IR data. Except for the tetranuclear
copper{l) complexes the wealth of coordination chemisiry inherent in this report
has provided relatively little definitive structural chemistry [1,90,91]. However,
complexes derived from the diamagnetic nickel(11) complex [Ni(1zd2S5},] have been
reported [137].

The preparation  of monomeric. green, paramagnetic, microcrystalline
{Ni(tzd28),(py)s], involves the dissolution of polymeric [ Ni(tzd2S),] in dry pyridine
followed by the addition of dry ethyl ether. The IR and UV-visible spectra of this
complex are consistent with S,N-chelating ligands and distorted octahedral metal
gcometry. In the absence of pyridine this complex reverts (o its polymeric precursor.
However, addition of water to a solution of [Ni(tzd28),] in dry pyridine produces
the tetranuelear complex [ Ni(p-OH ) (p-tzd2S 3 (py)} 4).2py. The IR and UV-visible
spectra of this tetrameric produci are similar to those of the monowmeric product.
The structure of §§ Ni(u-OH }(p-12d2S ) (py)} 4} is shown in (LIV} and selected dinen-
ston: are givei in Table 8.

N
U U tadapted trom [137)
(LIVY

The structure consists of a central cubane ${ Ni(u-OH)),} arrangement with four
terminal pyridine and four p-S.N(n'S:n'N) bridging heterocycdic ligands. The
heterocyclic-thionate ligands bridge the nickel atoms outside the tetrameric core.
Each metal has distorted octithedral peometry and an O(py)(S8.N) donor set. The
donor set is formed from apical pyridine. three bridging hydroxo groups together
with thionate sulphur and thioamide nitrogen atoms from two different bridging
heterocyclic ligands. The nickel oxygen distances (Ni O=2.04(1) 2.08(1) A) are
reputedly slightly Jarger than those formed by other Ni,Oy cores. Furthermore, the
metal- ligand distances formed by the bridging ligands are comparable with related
values in the tetranuciear [{Cu(p-12d28)},] complexes { Fable 8). The metal-metal
distances involved preclude the formation of metal- metal bonds within ihe NiyO,
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cores. Thioamide dimensions ( Table 3b) broadly indicate the characteristic modifi-
cation of the ligands’ n-clectron density following deprotonation and coordination.

Low-temperature (295-4 K} magnetic susceptibility measurements revealed the
compound to be antiferromagnetic. Intra-cluster nicke!-nickel interactions account
for the maximum susceptibility at 60 K while a sharp decrease in the susceptibility
at lower temperatures indicated the compound to have a diamagnetic ground state.
Detailed analysis of the magnetic exchange parameters revealed the antiferromag-
netic behaviour to be due to distortions in the cubane core induced by the
1,3-thiazolidine-2-thionate bridging ligands.

Some novel synthetic routes have been devised for the preparation of pelynuclear
heterometallic complexes. Some methods rely on the controlled addition of solvated
metal species in order to progressively mercase nuclearity. Other routes result from
the development of fortuitous discoverics. Reactions  iavolving  dimeric
[Rexpy28),(CO)Y] and trimeric [Ruy(CO)Y, ;) are in the latter category. Instead of
producing dinuclear heterometallic complexes, the desired objective, tetranuclear
heterometaltic complexes containing various combinations of ruthenium and rhe-
nium atoms were obtained [138- 140]. Oxidative addition reactions with cleavage of
pyridine-2-thionate (>C 8§ ) groups and the production of complexes containing
bridging sulphido, pe-8, and py-pyridyl groups are responsible for the unexpecied
products. Mixtures of the complexes are obtained by heating equimolar quantitics
of the reactants, in refluxing xylene, followed by successive  separation
(TLC) im0 several components. These consist of yelfow  ceystalline  isomers
of  ReRuy(p-S)(-C . HNNCOY, . lemonsycllow  crystalline  isomers  of
[RERupp=SHp-CiH N Y -py28 HCO) 5] and orange erystalline isomers of {R
¢SRUGES)Y-CHL N Gepy 281 (COY, ).

The complexes have been thavoughiy characierised by means of IR, 'H NMR
and single-crystal Xerny methods, Production of TReRuip=S)(3=C H N HCO), |
resulis from the thionute bond (7C 8 ) eleavape of w bridging pyridine-2-thionate
ligand in the binuclear precursor, Although the hetero-trinuchear complex was origi-
nally believed to be a single product it actually exists as two interconverting, but
inseparable, isomers in solution. A single orvstal, obtained from a dichloro-
methane -hexane mixture, containing just one pure disstersoisomer as a mixture ol
disordered enantiomers, was used o determine the crystal steucture of the complex.
The moleenlar structure of the clectron precise complex is essentially that of the
isomer shown in (LVa), The strecture shows that the praducts of thionate bond
cleavage, a sulphido atom and a 2-pyridy] group, bridge the metallo-carbonyl frag-
ments in the complex. The distorted witahedral sulphido atom is ju,-8 bridgmg and
Imks two metal metal bonded dinuelcar units. The disordered Jepyridyt ligand
bridges the metal metnd bonded Ruy{CO), proup: meti geometry is distorted octa-
hedral, v solution the isomeric forms of the complex resudt from the mterchange
of Re (CO), amd RutCOY, units (B.Vab).

Twa nonsinterconverting isonsers of | Re,Ruu (8 peCoH N Hepy2S 1KHCO, )
were separated from diastercochemically pare samples and cach was structurally
classified. Theie structures (LVIah) dittior vy o the oricntation of the 2-pyridyl
ligands that bridge the dinuclear Run{€0), units, Each isometr s also clectron
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precise and contains only one metal-metal bonded pair of ruthenium atoms.
The Rex(CO); unit is bridged by means of a binuclear triple-bridging,
1:-S.N(1°S:n!N). pyridine-2-thionate ligand. Angles at the bridging thionate sul-
phur atom (Tablc 8) are similar to those of other binuclear triple-bridging ligands
(Table 5). These angles are also significantly more strained than those of binuclear
double-bridging, p»S.N(M'Sin'N), ligands in other tetranuclear complexes
{ Table 8). Average thioamide bond distances (C S=1.763, C N=1.34 A) are similar
to those of other binuclear triple-bridging ligands ( Tuble 2 and Table §). The p,-S
atom links the two metal-metal bonded dinuclear units in a distorted tetrahedral
arrangement (Table 8). Mcetal geometry is distorted octahedral.
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Two isomers of {Re;Rup-S )} {(p-C 1N ) (u-py2$) COYy] have also been isolated.
The bridging pyridine-2-thionate ligands have diflerent functions in these two
clectron-precise complexes. These two isomeric forms have been confirmed by crystal
structure analysis. That of (LVIla) shows both pyridine-2-thionate ligands 10 be
x-S N(M?'N) bridging. En contrast, that of (LV1Ib) shows one ligitnd is binuclear
1-S.N(NS:N'N) and the other is trinuclear p-SN(-8n-N) in character.
Selected dimensions are given in Table 8.

in spite of geometric differences the metal atoms in both isomers have similar
coordination spheres and distorted octahedral geometry. The 'H NMR spectrum of
cach isomer is consistent with its established structure and shows the presence of
three non-equivalent 2-pyridyl rings. There is severe distortion at the =S atom m
both of these structures with three reiatively narrow und three relatively large angles
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in cach case. Although the isomers are interconvertible, in principle, no evidence for
such interconversion has been found.

These complexes demonstrate that reactions between coordinated  pyridine-
2-thionate ligands and polynuclear carbonyls provide a general route for the forma-
tioh of strongly bound cages involving various combinations ot bridging su’phido,
2epyridyl and also pyridine-2-thionate ligands.

5 Hesunuelesr and polynuclear complexes
S haroduetion

The structurl diversity ol metad-thiolate coordination is nowhere more evident
than among complexes with six or more metal atoms (9,10}, Complexes are known
with a range of mietads and with up o fourteen metal woms in the structure (9],
The corresponding series of heterocyelic thionate complexes is limited 10 those of
the d' metals copper(1), silver{l) and cadmium{11) with a maxinum of twelve
atoms in the structuve, The ligands involved in the formation of this series of
heterocyelic thionate complexes involve imiduzoling-2-thionate (Ha), pyridine-
2thionate  (1¢). pyrimidineg-2-thionate  (11d) and  quinoline-2-thionate  (1ig)
derivatives.

8.2 Hexanuclear and dodecanucioar copper and sifver compleaes

Hexanucloar complexes ave the common formuolation {§ MOBet-3.N ) J{M = Cu
ar Ag). Preparation of the complexes involves the addition of the parent ligand with
an organic buse such as tricthylamine, in acctone or methanol, to solutions of
FCWCH OND)PEL) in acctonitle. Inert somospheres are used in some instances
(4L 2L Production of the yellow or orange products also invariably involves
limitimg the mokir raio (1:1) of the reactants and recrystallisation of the crude
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products from chlorohydrocarbon solvents such as  dichloromethane. The
4.6-dimethylpyrimidine-2-thionate copper(l) complex was prepared electrochemi-
cally, tn acetonitrile. from the parent ligand and a copper anode. The crude product
was recrystallised in acetonitrile [143]. The hexanuclear silver(l) complex was
prepared from an excess of silver nitrate [144,145].

The reaction between pyridine-2-thione and copper(l) was monitored by
'H NMR spectroscopy. As a result, production of several low molecular weight
copper(1)/heterocyclic-thione species was revealed, in solution, prior to the forma-
tion of [{Cu(p-py2S)i¢) [141]. Similar studies on the quinoline-2-thione copper(l)
reaction revealed the production of polymeric [{{Cu{quin2SH),]X},]1 (X=ClO, or
PO,F,) prior to the formation and production of [{Cu(pu-quin28),] [142].
Consequently, it would appear that deprotonation occurs with the heterocyclic
ligand already thione-sulphur coordinated to coppertl) in these reactions. In addi-
tion, the 'H and *C NMR spectra of [{Cu(p-me,pym28),} have been shown to be
consistent with the solid state structure of the complex [143]. Presumably, all of
the hexanuclear complexes retain their integrity in solution. Some adducts of the
ulet.trm.humc ally  generated  [{Cu(pe-me;pym2S),] have been reported  with

1. 2-bistdiphenylphosphinoymethane, and its ethane analogue. The adducts have also
heen characterised by NMR spectra [ 143).

Selected dimeasions of the copper(t) and silver(l) hexanuclear complexes are
given in Table 9. The structures of {{Cup-py2SH J and 1Cu(p-3SiMe;-py28)t,} are
shown in (LVHIa and LVIIEb), respectively.

(&)
tadapted lrom | 1i1))

Al of the hexanuclear complexes occupy erystallographic centres of symmetry
except [Cup-me,pym2SH J. The pyridine-2-thionate complex is typical of this
group of complexes with a structure that consists of @ distorted ectahedral hexa-
metallic core with six of the cight teiangular trimetallic faces bridged by
1-S NS 'N) donating pyridine-2-thionate ligands. Conseguently, the hesa-
nuclear copper{1) core has two Large centrosymmetrically related rrans-equilaterald,
sulphur-bridged, triangular faces. The remaining six smadler, and approximately
isosceles triangular metallic faces, are all p,-S.N bridged. The average metal metal
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distance within the two rrans-reiated faces (3.073 A)is longer than the corresponding
distance within the remainieg six isosccles triangular faces (2.950 A). There are no
metal--metal bonds between thie copper(! } atoms, Each copper(}) atom has distorted
trigonai geometry and an SN donor set provided by three separate ligands. The
thioamide nitrogen atom of the bridging ligands forms relatively short bonds with
the copper(1) atoms of the hexanuclear core ( Table 9), These contacts firmly anchor
the bridging ligands to the trimetallic faces of the octahedral core. They also ensure
thut the ligands are virtually normal to the plane of the triangular faces. The thionate
sulphur wtoms form typically asymmetrie distanges and naerow (Cu S8 Cu) angles
{Table 9) thirt wre characteristic of §1,-8,N bridging Yigands (Table 7). The thionate
character of the bridging ligands is characterised by ¢ 8 and € N bomds in the
region of 1.76 and 1.35 A, respectively,

A rather novel deseription has been adopied for the hexanuclear silver complex
that has been the result of preliminary { 144] and final reports [ 145]. The description
involves viewing the complex down the distorted €, axis of the metal octihedron
and consists of two Ag,S; rings linked by means of silver-nitrogen bonds, This
alternative description has also been used 10 describe the analogous copper(l)
complex and iz shown in (LVUID),

The crystal structures of two radically different dodecannclear complexes of copper
{146] and of silver [145] have also been reported.

The mixed-valent copper agpregate {Cu,yCuyg(je-meimz28),,( MeCN ) J( BPhy),
f146] is obtammed from [Cu(MeONLNCIO,), hydeated copper acetate  and
L-methytimidazoline-2( 3H )-thione in an acetonitrile methanol mixture followed by
the addition of sodium tetraphenylborite, Reerystadlisation from acctonitrile pro-
duces dark-blue crystals of the sicetonitrile solvate. The skeletal structure of the
ventrosymetric cation is shown in (LIX ) and selected dimensions are given in Table 9.

The comples cation consists of & ring of cight four-coordinate copper(l) atoms
with either §, or §,N donor sets fromy a combination of py-8;N and 1,-8,N bridging
tigands. Two further copper{ ) sites are three-coordinate with N, danor sets formed
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Table 9
Hexanuclear and dodecanuclesr complexes of coppert 1) and sitver(); selected Jdimensions A and )

» Complex and reference
Metal core Ligand generated M S M-N M-§-M
dimensions angles at the metal

RCulpy28)iq° [141]

2795 Y- 3.160( 1) 109.7(2)-124.8(2) 2.22002)- 2.024({6)- NR
SE.85¢(3)-9199(4) 2.249(2) 20417

[{CulquindS )} J* [142]

2786(2)-3151() TI35(1-121.9(2) 2343(3)- 2.034¢7)- 87.97(9)-
55.34(4)--90.16¢6) 22600 3) 27T BR.67T(D)

[1Cu(me:pym2S ), J° [143]
2112y 3433¢2) 105.6¢1)--133.0(2) 22
48.62¢5)-93.43458) 23

125 2.016(8)- NR
TH 3 2025(8)

[{Cu(3SiMe-py28S 1 [144]

3139 eenger 112,02 N92(1H 2.236(2)- 2.019(9) 82.6(1)-
2254¢) 204105 88.5(1)

HAZCISIMe-py2S )L )° |144]

3323 ernger FI7.0(2) 124.8(2) 2.474(2) 2.300(6) 77.4(1)
24792 232 B3 1)

IHAZCISIMe -py 281 [145]

LRy AR 9. T43) 126 1(1) 24641 23000101 NR

1000 eunper 249503) 2.321¢10)

JARL WM -py 28 1L EARNO L 2OTHOPLOTLOT (145

TR LOnD(L) By 171.6(0) AN AT NR
2N 2 HBS)

Ag O Ty 2.62405)

[Cat ot B Oneinz28), o MeCNOIBPH) AMeCN ) | 146]
54700 27240 150.901) 175.4¢3) 2280 2) L ROGT(R) NR
2.645(2) L9R4(4)

NR not reported,
* Syounetrical moleeule.
* Two independent malecules in the unil cell.

by a combination of two heterocyclic figands and an acetonitrile molecule. The
copper{ 1) sites are five-coordinate with rrans-N,8, donor sets {from four heterocyclic
ligands and a terminal acetonitrile nitrogen atom. The copper(11) atoms are magneti-
cally free from other interactions and have clectronic (4= 035 nm) and ESR spectra
simtifar to those of the copper “bluce” proteins.

Production of the mixed-valent complex depends on a rather complicated
copper(11)-thione teduction process and subsequent stabilisation of the copper(il)
sites at the extremitics of the copper(l)-thionate matrix. [i147]. Furthermore,
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a  detaided study  of  the reactions  between  hydrated  copper  acctate
and  l-methylimidazoline-2(3H )+thione  has shown that the solvated cations
[Cu,Cuygp-meimzZ8 ) ssolvent)J* * are remarkably stable in solution [ 148].

Production of the dodecanuclear silver(l) complex
{AR(1-38iMey-py2S) JIARINO, )], 2CHLOH.CHLCL, {145] relies upon the use of
@ hulky substituent in the pyridhne.2-thionate anion to control the degree of aggrega-
tion [ 144]. In contrast 1o the production of the corvesponding hexantsclear silver(1)
complex., which relied on the use of excess 3-trimethylsilylpyridine-2-thione, success-
ful production of the dadecannciear complex relics on the use of an exeess of
siiver(1) nitrate ander otherwise idemtical condinons, A skeletid version of the
structune s shown i (LX) and selected dimensions are pivea in Table 9,

Mol
N
\M [’F’ \ \
- A
NN /
ONO. r / \ ONOY
. .\g\ \ Au
M: \ ;\g 2 '\g “‘MM \ ) "a
N / "t IS ‘,'-ﬁ""
ONGY \ e S Se. ,,\ N
A J M A - N g
o
N YR

1 \‘f\ WM - 28
tadapted from | 1-ES])

LN
The  structnre comsists of an octanackar  vomplex caton

L » Al . » . -
IAZAP-ISIMe -y 2N F Y assoctated, By mcans of secondary mtenctions, to two
complex anions JARINO,)Y)  and two methano! molecutes. The complen is crystallo-
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graphically centrosymmetric and consists of five chemically and structurally distinct
silver sites. Four of the silver sites have distorted trigonal geometry. Two of these
arrangements involve an S.N donor set from different ligands plus a long contact
to a nitrate oxygen atom. A third contact involves an 8, donor set from three
different ligands. The fourth site involves a combination of one thionate sulphur
and two contacts to nitrate oxygen atoms. The fifth silver site is diagonally ¢oordi-
nated by an SN donor set from two different ligands.

The eight silver atoms of the central metallic core adopt a hexagonal bipyramidal
arrangement with the two silver atoms of the {Ag(NO;),] ™ anions associated as two
interacting arms, The bridging heterocyclic thionate ligands are either y3-S,N or
1,-S,N donating and are disposed as three above and three below the equatorial
plane of the metallic core. Alternate “spokes™ to the axial silver sites {rom the
equatorial sites are bridged by thionate sulphur atoms while the thioamide nitrogen
atoms bridge the adjacent silver sites of the hexagonal plane. Axial silver sites have
trigonal-planar geometry and an 8, donor set. Equatoriad stlver sites have S,N donor
sets that are distorted by secondary interactions.

5.3, Hexanuclear end pobeniclear cadniwe( 1D complexes

A number of heterocyclic thionate ligands have been reported 10 fornt neutral
complexes with cadmium( i) of general formulation JCd(het-S.N),] [149]. Apart
from speetroscopic evidence implicating involvement of the thicamide sulphur and
ritrogen atoms the complexes were mostly described as polymeric with S,N-bridging
ligands. ln contrast, many steuctural types have been characterised for cadmium( 1)
compleses with thiolate hgands ranging from mononuclear to dodecanuclear specics
as well as non-molecular solids | 150].

One of the observations of gensral applicability resulting trom the work on thiokate
camplexes is the ability of bulky figands 1o stabilise mononuclear and small oligo-
meric species, This principle las been applied to the suceessful production of ead-
mium complexes with ieteroeyelic thiotiates. :

The electrochemicat method used in the successiul synthesis of the hexinuclear
complex [{Cu(p=te,pym2$)} ] [ 143] has been adapted for the synthesis of a range
of nickel(1l) and cadmium(il) complexes by using cither clemental nickel or
cadmium as the sacrificial anode [151]. Mixed ligand complexes of both metals
were obtained by the usual method of adding 2.2-bipyridyl or 1,10-phenianthroline
to the clectrolysing medivm, The nickel(11) complexes, of general formula
| Ni(me;pym28) No.N-chel )}, are spectroscopically typical of tris-chelates with dis-
torted octahedral geometry. In addition, erystafline [Cd(mepym28),] has also been
obtained and its crystad structure determined. The calixerene-like skeletal structure
is shown in {(LXI) and sclected dimensions are given in Table 10.

The complex consists of discrete hexanuclear [{Cd(p-mepym28),1,] species with
imposed crystallographic €y symmetry. The separation distances between the
cadminn (11 atoms {ca. 3.716 A) preclude metal metal bond formation. The regular
non-planar hexagon of cadmium( (1) atoms is bridged above and below the plane
by twelve py-S.N(1n?S:n'N) donating ligands. The thionate sulphur atoms belong
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Table 10

Polynuclear compicxes of cadmium{1I); selected dimensions (A and *)

Complex and reference

Cd-S Cd-N S-Cd-S(N) Cd-$-Cd Cd-$-C Cd N-C
{{Cd(mepym28),}4}* [151]

2.638(8)- 2.36(2)- 60.4(8)- 86.4(2) 100(1) 103(2)
2.761(8) 2.38(2) 168.0(2) 88.9(2) 106(1) 104(3)
[1CA(py28), ) 0° {152]

2.543(5)- 2.342(4)- 5§7.2(2)- NR NR NR
2.809(4) 2.343(4) 103.4(3)

{Cd(batz28),} 1 [152]

2.547(4)- 2.283(4)- 5T.7(3) NR NR NR
3.061¢5) 2.328(3) 96.8(3)

MR not reported.
* Symmeirical molecule.

to two sets of six, each set being approximately planar, with three atoms above and
three below the plane. These planes are mutually parallel and are also parallel with
the best mean-plane through the six cadmium(I1) atoms. Each cadmium atom has
distorted octahedral geometry and civ-8,N, coordination with ¢is-thicamide nitrogen
atoms, The donor set is formed from two bridging ligands and two additional
thionate sulphur atoms from two ather ligands that bridge other cadmium(11)
atoms, The bridging thionate sulphur atoms also generate Cd,S; units with narrow
angles at the metal and asymmetrie metd sulphur distances, The plane of {he
bridging ligand is almost normal 1o that of the Cd,8; unit (Table 10). Anglex ai the
metal generally show substantial deviation from those expectad of regular octahedral

geometry.

tadapted trom | 15D
L.XI
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Average thioamide dimensions of the bridging ligands (C-S=1.71, C-N=1.38 A:
N-C-S=114") are consisterit with the extension and contraction of the relevant
bonds in the parent ligand (Table 2).

The addition of stoichiometric quantities of pyridine-2-thione and benz-
},3-thiazoline-2-thione to aqueous solutions of cadmium acetate produces polymeric
complexes [152]. Crystalline products were obtained by slow recrystallisation of the
crude products from either hot pyridine (py2S) or dimethylformamide (bztz2S).
The complexes sublime (150 °C) at low pressure and decompose to cadmium(11)
sulphide (CdS) on heating in air. Both complexes occupy crystallographic C, axes.
They are genuine polymeric substances with approximately octahedral metal geome-
try. The N,8, donor sets are formed by u,-S,N(n’S;n!N) bridging ligands. Selected
dimensions are given in Table 10 and the structure of the pyridine-2-thionate complex
is shown, in patt, in (LXII).

'
's

tadapted from [ 152))
1L.X1

In the pynidine-2-thionate complex one pair of bridging ligands is approximately
pariallel and one pair s approximately normal to the polymer chain, The perpendicu-
lar ligand is S,N-coordinating to one cadmium atom and also S-bridges the adjacent,
symmetry-related cadmium atom. The seeond, parallel ligand, similarly bridges two
cadmium atoms but with slightly longer cadmium--sulphur (3.04 A) distances. The
sequence of asymmetric Cd,S, units form the essential repetitive core of the polymieric
chain. The benz-1,3-thiazoline-2-thionate complex is structurally simifar to that of
the pyridine-2-thionate complex.

6. Summary

This is the fourth in a series of veviews that have sought to establish the factors
thut govern the coordination chemistry of heterocyclic thiones and thionates
[ 1,149,153}, Coasequently, this is a convenient point to summarise the major obser-
vations resulting from these reviews.

With the thione form of the parent molecules dominant in neutral, polar and
acidic media their coordination chemistry is limited to thione-sulphur coordination
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in cither monodentate thione sulphur, (1'-S:. or binuclear, p,-S(1°>-S), double-
bridging modes. The latter invariably generate asymmetric metal- sulphur contacts
with narrow angles at the thione sulphur atom. Of all the donor characteristics of
these molecules monodentate (n'-S) coordination is the most widespread throughout
the periodic table.

The neutral molecules are only involved in 8,N-coordination when they possess
an additional heterocyclic nitrogen atom adjacent 1o the thioamide group. Such
arrangements occur in pyrimidine-2-thione derivatives. Previous propesals that the
thioamide nitrogen atoms of neutral heterocyclic thione molccules. such as
1,3-thiazolidine-2-thione, are also monodentate nitrogen donors. are spurious.

Although the structures of the parent molecules are dominated by thione tautomers
a variable degree of delocalisation of the thioamide n-clectron density is also evidemt,
Among iimidazole-2-thione derivatives, for instance, the distribution amounts (o
about 50% n-character in the exocyclic carbon sulphur bonds. This proportion is
reduced, on average, by aboui 13% on the formation of cither monodentate
(11'-S) or double-bridging (1,-S) contacts.

Deprotonation, as the most recent reviews have shown, substantially enhances
the coordination potential of the molecules particularly towards the heavier metals.
The most extensive coordination mode of heterocyclic thionates involves the forma-
tion of four-membered S, N-chelates. These generate short metal nitrogen bonds,
refatively long metal sulphur bonds, narrow chelating angles and mostly planar
chelate rings. Monadentate thionate, (n*-8) coordination, is also known allthough
it s limited to Targe “soft™ aceeptors, Monodeniate nitrogen coordination is even
mere imited in scope than that of monoadentate thionate (n'-8) coordination.

Heteroeychic thionates Torm p=S.N - Dridped complexes that sibso involve short
metal mirogen bonds with the clectron veh thtonate sulphur atoms providiog
peometrically flexible contacts 10 the neighbouring metal, or metals, as reguired.

The distribution of complexes with SN bridging heterocyebic thionates (offows
the seyuence:

e - SiN(double - braidging) » i,y - SNOriple - bridging) ~ iy - SN» g SN

The predominance of the binuclear double-bridging, p,-8.N species, probably
arises because it represents the feast geometrically and electronically dewanding of
all the bridging systems, Consequently, this series of complexes, with between two
and four bridging ligands. modest coordination numbers at the meta! and oceasional
metil metad bonded species, is structurally the best defined. The solution chemistry
of the complexes has also been profitably investignted, in some cases.,

In contrast, bmuctear wiple-bridging 15 much foss common. Furthermore, the
benetits of additiona ligind donor capacity, exhibiied by this system, e offset by
fonger metal metal distanees, Further disindvantiges include added peometrical com-
plexity and crowding, especially it the ventre of what are invariably double-bridged
complexes, Novertheless, the structural possibitiiies generated by this bridging mode
in the solid, as well as an eximple of some novel rearsmgements in solution, have
been characterised.
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As has been observed for thiolate chemistry. increased polynuclearity among
heterocyclic thionate complexes is accompanied by the formation of progressively
fewer examples. Consequently, the total number of polynuclear complexes is signifi-
cantly less than those of binuclear species. The structural diversity of the established
tri-, tetra- and hexa-nuclear complexes arises mostly from the variations in metal-
ligand combinations, which are by no means exhausted, and the extensive use of
nx-S.N five-clectron donating anions about a ceniral metal core. Occasional exam-
ples, in which p,-S.N double-bridging, three-electron anions, are also involved, add
to the structural diversity. Polymeric systems are extremely rare and invariably
involve either p;-S,N or p,-S.N bridging anions. The longest of the three metal-
sulphur contacts formed by the p-S.N anions s inter-molceunlar in character and
enables the concatenation of neighbouring metallic cores into oligomeric and poly-
meric species. This bridging mode could prove to be extremely useful in the design
of new materiais in the future. especially if it could be used to concatenate metal-
metal bonded clusters.

With limited exceptions the structural consequences of additional electron involve-
ment are indicated by increased angular variations at the sulphur atom rather than
by significant increases in metal-suiphur bond lengths. However, the ligand bites
generally remain unaflected by increases in the total clectron involvement of the
anion, despite substantial changes to the thioamide (N-C 8,,,) angle. in some
INSHINCCS,

The effects of deprotonation and coordination on the thioamide dimensions of
the anions are universal. They consist of the accumulation of both anionic charge
at the thionate sulphuy atom and of n-clectron density in the carbon nitrogen bond.
In addition, the narvow thioamide angles of six-membered heterocyclic molecules
are more distorted  than ase the kger values of five-membered  molecules,
Furthermore, araong thiazole-2-thionate derivatives, and simikar molecules contain-
inge overlappiop thioamide groups, the effeets of deprotonation and coordimation
are more extensive than they are among molecules in which the thioamide portton
is more localised, All of the carbon sulphur bonds in thiazole derivatives lose
r-clectron density to the carbon nitrogen bond. 1t would appear that perturbation
of the coordinating thionate portion of such molecules subsequently aftects all of
the heterocyclic bonds in the molecule.

The chemical integrity of heterocyclic thiones and thionates is generally retained
during coordination processes. However, heterocycelic thiones may be oxidised with
the production of N N-donating disulphides and monosulphides as well as S,N-
donating heteroy! substituted heterocyclic thiones. While heterocyclic thionates are
resistant $o such oxidation they may be induced to undergo fission of the thionate
( >C S ) bonds with the production of C ,N-chelating heteroy! species and polyden-
tate sulphide ions.

With the structural principles governing the coordination chemistry of heterocyclic
thionates now more apparent and a wider range of preparative routes also available
it should now be possible for synthetic strategies to be planned with more cortaimty
than before. Biomimetic activity and the design of new materials, as well as an
intrinsic interest in the controlled coordination chemistry of these ligands, will
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undoubtedly drive the subject forward. What is still lacking from this scenario
however is complete control of the reactants/products process. There will undoubt-
edly be plenty of surprises in store{15,34}
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