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Abstract 

The bridging behaviour of deprotonated heterocyclic thiones, the heterocyclic thionates, is 
re~rted, The anions are effective bridging ligands among binuclear, trinuclear, tetranuclear. 
hexanuelear 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 to la2-S,N bridging pyrimidine and la2-S,S bridging 
i,2,5-thiadiazole bases. Several bridging mt~des are described. These may involve the exclusive 
use of the thionate sulphur atom in the rare edge-bridging, t~2-S(q2-S), of two metal centres. 
Alternatively, both the sulphur and the nitrogen atoms of the thioamide groups may be 
involved in the formation of either binuclear double-bridging, la2-(rlt-S;qt.N), or binuclear 
triple-bridging, ~t~-(q2-S;rlt.N)systems. Trinuclear face-bridging, la~.(q:.S;qt-N), ligands 
~ u r  among trinueiear, tetranuclear and ~tahedral complexes. Relatively rare tetranuclear, 
l~4-(rl~-S;qt-N ), bridging ligands generate polymeric and oligomeric complexes. Combinations 
of similar, or different, bridging arrangements are also involved in the ibrmation of double 
or multiple bfidge~ among binuclear and ~iynuclca|" metal centrex. 

Preparative routes, vibrational and el~tronic sl~ctra as well as the ek~:trochemistry of the 
¢omp!exes are de~¢ril~d and di~tlsse, d, Iwmefic fi~rms of the complexes, arising mostly from 
a combination of the bifimcliol~al and pol?¢den|ate chorac~r of the brid#ng ligands towalods 
the metal centre s, are also de . r i led  and di~usscd, 

The review emphasises the mructures al~d dimensions derived fi°om the Xoray ¢ryslalloo 
graphic ~tudy of a large n a m e r  of binuciear and polynuclear complexes. The el t~ct of 
deprotonation and coordination on the dimensions of some of the parent ligands is also 
reported and disused.  Some structures, as well as some structural changes, derived from 
solution NMR spectra, a~  also re~,rted. ~:~ 1997 Elsevier Science S.A. 

KO, word,: Binuclear and I~lynuclear metal complexes: Bridging heter~yclic thionate ligands: 
Mo!~u!ar g~maetry; P~paradons and s~t roscopy 

Major ligand abbreviations 

py2SH pyridineo2-thione 

pyridineo4-thione 

tg sn thk~apro!actam (hexamethyleneimine-2qhione) 

im~SH ~ I, 3-imidazoline-2-thione 
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imzdSH2 1,3-imidazolidine-2-thione 

bzimSH2 benzo- 1,3-imidazoline-2-thione 

pym2SH pyrimidine-2-thione 

pym4,6(SH )2 pyrimidine-4,6-dithione 

pym2,4(SH )~ pyrimidine-2,4-dithione 

tucH2 2-thiouracil (4-oxopyrimidine-2-thione) 

dtucH2 2,4-dithiouracil (pyrimidine-2,4-dithione) 

cytSH thiocytosine (4-aminopyrimidine-2-thione) 

trzSH2 i,2,4-triazoline-3( 5,~-thione 

qun2SH quinoline-2-thione 

tzSH 1,3-thiazoline-2-thione 

bztzSH benzo- 1,3-thiazoline-2-thione 

IzdSH 1,3-thiazolidine-2othione 

!,3,41dzS!l 1,3,4-thiadiazoleo2Mithione 

1,2,5td~:(SH )5 ! ,2,5othiadiazoleo3,4odithione 

bzoxSH benzo° 1,3-oxazoline,24hione 

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

Miscellaneous abbreviations 

dppm bis(diphenylphosphino)methane 

dppe bis(diphenylphosphino)ethane 

COD cycloocta- 1,5-diene 

nbd norborna-2,5-diene 
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tfbb tet rafluro robenzo [ 5,6 ] bicyclo [ 2,2,2 ] octa-2,5,7-triene 
(tetrafluorobenzobarrelene) 

py pyridine 

thf tetrahydrofuran 

1. lln~oducflon 

The first part of this review [1] dealt with the monodentate (qt-S and q t-N) as 
well as the S,N-chelating character of heterocyclic thionates~ This second part is 
con~rned 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 I980 to the summer of 1996. 

The relationships between multinuclear metallic complexes, homogeneous cataly- 
sis, magnetic exchange phenomena and metaUoprotein chemistry have been explored 
by many authors [2,3]. Macr~yclic dinucleating ligands, which are capable of 
bridging two metals in clo~ proximity, have served as the essential precursors of 
homo- and hetero-bimetallic complexes since 1970 [4]. However, the range of bridg- 
ing ligands has been extended considerably in recent years. Some recent examples 
include diphosphines, with the po.C,-P sl<~eleton [5], as well as diphosphinoamines 
and cyclodiphosphazenes [6], Compartmental ligands, derived fi'om a variety of 
mostly kelonic precursors, have also ~cn  devclo!~d and employed, together with 
phosphorus containing ligands, in the successful generation of bimetallic complexes 
[7,8]~ The increa~fing u~e of alkyl and arly ihiolaies has also broadened the range 
of bridging ligands and n~ade sulphurobridged polynuc!ear metallic systems more 
a~ccsslbl¢ [9,10], 

Aromatic nitrogen containing heter~yclic molecules, such as diazines an(| azo- 
lares, have been increasinsly used in a variety of bridging capacities in recent years 
[ I I ]. Bt~heterocyclics such as 2,2'obipyridine are effective N,N'-bridging and chelating 
ligands towards copper and other metals 111,12]. The growing interest in the pro- 
duction of ~lf-as~mbled inorganic clusters has given rise to the design of s~ i f ic  
o~n-chain bridging hetert~yclic ligands [13]. A variety of heterocyclic amides, 
including some thioamides, have been used to brid~e multiply bound bimetallic 
clusters [ 14]. 

The extensive use of heter~yclic thionates as bridging ligands stems from the 
presence of the thioamide N~CooS ° group, in a variety of heter~yclic environments. 
The involvement of thioamide sulphur and niuogen atoms enable the tbrmation of 
either thoS or t~°S,N bridges ~tween binuclear and polynuclear metal centres. The 
parent ligands adopt the thione form in the solid (In) but may exist, at least in part, 
as the thiol form (Ib) in solution, particularly in non-polar solvents [ !4]. 

[~protonation of the parent thione is readily achieved in a variety of aqueous 
and non-aqueous m~ia  [1 ]. As in Part I l he term heterocyclic thionate (Ic) is 

) ,,~ n 

deli~rately chosen so as to avoid ccntuslon a ith aikyl and aryl thiolates, as well as 
related tigands. Complexes of organo-thiolate h~,wAds are, however, constantly used 
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H 

(a) (b) (c) 

(1) 

® 

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 (see abbreviations section). The heterocyclic thionates most frequently 
involved as bridging ligands are shown in (11) in their commonly deprotonated 
forms. 

Most of the ligandg are mnnnthionate in eharacler :rod :ire derived primarily from 

FI H 

(i) 

(a) 

( . )  

N . . . . .  N [ ~ ,  

I 
R Il l  ii~) 

@4 

1|1 IH) 

® 

H 
0.)  ~iv) 
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(g) 

s ® s G) 

(i) (ii) (iii) 

(h) 

(~) (j) 

(ii) 

imidazole ( HaL pyridine ( lille ), pyrimidine ( |hi ), 1,3A-triazole ( | lb),  quinoline (Hg), 
1,3othiazole ( | |h)  and !,3A°thiadiazole (Hi) bases. Some double-bridging, ~I~-S,N, 
dithionates are also report~| but they are mostly limited t o  pyrimidine dertvat':, ' ' ryes' ' ,  
such ~ls 2,4odithiooracil (| |div) and |o !,2,5dhi~Miazo!eo3Aodithionate ( l | t )  which is 
a rare example of an S,Sobridging heterocyciic thionate. A rare trithion~t¢. 
symol.,],Sotriar~oline.2,4,6otrithionate (ill) is derived from thiocy~muric acid at~d 
rcportMly functions its a bridging trisocheiating ligand ( ~  Section 2. I. it is howe~:~t' 
a ~latively negl~ted ligand, despite its bridging lx~tential. 

With both thionate sulphur and thioamide nitrogen atoms available tbr co(.rdma-" ~ ' • 
tion heterocyclic thionates are versatile, ek~ctron rich. bridging ligands (11| }. 

M M M M M M 

Binucle~r bridging, in either single or multiple combinations, is achieved by ihe 
~l~atively rare, ~geobridging, ~ ~- ~q-~} s.ystem" -~ (Ilia) and by l he much more 
common ~-S,N(q ~-S:q ~-N ) { ~l|b) system. Both of these examples are thlve elec|~ron 
donors. The binuclear triassic-bridging system, ,~I~-S,N(qL.S;ql-N) ( l i l t ) ,  is a five 
ekxztron donor and is simt4taneously q2-S bridging and S,N-cheiating. This arrange. 
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~ S  ~ S ~ M  N ~  

J',  t s 
M M M M Mf,,I  ,,~M 

(d) (e) M 
(f) 

(a) B2-S(rl2-S) (b)tt2-S,N(qI-S;ql-N) {~) p2-S,N(q2-S;rlI-N) 

(d) B3-S,N(q2-S;ql-N) (e)gt4-S,N(q3-S;ql-N) (f) ~3(q3..S) 

On) 

ment generates a 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, ps-S,N (q 2-S;q ~-N ) { ll|d), is also a five-dectron donor. This system 
is ideally adapted lbr coordination to individual triangular metallic clusters (see 
Section 3.2 as well as for the triangular faces of tetrahcdral (see Section 4.2 and 
octahedrai {see Section 5.2 metal aggregates. Maximum involvement of the thionate 
sulphur atom's valence electrons produces the extremely r~re tetranuclear bridging, 
)14.S,N(q'LS;q~.N) system (| | |e), a seven~electron donor. An exclusively sulphur 
donating trinuclear tripie~bridging ps-S{q'~-S) system (ll |f). is also possible but has 
curl~ently not been reported. As has been observed in thio!a~e chemistry, the greater 
|he electron involvement of the thionate sulphur atom the |}wet are the reported 
complexes. TypicM of this generaiis~ltion is the t~lcl that the B:S,N bridging anion 
has been shown to be an eil~ctive means of linking discrete tetranuclear metallic 
aggregates into po!ymetallic species in only one instance (~ee Section 4.2. More 
examples of this type of bridging must surely arise in the future. 

Configurational isomerism is common anong bhmclear co~nplexes with two and 
four, :ouble-bridging, ~tz-S,N, ligands (see Sections 2.3 and 2.:;. Such arrangements 
generate pairs of "head to head" and "head to tail" isomers (see Section 2.1. 
Pyramidal inversion about coordinated sulphur is a common cause of fluxionality 
among thiolate complexes [16]. Among binucle~r heterocyclic thionate containing 
complexes, low energy conversion between p2-S,N and ~t2-S(llL.S) bridging modes 
{ IV } is also an occasional cause of fluxionality. 

The structure of this review is based upon the increasing nudearity of the com- 
plexes. Subsidiary classifications involve a flexible combination of the number of 
bridging hg,mds, metal coordination numbers, compound stoichiometry and the 

hgal d. Some flexibility is required because some complexes contain lype of bridging ' '  1 
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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M M 

(a) {b) 
(IV) 

tion of the coordination number is also required in the presence of terminal organo- 
metallic dienes. 

As in Part 1 the review d~ribes the preparation as well as the vibrational and 
electronic Sl~ctra of the complexes. The redox chemistry and electr~hemistry of 
the complexes are also included wherever possible. The isomeric possibilities arising 
from the bifunctional character of the ligands are de~ribed and discussed. In 
particular, the review emphasises the structural chemistry of ~he complexes obtained 
primarily, from X-ra~ crystal~graphic studies. The effects of deprotonation and 
coordination on the thioamide dimensions of the p~rent ligands are report~ and 
di~ussed, es~ially for pyridine and 1,3-thiazole derivatiw,'s. Some structures, as 
well as dynamic structural changes, derived from solut~o~l~ NMR spectra, are also 
reported. 

L I~ h~ro,due~i~m 

in_!er¢~t in bmudcat m~t,~lllic comp!exe~ ha~ k~n  ~uslaincd a| a high i~vd ~mc~ 
the early 1970s and the literature is now enon~ous. Many reviews are now avadable 
that survey neutral, anionic, symmetric and bifunctional bridging Iigands of both 
homomet~llic and heterom~tailic systems. 

Among bridged binuciear complexes with heterocyciic thionate ligands the num~r 
of bridging ligands may range from one to four. Homolepticity among the complexes 
is ra~ and limit~ mostly to the [M~:{ het-S,N h| s~ies ,  For the remaining complexes 
the ¢ourdination at the metal is made up of v '~ o anous combinations of terminal 
monodentate (halide. car~nyl, phosphine), chdating ( 12°diamin~thane, hcter~y- 
c|ic thionates) and organometallic {allyls, dienes) ligands. With bifunctional ligands, 
such as the heterocyclic thionates, the~ a~ numerous isomeric possibilities. 
Furthermore, they may also ~ complicate, on occa.ions,'" o~ ' " by the e~urrence 
of conlbtnational ~' ~ isomerism among ten~in~d chelalh~g tigands, such as 
i,2odhmine~th~ane, as well ~s by the presen~ of other bridging ligands. 

With two bridging ligands both &,~d, to-t¢~il and head-todtead isomers are l~ssible 
in either ,~ms-relat~ planar "A-frame" (Va, b)or ¢L~'-relat~ n~n-p!anar l~nns { Ve, 
d), A variety of terms have been us~ to define i he ~,.s-relattx~ isomeric form, notably, 
"o~n-book", "face-to-fat~", "vicinar' and "'cradle". 
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SAN S~N 
../ \,,:, / \ 

s%/N 
trans: head-to-tall trans: head-to head 

(a) (b) 

N ~ S  N ~ S  

. P ~ . f  X ,,M ,,M ,M ... ~ ..' ~ .,,- ,~ 

cls: head-to-tad cis. head-m-head 

re) (d) 
(V) 

Four bridging ligands generate tbur possible isomeric forms. The cis, cis:head-to- 
hen&2 (2S:2N) isomer contains two pairs of c/s-related sulphur and nitrogen donor 
atoms (Via). The cis.cis:head-to.tail;2 (2S, N) isomer contains two pairs of both cis. 
and trans-related sulphur and nitrogen donor atoms and may ~ described in terms 
of either arrangement (Vllb). The two remaining isomers involve |bur bridging 
ligands in the allods:head.to°head: (4~4N), { Vie) arrangement and an intermediate 
isomer with three cis°re!ated !igands and a (3S.N: S.3N) arr~ngement {Vld). The 
italh'iscd nomenclature used relates to both the ligand and Io the donor atom 
distribution. 

With ligand bites in the region of 2.6 A and metal~metal distances varying t¥om 
2.6 to in excess of 3.0 A the resultant structure is frequently distorted. With disparate 
ligar~d bite and metal~metal separation distances the distortion generally involves 
"tilting" (Vlla} of the coordination spheres on each metal towards the centre of the 
complex as well as "twisting" of the same coordination spheres out of the formally 
eclipsed configuration (Vllb). 

Other modes of binuclear bridging, such as {lille), are also capable, at least in 
principle, of trans "A-fi'ame '' and cis "open-book" configurations. Both head.to.tail 
(Vl|la,e} and head-to-head { Vlllb,dl) ligand combinations are possible. An additional 
structural feature, in the case of this mode of attachment, involves the proliferation 
of rings around the binuclear centre involving the heterocycle, its donor atoms and 
the metal atoms (Villi). The formation of head.to.head attachments {Vll|5,d} in 
this i . . . .  " ' 'f somenc form is mare estly unlikely. 

Ligand deprotonation relies h~avily on the use of metal derivatives such as sodium- 
alkoxides [40-.43] and n-butyl 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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(a) cl s. ci .~: headoto-head. 2(2,~." 2N) 

s/ N ] N.1 -l-;s 
M °'" M 

 'JL "1 

s ~ N  
. i*" M t 

S V N  

( e ) dloc~,~, head.to-head, (4S 4~V) 

S ~ N  
[ M 0,' 

S N 
V 

(Vl) 

't.~#' 

{a) (Vii) 

have beetl used I~r ltie complexes, The classic t~hl~ique of replacing bridging halide, 
In ~:ar'iaoly ehloride~ with bridging thiola|e {l 7], in this ca~ heter~yclic thionate, is 
extensively u .~,  it ~s also ~ssible to start from mononucl~r p~ursors [ 19], or 
even the paint metal [301, and to ~|y on the bridging ability of the hgand~ to 
produc~ the r~uired ~mplex. Such pressures have ~ n  suc~ssful with many 
examples, and n u m b s ,  of bridging ligands. The double-bridging acetate groups in 
binuclear metal tetraoacetat~,~ a~  readily ~plat~J with bridging heterocyclic thio- 
nares [%1. ~'casionally the breakdown of a trinudear clusLer, such as Ru~(COh~. 
has ~ n  us~ to ~nerate a binuclear product [731. 

Trans°annular oxid~tion~addition ~actions | 18], that resull in the formal one- 
el~tron oxidation of each metal and the gene|~tion of meial~.metal bonds, are a 
particular feature of b r i d ~  binucle~r comple.~es. The me|als m~st afi~.~-t~ by 
such reactions include: platinun~(|l) |~e S¢'ction 2.5.21, rh,~dium(l) [56] and 
iridium(ll ) [7i ]. 

Some of the as~ ' t s  of the solution chemistry of tEe~ complex~ that have 
attract~t attention include: low-energy isomeric (IV) [27] and structural changes as 
welt as scrambhng among tenlainal hg~nds, esi~:~ally carbony!~phosphine exchange 
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trans: head-to-tatl trans: head-to-head 

(a) (b) 

cts: head*to-tall 

{e) 

~viii) 

cts; head.to.head 

Cd) 

2~2, (~mp!e,ws with ore, brhlghtg heterm'),ciic thiomtt¢, ligaml 

This is a relatively rare class of complexes, In spite of tile three possible means 
by which a binuclear metal group may ~ bridged by one heterocyclic thionate 
(|Ha-,e) only one established example has been reported. 

The two molybdenum{0) atoms in (CsH2oN)[Moz(~t-py2S)(CO)9] [19] have 
distorted octahedral geometry and are pz-S,N(qZ-S,rlt-N ), triple-bridged, by a single 
pyridine-2-thionate anion. The complex is obtained, under nitrogen, from molyb- 
denum hexacarbonyL pyridine-2-thione, sodium methoxide and tetraethyl ammo- 
nium chloride, in I'1' 1:1 molar ratio in tbf at 318=323 K. Because of the asynlmetric 
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...metai interaction [20]. The extent of the octahedral 
distortion is indicated by the range of bonding angles at each metal (Mo(l)  
63.6( ! )~,~ ! 73.0(2)"; Mo(2) 89.0(2y~= 177.5(2)°). The narrowest value is the 
SoMo(i)~N chelating angle and the largest is the trans S~Mo(2)-C~,~,,bo,y~} angle. 
The ,s • '- a~ymmetrtc bridging ligand generates a relativdy short molybdenum~nitrogen 
distance:, non-equivalent molybdenum-sulphur distances and a substantial bridging 
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angle at the thionate sulphur atom (Mo-N=2.284(4), Mo(1)-S=2.617(1), 
Mo(2)-S=2.582(1) A; Mo-S-Mo= 122.59(6) A). Inequivalence among metal- 
sulphur balding distances is not unusual [21 ]. In this complex however, the inequiva- 
lence probably reflects the unequal electron donations to the two molybdenum(0) 
atoms. Inequivalence is also reflected in the bridging angles at :,:~c ~ i . , ~  a~om 
( M o ( l ) - S - C  =80.9(1 ), M o ( 2 ) - S - C  = 112.0(2)°); the smaller of the two values is 
within the four-membered chelate ring. The molybdenum-carbonyl bond distances 
are unex~ptionai, a~r t  from the distances trans to the bridging sulphur atom 
(Mo( 1 )~C = 1.934(5) and Mo(2)~C = 1.991 (6)°). These distances show evidence of 
modest tmns-effects. 

., -, / 

(iX) 

The thioamid¢ di~taaces in the pyridine-2-thionate anion are insignificantly 
difl_'erem from the corresponding values in tile paten| ligand [22]. However, the 
N=C=S thioamide angle is reduced from 120.6(2 F, in the pamm ligat~d, to I l 1.8(3)+ 
ia the complex, in order to accommodate biauclear tripleobridging ('l~ble 2). 

The production of mononuclear, binuclear and trinudear complexes of 
bi~(methyicyclo~|~tadienyl )titanium( i i i  ) ~l~ies from 2ohydroxypyridinalo (licit), 
2Aodihydroxypyridiaa|o (u~'a¢ilate) and 2,4,6otrihydroxycyaaurate anions [23] est~bo 
lish~ the bridgh~8 ¢.apability of othe~i~ mostly N,Ooche!atiag pyfimidine deriva- 
tives, This success 1~ to the attempt~ p ~ r a | i o n  of the corres~ading complexes 
with 2.thiouracilate (l|d||i), 2,4-dithiouraciiate (l|dtv), 4,6-pyfimidin~lithionate 
( | |d| |)  and 2,4,6-trithi~yanurate ( | if) anions [241. The complexes are prepared 
by heating the sodium ~lt of the appropriate heterocyc|ic thioae and 
bis(methylcyclo~ntadieayl)o titanium mon~hloride, in thf, for several days at 50 '~C 
under helium. All the pr~ucts are air ~asitive. Unusual trinuclear, triangular 
arrangements (see Section 3.2 have been pro~sed tbr the trithi~yanurate complex 
[{ Ti(rI~-M~H4):} ~(tcn3S )1 ( X ) and its oxygen analogue. Biauc!ear monobridged 
structures have bee~ propo~,d ibr the comp|ex~ of ~he pyrimidine~- thioae derivatives 
aad established for that of the 2,4-dilhiouracilate anion [ITi(q~-MeC~H~)z}z (dtuc)] 
by crystal structu~ ailalysis (XI). 

The dianionic 2Aodithioura¢ilate anion .:,unulta~)u~tv bis-S,N-chelates and 
monobridges the two bis(mcthylcyclo~ntadien~q)titanium(lll) units (Ti...Ti ~ r  

6,075(2) A). The two tita~ium atoms are neW, fly coplanar wi~h the bridging 
dithiouraei|aie anion. The fitanium~yclo~ntadienyl ring dimensions (Ti-C= 
2,282( 11 )=2.538(12) A) and "tilt.angles" are unexceptional. The S,N~helatmg char- 
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\ /  

(x) 

(Xl) 

(adapted from [241) 

acter of the bridging dianion is manifest in the average distances and angles generated 
(TLS~2.594, TLN~2.206A: N:| 'i~S=66.0, Ti~N C~:=!01.8, Ti-S.C:~79.ff~). 
These are similar to those reported for other S,N-cne!ating anions [l ]. 

Variable tempetatt' ~' .... lr ~'e (4.2244 K) magnetic susceptibility ....... and EPR dala have 
been reported for the heterocyclic thionate complexes [24,25] and those of their 
oxygen analogues [23]. The magnetic properties generated by the dithiouracilate 
and the trithioeyanurate anions are significantly different fi'om those reported for 
those of their oxygen analogues. Significantly, the fi~rmer group of complexes exhibit 
weak ferromagnetic behaviour (J= + 2.0 and + 3.1 cm ° ~) while the latter e×hibit 
weak anti-ferromagnetic exchange interactions (J= ~2.2 and ~0.93 cm ~ ~). These 
differences in magnetic properties are ascribed to the presence of an acute Ti~S~C 
angle in the heterocyelic thiomHe complexes that assists the formation of a net 
ferromagnetic interaction, in addition, the EPR spectra of the two heteroeyclic 
thionate complexes, in toluene glass at liquid nitrogen ~emperatures, show zero-field 
splitting energies that are about four times greater than those of their oxygen 
analogues. Larger values tbr the heterocyclic thionate complexes are rationalised in 
terms of substantial pseudo-dipolar through-space interactions. 

2.3. Cbmplexes with two bridging hetero~Tcfic thhmate ligand~" 

This is the most extensive group of complexe~ contained in any section of this 
review. Metal coordination includes four, five and six-coordinated 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 st~cturally established. 

2. 3.1. Four-coordinate ( te trahedraO complexes 
The combination of two double-bridging, la2-S,N(rlt-S;rl~-N), ligands and two 

tetrahedrally coordinated metals generate isomers derived from cis "'head-to-mir" or 
"head-m-head" (Ve,4} ligand distributions. Each isomer contains an unusual central 
eight-membered M2N2C2S2 ring that tends to be folded, rather than planar, in order 
to minimise ligand=ligand interactions. The bridging ligands are either pyridine- 
2-thionate (lle) or imidazoline-2-thionate derivatives (I|,0. 

Not surprisingly the reported complexes involve metals from either group 
twelve, [Zn2(3SiM%-py2Sh] [26] or thirteen [|(Me)2AI(py2S)}2] [27] and 
[{ M%Ga( I-me-imz2S)}2] [28]. The group thirteen metal complexes are rare exam- 
pies of combinations of heterocyclic thionate bridging ligands with main group 
metals. The zinc(ll ) complex is readily prepared from zinc nitrate hexahydrate and 
the parent ligand (3SiMesopy2SH) in ethanol. The aluminium(lll) and gallium(Ill) 
complexes require more ~nsitive handling sin~ their preparations involve the elimi- 
nation of methane from trimethyl metal precursors with the parent ligands in toluene 
and thf, respectively. 

Each of the complexes adopls a somewhat folded double.bridged configuration 
with either a "headolootati" tigand arrangement, in the case ot" zinc and gallium, 
(X|la,b) or "headomohead" as is the c~ise with the aluminium complex (X||c), 

S|Me~ ~ 

Me Mc 

' , N,~ M e  

(b) (Mapted flora [28]} 

(~) (ad~lpted flora I20]) 

A variable temperalure ~H NMR sludy of the aluminium complex in ~nzene-d~, 
indict~tes dynamic behaviour in. solution. This c ~''~" " ons~sls of rapid rearrangement of 
the dimeric structu~ at r ~ m  temp,~rature and above. AI intermediate tem~ ~atures-"' 
two sic'ties of tm~ual population undergo slow exchange and at low temperatures 
(< ~= 35 ~C) one form ~'curs, The latter is consistent with the solid state structure~ 
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Me Me 

AI 

s/" 

Me Me 

(c) (adapted from [27]) 

(XI I )  

Possible rearrangements involve conversion to h(~ad.to-md or to ~tz-S bridged 
species {IV). More complicated structural alternatives, based on live- or six-coordi- 
nated species, are also su~ested [271. 

t ,, tJ ) 

The structure of the zb~c complex consists of two head-to-tad double.bridging, 
~t,oS,N(.rlt,,S;II~-N), ligands and two terminal g,N,chelating ligands (X|la). Each 

" , ,jne~mtrogen distances (Table 1 a) of metal therelbre has an S2N, donor set. The ~' • ' • 
both ligand types are not significantly different. However, the zinc.osulphur distances 
of the terminal chelating ligands are significantly longer than those of the bridging 
ligands. This is c!e~rly a consequence of the acute chelating angle (average S.~ ZmN ~ 
70.2'~). The slightly larger angle, a| the me|al ~nd longer bond dlst,m~;es for ~he 
centrosymmetric ~allium comple , compared with the vMttes for the ahm~inium 

corot 1¢~, al'e ....... 3 ~'x dLte to the Ire'get size of 1he g~!lium atom. The radlc~ y draft;lent 
bridging angles at the alutninium atom~ ( S . A I  S ~-~:~" 97.34(~ ), N -,~| N ~ ! 29.5( 9 )") 

app~m to b~ ~ are the result of difibrent donor sets. in ~Mdition, there , s real possibility 
, cornp x. The of resadual attraction between the two thionate sulphur atoms in this " le 

bridging angle in the gallium complex {S..Ga.N ~ 1~.90{07) '~) is also sigmhcantly 
les~ than the average of the values reported for the aluminium complex. In other • , ~  

respects the different donor sets: $2C2 and N2C2, |br aluminium, and S,N .z tbr 
both of the gallium atoms, do not appear to cause signiticantly different dimensions 
in the complexes. Furthermore, there is no obvious reason why the lwo metals adopt 
different bridging ligand arrangements. 

The average thioamide dimensions of I,methylimidazoline°2othione I.29] (C--S 
1.685, C~.N= 1.345 ~) show some sensilivity to deprotonatiort and coordination. 
These distances are respectively longer and shorter (C.S=1.733{3), C~N= 
1.335{3) ,~) in [{ Me,Ga)~(la-l-meimz2S)} :] than they are in the parent li~and. The 

" , " e 
thioamtd angle, in the complexed ligand however (N-~C--S = 127.0{2) ~') readily 

' " " '  t the accommodates tt~-S,N{rlt'S;rt t 'N) bridging without any s~gmfican ch~mge to 
average fi-ee ligand value (N..-~C-,.$ = 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 1 
Binuctear complexes with two double-bridging, ta~-(S,N)(rla-S;qLN), heterocyclic thionate ligands; 
ml~ted dimensions (h  and °) 

Complex and Reference 
metal ..... metal angles at the 
d i s t ~  metal 

M-S M-N M - N - C  M - S - C  

(a) Four-coordinate (tetrahedral) complexes 
[Zn (~-3SiMe~.py2S h(3SiMea-py2S h] [26] 
NR 123.8( I )~ 2.335 ( 3)~ 

141.7(3) 2.337(3) 
S.N~helating 69.9| 2 ) 2 .~5 ( 3 )- 
ligands 2.4 I0( 3 ) 2,072 ( 6 ) 

2 . ~ ( 7 ) -  NR NR 
2.055(6) 
2.055(6)~ NR NR 

[1Me:Al(~t-py2S)} ~] [271 
NR 97.34(9V 2.335(3), 

129,5(2) 2,341(3) 
1.992(4)-- 120,7(3)~ NR 
1.9'93(4) 121.2(3) 

[1 Me~Oa (It- 1 |ll¢i|nz2S ) } ~A* [ 28 ] 
NR 100.~(07)~ 

124.9~ 02 ) 
? t697(8) 2.019(2) 122.2(02) 100.97(09) 

(b) Fire-coordinate complexes 
[Cd~(~o3SiMe~opy2S h(3SiMe~op)2S L,] ~ [ 301 
3,4374(5) 64,84(9) .... 2..597(2) .... 

158+!(1)  2,667(2) 
S, Nocheh[io8 62,02(9) 2,495( t ) 
3SiMe~opy2S 

2,38014) 

2~381(4) 

NR 

[Pd(~q~i~2S )~(g~i~2S b( PM¢0~] [40] 
3~224(2 ) 85,4(2) 2~33~¢{ 5) 214( 1 ) NR 

176,r~ 2 ) 2~36~15 ~ 2,15( 1 ) NR 
rl LS 2,32515 ) ....... 
q~in2$ 2,335(5) 

2,99(2) 81,0{ 2) .... 2,2'97~ I ) 2,158(~) NR 
174,7(2 } 2,2%{ i ) 2~163~a) NR 

[11M(~op,y2S)( PM¢~)CI I ~] [4:2i 

176,9( I ) 
2,284(3) 2,137~{9) .... NR 
2,386(3) LI~I( | ) 

[{ tM~t~opym2S)(PMeOCI ] :]* 1431 
~,015(1) NR 2,29~ I J 2,143~ 3) NR 

[l ,|M~4o,mcp~m2S)( PMeOC| ~ :]" |4:~] 
2,924( I ) NR ~ ~ 2, t 20(2 ) N R 

[t Pd(~o I oa~em~S)( PMe~K t t ~l |43 l 
3,|(M(2) NR 2,307(3)~, 

22%(3) 
2.092~ 7 ) ..... N R 

NR 

| 14,,7~4j 
l|3:)~4) 

NR 

NR 

NR 
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Table I (continued) 

Complex and Reference 
me~l...metal angles at the 
distances metal 

M-S M-N M-N-C M-S--C 

[(PPha)~(p-bztz2S)zRhCl(CO)] [70] 
2.6266(4) 83.7(1)- 

177.9( 1 ) 

[lrz(popy2S)~(COhl(CH:l )l [71 ] 
2,695(2) 88.4(4)= 

172,6(4) 

[Ir:(pobztz2S h(COhl2)] [ 1 ~ ]  
2,676(2) lr~lr=l 

| 7 4 . 3 ~ t  

[| ghCI (popy2S) (rl ~-py2SH ) (CO) } 2]" [ 72 ] 
2,652(4) 83.6(1 )~- 

99,4(I ) 

~ILpy2SH ligand 

[| Ru(pobztz2S)(py)(CO):| ~t [ 7~1 
2,759(4) 83,2(2) 

93°4(2) 

2,306(1) 2.040(4) 123.5(3) 105.5(2) 
2.3103(1) 2.045(4) 124.7(3) 105.7(2) 
(Pt-S) (Rh-N) (Rh--N-C) (Pt-S-C) 

2.360(4) 2,!09(!!) NR NR 
2,361(4) 2.112(12) 

2.386(5) 2,10(2~ NR NR 
2.395(6) 2,13(6) 

2,339(3) 2.123(4) NR NR 

2,427(3) NR 

2,445(4) 2~ 177(6) i 2(L0(4 ~ NR 
2,449(5) 2~198(6) 120,6t4t 

NR nol re~rled~ 
S ymmeti~ii¢~l ~oi~plex~ 

2~ 3,L Fiveocoordinate complexes 
Among [iM(hetoS,Nh}z] complexes, that contain binuclear double-bridging 

ligands, pyramidal flve~oordinate metal coordination is readily achieved by conver- 
sion of the ligand to a binuclear triple-bridging (lllb->~lle) system. Such coordina= 
tion O~UrrS in [Cd(p-3SiMe3-py2Sh(3SiMe3-py2S)~ [30]. This complex is one of 
the products of a series of pre~rations involving the electrochemical oxidation 
of metals (nickel, zinc, ~dmium and cop~r) in a~ionitrile in the p ~ n o :  of 
the paint ligand, (3qrimethylsilyl)opyridine°2°thione. Empirical stoichiomeiries 
of the products are [M(3SiMe3-py2S)~], for the divalent metals, and 
[Cu(3SiMea-py2S)], for the copier(1) complex. Adducts of the nickel 
complex [Ni(3SiMe~-py2Sh(add)], with 2,2'.bipyridyl and l,llbphenanthroline, 
and with 1,2-bis(diphenylphosphino}ethane (dp~) for the toper  complex 
[Cu~(3SiMe;~opy2Sh(dp~h]> are obiaincd by the common practice of adding the 
appropriate chelate to the e!~trolysing solution~ 

The roomotem~rature magnetic moments and the ek~tronic s~zira of the nickel 
complexes are all consistent with mononuclear products and p~udo-eetahedral 

. . . .  t ~ ~ ~ometry, The NMR (IH, 1~C, ~lp) sfg~ctra of ihe [Cu~(~SiMe3-py2S)~(dp~)3] 
comp|ex are consistent with terminal ~la-S donating heierocydic th~onaies and a 
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combination of terminal and bridging diphosphines. The similarity with the corre- 
sponding 1,3-benzothiazoliue-2-thionate complex is striking and suggests the two 
complexes to be isostructural [31]. 

The absen~ of both the ligand v(NH ) band in the IR spectrum (3140 cm-~) 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 heterocyc!ic ,.hionates [32]. ~ e  crystal 
structure of [{Cd(la-3SiMea-py2S)2}.,] consists of centrosymmetdc, discrete, neutral 
binuclear units. Each cadmium atom is coordinated by one terminal S,N-chelate 
and one binuclear triple-bridging, I,,-S,NGI--S; qLN), ligand, in a distorted five- 
coordinate trigonal-bipyramidal environment (XIII). Each S 3 N  2 donor set in the 

consists of three equatorial sulphur atoms, two of which are bridging and complex - '~ ~" 
one is terminal, and two apical nitrogen atoms. 

X' 

MC~:~I S , N ,1 
X , 

m '~X ff x 
{ '  N \ S SiMc~ 
\ J \ : /  

cdo 

(adapted fi~om 130l) 

(Xtii) 

4' ~" ~ ' ~  ° s ~ ~t~ Much of the distortion in the strttcture is caused by the charactern~ tlcally narrow 
angles of the terminal and bridging S,N.chelating ligands (S,,~Cd~,N~62.06(9), 
~.8,~(9Y), rest~ctively. These iigands form a trans-N~t~,~,,~,~,w~Cd~N~br,j~t,g} angle 
( 158.1 ( 1 }~') which deviates significantly from the ideal value. The cadmium-nitrogen 
dlstantes however are effectively identical (Table !b) The cadmium sulphur dis° 
tances show some interesting variations that ccrtelate well with the relative degrees 
of strain induced at the sulphur 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 
Cd2S: core. This core is itself at the centre of a five-ring sequence, which also 
includes two !k~ur-membered S,N.chclates, (see Section 2.3.3.2. The co~'~: dimeno 
sions (Cd S ~ 2.597(2), C d  S'~ 2.667(2 ), S...S'= 3.985( 1 ), Cd...Cd = 3.4374(5) ~; 
Cd-S-Cd '=  81.56(4), S-Cd-S '= 98.45( 3 y)  are typical of many M.,S2 cores that are 
generated by organo thiolates [9,1(1] as well as by heterocyclic thiones [33] and 
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thionates ( ~  ~ t i o n  4. The cadmium-sulphur distances within the core are signifi- 
cantly longer than those of the te~inal  S,N-chelates (Cd-S = 2.495( 1 ) tk). 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 d e s c d ~  for the tt2-S,N(qt-S, tit-N) double-bridging and 
S,N-chelating ligands in [Zn2(vt-3SiM%-py2S)4] 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 
~ a n c e s  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. ~ e  most significant effect however is seen in the thioamide angles 
of the brid#ng and chelating ligands (N~C~S= 113.0(3), 114.4(4)°), rese t | re ly .  
Both of these values are significantly reduced relative to that of the parent ligand 
(120.6(2)°). 

The ability of metal complexes of multisuiphur ,t-acceptor ligands to generate 
molecular metals, superconductors and materials with novel optical properties has 
intensified the ~arch for such materials. Vicinal dithione derivatives, such as 
1,2,5-thiadi~ole-3,4odithione (lliL a~  sulphur rich and contain adjacent thioamide 
(N-C=S) groups. In this r e s e t  the molecule is similar to dithiomaleonitrile. The 
bis S,S-chelating ability of this ligand has ~ n  reported [35] as well as the crystal 

T~bl¢ 2 
~fidineo2o/hionale ¢omple~¢~; aver:~c lhio~mide dimen~iona (A and "~ 

Comp!¢.x ~nd ~!~¢n~¢ C S C : N N =CS 

(a) li~o$,N bridl~in8 llgand,~ 
[4 Pt(py2S)i,n)i ~] [,17] 
[| Pt(4oM~y2$)(~n)|d [~l 
[i Rh(#°py2S)(tffb)l~J, CIi~Ci~ [~] 
p~opy2S ligafld 
[i Rh(I~opy2S)(CO)~}~] ~ [¢~1 

[OfI~(#4Mepy2SM, 0,SC+H~ ISg] 
[ Mo~ #-py2S)(CO 6_] [ ! 9] 
[Cd(#-3SiM%.py2S)~(py2S)~ [ 30l 

{ b} #~o$,N bdd~in,~ hg:~nds 
[Ru~oH)i~opy2S)(CO)d [ t 13] 
[Rh~(#opy~S )~((X))d(CIO,) [~, I|9] 

(c) li~$,N bridsi|~g lig~ads 

!3S.4 NP |22.1 
1.733 NP |~  
|.742(6) |.~41 ( I | ) 116,9(6) 
1.782(6} 1.3~3(II} I17,8(S) 
1.738(81 1,3SO( I01 1~),8($1 
I..?S3 NR 121.S 
1.733 NR 122,7 
1.76~( S ) 1,363 { 6) l I 8.3{ 3 ) 
1,770{ 4 ) 1.352( ~S ) | 13.0( 3 ) 
1.74914} 1.353(S) 114A(4 ) 

|.7~i i ) 1.3S( l ) | IS.S(7) 
|.783 1.3S3 119.8 

1.7~7 1.383 I I $5 

~mme~ical mo~u~. 
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structures of two dianionic nickel(ll) salts [35]. A monoanionic, nickel( !lI ), com- 
plex (PBu4)[Ni( 1,2,5-tdzS2)2] has also been reported [37]. The niekd(IIl) complex 
is obtained from the nickel(ll) precursor by iodine oxidation in degassed a~tone 
under nitrogen. The crystal structure of (PBu4)[Ni(~-l,2,5-tdzS2)2] consists of 
anionic dimeric pairs in which each five-coordinate nickel(III) atom has an Ss donor 
set and square-pyramidal geometry (XIV). 

S ' ~ ' N ~  S - - - - - - ~ N , . " - - ' - ]  

N ~'....~ "'",,,,,,,'2:.~ S N 
-S~,..- ?. 

i,~ " , % N . . . S  

(adapted from [ 37 ] ) 

(xlv) 

2@ 

Within the dimeric pairs the anions are sta~¢red, relative to one another, so as 
to facilitate additional nickel~sulphur contacts and the formation of a central 
Ni,,S2 core. Similar arrangements have been reported among corresponding dithio- 
lene complexes [38]. Within the monoanion the nickel-sulphur distances are about 
2.22 A in those cases w~ere the sulphur atom is not involved in interdimer inter° 
actions. In those instances where the Ni(!ll) atom is involved in such interactions 

.... ' . . . . .  ' ' ~  . . . . .  9 7 ' ' ~ ' "  lhe thstance ts shght!y shorter at ~.20 ,&. The cent!al Nt~S~core is typically asymmet- 
ric with an mtradlmer mckel~sulphur d!stance ¢ f ,, .... 85 A. fhe slight difference ha 
nickel ~sulphur bond distances between the monoanion (average Ni~S~2.200A) 
and the dianion is considered to be consistent with the addition of an extra electron 
to a delocalised 3b2~ mol~ular orbital on the dianion. Bond distances in the hereto° 
cyclic ligand are also consistent with extensive delocalisation of the n-electron 
density. Cyclic voltammetric studies of (PBu4)[Ni(la-l,2,5-tdzS2)2] in acetonitrile (vs 
SCE) show an irreversible oxidation at + 0.87 V which is ascribed to the formation 
of the insoluble r~eutral comp!¢x. 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) compk, xes 
in principle, both planar tmns-related ('A"-frame) (Va,b) and non-planar 

c/s-related ("open-book") (Vc,d) configurations are possible for square-planar 
complexes. However, only c/s-related isomers are generally observed for complexes 
with square-planar metal geometry with two double-bridging, ~tz-S,N(rlI-S;rlLN), 
ligands. These arise from the possibility of either "head-to.tail" (Vc) or "head-too 
head" (Vd) double-bridged iigand arrangements. Each isomer contains a~ unusual 
central eight-membered MzN2C:S2 ring which is invariably folded, rather than 
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planar, in order to minimise ligand-ligand interactions. Planar trans-related configu- 
rations are commonly observed with neutral planar diphosphine ligands [ 5] and also 
for one mixed-metal double-bridged heterocyclic thionate complex. 

Octahedral six coordinate metal coordination, in combination with two double- 
bridging, ~2-S,N(Rt-S; 11 t-N), heterocyclic thionate ligands, however, generate both 
planar trans-related ("A"-frame) (Va,b) and non-planar cis-related ("open-book") 
(V¢,d) configurations. 

In addition to the inherent structural interest of the isomers, cooperative inter- 
actions with substrate molecules, dynamic ligand exchange in solution (IV), 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. Palladiwn( ll) and platinum( ID comp&xes. Addition of the 
2.(dimethylaminomethyl)phenyl (drop) palladum(ll) chloro-bridged complex 
[Pd2Cl2(dmp)z] to pyfidine-2-thione or its 6-methyl derivative, in the presence of 
triethylamine, generates the binuclear complexes [Pd,(dmp):(het-S,N )z] (het-S,N = 
py2S and 6°mepy2S) [39]. These complexes exist as "'head.to-tail" c/s-isomers with 
the palladium coordination planes approximately parallel. B~ause both ligands are 
unsy|nmetrical the bridged complexes exist in five diastreoisomeric forms. Two of 
these have "headqo-head" and three have "'head-to-tail" arrangements of the bridging 
pyridine-2-thionate ligands+ Only one "head-to,tail" isomer is present in solution 
with a ~!-| NMR s~etrum consistent wi|h two-fold symmetry. Variable teml~rature 
1H NMR +~ctra of [Pd~(dn~p)~(6omepy2S}~] have been interpreted in terms of 
flu~omfl . . . . . . .  ena|:~t|omer|sat~on. Rates ot" exchange of the d~astcrosc~ +, +" +" ~-3p~c '~" hganu' ~ N,methyl 
grottps have also [~en repoPt~:d+ These bridged dime~°s behave as neutral cyclic 
bridging l~g+..~d~ towards other 1 ~c_ a! cen!res in the lom,atton of trinuclear complexes 
{see Section 3, 

The ability of qui_nolineo2othiona|e (| |g} 1o l,;~oS,N bridge binuclear palladium{ II} 
cent~e~ ham b~n reported [40]. In addition, reaction of the dimeric palladium 
complex [{ PdC~(PMea)t, oCi}a] with quinoline°2othione produces monomeric 
[Pd(quinSH }Cla(PMea)] in acetone. Under more forcing conditions, 
[Pd(quinSH )aCl( PMea}]CI is produced in ethanol. Both complexes contain distorted 

palladium~ II ) precursor, are replaced with monodentate, q ~-S. and double*bridging. 
p~oS,N, qumohne 2 thlonate anions, rest~ciivdy, in the production of 
[{ Pd (quin2S)a( PMe~}} :] (XV), 

This complex is p~pa+~d by re~cting the binuclear precurs~r with st~ium 
quino!ine-2-lhionate in eth~mo! under nitrogen, The azido groups in dimeric 
[{ Pd(dmba}Na.I ~ (dmba ~+. dimethyl~n~yhu'aine) are similarly replaced with double° 
bridging quinolineo2othionate anions by reacting the complex with s~.tium quinoline- 
2othion,ate in ethanol, also under nitrogen [41 ]. Both comp!exes eff~'tively have two- 
ibkt symmetry, Geometry at the metal ks essentially square-planar with cis-related, 
and somewhat "folded", "headqo-mil" double-bridging, ~-S,N (q ~-S;q ~-N ), quino- 
linm2-thionate li~mds, The remaining co{ rdmatton sites in l+he two complexes are 
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PMe3 ~ "N~ 
pMe~ 

(adapted from [40]) 

~XV) 

occupied by trans-related monodentate I1'-S donating quinoline-2-thionate and 
cyclopalladated C,N-donating dimethylbenzylamine ligands, res~tively. Selected 
dimensions of these two similar complexes are given in Table l c. Particularly note- 
worthy are the dimensions of the terminal and bridging quinoline-2-thionate ligands 
in [{Pd(quin2S)2(PMe3)}2]. The average terminal and bridging palladium-sulphur 
distances (Pd o Sit©rminal)~" 2.330, Pd-S(bridsins~ = 2.350 ,~,) are just significantly different 
(Aa=4) x,+hile the average angles at the correspouding thionate sulphur atoms are 
equivale~at (Pff~S~C= 104.2"), within experimental error (Table lc). These relative 
values suggest that the similarity in the angles is achieved by a slight relaxation in 
the bridging palladium~sulphur distance. Furthermore, the average thioamide dis- 
tahoe (C+~S=1.73 A) is the same for both terminal and bridging quinoline- 
2+thionate ligands. 

A group of complexes with the general b ~ n ! a  [{Pd(het-S,N)(PMe~)C }2] 
(hetoS,N py2S [42], pym2S [431, 4omepym2S [43], !omemz2S [43]) has ~en  
pl~pared by Ireating [{ PdCI(PMeO~t°C! } a] with the sodium salts of the coiresi:ond+ 

llu~ na c ing hc|el~++" +~cychc'" +~ ' t + in ethanol. Their crystal" " '  structures have also been reported. 
e L -  The comp!exes are effectively isostruclorM with the palladium'- * +' + atoms bridged by "s' 

,, ++ + , ,  t . N  relat~ &ad+to.tad lt~oS,N(qLS; ',1 ) double°bridging heterocyclic thionates. 
The metal geometry is distorted square-planar with the terminal chlorine and trimetho 
ylphosphine ligands trans to the thioamide sulphur and nitrogen atoms, respectively 
(XVI). Sel~ted dimensions of these structures are given in Table lc. 

PM¢, : "~1 
' I~/lc~ C 

(adapted fi°om [421) 

(XVl~ 

The metal° ' ' ,  i n sepatato distances (2.915(1)-3.104(2) A) !ie outside the range 
(2.595-2.848 A) reported for binuclear palladium(ll ) complexes with strong metab~- 
metal bonds [44]. Of the remaining bond distartcu~ (M-S and MooN in Table It) 
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those of the six-membered heterocycles are similar while the metal nitrogen distance 
formed by 1-methylimidazoline-2-thionate is slightly smaller than the others in the 
series. Interesting and varied dynamic behaviour in solution has been reported for 
these complexes on the basis of tH, taC{tH} and stP{tH} NMR spectra together 
with molecular weight measurements. Variable temperature NMR s ~ t r a  have 

ed that all of the eomplex~ are fl~ional in character, with the exception 
of [ { Pd(~-l-meimz2S)-(PM%)Cl } 2]-~is fluxionality is based on a reversible dimer-- 
monomer ~uilibrium that involves rupture of the palladium~onitrogen bond. The 
monomeric species are more stable at higher tem~ratures (XV|I). 

PMe~ 

i~ca 
\ 

/ 
CI 

{XVII~ 

In contrast, the variable temperature (i-50 to + 100 °C) IH NMR s ~ t r a  of 
[[Pd( l-meimz2S)(PM%)Cl}2] are static and indicative of the absence of any rapid 
equilibrium process on the NMR time-~ale. The crystal structures of the pyridine- 
and pyrimidineo2othionate complexes suggest that there are no inherent structural 
differences among the double°bridging anions, despite significant differences in the 
bas~otles of the pare.~! ligandg, They have relatively narrow ligand thioamide angles 
(N=~C=S~i21.9(2) to 124,5(8F) which restrict met.al~..~.tigand coordination and 
weaken the resultant metai.~.nitrogen interactio|~s, These thioamide angles are also 
responsible for the ~imiiarity in dynamic ~haviour among the cgmplexes." ~ ~ The 
!omethy!imidazolineo2othionate anion, a fiveomem~red heter~ycle, has a larger 
thi~mide angle (N=C=S~ 128,4(7)~:'), which is similar to the average value in the 
pa in t  mo!~ule (127,1 ~) [29], and is able to form stronger palladium~nitrogen 
bonds, This a~ounts for the static varhble tem~ratur¢ ~H NMR s ~ t r a  of the 
[{ Pd (l~- i -meimz2S) ( PMes)CI } ~] complex [43 ]. 

The preparation and characterisation of binudear platinum(l|)complexes of 
2opyfidonat¢ (lldi) and 1,2odiamin~thane (en) [{Pt(pyNO)(en)l~| [45,46] has ied 
to the preparation of the corresponding complexes of pyridine-2-thionate and its 
4omethyl derivative [47,48], Preparation of the complexes involves the addition of 
potassium hydroxide (0.1M) to an aqueous ~olution of [Pt(cn)Cl~] and the pa in t  
ligand; the yellow complexes are obtains| at neutral pH. Both of the ¢on~plexes 
adopt a "headotoohead" configu~tion of the double-bridging, ~-S.N {q LS:q I.N ), 
pyfidin¢~2°thionate iigands (XVl| |),  

The study also invoiv~ the p~pa~tion and charac|erisafioa of a binuclear 
complex of 2-amin~thyl°2°pyridylsulphide (aps) [{Pt(aps)CI}~Ci:.3H~O, which 
contains a "he¢~d°to°~:¢il" configuration of the bridging ligands in the solid state. 

S~k~t~ d|menslons of the pynd|ne-2-th~oaate complexes are in given Table lc. 
The ~N,l and I~SzN: coordinafior~ spheres are approximately planar with angles al 
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- j '~  s ,,,s ..... ,P1 "'"Pl 

~INH2 | '""'"NH: 

(adapted ~'rom [48]) 

(XVlli) 

the metal deviating significantly from the regular values and Pt...Pt distances that 
are too long for metalometal bonding. The coordination planes in both complexes 
are also tilted (31.0(3) and 31.9(2) ° ) (Villa). 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 ~.~, (or 66) conlbnnations of the 1,2-diaminoethane ligands in the 
solid are presumed to undergo rapid conformational (Z.~i) interconversion in 
solution. The metaboligand dimensions are very similar in the two complexes 
(Table Ic). 

The ligand thioamide dimensions however do show some characteristic differences 
relative to those of pyridine-2-thione [22] (Table 2). The average carbon~sulphur 
distance in the complexes is slgmhcantly longer than il is in the free ligand. Among 
the ligand angles the average thioamide angle ( N C  ~S= 122.1,122.7 '~) ~nd those at 
the lhioamide nitrogen atom~,, s (Pt~N ~C = 123.1,123.0 '~ ) are H'a'crea,'s ~ed slighlly relative 
to the tYee ligand values (120.6(2), 12!.0(10)~), respectively. The average angle ~: 
the thionate sulphur atoms (Pt~:SoC = 111.7, 110.3") is in the middle of a relatively 
extensive range of values (104~115'~; l~ble Ic), tbr this series of complexes. The 
evidence suggests a redistribution of the thioamide rcoelectron density, probably 
towards the carbon~nitrogen bond. Accommodation of the modest sterie 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 (Pt...Pt'= 3.613( ! ), 3.72((2) A). 

c xlda- Cyclic voltammetric studies show that both complexes exhibit irreversible ~ '  ' 
tion and reduction in dimethylformamide (+0.77 and +0.55 V; + 1.20 and +0.86 V ) 
relative to a silver/silver chloride reference electrode. This behaviour is attributed to 
a two-electron metal centred (2Pt(ll)--~2Pt(llll ) + 2e) oxidation. Similar 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)Cl2] with monodentate q~-S donating pyridine-2-thionates. 

2.3.3.2. Rhodium and iridium complexes. Prior to 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 brMged square-planar complexes (XIX). 
Hoffmatm and Hoffmann pointed out that such structures, based on square-planar 
dS-d 8 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. 

PR~ PR~ 

(a) (b) (X ~ h M ~  & organo-th~oia|c~ 

(XIX) 

Cowie and his co-w,~rkers have made a useful contribution in this area by describ- 
ing the synthesis and characterisation of a series of binuclear complexes of rhodium 
and iridium with bifuncdonal ligands such as 2-pyridinonate (licit), pyrazolate [ 53!, 
pyridine-2othionate (lie|) [ 54] and 1,3.thiazolidine-2-thionat~: (llki) [ ~ 5 6  ] as well 
as diphosphines [56]. Structural interest in these ct~mplexes centres on how the 
bridging groups affect the "tilt" of the two coordination planes (VHa) and on the 
resulting metal=metal distances. The latter is significant in the photochemical activa- 
tion of such complexes in two-centre oxidation~addition reactions [71 ]. Tl~e transfer- 
ence of bridging anions to terminal sites as a result of their replacement by 
dipho~phines i~ also of interest. Such "bridgeoopened" s ~ i e s  have ~ n  proposed 
a~ key intermediate~ il~ the activalion of sut~trates~" by binuc!ear "'cis-reiated" double° 
bridge| complexes [57]. The use of diphosphines, to i~cilitate the transibrence of 
bridging ligands, raises the question of whether the resultant structures adopt planar 
t~aOso~lated or nonop!anar ctso~iat~ structu~s (XiX). 

The p~paration of complexes with the general formula [{Mip-anion)(COD)}~] 
(COD~ i,5~cyclo~tadiene; M~Rh,  it) involves addition of the parent ligand 
(e.g. i,3othiazolidine-2-thione) and sodium hydride, in thf, to the p~cursor 
complex [{M(tA-CI)(COD)}~], under nitrogen [541. The re t ina l  dienes in 
[{M(~-tzd2S)(COD)}~] may also be r e p l a ~  with carbon monoxide giving the 
cor~s~nding tetracarbonyl complex. Further addition of tri°phenyl and tri.methyl 
phesphines to the tetracarbonyl, in thf, results in the pr~Juction of 
o'ans-[ { M (l~-tzd2S) (CO) L } ~1 (L ~ Ph~P, Me~P ) [ 55 ]. The crystal structures of the 
1,3-thi~olidine.2.thionate complexes have ~ n  ~port~;  s e i~ |~  dimensions a~  
list~ in Table Ic. The [{ Rh(Iao|~d2S)iCOD)} ~] complex crystalli~s from dichloro- 
methane, w~th two mol~uies of the solvent, as a ci:~'o~lated "'h¢~ut-tootail" double 
b f i d #  direct (XX). 

The ¢ooMination planes a~ tilt~,t (M.3(2Y ~) and a~ also twisted out of the 
totally ~l ip~d ~sifion (ca. 40 ~), about the metai~metal axis. This is a consequence 
of the need to avoid interactions between the hydrogen atoms of the terminal ligands. 
In other res~::ts tert~inal ligand geometry is normal. Variable tem~rature ( - ~  to 
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tadapted from 1551) 

(XX) 

+ 38 °C) ~H NMR spectk'a are ascribed to fluxionality in the complex due to facile 
rotation of the diene ligand about the metal-diene axis. Bridgin~ ligand geometry 
consists of a short strong rhodium=nitrogen bond (average 2.091 A), similar to that 
observed for a relatedopyrazolylate 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=I28.2, Rh~S-C= 108.0 '~) reflect the modest st eric demands of the 
p,-S,N01t-S;rlt-N) bridging ligands. Inclination of the coordination planes, men- 
tioned above, iovolves both a degree of "folding" ~bout the bridging groups and 
"twisting", of the pianes, about tile 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(2F. This indicates a greater 
degree of folding than is observed with double-bridged thiolate and halide complexes, 
where tile dihedral angle is generally about 120 '~', or in the case of double-bridged 
pyrazola|e complexes where the dihedral angle is about 79 ~' [53]. Cowie argues 
convincingly [54] that the degree o!" lo!dmg, decreasing dihedral ,~ gle, is related to 
the different constraints imposed by the one° (thiolate), two- {pyrazolylate) or three- 
aiom { hctelt~ cychc thionate) bridging units. In t rdel to maintain normal unstrained 
~mg!es at the bridging atoms, and to generate optimum orbital overhp, it is necessary 
for the folding 1o increase as the number of bridging atoms increases. Such a degree 
of tblding is not accompanied by compressmn of the rhodinm~rhodium d l  ta c ~ in 
this structure (Rh=Rh-~ 3.715415) A). 

The [{ lr(ta-tzd2S )(COD)} 2] complex is virtually isostructural with that of the 
binuclear rhodium analogue [54]. The coordination planes are folded to effectively 
the same degree (55.2(2 F) and twisted about the iridiumAridium axis (37.Y') so as 
to stagger the terminal diene ligands. A smaller metaLmetal separation (Ir~dr= 
3.5434(4) ~'k) is the only significant difference between the two structures. 

With the exception of the irons-related pairs of carbonyl and phosphine iigands 
the crystal structures of the trans-[{ Rhila-tzd2S)(CO)(R~P)} 2] (R = Ph and Me) [55] 
complexe,- s are similar to that of the corresponding diene. Each metal atom has 
approximately square-planar geometry formed by an N,S,P,C-donor set, pairs of 
~ts-re!ated head, to-tad bridging ligands (XX) and approximately two-fold symme- 
try about the rhodium~¢hodium axis. Selected dimensions are given in Table It. The 
coordination planes are staggered (ca. 30.9 ~), as are the phenyl groups of the terminal 
triphenyl phosphine ligands, in order to minimise intra-ligand interactions. The 
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dihedral angle between the inclined coordination planes (38.5 °) in these structures 
is less than that observed for the corresponding diene complex (54.3(2) °) and is 

o 

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 car~nyl and phosphine. The metal-ligand dimensions are generally 
similar to those of the corresponding dirhodium complex (Table l c). 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 
li~nd ~rmits a shorter metal.-.metal separation distance (3.0524(4) A) and a more 
acute angle (30.0 ~') between the coordination planes. 

Attempts have been made to combine the structural features of both trans-C~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 ethane (dppm, dp~)  into a binuclear c/s-related structure [56]. 
The chosen starting point for these reactions are complexes of the type 
[{M(vt~tzd2S)(CO)~}2] (M=Rh,  It) where the metal~metal separation distances 
(3,05 A) -are comparable to the bite of the diphosphine ligands. A range of 
complexes has been prepared. Treatment of the precursor complex with one 
equivalent of the diphosphine ligand in thf gives complexes of the type 
[M:(tt-tzd2S)~(CO)~(~.dppm)l. The oxidative-addition of iodine atoms to these com- 
plexes, in ~ome cases, gives [Mfl~(~t-tzdzS)~(CO)~(V~..dppm}]. With two equivalents 
of the diphosphine tra~tsore!ated ("A°frame") complexes of the t y~  
[M~(CO)~(ttotzd2S)(qtotzd2S}ilaodppm)~] are produced. In solution, the terminal 
monodentate tiroS donating 1,3othiazolidineo2othionate anio~ in these complexes 
exchanges with both the cotTesponding bridging and !_e,~ ~te (~ychc lhtonate 
anions. Treatment of lranso[lMCl(COj(dppmj}~] with two equivalents of 
~he 1,3othiazolidineo2qb~,~c ~nion also gives [M~Ct(CO)~(~tol~d2S)(dppm}:l. 
The rhodium dime~ ,,~,~..~ .......... ............ ~,~g~s ~ve~ibie halide dissociation to give 
[Rh~(CO)~(Votzd2S)(dppm~iCl. The~ complexes have ~,e~t dia,'aeterised by IR 
and NMR methods. Complexes of formula [M~(a-tzd2S)~(CO}a(la-dppm)] have cis. 
~ la t~  1,3°thiazolidine.2.thionate anions, one bridging diphosphine trans to a bridg- 
ing thionate, and terminal earbonyls. They may consequently be regard~ as either 
"A-frame" or "olin-book" in character, The relatively dean ,tans-annular oxidatio- 
n~addition of iodine to [Rh~(ta°tzd2S}~iCO)~(~odppm)] ~ r m i t t ~  the isolation of 
[Rh~l~(la°tzd2S)~(CO)~(~todp~)] 0.5THF, who~ crystal st~'ucture has been ~lx~rled 
[56! 

ms structure c~nststs of pairs of c~s~related, hea&~,q~d 1,3qhia~olidineo 
2otl~ionate bridging anions, that produce a distorted o~n-book arrangement 
t ~ , , ~  of the narr~ ~ !igand bile (S. ~N 2,685{6) A). The bridging dipho~phme 

, ~ ~ (average Rh~P~ 2,325 A) is te~ms to one of the bridging heter~ychc thionates with 
which it :mn~s a dtst~ rt~| Aoi~ame arrangement due to the dimensional disparity 
~ t w ~ n  the two ~r~ogmg P,,,P 3,841 3)~). The !gands ( ~ ( remaining bridging 
heter~yclic th~ ~nate atoms" " effectively (~cupvo apical ~sidons trims ~o the two 
carbonyls. With the two rh~ium(l l  ) atoms separated by a single bond (Rh-Rh = 
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(a) (b) 

(adapted from [561) 

(×XI) 

2.748(1 )A) the six-coordinate geometry is completed by terminal iodo ligands 
slightly offset from the RhoooRh vector (average Rh~Rh-I = 169.8°). Selected dimen- 
sions are summarised in Table lc. Angles at the metal signi~¢ the extent of distortion 
from regular geometry in the complex. Average angles at the bridging thoamide 
nitroge~ ( 123.8 '~) and thionate sulphur atoms ( 100 °) are typical of binuclear double- 
bridging heterocyelic thionates. Differences in the rhodium-sulphur and rhodium- 
nitrogen distances, trans to the phosphorus atoms or to the carbonyl groups, are 
the reverse of that reported tbr [{Rh(CO)(PPh3)(la-PhS)}2] [59]. The two sets of 
octahedra in the complex are offset by inclination ( 16.4 ~) about the axial direction, 
parallel to the rhodium~ophosphorus bonds. They are also staggered about the 
rhodium~ rhodium bond by an average torsion angle of approximately 33 ~. 

The reversible dissociation of [Rh~(CO)~(ttotzd2S)Cl(dppmh] in dich!oro- 
melhane ( XX|| ) I~rmils isolation of the cationic complex 
[Rh~iCOh{p..tzd2S)(dppmh]Ci.CHaCla. The cryslal structure of this complex has 
also beeu reported [ 56 ] (XXllb). 

[Rh2{CO}2{tzd2S)Cl{dppm~l~ [ Rh2(CO)2{tzd2S){dppm~lCl 

(XXll) 

The complex cation [Rh2(COh(la-tzd2S)(dppmh] + shows considerable resemo 
blance to conventional "A-frame" structures with the diphosphines in the trans- 

bridging positions. The t,3-thiazo!idine-2-thionate anion is at the apex and trans to 
the carbonyl ligands. Selected dimensions are listed in q~ble It. Square planar 
geometry at the metals is signilicantly distorted with the N ~ R h C  and S=Rho~C 
angles (172.9(2), 151.9(2Y), respectively, resulting from the displacement of the 
ca rbonyls~ The distance between the rhodium(l) atoms (2.9957(7)A) is slightly 
compressed relative to the average diphosphine intraligand di:~tance (P .... P= 
:~.06,. ~). Cowie regards this as a consequence oi crystal packing of the bulky phenyl 
groups, rather than the result of metal...metal bonding. In conventional '*A-frame" 
structures where tile capping ligand is a single atom, such as halide or sulphide (see 
XltX), the resultant tilting of the coordination planes is substantial (ca. 8Y~). In thi~ 
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binuclear rh~ium structure, and in (XXla), the capping ligand binds to the two 
metMs 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-[{Rh(CO)Cl(dppm)}2] [60]. In other respects the dimensions 
of the complex are similar to those of (XXla). 

This group of complexes permits careful analysis of the effects of deprotonation 
and coordination on the diinensions of the parent 1,3-thiazolidine-2-thione ligand 
[6!]. The relevant dimensions are summafised in Table 3. Because of the ethylenic 
backbone in the parent ligand the bulk of the n-electron density, conveniently 
expressed as the percentage of double-bond character, is concentrated in the hetero- 
cyclic portion of the mol~ule (C=N =77%, C~Sc,,o =55%, Co~S~,,,jo =37%) [62,63]. 
The effect of deprotonation and coordination is to concentrate the n-electron density 
in the thioamide carbon=nitrogen bond, with an average of about 95% double-bond 
character [62]. This is achieved at the expense of the carbon~suiphur bonds, where 
the con'esponding double-bond character is about 20% (C-S,,ao) and 33% 
(C~S,~o). respectively [63]. In contrast the thioamide, No~C=S,,,o, 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=S=C 
angles in Table 1. All the other angles in Table 3 are affected by deprotonation and 
coordination to some extent. 

Ore and his co-workers have also extended the range of asymmetrically bridged 
binuclear rhodium and iridium complexes by using pyridine°2-thionate (lllici) and 
benzo=l,3°thiazoline°2°thionate (ll|M|t) [64:~66]. The general synthetic strategy 
adopted involves deprotonatiol~ of the p~rcnt ligands in diethyl ether with n°butyl 
lithitlm in hexane followed by ,tdditi~n, ~ :~ of tile general precursor COi llpleX 
[1Rh(0oCI )(olefin)} ~1 (olefln ~ COD, nb and te|raflurorobenzoo[ 5,6 ]°bicycle°j2,2,21.~ 
octao2,5,7otriene (tfbb)). All reactions were carried out under nitrogen. Replacement 
of the bridging chloro ligands by the heterocyclic thionates generates the correspond- 
ing binuclear doubleobridged complexes, [{Rh(0-het°S,N)(olefin)}~]. Replacement 
of the terminal rlz°olefins in these complexes, by carbonylation in dichloromethane, 
produces the cor~s~nding carbonyl complexes [{ Rh(~t-het-S,N )(CO).~}z]. 
Subs~uent replacement of a pair of carbonyls with triphenylphosphine is also 
possible in some cases giving [l Rh(t~-py2S )( PPh.0(CO)} z]. The intensity and pattern 
of the major IR bands in this, and similar cc mplex¢, is with a ~:~ as,stun t '7~we-to- 
:~we" disposition of the two Rh(CO)~ groups. Detailed analysis of the tH NMR 
s~-ctrum of [{ Rh(~-py2S )(CO)~} ~] has also enabled the more intractable astx~'cts of 
the NMR Sl~tra of the olefin complexes [{ Rh(la-py2S)(o|efin)~] to ~ rationMised. 
Although the ~H NMR sl~trum of the carl~nyl complex is inwlriant in the range 
.... 20 to + 50 C fluxional behaviour is manifest in the ibrm of two doublet resonances 
arising from two sets of equiv~dent carbonyl gro~ps' in its a:~C{aH} s~ctrum at 
..... 50 ~C. At higher tem~ratu~s the |bur carbonyl groups b~x:ome equivalent and 
generate a resonant~ doublet. This sp~trai change, in which the coupling constant 
is also retainM a~ve  co alescen~.~, is ascrib~xt to carbonyl scrambling without their 
diss~iation. The fluxionality in the complex is a~ribed ~o the rex~ersible conversion 
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Table 3 
1,3-Thi~olidine-2-thionale complexes; selected ligand dimensions (A and ~) 

~'(a) B2-S,N doubk bridging ligands in binuclear rhodium and iridium complexes 
Bond lengths and angles 
Complex and reference 
C-S~ao C-N C-S~o C-N-C N-C-SeMo N-C-S~xo Send~C-S~,~,, C-SeMo-C 

1,3'Thiazolidine-2-thione(average dimensions) [61] 
1,725 1.315 1.626 118.5 ! 11.7 126.2 122.1 93.1 

[{ Rh(p-tzd2S)(COD)}2] [ 54] 
1.756 1.283 1,731 113.5 115.6 126.3 117.4 
1.767 1.272 !,737 ! 14,5 116.2 126.5 118.2 

[11r(tt-tzd2S )(COD) ] 21 [541 
1.755 1.282 1.723 112.9 116.6 126.4 117.4 
!.753 1.282 1.733 112.4 115.9 126.6 117.5 

[| Rh{tLt-tzd2S)(CO}(PMe3)} j [55] 
1.772 1.286 1.696 114.0 114.9 127.1 117.8 
1.767 1.286 1,753 I 12,8 115.6 126.6 118.0 

[t Rh(pqzd2S HCOJ( PPh,0 t z] [ 55] 
1381 1,278 1.696 113.4 114.1 128.3 117.7 
1.753 1.287 1.753 114ol i 15.7 126.5 ! 17.6 

[ Rh~i~(B-tzd2S h(COh(dppm)] [ 56] 
1,758 1,270 !.737 I ! !.7 116.9 127.4 117.5 
1.754 !.281) 1,724 I II .7 116.8 125.7 115.7 

[ Rlhfl ttotzd2S }(CO h(dppm)] ' [ 56 ] 
1375 1,283 1,719 111,7 115 I 128,8 116,1 

91.3 
91.0 

91.1 
91.3 

90.5 
90.2 

89.6 

89.2 
90.1 

89~ 7 

(b) Misedlaneo.s 1.3othiazolMineo2othhmale bridging complexes 

Complex aud rel~re,~c C S~.~,, C N (' S~,,,,~, N ( ' g  

[( q°oColt,h R uz( flotzd2S hCI ] (i I.,~ I t  ~O [ 8i)] 
tI?S,N doubleobridging ligand 1,728114,) 1,277~ 15) 1.7651 II ) 130,619) 
tt~S,N triple-bridging ligand 1 . 7 7 2 1 1 2 )  1.281)115) 1.731(14) 11)9.2t 10) 

[Os dBoH }{tt-tzd2S)lCO),b] [109] (average dimensions of t~o inde~ndenl molecules~ 
~qoS, edge-bridging iigand 1.74 1.29 i.79 127.4 

[{ Cu (p-tzd2S)} 4.(toluene) } d [ 133 ] {average dimensions) 
BrS,N bridging ligand 1.744 1.277 
p~-S,N bridging ligand 1.755 1.277 

IICuOt-tzd2S)}gtzd2SH L,] ~° 11341 
lta-S.N bridging ligand 1.727 
q LS monodemate ligand 1.68117 

[{ Ni(p.OH )( py)(tlqzd2S )}4].2py ~ [1371 
tt~oS.N double-bridging ligands 1.74{ 2) 

1.770 125.4 
I 781 126.8 

!.287 !.767 127.8 
!.373t 12} !.675~6) 123.816) 

1.2613) 1,7712) 12911 ) 

e.s.d's 0.003~O.007 A and 0.2.-O.5 '~. 
Symmetrical mok'~cule. 
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of one of the binuclear pyridine-2-thionate ligands from a double-bridging, 
p2-S,N(rlLS;rI'-N), to an edge-bridging. ~2-S (ri2-S), mode (IV). Isomeric inter- 
conversions are successfully avoided in the correspondingly bulkier benzo-l,3- 
thiazoline-2-thionate complexes. An additional interesting characteristic of 
[{Rh(p-py2S)(CO)2}2] is the smooth double oxidative-addition of methyl iodide 
giving the binuclear diacyl complex [{ Rh (~-py2S) (COMe)I (CO)2 } 2]. This behaviour 
contrasts with that of a similar tertiary-butylthiolate complex in which oxidative- 
addition of methyl iodide ~ u r s  readily on only one of the metal centres. Oro 
argues that this contrasting ~haviour illustrates the enhanced activity of pyridine- 
2-thionate complexes, relative to that of analogous aikanethiolate complexes, in this 
type of reaction. 

The crystal structures of [{Rh(12-py2S)(tfbb)}z] and [|Rh(p-py2S)(CO)2}2] 
provide definitive evidence of binuclearity and the contrasting nature of the 
double-bridging systems utilised in these complexes. Both structures involve 
binuclear rhodium(1) species with bridging pyridine-2-thionate anions as well 
as terminal rl2-donating olefin or carbonyl ligands. The carbonyl complex 
(XX||IIa) has a crystallographic two-fold axis and two cis-related, "head-to-tail" 
{a2.S,N(rlLS;qt-N) double-bridging, pyridine-2-thionate anions. The olefinic 
complex (XX|llb) contains the rare combination of one double-bridging, 
p2.S,N(I1LS;qI-N), and one slightly asymmetric and also double-bridging, 
p2.S(rl2.S), pyridine-2-thionate ligand. Selected dimensions of these complexes are 
summari~d in Table It. 

CD ~ ' -  (b) 

(adapted from tool) 

(XXI I I )  

There ai~ slight dill~:rences in the metal-.-ligand and metal metal distances tbrm~ 
by the double-bridging, ~t~.S,N(rll-S;llI-N), iigands in the two complexes. The 
slightly longer distances in the olefin complex clearly result t¥om the additional steric 
demands of the double.bridging, ~?SirlLS), pyridine-24hionate anion (RhoS= 
2,349(2), 2,339{2) ~; R h S . R h  ~ 80,5( I )) .  The two complexes have slightly 
dii~erent donor sets as well as distort~ square-planar geometry. Furthernlore, the 
m ohnat!t:' " .... ')a of the pai!~ ~.t~ coordination planes in the two co" ~aplex~'e's is significantly 
diffe~nt, in t!:~ olefinic complex the dihedral angle is 81.2(1)" whereas in the 
carbonyl complex the value is 18.9(2)'~; a clear indication of the extent by which 
single atom bridges distort the binuclear geometry. In the carbonyl complex the 
angles at the bridging ligands (Rh-N-C, Rh-S..oC) are nomaal (Table It). The 
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slightly asymmetric character of the double-bridging, ta2-S(rl"-S), pyridine-2, thionate 
anion in the olefinic complex is more apparent in the angles at the donor atom 
(Rh-S-C= 105.5(2), 117.0(2) °) than in the corresponding rhodium-sulphur dis- 
tances. There is no mm'ked effect on the angles at the donor atoms in the other 
bridging ligand in this complex however (Rh-S-C=ll3.1(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 
la_,-S(rl:-S) bridging ligand, the bite distance is 2.666(7).~, with a corresponding 
distance of 2.636(6)A, for the la2-S,N bridging ligand. In the carbonyl 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 consequences of deprotonation and coordination on the 
thioamide dimensions of pyridine-2-thione are observed for the ~t2-S(q2-S) bridging 
ligand in the olefin complex (Table 2). This iigand shows the largest increase in the 
C-S distance and the largest reduction in the C-N distance, the N-C=S angle is 
also significantly reduced. The corresponding values for the ~t.,-S,N bridging ligand 
in this complex show a significant reduction in the thioamide angle which is also 
due to the additional steric demands of the la2-S(w'-S) bridging ligand. The thioamide 
dimensions of the crystallographically unique bridging ligand in the carbonyl com- 
plex are nomlal in comparison (Table 2). 

The production of disubstituted phosphines of the type 
[{Rh(ta-py2S)(PPh3)(CO)}2] iYom the corresponding telracarbonyl complex 
has been alluded to above [66]. The monosubstituted complexes 
[Rh~(~vt-het~S,N)~(PPh~){CO)~] however are less well known. They are probably 
relatively rare because of their tendency to disproportionate and to e×ist in equilib- 
rium with the tetracarbonyl and disubstitu|ed complexes. Such behaviour 
has been shown to occur among similar iridium-thiolate complexes [67]. In 
addition, the production of [I Rh(t.topy2S)(C()~} z] f i ' om solutions 
of [Rh:~(~oheto.S,N)z(PPh~)(CO)~], at low temt~rature, is also known to 
occur [66]. Oro has described the preparation of dark~red crystalline 
[Rh~(~|obztz2S)~(PPh~O(CO)3] t'rom the carbonylation of [lRh~{~tobztz2S)(CO)}2] 
tbllowed by the addition of one,equivalent of trimethylphosphine [68]. Careful 
monitoring of the reaction medium by 3tp{tH} NMR spectroscopy revealed the 
existence of both the monosubstituted and disubstituted complexes in solution. 
However, the monosubstituted complex is insoluble at lower temperatures because 
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 tetracarbonyi precursor exists in solution in both "head-to-head" 
and "head-to-tail" isomeric forms. Consequently, several isomeric forms of 
[Rh2(la-bztz2S)2(PMe3)(CO)3] are possible depending on the distribution of the 
bridging ligands and on the position of the phosphine ligand. The structure of the 
complex is shown in (XX|V). 

The complex consists of two distorted square-planar metallic centres bridged 
by two c/s.related, "head-to~tair' double-bridging, [az-S,N(rt~-S;rl~-N), benzo- 
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~.Rh R-h,,,, 
p h . , p "  i .... c o  

Co co 

(adapted from [68]) 

(xxtv) 

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

The e~ects of deprotonation and cooi~dination on the dimensions of 
benzo-l,3-thiazoline-2-th[one [69] are similar to those reported for 1,3-thiazolidine- 
2.thione (Table 3) and are summar i~  in Table 4. The average thioamide distances 
for the ligand show the characteristic increase and decrease in the carbon~sulphur 
and carbon=nitrogen distanc¢~, respectively. Although the thioamide angle remains 
relatively unaff~ted by coordination some ~rturbation (ca. 2~7 ~) of the remaining 
angles in the heterocyclic portion of the molecule occurs. 

As a result of disproportioaation in dichloromethane 
[Rh~(pob~t~2Sh(PMes)(COh] is immediately in equilibrium with the: tetracarbonyl 
complex and it's disubstituted product (XXV }. The tem~raturc de~n(~ence of the 
~P{*H} NMR spectrum shows the complexes to ~ in a dynamic equilibrium that 
shifts towards the monosubstitut~ complex as the temperature rises. Equilibrium 
is also reached when equimolar quantities of (XXVa and b) are mixed. Scrambling 
ex~riments, earri~ out with the analogous 6-methyl-benzo.l,3,-thiazoline.2-thione 
complexes, suggest that polynuclear intermediates are responsible for the ligand- 
redistribution equilibrium. 

The bifunetional nature of heterocyclic thionates should thcilitate the 

2 ~ l h J S ~ I " ' N  ' ) [ h ~  

• (D ~O 

S N / ' ~  s 

~Rh Rh 

(xxv) 
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Table 4 
Benzo-l,3qhiazoline-2qhionate complexes: se|eet~ average |igand dimensions (A :rod :~} 

Complex and refierence C-Sexo C-N C-Sendo N-C-S  

Benzo- 1,3-thiazoline-2-thione [69] 
1.662(4) 

Ca) B:-S,N bridging ligands 
[ Rh,( p-bztz2S )z(PPh3) (CO)3] [ 68 ] 

1.713 

[ (Ph3P)Pt (( Ii ) (la-bztz2S L, Rh ( ! ) C I ( C O ) ]  [ 70] 
1,726 

1.353(6) 1.732(3 ) 127.4(3} 

1.319 1.738 125.8 

!.303 1,740 ! 27.2 

[ {  Ru(ttt-bztz2S }(CO).,(py)},] [73] 
!.746 1,306 1,719 128.1 

].715 1,325 1.745 130.0 
[Pdz(p-bztz2S ).d [90] 

[Pt~(lt-bztz2S h] [91 ] !,706 1+342 1,753 130.5 

(b) ~k:S,N bridging Egands 

[Ru:dla-H )flaobzlz2S )(CO),~] [ 1121 
!.73t I ) 

[ Rhdttobzt~2S)~(CO):( PPl~:O:(tffb)](ClO,O [ 119] 
1,73 

. . . . .  o , o~ 20. l lCO! ) ) ,R  h,ij~oh~t~2S }2A~(O, ( , IO, ) , ] "  [ I I ~'1 ] 
1357( 14 ) 

i.30( I ) i.75(1) 124.4(5) 

1.33 1,675 123A 

1.2':)8(16) i~729(14) I i6~O~ I()) 

Sy~melric~d molecule. 

generation of heterobimetallic complexes. Acc~ rdmg.y, reactions of 
[{Rh(~L-bztz2S)(PPh3)(CO)}2] with [MCI2(COD)] (M=|)d, Pt) in toluene 
were used to generate the diamagnetic heterobimetallic species 
[(PhaP)M(p-bztz2S)2RhCl(CO)] (M=Pd, Pt) together with [MCIz(PPh3)z] and 
[{ Rh(la-CI )(COD)} 2] [70]. The complicated nature of the underlying processes con- 
trolling these reactions has been studied by ,~tp NMR spectroscopy of the reaction 
solution. An alternative route to the heterobimetailic complexes involves reacting 
sixties such as trans-[Pt(bztz2S)z(PPh3)2] with [{ Rh(ja-CI )(CO)2} z]. Structural char- 
acterisation of [(Ph3P)Pt(~t-bztz2S)2RhCI(CO)] has been achieved by spectral and 
crystal structure analysis. The 31p NMR spectrum of the complex indicates the 
presence of a P@t-Rh unit. In addition, the equivalence of the ~H NMR spectra 
of the benzo- 1,3-thiazoline-2-thionate ligands suggest an unusual rams-related "head- 
to-head" distribution of the double-bridging ligands. These features of this currently 
unique structure were confirmed by crystal structure analysis of the dichloromethane 
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solvate. The structure is shown in (XXVI) and selected dimensions are summarised 
in Table l c. 

Q -s 

(adapted from [70]) 

(xxvi) 

The metallic centres are connoted by a short metal-metal bond (2.6266(4)A) 
and bridged by two trans°related. "'head-w-head" benzo-l,3-thiazoline-2-thionate, 
p:-S,N (rt~-S;laS-N), double-bridging ligands. Unusually, the average ligand bite 
distan~ (S...N = 2.7!0 A) is comparable with the metal-metal distance in this com- 
plex. The presence of a metal-metal bond, a consequence of the thirty electron 
count, denies the structure some flexibility. In addition, the "head-to.head" ligand 
distribution, coupled with the proximity of metab~metal and ligand bite distances, 
require a transo, rather than a cisorelat~ arrangement, of double-bridging ligands; 
primarily tbr steric reasons. Such an arrangement, which I~rsists in solution, is 
unique among this class of complexes. Ternunal ~' "s ~itc, are occupied by the remaining 
monodentate ligands0 Coordin~|ion ~t platinum( !I } is squa!~ planar with octahedral 
geometry at rhodium(l ). The exten! of !he reh|ive!y ~light distortion ~it both met~ds 
is manifest in the angles at the p!alinun~ ( l I ) (83.7 (i)  ..... 176.39( 5 )'~) and rhodium ( I ! 
atoms (800(1)=177.9(1F), resl~tively. The dihedral angle formed by the ligand 
planes is i2~5( ! F. They ako t'onn an average dihedral angle with th~ coordination 
plane about the platinum(ll) of 13.i~, providing further evidence of the slight 
geometric distortion. Oro attributes the ab~nce of an additional terminal ligand at 
the rhodium(1) ~tom to intramolecular contacts betw~n the metal and adjacent 
hydrogen ~toms (avera~ Rh~H ~ 2.880 ,~.). The~ rh~ium...hydrogen contacts are 
also det~table in the aH NMR sl~ctrum. The average thioamide dimensions of the 
bridging ligands show the characteristic changes ~sulting from deprotonation and 
coordination (Table 4). 

Replat~ment of the diolefin mol~ules in |{Ir(popy2S)(COD)]~] with carbonyl 
!igands, in toluene, produces deep-purple " ~'~ s' "v ~ ~,r-~n. ~ta e solutions of" 
[i tr(~opy2S)(CO)~} z] from which blackoviole~ crystals of the complex are obtained 
[71]. The |R and ~H NMR s ~ t ~  of this complex ar,~ consistent with a c/s-related 

heado~oo~ad distribution, ~t ~-S,N0~LSIrtLN), double-bridging iigands. This 
complex undergoes tr~m~o~nu!ar oxidative-addition of iodine, methyl iodide or 
methylene iodide, u ~ n  exposu~ ~o sunlight or UV-light, giving air-stable 
iridium(ll) complexes [{Ir(p-py2S){COhR}z] ( R = | ,  CH~|, Me). The cryslal 
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structure of [Ir~(v, py2S)2(CO)4I(CH21)] shows that the complex consists of the 
anticipated distribution of bridging ligands, four terminal carbonyls and a separation 
distance ( Ir-lr = 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 1 c. 
A free-radical mechanism is proposed for the formation of the complex. 

co.'" \ 
co co 

(adapted from [7 ! l) 
(XXVH) 

Two complexes have been reported with metal-metal bonded d T-d 7 systems 
involving rhodium(II) [72] and ruthenium(l) [73]. Yellow solutions of 
[Rh.,CI,,(CO)4] 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 rhodium( 11 ) complex [Rh2CI2(p-py2S )2(q t-PY SH )z(CO)z].2CHCI3. Aerial 
oxidation of chloroform solutions of [Rh2C12(CO)4] and pyridine-2-thione (in 1:3 
molar ratio) also produce the tris-chelate [Rh(py2S):d. The crystal structure of 
[Rh~CI~{iI-py2S)~(rI~-pySH)z(CO)z].2CHCI3 shows that the molecule has two-fold 
crystallographic symmetry about the metal metal axis (XXVlt||) 

(adapted t~om [ 721 ) 

{XXVll l )  

The metallic centres are connected by a short metaLmetal bond (2.652(4) A) and 
bridged by two cis.related, "head.to-tail" ~t2-S,N (qI-S;qt-N)double-bridging, pyri- 
dine-2-thionate ligands. The neutral pyridine°2-thione ligands are terminal monoden- 
tate (q t-S) donating. There are significant diti'crent:cs 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~oH...CI=3.003 A). This results in lhe generation of pseudo-chelate 
rings. Coordination planes about the metals are also staggered rather than eclipsed 
(SooRh=Rh~N = 3T'). Selected dimensions are summarised in Table Ic. 
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Conversion of a trinuclear ruthenium cluster to a binuclear ruthenium(l )complex 
is achieved by heating a mixture of Run(CO)t2 and benzo-l,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(bztz2S)(CO)3}2]. 
R i~tion of this product from pyridine produces orange air-stable crystals 
of the pyridine adduct [{ Ru(~-bztz2S)(py)(CO)2} 2] [73]. The structure of the com- 
plex consists of six-coordinate metal and a pair of cis-related, "'head-to tail" double- 
bridging, heter~yclic thionate iigands (average N-Ru-S = 87.1 °). Terminal pyridine 
molecules, trans to the metal=metal axis, together with pairs of c/s-related carbonyi 
ligands, trans to the thioamide nitrogen and sulphur atoms, complete the coordina- 
tion. ~ e  structure is shown in (XX|X) and selected dimensions are given in Table lc. 

(adapted fi'om { 73 ]) 

(Xx Ix~  

The metM~melal distance in lhis strucltlre is similar to !ha! in the preceding 
rhod ium( ( l )  ¢omp!¢x, Sligh~ diStor|iol~ about the met~;|l octahedra (°l~ble i ¢ ) i s  
aserlbed to the differenc~ ~ t w ~ n  the metal ~m¢|ai * ' '~ ' d |stance and lhe bridging iigand 
bite~ B~akdown of the tri~mg~flar ruthenium duster is also ascribed to initial replace~ 
re,at of ~t~ial ca~beny~, by !~m~o.ol,3othiazoiineo2o|hionate anions, follow~ by 
ej,~tion of one ruthenium a~cm by the s~ond brid~ing lig~Lnd, Av,  rag¢ thioamidc 
group dimensions i~ the bridging4 ~how the l *  . . . . . .  ~ '" '- ~'~ ~, ........ ~ ¢ !ala~:t~r|st|¢ concent~'ation of 
the n,.eleetron density in tae cad~on iaitrogen thio~|nide .,~islance at the ¢~,~se" ,~ of 
the carbono~sulphur distat~ces ~ T~ble 4~ 

With the e×~ption of [{ i~'h:#jPt(~ob:~ ~2S )~RhCI~((} ~i ~, 70| this structurally well. 
characteris~ group of complexes ~|~ ¢~m~a~n pairs of binudear c/s-related, double° 
br . . . . .  ragtag, heter~ychc thionate ligands. The~ bridging ligands are securely bonded 
to the metal through stron~ contacts to the thioamide nitrogen (Table 1¢). Both the 
iigand thioamide (N~ C =S) angles, and those of the thioamide nitrogen ( Rh ~N C ), 
a.~ close to the values in the t~-e ligand. This is consistent with the absence of a 
significant degr~ ,af strain in lhe bridging lig~ands, The ~quisite flexibility in the 

tag|ng |'unction however is ~chiev~J ~hrough m~e.st variations in distances ,.nd 
at the thionate sulphur atoms ('Fable |c). in addition, differences ~tween 

the bridging ligand bite (S...N) ~md the metal...metal separaiion &.tances's ~ " ~' in the 
comp|exes a~ a~ommodated by varying d e g ~ s  of tilting and |:wisting of ~he 
coordintttion planes, 
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2.3.3.3. Complexes with p2-&N(il2-s:~l~-N) bridg#~g ligands. An increase in the 
electron involvement of the thionate sulphur atom in binuclear, double-bridging 
ligands, enables the production of binuclear, triple-bridging, I~.,-S,N (rl2-S;rl~-N) 
(llle), 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, trans-related 
(chair), or chiral, (C2) 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 M2Sa core (XXX). The bridging ligands involve 
imidazoline-2-thionate ( |la| |),  pyridine-2-thionate (llei), quinoline-2-thionate (Hg), 
benzo-1,3-thiazoline-2-thionate (llh||i) and 2-thiouracilate (Ild|ii) derivatives. 

........ - .......... 

~'tt - ' ~ sv  | \ l  "co ~'io3"'" --"~ ~"~ " ~ s  [,:o,.CO 

(x) C ~ M e  (b) 
(a) 

(XXX) 

Dirhenium dodeca-carbonyl is a useful precursor for complexes of the formula 
[l Re (la-het°S,N)(CO)3}~] (het-S,N =bztz2S [74], 6-mepy2S [75]). The yellow crys- 
talline benzo°l,3°thi~:~zoline-2-thionate complex is obtained by prolonged heating of 
[ Re~(CO)~o] with ~nzo~ 1,3°dfiazoline°2-thionc in dimethyleneglycol diethylelher ff~!- 
lowed by slow cooling of the reaction mixlme. Refluxing in xylene is preferred for 
the 6omethylpyridine-2othionate complex followed by chromatographic separation 
of the product. An analogous manganes~ complex of benzo.l,3-thiazoline-2-thione 
has also been prep~red from [Mn(CO)sBr] [74]. lnfi'ared and mas~; speclral observa° 
tions on some manganese-thioamide complexes had previously indicated that the 
chair form was pret~rred in the solid state (XXXa), primarily |br sterie reasons [76]. 
However, except for [{ Re 0t-6-mepy2S)(CO)a} z], the above rhenium and manganese 
complexes possess a crystailographi,, v..':~, fold axis and are therefore constrained to 
adopt the boat form. Furthermore, the presence of five IR carbonyl bands 
(1917o~2039cm -~) suggests that [~Re(la-6-mepy2S)(COh}2] also adopts the boat 
form (XXXb). In addition, a crystallographic two-lbld axis also constrains 
[{Mo(l.meimz2S)(rlS-allyl) (carbonyl)lz] to adopt the boat tbrm [28]. Selected 
dimensions tbr these complexo~ are listed in Table 5; no structural data have been 
reported for [{ Mn(~t-bztz2S)(CO)s} 2]. 

The metal...metat ~ ' • "~ n separau ~ distances confirm the absence of metal~metal bonds 
in the rhenium(1) and molybdenum(l l) structures. A variety of terminal ligands, 
including fitc-carbonyl and q'~-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 5 
Binuclear complexes with triple-bridging, [tz-(S,N )( rle-s;rlt-N ), ligands: selected dimensions ( A and °) 

~,Complex and reference 
M+M M+S M-N M-S-M S-M-S M-S-C M-N-C S-M-N 

[Re~,6-mepy2S)2(CO)d[75] 
NR 2.529(6)- 2.181(10) 95.3(2) 80.7(2) NR NR 65.8(3) 

2,556(6) 2.194(10) 96.2(2) 81.1(!) 65,6(3) 

[Rez(~+bztz2S)z(CO)~]"[74] 
3,754(6) 2,5,41(7) 2.18(1) 9,4.1(7) 82.5(7) 76.9(5) 

2,586(7) 109.1(7) 

[ Mo:( q S-allyl ):(~t+ ! +meimz2S )z(CO)~]" [ 28 ] 
3,8313(4) 2.5876(7) 2.253(2) 

2.6868(7) 
93.83(2) 80,96(2) 75.66(9) 

111.06(2) 

[( VO)~(ltopy2S ~z{ py2S )2] + [77] 
3,989(2) 2,457(4) 

2398(3) 
S,N-chelating py2S 

2,427( 3 ) 

2.106(7) 

2,0,88 ( 7 ) 

98.65(9) NR NR 

N R  

lRe:(l~*+l )(~-6-me+3(CO~Me)quin°2,S)(CO)~] [ 79] 
3,9~3(4) 2+519(;~) 2,20( 1 ) 

2,53~( ~ } < Re 1 ,+ 2,788< ~ }, 2,~03(~)) 

~,675( 7 ) 2,427~ ~ ) 2+,I~90< 8 ) 

lt~+S+N( ++~+S;q*+N } h++md 
2+,~95 ( ~ + 2, l +t),+,~ 8 + 

NR 63,9(3) 

101.2(2) 63,89(6) 

[(q%p~¢yme+~e)R~a~(t~+Ci ) Ct(lt~4+5°ph+°meimm2S )] Ct, 0+5CH~OH it0] 
]~70011 ) 2A651t) 2+121{4) 98+2(I ~ 89,11|) 

R u  Cii,+ 2+427< 2) 
2,459~2) Ru ~, 1~,+ Ru 
Ru~ CI+ 2+391(2~ 98 s 

NR 62, 35(2) 

NR 68.51{9) 

103.3(2) 
l('! R+. S} 

NR ~o| rcport~L 
Symm¢mcal  molecute~ 

metal=nitrogen bonds that are incorporated into S,N<helaling bridges, 
Consequently, the S~M+N, M S C and M N C angles ~Table5} are highly 
slrained, The central M~S~ core m lhe complexes is invarmbly puckered, as is 
indicated by the torsion angle in the moly~tenum coml:lex (S=Mo=S'+Mo' ~ ~ + . 4  ). 
The extent of the asymmetry in the metal--sulphur ~nds  is variable. However, 
the M+S~+M angles ~re fairly constant (93,83(2)~+96,2(2F) and the larger M+-S+-C 
angles (ca, 110 +) are in lhe range observed l~r lhe less strained, binuclear double- 
bridging ~t~°S+N(~]a,.S: qa-N), ligands (Table |), The thioamide dimensions in 
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the l-methylimidazoline-2-thionate iigand (C-S = 1.744(3), C - N =  1.309(3) A; 
N-C-S=  118,9(2) °) [28] all show characteristic differences relative to the average 

o 
9 o dimensions in the parent iigand (C-S= 1.685, C-N = 1.345 A: N-C-S=  1,7.4 ) [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 tH 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 e). 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 observatior~s highlight 
a structurally labile system [75]. 

t a}  Ib) (c) 

( X X X I )  

Adoption of the boat lbrm by the above complexes, even in the absence 
of the relevant crystallographic constraints, contrasts markedly with binuc!ear 
co~i'~l'(l) complexes of heterocyclic thiones. These complexes, of which 
[[Cul Iomeimz2SH )(C! )~}21 [78! and [{Cu( !omeimz2S||):~} ~] ( BF4)2 [79] arc typical, 
have centrosymmetric CuzS~ cores which adopt a o'ans (2-anti) disposition of the 

S disposition lavotu, the |orma|l~: n of intlam~ lecular (N-~ Lii... b r i d g i n g l i g a n d s , ~ u c h a  . . . .  : ' "s " '~ "' :~ ' ' 

CI) hydrogen bonds in the lbrmer and intermolecular (N H...F } hydrogen bonds 
in the latter. Removal of the thioamide proton prevents the corresponding thionate 
anion from generating hydrogen bonds. However, a possible advantage of the boat 
* i )  krm is that it is more compact than the chair form. Consequently, molecular 
packing is probably a deciding factor in the production of the boat lbrm in the 
solid state. 

The vanadyl(IV)complex [(VO)2(p-py2S)2(qa-S,N-py2S)z], is obtained by the 
addition of sodium pyridine-2-thionate to [VOClz(thf)z] in thf [771. This complex 
is crystallographically 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 
vanadylooxygen, together with terminal S,N,chelating and binuclear triple-bridging, 
pyridine-2-thionate ligands. Metalometal separation distances and ligand generated 
dimensions are similar to the other complexes in 1~ble 5. Of particular interest 
however, is the fact that the tel~linal 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 (fig) derivatives has been 
established. The meth~  involves the metal assisted coupling and cyclisation of aryl 
isothiocyanates to alkyne ligands [79]. The reported route involves reacting the 
lightly stabilised metallated complex (XXXIIa) with p-tolyl isothiocyanate. The 
product (XXXIIb) results from insertion of isothi~yanate into the substituted 
r --carbon bond. Treating (XXXIIIb) with iodine and ultra-violet radiation 
causes the tolyl ring to cyclise with the unsubstitated end of the metalated olefin 
yielding the quinolin,:-2-thionate rhenium complex (XXXIIe). 

Me 

~ c . ~ C i ,  rg~ ntme ()m~ x 

(a) N~. !...c~ ~'*'c 
/ 7  \ " ""  I , , ~ r ~ "  

(b) It) 

Me 

(adapted from [7~]) 

XXXil 

The products (XXX||b a ~  c) were characterised by IR, IH NMR and single- 
cry~ta! Xora_y methods, In (XXX||e) the Re (CO),~ and Re (CO):~ groups are bridged 
by an iodo atom and by a biauclear triple°bridging, quinoline°2-lhionate derivative, 
The metal,., ,metal a)~d the metal::, lig~nd di~t~mce~ in (XXXIle) are comparable with 
those of ~imilar complexes in Table 5, At,.empts' t . . . . . .  " to prepare a variety ot" complesed 
quinoline°2°thioaate tier!vat1 c~ by varying the sub, tituents o)~ the alkyne and aryl 
group~ are al~o relWrted, 

Binuclear compiexes with mix~ bridging ligands have been prepared from the 
ruthenium( II ) pr~,~u~or [{(q~*-p-cymene)zRuCl~} z] (p'eymene = MeC¢,H4CHMez), 
Preparations involve equimoiar quantities of the ruthenium complex and, either the 
l-methyl ( l°meimz2SH ) or the 4,5-bipheny| (4,5.ph~.lm~,zSH) ~midazolme°2-thlone 
derivatives (ll|a|t), in aqueous methanol and an organic base [80], The lesultant 
complexes have the ibnnula [(q%p°cymeae)~Ruz(~t.RS )(la-Cl )CI ]CI ( RS = meimz2S, 
4,5-plh,.im~2S) (XXXIIIa), A similar preparation with 1,3-thiazolidineo2-thione 
(t~d2SH) and [{(q"-C~HdRuCla}J gives the red crystalline cationic complex 
[(rl"°C~,H.)~Ru~(ja°tzd2S)~CllCl, (XXX|IIb). A |nononuclear 1,3-thiazolidine° 
2-thione complex |~q~op°cymene)~ Ru~t-t~d2SH )Cl~] is also obtained, from a 1:2 
~,>~ar ratio {;:~:~al complex:ligand) of the components in aqueous methanol. A 
trinuclear product [(q"op-cymene):~Ru:~(~34,5°Ph~.imz2S)(~-Cl)Clz] has also been 
~ r _ t ~ t  (see Section 3,2, All these complexes crystal!ise with added solvent, 

The n~ononuclear complex has monodentate (q~-S) donating 1,3-thiazolidine- 
2-thione (Ru.-S~2Aff0(I), C,--S~o = 1,691(4) A; N-S.~C = 128.6(3), Ru~S~C= 
114,4( 1 y) and approximately te, trabedral metal geometry. Proton NMR spectra, h~ 
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. . . .  

""-!~'~L- I .... ',.Re,"" ./ "y=\ 
s , , ~  (b) 

(adapted from [80]) 

(XXXlil) 

deuterated methanol, of the benzenoid protons in [(q~'-C~,H6)2Ru2(p-tzd2S)2Cl]Cl 
clearly indicate the two r~.thenium atoms to be coordinated by different combinations 
of ligands. Cryslal structure analyst, revealed a combination of, double° 
bridging, itz°S,N(q°S;ql-N), and triple-bridging, tI2-S,N(q°-S;q-N), binuclear 
!,3-thiazolidit~e-24hionate ligands, in the c~mplex cation (XXX|||b). With two 
terminal q"-arene ~roups and one terminal chloro atom (Ru~.CI = 2.419(4) J,) each 
metal ha~'s different donor sets. The unique composition of the complex enables 
the geometry of each onogmg ligand to be assessed ('|~tble 5). One common feature 

' :. dl~ tance~. The of both bridging hgands is the equivalence of the metaLonitrogen ' s .  ,s 
ruthenium-sulphur distance (Ru(2)~S(I)~2.395(I)/~), formed by the double° 
bridging ligand, is similar to that Ibrmed by the neutral ligand in the mononuclear 
complex above. In addition, the significant angular parameters (RuoN~C and 
Ru~oS-C, Table 5) are similar to those of other binuclear double-bridging ligands 
(Table 1 ). The ligand thioamide dimensions formed by the binuclear double-bridging 
li~and (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 sligi~t 
extension to the thioamide angle. In contrast, the binuclear triple-bridging ligaJld 
generates asymmetric ruthenium--sulphur distances, and a Ru-S(5)-Ru an~le that 
is larger than those generally observed for such ligands ~"r"bl'~,,, ,, 5). The remaining 
angular parameters (M-S~C, M=N-C and S-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 consequence of the additional electronic demands of triple-bridging, 
p2-S,N(rl2-S;qt-N), relative to those of double-bridging, Ia2-S,N(q~-S;q~-N), 
binuclear ligands. 

The similarity of the tH NMR spectra of the 
[(q6-p-cymene)2Ru2(p-RS) (p-Cl)CI ]CI (RS = meimz2S, 4,5-ph2-imz2S) complexes, 
both of which indicate dissimilar enviro~ents  for the ruthenium(ll) atoms, suggest 
the complexes to ~ isostructural [80]. A crystal structure analysis of the 
4,5.biphenyl-imid~oline-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 (XXX|II[a) and selected dimensions are given in Table 5. The 
central asymmetric Ru( 1 )-CI-Ru(2)-S(2) core of the complex is folded with modest 
atomic displacements (±0.146 A) from the best least-squares mean-plane. Angles at 
the bridging chloro (98.5( I y') and thionate sulphur atoms (98.2( 1 )°) are remarkably 
similar to 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 (CI-Ru(I)-S and CI-Ru(2)-S) 
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 [(rl*-C~,H~,)2Ru2(p-tzd2S)2CI] ÷ cation. The ruthenium=ni- 
trogen distance and the remaining, significant, angular parameters (M-o.S~C, MoN~C 
and S-M:N)  are similar to those listed hrl Table 5. Such similar dimensions reflect 
the similarity in geometric requirements fi~r binuclear trip!e-bridging ligands. 

The thioamide " :" s dunension~ of t!!e imidazolineo2.thiona|e derivative 
(C: S~,~o ~ 1.751(5), C N  ~ 1,313(6) A; N : C=-:S ~ I 1307(4) '~) diil~r t~om those of the 
un~ubstituted imidazolineo2othione li~l~O[ectlle {C Se~ o ~ 1.698(2), C N ~ 1.346(3) A; 
N C S ~  126.8(2)') [8!]. The observed change." ' 's are cl~arac|eristic of binuclear 
doubleobridging, heterocyc!ic thionate ligands. 

Examples of binuclear triple-bridging ligands in both homoleptic and mixed° 
Ugand complexes are clearly sca~e. This probably owes much to the line balance 
~tween the benefits of additional metalothionate sulphur coordination and the 
added steric demands of triple-bridging, in such ligands. 

A hot solution of 2-thiouracii (l|dii|) in dimethyl sulphoxide dissolves calcium 
hydroxide from which colourless crystals of [{Ca(~-thiouracilate)~.DMSO.H.~O)}.q 
are obtained in high yield. The bridging , ,  °, '~ mt~;noanlc n is unusual since it is not based 
on the deprotonated thione, but on the deprotonated hydroxy tautomer. 
Con~quently, the ligand is N,O-, rather than S,N-bridging [82]. The crystallographi- 
tally centrosymmetric dimeric complex contains pairs of terminal monodentate 
oxygen donating and N,Oobridging 2-thiouracilate ' "~ .... am( ns. Dimethyl sulpho×ide 
solvent molecules are also termh~al oxygen donating. The seven coordinate metal 

atom (Ca~N~2.557(4)A) (XXXIV), There are no calcium contacts to thione 
sulphur. The thione-sulphur atom of the brid~ing anions lk)rm hydrogen bonds with 
terminal water mol~ules (S...O=3o203(5)A). Every potential donor centre not 
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involved in coordination, to calcium( II ), is involved in an intricate system of intra- 
and intermoleeular 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. 

.io,/ ?o. 
m~ .~ ~-'~(-'a ~ ~ 

it o \0 

(adapted from I821) 

<XXXIV) 

A solution of the complex in dimethylsulphoxide dissolves solid platinum 
dichloride. Addition of a mixture of alcohol and toluene to this solution 
precipitates a gold coloured, water soluble, powder with the composition 
[ { Ca ( 2-thiou racila te ) z. D M SO. H ,O) } 212. PtC! :. 

2, 4. (~mtph'xes w~qh three brhlging heleroc)'clic thiomtt¢ ligamls 

In contrast lo the large number of complexes based on two bridging ligands in 
See|ion 2.3 only ~:~ne ex~unple has been reporled lbr this class of complexes. 

In addition to the binuclear complex [( VO)2(py2S)4], involving a combination 
of bridging and chelating pyridine-2-thionate anions, referred to above (see 
Section 2.3.3.2 the same report contains details of a binuclear, mixedometal, 
sodium=vanadium( IiI ) complex [NaV(~t..S,N-py2S)3(py2S)(thf)2] [77]. This com- 
plex is obtained by the addition of four equivalents of sodium pyridine-2°thionate 
to the vanadium(Ill) complex [VCl3(thf)3], in thf. The seven coordinate 
vanadium( 111 ) atom has a N3S4-donor set consisting of one S,N..chelating and three 
triple-bridging, p2-S,N(q'~-S:rI~-N), pyridine-2--thionate anions. The three bridging 
thionate sulphur atoms and one of the pyridine-2qhionate nitrogen atoms are 
connected to the second metallic centre in the dimer, the six-coordinate sodium 
atom, which has a NS302 donor set. Two terminal thf molecules provide the oxygen 
atoms ( XXXV ). 

in addition to the six heterocyclic molecules the complex contains four, tbur- 
membered S,N-chelate and three, four-membered puckered, NaVSz rings. This is an 
extraordinary profusion of rings in such a relatively small structure. Distances to 
the sodium atom (Na=S=2.960,,,~,,g~; Na~N=2.400(3); Na=O=2.286(3), 
2.325(3),~) are generally longer than those to vanadium(Ill) (Vo°S=2.534,,,,,,~; 
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(adapted from [7?]) 

(XXXV) 

V=N = 2.162,~,,~,,g,, .~.). The S,N-chelating angles (S-V-N = 65.18~,,,,r.~g~ °) are typically 
narrow. In addition, angles at the bridging thionate sulphur atoms within the central 
NaV $2 cores (Na=S=V = 79. i 8,,,,,,.,g,, '~) are narrower than the corresponding angles 
in Table 5 (M=S=M =93.83-117.8(I F). This is presumably due to a relatively short 
sodium=vanadium(Ill) separation distance that is unfortunately not reported. 

2.5. Comph, xes with fimr brMging hetepvo,clic thionate h'gands 

Divalent, dimeric acetates of general formula [{ M(;t-CH3COD2(H,,O)}2] (M = 
Cu, Cr, Rh, Mo) formed the first series of complexes to be characterised with the 
classic 'qantem" structure (XXXV|a). Such an arrangement is typical of binuclear 
complexes with fbur double-bridging !igands of which hundreds of examples are 
now knowi~ [14]. The progressive reduction in metal metal separation distances 
(2.64 2.10~) for the above series of dimeric letraoacetates also confirmed the 
increasing bond order t831. SubsequentJy, the search tbr bridging 5gands with bite 
distances comparable to those of the shor~ met;~!~metal distances in the complexes, 
has been intensified. The productior~ of binuclear rhodium(ll) complexes with 
bridging dmlkylammoformam|~¢, 2-pyridinate or related organic or inorganic 
ligands is typical of such research [84]. More recently, heterocyclic thionates have 
also ~ n  shown to be capable of replacing the double-bridging acetate ~igands of 
mostly divalent metals with the resultant formation of comparable binuclear 
complexes. The metals involved in this series of complexes mostly involve 
molybdenum(ll ), rhodium( I1 ) and those fi'om group ten. The latter readily generate 
dS~d ~ metal pairs with square-planar b~ometry that undergo oxidative-addition 
reactions which pr~tuce metal ~ metal b ol~d~.i (d~d ~) halogenated complexes. A 
wide range of hetert~yciic thionates have ~en  involved in the production of this 
series of c~mplexes:'~ ' including: pyridine-2-thionat¢ (lle|), pvrimidine-2-thionate,. . . . .  
(lld|), imidazoline~2-thionate (l|aii), !,2,4-triazoline-3-thionate (l|b), 1,3-thiazole- 
2-thionate (l|h) and hexamethyleneimine-2-thionate (lle) derivatives. The bifunc- 
tiona! natu~ of the iigand generates a number of isomeric p ossibiliiies (V|) all of 
which have been structurally characteri~d. 
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C 

_ I ,  . . o - ' Y , L ; o  
H~O~ M~-"---=M '~01 l, C ~  ''~ Ci 
".o~2L-o" ! " 

Me 
(adapted from [89]) 

(M = Cu, Cr, Rk Mo) (a) (b) 

(XXXW) 

2.5.1. Palhutium( ll) and platinum( ll) complexes 
The production and characterisation of binuclear pladnum(ll) complexes with 

pairs of N,O-bridging 2-pyridonate anions (lleii), the "platinum pyridone blue" 
complexes [85] and their halogenated oxidation products [86] prompted attempts 
to prepare the corresponding pyridine-2-thionate complexes. The structural similarity 
of the li~ands and the l~mger bite of the pyridine-2-thionate anion (S...N = 217; N... 
O= 2.3 A) being the m~or reasons lbr repeating the work with the thionate anion 
[871. 

The room-temperature reaction of palladium(ll) acetate with pyridine-2-thione, 
in a i:2 molar ratio in dioxane, initially gives a brown product that redissolves 
yielding a red solution from which an orange solid is produced. Such a 
seq~lence of coloured products is typical of complicated metal:ligand redox 
reactions. ~'" : '  '" ' ) • "~" Rectystalhsalt(n of the orange product from chlol~torm gives 
[Pd:(tlopy2Sh]. 2CIICI3. This is an easily oxidised crystalline solid with a centre of 
symmetry at the midopoint of the ! ,dladium..l al!,.ldium axis (Pd...Pd ~ 2.677( 1 ) A). 
The bridging ligands also have a t'is, ci.~;head-toohead.'2 (2S:2N) distribution (Via) 
with the PdSaN: coordination squares slightly twisted about the palladium...palla., 
dium axis (average S ~ P d P d N = I . 5 " ) .  Addition of iodine to a solution of 
the complex, a 2:1 molar ratio in chloroform, produces tetrameric crystalline 
[Pda(0-py2S)~l,,] rather than an oxidised product. 

The lemon-yellow mixed ligand complexes [Ptz(en)2(p-het,S,N)z]Clv3H:O 
(het-S,N=py2S, 4-mepy2S) [88] are obtained from [Pt(en)Cl:] and die parent 
ligands in water with the bridging ligand deprotonated by dilute aq~.leous potassium 
hydroxide. Their crystal st~uctures have been reported, together with that of 
[ Pt z(CI L,(~t-aps)2]CIv3 H 20 (aps = 2oami:methyl-2-pyridylsulphide). Selected dimeno 
sions of the pyridine-2-thionate complexes are listed in "|~ble 6a. Both complexes 
have a combination of two N,N-chclating i,2-diaminoethane and two c/s-related, 
head-to-head binuclear doubleobridgmg, I~Iz°S,N(q~-S;q~-N), pyridine-2-thionate 
iigands (Vd). These generate a combination of PtN4 and cis-PtSzNz coordination 
squares. The dissimilar metal..ometal and ligand bite distances cause the two 
platinum(|ll) atoms to deviate out of the coordmauo planes towards each other 
(ca. 0.10 A). The coordinet:ion planes also tilt (Villa) towards one another (average 
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Table 6 
Binuclear complexes with four double-bridging, laz-(S,N)(rlLS;rlLN), ligands: selected dimensions 
(A and °) 

~,Complex and reference 
l~mefic  Metal- Angles at 
form metal the metal 

M-S M-N M-S-C M-N-C 

(a) Pal ladium(ll)and plafinum(ll)complexes 
[~en) :~-py2S)~Clz .3H20[88]  
Vd 3.083(1) 83.1(1)- 2.299(4) 

94.8(I) 2.302(4) 

[Pt~(en)~(p-4mepy2S)z]Clv3H:O[88] 
Vd 3.101(1) ~3.3(1) ..... 

94.6(!) 

2 . ~ I ( I I )  110.4(4) 123,9(7) 
2,059(11) 112,9(5) 122.4(10) 

[Pt ~i(p-4mepy2S h]'. 0.5C~H8 [ 89] 
Via 2.680(2) 88.6(5) ...... 

9t ,7(3) 

2.291(2) 2.024(7) 108,6(2) 121,7(6) 
2.2'94(2) 2.042(6) 112,0(3) 124.2(4) 

[Pd:(~tobztz2S h] ' [90] 
Via 2.745( I ) 

2.274(7) 2.~{2) 109.4(8) 122.1(15) 
2.293(7) 2.11(2) III.118) 125.8(16) 

88.4(I ) ...... 2.285(2) 2.078(5) I04,0(2) 126.1(4) 
90.6(2) 2.289(2) 2.084(5) 1(M,7(2) 126,3(4) 

2.282(3) 2.070(4) 104.4(3) ....... 122.7(4) 
2,287( 3~ 2X)81(4) 107,6(2) 125,2(4) 

[Pt~(pobztz2S hJ,DMF b [91 ] 
Via 2,761( 1 ) 88,6( 1 ) 

2,753(I) *)0,2( i ) 

(b) Pla{inum( 11! ) comple~e~ 
[Pt~Cl~(tto4mepy2S hl,2Ci4C1~ 1~91 

2,291(~i ~' lO~(~l i06 7~41 120,8{7) 

P| CI =2,45~{2~; ih Pl C! -172,6111 
122,215l 

[Pt~i~(~opym2S hl [93] 
Via 2,554( 1 ) NR 2!85{ 2) 2.0~7(13) ..... 

Z301(4) 2,|~1{12) 
Pt° 1 ~ 2.774{mea.) 

[Plg~l:(p+pym2S t~] 1941 
Z210~ 1 ) ..... ZOSSt I0) 10.LI t4) ..... 119,8(8~ 

2,121{ I0~ 104,6{4) 121,6{7) 

Pl ( '1 ~ 2A52{mcaa); lh~ Pl CI ,,+, 178,7l I ) 

[Pl:l~(p°tucH hi [94] 
Via 2,546{ 2 ) 84.5{ ,~) .... L.~84(I{)) .... 21~,~7{ M ~ .... I04,7{ 12~ .... 

P~ 1 .... L 7 7 1 ~ e a n k l h  |*~ 1 .... t762 
124,4{21 ) 

P~C| ~ 2,494(7); l:h |*r C| -~. 175,8{ 2) 
q LS, ~:,~m2S P t S  ~ 2,438(8 

NR NR 
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Table 6 (contb)ued) 

b, Complex and rei~rence 
Isomeric Metal- 
form metal 

Angles at M-S M-N 1 ~ %S-C 
the metal 

M-N-C 

(c) Molybdenum(ll ) and rhodium(ll ) complexes 
[ Mo.,(la -4,6-me2pym2S h].CH2CI, [96] 
Vlb 2.083(2) 87.5(3)- 2.444(4)- 

97.9(5) 2.454(4) 
2.18( I ) -  I02.7(5V 120. I (9 ) -  
2.22( I ) 103.9(5) 124.0( 1 ) 

[Mo2(O2CBuLh(p-imdz2S)(py)~ [97] 
2,116(1) 89.9(2) 2,487(4) 2.124(1) 101.9(6) 

98.8(3) 
Mo~O(mean)~2.120Mo--N(py)=2631(12), 2,966(19) 

[Rh2(~-tcp2Sh(ht-S tcp2S)][101] 
Vlc 2.497(i) 88.51(2)- 

92.55(I} 
(qt-S tcp2S} 

2,343(1)-- 2.016(2)- 104.6(1).~ 
2.359(I) 2.032(2) 106.5(!} 
2.388(I) 114.8(!) 

[Rhdlt-tcp2S h(CO)] ' [ 101 ] 
Vic 2,495( I 87.43(3) 

92.57(3) 

121.9(9} 

a)~s, [Rh=(It-5-MeS- 1,3,4-tdz.S).d PPlh)] [99] 
VIc 2,603( I ) 86,~ ( ! ) ..... 

97.3( I ) 

124.7( I ) ..... 
125.7(I } 

(d) Nickel( il ) complex 
I Nb(t~olz2S hCI 1~ [ 1041 
VI¢ 2,c~t812 ) 

2,373(!) 2.033(1) 105.1(1) 125.0(2) 

2.355(2),- 2.002(7) NR 
2.37913 ) 2,020( 8 ) 

NR 

8,,31 ! ) 2,,217( I ) 2,068(4) 10! o12) 123,6{ 3) 
~2,5{ ! ) o* 233(2) 2,086(5) 102 3( I ) !:~o 4{3) 

NR not |'eporled, 
' Symmetrical molecule, 
~' Two half ¢ompleses per asymmetric u.it, 

interplanar angle=31.8") and twist (Vll|b) out of the totally eclipsed position 
(average S°~Pt-Pt--S torsion angle=33.2~'). Although the two complexes are 
asymmetric ill the solid state the two coordination planes undergo rapid thermal 

sclllatlon about the metal...metal axis in solution with each 1,2-diaminoethane 
ligand undergoing rapid conformational (Z,,.~8) interconversion. In the 
[Pt2(CIh(~t-aps)2]Clv3H20 (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( 11 ) and platinum( Ill ) complexes of pyridine- 
2-thmnate and its 4-methyl derivative initially involves production of the lemon- 
yellow binuclear complexes [89]. The procedure involves reaction of pyridine- 
2-thione with cis-[PtClz(NH3)z] in dioxane under argon, and addition of the 
potassium salt of 4-methylpyridine-2-thionate to cis-[PtCIz(CH3CN )2] in toluene, also 
under argon. Slow evaporation of chloroform solutions of these complexes gives the 
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red crystalline binuclear platinum(Ill) complexes [Pt2CIz(p-py2S)4].2CHCI3 and 
[~2Cl2(ta~mepy2S)4]. 0.5C~Hs. The crystal structures of both of these complexes 
have ~ n  re~rted; the binuclear platinum(Ill)complex will be considered with 
other platinum(IlI) complexes (Section2.5.2. The bridging ligands in the 
[Pt2(~-4-mepy2S)4] 0.5C7H8 complex have the cis, cis;head-to-head;2 (2S:2N) distri- 
bution (Via). Selected dimensions a~  listed in Table6a. The two coordination 
planes are twisted slightly out of the eclipsed configuration (average torsion ang!," 
N-Pt-Pto-S= 13.4°). This is probably why the complex has the shortest metal... 
metal distance (Pt...Pt = 2.680(2) A) of this set of binuclear platinum(II) complexes 
('Fable 6a). The metal=nitrogen and metal=sulphur distances in Table 6a are very 
similar to other listed valu~ while the angles at the ligand donor atoms (M=S=C 
and M=N=C) show little sign of angular stress. The latter are similar to those of 
other binuctear double-brid#ng ligands (Table l). 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 [Pt,(p-4-mepy2S)4] complex exhibits metal- 
centred, quasi-reversible, cydo-voltammetric ~aks in dimethylformamide (vs 
(Ag/Ag(Crypt(2,2))*) ~ntred at +0.282 V. 

Addition of aqueous-ethanolic solutions of benzo-l,3-thiazoline-2-thione to 
aqueous potassium tetrachloropalladate, and the equivalent platinum(ll) chloro- 
anion, produces isostructural complexes with four double-bridging ligands 
[M~(pob~tz2S)4] (M = Pd, Pt) [90,91 ]. The presence of the anion in the platinum(ll ) 
complex is clearly indicat~, in tl~e IR s ~ t r u m ,  by the absence of the v(NH ) band 
and the pre:~enL~ of ~,(Pt=N ) and v(Pt=S) bands. Se!~ted dimensions are given in 
Table 6a. Both complexes consist of pairs of metal atoms with cis.cL~';head.to° 
head:2 (2.~2N), doubie~bridging, binucle~|r !igands (Via); and a centre of symmetry 
at the midopoint of the metai,..me|a! axis. The " ~" ci:~oMS~N~ coordination planes are 
e~.~entially squareophmar trod in the eclipsed position; displacement of platinum(l! ) 
atoms from the cooMination planes is minimal. Metal ~paration distan~.s are 
similar to one another and shorter than the distances in the parent metal (Pd=Pd = 
2,751, Pt=Pt = 2.775 A) [20]. The remaining distances and an#es in the two structures 
are also similar. In particular, the metal=sulphur distances (2.282(3)=2.289(2)A) 
resemble metal=thiolate distances and are shorter than Iho~ of the corresponding 
metal=thione values (2.339. 2.362 A) [91 ]. Average thioamide dimensions among the 
bridging ligands (Table 4), coupled with ~' '" stgmficant ~ ' '~ ~rturbatt~: n of the angles (2-7 :~) 
at the thioamide carbon atom, are indicative of the ~distribution of n-electron 
density in the bridging anions (Table 4). 

2.3.2. Platime~( lll) ce~,~ptexes 
The oxidative°addition of halogen atoms to binuclear platinum(ll ) complexes is 

a ~ady general source of the corresponding binuclear p!atinum(lll) s~eies [92]. 
Su~.~-ss.ful p~par~tive routes include: ,ddmon~t ~' of iodine to the binuclear 
platinum(ll) complex in chloroform [87] and r~rystallisation of the binuclear 
p!atinum(ll } complex from chloroform, iYom which chlorine atoms are abstracted 
[89]~ The addition of the tetraiodop|atinate(ll) ion to monomel'ic [Pt(pym2S)z] in 
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hot methanol is also effective [93]. Dir~t reactions of the tetrachloroplatinate(lI) 
ion with pyrimidit~e2-thione derivatives ill hot methanol [94,95], have also ~ n  
used. All the reported platinmn(lll) complexes seem to require axial terminal ligands 
to effect their stabilisation. Consequently, the metals effectively have oetahedral 
geometry with metal-metal separation distances (2.518(1)-2.547(2)A) that are 
inevitably shorter than those of the corresponding binuclear platinum(II ) 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 [Pt2CI2(la-py2S~:d.2CHCIs [89] the chlorine atoms occupy the expected axial 
sites (CI-Pt-Pt = 172.6( 1 )°) with the four double-bridging, p2-S,N (qt-S;qt-N), pyri- 
dine-2-thionate iigands arranged in a cis.cis:head-to-head;2 ( 2 S : 2 N )  arrangement 
(XXXVIb). The structure has an approximate two4bld axis perpendicular to the 
CI=Pt-Pt-CI axis. The two cis-PtS,,N., coordination squares twist out of the eclipsed 
configuration with an average torsion angle (N=Pto-Pt~-S =,,3.3 ) larger than that of 
its sister complex [Pt.,(~t-4-Mepy2S)4] [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 binuelear platinum(ll ) 
complexes listed in Table 6a. Average thioamide ligand dimensions (C=S= 1.733 A; 
N=C=S 12~.2 ) show the characteristic changes relative to the parent ligand [22]. 
The [Pt.,Cl~(g-py2S),d complex exhibits a pseudo-reversible cyclic voltammetric 
curve (E~:a= +0.257 V), in dimethylfonnamide. A redox cycle involving a two° 
electron exchange together with complicated loss and uptake of chlorine atoms and 
solvent mok~ules is proposed tbr the complex. The structure of [Pt:~12(~v-pym2Sh] 

eO~ I d l l t l a t l o n  squares are ,~mular to that shown in (XXXV|b). The ~t. oPIS,N, " ' ~'~' 
twisled ahout the metal..nletal axis, a' ~ld ou| of the eclipsed position, by about 26' 
[93] The (3S,N:S,3N) {Vlld) d!slost!|on of |he tbur bridging ligands in |~he 

• . o ¢ o o l d f f l d t l ~  11 [h~ll  ~¢ I~l~l+pym~oS t4] complex generates PIS:~b t and ttSN~ ....... + ' ~.~qua' 1 c"'s 
. . . . .  l ! l  C [ d are twisted b~ approxinmlely 20 '~ abou! the metal me|al axis. in addition, the ~,1 

atoms are slightly displaced towards the axial chlorine aloms [94]. There is also 
some evidence of tmm-efleets~ - ' amOngr the metal o4igand bonds. In the 2.thiouracih~te 
complex [Pt~12(p-24ucH)4] the ligand distribution is as shown in (V|a) with 
cL~-PtS~Nz coordination squares rotated about the metalometal axis by 25 ~. The 
average thioamide dimensions of the 2-thiouracilate anion (C~S= !.7119. C N~  
1.349 A; N~Co-S = 124.0 °) are characteristic of bridging heterocyclic thionates [94]. 

cons~, 1 of one termio The five pyrimidine-2-thionate ligands in [PtzCl(pym2S)s] [95] - - 's 
nal, (qt.S), and four doub!eobridging, laz°S,N(rlt-S;qt-N ), anions. The latter ad¢pt 
the ~"':s,~ts, h~ad-t~" " , ~.h~ad,2, • ' ( 2 S : 2 N )  arrangement (V|a). Consequently, the donor sets, 
SzNzCI and S3N 2, of tile platinum(Ill) atom, are different. Of particular in|crest is 
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 ) ,&). 

2.503. Mo lybdenum( l l )  and  rhodium( !l)  comph, xes 
Complexes containing multiple recta/metal bonds generally possess wide ranging 

optical, magnetic and electrochemical properties [14]. Such desirable behaviour has 
prompted tile search |br suitable bridging ligands. 
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Quadruply-~nded binuclear molybdenum(lI)complexes with a range of bridging 
ligands have been p r e p a ~  and characted~. The acetate groups in dimolybdenum 
tetra-acetate are readily replaced by the addition of sodium 4,6-dimethylpyrimidine- 
2-thionate, in absolute ethanol, under nitrogen [96]. Recrystallisation of 
the red product in dichloromethane produces the solvated complex 
[Mo2(p-4,6-me2pym2S)4].CH2Cl2+ The four bridging ligands all adopt the cis, cis;- 
head-to-t~il;2 (2S, N) arrangement (V~) in this complex and virtual D.,o symmetry. 
There a~ +. ao capping ligands in this structure. Select~ dimensions are given in 
Table 6e. "the metal-metal dis~n~ (Mo-Mo= 2.083(2) A) is the longest in a series 
of binuclear moly~num st~ctur~ t ~ t  involve bifunctional bridging ligands with 
carbon, oxygen or nitrogen donors (2.~(I)-2.072(2)/~) [96]. The remaining 
metal~ligand distances and angles are typical of those generated by binuclear double. 
bridging ligands (Table l). The average thioamide dimensions of the 
4,6-dimethylpyfimidine-2-thionate ligand (C+S=1.72, C+N=1.375 A,; N~C-S= 
120.0 °) are also similar to other heterocyclie thionates. 

Attempts to prepare polymers based on quadruply bonded dimetal tetra- 
car~xylate subunits bridged by conjugated aromatic ligands have led to 
the i~lation of [Mo~(O2CBu%(p-imdz2S)(py)~ [97]. The amber crystalline 
complex is obtained from the sodium salt of imidazolidine-2-thionate 
and [Mo2(O~CBu%(CH3CN h](BF+) in a dichloromethaneoaeetonitrile-methanol 
solvent mixture. R~stallisation from pyridine gives the bis-adduet in which the 
two axial pyridin¢ mol~ules are weakly bound to the metals. The more weakly 
bound pyridine (2.9~(i4)A) is accompanied by a tilting of the molecule so that 
the nitrogen lone pair is not optimi~d for bonding (XXXVI|). 

{adapted tir~,m !97J~ 

(XXXVli) 

The metai~ me1+ai distance (MoMo ~ 2. t16(I) A; 'Fable 6c) is slightly longer than 
that in [Mo~(p4,6~me~pym2S)~ but is typical of ca r~y ia to  coordinated systems 
[96]+ The metal |igand distan~ and angles generated by the imidazolidine-2-thionate 
ligand are typical of a binuclear double-bridging, p~-S,N(q~-S;qt-N), ligand 
(Table~). The thioamide dimensions (C~+S=1.693(6), C°N=I.362(19)A; 
N~C+.+S~ 122.7(11F) of the bridging imid~olidine-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(II) 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 [Rh2(het-S,N)2(CH3COO)4Lz] 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 
[Rh2(CHaCOO)4(CHaOH)2], in a 1:2 (metal:ligand) molar ratio, in the presence of 
bases, such as triphenylphosphine or one of its derivatives. Tetra-substituted 
products [Rh2(het-S,N)4L] are invariably produced by reacting a large excess 
of the sodium salt of the heterocyclic thionate with [Rh2(CH3COO)4(CHaOH)2], 
in ethanol, followed by the addition of triphenylphosphine. The hetero- 
cyclic thionates used include 5-methylthio-l,3,4-thiadiazole-2-thionate (I | |) ,  
4,5-disubstituted-l,2,4-triazoline-3-thionate (lib) and 1,3-thiazolidine-2-thionate 
(|lhi). The bases used involve triphenylphosphine or its methoxy, isopropyloxy 
and phenoxy derivatives. Some twenty complexes are reported together with the 
crystal structure of the [Rh2(5-MeS-l,3,4-tdz2S)4(PPh3)] complex. A combination 
of IR, laser Raman, tH NMR and UV spectral data confirmed the presence of 
deprotonated ligands, Rh-Rh bonds (287-289cm -t) and essentially octah~ral 
coordination at the metal, in the complexes. The crystal structure of 
[Rh2(gt-5-MeS-l,3,4-tdz2S)4(PPh3)] established the presence of four binuclear 
double-bridf;.:,~1, ~h-S,N(rlI-S; rl~-N), ligands in an all-eis:head-to-head;(4S:4N) 
arrangement (Vie). Consequently, one rhodium atom has square-pyramidal coordi- 
nation formed from a N4 donor set. The other rhodium atom has octahedral 
coordination and a terminal S4P donor set. The disparity in donor sets does 
not significantly affect the c/s-angles at the rhodium(ll) metal. In each case the 
a~erage angle is close to 90 '~. The coordination squares however twist about the 
metal~metal axis (S-oRh~Rh~N~23.8°). The resultant metal~metal distance 
(Rh~Rh~2.603(I)A),-- ~" ~ a s  well as the rnetal~ligand dimensions (Tab!e6,~), are 
comparable (Rh~oRh~2.550/~) with other dirhodium(H) systems such as 
[ Rh2(SOCCH ~)4( HSOCCH 3)2] [ 100]. 

The non-planar anion ~-thiocaprolactamate (lle) also replaces the bridging acetate 
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 [Rhz(tcp2S )4(tcpSH )], after evapora- 
tion of the solvent. The terminal monodentate rlt-S donating parent ligand is slowly 
and irreversibly replaced in [Rh2(tt-tcp2S)4(qt-tcpSH)] with carbon monoxide in 
dichloromethane. The product [Rh2(~t-tep2S)4(CO)] is removed as either a brown 
powder or as green crystals. Attempts to peribrm 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 hgando attached to the RhS4 site (XXXVI!I). The metal~metal axis in 
[Rh2(l~-tcp2Sh(CO)] however occupies a crystallographic four-fold axis. Selected 
dimensions of both structures are given in Table 6c. 
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(adapted from [ 101 ]) 

XXXVil l  

In [Rh:(la-tcp2S)Arl l-tcpSH )] the average equatorial distance (Rh-S = 2.354 ~,) is 
shorter than the axial distance formed by the to-thi~aprolactam molecule (Rh-S = 
2.388(1)/~). The latter also has a larger Rh=SooC angle (114.8 °) than that of the 
bridging anions (Rh~oS~Ca~,t~=105.3°). The shorter equatorial distances and 
smaller Rh-S-C angles formed by the thionate sulphur atoms are clearly a conse- 
quence of steric restrictions caused by the binuclear double-bridging ligand~. 
The coordination cores twist about the meu~l~metal axis (S~Rh~Rh~N~21.1~); 
the extent of the twist is similar to that in the dirhodium(ll) 5-methylthio- 
1,3,4othiadiazole~2qhionate " 3  - ccmp!ex. The metal~melal separation distances 
are ~imi!~r in the two ~othiocaproiactamate complexes and are slightly shorter lhan 
that in the dtrh~d~tJ~(l|) 5omethylthlool,3,4othladlazoleo2othlonate complex. The 
rek',tionship i~tw~n metal meted separafiou distances and ~he bite angle of 
bridging ligands in difllodium complexes h~s been di~ussed i1021. However, similar 
ligand bite distances (S~o.N~ca, 2.7 A). similar torsion angles (N=Rh~Rho,S~ca. 
22 '~) and thioamide angles (N~C=S ~ 122~ 12Y') generate dissimilar metal distances 
in [Rh~(BoS-MeS-I,3,4otdz2S)APPh3)] and [Rha(la-tcp2S hL] (L ~ tcpSH and CO). 
These ob~rvations would seem to negate a direct relationship between ligand bite 
and metal~metal separation distances, at least for dirhodium heter~yclic thionate 
complexes. Prt~uction of the 4S:4N isomer, rather than that of any other form, is 
al~o ascribed to the steric and electronic con~quences following attachment of the 
first ~thiocaprolactamate double-bridging anion [ 101]. The ~maining metaloSgand 
dimensions are similar in both of the dirh~ium or.thi~aprolactam~te complexes. 

The el~trochemicai pro~rties of dirhodium complexes with bifunctional ligands 
a~ quite different from those of dirhodium tetra-carboxylates. While the tetra- 
carboxylates only undergo a single electro-oxidation the ~-thk~aprolactamate com- 
plexes undergo two reve~ib!e one-electron oxidalions to |brm Rh(ll) Rh(llll ) and 
Rh(| l l )  Rh(ll) s~ies .  The hall~wa.ve oxidation potentials, in dichloromethane, 
incense (+ 0,31 ~,~: 0,71 V ) in the order: 

[Rh:(tcp2Sh] <[Rh~{tcp2S)4(tcp2SH)] <[Rh2{tcp2S)4(CO}] 
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This is consistent with a lowering of the HOMO upon axial binding of either the 
or-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 [Rh2(tcp2S)4(tcpSH)]+ are different in 
dichloromethane and acetonitrile. 

2.5. 4. Nickel(ll) complexes 
The relative absence of binuclear nickel(lI) complexes, with four double-bridging 

heteroeyclic thionate ligands, is in striking contrast to the behaviour of other group 
ten metals (see Section 2.5.1). However, nickel(lI) readily forms mononuclear 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(II) 
complexes is that deprotonation of the parent ligand in aqueous solution, in the 
presence of a nickei(ll~ salt, mvariably generates Intractable solids [103]. More 
recently, the brown crystalline, binuclear complex (EhN)[Ni2(~-tz2S hCl ], has been 
prepared by adding triethylamine to a mixture of (Et4N)[NiCI4] and 1,3-thiazoline- 
2-thione (lib|i) in acetonitrile [ 104]. Aprotic solvents, complexed nickei(ll), in situ 
ligand deprotonation and the correct order of addition of the reactants are apparently 
essential for the successful preparation of crystalline nickel(ll ) 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- 
coordinating ligands in the complex. The crystal structure of the complex shows 
that the nickel and chlorine atoms of the binuclear anion occupy a crystallographic 
two-lbid axis with the four double-bridging, ~2-S,N(q~-S3]I-N), ligands in the 
echpsed, all its.head-to-head.. 4S. 4No conhgmation (Vie). Fhe cappmg hgand occup,!es 
the NIN4 (average Ninon = 2.077 A), rather lhan the NiS4 (average Ni So~ 2.225 A), 
site ( XXXIiX ). !n this respect the nickel( II ) complex dill~¢rs from those of flw heavier 
metals described in this section. 

S ! ~ l - s  
.... ~ l.,~'t' .... o 

S 

adapted t~om [ 104]) 

XXXIX 

Furthermore, the nickel(l) atom has diamagnetic square-planar NiS4 and 
nickel(2) has paramagnetic square-based pyramidal NiN4CI (Ni-Ni = 2.648(2)/~), 
coordination. This distribution rafionalises the room-temperature magnetic moment 
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of the complex (#B= 1.92 per nickel(lI) atom). The reported angular dimensions 
(Table6d) are similar to those generated by other binuclear double-bridging 
ligands (Table 1). The complex undergoes ligand-centred irreversible oxidation 
(Ep = +0.6 V; vs SCE) in acetonitrile. 

The effects of deprotonafion and coordination on the parent ligand dimen- 
fions [105] are similar to those reposed for 1,3-thiazolidine-2-thione (Table 3) 
and benzo-l,3-thiazoline-2-thione (Table 4) [90,91]. All of the central thioamide 
dimensions of the pa in t  ligand [105] (C-S,,,o=1.657(4), C-N=1.335(5), 
C-S,,ao -- 1.767(4)/~; N-C-S,,,o = 127.4(3)°) are affected to some extent. The corre- 
sponding average dimensions in the complex (C-S¢~o=1.726, C-N=1.314, 
C=S~ao~l.735 A; N-C-Sc,,o=I27.1 °) show lengthening of the carbon-sulphur 
and shortening of the ~rbon=nitrogen bonds. Although the thioamide angle 
(NooC=S,~o) is scarcely affected by the coordination process all of the remaining 
angles show some degree of perturbation. 

3. Tr|nuclear comp|ex~ 

3.1, Introduction 

The bridging ability of organothio!ates and the established trinuclear character 
of some meta!loprotein systems have colk~tively stimulated considerable activity 
in trimetallie systems in recent years. A typical product of this activity is the 
[Fe~(p~-PhS)~C!o] ~ anion with a planar hexagonal F~S~ core, r~-S edge-bridging 
phei~yl thiolate~, termin~d chlorine and tetrahedr~ti coordination at the metal [9,10l. 

sites in nickel hydrogenas~, has Mor~ r~entiy~ biomimetic activity of the active ~' . . . . . . . . . . .  '-,' 
produc~ linear [106] and cyclic [!07i trinuc!ear thiolate bridged nickel(ll) 

Heter~ydic thionates rarely utili~ I~-S edge-bridging modes (ilia). 
Con~uently, most of the resea~h effort has concentrated on p2-S,N (lllb) and 
~t~°S,N (llld) bridging mod~ in the controlled production of polynuclear, including 
trinuelear, metal complexes. The t~:rS, N(q~.S;q~-N), face-bAdging mode (llid), is 
particularly suitable for trinuclear sites and is involved in the formation of homo- 
and heterootrimetallic clusters. 

Several methods a.~ available for the synth~is of trinuclear heterocyclic thionate 
complexes, Thermolysis of trimetallic carbonyls in the presence of heterocyclic 
thiones [108] and the controlled addition of solvated ML~ s ~ i e s  to binuclear 
double-bridged, ~t~.S,N, heter~rcyclic thionate complexes 1 ,651 have ~ n  particu- 
larly successful. A combination of the parent ligand and a suitable mononuclear 
p~ursor  has also ional!y ~ n  su~essful [126]. All of the established com- 
l~,un/d stoichiometfies involve one trinuclear unit in combination with one, two or 
si× bridging iigands. The established tfimetallic co~s a~  either cyclic or angular. 
No linear ' "  sp~es have ~ n  characterize, A large humor  of heter~yclic thionate 
ligands have ~¢n u ~ |  in the production of t.he known complexes but established 
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crystal structures ar~ limited to complexes of imidazoline-2-thionate (Ilia), pyridine- 
2-thionate (Ile) and ~nzo-l,3-thiazoline-2-thionate (lth) derivatives. 

3.2. Complexes with one bridging heteroo, dic thionate 

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

Thermolysis of [Rua(CO)t2] with pyridine-2-thione gives the trinuclear complex 
[Rua(p-H)(B-py2S)(CO)9]. This complex may be converted into polymeric 
[{Rua(B-py2S)(CO)7}.] which, on further reaction with pyridine-2-thione gives the 
S,N-ehelated mononuclear complex [Ru(py2S)2(CO)2] [108]. A combination of IR 
and NMR (1H, 31P{tH }) spectral data established the presence of bridging hydride 
and pa-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)to (MeCN)2] reacts with several heterocyclic thione molecules under gentle 
reflux, in benzene or hexane, giving complexes of general formula: 
[Osa(CO)to(H)(het-S,N)] (het-S,N = imzd2S, bzimz2S, l-meimz2S, bztz2S, tzd2S, 
bzoxz2S) [109]. All the complexes were characterised by tH and ~3C NMR 
spectra. The upfield shift shown by the thioamide (C(2)) carbon atom of 
benzo-l,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 crystal structure of [Os~(CO)lo(~l-H)(ltotzd2S)] revealed a complex with a 
trinuclear osmium cluster and terminal carbony! !igands. Six coordinate geometry 
at the metal limits the 1,3othiazolidine-2-thionate anion to ~t2-S. rather than 
~t~oS,N bridging (XL). The presence of a bridging hydride anion implies two isomers 
with the symmetri~o isc~mer { XLa) confirmed by tH NMR spectra. Selected dimen- 
sions are given in Table 7. 

The metal=metal .,~eparation distances in [Os~(CO),}(laoH)(~totzd2S)] are 
ohghtly shorter than the average corresponding distance in 
[Os:~(CO)t2] (Os=Osa~=2.887 A) [110]. A narrow Os=S=Os angle, together with 
metal=sulphur distances and M=S=C angles that are similar to those of ~t:rS,N 
bridging heterocyclic thionate anions in this series (Table 7a), characterise the ~t2-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=S~o) angle virtually the same as that in the parent iigand. 

Mono-decarbonylation of the [Os3(CO)to(~t-H)(la-tzd2S)] complex leads to pro- 
duction of the corresponding nonacarbonyi and conversion of the laz-S bridging 
anion to a ~t3-S,N bridging mode [109]. Two isomers are again possible (gLb,e) 
with room-temperature IH and ~3C NMR spectra consistent with the symmetric 
isomer. More extensive thermolysis of [Os3(fO)9(B"H)(~t~tzd2S)], by refluxing the 
nonacarbonyl in refluxing octane, results in thionate (/~C=oS,~-~,o) bond cleavage, 
desulphurisation of the bridging ligand and production of the sulphur-capped 
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PaNe 7 (conthmed) 

~, Complex and reference 
M-M Angles at 

the metal 
M--S M-N M-S-M M-S-C M-N-C 

S,N-chelate Rh-S Rh-N S-Rh-N S-Rh-S Rh-S- c, 
2.327(4)- 2.070(8) 68.9(3) 90.0(2)- 98.8(2) 
2.394(4) 2.078(7) 68.9(3! 161.2( 1 ) 100.0(3) 

(c) Complexes with six bridging ligands 
[Pb3(p-3SiM%-py2S)d ~ [ 125] 
Pb...Pb S-Pb-S Pb-S 
2.89(3) 56.2(6)- 2.707(9)- 

94.8(2) 3.318181 

Pb-N 
2.51(2) 
2.81 (3) 

NR not reported. 
' Symmetrical molecule. 
b TWO independent molecules (cations) in the unit ceil. 

l a )  

n Os I(Ol~ 

f 

( b )  ( c )  

complex [Os3(CO)d H )(~h-S )( tzd )] (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 - 6 0  °C. This is consistent with hydride ligand migration across two edges of the 
osmium triangle. Hydride migration is suppressed at room temperature (XLd,e). 

In addition to thionate ()C-oS~,,o) bond cleavage oxidative desulphurisation 
clrcum~talllccs. ~:or of 1,3-thiazolidine-2-thione is also possible in certain ' i "  o "  " "  

example, production of both sulphate and (2-oxo-l,3-thiazolidin-3-yl)carbonyl- 
thioethylammonium ions occurs by reacting the ligand with zinc dichloride and 
hydrogen peroxide [ 111 ] 

Heating suspensions of [Ru3(CO)t2] with benzo-l,3-thiazoline-2-thione [112] or 
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(t'oh 

(COb 

(COb Os 

Os~dlCOh {C0)3 N ~  " 

(d) (e) 
(adapted from [109]) 

(XL) 

pyridine-2-thione [113] in refluxing toluene and cyclohexane, respectively, under 
nitrogen, produces crystalline complexes of formula [Rua(CO)9(H)(het-S,N)]. Red 
crystalline [Rua(CO)o(p-H)(la-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 model proposed for reactions involving 
[Ru3(CO)12] and thiols in which thr~ carbonyls are replaced by one Ba-S,N bridging 
heterocyclic 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 hgand~ were characterised by a high field IH NMR signal in both 
complexes, The comple×es are effectively isostructural and adopt the symmetric 
configuratiorb similar to that shown in {XLb), with six-coordinate meta'~ and the 
~tsoS,N bridging ligand app_ oxlma|ely ~r~ndicu!ar to the plane of the triruthenium 
¢!uster, Selected dimensions are given i. 'ihb!e 7a. 

The presence of fl~e bridging thio,ate sulphur atom ~.~, the hydride ion on the 
same edge of the |riruthenium clusler scarcely ~fl~;~ • file or~inai meta!:metal dis° 
tauces {Ru Ru~2,848 A in Ru~(CO)j~) [115], The arra.gement also causes only 
slight perturbation of the angles at the metal. Angular dimensions are very s ° ' • 
in the two compleses, Narrow angles (Ru~S~Ru)characterise the double bridging 
thionate sulphur atom. Approximately tetrahedral (M~SoC) angles are inevitably 
narrower than most values usually ob~rved for Bz-S,N bridging ligands {Table 1). 
Trigonal (M~NC)  angles are consistent with minimum angular l~rturbation of the 
thioamide nitrogen donor atom. Sel~ted thioamide ligand dmmens|( ns for the pyri- 
dine-2-thionate and ~nzo-l,3-thiazoline°2°thionate anions are in Table 2 and 
Table 4, r~spectively. The values lack the precision to justify detailed analysis but 
the establ~sh~ trends are indicated. 

Double decarbonylation of [RudCOh(~t-H}(B-py2S)] occurs in refluxing 
cyciohexane with '~'~ producma of trime~ic dark~,:d crystalline 
[{R%(CO)~(03-H)i04-py2S)}~] [113]. Proton NMR spec~:~ ~d~cated ~hc presence 
of hydride and pyridyl groups in the ~rimer a~ad gave no indict~lion of thionate 
{C~S~I~,) bond cleavage. Regeneration of the starting produck on passing carbon 
monoxide through a toluene solution of the trimefic complex, indicated that the 
thionate (C .... S,I~,) bond was unchanged during thermoiytic production of the trimer. 
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However, the anticipated thermolysis product [Rus(CO)4p-H)(p-2-pyridyl)(i,~-S)] 
does require cleavage of the exocyclic thionate (C-S~o)  bond and the resultam 
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 Ru3S3 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 laa-S,N bridging 
pyridine-2-thionate, in the precursor complex, to a la4-S,N bridging mode (|Ile) in 
the trimer. This enables the thionate sulphur atoms to generate additional sulphur 
bridges to neighbouring triruthenium clusters (XL|)  and to function in a manner 
similar to that of the sulphide ion in [{ Ru3(CO)s(p-H )2(!~4-S)} 3] [116]. 

u 

S 
/ c o  ,,.," 

CO" ~ "R~L ~'-,, ru 
k - . ,  . . . .  ' . , ~ ° S '  cx~ I ~ . .  *, a 

co ".,,..:?., ~ 
-4,,,~'][~ I I ' 

~adapled flora 0113) 
{XLI} 

However. the generation of three ruthenium-sulphur bonds per molecule in 1he 
formalion of the lrimer is insufficient for saturalion. Consequently. 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 
ofcarbon monoxide, lead to complete carbonylation with regene~ ~.don of the prccuro 
sor complex. Selected dimensions are listed in Table 7a. Both normal (2.705 ~2.975 A) 
and long-range (3.2-3.3 A) metal-metal distances are reported. The rulhenium~sui° 
phur distances are slightly longer than those reported for B3..S,N bridging pyridine- 
2-thionate in the precursor complex (Table 7a) but the ruthenium~nitrogen distances 
are effectively the same. Angles at the ligand donor atoms remain close to the 
tetrahedral (Ru-S~C) and trigonal (Ru=N~C) values typical of ~b-S,N bridging 
heterocyclic thionates (3hble 7a). Average thioamide bridging ligand distances are 
summarised in Table 2. It is clear that lengthening of the thione distance and 
reduction of the thioamidc (N C S) angle occur h~ the brh]gh~g anion. 

Dimeric [{q6-pocymene)RuCl2}2] reacts with 4,5-biphenyl-t-methylimidazoline- 
2-thione in methanol o~.sodium methoxide. Solvent rem~,val, addition of aqueous 
methanol and cooling ( -40 ~'C) of the reaction medium produce deep-red crystalfine 
[(rl6-p-cymene)sRu3(p-C!)(p3-4,5-phz-imz2S)Cl2] [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 (XXXIIIa) and is shown in (XLII). 

Mc 

(L = p-cymc~m) 

(adapted from [80]~ 
(XLll) 

~protonation and cyclometallation of the bridging imidazoline-2-thionate deriva- 
tive result in the production of the ~ntadentate 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 ap~ars to ~ of general applicability, especially with 
heterocyclic thionates that contain an additional replaceable proton. 

3,3, ¢ot~g~k,~t,~ with lu,o hr~dgiu~ beret ocvc#c ,ttionale h gun& 

The controlled production of polynuclear complexes is a topic of considerable 
interest, e~cially ia relation to the design of new ,naterials [li7]. In this respect, 
the use of ligands with small bites, such as 1,8-naphthyridin-2-onate, in the synthesis 
of trinuclear linear aggregates of rhodium is typical [ I i 8]. Of mo~ general applicabil- 
ity is the controlled addition of a metal fragment to a binuclear complex that 
contains two la~-S,N bridging heterocyclic thionate ligands. This results in a tri- 
nuclear ~is-S,N bridged complex of pr~tetermined structure (XLI|I). 

/ M \ 
{ X L l l l }  x 

This synthetic route has been used in the suc~ssful production of tfinuclear 
rhodium complexes with pyridineo2~thionate and ~nzo-!,3-thiazoline-2.thionate 
[~=6,6,119], Hetero,-trinuclear complexes involving rht~ium, iridium and palladium 
have also been successfully produc~ [ 120= 123], The isomeric possibilities ass~iated 
with the cyclic., or non-linear, trinuclear double-bridged metal aggregates, 
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"Ms(i~a-het-S,N)z" (XLIV), have been described. The reaction pathways involved 
in their production have also been discussed [119]. 

h Rh ~ 

t< "P" 
(a~ 

tb) 

ldeallsed [Rh3~ It3-bztz_S F' ] contbrmers 
{XLIV} 

Single isomers of trinuclear cationic complexes have been obtained as the perchlo- 
rate salts. The series are of general |brmulae [Rh3(~t3-het..S,N)2(diolefin)3] + 
(het-S,N=py2S, bztz2S; diolefin=COD, nbd, tffb), [Rha(~13-het-S,N)2(CO)~,] + 
(het-S,N = py2S, bztz2S ) and [Rha(bztz2S)2(PPha)2(diolefin)a] + (diolefin = COD, 
nbd, tffb) [I 191 Deep-green solutions of cationic [Rh3(~13-py2S),(dtole re)a] '~r '~' 
readily obtained from the binuclear pre.c~rs~ts [{Rh(0z-py..S)(dto!elm)}~] and 
[{Rh(~t-C!){diolelin)}z] in polar solvents. Addilion of perchlorate ion enables 
isolalion of lhe crude complex. No reaction occurs in a non-coordinating solvent 

catumc rhodium species. An so the solvent plays a crucial [all in providing ':~ '" 
alternative, and more general route, involves additio~ of a solvatcd metallic 
fragment [Rh(diolefin)(MeaCO)~d+ to the appropriate binuclear complex 
[l Rh{pa-py2S)(diolefin)} a] Carbonylation at morn temperature replaces the dl~ lefin 
molecules giving [Rha(laa-py S)2{CO)0] (CIO4), alter the addition of perchlorate 
ion. All the complexes were characterised by a combination of IR, tH 
and atp NMR and UV-visible electron spectroscopy. The unit cell of 
[Rha(lt-py2S)z(CO)d (CIO4) CHaCIa consists of two chemically identical bm crystal° 
lographically independent cations together with perchlorate ions and solvent mole- 
cules. The structure of the cation is shown in (X|Xa) with selected dimensions in 
Table 7b. 

The trirhodium group is angular rather than cyclic (Rh(l)~oRh(2)-Rh(3).,,,~= 
112.5 °) with metal~ometal ' ' ' separauc n distances consistent with weak metal-metal 
bonding. Each rhodium(l ~ atom has distorted sqt~meopla_~,~ geometry and donor 

- i  ~'r b sets of e the S,N(CO)> t r Rh(l)  and Rh(3) o r  S 2 ( C O ) 2 ,  for Rh(2). Angular 
distortion at the central Rh(2) atom is greater than that at l:he terminal rhodium 
atoms, probably because of the steric demands of the bridging thionate sulphur 
atoms. Each pyridine-2-thionate ligand is ILta-S,N (rlzS;q tN ) donating and contributes 
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1, _A.--s 

COl\ 

(a) 

, \  ! | \  /~ 

(b) 

ad~pted flora [ i t'~]) 

two of the donor atoms at each of the metals. Tile ~maining coordination is 
provided by the terminal carbonyi ligands. While the rhodium~sulphur bonds are 
comparable with those form~d by other I~.S,N bridging ligands (Table 7a), the 
rh~lium~nitrogen bond lengths are slightly shorter. This may be due to the rather 
mo~ ol in geometry of the trirhodium duster. Angles at the thioamide donor atoms 
(M~S M, M~ S C ,  M~N~C) are similar to those of other p,~-S,N bridgh~g ligands 
(Table 7a). Apart from a slight extension to the exo.:yclic thionale (.! ....... 
distan~.~s the average thioamide dimensions of the bridging ligands (Table 2) show 
little change from those of the parent ligand, 

Addition of the appropriate solvated metal s ~ i e s  to 
(d~:lcim COD, nbd, tffb) yields the air-stable 

[Rh~d~.ob~t~2S)~(diolefin).~] complexes in good yield, Carbony!afion of (he diolefin 
comp!exes in dichloromethane also prc, duces the hexacarbonyl complex 
[Rha(~ob~t~2S)~(CO)~](CIO~). This hexacarbonyl complex reacts cleanly with triphe- 
nyl phosphine to give single isomers of [Rh3(~-b~I,2S)~(CO)a(PPhs)z] (CIO4). 

Production of one of the two enantiomeric conformers of the "Rhai N-C-S)2'* 
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fragment (XLIV) depends on which of the three possible conformations of 
the "M2(NCS)2" group reacts with the additional metallic fragment "ML.~". 
Proposed reaction pathways for the tbnnation of the trinuclear complexes 
have also been tested and extensively discussed [ 119]. Deduction of the proposed 
rez:etion pathways involved the preparation and characterisation of 
[Rh~(la-bztz2S).,(CO)2(PPha)z(tffb)](CIO4) and other complexes. Equivalence of the 
carbony! 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 
la3-S,N(qaS;qtN) donating ligands. Square-planar tour-coordination at the metals 
is completed by a combination of terminal carbonyl, phosphine and q2-donating 
tetraflourobarrelene ligands. Coordination at the metals is sli~dy more distorted 
than in the pyridine-2-thionate complex. The rhodium-sulphur bonds are compara- 
ble in the two complexes but the rhodium-nitrogen distances are slightly longer in 
the benzo-l,3-thiazoline-2-thionate complex. Angles, at the donor atoms of the 
bridging ligands (MoS-~M, M-S-C, Mo-No-C), are very similar to those in the 
pyridine-2-thionate complex. Average thioamide dimensions of the bridging ligands 
are in Table4. The most significant change in these dimensions occurs h~ the 

"-.p c ~ distance that is, unusually, significantly reduced. heterocyclic thione (.,.,. ....... o~,,do, 
The general synthetic strategy used above for the production of single isomers of 

trinuclear rhodium(I) complexes, of i rcdelc mmcd structure, is manifestly capable 
of extension to other systems. Oro has done this and has successfidly produced a 
number of both homo- and heterootdnuclear angular aggregates hwolving rhodium, 
iridium, palladium and group eleven mela!s [ 120, !211° 

The ! ri~ucleat' cations [ lr,s(t~lo bztz2 S )z( q ~oCO i) Ld' and 
[Pd:dtt-bztz2S)z(q~-CaHt,)3] ~ are obtained by addition of the solvated metal species 
to the appropriate binuelear metal complex (XL|III) and are isolated as the perchl,,o 
rate salts [120]. The structures consist of symmetrical ~13oS.N(q~S;qIN) bridging 
ligands, four coordinate metals and terminal qZ-donating diene iigands (XLVI). 

CLI" ",~!, / ............ 

{adapted fi~om ! 1201) 

(XI~VI) 
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Production of single isomers of hetero-trinucl~r aggregates with a predetermined 
structure requir~ addition of solvated metal species with metals other than those 
of the binuclear precursor (XLIII). A large number of neutral hetero-trinuclear 
com#exes have been prepared from binuclear rhodium and iridium precursors in 
this manner. Copper, silver or gold chlorides, tetrafluoroborates or perchlorates, 
provide the third metal. A neutral, symmetrical, tetranuclear product has also been 
r e ~ e d  [(PhaP)2(CO)2Rhz(bztz2S)Ag2(OClOa)2] [121]. This complex contains 
weakly coordinated perchlorates in the solid and is conducting in polar solvents. In 
non-polar solvents the comlqex retains its characteristic combination of symmetrical 
bridging and teethe!  phosphine ligands as well as coordinated perchlorate ions. 
The trinudear aggregates have been characteri~d by IR, aH and 3tp NMR spectra. 
The crystal structure of [(rl2-COD)zRh2(12-bztz2S)zAg(O2CIO2)] also provides defin- 
itive structural data for the series~ This symmetrical structure is shown in (XLVH) 
and ~l~ted dimensions are given in Table 7b. 

(adapted ii°om [121 ]) 
(XLVII) 

A two-fold crystallographic axis bisects the bridging ligands and the angular 
arrangement of the metal atoms in the hetero-trinuclear complex, The 
I~?S,N(rI~Snl~N) bridging ligands interact with all three metal atoms, Terminal 
q~Monafing diene ligands complete the square-planar coordination at the rhodium 
atoms. A disorder~ O,Oochelating perch!orate ion completes the tetrahedral coordi- 
nation at the silver atom. The rhodium=:silver separation distance {2.796(3)A) in 
the heterometallic aggregate is conside~ to M an attractive interaction rather than 
a metal~metal bond, The distorted coordination at the silver atom is the result of 
n S~O~ donor set and the consequent disp~lrity in the bond lenglhs (Ag-~O~ 
2~532( i7} A). The narrow angle tO Ag-.-.O. ~ 52.2(5V} Mso results from the'~ short 
bite (0,,,0'~2,22(3)A) of the ~rchlorate lig:~nd, The m~or differences ~tween 
this heterootrinuclear structure and that of the trinuclear rh~ium(l)  counterparts 
(Table 7b) are a shorter metal-~.meiai (Rh-.Ag) separation, asymmetry in the metal..~- 
sulphur bridging distances and a d~re~ise in the sulphur bridging angle (Rh-~,S-~Ag). 
The rh~ium-~nitrogen separation distance remains unaffected, However, the angul~r 
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dimensions (M-S-C and M-N-C)  of the B3-S,N bridging ligands are respectively 
slightly smaller and larger than those reported tbr the corresponding trinuclear 
rhodium( I ) complex. Clearly, a slight modification of the trirhodium aggregate has 
been ":ecessary in order to accommodate the silver atom. Rather large errors in the 
thioarnide dimensions of the bridging ligands inhibit meaningful analysis. However, 
the thioamide angle (N-C-S,,,o) is significantly smaller than that of the free ligand 
(Table 4). 

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

Addition of solvated pyridine(ll) complexes [Pd(dmp)(solvent)]+ to pyridine- 
2-thionate symmetrically bridged binuclear palladium complexes [Pd.,(dmp)2(py2S)2] 
(dmp=2-(dimethylaminomethyl)phenyl; solvent=H,O or (Me),,CO) gives tri- 
nuclear cationic [Pd3(dmp)3(py2S)~(BF4) [ 39 ]. Complicated t H NMR spe'-tra indi- 
cated asymmetry in the molecular cation. Crystal structure analysis showed that the 
cation contains a trinuclear, double-bridged (Pd3(la3.py2S)2) unit and three terminal 
eyclometallated 2-(dimethylaminomethyl)phenyl ligands. There are two crystallo- 
graphically independent cations in the unit cell. The structure is shown in (XLVIIIa) 
with selected dimensions in Table 7b. 

• ' . 3 L . "  "4:" 

(adapted from 1301) 

(a) 

(adapted from [ 122]) 

(b) 

In spite of the relatively short metal...metal separation distances no palladium~ 
palladium bonds are proposed for this structure. The trinuclear ptdladium unit is 
considered to be angular (Pdd:kLF'd,v= 107.O') in which each metal atom has 
distorted square-planar geometry. The nonoequivalence of the Pd(2) and Pd(3) 
atoms results IYom tile unsymmetrical nature of the cydometallated chelate(drop) 
at the Pd( 1 ) atom. This feature also removes the two-lbld molecular symmetry and 
acct,' "~':~unts Jbr the complicated nature of the ~H NMR s, pect~a. . . . . .  The differen_t t rans  

influences of the C,Nochelate are also lespon~lb c for the armt~ons in palladium ....... 
sulphur bond lengths and angles (Pd~Soo.Pd, PdS~C)  at the bridging thionate 
sulphur atoms (Table 7b). 
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/ "  

'I;d va' 

(c) (d) 

('M3(~t3=py2S)2' conformers) 

(XLV~) 

A novel variation of the combination of a metallo-ligand and solvated 
metallo-species has been described. The procedure involves monomeric 
[Rh(py2S)s(py2SH)] in combination with two equivalents of the solvated 
2-methylallyl comp!ex cation [Pd(rl3-C4Hv)(solvent)~](BF4)(soivent=H~O or 
MezCO) and trimethylamine in dichloromethane [122]. The six-coordinate 
rhodium(Ill ) complex contains three pyridine-2-thionate anions. Two of the anions 
are eis°S,N chelating and one is monodentate sulphur donating. The pyridine- 
2-thione ligand is monodentate sulphur donating. The tH NMR spectra of the 
salmon-pink trinuclear heterometal!ic product [RhPd~( py2S)4(rI~-C4H~)~](BF4) indi- 
cated the allyl groups Io ~ equivalent but unsymmetrical. Two equally populated 
sites t~r the pyridineo2othionate ligands and molecular rigidity up to 80 '~C were also 
indicated. The cryslai structure established Ihe presence of an approximately tWOo 
fold ~xis bisecli~.~g the S(3) Rh~S(4) angle ~lnd pairs of S,Nochelating and 
y~oS,N(~I~S;q~N) bridging pyridi1~eo2olhionale ligaads. The s!t"uc|ure is shown in 
(XLV|||b) and selecled dimensions are given in l~lble 7b~ Me|al metal sepal"a|ion 
distance~ are too long for metal metal bonding. Co~ rdlna|lon is octah~tral at the 
rhodium(Ill) atom and square=planar at the ~dladium(ll) atoms, Both arrange° 
ments a~ distort~ and consistent with the retention of the original os~datk n states. 
The rhodium has a S4Nz donor set with dimensions that are typical of S,N-tzhelating 
pyridiae-2othionate and similar to those reported for [Rh(py2S)s(py2SH)J [1231. 
Each palladium atom has S,N,(q~oC4H~ coordination. The geometry of the 
I RhPd~(~topy2S)~lgroup is biycyclic with the helerome|allic core caped above and 
~:low by the brid~ging ligands. The metal ligand distances and angles of the bridget 
trinuclear st,'ties are similar to relat~a] systems (Table 7b). The bridging angles at 
the ~hionate sulphur atoms {Pd-S ~Rh) however, do reflect the open nalure of lhe 
central heteroometallic core. V~rious ways of ibrnfing a "Md~rpy2S)z" cage, by 
the addiiion of metal ~|oms ~to pyridine~2-~hionate coordinated metal s~cies, are 
also considered, 

D¢~ming [39] also i~ints out ~that the "'Pd~(p~.py2S)~" (XLV|||c) and 
"Pd~Rh(~opy2S)~" (XLVI|Id)cages, although apparen0y difl~erem, are topologi- 
c/~dly equivalent. The "'Pd~(~:~py2S)~" cage has lwo long (Pd...Pd) and one shor~ 
( Pd.. oPd ) distances while the "*Pd~Rh(~3-py2S).,'" cage has one shor~ (Pd~0 .Pd ) ~md 
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two long (Pd...Rh) distances. However, the two structures are inter-convertible 
conformations that can be mutually transformed by l'otating the ligands about the 
bonds to the thionate sulphur atoms without ti~lese bonds being broken. The confor- 
mations (XLV|I|e,d) appear to be close to the limit of the two extreme possibilities 
that can be adopted by "'M3(la3-het-S,N).," cages. 

3.4. Complexes with s& brMg&g l(gands 

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 ta2-S double-bridging ligands 
spanning each edge of the polygon. A similar arrangement has been proposed for 
organothiolate ligands [9] and observed in [Co3(CO)3(ta-CO)(~t-SEt)s] [124]. With 
six la.,-S,N bridging l;,,.,,,,~ .~l,.:, .,,-,..~,,,,,~a ;,, ,~,,,,m,, h , . ; : ,~ , ,  , , . , ' .  • • " e  . . . . . .  , . . . .  " . . . . . .  e . . . . . . . . . . . .  " . . . . .  e " ' e  t ' ' a l l  S,  several isomeric 
forms are possible because of the asymmetric nature of the bridging ligands. Six, 
~t3-S,N, trinuclear-bridging ligands generate eigb.teen metal-/igand contacts that 
clearly may be distributed about three accepter atoms in a variety of ways. There 
is one reported example to consider, [Pb.~(3SiM%-py2S)d. 

The complex is readily prepared by the addition of two equivalents of 
3-trimethylsilyl pyridine-2-thione to lead(ll) nitrate in ethanol. Production of  
[Pb~(3StM%-py2S)d is clearly a 'qigand driven" process in which the presence of 
|he triorganosilyl substiluent confers enhanced solubility to the product and assists 
in tile generation of discrete molecular species. The same ligand also ~cacL with 
tin(I1) chloride producing monomeric [Sn( 3SiMc :py~.S)4]. This complex conlains 
lbur S,N.cheia|mg ligands [ 125[.° 

The complex [Pbd~ StMe:¢pyMS)¢,] occupies a two°fold crystallographic axis ill tile 
solid. 1"here are two distinct geomc|ries a b o t l |  | l i e  l ] t | ° c e  l e v i ( | ( l l )  ~ | l o | n s  | , h a l  h ~ v o l v e  

an asynlmelri¢ disll:ibution of the tnetal .ligand conlacts, | ultheiw t~l~, each binu* 
clear bridging tt~oS, N(q~'S:qlN ) ligand involves three metal ligand c~ ntact.~ (|! |¢). 
Consequently, such an arrangement generates a total of eighteen metal ligand 
contacts in lhe complex. The structure is shown in (XL|X). Selected dhnensions are 
given in ~l~l le 7c. 

The trinuclear aggregate is angular with the central metal atom (Pb(2)) occupying 
the two-foki axis. The symmetry-related lead(ll) atoms (Pb(l and l')) have a 
S3N 2 donor set provided by three, eparate !igands. The donor set con.~tsts of three 
primary contac|s wilh thionate sulphur atoms :,q,! two addtttcnal secondary inter- 
actions to thioamide nitrogen atoms. This arrangement generates distorted trigonal- 
pyramidal, five-coordinate geometry, with the lead( |l ) atom at the apex. The central 
lead(ll) atom has an S,N2 donor set that is also lbrmed by a combination of 
primary and secondary attachments to all of the hgan{ s. This ar~angemen result~ 
in distorted eight coordinate geomelry. The irregular geometries associated with the 

' l , ~ " ~~ • " ' "  l metal atoms are ascribed to the Infltcnce of each stere~chemlcaly active lone- 
pair. The overall geome|ry of the complex is similar to that reported for 
[Pb3(SCHz o-~, 2.4.6- Pr'0o] [126]. 
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\@ 
(R = SiMe3; ~;dapted from [I 251) 

(XLV|X) 

4. Terraria|ear comp|ex~ 

4.1. lntro&wtion 

The structures of a variety of organo-ihiolate bridged cyclic tetranuclear complexes 
have ~en  established° They have arisen primarily as a consequence of the biological 
relevance, and the structural diversity, of metal..:thiolate interactions [9,10], 
investigation of cop!~r(!)-su!phur cores is particularly active with tetrahedral 
[{CuIRS)}4], a.~ w¢!l as ~ctahct|ra! [!CuIRS)I,] and dodecahedral iICu(RS)I~.] 
( RS ~ trimethyl silylphenyi thiolate derivatives) species recently reported i1271. The 
structures and luminescent prol~rfies of tetranuciear l t~:.(l) Ilalide complexe~ 
with heterocyciic nitrogen donors, such as [{Cui(py)}4], have also attracted particu° 
lar inteimst I128]. In addition, binuc!ear double-bridging, I~oS(q~oS), hetert~lic 
thiones, tend to pr~uce tetranuclear copper(1) a~regates with planar rhomboid 
metallic co~s of varied stoichiometry [I 29]. 

The~ are, however, relatively few fidly characterised tetranuclear complexes of 
uch complexu~ !hat are known to occur involve pyridine- heter~y¢lic thiotaates. S 

2othionate (lie), imidazoleo2olhionate (l |a) and 1,3othiazole-2-thionate (|lh) deriva- 
tives. They include cyclic and acyclic as well as homo- and hereto-metal!it 
tetranuclear cores. Preparative routes involve the trans-,~nnular oxidative-addition 
of binuclear iridiul~l(l ) complexes [130]. £kgradation of t~tymeric heter~Ycyclic 
thionate complexes with py|'idine or phosphine derivatives [136 ]. Direct electr~x:hem- 
icai synthesis from the parenl ligand, in acetonitri!e, also provid¢~ effi:ciive routes 
to tetranuclear nickel(ll) [137] and cop~r ( l )  [132] complexes. A direct route 
to hereto--metallic ietr,onUclear ~ .~a .... "" conlple×es involves con!rolled r~actions~ ' between 
binuclear rhenium(I) complexes and tdruthenium dodecacarbonyL Such reactions 
involve a combination of o×idafion ,addilion wilh ihionate { j , ~  ~,~ ) bond cleavage 
1138 ,, 140f 
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4.2. Acvclic and ¢Tclic complexc~v 

Transannular oxidation-addition reactions of bridged binuclear complexes [ 18], 
having been used successfully in the stabilisation of otherwise reactive binuclear 
iridium species [71 ], have also been used in the production of a linear tetrairidium 
cluster [130]. Oxidative-addition of iodine to [Ir2(~t-bztz2S)2(CO)4] in toluene pro- 
duces tetranuclear [Ir4(~t-bzm2S)4(CO)4lz], in the presence of UV radiation. This 
tetrairidium complex is of structural and mechanistic significance. It is an intermedi- 
ate in the oxidative-addition of iodine to [Ir2(~t-bztz2S)2(CO)4] that ultimately results 
in the binuclear end-product [Ir2(~t-bztz2S)2(CO)412], 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 [Irz(~t-bztz2S)2(CO)412] is 
similar to that of [Ir2(la-py2S)2(CO)41(CH21)] (XXVII) in which an iodine atom 
replaces the terminal methylene iodide group [71 ]. The dimensions (Table 1) of the 
two binuclear complexes are also similar. 

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

! 

(adapted from [ 1301) 

(L) 

Each binuclear section contains the {Ir2(la-bztz2S)2} group with two metal-metal 
bonded iridium atoms and two cis.head-to.head, ~t2°S,N (q t S;l'l t N ), double-bridging 
ligands. Both of the outer iridium atoms complete their coordination with terminal 
iodine (Ir-I = 2.731 (2) A) while the inner iridium atoms form a non-bridged metal ~, 
metal bonded contact with its symmetry related partner. The almost linear tetrairid- 
ium chain results in an EPR silent complex. Furthermore, the structure c~f 
the complex indicates that iodine attacks one of the metal centres in the 
binuc!ear precursor giving the metal-metal bonded complex radical 
{lrz(~-bztz2S)21(CO)4}*; this fragment rapidly dimerises. In this way the second 
metal centre involved in the formation of the tetrameric complex provides anchimeric 
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Table 8 
Tetranuclear complexes; ~lected dimensions (A and ") 

~Complex and reference 
M4-core Angles at 
dimensions the metal 

M-S M-N M-S-M M-N-C M - S - C  

[ lr,(~-bztz2S } 12(CO)s].(toluenep [ 130] 
2.731 ( 2 ), lro4 r=l 2.382(2 L 
2,828{ 2), 168.511 ), 2.40,8(6) 

170.211 } 

2.0912), - NR 
2.1112) 

[{Cu(~ot~a,eimz2S}}~]"[132] 
2.67112), 1~.312} .... 2.23312L 
3,13212); 133,112) 2.307121 
71,8{1} 

1.99516} 72.1( ! } 119.2[ 5l 

[{Cu(potzd2S)l,4,1toluene)l. l 1331 
2069214}~ 92,51 ( 1 i ) ..... 
3,68716); 130,8519) 
57.23( ! ! ) .... 
110,15112j 

NR 

106,8(2} 
96,812 

2,273(4} 1,993(4} .... 70.53( 12} ...... 117.2i3)-- .  97.7(2}- 
2,79013} 2.02314) 87.49( 12~ 127.513) 118.4t2) 

[{Culpotzd2S }i ~(qolzd2SH )~]~ [ 134] 
~,889{ ~ ) 102.4( 1 } ~ . . . .  

129,2(2} 2~31012} 

{ q~oS }I~d2SH 2,491 ~ 2 ) 

1.996i 7 ~ 78./~}( g t 122.0( 5 } 99.412 l, 
2,01715~ 86,95i7! 1 2 8 , 1 1 5 ~  III,313) 

tO ~' 21 NR 
4~127l I t 

!+ ++ PPh++.. ++ 2 t ! 136 ] 

2~424:{ 2 i 2 l;6~< 71 

2 ~ ! 7 ( ! I  NR 2, ! ' }1 t2 t  
2,4~4( 21 

[ i  N i I~oOH }I~o~M~S )t pyt l  ~}" i I ~7] 
L ~ ( (  I } 76.S141 2,44~ I t 
2,08111 175,116t 
N i O N i  

1|13~2(4} 

[ReRudttoS l l I[~oCJt~N }{( 'Ob,.d ]140] 
Re ~,g~M( 1 } 

Ru Ru 2,71~1 b 
~¼oS 2,380t 2 ! 

2,41713~ 
2oPyridyl R u C ,~,{,~ 2, l i}ill 9 } 

Ni  Py 

R u N  ~,~ 2~Ii}i i } 

Re ~ S C 
79,515 
80, 3t 3 } 

130I I } 

Ru~Ru Re S Re N 
L 701 ~ i ~ L ~0~ 2 2,17016 ~ .... 
Z715~2~ Z514i2~ 2,19~2~ 

Re S Re 
%,9~ TM 

97, ¢0~ 7 } 

NR 
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Table 8 (comim4ed} 

~Complex and reference 
M.ccore Angles at 
dimensions the metal 

M-S M-N M-S-M M-N-C M-S-C 

B4-S 2.409(2)- 68.05(6)- 
2.553(2) 125.63(8} 

2-Pyfidyl Ru-C=2,07(I)  Ru-N=2.114(8)-2,124(9) 

[ResRu(tt-S }( p-C~H~N )(py2S L,(CO)t l] t' [ 138] 
Ru-Re Ru-S Re-S 
2.884( I } 2.443(4)- 2,500(3)- 
2.91)2( I ) 2.525(4) 2.610(4) 

Re-N 
2.15(1)- 
2.17(I) 

p4-S 2.384(3) ..... 72.5( | }-~ 
2.537(3) 139.5t I } 

2-Pyridyl {average) Ru C=2.04 Ru-N =2.2l 

NR not reported. 
"Symmetrical na oh:~:ule.~- 
b Range of values reported |or two isomers. 

assistance in cleaving the added molecular iodine. Orientational changes in the 
Ba-S,N bridging ligands, between the tetranuclear complex and its binuclear precur- 
sor, are probably a result of their inherent mobility; both complexes are fluxionaI. 
Metal~ligand dimensions generated by the I~t2-S,N bridging iigands are similar iv 
those of the binuclear end-product (l~lble 1). 

Organothiolate ligands lbrm double, (ltz°S}, bridges along |he six edges of the 
letrahedral core in the [CuA PhS),,]~ ion [131]. A more extensive series of tetra- 
nuclear complex anions is also tbrmed with ,ddlll~ hal terminal monodentate ligands 
and [M~(RS)~d ~° '~'~ stoichiometry [91. Although similar arrangements are pos- 
sible with binuclear bridging heterocyclic thionates (Ilia) it is the five-electron 
donating trinuclear, ~h.S,N(q~S;q~N), fi~ce°bridging mode (|llld), that dominates 
the tetranuclear copper(I) cores of complexes with general stoichiometry 
[{Cu(het..S,N )},d. 

Colourless, crystalline, diamagnetic, air-stable [{Cu(ta-meimz2S)}4] is obtained 
electrochemically by means of a platinum cathode, a copper anode and 
I-methylimidazoline-2(3H )-thione in acetonitrile in the presence of a supporting 
electrolyte [132]. The complex may also be obtained from equimolar solutions of 
hydrated copper acetate and I-methylimidazoline-2(3H)-thione. In situ ligand 
deprotonation is achieved by the addition of aqueous ammonia. The same reactants 
in dry ethanol with metallic sodium as the deprotonating agent was also successful. 
The IR spectra of all the products indicated both ligand deprotonation and S,No 
coordination. The structure of the complex is shown in (LI) and selected dimensions 
are given in l~ible 8. 

The tetranuclear complex occupies a crystallographic lbur-fold inversion axis and 
possesses a slightly flattened Cu,~ tetrahedron. The anionic ligands are virtually 
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Ua-~$,, ...... ""cu 

MetN~ 
(adapted from [132]) 

(L|) 

normal to the isosceles triangular faces of the Cu4 tetrahedron and form trinuclear, 
i~ta-S,N(q2S;rltN), bridges with the copper(1) atoms on each triangular plane. 
Consequently, each copper(1) atom has an S:N donor set alad distorted trigonal 
geometry formed by three separate iigands. The bridging iigands form short metal- 
nitrogen bonds and metal-sulphur distances that are broadly comparable with those 
observed for trinuclear heter~yciic thionate complexes (Table 7). Angles at the 
thioamide donor atoms are close to the ex~'cted trigonal value in the case of the 
thioamide nitrogen (CuN ~C). The double-bridging thionate sulphur atom generates 
characteristically narrow (Cu~S~Cu) and asymmetric (M~S~C) angles (Table 8). 
Ligand thioamide dimensions show changes, (C~S= 1.751(7), C~N = 1.329(9) A; 
N C~S~ 127.2(5)~), relative to the average values of the iYee ligand (C~S= 1.685, 
C N ~  !,345 A; N C S~ !27.1") [29], lhat are chara~:tell~tw of 0~°S,N bridging 
ligaod~. The complex undergoes irreversible ligand centred oxidation 
(E~, ~-~-~ +0.50 V: vs SCE) in acetonitrile0 

A ~imiiar electr~hemical prt~edure with 1,3-thiazolidine-2-thione in 
toluene produced pale-yellow crystals of toluene-solvated polymeric 
[iCu(0°t~d2S)lA toluene)l, [ i 33]. 'ihe same reaction mixture sub~quently produced 
a small quantity of deep°yellow crystals of the tetranuclear complex 
[{Cu(~-tzd2S)}4(q-tzd2SH):J [1341. The polymeric toluene solvate consists of self 
assembled [{Cu(~-t~d2S)}~] tetramers that are sulphur bridged through the "wing. 
tip" t o p e r  atoms into polymeric chains. A s~.~tion of the structure is shown in 
(LIIII) and select~ dimensions are given in Table 8. 

The central tetranuclear copl~:r(i ) core of the complex has an "o~n°butterfly" 
coniiguration. The "spinal" "~ • ct;p~r atoms (Cu...Cu=2.882(5~ A~ ha~e distarted 
trigonal S~N coordil~ation ii~volving three separale ligands. The "wing-tip" cop~r  
atoms (Cu...Cu= 3.687(6)A) have distort~t teirahcxlrat coordinalion ti"om three 
different figands within an individual tetramer plus an additional contact fi-om a 
thionaie sulphur atom in a neighl~uring tetramer. The lalter contact generate~ 
asymmetric, centrosymmetricaHy re|ated Cu~S~ units (CuS  = 2.539(3 yo2.7~)(3) A; 
Cu~S~Cu' =~ 129.72(t2), 131.68(7F~ that !ink the "'wing-tip" atoms into a polymeric 
chain. These are the longest copl~r~sulphur distances h~ l:he structure (Tabb 8). the 
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(adapted from [133]) 
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remaining distances being mostly comparable with those of trinuclear I%-S,N bridg- 
ing ligands. Consequently, the four ligands in each tetramer consist of two pairs of 
t~a-S,N(q2S;qtN) and I&-S,N(q3S;q~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-oC, Cu-S=Cu, 
and Cu~S-~C) are similar to those reported lbr [ICu(~t-meimz2S)141 (Table 8), for 
,imllar leascns. Average ligand thioamide dimensions are summarised in Table 3b. 
These show the characteristic shill of n-electron density from the carbon-sulphur 
bonds to the carbon-nitrogen bond, tbr 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 acetonitrile ( E ~ , =  ......... 0.5 and +(i).5 V vs SCE). 

The structure of the central tetranuclear core in [Cu,d~-tzd2S)4(ll-tzd2SH)2] is 
essentially similar to that of |he polymeric product. It consists of an openobutterfly 
arrangement of copper{I) atoms, ~k~S,N(II;~S;|IIN) bridging ligands and similar 
metal ligand dimensions [I 34]. The structure is shown in (L|IIII) and selected dimen- 
sions are given in "l~lble 8. 

The terminal, neutral, monodentate (qt-S) ligands are attached to the "wing°tip" 
atoms. Consequently, these atoms have distorted tetrahedral geometry and an S:~N 
donor set. The "spinal atoms" in the tetranuclear aggregate have distorted trigonal 
coordination generated from SaN donor sets involving three separate ligands. The 
"spinal" copper atoms also form long-range contacts (Cu~S= 3.006 A) with the 
thione sulphur atoms of terminal monodentate iigands in neighbouring tetramers. 
Clearly, the copper atoms, and especially the "wing-tip" copper atoms, have a 
marked preference for lbur-coordinate tetrahedral geometry in these complexes. This 
is achieved by additional copper sulphur interactions between adjacent tetramers in 
the polymer and by monodentate, or long-range, contacts to neutral tigands in the 
case of [Cu4(~totzd2S)4(q-tzd2SH)2]. The fact that the polymer is always the major 
product indicates that polymerisation is the preferred option. 

Thioamide ligand dimensions are given in q~tble 3b. The average dimensions of 
the ~3-S,N bridging ligands are comparable with those of the solvated tetranudear 
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polymer. The dimensions of the disordered monodentate (q I-S) iigands are some- 
what anomalous. 

Prior to the publication of polymeric [{Cu(la-tzd2S)}4.(toluene)], copper com- 
plexes of deprotonated 1,3-thiazolidine-2-thione have had a somewhat uncertain 
history. Both [Cu(tzd2S)] [103] and [Cu(tzd2Sh] [135] had been known for some 
time, the latter with an anomalous roomqem~rature magnetic moment. The first 
reliable aetempt to establish the nuclearity and to rationalise the structure of 
[Cu(tzd2S)] involved preparation of the complex from hydraled copper( II ) acetate 
and the parent ligand [1361. Treatmenl of |he ins~lubte product with pyridine, 
and also with tripheny!phosphh~e, generated polymeric [ICu(~olzd2S)}4(py)},,] 
and [Cu,4(~Hzd2S)4(PPh~)~], respectively. Similar reactions were peribrmed with 
silver acetate and a mi:,lure of coPt~;r and silver ac:eta|es. These generated 
[{Ag(laot~d2S)}4] and [Cu~Ag~i0otzd2Sh], resl~ctively. Sek~ted dimensions of the 
resultant structures are given in Table 8. All the complexes, except that of the 
pyridine adduct, have structures similar to that of [{Cu(ta-tzd2S)}4(q-tzd2SH)2]. 
Each structure consists of an "o~n-butterfly" tetranuclear metallic core, together 
with lbur la3-S,N(q2S;rltN} bridging ligands. Terminal phosphine ligands are 
a t tach~ to the " w i n g ,  t i p "  t o p e r  atoms, In the mixed-metal complex the silver(l ) 
atoms occupy the "wingotip" sites. The pyridine complex is unu,~ual in |hat on v 
one mok'cule of pyridine, also at tach~ to a "'wing, tip" atom, is involved in each 
tetranuclear unit. This enables the other "wing-tip" atom in each tetramer to interact 
with an endocyclic sulphur atom ~ffa bridgi~lg ligand in a neighbouring tetramer 
(Cu~Sc,ao ~ 2,723( 3 ) A). This is the most novel manner by mcan.~. ~' g of which a "wing- 
tip" atom achieves tetrahedral ~ "-.~ ' ' loul<cordmatlon in ~his series of complexes. The 
propos~ interactions also result in the production of a ~lymefic complex. It would 
apli~ar that an excess of pyridine disrup~:s the polymeric arrangement in the parent 
comp|es [ICu~-tzd2S)}4], replacing it with ille proposed ahernative. As is observed 
in the other c~:mpl~×es" 3 ~" in this series flae "wingqip" s-~, , ~ ~' ~ ,xparatlc~n ~3,6,--.4,2 A) exceeds 
that of t h e "  " , ~ ""  ~ v ~, spmal-aloms ~2,7~.3.1 A) as well as the distance bel~ ecn "'wh~g-fip" 
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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(tzd2S)], described above [103], the same 
report also describes the production of other complexes of the 1,3-thiazolidine- 
2-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)s]. These 
products are mostly intractable solids and are described as polymeric with la2-S,N 
bridging ligands, largely on the basis of IR data. Except for the tetranuclear 
copper(I) complexes the wealth of coordination chemistry inherent in this report 
has provided relatively little definitive structural chemistry [1,90,91]. However, 
complexes derived from the diamagnetic nickel(ll ) complex [Ni(tzd2S)2] have been 
reported [ 137]. 

The preparation of monomeric, green, paramagnetic, microcrystalline 
[Ni(tzd2S )2( PY)2], involves the dissolution of polymeric [ Ni(tzd2S )2] 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 
geometry. In the absence of pyridine dfis complex rever!s to its polymeric precursor. 
However, addition of water to a solution of [Ni(tzd2S),] in dry pyridine produces 
the tetranuclear complex [{Nilp-OH)(p-tzd2S)(py)14].2py. The IR and UV-visible 
spectra of this tetrameric product are similar to those of the monomeric product. 
The structure ~f [{ Ni(p-OH )(p-tzd2S )( py)l 4] is shown in (L|V) and selected dimen- 
sioB~, are ~iven in Table 8. 

F ...... \ s  

~"° ~ n l  °~ ~ ,, ,.~ +. .  N,  , s .  

++.-~ ~ T n , : :  ..... T ~° ~ t , , r i . + + . + . n ~  "> 

I "+'-,Y j I - "  

N N 
~ (adapted fi+°nl I I :+7ll ( , , IV+ 

The structure consists of a central cubane {{ Ni(p-OH))41 arrangement with four 
terminal pyridine and tbur ~t2-S,N(qiS;rI~N) bridging heterocyclic ligands. The 
heterocyclic-thionate ligands bridge the nickel atoms out~ide the tetrameric core. 
Each metal has distorted oetahedral geometry and an O3(py){S,N ) donor sel. The 
donor set is lbrmed from apical pyridine, three bridging hydroxo groups together 
with thionate sulphur and thioamide nitrogen atoms from two different bridging 
heterocyclic ligands. 'l he nickeboxygen distances (NiO=2.04( l 2.08(1 ) ,~) are 
reputedly slightly larger than those t~-~rmed by other Ni4Q cores. Ftmhermore, the 
metaFfigand distances lot l~ed by the bridging ligands are comparable with related 
values in the tetranuclear [{Cu{p-tzd2S)}4] complexes (~/~lble 8). The metal metal 
distances involved preclude the formation of metal~r~metal bonds within the Ni40,~ 
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cores. Thioamide dimensions (Table 3b) broadly indicate the characteristic modifi- 
cation of the ligands' re-electron density following deprotonation and coordination. 

Low-temperature {295-4 K) magnetic susceptibility measurements revealed the 
compound to be antiferromagnetic, lntra-cluster nicke!-nickel interactions account 
for the maximum susceptibility at 60 K while a sharp decrease in the susceptibility 
at Io 0er temperatures indicated the com~und  to have a diamagnetic ground state. w 

Detailed analysis of the magnetic exchange parameters revealed the antiferromag- 
netic behaviour to ~ 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 polynuclear 
heterometaliic complexes. Some methods rely .on the controlled addition of solvated 
metal species in order to progressively ~ e* ' ,  mcr,ase nuclearity. Other routes result from. 
the development of fortuitous discoveries. Reactions involving dimeric 
[Re2(py2S)2(CO)d and trimeric [Rua(CO)~2] are in the latter category. Instead of 
producing dinuclear heterometallic complexes, the desired obj~tive, tetranuclear 
heterometallic complexes -3 - ' ct ntammg various combinations of ruthenium and rhe- 
nium atoms were obtained [13g-. 140]. Oxidative addition reactions with cleavage- ' , of 
pyridine-2othionate ( / O S  ) groups and the production of complexes containing 
bridging su!phido, p,cS, and pz-pyridyl groups are responsible for the unexpected 
products. Mixtures of the complexes are obtained by heating equimolar quantities 
of the react an|s, in refluxing xylene, followed by successive separation 
(IL_~) into several components. These consist of yellow cwys~alhte isomers 
of [ReRu~(p°S)(po~.~H4N}(CO)~4] lemon.yellow crystallh~e isomers of 
[ R e ~ R u ~ ( ~ o S  " o C  . . " {  • ~ ,  .:,~ )(p ~Io|aN)(uopy2S)((~))~;d and ~rangc cryslalline isomers of [R 
~R U(poS )l~_-o( ~H 4N )(~ opy2S )~(CO )~ w], 

The complexes ha, ve !~cen thorot lg l ! iy  ~;lala~Icl!s~d"~, ~* • ' ~ '~ . . . .  by n cails~1' ' .t~i iR,  ~II N M R  
and smgleocrysl:d Xor~y methods. Produc|im'l of [RcRtL~WSJ{t~ioC~H.4N)i(O)t4] 
g~tlll~ l !Om |he |hl t  n,Ac bond ( ~{ "  S)"'* '~V""" ~' r ........ fi . . . .  -:~a • . ..... -~,~ ~,e~ ~ l a  bridging pyridineo2qhiona|c 

ligtmd in the bh~uclear preem.sor. Although the helemotrinuclear complex was origio 
naily ~lieved to ~ a single product it ~c~uatly e~ists as two interconverlmg, but 
inseparable, isomers in solutu:n. A single c~slal, ~L|amed t~om ~ "" ~'~ 
methane ~hexane mixture, containing just one pure di:tstereoisomer as a mixture of 
disordered enantiomers, wa~ used to determine lhe cry," sial structu~ of the complex, 
The ~ml~ular structure of the electron precise complex is essew~tiaily that of the 
isomer shown in (LVa). The s|ructure shows ~,ha~ the t roducts ~ " ' of. thionate bond 
cleavage, a sulphido atom and a ,~°1 yndyl g~'oup, bridge the me|allo-carbonyl frag° 
meats in the complex. The distorted tetrahedral sulphido atom is t~4~S bridging and 
inks two metat metal bonded dinuclear mills, ]'he disordered 2°pyrid~l ligand 
• lldgcs the metrt, metal Ira:reded Ru?(('O). group; ~ae|al ge, m~elry is dislorled octa~ 
h~tral. In solutkm the isomeric forms o[ ~ ~he ~'~m~pk× . . . . .  ~°~:~sult from ~he interchange 

" )  ' C _ of Re (Of)a. a~d Ru( :O}a units {iN~,bi, 
Two nonoimerconvertin isomers of ' . . . . .  . . . . . . . . . . . . .  g [ ReaRu~{~-S ) (p-CsH.~N){ p-py2S )(CO)~aj 

we~ ~, ,~m~tex| from a~terc~hcm~.~dly l~,m~v samples and each was structurally 
c ,ass.i|i.cn,|. Their structures ( LV |~ ,b )  diil~,~r ~miy in lhe~ orien~tafion of the 2-pyridyl 
~gands that bridge the dinuclear Rua(CO)~, units, Each isomer is also d~ctron 
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precise and contains only one metal-metal bonded pair of ruthenium atoms. 
The Re2(CO)7 unit is bridged by means of a binuclear triple-bridging, 
pz-S,N(rl2S;rI~N), pyridine-2-thionate ligand. Angles at the bridging thionate sul- 
phur atom (Table 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, la,-S,N(rlIS;q~N), ligands in other tetranuclear complexes 
(Table 8). Average lhioamide bond distances (C-S= 1.763, C N = 1.34 A)are similar 
to those of other binuclear triple-bridging ligands (71~ble 2 and Table 5). The la4-S 
atom links the two metal..ometal bonded dinuclear units in a distorted tetrahedral 
arrangement (Table 8). Metal geometry is distorted octahedral. 

t~,),° 

d 

(~) (%) 

('o {x) \ I / (:,{.p t%. 

"~..ss, l i ~ ) (~t ) 

( adapted fi't)m 11401) (b) 
( IN | )  

Two isomers of [Re:~Ru(p.~S)(poC~|t4N )q.i-py2S)2(CO)t t] have also been isolated. 
The bridging pyridine-2-thionate ligands have different llmctions in these two 
electron-precise complexes. These two isomeric forms have been confirmed by crystal 
structure an~dysis. That of (l!Nllla) shows both pyridine-2-thionatc ligands to be 
pz.S,N(rl~::;qtN ) bridging. In contrast, that of (|N|llb) shows one ligand is binuclear 
p2-S,N(qZS;qtN) and the other is trinuclear p.~-S,N(IILS;qt-N) in character. 
Selected dimensions are given in 'l~lble 8. 

In spite of geometric differences the me~al atoms in both isomers have similar 
coordination spheres and distorted octahedral geometry. The ~H NMR spectrum of 

establL~,he~ structure and shows the presence of each isomer is consistent with its ~ ~ 's ~1 
three non-equivalent 2-pyridyl ring:~, There is severe distortion at the la<cS atom in 
both of these structures with three relatively narrow and three relatively large angles 
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in each case. Although the isomers arc interconvertible, in principle, no evidence for 
such interconversion has been found. 

These complexes demonstrate that reactions Ntween coordinated pyridine- 
2°thionate ligands and polynuclear carbonyls provide a general route for the tbrma- 
tion of strongly bound cages involving various combinations of bridging su~?hido, 
2opyridy! and also p}ridine-2-thionate ligands. 

$. |:|exaa~lear and ~lyn~|ear eomplex~ 

~ #, h m ' o d u c t t m ~  

The ~tructural diversity of metatothiolale c,:~ordinatioa is nowhe~'e more evident 
than among complexes with six or more metal atoms [9, I0]. Complexes are known 
with a ranN of metals and with up to fourteen inelal atoms in the siructure [91. 
The corres~nding series of helerocyclic fl~;onate complexes is limited to those of 
the d ~o metals cop~r( I  1, silver(1) and cadmium(ll) with a maximum of twelve 
atoms in the structure. The ligands involved in the ibrmation of this ~ries of 
heter~yelic thionate complexes involve imidazoline-2°thionate {||at, pyridine. 
2othionate (||e), pyrimidineo2-thionate (l|d) and quinoline-2othionate {l|g) 
derivatives. 

.q.2. H e a ~ m l m ' h , a r  and- d~..~h- ~ - °¢'am,~"h a t  ~' ' c~pp.er  . . . .  ~ m d  sih,c'r co ,mph ,xe ,  s, 

Heaanudear complexes have ~he common l~mnulalion [{ M ~ hei-S,N )Id t M =Cu 
or Ag), Preparauon of t ~ ' t le eomp!exe~ involves the addition of the parem ligand with 
an org~nie base such as trie~J~_y!~m_ine, in ate!one or methanol, to solutions of 
[Cu{CIt:~CN)a~P|::~) in acetonitriie, inert atmosphe~s are used in some instances 
[i41,142]. Production of the yelk~w or orange producls also invariably involves 
limiting the molar ratio { 1:|) of the reactants and recrystal!isation of the crude 
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products from chlorohydrocarbon solvents such as dichloromethane. The 
4,6-dimethylpyrimidine-2-thionate copper(1) complex was prepared electrochemi- 
cally, in acetonitrile, from the parent ligand and a copper anode. The crude product 
was recrystMlised in acetonitri|e [143]. The hexanuclear silver(l)complex was 
prepared from an excess of silver nitrate [!44,145]. 

The reaction between pyridine-2-thione and copper(1) was monitored by 
tH NMR spectroscopy. As a result, production of several low molecular weight 
copper(1)/heterocyclic-thione s~cies was revealed, in solution, prior to the fomla- 
tion of [{ Cu (~t-py2S)} d [ 141 ]. Similar studies on the quinoline-2-thione copper(l ) 
reaction revealed the production of polymeric [{[Cu(quin2SH)2]X ~.] (X =CIO4 or 
PO2F2) prior to the formation and production of [{Cu(ILL-quin2S)}d [142]. 
Consequently, it would ap~a r  that deprotonation occurs with the heterocyclic 
ligand already thione-sulphur coordinated to copper(l ) in these reactions. In addi- 
tion, the tH and t3C NMR spectra of [{Cu(li-mezpym2S)}(,] have been shown to be 
consistent with the solid state structure of the complex [143]. Presumably, all of 
the hexanuclear complexes retain their integriiy in solution. Some adducts of the 
elu~irochemically generated [{Cu{It-me2pym2S)}~,] have been reported with 
1,2-bis{diphenylphosphinotmethane, and its ethane analogue. The adducts have also 
bcen~'~ characterised by NMR s[" ~~-,¢ctra. [143]. 

Selected dimensions of the copper(l) al~d silver(l) hexanuclear complexes are 
given in °lkLble 9. The structures of [{Cu(la-py2S)],,] and [{Cu(~t-3SiMe3-py2S)]~,] are 
shown in {INllla and LV|Illb), respectively. 

,¢ 

{at 
{adapted |'~om I1411~ 

All of the hexanuclear complexes occupy crystallographic centrcs of symmetry 
except [l(u{~-me2pyn3~ ~" ~'~)1.]. Tile pyrktineo2-thionate complex is typical of this 
group of complexes with a structure that consists of a distorted octahedral hcxa- 
me!allic core with six of the eighl triangular trhnetallic ~)ices bridged by 
[~3.S,N{q2S;1]~N) donaling pyridine-2-thionate ligands. Consequently, the hexa- 
nuclear copper(l~ core has two large centrosymmetrically related trans-eqtfilateral, 
sulphur-bridged, triangular t~lces. The remaining six ~;maller, and approximately 
isosceles triangular metallic faces, are all p3-S,N b~'idged. The average metat metal 
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{b) 

(adapted from 1145]} 
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distance within the two trans-retated faces (3.073 A) is longer than the corresponding 
distance within the remainie~g six isos:xles triangular faces (2.950 A). There are no 
metab=metal bonds ~tween the cop~r( .1 ) atoms. ~ c h  cop~r(l  ) atom has distorted 
trigonal g~metry and an S2N donor ~t  provided by thr~ separate iigands. The 
thioamide nitrogen atom of the bridging ligands forms relatively short bonds with 
the cop~r( I ) atoms of the hexanuclear core ( Table 9 ). These contacts fimlly anchor 
the bridging !igands to the trimetallic faces of the (~tahedral core. They also ensure 

V ~ that the are ligands trlually normal to the plane of the triangular faces. The thionate 
sulphur atoms form typically asymmetric distances and narrow (Cu S Cu) angles 
{Table 9) that ~fe characteristic of 00~oS~N bridging !igands l°l~tble 7), The thionate 
eharacte!] of lhe bridging, hgand, is characterised by C S and C N bonds in the 
~egton oi 1,76 and i,35 ~, res~cti~dy, 

A rafl~:r novel pfion has ~ n  adopted for the hexanuclear silver complex 
that has been the result of p~liminary [ 1441 and final reports 11451. The de~ription 
involv~ viewing the complex down the distorted C~ axis of the metal octahedron 
and consists of two Ag:~S~ rings linked by means of silver~onitrogen bonds. This 
alternative de~ription has also ~ n  u~d to descfi~ the analogous cop~r{I) 
complex and is shown in {LVIIIb). 

The crystal structures of two radically difl~renl dodecanuclear complexes of copl~zr 
[i46] and of silver [1451 have also been ~ported. 

The mix~-valent cop~r aggregate [Cu~Cua~(p-meimz2Sh2{ M ~ N  hi( BPh4h 
[ l ~ l  is obtained from [Cu(M~N)4](CIO4), hydrated cop~i" acelate and 
l omethy!imidazo!ine°2{ 3H )othione in an ~etonitrile methanol mixture followed by 
the addition of s~ntium tetraphenyiborate. Recrystallisation from acetonitrile pro- 
d dark-blue crystals of the a~tonitriM solvate. The skele|M s|ruc|ure of the 
i~ntrosymetric cation is shown in (L|X) and ~ieeted dimensions are given in Table 9. 

The complex cation consists of a ring of eighl ibur-coordinate cop~r( I ) atoms 
with either S~ or S~N donor ~ts |re m a combination of p.rSzN and o~-S~N bridging 
lig~mds. Two |~rther cop~r( | ) sites are thr~-coordinate with N~ donor s, ets formed 
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Table 9 
Hexanuclear and dod~anuclear complexes o|" cop~r~ 1 .~ and silver( I ), selected d~me~sions (A and ':) 

~, Complex and ~lbrence 
Metal core Ligand generated M S M-N 
dimensions angles at the metal 

M-S~,M 

[ |Cu(py2s)}d" [1411 
2395( |  v~3,160( I ) 
51,85(3)-~91,99(4) 

109.7(2)-124.8(2) 2.220(2)- 2.024(6)- 
2.249(2) 2.041 (7) 

llCu(quin2S)}d" [ 1421 
2,786(2)~3,151 (2) 
55 .34 (4 )~ .1616)  

NR 

[ICu(me~pym2S)}d~[143] 
2.711(2)~3,433(2) 
48.62(5)-93,43(5) 

113.5( 1 )-121.9(2) 2.243(3)- 2.034(7 )- 87,97(9)~- 
2.260( 3 ) 2,047 ( 7 ) 88.67(9 ) 

11!5,6( I )-!33.0(2) 2.212(3) ...... 2.016(8)~, 
2,279(3) 2.025(8) 

NR 

[ICu(3SiMerpy2S)](,]" l ~ ]  
3. ! 39~,~o,~ta,, ) I ! 2. I ( 2 )-. 119.2( I ) 2.236(2) ...... 2.019(9)-,~ 82.6( 1 )~ 

2,254(2) 2,(~1 (5) 88.5( 1 ) 

[I Agt 3SiMe.cpy2S )l ~,1~ 11~ ] 
3,323~v~,,~,D I 17.0( 2 ) ,,,~, ! 24.8( 2 ) 2.474(2) .... 2.3(~)(6), 77.4( 1 ) 

2.479( 2 ) 2,312(9) 83.9( 1 ) 

IIAg( ,~SiMe ~ - ,  ~ l,,-~°'~S lid" [1451 
3,157~,,~o,~,~o~ 1090713)126 l( I ) 

2,4~5( 3 ~ 2.321(10) 

lager( ~SiMer py2S 1145] 
2~85iqlI :l~i~i~ltlll 84~t)12) 171,612l 2.382t3) 2,17915) 

2,7841 "~ ) 2~ ~llSl 5 ) 
A g O  ..... 2,30017) 2,624~5) 

I fu l  I l.,Cu111 h(meimz2S h,~( MeCN hi( BPh,0~,( MeCN )~ 11461 
L547( I ) ,~,7~4( I ) 150.~;t 1 175A(3) 2 .280(2)  

2,645( 2 ) 
1.867t8) .... 
1.98414) 

NR 

NR 

NR 

NR not reported. 
Symmetrical molecule. 

t, Two independent molecules in the unit cell, 

by a combination of two heterocyclic ligands and an acetonitrile molecule. The 
copper( II ) sites are bye,coordinate with tran,;-NzS2, donor sets from tbur heterocyclic 
ligands and a terminal acelonitrile nitrogen atom. The copper( 11 ) atoms are magneti- 
cally t?ee from other interactions and have electronic (,~ =635 nm) and ESR spectra 
similar to those of the copper "blue" proteins. 

Production of the mixed.valent complex depends on a rather complicated 
c o p ~ r ( | l  )-thione reduction process and subsequent stabilisation of the copper(ll) 
sites at the extremities of the copper(1)-thionate matrix. [147]. Furthermore, 
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~..~ t t -  .i' 

.,. 

L , /  C ~ s  ~>-," . . . t  ...t4u<...,.,~. 

' / :  ~r,..#¢ ,.~../,~u {NoC.s M~.,m:~S t 

(adapled f lare I i 4o 1) 

I . lX  

a detailed study of the reactions t~tween hydrated copier  acetate 
and l.methylimidazoline=213H)-|hione has shown that the solvated cations 
[CuzCu,~(g-meimz2S)l:(solvent)4] 2~ are remarkably stable in solution [148]. 

Production of the dodo:anuclear silver( i } complex 
[Ag.d~.°3SiMe~-py2SI~][Ag(NO~},]~, 2CHaOH,CH~CI~ [145] relies upon the use of 
a bulky substi!uenl in lhe pyridineo2-thionate anion to control the degree of  aggrega- 
tion 1!441. In conlrasl !o lhe praduclion of ihe corresponding hexanuclear silver(l ) 
complex, which wlied on the use of excess 3olrimethylsilylpyridine-2-thione, success° 
ful produc|ion of  |he dodecanuc!ear complex relies on lhe use of an excess o1" 

ldc-nllc,t! cOlldt!to!ls, A sk¢lela! vcrsi l}n ill" ihe ~ l !~c i ( l }  -1' "' . . . . . . . . . . . . . . .  - ..... 
Al°ltl¢ll,tl°e i~ ~hOWi~l in (L]) ;!!!d ~¢lec|ed dhncn~ions are given in 'l]ll~le 9. 

q:)~k l) ~' 
f s\ 

iadapled i}"om 114 5 II 

I~X 

The slrt c r, re consisls of an ~tanucl~ar  ~" ' ' '~ ~ complex caiion 
IA~(|~.o3S~Me:py2S~] ~ s ........ ' . . . . . . . .  e . . . . . . . . . . .  ~'""~ " V 

complex, ankms IAg(NOsla] .... and two meihan(' " ' :)1 molecules. The complex is cryslalto- 
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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 $3 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 coordi- 
nated by an S,N 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(NOa)2]- anions associated as two 
interacting arms. The bridging heterocyclic thionate ligands are either ~ts-S,N or 
~t4-S3N donating and are disposed as three above and three below the equatorial 
plane of the metallic core. Alternate "spokes" to the axial silver sites from the 
equatorial sites are bridged by thmnate 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 Ss donor set. Equatorial silver sites have S,N donor 
sets that are distorted by secondary interaclions. 

5.3. Hexanuch'ar tmd po(vnuclear ca~hn&in( II) comp&xes 

A mlmber of heterocyclic thionate ligands have been reported to Ibrm neutral 
complexes with cadmium(ill) of general tbrmulation [Cd(het-S,N)2] [149]. Apart 
from spectroscopic evidence implicating involvement of the thioamide sulphur and 
nitrogen atoms the complexes were mostly described as polymeric with S,N-bridging 
ligands. In contrast, many structural types have been characterised tbr cadmium( II } 
complexes wilh tlfiolate ligands ranging from mononuclear to d~, dcca uclea species 
as well as non-molecular solids [150]. 

One of the observations of gen::ral applicability resulting from the work on thiolate 
complexes is the ~bilily of bulky ligands to stabilise mononuclear and small o!igo- 

s ~'°~s succ¢,stul production of cad° mertc~ pecw,. This p~inciple ,,~h"S been applied to the" "-s '~ 
mium complexes with hete~ cyclic tlu~: nares. 

sucvcs, ft synthesis of the hexanuclear The electrochemical method used in the ,~s fl 
complex [{Cu(l~u.m%pym2S)}d [143] has been adapted |br the ~,ynthesis of a range 
of nickel(ll) and cadmium(ll) complexes by using either elemental 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-phenm~throline 
to the electrolysing medium. The nickel(ll) complexes, of general i~rmula 
[Niq[m%pym2S):(N,N-che!)], are spectroscopically typical of tris°chelates with dis- 
torted octahedral geometry. In addition, crystalline [Cd(mezpym2S)z] has also been 
obtained and its crystal structure determined. The calixerene-like skeletal structure 
is shown in (LXI) and selected dimensions are given in Table 10. 

The complex consists of discrete hexanuclear [{Cd(p-mezpym2S)2}f,] species with 
imposed crysla!!ographic (3 ?ymmetry. The separation distdnce,~ between the 
cadmium~ l! ,~ atoms (ca. 3.716 A) preclude metal, metal bond formarion. The regular 
non-planar hexagon of cadmium~ |1) atoms is bridged above and below the plane 
by twelve ~ts-S,N(rlZS3atN) donating ligands. The thionate sulphur atoms belong 
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Table 10 
Polynuclear complexes of cadmium( 1i ); selected dimensions (A and ° ) 

Complex and reference 
Cd-S Cd-N S-Cd-S (N) Cd-S-Cd Cd-S-C Cd--N-C 

[{Cd(me2pym2S)2}6] a [151] 
2.638(8)- 2.36(2)- 60.4(8)- 86.4(2) I00( I ) 
2.761(8) 2.38(2) 168.0(2) 88.9(2) 106(I) 

[{Cdtpy2S)2},,]" [1521 
2.543(5) ..... 2.342(4)- 57.2(2)~ 
2.809(4) 2.343(4) 103.4( 3 ) 

[{Cd(bztz2S h}d" [1521 
2.547(4) 2.283( 4 )- 57.7( 3 
3.~1 (5) 2.328(3) %.8(3) 

103(2) 
I04(3) 

NR NR NR 

NR NR NR 

NR not re~med. 
Symmeffical molecule. 

to two ~ts of six, each ~ t  being approximately planar, with three atoms above and 
thr~ ~low the plane. The~ planes are mutually parallel and are also parallel with 
the ~s t  mean-plane through the six odmium( l l )  atoms. Each cadmium atom has 
distorted ~tahedral geometry and cis-S4Nm coordination with cisdhioamide nitrogen 
atoms. The donor ~ t  is formed from two bridging ligands and two additional 
thionate sulphur atoms from two other ligands that bridge other cadmium(ll) 
atoms. The bridging thionate sulphur atoms also generate Cd~S~ units with narrow 
anglos at the metal and . ........ • '~' . . . . .  ..... .~s asynlmettl¢ metal sulphur distance.. The plane of the 
bridging ligand is almost normal to thai of the Cd~S~ unit (lhbic lO), Angles at the 
metal generally, show substantial deviation l~om those e× i~cted of regular ~~ctah~,dt,ll' - ''~ 
geometry, 

N 

N 
N 

,N 

s s j 

N S ° N 

(adapted from it 5 { I{ 

LX{ 
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Average thioamide dim~'nsions of the bridging ligands (C-S= 1,71, C-N = 1.38 A; 
N-C-S=  114 ") a~ consistent with the extension and contraction of the relevant 
bonds in the parent liga~d (Table 2). 

The addition of stoichiometric quantities of pyridme-2-thione and benz- 
1,3-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(lI) 
sulphide (CdS) on heating in air. Both complexes occupy crystallographic C2 axes. 
They are genuine polymeric substance~ with approximately octahedral metal geome- 
try. The N2S4 donor sets are formed by p2-S,N(rl2S;q~N) bridging ligands. Selected 
dimensions are given in Table 10 and the structure of the pyridine-2-thionate complex 
is shown, in part, in (LXH). 

"0 "0 
(adapted flora I 152 I} 

LXII 

!n the pyridine-2-thionate complex one pair of bridging ligands is approximately 
I he perpendicu- parallel and one pair is approximately normal to the polymer chain. ' ~  

lar ligand is S,N-eoordinating to one cadmium atom and also S-bridges the adjacent, 
symmetryorelated cadmium atom. The second, parallel ligand, similarly bridges two 
cadmium atoms but with slightly longer cadmium-sulphur (3.04 A) distances. The 
sequence of asymmetric Cd:~S2 units lbrm the essential repetitive core of the polymeric 
chain. The benz.l,3-thiazoline-2.thionate complex is structurally similar to that of 
the pyridine-2-thionate complex. 

6. Summary 

This is the lburth in a series of reviews that have sought to establish the factors 
that govern the coordination che~iistry of heterocyclic thiones and thionates 
[ 1,149,153]. Co:asequently, this is a convenient point to summarise the major obser- 
valions 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 



562 E S, Raper ,/Coordination Chemistry Reviews 165 (t997) 475-56 7 

in either monodentate thione sulphur, (11~-S}, or binuclear, ~t,-S(rl2-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 (rl ~-S ) coordination is the most widespread throughout 
the periodic table. 

The neutral molecules are only involved in S,N-coordination when they possess 
an additional heterocyclic nitrogen atom adjacent to the thioamide group. Such 
arrangements occur in pyrimidine-2-thione derivatives. Previous proposals that the 
thioamide nitrogen atoms of neutral heterocyclic thione molecules, 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 wariable degree of del~alisation of the thioamide n-electron density is also evident. 
Among imidazole-2-thione derivatives, for instance, the distribution amounts to 
about 50% nocharacter in the exocyclic carbon-sulphur bonds. This proportion is 
reduced, on average, by about 13% on the formation of either monodentate 
(tl toS } or double-bridging (lu+,-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 tbrma- 
tion of Ibur-mem!~red S,N-,~,helates. These generate short metalmitrogen bonds, 
relatively long metal, sulphur bonds, narrow chelating angles and mostly planar 
chelate rings, Monodentate thionate, (~1~-S} coordination, is also known al0mugh 
it is limited to large "soft" acceptors. Monodentate nitrogen coordination is even 
more limited in scope than that of monodentate thionate (ll ~-S ) coordination, 

:|eicrocychc lh|:'~l,:tt¢~,,; os fbrm ttoS+N bridged c~,mp!cxcs Ihat also, involve short 
~e|a!: nitt~ogcn bonds with the elect,on t+ich |i~ionate sulphur aloms providing 
geometrically flexible contacts |o the neigl~b~mring n.d+~l, or metals° as required, 

TIt|{) diSll°ibtlliOli of comi+ ~ l~ ,xcs  + ' + ~' w i t h  tioS,N bridging, ,, helerocyclic: t l l i o l i a l e s  i t ~ l l m v s  

l h e  seqt~ence: 

Pa ~+S,Nidouble ........ bl"idging}>It~ .... S.N(lriple~,o+bridging}-ll~ ......... S.N >>tq ..... S,N 

The predominance of the binuclear double-bridging, tI:-S.N species, probably 
arises ~ a t t s e  it represents the least geometrically and electronically demanding of 
all the bridging systems. Consequently. this series of complexes, with between two 
and ibur bridging ligands, inodest cot Idinatmn nt, n~r s  at the metal and ~t:c+i+ u hal 
metal metal bonded s~cies, is structurally the ~s t  defined. The solution chemistry 
of the comple×es has also bee+~ profitably investigated, in some cases. 

In coniirasl, binuclear Iriple.+bridging is much ]ess common. Furthermore. lhe 
t-~nefits of addilional ligand donor capacily, exhibited by this system, are offset by 
longer metalmetal distances. Fm'lher disadvantages include added geometrical com.~ 
ple.xity and crowding, especi~dly in the centre of ,~,,hat are invariably double-bridged 
complexes, Nevertheless, the structm~al possibilities geael'atett by lifts bridging mode 
hi ll~le solid, as well as an example of some novel ,'-+,+-,',,,~-+,,~,,+-+~ h~ solution, have 
t ,en 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 
~t3-S,N five-electron donating anions about a central metal core. Occasional exam- 
ples, in which la,-S,N double-bridging, three-electron anions, are also involved, add 
to the structural diversity. Polymeric systems are extremely rare and invariably 
involve either tt3-S,N or ~t4-S,N bridging anions. The longest of the three metal- 
sulphur contacts formed by the la4-S,N anions is inter-molecular 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 materials in the fi~ture, especially if it could be used to concatenate metal ...... 
metal bonded clusters. 

With limited exceptions the slructurai consequences of additional electron involve- 
ment are indicated by increased angular vari~tions at the sulphur atom rather than 
by significant increases in metal-sulphur bond lengths. However, the ligand bites 
generally remain unaffected by increases in the total electron involvement of the 
anion, despite substantial changes to the thioamide (N~C~S~.,o) angle, in some 
instances. 

Tile effects of deprotonation and coordination on the thioamide dimensions of 
|he aniol~s are universal. They consist of the accumulation of both anionic charge 
al the thiona|e sulphur atom and of rt-eleclron density in the carbon nilrogen bond. 
In addition, the narrow thioamide angles of six-membered heterocyclic molecules 
~!re more disto,'ted than are |he larger values of five, membered molecules. 
Furthermore, ~!,~ong |hiazo!e-2°thionale derivatives, ~nd similar molecules conl~:~in° 
ing ovcrl~lppi~lg fl~ioamide groups, the effecls of deprolon~ttion ~md coordhmlk~n 
are more extensive than they are among molecules in which the thioamide portion 
is more Iocalised. All of the carbon~sulphur bonds in thiazole derivatives lose 
n-electron density to the carbon nitrogen bond. It would appear that perturbation 
of the coordinating thionate portion of such molecules subsequently affects all of 
the heterocyclic bonds in the molecule. 

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

With the structural principles governing the coordination chemistry of heterocyclic 
|hionates 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 certainly 
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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