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Abstract

The monodentate and chelating behaviour of deprotonated heterocyclic thiones, otherwise
known as the heterocyclic thionates, with transition and other metals is reporied. The range
of ligands involved is large and includes pyrimidine, imidazole, triazoie, quinoline, purine,
thiazole, thiadiazole and oxazole molecules, mostly as their monothionate derivatives. Some
dithionaie derivalives of mostly pyrimidine, quinoxaline and thiadiazole are also included.
The preparation, spectroscopy aad, in some cases, the electrochemical properties of ihe
complexes are described. The review emphasizes the resultant geometries and dimensions
derived from the crystal siructures of the complexes contained in almosi 180 references.

Heterocyclic thionates are ambidentaie moncdentate ligands. They are sulphus donating
towards organomercury{II) and aurophosphine(1} cations with supplemeniary intramolecular
attachments to the thioamido nitrogen atoms in many cases. The alternative monodeatate
pitrogen-donating behaviour is mostly limited to zinc{il} complexes of benzo-1,3-thiazoline-
2-thionate. Monosubstituted heterocyclic thionates are S,N-chelating and mostly generaie
fous-membered rings. Some quinoline thionate derivatives are also S,N-chelating and gene-
tate five-membered rings. The dithionate derivatives are generally §S-chelating and also
generate five-membered rings. The complexes are mostly mononuclear with coordination at
the metal ranging from two, for monodentate ligands, to eight for tetrachelates.

The effect of deprotonation and coordination on the dimensions of parent heterocyclic
thiones, especially those of pyridine-2-thione and benzo-1,3-thiazoline-2-thione, are also
reported and discussed.

Keywords: Heterocyclic thionates; Metal complexes; Monodentaie ligands; Bidentate ligands;
Molecular geometry

Abbreviations

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

bzoxSH benzo-1,3-oxazoline-2-thione

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

cytSH thiocytosine {4-aminopyrimidine-2-thtone)
dtucH, 2 4-dithiouraci! {pyrimidine-2,4-dithione)
2,6diz{SH), 2 ,6-dithioxanthine

imzS8H, 1,3-imidazoline-2-thione

imzdSH, 1,3-imidazolidine-2-thione

pur6SH purine-6-thione

pur8SH purine-8-thione

py2SH pyridine-2-thione

py4SH pyridine-4-thione

pym2SH pyrimidine-2-thione

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

gun8SH quinoline-8-thione

qun2SH quinoline-2-thione

quzOSH, 4-oxo-quinazaline-2-thione (2-thioquinazolinone)
qnx{SH}, quinoxaline-2,3-dithione
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pSH thiocaprolactam (hexamethyleneimine-2-thione)
1.3,4tdz(SH), 1,3.4-thiadiazole-2 5-dithione

1,2,5tdz{SH), 1,2,5-thiadiazole-3.4-dithione

theo85H theophyiline-8-thione

6-thgSH 6-thioguanine

trzS8H, 1.2 4-triazoline-3{ 5)-thione

tucH, thiouracil (4-oxepyrimidine-2-thione)

tzS8H 1,3,-thiazoline-2-thicne

tzdSH 1,3-thiazolidine-2-thione

tzd4SH 1.3-thiazolidine-4-thione

Alkyl, aryl, amino, nitro, trialkylsilyl and other derivatives are distinguished from
the parent heterocycle by the addiiion of suitable prefixes (e.g. me, ph. am. no SiR;
etc.) to the above abbreviations.

i. Iatreduction
1.1. Scope of the review

This review is concerned with the coordinating properties of heterocyclic thionates.
Monodentaie and chelating ligand behaviour are reviewed in this part. Part 2 will
deal with the complexes of bridging heterocyclic thionates.

The parent molecules, the heterocyclic thiones, are characierized by thione -thiol
tautomerism (1a and 1b) [ 1]. They have wide-ranging applications [ 2] and a coordi-
nation chemistry that makes cxiensive use of the exocylic thione sulphur atom in
both conventional [ 2.3 and organometaliic complexes [4].

CL 0L O
O N N R P NS
H

Ia -] ic

Heterocyelic thionates are readily obtained by deprotonating the parent thione
(Ic). The term “thionate” is deliberately chosen so as to relate the anion to the parent
heterocycle. [t also distinguishes the series from “thiolates”, such as alkyl and aryl
thiolates [ 3,6], and dithiolates { 7] which have an extensively reported coordination
chemistry. Also excluded from this review are the thiolates derived from
4.5-dimercapto-1,3-dithiole-2-thione [ 8] and related ligands which lack the hetervocy-
clic thioamide group. Zwitterionic species, such as the piperidine-thiones, which also
mostiy function as thiolates [9] are also excluded.

This review concentrates on ligands that are derived from heterocyelic thiones
and contain at least one deprotonated heterocyclic thivamide group (N-C-8) . No
attempt has been made to limit the complexes surveyed to those which contain a



202 E.S. Raper{Coordination Chemistry Reviews 153 { 1996} 199-255

majority of heterocyclic thionate ligands. The presence of such a ligand in a complex
is sefficient io justify its inclusion.

Heterocyclic thionates are electron-rich and, in many instances, polyfunctional
ligands. Although complexes of these ligands have been known for some time [ 10],
many were ini#ially formulated empirically. They were generally regarded as polynu-
clear species with §,N-bridging, rather than S,N-chelating, ligands piimarily because
of the presumed inherent instability of the latter [ 111. This situation has changed
somewhat in recent yeass, primarily as a result of the increase in the number of
crystal structure determinations that have established several coordinating modes of
these ligands [ 12]. Consequenily, the major theme of this review, in addition to the
preparation, spectroscopy and elecirochemisiry of the complexes, is their structural
chemistry. The effect of coordination on the thioamide dimensions of the parent
ligands is also considered, where the data are available.

1.2. The ligands

Most heterocyclic bases form thione—thiol derivatives, and the tautomeric balance
in these molecules is of long-standing interest. Typical of receni studies in this area
is the solvent-balanced tautomerism among pyridine and pyrimidine-2-thiones [13].

Most of the molecules are monosubstituted such as the pyridine {Ilc), imidazole
(Iia), quinoline {Hi), purine {INl), thiazole (1Im), triazole (I1Ib) and oxazole (Ilp)
dertvatives. Dithionate derivatives are common among pyrimidine (1id}), thiadiazole
(IIn) and some purine (I} derivatives, while sym-1,3,5-triazoline-2,4,6-trithione,
{thiocyanuric acid) (Ilg) 18 a rare example of a tnsubstituted derivative with a
relatively underdeveloped coordination chemistry [2].
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All the monosubstituied derivatives adopi the thione form (la} in the sohid [ 1.2].
The crystal structures of a number of complexes of heierocyclic thionates have been
reported. The ligands involved are shown in II in thewr commonly deprotonated
forms. With relatively few exceptions, such as hexamethyleneimine-2-thione
{w-thiccaprolactam) (Ilh) and thiazolidine-2-thione (Jim(i}). they are planar mole-
cules. The range of structurally characterized complexes varies for each group of
igands. Pyridine-2-thione (1lc{i})) and its derivatives, mecluding a number of 3-, 6-
and 36-substituied trialkyl silyls, are the most commonly used ligands with a
significant aumber of reported structures. Consequently, the effect of coordination
on the thicamide dimensions of the parent ligand is comsidered throughout this
review.

Heterocyclic thiones are weak acids with pK, values in the range 5-11. The pK,
of the imidazoline-2-thione derivatives (Ila{i}} are in the region of 11 [14]. The
molecules are readily deprotonated by either aqueous or alcoholic sodium hydroxide
[15] or potassium hydroxide [ 16]. Organic solvents also deprotonate some hetero-
cyclic thiones, especially in the presence of a metal salt. Pyridine-2-thione is depro-
tonated in this manner by methanol [ 177, ethanol [ 18] and tetrahydrofuran [19].
However, not all ligands are affected in this way. Benzo-1,3-thiazoline-2-thione is
deprotonated in aqueous ethanol or in mixed solvents, but remains unaffecied in
absoluie ethanel [ 20]. Organic bases, such as trimethylamine | 21] and triethylamine
[227, are invariably effective deprotonating agents in most organic solvents. Metal-
based procedures include sodium in methanol [23] or ethanol [24] as well as
sodium hydride in ether [257]. Metal alkyls, such as n-butyl lithium in hexane with
benzo-1,3-thiazoline-2-thione in tetrahydrofuran, are also effective [ 26].

Heterocyclic thionates can be prepared in situ by splitting the disulphide bond
of the appropriate heterocyclic disulphide, such as 2,2"-dipyridy! disuiphide. either
thermaily [ 27] or photochemically [ 28]. These are popular routes for organometallic
complexes of both aryl thiolates and heterocyclic thionales. Organometaliic [29]
and chelate [3G--32] complexes of heterocyclic thionates have been prepared by
these means.

Electrochemical generation of heterocyclic thionate complexes from the parent
ligand in acetontirile has also been used in conjunction with sacrificial metal anodes
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such as nickel, zinc and copper. Nitrogen bases or phosphine derivatives have aiso
been used to produce crystaliine complexes from the initially wtractable products
resulting from this method [33].

Most heterocyciic monothiones have one replaceable proton and funciion readily
as monoanions, notably pyridine-2-thionate (Ilc). Imidazole-2-thionaies, such as
benzoimidazoline-2-thionate (Iaf(i)} also function as monocthionaie anions despite
the presence of an additional replaceable but weakly acidic proton. The disubstitnied
pyrimidines 2-thiouracil and 24-dithicaracii {Ile) may function as monoanions or
dianions. Variaiions in the stages of deprotonation occastonally affect the tautomeric
balance, as is the case with 2-thiouracil [ 34] and 2-thioquinazelineone (11k) [15].

Complete deproionation of a heterocyclic thione molecule frequenily simplifies
the tautomeric possibilities in most instances. An interesting example is that of
1,3,4-thiadiazole-2,5-dithione which exisis as a mixed thione—thiol tautomer in the
solid and as the dithionate ion {¥In(i)} In some of its complexes. The tautomeric
arrangement in the parent molecule facilitates intermolecular (NH---S) hydrogen
bonding [35].

The existence of the thioureide entity among the parent molecuies and their anions,
particularly those of imidazole-2-thionates (Ila} and purine-8-thionates (I}, makes
them useful biomimetic agents. Cysteinyl sulphur coordination occurs naturally in
4 number of metalloenzymes [36], and specifically in both bridging and terminal
modes in (Cd, Zn} metallothionein [37]. It also plays a major role in the detoxifica-
tion and sequestration of heavy metals. Consequently, the involvement of heterocyclic
thionates in this topic has beer directed towards heavy metals, such as mercury, and
the n'-S donating behaviour of the anions (see Section 2.2). Metalloenzymes with
established 8,N-coordination sites inciude the copper “blue” proteins [38].
Heterocyelic ihionato S,N- and 8,N,-coordination has been used to mimic the
electronic and structural properties of the active sites in these proteins [39,40]. The
occurrence of a predominantly sulphur-coordinated environment for molybdenum
in nitrogenase has stimulated investigations into molybdenum—sulphur coordination
chemisiry involving both aryl thiolate and heterocyclic thionate ligands F41]. In
addition, S,N-chelated molybdenum is believed to be relevant to the reduction of
nitrogen by nitrogenase [42]. Finally, the use of sulphur-coordinated gold(i} com-
plexes in the treatment of rheumatoid arthritis [43] has also stimulated interest in
heterocyclic thiones and thionates as a source of sulphur-donaiing ligands (see
Section 2.3).

2. Complexes of monedentate ligands
2.1. Intreduction

Heterocyclic thionates are ambidentate ligands that are capable of involving either
the exocyelic sulphur {#'-S) (HIa) or the endocyclic nitrogen (5'-N) (1fIb) atoms of

their thioamide groups in monodentate coordination. Many linearly bi-coordinate
heterocyclic thionato complexes involve heavy metals, such as the alkyl derivatives
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of mercury(1i), tin{I1} and thallium(1} as well as aoro{I}phosphines. Consequently,
the nvolvement of x-S coordination in such complexes accords micely with the
principles of hard and soft donor—acceptor behaviour [44]. However. #'-N donor
behaviour is also known (see Section 2.4). Secondary bonding among these complexes
1s also of significance, particularly intermolecutar M---8 and S---8 contacts [457.
There is also a tendency for 'S donation to be supporied by intramelecular M---N
conlacts in the solid (IIkc). Such contacts are frequently labile in solution and may
be of relevance to the mobility of the methylmercury(i) 1on in biological systems
[467].

2, l R i S
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2.2, Organomercury and other organometallic complexes

Much of the interest in the coordination chemistry of methylmercury {MeHg)”
and other metal-alkyl systems resulis from the methylation of the metal and its
coordination to cysieinyl sulphur residues in biosystems [467]. The laiter phenome-
non is also important in relieving the effects of heavy metal toxicity in living systems
[37]. Such activity has led to the modelling of mercury -cysteinyl sulphur interactions
by heterocyclic thionates and other sulphur donor systems [47]. The preparation
and crystal structures of a number of organomercury and related complexes have
been reporied. Selected dimensions from these complexes are listed in Table 1 and
some structural details are shown in {IV-XI).

The preparation of a heterocyclic thionato organomercury complex typically
involves etther methylmercury or phenylmercury hydrexide, often obtained from the
corresponding chloride and silver(I) oxide, together with the hgand n methanol or
cthanol. The complexes [ RHg{bztz8}] (R = Ph or Me} are produced mn such a manner
F46]. The crystal structure of the methyl derivative shows the complex 1o be virtually
planar with the mercury atom #'-$ coordinated by the exocyclic sulphur atom of
the benzo-1,3-thiazoline-2-thicnato anion (Ilm(iii)). The complex has an essentiully
linear Me-Hg-8§ arrangement and relatively small Hg-S - C angles. The latier proba-
bly reflect the relatively short intramolecular interaction {3.05(2) A) between the
mercury atom and the thicamido {>C=N} portion of the thiazole ring {IV}.

e 3,
QN%:&\'\'H;\
M

T
Adapted from [4&)
v

Intermolecular Hg---S contacts to boih exocyclic and endocyclie sulphur atoms of
neighbouring complexes {3.363(7)-3.507(7) A}, as well as a detailed analysis of the
vibrational spectrum of the complex, have also been reported. Pyrimidine-2-thionate
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Table 1
Selected bond distances and angles for organomercury{il} and related metal complexes

Complex M-3 M-N Me-M-8 M-5-C Reference
(A) and M-N {deg) (deg)
(A)
{ MeHg( bztztsi]* 2.369(6) — 177.7{1) 97.4(8) r4s]
2.375(6) — 178.8(6} §9.4(7}
[ MeHg(pym2$1]® 2.39(2) 2.83(3) 11401} 107.7(6) [47]
[MeHg(5-mecytost] 2.393(4) 2,80(2) 178.6{4) 94.144) [48]
[MeHg(6-oxo-cytos)]  2.390(6) 2.95(3) i178.6{9) 95.2(6} (491
[ MeHg(tzdS}] 2.358(4) — 175.7{10} 1054(13)  [50]
[(MeHgl{tzds){NC,}  2.368{7) 205(2) 176.0(10} 1025010y [50]
{Me-Hg-N=174.3(12)}
[{¢MeHg),(tdzS,} ;] 2.40(1) 2.76(31-293(3) 17N1) 98.1¢1) [517
2371} 178(1% 97(1)
[{Me;Tt), {:dzS)] 305(21-346(1)  2.70(4) SL{1)-118{1}  98.2{2) [51]
2.7044) HO(1)
[Me,Tl{tucH}) 2.869(8) 2.55(2) 149¢1) 531
95(1)
[ MeHg(MeSHucH) — 2.i2(1) 176.3(5) [34]
(Me-Hg N)
[Hg{{3-SiMe, )py28h1  2.341(4} 2.789(5) 178.6(2) 95.3({4) [47]
2.345(2} 2,799(5) 95.9(4}

* Two independeni molecules,
* Chirai molecule: Hg-C{Me), 200{3)-2.11(2) A; TI-C(Me}, 2.14{7}-2.35(5} A.

(48] and two cytosine derivatives [ 49] form a closely related series of methylmercury
complexes (V) with similar Hg-S distances (2.390(6)~2.393(4} A} (Table 1}.

Adapted from (48]
v

The Me-Hg-8 group bends out of the plane of the pyrimidine nng in all cases and
so enables the mercury atom to interact guite strongly with the N¢3) atom of the
pyrimidine ring (2.80(2)-2.95(2) A). This is reflected in significantly smaller Hg-S-C
angles in the case of the cytosine complexes. Proton NMR studies of the pyrimidine-
2-thicnate complex show that the Hg---N interaction is labile in solution.
Thiazolidine-2-thione forms three complexes with the methylmercary cation [ 50].
In [MeHg(tzdSH)}{NO;) the neutral ligand is thione sulphur donating (Hg-S=
2.391(4) A). The 1 3-thiazolidine-2-thionate anion {IIm{i}) forms iwo complexes,
neufral [ MeHg{tzdS)] and [(MeHg),(tzdS}}( NO;}. In the neutral complex the coot-
dination is essentiaily the same as that in V with an essentially linear Me-Hg-8
arrangement. Intermolecular Hg---N {2.88 A), rather than iniramolecular coniacts,
are formed with the endocyclic nitrogen atoms in neighbouring complexes. In the
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[(MeHg)},{1zdS)] " cation the ligand S,N-bridges the methylmercury cations by means
of its exocyclic sulphur and endocyclic nitrogen atoms (VI); the geometry of both
methylmercury cations is essentially linear.

=

{3

A

Ls\>_‘°‘\
He

S
Me

= —E—

Adnpred from £50)
VI

Intermolecular contacts consist of a complex series of interactions involving the
mercury, exocyclic sulphur and nitrate oxygen atoms. In both the complexes involv-
ing the 1,3-thiazolidine-2-thionate anion the Hg-8 distances are shorter than ihe
corresponding distance in the complex involving the neutral parent ligand. Clearly,
the anion binds more effectively to mercury{il) than does the parent ligand.

Two 1,3,4-thiadiazole-2,5-dithionate anions {IIa{i}) bind two mercury{ll} atoms
through their exocyclic suiphur atoms in the dimeric complex [{{MeHg),(tdz8,)},]
(VID [511.

5,
McH:g z _S"—"(\I—-R?E? HgMe

Ko oomem gvie

mx;li._;_"i_ }_S P
5

adopled from [51)
12114

The primary contacts are straightforward with normal Hg-S§ distances and virtoally
linear Me—-Hg-5S angles; secondary Hg-—5',, {3.35(3) A} contacts generate symme-
try-related dimers. The dimerisation process is facilitated by a small Hg- S—C-N
torsion angie {7{3¥}, and a relatively smail Hg—5-C angle (Table 1). Strong iatra-
molecular Hg---N contacts (2.76(3}-2.93{3) A} supplement the bonding within the
dimers. The complex [(Me,T1),(idzS,}] is formed from dimethyl thallium icdide
silver{l) oxide and the ligand in methanol. The ligand mn this compiex binds to the
thallium atom by means of an intricate network of Tl---8,_,, and T1---N,,4, inter-
actions which probably have a significant electrostatic coniribution [52]. The thal-
lium atoms are axially bound io two methyl groups and have four equatorially
bonded atoms consisting of one exocyclic sulphur, from each of three different
ligands, and one endocyclic nitrogen atom from one of these ligands. The range of
T1---8 distances invoived is rather large {Table 13, but they are shorter than the sum
of the van der Waals radii {TI---$=3.76 A). There are some similarities between this
structure and that of [{(MeHg),(tdzS,)},]. Both complexes have asymmetric sulphur
bridges between metal centres and use all their exocyclic sulphur and endocyclic
nitrogen atoms in the coordination process. There are also important differences. In
the thallilum complex the meial-suiphur distance is longer and the metal-nitrogen
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distance is shorier than in the mercury complex (Table 1}; consequenily the thallium-—
nitrogen bond is probably sironger than the thallium-sulphur bond, as it is in other
systems [52]. Furthermore, both the exocyclic sulphur atoms form asymmetric
bridges in the thallium complex, whereas only one is involved in the mercury
compilex. Consequenily, thallium is more extensively coordinated than mercury in
these two complexes.

A number of complexes involving RHg™ and R,Tl™ cations have been prepared
from 2-thicuracil, 2 4-dithiouracil and 2-thioguinazolinone. Interest in these com-
plexes centres con the diffiering toxicological properties of the two cations and their
influence on the tautomeric balance, This is wide ranging in the parent melecules
but mestly limited to the thione—thiol balance among the deprotonated ligands [ 15].
The harder dimethyl thallium cation iIs considered to be generally less effective than
the methylmercury cation in generating “thiol” characier in the thiouracilate ion
because it forms stronger bonds to the ligand’s endocyclic nitrogen atom [15,34].
Thicuracil forms moncanionic [ R,M{tucH)] and dianionic [{ R, M ),{tuc)] compiexes
{(R=MeorPh; M=HgorTl;n=1 or 2). NMR spectra indicate that the monoanionic
ligand is exocyclic sulphur donating in the [{RHg)(tucH)] complexes. In the
(R, Tli(iucH}] complexes the ligand is endocyclic nitrogen donating, while in the
[{RHg){tuc)] complexes it is iniermediaie in character. The latter suggests that the
organometaliic fragment is rapidly exchanging iis coordinating characier in these
complexes [ 34]. The crystal structure of [{Me,T1)(tucH )] [ 53] shows that the cation
is coordinated by one S,N-donating thicuracilaie anion and the carbonyl oxygen of
an adjacent 2-thiouracilate ligand {TI-O=2.72(3) A). These contacts, together with
the methyl carbon atom, form a distorted five-coordinate square-based pyramid
about the thailium atom { VIIi).

H H
o, 5. 5
QR Y
P
Me Me

Adopted from [S3]
Vi

The C-TI-C angle {166{1}°) is narrower than the normal values for this cation
(163.5°-190%), presumably because of the steric crowding at the metal. The thallium-
ligand bonds also vary in strength, with the thailivm—niirogen bond considered to
be relatively short and strong. The thallium—sulphur bond s intermediate in ckaracter
between the asymmetric bridging distances {T1-S) reported for [(Me,T1),(n-PhS)]
[54], while the T1---O distance is indicative of a relatively weak contact, as expected.
Monometallated complexes of the 2-S-methylthiouracilate anion [{R,M){tucSMe)]
{R=Me or Ph; M=Hg or Tl; n=1 or 2) have alse been prepared. The crystal
structure of [{ MeHg){tucSMe]] has been reported [34]. With the exocyclic sulphur
site blocked through methylation, the mercury(ir) atom is strongly n*-N bonded
through the N(3) atom of the ligand {IX) and the Me-Hg-N angle is effectively
linear {Table 1},
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Adopied from [34]
Ix

The choice of N(3) rather than N{i} as the ligand donor site is considered to be
consistent with the charge disiribution caleulated for the “thiol” tautomer [55].
Additional intramelecular contacts (Hg-—-O=291(2}A; Hg--Ni1)=3.02(2) A) are
also reporied for this complex.

Several series of methylmercury (11} and mercury(IT) complexes have been prepared
from 3-, 6- and 36-triorganosilyl pyridine-2-thionaie, as well as similarly substituted
methyl and phenyl thiclates [ 47]. Typically, [ MeHg(3-8iR ;-py28)] and [ Hg{ 3-SiR ;-
py2S);1 are prepared from methyimercury chloride and mercury{l} chioride in
methanol with the ligands deprotonated by triethylamine. The crystal structure of
[Hgé3-5iMe,-py28), ] { X}, shows that the ligands coordinate io the metal primanly
through exocyclic sulphur with secondary Hg---N_,,,, contacts from the same ligands
{Hg "N =2789%(5) A and 2.799¢5} A) and additional intramolecular Hg -5, con-
tacts to neighbouring ligands {Hg--8',,,=3.23%( 3} A).

aiie,
"
°"~.,“ _‘_,w“‘«
e,

i~ w%

o}
ey

Adapled from [47]
X

The HgS, polyhedron is a flattened tetrahedron in which the S-Hg-8 angle is
virtually linear {Table 1), The Hg---N contacts are significant and force a contraction
in the Hg—S~C angles; '*C NMR spectra suggest that the Hg---N contacis persist
in solution.

Detailed analysis of the changes in ligand dimensions wpon ceordination in these
complexes is hampered by the fact that so much of the scattering s caused by the
cations and the sulphur atoms. However, there is a clear indication that, in general,
the thione (> C=35} distances are increased, relative to the corresponding free-ligand
value, as a result of deprotonation and coordination.

Pyridine-2-thicnate (Ile{i)) has been complexed with alkylmercury [56], alkyl-
thaltium and alkyltin [57] cations. Crystal siructures have been reporied for
[MeHg{py2S)i, [ Me,Ti{py2S)} and [ Me,Sn(py28),]. Seiected dimensions of these
complexes, and that of the free ligand, are listed in Table 2.

The ligand in [MeHg(py28)] is #'-S donating with secondary bonds o the
endocyclic nitrogen atom and o neighbouring thionato sulphur atoms.
Consequently, the overall geometry at the metal is distorted trigonal bipyramidal
{ XIa).



210 E.8. Raper{Coordination Chemistry Reviews 153 { 1995) 199-25%

Table 2
Selected bond distances and angles for methylmetal complexes of pyridine-2-thionate

{MeHg(py25)] [56] [Me,Sn{py28),] [57] [Me, THpy28)] [57]
M-S {A) 2.374(2) 2.487(2) 3.166(3F
M-N (A) 2.986¢5) 2.702{5) 2.494(7}
C-S (A) L776(1}) 1.75143) 1.730{8}
C-N {A) 1.350(7} 1.36( 1) 1.33{1)
S-C-N (deg) 116.6 114.4 1195
M-8-C (deg} 99.0 919 75.6
N-M-5 (dep) 58.5 6.5 542
M-N-C {(deg) 859 231 105
pySH{mean values C-S=1695(2)A C-N=1.356{3} A S-C-N=1206il1)
X-ray data) [[58]

= T1-§ =2.870{4) A.
([ 7
- oM —_—
._“. /S Me,\;h/ /
_______ e g N“m% ¥
=l s
Adopted from[56] ddapled From [57]
XIa XIb
R
|
T
Me 1
B il
il

Adopled from [57]
xlc

In [Me,TI{py25}] the meial is #'-N donating with secondary Tl---S,,, bonds to the
original as well as to a neighbouring ligand. The latter contact (T1---S,,, = 2.870(2} A}
is shorter than the former (Table 2), and the §--TI---8 angle is 136.7(1)°. If all the
contacis are considered, then the metal is five-coordinate and approximates to
octahedral coordination with one of its sites vacant {XIb). Both the ligands in
[Me,Sn{py28),] are §,N-chelating and, together with the metal, occupy a mirror
plane; only one of the ligands is crystallographically independent. The metal is six-
coordinate, if the two methyl groups are included in the coordination sphere { Xlc),
and is variously described as a distorted octahedron [59], a skewed trapezoidal
bipyramid or a bicapped tetrahedron [607. The extent of the distortion is evident
from the range of angles at the metal (60.5(1)°-152.1(2)°}; the smallest angle is the
S.xo—Sn—N_. 4, chelating angle.

These three complexes of pyridine-2-thionate form a seli-contained group in which
higand coordination varies with the metal. The S,N-chelating mode is included here
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in order io complete the survey. Differences in coordination are accompanied by
variations in metal-ligand distances in these complexes, as well as by differences in
the bond lengths of the thicamido {N_,4,-C-S.:,) portion of the hgand. Such
variations merit careful consideration (Table 2). According to the bond lengths, the
metal-nitrogen bond is sirong in the thallium complex, weak in the mercury complex
and of intermediate strength in the tin complex. As the metal-nitrogen bond weakens,
the eation moves away from the direction in which the charge density of the donating
electron pair is greatest; consequently, the C{2)-N-M angle closes and the M—S-C(2)
angle opens { Xic). In addition, the thione (> C=38) distance in the ligands varies
considerably, increasing as the metal-sulphur distance decreases but always remain-
ing louger than in the parent molecule [58] (Table 2). The distance is greatest in
the mercury complex and closest to the carbon—suiphur single-bond value {1.81 A}
{61], with only 13.1% = character. In the parent molecule the = character of the
coreesponding bond is 44.2% [62]. These trends allow the cations to be ranked
according to their “softness™ towards pyridine-2-thionate:

Me,Ti* < Me,Sn?* < MeHg "

The authors also argue that the same irend denocies the increasing ability of the
cations to transform the ligand from essentially “thione™ to “thionate” character. In
fact the deprotonation is responsibie for the conversion from “thicne” to “thionate”,
and the above sequence reflects the ability of the cations 10 generate decreasing n
character in the exocyclic carbon—sulphur disiance of the pyridine-2-thionaie ligands.

Conventional organometallic complexes are rather less numerous than those
described above, but benzo-1,3-thiazoline-2-thione reacts with trirutheniumdodeca-
carbonyl with consequent break up of the trinuclear cluster giving a red product
contaming several crystalline phases including [Ru,(bzizS3{CO)] [631
Recrystallization of this product in aquecus pynidine gives yellow crystalline mono-
nuclear [RufbztzS),(COL{py),1 [64]. The ruthenium atom in this complex has
distorted six-coordmnate geometry and occupies a crystallographic C, site. The pairs
of carbonyl groups and pyridine molecules (Ru~C=1872(3); Ru-N=2.181(2) A)
are each cis-related, while the '-S donating benzo-1,3-thiazoline-2-thionate anions
{Ru-8=2.406{4) A} occcupy trans positions { XII) with an Re--S--C angle of 109.0(1) .

3.
H
@J‘ Q Adopted from [64]

X0

The effect of deprotonation and coordination on the heterocyclic
S ndo—C{Sexo)Neado Dortion of the ligand dimensions [65] is significant. The
C-8,.n40 distance increases from 1.740{(4) to 1.760(4) A and the C-8,., distance
increases from 1.662(4} to 1.724(3) A. whereas the C—N,,q0 distance decreases from
1.353(6) to 1.287{3) A. The major angular changes occur at the thiocamido carbon
atom. The overall dimensional changes signify a major drift of = character towards
the thoamido C-—N,4, portion of the ligand.
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Meial carbonyl dimers react with organic disulphides either photochemically [ 66]
or thermally [ 67], proeducing meial carbonyl thiolates;

[(n°~CsH;).(COJM, 1+ RSSR - 2{(7°-CsH5){CO;;MSR]

Photochemical reactions of [{{#°-C.H;(CO):W},] with 2,2-dipyridyldisulphide
and bis(c-aminophenyl)disulphide, using 366 nm radiation, produce mononuclear
tungsten carbonyl complexes containing 5'-S donating heterocyclic thionates [29].
The crystal straciure of [{(#>-CsH; ){CO}k(y'-S-bztz28)W ] shows that the metal has
a square-pyramidal “pianc-stool” geometry in which the carbonyl groups and the
heterocyclic ligand form the basal plane and the cyclopentadienyl ligand occupies
the apex { XIII).

7
W—
] N O
adopted from [29]

Xill

Bond angles about the metal in the basal plane average 77{2)°. The centroid of the

cyclopentadieny! group is positioned slightly away (2.0 A} from the metal towards
the benzo-1,3-thiazoline-2-thionate ligand. The W-S distance {2.500(3) A) and the
W-S-C angle are normal {109.3(4)°), with the endocyclic nitrogen {W---N =3.650 A}
too distant for coordination to occur. The heterocyclic ligand dimensions (C—S=
1.728(14), C-S.pge = 1.764(12), C- N, 4o = 1.287(16) A; N_oq—C—S,xo = 115(1)°) show
the characteristic deviations from those of the peuiral molecule [657]. In addition,
carbonyl loss from {(7#°—~CsHs){CO}LWSR] (R =2-pyridyl or 2-benzothiazolyl) can
be induced thermally or photochemically with the subsequent production of com-
plexes coniaining S,N-chelating heierocyclic thionates [67] ( XIV).

€2

Vs
[(CaH; XCO )b iW] ———  [[CHXCOLWS

X

Similar reactions with s-aminophenol as the organic group generaie oligomers.

2.3. Aurophosphine complexes

Although gold compounds had been in therapeutic use since medieval times, the
period covering the end of the nincteenth and early twentieth century saw a revival
of interest in the application of “chrysotherapy” in the treatment of tuberculosis and
other infectious diseases [68]. The first reported application of gold compounds in
the treatment of rheumatoid arthritis in 1935 [ 69] led to the subsequent development
of a range of water-soluble polymeric gold thiolates such as auro{1) sodium thioma-
late { Myocrysin) and auro(I) sodium thiosulphate {Sanochrysin) [43]. Although the
popularity of gold compounds in the treatment of rheumatoid arthritis declined
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somewhat because of the toxiaity assoclated with the large doses emploved. they
have been the “second-line” agents for the treatment of the disease for 60 years [68].
The monomeric lipid-soluble orally administered triethylphosphine gold(1} thio-
glucose derivative Auranofin [(2,3.4,6-tetra-O-acetyl-1-thio-x-D-glucopyranosal-
S)ieriethylphosphinejgold(1}] 18 an improvement on its pelymeric predecessors and
1s an esseatially linear P-Au-8 containing aurophosphine thiolate (Table 3} [70].
In addition io being a poicnt anti-arthritic drug, Auranofin has proved to be an
effective cytotoxic agent against melanoma and leukaemia cells. The search for other
aurophosphinethiolate anticancer drugs has been exiended to thiopyrimidine {71 ]
and thiopurine [ 72] derivatives, including 2-dithiouracil and 6-thioguanine. Also of
current medical importance is the discovery that aurothioglucose and aurcthiomalate
have anti-HIV-1 activity in vitro. Such activity requires the formation of a reactive
intermediate with a molar equivalent of a thiol ligand. This activates gold{I} ligand
exchange between the reactive species, auro{l} thiomalate and acidic thiol groups
on protein surfaces [ 73].

Inevitably, such wide-ranging activity has broadened the search for sulphur donor
lipands. In addition to organothiolates [ 74] heierocyclic thiones and thionates have
been used as sources of sulphur donor ligands with auro{l) phosphines and other
gold salts. Recent studies involving heterocyclic thiones and thionates have shown
that dimethyl suiphide in [AuCl][SMe,] is readily replaced with pyridine-2-thione
and pyridine-4-thione i ietrahydrofuran, giving [AuCl][RSH] {(RSH =py2SH and
py4SH} [75]1. The crystal structure of [AuCl][pySH] shows that the molecule
contains an essentially linear Au-S-Cl arrangemeni {171.7(1)") with the neutral
heterocyclic ligand thione sulphur bonded to the metal {Au-S=2261(5)A:
Au-5-C=1109(5)). A combination of weak hydrogen bonding (NH---Cl=242 4
and 146"} and short intermolecular metal---metal contacts {Au---Au=3.215 A)

Table 3
Aurophosphine complexes of heterocyclic thionates: selected distances and angles

Complex Au-8 ADu—P P-Au-8 Au-5-C Reference
tA) (A) (deg) (deg)

‘Auranofin’ 22933} 22593) 1736410 105.6(3) [

[Aul PPh;){ bzox25)] 2.299(2) 2258(2) 176.4(1) [LERN Y [7%]

[Au{PPh;Hpy25)] 229712} 225802 177911 102012 1 79]

[Au{PPh,)(pym28Y] 231043 125H 17412 9R.9(3) {191

[AutPCH, HmeimeS)] 23313 3.292(3y 17200 1 106.6{3} [%1

[Au{ BPh;HiucH)* 229642} 224842) 175.212) 103.8(3) [%1]
2.300(2) 22482 17712y 1008124

[Aul PEL HiucHY]® L3I 2248(2y 176.9¢ 1) 100,403 [#1]

[Au{PPh, Hopr-tucH ] 2.328(4) 224812) 1754120 1013161 [16]
2.314(5) 2248(2) 7692 36}

{Au{PPh, }(theod8)] 2.308{2) 2.256(2} 178.6(2) 1068.3(2) 17

[Au{PPh; KpurS)i 2.287(1} 22372 173.7146) 165912y [42]

[Au{PPh, H{CF ), {12d45}] 2.312(2) 22592y 178.4{1} 1916 [%3]

* Two tndependent motecules.
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are also reported. Replacement of dimethylsulphide in [AuCl])[Me,S] with
pyridine-2 or pyridine-4 thionate (I} generates intractable polymers [{Au(RS)},].
Tetrahydrothiophene {tht) in [AuX(tht)], [Au(tht), {ClO,} and [Au{PPh,){tht)]-
{(ClO;) {(X=Cl or C,Fs) is replaced with 1,3-thiazohdine-2-thione, pyrimidine-2-
thione, benzo-1,3-thiazolidine-2-thione and benzoimidazoline-2-thione in the pro-
duction of complexes containing the appropriate thione sulphur-donating hetero-
cycle [76]. The crysial structure of [Au{py2SH), [(CiO,} coniains two complete
and two half cations in the asymmetric unit with linear S-Au-S coordination of
the metal and a maximum deviation of 5.7° in the S-Au-S angle. The neutral
ligand is thione sulphur donating (Au~S=2288(3)-2.291(3)} A). Five of the 8iX
cations in the cell form a centrosymmetric linear chain {Au-—-Aux 3.3 A)
Beprotonation of the thioamide nitrogen in the cationic complexes with solid sedivm
carbenate leads io neutral monomeric and binuclear complexes, with S,N-bridging
ligands proposed for the latier.

A pumber of studies have also been devoted exclusively to the produciion of
heterocyclic thionato auro(i}phosphine complexes. Preparative routes for these com-
plexes have been known for some time, and typically invoive the addition of sodium
hydroxide and the neuiral ligand, in ethanol, to [Et;PAuCl], also in ethanol, in
1:1:1 molar ratio followed by recovery and crystallization of the initial product
{77]. This method has been used for benzo-1,3-oxazoline-2-thionate (Ilp) [78].
Pyrimidine-2-thionate (Id{i)} and pyridine-2-thionate (Jlc(i}), as well as alkyl and
aryl thiolates {R’'S), have alsc been used to generate complexes with a variety of
tertiary phosphines [Au(PR;){R'S)] (R=Et, Ph and CgH,,) [ 79]. Tertiary phos-
phine complexes of purine-6-thionate and its S-triflueromethyl derivative (IT(i}),
together with imidazoline-2-thionate and its 1-methyl derivative (1la{i}} [80] have
also been prepared. These complexes have been characterized by a combination of
IR, 'H and *C NMR, and FABS methods. The crystal structures of mononuclear
[AuR,P(R'S)], {(R=Ph, R'S=bzox2S, py2S, pym2S; R=C.H,,, R'S=meimzSH)
show them to have essentially linear P-Au-S arrangements with monodentate 4§
donating heterocyclic thionates {Table 3 and XV). The ‘H NMR spectra of the
pyridine and pyrimidine complexes in deuterated acetone indicate free rotation of
the heterocyclic higands about their thicnate (> C-8"} bonds, in contrast with the
rigidity observed in the solid siate.

BT
&

“’: i
Phy /P—-—A\:——S
Fh
XV

The discovery of carcinostatic activity in gold complexes of pyrimidine and puripe
thionates [ 711 has prompted structural studies on 2-thiouracilate (Ile{i)} and oxopur-
inethionato (Iil{v}} aurophosphine complexes. 2-Thiouracilate and its 6-n-propyl
derivative replace the chloride ion in [Au{R;P}Cl] (R=Et and Ph), producing
complexes that contain the corresponding »'-S-donating heterocyclic thicmate
[16,80,81]. An attempied reaction between the bischelated complex [Au{dppe),Cl]
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(dppe = 1,2-bis(diphenylphosphino)ethane) and 2-thiouracil preduced [Au{dppe),]-
[{tucHHtucH,)] instead of the anticipaied gold complex of the 2-thicuracilate
anion. An assessment of the anti-arthritic activity of the [Auw{R,P}tucH}]
{R=Et and Ph} complexes in a gold-sensitive rat strain revealed the triphenyl-
phosphine derivative to be the more effective prophylactic [81]. Iateractions
between [Au(PPh,}Cl], [Au,idppe)Br,] and the oxopurinethiones, theophyiline-
8-thione, 2-thiotheophylline-8-thione and 8-{methylthio)-iheophylline (Ill(+v})} in
aicoholic potassium hydroxide produced a number of complexes including [(Au-
(PPh;)RS]. [{Au{PPh,)},(p-RS)] and [Au{p-dppei(u-RS1Au] (RS™ =oxopurine-
thionato amon} [ 72]. These complexes, characterized by a combination of IR and
NMR techniques, contain either one S(8)-bonded or two N{7)S{&}-bonded oxo-
purinethionate anions. In addition, the crystal structure of [Au{PPh;){theo8S)]
established the existence of hydrogen-bonded dimers (N(7)H---O), an #'-S-donating
heterocycle and essentially linear P-Au-S coordination at the metai (Table 3). A
number of complexes of the purine-6-thionate anion {Ill{ii)} have been prepared
[ R;PAuipur6S)) and characterized by spectroscopic methods [82]. Preliminary
testing for anti-arthritic activity in rais showed that some of the compilcxes {a wide
range of alkyl and aryl phosphine substituents was used) are both more potent and
less toxic than the gold(l} thiolates currently in use. The crystal structure of
[ PhyPAu(pur6S)] is alse reporied {Table 3).

Addition of potassium thiocyanate to 2,24 4-tetrakis(tetrafluoromethyl)-1,.2-dithie-
tane produces ihe potassium salt of 2,2,5 5-tetrakis{ trifluoromethyl )-1,3-thiazolidine-
4-thionate {(CF;),{1zd4S} (IIm{iv)) which replaces the chloride ion in [Au(PPh;)Cl]
[831. The crystal structure of the resultant complex showed that the heterocyclic
thionate is #'-S donating (Table 3).

Selected dimensions of the reported bi-coordinate aurophosphine complexes are
given in Tabic 3. The Au-S distances (2.287{2)-2.331(3) A} are closely related and
appear to be independent of the nature of the heterocycle; even the value for
Auranofin is within the range. However, the Au -8 distance in [AuCHpySHI]|
(2.261{51 Ay 175] s signiﬁganlly shorter than the corresponding distance in
[Au{PPh:}py28)] (2.297(2} A). This 15 an unexpected result that is probably duc
to the greater trans effect of the phosphine. In the abscnce of the wrans effect, the
anionic thionate would be expected to bind more strongly to the metal than the
neuiral ligand. This is the case with the methylmercury{11} complexes of thiazolidine-
2-thione and thionate [ 50]. The Au P distances, which are generally shorter than
the Au-S distances, also form a compact series {2.237(23-2.259(3) A only the value
for the bulky tri-{cyclohexyl) phosphine ligand (2.292¢3) A} lies outside this range.
All the complexes exhibit distorted linear P-Au-S geometry with the distortion
ranging from 1.4° to 8.0°. In addition. the Au-8-C angles vary significantly from
98.9{3y to 106.6(3y. In some complexes both these angles correlate well with the
distance between the metal and the thioamido nitrogen atom of the coordinated
heterocyclic thionate. In [Au{PPh;ipym?28] the relatively short Au--N distance
{2.957(8) A} generates a small Au—-S—C angle and a larger than average deviation in
the linearity of the P-Au-S angle { Table 3). In [Au(PPh;ipy28] the Au---N separa-
tion is larger (3.118{4) A) and consequenily the P- Au-S angle is closer to the idcal
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and the Au—S-C angle is increased {Table 3). The pyridine-2-thionate ligand is also
twisted by about 14° out of the Au-S-C plane in this complex; similar effects have
been observed in complexes of the 2-thiouracilate anion [ 16,81,84].

The effect of coordination on the ligand dimensions can be assessed by the effect
on pyridine-2-thione [78]). In the pyridine-2-thionate amion the exocyclic thione
{>C=S5) distance is increased from 1.695(2) to 1.750(6) A. The thioamide C{2}-N(1)
distance decreases slightly, from 1.356{3) to 1.336{7} A, as does the N-C-S angle,
from 120.6{1) to 118.2(7)". Similar effects have been observed for the 2-thiouracilate
anion [ 16,81,84]. The thione bond lengths in the other ligands range from 1.704(9)
to 1.766(7} A. They are all shorier than the single-bond {> C-5} distance (1.81 A}
[61]. However, changes in the ligand dimensions of pyridine-2-thionaie are consis-
tent with the shift of n-eleciron density to the amide {C-N} portion of the thicamide
group, concentration of the negative charge on the sulphur atom of the anion and
enhancement of the thionate character in the ligand.

2.4. Copper(1) and zinc( 11} complexes of benzo-1,3-thiazoline-2-thionate

Binuclear complexes with terminal #'-S-donating heterocyclic thionates are rela-
tively rare and are currently limited to the benzo-1,3-thiazoline-2-thionato (IIm(iii))
complex [Cu,{bztzS),{dppe); ] [851.

This copper(1} complex resulted from a reinvestigation of the reaction between
copperli) salés and benzo-1,3-thiazoline-2-thione in ethanol. Other heterocyelic thi-
ones were also invelved in this study. The initial product [Cu{bztzS),], obtained
from the parent ligand and copper sulphate pentahydrate, proved to be intractable
and was treated with dppe in hot acetone, from which the dimeric complex was
obtained. The complex is ceatrosymmetric with the centre of symmetry located
between the two methylene carbon atoms of the bridging dppe ligand. The distorted
tetrahedral geometry at each copper{1) atom is completed by a chelating dppe ligand
and a »'-S-donating heterocyclic thionate; consequently, each metal atom has a P;S
donor set. There are two similar independent molecules in the unit cell that generate
mean Cu-S and Cu—P distances of 2.318(6) A and 2.306(9) A respectively.

As a result of deprotonation and coordimation to copper(l), the C-S,, and
C—S,na0 distances of the parent ligand [65] (1.662(6) and 1.732(6} A} increase (to
1.675(25) andn1.795{25) A} and the thicamide C-N distance {1.353(6} A) decreases
(0 1.295(45) A). In addition, the thioamide N—{-S,,, angle increases from 127.4(2)°
in the parent ligand to 132.5(20)° in the complex. This causes the non-bonded
Cu---N distance to lengthen and helps to maintain the monodentate character of
the ligand. Changes in the ligand dimensions, despite the rather large errors, are
indicative of a shift of r-electron density to the amide {C-N) portion of the thioamide
group and enhancement of the thiocnate (C-87) character.

All the reported mononuclear complexes of divalent zinc involve benzo-
1.3-thiazoling-2-thionate in a variety of mixed-ligand envirenments that involve
either nitrogen bases or §,S-chelating dithiocarbamates.

The complex [Zn{bztzS),(bipy)] (bipy=22"-bipyriding) [86] resulis from the
elecirochemical oxidation of the meial, in acetonitrile, in the presence of the parent



E.8. RaperiCoordination Chemistry Reviews 153 7 1996) [99-255 R

thione ligand and 2,2"-bipyridine. The same complex may also be prepared from
[ Zn(bztz28), ], obtained from zincill) acetate dihydrate and beazo-1,3-thiazoline-2-
thione in ethanol by the addition of 2,2-bipyridine in chloroform. In addition,
[ Zn(bztz25),{py); ] and [Znibztz28),{ phen)] were prepared from [ Zn{bztz28),] by
similar methods [87].

The crystal structures of the 2,2'-bipyridine [86]. as well as those of the pyridine
{py) and o-phenanthroline (phen) [ 877, adducts have been reporied. All threc com-
plexes have pseudo-tetrahedral geomeiry with N,S, donor sets formed from two '~
S-donating benzo-1,3-thiazoline-2-thionate ligands and either two pyridine molecules
or one N.N'-chelating nitrogen base. Angles at the metal are in the range from
7R.8(1¥" to 122.4{1y, with the smallest angle formed by the N.N'-chelates. The 5'-
S-donating heterocyclic thionates generate Zn S distances (2.294(5)- 2.324{1} A)
which are typical of other tctrahedral Zn S systems (2.25-2.36 A) [86]. The mean
thicamide C-5(1.72 A) and C-N {1.30 A} distances are tvpical of deprotonated and
coordinated heterocyclic thionates.

The involvement of the thionato sulphur and the non-involvement of the thioamido
mtrogen atom as donor atoms in these complexes clearly results from the greater
aucleophilicity and sicric favorability of the exocyclic suiphur atom.

The involvement of benzo-1,3-thiazoline-2-thione as an accelerator i the
vulcanization of natural rubber has generated a number of complexes includ-
ing {n-Bu,N) Za{bztz8):(H,0)] [88]. {n-Bu,NI)[Zn{dtc}bztzS}),] and (n-Bu,N}-
[ Zn(dic),{bztzS}] [89] idtc =dithioccarbamate). In the [£n{bzizS)(H,0)] anion
two of the heterocyclic ligands are 5'-S donating (mean Zn-8=2.338 A). They are
also hydrogen bonded to the coordinated water molecule (Zn-0 =202 Aj through
their thicamido nitrogen atoms. The remaining heterocyclic ligand is #'-N bonded
to ninc(I1) {Zn -N=2019{4) A) with the thionato sulphur atom 3.125(2) A from the
meial, The coordination at the meial 1s considered 10 be four-coordinate {S,ONJ or
five-coordmate {S;ON} (XVIa). In the icteahedral [Zn{dich(bztz8)] ™ anion the
dithiocarbamate anions are S.S'-chelating and the heterocyclic Yigand is »'-N bonded
to zinc(I1) {Zn-N=2.061 A); the thionato sulphur atom is 3.43 A from the metal
{ XVib). The metal geometry. excluding the thionate sulphur interaction, 1s square-
based pyramidal. Similarly, the [ Zn{dtc){bztz2S),] " anion coniains two ;'-N donat-
ing heterocyclic ligands {mean Zn-N=1997 A} and a bidentate dithiocarbamate
amion. The metal has distorted ietrahedral geometry.
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The varied donor behaviour of the benzo-1.3-thiazoline-2-thionate anion in the
presence of these dithiocarabamate ligands is in marked contrast to its behaviour in
the presence of nitrogen bases. The involvement of the thicamido nitrogen atoms
in hydrogen bonding with the coordinated water molecule probably accounts
for the »n!-S-donating behaviour of two of the heterocyelic ligands in the
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[Zn{bztzS};{H,0)]~ anion but not for the predominantly thioamido nitrogen n'-
N-donating behaviour in the third heterocyclic ligand { XVIa}.

Furthermore, the #'-N-donating behaviour of the heterocyclic ligands in
[Zn(dicy{bziz8),1™ and [Zn(dtc),{bziz8)]~ (XVIb) is more consistent but equally
intriguing, The involvement of the thivamido nitrogen atoms in the coordination
scheme is probably not due to steric factors, since such considerations will consis-
tently favour the exocyclic sulphur atoms. However, the position of zinc as a border-
line acceptor atom probably means that the balance of electronic factors favours
neither the thicamido nitrogen nor the thionaio sulphur atoms in these ambidentiate
ligands, but depends on the other donor atoms in the individual complexes. In this
respect the presence of the 8,8-chelating dithiocarbamates appears to be crucial.

3. Chelate complexes
3.1. Introduction

The four-membered ring formed by a S,N-chelating heterocyclic thionate is inher-
ently strained. Consequently, many complexes were formerly presumed to contain
S,N-bridging rather than §,N-chelating ligands [2]. However, the publication of the
crystal structure of cis-[ Ru{py28},(PPh,),] in 1972 [90] established the S,N-chelat-
ing capability of pyridine-2-thionate with its characteristically narrow bite {2.56 A)
and chelating angle {mean S-Ru-N=679(2)). Subsequently, monochelate
(Section 3.2), bischelate {Section 3.3}, trischelate {Section 3.4) and tetrachelate
{Section 3.5) complexes, involving a range of heterocyclic monothionates, have been
structurally established. In addition, the dithionates quinazoline-2,3-dithionate and
1,2,5-triazoline-3 4-dithionate form bischelates with slightly less strained five-
membered rings (Section 3.3). Bridging chelating dithionates will be dealt with in
Part 2 of this review.

Many of the complexes adopt octahedral and square-planar geometries which,
together with the asymmetric character of the S, N-chelaiing ligands, generate extens-
ive isomeric possibilities. These include geometric isomers among six-coordinate
[ M(chel-S,N},A,] complexes {Section 3.3}, as well as optically active trischelates
{Section 3.4). Fluxional behaviour, which invariably arises from the juxtaposition of
cis-related sulphur-donating and S,N-chelating ligands, has also been monitored by
variable-temperature NMR data in a number of complexes [ 19,91].

3.2, Monochelates

3.2.1. Four-coordinate complexes

These species are relatively rare and are limited io the square-planar geomeiries
that are typical of nickel{Il), palladium{(Il} and platinum(Il}. Although a number
of heterocyclic thionaies have been used, the crystal siructares are limited to the
pyridine-2-thionate complexes of nickel{11} and platinum(11).

Addition of sioichiometric quantities of pyridine-2-thione, pyrimidine-2-thione,
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methylimidazoline-2{3H)-thione, !,3-thiazolidine-2-thione, benzoimidazoline-2-
thione, benzoxazoline-2-thione and 2.6-dimethyi-5-0x0-1,2 4-triazine-3-thione (see
structures 1I) to (NBu J[{Ni(CsHh{p-OH}}, ] in dichioromethane, followed by
reduction of the reaction volume and addition of diethyl ether, produces the
air-stable complexes of the corresponding heterocyclic thionate (RSN7),
(NBu, WNHC HLIRENY] [92]. In this reaction the heterocyclic thione s deproto-
nated by the p-hydroxo amon of the precursor complex. The complexes are 1:1
electrolytes in ethancl and have been characterized by IR, UV-visible and NMR
techniques. The electronic spectra of all the complexes coatain a 1A1E - ’Azs transition
typical of square-planar low-spin d® systems. Square-planar geomeiry was confirmed
in the crystal structure of {NBu,{ Nu{C.H:),{ py28)], together with a C,NS donor
set; the metal 15 also slightly displaced from the coordination plane { XV1laj. Angles
at the metal are irregular, largely because of the small bite of the chelating ligand
{N-Ni-S=73.8(2y). The Ni-N {1.919(5) A) and Ni-S (2.257(2) A} distances are
somewhat shorter than the distances reporied for the corresponding ociahedral
trischelates [23]. Similar siructures have been deduced for the oiher members of
this serics.
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Several mononuclear pyridine-2-thionate complexes have been reported [19]:
[M(py28),{PPh,), ], [MCl{py2S}{PPh,)] and [ Mipy2S},(PPhy)] (M =Pd(1l) and
Pi{II)). A variety of synthetic routes have been emploved for these complexes. The
oxidative addition of dipyridyl-2,2'-disuiphide to [M{PPh,),] in toluene and in a
nitrogen atmosphere produced trans-[ M{py28),{PPh,}; 1 (M =Pd{11) and Pt{ll})) in
high yield. The metals have a trans-5,P; donor set with monodentate sulphur-
donating pyridine-2-thionate ligands. A combination of molecular weight determin-
ations and NMR spectra ('H and *'P{1H}) of the [ M({py28),(PPh,),] complexes
suggested the occurrence of phosphine exchange and ligand scrambling in solution.
The phosphine exchange involves loss of a2 phosphine molecule, and ligand scram-
bling involves conversion of one monodentate sulphur-donating ligand into a S.N-
chelating ligand. The latter process is shown in XVIL, In the palladiuomi Il) complex
the ligand-scrambling process 1s more rapid than that of phosphine exchange. and
both processes are extremely slow in the platinum{Il) complex.
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Pyridine-2-thione and sodium methoxide were added te [Pd,CLi{PPh;)] in
tetrahydrofuran with the aim of replacing a bridging chlorine with p,-S bridging
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pyridine-2-thionate in [{PdClu-py2S}¥PPh;)},], similar to the arrangement
previously established for the corsesponding trimethyl phosphine structure
[93]. However, the unexpected product of the reaction was monoauclear
[PACl{py25){PPh;)]. In this compiex the metal has distorted square-planar geome-
try with a N, §, P, Cl donor set, a trans-(P,N) struciure and §,N-chelating pyridine-
2-thionate { XV, There are two independent molecules in the unit cell that differ
in the disposition of their pyridine rings. Some significant differences are also evident
in the bond distances (Pd-8=2.320(7) and 2.28%(5); Pd-N=2112(13) and
2046(14) A) and angles {S-Pd-N = 73.9(4)° and 67.3(4)°). Increase in the thioamide-
thione distance of the ligands is evident in both these complexes.

3.2.2. Six-coordinate complexes

These mixed-ligand complexes are limited to the cations and oxy-cations of the
heavier transition metals with a range of ligands occupying the remaining coordina-
tion sites,

Addition of solid 4,6-dimethylpyrimidine-2{ 1H)-thione to trans-[ ReOX,(PPh;), ]
{(X=Cl, Br), in boiling acetone produces two types of crystalline product, trans-
[Re(III} X, (me,pym2S){PPh;), C3HO and [Re{V)OX,{me,pym28){PPh;)] {X =
Ci, By}, the ligand proton is removed as the hydrohalic acid [94]. The crystal
structures of the chlore complex of each type of product have been reported, with
all the complexes further characterized by spectroscopic methods. Reaction pathways
have been proposed to account for the production of a rheninm (I} compiex from
a rhenium(V) precursor. These involve either a partial trans—cis isomerization of
the phosphine ligands or partial oxidation of the parent thione to the corresponding
disulphide. Although no positive identification of the latier was provided in this case,
the analogous production of disulphides is commen in copper{II}/A 1} heterocyciic
thione redox chemistry [3]. Both complexes adopt distorted octahedral geometry.
In trans-[ ReCly(me,pym28){PPh,), ] { XIXa) the two phosphine ligands occupy trans
axial positions {(P-Re-P=173.9{2)°), with the chlorine atoms and the S, N-chelating
heterocyclic ligand occupying the equatorial posiiions. The cis angles at the metal
are in the range from 67.1(3)° to 100.5(2)°, with the former the chelating angle
{N-Re—-8) and the latter involving the cis-chlorine atoms. The Re(1I1)-S (2.409{4)
A) and the Re-N (2.115(10) A) distances are similar to other reported values
(2.354(4)-2.483(4) A [95] and (2.139(9)}-2.143(12) A) [96] respectively. In
[ReOCl {me,pym28}{PPh,}] (XIXb) the phosphine is trans to a chlerine atom
{Cl-Re-P=169.1{1)°) with the rhenyl(V) oxygen (Re—0=1‘670(7)ﬁ), the S,N-
chelating heterocycle and the second chicrine atom in the equatorial plane. The
Re-N distance (2.117(7) A) is similar to that in the Re{ur) complex, but the Re--§
distance (2.507(2) A) is slightly longer. Angles at the metal are significantly distorted
from their ideal octahedral values and range from 65.4(2)° for the S—Re-N chelating
angle to 110.3(2) for the Cl-Re-0O angle. The significant variation in the two cis-
Re—Cl distances (2.293(2) and 2.376{3) A) is attributed to differences in repulsive
interactions (Cl--Cl' = 3.624(5) A and CI---0’ =3.278(6) A) exerted by neighbouring
octahedra. The mean ligand dimensions in both compiexes {C-8=1.701 A,
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C-N=136A and N-C-$=110.3"} are consistent with deprotonation and
coordination of the heterocycle.
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Addition of pyridine-2-thione to mer-[ItHx{ PPh;)] in boiling benzene produced
pale veliow crystais of trans-[ IrH,{py2SHPPh;); ] [97]. This highly distorted struc-
ture is similar to that of XIXa with trans-phosphines (P-Ir-P=168.9(3)°) and a
significant variation in the cis angles ranging from 64.7{8)°, the S-ly-N chelate
angle, to 95.5(8)°, the P-Ir-N angle. The equatorial positions are occupied by the
S.N-chelate and the two cis-hydrogen atoms {Ir-S= 249?(9)A Ir-N =2.15(2) A).
The ligand thicamide dimensions {C-8=1.77{ {3)A, C-N=1.38(4H)A and N- C- §
105¢2¥°) are indicative of deprotonate chelating pyridine-2-thionate [ 58].

A range of halide compiexes of molybdenumim), {1v) and (v) have been prepared
from mono and di-silylaied derivatives of pyridine-2-thione [ 98]. Most of the com-
plexes, of which [MoBr,(3-SiMe,-py2SH)] is typical, contain terminal sulphur-
donating neutral thione derivatives. However, { Ph,P) MoOBr,(3-SiMe,-py2S}] was
obtained by treating the filtrate from the reaction of [MoBr,{CO),] and (3-
SiMe, )pyridine-2-thione in acetonitrile with dichloromethane and its crystal struc-
ture was determined. Two of the bromine atoms are frans with the remaining bromme
(Mo-Br=2.509(3)-2.525(3) A), the molybdeny! oxygen {Mo-O = 1.64(2} A} and the
S,N-chelating heterocycle (Mo-8=2.467(7) ) A, Mo-N=2282(2) A and S-Mo-
64.0(5)°) in equatorial positions. The halogen atoims in these complexes are read:ly
displaced by a variety of doners including organohydrazine and pseudo-halide
ligands.

3.2.3. Organometallic complexes

The majority of organometallic complexes have been derived from carbonyl precur-
sors and include a number which contain a cis-refated combination of one S,N-
chelating and one monodentate sulphur-donating ligand. Complexes have also been
reported which contain alkyne groups as the major organometallic fragment as well
as a quinoline-2-thionate derivative which was obtained from the novel internal
cyclization of an alkenyl-N-arylthicamide ligand.

A number of csmium, ruthenium and iridiam carbonyls react with 1,3.4- thia-
diazole-2-thiol-5-thione, generally in boiling toluene, to give complexes of the
monodeprotonated amion 1,3,4-thiadiazole-2-thiolate-5-thione (Ikmn{ii)). Trans-
[ Ru{11}{tdzS,H),{ PPh;),{CO)] is typical of this series [91]. A similar reaction
involving [Os{CF,C0,),(C0),J and pyridine-2-thione in refluxing toluene produced
the fac isomer of [Os{py2S){(CO)] [99], while the reaction invelving
[Ru{CO),{PPh,),] and 2.2'-dipyridyldisulphide in boiling toluene produced «cis-
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[Ru(I )} py28),{COKL{PPh, )] [1681. Further loss of carbony! in the latter complex,
in dichloromethane/n-hexane, is facilitated by a short (2.782(7) A) intramolecular
contact between a carbonyl carbon and an adjacent thioamido nitrogen atom ( XX),
which leads io the formation of the cis-bischelaie [Ru{py28),{PPh;),] (see
Sectien 3.3). The final member of this group [ Rh{3-SiMe3-py28),(CsMe;5)] was
obtained from [{Rh{C;Me;)Cl,},1 and a suspension of (3-trimethyisilylypyridine-
2-thione in acetonitrile, followed by concentration of the reaction solution and
the addition of diethyl ether [101]. The three carbonyl complexes all adopt
highly distoried pseudo-octahedrai geometry with trans-phosphines in trans-
[Ru{Il){idz8,H),{ PPh;,{CO}], & group of three confacial carbonyls in fac-
[Os{py28),{CO) ] and cis-carbonyls in cis-[ Ru{l}(py28},(CO),{PPh;)1. In con-
trast, the pentamethylcyclopentadienyl complex [Rh(3-SiMe;-py28),{CMe,}]
adopts a pyramidal structure with 4°-CsMes at the apex. The ring carbons are
essentiaily equidistant from the metal in this complex (mean Rh—C=2.176(35) ;1.), the
S;N atoms from the heterocyclic ligands form the base and the metal atom is
significantly displaced from the basal plane. The major structural interest in these
complexes cenires on the unusual combination of a cis-related pair of one SN-
chelating and one monodentate sulphur-donating heterocyclic thionate ligand in
each compiex (XX).
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Structures in which two poteatially bidentate ligands share three adjacent sites
frequently display fluxional behaviour. Consequently, variable-temperature proton
NMR studies in CDCl, have revealed dynamic interchange between the S.N-chelating
and the sulphur-donating heterocyclic ligands in [ M{11){tdzS,H ),{ PPh;),{CG}]
{M=Ru, Os) [91]. A summary of the essential siructural details of these complexes
(Table 4) shows that the M-S distances generated by the chelaiing ligands (M-S=
2.408{2)-2.478(5) ;&) are consistently longer than those generated by the sulphur-
donating heterocyclic thionates (M-8 =2.360(2)-2.424¢3} A). This indicates more
effective overlap of the metal-sulphur orbitals in the case of the sterically more
favourable monodentate ligands.

The inherent strain in these four-membered chelaie rings i1s again evident in
the small S—M-N chelating angles {64.8(4)°-67.6(1)°) and the fact thai the
M-S-C angles {79.7{2)-80.9(6)°} are significantiy more constrained than those
of the monodentate ligands (109.6(3)-114{6)°}. Three of the latter are close to
the average tetrahedral value for monodentate sulphur-donating neutral ligands
{102]. The (-8, dimensions of the heterocyclic ligands in trans-
[Ru(II)(tdzS;H),( PPh,),(CO)] (C(2)-S(2)=173(2)A, L71(2}A; C(5)=S(5)=
1.58{2} A, 1.67(2) }o\, 1.67(2) /5«} are consistent with the 1,3.4,thiadiazole-2-thiolate-5-
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Table 4
Selected bond distances and angles of S.N-chelating and monodentate sulphur-donating lipands in
monochelate complexes

S.N-chelate Maonodentate-S
M-S M-N M-§-C S-M-N M-S M-S
(A (4) {deg) {deg) {A} {deg)

{Ruf tzdt H),{ PPhy },CO] [91]

2.478(5) 2.18(1) %0.2(6} 64.8(4) 2.385(5) 114761
[Os(pr28),(CO ]

[991

2.446(3) 2.129(3} 79.9(4) 67.4¢2) 2.424(3) 109.704)
{Ru{py28),{ CO)( PPy} ]

[166]

2453(1) 21144 79.742) 67.6(1) 2.419(1) 109.6(3)
[Ru{{3-8iMey )py281,(CoMes ) ]

[101]

2.408(2) 20894 80.9({6} 67.449) 2.36(4 3} 199421

thione tantomer. Although the symmeirical nature of the ligand makes the numbering
somewhat arbitrary, the ligand dimensions are consistent with deprotonation of the
thiol {C SH) rather than of the thione-thioamide portion of the molecule [3573. The
>(C-8,,, dimensions of all the heterocyclic thicnates (1.71(2)- 1.76(!);%) are consis-
teat with deprotonation and ccordination. In general, the dimenstons of the thio-
amide moieties among the heterocyclic thionaies show no significant differences
between chelating and monodentate donors. In cis-{f Ru(1l}py2S),{ PPh;){COY ] the
C-8 and the C-N distances of the pyridine-2-thionate ligands are 1.756(7} and
1.747{6) A for the chelating donors, and 1.353(7}and 1.320(7) A for the monodentate
donors. The difference between the N-C-8 angles of monodentate and chelating
pyridine-2-thionate in this complex (109.9(4)" and 121.3{4)"} results from the geomet-
#i¢ strain of chelation,

Alkyne complexes of molybdenumé{ll) and tungsten{ll) have been reported.
reviewed [103] and recently extended io inciude the S,N-chelating heterocyclic
thionates pyrimidine-2-thionate {104], pyridine-2-thionate [ 105] and a pyrollidine
dithiocarbamato complex [ 106]. The starting material for this sequence of complexes
is [ WIL{COYNCMe)(y*-MeC,Me),; 10.5CH,Cl, which, when treated with an
equimolar quantity of potassiom pyrimidine-2-thionaie 1n  ether, produces
{ WIH{CO¥} pym2S)(n*-MeC,Me),]. The addition of potassium pyridine-2-thionate to
the same precursor in CH,Cl,, followed by the addition of Na{BPh,), produces the
cationic complex [W{CO}NCMe)(py28S)in*-MeC,Me), }{BPh,). A similar pro-
cedure produces the corresponding pyrrolidine—dithiocarbamato complex. This syn-
thetic route has been extended to include bis-heterocycles, phenanthrene and
diphosphines. Two isomeric forms of the pyrimidine-2-thionate complex arc pos-
sible { XXI).
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Variable-temperature proton NMR revealed fluxional behavicur for the pyrimi-
dine-2-thionate compiex, with the tsomer XXIa being the most abundant at room
temperature. This was coanfirmed by the crystal siructure of the complex which
revealed distorted octahedral geometry with trans-related thionato sulphur and
carbonyl as well as cis-related but-2-yne ligands (mean W-C=2.076(5)A). The
extent of the distortion from regular octahedral geometry is indicated by the c¢is
angles at the metal which range from 64.4(2)" for the chelating angle to 97.2(2¥ for
the C-W-N angle. The trans angles range from 104.1(2)° to 165.9(1)°. Metal-ligand
distances generated by the S,N-chelating ligand are W-8=2.544({4) A and W-N=
2.210(4) A, with the W-8—C angle (81,1(2)"), like the chelating angle, typical of the
inherently strained four-membered chelate ring. The ligand dimeansions (C-S=
1.739(5) A, C-N=1.346(5) A and N-C-S=110.7(3)°) are typical of deprotonated
chelating ligands. The iriple-bonded but-2-yne ligands are paraliel to the W-CO
axis which permits maximum overlap of both pr orbitals of the coordinated alkynes
and optimizes their w-acceptor and n-donor properties [103]. The v(COj value at
2044 ¢cm ! reflects the small amount of electron density on the metal that is available
for back donation to the n* orbitals of the carbonyl. Replacement of the iodine atom
in XXTIh with an acetoniirile group generates the isomeric form typical of the pyridine-
2-thionate complex. In this structure the acctonitrile and carbonyl groups occupy
the axial positions, and the but-2-yne and heterocyclic thionato ligands occupy the
equatorial sites. The alkyne ligands are again oriented so thai their triple bonds are
parallel to the W—CQ axis with a mean W-C distance of 2.054 A. This arrangement
maximizes pr-orbital overdap. The disiances generated by pyridine-2-thionate
(W-S=2.551(5) A, W-N=2.217(22) A and S—-W-N=63.6(5)°} are similar to those
of the pyrimidine-2-thionate complex.

NMR studies show that these structures adopt the isomeric form XXIib in solution.
The acetonitrile group in these complexes is readily replaced with both neutral
mono- and bidentate ligands.

A recent development in the organometallic chemistry of organic isothiocyanates
involves the reaction between aryl isothiocyanates and the lightly stabilized dimeial-
lated olefin complex Re{CO),[trans-p-HC=C{CO,Me)]Re(COL{NCMe) which
results in the displacement of the acetoniirile ligand and insertsion of the organic
isothiocyanate inio the carboxylaie-substituted rhenium-—carbon bond [107]. The
product Re(CO),[(E)}-HC=C(CO,MeC=N{C,H,-p-R}S)1]Re{CO), (R=H, Me, Cl}),
contains an alkenyl-N-arylthioamide ligand. Trradiation of this complex in the pres-
ence of iodine causes it to undergo an unusual cyclization reaction in which the aryl
ring is coupled at its ortho position to the unsubstituted olefin. This results in the
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production of bridged binuclear and mononuclear 5, N-chelate compiexes of guino-
line-2-thionate {Hli{ii}} derivatives. One of the mononuciear complexes (XXII)
obtained from this reaction contains six-coordinaie rhenium with four lincar ierminal
carbonyls and 5 N-chelating 3-carbomethoxy-6-methyl-quinoline-2-thionate.
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The heterocyclic ligand generates tyical contacts with the metal (Re-§=2.505(2) A,
Re-N=2.196{5) A and S—Re-N=64.9{2)"}. The ligand dimensions are characterisiic
of deprotonated chelating species {C-S=1.731{7) A, C-N=1383{9)A and
S-C-N=110.3(5)").

in common with other chelating heterocyclic thionates in organometallic environ-
ments, the gquincline-2-thionate derivative behaves as a three-electron donor.

3.3, Bischelates

This group is one of the most populous categories, with complexes formed by the
main group and by transition metals in conventional and organometallic environ-
ments. Metal coordination among the complexes ranges from four-coordinate, in
distorted tetrahedral and square-planar forms, o a fluxional seven-coordinate com-
plex with capped-octahedral/‘piano-stool” geometry. The asymmetric character of
the S N-chelating heterocyclic thionates generates a large number of geometric
isomers, particularly among complexes with [ Michel-5,N}),A,] stoichiomeiry. The
ligands involved range from pyndine-2-thionate, which typically generates four-
membered 8, N-chelates, te quinoline-8-thionates, which generate five-membered S,N-
chelates, to the dithiolene analogues quinoxaline-2,3-dithionate and 1,2,5-thia-
diazole-3 4-dithionate, both of which generate five-membered S$.S-chelates.

3.3.1. Four-coordinate complexes

Lead(I1} [108] and zinc(Il) [109] bis S,N-chelates of 2-methyl-5-methylthio-
quinoline-8-thionate (Ii(i)) adopt distorted tetrahedral geometry with the following
mean dlmenswnos Pb-8=2.635{4) A, Pb-N=2, 3801 YA and S-Pb-N=72{1};
Zn-8=2263(2) A, Zn-N=2.100{6 )A and S-Zn-N=89.1(1)". The chelating angle
in the zinc(Il) complex appears to be more typical of this type of ligaand
{87.6(1)°-90.5(8)°) [109] than dces that of the lead complex. Typical mean ligand
dimensions reported for these complexes are C-5=1.760(7} A and C-N = 1.380(7} A;
the mean Zn-S-C angle (95.3(2¥ ) is significantly smaller than that expected for
four-membered S,N-chelating ligands. The same ligand aiso forms a centrosymmetric
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bischelate of platinum(ll) with a trans-SS geometry and dimensions Pt-S=
2.302(1) A, Pt-N=20829(5) A and S—Pi-N=84.5(1) [110] (XXIII).
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The crystal strueture of 3-hydroxy-6-methyl-pyridine-2-thione [111] established
the existence of the thione tautomeric form of the molecule in the solid. Consequently,
the anion is capable of generating either four-membered S,N-chelating species or
five-membered S,0O-chelating species (Ie(iii}). Highly coloured complexes of trans-
ition metals have been reported for this ligand without identification of the chelating
mode [18]. Bischelates of nickel{(II) and copper(Il} have been prepared from
nickel{I1) chloride hexahydrate in aqueous ethanol and copper(I1} oxide in ethanol
hydrochioric acid, with the ligand deprotonated by the addition of dilute ammenium
bydrexide, and their crystal structures have been reported [ 18]. The complexes are
isostructural and ceatrosymmetric at the metal, as well as being almost planar but
with slight dihedral angles between the pyridine and the chelating rings of 2.6(1)°
for the nickel(II) complex and 4.2(1)° for the copper(Il) compiex. Chelation involves
the oxygen and sulphur atoms and results from deprotonation of the hydroxo, rather
than the thione, group, with the formation of five-membered S,0-chelating rings
rather than the more strained four-membered S,N-chelating rings ( XXIV}.

H
N
- SOy
f ‘@8
kS 5 ,
H

(MisNi and Cul  Adapted from [18]
XXiv

The M—O (2.204(1) and 2.292(2} A} and M-S (1.856(3) and 1.902(4) A) distances
for nickel({I1) and copper(I}) respectively are unexceptional, their respective M—-8-C
angles (95.1(1)" and 93.7(2)°) are larger than would be expected for S,N-chelation
and the ligand C-S distance of 1.716(4) A for both complexes is more indicative of
thione than of thicnate character [2].

Several diamagnetic and electrochemically active mononuclear nickel{i) complexes
of sterically hindered alkyl and aryi thiolates, as weli as those of pyridine-2-thionate
derivatives, have been reported [ 112]. A combination of nickel chioride hexahydrate,
3-substituted trimethylsilyl pyridine-2-thione and trimethylamine in ethanol, refluxed
for an hour, followed by recrystallization of the initial preduect produced crystaliine
[Ni{{3-8iMe4)py2S),]. This centrosymmetric square-planar complex has a trans-
S,N, donor set with Ni-$:=2.2281(8) A, Ni-N=1.873(2) A and N-Ni-8 =74.30(8)°
with ligand dimensions C-S=1.756(3) A and C-N = 1.336(4) A. The complex exhib-
its a one-electron Ni(II}/Ni(I1l} oxidation poiential at +0.42 V vs. SCE in aceto-
nitrile at 25°C; this value is typical of similar complexes { 113].
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Bis-1,2-dithiolene metal complexes have generated significant interest as precursors
for molecular metals, and even superconductors, in recent years [1147]. Although
heterocyclic thionato analogues of 1.2-dithiolenes are relatively rare. both
quinoxaline-2,3-dithionate {1lj) and 1,2 5-thiadiazole-3,4-dithionate {le) contain the
5,C;N; moiety, which is characteristic of 1,2-dithiolenes, and also form bis 5,8-
donating chelates. The crystal structures, UV—visible spectra and electrochemical
properties of the copper{II) and copper{11l) compiexes of quinoxaline-2,3-dithionate-
{PPh,),[Culll}gnxS,),] and {(PPh)[Cu(lll){gnxS,),] have been reported [ 115].
Both bischelate anions contain square-planar CuS, cores. with their major structural
difference limited to the copper—sulphur bond lengths {mean Cu(Il1}-S=2.187(1} A:
mean Cu(I1}-S=2.260(1) A).

The copper—suiphur bond lengths in the corresponding complexes of dithiomaleo-
nitrile have a similar relationship [116]. Dimensioas of the N,C,8; portion of the
ligand are dependent on the oxidation number of the metal. Consequently, the
copper{ III ) complex has significantly shorter carbon—carbon distances (mean C-C=
1.439(3) A) and longer carbon—sulpbur distances (mean C-8=1.748(3) A} than the
corresponding copper{ 11} compiex (mean C- C = 1.459({3) A, mean C-S = 1.739(3) A).
The five-membered chelate produces $—Cu-S chelating angles of 90.5(1) in the
centrosymmetric copper{11l) complex and a mean of 91.9(1) {or the iwo indepen-
dent amions of the copper(il} compiex. turthermore, the Cu-5-C angles
(102.8(1)-104.8(1¥) reflect the decreased strain at the thionato sulphur atoms
gxpected of five-membered chelates. The cyclic voltammetric curves of the
quinoxaline-2 3-dithionate complexes in dimethyl formamide have aiso been
reported. Two redox reactions have been observed at E, values of —06.18 and
—1.38 V vs. SCE. The first value corresponds to the [CufqnxS,), ]~ /[CufqnxS,},1°
couple and is fully reversible; the second value corresponds to  the
[Cu{qnxS;), 1% " /[CulqnxS,;}, 1>~ couple and is quasi-reversible. This variation in
clectrochemical behaviour has been atiribuied to structural differences between the
complexes.

Addition of 3,4-dichloro-1,2,5-thiadiazohne to disodium sulphide in agueocus ctha-
aol, followed by exiraction and drying of the product, produces the disodium salt of
1.2,5-thiadiazoline-3 4-dithionate, ie. (tdzS,iNa,. The complexes (R N),[Ni-
(tdzS,),] {R = Et, Bu) were obtained by reacting {tdz8,;)Na, and nickel{1i} chloride
hexahydrate in methanol followed by addition of the reaction mixture to meth-
anolic solutions of both ethyl and butyl ammonium bromide: the initial product was
recrystallized [117].

The crystal structures of both complexes contam essentially planar centrosymmet-
ric square-planar anions ( XXV) (mean Ni—S=2.200[’1)A); the nickel-suiphur dis-
tances in the complexes are equivalent within experimental error.

2-
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XXV Adopted from {117]
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The smaller ethylammonium anicn allows a layered stacking of the ionic components,
with the packing of the butylammoninm structure somewhat looser in character.
The carbon-—carbon and carbon-sulphur distances of the anicnic dithionates (mean
C-C=1503(2)} A; mean C-S=1.722(5)A) are similar to those of the quinoxa-
line-2,3-dithionate amions. These heterocyclic vicinal dithionates are clearly useful
additions io the range of 1,2-dithiolene ligands which share with other ligands in
this range the ability to produce oxidizable precursors with the potential to produce
compounds with novel magnetic and elecirical properties. Such properiies will
undoubiedly be developed in the fuiure,

3.3.2. Five-coordinate complexes

Two of the complexes in this category have [ Zn(chel-S,Nj,adduct ] stoichiometry
with distorted trigonal bipyramidal geometry formed from pyrimidine-2-thionate
derivatives with the thioamido niirogen atoms of the ligands in the apical sites and
the remaining donor atoms in the equatorial sites.

A hydrated zinc complex of the 6-amino-2-thiouracilate anion (Ile(iv)} (6-am-
tucH) [ Zn(6-am-tucH ),{ H,0]-2H,O was one of the products of a series of reactions
involving divalent metal acetates {M({II}=Ni, Co, Zn, Cd, Cu) and the ligand in
aqueous sclution [ 118]. In the crystai struciure of the zincii) complex the metal
and the coordinated water molecule {Zn—O = 1.968(4) A) occupy a crystallographic
two-fold axis with the thioamido nitrogen atoms occupying apical siies (Zn-N=
2.235(2} A N-Zn-N= 171.0(1} A} while the water molecule and the thionato sulphur
atoms occupy the equatorial sites. The sulphur atoms deviate slightly from tl}e
equatorial plane because of the four-membered chelate ring (Zn-S=2353(1) A,
N-Zn-8=69.16{7), Zn—-S-C =80.0(1)°) (XXVla).

w
LI ) }ri o} SJ:)
;P‘ N T [
w0 M3, 54’;}

H
Adapled fram (18] ;fr,.- Adapted trom [120]
XXVia XXVIb

The ligand’s thioamide dimensions (C-S= 1.721(3};\, C—N=1.322(4);\ and
N-C-8=117.2(2)°} show characteristic deviations from the corresponding values of
the free ligand (C-S=1.671(1} A, C-N=1.349(2} A and N-C-S=121.9(1)°) [119],
with the major angular changes occurring at the thicamido carbon atom. Diffuse
reflectance specira suggest that [Co(6-am-tucH },(H,O11'2H,0 has a similar struc-
ture to that of the zinc{) complex.

Electrochemical oxidation of a zinc anode together with deprotonation of
4,6-dimethylpyrimidine-2-thione  {4,6-me,-pym2SH) in acetonitrile produced
[Zn(4,6-me,-pym25,)]. Addition of pyridine, 2,2"-bipyridine and 1,10-phenanthroline
to the electrolytic phase produced the [:1 adducts of the complex [33]. These
adducts were characterized by IR and by proton and C NMR methods, and the
crystal structure of the pyridine adduct was reported. In this complex the thicamido
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nitrogen atoms of the chelating ligands again occupy the apical sites (N-Zn-N=
168.1{2Y, Zn—-N =2.264(5), 2219(5)A) while the thionato sulphur atoms and the
pyridine molecule are in an approximately equatorial plane which is again distoried
because of the four-membered chelate (Zn-S=2347(2), 2.36%{2) A; Zn- -py =
2.057(4) A; N-Zp-S=68.2(2}"; Zn-5-C=82.8(2)", 81.5(2)"). The ligands have mean
thioamide dimensions which are similar o those of the 2-thicuracilate derivative
(C-2=1736(5)A, C-N=1350(6) A and N-C-S=113.5(4)").
Pyrimidine-2-thionates (Ild{i}) have an additional donor site, the N{3} alom.
which appears to be rarely used in complex formaiion. However, in [Zn{4.6-me,-
pym?28), ], obtained by the addition of potassium hydroxide and zinc chloride 10 «
stirred aqueous solution of the parent ligand, the metal is pentacoordinated with a
NS, denor set provided by the two ligands, of which one is S N-chelating and the
other is tridentate N,S-bridging (XXVIb) [120]. Within each molecular unit
the zinc{u) atom is S;N, coordinated by the thivamido sulphur and nitrogen atoms
of each hgand. One ligand is S,N-chelating with a thioamideo nitrogen atom in an
apical site {Zn—-N=2.369(6) A) and the thionato suiphur atom in an equatorial site
{Zn-5=2.319(2) A). The second ligand is tridentate bridging with the thioamido
nitregen atom in an equatorial site (Zn-N=2.061{5} A) and the thionato sulphur
atom in an apical site {Zn-5=2.679{2} ;\} and the pyrimidino-N{3) atom occupying
the remaiping equatorial site in a neighbourning symmetry-related fragment { Zn'-N =:
204G{5) A). The latter contact generates infinite chains, The long Zn- S distance
formed by the tridentate ligand appears to be primarily due to the fact that the two
ligands are twisted by 113.3(1)° relative to each other in order to avoid steric
crowding of the thionaio sulphur atoms {S---8S=3.875({3) A}. Angies at the metal
reflect the distortion from regular trigonal bipyramidal geometry and range from
the §,N-chelating angle {67.6{1)°} to the trans N-Zn-S angle {168.6{1}"}). The struc-
ture is described as intermediate between trigonal bipyramidal and square pyramidal.

3.3.3. Six-coordinate complexes

Octahedral complexes of stoichiometry [ M{chel-S.N ), A, ] generate both frans and
cis isomers, Because of the asymmetric nature of the chelating ligand there are two
trans isomers, defined in terms of M8, N,A, stoichiomgtry as cis-cis-trans {cct) and

Ty Ty

A

trans (1t} frans foctd
XXvIIc KEVID
R "‘xJ A l "
g g
T R M
< g / "~
e O Ui
cisiteet cisfete! orsfece!

XXVILc X viid AXVOe



230 E.S. Raper{Coordination Chemistry Reviews 153 ( 19958} 199-255

trans~trans-trans (ttt). There are also threecis isomers, similarly defined as trans-cis-
cis (tec), cis-trans~cis {ctc) and cis-cis-cis {ccc). These isomers are illustrated in XXVII,
the corresponding enantiomeric cis-isomers are also possible.

The trans isomers of the complexes of [ M(chel-§ N},A, ] stoichiometry are numeri-
cally fewer than those of the cis isomers but their derivation involves some intriguing
chemistry.

A combination of frans-[ Rh{I11}{py2S-§,N),{pySH-8),1Cl, cis-[ Rh{Ill}py28-
SN, (py2S-8){py2SH-S)] and mer-[ Rh{IH }{py25-§,N); ] result from the treatment
of a chloroform solution of the dinuclear complex [ Rh,{I)CI,(CO),] with an excess
of pyridine-2-thione. The reaction initially produces soluitons containing air-sensitive
rhodium(1} carbonyl complexes of pyridine-2-thione [1217 { XXVII).
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Adapted from [123]

On standing in the absence of air such solutions slowly deposit blue-black crystals
of dinuclear [{Rh{IFI}Cl{,-py2S-SN) py2SH-8)(CO)},] (XXVIHa) whose “open-
book” structure results from the cis “head-to-tail” arrangement of the §,N-bridging
pyridine-2-thionate ligands [122]. However, the addition of a ten-fold excess of
pyridine-2-thione to [{RhCI{CO),};] in chloreform, in the presence of air, results
in the oxidation of the metal together with total loss of the carbonyl ligands and the
slow production of pale otange crystals of trans-[ Rh(1II{py28-SN},{py28H-8),1Ci
{XXVIllb), which is a 1:1 electrolyte in dichloromethane/acetonitrile. De-
protonation and dechlorination of XXVIb, by stirring the complex with basic
alumina or by the addition of triethylammine in chloroform, resulis in a major
redistribuiion of the ligands and production of cis-[ Rh{I11)}{py28-8,N),{py28-8}-
{py2SH-8)] {XXVIiic}. Removal of the neutral higand in XXVIc is readily
achieved by sublimation of the complex or by meiting it and recovering mer-[ Rh-
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{IT1)(py2S-8,N); ] ( XXVIlid) by chromatographic extraction of a dichloromethane
solution of the cooled product.

Some preliminary siructural information about these complexes has been deduced
from proton NMR studies. Two equally populated ligand environments i { XX VI1ib}
indicated the presence of pyridine-2-thionate and pyridine-2-thione in the complex.
Despite the presence of four nen-equivalent ligands in XXVIlle, the proton NMR
spectrum consists of two seis of ligand resonances of equivalent intensity, even down
to —60 °C. resulting from rapid proton exchange between the two monodeniate
ligands. The existence of three sets of ligand resonances in XXVIIId is more consistent
with the mer than with the fac isomer.

The structures of the mononuclear complexes have also been confirmed by crystal
structure analyses [ 123]; that of mer-{ Rh(py28},] is discussed in Section 3.4.2. The
trans-octahedral (cct) geometry of XXVIIIb is significantly distorted as a result of
S.N-chelation {mean values Rh-S=2375(4)A, Rh-N=2072{8)A. N-Rh-S=
86.1{3} and Rh-5-C=80.1{4)") and the fact that the trans-pyridine-2-thione ligands
{mean values Rh—S:2.360(4};\, S-Rh-5=171.2{1}y and Rh-S-C=1142(4)") are
positioned so as to maximize their relatively weak hydrogen-bonding interactions
with the chloride anion (N---Cl=3.156 A, 3.165 A). The presence of both neutral
and deproionated pyridine-2-thione 1 the complex affords some interesting compari-
sons of the dimensions within the ligands and the contacts which they generate. The
shorter Rh-5 distances generated by the neutral ligand are indicative of the extent
to which the longer anionic Rh-8 distances ameliorate the steric strain within the
chelating ligands. The effect of deprotonation and coordination on the ligand’s
thicamide dimensions is also more marked in the S.N-chelating anion {mean values
C-$=1740(10)A, C N=1344(11)A and N-C-8$=1093(3)") than in the
imonodentate sulphur-deonating neutral ligand (mean values C-S=1.707{11)
A, € N= L348(11}f;\ and N-C-S5=1234(7¥). Sclected dimensions of cis-
[RA(III3 py2S-8.N Y.{py25-S)(py2SH-8)] { XXVIllc} are listed in Table 5 and are
discussed below.

Oxidation of [Os(I1}{py25),{ PPh,),] by cerium{IV} in dichloromethane aceto-
nitrile produced [Os(IID{py28){PPhy}, | PF . -#H,0 in two geometrically isomeric
forms. green (n=1) and red {(n=0), with the latter the minor consuituent [ 124].
Crystal structures of the two isomers revealed that they both adopt trasns-
I Michel-8,Nj,A, ] geometry with OsS,N, P, cct configurations { XXVIIb) in the green
form and 111 (XXVIIa} in the centrosymmetric red form. Both siructures exhibit
substantial angular distortion with values in the green (cct) form ranging from the
chelating angle {§-Os-N=674{3)"} to the rrans angle {P-Os-P=177.6(1} }; the
corresponding values in the red {r¢) form are 68.2(2)" and 180°. The {Os{py25);}
fragment in the #¢ isomer is ngidly planar {Os-8=2. 374(3) A; Os-N=2.099(9) A}
while both the non-planarity of the otherwise separately planar {Os{py28)} fragments
and the longer osmium-sulphur distance of the ¢¢r isomer (Os—S=2‘395(3)A;
Os-N=2.100{1( ;\) are attributed to the presence of cis-sulphur atoms in the latter,
Fach isomer displays a guasi-reversible one-electron cyclic voltammetric curve in
dichloromethane due to Os{111)/Os{11), with the ¢ct isomer ¢asier to oxidize than
the tr1 isomer: E, {cct)=E, (tt¢3+0.5 V vs. SCE. Analysis of the EPR spectra of these
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Tabie 5

Selected bond distances and angles for the trans-cis-cis isomeric forms of cis-[ M{chel-5,N};A, ] complexes

M-8 M-N Chelating Trans Cis M-5-C
(A) (A3 angle angie angle {deg)
§-M-N S-M-§ A-M- A(B)
(deg) (deg) {deg)
[Sn{py25),Ch,] [128]
2.46743) 2.386({3) 66.213) 81.8(4)
2.462(3} 2.382(1) 66.0(3) 154.2(1} 94.8(1) 81.9(4)
{Sn{py28-S,N)2(py2S-5);}-py2SH [31]
2.54242) 2.332({5}) 64.2{2) §3.042)
2.483(2) 2.334(5} 65.1(2} 148.22(6) 105.48(6) £2.3(2)
2.475(2) (py2S-S) 93.7(2)
2.463(2} (py2S-S) 101.742)
fCotbziz28h{py) " [129]
2.585(1) 2.156{4) 66.3¢1) 166.7(1} 94.8(2) T4.1{2}
2.605{1) 2.139(4) 66.3{1} 167.141) 96.1{2) 74.4(2}
[Rufpy28),( PPhy ). J [90]
2.434(2) 2.115(6) 66.2(2) 80.1(3)
2.437(2) 21327 67.7(2) 154.7(1) 96.8(1) 80.6(3}
[Mo( Vi )O(NNMePhj( 3-SiMe,-py25),1 [131]
2.514{1) 2.323(3} 63.45(8}
2432(1) 2.245(3) 65.88(8) 148.23(4) 104.9(1) NR
FMo¢ VI J{ NN MePh), ( 38iMe,-py28), 7 [132]
2.496(1) 2.276(1) 64.2(1) 152.1{2) NR 84.8(5)
[Mof V JOCI 35iMe,-py2S), } [132]
2.429(4) 218(1} 64.4(3) 152.1(2) 104.6(4) 82.2(5)
2.456(4) 2.30(1} 66.6(3} 84.8(5}
[RA(py25-S,N);(pr28-S)(py2SH-5)] [123]
2.374(3) 2051(4) 69.0(2) 79.2(2}
2.396(3} 2.077(4) 69.2(2) 163.2(1} 95.0(1} 80.3(2)
2.343(31{py2S-5) 108.5(2}
2.318{3)-{ py2SH.S) 11502}
{Os(prI5)(COJ [99]
2441(1) 2.149(4) 66.7(1) 80.7¢2)
2419(2) 2.128{5} 67.5(1} 152.6° 91.4{3) 81202}
[Ru(py2Sh(CONPPRy} ] [133]
2.429(1) 2138(2) £7.8(1) 80.202}
2422{1}) 2118(2) 67.5{(1% 157.96(3) 90.9(1}) 802013
{Cdlpy2S);tpviy J* [87]
2715(24 2.392(5) 62101} 1639 1) 93.1(3} NR
2.696{2) 2.451(5} 62.1{1} 161.8(1) 97.1(3)

NR. Not reported.

* {C, axis and two independent molecules in the unvt cell.

b, axis.
¢ Calculaied by the author.
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paramagnetic complexes (g = 1.83 (ccr} and 1.92 (1:2) at 298 K revealed substantial
splitting of the t; shell with corresponding ligand field transitions in the near-IR
region {7400 cm ! (cct) and 8300 cm ' (114)). Formation of the green {cct) and red
(trr} isomers in such unequal proportions ica. 1% red form) is ascribed to the presence
of the trans-[Os (11 py28),(PPh,), ] precursor, in the cet form, ia solution prior to
oxidation and preduction of the trivalent osmium complexes [125].

The trans octahedral {cct) isomers may also adopt a skewed trapezoidal bipyrami-
dal structure. This arrangement arises from a combination of two asysmmetnc chelai-
mg ligands, in an equatorial plane, and two mutually frans monodeniate ligands. In
order to minimize intraligand repulsions, the planar chelating ligands distort to form
4 trapezium with the frans monodentate ligands skewed towards its long edge [126].

Such distortion is slight in the trass-[{Osé1IIH py2SL{PPh;),]" cation {P-
Os—P=1776(1)) and is the reverse of what is predicted in the trans-
[Rh(I1)}{py2S-SN),(py2SH-S), ]~ cation where the internat hydrogen bonding dis-
torts the frans ligands {5-Rh-5=171.2(1)") towards the short {N...N) edge of the
trapezium. In [{ Ph),Sa(py2S), ], however, the rrans octahedral {cct} structure consists
of trans phenyl groups {C-Sn-C=125.5(1)") and two cis-chelating pyridine-2-thio-
nate ligands (mean Sn-S=2481(1) A, Sn-N=2.667(4) A, N-Sn-5=60.70(8} and
Sn-S-C=908{2)). with the C-8n-C axis significanily bent towards the longer
(N---N} edge of the trapezium. Unusually, the Sn-N distances are longer than the
Sn-8 distances n this structure, presumably in order to accommodate the relatively
narrow chelating angles [ 127]. Mean ligand thioamide dimensions in Lhis structure
{C-8=1.754{(4) A. C-N=1.331(7) A and N-C- S=114.613} ) are typical of deproto-
naied S,N-chelating ligands.

Of the three possible 1someric forms of the ¢is-[ Michel-SN 1A, ] bischelaies, all
the reported structures adopt tcc form { XX Vlie}. Selected dimensions of the reported
crystal structures arc listed in Table 5.

There is no single identifiable preparative route to the icc someric forms of eis-
[ M{chel-S,N),A, ] bischelates. The uniivy complexes are prepared by the oxidative
addition of 2.2'-dipynidyl disulphide to either tin{n} chioride or metaliic tin in organic
solvents [ 30.31]. The pyridine adduct of the benzo-1.3-thiazoline-2-thionate complex
[Col(bziz28),ipy}, ] 1s produced by the addiion of [Cotbziz28),] to pyridine | 1297,
while the seminal pynidine-2-thionate complex [Ru(py28),{PPh;),] 1s obtained by
the addition of pyridine-2-thione and triphenylphosphine to solutions of “blue”
ruthenium chloride [ 130]. Molybdenum({vi} complexes with hydrazido ligands and
stericaily hindered pyndine-2-thionates are obtained by reacting [ Mo,0,(3SiMe;-
py28),1 with 1,1-methylphenylhydrazine in dichioromeihane [ 1317 and by the addr-
tion of 1 l-methylphenylhydrazine to [MoCh(381Me,-py28),] 1n dry methanol
[132]. The resultant molybdenum -hydrazido nitrogen distances (1.787(3) A [131]
and 1.75{1) A [1327]) are short and strong. A variety of methods have been used for
the preparation of the carbonyl complexes. For example, ¢is-[ Ru{py251,(C0). ] has
been prepared by the thermolysis of triruthenium dodecacarbonyl [ 134] and by the
reductive carbonylation of ruthenium érichloride, both in the presence of the parent
ligand [134].

The reported crystal structures show that all the complexes have distorted
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octahedral geometry (Table 5) with cis A-M-A angles ranging from 90.9(1), for a
combinaiion of carbonyl and phosphine ligands, to 96.8(1)", for a pair of triphenyl
phosphines. However, the largest ¢is angle occurs between the two monodentate
sulphur-donating pyridine-2-thionate ligands in [Sn{py2S-8,N),{py25-S),Jpy25H
[31]. Variations among the trans S-M-8 angles range from 148.22(6¥, for two
pyridine-2-thionate ligands, to 167.1{1)’, for the more bulky benzo-1,3-thiazoline-2-
thionate ligands. The chelating ligands generaie typically small S,N-chelating angles
{63.45{8)°-69.2(2)"), short metal-nitrogen distances (2.051(4}-2.396(3) A} and rela-
tively long trans metal-sulphur distances {2.374(3}--2.603(1) A). The exception to
these general observations is [Cd(py2Shi{py),] with the smallest chelating angles
and the longest metal-ligand distances in the series [87].

There are two compiexes which contain pyridine-2-thione molecules and pyridine-
2-thionate anions, with the laiter both S N-chelating and monodentate salphur
donating. The 1>C NMR spectrum of cis~{ Sn{py2S-§,N},{py25-S), }-py2SH, recorded
in deuterated chloroform at ambient temperature, contains separated signals for the
cis-[ Sn(py28-SN ),{ py2S-5), 1 compiex and the pyridine-2-thione molecule which are
averaged at 178 K owing to slow intermolecular exchange between the thicamido
proton of the pareni molecule and the deprotonated ligands [135]. In the solid staie
the parent molecule is hydrogen bonded to the thioamido nitrogen of one of the
monodentate ligands (NH---N=1.92(7) A). Furthermore, the metal-sulphur dis-
tances of the monodentate ligands are shorter than those of the chelating anions,
primarily as a result of the absence of steric constraints in the formesr; the M-5-C
angles also reflect the decreased strain of monodentate coordination {Table 5). The
proton exchange which occurs between the two cis-related monodentate ligands in
cis-[ Rh(ITT}{py25-S,N),{pv2S-S)py2SH-8)] (XX VIc) has already been alluded to
above [123]. The metal-sulphur distances of the monodentate ligands are uneqgual,
with that of the anion surprisingly longer than that of the neutral molecule; their
M-S—C angles are alsc unequal. Both the monodentate ligands have metal-sulphur
distances which are sigaificantly shorter than those of the S N-chelating anions
{Table 5}.

A combination of electronic and steric factors are probably responsible for the
adoption of the tcc isomeric form of these complexes. A cis arrangement of carbonyl
and phosphine ligands clearly favours dn—dn overlap of their respective orbitals,
while the transoid sulphur arrangement appears to be more steric than electronic in
character.

Various combinations of neutral and anionic pyridine-2-thione ligands in the
complexes listed in Table 5 have produced a range of thioamide ligand dimensions.
Among the chelaiing ligands the mean C-N and C-8 distances (1.347 A and 1.74i A)
compare with the corresponding free higand values [ 587 (1.356(3) Aand 1. 695(2) A)
the N-C-8§ angle also decreases from 120.6(2)° in the parent molecule to a mean of
110.9° in the complexes. For the monodentate anions, the mean values are 1.375 A
and 1.763 A for the C--N and C-8§ distances respeciively, with the N-C -8 angie at
118.1° remaining fairly close to the value in the parent molecule. The one reported
monodentate neutral ligand has values of 1.343{5);% and 1.704{5) A for C-N and
-8 with a N-C-§ angle of 123.5(3)°. The increase in the C-8 distance is the most
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sensitive indicator of coordination for the monodentate ligands. Reduction of both
the N-C-8 angle and the C-N distance, together with an increase in the C-§
distance, characterizes the effects of chelation on the dimensions of the parent ligand.

Aerial oxidation of the dark green precipitate obtained from molybdenum{11)
acetate and sodiom pyridine-2-thionate in ethanol followed by recrysialliza-
tion in chloroform produces the deep red crysialline binuclear complex
[(Mo( VYO, (-O(py2S8-8, N, 1 [25]. This complex consists of iwo cis(tec) distorted
octahedral (MoQ,{py28);) lsomem. uniis with c¢is oxygen atoms (O-Mo-O=
105.9(2), Mo Oy, =1 853{1)A and Mo-0,=1.673(4) A] which are centrosymmet-
rically related through a Mo—O-Mo bridge { XXIX).

o
AL
Cfl§°”°>”i“ =

Ldapled from [25]
XXIX

Consequently, the central Mo,Q; core is rigidly planar with anti geometry. The
chelating anions generate mean dimensions similar to those reporied in Table
5 (Mo-8=246{4) A, Mo-N=2245(5)A, S—-Mo-N=653(1F and S-Mo-S=
149.6(1¥}, with the thioamido nitrogen atoms cccupying positions which are trans
to the strongly pn-bonding oxo groups. The strong trans effect of the terminal oxo
group is responsible for the disparity in the resultant molybdenum-nitrogen distances
(Mo-N=2305(5)A and 2.185(5}A}. A similar structure has been reported for
[Mo,0,(38:Me,(py25),] [132].

3.3.4. Organometallic complexes

In addition to the carbonyl complexes listed in Table 5, other complexcs with
organomeiallic ligands have also been reported.

The polymeric halogen bridged diene [{Ru(diene)Cl;}, ] {diene=1,5-cycloocta-
dienej reacts with a variety of ligands, including heterocyclic thiones, in dimethylfor-
mamide in the presence of anhydrous sodium carbonate, giving complexes of the
type [ Ru(diene)({chel}, ] [ i36]. With bicyclo[ 2.2.1 Jhepta-1,4-diene(nbd )} as the orga-
nometallic ligand, pyridine-2-thione gives [Ru{nbd}{py28-SN),1 by the above
method. A trans (tcc) isomeric structure has been proposed for the complex on the
basis of proton and **C NMR spectra [137]. The crystal structure of the air-stable
orange-red crystalline complex confirmed the spectroscopic predictions [ 138]. The
cis-related pyndme -2-thionatc ligands genecrate dimensions {(Ru S=2427{1} A.
Ru-N=2.105(4) A, S-Ru-N=67.6(1)° and S—Ru-$=149.9(1)") which are similar
o those reported for [Ru{py25),{CO)PPh;)] [133], except for slightly shorter
Ru—N distances and a smaller trans S~-Ru-8 angle.

The reaction of [W({CQO);{MeCN}] with pyridine-2-thione in acetonitrile at room
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temperature gives | W{CO),(py28),] as the major product together with some
T W{CO(py2SH) [139]. Both IR and proten NMR data identified the latier as a
six-coordinate complex containing monodentate sulphur-donating pyridine-2-thione.
Two strong »(CO) IR bands in [ W{CO)(py2S),], consisient with confacial
tris-carbonyls. These two c¢is-S,N-chelating pyridine-2-thionate anions generate a
seven-coordinate complex with the proton NMR spectra consisting of one set of
pyridine-2-thionate vesonances down to —90°C, most probably as a resuli of
fluxional cxchange in the complex. In order to suppress the supposed fluxionality,
dimethylphenylphosphine was added to the complex in cyclohcxane and
[ W(py2S-S,N}{CO),(PhMc,P)] was produced. The molybdenum(I1) analogue was
also reported. The crystal structure revealed the presumed seven-coordinate complex
and an 18-clectron configuration at the metal, with cis-related pyridine-2-thionate
chelating ligands (mean values W—-S8=2.529{3) A, W-N=2.220(6) A, SW-N=
65.5(2y and §-W- §5=139.9{1)") (XXX).
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The two carbonyls and the dimethylphosphine ligands form an approximately fac-
related set. Neither of the two idealized seven-coordinate geometries is adopted. For
the face-capped octahedral geometry the atom in the capping position (C(1}) should
form three angles close to 757 to three adjacent ligands (C(2), P, S(1}} and three
angles close to 130° to three more distant ligands (S{2), N{1), N(2)). The actual
angles (71.5(3)°-76.8(3)") and 122.3{3)°-134.9(2)"} are distorted from the ideal
because of the narrow bite of the chelating ligands. The alternative 4: 3 “piano-stool”
arrangement requires a P, N(2), S(1) C{1): N(2), 8{2), C(2) arrangement. No
quantitative assessment of the extent of distortion from the ideal was made. The
fluxional character of the complex was revealed by the proton NMR specira which
consist of two sets of pyridine-2-thionaie signals and two methyl doublets at —53°C,
consistent with non-equivalent pyridine-2-thionate and dimethylphosphine groups,
which merge at room temperature. The complicated nature of the fluxional character
requires an intermediate structuse with a mirror plane through the tungsten-phos-
phorus bond which also relates the two pyridine-2-thionate ligands. None of the
possible siructures with these requiremenis relates directly to the reported structure.

3.4, Trischelates

In addition to homoleptic trischelates, this category also contains Lwo lypes
of mixed-ligand trischelates that contain either one or two chelating heterocyclic
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thionates in combination with other invariably N N'-chelating ligands such as diami-
noethane and 2,2"-bipyridine. There are also examples of seven-coordinate complexes
that are based on trischelates of the formula [ M{het-S§,N},L7] (L =p-tolyl and phen-
yihydrazide}.

There are three possible geometric isomers for trischelates of the general
formula [M(het-SNRT (=0 or —1) two of which {XXXlIa and XXXIb} also
give rise to the corresponding enantiomers. However, trigonal prismatic geometry
(XXXle) is more typical of S§5'-chelatng 1.2-dithiolates, such as
1,2-diphenylethene-1,2-dithiolate {dpdt) which generated [Re(dptp)]. the first
reporied complex with this geometry [ 140].
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The restricted bite {approximately 2.5 A) of heterocyclic thionates should favour
the formation of trigonal prismatic geometry among trischelates of heterocyche
thionates, at least in principle [141]. No homoleptic trischelates with trigonal
prismatic geometry are known, but one mixed-ligand trischelate with this geometry
has been reported [€dibztz2S),{bipy}] [142]. ln addition, exampies have been
reported in which the geometry is intermediate between that of trigonal prismatic
and fac-octahedrai for both homoleptic and mixed-ligand complexes. However, most
authors do not report the extent of the distortion from octahedral to trigonal
prismatic geometry. Although no resolution of optical isomers has been reported
among homoleptic trischelates, such resolution has been observed among mixed-
figand compiexes. Substituied beterocyclic thionates also give rise to structural
isomerism among complexes containing substituted pyrimidine-2-thionates and
2-thipuracilates [143,14417.

3.4.1. Homoleptic complexes

The majority of these complexes involve the highter transition metals; selecied
details of theiwr reported crystal siructures are given in Table 6.

A variety of routes have been used in the preparation of these complexes. Iron(il)
complexes of pynidine-2-thionate and pyrimidine-2-thionate have been obtained from
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Table 6
Selected bond distances and angles for homoleptic trischelate complexes

M-S M-N Chelating Trans M-8.C N-N-C
{A) {A} angle angle {deg) {deg)
S-M-N 5 M-S (N)
(deg) {deg)
mer-( EtN) [ Fe(py28),] [23]
2.568(1} 2.141(d) 659(1)- 152.7(1} 77.0(2) 101.6(3
2.589(1) 2.173{4) 66.3(1) 158.7¢(1) 77.942) 102.8{3}
mer-( Me,N) [ Fe( pym28}, ] [145]
25231 21892 66.5¢1)- 154.1(2)- 78.3- 100,72+
2.537(1} 2A82{2) 66.7(1) 164.0023 79.341) 101.942)
mer-{ Me,N) [ Fe(pym2S3,] [22]
2.523(2 2.149(4) 66.2(1)- 1539(1+ 78.5(25 102038
2.536(2) 2.18044) 66.3(1) 163.5{1)
mer-fCo(py25),J [17]
2.286(1 190313+ 723(1)- 164.5(1} - T 101.0(2+
2.306(1} 1.938(3) F2.8(1) 167.4{i} 77.4{1) 102.0{2)
mer-fCo{py25),] [146]
2.292{3)- 1.912(6)- TL9(7} 164.36{9)- NR NR
2.313(3) 1.923(6) 72.3(7) 166.8(3)
mer-fCo{ 35iMey-py2S), 4 [146]
2.241{8)- 1.86{1+ T1.4{8} 164.0(9)- NR NR
2315(8) 191¢1) 72.6(8) 164.9(7)
Jac-fCof 4.6-me,-pym25); ICH,0 [147]
2.252¢2) 1.975(5} 72.4{1+ 164.73{14}- 79.2{2} 98.9{3)-
2.259({2}) 1.986(5} 72.6{1) 167.44¢14) T72.5(2} 100.3(3}
SJae-[Cof 4,6-me,-pym2S), JH,O [148]
22472)- 1.956{5)- NR NR NR NR
227i(2) 1.991(5}
mer-{ Et, N} Ni(py25), ] [24]
2.518(1) 2034{4)~ 6741 156.041)- T56{2)- 102.3{3)-
2.541{1) 2.08i(4) 67.8(1} i81.3(2) 778(2) HHERTEY]
mer-{ Ph,P )f Nitpyml8),] [24]
2.46042)- 2.025(5)- 67.1(2)- 154.8{1)- T5.6{2) i01.1{4)-
2.545(2) 2.353(5) 68.3(2) 163.4(1) 75.6(2) 103.5(4})
fac-( Et N)[Ni(bzt228),] [211
2.533{2)- 2.058{3)- 67.3(1- 161.8{1)- F2.H2- GR2{2} -
2.588(2) 2.087{3} 68.1{1) 161.8(1}) 73802} 100.0(3)
mer-f RR{py25).4 [123)
2.361¢0.5)- 2.034{1)- 69.2(0.5)- 151.0(0.5)- 7RG(2)- 102.6(2)
2.392{0.5) 205002} 69.5(0.5) 16781} 79.6(2) 1023423
mer-f Rh{ 3SiMe,-py28), ] [101]
237703} - 19929} 68.3(3) 161.9¢3) 78.8¢4)— NR

2.395(3) 2051{9} 69.4(3) 171.4¢4) 79.9(4}
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Table 6 {vontinued}

M-S M-N Chelating Trans M-8-C M-N-C
(fi} [;\) angie angle {deg) {deg)
S-M-N S-M-5iN}
ideg) ideg)

fao-( Et NI Cd( br1z285,J° [ 1491

2667061 2.474(11) 62.013) 149.613} 79.5(5) 94,548}
Jae-f Shipy28),Jo (1501
2472(2) 2830(7) 59.3(1) 1206 93.9(2) 89.9(4)

NR, net reported.
# One value reported,
® C, symmetry,

the appropriate metal halide with the ligand deprotonated by sodium hydroxide m
ethanol [23] or by triethylamine in tetrahydrofuran [22]. Cobali{Iil} complexes
have been obtained by a transmetallation reaciion involving [Zn,O{py2S):1 and
hydrated cobalt(l} chloride in methanel with the assistance of ultrasonic radiation
[17]1. They have also been prepared by addition of pyridine-2-thione and triethyi-
amine in ethanol io [Co{pentane-2.4-dionate);] 1n methanol [146], and by the
addition of 4,6-dimethyl-pyridine-2-thione t¢ hydrated cobalt perchlorate in warm
acetone in a ligand-to-metal ratio of 3: 1 which results in simultaneous deprotonation
and coordination of the ligand [147]. In contrast with these rouies, nickel(11)
complexes of pyridine-2-thionate {24], pyrimidine-2-thionates [21,24] and
benzo-1,3-thiazoline-2-thionate [21] need aprotic solvents and a specific order of
addiuion of the reactants. This invariably requires the addition of tetracthylammo-
nium tetranickelaie{II} to a slurry of the ligand and triethylamine in acetoniirile.
This procedure also vields complexes other than trischelates with thiazole-2-thione
derivatives [ 21]. A range of speciroscopic technmiques have been used to characterize
the complexes. The proton NMR spectra of [Coi{py28);]1 [17], like those of
[Rh{py28);] [123], consist of three sets of resonances, which overlap in the case of
the cobalt{I11} complex, and are consistent with mer geometry. The oxidation state
of the iron(IT) complexes was obtained by Mossbauer spectroscopy on the crystalline
solid. Room temperature magnetic moments {x; =583} and a single d—d transttion
in the visible spectrum of both complexes confirmed high-spin d® iron(11) and Jahsn-
Teller distoried octahedral geometry. The presence of absorptions {1440 and 240 nm)
in the pyrimidine-2-thionate complex which are blue-shifted relative to the pyridine-
2-thionate complex (1270 and 900 nm} confirmed that the former exeris the stronger
ligand field. The cobalt{I111) complexes are diamagnetic with a low-spin d° configura-
tion [17,146,i147]. The nickel{II) complexes have room temperature magnetic
moments (i =2.90-3.40) and three d—d transitions in the visible region consisient
with high-spin octahedral d® configurations. The v;(*A,; =°T,,) transition in the
pyridine-2-thionate and pyrimidine-2-thionate nickel(1:} complexes is split and consis-
tent with the less symmeiricai mer isomer [ 24]. In contrast, the benzo-1.3-thiazoline-
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2-thionate complex has a smooth transition that is consistent with the more symmet-
rical fac isomer [ 217, The cyclic voltammetry profiles of the cobalt{I1) and nickel{II)
complexes are irreversible and consistent with ligand-centred oxidation. The corre-
sponding profiles of the iron{Il} complexes consist of a clean one-electron redox
process with the E, values indicating that pyrimidine-2-thionate {(E, = —0.08 V vs.
SCE)} stabilizes iron(11) more effectively than does pyridine-2-thionate (E;= —0.21V
vs. SCE) [23,145].

The reported crystal struciures are limited to complexes of pyridine-2-thionate
(1le(D)}, pyrimidine-2-thionate {¥d(i}) and benzo-1,3-thiazoline-2-thionate (Mm(iii}).
These heierocyclic thionates generate ihree four-membered chelaie rings and highly
distorted octahedral structures in mostly mer isomeric forms { XXXIb} (Table 6}.
Metal-sulphur distances, excluding those of the cadmivm(JI) and antimeny{ill)
complexes, range from 2.241(8) to 2.589(1) A, with the shorter distances formed by
the tripositive ions. The shorter and stronger metal-mirogen distances
(1.86(1)-2.182{2) A) are a more closely related series with occasional evidence of a
modest frans effect. Such an effect occurs in the [Fe(py28),]~ anion where the
metal-nitrogen distance trans to the appropriate metal-sulphur bond is 0.023 A
longer than the other iron—nitrogen distances in the complex [23]. The extent of
the angular distortion is evident in the closely related chelate angles S-M-N
(65.9(1)-72.8(1)") and the wider vrange of trans S-M-S(N} angles
{152.7(1y°-171.4(4)°). The ligands form the characteristic “propeiler-shaped” distri-
bution about the metal with the angles between them distorted from the ideal because
of their narrow bite. In the [Fe{py2S);]1™ amion the angles between the ligands
{72.4°-97.5°) are representative of this distortion, with the dihedral angles between
the pyridine and chelate rings (1.35°-3.0°) indicating that the iwo rings are effectively
coplanar. Formation of four-membered chelate rings induces considerable strain on
the ligand framework. The M-N-C angles of the complexes (98.2(2)-103.7(3)"}
(Tabie 6) and the N-C-8 angies of the pyndine-2-thionate ligands
(107.8(4)°-114.5(3)°) are extensively distorted from the 120° expected for trigonally
hybridized atoms, In addition, the M-8—C angles (72.7(2)°-79.9(2)°} are significantly
narrower than those reported for monodentate sulphur-donating heterecyclic thiones
[162] and aryl thiclates [ 5], which invariably have average values in the region of
the tetrahedral angle. The mean thioamide dimensions of pyridine-2-thionate (C-8=
1.731 A; C-N=1.351 /i) show the characteristic increase and decrease respectively,
relative t0 the free ligand, which is typical of deprotonation and chelation. Similar
mean dimensional changes are also observed with pyrimidine-2-thionates (C-S=
1.728 A; C-N=1.357 A) and benzo-1,3-thiazoline-2-thionate (C-S = 1.695 A; C-N =
1.300 A). The relative planarity of most four-membered chelate rings suggests that
the inherent strain in these systems is moderated, to a greater or lesser extent, by all
the atoms in the ring [ 147]. However, with short strong metal-nitrogen bonds and
long metal—sulphur bonds, the latter are longer and weaker than those formed by
monodentate metal-thione [ 2,102] and metal—thiolate interactions [ 5]. In addition,
the M~S—C angles are substantially reduced from the teirahedral angle which is
typical of monodentate thione—sulphur interactions. It is the thionato sulphur atom
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which appears to possess the reguisite flexibility to ameliorate the strain of S.N-
chelation.

The fac-[Cd{Bztz25),]" anion [ 149] has dimensions which are closer, in some
crucial respects. to those of [Cd{py25},{py), 11 87] rather than to the other complexes
m this series. This may be due, in part, to the presence of constrained C, symmetry
in the fac-[Cd({bziz28}), ] anion which alsc exhibits a sigmficant angular distortion
(258" or 43%) from trigonal-prismatic towards ociahedral geomeiry ( XXXIc). In
mer-[ Rh(py28);] 1123] the distortion 15 16.4° or about 27%, and a 60° rotation is
required for complete transformation. The small chelating angle (62.0{3)"}) probably
accounts for the fact that the cadmium-sulphur and cadmium-nitrogen disiances
are the longest and the trans S—Cd-N angle is the smaliest in the series {Table 6},
The ligand framework is typically strained, with small M-N-C and M S--C angles
as well as anp N-C- 8 angle {124.0(11)°) that is only slightly less than that of the free
ligand (127.4{2y} [65]. The thicamide distances in the anionic ligand (C 8=
1.693(14) A and C- N—l 303(17}A) are respectively longer (C-S5=1.662(6 ) A} and
shorter (C-N=1.352{6) A) than ihe frce-ligand values [65]. The [Sb{py28S);] com-
plex [150] also has C, symmetry with unusual metal- ligand distances (Sb-S=
2472(2)A and Sb-N=2.830(7)A}). Furthermore, the Sb-N distance, although
shorter than the sum of the van der Waals radii of the two atoms {3.58 A) [151], is
longer than that of 2 normal single bond {2.53-2.64 A) [150]. This suggests that the
ligand is infermediate in character between S,N-chelating and monodeniate sulphur-
donating, although v{Sb—8) and v{Sb-N) at 630 and 390 cm ! are indicative of S.N-
coordination. Considerable intermolecular activity {Sb—--Sb=3.657(1) A} is also
reported 1o occur along the C, crystal axis.

Steric faciors appear to be largely responsible for the adoption of both fac- and
mer-isomers, and Burdett {1527 has concluded that ihe confacial isomer is the most
stable configuration for a low-spin d° trischelate. This is certainly the case for some
compiexes including [Co(L-cys); ] [153] in which the i-cysteinate ligand is S.N-
chelating. It is also the case for fac-[Co{4.6-me-2-pym2S),] but not for mer-
[Coipyt28);] (Table 6). Among heterocyclic thionate irischelates, the fac isomer
maximizes the $---8 and minimizes the intraligand inieractions. The reverse relation-
ship is valid in the mer 1somer XXXl¢, with 6-substitution maximizing the intraligand
repulsion. The dominance of the mer isomers among these complexes suggests that
non-bonding S---8 interactions are the major consideration. It appears that the fac
isomer 15 adopted only when intraligand interactions are maximized by substitution,
as in 4,6-dimethyl-pyrimidine-2-thionate and benzo-1.3-thiazoline-2-thionate. Sub-
stitution at the 3-position, even with the bulky trimethylsiiyl group, still results in
production of mer-[Co({38iMe, }py28);] [146]. which is to be expected.

The 4-phenyl-quinoline-8-thionate anion 18l{i) generates three five-membered
S.N-chetaie rings in [Sb{4-ph-qun88),] [154]. The metal-sulphur distances
(2.521{2)-2.536(2) A} are longer than those of the listed tripositive ions {Tabie &).
In  addition, the metal-nitrogen distances are also significantly Jlonger
{2.582(6}—2.676(6}1&) and the chelating angles (S-Sb-N=T709(2)°"-72.4(2}) are
slightly larger than the corresponding values in Table 6. The larger M-5-C angles
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(105.9(9)"-107.7(9)° are also indicative of the decreased sirain inherent in five-
membered chelates compared with that in four-membered chelates.

3.4.2. Mixed-ligand complexes with two chelating heterocyclic thionates

Mixed-ligand trischelates with two chelaiing heterocyclic  thionates
[M{het-S.N),(chei}] (chel-N,N or P,P-chelate) give rise to three geomeiric isomers,
similar to those of six coordinate bischelates. With 2 MS,N,N, or MS,N,P, stoichi-
ometry the tce isomer ( XXXl1a) and the c#z isomer { XXXHb) have a two-fold axis
bisecting the symumnetric N,N-chelate. The ccc isomer { XXXTle) is asymmetric, and
all the isomers are optically active.
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Trigonal prismatic geometry is also possible { XXXI¢). Selected dimensions of the
reported crystal structures of these complexes which invelve pyridine-2-thionate
{Uc(i}), pyrimidine-2-thionate (I1d(i)) and benzo-1,3-thiazoline-2-thionate (ilm(iii})
are listed in Table 7.

Preparative routes vary, with [V{py2S)(tmen)] (tmen=tetramethyldiamino-
ethane) obtained by the addition of sedium pyridine-2-thionate to [ VCl,{tmen)] in
dichloromethane [155] and [Cd{bztz28},(dipy)] obtained from [Cd(bztz28),] and
2.2'-bipyridine in chloroform [142]. Production of the rutheaium(Il) complexes
involves addition of the appropriate diphosphine to [Ru(pv2S),{PPh;),] [ 156, 157].
The remaining complexes in this series were obtained by the electrochemical oxida-
tion of ihe metal {nickel, zinc or cadmium). The reactions were performmed in non-
agueous media with a platinum cathode and a supporting electrolyte in the presence
of the appropriate heterocyclic thione (pyridine-2-thione, pyrimidine-2-thione or
benzo-1,3-thiazoline-2-thione). This electrolytic method results in the evolution of
hydrogen gas at the cathode and production of the appropriate deprotonated com-
plex: [M(py28),] {(M=2Zn, Cd) [158], [M{pym28),] (M=Zna, Cd} [159],
[ Ni(het-5,N},] (hei-5,N=py28 [160], 1zd28 or bztz28 [161]). Introduction of a
bidentate ligand, m order to medify the generally iniractable products, invariably
leads to the production of the appropriaie adducts [ M{het-§,N),{N-N}] (N-N=
phenanthroline or 2,2-bipyridine}. Electrochemical efficiency experiments show
that the adducts are formed after production of the deprotonated complexes.
Deprotonation of pyridine-2-thione is invariably indicated by the absence of both
the v(NH) vibration {3160 cm ') and the broad singlet of the thioamido proton
{13.43 ppm) in the resuliant complex [ 158]. The most important feature of the 13C
NMR specira of coordinated heterocyclic thionates is that of the C(2) earbon, which
shows a high field shift relative to that of the free ligand. This is consistent with the
generally observed increase in the thione (> C=S38) distance of the parent ligand on
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Table 7
Seiected bound distances and angles for mixed-ligand trischelate complexes with two heterocyclic
thionate ligands

M-S M-N Chelating Trans M §8-C M-N €
tA) {A) angle angle (deg) degt
S-M-N SING-M-S(N)y
{deg} {deg)

[V{py2Shfumen)f* [155]

25470 2.124(2) 66 85(8) 156.05(5}) NR NR
{Rulpy28);idpphi ] {156]

247K 1) 2135(33 WR 155.601) NR NR
2416( 1) 21513 NR NR NER
[Ruf{pylS);idppe;} [157])

24133 2.131{8} 670(2) 155001} gi.1{4) 162146
T428(3) 213603 57.6(2}% FLOI3Y i02.1{6}
[ Zn{py28)¢pheni] [158])

26202 2.085(6} 65102 160.7(1) NR NR
2.546(3) 2428({7} 66.2(2)

[Nifpym28), (hipy) ] [159]

2531 2478(5) 68.6(2) 154.26(7) NR NR
2480(3) 20724} &7.5(1})

FNifpy28),f bipyp) J0.5 bipy [160]

2475(2) 20533 6T98(8) 15596(3) NR NR
2.495(2) 2068(2} 68.48{ %)

fNifhzez 28 dmp) ] [161]

2485(2) 211B(6} 67.3(2% 167.5(1) NR NR
25320 2.106(6} 68.5(2} NR KR
[Cdipym28),{phen )] [162]

2.588(3) 2.394(9) 61.4(3} i57.243) NR hi:d
3.54913) 23601} £2.8(3)

FCdt bztz28),( bipy), J* [142]

261812} 2.529¢5) 62.55(13} 131.15(8) #0.3(2} 122.005)

* (7, axis with one independent molecule.

unen; tetramethyl diaminoethane, dppe, diphenylphosphinocthane: dppb, diphenylphosphinobutane;
bipy, 2.2"-bipyridine.

NR, not reported.

deprotonation and coordination. The nickel{1I} compiexes have electronic absorp-
tion spectra typical of distorted octahedral environments [ 160].

All the complexes listed in Table 7, except those with cadmium(Il) adopt the
tcc arrangement {XXXIIa). The struciures generate relatively long metal-
sulphur distances (2.416(1}—2.627(2}1&), short strong metal-nitrogen distances
(2.053{3)-2.151(% ;\}, small chelating angles {S—-M-N=65.1{2Y-68.6(2)") and trans
S-M-S angles thai deviate substantialiy from 180" {154.26(7)"-167.5(1)"}. There 1s
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limited evidence in the literature of induced strain on the ligand framework, but the
mean reperted M-5-C {81.0°) and M-N-C (102.1°) angles {(Table 7} arc exiensively
distorted from the value of 120° expected for trigonally hybridized atoms. The mean
thicamide dimensions of pyridine-2-thionate (C-S=1.727 A; C-N=1.350 ;\) show
variations, relative to the free ligand, which are typical of deprotonation and chela-
tion. Similar mean distances also occur in pyrimidine-2-thionate (C-85=1.720 A,
C-N=1.355 A}‘ in addition to changes in the thicamide distances (C-S=1.703 A;
C-N=1.318 A) the C-8_,4, distance {1.754{5) A) increases and the thicamido carbon
angle decreases (8,4, C-N=113.9(5¥} in the benzo-1,3-thiazoline-2-thionate anion
[ 1427 relative to the free-ligand values (1.732(4) A and 109.2(2)°) [65].

The two cadmium(Il} complexes are structurally different from the rest of the
series. [Cd{pym28),{phen)] [162] adopts the ctc isomeric form (XXXIIb) and
[Cd{bztz28),{bipy)] [159] is effeciively trigonal prismatic {XXXlc). The metal-
ligand dimensions in these two complexes are similar to those of the [Cd({bztz28), ]~
anion {Table 6) and [Cd(bztz25),{py}; ] {Table 5). The mean cadmiunt—sulphur dis-
tance {2.585 A} is 0.103 A longer than the mean metal-sulphur distance in Table 7,
except for that of [Zn{py2S);{phen)] (2.627(2) A} [158]. In conirast, the mean
cadmium—nitrogen distance {2428 A)is 0.265 A longer than the corresponding mean
distance in Table 7. It is also 0.139 A longer than the mean cadmium-nitrogen
distance formed by the N, N’'-chelates in these complexes. The mean chelating angle
{5-Cd-N=62.5"} is also similar to the mean value reported for other S,N-chelated
cadmium complexes {62.3%) [87, 149] and 15 49° less, on average, than the other
values reported in Table 7. The contrasting trans S-Cd-S(N} angles are a conse-
quence of the structural differences between the two complexes. Longer and weaker
metal-ligand distances, particularly cadmium-nitrogen distances, and usnusually
small chelating angles are the major characteristics of cadmium heterocyclic thio-
nates. Baggio et al. [87] have proposed that the excess electron density on the
cadmium(Il) atom due to the four nitrogen donors in {Cd{bztz25),(py),1 is compen-
sated by lengthening of the axial cadmium—sulphur bonds {mean Cd-S=2.705 A).
However, the fact that S,S'-chelating ligands, such as cis-1-methylthiostilbene-2-
thiolate [163] and dicthyldithiocarbamate [149] also generate cadmium-sulphur
fthiolate) distances in the range 2.525(1)-2.755(3} A suggests that the dominant
factor governing cadmium-ligand distances in 8,5- and §,N-chelates is probably the
size of the cadminm{i} ion [163].

3.4.3. Mixed-ligand complexes with one chelating heterocyclic thionate

Reduction of the number of heterocyclic thionate ligands in these complexes from
two 1o one removes the possibility of geometrical isomerism but not optical isomensm
in the cationic cobali{Ill) complexes. The complexes have been characterized by
UV-visible, CD, MCD and *C NMR spectra. Some opiical isomers have also been
resolved.

A series of complexes of general formula [Co{py28);_,(diamine},]"" (n=0, 1, 2;
diamine = 1,2-diaminoethane,  (R)-1,2-diaminopropane  and 2,2-bipyridine)
have been prepared from the diamine, hydrated cobali{lf) perchloraie and
2,2 -dipyridyldisulphide in cthanol [32]. Dissolving the product in hot water and
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cooling to 5°C produced crystals of the spontaneously resolved complex
[Colpy2Sien), CIQ,); whose CD spectrum in water confirmed the presence of a
single isomer. Optical resclution was also achieved by the addition of potassium
antimony tartraie K,[Sb, {{R,R}-C,H,0,},13H,0 to an aquecus solution of the
complex, followed by subseqguent fractional crystallization of the resultant diasterio-
somers. Selected dimensions of the crystal structure of [Colpy2Sien), (C1O,), are
listed in Table 8 [ 164].

Other complexes of general formula [Cofchel-S,N}; _ (daminel, "7 (n=0, 1. 2
chel-8 N = py28, pym2S, 4-me-pym2S and 4,6-me,-pym2S) have been cbiained in
moderate vield from [Co{en);JCl, and 1,2-diaminoethane by a photochemical
method [ 165]. The reaction products were separated by column chromatography.
Recrystallization of [Cof{pym2S){en), 1°~ and [Col4-me-pym2S)(en), 1*~ from acidic
media produced the corresponding protonated species [Co{pymSH)(en), I’ ™. with
proton NMR confirming the thicamido nitrogen of pyrimidme-2-thionate ss the
protonation site. Resolution of the optical isomers of [Colchel-S,Njien); J*~
(chel-SN=pym2S and 4-me-pym2S) was achieved by the addiion of potas-
s anfimony tartraie to aqueous solutions of the complexes ifollowed by
fractional crystallization of the diasteroisomers. The CD spectrum of
{(+)s520[Colpym2Sien}), J** has two components and is similar to that of
Al +)s:0LColpy2SHen), 12" . Since 4-methylpyrimidine-2-thionate is an asymmetrical
ligand, S,N-chelation to a metal centre generaics linkage isomers. These consist of a
remote isomer with the C{4} methyl group distant from the two 1,2-diaminoethane
chelates and an adjacent isomer with the methyl group near the N.N-chelates
( XXXilia) and XXXIilb).

Tabie 8
Selected bond distances and angles for mixed-ligand trischelate cobalt{ I11) complexes with one heterocyciic
thionate ligand

M 3 M-N Chelating Trans M-8 -C M-N-C

(A l,f\) angle angle {deg) {deg)
S-M- N S-M-N
{deg) {deg)

[Colpy2S)ien ) JICH0,); [164]
2.282(2) 1.97516) 726(2) TH062) I 10184
¢is Co-Nypen, = 1973 A: frans Co N=1993(6} A cis N Co-N,am =93.77

{Cof 4-me-pym2Siien ), J(ClO, ), [163]
2.29442) 191113 72.4(1) 1678014 TG 101N
018 Co-Npeeny= 1.952 &; trans Co-N=197T(6) A: ¢is N Co-N,_ ..., =837

[Coltue Hen 3 JCI0 ) - HyO [ 143]
227802} 191§(5} T2N2 168.7(2) T18(% 814
015 Co Nipeam= 1.952 A} trans Co-N=1.977(6) A; cis N-Co-N e, =857

fCofdi-6-am-1uc ) JYClO,)- H,0 [144]
227302} 1.919(4} 72601 . 167.1i2) T792 101 .6(7)
¢is Co-Nipeam=1.951 A; trans Co N=1954(6} A
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The two isomeric forms are readily distinguished by means of proton NMR. Selected
dimensions of the remote isomer of [Co(4-me-pym28)}en), °™ are listed in Table 8.

Cobalt{11i} complexes have been prepared with 2-thiouracil and its methyl deri-
vatives (tucH,, 5-me-tucH,;, 6-me-tucH,} from [Colen};1Cl; by a photochemical
method with the products separated on a cation exchange column. A similar method
has been used to prepare complexes of 2,3-dihydroquinazoline-4-oxo-(1H)-2-thione
{qunzO2SH,). Complexes of both uninegative [Cof{tucH){en),]** and dinegative
[Co(tuc)(en), J** 2-thiouracilates {Ile{i)) and of the 4-oxo-quinazoline-2-thionate
derivatives (quzOSH ™~ and quzOS?~) (IIk) have been obtained and characterized.
Both remote and adjacent linkage isomers of 4-methyl-2-thiouracilate are also
possibie, with the adjacent form readily distinguished by proton and 3C NMR
specira. Details of the crystal structure of the adjacent form of [Co{4-me-
tuc){en); YCiO,)H, O, in which the sterically less favourable adjacent isomer is stabi-
iized by intermolecuiar hydrogen bond formation involving amino and ketonic
groups on adjacent ligands {N—H---O=2.876(8);&}, are summarized in Table §
[143, 144].

An atiempted preparation of a cobali{in) complex of 6-amino-2-thiouracil in water
from trans-[CoCl,{en), |Cl and sodium hydroxide, in the presence of activaied char-
coal, eventually produced two red complexes. One of these complexes [Co(6-am-
tucH }en), 1** contains one 6-amino-2-thiouracilate anion {6-amtacH) {Tle(iv)) with
NS coordination at the metal and the anion S,N-chelating at the N(2), S{3) site.
With twelve *C NMR signals in the second complex, eight of which are due to the
heterocyclic ligand, there are two amino-thiouraciiate anions in the structure and
NsS coordination at the metal, A crystal structure analysis established the two anions
to be present as an 8,N-chelating mono-sulphur-bridged dimeric ligand (f S-4(1"-H)-
4'-ox0-6"-aminopyrimidino-2'-yi ythio}-6-amino-2-thiouracilate {di-6-amtuc)).

Stroctural details of [Co(di-6-am-tucen), (ClO, yH,0 ( XXXIV) are summarized
in Table 8 [ 1447,

Adopited from [144]
XAXiV
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The complexes listed in Table 8 all crystallize with distorted octahedral geometry.
They present a consistent set of geometric parameters in which the dimensions
generated by the heterocyclic thionate ligands are similar to those observed in the
corresponding cobalt{1ll) trischelates {Table 5j. The relatively short metal-ligand
distances generated by the cobalt(I1l} ion are compensated by a slight increase in
the chelating angle (S—Co-N=72.5"}. A modest frans effect is evident in the com-
plexes with the cobalt—nitregen distances trans to the cobalt-suiphur about 8.625 A
ionger than the eguatorial cobalt—niirogen distance (Table 9). The modest trans
effect in these complexes is probably duc to the inefficient overlap between the coball
3d and the sulphur lone-pair orbitals as a result of the narrow bite of the ligand and
the consistent deviation of the axial S—Co-N angles from 180°. Angles at the
thicamido sulphur and nitrogen atoms are consistenily less than the tetrahedral and
trigonal angles and are typical of inherently strained ligand frameworks. Thioamide
figand dimensions for pyridine-2-thionates (C- S=1.7S4(7);\; C N=1.339(9) A).
pyrimidine-2-thionate {C-S= 1.738(7)1&; C-N=1.37%9(9} A) and 2-thiouracilate
(C-S=1.732{4) A; C-N=1.352{5) A) are similar and typical of deprotonated S.N-
chelating ligands.

Production of the {di-6-amtucy’” ligand is novel and similar to the oxidized
producis obtained from 1,3-thiazolidine-2-thione and imidazoline-2-thione deriva-
tives with copper{Il) salts [3]. Not surprisingly, the production of [Cof{di-6-am-
tuc)fen), KC1O,rH,0 is increased substantially by means of aerial oxidation of the
reaction solution. The crystal strocture of the complex shows the heterocyclic ligand
to be S.N-chelating through the N(2), S{3} atoms of the first pyrimidine fraction
with the thionato sulphur atom of the second pyrimidine fraction attached to the
first at the {CS5) atom (C-8=1.745(4) and 1.7?1(5)1‘5&]. The two nings are almost
mutually perpendicular (C4--C5-82-C2 =89.8{4)"} with pairs of trans-related amino
and oxo substituents. The presence of the water molecule causes an unusual self-
generated molecuiar assembly by means of a double-bridged cenirosymmetnic
hydrogen-bonding scheme that also persists in solution. Pairs of waier molecules
link paws of complexes inte an infimte chain through double NH---O bridges
{2.750(5) A} which iavolve amino and oxo groups on adjacent ligands.

3.4.4. Seren-coordinate complexes of his- and trischelates

The structural principles and reported crystal structures of seven-coordinate com-
plexes have been reviewed by Kepert [ 166]. Since this review was published, a group
of such complexes based on bis and tris S,N-chelating heterocyclic thionates, which
adopt distorted pentagonal bipyramidal geometry, have also been reporied.

Seven-coordinate molybdenum-hydrazido and diazenido complexes are well
kanown and are derived from 5,N-chelating heterocyclic thionates [ 132,167] and S.8-
chelating dithiocarbamates [ 168,169]. Other combinations of ligands inciude trden-
tate thiolates [ 170] and dithiocarbazates [ 171]. In addition, the crystal structure of
L{ p-tolyD)Sn({IV)(py25); ] has alsc been reported [172].

interest in hydrazide and diazenido complexes of molybdenum results from the
role of such complexes as intermediates in the reduction of coordinated dinitrogen.
Synthetic routes are variable. A red crystalline material [ MoCL{N,MePH }(38iMe,-
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Table 9
Selected bond distances apd angles for seven-coordinate pentagonal bipyramidal complexes

Axial donor atoms Equatorial donor atoms Trans angle Chelating angle
agd M-L{axiai} and M-Liequatorial} L-M-L S-M-N
(A {A) (deg) {deg)
[ MoCL( NoMePhy¢ 3-SiMey-py2S),] [132]
Cl 245144) 28 2.496(5), 2.508{4} 176.044) 64.3(4)
N 1.75¢ I }{ hydrazide) 2N 221013, 2.21{1)
Cl 2416(4)
[Mof N Ph)( 3-SiMey-py2S),] [167]
N 1.814{3 hydrazide) 38 2.493(1)- 2.524(1) i69.8(1) 63.6(13-65.4(1)
N 2201(3} 2N 2.203{4), 2.218(4)
{Sn{p-tolyl }(py25)3) ] [172]
C 2.119(%) 3N 2.444(8)-2.48%(7) 156.0(3) 61.9(2)-63.3(2)
S 2.486(3) 28 2.571(3), 2.571(3)

py28},] is obtained by the addition of the parent ligand to methanolic solutions of
[MoCl{N,MePh)] [ 166]. [ Mo(N,Ph)-{38iMe,py28S}; ] results from the addiiion of
phenylhydrazine to [ Mo,Cl, (-8, H1,-8-381Me,-py2SH 3SiMe;-py2S)] in dichloro-
methane [ 132]. Produciion of [Sn{IV}{ p-tolyl}(py28); ] involves the stoichiometric
addition of methanelic sodium pyridine-2-thionate to p-tolyitia trichloride in chloro-
form [172].

All three complexes adopi distorted peantageonal bipyramidal geometry with a
range of axial and equatorial donor atoms. The selected dimensions of the structures
are summarized in Table @ and the structure of [Mo(N,Ph}{38iMe,;-py28);] is
liustrated in XXXV,

Adapted from [167]
XXXV

The varicus combinations of donor atoms generate significant differences in axial
distances and angles. In the molybdenum complexes the hydrazido anions always
occupy one of the axial sites {(Mo-N=1.75(1) and 1.814(3) A) with either chiorine
orf thioamido nitrogen in the trans position. In the tin{IV) complex the axial atoms
are tolyl carbon and thionato sulpbhur which generate the smallest trans angie in the
series. The equaterial atoms are invariably displaced from the mean plane, largely
as a result of the non-bonding interactions resulting from the narrow bite of the
chelating ligands. The metal-sulphur {2.493{1)-2.524(1) A} and the metal-nitrogen
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(2.203(4)-2.487(4) A) distances are both relatively closely related series with values
simifar to those of other S,N-chelating heterocyclic thionates. The chelating angles
are also closely related (61.9(1}-65.4(1)"), with the largest value resulting from the
accommodation of an axial thioamido nitrogen atom. The mean dimensions of
pyridine-2-thionate in [{p-tolyl)Sn{IV)}(py28);] [172] (C-S=173(1) A; C-N=
1.33(1) A) are typical of the ligand.

Cyclic voliammetry of [ Mo(N,Ph)(3SiMe,;-py25),] in acetonitrile consisis of two
one-electron oxidations at +0.3! and +0.96V vs. SCE. The first process 15 a
diffusion-controiled reversible one-electron oxidation and the second is irreversibie.
Both processes involve the metal rather than ihe ligands.

3.5, Tetrachelates

The geometric and isomeric possibilities of complexes with the general formulx
[ M{bidentatei, | have been discussed at length in relation to both symmetric and
asymmetric chelating ligands [173--176]. For complexes of formula [M{S.N},],
where M is a d? ion, dodecahedral geometry is predicted with the thionato sulphur
atoms {n donors) occupying the A vertices and the thioamido nitrogen atoms {r
acceptors} occupying the B vertices [ 174, 175]. Furthermore. the 42 antiprismatic
isomers are eliminated and the 93 dodecahedral isomers are reduced to four himiting
possibilities for such complexes [176]. The structural possibilities for the mixed-
ligand complexes of formula [ W{5-icet-buyl-pyrimidine-2-thionatej,{ pyrimidine-2-
thionate},_, | are further reduced to that of the D, immmm) isomer [177]. This is u
conseguence of the fact that the m edges are the only ones capable of accommodating
the narrow ligand bite (about 2.50 A) which is characteristic of S.N-chelating hetero-
cyclic thionates.

The three reported structures in this class of compounds involve pyrimidine-2-
thionate (Hd{(i)} and a substituted pyridine-2-thionate {1le{i}) derivative. The two
complexes involving d? ions, [ M{pym2S},] (M =W, Mo), are obtained respectively
from tungsten hexacarbonyl and pyrimidine-2-thione in diglyme [178] and from
f MoCl,(thi}, ] with the parent ligand deprotonaied by tricthylamine m tetrahydro-
furan [ 22]. These two complexes adopt the predicted arrangement of dodecahedral
symmetry with the sulphur atoms in the A sites and the nitrogen atoms in the B
sites. Alternatively, the chelating atoms can be described as occupying interlocking
slightly flattened tetrahedra { XXXVI3

KXV (M s Mo and W
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The complexes have similar mean dimensions (Mo—S=2;532 ;i, W-S5=2519 ;i,
Mo-N=2.179 A, W-S=2.162A, S-N=2.51 A (Mo), 250 A (W), S-M-N=63.9"
(Mo and W). In addition, iwo short (about 3.0 A) interactions are reported to
involve thionato sulphur atoms in the molybdenum complex, which is indicative of
sulphur---sulphur bonding. Cyclic voitammetry in dichloromethane shows that the
molybdenum complex undergoes a reversible diffusion-controiled one-electron oxida-
tion at +90.40V vs. SCE, giving cationic [ Mo{pym2s),1*. The tungsten complex is
stmilarly oxidized, but at +020V vs. SCE. Both complexes are also reversibly
reduced to the anion [ M{pym28),]~. which is a 19-eleciron species. Reduction of
the tungsten complex (E,= —195V vs. SCE) is less reversible than that of its
molybdenum counterpart (E,=—1.17V vs. SCE), probably because molyb-
denum{i1l) 1s more accessible than tungsten(ul) 1 22].

in the tin complex [ Sn(38SiMe,;-py28),] [ 179] obtained by the disproporticnation
of [Sn(3SiMe-py2S),] in acetonitrile, the disposition of the sulphur and nitrogen
atoms is the reverse of that previously described for the tungsten and molybdenum
complexes. This is clearly illustrated by the fact that the mean #rans angles
{N-Sn-N=67.5°, 8—8n-8 = 137.9") are the reverse of those reported for the tungsten
and molybdenum complexes {(N-M-N=159.9%(W), 160.4°(Mo); S-M-5=72.3"(W),
72.3%(Mo)). Otherwise, the reported dimensions are rather similar {Sn-S=2.482(4},
2.510(4) A; Sn-N=2.60(1), 2.52(1} A).

4. Final commenis

Deprotonation of heterocyclic thiones produces the corresponding thionates in
which the negative charge is localized on the thionato sulphur atom and the thio-
amide n-electron density is concentrated between the carbon and nitrogen atoms of
the thioamide.

Conseguently, the predominanily monodenate sulphur donating character of het-
erocyciic thionates results primarily from the steric favourability and eahanced
nucleophilicity of the thionato sulphur atom. However, monodentate metal-sulphur
bonding is frequently supported, in the solid state, by secondary intramolecular
contacts to the thioamido nitrogen atom. In contrast, the alternative thioamide
nitrogen-denating characier of heterocyclic thionates is relatively rare. Furthermore,
such bonding appears io be dependent on the presence of other ligands, particularly
that of $,S-chelaiing ligands, in the complex.

The formation of four-membered S,N-chelates by heterocyclic thionates is clearly
more widespread than was previously appreciated. Such coordination is characterized
by short strong metal-nitrogen bonds, relatively long metal-sulphur bonds, small
chelating angles and mosily planar chelate rings. In the abseance of extraneous
structural effects, the metal-—sulphur bonds formed by S,N-chelating heterocyclic
thionates are invariably slightly longer than those formed by the monodentate
ligands. 1n addition, the slightly more relaxed five-membered rings formed by the
8,S-chelating heterocyclic dithionates permit shorter metal-salphur bonds than those
formed by the 8,N-chelates. The overall impression is that the inherent flexibility of
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=l

the thionato sulphur atoms is responsible for much of the varied donor behaviour
of heterocyclic thionate ligands.

Although the reported complexes are primarily mononuciear species, there is some
cvidence that those ligands containing heterocyclic groups with additional donor
sites, such as the N(3) atom of some pyrimidine derivatives, may be induced &0
generate polynuclear species. Such activity could well be further exploited m the
future.
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