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ABBREVlATLONS 

TSE: 
TSDA 
SDA 
4EtTSC 
BPATSC 
ISTSC 
MeISTSC 
PVATSC 
SALTSC 
MePVTSC 
8QATSC 
TSCAC 
CHTSC 
H,KTS 

thiosemicarbazide 
thiasemicarbazide diacetic acid 
semicarbazide diacetic acid 
4-ethyl thiosemicarbazide 
2-pyridinaldehyde thiosemicarbazane 
isatin thiosemicarbazone 
l-methyl is&n thlasemicarbazone 
pyruvic acid thiasemicarbazone 
salicyialdehyde tbiasemicarbazane 
methyl pyruvate thiwemic~bazone 
SquinaUinaldehyde thiosemicarbazone 
acetane thiosemicarbazone 
cycl~hexanone thiosemicarbazane 
3&haxy-Z-oxobutanone bis(thiasemicarbazone) 



DMEO 
DMF 
DAOTSC 
C_%OMeTSC 
TSC-2,5-D 
TSCPHAL 
l-FIQTSC 
Z-FPYTSC 
BUTSC 

dimethylsulphoxide 
dimethylformaldehyde 
diacetyl monoxime tlniosemicarbazone 
U-methyl diacetyl monoxime thiosemicarbazone 
hexane-2,Wione bis(4-methyl thiosemicarbazone) 
phthalaldehyde bis( 4-methyl thiosemicarbazone) 
I-formyiisaquinoline thiasemicarbazone 
Z-formylpyridine thiosemicarbazone 
butyxaldehyde 

Thiqsemicarbazide (NH2 CSNHN&) and thiosemicarbazones (NH&SNHNF 
CR1R2) usually react as chelating ligands with transition metal ions by bond- 
ing through the sulphur and hydrazinic nitrogen atoms, although in a few 
cases they behave as monodentate lig5ands and bond through the sulphur atom 
only. 

In view of the potential interest in Iigands with SN donor atom sets it is 
curious that relatively few transition metal complexes of thiosemicarbazide 
have been prepared and studied in any detail, Among those which have been 
studied a surprking number are cornpounds of nicke2(X) and were originally 
prepared by Jes,sen [ 13 in his pioneering work Over 35 years agu! 

Since Domagk’s original report [2] on the anti-tubercular activity of thio- 
semicarbazones the number of papers on the pharmacology of these com- 
pounds has expanded dramatically. They have also been found to be active 
against influenza f33, protozoa [4] I smallpox [ 51, and certain kinds of 
turnour [C] ) and have been suggested as possible pesticides [?I and fungicides 
f8]. ThGr activity has frequently been thought to be due to their ability to 
chelate trace metals. Thus Liebermeister [9] showed that copper ions enhance 
the anti-tubercular activity of p-acetamidobenzaldehyde thiosemicarbazone. 
Similarly Petering and co-workers IlO ] showed that the active intermediate 
in the an%tumour activity of 3-ethoxy-2-oxobutyraldehyde bis(thiosemi- 
carbazone) (W,KTS) was the cheIate Cu(KTS). These findings have fed recent- 
ly to an increased interest in the chemistry of transition metal chelates of 
thiosemicarbazones. 

B. TRERMOK?YNAMIC DATA 

There is very litile thermodynamic data available for the trasition metal 
complexes of TSC and virtuaXy none far those of thiosemicarbazones. The 
successive formation can&ants for complexes formed by TSC with some 
transition metal ions are shown in Table 1. The values in parentheses are the 
corresponding values fur the complexes of semicaxbazide (NH2CONHNH2), 
the oxygen analogue of TSC, which are included fur the purpose af cornpa& 
son. The complex equilibria involved are represented, except in the case of 
Hg(II), by the equation 
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(a) Stability constants of complexes with thiosemicarbazide 

Cu(I1) Zn(I1) Cd(II) WW) Ruf III) WI) 

6.0 = 
6-11 b 

(3.2) u (2.3) c 

e 1.50 c 
2.0 g 

hi! 02 11.6 u ca. 2.8 = 4.3 = 22.4 c 
11.48 b (3.7) c 4.7 (11.6)’ 
(6.60) a 

; 

(E) c 

log 03 ca. 6.0 C 24.8 = 
5.9 f (15.2) c 

log i34 25.8 h 

rL Ref. 15. ’ Ref_ 14, = Ref_ If. * Ref_ 17. e Ref_ 18, f Ref. X?.g Ref. 16. ’ Ref_ 19- 
Values in parentheses refer to semicarhazide complexes_ 

(b) Stability constants of compIexes with thiosemicarbazide NJV-diacetic acid [12 ] 
-- ~~ 

Mn( II) Co(II) Ni( II) Cu(XI) Zn(II) Cd(H) 

tog P1 
(E) (Z) (E) 

_ 

(E) ,8::, $47) 

Values in parentheses refer to complexes with semicarbazide NJV-diacetic acid [ 12 ] . 

In the case af HgjIF) the very similar values of log /.33 found for the TSC and 
thiourea complexes lead us to the conclusion that TSC is behaving as a mono- 
dentate ligand. Comparison of these values with the corresponding values for 
the oxygen and selenium analogues of both TSC and thiourea leaves Iittle 
doubt that coordination is through sulpfiur [Ill. The data for thiosemicar- 
bazide NJV-diacetic acid (TSDA), and for its oxygen analogue @DA) have 
atso been included in Table I, This has been done firstly because the ionisa- 
tion constants of the ligand acids are virtually identical [I21 and any difference 
between their stability constants with a given metal ion will mainly reflect 
differences irr bonding wit& sulphur and oxygen (both figands are tetradentate 
with the donur atom set 0$X where X = 0 or S). The enthalpy changes have 
been determined directly by calorimetry 1121 s providing a second and more 
important reason for including these data. 

Table 2 contains free energy, enthalpy and entropy changes accompanying 
the formation of TSC and TSDA complexes together with the values for the 
formation of the correspurzling semicarbazide complexes, The high stability 
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TABLE 2 

Thermodynamic functions for complex formation with thiosemicarbazide and thiosemj- 
carbazidt; N,N-diacetic acid 

(a) thiosemicarhazide complexes 

cu(11) As, - 8.48 -r- 0.05 (-5.55) HgWI AG2 - 31.2 (-16.1) 
UI-- 9.8 4 0,i (-5.8) bHz - 35.3 (-16) 

I%; C- - 16.08 4.3 i- + 0.3 0.05 (9.63) <-I) A% A% - - X-4 13.7 f-21.1 (+Q*3) ) 
Ly;r, - 17.8 f 0.1 {12_0) m3 - 39.9 (---la) 
ASz - 5.7 If: 0.4 (-8) m3 - 18.1 (+lW2) 

(6) thiosemicarbazide NJV-diacetic acid complexes 

Mn(II) ww Ni[If) CWu Zr@) 

MG -2.8 -7.5 -8.2 -11.2 -8.1 
(-X6) (-8.2) (-8.9) {-X1.7) l-9-2) 

+7.2 +2.6 
tz::, 

- 2.6 +3_1 
( t3.2) ( +0.7) t- O-5) (-Q-4 1 

As +33 +33 +24 +28 +37 
( +22) t +29) (+26) ( +37) (+291 

AG, M in kcal moI_’ I AS in caf mui-’ K-’ 
Values in parentheses refer to complexes r*sf the oxygen analogues of the iligands. 

of TSC complexes of Hg(II) is seen to be due prrzdominantly to E large enthalpy 
change. In fact the value of AR becames r;?ore negative as the donor is chang@d 
from 0 ta S to Se i.e. as the donor becomes softer f 111 . This clearly reflects 
increasing Wg-X bond strength. On the other hand AS becomes more negative 
as the l&and donor atom becomes softer. Ahrland [I31 has attributed this 
to the decreasing interaction between the ligand and the solvent, Normally 
too an increase in the number of attached ligands is accompanied by a more 
negative value of AS because of the loss of Egand translational entropy. It will 
be noted that in the case of the semicarbazide complexes of HglII) both &S2 
and AS3 are positive and AS3 is more positive than A& which can be attribut- 
ed to the furntatiun uf a chelate with the resultant displacement of twice as 
many water molecules from the primary coordination sphere of the metal 
ion as in the case of TSC, 

The Cu(II) compkxes of TSC also owe their high stabSty to large negative 
vzilues of A.K It is Meresting to note that the corresponding sc;fenosemicarba- 
zide complexes have even laqer negative values of M but are less stable be- 
cause of the relatively large negative values of AS which accompany them. 

The stability of the TSDA complexes is mainly determined by the large 
positive 4.29 dues which accompany complex formation. This is due to the 
desulvation of the carboxyk acid groups which in the free &gad are extensive- 
ly sol-vated. Nevertheless the rvi values do show the relative affinity of the 
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metal ions for sulphur. Thus only for Cu(IX) and Ni(II) are the values of AH 
negative, and only for &(X1) is the value of AH more negative for TSDA than 
for SDA, 

Thus from the limited data available it is clear that TSC furms mure stable 
complexes with soft or class (b) metal ions and as far as it is possible to tell 
this is due to larger enthalpy terms involved, i.e. the formation of stronger 
metal-ligand bonds. 

C. X-RAY CRYSTALLOGRAPHIC DATA 

It was only in 1969 that a full 34imensional crystal structure determina- 
tion of thiosemicarbazide itself appeared in the literature 120 ] , that is to say 
after much of the available data on TSC complexes had already been published4 
The thiosemicarbazide molecule was found to be in the &WZS configuration 
(Fig. la), the arrangement of the non-hydrogen atoms being essentially planar. 

However the only complexes so far known to contain TSC in this configura- 
tion are polymeric Ag(f) complexes. These are also the only known solid 
complexes in which TSC is monodentite and bonds through sulphur anly 
[22-241. In the polymeric complex, Ag(TSC)Cl, two kinds of silver atom are 
present, both being tetrahedrally coordinated but having environments which 
are both crystallographically and chemically distinct. Ag(I) is coordinated to 
two 5 atoms and two Cl atoms, with one of the Ag-Cl bonds longer than 
the other, while Ag(2) is coordinated to three S atoms and one Cl atom, with 
one of the Ag-S bonds being markedly longer than the other two [223 
(Fig. 2). The silver coordination polyhedron in catena-p-thiocyanato-bis( thio- 
semicarbazide) silver(I) is rather unusual, being a distorted trigonal pyramid 
involving two sulphur atoms from two TSC molecules, and one nitrogen and 
one sulphur from Iwo different NCS groups (Fig. 31, The NCS groups are in 
bridging positions between two silver atoms, the bond through sulphur being 

l?ig. 1. The structure of thiosemicarbazide (a) tram configuration as in the fre l&and, (b) 
ck configuration as in its bidentate chelating form. 

* A preliminary rcpor~ conbining the essential molecular param&~~s was hoswmrer published 
iA 1966 [21& 
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Fig. 2. Tkre cwsrdination polyhedra in Ag(TSC)CI (hydrogen atoms not shown). 

relatively weak, as shawn by the rather long Ag+ distance of 2,99 A _ There 
are three longer contacts to two nitrogens and a sulphur which complete the 
coordination polyhedron to a distorted pentagonal bipyramid 123). The 
structure of AgzBra(TSC& involves tetrahedrally coordinated silver atoms 
distorted towards a trigond pyramidd coordination, one bond being much 
lunger than the others (Fig_ 4), Paits of non-equivalent polyhedra are join& 
tug&her in dimers by the sharing of an S l - *S edge. The sulphur bridge which 
joins tetrahedra is of the same kind as those in bis(thiourea)silver(I) chloride 
and bis(thiourea)copper(I) chloride and has been interpreted as a 3-centre 
electron-deficient bridge bond 124 J _ 

In aI1 other known TSC compfexes the TSC molecde is in the ck confiwa- 
tion :Fig, l(b)) and is bide&ate, bonding through sulphur and hydrazinic nilxo- 

Fig. 3. The coordination polyhedra 
(l@rogen amxi not shuwn). 

in 



Fig. 4. The coordination polyhedra in AgpBr#W& (hydrogen atam nat shown). 

gen, The single crystal data avatiable are somewhat limited (see Table 3) and 
five af the nine compounds studied which involve kimWe TSC contin 
nickel(H), three of them being square planar. NiTSC#& , NiTSC2SO~*3H20 
and Ni(TSC-HI2 are all square planar and diamagnetic, and the Ni--N and 
Ni-S bond distances are very similar in all three compounds. The Ni-S bond 
distances are considerably shax%er than the sum of the radii of the Ni(IL) ion 
and the sulphur atom (Z-4--2,5 A.) and also shorter than the sum of the 
Pauling covalent radii (2.25 II)-. Thus there must be appreciable covalency in 
these bonds. The Ni-N bond distances are similar to those found in other 
square p1ana.r complexes with sp3 hybridised nitrogen. The most interesting 
feature is the presence of both cis and trans isomers of the Ni(TSC)g+ cation 
in the compound Ni(TSC)&X& . When this work was first published [25] 
the occurrence of two isomers in the same structure was zather novel but 
since then other examples of this phenomenon have been reported [28] l 

The Ni-S bond is shorter in the cis isomer and Grdnbaek argues [25 ] that 
this is due to the fact that S exerts a stronger tram effect than NJ&. It; could 
equally well be taken as evidence of the importance of r-bonding in the Ni-S 
bond, but in fact this may amaunt to the same thing. 

Aithuugh the Ni-N and Ni-S bond distances in NifTSC-EQ2 are similar 
to those in the two sulphate complexes, the bond angles about Ni deviate 
appreciably from 90” and there are marked changes in the geometry of the 
ligand 1271. The short C-N(2) distance shows this to be essentially a local&d 
double bond, implying that the ligand is in the thiol form (Fig_ 5) which has 
been deproton&& There is other evidence that this is the form involved in 
complex formation under aXkaIine conditions. Nardelli and co-workers [ZO] 
have pointed out that in TSC itself the C-S and C-N(l) bond distices are 
intermediate between the usual values for single and double bonds. It is there- 
fore interesting to note that in Ni(TSC-H)2 these bonds and also the N(2)- 
N(3) bond are markedly longer than in TSC wbtie, as noted above, the C-N(2) 
bond Is appreciably shorter. This appears to be the only structure in which this 
essentially fuc&sed form of the bonds in theTSC fragment has been found, 



TABLE3 
. + 

CrystatlogrLtphic data for ‘cpmplexes of thioscmicarbazide and thiosemicarbazones 
v-- -W- 

Compound _ Space 2 Ii% ‘kiS M-N SMN C--S C-N1 C-N2 N2-N3 Other data 
I 

brow ’ ’ r . * 

8 
Q1 

Ref. 

cuTSC2SQ4 

CUTSC+(NQ3 )2 

Zn(TSC)C12 

&(T&I 

Pi 
Pnma or 
Pn2la 

8 5 2,149 
2.169 

2 9.2 2.16 

2 12.6 2,155 

1 6 2.411 

2.45 

8 4.6 2.425 
2.427 

2 6.3 2,259 
2,266 

1 6.4 2.286 

8 11.4 2.286 
2.298 

1.930 
1,926 

I*90 

1.911 

2.059 

2.196 81.0 
2,164 81.3 

2,031 86.4 
2.031 85.9 

2.001 86.2 

2.11 89.1 
2.08 90.5 

89.14 
8S.?G 

89.97 

81.7 

83.95 

P21212~ 8 10.5 2.51 Ag(I) d 

2.50 Agff) 
10.5 2.51 Ag(XI) 

2.48 
2.77 

Pna2l 4 14 2,43 3.42 Ag-N’ 
2.48 3.30 
2.99 Ag-§CN(I] 
3.63 Ag-$CN(II) 

1,685 1.313 1.337 1.399 

1.731 1,331 1.336 1,428 
1,721 1.323 1.327 1.431 

1,?5 1.29 1.33 1.44 

1,746 1.436 1,247 1.537 

1,694 1.330 1.338 1.416 

1,706 1.304 1.350 1.415 
1,723 1.306 1,323 1.406 

1.713 1.315 1.320 1,411 

1,73 1.29 1.28 1.44 
1,72 1.27 1.27 1.40 

20,21 

cis 25 
tram 

Ni-O 3*98 26 - 

27 

Ni-0 2.123 29 

29 

‘cis Fe-0 2.165 28(b) 
trans Fe-0 2.W 

Cu-0 2.34 30 

Cu-0 2.773 31 

%-Cl 2.238 (I) 32 
Zn-Ci 2.247 (Ii) 
ClZnCI 106.3 (I) 
ClZnCl 110,7 (II) 
ClZnS 115.6 (I) 
ClZnS 121,8 (Xi) 

Ag-CI 2.65 (1) 22 
Ag-CI 2,75 (1) 
Ag-CI 2.66 (11) 22 

Ag-N 2.24 23 
(dig--NCS) 
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Fig. 5. The moIecular structure of Ni(TSC-H)z (hjrdrogen atoms not shown). 

It would be interesting to see if other TSC-II complexes contain the same 
1ucaEsed bond system- In G-E nicker sulphate comp!exes the C-N(T) and 
C--N(2) bond distances are not very different from those in TSC itself while 
the C-S and N( 3)-N( 3) distances are longer as might be expected for bonds 
involving donor atoms. 

In the paramagnetic 6-coordinate complex NiTSC2(HzO)z(N0s)2 the coor- 
dination about Ni is approximately octahedral with two 0, two N and two S 
atoms in fmns positions relative to each other. The M-N and M-S bonds 
are much Ionger thar; in the diamagnetic complexes but the ligand geometry 
is much the same as in TSC itself, The Ni-S bond length is in the lower end 
of the range 2.4-2.6 A generally accepted for octahedral Ni(II) molecules. The 
Ni-N distances also lie in the range usuaIly found for octahedral Ni(II) 
complexes [29]_ 

The crystal structure of FeTSC#& is very interesting as it consists of a 
chain-Iike polymer in which SO4 ions act as bridges between cis and Puns 
FeTSCz units [28b] (Fig. 6). It is worth noting that not only are the Fe-S 
distances in the two isomeric units identical but they are among the longest 
Fe-S distances iulown, Thus in this case n-bonding in the metal sulphur bond 
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can be ruled out. On the other hand the Fe-0 distances are remarkably short 
b&g of the same order as the Fe-N distances (see Table 3). An interesting 
point is that the Fe-U distznce in the &rans upit and the Fe-N distance in the 
cis unit- are equal. It must be noted that there are appreciable distortions &om 
octahedral symmetry in both isomeric units, the SFeN angles being ca_ 81” and 
the OFeU angles being ca. 173’. 

Two copper[II) complexes of TEC have been studied by single crystal 
methods, CuTSC,S09 and CuTSC#O& [30,31]. In the sulphate the 
copper atom is pentacoordinate and the TSC molecules are bonded in a cis 
configuraGon, the two sulphur and two hydrazinic nitrugen atoms forming 
the comers of the base of a square pyramid (Fig. 7). The spex of the pymmid 
is occupied by an oxygen atom of the sulphate group which behaves as a mono- 
dentate ligand [30] l The Cu-0 bond is relatively short (2.34 A) showing that 
this bond is quite strong. In the nitrate, on the other hand, the copper atom is 
in a tetragonal environment [31] _ The two TSC molecules are chelated in a 
0~~s configuration to give a near-planar grouping, the 6-coordination being 
completed by two oxygen atoms from the two trans nitrate groups. The 
nitrate groups are relatively weakly bonded to copper as is shown by the fact 
that coordination does not alter the N--O distances in the NOa group as well 
as by the long Cu-0 bond (2,773 Al, It is interesting to nate that in the 
sulphate with its cis grouping of the TSC molecules the Cu-S bond is shortey 
and the Cu-N bond lunger than in the nitrate with its t-rans grouping of the 
TSC molecules, the geometry of the ligand being much the same in both com- 
pounds. As in the case of the nickel(I1) compounds (see above) this ca_rl be 
explained either by the importance of n-bonding in the Cu-S bond or by the 
stranger &izns effect of S, 

In Zn(TSC)C12 the Zn atam is tetrahedrally coordinated to two Cl atiz-ns 
and one TSC molecule, the Zn atom lying in the plane of the TSC molecule 
(Fig. 8). The Zn-N and Zn--Cl bond distances Lie in the range expected for 
tekahedral zinc molecules, while the Zn-S bond length constitutes the lower 
limit of the range found for the limited number of compounds containing 
Zn-S bonds which have beenstudied. The geometry of the TSC moiety is 
somewhat changed compared with TSC itself, the C-S and N(Z)-N(3) bonds 



Fig. 8. The molecular structure of Zn(TSC)CI2. 

being longer and the C-X(1) and C--N(Z) bonds being shorter, The NZnS 
angle is about 90” instead of the theoretical 109” and the CN(2)N(3) angle 
has opened to about 132” (note that there are twa crysta&gr~phicalIy dif- 
ferent groups of molecules in the unit cell with slightly different parameters) 
[32]. If we compare these data with those for the corresponding acetone 
thiosemicmbazone (TSCAC) complex, Zn(TSCAC)C12, we find that the 
Zn--N arrd Zn-S distances are much the same in the two compounds, while 
the Zn-Cl distances in Zn(TSCAC)Cl2 are significantly different both frum 
each other =d from the distinces in Zn(TSC)C& . In the TSCAC complex One 
of the C1 atoms is involved in hydrogen bonding but the other is not. More 
important the Zn atom is displaced from the plane of the organic Ligand by 
0.433,4 with the result that the internal geometry of the TSCAC l&and is 
very similar to that of the free ligand [33j_ 

Of the eight thiusemicarbazone complexes whose stictures have been 
determined six contain nickel(II). McCleverty and co-workers 1341 have 
determined the structures of the two square planar diamagnetic complexes 
formed with the bisthiosemicarbazones of hexene-2,5-dione (TSC-2,5-D) and 
phfhalaldehyde (TSCPHAL). Both of the complexes contain a seven-membered 
&elate ring as weli as the two five-membered rings involving the TSC muieties- 
Although no information is available on the geometies of the free ligands, SQ 
that a really meaningful comparison is nut possible, it is worth noting that the 
C-S and N(2)-N(3) %LS well as the Ni-N and W-S bond lengths are similar to 
those faund in the square planar nickel(D) complexes of TSC, Ln Ni(TSC- 
2,5-D-2H), (Fig. 9(a)), th e coordination about the Ni atom involves a distortion 
frum squ~e planaxxty such that the Ni, the txvo S and une of the coordiz2a2ed 
nitrogens are approximately coplanar, while the other coordinated nitrogen 
is 0~66 A from this mean plane. On the other hand in ETi(TSCPHAL-2W, 
(Fig. 9(b)), th e coordination about Ni is substantially planar but the two TSC 
chelate planes are mutually inclined at an angle uf 33” and are symmetrically 
oriented with respect to the mean coordination plane of the nickel- 

In the compie~ Ni(TSCAC)&lB the Ni atom is pentacourdinated with the 
donor atum set N&&E, the two S atoms being in the axial positions of an 
apprux.imateIy trigonal bi~yramidal coordination polyhedron. The geometries 
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M L-c 

Iof lb) 

Fig. 9, Schematic molecule structures of the square planar nickel(U) camplexes with 
(a) hexene-2,5-dione bis(thiosemicarbazone) and (b) phthalaldehyde bisfthiosemicarbazone). 

of the two TSCAC ligads are not identical but apart f&m the longer C--S 
bond lengths they are not very different from that of the free ligand. The 
Ni-S bond lengths are intermediate between those found for 4- and 6-coorl 
dinated xGckel(IL) complexes of thiosemicarbazones (see Table 3)* as might 
have been expected, but the M--N distances are longer than those in both 4 
and 6-coordinated species 1351. In the corresponding nitrate complex, 
Ni(TSCACQ2(N0&, the Ni atom is 6-coordinate with the donor atom set 
N&O2 but only one of the NO3 moups is coordinated and is therefore nece 
warily bidentate (Fig, 10). However the coordination poiyhedwon is distorted 

Fig. IO. Schematic molecular structure of the nitrate bis(acetone thiosemicarbazone) 
nickel(U) cation (oniy the N and S donor atoms of the thiosenicarbazone ligands are shown). 
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Schematic mo1ecula.r structure of bis(isoquinoline-l-carboxaldeh_vde 
nickeI(T1) monohydrate {hydrogen atoms not shown). 

thiosemicarba- 

Fig. 12. Schematic molecufar structure of the square planar CufKTS) molecule. 

towards an approximately trigonal bipyramidal shape, with the coordinated 
bide&&e NQJ effectively occupying a single coordination position, The two 
Ni-0 bond lengths are appreciably different as are the &Ii-S and especially 
the Ni-N bond lengths [36]. 

The structures of two Gecoordinate complexes of Ni(II) with thiosemicarba- 
zones have been determined and these must almost certainly be paramagnetic. 
The ligands are the thiosemicarbazones of l-formaldehyde isoquinoline and 
2-formaldehyde pyridine, TSCFIQ and TSCFPY, which are tridentate, the 
third donor atom being the heterocyclic nitrogen. Because of the coplanarity 
of the three ligand donor atoms, NNS, the two S atoms are necessarily ck. 
In each case there are significant differences in the parameters found for 
the two ligand molecules in the complex (37,381. The M-S bond lengths 
are appreciably longer than those in the 4- and koordinate complexes and 
are similar to the values found for the paramagnetic 6-coordinate nickel(ll) 
complexes of TSC (see Table 3). The M-N (hydrazinic N) bond lengths are 
intermediate between those in the 4- and &coordinate species and are apprecia- 
Lly shorter than the Ni-N (heterocyclic N) bond lengths (Fig. II). 

The observations of Petering and co-workers [lo] that the active species 
in anti-turnour activity of 3-ethoxybutane-X,2-dione bk-thiosemicarbazone 
(&KTS) was the copper chefate Cu(KTS) were saon followed by the 
publication of the crystal structure of the chelate [39] (Fig. 22). The two 
TSC moieties in the &and are necessarily in a cis position to each other and 
if is interesting to note that the Cu--S bond distances (see Table 3) are very 
similar to those fcund in Cu(TSQ2SQ4! which also has the TSC moieties in a 
ck configuration (see above), However it is also worth noting that the Cu--N 
bond distances in Cu(KTS) are appreciably shorter than those in Cu(TSC)#& 
and that futhermore the geometties af the two TSC residues in the 

- ‘. 
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former compound show a marked tendency towards bond delocalisation.. 
Thus the C-N( 1 ), C-N( 2) and N( 2)-N( 3) bond lengths are very similar and 
the N(2)-N(3) bond is exceptionally short. Although the structure of the 
free &and H2KTS has been determined [40], comparison with the geometry 
of the ligand in the chelate is fairly meaningless, both because the chelate 
contains the ligand in a deprotonated form which necessarily involves changes 
in bond lengths and bond angles (cf. TSC and TSC-H in Ni(TSC-H)&, and 
because the free ligand is in an extended configuration. 

TABLE 4 

Room temperature magnetic moments for some thiosemicarbazide and thiosemicarbazone 
complexes 

Complex Gf Ref. Complex Peff Ref. 

(i) Thiosemicarbazide complexes 

Cu(TSC)C12 1.74 b 41 FeTSC2S04 5.49 43 
Cu(TSC)Br2 1.67 b 41 NiTSCa (NOa )a - 2Hz 0 3.19 44 
CuTSC2C12 l-77 42 NiTSCz(ClO,)a*3HzO 3.15 46 
CuTSC2Br2 1.78 42 NiTSC2( NCS)2 3.15 46 
CuTSCz(NOa)z 1.80 42 NiTSCs (NOa )z 2.99 46 
CUTSC~(C~O~)~ 1.83 42 NiTSC3 Cl2 - 3H2 0 3.05 44 
CuTSC2S04 1.64 42 Ni(4EtTSC)$iO, 3.07 44 

(ii) Thiosemicarbazone complexes 

Ni( 2PATSC),Ci2 - Hz 0 3.27 47 NH4 Fe(SALTSC-2H)2 2.50 6? 
Ni( ZPATSC-H)z * %Hg 0 3.19 47 Fe( SALTSC-H)C12 - 2%H20 6.00 69 
CO(ISTSC-H)~-~H~O 5.06 48 Fe(SALTSC-H)Br2_2%H20 5.98 69 
Ni(ISTSC-H)z 3.12 45 Fe(MePVTSC-H)2 5.08 69 
Cu(LSTSC-H)Cl 1.81 = 45 Co(8QATSC)#12.3Hg0 4.42 52 
Ni(MeISTSC-H)2 3.8 45 CO(SQATSC)~SO~.~H~O 4.35 52 
Cu( MeISTSC-H) CI 1.81 = 45 Ni(8QATSC)2Cl, - 3&O 2.99 53 
Co(PVATSC-H)2 - Hz0 4.59 50 Ni(8QATSC)2S04-6HzO 3.05 53 
Ni(PVATSC-H)2 - Hz0 3.05 50 Ni(SQATSC-H)2-4H20 3.04 53 
Ni(PVATSC-2H)- py 0 50 Ni( 8QATSC)C12 - 3%H2 0 3.07 53 
Cu(PVATSC-H)- 2HaO l-77 49 Ni(8QATSC-H)NCS 0 53 
Cr( PVATSC-H)2 3.10 51 Ni(TSCAC)2C12 - Hz0 3.29 54a 
NH4Cr(PVATSC-2H)2 3.76 51 Ni(TSCAC)zBrz-Hz0 3.00 54a 
NH4Fe(PVATSC-ZH)2 2.02 51 Ni(CHTSC)2C12 3.34 54a 
Fe(PVATSC-H)2-H20 5.18 51 Ni(CHTSC)2Br2 3.20 54a 

aInpB. b Studied over the range 373.2 to 80.4 and 303.2 to 88.4 K respectively, these 
compounds have 2J vahres of -6 and -24 cm-’ and 8 values of 0 and -24 K. c These 
compounds were studied over the range 296 to 77 K and have 6 vaiues of +lO” and 24°K 
respectively. 



D. MAGNETIC! DATA 

The room temperature magnetic moments of some TSC complexes are 
shown in Table 4. The only TSC complexes which have been studied over a 
temperature range are Cu(TSC)Clz and Cu(TSC)Br, in which bridging by both 
halogen and TSC leads to weak anti-ferromagnetism [4f 1. It is unfortunate 
that no thoruuy;gh. study of a complex in wfiish TSC is the only ligand has been 
made since a knawledge of the reduction parameters would give an insight 
into the covalency of the metal-sulphur bond. However such a study has 
bmn made using EPR and the copper-sulphur and the copper-nitrogen 
bonds in CuTSCg+ have been shown to be highly covalent [SO] (see Section 

WI))* 

Again only two thiosemicarbazone complexes have been studied over a 
temperature range, Cu(fSTSC-H)Cl and Cu(MeISTSC-H)Cl [45]. Unfortunate- 
ly Athough these compounds are said to be antiferromagnetic the J values are 
not reported, The authors exclude a halogen bridged structure because of the 
relatively small variation of susceptibility with temperature and also because 
the value of v(Cu-Cl) would seem to indicate a terminal halogen. 

However even room temperature moments do often prove useful in assign- 
ing the stereochemistry about the metal ion and hence the probable coordinat- 
ing behaviour of the ligand. Thus the parannagnetism of Ni(ISTSC-H)z (see 
T&&E 4) with J.&f = 3-12 BM at 296 K lies in the range expected fur octi- 
hedrally coordinated NiffI) which suggests that the ligand is probably ter- 
dentate with the ketone oxygen acting as a donor as well as the N and S of 
the TSC residue. Sim&.rly the relatively high value of the magnetic moment 
of Ni(MeEJTSC-H)z, 3.8 BM at 296 K, suggests that the Ni(LI) ion is tetra- 
hedrally coordinated so that the ligand here must be bidentate, Similarly the 
magnetic moment data in Table 4 show the ligands PVATSC and 8QATSC 
to be &dentate in the complexes studied. 

The spin Hamiltonian parameters fur the trans CuTSCg* ion have been ob- 
tained from a Q-band EPR study of the Cu(fF) ion doped in NiTS&SU* - 
.3HzO at a concentration of ca. 2%. The data obtained are shown in Table 5. 
Awuming that the Cu(II) ion substitutes far Ni(I1) the environment of the 
copper atom wtil be trans square planar N,Sa . The short& metal--oxygen 
dis%ance in the host crystal is 3.98 a (see Table 3, ref. 26) and it is l&r&ore 
-reasonable to assume that oxygen dues not contribute to the bonding, From 
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(i) EPR parameters for copper complexes 
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Complex g values A values ANvalues Ref. 
(lo4 cm-‘) (lo4 cm-‘) 

Ni( 63+u)TSC2SG4.3H20 g, 2.023 
gY 2.041 
gz 2.127 

Zn( 63Cu)TSC2S0, g, 2.028 
gu 2.045 
g, 2.159 

CuTSC2( CiO4 ) in DMF gl 2.025 
g, 2.045 
g, 2.152 

CuTSC2(C104)2 in ETG/HzOgl 

gz 
ga 

CuKTS po!ycrystalline gu 2.12 

CuKTS in DMF gu 2.14 
g1 2.02 

CuKTS dimer in 30% gjI 2.16 
dioxane in ethanol gJ. 2.03 

Cu(DDTSC-H)2 1% in 
nickel(H) salt also in 
DMF (see text) 

CuBUTSC$ in DMF 

Cu(BUTSC-H)2 

CUTSC~(NO~)~ 

gn 2.12 
gl 2.00 

gu 2.15 
gl 2.04 

gn 2.14 
g1 2.02 

gl 2.0269 
g, 2.0474 
g, 2.1525 

AX 33.05 
A,, 45.34 
A, i86.6 (63Cu) 
A, 196.4 (F5Cu) 

A, 32.1 
AY 44.6 
A, 186.0 

Al 21.0 
A2 25.0 
A3 186.6 

g, 2.03 

Al 186.8 
AL-= 

AJJ 90 
Al-= 

AIJ 190.5 
AL 34.7 

Ali 150 
Al--- 

All 186.8 
Al-u 

A,* 16.71 
A,# =Ayc = 14.33 

A,* 10.5 
A,’ = A ’ = 9.6 

Y 

A,* 12.8 
A,* =A y’J= 10.0 

AN 11.0 

AN 14.8-14.0 66 

AN<8 62 

AN 15 62 

55 

56 

56 

56 

62 

62 

62 

55 

a Not reported. 

(ii) Covaiency parameters 

CcmpIex 

Ni( 63*65Cu)TSC2S04- 3HzG (Yi 0.68 r?r 0.16 y; 0.33 t-O.038 

01 0.71 &.J 0.81 0s 0.75 forn ws 

a2 0.72 7: 0.16 7; 0.27 E- 0.027 

c31 0.77 /iN 0.80 /is 0.89 for n s (1) 

a2 0.70 y& 0.16 0.33 E -0.031 fll 72s 0.75 /i&i 0.81 & 0.70 for ($PS n 

c? 0.73 7% 0.11 7; 0.26 $-- 0.033 

& 0.81 flN 0.79 & 0.65 for n s (1) 

Zn(63Cu)TSC2SG4 

.z, yN and rs are the metal, N and S coefficients in the o-bonding MO, e is the mixing co- 
efficient for the dz metal orbital in the o-bonding MO, &, & and 0s are the metal orbital 
coeftwients m trle in-plane and the iwo out&-plane bonding 1wC.l~. 
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the observed g values it is clear that the ground state is essentially &z-,,2 

although because of the law effective symmetry (Dul), there will be some 
mixing in of the d,~ orbital into the g+raund state. It is significant that the 
g values are smaller than those found for CuN4 chromophores [57,58] but 
are close to those found fur CL& chromophores [59 J . This alone would 
suggest that there must be considerable covalency in the bonds. There is also 
the fact that the unpaired electron interacts strongly with the two coordinated 
nitrogen atoms giving rise to a well resolved five-line ligand hyperfine structure 
in the EPR spectrum, the very narrow lines being only a few gauss wide [55]. 
The bonding parameters which are shown in Table 5 were evaluated on the 
basis of an ‘LCAO-MO scheme using the EPR parz~~~ters and optical data 
obtained from a single crystal study of CUTSC~(NO~)~ [60]. It will be noticed 
that both the Cu-N and Cu-S bonds are highly covalent_ The Cu-S bonds 
are probably the most covalent copper-ligand bonds yet known. It is interest- 
ing to note the strong anisotropy in the covakncy of the ground state A, 
orbital, the Cu-S being about twice as covalent as the Cu-N bond. The value 
of 7; (ea. 0.30) is similar toevalues found for bis(diihiocarbamato) copper 
complexes [59]. The percentage electron density st the nitrogen atoms, de- 
rived directly fiorn the ligand hyperfine coupling constants, is comparable 
to that found in strongly covalent copper(H) complexes containing only 
nitrogen donor atoms 15131. It is also worth noticing that there is appreciable 
covalency in the out-of-plane z-bonds between both Cu and S and Cu and N, 
and that contrary to suggestions made in the case of bis(dithiocarbamato) 
copper( II) complexes [ 591, the in-plane n-covalence is not negligible. 

Accurate values of the three principalg values of CuTSC&Nr)& have been 
obtained from powder spectra of the undiluted compound both at Q-band 
and at X-band frequencies f55,56 ] _ The values of g1 and g2 fsee Table 5) are 
in good agreement with the values of gx and gY found for the diluted sulphate, 
while the difference between g, and g, is the result of different amounts of 
axial (a-axis) coordination in the two compounds. It is well known that an 
increase in the field along the z-axis is accompanied by an increase in the value 
of g, . Smith has pointed out [61] that stronger axial bonding leads to an in- 
crease in fhe length of the bonds in the xy-plane which results in a decrease 
of both the in-plane covalency and the energy of the d,+y2-d,y transition. 
Both of these effects are factors which tend to increase the value of g,. In 
order to determine the relative importance of these factors experimentally 
an X-bznd EPR study of the “3Cu(II) ion doped in ZnTSC2S04, at a concen- 
tration of ca, 2%, has been made 1561. The IR and electronic spec&a of the 
doped crystals show that the environment of the Cu(IX) ion in this host is 
tetragonal rather than square planar due to an axial interaction with the SO4 
groups. The spin Hamiltonian parameters are shown in Table 5 anid it will be 
noticed that theg values are similar to those of CUTSC~(NO&~ l The decrease 
in the value of .A,, compared with its value in the nickel doped sample, is to 
be expected in view of the anticipated increase in the amount of 42 character 
in the ground state. The marked decrease in the values of the ligand hyperfine 
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coupiing constants is the expected result of an increase in the length of the 
bonds in the xy-plane. It is worth noting that very similarg and A values are 
obtained from analysis of the frozen solution spectra of CuTSC2(CIOa)2 in 
CMF and ethylene glycoljwater mixtures [ 565 

The complex Cu(KTS) is of particular interest because of its marked anti- 
tumour activity in rats [IO] I Blumberg and Peisach [62 ] have studied the 
X-band EPR spectrum of this compound in DMF at 1.4 K, Unfortunately the 
sample they used contained isatopically normal copper (69% 63Cu, 31% 65Cu) 
with the result that anomalous lines appemed in the ligand hyperfine structure 
because of the non-coincidence of the twa sets of lines arising frum the two 
copper isotopes. This was undoubtedly compounded by considerable g aniso- 
tropy similar to that found for the TSC complexes above, As a result they 
erroneously interpreted the 14N hyperfine structure as arising from the inter- 
action of the unpaired spin with four equivalent 14N nuclei which, since the 
crystal structure [39j shows copper to be coordinated to only two N and 
two S atoms, would imply a high degree of delocalisation in the chelate rings. 
While this seems an attractive idea, especially as the bond lengths in the TSC 
moieties do indicate intermediate bond order [39] (see Table 3), subsequent 
wark on other bis(thiosemicarbazone) copper(I1) complexes suggests it to be 
incorrect [63,64] _ 

Thus Hatfield and co-workers f63] examined the solution spectra of two 
analogous compounds (see Fig, 12, I R(l) = R(2) = CH, Y II R(1) = CHB, R(Z) = 
C5H11) which had been prepared from pure 63Cu, They found that the 14N 
ligand hyperfine structure superimposed on each of the copper hyperfine lines 
consisted of onl: five lines showing that the unpaired spin interacts with only 
twa nitrogen nuclei. Similarly Getz and Silver [64 ] examined the X-band 
spectrum of Cu(II) duped into the diamagnetic nickel(H) analogue of Hatfield’s 
compound I (Fig. 13, R(1) = R(2) = CH,) and they also found a five line 14N 
superhyperfine structure. Thus the degree of delocalisatian in the chelate rings 
must be small and is obviously not sufficient to lead to a significant mount 
of unpaired electron density on N2 (see Fig. 1). 

Smith and co-workers [65] have also examined Hatfield’s compound I in 
solution. They repoti that in DMSO at ruom temperature only monomeric 
species are formed while in the &ozen solution at 77 K the A&# = 1 transition 
is broadened and a “AM = 2”’ transition is observed providing clear evidence 
for dimer formation. They appear to have been interested only in the dimer 
species and do not report parameters for the munomer species. The coppep 
copper distance in the dimer was calculated to be 5.6 -C 0.5 A. The value of gg 
reported is markedly different from the values found for other compounds 
containing the TSC skeleton (see Table 5) and this may be the result of a real 
difference in the nature of the bonding. One possibility is that the ligand is in 
the protonated form. However the structure proposed by-the authors seems 
rathes improbable. 

Hatfield and co-workers 1661 examined the frozen salution spectra of 
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compounds I and II as well as those of several ather analogous bis(thiosemi- 
carbazones). They found that the spectra of all these complexes were essential- 
ly identical. Furthermore for dilute solutions in DMF they did not report any 
evidence of dimer formation cf, Smith and co-workers [SS] above. The param- 
eters found by Hatfield and co-warkers f66 J are shown in Table 5 and it must 
be stressed that these were obtained from the spectrum of a sample which con- 
tained only 63Cu. However Hatfield also examined solid solutions of compound 
I in its diamagnetic nickel(II) analague. A 5% solid solution showed line broad- 
ening of the AM = I transition and the spectrum also showed a half-field 
feature corresponding to the AM = 2 transition of a species with S = 1, i,e, a 
dimer. The zero field spl3ting of the dimer species was calculated to be 0,014 
cm-l. The exchange coupling constant J was found to be approximately 22 

-’ cm which is in qualitative agreement with the value of -14 cm-’ found by 
magnetic susceptibility measurements. The exchange coupling was believed to 
arise in the Same way as in Cu(KTS) where pairs of planar molecules in the 
unit cell are related by an inversion centre with an axial Cu-S internuclear 
distance of 3.102 A 1391. 

The EPR spectrum of red solid Cu(KTS) itself was studied by Blumberg and 
Peisach [62] who reported a strong exchange interaction with a singlet state 
(S = 0) lying lowest. From their data they calculated the singlet-triplet sepam- 

tion to be 23 K. They too attributed the coupling to the presence of the weak 
axial Cu-S bonds. They also reported that addition of acid to red Cu(KTS) 
gave a yellow species of the same formula which they assumed to be the 
protanated form. A concentrated solution of this species in DMF showed no 
EPR signal up to 130 K. To account for this they proposed a dimer structure 
in which the ligand is in an extended conf@r&ion similar to that found in 
crystallline KTS itself f40] (see Fig+ 13). 

The reaction of the copper ion with dkyl mono-thiosemicarbazones 
normally leads at room temperature to the formation of a copper(I) thiosemi- 
carbazone complex. However Blumberg and P&ach 1621 succeeded in ob- 
taining the EPR spectra of two copper complexes with butyraldehyde thio- 
semicarbazone (BUTSC) by mixing the reactants quickly and then Iowering 

y-42 

Fig. 13. Proposed slructure dimer form of Cu(KTS). 
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the temperature to that of liquid helium. The parameters found are shown in 
TWll be noticed that for the cationic species Cu(BUTSC)g’ the 
g values are higher and the hyperfine coupling constants are lower than in the 
uncharged species Cu(BUl’SC-H)a _ Blumberg and Peisach attribute this to 
increased delocalisation in the chelate ring of the latter complex. A more like- 
ly explanation is that it is the result of differences in the extent of axial bond- 
ing. Because of the bigger positive charge on the metal ion in the cationic spe- 
cies there will be more axial bonding arising through interaction with the 
solvent for this complex. This would lead to the observed changes in zhe 
pzameters. 

(iii) Mksbauer spectra 

The Mijssbauer spectra of a number of TSC complexes of iron(H), of 
general formula FeTSCsXs - nH,O, have been reported [43,67]. The isomer 
shifts (I.S.) and quadrupole splittings (Q-S.) in mm s~c-~ are shown in 
Table 6. The anhydrous sulphate, FeTSC2S04, has the largest Q.S. yet found 
for any iron compound f43]. It is high spin (peff = 5.49 p, ) and the iron is in 
a distorted octahedral environment with the donor atom set 0zN2Sz (see 
Section C above, Table 3). The most surprising feature of the Mijssbauer 
spectrum is that it shows only one pair of reasonably sharp lines in spite of the 
fact that the crystal structure contains two chemically different iron(I1) 

TABLE 6 

Mijssbauer parameters of some thiosemicarbazide and thiosemicarbazone complexes of 
Fe(I1) and Fe(II1) 

Complex T (“K) IS. 
(mm set -1)a 

(i) Thiosemicarbazide complexes 

Q-s. _-l 
(mmsec ) 

Ref. 

FeTSC2S04 300 1.27 f 0.04 4.65 * 0.04 
77 1.34 f 0.04 4.36 + 0.04 

4.2 1.32 2 0.04 4.36 f 0.04 
FeTSC$904.%H20 300 1.23 i 0.04 4.33 f 0.04 

196 1.28 _+ 0.04 4.35 _+ 0.04 
77 1.36 * 0.04 4.38 f 0.04 

FeTSCzClz- 2HzO 300 1.26 + 0.04 3.79 i 0.04 
196 1.28 + 0.04 3.78 + 0.04 

77 1.35 * 0.04 3.78 * 0.04 
FeTSCz(N03)2* 2H20 300 1.21 f 0.04 3.81 f 0.04 

196 1.28 -c 0.04 3.90 * 0.04 
77 1.30 f 0.04 3.78 -i- 0.04 

FeTSC2(NCS)2*%HzO 300 1.24 * 0.04 3.18 * 0.04 
196 1.31 f 0.04 3.20 + 0.04 

77 1.37 * 0.04 3.20 + 0.04 

43 

67 

67 

67 

67 

(continued) 
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TABLE 6 (continued) 

(ii) Thiosemicarbazone complexes 

FefPVATSC-H)2 - E&U 300 
80 

Fe(MePVTSC-HI2 300 
EFU 

Fe( DAOTSC)2 Cl2 300 
80 

Fe(DAQTSC-H), 300 
78 

FefDAQM~TSC-H)2 300 
78 

NH4 [Fe(SALTSC-2I-Q ] 300 
50 

NH4 [FG(PVATSC-~H)~ J 300 
80 

Fe(SALTSC-H)CIz - 2%Hz0 300 
. 80 

Fe(SALTSC-H)ErZ- 2%$H~U 300 
80 

1.22 k 0.04 
l-29 f O-04 
1.14 2 0.04 
1.26 2 0.04 
0.48 rt 0.04 
0.51 -* 0.04 
0.30 k 0.04 
0.37 + O-04 
0.53 2 0.04 
0.58 2 0.04 
0.44 2 0.04 
0.52 -t 0.04 
0.41 +- 0.04 
0.50 k 0.04 
U-61 + U-04 
0.70 2 0.04 
- 

0.71 + 0.04 

2.63 Ifi: 0.04 
3.31 rfr: U-04 
2.70 f: 0.04 
2.90 -r- 0.04 

0.68 k 0.04 
0.77 f 0.04 
2.02 3- 0.04 
2.02 * 0.04 
0.88 rt: u*u4 
0.88 k 0.04 
2.81. * Q,04 
2.92 h 0.04 
3.18 2 0.04 
3.18 k O,U4 
0.86 *U&4 
0.90 + 0.04 
- 

1.00 -(- 0.04 

69 

69 

69,70 

70 

70 

69 

69 

69 

69 

Complex Spin 
state 

Q.S. Isomer Ref. 
-“) ( mm set -1) % 

(iii) Thiosemicarbazone complexes with spin cross-over 

PJG?;F~(SALTSC-~H)~ J l %I1 

H2Q 

PyH[Fe(SALTSG3H)2 J* 2Tz 

xfzo 

0.65 + 0.04 
0.69 f: O,Q4 
0.54 i- U.r34 
0.74 4 0.04 
- 

300 
280 
273 
195 
80 

300 
280 
273 
195 
80 

300 
246 
195 
246 
195 

80 
300 
f95 
80 

300 
195 
140 
80 

- 

H[Fef5C1-SALTSC-2H)2 ] “Al 

0.54 4 0,04 
0.50 4 0.04 
0.51 Ilr 0.04 
0.55 k O,O4 
0.68 * 0.04 
0.72 k 0.04 
- 

2T2 

H[ Fe( 5Br-SALTSC-2H)2 ] l 6A 1 
%H20 

H[Fe(5Br-SALTSC-2H)Z ] - 2T2 
%thzf~O 

0.51 * 0.04 
0.51 i- 0.04 
0.54 _+ 0,04 
0.70 ?: 0.04 
0.77 4 o.o4 
0.79 + 0.04 
- 

0.46 k0.04 
0.52 * 0.04 
0.55 -4 cl.04 

O-63 +- U.o4 
0.62 _+ oeo4 
0.74 _+ 0.04 
0.65 * 0.04 
- 
- 

2.58 4 0.04 
2.80 + 0.04 
2.80 k 0.04 
2.84 k U,U4 
0.72 + Q.Q4 
u-72 - cm4 
- 

2.74 + U,U4 
2.80 -c U,U4 
2-81 * 0,04 
0.60 _+ 0.04 
0.69 + 0.04 
0.72 * Q-04 
- 

2.90 + 0.04 
2.86 + 0.04 
2.93 + o.04 

323 three peaks in spectrum 
300 0.58 * 0.04 0.68 -c O-04 

80 O-78 + 0.04 0.77 + Q-04 
323 0.41 k 0.04 2.86 2 0.04 
300 U-41 + u,u4 2.86 f 0.04 

80 0.51 + 0.04 3.00 f: U.04 

100 
76* 
21 
17 
0 
0 

19* 
79 
83 

100 
100 
33 
0 

67 
100 
100 
100 
63 
7 
0 

29 
66 
93 
38 
38 
23 

62 
77 

71 

71 

71 

71 

69 

a I.S.vahesreLative to sodium nitroprusside. 
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environments [28(b)]. Thus the two line spectrum must in reality consist of 
two two-line spectra perfectly superimposed. This implies that contrary to all 
expectation the net s electron density at the two iron nuclei must be identica 
in spite of the different geometries. It will be noticed from the data in Table 
that the sum of the Fe-0 and Fe-N bond distances is almost the same for tl 
cis and the trms unit with the cis having the shorter Fe-O distance and the 
trans having the shorter Fe-N distance. This may account for the identical 
IS. values for the two units. It may also account for the identical Q.S. values 
since differences between the two isomer units as regards the valence and 
lattice contributions to the Q.S. may, balance out. 

The Q.S. value of FeTSC2S04 was found to be relatively insensitive to 
temperature [43] showing that the ground state must be an orbital singlet 
well separated from other states. The sign of the electric field gradient was 
found to be positive [43] which is compatible, given the size of the Q-S., 
only with a dXY or a dxz-,,z ground state. A dry ground state is anticipated fc 
a tetragonahy distorted octahedron. For the truns isomer there is quite clearI! 
a compression along the N-Fe-N axis. The splitting of the one electron ener 
gy levels of a cis distorted octahedron does in fact give a d,z_,,z ground state 

1571. 
The IS. values found by Ablov et al. for the chloride, nitrate and thio- 

cyanate salts were essentially the same as that of the sulphate [67] but the 
Q.S. values found were appreciably smaller than that of the sulphate althougl 
they are still such as to rule out the possibility of a d,, or dyr ground state 
(see Table 6). Thus in the absence of any knowledge of the crystal structures 
of these compounds the best guess is that they have compressed tetragonal 
structures, although as we have seen in the case of the suiphate there is 
always some danger in assigning molecuIar geometries on the basis of spectral 
data alone. Ablov et al. 1671 attempted to fit their Q.S. data using Ingalls’ 
well known expression for high spin ferrous compounds [68]. This expresses 
the Q.S. value in terms of the rhombic splittings of the ‘Tsg ground term, 
A, and A2 , and of a single covaier~y parameter. It is significant that Ablov’s 
attempt was unsuccessful. In the case of TSC complexes or similar compound 
it is clear that there will be considerable anisotropy in the covalency. 

Ablov and co-workers have also used Mijssbauer spectroscopy to study a 
number of thiosemicarbazone complexes of both iron(I1) and iron(II1). The 
inner complexes formed by the tridentate ligands, pyruvic acid thiosemicarba 
zone (PVATSC) and the thiosemicarbazone of methyl pyruvate (MePVTSC) 
[69], with iron(I1) are high spin and have I.S. and Q.S. values in the usual 
range for high spin Fe(I1). The donor atom set is OzNzSz for both compound 
The PVATSC complex has a quadrupole splitting which shows a more market 
temperature dependence than that of the MePVTSC complex. This implies 
that the splittings A1 and A, of the 5Z’2g ground term must be larger in the 
latter complex. However only for the former complex could the Q-S. data be 
fitted to Ingalls’ expression 1681. Values of A1 and AZ of 260 and 520 cm-’ 
respectively were obtained_ The fact that the authors were unable to fit the 



Fig- 14. Structures uf Fe(DAUTSC)$+, FefDAOTSc--H)z and Fe(DAUMeTSC-I-&. 

Q.S. data Sor J?VATSC and other complexes they studied to Ingalls’ expres- 
sion does suggest that this lexpre.csion is not valid in cases where there is 
appreciable covalency and bonding anisatrapy. 

With the thiosemiczrbazone of diacetyl monoxime (DAOTSC) two types of 
cumpkx can be formed with Fe(II), Fe(DAOTSC)& and the inner com- 
plex Fe(DAOTSC-H)2 (Fig. 14)_ The latter is formed by deprotonation of the 
OH group. Bath types of campIex are found to be diamagnetic and hence the 
quadrupole splittings arise because of differences in the covalency of the 
mew-ligand bonds and not because of anisotropy in the d electron distribu- 
tion. The IS. and Q.S. values found by Abfov et al. [69,70] fur the chloride 
and the inner complex are shown in Table 6, The lower IS, value found fur 
the inner complex can be attribufed fo an increase in 4s electrun density . 
resulting from the increased covaiency of the monoxime nitrogen-metal bond. 
The authors consider that the major contribution to the e.f.g. comes from the 
three molecular orbitals to which the iron 4p orbit=& contribute, In 
Fe(DAQTSC)&2f2 if it is assumed that, the two pairs af Fe-PT bonds are equie 
Ient then the e.f,g. results from the difference in covaIency between these 
bonds &d the Fe-S bonds;. AbIov et al. assumed that the Fe-N bands would 
be more covalent than the Fe-S bonds rend hence that the sign of the e.f.g. 
would be negative [70 ] . En Fe(DAOTSC-H)2 on the other hand the monoxime 
N-Fe bonds will be more covaIent than the hydrazone N-Fe bonds and it was 
argued E70] *hat this leads to the much larger value of the Q.S. aIthough the 
sign of the e.f.g, is still considered to be negative. In the inner complex 
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Fe(DAOMeTSC-H)2 where DAOMeTSC is O-methyldiacetylthiosemicarbazone 
monoxime it is the thiol form of the ligand (Fig. 14) which has been de- 
protonated- Consequently the Fe-S bonds are more covalent than in the 
DAOTSC complexes and Ablov et al. predict a positive sign for the e.f.g. [70]_ 

Ablov and co-workers have also studied the complexes formed with Fe(III) 
by salicylaldehyde thiosemicarbazone (SALTSC) which has the donor atom 
set OzNzSz . The Mossbauer parameters for these compounds are shown in 
Table 6. The complexes Fe(SALTSC-H)& 9 2%&O where X = Cl, Br are 
high spin, but no indication is given [69] as ta whether they are non-elec- 
trolytes or electrolytes and hence it is nut clear what the coordination num- 
ber is, The relatively large G&S. value must arise from considerable asymmetry 
in the bonding as would be anticipated whatever the stereochemistry. 

Interesting behaxfiour is observed for the complexes Cation+ Fe(SALTSC- 
2H)z II Thus the ammonium salt is low spin even at room temperature and ha 
the expected large G&S value (see Table 6). This is essentially due to the _ 
asymmetry of the electron distribution in the tsa ground state configuratian. 
However the corresponding pyridinium salt is completely in the high spin state 
at 300 K but must be close to the spin crossover point as by 280 K only 
76% is in the high spin state and by 80 K it has passed completely into the low 
spin state. The difference in behaviour of the two salts may arise from differ- 
ent distortions of the basic FeQzNzSz octahedron depending on the different 
cry&I packing requirements with different cations, It is however also possible 
that the same geometric isomer is not present in the two salts since both cis 
and truns isomers are possible. It is similarly found that (NH& [ Fe(PVATSC- 
2H)J is low spin at room temperature with only a small orbital contribution 
to the magnetic moment. This together with the fact that the Q.S. value shows 
no temperature variation between 300 and 80 K suggests that there must a 
considerable distortion, Surprisingly however the mixed complex (NH,)- 
[Fe(sALTSG2H)(PVATSCZH)~ l l%H# is high spin at room temperature! 
It is however near the spin crossaver point and there is already some of the 
low spin species present. Finally the complexes H[Fe(5X-SALTSC-2H),] 
where 5X-SALTSC is either the &chloru- or the 5-bromoderivative of SALT% 
show similar behaviour to the pyridinium salt of Fe(SALTSC-2H)F being high 
spin at room temperature and low spin at 80 K. 

E. INFRARED SPECTRA 

An assignment of the major bands in the II?, spectrum of TSC has been made 
by Mashima [72). A re-examination of the spectrum of TSC as well as those 
of its salts, TSCHX (X = %S04, C1U4, NQ, Cl, Br), and of acetone thiosemi- 
carbazone (ATSC) by Campbell and Grzeskowiak 1421 led to essentiahy the 
same astignments. Burns 1731 made an assignment by comparison with thiu- 



TABLE7 

Infrared absorption frequencies (in cm-‘) 

P 

3360 8 3320 s 3395 s 3350 s 3455 s 
3248 s 3232 6 3262 E 3255 s 3285 m 
3170 6 3070 6 3180 S 3180 m 3235 sh 
3100 sh 2970 s 3060 sh 3150 m 3195 E 
2970 m 2900 sh 2900 w 3125 m 3185 sh 

3060 s 3120 ;;h 
2956 s 3095 s 

1643 8 1625 s 1622 s 1632 s 1638 s 
1617 6 1602 s 1606 8 1603 s 1597 s 

3360 m 3340 m 
3260 s 3310 m 
3150 s 3250 S 

3155 s 

1621 s 1635 s 
1600 s 1612 s 

8(NH) + Y( CN) 1532 s 1562 III 1542 m 1563 w 1548 sh 1540 m 
1508 sh 1542 sh 1530 sh 1532 m 

v(CN) +a( NH) 1486 m 1440 6 1422 m 1434 m 1525 w 148Q m 

Amide III 1315 m 1374 m 1388 m 1382 w 1364 w 1325 m 1292 m 
1340 w 1323 w 

Amide XII 1284 m 1322 w 1303 w 1285 sh 1276 w 

HNH2 1 1220 w 1195 m 1192 s 1237 m 1229 m 1205 s 
1160 rll 1142 m 1118 s 1139 w 1117 m 1149 s 

w(N&) 1000 6 1000 w 990 w 1022 w 

WW 960 m 

805 B 700 m 695s 703 m 704 Yn 710s 806 6 
683 m 782 s 
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carbohydrazide for which he had niade a normal coordinate analysis. His 
assignment of the bands in the region 120~-lfiOO cm-’ is somewhat differ- 
ent and he does not report the band at 1315 cm-’ found by other workers 
[42,?2,74]. 

The spectm of the complexes CuTSC2Xz and Cu(TSC)X2 ) for which the 
band frequencies are listed in Table 7, are quite characteristic for each type of 
complex and within the complex type there is very little change with change 
of anion. On complex form&ion most of the bands in the spectrum of TSC 
undergo frequency shifts and, in many cases, intensity changes. The must 
marked change is that of the 805 cm-’ band which is shifted almost 100 cm-’ 
to lower frequencies. This band is largely Y(CS) and a shift of this order would 
indicate a considerable change in the bond order, such as would result from 

the formation of a strong metal--sulphur bond. Simi.lar shifts are observed in 
the spectra of NiTSC2SO~-3112Q and Ni(TSC-H)2 both of which contain 
Hans square planar chromophores NiN,Sz (see Section C, Table 3). In both 
of these compounds the CS bond is appreciably longer than in TSC and the 
M-S hond length is relatively short. It would therefore seem reasonable to 
suppose that the situation is similar in the CuTSCzXz complexes where the 
electronic spectra and far IR spectra suggest an essentially square planar en- 
vironment for the Cu(II) ion [42,75]*. The spectra of NiTSC$’ and CUTSC~~ 
are very similar except in the &NH,) region so that it seems reasonable to 
assume that the geometry in the chelate rings is also sirriilar. The spectra of 
NiTSCg+ and Ni(TSC-IQ2 on the other hand show considerable differences as 
expected from the differences in the geometries of the chelate rings [26, 271 
(Table 3). In the Cu(TSC)X2 complexes an the other hand the electronic and 
far IR spectra indicate a 6-coordinate geometry about copper with TSC 
probably acting as a bridging ligand, and two types of Cu--X bond, This is 
certainly compatible with the very different spectra found for the Cu(TSC)Xz 
camplexes, However it is clear that the Cu--S bond strength must be much 
the same in both the I:1 and the 112 complexes. 

Bums reported that the 805 cm-’ band of TSC was only slightly shifted 
to 798 cm-l in the spectrum of NiTSC&& f73J ) but ELeecroft et al, found 
on the contrary that the band occurred at 710 cm-l both in the spectrum of 
this compound and in that of the corresponding bromide [54]_ There is the 
complication that we do not know if the NiTSC$’ cation has the fuc or mer 
configuration, although J@rgensen [Sl] believes that in the two tris complexes 
examined by him at least, the configuration is mer. In some ways it is sur- 
prizing that the v(CS) band should occur at essentiaUy the same frequency in 
the spectrum of &KMQ& as in that of NiTSC2C12 since the Ni-S bond 
length in the tris cation is appreciably longer than in the diamagnetic square 
planar bis species (see Table 3). However unfortunately the more immedi&ely 
relevant C-S bond length has not been reported for the tris cation. It is also 

* This has been confirmed for two af the conrplexes, CUTSC~SO~ and CUTSC~(NO~)~, for 
whi& X-ray data exist f30,31j (Table 31, although the former complex contains 5_coor- 
din&e copper with a cis arrangement of the TW moi&ies. 



worth noting that Haines and Sun reported 1743 that the IR spectrum of 
bans NiTSCz( H20)$’ which is paramagnetic and has zm Ni-S bond-length very 
similar to that of the tris species (see Table 3) is similar to that of the dia- 
magneiicl trms NiTSC2SU4 - 3H20. 

In the spectra of the fat and mer forms of CofTSC-H)3 and CoTSCj+ the 
v(CS) band appears about 100 cm -’ lower than in TSC itself 1763 . In these 
complexes there is absolutely no doubt as to the high degree of cavalenc:r in 
the cobalt-sulphur bonds (see the discussion on the electronic spectra in 
<Section F), In Ag(TSC)Cl the 805 cm -’ band is split but is not stifted much 
relative to TSC (see Table t-i), Since the complex contains silver in two dif- 
ferent enviranments the splitting is not unexpected but the small shift is 
rather surprizing in view of the usual &ss (b) behavicur of the Ag(1) ion, 

The spectra of a number of nickel(I1) thiosemicarbazone complexes con- 
taining 5-coordinate cations of approximately trigonal bipyramidal structure 
1353, NiL2X” :vith X = Cl or Br, have been reported [54]. The v(CS) band 
of the ligands is shif&ed by only ca, 40 cm-’ in the complexes, The C-S 
distance in one of thecomplexes, NiTSCAC2C12 l H2Q, is essentially the same 
as that in NiW’J, SO4 but the Ni-S distance in the &coordinate species is 
much longer than ~1 the square planar complex. 

Gingras and co-w01 kers have reported the IR spectra of a large number of 
thiosemicarbazones, bDth alkyl and aryl, N-substituted thiosemicarbazones 
and bis(thiosemicarbazortics)+ In most cases they have prepared the copper(I) 
complexes of these compounds and they find that the v(CS) band is a useful 
probe for complex formation since it either undergoes a shift to lower energies 
or disappears altogether [773 _ A band in the region of 1100 cm-’ which in 
part ipT;tilves CS stretching behaves in ii similar way on complex formation. 
Similar behaviour has bsen observed fur complexes of aryf thiosemicarbazones 
of Cu(II) [7&j ) PdfII) [79] and CofII) [48] _ In general where a shift is ob- 
served it is found that it is of the order 30--60 cm-‘. Complications can arise 
when absorption by the aldehyde or ketone part of the ligand occurs in the 
CS stretching region. In this case coupling will occur and assignment becomes 
difficult. 

The far IR spectra of the complexes CuTSC& (X = %SOa, NOa a Clod, 
Cl, Br) and Cu(TSC)Xz (X = Cl, Br) have been discussed [ 75 3. Whilst these 
authors did find bands which they assigned as due mainly to copper-&and 
stretching vibrations, they &so concluded that in the absence of a full coor- 
dinate analysis it was not very meaningful to aMgn them as Y(CUN) and v(CuS) 
as TSC is a non-rigid molecule having low frequency vibrations with which they 
can couple. This is in contrast with the behaviour of complexes of rigid ligands 
SUCK as pyridine where the amount of coupling betiveen purely ligzmd modes 
and metal-ligand modes is negligible [8Uj. A band at 240 cm-’ in the spec- 
trum of CuTSC&SO~ which was assigned as u(Cu--OS03), confirmed the mid 



307 

IR’finding that the SOB is coordinated in monodentate manner*. The other 
2:l complexes are essentially square planar and there are no v(CU-X) vibra- 
tions as such although there are, in the halides, some localised lattice vibra- 
tions which are X-sensitive. In the complexes Cu(TSC)Xz the copper atoms 
are 6-coordinate with both halogen and TSC coordinated. They are thought to 
be halogen bridged with TSC bridging two copper atoms in the [Cu-Xz], 
chains. It is interesting to note that when semicarbazide (NHzCONHNHz) is 
substituted for TSC there is a decrease in the v(Cu-L) frequencies in spite of 
the lower mass of semicarbazide. This parallels the lower stability constants 
found for the semicarbazide complexes (see Table 1, Section B). 

Barz and Fritz also reported some far IR data [45] for complexes 
M(TSC)zXz (M = Co, X = Cl; M = Ni, X = Cl, I; M = Cu, X = Cl, Br; M = Zn, 
X = Cl, Br) and also NiTSCsClz . They have assigned bands as v(M-N) and 
v(M-S) and furthermore they consider the Cu(I1) and Ni(I1) complexes to be 
6-coordinate with v(M-Cl) frequencies close to 300 cm-’ . This assignment 
seems almost certainly wrong as the NiTSC2Xz complexes are diamagnetic 
146, 54, 731 and have electronic spectra typical of square planar species 
154, 741. Furthermore the electronic spectra are identical with those of the 
corresponding sUphate 154,743 which is known to have a square planar -q 
structure (see Table 3, Section C). These authors also report some far IR data 
for some nickel, copper and zinc complexes of two thiosemicarbazones, 
ISTSC and MeISTSC. On the basis of mid IR data which they do not quote, 
they assert that the coordination behaviour of the ligands is as follows: (i) in 
Cu(I)L,X and Zn(II)L,Xz coordination is through N1 and N3 of the TSC 
moiety; (ii) in M(II)LzXz (M = Fe, Co, Ni) it is through N3 and S of the TSC 
moiety that coordination occurs, as in TSC complexes; and (iii) in Cu(II)- 
(L-H)X and in 6-coordinate Ni(L-H)z the ligands are terdentate, bonding to 
the metal through 0, N3 and S. Only in the Cu(I1) compounds is the halogen 
thought to be coordinated and the frequencies found are thought to be typical 
of terminal, i-e_ not bridging, Cu-X bonds. The rather high frequency found 
for v(Cu-Cl) in Cu(MeISTSC-H)Cl could well indicate a tetrahedral environ- 
ment for the Cu(II) ion. The data are shown in Table 8. It is unfortunate that 
this paper 1453 is incomplete both as regards data referred to but not quoted 
numerically and as regards any arguments to justify the assignments made. 

The far IR spectral data for the complexes NiLzXs (L = TSCAC, CPTSC 
and MeBlJTSC; X = CI, Br) have been reported [ 541. The single Ni-X bond 
in the 5-coordinate, approximately trigonal bipyramidal chromophores, 
NiNzSzX+ is in the equatorial plane in the one compound, NiTSCACzClz l HzO, 
for which the structure is known [35]. The v(Ni-X) bands are of low intensity, 
in contrast with those found in tetrahedral species, and occur at frequencies 
which lie between those found for tetrahedral species and those found for 
B-coordinate species. The v(Ni-L) vibrations occur at very similar frequencies 
to those found for the square planar NiTSCzXz complexes_ This is somewhat 

* These spectroscopic findings were later confiied by an X-ray structure determination 

l-301. 



TABLE 8 

Characteristic frequen&s in the far infrared spectra 

Campound u[M-X) v(M-L) u(M--o) &M-X) Ref. 

CU(TSC)C~~ 
Cu(TSC jdrz 
CuTSCzClz 

CuTSCzBrz 

CuTSC2SO* 
CUTS& ( NOa )z 
CUTS&( CQ I2 
CuISTSC2 CI 
CuISTSCzBr 
Cu( ISTSC-H)Ci 
Cu(ISTSC-H)Br 
GuMeWFSC2 Cf 
Cu(MeISTSC-H)CI 
NiTSC2 Cip 

NiTSC2Br2 
NiTSCZIz 
NiTSC@2 
Nif FSTSC-H)2 
Ni( MeISTSC-H)z 
NiTSCAC2Clz - Hz0 
NiTSCACz Erg- Hz0 
NiCPTSC.2 Cl2 
NiCIEYI SC2 Br2 
NiMe3UTSCzCIz 
NiMeBUTSCz F3r2 
NiCPETSC2C12 
NiCPETSCzBrZ 
NiCHTSCz Cl2 
NiCHTSC2 Br2 
CoTSC2C12 
ZnTSC2C12 
ZnTSCzBrz 
ZnISTSC2 Clz 
ZnISTSC2 Br2 
ZnMeFSTSC2 Cl2 

312 vs; 234 s 
251 s; 184 s 
160mU 

(266) 
105 m a 

(239) 

313 
264 

335 
174 s 

(294) 
112 m 

(2451 

250 m 
219 m 
256 M 
219 s 
242 s 
198 s 
270 s 
222 m 
264 s 
224 m 

216 s 
196 s 
289 mw; 264 vs 

(288.5); (190) 
286 m; 240 vs 

(286); (1%) 
273 m; 26U vs 
285 mw; 230 YS 
286 mw; 230 vs 
279 
276 
283; 206 
297; 207 
286 
283; 209 
286 s 

(250); (201) 
270 s 

(250; 195) 
250; 230 
243; 221 
244; 224 
294 sh; 298 s 
276 sh; 256 s 
286 rn; 240 m 
252 s; 230 m 
292 s; 268 s 
280 s; 262 s 
294 s; 242 m 
290 s; 242 s 
292 m; 240 m 
286 s; 238 m 
293; 279 
256; 234 
266; 235 
252 
229 
267 

179 m 
147 s 

(155) 

(130) 
240 ms 

209 
179 

439 
436 

430 

(167) 

(136) 

436 
436 

155 

139 

75 

75 
75 
45 
75 
45 
75 
75 
75 
45 
45 
45 
45 
45 
45 
54(a) 
45 
54(a) 
45 
45 
45 
45 
54(a) 
54(a) 
54(a) 
54(a) 
54(a) 
54(a) 
54(b) 
54(b) 
54(b) 
54(b) 
45 
45 
45 
45 
45 
45 

_~ ~ - 

s strong; m medium; mw weak to medium; w we&; 
-1 

41 shoulder; aIf frequencies are in cm . 

a Iacalised lattice vibrations. 
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surprising in view of the smaller shift observed for the v(CS) vibration in the 
5-coordinate species (see Section E (i)). 

F. ELECTRONIC SPECTRA 

The ligand field strength of sulphur has been found to vary more than that 
of any other donor atom, variations of up to 50% being known [Sl, 821. This 
is probably due to the variation in n-bonding effects according to whether the 
sulphur has two or three lone pairs as in thioketones, >C=S, or mercaptide 
ions, R-S-, which allows ample scope for M-S r-bonding, or only one lone 
pair as in SO;- where it will be used for a-bonding. Jorgensen has suggested 
that the position of a sulphur ligand in the spectrochemical series will depend 
on the difference between the amount of (T- and n-bonding involving S and their 
consequent anti-bonding effect on the metal d electrons [Sl] . 

Both the diffuse reflectance and absorption spectra of the complexes 
CuTSCsXs (X = %S04, ClO* , NOs , Cl, Br) and Cu(TSC)Xz (X = Cl, Br) have 
been studied 114,421. In aqueous solution all the complexes CuTSCaXs have 
the same spectrum which has been shown to be that of CuTSC2aq2+ so that 
the effective chromophore is Cu02N2S2 assuming two water molecules in the 
axial positions of a tetragonal cation. The overall band shape is typical for a 
tetragonal Cu(I1) species with the maximum separated by about 2000 cm-’ 
from a fairly well defined shoulder on the low energy side. The maximum in 
the spectrum of the corresponding semicarbazide complex (effective chromo- 
phore CuOQN2) is displaced 2000 cm-’ to lower energies, so that TSC must 
lie above its oxygen analogue in the spectrochemical series. The relatively 
high extinction coefficients for the TSC complex (e 176) is some evidence of 
appreciable covalency in the M-S bond, especially as, the probably symmetry 
being D, , the complex has a centre of symmetry (for the semicarbazide ana- 
logue the value of E is only 36). The slightly lower value of E found for the 
species Cu(TSC)aq2+ (effective chromoFhore Cu04NS) lends support to this 
view especially as it must have lower symmetry. 

In the solid state all the complexes CuTSC2X2 except the sulphate have 
essentially the same spectrum with two fairly well resolved maxima at ca. 
15000 and 19000 cm-‘, which is typical of a square planar Cu(I1) chromo- 
phore presumably CuTSCg’ . The differences which do occur as X is varied 
can be attributed to crystal packing effects. The structure of CuTSCzS04 is 
somewhat different [30] being square pyramidal with the TSC ligands in a cis 

’ configuration. However the visible spectrum is very similar to that of CuTSC2- 
aq2+. 

The spectrum of CuTSC2aq2+ also has a band at 28,200 cm-’ (E 5817) with 
a shoulder on the high energy side at ca. 31,800 cm-’ (e 3700) which must be 
due to charge transfer. Comparison with the spectrum of the analogous seleno- 
semicarbazide species where the maxima are found to be shifted to lower 
energies, 29,000 cm-l (E 6000) and 24,400 cm-’ (e 4300), confirm that this 
must be L+M transfer from sulphur to copper [14]. This is also confirmed by 



the shift to lower energies in less coordinating solvents such as ethanol [42] e 
Intense bands in the same region are also found in the solid state spectra- 

The reflectance spectra of the Cu(TSC)X2 spe’cies IX = Cl, Br) are typical 
of tetragonaf Cu(II) compounds and a structure similar to that [83] of 
Cu(l,2,4-triazole)Cl, involving fCuX,f, chains with bridging TSC, has been 
proposed [42]. The solid complexes are not soluble in water but the d--d 
spectrum of the species Cu(TSC)aq 2+ has been ob+sined from solutions pre- 
sared from copper nitrate [14], the maximum being found about 1000 cm-’ 
lower than in the solid halide complexes. However in the aqua species TSC 
must be chelating not bridging. The sulpfiur--copper charge transfer band is 
found at 31,430 cm-’ (E 3220) fur the aqueous species and at 29,410 cm-’ 
(E 2600) for Cu(TSC)C& dissolved in methanol 1423. The most interesting 
point is that whereas in the 2:l complex there is a two band system in the 1: f. 
complex there is a single band. 

TSC forms two series of complexes with nickel(H), low spin red complexes, 
NiTSCzXz and high spin blue complexes, NiTSCSX2 [44]_ The solution 173, 
Sl] and solid state {54, 81] spectra of the 3:l complexes show them to con- 
tain an essentially octahedral chromophare, NiTSCg’ , and only the 3A 2g+ 3T2g 
transition (in Oh symmetry) shows the marked splitting which might be antic- 
ipated with su1 NS donor set (it is not really possible to say whether the 
3A28+YTlg(P) transifion is split becarise of an intense charge-transfer band 
which is adjacent to the one component which has been identified). JQrgensen 
[ 811 takes the former splitting as evidence for a mer configuration. From 
Burns’ data [73] the value of B is calculated to be about 830 A 30 cm-’ which 
is a reduction to about 80% of the free ion value of 1@40 cm-‘. The lower value 
is the morr! likely as there may well be a second component of the 3A2p+3TlB(P). 
transition masked by the charge-transfer band, The solid complexes ,IfiTS&Xz 
have spectra typical of square planar Ni(II) complexes, with one or two very 
weak bands due to spin-forbidden transitions near IO kK and more intense 
spin-allowed bands at ca. 16,19 and 23 kK [54, 731. These energies are very 
similti to those found for other sulphur-containing ligands, e.g. nickel(II) 
thioglycollate [81] with bands at 16*4,19.5 and 24 kK. NiTSC2S04 contains 
both c&z and &~ns NiTSCg* ff;abie S;iref, 22) but i&.spe&um is not noticeably 
different frum that of other red complexes NiTSCzXz . However the spectrum 
of cis NiTSC2(N0& does appear to be significantly different from those of 
the trans complexes 1745. 

Not all the red complexes are soluble in water but those which are dissolve 
to give blue solutions [44, 741, all of which have the same spectrum which is 
that of a tetragonal species. However Haines and Sun have pointed out that 
this spectrum differs appreciably from that of solid WW~[N~TSC~(H~U)~ ] - 
(NO3)2 [74]. It is possible that in solution there is an equilibrium involving 
this species and NiTSC$+ whose spectrum is quite similar, though not quite 
identical, to that of the blue solutions of NiTSC2Xz w . 

The solid stati spectra [74] of c& and trays MTSCzXzl where M = Pd(If), 
PtUI), and those of the correspondiag inner complexes M(TSC-H)2 are 
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typical of square planar complexes of these metal ions. Although the over- 
lap of the d-cI bands with the charge-transfer bands makes interpretation 
difficult there do appear tc be some differences in the spectra of the &and 
truns species, However the major differences between the solution spectra of 
cis and &WZS PdTSC2aq2* are largely in the charge-transfer bands and in the 
internal ligand transitions (42.3 and 37.45 kK fur the truns, 42.9 kK for the 
cis species). 

In the presence af air Co(I1) salts react with TSC to give complexes con- 
taining the cation CoTSCz’ which has been shown to exist in two isometic 
forms [76,84], the fat and the mer. The corresponding forms of Co(TSC-HI3 
are also known 176, 841. The relatively high extinction coefficients can be 
attributed in part to the lack of a centre of symmetry as the ‘A U+ ‘Tza 
transition (in Oh symmetry) is more intense in the lower symmetry tner isomer 
(maximum symmetry C,,). However the high E values are also probably due 
in part to the strongly covalent cobalt-sulphur bonds_ Sun and Gaines 1761 
resolved both the cis and trans isomers of CoTSCg’ into their optically active 
forms using silver antimony1 tartrate, &lough they were unable to remove 
the resolving agent and had to make OED and CD measurements on thr? 
diastereoisomers themselves (the resolving agent does not exhibit circular 
dich_roism in the region of interest), They attributed the high intensity of the 
CD bands in the region of the ‘I& absorption to Sulphur-cobaIt n-bonding, 
pointing out that the CD band intensity was higher in the fat than in the mer 
isomer as might be expected, since in the fat isomer the suiphur donor atams 
will not be competing for the same metal.&orbital. Using their data for the 
absorption bands the value of B is calculated to be ca. 300 cm-l as compared 
with the value of 450 cm- ’ found for the species Co(en)z’. This result 
demonstrates clearly the covalency which has been introduced by the sulphur 
atom. The fac(+)589 and ~~er(+)~~~ C%BTSC$~ cations were assigned a A con- 
figuration while the @Cafe and the ~~ze~(-)~s~ isomers are thought to 
have a A configuration 1761. 

Jones and McCleverty recorded the spectra of a number of square planar 
bis( thiosemkcarbazone) nickel( II) complexes but found them difficult to 
interpret [85]. The complexes formed with the bisfthiosemicarbazones) of 
glyoxal, pyruvaldehyde, biacetyl (these ligands are as in Fig. 13 with RI = EI, 
H, Me and Rz = H, Me, Me respectively) and cyclohexane-1,2-dione are green- 
brown and have absorptions at ca. 14,000 cm-’ (E < IOOO), 22--24,000 cm-’ 
(usually resolved into two bands, E = 15,000) and ca. 30,000 cm-’ (E 5 
7000). The complexes with the bis(thiosemicarbazones) of camphorquinone, 
hexane-2,5_dione, hexene-2,5&one and pht~alaldehyde on the other hand 
st~e red and have three or four absorption bands between ca. 15,000 cm-’ 
and 30,000 cm-’ (with widely varying extinction coefficients) as well as very 
inter,se bands above 33,000 cm-l assigned as ligand T-I? transitions. Ln both 
series of complexes the absorptions between ca, 14,000 and 20,000 cm’--’ 
were assigned as d-d transitions whilst the bands between 20,000 and 30,000 
cm-l were assigned as charge transfer, probably d--n* _ by comparison with 
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the spectral analyses of square planar chromophores of nickel(II) carried out 
by Bosnich 1861. 

The qmdm of Cu(KTS) [SZ, 851 and of a numbtx of closely related Cu(Il[) 
bis(thiosemicarbazone) complexes [87] (see Fig. 13) have two bands, often 
only parGaIly resolved, at about 20,000 cm-’ (E = 35~U~7U~U~ and another 
pair of bands, again often only partially resolved, at about 30,000 cm-’ 
(f = 7OOU-ZO,OOO). Blumberg and Peisach 162 ] have proposed, by analogy 
with certain intensely absorbing copper proteins, that in spite of the high 
intensity, the 20,000 cm -r bands are d--d transitions. Hatfield has carried 
out a semi-empirical molecular orbit& treatment using the Wolfsberg- 
Helmholz approximation in order to try and fit the observed spectrum of 
diacetylbis(thiosemicarbazone) copper(I1) (as Fig. 13 with R1 = Rz = CHs) 
[SS] . Taking the plane of the molecule as the my plane the ground state 
(2& in CPU symmetry) is an anti-bonding o combination of copper dXy anti 
ligand a-orbitals. The must important result of the calculatiun is that regard- 
less cf the irrput assumptions very large ligand orbitA ~on~ibutiuns to the 
ground state are found. The calculated d population lies between 0.287 and 
0.445, depending on the input assumptions, while the value calculated from 
the expression ]89] 

~11 = 2.0023 - (8&LEXy.-X~-y2 )Pi 

using the experimental value of gg is Q.362. Using the experimental value of 
the 14N ligand hyperfine splitting the value of the nitrogen MO coefficient in 
the ground state is calculated to be 0.565. The value calculated using the 
MO treatment lies between 0.548 and 0.357. The high observed extinction 
coefficients i’or the bands in the 20,QUU cm-’ region are adequately explained 
by the large figand orbital contributions to the ground state. Eihr was the 
first to report the preparation of copperfI1) and nickel(H) bis(thiosemicarba- 
zones) of the type shown in Fig. 13 and he was also the first to examine their 
electronic spectra albeit only over the range 13,333 to 25,000 cm-’ [88]. 
He found that the visible bands were relatively insensitive to change of solvent 
e.g_ with RX = CHs, Rz = n-butyl the spectrum was much the same in benzene, 
ethanol and pyridine, Thus axial coordination by the solvent must be very 
weak. The co,mplexes dissolve in concentrated sulphuric acid to give the 
“outer complexes”, i.e. protonation of the ligand occurs, with a corresponding 
change of colour. The spectra of the Quter complexes” resemble that of 
CuTSCzSOa or CuTSC~+ with a maximum at 16-17,000 cm-’ and a shoulder 
at 14-15,QUU cm -r. The extinction coefficients are also much lower being in 
the region 5UO-1000 f90]. In the protonated for-m of the ligand the TSC 
skeleton is as in Fig. 1 rather than as in Fig. 5 with the result that the sulphur 
atom must be less polarisable. This wauld account Ear the decrease in the 
extinction coefficients. The shift to lower frequency is the result of the greater 
degree of axlidf coordination, itself the result of the larger positive charge on the 
copper(H) Eon. 



G. STRUCTURE AND STEREOCHEMISTRY 
1 

As we have seen TSC itself is normally a bide&e ligand which bonds to 
metal ions through the sulphur and hydrazinic nitrogen atoms, Neither of these 
donor atoms is sterically hindered so that it might be anticipated that the 
stereochemistry of TSC complexes would be similar to that uf complexes 
formed with other bide&ate ligands such as ethylenediamine. However the 
sulphur donor atom is very polarisable so that TSC not only exerts a strong 
ligand field but it is also responsible for the considerable reduction in the 
Racah electronic repulsion parameter B which is observed. Thus Ni(II) forms 
two series of complexes, low-spin square planar species NiTSC2XZ and high- 
spin octahedral species NiTSC3Xz. Furthermore under alkaline conditions 
the ligand in its thiol form readily undergoes deprotonation (see Section C, 
Fig. 5). The anion (TSC-H)- contains the highly polarisable CS- group. 
Copper salts are reduced under these conditions to give Cu(TSC-H) and 
nickel(II) salts give only one complex Ni(TSC-Hj2 [I] . 

Jensen found [l] that N3 -substituted TSC’s reacted with nickel(U) salts 
much as TSC itself giving two series of complexes NiLzXz and NiLSXz. How- 
ever lV1 ,N2 &substituted TSC’s gave only square planar species. Although the 
use of substituted TSC’s has been proposed for the analytical determination 
of some metals 191,921 iittle or no structural information about such com- 
plexes has been reported in tlhe literature. An extremely interesting example 
fu an N’ ,N3 disubstituted TSC is the polythiusemiearbazide formed by the 
reaction between N,N’diaminopiperazine and methylenebis(4-phenyl iso- 
thiocyanate) which forms chelates with Ni(XI), Co(II), Cu( II), Ag(I), Hg(I1) 

and Pb(I1) 1931. When the polymer is wet-spun into a DMSO solution of 
CuC12 a bronze-coloured fibre is obtained 1931. At pH 10 the formation of 
this copper chelate is accompanied by the liberation of the equivalent amount 
of hydrogen ion, Thus the ligmd must be present as the deprutonated thiol 
form (see Sectian C, Fig. 5) and in t?ne absence of intermolecular cross-linking 
the most likely structure would seem to be one with two TSC moieties coor- 
dinated to copper in a square planar arrangement similar to that shown in 
Fig. 13. This is undoubtedly a case where a copper thiolato complex is 
stabilised relative to the copper@) complex by a large entropy effect arising 
here because af the formation of three chelate rings. Similar behaviour obtains 
in the reactions of copper(I1) salts with alkyl thiosemicarbazones. Thus mono- 
thiosemicarbazones, e.g. TSCAC, react with Cu(I1) to give the Cu(1) complex 
while bisthiosemicarbazones, e.g. KTSH2 ) give stable copper complexes 
both in the neutral and in the deprotonated forms [90,94). Monothiosemi- 
carbazones cont&ning a ttiird cuordinating centre, e.g. PVATSC, are able to 
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form a second chelate ring and these too form stable copper complexes 
1491. 

M;uzy aryl monothiosemicarbazones, both with f45] and without an extra 
coordinating centre [?8], form stable copper(U) species and it must be pre- 
sum& that this is so because of electronic effects arising from the electron 
withdrawing tendency of the aryl ring. This is particularly important in view 
of the suggestion by Leibermeister [9] that the successful anti-tubercular 
actiolx of p-acetamidobenzaldehyde thiosemicarbazone {thiacetazone) involves 
formation of a copper(H) chelate of the ligand- Similarly O’Sullivan and Sad- 
dler f95] believe that isatin thiusemicarbazone and its derivatives owe their 
anti-viral action to chelation with metal ions among which capper(I1) is the 
one most likely to form stable species. 

Large numbers of copper(I) complexes of the thiolato type formed by 
both alkyl and aryl monothiosexnicarbazones have been investigated by 
Gingrm and co-workers f77]. Although no X-ray structure determination has 
ever been carried out fqr one of these complexes Gingras and Siriani have 
proposed [77d] that the properties of these compounds are compatible with 
polymeric structures involving linear coordination of the Cu(1) t3 sulphur and 
the hydrazinic nitrogen fN3). For reasons which are not well understood 
N’ ,Nr -dimethyibenzaldehyde thiosemicarbazane reacts with CuCl to give the 
copper thiolato complex [77b] I 

The compound FJiTSCACzC12 l Hz0 has been shown to consist of ~-COCK- 
dinate trigonal bipyramidal cations NiTSCACzCl+ , Cl- and lattice water. The 
two S atoms are in the axial positions in the triganal bipyramid [35]. Othrtr 
nickel(IIj halide thiosemicarbazone complexes appear, on the basis of elec- 
tronic and vibrational spectra, ta have similar structures [54J + The X-ray 
powder diagram of CoTSCAC2C12 * &Cl is identical with that of the nickel 
compound [96] and its electronic spectrum both in solution and in the solid 
state is very similar to that of known trigonal bipyramidal Ca(I1) chromo- 
phores [90]. It therefore seems probable that Co(II) halide thiosemicarbazone 
complexes will also have this structure_ It might therefore appear that the 
trigon& bipyramidal structure is preferred to an ocbhedral or square planar 
one because of steric hindrance about the hydrazinic nitrogen atoms. However 
there tie two pieces of evidence which suggest that the buIk of the suIphur 
atom must also be an important factor in determining the structure. Firstly 
the NiT’SCACJVO~ cation also has an essentially trigonal bi$yramidal struc- 
ture with a bidentate nitrate ion occupying a single coordination positian [36]. 
Secondly the nickEel halide semicarbazone complexes have tetragunal struc- 
tures [64a] - With aryl monuthiosemicarbazones Ablov and Chrbeleu found 
1961 that only “inner complexes” (Ni(L-H)2) were formed with Ni(II) salts 
in etkanolic solution. This is probably the result of electronic effects since 
in the neutral form of an aryl thiosemicarsazone the -1 effect of the aryl 
gruup would lower the polarisability of the hydrazinic nitrogen while in the 
thiolato form the polarisability of the sulphur would be much increased. 

Ablov and Gerbeleu have also reported 1961 that only 1:l complexes 



ZnLX2 are formed when zinc halides react with simple aikyl thiosemicarba- 
zones, e.g. TSCAC, even when a,n excess of ligand :Is used. Reaction of zinc 
halides with aryl monothiosemicarbazones under the same conditions pro- 
duces only t:2 complexes ZnCzXz l Zinc nitrate reacts With both types of 
ligand to give only 15 compIexes ZnLz(NQ&. It is probable that the 1~1 
complexes all have the tetrahedral structure found for ZnTSCAC Clz, but 
there is no experimental evidence available to indicate what structures the 
1:2 complexes have- Tetrahedral cations ZnLg* , 5-coordinate cations ZnL2X’ 
and octahedral species ZnLzXz are all possibilities. 

The only TSC complexes of iron known are the Fe(U) high spin tetragcnal 
species FeTSC& f43,67 1. However both high and law spin iroln(II) and 
ircn(II1) complexes are formed with tridentate thiosemicarbazones [69-711. 
Thus octahedral cationic species FeLg+ are high spin whereas “inner complex- 
es*’ Fe(L-H)2 are low spin. The octahedral Fe(W) species Fe(L-2H)z are 
either low spin err very close to the cross-over point, The compounds 
Fe(SALTSC-H)Xz * 2%H,0 f69) are probably tetrahedral since they remain 
high spin ever the temperatme range 300-80 K. The structures of FeKTS. 
2HCl and Fe2KTS3 l 2&O are unknown [94] but because cf the steric ccn- 
strain& imposed by the organic ligand it seems likely that the former has a 
tetragonal structure with the Cl- ions in the axi& positions and a pro&mated 
form of the ligand coordinated in a square planar arrangement in the equatcr- 
ial plane. 

I-I. MONODENTATE BEFIAVIOUR 

In the vast majority of TSC and thiosemicarbazcne ccmplexes these ligands 
are bidentate and coordinate through both sulphur and the hydrazinic nitro- 
gen. There are a few cases where mcncdentate behavicur is well established 
and where coordination is through sulphux only. Thus for Hg(II) the great 
similarity between the AG, Lair and AS values for the fcrmation of HgTSCg+ 
and the corresponding values fcr the formation of Hg(thicurea)g‘ leaves little 
doubt that TSC is both monodentate and bound through sulphur (comparison 
with the data for the oxygen and selenium analogues of both ligands rules 
cut the possibility that they are bound through nitrogen) [11]. Both the 
high affinity of mercury for sulphm and its preference for two linear bonds 
seem to be ccntibuting factors. The Ag(1) ion is another well known class (b) 
acceptor with a marked affinity for sulphur, It is also well known that it rare- 
ly fcrms chelates, Thus it is no surprise to find that it forms complexes with 
TSC in which the latter is baund Wcugh sulphur only 122,231 (Sectiun C). 

Samus and Ablov [97] have prepared the compound CoCl(DMC)2TSC 
(DMG = dimethylglyoximatc) which is apparently a non-electrolyte, l3y anal- 
ogy with the corresponding thicurea complex 1981 they believe that TSC 
must be monodentate and bound through sulphur. However they do not pre- 
sent any real experimental evidence for this hypothesis so that although it is 
quite possibly correct on the assumption that Cc(KIf) is C-coordinate, it is also 
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possible that it is wrong. Even if TSC is monodentate in this compound it 
may well be that it is bound through the hydrazinic nitrogen. 

Thus to date the only substantiated cases of monadentate behaviour by 
TSC are in complexes of metal ions having a high affinity for sulphur with the 
consequence that in these complexes it is bound through sulphur only, No 
cases of monodentate behaviour with thiosemicarbazones have been reported. 

I, CONCLUSIONS 

- In this review I have attempted to summa&e the work on transition metal 
complexes of thiosemicarbazides and thiosemicarbazones which has relevance 
for our knowledge of the structure and bonding in these compounds. It is 
quite clear that the most important single factor affecting the behatiour of 
these ligands is the nature of the sulphur donor atom. Si&ificantly there 
has been no report to date of such a complex in which the sulphur atom is II’& 

coordinated to the rnem 
The limited thermodynamic data show that the considerable stability of the 

complexes formed by these ligands with class (b) or marginally cla.ss (b) metal 
ions is due to a large enthalpy term which largely reflects strong metal-sulphur 
bonds. EPR, electronic and far IR spectra have also provided evidence for the 
existence of strong metal-sulphur bonds in these compounds, As well as being 
very polarisable the sulphur donor atom is also much larger than first row 
donor atoms. The size of the sulphur donor atom will exert a considerable 
influence on the stereochemistry of complexes formed by N3 substituted TSC’s 
and by thiosemicarbazones since in these ligands the hydrazinic nitrogen is 
sterically hindered, 

There has been a great deal of work on the pharmacology of thiosemicmba- 
zunes and it has frequently been suggested that their activity is related to 
their ability to chelatc; trace metals. Most of the chemical research has concen- 
trat%d on structure and bonding in these complexes in the solid @ate. Very 
little is hewn of their properties in solution and virtually nothing is known 
uf their reactions. Clearly a great deal remains to be done before we can even 
start to rationalize the rule of metal-thiosemicarbazone species in the 
pharmacological field. 
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