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ABSTRACT 

The thermochemistry of oxygen-bonded and sulphur-bonded sulphoxide complexes of the 
d-block and f-block metals is discussed. The modes of thermal decomposition of such 

complexes are described in the light of structural data where such data are available. Areas 
worthy of further study, including several unique thermal isomerization processes, which 
remain unconfirmed to date, are outlined. 

INTRODUCTION 

Sulphoxides are an important class of ambidentate ligand capable of 
coordinating to transition metal ions through either sulphur or oxygen 
(Fig. 1). In terms of Pearson’s classification [ 11, sulphoxides may act a: either 
hard bases (coordinating via oxygen) or as soft bases (coordinating via 
sulphur) and are thus potential ligands for the entire transition metal series. 
As a result of the extraordinary coordinating ability of sulphoxides, much 
attention has been paid to the utilization of these readily available com- 
pounds in solvent extraction processes [2]. Additionally, transition metal 
sulphoxide complexes have assumed an important role as intermediates in 
preparative coordination chemistry and in homogeneous catalytic systems. 
The chemistry of transition metal sulphoxide complexes has been reviewed 
[3-61, the most recent article [7] covering literature through 1979. 

Research on the thermochemistry of transition metal sulphoxide com- 
plexes and on the application of thermal analytical methods to this area of 
coordination chemistry in general has led to a greater understanding of a 
number of fundamental processes. This is particularly evident in studies of 
square-planar, d *, platinum(I1) sulphoxide complexes, which have contrib- 
uted much to our understanding of the factors governing geometric isomeri- 
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(a) (b) 

Fig. 1. Coordination modes of simple sulphoxides. (a) Bonding via oxygen. (b) Bonding via 
sulphur. 

zation reactions and the role of the cis and truns effects in controlling such 
processes. Conversely, thermochemical studies of sulphoxide complexes of 
the lanthanides and .actinides are, at best, qualitative in nature due largely to 
the paucity of structural data of such complexes, making meaningful inter- 
pretation of thermal studies difficult and of uncertain value. This situation is 
particularly undesirable since sulphoxides may have an important role to 
play in the separation of these elements in the future [2]. 

This article summarizes and discusses the thermochemistry of transition 
metal sulphoxide complexes, considering first the very large class of com- 
plexes in which the sulphoxide is coordinated via oxygen and then the far 
smaller group in which metal-sulphur bonding is involved. 

OXYGEN-BONDED SULPHOXIDE COMPLEXES OF THE d-BLOCK ELEMENTS 

The majority of the transition metals form sulphoxide complexes in which 
the sulphoxide is coordinated via oxygen [7]. The only exceptions to this 
generality are low-valent, electron-rich, late transition metals, which tend to 
act as “soft” Lewis acids. The differences in bonding between the two cases 
have been explained by a valence-bond model [7]. 

Perhaps the most important point to note in connection with the thermo- 
chemistry of sulphoxide complexes is that considerable dangers do exist in 
examining certain classes of complex at high temperatures. In particular, 
salts of oxidizing anions such as nitrate and, especially, perchlorate tend to 
undergo explosive thermal decomposition. In fact, sulphoxide complexes of 
the p-block and d-block metals have been patented as explosives [8,9], having 
properties similar to those of nitroglycerine or TNT. The explosive com- 
plexes are prepared by replacing some or all of the water from a hydrated 
nitrate or perchlorate salt by a sulphoxide. In the case of aluminum perchlo- 
rate, the reaction is represented by 

(1) 
The oxygen-rich sulphoxide complex may be used as an explosive or an 
explosive admixture; the equation 

LwwO),l [C10413 -+ AlCl, + 12 CO + 6 H,O + 6 S + 12 H, (2) 



37 

is believed to represent the reaction upon detonation. Similar chemistry 
occurs with iron(II1) nitrate and perchlorate complexes and may be general 
for sulphoxide complexes containing oxidizing anions. Accordingly, due 
caution should be exercised in handling such materials. 

The thermochemistry of a series of dimethylsulphoxide complexes of 
transition metal nitrates and perchlorates has been studied by TG and DTA 
[lo]. The perchlorate complexes studied, M(ClO,), . nMe,SO (M = Ni, Co, 
n = 6; M = Mn, n = 6; M = Cu, n = 9) and Cr(ClO,), a6 Me,SO, all formed 
only labile intermediates, with Co(ClO,), * 7 Me,SO alone being well-de- 
fined. The actual structures of these complexes cannot be simply inferred 
from their formulae, since the sulphoxide moieties may be coordinated or 
present as lattice-held solvent of crystallization and the anions may be 
coordinated or present as non-coordinated counterions. All of the perchlo- 
rate complexes were found to explode in the temperature range 200-235°C. 

Three classes of nitrate complex were studied, AgNO, . Me,SO, M(NO,), 
. nMe,SO (M = Mn, n = 3, 6; M = Ni, Co, n = 8) and M(NO,), . nMe,SO 
(M = Fe, Cr, n = 6). All of the M(I1) complexes were labile, allowing the 
identification of intermediates in three cases: Mn(NO,), . 2 Me,SO from 
Mn(NO,), .3 Me,SO, Ni(NO,), - 3 Me,SO from Ni(NO,), .8 Me,SO, and 
Co(NO,), . 3 Me,SO from Co(NO,), . 8 Me,SO. The silver(I), iron(II1) and 
chromium(II1) complexes were thermally stable below 200°C and above this 
temperature all of the nitrate complexes, with the exception of AgNO, . 
Me,SO, showed exothermic effects attributed to the oxidation of dimethyl- 
sulphoxide by the nitrate anion. 

TABLE 1 

Intermediates formed in the thermal degradation of some halo-transition metal complexes of 
Me,SO 

Complex Intermediates 

CrCl,.nMe,SO (n = 3, 4, 5) 
MnI,.6 Me,SO 
CoI,.nMe,SO (n = 6, 3) 
FeC1,.4 Me,SO 
MnCl,.3 Me,SO 
CoCI,.3 Me,SO 
CuCl,.2 Me,SO 
CrBr,.6 Me,SO 
MnBr,.6 Me,SO 
CoBr,. n Me,SO (n = 8, 3) 
NiI,.nMe,SO (n = 8, 6, 5) 
NiBr,.S Me,SO 
CuBr,.3 Me,SO 

CrC1,.3 Me,SO 
MnI,.3 Me,SO 
Labile 

FeCl,.2.5 Me,SO 
MnCl,.nMe,SO (n = 1, 0.5) 
Labile 
Labile 
Labile 
MnBr,.nMe,SO (n = 2, 3) 
Labile 
NiI,.2 Me,SO 
NiBr,.nMe,SO (n = 1, 3, 6) 
CuBr,.2 Me,SO 
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A related study [ 1 l] of halo-complexes by TG and DTA demonstrates that 
the oxidation process mentioned above results from the presence of the 
oxidizing anions. Table 1 shows the classes of intermediates that were 
observed during thermal degradation of a series of halo-complexes. In most 
cases, dimethylsulphoxide was lost below lOO”C, although the chromium(II1) 
complex was inert up to 2OOOC. In the case of the copper(I1) complexes 
CuBr, - 2 Me,SO, the copper ion appears to cause 
catalytic combustion, forming copper(H) sulphide, which is ultimately 
oxidized to copper sulphate. 

To interpret these data meaningfully, it is necessary to know the actual 
structures of the complexes involved. In many cases, this information is 
simply not available. Of all of the complexes listed in table 1, X-ray 
crystallographic data are available [ 12,131 only for [CuCI,(Me,SO),]. The 
nickel(I1) chloride system has been studied in the greatest depth and the 
transformations upon heating may be represented [ 141 by 

- SMe,SO - 2MqSO 

NiCl, - 8 Me,SO + NiCl, -3 Me,SO + NiCl, - Me,SO 

The initial complex must contain lattice-held solvent of crystallization, since 
the maximum coordination number of nickel(I1) is six, and hence probably 
has the formula [Ni(Me,SO),][Cl], - 2 Me,SO. The intermediate formed can 
be tentatively assigned the structure [Ni(Me,SO),[[NiCl,] by analogy with a 
related iron complex whose X-ray crystal structure has been determined 
[ 15,161. The final product has been studied by infrared and electronic 
spectroscopy and, along with magnetic susceptibility measurements, these 
data suggest a halide bridged species where each nickel(I1) center maintains 
an octahedral environment through spin-spin interactions [17]. The bond 
energy determinations for the final nickel(II)-dimethylsulphoxide bond by 
DTA (23.6 f 0.5 kcal mole- ‘, determined in air; 21.2 * 1.1 kcal mole-‘, 
determined in vacuum) and by direct calorimetry [ 171 (24.06 + 0.04 kcal 
mole-‘) are in close agreement. 

Of all of the d-block elements, the sulphoxide complexes of Groups IV 
(Ti, Zr, Hf) and V (V, Nb, Ta) have been examined thermochemically in 
most detail. This may well be the result of interest in the solvent extraction 
and separation of Zr and Hf [ 18,191 and of Nb and Ta [20,21] employing 
sulphoxides as extractants. 

Profound structural effects on the thermal stability of O-bonded sulpho- 
xide complexes of the d-block elements are illustrated by comparing com- 
plexes of titanium with those of its horizontal and vertical neighbors in the 
periodic table, vanadium and zirconium. The titanyl, vanadyl and zirconyl 
complexes, MO( ClO, ) 2 .nPh,SO (M=Ti, V, n=5; M=Zr, n=6) have 
been studied [22] by DTA, the presence of the perchlorate anion once again 
resulting in explosions during analysis. The initial decomposition tempera- 
tures are shown in Table 2. Clearly, the initial decomposition temperatures 



39 

TABLE 2 

Thermal decomposition of titanyl, vanadyl and zirconyl sulphoxide complexes 

Complex Tdec/‘C Ref. 

TiO(C10,),.5 Ph,SO 
ZrO(ClO,),-6 Ph,SO 
VO(ClO,),.5 Ph,SO 
VOC1,.3 Ph,SO 

ZrO(ClO,),.S Me,SO 

(ZrO(ClO,)z.6 Me,SO) 

215 14 
280 14 
162 14 
234 14 

185(270) a 17b 

a Endothermic loss of Me,SO occurs at 185°C producing ZrO(Cl0,),.6 Me,SO, which 
undergoes an explosion at 27O’C. 

b DTA performed using mixtures of complex and alumina (1 : 10 by weight) to minimize 
explosion and retain products in the cuvette. 

indicate an order of thermal stability zirconyl > titanyl and titanyl > vanadyl. 
These results may be partially rationalized by considering the nature of the 
different “M02+ ” units and how these will affect the remaining ligands. 
Although the X-ray crystal structure of VO(ClO,), .5 Ph,SO has not been 
reported, by analogy with other vanadyl complexes it is likely that the 
“V02+ ” moiety exists as a true V=O double bond [23] and that the 
complex is monomeric in the solid state. It is also noteworthy that in the 
related species VO(H,O):+ , the H,O ligand truns to the vanadyl oxygen has 
been shown [24] to be labile by ‘70-labeling studies. Accordingly, it seems 
likely that VO(ClO,), . 5 Ph,SO will have an octahedral structure, 

[W%SW[C~O,I,~ with a moderately labile Ph,SO ligand truns to the 
vanadyl oxygen. Infrared studies support the presence of ionic perchlorate 
and oxygen-bonded R,SO ligands in this and the analogous Me,SO complex 
[22,25]. In the case of the titanyl complex, TiO(ClO,), ‘5 Ph,SO, the 
existence of a true Ti=O moiety is problematic. The infrared spectrum 
shows neither the sharp band at 825 cm-‘, indicative of a polymeric (Ti-0), 
structure, nor the broad band at 900- 1100 cm- ‘, indicative of a true Ti=O 

moiety, but rather a sharp band at 825 cm-‘. This band was assigned to a 

vibration of a Tic”> TI unit and, accordingly, a dimeric bridged structure 
0 

was proposed [22]. It seems that the conclusion here is that the titanyl has a 
dimeric or higher oligomeric structure, whilst the vanadyl is monomeric. 
These factors may thus explain the enhanced thermal stability of the titanyl 
over the vanadyl. 

The zirconyl complex ZrO(ClO,), : 6 Ph z SO is derived from ZrO(ClO,), . 
8 Ph,SO by heating at 185°C. The latter may be comparable with ZrOCl, .8 

H,O, which in fact crystallizes as [Zr,(OH)&H,O),,]*+, where each 
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zirconium is coordinated to eight oxygens in a distorted octahedron [26]. The 
question of whether the zirconyl sulphoxide complex ZrO(ClO,), .6 Ph,SO 
has a monomeric or polymeric structure is unresolved. Cryoscopy indicates a 
monomeric structure in solution, but of course this cannot be taken to imply 
a monomeric structure in the solid state. Infrared data [22] indicated that a 
true Zr=O exists by a vibration at 925 cm-‘, which implies that the solid is 
monomeric. In this context, it is interesting to note that zirconium’s vertical 
neighbor in the period table, niobium, forms a polymeric sulphoxide com- 
plex, NbOCl, - 2 Me,SO, as ascertained by infrared studies [27]. 

The enhanced thermal stability of the zirconyl over the titanyl is thus 
difficult to assess, since a definite structure for the zirconyl has not been 
determined spectroscopically and only preliminary X-ray data are available 
[28]. It is possible that the thermal stabilities reflect the abilities of the metal 
ions to maintain a high coordination number and thus the sequence Zr > Ti 
is to be expected (estimated ionic radii are Zr4+ = 0.74 A, Ti4+ = 0.68 A 

~91). 
The case of zirconyl sulphoxide complexes is further complicated by a 

postulated isomerization [30] believed to occur during heating of the dimeth- 
ylsulphoxide complex ZrO(ClO,), .6 Me,SO. In this case, the initially 
formed complex, ZrO(ClO,), - 8 Me,SO, is converted to ZrO(ClO,), - 6 
Me,SO by an endothermic loss of Me,SO at 185°C (the boiling point of 
Me,SO is 187”C, for reference) followed by an explosion at 270°C. Just 
prior to the explosion, very small endothermic effects were noted which were 
attributed to an endothermic breaking of an M-OSMe, bond plus an 
exothermic formation of an M-S(O)Me, bond. Analysis of the v(S=O) 
region of the infrared spectrum at this point indicated that the complex may 
contain sulphur-bonded Me,SO. Undoubtedly, this type of isomerization is 
worthy of further study, since the formation of a hard acid-soft base 
complex by isomerization of a hard acid-hard base complex is almost 
without precedent in coordination chemistry. 

While a limited number of reports of thermal studies of other sulphoxide 
complexes of the d-block elements involving oxygen-bonding do exist, these 
do not provide data for which meaningful comparisons can be made. Quite 
clearly, it is necessary for future studies to concentrate on well-defined 
complexes without structural ambiguities. Those complexes whose X-ray 
crystal structures have been reported are tabulated in a review [7]. 

OXYGEN-BONDED SULPHOXIDE COMPLEXES OF THE f-BLOCK ELEMENTS 

Many examples of the thermal degradation of oxygen-bonded sulphoxide 
complexes are available from studies of actinide chemistry, no doubt 
prompted by the importance of non-aqueous solvents in the extraction of 
these elements. An early study was that of Bagnall et al. [31] who examined 
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the reactions of thorium(IV) and uranium(W) halides with dimethylsulpho- 
xide (Me,SO). The isolated products had the empirical formulae ThCl, . 5 
Me,SO, ThBr, .6 Me,SO, UCl, - 3 Me,SO and UBr, .6 Me,SO. The com- 
pounds were not completely characterized and there are many questions as 
yet unanswered in these formulations. Thus, as the actinide elements exhibit 
variable coordination numbers, it is not clear how many of the sulphoxide 
molecules are covalently bound to the metal and how many are present as 
lattice-held solvent of crystallization, nor, indeed, how many of the halides 
are covalently bound and how many are present as uncoordinated counter- 
ions. Unfortunately, standard solution techniques are of little use in the 
study of such systems since it has been shown that uranium(IV) 
halide-sulphoxide mixtures exist as a very complicated series of equilibria 
between both ionic and neutral species [32]. The initial decomposition 
temperatures of the complexes were determined by heating in air (Table 3) 
and vacuum TG was used to demonstrate that Me,SO was lost from each 
sample below lOO”C, with the exception of UCl, - 3 Me,SO which started to 
decompose at 125°C. The final products were oxides (Table 3) and only in 
the case of UBr, - 6 Me,SO could an intermediate containing dimethyl- 
sulphoxide be observed. This complex showed loss of Me,SO above 50°C 
and underwent oxidation to a yellow uranyl complex, UO,Br, . Me,SO, 
between 125 and 170°C. The ultimate products (Table 3) were obtained by 
heating above 400°C. Later work showed that complexes of empirical 
formulae UCl,. 7 Me,SO [33] and UCl,. 4 Me,SO [34] could also be 
isolated from UCl,-Me,SO systems. The former is degraded to UCl, . 3 
Me,SO in vacuum; data on the latter complex are not available. In the case 
of the UCl, complexes, at least, the available data indicate that three 
molecules of Me,SO are strongly bound, suggesting covalent bonding, whilst 
any further Me,SO is less strongly bound, indicative of lattice-held solvent 
of crystallization. The bromide analogue, UBr, .6 Me,SO, begins to lose 
Me,SO at only 50°C by vacuum TG, implying that all six molecules may not 
be functioning as covalently bonded ligands. 

TABLE 3 

Thermal decomposition of Th(IV) and U(N) sulphoxide complexes 

Complex TdecPC = T/“C for initial Final products 
loss of Me,SO b (T/“C of formation) 

ThCl,.S Me,SO 
ThBr,.6 Me,SO 
UC1,.3 Me,SO 
UBr,.6 Me,SO 

145 <loo 
142-144 < 100 
169 ca. 125 
133-135 50-100 

ThOCl, ( z 450) 
ThOBr, ( > 400) 
Oxides of U ( > 475) 
UO,Brz + U,O, ( > 400) 

a Initial decomposition temperature in air. 
b By vacuum TG. 
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In a separate study, it was found [35] that hydrated ThBr, reacted with 
Me,SO to yield a series of complexes of general formula ThBr, - nMe,SO - 

mH,O (n = m = 4; n = 6, m = 3; n = 8, m = 0; n = 10, m = 4.5). Thermal 
analysis showed that the hydrates lost water in the temperature range 
80-100°C and that the non-hydrated complex, ThBr, .8 Me,SO, had an 
initial decomposition temperature of 150- 160°C slightly higher than that of 
ThBr, .6 Me,SO (Table 3). All of the complexes examined underwent major 
mass loss in the temperature range 170-300°C which was complete by 
500-600°C when ThO, was formed in each case. The formation of ThOBr,, 
as detected in the thermal analysis [31] of ThBr, .6 Me,SO above 400°C, 
was not described. There is evidently some confusion as to the true nature of 
the ThBr, complexes, as varying compositions have been described. A 
second study by the Russian group [35a] reports a series of complexes with 
different empirical formulae from their earlier study, i.e. ThBr, . nMe,SO . 

mH,O (n= 1, m=4; rz= 10, m= 1; n=8, m= 1; n=6, m=O). Thermal 
analysis of these and other structurally ill-defined complexes of Me,SO with 
ThCl,, ThI,, Th(NO,),, Th(C,O,) and Th(SO,), suggest that the bromide 
and nitrate complexes initially lose water of hydration followed by a 
simultaneous decomposition of both neutral and anionic ligands in the 
temperature range 200-300°C. ThO, is ultimately formed at 500-600°C. 
The sulphate and oxalate salts have initial decomposition temperatures in 
the range 400-800°C indicating an enhanced thermal stability, possibly a 
result of bidentate coordination of the anionic ligands to the metal center. 

The data shown in Table 3 demonstrate that the initial decomposition 
temperatures of the U(IV) complexes vary with anion, chloride > bromide, 
while for the thorium(IV) complexes, these values are approximately equal. 
At this stage, these data cannot be satisfactorily explained, since the exact 
compositions (i.e. coordination number, geometry, etc.) of the complexes are 
not known. Further anion effects are demonstrated by studies of uranium(V1) 
complexes of diphenylsulphoxide (Ph, SO). The complexes UO, (ClO,) 2 .4 

Ph,SO and UO,X, .2 Ph,SO (X = Cl, NO,, CH,COO) have been studied 
[22] by DTA and shown to decompose exothermally. The initial decomposi- 

TABLE 4 

Thermal decomposition of U(W) sulphoxide complexes 

Complex Tdec/‘C 

UO,(C10,),.4 Ph,SO 322 

UO,Cl,.2 Ph,SO 320 

UO,(OOCCH,),.2 Ph,SO 328 

UO,(N0,),.2 Ph,SO 367 

Reaction type 

Very violent 
Controlled 
Violent 
Violent 
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tion temperatures are shown in Table 4. Empirically, it is of interest to note 

that the perchlorate complex decomposes with great violence, the nitrate and 
acetate somewhat less violently and the chloride in a controlled fashion. The 
empirical formula of the perchlorate complex differs from that of the 
chloride, nitrate and acetate, no doubt because the perchlorate ions (mem- 
bers of the class known as “classically non-coordinating anions”) are not 
covalently bonded to the metal center, whereas, in all likelihood, the other 
anions are. Conductivity measurements confirm this for these complexes in 
solution. In reality, the data in Table 4 thus describe two different types of 
complex, [UO,(Ph,SO),][ClO,], and [UO,(Ph,SO),X,]. There appears to 
be little difference in the thermal stabilities of the chloride and acetate 
complexes, using the initial decomposition temperatures as a guide, despite 
the fact that the acetate anion is capable of bidentate coordination. The 
nitrate, which is also capable of bidentate coordination, forms a complex 
with a substantially higher initial decomposition temperature, however. 
Infrared studies confirm that the acetate and nitrate groups are coordinated 
to the metal in a bidentate fashion. 

The analogous perchlorate complex of dimethylsulphoxide has also been 
studied [36] and an isomerization of the bonding mode proposed. The 
initially prepared complex, [U0,(Me2SO),][C10,], . Me,SO, was identified 
as containing both oxygen-bonded and lattice-held Me,SO by infrared 
spectroscopy. Heating to 170°C caused loss of the lattice-held sulphoxide 
and allowed isolation of [UO,(Me,SO),][ClO,],. The infrared spectrum 
showed a change in the position of the v(S=O) mode to that typically found 
in sulphur-bonded complexes and on this basis the authors propose an 
isomerization of the bonding mode of the Me,SO ligand. A further compli- 
cation is, however, apparent upon close examination of the infrared spectra, 
which shows that the v3 mode of the ClO; ion in the proposed sulphur- 
bonded complex is, in fact, a split band. A free ClOi ion has tetrahedral 
symmetry and exhibits a single q band, but coordination to a metal center 
lowers the symmetry to approximately C,,, resulting in split bands in the 
infrared spectrum.’ The proposed formulation is thus incompatible with the 
spectroscopic data. Further heating of the complex results in an explosion at 
330°C. 

The extreme violence with which perchlorate complexes undergo thermal 
decomposition has also been noted in a study [30] comparing the thermo- 
chemistry of ThCl, and Th(ClO,), complexes of Me,SO. Interestingly, the 
empirical formula of the chloride complex was reported to be ThCl, .6 

Me,SO, compared with ThCl, . 5 Me,SO previously reported [31] by Bagnall 
et al. Differential thermal analysis of ThCl, * 6 Me,SO is reported to result 
in an explosion at 485°C yielding ThO, as the only solid product. Detection 
of ThCl, . 5 Me,SO or ThOCl,, as described in Bagnall et al.‘s analysis [3 11, 
was not mentioned. The perchlorate complex obtained preparatively was 
Th(ClO,), * 12 Me,SO, which lost six molecules of Me,SO endothermically 
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at 180°C followed by an explosion at 290°C (compared with 485°C for the 
chloride). 

In contrast to the actinides, few thermochemical studies of lanthanide 
perchlorate complexes have been reported. A series of tetramethylene 
sulphoxide (TMSO) complexes, M(ClO,), .8 TMSO, has been studied [37] 
by TG/DTA, both in air and in vacuum. The complexes themselves are 
rather unusual since the empirical formula is constant across the lanthanide 
series, despite the fact that the coordination number of the lanthanides 
normally decreases across the series, a result of the lanthanide contraction. 
Heating the complexes in vacuum causes the rapid onset of decomposition 
with the lighter metals losing two molecules of TMSO and the heavier metals 
(Er, Tm, Yb) losing approximately three molecules of TMSO in more than 
one step. A plot of the initial decomposition temperatures against the 
reciprocal ionic radii of the metals is horizontal up to Sm and then decreases 
rapidly. Conversely, a plot of the main peak temperatures (when the second 
or third molecule of TMSO is lost) against the reciprocal ionic radii shows a 
linear increase. Accordingly, it is proposed that loss of the first molecule of 
TMSO is governed by steric factors and thus is most favored for the smaller 
lanthanides, whereas loss of further TMSO is dependent upon the M-O 
bond strength and thus is most favorable for the heavier lanthanides, which 
form weaker bonds. The TG/DTA studies under nitrogen show shifts of the 
initial decomposition temperatures to higher temperature by approximately 
50°C. The separate steps of decomposition were less well-defined under 
nitrogen. A phase transition at 73°C was noted for the samarium complex. 
In connection with this study, it is important to note that other workers [38] 
have isolated TMSO complexes of empirical formulae M(ClO,), . nTMS0 
(M = La, Ce, Pr, Nd, Sm, Eu, Gd, n = 8; M = Tb, Dy, Ho, Er, Y, n = 7.5; 
M = Tm, Yb, Lu, n = 7) in which the coordination number of the metals 
does indeed vary as predicted by the lanthanide contraction. 

A study of the corresponding series of dimethylsulphoxide complexes, 
M(ClO,), . nMe,SO (M = La to Gd, n = 8; M = Tb to Lu, n = 7) [39] shows 
no systematic relationship between the initial decomposition temperature 
and the inverse ion size, but the main peak temperatures show a linear 
increase with the reciprocal ionic radii, as for the TMSO complexes. The 
steric effects do not appear to be observed with the Me,SO complexes 
because of the changing coordination number across the series, but the bond 
strength effects are, of course, still observed. Once again, other workers have 
reported series of M(Cl0,) 3 - n Me, SO complexes with conflicting empirical 
formulae [40,41] for which explosive decomposition has been noted [40]. 

As with oxygen-bonded complexes of the d-block elements, the studies of 
lanthanide and actinide sulphoxide complexes are hindered by the lack of 
structural data and the proliferation of unsubstantiated and widely differing 
formulae for complexes isolated by similar, and sometimes identical, routes. 
Concerted thermochemical and structural studies would be of great value in 
this area. 
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SULPHUR-BONDED SULPHOXIDE COMPLEXES OF THE d-BLOCK ELEMENTS 

Coordination of sulphoxides via sulphur has been unambiguously con- 
firmed for complexes of Ru, Rh, Ir, Pd and Pt. Claims of sulphur-bonding in 
complexes of Cr(O), MO(O), Fe(II), Os(I1) and Hg(II), in addition to those 
mentioned in the preceeding sections, have been reported and recently 
discussed [7]. The thermochemistry of this small group of compounds has 
been examined, with several studies of Rh(I1) complexes and a great many 
studies of Pt(I1) complexes having appeared in the literature. 

In 1963, it was observed [42] that rhodium acetate formed a complex with 
Me,SO of stoichiometry Rh,(OOCCH3), . 2 Me,SO. In common with the 
many reported adducts of rhodium acetate, spectroscopic data indicate that 
this complex has the acetate-bridged structure shown in Fig. 2. At this time. 
it was noted that heating at 120°C in an oven caused the loss of the two 
sulphoxide ligands, yielding anhydrous rhodium acetate. Later [43], a series 
of complexes, Rh,(OOCCH,) 4 .2 L, was examined by DSC under a flowing 
nitrogen atmosphere and the heats of reaction for the loss of both terminal 
ligands, eqn. (4) were determined. The data are given in Table 5. 

Rh,(OOCCH,), .2 L + Rh,(OOCCH,), + 2 L (4) 

The majority of the adducts underwent an initial loss of both ligands in a 
single step, but the sulphoxide complex proved to be an exception. It is also 
noteworthy that a secondary process was observed in the case of amine 
complexes, whereby the thermally generated amine attacked the acetate cage. 
The reaction of Rh,(OOCCH,), . 2 Me,SO was examined in further detail 
[44] and found to proceed according to 

Rh,(OOCCH,), .2 Me,SO(,, 4 Rh,(OOCCH3), . Me,SOt,, + Me,SO,,, (5) 

Fig. 2. The acetate-bridged structure of Rh,(OOCCH,),.2 L. 



TABLE 5 

Heats of reaction and initial decomposition temperatures for the thermal decomposition of 
Rh,(OOCCH&.2 L 

L AH/kcal mole- ’ L/C 

Hz0 
SEt 2 
Me,SO 

NH, 
NHMe, 
NMe, 
NHEt, 

NEt, 
pyridine 

23.2kO.3 85 
27.4kO.6 84 
29.lkO.8 147 
23.8 + 0.4 130 
26.5 + 0.5 135 
24.7 + 0.2 139 
33.1+0.3 75 
27.2kO.5 76 
36.7kO.5 170 

Rh,(OOCCH,), - Me,SO(,, + Rh,(OOCCH,)4(sj + Me,SO(,, (6) 

Rh,(OOCCH,),(,, + 2 Rh(,, + 2 CO,,, + 3 CH,COOH(,, (7) 

The product Rh,(OOCCH3), . Me,SO was a new compound and could be 
isolated by heating Rh,(OOCCH,), . 2 Me,SO in a N, atmosphere to 
185OC, the temperature of final mass loss in the first stage of the reaction (by 
TG). The heat of reaction for eqn. (5) was determined by the difference 
between the heats of reaction for eqns. (4) and (6) yielding a value of ca. 10 
kcal mole- ‘. The initial decomposition temperatures of the Rh,(OOCCH3), 
. 2 L complexes, Table 5, follow the sequence L = pyridine > Me,SO > 
amines > EtS - H,O. Whilst this sequence no doubt results from a combina- 
tion of many factors, it is apparent that the steric and electronic properties 
of the ligands contribute to the observed order. Thus, taking electronically 
similar pairs of ligands, the order of the initial decomposition temperatures 
varies NHMe, > NHEt, and NMe, > NEt,, relating to the increased steric 
bulk of the ethyl-substituted amines. The thioether and sulphoxide com- 
plexes exhibit very different initial decomposition temperatures, despite the 
fact that both complexes involve metal-sulphur bonding. Generally, it is 
observed [7] that analogous M-S(O)R, and M-SR, complexes have shorter 
M-S bonds in the case of the sulphoxide than for the thioether when M is a 
late transition metal, indicating more favorable M-S bonding in the former 
case. 

The M-S bond strength is only one factor that must be taken into account 
when considering the thermal reactions of sulphoxide complexes. Another 
factor, which is particularly important in the chemistry of square-planar 
metal complexes, is the way in which one ligand can affect the lability of 
other ligands within the coordination sphere. It has long been known [45] 
that a certain ligand may affect the rate of substitution of a ligand tram to 
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itself in a metal complex. This is known as the truns effect and an approxi- 
mate order of decreasing labilizing ability for some common ligands is [46, 
471 C,H, - CO - CN-> R,P > R-> SCN-> I-> Br-> Cl-> NH, > 
H,O. Theories based on both u-bonding [48] and r-bonding [49,50] effects 
have been proposed to account for the truns effect. The truns effect is a 
kinetic phenomenon and a closely related ground-state property is referred 
to as the truns influence [51]. This is a property of a ligand that refers to its 
ability to lengthen (weaken) a bond tram to itself. Thus, in the case of a 
ligand such as carbon monoxide tram to a u-donor such as Cl-, the high 
degree of M-CO r-back bonding gives rise to a short metal to truns-ligand 
bond (i.e. a low truns influence) but promotes attack at the electron-poor 
region of the metal center (i.e. a high tram effect). Many authors use the 
terms truns effect and truns influence interchangeably, which can cause 
interpretational problems. A ligand’s ability to affect a second ligand coordi- 
nated in a cis position is similarly governed by its cis effect and cis influence. 

Much work has been done in order to elucidate the magnitudes of these 
properties for sulphoxides [52], largely by Kukushkin and co-workers. The 
square-planar geometry of most platinum(I1) complexes makes them ideal 
candidates for the study of these properties and most work has centered on 
sulphoxide complexes of this metal. Added interest in the chemistry of 
platinum(I1) sulphoxide complexes comes from their applications in homo- 
geneous catalysis [7] and their potential as anticarcenogenic chem- 
otherapeutic agents [52]. 

Much chemical evidence and spectroscopic data point to sulphoxides 
having a moderate tram influence and a high truns effect [7,52] and this aids 
in the understanding of much thermochemical data. For example, the 
equations 

truns-[PtCl,(Me,SO)(amine)] + cis-[PtCl,(Me,SO)(amine)] (8) 

Iruns-[PtBr,(Me,SO)(amine)] + cis-[PtBr,(Me,SO)(amine)] (9) 

cis-[PtI,(Me,SO)(amine)] + truns-[PtI,(Me,SO)(amine)] (10) 

shows the isomerization reactions that occur [54] upon heating a series of 
[PtX,(Me,SO)(amine)] complexes (X = Cl, Br, I; amine = ethanolamine). 

These reactions are characterized by an endothermic effect, due to melting 
of the complex, followed by an exothermic effect due to the isomerization 
reaction and crystallization of the product from the melt. The course of the 
reaction is governed by the truns influences of the ligands coordinated to 
platinum. Series of ligands arranged according to their truns influence tend 
to vary slightly according to the probe used to estimate this property, but an 
accepted general order [51] (in this case derived from the magnitudes of 
NMR coupling constants) is carbon donors (sp3 - sp2 > sp) > phosphorus 
donors 2 arsenic donors > sulphur donors > nitrogen donors > halides > 
oxygen donors. Among the halides, the order is I-> Br-> Cl- (from in- 
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frared studies) [51]. Thus, we would expect the ligands involved in eqns. 
(8)-( 10) to be arranged in an approximate truns influence series Me,SO > 
NH, > I- > Br- > Cl-. The thermal isomerization reactions will proceed 
such that the final product has the lowest and the highest trans influence 
ligands in mutually tram positions, thus relieving instability resulting from 
having two truns labilizing ligands tram to each other (i.e. having each trying 
to labilize the other); this arrangement frequently results when the kinetic 
product of a reaction is formed if a high tram effect ligand also has a high 
truns influence. In the case of the chloride and bromide complexes, eqns. (8) 
and (9) the trans complexes have the two highest tram influence ligands 
tram to each other (Me,SO and NH,) and hence isomerization occurs to 
produce a complex with NH, tram to Cl- and Me,SO trans to Cl-, since 
Cl- is the lowest truns influence ligand. Exactly the same explanation 
describes the bromide case. In eqn. (lo), however, all of the ligands (I -, NH, 
and Me,SO) have a sizeable truns influence and the thermodynamic product 
has Me,SO truns to NH,, indicating that I- has a higher tram influence than 
NH, and thus is reluctant to remain trans to the Me,!30 ligand. Accordingly, 
the approximate series mentioned above can be modified to the form 
Me,SO > I-> NH, > Br-> Cl-. 

The trans effect and tram influence series have been used to explain many 
thermochemical and preparative results. For example, the reactions de- 
scribed [55] by eqns. (11) and (12) demonstrate that the truns effect series 
Me,SO > Cl- > NH, is operative. 

Cl C’ 
Cl- Pt -S(O)Me; + NH, + H,N- Pt -S(O)Me, + Cl- (11) 

Cl Cl 

7’ Cl 
Cl- Pt -NH; + Me,SO + Cl- Pt-NH, + Cl- (12) 

Cl S(O)Me, 

Subsequent DTA studies show that the trans isomer isomerizes to the cis 
form at 190°C, whereas the cis isomer undergoes no thermal isomerization 
processes. Accordingly, the truns influence series Me,SO > NH, > Cl- is 
defined. The trans to cis isomerization of various [PtCl 2( R,SO)(amine)] 
complexes, and their bromo-analogues, has been noted on many occasions 
[57-611. Some typical isomerization temperatures are given in Table 6. 

The simple truns-[MCl,(Me,SO),] (M = Pd, Pt) complexes do not ‘un- 
dergo thermal isomerization [ 11,561, since decomposition occurs at the 
melting point (208°C for Pt, 187°C for Pd). The analogous truns- 

F’tWR,W,l complexes (R = Et, n-Pr) similarly decompose without iso- 
merization [61], although in chloroform solution, the truns to cis isomeriza- 
tion can be induced either thermally or photochemically [62]. In solution, the 
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TABLE 6 

Thermal isomerization temperatures of some trans-[PtX,(R2SO)(amine)] complexes 

R,SO X Amine T,,,, 1°C Ref. 

Me, SO Cl 
Me,SO Cl 
Me, SO Cl 
Me, SO Cl 
Me,SO Br 
Me,SO Br 
TMSO Cl 
TMSO Cl 
TMSO Cl 
TMSO Cl 
TMSO Cl 

NH,Me 
NH,Et 
Piperidine 
Morpholine 
Piperidine 

Morpholine 
Pyridine 

NH, 
NHEt, 
NH,Et 
Piperidine 

172 
168 
145 

a 

130 
a 

150 
138 
168 
180 
160 

56 
56 
57 
57 
57 

57 
58 
58 
58 
58 
58 

a Decomposition without isomerization occurs at 165°C (chloride) and 185°C (bromide). 

temperature dependence of the truns/cis equilibrium suggests that the trans 
isomer is enthalpy favored and the cis isomer is entropy favored [62]. 

Studies of the thermal decomposition of [PtL(NH,),][X], (L = Me,& 
Et,S, Me,SO; X = Cl, Br) [63] illustrate the point that both bond strength 
and truns influence play a part in deciding the mode of a thermal reaction. 
In each of these complexes, the sulphur donor is the highest trans influence 
ligand, but the metal-amine bonds are stronger than the metal-sulphur. 
Accordingly, as no isomerization of these complexes is possible, the first step 
in the thermal decomposition will be evolution of either ammonia or the 
sulphur donor. Prediction of which will leave is not possible since the bond 
strength and tram influence factors are mutually opposed. In practice, loss 
of ammonia is never found to occur [63], illustrating that the bond strength 
considerations are dominant in this case. A probable pathway for these 
thermal reactions involves displacement of the neutral ligand by the counter- 
ion; this class of reaction being observed [64] in reactions of 
[PtX(R,SO)(H,NCH,CH,NH,)][X] (R = Me, Et, n-Pr; X = Cl, Br) accord- 
ing to 

HZ 
N\ ,S(O)Re 

,Y\ X 

‘-‘2 

(13) 

Since the thermal decomposition represented by eqn. (13) is a one-step 
process, the activation energy could be calculated by Piloyan and Novikova’s 
method [65] and the order of the reaction by Kissenger’s method [66]. These 
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TABLE 7 

Kinetic parameters derived for eqn. (13) 

PtX(L)(H,NCH, 

CH,NH,)lX 

L X 

&al mole- ‘) 
Order k (440 K) 

W’) 

Me, SO Cl 
Et,SO Cl 

Pr, SO Cl 
Me,SO Br 

Et,SO Br 
Pr, SO Br 

47*4 1.2 7.1 x 10-4 
41&2 1.1 1.2x 10-3 

38*2 0.8 5.0x 10-j 
57+4 1.2 8.7 x 1O-4 

53*4 1.0 2.6x 1O-3 
46k4 0.9 1.2x 10-2 

data, together with the Arrhenius rate constants are given in Table 7. The 
most prominent feature of these data is the increase in activation energy: 
n-Pr,SO < Et,!30 < Me,SO, a possible consequence of steric factors with 
the bulkier sulphoxides. 

Characterization of the decomposition products of platinum(I1) sulpho- 
xide complexes, following any major mass loss, has rarely been performed. 
In one example [67] thermolysis of&-[PtCl,(CO)(Me,SO)J was shown to 
yield a polymeric material, [PtCl(SCH,)],, and the simple [PtCl,(Me,SO),] 
complex yields a product with the empirical formula [Pt,C12(SCH,),]. 
Whilst sulphoxide deoxygenation reactions are well-known from solution 
studies [7], the accompanying dealkylation reactions described here are 
exceptional. 

Only a few studies of the thermal isomerization of platinum(IV) sulpho- 
xide complexes have been described. In the case of cis-[PtCl,(Me,SO),] [68], 
an exothermic isomerization to the tram isomer occurs without mass loss 
over the range 128- 164°C. The difference in the initial and final isomeriza- 
tion temperatures allowed a value of -AH = 2 kcal mole-’ to be estimated 
for the process. Interestingly, the corresponding Et,SO and TMSO com- 
plexes of platinum(N) undergo isomerization with no detectable exothermic 
effects [69], possibly due to masking by large endothermic fusion processes. 

Whilst considerable effort has gone into the study of platinum(I1) 
sulphoxide complexes and, to a lesser extent, rhodium(I1) and platinum(IV) 
complexes, the thermochemistry of the remaining elements forming sulphur- 
bonded R,SO complexes has been largely neglected, despite the particularly 
rich and varied coordination chemistry of these compounds [7]. 

CONCLUSIONS 

Thermochemistry has clearly played an important role in the development 
of sulphoxide coordination chemistry and yet it is quite apparent that much 
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remains to be accomplished. The lack of correlation between structural and 
thermochemical data make the utility of some reports questionable. There is 
no doubt that there is commercial interest in many areas of sulphoxide 
coordination chemistry and yet our knowledge in such areas is limited. The 
chemistry described by eqn. (3), for example, represents the thermal conver- 
sion of NiCl, - 8 Me,SO into NiCl, . 3 Me,SO and, ultimately, NiCl 2 . 
Me,SO. The structures of all three of these compounds are unknown and yet 
NiCl, . Me,SO has been patented [70] as a co-catalyst for olefin dimerization 
and NiCl, . Me,SO as a co-catalyst specifically for the dimerization of 
propylene [71]. It is surprising that studies on such potentially important 
compounds are so limited and it is hoped that this review will help in 
providing a stimulus to correct these deficiencies. 
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