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Addition of a dithiol ligand HS(CH,),SH ( n  = 2-4) to [{Rh(p-OMe)(cod)},] (cod = cycloocta-15- 
diene) afforded dithiolate-bridged complexes [{Rh,[p-S(CH,),S] (cod),},] ( x  = 1 or 2). These diene 
complexes react with carbon monoxide to give the binuclear tetracarbonyl complexes [ Rh,{p- 
S(CH,),S}(CO),]. The crystal structures of [Rh,{p-S(CH,),S}(cod),l (n  = 2 or 3) have been 
determined by X-ray diffraction methods. A study of the electronic structure of the complexes by 
analysis of the topology of the charge density shows that in spite of a zero formal bond order 
between the rhodium atoms a direct metal-metal interaction may be characterized. 

Thiolate-bridged dirhodium complexes have been extensively 
investigated 1-1 because of their catalytic activity in hydro- 

structural studies on some selected thiolate, lo-' fluorothiol- 
ate 14-1 6 and aminothiolate complexes have shown that they 
exist as 'bent' double square-planar structures. 

An advantage of using these new types of dinuclear complexes 
is that they allow the possibility of introducing subtle changes in 
the bridging ligands. Varying the substitution in the thiolate 
ligands may improve the properties of the complexes as catalyst 
precursors and should give some information as to the influence 
of the substituents on the catalytic process. Furthermore, choice 
of appropriate ligands in some cases allows the recovery of the 
costly rhodium complex at the end of the hydroformylation 
reaction, and it can then be reused without loss of reactivity.20 

However, dithiolate-bridged rhodium complexes have been 
little studied. Continuing our studies of dinuclear rhodium 
complexes, we considered it interesting to prepare, characterize 
and study some new dinuclear rhodium dithiolate-bridged 
complexes, which may give rise to different structures. Owing to 
the short Rh-Rh distances measured in the dinuclear thiolate 
complexes described, which are shorter than in related thiolate- 
bridged complexes in which it had been concluded that there 
were metal-metal interactions, '-14 it was considered of interest 
to study the electronic structure of these complexes in order to 
investigate the possible existence of a metal-metal interaction. A 
new way of defining atoms in molecules and their interactions 
with respect to the distribution of the charge density p has been 
developed by Bader et a1.21,22 The properties of the electronic 
charge density are investigated through the analysis of its 
associated fields. A connection has been established between the 
structure of a molecular system and the gradient vector field, 
Vp,  introducing the concept of bond path. A bond path is 
defined as the line linking two nuclei along which the charge 
density corresponds to a maximum with respect to any 
neighbouring line. According to Bader,21 the presence of a bond 
path at the equilibrium geometry represents a necessary and 
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sufficient condition for the existence of a bond. It has 
furthermore been shown that the Laplacian of p(r) identifies 
regions wherein the electronic charge is either locally 
concentrated or depleted.22b Concentrations of charge appear 
in both the bonded and non-bonded regions of an atom, and can 
be correlated with the Lewis electron pairs, for which they 
provide a physical interpretat i~n.~~ 

Theoretical 
The wavefunctions were computed at the linear combination of 
atomic orbitals-molecular orbital-self-consistent field (LCAO- 
MO-SCF) level by using a CRAY version of the ASTERIX 
system of programs.24 The complex [Rh,{p-S(CH,),S)(cod),] 
(cod = cycloocta-1,5-diene) was modelled to the C,, point 
group and the cod ligands were replaced by two C2H4 groups 
with the same spatial distribution as the cods in the complex. 
The Gaussian basis set for rhodium was taken from the 15s, 9p, 
8d set of Veillard and D e d i e ~ , , ~  incremented with an extra p 
function of exponent 0.15, and contracted to [6,4,4]). For sulfur 
a 1 Is, 7p basis set from Huzinaga 26 contracted to [4,3] was 
employed. For carbon and hydrogen atoms, 9s, 5p and 4s basis 
sets respectively were used, and contracted to [3,2] and [2].26 

The topology of the charge density of [Rh,(p-SCH,CH,S)- 
(cod),] was studied in order to determine whether charge is 
locally concentrated or depleted; this analysis uses the gradient 
and the laplacian of the charge density. The first derivatives of p 
vanish at a critical point (rc). The second derivatives of p 
determine the three curvatures of p at rc. A critical point is then 
characterized by its rank, the number of non-vanishing curva- 
tures of p, and its signature, the algebraic sum of signs of the 
curvatures. For critical points of rank 3, four values of the 
signature are possible: - 3, - 1 ,  + 1, + 3. A (3, - 3) critical point 
denotes a local maximum in p(r), while a (3, + 3) critical point is 
a local minimum. The other two critical points are associated 
with saddle points in the charge-density distribution. At the 
atomic nuclei the charge density displays a local maximum. A 
(3, + 3) cage critical point exists at the point of minimum charge 
density inside a cage of atoms, whereas a (3, + 1) ring critical 
point appears as a minimum in a ring surface. 

A necessary condition for the existence of a bond between two 
atoms is the presence of a bond path linking both nuclei. The 
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bond path is the interaction line on which the density is a 
maximum in all directions perpendicular to this line. On the 
bond path a (3,- 1) bond critical point (b.c.p.) exists. The 
existence of a bond between the two rhodium atoms should be 
revealed by topological analysis of the charge density. A b.c.p. 
between the two metal atoms should be observed if the bond 
exists. Such points were found between the rhodium atoms in 
[Rh,(NC(S)(CH,),},(CO)], and between the vanadium atoms 
in ~ , ( ~ - T \ ~ - S ~ ) ~ ( S ~ C H ) , ] ,  confirming the presence of a single 
metal-metal bond in both complexes.27928 In [co2(co)g] a 
b.c.p. was not obtained in the intermetal region at the 
experimental geometry, but it appeared with a slight shortening 
of the metal-metal distance.29 

The value of the charge-density function at a b.c.p. provides a 
relative indication of the 'bond strength' for a given type of 
bond; e = (h l /h2)  - 1 represents the ellipticity of the bond, 
where h,  and 1, are the negative curvatures of r at the (3,- 1) 
critical point, with lhll < Ih21. The ellipticity can be interpreted 
as giving a relative value of the 'n character'. 

Thelaplacian of p ( V p) is the sum of three principal curvatures 
of the charge-density function at each point in space. When 
V < 0 the value of p at point r is greater than the value of p(r) 
averaged over all neighbouring points in space, and when V ,p(r) 
> O ,  p(r) is less than this averaged value; thus a maximum in 
- V ,p(r) means that electronic charge is locally concentrated in 
that region, while aminimum in - V ,p(r) identifies a local hole in 
the charge-density distribution. The laplacian of p recovers the 
structure of an atom by displaying a corresponding number of 
pairs of shells of charge concentration and charge depletion. 
The spherical valence shell of a free atom is distorted by bond 
formation; in a molecule the valence shell of charge concen- 
tration (v.s.c.c.) of an atom displays 'lumps' and 'holes', 
analogous to hills and valleys in the description of a surface 
terrain. The number and positions of the maxima and minima of 
the laplacian of p correspond to the atom's Lewis structure and 
determine its overall chemical behaviour. The holes are the sites 
of nucleophilic attack. The local concentrations of charge 
determine the sites of electrophilic attack. For a more detailed 
description of the theory of atoms in molecules, see the recent 
book of Bader.30 

The topological properties of p were calculated with a 
modified version of the AIMPAC package.,' 

Results and Discussion 
Synthesis of Diene and Carbonyl Complexes.-New rhodium 

dithiolate complexes have been prepared by addition of the 
corresponding ligand HS(CH,),SH (n = 2 4 )  to dichloro- 
methane solutions of [{Rh(p-OMe)(cod)},]. In the case of 
HS(CH,),SH the addition of diethyl ether results in complete 
precipitation of the complex [Rh,{p-S(CH,),S}(cod),] 1, as a 
moderately air-stable red solid. This complex had been 
previously synthesised for comparative purposes, to study 
alkene rotation in the related complex [Rh,(p-SR),(cod),] 
(R = Me, Et, Pr', But or Ph).9 The 'H NMR spectrum of this 
complex shows two signals for each of the alkene (6 4.3 and 4.6) 
and methylene (6 1.9 and 2.1) protons of the co-ordinated 
cycloocta- 1,5-diene, indicating two different environments for 
each type of protons. This is due to the dinuclear bent structure 
as was later established in a crystal structure determination. 
Similarly, the ' NMR spectrum shows two signals for each of 
the methylene (6 31.7 and 31.9) and alkene (6 80.1 and 80.9) 
carbons of the co-ordinated cyclooctadiene, indicating two 
different environments for each type of carbon atom. 

Two different products are obtained in the reaction of [{Rh- 
(p-OMe)(cod)},] with HS(CH,),SH. Addition of diethyl ether 
results in precipitation of a yellow solid, 2. Concentration and 
cooling of the remaining solution yielded a red complex, which 
could be recrystallized and was characterized as [Rh,{ p- 
S(CH,),S}(cod),] 3 by a crystal structure determination. Both 
complexes are insoluble in MeOH, so that addition of MeOH to 

the initial solution resulted in precipitation of a mixture. 
Furthermore, although complex 3 gave good microanalytical 
data, and the structure could be established in the solid state, it 
was not stable in solution. When 3 was dissolved in CDCl, to 
obtain the 'H NMR spectrum, signals due to 2 could be clearly 
identified. It would appear that 2 is in equilibrium with 3 in 
solution. The 'H NMR spectrum of a solution of the yellow 
product shows only a single signal assigned to the alkene 
protons of the co-ordinated cyclooctadiene ligand (6 4.1). The 
'H NMR spectrum of a solution of the red complex shows, 
together with the signals corresponding to the alkene (6 4.3 and 
4.6) and methylene protons (6 2.1 and 2.5) in different 
environments in the dinuclear complex, another broad signal at 
6 4.2 due to the presence of complex 2 in the solution. The 
integrals ratio (71% complex 3: 29% complex 2) shows the 
distribution of the complexes at equilibrium. There are several 
signals between 6 2.47 and 1.73 which may be attributed to the 
CH, of the cyclooctadiene and of the co-ordinated ligands, but 
cannot be specifically assigned. A similar situation is noted for 
the 13C NMR spectra. The solid-state IR spectra (Nujol) of 
complexes 2 and 3 are slightly different with respect to the 
frequencies corresponding to the co-ordinated double bonds 
and the fingerprint region. 

In order to obtain more information about the nuclearity of 
complex 2 it was examined by FAB mass spectrometry. 
Although the molecular ion was not observed, there was a peak 
at m/z = 801, higher than that expected for a dinuclear 
complex. This suggests that 2 could be a tetranuclear species 
[{Rh2[p-S(CH,),S](cod),),]. Attempts to obtain a crystal 
suitable for an X-ray structure determination have been 
unsuccessful. 

The ligand HS(CH,),SH reacts with [{Rh(p-OMe)(cod)},] 
to give a yellow product for which the elemental analysis 
corresponds to the stoichiometry [{ R~,[~-S(CH,),S](CO~),}~] 
4. Attempts to obtain a crystal suitable for an X-ray crystal 
structure determination were unsuccessful. The 'H NMR 
spectrum 4 shows a broad signal corresponding to the alkene 
protons of the co-ordinated cyclooctadiene (6 4. l), together 
with two signals corresponding to the endo- and exo-methylenic 
protons (6 2.0 and 2.4). As for complex 2, the FAB mass 
spectrum showed a peak at m/z = 723, higher than that 
expected for a dinuclear complex, suggesting that 4 may be a 
tetranuclear species [{ Rh,[p-S(CH2),S](cod),),1. 

Bubbling CO through dichloromethane solutions of the diene 
complexes yields, in all cases, carbonyl complexes formed by 
displacement of the diene. The elemental analyses of these 
complexes correspond to the stoichiometry [Rh,{ p-S(CH,),S)- 
(CO),] (n = 2 4 ) .  The Fourier-transform IR spectra of the 
complexes in CH,Cl, solution show the three stretching 
frequencies v(C0) characteristic of tetracarbonyl dinuclear 
rhodium complexes [Rh,(p-S(CH,),S)(CO),] (n = 2 5, 3 6 or 
4 7). "-' Identical IR spectra are obtained from the materials 
formed on bubbling carbon monoxide through solutions of the 
complexes 2 and 3 separately or through a mixture of the two. 
This confirms that 2 and 3 are in equilibrium in solution, and 
suggests that they may differ only in nuclearity. Although we 
believe that 4 is tetranuclear, it is clear that dissociation to a 
dinuclear species must be possible, since 7 is undoubtedly 
binuclear . 

Crystal Structures.-There have been a number of structural 
studies of dirhodium and diiridium complexes containing 
bridging thiolate ligands. There have also been many studies of 
the structurally related species with chloride A 
related group of complexes is provided by dimers bridged by 
pyrazole ligands including [{M(p-pz)(~od)}~] (M = Rh or 
Ir) and [(tfbb)Rh(p-Cl)((p-t~)Rh(CO)~Cl}Rh(CO)~] (tfbb = 
tetrafluorobenzo[5,6]bicyclo[2.2.2]octa-2,5,7-triene, tz = tria- 
~o la t e ) , ,~  trans-[Rh,(p-p~),(CO),(P(OPh),}~] 40 and [Rh,- 
(p-3,5Me,-p4z/,(Cs),(PPh3),] (3,5Me,-pz = 3,Sdimethyl- 
pyrazolate). All of these structures are characterized by a bent 
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Table 1 Fractional atomiccoordinates ( x lo4) for [Rh,(pS(CH,),S}- 
(cod121 1 

X 

1093.3(4) 

1754.5(21) 
3252(5) 
4126(6) 
456 l(7) 
2905(8) 
879(6) 

19(5) 
942(8) 

2699(8) 

- 1660.2( 18) 

- 24 18( 10) 
- 701( 1 1) 

Y 
3371.4(1) 
2500 
2500 
4296(3) 
3674(3) 
37 19(4) 

3682(3) 
4293( 3) 
5104(3) 
5109(3) 
2500 
2500 

3747(5) 

Z 

1269.8(3) 
98 3.7( 1 7) 

-936.3(16) 
1070(5) 
2105(6) 
4010(7) 
4892(6) 
3820(5) 
2775( 5) 
2613(7) 
1728( 3) 

- 1313(8) 
- 229 l(8) 

Table 2 Intramolecular distances (A) and angles (") with estimated 
standard deviations (e.s.d.s) in parentheses for [Rh,(p-S(CH,),S}- 

2.027 
2.876(1) 
2.370( 1) 

2.142(4) 
1.839(7) 
1.51 l(6) 
1.434(8) 
1.375(6) 
1.496(9) 

87.5 
172.3 
95.9 

1 00.7( 2) 
75.28(4) 

124.1(4) 
117.3(4) 
123.3(4) 
115.6(4) 
113.6(4) 
1 lO(4) 
1 12(4) 
72.1(2) 

123.3(4) 
1 17(3) 
113.3(3) 
124.3(4) 

105(4) 
105(4) 
109(6) 
108(5) 
133(4) 
8 l(5) 

lOl(3) 
103(4) 
104(3) 

2.134(4) 

1 13(3) 

2.017 
2.355(1) 
2.152(4) 
2.120(4) 
1.8 1 l(6) 
1.387(6) 
1.494(7) 
1.506(6) 
1.496(6) 
1.518(11) 

79.01(4) 
96.9 

172.9 
99.3(2) 
74.70(4) 

123.8(4) 
1 17.0(4) 
124.3(4) 
1 15.3(4) 
1 14.5(4) 
130(6) 
loo( 5) 
105(3) 
1 17(3) 

107(3) 
119(3) 
1 15.6(4) 
1 04( 5) 
11 8(5) 
11 5.3(4) 
99(3) 

108(3) 
1 13.6(4) 
1 18(3) 
114.5(4) 
11 5(4) 

70.3(2) 

* M(l) and M(2) are the midpoints of the C(l)-C(2) and C(5)-C(6) 
bonds. 

(M2X2) ring, with a relatively short metal-metal distance. For 
previously reported dirhodium dithiolates the rhodium- 
rhodium distance varies between 2.995 8, for [{Rh(p- 
SC,F,)(cod)},] l4 and 3.391 A for cis-[Rh,(p-SCMe,)(CO),- 
{p-Zr(C5H5),(CH2PPh,),1. l2 The angles between the rhodium 
co-ordination planes range between 1 13" for sym-trans-[Rh,(p- 
SPh),(CO),(PMe,),] and 135" for [(cod)Rh(p-SPh),Rh- 
(CO),]," although it is notable that in some cases the rhodium 
atoms are displaced slightly from these planes. Complexes of 
similar gross structure with true Rh-Rh bonds have much 

Table 3 Fractional atomiccoordinates ( x lo4) for [Rh,(p-S(CH,),S}- 
(CW213 

X 

1208.2(5) 
2090(2) 

4142(7) 
3297(8) 
2703( 1 1) 
939( 1 1) 

938(8) 
2897( 10) 
4543( 10) 

98( 14) 

- 1448(2) 

70(8) 

- 1777(15) 
- 2755( 12) 

Y 
1650.3(2) 
2500 
2500 
1329(3) 
762(3) 
- 39(4) 
- 64(4) 
734(3) 

1283(4) 
1162(6) 
1266( 5) 
2500 
2258(6) 
2500 

Z 

1463.1(4) 

1403(2) 
2260(8) 
I 183(7) 
I783( 1 1) 
2507( 10) 
2830(7) 
3927(7) 
4993 (9) 
41 09( 10) 

- 2322( 1 1) 
- 2090( 14) 
- 75 1 ( 1 2) 

- 600( 2) 

Fig. 1 Spatial diagram of the molecular structure of [Rh,(p- 
S(CH,),S)(cod),I 

shorter metal-metal separations, for example 2.64 A in [Rh2- 
(p-SPh)2(C,H,)2].42 Separations between two rhodium(r1r) 
centres as in [{RhCl(H)(p-SH)(PPh,),),1 (3.737 A) are 
generally longer.43 

The structure of [Rh,{p-S(CH,),S)(cod),] 1 consists of 
discrete dimeric units lying on a crystallographic mirror plane. 
Atomic coordinates are given in Table 1, and selected bond and 
distances in Table 2. The structure of dimeric unit is shown in 
Fig. 1. The rhodium-rhodium distance is 2.876(1) A, the 
shortest thus far noted for this type of complex. The angle 
between the co-ordination planes is particularly acute at 97", 
but it is noteworthy that the rhodium atom is displaced by 0.1 15 
A from the co-ordination plane. 

The structure of [Rh,{p-S(CH,),S)(cod),] 3 is similar. 
Atomic coordinates are given in Table 3 and selected bond 
distances and angles in Table 4. The structure of the dimeric 
unit is shown in Fi . 2. The rhodium-rhodium distance is also 
short, at 2.896( 1) 1, and the angle between the co-ordination 
planes 104", with once more substantial deviation of the 
rhodium atom from the co-ordination plane (0.13 A). 

These structures represent the first examples of dirhodium 
dithiolate-bridged complexes to be structurally characterized. It 
is instructive to compare the available data from the literature 
(Tables 5-7). From a geometrical point of view three parameters 
may be used to characterize the metal-metal interactions, viz. 
the metal-metal bond distance, the angle between the co- 
ordination planes (least-square planes of the four ligands at the 
metal) and the angle between the planes defined by RhX. These 
latter two parameters are not in all cases identical, since the 
rhodium atoms may deviate substantially from the least-squares 
plane, as indeed they do for the two complexes described here. It 
is noteworthy that the largest discrepancies between the two 
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parameters occur when the metal-metal distance is short, 
generally less than 3 A, suggesting that the close approach of the 
metals may be responsible for the distortions. Although there is 
a general increase in the metal-metal distance as the interplanar 
angles increase, good linear correlations could not be obtained. 

Ekctronic Structure of [Rh,{ p-S(CH,),S)(cod),].-The 
Mulliken population analysis for [Rh,(p-S(CH,),S)(cod),] 1 

Fig. 2 Spatial diagram of the molecular structure of [Rh2{p- 
S(CHd3S}(cod)2] 

Table 4 Intramolecular distances (A) and angles (") with e.s.d.s in 
parentheses for [Rh2{p-S(CH2)3S}(cod)2] 3 

2.023 
2.896( 1) 
2.355( 1) 
2.144(6) 
2.108(6) 
1.820(9) 
1.467( 10) 
1.449( 12) 
1.359(8) 
1.460( 1 1) 
1.424( 15) 

87.8 
171.4 
93.4 
75.93(6) 

107.2(2) 
125.4(6) 
116.5(6) 
1 24.9( 5) 
11 5.3(6) 
12 1.5(7) 

2.010 
2.3 54( 2) 
2.127(5) 
2.134(6) 
1.800(9) 
1.366(8) 
1.526(9) 
1.529(9) 
1.5 12(9) 
1.420( 14) 

93.6 
174.6 
84.49(5) 

106.2(3) 
75.89( 5) 

123.1 (6) 
1 15.6(6) 
122.9(6) 
1 17.4(6) 
125.7( 8) 

(Table 8) assigns a noticeable charge transfer from the cod 
ligands and the metal atoms to the S2C2H4 fragment. The 
computed net charges for metal centre, cod ligands and 
bridging fragment are +0.053, +0.237 and -0.582 e respec- 
tively. The electronic structure of the metal atom is 
characterized by an important population of the 5s + 5p shell 
(0.671 e). The trend to promote electrons to the outer shell 
allows the metal centre to increase the bond formation.44 If d 
electrons only are considered, the electronic structure of 1 agrees 
with the formal assignment of the metal as Rh', d8. 

A molecular orbital (MO) description of the metal-metal 
interaction in several bis(pyrazoly1)-bridged iridium dimers, 
isoelectronic to 1, has been reported re~ently.~' In those dimers 
the metal-metal bond order is zero46 and the <TM-M and o*M-M 

orbitals are occupied; however for those complexes Gray and 
co-workers 45 proposed that there is a substantial inter- 
action between the dz2 atomic orbitals of the two iridium 
centres. 

According to the theory of atoms in molecules, if the 
electronic structure of [Rh,{ p-S(CH,),S)(cod),] has a direct 
metal-metal coupling a bond critical point (b.c.p.) must be 
found between the two rhodium atoms. In Table 9 are 
summarized the b.c.p.s determined for 1 at the experimental 
geometry. Bond critical points have been located between the 
rhodium atoms and the sulfur atoms, as well as between the 
metal atoms and the carbon atoms of the diene. Although the 
cod ligands fill two positions in the co-ordination sphere of the 
Rh atom, four bonds are determined between the metal centre 
and the cod ligand. 

In the intermetal region no critical points were localized at 
the experimental geometry. From this result should we conclude 
that no direct interaction exists between the two metal atoms? 
In order to analyse this question the geometry effects were 
studied. Note that in the theory of atoms in molecules a bond 
critical point is a necessary and sufficient condition for the 
existence of a bond when the system is in its equilibrium 
geometry. The Rh-Rh and Rh-S distances were optimized by 
variation of R and r parameters. In [Rh,(p-S(CH,),S)(cod),] 
small modifications of the Rh-S-Rh angle induced small 
changes in the energy of the system. If the Rh-Rh distance is 

Table 6 Metal-metal distances and interplanar angles in rhodium or 
iridium ychloride complexes 

Complex €Jar qb/" Ref. 
C{I~(P-Cl)(PF3)2 121 2.942 107 95 36 
C{Rh(WI)(PF3)2) 21  2.995 115 105 37 
[{Rh(p-Cl)(CH2=CHCH=CMe2)2}2] 3.090 116 105 34 
C{Rh(P-C1)(CO)2)21 3.12 124 33 
C{Rh(pL-Cl)(Co)(PMe2Ph)) 2 1  3.167 125 123 35 

S(2)-C(ll)-C(lO) 118.9(6) a Angle between RhS, planes. Angle between co-ordination planes. 

Table 5 Metal-metal distances and interplanar angles in rhodium or iridium p-thiolate complexes 

Complex rM-MIA 0 a/O 0 bP 
2.876 
2.896 
2.955 
2.960 
3.076 
3.070 
3.061 
3.12 
3.216 
3.391 
3.447 

104 
1 04 
118 
106 
115 
114 
105 
114 
123 
137 

97 
112 
109 
105 
114 
111 
107 
115 
122 
138 
117 

Ref. 
This work 
This work 
14 
19 
16 
16 
11 
9 

32 
12 
13 

a Angle between RhS, planes. Angle between co-ordination planes. ' Two distinct molecules in the unit cell. 
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Table 7 
complexes 

Complex TM-MIA Ref. 

Metal-metal distances in rhodium or iridium p-pyrazolyl 

3.073 
3.216 
3.245 
3.267 
3.502 
3.568 
3.220 
3.817 

* The angle between the co-ordination planes is close to 180". 

38 
38 
38 
38 
38 
40 
41 
39 

Net charges 
Bridging 

Complex Metal ligand cod co 
- 1 + 0.053 - 0.582 + 0.237 

5 +0.211 -0.616 + 0.048 - 

Atom population 
Total 
44.95 
44.79 
16.32 
16.35 
6.40 
6.39 
0.780 
0.784 

S P d 
8.29 18.38 18.27 
8.29 18.29 18.20 
5.99 10.34 
5.98 10.36 
3.37 3.03 
3.40 2.99 
0.780 
0.784 

Table 9 Bond properties in complexes 1,5 and 9 * 

Bond P V 'p Ellipticity 
Rh-Rh (1) - - - 

(5) 0.031 0.094 1.248 
(9) 0.075 0.093 0.912 

Rh-S (1) 0.081 0.239 0.227 
(5) 0.063 0.194 0.136 
(9) 0.056 0.138 0.517 

Rh-C(1) (1) 0.091 0.224 0.798 
Rh-C(2) (1) 0.094 0.215 0.509 
Rh-C (5) 0.113 0.514 0.129 

(9) 0.063 0.320 2.564 
S-C(9) (1) 0.154 -0.208 0.023 

(5) 0.138 -0.142 0.018 
(9) 0.064 -0.023 0.254 

C(l)-C(2) (1) 0.292 -0.807 0.184 
C-0 (5) 0.443 0.209 0.001 

(9) 0.343 0.358 0.004 
C(9)-C(lO) (1) 0.232 -0.516 0.021 

(5) 0.219 -0.444 0.026 
(9) 0.223 -0.488 0.065 

* All quantities are in atomic units: for p, au = e/ao3 = 6.478 e k3; 
for V2p,au = elao5 = 24.10ek5.  

increased by 0.2 8, the system becomes destabilized by only 1.7 
kcal mol-' . The topological properties of p are not altered with 
the lengthening. If the metal-metal distance is shortened by 0.2 
8, the dimer has a relative energy with respect to the 
experimental geometry of 3.8 kcal mol-'. The shortening of the 
metal-metal distance induces a change in the topology of the 
charge density, with a b.c.p. linking the two metal centres. The 
coupled optimization of R and r leads to 2.793 and 2.464 8, for 
the Rh-Rh and Rh-S distances, respectively. The metal-metal 
distance is slightly shorter than that in the crystal structure, 
whereas the calculated Rh-S is 0.08 8, longer than the 

Table 10 Geometric parameters for the [Rh2{p-S(CHz)2S}(CO)4] 
and [Rhz{p-S(CHz)2S](CO)4]z+. Distances in A, angles in O 

Neutral 5 Ionic (2 + ) 8 
Rh-Rh 2.901 2.502 
Rh-S 2.484 2.374 
s-c 1.886 1.894 
c-c 1.545 1.536 
Rh-CO 1.989 2.122 
C-O 1.134 1.119 

Rh-S-Rh 71.4 58.2 
S-C-C 116.1 113.9 
S-Rh-S 80.3 63.6 
H-C-C 110.3 112.0 
H-C-H 93.9 107.7 
Rh-C-O 175.6 177.9 

S' 

experimental value. The relative energy of the optimized 
complex is - 1 1.4 kcal mol-' . In the intermetal region a b.c.p. is 
found between the two rhodium atoms. The electron density at 
this critical point is 0.035 au. The small value and its elusive 
character suggests that in [Rh2{p-S(CH2)2S}(~~d)2] the 
direct metal-metal coupling is quite weak. In order to confirm 
these findings we have carried out calculations on [Rh2{p- 
S(CH,),S}(CO),] 5; this dinuclear system is detected in 
solution but it has not yet been determined by X-ray diffraction. 
The carbonyl ligands are simpler than cod ligands, and a full 
optimization of the dimer is possible. In this way the condition 
of the minimum of the potential surface imposed by Bader's 
theory is accomplished. 

EZectrunic Structure of [ R h, { p-S( CH ,), S } (CO),] .-The 
computed distances and angles for [Rh,{p-S(CH,),S}(CO),] 
are in Table 10. The geometry has been optimized until the 
norm of the energy gradient is lower than 1 x lop3 au. The most 
significant parameter is the Rh-Rh distance, the value of 2.901 A 
being 0.025 8, longer than that experimentally found for 1. The 
computed metal-ligand distances are slightly longer than the 
experimental parameters in similar systems. The calculated 
Rh-S distance is 2.484 A, whereas for 1 X-ray diffraction gives a 
value of 2.370 8,. The rhodium-carbonyl distances also are 
probably too long. It is established that M-CO interaction is 
not well described at the SCF To reproduce the 
experimental distances the geometry should be obtained at the 
configuration interaction (CI) level, and this is outside our 
present computational abilities. From Table 10 we can see that 
the other geometric parameters are determined with a reason- 
able precision. The Mulliken population analysis on carbonyl 
complex 5 shows that the net charge of the bridging ligand is 
only slightly higher than in 1. However, in the carbonyl dimer 
the transfer of charge arises mainly from the metal centre. The 
net charge of the rhodium atoms is + 0.21 le. 

Although the computed rhodium-rhodium distance in the 
carbonyl dimer is longer than experimental distance in 1, the 
two metal centres are linked by a bond path. The electron 
density associated with the bond critical point is 0.031 au. 
Therefore it must be concluded that the presence of the b.c.p. 
is not an artefact of the geometry used and that in this kind of 
dinuclear complex, in spite of a zero formal bond order, a direct 
coupling exists between the metal centres. The metal-metal 
interaction must not be considered as a result of a standard 
rhodium-rhodium bond, since 0M-M and <r*M-M are occupied 
orbitals. To emphasize the weak metal-metal coupling, calc- 
ulations were carried out on [Rh, { p-S(CH,),S)(CO),I2 + 8. 
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Fig. 3 Contour maps of V 2 p  for planes containing a Rh and two S 
atoms (a), two rhodium centres and the midpoint between the C-C bond 
of the bridging ligand (b) and the SCCS ligand (c). Dashed contours are 
used for negative values of V 2p, whereas solid lines are for 0 and positive 
values of the laplacian of p. The positions of bonded and non-bonded 
maxima in the valence shell of charge concentration are indicated by 
dots. Although in drawing (a) two maxima are denoted in the V.S.C.C. of 
the sulfur atoms, in fact the (3, - 3) critical points are slightly displaced 
from this plane 

Y 

(4 (d 1 
Fig. 4 (a) Representation of the six maxima characterized in the 
i.v.s.c.c. of the Rh atoms. Four of these are in the M,Sq plane with 
values of - 16 au (b) and two of them are in the perpendicular plane 
with lower magnitudes (- 12 au). These are called axial concentrations 
in the text. The charge concentrations of the cod ligands exercise a 
strong repulsion on the axial charges of Rh atoms, which are shifted 
toward the dithiolate ligand (b). The relative positions of the bonded 
and non-bonded maxima around the sulfur atoms are in (c). The angles 
between the maxima are displayed in (d) 

The two ionized electrons were removed from the CT*M-M 

orbital, so the ionized complex formally should have a single 
metal-metal bond. A full optimization of the ionized dimer in 
CZ0 symmetry led to a minimum of the potential surface. Its 
geometry represents an important modification of that of the 
neutral dimer. The calculated parameters are summarized in 
Table 10. The computed Rh-Rh distance in 8 is 2.502 8,, 0.4 8, 
shorter than in the neutral complex. The Rh-S distance is also 
shortened by the oxidation process. On the other hand, the 
lengthening of the M-CO distance suggests that the formation 
of a strong metal-metal bond enhances the lability of the 
carbonyl ligands. If bond distances and density values 
associated with bond critical points provide relative indica- 
tions of bond strength, it must be concluded that the 
ionization of the two electrons of the (TM-M* orbital reduces 
the flexibility of the Rh,S, framework of the studied 
rhodium(r) complexes. In 8 the carbonyls are displaced by 
18" from the RhS, plane, thus the Rh" is not in a square- 
planar environment. Further work is planned in order to 
obtain electrochemically ions of [Rh,{ p-S(CH,),S)(cod),] 
and [Rhz{pS(CH,),S)(CO),]. Their chemistry could be quite 
different to that of their neutral partners. 

Laplacian of Charge Density.-Fig. 3(a) shows contour maps 
of the laplacian of the charge density ( V ,p) in a plane containing 
a Rh and the two S atoms. Dashed contours are used for 
negative values of V2p,  whereas solid lines are for 0 and posi- 
tive values of V'p. As in the complexes [Rh,(NC(S)(CH,),),] 
and [Rh,{NC(S)(CH,),},(CO)] the rhodium atom exhibits 
only four shells of charge concentration. The fourth shell 
should be referred as the inner valence shell of charge 
concentration (~.v.s.c.c.) .~~,~* The i.v.s.c.c. is highly polarized 
by the presence of the ligands. In the square-planar geometry 
the metal atom exhibits six maxima of charge concentration. 
Four of these have values of -16.0 au and are on the RhS, 
plane, and two are on the perpendicular plane with magnitudes 
of - 1 1.7 au (see schematic representation in Fig. 4). 
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In terms of the laplacian of charge density a co-ordinative 
M-L bond is characterized by two critical points on the M-L 
line, a maximum of charge concentration in the valence shell of 
the ligand and a maximum of charge depletion in the valence 
shell of the metal, that is a minimum in the V2p f ~ n c t i o n . ~ ' . ~ ~  

The number and distribution of the (3, - 3) critical points on 
the i.v.s.c.c. of a metal atom in an organometallic system 
depends mainly on the ligand distribution and less on the 
number of electrons in the metal valence shell. For instance, the 
rhodium atoms in the Rh2,+ complexes49 are formally Rh". In 
dinuclear rhodium complexes with thiocaprolactamate ligands 
the rhodium atoms present net charges between +0.38 and 
+ 1 .08e.49 Although in these rhodium(n) complexes the electron 
densities of the rhodium atoms are smaller than in the present 
dithiolate complex (0.05 e is the net charge associated with each 
metal centre) the rhodium atoms exhibit eight charge 
concentrations. They are imposed by the presence of the four 
equatorial ligands and the axial M-M and M-CO intera~tion.'~ 
Eight charge concentrations is also the number of maxima on 
the i.v.s.c.c. of an atom in an octahedral en~ironment.,~ 

Fig. 3(b) shows the contour maps of V ,p in a plane containing 
the two metal atoms and perpendicular to the SCH,CH,S 
ligand. Although in this plane the Rh atoms also exhibit four 
maxima in the i.v.s.c.c., this shell presents a lower polarization 
than in the RhS, plane [Fig. 3(a)]. This is clearly due to the 
absence of ligands in this plane. Fig. 3(c) displays contour maps 
of the laplacian of density in the plane of the bridging ligand. 
The sulfur atom presents two maxima in V2p in the plane 
containing the dithiolate ligand, one of bonded type in the 
direction of the carbon atom and one of non-bonded type, both 
forming an angle of 109.2" (see Fig. 4). The relative values are 
respectively -0.251 and -0.473 au. The two other maxima 
of the sulfur atoms are directed towards each rhodium centre. 
They represent the electron-pair donation of the sulfur atoms to 
the metals. The electronic charge of the bridging ligand is only 
-0.58 e, the charges associated with the S and C atoms being 
- 0.33 and - 0.40 e respectively. 

The substitution of cods by CO groups alters somewhat the 
electron distribution of the Rh atoms. The most significant 
change is the transformation of the two maxima, located in the 
plane perpendicular to the square planar plane, into two (3, - 1) 

' critical points. The values of V at the critical points are - 1 1.7 
au for complex 1 and -9 au for 3, respectively. This is a conse- 
quence of the important n-acceptor character of the CO ligand. 

Experimental 
All syntheses of rhodium complexes were performed using 
standard Schlenk techniques under a nitrogen atmosphere. 
Solvents were distilled and deoxygenated before use. All other 
reagents were used as commercially supplied. The complex 
[{ Rh(p-OMe)(cod)},] was prepared as previously reported. 5 0  

The C, H and S analyses were carried out using a Perkin Elmer 
240B and a Carlo-Erba microanalyser. Conductivities were 
measured in ca. 2 x lo4 mol dm-3 acetone solutions with a 
Philips PW-9509 conductimeter. The IR spectra (KBr pellets or 
dichloromethane solutions) were recorded on a Nicolet 5ZDX- 
FT instrument, ' H and ' 3C NMR spectra on a Varian Gemini 
300 MHz spectrometer and referenced in the standard way. 

Preparati~ns.-[Rh,(p-S(CH~)~S}(cod),] 1. The ligand 
HS(CH,),SH (1 1 pl, 0.13 mmol) was added to a solution of 
[ { Rh(p-OMe)(cod)} ,] (60 mg, 0.12 mmol) in dichloromethane. 
The yellow solution became orange. After stirring at room 
temperature for 10 min, diethyl ether was added to give a red 
precipitate which was filtered off and dried in uacuo (53 mg, 83% 
yield) (Found: C, 41.7; H, 5.4; S, 12.2. Calc. for Cl,H2,Rh2Sz: 

cod), 2.6 (m, CH,, ligand) and 2.1,1.9 (m, CH,, cod); 13C-{'H}, 
6 31.7, 31.9 (CH,, cod), 33.9 (CH,, ligand), 80.1 [d, CH=, cod, 
'J(RhC) = 11.21 and 80.9 [d, CH=, cod, 'J(RhC) = 12.2 Hz]. 

C, 42.0; H, 5.4; S, 12.4%). NMR (CDCl3): 'H, 6 4.6,4.3 (t, CH=, 

Recrystallization from CH,Cl,-Et,O gave suitable crystals for 
X-ray diffraction. 

[{R~,[.L-S(CH,)~S](CO~),),] (n = 22 or 13). To a solution of 
[{Rh(p-OMe)(cod)},] (60 mg, 0.12 mmol) in dichloromethane 
was added HS(CH,),SH (1 3 pl, 0.13 mmol) and after stirring at 
room temperature for 10 min the yellow solution became red. 
Addition of diethyl ether resulted in the precipitation of a yellow 
complex [{Rh2[p-S(CH,)3S](~od)2),] 2 which was filtered off 
and dried in uacuo (15.8 mg, 12% yield). NMR (CDCl,): 'H, 6 
4.1 (m, CH, cod), (2.4, br, CH,, cod) 2.1 [t, SCH,, ,J(HH) = 
5.31, 1.9 [d, ,J(HH) =7.9, CH,, cod] and 1.7 [t, SCH2CH2, 
,J(HH) = 6.0 Hz]; 13C-{1H), 6 24.2 (SCH,), 30.9 (s, CH,, 
cod) and 78.6 [d, CH, cod, 'J(RhC) = 13.9 Hz]. After the 
separation of the yellow complex the solvent of the resulting 
solution was evaporated under reduced pressure to 2 cm3. After 
cooling the flask in ice a red product [Rh,{ p-S(CH,),S}(cod),] 
3 was obtained, filtered off, washed with methanol and vacuum 
dried (1 4 mg, 22% yield). Recrystallization at - 20 "C from a 
saturated solution gave red crystals (Found: C, 43.2; H, 5.7; S, 
11.30. Calc. for ClgH3,Rh2S2: C, 43.2; H, 5.7; S, 12.1%). 'H 
NMR (CDCl,): 6 4.6,4.3 (m, CH, cod), 2.5,2.1 (m, CH,, cod). 

[ (RU,[~-S(CH~)~S](CO~)~) , ]  4. The ligand HS(CH,),SH (25 
pl, 0.1 mmol) was added to a solution of [{Rh(p-OMe)(cod)},] 
(100 mg, 0.21 mmol) in dichloromethane. After stirring at room 
temperature for 10 min diethyl ether was added to give a yellow 
precipitate which was filtered off and dried in uacuo (94.3 mg, 
84% yield) (Found: C, 43.4; H, 5.70; S, 11.5. Calc. for 
C,,H,,Rh,S,: C, 44.3; H, 5.9; S, 11.8%). 'H NMR (CDC1,); 6 
4.1 (m, CH, cod), 2.4,2.0 (m, CH,, cod) and 2.0, 1.6 (m, CH2). 

[Rh, {p-S(CH2)2S}(CO),] 5. Carbon monoxide was bubbled 
for 10 min through a solution of [Rh,{p-S(CH,),S}(cod),] in 
dichloromethane. The initial red solution became dark. 
Addition of diethyl ether gave a black precipitate. It was filtered 
off, washed with diethyl ether and dried in uacuo (36.6 mg, 70% 
yield) (Found: C, 17.6; H, 0.9; S, 15.6. Calc. for C,H,0,Rh2S,: 
C, 17.6; H, 1.0; S, 15.6%). IR (CH,Cl,, vmax): 2085s, 2059s and 
20 19s cm-' . 

[Rh,(p-S(CH,),S)(CO),] 6. To a solution of [{Rh(p-0Me)- 
(cod)},] (60 mg, 0.12 mmol) in dichloromethane was added 
propane-1,3-dithiol(l3 pl, 0.13 mmol). After 10 min of stirring, 
carbon monoxide was bubbled through the solution for 10 min. 
The yellow suspension became dark. On addition of methanol a 
dark red precipitate was formed. It was filtered off, washed with 
methanol and vacuum dried (39 mg, 74% yield) (Found: C, 19.3; 
H, 1.2; S, 15.8. Calc. for C7H,04Rh,S2: C, 19.8; H, 1.05; S, 
15.1%). IR (CH,Cl,, vmax): 2083s, 2061s and 2012s cm-'. 

[Rh2(p-S(CH2)4S}(CO)4] 7. Carbon monoxide was bubbled 
for 10 min through a solution of [{Rh,[p-S(CH,),S](cod),],] 
(67.2 mg, 0.062 mmol) in dichloromethane (3 cm3). The initial 
red solution became dark and a red precipitate was formed. It 
was filtered off, washed with diethyl ether and dried in uacuo 
(48.4 mg, 89% yield) (Found: C, 21.6; H, 1.7; S, 14.0. Calc. for 
C8H,04Rh2S2: C, 21.9; H, 1.8; S, 14.6%). IR (CH,Cl,, vmaJ 
2075s, 2059s and 2007s cm-'. 

Structure of [Rh,(p-S(CH,),S)(cod),] 1 .-Crystal data. 
C18H28Rh2S2, M = 514.4, monoclinic, space group E,/rn, 
a = 6.863(2), b = 16.503(4), c = 7.949(4) A, p = 99.78(4)', 
U = 887.2 A3 (by least-squares fit of 25 reflections with 

F(OO0) = 516. Red, parallelopipeds. Crystal dimensions 0.2 x 
0.2 x 0.1 mm, p(M0-Ka) = 20.5 m-'. 

Data collection and processing. CAD4 diffractometer, 8-20 
scan mode, scan mode A8 = (0.8 + 0.35 tan@)", maximum scan 
time 1 min, graphite-monochromated Mo-Ka radiation. 1630 
Measured unique reflections with 2 < 8 < 25", h 0-8, k 0-19,l 
-9 to 9. 1319 Observed reflections with IF2] > 30(F2) where 
o(F2)  = [a2(I) + (0.041)2]3/L,. Correction for Lorentz and 
polarization effects and for absorption (DIFABS); maximum 
and minimum values 1.14 and 0.90. Two standard reflections 
measured every hour showed no significant change. 

15 < 28 < 210, h = 0.71069 A), z = 2, D, = 1.93 g C I T - ~ ,  
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Structure analysis and rejinement. Routine heavy-atom 
methods, full-matrix least squares with non-hydrogen atoms 
anisotropic and hydrogen atom positions refined but Uis, fixed 
at 1.3 Ueq of the carbon atom. w = l/02(F), Cw(lF,I - 
minimized. Final R = 0.025, R' = 0.034. Programs from the 
SDP Plus package52 run on a MicroVax computer. Atomic 
scattering factors taken from ref. 53. 

Structure of [RhZ(p-S(CH2),S)(cod),l 3.-Crystal 
data. Cl,H3,Rh,S2, M = 528.4, monoclinic, space group 
P2,/m, a = 7.018(1), b = 17.038(6), c = 8.012(18) A, p = 
99.24(8)", U = 887.2 A3 (by least-squares fit of 20 reflections 
with 15 < 20 < 18", h = 0.7109A), 2 = 2, D, = 1 . 8 6 g ~ m - ~ ,  
F(OO0) = 532. Red blocks. Crystal dimensions 0.3 x 0.3 x 0.1 
mm,p(Mo-Ka) = 19.3 cm-l. 

Data collection and processing. As for complex 1, except the 
following. 1737 Measured unique reflections with 2 < 0 < 25", 
h 0-8, k 0-20, 1 -9 to 9. 1447 Observed reflections with 
IFz/ > 30(Fz) where o(F2) = [02(I) + (0.04Z)2]'/L,. Maxi- 
mum and minimum corrections for absorption 1.15 and 0.90. 

Structure analysis and rejinement. Routine heavy-atom 
methods showed C( 10) to be disordered across the mirror plane. 
Full-ma trix leas t-squares refinement , non- hydrogen a toms 
anisotropic, hydrogen atoms for bridging ligand omitted, other 

4 hydrogen atoms at calculated positions with U,,, fixed at 1.3 U, 
for the parent carbon atom. w = l/02(F), Xw(lF,I - IFJ) 
minimized. Final R = 0.033, R' = 0.053. 

Additional material available from the Cambridge Crystallo- 
graphic Data Centre comprises H-atom coordinates, thermal 
parameters and remaining bond lengths and angles. 
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