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Abstract

Average S–O bond distances were calculated, from accurate X-ray data, for free and coordinated sulfoxides, showing a decrease from free
sulfoxides (avearge 1.492(1) Å) to S-bonded metal complexes (average 1.4738(7) Å). On the contrary, the S–O bond distance increases in
H-bonded uncoordinated sulfoxides (S–O· · · H, average 1.513(2) Å), and more markedly in O-bonded metal complexes (average 1.528(1)
Å). Longer S–O bond lengths are found in the [(sulfoxide–O)2H]+ (average 1.541(3) Å) and [(sulfoxide–O)H]+ cations (average 1.587(2)
Å). This trend is consistent with that of the SO stretching frequencies, and is definitely supported by quantum chemical calculations for
dmso, [(dmso)H]+, and platinum and ruthenium dmso complexes. DFT quantum chemical investigations about linkage isomerism and isomer

Abbreviations: acv, 9-(2-hydroxyethoxymethyl)guanine; bbso,n-butyl-t-butyl sulfoxide; bese, 1,2-bis(ethylsulfinyl)ethane; bmse, 1,2-bis(methyl-
sulfinyl)ethane; bmso,t-butylmethyl sulfoxide; bpse, 1,2-bis(phenylsulfinyl)ethane; bpsp, 1,3-bis(n-propylsulfinyl)propane; btsh, 3,4-bis(p-tolylsulfinyl)hexane;
btse, 1,2-bis(p-tolylsulfinyl)ethane; dbso, di-n-butyl sulfoxide; dmim, 1,2-dimethylimidazole; dmpo, 2,8-dimethylphenoxathiin 10-oxide; dmpy,
3,5-dimethylpyridine; dmtsea,N,N-dimethyl-2-(p-tolylsulfinyl)ethylamine; dmso, dimethyl sulfoxide; dmsso, dimesityl sulfoxide; dpso, diphenyl sul-
foxide; mpso, methylphenyl sulfoxide; noso, [(C6H4)N(H)C(O)C(OH)C(p-tolyl)]SO; pdtdo, 2-phenyl-1,3-dithianetrans-1, trans-3-dioxide; ppso,
[(CH2)3S(CH2)2P(Ph) (CH)2S(CH2)3]SO; psp, 2-(phenylsulfinyl)propionate; ptaso, [(C11H14F3NO2) (CH2) (p-tolyl)]SO; tbsa,t-butylsulfinylacetate; tm-
bim, 1,5,6-trimethylbenzimidazole; tmem,N,N,N′,N′-tetramethylethylenediamine; tmso, tetramethylene sulfoxide
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equilibration are also reported and discussed with reference to the experimental evidence. Finally, the stereochemistry of ruthenium sulfoxide
complexes is discussed on the basis of molecular mechanics calculations, showing the role of intramolecular steric interactions.
© 2003 Elsevier B.V. All rights reserved.

Keywords: Sulfoxides; Metal complexes; Structure; IR data; Quantum-chemical calculations; Conformational analysis

1. Introduction

In the recent past, the coordination chemistry of sulfox-
ides has been the subject of several review articles, focussing
on various reactivity and stereochemistry features of metal
complexes[1–5]. Recently, a thorough review concerning
the use of transition metal dmso complexes as precursors in
inorganic synthesis was prepared by Alessio[6]. However,
to the best of the author’s knowledge, there is no review
concerning the quantum chemical studies on coordination
dmso compounds, which appear of interest to provide a the-
oretical basis for the numerous experimental observations.

The scope of this paper is that of presenting the results of
such studies, with particular emphasis on the metal–dmso
bonding and S/O linkage isomer equilibria. IR spectra are
also discussed, as well as empirical force field investigations
of stereochemical features in mono- and di-sulfoxide metal
complexes. Finally, the trend of the calculated S–O bond
lengths, passing from ‘free’ to metal bound sulfoxide lig-
ands, is also discussed, in connection with the experimental
IR spectroscopy and X-ray diffraction data. In fact, in spite
of the wealth of structural data now available, there seems
to be no general agreement about the variation, with respect
to uncoordinated sulfoxides, of the S–O bond distance upon
O-coordination[7], while it is fully recognized that the S–O
bond length is shortened upon S-coordination. This uncer-
tainty derives from the fact that some authors assume the
distance of 1.513(5) Å, found crystallographically for pure
dmso at 5◦C, as the reference value, while others (including
the author) believe that this value is not correct, mainly be-
cause of the poor quality of the diffraction intensities from
the dmso low melting crystals (dmso, mp 18.45◦C). In fact,
in this structural determination that dates back to 1966, 35%
of the data were ‘unobserved’ preventing an accurate struc-
ture refinement (R = 7.4%,Rw = 10.3%) [8]. It has been
suggested that the mean value of 1.492(1) Å, obtained by av-
eraging a large number of accurate dmso–solvate and other
pure sulfoxide structures, represents a good estimate for the
‘true’ value of the S–O bond distance in free dmso[4,5]. In
order to enhance the statistical meaning of the means, new
data were taken into account and the results are discussed
on the basis of various statistical parameters.

For convenience, the oberved data will be presented first.

2. Stereochemical features

The structural aspects examined here are restricted to the
metal–sulfoxide linkage, and therefore they refer to the anal-

ysis of the observed S–O bond lengths and stretching fre-
quencies. The different sulfoxide bonding modes are also
discussed, with particular attention to the sulfoxide bridging
ability.

2.1. X-ray structures

A recent statistical analysis of the structural param-
eters of uncoordinated sulfoxides and of their O- and
S-coordinated metal complexes had shown that the average
S–O bond distances are, respectively, of 1.492(1) (free),
1.527(1) (O-bonded), and 1.4719(8) Å (S-bonded)[5], in
perfect agreement with the values reported previously[4].
The available data also indicated that the S–O bond length
slightly increases, both in free and coordinated sulfoxides,
when the oxygen atom is involved in hydrogen bonding
[4,5], while a marked lengthening was observed in the case
of sulfoxide protonation.

In order to confirm the trends above, new literature data
were included, as reported below. The results are then dis-
cussed inSection 2.1.4.2.

2.1.1. Uncoordinated sulfoxides
Sulfoxides whose structural parameters were not included

in the previous surveys[4,5] are reported below, separately,
for acyclic, cyclic, and H-bonded sulfoxides, with S–O bond
distances in brackets.

Acyclic: dmso (solvate, 1.494(6) Å[9], 1.506(1) Å[10]);
tbsa (1.487(3) Å[11]; dpso (1.492(1) Å[12], 1.495(1) Å
[13]]; dmsso (1.484(2) Å[14]); ptaso (1.479(5) Å[15]);
btse (1.487(1), 1.492(1) Å[16]); bpsp (1.490(7), 1.483(7) Å
[17]).

Cyclic: dmpo (1.499(2), 1.503(3) Å[18]); ppso (1.53(1),
1.47(1) Å[19]); noso (1.495(3) Å[20]).

H-bonded: dmso (1.494(5) Å[21], 1.504(2) Å [22],
1.514(1)[23], 1.515(1) Å[24], 1.517(1)[25], 1.519(1) Å
[26], 1.538(3) Å[27]).

2.1.2. Protonated sulfoxides
In the solid state, protonation of the oxygen atom of

dmso was first shown by B. R. James et al. in the rhodium
complex [(dmso)2H][RhCl4(dmso)2]. In fact, the O· · · O
distance of 2.420(5) Å in the cation clearly showed the
formation of a very strong hydrogen bond between the
two dmso O atoms sharing the hydrogen ion[28]. Later,
this binding mode was confirmed by several other structure
determinations exhibiting a ‘symmetric’ H-bond[4,5]. In
[(dmso)2H](TeCl6)·2dmso, the H atom was localized, on
difference Fourier maps, close to one of the two oygen atoms
showing the formation of the [Me2SO–H+ · · · OSMe2]
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cation[29]. This is in agreement with the two different S−O
bond lengths, 1.585(8) Å in Me2SO–H+ and 1.529(8) Å in
the hydrogen-bonded dmso molecule. In the case of tmso, a
[(tmso)H]+ cation was found in [(tmso)H][RuCl4(tmso)2],
whose difference electron density map definitely showed
tmso protonation on the O atom, that caused a marked
lengthening of the S–O distance up to 1.589(3) Å[30].

Recent structural data for protonated sulfoxides refer to
dmso ([(dmso)2H]+, 1.50(2), 1.53(2) Å[31]), and tmso
([(tmso)2H]+, 1.542(4) Å[32]).

2.1.3. Metal sulfoxide complexes
Metal sulfoxide complexes (S–, O–, andµ–S,O bonded)

whose structural parameters were not included in the previ-
ous surveys[4,5] are reported below, separated into groups,
with indication of the metal atom and the sulfoxide ligand.

2.1.3.1. S-bonded complexes.
Group 8: Ru(II)–dmso [33–53]; Ru(II)–mpso [54];

Ru(II)–psp [55]; Ru(III)–dmso[56–62]; Os(II)–dmso
(38, 63); Os(II)–psp[55].

Group 9: Rh(I)–dmso[64]; Rh(I)–btse[16]; Rh(II)–dmso
[65]; Rh(III)–dmso[66]; Rh(III)–psp[55]; Ir(I)–dmso
[67]; Ir(I)–btse [16]; Ir(III)–dmso [31,66,67]; Ir(III)–
psp[55].

Group 10: Pd(II)–dmso[68]; Pd(II)–dmtsea, Pd(II)–btsh
[69]; Pd(II)–btse[16]; Pt(II)–dmso[70–78]; Pt(II)–btse
[16].

2.1.3.2. O-bonded complexes.
Group 3: Y(III)–dmso[79]; Gd(III)–dmso[80]; U(IV)–

dmso[81]; U(VI)–dmso[82].
Group 7: Mn(II)–dmso[83]; Re(I)–bmso[84].
Group 8: Fe(III)–dmso[85]; Ru(II)–dmso[86]; Ru(III)–

dmso[58]; Ru(III)–tmso[32].
Group 9: Co(III)–dmso[87]; Rh(I)–dmso[64]; Rh(II)–

dmso[7]; Ir(III)–dmso [67].
Group 10: Ni(II)–dmso[10]; Pd(II)–dmso[88]
Group 11: Cu(II)–dmso[89]; Cu(II)–bmse; Cu(II)–bpsp

[17].
Group 12: Zn(II)–dmso[90]; Hg(II)–bbso[91]
Group 14: Ge(IV)–dmso[92]; Sn(IV)–dmso [93,94];

Sn(IV)–pdtdo[95].

2.1.3.3. µ–S,O complexes.
Group 8: Ru(II)–mpso[54].
Group 9: Rh(I)–dmso[64]; Rh(II)–dmso[7].

2.1.4. Average molecular dimensions

2.1.4.1. Treatment of data. It has been proposed[96]
that the best estimate of the average molecular dimensions
from crystallographic data is provided by the weighted
mean (〈x〉w) when environmental (e.g. crystal packing)

effects are negligible. On the contrary, when environmen-
tal effects are large compared with experimental errors,
the unweighted mean (〈x〉u) represents the best estimate of
the mean[96]. In intermediate cases, the ‘semi-weighted’
mean (〈x〉s) is more appropriate[96]. Considering a
sample of n observations,xi, the three means are de-
fined as: 〈x〉u = ∑

i xi/n, 〈x〉w = ∑
i wixi/

∑
i wi, and

〈x〉s = ∑
i Wixi/

∑
i Wi, respectively. The weights (wi)

and ‘semi-weights’ (Wi) are:wi = 1/�2(xi) (�(xi) is the
individual estimated standard deviation from least-squares
refinements), andWi = 1/[�2(xi) + �2(µ)], with �2(µ) =
�2 − �i [�2(xi)]/n, in which � is the sample standard devi-
ation, given by [�i(xi − 〈x〉u)

2/(n − 1)]1/2. The standard
errors of the three means are calculated as:�(〈x〉u) =
{�i(xi − 〈x〉u)

2/[n(n− 1)]}1/2, �(〈x〉w) = (�iwi)
−1/2, and

�(〈x〉s) = (�iWi)
−1/2, respectively.

As in the previous statistical analyses of the structural pa-
rameters of uncoordinated and coordinated sulfoxides[4,5],
only sufficiently accurate data were used (ordered struc-
tures, with estimated standard deviations less than 0.015 Å
for bond lengths, and less than 1.5◦ for bond angles). Fur-
thermore, the individual�(xi) values were multiplied by 1.3,
to take into account the usual underestimation of the exper-
imental errors derived from least-squares refinement meth-
ods[96].

Merging the present observations with those previously
considered[5], we obtain the values reported inTables 1–6.
In Tables 1, 2, 5 and 6, besides the above parameters, also
the minimum and maximum values, the median (m), the
upper (qu) and lower (ql ) quartiles, the skewness (defined
as{�[(xi − 〈x〉u)/�)]3}/n, and the 98% confidence interval
for the mean (C0.98) [97a] are given. For small samples
(n < 30), a correction to C0.98 was applied according to the
Student’st-distribution [97b]. In Tables 3 and 4, when the

Table 1
Statistics of bond lengths (Å) and angles (◦) in uncoordinated sulfoxides

S–Oa S–C(sp3)b C–S–Cb O–S–Cb

Minimum 1.460 1.730 92.2 101.0
Maximum 1.528 1.858 103.5 113.3
n 119 116 87 175

Median 1.493 1.794 98.0 106.0
ql 1.486 1.778 97.0 104.9
qu 1.498 1.813 98.5 106.9

σ 0.0104 0.0265 1.61 1.59
〈σi〉 0.0045 0.0057 0.32 0.31
Skewness –0.038 0.064 –0.059 0.253

〈x〉u 1.4922 1.7949 97.84 105.97
�(〈x〉u) 0.0010 0.0025 0.17 0.12
〈x〉s 1.4919 1.7955 97.78 105.98
�(〈x〉s) 0.0011 0.0026 0.18 0.12
〈x〉w 1.4924 1.8005 97.66 105.87
�(〈x〉w) 0.0003 0.0005 0.02 0.02
C0.98 ±0.0022 ±0.0057 ±0.40 ±0.28

a Cyclic sulfoxides included.
b Cyclic sulfoxides excluded.
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Table 2
Statistics of S–O bond lengths (Å) in uncoordinated sulfoxides involved
in hydrogen-bonded and in [(sulfoxide–O)2H]+ protonated species

S–O Sulfoxide–O···H– [(Sulfoxide–O)2H]+

Minimum 1.494 1.528
Maximum 1.538 1.559
n 27 12

Median 1.512 1.538
ql 1.505 1.536
qu 1.518 1.548

� 0.0096 0.0086
〈σi〉 0.0040 0.0037
Skewness 0.43 0.69

〈x〉u 1.5131 1.5402
�(〈x〉u) 0.0018 0.0025
〈x〉s 1.5131 1.5407
�(〈x〉s) 0.0021 0.0028
〈x〉w 1.5123 1.5438
�(〈x〉w) 0.0005 0.0011
C0.98 ±0.0046 ±0.0068

Table 3
Average dimensions for O-bonded metal sulfoxide complexes

Group M M–O S–O S–C M–O–S O–S–C C–S–C

1 Na(I) 2.31(2) 1.52(1) 1.76(2) 131(11) 104(2) 98(1)
0.05 [4] 0.02 [3] 0.04 [3] 20 [3] 3 [4] 1 [2]

3 Y(III) 2.30(3) 1.512(5) 1.754(8) 136(5) 105(2) 99(1)
0.05 [3] 0.006 [2] 0.01 [4] 7 [2] 2 [2] 1 [2]

Ln(III) a 2.38(1) 1.512(2) 1.786(3) 143(3) 104.9(2) 98.6(3)
0.06 [27] 0.009 [27] 0. 02 [36] 11 [20] 1 [39] 1 [20]

U(IV) 2.36(1) 1.540(2) 1.776(2) 134(2) 104.2(3) 100(2)
0.03 [7] 0.005 [7] 0.006 [14] 6 [7] 1 [14] 6 [16]

U(VI) 2.382(9) 1.525(6) 1.787(8) 131(2) 105.4(8) 101(2)
0.028 [10] 0.015 [10] 0.03 [16] 7 [10] 4 [20] 7 [10]

4 Ti(IV) 2.11(1) 1.527(3)b 1.774(5) 122.6(9) 104.1(3) 98.3(4)
0.06 [17] 0.010 [16] 0.013 [11] 4 [16] 1 [32] 1 [16]

Zr(IV) 2.202(5) 1.539(2) 1.778(2)a 127.3(7) 104.3(5) 98.8(5)
0.013 [7] 0.005 [7] 0.007 [14] 2 [6] 2 [14] 1 [7]

5 V(IV)c 2.04b 1.52b 1.80b 125b 104b 98.8b

0.01 0.02 0.01 1 2 0.7

6 Cr(III) 1.981(8) 1.538(7) 1.774(5) 127.4(6) 103.4(6) 98.6(4)
0.017 [5] 0.015 [5] 0.01 [10] 1 [5] 2 [10] 0.8 [5]

Mo(II) 2.134(8) 1.521(5)d 1.767(7) 130(1) 103.6(5) 99.9(4)b

0.009 [2] 0.004 [2] 0.01 [4] 2 [2] 0.9 [4] 0.6 [2]

Mo(VI) 2.27(2) 1.523(4) 1.776(7) 125(2) 104.5(4) 98.7(3)
0.06 [8] 0.009 [8] 0.02 [11] 5 [8] 1 [16] 0.7 [7]

7 Mn(II) 2.160(8) 1.511(5) 1.776(8) 128(3) 105.4(4) 99.1(6)
0.020 [8] 0.011 [8] 0.03 [16] 9 [8] 1 [15] 2 [8]

Re(I) 2.122(5)e 1.558(5)e 1.81(3) 115.0(3)e 103(1) 103.4(5)e

0.04 [2] 2 [2]

Re(III) 2.302(6)e 1.540(6)e 1.80(1) 129.7(4)e

0.02 [2]

8 Fe(0) 2.064(9)e 1.528(8)e 1.797(9)e 109.9(4)e,f 100.6(4)f 90.3(6)e,f

Fe(II) 2.13(1) 1.525(7) 1.786(5) 122(1) 104.3(6) 98.4(2)b

0.01 [3] 0.012 [3] 0.01 [6] 2 [3] 2 [8] 0.4 [3]

semi-weighted mean cannot be calculated, the mean with
the highest standard error is reported. Normality tests were
applied using the graphicalrankit procedure[97c] and the
χ2 test[97d].

2.1.4.2. S–O mean bond lengths. The distributions of the
structural parameters reported inTables 1 and 2for uncoor-
dinated sulfoxides are found, by both therankit and theχ2

tests, to be, with good approximation, normal. They are also
nearly symmetrical, with the exception of the S–O distances
in the [(sulfoxide–O)2H]+ ions. In all cases, the unweighted
and semi-weighted means are close, as well as their stan-
dard errors, suggesting that the variance is essentially de-
termined by environmental effects rather than by the exper-
imental errors[96]. Inspection of these Tables shows that
the average S–O bond length increases from free sulfoxides
to H-bonded and protonated species. Rounding the values
at the last significant digit, the〈x〉s values with their 98%
confidence intervals are: 1.492± 0.002 Å (free sulfoxides),
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Table 3 (Continued )

Group M M–O S–O S–C M–O–S O–S–C C–S–C

Fe(III) 2.05(2) 1.529(6) 1.80(2) 125(1) 104.6(7) 98.5(9)
0.04 [4] 0.011 [4] 0.06 [6] 2 [4] 2 [6] 2 [3]

Ru(II) 2.10(1) 1.545(3) 1.783(5) 122.0(7) 103.8(5) 99.2(3)
0.05 [21] 0.013 [21] 0.012 [35] 3 [21] 3 [42] 1 [21]

Ru(III) 2.088(9) 1.540(5) 1.783(5) 121.5(7) 103.1(3) 99.4(5)
0.033 [14] 0.017 [14] 0.026 [26] 3 [14] 1 [17] 2 [11]

Os(III) 2.08(5) 1.54(3) 1.775(3)b 123.55(5)b 103.0(5) 99.8(3)b

0.06 [2] 0.04 [2] 0.007 [4] 0.07 [2] 0.8 [4] 0.6 [3]

9 Co(II) 2.084(7) 1.52(1) 1.80(2) 121(1) 104(1) 98(2)
0.014 [7] 0.03 [7] 0.07 [16] 4 [8] 4 [16] 6 [7]

Co(III) 1.94(1) 1.537(9) 1.776(5) 129(4) 103.3(8) 99.7(2)b

0.02 [3] 0.015 [3] 0.008 [4] 7 [3] 2 [6] 0.3 [3]

Rh(II)g 2.238(9) 1.51(2) 1.80(3) 132.4(2)e 105.9(3)b 97.9(6)b

0.019 [6] 0.02 [2] 0.04 [2] 0.7 [4] 0.9 [2]

Rh(III) 2.06(2) 1.549(2)f 1.769(5) 121(1) 103.6(6) 99.0(4)b

0.04 [4] 0.003 [3] 0.009 [6] 2 [4] 2 [11] 0.7 [4]

10 Ni(II) 2.11(3) 1.524(4) 1.779(4) 121(2) 104.6(4) 98.1(3)
0.08 [6] 0.008 [6] 0.01 [10] 4 [5] 1 [12] 0.7 [6]

Pd(II) 2.08(2) 1.537(7) 1.784(6) 121(1) 103.3(4) 99.3(3)b

0.05 [7] 0.017 [7] 0.02 [9] 4 [7] 1 [14] 0.9 [7]

Pt(II) 2.046(9)d 1.55(2) 1.78(1)d 122(1) 103.0(9) 99.0(8)d

0.008 [2] 0.02 [2] 0.01 [4] 2 [2] 1 [4] 0.9 [2]

11 Cu(I) 2.223(3)e 1.57(6)e 1.6(2)e 117(2)e 104(4)e 97(2)e

Cu(II) 2.03(2) 1.523(4) 1.786(4) 122(1)b 104.3(2) 99.3(4)
0.14 [46] 0.021 [40] 0.03 [45] 7 [38] 2 [80] 2 [32]

Ag(I) 2.43(4) 1.508(7)d 1.80(2) 127(4) 105.50(6)b 99.7(1)b

0.08 [4] 0.007 [2] 0.02 [2] 9 [4] 0.1 [4] 0.1 [2]

12 Zn(II) 2.10(1) 1.500(4 )d 1.76(1) 122(2) 105.3(5) 98.5(8)
0.03 [4] 0.006 [4] 0.02 [4] 3 [4] 1 [8] 1 [4]

Cd(II) 2.309(9) 1.529(3) 1.775(2)b 124(1) 105.0(2) 98.5(3)
0.055 [38] 0.014 [30] 0.01 [40] 7 [43] 1 [70] 1 [30]

Hg(II) 2.46(8) 1.527(7) 1.793(7) 122(2) 105.2(4) 98.2(5)
0.2 [9] 0.017 [8] 0.01 [7] 6 [10] 1 [16] 1 [8]

13 Al(III) 1.86(1) 1.551(3)d 1.766(3) 122(8) 103.2(4) 100.3(6)
0.02 [2] 0.004 [2] 0.010 [4] 11 [2] 0.8 [4] 0.8 [2]

In(III) 2.18(1) 1.534(4) 1.774(3) 123.8(3)b 103.7(4) 98.9(6)
0.03 [5] 0.008 [5] 0.007 [8] 0.8 [7] 1 [14] 1 [7]

Tl(III) 2.42(2)e 1.49(2)e 1.74(3)e 124(1)e 100(1)e 97(1)e

14 Sn(IV) 2.30(3) 1.531(5) 1.789(6) 126(1) 104.1(3) 99.5(5)
0.16 [24] 0.021 [25] 0.03 [24] 6 [25] 2 [43] 2 [23]

Pb(II) 2.40(3) 1.527(8) 1.77(2) 128(2) 104.4(4) 98.0(4)d

0.09 [9] 0.02 [7] 0.03 [5] 7 [9] 1 [18] 0.8 [8]

15 Bi(III) 2.48(1) 1.528(5) 1.776(4)b 126(1) 104.4(4) 98.5(7)
0.04 [11] 0.007 [3] 0.009 [6] 4 [13] 0.9 [8] 1 [4]

a Ln: La, Ce, Nd, Eu, Gd, and Er.
b Unweighted mean.
c Data calculated from C.S.D., for the−70◦C structure[140].
d Weighted mean.
e One value only.
g Dirhodium complexes with a metal–metal bond.
f Cyclic sulfoxide.
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Table 4
Average dimensions for S-bonded metal sulfoxide complexes

Group M M–S S–O S–C M–S–O M–S–C O–S–C C–S–C

6 Cr(0)a,∗ 2.331(1) 1.486(3) 1.811(5) 114.6(1) 117.0(6) 106.5(3) 92.6(2)

7 Tc(III) 2.289(3)b 1.476(7)b 1.805(7)b 119.3(4)b 112(1) 106.4(6) 98.0(6)b

0 [2] 0.0007[2] 0.01 [4] 0.4 [2] 2.0 [4] 0.9 [4] 0.7 [2]

Re(I) 2.349(1)a 1.462(4)a 1.777(9) 118.5(3)a 111(2) 107.5(9) 99.7(4)a

0.009 [2] 2 [2] 1 [2]

8 Fe(II) 2.25(5) 1.464(7)c 1.82(2) 116(2) 114.0(9) 107(1) 96.4(6)b

0.08 [2] 0.009 [2] 0.04 [3] 3 [2] 2 [4] 2 [4] 0.2 [2]

Ru(II)d 2.260(2) 1.480(1) 1.784(1) 117.6(2) 112.8(1) 106.22(7) 99.2(1)
0.024 [175] 0.013 [167] 0.016 [306] 2 [168] 3 [333] 1 [336] 1 [154]

Ru(II)e,f 2.329(5) 1.474(3) 1.793(4) 116.7(4) 111.9(5) 107.2(3) 100.3(7)
0.028 [33] 0.013 [33] 0.030 [50] 2 [33] 4 [62] 2 [62] 4 [31]

Ru(III)d 2.267(7) 1.481(3) 1.780(2) 115.8(7) 113.3(3) 106.7(2) 99.3(3)
0.029 [20] 0.012 [20] 0.012 [32] 3 [19] 1.8 [32] 1 [38] 1 [19]

Ru(III)e 2.343(3) 1.472(3) 1.779(3) 117.1(3) 112.4(3) 107.4(2) 99.7(4)
0.01 [10] 0.009 [10] 0.012 [20] 1 [10] 1 [20] 0.9 [20] 1 [8]

Os(II) 2.33(1) 1.476(7) 1.781(7) 115(1) 114(2) 107.0(7) 101(1)
0.03 [4] 0.013 [4] 0.014 [6] 1.5 [2] 3.8 [3] 2 [6] 2 [4]

9 Rh(II) 2.45(2) 1.478(5) 1.782(3) 122.3(7) 108.6(3) 107.6(2) 99.6(4)
0.06 [17] 0.017 [13] 0.014 [25] 3 [17] 2 [28] 1 [24] 1 [12]

Rh(III)d 2.267(8) 1.467(3) 1.776(4) 115.2(3) 112.2(3) 107.9(3) 100.7(5)
0.032 [16] 0.009 [13] 0.016 [18] 1 [13] 1 [24] 2 [26] 2 [13]

Rh(III)e 2.323(3) 1.464(5) 1.771(2)c 116.1(3) 111.9(2) 107.9(3) 100.1(2)
0.010 [11] 0.015 [11] 0.008 [22] 0.9 [11] 0.7 [19] 1 [22] 0.6 [11]

Ir(I) 2.18(2) 1.475(2)b 1.804(7) 120.5(5) 109(1) 106.6(2) 103.1(8)
0.05 [6] 0.003 [6] 0.02 [12] 1 [6] 4 [12] 0.6 [12] 2 [6]

Ir(III) 2.27(1) 1.473(4) 1.766(5) 117.0(5) 112.2(7) 107.0(3) 100.0(6)
0.06 [20] 0.011 [11] 0.019 [22] 2 [14] 3 [27] 1 [26] 2 [12]

10 Pd(II)d 2.233(5) 1.467(4) 1.779(4) 115.7(7) 109.5(6) 108.8(2) 101.5(6)c

0.021 [18] 0.013 [17] 0.016 [20] 2 [12] 3 [26] 0.8 [2]

Pd(II)e 2.296(5) 1.476(5)a 1.778(7)b 113(1) 112(1) 108.6(3)c

0.006 [2] 0.003 [2] 2 [2] 2 [4] 0.7 [4]

Pt(I) 2.171(4)b 1.49(2) 1.80(1)b,g 121.4(4)b 111(2) 106.3(5)b 100.0(8)b

0.008 [5] 0.03 [2] 0.02 [9] 0.7 [5] 4 [7] 1 [7] 1 [3]

Pt(II)d 2.216(2) 1.467(1) 1.781(1)c 116.4(2) 110.6(3) 108.3(1) 101.4(2)
0.025 [151] 0.012 [150] 0.016 [159] 2.0 [148] 2.5 [233] 1.5 [285] 2.3[140]

Pt(II)e 2.275(9) 1.474(4)b 1.792(6)b 118(1) 110(1) 108.4(8) 100.1(4)b

0.018 [4] 0.005 [4] 0.008 [4] 2 [4] 3 [8] 1.6 [4] 0.5 [2]

Pt(IV) 2.31(2) 1.449(6)a 1.76(1) 112(1) 109.9(8) * *
0.02 [2] 0.01 [2] 2 [2] 1 [2]

a One value only.
b Weighted mean.
c Unweighted mean.
d S-bonded sulfoxides nottrans to S.
e S-bonded sulfoxidestrans to S.
f One S-bonded sulfoxide.
g From not accurate data.
∗ Tmso complex.

1.513±0.005 Å (H-bonded sulfoxides), and 1.541±0.007 Å
(2:1 protonated sulfoxides). The hypothesis that the differ-
ence of 0.021 Å, between free and H-bonded sulfoxides, and
that of 0.028 Å, between H-bonded and protonated species

[(sulfoxide–O)2H]+, are statistically significant was verified
by ‘two-sided’ tests at the 98% significance level[97a].

Tables 3 and 4list the semi-weighted means for some
structural parameters of the O- and S-bonded metal
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Table 5
Statistics of bond lengths (Å) and angles (◦) in O-bonded metal sulfoxide
complexes

S–O S–C M–O–S C–S–C O–S–C

Minimum 1.470 1.600 111.3 86.0 97.0
Maximum 1.578 1.960 161.3 122.0 120.2
n 291 413 323 286 586

Median 1.527 1.779 123.6 98.9 104.20
ql 1.517 1.770 120.6 98.0 103.2
qu 1.540 1.790 128.6 99.8 105.4

� 0.018 0.027 8.1 2.5 1.9
〈σi〉 0.006 0.009 0.4 0.6 0.5
Skewness −0.102 0.693 0.40 4.9 1.5

〈x〉u 1.5275 1.7805 125.66 99.00 104.34
�(〈x〉u) 0.0011 0.0013 0.45 0.15 0.08
〈x〉s 1.5279 1.7804 125.66 98.98 104.33
�(〈x〉s) 0.0012 0.0014 0.45 0.16 0.08
〈x〉w 1.5308 1.7823 124.76 98.88 104.18
�(〈x〉w) 0.0003 0.0003 0.02 0.02 0.01
C0.98 ±0.0025 ±0.0031 ±1.05 ±0.35 ±0.19

complexes, whose values were used to evaluate the overall
mean values reported inTables 5 and 6.

The〈x〉s values of the S−O bond distances with their C0.98
values are of 1.5279±0.0025 and 1.4738±0.0015 Å, respec-
tively, for O- (Table 5) and S-bonded (Table 6) metal com-
plexes. As in the case of uncoordinated sulfoxides (Tables 1
and 2), the distributions are close to normality and nearly
symmetrical, and the semiweighted means are close to the
unweighted means. Again, the environmental effects are im-
portant. It seems likely that, in this case, they are essen-
tially due to the different electronic effects arising from the
different nature of metal atoms and ancillary ligands. The
above mean values show that, in agreement with the previ-
ous observations[4,5], the S–O bond length is reduced by
0.018 Å upon S-coordination, with respect to free sulfox-

Table 6
Statistics of bond lengths (Å) and angles (◦) in S-bonded metal sulfoxide complexes

S–O S–C M–S–O M–S–C C–S–C O–S–C

Minimum 1.398 1.700 109.4 99.8 89.3 99.5
Maximum 1.524 1.911 129.5 120.3 112.1 114.8
n 474 732 477 863 441 922

Median 1.473 1.781 117.0 111.9 100.0 107.1
ql 1.463 1.773 115.5 110.1 99.0 106.2
qu 1.482 1.790 118.9 113.7 101.6 108.4

� 0.014 0.018 2.6 3.0 2.2 1.7
〈σi〉 0.006 0.007 0.3 0.3 0.4 0.4
Skewness −0.294 1.24 0.40 −0.61 0.45 0.08

〈x〉u 1.4731 1.7836 117.15 111.70 100.35 107.41
�(〈x〉u) 0.0006 0.0007 0.12 0.10 0.11 0.06
〈x〉s 1.4738 1.7837 117.15 111.72 100.33 107.35
�(〈x〉s) 0.0007 0.0008 0.12 0.10 0.11 0.06
〈x〉w 1.4777 1.7829 117.27 112.16 100.54 106.99
�(〈x〉w) 0.0002 0.0002 0.01 0.01 0.01 0.01
C0.98 ±0.0015 ±0.0016 ±0.27 ±0.24 ±0.25 ±0.14

Table 7
Observed values of the S–O stretching frequency (ν, cm−1) and bond
distance (d, Å) for dmso and metal sulfoxide complexes

Compound ν d

dmso (gas, 360 K) 1101a 1.485(6)b

dmso (liquid, 300 K) 1058a

dmso (liquid, 213 K) 1044c

dmso (CCl4, 0.1 M
solution, 300 K)

1070a

dmso (solid, 93 K) 1037, 1067a 1.492(1)d

dmso (solid, 213 K) 1043c 1.492(1)d

dmso (H2O (xdmso, 0.2–0.5)) 1014, 1050e

Sulfoxide–S metal complexes 1080–1154f 1.457–1.491f

Sulfoxide–O metal complexes 862–997f 1.515–1.556f

a Ref. [108].
b Ref. [112].
c Ref. [109].
d Mean value at room temperature (Table 1).
e Ref. [139].
f This work (Table 17).

ides, and increased by 0.036 Å upon O-coordination. Inter-
estingly, the value for O-bonded metal complexes falls be-
tween that of H-bonded and that of protonated sulfoxides,
[(sulfoxide–O)2H]+.

The lengthening of the S–O bond distance increases
with the increase of the interaction with the oxygen atom,
namely from simple H-bonded sulfoxides to O-coordinated
metal complexes, up to [(sulfoxide–O)2H]+ species. It
had been also shown that the S–O bond distance is even
longer in the 1:1 protonated species, such as [(dmso–O)H]+
(S–O, 1.585(8) Å) and [(tmso-O)H]+ (S–O, 1.589(3) Å)
[4]. This trend implies a strengthening of the S–O bond in
S-bonded complexes and its weakening in the O-bonded
complexes, consistent with the trend of the S–O stretch-
ing frequencies (Table 7). This point will be discussed in
Section 3.3.
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2.1.5. Bonding modes

2.1.5.1. Monosulfoxides. The data reported inSection
2.1.3 confirm the previous observations that S-bonding is
preferred by the platinum group metal atoms, while the
other metals prefer O-bonding[1–4].

In the case of S-coordination, only theη1–S bonding mode
has, so far, been observed while in the case of O-coordination
to non-alkali metals, someµ–O metal complexes were found
by X-ray analysis in addition to the most commonη1–O
bonding mode (Scheme 1).

These include the following cases, for which the mean
S–O distance and the relative standard error are reported:
M = M ′ = V(IV ), 1.492(5) Å [98]; Rh(II), 1.505(5) Å
[7]; Ag(I), 1.509(5)[99]; Cd(II), 1.546(2) Å[100]; Hg(II),
1.51(1) Å [101–103]; Sn(IV), 1.527(1) Å[104]. With the
exception of the Cd(II) and Sn(IV) complexes, these bond
lengths lie in the shortest part of the range of the S–O bond
distances found inη1–O complexes (Table 5), being shorter
than the lower quartile value of 1.517 Å.

The �–S,O bridging type has been observed in ruthe-
nium or platinum S-bonded sulfoxide complexes interact-
ing with alkali metal ions[4,5], but more recently, a few
complexes were reported where sulfoxides act asµ–S,O
bridging bidentate ligands connecting two transition metal
atoms: [Ru2Cl2(µ–dmso–S,O) (µ–Cl) (µ–H) (dmso–S)4]
[105], [Ru2Cl4(CO)2(µ–Cl) (�–dmso–S,O) (dmso–S)3]
(1) [106], [Ru3Cl2(µ–mpso–S,O)2(µ–Cl)4(mpso–S)4]
[54], and [Rh2Cl(cyclooctene) (µ–Cl) (�–dmso–S,O)
(dmso–S)2] [64]. This unusual bonding mode has also been
found, in the solid state, in the oligomeric dirhodium(II)
tetra(trifluoroacetate) species, [Rh2(O2CCF3)4]m(dmso)n,
with m = 7, n = 8 andm = 3, n = 2 (2) [7] (Scheme 2).
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From the data reported inTable 8 for the three ruthe-
nium(II) complexes, it appears that in the�–S,O ligand
the S–O distance (1.507(5)–1.532(4) Å) is markedly longer
than in theη1–S ligands (1.442(5)–1.486(6) Å), approach-
ing the mean value of 1.542(4) Å of theη1–O complexes
(Table 3). The same trend is also observed in the Rh(I)
complex (1.521(2) Å versus 1.480(2) Å). Too few data are
available for a discussion of the Ru–S and Ru–O distances
in the µ–S,O complexes, in comparison with theη1–S/O
complexes. However, it seems (Table 8) that on the aver-
age the Ru–S bond distances are slightly shorter than in
the monodentateη1–S complexes, while the Ru–O distances
(2.122(5)–2.199(4) Å) are slightly longer than theη1–O
mean value of 2.123(7) Å (Table 3).

In the two dirhodium(II) tetra(trifluoroacetate) oligomers
the trend of the bond distances is much less clear. In the
m = 7, n = 8 species, the average S–O distance in the
µ–S,O ligands (1.49(1) Å) is, as expected, longer than that
in theη1–S Rh(II) complexes (1.478(5) Å,Table 4), but the
difference is not significant, and the same value is found in
the terminalη1–O group (Table 8). On the other hand, in
them = 3, n = 2 complex, the S−O distance in theµ–S,O
ligands is as short as 1.465(8) Å, a value that would be more
appropriate for anη1–S species. On the contrary, the Rh−S
bond distance (2.449(3) Å) has its normal value (2.45(2),
Table 4) and the Rh−O distance of 2.24(1) Å is comparable
with that of theη1–O complexes (2.238(9) Å,Table 3).

2.1.5.2. Disulfoxides. The few X-ray structures re-
ported so far for metal disulfoxide complexes have shown
that disulfoxides act as S,S-chelating ligands with pal-
ladium, platinum and ruthenium, while they behave as
bis-monodentate O-ligands in tin and copper complexes
[5]. The only known exception is represented by the
[cis-PtCl2(PEt3)]2(µ–meso–bpse–S,S) complex, in which
the disulfoxide acts as an S-bridging ligand, forced by
electronic effects[5].

Recent investigations have shown that btse acts as an
S,S-chelating ligand with Pd(II), Pt(II), Rh(I), and Ir(I) to
form compounds of formula MCl2(btse–S,S) for M= Pd,
Pt, and [M(cyclooctadiene) (btse–S,S)](BF4), [M(µ–Cl)
(btse–S,S)]2 for M = Rh, Ir [16]. This work by Evans et al.
[16] is of particular interest for the potential applications to
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Table 8
Coordination and S–O bond distances (d, Å) with S–O bond stretching frequencies (ν, cm−1) for transition metal complexes containingµ–S,O sulfoxide
ligands

Complex Bonding mode d(M–S) d(S–O) [d(M–O)] ν(S–O)

Ru2Cl2(µ–Cl) (µ–H) (dmso–S)4 (µ–dmso–S,O)a η1–S 2.223(2) 1.486(4) 1017
2.232(2) 1.485(4)
2.263(2) 1.481(4)
2.313(2)b 1.442(5) 1093

µ–S,O 2.188(2) 1.532(4) 966
[2.160(4)]

Ru2Cl4(CO)2 (µ–Cl) (µ–dmso–S,O) (dmso–S)3
c η1–S 2.282(2) 1.480(5) 1107

2.291(2) 1.472(6)
2.283(2) 1.455(7) 1141

µ–S,O 2.275(2) 1.508(5) 1010
[2.122(5)]

Ru3Cl2 (µ–Cl)4 (µ–mpso–S,O)2 (mpso–S)4d η1–S 2.227(2) 1.486(6) 1088
2.220(3) 1.466(6)
2.192(2) 1.458(6)
2.241(2) 1.448(6) 1124

µ–S,O 2.204(2) 1.518(5) 980
[2.191(5)]
2.214(2) 1.507(5) 1004
[2.199(4)]

[Rh2Cl(cyclooctene) (µ–Cl) (µ–dmso–S,O) (dmso–S)2]e η1–S 2.161(1) 1.479(2) –f

2.197(1) 1.480(2)

µ–S,O 2.158(1) 1.521(2) f

[2.112(2)]

[Rh2(O2CCF3)4]7 (µ–dmso–S,O)6 (dmso–O)2g η1–O [2.24(1)] 1.49(1) 1028

µ–S,O 2.522(5) 1.47(1) 1079
[2.23(1)]
2.451(4)] 1.50(1)
[2.23(1)]
2.410(4) 1.50(1)
[2.27(1)]

{[Rh2(O2CCF3)4]3 (µ–dmso–S,O)2}∞g µ–S,O 2.449(3) 1.465(8) 1099
[2.219(7)]

a Ref. [105].
b trans to H.
c Ref. [106].
d Ref. [54].
e Ref. [64].
f IR data not reported.
g Ref. [7].

asymmetric catalysis, reporting the facile synthesis and char-
acterization of enantiomerically pure complexes containing
bidentateRS,RS–btse ligands (prepared from optically pure
RS–p-tolyl-methylsulfoxide). The structural results show
that the chelate rings are both sterically and electronically
dissymmetric, in spite of their pseudo-C2-symmetry[16].

On the other hand, as expected, bmse and bpsp act
as µ–O,O ligands with Cu(II)[17]. After separation, by
fractional crystallizations, of themeso (�) and rac (�)
forms of the two disulfoxides, the following copper com-
plexes were structurally characterized, [Cu(meso–bpsp–
O,O)2(H2O)2](ClO4) (3), [Cu(meso–bmse–O,O)2](ClO4)2
(4), [Cu(rac–bmse–O,O)2](ClO4)2 (5) [17]. The crystal

structures of themeso complexes3 and4 consist of chains
in which the copper atoms, aligned on inversion centers,
are linked by two disulfoxide–O bridges forming, respec-
tively, 16- and 14-membered puckered rings. The metal
atoms achieve an octahedral environment by coordination
in trans positions to the oxygen atoms of H2O (3) or ClO4

−
(4). A different structure is found in therac isomer (5),
characterized by layers with a ‘net’ structure, formed by
meshes of 28 atoms, including four copper atoms. Again,
the octahedral coordination geometry of the metal atoms
is provided bytrans perchlorate anions. Since the copper
atoms lie on inversion centers, in each mesh two adja-
cent bmse ligands haveRSRS configurations, and the other
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two haveSSSS configurations (Scheme 3). A layer struc-
ture has also been found in the Cu(II)rac-bpsp complex,
[Cu(rac–bpsp–O,O)2(ClO4)](ClO4) [107]. Here, however,
the copper atoms exhibit a square pyramidal geometry and
the crystals consist of alternate homochiral polycationic
layers in which the equatorial CuO4 groups are displayed
according to a ‘chess-board’ structure[107].

2.2. IR spectroscopy data

The IR spectrum of dmso has been measured in various
physical states (Table 7), showing thatν(SO) is of 1101 cm−1

in the gas phase, 1070 cm−1 in CCl4 solution, 1058 cm−1 in
the liquid state, and 1055 cm−1 in the solid state[108].

Since the first investigations, the S–O stretching frequen-
cies were used to distinguish O- from S-bonding[1]. In
fact, compared to free dmso,ν(SO) increases for S-bonded
species (1080–1154 cm−1) and decreases for O-bonded
species (862–997 cm−1), paralleling the variation of the
S–O bond distances (Table 7).

In the case ofµ–dmso–O complexes, the trend of the
S–O stretching frequencies and bond distances is not so
straightforward. For example, in the vanadium complex
(VO)2(2,6-bis(salicylideneaminomethyl)-4-methylphenolato)
(CH3O) (µ–dmso–O), a strong band at 956 cm−1 has
been observed[98], comparable with the S−O stretch-
ing frequency inη1–O complexes (Table 7). This sug-
gests a weakening of the S–O bond with respect to
dmso, but the S–O bond length of 1.492(5) Å corre-

sponds to that of free sulfoxides. In the Rh(II) complex,
[Rh2(O2CCF3)4(µ–dmso–O)]∞, with d(S–O) = 1.505(5)
Å, the weak band at 1026 cm−1 has been attributed toν(SO)
in the µ–dmso–O group[7]. However, comparison with
the above vanadyl value would suggest that the medium
intensity band present at 911 cm−1 [7] could be attributed
to this stretching frequency.

A complicated situation is also found in theµ–S,O
complexes, where different steric and electronic effects
can play significant roles. In the three Ru(II) complexes
reported inTable 8, ν(SO) decreases from 1141–1017 to
1010–966 cm−1, passing fromη1–S toµ–S,O ligands, in
agreement with the marked lengthening of the S−O dis-
tances (from 1.448(6)–1.486(6) Å to 1.507(5)–1.532(4) Å).
Also in this case theν(SO) values of the bridging ligands
are close to the upper range limit of the frequencies found
in O-bonded complexes (997–862 cm−1).

A higher stretching frequency is found for theµ–S,O
dmso ligand in the case of{[Rh2(O2CCF3)4]3(µ–dmso–
S,O)2}∞ (Table 8), in accord with the very short S–O bond
length (1.465 Å)[7]. In fact, the value of 1099 cm−1 is well
within the range of values (1080–1154 cm−1) found inη1–S
metal complexes. Similarly, in [Rh2(O2CCF3)4]7(dmso–
O)2(µ–dmso–S,O)6, the higher stretching frequency
(1079 cm−1) is attributed to theµ–S,O ligand, and the
lower one (1028 cm−1) to theη1–O ligand[7]. In this case,
however, the S−O bond lengths are comparable within the
experimental errors (1.47(1), 1.49(1) Å) (Table 8).

3. Quantum chemical calculations

In the last years, various theoretical investigations have
been carried out for studying the solvation and coordina-
tion properties of dmso. The relative stability of geometri-
cal and linkage isomers of dmso transition metal complexes
has been also investigated. Some results are reviewed here,
starting from the gas phase structure of dmso and of some
simple dmso adducts, since they provide useful informa-
tion about the variability of the S–O distance and ion–dmso
interactions.

3.1. Structural and thermodynamic features of dmso and
its adducts

The structure of dmso has been studied through ab ini-
tio MO calculations at the MP2 level using various basis
sets[110]. Upon changing the basis set from 6–31G* to
6–31G(2d,p) the S–O bond length decreases from 1.510 to
1.499 Å. By further augmenting the basis set withf func-
tions on the sulfur atom, the S–O bond length is further
reduced to 1.490 Å, while it increases to 1.503 Å after ad-
dition of diffuse s and p functions on both the S and O
atoms[110]. According to this last force field, the calcu-
lated structural parameters for dmso are: S–O, 1.503; S–C,
1.800 Å; O–S–C, 106.4; C–S–C, 95.7◦, comparable with



M. Calligaris / Coordination Chemistry Reviews 248 (2004) 351–375 361

Table 9
Optimized geometry parameters from HF/6–31G(d,p) of dmso and its
adducts with H2O, HCl and OH−, together with the calculated SO stretch-
ing frequency (ν)a

dmso dmso·H2O dmso·HCl dmso·OH−

S–O (Å) 1.485 1.498 1.655 1.506
S–C (Å) 1.795 1.793 1.798 1.789
O–S–C (◦) 106.7 106.5 95.5 108.6
C–S–C (◦) 97.8
ν(SO) (cm−1) 1172 1147b, 1063c 1180b, 1122c d

a Ref. [113].
b Symmetric stretching mode.
c Asymmetric stretching mode.
d Not calculated.

the results of G2(MP2)-B3LYP/6–31+G(2df,2p) calcula-
tions[111], which provided the following structural param-
eters: S–O, 1.496; S–C, 1.824 Å; O–S–C, 106.6; C–S–C,
96.6◦. All these values show a more or less significant over-
estimation of the bond distances with respect to the gas phase
experimental values, while bond angles are well reproduced:
S–O, 1.485; S–C, 1.799 Å; O–S–C, 106.0; C–S–C, 96.6◦
[112].

When the molecular structure of dmso was calculated by
ab initio HF/6–31G** methods, an S–O bond length of 1.485
Å was found[113]. These structural calculations were also
extended to the dmso adducts with H2O (6), HCl (7), OH−
(8) (Table 9), and the S–O bond length was found to increase
from dmso to the H2O (6, 1.498 Å), OH− (8, 1.506 Å), and
HCl (7, 1.655 Å) adducts[113] (Scheme 4).

For a comparison,Table 10 reports some dmso pa-
rameters calculated with different semi-empirical (AM1
and PM3) and ab initio methods with different basis sets
[114].
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Table 10
Molecular geometry of dmso and S, O atomic charges (q, e), calculated with different quantum chemical methods and basis sets

AM1 PM3 RHF/6–31(d,p) RHF/6–311++(3df,spd) RMP2/6–31(d,p)

S–O (Å) 1.491 1.557 1.4854 1.486 1.511
S–C (Å) 1.739 1.818 1.7951 1.797 1.808
O–S–C (◦) 105.67 104.61 106.69 106.35 107.42
C–S–C (◦) 99.69 99.24 97.82 98.32 95.60
q(O) −0.7785 −0.6946 −0.7856 −0.5558 −0.7894
q(S) +1.3939 +0.9428 +0.9443 +0.7433 +0.9449

In order to gain insight into the dmso solvation properties,
thermodynamic parameters were measured for the gas phase
equilibria

X−(dmso)n−1 + dmso= X−(dmso)n

with X = Cl (n = 1–5), and Br, I (n = 1–3) [115]. Com-
parison with the values obtained for the K+(dmso)n system
shows that the isoelectronic potassium cation binds to dmso
much more strongly than Cl−. MO calculations, at the
4-31G level, for these systems, and improved electrostatic
calculations, show that this behavior is due to electrostatic
interactions arising from the strongly dipolar nature of
the Sδ+Oδ− group [115]. The following scheme depicts
the calculated structures of dmso (9), K+(dmso) (10), and
Cl−(dmso) (11), with the atomic Mulliken charges (q)
and ion interaction distances (Scheme 5). In agreement
with the experiment (�H(K+) = −144.3, �H(Cl−) =
−77.8 kJ mol−1), the calculated binding energies (BE)
are 165.7 and 87.9 kJ mol−1 for the K+ and Cl− species,
respectively [115]. Electrostatic calculations, including
ion–dipole, ion-induced dipole, ion–molecule dispersion
attraction and ion–molecule repulsive interactions, give
E(K+) = −120.5 andE(Cl−) = −87.9 kJ mol−1. These
data show that the bonding is essentially electrostatic, with
a dominance of the ion–dipole term, as a consequence of
the closer approach of the K+ ion [115].

3.2. Dmso protonation

The study of the protonation of sulfoxides is of particular
relevance for the understanding of their interactions with
acids, superacids, and electrophiles. It also throws some light
upon the nature of the sulfoxide interaction with metal ions.
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MINDO/3 calculations were carried out to investigate
the most stable cations formed by protonation of dmso, to-
gether with the energetics of the protonation reactions[116]
(Scheme 6).

It is quite evident that O-protonation to give12 is the
most favorable process. In fact, even if the calculated heats
of reaction cannot be expected to agree with the experi-
mental values, because proton solvation has not been taken
into account, the energy difference between the O- and
S-protonated species (13–12, 293.3 kJ mol−1) should not
be markedly affected[116]. Calculations also showed a
decrease of the atomic negative charge on oxygen, from
−0.617 in dmso to−0.461 in the O-protonated cation (12),
while the positive charge on S does not change significantly
from dmso (0.853) to [(dmso–O)H]+ (0.865). On the other
hand, with S-protonation (13) the charge on sulfur increases
to +1.168, whereas it remains approximately the same on
oxygen (−0.486)[116].
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Diprotonation has been also investigated, indicating again
that O-protonation is largely favored yielding the oxonium
species15, rather than the S-protonated dication16, in agree-
ment with the1H NMR spectrum in HSO3F–SbF5 solution
[116].

Dmso protonation in the gas phase was also studied
by ab initio methods[117], which again indicated pref-
erential protonation on oxygen in dmso. However, at the
MP2/6–31G(d,p) level, the proton affinity was overesti-
mated by 64 kJ mol−1, which is comparable to the energy
difference between the isomers[117].

Accurate heats of formation (�Hf ) and proton affinities
(PA) for six dmso valence-bond isomers were obtained from
G2(MP2) calculations based on B3LYP/6–31+G(dp) opti-
mized geometries[111]. For the lowest calculated energy
isomer ((CH3)2S=O, with Cs symmetry),�Hf (298 K) =
−152.6 and PA = 885 kJ mol−1 were found, in good
agreement with the experimental values of�Hf (298 K) =



M. Calligaris / Coordination Chemistry Reviews 248 (2004) 351–375 363

−151.3(8), and PA = 882 kJ mol−1 [111]. Calculations
have also shown that the O-protonated dmso is separated
from the other isomers by large potential energy barriers
[111].

In recent work, the energies, electronic structures, and
thermodynamics of protonated and methylated dmso cations
and dications were calculated using density functional the-
ory (DFT) using a B3LYP/6–311+G** basis set[118]. The
O-protonated structure (12) was found to be 154.8 kJ mol−1

more stable than the S–protonated isomer (13) [118].
The calculated S–O and S–C bond distances are, respec-
tively: 1.514 and 1.836 Å in dmso, 1.641 and 1.806 Å in
[(dmso–O)H]+, and 1.817 and 1.798 Å in [(dmso–O)H2]2+
(15), showing a remarkable increase of the S–O bond dis-
tance and a decrease of the S–C distances[118]. This trend
is in perfect agreement with the results of a principal com-
ponent analysis (PCA) of the X-ray structural data, which
indicated that by increasing the degree of protonation on
oxygen, the first principal component, describing 54.9% of
the overall variance, for the S–O and S–C bond distances
have opposite signs, so that if the former increases, the
others decrease[4].

Structural parameters and relative molecular energies of
dmso and its protonated species have recently been cal-
culated by DFT methods using BP and VWN functionals,
including two 3d and one 4f polarization functions in the
sulfur basis set[128]. The best agreement between experi-
mental and calculated structural parameters was obtained in
the case of the VWN functional (Table 11). However, both
functionals indicate that [(dmso–O)H]+ has a molecular en-
ergy 93 kJ mol−1 lower than [(dmso–S)H]+, and give similar
trends for bond lengths and angles. The VWN results show
again that upon O protonation of dmso there is a marked
lengthening of the S–O distance (0.113 Å) and a shorten-
ing (0.040 Å) of the S–C distances, accompanied by a nar-
rowing (6.2◦) of the O–S–C angles, and a widening (5.9◦)
of the C–S–C angle[128]. This trend is in good agreement
with the observed variations of+0.100 Å (S–O),−0.017 Å
(S–C),−4.7◦ (O–S–C), and+4.1◦ (C–S–C), obtained from
the experimental data inTable 11, as well as with the pre-
vious PCA results[4].

Table 11
Optimized bond distances (Å) and angles (◦), atomic Mulliken charges (q, e), and scaled total energiesE (kJ mol−1), for free and protonated dmso,
together with experimental parameters

dmsoa [(dmso–O)H]+a [(dmso–S)H]+a dmsob [(dmso–O)H]+c

S–O 1.489 1.602 1.432 1.485(6) 1.585(8)
S–C 1.794 1.754 1.736 1.799(5) 1.782(3)
O–S–C 106.8 100.6 115.2 106.8(2) 102.1(5)
C–S–C 94.9 100.8 107.4 96.57(3) 100.7(6)
q(O) −0.61 −0.53 −0.50
q(S) +0.58 +0.82 +0.93
E 0 −865 −772

a Calculated by the VWN functional.
b Observed in gas phase[112].
c Observed in [(dmso–O)H][TeCl6]·3dmso[29].

Table 12
Ranges of observeda and calculatedb vibrational frequencies (cm−1) with
assignments for dmso

ν (observed) ν (calculated) Assignment

2998–2917 3242–3113 CH3 stretching
1435–1303 1527–1355 CH3 bending
1070 1102 SO stretching
1008 1057 CH3 rocking
945 982 CH3 rocking, S–O stretching
883–918 927–960 CH3 rocking
683 723 SC stretching, CH3 rocking
661 697 SC stretching
329–378 318–377 OSC bending, CH3 rocking
305 296 CSC bending, OSC bending

a Dilute solution in CCl4 or CS2 [108].
b Ref. [110].

3.3. IR spectra

3.3.1. Dmso and its adducts
Vibrational frequencies, IR intensities, and assignments

of the normal modes of dmso were calculated from the equi-
librium geometry, obtained by ab initio calculations at the
MP2 level with the 6–31G(2d,p) basis set, includingf func-
tions on the sulfur atom[110]. The calculated and observed
vibrational bands for dmso are summarized inTable 12. The
calculated vibrational frequencies are close to those of Ji-
tariu et al.[113] after removal of the scale constant (0.89)
introduced by these authors for a comparison with the ex-
perimental data.

Vibrational frequencies for the dmso adducts with H2O
(6) and HCl (7) were also calculated (Table 13), from the
optimized geometries obtained by ab initio HF/6–31G**
calculations[113]. Calculations show thatν(SO) decreases
passing from pure dmso (1172 cm−1) to its water adduct
6 (symmetric stretching 1147, asymmetric 1063 cm−1), in
agreement with the experimentally observed decrease from
1102 to 1044 cm−1 [119]. This is also in agreement with the
trend of the calculated S–O bond lengths, 1.485 Å in dmso
and 1.498 Å in6 [113]. In 7, the S–O distance is calculated
to be as long as 1.655 Å, but the calculated symmetric SO
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Table 13
Calculated vibrational frequencies (cm−1) dor dmso and its adducts with
H2O and HCla

dmso dmso·H2O dmso·HCl

3299 4151
CH3 stretch 3309–3197 3206, 3201 3385–3233
HOH stretch 1802
CH3 bend 1607–1481 1593–1153 1602, 1587

1585
SCH bend 1567
HCH bend 1507, 1482
S–OH deformation 1294
SO stretch 1172 1147, 1063 1180

1122
SCH rock 1140–993 1055, 1006 1097, 1054
SC stretch 793, 749 800, 752 826, 806
O–H out of plane 681
SOH deformation 727
CH3, SOH bend 388
S–OH bend 385
OSC bend 399, 342 402
O · · · H stretch 371, 352
CSC bend 312 315 312
S–OH out of plane 245
ClSO bend 213
S–Cl stretch 202
ClC bend 176
CH3 tors 253, 206 262, 215 122, 66
OH stretch 171
HOH rock 161
O · · · H–O twist 94

34

a Ref. [113].

stretching frequency (1180 cm−1) is comparable with that
of dmso (1172 cm−1).

In other studies, the vibrational spectra for dmso[120],
and for the [(dmso–O)H]+ cation[121], were calculated, af-
ter full geometry optimization, by the ab initio SCF method
using a 3–21G(1d) basis set. Ranges of observed and cal-

Table 15
Calculated S–O stretching frequency (ν, cm−1), bond distances (d, Å), bond orders (n), and effective atomic charges (q, e) for Pt(II) and Pt(IV) dmso
complexesa

[Pt(II)Cl3(dmso–O)]− [Pt(II)Cl3(dmso–S)]− [Pt(IV)Cl5(dmso–S)]−

ν(S–O) 1022 1220 1241
d(S–O) 1.526 1.479 1.471
n(S–O) 1.22 1.55 1.57
q(S) 1.00 1.01 1.08
q(O) −0.61 −0.61 −0.58
q(Me) −0.05 −0.08 −0.05
q(dmso) 0.29 0.24 0.40
d(Pt–O/S) 2.101 2.341 2.432
d(Pt–Cltrans) 2.351 3.353 2.320
d(Pt–Clcis) 2.410 2.393 2.365b

n(Pt–Cltrans) 0.70 0.66 0.73
n(Pt–Clcis) 0.58 0.63 0.73b

q(Cltrans) −0.55 −0.55 −0.36
q(Clcis) −0.63 −0.58 −0.41b

a Ref. [123].
b Average value.

Table 14
Ranges of observed and calculated vibrational frequencies (cm−1) with
assignments for [(dmso–O)H]+

ν (observed)a � (calculated)b Assignmentb

3600c 3782 ν(OH)
3000–2900 3213–3318 ν(CH)

1470–1350 1545–1624 δ(CH3)
1258 δ(HOS+CH3)

1025–980 1196–1073 δ(CH3+SCH)
870 933 ν(SO)

730–680 779–710 ν(SC)
386 δ(HOS+SCH+CH3)
359–303 δ(CSO+CSC)
229 δ(HOS+CSC)

a Ref. [141].
b Ref. [121].
c Ref. [142].

culated vibrational frequencies for [(dmso–O)H]+ are listed
in Table 14. The results are in good agreement with those
of Jitariu et al.[113]. As expected, the marked decrease
of ν(SO) from dmso (1178 cm−1) to its O-protonated form
(933 cm−1) is accompanied by a significant increase of the
calculated S−O bond distance, from 1.490 Å in dmso to
1.599 Å in [(dmso–O)H]+ [121].

3.3.2. Metal dmso complexes
Ab initio SCF calculations with a 3-21G(1d) basis, in-

cluding the SBK[122] valence basis set for the platinum
atom, were performed to calculate some structural and
spectroscopic characteristics of the Pt(II) linkage isomers,
[PtCl3(dmso–O)]− and [PtCl3(dmso–S)]−, and of the Pt(IV)
complex, [PtCl5(dmso–S)]− (Table 15) [123]. As for dmso,
the calculated IR spectrum of [PtCl3(dmso–S)]− presents
two groups of bands at about 3300 and 1500–1600 cm−1 (vi-
brations of the CH3 groups), two other groups at 1000–1100
and 700–800 cm−1 (CH3 and S–C bond vibrations), and an
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Table 16
Calculated values of S–O stretching frequency (ν, cm−1), bond distance
(d, Å), bond index (n), and effective atomic charges (q, e) for dmso,
trans-[RuCl4(CO) (dmso–O)]− and [(dmso–O)H]+

dmsoa trans-[RuCl4(CO)
(dmso–O)]−b

[(dmso–O)H]+c

ν(S–O) 1178 1061 933
d (S–O) 1.490 1.521 1.599
n(S–O) 1.56 1.22 0.99
q(S) 1.00 1.02 1.08
q(O) −0.68 −0.65 −0.68
q(Me) −0.16 −0.06 0.06
q(dmso) 0.00 0.25 0.52

a Ref. [123].
b Ref. [125].
c Ref. [121].

intense band at 1220 cm−1 due to the S–O vibration[120].
This last band is shifted to 1022 cm−1 in the hypothetical
dmso–O isomer, with a reduction of 156 cm−1 with respect
to dmso, testifying to the weakening of the S–O bond upon
O-coordination[121]. Accordingly, the calculated S–O bond
distance is lengthened, with respect to dmso, by 0.036 Å.
The Pt–S stretching frequencies in the [PtCl3(dmso–S)]−
spectrum appear as components of a number of bands be-
low 230 cm−1 with extremely low intensities[120]. Intense
bands in the range 320–330 cm−1 are calculated for the
Pt–Cl vibrations for both complexes[120].

In [Pt(IV)Cl5(dmso–S)]−, ν(SO) increases with respect
to [Pt(II)Cl3(dmso–S)]−, from 1220 to 1241 cm−1, in cor-
respondence with the calculated decrease of the S–O bond
length from 1.479 to 1.471 Å (Table 15) [123]. These trends
are in agreement with those observed for theν(SO) stretch-
ing frequencies and the S–O bond lengths in some Pt(IV)
and Pt(II) dmso–S complexes[124].

Similar ab initio SCF calculations were reported for
the Ru(III) complex, trans-[Ru(dmso–O) (CO)Cl4]−
[125]. Some relevant calculated parameters for dmso,
[(dmso–O)H]+ [121], and trans-[Ru(dmso–O) (CO)Cl4]−
are reported together inTable 16, for comparison. Once
more, it is shown that in O-bonded species the S–O stretch-
ing frequency decreases with respect to free dmso, while
the S–O bond distance increases.

In order to get an overall view of the relationship betwen
S–O stretching frequencies and bond lengths,Table 17
reports the values observed in a series ofη1–S- and
O-bonded metal sulfoxide complexes, together with those
for free dmso. The plot of these data, together with that
of some calculated values (Table 18), confirms the gen-
eral observation thatν(SO) decreases with the increase
of the S–O bond distance (Fig. 1). The values for the S-
and O-bonded complexes are neatly separated, above and
below those for free dmso, confirming the hypothesis of a
weakening of the S–O bond in the O-bonded complexes.
The two curves inFig. 1 represent the best-fit lines for the
calculated and observed sets of data, given by second order
polynomials.

Table 17
Observed values of the S–O stretching frequency (ν, cm−1) and bond
distance (d, Å), in dmso (bold characters) andη1–S- and O-bonded metal
sulfoxide complexes

Complex d ν

cis-PtCl(dmso–S) (C16H29N2O3S)a 1.457(4) 1154
cis-PtCl2(mpso–S)2b 1.463(1) 1150
cis-PtBr2(dmso–S) (MeCN)c 1.468(20) 1150
cis-Pt(dmso–S) (PhCH2CN)Cl2d 1.457(4) 1149
cis-PtCl2(dmso–S) (MeCN)e 1.470(7) 1148
cis-PtCl2(dmso–S) (C2H4)d 1.469(9) 1148
cis-PtCl2(dmso–S) (MeCN)c 1.469(5) 1147
[PtCl3(dpso–S)]−b 1.469(8) 1145
[PtCl3(dmso–S)]−f 1.46(2) 1142
[cis-PtCl(dmso–S) (µ–C2H4NO)]2e 1.461(1) 1141
[trans-Pt(pyridine)2Cl(dmso–S)]+g 1.46(1) 1140
cis-PtCl2(dpso–S)2h 1.462(6) 1130
cis-Pt(dmso–S)2(cbdc)i 1.468(8) 1127
[cis-Pt(NH3)2Cl(dmso–S)]+ j 1.46(1) 1122
[PdCl(ethylenediamine) (dmso–S]+k 1.471(2) 1130
trans-PdCl2(dmso–S)2l 1.476(5) 1116
[Ir(µ2–Cl) (btse–S)]2m 1.475(3) 1122
[Ir(cod) (btse–S)]+m 1.475(2) 1122
[trans-IrCl4(dmso–S)2]−n 1.469(1) 1115
[Rh(O2CEt)2(dmso–S)]2o 1.48(2) 1095
[Rh(O2CPh)2(dmso–S)]2o 1.477(7) 1094
[Rh(O2Cme)2(dmso–S)]2o 1.477(5) 1086
trans-OsCl2(dmso–S)4p 1.486 1081
mer-RuCl3(dpso) (dpso–S)q 1.463(7) 1128
mer,trans-RuCl3(dmso–S)2(dmso)r 1.479(7) 1127
[trans-RuCl4(dmso–S)2]−r 1.467(8) 1115
mer-RuCl3(dmso–S) (tmem)s 1.476(2) 1115
[fac-RuCl3(dmso–S)3]−t 1.482(4) 1102
[fac-Ru(dmso)3(dmso–S)3]2+u 1.481(7) 1100
[fac-RuCl3(dmso–S)3]−v 1.49(1) 1100
[mer-RuCl3(dmso–S)3]−t 1.483(4) 1098
cis,fac-RuCl2(dmso–S)3(NH3)w 1.488(3) 1095
[trans-RuCl4(dmso–S) (NH3)]−x 1.479(3) 1088
mer,cis-RuCl3(dmso–S) (dmso) (NH3)x 1.479(2) 1088
mer-RuCl3(N2H5) (dmso–S)2p 1.489(8) 1084
[mer-RuCl3(dmso–S)3]−t 1.488(3) 1083
mer-RuCl3(dmso–S) (MeOH) (acv)y 1.486(5) 1082
mer-RuCl3(dmso–S) (H2O) (acv)y 1.479(1) 1081
trans-RuCl2(dmso–S)4z 1.491(5) 1080

trans,cis-RuCl2(NH3)2(dmso–S)2w 1.492(2) 1064
1.508(3) 1043

dmso 1.492(1)aa 1043ab

[trans-SnPh2(NO3) (dmso–O)3]+ac 1.547(6) 940
(HgCl2(dpso–O)ad 1.51(1) 1008
(HgCl2)3(dmso–O)2ae 1.54(1) 994
[HgMe(dmso–O)]+af 1.556(8) 935
Cu4Cl6O(dmso–O)4ag 1.53(2) 956
Pd(NO2) (pyi) (dmso–O)ah 1.526(2) 997
[PdCl(bipyridyl) (dmso–O)]+ak 1.538(3) 925
[trans-OsCl4(NO) (dmso–O)]−ai 1.569(6) 922
[trans-RuCl4(CO) (dmso–O)]−aj 1.514(3) 957
fac-Ru(dmso)3(dmso–O)3u 1.54(1) 935
cis,fac-RuCl2(dmso)3(dmso–O)al 1.537(3) 927
[RuBr3(NO) (dmso–O)]2am 1.541(7) 920
mer-RuCl3(dpso) (dpso–O)2

q 1.53(2) 919
mer,trans-RuCl3(dmso)2(dmso–O)r 1.545(4) 912
mer,cis-RuCl3(dmso) (dmso–O) (NH3)x 1.547(2) 907

mer-RuCl3(CO) (tmso-O)2an 1.557(2) 921
1.575(2) 862
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Table 17 (Continued )

Complex d ν

trans,cis,cis-MoBr2(NO)2(dmso–O)2ao 1.521(3) 938
[(dmso–O)H]+ap 1.585(8) 870aq

a Ref. [71].
b Ref. [143].
c Ref. [144].
d Ref. [145].
e Ref. [146].
f Ref. [70].
g Ref. [72].
h Ref. [147].
i Ref. [148].
j Ref. [149].
k Ref. [150].
l Ref. [151].
m Ref. [152].
n Ref. [153].
o Ref. [154].
p Ref. [38].
q Ref. [129].
r Ref. [155].
s Ref. [56].
t Ref. [136].
u Ref. [156].
v Ref. [157].
w Ref. [158].
x Ref. [159].
y Ref. [57].
z Ref. [160].
aa Average value (Table 1).
ab Solid state value[109].
ac Ref. [161].
ad Ref. [162].
ae Ref. [163].
af Ref. [164].
ag Ref. [165].
ah Ref. [166].
ai Ref. [167].
aj Ref. [168].
ak Ref. [130].
al Ref. [30].
am Ref. [168].
an Ref. [32].
ao Ref. [169].
ap Ref. [29].
aq Ref. [170].

Table 18
Calculated values for the S–O stretching frequency (ν, cm−1) and bond
distance (d, Å), in dmso andη1–S- andη1–O-bonded metal sulfoxide
complexes

Complex d ν

[PtCl5(dmso–S)]−a 1.471 1241
[PtCl3(dmso–S)]−a 1.479 1220
dmsoa 1.490 1178
[trans-RuCl4(dmso–O) (CO)]−b 1.521 1061
[PtCl3(dmso–O)]−c 1.526 1022
[(dmso–O)H]+c 1.599 933

a Ref. [123].
b Ref. [125].
c Ref. [121].
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Fig. 1. Plot of observed (circles) and calculated (triangles) S–O bond
lengths (Å) and stretching frequencies (ν, cm−1) (Table 17) with inter-
polation curves and correlation coefficients. The full circle and triangle
correspond to ‘free’ dmso data.

3.4. Metal–sulfoxide bonding

The trends of the bond distances and stretching frequen-
cies in platinum and ruthenium complexes were rational-
ized considering the electron density redistribution passing
from dmso to coordinated dmso[119,121–123], on the basis
of the atomic electronegativity equalization concept[127].
The sulfur atom in free dmso has a large positive charge
(Table 16) and, as a consequence, a high electronegativity.
The metal coordination of the sulfur atom raises its pos-
itive charge and hence its electronegativity. Consequently,
the methyl groups will, to a considerable extent, compen-
sate for this electron density transfer, in order to reduce the
electronegativity of the sulfur atom. Similarly, there is ad-
ditional transfer of electron density from O to S (O� →
S�) which leads to an increase of the double bond charac-
ter of the S–O bond and, therefore, to a decrease of its bond
length.

In the case of O-coordination, the electron density on the
oxygen atom is reduced with respect to free dmso, and, there-
fore, the O atom electronegativity is raised. Due to the equal-
ization of the atom electronegativities, this is compensated
by electron transfer from the sulfur atom and the methyl
groups, which significantly increases the positive charge on
the S atom, whereas the negative charge of the O atom
changes only slightly in comparison with free dmso. Fur-
thermore, because of the increased O electronegativity, the
�-electron transfer to S decreases, reducing the S–O bond
order. As a result, the S–O bond is weakened and its bond
length is increased.

This scheme is illustrated inFig. 2a for the two plat-
inum linkage isomers, [Pt(II)Cl3(dmso–O)]− and [Pt(II)Cl3
(dmso–S)]− with the indication of the net electron charge
transfers (Table 15). As expected, the calculated S–O bond
distance is 1.526 Å in the O-bonded isomer and 1.479 Å in
the S-bonded isomer, values that are, respectively, longer
and shorter than that found in free dmso.
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Fig. 2. Sketch of calculated charge transfers in platinum sulfoxide com-
plexes.

A significantly greater charge transfer from dmso–S to
platinum is found in the case of the [Pt(IV)Cl5(dmso–S)]−
complex, as expected from the higher electronegativity of the
Pt(IV) metal atom (Fig. 2b). In fact, the S–O bond distance
is further reduced to 1.471 Å (Table 15).

According to these calculations[123], the Pt–Cl bonds
are shorter and exhibit higher bond orders in [Pt(IV)Cl5
(dmso–S)]− than in [Pt(II)Cl3(dmso–S)]− (Table 15). This
explains the longer Pt(IV)−S calculated bond length, in
agreement with the crystallographically observed trend
(Pt(IV)−S, 2.301 Å; Pt(II)−S, 2.292 Å [4]). In spite of the
greater� donor power of dmso in the Pt(IV) complex, the
Pt–S bond is weakened because of charge dissipation over
the Pt–Cl bonds, because of the high charge density trans-
fer to the�-bonding metal orbital from thetrans chloride
ligands.

On the basis of the same scheme, the S–O bond length of
1.506 Å calculated for the [dmso·OH]− adduct (8), could be
qualitatively rationalized considering the low electronegativ-
ity of the OH− ion, and hence the reduction of the positive
charge on the sulfur atom, which prevents the shortening
of the S–O distance, found in the case of S-coordination
to positive metal ions. A similar effect could occurr in the
dmso·HCl adduct (7), in which the lengthening of the S–O
bond distance upon protonation of the O sulfinyl group, is
not contrasted by the S-coordination of the Cl− ligand. In
fact, the calculated S–O bond distance is of 1.655 Å.

As is well known,[1] S-bonding is favored in the case
of ‘soft’ metal atoms where the sulfoxides act as moder-
ate �-acceptor ligands, so that the metal to sulfur bond is
strengthened when S istrans to a� donor ligand and weak-
ened whentrans to a� accepting ligand.

In order to further investigate this last aspect, the nature
of the lowest virtual orbitals of dmso has been examined
by DFT methods using the BP functional[128]. Calcula-
tions show that, of the almost degenerate empty orbitals
8a′′, 15a′ and 16a′, the first is delocalized over�*(S–O) and

�*(S–C) orbitals, with a prevalence of the S–O antibonding
character. This 8a′′ orbital should play the major role in the
back-donation from the metal to the coordinated dmso–S
ligand. The other two orbitals, 15a′ and 16a′, have mainly S
3d and�*(C–H) character, respectively[128].

In the same work, the effect of� back-bonding on the
Ru(II)–S and S–O bond lengths has been examined on the
‘model’ molecules [cis,fac-Ru(NH3)2H3(dmso–S)]− (17)
and [Ru(CO)5(dmso–S)]2+ (18), in which, respectively, the
role of�-donor and�-acceptor ligands is emphasized[128].
The calculated Ru–S and S–O bond lengths are 2.187 and
1.553 Å, respectively, in17, and 2.513 and 1.463 Å in18.
This trend supports the assumption[4] that the presence
of �-donor ligands, such as NH3 and H−, strengthens the
Ru–S bond by� back-bonding, with consequent weaken-
ing of the S–O bond. On the contrary,�-accepting ligands
such as CO weaken the Ru–S bond, and strengthen the
S–O bond. Interestingly, the calculated S–C bond distances
are 1.875 Å in17 and 1.810 Å in18, in agreement with
the partial S–C antibonding character of the 8a′′ dmso
virtual orbital. In fact, the calculated (BP functional) S–O
and S–C bond distances for dmso are 1.507 and 1.834 Å,
respectively[128]. In a limiting case, such as that of18,
the Ru–S bond distance is so long to actually correspond
to a non-bonding distance, so that the dmso–S isomer is
expected to be unstable in favor of the dmso–O isomer.

The preference for S- or O-bonding of dmso in Ru(II)
complexes has been investigated by calculation of the
binding energy of the dmso ligand in S- (BES) and
O- (BEO) linkage isomers ofcis,fac-RuCl2(CO)3(dmso)
and [Ru(NH3)5(dmso)]2+. Calculations were performed
by the BP DFT method[128]. As shown in Table 19,
O-bonding appears to be preferred in the carbonyl com-
plex (BEO > BES), while S-bonding is preferred in the
ammonia complex (BES > BEO), in agreement with the
observation that only thecis,fac-RuCl2(CO)3(dmso–O) and
[Ru(NH3)5(dmso–S)]2+ complexes were isolated[4].

The BES values also provided some information about
the relative stability of the geometrical isomers of RuCl2
(dmso)4. FromTable 19, we can observe that passing from
trans-RuCl2(dmso–S)4 tocis,fac-RuCl2(dmso–S)3(dmso–O)
there is a significant increase of the Ru–dmso–S binding

Table 19
Binding energies (kJ mol−1) for dmso–S and dmso–O ligands in Ru(II)
complexes

Complex dmso–S dmso–O

cis,fac-RuCl2(CO)3(dmso) 110 132
[Ru(NH3)5(dmso)]2+ 225 200
cis,fac-RuCl2(dmso–S)3(dmso–O) 172a, 208b

trans,mer-RuCl2(dmso–S)3(dmso–O) 140c, 230b

trans-RuCl2(dmso–S)4 161c

cis-RuCl2(dmso–S)4 148a, 50c, 190c

a trans to Cl.
b trans to O.
c trans to S.
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energy, especially when dmso–S istrans to dmso–O (from
161 to 208 kJ mol−1). This is in agreement with the thermo-
dynamic instability of thetrans complex with respect to the
cis,fac one, in part attributable to the competition for� elec-
trons betweentrans dmso–S groups in the former[4]. This
is also reflected by the binding energies in the hypothetical
isomertrans-RuCl2(dmso–S)3(dmso–O) which exhibits an
even lower BES for the dmso–Strans to S (140 kJ mol−1)
and a higher BES for the dmso–Strans to O (230 kJ mol−1).
Finally, we can observe that in the hypothetical complex
cis-RuCl2(dmso–S)4 the BES values are all lower than those
of its linkage isomercis,fac-RuCl2(dmso–S)3(dmso–O)
(Table 19). In fact, the all-S-bonded complex has never
been detected, its total molecular energy being 56 kJ mol−1

higher than that of its linkage isomer[128].
The comparison of the coordination bond distances in

cis,fac-MCl2(dmso–S)3(dmso–O) (M = Os, Ru) showed
that, while the Os–Cl and Os–O bond distances are, re-
spectively, about 0.010 and 0.025 Å longer than the cor-
responding distances in the Ru derivative (in accord with
the slightly larger covalent radius of osmium), the Os–S
distances are about 0.008 Å shorter than the Ru–S dis-
tances[63]. The hypothesis of a strengthening of the metal
to sulfur bonds in the osmium complex was confirmed
by DFT B3LYP calculations of the M−dmso–S binding
energy, BES, which is significantly greater for osmium
(BES(Os)-BES(Ru) = 32.2, and 40.7 kJ mol−1, for dmso–S
trans to Cl, and dmso–Strans to O, respectively)[63].
The marked affinity of Os(II) for S-bonding is also shown
by isolation of the complexcis-OsCl2(dmso–S)4, whose
ruthenium analogue has never been detected.

The effect of ligands with different� donor power, in
determining the preference for S- and O-bonding, has been
systematically examined in a series of hypothetical and real
[trans-MCl4L(dmso)]n complexes, with M= Ru(III ) and
Rh(III), and L = H−, OH−, Cl− (n = −2), and NH3,
CO (n = −1) [126]. The different stability of the linkage
isomers was evaluated from the difference between the to-
tal energies,�EO–S = EO − ES, calculated by the DFT
B3LYP method, using a 6–31 G(d,p) basis for main group
elements and an HW effective core potential for Ru and
Rh [126]. It was shown that in all cases, in the gas phase,
the S-bonded isomers are more stable than the O-isomers
in the complexes, when L is a� donor ligand (45.6 <

�EO–S < 64.5 kJ mol−1 for M = Ru, 39.7 < �EO–S <

77.4 kJ mol−1 for M = Rh). In the CO derivatives, the en-
ergy difference is markedly reduced, especially in the case
of Ru(III) (�EO–S = 8.11 kJ mol−1 for M = Ru, and
10.13 kJ mol−1 for M = Rh), so that interchange between
the two linkage isomers is expected to become rather easy.
�EO–S increases with increase of the complex negative
charge,n, and with the� donor power of L (H− > OH− >

Cl− > NH3) [126].
In addition, in order to get a measure of the coordina-

tion affinity of dmso towards the square pyramidal frag-
ment [MClmL5–m]n, the M–dmso binding energies, BES and

Table 20
Absolute electronegativity (χ, eV) and absolute hardness (η, eV) for the
square pyramidal Ru(III) fragments [RuClmL5–m]n , together with�EO–S

(kJ mol−1) and BEO (kJ mol−1) values

Complex χ η �EO–S BEO

[RuCl4H]2− −3.49 3.04 64.48 −9.42
[RuCl4(OH)]2− −3.17 3.42 52.62 27.28
[RuCl5]2− −2.23 3.15 50.69 35.21
[RuCl4(NH3)]− 1.64 3.27 45.61 80.07
[RuCl4(CO)]− 2.57 3.09 8.11 66.48
RuCl3(CO)2 7.11 2.99 −45.94 141.75
[RuCl2(CO)3]+ 12.18 3.09 a 245.74

a Not calculated for convergence problems[126].

BEO, for the dissociation process [MClmL5–m(dmso)]n →
[MClmL5–m]n + dmso were calculated[126]. The proper-
ties of this fragment depend upon the nature of both M and
L and should be responsible for the S- or O-bonding pref-
erence. DFT calculations have shown that there is a good
correlation between�EO–S (= BES–BEO) and the absolute
electronegativity (χ) of the five-coordinate fragment, while
no definite trend was found for the global hardness (η) or
softness (S = 1/η) [126]. As shown inTable 20, for M =
Ru(III ) χ markedly increases withn, passing from negative
values whenn = −2, to high positive values whenn = 1.
A similar trend has been calculated for Rh(III) complexes,
suggesting that S-bonding is preferred whenχ is less than
about 2 eV. Whenχ is within 2–3 eV, the energy difference
between the two linkage isomers is rather small and other
factors (e.g. solvation, conformational entropy, steric hin-
drance) will determine the dmso bonding mode. Values ofχ

greater than 3 eV indicate a clear preference for O-bonding
[126].

3.5. Isomer equilibration

Thermodynamic parameters were calculated in the gas
phase for the model isomerization process [trans-RhCl4(CO)
(dmso–O)]− → [trans-RhCl4(CO) (dmso–S)]− [126].
The slightly negative value calculated for�G298K
(−4.96 kJ mol−1), shows again the slight preference for
S-bonding, and possible equilibration of the two link-
age isomers. Interestingly, the negative value of�S
(−12.3 J mol−1 K−1) is in agreement with the expected
greater conformational flexibility of the dmso–O group,
due to the greater number of degrees of freedom, with re-
spect to dmso–S (seeSection 4.1) [129]. Thus, from the
conformational entropy point of view, the opposite isomer-
ization process should be favored. In any case, in solution
solvation effects can reverse the gas phase stability. In fact,
DFT calculations have shown that for [trans-RuCl4(CO)
(dmso)]− polar solvents stabilize the O-isomer com-
pared to the S-isomer (ca. 37 kJ mol−1 in acetone and ca.
34 kJ mol−1 in dmso) [126]. The Ru(III) dmso–O com-
plex has been isolated from acetone and dmso solutions
[130].
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The relative stability of cis-RuCl2(dmso)3(CO) iso-
mers has been recently investigated by the DFT B3LYP
method with a 6–31 G(d,p) basis for the main group el-
ements and with the HW effective core potential for Ru
[131]. Of the six possible isomers (19–24) (Scheme 7),
in the gas phase, the two with dmso–S trans to CO
(23, 24) have the highest energies (>34 kJ mol−1), while
cis,cis,cis-RuCl2(dmso–S)2(dmso–O) (CO) (20) exhibits
the lowest energy, followed at a slightly higher energy
(7.6 ± 0.7 kJ mol−1) by cis,mer-RuCl2(dmso–S)3(CO) (21)
and cis,trans,cis-RuCl2(dmso–S)2(dmso–O) (CO) (22).
The isomercis,cis,trans-RuCl2(dmso–S)2(dmso–O) (CO)
(19) is characterized by a moderately higher energy
(18.4 kJ mol−1). This trend is in fairly good agreement with
the experimental observation that in chloroform solution,
at room temperature, isomers20 and21 are approximately
present in a 1:1 molar ratio (39% of20, 47% of21), while
19 is found in a lower percentage (19%), and23 and 24
were not detected[131]. However, isomer22, which, ac-
cording to the DFT calculations, has a molecular energy
only 6.9 kJ mol−1 higher than that of20, was not observed
in CDCl3 solution [132]. Taking into account solvent ef-
fects, by means of the polarized continuum method, did not
solve this discrepancy[131].

As a matter of fact, the evaluation of the equilibrium
constants imply the much more complicated calculation of
free energy differences. Such calculations were performed
in an attempt to rationalize the equilibration processes
between the three known isomers of the OsCl2(dmso)4
complex:trans-OsCl2(dmso–S)4 (25), cis,fac-OsCl2(dmso–
S)3(dmso–O) (26), andcis-OsCl2(dmso–S)4 (27) [63]. The
electronic structures of the osmium complexes were cal-
culated using the DFT B3LYP method with a 6–31 G(d,p)
basis for main group elements, and with the HW effective
core potential (ncore= 60) for the Os atom.�G298 values
were calculated from the normal mode frequencies of the
compounds in the gas phase on the basis of the adopted

force field [63]. The gas phase molecular energies show
small differences among the three isomers, in agreement
with their observed equilibration. However, the lowest en-
ergy is exhibited by25, whereas, in CHCl3 solution, at
room temperature, this isomer is only a minor product (mo-
lar ratios, 25:26:27 = 1:33:66), in contrast also with the
calculated (gas phase) equilibrium constants[63]. On the
contrary, taking into account CHCl3 and dmso solvation
energies, the differences between the molecular energies
are further reduced, and the new�G298 values (calculated
applying the gas phase thermodynamic parameters) yield a
population of26 and27 largely exceeding that of25. How-
ever, the calculated equilibrium constants are some orders
of magnitude higher than the experimental ones[63]. In
fact, an accurate isomer distribution analysis would imply
the calculation of the normal mode frequencies in solution,
and not simply in gas phase.

4. Empirical force-field investigations

4.1. Molecular mechanics

Molecular mechanics (MM) calculations were performed
to investigate the role of steric interactions in determin-
ing the sulfoxide bonding mode in various ruthenium com-
plexes[129,133–136]. In addition, in order to quantify the
steric properties of sulfoxides, ‘cone angles’ were calcu-
lated for the most common sulfoxides, after minimization
of their conformational energy using the program SYBYL
and the TRIPOS 5.2 force field[129]. The results showed
that the solid cone angles (Ω) and the corresponding cir-
cular cone apertures (Tolman cone angles,Θ) significantly
increase from O- to S-bonded sulfoxides, in spite of the
shorter metal-to-ligand distance assumed in the former case
(M−O, 2.10 Å; M−S, 2.28 Å)[129].

The importance of the steric parameters was reflected
by the isolation of different linkage isomers of Ru
complexes depending on the sulfoxide bulkiness: while
mer,cis-RuCl3(dmso–S)2(dmso–O) is obtained in the case
of dmso, the complexmer,cis-RuCl3(dpso–O)2(dpso–S)
(28) is obtained with the bulkier dpso ligand[129]. In
order to investigate the effect of interligand steric in-
teractions and find the most stable isomer, strain ener-
gies (Est) were calculated for28, and for its possible
isomers mer,trans-RuCl3(dpso–S)2(dpso–O) (29), and
mer,cis-RuCl3(dpso–S)2(dpso–O) (30). Conformational
analyses were carried out with the program SYBYL and
the TRIPOS 5.2 force field (no electrostatic interactions),
after implementation with the Ru(III) parameters estimated
from spectroscopic data combined with the Badger’s and
Halgren’s equations[129]. The MM calculations showed
that the strain energy increases from28 to 30 (Est = −81.2
(28), −72.4 (29), −54.0 (30) kJ mol−1), with a large
difference between the two linkage isomers28 and 30
(�Est = 27.2 kJ mol−1). It was also observed that in the
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three isomers there were large differences in the number of
low-energy conformers, indicating a noticeable difference
of conformational entropy,Sco, again in favor of isomer28
(Sco = 9.7 (28), 5.2 (29), 4.5 (30) J mol−1 K−1). The dif-
ference (Est − TSco) was taken as a measure of the global
interligand steric interactions, combining strain and con-
formational entropy terms. AtT = 298 K, the (Est–TSco)
differences between isomers28 and29, and28 and30 are
of 31.8 and 53.6 kJ mol−1, respectively, confirming a strong
preference for28, the complex found in solution and in the
solid state[129].

MM calculations were also used for a rationalization
of the stereochemical and conformational behavior of
Ru(II)–dmso complexes containing aromatic nitrogen lig-
ands (L) of general formulacis,cis,cis-RuCl2(dmso–S)2(L1)
(L2) (31) [133]. Calculations were performed using the
program HYPERCHEM 4.5 and the AMBER force field,
in which the force field constants involving the Ru(II)(Cl)
(L) (dmso) groups were calculated from the Badger’s and
Halgren’s equations, after optimization (Simplex method)
of the related parameters, on the basis of 11 accurate crystal
structures[133]. For the electrostatic contribution, atomic
charges were calculated by the semi-empirical ZINDO/1
method. The consistency of the force field obtained is
shown by the root-mean-square deviations between ob-
served and calculated bond lengths and angles, of 0.017 Å
and 1.3◦, respectively, for the whole set of data, and of
0.013 Å and 1.6◦, respectively, for the ruthenium param-
eters. The force field was first used to analyze the rota-
tional freedom around the Ru–S, Ru–O and S–O bonds
in cis,fac-RuCl2(dmso–S)3(dmso–O). As to the rotation
around the Ru–S bond, the profile of the strain energy as
a function of the S–Ru–S–O torsion angle (ψ) shows two
lowest minima atψ = ±80◦ and three other minima, at an
energy 13.4 kJ mol−1 higher, atψ = −5, 25, and 180◦ [133].
This is consistent with the observation that this complex has
been isolated, in the solid state, as three polymorphs with
ψ = 9.2◦ (F1), 11.7◦ (F2), and−70.5◦ (F3), the last one
being the thermodynamically most stable[133]. Rotation
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around the Ru–O bond, measured by the Cl–Ru–O–S tor-
sion angle, is much less hindered, being characterized by a
rather flatEst minimum between−120 and 40◦ [133]. Fi-
nally, the profile ofEst versus the Ru–O–S–C torsion angle
shows that the absolute minimum occurs for the most com-
montrans–trans conformation, while higher energy minima
correspond to thecis–trans and cis–cis conformations, in
agreement with their less frequent observed occurrence[4].

As to restricted rotation of nitrogen bases, twoEst
minimum structures were calculated forcis,cis,cis-RuCl2
(dmso–S)2(dmim) (dmpy) (31) corresponding to two oppo-
site orientations of the dmpy ligand. This is in agreement
with the fluxional behavior detected in solution, and the crys-
tal structure of31, characterized by a molecular static disor-
der of the dmpy ligand, with two orientations at 180◦ to each
other. Moreover, forcis,cis,cis-RuCl2(dmso–S)2(dmim)2,
four rotamers were detected in solution[137], in correspon-
dence to the fourEst minima in gas phase[133].

The mutual orientation of twocis dmso–S groups has been
analyzed in detail in the NMR and MM study of Ru(II) octa-
hedral complexes of formula RuX2(dmso–S)2–n(CO)n(L1)
(L2) (X = Cl, Br; n = 0–1; L1, L2 = lopsided
imidazole-like ligands), with bothcis and trans X arrange-
ments [135]. For the cis,cis,cis-RuX2(dmso–S)2(L1) (L2)
complexes (32), the head-to-head (HH) and head-to-tail
(HT) descriptors, with the ‘up’ (u) and ‘down’ (d) specifica-
tion, used to define the mutual orientation of the N-ligands,
were used also for the dmso–S ligands[135] (Scheme 8).

Considering the dmso O atom as the ligand ‘head’, the
(HH)u or the (HH)d conformations are possible, if both
torsion angles O–S–Ru–S (ψ) are, respectively, in the
range 0◦ < ψ < 180◦ or −180◦ < ψ < 0◦ (� enan-
tiomer). For a more precise definition of the orientation
of the two pairs ofcis ligands the HψaHψb and HψcHψd

notation has been introduced (in the scheme,a and b are
the positions taken by the N ligands, whilec and d are
those taken by the dmso’s), together with the simpler HiHj

notation, wherei and j (i, j = 1–4) refer to the quad-
rants of the torsion anglesψ [135]. In all known crystal
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structures, the� cis,cis,cis-RuX2(dmso–S)2–n(CO)n(L1)
(L2) complexes adopt the (HH)d conformation for the dmso
ligands with average values forψc andψd of −14 ± 12
and 86± 6◦, respectively. This conformation corresponds
to structures in which the O atom of each dmso group
lies approximately in the coordination plane perpendicu-
lar to the Ru–S bond of the other dmso ligand, with the
methyl groups of each dmso stradling onecis Ru–X bond.
Similar conformations were found in the minimum strain
energy structures ofcis,cis,cis-RuCl2(dmso–S)2(tmbim)2
andcis,cis,cis-RuCl2(dmso–S)2(dmim) (tmbim)[135].

Unlike in the cis,cis,cis complexes, the solid state
conformation of the twocis dmso–S ligands in the
trans,cis,cis-RuX2(dmso–S)2(L1) (L2) complexes is HT,
with ψ values of about 31 and 161◦, close to the minimum
strain energy values of 24 and 169◦.

In this conformation, the two O atoms are significantly
displaced from the RuS2 plane (ca.±0.45 Å). However,
the MM calculations indicate that the energy difference be-
tween these HT arrangements and the ‘planar’ (PP) arrange-
ment (both O atoms in the Ru–S2 plane) is very small
(0.4 kJ mol−1). In fact, a strictly symmetry-determined PP
geometry of pairs ofcis dmso–S ligands has been observed
in trans-MX2(dmso–S)4 complexes (M= Ru, Os; X= Cl,
Br) [4].

The relative orientation of threefac dmso–S groups
was examined by a conformational analysis of the
[fac-RuCl3(dmso–S)3]− complex, using the previously de-
scribed force field[136]. The conformation of the three
dmso–S ligands is described by the dihedral angle (�)
between the planes defined by the O and S atoms, and
by the pseudo-torsion angles around the Ru−S bonds,φi
= Oi−Si−Ru−S* ( i = 1–3; S* = midpoint of the three
S atoms). The MM calculations show that the minimum
strain energy structure corresponds to the rotamer with
α = 0◦ andφ1 = φ2 = φ3 = 27.8◦. In fact, similar ge-
ometries were found in all the crystal structures of the
[fac-RuX3(dmso–S)3]− (X = Cl, Br) complex (0.3◦ < α <

3.3◦, 25.8◦ < φ < 29.3◦) [136]. When the pseudo C3 sym-
metry is removed, as incis,fac-RuCl2(dmso–S)3(dmso–O),
the lowest calculated energy is found for the rotamer with
α = 25.8◦, φ1 = 133.7◦, φ2 = 38.5◦, andφ3 = 16.5◦,
in agreement with the values ofα = 24.2◦, φ1 = 118.7◦,
φ2 = 55.9◦, andφ3 = 14.2◦, found in the thermodynam-
ically most stable polymorphF3 (see above). The values
found in the other two polymorphs,F1 and F2, are close
to the values calculated for the higher energy conformer
(�E = 5.4 kJ mol−1), with α = 2.7◦, φ1 = 21.3◦, φ2 =
31.7◦, andφ3 = 37.4◦.

The same force field was also used, after implementa-
tion for new bond angle parameters, for a stereochemical
analysis of ruthenium bis-chelate disulfoxide complexes of
formula RuCl2(bmse)2 (34) [134]. The aim of this work was
the study of the influence of non-bonded atom interactions,
arising from linkage andcis–trans isomerism combined
with different arrangements of the sulfur chiral centers,

36

Cl

Ru

Cl

S

O Me
S

O Me

O

S

Me

S

OMe

35

Cl

Ru

SO

S

Me

S

OMe

O

Me
S

Cl

O
Me

Scheme 9.

on the strain energy of the compounds. The MM analysis
was restricted to the four most likely stereoisomers of34:
trans-RuCl2(bmse-S,S)2 (35), cis-RuCl2(bmse-S,S)2 (36),
trans-RuCl2(bmse–S,O)2 (37), and cis-RuCl2(bmse-S,S)
(bmse–S,O) (38), in which bmse represent bothmeso and
rac ligands. These 4, out of the 17 envisageable stereoiso-
mers, are expected to be the most stable from the elec-
tronic point of view and do not contain the less probable
seven-membered rings, formed in the case of O,O chelation
[134] (Schemes 9 and 10).

The MM results show that for each diastereomer35, 36,
37, and38, the strain energy is markedly dependent on the
environment of the chiral center, mainly because of the elec-
trostatic energy terms. In fact, the change of chirality of the
sulfur atoms implies a different orientation of the negatively
charged oxygen atoms and correspondingly of the positively
charged methyl groups.

In the case of thecis isomers36 and 38, containing
meso-bmse, the lowest strain energy is calculated for the
isomer of type36 with trans sulfur atoms of the same chi-
rality, as in the case of the diastereomer 33-[RuCl2S4] �
(according to the IUPAC stereochemical descriptors) (39)
[134]. This same structure was found in the solid state
for cis-RuCl2(bese-S,S)2, whose crystals contain the enan-
tiomeric pair 33-[RuCl2S4] � and 22-[RuCl2S4] * [138].
All other isomers, of both types36 and 38, have signifi-
cantly higher strain energies (�Est > 58.6 kJ mol−1). For
the trans isomers35 and37, the lowest energy is calculated
for the diastereomer 13-[RuCl2S4] of type 35, that is for
the isomer with sulfur atoms of opposite chiralitytrans to
each other (40). Interestingly, analogous stereomers were ob-
served in the crystal structures of bothtrans-RuCl2(bmse)2
andtrans-RuCl2(bpse)2 [138].
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Using therac-bmse ligand, MM calculations predict that
the lowest strain energy would be found for 32-[RuCl2S4]
� (type36), for thecis isomers, and for 12-[RuCl2S4] (type
35) for thetrans isomers[134]. Finally, in bothcis andtrans
isomers, the passage from S,S to S,O bonding, that is, from
five- to six-membered rings, implies a significant increase
of the strain energies.

4.2. Molecular dynamics

Molecular dynamic (MD) simulations of pure dmso and
its ‘inifinitely diluted solutions’ of Na+ and Cl− were per-
formed at 298.15 K using the VG force field[114]. Each
ion was considered separately in a NVT ensemble of 215
dmso molecules. It is found that the first solvation shell
of Na+ consists of six dmso molecules located at the ver-
tices of a distorted octahedron and oriented by their polar
S–O bonds towards the cation with a preferable angle of
156◦ between S–O and Na–S vectors. The radial distribu-
tion function (RDF) of Na+ exhibits an intense first peak
corresponding to the Na· · · O distance of 2.4 Å, and a sec-
ond lower peak at 3.7 Å for Na· · · S. Translational and re-
orientational mobilities of the coordinated dmso molecules
are significantly lower than in bulk solvent. On the contrary,
the first solvation shell of Cl− does not correspond to a reg-
ular polyhedron. It consists of 10 dmso molecules oriented
by their methyl groups and sulfur atoms towards the anion
with a preferential angle of 90◦ between the bisector of the
C–S–C bond angle and the vector pointing from Cl− to the
midpoint of the two methyl groups. The dynamic behavior
of these dmso molecules is similar to that of the solvent
molecules in the bulk. The RDFs of the closest interaction
sites (Na+ · · · O, Cl− · · · C) show broad second peaks at 6.8
and 7.6 Å, respectively, with almost similar intensities. This
shows that second solvation shells can be identified in both
cases, but they are not so well defined as the first solvation
shells.

For references concerning MD calculations for pure
dmso, and dmso mixtures with water, bio-molecules and
electrolytes see[139].

5. Conclusions

The statistical analysis of the sulfoxide S–O bond dis-
tances, obtained through accurate X-ray diffraction analyses,
shows a significant variation between free and metal coor-
dinated sulfoxides. In fact, from the 119 (n) values avail-
able for free sulfoxides (pure and solvate compounds), the
semi-weighted mean (〈x〉s) (with standard error in brack-
ets) is 1.492(1) Å, 98% of the values lying within 1.4900
and 1.4944 Å. In the S-bonded metal complexes〈x〉s re-
duces to 1.4738(7) Å (n = 474, 98% of values in the
range 1.4716–1.4746 Å), while in the O-bonded metal com-
plexes〈x〉s is increased to 1.528(1) Å (n = 291, 98% of
values in the range 1.5250–1.5300 Å). When the oxygen

atom of uncoordinated sulfoxides is involved in hydrogen
bonds, the mean S–O bond distance increases from 1.492(1)
Å to 1.513(2) Å, with 98% of the 27 available data lying
within 1.5085 and 1.5177 Å. The S–O bond length is fur-
ther increased by O protonation to give preferentially the
[(sulfoxide–O)2H]+ species, in which〈x〉s = 1.541(3) Å
(n = 12, 98% of values in the range 1.5334–1.5470 Å). The
longest S–O distances were found in two [(sulfoxide–O)H]+
cations, 1.585(8) Å for dmso and 1.589(3) Å for tmso. The
trend of the S–O bond lengths is fully consistent with the
changes of the dmso SO stretching frequency upon coor-
dination. In fact, for dmso,ν(SO) is found in the range
1036–1070 cm−1 (condensed phase), while it lies in the
range 1080–1154 cm−1 in S-bonded metal complexes, and
in the range 862–997 cm−1 in O-bonded metal complexes.
The weakening of the S–O bond upon O-coordination and
its strengthening upon S-coordination is also confirmed by
quantum chemical investigations, which include the calcu-
lation of S–O stretching frequencies and bond lengths.

The calculation of the metal−dmso binding energies,
based on DFT methods, provide indications about the
linkage isomer stability, showing a general preference for
S-bonding, in the absence of�-acceptor ligands, in agree-
ment with the experimental evidence.

In the case of the octahedral [MClmL5–m(dmso)]n com-
plexes (M= Ru(III ), Rh(III); 0 ≤ m ≤ 5; −2 ≤ n ≤ 2),
a good correlation has been found between the absolute
electronegativity of the five-coordinate square pyramidal
fragment [MClmL5–m]n and the energy difference between
the dmso–S and dmso–O linkage isomers,�EO–S. It was
found thatχ increases with the increase ofn and the de-
crease of the�-donor power of L. The comparison of the
�EO–S values with the observed isomer stability has sug-
gested that S-bonding is highly preferred whenχ < 2 eV,
while O-bonding is preferred whenχ > 3 eV. In the in-
termediate cases the isomer energy difference is small and
the dmso binding mode may be essentially determined by
steric and/or solvation effects. In fact, it has been found that
the correct calculation of the equilibrium constants, for the
isomer equilibration, requires an accurate calculation of the
solvation energies.

Future work requires the calculation of the normal mode
frequencies of the compounds in solution (and not simply
in the gas phase), as well as the calculation of the metal
electronegativity (χM) (instead of the fragment electroneg-
ativity, χ) to be related to�EO–S, as a function of theσ/�
L donor power. Inclusion of nitrosyl complexes should be
of particular interest, to confirm the marked preference for
O-bonding observed in Ru–NO complexes.

Molecular mechanics calculations have shown the im-
portance of intramolecular non-bonded atom interactions
in determining the S/O bonding mode, because of the dif-
ferent steric effects of O- and S-bonded sulfoxides. These
are also responsible for the mutual orientation of the dmso
ligands, and control the ligand rotation about the coordina-
tion bonds. For dmso, rotation is rather free in O-bonded
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complexes, while it is much more restricted in S-bonded
complexes. This indicates that, in the absence of definite
electonic factors, O-bonding is favored by a steric entropy
factor. The structural characterization of enantiomerically
pure chiral disulfoxide complexes appears of interest to
complete the investigation of the influence of the sulfur
atom chiralities on the metal complex structure, which,
in turn, can determine interesting chemical and biological
properties.

Note added in proofs

After submission of the paper, S. Geremia determined
the crystal structure of pure dmso at 164 K (R = 4.0%,
767 reflections with 1> 2�(I) over a total of 955). The
S–O distance is of 1.480(2) Å. Inspection of the anisotropic
thermal parameters shows that the distance can be shortened
by thermal motion effects. After correction the distance is
of 1.499 Å.
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