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Absfract

Structural parameters of free and coordinated sulfoxides are comprehensively reviewed and
average values derived. Principal component analyses have been performed in order to
evidence the deformation pathways of sulfoxides upon coordination. Elecironic and steric
factors affecting the bonding mode of sulfoxides are discussed.

Keywords: Meial sulphoxide complexes

Abbreviations

AEPSO aminoethylpynidy! sulfoxide
BMSP 1,3-bis(methylsulfinyl )propane
BMSE 1,2-bis(methylsulfinyl Jethane
BESE 1,2-bis(ethylsulfinyl jethane
BPSE 1,2-bis{ propyisulfinyl)ethane
BPSO 1,2-bis{phenylsulfinyl} ethane
BPESC 1,2-bis(phenylsulfinyl} ethylene
CASO cysteamine sulfoxide

DBSO dibenzy! sulfoxide

DESO diethy! sulfoxide

DHSO 2,5-dihydrethiopbene 1-oxide
DMSC dimethyl sulfoxide

DiBSO di-i-butyl sulfoxide

DnBSO di-n-butyl suifoxide

DiPSO di-i-propyl sulfoxide

DnPSO di-n-propyl suifoxide

DTCSO 1,5-dithiacyclooctane 1-oxide
DTSO 2,5-dihydrothiophene 1-oxide
DPSO diphenyl sulfoxide

EPSS bis{ 3-(ethylsulfinyl ) propyl sulfide
ETPSO 3-(ethylthio)-1-{{3-(ethyithio) propyi jsulfinyl }propane

ETSO dimethylene sulfoxide
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MBSO methylbenzyl sulfoxide

MCSO methyleysteine sulfoxide
MESO methylethylsulfoxide

MetSO methionine sulfoxide

MPASO 3-methyl sulfinyl propylammine
MPSO methylphenyl sulloxide

MTSO methyl-p-tolyl sulfoxide

PMSO pentamethylene suifoxide
tBMSO r-butylmethyl sulfoxide

TMSO tetramethylene sulfoxide

1. Intreduction

After the first few reports on transiiion metal complexes with sulfoxides in the
early sixties [ 1], the chemistry of this class of compounds has increased both quickly
and widely.

The interest in these compounds stemmed, in part from the fact that they are
useful siarting materials for the synthesis of new organometallic and coordination
compounds [ 2] and, in part from their role as possible intermediates in homogeneous
catalytic processes [ 2,3]. In addition, special interest was aroused about the potential
applications of ruthenium complexes in medicinal chemistry, both as anéitumor
agents [4], and as radiosensitizers [ 3]. Further, they have been studied widely in
basic coordination chemistry, for the ambidentate nature of sulfoxides, and their ¢1s
and trans effects [2].

All these studies are related, in some way, to the strength and nature of the metal-
sulfoxide bond. Therefore, the understanding of the parameters affecting the bonding
mode of sulfoxides in metal complexes is a fundamental aspect of their coordination
chemistry.

in 1981 Davies surveyed the chemisiry of transition metal complexes with sulfox-
ides up to 1979, with particular reference to the sulfoxide bonding mode, including
a discussion of the different physical methods applied [2].

More recently, the chemistry of sulfoxides has been reviewed, including theoretical
and structural aspects of gaseous sulfoxides [6]. Some aspects of their coordination
chemistry to transition meials have also been reported recently [7].

Since Davies’s review was not intended to provide an exhaustive listing of all
known sulfoxide complexes, and a great many new and more accuraie X-ray struc-
tural determinations appeared in the last decade, we thought it could be of interest
te collect the available siroctural data, in order to evaluate average geometries of
free and coordinaied sulfoxides.

The evaluation of the mean molecular dimensions, together with the mvestigation
of the siercochemistry of the metal—sulfoxide bonds, can contribuie to the understand-
ing of the electronic and steric basis of such boads.

in addition, average molecular dimensions may provide reliable ‘siandard’ bond
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lengths and angles for model building applications, as well as for MO and semiempiri-
cal molecular energy calcuiations.

In order to elucidate the deformation pathways of sulfoxides, upon coordination,
principal component analyses (PCA) have been carried out. In fact, the use of PCA
in structure correlaiion studies 1s by now a well established tool [8]. A brief outline
of the method is given in Appendix 2.

For the sake of clarity, we will first discuss the geometry of free suifoxides and
their interaction with hydrogen ions, providing relevani average dimensions, and
their chemical interpretation. Then, we will discuss the structure and boading in
metal complexes, with particular regard to the electronic and stereochemical aspects.

Tables of supplementary material are available on request from the authors.

1.1. Treatment of data

It has been shown that, for crystallographic data, the best estimaie of the mean
value of n observations, x;, is provided by the ‘semi-weighted’ mean, which takes
into account both experimental errors and ‘environmental’ effects, like those derived
from crystal packing [9]. Relevani expressions are given in Appendix 1.

Since it s well known that the ESDs derived from least-squares techniques are
vsually underestimated, it has been suggesied that they should be muitiplied by a
factor in the range 1.3-20, to reflect the true experimental uncertainties in the
observations [9]. In this article, the individual ESDs (quoted in parentheses) are
multiplied by 1.3.

Disordered structures or struciures of very low accuracy have not been taken into
account. Bond distances with quoted o{x;}>>0.01 A, and bond angles with a(x;)> 1°,
even if lisied, are not incloded in the calculaiion of the means, as well as values
without ESDs. Data not included, for the above or any other reason, in the statistics
are printed in italics. In PCA, structures were rejecied whea o{x;) of one of its
structural parameters was >0.01 A, for bond lengths, or > 1°, for bond angles.

A bibliographic search has been performed through the Cambridge Structural
Daiabase up until 1991 [10]. Furiher references have been searched in the main
journals and should cover publications up to 1994, with a few quotations in 1995
We apologize for all the structures that we have unwillingly omitted.

2. Molecular structure of uncoordinated sulfoxides
2.1. Estimation of mean molecular dimensions

The crystal structure of the dimethy] suifoxide (DMSO]) (1} has been determined
in 1966 at —60°C [11] and +5°C[12], yielding quite different S—O bond distances
{Table 1}. According to Bennett et al. [13], many authors have assumed that the
reference value of the S—O bond length, for comparison between coordinated and
uncoordinated DMSQ, should be that of 1.531{5) A, reported for the second structure
determination. This, in fact, is nearer to room temperature (at which the vast majority



M. Calligaris, Q. Carugo!Coordination Chemistry Reviews 153 ( 1996 83-154 87

Table 1
Bond lengthis (A} and angles (°} of uncoordinated DMSO®

State 50 S—C —8-C 0O-8—C Ref.,

Gas 1.485(6) 1.79975) 96.57(3) 106.65¢ 3} [60]

—60°® 1471 1812 97 56 .04 [11-
1807 107 .43

+5 1.513(5) L7718 98.244) 106.7(4) [1]
L81{1} 107.5(4)

Solvate 1.488¢5) 1.764(9) 8014} 105.7(3) EN
1.732(3) 106.8(4)

Solvate 1483(4) 1.775(3) 98.4(1} 10782} f1s]
1.776(3) 106.112)

15023} LITHD 98.6(1) 105.612)

1.775(3) 105.2(2)

Solvate 1.44(2} 178(2) 99(1) 10811} [16]
17802 105(1)

Soivate® 1.495 1735 98.3 1086 [17)

Soivate 1.494{4) 1.766(5) 97.8(2} 105.5(2) [18]
1.759(6) 106,213}

Solvate 1.493(4) 1.794( 1 9785 107.3(3) [19]
1.768(%) 104.7(2

Solvate 1.49447) L7501} 96.3(5) 106.8(5) [20]
1781} 105.4{4)

Solvate 1.499¢5 ) 17601} 100.144) 103.7(4) [21]
1.756(9) 195.9(4)

Solvate 15030158 1.731(6) 96.9(2) 104.9(2) [22
1.812(4) 105202}

Solvate 1504745 1.796{8} 95.5(4) 105203 23]
L7781 167.5(3)

Solvate p508¢2r 1.776(2) 99.5(1) 105.4(1) 247
1.769(3) 104.5(1)

Soivate® 15X 1.73 100 105 [24)
174 104

Solvate 1.52604x 1731 97.6(5) 105.6{4) [26]
1.80(1) 104.5(5)

Solvate 1529(BF 1.8011) 98.8(5) 104.1{5) [273
178919 104.4(5)

7 7 26 i4 28

¢ 0010 0.022 1.2 i.2

€5, 1495 1.773 98.0 1057

o{{x),) 3004 0.004 G.3 02

® Figures in italics are not included in the calculation of the mean. ® ESDs not reported. © $—0O involved
in hydsogen bonding.

of structures have been solved) and seems better refined. However, it should be
noted that the value of 1.531 A has been obtained after correction for thermal motion,
while most of the -0 bond lengths reported for metal complexes refer to uncorrected
values. Thus, the uncorrecied value of 1.513(5)A [12] would appear more
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appropriate in this regard. At any rate, it is worth noting that the structure determina-
tion accuracy was not very high (R=0.074).

Further, this value appears slightly longer than the 5-O bond distances in DMSO
solvates (Table 1), where the ligand 15 involved in weak intermolecular interactions,
resembling free DMSO (range, 1.483{4}-1.502(3) }i) f14-20]. The average value of
the S—O bond length in DMSO solvaies is 1.495(4) A. Table 1 shows that slightly
longer distances (up to 1.529(8) A) occur when the oxygen atom of the sulfoxide is
involved in sirong and/or multiple hydrogen bonds [21-27].

Further, the S—O bond disiances in other free sulfoxides {(Table 2) are markedly
below 1.53 A, ranging from 1478(4) to 1.508(3) A, with an average value of
1.492(1} A [28-41]. As for DMSQ, a lengthening is observed when strong hydrogen
bonds are present (1.517(3}-1.521{3) A) [42-44]. A similar trend is observed in the
solid state structures of cyclic sulfoxides {Table 3) [45-48].

Markedly longer values (1.528(4)-1.559(2) /Z\) are found (Table 4) when the iater-
action with hydrogen becomes rmuch stronger, as in the protonated dimers
[(DMSO}LH]™ (1) [49-53] and [(DaPSO),H1' [54]. Even longer distances are
found in the monomers, up to 1.585(8) A in [(DMSO)H]* [27], and 1.589(3)A in
[(TMSO}H 1+ (III) [ 55].

L F
+
O:SV —I /q

~5=—0 H 5==0
/ 75:0/ ﬂ !

I i Hi

Shorter values, such as 1.408(5) [56]1 and 1.46 A [57], have been found in
[((DMSOH [ trans-MCl,{DMS0); 1 compounds {M = Ru, Rh), but they correspond
to disordered dimethylsulfoxonium structures.

in [{DMSO),H]" the hydrogen ion is usually shared by the two oxygen atoms
forming “symmetrical” hydrogen bonds. However, in the tellurivm derivative,
[(DMSO),H][ TeCl,-2{DMSO)] [27], H* was found to be bound to the oxygen of
only one DMSO molecule showing the presence of [(DMSOJH]™ species, hydrogen
bonded te the second one. This is in agreement with one long S--O bond distance
(1.585(8) A), comparable to that of 1.589(3) Ain [(TMSO)H]".

It is interesting to observe that the S—0 bond distances reported in the H-bonded
species are not too far from the value of 1.524 A calculated for sulfinyl carbanions,
[R'-S{O+-R"]~ [58], which is further lengthened up to 1.58(I)A in the lithiom
complex, x-{phenylsulfinyl}-a-methylbenzyllithium-tetramethylenediamine [597],
resembling the hydrogen ion behavior.

Averaging the 5—O bond distances of Tables 1, 2 and 3, with the exclusion of the
values of the low temperature and gas phase determinations and of the compounds
involved in strong hydrogen bonds, we obtain the mean value of 1.492{1):3;. The
standard deviation of the set of data used is 0.009 A (Table 5). It is interesting to
observe that this average value compares well to that of 1.485(6) A, obtained by gas
phase microwave spectroscopy on various isotopically substituted DMSO species
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Table 2
Bond lengths {A} and angles ¢°} of uncoordinated sulfoxides R'R"SO, different from DMSO

R R S0 S—C{RY S—CIR") C-SC O-SC(R] 0O-5-C(R"} Ref

Ph  Ph 14702} 17602y 1762y 9T(1)  106(1) 106(1) | 28]

Ph PhSIONCH,L"  L487(2)  1.798(3) 1814(4) 93.5(1) 107.241) 06601 [29]

Ph PhSIONCH,L®  1.489(6)  1.78%(6) 1822(6) 98.2(3) 106911 05630 [30]
1494(6)  1.806(5) LB2&(T) 986131 106743} 105.7(3)

Ph  R-l-heptanyl® 1495 1) LRO4(ZY  1822(2y  98.3(1 106240 166,514 (3]
1.497(3) 178905y 1.829(4)r 967121 106.8{2) 106.6(2)
Ph  2-Ph-1-R-vinyl® 14842y L794(3y 1803y 576(1) 1070M1) 106001 [}
Ph norborneny!’ 1.508{3) 17664y 1.823{4y 97T 1062 109.012} [33]
Ph  norbornenyl® 1.492(3) 1.809¢41 18254y 976(2y 107.5i1 166,742y [33!
1.498{3) 1.801¢4)  1.833{dHr 9802y 1064(2) 106.2124
Ph norbornenyl® 1.500(2) L7%643F  1LBL&(2y  976{11 107.001) i5.2¢ 1) (33
1.498(2) L794(3} L1812y S841) 107401 15041}
Ar  R-cyclopropyl 1.487{6) L783{8) L7839 W93 1068{4} 109614} (347
Me R-lheptanyt? 1.496(3) L7914} LB23(2)  G58(1) 10692) 166541} [25]
Me R--heptanyl® 1.492(%) 18144} 1.8411) 9T R(5) 04206} 105.605) [36]
Me MeS{ONCH,)," 1.49%42) L786{2y  1.BOWZ) S70(Ly 106.8{1) 136311 371
Me  2-[-l-thienyl LA486(5) 1ROK(9)  1.774(6)  97614) 106.1(4) 1G53} [38]
1.499(5}) 1791¢7)  1L757i6)  98.34) 106243 {05903} [38]
Me  3-1-2-thienyl 1.50(2) L7812 L8299ty 105(1) 104818} 1381
Me  1-Br-3-I-2-thienyl  1.47(2) 1.7912) L7913 9911 10641} 10741 [38]
Me  3-1-2-farvi 15001} 1812 1701 98246y 104617 104.6{7) 138]
Me  1-[-2-furyl L3OHT) 1.77¢1) 1.754{R)  988(5) 1068(5 106114 [38]
Me 23-F-Ph 1.486(2) 1.792(3y  L79R(2)y  9a9(1) 105%1) FLNIRY [39]
Me 34-F-Ph 1.478(3) 1789161 1786041 97.0127 105613} 167.4(2y [39]
1.478¢4) L7796y  LROGI4Y 986427 1076{2) 105.712) [39]
Me 23-F-Ph 1.485(2) L7933y 1L797(2y 87441 106.7(1) 106011} 39
Me 35-F-Ph 1.458(4) 1785087 178316 964131 106.6(3) w713 [39]
Me 24.6-F-Ph 1.492(3) 1L782(6)  L78B(4y 977112y 107602 107.5124 [39]
Me 246-Cl-Ph 1.48(1} 17812 1.8212) 984Ty 108.0(TY 108.5¢6} [39]
Mce  2-NO,-Ph 1.499( 1) L8034} 1823y 95Ty 1) 105301} {39]
Me 4-MePh! 1.493{6} L796(6) L7976y 976{3 10553 6513 |
Me 2-CO,MePh 1.494(2}) P801¢3)  1LRLI&2Y 972427 1047(2) 105042y [31]
Arm 2-CO.MePh 14911 L828(1)  1.B2& 1) G661y 104001} 104101y f41]
A" 2-NO,-Ph 1.49G{1) LR20(2) 182Xy 470415 104801 14001 1417
At 2NO,-Ph 1.485(2) P824{2) 132523 9SBI(2) 1) 164.4124 [41]
At 2.CH.COMePh 14871 LROS(LY  1820(1) 985(1y 104001} 104701 [411
Me  2,2-Ph-Ar-vinyl® FE24¢3p» L8274y L77XH&) 955y 10372 104.312) [421
Me 2-COH-FwP FSI7¢28 LTRR(S)  1R0O0(3y  97Ri12; 1Me?) i) [43]
Me 2-CO,H-PH FRI73® 0 LTR2(6)  LROGHS) 9RB(2y 10442y 103702 [44]
n 33 3x 8 39 9 149
o 0.008 0.019 0016 1.1 1.2 14
{0, 1.492 1.805 1.756 897.7 106.0 Rtk
Fl{x0,) 0.001 4403 G.004 (.2 0.2 02

* Figures in italics are not included in the calculation of the mean, because of hydrogen bonding, ® {R.S)
isomer. ¢ (5.8} isomer. ¢ R =3.3,5,5-Tetramethyl-7-oxabicycio[ 4.1 0]. R = COOMe. " Exo-{ 2R 35)-isomet.
8 Exa-{2RS 8RS })-isomer. " Endo-{ 2SR, 85R)-isomer. | Ar=p-Tolyl. } R = Ethyl 2R.3R.SR)-3-(ethoxycarbo-
nyloxyl-1-pyrrolidinecarboxylate. * R=3,3,5,5-Tetramethyl-T-oxabicyclo[4.1.01-2-0l. ' Optically active
form (+) ™ Ar=2-CO,Me-Ph. ™ Ar=2-NO»-Ph ° Ar=%4"dimethylphenyl. * Racemiv form. 9 5-C-
(sp*).  S—Cisp®) in groups different from substituted phenyls, for which tni=19. a=0015} x5 =
18093} A.
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Table 3
Bond lengths (A) and angies (°) of uncoordinated cyelic suifoxides R'R"SO

State Size* $-O SC{R}Y S§C{R} CSC O-SC{R} O-S5C(R"} Ref

Gas' 4 1.484(3)  1.828{4) 92.0(3) 110.0{4) [6i]
Gas? 6 1.483(3)  1816(4)° 91.1{7) 108.1(3) [62]
Crystal? S 1.49(1) LB6(2)®  184(2)°  88(1) 106(1) 104(1) [45]
Crystal® 5§ L48N5)  L.R2(1PP  1.879%{6)> 92.5(4) 106.3(4) 108.6(3} [46]
Crystal® 5 FS12¢5)° L786(3F  1815(6)° 9L2(3) 1064(2} 106.4(3} [47]
Solvate! 5 153¢2)2  1A%3P 18203 9uN) 106({1} 106¢1) [48]

* No. of atoms in the sulfinyl ring. ® Cisp}. © Cisp?). ¢ 5—0 involved in hydrogen bondiag.
! Tetramethylene sulfoxide. ! Hexamethylene suifoxide. ® Cloxacillin sulfoxide. *{E)-2-Methylthio-2-
{3-oxobutyiithiolane I-oxide. * 2,3-Dibydro-3-{2-hydroxyethylthio}-1-benzo [#] thiophene 1-oxide.

{Table 1) [60]. It is remarkable that similar values {1.484(3) and 1.483(3) A) were
determined by electron diffraction for teira- and hexa-methylene sulfoxides
(Table 3) [61.62].

2.2. Electronic and conformational properties of free sulfoxides

The average value of 1.492 is consistent with a considerable double bond character
in the S—O bond, being markedly shorter than 1.66 A [12] or 1.68 A [63], expected
for a single S—O bond. As reported by Davies, X-ray spectroscopy has shown that
free sulfoxide molecules are polarized, with a net positive charge localized on the
solfor atom [2]. Polarized structures, with a net positive charge on sulfur, are also
predicted by MO calculations [39].

These observations, together with the relatively short $—Q bond distance, indicate
that in the valence bond representation of the sulfoxide structure as a resonance
hybrid of three canonical forms, the first two are largely predominant,

This bonding scheme is also in agreement with the observed lengthening of the
§—0 bond distance in hvdrogen bonded and, specially, in protonated species. In this
case, in fact, single bond forms become more important, reducing the bond order.

The weakening of the S~ bonds in protonated species is shown clearly by the
decrease of the $—O stretching frequency, from 1022 cm ! in free TMSO to 897 cm !
in [(TMSOH]", and from 1055¢m ™! in free DMSO to 869 and 865¢m™! in
[{DMSOJH]™, for ruthenium and rhodium anionic complexes, respectively [64].

R R R

V- \ - o+

80 «—— =0 «—— $=0 (1)
/ / /

R R R

Structure 1
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R R R R
- \+ A+ \
S0 «— §0 «— §0 — §5=0 (2)
/ HY /oA /A /  H*
R R H R H R
Structure 2
Table 4
Bond lengths (A} and angles (7) in protonated suifoxides
Cation 50 S—C -5+ OG-8 Ref.
[(DMSOLH]- ' 1.538(2) 177143} 9% 6(1} 103.7(1) [49]
1L.773{3) 104.1(1)
1.550(2} 1.759¢2) 100001} 103.5(1)
L7713} 030
:1531(4) 1.760(5) 160.5(2) 105.2(2) [50]
1.776¢5) 105.7()
1.53604}) 1.743(5) 104.7( 3} 102.6{3)
1.758(5) 183.2¢3)
3 1528(4) 1.766(6) i00.2(3} 105.8(3) [51]
1.764(5) 105.5(2}
1.536(6) 1.748(5) 101.9(3) 101.8(3)
1.749{6) 123.2(3)
31.536(3) 1.761(5) 100.1(2) 105.3(2) [521
176915} 105.8(2)
1.541(3) 1.7415) 101.6(3) 102.1{3)
L754(5) 193042}
4 1537(5) 1.765(7) 100.5(4) 105.5(3) 53]
1.783(8) 105.4(3)
1.548(5) 1.756(8) 100.5(5} 104.0(4)
1.744(8) 102.2(4)
[DPSOLH]* % 1.559{2y i.784(4) 99.9(2) 12.3(2) [54]
1.779(4) 103.5(2)
[(DMSOM]* © 1.585¢8)° 177(1} 100.7(6} 102.5(6) [27]
1.76(2) 101.6(6}
[(TMSOH]' 7 1.389(3F 1.780(4) 935¢2) 98.8¢2; [55]
1.78%(4} 5¢2)
i il 25 12 24
a 0.009 0013 0.8 1.4
(XD, i.541 1.765 1004 103.8
a{{XD,} 4003 0.002 0.2 03

* Figuses inn italics are not included in the calculation of the mean. which refers to half
protonated sulfoxides.

' {DMSOLH][7,8-C,B,H,,]. * [{DnPSO),HI[ RuCl,{DnPSO), 1.
? [(DMSO)HI[RACL{DMSO),]. & [(DMSO),H [ TeClg: 2 DMSOJ].
* [(DMSO},H][ RuCL{DMSO),]. T [(TMSOH [ RuCl,{TMSO),].

4 [(DMSO},H ][ 1rC1,{DMSO), .
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Table 5
Average bond lengths (A} and angles (") 1n uncoordinated not cyclic suifoxides

50 §—Cisp?) S—Cisp2)® S—Cisp’F C-5—C 0-§—C

Min 1.470 1.730 1.754 1.786 95.5 103.1
Max. 1.513 1.340 1.809 1828 101.9 109.6
Range 0.043 0.t10 0055 0.042 64 6.5
" 40 58 i8 19 53 106
Median 1493 1.790 1,794 1.808 97.8 1060
a 0.009 0.026 0.016 0015 t2 1.3
0, 1492 1.791 1.790 1.809 97.8 1059
(<0} 0.001 0,003 0.004 0.003 0.2 6.1
D 1.492 1.790 1788 .80 97.8 1059
{3y} 4,001 0.003 0.004 0.003 0.2 0.1
XD 14914 1.7977 1.796 18175 97.68 195.67
D) 0.0005 0.0007 £.001 0.0005 0.03 062

® Number of data from Tables 1 and/or 2, 3. ® $—C distances from groups different from substituted
phenyls. © §—C distances in ortho-substituted phenyls.

In spite of the dramatically short S—O distance { 1.408 ;\) found by Rudnitskaya et al.
in a [(DMSOJH]* complex [56], the v{S—-0O) value is of 870 cm ~%, supporting the
hypothesis that the bond distance is not correct. A less pronounced decrease of
w{S—0} is expected in ‘halfl protonated” sulfoxides, like [(DMSOLH]" and
[{(DnPSORH] ", but unfortunately, the peak is covered by the broad band,
900600 cm !, typical of O-H-O systems [49-53].

It is worth noting that a significant decrease of ¥{S—0) is also observed in the
O-bonded metai complexes, where the average SO bond distance is 1.529(1) A (see
Table 10). If the 5-O bond length in uncoordinated sulfoxides were of 1.531 A, as
often erroneocusly assumed, this trend of the stretching frequencies could not be
explained. In the S-bonded complexes, an increase of about 35 cm ™! compared to
free sulfoxides is observed, together with a shortening of the 5~O bond length {av.
1.472(1)A, Table 10}. As a matter of fact, the ¥(S--O) bands in IR specira are generally
used to distinguish between the 8- and O-bonding of sulfoxides [ 2].

The electronic structure of DMSOQ, both in the ground and in the excited states,
has been studied by electronic energy loss and photoabsorption speciroscopies [65].
These studies show that the LUMO {17.21 ¢V above the HOMO) has largely a*((C-5)
characier with some contribution from 7*(8-O)}. The nexi virtaal orbital (0.811 eV
above the LUMO) has mainly ¢®5-O) characier, while another (2.264 eV above
the previous one) has both ¢*(§—0) and ¢*(C—-H) characters.

An investigation of the conformational properties of methyl sulfinyl derivatives of
aromatiic and heteroaromaiic rings, variously substituted with halogen atoms, has
shown that the methyl group is always highly twisted in relation to the ring plane,
while the 8-O bond assumes different orientations, depending on the position of the
halogen atoms [ 38,39]. The conformation found in the solid state is close to that of
the most stable conformer{s}, predicted by ab-initio MO calculations [ 39].
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2.3. Principal component analysis of uncoordinated sulfoxides

A more accurate description of the molecular structure of the sulfoxides and of
the effects of protonation on the molecular siructure may be achieved by means of
multivariate statistical analyses of the available structural data [9].

In order to characterize the data set, the threc bond distances, S-0O, S-C1, S (2,
and bond angles, C1-5-C2, O-5-C1. O-5-C2, have been chosen as the PCA
variables. It is worth noting that six variables are encugh to compietely describe the
non-linear C S{O}-C fragment. The C1 and C2 labels were permuted. because of
the intrinsic C, symmetry of the four atom group [66].

The six principal components (PCsj, that is the six unique couples of eigenveclors
and eigenvalues, are listed in Table 6, together with the percentage of the overail
variance they describe. All the PCs should be considered as primary, on the basis of
the y? criterion [9a]. PC1, PC2, PC3, and PCS are linear combinations of the
symmetry coordinates of A’ symmetry (51, 52, 84, and S5). Among the other twe
PCs, PC4 is substantialiy the 83 (A"} symmetry coordinate. and PC6 the $6 (A"} one.

The first principal component, which describes one half of the overall variance, is
the only one discriminating the degree of protonation of the sulfoxides. In fact. only
for the PC1 scores does the y” test of homogeneity [67] clearly reject the hypothesis
that the three groups of data {free. hydrogen bonded, protonated) come from the
same population. A scatter plot of the PC2 scores versus the PC1 ones is shown in
Fig. 1, and the distribution of the PC1 scores is reporied in Fig 2. Although no
sound clustering takes place, it is apparent that in moving towards negative values
of the PCI score, the degree of protonation increases. Free sulfoxides have PCl
scores ranging between — 1.034 and 8431 {with mean value of 1.787 and standard
deviation of the distribution of 1.872); hydrogen bonded sulfoxides have PC1 scores

Table 6
Principal component anaiysis of uncoordinated suifoxides: summary of the principal components:
eigenvectors, eigenvalues, and percentage of the overall variance they describe

PCi PC2 PC3 PC4 PCS PCa

Eigenveciors
5-0 - 0459 —0.248 -0.317 0.000 0.792 (.00}
5-C1 0.382 —0.428 0,347 0.707 0226 1016
5-C2 3382 —0428 0.347 -0.707 0.226 - 0Di6
Ci-5—C2 —0.354 0.449 (.782 (3.000 0.24% Q000
O—5—Ci 0.432 0.430 -0.154 —0.0i6 0.323 ([RibH
0-5-C2 0432 0.430 —0.154 146 0323 —0n.707
Bigenvalues

3.202 1.255 0.528 0,437 0.284 0235

Variance pereentage

Cumuiative variance percentage
54.9 204 38 7.2 4.7 iy
549 75.3 841 214 96.1 1000
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Fig. 1. Principal component analysis of the uncoordinated sulfoxides. PC2 versus PCI scores for the free
{0}, hydsogen bonded (x) and protonated () suifoxides.

ranging between —2.804 and 2943 (with mean value of —1.137 and standard
deviation of the distribution of 1,737}, finally, the PCl scores of the protonated
sulfoxides range between —7.614 and —2.764 (with mean value of —5.158 and
standard deviation of the distribution of 1.832}.

Stereochemical reification of the PCI eigenvector perfectly agrees with the depen-
dence of the S—O bond lengih on the protonation degree described in the previous
paragraphs 2.1 and 2.2; in fact, the S—-O bond lengthens if its oxygen atom interacis
with a proton. Moreover, the PC1 eigenvector shows that, by increasing the degree
of protonation, the S—C bond distances shorten, the C—S-C bond angle widens, and
the O-S-C bond angles tighten. This deformation pathway may be explained in
terms of the VSEPR theory [68]. In fact, sulfoxides present a pyramidal geometry
(I}, and the C-S-C bond angle is always narrower than the O-S-C bond angles,
independently of the rnature of the side groups. This 15 probably the result of the
repulsion between the bulkier S—O bonding double pair and the S lone-pair and the
S-C electron bonding pairs. When the oxygen atom interacts with a proton, the
reduced double bond characier in the S-O bond weakens the repulsion of the §-O
and the S-C bond pairs, causing a reduciion of the O-S-C angles, under the
compression effect of the S lone pair.

It is also interesting to observe in Fig. 1 that at the extreme right side there are
the free cyclic sulfoxides. Presumably ring closure hinders the widening of the C-S-C
bond angle, therefore caunsing high PCI1 scores. As a conseguence, the two known
cases of hydrogen bonded cyclic sulfoxides have PC1 scores lower than those of the

Fig. 2. Principal component analysis of the uncoordinated suifoxides. Distribution of the PC1 scores for
the free, hydrogen bonded and protonated sulfoxides.
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free analogues, but considerably higher than those of the other hydrogen bonded
non-cyclic sulfoxides.

Another interesting feature of Fig. 1 is that the lowest PC1 scores correspond to
the case of protonated sulfoxides in which the proton is not shared with a second
sulfoxide molecule. This supports the interpretatton that the protonation of the
oxygen atom is the driving force of the molecular deformation described by PCL.

The PCI eigenvector allows one also to foresee the real space variations. The data
set here analyzed is characterized by the following standard deviations: 0023 A
{$-0), 0026 A (S-Ci and 5-C2), 225° (C1-5-C2), and 1.74° {O-5-Ci and
0-5-C2). This implies that a shortening of 0.049 A of the S—O-bond length (ie.
0.459-0.023, where 0.459 is the PC1 eigeavector term corresponding to $-0, and
0.023 the standard deviation) is accompanied by a lengthening of 0.045 A of the 8-C
bond distances, a tightening of —3.56° of the C—5-C bond angle, and a widening
of 3.34° of the O~8—C bond angles. These values are quite far from those expected
from the mean values of the raw data. In fact, in the same data set submitted to
PCA, the S-O bond length goes from 1.492(1) A {free sulfoxides) to 1.541{3}A
(protonated sulfoxides), the 8—C bond lengths from 1.791{3) (iree) to 1.765(2}A
{protonaied}, the C-8-C bond angle from 97.8(2)" {free} to 100.4(2)" (protonated},
and the O-5-C bond angles from 105.9(1)" (free) to 103.8(3)" {protonated). From
these limit values, it is possible to calculate that a shortening of 0.042 A of the S-O
bond lengih would be accompanied by a lengthening of 0.026 A of the 5-C bond
lengths, a tightening of 2.6” of the C-8-C bond angle, and by a widening of 2.17 of
the O-S-C bond angles. This result confirms that PC1 is not the only primary
component, or, in other words, thai the protonation of the sulfoxides is not the only
statistically significant reason for struciural variations in the C-8(0}-C fragment.

All the other five PCs reported in Table 6 are independent of the protonation
degree of the sulfoxide molecuie. PC2, which describes a considerable amount of the
overall variance (20%), can be related to the variation of pyramidaiicity of the
C-S{O)-C fragment. In fact, movements of the sulfur atom from (or towards) the
plane defined by the oxygen and carbon atoms would produce a lengthening {or
shortening) of all the bond distances, and a tightening {or widening) of all the bond
angles. The remaining four PCs are clearly less important, since they only describe
9%, 7%, 5%, and 4% of the overall variance. PC3 has no sound siereochemical
reification; if the $-O bond distance shortens, the O-8~C bond angles tighten, ihe
S-C bond distances lengthen, and the C-8-C bond angle widens. PC4 and PCé6
correspond to antisymmetric {A”) symmeiry coordinates, PC35, in which all the
variables increase, is probably the result of uncorrected thermal motion or to inhomo-
geneity of the sample. However, no sound relations between some chemical informa-
tion and the PC2-PC6 scores can be found.

An indication of the inhomogeneity of the sample can be aiso found directly from
inspection of the raw data of Table 2. The S-C bond distances span a rather wide
range, from 1.754(8) to 1.84(1) A, including S-C(sp®} and S—C(sp®} distances. It is
interesting to observe that long distances are also found in the $—Cisp®} case, where
they are expected to be shorter. This is probably due to iniramolecular steric
interactions, particularly sirong when R is a phenyl group with bulky substituents
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in positions 2 or 2, 6. When C{sp?) refers to a less sieric demanding vinyl or five-
membered ring or an unsubstituted phenyl group, the average S.-C(sp?) distance is
1.790(4) A,

3. Structure of metal complexes with sulfoxides
3.5, X-ray structures

Before discussing the bond disiances in sulfoxide metal complexes and their
statistical and chemical meaning, we will first present the compounds, so far structur-
ally characterized by X-ray analysis, for metals from Group I to Group VII of the
Periodic Table, gathering A and B subgroups. Some average data for the transition
metal complexes are presenied in Tables 8 and 9. Styuctural details of the coordinated
sulfoxides are given in Tables 51-824 as Supplementary Material available from
the authors,

3.1.1. Group I metal complexes

Few crystal structures exist of sulfoxide complexes of alkali metal ions. Most of
them (Tabie 7) consist of DMSO or TMSO anionic tramsition metal complexes
having lithium, sodium or potassium as counterions [69-747 In this kind of

Table 7
Bond lengehs (A) and angles (°) in alkaling and alkaline-earth meta! complexes with sulfoxides

Compound 5-G MO M—G—-5° Ref.
[ Li{ DMSOY beazoate}]* 150605 1.92011-1.9611) 125.315-1338(5) [69]
1481 6)"

[Li;{ TMSO), 1] Ru,Br { TMSO), ] LISIHTY LB5(21-2.05124 2326} "137.6(6) [70]
1.495(6)°
L4917
1.465(7F
[ Na{DMSO, [ RuCL{DMSOKNH, 1] 1.542(4% 2.2744-2363(3) [71]
1.508(3p¢
LATH3E
{Na(H;ONMe,CON[RuCL(DMSG)im)1s 14872 2.370{2)-2418(2} [71]
[ Na,{ DMSONMe,COY, [ NiL, | LSOOLYF  227049-237448)  1198(5H139.2(5) [72]
[K{DMSO3, [Col., T L3427 27342y 73]
[ K3 H,OL 1, [ P1Cly{ DMSO], L42(3F  2.85(2) [74]
(5t H 05N, ), {DMS0), T 1.517{3) 2.566--2.639 1256-1359 [99]

* Range of atkali metal to O-sulfoxide distances. ® Range of alkali metal—0—S bond angles. ® Two
crystallographically independent molecules. @ Crystallization sulfoxide bonded to the aikali ion
* Transition metal S-bonded sulfoxide coordinated to the aikali ion. ¥ Ruthenium coordinated sulfoxide,
¢ im=imidazole. * L =cis-2-mercaptostilbene-1-sulfinato, ! L = 3-phenylbiuretato. | L =tetrakis{ hydroxv-
methyljethylene, * Data from CS$.D.. uvaweighted mean with o in parentheses.
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Table 8
Average dimensions for O-bonded metal sulfoxide complexes: {x), with o({x},} in parentheses, g with
number of averaged values in square brackets

M M—C M—0-S 50
Agil) 2.43(43 127(4) 1.509{5)"
0081[4] 8.7[4] 0.007[ 2]
Cuflp 2.223(3) 117(2) 1.57(6}
Cu(In) 205(3) 121{1) 1.527(4)
0.15[29] 1.0[25] 0.023[26]
Za(iI} 2111y 120(2) 1.495(5)"
0.0914{2] 29[2)] 0.067[2]
CdilT) 2.309(9) 124(1) 1.527(1}
0.055[38] 7.3[45] 0.016[32]
HgIl) 247(9) 12202} 1.524(6)
825[8] 6191 0.017( 71
LofIINP 2.372) 137(4) 1.514(3)
C.081711] 11[38] Q009111 ]
U(VI) 2.376{9) 138(3) 1.528(4)
0.026[5] 8.1[8] 0.0i3[87
Fa(111} 2.18(1) 1238035 1.535(3)
0.026[ 5] 0.75[7] 0.006[4]
TI(TIF 242(2) 124{1) 1.49(2)
Zr(IV} 2207 127.3(8} 154102
0.015[5] 1.7[4] 0.004[ 57
Sa(lv}) 2.28(3) 12641} 1.533(4)
0.15[217 6.4[22] 0.020[ 227
Pb{il}) 2.46(3) 128(2} 1.527(8)
0.091[9] 6.8[91 0.022[ 7]
V(v 204 125¢ 1.52¢
001 1.0 0.02
Mo(Ii) 2.134(8) 135(1) 1.521¢3)
0.009[ 2] 1.8(21 0.004[ 27
Mo(VD 227(2) 125(2} 1.524(3)
0.062[8] 5.1[8] 0.009[8]
Mntli} 2.14%(8) 136(5) 1.509(3¢
0.017[41 1i[4] 0.007[4]
Re(IlIy 2.302(6} 129.7(4) 1.540{6)
Fe(il} 2.13(13 122(13 1.525(7)
0.02473] 1.8[3] 0.012[3]
Fe(IH} 205(2) 125(2) 15277
0043( 31 25[3] 0.013[3]
Ru(II) 2.131(4) 122.4(9) 1.538(3)
0.016[15] 36f15] 0.0i2{15]
Ru(IiD 2.089(1} i21.6(8} 1.535(4)
0.032[11] 25011 0.014[11]
Os(Iil¥ 2.130{8) 123.5(3) 1.517(6}
Cofll} 2.084(5) 12101} 1.52(1}
0.014[7] 36[8] 0.027[71
Co{IliF 1.91¢1) 137.4(7) 1.52(1)
Ri(II¥ 2.236(3) 132.4(2) 1.525(3)
Rh{Ii) 2.06(2} 121(1) 1.548(2)

0.038[4] 24{4) 0.003[3]
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Table B {continued)

M M—-O M—0-S 50

Pd(il} 205(1} 120¢2) 1.541(8)
0.022[5] 4151 0.089[5]

Pt(il} 2.046(6) 122(1) 1.55(2)
0.008[2] 1712] 0.022[2]

® Unweighted mean. ® Lo =La, Nd, Eu, and Er. © Data from one structure only. ¢ Data calculated from
C.5.0., for the —70°C styucture [ 190]. ¢ Dirhodium complexes with 2 metal—metal boad.

compound, sulfoxides can be simple terminal ligands (;'-O or #'-S) or act as u,-O.S
and £,-0,0,8 bridging ligands.

This is well illustrated by the structure of [Brg(TMSO)LRu{u,-TMSO), 1(4;-
TMSOLLI,(TMS0),] (schematically represented in IV} [70].

AN

S Br

O T T =Ru_

S B

el Wy
(e o™

Li [AY

As will be shown later, when sulfoxides are 5-bonded to a transition metal atom,
the S-O bond length is markedly shortened with respect to free sulfoxides {av.
1.472(1} A, Table 10}). inspection of Table 7 shows that coordination to alkali metal
ions causes a significant lengthening of the S—Q distances, which increase from 5'-$
to u and n!-O sulfoxides. This is well exemplified by complex 1V, where the $-O
bond distance passes from 1.465(7) A, when the sulfoxide is only S-bonded to Ru,
to 1.493(2) A when an S-bonded sulfoxide interacts with Li7,up to 1L.5VH(7) A when
the crystailization sulfoxide inieracts only with the alkali ion [70].

in the potassium derivative [K;(H;O){tetrakis(hydroxymethylenejethylene}, ]
[ PtCL,{DMSO)]; [ 741, the S—O distance of 1.42{3} A is comparable, within experi-
mental errors, to that of 1.467(2);% found in Pt{Il) complexes containing one
S-bonded sulfoxide {Table 9). Besides the scarce significance of this value, it seems
likely that, in this case, a very slight lengthening should be expected because of the
high coordination number (10) of K™ and hence its lower polarizing effect.

For Group IB, only one structure is knowsn for copper(l), [{Cu{DMSO)-
{-CN}, 1 (V) [97], while several X-ray structures have been reported for
copperill} complexes: trans-CuCl,{DMS@), [75], [CuCL{DMSO})), [761.
[Cu(TMSO0, JICu,Br,] and [Cu{TMSOLI[Cu,Cl,] [77], CuBr,DMSO),
[78], [{Cu{DMSO}}4(ua-O)pir-Clie] [79], [{Cu{DESO)} 4{s-O)(p1,-Cl)e ] [80].
CuBr,{i-Br),{TMS0), [81], Cu,Cly(TMSO), [82]. [Cu,iu,-nitrobenzoato),
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Table 9
Average dimensions for S-bonded metal sulfoxide complexes: ¢x), with o{{x),) in parentheses, ¢ with
number of averaged values in square brackets

M M-S M-S0 M—S~C 50
Cr{Of 2.331(1) 1145601} 117.0(6} 1.486(3}
085[2]
Te(II1} 2.289(3} 119.3(4) 112(1) 14757
0.0000[21 0.42{2) 20[41 DH007[2]
Re(I} 2.34% 1) 118.5(3} 111(2) 1.462(4)
2.1{2)
Fe(II) 2.25(5) 116(2) 114.0(8} 1464(7¥
007621 31023 16{4) 0.069[2]
Ru{II} 2.265(3} 1176(3) 113.1(2) 1478(1)
0.026[741 22[71] 26[139] DH10[63]
Ru(II® 2.330(4} 116.7(4} 111.8(6} 1475(2}
0.024[30] 2.5030] 4.3[56] 0.013[30]
Ru(iIiy 2315(3) 116.1(6} 113.0(3} 1474(2}
0.038[17] 23[17] 15[34] 0.009[17]
Ru{HIfy* 2.323(3) 116.1(3) 111.8(2) 1.464(5)
0.010[11] 0.9[11] 8.7019] 8.015[11)
Os(il} 2.34(1) 115(1) 114(2) 147(1)
0.019[2] 15021 38[3) 0.018[2]
Rh{II) 2.45(2} 123.0(9) 108.7(3) 1476(5)
0076111 28011] 150217 0016[11]
Rh{HI}* 2.271{6) 152(3) 112.2(3) 1467{2)
0.022[13] 120127 14[24] 0.008[12]
RA{HIT 2323(3) 116.1(3) 111.9(2) 1.464(5}
0.010[111 09[11] 0.7[19] 0.015[11]
Ie(11T) 23002} 1H7.2(7) 111.8(6) 1.467(2)
0.064[8] 1.9[8] 23[15] 0.004[5]
Pa(II} 2.22(1) 115.6(7) $110(1) 1.47(1)
0.027[5) 16[5] 3.9[10] 0.022[51
PA{ITY 2.243(5} 116(3) i09(1) LA61{1)
0.01074) 42(2] 2.1[4) 0.002[3)
PA(I¥ 2.297(3) 113(1) t112(1) 1.476(5)
0.006[2] 1.8[2] 26[4]
Pt{i} 2170(4¥ 120138 110(2) 1.49(2}
0.008[5] 0.69[51 43[8] 0.028[2]
PNy 2.207(3) 116.2(2) 110.9¢2) 1.467(2)
0.022[62) 1.5[62] 2.5[113] 0.012[ 50]
PH{IIY 2.226{3) 116.4(3) 110.5(3) 1.466(2)
0.021[49] 2.3[31] 26[961 0.012[37]
Pl 2.292(2) 116.7(3} 111(2) 1473(7}
2.8{2]
Pi{IV) 2.33(1) 110(1} 1.54(3)

* Data from one structure only. ® Weighted mean. ¢ Unweighted mean. ¢ S-bonded sulfoxides not trans
to S. ¢ S-bonded sulfoxides trans 10 8. F Onc S-bonded sulfoxide,
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Table 10
Average bond lengths {A) and angles (%) in metal coordinated sulfoxides

S-bonded sulioxides:

50 S—Cisp?) M-8-0 M-§—C C-5-C O-5-C

Min. 1422 117 109.4 1964 929 99.5
Max. 1.512 190 129.5 1203 108.0 1148
Range (6080 0.194 20.1 199 15.1 i5.3
n 252 400 289 548 263 S8
Median 1.470 1.781 116.7 118 100.1 1073
p 6.013 0020 25 29 24 17
05, 1.4723 1.785 1169 1117 1002 10743
FH{xD,) 0.0008 0.00i o 0.1 0.1 007
{5, 14714 1.785 165 {116 100.2 107,49
a{dx,) 0.0008 0.001 0. 9.1 0. 007
(X, 14757 1.7849 11684 11236 99.97 106.99
XD 0.0003 ¢.0003 6.0 0.M 602 a4

O-bonded sulfoxides:

50 5—Cisp*y M—O--§ C-5-C O-5-C

Min. 1470 L.54¢ 11240 86.0 ¥7.0
Max. 1.578 1915 i58.6 1220 1439
Range G108 0.375 46.6 36 84
n 196 260 214 i34 400
Median 1.528 1780 1230 9s.0 (4.2
¢ 6018 0.028 7.1 24 19
(XD, 1.52¢ 1.786 1247 99.0 104.32
LILEP N 0.001 0.002 G.5 0.2 009
Xy 1528 1.78] 124.7 9o 104.34
atexsy) 0.001 0.002 0.5 0.2 009
(XD, 1.5308 L7792 124.06 99.13 104.01
ey M] 0.0003 6.0005 602 .03 0.02

{DMS0),] 183], [Cuiu-benzoato},{ DMSO)] [84], [Cu {methoxymethyi-z-methyl-
2-naphthalene-acetaio),{DMSO),] and [Cu,(methyl-p-toluoyl-1H-pyrrole-2-acet-
atol i DMSO),] [85], [CuCl{C:H.NOKDMSO], [86]. [{Culietraazabicyclo-
nonanyl-ethanolate} DMSO)}, 1[C1O,]; and [{Cu(methoxymethyl-teiraazabicyclo-
nonanyi-ethanolatoj{ DMSO) , J[C1O,], [87], MnCu{lo-phenylenebis (oxamato)}-
(DMSO), [88], Cu{UQ,}diaminocthanc-o-acetoacetyl phenolaio) (DMSO),
[89], [Cu{DMSO}L-phenylalaninato),] [90], [Cu{DMS0}{4.44-triflucro-1-42-
thienyl} butane-1,3-dionato}, | [91], [Cu(salicylidene-hydroxy-bromobenzylamine}-
{DMSO)], [92], [Cuf{DMSO),] [ W0,0] 1931, [Cu{ DMSO),{u-pyridinate}] [94]
and Cu{AEPSQ), [95], and [Cu,(g-hydroxobenzoato}, {DMSO0),-DMSQO] [96].
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In the Cu(il} complexes, the metal atom has been found in different coordination
environments, from square planar, as in [CuCl,{DMSO)], (VI) {76], to more or
less distorted square pyramidal, e.g. CuBr,{DMSO), (VII) [78], and [Cu(u-
henzoato),{ DMSO)]1, ( VITII} [84], as well as to octahedral, as in the [Cu{DMS0)¢1**
cation (IX) [93]. In the Cu{l) complex the metal atom displays a trigonal
coordination,
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For silver, the crystal structure of Ag{DMS0),(ClO,} {X) has been determined
[98]. it consists of infinite chains, in which the Ag(l) atoms are joined by doubly
bridging DMSO oxygens. Including a long Ag-O{perchlerate) distance, the coordi-
nation polyhedron can be described as a distorted trigonal bipyramid.
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3.1.2. Group I metal complexes

To our knowledge there are no structural studies for alkaline-earth metals, with
the exception of the X.ray structure determination of the strontium complex, catena-
[ Sr{{H O3~ N3 )1 N3 J{u,-DMSO} , 1 (XT) (see Table 7} [59].

Two structures have been determiped for zinc [100,101], but ihree-dimensional
coordinates are oaly available for [Za{DMS0},IICIO, 1, (XII) [160].
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Several structures have been reported for Cd{iI) [ 102-108], and Hg(11) [109-116].
Besides mononuclear compiexes such as [Cd{DMSO)J[ClO, ], [102,1037, a binu-
clear complex of formula [CA(Ph(SCH, )C=C(S)Ph),(DMS0}], has been described,
where each Cd atom, related o the other by a centre of symmeiry, is coordinated
to five sulfur atoms of the ligand and one oxygen atom of DMSO [ 1041, A structure
comsisting of approximately octahedrally coordinated Cd** species, interconnected
by chlorine bridges te form a one-dimensional polymer, has been also presented:
[catena-Cd(DMSON9-methyladenine){p-Cl),] [105].

Various cadminm complexes have been obtained by reaction of CdBr, with DMSO
to produce a series of complexes ranging from a layer-lattice type, [CdBr,(DMSOY],.,
to slab, [CdBr;{DMS0}]..-H,0, [{CdBr,;);(DMSO0), (H,0}]..nH,0, and chain
structures, such as [{CdBr, LIDMSO) 1, and [{CdBr,):{DMSO), . [106],
or [CdBr,(DMSO)}MeOH)], [107]. Chain structures of formula [{CdClL,)s-
(DMSO); ], [106] and [CACL(DMSO){MeOH)] . [107] have been obtained from
CdCl,. From Cdl,, polymeric chains [CdI,(DMSOY], have been obtained, as
well as the binuclear complex [(CdL,)L,(DMSO)1 and the ionic derivatives,
LCAH{DMS0), ] [Cdi;{DMSO]-EtOH, and [CA{DMSO), 11CA1,] [ 108].

For Hg(Il) simple structures are known, from [Hg{Me)}(DMSO[BF,] (XI1iI)
[109], and [(HgCl),{naphthalenedyl Hu-DMSO)] (XIV) [110], to the octahedral
complex [Hg(DMS8Q), | [C1CG,], T111].
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Complex structures have been obtained from HgCl, as adducis of various sulfox-
ides. In the 1:1 adduct, HgCl,(DPS0)} (XV}, chains are formed, where the coordina-
tion around the metal atom invelves the oxygen atom of the sulfoxide, and two pairs
of chlorine atoms [112]. It has been proposed that the octahedral coordination is
completed by a phenyl ring at 3.51 A, trans to O [112]. In the 1:1 adduct with
di-n-butyl sulfoxide, HgCl,{ DnBSO}, similar chains are formed in the solid state, but
here the mercury atoms display a disiorted tetragonal-pyramidal coordination [ 113].
In the 3:2 adduct with DMSO, the crystal structure is composed of HgCl, molecules
and centrosymimetric dimeric groups [{HgCl, HDMSO0)],, with DMSO oxygen brid-
ges [114]. Other structures concern the dimeric complex [Hg,{ DMSO), ][ Cl1O,],
[115] and [ 24-pyrimidinium crown-6][{Hg(DMSO),}{Hgl,}] [116].

3.1.3. Group I1I metal complexes

For Group IIIA, the structure of one vttrium complex, [ Y{NG;);{DMS0); ], has
been reported [ 117]. Similar structures have been found for the heaviest lanthanide
ions (Ln**), such as Ln=Er [118,119], Yb {126], and Lu [121], (XVI)} while for
Ln=1La [1227 (XVII}, Ce [1237], Pr [ 124], Nd [125], and Sm [126] the coordina-
tion number is greater, vielding compounds of formula Ln{NO;,{(R,80),.
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This is in agreement with the proposal that, as the size of the Ln*>* ion decreases,
the repulsion between the ligands in the coordination sphere increases, reducing the
Ln:sulfoxide ratio from 1:4 to 1:3 [120].

Relatively  accurate  structures concern  Er(NO,;)L,{DPSQ); [1191],
[La({{C,H;0),PS,}; (DBSO),] [128], [La(C;H,0),(DMS0),] and [Eu(C;H,0),
(DMSO0); [Eu(C,H,0),P8,7 [129], and [ Nd,(CICH,CO, ),{DMS0), 1 [130)].

Several other structures have been determined [131-142], but unfortunately most
of them are of very low accuracy with respect to the sulfoxide moiety and are not
reported. In any case, all of them contain O-bonded sulfoxides, confirming the high
affinity of lanthamde ions for oxo-ligands, in agreement with their Lewis hard-acid
character [143]).

For aciinide—sulfoxide complexes, only two X-ray structures seem to have
been determined for Th(IV), Th{8-quinclinclatol,{DMSOYDMSO {i44], and
ThCl,(DPS0), (XVII]) [145], as well as for U{IV), UCL,{DMS0j, J[UCI, ] {XIX)
[146], and trans-UCl,(DiBSO), [147].
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In contrast, several X-ray struciures are reported for U{VI) [89,148-159], that
is for the dioxouranium derivatives. Besides the already seen Cu complex [897].
other structurally characterized complexes are: [UO,{DMS0}][BF,], [148].
[UO,(DMS0)1[€C10,], [149]1, [UQC,iDMSO}pyOS),] [150], [UO,(DMSO)
{benxoyldihydromethylphenyl pyrazolonato),] [151], [UO,(DMSO){benx-
oyldihydromethylphenylpyrazolthionato); ] [152], [catena-UQ,{DMSO)(p-F},]
[153], [{UQ,},{DMSO)(bis{dihydroxybenzaldehyde) diimino-azapentane)] [154].
[UO,(DMSQ} ({oxyphenylsalicyaldiminato)] [155], [{UQ,{DMSOM,;(ethoxy-
carbonylthioureatopyridinyl),( biureate)] [156], [UO.{DMSO) H, O} phosphiioj]
[157], [UO,(DMSO) benzoaio), ] [158], and [ UO,{ DMSO){u,-succinato)] [ 159].
In all these compounds U displays a pentagonal bipyramidal geometry, as exam-
plefied by [UO,{DMSO); J[BF,], {XX) [148].

0 -
P /
O —u o
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As to Group IIIB, oxygen bonding has been proposed for the 1:1 addua
{DMSO)BF, [ 160]. For In(111), complexes of geaeral formula [InX (DMSO),_,1° "
in=0[161F;n=2,X=1[162]; n=3, X={l and Br [ 163]), have been characterized.
A phenanthreline derivaiive has been also reporied, InCly{phen){DMSQO) [164].
One crystal struciure is also known for THIH), [TICL{DMSOY[ Hpy] [165].
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3.1.4. Group IV metal complexes

X-ray structural investigation of zirconium sulfoxide complexes is limited to
three compounds: [Ze(DMSO)][Cl1,DMSO 1661, [ZrF,(DMSO0),], (XX}
[167,168], and [ ZrF, (DMSO}(H,0),12H,0 {(XXII) [ 167].

F XXII

In the last two, the meital coordination polyhedron is represented by a pentagonal
bipyramid with O-bonded sulfoxides in the basal plane.

Some more siructures are available for tin(IV }: eis trans, cis-SaCl,Ph,{ DMSO),
[169,170], cis,trans,cis-SnClL,Me,{ DMS0}, [171,172], [Sn({Ph},NC{OIC,H,S50,-
(DBSO)] [173], [rans-SnPh,(DMSO),(NO,)IINO,] [1741, [Sn,(CH,)Me,Cl-
(DMSO)Y, ], [Sn,(CH,Me,CL{DMSO)], and [Sn,(CH,)Cl{DMSO),] [175],
cis-Sn{DMSO),Cl, [176], «cis-Sn{DMSO0);Br, [177], cis-Sn{DMSO),C1,Br,
[178], cis-Sa{DPSO),Br, [179], cis-Sa(DP8O),1, and cis-Sn{DPSO),EL; [180],
[SnMe,ClL,{DBSO}] [181], [trans-SnMe,{DMSO),]IN(SO,Me), ], [182],
trans,cis,cis-SnMe,CL{ETS®), [183], [(SaMeClL;),{CHCH,EtSO)] [184], {Sn,-
(CioHg):Me,Cl,{DMSO0)] [ 185], and [{SaPh{DnPSON,(NO;){u-oxalato) [ 186].

In some compounds, the tin atom has an octahedral environment, e.g. [cis, trans,cis-
SnCl, Ph,{DMSO), ] (XXIII) [ 169], while in others the coordination is pentagonal
bipyramidal, e.g. [trans-SnPh,(NO, HDMS0), JINO,] (XX1V) [174].

XXTil
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Crystallization of Pb{ClO,}, from agueous ethanolic solutions containing various
amounts of DMSQO has resulted in the isolation of three distinct solvates with a
Pb({I1}:DMSO sioichiometry of 1:3, 1:5, and (probably) 1:6 [187]. The X-ray
structures of the first two complexes have been solved, showing the presence 1n the
1:3 adduct of [ Pb{DMSE0});(0,C1G,)1[CI0, ] and of two different dimers { 187]. In
one dimer (XXV }, the two lead atoms are bridged by a pair of O,0'-perchloraie
groups, the remainder of the lead coordination sphere is made up by one ClO,~
and three DMSQO ligands, all unidentate. In the other (XX VI}), a compact PbOQ,Pb
central ring is found with bridging DMSO ligands, the remainder of the lead
cocrdination sphere consisiing of a pair of unidentate DMSQO ligands and a pair of
bidentate C1O,~ ligands.
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The 1:5 adduct consists of [Pb{DMSO0):{C,ClO,}[ClO,] molecules [187]. The
structure of the 1:9 adduct has not been solved yet. It is suggested io contain
[Pb{DMSO)s 1>~ species [ 187].
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Other structures concern the adducis PbBr, 2DMSO [188], Pbl,-2DMSO [ 189],
and Pb{INCS},-2DMS0O [190].

3.1.5. Group Vmetal complexes

To our knowledge, the only X-ray struciures availabie for this group concern oxo-
vanadium{IV) complexes, containing the cation [ VO{DMSO})J** (XXVII), and
[CI0,]~ (191], [ReO,]” [192], and [ Pt(SCN}s]*~ [193], as anions. Bond lengths
and angles may be calculated from the C.5.D. data. Considering the most accurate
structure (—70°C) [191], unweighted average values, with o in parentheses, are:
V-Of(sulfoxide), 2.04(1} A; S0, 1.52(2) A; S-C, 1.80(1) A: V-0-S8, 125(1)°; C-S-C,
98.8(7); O-8-C, 104{2).
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3.1.6. Group VI metal complexes

To the best of our knowledge, the only X-ray structure reporied for chromium is
that of the Cr{0} complex, Cr(CO)(TMSO) (XX VIII), characterized by a metal io
sulfur bond [ 194].

[+
&) XXVIil

Other structures concern molybdenum, in different oxidation states: Mo(Il}:
trans, cis,cis-MoBr,{ NO)L{DMS O}, (XXIX) [195], [ Mo,{#*-CsH,CO, Fe(n*-CH;)-
{MeCN) (DMSQO)]2DMSO [196], [ Mo,{DMSO),(¢,-formato),] (XXX) [197];
Mo(VI}): [MoG;{DMSOKC,sH,,0;N,8)] and [(MoO;}),{ DMSO),(CysH 6O N4}
0.5SDMSO  [198], [{MosCuS,}{S,P(OEL}, }:(1){u,-O0CCMe)DMSOY] [199],
[MoQO,{u-O} pentanetrionato){ DMS0O}),] [200], [Mo,O,4dDMSO] [201,202],
[{MoO,(OEt), (DMSO)},] [203], [{(MoG,H{NCSHDMS0),},01 (XXXD)
[204], [MoO,{C;H3N-2,6-(CH,S), {\TMS0)] [205], and [MoO,{diphenyl-
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(ethanolato)pyridine}{ DMSO)] [206]. All of these compounds contain unidentate
O-bonded sulfoxides.
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3.1.7. Group Vil metal complexes

To the best of our knowledge, for this group only three X-ray structures have
been reported for Mn(ll), MnCulo-phenylenebis{(oxamato)|{DMS0), [88],
[Mn{(SCHgIS0},1[Cl10O, 1, {XXXII) {207] and [ Ma{DMSO}); ]l W,0,,] [208] ali
with the manganese atom in an octahedral environment.



ii2 M. Calligaris, O. Carugo/Coordination Chemistry Reviews 153 (1996) 83—154
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Cne siructure is reporied for technetium(Iil}, Tc(tetramethylbenzene-
thiolate{ MeCN}{ DMSO}, in which the metal coordination sphere is trigonal bipyra-
midal, with the 5-bonded DMSO and acetonitrile molecules in the apical positions
[2091.

One thenium(1}), [{C H;}Re(NOCYPPh {DMSO)][BF,] {(XXXIII) [210], and
two dirhenium{IIl) complexes, [Re,Cl,(u-acetaio),{DMSO),] [211], and
[Re,Me,Cly{u-acetato),{ DMSO}] (XXXIV) [212], have been structurally charac-
terized. The Re(ll) complex displays one S-bonded sulfoxide, while the others have
O-bonded sulfoxide ligands.
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3.1.8. Group Vil metal complexes

Most of the crystallographic investigaitons of metal-sulfoxide complexes concern
elements in this group, particularly of the second and third transition series.
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Structures will be presented following the transition series order. Palladium struc-
tures will be described together with those of platinum at the end of the section.

3.1.8.1. Fe, Co and Ni complexes

For iron. several struciures have been reporied for the different oxidation states:
for Fe(0)r FelCOR(DHSO) (XXXV) [213]; jor Fe(ll): [trans-Fe(DMSOY},
{phthalocyaninato}p2DMSO0]  [16], [(PhyP)N]{Ph8nC),(p-NC),FetTCN),-
{DMSO),] [214] and [Fe{DMSO},][Cl,FeMoS,], [Fe{DMS0),1[Cl,FeMoOS;]
[2161; for Fe(lllp complexes containing cations of formula [FeCl,-
{DMSO)_, >~ ~, with x=1 [216,220] and x=2 [217-220]. For Fe(1Il} the struc-
ture of a tetraphenylporphyrin (TPP} derivative has been alsco determined, [rrans-
Fe{TMSOLITPP[CIO,] [221].

For cobali (17}, the structures of [Co{DMSO), J[CoCl,] [222], and [CoHg{SCN),
(DMSO),] [223] have beemn reported; for Co(lll} that of [Cofethylene-
diamine),{CASOVJ[1}H,0 [224]. A mixed Co{I)}-Co(lll) complex has also been
reported, CoCl{ DMSO),{p;-hexamethyleneteiramine)CoCl; (XXX VI) [225].
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For mickel(il), five DMSO complexes have been structurally characterized,
some in a sguare pyramid, [Ni(tetra-azamacrocycle DMSOVN[ICIO, ], [226].
and [Ni{iriflucro-thienylbutanodionato},(DMSQO)] [227], and some in an
octabedral environment, [trans-Ni{NCS),(4-phenylpyridine),{ DMS0O),] T[228].
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[trans-Ni{NCS),(4-benzylpyridine), (DMSO0);] and [trans-NiCl,{4-benzylpyri-
dire),( DMS0), ] [229].

3.1.8.2. Ru and Rh complexes
Since Davies’s review [2], significantly larger sets of structural data have become
available, both for ruthenium and rhodium sulfoxide compiexes.

For Ru(ll), the following compounds have so far been structurally character-
ized by X-ray analyses: [Ru{(DMSOJ(NH,;);1[PF1, [230], [Ru{pyrazolyl),-
{pyrazole),(DMSO)] [231], [trans-Ru{22-bipynidine},{4-ethylpyridine){ DMSO)1-
[PF ], 0.5DMF [232], [Ru,Cl{diphenylbutanediphosphine),{ DMSQj]-0.76E:,0O-
0.33CH,CI, [233], [RuCli{tetrahydrothiophene){ 1,5-dithiacyclooctane}{ DTCSQ)}-
[BPh,] and trans-RuClL(DTCSO), [234], [(#>-CsH;)Ru{CO) PPh,){tBMSO)]-
{SbFs]'MeOH [235], cis-RuCl,{ DMSO)}CO)o-phenylenebis { methyl( phenyl) phos-
phine}) [236], Ru,Cl(DMSO), [237], cis-RuCl, (DMSO),(trimethyl-
benzimidazole), [2381, c¢is-RuClL,{DMSO),{inmethylbenzimidazole){ pyridine)
[239], cis-RuCl,{DMSO},{3,5-tutidine),, trans,cis,cis-RuCl,{ DMSC}),{ benzimi-
dazole),, and trans,cis,cis-RuCl,{ DMSO),(trimethylbenzimidazole), [240], cis,-
cis, trans-RuClL{ DMSO),( DMSO)Y(CO), trans, trans,irans-RuCl,{ DMSOL{DMS0)
{CO), and cis trans,cis-RuClL{DMS0),{CO},, and cis fac-RuCL{CO);{DMSO)
[241], cis-RuBe,{DMSONETPSO} [242], trans,cis,cis-RoCL{DMSO}),(NH,;),
and cis fac-RuCL{DMSO),(NH,) [243], trans,cis-RuCly(pyrazole),( DMSQO),
and ¢is, fac-RuCl,{ DMSO){pyrazole) [244], cis-RuBr,(DMSQ),{DMSO) [ 245],
rans-RuClL{DMSO), [52.245], cis-RuCl,{DMSO),(DMSO} [245-247], [ fac-
Ru(DMSO),(DMSOLIIBF,1, {248], [NH,Me,][ fac-RuCl,(DMSO);] [249],
[NEi, ][ fac-RuBr,(DMSO}, 1-0.5MeOH [250], trans-RuBry(TMSO),, cis-RuCl,-
{BESE)},, cis-RuCL{BMSP},, trans-RuClL,{BMSE),, and trans-RuCl,{(BPSE}), [ 34],
cis-RuCl,{TMSO), [55,251], cis-RuBr,(tetrahydrothiophene){EPSS) [252], trans-
RuBr,(DMSO), [25371, and trans-RuClL{DMSO}, {(imidazole), [ 254].

For Ru(Ill}, X-ray structuores are available for the following compounds: mer, trans-
RuCl,{DMSQO),(DMS) [51], [{DMSOLH][trans-Ru{DMS0),CL ] [51,52],
mer, trans-RuCly{ DPSOY DPSOK MeOH) [ 547, [(TMSO)H ][ trans-Ru{TMS0),Cl,
[55], Naftrans-RaClL(DMSQ)(NH,)]2DMSO, Na[trans-RuClL{DMSO)(imida-
zole)] H,0O, Me,CO and mer, cis-RuCl,{ DMSONDMSO}NNH,) [71], [{acridineiH -
[trans-Ru(DMSO}L,CL] [255], mer-RuClL(DMSCH 1-methylimidazole),, and
[{4-ethylpyridine)H ]l RuCi ( DMSO)4-cthylpyridine)]  [256],  mer,cis-RuCl,-
{DMSOL{NH;), and mercis-RuCLLI{DPS0O),(DPSO} [257]1, mer.cis-RuCl;-
(DMSO0),(CO), and [(DMSO},H I[trans-RuCl,(DMSO}CO)] [258], mer, trans-
RuBr;{ DESO} NOXEL,S) [259].

Most of the compounds are mononuclear octahedral complexes containing halide
ligands. With the exception of a few Ru{Il) cationic species [230,232,248], such
as [Ru(DMSO)NH,);J** (XXXVI[) [230], and [Ru(DMSO)({DMSO),1**
{(XXXVIIT} [ 2487, and two anionic, [ fac-RuX3{DMS0) 12, X=Cl [249], X=Br
[250], all the other Ru(il} compounds are neuniral. For Ru{lll) both ncutral and
monecanionic species have been characterized, e.g. mer-RuCly( DMSO),(DMS0O)
(XXXIX) and [{DMSO)LH][trans-RuCl,{DMSO},] (XL) [51].
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One binuciear structure has also been reported, [ Ru,Cl,{DMSO), ] (XL1) {2371
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Chelating sulfoxides such as BMSE, BRESE, BPSE, and BMSP have been used.

yielding several cis and trans dichloro complexes, e.g. (XL11) [54].
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For rhodium(iI), the structures of several dirhodium DMSQ complexes have
been reported: Rh,(DMSO),facetato), [260], Rh,{DMSO},(propionato), and
Rh,{DMSO),{trifluorcacetato}, [261], Rh,{DMSO)6-fluore-2-oxypyridinate),
[262], Rh{DMSQ),{benzoato), toluene [263], Rh,(DMSO}),{MeCONH}, [264],
Rh,{DMSO}L,{MeCOO) {MeCONH),-2H,0 [ 265], Rb,(DMSQ) PhNOCMe); and
Rh,{DMSO),{PhNOCMe), [266]. All these are characterized by a meial-metal
bond and a trans arrangement of the $- and O- bonded sulfoxides, e.g. (XLIII).
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Rhodium(II1} gives sulfoxide complexes analogous to those of Ru(Ill). The avail-
able data refer to the following compounds: [{DMSO}H [[1rans-Rh(Cl,(DMSO), ]
(571, mercis-RhCl;(pyridine),{DMSOQ) [267], mer cis-RhCl,{DMSQ),(1-methyi-
benzimidazoleyDMSQO [14], mer,cis-RhCl,(DMSO),(dimethylformamide) [268],
mer,cis-RhCL{DMSOL{DMSO) [269], [irans,cis,cis-RhClL,{DMSO),{DMS0), 1-
{(BF,] [270], [NEiJ[cis-RhCl,(DMSO),] [271], mercis-RhCl,{(DMSQO),-
(CH,CHNELt;) [272], [NEtH,][trans-RR{(DMSO),Cl,] [273], [Me,SCH,C-
(O)Me][trans-RhCl,(DMSO),] [274], and mer,irans-RhCl,(DMSO), (DMSO)
[275].

3.18.3. Os and Ir complexes

For osmium enly a few compounds seem to have been structurally character-
ized, two containing S-bonded sulfoxides, (1°-p-cymene)OsCl,(DMSQ) [276]
and trans-OsBr,(DMSO), [277], and two containing O-bonded sulfoxides,
[trans-Os{NO)(DESOHEL,S)Br,] and [*Bu N 1[trans-Os(COYDMSO)CL, B 3,
[278,279]. All but the last one, Os{1II}, are Os(II} complexes, with the metal atom
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with an approximately octahedral coordination, if i the first one we consider the
p-cymene ligand oceupying three coordination sites.

For iridium, cone X-ray structure concerns Ir{l) 1n the trinuclear cation,
[Aglr,(1,8-diisccyanomenthanel, {DMSO), P [280], while for Ir(II}, six struc-
tures are rveported: [{DMSOLH1trans-Ir(DMSOLCL,] [53], Ir{benzylaceto-
phenone) CL(DMSQ), [281], (CsMe)le(CPh=CHCO-0){DMSC} [282],
{CMes)iriO,CCH HDMSO) [283], [lrfoctaethyiporphyrine){C,;H,{DMSO)]
[284], and [rCHCMe; HDMSOHthymmato) [ 285].

3.1.84. Pt and Pd complexes

Available structural data for sulfoxide platinum compilexes refer to two types of
compound: [PtLXY {sulfoxide)]” [74,286--333] and cis- [313,334-3487 and trans-
£349] PiLX(sulfoxide),. n varies from —1 to +1, according to the nature of the
ancillary ligands, epg. [PtCL,(DMSO)]™ (XLIV) [307], and cis-PiClL,(DMSO),
{XLV) [334].

/ XLIV

Cl XLY

L and X, besides single ligands, may also represent the donors of chelate
or bridging ligands. In this last case, binuclear compounds are formed,
e.g. PtCl{DMSO){pyridine-2-carboxilato} (XLVI) [287], and Cl(DMSO)Pt{u-
acetamido), Pt{ DMSO)CI (XLVII) [ 292].

4] O\Pt/CI

AN

o XLVIi

Y may also be the atom of a side group of the sulfoxide ligand itself, as in
PtCl,{MCSO) (XLVIII) [ 2931.
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The following compounds have been  characterized  structuraily:
[K,{H,O)L, [ PiCl,(DMSO}], [74]1, [p-{oxo-5Sprolinato}],[ PtCI{DMSO}],-H,0
[286], PtCH{DMSO)pyridine-2-carboxilato} [2871, [u-{oxo-3-prolinato)],
[PtCI{DMSO)],-3H,0 [288], PtCl{DMSOl{sarcosine} [289], bis(u-acetamido)
dichlorobis(DMSO}diplatinum{Il} [290], K[PtCi{DMSO)}{oxo-5-prolinatoyoxo-5-
proline H,O [291], [{PiCl{DMSQO)},(u-C,HsNC)] and [{PtCH{DMSO) ,(u-
CsH, ,NOR 1 [292], cis-PtCL{MCSO)H, 0 [293], cis-PtCL{DMSO}NH,) [294],
cis-PtCl{MetSO} [295], cis-PtClL(DMSO)N 2-picoling) [296], cis-PtClL,{MPASG)
(297], cis-PtCL(DMSO)pyriding) [298], cis-PtCl,( DMSONtert-butylamine)
[299], cis-PClL{DMSO) PhCH,CN) and cis-PiCl(DMSO){ethylene) [3001],
[PtCI{DMSOYCH,NQO,)] [301], cis-PtClLIDMSOYMeCN} [290, 302], cis-
PiBr,( DMSO}MeCN) [302], cis-PiCL(DMSONH,0), Pt{DMSO)Ci{hexachloro
diacetamido) and PtCI{DMSONC,NO,Cl) [303], [PU{DESO)Np-CiyCl], [304],
f Pt{propanediamine), [ PtCL(DMSQO)]  [305], [{2-carboxypyridine)H ] PtCl,
(DMSO)] [306], K[PtCi;{DMSO)] [307], [PhyPCH,Ph][PtCi,{DMSO}]
[308], K[PtCL{(DESO)] [309], [Pt(NH,},][PtCl;{DMSO}} [318], [PtCl,-
(2-ammonioethylmethyl sulfoxide}] [311], [Et,N]IPtCL(DPSOY [3i2],
K[PtCL{DPSOI|Me,CO [313], [trans-Pt{NH;L{DMSO)CI]Cl [314], {[trans-
Pi(NH;),(DMSOYCIJ[{Ci0,)s sClo.o1 [315], cis-PtCl,{DMSO){dimethylsulfide}
[316], cis-PtCl{MT SO){ 3-methyl-1-butene} [ 317], cis-PtCLL{MT SO)[(R)-styrene]
[318], K[PtBr,{DESC)] [319], trans-PiCl,(DMSCHNH,) [3201, trans-
PiCl,{DMSO) 2-picoline) [321], trans-PtClL,(DMSO) piperidine) [322], trans-
PiClL(DMSO}isopropylamine}) [323], trans-PtCl,{DMSOj(cytidine) [324],
trans-PtCL{DMSO){pyridine} [325], trans-PiCl,(DiPSO)(1-methyl-cytosine-N)
[3261, [u-(9-methyladenine-N1,N73]-bis[trans-PtCL{GIPSOY-H,O [327], trans-
PtClL(DMSO)(tenonitrozolato)  [328], [P«(DMSO)}1.4-diaminobutane}(1]Cl
[329], Pt,Cl,(3-methyl-4-acetyi-5-aminopyrazolate){ DMSQj, [330], [PtCI{DMSO)
(tetramethylenediaminocethane)][ BPh,] [331], [#°-{PtCI{DMSO}Me,N CH,C,-
H,},Fe] [332], trans-Ptl,( DMSO) 3,5-dimethyipyridine} [ 333], cis-PtCL{DMSO),
£334,335)], cis-PtCl,(MESO), and cis-PtCl{DnPSO}, [336], cis-PtClL,{TMSO),
[337], cis-PiCl,(MPSO), [313,338], cis-PtCl,{MBSO), [338], cis-PiCl,(meso-
BPESO} and cis-PtCly{rac-BPESOQ) [339], c¢is-PiCly(rac-cis-BPESO)} [340],
[P{{DMSO),(4-OH),[CIO,],  [341], [Pt(DMSO)(u-OH}],[BF,], and
[Pt{DMSO), (1-OH)ICF380; 1, 2H,0 [342], [PtCL(TMSO),{u-OH)J,INO, ],
[343], [Cl,Pi,'(DMSO),(5-0),Pt,"(DMSO}]2H,0, [CLPtL(DMSO),(43-0),-
Pi,"{DMSO), 1 H,O-DMF, and [Cl,Pt,'{DMSO},(us-O),Pt,"(DMSO}, ]-CH,Cl,
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[ 3441, [cis-Pt{DMSO})L,{DMS0), ] [CF,S0,1, [345], cis-Pt{DMSO},({NO,), [ 346],
[cis-PH{DMSO), (ethylenediamine) ][ PF, 1, [347], ¢is-Pt{DMSO);(phenyl), [3481.
and trans-PtCL{DaP3Qj, [ 349].

Inspection of the above list shows that almost all of the compounds are square
planar platinum{II) complexes, with sulfoxide ligands S-bonded tc the metal atom.
In the bis-sulfoxide complexes the cis arrangement is largely prevalent over the
trans one.

The only compound having O-bonded sulfoxides is represented by a binuclear
Pt{II1} complex K,[ Pi,{ DMS0),(80,),]4H,0 { XLIiX) [ 350]. This is characterized
by a P(II[)-Pt(I1l) bond (2.471(1) A) and by the O-bonding of the two trans
DMSBO molecules. O-bonding in Pt(ll} complexes has been found only i [cis-
PHDMSOL(DMS0), [CF;50,]; [ 345].
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As to platinum complexes in oxidation states less than 2, mixed valence tetra-
nuclear Pt{LIl) complexes, [Cl,Pt,}{DMSO),(115-0),P1,"{DMSO),]'X, with Xs=
2H,0, H,O-DMF, CH,Cl,, have been structurally characterized [344]. The Ptil)
atoms are linked by metal-metal bonds {(2.579{1), 2.605(1}), and 2569(3}1&, in the
three solvates). A disiorted square planar geomeiry around the metal atoms is
achieved by uy-oxe bridges and coordination of one €l and one DMSO to each
Pt{1} atom and two DMSOs to each Pt(II) atom. All the sulfexides are S-bonded
and trans to oxygen atoms [ 344].

The X-ray structure of an octahedral Pt(IV) complex, [ Et,N][PtCl;(DMSO)].
has also been reported, showing S-bonding of DMSO [351].

Far fewer structures have been deiermined for palladium compounds. These are
of the same type as the Pt{Il) derivatives: [PALXY(sulfoxide)]” [351-336] and
cis- [357,358] and trans- [13] PALX{DMSO),: [NELJ[PAd(DMSO)CE] [351].
[cis-PACL,{MCSO)IH,0  [352], trans-Pd{DMSOjDMSO) triflucroacetato},
[353], [(PhCH,)PPh;]{cis-PdCi,(24,6-trinitropheny){DMSO)] [354]. [Pdip-
trifluorcacetate){{CH,C.H HCH,CgHL )5S0 ], [335], [PACH{DMSO)(ethylene-
diamine}][C10,] and [PA{DMSO)(2,2-bipyridy])CI1][BF,1 [356]. «cis-
Pd(DMSQ),{NO;), [357], [cis-Pd(DMSO),(DMS0), 1[ BF, j,- DMSO [358], and
trans-PACL{DMSO), [13].
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3.2. Stereochemistry of O-coordination

Oxygen coordination of sulfoxides to metal ions can be stereochemically classified
into different categories, depending on the mutual orientaiion of the metal-oxygen
(M-0) and S-C bonds around the S-O bond.

As shown in Fig, 3, it is possible to have trans and cis arrangements, which can
be defined as follows, according to the torsion angles M-O-S-Cl (¥,) and
M-O-8-C2 (y,): (i} trans-trans, when both ¥, and ¥, are beiween 90° and 2707
(1i} cis-cis, when t, and 4, are less than 90° or greater than 270%; {iii} cis-trans {cis
to Cl, trans to C2), if y, is either less than 90° or greater than 2707, while ¢, is
between 90° and 270° (iv) trans-cis (irans to Cl, ¢is to C2), if ¥, is between 90° and
2707, and ¥, is either less than 90° or greater than 270°.

Fig. 4 shows the bivaniate distribution ¢, and i,. It appears that the trans-trans
arrangement is markedly preferred (72%). Only a few structures adopt the cis-trans
{11%), trans-cis (7%), or cis-cis (11%) geometries. [t is also evident that in both the
trans-trans and cis-cis conformations, the metal ton tends io lie in the plane bisecting
the C1-5-C2 angle. In fact, the mean values of the M-O-8-C1 and M-0O-8-C2
torsion angles are 223(2)° and 128{2)", respectively, in the trans-trans case, and
51(4)° and 306(4)° in the cis-cis case.

cis-trans frans-cis

Fig. 3. Scheme of the trans, cis arrangements of the mctal cation M with respect to the O-bonded
sulfoxide ligand.
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Fig. 4. Bivariate () and monovariate { b and ¢} distributions of the M-0-5-C1 and M O -5-C2 torsional
angles in the O-bonded sulioxide complexes.

The above trend can be explained easily in terms of steric interactions with the
sulfoxide side groups. In fact, as shown in Fig. 5, the distribution of the M-O- S
bond angles is rather skewed and the plots of M—O-S vs. ¢, and v, (Fig. 6) suggest
that the M—O-5S bond angle tends to widen if the metal cation is cis to C1 or C2

n.of cases

M-O-8 (%)

Fig. 5. Distribution of the valucs of the M—(-8 bond angle in the C-bonded sulfoxide complexes.
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Fig. 6. Dependence of the M-0O-S angle values on the torsional M-~0-S-Cl (a) and M-0-5-C2 {b)
angle values. When M—Q-S-C1 {or M-0-5-C2) is lower than 90° or greater than 270°, the metal cation
is ¢is to €1 jor to €2). In between 90° and 2707 the metal cation is trans.

or both. As a matter of fact, while in the trans-trans cases the mean value of the
M-0-5 angle is 125.4{6}, in the cis-trans cases it is 127.2(2)°, in the trans-cis cases
it is 129.0(2)°, and in the cis-cis cases it is 136{1})".

Moreover, the M—O-§ angle varies in a wider range (118.2(2)-150.9(2}°) when
M is cis to C atoms, than in the trans-trans geometry {111.3(2)-137.6(6)°).

Finally, we can observe that in the crystal structures of O-bonded suifoxides, the
sulfur atom is often disordered, while the other atoms cccupy fixed positions. This
kind of disorder implies a movement of the sulfur atom which inverts the pyramid,
with consequent interconversion of the cis and trans isotners.
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3.3. Stereochemistry of S-coordination

The siereochemistry of the S coordination of sulfoxides to metal atoms is essentially
characterized by the twisting around the coordinative metal-sulfur {M-8) bond.
Possible rotation around this bond will depend upon the nature of the M-S bond
{and hence on the nature of M) and upon the steric hindrance, determined by the
number and bulkiness of the coordinated ligands. Because of the many factors
involved 1t is preferable to discuss selected typical cases separately.

3.3.1. Platinum complexes with one sulfoxide

The known structural data can be analyzed with reference to the geometrical
scheme depicted in Fig. 7, considering the modulus of the lowest torsion angle
X -Pt-85-0 or Y-Pt-8-0, . As shown in Fig. 8, the sulfoxide ligand cannot rotate
freely around the Pt-8 bond, the most frequent rotamer being found around ¢ =0,

3.3.2. Platinum complexes with two cis sulfoxides

The crieniation of each S-O bond, with respect to the metal coordination plane,
is deseribed by the relative S—Pi—S- O torsion angle (), while their mutual disposi-
tion is given by the O1-81-82-02 pseudo torsion angle (Fig. 9).

The distribution of i {Fig. 10} i1s quite similar to that observed in platinum
complexes with only one sulfoxide higand {Fig. 8}, showing again hindered rotation
around the Pt-8 bonds. The most frequent rotamer is again that at f near §° or 1807,

The distribution of the O1-851-82-02 torsion angles (Fig. 11}, indicates that the
iwo cis sulfoxides tend to assume staggered conformations, the frequency maxima
being around 60-70° and 180¢°. It is worth noting that the anomalous case with
O1-81-52 -O2 near 20°, that is with nearly eclipsed 8--0 bonds, corresponds to a
bidentate chelaie sulfoxide, PhS(O)CH,CH,{(OSPh.

X
X o |
Yoo \ .
X-PL50 | _— L
: ol
[+) / : ¢
' Y

Fig. 7. Scheme of the square planar Pt*” complexes with one S-voordinated sulfoxide. The absolute
values of the torsional angles X-Pt—5 O and Y-Pt-5-0 are considered to describe the stereochemistry
of S—coordination. Among them, for simplicity, only that with the lowest ahsolute value is taken into
account, the other one being nearly supplementary,
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Fig. 8. Distribution of the X-Pt- 8-O torsional angles as defined in Fig, 7.
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Fig. 9. Scheme of the square planar Pt?~ complexes with two cis S-coordinated sulfoxides. The absolute
values of the torsional angles §1-P1-82-02 and 82-Pt-81-0! are considered to describe the stereochem-
isity of S-coordmnation.
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Fig. 10. Distribution of the absclute values of the 81-Pt—-82-02 (or 82 Pt-81- Q1) torsicnal angle as
defined in Fig. 9.
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Fig. 11. Distribution of the absolute values of the O1. §1 82 02 {or 02 8S2-81 Ol} torsional angle a»
defined in Fig. 9.
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Fig. 12. Dependence of the 52 P1-51 (G| torsional angle upon the §1-P1-82- 02 one.

Fig. 12 shows the dependence of S2-Pt-51-01 on S1-Pt S2-02. The two torsion
angles appear to be strongly correlated, indicating that both sulfoxide ligands tend
to rotate clockwise (or anti-clockwise) around the Pt--S bonds. If S1-Pt-82-02 15
close to 0°, 82-Pi-81-01 can be either — 180° {pathway A} or + 180" {pathway B).
Moreover, if $1-Pt--82-02 becomes negative, 82-Pt-S51-0O1 decreases from 130
{pathway B} Finally, if S1--Pt-82-0O2 approaches — 180¢° {pathway A) or +180
{pathway B), 82-Pt-S1-01 approaches (°. The only cases with marked deviations
from these pathways correspond to the chelating sulfoxides PhS{O)CH,CH,{O}SPh
and PhS{O)YCH=CH(O)SPh.

Fig. 13 shows the dependence of (1-81.82-02 on S1-Pi-52-0O2 and
S52-Pt-S1-O1. 1t appears that the two cis sulfoxides tend to be staggered. with
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Fig.i3. Dependence of the O1-S1-52-02 torsional angle upon S1-Pt-52-02 and $§2-Pt-51-01. For
sake of clarity only absolute values are reported for each point.

01-51-52-02 near 60°, unless 31-Pt~52-02 and 52-Pt-81-01 approach either
0° and 180° or 180" and 0°, respectively. Again the only deviation occurs for the
bidentate sulfoxides PhS{O)CH,CH,{O)SPh and PhS(OY H=CH(O)SPh.

3.3.3. Ruthenium and rhodium complexes with one or two trans sulfoxides

For these octahedral complexes (Fig. 14), the torsicn angle X-M-5-O can be
used to monitor the geometry of the S-coordination, X being the cis donor giving
the smallest absolute value of the X-M-5-C angle. The pseudo torsion angle
O-5-8-0' monitors the possible reciprocal influence of two trans sulfoxides.

The disiribution of the X—-M-8-O torsion angles is given in Fig. 15. A frequency
maximum is again found near 0°, indicating that the most frequent conformation

EEEEEREEES 4
5 /0
N
2¢
‘o

Fig. 14. Scheme of the octahedrai complexes without cis S-coordinated sulfoxide. The absolute values of
the torsional angle X--M-8-0O are considered to describe the stereochemistry of S-coordination. The
O-8-5-0 torsional aagle is considered to describe the possible reciprocal influence of two trans
sulfoxides.
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Fig. 15, Distribution of the X-M-5-0 torsional angles, as defined in Fig. 14, in the cases of Ru(ll},
RufTil), Rh{il}, Rh{TII), and all complexes.

has the S—-O bond coplanar with the M~X bond. Because of the small number of
cases, it would be unwise to compare ruthenivm and rhodium complexes or different
oxidation siates. However, although this could be a simple coincidence, it appears
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Fig. 16. Distribution of the O-5-58-O" torsional angles, as defined in Fig. 14.

that the eclipsed conformation seems to be preferred by ruthenium rather than by
rhodiem complexes, and by the +2 oxidation state.

In the subset of cases with two trans sulfoxides, O-5-8-0' is quite strictly
confined to values close to §-307, 90-120°, and 160-180°, with a marked preference
for this last value {Fig. 16). It seems likely that this is the consequence of the
preference for the eclipsed conformation of the $—O bonds and the presence, in most
cases, of a crystallographic inversion center on the metal atom.

4, Molecular structure of coordinated snlfoxides
4.1. Estimation of mean molecular dimensions

Average values for coordinaied sulfoxides are collected in Table 10. Uanlike those
reported previously [ 2], the average structural parameters show that the geometry
of sulfoxides 1s significanily affected by coordination, whether they are bonded via
sulfur or oxygen atoms.

In the case of S-coordination, we have a shortening of 0.020 A of the S-O bond
distance with respect to free sulfoxides (1.4723(8) vs. 1.492(1) A), and a widening of
2.4° and 1.5° respectively, of the C-8-C and O-8-C bond angles (100.2(1)° and
107.43(7¥ in S-bonded complexes vs. 97.8(21" and 105.9(1}" in fre¢ suifoxides). This
irend of the average bond angles is actually that expected from the tetrahedral
environment of the metal coordinated sulfur atom, in which the M-8 bonding pair
exerts a repulsive effect less than that of the S lone-pair in the free sulfoxide [2].

In contrast, in the case of O-coordination, the $-0O distance is lengthened by
0.037 ;\, becoming 1.529(1) A, and again the average C-S—C angle increases slightly
(1.27), while the O-8-C angle decreases {1.6°), being 99.0(2)° and 104.32(9),
respectively.

A more marked contraction (3.1°) of the O—S-C bond angle is evident going from
S- to O- bonded complexes, again as a consequence of the change from a tetrahedral
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to a pyramidal structure of the sulfoxide sulfur aiom. A smaller change 1s observed
for the C-S—C bond angle, from 100.2(1}° to 99.0(2)°, passing from § to O boading,

As to the §5- C bond lengths, inspection of Table 10 shows that in S-bonded
compiexes the S—C distances are scarcely longer than those in O-bonded complexes
(1.785(1) vs. 1.780{2} A), so that it is possible to average all the values, giving n=
660, 6=0023 A, median=1780 A, (x>, =1.7834 A, o{(x)>,)=0.0009 A. Finally, we
can observe that this value is only slightly shorter than that of 1.791(3) A calculated
for free sulfoxides, confirming the previows obscrvation that the S—C disiances are
practically unaffected by coordination.

The trend in the 85—-0 distances will be discussed later (Section 6). In any case,
these show a larger double boad character for the S-bonded sulfoxides. which 1s
strongly reduced in the O-bonded complexes, just like in the protonated species scen
above {Section 2.2).

As cxpected, in the TMSO complexes, the C-5-C bond angle is narrower com-
pared to DMSO ({x),=929(2), 6 =097 for n=24), while the other bond angles,
as well as the S-C boad distances, are close to those of ithe non-cyclic coordinated
sulfoxides. allowing overall averages.

4.2. Principal component analysis of coordinated sulfoxides

A more comprehensive analysis of the molecular siructure of sulfoxides coordi-
nated to metal atoms can be performed by the principal component analysis of S-O.
S-C1, S-C2, C1-5-C2, O-5-C1, and O-8-C2. As in the case of free sulfoxides, the
labels of C1 and C2 have been permutated i order to take into account the intrinsic
C, symmeiry of the C-S(0)-C group. For comparison purpose, the data of both
uncoordinated and coordinated sulfoxides have been considered together.

1f the whole set of data are analyzed, no chemically significant results are obtained.
As shown in Fig. 17, no clear clustering appears, but if the daia are classified into
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Fig. 17. Principal component analysis of coordinated sulfoxides. interdipendence of the PCI1 and PC2
scores. On the right side, the mean values of the PC1 and PC2 scores, and the triple of their standard
deviations, are considered for the five classes of “free”, "H-bonded™, "protonated”™. "O-coordinated™. and
“S-coordmated” sulfoxides.
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the five classes “free”, “H-bonded”, “protonated”, “O-coordinated”, and “S-coordi-
nated”, inieresting features can be observed. The “free” sulfoxides can be considered
at the origin of iwo reaction pathways, one going towards the “S-coordinated”
sulfoxides, and the other going iowards the “proionated” sulfoxides, passing through
the intermediate steps of the “H-bonded” and “O-coordinated” ligands.

Such results suggesi that application of an appropriate rotation algorithm could
produce new chemically significant eigenvectors [8a]. However, a simpler approach
consists in performing the PCA on the free and O-bonded sulfoxides on one side,
and on the free and S-bonded sulfoxides on the othes.

4.2.1. Principal component analysis of O-coordinated sulfoxides

Eigenvectors and cosresponding eigenvalues are reported in Table 11. Four PCs
{PCL, PC2, PC3, and PC6) have A’ symmetry, the other two (PC4 and PCS5), A"
symimneiry.

On the basis of the ¥* test criterion [67], all the PCs are primary, but only the
first itwo (which describe complexively 60% of the overall variance) have a sound
chemical meaning.

PC1 indicates that if S—O shortens, S—-C1 and 5-C2 lengthen, C1-8-C2 tightens,
and O-S-C1 and O-8-C2 widen. This trend is analogous to that observed in the
PCA of uncoordinated sulfexides, and can be simply inierpreted on the basis of the
VSEPR theory [68], as reported above {Secticn 2.3} PC2 indicates that when the
bond distances increase, the bond angles tighten. This corresponds to an increase of
the pyramidalicity of the suifur atom, which moves out from the plane of the O, Cl,
and C2 atoms.

In the PCi—PC2 plot (Fig. 18}, there is no clear clustering, but considering the
mean values of the PC1 and PC2 scores for “free”, “H-bonded”, “protonated”, and

Table 11
Principal component analysis of uncoordinated and O-coordinaied suifoxides: summary of the principal
components: gigenvectors, eigenvalues, and percentage of the overall variance they describe

PCi PC2 PC3 PCa PCS PC6

Bigenvectors
-0 —0.521 0344 0.000 ~0,012 0781 0.000
51 6.301 0438 —0.637 0.472 0.015 -0.301
sC2 0.3%1 .438 0.643 H.460 0.015 0.331
Ci—5C2 —0.312 —0.583 0.005 0.748 0.06G 0.000
O—5-=Ci 0474 —40.281 £.300 —-0.95% 0.440 —0.640
O-5-C2 6.474 —0.281 —0.301 —0.053 0.440 0.640
Eigenvalues

2.509 i1 0.895 0.668 0.503 0.303

Variance percentage

Cumulative variance percentage
418 18.7 14.9 11.1 84 51
418 60.5 75.4 88.5 949 1064
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Fig. i8. Principal component analysis of coordinated sulfoxides (without S-coordinated). Interdipendence
of the PC1 and PC2 scores. On the right side, the mean values of the PC1 and PC2 scores, and the tniple
of their standard deviations. are cosidered for the four classes of “free™. “H-bonded™, “protonated”™. and
“O-coordinated” sulioxides.

“O-coordinated” species, we can observe, as expected, that the “H-bended™ and
the “O-coordinated” sulfoxides are structurally intermediate in 4 reaction from “free”™
to “protonated” suifoxides.

It is particularly worth noting that only PCI1 discriminates the four classes of
ligands, supporting the hypothesis that the principal structural deformation due to
protonation is that described by Schemes 1 and 2 of Section 2.2.

Further, it is important to stress that the O-coordinated sulfoxides behave as
intermediates between “H-bonded” and “protonated” ligands. As a consequence,
O-coordination to a metal cation is interpretable as the formation of a strong
electrostatic interaction.

The translation of the PCI eigenvecior into real space, indicates that a shortening
of 0.048 A of the S0 bond distance implies a lengthening of 0.035 A of S-C1 and
S-C2, a uightening of 3.0° of the C1-S—C2 boad angle. and a widening of 3.5 of
the O--8-C bond angles. These values differ from those expected from the mean
values, where a shortening of 0.048 A of 5-O is accompanied by a tightening (1.5}
of C1-8-C2, and a widening (1.6°) of the O-S—-C bond angles angles. This inconsis-
tency is due 1o the fact that PC1 does not consider the overall variance of the data,
but only the part involved directly 1n the O-coordination.

4.2.2. Principal component unalysis of S-coordinated sulfoxides

Eigenvectors and corresponding eigenvalues are reported in Table i2. Four of
them (PC1, PC2, PC3 and PC4) have A’ symmetry, and two {PCS5 and PC6), A"
symmelry,

On the basis of the ¥* criterion [67], all of them are principal, but only the first
two are chemically meaningful. They describe only 61% of the overall variance. but
analogous results with a higher percentage (82%) can be obtained limiting the PCA
to DMSO complexes,

PC1 indicates movements of the § atom from (or towards) the plane defined by
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Table 12

Principal component analysis of uacoordinated {without protonated and H-bonded) and S-coordinated
sulfoxides: summary of the priacipal components: eigenvectors, eigenvalues, and percentage of the overail
variance they describe

PCi PCz PC3 PC4 PC3 PCs

Eigenvectors
5-C 0.470 —-0.216 —0.418 0.747 0.000 0.006
§-C1 0.416 0.405 $.396 0077 4470 6.529
§-C2 0.416 0.405 (3.396 0.077 — {3470 —0.529
Ci—§-C2 —0.418 —3316 0.638 §.540 4.000 G.000
05—l —0.359 @.513 —0.198 0.263 0.529 —-0470
O—8-C2 —0.359 6.513 — 3198 0.263 — (528 470
Eigenvalues

2.285 1.408 0.688 £.604 0.556 0406

Variance percentage

Cumulative variance perceniage
38.1 23.5 115 10.1 83 15
38.1 616 73.1 832 92.5 106.6

O, C1, and C2. PC2 indicates that shortening of S—-O implies lengthening of $—C1
and S-C2, tightening of Ci-8-C2, and widening of O-S-Cl and O-S-C2.
Inspection of Table 12 shows that PC1 corresponds to PC2 in the PCA of
O-coordinated sulfoxides.

The scatter plot of the PC2 scores vs. the PC1 scores (Fig. 19 does not present
any evident clustering. However, if the mean values of the PC1 and PC2 scores are
considered, a significant difference appears between “free” and “S-coordinated”
sulfoxides.

Since only PCI is able to discriminate these two classes of compounds, it may be
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Fig. 15, Principal component analysis of coordipated sulioxides (without O-coordinated, protonated, or
H-bonded). Interdependence of the PC1 and PC2 scores. On the right side, the mean values of the PCI
and PC2 scores, anrd the triple of their standard deviations, are considered for the two classes of “free”
and “S-coordinated” sulfoxides.
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concluded that S-coordination implies a displacement of S towards the plane of C1.
C2, and O. In other words, S-coordination causes a decrease of the pyramidalicity
of the sulfor atom and a distortion towards a tetrahedral environment.

The translation of the PCI eigenvector into real space shows that a shortening of
0.020 A of the S-O bond distance implies a shortening of 0.026 A of the S~C1 and
S--C2 bond distances, a widening of 3.3° of the C1- $-C2 bond angle, and a widening
of 1.67 of the O -5- C bond angles, These values differ from those expected from the
mean values alone, where a shortening of 0.020 A of S—O is accompanied by 4
widening of 2.47 of C1-8-C2, and of 1.5° of O-S-C1 and O-5-C2. This inconsistency
depends on the fact that PCI does not consider the overall variance of the data, but
only the part directly involved in the coordination.

5. Trans and cis influence

The trans influence of sulfoxides has been investigated by several authors [27.
mainly in platinuin complexes, reaching different conclusions about the amouat of
such effect. In some cases, in fact, the difference between the bond distances examined
1s very small, at the limits of the statistical significance. Thus, Rochon et al. in 1990
concluded that the structures reported in the literatuere did not show any sysiematic
lengthening of the Pt—Cl bonds, trans to DMSO [303]. On the other hand.
Kukushkin and coworkers observed spectroscopically that DMSO and other suifox-
ides strengthen trans Pt—N [35%], and P1—Cl bonds [ 360]. However, further struc-
tural investigalions showed that in [PICLL]™ complexes the Pt—Ci bond trans to L
becomes weaker in the order PEi; > DMSO >ethylene > amines, C1~ [308]. in any
case, the trans influence of DMSO relative to the chioride ion is fairly weak [3087].

When more extensive, and hence statistically more significant, sets of data arc
examined, 1t is confirmed that S-bonded sulfoxides display a fairly weak trans
influence on ClL as well as on N and O ligands.

In fact, from data in Table 13 it appears that on average, the Pt—Cl bond length
is increased from 2.29%(2} fo\, when irans to CL. O or N ligands, to 2.312(1) A. when
trans to 5. A lengthening is also observed going from cis to trans 8§ for Pi-N bond
distances (2.034(6) vs. 2.067(8)A), as well as for Pi-O distances (2.01(6} vs.
2.040(4) .3\}, even if the latter difference is not significant, because of the scarcity of
data available. Interestingly, the same trend is observed for the Ru(I1}-Cl, Rufll}-N
and Rh{JT[)--Cl, Rh{TTI}-N distances, as shown in Tables 14 and !5. Bonds trans 10
S appear slightly weakened, compared to the cis ones.

Kukushkin deduced, from IR daia, that S-bonded DMSQ displays a trans influeace
comparabie to that of ethylene [366]. The few available structural data are in
agreement with this observation. In fact, the average Pt-Cl bond length. trans to
olefinic ligands, of 2.308{5} A is very close to that trans to S (2.212(1) A).

Inspection of the Pt-8 bond distances, in compounds having only one S-bonded
sulfoxide per metal atom (av. 2.207(3) A), shows that they span a rather wide range.
from 3.168(2) to 2.257(8) ;\, depending on the nature of the coordinated ligands. It
is mteresting to observe that the longest vaiues are found in complexes containing
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Table 13
Avetage Pt{II\—X bood distances {A} trans and cis to S-honded sulfoxides

Pi—Cl Pt—C1 Pt—N Pt—N P—Q PO
trans § cis §° trans S° cis §* trans S cis §
Min. 2.289(3} 2216(7) 2.03010) 1.983(6) 1.994(7) 1.950(5)
Max. 2.337(5) 2376(1) 21447 2067(13)  2.068(9) 2076{16)
Range 0.048 0.166 0.112 0.084 0074 0126
[ 51 71 15 20 22 2
Median 2.312 2299 2.060 2.031 2.040 2.013
¢ 0.010 0.018 04032 0027 0.019 0.089
5, 2312 2.299 2.067 2034 2.040 2.01
AL, 0.001 0002 0.008 0.006 0.004 0.06
trans-cis
difference §.013(3) 0.033{14} 0.03(6)

# ¢ trans to Ci, O, and N. ®* N{sp} distances exciuded.

Tablke 14
Average Ru¢Ii~X bond distances (A} trans and cis to §-bonded suifoxides

Ru—Cltrans 8 Ru—CE cis §° Ruy—N trans S Ro—Nucis S
Min. 2.392(2) 2.388(1) 2.100(6) 2081(7)
Max. 2.467(3) 2.431(1} 2.156(2) 2.156(8)
Range 0.075 0.043 0.056 0075
n 30 i3 13 16
Median 2426 2413 2,142 2.107
a 0.0i6 0012 0.017 4426
<xs, 2426 2411 2,138 2113
a{{x>,) 0.003 0.003 0.005 0.006
trans-cis difference 0.015(6) G.025(11)

2 Cl trans to CL, O, and N.

sulfoxides bulkier than DMSO, such as DiPSO (2.251(8), 2.257(8) A) [327], or =
accepting ligands in cis positions, like olefinic ligands (2.225(3)-2.252({2) ;k)
[300,317,318]. These data suggest the existence of steric effects and of a z cis influence
on the Pt-S bond. A similar lengthening is also observed with organoniirile ligands
(2.215(1)—2233(5).&) [290,380,302], generally assmmed to possess rather weak x
accepiing properties.

Cis influence effects of 1. ligands have been revealed by Belsky et al. examining
the trend of the Pi-§ bond lengths in [cis-PtCl,{DMSO)L] complexes, which
decrease in the following order: DMSO > nitriles > pyridines > NH; [298].

In platinum complexes with two cis sulfoxides (Table 9), the mean Pt-8 distance
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is longer (2.226(3) A) than in complexes with one sulfoxide per metal atom. This
lengthening could be ascribed to cis influence effects, similar io those seen above.
exerted by weak n accepting ligands, such as olefins and possibly nitriles.

Again the longest values are found with substituted DMSO ligands, such as MESCG
(2.257(5)-2.272(5} A) [336] and DaPSO (2.247(3), 2.263(3) A) [336]. presumably
due to steric effects.

Strong trans influence effects appear in trans-PtClL(DaPSO }, [349], where the
Pt S bond distance of 2.292¢2) A is far longer than the mean value of 2.226(3) A,
found in the cis complexes. To our knowledge this is the only trans bis{sulfoxide)
platinum complex, in agreement with the thermodynamic nstability of such com-
plexes, with respect to the cis isomers.

A more marked trans influence is evident in c¢is-PtPh,{DMSQO), (Pt-8, 2.315(2)
and 2.324{2) A), as expected from the higher trans influence of the phenyl groups
compared to chlorides [ 348].

As for platinum, ruthentum and rhodium complexes also show a significant length-
ening of the M-S bond distances, irans to S-bonded sulfoxides, compared to those
trans to halides or N, and O ligands. 1.e. Ru{Tl), 0.065(8) A; Ru(IIl). 0.068(12) A;
Rh(Iil), 0.052(9) A.

In view of the 7 accepting properties of sulfoxides, the trans influence of § upon
iiseif can be ascribed both to ¢ and = effects [2].

It is interesting to observe that the longest Ru-5 bond distance is found in cis-
RuCL{CON DMSO)[ o-phenylenebis{methyiphenylphosphine)] [236]. The Ru{11}-S
bond, trans to phosphorus, lengtheas up to 2.380(2) A, confirming the trans influence
of P on S, already observed in platinum complexes [308]. In any case, a smali
coniribution to the lengthening could derive from the = ¢is influence of CO.

[t is well known that the electron withdrawing ability of carboayls leads 10 a
shortening of ihe trans Pt—Cl bonds, attributable to ihe increase of the electrostatic
mieraciion between the metal and the chioride 1on [361]. A similar effeci is clearly
evident aiso in the Ru(il} octahedral complex cis,cis, trans-RuClL{COL(DMSO),
[241]. where the mean Ru-Cl distance of 2.399(3) A is shorter than those trans or
cis to S-sulfoxides, of 2.426(3) and 2.411(3) A. respectively.

Of interest, in mer,cis-RuCLIDPSO),{DPSO) the Ru(ill} Cl bond distance
{2.307(2) A). trans to O, is sxgmﬁcanlly shorter than the mutupally trans Ru[lil) Cl
bond lengths {av. 2.331(9 A) [2581. The same trend {2.301(1) vs. 2.328(16) Ai has
been observed in mer-RuCl3(DPSO J(DPSOYW MeOH) [ 54], showing that DPSO and
MgOH have a similar trans influence and supporting the suggestion that this is
weaker than that of Cl [ 54]. This is supported by the trend of the Rh—Cl distances
in  mer trans-RhCL{DMSO),{DMSO) (2.312(1) A, trans to O: 2329(2) and
2.342(2) A, trans to Cl} [275]. However as expected, the Ru(Ill) O distance. trans
to S, of 2.114{5) A is longer than that of 2.091(6) A. trans to Ci [2581. A similar
situation (2.122(2) vs. 2.094(3) A) was found in mer-RuClL{DPSO) DPSON MeOH}
[54]. These data are in agreement with a trans influence order O<Cl<S. No
appreciable difference in trans influence between oxygen and chlorine is observabie
in Pt complexes.
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6. Metal-sulfoxide bonding

Fig. 20 shows a sketch of the Periodic Table reporting the number of known X-ray
molecular structures containing O- and/or S-bonded sulfoxides, as well as the preva-
lence of O- and S-bonding, as inferred from TR speciroscopy in several other com-
pounds [ 2].

Inspection of this table shows a general prevalence of O-bonded species. S-bonding
appears to be preferred by elemenis of the 2nd and 3rd transition series in group
VIIIL This trend has been interpreted [2] on the basis of the Hard-Soft-Acid-Base
principle [362]. However, it musi be kept in mind that the “hardness” or “softness”
of & metal ion can be dramatically modified by the nature of the coordinated ligands,
depending on their ¢ donor or m accepting properties [241,257]. Further, steric
effects can force a linkage isomerism, from S- to O-bonded species [ 258].

6.1. S-bonding

According to the HSAB theory, in soft metal ion complexes the orbital diffuseness
of the accepior atoms would be better matched by the diffuse sulfur doaor orbitals,
favoring S-coordination. However, it may be seen that for soft metal ions, such as
Ag™, Cd*", and Hg?"*, there is evidence of a prevalence of O-bonded species, even
in the absence of n accepiing or bulky ligands. This suggests that a particular
electronic structure is required in order to favor the metal-sulfur bond over the
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Fig. 20. Sketch of the Periodic Table showing, for elements in bold characters, the aumber of known
X-ray molecular structures of sulfoxide complexes, containing only O-bonded (O, S-bonrded (8) or both
S- and O-bonded sulfoxides {S,0) {disordered structures are also included). o and s indicate prevalence
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metal-oxygen one, probably through a n back-bonding from metal to suifoxide
orbitals. For the above species, the possibility of # bonding between the metal atom
and the S-ligand is much lower compared to the d-transition elements [ 363].

As a matter of fact, for Ru(I1)-DMSO complexes, it has been proposed that the
metal-sulfur bond contains a partial double bond character, due to d,-p, back-
donation from the metal to the sulfur atom [2]. This was essentially based on
Maurch’s and Ferguson’s observation that in [Ru{NH;}{DMSOJ][Pt]., the Ru-8
bond distance was particularly short {2,188[3)5&) and the 85-O bond distance
(1.527{7) A} much longer than in other S-bonded meial complexes [230]. These
features could be easily explained in terms of a n back-bending contribution from
Ru to S. Accordingly, it was also proposed that the trans arrangement of S-bonded
ligands 1s unfavored, because of their compeiition for the metal n electrons
[230,245,248,2497]. This is in agreement with the thermodynamic instability of trans-
RuX,{ DMSO}, with respeci to ¢is-RuX,{DMSO),{DMS0O} complexes (X =Cl, By,
bat, as stated above, other faciors, like the ¢ trans influence of S ligands and stenc
efiects. could also play an important role [[245],

The n bondiag scheme in Ru{ll) complexes is now further supported by the
observation that the mean Ru-S bond length of 2.265(3) A {Table 9) is significantly
lower than the sum of the single bond covalent radii. of 2.37 A. Furthermore, in the
first five Ru{ll} compounds listed above mn Section 3.1.8.2, containing bui oue
sulfoxide ligand, the Ru-S bond distance increases from 2.188(3) io 2.269(2) A
[230-234], following the decrease of the ¢ donor power of the coordinated atoms.
The decrease of electron charge density on the mctal atom decreases its m back
donation ability, lengthening the Ru- § distance. Accordingly, the 5- O bond length
is reduced from 1.512(7T)A, in [Ru(DMSONNH,)[PF.1, [2301. to 1.45{2) A
in the CLS, derivative [RuCl{tetrahydrothiophene){1.5-dithiacyclooctane}
{(DTCSOY][BPh,] [234]. This trend is confirmed by the S-O stretching frequency.
which is of 1045cm™! in the pentaammine complex (~10em™ ' less than in frec
DMSO) and of 1090, 1075 cm ! in [ Ru,Cl,(diphenylbutanediphosphine},( DMSOJ}]
[233] and [RuClitetrahydrothiophene} (1,5-dithiacyclooctane}(DTCSO)IIBPh,]
[234]. The observed weakening of the 5-O bond suggests that n electrons are
transferred from mctal to sulfoxide orbitals having a marked 5-O antibonding
character.

In trans sulfoxide complexes, the mean Ru{l1)-§ bond length is markedly longer
(2.330(4) A} (Table 9}, suggesting a reduction of the bond order. as ¢xpected from
the metal =« electron ¢ompetition between the trans n accepting sulfoxide ligands.
However, this lengthening is not paralleled by a significant decrease of the §-O
bond distances. In fact, the mean value of 1.475(2) A is hardly shorter than that of
1.478(1) A in the non-trans compounds { Table 9). This may be explained considering
the ¢ trans influence of § which, weakening the trans Ru-S bonds, reduces the S—M
o donation and hence the positive charge on the sulfur atom with consequent
lengthening of the S—0O bonds. Therefore, the thermodynamic instability of the trans
arrangement of sulfoxide ligands should be due both to ¢ and = effects. which have
nearly opposite effects on the §--O bond.
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Indirect evidence of 7 effects in the Ru-S bonds has been deduced from the
comparison of the Ru-Cl and Ru-$ bond distances in Ru{I1) and Ru{1il} derivatives.
In fact, while there is a significant decrease, passing from Ru(ll) to Ru(1I), of the
Ru-N and Ru-O (~0.04 A), as well as of the Ru~C! bond lengths (~0.06 A, trans
to CI; ~0.09 A, trans to S), a slight increase is found in the Ru-8 bond lengths in
the twe oxidation states (Ru{ll}, 2.330 A, Ru(lIll}, 2.343 A, trans to §; Ru(li),
2.265 A, Ru(1ll), 2,275 A, cis to 8) {51,55,256]. This irend has been interpreted in
terms of a reduction of = back-bonding in the Ru{li1)-S{DMSQO) bonds, with respect
to the Ra{Il) analogues. The reduction of the bond length, passing from the +2 to
the +3 oxidation state, would be counterbalanced by ithe decrease of the Ru-S
bond order.

I any case, the average Ru{lll}-S bond distance of 2289(8)YA, in strictly
related compounds having a Neligand trans to DMSO (Naf[trans-
RuCl,{DMSO){(imidazole)] [711, Na[trans-RuCl,(DMSQ){NH,}1 [71], and
[{4-cthylpyridine)H [ RuCl(DMSO)(4-ethyl pyridine)] [256]) is shorter than
that of 2.34(1)A, found in compounds with two trans DMSO ligands
{(L{LDMSO),H [ trans-Ru{DMS0),CL,3 [ 51,52], {TMSO)H J{ trans-Ru(TMSO),Cl, |
[55], and [facridine)H][trans-Ru{DMSO),Cl,] [255]), while the average S-O
bond distance goes from 1.482(5) to 1.466{5}A. This trend is also reflected
in the S~-O stretching frequency that, for example, decreases from i115¢m™!
in [{(DMSO}L,H][trans-Ru(DMSO),Ci,] to about 1090c¢m™! in Naf[trans-
RuClL,(DMSO)XNH;)] [711. All these data are consistent with some n back-bonding
even in Ru{Ill} complexes.

The role of x effects is further shown by the sulfoxide—carbonyl derivatives.
In fact, the presence of such strong = accepting ligands, trans te DMSO,
hinders any = back bonding from Ru(il) to the sulfoxide, and C-bonding is
induced, as in cis,cis, trans-RuCL{DMSO){DMSO(CQ} [240], trans trans trans-
RuCl,{ DMSO),{ DMSOXCO) [240], and ¢is, fac-RuCi,{COLIDMSO0) [241]. It is
worth noting that in cis, cis, trans-RuClL (DMSQ),{ DMS0O)}CQ) [ 241] the reduction
of charge density on the metal atem by CO causes a further lengthening of the two
cis Ru-8 bond distances, with respect to cther c¢is, cis-RuCl,{sulfoxide-S), derivatives.
A slight lengthening, with respect to the mean value, is also found in trans, trans, trans-
RuClL,(DMSO)L,(DMSO)NCO) [ 241].

In Ru(ill}-DMSQ complexes, the small n back-bonding ability is further
reduced by the presence of CO or NO and only O-bonded sulfoxide complexes
are found, such as mercis-RuCly{(DMS0),(CO) [258]), [{DMSO)LH)I[trans-
RuCl,{DMSO){CO}] [258], and mer trans-RuBry{ DESONOXEt,S) [259]. The
structure of cis, fac-RuCl,{CO),L({DMSO0) is of particular interest since its Ru-0 bond
distance of 2.090(5) A is the lowest found in Ru(11}-O{DMSO) complexes, compara-
bie to the mean value of the Ru{I])-O distances {Table 8). This is probably due to
the combined withdrawing effect of the three carbonyl groups which increase the
positive charge of the metal atom.

Similar n effects are also shown by osmium, which shows S-bonding in trans-
OsBr,(DMSO),, but O-bonding in ["BuN]rrans-Os(CO)(DMSO)C],Br,_.]
[2797, as well as in mer-OsBr,(NO} DESO)N Et,8) [278].
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The effect of the metal oxidation state is clearly shown by the Cr(0) complex,
Cr{CO);(TMSO}, where, in spite of the five carbonyl groups, the metal atom displays
a charge density great enough to yield to an 8-bonded TMSO [193]. It is intercsting
to observe thai the axial Cr~C bond distance, trans io TMSO, of 1.858(5};\. is
shorter than the average Cr—Clequat.} distance of 1.909(3) A, clearly showing the
lower m accepting properties of sulfoxides, with respect to carbonyls 193], The
lower compeiition of TMSO allows the strengthening of the axial Cr-C bond.
Consequently, the axial C-O bond distance of 1.153(6) A is longer than the equato-
rial ones, which average 1.141{4) A.

Comparing the average Ri(I11}-8 and S-O bond distances in Table 9 (cis: Rh- §.
2.271(6): -0 1.467(2} A; trans: Rh-S, 2.323(3); $~O, 1.464(5) A) we can sec thal
the trans arrangement of the DMSO groups causes an increase of the Rh-S bond
length of about 0.032 A, while the 5-0 distance is virtually unchanged. The very
short 8 O bond distance, with respect to that of Ru{Ill) complexes (1.474(2) Al is
indicative of a sirengthening of the 8—O bond, and hence of a greater n bondiag
between O and 8. This can be rationalized in terms of an increase of the positive
charge on the suliur atom acting as an essentially pure ¢ donor to Rh(Ill}. The
lengthening in the trans complexes should be then ascribed to ¢ trans influence effects.

The hypothesis that the Rh(Ill} -DMSO bond is essentially ¢ in character has
already been proposed from the comparison of structural and spectroscopic data of
Ru and Rh analogues, i.e. mer.trans-MCl,(DMSO),(DMSO), M = Ru(lilj, RR{III}
£275]). ln fact, going {rom Ru io Rh, we have a shortening of about 0.036(8) A.
higher than that expected of 0.015 A [364], accompanied by a slight contraction
{av. 0.014{6}11) of the S—O bond distance. Consistent variations in the M-S and
S—O stretching frequencies are: M =Ru, y(M-S}=411. »(S—-O)=1127. 1167cm ;
M =Rh, W{M-S)=415, W8-0)=1140, 1120 ¢m ! [275]. Further. it has been found
that replacement of a DMSO with a ¢ donor hgand such as trimethylbenzimudazole
induces a strengthening of both the Rh- S and S -O bonds (w{Rh-8)=432 v(§ O)=
1136 cm "'}, while in the Ru derivative the strengthening of the Ru-S bond is
followed by a weakening of the S-O bond (W{Ru-8)=425 w{§-O}=1094 cm ). due
to the increase of m back-donation [275].

The minimum n back-bonding ability of Rh(IIl} is expecied from the trend in the
energy of the metal orbitals due to the increase of the effective nuclear charge gomng
from Ru to Rh [273]. This is consistent with the values of the C-O stretching
frequencies in [ M{CO)}X;1*~ complexes. For X=Cl, v({CO)=2117 cm ! for Rh. vs.
2030 cm ™! for Ru, and similarly, for X = Br, »(CO}= 2067 cm ! for Rh, vs. 1996 cm ™!
for Ru [365]. The higher values in the Rh derivatives imply less n back-donation
from metal orbitals to antibonding C-O MOs,

The markedly longer Rh{Il}-8 distance of 2.45(2} A in dirhodium(Il) complexes
(Table 9} is clearly determined by the particular electron configuration of the Rh,*'
group and related to n back-bonding from Rh to S. As a matter of fact, the mean
S-0O bond distance of 1.476(5) A is longer than that of the Rh(IIl} compounds.
agreement with the lower stretching frequency (1090 cm ™ %) [261].

It is very inieresting to observe that while in [Rh,{ DMSO},{propionato),] the
sulfoxide ligands are S-bonded, in the trifluoroacetato derivative they are O-bonded
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[261]. The introduction of highly electronegative substituents loweis the electron
charge density on the metal atoms, favoring O-bonding.

6.2. O-bonding

As stated at the beginning of the section, O bonding is preferred by ‘hard” metal
ions or, in the case of softer metals, to avoid a trans arrangement of S-bonded
sulfoxides or generally in the presence of strong n accepting ligands. With bulky
ligands, steric effects {see next section) can also induce O-bonding.

The stereochemistry and average struciural parameters have already been dis-
cussed. The trans-frans arrangement is the mosi favorable, and the mean S—-O bond
length and M-O--8 bond angle are of 1.529(1} A and 124.7(5F, respectively.

In any case, the M-O-S bond angle varies in a rather wide range, because of
iniramolecular steric interactions or consiraints imposed by particular sulfoxide
ligands. Two interesting examples are represented by [Cu{AEPSO),[ClO,] (L)
[95], and Fe{CO}),(DHSO) {XXXV) [213].

o—/—S8

In both cases, the sulfoxide acts as a chelating ligand, imposing a narrow M-Q-8
bond angle, 136.7° in the copper complex, and 109.9° in the iron complex.

Very wide angles (126.0(3)-158.6(2)°} are found in lanthanide and actinide com-
plexes, because of the overcrowding of ligands, determined by their high coordination
aumbers. Wide M-O-S angles are also found in bridging sulfoxide ligands. If the
statistical analysis is limited to square planar and octahedral complexes of group
VI, the average value becomes (x>, =121.7(5}° with ¢ =3.2" for n = 38 observations.

This value of the M—O-5 bond angle is consistent with a directional ¢ character
of the M—O bond and suggests a trigonal geometry around the oxygen atom, with
a lone-pair occcupying the vacant site, available for further coordination.

7. Steric effects

In order to try to gquantify the steric effects exerted by coordinated sulfoxides,
cone-angles have been caiculaied from molecular models, for 5- and O-bonded
ligands [257]. Solid cone angles () and circular cone apertures (®), the latter



M. Calligaris, 0. Carugo/Coordination Chemisirv Reviews 133 { 1996) 83-134 141

representing Tolman’s cone-angles, are listed in Tables 16 and 17 for the most
common sulfoxides.

Inspection of the calculated cone angles for S-bonded sulfoxides (Table 10) shows
that the smallest values are displayed by TMSO (R=R'=CH,—; £2=2.68 ster rad.
©=110.1") and DMSO (R=R'=Me; Q=275 ster rad, ©@=111.6°}), and that they
slightly mcrease with the introduction of bulkier groups, such as ethyl, phenyl, and
propyl. The maximum value is shown by the di-i-propyl sulfoxade, £2=42.16 ster rad.
©=140.6". Comparison of daia in Tabies 16 and 17 shows that cone angies for

Tabile 15
Average Rhilll}—X bond distances {A) trans and cis to S-bonded suifoxides

®h—Ci trans S Rbh—Cl 15 §* Rh—N trans 8 Rh—Ncis §
Min. 2.344{6) 2315 204010 2028013
Max. 2.366{2) 23511 30985y 2033153}
Range 0.022 G037 0057 0023
n 6 36 k) 2
Median 2.360 2340 2082 2041
I3 0.008 6.012 0029 G008
(X3, 2.360 2.338 RAI 204
HIeYA! £.003 0.001 4.02 03.01
trans-cis difference 0.022(4}) 0.04(3)

=1 trans to CL

Table 16
Soid cone angles {£2) and circular cone apertures (&) for metal S-bonded suifoxides. M{RR SO} with:
M-S5=228A

R R Q2 ister rad) (S
CH,— CH,— 2.68 19.1
he Mg 275 1116
Me Et 3 1193
Me “Pr 313 1198
Me Ph 345 120.1
Ph Ph 3.35 124.4
Me Py 3.41 1256
Ct Et 3.46 1266
Ci "Br 3.48 1270
"Pr “Pr 3.51 12746
Et Ph 364 130.2
Ph "Ph 3.64 130.2
Et Pr 370 1315
Ph Pr 3188 1350
"Pr Pr 3.90 1354

Br Pr 416 1306
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Table 17
Selid cone anples (Q) and circular cone apertures {®) for metal O-bonded sulfoxides, M{RR'SO}, with
M-0=210A

R R’ Q (ster rad) Q"
CH.- CH,— 2,18 98.4
Me Ph 223 98.6
Me Me 226 1004
Ph Py 228 100.8
Ph Ph 2.53 106.7
Et Ph 2.55 107.1
Me Et 266 109.5
Me "Pr 2.66 1695
Me Py 2.74 1113
Ph ipr 296 1118
Et Et 312 119.4
Ft *Pr 312 119.5
"Pr ipr 3.14 119.9
"Pr *Pr 3.20 121.2
Et Py 3.20 121.3
pr ipr 3.25 1223

S-bonded sulfoxides are markedly larger than those of O-bonded sulfoxides, in spite
of the shorter coordination bond distance, 2.10 A vs. 2.28 A. Again, the smallest and
largest cone angles are shown, respectively, by the tetramethylene- {€=2.18 ster rad,
©=98.4") and di-i-propyl- {Q=3.25 ster rad, ®=122.3) sulfoxides.

Because of the intrinsic lack of conic symmetry in sulfoxides, the *ligand profiles
are rather distorted, with two or three bumps superimposed to the circle determined
by the sulfur or oxygen atoms [ 257].

It has been shown that the bulkiness of the DPSO is large enough (£2=23.35 ster
rad, ©®=1244°) to hinder the formation of complexes of formula mer-
RuCl,;(S-sulfoxide), {O-sulfoxide}, as obtained in the case of DMSO, to give only 2
mer-RuCl,(S-sulfoxide}{O-suifoxide), complex [ 257]. A conformational analysis and
molecular mechanics calculations have suggested that the greater thermodynamic
stability of mer-RuCl,(DPSO) DPSQ}, with respect to other isomers is due to both
enthalpic and conformational entropic factors. In fact, O-bonded sulfoxides not only
have one more degree of freedom, but, because of their reduced steric hindrance,
allow a great many more low energy geometries [2577.

El

8. Conclusions

The whole set of structural data now available shows that the S—O bond distance
of free sulfoxides is significantly modified upon coordinatign, passing from 1.492({1} A
to 1.4723(8};\ in S-bonded complexes and to 1.52%{1} A in O-bonded complexes.
Minor changes are found for the S-C{sp*) bond distances, whose average values are
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17913}, 1.785(1), and 1.780(2) A, in free, S-, and O- bonded complexes, respectively,
with an overall average of 1.783(1) A. The average C-S—C bond angle significantly
increases from free {97.8{2)°) to O- {99.0(2)°} and S-bonded (100.2{1)°) complexes,
while the O-S-C angle passes from 1059(1) in free sulfoxides to 104.3(1) in O-
and 107.4{1)" in S-bonded complexes.

Mean values for coordination bond angles are: M-O 8, 124.7(5}, M-§-O.
1691y M--S-C, 11L7{1).

Sulfoxides behave as weak = accepting ligands and exert a weak trans and cis
influence.

Considering the whole Periodic Table, a prevalence of O-bonding 15 observed,
S-bonding seems to be favored in d® and d® transition metal ion complexes. probably
through n back-bonding contributions. The presence of other n accepting ligands,
in the metal first coordination sphere, such as CO, NO, and even other sulfoxides
increases the metal ion ‘hardness’, weakening the metal-sulfur bond or causing a
linkage isomerism from S- to O-bonded species. O-bonding may be also induced by
the ligand bulkiness, as measured by the sulfoxide cone-angle, so that the bonding
mode of sulfoxides is the result of a delicate balance between electronic and steric
factors. Preference of O-bonded species could alse derive from entropic contributions.
due to the increased number of degrees of freedom and ligand mobility which makes
possible much more low energy conformers.

Such effects are to be further investigated, as well as the nature of the metal-suifur
bond through MO calculations, to analyze the nature of the metal and suifoxide
orbitals involved in the coordination bonding,
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Appendix 1. Calcnlation of the means
The semi-weighted mean, {x),. is defined as:
)= ii Wix, /Z:‘,iwi
where

W, =1/[o*(10) + o(x,)]

a(u) and o?(x;) are, respectively, the variance of the overall mean and the variance
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of each observation x;. The former is estimated as:

oHuy=0"~{a*x P
S (P AR — 1) =Y o)/

where {x), is the unweighted mean,

h

Zi xi/n

4

The standard error of {x), is approximately given by:

O(xD) = (1D Wi

Appendix 2. Principal compenent analysis

The data matrix D (d;;), consisting of m rows {(each row corresponds to a compound}
and n columns {each column corresponds to a variable), is transformed into the
normalized data mairix, DN {dn,;), as:

d”ij=(dij_ dp)w;

where (d,> =Xd;/m and w;=[E({d;> —d;;im—1}1" 12,
The covariance matrix of DN, Z, which is the correlation matrix of D, is caiculated
as;

Z=(DNTDN}/(n—1)

The eigenanalysis of Z, Z-e;=2;I-e;, where { is the n x n identity matrix, produces
n unique pairs of vectors e; {eigenvectors) and scalars 4; (eigenvalues). Each couple
of eigenvector and eigenvalue is referred to as principal component (PC). The mx n
score matrix 5, which contains the coordinates of the m compounds within the n-
dimensional space, spanned by the n eigenvectors, ts obtained as:

S=DNF
F=C.A1.f2

where F is the n x n factor matrix, C 15 the n x n eigenvecior matrix {in which each
column is one of the eigenveciors g), and A is the n x n diagonal eigenvalue matrix
{in which each element within the diagonal is one of the eigenvalues 2,).

The cumulative variance percentage V., described by the first & principal compo-
nents is calculated as

V= 100(Z4,)/n

Of course, the n PCs are able to describe the totality of the variance. However, it
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often occurs thai a subset k, with k<n, of PCs are enough to describe the total
variance. These k PCs are referred to as primary compenents. while the remaining
(n—k} PCs are the secondary ones. Among the possible critena to discriminaie
between primary and secondary components [8a,367 ], we have used the ¥* criterion
[ 8a] which considers the variability of the errors from one data point to the aexi.

Once § is calculated. it is often important to verify the discriminatory power of
the PCs. It may happen that the m compounds are clusiered m two or more different
regions of the space spanned by the eigenvectors. Therefore, appropriaic cluster
analysis algorithms can be used to analyze the two or more clusters [ 368 7. Howcver.
it often happens that no evident clustering appears within the eigenvector space.
Also in this case, it is worth estimating the discriminatory power of each PC, by
using contingency table analysis [ 369].

In order to describe the structural variation of a series of compounds. it is also
possible to define a set of symmetry coordinates [370], which arc linearly indepen-
dent and refer to some ideal geomeiry {e.g. C, for R,50 fragments). These symmetry
coordinates can be used as componenis of the disiortion vector, if their reference
values are known.

Although this is not the case for sulfoxides, it is important to define the symmetry
coordinates, in order to bhelp the interpretation of the PCA results. Since PCA s
performed on the boad distances and angles of the suifoxide fragment Ci-S(G}-C2.
the symmetry coordinates, S,, resulting from these variables are as follows:

S1{AY=(5-O)
S2A4)=(1/2)?[(S-C1}+(5- C2)]
S3HAM=(U2P2HS-C1-8-C2))]
$4{A")={(Ci-5-C2)

S5(A) =172} [(0-5-C1)+{0-S-C2)]
S6{A")=(12Y[{0-5-C1)}+H0-5-C2)]

e

As shown, four of them have A’ symmeiry, and the remaining iwo have A
symimetry.
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