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116 J. A. DAVIES
l. Introduction

Interest in the coordination chemistry of sulfoxides has stemmed pri-
marily from the excellent solvent action of the lower sulfoxides. Sev-
eral review articles have appeared which discuss various aspects of the
inorganic chemistry of sulfoxides (Table I), but these deal almost ex-
clusively with the chemistry of dimethyl sulfoxide alone. Interest in
the inorganic chemistry of the higher sulfoxides has recently devel-
oped as a result of much research into the use of sulfoxides in the sol-
vent extraction of metals during refining processes; specific details of
this applied subject are considered outside the scope of this review, al-
though key references are given where appropriate. Since the early
recognition that sulfoxides are capable of acting as Lewis bases (278),
the coordination chemistry of these interesting ligands remained
largely unexplored until a renaissance period began in the early 1960s
(127-129, 162). During this period it was recognized that sulfoxides
are capable of acting as ambidentate ligands, coordinating to specific
metals via either oxygen (O-) or sulfur (S-). The qualitative observa-
tion at this time was that dimethyl sulfoxide coordinated to “hard”
metals via oxygen and to “soft” metals via sulfur. A comprehensive re-
view of the coordination chemistry of dimethyl sulfoxide appeared
shortly after this period (4¢60) which supports these observations, but
investigation into the use of higher sulfoxides as ligands has shown

TABLE I

REVIEW ARTICLES ON ASPECTS OF SULFOXIDE CHEMISTRY

Subject Authors (language)
Acid-base strength in Me;SO Kolthoff and Reddy (330) (English)
The chemistry of Me,SO (general) Hsu (281) (Chinese)
Coordination compounds of sulfoxides Gopalakrishnan and Patel (229) (English)
The chemistry of Me,SO (inorganic) Reynolds @60) (English)
The chemistry of Me,SO (general) Jacob et al. (296) (English)
Cis and trans effects in R,SO complexes Kukushkin (340) (English) and (342) (Rus-
sian)
Me,S0 as solvent and ligand in inorganic Tenhunen (485) (Finnish)

chemistry
Biologically active thioethers and deriva- Griesser et al. 237) (English)
tives (including sulfoxides)

The chemistry of Me,SO (general) Hauthal and Martin (269) (German) and
@270) (English)
Complex compounds of sulfoxides Kukushkin (341) {Russian)

Deoxygenation reactions of sulfoxides Drabowicz et al. (160) (English)
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that other factors are also important in determining the mode of coor-
dination. Additionally, advances have been made leading to the isola-
tion of new transition-metal complexes of sulfoxides which have found
application as reactive intermediates in preparative coordination
chemistry and homogeneous catalysis. The bioinorganic chemistry of
sulfoxides has also developed during this period.

This review is intended as an account of the coordination chemistry
of both dimethyl sulfoxide and the higher sulfoxides, with particular
reference to the mode of bonding and the extent to which this affects
the chemistry of transition-metal sulfoxide complexes. No attempt has
been made to provide an exhaustive listing of all known sulfoxide com-
plexes, many of which contain coordinated sulfoxide moieties only
coincidentally to their other important functions.

NOMENCLATURE

An oxygen-bonded sulfoxide complex will be termed an O-R,SO com-
plex, and similarly, a sulfur-bonded complex will be termed an S-R,SO
complex. Where the mode of coordination is not known or is uncertain,
formulas of the type [M(R,S0),Cl,] will be used.

The following abbreviations will be used throughout the text: L, neu-
tral ligand; X, anionic ligand or uncoordinated anion; R, alkyl or aryl
group; Me, CH;—; Et, CH;CH,—; nPr, CH,CH,CH,—; iPr, CH,C-
(CH3)H—; nBu, CH3(CH,);—; Ph, C¢H;—; dien, H,NCH,CH,N(H)CH,-
CH,NH,; and acac, CH,C(O)CHC(O)CHj.

Il. Physical Studies of Sulfoxide Complexes

In order to understand the bonding in transition-metal sulfoxide
complexes, it is necessary to summarize the physical data available in
the literature and so determine what constraints are necessary in any
bonding model. An understanding of the factors affecting the bonding
in these complexes is essential if further developments are to be made
in the chemistry of transition-metal sulfoxide complexes.

A. STRUCTURAL STUDIES

The molecular structure of dimethyl sulfoxide has been determined
both in the gas phase and in the solid state (Table II). The bond angles
suggest that the molecule is approximately pyramidal, with sulfur at
the apex. The distortions from the expected pyramidal bond angles are
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TABLE I

STRUCTURAL DATA OF DIMETHYL SULFGXIDE

Bond lengths (&) Bond angles (deg)

State S—0 C—S C—H c—/s\—c c—/\s—o SZCNH Reference

Gaseous 147 182 1.08 100 x5 107 x5 — 51

Gaseous 1.477 1.810 1.095 96°23’ 106°43’ 107°31’ 494

Solid (+5°C) 1.531 1.821 1.06-1.10 97.4 106.8 109-111 176
1.775 106.7

Solid (—60°C) 1.471 1.812 — 97.86 107.04. —_ 321
1.801 107.43

explicable on simple repulsion considerations; thus a lone-pair on sul-
fur and some double-bond character in the S—O bond would lead to
c—8—0 being larger than C—8—C, as observed. The double-bond
character of the S—O bond is difficult to determine unambiguously
from the bond-length data. The structural determination with the
highest degree of refinement suggests an S—O bond length of 1.531 A,
but two gas-phase determinations and one other solid-state determina-
tion suggest a much shorter bond length, approximately 1.47 A. The
length of a single S—O bond has been estimated as approximately
1.66 A (61), suggesting that the S—O bond in dimethy] sulfoxide does
have some double-bond character, although the degree cannot be
quantitatively estimated due to the variability of the available data
(Table IT). The data of Eriks et al. (1 76) will be used for comparison pur-
poses, as the data from this determination are better refined and the
determination was performed at a temperature closer to the tempera-
tures at which structural determinations of sulfoxide complexes have
been performed. Of necessity, any such comparisons of bond-length
data should be treated with caution.

The structural determination of diphenyl sulfoxide has also been
performed &), and shows that this diaryl sulfoxide also has an approxi-
mately pyramidal structure. The S—O bond length in this molecule is
reported as 1.47 A, again suggesting some double-bond character.

Crystallographic studies on S-dimethyl sulfoxide complexes (Table
III) show that the geometry of the Me,SO moiety is virtually unaf-
fected by coordination. Values of 0—8—C of ~107° compare favorably
with the values of 106.7° and 106.8° reported for free dimethyl sulfox-
ide. Similarly, reported values of C—8—C between 99.4(6)° and
104.5(7)° compare with the value of 97.4° reported for the free mole-
cule. A slight increase in C—8—C would be expected on repulsion
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terms as a result of transfer of electron density from sulfur to the metal
(i.e., the repulsive effect of an M—S bond is less than that of the suifur
lone-pair) (see ref. 72 for discussion). Bond-length data show that the
C—S distance is also unaffected by coordination; the reported values
for S-Me,SO complexes are ~1.8 A, similar to the values of 1.775 and
1.821 A reported for the free molecule. The most significant change in
the structure of the Me,SO moiety is the length of the S—QO bond. The
data shown in Table III clearly show that the S—O bond is shortened
relative to the value of 1.531 A (Table II). The implication of this is
that the extent of S—O mr-bonding is increased by the transfer of elec-
tron density from sulfur to the metal. That the increase in the S—O
bond order is a result of extensive w-back-donation of electron density
from the metal into an S—O bonding orbital seems unlikely from the
structural data available. Thus, in the complex [Ru(O-Me,SO)S-
Me,S0)4Cl,], the Ru—Cl bond lengths are significantly greater than
would be expected for a pure o-bond (Table IV). This observation sug-
gests that the trans-S-Me,SO ligand is not a strong m-acceptor; the
presence of a strong m-acceptor trans to a o-donor would obviously lead
to a shortening of the metal—trans-ligand bond, and here the converse
is observed. The extent of w-back-donation can also be qualitatively es-
timated from the M—S bond-length data. Thus, in [Ru(O-Me,SO)(S-
Me,S0),Cl;] (Table IV), the mean Ru—S distance is 2.268 A, whereas
in [Ru(NH,)5(S-Me,SO)[PF¢L. (Table III), the Ru—S distance is
2.188(3) A. The sum of the covalent radii of ruthenium (1.33 A) and
sulfur (1.04 A) is 2.37 A, suggesting a slightly lesser degree of 7-back-
donation in the former compound than in the latter. In the latter com-
plex there are no ligands present which can compete with the S-Me,SO
moiety for metal m-electron density, and so these bond lengths follow
the expected trend. Similar arguments for K[Pt(S-Me,SO)Cl;] and cis-
[Pt(S-Me,SO)o-CH;3-CsHgN)Cl,] (Table III) also indicate that the S-
Me,SO ligand acts as a poor m-acceptor.

The implications of the structural data for S-Me,SO complexes may
be summarized as follows: (i) The geometry of the Me,SO moiety is vir-
tually unaffected by S-coordination; (ii) the S—OQO bond order is in-
creased; and (iz7) the M—S distances suggest that the S-Me,SO ligand
is a poor w-acceptor. The structural data for 0-Me,SO complexes are
shown in Table V. Comparisons with the structural data of free Me,SO
(176) are less clear-cut for these complexes, but the bond-angle data
show that the geometry of the Me;SO fragment is little changed upon
coordination via oxygen. The value of M—O—S (~ 120°) suggests that
the geometry about oxygen is effectively “trigonal” (with an oxygen
lone-pair occupying the vacant site), and the C—S distances are unaf-
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TABLE III

STRUCTURAL DATA OF SoME S-Me;SO COMPLEXES

Mean bond lengths (A) Mean bond angles (deg )
Sum of M + S References
Complex covalent radii &) M—S S—0  S—C MZC MZ0 048dc cLhe and notes
[ NH, ] 390
H,Ng__|_S(OMe, Ru-N, = 2.203(8)
PF, 2.37 2. ) . . . ) . AT
he r‘NcHs [PFyl, 188(3) 1.512(7) 1.815 116.1 114.93)  104.2 99.46) o Np = 2.155(8)
Ru-N. = 2.151(8)
[ NCH, |
CHN_ | _Cl
"R 2.36 2.284(5) 1.48(1)  1.78(2) 111.3 114.7(5)  109.3 99.7(8) 122
C1 l S(O)Me,
L ¢ i
S(0)Me, 234
a al Environment
(Na)| “Rn” 2.36 229 147 184 - — — — about S
cr | ~a ’ ) ) ’ described as
S(OM 2. distorted
€y , Z 360 tetrahedral
c1,
o l S(0)Me, 392, 393
N
ph—C~ I 2.36 2.236 145 1.81 111.8 117.3 107 100.5 Ir-Cl, = 2.496(9)
\Cc1B l S(O)Me, Ir-Clp = 2.376(8)
\ C

~~Ph
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[ cl
Me,(O)S—P:d—-S(O)Mez 2.35 2.299(2) 1476(2) 1.778 112.3 1124 109.1 100.9(3) 61
Cl
[ o,N0
0,N0—l>ld—S(O)Mez 2.35 2.242 1.463(7)  1.789(7) — — — — 265
S(O)Me,
S(O)Me, 398
Cl,—Pt—S(O)Me, 2.35 2,237 1.462 1.782 111.5 114.8 108.6 101.4 Pt-Cl, = 2.312(2)
L CllB Pt-Cls = 2.306(3)
Clo 282

Pt-Cl, = 2.302(6)

[K]| Clg— Pt—S(O)Me, 2.35 2.193(5) 1.476(15) 1776(16) 11.0(5)  1183(5)  107.6(7) 1022 p 1 _ 93155
Cl, Pt-Cl, = 2.296(6)
[ Cl,
Cly—Pt—S(O)Me, 399
IL’ Me 2.35 2.200(3) 1.470(9) 1.792 109.4 117.8(4) 107.5 104.5(7) Pt-Cl, = 2.288(3)
= | Pt-Cly = 2.307(4)
X
C/C——C\ 99
% NH, Other lengths and
C
N _ _ _ _ _ _ angles are of
HN pt—oci | (o) 2.35 2.21(1) very low
S(O)M accuracy and
| (O)Me, are not reported




TABLE IV
STRUCTURAL DATA OF SoME O- AND S-Me,SO COMPLEXES

Sum of Sum of

M+S M+0 Mean bond lengths (&) Mean bond angles (deg.)
covalent covalent References
Complex radii (&) radii A) M—S M—0 S—0 S—C MZ8%0 M—0>S 0-48C CZ8C  and notes
B OSMe, 400
Mez(o)s\rju/s(o’m’ 237  — 2268 — 148 1797 112(2) — 10666 99()  Ru-Cl, = 2.435(1)
o | Neig — 199  — 2.142(3) 1.557(4) 1.788 - 120.02)  103(D) 99.04) Ru-Cly = 2.435(1)
S(O)Me,
L
OSMe,
C‘\Rh/S(O)Mez 2.36 — 2226 — — — — — — — 235, 444
o l ~S(0)Me, - 1.98 — 1990 - — — — — — Other lengths
L cl and angles

unreported
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fected. The S—O bond length is also little changed; some structures
suggest a slight increase and others a slight decrease, although those
with the highest degree of refinement favor a slight increase in the
S—O distance. The M—O bond lengths are long in these complexes,
and in no case does the sum of the covalent radii exceed the bond
length. The implications of these data may be summarized as follows:
(i) The geometry of the Me,SO fragment is virtually unaffected by O-
coordination; (if) the S—O bond order appears to remain constant or to
be slightly decreased; and (iii) the M—O bond lengths are long com-
pared with the sum of the covalent radii. Several further points can be
derived from the structural data here: the trans influence of the S-
Me,SO ligand can be estimated by observing its effect on the length of
a trans-M—C] bond. The data in Table VI show that the trans influ-
ence of S-Me,SO is approximately equal to that of —NH, (or NH,), and
slightly less than that of ethylene. It must be borne in mind that the
trans influence is a ground-state effect and only parallels the trans ef-
fect of a group where that effect is operative via a o-mechanism. In
cases where a w-induced trans effect is operative (e.g., for CO or ethyl-
ene), little or no trans influence will be observed.

The effect of the oxygen atom on the coordinating ability of the sul-
fur atom in the S-Me,SO group can be assessed by comparing the struc-
ture of the thioether complex [Pt(H,NCH(COOH)(CH,),SMe)Cl,] (198)
with that of the sulfoxide derivative (Table VII). The thioether com-
plex has an M—S bond length of 2.26 A, considerably longer than in
the sulfoxide derivative [2.198(2)]. Also, the trans-M—Cl distance in
the thioether complex is significantly less than in the sulfoxide analog,
demonstrating the evaluated trans influence of the S-Me,SO moiety.

These further points may be summarized as follows: (i) the trans in-
fluence of S-Me,SO ligands is greater than that of the corresponding
thioether; and (ii) the M—S bond lengths in sulfoxide complexes are
less than those in analogous thioether complexes. The structural data
for S-R;SO and O-R,SO complexes (R # Me) in Tables VII and VIII
show that the situation for the higher sulfoxides is analogous to that of
Me;SO. The Pt—Cl bond lengths trans to S-R,SO and trans to olefin
may be compared from the data in Table VII and support the hypoth-
esis (vide infra) that the trans influences of these ligands are similar in
magnitude.

B. VIBRATIONAL SPECTROSCOPIC STUDIES

Early work on sulfoxide complexes (460) led to the empirical obser-
vation that coordination to a metal center via oxygen generally leads
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TABLE V

STRUCTURAL DATA FOR SOME O-Me,SO COMPLEXES

Sumof M + O

Mean bond lengths (A) Mean bond angles (deg )

AN AN AN

Complex covalent radii () M—O0 S8—0 8S—C M-20~S 0-28—C C-£8~~C References and notes
.
(o] Cl
Mg~ 2.04 2.17 — — — — - 194
o’ | “osMe,
OSMe,
[ a
Me,SO\| _0SMe
Fé_ [FeCl,] 1.86 2.006(6) 1.541(6) 1.800 124.5(4) 103.6 99.4(5) 59,60
Me,S0” ' 0SMe,
Cl
[ OSMe,
Cl—Cu—Cl 1.94 1.955(4) 1.531(4) 1.768 118.2(2) 104.7(3) 100.4(3) 110,111
OSMe,
[Ag(0-Me,;S0),](C10, ] 2.05 2358 1509  1.795 — 105.5 99.7 80

Infinite chains of Ag
atoms linked by
bridging Me,SO units.
Coordination about
Ag is distorted trigo-
nal bipyramidal with
coordination to
perchlorate oxygen
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[HgCL L{0-Me,SOL

[La(O-MezSO)choa )s ]

[Yb(O-Me;S0)5(NO, )s ]

[Nd(O-Me;S0)(NO; ), ]

[Er(0-Me;S0);(NOs);]

[Lu(0-Me,SO)s(NOg); ]

1.95

2.54

2.475

2.37

2.27

2.26

1.54(1)

1.50(3)

1.45

1.51

1.57

1.54

1.78(2)

178

1.76

1.82

1.85

1.82

126.0

137.5

129.7

130.8

106

104

107.3

104.1

104.8

100.0

99.9(10)

95

102.6

103.7

104.2

101.3

79
Structure consists of
(HgCl,] and dimeric
[Me,SO—HgClL ]
units linked via
Me,SO bridges
69
Ten-coordinate (each
NO; group is
bidentate) complex
70
Nine-coordinate (each
NO;, group is
bidentate) tricapped
trigonal prismatic
structure
32
Ten-coordinate (each
NO; group is
bidentate) structure;
dodecahedron with
B-type vertices
33
Nine-coordinate (each
NO;, group is
bidentate) structure;
tricapped trigonal
prism
34, 68
Nine-coordinate (each
NO; group is
bidentate) tricapped
trigonal prismatic
structure
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TABLE VI

INFLUENCE OF TraNs Licanps oN M—Cl BoND LENGTHS IN SQUARE-PLANAR
Pt(II) CoMPLEXES

Trans atom/ M—Cl bond

Complex group length (A) Reference
trans-[Pt(PPhMe, ),(SiPh,Me)Cl] Si 2.45(1) 394
trans-[Pt(PPh,Et),(H)Cl] H 2.42(1) 172
cis-[Pt(PMe;),Cl, ] P 2.37(1) 15
cis-[Pt(PEt; X C{OEt}NHCgH;)Cl1] C of carbene 2.365(5) 36
cis-[Pt(NH;),Cl, ] NH;, 2.33(1) 401
(KI[Pt(C.H,)Cl; }-H,O CH,==CH, 2.327(7) 310
[Pt(L-MeSCH,CH,CH{COOH}NH;)Cl, ] { S 2.32 198

—NH, 2.31
cis-[Pt(S-Me;S0),Cl, ] S 2.309(2) 398
[KI[Pt(S-Me,SO)Cl4 ] { S 2.318(5) 282

Cl 2.299(6)
[KL[PtCL] Cl 2.308(2) 380
cis-[Pt(S{CsH,Cl};):Cl; ] S 2.300(4) 16
[K1[Pt(acac)Cl, ] o 2.276(5) 395
[Pt(S-Me,SO)0-CH;NC4H;)Cl, ] { S 2.307(4) 399

N 2.288(3)

to a decrease in the frequency of the band assigned as v(S==0) (see refs.
13 and 139 for examples), whereas coordination via sulfur generally
leads to an increase in frequency (see refs. 87 and 466 for examples).
The observation of either bathochromic or hypsochromic shifts (298),
depending upon the mode of coordination, has proved to be extremely
useful to many workers for the assignment of the mode of coordination
of sulfoxide ligands; the technique is not, however, infallible, and care
must be exercised in its application.

In its infrared spectrum, free Me,SO shows two strong bands in the
region where the v(S=0) mode would be expected, and studies of both
Me,SO and its d®-analog (I195) have shown that the band at
~1055 em~! (br) is due largely to »(§=O0) and the band at ~680 cm™!
(br) to ¥(C—S—C) (sym. and asym.). Upon complex formation, the
S—O bond length is affected and a small, but noticeable effect ob-
served on the C—S—C geometry (vide supra). The corresponding
shifts in the positions of the v(S=0) and »(C—S—C) bands can easily
lead to errors in the assignment of the two bands (see refs. 128, 129,
132, and 161 for discussion). To be certain of assigning the correct
bands as »(S=0) and »(C—S——C), it is advisable to prepare both
Me,SO and d®-Me,SO analogs of a given complex. Comparison of the
infrared spectra thus allows unambiguous assignment of both bands
(see refs. 180 and 313 for examples).
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An additional pitfall is to attempt correlation between the magni-
tude of the shift in »(S=O0) upon complexation [Av(S=0)] with the
strength of the M—O or M—S bond. The band assigned as »(S=0) in
free Me,SO is not a pure vibration, and approximately half the poten-
tial energy of this vibration is associated with methyl rocking modes
(64). The use of the magnitude of Av(S=0) as an estimation of the
M—O or M—S bond strength can be seen to be unfounded by considering
the infrared spectrum of [Ru(NH,)(S-Me,SO)][PFglL (224). The position
of ¥(S=0) at 1045 cm™ shows that coordination has had little effect
[Av(S=0) = 10 cm™!], but the M—S bond length (see Table III) is rela-
tively short and the complex is quite stable. In addition, the position of
v(S=0) represents a decrease in frequency upon coordination, the op-
posite to that normally observed in S-bonding. An explanation based
on metal-ligand w-bonding has been proposed (224). It has been
pointed out (133) that any comparisons of Av(S=0) as a measure of
bond strength should take into account the masses of the different
metal ions involved, and yet many series have appeared which do not
do so. Frequently, complexes of sulfoxides which show little or no
change in »(S=0) upon coordination are reported to contain lattice-
held or very weakly bonded molecules of the ligand. For example,
[Th(C;HeNO),(Me,SO),] exhibits Av(S=—0) = —-25cm™ 3), and
[CuL,;(Me,SO),] (where HL = 7-azaindole) exhibits Av(S=0) =
—35cm™!, 0 cm™! (91). The data described above for [Ru(NHj);(S-
Me,SO)][PFs) show that this is not always the case. Accordingly, se-
ries of M—O and M—S bond strengths derived from values of
Av(S=0) should be treated with caution.

Work on the infrared spectra (500-265 cm™!) of both O- and §-
Me,SO complexes has shown that ¥(M—O) is coupled with v(C—S)eyp,
8(C—S—O0) and 8(C—S—C). The »(M—S) mode is also strongly coupled
with internal ligand vibrations, making differentiation between O-
and S-bonding by identification of »(M—O) or y(M—S) extremely diffi-
cult (312). A further problem in using the infrared spectra of sulfoxide
complexes to determine the mode of coordination can arise if other
strong vibrations due to the molecule are present in the »(S=0) re-
gion, either obscuring or occurring close to, the »(S=O0) mode. Thus,
the reported complex [Pd(dien)(S-Me,SO)][C1O,L has the »(S=0) re-
gion obscured by the intense v; vibration of the perchlorate anion,
making assignment by this technique impossible (116). This limitation
may be overcome in some instances by suitable modification of the mol-
ecule. Thus, preparation of both [Pd(Ph,PCH,CH,PPh,)(O-
Me,SO)C1)[X] X = ClO,, PFg) complexes (143) allowed inspection of
the entire »(S=O0) region as the perchlorate anion absorbs at
~1100 em~! and the hexafluorophosphate at ~830 ¢cm~!. The presence
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TABLE VII
STRUCTURAL DATA FOR SoME S-R,SO (R # Me) COMPLEXES

Mean
bond
Mean bond lengths angles
A& (deg )
Sum of M + S N
Complex covalent radii (A) M—S S—0 M—=S—0 References and notes
—dr @ 376
d \}‘—ll’t—s(o)ipr. 2.35 2.31(2) 1.46(1) 116.0(3) Example of coordination of Pt-R,SO
)‘—‘{\ 1 complexes to DNA-type bases
Me o]
o
(CH)HC_ || CR(CH,);
HC(CH,),
Cl—ll’t—Cl Cl c\s¢o 375 .
e _p{ “CH(CH), 2.35 2.24 — — Geometry of iPr,SO fragment said to be
PN N unaffected by coordination
c
>N—|C|—N7C
c
42
Phenyl groups of styrene and Ph(Me)SO
2.35 2.252(2) 1.461(5) — arranged for attractive interaction

Pt-Cl, = 2.301-2.320
Pt-Clz = 2.297-2.308
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235

235

2.35

2.35

43
Analog of above structure with no pos-
sibility of phenyl interaction

199
Pt-Cl, = 2.323(2)
Pt-Clp = 2.304(2)

24
Complex of meso-PhS(O)CH,CH,S(O)Ph

25
Complex of rac-PhS(0O)CH,CH,S(O)Ph
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TABLE VIIL

STRUCTURAL DATA FOR SoME O-R,SO (R # Me) COMPLEXES
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bond
S f
N;l T 2) Mean bond angles
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Complex A M—S S—0 M-—-0-—S8 notes
0 A7
J ]
N o)
Br\}l /Br\R‘ _Br
0 u
Br~ I \Br/ | ~Br 1.99 2.050(7) 1.5641(7) 123.94) 191
/O N
SK\/ (‘)
Cl 78
| Further Hg phenyl
wmmon Hg— O —— 1.95 2.58(1) 1.51(1) _ interactions give
[ rise to chain-like
Cl structure
18
’/’- Y Wedged octahedral

Me

Me

structure for 1:1
adduct of tris(di-
pivalomethanato)-
europium(III) and
3,3-dimethyl-
thietane-1-oxide

_ 2.40 — —

of additional strong bands in the v(S=0) region can also make assign-
ment difficult. For example, in the complex [WO,Cl,(Me,SO);] 89), vi-
brations due to both S—O and W—O appear in the region 890-
1050 cm~1. As there is no strong band in the region 1050-1200 cm™!
due to S-Me,SO, this complex as assigned as O-bonded “by default.”
Similar problems arise in the infrared spectra of [VOBr.(R,S0),]
(R = Me, n = 5; R = Ph, n = 3) (415), their chloro analogs (280), and
other oxo complexes of this type. This problem can also arise in S-R,SO
complexes; for example, [Pd(S-Me,S0),(S0,)] (I77) has an extremely
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complex »(S=O0) region due to the presence of cis-S-Me,SO ligands and
a chelating sulfate group. The infrared spectra of higher sulfoxide com-
plexes are generally less informative and often only empirical observa-
tions have been made. For example, thiacyclohexane oxide complexes
show a series of bands in the »(S=O0) region, and the only definite con-
clusion that could be made concerning these was that, relative to the
free ligand, coordination to a “hard” metal caused a shift to lower fre-
quency (I71). Also it has been observed (389) that aromatic sulfoxides
generally exhibit larger values of Av(S=O0) than aliphatic sulfoxides.
The problem of multiple bands in the »(S=O0) region of certain sulfox-
ides has been investigated (419), and evidence from variable-tempera-
ture infrared studies suggests that rotational isomerism about the
C—S bonds may be the cause. It is also noteworthy that the technique
of examining shifts in the infrared spectra of sulfoxide complexes can
be applied to selenoxide complexes (with similar constraints) to deter-
mine the mode of coordination (311). The pitfalls in using solely infra-
red data to determine the mode of coordination of a sulfoxide ligand are
exemplified by considering the spectrum of a complex of empirical for-
mula [Au(Me,SO),(H)CL,] (445, 446). A strong band at 937 cm™!, as-
signed as »(S=0) [A»(S=0) = —118 cm~!] may easily be taken as an
indication of coordination of Me,SO via oxygen to the metal center. Ap-
plication of other analytical techniques in fact defined the complex as
[H(Me,S0).TAuCl,], where the Me,SO moiety is present solely in the
cation, [H(Me,S0),]*, and does not take part in any metal-ligand in-
teraction whatsoever.

In the chemistry of main-group element sulfoxide complexes, a rela-
tionship between A»(S=—O0) and the enthalpy of formation of the sulfox-
ide complex has been derived (159). The applicability of the equation
has only been examined for O-R,SO complexes, and the constraints on
using Av(S==0) as a measure of metal-ligand bond strength should be
borne in mind during its application.

C. 'H NMR STtUDIES

Proton NMR studies have proved extremely useful in determining
the mode of coordination of sulfoxide ligands. The 'H NMR spectrum of
free Me,SO exhibits a single resonance, 8(CHj;3) at 2.53 ppm relative to
TMS, and the position of this resonance is affected by coordination to a
metal center. Only a small effect is observed in O-bonding, and gen-
erally the value of 8(CHj) is increased by 0.5 ppm at the most. Thus,
the a-protons of the ligands are scarcely deshielded upon coordina-
tion via oxygen. Additionally, where the metal center in a complex
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has a nonzero-spin (e.g., '**Pt, I = %, 33.7% natural abundance in the
complex [Pt(Ph,PCH,CH,PPh,)(O-Me,SO)CL][PF,]), observation of M—
'H coupling may be expected, but is not seen (I143). In the case of
diethyl sulfoxide, where the methylene protons of the free ligand are
inequivalent (261), the inequivalence may be reduced by complexation
via oxygen (155). Complexation via sulfur has a more readily observ-
able effect on the 'H NMR spectra of the ligand. The amount of de-
shielding of the a-protons is considerable, and shifts of ~1 ppm are
commonly observed (e.g., 328). Additionally, M—'H coupling is fre-
quently evident and for ligands such as Et,SO, methylene proton in-
equivalence is increased (I56). A comparison of the magnitude of
the 95Pt—!'H coupling constants in [Pt(S-Me,SO),Cl,] (I56) and
[Pt(Me,S),Cl,] 258) shows the former to be substantially smaller
(23 Hz vs. 49.5 Hz). Other studies (for example, 86) suggest that
J(1%Pt—1H) values of ~20 Hz are typical for simple platinum sulfoxide
complexes. This has been taken as an indication of stronger Pt—S o-
bonding in the thioether complex (156) than in the sulfoxide complex.
It should be borne in mind that the crystallographic data cited above
indicate shorter M—S bonds in sulfoxide complexes than in thioether
complexes, and that sulfoxides are poor m-acceptors.

The use of both 8(CHj;) values and J(M-'H) magnitudes does, how-
ever, allow determination of the coordination mode in many instances
(e.g., 462). Problems due to ligand dissociation are frequently evident
in 'H-NMR studies of sulfoxide complexes. Thus the dimethyl sulfoxide
adduct of niobium oxychloride (€09) undergoes solvolysis in acetoni-

MeCN

[NbOCl3(0—Me,S0), ] [NbOCl,(0O—Me,SO)(MeCN)] + Me,SO 1

trile as in Eq. (1). Similar problems occur in S-Me,SO complexes also
(for example, 314); accordingly, solvolysis problems limit the scope of
the 'H-NMR technique for determination of the coordination mode.
Contact-shift and line-broadening studies on [M(O-Me,SO)sP* species
(M = Cu, Ni, Co, Fe, Mn), however, give some indication of the bond-
ing model. Thus, for M = Ni or Cu, unpaired spin density appears to be
transferred from L — M via a o-bonding system, whereas for M = Co,
Fe, or Mn, the sign of the electron spin—-nuclear spin coupling constant
suggests ligand () — metal (¢;,) unpaired spin density transfer (¢14).
Other systems (e.g., [MLgF*, M = Fe, Cr; L = 0-Me,SO) exchange ei-
ther too rapidly or too slowly to be investigated by these methods. In
summary, the 'H-NMR spectra of O-R,SO complexes exhibit: (1) small
downfield shifts of the a-proton resonance (<0.5 ppm); (2) no J(M-1H);
and (3) reduction of methylene proton inequivalence. Correspondingly,
the 'H-NMR spectra of S-R,SO complexes exhibit: (1) large downfield
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shifts of the a-proton resonance (~1 ppm); (2) JM-'H); and (3) in-
creases in methylene proton inequivalence.

D. ELECTRONIC SPECTROSCOPIC STUDIES

The electronic spectra of simple sulfoxide complexes have proved
useful in determining the position of sulfoxides in series of ligands or-
dered by their donor ability as defined by the magnitude of Dq, the lig-
and field splitting. The results are by no means straightforward; for ex-
ample, the Dq values of pyridine N-oxide are larger than those for
Me,SO and (CH,),SO in [MLg** complexes of Ni(II) and Co(II), but the
order is reversed for Cr(IIl). A simple explanation (I163) is that the
pyridine N-oxide ligand has a larger net dipole moment than the
sulfoxides and thus exerts a stronger ligand field on the M(II) species.
In the case of Cr(IIl), the highly charged ion would exert a greater po-
larizing effect and so the more easily polarized sulfoxides would be ex-
pected to exhibit the greater splitting.

In terms of a ligand’s polarizability or covalent donor ability, the
nephelauxetic series is of use for comparative purposes (318). A series
0-Me,SO ~ 0-(CH,),SO > H,0 > C;H;NO has been presented (163),
but other data (101) suggest that O-Me,SO be placed between the N-
SCN~ and CN~ ions. A generally accepted series compiled from many
results (319) is: I- > Br- > CN~ ~ Cl- > N-NCS~ > [oxalateP~ ~
en > NH; > urea > H,0 > F-. As this series is approximately inde-
pendent of the metal ion in the complex, some discrepancy is apparent.

Other workers have reported reflectance spectra of sulfoxide com-
plexes (for example, 181, 242), but data are too incomplete to allow
meaningful comparisons to be made.

Electronic spectroscopy has been employed to study substitution
reactions of sulfoxide complexes. An interesting example (104) is the
reaction of [Fe(O-Me,SO); P+ with chloride ion. Addition of one equiva-
lent of chloride ion to a Me,SO solution of [Fe(O-Me,SO)s P+ causes a
change in spectrum, but further additions have no effect. Comparisons
with known compounds indicate that [Fe(O-Me,SO);C1F* is the major
species in solution.

E. X-RAaY ABSORPTION AND EMISSION SPECTROSCOPIC STUDIES

A theoretical correlation between the shift in energies of the sulfur
atom K, and K; X-ray emission lines and the integral electron density
on the sulfur atom of a given sulfoxide has been deduced (134), and the
number of valence shell electrons on the sulfur atom of free Me,SO
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found tobe 5.30 = 0.08 (471,472, 484). This leads to the deduction that
the sulfur atom carries a considerable net positive charge and that the
S=0 bond is correspondingly polarized in the free molecule. Higher
sulfoxides have also been studied, and in all cases the sulfur atom was
found to carry a net positive charge, which is almost independent of
chain length for dialkyl sulfoxides (19). A comparison of the positive
charge on the sulfur atoms of both dialkyl and diaryl sulfoxides shows
that the latter has a decreased positive charge, while there is evidence
of d,—p, interaction in both cases (373).

Upon coordination via oxygen, as in uranyl sulfoxide complexes and
thorium nitrate sulfoxide complexes, the positive charge on sulfur is
virtually unaltered (19), whereas coordination via sulfur, as in palla-
dium(II) sulfoxide complexes, causes an increase in the positive
charge, as a result of transfer of electron density from the sulfur atom
to the metal center (19, 373).

To summarize, free sulfoxides carry a net positive charge on the sul-
fur atom which: (1) is independent of chain length in dialkyl sulfox-
ides, (2) is greater for dialkyl sulfoxides than diaryl sulfoxides, (3) is
virtually unaltered by O-bonding, and (4) is increased by S-bonding.

F. ESCA STUDIES

Application of electron spectroscopy for chemical analysis (ESCA) to
the study of ambidentate sulfoxide coordination has been reported
(184). The difference between the oxygen 1s and sulfur 2p;,; ionization
potentials (Ols — S2p;;,) appears to be indicative of the mode of coordi-
nation, although comparative data are scarce. The complex [Cu(O-
Me,S0),Cl,] (O-bonded, by X-ray crystallography) gives a value of
O1s — S2p,, = 365.7 eV, whereas [Pd(S-Me;S0),Cl;] (S-bonded, by X-
ray crystallography) has Ols — S2p;, = 365.1 eV. Other compounds,
indicated by infrared and 'H-NMR data to be O-bonded, suggest that a
value of 365.8 eV is typical, whereas a range of compounds assigned as
S-bonded typically have values of Ols — S2p;, = 365.0 eV. Of the one
cationic and 25 neutral complexes reported in this study, none were
mixed neutral-ligand complexes. One such complex has been studied,
[Pd(Ph,PCH,CH,PPh,)(0-Me,S0),J[Cl10,), (I44), which also gives a
typical value of O1ls — S2p,;; for an O-R,SO complex (365.7 eV).

The technique, although attractive, is experimentally rather com-
plex; charging problems can frequently occur, leading to the observa-
tion of elevated apparent binding energies, and interpretational diffi-
culties exist. Thus, the X-PES of palladium(II) sulfoxide complexes are
difficult to interpret unambiguously as the oxygen 1s peak is nearly
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coincident with the very large palladium 3ps, peak, making accurate
assignment difficult «86).

G. THERMAL ANALYSIS

Great care must be exercised in the thermal analysis of certain sulf-
oxide complexes. Complexes of the type [M(R,S0). )X}, X = CIlO,,
NOQ,, etc.) are known to be highly explosive on heating to elevated tem-
peratures; indeed, sulfoxide complexes with explosive properties equal
to TNT and nitroglycerine have been reported in the patent literature
(148, 149).

Thermal analysis has proved useful in determining the number of
sulfoxide moieties which are lattice-held in a given complex. For exam-
ple, the thorium and zirconyl perchlorate complexes of Me,SO undergo
thermal degradation [Egs. (2) and (3)].

[Th(Me,S0),J[C10,1 — [Th(Me,S0),]C1O,L (2)
[ZrO(Me;S0)](C10,} — [ZrO(Me,SO) [C10.k 3

The “excess” sulfoxide molecules in these complexes were lattice-held
and so readily lost on heating (336). A tentative suggestion concerning
isomerization (0O-Me,SO — S-Me;SO) was also made for these com-
plexes. Differential thermal analysis of square-planar palladium(II)
and platinum(II) sulfoxide complexes has shown trans — cis isomeri-
zation for [M(S-Me,SO)}Am)Cl,] M = Pd, Pt; Am = amine such as hy-
droxylamine, a-, 8-, and y-picolines, etc.) by specific endo- and exother-
mic effects (5, 166, 359). These transformations are further discussed
in Section IV,A3. Studies on the thermal decomposition of
[Pt(en}L)X][X] complexes (L = R,S, R,SO; R = Me, Et, nPr; X = Cl,
Br) have shown that loss of L is the initial reaction, and for both R,S
and R,SO the activation energies (and first-order rate constants) de-
crease in the order Me > Et > Pr (333). Detailed studies of both the
thermal and photochemical cis/trans isomerism of simple [Pt(S-
R,S0),Cl,] complexes have also been reported (74).

H. OTHER TECHNIQUES

ESR spectra of Fe(III), Co(II), and Cu(Il) chlorides in Me,SO solu-
tion have been reported (197). The spectrum of FeCl; in Me,SO is of
particular interest, as evidence suggests the presence of [FeCl,]™ ions.
This supports the structural data for the Me,SO complex of Fe(IIl),
which show the presence of [FeCl,(O-Me,SO),[FeCl,] (vide supra).
The Mossbauer spectrum of this system has also been reported 435).
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The ESR spectrum of [Cu(0-Me;S0),Cl;] has been described, and the
observed g-values suggest an ionically bound Cu(Il) species ¢58). ESR
has also been applied to solution kinetics in the reaction of
[Cr(CN)s(NO)P~ with alkyl halides in Me,SO solution, and it was dem-
onstrated that the cyanide ligands undergo solvolysis in five discrete
steps forming [Cr(CN);_,(Me,SO),(NO)¥*»- (396). Studies of
[ML,;][C10,L complexes [M = Cu(Il), Co(I), Ni(II); L = bis(phenylsul-
finyl)methane (PSM), 1,2-bis(phenylsulfinyl)ethane] by ESR showed
that the Cu(Il) complex of PSM was dimeric, while all others were
monomeric (326). An NQR study of the complex of empirical formula
[Hg(Me,SO)Cl,] strongly suggests that the complex is not a monomeric
three-coordinate species; the presence of widely spaced signals (*Cl
and *Cl) suggests inequivalent chloride ligands, and so a halide-
bridged species was proposed (88). The structural interpretation of this
complex is further discussed below.

. Models for Metal-Sulfoxide Bonding

Two major bonding models have been proposed in the literature to
explain ambidentate sulfoxide coordination. The first is a valence bond
rationale whereby the structure of simple sulfoxides is considered as a
resonance hybrid of three canonical forms (Fig. 1). In O-bonding, form
1 is assumed to bé dominant, and in S-bonding, form 3 is assumed to be
dominant. In reality, the situation is more complicated, as form 2,
which is the usual way to formalize an R,SO unit, is not a true repre-
sentation of the molecule. X-Ray spectroscopy (Section ILLE) has shown
that the free sulfoxide molecule is polarized and that form 1 is a better
representation of the molecule. Indeed, considering the molecule in
this form, one would expect aromatic groups attached to sulfur to de-
crease the positive charge via delocalization, whereas aliphatic groups
would have little effect, regardless of chain length. These observations
are borne out by experiment. As the canonical form 1 appears to be a
good representation of the free sulfoxide, the molecule would be ex-
pected to coordinate to Lewis acids via the negative end of the dipolar
unit. Coordination via oxygen would therefore be expected to be the

R , R R +
.. o s v N© e
S—-Q: - —— /S—:..Q ——————— =0

R R R
(i {2) (3

Fi1G. 1. Canonical forms contributing to the resonance hybrid of simple sulfoxides,
R,SO.
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norm and indeed is observed in the vast majority of complexes. Trans-
fer of electron density from oxygen to the metal center would have
little effect on the positive charge carried by sulfur, and this is also
confirmed by X-ray spectroscopy. In electron-counting terms, the oxy-
gen atom may be envisaged as sp?>-hybridized; overlap with an sp®-hy-
bridized sulfur atom thus produces a single S—O ¢-bond, leaving two
long-pairs (sp?) on oxygen for donation to a Lewis acid. The experimen-
tally observed M—O—S of 120° would thus be expected. The vacant
low-lying d-orbitals of sulfur are available for overlap with the filled
p-orbital of oxygen, and in consequence the extent of d,—p, overlap
would be expected to depend heavily on the environment of the oxygen
atom. Thus, donation to a weak Lewis acid would have little effect on
the extent of d,—p, bonding, whereas donation to a strong Lewis acid
would considerably decrease it. Experimental observations confirm
that the S—O bond order is little affected by coordination via oxygen,
and the more refined data (Section II,A) do suggest some decrease.
This model suggests that the geometry about the sulfur atom will re-
main approximately tetrahedral and that the C—S bond lengths will
be little affected by O-bonding, as observed. As O-bonding appears to
involve donation from an sp?-orbital, the effect on the electron density
in the S—C o-bond will be small, but would be expected to cause a
slight deshielding of the a-protons in the 'H-NMR spectra of such com-
plexes. Coupling between the metal center and the a-protons [*J(M-
'H)] would not be expected on this basis. Both these observations are
experimentally confirmed by 'H-NMR studies (Section I1,C).

As the free sulfoxide unit is polarized with oxygen carrying a nega-
tive charge, it is initially hard to envisage why coordination to a Lewis
acid via sulfur should ever occur. Some workers have suggested that
the canonical form 3 is dominant in S-bonding (229), but the physical
data for these complexes are not consistent with this. The positive
charge on the sulfur atom is known to increase upon S-bonding (rela-
tive to the free molecule). In electron-counting terms, donation from
the polarized form 3 will leave the sulfur atom effectively neutral, and
this does not represent an increase in the positive charge. Alterna-
tively, donation from form 2 will leave the sulfur atom with a formal
positive charge which represents a decrease in the electron density on
the sulfur atom (known to be ~5.3 valence electrons in the free mole-
cule). It seems likely on this basis that the canonical form 3 makes
little contribution to the resonance hybrid in S-bonding. Structural
data support this; thus the increase in the S—O bond order is more
compatible with S=O than with S=O0. Tetrahedral coordination
about sulfur (suggesting sp*-hybridization) would be envisaged, and
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overlap with an sp-hybridized oxygen atom leaves two occupied p-or-
bitals on oxygen available for d,- p, overlap with the low-lying d-orbit-
als of sulfur. The double-bond character of S—O would thus be depen-
dent upon the environment of the sulfur atom. On this basis, sulfoxides
would be expected to act as poor -acceptors, as any electron deficiency
at sulfur can readily be rectified by d,- p,, bonding (effectively, transfer
of electron density from oxygen to sulfur). As coordination via sulfur
appears to involve donation via an sp3-hybridized sulfur atom, the ef-
fect on the C—S o-bond would be considerable, and the resulting de-
shielding of the a-protons in the 'H NMR of such a complex would be
expected. On this basis, coupling between the metal center and the -
protons [?J(M-H)] would appear likely and is indeed observed.

This simple valence-bond rationale, involving a resonance hybrid of
forms 1 and 2, appears to explain many of the physical data available
for sulfoxide complexes. It appears that S-bonding does not involve
such a major internal rearrangement of the molecule as one may ini-
tially expect and is almost certainly a result of the increased orbital
diffuseness on passing from oxygen to sulfur. Thus with typical hard
acids (see ref. 437), orbital overlap will be most favorable with the less
diffuse donor orbital of oxygen. In the case of typical soft metals, this
overlap is less favorable due to the orbital diffuseness of the soft acid,
and so coordination via sulfur occurs, where the orbital diffuseness of
the donor and acceptor are more evenly matched.

Cases where sulfoxides coordinate to soft metals via oxygen are now
known, and these require some comment. The first reports of such
a complex concerned the [Pd(Me,SO),P* cation @75, 476), shown to
be cis-[Pd(0-Me,SO),(S-Me,SO), F* by a variety of techniques. Since
that time, many other similar complexes have been reported, includ-
ing [Pd(O-diisoamylsulfoxide), Pt («47-449), [Ru(0O-Me,SO)(S-
Me,S0),Cl;] «00), [Pd(Ph,PCH,CH,PPh,)(0-Me,SO), P+ (143), and
several others (142). This rather unusual phenomenon has been ratio-
nalized by both electronic and steric considerations. It has been pro-
posed (437) that this is an example of “anti-symbiosis,” whereby the
metal center retains its degree of electroneutrality by coordination of
sulfoxide moieties via the diffuse (sulfur) and nondiffuse (oxygen)
donors. While this may well be part of the explanation for this phenom-
enon, steric constraints appear to be another factor. Thus, in the com-
plex [Pd(Ph,PCH,CH,PPh,)(0O-Me,SO), P, the large diphosphine lig-
and, with a cone angle of 125° (488), makes coordination via sulfur
extremely sterically hindered. Use of molecular models has shown co-
ordination via oxygen to be less sterically demanding (143). Similar
arguments can be applied to the [Pd(O-diiscamylsulfoxide), P* cation,
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the first totally O-bonded homoleptic sulfoxide complex of a soft metal.

Although the simple valence-bond rationale of ambidentate sulfox-
ide coordination appears adequate for most purposes, attempts have
been made to produce a more sophisticated model by utilization of the
structural and X-ray spectroscopic data of Me,SO as the basis for a
semiempirical calculation of its electronic structure (48). The results of
these calculations suggest that the S—O bond consists of one filled o-
bonding orbital and a pair of d,-orbitals containing electron density
equivalent to about half an electron in total. This charge density is
said to originate from the oxygen p-orbitals. Additionally, these calcu-
lations imply that there are lone-pairs on both sulfur (largely sp-type)
and oxygen (largely s-type). On this basis, it is assumed that the S—O
bond order is about 1*/4. Utilizing the results of the semiempirical cal-
culations, the relative energies of the orbitals may be placed in a se-
ries; thus the p,-orbitals largely associated with oxygen are calculated
to have energies of —9.5 and —10.1 eV, the o-electron-pair of sulfur an
energy of —14.92 eV, and the o-electron-pair of oxygen an energy of
—23.9 eV. From the relative orbital energies, it has been proposed that
oxygen bonding is the result of donation from the p,-orbital largely as-
sociated with oxygen, and that sulfur bonding is the result of donation
from the o-electron-pair of sulfur. If this is indeed the case, then the
observation of O-bonding necessitates having an acceptor with an in-
complete £, orbital to accommodate the p,-electron density. It has been
claimed (48) that in cobalt(III) sulfoxide complexes the Co(III) ion has
the configuration (£4)*(eg)? and can thus form O-R,SO complexes. This
is compared with rhodium(IIl), which has the configuration (£,)® and
thus is incapable of forming O-R,SO complexes. In reality, it seems
doubtful that Co(III) is high spin in these complexes, as this paramag-
netic ground state occurs only with very weak-field ligands (such as F-
in [CoFgP~ and [Co(H;O);F;]). Electronic spectral data also suggest
that the easily polarized R,SO moiety causes a large degree of splitting
in highly charged complexes (Section II,D). A Co(III) sulfoxide complex
has been proposed ¢10), formulated as [Co(0O-Me,SO),LJ[1], with an ef-
fective magnetic moment of 4.45 uy. The method of preparation (from
cobaltous iodide, iodine, and dimethy] sulfoxide) suggests the possibil-
ity that the product may contain Co(II). It should be noted that ob-
served moments for Co(Ill) are ~54 up, while those for Co(Il) are
4.1-5.2 ug (131). Reported moments for Co(Il) sulfoxide complexes
include [Co(O-Me,SO),{N(CN),};], 4.90 upg 329), and [Co(O-
Me,SO)(CH,C1CO0),], 4.96 ug (107). Accordingly, it seems likely that
Co(III) sulfoxide complexes are low spin and as such have the diamag-
netic ground state (£;,)%. In addition, this model does not seem satisfac-
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tory in explaining O-bonding in certain complexes of soft metals (vide
supra). As such, the simple valence-bond rationale mentioned pre-
viously is the preferred model.

IV. The Chemistry of Sulfoxide Complexes

A. THE Cis AND TraNs EFFEcT AND INFLUENCE IN
SuLrFoxiDE COMPLEXES

The trans effect can effectively be defined as “the effect of a coordi-
nated group on the rate of the substitution reactions of ligands opposite
to it in a metal complex” (50). The importance of this effect in both pre-
parative coordination chemistry and kinetics, particularly of square-
planar complexes, should not be underestimated. The trans influence
of a ligand is a ground-state effect and refers to the ability of a ligand
to weaken (lengthen) a bond trans to itself. The cis effect and influence
of ligands have frequently been disregarded, as the effects are usually
minor in comparison with the trans effect and influence. However,
especially when groups of approximately equal trans effect are present
in a complex, the cis effect can dominate the kinetics of reaction (267).
Work on determining the magnitude of these effects in sulfoxide com-
plexes has been almost solely due to Kukushkin and his co-workers,
and reviews on this specific subject have appeared (Table I). Accord-
ingly, results of this research will only be summarized, with discus-
sion, here,.

1. Infrared Spectroscopic Studies

To account for a ligand’s trans effect, theories based on both o-donor
power (239) and 7-bonding ability (112) have been proposed. Kukush-
kin’s group has investigated the o-donor power/w-bonding ability of
sulfoxides by using infrared spectroscopy and produced several “trans
effect series.” In reality, the measurements reflect the trans influence
of a ligand, rather than its trans effect. The complexes [M]Pt(S-
Me.SO)Cl;] (M = K, Cs, Et;NH) exhibit a band at 310 cm™! assigned
as v(M—C) trans to the S-Me,SO ligand (288). This is compared with
other reported values of ¥(M—C]l) for various trans groups (157), and
these authors conclude that the similar values of »(M—Cl) for ¢trans-S-
Me,SO and trans-ethylene indicate similar degrees of 7-bonding. The
use of infrared data in this manner requires detailed knowledge of the
force constants involved, relatively few of which have even been evalu-
ated, because of interactions between various infrared-active modes in
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the complex. This point has been elaborated upon previously (see Sec-
tion II,B). Other essentially similar “trans effect series” have been pro-
duced 214, 348) which are subject to similar constraints. The values of
v(CO) and »(Pd—C) in the complexes trans-[Pd(S-R,SO}CO)Cl,]
(R = Me, Et, benzyl) have been correlated with the variations in 7-ac-
ceptor abilities of the sulfoxide ligands (22). Additionally, it was ob-
served that »(S=0) is at a lower frequency in trans-[Pd(S-
R,S0)CO)Cl;] than in [Pd(S-R,S0)Cl,};, and this is explained in terms
of reduced 7-back-donation from the metal center to the p,—d, orbital
of the S—O bond in the former complex because of competition for
metal w-electron density from the trans-carbonyl group. It was pre-
viously pointed out that the value of »(S=O0) is dependent on various
factors (see Section II,B), and undoubtedly crystallographic data give
the best indication of the extent of metal-ligand #-bonding. Consider-
ation of such data suggests that sulfoxides are modest m-acceptors,
with an overall trans influence (due to both o- and 7-effects) similar to
ethylene (Table VI).

2. The Analogy between Sulfoxides and Olefins

Crystallographic studies have suggested that sulfoxides have a trans
influence similar in magnitude to, although slightly less than, that of
ethylene (Table VI). Kukushkin’s group has produced several results
which also suggest that the trans influences of these ligands are similar
in magnitude. Thus, the stability constants of reaction (4) are reported
to be similar in magnitude for both L. = S-Me,SO and L = ethylene
351).

K, K, K,
[PtLCl,]- == [PtL(H,0)C];] = [PtL(H;0),Cl]* == [PtL(H;0),P* (4)

The kinetics and mechanism of ligand substitution reactions of square-
planar platinum(II) dimethyl sulfoxide complexes have been exhaus-
tively studied (173), and these workers conclude that the cis and
trans influences and the trans effects of Me,SO and ethylene are simi-
lar in magnitude whereas the cis effect of Me,SO is about 100 times as
large as that of ethylene. The results for reaction (5), where the stabil-
ity constants, K, , are reported to be 1.5 x 108 (L = S-Me,SO)and 4.5 X
10® (L. = ethylene) corroborate this analogy 213).

[Pt(NHy)L}* + H,0 —_ trans-[Pt(NHy)y(H,0)L] (5)

Results from preparative studies support both S-Me,SO and ethylene
having high trans effects. Thus, the products of both reactions (6) and
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(7) are of cis configuration,
[K][Pt(S-Me,SO)Cl,] + ethylene — cis-[Pt(S-Me,SO)ethylene)Cl,] 6)
[K][Pt(ethylene)Cl;] + Me,SO — cis-[Pt(S-Me,SO)(ethylene)Cl,] @)

implying that an olefin—- Pt— S-Me,SO axis is unstable (345). Attempts
to prepare sulfoxide complexes of higher olefins (346) and allyl deriva-
tives (289) support these results.

Isotopic exchange studies on [Pt(ethylene)Cl;]- (240) and [Pt(S-
Me,SO)Cl,] (355) have shown that the chloride ligands trans to both
ethylene and S-Me,SO are exchanged “instantaneously,” again sup-
porting the analogy.

3. Thermal Analysis Studies

Although sulfoxides exhibit a relatively high trans effect, thermal
analysis studies have shown that it is the cis-substituted product, and
not the trans-substituted product, which has the lower free energy
(340). Thus, DTA of trans-[Pt(S-Me,SO)(NH;)Cl,] shows endothermic
(due to melting) and exothermic (due to isomerization) effects, without
weight loss, whereas cis-[Pt(S-Me,SO)(NH;)Cl,] shows neither endo-
thermic nor exothermic effects without a loss in weight. Certain re-
sults from thermal analysis cannot be explained by the high trans ef-
fect of the S-R,SO moiety; thus, on heating [Pt(NH;),L][X} (L. = Me,S,
S-Me,SO; X = Cl, Br), the initial reaction is loss of L, not loss of ammo-
nia (23). The explanation of this result requires a consideration of both
the trans effect of each ligand and the M-ligand bond strength. The
weak M-S-Me,SO bond is cleaved despite the high trans effect of the
sulfoxide moiety.

The different steric requirements of nPr,SO and iPr,SO lead to the
isolation of trans- and cis-[PtL,Cl;] species, respectively, from the in-
teraction of the [PtCl,F~ ion with the appropriate sulfoxide. Thermal
analysis of trans-[Pt(S-nPr,S0),Cl;] shows ready isomerization to the
cis form, whereas cis-[Pt(S-iPr,S0),Cl,] is stable, demonstrating that
the R,SO moiety will kinetically labilize chloride ligands in both cis
and trans positions (350). It is also noteworthy that the complexes
trans-[Pt(S-Me,SO)Am)X,] are thermally isomerized to the cis form
(Am = ethanolamine, X = Cl, Br), but cis-[Pt(S-Me,SO(Am)I,] is ther-
mally isomerized to the trans form. This is undoubtedly a result of the
decrease in trans effect, I- >>> Br~ ~ Cl~ 343).

4. Studies on Sulfoxide—Amine Complexes

Consideration of the reactions of Egs. (8) and (9) for a variety of sys-
tems [e.g., R = Me, X = Cl, Am = NH,, pyridine 356); R = Me,
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X = Br, Am = NHj, pyridine, CH;NH,, etc. (353); R,SO = (CH,),SO,
X = Cl, Am = NH;,, pyridine (344)] has been cited as a demonstration
of the high trans effect of the S-R,SO moiety.

[KJ[Pt(S-R,SO0)X;] + Am — trans-[Pt(S-R;SO)}(Am)Cl,] 8)
[KIPt(Am)X;] + R;SO — cis-[Pt(S-R;SO)XAm)Cl,] )

A comparison of the cis and trans effects of S-Me,SO has been made
by consideration of the rates of the reactions in Egs. (10) and (11). Ring

Me,SO  NH,CH,CH,OH MesO_ BN_
- NI 2 -
/Pt\ +OH —— /Pt\ éﬂ + ca + Ho (10)
o a ca o7
Me, SO  Cl o
PR S ) MGESO\ / \CH2 )
N + O —— = P [ "+ a +mn0 (11
cl NH,CH,CH,OH ol }}N/Cﬂz

2

closure via halide labilization trans to S-Me,SO is more rapid than clo-
sure via labilization cis to S-Me,SO, indicating that the trans effect of
the S-Me,SO moiety exceeds its cis effect (361).

5. Carbonylation Reactions

Palladium(II) halide-bridged dimeric complexes of the type
[Pd,L,CL > (L = S-R,SO, R,S, Cl1, CO, NH,) are cleaved by carbon mon-
oxide to yield monomeric trans-[Pd(L)}CO)Cl;] species. The rates of
some cleavage reactions have been measured (20) and found to vary
with L, such that Et,S > §-Me,SO >> Cl- > CO ~ NH;. The high
trans effect of S-Me,SO causes rapid cleavage of the trans-halide
bridge. Variation in rate constant for this reaction with the nature of
the sulfur donor has been measured (21), and a trans effect series con-
structed: Et,S > S-Me,SO > S-Et,SO > (CH,),S.

B. GENERAL PREPARATIVE TECHNIQUES

Several methods have been widely used in the preparation of sulfox-
ide complexes, and these are outlined below. Routes specific to given
systems are dealt with in Section V.

1. Direct Metal-Ligand Reactions

For the preparation of simple [M(O-R,S0),][X]. salts (X = uncoor-
dinated anion; n, m = integer), the mixing of a hydrated metal salt
with the appropriate sulfoxide is often sufficient. An appropriate sol-
vent must be chosen, if this is considered necessary, as the solvent may
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affect the course of the reaction. Thus, acetone was successfully used as
solvent in the preparation of a range of complexes of the type [M(O-
Me,;S0)][C10,L, (M = Mn, Co, Fe) (95), largely as a route to anhydrous
salts, but attempts to prepare [M(O-{C¢H;CH,};SO)s][C10,} using
acetone as solvent led only to the isolation of [M(O-
{CeHsCH,},50),(Me,CO),J[C10,}, (M = Mn, Fe, Co, Ni, Zn, Cu). Using
t-butanol as solvent gave the desired products 497).

Care must also be taken to obtain the correct reaction conditions;
deoxygenation reactions of sulfoxides have been known to occur during
relatively simple preparative procedures (see Section IV,C). In addi-
tion, displacement of other ligands can easily occur, as, for example, in
Egs. (12) and (13).

shake 24 hours
—_—_—

[Ru(EPh;);(MeOH)X;] + 1:1 H;0/Me,SO

shake 24 hours
—_—_—

[Ru(EPh;),(Me,SO)X;] (12)

[Ru(EPh,);(MeOH)X;] + Me,SO [Ru(Me,SO)Br.] (E = P,As) (13)

The relatively minor alteration in reaction conditions can be seen to
drastically alter the nature of the product (468). In addition many sulf-
oxide complexes are thermally degraded, and in consequence the ex-
tent of drying can alter the nature of the product. Thus, the complex
[Co(O-Me,SO)6][I] is isolated from a cobaltous iodide—dimethyl sulf-
oxide system, but extensive drying in vacuo causes degradation to
yield [Co(O-Me,SO)s][Col,] (128).

2. Use of Dehydrating Agents

Dehydrating agents have commonly been employed in the prepara-
tion of lanthanide sulfoxide complexes from hydrated lanthanide salts.
For example, dimethoxypropane has been used to prepare both
(CH,),S0 (65) and nPr,SO (56) complexes of the lanthanide nitrates.
An alternative dehydrating agent is ethyl orthoformate [Eq. (14)].

(C,H40);CH + H,0 — 2C,H,OH + C;H;00CH (14)

This powerful dehydrating agent was initially used in the preparation
of nickel sulfoxide complexes (244), but has found wider application in
the chemistry of lanthanide sulfoxide complexes (189).

3. Halide Abstraction Reactions

The technique of performing halide abstraction via interaction of
a metal halo complex with a silver(I), thallium(I), or nitrosonium
salt (see ref. 142, for discussion) has proved useful in the isolation of
many novel sulfoxide complexes. Thus, [Pd(S-Me,SO),(0-Me,SO),}
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[C10,), was prepared in this manner from palladium(I) chloride
475), and similarly [Pd(dien}S-Me,SO)][CIO,, (I16) and
[Pd(Ph;PCH,CH,PPh,)(0-Me,S0),][C10,], (143) were prepared via
halide abstraction [Eqgs. (15) and (16)].

[Pd(dien)I]I] + 2AgClO, 252, [Pd(dien(S—Me,SO)[CIO, L (15)

[Pd(Ph,PCH,CH,PPh,)Cl,] + 2AgCIO,
M3, [Pd(Ph,PCH,CH,PPh, (O—Me,S0), [C10, ], (18)

C. DEOXYGENATION REACTIONS

Sulfoxides are very important intermediates in organic synthesis. To
the organosulfur chemist, it is frequently desirable to transform a sulf-
oxide into the corresponding thioether. To the general organic chemist,
the complete removal of a sulfoxide moiety may be necessary, and a
two-step process is frequently used. Initially, the sulfoxide is reduced
to the thioether, and then further reduction is performed with Raney
nickel, lithium in liquid ammonia, or related reductants. It is therefore
apparent that the transformation of R,SO into R,S is of more than aca-
demic interest and that metal-ion-induced deoxygenations (especially
those that are catalytic) will be of great interest in organic chemistry.
The subject of sulfoxide deoxygenation has been exhaustively reviewed
(Table I), but with the emphasis on organic preparative studies. Here,
deoxygenations resulting from interactions of sulfoxides with the early
transition metals, which have found preparative applications, and
with the platinum group metals, which have only really developed in
the last decade, will be considered.

1. The Early Transition Metals

Titanium(III) chloride has been used both as a reagent for the quan-
titative determination of sulfoxides (49, 247) and preparatively in the
reduction of sulfoxides, R,SO (R = nBu, Ph, benzyl) to the correspond-
ing thioethers. The attraction of using low-valent early transition
metals as reductants is the high selectivity of the reaction as shown in
Eq. 7).

0
R— g—R’ + M — R—S—R’ + Mm+ a7

Thus, the above-mentioned reductions occur in 68-91% yields 276). A
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slow reduction has also been observed using aqueous vanadium(II)
chloride. The reaction requires rather severe conditions (~100°C at 40
torr for 8 hours to obtain 78-91% yields) (277). Sulfoxide deoxygena-
tion also occurs with niobium and tantalum pentahalides of the type
[MX;] M = Nb, Ta; X = Cl, Br), yielding halogenated sulfides and
coordinating further sulfoxide ligands to the resulting oxyhalide (125),
as shown in Eq. (18).

[NbCl;] + 3Me,SO — [NbOCL(O—Me,S0),1 + Me,SCl, (18)

CICH,SCH; + HCI

No such deoxygenation is observed with the corresponding fluorides,
whose reaction-is more straightforward (183) [Eq. (19)].

[MF5] + 2Me,SO — [MF(0-Me,S0);] (M = Nb, Ta) (19

A similar deoxygenation occurs in the reaction between [MoCl;] and
dimethyl sulfoxide (464), yielding the oxychloride complex
[MoOCl3(Me,S0)]. The corresponding reaction with Ph,SO yields only
the complex [MoCl;-Ph,SO] (250). A novel deoxygenation has been
noticed as an extension of the epoxide reduction system based on cocon-
densation of metal atoms (M = Ti, V, Cr, Co, Ni) with the epoxide,
whereby atomic chromium will deoxygenate Me,SO via formation of a
red matrix 210). The system awaits development. An effective reduc-
ing system has been developed (277) by the activation of molybdenum
oxychloride using zinc¢ dust. Sulfoxide reduction was accomplished at
room temperature in 1 hour with high yields. A molybdenum(IV) de-
rivative has also been reported as a deoxygenation reagent (403) [Eq.
(20)].

[MoO(S,CNEt,),] + Me,SO — [MoO,(S;CNEt,),] + Me,S (20)

Color changes from pink via purple to yellow were observed. A variety
of molybdenum(Il) and -(III) and tungsten(Ill) complexes are also
active reductants. Complexes including [NH,][MoCl,}-NH,Cl, [Cs]-
[Mo.ClH], [Kk[MoClg], and [KL[W,Cly;] have been reported (418) as
highly active (70-99% yields) under very mild conditions. Iron pen-
tacarbonyl has also shown some promise as a sulfoxide reductant, al-
though rather high temperatures (~130°C) are required (12).

2. The Platinum Group Metals

Ruthenium halides in Me,SO solution under an atmosphere of hy-
drogen are known to form complexes of the type [RuX.(Me,SO),]
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(X = Cl, Br), and reduction of the solvent has been observed in the case
of the bromide complex [Eq. (21)] (304).

RuBr, /H,

Me,SO Me,S + H,0 (21)

Solutions of [RhCl;-3H,0] in Me,SO will perform this reduction cata-
lytically. The proposed mechanism (303) involves insertion of Me,SO
into a Rh—H bond, as shown in Eqs. (22) and (23).

{RhCl3(Me,SO0)] + H; — [RhCl,(H)Me,S0);] + HCl (22)
H H
N N4 N
Rh + H — Rh « _H —— = Rh + H,0 + Me,S
N SN /1N
/ \Me / \Me (23)
Me Me

The generated thioether may be either free or coordinated, depending
upon the stability of the resulting complex, as [RhCl3(Et,S),] is alse a
catalyst for this reduction. This suggests that the observed decrease in
catalytic activity with time is not due to the formation of an inactive
thioether complex. Indeed, as the system can be made autocatalytic
using H,/0O, mixtures, the decrease in activity caused by the use of
pure hydrogen is probably a result of dissociation of the hydrido spe-
cies, as shown in Eq. (24).

[Rh(II)—HJ** — [RhD*>* + H* _ (24)

Similar mechanistic arguments can be applied to the ruthenium sys-
tem mentioned above.

The use of sulfoxide complexes as homogeneous hydrogenation cata-
lysts is now being investigated (vide infra), and during these investiga-
tions it was observed that attempts to generate hydrido species by oxi-
dative addition of hydrogen or hydrogen chloride to Rh(I) sulfoxide
complexes normally results in sulfoxide reduction, which may be ac-
companied by metal formation. Even in the presence of olefin, these re-
ductions occur in preference to olefin hydrogenation (302). Sulfoxide
deoxygenation reactions have also been observed during preparative
procedures with palladium(II) and platinum(I). The products of such
reactions are frequently dependent upon reaction conditions; for exam-
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ple, palladium(II) chloride reacts with (CH,),SO at low temperature to
yield the bis(S-sulfoxide) complex [Eq. (25)].

[PACL,] + 2(CH;)S0 =25 [Pd(S—{CH, }S0)Cl; ] (25)

In the presence of acetone and hydrochloric acid at higher tempera-
tures deoxygenation results (164) [Eq. (26)].

acetone/HCl/warm
Bt bl il

[PdCl,] + 2(CH,),SO [Pd(S{CH,},)CL; ] (26)

Problems of dilution and pH sensitivity have also been encountered in
the synthesis of cis-[Pt(S-R,SO)(olefin)Cl,] complexes (85), where de-
oxygenation of the sulfoxide with concomitant oxidation of the metal
center occurs at low pH. The reactions of [M(Ph,PCH,CH,PPh,)Cl,]
(M = Pd, Pt) with one equivalent of silver(I) perchlorate in the pres-
ence of Me,SO yield either the O-Me,SO complex or its deoxygenation
product, depending upon reaction conditions. A sequence of reactions,
Eq. (27), has been proposed (143).

[M(Ph,PCH,CH,PPh,)CL, ] + AgCIO,

MefO [M(Ph,PCH,CH,PPhi)(O-Me,SO)ClIClO.] @7

%[M,(Ph,PCH,CH,PPh, ),Cl, J[C10,} « [M(Ph,;PCH,CH,PPh,)(Me,S)C1][C10,]

The complex anion [Pt(S-Me,SO)Cl;]- undergoes an internal redox
reaction in acidic media, and evidence for the formation of Pt(IV) spe-
cies and Me,S has been presented (466). This may be an explanation
for the deoxygenation of (CH,),SO previously mentioned (Z64). The ox-
idation of Pt(II) to Pt(IV) with concomitant reduction of Me,SO to Me,S
has been accomplished using hydrochloric acid (357), as shown in Eq.
(28).

[Pt(S-Me,;S0)Cl,] + 4HCl — [Pt(Me,S),CL] + Cl, + 2H,;0 (28)

In the presence of added tin chloride, the reaction is reported to be
more synthetically useful (27). Using this technique, Pt(IV) thiocether
complexes may be synthesized directly from the salts of the [PtCL ]~
ion, Eq. (29) 29).

[KL[PtCL] + SnCl, + HCI + Me,SO — trans-[Pt(Me,S),CL] (29)

A trace of the cis-isomer is also produced.

It is noteworthy that under certain reaction conditions, the complex
[Pt{Sn(0-Me,SO)CL,}s IC1], has been reported as a product of this reac-
tion (28).
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3. Other Deoxygenations

Silver(I)-ion- assisted Me,SO oxidations of organic halides have
been observed for primary and secondary bromides and iodides (174).
The reactions occur under ambient conditions yielding the correspond-
ing carbonyl, plus traces of alcohol. The fate of the silver(I) ion is unre-
ported.

D. OXYGENATION REACTIONS

Metal-ion- induced] oxygenations of the types R,S — R,S0 and
R.SO — R,S0, are known to occur, either stoichiometrically or catalyt-
ically, and these are considered below.

1. Thioether Oxygenations

The complex [RuBri(NO)Et,S),] reacts with dissolved oxygen in
chloroform solution containing a source of protons (such as ethanol)
under irradiation with light of wavelength 380-480 nm to yield the O-
Et,SO complex, [RuBrg(NO)0-Et,SO)],. This complex was the subject
of X-ray crystallographic analysis (Table VIII, 191). Oxidation of coor-
dinated Me,S to Me,SO has been observed by 'H-NMR spectrometry
after recrystallization of the complex trans-[Pt(Me;S),Br,] from hot
water. cis-[Pt(Me,S)(S-Me,SO)Br,] was identified as an impurity in the
product (225).

Mercury chloride thioether complexes have been oxidized to the cor-
responding sulfoxide complexes by treatment with hydrogen peroxide
(76) [Eq. (30)]

[RR'S-(HgCly). ] T2%, [RR’SO-(HgCl),) (30)

where R = R’ = Me, Et, nPr, iPr, nBu, iBu, Ph; R = Me, R’ = Et;
n=1lor2;m = 1,1.5,or 2. A mechanism is proposed which is consist-
ent with infrared data suggesting an O-bonded product [Eq. (31)].

C1 SN
cl o)
i _H 1
Hg (o] Hg (O]
/N — /\n/ X — [RR’SO-HgCl,] + H,0
cr s )) cl H

v \R 2 r (31)
Other workers have formulated mercury sulfoxide complexes as S-

bonded, and this is discussed in Section VI; in addition, NQR data (see
Section I,H) suggest that these complexes are in fact dimeric in nature.

’
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2. Sulfoxide Oxygenations

Kinetic studies of the redox reaction observed between Cr(VI) and
Me,SO gave no evidence of complex formation «08). The overall reac-
tion, Eq. (32), shows Me,SO is oxidized to the sulfone.

2[HCrO,I" + 3Me,SO — 2Cr(I) + 3(Me,SO,) (32)

A Cr(VD sulfoxide complex has been postulated after interaction of
[CrO,Cl,] with Me,SO (385), but the complex was uncharacterized as it
was excessively unstable. It was observed that hydrolysis of the prod-
uct led to the formation of dimethyl sulfone. The action of hydrogen
peroxide on mesityl ferrocencyl sulfide in basic media yields both mesi-
tyl ferrocenyl sulfoxide (21%) and the corresponding sulfone (62%) via
a reaction similar to the Smiles rearrangement (165). Catalytic air oxi-
dation of sulfoxides by rhodium and iridium complexes has been ob-
served. Rhodium(II) and iridium(III) chlorides are catalyst percursors
for this reaction, but ruthenium(III), osmium(III), and palladium(II)
chlorides are not (273). The metal complex and sulfoxide are dissolved
in hot propan-2-ol/water (9:1) and the solution purged with air to
achieve oxidation. The metal is recovered as a noncrystalline, but still
catalytically active, material after reaction (272). The most active pre-
cursor was [IrHCl,(S-Me,SO);], and it was observed that alkyl sulfox-
ides oxidize more readily than aryl sulfoxides, while thioethers are not
oxidized as complex formation occurs.

E. CaTaLysIs BY SULFOXIDE COMPLEXES

In addition to the catalysis of sulfoxide deoxygenation (Section IV,C)
and sulfoxide oxygenation (Section IV,D), other interesting reactions
have been shown to be catalyzed by sulfoxide complexes, and these are
detailed below.

1. Catalytic Decomposition of Hydrogen Peroxide

Palladium(II) sulfoxide complexes are active catalyst percursors for
the decomposition of hydrogen peroxide. Complexes of the types [Pd(S-
Me,S0),X,], [Pd(S-Me,S0)X,}, and [K][Pd(S-Me,SO)Cl;] have been ex-
amined (358), and all are more active than the corresponding [PdX, P~
(X = Cl, Br) species. The activity increases with catalyst precursor
concentration until a plateau of activity is reached. At low concentra-
tions, the bromide complexes are more active than the chloride com-
plexes, but at the plateau region, the order is reversed. Additionally,
the bridged species are found to be less active than the corresponding
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monomeric complexes. A detailed mechanism has been proposed (352)
which suggests a palladium peroxo species may be the active catalyst.

2. Oligomerization and Polymerization Reactions

The patent literature contains several references to the use of sulfox-
ide complexes, usually generated in situ, as catalyst precursors in oli-
gomerization and polymerization reactions. Thus, a system based upon
bis(acrylonitrile)nickel(0) with added Me,SO or Et,SO is an effective
cyclotrimerization catalyst for the conversion of butadiene to cyclo-1,5,-
9-dodecatriene (44). A similar system based on titanium has also been
reported (€07). Nickel(I) sulfoxide complexes, again generated in situ,
have been patented as catalyst precursors for the dimerization of pro-
pene (I151) and the higher olefins (152) in the presence of added alkyl
aluminum compounds.

The use of palladium(II) sulfoxide complexes as catalyst precursors
for polymerization has met with mixed results; thus a report of a palla-
dium(II) chloride-dimethyl sulfoxide system as a catalyst precursor
for phenylacetylene polymerization suggests similar results to those
obtained using tin chloride as catalyst precursor (¢21). However, addi-
tion of dimethyl sulfoxide to solutions of [NH,L[PdCl,] decreases the
activity as a catalyst precursor for the polymerization of butadiene
(100). Dimethyl sulfoxide complexes of iron have also been mentioned
as catalyst precursors for styrene polymerization (I41).

3. Hydroformylation Reactions

Although sulfoxide complexes have been studied as hydrogenation
catalysts (vide infra), little work on the related hydroformylation reac-
tion has been reported. A patent by B.P. (196) covers the use of

o
[Rh(S-Me,SO)(CO)(Sal)] [ 8al = @[
CH="NOH

as a catalyst precursor. The complex catalyzed the 100% conversion of
a 500-fold excess of olefin (hexene, heptene, octene) to normal alde-
hydes (36%), branched aldehydes (59%), and alkanes (5%) at ~80°C
with pressures of H,/CO (1:1) of 350—1000 psig over 10 hours.

4. Hydrogenation Reactions

Sulfur donors are well known as poisons for heterogeneous catalysts,
and a consequence of this is that possible homogeneous systems, incor-
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porating sulfur donors, have been little studied. In the last decade,
work on platinum metal complexes of sulfur donors, including sulfox-
ides, has shown the analogy between heterogeneous and homogeneous
systems to be largely unfounded.

a. Hydrogen-Transfer Reactions. The catalytic system for air oxida-
tion of sulfoxides to sulfones developed by Trocha-Grimshaw and Hen-
best (Section IV,D) has also found application as a catalyst for hydro-
gen transfer to unsaturated organic substrates. A series of iridium
sulfoxide complexes, obtainable from chloroiridic acid, Eq. (33), have
been examined (259).

H;IrCly — cis- and trans-H[IrCl,(S—Me,SO); ] — [IrCl;(S—Me,S0).(0-—Me,SO)]

)y (2) (3) (33)

[IrHCLy(S—Me,SO); ]
@

Thus, the hydrido complex 4, obtained by refluxing complexes 2 in pro-
pan-2-o0l for 4 hours (271), catalyzes the conversion of 4-tert-butylcyclo-
hexanones to axial (77%) and equatorial (23%) alecohols. The mecha-
nism of hydrogen transfer from propan-2-ol to the substrate appears to
be complex; traces of water in the system assist hydrogen transfer, as
in anhydrous conditions reductive esterification of the ketone occurs
(260). Hydrogen transfer to «,8-unsaturated ketones has been studied,
and reduction of either the olefinic moiety (274) or the ketone function
(301) has been observed. The hydrido complex [IrHC,(S-Me,SO),]
reacts with the unsaturated ketone chalcone, PhC(O)CH:CHPh, to
yield an isolable complex containing a coordinated 2-benzoyl-1-phenyl-
ethyl moiety (271). Crystal structure data (392, 393) clearly show the
interaction between the organic substrate and the metal center. Acid
hydrolysis of this complex yields dihydrochalcone (274).

A similar system based on rhodium has been studied (123) and was
found to be less active than the equivalent iridium catalysts. Selective
hydrogenation of acetylenes to olefins and dienes to monoolefins can be
performed using the rhodium system, and the authors note that al-
though propan-2-ol is an effective source of hydrogen (via oxidation to
acetone), mild pressures of hydrogen gas can also be employed.

b. Activation of Molecular Hydrogen. Activation of molecular hydro-
gen in the reduction of Me,SO to Me,S has previously been mentioned
(Section IV,C), and in conjunction with this several complexes of the
platinum metals have been examined as catalysts for the reduction of
unsaturated organic substrates. The action of molecular hydrogen on
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Me,SO solutions of ruthenium(III) salts has been described (304), and
the ruthenium(II) complex [NH,Me, [RuCl;(S-Me,SO),] found to be an
effective catalyst precursor for the hydrogenation of acrylamide and
ethyl vinyl ketone under mild conditions (305). The arene complex,
[Ru(CeHg)Cl, L, although active for the hydrogenation and isomeriza-
tion of pent-1-ene at 30°C and 30 atmospheres of H, in dimethylform-
amide solution, is totally inactive in Me,SO solution. In the absence of
olefin and hydrogen, the complex [Ru(C¢Hg)(Me,SO)Cl,] may be iso-
lated, and this water-soluble complex is a catalyst for the hydrogena-
tion of maleic acid at 25°C and 20 atmospheres of H,. A hydrido com-
plex, believed to be [RuH(C1)}CsHg)}Me,SO)], may be isolated by
treating an aqueous solution of [Ru{C¢Hg)Me,SO)Cl,] with hydrogen
in the presence of triethylamine (285).

Attempts to use palladium(II) sulfoxide complexes alone as homoge-
neous hydrogenation catalysts have largely been unsuccessful. Thus,
{(Pd(S-Me,S0),Cl,] is not a catalyst for the hydrogenation or isomeriza-
tion of simple olefins (206). Reduction of the complex using sodium
borohydride yields homogeneous solutions which are active in the hy-
drogenation of 1,3-pentadiene and cyclopentadiene and in the isomeri-
zation of allylbenzene (206). Studies using solutions stabilized by poly-
vinylpyrrolidine or supported on alumina have been reported and
patented 201, 206). Using solutions of the reduced palladium sulfoxide
catalyst, the olefinic moieties of CH,: CHCH,OH and CH,: CHCH,NH,
may be hydrogenated. The hydrogenation of the unsaturated amine is
~20 times as rapid as that of the unsaturated alcohol (202). The same
system has been extensively studied as an isomerization catalyst (200)
and as a selective catalyst for acetylene hydrogenation (203). Reports
on a related system derived from the reduction of [Rh(S-Me,SO),(O-
Me,SO)Cl;] by sodium borohydride have also appeared (204, 205). In
addition to the activation of molecular hydrogen toward the reduction
of organic substrates, these “reduced” palladium and rhodium di-
methyl sulfoxide systems are catalysts for oxidation of hydrogen by
molecular oxygen.

¢. Asymmetric Hydrogenation. A subdivision of the topic of molecu-
lar hydrogen activation is the subject of asymmetric synthesis. Chiral
sulfoxides coordinated to an active metal center seem suitable ligands
to induce asymmetric hydrogenation, as the asymmetrically ligated
atom is the donor (in S-sulfoxide complexes) and the pronounced trans
influence of the sulfoxide moiety permits cis coordination of a prochiral
olefin (see Section IV,A). Detailed 'H-NMR studies of complexes of the
type cis-[Pt(RR'SO)(olefin)Cl,] (RR'SQO = p-tolylmethyl sulfoxide; ole-
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fin = ethylene, propene, 1-butene, cis-but-2-ene, trans-but-2-ene, etc.)
have been performed (86) in order to determine the extent to which
chiral sulfoxides are capable of distinguishing between the prochiral
faces of coordinated olefins. In general, the amount of chiral induction
was found to be small.

The James group has synthesized a number of interesting chiral
sulfoxides, including the potentially bidentate ligands meso-1,2-bis-
(methylsulfinyl)ethane, (R,R)-1,2-bis(p-tolylsulfinyl)ethane, and (—)-
(2R,3R)-2,3-0O-isopropylidene-2,3-dihydroxy-1,4-bis(methylsulfinyl)bu-
tane (302), the latter compound being the sulfoxide analog of the fa-
miliar chiral “diop” ligand (300). Ruthenium complexes of the type
[RuL.Cl,]; (L. = monodentate chiral sulfoxide) have been synthesized
(308), and a polymeric complex [RuL,Cl,], obtained for the racemic
methyl phenyl sulfoxide ligand. Infrared and 'H-NMR studies were
unable to determine unambiguously the mode of coordination of the
sulfoxide donors in these complexes. Ruthenium(II) complexes of the
chelating sulfoxides have also been synthesized (300).

The use of these complexes as catalyst precursors for asymmetric hy-
drogenation has met with mixed results. Kinetic studies on the hy-
drogenation of acrylamide (70°C, 1 atmosphere H,) using the catalyst
precursor [Rul,Cl,l; [L = (+)-(S)-2-methylbutyl-(S,R)-methylsulfox-
ide] shows a dependence on ruthenium of one-third, implying that the
active catalyst is a monomeric species. This trimeric species was an ac-
tive precursor for the asymmetric hydrogenation of the terminal ole-
fins 2-acetamidoacrylic and itaconic acids (308). The hydrogenation of
itaconic acid to R-methylsuccinic acid was effected with a 15% enantio-
meric excess (ee), whereas several trisubstituted olefins (for example,
a- and B-methylcinnamic acids) were not hydrogenated at all. The
analogous trimer of (+)-(R)-methyl-p-tolylsulfoxide facilitated the hy-
drogenation of activated olefins, including chiral olefins, but as reduc-
tion to ruthenium metal occurs concomitantly and hydrogenation is
probably heterogeneous, no induction was observed. A comparison of
the ability of chiral phosphine and chiral sulfoxide complexes of ru-
thenium (308) suggests that the former are generally the more effec-
tive in asymmetric synthesis.

Similar studies have been performed on rhodium(I) complexes of
monodentate and potentially chelating sulfoxides (301, 307), again
with rather mixed results. Complexes of the type [Rh(diene)(PPh,)
(sulfoxide)]* have been synthesized (302, 306) for a range of chiral sulf-
oxides where coordination appears to be via oxygen, but attempts to
asymmetrically hydrogenate itaconic acid using these precursors were
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unsuccessful as disproportionation, as in Eq. (34), and subsequent ca-
talysis by the bis(phosphine) system occurs (302).

2[Rh(diene)(PPhy)(sulfoxide)* = [Rh(diene)(PPhy);I* + [Rh(diene)(sulfoxide),]* (34)

In addition, it has been observed that iridum complexes generated in
situ from [IrCly;:3H,0] and chiral sulfoxides cause no asymmetric in-
duction during hydrogenation (300).

F. B1oINORGANIC CHEMISTRY OF SULFOXIDE COMPLEXES

A review article has appeared (237) which discusses the biological
activity of thioethers and their derivatives with particular reference to
interactions with transition-metal ions. Accordingly, only some of the
more salient points will be discussed here. In any biological studies,
the toxicity of Me,SO 482) and of its transition-metal complexes (140)
should be borne in mind.

Some indication that transition-metal sulfoxide complexes are capa-
ble of acting as oxygen carriers is suggested by the ability of such com-
plexes to undergo oxygenation and deoxygenation reactions (Sections
IV,C and D). Accordingly, studies of complexes such as [Co(salen)]
(salen = N,N'-ethylenebis{salicylideneimato}—) as oxygen carriers in
the presence of donor solvents, such as dimethyl sulfoxide, have been
performed (98). The results suggest that oxygen uptake occurs via for-
mation of a dimeric complex, as shown in Eq. (35).

Qo=
e 0-nem
2[Co(salen)] + O, + 2Me,SO — = Me,S0 —)----Co | O\ | |
1 ] 1
i ! 0— |----Co——— OSMe,
O----—=---- N ' i
] 1
O oo N (35)

The dioxygen ligand is said to be stabilized by the presence of strong
o-donors in the trans position. Such complexes are of specific interest
as models of the active myoglobin center (473). Preliminary reports of
arelated copper(Il) system have appeared (286). Studies on the effect of
extraplanar Me,SO coordination on phthalocyanine derivatives of co-
balt (109) and iron (315-317) have been performed and show that, for
example, the low-spin d® iron(II) phthalocyanine complex dissolves in
Me,SO to give a diamagnetic blue solution which may be reacted fur-
ther with donors such as imidazole, effecting replacement at the axial
sites (62).
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Studies on the anticarcinogenic chemotherapeutic effects of plati-
num(II) complexes (487) have suggested the possibility that activity is
due to complexation with the purine and pyrimidine bases of deoxyri-
bonucleic acid. A structural analysis of the complex trans-
[PtCl,(iPr,;SO)(1-9-methyladenine-N',N7)] has shown that coordina-
tion can occur via the N(1) and N(7) positions of the purine base, aden-
osine (375). The structural data suggest that analogous coordination to
a coiled deoxyribonucleic acid chain will result in a marked structural
distortion. Such distortion will of course have a noticeable effect on
replication. It is also pertinent that, although complexes of the plati-
num metals, with the exception of platinum itself, generally show
little antitumor activity, studies on the rhodium(III) complex [Rh(S-
Me,SO)(pyridine),Cl;] have shown it to be remarkably active against
KB carcinoma (in vitro) and P388 leukemia (in mice). A structural
study of this complex has been reported (122). The ability of plati-
num(ll) dimethyl sulfoxide complexes to coordinate to nucleic acids
has also found application in specific base sequence determination by
electron microscopy (422). Studies of amino acid complexes of plati-
num(I), with particular reference to their interactions with Me,SO,
have been performed (9, 175). The interaction of Me,SO with com-
plexes of the type [KI[PtON O)Cl,] (N O = bidentate amino acid
coordinated via O and N) can yield either cis- or trans-[Pt(ﬂ)(S-
Me,SO)C1] complexes (9). Studies on related systems, such as
[Pt(An)(S-Me,SO)Cl1] (AnH = a-alanine) have shown that the sulfox-
ide is coordinated trans to the carboxylate moiety (252). Similar stud-
ies on sulfoxide complexes of biologically active heterocyclic amines
(354) and on complexes of biologically significant thioether carboxylic
acids and their sulfoxide derivatives (236) have also appeared.

V. Sulfoxide Complexes of the Transition Metals

An excellent review article (460) has covered much of the literature
concerning Me,SO complexes of the transition metals up to 1969. In
consequence, only the major points prior to this period will be dis-
cussed, together with more recent developments and comments on
complexes of the higher sulfoxides.

A. TitaNiuM, ZIRCONIUM, AND HAFNIUM

A review on the chemistry of low-valent titanium has appeared
which deals with some aspects of the chemistry of titanium sulfoxide
complexes (397). Titanyl complexes of the type [TiOLs][C1O,) have
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been prepared [L. = Me,SO (336), L = Ph,SO (431)], and infrared stud-
ies imply O-bonding. Attempts to perform thermal analysis on the
Me,SO complex were unsuccessful, as an explosion occurred at 190°C.
Conductivity studies on the Ph,SO complex imply that the perchlorate
moieties are ionic, rather than coordinated. Adducts of the titanium
halides have been prepared, including [TiCl,-11Me,SO], [TiBr,
11Me,S0O] @74), and [TiF,-2Me,SO] (170). The *F NMR of the latter
complex was also reported. Titanium(IV) alkoxychloride adducts of the
type [TiCl(OR),-(Me,SO)] (R = Me, Et, iPr, iBu, nBu) have been re-
ported (106), and a tentative alkoxy-bridged dimeric structure pro-
posed. Infrared data imply O-bonding in these complexes. Zirconium
chloride adducts of Me,SO containing varying amounts of the sulfoxide
have been prepared, including [ZrCl,-n(Me,SO)] [n = 2,3 (386); n = 8
(226); and n = 11 474)]. The higher solvates undoubtedly contain
Me,SO of crystallization, and this is indicated in the infrared spectra of
the complexes (226). The bromide adducts [ZrBr,-n(Me,SO)] [n = 2
386) and n = 10 ¢74)] have also been reported. The zirconyl com-
plexes [ZrOLg][C1O, L nL [L = Me,SO, n = 2(338); L = Ph,SO,n = 10
¢31)] and [ZrOCl,-Me,SO] ¢36) have been assigned as O-bonded
from infrared data. Similarly, infrared data suggest that the cyanate
complex [Zr(OCN),(Me,S0O),] is O-bonded (117).

The hafnium halide adducts [HfX,-n(Me,SO)] [X = Cl, Br; n =2
386, X =Cl,n=8@226;X=Cl,n=9X = Br,n = 10 ¢74)] have
been prepared. In common with the cyanate complex
[Hf(OCN),(Me,SO),] (117), infrared data imply O-bonding in these
compounds.

The use of sulfoxides in the separation of zirconium and hafnium has
met with some success, and diheptyl sulfoxide has been patented as an
extractant for this purpose (185). Mixtures of sulfoxides have also been
used in the extraction of zirconium and hafnium from acid solutions
463).

B. VanapiuMm, NioBruMm, AND TANTALUM

The ability of vanadium(II) chloride to facilitate sulfoxide deoxygen-
ation has been discussed (Section IV,C), and it appears that vana-
dium(III) sulfoxide complexes may be prepared by air oxidation of van-
adium(II) salts in the presence of the sulfoxide. In this manner,
[V(Me;S0)][C10,); was prepared from vanadium(II) perchlorate (119)
and the kinetics of substitution with thiocyanate ion detailed. Care is
necessary in handling the pure compound, as it is reported to be sensi-
tive to detonation. A large number of oxovanadium(IV) species have
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been synthesized of the general type [VOX;L,] (X = anionic ligand,
L = sulfoxide). Chloro complexes with two (280), two and one-half
(168), and three (436) molecules of Me,SO per metal center have been
described. The bromide and iodide complexes [VOX,(Me,SO),] (263,
415) have also been synthesized. The synthetic difficulties in preparing
complexes of the VIO,— moiety may be overcome by electrolytic reduc-
tion of [VOCIl;] in alcoholic hydrochloric acid followed by meta-
thetical exchange with potassium iodide (263). The complexes
[VO®R,SO)][CIO,L [R = Me 430); R = Ph (431)] have been shown to
contain O-R,SO ligands and noncoordinated perchlorate ions by a vari-
ety of analytical techniques. Oxalate and acetylacetonate vanadyl
complexes are known to form adducts with various sulfoxides of the
types [VO(oxalate)(Me,SO),] (4¢29) and [VO(acac),(R.SO)] (R = Me, Et,
nPr, nBu, etc.) (297). The latter complexes are of interest as a related
system based on [VO(acac),Cl] in Me,SO solution is an effective pho-
toinitiator for free-radical polymerization reactions (10).

The reactions of [MX;] (M = Nb, Ta; X = Cl, Br) with Me,SO to
yield [MOX3(0O-Me,S0),] complexes have been discussed (Section IV,C)
and the anomalous reaction of the fluorides [MF5] (M = Nb, Ta) to
yield [MF40O-Me,S0),] mentioned. The F-NMR spectrum of [TaFj]
has been recorded in Me,SO solution and suggests that the species
[TaFs;(Me,SO)] is present (97). The corresponding reactions of [MXj]
(M = Nb, Ta; X = Cl, Br) with Ph,SO in the presence of anhydrous
alcohols (MeOH, EtOH) yields the alkoxy complexes
[M(OR),Cl3(Ph,SO)]. Infrared data imply O-bonding of the sulfoxide
(567). Organometallic complexes of the type [CH;MOX,(Me,S0),] have
been synthesized (M = Nb, Ta) via the action of a methyl Grignard re-
agent on [MOC];] and subsequent work-up in the presence of the sulf-
oxide (465). Infrared and 'H-NMR data suggest O-bonding in these
complexes. The oxalatoniobium complexes [M]NbO(C;0,),(R,S0).]
[M = NH,, K, Rb, Cs; R,SO = Me,SO, (CH,),SO] have been prepared,
and spectroscopic data suggest the presence of a seven-coordinate nio-
bium center (90). Sulfoxide adducts of the [NbeCl,;** cluster have been
isolated from [Nb¢Cl,,-8H,0]. The complex [(NbgCl,,)Cl,-(Me,SO),]
is isolated by dissolution of the starting material in Me,SO; further
reaction with silver(I) perchlorate yields [(NbeCl,;)(Me,SO)][C1O,L,
where the integrity of the central cluster is maintained (192, 377). A
large amount of work has been reported on the use of sulfoxides in the
extraction of niobium and tantalum, and patents exist for their use in
this field (379). Separation of the elements by sulfoxide extraction from
fluoride/sulfate solutions has been reported (35).
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C. CHrROMIUM, MOLYBDENUM, AND TUNGSTEN

Sulfoxide adducts of chromium, molybdenum, and tungsten car-
bonyls have been studied as catalysts for the polymerization of mono-
mers such as vinyl chloride (248). Simple adducts of the type
[M(CO)s(Me,SO)] may be prepared by carbonyl displacement from the
corresponding hexacarbonyl. Photochemical reactions are frequently
necessary to cause carbonyl displacement; in this manner, many car-
bonyl complexes of higher sulfoxides have been prepared 255, 256).
Infrared (257) and mass spectral studies (154) of these complexes
have appeared, and infrared data suggest that S-bonding may occur
in Cr(0) sulfoxide complexes, although definitive studies have not
been reported.

A large number of Cr(III) sulfoxide complexes have been prepared as
intermediates in the preparation of amine complexes for studies of
Cr(III) solvolysis reactions. Thus, both cis and trans isomers of the
complexes [Cr(en),(X)(Me,SO)P* [X = Cl (186); X = Br ¢24)] have
been isolated. Similarly, trans-[Cr(en),(Me,SO),** (187) and a related
bipyridyl system (215) have also been studied. The solvolysis of
[Cr(H,0)F* by Me,SO is said to proceed via the
[Cr(H;0),(Me,SO)s_,F* species 31), and the hexa(sulfoxide) complex,
[Cr(Me,;SO)IP*, has been isolated as its perchlorate salt (405). Infrared
studies show the sulfoxide to be O-bonded. Thermal analysis results
show the compound to be exceptionally stable up to 195°C (221), but
further heating results in a violent explosion at 247°C (405). The
labeled analog [Cr(Me;**S0)][C10,]); has also been prepared for use
in substitution studies (96). The analogous nitrate salt,
[Cr(Me;SO)][NO;);, has been prepared (406) and also shows excep-
tional thermal stability, retaining its integrity up to 160°C @21). Thio-
cyanate salts have been synthesized (¢34) for studies in solvolysis reac-
tions (374), and the thermal behavior of these compounds examined
(563). The halide complexes [CrX;(Me,S0),] X =Cl,n=3,4,5; X =
Br, n = 6 (222, 438) have been isolated and their thermal behavior
studied.

The Cr(VI) complex, [CrO,Cl,(Me,SO),], has been reported, and in-
frared studies suggest O-bonding of the sulfoxide moiety (¢36).

In addition to the work on molybdenum carbonyl complexes pre-
viously mentioned where S-bonding has been postulated, the molybde-
num oxyhalide complexes [MoOCl;(Me,S0),] (369), [M0o0,Cl,(Me,SO),]
279), and [MoO,F,;(Me,SO),] 249) have been synthesized and infrared
studies performed, which imply O-bonding of the Me,SO ligand. A
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crystal structure determination of [MoQ,Cl;(Me,SQ),] (see Table V)
confirms O-bonding of the sulfoxide ligands. Several seven-coordinate
molybdenum nitrosyl complexes of Me,SO have also been reported
(92, 93). Derivatives of the octa-u;-chlorohexamolybdate(Il) cluster
containing O-bonded Me,SO have been prepared, including
[MogCl3(Me,S0)e][C10,], (126) and [(MogClg)CL,(Me,SO),] (190). The in-
frared spectra of these complexes imply coordination of the sulfoxide
via oxygen and that the perchlorate moieties in the former complex are
ionic, rather than coordinated.

Dimethyl sulfoxide has found application as a solvent for electro-
chemical studies of Mo(VI) and Mo(V) complexes of quinol derivatives
(287). Sulfoxides have also been examined as extractants for the sepa-
ration of molybdenum and tungsten from acid solutions (218).

D. MANGANESE, TECHNETIUM, AND RHENIUM

As in the case of chromium and tungsten, manganese carbonyl ad-
ducts of Me,SO have been used as catalysts for the polymerization of
vinyl chloride (248). Preparative studies have allowed the isolation of
complexes of the type [Mn(CsH,Me)(CO),(R,SO)] [R,SO = (CH;)SO,
(CH,0),S0; see ref. 255], and infrared (257) and mass spectral studies
(154, 275) have appeared on these and related systems.

Manganese(Il) complexes containing coordinated sulfoxides have
been described in great detail; Me,SO complexes (95, 162, 362),
(CH,),SO complexes (245), (PhCH,),SO complexes (497), and com-
plexes of the bidentate sulfoxides MeS(O)RS(O)Me [R = (CH,),, n = 2,
3, 4] (378) have all been extensively discussed in the literature. Infra-
red studies (64) and magnetic susceptibility measurements (209) show
that such complexes are high-spin with O-bonded R,SO ligands. Man-
ganese(Il) thiocyanate (489) and selenocyanate (67, 94) sulfoxide com-
plexes have been synthesized of the type [Mn(Me,SO)(NCX),] (X = S,
Se); all are reported to be six-coordinate, with O-bonded sulfoxide lig-
ands and N-bonded thio- or selenocyanates.

Manganese(III) sulfoxide derivatives have also been reported, these
complexes being active initiators in the polymerization of acrylonitrile
(153). Both nitrate (406) and perchlorate (426, 428) complexes have
been reported. In the infrared spectrum of [Mn(Me,SO)][C10,L, two
bands at 915 cm™(s) and 960 cm~'(m) have been assigned as »(S=0)
and interpreted in terms of four strongly bound O-Me,SO equatorial
ligands and two weakly bound O-Me,SO axial ligands.

No technetium complexes of sulfoxides have been reported. Mononu-
clear rhenium(V) complexes of the types [ReO0.Cl(Me,SO)] (246) and
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[ReOCl;(Me,SO)] (371, 372) have been prepared, and infrared data
suggest O-bonding of the sulfoxides. The high trans effect of the nitro-
syl group in the complex [Re(NO)X;][NEt,]; (X = Cl, Br) allows re-
placement of a halide ligand by dimethyl sulfoxide to yield
[Re(NO)X,(Me,SO)][NEt,]. Upon heating, degradation occurs to yield
[Re(NO)X,][NEt,] (120). Trinuclear rhenium complexes, such as
[Re;Cly(Me,S0),] 253) and [Re;X3(R,S0);] [X = Cl, Br; R = Me; X =
Cl; R,SO = Ph,SO, (CH,),SO, etc.] (133), have been reported. The tri-
nuclear rhenium(II) cluster [ResBr;(AsO,),(Me,SO);] has been pre-
pared as a route to solubilizing the cluster to allow its separation from
silver chloride, a by-product during its preparation. Structural details
are available (130). The dimeric dichloroacetato(dimethyl sulfox-
ide)rhenium complex has been synthesized, and preliminary struc-
tural details have appeared (332).

E. IroN, RUTHENIUM, AND OsMIUM

Iron carbonyl sulfoxide complexes of the type [Fe(CO),(R.SO)] have
been synthesized [R,SO = Me,SO, (CH,),SO] photochemically from
[Fe(CO)s] (255) and their infrared spectra discussed (257). The inter-
action of Me,SO with the 7-allyl complex [Fe(CO);(7-C;Hy)Cl] results
in displacement of the allyl moiety and coordination of the sulfoxide
(339). Simple salts of the type [Fe(R;S0)][XL [R = Me, X = BF, 362);
R = PhCH,, X = CIOQ, 496); R = Ph, X = ClO, (469)] have been stud-
ied by infrared spectroscopy, and the data show the R,SO ligands are
O-bonded. The Méssbauer spectra of the complexes [Fe(R,S0)][C10,L
(R = Me, Ph) have also been reported 469).

Iron(III) complexes of empirical formula [Fe(R,S0),Cl;] have been
prepared and various halide-bridged structures proposed (for R = Ph,
see ref. 427); the crystal structure data available (for R = Me, see ref.
60) show the structure to be [Fe(Me,S0),Cl,[FeCL]. ESR data (197)
support the existence of [FeCl,]~ ions in solutions of FeCl; in Me,SO.
Simple salts of the type [Fe(Me,SO)%][XL [X = NO; (118); X = Cl
@254); X = ClO, (391)] have been synthesized; the perchlorate salt de-
composes explosively at 250°C (309), whereas the nitrate salt was sta-
ble to thermal analysis (221). Iron(III) complexes of beta(keto)sulfox-
ides have been reported, and evidence of bidentate coordination via
sulfoxide and keto oxygen donors presented (83).

Of particular note is the complex [Fe(CN);(Me,SO)P~ (216), where
the positive shift in »(S=0) upon sulfoxide coordination [Av(S=0) =
+15 em™!] is taken as indicative of coordination via sulfur. No struc-
tural data appear to be available for confirmation.
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In ruthenium sulfoxide complexes, both O- and S-coordination of sulf-
oxides have been reported and the modes of coordination determined
crystallographically (see Section II,A). Ruthenium(II) complexes such
as [NH;Me, [Ru(S-Me,S0);Cl;] and [Ru(S-Me,SO);(O-Me,SO)Cl.] have
been isolated and analyzed by X-ray crystallography (Section ILA).
The former complex has been isolated as both red and yellow isomers
(82) and has found application as a source material for the preparation
of many novel ruthenium(Il) complexes (180). Both complexes have
been utilized as homogeneous hydrogenation catalyst precursors (304,
305). A range of ruthenium(IlI) complexes have been synthesized,
including [Na]JRu(Me,S0),Cl,] 82), [Ru(Me,S0)Cl;] @17),
[Ru(Me,S0)sC1][C1),, and [Ru(Me,SO)]J[ClL 81). Infrared data suggest
both O- and S-bonding in the latter two complexes.

The oxidation of coordinated Et,S to yield the ruthenium(II) complex
[Ru,Brg(NO),(O-Et,S0),] has been discussed (Section IV,C) and the
structure of the complex described (Section II,A). The complex
[RuCl,(PPh,),(CO)] will reversibly add Me,SO to yield the complex
[RuCl,(PPh,),(CO)(0O-Me,SO)]. The complex is assigned as O-bonded
on the basis of spectroscopic data (283).

No sulfoxide complexes of osmium have been reported. Unsymmetri-
cal dialkyl sulfoxides have been utilized in extraction studies, and
methyl-4,8-dimethylnonyl sulfoxide has found application in the ex-
traction of iron (266). Extraction of ruthenium from hydrochloric acid
solutions by sulfoxides has been studied (¢70) and comparisons of sul-
fones, sulfoxides, and thioethers as extractants for nitrosoruthenium
species reported (441, 443). Similar studies on the extraction of nitro-
soosmium species have been reported 442).

F. CosaLt, RHODIUM, AND IRIDIUM

Sulfoxide complexes of cobalt(Il) salts of the type [Co(R,SO)][X],
have been prepared for a wide variety of sulfoxide ligands [R = Me,
X = ClO, ¢61); R = Ph, X = ClO, 228); R = PhCH,, X = Cl0O, 496);
R,SO = (CH,),S0, X = ClO, (129); R,SO = (CH,);S0O, X = ClO,, BF,
(243)). Infrared studies have shown O-bonding of the sulfoxides in all
cases. In addition, nitrate (€06), thiocyanate, selenocyanate (94, 158),
and cyanamide (329) complexes of cobalt(Il) containing O-bonded
Me;SO have been reported. Complexes of the chelating sulfoxides
MeS(O)RS(O)Me [R = (CH,),, n = 2, 3, 4 (378)] and the isomeric cis-
and trans-trithiane dioxides (4¢13) have been reported for a range of di-
valent metal ions, including cobalt(II).

For studies of substitution reactions of octahedral complexes, many
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cobalt(IIl) sulfoxide complexes of the types cis- and trans-[Co(en),(O-
Me,SO)XP* have been synthesized [X = Cl (115); X = Br (193); X =
NO,, 367)]. Related systems with monodentate amine ligands (387)
have also been studied. Investigations into sulfur dioxide/dimethyl
sulfoxide systems as oxidants (219) have shown that cobalt(I) sulfite
can be oxidized to the corresponding Me,SO adduct of the pyrosulfate,
as shown in Eq. (36).

[CoSO,] Me2/50% | 1068,0,(Me,SO) ] (36)

The reaction in Eq. (36) is postulated as proceeding via a [C0S,;0s] spe-
cies. The problem of whether Co(III) sulfoxide complexes are high-spin
or low-spin has been mentioned in relation to the bonding model pro-
posed by Kukushkin and co-workers (¢8). Few workers have reported
magnetic susceptibility data for these complexes, as they are intui-
tively expected to be low-spin with a diamagnetic ground state. In ad-
dition, several syntheses have been reported which start with Co(II)
salts, and the possibility of obtaining a product containing Co(II), and
hence exhibiting a magnetic moment, has been discussed previously
(see Section III). A definitive study is necessary to shed further light on
this problem.

Remarkably few rhodium(I) dimethyl sulfoxide complexes have been
reported in the literature, and several have previously been mentioned
as likely catalyst precursors for the activation of small molecules (Sec-
tion IV,E). Triphenylphosphine is displaced from Wilkinson’s catalyst,
[Rh(PPhy);Cl1], by Me,SO to yield trans-[Rh(PPh,),(S-Me,SO)C1]; the
sulfoxide is assigned as S-bonded by infrared studies (360). Bromide
and iodide analogs of this complex have been reported and the reaction
with carbon monoxide, to yield trans-[Rh(PPh,),(CO)CI1], described.
The carbonyl complex [Rh(S-Me,S0),(CO)C1] has been reported (370),
as has the diene complex [Rh(COD)(0O-Me,SO),][BF,] (233); the assign-
ments as S- and O-bonded, respectively, were from spectroscopic data.

Several Me,SO adducts of rhodium(II) of the general type
[Rh;(OOCR),(Me,S0).] have been synthesized (284, 388) and their ther-
mal decomposition via a two-step loss of sulfoxide studied (52). In addi-
tion, Me,SO adducts of rhodium(II) thioacetate (46) and thiobenzoate
45, 47) complexes have been reported. Coordination of the sulfoxide
moieties via sulfur is reported on the basis of spectroscopic data.

Rhodium(IIl) sulfoxide complexes [Na][Rh(Me,SO),Cl,] and
[Rh(Me,S0),Cl;] have been synthesized (182) and the infrared spectra
of these and their d®-Me,SO analogs studied. The complexes are as-
signed .as trans-S,S and mer-8S,S,0, respectively, on this basis. Inter-
action of [Rh(Me,S0),Cl;] with silver(I) perchlorate allows isolation of
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the complex [Rh(Me,SO);C1][C10,],. Infrared studies show both O- and
S-Me,SO ligands to be present, and as three sulfoxide moieties are eas-
ily replaced by halide ions, the complex is formulated as [Rh(S-
Me,S0),(0-Me,S0),C1P* (291). The remaining halide ligand of this
complex cannot be abstracted to yield [Rh(Me,SO)J*, even using an
excess of silver(I) salt (291), and so an alternative route was employed
to isolate this product, as shown in Eq. (37).

[RhCl,] =% [Rh(OH),] 225 [Rh(BFy) ] 2%+ [Rh(Me,SO) [BF,]s  (37)
Infrared and halide-substitution studies indicated that the complex
was [Rh(S-Me,S0),(0-Me,SO), P+ 477).

Of this range of chlorosulfoxide complexes, both trans-[Rh(S-
Me,S0),ClL, ]~ and mer-[Rh(S-Me,SO),(0-Me,SO)Cl;] have been studied
by X-ray crystallography (Section II,A), which confirms the modes of
coordination. The diethyl sulfoxide analogs [Na][Rh(Et,SO),CL] and
[Rh(Et,SO);Cl;] have been prepared (327) and the modes of coordina-
tion assigned as S,S and S,S,0, respectively.

Substitution reactions of rhodium(II) sulfoxide complexes with
thioethers (290), amines (347), and halide ions (230) have been de-
tailed and some organorhodium(IIl) sulfoxide derivatives described
(417). A series of complexes of the type [Rh(C;Me;)(solvent); 2+ have
been prepared, including the tris(dimethyl sulfoxide) complex, and uti-
lized as reactive intermediates for many preparative studies. The sulf-
oxide complex was shown to be totally O-bonded, both in the solid state
and in solution, by spectroscopic techniques (39, 381-384). The irid-
ium(I) complex [Ir(PPh;),(O-Me,SO)CO)][C104] has been isolated and
assigned as O-bonded by spectroscopic techniques (121, 459). The com-
plex was obtained via a substitution reaction of the reactive interme-
diate [Ir(PPh;),(MeCN)CO)]*.

Iridium(III) sulfoxide complexes have received particular attention
as hydrogen transfer catalysts (Section IV,E), and the species cis- and
trans-[Ir(S-Me,S0),CL,]-, [Ir(S-Me,S0),Cl;], mer-[Ir(S-Me,SO),(O-
Me,SO)Cl;), [Ir(S-Me,S0);C1,H], and [Ir(S-Me,SO);CI1(H),] have been
isolated (259) for this purpose. The benzylacetophenone intermediate
[Ir(C,sH,30)(S-Me,S0),Cl;] has been examined by X-ray crystallog-
raphy and found to be S,S-bonded (392, 393). The organometallic
complex [Ir(C;Me;)(Me,SO);P* has been isolated (39, 381) and is of
particular interest as infrared and 'H-NMR data indicate that both
S- and O-bonding are present in the solid state, while all three sulfox-
ide ligands are S-bonded in solution. This is no doubt a consequence of
the increased steric demand, due to crystal packing effects, which pre-
cludes total S-bonding in the solid state. The higher mobility in solu-
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tion allows ligand orientation such that the preferred mode of bonding
can occur.

Limited reports on substitution reactions of iridium(III) sulfoxide
complexes are available, and some amine sulfoxide complexes have
been synthesized (368).

Iridium(IV) sulfoxide complexes, including [Ir(S-Me,SO),Cl,] and
[H(Me,SO),]5[IrClg] have been prepared; the former complex is as-
signed as S-bonded by spectroscopic data (30). Some work on the sol-
vent extraction of rhodium and iridium during refining processes,
which utilizes sulfoxides, has been reported «416).

G. NICKEL, PALLADIUM, AND PLATINUM

Reports of nickel(Il) dimethyl sulfoxide complexes are extremely nu-
merous; the species [Ni(Me,SO)][X], [X = BF, (362, 363); X = NO,
€05); [X], = [NiCl,] 162, 238)] have been isolated, and 'H-NMR stud-
ies (¢62) and MCD studies '(264) have appeared. In addition,
[Ni(Me,SO);][X], complexes have been isolated [X = Cl, ClOQ,, NO,
@21, 223)] which undergo thermal degradation via [Ni(Me,S0);Cl,]
(which is probably [Ni(Me,SO)g][NiCL] in reality) to [Ni(Me,SO)Cl,].

Complexes of the ligands (CH,),SO (129), (CH,;);SO (243), Ph,SO
@241), and (PhCH,),SO (¢97) have been synthesized, and spectroscopic
data indicate O-bonding in all cases. 'H-NMR studies of Ph,SO com-
plexes, including those of nickel(II), have appeared (498).

Thiocyanate and selenocyanate complexes of the type
[Ni(Me,SO)(NCX),] have been reported; infrared studies of the thio-
cyanate complex (102, 489) imply that the sulfoxide moiety is O-
bonded, but some doubt as to the mode of coordination of the thiocya-
nate anion is apparent. The selenocyanate analogs appear to contain
0-Me,SO and N-NCSe~ ligands (67, 94). The dicyanamide complex of
empirical formula [Ni(N{CN},).,(Me,SO),] is assigned a polymeric
structure with bridging dicyanamide groups on the basis of infrared
and magnetic susceptibility data (329).

Nickel(IT) complexes of a variety of bidentate sulfoxide ligands have
been reported (326, 378, 413) and [NiL;][ClO,L species reported where
L is the unusual bidentate ligand 2-(ethysulfinyl)pyridine-N-oxide. Bi-
dentate O,0-coordination via sulfoxide and pyridine-N-oxide donors is
assigned from infrared data (63).

Mixed neutral ligand nickel(Il) sulfoxide complexes [Ni(L L)
(Me,SO),P* have been synthesized [[ L = 14,711-tetra-
azaundecane (124); L L = 1,2-diphenylethylenediamine (227);

= acetylacetonate, (26)], largely for use in kinetic studies of sub-
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stitution reactions. The complex [Ni(en);][BPh,},-3Me,SO has been
isolated, but a crystallographic study (136) shows that there is no
bonding interaction between the metal center and the sulfoxide. The
oxidizing system based on sulfur dioxide and dimethyl sulfoxide pre-
viously mentioned has been used to synthesize the pyrosulfate complex
[Ni(Me,SO)][S,0,] 219).

Much of the chemistry of palladium and platinum sulfoxide com-
plexes has been discussed in previous sections and so only additional
salient points will be mentioned here. A complete listing of all palla-
dium and platinum sulfoxide complexes prepared would require a re-
view article in itself.

A noteworthy novel preparative technique has been developed for
the synthesis of [Pt(S-Me,S0),Cl,] from the reactive intermediate
[Pt(IPh,),Cl,]; the by-products here are ultimately chlorobenzene and
iodobenzene (334). Some problems were initially observed in the syn-
thesis of [M(S-Me,S0),Cl,] (M = Pd, Pt) by conventional means, as the
original syntheses (127) were found to be somewhat irreproducible
357).

Platinum(IV) species have been conveniently synthesized from the
reaction between halogens and platinum(II) sulfoxide complexes (6).
Studies of the redox properties of such complexes show that they have
a particularly high redox potential. Thus, the redox potentials for Eq.
(38) are 0.872 V(R = Me) and 0.877 V (R = Et), measured at 25°C (I =
0.1 M). For comparison, the equivalent redox potential for [Pt(pyri-
dine)CL ]~ is 0.809 V (349).

[Pt(S-R,SO)CL]™ + 2¢~ = [Pt(S-R,S0)Cl;]~ + 2Cl~ (38)

Undoubtedly, one of the major interests in platinum-metal sulfoxide
chemistry is the synthesis and use of O-bonded sulfoxide complexes as
reactive intermediates in synthetic and catalytic chemistry. The chem-
istry of such weakly bonded intermediates has recently been reviewed
(142).

Studies on the use of sulfoxides as extractants for these metals have
been reported (75, 457).

H. CorrPER, SILVER, AND GOLD

Copper(Il) dimethyl sulfoxide complexes [Cu(Me,SO), Pt [n = 4
(309, 391); n = 5 (496); n = 9 (221)] have been synthesized and as-
signed as O-bonded by spectroscopic study. The Ph,SO complex
[Cu(Ph,SO),}*+ (228) has been prepared and isolated as its perchlorate
salt. Preliminary crystallographic data (320) and ESR data (483) are
available which suggest D, symmetry for the metal-ion site.



COORDINATION CHEMISTRY OF SULFOXIDES WITH TRANSITION METALS 167

Copper(I1) complexes of the ligands (CH,),SO (129), (CH,),;SO (243),
MeS(O)RS(O)Me [R = (CHy),, n = 2, 3, 4 (378)], PhS(O)RS(O)Ph [R =
(CHy),, n = 1, 2 (326)], and trithiane dioxide (413) have also been re-
ported.

The complex [Cu(0-Me,S0),Cl,] has been examined by X-ray crys-
tallography (see Section II,A) and studies made of its magnetic proper-
ties (268, 404).

Dimethyl sulfoxide adducts of copper(Il) carboxylate complexes have
been synthesized and binary [Cu,(Me,SO),L,] species (84, 402) iso-
lated. Infrared studies suggest that the sulfoxide is O-bonded. In addi-
tion, X-ray data have been presented for the adduct [Cu(O-Me,SO);(p-
HOCgH,CO.,),] 2). Various silver(I) ion—dimethyl sulfoxide systems
have been reported and the complexes [Ag(Me,S0),][X][n =1,2; X =
ClO,, NO; (7, 108, 425)] synthesized. Thermometric (299) and stability
(262) measurements on these systems have also been reported. Crys-
tallographic data (Table V) have been reported which confirm O-bond-
ing in these complexes. Various gold(III)-dimethyl sulfoxide systems
have been investigated (445, 446), and both [Au(Me,SO)Cl;] and
[H(Me,SO),J[AuCl,] are isolable during preparative procedures. The
latter complex may be a result of using only reagent-grade protic sol-
vents in the synthesis (446). Dimethyl sulfoxide has found particular
use as a solvent for electrochemical studies of gold(I) complexes, as dis-
proportionation tends to occur in aqueous solution (295). Redox equi-
libria in dimethyl sulfoxide have also been examined (I35). A com-
parative study of the use of thioethers, sulfoxides, and sulfones in the
solvent extraction of gold(III) species has been reported (17).

I. Zinc, CApMIUM, AND MERCURY

Simple [Zn(Me,S0),][C10,k complexes [n =4 @5); n =5 (139);
n = 6 (127)] have been isolated and shown by infrared studies to con-
tain O-Me,SO ligands. In addition, chloride (220), bromide (1), and io-
dide (231) complexes have been described and crystallographic data
presented for the [Zn(0-Me,S0),Cl,] complex 211). The selenocyanate
complex [Zn(Me,SO),(NCSe),] has also been reported (8). The (CH,)SO
complex [Zn({CH,},S0), sCl;] has been synthesized and its fractional
formula explained in terms of a possible dimeric or polymeric structure
66). Cadmium(II) dimethyl sulfoxide complexes including chloride
(220), bromide (1), and iodide (231) species have been reported. The
isostructural complexes [Cd(Me,SO),(NCX),] (X = S, Se) have also
been prepared (366). Separate studies of diphenyl sulfoxide and cyclic
sulfoxide complexes of cadmium(II) have appeared (105, 232). In addi-
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tion, the rather unusual heteropolynuclear solvates [MHg,ls(Me;SO);]
(M = Cd, Pd) have been reported (54).

Mercury halide complexes have been mentioned as agents for the ox-
idation of coordinated thioethers to sulfoxides (Section IV,D). The pro-
posed mechanism suggests that mercury(II) sulfoxide complexes are O-
bonded and, although some suggestion has been made to the contrary
(228), most available infrared data seem to suggest that O-bonding
does occur. An analysis of infrared and Raman data of [(RR'SO),HgCl,]
species (n = 1, 1.5, 2) shows excellent correlation with proposed ha-
lide-bridged structures (77), and shifts in »(S=0) values (11) imply O-
bonding of the sulfoxide ligands. Crystallographic data (Table V) con-
firm an O-bonded polymeric structure. A six-coordinate mercury(Il)
species [Hg(Me;S0)][C10,]), has been isolated; this is noteworthy, as
complexes of mercury(Il) with oxygen donors are of low stability and so
tend to exhibit low coordination numbers (103). More typically, Me,SO
is known to form a 1:1 adduct with [Hg(C{NO,};);] 207, 208).

J. ScanpiuM, YTTRIUM, THE LANTHANIDES, AND THE ACTINIDES

Isolable scandium Me,SO complexes of the type [Sc(Me,SO)][ X}
have been reported [X = Br, ClO, (138, 364)], as has the rather un-
usual four-coordinate species [Sc(Me,S0),][ XL (X = Cl) (364). The use
of conductivity data to determine the ion type, and hence the coordina-
tion number of the central ion, is essential in the characterization of
such complexes where expansion of the coordination number by coordi-
nation of the anionic ligands is possible. Thus, the complex
[Sc(Me,SO),(NCS);] is a nonconductor in chloroform solution, and this
implies that the metal center is six-coordinate and that coordination of
the anionic ligands has occurred (137). Scandium complexes of Ph,SO
(169) and of cyclic sulfoxides, such as (CH,),SO, have also been re-
ported (150). In all cases, coordination of the sulfoxides is accompanied
by a decrease in v(S=0), implying O-bonding to the metal center.

Studies of the lanthanide series, usually taken to include yttrium,
have been made, and complexes of the general formula [M(R,S0),][X];
examined for various R and X groups.

Perchlorate complexes [M(Me,S0),][Cl0,]; have been isolated (335,
363) and the variation in coordination number with the atomic number
of M elucidated. Thus, for M = La, Ce, Pr,and Nd, » = 8;for M = Sm
Eu, Gd, Tb, Dy, Ho, and Y, n = 7; and for M = Er, Tm, Yb, and Lu,
n = 6.1t can clearly be seen that the coordination number decreases as
the atomic number increases, exactly as expected in terms of the so-
called “lanthanide contraction.” The use of cryoscopy and conductivity
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measurements clearly demonstrates that no anion coordination occurs
in these complexes. Infrared spectroscopy suggests O-bonding of the
sulfoxide ligands.

The characterization of the analogous nPr,SO complexes has proved
to be more difficult (55). Analytical data suggested an empirical for-
mula of [M,(nPr,S0),,(C10,)s] M = Gd, Dy, Er), and the molar conduc-
tivities in nitromethane solution implied the presence of a 2:1 electro-
lyte type. The infrared spectra of these complexes showed that
O-bonded nPr,SO ligands and both coordinated and ionic perchlorate
moieties were present. To account for these data, structures have been
proposed where each metal center is coordinated to five sulfoxide lig-
ands and one perchlorate ligand, with another sulfoxide moiety bridg-
ing the two metal centers. Each metal ion is therefore seven-coordinate
on this basis, suggesting that the increased steric hindrance on passing
from Me,SO to nPr,S0 is insufficient to cause a decrease in coordina-
tion number.

The complexes [M(Ph,SO)¢][C10,]; (M = La, Ce, Pr, Nd, Sm, Gd, Ho,
Yb, Y) have been isolated (¢55) and characterized. Conductivity mea-
surements show the complexes to be 3:1 electrolytes in a range of sol-
vents (MeNO;, PhNQO,, MeCN, and Me,SO), and cryoscopy studies
show that four species are formed in nitromethane solution while ten
are formed in dimethyl sulfoxide solution. Solvolysis to yield a di-
methyl sulfoxide complex in this manner suggests that the aliphatic
sulfoxide is a better ligand for these metal ions. The high steric bulk of
the Ph,SO ligand is presumably the reason for the decrease in coordi-
nation number for the lighter elements, from seven or eight in the
Me,SO analogs to six in the Ph,SO complexes. Infrared data again sug-
gest O-bonding. It is noteworthy that some workers have attempted to
synthesize these [M(Ph,S0)][C10,]; complexes (4¢78) and obtained in-
stead seven-coordinate [M(Ph,S0);][C10,); (M = Sm, Eu, Yb) species.
The (CH,),SO complexes [M({CH_},S0),][C10,]); have been synthesized
and also show a decrease in coordination number with increasing
atomic number; thus, for M = La, Ce, Pr, Nd, Sm, Eu, and Gd, n = §;
for M = Tb,Dy,Ho,Er,and Y,n = 7.5;for M = Tm, Yb,and Lu,n = 7
(491). For the cases where n = 7.5, a structure is proposed where one
sulfoxide moiety lies in an intermediate position between two metal
ions, similar to that mentioned for the nPr,SO complexes above. Thiox-
ane oxide complexes of the type [M(igand),][C10,]; have been pre-
pared (for M = La,Ce,Pr,and Nd, n = 9;for M = Sm, n = 8.5;forM =
Eu, Gd, Tb, Dy, Ho,and Er,n = 8;for M = Tm, Yb, Lu,and Y, n = 7),
and also demonstrate this effect (¢39). The conductivity data of these
complexes are rather unusual as they suggest the presence of 2:1 elec-
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trolytes in nitromethane solution; this is explained in terms of ion-
pairing effects. Lanthanide perchlorate complexes of other cyclic sulf-
oxides, including 1,4-dithianemonosulfoxide (412) and trans-1,4-dithi-
ane-1,4-dioxide (411), have also been prepared. The complexes of the
latter, potentially chelating, sulfoxide are of interest as the infrared
spectra suggest that the ligand is functioning, at least partly, as a uni-
dentate donor. The insolubility of the complexes prevents total charac-
terization.

Hexafluorophosphate derivatives, such as [M(Me,SO),][PFsly (M =
La, Lu, Y), have been synthesized (365), and infrared data show O-
bonding of the sulfoxide with ionic hexafluorophosphate groups. Ana-
lytical data are incomplete for this series, as decomposition, postulated
to be to lanthanide fluorides, occurs. The (CH,),SO complexes
[M({CH,},SO); s][PF¢); are reported (145), which are 3:1 electrolytes
with uncoordinated anions, implying a possible semibridged structure,
as previously mentioned. Complexes of other cyclic sulfoxides, includ-
ing thioxane oxide (146) and trans-1,4-dithiane-1,4-dioxide (147) deriv-
atives of hexafluorophosphate salts have also been prepared.

With more powerful anionic ligands, such as nitrate, the situation
becomes more interesting as there is a very real likelihood of anion co-
ordination. Isolable complexes [M(Me,S0O),(NO;),] (for M = La, Ce, Pr,
Nd, Sm, and Gd, n = 4; for M = Ho, Yb, and Y, n = 3) have been stud-
ied by infrared spectroscopy €51, 453), which shows O-bonding of the
sulfoxides and suggests the presence of a single coordinated nitrate
group. X-Ray crystallographic studies (Table V) contradict this, show-
ing that the nitrate groups are all chelating and that the coordination
numbers are nine and ten. The decrease in coordination number with
increasing atomic number has again been explained in terms of the
lanthanide contraction (71) and the infrared data reinterpreted in
terms of the known structures (324). Lanthanide nitrate complexes of
thioxane oxide (212), nPr,SO (566), and tetramethylene sulfoxide (492)
have also been described. Sulfoxide complexes of the lanthanide chlor-
ides, [M(Me,S0),Cl;] (for M = La, Ce, Pr, Nd, Sm, and Gd, n = 4; for
M =Y, n = 3), have been prepared which are nonelectrolytes in ace-
tonitrile solution (452, 454), indicating coordination numbers of six
and seven for the metal center. Lanthanide chloride complexes of
cyclic sulfoxides have also been examined 467).

Dimethyl sulfoxide complexes of the lanthanide bromides
[M(Me;SO)sBr,][Br] have been isolated (¢80), which are 1:1 electro-
lytes in acetonitrile solution, indicating a coordination number of ten.

The coordinating ability of halide ions toward formation of coordi-
nate bonds with lanthanide ions lies in the order F >> Cl > Br > I, as
expected with typical “hard” metal ions 437). The coordination num-
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ber would therefore be expected to increase in the order
I> Br > Cl > F, on the basis of electroneutrality. The coordination
numbers of dimethyl sulfoxide complexes of lanthanide chlorides are
six or seven, while for the lanthanide bromide complexes the coordina-
tion number is ten. Comparable iodide complexes may be expected to
exhibit higher coordination numbers, but this is not observed and it is
postulated that the large size of the iodide ligand sterically prevents
expansion of coordination number (331).

In addition to these systematic studies of lanthanide sulfoxide com-
plexes, with variation in both sulfoxide and anion, other more isolated
reports are available. Lanthanide isothiocyanate complexes of the cy-
clic sulfoxides thioxane oxide (490) and tetramethylene sulfoxide (493)
have been synthesized and complexes of the unusual potentially che-
lating ligand 2-(ethylsulfinyl)pyridine-N-oxide (63) described. De-
tailed studies of the solvation of lanthanide-shift reagents by Me,SO
have also appeared (178, 179).

Studies on the use of sulfoxides in the extraction of scandium (325,
440), yttrium (188), and the lanthanide series (456) have all been re-
ported and seem to show considerable promise.

Studies on sulfoxide complexes of the actinide series have concen-
trated largely on the chemistry of thorium(IV), uranium(IV), and ura-
nium(VI), although some reports of sulfoxide complexes of the remain-
ing actinides have appeared. The thorium(IV) perchlorate adduct
[Th(Me,S0),,][C10,]; has been isolated (336); it undergoes thermal
degradation to yield [Th(Me,S0),][C10,] by loss of lattice-held mole-
cules of Me,SO. Infrared (336) and preliminary X-ray crystallographic
data (338) are available, and some suggestion has been made that ther-
mal degradation may be accompanied by a change in mode of coordina-
tion of the sulfoxide (from O- to S-bonded).

Reports of Me,SO adducts of thorium(IV) chloride are inconsistent
in the formulation of the product. Thus, [Th(Me,SO),Cl,] 38),
[Th(Me;S0)¢Cl,] (58), and [Th(Me,S0),CL]}-3H,0 @294) have all been
proposed as products. The thermal decomposition of thorium(IV) chlo-
ride dimethyl sulfoxide adducts has been reported (37).

Similarly, thorium(IV) bromide adducts of the general formula
[ThBr,(Me,SO),JmH,0O [n =1, m=4;n=10, m=1;n=8, m = 1;
n=6,m=068;n=4,m=4,n=6,m=3;n=8m=0;n =10,
m = 4.5 (293)] have been described. Thermal decomposition is via ini-
tial loss of water, followed by loss of sulfoxide and oxidation to
thorium(IV) oxide. Infrared studies show that coordination of the sulf-
oxide results in a shift to lower frequency of »(S=0), implying coordi-
nation via oxygen.

Reports of nitrate 0, 58) and sulfate 294) adducts of Me,SO have
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also appeared. An X-ray structure of the rather unusual complex
(ThL,(Me,SO)]Me,SO (HL = 8-hydroxyquinoline) has appeared which
shows the presence of a nine-coordinate thorium ion, with one O-bonded
and one lattice-held dimethyl sulfoxide moiety. No details of the geom-
etry of the dimethyl sulfoxide unit are reported due to inverse overlap,
a consequence of the centrosymmetric arrangement of the ThL, unit
in the crystal lattice (479).

A study of thorium(IV) Ph,SO complexes (432), using the conducto-
metric method to determine the coordination number, shows that in
complexes of the type [ThX,]-nPh,SO the coordination number varies
with anion; the perchlorate complex [Th(Ph,S0)][C10,], is six-coordi-
nate, [Th(Ph,S0),X,] (X = Cl, Br, NCS) are eight-coordinate, as is the
ionic complex [Th(Ph,SO)l. ][I, while the nitrate complex
(Th(Ph,S0);(NQO;),] appears to be 11-coordinate with four bidentate ni-
trate donors. Other preparative reports (450, 481) appear to substan-
tiate these results. A separate study of Ph,SO and Et,SO adducts of
actinide nitrates (I4) has been performed and a range of [M(NQ,),]:
nR,SO (M = Th, U, Np, Pu) complexes isolated. Although a decrease in
coordination number with increasing atomic number or with increas-
ing steric bulk of the sulfoxide would be expected, as for the lanthanide
series, the results reported are insufficient to confirm this and further
work is necessary for clarification. Uranium(IV) chloride adducts
[UCl,(Me,S0),] have been prepared by interaction of [UCL,] and the
sulfoxide. The adduct obtained initially (n = 7) undergoes degradation
in vacuo (to n = 3) (38). Other reports suggest that the [UCl,(Me,SO);]
adduct can be obtained directly (40), although a higher adduct,
[UC1,(Me,S0O),], has also been reported (¢20). Characterization of such
complexes is rather difficult as spectrophotometric and conductometric
measurements (I67) show that uranium(IV) halide-sulfoxide systems
exist as a complex series of equilibria between a large number of neu-
tral and ionic species. Attempts to use solution techniques to charac-
terize an isolated solid may thus lead to errors in formulation.

Uranium(IV) chloride adducts of Ph,SO have been isolated (73) of
the type [U(Ph,S0),Cl,]-nH,0, and infrared measurements show the
sulfoxide to be O-bonded. Analogous complexes of diphenyl sulfone
could not be synthesized (251).

The uranium(VI) system derived from [UQ,(Cl0O,),]-6H,O and di-
methyl sulfoxide is of particular interest; interaction at low tempera-
tures (20°C) is reported to yield [UO,(0-Me,SO),][C10,}-Me,SO. For-
mulation is on the basis of infrared data, where two bands at 941 cm™*
and 1026 cm™ are assigned as »(S=O0) of O-bonded and lattice-held
Me,SO, respectively. The v, and v, bands of the perchlorate moiety in-
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dicate tetrahedral symmetry and hence the presence of ionic per-
chlorate. Heating this complex to 170°C causes changes in the infrared
spectrum, and only one band could be assigned as »(S=Q), at
1152 cm™'. Although the »; and v, perchlorate bands are split, indicat-
ing interaction between the anion and metal center with a correspond-
ing decrease in symmetry, the new complex is formulated as [UO,(S-
Me,S0),][C10,} (337). Such thermal isomerizations from O- to S-coor-
dination have been proposed for other related systems (vide supra).

Many uranium(VI) sulfoxide complexes of the type [UO,X,(Me;SO),]
(X = anionic ligand) have been synthesized, including chloride, bro-
mide (322, 323), nitrate (41), and acetate (431) adducts. The thiocya-
nate (113, 114) and selenocyanate (292) adducts [UQ,(XCN),(Me,SO),]
have been synthesized, and infrared data indicate the presence of O-
Me,SO and N-NCX ligands.

Diphenyl sulfoxide complexes of uranium(VI) have been reported
(495) and a thorough infrared and conductivity study detailed 433),
suggesting that the thiocyanate complexes of empirical formula
[UO,(R,S0),(NCS),] are in fact dimeric with bridging N,S-NCS lig-
ands.

Studies of sulfoxide complexes of other actinide elements have ap-
peared, (38, 40), but insufficient data are available to make any mean-
ingful comparisons along the series. Work on the solvent extraction of
actinide elements by sulfoxides has been reported (423).

VI. Conclusions

The ambidentate donor ability of sulfoxides makes them potentially
useful ligands for nearly all metal ions, and, in consequence, reports of
sulfoxide coordination compounds are extremely numerous. Nonethe-
less, the bulk of the work reported to date has involved synthetic proce-
dures, and the problems in these are now largely overcome. The result-
ing syntheses are often relatively simple and thus present easy routes
to an extremely wide range of metal complexes with differing proper-
ties resulting frem variation in metal center, anionic ligand, or sulfox-
ide. The exploitation of this wide range of compounds in preparative
chemistry, homogeneous catalysis, organic syntheses, and bioinor-
ganic chemistry has only recently begun, and these fields will undoubt-
edly receive growing attention as the attraction of utilizing metal com-
plexes of cheap, easily synthesized, and highly versatile ligands
increases in the future.
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