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Abstract

The reactions of [Ru3(CO)o(n-dppm)] (4) with 1,2-ethanedithiol, 1,3-propanedithiol and 3,4-toluenedithiol in refluxing THF
afforded the dinuclear dithiolato complexes [Ru,(CO)4(n-SCH,CH,S)(p-dppm)] (5), [Rua(CO)4(n-SCH,CH,CH,S)(n-dppm)] (6)
and [Ruy(CO)4{pu-SCsH3(CH3)S} (u-dppm)] (7), respectively. Protonation of complexes 5 and 6 by tetrafluoroboric acid in CD,Cl,
resulted in the formation of cationic hydrido complexes [(u-H)Ru,(CO)4(u-SCH,CH,S)(u-dppm)]t (8) and [Ru,(CO)4(p-
SCH,CH,CH,S)(u-dppm)] * (9) isolated as their PF¢~ salts. Compounds 5 and 6 are also obtained from the reactions of dppm
with [Ru,(CO)s(u-SCH,CH,S)] (10) and [Ruy(CO)g(n-SCH,CH,CH,S)] (11), respectively. Protonation of 10 and 11 with
tetrafluroboric acid gives the mono-protronated species [(u-H)Ru(CO)s(u-SCH,CH,S)]" (12) and [(u-H)Rux(CO)g(pi-
SCH,CH,CH,S)]* (13), respectively. All the compounds have been characterised by IR, '"H NMR, *'P{"H} and mass spectroscopic
data, together with single crystal X-ray diffraction studies for 6 and 7.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction istry [15]. There are plenty of examples, where the
dithiols react with trimetallic clusters either by retaining
the cluster structure intact or by breaking-down it into a
dinuclear species as well as the ring opening of the
ligand. For example, the dithiolato bridged dinuclear
complexes [Fey(CO)g(n-SCH,LCH,S)], [Fex(CO)g{p-

SC¢H3(CH3)S}] and [Fe(CO)g(n-SCCHCHCHCHCS)]

Diphosphines are versatile ligands in coordination
and organometallic chemistry, owing to their ability to
stabilise a great variety of metal complexes in a number
of oxidation states [1—3] as well as to their application in
homogeneous catalysts [4]. The chemistry of the dipho-

sphine substituted complex [Ru3(CO);o((u-dppm)] (4)
(dppm = Ph,PCH,PPh,) is characterised by its en-
hanced reactivity over that of the unsubstituted carbon-
yl [Ru3(CO)i,]. The reactivities of 4 are of special
interest because of the rigid geometry of the dppm
ligand in maintaining the metal framework intact during
chemical reactions [5—14]. Like diphosphines, alkane/
arene-dithiolates also behave similarly in cluster chem-
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have been reported by several groups from the reactions
of [Fe3(CO)y,] with respective dithiols [16—19]. In a
previous report [20] we have shown that di- and tri-
nuclear ruthenium complexes [Ruy(CO)g(1n-SCH,-
CH»S),  [Rux(CO)s(n-SCH,CHoCHLS)],  and  [{(p-
H)Ru3(CO)0}(n-SCH,CH,CH,S)] are formed by the
reaction of [Ru3(CO);,] with 1,2-ethanedithiol and 1,3-
propanedithiol, respectively, but the labile cluster
[Os3(CO)o(MeCN),] leads to the oxidative addition
product [(nu-H)Os3(CO)1o(n-SCH,CH,SH)] and  [{(p-
H)Os3(CO)10}2(1-SCH,CH,CH,S)], respectively, when
it reacts with the same ligands at room temperature. The
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dinuclear compound [Ru,(CO)s(n-SCH,CH,S)] was
first reported by Adams et al. [21] from the thermal
degradation of [Rus(CO)7(u-CO)»(n?>-1,4,7-trithiacyclo-
nonane)] at 68 °C as well as from the reaction of
[Ru3(CO);»] with 1,2,5,6-tetrathiacyclooctane at 40 °C
by a ring opening cleavage reaction of the ligand [22].
The osmium analog [Osy(CO)g(n-SCH,CH,S)] was
reported [23] from the direct reaction of [Os3(CO);5]
with 1,4-dithiacyclohexane as well as from the pyrolysis
of [OSg(CO)l1(SCH2CH2$CH2CH2)] at 128 °C. Arene-
thiolato-bridged dinuclear complexes [M»(CO)g((p-bdt)]
(M =Fe, Ru, Os] (bdt=Dbenzene-1,2-dithiolate) can
easily be prepared from the reaction of corresponding
trinuclear metal carbonyl with an excess of bdt ligand
[24]. We have an intense interest in complexes bearing
both the diphosphine and dithiolato ligands owing to
their various coordination modes with metal centre. It is
noteworthy that in such case, the binding of the ligands
to the metal site are accomplished either by activation of
S—H/S—-S/P-C and C-H bonds of the ligands or by
simple coordination through the donor atoms depend-
ing on the ligand geometry as well as the reaction
condition. Recently, we have shown [25] that the
reaction of the dppe complex [Ruz(CO);o((n-dppe)] (1)
(dppe = Ph,PCH,CH,PPh,) with 1,3-propanedithiol
leads to the formation of [(u-H)Rus(CO)g{p-S(CH,)s-
SH}(u-dppe)] (2) and [Rus(CO)s{ps-S(CH)sS}o(n’-
dppe)] (3), respectively (Scheme 1).

This observation prompted us to investigate the
reaction of the corresponding dppm analog 4 with
various dithiols such as, 1,2-ethanedithiol, 1,3-propane-
dithiol and 3,4-toluenedithiol and the results are de-
scribed in the present paper. The protonation reactions
of 10, 11 and their dppm substituted analogs 5 and 6
with tetrafluoroboric acid are also reported.
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2. Results and discussion

In contrast to the reaction of 1 with 1,3-propane-
dithiol which afforded the trinuclear compounds 2 and 3
[25], the reactions of 4 with 1,2-ethanedithiol, 1,3-
propanedithiol and 3,4-toluenedithiol in THF at reflux
temperature followed by chromatographic separation
resulted in the isolation of the dinuclear compounds,
[Rux(CO)4(n-SCH,CH,S)(n-dppm)] (5), [Rux(CO)4(p-
SCH,CH,CH.S)(u-dppm)]  (6) and  [Rus(CO){(n-
SC¢H3(CH3)S)} (u-dppm)] (7), respectively, in 28, 30
and 45% yields, respectively (Scheme 2).

The compounds have been characterised on the basis
of elemental analysis, infrared, 'H NMR and mass
spectroscopic data together with single crystal X-ray
diffraction studies on 6 and 7. The binuclear formula-
tions of 5—7 were indicated by their microanalysis and
mass spectra which showed the molecular ions (m2/z 790
for 5; 804 for 6 and 851 for 7) and successive loss of four
CO ligands. The similarity of their IR spectra in the
carbonyl region suggested a similar arrangement of the
carbonyl ligands while the presence of bridging dppm
ligands has been confirmed by the *'P{'H} NMR
spectra {0 28.6 (s) for 5, 25.8 (s) for 6}. In addition to
the methylene and phenyl resonances of the dppm
ligand, the '"H NMR spectra display well-separated
signals for the dithiolato ligands. The 'H NMR
spectrum of 5, in the aliphatic region, contains three
multiplets at 6 3.35, 2.37 and 2.21 each integrating for
two hydrogens. The multiplets at 6 2.37 and 2.21 have
been assigned to the methylene protons of 1,2-ethane-
dithiolate ligand while the other at 6 3.35 is due to the
methylene protons of the dppm ligand. The multiplet
centred at 6 7.33 is due to the aromatic protons of the
dppm ligand. The *C{'H} NMR spectrum of 5 in the
carbonyl region indicates the presense of four terminal
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carbonyl ligands as 2 non-equiv. pairs giving siganls at §
208.2 (t, 2C, J=5.3 Hz) and 195.3 (t, 2C; J=3.0 Hz). C7 C6
The aliphatic region of the 'H NMR spectrum of 6
contains five multiplets of 1:1:2:2:2 relative intensity at ¢ @)cs
3.35, 3.32, 2.05 2.25 and 2.40, respectively. The multi- s2 08 )
plets centred at § 3.35 and 3.32 are due to the methylene 01 c1 c3 03
protons of the dppm ligand, and those at & 2.05, 2.25 ~ N2 ) B
! = Ru1 2 Ru2
and 2.40 are assigned to the methylene protons of the y 3)
1,3-propanedithiolate ligand. The '"H NMR spectrum of c11 c1o C / 4
7 contains a singlet at § 2.09 due to the methyl protons LY >

of the dithiolate ligand and a multiplet at J 3.56
assigned to the methylene protons of the dppm ligand.
The ring proton resonances of the toluenedithiolate
ligand are overlapped with the phenyl resonances of the
dppm ligand.

The structures of 6 (Fig. 1) and 7 (Fig. 2) were
determined unambiguously by X-ray crystallography.
Selected bond distances and angles for the two com-
pounds are given in Tables 1 and 2, respectively. The
compounds are very similar regarding the attachment of
the carbonyl, dithiolate and dppm ligands to the metal
sites. Both structures consist of a ruthenium—ruthenium
back-bone, ligated terminally by four carbonyl ligands
adopting the Ru,(CO), classical ‘sawhorse’ arrange-
ment, and bridged by a dithiolate as well as a dppm
ligand. The S(2) atom in both structures lies on the
opposite side of the Ru,P, plane while S(1) is nearly
perpendicular to it. The Ru-S distances lie in the
narrow ranges 2.3890(12)-2.4103(12) A (6) and
2.413(2)-2.439(2) A (7) and this indicates that the
dithiolato bridges are quite symmetrical in both com-
pounds. The Ru—S—Ru angles are highly acute with the
values at S(1) and S(2) of 67.37(3)° and 67.96(3)°,
respectively, for 6, and 65.98(5)° and 66.52(5)°, respec-

=y, =/ ~Y\Z,
\ /) &
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Fig. 1. X-ray structure of [Ru,y(CO)4(n-SCH,CH,CH,S)(p-dppm)] (6)
showing the atom labelling scheme. Thermal ellipsoids are drawn at
35% probability level. The hydrogen atoms are omitted for clarity.

tively, for 7. The Ru—P distances are also nearly equal as
shown by the values 2.3237(12) and 2.3433(12) A for 6
and 2.305(2) and 2.325(2) A for 7. The P—C—P angles of
the short-bite dppm ligand in 6 and 7 {P(1)-C(8)-
P(2) =114.4(2)° for 6 and P(1)-C(12)-P(2) =113.0(3)°
for 7} are comparable with the corresponding values in
[Rus(13-0)(13-CO)(CO)s(p-n>-dppm),] {112.0(6)° and
114.4(7)°} [26] and [Ruy(ps-Se)>(n-CO)(CO)s(p-dppm)]
{115.2(2)°} [27]. The interesting features of the mole-
cular structures of 6 and 7 are their very short Ru—Ru
distances. The Ru—Ru distances of 2.6720(7) A in 6 and
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Fig. 2. X-ray structure of [Ru,(CO)4{(n-SCcH3(CH3)S)} (n-dppm)] (7)
showing the atom labelling scheme. Thermal ellipsoids are drawn at
50% probability level. The hydrogen atoms are omitted for clarity.

Table 1
Selected bond distances (A) and angles (°) for [Ru,(CO)4(u-
SCH,CH,CH,S)(n-dppm)] (6)

Bond distances

Ru(1)-Ru(2) 2.6720(7)  Ru(1)-P(1) 2.3237(12)
Ru(1)-S(1) 2.4071(12) Ru(2)-P(2) 2.3433(12)
Ru(1)-S(2) 2.3916(12)  S(1)-C(5) 1.837(5)
Ru(2)-S(1) 2.4103(12) S(2)-C(7) 1.820(5)
Ru(2)-C4) 1.870(5) Ru(2)-C(3) 1.889(5)
Ru(1)-C(1) 1.904(5) Ru(1)-C(2) 1.842(6)
Ru(2)-S(2) 2.3890(12)
Bond angles
Ru(1)-S(1)-Ru(2) 67.373)  P(1)-C(5)-P(2) 114.(2)
S(2)-Ru(2)-Ru(l) 56.07(3)  P(1)-Ru(1)-S(2) 152.45(4)
S(2)-Ru(2)-S(1) 82.51(4)  S(2)-Ru(1)-S(1) 82.53(4)
P(2)-Ru(2)-S(2) 149.12(4)  S(2)-Ru(l)-Ru(2) 55.97(3)
S(1)-Ru(1)-Ru(2) 56.37(3)  P(2)-Ru(2)-S(1) 84.62(4)
P(1)-Ru(1)-Ru(2) 97.003)  P(2)-Ru(2)-Ru(l) 93.60(3)
P(1)-Ru(1)-S(1) 86.18(4)  S(1)-Ru(2)-Ru(l) 56.25(3)
Ru(2)-S(2)-Ru(l) 67.96(3)

2.6481(9) A in 7 are significantly shorter than the
corresponding Ru—Ru distances {2.8564(10) A} in the
parent compound 4 [28], but are comparable with the
corresponding values found in the dinuclear ruthenium
coomplexes such as, [Ruy(CO)g(n-SCH,CH,S] {2.679(08)
A} [20], [Rux(CO)4(n-SCeHaS)(PPhs)o] {2.677(5) A}
[29], and [Ruy(CO)s(u-SCsH4S)] {2.650(2) A} [24].
This relative shortening of the Ru—Ru bond in both 6
and 7 compared with the parent compound 4 is
presumably due to the ‘pincer’ effect exerted by the
bridging dithiolate ligand [24]. The dithiolate ligands

Table 2
Selected bond distances (A) and angles (°) for [Ruy(CO)4{(u-
SCsH3(CH3)S)}H(u-dppm)] (7)

Bond distances

Ru(1)-Ru(2) 2.6481(9) Ru(1)-P(1) 2.305(2)
Ru(1)-S(1) 2.4392)  Ru(2)-P(2) 2.325(2)
Ru(1)-S(2) 2.413(2)  S(1)-C(5) 1.787(6)
Ru(1)-C(1) 1.889(8)  Ru(2)-C(3) 1.863(8)
Ru(1)-C(2) 1.861(7)  Ru(2)-C(4) 1.872(6)
Ru(2)-S(1) 2.424(2)  S(2)-C(6) 1.777(6)
Ru(2)-S(2) 2.416(2)
Bond angles
Ru(1)-S(1)-Ru(2) 65.98(5)  P(1)-C(12)-P(2) 113.0(3)
S(2)-Ru(2)-Ru(l) 56.68(4)  P(1)-Ru(1)-S(2) 154.77(6)
S(2)-Ru(2)-S(1) 77.80(6)  S(2)-Ru(1)-S(1) 77.57(6)
P(2)-Ru(2)-Ru(l) 92.13(5)  S(2)-Ru(1)-Ru(2) 56.79(4)
S(1)-Ru(2)-Ru(1) 57.294)  P(2)-Ru(2)-S(1) 88.08(6)
P(1)-Ru(1)-Ru(2) 98.15(5)  P(2)-Ru(2)-S(2) 148.66(7)
P(1)-Ru(1)-S(1) 86.03(6)  S(1)-Ru(1)-Ru(2) 56.74(4)
Ru(2)-S(2)-Ru(l) 66.52(5)

serve as bidentate bridging ligand across the metal—
metal bond and donate six electrons to make 6 and 7
electron precise with 36 valence electrons, each metal
atom achieving the expected 18-clectron configuration.

2.1. Protonation reactions of 5 and 6

Cabeza et al. demonstrated that binuclear ruthenium
complexes [Ruy(CO)g(u-SCCHCHCHCHCS)] and
[Ru,(p-dan)(CO)4(L),] (Hpdan = 1,8-diamminonaptha-
lene; L =CO, PRj3) [30,31] undergo protonation to
give cationic hydrido derivatives but these reactions
cannot be generalised. For example, [Ru,(CO)e(p-
dmpz),] (Hdmpz = 3,5-dimethylpyrazole) does not un-
dergo protonation even in concentrated sulfuric acid
[32]. We have studied protonation of 5 and 6 to see
whether protonation of the more electron rich dppm
substituted compound occurs more smoothly with acids.

Treatment of 5 and 6 with an excess of tetrafluor-
oboric acid afforded cationic hydrido derivatives which
were isolated as their PF¢~ salts [(u-H)Ruy(CO)4(p-
SCH>CH,S)(n-dppm)][PF¢] (8) and [(u-H)Rux(CO)4(p-
SCH,CH,CH,S)|[PF¢] (9), respectively, as pale yellow
solids (Scheme 3) by treatment with NH4PF¢. Suitable
single crystals could not be grown for either of the
complexes for X-ray analysis. So, the structures of 8 and
9 are proposed on the basis of their analytical and
spectroscopic data.

The v(CO) stretching frequencies of both 8 and 9 are
shifted to higher wave numbers than those of their
parent compounds. This increase in the wave numbers
for the protonated species with respect to 5 and 6 is due
to the reduction of electron density of the metals causing
the C—O bond order to be enhanced, which in turn,
decrease the electron donation by the metal to n*CO
orbitals. In addition to the expected resonances for
phenyl and methylene protons of the dppm and
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dithiolato ligands, the "H NMR spectrum of 8 in the
hydride region shows a triplet of doublets at 6 —13.16
(Jp.g=16.0 Hz, Jy g =2.8 Hz) in agreement with the
assumption that the hydride is bridging the two
ruthenium atoms which are also bridged by the dppm
and dithiolate ligands. The proton decoupling experi-
ment reveals that the hydride is coupled equally to the 2
equiv. *'P nuclei (Jp_13 =16.0 Hz) and to one of the
methylene protons of dppm ligand (Jy_y =2.8 Hz).
Thus when the CH, resonance at 0 4.72 is decoupled,
the hydride resonance becomes a triplet. This four-bond
coupling (Jiy_g =2.8 Hz) must arise from the trans
arrangement of the bridging hydride with one of the
CH, protons. Similar coupling of one of the methylene
protons of dppm ligand with the cluster bound hydride
ligand has been observed by Smith et al. [33] in the
protronated  species  [(u-H)Os3Au(CO)g{Ph,CH,P-
(Ph)CeHa}]™  and  [(u-H),0s3(CO)g{Ph,PCH,P(Ph)-
C¢H4}1". The *'P{'H} NMR spectrum of 8 in CD,Cl,
exhibits a singlet at 6 32.2 for the 2 equiv. *'P nuclei of
dppm ligand. The '"H NMR spectrum of 9 in the hydride
region contains a doublet of triplets at 6 —11.92
(Jp.g=16.0 Hz, Jy_g=2.4 Hz). The multiplicity of
the hydride resonances and the size of the coupling
constants are very similar to those of 8, indicating that
they have similar structures. In agreement with this, the
3'p{'H} NMR spectrum of 9 exhibits a sharp singlet at
§ 31.9 for the 2 equiv. *'P nuclei of dppm ligand.

2.2. Protonation reactions of 10 and 11

In order to compare the protonation reactions of the
unsubstituted dithiolato compounds [Ru,(CO)g(p-
SCH,CH,S)] (10) and [Ru,(CO)e(n-SCH,CH,CH,S)]
(11) with those of the dppm substituted analogs 5 and
6, we have investigated the reaction of 10 and 11 with
tetrafluoroboric acid (Scheme 4).

As expected, both the compounds 10 and 11 under-
went protonation to give the cationic hydrido deriva-
tives [(u-H)Ru(CO)s(n-SCH,CH,S)] ™ (12) and [(p-
H)Ru,(CO)6(u-SCH,CH,CH,S)]"  (13). These com-
pounds were precipitated as yellow solids from the
acidic solutions but undergo spontancous deprotonation
when treated with aqueous NH4PF4. The structures

proposed for the 12 and 13 are based on their spectro-
scopic data. In addition to the usual resonances for the
methylene protons, the hydride region of the '"H NMR
spectra contain characteristic hydride resonances (J
—12.98 for 12, and —13.92 for 13). As expected, the
v(CO) stretching frequencies of 12 and 13 in presence of
excess acid shifted to higher wave numbers compared
with 10 and 11.

An interesting finding of the investigation is that S—H
activation of the dithiolate ligand is accompanied by the
degradation of the parent complex 4 leading to a
dinuclear species. The short-bite dppm behaves as a
‘spectator’ ligand. At least one feature is worth noting
that the basic geometry of the parent cluster 4 is not
preserved in either 6 or 7.

3. Experimental

All reactions were performed under a dry nitrogen
atmosphere using standard Schlenk techniques. All
glassware was either flame dried under vacuum or dried
in an oven prior to use. Tetrahydrofuran was freshly
distilled under a nitrogen atmosphere from sodium
benzophenone ketyl. Dichloromethane was distilled
under nitrogen from phosphorus pentoxide. Infrared
spectra were recorded on a Shimadzu FT IR 8101
spectrophotometer. 'H NMR spectra were recorded on
a Bruker DPX 400 spectrometer. 1,2-Ethanedithiol, 1,3-
propanethdiol and 3,4-toluenedithiol were purchased
from Merck and used as received. Mass spectra were
recorded on a Varian Mat 312 mass spectrometer. The
compound [Ru3(CO);o(p-dppm)] (4), 10 and 11 were
prepared according to the published procedure [34].

3.1. Reaction of 4 with 1,2-ethanedithiol

1,2-Ethanedithiol (0.041 g, 0.435 mmol) was added to
a THF (40 cm?) solution of 4 (0.210 g, 0.217 mmol) and
the reaction mixture was heated to reflux for 30 min.
The solvent was removed under reduced pressure and
the residue chromatographed by TLC on silica gel.
Elution with hexane—CH,Cl, (4:1, v/v) gave one major
and two minor bands. The major band afforded
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[Rux(CO)4(1-SCH,CH,S)(u-dppm)] (5) (0.048 g, 28%)
as yellow crystals after recrystallisation from hexane—
CH2C12 at —15 °C. Anal. Calc. for C31H26O4P2RUQS2:
C, 47.08; H, 3.32. Found: C, 47.25; H, 3.40%. IR v(CO,
CH,Cly): 2004s, 1981vs and 1938s cm™'; "“C{'H}
NMR (CDCl3): 6 204.24 (t, 2C, J=5.3 Hz), 195.30 (t,
2C, J=3.0 Hz); *'P{'"H} NMR (CDCl5): 6 28.6 (s); 'H
NMR (CDCl): ¢ 2.21(m, 4H), 2.37 (m, 2H), 3.35 (m,
2H), 7.33 (m. 20H); mass spectrum: m/z 790 (M), 762
(M* —CO), 734 (M* —-2C0), 706 (M —3CO), 678
(M™* —4CO).

3.2. Reaction of 4 with 1,3-propanedithiol

A similar reaction to that of above of 4 (0.210 g, 0.217
mmol) with 1,3-propanedithiol (0.044 g, 0.407 mmol)
followed by similar chromatographic work-up gave two
bands. The first band was too small for complete
characterisation. The second band gave [Ru,(CO)4{p-
S(CH,);S}(n-dppm)] (6) (0.065 g, 37%) as yellow
crystals from hexane—CH,Cl, at —15 °C. Anal. Calc.
for C;3,Hps04P,RULS,: C, 47.75; H, 3.51. Found: C,
48.03; H, 3.65%. IR v(CO, CH,Cl,): 2004s, 1981vs,
1938s cm ! 3'P{'"H} NMR (CDCls): 6 25.9 (s); 'H
NMR (CDCls): ¢ 2.05 (m, 2H), 2.25 (m, 2H), 2.40 (m,
2H), 3.32 (m, 1H), 3.35 (m, 1H), 7.33 (m, 20H); mass
spectrum: m/z 804 (M), 776 (M+ —CO), 748 (M —
2C0), 720 (M —3CO0), 692 (M* —4CO).

3.3. Reaction of 4 with 3,4-toluenedithiol

A similar treatment of 4 (0.210 g, 0.217 mmol) with
3,4-toluenedithiol (0.064 g, 0.410 mmol) followed by
similar chromatographic work-up afforded [Ru,-
(CO)4{p-S(CeH3)(CH3)S}(u-dppm)]  (7)  (CH;3),CO
(0.107 g, 54%) as yellow crystals after recrystallisation
from acetone—ethanol at room temperature (r.t.). Anal.
Calc. for C39H3305P,RU,S,: C, 51.47; H, 3.66. Found:
C, 51.71; H, 3.57%. IR v(CO, CH,Cl,): 2008s, 1986vs,
1945s cm ~'; '"H NMR (CDCls): 6 2.09 (m, 3H), 3.56
(m, 2H), 7.27 (m, 23H); mass spectrum: m/z 851 [M '],
823 [M* —CO], 795 [M+ —2CO], 767 [M " —3CO], 739
[MT —4CO].

3.4. Protonation of 5

An excess of HBF4-OEt, (one drop from a pasteur
pipette) was added to a solution of 5 (0.016 g, 0.020
mmol) in CD,Cl, (0.5 cm®) in an NMR tube. After
recording 'H and *'P{"H} NMR spectra, the volatiles
were removed under vacuum, and the residue was
dissolved in methanol (5 cm®). Addition of a methanolic
solution of ammonium hexafluorophosphate (0.022 g)
followed by a few drops of water gave a yellow
precipitate which was recrystallised from CH,Cl,—
Et,O to give [Ruy(CO)4(n-SCH,LCH,S)(p-dppm)][PFg]
(8) as yellow crystals (0.010 g, 63%). Anal. Calc. for
C31H26O4P3RUZ82F6: C, 3974, H, 2.80. Found: C,
39.92; H, 2.99%. IR v(CO, CH,Cl,): 2060vs, 2020vs,
1981w, 1943w cm~'. '"H NMR (CD,Cly): § 3.01 (m,
2H), 3.11 (m, 2H) 4.72 (m, 2H), 7.39 (m, 20H), —13.16
(dt, 1H, Jp_iy = 16.0 Hz, Ji_y =2.8 Hz) *'P{'H} NMR
(CD,Cly}: 0 32.2 (s).

3.5. Protonation of 6

A similar protonation of 6 (0.018 g, 0.022 mmol) as
employed for 5 with excess HBF4-OEt,, followed by
usual work-up as mentioned above, afforded
[Rux(CO)4(u-SCH,CH,CH,S)(u-dppm)][PF¢] (9) as yel-
low crystals (0.012g, 62%). Anal. Calc. for C3,H»304-
P3;Ru,S,Fg: C, 40.42; H, 2.97. Found: C, 40.43; H,
2.94%. IR v(CO, CH,Cly): 2058vs, 2018vs, 1981w,
1943w cm~!; '"H NMR (CD,CL): § 2.30 (m, 4H),
2.07 (m, 2H), 3.34-3.70 (m, 2H), 7.45 (m, 20H), —11.92
(dt, 1H, Jp_y = 16.0 Hz, Ji_y = 2.4 Hz); *'P{'"H} NMR
(CD,Cly): 0 31.9 (s).

3.6. Reaction of [Ru,(CO)s(-SCH,CH,S) (10) with
dppm

Dppm (0.075 g, 0.195 mmol) was added to a THF (20
cm’) solution of 10 (0.045 g, 0.097 mmol) and the
resulting mixture was heated to reflux for 2 h. The
solvent was removed under reduced pressure and the
residue chromatographed by TLC on silica gel. Elution
with hexane—CH,Cl, (4:1, v/v) gave one major and
several minor bands. The major band gave [Ru,(CO)4(p-
SCH,CH,S)(u-dppm)] (5) (0.019 g, 25%) as yellow



G.M.G. Hossain et al. | Polyhedron 22 (2003) 633640 639

crystals after recrystallisation from hexane—CH,Cl, at
—15°C.

3.7. Reaction of [Ru,(CO)s(u-SCH,CH,CH,S) (11)
with dppm

A similar reaction of dppm (0.073 g, 0.190 mmol) with
11 (0.045 g, 0.094 mmol) followed by similar chromato-
graphic work-up gave two bands. The first band was too
small for complete characterisation. The second band
gave [Ruy(CO)4{p-S(CH,);-S}(u-dppm)] (6) (0.023 g,
30%) as yellow crystals after recrystallisation from
hexane—CH,Cl, at —15 °C.

3.8. Protonation of 10

Tetrafluoroboric acid (one drop from a Pasteur
pipette) was added to a CD,Cl, solution of 10 ( 0.025
g, 0.011 mmol) in an NMR tube. After recording the 'H
NMR the volatiles were removed under reduced pres-
sure. Treatment of the residue with aqueous solution of
[NH4][PF4] affored the starting material 10. 'H NMR
indicated complete protonation to give [(u-
H)Ru,(CO)6(u-SCH,>CH,S)]* (12). IR v(CO, CH,Cl):
2145w, 2129s, 2085vs, 2054vs, 2008vs, 1967w, 1942w,
1923w cm~'; '"H NMR (CD,Cly): § 1.97 (m, 2H), 2.45
(m, 2H), —12.98 (s, 1H).

3.9. Protonation of 11

A similar protonation of 11 (0.018 g, 0.022 mmol), as
employed for 10, with tetrafluoroboric acid followed by
usual work-up as mentioned above, afforded [(p-
H)Ru,(CO)6(u-SCH>CH,CH,S)] * (13) as yellow solid
(0.012 g, 62%). IR v(CO, CH,Cl): 2143w, 2127s,
2085vs, 2054vs, 2008vs, 1967w, 1942w, 1923w, 1909vw
ecm ' 'TH NMR (CD,Cl,): § 2.05 (m, 2H), 2.42 (m, 4H),
—13.92 (s, 1H).

3.10. X-ray crystallography

Crystals of 6 and 7 suitable for X-ray diffraction were
grown from a hexane—CH,Cl, solution of 6 or by
layering an acetone solution with ethanol at —4 °C for
7. Crystallographic data were collected using a FAST
area detector diffractometer and Mo Ka radiation (1 =
0.71069 A) by following previously described procedure
[35]. The unit cell parameters were determined by the
least-square refinement of the diffractometer angles for
250 reflections and the data were corrected for absorp-
tion using DIFABS [36]. The structures were solved by
direct methods (SHELxs-96) [37] and refined on F* by
full-matrix least-squares (SHELXL-97) [38] using all
unique data. All non-hydrogen atoms were anisotropic.
The hydrogen atoms were included in calculated posi-

Table 3
Crystal data and details of data collection and structure refinement®
for 6 and 7-(CH3),CO

6 7
Empirical formula C32H2804P2R11282 C37H2804P2RUZ82,
C2H60
Formula weight 804.74 910.86
Temperature (K) 293(2) 150(2)
Crystal system monoclinic monoclinic
Space group P2,/c P2,/n
a (A) 10.433(2) 8.885(2)
b (A) 17.103(2) 23.834(5)
¢ (A) 18.693(2) 17.775(4)
£ () 104.698(12) 90.56(3)
v (A% 3226.3(6) 3763.9(14)
V4 4 4
Deate (g cm ™ ?) 1.657 1.607
Absorption coefficient 12.00 10.41
(em™")
F(000) 1608 1832
Crystal size (mm) 0.40 x 0.35 x0.30 0.32 x 0.28 x 0.20
0 Range for data 2.02-25.06 2.06-25.12
collection (°)
Index ranges —-9<h <11, —9<h <8,
—18<k <18, —27<k <22,
—22</<21 —17<1<20
Reflections collected 13263 14802
Independent reflections 4844 5880
Rint 0.0400 0.0992
Data/parameters 4844/379 5880/454
Goodness-of-fit on F2 0.964 0.989
Final R indices R, =0.0313, R =0.0476,
[ >20(1)] wR, =0.0693 wR, =0.0797
R indices (all data) R, =0.0443, R, =0.0927,
wR, =0.0714 wR, =0.0876

Largest difference peak ~ 0.888 and —0.360 0.919 and —0.569

and hole (e A*‘?)

2 Details in common: X-radiation, Mo Ka, 4 =0.71069 A; refine-
ment method: full-matrix least-squares on F using all unique data.

tion (riding model). The crystal data and refinement
details are summarised in Table 3.

4. Supplementary material

Atomic coordinates and full tables of bond lengths
and angles have been deposited at the Cambridge
Crystallographic Data Centre, CCDC reference num-
bers 196703 (6) and 196704 (7). Copies of this informa-
tion may be obtained free of charge from The Director,
CCDC, 12 Union Road, Cambridge, CB2 1EZ, UK
(fax: +44-1223-336033; e-mail: deposit@ccdc.cam.ac.uk
or www: http://www.ccdc.cam.ac.uk).
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