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Abstract

The unsaturated cluster [(u-H)Os;(CO)g{Ph,PCH,P(Ph)CsH4}] (2) reacts with elemental selenium at 110 °C to give two
triosmium clusters [Os3(CO);(p3-Se),(p-dppm)] (3), [Os3(CO);(13-CO)(ps-Se)(p-dppm)] (4) and the tetraosmium cubane-like cage
cluster [Os4(CO);o(u3-Se)4(n-dppm)] (5) in 20, 47 and 5% yields, respectively. Treatment of the labile cluster [Os3(CO);o(MeCN),]
with dppmSe at ambient temperature gives the dinuclear compound [Os,(CO)(1-Se)(pn-dppm)] (6) along with 3 and 4 in 13, 24 and
4% yields, respectively, while with dppmSe, at 80 °C it yields 3 and 5 in 27 and 7% yields, respectively, by oxidative transfer of
selenium atoms to the metal center. The reaction of 3 with Me;NO at 80 °C leads to loss of 1 mol of CO and formation of the
condensation derivative [Osg(CO) 2(p3-Se)4(pn-dppm),] (7), containing a central 64-electron butterfly core, in 75% yield. Compound
7 reacts with CO at 98 °C to regenerate 4 by cleavage of the three unsupported metal-metal bonds. In the disubstituted square-
pyramidal selenido cluster, 3, the dppm ligand bridges two bonded osmium atoms whereas in 7 both the dppm ligands bridge the
open osmium-—osmium edges. Treatment of 3 with PPh; in the presence of Me;NO at room temperature gives the phosphine-
substituted compound [Os3(CO)g(113-Se),(n-dppm)(PPh3)] (8) and the dimer 6 in 26 and 20% yields, respectively. The structure of 8 is
comparable with that of 3 from which it is derived by replacing one equatorial carbonyl group with the PPh; ligand. The molecular
structures of the complexes 3, 4, 6, 7 and 8 have been fully elucidated by single-crystal X-ray diffraction studies.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction plays a key role in stabilizing the cluster bonding

network and frequently introduces novel structural

Transition metal clusters containing chalcogenido
ligands have important chemical and structural signifi-
cance, since they can be regarded as discrete molecular
models of extended inorganic solids with novel electro-
nic, magnetic and optical properties and can be used in
cluster growth reactions [1,2]. Furthermore, the combi-
nation of chalcogen elements and transition metals often
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and reactivity features [2,3]. There are numerous exam-
ples of the synthesis and reactivity of simple trinuclear
clusters of iron, ruthenium and osmium and their
monophosphine derivatives containing capping chalco-
genido ligands [4—6]. In contrast, there are few reports
concerning the synthesis and reactivity of diphosphine-
substit uted chalcogenido trimetallic carbonyl clusters.
A simple one-step synthetic methodology for the
monophosphine and diphosphine-substituted selenido
trimetallic compounds of iron and ruthenium has been
developed by exploiting the lability of the P=E bond of
the tertiary phosphine chalcogenides, which allows for
the facile formation of phosphine-substituted chalco-
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genido clusters through oxidative transfer of chalcogen
atoms to low valent metal centers [5—7]. Despite the
synthetic potential of the diphosphine selenides, their
reactions with osmium carbonyl clusters have not thus
far been explored. The simple triosmium selenido
compounds [Os3(CO)q(113-Se),], obtained from the ther-
molysis of [Os5(CO);0(1-SePh),] and [(n-
H),0s3(CO)o(u3-Se)], synthesized from the reaction of
[Os3(CO);,] with elemental selenium at 128 °C were
described in the literature a number of years ago [4d].
Other selenido osmium carbonyl cluster compounds,
such as Os4(CO);2(13-Se), have been prepared by the
reaction of substituted osmium carbonyl cluster com-
pounds with PhSeH, followed by the thermal elimina-
tion of benzene [4e]. However, to our knowledge, little is
known about the phosphine and diphosphine-substi-
tuted derivatives of these selenido osmium carbonyl
cluster compounds.

The chemistry of the bridging dppm triosmium cluster
[Os3(CO)o(n-dppm)] (1) and its orthometallated deri-
vative [(n-H)Os3(CO)g{Ph,PCH,P(Ph)C¢H4}] (2) has
been studied by several groups [8—19] and continues to
be the focus of considerable attention. The interest in
these complexes is due not only to the special ability of
the diphosphine ligand to maintain the structural
integrity of the metal cluster framework during chemical
reactions, but also because of the unsaturated nature of
2, which allows it to react with various small inorganic
and organic molecules such as CO [9], H, [10], PPh; [11],
P(OMe); [11], PPh,H [12], PhC=CPh [13],
[Au(PPh3)|PF¢ [14], HBF,; [14], [Sn{CH(SiMes),},]
[15], EtSH [16], PhSH [16], pySH [17], pymSH [17],
HSCH,CH,SH [18], HSCH,CH,CH,SH [18] and
CH,N, [19] to give many interesting and potentially
useful compounds. We have recently reported [20] the
synthesis and  structural  characterization  of
[Os3(CO)7(13-S)»(n-dppm)] as two separable isomeric
forms from the reaction of [Os3(CO);o(n-dppm)] with
tetramethylthiourea at 110 °C.

We report here the results of our investigation on the
reactivity of the unsaturated triosmium cluster 2 with
elemental selenium and the labile triosmium cluster
[Os3(CO);o(MeCN),] with dppmSe and dppmSe,. Of
particular interest is the establishment of the viability of
the synthesis of triply bridging selenido triosmium
clusters containing the bridging dppm ligand and the
exploration of their derivative chemistry. These com-
pounds are believed to be the first examples of osmium
clusters containing bridging dppm and selenium ligands
to be structurally characterized.

2. Experimental

All reactions were routinely performed under a
nitrogen atmosphere using standard Schlenk techniques

unless specified otherwise. Reagent grade solvents were
dried and distilled prior to use by standard methods.
Black selenium, triphenylphosphine and dppm were
purchased from Aldrich and used as received. Infrared
spectra were recorded on a Shimadzu FTIR 8101
spectrophotometer. 'H- and *'P{'H}-NMR spectra
were recorded on a Bruker DPX 400 spectrometer.
The elemental analysis was performed at the Micro-
analytical Laboratory of the Chemistry Department at
the University College London. The compounds [(p-
H)Os(CO)s{Ph,PCH.P(PR)CGHAY  [14] (),
[0s5(CO)19(MeCN)>] [21], dppmSe [22] and dppmSe,
[22] were prepared according to literature procedures.

2.1. Reaction of [(u-
H)Os3(CO)g{Ph,PCH,P(Ph)CsH4}] (2) with
elemental selenium

To a toluene solution (20 ml) of 2 (0.102 g, 0.087
mmol) was added elemental black selenium (0.015 g,
0.190 mmol) and the reaction mixture was heated to
reflux for 1.5 h during which time analytical TLC
indicated complete consumption of 2. The solvent was
removed under reduced pressure and the residue was
chromatographed by TLC on silica gel. Elution with
hexane/CH,Cl, (3:1, v/v) produced three bands. The
faster-moving band afforded [Os3(CO);(p3-Se),(p-
dppm)] (3) (0.023 g, 20%) as orange crystals after
recrystallization from hexane/CH,Cl, at 20°C. IR
(vCO, CH,Cly): 2067 vs, 2000 vs, 1985 sh, 1944 s
em~'; '"H-NMR (CDCly): § 7.80 (m, 2H), 7.41 (m,
13H), 7.13 (m, 1H), 7.05 (m, 2H), 6.74 (m, 2H), 5.93 (m,
1H), 3.93 (m, 1H) ppm; *'P{'H}-NMR (CDCls): §
—7.6 (d, J=92.4 Hz), —23.1 (d, /=924 Hz) ppm;
mass spectrum: m/z 1310. Anal. Calc. for
C32H2207OS3P2S62: C, 2936, H, 170, P, 4.73. Found:
C, 29.48; H, 1.82; P, 4.91%.

The second band gave [Os3(CO);(p3-CO)(p3-Se)(p-
dppm)] (4)-CH,Cl, (0.055 g, 47%) as yellow crystals
from hexane/CH,Cl, at —4 °C by slow evaporation of
the solvents. IR (vCO, CH,Cl,): 2071 s, 2016 vs, 1995 s,
1960 m cm~'; IR (vCO, KBr): 1734 s cm ™~ '; "TH-NMR
(CDCl3): 6 7.63 (m, 4H), 7.41 (m, 4H), 7.26 (m, 4H),
7.18 (m, 4H), 5.27 (m, 1H), 3.41 (m, 1H) ppm; *'P{'H}-
NMR (CDCls): 6 —21.2(s) ppm; mass spectrum: m/z
1258. Anal. Calc. for C54H,4Cl1,040s5P,Se: C, 30.41; H,
1.80; P, 4.61. Found: C, 30.58; H, 1.93; P, 4.85%. The
third band afforded [Os4(CO)io(ps-Se)s(n-dppm)] (5)
(0.008 g, 5%) as yellow crystals from hexane/CH,Cl,
at —4°C. IR (vCO, CH,Cly): 2091 m, 2075 s, 2017 s,
1992 vs, 1948 m cm ~ !; 'TH-NMR (CD,CL): § 7.36 (m,
20H), 4.07 (t, 2H, J=11.6 Hz) ppm; *'P{'H}-NMR
(CD»Cl,): 6 —7.4(s) ppm; mass spectrum: m/z 1740.
Anal. Calc. for C35H,,0,900s4P>Seq: C, 24.14; H, 1.28; P,
3.56. Found: C, 24.32; H, 1.45; P, 3.72%.
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2.2. Reaction of [Os;(CO);9( MeCN )] with dppmSe

To a dichloromethane solution (30 ml) of
[Os3(CO)19o(MeCN),] (0.225 g, 0.241 mmol) was added
dppmSe (0.168 g, 0.363 mmol) and the reaction mixture
was stirred at room temperature for 48 h. The solvent
was removed under reduced pressure and the residue
was chromatographed by TLC on silica gel. Elution
with hexane/acetone (3:2, v/v) developed three major
and several very minor bands. The faster moving yellow
band gave [Os,(CO)q(p-Se)(p-dppm)] (6) (0.032 g, 13%)
as yellow crystals after recrystallization from hexane/
CH,Cl, at room temperature. IR (vCO, CH,Cl,): 2098
w, 2073 vs, 2035 vs, 1998 m, 1977 w, 1963 m cm ™~ '; 'H-
NMR (CDCl3): 6 7.43 (m, 20H), 4.95 (m, 1H), 3.36 (m,
1H) ppm; methylene signals are “apparent quartets” due
to overlapping triplets. *'P{'H}-NMR (CDCls): ¢
—23.6(s) ppm; mass spectrum: m/z 1012. Anal. Calc.
for C31H,,040s,P>Se: C, 36.80; H, 2.20; P, 6.12. Found:
C, 36.92; H, 2.35; P, 6.12%. The second band gave 3
(0.0075 g, 24%) while the third band yielded 4 (0.013 g,
4%). Each of the minor bands gave a small amount of
unidentified product.

2.3. Reaction of [Os3(CO)9o( MeCN ),] with dppmSe,

A benzene solution (100 ml) of [Os3(CO);9(MeCN),]
(0.205 g, 0.220 mmol) and dppmSe, (0.196 g, 0.361
mmol) was heated to reflux for 2 h. The solvent was
removed under reduced pressure and the residue was
chromatographed by TLC on silica gel. Elution with
hexane/CH,Cl, (7:3, v/v) developed two bands. The first
band yielded 3 (0.079 g, 27%), while the second band
afforded 5 (0.016 g, 7%) as orange crystals after
recrystallization from hexane/CH,Cl, at room tempera-
ture.

2.4. Reaction of 3 with Me3NO

A toluene solution (30 ml) of 3 (0.126 g, 0.096 mmol)
and anhydrous Me;NO (0.011 g, 0.146 mmol) was
heated at 80 °C for 20 min during which time the color
changed from orange to green. The reaction solution
was filtered through a short silica gel column to remove
excess anhydrous Me;NO. The solvent was removed
under reduced pressure and the residue was chromato-
graphed by TLC on silica gel. Elution with hexane/
CH,Cl, (3:2, v/v) developed a green band which
afforded [Os6(CO)12(p3-Se)a(n-dppm)o] (7) (0.093 g,
75%), as green crystals after recrystallization from
heptane/CH,Cl, at room temperature. IR (vCO,
CH,Cl) 2031 w, 2015 vs, 1981 s, 1950 s, 1894 w
em~'; "TH-NMR (CDCls): § 7.29 (m, 40H), 4.28 (t,
4H) ppm; *'P{IH}-NMR (CD,CL): 6 —10.92 (d, J =
15.6), —11.11 (d, J=17.2) ppm; mass spectrum: m/z

2562. Anal. Calc. for CsH4401,0s6P4sSes: C, 29.06; H,
1.73; P, 4.84. Found: C, 29.35; H, 1.27, P, 4.96%.

2.5. Reaction of 3 with PPh; in presence of Me3;NO

To a dichloromethane solution of 3 (0.045 g, 0.034
mmol) and PPhs (0.018 g, 0.068 mmol) was added
dropwise a solution of anhydrous Me;NO (0.005 g,
0.067 mmol) in the same solvent (10 ml) over a period of
10 min. The reaction mixture was stirred at room
temperature for 3 h during which time analytical TLC
indicated complete consumption of 3. Work-up fol-
lowed by chromatographic separation as above devel-
oped two bands. The yellow band yielded [Os3(CO)g(p3-
Se),(u-dppm)(PPh3)] (8) (0.014 g, 26%) as yellow
crystals after recrystallization from hexane/CH,Cl, at
4 °C. IR (vCO, CH,Cl,) 2014 s, 1989 vs, 1941 vs, 1928 m
cm~'; "TH-NMR (CD,Cl,): § 7.31 (m, 20H), 5.36 (q, 1H,
J=11.4 Hz), 3.81 (q, 1H, J=11.2 Hz) ppm; *'P{1H}-
NMR (CD,Cl,): ¢ 13.1(s), —6.8 (d, J =40.0 Hz), —19.1
(d, J=40.0 Hz) ppm; mass spectrum: m/z 1542. Anal.
Calc. for C4H37060s3P3Se,: C, 38.13; H, 2.42; P, 6.02.
Found: C, 38.27; H, 2.52; P, 6.15%. The green band
afforded 7 (0.009 g, 20%).

2.6. Reaction of 7 with CO

Carbon monoxide gas was bubbled through a reflux-
ing heptane solution (30 ml) of 7 (0.015 g, 0.006 mmol)
for 3 h. The color changed from green to yellow. The
solvent was removed under reduced pressure and the
residue was chromatographed by TLC on silica gel.
Elution with hexane/CH,Cl, (3:1, v/v) gave a single
band which afforded 3 (0.012 g, 80%).

2.7. Attempted reaction of 1 with elemental selenium

To a toluene solution of 1 (0.0026 g, 0.021 mmol) was
added black selenium (0.004 g, 0.051 mmol) and the
reaction mixture was heated to reflux for 3 h. Usual
work-up followed by chromatographic separation af-
forded several very minor bands each of which afforded
very small amount of intractable material.

2.8. X-ray structural determination of 4 and 6

Crystallographic and other experimental data are
summarized in Table 1. Crystallographic data were
collected at 120 K, using a Bruker-Nonius CCD area
detector diffractometer and Mo—Kao radiation (4=
0.71073 A). Data collection and processing were carried
out using the programs coLLECT [23] and DENZzO [24].
Empirical absorption corrections were applied to the
data sets using multiple and symmetry-related data
measurements via the program SORTAV [25,26]. The
unit cells were indexed from all observed reflections in a
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Table 1
Crystallographic data for 3, 4, 6, 7 and 8
3 4.CH,Cl, 6 7 8
Empirical formula C32H2207OS3P2S62 C33H2208053P286 C3|H2206052P256 C62H44C]0012056P4SC3 C48H3506OS3P3S62
Formula weight 1308.96 1342.93 1011.79 2482.93 1529.19
Temperature (K) 293(2) 120(2) 150(2) 293(2) 293(2)
Wavelength (A) 0.71073 0.71073 0.71073 0.71073 0.71073
Crystal system Triclinic Triclinic Monoclinic Monoclinic Monoclinic
Space group P1 P1 C2e P2i/c P2i/n
Unit cell
dimensions
a (A) 10.1870(10) 9.07250(10) 22.6088(2) 18.234(8) 14.736(3)
b (A) 11.1430(10) 10.70790(10) 12.44590(10) 19.37(2) 12.301(4)
¢ (A) 17.873(2) 19.0488(3) 24.2228(3) 20.396(10) 26.897(7)
o (%) 74.580(10) 86.4630(10) 90 90.01(7) 90
B () 84.660(10) 86.5990(10) 115.7778(6) 75.21(3) 98.61(2)
7 (%) 64.400(10) 81.5570(10) 90 90.03(5) 90
v (A% 1763.2(3) 1824.63(4) 6137.70(11) 6964(9) 4821(2)
V4 2 2 8 4 4
Absorption coeffi- 12.982 11.701 9.606 12.619 9.544

cient (cm 1)
Crystal size (mm®)
Reflections
collected
Independent
reflections
Refinement
method
Goodness-of-fit on
2

Final R indices

[l >20(I)]

R indices (all data)

0.20 x 0.25 x 0.30
4014

3270 [Rine = 0.0240]

Full-matrix least-
squares on F*
1.089

R; =0.0353,
wR, =0.0909
R, =0.0382,
wR, =0.936

0.45 x 0.16 x 0.16
22402

6399 [Rin = 0.1223]

Full-matrix least-
squares on F2
0.957

R; =0.0742,
wR, =0.1634
R, =0.0782,
wR, =0.1669

0.25 x 0.08 x 0.06
42205

7013 [Rin = 0.0472]

Full-matrix least-
squares on P

0.163 x 0.09 x 0.06
3604

2807 [Rin, = 0.0822]

Full-matrix least-squares
on F*

0.34 x0.17 x 0.13
3174

2295 [Rin, = 0.0659]

Full-matrix least-
squares on P

1.072 1.065 1.104

R; =0.0252, R; =0.0677, R; =0.0621,
wR, =0.0550 wR, =0.1601 wR, =0.1575
R, =0.0315, Ry =0.1093, R, =0.0766,
wR, =0.0575 wR, =0.1844 wR, =0.1762

R, =Z||F,| = |F|I/ZIF,|, wR,=[Z[w(F2 — F2)/Z[w(F2)’]"?,
6 -range of 10° and refined using the entire data sets. The
structures were solved by direct methods (SHELXS-97)
[27] and refined on F* by full-matrix least-squares
(SHELXL-97) [28] using all unique data. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms
were included in calculated positions (riding model) with
Uiso set at 1.2 times the Ugq of the parent atom. Selected
bond lengths and angles for 4 and 6 are given in Tables 3
and 4, respectively.

2.9. X-ray structural determination of 3, 7 and 8

Crystallographic and other experimental data are
summarized in Table 1. Crystallographic data were
collected at 296 K, using a Bruker P4 diffractometer
with Mo—Ka radiation (1 =0.71073 A). Data collection
and processing were carried out using xscaNs [29]. The
unit cells were indexed on low angle reflections and
refined from 25 reflections in a @-range of 12°—13°. The
structures were solved by direct methods (SHELXS-97)
[27] and refined on F* by full-matrix least-squares
(SHELXL-97) [28], utilized as incorporated in the WINGX
[30] program package using all unique data. All non-

w=1/[c*(F2) + (a, P)* + a,P] where P=(F2+F2)/3.

hydrogen atoms for 3 were refined anisotropically.
Carbon atoms for 7 and 8 were refined isotropically,
with all other atoms refined anisotropically. Hydrogen
atoms were included in calculated positions (riding
model) with U, set at 1.2 times the U,q of the parent
atom. Selected bond lengths and angles for 3 and 7 and
8 are given in Tables 2, 5 and 6, respectively.

3. Results and discussion

The 46 electron cluster [(u-H)Os3(CO)g{Ph,PCH,-
P(Ph)C¢H4}] (2) reacts with elemental selenium at
80 °C to give, after chromatographic separation, two
triosmium clusters and one tetraosmium cluster,
[0s3(CO)7(k3-Se)o(p-dppm)] (3), [Os3(CO)7(n3-CO) (-
Se)(n- dppm)] (4) and [Os4(CO)1o(p3-Se)a(n-dppm)] (5)
in 20, 47 and 5% yields, respectively (Scheme 1).
Compound 3 has been characterized by a combination
of infrared, 'H- and *'P{'"H}-NMR spectroscopies,
FAB mass spectrometry, elemental analysis and a
single-crystal X-ray diffraction study. The molecular
structure of 3 is shown in Fig. 1, and selected bond
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Scheme 1.

Fig. 1. Molecular structure of [Os3(CO)7(u3-Se)-(p-dppm)] (3).

distances and angles are collected in Table 2. The
molecule consists of an open cluster of three metal
atoms with two metal-metal bonds and seven linear
terminal carbonyl ligands. Two osmium atoms, Os(1)
and Os(2), are each bound to two terminal carbonyls
and to a phosphorus atom from the dppm ligand; Os(3)
is bound to three terminal carbonyls. The osmium-
osmium bonding distances in 3 are Os(1)-Os(3) =
2.8330(7) A and Os(1)-Os2 =2.8742(7) A, similar to
the average Os—Os distances observed in [Os;(CO);5]
{2.877(3) A} [31]. The corresponding distances in 1 are
2.7910(11) and 2.8412(12) A [20]. The non-bonding
osmium—osmium distance {Os(2)-Os(3) =3.812 A} is
significantly longer than that observed in [Os3(CO)o (13-
S)2] {3.662(1) A} [32], [Os3(CO)o(p3-Se)o] {3.718 A} [33]
and [Os3(CO)g(13-S)-(CS)] {3.644 A} [32]. This observa-
tion is consistent with the argument that the substitution
of carbonyls with more weakly m-acidic phosphine

Table 2
Selected interatomic distances (A) and angles (°) for 3

Interatomic distances

s(1)-0s(2) 2.8742(7)
Os(1)-0s(3) 2.8330(7)
Os(1)-Se(1) 2.5404(13)
Os(1)-Se(2) 2.5757(13)
Os(2)-Se(1) 2.4773(13)
0s(2)-Se(2) 2.5277(12)
Os(3)-Se(1) 2.4987(14)
0s(3)-Se(2) 2.5264(12)
Os(1)-P(2) 2.313(3)
0s2-P(1) 2.356(3)
0s(2)-0s(3) 3.812
Se(1)-Se(2) 3.246
0Os—C(CO) (average) 1.89(2)
C-0 (average) 1.13(2)
P-C (average) 1.84(2)
Interatomic angles

Se(1)—Os(1)-Se(2) 74.75(4)
Se(1)—Os(1)-Se(3) 55.10(3)
Se(2)—O0s(1)-Se(3) 55.45(3)
P(2)-0s(1)-0s(2) 81.35(7)
Se(1)-0s(1)-0s(2) 54.03(3)
Se(2)—0s(1)-0s(2) 54.93(3)
0Os(3)-0s(1)-0s(2) 83.80(2)
P(1)-0s(2)-Se(1) 153.96(8)
P(1)-0s(2)—Se(2) 85.65(8)
Se(1)—0s(2)-Se(2) 80.85(4)
P(1)-0s(2)-0s(1) 97.92(7)
Se(1)-0s(2)-0s(1) 56.09(3)
Se(2)-0s(2)-0s(1) 56.09(3)
Se(1)—0s(3)-Se(2) 80.46(4)
Se(1)-0s(3)-0s(1) 56.49(3)
Se(2)—0s(3)-0s(1) 57.11(3)
Os(3)-Se(2)-0s(2) 97.90(4)
0s(3)-Se(2)-0s(1) 67.45(3)
Os(2)-Se(2)-0s(1) 68.55(3)
0s(2)-Se(1)-0s(1) 69.88(3)
Os(3)-Se(1)-0s(1) 68.41(3)

ligands results in an increase in electron density at the
metal centers increasing electron—electron repulsion
between the non-bonded osmium atoms [34,35]. Alter-
natively, the expansion of the cluster could be explained
on the basis of steric interactions. In this case, the
substitution of a bulky ligand for a less bulky one would
also result in an increase in the non-bonded Os—Os
distance [36]. In this cluster, there are two triply bridging
(non-bonded) selenium atoms (the separation between
these atoms is 3.246 A) and one doubly bridging dppm
ligand. In contrast, in [Fe;(CO),(u3-Se),(p-dppm)] [7b],
[Fe3(CO)7(us-Se)a(n-dppe)]  [7b],  [Fes(CO)7(n3-Se)a(p-
dppfc)]  [7b],  [Rus(CO)s(ps-Se)x(n-dppm)]  [7c],
[Ru3(CO)7(n3-Se)x(n-dppa)]  [3a] and  [Ru;z(CO)7(u3-
Se)>(pu-dppe)] [7d] the bidentate phosphine ligand
bridges the two basal metal atoms in the axial positions;
the dppm ligand in 3 bridges one of the bonded pair of
osmium atoms, Os(l) and Os(3). The Os(2)-P(1)
distance {2.356(3) A, equatorial, transoid to Se} is
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significantly longer than the Os(1)-P(2) distance
{2.313(3) A, axial, transoid to Os}. This observation is
consistent with that suggested by Tiripicchio et al. in
which the M-P interaction in the 50-electron M3;S,
nido-clusters experiences a trans stabilizing effect [7d].
The structure can be envisaged as a square-pyramidal
Os3Se, core with two Os atoms and the Se atoms
alternating in the basal positions and third osmium
atom at the apex of the pyramid. The Os—Se distances to
the central seven coordinated metal atom Os(1), {Os(1)—
Se(1) =2.5404(13) A and Os(1)-Se(2) =2.5707(13) A}
are significantly longer than those to the external six-
coordinate metal atoms Os(2) and Os(3) {Os(2)-
Se(1) =2.4773(13), Os(2)-Se(2) =2.5277(12), Os(3)—
(1) =2.4987(14), Os(3)-Se(2) = 2.5264(12) A}. A similar
structural feature has also been observed for the
unsubstituted selenium  and  sulfur  analogs
[Os3(CO)o(13-S)2] [32] and [Os3(CO)g(p3-Se)s] [33].

The spectroscopic data of 3 are consistent with the
solid-state structure. The mass spectrum of 3 confirms
the formula [Os3(CO);(pu3-Se),(n-dppm)], exhibiting the
molecular ion peak at m/z 1308 and peaks due to the
sequential loss of seven carbonyl groups. The infrared
spectrum of 3 exhibits peaks at 2067 vs, 2000 vs, 1985 sh,
1944 s and 1869 w cm !, indicating the presence of only
terminally bonded carbonyls. The *'P{'H}-NMR spec-
trum of 3 in CDCl; shows two doublets at 6 —7.6 (d,
J= 924 Hz) and —23.1 (d, /= 92.4 Hz) ppm. This
implies the presence of only one isomer with the
phosphorus nuclei in inequivalent environments. The
"H-NMR spectrum shows two multiplets at 6 3.93 and
5.93 ppm for the methylene protons and a series of well-
separated multiplets centered at § 6.74, 7.05, 7.13, 7.41
and 7.80 ppm with a relative intensity ratio of 2:2:1:13:2,
respectively, for the phenyl protons of the dppm ligand.

The cluster 4 has been characterized from IR, 'H-,
3'P{'"H}-NMR and mass spectroscopic data as well as
by single-crystal X-ray diffraction studies. The infrared
spectrum in the carbonyl stretching region consists of
bands typical of terminal carbonyls, and one strong
band at 1734 cm ' consistent with the triply bridging
carbonyl ligand. The molecular structure of 4 is shown
in Fig. 2 and selected bond distances and angles are
listed in Table 3. Compound 4 consists of a triangular
cluster of three mutually bonded osmium atoms with
seven terminal carbonyls and a triply bridging carbonyl
ligand, a triply bridging selenido ligand and a bridging
dppm ligand. The geometry of the Os3Se core in which
an isosceles triangle of osmium atoms is symmetrically
capped by the Se atom {Os(2)-Se(1)=2.5221(13) A,
Os(1)-Se(1)=2.5123(14) A and  Os(3)-Se(l) =
2.5302(15) A} can be described as tetrahedral. In
contrast, the triply bridging carbonyl ligand is bonded
asymmetrically to the Os; triangle {Os(1)-C(1)=
2.221(15) A, 0s(3)-C(1)=2.160(14) A and Os(2)-
C(1)=2.190(13) A}. The Os(1)-Os(2) and Os(1)—

Fig. 2. Molecular structure of [Os3(CO);(13-CO)(ps-Se)(n-dppm)] (4).

Os(3) edges are of comparable length {2.8442(7) and
2.8556(8) A, respectively}  whereas  Os(2)—0s(3)
{2.8274(8) A} is slightly shorter. All three Os—Os
distances are shorter than that in the parent carbonyl
complex [Os3(CO);5] {2.877(3) A} [31]. The triply
bridging selenido and the carbonyl ligands lie on
opposite sides of the Os; triangle resulting in a trigonal
bipyramidal geometry for the Os3(Se)(CO) core. The
dppm ligand bridges the shortest Os(2)—0s(3) edge of
the triangle. Of the seven terminal carbonyl ligands two
bonded to each of Os(2) and Os(3) and three to Os(1).
The Os—P bond distances in 4 {Os(2)-P(1) = 2.342(3) A
and Os(3)-P(2) =2.326(3) A} are comparable with the
corresponding distances in 1 {2.332(3) and 2.312(3) A}
[37]. The compound contains 48 wvalence electrons,
consistent with three metal-metal bonds. Overall, the
structure of 4 is similar to that of the sulfur analog
[0s53(CO)7(13-CO)(13-S)(u-dppm)], synthesized from the
reaction of 1 with thiourea [20].

The tetranuclear cluster 5 is probably formed either
by the self-assembly of two dinuclear Os,Se, groups,
derived from 3 by loss of a mononuclear metal fragment
or by addition of an Os(CO),, fragment to 3 along with
addition of two further Se atoms. The latter scenario is
consistent with the observation that there is only a single
diphosphine ligand in the complex. The structural
assignment for 5 is based primarily on infrared spectro-
scopic data. The infrared spectrum of 5 exhibits bands at
2091 s, 2075 s, 2017 vs, 1992 w and 1948 w cm !, which
are characteristic of terminal carbonyl ligands. No
bands are observed in the 1700—1900 cm ' region,
indicating that no bridging carbonyls are present in the
complex. This structural assignment is supported by
comparison with v(CO) the frequencies observed for the
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Table 3
Selected interatomic distances (A) and angles (°) for 4

Interatomic distances

Os(1)-0s(2) 2.8442(7)
0Os(2)-0s(3) 2.8274(8)
Os(1)-0s(3) 2.8556(8)
Os(2)—Se(1) 2.5221(13)
Os(1)—Se(1) 2.5123(14)
Os(3)—Se(1) 2.5302(15)
Os(1)-C(1) 2.221(15)
Os(3)-C(1) 2.160(14)
Os(2)-C(1) 2.190(13)
Os(2)-P(1) 2.342(3)
Os(3)-P(2) 2.326(3)
Os—C(terminal) (average) 1.91(2)
C-O (average) 1.14(2)
P-C (average) 1.82(2)
Interatomic angles

Os(1)-Se(1)-0s(3) 69.07(3)
Os(1)—Se(1)-0s(2) 68.88(3)
Os(2)-Se(1)-0s(3) 68.16(3)
O(1)-C(1)-0s(2) 133.0(9)
O(1)-C(1)-0s(1) 129.2(9)
O(1)-C(1)-0s(1) 80.5(4)
O(1)-C(1)-0s(3) 131.9(9)
Os(3)-C(1)-0s(2) 81.3(4)
Os(3)-C(1)-0s(1) 81.4(4)
C(2)-0s(1)-Se(1) 94.6(4)
C(3)-0s(1)-Se(1) 94.3(4)
C(7)-0s(2)-Se(1) 166.4(4)
P(1)-0s(2)—Se(1) 87.80(8)
C(5)-0s(3)-Se(1) 172.4(4)
C(1)-0s(3)-Se(1) 91.1(3)
C(4)-0Os(1)-Se(1) 170.7(4)
C(1)-0s(1)-Se(1) 90.2(3)
C(8)-0s(2)-Se(1) 101.3(4)
C(1)-0s(2)-Se(1) 90.9(3)
C(6)-0s(3)—Se(1) 91.3(4)
P(2)-0s(3)-Se(1) 94.01(8)
0Os(2)-0s(1)-0s(3) 59.490(16)
0s(3)—-0s(2)-0s(1) 60.460(16)
Os(2)-0s(3)-0s(1) 60.050(16)
Se(1)—0s(1)-0s(2) 55.72(3)
Se(1)-0s(1)-0s(1) 55.40(3)
Se(1)—0s(3)-0s(2) 55.78(3)
Se(1)-0s(1)-0s(3) 55.76(3)
Se(1)-0s(2)-0s(3) 56.06(3)
Se(1)-0s(3)-0s(2) 55.17(3)
P(1)-0s(2)-0s(3) 95.57(8)
P(2)-0s(3)-0s(2) 89.77(8)

ruthenium analog, [Ru4(CO);o(u3-Se)4(n-dppm)] which
was synthesized by Predieri et al., from the reaction of
[Ru3(CO);,] with dppmSe in the presence of MesNO at
110 °C and unambiguously characterized by single-
crystal X-ray diffraction studies [7a]. The FAB mass
spectrum of 5 exhibits the molecular ion peak at m/z
1740 followed by sequential loss of 10 carbonyl ligands.
This typical fragmentation pattern suggests that 5 is a
decacarbonyl tetraosmium complex. The *'P{'"H}-NMR
spectrum contains a singlet at 6 —7.4 ppm indicating
equivalent *'P nuclei. Consistent with this, the "H-NMR

spectrum of 5 in the aliphatic region contains a triplet at
0 4.07 ppm indicating that the two phosphorus atoms
and the two methylene hydrogen atoms of the bridging
dppm ligand are equivalent. All of the spectroscopic
data for 5 are very similar to those of the corresponding
ruthenium analog [Ruy(CO);o(u3-Se)s(n-dppm),] [7a],
indicating that they are isostructural. Compound 5
could not be characterized structurally by X-ray diffrac-
tion due to the lack of X-ray quality crystals.
Treatment of [Os3(CO);o(MeCN),] with dppmSe at
room temperature leads to the formation of the di-
nuclear compound [Os,(CO)g(p-Se)(n-dppm)] [8] and
the trinuclear compounds 3 and 4 (Scheme 2) in 13, 24
and 4% yields, respectively. Minor uncharacterized
products were also obtained. The dinuclear compound
is probably produced by decomposition of the Os;Se
core in 4 through an inner reduction—oxidation process.
Compound 6 was initially characterized by elemental
analysis, IR, "H-NMR, *'P{'"H}-NMR and mass spec-
troscopic data. The infrared spectrum of 6 exhibits
bands at 2073 vs, 2035 vs, 1998 m, 1977 w and 1963 m
cm ', indicating that all the CO groups are terminally
bonded. The mass spectrum contains a parent ion at m/
z 1012 and in addition stepwise loss of six carbonyl
groups has been observed. The "H-NMR spectrum
contains two multiplets centered at 6 4.95 and 3.36
ppm due to the methylene protons and a multiplet
centered at 0 7.43 ppm for phenyl protons of the dppm
ligand. The *'P{'H}-NMR shows a singlet at § —19.7
ppm, indicating that the *'P nuclei are equivalent. In
spite of this apparent equivalency, the number of
carbonyl stretching frequencies observed in CH,Cl,
presents the possibility of isomers in solution in which
the dppm ligand adopts “up” and “down” conforma-
tions. It is likely that the isomers interconvert more
rapidly than can be detected on the NMR time scale.
The structure of 6 has been confirmed by single-crystal
X-ray diffraction studies; its molecular structure is
shown in Fig. 3 and selected bond distances and bond
angles are presented in Table 4. The compound consists
of two osmium atoms with six linear terminal carbonyl
ligands, three bonded to each osmium atom, one doubly
bridging selenido ligand and a bridging dppm ligand.
The Os(1)-Os(2) bond length is 2.8933(2) A, which is
slightly longer than that found in [Os;(CO);,] {2.877(3)
A} [31]. The Os(1)-Se(1) and Os(2)-Se(1) bond dis-
tances of 2.5471(4) and 2.518(4) A are comparable to the
Os—Se bond distances in 3, 4 and other triosmium

Se

co 4-—--05 CO)3+ 3 +
[Os(CO)1o(MeCN);] +dppmSeM( )of 3s(CO) + 3 + 4
25°C Pth\ /Pth

CH3

6

Scheme 2.
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Fig. 3. Molecular structure of [Osy(CO)s(p-Se)(n-dppm)] (6).

Table 4
Selected interatomic distances (A) and angles (°) for 6

Interatomic distances

Os(1)-0s(2) 2.8933(2)
Os(1)—Se(1) 2.5471(4)
Os(2)—Se(1) 2.5418(4)
Os(2)-P(1) 2.4041(9)
Os(1)-P(2) 1.4004(9)
Os(1)-C(1) 1.906(4)
Os(1)-C(3) 1.932(4)
Os(2)—C(6) 1.899(4)
Os(2)-C(5) 1.908(4)
Os(2)-C(4) 1.933(4)
Os(1)-C(2) 1.917(5)
C-0 (average) 1.13(2)
P-C (average) 1.83(1)
Interatomic angles

Se(1)-0s(1)-0s(2) 55.265(9)
P(1)-0s(2)-0s(1) 69.297(10)
Se(2)—0s(2)-0s(1) 55.438(9)
Os(2)—Se(1)-0s(1) 69.297(10)
P(2)-0s(1)—Se(1) 90.51(2)
P(2)-0s(1)-0s(2) 88.90(2)
Se(1)-0s(2)-0s(1) 55.438(9)

compounds containing bridging selenido ligands 38. The
dppm ligand bridges two osmium atoms in the axial
position and the Os—P bond distances {Os(1)-P(2) =
2.4004(9) A and Os(2)-P(1) =2.4041(9) A} are signifi-
cantly longer than those found in [Os3(CO)7(p3-S)>(p-
dppm)] (3), {Os(1)~P(1) =2.286(3) A and Os(2)-P(2) =
2.302(3) A}. The doubly bridging selenido ligand
donates two electrons and the bridging dppm ligand
donates four electrons to make 6 a 34 electron valence-
saturated bimetallic compound. In contrast, the reaction

of [Os3(CO);9o(MeCN),] with dppmSe, at 80 °C is quite
selective giving 3 and 5 in 27 and 7% yields, respectively.

The triply bridging chalcogenido ligands with lone
pairs of electrons have been considered to be ideal
species for cluster growth reactions. These ligands
facilitate the formation of higher nuclearity clusters by
using the lone pair of electrons to form coordinative
interactions to electron-deficient metal groupings. Of
the chalcogen elements, the triply bridging sulfido ligand
has been extensively used for the purpose of cluster
growth reactions [2]. The much larger tellurido ligand
has also been shown to stabilize triangular and square
arrays of metal atoms [3b,39]. In comparison, few
studies have been performed using the capping selenido
ligand for cluster growth reactions [7¢c]. By analogy with
the formation of [Os¢(CO);6(13-S)4] [30] by photolysis of
[Os3(CO)o(3-S)2]  and  [Rug(CO)1a(p3-Se)a(p-dppm);]
[7c] by the reaction of [Ru3(CO);(p-Se),(n-dppm)] with
Me3;NO at 110 °C, it was considered that the reaction of
3 with Mes;NO might give the corresponding hexa-
nuclear compound [Osg(CO);5(p3-Se)4(n-dppm),]. As
expected, treatment of 3 with Me3;NO in toluene at
80 °C affords the novel cluster [Os3(CO)g(p3-Se)o(p-
dppm)], [9] (Scheme 3) as green crystals in 50% yield.
Compound 7 has been characterized both spectroscopi-
cally and by single-crystal X-ray diffraction studies. The
solid-state structure of 7 is shown in Fig. 4 and selected
bond distances and angles are collected in Table 5. The
compound is believed to be formed by condensation of
two [0s3(CO)e(p3-Se)>(u-dppm)] units formed by the
loss of a carbonyl ligand from 3. An intriguing
structural feature of 7 is that, in contrast to 3 in which
the dppm ligand bridges one of the bonding Os—Os
edges, both the dppm ligands span the open osmium-—
osmium edges with two phosphorus atoms occupying
equatorial sites on two metal atoms. The molecule may
be viewed as an extended array of six osmium atoms
with four triply bridging selenido ligands, two bridging
dppm ligands and twelve terminal carbonyl ligands, two
terminally coordinated to each osmium atom. The
internuclear separations in the core of the cluster span
a range and suggest the existence of seven metal-metal
bonds. The new metal-metal bonds join the two
triosmium diselenido fragments. The central portion of
the molecule adopts the form of a butterfly tetrahedron

CO Ph.
( s)z—P 2

Ph, (CO cg/ X \
/Ji(-o\s)-z---(— \sz\ =e CH>
Me3;NO e\\c/ \‘\\ / /
3 ——— Hg s (-~~~ Os——P
-2c0 \ (CO); (CO), Phy

P—2Os
Ph; (CO);
7

Scheme 3.
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Fig. 4. Molecular structure of [Oss(CO);2(p3-Se)s(n-dppm)] (7).

of four metal atoms, illustrated by Os(2), Os(3), Os(5)
and Os(6). The dihedral angle between the planes
defined by Os(3), Os(5), Os(6) and Os(3), Os(6) and
Os(2) is 140.5°. This value is comparable to the
corresponding dihedral angles in [Osg(CO);6(13-S)4],
{13637} [40] and  [Rue(CO)ia(n3-Se)s(n-dppm),],
{141.1°} [7c]. The two remaining metal atoms are linked
to the central cluster at the “hinge” atoms one to each,
via a metal-metal bond and the bridging selenido
ligands. The shortest metal-metal bonds are those
involving the external metal atoms, Os(3)-Os(4)=
2.841(4) A and Os(1)-Os(6) =2.851(4) A. and the hinge
bond, Os(3)-0s(6) =2.848(4) A. The metal-metal
bonds around the periphery of the central cluster
{0s(2)-0s(6) = 3.042(5), 05(2)-0s(3) =2.982(4),
0s(3)-0s(5) = 3.022(5), Os(5)—0s(6) =2.988(4) A},
are significantly longer. The latter distances are compar-
able to the corresponding osmium—osmium distances in
[Oss(CO)16(113-S)4] [40], ranging from 2.941(1) to
2.973(1) A, whereas the former are longer than the
external metal-metal bond distances in [Osg(CO);6(p3-
S)4], which range from 2.789(1) to 2.792(1) A. The triply
bridging selenido ligands are arranged in pairs along
diametrically opposed edges of the central cluster and
extend to each of the external metal atoms. The Os—Se
distances in 7 {2.472(8)—2.551(8) A} are similar to the
Os-Se distances in 3 {2.4773(13)-2.5757(3) A}. The
short bite of the dppm ligands, with an average P—P
distance of 3.1973 A and an average P-C—P angle of
118°, results in the reduction of the non-bonding Os—Os
separation from 3.812 A in 3 to 3.724 and 3.735 A in 7.
In parallel, the Se—Se distances increase from 3.246 A in
3 to 3.323 and 3.319 A in 7. The Os—P bond distances
are comparable to the corresponding distances in 3. As
has been suggested for [Osg(CO)i6(3-S)s] [40] and
[Rug(CO) o(p3-Se)q(p-dppm),] [7c], cluster 7, with seven
Os—Os interactions, contains two electrons in excess of

the number which formally satisfy the 18 electron rule.
These extra electrons occupy low lying anti-bonding
orbitals of the central Os, core, which correlates well
with the lengthening of the four Os—Os bonds around
periphery of the central cluster.

Spectroscopic data for 7 are consistent with the solid-
state structure. The infrared spectrum of 7 exhibits
bands at 2031 w, 2015 vs, 1981 s, 1950 s and 1894 w
cm !, indicating that all of the CO groups are terminal.
The '"H-NMR spectrum of 7 in CD,Cl, shows a triplet
at 6 4.29 ppm due to equivalent methylene protons, and
a multiplet centered at 6 7.29 ppm due to the phenyl
protons of the dppm ligand. The *'P{'H} spectrum
contains two doublets at singlet at 6 —10.9 and —11.1
ppm, indicating that the *'P nuclei are not equivalent.
The methylene protons appear equivalent at 298 K, but
resolve into two resonances at J 4.56 and 3.88 ppm at
183 K, indicating that the methylene group is fluxional
at ambient temperature. The FAB mass spectrum of 7
exhibits the molecular ion peak at m/z 2562 [MT].

Compound 7 is unusually reactive as exemplified by
its reaction with 1 atm of carbon monoxide at 98 °C to
regenerate 3 by the cleavage of three unsupported
metal-metal bonds.

Treatment of 3 with PPh; in presence of Me;NO as
reaction initiator at ambient temperature afforded the
substitution product [Os3(CO)g(u3-Se),(n-dppm)(PPhj3)]
(8) (Scheme 4) in 26% yield along with the dimer 7 in
20% yield.

Compound 8 has been characterized by elemental
analysis, infrared spectroscopy, 'H-NMR and *'P{'H}-
NMR, as well as by a single-crystal X-ray diffraction
study. The infrared spectrum of 8 shows, by comparison
with that of 3, an expected shift of the v(CO) bands to
lower frequencies consistent with greater back-donation
into the ©* frontier orbitals on CO, due to the increased
electron density on the metal atoms from the PPh;
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Table 5

Selected interatomic distances (A) and angles (°) for 7

Interatomic distances
Se(1)-0s(1)
Se(1)-Os(6)
Se(1)-0s(2)
Se(2)-0s(5)
Se(2)-0s(4)
Se(2)-0s(3)
Se(3)-0s(6)
Se(3)-0s(1)
Se(3)-0s(2)
Se(4)-0s(3)
Se(4)-0s(4)
Se(4)—-0s(5)
P(1)-0s(2)
P(2)-0s(1)
P(3)-0s(5)
P(4)-0s(4)
Os(1)-0s(6)
0s(2)-0s(3)
0s(2)—-0s(6)
0s(3)-0s(4)
0s(3)-0s(6)
0s(3)-0s(5)
0s(5)—0s(6)
Se(2)—Se(4)
Se(1)-Se(3)
0s(5)-0s(4)
0s(2)-0s(1)

Interatomic angles

Os(1)-Se(1)-0s(6)
Os(1)—Se(1)-0s(2)
Os(6)—Se(1)-0s(2)
Os(5)—Se(2)—0s(4)
0s(5)-Se(2)-0s(3)
Os(4)—Se(2)-0s(3)
Os(6)—Se(3)-0s(2)
Os(6)—Se(3)-0s(1)
Os(1)-Se(3)-0s(2)
0s(3)—Se(4)—0s(4)
Os(3)—Se(4)-0s(5)
P(2)—-0Os(1)—Se(1)

Se(3)—-Os(1)—Se(1)
P(2)—0s(1)-0s(6)

Se(3)—-0s(1)-0s(6)
Se(1)—Os(1)—Os(6)
P(1)-0s(2)-Se(3)

P(1)-0s(2)—Se(1)

Se(3)-0s(2)—Se(1)
P(1)-0s(2)-0s(3)

Se(3)-0s(2)-0s(3)
Se(1)-0s(2)-0s(3)
Os(4)—Se(4)—0s(5)
P(2)-Os(1)-Se(3)

Se(1)-0s(2)—0s(6)
Os(3)-0s(2)—0s(6)
Se(4)—0s(3)—Se(2)
Se(4)-0s(3)-0s(4)
Se(2)—0s(3)-0s(4)
Se(4)—0s(3)-0s(6)
Se(2)—0s(3)-0s(6)
Os(4)-0s(3)-0s(6)
Se(4)—0s(3)-0s(2)
Se(2)-0s(3)-0s(2)

2.532(7)
2.539(8)
2.548(8)
2.534(8)
2.531(7)
2.551(8)
2.483(8)
2.516(8)
2.524(7)
2.472(8)
2.509(8)
2.524(7)
2.31(2)
2.31(2)
2.32(2)
2.31(2)
2.851(4)
2.982(4)
3.042(5)
2.841(4)
2.848(4)
3.022(5)
2.998(4)
3.323
3319
3.724
3.735

68.40(19)
94.7(2)
73.5(2)
94.6(2)
72.9(2)
68.0(2)
74.8(2)
69.5(2)
95.7(3)
69.5(2)
74.4(2)
97.5(5)
82.2(2)

139.1(5)
54.69(18)
55.92(18)
91.8(5)
91.5(5)
81.8(2)

172.6(5)
95.5(2)
88.55(19)
95.4(3)
94.9(6)
53.15(19)
56.41(10)
82.8(3)
55.84(18)
55.67(16)

102.6(2)
89.76(18)

138.73(15)

164.6(2)
91.89(19)
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Table 5 (Continued)

0s(4)-0s(3)-0s(2) 131.48(14)
0s(6)-0s(3)-0s(2) 62.85(11)
Se(4)—-0s(3)-0s(5) 53.56(18)
Se(2)—0s(3)-0s(5) 53.28(18)
0s(4)-0s(3)-0s(5) 78.79(12)
0s(6)—-0s(3)-0s(5) 61.34(10)
0s(2)-0s(3)-0s(5) 112.00(13)
P(4)-0s(4)—Se(4) 95.6(5)
P(4)-0s(4)-Se(2) 97.2(5)
Se(4)—Os(4)—Se(2) 82.5(2)
P(4)-0s(4)-0s(3) 139.5(5)
Se(4)—0Os(4)—0s(3) 54.61(18)
Se(2)-0s(4)-0s(3) 56.36(18)
P(3)-0s(5)—Se(4) 91.6(5)
P(3)-C(32)-P(4) 119.04)
P(1)-C(1)-P(2) 117.0(4)
P(1)-0s(2)-0s(6) 128.7(4)
Se(3)—0s(2)—0s(6) 51.97(19)
P(3)-0s(5)-Se(2) 91.2(5)
Se(4)—Os(5)—Se(2) 82.1(2)
P(3)-0s(5)-0s(6) 170.5(5)
Se(4)—0s(5)—0s(6) 97.3(2)
Se(2)—0s(5)-0s(6) 86.80(19)
P(3)-0s(5)-0s(3) 128.7(5)
Se(4)—0s(5)-0s(3) 51.99(19)
Se(2)-0s(5)-0s(3) 53.80(19)
0s(6)—0s(5)-0s(3) 56.47(10)
Se(3)—0s(6)—Se(1) 82.7(2)
Se(3)—0s(6)—0s(3) 99.9(2)
Se(1)-0s(6)—0s(3) 91.74(18)
Se(3)—0s(6)—0s(1) 55.77(19)
Se(1)-0s(6)—0s(1) 55.68(16)
0s(3)-0s(6)-0s(1) 138.75(15)
Se(3)-0s(6)—0s(5) 161.8(2)
Se(1)—0s(6)—0s(5) 94.32(19)
0s(3)-0s(6)-0s(5) 62.20(11)
Os(1)-0s(6)—0s(5) 135.73(14)
Se(3)—0s(6)-0s(2) 53.20(19)
Se(1)—0s(6)-0s(2) 53.40(19)
0s(3)-0s(6)-0s(2) 60.73(10)
Os(1)-0s(6)-0s(2) 78.60(12)
0s(5)-0s(6)-0s(2) 111.01(12)
9% _gre
MesNO e/ N e\fHZ
3 + PPhy —— - T I PPh,
-CO /
(CO)2 I 0s(CO),
PPh;
8
Scheme 4.

ligand, a better o-donor than CO. The 'H-NMR
spectrum of 8 contains two pseudo-quartets centered
at 6 5.36 and 3.81 ppm and a multiplet centered at o
7.31 ppm with a relative intensity ratio of 1:1:35. The
3P{'H}-NMR spectrum contains three resonances of
equal intensity, two doublets at 6 —6.8 and —19.1 (J =
40.0 Hz) ppm and a singlet at 6 13.1 ppm. The doublets
are due to the non-equivalent *'P nuclei of the dppm
ligand, while the singlet is due to the PPh; ligand. These
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NMR data provide strong evidence for the formulation
of 8 as [Os3(CO)g(13-Se)»(u-dppm)(PPhs)]. This formu-
lation of 8 is also clear from its FAB mass spectrum,
which exhibits the molecular ion peak at m/z 1542 as
well ions for formulas corresponding to the sequential
loss of six carbonyl ligands.

The solid-state structure of 8 is shown in Fig. 5 and
selected bond distances and angles are collected in Table
6. The structure consists of an Os; triangle involving two
metal-metal bonds {Os(1)-0s(3) =2.864(2) A and
0s(2)-0s(3) =2.842(2) A} and a non-bonding metal—
metal separation {Os(1)-Os(2) = 3.835 A}. There are six
linear terminal carbonyl ligands, two bonded to each
osmium atom, two triply bridging selenido ligands, a
bridging dppm ligand and a PPh; ligand. The Os(1)-
Os(3) edge containing the bridging dppm ligand is
slightly longer than the edge which is not bridged. The
Os—P bond distances of the dppm ligand in 8 {Os(3)—
P(1) =2.320(9) A and Os(1)-P(2) =2.351(10) A} are
close to those observed in 3. The PPh; ligand is
coordinated to the unbridged osmium atom Os(2) and
the Os(2)-P(3) distance at 2.318(8) A is comparable to
that observed in the related open cluster [Os3(CO)g(p3-
Se),(PMe,Ph)] {2.298(3) A} [4b]. The osmium—selenium
distances to the triply bridging selenido ligands {Os(1)/
0s(2)/0s(3)—Se(1) = 2.474(5)/2.501(3)/2.526(3) A and
0s(1)/0s(2)/0s(3)—Se(2) = 2.545(3)/2.529(5)/2.564(4) A}
are very similar to those in 3. The overall structure of 8
is essentially the same as that of 3, differing only by the
substitution of one of the equatorially positioned
carbonyl ligands by a triphenylphosphine ligand.

Fig. 5. Molecular structure of [Os3(CO)g(p13-Se)>(pn-dppm)(PPh3)] (8).

Table 6
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Selected interatomic distances (A) and angles (°) for 8

Interatomic distances

Se(1)-0s(1) 2.474(5)
Se(1)-0s(2) 2.501(3)
Se(1)-0s(3) 2.526(3)
Se(2)-0s(2) 2.529(5)
Se(2)-0s(1) 2.545(3)
Se(2)-0s(3) 2.564(4)
P(1)-0s(3) 2.320(9)
P(2)-0s(1) 2.351(10)
P(3)-0s(2) 2.318(8)
Os(1)-0s(3) 2.864(2)
0s(2)-0s(3) 2.842(2)
Os(1)-0s(2) 3.835
Se(1)-Se(2) 3.232
P-C (average) 1.81(4)
0Os—C(CO) (average) 1.84(4)
C-O (average) 1.19(3)
Interatomic angles

Os(1)-Se(1)-0s(2) 100.84(15)
Os(1)-Se(1)-0s(3) 69.91(11)
Os(2)-Se(1)-0s(3) 68.85(9)
Os(2)-Se(2)-0s(1) 98.18(13)
0s(2)-Se(2)-0s(3) 67.83(11)
Os(1)-Se(2)-0s(3) 68.19(9)
P(2)-0s(1)-Se(1) 153.8(2)
P(2)-0s(1)-Se(2) 90.7(2)
Se(1)—O0s(1)-Se(2) 80.19(13)
P(2)-0s(2)-0s(3) 98.7(2)
Se(1)-0s(1)-0s(3) 55.88(8)
Se(2)-0s(1)-0s(3) 56.22(9)
P(3)-0s(2)-Se(1) 107.8(2)
P(3)-0s(2)-Se(2) 98.4(3)
Se(1)—0s(2)-Se(2) 79.99(13)
P(3)-0s(2)-0s(3) 150.2(3)
Se(1)—0s(2)-0s(3) 55.97(8)
Se(2)-0s(2)-0s(3) 56.69(9)
P(1)-0s(3)-Se(2) 95.4(3)
Se(1)-0s(3)-Se(2) 78.87(12)
P(1)-0s(3)-0s(2) 149.9(2)
Se(1)-0s(3)-0s(2) 55.18(8)
Se(2)—0s(3)-0s(2) 55.49(11)
P(1)-0s(3)-0s(1) 84.1(2)
Se(1)—0s(3)-0s(1) 54.20(11)
Se(2)-0s(3)-0s(1) 55.59(8)
0s(2)-0s(3)-0s(1) 84.44(6)

4. Conclusions

The unsaturated cluster 2 is clearly a versatile reagent
for the synthesis of open triangular nido-cluster 3, the
closo-triangular cluster 4 and the cubane-like cage
cluster 5. In contrast, the reaction of 1 with elemental
selenium at 110 °C affords only intractable material.
When treated with MesNO at 80 °C, compound 3
undergoes a self-condensation and forms the green
dimer 7. The formation of the dimer can be viewed as
a back-to-back coupling of two [Os3(CO)e(p3-Se)(p-
dppm)] units derived from 3 by loss of one CO-ligand.
The two triosmium units are then joined through the
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formation of three new osmium—osmium bonds. Com-
pound 7 reacts with CO by cleavage of the three
unsupported metal-metal bonds to regenerate 3 in
high yield. Compound 3 reacts with PPh; in the presence
of Me3NO to afford the substitution product 8 along
with the hexanuclear cluster 7. The substitution of a
carbonyl with PPh; does not cause significant structural
alterations to the cluster framework, with all the
important distances remaining effectively unchanged
with respect to 3. The reactions of dppmSe and dppmSe,
with [Os;3(CO);o(MeCN)] provides a simple one-step
synthetic procedure for the dppm-substituted selenido
clusters 3, 4, 5 and 6 by oxidative addition and transfer
of selenium atoms to the low-valent osmium centers. We
anticipate further advances will be made in this area of
research.

5. Supplementary material

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC Nos. 201321 for compound 3,
201322 for compound 4, 201323 for compound 6,
201324 for compound 7, and 201325 for compound 8.
Copies of this information 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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