
D
A

LTO
N

FU
LL PA

PER

DOI: 10.1039/b003798m J. Chem. Soc., Dalton Trans., 2000, 3027–3033 3027

This journal is © The Royal Society of Chemistry 2000

Dioxo- and nitrido-osmium complexes with imidodiphosphinochalco-
genido ligands [N(QPR2)2]

� (Q � S or Se; R � Ph or Pri)

Qian-Feng Zhang,ab Kwok-Kin Lau,a Joyce L. C. Chim,a Terry K. T. Wong,a Wing-Tak Wong,c

Ian D. Williams a and Wa-Hung Leung*a

a Department of Chemistry, The Hong Kong University of Science and Technology,
Clear Water Bay, Kowloon, Hong Kong, P. R. China. E-mail: chleung@ust.hk

b Coordination Chemistry Institute and Department of Chemistry, Nanjing University,
Nanjing 210093, P. R. China

c Department of Chemistry, The University of Hong Kong, Pokfulam Road, Hong Kong,
P. R. China

Received 12th May 2000, Accepted 3rd July 2000
Published on the Web 8th August 2000

Reactions of trans-K2[OsVIO2(OH)4] with 2 equivalents of HN(QPR2)2 yielded the dioxoosmium() complexes trans-
[OsO2{N(QPR2)2}2] (Q = S, R = Ph 1 or Pri 2; Q = Se, R = Ph 3). Complexes 1–3 have been characterised by X-ray
crystallography. The Os–O distances in 1–3 are 1.739, 1.734 and 1.748 Å, respectively. trans-[OsN{N(QPR2)2}2Cl]
(R = Pri, Q = S; R = Ph, Q = Se) were obtained by reactions of [NBu4

n][OsNCl4] with K[N(QPR2)2]. Treatment of
[OsN{N(SPPh2)2}2][BF4] with [NBu4

n][OsO3N] resulted in formation of a µ-nitrido OsVIII–OsVI complex [OsN{N(SPPh2)2}2-
(NOsO3)], in which the [NOsO3]

� is trans to the terminal nitride ligand. The OsVI–N, OsVI–N(Os) and OsVIII–N
distances are 1.617(12), 2.318(11), and 1.719(11) Å, respectively; the Os(1)–N(4)–Os(2) angle being 159.2(7)�.
Treatment of [OsN{N(SPPh2)2}2][BF4] with [NBu4

n][ReO4] or [NBu4
n]2[M6O19] gave heterometallic µ-oxo complexes

trans-[OsN{N(SPPh2)2}2(OReO3)] or trans-[{OsN[N(SPPh2)2]2}2(M6O19)] (M = Mo or W), respectively. Reaction
of [NH4]2[OsCl6] with K[N(SPPh2)2] in the presence of PPh3 or treatment of 3 with C6F5SH led to isolation of the
osmium() homoleptic complexes [Os{N(SPR2)2}3] (R = Pri or Ph). The geometry around Os in the latter is pseudo
octahedral, and the average S–Os–S angle and average Os–S distance are 96.06(5)� and 2.450 Å, respectively.
Osmium() phosphoraniminate complexes [Os(NPMePh2)(PMePh2){N(SPPh2)2}2] and trans-[Os(NPPh3)(PPh3)-
{N(SePPh2)2}2] were prepared by the respective nitridoosmium() complex with PMePh2 or PPh3. Reaction of
complex 1 or 2 with hydrazine hydrate afforded air-sensitive osmium() dinitrogen species, presumably
[Os{N(SPR2)2}2(N2)] (R = Ph or Pri), which exhibit IR ν(N2) at 2060 and 2040 cm�1, respectively.

Introduction
The monoanions imidodiphosphinochalcogenides [N(QPR2)2]

�

(Q = chalcogen, R = alkyl or alkoxy) are known to bind to p-,
d-, and f-block metal ions exhibiting rich structural diversity.1–4

These ligands are of interest due to their uses as lanthanide
NMR shift reagents 5 and catalysts.6

Owing to the convenient synthetic routes to HN(QPR2)2 and
related compounds developed by Woollins and co-workers,7 the
co-ordination chemistry of imidodiphosphinochalcogenides
has become an active area of investigation as exemplified by the
plethora of publications reported in the last few years.1–4 There
are, however, relatively few studies on their complexes with
Group 8 transition metals, particularly osmium.3,8,9 The only
isolated osmium complexes with [N(QPR2)2]

� ligands are the
sulfide complexes [Os3(CO)10{Ph2P(SH)NP(S)Ph2-S,S}] and
[Os3H(CO)9{Ph2P(S)NP(S)Ph2-S,S}], which were synthesized
from [Os3(CO)11(MeCN)] and HN(SPPh2)2,

10 and the nitrido-
osmium() complex [OsN{N(SPPh2)2}2X] (X = Cl or
CF3CO2).

11 High-valent osmium complexes with related 1,1- or
1,2-dithiolate ligands including trans-[OsO2(S2CNEt2)2],

12

[OsN(mnt)2]
� (mnt = maleonitriledithiolate) 13 and [OsN(C6-

H4S2)2]
� ([C6H4S2]

2� = benzene-1,2-dithiolate) 14 have also been
reported. To our knowledge, there are no reports on nitrido- or
oxo-osmium complexes with chelating selenide ligands. As part
of our programme to develop homogeneous catalysts based on
molecular metal–sulfur and selenium complexes, we have
recently synthesized some ruthenium() complexes with
[N(QPR2)2]

�, which were found to activate H2, SO2
15 and

hydrazine,16 and catalyse norbornene polymerisation.17 Herein
we describe the synthesis and crystal structures of oxo- and
nitrido-osmium() complexes with [N(QPR2)2]

� (Q = S or Se;
R = Ph or Pri), and their reactions with phosphines and
hydrazine.

Results and discussion
Dioxoosmium(VI) complexes

The synthetic methodology based on the reaction of trans-
K2[OsVIO2(OH)4] with Brønsted acids 18 was employed to pre-
pare dioxoosmium() complexes with [N(QPR2)2]

� (Q = S or
Se, R = Ph or Pri). Thus, interactions of trans-K2[OsVIO2(OH)4]
with 2 equivalents of HN(QPR2)2 in MeOH led to precipitation
of trans-[OsO2{N(QPR2)2}2] (Q = S, R = Ph 1 or Pri 2; Q = Se,
R = Ph 3) in good yields [eqn. (1)].

Recrystallisation from CH2Cl2–Et2O afforded air-stable
orange crystals that are suitable for X-ray diffraction. The solid
structures of complexes 1–3 are shown in Figs. 1–3, respec-
tively; the corresponding selected bond lengths and angles are
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given in Tables 1–3. To our knowledge, 3 is the first example of
an oxoosmium complex in a Se-only ligand environment. For
1–3 the geometry around Os is pseudo octahedral with the Os
lying within 0.05 Å from the Q4 plane. The average Os��O dis-
tances of 1.739, 1.734 and 1.748 Å for 1, 2 and 3, respectively,
are typical for trans-dioxoosmium() compounds (e.g. 1.747 Å

Fig. 1 Molecular structure of trans-[OsO2{N(SPPh2)2}2] 1.

Fig. 2 An ORTEP 19 diagram of trans-[OsO2{N(SPPri
2)2}2] 2 at the

50% probability level.

Fig. 3 A view of molecular structure of trans-[OsO2{N(SePPh2)2}2] 3.

(1)

for trans-[OsO2(S2CNEt2)2]).
12 The average Os–Se distance of

2.5869(4) Å for 3 is obviously longer than the average Os–S
distances for 1 [2.462(2) Å] and 2 [2.460(1) Å]. The νasym-
(O��Os��O)as stretching modes for complexes 1–3 are located at
848, 842 and 844 cm�1, respectively, which are comparable to
that for trans-[OsO2(S2CNEt2)2] (839 cm�1).12 The 31P-{1H}
NMR spectra display single resonances due to magnetically
equivalent phosphorus atoms in the respective imido-
diphosphinochalcogenido ligands. The 31P resonances for
HN(QPPh2)2 [Q = S (δ 56.87) and Se (δ 52.26)] were found to
shift to a higher frequencies (δ 37.45 and 27.74) upon co-
ordination to osmium. A similar finding has been observed for
[Y(η5-C5H5)2{N(QPPh2)2}2].

4

Nitridoosmium(VI) complexes

Following the synthetic route to trans-[OsN{N(SPPh2)2}2Cl]
4,11 the nitridoosmium complexes trans-[OsN{N(QPR2)2}2Cl]
(Q = Se, R = Ph 5; Q = S, R = Pri 6) were prepared from
[NBu4

n][OsNCl4] and K[N(QPR2)2], isolated as air-stable
orange crystals [eqn. (2)]. Single crystals of 5 were obtained by
recrystallisation from CH2Cl2–Et2O. A preliminary diffraction
study 20 [cell parameters: a = 10.825(1), b = 26.338(2), c =
10.155(1) Å, α = 91.38(2), β = 111.89(2), γ = 90.11(2)�, U =
2685.7(1) Å3; space group P1̄ (no. 2)] revealed that it is isostruc-
tural with the sulfide analogue 4.9 Unfortunately, due to poor

Table 1 Selected bond lengths (Å) and angles (�) for trans-[OsO2-
{N(SPPh2)2}2]�CH2Cl2(1�CH2Cl2)

Os(1)–S(1)
Os(1)–S(3)
Os(1)–O(1)
S(1)–P(1)
S(3)–P(3)

S(1)–Os(1)–S(2)
S(1)–Os(1)–S(4)
S(2)–Os(1)–S(4)
S(1)–Os(1)–O(1)
S(2)–Os(1)–O(1)
S(3)–Os(1)–O(1)
S(4)–Os(1)–O(1)
O(1)–Os(1)–O(2)
Os(1)–S(2)–P(2)
Os(1)–S(4)–P(4)

2.448(2)
2.477(2)
1.745(5)
2.040(3)
2.034(3)

100.75(7)
179.54(7)
78.82(7)
89.5(2)
86.0(2)
88.3(2)
90.3(2)

178.9(2)
110.2(1)
105.2(1)

Os(1)–S(2)
Os(1)–S(4)
Os(1)–O(2)
S(2)–P(2)
S(4)–P(4)

S(1)–Os(1)–S(3)
S(2)–Os(1)–S(3)
S(3)–Os(1)–S(4)
S(1)–Os(1)–O(2)
S(2)–Os(1)–O(2)
S(3)–Os(1)–O(2)
S(4)–Os(1)–O(2)
Os(1)–S(1)–P(1)
Os(1)–S(3)–P(3)

2.458(2)
2.465(2)
1.732(5)
2.031(3)
2.029(3)

79.46(7)
174.32(7)
100.95(7)
89.8(2)
93.3(2)
92.4(2)
90.4(2)

108.9(1)
106.71(10)

Table 2 Selected bond lengths (Å) and angles (�) for trans-[OsO2-
{N(SPPri

2)2}2] 2

Os(1)–S(1)
Os(1)–O(1)
S(2)–P(2)

S(1)–Os(1)–S(1a)
S(1)–Os(1)–S(2a)
S(1)–Os(1)–O(1a)
S(2a)–Os(1)–O(1a)
Os(1)–S(1)–P(1)

2.463(1)
1.748(3)
2.043(1)

180.00(1)
80.2(1)
90.2(1)
91.4(1)

107.9(1)

Os(1)–S(2)
S(1)–P(1)

S(1)–Os(1)–S(2)
S(1)–Os(1)–O(1)
S(2)–Os(1)–O(1)
O(1)–Os(1)–O(1a)
Os(1)–Se(2)–P(2)

2.457(1)
2.046(1)

99.8(1)
91.4(1)
88.6(1)

180.0(1)
107.8(1)

Symmetry code: 1
–
2

� x, 1
–
2

� y, 1
–
2

� z.

Table 3 Selected bond lengths (Å) and angles (�) for trans-[OsO2-
{N(SePPh2)2}2] 3

Os(1)–Se(1)
Os(1)–O(1)
Se(2)–P(2)

Se(1)–Os(1)–Se(1a)
Se(1)–Os(1)–Se(2a)
Se(1)–Os(1)–O(1a)
Se(2)–Os(1)–O(1a)
Os(1)–Se(1)–P(1)

2.5843(4)
1.734(3)
2.194(1)

180.0
80.59(1)
90.16(10)
92.75(9)

106.46(3)

Os(1)–Se(2)
Se(1)–P(1)

Se(1)–Os(1)–Se(2)
Se(1)–Os(1)–O(1)
Se(2)–Os(1)–O(1)
O(1)–Os(1)–O(1a)
Os(1)–Se(2)–P(2)

2.5895(4)
2.204(1)

99.41(1)
89.84(10)
87.25(9)

180.0
101.88(3)

Symmetry code: 1
–
2

� x, 1
–
2

� y, 1
–
2

� z.
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quality of the crystal, low R values were obtained. The IR
spectra of 5 and 6 show medium-intensity bands at ca. 1070
cm�1, which are assigned as ν(Os���N). The 31P NMR spectrum
of 5 displays a signal at δ 29.87 with satellites arising from
coupling to the 77Se nuclei (I = ¹̄

²
, 7.8% abundant). The observed

77Se–31P coupling constant of 511 Hz is comparable to that for
[La(η5-C5H5){N(SePPh2)2}2] (611 Hz).4 The 31P chemical shifts
for the nitrido complexes 4 (δ 60.70) and 6 (δ 60.43) are more
downfield than those for the dioxo analogues 1 and 2.

Dimetallic osmium nitrido complexes

Previously, we found that the chloride in complex 4 is labile
and can be displaced easily. Thus, reaction of 4 with AgBF4

afforded five-co-ordinate [OsN{N(SPPh2)2}2][BF4] 7.11 Owing
to co-ordinative unsaturation, cationic 7 may serve as a building
block for heterobimetallic complexes. In this connection, its
reactions with anionic oxo and nitrido complexes and poly-
oxometalates were attempted. Treatment with an equimolar
amount of [NBu4

n][OsO3N] gave the OsVIII–OsVI complex trans-
[OsN{N(SPPh2)2}2(NOsO3)] 8, which was isolated as air-stable
orange crystals [eqn. (3)].

The IR ν(Os��O) for complex 8 at 886 and 900 cm�1 are higher
than those of free [OsO3N]� (871 and 891 cm�1), indicating that
[OsO3N]� is co-ordinated to OsVI instead of a counter anion,
and that the Os–O bonds in [OsO3N]� are strengthened upon
co-ordination. Similar findings have been found for other
dinuclear nitrido(trioxo)osmate() complexes.21 The IR bands
at 1058 and 1062 cm�1 are tentatively assigned to the OsVI���N
and OsVIII���N–OsVI stretching modes. The structure of 8 has
been established by X-ray crystallography. Fig. 4 shows a per-
spective view; selected bond lengths and angles are given in
Table 4. To our knowledge, 8 is the first osmium complex con-
taining two nitride ligands although oligomeric µ-nitrido com-
plexes of earlier transition metals are well documented.22 The
ligand [NOsO3]

� binds to OsVI via the nitride, and the resulting
Os–N–Os linkage is slightly bent with an angle of 159.2(7)�. A
similar bent nitride bridge has been observed for [Ru(oep)-
(NO)(NOsO3)] (oep = 2,3,7,8,12,13,17,18-octaethylporphyrin
dianion).23 The geometry around OsVI is pseudo octahedral
with a N(3)–Os(1)–N(4) angle of 177.7(5)�, while that around
OsVIII is distorted tetrahedral with average N–Os(2)–O and
O–Os(2)–O angles of 112.7(9) and 105.3(10)�, respectively. The
Os(1) � � � Os(2) distance across the nitride bridge is 4.037(11) Å.
The observed OsVI–N, OsVI–N(OsVIII), and OsVIII–N distances
of 1.617(12), 2.318(11), and 1.719(11) Å are consistent with the
formulation of a OsVI-N (nitride) triple bond, Os–N(Os) dative
bond, and OsVIII-N (nitride) triple bond, and the unsymmetric
nitride bridge N���Os–N���Os. The OsVIII–O distances are
comparable to those of [Au(PPh3)(NOsO3)].

21

Heterobimetallic �-oxo complexes

The success in isolation of an OsVIIINOsVI complex prompted
us to prepare analogous heterometallic µ-oxo-osmium com-
plexes. Thus, treatment of 7 with [NBun

4][ReO4] in CH2Cl2 led

(2)

(3)

to formation of the OsVI–ReVII complex [OsN{N(SPPh2)2}2-
(OReO3)] 9 in good yield [eqn. (4)]. The ν(Re��O) for 9 (942

cm�1) is lower than that for free [ReO4]
� (970 cm�1), indicating

that [ReO4]
� is co-ordinating to OsVI. Treatment of 7 with

[NPrn
4][RuO4] resulted in immediate formation of a dark

insoluble precipitate apparently due to decomposition of the
complex. It seems likely that upon co-ordination to the Lewis
acidic OsVI the activated perruthenate() is a powerful
oxidant 24 that is capable of oxidising the electron-rich imido-
diphosphinosulfide ligand.

Reactions of complex 7 with [NBun
4]2[M6O19] (M = Mo or

W) in CH2Cl2–acetone resulted in precipitation of the poly-
oxometalate complexes trans-[{OsN[N(SPPh2)2]2}2(M6O19)]
(M = Mo 10 or W 11) [eqn. (5)]. Recrystallisation from N,N-
dimethylformamide (dmf)–CH2Cl2–Et2O afforded analytically
pure orange crystals of 10 and 11. The FAB mass spectra of the
complexes show molecular ions corresponding to [OsN-
{N(SPPh2)2]2}2(M6O19)]

�, indicating that the trinuclear struc-
ture remains intact in the gas phase. To our knowledge, 10 and

Fig. 4 An ORTEP diagram of trans-[OsN{N(SPPh2)2}2(NOsO3)] 8 at
the 50% probability level.

(4)

Table 4 Selected bond lengths (Å) and angles (�) for trans-[OsN-
{N(SPPh2)2}2(NOsO3)]�MeOH (8�MeOH)

Os(1)–S(1)
Os(1)–S(3)
Os(1)–N(3)
Os(2)–N(4)
Os(2)–O(2)
S(1)–P(1)
S(3)–P(3)

S(1)–Os(1)–S(2)
S(1)–Os(1)–S(4)
S(2)–Os(1)–S(4)
S(1)–Os(1)–N(3)
S(3)–Os(1)–N(3)
S(1)–Os(1)–N(4)
S(3)–Os(1)–N(4)
N(3)–Os(1)–N(4)
N(4)–Os(2)–O(2)
O(1)–Os(2)–O(2)
O(2)–Os(2)–O(3)
Os(1)–S(2)–P(2)
Os(1)–S(4)–P(4)

2.404(4)
2.433(4)
1.617(12)
1.719(11)
1.599(16)
2.048(5)
2.052(4)

100.9(1)
162.5(1)
79.9(1)
99.9(5)

102.8(4)
82.2(3)

177.7(5)
177.7(5)
115.1(6)
112.7(9)
114.3(9)
109.7(2)
109.9(2)

Os(1)–S(2)
Os(1)–S(4)
Os(1)–N(4)
Os(2)–O(1)
Os(2)–O(3)
S(2)–P(2)
S(4)–P(4)

S(1)–Os(1)–S(3)
S(2)–Os(1)–S(3)
S(3)–Os(1)–S(4)
S(2)–Os(1)–N(3)
S(4)–Os(1)–N(3)
S(2)–Os(1)–N(4)
N(4)–Os(1)–N(4)
N(4)–Os(2)–O(1)
N(4)–Os(2)–O(3)
O(1)–Os(2)–O(3)
Os(1)–S(1)–P(1)
Os(1)–S(3)–P(3)

2.408(4)
2.412(4)
2.318(11)
1.630(21)
1.764(13)
2.056(6)
2.064(5)

77.5(1)
155.8(1)
94.6(1)

101.3(4)
97.0(5)
79.1(3)
80.8(3)

114.5(7)
108.5(9)
89.0(9)

111.0(2)
102.6(2)
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11 are the first examples of OsVI-containing polyoxometalates.25

They are only sparingly soluble in CH2Cl2 and acetone, but
readily dissolved in dmf and dimethyl sulfoxide (dmso), in
which they behave as 1 :2 electrolytes due to ligand dissociation.
Accordingly, the 31P resonances for 10 and 11 in dmso-d6 are
virtually identical with that for 7. The IR ν(M��O) for 10 (746,
814 and 998 cm�1) and 11 (572, 816 and 980 cm�1) are similar to
those for [M6O19]

2� (742, 810 and 990 cm�1 for M = Mo; and
586, 816 and 980 cm�1 for M = W).

Homoleptic osmium(III) complexes [OsIII{N(SPR2)2}3]

Treatment of complex 2 with C6F5SH led to isolation of the
osmium() homoleptic complex [Os{N(SPPri

2)2}3] 12, which
was presumably formed via reduction of 2 by C6F5SH and sub-
sequent co-ordination of the osmium() intermediate with a
dissociated [N(SPPri

2)2]
�. It may be noted that the ruthenium

congener [Ru{N(SPPh2)2}3] was also obtained by the reaction
of [RuNCl4]

� with K[N(SPPh2)2].
15 Complex 12 could be

synthesized directly from [NH4]2[OsCl6] and K[N(SPPri
2)2]

in the presence of PPh3. Similarly treatment of [NH4]2[OsCl6]
with K[N(SPPh2)2] in the presence of PPh3 afforded [Os-
{N(SPPh2)2}3] 13. Complexes 12 and 13 are highly soluble in
non-polar solvents such as hexane and diethyl ether. The meas-
ured magnetic moment of ca. 1.7 µB for 12 is consistent with the
formulation of osmium(). The solid-state structure of 13 has
been confirmed by X-ray crystallography. Fig. 5 shows a per-
spective view; selected bond lengths and angles are listed in
Table 5. The geometry around osmium is pseudo octahedral
with the average S–Os–S angle of 96.06(5)�. The average Os–S
distance [2.450(12) Å] is slightly shorter than those in 1
[2.462(2) Å] and 2 [2.460(1) Å], indicative of the steric conges-
tion around Os in this tris chelate complex.

Reduction of osmium(VI) complexes with tertiary phosphines

It is well known that nitridoosmium() complexes react with

Fig. 5 Perspective view of [Os{N(SPPh2)2}3] 13.

(5)

tertiary phosphines to give osmium() phosphoraniminate
species.26 Treatment of 4 with an excess of PMePh2 at room
temperature gave an air-stable red solid analysed as [Os-
(NPMePh2)(PMePh2){N(SPPh2)2}2] 14 [eqn. (6)]. The FAB

mass spectrum of 14 shows the molecular ion at m/z 1500, con-
sistent with the proposed formula. The measured magnetic
moment of ca. 1.8 µB is consistent with the osmium() formu-
lation. The IR spectrum of 14 shows ν(P��N) at 1146 cm�1,
which is higher than that for trans-[Os(tpy)Cl2(NPPh3)][PF6]2

(tpy = 2,2� : 6�,2�-terpyridine; 1112 cm�1).27 It seems possible
that the reaction between 4 and PMePh2 initially gave an
osmium() phosphoraniminate intermediate, presumably
[Os(NPMePh2)Cl{N(SPPh2)2}2], which was further reduced by
PMePh2 to give the osmium() product. Similarly, reaction of
5 with PPh3 under reflux resulted in isolation of [Os(NPPh3)-
{(PPh3)N(SePPh2)2}2] 15, which was characterised by mass
spectrometry and elemental analyses.

Reduction of dioxoosmium(VI) complexes

No reactions were found between PPh3 and complex 1 or 2.
Treatment of 1 with PMe3 gave a cream coloured oily material,
presumably a low valent osmium phosphine species, which did
not show any ν(OsO2) band in the IR spectrum. We have not
been able to crystallise this oily material for microanalysis.
Reaction of 1 with hydrazine hydrate in thf gave an exceedingly
air-sensitive brown solid [eqn. (7)]. The IR spectrum shows a

new band at 2060 cm�1 assignable to ν(N2). This air-sensitive
complex is therefore tentatively formulated as an osmium
dinitrogen species [Os{N(SPPh2)2}2(η

1-N2)] 16. Similarly
treatment of 2 with hydrazine afforded [Os{N(SPPri

2)2}2(η
1-

N2)] 17, which exhibits ν(N2) at 2040 cm�1. It may be noted that
reaction of [Os(oep)O2] with hydrazine hydrate in thf yielded a
well defined osmium() dinitrogen complex [Os(oep)(η1-
N2)(thf)], which displays IR ν(N2) at 2030 cm�1.28 Complexes 16
and 17 are air sensitive both in the solid state and solutions, in

(6)

(7)

Table 5 Selected bond lengths (Å) and angles (�) for [Os{N(SPPh2)2}3]
13

Os(1)–S(1)
Os(1)–S(3)
Os(1)–S(5)
S(1)–P(1)
S(3)–P(3)
S(5)–P(5)

S(1)–Os(1)–S(2)
S(5)–Os(1)–S(6)
S(1)–Os(1)–S(4)
S(1)–Os(1)–S(6)
S(2)–Os(1)–S(4)
S(2)–Os(1)–S(6)
S(3)–Os(1)–S(6)
S(4)–Os(1)–S(6)
Os(1)–S(2)–P(2)
Os(1)–S(4)–P(4)
Os(1)–S(6)–P(6)

2.4013(12)
2.4369(13)
2.4305(12)
2.0217(19)
2.0251(18)
2.0329(18)

96.95(5)
100.59(4)
92.72(5)
88.99(5)

169.96(4)
88.19(5)

174.68(5)
94.69(5)

113.55(7)
110.54(7)
112.16(6)

Os(1)–S(2)
Os(1)–S(4)
Os(1)–S(6)
S(2)–P(2)
S(4)–P(4)
S(4)–P(4)

S(3)–Os(1)–S(4)
S(1)–Os(1)–S(3)
S(1)–Os(1)–S(5)
S(2)–Os(1)–S(3)
S(2)–Os(1)–S(5)
S(3)–Os(1)–O(5)
S(4)–Os(1)–S(5)
Os(1)–S(1)–P(1)
Os(1)–S(3)–P(3)
Os(1)–S(5)–P(5)

2.4034(13)
2.3991(13)
2.3884(13)
2.0339(19)
2.0225(19)
2.0196(18)

90.63(5)
90.92(4)

169.87(4)
86.54(5)
86.72(5)
79.84(4)
83.30(5)

111.06(7)
110.09(6)
113.81(6)
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which they decomposed to give unknown paramagnetic species.
We have not been able to obtain pure samples for elemental
analysis and X-ray diffraction study. Recrystallisation of 16
from CH2Cl2–MeOH in air led to isolation of an orange crystal-
line solid analysed as [Os2N{N(SPPh2)2}4] 18. The proposed
formula for 18 was further supported by the observation
of a parent ion at m/z 2188 in the FAB mass spectrum.
Unfortunately we were not able to obtain single crystals of 18
for X-ray diffraction study despite several attempts. On the
other hand, recrystallisation of 17 from Et2O–hexane in air led
to isolation of the dioxo complex 2 identified by IR and NMR
spectroscopy. It appears that upon dissociation of the dinitro-
gen ligand the resulting unsaturated [Os{N(SPPri)2}2] species is
a strong reducing agent and is capable of activating dioxygen. It
may be noted that air oxidation of [Os(por)(N2)(thf)] (por =
porphyrin dianion) in alcohols afforded dialkoxoosmium() 29

species whereas [Os(por)(dmso)2] underwent aerobic oxidation
to give dioxoosmium() porphyrins.30

Electrochemistry

Formal potentials of Os[N(QPR2)2] complexes have been deter-
mined by cyclic voltammetry in CH2Cl2. The cyclic volt-
ammograms of dioxoosmium() complexes 1 and 2 show
irreversible reduction waves at �1.54 and �1.41 V vs. Cp2Fe�/0,
respectively, which are attributed to the respective OsVI–OsV

reductions. The OsVI–OsV reduction for the selenide analogue 3
was found at a similar potential (�1.41 V), indicating that the
donor strength for [N(SePPh2)2]

� should be comparable to that
for [N(SPPh2)2]

�. The OsVI-OsV potentials for the nitrido com-
plexes 5 and 6 (�1.21 and �1.34 V, respectively) are slightly less
negative than those for the oxo congeners. For the OsVIII–OsVI

dimetallic complex 8 an irreversible reduction wave at �1.69 V,
tentatively assigned to the OsVIII–OsVII reduction for [OsNO3]

�,
was observed. No reduction at the OsVI in 8 was found. The
OsVIII–OsVII potential for 8 is more negative than that for
free [OsNO3]

� (�1.45 V), indicative of electron delocalisation
between the OsVIIIand OsVI. The cyclic voltammograms of
complexes 12 and 13 display reversible couples at �0.57 and
�0.54 V, respectively, which are assigned to the respective OsIV–
OsIII couple. For comparison, the RuIV–RuIII couple for the
ruthenium analogue [Ru{N(SPPh2)2}3] occurs at 0.21 V.15 For
complex 13 an irreversible oxidative wave at �0.89 V attribut-
able to the ligand-centred oxidation was also found. Complex
16 exhibits a reversible couple at �0.51 V that was assigned to
the OsIV–OsIII couple. For comparison, the OsIV–OsIII potentials
for trans-[Os(NPPh3)(salophen)Cl] (salophen = N,N�-bis-
(salicylidene)-o-phenylenediamine dianion) 26 and [OsLOEt-
(NPPh3)Cl2] (LOEt = [Co(η5-C5H5){PO(OEt)2}3]

�) 31 are �0.21
and �0.72 V, respectively.

Conclusion
Dioxo- and nitrido-osmium() complexes with imidodisphos-
phinochalcogenido ligands have been synthesized and structur-
ally characterised. The dioxoosmium() complexes were
reduced by benzenethiol and hydrazine to afford the homo-
leptic osmium() complexes or osmium()–dinitrogen com-
plexes, respectively. Five-coordinate [OsN{N(SPPh2)2}2][BF4]
reacts with nitrido- and oxo-metal complexes to give the
corresponding heterometallic µ-nitrido and µ-oxo complexes.
Reaction of [OsN{N(SPPh2)2}2Cl] with tertiary phosphines led
to formation of osmium() phosphoraniminate complexes.

Experimental
General considerations

All synthetic manipulations, unless otherwise stated, were
carried out under dry nitrogen by standard Schlenk techniques.
Solvents were purified, distilled and degassed prior to use.

Infrared spectra were recorded on a Perkin-Elmer 16 PC FT-IR
spectrophotometer, mass spectra on a Finnigan TSQ 7000 spec-
trometer and NMR spectra on a Bruker ALX 300 spectrometer
operating at 300 and 121.5 MHz for 1H and 31P, respectively.
Chemical shifts (δ in ppm) were reported with reference to
SiMe4 (

1H) and 85% H3PO3 (
31P). Magnetic moments for solid

samples were measured by a Sherwood magnetic susceptibility
balance at room temperature. Cyclic voltammetry was per-
formed with a Princeton Applied Research (PAR) Model 273A
potentiostat. The working and reference electrodes were glassy
carbon and Ag–AgNO3 (0.1 M in acetonitrile), respectively,
and the scan rate was 100 mV s�1. Formal potentials (E�) were
measured in CH2Cl2 solutions with 0.1 mol dm�3 [NBun

4][PF6]
as supporting electrolyte and reported with reference to the
ferrocenium–ferrocene couple. Elemental analyses were per-
formed by Medac Ltd., Surrey, UK.

Materials

HN(QPR2)2 were synthesized from HN(PR2)2 and the corre-
sponding elemental chalcogen Q8 (Q = S or Se) in a manner
similar to published procedures.32,33 K[N(QPR2)2] were
made from HN(QPR2)2 and KOBut in MeOH. The complexes
[NBun

4][OsNCl4],
34 K2[OsO2(OH)4],

35 [NH4]2[OsCl6],
36

[OsN{N(SPPh2)2}2Cl] 4 and [OsN{N(SPPh2)2}2][BF4] 7,11

[NBun
4][OsO3N] 37 and [NBun

4]2[M6O19] (M = Mo or W) 38 were
prepared according to the literature methods. Other reagents
were purchased from Aldrich and used as received.

Preparations

trans-[OsO2{N(SPPh2)2}2] 1. To a solution of trans-
K2[OsO2(OH)4] (0.15 g, 0.41 mmol) in MeOH (10 cm3) were
added 2 equivalents of HN(SPPh2)2 (0.37 g, 0.82 mmol). The
reaction mixture was stirred in air for 1 h. The orange precipi-
tate was collected, washed with MeOH and Et2O, and recrystal-
lised from CH2Cl2–hexane. Yield: 0.34 g (74%). NMR (CDCl3):
1H, δ 7.29–7.87 (m, phenyl H); 31P-{1H}, δ 37.45 (s). IR (Nujol,
cm�1): 848s [ν(Os��O)]. MS (FAB): m/z 1121 (M� � 1).
E� = �1.54 V (OsVI–OsV, irreversible) (Found: C, 51.1; H, 3.5;
N, 2.3. Calc. for C48H40N2O2OsP4S4: C, 51.5; H, 3.6; N, 2.5%).

trans-[OsO2{N(SPPri
2)2}2] 2. This was prepared similarly to

complex 1 from trans-K2[OsO2(OH)4] (0.10 g, 0.27 mmol) and
HN(SPPri

2)2 (0.17 g, 0.54 mmol). Slow evaporation of a
CH2Cl2-Et2O solution afforded orange crystals. Yield: 0.14 g
(61%). NMR (CDCl3): 

1H, δ 1.25 (dt, 48H, (CH3)2CH) and 2.51
(sept, 8H, (CH3)2CH); 31P-{1H}, δ 60.70 (s). IR (Nujol, cm�1):
842s [ν(Os��O)]. E� �1.41 V (OsVI–OsV, irreversible) (Found: C,
33.7; H, 6.5; N, 3.3. Calc. for C24H56N2O2OsP4S4: C, 34.0; H,
6.7; N, 3.3%).

trans-[OsO2{N(SePPh2)2}2] 3. This complex was prepared
similarly to 1 using HN(SePPh2)2 (0.44 g, 0.82 mmol) instead of
HN(SPPh2)2. Orange red crystals of 3 were obtained in 78%
yield. NMR (CDCl3): 

1H, δ 7.29–7.86 (m, phenyl H); 31P-{1H},
δ 27.74 (s). IR (Nujol, cm�1): 844s [ν(Os��O)]. MS (FAB): m/z
1308 (M� � 1). E� = �1.41 V (OsVI–OsV, irreversible) (Found:
C, 43.6; H, 3.0; N, 2.1. Calc. for C48H40N2O2OsP4Se4: C, 44.1;
H, 3.1; N, 2.1%).

trans-[OsN{N(SePPh2)2}2Cl] 5. To a solution of [NBun
4]-

[OsNCl4] (0.05 g, 0.09 mmol) in MeOH (20 cm3) was added
K[N(SePPh2)2] (0.12 g, 0.21 mmol), and the mixture stirred at
room temperature for 2 h. The orange solid was collected,
washed with MeOH, and recrystallised from CH2Cl2–Et2O.
Yield: 0.08 g (55%). NMR (CDCl3): 

1H, δ 7.23–7.79 (m, phenyl
H); 31P-{1H}, δ 29.87 (s). IR (Nujol, cm�1): 1069s [ν(Os���N)].
MS (FAB): m/z 1290 (M� � Cl). E� = �1.21 V (OsVI–OsV,
irreversible) (Found: C, 43.7; H, 3.2; N, 3.1. Calc. for C48H40-
ClN3OsP4Se4: C, 43.5; H, 3.0; N, 3.2%).
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Table 6 Selected crystallographic data for trans-[OsO2{N(SPPh2)2}2]�CH2Cl2 (1�CH2Cl2), trans-[OsO2{N(SPPri
2)2}2] 2, trans-[OsO2{N(SePPh2)2}2]

3, trans-[OsN{N(SPPh2)2}2(NOsO3)]�MeOH (8�MeOH) and [Os{N(SPPh2)2}2] 13

1�CH2Cl2 2 3 8�MeOH 13 

Empirical formula
Mr

Crystal system
Space group
a/Å
b/Å
c/Å
α/�
β/�
γ/�
U/Å3

Z
T/K
µ/mm�1

Measured reflections
Independent reflections
Rint

R1
Rw(F ) or wR2(F 2)

C49H42Cl2N2O2OsP4S4

1204.12
Monoclinic
P21/a (no. 14)
13.298(1)
21.226(2)
18.002(2)

101.50(2)

4975.9(9)
4
298
3.006
31452
9527
0.0470
0.029
0.036 a

C24H56N2O2OsP4S4

847.06
Monoclinic
P21/n (no. 14)
13.783(1)
9.710(1)
15.481(2)

115.38(3)

1871.9(7)
2
298
3.823
4565
4368
0.0321
0.0282
0.0362 b

C48H40N2O2OsP4Se4

1306.79
Monoclinic
P21/n (no. 14)
10.756(1)
15.378(2)
14.369(1)

99.64(2)

2343.2(4)
2
298
6.005
4250
3962
0.0490
0.030
0.036 a

C49H44N4O4Os2P4S4

1385.4
Triclinic
P1̄ (no. 2)
12.881(2)
13.688(2)
15.615(2)
92.00(2)
100.22(2)
94.86(2)
2696.1(7)
2
298
5.029
8668
7889
0.0393
0.0578
0.0609 b

C72H60N3OsP6S6

1535.61
Triclinic
P1̄ (no. 2)
10.953(2)
14.611(2)
22.038(2)
82.64(1)
86.66(1)
78.73(1)
3428.3(8)
2
298
2.227
12301
12044
0.0272
0.0378
0.0838 b

a Rw. b wR2.

trans-[OsN{N(SPPri
2)2}2Cl] 6. This was prepared similarly to

complex 5 using K[N(SPPri
2)2] instead of K[N(SePPh2)2]. Yield:

0.05 g (34%). NMR (CDCl3): 
1H, δ 1.31 (m, 48H, (CH3)2CH)

and 2.59 (m, 8H, (CH3)2CH)); 31P-{1H}, δ 60.43 (s). IR (Nujol,
cm�1): 1070s [ν(Os���N)]. MS (FAB): m/z 828 (M� � Cl).
E� = �1.34 V (OsVI-OsV, irreversible) (Found: C, 33.2; H, 6.4;
N, 4.7. Calc. for C24H56ClN3OsP4S4: C, 33.4; H, 6.5; N, 4.9%).

trans-[OsN{N(SPPh2)2}2(NOsO3)] 8. To a solution of
[OsN{N(SPPh2)2}2][BF4] 7 (0.10 g, 0.084 mmol) in CH2Cl2 (20
cm3) was added 1 equivalent of [NBun

4][OsO3N] (0.05 g, 0.08
mmol) and the reaction mixture stirred at room temperature
for 1 h, during which time there was a change from yellow to
orange. The solvent was pumped off and the orange residue
recrystallised from CH2Cl2–hexane to give orange crystals.
Yield: 0.06 g (52%). NMR (CDCl3): 

1H, δ 7.30–7.83 (m, phenyl
H); 31P-{1H}, δ 40.21 (s). IR (Nujol, cm�1): 886s and 900s
[ν(Os��O)], 1058s and 1062s [ν(Os���N)]. MS (FAB): m/z 1354
(M�). E� = �1.69 V (OsVIII–OsVII, irreversible) (Found: C, 41.8;
H, 3.1; N, 3.9. Calc. for C48H40N4O3Os2P4S4: C, 42.6; H, 3.0; N,
4.1%).

trans-[OsN{N(SPPh2)2}2(OReO3)] 9. To a solution of com-
plex 7 (0.10 g, 0.084 mmol) in CH2Cl2 (25 cm3) was added 1
equivalent of [NBun

4][ReO4] (0.04 g, 0.083 mmol) and the mix-
ture stirred at room temperature for 2.5 h, during which it
changed from brown-yellow to brown-orange. The solvent was
pumped off and the residue recrystallised from CH2Cl2–hexane
to give bright yellow crystals. Yield: 0.071 g (62%). NMR
(CDCl3): 

1H, δ 7.31–7.87 (m, phenyl H); 31P-{1H}, δ 39.96 (s).
IR (Nujol, cm�1): 942s [ν(Re��O)], 1056s and 1061s [ν(Os���N)].
MS (FAB): m/z 1352 (M�) (Found: C, 42.8; H, 3.1; N, 3.2. Calc.
for C48H40N3O4OsReP4S4: C, 42.7; H, 3.0; N, 3.1%).

trans-[{OsN[N(SPPh2)2]2}2(M6O19)] (M � Mo 10 or W 11).
Complexes 10 and 11 were prepared by the same procedure as
for 9 using [NBun

4]2[Mo6O19] (0.06 g, 0.042 mmol) and
[NBun

4]2[W6O19] (0.08 g, 0.042 mmol), respectively, instead of
[NBun

4][ReO4]. Characterisation data for 10: yield 0.057 g
(44%); NMR (dmso-d6) 

1H, δ 7.55–7.95 (m, phenyl H);
31P-{1H}, δ 38.03 (s); IR (Nujol, cm�1) 998s, 814s and 746s
[ν(Mo��O)], 1057s and 1065s [ν(Os���N)]; MS (FAB) m/z 3083
(M� � 1) (Found: C, 38.1; H, 2.8; N, 2.5. Calc. for C96H80-
Mo6N6O19Os2P8S8: C, 37.4; H, 2.6; N, 2.7%) Characterisation
data for 11: yield 0.11 g (72%); NMR (dmso-d6) 

1H, δ 7.54–7.96
(m, phenyl H); 31P-{1H}, δ 38.00 (s); IR (Nujol, cm�1) 980s, 816s

and 572s [ν(W��O)], 1054s and 1066s [ν(Os���N)]. MS (FAB) m/z
3608 (M� � 1) (Found: C, 32.7; H, 2.6; N, 2.5. Calc. for
C96H80N6O19Os2P8S8W6: C, 31.9; H, 2.2; N, 2.3%).

[Os{N(SPPri
2)2}3] 12. To a solution of complex 2 (0.10 g, 0.12

mmol) was added excess of C6F5SH (ca. 0.1 cm3). The reaction
mixture was stirred at room temperature overnight, during
which it changed from orange to violet. The solvent was evap-
orated by a Rotavapor and the residue purified by column
chromatography (neutral alumina). The product was eluted
with toluene as a violet band. Recrystallisation from hexane
afforded an air stable violet solid. Yield: 0.054 g (40%). MS
(FAB): m/z 1126 (M�). E� = �0.57 V (OsIV–OsIII) (Found: C,
39.1; H, 7.5; N, 3.3. Calc. for C36H84N3OsP6S6: C, 38.4; H, 7.5;
N, 3.7%).

[Os{N(SPPh2)2}3] 13. To a solution of [NH4]2[OsCl6] (0.10 g,
0.23 mmol) in MeOH (25 cm3) was added K[N(SPPh2)2] (0.23 g,
0.46 mmol) and PPh3 (0.12 g, 0.46 mmol), and the reaction
mixture heated at reflux overnight. The solvent was pumped off
and the brown residue recrystallised from CH2Cl2–hexane to
afford reddish brown crystals. Yield: 0.22 g (63%). MS (FAB):
m/z 1536 (M�). µeff = 1.7 µB. E� = �0.54 V (OsIV–OsIII) (Found:
C, 56.1; H, 3.6; N, 2.8. Calc. for C72H60N3OsP6S6: C, 56.3; H,
3.9; N, 2.7%).

[Os(NPMePh2)(PMePh2){N(SPPh2)2}2] 14. To a solution of
complex 4 (0.10 g, 0.09 mmol) in CH2Cl2 (20 cm3) was added an
excess of MePPh2 (ca. 0.05 cm3). The resulting red mixture
was stirred at room temperature overnight and evaporated
to dryness. The residue was washed with hexane and Et2O.
Recrystallisation from CH2Cl2–hexane afforded a paramagnetic
red crystalline solid. Yield: 0.07 g (53%). MS (FAB): m/z 1500
(M�). µeff = 1.8 µB. E� = �0.51 V (OsIV–OsIII) (Found: C, 57.8;
H, 4.6; N, 2.7. Calc. for C74H66N3OsP6S4�CH2Cl2: C, 59.1; H,
4.5; N, 2.8%).

[Os(NPPh3)(PPh3){N(SePPh2)2}2] 15. A mixture of complex
5 (0.07 g, 0.05 mmol) and PPh3 (0.035 g, 0.13 mmol) in CH2Cl2

(20 cm3) was heated at reflux for 1 h during which it changed
from orange to red. The solvent was removed in vacuo and the
residue washed with Et2O. Recrystallisation from CH2Cl2–
Et2O afforded a paramagnetic red crystalline solid. Yield:
0.03 g (34%). MS (FAB): m/z 1814 (M�) (Found: C, 56.8; H,
4.2; N, 2.5. Calc. for C84H70N3OsP6Se4: C, 55.6; H, 3.9; N,
2.3%).
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Reaction of complex 1 or 2 with hydrazine hydrate. To a sus-
pension of complex 1 or 2 (50 mg) in thf (20 cm3) was added
hydrazine hydrate (ca. 0.1 cm3 of a 30% solution in water). The
reaction mixture was stirred at room temperature for 2 h. Sol-
vent was then pumped off and the residue washed with MeOH
and Et2O to give an air sensitive brown solid, presumably the
osmium() dinitrogen species [Os{N(QPPh2)2}2(N2)]. Yield: ca.
40%. IR (Nujol, cm�1): 2060 (Q = S) or 2056 (Q = Se) [ν(N2)].
We have not been able to obtain analytically pure samples for
these air-sensitive compounds because they were found to
decompose in halogenated solvents.

X-Ray crystallography

Pertinent crystallographic data and other experimental details
for complexes 1–3, 8 and 13 are summarised in Table 6. Data
were collected on a Rigaku AFC7R (for 1), Siemens P4 dif-
fractometer (for 2, 8 and 13) and a MAR Research Image-plate
diffractometer (for 3) using Mo-Kα radiation (λ = 0.71073 Å).
All the structures were solved by direct methods and refined by
full-matrix least squares. Structure 8 was refined with the dis-
ordered oxygen atom O(3) in the [NOsO3]

� moiety split into
two sites with occupancy of 0.5 each. Calculations were carried
out using the TEXSAN (for 1 and 3) 39 and SHELXL (for 2, 8
and 13) 40 crystallographic software packages.

CCDC reference number 186/2073.
See http://www.rsc.org/suppdata/dt/b0/b003798m/ for crystal-

lographic files in .cif format.
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