
COMMUNICATIONS

Angew. Chem. Int. Ed. 2001, 40, No. 21 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 1433-7851/01/4021-4049 $ 17.50+.50/0 4049

Isolation and Characterization of the
Osmium(v) ± Imido Complex
[OsV(Tp)(Cl)2(NH)]**
My Hang V. Huynh,* Peter S. White, Kevin D. John,
and Thomas J. Meyer*

In the redox chemistry of high oxidation state osmium(vi)-
nitrido (OsVI�N) complexes, a reversible 3 eÿ/3 H� reduction
in water gives osmium(iii) ± NH3 [Eq. (1)]. Evidence has been
found for osmium(iv) amido intermediates, OsIV ± NH2

�,
which are unstable with respect to disproportionation.[1]

[OsIII(tpy)(Cl)2(NH3)]� ) *
ÿ�3 eÿ ; 3 H��

��3 eÿ ; 3 H��
[OsVI(tpy)(Cl)2(N)]� (1)

tpy� 2,2':6',2''-terpyridine

One-electron reduction of OsVI�N� to OsV�N in non-
aqueous solvents is followed by rapid N ´´´ N coupling
[Eqs. (2), (3)].[2]

[OsVI(tpy)(Cl)2(N)]� ÿ!�eÿ
[OsV(tpy)(Cl)2(N)] (2)

2 [OsV(tpy)(Cl)2(N)] ÿ! [(tpy)(Cl)2OsIIÿN2ÿOsII(Cl)2(tpy)] (3)

Laser flash photolysis of [OsVI(NH3)4(N)]3� in the presence
of electron donors such as 1,4-dimethoxybenzene gives
evidence for OsV�N as a short-lived transient that also
undergoes N ´´´ N coupling [Eq. (4)].[3]

[OsV�N]� [OsVI�N] ! [OsIIÿN�NÿOsIII] (4)

Thus in both cases where osmium dimers form, an OsV�N
complex has been invoked as a transient intermediate but not
isolated. We report here conditions that allow OsV�N species
to be trapped either in acidic ± aqueous solution as a neutral
osmium(v) imido complex (OsV�NH) or in non-aqueous
solvents by Nÿ ion transfer before coupling can occur.

One-electron electrochemical reduction of 2.05� 10ÿ2m
[OsVI(Tp)(Cl)2(N)] (1) (Tp� hydrotris(pyrazol-1-yl)borate)
in CH3CN 3.5m in HPF6 at Eapp�ÿ1.05 V (versus the sodium
saturated calomel electrode (SSCE), Eapp� applied potential)
results in formation of [OsV(Tp)(Cl)2(NH)] (2) [Eq. (5)].

[OsVI(Tp)(Cl)2(N)] ÿ!�eÿ

�H�
[OsV(Tp)(Cl)2(NH)] (5)

The neutral OsV�NH complex (2) has been isolated
(yield� 47 %) and characterized by infrared (IR) spectros-
copy (n(14NÿH)� 3257 cmÿ1 and n(15NÿH)� 3250 cmÿ1),[4a]

elemental analysis,[4b] and X-ray crystallography (Figure 1).[4c]

Crystals of 2 were grown by slow evaporation of CH3CN with

Figure 1. ORTEP diagram (thermal ellipsoids set at 30% probability) and
labeling scheme for 2.

a stream of nitrogen from a strongly acidic CH3CN solution
containing the salts prepared by one-electron electrolytic
reduction. The same synthetic method was also used to
generate [OsV(bpy)(Cl)3(NH)] (bpy� 2,2'-bipyridine) which
was isolated (yield� 56 %) and characterized by IR spectros-
copy (n(NÿH)� 3315 cmÿ1) and elemental analysis.[5]

In the structure of 2, the distorted octahedral arrangement
of ligands around the Os center in the parent OsVI�N complex
is retained. The OsÿCl bond lengths of 2.320(3) and
2.329(3) � are about the same length as the nondisordered
OsÿCl length in the starting OsVI�N complex, 1.[6] There is
evidence for an imido structural trans effect in the elongated
OsÿN(Tp) bond of 2.291(8) � trans to the NH2ÿ ligand
compared to 2.053(8) and 2.063(9) � for the OsÿN(Tp) bonds
in the coordination sites cis to NH2ÿ. The d3 OsÿN(imido)
bond of 1.749(7) � is the longest reported for transition metal
parent imido (MÿNH) complexes which fall in the range of
1.638 ± 1.749 �.[7] This is the first structurally characterized
example of a late transition metal parent imido complex.
Others have been reported for d0 molybdenum(vi)[8a±d] and
vanadium(v);[8e] for d2 rhenium(v),[9a] molybdenum(iv),[9b] and
tungsten(iv);[9c] and d4 rhenium(iii).[10]

The importance of protonation at the N atom in trapping
osmium(v)-nitrido is evident from previous electrochemical
results.[1c] One-electron reduction of [OsVI(tpm)(Cl)2(N)]�

(3�) (tpm� tris(1-pyrazolyl)methane) in CH3CN gives the
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OsII-N2-OsII dimer [cf. Eqs. (2), (3)]. In CH3CN with
added HPF6, three-electron reduction leads to the
osmium(iii) ± ammine complex as indicated by cyclic
voltammetry.[1c] These observations suggest that a
small amount of added HPF6 is sufficient to change
the chemistry from N ´´´ N coupling to reduction
with the key step being protonation of the
osmium(v) ± nitrido unit [Eqs. (6), (7)].

[OsVI(tpm)(Cl)2(N)]� ÿ!�eÿ

�H�
[OsV(tpm)(Cl)2(NH)]� (6)

[OsV(tpm)(Cl)2(NH)]� ÿ!�2 eÿ

�2 H�
[OsIII(tpm)(Cl)2(NH3)]� (7)

In aqueous solution, [OsV(Tp)(Cl)2(NH)] is not
observed as a transient because it is unstable with
regard to disproportionation.[1a] Disproportionation
was confirmed in strongly acidic CH3CN solution to which
water was added. Addition of water led to the appearance of
[OsIII(Tp)(Cl)2(NH3)] and [OsVI(Tp)(Cl)2(N)] in a 1:2 ratio as
shown by the ratio of peak currents at 0.80 V (the OsIV/III

couple of the ammine complex) to ÿ0.97 V (versus SSCE)
(the OsVI/V irreversible couple of the nitrido complex). This
observation is consistent with the disproportionation reaction
shown in Equation (8).[11]

3 [OsV(Tp)(Cl)2(NH)]ÿ!H2O
[OsIII(Tp)(Cl)2(NH3)]� 2 [OsVI(Tp)(Cl)2(N)] (8)

It is also possible to capture [OsV(tpy)(Cl)2(N)] (4 A� trans
and 4 B� cis) in dry organic solvents before dimerization
occurs by adding appropriate reductants at high concentra-
tions as trapping agents. For example, electrochemical reduc-
tion of [OsVI(tpy)(Cl)2(N)]� (5 A�� trans and 5 B�� cis) in
dimethylsulfoxide (DMSO; Me2SO) under nitrogen at a
potential past that of the OsVI/V reduction waves, Epc(cis)�
ÿ0.31 V and Epc(trans)�ÿ0.45 V (Epc� cathodic peak po-
tential versus SSCE), gives the corresponding osmium(iii) ±
sulfoximido complexes, [OsIII(tpy)(Cl)2{NS(O)Me2}] (6 A�
trans and 6 B� cis) [Eqs. (2) and (9)].

[OsVI(tpy)(Cl)2(N)]�Me2SO ÿ! [OsIII(tpy)(Cl)2{NS(O)Me2}] (9)

During workup, the osmium(iii) products (E1/2 [OsIV/III]�
0.24 V for 6 A and 0.23 V for 6 B versus SSCE) undergo air
oxidation to give [OsIV(tpy)(Cl)2{NS(O)Me2}]� (7 A�� trans
and 7 B�� cis) which were isolated as their Clÿ (77% yield)
and PF6

ÿ (74 % yield) salts, respectively. [7 A]Cl was fully
characterized by elemental analysis,[12] X-ray crystallography
(Figure 2),[13] cyclic voltammetry, and UV/Vis spectroscopy
(Supporting Information).

The reaction of the starting osmium(vi) ± nitrido complex
with DMSO is slow or nonexistent at room temperature. It is
notable that one-electron reduction to osmium(v) ± nitrido
enhances oxidative reactivity much as for many free radicals
compared to their precursors.[14] One-electron reduction of
d2 OsVI�N� occurs at a dp* level that is antibonding with
regard to the OsÿN interaction.[15] This activates the os-
mium(v) ± nitrido group toward Nÿ ion transfer. ªReductive
activationº opens the possibility of exploring Nÿ ion transfer
with reagents that have slow or no reactivity towards OsVI�N.

The chemistry of capturing osmium(v) ± nitrido in dry
organic solvents appears to be general. Depending on the
reduction potentials for the OsIV/III couples of the products,
they are formed as osmium(iii) or undergo further air
oxidation to osmium(iv) species. As examples, electrochem-
ical reduction of 5� in the presence of high concentrations
(1.0m) of 3,5-Me2C6H3OH or HNPh2 in CH3CN under
nitrogen gives [OsIII(tpy)(Cl)2{N(H)OC6H3Me2}] (8� trans)
or [OsIII(tpy)(Cl)2{N(H)NPh2}] (9� cis). The osmium(iv)
analogues, [OsIV(tpy)(Cl)2{N(H)OC6H3Me2}]� (10�� trans)
or [OsIV(tpy)(Cl)2{N(H)NPh2}]� (11�� cis), have been iso-
lated as PF6

ÿ salts (10�� 53 % and 11�� 62 %) and charac-
terized by IR[16] and UV/Vis spectroscopy and cyclic voltam-
metry (Supporting Information), and elemental analysis.[17]
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Reversible protein phosphorylation is involved in a multi-
tude of regulatory mechanisms for the control of intracellular
protein functionality.[1±4] Serine, threonine, tyrosine, and a
number of other amino acid residues can be modified by the
attachment of a phosphate group. The exact site of the
modification has to be determined to elucidate the physio-
logical impact of this event. This can be a very difficult task
since only a small fraction of a given protein may be
phosphorylated and phosphorylation may occur at multiple
sites, thus giving rise to various phosphorylated forms.
Although sensitive analytical methods are available for the
detection and quantification of phosphorylation sites,[5±9]

there is still a great need for further improvements, especially
in view of the fact that both O-phosphoserine and -threonine
cannot be unambiguously assigned by Edman sequencing.[10]

In recent years, tandem mass spectrometry (MSn) has
gained wide recognition as a powerful tool for peptide
sequencing and for the identification of modified amino acids
within the sequence tag.[11] This capability has encouraged the
exploration of a mass spectrometric methodology for gas-
phase discrimination of chiral analytes (AR and AS) through
the measurement of the stability[12±14] and the reactivity[12, 15] of
the diastereomeric complexes formed with a chiral reference
molecule (ref). The kinetic method proved particularly useful
for this task and was exploited by the research groups of
Cooks,[13, 14, 16] Tao,[13, 14] and others.[17] The method is based on
the collisionally induced dissociation (CID) of the diastereo-
meric cluster ions [M ´ (ref)2 ´ AR]� and [M ´ (ref)2 ´ AS]� (M�
H or metal; Figure 1). It is convenient to define the cluster
ions as ªhomoº when the analyte and reference have the same
configuration, and ªheteroº in the opposite case.
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