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is transformed to by Chloride removalOsHCl(CO)L2 (L\ PBu2t Me) OsCl(NO)(CO)L2 p-MeC6H4SO2N(NO)Me.
with [Ar@\ 3,5- yields the nonplanar, unsaturated Os(0) compoundNaBAr4@ (CF3)2C6H3] [Os(NO)(CO)L2]BAr4@ ,
which is shown to be more reactive towards oxidative addition than its Ru analog. It adds and the resultingH2 ,

shows broad coalesced hydride NMR signals at 25 ¡C but inequivalent sites (1H NMROs(H)2(NO)(CO)L2`
spectra) at [32 ¡C. This cation is deprotonated by to give trigonal bipyramidal The cationNEt3 OsH(NO)(CO)L2 .

adds CO. Reaction of with gives Ðrst a 1 : 1 adduct, then the oxidativeOs(NO)(CO)L2` Os(NO)(CO)L2` PhC2Haddition product then the vinylidene complex a mixture ofOsH(C2Ph)(NO)(CO)L2`, Os(CCHPh)(NO)(CO)L2` ;
these cations can be deprotonated by to give Reaction of withNEt3 Os(CCPh)(CO)(NO)L2 . Os(NO)(CO)L2`

gives which can be doubly hydrolyzed to giveMe3SiC3CSiMe3 Os[CC(SiMe3)2](NO)(CO)L2`,
HCCH forms an g2-HCCH adduct, which does not isomerize toOs(CCH2)(NO)(CO)L2`. Os(CCH2)(CO)(NO)L2`even at 60 ¡C.

We have reported our systematic investigation of the existence
of an isolable 16-electron Ru(0) complex, Ru(CO)2L2 (L\

This metastability (persistence) contrasts to allPBu2t Me).1
other zerovalent ruthenium species devoid of n-donor ligands
[this thus excludes which are short-lived tran-Ru(NO)ClL2],sients. Our study of showed its remarkable non-Ru(CO)2L2planar structure to originate from a high degree of back
donation to the two CO ligands, and also revealed its high
reactivity as a n-donor (and reducing agent), with only weak
r-Lewis acidity : it does not bind pyridine, MeCN or N2 .

A 19 kcal mol~1 barrier to inversion of nonplanar Ru(0), via
a planar structure, was subsequently measured2 on

This study revealed thatRu(NO)(CO)L2`. Ru(NO)(CO)L2`is less reactive than isoelectronic in all reactionsRu(CO)2L2that involve transfer of electron density from the metal to the
reagent. This is a predictable consequence of replacement of
one CO of by the stronger p-acid NO`.Ru(CO)2L2We report here the results of changing the metal with the
synthesis and properties of The one predict-Os(NO)(CO)L2`.
able consequence of the Ru] Os change is that the metal is
more electron-rich, more and more oxidizable.BrÔnsted-basic,
In this study, we have concentrated on those reactions that
failed for but which have been characterizedRu(NO)(CO)L2`,
for In this way, we hoped to use those reagentsRu(CO)2L2 .
that are most discriminating, or diagnostic of di†erences in
reactivity between andRu(NO)(CO)L2` Os(NO)(CO)L2`.
This study also furnishes an opportunity to better understand
the alkyne-to-vinylidene isomerization.3

Experimental
All manipulations were done under an atmosphere of dry, O2-Ar employing a Vacuum Atmospheres inert atmospherefree
glovebox or standard Schlenk-line techniques. The solvents
were reagent grade and distilled from the appropriate drying
agents under Ar. Phenylacetylene was purchased from Aldrich
and distilled before use. Bis(trimethylsilyl)acetylene was pur-
chased from PCR and was freeze-pump-thaw degassed before

¤ Non-SI units employed : 1 kcal\ 4.184 kJ ; 1 torr B 133 Pa.

use. Diazald (N-methyl-N-nitroso-p-toluenesulphonamide)
was purchased from Aldrich and stored at 5 ¡C and used
without further puriÐcation. and CO were purchased fromH2Air Products. was purchased from Spectra Products inD299% purity. All gases were used without further puriÐcation
and were measured using a calibrated gas manifold. The 1H,
13C and 31P NMR were collected on a Varian Gemini 2000
or Inova 400 (1H: 300, 400 MHz; 13C: 100 MHz; 31P: 122,
162 MHz). 1H NMR were referenced to residual solvent peaks
as internal standards. 31P NMR were referenced to an exter-
nal standard of 85% Infrared data were collected onH3PO4 .
a Nicolet 510P FT-IR.

Synthesis and reactivity

A suspension ofOsCl(CO)(NO)(PBu
2
t Me)

2
.

(501.4 mg, 0.872 mmol) and diazaldOsHCl(CO)(PBu2t Me)2(301.8 mg, 1.409 mmol) in 20 mL ethanol was stirred for 3 h at
20 ¡C. The solution color changed from orange to brown.
Raising the temperature to boiling caused all the solid to dis-
solve. Slow cooling then produced small brown crystals. These
were washed with ethanol and dried under vacuum to give
348 mg (0.576 mmol, 66%). 1H NMR 20 ¡C) : d 1.63(CD2Cl2 ,
(vt, 6H, Hz) ; 1.29 (vt, 18H,PCH3 , JPH \ 2.7 PCCH3 , JPH\

Hz) ; 1.24 (vt, 18H, Hz). 31P NMR5.1 PCCH3 , JPH \ 5.1
20 ¡C) : d 22.65 (s). IR m(CO)\ 1898,(CD2Cl2 , (CD2Cl2) :m(NO)\ 1539 cm~1.

[Os(CO)(NO)(PBu
2
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To a solution of (134.3 mg, 0.22OsCl(CO)(NO)(PBu2t Me)2mmol) in 35 mL was added (214.0 mg, 1.09CH2Cl2 NaBAr4@equiv). With 30 min of stirring at room temperature, the color
of the solution became a deep red. Concentration of the solu-
tion and cooling to [40 ¡C for 3 days caused the formation of
deep red crystals. 1H NMR 20 ¡C) : d 7.75 (s, 8H,(CD2Cl2 ,
o-ArH) ; 7.58 (s, 4H, p-ArH) ; 1.92 (vt, 6H, PCH3 , JPH\ 3.3
Hz) ; 1.37 (vt, 18H, Hz) ; 1.28 (vt, 18H,PCCH3 , JPH\ 7.8

Hz). 31P NMR 20 ¡C) : d 44.70PCCH3 , JPH \ 7.8 (CD2Cl2 ,
(s). IR m(CO)\ 1952, m(NO)\ 1705 cm~1. Anal.(CD2Cl2) :calcd for (found) : C 42.78 (43.23) ; HOsC51H54BNO2F24P23.80 (3.57).
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To a solution of[Os(H)
2
(CO)(NO)(PBu
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(86.8 mg, 0.061 mmol) in 20[Os(CO)(NO)(PBu2t Me)2]BAr4@mL in a 50-mL Ñask was added excess (700 torr,CH2Cl2 H232 equiv). The color of the solution changed from deep red to
faint yellow within the time of mixing. Slow cooling to
[40 ¡C caused the formation of pale peach crystals. 1H NMR

20 ¡C) : d 7.88 (s, 8H, o-ArH) ; 7.78 (s, 4H, p-ArH) ;(CD2Cl2 ,
1.90 (vt, 6H, Hz) ; 1.36 (vt, 18H,PCH3 , JPH\ 3.9 PCCH3 ,

Hz) ; 1.35 (vt, 18H, Hz) ; [ 5.4JPH \ 7.6 PCCH3 , JPH\ 7.6
(br s, 2H, OsH) ; 1H NMR [40 ¡C) : d [ 4.37 (t,(CD2Cl2 ,
1H, OsH, Hz) ; [6.85 (t, 1H, OsH, Hz).JPH \ 17.4 JPH\ 20.7
31P NMR 20 ¡C) : d 34.88 (s). IR m(CO)(CD2Cl2 , (CD2Cl2) :and (OsH) \ 2099, 2067, 1820 ; m(NO)\ 1794 cm~1. Anal.
calcd for (found) : C 42.71 (42.40) ; HOsC51H56BNO2F24P23.94 (3.53).

The complexOsH(CO)(NO)(PBu
2
t Me)

2
. [Os(H)2(CO)-

(13.8 mg, 0.0096 mmol) in 500 lL(NO)(PBu2t Me)2]BAr4@was deprotonated in an NMR tube with (1.25CD2Cl2 NEt3lL, 1.01 equiv) within the time of mixing to form an orange-
brown solution. 1H NMR 20 ¡C) : 1.72 (vt, 6H,(CD2Cl2 ,

Hz) ; 1.304 (vt, 18H, Hz) ;PCH3 , JPH \ 3.3 PCCH3 , JPH \ 7.0
1.298 (vt, 18H, Hz) ; [ 6.17 (t, 1H, OsH,PCCH3 , JPH\ 7.0

Hz). 31P NMR 20 ¡C) : d 36.3 (s). IRJPH \ 24 (CD2Cl2 ,
m(CO)\ 1882, m(NO)\ 1609 cm~1.(CD2Cl2) :

A freeze-pump-[Os(D)
2
(CO)(NO)(PBu
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4
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thawed NMR solution of [Os(H)2(CO)(NO)(PBu2t Me)2]BAr4@(13.7 mg, 0.0096 mmol) in 500 lL was reacted withCD2Cl2270 torr (4.6 equiv) at 25 ¡C. Within 20 min of vigorousD2mixing, equilibrium had been reached (as observed by 1H
NMR over a period of 24 h) to form [Os(D)2(CO)-

All other spectroscopic features(NO)(PBu2t Me)2]BAr4@ ] H2 .
were identical with the all protio version except IR: IR

m(CO)\ 2058, m(NO)\ 1809 cm~1.(CD2Cl2) :

To a degassed[Os(HCCH)(CO)(NO)(PBu
2
t Me)

2
]BAr

4
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solution of (31.7 mg, 0.022[Os(CO)(NO)(PBu2t Me)2]BAr4@mmol) in 600 lL was added 700 torr (4.4 equiv)CD2Cl2Upon mixing, the solution turned yellow and theC2H2 .
excess acetylene was removed via vacuum. 1H NMR (CD2Cl2 ,
20 ¡C) : d 8.19 (s, 1H, HCC) ; 7.73 (s, 8H, o-ArH) ; 7.57 (s, 4H,
p-ArH) ; 5.97 (s, 1H, HCC) ; 1.32 (vt, 18H, PCCH3 , JPH\ 7.6
Hz) ; 1.30 (vt, 18H, Hz) ; 0.92 (vt, 6H,PCCH3 , JPH\ 7.6

Hz). 13C NMR 20 ¡C) : 188.1, (t, CO,PCH3 , JPH\ 4 (CD2Cl2 ,
Hz) ; 162.3, (q, BC, Hz) ; 135.4, 130.0, 129.6,JPC\ 5 JBC\ 50.7

129.3, 129.2, 129.0, 126.6, 123.9, 121.2, 118.1, (BAr) ; 101.1, (s,
CC) ; 77.6, (s, CC) ; 34.3, (vt, Hz) ; 33.7, (vt,PCCH3 , JPC\ 10

Hz) ; 29.7, (s, 29.5, (s,PCCH3 , JPC\ 10 PCCH3) ; PCCH3) ;6.1, (vt, Hz). 31P NMR 20 ¡C) : dPCH3 , JPC\ 20 (CD2Cl2 ,
16.3 (s). IR m(CO)\ 2014, m(NO)\ 1727 cm~1.(CD2Cl2) :

To a cooled[Os{CC(SiMe
3
)
2
}(CO)(NO)(PBu

2
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2
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([20 ¡C) solution of (16.5 mg,[Os(CO)(NO)(PBu2t Me)2]BAr4@0.011 mmol) in 500 lL was added excessCD2Cl2bis(trimethylsilyl)acetylene (5 lL, 0.022 mmol). Upon rapid
inversion of the tube, the solution color changed from red-
brown to golden yellow; 31P and 1H NMR showed conver-
sion to one product. 1H NMR [20 ¡C) : d 7.7 (s,(CD2Cl2 ,
8H, o-ArH) ; 7.6 (s, 4H, p-ArH) ; 1.8 (vt, 6H, PCH3 , JPH \ 3
Hz) ; 1.35 (vt, 18H, Hz) ; 1.32 (vt, 18H,PCCH3 , JPH\ 7.7

Hz) ; 0.35 (s, 9H, 0.27 (s, 9H,PCCH3 , JPH\ 7.3 SiCH3) ;13C NMR [20 ¡C) : d 273.6 (a-CC,SiCH3). (CD2Cl2 , JPC\
Hz) ; 184.8 (t, CO, Hz) ; 162.0 (quartet, BC,11.7 JPC\ 7.6

Hz) ; 135.0, 129.5, 129.2, 128.9, 128.6, 126.2, 123.4,JBC \ 50
120.7, 117.8 (BAr) ; 113.5 (s, b-CC) ; 40.2 (vt, PCCH3 , JPC\

Hz) ; 39.6 (vt, Hz) ; 29.9 (s,11.0 PCCH3 , JPC\ 11.0 PCCH3) ;29.7 (s, 8.4 (vt, Hz) ; 2.8 (s,PCCH3) ; PCH3 , JPC\ 15.5 SiCH3).31P NMR [ 20 ¡C) : d 11.6 (s).(CD2Cl2 ,

Bis(trimethyl-[Os(CCH
2
)(CO)(NO)(PBu
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silyl)acetylene (10 lL, 0.044 mmol) was added to a solution of
(28.7 mg, 0.020 mmol) in 500[Os(CO)(NO)(PBu2t Me)2]BAr4@lL Water (0.2 lL, 0.011 mmol) was then added viaCD2Cl2 .

syringe to this solution. Two new species were seen by 31P
and 1H NMR. has[Os(CCH2)(CO)- (NO)(PBu2t Me)2]BAr4@the following characteristic 1H NMR 293 K) : d(CD2Cl2 ,
7.71, 7.55 (12H, 3.34 (t, 2H, Hz) ; 1.80BAr4@ ) ; CCH2 , JPH\ 6.0
(vt, 6H, PMe, Hz) ; 1.35, 1.30 (2 vt, 18H, PBut,JPH \ 3.6

Hz). 31P NMR 293 K) : d 17.47 s.JPH \ 7.4 (CD2Cl2 ,
has the follow-[OsMCCH(SiMe3)N(CO)(NO)(PBu2t Me)2]BAr4@ing characteristic 1H NMR 293 K) : d 7.71, 7.55(CD2Cl2 ,

(12H, 3.70 (t, 1H, CCH, Hz) ; 1.77 (vt, 6H,BAr4@ ) ; JPH \ 6.0
PMe, Hz) ; 0.23 (s, 9H, 31P NMRJPH \ 3.2 SiMe3). (CD2Cl2 ,
293 K) : d 15.88 s.

To an NMR tube con-[Os(CO)
2
(NO)(PBu

2
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2
]BAr

4
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taining a solution of (12.0 mg,[Os(CO)(NO)(PBu2t Me)2]BAr4@0.0084 mmol) in 600 lL was added CO (400 torr, 7.6CD2Cl2equiv). Upon mixing, the solution turned a very pale peach
color. 1H NMR 20 ¡C) : d 7.75 (s, 8H, o-ArH) ; 7.58(CD2Cl2 ,
(s, 4H, p-ArH) ; 1.92 (vt, 6H, Hz) ; 1.37 (vt,PCH3 , JPH \ 4.5
36H, Hz). 31P NMR 20 ¡C) : dPCCH3 , JPH\ 10.5 (CD2Cl2 ,
20.8 (s). IR m(CO)\ 2039, 1981 ; m(NO)\ 1723(CD2Cl2) :cm~1. Anal. calcd for (found) : C 42.78OsC52H54BNO3F24P2(42.52) ; H: 3.72 (3.51).

To a solu-[Os(g2-HC3CPh)(CO)(NO)(PBu
2
t Me)

2
]BAr

4
º .

tion of in 500 lL[Os(CO)(NO)(PBu2t Me)2]BAr4@ CD2Cl2(15.9 mg, 0.011 mmol) was added 1.20 lL (0.011 mmol) of
phenylacetylene. Upon removing the NMR tube from the glo-
vebox, the sample was immediately cooled. 31P NMR showed
the predominant Ðrst product of the reaction to be the g2-
bonded alkyne. 1H NMR 5 ¡C) : d 8.1 (s, 1H,(CD2Cl2 ,
HCCPh) ; 7.72 (s, 8H, o-BArH) ; 7.56 (s, 4H, p-BArH) ; 7.52,
7.45, 7.39 (selected peaks) ; 1.32 (vt, 18H,C6H5 PCCH3 ,

Hz) ; 1.31 (vt, 18H, Hz) ; 0.82 (vt,JPH \ 7.2 PCCH3 , JPH \ 7.2
6H, Hz). 31P NMR 5 ¡C) : d 22.5PCH3 , JPH \ 3.9 (CD2Cl2 ,
(s).

This com-[OsH(C3CPh)(CO)(NO)(PBu
2
t Me)

2
]BAr

4
º .

pound is also evident in the above reaction. At the earliest
observation time, the hydrido alkynyl was present in approx-
imately 5% abundance. With time evolution, this product
never gained in mole fraction. It was identiÐed by the follow-
ing spectroscopic signals. 1H NMR 5 ¡C) : d 1.99 (vt,(CD2Cl2 ,
6H, Hz) ; 1.48 (vt, 18H,PCH3 , JPH\ 3.9 PCCH3 , JPH \ 7.2
Hz) ; 1.44 (vt, 18H, Hz) ; [ 2.03 (t, 1H,PCCH3 , JPH \ 7.2
OsH, Hz). 31P NMR 5 ¡C) : d 25.1 (s).JPH\ 7.2 (CD2Cl2 ,

To a 100-mL[Os{C3C(H)Ph}(CO)(NO)(PBu
2
t Me)

2
]BAr

4
º .

Ñask containing a solution of [Os(CO)(NO)(PBu2t Me)2]BAr4@(74.4 mg, 0.052 mmol) in 50 mL was added 6.4 lLCH2Cl2(1.12 equiv) PhCCH. Over 1.5 h of stirring at room tem-
perature, the solution changed from pale peach (g2-alkyne) to
deep red. The solution was Ðltered through Celite. The solvent
was then removed in vacuum to yield a red-brown solid. 1H
NMR 20 ¡C) : d 7.73 (t, 8H, o-BArH, Hz) ;(CD2Cl2 , JPH\ 2.3
7.57 (s, 4H, p-BArH) ; 7.35 (t, 2H, m-Ph, Hz) ; 7.26JHH \ 7.8
(br t, 1H, p-Ph, Hz) ; 7.01 (d, 2H, o-Ph,JHH \ 7.8 JHH \ 7.5
Hz) ; 4.82 (t, 1H, CH(Ph), Hz) ; 1.68 (vt, 6H,JPH\ 6.3 PCH3 ,

Hz) ; 1.40 (vt, 18H, Hz) ; 1.34 (vt,JPH \ 3.6 PCCH3 , JPH \ 8.4
18H, Hz). 31P NMR 20 ¡C) : dPCCH3 , JPH \ 8.4 (CD2Cl2 ,
23.0 (br s). 13C NMR 20 ¡C) : d 316.7 (t, a-CC,(CD2Cl2 ,

Hz) ; 182.4, (t, CO, Hz) ; 162.6, (quartet, BC,JPC\ 17 JPC\ 5
Hz) ; 135.6, 130.8, 130.3, 129.9, 129.4, 129.0, 128.6,JBC\ 50.9

127.4, 127.2, 123.5, 119.9, 118.2 (BAr, Ph) ; 126.5 (t, b-CC,
Hz) ; 40.3, 40.1 29.5 7.2JPC\ 4.8 (PCCH3) ; (PCCH3) ; (PCH3).IR m(CO)\ 2019, m(NO)\ 1730 cm~1.(CD2Cl2) :
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Method (a). To a solu-Os(C3CPh)(CO)(NO)(PBu
2
t Me)

2
.

tion of (12.2 mg, 0.0085 mmol)[Os(CO)(NO)(PBu2t Me)2]BAr4@in 500 lL was added 0.95 lL (1.02 equiv) of phenyl-CD2Cl2acetylene. With all isomers [OsH(C3CPh)(CO)-
(NO)(PBu2t Me)2`, OsMC3C(H)PhN(CO)(NO)(PBu2t Me)2`,
Os(g2-HC3CPh)(CO)(NO) present, 3.0 lL (2.5(PBu2t Me)2`]
equiv) of was added via syringe. Immediately the solu-NEt3tion turned golden yellow. The was pumped awayCD2Cl2and the solid was extracted with three 1-mL portions of
pentane ; the pentane was removed via vacuum to yield a
yellow solid.

Method (b). An independent synthesis of this compound
was achieved by adding LiCCPh (38.8 mg, 0.359 mmol) to a
toluene solution of and stirring forOsCl(CO)(NO)(PBu2t Me)212 h. Removal of toluene and extraction of the resultant
material with benzene produced the above product in greater
than 95% purity. The complex was identiÐed by the following
spectroscopic properties. 1H NMR 20 ¡C) : d 7.35 (d,(C6D6 ,
2H, m-Ph, Hz) ; 7.26 (br t, 1H, p-Ph, Hz) ;JHH \ 7.8 JHH \ 7.8
7.01 (d, 2H, o-Ph, Hz) ; 1.39 (vt, 6H,JHH \ 7.5 PCH3 , JPH \

Hz) ; 0.95 (vt, 18H, Hz) ; 0.83 (vt, 18H,3.6 PCCH3, JPH \ 6.9
Hz). 13C NMR 20 ¡C) : d 188.7 (t,PCCH3 , JPH\ 6.6 (C6D6 ,

CO, Hz) ; 130.9, 130.4, 125.4 (Ph) ; 126.9 (t, a-CCPh,JPC\ 7.2
Hz) ; 106.3 (t, b-CCPh, Hz) ; 30.3 (s,JPC\ 11.9 JPC \ 16.7

30.0 (s, 8.7 (t, Hz). 31PPCCH3) ; PCCH3) ; PCH3 , JPC\ 16.4
NMR 20 ¡C) : d 16.6 (s). IR m(CO)\ 1902,(C6D6 , (CD2Cl2) :m(NO)\ 1620, m(C3C)\ 2085 cm~1.

To a solu-[Os{C3C(H)(But)}(CO)(NO)(PBu
2
t Me)

2
]BAr

4
º .

tion of (17.8 mg, 0.0124 mmol)[Os(CO)(NO)(PBu2t Me)2]BAr4@in 500 lL was added 2 lL (3.306 equiv) tert-CD2Cl2butylacetylene. There was no noticeable color change. After
0.5 h at room temperature, 1H and 31P NMR showed,
through analogy with other complexes, that only the vinyl-
idene was present. 1H NMR 20 ¡C) : d 7.73 (t, 8H,(CD2Cl2 ,
o-BArH, Hz) ; 7.57 (s, 4H, p-BArH) ; 3.76 (t, 1H,JPH\ 2.1
CH(But), Hz) ; 1.80 (vt, 6H, Hz) ;JPH \ 6.0 PCH3 , JPH \ 3.9
1.38 (vt, 18H, Hz) ; 1.34 (vt, 18H,PCCH3 , JPH\ 7.2 PCCH3 ,

Hz) ; 1.11 (s, 9H, 31P NMRJPH \ 7.2 CC[C(CH3)3]).20 ¡C) : d 17.6 (s).(CD2Cl2 ,

Results
Synthesis and characterization of andOsCl(NO)(CO)L

2Os(NO)(CO)L
2
‘

Reaction of with diazald at reÑux in ethanolOsHCl(CO)L2yields The 1H NMR spectrum of theOsCl(NO)(CO)L2 .4
equivalent PÈMe groups (a virtual triplet) is consistent with
trans phosphines and the diastereotopic But protons are con-
sistent with the OsCl(NO)(CO) unit being coplanar. While this
is equally consistent with a trigonal-bipyramidal structure
with a linear OsNO unit, the m(CO) (1898 cm~1) and m(NO)
(1539 cm~1) frequencies are sufficiently similar to those of the
crystallographically characterized that weRuX(NO)(CO)L22assign the osmium complex a square-pyramidal structure with
bent NO.

Chloride is efficiently abstracted from byOsCl(NO)(CO)L2(Ar@\ 3,5- at 25 ¡C in to giveNaBAr4@ 5 (CF3)2C6H3) CH2Cl2four-coordinate The diasteroeotopic[Os(NO)(CO)L2]BAr4@ .
But ligands require a nonplanar unit (and rule outOsNCP2either a planar geometry or a rapid inversion at Os) and thus
indicate structure 1, analogous to that of the Ru species. This
geometry, derived from a trigonal bipyramid by removal of

one equatorial ligand, is clearly ““preparedÏÏ for ligand addi-
tion. The m(NO) value (1705 cm~1) of is tooOs(NO)(CO)L2`
high for a bent OsNO unit, and is close to that of the Ru
analog (1709 cm~1). The m(CO) value, 1952 cm~1, is consider-
ably higher than that of The rise of m(NO)OsCl(NO)(CO)L2 .
upon chloride removal, 166 cm~1, is strong evidence for con-
version from a bent to a linear NO.

Reactivity of Os(NO)(CO)L
2
‘

This unsaturated Os(0) cation reacts with at 25 ¡CH
2
. H2in to give The rutheniumCD2Cl2 Os(H)2(NO)(CO)L2`.

analog of 1 shows no reaction at [80 ¡C in under 1CD2Cl2atm The osmium cation shows (1H NMR) a broad,H2 .
unstructured hydride signal at room temperature, together
with diastereotopically inequivalent But signals. By [32 ¡C,
the hydride region has decoalesced into two signals, whose
average chemical shift is within 1.2 ppm of the 25 ¡C value.
The chemical shift of the 31PM1HN NMR singlet is essentially
unchanged within 0.3 ppm between [70 and ]25 ¡C. These
results are all consistent with a species of structure 2, with no
signiÐcant (i.e., [5%) loss of at the temperatures studied.H2The infrared spectrum of shows m(NO)Os(H)2(NO)(CO)L2`
at 1794 cm~1, but three bands at 2067, 2099, and 1820 cm~1
for OsÈH and CO modes. The value of m(CO), 2058 cm~1, is
better derived from which shows m(NO)Os(D)2(NO)(CO)L2`,
at 1809 cm~1. This is the highest m(CO) value observed in this
study, a result of reduced p-donation by Os(II) and of being
trans to a hydride ligand. The IR spectrum of

after exposure to vacuum at 25 ¡COs(D)2(NO)(CO)L2`
shows no indicating that loss of dihydrogenOs(NO)(CO)L2`,
is not facile ; oxidative addition is ““complete ÏÏ. The 1H NMR
hydride signal becomes a triplet at 80 ¡C in (CDCl2)2 ,
showing that the Ñuxionality is intramolecular.

A solution of in was treatedOs(H)2(NO)(CO)L2` CD2Cl2with 270 torr (D4.6 equiv) at 25 ¡C. Within 20 min ofD2vigorous mixing, equilibrium had been reached (subsequently
observed by 1H NMR for 24 h) to form Os(D)2(NO)(CO)L2`
and The facility of this exchange reaction is surprising. ItH2 .
is interesting that trace amounts of HD were produced and
detected during the exchange of for The mechanisticH2 D2 .
conclusions that might be drawn from this observation are
one of the following : nitrosyl bends from linear, CO disso-
ciates, or phosphine dissociates.

Deprotonation of with yieldsOs(H)2(NO)(CO)L2` NEt3The But protons show diastereotopic ine-OsH(NO)(CO)L2 .
quivalence by 1H NMR at 25 ¡C. A hydride triplet and
31PM1HN NMR singlet are consistent with an intact, mirror-
symmetric, Ðve-coordinate structure at 25 ¡C. The similarity of
the m(NO) and m(CO) values to those of crystallographically
characterized supports the assignment of aRuH(NO)(CO)L2trigonal bipyramid with axial phosphines and equatorial
hydride, NO and CO.

CO. is formed immediately on additionOs(NO)(CO)2L2`
of CO. The m(NO) value rises from 1705 to 1723 cm~1 on
addition of CO. The But protons are now equivalent in this
molecule.

Acetylenes. (a) reactsPhCCH. [Os(CO)(NO)(PBu2t Me)2]`with \ 1 equiv phenylacetylene in At [55 ¡C, theCD2Cl2 .
Ðrst product (Fig. 1) is an g2-bound species (A, Scheme 1). The
acetylene proton appears at 8.9 ppm as a singlet. With
warming to [25 ¡C, a hydride product C appears at [2.03
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Fig. 1 Kinetic evolution of the 162 MHz 31PM1HN NMR spectrum of
the reaction of with PhCCH in as the tem-Os(NO)(CO)L2` CD2Cl2perature (in ¡C) is increased. (A) Os(NO)(CO)(g2- (B)HC2Ph)L2`,

(C)Os(NO)(CO)[CC(H)(Ph)]L2`, Os(NO)(CO)H(CCPh)L2`.

ppm (triplet). Throughout the rest of the reaction, this hydrido
acetylide and the g2-acetylene species remain in the same
mole ratio, which suggest that they are in equilibrium. After
being at room temperature for 10 min (Fig. 1), the initial for-
mation of a third, thermodynamic product was seen. This last
product, the vinylidene isomer (B, Scheme 1), displayed a
proton NMR signal at 4.8 ppm as a triplet due to protonÈ
phosphorus coupling. After 1.5 h at 30 ¡C, nearly all g2-
acetylene and hydrido acetylide had been converted into
vinylidene (Fig. 1).

We tested whether this isomerization could be acid-base
catalyzed. A similar reaction was carried out in withCD2Cl2added trace amounts of or Upon adding alkyne,NEt3 H2O.
then trace deprotonation occurs, to form traceNEt3 ,

D. After 5 h isomerization toOs(CCPh)(CO)(NO)(PBu2t Me)2 ,
vinylidene was complete although the uncharged acetylide D
complex still remained. In the presence of added water, no
new species were seen (i.e., no water adducts) and the isomer-
ization to vinylidene appeared to proceed on the same time
scale as the control (““dry ÏÏ) reaction. If the reaction was run in
the presence of trace a strong acid, it[H(OEt2)2]BAr4@ ,

Scheme 1

reached completion in 2.5 h ; therefore no signiÐcant inhibition
by acid or base was detected. We believe that these three con-
ditions sufficiently test for an acid-base pathway and we con-
clude that the isomerization must be intramolecular (a 1,2- or
1,3-shift) or bimolecular.6

It was interesting to note that deprotonates theseNEt3species. In certain of these reactions, the proton was removed
from either the hydrido acetylide or the g2-acetylene, since
they were the only species in solution when the base was
added. But, in a separate experiment where all three species
were in solution and [1 equiv. was added, all speciesNEt3were deprotonated. This indicates that either all species are
acidic or that there is an equilibrium between the acidic
species and the other two species.

We have attempted to enter the manifold of compounds in
Scheme 1 from another point, D. Protonation of

with inOs(CCPh)(CO)(NO)(PBu2t Me)2 [H(OEt2)2]BAr4@at [80 ¡C gives (1H and 31P NMR evidence) onlyCD2Cl2the product of protonation of the cationic vinylideneC
b
:

complex, B. Raising the temperature of this solution progres-
sively to 20 ¡C produces no new species. This permits the con-
clusion that protonation does not occur at Os but only at the
b-carbon of the acetylide ; it is also consistent with the vinyl-
idene complex as the most thermodynamically stable species
in Scheme 1.

(b) HCCH. reacts with[Os(CO)(NO)(PBu2t Me)2]BAr4@excess in with a color change to light yellow toC2H2 CD2Cl2give a 1 : 1 adduct. The m(CO) and m(NO) values of this
product are considerably higher than those of

indicating that HCCH behaves more as aOs(NO)(CO)L2`,
p-acid than as a donor. Excess acetylene was then removed in
vacuum, but this molecule shows no tendency to transform to
a hydrido acetylide or to a vinylidene species, even after
heating to 60 ¡C for 30 min in The cation is stereo-C2D2Cl4 .
chemically rigid at 25 ¡C in both 1H and 13C NMR: two
acetylene hydrogen and carbon chemical shifts are seen. The
13C chemical shift values, 101.0 and 77.6 ppm, are consistent7
with the acetylene functioning as a 2-electron donor to Os. 1H
NMR spectra at 60 ¡C in show broadening of the 5.9C2D2Cl4and 8.1 ppm acetylene signals, while the 31PM1HN NMR signal
remains sharp at this temperature. Therefore, the process
beginning at this temperature must be rotation of acetylene,
not acetylene loss. Raising the temperature further caused
degradation of the acetylene complex.

Bis(trimethylsilyl)acetylene reacted(c) Me3SiCCSiMe3.with the only product observed[Os(CO)(NO)(PBu2t Me)2]` ;
already at [20 ¡C is the vinylidene [Os(CC(SiMe3)2)-best characterized by a 13C NMR(CO)(NO)(PBu2t Me)2]`,
signal at 274 ppm for The rapid isomerization ofC

a
.

bis(trimethylsilyl)acetylene to its vinylidene is not unprece-
dented.3q Its speed relative to the other isomerizations indi-
cates that trimethylsilyl facilitates the movement of groups
either by electronically stabilizing the transition state (1,2- or
1,3-isomerizations) or by raising the ground state of the g2-
bound alkyne by greater steric hindrance.

SiÈC bond hydrolysis. The addition of water to the
bis(trimethylsilyl)vinylidene species, or even adventitious
water or nucleophile, produced two new species. They were
identiÐed by two new triplets in the vinylidene region of the
1H NMR and two new singlets in the 31P NMR. Hydrolysis
of groups is a common occurrence for TMS groupsSiMe3connected to the b-carbon of a vinylidene.3q,8 Using a 13C
NMR driven equilibrium polarization transfer experiment
we were able to identify the Ðnal product as

We presume the other species[Os(CCH2)(CO)(NO)L2]`.
to be the product of a single hydrolysis,

Both products were also[OsMCCH(SiMe3)N(CO)(NO)L2]`.
formed when was added toHCCSiMe3 [Os(CO)(NO)L2]`.
The observed adventitious SiÈC bond cleavage is also proof
that, in solutions of these cationic complexes, there is other-
wise unrecognized nucleophile present. This has clear implica-
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tions for understanding the mechanism of the proton
migration isomerizations between M(HCCR), HMCCR and
MCCHR.

(d) ButCCH. In order to better understand the importance
of steric and electronic factors in the isomerization process, we
reacted 1 with tert-butylacetylene at room temperature. This
resulted in formation of the vinylidene species by the time of
the Ðrst observation (30 min) in 1H NMR. A triplet at 3.76
ppm is characteristic of the vinylidene complex. The reaction
was repeated at low temperature ([70 ¡C). At the time of the
Ðrst observation (B3 min), three new species were seen by 31P
NMR. None of the three species was the previously seen
vinylidene. The most abundant species was established to be a
hydrido alkynyl species, with a hydride signal at [2.3 ppm in
the 1H NMR. We presume the other two species to be two
isomers of the g2-alkyne species, di†ering by location of the
But group. Warming the solution by 10 ¡C increments shows
that by [40 ¡C, nearly all species had transformed into the
hydrido alkynyl complex. With further warming to [20 ¡C,
one observes the initial conversion to a vinylidene product.
Complete conversion from the hydrido alkynyl to the vinyl-
idene was accomplished within 15 min at room temperature.
Thus, compared to phenylacetylene, conversion to hydrido
alkynyl and vinylidene isomers occurs at lower temperatures
for ButCCH.

Discussion
There have been many examples of isomerization of terminal
acetylenes to vinylidene on Group VIII metals (primarily
Ru).3,9 Most transformations have occurred on a MII species
and are often suggested to proceed via a 1,2-hydrogen shift of
the g2-bound alkyne, presumably because oxidative addition
at a MII center leading from d6 to d4 is too hard to achieve.
Recently, a 1,3-isomerization for Ru involving a formally RuIV
species, was reported.3e[Cp*RuH(C3CR)(dippe)][BPh4],That work was generally accomplished in MeOH solvent,
where an acid/base mechanism cannot be excluded ; in partic-
ular, acidity by a proton on the metal or on anBrÔnsted
acetylene carbon should be enhanced by the cationic charac-
ter of such intermediates. We report here on a cationic Os0, d8
complex carrying two p-accepting ligands, CO and NO.
Although the hydrido cation species, [Os(H)2(CO)(NO)L2]`and can be deprotonated by[OsH(CCPh)(CO)(NO)L2]`,

we have found no evidence to suggest that the isomer-NEt3 ,
ization of g2 alkyne or hydrido acetylide to vinylidene was
catalyzed by adventitious base. However, given that the Ru
analog, produced no vinylidene[Ru(CO)(NO)(PBu2t Me)2]`,
species when reacted with PhCCH on a similar timescale, one
could conclude that reduced electron density at the metal and
thus reduced ability to oxidatively add alkyne (Ru vs. Os) has
caused the di†ering reaction paths.

Summarizing the reactivity towards RCCH, [Os(CO)-
1, did not activate a CÈH bond when R\ H; the(NO)L2]`,

reaction stops at the g2acetylene form. When R\ Ph, there is
an equilibrium between g2-alkyne and the hydrido alkynyl
(favoring the g2-alkyne) and these slowly convert to the Ðnal
product vinylidene. tert-Butylacetylene is quickly and com-
pletely converted by 1 to the hydrido alkynyl and conversion
to vinylidene is very fast at room temperature. Two things are
thus apparent. First, the steric proÐle of incoming alkyne cor-
relates well with the position of the equilibrium between the
g2 and oxidative addition products, the latter moving the
bulky R group farther from the metal. Second, the subsequent
conversion to vinylidene appears to correlate with the pres-
ence of hydrido alkynyl species. Other examples of d8, RhI and
IrI, metal complexes have been found to isomerize terminal
acetylene to its vinylidene isomer.3i,j,k,10 An analogous equi-
librium between hydrido acetylide and the g2-bound alkyne
has been proven in the case of with terminal[RhCl(PPri3)2]

alkynes. Both analogs, Rh and Ir, of these compounds have
been proposed to isomerize to vinylidene from the hydrido
acetylide species using a 1,3-hydrogen migration mechanism.
These are important examples because they do not involve
cationic species and polar, protic solvents.

1,2-Isomerization is not entirely excluded from the possible
mechanisms for isomerization. However, the production of

from the double hydrolysis of[Os(CCH2)(CO)(NO)L2]` has proven the stability and[OsMCC(TMS)2N(CO)(NO)L2]`kinetic persistence of this product. Therefore, theOsCCH2lack of observed isomerization from g2-acetylene to vinylidene
and the reverse for the case R\ H must be explained by either
an unusually high barrier for 1,2-hydrogen migration (relative
to other g2-alkynes) or the absence of oxidative addition of an
acetylene CÈH bond. The R group dependence of the kinetics
and thermodynamics of these reactions is still not fully under-
stood. Barrier heights for g2-alkyne-to-vinylidene isomer-
ization are decreased by steric bulk, both in the alkyne R
group and in the phosphine ligands.11 Werner and co-workers
found in the reactions of with TMS acetylenesRhCl(PPri3)2that the steric encumbrance of R in RCC(TMS) consistently
predicted the facility of TMS migration, that is, greater bulk
meant faster isomerization.3 Despite this secondary support
for 1,2-isomerizations, the presence here of an oxidative addi-
tion species for all systems that did undergo isomerization and
the fact that in the tert-butylacetylene reaction, the hydrido
alkynyl was the only species observed prior to isomerization,
strongly indicates that 1,2-migrations are not involved with
our system.

Conclusions

This study reveals that the cationic species
and are suffi-Os(H)2(NO)(CO)L2` OsH(C2Ph)(NO)(CO)L2`ciently acidic to be deprotonated by This isBrÔnsted NEt3 .

certainly not true of Ru(H)2(CO)2L2 .
While does not react with PhCCH atRu(NO)(CO)L2`

25 ¡C after 30 min, the higher reactivity of the osmium analog
is clearly deÐned by our observations. This reaction is sur-
prisingly complex, yet rich in mechanistic detail. The primary
product is the g2-alkyne adduct. This evolves in time at
25 ¡C to form the oxidative addition product

and subsequently the vinylideneOsH(C2Ph)(NO)(CO)L2`,
isomer Since this reaction can beOs(CCHPh)(NO)(CO)L2`.
demonstrated to occur in the presence of excess acid, this reac-
tion cannot be base catalyzed. However, a recent high-level
theoretical study Ðnds that a bimolecular hydrogen transfer
(E) can be easier than an intramolecular 1,3-hydrogen migra-
tion.6 The results reported here show that the g2-alkyne
complex is the primary product of reaction of the alkyne with
unsaturated Os(0), and that this adduct comes to thermal
equilibrium with the hydrido phenylacetylide isomer faster
than it begins to form the vinylidene isomer. Therefore, the
phenylacetylene system does not allow us to determine
whether the vinylidene isomer is formed directly from the g2-
PhCCH or the hydrido/acetylide species. Indeed, the
g2-HCCH analog shows no tendency at all to isomerize ; no H
migration is seen up to 60¡. Unfortunately, we cannot dis-
tinguish whether the subsequently formed hydrido acetylide
isomer is on the path to vinylidene, or whether it is a dead-
end side reaction. On the other hand, the ““ isomerization-
proneÏÏ alkyne with R \ Ph does not oxidatively add to

but it does form an g2-alkyne adduct,Ru(CO)2(PBu2t Me)2 ,
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and no isomerization to vinylidene is seen ; this could be inter-
preted as the hydrido acetylide being a true intermediate.

Pairwise comparison of the compoundsML@(CO)(NO)L2for M\ Ru and Os shows 20È40 cm~1 lower m(CO) and
m(NO) values for M\ Os. This conÐrms that osmium is more
reducing than ruthenium in analogous compounds, a conclu-
sion that reinforces the general trend in reactivity of

ions reported here. The m(CO) and m(NO)M(CO)(NO)L2`values for are lower for the hydride than forOsX(CO)(NO)L2the acetylide cases, which shows the greater r-donor power of
H than of C3CPh. Also, the m(NO) value of

1620 cm~1, is so much higher thanOs(CCPh)(CO)(NO)L2 ,
that (1539 cm~1) in that we conclude theOsCl(CO)(NO)L2acetylide complex is trigonal bipyramidal, with linear NO and
trans axial phosphines.

While the facile hydride Ñuxionality of Os(H)2(NO)-
is atypical for octahedral complexes in general, there(CO)L2`

is ample precedent for cis dihydrides being Ñuxional.12
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