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The reaction of M\ Ru or Os) with more than a dozen terminal alkynes RC3CH hasMHCl(CO)L2 (L\ PiPr3 ;
been studied at variable temperatures and for a variety of R groups representing a wide range of steric and
electronic e†ects. This sometimes reveals (for the slower osmium examples) formation of an g2-alkyne adduct, then
the vinylidene and Ðnally the g1-vinyl complex The rate ofOsHCl(C2CHR)(CO)L2 OsCl(CH2CHR)(CO)L2 .
formation of the vinyl complex decreases with R according to the series primary[ tertiary [ secondary and
electron-withdrawing[ electron-donating. Deuterium labeling of at either Os or the alkyne spOsHCl(CO)L2
carbons shows that isotope exchange between these two sites can be competitive with vinylidene and vinyl product
formation, and thus can confuse some attempts to trace the fate of the hydride. When this complication is absent,
conventional syn addition of OsÈD to HC3CR is established, to give Os(E-CH2CDR). The rate of conversion to the
vinyl product is not suppressed by added free Taken together, these results are consistent with a mechanismPiPr3 .
of vinyl complex formation involving neither the adduct with H trans to RC3CH, nor the vinylidene, but rather
with direct alkyne attack cis to the hydride, which is also consistent with the considerable steric inÑuence on the
rate of vinyl formation. DFT (B3PW91) calculations show that the vinyl complex is the thermodynamically most
stable product and thus is always the Ðnal observed product. The calculations also show that the ““direct ÏÏ addition
of the alkyne occurs via approach of the alkyne cis to MÈH inside the HÈMÈCl quadrant. This direct route is in
fact calculated to be a multistep process with an alkyne intermediate that is not in a deep well and thus cannot be
observed experimentally. Calculations also agree with the fact that the vinylidene and the vinyl complexes are
obtained through two independent routes.

This paper considers the following question : how does a ter-
minal acetylene react with an unsaturated metal hydride
complex in which the shape of the LUMO would favor addi-
tion of the alkyne trans to the hydride?

The Ðve-coordinate, 16-electron square-pyramidal complex-
es M \ Ru and Os) provide a richMHCl(CO)L2 (L\ PR3 ;
variety of reactions with unsaturated hydrocarbons.1h4
Among these, the seemingly simple addition of MÈH across
the C3C bond of terminal alkynes for is lackingMHCl(CO)L2in some mechanistic detail.5 Both Ru and Os complexes with

(1 for Os) and add MÈH rapidly acrossL\ PiPr3 PtBu2Me
the RC3CH bond for R\ H, Me and Ph, to give unsaturated
vinyl complexes 2.3,4 According to the authors : ““Addition of
the alkyne to the metal Ðrst occurs, followed by rapid migra-
tion of the hydride from the metal to the carbon atomÏÏ.4
These workers recently called this an ““unexpected insertionÏÏ.6
Such a mechanism should also apply to the reaction with
alkenes. However, alkenes seem to give only adducts with
these metal fragments,2 although formation of ethyl from eth-
ylene has been very recently reported7 for Ru and L\ PCy3

(Cy\ cyclohexyl). The rarity of MÈH addition to C2C but
rapid addition to C3C is not only paradoxical, but it empha-
sizes how much is unknown about these reactions. The struc-
ture of the reactant is a square pyramid with apical hydride
(3).8 The LUMO is thus directed away from the hydride and
any unsaturated ligand should form an adduct [eqn. (1)] with
stereochemistry unsuitable (i.e., H and the reducible ligand
mutually trans) for easy H transfer to carbon.

(1)

Two other observations demand explanation. First,
tBuC3CH is stated to be completely unreactive at 25 ¡C with

which was attributed to ““ stericMHCl(CO)(PtBu2Me)2 ,
inÑuence ÏÏ.2 Additionally, 1, reacts withOsHCl(CO)(PiPr3)2 ,
CyC3CH within 30 min at 25 ¡C to give a uniquely persistent
vinylidene complex with the proposed isomeric structure 4.9
Only after 3 days in solution does 4 isomerize to a vinyl
complex [eqn. (2)]. While it can be stated that there are no
generalizations regarding how R in RC3CH inÑuences the
rate of the MÈH addition or isomerization to vinylidene, this
behavior of CyC3CH is so unique as to attract further atten-
tion. There has been intense scrutiny of the g2-acetylene/
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(2)

vinylidene equilibrium, but no general conclusions have
emerged.10h14 In this work, we have studied the reactivity of a
large number of terminal alkynes with MHCl(CO)L2(M\ Os, Ru; The purpose is to detect speciesL\ iPr3P).
that appear prior to formation of the Ðnal vinyl products and
to draw some mechanistic conclusions from their occurrence.
In parallel, DFT (B3PW91) calculations were carried out to
determine the relative energies of the possible intermediates
and products and the mechanism(s) of their formation.

Results

We report results here that implicate a reaction sequence, for
at least certain of these reactions, which is shown in Scheme 1.
This Scheme rests upon direct detection of each intermediate
for at least some R, made possible because the unsaturated
complex forms an alkyne adduct at a very lowOsHCl(CO)L2temperature, where the rate of subsequent steps is slow.
Finally, steps a and, only slowly, b occur, both apparently
because the hexacoordinate complex resists any intramolecu-
lar migration that would bring the hydride cis to the
acetylene-derived ligand. These observations satisfactorily
resolve the two points raised in the preceding paragraph. Note
that the hydride/vinylidene stereochemistry in Scheme 1
(trans) di†ers from that proposed in 4. That in Scheme 1 is
chosen as resulting from a least-motion rearrangement from
MHCl(g2-HCCR)(CO)L2 .

Detection of intermediates in the reaction of
OsHCl(CO)(PiPr

3
)
2

The various alkynes studied di†er signiÐcantly in their rate of
reaction and thus give complementary views of di†erent reac-
tion intermediates. All reactions were carried out with a 1 : 2
Os : alkyne ratio in d8-toluene.

IdentiÐcation of the reactive species described here relies on
a combination of the presence or absence of OsÈH, 3CÈH,
2C2CHR and OsCH2CHR 1H NMR signals at distinctive
chemical shifts, as well as an empirical correlation that these
analogs, for varying R, have closely grouped 31P NMR chemi-
cal shifts : ca. 20 ppm for ca. 40 ppmOsHCl(HCCR)(CO)L2 ,

Scheme 1

for the vinylidene and ca. 23 ppm for the vinyl isomers. The
time evolution of the ca. 20 and ca. 23 ppm signals assists in
their assignment. The E structure around the C2C bond in the
OsCH2CHR fragment is based on the observation of a “ large Ï
coupling constant (12È15 Hz) between these hydrogens. In
cases of well-resolved 1H NMR spectra (i.e., narrow lines,
observed at only moderately low temperatures), the diastereo-
topic nature of the PiPr methyl protons was conÐrmed experi-
mentally.

Certain of the R groups permit detection of two 1H and/or
31P NMR resonances for their vinyl complexes. SpeciÐcally,
when and 2-pentyl, broad signals for the HR\ CF3 , CH2Ph
on are seen ; moreover, all vinyl complexes show broadC

b31PM1HN NMR signals. It is clear that the vinyl plane should
lie near or in the plane of the Os, C, O, Cl and (vinyl)C

aatoms, to minimize steric repulsion with the bulky L and for
electronic reasons, as shown for hexacoordinate complexes
and in this work ; this is supported by the available15 crystal
structures.4 Two isomers then exist as shown in 5 and 6. In
certain cases, there may be only one of these, either for ther-
modynamic or kinetic selectivity reasons. This point must be
recognized in analyzing the NMR spectra of evolving reaction
mixtures.

Detailed observations for individual R groups will now be
described. Table 1 is useful for following the descriptions
below. A “ ] Ï entry indicates that the species was detected.

R = Ph, p-tolyl. For R\ Ph, at the lowest temperature
([60 ¡C), only the E-2-phenylvinyl complex is seen, in a very
fast and selective reaction ; no adduct or vinylidene is
observed. This product assignment is conÐrmed by 31P and
1H NMR assays at [60 ¡C. Visually, there is an immediate
color change at [60 ¡C from the red of the reagent hydride to
the violet of the unsaturated vinyl complex, whereas alkynes
that give saturated adducts and vinylidenes immediately
become colorless upon addition of alkyne to the solution of

p-Tolylacetylene reacts analogously, soOsHCl(CO)(PiPr3)2 .
fast that no intermediates are detected, and the only product
observed at [60 ¡C is the vinyl complex.

Table 1 Observed products for di†erent R in reactions of
with RC3CHOsHCl(CO)(PiPr3)2

R g2-Adduct Vinylidene Vinyl

H ] ]
Me ] ] ]
Ph ]
p-MeC6H4 ]
CF3 ] ]
tBu ]a ] ]
SiMe3 ]a ] ]
2-Methylbutyl ] ] ]
1-Cyclohexenyl ]
PhCH2 ] (trace) ]

a Not directly observed, but implicated by line broadening/
coalescence of its 31P NMR signal and that of OsHCl(CO)(PiPr3)2 .
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R = H. When acetylene is condensed onto a frozen solution
of 1 and the cold NMR tube is inserted into a pre-cooled
NMR probe at [60 ¡C, complete conversion of 1 to one
product is seen by 31P and 1H NMR spectroscopy. The
product is a hydride and its hydride resonance ([4.2 ppm) is
signiÐcantly downÐeld of that for 1 ([32.5 ppm), which is an
empirical indication of the site trans to hydride being
occupied. Moreover, this chemical shift is within 1 ppm of the
value reported for the ethylene adduct of 1.2 The hydrogens of
coordinated appear as a triplet (coupling to 31P) atHC2H6.46 ppm, indicating that the C3C bond of the coordinated
alkyne is either (i) parallel to the ClÈOsÈCO fragment and
rotating rapidly around the OsÈH axis (7) or (ii) coplanar with
PÈOsÈP (8) and virtually coupled to the two phosphines (i.e.,

The latter will be seen as more consistent with theJHP @ JPP).behavior observed when and corresponds to theR\CF3most stable calculated alkyne adduct Ia. The 13CM1HN chemi-
cal shift for the coordinated alkyne peak is inconsistent with a
four-electron donor alkyne, but is consistent with a two-
electron donor.16 Although this value (75.8 ppm) is signiÐ-
cantly upÐeld of those reported for most g2-alkyne
adducts,17a there are precedents where this is observed,17b spe-
ciÐcally when the alkyne is trans to a ligand with strong trans-
inÑuence, thus supporting structure 8 for the adduct, in which
the hydride and the g2-alkyne are mutually trans. That is,
weak alkyne binding correlates with an upÐeld d (13C) value.
Gradually, upon warming towards ]20 ¡C, the equilibrium
corresponding to the g2-HCCH adduct formation shifts
towards the reactants, best indicated by broadening and dis-
appearance of the 1H NMR peak for g2-bound acetylenic
hydrogens. At ]20 ¡C, the only product observed is the vinyl
complex ; no evidence for the vinylidene complex is seen at
any temperature.

R = Me. When is reacted with propyneOsHCl(CO)L2under conditions identical to those above, several species are
observed (manifested by several hydride and 31P signals very
close to each other) : these are adducts andg2-CH3C3CH
hydrido-vinylidene complexes. The observation of multiple
propyne adducts can most reasonably be attributed to isomer-
ic structures (i.e., methyl orientation) due to the less symmetric
structure of g2-propyne in comparison to acetylene ; this also
indicates that interconversion of these isomers is slow at
[60 ¡C. Upon warming, hydride peaks of isomers within a
given ligand type merge due to their fast interconversion.C3The Ðrst evidence of the vinyl product is seen at [20 ¡C. At
]20 ¡C, the reaction mixture consists of some persistent vinyl-
idene, but also vinyl complexes in an approximately 2 : 1
ratio. It requires 80 h at ]20 ¡C to completely convert the
vinylidene complex to the vinyl.

R = tBu and CombiningSiMe
3
. OsHCl(CO)L2 (L\PiPr3)with 2 equiv. of tBuC3CH in at [60 ¡C givesd8-toluene

several major products (31PM1HN NMR evidence). tert-Butyl-
acetylene binds more weakly to the osmium than the previous
alkynes, and so, between [60 and [40 ¡C, a single broad
signal is observed due to coalesced togetherOsHCl(CO)L2with The 31P NMR chemical shiftOsHCl(tBuC3CH)(CO)L2 .
of this averaged signal moves in the direction of that of

as the temperature is raised, which is indicativeOsHCl(CO)L2of an increase in the mol fraction of As theOsHCl(CO)L2 .
temperature is raised from [60 to ]20 ¡C, there is an
increase in the amount of the species giving a 31P signal at
40.1 ppm [the vinylidene complex OsHCl(CO)(2C2CHtBu)L2 ,

which was also assigned by its 13C NMR signals] ; this
becomes the only species present at ]20 ¡C. The mol fraction
of this complex evolves over time, and, after 16 h at 25 ¡C, the
vinyl complex Os(E-CH2CHtBu)Cl(CO) (22.5 ppm inL231PM1HN NMR) is the only one observed. Similar behavior is
observed for the reaction of withOsHCl(CO)L2 Me3SiC3CH
(see Experimental). This result is in remarkable contrast to the
previous report in which tert-butylacetylene was found to be
completely unreactive towards (M\ Ru, Os ;MHCl(CO)L2This may be an indication of more com-L\ PtBu2Me).1,2
plete inhibition of the alkyne binding to the metal by more
sterically demanding phosphine tBu substituents, although the
possibility that the previous study did not monitor this slow
reaction long enough to observe the formation of vinylidene
and vinyl complexes in detectable quantities should also be
considered.

The inÑuence of a strongly electron-withdrawingR = CF
3
.

substituent has been studied by reacting withOsHCl(CO)L2When they are combined at [60 ¡C inCF3C3CH. d8-toluene,
the solution becomes colorless and NMR shows complete
conversion to the g2-adduct. The 31PM1HN NMR spectrum at
this temperature displays an AB pattern with Hz,JAB\ 128
indicating inequivalence of the two phosphines in the product.
This requires structure 8 for this product. The value of the
coupling constant is signiÐcantly smaller than 273 Hz,
observed in similar Ru complexes18 where is closenPÈMÈP
to 180¡, which is indicative of a substantial decrease in this
angle. Upon warming, the AB pattern is transformed into a
broad peak, probably due to the beginning of dissociation of
alkyne from Os, or to rotation of the alkyne around the OsÈH
axis. After 10 h at ]20 ¡C, the only product observed by
NMR is the vinyl complex Os(E-CH2CHCF3)Cl(CO)(PiPr3)2 .
No vinylidene is seen at any temperatures/times. Based on 31P
and 13C NMR spectroscopic data (the latter shows that the
two alkyne carbon resonances are only modestly shifted by
coordination to Os), the conclusion is that the alkyne adduct
has a structure in which the C3C bond is in the plane of the
PÈMÈP fragment. This corresponds to the optimal structure,
Ia, calculated for The strongOsH(Cl)(CO)(PH3)2(HC3CH).
decrease in the PÈOsÈP angle (151¡) is already present for
non-bulky phosphine ligands. This angular deformation is
also found in the alkene adduct as shown by the X-ray struc-
ture of in that theOsH(OH)[H2C2CHCO2Me](CO)(PiPr3)2C2C vector eclipses the PÈOsÈP fragment.19 This molecule
shows an unusually small PÈOsÈP angle (144¡), with the two
phosphines being bent towards the hydride.

R = 1-methylbutyl. The reactivity of with 3-OsHCl(CO)L2methyl-1-hexyne, bearing a secondary alkyl substituent at the
triple bond, has been examined to compare to that previously
reported for the sterically and electronically similar cyclo-
hexylacetylene. After 10 min at ]20 ¡C, NMR analysis of the
reaction mixture shows the presence of vinylidene and vinyl
complexes in a 9 : 1 ratio ; complete conversion to the vinyl
complex occurs after 100 h. Thus, this result is in agreement
with that for cyclohexylacetylene ; it also establishes that the
formation of this vinyl complex occurs at a slightly slower rate
than for methylacetylene and signiÐcantly slower than for tert-
butylacetylene.

Reaction of and 3-methyl-1-hexyne was alsoOsHCl(CO)L2studied by combining the reagents in at [60 ¡C. Atd8-toluene
[60 ¡C, there is less than 5% production of an adduct (by 31P
and 1H NMR spectroscopy) and no vinyl product evident. At
[40 ¡C, the peaks due to and the g2-alkyneOsHCl(CO)L2adduct are broader, suggesting they are connected by a kinetic
process. The Ðrst evidence for a vinylidene complex is seen at
[20 ¡C (Fig. 1) by both 31P and 1H NMR (hydride signal) ; a
trace of vinyl product is also seen and the resonances arising
from and its g2-alkyne adduct are nowOsHCl(CO)L2
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Fig. 1 31PM1HN NMR spectrum (121 MHz, [20 ¡C) ofd8-toluene,
the products of reaction of and HC3CCH(Me)-OsHCl(CO)(PiPr3)2(n-Pr). * indicates impurity in reagent.OsHCl(CO)(PiPr3)2

coalesced, near 49 ppm. At 0 ¡C, there is still more vinylidene
and the vinyl complex 31P NMR signal is strong enough to
reveal that it is a doublet, an AB pattern due to the chiral
carbon of the vinyl substituent. At this temperature, the coa-
lesced signal of and OsHCl(g2-RCCH)(CO)-OsHCl(CO)L2 L2is nearer the chemical shift of the former, showing it to be the
dominant populated species, but its signal is extremely broad
(see also Fig. 1). Its short lifetime is due to rapid collisions
with free alkyne, to give the adduct. At 20 ¡C, there are vinyl-
idene and vinyl species, and the equilibrium forming an g2-
alkyne adduct has further broadened the coalesced 31PM1HN
NMR signal. The vinylidene 31PM1HN NMR signal remains
sharp. This means that any equilibrium between the vinyl-
idene and the adduct is slower than that betweeng2-RC2Hand free alkyne. It also means that the observedg2-RC2H(rapid) collisions between and do notOsHCl(CO)L2 RC2Hdirectly produce the vinyl product at a signiÐcant rate. After
15 h at 20 ¡C, the reaction has proceeded further, but not to
completion ; vinylidene is still evident, as is the Ðnal product
vinyl complex. These observations are fully consistent with the
observations above, all made at ]20 ¡C.

Reaction of benzylacetylene with OsHCl-R = PhCH
2
.

is closer in rate to R\ Ph than it is to The(CO)L2 R\ CH3 .
reaction is nearly complete after 15 min at 25 ¡C. A trace of
vinylidene complex is seen by both 31P and 1H NMR, and

has been completely consumed.OsHCl(CO)L2
An enyne (R = 1-cyclohexenyl). Reaction with 1-ethynyl-

cyclohexene, seemingly sterically similar to the slow reactant
cyclohexylacetylene, has been investigated. However, it was
found to react much faster than any alkylacetylene : NMR
shows essentially complete conversion to the corresponding
vinyl complex within 10 min at ]20 ¡C.

Internal alkynes. In an attempt to observe stable g2-adducts
that could not form a vinylidene by H migration, the reacti-
vity of with two di†erent internal alkynes,OsHCl(CO)L2MeC3CMe and was studied. No evidence forPhC3CSiMe3 ,
adduct formation or insertion in either case was observed
from [60 to ]20 ¡C, indicating the necessity of employing
terminal alkynes, even merely to obtain an adduct.

The ruthenium analog. We studied a few analogous ruthe-
nium reactions, but using a terminal alkyne that falls into the
“slow reacting Ï category, to search for possible intermediates.
Reaction of with 3-methyl-1-RuHCl(CO)L2 (L\ PtBu2Me)
hexyne at 25 ¡C gives, after 10 min, no evidence of an adduct
and only a trace amount of the vinyl complex. After 11 h,
there is 93% conversion to one product, that being the vinyl
complex. The chiral carbon leads to (minutely) inequivalent

phosphine ligands. After 19 h, all the reagent complex is gone
and the yield of vinyl complex is [99%. There is no evidence
of an alkyne adduct (or a vinylidene complex) at 11 or 19 h. It
thus appears that the formation constant for any adduct is
much smaller for ruthenium than for osmium and it is this
feature that makes study of the osmium chemistry more infor-
mative. The DFT calculations have shown that the binding
dissociation energy is greatly reduced on going from Os to
Ru. The value calculated for Ru (10.6 kcal mol~1) is sufficient-
ly small to reach a zero or negligible value in the presence of
bulky phosphine ligands.

Reaction of and propyne inRuHCl(CO)(PtBu2Me)2 d8-gives no new NMR signals at [60 ¡C, with slowtoluene
growth of (but no otherRu(CH2CHMe)Cl(CO)(PtBu2Me)2species) at 25 ¡C. Complete conversion requires 1 h at 25 ¡C.

This ruthenium complex reacts with 1-ethynylcyclohexene
at 20 ¡C to give only the b-cyclohexenylvinyl product (99%
conversion) within 10 min. The ruthenium complex and

gives no product over 30 min at 25 ¡C,Me3SiC3CH
but 3 h at 70 ¡C gives 75% vinyl product and 25%
RuHCl(CO)(PtBu2Me)2 .

Summary of observations. Table 1 summarizes the complex
set of observations on the R group dependence of vinyl forma-
tion. A species that was not detected could be so for either
kinetic or thermodynamic reasons.

To this point, the observed species have been identiÐed,
together with some semi-quantitative indication of their time
evolution. We next deal with the question of which of these
are (and are not) on the path to the Ðnal g1-vinyl product. In
the present reaction, this is not as straightforward as might be
anticipated.

Is the hydrido/vinylidene complex an intermediate in forming
the vinyl product?

Alternative isomerization mechanisms. How might hydride
and vinylidene ligands, which are mutually trans, convert to a
vinyl ligand? In particular, is there an alternative to
unimolecular isomerization in an octahedral osmium
complex? Two alternative (dehydrohalogenation) hypotheses
can be considered for the conversion of vinylidene to vinyl
(Scheme 2).

Scheme 2

Dehydrohalogenation was considered because we observed
that the slower reactions, those where the vinylidene accumu-
lates and persists for a considerable time at 25 ¡C (R \ H,

show some formation of 11, a known20 product [eqn.CH3),(3)] of HCl addition to the vinyl complex.

(3)

The implication is that HCl may be somehow produced under
the reaction conditions. The HCl source might be the vinyl-
idene complex, with the implication of species 9 or 10 as the
dehydrohalogenated co-product. Here, HCl elimination avoids
the intramolecular “barrier Ï of the plane separat-MCl(CO)L2
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ing the hydride from the vinylidene. Species 9 and 10 di†er in
that reaction a removes the H from while reaction bC

bremoves H from Os. To complete the cycle, an alternative to
the microscopic reverse of reactions a and b, involves return of
HCl (a@ or b@) to protonate a carbon, yielding the vinyl
complex. These mechanisms were tested experimentally by
adding a threefold excess of HCl scavengers or 1,8-bis-Et3N(dimethylamino)naphthalene prior to the reaction of

with HCCH or with 3-methylhexyne ; however,OsHCl(CO)L2no new products and no suppression of the rate of vinyl
complex formation were observed. Thus, we must conclude
that HCl elimination is not operating.

Another possibility which brings the hydride and vinylidene
ligands mutually cis is dissociation of one phosphine ligand,
implicated in recent work on a related hydrido-carbene
complex.21 A Ñuxional Ðve-coordinate transient can then
isomerize to an isomer with H cis to vinylidene, followed by
insertion of vinylidene into the OsÈH bond. Experimental
testing of this hypothesis was performed using a 2- to 10-fold
excess of in reactions of withPiPr3 OsHCl(CO)(PiPr3)2tBuC3CH or no suppression of the rate of for-Me3SiC3CH:
mation of the vinylidene or the vinyl complex was observed.
This result is in agreement with that obtained21 in the study
of hydrido-carbene/methyl isomerization : is insufficient-PiPr3ly large (in contrast to which does dissociate) and,PtBu2Me,
therefore, fails to dissociate from the six-coordinate complex.

Deuterium labeling experiments. The conventional syn addi-
tion of MÈH across a C3C p-bond predicts the outcome
shown in eqn. (4). When this was tested experimentally

(4)

via eqn. (5) (R\ tBu or 1 : 2 or 1 : 0.67 mol ratio),SiMe3 ,
there was equal occupancy of H (1H NMR evidence) in both
sites a and b after only 5 min at 25 ¡C. Free tBuCCD was
evident by 2H NMR. After 16 h (R\ tBu), the vinyl complex
that had formed of course also had hydrogen equally at C

aand of the vinyl group. The implication of this is that thereC
bis rapid rupture of the OsÈD and CÈH bonds during or before

formation of the g2-alkyne adduct. The label is lost before
vinylidene or vinyl formation takes place.

(5)

This has the unfortunate consequence of making impossible
the isotopic veriÐcation of hydride transfer from the metal to

[eqn. (4)]. However, it has implications for the resultsC
breported9 in eqn. (6). The conclusion from that work (i.e.,

(6)

equal D at sites a@ and b@), where the Ðrst NMR assay was
made when the vinylidene complex was fully formed and no
g2-alkyne complex had been detected, was that the reaction
proceeded through species 12. While this is certainly one
attractive structure to accomplish the H/D scrambling that we
report here, it is only peripheral to the formation of the vinyl-
idene complex, since our deuterium study shows that it col-
lapses back to the g2-alkyne adduct faster than it transforms
to the vinylidene complex. Thus, the implication of eqn. (5) is
shown in eqn. (7) ; H/D exchange is the fastest reaction
between these two reagents. For comparison, it has been
shown that PhCCD exchanges D with the hydrides of

““ rapidly ÏÏ at 0 ¡C in aproticFe(H)2(Me2PC2H4PMe2)2solvent.22 It has also been argued that PhCCH initially inter-
acts with 18-electron (anionic) hydride complexes via 13 (in
contrast to the way in which 12 makes H and D equivalent),
which collapses to the product as shown in eqn. (8).23

OsDCl(CO)L2 ] RCCHH OsHCl(CO)L2 ] RCCD (7)

(8)

To clarify whether this H/D scrambling is general for the
MÈH additions to RC3CH under study here, reaction of

with PhC3CD (the alkyne observed to insertOsHCl(CO)L2fastest into the MÈH bond) was monitored by 1H and 2H
NMR. The result was completely di†erent : D was found to be
exclusively on of the vinyl complex, consistent with synC

aaddition and inconsistent with the involvement of a vinylidene
as an essential intermediate. When the location of the isotope
is reversed, reaction of with PhCCH gives DOsDCl(CO)L2only at of the resulting vinyl complex (2H assay). This iso-C

btopic labeling experiment is thus deÐnitive and not signiÐ-
cantly inÑuenced by any D isotope e†ect. This result is fully
consistent with the isotopic outcome of the reaction of

with PhCCH.24RuDCl(CO)(PtBu2Me)2A labeling study using also has been carriedOsDCl(CO)L2out at 25 ¡C for an alkyne reacting slightly slower than
PhCCH: 1-ethynylcyclohexene. 1H and 2H NMR of the reac-
tion mixture after 10 min (complete conversion to vinyl
product) showed that the distribution of deuterium inC

a
: C

bthe vinyl complex is ca. 1 : 3. This is consistent with slower
insertion of the (bulkier) alkyne into MÈH than in the case of
phenylacetylene, so there is sufficient time for partial H/D
scrambling to occur between the free alkyne and metal
complex prior to vinyl complex formation. Free alkyne is also
seen, deuterated at the terminal carbon.

Suggested mechanism. On the basis of all these obser-
vations, a hypothesis can be suggested : vinylidene formation
may be a side process, irrelevant for MÈH addition across
RC3CH, but an observable competing reaction for the slower
reacting alkynes. The absence of observable vinylidene forma-
tion for R\ Ph, might be attributed to (i) unfavorableCF3thermodynamics for vinylidene formation (since electron-
donating substituents at the vinylidene apparently have aC

bstabilizing e†ect on the energy of these species and electron-
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withdrawing substituents destabilize them) ;25 or (ii) more
favorable kinetics for hydride transfer from Os to of theC

balkyne due to the electron-withdrawing e†ect of these substit-
uents, increasing the electrophilicity of this carbon. On the
other hand, for R \ Me, tBu, and 1-methylbutyl : (i) theSiMe3vinylidene is stabilized by the electron-donating e†ect of R
and (ii) insertion is inhibited due to both the lesser electro-
philicity of of the alkyne and steric hindrance (in the lastC

bthree cases).
The metastability of the g2-adducts for both CH3C3CH

and which are very di†erent electronically, can beCF3C3CH,
explained by the inÑuence of di†erent factors contributing to
the bonding in these two cases : for relatively electron-rich

the major contributor is alkyne-to-metal electronCH3C3CH,
donation via interaction of the Ðlled p-bonding alkyne orbital
with the LUMO of the unsaturated metal complex ; for very
electron-poor the major contributor could be elec-CF3C3CH,
tron back-donation from a Ðlled metal d-orbital into the p* of
the alkyne.

Computational overview

In order to obtain an independent measure of the thermody-
namics of the various isomeric structures, DFT (B3PW91) cal-
culations of the products of the reaction of HCCH with

[M\ Ru, Os (I)] were carried out. TheMHCl(CO)(PH3)2structures and relative energies are shown schematically in
Fig. 2.

The full search for various isomers was only carried out at
the Os center. The alkyne adds to the metal fragment I to give
an octahedral g2-coordinated alkyne complex. Assuming that
the ligands remain trans, three coordination sites arePH3possible for acetylene, trans to H (IIa), trans to CO (IIb) or
trans to Cl (IIc) (Fig. 2). All complexes are found to have Cssymmetry and HCCH is bonded to the metal with essentially
equal MÈC distances. The three isomers have noticeably dif-
ferent stabilities. The most stable isomer, IIa, has an
HCCH/Os bond dissociation energy (BDE) of 19.2 kcal
mol~1 (calculated as the di†erence in energy from the separat-
ed fragments in their optimized structures). The CC vector
eclipses the OsÈP bonds, which results in a decrease in the
PÈOsÈP angle (to 151¡) in order to maximize back donation
to the alkyne.26 Ligand arrangement as well as the acetylene
orientation found are consistent with the experimental obser-
vation for R \ H and The strong bending of the phos-CF3 .
phine is thus not only due to the bulky phosphine ligands.
The orientation in IIc is similar and results in a similar
PÈOsÈP angle (151.4¡) but the BDE in IIc is very small and
probably tends to zero for more bulky phosphines and substi-
tuted alkynes. Two possible orientations were found for IIb,
the most stable having the CC axis eclipsing the OsÈH bond.
IIb is only slightly higher in energy (5.1 kcal mol~1) than IIa

Fig. 2 Schematic representation of structures and energies (kcal
mol~1) relative to separated optimized andOsHCl(CO)(PH3)2HC3CH of acetylene adducts (II) and vinylidene isomers (III).

and is thus a viable intermediate. The energy of the acetylene
adducts is thus not determined by maximizing the back dona-
tion in the incoming ligand, which would make the isomer
having acetylene trans to Cl (that is IIc) most stable. It is
determined in the most part by the intrinsic stability of the
metal fragment which favors the strongestOsHCl(CO)(PH3)2 ,
r-donor ligand (H or CO) trans to the empty site.

The energies and structures of isomeric vinylidene species,
III, are shown in Fig. 2 with the same notation for the site of
coordination of as for the alkyne complex and withC2CH2the same energy reference. In contrast to the alkyne complex-
es, the energies of the three isomeric species (IIIa, IIIb and
IIIc) are very close, with IIIc being the most stable. Since the
exothermicity is no larger than 6 kcal mol~1, the transform-
ation should be viewed as essentially thermoneutral. This
result highlights the importance of the metal fragment in
making this transformation feasible, since the isomerization of
free HCCH into free is highly endothermic (42.9 kcalCCH2mol~1). In the vinylidene series, H, CO and all have aC2CH2large trans inÑuence. Since each of the isomers has two of
these ligands trans to each other, they are relatively close in
energy (Fig. 2). Push/pull e†ects come from Cl and CO in IIIa,
and Cl and in IIIc. Only IIIb puts Cl trans to a non-p-CCH2acceptor (H) and the two p-acceptors (CO and trans toCCH2)each other and is thus the least stable. Note that the H and Cl
placement on the vinylidene isomer in Scheme 1 corresponds
to IIIa, not the (slightly) more stable IIIc.

The most stable vinyl isomer IVa (Fig. 3) is a square-
pyramidal complex with the vinyl group at the apical site
eclipsing the CO bond. This conformation agrees with that
observed in vinyl pentacarbonyl complexes, suggesting that
the occupied d orbital that is not stabilized by overlapsp*COwith the p and p* orbitals of the vinyl group.15 This inter-
action, which is similar to that found in the p-system of

increases the p-electron density on the non-CH22CHX,
substituted carbon by 0.1 electron (NBO value). Isomer IV is
calculated to be 40.2 kcal mol~1 below separated

and HCCH and 21.0 kcal mol~1 below theOsHCl(CO)(PH3)2most stable HCCH adduct, IIa. There is thus a signiÐcant
thermodynamic drive to form the unsaturated vinyl complex
in preference to the 18-electron alkyne or vinylidene complex.

The complexes with Ru in place of Os have been calculated
for isomers of type IIa, IIIa and IVa. Acetylene is less strongly

Fig. 3 Mechanism (DFT) for insertion of HCCH into the OsÈH
bond.
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bonded to Ru (10.6 kcal mol~1) than to Os (19.2 kcal mol~1)
in an isomer of type IIa. The lesser lengthening of CC with Ru
(1.23 than with Os (1.25 also illustrates this. ConsideringA� ) A� )
the lack of steric e†ects in our calculated model, substituted
alkyne is probably only very weakly bonded to RuHCl-

This is consistent with the absence of any(CO)(PR3)2 .
observed alkyne adduct in the case of the Ru analog. The
vinylidene isomer is higher in energy than the HCCH adduct
(]5.3 kcal mol~1) in the case of Ru. These results stem from
the lesser electron-donating ability of a 5d metal with respect
to a 6d one. This is also consistent with the lack of obser-
vation of a RuÈvinylidene complex. The RuÈvinyl complex is
calculated to be 29.1 kcal mol~1 more stable than the HCCH
adduct, which is larger than for Os (21.0 kcal mol~1). Using
the separated fragments and HCCH as anMHCl(CO)(PH3)2energy reference, the exothermicity is calculated to be similar
for Ru (39.7 kcal mol~1) and Os (40.2 kcal mol~1).

The mechanism for vinyl formation was sought via direct
insertion of the alkyne in the OsÈH bond from a trajectory cis
to H, not trans to H. Two choices of approach are available,
cis to Cl and cis to CO. Since, in both cases, the angles
between the two cis ligands must open as the alkyne
approaches, we used previous knowledge of the calculated
(HF level) relative energy cost for HÈRuÈCl vs. HÈRuÈCO
opening in in selecting the approach in theRuHCl(CO)(PH3)2HÈOsÈCl quadrant.24 A transition state [TS(IÈIIb), Fig. 3 and
4] was located only 2.3 kcal mol~1 above the energy of the
separated reagents. In this transition state, the alkyne is
hardly pertubed from the free alkyne geometry. It is still essen-
tially linear and the CC bond distance is 1.21 (identical toA�
that calculated in free The average of the two OsÈCC2H2).

Fig. 4 Calculated (DFT) geometries.

bonds is 3.40 which indicates a very early transition state.A� ,
The major geometrical changes from the reactants are the
opening of the HÈOsÈCl angle from 109 to 146.9¡. This large
angular change at modest energy cost conÐrms the initial
hypothesis that the preferred approach would occur in the
most easily distorted quadrant cis to the OsÈH bond.

Relaxing the geometry of this transition state along the
normal mode of the imaginary frequency leads to the acety-
lene adduct (discussed earlier) bonded trans to CO, IIb. In the
g2-adduct IIb the acetylene CC bond is only marginally elon-
gated (1.25 from free acetylene and the OsÈC bonds areA� )
both equal to 2.21 Alkyne insertion into the OsÈH bond isA� .
thus not one step but a multistep process. In forming the vinyl
product, a transition state for the insertion into the OsÈH
bond was located 10.1 kcal mol~1 above the adduct IIb (Fig.
3 and 4). The energy of this transition structure is thus 4.0 kcal
mol~1 below the energy of the separated reagents. Its
geometry has the features expected for an insertion : the

bond is already mostly formed (2.15 but isOsÈC
a

A� ) OsÈC
bonly slightly elongated (2.25 The CO ligand remains transA� ).

to the bond-forming vinyl and cis to Cl. Consequently, theC
ainsertion product, IVb, is essentially a square-based pyramid

with an axial Cl group. Since the vinyl group is at the basal
site, an agostic interaction with the b CÈH is geometrically
feasible and the calculation shows severe geometrical distor-
tions of the vinyl group to establish this interaction. The

angle is only 84.3¡, which is remarkable for an sp2OsÈC
a
ÈC

bcarbon and the agostic bond is as long as 1.20 TheC
b
ÈH A� .

large elongation of the bond is due to the nature of theC
b
ÈH

trans ligand, Cl, which has poor r-donating ability and large
p-donating e†ect. Both factors favor a strong agostic inter-
action. The agostic interaction is also evident through the
rather short OsÉ É ÉH distance, 1.94 In this intermediate IVb,A� .
the distance is slightly shorter (1.32 than the CCC

a
ÈC

b
A� )

double bond in the previously discussed vinyl complex IVa
(1.34 The geometry of IVb is close to that of the transitionA� ).
state for insertion. The coordination around Os remains
square pyramidal with a transoid angle equal toC

a
ÈOsÈC(O)

163.9¡.
The vinyl complex IVb is 33.1 kcal mol~1 less stable than

the vinyl complex IVa in which the vinyl occupies the apical
site of the square-based pyramid and has no agostic inter-
action. It has been established that the preferred square
pyramid has the strongest r-donating ligand trans to the
empty site. Despite numerous attempts, no transition state
could be located for the transformation of IVb into IVa. In
view of the large energy di†erence between the two isomers,
the Hammond postulate would suggest a transition state close
in geometry and energy to IVb. Therefore the transformation
of IVb into IVa should occur with almost no activation
energy, in agreement with the well-known high Ñuxionality of
d6 species.ML5The theoretical study shows that the Ðnal vinyl complex can
form from approach of the alkyne cis to the OsÈH. In contrast
to what was concluded from the experimental results, an
adduct IIb is formed prior to the Ðnal vinyl product IVa.
However, the relatively low activation energy required for the
alkyne to insert into the OsÈH bond suggests IIb cannot be
observed experimentally. The calculations also account for the
fact that vinylidene and vinyl are not on the same reaction
path. The addition of an alkyne trans to H should occur with
essentially no activation energy and leads to the most stable
alkyne adduct IIa. IIa could undergo the widely reported
alkyne/vinylidene rearrangement.27,28 The route for formation
of the vinyl goes through intermediates IIb and IVb, which are
at higher energy than that involved in the formation of the
vinylidene and requires moderate activation energy (alkyne
insertion into OsÈH). This route leads to the formation of the
globally most stable product. These two routes are in com-
petition and it is thus understandable that changes in alkyne
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substituent can induce dramatic changes in product distribu-
tion, although the vinyl is always the Ðnal product.

Discussion
Fig. 5 is a semiquantitative potential energy diagram that
attempts to represent the R group dependence of energy
minima and transition states to account for the observations
in Table 1. Where relative energies cannot be estimated, we
simply enclose the species in a vertical box or in brackets. It
should, however, be noticed that the ordering of the transition
states for vinyl formation are given by the rates determined
qualitatively in this work. While no quantitative features of
relative energies could be incorporated, the diagram shows
how unobserved g2-adduct or vinylidene species (from reac-
tion coordinate RC1) can be due to a low barrier for direct
formation of the vinyl (reaction coordinate RC2).

It has been proposed29 that B, a carbene/carbanion struc-
ture, is a resonance contributor to the g1-vinyl structures
under study here. As already mentioned, in B the overlap of
one occupied d orbital of Os with the vinyl p-system results in
a polarization of the p-system so as to develop electron
density at (0.1 electrons larger than on for Os). TheC

b
C

abasis for this suggestion is the fact that these vinyl complexes
are protonated [by HCl ; see eqn. (3)] at the vinyl consis-C

b
,

tent with B. The contribution of B should be enhanced by
electron-withdrawing R groups. We have shown30 that
R\ ester or acyl does indeed enhance the ““carbenoidÏÏ 13C
chemical shift of as predicted by B, but this is additionallyC

a
,

favored because the resulting structure has the ester or acyl
oxygens coordinated to the Group VIII metal (in this case
Ru). We sought a test of the carbenoid resonance contributor
B that was less perturbing, and thus more relevant. As shown
in Table 2, there is a correlation of the downÐeld chemical
shift of the proton on with the electron-withdrawing char-C

aacter of R. These chemical shifts are considerably larger than
merely the e†ect of the same substituent on the chemical shift
of the corresponding oleÐn.31 The limiting case here would be

Fig. 5 Schematic 2-D representation of the paths that connect
alkyne adducts to vinylidene and vinyl products. Energies are rep-
resented qualitatively to indicate the experimental relative rates of
reactions. The relative activation energies for vinyl formation have
been suggested by the experimental results.

Table 2 1H NMR chemical shifts of and for complexes Os(E-H
a

H
bCH2CHR)Cl(CO) in(PiPr3)2 d8-toluene

R H
a

H
b

T /¡C

Me 6.55 4.59 0
tBu 6.60 4.40 ]20
1-Methylbutyla 6.72 4.52 ]20
H 7.51 4.55 ]20
1-Cyclohexenyla 7.63 5.83 ]20
SiMe3 8.12 5.10 ]20
p-CH3C6H4 8.40 5.86 [60
Ph 8.42 5.80 [60
CF3 b 8.80 4.76 ]20
p-O2NC6H4 a 9.41 5.87 ]20

a In b InC6D6 . CD2Cl2 .

the numerous purely carbene complexes (M\ RuL
n
M2CHR

or Os), where the a-proton resonance is in the range 16È20
ppm, a very distinctive region. The 1H d value for R \ Ph is
already slightly downÐeld (8.4 ppm). For this purpose, we syn-
thesized the p-nitrophenyl analog and found that this
electron-withdrawing substituent moves the d value anC

a
H

additional 1.0 ppm downÐeld. This supports the reality of the
carbenoid/carbanion resonance contributor B, albeit to a
small extent, as judged by 1H NMR. Participation by struc-
ture B is perhaps also the reason why the b-aryl vinyl com-
plexes have low energy electronic transitions : they are violet.

While the mechanism of isomerization from g2-acetylene to
vinylidene remains uncertain in the reactions reported here,
the idea that it is not unimolecular, but rather base catalyzed,
seems less likely in these reactions of uncharged complexes in
nonpolar solvent where the potential for adventitious base
(i.e., water or counterion) seems lacking.

The results studying the inÑuence of the R group identity in
RCCH has revealed some surprising and potentially confusing
side reactions, in particular the pre-equilibrium scrambling of
OsH and RCCD or OsD with RCCH as events prior to (i.e.,
faster than) formation of even the vinylidene isomer (vis-à-vis
the Ðnal vinyl product). This reaction only becomes detectable
(and thus potentially confusing) when the vinylidene or vinyl
formation is relatively slow; in the case of the fast production
of OsCH2CHPh, the H/D isotope scrambling is ine†ectual
and thus the isotope experiment successfully reveals that H
from Os is delivered exclusively to the vinyl C

b
.

The R group dependence study has also revealed the follow-
ing. (i) The fastest reaction of with terminalOsHCl(CO)L2alkynes is along the “ least motionÏ path where the alkyne
binds to the free coordination site. This demands minimal
reorganization of the metal coordination geometry, but it puts
the alkyne in the site trans to hydride. However, at this site,
the formation constant is not high. This is evident from the
examples [R\ H, tBu, in whichCH3 , SiMe3 , CH(Me)C3H7]the g2-alkyne adduct mol fraction is demonstrably higher at
low temperature, where a small negative *H¡ will be less o†set
by a negative *S¡. Moreover, there will be cases where vinyl
formation is slow, but g2-alkyne binding constants are so
small that such species are not detected. (ii) In spite of numer-
ous observations of g2-alkyne and vinylidene complexes, it is
premature to call these intermediates for formation of the
vinyl product : we have no Ðrm connection between these
alkyne and vinylidene species and the vinyl products. This
conclusion is forced on us since the g2-alkyne and vinylidene
species have hydride trans to the alkyne-derived ligand, and
thus seem no closer to uniting OsÈH with RCCH moieties
than are the separated molecules and RCCH.OsHCl(CO)L2An attempt to show an inverse phosphine dependence of the
isomerization of vinylidene to vinyl showed none, and this
could be interpreted as follows. (iii) Certain of the D labeling
studies show that the g2-acetylene species with alkyne trans to
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H, and the derived vinylidene, are mechanistic dead ends and
that the real mechanism to the vinyl product occurs by
bimolecular attack, see 14, of alkyne in quadrant c, rather
than b,32 and leads to the product with no detectable interme-
diates.

The conclusions from this work fall in two general cate-
gories. The Ðrst simply relates to the behavior of a terminal
acetylene with an unsaturated metal center ; this follows since
the LUMO of is remote from the hydride. It isMHCl(CO)L2observed that alkyne coordination is generally weak and
rapidly reversible since it occurs trans to H and is prevented
by steric e†ects. In addition, replacing Os with Ru reduces the
alkyne binding energy even more. With an activation energy
only slightly higher than alkyne loss, isomerization to a vinyl-
idene occurs.

The second category of conclusion relates to the reaction of
the MÈH bond with the C3C bond. The weight of evidence
here is that this, the slowest reaction observed, shows no
direct dependence on the species discussed above, where the
hydride is trans to alkyne or vinylidene. The deuterium label-
ing experiments, when they are not compromised by scram-
bling side reactions, show that the vinylidene complex is not
an intermediate to forming the vinyl group. Since the
vinylidene/g2-alkyne reaction can be reversible,33 this is not a
problem. Apparently there is no facile intramolecular way for
hydride to migrate to become cis to the g2-alkyne or the
vinylidene ligand.

The fact that saturated onlyRuHCl(CO)2(PMe2Ph)2reacts34 with phenylacetylene slowly (over 5 days at 25 ¡C) can
be interpreted as reÑecting the greater facility of “outer sphere Ï
attack of alkyne on the hydride ligand when the chloride can
migrate to the open coordination site of RuHCl(CO)L2 .
Indeed, calculations show that the bending to increase the
HÈRuÈCl angle of costs very little energyRuHCl(CO)(PH3)2(\10 kcal mol~1), while increasing the HÈRuÈCO angle is
very difficult (ca. 60 kcal mol~1).32

The reactions of with RC3CR@ are clearlyMHX(CO)L2very sensitive to changes in M, (Ru, Os), X (F, Cl, I), L (PiPr3or and R/R@ (one being hydrogen, or not). ThisPtBu2Me)
speaks for a potential energy surface with numerous competing
pathways (e.g., directions of addition to the RC3CR@ bond and
the identity of the Ðnal product) and thus numerous activation
energies, which are of similar magnitude but whose inequal-
ities can be reversed by a change of reactant in a way that
might ordinarily be considered to be “small Ï. The absence of
any detectable product in the results we reportM(CR2CH2)here may originate from steric control in bringing the bulkier
RC end of the alkyne to the crowded (two smallPiPr3)HÈMÈCl angle. However, a somewhat distantly related excep-
tion is eqn. (9),24 which serves to reinforce the idea that quite
small changes in the reagents can alter the activation energies
to make certain products absent, or to cause them to appear
in the system studied here. In an even more relevant example,

adds to PhC3CH with both regioche-RuHF(CO)(PtBu2Me)2mistries.
In a reaction seemingly immune to steric suppression,

MeC3CMe reacts with (but not the F,RuHI(CO)(PtBu2Me)2Cl, and OPh analogs) to giveOSiPh3 , OCH2CF3 However, this reaction isRu(CMeCHMe)(CO)I(PtBu2Me)2 .24
much slower (24 h to completion) than those of

with terminal alkynes ; moreover, noRuHCl(CO)(PiPr3)2intermediate is detected (1H and 31P NMR), at either 25 or
[80 ¡C. Perhaps this reaction proceeds via I~ dissociation.

(9)

Conclusions
The combined experimental and theoretical approach to the
understanding of the reaction path for vinyl formation from

and primary alkynes is complicated because theMHCl(CO)L2reaction often begins with frustrating “dead endÏ reactions.
However, answers on several aspects of the reaction have been
unequivocally obtained. The DFT calculations have shown
that the unsaturated vinyl complex is a deep thermodynamic
well for Os and Ru. This suggests that all alkynes that have
the ability (i.e., if steric factors permit) to interact with the
unsaturated Os or Ru hydride complex would form the vinyl
product although at di†erent rates. The experimental results
have shown that the rate of reaction varies according to
primary [ tertiary [ secondary and electron-withdrawing [
electron-donating. Calculations also show that the binding
energy of the alkyne is not very large (and considerably
smaller for Ru than for Os). This suggests that the alkyne
adduct may not be observed, depending on the nature of the
substituent, and can, in particular, be prevented by steric
factors (not included in the model calculations). Experimental
results conÐrm this point. The calculations and experimental
results show that the alkyne coordinates trans to the hydride,
which is certainly a location poorly suited to reaction of the
MÈH bond with the alkyne. The vinylidene complexes are cal-
culated to be very close in energy to the best alkyne adduct
and signiÐcantly above the vinyl product. This vinylidene
product may thus not be observed if the substituents and
steric e†ects play any destabilizing role. When scrambling of
the isotopic label does not confuse the situation, the fate of the
label shows that the vinylidene cannot be on the path to form
the vinyl product. A new mechanism for formation of the
vinyl product was found through the computational study. It
involves coordination of the alkyne to M cis to the hydride
and in the HÈMÈCl quadrant. This addition leads to an
alkyne adduct that is at 5 kcal mol~1 higher energy than the
most stable alkyne adduct. This less stable isomer cannot be
observed experimentally since it transforms, by insertion of
the alkyne into the MÈH bond, into a vinyl product via a
transition state at very moderate energy above the alkyne
adduct. The vinyl product thus formed should transform with
no expected activation energy into the considerably more
stable vinyl product. This route was found to be distinct from
that of the formation of vinylidene, which is formed from least
motion addition of the alkyne trans to H, followed by a 1,2
shift of H in the coordinated alkyne. Thus, the reactivity of the
unsaturated fragments cannot be understoodMHCl(CO)L2through a single reactivity channel.

Experimental
All reactions and manipulations were conducted using stan-
dard Schlenk and glovebox techniques under prepuriÐed
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argon. Solvents were dried and distilled under argon, and
stored in airtight solvent bulbs with TeÑon closures. All NMR
solvents were dried, vacuum-transferred and stored in a glove-
box. 1H, 13C, 31P and 2H NMR spectra were recorded on
Varian Gemini 300 and Inova 400 instruments. Chemical
shifts are referenced to residual solvent peaks (1H, 2H, 13C) or
external (31P). and OsDCl-H3PO4 OsHCl(CO)(PiPr3)22were synthesized according to published pro-(CO)(PiPr3)21cedures. Liquid reagents were freezeÈpumpÈthaw degassed ;
gaseous reagents were used as received from the manufac-
turers.

Variable-temperature NMR experiments

In a general technique, NMR tubes were charged with
(15 mg, 0.026 mmol) and (0.5OsHCl(CO)(PiPr3)2 d8-toluene

mL). These solutions were degassed by three freezeÈpumpÈ
thaw cycles, then the reaction tubes were cooled to [196 ¡C
and gaseous alkynes were introduced at 1 atm pressure ; liquid
alkynes (2 : 1 molar ratio alkyne : osmium complex was used)
were vacuum transferred into reaction NMR tubes. After the
tubes had been shaken several times to allow mixing of the
reagents, they were immediately transferred to a pre-cooled
NMR probe. Detailed observations and spectral data follow.

Reactions

Reaction with HCCH. The reaction solution turned color-
less immediately upon mixing at [60 ¡C. Complete conver-
sion to the g2-alkyne adduct wasOsHCl(HCCH)(CO)(PiPr3)2observed by NMR spectroscopy : 1H NMR [60 ¡C)(C7D8 ,
d : [4.17 (t, OsÈH), 1.10 (br, 2.74 (br,JHP \ 20, PCCH3),PCH), 6.46 (apparent t, Hz, g2-HCCH) ; 31PM1HNJHP \ 8.4
NMR [60 ¡C) : d 20.7. 13CM1HN NMR(C7D8 , (C7D8 ,
[60 ¡C) : d 75.8 (br, g2-HCCH). Upon warming to [20 ¡C,
the triplet at 6.55 ppm in the 1H NMR spectrum correspond-
ing to the adduct was transformed to a broad peak that disap-
peared completely at ]20 ¡C. The only product observed at
]20 ¡C was 1H NMROs(CH2CH2)(CO)Cl(PiPr3)2 : (C7D8 ,
20 ¡C) : d 1.18, 1.21 (dvt, 2.80JHH \ 6, JHH \ 12.4, PCCH3),(m, PCH), 4.55 [d, OsCH2CHH (trans)], 5.14 [m,JHH \ 13.6,
OsCH2CHH (cis)], 7.51 (dd, Hz,JHH \ 6.4, JHH \ 13.6

31PM1HN NMR ]20 ¡C) : d 23.8 (s).OsCH2CH2). (C7D8 ,

Reaction with propyne. The reaction solution turned color-
less immediately upon mixing at [60 ¡C. NMR spectroscopy
at this temperature indicated formation of the g2-adduct

(70%) and the vinylideneOsHCl(MeCCH)(CO)(PiPr3)2complex (30%). Based on theOsH(2C2CHMe)Cl(CO)(PiPr3)2number of triplets in the hydride region of the 1H NMR spec-
trum, the g2-adduct is present as a mixture of two isomers. 1H
NMR [60 ¡C) : d [4.86 and [4.62 [t, t,(C7D8 , JPH \ 28
and 26, isomers], [4.28 andOsH(2C2CHMe)Cl(CO)(PiPr3)2[4.21 [t, t, and 27 Hz, OsHCl(MeCCH)-JPH \ 26

conformers], 1.10 (m, br, 2.00 (br,(CO)(PiPr3)2 PCCH3),2C2CHMe), 2.70 (m, br, PCH), 2.94 (br, 2C2CHMe), 5.47 and
6.38 (br, m, g2-MeCCH). 31PM1HN NMR 60 ¡C) : d(C7D8 ,
46.0 [br, isomers], 20.8 andOsH(2C2CHMe)Cl(CO)(PiPr3)220.4 [br, conformers]. At 0 ¡C,OsHCl(MeCCH)(CO)(PiPr3)2the amount of adduct in the reaction mixture decreased to
13% and the corresponding 31P NMR peaks became very
broad ; the conformers are no longer resolved, while the
amount of vinylidene increased to 42% with no isomers
resolved. The vinyl complex Os(E-CH2CHMe)Cl(CO)(PiPr3)2accounts for 45% of the reaction mixture : 1H NMR (C7D8 ,
0 ¡C) : d 1.11 (m, br, 1.98 (m, br, Os-E-CH2CHMe),PCCH3),2.71 (m, br, PCH), 4.50 (m, br, Os-E-CH2CHMe), 6.55 (m, br,
Os-E-CH2CHMe). 31PM1HN NMR 0 ¡C) : d 22.7.(C7D8 ,
Signals for the adduct disappear completely at ]20 ¡C.

Reactions with phenylacetylene and p-tolylacetylene. The
reaction solutions turned violet immediately upon mixing at
[60 ¡C, giving complete conversion to the vinyl complexes.
Os(E-CH2CHPh)Cl(CO) 1H NMR [60 ¡C) :(PiPr3)2 : (C7D8 ,
d 1.10 (m, 2.65 (m, PCH), 5.80 (d, Os-E-PCCH3), JHH \ 12.4,
CH2CHPh), 6.84È7.28 (m, Os-E-CH2CHPh), 8.42 (d, JHH \
12.4 Hz, Os-E-CH2CHPh) ; 31PM1HN NMR [60 ¡C) :(C7D8 ,
d 24.4. Os(E-CH2CH-p- 1H NMRC6H4CH3)Cl(CO)(PiPr3)2 :

[60 ¡C) : d 1.10 (m, 2.08 (s, Os-E-CH2CH-p-(C7D8 , PCCH3),2.68 (m, PCH), 5.86 (d, Os-E-CH2CH-C6H4CH3), JHH \ 13.5,
p- 6.72 and 7.30 (each a d, Os-E-C6H4CH3), JHH \ 8.1,
CH2CH-p- 8.40 (d, Hz, Os-E-CH2CH-C6H4CH3), JHH \ 13.5
p- 31PM1HN NMR [60 ¡C) : d 24.8.C6H4CH3) ; (C7D8 ,

Reactions with 2-butyne and trimethylsilyl(phenyl)acetylene.
No color change was observed upon mixing at [60 ¡C or at
room temperature. NMR spectroscopy showed only the pres-
ence of and the free alkynes MeCCMe orOsHCl(CO)(PiPr3)2at temperatures between [60 and ]20 ¡C, evenMe3SiCCPh
after 24 h at 20 ¡C.

Reaction with tert-butylacetylene. The reaction solution
turned colorless immediately upon mixing at [60 ¡C. NMR
data at [60 ¡C showed the presence of the vinylidene
complex 1H NMROsHCl(2C2CHtBu)(CO)(PiPr3)2 . (C7D8 ,
[60 ¡C) : d [5.22 (t, Hz, OsH), 1.10 (br,JPH\ 29.2 PCCH3),1.12 (br, 2C2CHtBu), 2.43 (br, PCH), 2.90 (m, 2C2CHtBu) ;
31PM1HN NMR 60 ¡C) : d 40.4 [OsHCl(2C2(C7D8 ,

44.7 and 20.0CHtBu)(CO)(PiPr3)2], [OsHCl(CO)(PiPr3)2][br, OsHCl(g2-tBuCCH)(CO) in equilibrium with(PiPr3)2The presence of the vinylidene complexOsHCl(CO)(PiPr3)2].as a major product at low temperature was additionally con-
Ðrmed by observation of the characteristic signature of the
vinylidene ligand in 13CM1HN NMR [40 ¡C) : d 336.3(C7D8 ,
(br, Os2C2CHtBu), 130.0 (br, Os2CÈCHtBu), the
vinylidene : g2-adduct ratio at [60 ¡C is ca. 1 : 1 (from
31PM1HN NMR data). When the temperature was raised, the
position of the peak at 44.7 ppm moved toward the chemical
shift corresponding to (measured inde-OsHCl(CO)(PiPr3)2pendently at [40 ¡C: 46.1 ppm, [20 ¡C: 47.4 ppm, ]20 ¡C:
48.0 ppm), indicating a shift of the equilibrium toward the
starting material. The 31PM1HN NMR spectrum at ]20 ¡C
showed only traces of and OsHCl(g2-OsHCl(CO)(PiPr3)2tBuCCH)(CO) indicating complete conversion to the(PiPr3)2 ,
vinylidene complex. After 16 h at room temperature, the reac-
tion mixture had changed color to violet ; the NMR data
showed the vinyl complex Os(E-CH2CHtBu)Cl(CO)(PiPr3)2as the only product : 1H NMR 20 ¡C) : d 1.06 (s,(C7D8 ,
ÈCH2CHtBu), 1.12 (m, 2.73 (m, PCH), 4.40 (d,PCCH3), JHH \
12.4 ; Os-E-CH2CHtBu), 6.60 (d, Hz, Os-E-JHH \ 12.4
CH2CHtBu) ; 31PM1HNNMR ]20 ¡C) : d 22.5.(C7D8 ,

Reaction with benzylacetylene. The reaction solution turned
violet immediately upon mixing at ]20 ¡C. Complete conver-
sion to Os(E- was observedCH2CHCH2Ph)Cl(CO)(PiPr3)2after 15 min by NMR. 1H NMR ]20 ¡C) : d 1.21 (m,(C6D6 ,

2.80 (m, PCH), 3.62 (br, 4.88 (m, OsÈPCCH3), ÈCH2Ph),
CH2CH), 7.02È7.60 (m, 7.80 (m, OsÈCH2). 31PM1HNÈC6H5),NMR ]20 ¡C) : d 23.4.(C7D8 ,

Reaction with trimethylsilylacetylene. The observations for
this reaction are similar to those for the reaction with
tBuCCH, however : (i) at [60 ¡C the equilibrium between the
hydrido chloride complex and the g2-adduct is shifted more
toward the adduct than in the case of tBuCCH, which is indi-
cated by the position of an equilibrium peak for

at 44.0 ppm in the 31PM1HN NMR spec-OsHCl(CO)(PiPr3)2trum; (ii) upon warming, this equilibrium shifts faster toward
the Ðve-coordinate starting material than in the previous case,
which is indicated by the positions of the same peak : 47.7
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ppm at [40 ¡C, 48.8 ppm at [20 ¡C and complete disap-
pearance of this peak at 0 ¡C and higher temperatures. The
vinylidene complex is formedOsH(2C2CHSiMe3)(CO)(PiPr3)2at [60 ¡C and is the only product at 0 ¡C and higher tem-
peratures : 1H NMR [60 ¡C) : d [5.75 (t,(C7D8 , JPH\ 30,
OsH), 0.24 (s, 1.10 (m, 2.55 (br, PCH), 2.79 (t,SiMe3), PCCH3),Hz, 31PM1HN NMR [60 ¡C) :JPH \ 6 2C2CHSiMe3) ; (C7D8 ,
d 40.4. This vinylidene complex is longer-lived than that
formed in the reaction with tBuCCH: after 16 h, the reaction
mixture contained 50% of the vinylidene complex and 50% of
the vinyl complex Os(E- 1HCH2CHSiMe3)Cl(CO)(PiPr3)2 :
NMR ]20 ¡C) : d 0.23 (s, 1.23 (m,(C7D8 , SiMe3), PCCH3),2.80 (m, PCH), 5.10 (m, Os-E- 8.12 (d,CH2CHSiMe3), JHH \
13 Hz, Os-E- 31PM1HN ]20 ¡C) : dCH2CHSiMe3) ; (C7D8 ,
23.9. After 72 h, the vinylidene complex was completely con-
verted to the vinyl complex (based on disappearance of the
40.4 ppm signal from the 31PM1HN NMR spectrum).

Reaction with 3,3,3-triÑuoropropyne. The reaction solution
turned colorless immediately upon mixing at [60 ¡C. Accord-
ing to the NMR data, the only product formed at [60 ¡C is
the adduct OsHCl(g2- 1H NMRCF3CCH)(CO)(PiPr3)2 .

[60 ¡C) : d [3.51 (t, Hz, OsÈH), 1.01 (br,(C7D8 , JPH \ 25
2.98 (br, PCH), 7.61 (m, 31PM1HNPCCH3), g2-CF3CCH) ;

NMR (161.5 Hz, [60 ¡C) : d 26.18, 25.40, 20.80, 20.02C7D8 ,
(AB) ; 13CM1HN NMR [60 ¡C) : d 99.4 (m,(C7D8 , CF3CCH),
94.4 87.7 After 10 h at room tem-(CF3CCH), (CF3CCH).
perature, the solution turned brown and the only product
observed by NMR was the vinyl complex Os(E-

1H NMR ]20 ¡C) : dCH2CHCF3)Cl(CO)(PiPr3)2 . (CD2Cl2 ,
1.30 (m, 2.94 (m, PCH), 4.76 (m, Os-E-PCCH3), CH2CHCF3),8.80 (d, Hz, Os-E- 31PM1HNJHH \ 14.7 CH2CHCF3). (C7D8 ,
]20 ¡C) : d 27.3.

Reaction with 3-methyl-1-Hexyne. The reaction solution
turned brown immediately upon mixing at room temperature.
After 10 min, NMR spectroscopy indicated the presence of com-
plexes OsH[2C2CHCH(CH3)CH2CH2CH3]Cl(CO)(PiPr3)2and Os[E- asCH2CHCH(CH3)CH2CH2CH3]Cl(CO)(PiPr3)2the two products of the reaction. The vinylidene : vinyl
complex ratio after 10 min was 9 : 1, after 18 h it was 7 : 3,
after 80 h it was 1 : 7 (from 31PM1HN NMR spectral data). 1H
NMR ]20 ¡C) : d [4.70 (t, OsH), 0.8 (m,(C6D6 , JPH \ 30,

1.03 (m, 1.15È1.70 (m,CH3CH2È), CH3CH), CH3CH2CH2È,
2.40È2.55 (m, 2.56 Mm, PCH ofPCCH3), CH3CH),

2.85OsH[2C2CHCH(CH3)CH2CH2CH3]Cl(CO)(PiPr3)2N,Mm, PCH of Os[E-CH2CHCH(CH3)CH2CH2CH3]Cl-
2.96 [m,(CO)(PiPr3)2N, Os2C2CHCH(CH3)CH2CH2CH3],4.52 [m, Os-E- 6.72 [d,CH2CHCH(CH3)CH2CH2CH3],Hz, Os-E-JHH \ 13.6 CH2CHCH(CH3)CH2CH2CH3] ;

31PM1HN NMR ]20 ¡C) : d 22.6, 22.7, MOs[E-(C7D8 ,
the twoCH2CHCH(CH3)CH2CH2CH3]Cl(CO)(PiPr3)2 ,

peaks are due to the inequivalence of the two phosphorus
atoms resulting from the presence of a chiral center in the
vinyl fragmentN, 45.0 MOsH[2C2CHCH(CH3)CH2CH2CH3]-Cl(CO)(PiPr3)2N.V ariable-temperature study with alkyne ratioOsHCl(CO)L 2 :
of 1 : 1. The reaction solution did not change color upon
mixing at [60 ¡C. Five percent conversion to the g2-adduct
OsHCl[g2- was indi-HCCCH(CH3)(CH2)2CH3](CO)(PiPr3)2cated by a new peak in the 31P NMR spectrum at 23.3 ppm.
There were also two new broad 1H NMR peaks at [17.00 and
5.63 ppm, corresponding to the hydride and to the g2-alkyne
hydrogen, respectively, which is evidence for an equilibrium
between and the g2-adduct. At [40 ¡C,OsHCl(CO)(PiPr3)2along with these two complexes, 1H and 31P NMR spectra
showed the presence of a trace amount of the vinylidene
complex OsHCl(CO)[2C2CHCH(CH3)(CH2)2CH3](PiPr3)2 .

At [20 ¡C, the amount of the vinylidene complex in the
mixture grew to 5% and the formation of a trace amount of
the vinyl complex Os[E-CH2CHCH(CH3)(CH2)2CH3]-was observed. At 0 ¡C, the adduct signals were(CO)Cl(PiPr3)2no longer seen in the 1H NMR spectrum, although the 31P
NMR spectrum showed an extremely broad signal close to the
chemical shift of indicating that theOsHCl(CO)(PiPr3)2 ,
exchange process involving the adduct was still present ; the
vinylidene and the vinyl contents grew to 18 and 4%, respec-
tively. At ]20 ¡C, the vinylidene and the vinyl complex con-
tents were 22 and 7%, respectively. After 15 h at ]20 ¡C,
these amounts changed to 45 and 35%; the rest of the mixture
was the unreacted starting material in equilibrium with the
adduct.

Reaction with 1-ethynylcyclohexene. The reaction solution
turned violet immediately upon mixing at ]20 ¡C. After 10
min, NMR spectroscopy showed the presence of the vinyl
complex Os(E- as the onlyCH2CHÈC6H9)(CO)Cl(PiPr3)2product. 1H NMR ]20 ¡C) : d 1.20 (m, 1.44,(C6D6 , PCCH3),1.54, 1.70 (m, of cyclohexene ring aliphatic hydrogens),ÈCH2È2.82 (m, PCH), 5.35 (OsÈCH2CHÈC2CHÈ), 5.83 (d, JHH \
15.0, OsÈCH2CHÈ), 7.63 (d, Hz, OsÈCH2) ;JHH \ 12.6
31PM1HN NMR ]20 ¡C) : d 23.1 (s).(C6D6 ,

Reaction with p-nitrophenylacetylene. The reaction solution
turned violet immediately upon mixing at ]20 ¡C. NMR
spectroscopy showed complete conversion to Os(E-

1H NMRCH2CHÈC6H4NO2)Cl(CO)(PiPr3)2 . (C6D6 ,
]20 ¡C) : d 1.18 (m, 2.72 (br, PCH), 5.87 (m, OsÈPCCH3),CH2CHÈ), 6.92È7.19 (m, 9.41 (d, Hz,ÈC6H4NO2), JHH \ 12.6
OsÈCH2) ; 31PM1HN NMR ]20 ¡C) : d 31.4.(C6D6 ,

Reaction of with 3-methyl-1-RuHCl(CO)(PtBu
2
Me)

2hexyne. The reaction solution became red several hours after
mixing at ]20 ¡C. Complete conversion to Ru[E-CH2CHÈ
CH(Me) was observed after 16 h byC3H7]Cl(CO)(PtBu2Me)2NMR. 1H NMR ]20 ¡C) : d 0.81 (t,(C6D6 , JHH \ 6.9,

1.04 (d, 1.20È1.42 (m,CH3ÈCH2È), JHH \ 6.0, CH3ÈCHÈ),
2.23È2.33 (m, 4.90CH3CH2CH2 , CCH3 , PCH3), CH3CHÈ),

(m, RuÈCH2CHÈ) 7.34 (d, Hz, RuÈCH2) ; 31PM1HNJHH \ 12.0
NMR ]20 ¡C) : 34.7.(C6D6 ,

Reaction of with propyne. The reac-RuHCl(CO)(PtBu
2
Me)

2tion solution did not change color immediately upon mixing
at [60 ¡C. NMR spectroscopy showed no reaction at this
temperature. Upon warming to [40 ¡C, 7% conversion to
Ru(E-CH2CHMe)Cl(CO) was observed. At 0 ¡C, it(PtBu2Me)2grew to 52%. Complete conversion to the vinyl complex
occured within 1 h at ]20 ¡C. 1H NMR 0 ¡C) : d 1.15È(C7D8 ,
1.32 (m, PtBu, 1.88 (d, RuÈCH2CHMe),PCH3), JHH \ 6.6,
4.91 (m, RuÈCH2CHÈ), 7.24 (d, Hz, RuÈCH2) ;JHH \ 12.9
31PM1HN NMR 0 ¡C) : d 34.6.(C7D8 ,

Reaction of with 1-ethynylcyclo-RuHCl(CO)(PtBu
2
Me)

2hexene. The reaction solution turned red immediately upon
mixing at ]20 ¡C. NMR spectra showed 99% conversion to
the vinyl complex Ru(E-CH2CHC6H9)Cl(CO)(PtBu2Me)2after 10 min at ]20 ¡C. 1H NMR ]20 ¡C) : d 1.19 (vt,(C6D6 ,
PtBu), 1.27 (vt, PtBu), 1.36 (vt, 1.42, 1.55, 1.69 (m,PCH3),of the cyclohexene ring), 5.48 (br, RuÈCH2CHÈC2ÈCH2ÈCHÈ), 5.99 (d, RuÈCH2CHÈ), 8.09 (d,JHH \ 13.8, JHH \ 12.9
Hz, RuÈCH2) ; 31PM1HN ]20 ¡C) : d 35.1.(C6D6 ,

Reaction of with trimethylsilyl-RuHCl(CO)(PtBu
2
Me)

2acetylene. The reaction solution did not change color imme-
diately upon mixing at ]20 ¡C. NMR spectroscopy showed
no reaction after 30 min at ]20 ¡C. After heating the reaction
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mixture at ]70 ¡C for 3 h, 75% conversion to the vinyl
complex Ru(E- wasCH2CHSiMe3)Cl(CO)(PtBu2Me)2observed. 1H NMR ]20 ¡C) : d 0.13 1.16 (vt,(C6D6 , (ÈSiMe3),PtBu), 1.25 (vt, PtBu), 1.34 (vt, PMe), 5.54 (m, RuÈCH2CHÈ),
8.80 (d, Hz, RuÈCH2) : 31PM1HN NMRJHH \ 13.5 (C6D6 ,
]20 ¡C) : 35.8.

Mechanistic study using OsDCl(CO)(PiPr
3
)
2

(18 mg, 0.031 mmol) in was com-OsDCl(CO)(PiPr3)2 C6D6bined with a deÐciency of tBuCCH (2.5 lL, 0.020 mmol) in an
NMR tube at room temperature and the progress of the reac-
tion was followed by 1H, 31PM1HN and 2HM1HN NMR spec-
troscopy. After 10 min, the 2HM1HN spectrum showed the
presence of free tBuCCD, indicated by the peak at 1.85 ppm.
After 60 min, 2HM1HNNMR showed the presence of deuterated
complexes (m, [5.0 ppm),OsD(2C2CHtBu)Cl(CO)(PiPr3)2(m, 3.0 ppm), Os(E-OsH(2C2CDtBu)Cl(CO)(PiPr3)2CH2CDtBu)(CO) (4.5 ppm) and Os(E-CD2CHtBu)-Cl(PiPr3)2(6.8 ppm) ; the protons on Os and the vinyl(CO)Cl(PiPr3)2carbons indicated above were observed concurrently by 1H
NMR.

Test of phosphine dissociation mechanistic hypothesis

was injected into reaction tubes containing 15 mgPiPr3 in (2 : 1, 5 : 1 and 10 : 1 molarOsHCl(CO)(PiPr3)2 C6D6ratios of these reagents were used) at room temperature. Then,
2 equiv. of tBuCCH or were introduced into theMe3SiCCH
two separate NMR tubes and the progress of the reaction was
followed by 1H and 31PM1HN NMR spectroscopy. No sup-
pression of the qualitative rate of vinylidene and vinyl
complex formation, in comparison to the experiments without

present, was observed in any of these cases.PiPr3

Computational details

The calculations were carried out using the GAUSSIAN 98
set of programs35 within the framework of DFT at the
B3PW91 level.36,37 LANL2DZ e†ective core potentials
(quasi-relativistic for the metal center) were used to replace the
28 innermost electrons of Ru and the 60 innermost electrons
of Os,38 as well as the 10 core electrons of Cl and P.39 The
associated double n basis set38,39 was used and was aug-
mented by a d polarization function for Cl and P.40 The other
atoms were represented by a 6-31(d,p) basis set (5d).41 Full
geometry optimization was performed with no symmetry
restriction. The nature of extrema as transition states was
assigned through analytical calculation of frequencies. To
verify that transition states led to products, the structure of
the transition state was perturbed along the normal mode of
the imaginary frequency and optimization of the geometry
was carried out.
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