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Treatment of RuHCl(NBD)(PPh3)2 (NBD ) norbornadiene) with AgOTf produced RuH-
(OTf)(NBD)(PPh3)2. Reaction of RuH(OTf)(NBD)(PPh3)2 with H2 in benzene gave norbornene
and [(η6-C6H6)RuH(PPh3)2]OTf. The same reaction in CD2Cl2 in the presence of added PPh3

produced norbornane and [RuH(PPh3)4]OTf. Reaction of OsH3Cl(PPh3)3 with norbornadiene
produced OsHCl(NBD)(PPh3)2, which was converted to OsH(OTf)(NBD)(PPh3)2 on treatment
with AgOTf. Reaction of OsH(OTf)(NBD)(PPh3)2 with H2 in benzene gave norbornane and
[(η6-C6H6)OsH(PPh3)2]OTf. In dichloromethane, OsH(OTf)(NBD)(PPh3)2 reacted with H2 in
the presence of added PPh3 to produce norbornane and [OsH3(PPh3)4]OTf. Supported by
computational studies, it is assumed that the dihydrogen complexes [MH(H2)(NBD)(PPh3)2]+

(M ) Ru, Os) were involved in the hydrogenation reactions. Two reaction pathways for the
conversion of [RuH(H2)(NBD)(PH3)2]+ to [RuH(NBE)(PH3)2]+ (NBE ) norbornene) have been
studied by density functional theory calculations. The results show that the first hydrogen
transferred to the olefin ligand is more likely from the hydride ligand rather than from the
dihydrogen ligand.

Introduction

Since the first report of dihydrogen complexes in
1984,1 this unique class of complexes have been inten-
sively investigated, especially their preparation, char-
acterization, and structural and catalytic properties.2
A relatively less studied aspect of the chemistry of
dihydrogen complexes is their reactivities toward or-
ganic ligands (e.g., alkyls, vinyls, vinylidenes, and
olefins), although such study should help to clarify the
mechanisms of reactions mediated by dihydrogen com-
plexes and to further develop new catalytic reactions
based on dihydrogen complexes. It has been shown that
a coordinated dihydrogen ligand in LnM(H2)R could
transfer one of the hydrogen atoms of the dihydrogen
ligand to the R-carbons of alkyl or vinyl ligands R to
form LnMH and RH. Such a reactivity has been invoked
to explain the catalytic activity of RuHCl(PPh3)3

3 and
[MH(H2)(PP3)]+ (M ) Fe, Ru; PP3 ) P(CH2CH2PPh2)3)4

for hydrogenation of olefins and acetylenes. The reac-
tions are also thought to be involved in the reactions of
some d0 alkyl complexes with H2 to give hydride
complexes and alkanes.5 Alkynyl-dihydrogen complexes
have been reported for [Ru(H2)(CtCPh)(dippe)2]BPh4

6a

and OsH(H2)(CtCPh)(CO)(P(i-Pr)3)2.6b Hydrogen trans-
fer from H2 to the â-carbon of vinylidene ligands has
been proposed for the reactions of OsH2Cl2(P(i-Pr)3)2
with HCtCR to give the carbyne complex OsHCl2(t
CCH2R)(P(i-Pr)3)2 via the intermediates OsCl2(H2)(Cd
CHR)(P(i-Pr)3)2.7

Oxidative coupling reactions of coordinated olefins
and acetylenes are among the most common organome-
tallic reactions.8 In principle, a coordinated dihydrogen
ligand may also undergo oxidative coupling reactions
with unsaturated substrates such as olefins and acety-
lenes. However, examples of these reactions or even
olefin-dihydrogen complexes are still very rare. Cou-
pling between H2 and olefin ligands has been proposed
in the catalytic hydrogenation of olefins using M(CO)6
(M ) Cr, Mo, and W)9 and [TpRu(PPh3)x(CH3CN)3-x]+

(x ) 1, 2)10 and in the protonation reaction of Cp*RuH-
(NBD).11 Reported olefin-dihydrogen complexes are
limited to M(H2)(η4-NBD)(CO)3 (M ) Cr, Mo, and W)
and M(H2)(η2-NBD)(CO)4 (M ) Mo and W), which have
been detected by IR spectroscopy,9 and [Cp*Ru(H2)-
(COD)]+, which has been detected by NMR spectros-
copy.11
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To further model reactions of coordinated dihydrogen
ligand with olefin and alkyl ligands, we have investi-
gated the reactions of hydrogen with MH(OTf)(NBD)-
(PPh3)2 (M ) Ru, Os). As triflate has been recognized
as a facile leaving group that can be readily displaced
under mild conditions12 and a number of dihydrogen
complexes of the type [MH(H2)(L4)]+ (M ) Ru, Os; L4 )
mono- to tetradentate phosphorus ligands) have previ-
ously been well characterized,13 one might expect that
reactions of H2 with MH(OTf)(NBD)(PPh3)2 (M ) Ru,
Os) may produce the dihydrogen complexes [MH(H2)-
(NBD)(PPh3)2]+. The latter dihydrogen complexes may
undergo hydrogen transfer reactions to hydrogenate the
NBD ligand. Complexes [MH(H2)(NBD)(PPh3)2]+ are
interesting because both η2-H2 and hydride ligands are
present on the same metal center having an olefin
moiety. Thus this provides a good opportunity to study
whether hydrogen transfer from the η2-H2 or the hydride
ligand to the olefin ligand is easier.

Results and Discussion

Preparation of RuH(OTf)(NBD)(PPh3)2. The com-
plex RuH(OTf)(NBD)(PPh3)2 (2) was prepared by treat-
ing RuHCl(NBD)(PPh3)2 (1) with AgOTf (Scheme 1). In
the 1H NMR spectrum in CD2Cl2, the CH2 protons of
the NBD exhibited a singlet at 0.89 ppm and the bridge-
head protons of NBD displayed two signals at 2.98 and
4.35 ppm. The NMR data suggest that the hydride is
trans to the OTf ligand and that the two PPh3 ligands
are cis to each other. A similar structure has been
previously proposed for RuHCl(NBD)(PPh3)2.14

Reaction of H2 with RuH(OTf)(NBD)(PPh3)2.
Complex 2 in benzene reacted with H2 to give nor-
bornene (3) and the known hydride complex [(η6-C6H6)-
RuH(PPh3)2]OTf (4).15-17 As triflate is a good leaving
group, the hydrogenation reaction is likely initiated by
formation of the dihydrogen complex [RuH(H2)(NBD)-
(PPh3)2]+ through displacement of the triflate anion with
a H2 molecule. To detect the intermediate, we have
carried out the hydrogenation in dichloromethane at low
temperature. It was shown that complex 2 in CD2Cl2
reacted with H2 to give norbornane (5) and a mixture
of phosphorus-containing species, which proved to be
difficult to purify and characterize. In the presence of
added PPh3, complex 2 reacted with H2 to give norbor-
nane (5) and [RuH(PPh3)4]OTf 18 (6) (Scheme 1). We
have not been able to detect the dihydrogen intermedi-
ate even when the reactions were carried out at low
temperature.

Preparation of OsH(OTf)(NBD)(PPh3)2. For analo-
gous dihydrogen complexes, osmium analogues are
usually thermally more stable than their ruthenium
counterparts.2 Thus we have prepared the analogous
complex OsH(OTf)(NBD)(PPh3)2, hoping that its sub-
sequent reaction with H2 would give the observable
dihydrogen complex [OsH(H2)(NBD)(PPh3)2]+.

The synthetic route to the new osmium complex OsH-
(OTf)(NBD)(PPh3)2 (8) is outlined in Scheme 2. Reaction
of OsH3Cl(PPh3)3

19 with NBD led to the formation of
OsHCl(NBD)(PPh3)2 (7). The procedure is similar to that
used to prepare RuHCl(NBD)(PPh3)2.20 Complex 8 was
then obtained in high yield by treating 7 with AgOTf.

Complex 7 has been characterized by NMR spectros-
copy as well as elemental analysis. In particular, the
31P NMR spectrum in CD2Cl2 showed a singlet at -12.1
ppm, indicating that the two PPh3’s are equivalent. In
the 1H NMR spectrum in CD2Cl2, five NBD proton
signals were observed: the olefinic protons displayed
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Scheme 1 Scheme 2
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two signals at 3.02 and 3.22 ppm; the bridge-head
protons also displayed two signals at 3.48 and 4.11 ppm;
the CH2 protons showed only one signal at 0.69 ppm.
The pattern of the NBD 1H signals implies that the two
PPh3 ligands are cis to each other and that the hydride
is trans to the chloride.

The structure of 7 has been confirmed by an X-ray
diffraction study. The molecular geometry of 7 is
depicted in Figure 1. The crystallographic details and
selected bond distances and angles are given in Tables
1 and 2, respectively. The structure of 7 can be viewed
as a distorted octahedron in which two vertexes are
occupied by the double bonds of the norbornadiene
ligand. The two PPh3 ligands are cis to each other,
although P(1)-Os(1)-P(2) angle (101.21(2)°) is signifi-
cantly distorted from 90°. The norbornadiene ligand is
symmetrically coordinated to osmium with the double
bonds trans to the PPh3 ligands. The CdC bonds of
norbornadiene are significantly lengthened relative to
free NBD, and the CdC bond distances are similar to
those observed in RuCl2(NBD)(PPh3)2.21 The Os-C bond
distances are close to those observed in osmium olefin
complexes such as OsCl2(η4-COD)(η2-CH2dCMeP(i-
Pr)2)22 and OsCl2(η4-TFB)(η2-CH2dCMeP(i-Pr)2) (TFB
) tetrafluorobenzobarrelene).22

As indicated by its NMR spectroscopic data, complex
8 must have a geometry similar to that of complex 7.
Reported complexes closely related to 7 and 8 are the
osmium dihydrido diolefin complexes OsH2(η4-diolefin)-
(P(i-Pr)3)2 (diolefin ) COD, NBD, TFB).23 Unlike com-
plexes 7 and 8, the two phosphine ligands are trans to
each other in OsH2(η4-diolefin)(P(i-Pr)3)2.

Reaction of H2 with OsH(OTf)(NBD)(PPh3)2. Com-
plex 8 in benzene reacted with H2 to give norbornane
(5) and the known hydride complex [η6-C6H6)OsH-
(PPh3)2]OTf (9)17 (see Scheme 2). On the contrary,
ruthenium complex 2 reacted with H2 in benzene to give
norbornene. In CD2Cl2 at room temperature, complex
8 reacted with H2 to give norbornane and a mixture of
uncharacterized phosphorus-containing species. If com-
plex 8 in CD2Cl2 was allowed to react with H2 at low
temperature, a mixture of unstable hydride species was
produced as indicated by 1H NMR. However, the ex-
pected hydride complex [OsH(H2)(NBD)(PPh3)2]+ or
[OsH3(NBD)(PPh3)2]+ could not be identified. In the
presence of added PPh3, complex 8 reacted with H2 to
give to norbornane and [OsH3(PPh3)4]+ (10).24

Comments on the Possible Mechanisms for the
Hydrogenation of NBD. As triflate can be displaced
easily, it is reasonable to assume that the first step of
the reaction is to displace the triflate anion in MH(OTf)-
(NBD)(PPh3)2 with a H2 molecule to give dihydrogen
complexes [MH(H2)(NBD)(PPh3)2]+ (11) or the hydride
complexes [MH3(NBD)(PPh3)2]+ (M ) Ru, Os). We favor
the formulation of dihydrogen complexes, as a number
of complexes of the type [MH(H2)(L4)]+ (M ) Ru, Os; L
) phosphines) have previously been well characterized
and as NBD is a better π acceptor than phosphines.
Once the dihydrogen complexes were formed, the NBD
can be hydrogenated by transfer of a hydrogen atom
either from the hydride or the dihydrogen ligand to the
olefin ligand followed by transfer of the second one to
give norbornene. Insertions of olefins to M-H bonds and
hydrogen transfer from the η2-H2 ligand to coordinated
olefins are all known reactions. The norbornane is
presumably formed by further hydrogenation of nor-
bornene. We noted that the NBD ligand in RuH(OTf)-
(NBD)(PPh3)2 in benzene is hydrogenated to nor-
bornene, but that in OsH(OTf)(NBD)(PPh3)2 in benzene
is hydrogenated to norbornane. The difference could be
attributed to the stronger bonding of NBE to osmium
relative to ruthenium.

Structures of [MH(H2)(NBD)(PH3)2]+ (M ) Ru,
Os). Although dihydrogen complexes [MH(H2)(NBD)-
(PPh3)2]+ (M ) Ru, Os) are the likely intermediates for
the reactions of MH(OTf)(NBD)(PPh3)2 with H2, we have
not been able to characterize them experimentally. Thus
a computational study was carried out in order to see if
the dihydrogen complexes are reasonable species. To
find out the ground-state structures of [MH(H2)(NBD)-
(PPh3)2]+, density functional calculations have been
carried out for the model complexes [MH(H2)(NBD)-
(PH3)2]+. The optimization on the structure of [RuH-

(21) Bergbreiter, D. E.; Bursten, B. E.; Bursten, M. S.; Cotton, F.
A. J. Organomet. Chem. 1981, 205, 407.

(22) Edwards. A. J.; Esteruelas, M. A.; Lahoz, F. J.; López, A. M.;
Oñate, E.; Oro, L. A.; Tolosa, J. I. Organometallics 1997, 16, 1316.

(23) Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem.
Soc. 1997, 119, 9691.

(24) Siedle, A. R.; Newmark, R. A.; Pignolet, L. H. Inorg. Chem.
1986, 25, 3412.

Figure 1. Molecular structure for OsHCl(NBD)(PPh3)2
showing 40% probability of thermal ellipsoids

Table 1. Crystal Data and Refinement Details for
OsHCl(NBD)(PPh3)2

formula C43H39ClP2Os
fw 843.33
cryst syst monoclinic
space group P21/n
a, Å 12.9154(11)
b, Å 18.0172(15)
c, Å 15.3078(13)
â, deg 100.854(2)
V, Å3 3498.4(5)
Z 4
dcalc, g cm-3 1.601
abs coeff, mm-1 3.844
radiation, Mo KR, Å 0.71073
θ range, deg 1.76-27.51
no. of reflns collected 23 217
no. of ind reflns 8026 (Rint ) 6.14%)
no. of obsd reflns 6509 (I > 2σ(I))
no. of params refined 456
final R indices (obsd data) R1 ) 3.42%, wR2 ) 8.09%
goodness of fit 0.972
largest diff peak, e Å-3 2.253
largest diff hole, e Å-3 -0.826
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(H2)(NBD)(PH3)2]+ (12) shows that complex 12 is indeed
a typical dihydrogen complex in which the nonclassical
η2-H2 ligand is trans to the hydride ligand and has a
short H-H distance of 0.793 Å (see discussion in the
next section). As expected, the distances between Ru
and the two hydrogen atoms of the dihydrogen ligand
are much longer (∼1.95 Å) than that between Ru and
the terminal hydride ligand (1.595 Å). A similar opti-
mized structure was obtained for [OsH(H2)(NBD)-
(PH3)2]+, in which the two hydrogen atoms of the
dihydrogen ligand are separated by 0.831 Å. It should
be noted that the related complex [OsH3(NBD)(P(i-
Pr)3)2]+ is known to adopt a trihydride structure.23

However, the complex is different from ours in that the
phosphine is more electron donating and the two steri-
cally more demanding phosphines prefer to be trans to
each other.

Theoretical Study on the Reaction Pathways of
the Conversion of [RuH(H2)(NBD)(PH3)2]+ to [Ru-
H(NBE)(PH3)2]+. As mentioned previously, hydrogena-
tion of the NBD ligand in [MH(H2)(NBD)(PPh3)2]+ can
be initiated by transfer of a hydrogen to the olefin ligand
from either the hydride or the dihydrogen ligand. To
clarify whether hydrogen transfer from the η2-H2 or the
hydride ligand to the olefin ligand in [MH(H2)(NBD)-
(PPh3)2]+ is more likely the first step for the hydrogena-
tion reactions, density functional theory calculations
have been carried out for all stable and transition
structures for the two reaction pathways involved in the
conversion of the model complex [RuH(H2)(NBD)-
(PH3)2]+ to [RuH(NBE)(PH3)2]+ (NBE ) norbornene).

Figure 2 shows the two possible reaction pathways
studied here for the conversion of [RuH(H2)(NBD)-

Table 2. Selected Bond Distances and Angles for OsHCl(NBD)(PPh3)2

Bond Distances (Å)
Os(1)-P(1) 2.3918(11) Os(1)-P(2) 2.3739(10) Os(1)-Cl(1) 2.4997(10)
Os(1)-C(1) 2.211(4) Os(1)-C(2) 2.206(4) Os(1)-C(3) 2.209(4)
Os(1)-C(4) 2.203(4) C(1)-C(2) 1.410(6) C(3)-C(4) 1.397(6)
C(1)-C(5) 1.543(6) C(2)-C(6) 1.529(6) C(3)-C(6) 1.531(6)
C(4)-C(5) 1.546(6) C(5)-C(7) 1.553(6) C(6)-C(7) 1.539(6)
Os(1)-H(1) 1.727

Bond Angles (deg)
P(1)-Os(1)-P(2) 101.18(4) P(1)-Os(1)-Cl(1) 91.94(4)
P(1)-Os(1)-C(1) 98.75(12) P(1)-Os(1)-C(2) 93.83(12)
P(1)-Os(1)-C(3) 148.97(11) P(1)-Os(1)-C(4) 162.12(12)
P(2)-Os(1)-Cl(1) 87.40(4) P(2)-Os(1)-C(1) 158.17(12)
P(2)-Os(1)-C(2) 148.17(12) P(2)-Os(1)-C(3) 90.60(12)
P(2)-Os(1)-C(4) 94.91(12) Cl(1)-Os(1)-C(1) 83.11(11)
Cl(1)-Os(1)-C(2) 120.23(11) Cl(1)-Os(1)-C(3) 117.42(11)
Cl(1)-Os(1)-C(4) 80.97(11) C(1)-Os(1)-C(2) 37.23(15)
C(1)-Os(1)-C(3) 76.59(16) C(1)-Os(1)-C(4) 64.25(17)
C(2)-Os(1)-C(3) 63.68(6) C(2)-Os(1)-C(4) 76.02(16)
C(3)-Os(1)-C(4) 36.93(15)

Figure 2. Schematic illustration of the two reaction pathways together with calculated relative energies (kcal/mol) and
free energies (kcal/mol, in parentheses) for species involved in the reaction

4526 Organometallics, Vol. 19, No. 22, 2000 Lo et al.
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(PH3)2]+ to [RuH(NBE)(PH3)2]+.25 Path 1 starts with the
hydrogen transfer from the hydride ligand (Ha) followed
by the cleavage of the dihydrogen ligand to form a cis
dihydride intermediate 13; then the second hydrogen
transfers from one (Hb) of the two hydride ligands to
complete the hydrogenation and gives a coordinated
NBE complex 14. By contrast, the second pathway (path
2) starts with the first hydrogen transfer from the

dihydrogen ligand (Hb) to form a trans (or nearly trans)
dihydride intermediate 13′; the second hydrogen trans-
fers from the original hydride ligand (Ha) to form the
same norbornene (NBE) complex 14 as in path 1.

Figure 2 also shows the relative reaction energies and
free energies (in brackets) calculated for all the species
(stable and transition structures). It is clear that the
relative free energies do not differ too much from the
relative reaction energies. These results suggest that
the entropy contribution is not important because the
reaction paths involve only structural rearrangement

(25) Another possible pathway is the concert hydrogen transfer from
both hydride and dihydrogen ligands. However, we were not able to
locate the transition state in our calculations.

Figure 3. Optimized structures with selected geometry parameters (and relative stability). The hydrogen atoms, which
are not directly involved in the hydrogenation, have been omitted for the purpose of clarity

Reactions of MH(OTf)(NBD)(PPh3)2 withH2 Organometallics, Vol. 19, No. 22, 2000 4527

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 C

O
N

SO
R

T
IU

M
 o

n 
Ju

ne
 2

9,
 2

00
9

Pu
bl

is
he

d 
on

 S
ep

te
m

be
r 

27
, 2

00
0 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

00
03

69
x



within the molecules. Therefore, we will use the reaction
energies for discussion since the differences between the
reaction energies and free energies are small.

For both reaction pathways, the reaction barriers of
the first hydrogen transfer (10.3 and 16.9 kcal/mol) are
much higher than those of the second hydrogen transfer
(2.5 and 1.8 kcal/mol), indicating that the first hydrogen
transfer is the rate-determining step. Overall, the
reaction barriers of path 1 are significantly lower than
those of path 2, suggesting that path 1 is the main
channel of the hydrogenation of NBD in this Ru
complex. The low activation energy (10.3 kcal/mol) of
path 1 is in agreement with the experimental observa-
tion that the NBD ligand is hydrogenated rapidly and
that the dihydrogen complex [RuH(H2)(NBD)(PPh3)2]+

could not be observed.
One may ask why the overall activation energy of

path 1 is significantly lower than that of path 2, and
why the reaction barriers for the first hydrogen transfer
of both pathways are much higher than those of the
second hydrogen transfer. To answer these questions,
the calculated geometries of the related structures are
examined below.

Figure 3 shows the optimized structures with selected
structural parameters for all related species. The reac-
tant (12) is a typical dihydrogen complex in which the
nonclassical η2-H2 ligand is trans to the hydride ligand
(Ha) and has a short Hb-Hc distance of 0.793 Å. The
first transition state (TS1) of path 1 is also a nonclas-
sical complex with a slightly longer Hb-Hc distance
(0.841 Å). However, the first transition state (TS1′) of
path 2 has a much longer Hb-Hc distance (1.387 Å) and
typical Ru-hydride distances (see Figure 3 for details),
especially Ru-Ha and Ru-Hc. The short Ru-H dis-
tances suggest that TS1′ could be considered as a
trihydride with two hydride ligands (Ha and Hc) trans
(or nearly trans) to each other. The high relative energy
of this trihydride structure, compared with that of TS1,
reveals that the strong trans influence between Ha and
Hc (or Hb) plays an important role in this transition
state. The trans influence of a hydride ligand weakens
the metal-ligand interaction at the position trans to it
and thus destabilizes the system.26

As the first hydrogen moves closer to the olefin ligand,
TS1 gives a cis dihydride intermediate (13) with a weak
agostic interaction between the Ru center and Ha while
TS1′ gives a trans dihydride intermediate (13′). The
higher energy of 13′ is again due to the strong trans
influence between Ha and Hc. This strong trans influ-
ence is also reflected by the relevant structural param-
eters that the Ru-H distances in 13′ (Ru-Ha and Ru-
Hc) are longer than those in 13 (Ru-Hb and Ru-Hc).
The second hydrogen transfer in path 1 gives a cis
dihydride transition structure (TS2) while that in path
2 leads to a trans dihydride transition structure (TS2′).
The higher relative energy of TS2′ can be easily related
to the trans influence between Ha and Hc.

It is obvious that the high relative energies of
structures TS1′, 13′, and TS2′ are all related to the
trans influence between the hydride ligands in these
species. Such a trans influence also explains why the

overall activation energies of path 2 are higher than
those of path 1.

Now we come to the second question why the activa-
tion energies required for the first hydrogen transfer
are much higher than those for the second hydrogen
transfer for both reaction pathways. Carefully examina-
tion of the geometrical changes during the relevant
hydrogen transfer steps provides helpful information to
the understanding of this problem. The geometrical
changes from the reactant to the first transition struc-
tures (TS1 and TS1′) are quite significant. The Ru-
Hb/Hb-Hc distances change from 1.951/0.793 Å to 1.795/
0.841 Å for path 1 and to 1.736/1.387 Å for path 2. These
remarkable changes give rise to higher activation ener-
gies required for the first hydrogen transfers in both
paths. However, TS2 and TS2′ are structurally similar
to 13 and 13′, respectively. The similarity leads to small
changes in their stabilities and therefore the activation
energies required for the second hydrogen transfers turn
out to be much smaller.

Summary and Conclusions

The NBD ligand in MH(OTf)(NBD)(PPh3)2 (M ) Ru,
Os) is hydrogenated on treatment with H2 gas. Forma-
tion of the dihydrogen complexes [MH(H2)(NBD)-
(PPh3)2]+ is likely the first event of the hydrogenation
reactions, although the dihydrogen complexes could not
be observed experimentally. Density functional calcula-
tions on the model complexes [MH(H2)(NBD)(PH3)2]+

confirm that [MH(H2)(NBD)(PH3)2]+ indeed adopts the
dihydrogen form. Hydrogenation of the NBD ligand in
[MH(H2)(NBD)(PPh3)2]+ can be initiated by first trans-
fer of a hydrogen atom to the olefin ligand either from
the hydride (path 1) or from the dihydrogen ligand (path
2). The density functional theory calculations at the
BLYP level on the reaction pathways for the conversion
of [RuH(H2)(NBD)(PH3)2]+ to [RuH(H2)(NBE)(PH3)2]+

found that the pathway (path 1) in which the first
hydrogen transfer is from the hydride ligand has a lower
reaction barrier than the other one (path 2) in which
the first hydrogen transfer is from the dihydrogen
ligand. The overall reaction barrier of path 1 is calcu-
lated to be low (the relative free energy is only 11.0 kcal/
mol at room temperature). In good agreement with the
experimental observations, this result indicates that the
hydrogenation of NBD through the first reaction path-
way (path 1) can go rapidly at room temperature. The
higher reaction barrier of the second pathway is due to
the trans influence of the trans dihydride transition
states and intermediate involved. It is also found that
the activation energies required for the first hydrogen
transfer are much higher than that required for the
second hydrogen transfer in both pathways. These
differences in activation energies are related to the
different degree of the geometry changes during the two
steps of hydrogen transfers. The first hydrogen transfers
in both pathways lead to significant geometry changes,
especially for the Ru-H bond lengths, while the second
hydrogen transfers do not cause remarkable geometry
changes.

Experimental Section

All manipulations were carried out under a nitrogen atmo-
sphere using standard Schlenk techniques. Solvents were

(26) (a) Lin, Z.; Hall, M. B. J. Am. Chem. Soc. 1992, 114, 6102. (b)
Xu, Z.; Bytheway, I.; Jia, G.; Lin, Z. Organometallics 1999, 18, 1761.
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distilled under nitrogen from sodium benzophenone (hexane,
ether, THF) or sodium (benzene) or calcium hydride (CH2Cl2).
The starting materials RuHCl(NBD)(PPh3)2,20 OsCl2(PPh3)3,27

and OsH3Cl(PPh3)3
19 were prepared according to literature

methods. All other reagents were used as purchased from
Aldrich Chemical Co.

Microanalyses were performed by M-H-W Laboratories
(Phoenix, AZ). 1H, 13C{1H}, and 31P{1H} NMR spectra were
collected on a JEOL EX-400 spectrometer (400 MHz) or a
Bruker ARX-300 spectrometer (300 MHz). 1H and 13C NMR
chemical shifts are relative to TMS, and 31P NMR chemical
shifts are relative to 85% H3PO4. MS spectra were recorded
on a Finnigan TSQ7000 spectrometer.

RuH(OTf)(NBD)(PPh3)2. A mixture of RuHCl(NBD)-
(PPh3)2 (1.25 g, 1.66 mmol) and AgOTf (0.60 g, 2.7 mmol) in
THF (35 mL) was stirred for 0.5 h. The solvent was then
removed completely under vacuum. Addition of 50 mL of 10%
MeOH aqueous solution to the residue produced a yellow solid,
which was collected by filtration, washed with water, and dried
under vacuum for 3 h. The solid was then extracted with 8:1
benzene/hexane. The extraction was filtered through a column
of Celite. The volume of the filtrate was reduced to ca. 1 mL
under vacuum. A pale yellow solid was formed when 40 mL of
hexane was added. The solid was collected on a filter frit,
washed with hexane, and dried under vacuum. Yield: 0.94 g,
60%. Anal. Calcd for C44H39F3O3P2SRu: C, 60.89; H, 4.53.
Found: C, 60.75; H, 5.13. 1H NMR (300.13 MHz, C6D6): δ
-13.64 (t, J(PH) ) 22.5 Hz, 1 H, RuH), 0.89 (s, 2 H, CH2),
2.98 (s, 1 H, bridge-head CH), 3.61 (s, 2 H, olefinic protons),
4.35 (br s, 3 H, two olefinic protons and one bridge-head CH
proton), 7.00-7.60 (m, 30 H, PPh3). 31P{1H} NMR (121.49
MHz, C6D6): δ 41.5 (s).

OsHCl(NBD)(PPh3)2. A mixture of OsH3Cl(PPh3)3 (1.32 g,
1.30 mmol) and NBD (1.0 mL, 9.3 mmol) in benzene (35 mL)
was stirred for 8 h to give a brown solution, which was filtered
through a column of Celite. The solvent of the filtrate was then
removed completely under vacuum. Addition of hexane (30 mL)
to the residue produced a brown solid. After stirring for 0.5 h,
the solid was collected by filtration, washed with hexane, and
dried under vacuum. Yield: 0.98 g, 89%. Anal. Calcd for C43H39-
ClP2Os: C, 61.24; H, 4.66. Found: C, 61.34; H, 4.82. 1H NMR
(300.13 MHz, C6D6): δ -12.13 (t, J(PH) ) 22.5 Hz, 1 H, OsH),
0.69 (s, 2 H, CH2), 3.02 (d, J(HH) ) 3.5 Hz, 2 H, olefinic CH
protons), 3.22 (s, 2 H, olefinic CH protons), 3.48 (s, 1 H, bridge-
head CH proton), 4.11 (s, 1 H, CH), 7.00-7.80 (m, 30 H, PPh3).
31P{1H} NMR (121.49 MHz, C6D6): δ 2.8 (s). 13C{1H} NMR
(75.47 MHz, C6D6): δ 41.0 (d, J(PC) ) 4.6 Hz, olefinic CH),
45.1 (s, bridge-head CH), 47.4 (d, J(PC) ) 15.9 Hz, olefinic
CH), 49.2 (s, CH2), 62.1 (t, J(PC) ) 5.4 Hz, bridge-head CH),
127.0-134.7 (m, Ph).

OsH(OTf)(NBD)(PPh3)2. A mixture of OsHCl(NBD)(PPh3)2

(0.95 g, 1.1 mmol) and AgOTf (0.65 g, 2.95 mmol) in THF (25
mL) was stirred for 0.5 h. The solvent was then removed
completely under vacuum. Addition of 50 mL of 10% MeOH
aqueous solution to the residue produced a yellow solid, which
was collected by filtration, washed with water, and dried under
vacuum for 3 h. The solid was then extracted with 8:1 benzene/
hexane. The extraction was filtered through a column of Celite.
The volume of the filtrate was reduced to ca. 1 mL under
vacuum. A pale yellow solid was formed when 40 mL of hexane
was added. The solid was collected on a filter frit, washed with
hexane, and dried under vacuum. Yield: 0.63 g, 61%. Anal.
Calcd for C44H39F3O3P2SOs: C, 55.22; H, 4.11. Found: C,
55.49; H, 5.25. 1H NMR (300.13 MHz, C6D6): δ -17.57 (t,
J(PH) ) 21.0 Hz, 1 H, OsH), 0.68 (s, 2 H, CH2), 3.26 (s, 1 H,
bridge-head CH proton), 3.44 (s, 2 H, olefinic CH proton), 3.90
(d, J(HH) ) 3.3 Hz, 2 H, olefinic CH proton), 4.73 (s, 1 H,
bridge-head CH proton), 7.10-7.90 (m, 30 H, PPh3). 31P{1H}
NMR (121.49 MHz, C6D6): δ 12.5 (s).

Reaction of RuH(OTf)(NBD)(PPh3)2 with H2 in CD2Cl2

in the Presence of PPh3. A mixture of RuH(OTf)(NBD)-
(PPh3)2 (20 mg, 0.023 mmol) and PPh3 (30 mg, 0.11 mmol) in
CD2Cl2 (0.7 mL) in an NMR tube was allowed to stand under
H2 atmosphere for 1 h. The mixture was occasionally shaken.
Then 1H and 31P{1H} NMR spectra were collected. 31P{1H}
NMR (121.49 MHz, CD2Cl2): δ - 6.0 (s, free PPh3), 28.3 (s,
br, [RuH(PPh3)4](OTf)18). 1H NMR (300.13 MHz, CD2Cl2): δ
-8.00 (quintet, J(PH) ) 20.4 Hz, [RuH (PPh3)4](OTf)18), 0.90-
2.19 (m, norbornane), 6.77-7.90 (m, PPh3). Using a residual
solvent signal at 5.32 ppm as the internal standard, the yield
of norbornane was determined to be 81%. The volatile portion
of the reaction mixture can be separated by vacuum transfer.
A 1H NMR spectrum of the vacuum-transferred solution shows
that norbornane is the only volatile organic product formed
in the reaction.

Reaction of RuH(OTf)(NBD)(PPh3)2 with H2 in Ben-
zene. A solution of RuH(OTf)(NBD)(PPh3)2 (0.35 g, 0.40 mmol)
in benzene (30 mL) was stirred under a H2 atmosphere for 1
h. The volume of the reaction mixture was then reduced to
ca. 1 mL. Addition of hexane (50 mL) to the residue produced
a white solid. The solid was collected by filtration, washed with
hexane, and dried under vacuum. The solid was identified to
be [(η6-C6H6)RuH(PPh3)2]OTf.15-17 Yield: 0.31 g, 91%. 1H NMR
(300.13 MHz, acetone-d6): δ -8.83 (t, J(PH) ) 36.9 Hz, RuH),
5.93 (s, 6 H, C6H6), 7.46-7.85 (m, Ph). 31P{1H} NMR (121.49
MHz, C6D6): δ 51.0 (s).

Identification of NBE Formed from the Reaction of
RuH(OTf)(NBD)(PPh3)2 with H2 in C6D6. A C6D6 solution
(1 mL, contains 0.03% v/v TMS) of RuH(OTf)(NBD)(PPh3)2 (50
mg, 0.023 mmol) was allowed to stand under a H2 atmosphere
for 0.5 h. The mixture was occasionally shaken. Then 1H and
31P{1H) NMR spectra were collected. 31P{1H} NMR (121.49
MHz, C6D6): δ 51.0 (s, [(η6-C6D6)RuH(PPh3)2]OTf)15-17). 1H
NMR (300.13 MHz, C6D6): δ 0.79-1.74 (m, 6 H, CH2), 2.73 (s,
2 H, bridge-head proton), 5.93 (s, 2 H, olefinic CH proton),
6.89-7.48 (m, PPh3). Using the TMS signal as the internal
standard, the yield of norbornene was determined to be 90%.
The volatile portion of the reaction mixture can be separated
by vacuum transfer. A 1H NMR spectrum of the vacuum-
transferred solution shows that norbornene is the only volatile
organic product formed in the reaction.

Reaction of OsH(OTf)(NBD)(PPh3)2 with H2 in CD2Cl2

in the Presence of PPh3. A mixture of OsH(OTf)(NBD)-
(PPh3)2 (20 mg, 0.021 mmol) and PPh3 (0.30 mg, 0.11 mmol)
in CD2Cl2 (0.7 mL) in an NMR tube was allowed to stand under
a H2 atmosphere for 1 h. The mixture was occasionally shaken.
Then 1H and 31P{1H} NMR spectra were collected. 31P{1H}
NMR (121.49 MHz, CD2Cl2): δ -6.0 (s, free PPh3), -0.8 (br,
[OsH3(PPh3)4](OTf)24). 1H NMR (300.13 MHz, CD2Cl2): δ -9.83
(quintet, J(PH) ) 19.6 Hz, [OsH3(PPh3)4](OTf)24), 0.92-2.07
(m, norbornane), 6.71-7.41 (m, PPh3). Using residual solvent
proton signal at 5.32 ppm as the internal standard, the yield
of norbornane was determined to be 90%. The volatile portion
of the reaction mixture can be separated by vacuum transfer.
A 1H NMR spectrum of the vacuum-transferred solution shows
that norbornane is the only volatile organic product formed
in the reaction.

Reaction of OsH(OTf)(NBD)(PPh3)2 with H2 in C6D6.
A C6D6 solution (1 mL, contains 0.03% v/v TMS) of OsH(OTf)-
(NBD)(PPh3)2 (20 mg, 0.021 mmol) in an NMR tube was
allowed to stand under a H2 atmosphere for 30 min. The
mixture was occasionally shaken. Then 1H and 31P{1H) NMR
spectra were collected. 31P{1H} NMR (121.49 MHz, C6D6): δ
6.1 (s, [(η6-C6D6)OsH(PPh3)2]OTf)17). 1H NMR (300.13 MHz,
C6D6): δ -11.35 (t, J(PH) ) 17.5 Hz, [(η6-C6D6)OsH(PPh3)2]-
OTf), 1.00-1.44 (m, 8 H, CH2 of norbornane), 2.15 (s, 2 H, CH
of norbornane), 6.80-7.43 (m, [(η6-C6D6)OsH(PPh3)2]OTf)17).
Using the TMS signal as the internal standard, the yield of
norbornane was determined to be 91%. The volatile portion of
the reaction mixture can be separated by vacuum transfer. A

(27) Hoffmann, P. R.; Caulton, K. G. J. Am. Chem. Soc. 1975, 97,
4221.
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1H NMR spectrum of the vacuum-transferred solution shows
that norbornane is the only volatile organic product formed
in the reaction. Pure samples of [(η6-C6H6)OsH(PPh3)2]OTf can
be obtained on preparative scale from the reaction of OsH-
(OTf)(NBD)(PPh3)2 in C6H6 with H2.

Crystallographic Analysis for OsHCl(NBD)(PPh3)2.
Suitable crystals of OsHCl(NBD)(PPh3)2 for X-ray diffraction
study were grown by layering of hexane on a CH2Cl2 solution
of 7. A brown prismatic single crystal having approximate
dimensions of 0.12 × 0.10 × 0.06 mm was mounted in a glass
fiber and used for X-ray structure determination. Intensity
data were collected on a Bruker SMART CCD area detector
using graphite-monochromated Mo KR radiation (λ ) 0.71073
Å). The intensity data were corrected for SADABS (Siemens
area detector absorption28) (from 0.6555 to 0.8022 on I). The
structure was solved by direct methods and refined by full-
matrix least-squares analysis on F2 using the SHELXTL
(version 5.10) program package.29 All non-hydrogen atoms
were refined anisotropically. The H atoms of the phenyl rings
of the PPh3 ligands were introduced at calculated positions
and refined via a riding model. The H atoms of the NBD were
located from the difference Fourier map and refined with
isotropic thermal parameters. The metal-bound hydrido ligand
could be located satisfactorily in a final difference Fourier
synthesis with reasonable Os-H bond distance and was
constrained to ride on the Os atom. The largest difference peak
and hole 2.253/-0.826 e Å-3 are in the vicinity of the Os atom.
Further details are given in Table 1.

Computational Details. In the calculations, the PPh3

ligand has been modeled using a PH3 group. Geometry
optimizations have been carried out for all stable species
(reactant, intermediates, and product) and transition states
involved in the two possible reaction paths. All calculations
have been carried out at the BLYP level of density functional

theory. For C and H atoms the 6-31G standard basis set was
used, while Ru, Os, and P were represented by the LANL2DZ
effective core potentials,30 which include a double-ú basis set
to describe the valence electrons explicitly. Additionally, to
better describe the electronic properties of both hydride and
dihydrogen ligands, polarization functions with úp ) 0.1131

have also been added to the standard basis set for the H atoms
of these two ligands. The calculations were performed using
the Gaussian 98 program32 installed on Pentium III personal
computers with Linux (Red Hat) operating systems.
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