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The hexahydride complex OsH6(PiPr3)2 (1) reacts with 8-methylquinoline and 2-(dimethylamino)pyridine

to give OsH3(CH2C9H6N)(PiPr3)2 (2) and OsH3{CH2N(CH3)-o-C5H4N}(PiPr3)2 (3), respectively, as a result
of the release of two hydrogen molecules of1 and the C(sp3)-H bond activation of a methyl group of
the organic substrates. In solution the hydride ligands and the hydrogen atoms of the methylene group
of 2 exchange their positions. The activation parameters for the process are∆Hq ) 18.9( 0.1 kcal‚mol-1

and ∆Sq ) 3 ( 2 eu. Treatment of2 with HBF4 affords the hydride-elongated dihydrogen derivative

[OsH(η2-H2)(CH3C9H6N)(PiPr3)2]BF4 (6), with the methyl group of the quinoline ligand coordinated in
a η3-H2C fashion. The X-ray structure of6 and the DFT optimization of the structure of the model cation
[OsH(η2-H2)(CH4)(NH3)(PMe3)2]+ prove that the methyl coordination in theδ agostic complex is similar
to the methane coordination in the model compound. The reaction of3 with HBF4 leads to the cyclic

carbene derivative [OsH3{dCHN(CH3)-o-C5H4N}(PiPr3)2]BF4 (7), as a result of the release of a hydrogen
molecule and a C(sp3)-H bond activation on the methylene group of3. The formation of2, 3, 6, and7
has been analyzed by DFT calculations.

Introduction

Transition metal polyhydride complexes have long been
known to be stereochemically nonrigid. They exhibit fluxional
behavior with rapid permutation of the hydride ligands. After
the discovery that hydrogen molecules can be present in the
coordination sphere of a metal without cleavage of the hydrogen-
hydrogen bond, dihydrogen ligands have proven to be key
moieties to the site exchanges.1

The bonding interactions between the metal and the hydrogen
molecule have been described in terms of donation from the
filled σ-bonding orbital into an empty orbital ofσ symmetry
on the metal. This interaction is augmented by back-donation
from filled metal orbitals of predominant d character to theσ*
orbital of the hydrogen molecule. Both interactions weaken and
lengthen the hydrogen-hydrogen bond. In the limit of strong
back-donation, bond cleavage to form two hydrides results.2

The interrelationships between activation of molecular hy-
drogen and otherσ-bond molecules such as alkanes, in particular
methane, are highly significant because their conversion is being
pursued intensively.3 Molecular hydrogen and methane have
orbitals of reasonably similar shape, energy, and extent. The
HOMO of methane is a t2 C-H bonding orbital, with an
experimental IE of 12.54 eV, whereas the molecular hydrogen
σ orbital has an IE of 15.45 eV. The LUMO is the t2 antibonding
counterpart and lies at a similar energy to theσ* orbital of
molecular hydrogen.4 In the case of hydrogen, the approach to
the metal fragment is more attractive for a parallel arrangement
due to the possibility of back-bonding from the metal to theσ*
orbital. However, for methane, the C-H parallel arrangement
is disfavored by steric repulsion from the metal. Theoretical
calculations show that anη3-H2C coordination should be the
most stable.5

Great experimental attention has been devoted to the fate of
an alkane molecule that approaches an unsaturated metal
fragment. However, unfortunately, information on the nature
of the primary adduct is still scarce, since saturated hydrocarbons
are notoriously very poor ligands. Thus, not surprisingly, all
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the alkane complexes detected so far are unstable at room
temperature and their detection has required specialized meth-
ods.4,6

Hydrogen exchanges between hydride and alkyl ligands in
monohydride metal-alkyl complexes have also been reported
in support of alkaneσ complexes.7 On the other hand, in contrast
to the hydride-dihydrogen site exchange, hydrogen exchanges
between alkyl groups and hydride and dihydrogen ligands in
polyhydride compounds containing coordinated C(sp3)-H bonds
have not been investigated.

The effective approach of an alkane fragment to a transition
metal generally needs the assistance of a coordination auxiliary.8

Following Kubas’ opinion,2 one could argue that an agostic
complex involving intramolecular interaction rather external
ligand binding should not be taken into account as aσ
compound. However, it should be noted that for those interac-
tions where the implied CH3 group is connected to the metal
center by two or more atoms the distinction is somewhat
artificial.9 In particular forδ-agostic complexes, Baratta, Mealli,
and co-workers have elegantly demonstrated that the structural

parameters involving the methyl groups and the metal center
of complex RuCl2{PPh2(2,6-Me2C6H3)}2 are similar to those
expected for the coordination of a methane molecule to the same
metal skeleton.10 The coordination of the pyridinic nitrogen atom
of 8-methylquinoline and 2-dimethylaminopyridine to 14-
valence-electron metal fragments should also affordδ-agostic
compounds. However, those reported have been described as
classicalη2-HC species.11

As a part of the work of our group on the chemistry of
polyhydride- and dihydrogen-osmium complexes,12 we have
previously reported that complexes OsH6(PiPr3)2, OsH3(SnClPh2)-
{[η2-CH2dC(CH3)]PiPr2}(PiPr3), and [OsH2(η5-C5H5)(η2-H2)(Pi-
Pr3)]BF4 activate C(sp2)-H bonds of amines,13 ketones,14 and
aldehydes.15 Complex OsH6(PiPr3)2 is also capable of producing
a triple C(sp3)-H bond activation of the cyclohexyl group of
cyclohexylmethyl ketone to afford the trihydride-osmafurane

OsH3{C6H8C(O)CH3}(PiPr3)2.16 These results and our interest
in learning to functionalize the C(sp3)-H bond17 prompted us
to investigate the behavior of the methyl groups of 8-meth-
ylquinoline and 2-(dimethylamino)pyridine in the presence of
the hexahydride complex OsH6(PiPr3)2.

In this paper, we report the following: (i) the C(sp3)-H bond
activation of the methyl groups of both organic substrates and
the hydrogen exchange processes in the resulting species, (ii) a
theoretical study on the C(sp3)-H bond activation reactions,
(iii) the coordination of the methyl group of 8-methylquinoline
and a second C(sp3)-H bond activation of the activated methyl
group of 2-(dimethylamino)pyridine, as a result of the proto-
nation of the resulting species from the first C(sp3)-H bond
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activation, and (iv) a theoretical study analyzing the different
behavior of related pyridine-based ligands after protonation.

Results and Discussion

1. C(sp3)-H Bond Activation and Hydrogen Exchange
Processes.Treatment under reflux of toluene solutions of the
hexahydride complex OsH6(PiPr3)2 (1) with 1.5 equiv of
8-methylquinoline leads after 90 min to the trihydride derivative

OsH3(CH2C9H6N)(PiPr3)2 (2), as a result of the release of two
hydrogen molecules of1 and the C(sp3)-H bond activation of
the methyl substituent of the quinoline substrate. Complex2 is
isolated as a red solid in 97% yield, according to eq 1.

The 13C{1H}, 31P{1H}, and1H NMR spectra of2 at 193 K
in toluene-d8 are consistent with the structure proposed in eq 1.
In the13C{1H} NMR spectrum, the methylene resonance of the
heterometallacycle appears at 6.7 ppm, as a triplet with a C-P
coupling constant of 5 Hz. In agreement with the mutuallytrans
disposition of the phosphine ligands, the31P{1H} spectrum
contains a singlet at 23.1 ppm. As expected for the three
inequivalent hydride ligands, the1H spectrum shows three
hydride resonances at-6.35 (A), -12.75 (B), and-13.46 (C)
ppm. The signal corresponding to the methylene protons (D)
appears at 3.81 ppm, whereas that due to theR-proton of the
quinoline group (E) is observed at 9.95 ppm. According to the
NOESY spectrum shown in Figure 1, the trihydride signalsA,
B, andC correspond to the ligandscis to the nitrogen atom,
central, andcis to the methylene group, respectively.

In contrast to the13C{1H} and31P{1H} NMR spectra, the1H
NMR spectrum is temperature dependent. Figure 2 collects the
methylene and hydride resonances of the1H{31P} NMR spectra
between 363 and 193 K. The behavior of the signals is consistent
with the operation of three thermally activated exchange
processes, which have different activation parameters. That with
the lowest energy barrier involves the hydride ligandsA and
B. Line-shape analysis of their signals between 203 and 283 K
allows the calculation of the rate constants for the position
exchange at these temperatures. The activation parameters
obtained from the Eyring analysis are∆Hq ) 10.1 ( 0.3
kcal‚mol-1 and∆Sq ) 1.6( 0.8 eu. The value for the activation
entropy, close to zero, is in agreement with an intramolec-
ular process, whereas the value for the activation enthalpy
lies in the range reported for thermal exchange processes in
related dihydride- and trihydride-osmium complexes (7-18
kcal‚mol-1).12h,i,13a,b,14a-c,15b,16,18,19The following position ex-
change in energy involves the hydrideC and the hydrogen atoms
of the methylene group of the heterometalacycle. Spin saturation
transfer experiments between 268 and 298 K afford rate con-
stants that lead to the activation parameters∆Hq ) 18.9( 0.1
kcal‚mol-1 and ∆Sq ) 3 ( 2 eu. The value of the activation
enthalpy is significantly higher than that reported for the
hydrogen exchange between the hydride and the methyl group
of the complex [OsH(η5-C5Me5)(CH3)(dmpm)]+ (7.1 ( 0.9
kcal‚mol-1; dmpm ) bis(dimethylphosphino)methane).7c The
third position exchange in energy takes place between the
hydridesC and B. According to the spectra of Figure 2, the
activation enthalpy in this case is certainly higher than that for
the exchange between the hydrideC and the methylene
hydrogen atoms.

In methanol at-35 °C, crystals suitable for an X-ray
diffraction study are formed. The data are consistent with the
structure shown in eq 1. However, unfortunately, inaccurate
structural parameters are obtained due to that the crystals
undergo twinning (monoclinic space groupCc simulatingC2/

Figure 1. Partial view of the1H-NOESY (300 MHz, mixing time

) 100 ms, toluene-d8, 213 K) NMR spectrum of OsH3(CH2C9H6N]-
(PiPr3)2 (2).

Figure 2. Variable-temperature1H{31P} NMR spectra (300 MHz,
toluene-d8) of (2): experimental, methylene region (left); experi-
mental, hydride region (center); calculated, hydride region (right).
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c). DFT calculations provide useful accurate data for the
hydrogen positions in both polyhydride and dihydrogen
complexes.12a,d,g,h,18,20Thus, to determine the position of the
hydrogen atoms bonded to the metal center, the structure of

the model compound OsH3(CH2C9H6N)(PMe3)2 (2t in Figure
4, Vide infra) has been optimized. The coordination around the
osmium atom can be described as a distorted pentagonal
bipyramid with the phosphorus atoms occupying axial positions
(P-Os-P ) 170.9°). The osmium sphere is completed by the
metalated quinoline group, acting with a bite angle of 78.0°,
and the hydride ligands. The Os-H bond lengths lie between
1.627 and 1.668 Å, whereas the H-H separations of 1.731 and
1.699 Å support the trihydride formulation.

The three hydrogen exchanges have also been theoretically
studied. The associated transition states have been located and
the energy barriers determined. The transition states for the
hydride exchanges HA-HB and HB-HC have a dihydrogen
nature. The exchange mechanism implies Os-H stretching,
H-H shortening, and subsequent rotation of the resulting
dihydrogen ligand. This mechanism has already been reported
in a number of polyhydride compounds exhibiting hydride
ligand exchanges.1h,13,18a,20aThe calculated∆Eq for the process
involving the hydridesA andB (13.0 kcal‚mol-1) is significantly
lower than that for the HB-HC exchange (21.2 kcal‚mol-1).

The exchange between the hydrideC and the hydrogen atom
of the methylene group (HD) initially involves reductive coupling
between HC and the methylene substituent of the quinoline to
afford a-C(HD)2HC methyl group. Subsequently, this substitu-
ent changes the orientation of the hydrogen atoms to allow the
oxidative addition of a C-HD bond (Scheme 1). In agreement
with the experimental observations, the calculated∆Eq for the
position exchange between the hydrideC and the methylene
hydrogen atoms (16.7 kcal‚mol-1) lies between those for the
HA-HB and HB-HC exchanges.

Complex1 also activates a C(sp3)-H bond of one of the
methyl groups of the substituent of 2-(dimethylamino)pyridine.
Treatment under reflux of toluene solutions of the hexahydride
with 2.0 equiv of the organic substrate affords after 3 h the

trihydride derivative OsH3{CH2N(CH3)-o-C5H4N}(PiPr3)2 (3),
which is isolated as a yellow solid in 52% yield, according to
eq 2. We note that, in contrast to1, the dihydride-iridium cation
[IrH2(κ1-OCMe2)2(PPh3)2]+ reacts with 2-(dimethylamino)-
pyridine at room temperature to give the carbene compound

[IrH2{dCHN(CH3)-o-C5H4N}(PPh3)2]+ . The reaction proceeds

through the agostic and alkyl intermediates [IrH2{CH3N(CH3)-

o-C5H4N}(PPh3)2]+ and [IrH2{CH2N(CH3)-o-C5H4N}(η2-H2)-
(PPh3)2]+.21

The spectroscopic data of3 agree well with those of2 and
support the structure proposed in eq 2. In the13C{1H} NMR
spectrum, the Os-CH2 resonance appears at 34.2 ppm, as a
triplet with a C-P coupling constant of 6.2 Hz, whereas that
corresponding to the NCH3 methyl group is observed at 41.4
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Ruiz, N.; Sola, E.Inorg. Chem.1999, 38, 1814. (b) Castarlenas, R.;
Esteruelas, M. A.; Gutie´rrez-Puebla, E.; Jean, Y.; Lledo´s, A.; Martı́n, M.;
Tomàs, J.Organometallics1999, 18, 4296.

(19) (a) Esteruelas, M. A.; Lahoz, F. J.; Lo´pez, A. M.; Oñate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I.Inorg. Chem.1996, 35, 7811. (b)
Castillo, A.; Esteruelas, M. A.; On˜ate, E.; Ruiz, N.J. Am. Chem. Soc.1997,
119, 9691. (c) Baya, M.; Crochet, P.; Esteruelas, M. A.; Gutie´rrez-Puebla,
E.; Ruiz, N.Organometallics1999, 18, 5034.

(20) (a) Barea, G.; Esteruelas, M. A.; Lledo´s, A.; López, A. M.; Tolosa,
J. I. Inorg. Chem.1998, 37, 5033. (b) Esteruelas, M. A.; Oro, L. A.AdV.
Organomet. Chem.2001, 47, 1. (c) Poli, R.; Baya, M.; Meunier-Prest, R.;
Raveau, S.New J. Chem.2006, 30, 759. (d) Belkova, N. V.; Revin, P. O.;
Besora, M.; Baya, M.; Epstein, L. M.; Lledo´s, A.; Poli, R.; Shubina, E. S.;
Vorontsov, E. V.Eur. J. Inorg. Chem.2006, 2192. (e) Baya, M.; Maresca,
O.; Poli, R.; Coppel, Y.; Maseras, F.; Lledo´s, A.; Belkova, N. V.; Dub, P.
A.; Epstein, L. M.; Shubina, E. S.Inorg. Chem.2006, 45, 10248. (f)
Tussupbayev, S.; Vyboishchikov, S. F.Organometallics2007, 26, 56.

(21) (a) Lee, D.-H.; Chen, J.; Faller, J. W.; Crabtree, R. H.Chem.
Commun.2001, 213. (b) Clot, E.; Chen, J.; Lee, D.-H.; Sung, S. Y.;
Appelhans, L. N.; Faller, J. W.; Crabtree, R. H.; Eisenstein, O.J. Am. Chem.
Soc.2004, 126, 8795.

Figure 3. Variable-temperature1H{31P} NMR spectra (300 MHz,

toluene-d8) of OsH3{CH2N(CH3)-o-C5H4N}(PiPr3)2 (3): experi-
mental, methylene region (left); experimental, hydride region
(center); calculated, hydride region (right).

Scheme 1
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ppm as a singlet. The31P{1H} contains a singlet at 22.2 ppm,
which is temperature invariant between 203 and 343 K. In this
range of temperatures, the low-field region of the1H NMR
spectrum is also temperature invariant. The most noticeable
resonance of this part is that due to the methylene protons, which
appears at 4.88 ppm as a triplet with a H-P coupling constant
of 9.0 Hz. In contrast to the latter, the hydride resonances are
temperature dependent (Figure 3). Between 373 and 253 K, the
spectrum contains two signals at-9.68 and-13.53 ppm. At
223 K, the decoalescence of the signal at lower field occurs.
Thus, at 203 K, three hydride resonances at-6.36, -12.75,
and -13.47 ppm are clearly observed. They are assigned to
the hydride ligandsA, B, andC, respectively, on the basis of
the NOESY spectrum at 203 K. Line-shape analysis of the
hydride region allows the calculation of the rate constants for
the thermal exchange processes at different temperatures. The
activation parameters obtained from the corresponding Eyring
analysis are∆Hq ) 9.6( 0.3 kcal‚mol-1 and∆Sq ) 1.2( 0.8
eu for the HA-HB exchange and∆Hq ) 14.8( 0.5 kcal‚mol-1

and∆Sq ) -4.7 ( 1.3 eu for the HB-HC exchange.
The comparison of the spectra of Figures 2 and 3 indicates

that (i) the energy barrier for the position exchange between
the hydride ligand disposedcisoidto the nitrogen atom (A) and
the central one (B) is similar in both compounds, (ii) the energy
barrier for the position exchange between the hydride ligand
disposedcisoid to the methylene group (C) andB is higher for
the quinoline derivative2 than for the pyridine complex3, and
(iii) the reductive elimination of CH3 in 2 has an activation
energy lower than in3.

Crystallization of 3 in methanol at-30 °C also affords
crystals suitable for an X-ray diffraction study. In this case, they
undergo a twinning by pseudomerohedry (monoclinic space
group withâ ≈ 90° that simulates orthorhombic), and, like for
2, the obtained structural parameters are inaccurate. So, in order
to confirm the trihydride nature of the complex, the structure

of the model compound OsH3{CH2N(CH3)-o-C5H4N}(PMe3)2

(3t in Figure 4,Vide infra) was optimized by DFT calculations.
The coordination around the osmium atom is like that of2t,
i.e., a distorted pentagonal bipyramid with axial phosphines (P-
Os-P ) 171.3°). The Os-H bond lengths lie between 1.628
and 1.667 Å, whereas the H-H separations are 1.742 and 1.701
Å. The computed energy barriers for the hydride exchanges,

12.9 and 19.3 kcal‚mol-1 for HA-HB and HB-HC, respectively,
are considerably lower than the∆Eq for exchange between the
hydrideC and the hydrogen atoms of the methylene group (24.7
kcal‚mol-1).

2. DFT Study of the Formation of 2 and 3 from 1: First
C(sp3)-H Bond Activation Process.The initial behavior of
8-methylquinoline and 2-(dimethylamino)pyridine toward the
osmium hexahydride species is the same. Both react with1,
affording the trihydride methylene complexes with release of
two hydrogen molecules and C(sp3)-H bond activation of the
methyl substituent (eqs 1 and 2). The mechanism of the
formation of 2 and 3 from 1 has been examined by DFT
calculations. Views of the complete calculated energy profiles
for these two reactions are shown in Figures 5 and 6.

This mechanism implies initial elimination of H2 and
coordination by a nitrogen atom of the pyridine-based ligand
(L1 for 2 and L2 for 3) to the resulting OsH4 species (1-H2),
followed by a second dehydrogenation and subsequent C-H
activation in a methyl group of the pyridinic ligand. Despite
the mechanism of the processes affording2 and 3 being the
same, the theoretical study reveals subtle differences in the
behavior of both pyridine ligands.

The energy cost for the H2 elimination from the hexahydride
in the OsH6(PMe3)2 model complex is 29.3 kcal‚mol-1.22

Coordination of the pyridinic ligands to the resulting unsaturated
species, giving the intermediates (1t-H2)L1 and (1t-H2)L2,
produces stabilizations of about 10 and 13 kcal‚mol-1, respec-
tively. The formation of these intermediates presents overall
reaction energies of 19.9 and 16.1 kcal‚mol-1, respectively, with
regard to the reactants. Although this process is strongly
endothermic, it is thermodynamically driven by the irreversible
loss of a dihydrogen molecule that is released away from the
reaction media. Indeed, when considering entropic effects, the
barrier for the H2 elimination is considerably reduced (∆G298

) 16.2 kcal‚mol-1). We note that both reactions proceed only
in reflux toluene solutions (110°C).

The following step, including a second hydrogen loss and
H-C activation, is found to be thermodynamically favored in
both cases. The final products2t and3t are 2.8 and 4 kcal‚mol-1

more stable relative to (1t-H2)L1 and (1t-H2)L2. Dehydroge-

(22) A lower value (15.8 kcal‚mol-1) was obtained for OsH6(PH3)2 using
the B3LYP functional.12a

Figure 4. Optimized geometries of2t and3t (models of the experimental complexes2 and3) and of the intermediates4t and5t, including
a selection of distances (Å) and angles (deg).
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nations of these latter intermediates are endothermic processes
without transition states, leading to the unsaturated dihydrides
4t and5t, respectively (Figure 4).

Intermediate OsH2(CH3C9H6N)(PMe3)2 (4t) can be described
as an octahedral dihydride species, which is stabilized byη3-
H2C coordination of the methyl substituent of the quinoline
ligand (Figure 4). As expected for this coordination mode,5 three
very different separations between the metal center and the
hydrogen atoms of the methyl group are observed, 1.923 Å (Os-
H1), 2.701 Å (Os-H2), and 3.515 Å (Os-H3), whereas the
Os-C1 distance is 2.604 Å. In agreement with the structural
features experimentally found inδ-agostic complexes,10 the
angles Os-C1-C2 and C1-Os-H1 are 100.8° and 23.9°,
respectively, and the dihedral angle between the planes Os, C2,
C1 and C2, C1, H1 (Os-C2-C1-H1) has a value of 42.2°.

The model intermediate OsH2{CH3N(CH3)-o-C5H4N}(PMe3)2

(5t) is similar to 4t (Figure 4), with separations between the
metal center and the atoms H1, H2, H3, and C1 of 1.839, 2.528,
3.419, and 2.528 Å, respectively. The angles Os-C1-N1
(99.7°) and C1-Os-H1 (25.5°) as well as the dihedral angle
Os-N1-C1-H1 (40.7°) also agree well with the corresponding
parameters of4t. Thus, in the pyridine intermediate5t the

interaction of the methyl group with the osmium atom is stronger
than that in the quinoline derivative4t. Note that in5t the
separation between the metal center and the atoms of the methyl
group are between 0.076 and 0.173 Å shorter than those in4t.

4t and5t are 10.8 and 17.0 kcal‚mol-1 higher in energy than
their precursors, respectively. However, the formation of4t and
5t will be thermodynamically favored by the release of
dihydrogen. The subsequent C-H activations require only 3.1
and 0.4 kcal‚mol-1, respectively (transition states:TS4f2 and
TS5f3), thus rendering2t and 3t, which are 13.6 and 21.0
kcal‚mol-1 lower in energy than4t and 5t. Transition state
TS4f2 can be regarded as aη2-HC δ agostic derivative, which
is the result of the approach of the atoms H1 (0.245 Å), H3
(0.346 Å), and C1 (0.247 Å) to the metal center and the
estrangement of the hydrogen atom H2 (0.117 Å). The distortion
is also evident in the C1-Os-H1 angle, which is opened up to
35.1°. On the other hand, the value of the dihedral angle Os-
C2-C1-H1 diminishes to 33.8°. The transition stateTS5f3

connecting5t and3t is only 0.4 kcal‚mol-1 above5t and has
a geometry like that ofTS4f2. Like the latter, it is the result of
the approach of the atoms H1 (0.128 Å), H3 (0.214 Å), and C1
(0.161 Å) to the metal and of the estrangement of H2 (0.272

Figure 5. Calculated energy profile for the formation of2t, starting from1t.

Figure 6. Calculated energy profile for the formation of3t, starting from1t.
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Å). However, the distortion with regard to5t is smaller than
that observed for the activation of 8-methylquinoline. Thus, the
C1-Os-H1 angle (32.3°) is opened up 8°, and the dihedral
angle Os-N1-C1-H1 (40.1°) does not change significantly
with regard to that of5t.

The calculated overall thermodynamic changes for the
complete reactions leading from1 to 2 and3 are 17.1 and 12.1
kcal‚mol-1, respectively. The stabilizing power of the 2-ami-
nopyridine assistant is revealed not only by the agostic
intermediates but also by the trihydride-alkyl compounds. The
2-aminopyridine group stabilizes the trihydride-alkyl species
better than the quinoline, as is deduced from the differences in
energy between4t and2t and between5t and3t. Furthermore,
the latter imposes an activation energy for the C(sp3)-H bond
activation process higher than the 2-aminopyridine assistant.

3. Protonation of 2 and 3: Coordination of the Methyl
Group of 8-Methylquinoline and Second C(sp3)-H Bond
Activation on 2-(Dimethylamino)pyridine. Treatment at room
temperature of diethyl ether solutions of2 with 1.0 equiv of
HBF4‚OEt2 affords the hydride-elongated dihydrogen cation

[OsH(η2-H2)(CH3C9H6N)(PiPr3)2]BF4 (6), containing the methyl
substituent of the quinoline ligand coordinated to the metal
center in aη3-H2C fashion. This complex is isolated as a yellow
solid in 77% yield, according to eq 3.

Complex6 was characterized by elemental analysis, IR,13C-
{1H}, 31P{1H}, and 1H NMR spectroscopy, and an X-ray
crystallographic study. Figure 7 shows an ORTEP drawing of
the cation.

The coordination geometry around the osmium atom can be
rationalized as being derived from a highly distorted octahedron
with the two phosphine ligands occupyingtranspositions (P(1)-
Os-P(2)) 165.63(3)°) at opposite sites of an ideal coordination
plane defined by the three hydrogen atoms of the hydride and

elongated dihydrogen ligands, mutuallycis disposed, and the
quinoline group. Theη3-H2C coordination of the methyl
substituent of the latter to the metal center is supported by the
Os-H(10A), Os-H(10B), and Os-C(10) distances of 2.01-
(4), 2.75(3), and 2.673(4) Å, respectively. In agreement with
4t, 5t, and other experimentally characterizedδ-agostic com-
pounds,10 the angles Os-C(10)-C(9) and Os-C(10)-H(10A)
are 102.4(2)° and 14(1)°, whereas the dihedral angle between
the planes Os, C(9), C(10) and C(9), C(10), H(10A) (Os-C(9)-
C(10)-H(10A)) has a value of 34(3)°. The hydride-elongated
dihydrogen character of the complex is consistent with the
H(01)-H(02) and H(02)-H(03) separations of 1.39(4) and 1.89-
(4) Å, respectively. These structural parameters agree well with
those obtained by DFT calculations on the optimized structure

of the model compound [OsH(η2-H2)(CH3C9H6N)(PMe3)2]+ (6t
in Figure 10,Vide infra).

In order to further analyze the coordination mode of the
methyl substituents in6, we have optimized the model complex
[OsH(η2-H2)(CH4)(NH3)(PMe3)2]+. The coordination of the
methyl group of 8-methylquinoline to the osmium atom of the
[OsH(η2-H2)(PiPr3)2]+ fragment, observed by X-ray diffraction,
is similar to the coordination of methane to the metal center of
the model fragment [OsH(η2-H2)(NH3)(PMe3)2]+ (Figure 8). In
agreement with the experimental results, the Os-H1, Os-H2,
and Os-C1 distances in the model complex [OsH(η2-H2)(CH4)-
(NH3)(PMe3)2]+ are 2.046, 2.876, and 2.847 Å, respectively.
This is an additional evidence showing that alkyl coordination

Figure 7. Molecular structure of the cation of6 (ellipsoids are
drawn at 50% probability). Selected bond lengths (Å) and angles
(deg): Os-P(1) 2.3711(10), Os-P(2) 2.3562(10), Os-N 2.175-
(3), Os‚‚‚C(10) 2.673(4), Os‚‚‚H(10A) 2.01(4), Os‚‚‚H(10B), 2.75-
(4), H(01)-H(02) 1.39(4), H(02)-H(03) 1.89(4); P(1)-Os-P(2)
165.63(3), P(1)-Os-N 98.12(8), P(2)-Os-N 93.64(8).

Figure 8. Optimized structure of the model complex [OsH(η2-
H2)(CH4)(NH3)(PMe3)2]+, including a selection of bond lengths (Å)
and angles (deg).

Figure 9. Molecular structure of the cation of7 (ellipsoids are
drawn at 50% probability). Selected bond lengths (Å) and angles
(deg): Os-P(1) 2.3552(14), Os-P(2) 2.3548(15), Os-N(2) 2.144-
(5), Os-C(1) 1.988(6), N(1)-C(1) 1.349(7), N(1)-C(3) 1.369(7),
N(2)-C(3) 1.341(7), H(01)-H(02) 1.82(7), H(02)-H(03) 1.45-
(7); P(1)-Os-P(2) 160.66(5), N(2)-Os-C(1) 73.9(2).
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in δ-agostic complexes is a satisfactory model to study the
behavior of an alkane fixed at the coordination sphere of a
transition metal.

The interaction between the methyl group and the osmium
atom in6 is also supported by the IR spectrum. Although the
stretching frequencies of agostic bonds are difficult to observe,
the IR of 6 in KBr clearly shows two weakν(C-H) bands at
2732 and 2716 cm-1, which are lower than the normal C-H
stretches.23 In contrast to the IR, the13C{1H} NMR spectrum
in dichloromethane-d2 at room temperature does not show any
signal for the methyl substituent of the quinoline ligand.
However at 213 K, this group displays a singlet at-10.0 ppm,
which is converted into a quartet with a C-H coupling constant
of 121 Hz in the INEPT13C spectrum. This value is lower than
that found for the methyl group of free 8-methylquinoline (128
Hz) and is an additional evidence of the agostic interaction. As
expected for thetransdisposition of the phosphine ligands, the
31P{1H} NMR spectra between 273 and 183 K contain a singlet
at about 24 ppm.

In solution the hydrogen atoms of the methyl substituent of
the quinoline and those of the elongated dihydrogen and hydride
ligands exchange their positions. This is strongly supported by
the 1H NMR spectrum, which is also a function of the
temperature. Between 293 and 253 K, the spectra do not show
resonances due to the hydrogen atoms involved in the ex-
changes. Between 243 and 223 K, three broad signals are
observed. At temperatures lower than 213 K, the exchanges are
stopped and the spectra contain a singlet at 2.08 ppm, a broad
resonance at-11.84 ppm, and a triplet with a H-P coupling
constant of 13.7 Hz at-17.37 ppm, for the methyl substituent,

the elongated dihydrogen, and hydride ligand, respectively. A
variable-temperature 300 MHzT1 study between 253 and 188
K of the elongated dihydrogen and hydride resonances gives
T1(min) values of 31( 1 ms for the dihydrogen resonance and
91 ( 1 ms for the hydride signal, at 203 K. These values are
consistent with the hydride-elongated dihydrogen character of
the complex. In particular, theT1(min) value of the dihydrogen
resonance corresponds to a hydrogen-hydrogen distance of 1.27
Å (slow spinning),1c,24which agrees well with that obtained by
X-ray diffraction analysis.

There is a marked difference in reactivity between2 and3
toward HBF4‚OEt2. In contrast to2, the addition at room
temperature of 1.0 equiv of this acid to diethyl ether solutions

of 3 gives the cyclic carbene derivative [OsH3{dCHN(CH3)-

o-C5H4N}(PiPr3)2]BF4 (7), as a result of the release of a
hydrogen molecule and a C(sp3)-H bond activation reaction
on the methylene group of the heterometallacycle of3, i.e., as
a result of a second C(sp3)-H bond activation on one of the
methyl groups of the substituent of 2-(dimethylamino)pyridine.
Multiple C(sp3)-H bond activation has been observed for
methyl, dimethylamino, and methylene groups contained in
phosphine ligands;25 heterocyclic organic molecules such tet-

(23) (a) Brookhart, M.; Green, M. L. H.J. Organomet. Chem.1983,
250, 395. (b) Brookhart, M.; Green, M. L. H.; Wong, L.-L.Prog. Inorg.
Chem.1988, 36, 1.

(24) (a) Earl, K. A.; Jia, G.; Maltby, P. A.; Morris, R. H.J. Am. Chem.
Soc.1991, 113, 3027. (b) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.;
Halpern, J.J. Am. Chem. Soc.1991, 113, 4173.

(25) (a) Werner, H.; Weber, B.; Nu¨rnberg, O.; Wolf, J.Angew. Chem.,
Int. Ed. Engl.1992, 31, 1025. (b) Ingleson, M. J.; Yang, X.; Pink, M.;
Caulton, K. G.J. Am. Chem. Soc.2005, 127, 10846. (c) Rankin, M. A.;
McDonald, R.; Ferguson, M. J.; Stradiotto, M.Organometallics2005, 24,
4981. (d) Rankin, M. A.; McDonald, R.; Ferguson, M. J.; Stradiotto, M.
Angew. Chem., Int. Ed.2005, 44, 3603. (e) Carrio´n, M. C.; Garcı´a-Vaquero,
E.; Jalón, F. A.; Manzano, B. R.; Weissensteiner, W.; Mereiter, K.
Organometallics2006, 25, 4498. (f) Weng, W.; Parkin, S.; Ozerov, O. V.
Organometallics2006, 25, 5345.

Figure 10. Optimized geometries of6t and7t (models of the experimental complexes6 and7) and of the intermediates8t, 9t, 10t, and
11t, including a selection of distances (Å) and angles (deg).
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rahydrofuran, pyrrolidine, and dioxolane;26 linear ethers;27

cresols;28 carbonyl compounds;16,29 and hydrocarbons.30 Com-
plex 7 is isolated as an orange solid in 94% yield, according to
eq 4.

Like 6, complex7 was characterized by elemental analysis,
MS, IR, 13C{1H}, 31P{1H}, and1H NMR spectroscopy, and an
X-ray crystallographic study. Figure 9 shows an ORTEP
drawing of the cation.

The coordination geometry around the osmium atom can be
described as a distorted pentagonal bipyramid with the phos-
phine ligands occupying axial positions (P(1)-Os-P(2) )
160.66(5)°). The metal sphere is completed by the doubly
activated 2-(dimethylamino)pyridine ligand, acting with a bite
angle of 73.9(2)°, and the hydride ligands. The Os-C(1) bond
length of 1.988(6) Å supports the Os-C double bond
formulation.17b,31In agreement with the sp2 hybridization at C(1),
the angles around this atom are about 120°. The separations
between the hydrogen atoms bonded to the metal center are
1.82(7) Å (H(01)-H(02)) and 1.45(7) Å (H(02)-H(03)). These
structural parameters agree well with those obtained by DFT
calculations on the optimized structure of the model compound

[OsH3{dCHN(CH3)-o-C5H4N}(PMe3)2]BF4 (7t in Figure 10,
Vide infra).

In agreement with the mutuallytrans disposition of the
phosphine ligands, the31P{1H} NMR spectrum contains a singlet
at 36.3 ppm. The presence of the doubly activated 2-(dimethy-
lamino)pyridine ligand is also evident in the13C{1H} NMR
spectrum, which shows a singlet at 248.1 ppm corresponding
to the OsC-carbon atom of the heterometallacycle. In the1H
NMR spectrum at room temperature, the OsCH resonance
appears at 12.80 ppm as a quartet with a H-H coupling constant
of 5.0 Hz, by spin coupling with the hydride ligands. The latter
displays at-8.36 ppm a double triplet with a H-P coupling

constant of 14.7 Hz. This observation is consistent with the
operation of two thermally activated site exchange processes
for the hydride ligands, which proceed at rates sufficient to lead
to the single resonance. Consistent with this, lowering the sample
temperature produces a broadening of the resonance. Between
223 and 203 K decoalescence occurs. Because the activation
energy of both exchange processes is similar, decoalescence
directly gives the ABC part of an ABCMX2 spin system with
δA ) -5.0,δB ) -9.5,δC ) -11.5,JAB ) 317 Hz,JAC ) 10
Hz, andJBC ) 400 Hz, which is clearly observed at 183 K.
The large values ofJAB and JBC suggest the operation of
quantum exchange coupling31 between HA and HB, and HB and
HC.

4. DFT Study of the Evolution of 2 and 3 after Protona-
tion. The protonation of the neutral trihydride-methylene
compounds2 and3 proceeds in a different way. The reaction
of 2 with HBF4 affords a hydride-dihydrogen cation containing
an agostic methyl substituent (6), whereas protonation of3 leads
to a trihydride carbene species7 (eqs 3 and 4). These reactions
have been modeled and studied by DFT calculations.

Several isomers are conceivable as products of the protonation
of 2. The formation of the experimentally detected6 could take
place by direct protonation of the methylene group of the
heterometallacycle of2 or by addition of the proton of the acid
to the OsH3 unit and the subsequent hydrogen migration from
the osmium to the carbon atom of the methylene group. The
different possibilities have been theoretically explored. The
hydride-dihydrogen-methyl 6t, discussed above, is found to
be the most stable isomer. Two other minima, with an “OsH4”
unit resulting from the protonation of the OsH3 unit of 2, have
also been located: the dihydrogen (H4-H5 ) 0.957 Å)-

elongated dihydrogen (H1-H6 ) 1.125 Å) [Os(η2-H2)2-

(CH2C9H6N)(PMe3)2]+ (8t) and a bis-dihydrogen isomer (H-H
) 0.909 and 0.994 Å) (8t′) that is 3.6 kcal‚mol-1 less stable
than8t.

The dihydrogen ligand of8t (Figure 10) is parallel to the
P-Os-P direction and liestrans to the carbon atom of the
heterometallacycle (C1). The elongated dihydrogen ligand is
contained in the plane perpendicular to the P-Os-P direction
and is disposedcis to C1. Intermediate8t is 3.8 kcal‚mol-1

less stable than6t. It is clear that the thermodynamically favored
species is that originated by formal electrophilic attack on the
carbon atom. These results are in good agreement with the
experimental observation of6.

Starting from8t it is possible to obtain6t by C-H reductive
elimination, in a process similar to that operating for the
hydride-H methylene exchange in2 (see above). The energy
profile for the isomerization process is depicted in Figure 11.
The transition stateTS8f6 connecting both species is located
13.3 kcal‚mol-1 above8t. It results from the approach of H1
to C1 in 8t. As a consequence of this, the osmium-hydride-
methylene unit forms anη2-HC δ-agostic derivative with
coordination parameters for the methyl group very similar to
those ofTS4f2.

The low activation energy calculated for the rupture of a
C(sp3)-H bond of the methyl substituent of the quinoline ligand
to give 8t (17.1 kcal‚mol-1) is consistent with the observed
hydrogen exchange in solution between the metal center and
the agostic methyl group of6. In addition, it should be
mentioned that this barrier is similar to that calculated for the
position exchange between the hydride and the hydrogen atoms
of the elongated dihydrogen ligand in6t (15.4 kcal‚mol-1). This
indicates that, once coordinated to the metal sphere, the rupture

(26) (a) Boutry, O.; Gutie´rrez, E.; Monge, A.; Nicasio, M. C.; Pe´rez, P.
J.; Carmona, E.J. Am. Chem. Soc.1992, 114, 7288. (b) Gutie´rrez-Puebla,
E.; Monge, A.; Nicasio, M. C.; Pe´rez, P. J.; Poveda, M. L.; Carmona, E.
Chem.-Eur. J. 1998, 4, 2225. (c) Slugovc, C.; Mereiter, K.; Trofimenko,
S.; Carmona, E.Angew. Chem., Int. Ed.2000, 39, 2158. (d) Ferrando-
Miguel, G.; Coalter, J. N., III; Ge´rard, H.; Huffman, J. C.; Eisenstein, O.;
Caulton, K. G.New J. Chem.2002, 26, 687.

(27) (a) Santos, L. L.; Mereiter, K.; Paneque, M.; Slugovc, C.; Carmona,
E. New J. Chem.2003, 27, 107. (b) Carmona, E.; Paneque, M.; Santos, L.
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processes of the H-H and C(sp3)-H bonds have similar
activation barriers.

As found in the theoretical study of the protonation of2, three
minima have been obtained as products of the protonation of3
(Figure 10). Two of them (10t and10t′) have bis(dihydrogen)
character and arise from the protonation of the “OsH3” unit of
3, presenting structures very similar to those found in the
protonation of the “OsH3” unit of 2 (8t and8t′). The third one
(11t) results from the protonation of the methylene group of
the heterometallacycle, and it is equivalent to the product6t
obtained in the protonation of3. Interestingly with the 2-(dim-

ethylamino)pyridine ligand the resulting complex [OsH(η2-H2)-

{CH3N(CH3)-o-C5H4N}(PMe3)2]+ (11t) is less stable (2.5
kcal‚mol-1) than the dihydrogen (H4-H5 ) 0.944 Å)-elongated

dihydrogen (H1-H6 ) 1.061 Å) [Os(η2-H2)2{CH2N(CH3)-o-

C5H4N}(PMe3)2]+ (10t, Figure 12).
In order to understand why the behavior of3 is different from

that of 2, we have also analyzed the hydrogen migration from
the metal center to the methylene carbon in10t (Figure 12).
The resulting intermediate11t, which is the species equivalent
to the product6t obtained with the 8-methylquinoline ligand,
is found 2.5 kcal‚mol-1 above10t. The transition state (TS11f10)
for the C-H activation connecting10t and 11t lies 16.9
kcal‚mol-1 above10t.

The dissociation of a hydrogen molecule from dihydrogen-
elongated dihydrogen intermediate10t affords an unsaturated
OsH2 species, which should evolve into7 by anR-elimination
reaction. The structures of the OsH2 species resulting from the
dihydrogen elimination in10t have also been optimized. Three
minima have been found: a dihydrogen (H-H ) 0.912 Å), an
elongated dihydrogen (H-H ) 1.251 Å), and a dihydride (H-H
) 2.626 Å). The dihydrogen and elongated dihydrogen com-

pounds are 27.5 and 14.1 kcal‚mol-1, respectively, less stable
than the dihydride (9t). The calculated∆Gq for the dissociation
of a hydrogen molecule from10t to afford9t is 18.6 kcal‚mol-1.

Both dihydrogen compounds have octahedral structures, while
the coordination geometry of the dihydride is similar to those
found in the complexes OsH2Cl2(PiPr3)2

33 and OsH2{κ2-O,S-
OC(dO)[NHC(dO)CH3]CH2S}(PiPr3)2

34 by X-ray diffraction
analysis, with P-Os-P and H-Os-H angles of 120.3° and

107.3°, respectively. Another interesting feature of this [OsH2-

{CH2N(CH3)-o-C5H4N}(PMe3)2]+ (9t) dihydride is the very
short separation between the metal center and the H1 hydrogen
atom of the methylene group of the heterometallacycle. Its value
of 1.973 Å is consistent with anR-agostic interaction35 and
suggests than the C-H activation leading to the trihydride
carbene species7, the experimentally observed product, is an
easy process. Intermediate9t is 3.9 kcal‚mol-1 less stable than
the final product7t (Figure 13).

The transfer of H1 from C1 to the metal center takes place
through the transition stateTS9f7, which lies 9.7 kcal‚mol-1

above9t. The eigenvector associated with its unique imaginary
frequency is mainly related to the elongation of the activating
H-C bond. This species can be described as a trihydride
compound. Its structure is similar to those of complexes
OsH2X(κ2-O2CCH3)(PiPr3)2 (X ) Cl, κ1-OC(O)CH3);36 that is,
if one takes as a base the structure of OsH2Cl2(PiPr3)2 or 9t,

(32) Sabo-Etienne, S.; Chaudret, B.Chem. ReV. 1998, 98, 2077.
(33) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; Lo´pez, J. A.; Meyer,

U.; Oro, L. A.; Werner, H.Inorg. Chem.1991, 30, 288.
(34) Atencio, R.; Esteruelas, M. A.; Lahoz, F. J.; Oro, L. A.; Ruiz, N.

Inorg. Chem.1995, 34, 1004.
(35) Goddard, R. J.; Hoffmann, R.; Jemmis, E. D.J. Am. Chem. Soc.

1980, 102, 7667.
(36) Crochet, P.; Esteruelas, M. A.; Lo´pez, A. M.; Martı́nez, M. P.;

Oliván, M.; Oñate, E.; Ruiz, N.Organometallics1998, 17, 4500.

Figure 11. Calculated energy profile for the isomerization of [Os-

(η2-H2)2(CH2C9H6N)(PMe3)2]+ (8t) to [OsH(η2-H2)(CH3C9H6N)-
(PMe3)2]+ (6t).

Figure 12. Calculated energy profile for the isomerization of [Os-

(η2-H2)2{CH2N(CH3)-o-C5H4N}(PMe3)2]+ (10t) to [OsH(η2-H2)-

{CH3N(CH3)-o-C5H4N}(PMe3)2]+ (11t).
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the geometry around the metal center can be seen as derived
from a distorted square antiprism with a missing vertex. One
of two square planes is made up by the two phosphine atoms
and the hydride ligands H3 and H4, which occupy alternate
positions. The atoms C1, N, and the hydride ligand H1 are
located in the second plane.

With the 2-(dimethylamino)pyridine ligand the activation
barrier for the hydrogen migration from the metal center to the
methylene carbon atom in the dihydrogen-elongated dihydrogen
intermediate10t formed after protonation of3 is higher (16.9
kcal‚mol-1) than for the 8-methylquinoline system (13.3
kcal‚mol-1, Figure 11). Furthermore, in contrast to6t, the

resulting complex [OsH(η2-H2){CH3N(CH3)-o-C5H4N}(PMe3)2]+

(11t) is less stable (2.5 kcal‚mol-1) than its precursor. The higher
activation barrier and the lower stability of the resulting species
from the hydrogen-transfer process can explain why contrary
to what happens with8t f 6t transformation, the dihydrogen-
elongated dihydrogen intermediate (10t) prefers to release a
hydrogen molecule and evolves into the trihydride-carbene
complex instead of evolving into trihydride methyl (11t).

Concluding Remarks

This study has revealed that the coordination of 8-meth-
ylquinoline and 2-(dimethylamino)pyridine to osmium-hydride
fragments of 14-valence electrons affords methylδ-agostic
species, where the structural parameters for the methyl coor-
dination are similar to those for the coordination of methane.
Therefore, complexes of this type are satisfactory models to
study, in some aspect, the behavior of alkanes fixed at the
coordination sphere of a transition metal.

The activation energy for the rupture of a coordinated
C(sp3)-H bond is similar to that for the rupture of a coordinated
H-H bond. As a consequence, hydrogen exchange processes
between hydride, dihydrogen, and a methyl group occur, in a

competitive manner, in hydride and dihydrogen complexes
stabilized byδ-agostic interaction between the metal center and
a methyl group of coordinated 8-methylquinoline or 2-(dim-
ethylamino)pyridine.

The activation energies for the position exchanges between
hydride and dihydrogen ligands are not very sensitive to the
coordination assistance of the methyl group, quinoline, or
2-aminopyridine. However, the hydrogen exchanges between
hydride or dihydrogen ligands and the coordinated methyl group
show a noticeable dependence, since the coordination assistant
carries out the fine-tuning of the stabilities and activation
energies involving the metal-methyl unit. With regard to the
quinoline group, the 2-aminopyridine assistant provides lower
activation energies for the C(sp3)-H bond rupture and higher
stabilities of the resulting alkyl derivatives. Furthermore, it
facilitates a second C(sp3)-H bond activation.

Experimental Section

General Procedures.All reactions were carried out under an
argon atmosphere using Schlenk tube techniques. Solvents were
dried and purified by known procedures and distilled under argon
prior to use. The complex OsH6(PiPr3)2 (1) was prepared as
previously described.33

Physical Measurements.C, H, and N analyses were measured
on a Perkin-Elmer 2400 CHNS/O analyzer. Infrared spectra were
recorded on a Perkin-Elmer Spectrum One spectrometer as solids
(Nujol mull or KBr pellet).1H, 1H NOESY,13C{1H}, 13C, and31P-
{1H} NMR spectra were recorded on Varian Gemini 2000, Bruker
AXR 300, and Bruker Avance 400 instruments. Chemical shifts
are referenced to residual solvent peaks (1H and 13C{1H}) and
external H3PO4 (31P{1H}). Coupling constantsJ andN (N ) JP-H

+ JP′-H for 1H; N ) JP-C + JP′-C for 13C{1H}) are given in hertz.
Kinetic Analyses.1H{31P} Spectral Simulation.Experimental

exchange broadened line shapes were iteratively fit using the
gNMR37 program, with the line width in the absence of exchange
fixed at the lowest measured values. Spin saturation transfer
measurements were performed according to the Forse´n-Hoffman
method38 by irradiating the resonance assigned to Hc and measuring
the integral of the resonance of the-CH2- group. The exchange
rates were calculated from the equationk ) (1/T1)((I/I′) - 1), where
I′ and I are the integrals for the resonance of the-CH2- group
with and without saturation of the resonance of Hc. T1 is the spin-
lattice relaxation time of the signal of the-CH2- group obtained
by the inversion-recovery method in the presence of the saturating
field at the hydride Hc signal.39 In all cases, the activation
parameters,∆Hq and∆Sq, were obtained from a linear least-squares
fit of ln(k/T) vs 1/T (Eyring equation). Errors were computed by
published methods.40 The error in temperature was assumed to be
1 K; error in k was estimated as 10%.

Preparation of OsH3(CH2C9H6N)(PiPr3)2 (2). A colorless
solution of1 (200 mg, 0.386 mmol) in 15 mL of toluene was treated
with 1.5 equiv of 8-methylquinoline (98.6µL, 0.766 mmol) and
heated under reflux for 1.5 h. The resulting solution was filtered
through Celite and driedin Vacuo. Methanol was added to afford
a red solid, which was washed with further portions of methanol
and driedin Vacuo. Yield: 170 mg (97%). Anal. Calcd for C28H53-

(37) Budzelaar, P. H. M.gNMR, version 4.1; Ivory Soft: Englewood,
CO, 1999 (Published by Cherwell Scientific Publishing Limited, Oxford,
U.K.).

(38) (a) Faller, J. W. InDetermination of Organic Structures by Physical
Methods; Nachod, F. C., Zuckerman, J. J., Eds.; Academic Press: New
York, 1973. (b) Sanders, J. K. M.; Hunter, B. K.Modern NMR Spectroscopy,
A Guide for Chemists, 2nd ed.; Oxford University Press, 1993.

(39) Mann, B. E.J. Magn. Reson.1977, 25, 91.
(40) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S.

Organometallics1994, 13, 1646.

Figure 13. Calculated energy profile for the conversion of [OsH2-

{CH2N(CH3)-o-C5H4N}(PMe3)2]+ (9t) to [OsH3{dCHN(CH3)-o-

C5H4N}(PMe3)2]+ (7t).
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NOsP2: C, 51.27; H, 8.15; N, 2.13. Found: C, 51.50; H, 7.90; N,
2.28. IR (Nujol, cm-1): ν(OsH) 2017 (s), 2125 (s).1H NMR (300
MHz, C6D6, 293 K): δ 9.95 (d,JH-H ) 8.1, 1H, C9H6), 7.73 (d,
JH-H ) 7.3, 1H, C9H6), 7.37 (d,JH-H ) 8.1, 1H, C9H6), 7.18 (t,
JH-H ) 7.3, 1H, C9H6), 7.02 (d,JH-H ) 7.3, 1H, C9H6), 6.37 (dd,
JH-H ) 8.1, 1H, C9H6), 3.78 (t,JH-P ) 5, 2H, -CH2), 2.02 (m,
6H, PCH(CH3)2), 1.07 (dvt,N ) 12.3,JH-H ) 6, 18H, PCH(CH3)2),
0.92 (dvt,N ) 12, JH-H ) 6, 18H, PCH(CH3)2), -9.68 (br, 2H,
OsH),-13.53 (t,JH-P ) 13, 1H, OsH).1H {31P} NMR (300 MHz,
C7D8, 203 K, methylene and hydride region):δ 3.78 (s, 2Η, -CH2),
-6.36 (d,JH-H ) 30, 1H)-12.75 (d,JH-H ) 30, 1H),-13.47 (s,
1H). 31P{1H} NMR (121.42 MHz, C6D6, 293 K): δ 23.1 (s).13C-
{1H} NMR (100.56 MHz, C6D6, 293 K, plus apt): δ 159.4 (s,
C9H6), 156.7 (s, C9H6), 155.9 (s, C9H6), 133.9 (s, C9H6), 132.4 (s,
C9H6), 129.8 (s, C9H6), 127.0 (s, C9H6), 122.2 (s, C9H6), 122.0 (s,
C9H6), 27.0 (vt,N ) 21.9, PCH(CH3)2), 20.2, 19.8, (both s, PCH-
(CH3)2), 6.7 (t,JC-P ) 5, -CH2-). MS (FAB+): m/z 655 (M+ -
1H). T1(min) (ms, OsH, 300 MHz, C7D8, 228 K): 94.6( 3 (-6.42
ppm, -12.72 ppm), 116.4( 1 (-13.45 ppm).

Preparation of OsH3{CH2N(CH3)-o-C5H4N}(PiPr3)2 (3). A
colorless solution of1 (125 mg, 0.242 mmol) in 15 mL of toluene
was treated with 2 equiv of 2-(dimethylamino)pyridine (59.2µL,
0.484 mmol) and heated under reflux for 3 h. The resulting yellow
solution was filtered through Celite and driedin Vacuo. Methanol
was added to afford a yellow solid, which was washed with further
portions of methanol and driedin Vacuo. Yield: 80 mg (52%).
Anal. Calcd for C25H54N2OsP2: C, 47.29; H, 8.57; N, 4.41.
Found: C, 47.30; H, 8.66; N, 4.21. IR (Nujol, cm-1): ν(OsH) 2020
(s), 2109 (s).1H NMR (300 MHz, C7D8, 293 K): δ 8.96 (d,JH-H

) 6.8, 1H, py), 6.82 (t,JH-H ) 6.8, 1H, py), 5.77 (t,JH-H ) 6.8,
1H, py), 5.55 (d,JH-H ) 6.8, 1H, py), 4.88 (t,JH-P ) 9, 2H,
-CH2-), 2.77 (s, 3H, CH3), 2.06 (m, 6H, PCH(CH3)2), 1.14 (dvt,
N ) 12.6,JH-H ) 6.6, 18H, PCH(CH3)2), 1.10 (dvt,N ) 12,JH-H

) 6.6, 18H, PCH(CH3)2 -9.73 (br, 2H, OsH),-13.72 (br, 1H,
OsH).1H{31P} NMR (300 MHz, C7D8, 203 K, hydride region):δ
-7.54 (d,JH-H ) 23, 1H),-13.07 (d,JH-H ) 23, 1H),-14.17 (s,
1H). 31P{1H} NMR (121.42 MHz, C7D8, 293 K): δ 22.2 (s).13C-
{1H} NMR (75.42 MHz, C6D6, 293 K): δ 162.3 (s, Cipso, py), 158.1
(s, py), 133.7 (s, py), 109.9 (s, py), 104.8 (s, py), 41.4 (s, CH3),
34.2 (t,JC-P ) 6.2,-CH2-), 26.7 (vt,N ) 22, PCH(CH3)2), 20.3,
19.8, (both s, PCH(CH3)2). T1(min) (ms, OsH, 300 MHz, C7D8):
107.6 ( 1 (-13.53 ppm, 223 K), 96( 1 (-6.86 ppm,-12.40
ppm, 218 K). MS (FAB+): m/z 631 (M+ - 2H).

Preparation of OsH(η2-H2)(CH3C9H6N)(PiPr3)2]BF4 (6). A red
solution of2 (210 mg, 0.320 mmol) in 30 mL of diethyl ether was
treated with 1 equiv of HBF4‚OEt2 (45µL, 0.320 mmol) and stirred
for 30 min at room temperature. During the course of the reaction
a yellow solid formed. The solvent was removed, and the solid
was washed with further portions of diethyl ether and driedin
Vacuo. Yield: 182 mg (77%). Anal. Calcd for C28H54BF4NOsP2:
C, 45.22; H, 7.32; N, 1.88. Found: C, 45.16; H, 7.21; N, 2.01. IR
(KBr, cm-1): ν(OsH) 2137 (s), 2183 (s);ν(Os-Hagostic) 2716 (w),
2732 (w).1H NMR (300 MHz, CD2Cl2, 213 K): δ 9.25 (d,JH-H

) 4.9, 1H, C9H6), 8.29 (d,JH-H ) 7.6, 1H, C9H6), 7.78 (d,JH-H )
7.8, 1H, C9H6), 7.70 (d,JH-H ) 7.6, 1H, C9H6), 7.62 (t,JH-H )
7.6, 1H, C9H6), 7.46 (dd,JH-H ) 4.9,JH-H ) 7.8, 1H, C9H6), 2.08
(s, 3H, -CH3), 1.81 (m, 6H, PCH(CH3)2), 1.00 (dvt,N ) 12.8,JH-H

) 6.4, 18H, PCH(CH3)2), 0.80 (dvt,N ) 13.7,JH-H ) 6.1, 18H,
PCH(CH3)2), -11.84 (br, 2H, OsH),-17.37 (t,JH-P ) 13.7, 1H,
OsH). 31P{1H} NMR (121.42 MHz, CD2Cl2 213 K): δ 24.5 (s).
13C{1H} NMR (100.56 MHz, CD2Cl2, 213 K, plus apt):δ 154.6
(s, C9H6), 148.8 (s, Cipso C9H6), 138.3 (s, C9H6), 134.3 (s, C9H6),
131.5 (s, C9H6), 130.4 (s, Cipso, C9H6), 128.8 (s, C9H6), 127.8 (s,
C9H6), 123.0 (s, C9H6), 25.5 (vt,N ) 25.7, PCH(CH3)2), 19.5, 18.9
(both s, PCH(CH3)2), -10.0 (s, CH3). T1(min) (ms, OsH, 300 MHz,

CD2Cl2, 203 K): 31.0( 1 (-11.80 ppm),T1(min) (ms, OsH, 300
MHz, CD2Cl2, 223 K): 90.8( 1 (-17.34 ppm).

Preparation of [OsH3{dCHN(CH3)-o-C5H4N}(PiPr3)2]BF4 (7).
A solution of3 (120 mg, 0.189 mmol) in 20 mL of dichloromethane
was treated with 1 equiv of HBF4‚OEt2 (25.7 µL, 0.189 mmol)
and stirred for 20 min at room temperature. The solution color
changed from yellow to orange. The resulting solution was filtered
through Celite and concentrated to ca. 0.5 mL. Diethyl ether was
added to afford an orange solid, with was also washed with further
portions of diethyl ether at 233 K and driedin Vacuo. Yield: 128
mg (94%). Anal. Calcd for C25H53BF4N2OsP2: C, 41.66; H, 7.41;
N, 3.88. Found: C, 41.65; H, 7.31; N, 3.98. IR (Nujol, cm-1): ν-
(OsH) 2022 (s), 2125 (s).1H NMR (300 MHz, CD2Cl2, 293 K): δ
12.80 (q,JH-H ) 5.0, 1H, OsdCH), 9.26 (d,JH-H ) 7.6, 1H, py),
7.92 (t,JH-H ) 7.6, 1H, py), 7.71 (d,JH-H ) 7.6, 1H, py), 7.18 (t,
JH-H ) 7.6, 1H, py), 3.91 (s, 3H, CH3), 1.77 (m, 6H, PCH(CH3)2),
1.04 (dvt,N ) 13.7,JH-H ) 7.0, 18H, PCH(CH3)2), 0.86 (dvt,N
) 13.9, JH-H ) 7.1, 18H, PCH(CH3)2) -8.36 (td,JH-P ) 14.7,
JH-H ) 5.0, 3H, OsH).1H{31P} NMR (300 MHz, CD2Cl2, 183 K,
hydride region): ABC part of an ABCMX2 spin system,δA ) -5.0,
δB ) -9.5,δC ) -11.5 (JA-B ) 317,JA-C ) 10,JB-C ) 400 Hz,
OsH). 31P{1H} NMR (121.42 MHz, CD2Cl2, 293 K): δ 36.3 (s).
13C{1H} NMR (75.42 MHz, CD2Cl2, 293 K): δ 248.1 (s,dCH),
157.9 (s, py), 156.8 (s, py), 138.5 (s, py), 121.8 (s, py), 114.1 (s,
py), 45.9 (s, CH3), 27.9 (vt,N ) 27.4, PCH(CH3)2), 19.5, 19.3,
(both s, PCH(CH3)2). MS (FAB+): m/z 634 (M+).

Structural Analysis of Complexes 6 and 7.Crystals suitable
for the X-ray diffraction study were obtained by slow diffusion of
diethyl ether into a concentrated solution of the complexes in
dichloromethane at-20 °C. X-ray data were collected for both
complexes on a Bruker Smart APEX CCD diffractometer equipped
with a normal focus, 2.4 kW sealed tube source (Mo radiation,λ
) 0.71073 Å) operating at 50 kV and 30 mA. Data were collected
over the complete sphere by a combination of four sets. Each frame
exposure time was 10 s covering 0.3° in ω. Data were corrected
for absorption by using a multiscan method applied with the
SADABS program.41 The structures of both compounds were solved
by the Patterson method. Refinement, by full-matrix least-squares
on F2 with SHELXL97,42 was similar for all complexes, including
isotropic and subsequently anisotropic displacement parameters. For
complex6 the hydride ligands were located, but they do not refine
properly, and the Os-H distance was fixed to 1.59(1) Å. The
hydrogen atoms of the CH3 group were located in the difference
Fourier maps and refined isotropically. The remaining hydrogen
atoms were included in calculated positions and refined riding on
their respective carbon atoms with the thermal parameter related
to the bonded atoms. The BF4 anion was observed disordered. The
anion was defined with two moieties, complementary occupancy
factors, isotropic atoms, and restrained geometry. In complex7,
several methyl groups of the triisopropylphosphine ligands were
refined in two positions (0.5). These groups were refined with an
isotropic model and restrained geometry. The hydride ligands were
observed in the difference Fourier maps and refined as isotropic
atoms with the same distance to the osmium atom (1.59(1) Å). The
hydrogen atom of the carbene carbon atom was located and refined
isotropically. The remaining hydrogen atoms were included in
calculated positions and refined riding on their respective carbon
atoms with the thermal parameter related to the bonded atoms. In
both complexes, all the highest electronic residuals were observed
in close proximity of the Os centers and make no chemical sense.
Crystal data and details of the data collection and refinement are
given in Table 1.

(41) Blessing, R. H.Acta Crystallogr.1995, A51, 33. SADABS, Area-
detector absorption correction; Bruker-AXS: Madison, WI, 1996.

(42)SHELXTL Package v. 6.10; Bruker-AXS: Madison, WI, 2000.
Sheldrick, G. M.SHELXS-86and SHELXL-97; University of Göttingen:
Göttingen, Germany, 1997.
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Computational Details.Quantum mechanical calculations were
performed with the Gaussian03 package43 at the DFT B3PW91
level.44,45The template of the real system Os(PiPr3)2 was simplified
to Os(PMe3)2, in which the isopropyl groups have been substituted
by methyl ones. Core electrons of the Os and P atoms were
described using the effective core pseudopotentials of Hay-
Wadt,46,47 and valence electrons were described with the standard
LANL2DZ basis set.43 In the case of the P atoms, a set of d-type
functions was added.48 All carbon and hydrogen atoms of the
phosphine ligands were described with a 6-31G basis set.49 The
hydrogen atoms directly bonded to the Os center, as well as those
susceptible of forming agostic interactions, were described with a

6-31G(d,p) set of basis functions.49 Carbon and nitrogen atoms
bonded to the metal or participating in agostic interactions were
described with a 6-31G* basis set.49 The rest of the atoms in the
pyridine-based ligand were described with a 6-31G basis set.49

Minima and transition states were characterized by analytically
computing the Hessian matrix. Information on atom coordinates
(xyzfiles) for all optimized structures of minima and transition states
is collected in the Supporting Information.
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Table 1. Crystal Data and Data Collection and Refinement for 6 and 7

6 7

Crystal Data
formula C28H54BF4NOsP2 C25H53BF4N2OsP2

molecular wt 743.67 720.64
color and habit yellow, irregular block orange, prism
size, mm 0.24× 0.12× 0.08 0.16× 0.14× 0.12
symmetry, space group triclinic,P1h orthorhombic,P2(1)2(1)2(1)
a, Å 8.5609(13) 12.0743(17)
b, Å 11.7715(17) 15.241(2)
c, Å 17.222(3) 16.790(2)
R, deg 77.477(2) 90
â, deg 79.399(2) 90
γ, deg 70.940(2) 90
V, Å3 1589.3(4) 3089.6(8)
Z 2 4
Dcalc, g cm-3 1.554 1.549

Data Collection and Refinement
diffractometer Bruker Smart APEX
λ(Mo KR), Å 0.71073
monochromator graphite oriented
scan type ω scans
µ, mm-1 4.154 4.271
2θ, range deg 3, 58 3, 58
temp, K 100.0(2) 100.0(2)
no. of data collect 19 781 39 087
no. of unique data 7584 (Rint ) 0.0324) 7661 (Rint ) 0.0483)
no. of params/restraints 359/23 335/29
Flack parameter 0.000(8)
R1

a [F2 > 2σ(F2)] 0.0284 0.0350
wR2

b [all data] 0.0575 0.0669
Sc [all data] 0.949 0.927

a R1(F) ) ∑||Fo| - |Fc||/∑|Fo|. bwR2(F2) ) {∑[w(Fo
2 - Fc

2)2]/∑[w(Fo
2)2]}1/2. c Goof ) S ) {∑[Fo

2 - Fc
2)2]/(n - p)}1/2, wheren is the number of

reflections andp is the number of refined parameters.
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