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Departamento de Quı́mica Inorgánica, Instituto de Ciencia de Materiales de Aragón, UniVersidad de
Zaragoza-CSIC, 50009 Zaragoza, Spain

ReceiVed August 13, 2008

Complexes MH2Cl2(PiPr3)2 (M ) Os (1), Ru (1a)) promote the NH-tautomerization of 2-methylpyridine
and stabilize the resulting NH-tautomer to afford the dihydrogen derivatives MCl2(η2-H2){κ-C-
[HNC5H3Me]}(PiPr3)2 (M ) Os (2), Ru (3)), containing the heterocycle coordinated by the CR atom. In
dichloromethane under reflux, complex 3 loses the coordinated hydrogen molecule to give the five-
coordinate derivative RuCl2{κ-C-[HNC5H3Me]}(PiPr3)2 (4). In contrast to 2-methylpyridine, the reactions
of 1 and 1a with pyridine lead to MCl2{κ-N-[NC5H5]}3(PiPr3) (M ) Os (5), Ru (5a)), containing the
heterocycle coordinated by the lone pair of the nitrogen. DFT calculations using PMe3 as a model of
PiPr3 show that the formation of 2 and the related quinoline complex OsCl2(η2-H2){κ-C-[HNC9H6]}(PiPr3)2

(6) involves an intermolecular osmium to nitrogen hydrogen migration, the subsequent CR-H bond
activation of the protonated heterocycle, and the dihydride-dihydrogen tautomerization of the resulting
dihydride. The structures of 2 and 5 have been determined by X-ray diffraction analysis.

Introduction

Transition-metal elements have the remarkable ability to
modify the chemical behavior of organic molecules. The metal-
induced alkyne-vinylidene rearrangement is an attractive
illustration. Although the activation energy for the acetylene-
vinylidene isomerization (eq 1) is 76 kcal · mol-1 and the latter
lies 44 kcal · mol-1 above the former in energy, numerous
transition-metal vinylidene complexes have been reported in
recent years.1 Other tautomerizations or isomerizations of C-C
and C-E (E ) O, N) double bonds by a formal 1,2-hydrogen
shift at a metal center are quite rare and hence less well
investigated.2

Pyridines, which are extensively used in the pharmaceutical
industry,3 have a ubiquitous presence in transition-metal chem-
istry. Their more classical mode of coordination is κ-N via the
lone pair of the nitrogen atom. Several alternative metal ligand
interactions, including η2-C,N-, η2-C,C-, and η6-bound pyridine
complexes, have been also documented.4 Like acetylene,
pyridine has a less stable tautomer, which lies about 40
kcal · mol-1 above the usual one (eq 2).5 Although this NH-
species was postulated almost 70 years ago6 and generated in
the gas phase in 1996,5,7 the tautomerization of pyridine,
2-substituted pyridines, 2,2′-bipyridine, and 1,10-phenanthroline
has been recently observed. Carmona and co-workers8 have

reported that TpMe2Ir-complexes (TpMe2 ) hydrotris(3,5-dim-
ethylpyrazolyl)borate) promote the isomerization of these
heterocycles and stabilize the corresponding NH-tautomers.

We have concurrently found the same type of tautomers for
quinolines (eq 3).9 Complexes MH2Cl2(PiPr3)2 (M ) Os, Ru)
promote the tautomerization of quinoline, 8-methylquinoline,
and benzo[h]quinoline to afford NH-tautomers, which are
stabilized by coordination of the carbon atom at the R-position
of the heterocycle to the metal center and by means of a
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Cl · · · H-N interaction between the NH-hydrogen atom and a
chloride ligand of the metal fragment. Whittlesey and co-
workers10 have described ruthenium isomers resulting from the
N- or C-bound tautomers of isopropyl-4,5-dimethylimidazole,
in agreement with the possibility that C-bound imidazoles could
have some role in metalloproteins chemistry.11 During the last
months, work has shown that other N-heterocycles can also
undergo a metal-induced rearrangement to form N-heterocyclic
carbene complexes.12

Intramolecular transfer of a proton in tautomeric systems is
the key step in numerous important biological processes, where
the energetically less stable tautomer is often an active
intermediate, which dictates the mechanism and the formed
product.13 The rearrangement of N-heterocycles is also important
from the point of view of some relevant catalytic reactions14

and for the preparation of new materials.15 For instance,
Bergman, Ellman, and co-workers have proposed that the C,N-
1,2-hydrogen shift is the key step for the rhodium(I)-catalyzed
ortho alkylation of pyridines and quinolines.14b,e Stöhr, Jung,
Gade, and co-workers have shown that thermally induced C-C
coupling reactions of polycyclic heteroaromatic compounds may
be used to generate electronically highly delocalized polyaro-
matic chains, via the tautomerization of the N-heterocyclic end
units to carbene intermediates, which couple according to a
Wanzlick-type dimerization.15

A rapid growth of the number of evidence showing the
participation and significance of such tautomerizations in other
fields can be advanced, as well as of the number of transition-
metal complexes containing NH-tautomers. For instance, as a
part of the work of our group on C-H bond activation reactions

promoted by osmium-polyhydride complexes,16 we have
recently observed that the ortho-C-H bond activation of

benzophenone by the hydride-dihydrogen derivative [OsH(η2-

CH2dCH-o-C5H4N)(PiPr3)2]BF4 is accompanied with the tau-
tomerization of 2-ethylpyridine. Furthermore, the retrotautomer-

ization in the resulting compound [Os{C6H4C(O))Ph}(η2-H2){κ-
C-[HNC5H3Et]}PiPr3)2]BF4 is disfavored with regard to the
elimination of the ortho-metalated ketone.17 In order to rational-
ize these types of processes, some knowledge about the
mechanism of the C,N-1,2-hydrogen shift is now essential.

In this paper, we show that complexes MH2Cl2(PiPr3)2 (M )
Os, Ru) also promote the tautomerization of 2-methylpyridine
and stabilize the resulting tautomer, prove the importance of
the substituent of the pyridine for the tautomerizarion process,
and summarize the results of theoretical calculations on the
mechanism of the tautomerization of pyridines and quinolines
in the presence of OsH2Cl2(PiPr3)2.

Results and Discussion

1. Tautomerization of 2-Methylpyridine. Complex
OsH2Cl2(PiPr3)2 (1) tautomerizes 2-substituted pyridines and
stabilizes the corresponding NH-tautomers. Thus, the treatment
of this compound with 8.0 equiv of 2-methylpyridine in toluene
at 95 °C for 48 h leads to OsCl2(η2-H2){κ-C-[HNC5H3-
Me]}(PiPr3)2 (2), which is isolated as a yellow solid in 65%
yield. In agreement with the trend shown by 1 to afford species
with a nonclassic H-H interaction when a Lewis base is
coordinated,18 the tautomerization and stabilization of the
resulting heterocycle are accompanied with the transformation
of the OsH2-dihydride unit of the starting compound into
elongated dihydrogen in 2 (eq 4).

Figure 1 shows a view of the X-ray structure of 2. The
coordination geometry around the osmium atom can be rational-
ized as derived from a distorted octahedron with the phosphorus
atoms of the triisopropylphosphine ligands occupying trans
positions (P(1)-Os-P(2) ) 170.79(7)°). The metal sphere is
completed by the chloride ligands mutually cis disposed
(Cl(1)-Os-Cl(2) ) 87.18(7)°), the tautomerized 2-methylpy-
ridine group trans disposed to Cl(2) (C(1)-Os-Cl(2) )
173.9(2)°), and the elongated dihydrogen ligand trans disposed
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E.; Valencia, M. J. Am. Chem. Soc. 2008, 130, 11612.

(17) (a) Buil, M. L.; Esteruelas, M. A.; Garcés, K.; Oliván, M.; Oñate,
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to Cl(1). The mutual cis disposition of the chloride ligands
indicates that the formation of this compound takes place under
thermodynamic control conditions.18b

The Os-C(1) distance of 2.055(8) Å compares well with the

Os-C bond lengths in [Os{C6H4C(O)Ph}(η2-H2){κ-C-
[HNC5H3Et]}PiPr3)2]BF4 (2.110(5) Å) and [OsH(CH3CN)2{κ-
C-[HNC5H3Et]}(PiPr3)2]BF4 (1.993(6) Å),17 the tautomerized
quinoline derivatives OsCl2(η2-H2){κ-C-[HNC10H8]}(PiPr3)2

(2.005(6) Å)9a and OsCl2(η2-H2){κ-C-[HNbq]}(PiPr3)2 (bq )
benzo[h]quinoline; 2.055(11) and 2.030(10) Å),9b and the rare
Os-imidazolinylidene complexes characterized by X-ray dif-
fraction analysis (1.993(9)-2.123(9) Å).19

The heterocycle lies in the plane determined by the metal
and the chloride ligands with the NH-hydrogen toward Cl(1).
The separation between them, 2.14(11) Å, is shorter than
the sum of the van der Waals radii of hydrogen and chloride
(rvdw(H) ) 1.20 Å, rvdw(Cl) ) 1.75 Å),20 suggesting that there
is an intramolecular Cl · · · H-N hydrogen bond between these
atoms,21 which contributes to the stabilization of the tautomer,
as has been previously shown for the quinoline, 8-methylquino-
line, benzo[h]quinoline,9 and 2-ethylpyridine17 NH-tautomers.
The hydrogen bond is a consequence of the electrostatic
interaction between the electronegative halogen and the acidic

NH-hydrogen.22 The Cl · · · H-N hydrogen bond is also sup-
ported by the IR in KBr, which shows the NH stretching
frequency at 3106 cm-1 in accordance with the values reported
for the related quinoline (3106 cm-1), 8-methylquinoline (3130
cm-1), and benzo[h]quinoline (3104 cm-1) derivatives and by
the 1H NMR spectrum in dichloromethane-d2, where the NH
resonance is observed at unusually low field,23 14.22 ppm.

The 1H NMR spectrum also supports the presence of an
elongated dihydrogen ligand in the complex. At room temper-
ature, this ligand displays a triplet at -10.45 ppm with a H-P
coupling constant of 10.8 Hz. A variable-temperature 400 MHz
T1 study of the resonance gives a T1(min) value of 40 ( 1 ms,
which corresponds to a hydrogen-hydrogen distance of 1.25
Å (slow spinning).24 This value, which lies in the middle of
the reported range (1.0-1.5 Å) for elongated dihydrogen
derivatives,25 agrees well with the H-D coupling constant of
12.0 Hz obtained from the species containing the partially
deuterated ligand η2-HD.26

The 31P{1H} NMR spectrum of 2 is consistent with the
structure shown in Figure 1. As expected for two equivalent
phosphine ligands, a singlet at 2.0 ppm is observed. In the
13C{1H} NMR spectrum, the most noticeable resonance is a
triplet (JC-P ) 7 Hz) at 182.6 ppm corresponding to C(1).

Ruthenium also promotes the tautomerization of 2-methylpy-
ridine and stabilizes the NH-tautomer. Treatment at room
temperature of dichloromethane solutions of RuH2Cl2(PiPr3)2

(1a) with 4.0 equiv of the heterocycle for 10 h leads to RuCl2(η2-
H2){κ-C-[HNC5H3Me]}(PiPr3)2 (3), which is isolated as a yellow
solid in 80% yield, according to Scheme 1.

A Cl · · · H-N hydrogen bond in 3 also appears to play an
important role in the stabilization of the NH-tautomer. It is
evident in the IR and 1H NMR spectrum, which show the NH-
streching frequency and the NH-resonance at 3096 cm-1 and
14.10 ppm, respectively. In agreement with the presence of the
dihydrogen ligand, the 1H NMR spectrum in the high-field
region contains at -12.76 ppm a triplet with a H-P coupling
constant of 9.3 Hz. In this case, a T1(min) value of 19 ( 1 ms in
the 300 MHz scale and a H-D coupling constant of 26.4 Hz
were found, which are consistent with a hydrogen-hydrogen
separation of 0.98 Å. In accordance with the tautomerization
of the heterocycle, the 13C{1H} NMR spectrum shows at 208.0
ppm a triplet with a C-P coupling constant of 10.5 Hz, due to
the metalated carbon atom. The 31P{1H} NMR spectrum contains
a singlet at 31.7 ppm.
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metallics 2007, 26, 2129. (c) Castarlenas, R.; Esteruelas, M. A.; Oñate, E
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Oñate, E. Organometallics 2008, 27, 795.

(20) Barrio, P.; Esteruelas, M. A.; Lledós, A.; Oñate, E.; Tomás, J.
Organometallics 2004, 23, 3008.

(21) (a) Castarlenas, R.; Esteruelas, M. A.; Oñate, E. Organometallics
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Figure 1. Molecular diagram of complex 2. Selected bond lengths
(Å) and angles (deg): Os-C(1) ) 2.055(8), Os-Cl(1) ) 2.4903(19),
Os-Cl(2) ) 2.5067(19), Os-P(1) ) 2.409(2), Os-P(2) )
2.404(2), C(1)-N(1) ) 1.366(9), C(5)-N(1) ) 1.386(10), C(1)-C(2)
) 1.411(10), C(2)-C(3) ) 1.372(11), C(3)-C(4) ) 1.388(11),
C(4)-C(5) ) 1.351(11), Cl(1) · · ·H(1)N ) 2.14(11); P(1)-Os-P(2)
) 170.79(7), Cl(1)-Os-Cl(2) ) 87.18(7), C(1)-Os-Cl(1) )
88.3(2), C(1)-Os-Cl(2) ) 173.9(2), P(1)-Os-C(1) ) 88.6(2),
P(2)-Os-C(1) ) 99.2(2).
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Complex 3, with the chloride ligands mutually trans disposed,
is the expected product from a kinetic control of the reaction.18b

When we tried to force the isomerization, to form the counterpart
isomer to 2, by heating of dichloromethane solutions of 3 at
reflux temperature, the release of the coordinated hydrogen
molecule and the formation of the five-coordinate complex
RuCl2{κ-C-[HNC5H3Me]}(PiPr3)2 (4) were observed. In this
context, it should be noted that ruthenium is a poorer π-back-
bonder than osmium because the osmium valence orbitals have
better overlap with the ligand orbitals. Thus, the Ru(η2-H2) bond
is weaker than the Os(η2-H2) one.27

Complex 4 is isolated as a green solid in 70% yield. Its 1H,
13C{1H}, and 31P{1H} NMR spectra are in agreement with those
of the related 8-methylquinoline derivative, which has been
characterized by X-ray diffraction analysis.9a In the 1H NMR
spectrum the most noticeable signal is that corresponding to
the NH-hydrogen atom, which in accordance with a Cl · · · H-N
interaction is observed at 12.45 ppm. The Cl · · · H-N hydrogen
bond is also supported by the IR, which shows the ν(N-H)
bond at 3161 cm-1. In the 13C{1H} NMR spectrum, the
resonance corresponding to the coordinated carbon atom of the
heterocycle appears at 206.9 ppm as a triplet with a C-P
coupling constant of 11 Hz. A singlet at 34.9 ppm in the 31P{1H}
NMR spectrum is also characteristic of this compound.

2. Importance of the Methyl Substituent in the
Tautomerization of 2-Methylpyridine. The presence of a
substituent at the 2-position is required for the tautomerization
of the heterocycle. In its absence, the 1,2-hydrogen shift does
not occur. Under the same conditions as those used to form 2
and 3, the treatment of 1 and 1a with pyridine gives rise to the
complexes MCl2{κ-N-[NC5H5]}3(PiPr3) (M ) Os (5), Ru (5a)),
containing three pyridine ligands coordinated in the usual
manner, through the lone pair of the nitrogen atom instead of
an ortho-carbon atom. The substitution of one of the phosphine
ligands of 1 by pyridine is notable. In general, the trans-
Os(PiPr3)2 skeleton is very stable.28 Thus, previously, the
displacement of one of them had been observed with polydentate

anionic ligands.27b,29 Complexes 5 and 5a are obtained as violet
and yellow solids in 75% and 70% yield, respectively, according
to eq 5.

The osmium complex 5 has been characterized by X-ray
diffraction analysis. The structure has two chemically equivalent
but crystallographically independent molecules in the asym-
metric unit. A drawing of one of them is shown in Figure 2.

The coordination geometry around the osmium atom can be
rationalized as a distorted octahedron with mer pyridine groups
(N(1)-Os(1)-N(3) ) 174.5(2)° and 173.5(7)°), trans chloride
ligands (Cl(1)-Os(1)-Cl(2) ) 169.77(7)° and 169.19(7)°), and
the phosphine trans disposed to N(2) (P(1)-Os(1)-N(2) )
178.23(17)° and 177.82(17)°). In agreement with the presence
of the phosphine ligand, the 31P{1H} NMR spectra of 5 and 5a
show singlets at -20.4 and 37.9 ppm, respectively.

The formation of 5 and 5a according to eq 5 suggests that
the steric hindrance experienced between the heterocycle, in
particular the 2-substituent, and the ligands of the metal
precursor is determinant for the tautomerization. In agreement
with this we have also observed that, in contrast to benzophe-

none, methyl vinyl ketone releases 2-ethylpyridine from [OsH(η2-

CH2dCH-o-C5H4N)(η2-H2)(PiPr3)2]BF4.
17These results are con-

sistent with the observations of Carmona’s group. In contrast to
2-substituted pyridines, the unsubstituted substrate reacts with
TpMe2IrPh2(N2) to yield a very stable N-coordinated adduct.8a

However, the reaction of the more congested precursor TpMsIr(N2)
(Ms ) metalated mesityl substituents) affords a 1:1 kinetic mixture
of species containing the usual tautomer and NH-tautomer of the
pyridine.8b

3. Theoretical Calculations on the Tautomerization
Process. At 100 °C, the treatment of toluene-d8 solutions of
the dideuteride complex OsD2Cl2(PiPr3)2 (1-d2) with excess of

(27) (a) Bautista, M. T.; Cappellani, E. P.; Drouin, S. D.; Morris, R. H.;
Schweitzer, C. T.; Sella, A.; Zubkowski, J. J. Am. Chem. Soc. 1991, 113,
4876. (b) Bohanna, C.; Esteruelas, M. A.; Gómez, A. V.; López, A. M.;
Martı́nez, M.-P. Organometallics 1997, 16, 4464.

(28) Esteruelas, M. A.; Oro, L. A. AdV. Organomet. Chem. 2001, 47, 1.
(29) (a) Esteruelas, M. A.; Gómez, A. V.; López, A. M.; Oro, L. A.

Organometallics 1996, 15, 878. (b) Esteruelas, M. A.; López, A. M; Ruiz,
N.; Tolosa, J. I. Organometallics 1997, 16, 4657. (c) Esteruelas, M. A.;
López, A. M.; Oñate, E.; Royo, E. Organometallics 2004, 23, 3021. (d)
Esteruelas, M. A.; López, A. M.; Oñate, E.; Royo, E. Organometallics 2004,
23, 5633. (e) Esteruelas, M. A.; López, A. M.; Oñate, E.; Royo, E.
Organometallics 2005, 24, 5780. (f) Castro-Rodrigo, R.; Esteruelas, M. A.;
López, A. M.; Oliván, M.; Oñate, E. Organometallics 2007, 26, 4498.

Scheme 1

Figure 2. Molecular diagram of complex 5. Selected bond lengths
(Å) and angles (deg): Os(1)-Cl(1) ) 2.4207(19), 2.4293(18);
Os(1)-Cl(2) ) 2.4214(18), 2.4266(18); Os(1)-P(1) ) 2.324(2),
2.342(2); Os(1)-N(1) ) 2.135(6), 2.092(6); Os(1)-N(2) ) 2.136(6),
2.127(6); Os(1)-N(3) ) 2.101(6), 2.111(6); Cl(1)-Os(1)-Cl(2)
) 169.77(7), 169.19(7); N(1)-Os(1)-N(3) ) 174.5(2), 173.5(2);
P(1)-Os(1)-N(2) ) 178.23(17), 177.82(17).
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2-methylpyridine and quinoline leads after 48 h to 2 and the
related quinoline complex OsCl2(η2-H2){κ-C-[HNC9H6]}(PiPr3)2

(6),9a respectively, which do not contain significant amounts of
deuterium. The presence of hydrogen at the metal center of 2
and 6 proves that, as expected, the tautomerization occurs
through the metal center, whereas the absence of detectable
amounts of deuterium in the obtained complexes indicates that
the processes are reversible. In agreement with the latter we
have also observed that the quinoline of 6 is displaced by
perdeuterated quinoline.

In an effort to gain insight into the mechanistic details of
these interesting processes we have carried out DFT calculations
(B3PW91) on the tautomerization of 2-methylpyridine and
quinoline promoted by 1 using PMe3 as a model of PiPr3. The
changes in free energy (∆G) have been computed at 298.15 K
and P ) 1 atm.

The addition of the usual tautomer of 2-methylpyridine to
OsH2Cl2(PMe3)2 (1t) is an exoergic process. The coordination
via the lone pair of the nitrogen atom is favored with regard to
the coordination through the C-N30 and C-C bonds. It affords
an elongated dihydrogen species OsCl2(η2-H2){κ-N-
[NC5H4Me]}(PMe3)2 (7t in Chart 1), which is 3.2 kcal · mol-1

more stable than the 1t plus 2-methylpyridine pair. This
octahedral compound has trans-phosphines (P-Os-P ) 165.1°)
and cis-chloride (Cl-Os-Cl ) 90.2°) ligands. The dihydrogen
molecule is almost parallel to the P-Os-P direction. The
hydrogen atoms are separated by 1.310 Å.

Complex 7t is an 18-valence electron species. Due to its
saturated character, it cannot promote the activation of the
CR-HR bond of the heterocycle. However, it could evolve by
hydrogen shift from the metal center to the nitrogen atom or
alternatively by dissociation of some ligand.

The hydrogen transfer from the metal to the nitrogen atom
requires, as a previous stage, the position exchange between a
phosphine and a hydrogen atom of the dihydrogen molecule.
The resulting dihydride 7ta is 11.3 kcal · mol-1 less stable than
7t. The subsequent osmium to nitrogen hydrogen migration leads
to a η2-C-N-pyridinium species 8t, which lies 25.7 kcal · mol-1

above the 1t plus 2-methylpyridine pair. The transition state
TS1 connecting 7ta and 8t results from the concerted approaches
of the hydride ligand of 7ta, disposed transoid to one of the
phosphines (P-Os-H ) 156.3°) to the nitrogen, and the CR-
carbon atom of the heterocycle to the metal center. It is 48.9
kcal · mol-1 above 7t. So, the energy for the hydrogen shift is
too large for the experimental conditions used in the tautomer-
ization. The necessary energies for the migrations starting from
the η2-C,C isomers of 7t are even larger (see Supporting
Information).

The dissociation of some ligand is not feasible from a real
point of view. The dissociation of one of the triisopropylphos-
phine ligands should prevent the tautomerization, since the steric
hindrance between the substituent of the heterocycle and the
phosphines, determinant for the process, should undergo a
significant reduction. Due to the preference of osmium for
coordination saturation31 and the polarity of the used solvent
in the reaction, toluene, the dissociation of chloride does not
appear to be reasonable. Furthermore, the computed activation
energy for the tautomerization via an ionic mechanism is higher
than 33.4 kcal · mol-1 (see Supporting Information) and higher
than that found for an intermolecular osmium to nitrogen
hydrogen migration (Vide infra).

(30) Any minimum containing a coordinated η2-C,N ligand has not been
found.

(31) See for example: (a) Bolaño, T.; Castarlenas, R.; Esteruelas, M. A.;
Modrego, F. J.; Oñate, E. J. Am. Chem. Soc. 2005, 127, 11184. (b) Bolaño,
T.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E. J. Am. Chem. Soc. 2006,
128, 3965. (c) Bolaño, T.; Castarlenas, R.; Esteruelas, M. A.; Oñate, E.
Organometallics 2007, 26, 2037. (d) Bolaño, T.; Castarlenas, R.; Esteruelas,
M. A.; Oñate, E. J. Am. Chem. Soc. 2007, 129, 8850.

Chart 1
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Figure 3 shows the energy profile for the mechanism
including an intermolecular hydrogen transfer from the metal
center to the nitrogen atom of the heterocycle, whereas Chart 1
collects the optimized structures and selected structural param-
eters. The intermolecular osmium to nitrogen hydrogen migra-
tion leads to the [HNC5H4Me]+[OsHCl2(PMe3)2]- (9t) cation-
anion pair, which is 7.5 kcal · mol-1 less stable than the 1t plus
2-methylpyridine pair. The anion can be described as a square-
pyramidal species with the hydride in the apical position and
cis-phosphines (P-Os-P ) 97.5°) and cis-chlorides (Cl-Os-Cl
) 85.1°) in the base. The hydrogen abstraction takes place via
the TS2 transition state, which lies 23.6 kcal · mol-1 above the
1t plus 2-methylpyridine pair and 22.1 kcal · mol-1 below the
transition state for the intramolecular migration (TS1). It is a
pseudo-octahedral species, where one of the hydride ligands of
1t is separated by 2.234 Å from the osmium atom by action of
the lone pair of the nitrogen atom of the heterocycle.

Once the metal to nitrogen hydrogen migration has taken
place, the CR-HR bond activation of the resulting 2-methylpy-
ridinium occurs. This second process is initiated by the
coordination of the C-N bond of the protonated heterocycle to
the metal center of [OsHCl2(PMe3)2]-. The resulting η2-C,N-
pyridinium intermediate 10t is an isomer of 8t. Complex 10t is
7.5 kcal · mol-1 more stable than the latter. In contrast to 8t,
the NH-hydrogen atom of the coordinated heterocycle of 10t is
cisoid disposed with regard to one of the chloride ligands. The
separation between them, 3.084 Å, is similar to the sum of the
van der Waals radii of hydrogen and chloride and slightly shorter
than the separation between the related chloride and the CH-
hydrogen atom in 8t (3.151 Å). This suggests that a weak
intramolecular Cl · · · H-N hydrogen bond contributes to the
stabilization of 10t with regard to 8t. Like the latter, intermediate
10t is an octahedral species with trans-phosphines (P-Os-P
) 165.4°) and cis-chlorides (Cl-Os-Cl ) 89.7°). Complex
10t closes the Cl · · · H-N hydrogen bond to afford 11t, where
the separation between the chloride and the NH-hydrogen atom
is 2.688 Å. Their approach provokes the slippage of the metal
center from the CR-N bond to the CR-HR one. The bond lengths
within the HRCROs unit are 2.244 (Os-CR), 1.090 (CR-HR),
and 2.577 (Os-HR) Å. Intermediate 11t is 9.6 kcal · mol-1 less

stable than 10t. The rupture of the CR-HR bond takes place
through TS3 and gives rise to the dihydride 12t. As expected,
in TS3, the CR-HR (1.111 Å) bond is extended while Os-HR
(2.207 Å) and Os-CR (2.172 Å) separations are shortened. Also,
the Cl · · · H-N (2.560 Å) hydrogen bond is slightly intensified.
The transition state TS3 lies 6.6 kcal · mol-1 above TS2 and
15.5 kcal · mol-1 below TS1. It is the crest of the overall process.
Thus, the CR-HR bond activation is the rate-determining step
of the tautomerization process of 2-methylpyridine.

The final product 2t results from a dihydride-dihydrogen
tautomerization at 12t, via the transition state TS4. Intermediate
12t is a seven-coordinate species. Its structure can be described
as a pentagonal bipyramid with the heterocycle and one of the
chloride ligands in apical positions (Cl-Os-CR ) 175.8°). The
hydride ligands lie in the base, one of them between the phos-
phines and the other one between a phosphine and a chloride.
This complex is 1.8 kcal · mol-1 more stable than the 1t plus
2-methylpyridine pair and 11.8 kcal · mol-1 less stable than the
elongated dihydrogen 2t. During the tautomerization, the hydride
ligand situated between a phosphine and a chloride leaves
the base of the pyramid and approaches the other one. In TS4
the hydrogen-hydrogen separation is 2.304 Å. Along the
process the Cl · · · H-N hydrogen bond is intensified. Thus, the
Cl-H distance is shortened from 2.115 Å in 12t to 2.020 Å in
TS4. The barrier for the dihydride-dihydrogen tautomerization
is 9.6 kcal · mol-1.

The formation of 2 is a process of three stages, according to
the results previously mentioned. They are (i) an intermolecular
osmium to nitrogen hydrogen migration, (ii) the CR-HR bond
activation of the resulting protonated heterocycle to afford a
dihydride species, and (iii) the dihydride-dihydrogen tautomer-
ization of the dihydride. The rate-determining stage is the
CR-HR bond activation. The tautomerization of quinoline to
give 6 is a similar process. The same intermediates and transition
states with quinoline instead of 2-methylpyridine have been
found. Figure 4 shows its energy profile, whereas Chart 2
collects the optimized structures and selected structural parameters.

The intermolecular osmium to nitrogen hydrogen migration
does not show any difference between quinoline and 2-meth-
ylpyridine. For quinoline, the activation barrier of this stage is

Figure 3. Energy profile (∆G in kcal · mol-1) for the NH-tautomerization of 2-methylpyridine on OsH2Cl2(PMe3)2. Black: via intramolecular
osmium to nitrogen hydrogen migration. Red: via intermolecular osmium to nitrogen hydrogen migration.
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23.9 kcal · mol-1, i.e., 0.3 kcal · mol-1 higher than for 2-meth-
ylpyridine. The energy cost for the last stage, the dihydride-
dihydrogen tautomerization, is also very similar for both
heterocycles. The energy barrier for the 12tq tautomerization,
10.3 kcal · mol-1, is only 0.7 kcal · mol-1 higher than that for
the 2-methylpyridine case. However, the CR-HR bond activation
is favored for quinoline. The reason appears to be the capacity

of its fused carbocycle to delocalize electron density of the metal
center, which stabilizes the intermediates 10tq and 11tq. Thus,
while the energy difference between the η2-C,N-protonated
heterocycle intermediates 10tq and 10t and the corresponding
transition states TS3q and TS3 is about 12 kcal · mol-1 in both
cases, the coordination of the protonated heterocycle to the metal
center of [OsHCl2(PMe3)2]- is less endoergic by 9.3 kcal · mol-1

Figure 4. Energy profile (∆G in kcal · mol-1) for the NH-tautomerization of quinoline on OsH2Cl2(PMe3)2. Black: via intramolecular osmium
to nitrogen hydrogen migration. Red: via intermolecular osmium to nitrogen hydrogen migration.

Chart 2
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for quinoline than for 2-methylpyridine. As a result, TS3q lies
1.8 kcal · mol-1 below TS2q, and therefore the intermolecular
osmium to nitrogen hydrogen migration is converted into the
rate-determining stage for the quinoline tautomerization.

In light of these results, the role of the Cl · · · H-N hydrogen
bond and the hydride nature of 1 should be pointed out. The
Cl · · · H-N hydrogen bond determines not only the stability of
the metal complex containing the NH-tautomer of the hetero-
cycle but also the course of the tautomerization process.
Although several mechanisms are possible, that initiated with
an intermolecular metal to nitrogen hydrogen migration has the
lowest activation energy. According to this, transition-metal
hydride complexes should favor the NH-tautomerization of
2-substituted nitrogen containing heterocycles. In this context,
the pKa of the complex is a main factor, which should be taken
into account in order to chose the hydride promotor.

Concluding Remarks

This study has revealed that complexes MH2Cl2(PiPr3)2 (M
) Ru, Os) promote the NH-tautomerization and stabilize the
resulting NH-tautomers not only of quinolines but also of
2-substituted pyridines. The steric demand of the heterocycles
is determinant for the tautomerization. An intramolecular
Cl · · · H-N hydrogen bond between a chloride ligand and the
NH-hydrogen of the tautomerized heterocycle plays a main role
in the stabilization and in the formation of the isolated
dihydrogen complexes, containing the heterocycle coordinated
by the CR atom. DFT calculations indicate that these compounds
are formed in three stages, including an intermolecular metal
to nitrogen hydrogen migration, the subsequent CR-H bond
activation of the protonated heterocycle, and finally the
dihydride-dihydrogen tautomerization of the resulting dihy-
dride. The rate-determining step depends on the heterocycle.

In conclusion, we have achieved an understanding and a
rationalization of the NH-tautomerization of 2-substituted py-
ridines and quinolines promoted by MH2Cl2(PiPr3)2 (M ) Ru,
Os).

Experimental Section

General Information. All manipulations were performed with
rigorous exclusion of air at an argon/vacuum manifold using
standard Schlenk-tube techniques or in a drybox (MB-UNILAB).
Solvents were dried by the usual procedures and distilled under
argon prior to use. 2-Methylpyridine and pyridine (Aldrich) were
used without further purification. The starting materials
MH2Cl2(PiPr3)2 (M ) Os (1),32 Ru (1a)33) and OsD2Cl2(PiPr3)2 (1-
d2)

9b were prepared in accordance with methods reported in the
literature.

NMR spectra were recorded on either a Varian Gemini 2000, a
Bruker ARX 300, a Bruker Avance 300 MHz, or a Bruker Avance
400 MHz instrument. Chemical shifts (expressed in parts per
million) are referenced to residual solvent peaks (1H, 13C{1H}) or
external H3PO4 (31P{1H}). Coupling constants, J, are given in hertz.
The dH-H were calculated based on published methods24a,26 using
both the T1min and JHD experimental values. Infrared spectra were
recorded on a Perkin-Elmer Spectrum One FT-IR spectrometer. C,
H, and N analyses were carried out in a Perkin-Elmer 2400 CHNS/O
analyzer.

Preparation of OsCl2(η2-H2){K-C-[HNC5H3Me]}(PiPr3)2 (2).
A Young’s tap Schlenk was charged with 1 (200 mg, 0.343 mmol),
2-methylpyridine (0.27 mL, 2.72 mmol), and toluene (15 mL). The
mixture was heated at 95 °C for 48 h. The dark solution was filtered
through Celite, and the solvent was removed in Vacuo. The residue
was washed with pentane (10 mL). The orange residue was
recrystallized from acetone to give a yellow solid. Yield: 150 mg
(65%). Anal. Calcd for C24H51Cl2NOsP2: C, 42.59; H, 7.59; N, 2.07.
Found: C, 42.54; H, 7.99; N, 2.02. 1H NMR (300 MHz, CD2Cl2,
293 K): δ 14.22 (br, 1H, NH), 7.52 (m, 1H), 6.92 (m, 1H), 6.46
(m, 1H), 2.33 (s, 3H, CH3-py), 2.28 (m, 6H, CH-iPr), 1.19 (dvt,
18H, JH-H ) 6.9, N ) 12.6, CH3-iPr), 1.17 (dvt, 18H, JH-H ) 6.6,
N ) 12.3, CH3-iPr), -10.45 (t, 2H, JP-H ) 10.8 Hz, OsH2). 13C{1H}
NMR (75.45 MHz, CD2Cl2, 293 K, plus APT): δ 182.6 (t, JP-C )
7, 1C, Os-C), 147.9 (s, 1C, Cipso), 146.8 (s, 1C, CH), 135.1 (s, 1C,
CH), 114.0 (s, 1C, CH), 25.3 (t, JP-C ) 12, 6C, CH-iPr), 19.5 (s,
6C, CH3-iPr), 19.1 (s, 6C, CH3-iPr), 18.9 (s, 1C, CH3-py). 31P{1H}
NMR (121.42 MHz, C6D6, 293 K): δ 2.0 (s). T1(min) (ms, CD2Cl2,
-10.56, 400 MHz, 228 K): 40 ( 1 w dH-H calc ) 1.25 Å. IR
(KBr, cm-1): 3106 ν(N-H), 2230 ν(Os-H2).

Determination of the JH-D Value for Complex 2. A Young’s
tap NMR tube was charged with 2-methylpyridine (19 mg, 20
mmol), OsD2Cl2(PiPr3)2 (30 mg, 0.05 mmol), and toluene-d8 (0.75
mL). The mixture was heated at 95 °C for 24 h. After that the
solvent was removed in Vacuo and CD2Cl2 (0.50 mL) and CD3OD
(0.05 mL) were added. The 1H{31P} NMR spectra of these solutions
exhibit in the hydride region the resonances due to a mixture of
the [Os](η2-H-D) and the [Os](η2-H-H) 2 species. JH-D (Hz) )
12.0 w dH-H calc ) 1.22 Å.

Preparation of RuCl2(η2-H2){K-C-[HNC5H3Me]}(PiPr3)2

(3). 2-Methylpyridine (0.16 mL, 1.60 mmol) was added to a CH2Cl2

(5 mL) solution of 1a (200 mg, 0.404 mmol). The mixture was
stirred for 10 h. The solvent was removed in Vacuo. The residue
was washed with pentane to afford a yellowish-green solid. The
solid was dissolved in CH2Cl2 (2 mL) and precipitated with diethyl
ether (15 mL) to give a yellow solid. Yield: 190 mg (80%). Anal.
Calcd for C24H51Cl2NP2Ru: C, 49.06; H, 8.75; N, 2.38. Found: C,
49.04; H, 8.90; N, 2.61. 1H NMR (300 MHz, CD2Cl2, 293 K): δ
14.10 (br, 1H, NH), 7.33 (m, 1H), 6.90 (m, 1H), 6.48 (m, 1H),
2.36 (s, 3H, CH3-py), 2.31 (m, 6H, CH-iPr), 1.29 (dvt, 18H, JH-H

) 6.9, N ) 20.4, CH3-iPr), 1.25 (dvt, 18H, JH-H ) 6.6, N ) 20.4,
CH3-iPr), -12.76 (t, 2H, JP-H ) 9.3 Hz, RuH2). 13C{1H} NMR
(100 MHz, CD2Cl2, 293 K, plus APT): δ 208.0 (t, JP-C ) 10.5,
1C, Ru-C), 148.5 (s, 1C, Cipso), 144.9 (s, 1C, CH), 133.4 (s, 1C,
CH), 114.4 (s, 1C, CH), 25.1 (t, JP-C ) 9.5, 6C, CH-iPr), 19.5 (s,
6C, CH3-iPr), 19.72 (s, 6C, CH3-iPr), 18.9 (s, 1C, CH3-py). 31P NMR
(121.42 MHz, CD2Cl2, 293 K): δ 31.7 (s). T1(min) (ms, CD2Cl2,
-12.90, 300 MHz, 228 K): 19 ( 1 w dH-H calc ) 0.92 Å. IR
(KBr, cm-1): 3096 ν(N-H), 1997 ν(RuH2).

Determination of the JH-D Value for Complex 3. A Young’s
tap NMR tube was charged with 3 (0.05 mmol), CD2Cl2 (0.60 mL),
and CD3OD (0.15 mL). After 24 h the 1H{31P} NMR spectra of
this solution exhibited in the hydride region the resonances due to
a mixture of the [Ru](η2-H-D) and the [Ru](η2-H-H) species. JH-D

(Hz) ) 26.4 w dH-H calc ) 0.98 Å.
Preparation of RuCl2{K-C-[HNC5H3Me]}(PiPr3)2 (4). A

CH2Cl2 (15 mL) solution of 3 (150 mg, 0.256 mmol) was refluxed
for 16 h. The resulting green solution was filtrated through Celite,
and the solvent was removed in Vacuo. The residue was extracted
with diethyl ether. The diethyl ether solution was concentrated in
Vacuo to (≈3 mL). Addition of pentane (20 mL) caused the
precipitation of a green solid, which was dried in Vacuo. Yield:
110 mg (70%). Anal. Calcd for C24H49Cl2NRuP2: C, 49.22; H, 8.43;
N, 2.39. Found: C, 49.56; H, 8.37; N, 2.61. 1H NMR (300 MHz,
CD2Cl2, 293 K): δ 12.45 (br, 1H, NH), 8.22 (m, 1H), 6.53 (m,
1H), 6.17 (m, 1H), 2.96 (m, 6H, CH-iPr), 2.18 (3H, CH3-py), 1.21
(dvt, 18H, JH-H ) 6.3, N ) 18.3, CH3-iPr), 1.19 (dvt, 18H, JH-H )

(32) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; Lopez, J. A.; Meyer,
U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.

(33) (a) Grünwald, C.; Gevert, O.; Wolf, J.; González-Herrero, P.;
Werner, H. Organometallics 1996, 15, 1960. (b) Oliván, M.; Clot, E.;
Eisenstein, O.; Caulton, K. G. Organometallics 1998, 17, 3091.
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6.0, N ) 23.4, CH3-iPr). 13C{1H}NMR (75.45 MHz, CD2Cl2, 293
K, plus APT): δ 206.9 (t, JP-C ) 11, 1C, Ru-C), 146.6 (s, 1C,
Cipso), 142.3 (s, 1C, CH), 127.3 (s, 1C, CH), 111.4 (s, 1C, CH),
23.2 (t, JP-C ) 8, 6C, CH-iPr), 19.9 (s, 6C, CH3-iPr), 19.5 (s, 6C,
CH3-iPr), 18.8 (s, 1C, CH3-py). 31P{1H} NMR (121.42 MHz, C6D6,
293 K): δ 34.9 (s). IR (KBr, cm-1): 3161 ν(N-H).

Reaction of 4 with H2. A CD2Cl2 solution (0.5 mL) of 4 (50
mg, 0.0085 mmol) was prepared under an atmosphere of H2 in a
Young’s tap NMR tube. After 7 h the 1H and 31P NMR spectra of
these solutions showed a 7/2 mixture of complexes 3 and 4,
respectively.

Preparation of OsCl2{K-N-[NC5H5]}3(PiPr3) (5). Pyridine (64
µL, 0.81 mmol) was added to a toluene (15 mL) solution of 1 (150
mg, 0.257 mmol). The mixture was refluxed for 10 h to give a
dark red solution. The solution was filtrated through Celite, and
the solvent was removed in Vacuo to give a dark residue, which
was washed with pentane (10 mL) and extracted with diethyl ether.
The ether solution was filtered through Celite, concentrated to half
of the volume, and stored at -20 °C to afford violet crystals. Yield:
127 mg (75%). Anal. Calcd for C24H36Cl2N3OsP: C, 43.76; H, 5.50;
N, 6.38. Found: C, 43.96; H, 5.71; N, 6.18. 1H NMR (300 MHz,
C6D6, 293 K): δ 9.83 (m, 4H, py-cis), 8.51 (m, 2H, CH, py-trans),
6.73 (m, 3H, CH, py-trans), 6.34 (m, 6H, CH, py-cis), 2.80 (m, 3H,
CH-iPr), 1.42 (dd, 18H, JH-H ) 7.2, JH-P ) 11.7, CH3-iPr). 13C{1H}
NMR (100 MHz, C6D6, 293 K, plus APT): δ 160.0 (s, 4C, CH,
py-cis), 154.3 (2C, CH, py-trans), 134.4 (s, 1C, CH, py-trans), 132.9
(s, 2C, CH, py-cis), 123.6 (s, 2C, CH, py-trans), 123.3 (s, 4C, CH,
py-cis), 27.3 (d, JP-C ) 22.9, 3C, CH-iPr), 19.8 (s, 6C, CH3-iPr),
31P{1H} NMR (121.42 MHz, C6D6, 293 K): δ -20.4 (s).

Preparation of RuCl2{K-N-[NC5H5]}3(PiPr3) (5a). Pyridine
(0.10 mL, 1.20 mmol) was added to a toluene (15 mL) solution of
1a (150 mg, 0.303 mmol). The mixture was stirred at rt for 10 h to
give an orange solution. The solution was filtrated through Celite,
and the solvent was removed in Vacuo to give a yellow residue,
which was washed with pentane (10 mL) and extracted with diethyl
ether to give a yellow solid. Yield: 123 mg (70%). Anal. Calcd for
C24H36Cl2N3PRu: C, 50.61; H, 6.37; N, 7.38. Found: C, 50.47; H,
6.44; N, 7.42. 1H NMR (300 MHz, CD2Cl2, 293 K): δ 9.41 (m,
4H, CH, py-cis), 8.38 (m, 2H, CH, py-trans), 7.57 (m, 3H, CH, py-
trans), 7.04 (m, 6H, CH, py-cis), 2.50 (m, 3H, CH-iPr), 1.21 (dd, 18H,
JH-H ) 7.2, JH-P ) 11.7, CH3-iPr). 13C{1H} NMR (75.45 MHz,
CD2Cl2, 293 K): δ 158.7 (s, 4C, JP-C ) 12, CH, py-cis), 154.7 (s,
2C, CH, py-trans), 135.3 (s, 1C, CH, py-trans), 134. Five (s, 2C, CH,
py-cis), 123.2 (s, 2C, CH, py-trans), 123.0 (s, 4C, CH, py-cis), 26.0
(d, JP-C ) 16.8, 3C, CH-iPr), 19.5 (s, 6C, CH3-iPr), 31P{1H} NMR
(121.42 MHz, CD2Cl2, 293 K): δ 37.9 (s).

Computational Details. The calculations have been carried out
using the Gaussian 03 computational package.34 All the structures
have been optimized using DFT and the B3PW91 functional. The
6-31G** basis set has been used for all the non-hydrogen atoms
and hydride ligands, with the exception of the methyl groups of
the PMe3 ligands and the hydrogen atoms of the N-heterocycles
(6-31G) and the Os atom (LANL2DZ basis and pseudopotential).
The transition states found have been confirmed by frequency
calculations, and the connection between the starting and final
reactants has been checked by slightly perturbing the TS geometry
toward the minima geometries and reoptimizing.

Structural Analysis of Complexes 2 and 5. Crystals suitable
for the X-ray diffraction study were obtained by cooling at -30
°C CH2Cl2/Et2O (2) or toluene (5) solutions. X-ray data were
collected for all 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 40
mA. Data were collected over the complete sphere by a combination
of four sets. Each frame exposure time was 10 s (2) or 20 s (5)
covering 0.3° in ω. Data were corrected for absorption by using a
multiscan method applied with the SADABS program.35 The
structures of the compounds were solved by the Patterson method.
Refinement, by full-matrix least-squares on F2 with SHELXL97,36

was similar for all complexes, including isotropic and subsequently
anisotropic displacement parameters. The hydrogen atoms were
observed or calculated and refined freely or using a restricted riding
model. The hydride ligand was observed in the difference Fourier
maps but refined with the same Os-H bond length. In the last cycles
of refinement 0.5 molecule of toluene and water were observed in
the asymmetric unit of 5.

Crystal data for 2: C24H51Cl2NOsP2, Mw 676.70, orange, irregular
block (0.16 × 0.10 × 0.04), monoclinic, space group P21/n, a )
8.750(2) Å, b ) 18.705(5) Å, c ) 17.512(5) Å, � ) 96.759(4)o, V
) 2846.3(12) Å3, Z ) 4, Dcalc ) 1.579 g cm-3, F(000): 1368, T )
105(2) K, µ ) 4.793 mm-1; 32 647 measured reflections (2θ )
3-58°, ω scans 0.3°), 7009 unique (Rint ) 0.0944); min./max.
transm factors 0.623/0.831. Final agreement factors were R1 )
0.0509 (5089 observed reflections, I > 2σ(I)) and wR2 ) 0.1286;
data/restraints/parameters 7009/2/296; GoF ) 1.055. Largest peak
and hole 2.394 and -1.130 e/Å3

.

Crystal data for 5: C24H36Cl2N3OsP · 0.25H2O · 0.25C7H8, Mw

686.17, red, plate (0.14 × 0.10 × 0.01), triclinic, space group P1j,
a ) 9.2152(11) Å, b ) 16.7244(19) Å, c ) 18.191(2) Å, R )
91.582(2)o, � ) 99.521(2)o, γ ) 95.268(2)o, V ) 2750.6(6) Å3, Z
) 4, Dcalc ) 1.657 g cm-3, F(000): 1364, T ) 100(2) K, µ ) 4.908
mm-1; 25 797 measured reflections (2θ: 3-58°, ω scans 0.3°),
12 960 unique (Rint ) 0.0588); min./max. transm. factors 0.639/
0.952. Final agreement factors were R1 ) 0.0441 (7439 observed
reflections, I > 2σ(I)) and wR2 ) 0.0907; data/restraints/parameters
12960/4/598; GoF ) 0.664. Largest peak and hole 1.498 and
-1.201 e/Å3

.
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