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Complex OsH3Cl(PiPr3)2 (1) reacts with KTp (Tp) hydridotris(pyrazolyl)borate) in tetrahydrofuran
at room temperature to give OsH3(κ2-Tp)(PiPr3)2 (2). In toluene at 80°C, the κ2-Tp complex2 is
transformed to theκ3-Tp derivative OsH3Tp(PiPr3) (3) in quantitative yield after 7 h. Protonation of3
with HBF4 affords the bis(dihydrogen) compound [OsTp(η2-H2)2(PiPr3)]BF4 (4). In acetone complex4
releases the coordinated hydrogen molecules in a sequential manner. At room temperature, the dihydrogen-
solvate complex [OsTp(η2-H2)(κ1-OCMe2)(PiPr3)]BF4 (5) is formed, while at 56°C the loss of both
hydrogen molecules gives rise to the bis-solvento derivative [OsTp(κ1-OCMe2)2(PiPr3)]BF4 (6). Complexes
2-6 have been characterized by X-ray diffraction analysis, and DFT calculations support their formulation.
The structures of3-5 have been compared with those of their Cp counterparts OsH3Cp(PiPr3), [OsH2-
Cp(η2-H2)(PiPr3)]BF4, and [OsH2Cp(κ1-OCMe2)(PiPr3)]BF4. The results show that the Tp ligand avoids
piano stool geometries, while it enforces dispositions allowing N-Os-N angles close to 90° such as
octahedron and pentagonal bipyramid.

Introduction

The hydrotris(pyrazolyl)borate (Tp) ligand1 is frequently
compared with the cyclopentadienyl (Cp) group due to the same
number of electrons donated and the facial geometry adopted.
However there are marked differences between them, in steric
and electronic properties.2 The cone angle of the Tp has been
estimated to be as great as 180°, while that of Cp is calculated
to be 100°. In addition, Tp is a weak-field ligand possessing
relatively hard nitrogenσ donors, while the Cp group is
relatively soft and capable ofπ donation. In contrast to Cp, the
Tp ligand also strictly enforces an octahedral geometry around
the metal center.

These differences are of great importance in hydride chem-
istry. The Tp ligand has a higher ability than Cp to stabilize
nonclassical structures.3 For instance, while complexes [MCpH2-
LL ′]+ (M ) Fe, Ru, Os) can be dihydride or dihydrogen species,

the Tp counterparts are all dihydrogen derivatives.4 In contrast
to the trihydride complexes RuCpH3(PR3) and RuCp*H3(PR3)
(Cp* ) C5Me5),5 the related compounds RuHTp(η2-H2)(PR3)
have been described as hydride-dihydrogen species.6 The
stabilization of bis(dihydrogen) complexes has been also
achieved by using hydridotris(3-isopropyl-4-bromopyrazolyl)-
borate or hydridotris(3,5-dimethylpyrazolyl)borate (Tp′) as a
ligand in RuTp′H(η2-H2)2.3a,7

Osmium-hydride complexes have been shown to promote
carbon-carbon and carbon-heteroatom coupling reactions.8

However, it is difficult to rationalize the processes because the
products from the reactions of these compounds with unsaturated
organic molecules depend on the interactions within the OsHn

units, and a further understanding of them is needed.9 We have
recently prepared the complexes OsH3Cp(PiPr3),10 [OsH2Cp-
(η2-H2)(PiPr3)]BF4,11 and [OsH2Cp(κ1-OCMe2)(PiPr3)]BF4
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(Scheme 1) and studied their reactions with ketones11 and
internal alkynes.12 Now, our interest in rationalizing the reactiv-
ity of the OsHn complexes toward unsaturated organic molecules
prompts us to initiate a research program centered around the
chemistry of the OsHnTp(PiPr3) counterparts.

Polypyrazolylborate osmium complexes remain less explored
than those of most d-block elements. In 1990 the synthesis of
the dinuclear compound [TpOs(CO)2]2 was reported. Treatment
of this species with Br2 affords the mononuclear derivate
OsTpBr(CO)2.13 The mixed sandwich complex OsCpTp has
been obtained by reaction of [OsCp(CH3CN)3]+ with KTp.14

Schrock has used the latter salt to prepare the alkylidyne OsTp-
(tC-tBu)(CH2

tBu) from Os(tC-tBu)(CH2
tBu)(OTf)(py)2 (OTf

) trifluoromethanesulfonate),15 whereas Shapley has synthesized
OsTp′(N)Ph2 starting from [Os(N)Ph2(py)2]BF4 and KTp′.16 The
related nitride OsTp(N)Cl2, reported by Mayer, has been the
key to the development of a wide part of the OsTp chemistry.17

Recently Girolami has described the synthesis of OsHTp(COD)
(COD ) 1,5-cycloctadiene), which has also shown to be useful
to prepare an array of compounds.18 Tin trihydride OsTp(SnH3)-
{P(OR)3}(PPh3) (R ) Me, Et) complexes have been prepared
by reaction of the corresponding OsTpCl{P(OR)3}(PPh3) com-
pounds with SnCl2 and NaBH4 in ethanol. Their reactions with

CO2 lead to the formate derivatives OsTp{SnH[OC(H)dO]}-
{P(OR)3}(PPh3).19

The OsTp-hydride complexes are particularly rare. They have
been stabilized with phosphine co-ligands and formed viaκ2-
TpOs intermediates. For example, we have reported that the
well-known complex OsHCl(CO)(PiPr3)2

20 reacts with NaTp to
give OsH(κ2-Tp)(CO)(PiPr3)2, which loses a phosphine ligand
when heated to reflux in toluene, generating OsHTp(CO)(Pi-
Pr3).21 Similarly, OsPhCl(CO)(PPh3)2 reacts with KTp to give
initially Os(κ2-Tp)Ph(CO)(PPh3)2, which by heating in toluene
affords OsTpPh(CO)(PPh3).22 Protonation of OsHTp(CO)(Pi-
Pr3) with HBF4 yields the dihydrogen [OsTp(η2-H2)(CO)(Pi-
Pr3)]BF4.21 Jia23 and Hill24 have reported the synthesis of
OsTpCl(PPh3)2 and its conversion to the monohydride OsHTp-
(PPh3)2. The protonation of this compound gives [OsTp(η2-H2)-
(PPh3)2]+.23

In this paper we report a new entry to the OsTp chemistry,
which allows the preparation of OsHnTp(PiPr3) complexes, in
particular the notable bis(dihydrogen) derivative [OsTp(η2-
H2)2(PiPr3)]BF4, and the comparison with their Cp counterparts.

Results and Discussion

1. Introduction of the Tp Ligand: Preparation of OsH 3Tp-
(PiPr3). A method of general use to obtain complexes containing
a cyclopentadienyl ligand in the Os-PiPr3 chemistry involves
the reaction between the dihydride-dichloro complex OsH2-
Cl2(PiPr3)2

25 and a cyclopentadienyl derivative of an s- or
p-block element.26 However, the method employed to access
OsCp derivatives is not useful to obtain an indenyl-osmium
precursor. In contrast to the dihydride-dichloro, the related
trihydride OsH3Cl(PiPr3)2 (1) reacts with LiInd (Ind) indenyl)
to afford the monohydride OsH(Ind)(PiPr3)2 in high yield.27 This
prompted us to explore the reaction of1 with KTp, as a method
to coordinate the Tp ligand to the osmium atom.
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A. M.; Oñate, E.; Royo, E.Organometallics2004, 23, 5633. (d) Esteruelas,
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Treatment of1 with KTp in tetrahydrofuran at room tem-
perature leads to the trihydride derivative OsH3(κ2-Tp)(PiPr3)2

(2), which is isolated as a white solid in 85% yield. Its formation
is the result of the substitution of the chloride ligand by two
pyrazolyl groups of the Tp (eq 1).

Figure 1 shows a molecular diagram of2 obtained from X-ray
diffraction data. The structure proves the bidentate coordination
of the Tp ligand. The geometry around the osmium atom can
be rationalized as a distorted pentagonal bipyramid with the
phosphine ligands occupying axial positions (P(1)-Os-P(2))
165.75(5)°). The metal coordination sphere is completed by the
hydride ligands and the nitrogen atoms of the coordinated
pyrazolyl groups of Tp, which acts with a bite angle of 86.08-
(15)°.

The hydride positions obtained from X-ray diffraction data
are, in general, imprecise. However, DFT calculations have been
shown to provide useful accurate data for the hydrogen positions
in both classical polyhydride and dihydrogen complexes.28 Thus,
to know the positions of the hydrogen atoms of2 bonded to
the metal center, the B3LYP optimization of the structure of
the model compound OsH3(κ2-Tp)(PMe3)2 (2t) was performed
(Figure 2). The OsH3 unit adopts a disposition of localC2V
symmetry with N(1)-Os-H(1A) and N(3)-Os-H(1C) angles
of 77.8° and 78.0°, respectively. The Os-H bond lengths for
the terminal hydrogen atoms H(1A) and H(1C) are identical,
1.629 Å, whereas the central hydride H(1B) lies 1.605 Å from

the metal. The separations between the latter atom and those of
the corners are 1.606 (H(1A)-H(1B)) Å and 1.608 (H(1B)-
H(1C)) Å.

In agreement with the structures shown in Figures 1 and 2,
the 31P{1H} NMR spectrum of2 in benzene-d6 contains the
expected AB spin system due to the inequivalent phosphine
ligands. It appears at 22.9 ppm and is defined by∆ν ) 412 Hz
andJA-B ) 279 Hz. The1H NMR spectrum is consistent with
the 31P{1H} NMR spectrum and with the presence in the
molecule of two types of pyrazolyl rings. Thus, it shows two
sets of pyrazolyl resonances with a 1:2 intensity ratio, between
7.98 and 6.00 ppm. In the high-field region of the spectrum in
toluene-d8, the inequivalent hydride ligands display only one
signal, at-11.94 ppm, indicating that the hydrogen atoms
bonded to osmium undergo a thermally activated site exchange
process. The resonance appears as a triplet with a H-P coupling
constant of 12.6 Hz. Lowering the sample temperature produces
a broadening of the resonance. However, decoalescence is not
observed down to 193 K. TheT1 values were determined at
300 MHz over the temperature range 273-213 K. AT1(min) value
of 70 ( 1 ms was obtained at 238 K.

The total relaxation rate for a H(n) hydride ligand (R(n) )
1/T1(min)(H(n))) is the addition of the relaxation rate due to the
hydride dipole-dipole interactions (at 300 MHzRH-H ) 129.18/
r(HH)

6 ) and that due to all other relaxation contributors (R*).29

Thus, one can obtain values ofT1(min) converted to the 300 MHz
scale for each hydride ligand by using eqs 2-4, sinceR* can
be estimated to be 2.5 s-1, the average value of those found in
the trihydride-osmium compounds [OsH3(diolefin)(PiPr3)2]-
BF4.30

For exchange rates higher than 100 s-1, as in this case at
238 K, the relaxation rate is the weighted average of the
relaxation rate of each hydride (eq 5).31
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Figure 1. Molecular diagram of2. Selected bond lengths (Å) and
angles (deg): Os-P(1) 2.3662(16), Os-P(2) 2.3471(16), Os-N(1)
2.197(4), Os-N(3) 2.194(4), Os-H(1A) 1.572(10), Os-H(1B)
1.582(10), Os-H(1C) 1.588(10); P(1)-Os-P(2) 165.75(5), P(1)-
Os-N(1) 92.63(11), P(1)-Os-N(3) 92.60(12), P(2)-Os-N(1)
97.94(11), P(2)-Os-N(3) 97.61(12), N(1)-Os-N(3) 86.08(15).

Figure 2. Optimized structure of2t. Selected bond lengths (Å)
and angles (deg): Os-H(1A) 1.629, Os-H(1B) 1.605, Os-H(1C)
1.629, H(1A)‚‚‚H(1B) 1.606, H(1B)‚‚‚H(1C) 1.608; N(1)-Os-N(3)
85.0, N(1)-Os-H(1A) 77.8, N(3)-Os-H(1C) 78.0, H(1A)-Os-
H(1B) 59.5, H(1B)-Os-H(1C) 59.6.

RH(1A) ) R* + RH(1A)-H(1B) + RH(1A)-H(1C) (2)

RH(1B) ) R* + RH(1A)-H(1B) + RH(1B)-H(1C) (3)

RH(1C) ) R* + RH(1A)-H(1C) + RH(1B)-H(1C) (4)
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Solving RH(1A), RH(1B), andRH(1C) yields anR value of 12.7
s-1, which leads to aT1(min) value of 79 ms, in good agreement
with that determined by1H NMR spectroscopy.

Complex2 is unstable in solution and slowly evolves into
the κ3-Tp derivative OsH3Tp(PiPr3) (3), as a result of the
dissociation of one of the phosphine ligands of2 and the
coordination of the free pyrazolyl group to the metal center. In
toluene at 80°C, the transformation is quantitative after 7 h.
Complex3 is isolated as a white solid in 70% yield (eq 6).

Figure 3 shows the structure of3 obtained by X-ray
diffraction analysis. The geometry around the osmium atom can
be described as a distorted pentagonal bipyramid with the
phosphine ligand and the N(5)-pyrazolyl group occupying axial
positions (P-Os-N(5) ) 176.34(9)°). Like in 2, the metal
coordination sphere is completed by the hydride ligands and
the nitrogen atoms N(1) and N(3) of the Tp ligand.

The B3LYP-optimized structure (Figure 4) of the model
compound OsH3Tp(PMe3) (3t) reveals that the OsH3 unit adopts
a disposition of localC2V symmetry with both angles H(1A)-
Os-N(1) and H(1C)-Os-N(3) of 79.3°. The osmium-hydride
bond lengths of 1.627 (Os-H(1A)), 1.601 (Os-H(1B)), and
1.627 (Os-H(1C)) Å, as well as the separations between the
central hydride and those of the corners, of 1.613 (H(1A)-
H(1B)) and 1.612 (H(1B)-H(1C)) Å, are in agreement with
the respective parameters found in2.

In solution the axial and equatorial pyrazolyl groups exchange
their positions. At room temperature the process proceeds at a
rate sufficient to give rise to broad ill-defined resonances
corresponding to only one type of pyrazolyl ring in the1H NMR
spectrum. Lowering the sample temperature produces a broad-
ening of the signals. Between 288 and 283 K decoalescence
occurs, and at temperatures lower than 278 K two sets of
pyrazolyl resonances with a 2:1 intensity ratio are clearly
observed, in agreement with the structures shown in Figures 3
and 4. Line-shape analysis of the signals due to the central
protons (Figure 5) allows the calculation of the rate constants
for the position exchange process at different temperatures. The
activation parameters obtained from the Eyring analysis are∆Hq

) 14.5 ( 0.8 kcal‚mol-1 and∆Sq ) 3.9 ( 1.9 eu. The value
of the activation entropy, close to zero, is consistent with an
intramolecular process and indicates that the exchange takes
place without the dissociation of any pyrazolyl group. Seven-
coordinate Tp complexes are notorious for their fluxional
behavior in solution,32 since none of the idealized geometries,
capped prism, capped octahedron, or pentagonal bipyramid, nor
any of the less symmetrical arrangements are characterized by
a markedly lower total energy.33

In contrast to3, the skeleton of2 is rigid in solution. The
behavior of thisκ2-Tp complex agrees well with that previously
observed for related OsH3(YZ)(PiPr3)2 and OsH2X(YZ)(PiPr3)2

(X ) halogen, YZ ) chelating ligand) species, where the
presence of two bulky phosphine ligands appears to prevent

(31) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halpern, J.J. Am.
Chem. Soc.1991, 113, 4173.

(32) Curtis, M. D.; Shin, K.-B.Inorg. Chem.1985, 24, 1213, and
references therein.

(33) Alvarez, S.; Alemany, P.; Casanova, D.; Cirera, J.; Llunell, M.;
Avnir, D. Coord. Chem. ReV. 2005, 249, 1693.

R ) (RH(1A) + RH(1B) + RH(1C))/3 (5)

Figure 3. Molecular diagram of3. Selected bond lengths (Å) and
angles (deg): Os-P 2.2803(11), Os-N(1) 2.182(3), Os-N(3)
2.163(3), Os-N(5) 2.137(3), Os-H(1A) 1.570(10), Os-H(1B)
1.570(10), Os-H(1C) 1.572(10); P-Os-N(1) 98.62(9), P-Os-
N(3) 98.38(9), P-Os-N(5) 176.34(9), P-Os-H(1A) 86.9(12),
P-Os-H(1B) 89.4(15), P-Os-H(1C) 85.9(14), N(1)-Os-N(3)
83.17(12), N(1)-Os-N(5) 84.71(12), N(3)-Os-N(5) 83.49(12),
N(1)-Os-H(1A) 79.3(13), N(1)-Os-H(1B) 138.4(16), N(1)-
Os-H(1C) 162.4(15), N(3)-Os-H(1A) 162.2(13), N(3)-Os-
H(1B) 136.2(15), N(3)-Os-H(1C) 79.3(15), N(5)-Os-H(1A)
92.3(13), N(5)-Os-H(1B) 87.1(15), N(5)-Os-H(1C) 91.4(14),
H(1A)-Os-H(1B) 60.4(17), H(1A)-Os-H(1C) 118.1(19), H(1B)-
Os-H(1C) 58.2(18).

Figure 4. Optimized structure of3t. Selected bond lengths (Å)
and angles (deg): Os-H(1A) 1.627, Os-H(1B) 1.601, Os-H(1C)
1.627, H(1A)‚‚‚H(1B) 1.613, H(1B)‚‚‚H(1C) 1.612; N(1)-Os-N(3)
82.1, N(1)-Os-H(1A) 79.3, N(3)-Os-H(1C) 79.3, H(1A)-Os-
H(1B) 60.0, H(1B)-Os-H(1C) 59.9.
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the necessary movements for the interconversion between
polyhedra.30,34

Like in 2, the hydride ligands of3 are involved in a thermally
activated site exchange process, which has an activation barrier
lower than that undergone by the pyrazolyl rings. Thus, at room
temperature, the1H NMR spectrum in toluene-d8 shows only a
resonance for the inequivalent hydride ligands. It appears at
-10.43 ppm as a doublet with a H-P coupling constant of 15.0
Hz. At 238 K, in agreement with2, a T1(min) value of 75 ms
was obtained for this resonance in the 300 MHz scale. This
value is similar to that calculated from the B3LYP-optimized
structure of3t by means of eqs 2-5 (80 ms). In CDFCl2
decoalescence occurs at 188 K. At 163 K, the1H{31P} NMR
spectrum shows an AB2 spin system defined byδA -11.07,δB

-10.45, andJAB ) 420 Hz.
Previous theoretical calculations on hydride site exchanges

in related trihydride species suggest that the process takes place
through dihydrogen transition states.34b,c,35That for the exchange
in 3t has been located (TS1; Figure 6). It lies 11.2 kcal‚mol-1

above 3t and has the coordinated H(1C)-H(1B) molecule
parallel disposed to the P-Os-N(5) direction, with the atoms
H(1C) and H(1B) separated by 0.925 Å.

The Cp counterpart OsH3Cp(PiPr3) has been prepared by
reaction of OsH2CpCl(PiPr3) with NaBH4 and methanol (Scheme
1).10 Recently, Girolami has similarly obtained the related
OsH3(η5-C5Me5)L (L ) AsPh3, PPh3, PCy3, PEt3) compounds
starting from the respective paramagnetic species Os(η5-C5Me5)-
Br2L.36 On the basis of the X-ray diffraction analysis of

OsH3(η5-C5Me5)(AsPh3) and OsH3(η5-C5Me5)(PPh3), the dis-
tribution of ligands around the metal center of these compounds
has been described as a four-legged piano stool structure, which
is now supported by the B3LYP-optimized structure of the
model complex OsH3Cp(PMe3) (3tCp, Figure 7a). The hydride
separations are 1.791 (H(1A)-H(1B)), 1.792 (H(1B)-H(1C)),
and 2.854 (H(1A)-H(1C)) Å.

In solution the hydride ligands of these compounds also
undergo a thermally activated site exchange process. For OsH3-
Cp(PiPr3) the reported activated parameters are∆Hq ) 15.1(
0.3 kcal‚mol-1 and∆Sq ) 0.5( 0.7 eu.10 The located transition
state for the hydride site exchange in3tCp is the three-legged
piano stoolTS2 transition state shown in Figure 7b, which
contains a coordinated H(1A)-H(1B) molecule with a hydrogen-
hydrogen separation of 0.981 Å, and lies 20.0 kcal‚mol-1 above
3tCp.

The comparison of the facts observed for both Tp and Cp
systems proves that Tp favors the hydride site activation process,
in agreement with the higher tendency of Tp with regard to Cp
to favor octahedral structures or related polyhedra with L-Os-L
angles close to 90° and therefore dihydrogen species.

2. Bis(dihydrogen) Complex [OsTp(η2-H2)2(PiPr3)]BF4.
The addition at room temperature of 1.2 equiv of HBF4‚Et2O
to diethyl ether solutions of3 gives rise to [OsTp(η2-H2)2(Pi-
Pr3)]BF4 (4), as a consequence of the protonation of the starting
compound. This bis(dihydrogen) derivative is isolated as a white
solid in 91% yield, according to eq 7.

Complex4 has also been characterized by X-ray diffraction
analysis. The structure has two chemically equivalent but
crystallographically independent molecules in the asymmetric

(34) (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)
Barea, G.; Esteruelas, M. A.; Lledo´s, A.; López, A. M.; Oñate, E.; Tolosa,
J. I.Organometallics1998, 17, 4065. (c) Castillo, A.; Barea, G.; Esteruelas,
M. A.; Lahoz, F. J.; Lledo´s, A.; Maseras, F.; Modrego, J.; On˜ate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.Inorg. Chem.1999, 38, 1814. (d) Castarlenas, R.;
Esteruelas, M. A.; Gutierrez-Puebla, E.; Jean, Y.; Lledo´s, A.; Martı́n, M.;
Tomàs, J.Organometallics1999, 18, 4296.

(35) (a) Jarid, A.; Moreno, M.; Lledo´s, A.; Lluch, J. M.; Bertra´n, J.J.
Am. Chem. Soc.1995, 117, 1069. (b) Demachy, I.; Esteruelas, M. A.; Jean,
Y.; Lledós, A.; Maseras, F.; Oro, L. A.; Valero, C.; Volatron, F.J. Am.
Chem. Soc.1996, 118, 8388. (c) Camanyes, S.; Maseras, F.; Moreno, M.;
Lledós, A.; Lluch, J. M.; Bertra´n, J.J. Am. Chem. Soc.1996, 118, 4617.

(36) Gross, C. L.; Girolami, G. S.Organometallics2006, 25, 4792.

Figure 5. Variable-temperature1H{31P} NMR spectra showing
the H4-pz region of3: experimental in C7D8 (300 MHz, left) and
calculated (right).

Figure 6. Optimized structure ofTS1. Selected bond lengths (Å)
and angles (deg): Os-H(1A) 1.635, Os-H(1B) 1.699, Os-H(1C)
1.694, H(1B)-H(1C) 0.925; N(1)-Os-N(3) 86.6, N(1)-Os-
H(1A) 90.8, N(3)-Os-H(1B) 98.5, N(3)-Os-H(1C) 90.2, H(1A)-
Os-H(1B) 85.3, H(1A)-Os-H(1C) 90.5, H(1B)-Os-H(1C) 31.6.
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unit. Figure 8 shows a view of the cation of one of them. The
geometry around the osmium atom can be described as a
distorted octahedron with the terdentate ligand occupyingfac
positions and the phosphine ligand disposedtrans to N(5)
(P(1)-Os(1)-N(5) ) 176.5(2)° in molecule a and 177.6(2)°
in molecule b).

The B3LYP-optimized structure (Figure 9) of the model
cation [OsTp(η2-H2)2(PMe3)]+ (4t) supports the bis(dihydrogen)
nature of these species. The coordinated hydrogen molecules
are symmetrically disposed to the sides of the plane containing
the N(5)-Os-P and the N(5)-pyrazolyl ring, which is the
symmetry plane of the cation, and are slightly inclined with
regard to the N(5)-Os-P axis. The dihedral angles H-H-
Os-N(5) and H-H-Os-P are 22.8° and 16.8°, respectively.
The H-H bond length in both molecules is 0.906 Å.

The 1H NMR spectrum of 4 at room temperature in
dichloromethane-d2 shows a unique set of resonances for the
inequivalent pyrazolyl groups, between 7.95 and 6.34 ppm. The
equilibration in solution of the three pyrazolyl rings has been
previously observed for other octahedral Tp transition metal
complexes, and it has been attributed to the rotation of the N3

face around the B‚‚‚M axis.13 The process is thermally activated.
Consistent with this, lowering the sample temperature leads to
the broadening of the resonances. Between 223 and 213 K
decoalescence occurs, and at temperatures lower than 203 K
two sets of pyrazolyl signals in a 2:1 intensity ratio are observed,
in agreement with the structures shown in Figures 8 and 9.

The activation parameters obtained for the fluxional process
by means of the line-shape analysis of the signals due to the
central hydrogen atoms of the pyrazolyl groups are∆Hq ) 9.3
( 0.3 kcal‚mol-1 and∆Sq ) -5.1 ( 1.9 eu.

Figure 7. Optimized structures of3tCp (a) and the transition state
TS2 (b). (a) Selected bond lengths (Å) and angles (deg): Os-
H(1A) 1.624, Os-H(1B) 1.611, Os-H(1C) 1.624, H(1A)-H(1B)
1.791, H(1B)-H(1C) 1.792; H(1A)-Os-H(1B) 67.3, H(1A)-Os-
H(1C) 123.0, H(1B)-Os-H(1C) 67.3. (b) Selected bond lengths
(Å) and angles (deg): Os-H(1A) 1.684, Os-H(1B) 1.669, Os-
H(1C) 1.630, H(1A)-H(1B) 0.981; H(1A)-Os-H(1B) 34.0,
H(1A)-Os-H(1C) 74.6, H(1B)-Os-H(1C) 91.6.

Figure 8. Molecular diagram of one of the two independent cations
(cation a) of4. Selected bond lengths (Å) and angles (deg) for both
cations (corresponding values for cation b are given in parenthe-
ses): Os(1)-P(1) 2.363(3) (2.382(3)), Os(1)-N(1) 2.095(8) (2.107-
(8)), Os(1)-N(3) 2.081(8) (2.098(7)), Os(1)-N(5) 2.124(7) (2.108-
(7)), Os(1)-H(01) 1.583(10) (1.581(10)), Os(1)-H(02) 1.579(10)
(1.579(10)), Os(1)-H(03) 1.581(10) (1.582(11)), Os(1)-H(04)
1.582(10) (1.583(11)), H(01)-H(02) 0.84(1) (1.11(1)), H(03)-
H(04) 0.65(1) (0.59(1)); P(1)-Os(1)-N(1) 94.9(2) (94.6(2)), P(1)-
Os(1)-N(3) 95.0(2) (95.8(2)), P(1)-Os(1)-N(5) 176.5(2) (177.6-
(2)), N(1)-Os(1)-N(3) 88.0(3) (88.7(3)), N(1)-Os(1)-N(5) 81.7(3)
(83.1(3)), N(3)-Os(1)-N(5) 84.5(3) (83.4(3)).

Figure 9. Optimized structure of the cation4t. Selected bond
lengths (Å) and angles (deg): Os-H(01) 1.711, Os-H(02) 1.714,
Os-H(03) 1.711, Os-H(04) 1.714, H(01)-H(02) 0.906, H(03)-
H(04) 0.906; N(1)-Os-N(3) 88.7, N(1)-Os-H(01) 93.9, N(1)-
Os-H(02) 85.8, N(3)-Os-H(03) 94.0, N(3)-Os-H(04) 85.8,
H(01)-Os-H(02) 30.7, H(01)-Os-H(03) 78.5, H(01)-Os-H(04)
95.0, H(02)-Os-H(03) 95.0, H(02)-Os-H(04) 96.8, H(03)-Os-
H(04) 30.7.
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In the high-field region of the1H NMR spectrum, the
dihydrogen ligands display a doublet at-8.51 ppm with a H-P
coupling constant of 7.5 Hz. At 300 MHz, theT1 values of this
resonance were determined over the temperature range 253-
203 K. In accordance with the bis(dihydrogen) character of the
complex, aT1(min) value of 12( 1 ms was obtained at 208 K.
Assuming fast spinning, this value corresponds to a hydrogen-
hydrogen distance of 0.86 Å,29,37 which is only about 0.05 Å
shorter than that obtained by DFT calculations.

Few complexes containing two dihydrogen ligands are known.
Ruthenium,3a,e,7,38rhodium,39 and iridium40 derivatives have been
characterized in solution by NMR spectroscopy or isolated as
solids, whereas some chromium compounds have been observed
in noble gas matrixes.41 For osmium, Caulton42 has reported
that the protonation of OsH6(PiPr3)2 with HBF4 in acetonitrile
initially affords [OsH3(η2-H2)2(PiPr3)2]BF4, which undergoes loss
of molecular hydrogen to give the trihydride derivative
[OsH3(CH3CN)2(PiPr3)2]BF4, and Gusev43 has observed that in
solution under hydrogen atmosphere OsH2Cl(PCP) (PCP) 2,6-
(CH2PtBu2)2C6H3) forms OsH2Cl(η2-H2)(PCP) via the bis-
(dihydrogen) intermediate OsCl(η2-H2)2(PCP). In addition, it
should be mentioned that, with the exception of the OsCl(η2-
H2)2(PCP) intermediate, the bis(dihydrogen) compounds of late
transition metals contain also hydride ligands. In this context,
it should be noted that complex4 is a rare example of a stable
bis(dihydrogen) derivative without hydride co-ligands.

The Cp counterpart of4 is the dihydride-dihydrogen deriva-
tive [OsH2Cp(η2-H2)(PiPr3)]BF4, which is obtained similarly to
4 by protonation with HBF4‚OEt2 of the trihydride derivative
OsH3Cp(PiPr3) (Scheme 1), Cp counterpart of3. On the basis
of a H-D coupling constant of 3.6 Hz, a separation between
the hydrogen atoms of the coordinated hydrogen molecule of
1.1 Å has been calculated.11 This value agrees well with that
found in the related pentamethylcyclopentadienyl complex
[OsH2(η5-C5Me5)(η2-H2)(PPh3)]BF4 by spectroscopic methods
(1.07 Å)44 and a single-crystal neutron diffraction study (1.014-
(11) Å).45

In contrast to4t, two minima of similar energy (∆E ) 0.1
kcal‚mol-1) have been found for the B3LYP-optimized structure
of its Cp counterpart [OsH2Cp(η2-H2)(PMe3)]+ (4tCp), a andb
(Figure 10). Isomera can be described as atransoid-dihydride

dihydrogen (H(01)-H(02) ) 0.955 Å) species, while isomerb
can be rationalized as atransoid-dihydride elongated dihydrogen
(H(01)-H(02) ) 1.490 Å) derivative. In a four-legged piano
stool environment, the H2 ligand of both structures lies in the
plane containing the phosphorus and osmium atoms and the
centroid of the Cp group.

The bonding interaction between the metal and the hydrogen
molecule has 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
donation, bond cleavage to form two hydride ligands results.46

As a consequence of this, the dihydrogen or dihydride character
of a complex is sensitive to the nature of the co-ligands, which
determines the electron density at the metal center. Comparison
of theν(CO) IR data for MHTp(CO)(PiPr3) and MHCp(CO)(Pi-
Pr3) (M ) Ru,21,47 Os21,48) shows that the electron-donating
abilities of both metal fragments TpM(PiPr3) and CpM(PiPr3)
are similar. In agreement with this, it has been observed that
the separation between the hydrogen atoms of the coordinated
hydrogen molecule in complexes [RuTp(η2-H2)(CO)(PiPr3)]BF4

(0.95 Å)21 and [RuCp(η2-H2)(CO)(PiPr3)]BF4 (0.94 Å)47 is
almost the same. So, the tendency of the Tp ligand to enforce
an octahedral geometry is the leading force to the bis-

(37) Maltby, P. A.; Schlaf, M.; Steinbeck, M.; Lough, A. J.; Morris, R.
H.; Klooster, W. T.; Koetzle, T. F.; Srivastava, R. C.J. Am. Chem. Soc.
1996, 118, 5396.

(38) (a) Arliguie, T.; Chaudret, B.; Morris, R. H.; Sella, A.Inorg. Chem.
1988, 27, 598. (b) Christ, M. L.; Sabo-Etienne, S.; Chaudret, B.Organo-
metallics1994, 13, 3800. (c) Rodriguez, V.; Sabo-Etienne, S.; Chaudret,
B.; Thoburn, J.; Ulrich, S.; Limbach, H.-H., Eckert, J.; Barthelat, J.-C.;
Hussein, K.; Marsden, C. J.Inorg. Chem.1998, 37, 3475. (d) Abdur-Rashid,
K.; Gusev, D. G.; Lough, A. J.; Morris, R. H.Organometallics2000, 19,
1652. (e) Borowski, A. F.; Donnadieu, B.; Daran, J.-C.; Sabo-Etienne, S.;
Chaudret, B.Chem. Commun.2000, 543. (f) Giunta, D.; Ho¨lscher, M.;
Lehmann, C. W.; Mynott, R.; Wirtz, C.; Leitner, W.Ad. Synth. Catal.2003,
345, 1139. (g) Grellier, M.; Vendier, L.; Chaudret, B.; Albinati, A.; Rizzato,
S.; Mason, S.; Sabo-Etienne, S.J. Am. Chem. Soc.2005, 127, 17592.

(39) Ingleson, M. J.; Brayshaw, S. K.; Mahon, M. F.; Ruggiero, G. D.;
Weller, A. S.Inorg. Chem.2005, 44, 3162.

(40) (a) Crabtree, R. H.; Lavin, M.; Bonneviot, L.J. Am. Chem. Soc.
1986, 108, 4032. (b) Cooper, A. C.; Eisenstein, O.; Caulton, K. G.New J.
Chem.1998, 307.

(41) (a) Goff, S. E. J.; Nolan, T. F.; George, M. W.; Poliakoff, M.
Organometallics1998, 17, 2730. (b) Wang, X.; Andrews, L.J. Phys. Chem.
A 2003, 107, 570.

(42) Smith, K.-T.; Tilset, M.; Kuhlman, R.; Caulton, K. G.J. Am. Chem.
Soc.1995, 117, 9473.

(43) Gusev, D. G.; Dolgushin, F. M.; Antipin, M. Y.Organometallics
2001, 20, 1001.

(44) Gross, C. L.; Girolami, G. S.Organometallics2007, 26, 1658.
(45) Webster, C. E.; Gross, C. L.; Young, D. M.; Girolami, G. S.; Schultz,

A. J.; Hall, M. B.; Eckert, J.J. Am. Chem. Soc.2005, 127, 15091.

(46) Kubas, G. J.Metal Dihydrogen andσ-Bond Complexes; Kluwer
Academic/Plenum Publishers: New York, 2001.

(47) Esteruelas, M. A.; Go´mez, A. V.; Lahoz, F. J.; Lo´pez, A. M.; Oñate,
E.; Oro, L. A. Organometallics1996, 15, 3423.

(48) Esteruelas, M. A.; Go´mez, A, V.; López, A. M.; Oro, L. A.
Organometallics1996, 15, 878.

Figure 10. Optimized structures of the cation4tCp. (a) Selected
bond lengths (Å) and angles (deg): Os-H(01) 1.698, Os-H(02)
1.685, Os-H(03) 1.632, Os-H(04) 1.634, H(01)-H(02) 0.955;
H(01)-Os-H(02) 32.8. (b) Selected bond lengths (Å) and angles
(deg): Os-H(01) 1.616, Os-H(02) 1.615, Os-H(03) 1.627, Os-
H(04) 1.626, H(01)-H(02) 1.490; H(01)-Os-H(02) 54.9.
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(dihydrogen) nature of4, since it is not reasonable that the size
of the Tp and Cp can affect the coordination mode of the
smallest known ligand.

3. Sequential Displacement of the Hydrogen Molecules.
A characteristic of the dihydrogen ligand is its high tendency
to undergo dissociation from the metal center. In accordance
with this, complex4 releases the coordinated hydrogen mol-
ecules in a sequential manner. The resulting metallic fragments
are stabilized by coordination of acetone.

At room temperature, the stirring of acetone solutions of4
under a slight flow of argon for 3 h affords the dihydrogen-
solvate compound [OsTp(η2-H2)(κ1-OCMe2)(PiPr3)]BF4 (5),
which is isolated as a yellow solid in 78% yield, according to
eq 8.

Complex 5 was also characterized by X-ray diffraction
analysis. Figure 11 shows a view of the cation of this compound.
The geometry around the osmium atom can be described as a
distorted octahedron with the coordinating nitrogen atoms of
the Tp ligand infac sites. The metal coordination sphere is
completed by the phosphine ligandtransdisposed to N(3) (P-
Os-N(3) ) 176.02(18)°), the acetone moleculetransdisposed
to N(1) (O(1)-Os-N(1) ) 172.8(2)°), and the dihydrogen
ligand trans disposed to N(5). The Os-O(1) bond length of
2.121(5) Å agrees well with the osmium-oxygen distances
found in other osmium-ketone compounds.9c,f,g,11,28,49 The
B3LYP-optimized structure of the model complex [OsTp(η2-
H2)(κ1-OCMe2)(PMe3)]+ (5t) supports the dihydrogen formula-
tion (Figure 12). The H(01)-H(02) separation is 0.916 Å.

A weakening of the C-O double bond of the acetone ligand
as a consequence of the coordination of the oxygen atom to the
metal center is revealed by the IR of5 in Nujol, which shows
the ν(CO) band at 1646 cm-1, shifted 69 cm-1 to lower
wavenumbers if compared with the free molecule (1715 cm-1).
The effect of the coordination is also evident in the13C{1H}
NMR spectrum, where the carbonyl resonance appears at 228.9
ppm, shifted 22.9 ppm to lower field with regard to the
resonance of the free acetone (206 ppm).

In contrast to3 and4, at room temperature the skeleton of5
is rigid in solution. In accordance with this, at 298 K the1H
NMR spectrum of5 in acetone-d6 shows three sets of pyrazolyl
resonances between 8.37 and 6.33 ppm. In the high-field region
of the spectrum, the dihydrogen ligand gives rise to a doublet
(JH-P ) 8.0 Hz) at-5.62 ppm. For this resonance aT1(min) value
of 19 ( 1 ms was obtained at 208 K in the 300 MHz scale.
Assuming fast spinning, this value corresponds to a hydrogen-
hydrogen separation of 0.92 Å, which is the same as that
obtained by DFT calculations.

The Cp counterpart of5 is the dihydride [OsH2Cp(κ1-
OCMe2)(PiPr3)]BF4, which is prepared by the same procedure
as5, starting from [OsH2Cp(η2-H2)(PiPr3)]BF4 (Scheme 1). On
the basis of the1H NMR spectrum and the X-ray structure of
the related complex [OsH2Cp{κ1-OC(CH3)CHdCHPh}(PiPr3)]-
BArF

4,11 a four-legged piano stool geometry withtransoid-
hydride ligands is proposed for this derivative.12 This distribution
of ligands around the osmium atom agrees well with the B3LYP-
optimized structure (Figure 13a) of the model complex [OsH2-
Cp(κ1-OCMe2)(PMe3)]+ (transoid-5tCp). In addition, it should
be mentioned that acisoid-dihydride structure (Figure 13b) is
also a minimum, which lies 3.2 kcal‚mol-1 above transoid-
5tCp. This small difference is not consistent with the experi-
mental fact that complex [OsH2Cp(κ1-OCMe2)(PiPr3)]BF4 has
a rigid structure in solution at room temperature. Because in
thecisoid isomer the acetone molecule is situatedcisoid to the
phosphine ligand (P-Os-O ) 88.7°), one should expect that

(49) (a) Barrio, P.; Castarlenas, R.; Esteruelas, M. A.; Lledo´s, A.;
Maseras, F.; On˜ate, E.; Toma`s, J.Organometallics2001, 20, 442. (b) Barrio,
P.; Castarlenas, R.; Esteruelas, M. A.; On˜ate, E.Organometallics2001,
20, 2635.

Figure 11. Molecular diagram of the cation of complex5. Selected
bond lengths (Å) and angles (deg): Os-P 2.356(2), Os-O(1)
2.121(5), Os-N(1) 2.062(6), Os-N(3) 2.111(6), Os-N(5) 2.113-
(6), Os-H(01) 1.79(5), Os-H(02) 1.79(5), O(1)-C(10) 1.236(8),
H(01)-H(02) 0.8(1); P-Os-O(1) 95.57(15), P-Os-N(1) 93.92-
(18), P-Os-N(3) 176.02(18), P-Os-N(5) 94.78(17), O(1)-Os-
N(1) 172.8(2), O(1)-Os-N(3) 92.3(2), O(1)-Os-N(5) 87.2(2),
O(1)-Os-H(01) 77(3), O(1)-Os-H(02) 101(3), N(1)-Os-N(3)
82.4(2), N(1)-Os-N(5) 87.7(2), N(1)-Os-H(01) 107(3), N(1)-
Os-H(02) 83(3), N(3)-Os-H(01) 91(3), N(3)-Os-H(02) 87(3),
N(3)-Os-N(5) 86.5(2), H(01)-Os-H(02) 24(3).

Figure 12. Optimized structure of the cation5t. Selected bond
lengths (Å) and angles (deg): Os-H(01) 1.707, Os-H(02) 1.700,
H(01)-H(02) 0.916; O(1)-Os-N(5) 91.3, O(1)-Os-H(01) 78.3,
O(1)-Os-H(02) 101.7, N(1)-Os-N(5) 86.6, N(1)-Os-H(01)
103.1, N(1)-Os-H(02) 80.8, N(3)-Os-H(01) 81.8, N(3)-Os-
H(02) 100.9, H(01)-Os-H(02) 31.2.
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the replacement of the methyl groups by the real isopropyl
substituents of the phosphine ligands produces the destabilization
of the cisoid-dihydride structure.

Complex 5t also has a dihydride isomer, [OsH2Tp(κ1-
OCMe2)(PMe3)]+ (5t1), which lies 11.3 kcal‚mol-1 above5t
(Figure 14). In contrast to5tCp but in agreement with3 and3t,

the structure of this species can be described as a pentagonal
bipyramid. The acetone molecule lies in an axial positiontrans
disposed to the N(1) nitrogen atom (O(1)-Os-N(1) ) 169.2°),
while the phosphine group is located in the equatorial plane
between the hydride ligands (P-Os-H(01)) 67.3° and P-Os-
H(02) ) 61.5°). This structure is a new example showing how
the Tp ligand enforces dispositions allowing N-Os-N close
to 90°.

The differences between5 and its Cp counterpart are not
limited to the nature of the OsH2 unit and their structures, but
also involve the behavior of both compounds in solution. In
contrast to [OsH2Cp(κ1-OCMe2)(PiPr3)]BF4, which is stable,
complex 5 in acetone at reflux loses molecular hydrogen
overnight. The resulting metal fragment coordinates a second
solvent molecule to give the bis-solvento compound [OsTp(κ1-
OCMe2)2(PiPr3)]BF4 (6), which is isolated as an orange solid
in 62% yield (eq 9).

Figure 15 shows a view of the X-ray structure of the cation
of 6. The geometry around the osmium atom can be described
as a distorted octahedron with the Tp ligand occupyingfac
positions, with N(1)-Os-P(1), N(3)-Os-O(1), and N(5)-
Os-O(2) angles of 179.62(11)°, 172.34(13)°, and 167.45(13)°,
respectively. The Os-O distances of 2.097(3) Å (Os-O(1)) and
2.100(3) Å (Os-O(2)) compare well with that of5.

The IR and13C{1H} and1H NMR spectra of6 are consistent
with the structure shown in Figure 15. In the IR spectrum the
most noticeable feature is the presence of aν(CO) band at 1640
cm-1, corresponding to the coordinated acetone molecules. In
the 13C{1H} NMR spectrum, the carbonyl groups of these

Figure 13. Optimized structures of the cationstransoid-5tCp (a)
and cisoid-5tCp (b). (a) Selected bond lengths (Å) and angles
(deg): Os-H(01) 1.630, Os-H(02) 1.635; H(01)-Os-H(02)
134.7. (b) Selected bond lengths (Å) and angles (deg): Os-H(01)
1.599, Os-H(02) 1.610; H(01)-Os-H(02) 63.4.

Figure 14. Optimized structure of the cation5t1. Selected bond
lengths (Å) and angles (deg): Os-H(01) 1.630, Os-H(02) 1.626;
P-Os-H(01) 67.3, P-Os-H(02) 61.5, N(3)-Os-H(01) 77.1,
N(3)-Os-N(5) 86.2, N(5)-Os-H(02) 73.8.

Figure 15. Molecular diagram of the cation of complex6. Selected
bond lengths (Å) and angles (deg): Os-P(1) 2.3449(13), Os-O(1)
2.097(3), Os-O(2) 2.100(3), Os-N(1) 2.087(4), Os-N(3) 2.050-
(4), Os-N(5) 2.040(4), O(1)-C(19) 1.244(5), O(2)-C(22) 1.241-
(5); P(1)-Os-O(1) 93.10(9), P(1)-Os-O(2) 96.03(9), P(1)-Os-
N(1) 179.62(11), P(1)-Os-N(3) 93.92(11), P(1)-Os-N(5)
93.78(11), O(1)-Os-N(1) 86.55(13), O(1)-Os-N(3) 172.34(13),
O(1)-Os-N(5) 94.82(13), O(1)-Os-O(2) 76.87(12), O(2)-Os-
N(1) 84.02(13), O(2)-Os-N(3) 99.31(13), O(2)-Os-N(5) 167.45-
(13), N(1)-Os-N(3) 86.45(14), N(1)-Os-N(5) 86.12(14), N(3)-
Os-N(5) 87.79(14).
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equivalent ligands give rise to a singlet at 226.2 ppm. The1H
NMR spectrum in acetone-d6 at room temperature shows two
sets of pyrazolyl resonances between 8.12 and 6.42 ppm,
indicating that in solution the skeleton of6 is rigid.

Concluding Remarks. This paper shows an entry to the
chemistry of the OsTp(PiPr3) unit, which has afforded new
hydride, dihydrogen, and acetone OsTp complexes, including
a novel bis(dihydrogen) derivative. The starting point is the
trihydride OsH3Cl(PiPr3)2, which reacts with KTp to give OsH3-
Tp(PiPr3) via a κ2-Tp intermediate, isolated and characterized
by X-ray diffraction analysis and DFT calculations. The
protonation of OsH3Tp(PiPr3) leads to [OsTp(η2-H2)2(PiPr3)]-
BF4. This compound not only is a rare example of bis-
(dihydrogen) species that does not contain any hydride co-ligand
but is further the key to new findings. In acetone it releases
molecular hydrogen in a sequential manner to afford the solvate
derivatives [OsTp(η2-H2)(κ1-OCMe2)(PiPr3)]BF4 and [OsTp(κ1-
OCMe2)2(PiPr3)]BF4, which are allowing us to develop interest-
ing novel OsTp chemistry with organic unsaturated substrates.50

The structures of the new complexes and those of their Cp
counterparts are also systematically compared. The study reveals
that Tp avoids the piano stool structures, typical for the Cp
ligand, and enforces dispositions allowing N-Os-N angles
close to 90° such as pentagonal bipyramid and octahedron.
These structures appear to favor the nonclassical interactions
between the hydrogen atoms bonded to the metal center. As a
consequence of this, the thermally activated site exchange
processes of hydride ligands and the loss of molecular hydrogen
are favored in the OsTp compounds with regard to the OsCp
counterparts.

In conclusion, we have discovered an easy entry to the OsTp-
(PiPr3) unit, which allows approaching new targets in Os-hydride
chemistry and to compare the OsTp(PiPr3) complexes with their
OsCp(PiPr3) counterparts.

Experimental Section

General Methods and Instrumentation. All reactions were
carried out under argon with rigorous exclusion of air using
Schlenk-tube or glovebox techniques. Solvents were dried by the
usual procedures and distilled under argon prior to use. The starting
material OsH3Cl(PiPr3)2 was prepared according to the published
method.51 The following reagents were obtained from commercial
sources: KTp (Alfa Aesar), HBF4·Et2O (Fluka), and NaBPh4
(Sigma-Aldrich). CDFCl2 was prepared by a reported procedure.52

1H, 31P{1H}, and13C{1H} 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. Integration ratios were measured
with long repetition times (10 s) to avoid relaxation problems.
Infrared spectra were run on a Perkin-Elmer 1730 spectrometer
(Nujol mulls on polyethylene sheets). C, H, and N analyses were
carried out in a Perkin-Elmer 2400 CHNS/O analyzer.

Preparation of Os(κ2-Tp)H3(PiPr3)2 (2). THF (10 mL) was
added to a mixture of OsH3Cl(PiPr3)2 (1) (400 mg, 0.73 mmol)
and KTp (294 mg, 1.17 mmol). The reacting suspension was stirred
for 20 min at room temperature. The solvent was removedin Vacuo
and the foamy residue extracted with pentane (10× 15 mL). The
combined extracts were concentrated to ca. 5 mL and cooled to

-70 °C. A white solid precipitated, which was separated by
decantation and driedin Vacuo. Yield: 451 mg (85%). Anal. Calcd
for C27H55BN6OsP2: C, 44.62; H, 7.63; N, 11.56. Found: C, 44.45;
H, 7.88; N, 11.56. IR (Nujol, cm-1): ν(BH) 2450 (m),ν(OsH)
2167 (m), 2125 (m).1H NMR (300 MHz, C7D8, 298 K): 7.98 (d,
1H, Tp), 7.93 (d, 2H, Tp), 7.86 (d, 1H, Tp), 7.04 (d, 2H, Tp), 6.38
(t, 1H, Tp), 6.00 (t, 2H, Tp), 2.15 (m, 3H, PCH), 1.73 (m, 3H,
PCH), 1.01 (dd,JH-P ) 11.4, JH-H ) 7.2, 18H, PCHCH3), 0.95
(dd, JH-P ) 10.8,JH-H ) 6.9, 18H, PCHCH3), -11.94 (t,JH-P )
12.6, 3H, OsH), all coupling constants for the pyrazolyl proton
resonances were about 2 Hz.T1(min) (ms, OsH3, 300 MHz, C7D8):
70 ( 1 (238 K).31P{1H} NMR (121.49 MHz, C6D6, 298 K): 22.9
(AB spin system,∆ν ) 412.2,JA-B ) 279).13C{1H} NMR (75.48
MHz, C6D6, 298 K): 148.5 (s, Tp), 142.4 (s, Tp), 136.4 (s, Tp),
135.2 (s, Tp), 106.3 (s, Tp), 105.0 (s, Tp), 28.5 (dd,JC-P ) 20,
JC-P ) 4, PCH), 23.2 (dd,JC-P ) 19, JC-P ) 3, PCH), 20.0 (s,
PCHCH3), 19.4 (s, PCHCH3).

Preparation of OsTpH3(PiPr3) (3). A solution of 2 (414 mg,
0.57 mmol) in 20 mL of toluene was heated at 80°C for 7 h in a
Schlenk flask equipped with a Teflon stopcock. After this time it
was allowed to reach room temperature and then the solution was
filtered through Celite and the toluene evaporatedin Vacuo. The
residue was washed with pentane (5× 3 mL) and vacuum-dried.
A white solid was obtained. Yield: 226 mg (70%). Anal. Calcd
for C18H34BN6OsP: C, 38.16; H, 6.05; N, 14.83. Found: C, 38.03;
H, 5.98; N, 14.50. IR (Nujol, cm-1): ν(BH) 2467 (m),ν(OsH)
2130 (m), 2086 (m).1H NMR (400 MHz, C7D8, 298 K): 7.82,
7.39, 5.83 (9H, 3:3:3 integration, all br, Tp), 1.92 (m, 3H, PCH),
1.04 (dd,JH-P ) 12.3, JH-H ) 7.1, 18H, PCHCH3), -10.43 (d,
JH-P ) 15.0, 3H, OsH).1H NMR (400 MHz, C7D8, 243 K): 7.87
(d, 2H, Tp), 7.71 (br, 1H, Tp), 7.42 (d, 2H, Tp), 7.29 (d, 1H, Tp),
5.86 (t, 2H, Tp), 5.64 (t, 1H, Tp), 1.81 (m, 3H, PCH), 1.03 (dd,
JH-P ) 12.2,JH-H ) 7.0, 18H, PCHCH3), -10.10 (d,JH-P ) 14.7,
3H, OsH), all coupling constants for the pyrazolyl proton resonances
were about 1.5 Hz.T1(min) (ms, OsH3, 400 MHz, C7D8): 100 ( 1
(238 K).31P{1H} NMR (121.49 MHz, C6D6, 298 K): 28.7 (s).13C-
{1H} NMR (75.48 MHz, C6D6, 298 K): 146.2, 134.0, 105.6 (all
br, Tp), 24.9 (d,JC-P ) 26.0, PCH), 20.2 (s, PCHCH3). 13C{1H}
NMR (100.62 MHz, C7D8, 243 K): 147.2, 145.4, 134.2, 132.7,
129.1, 105.6 (all s, Tp), 23.9 (d,JC-P ) 27, PCH), 20.3 (s,
PCHCH3).

Preparation of [OsTp(η2-H2)2(PiPr3)]BF4 (4). A solution of3
(350 mg, 0.62 mmol) in 8 mL of diethyl ether was treated with
HBF4‚Et2O (101 µL, 0.74 mmol). Immediately a white solid
appeared. The solid was separated by decantation, washed with
diethyl ether (3× 5 mL), and driedin Vacuo. Yield: 370 mg (91%).
Anal. Calcd for C18H35B2F4N6OsP: C, 33.04; H, 5.39; N, 12.84.
Found: C, 33.21; H, 5.35; N, 12.87. IR (Nujol, cm-1): ν(BH) 2497
(s),ν(BF4) 1047 (br, s).1H NMR (300 MHz, CD2Cl2, 298 K): 7.95
(d, 3H, Tp), 7.76 (d, 3H, Tp), 6.34 (t, 3H, Tp), 2.48 (m, 3H, PCH),
1.12 (dd,JH-P ) 14.1,JH-H ) 7.1, 18H, PCHCH3), -8.51 (d,JH-P

) 7.5, 4H, OsH), all coupling constants for the pyrazolyl proton
resonances were about 2 Hz.1H NMR (300 MHz, CD2Cl2, 193
K): 8.11 (s, 1H, Tp), 7.78 (s, 4H, Tp), 7.65 (s, 1H, Tp), 6.32 (s,
2H, Tp), 6.23 (s, 1H, Tp), 2.35 (br, 3H, PCH), 0.90 (m, 18H,
PCHCH3), -8.60 (br, 4H, OsH).T1(min) (ms, Os(H2)2, 300 MHz,
CD2Cl2): 12 ( 1 (208 K). 31P{1H} NMR (121.49 MHz, CD2Cl2,
298 K): 20.1 (s).13C{1H} NMR (75.48 MHz, CD2Cl2, 298 K):
147.9, 136.9, 108.0 (all br, Tp), 23.7 (d,JC-P ) 30, PCH), 19.4 (s,
PCHCH3). 13C{1H} NMR (75.48 MHz, CD2Cl2, 193 K): 147.0,
146.1, 136.5, 135.0, 107.2, 106.6 (all s, Tp), 21.9 (br, PCH), 18.5,
16.3 (br, PCHCH3).

Preparation of [OsTp(η2-H2)(K1-OCMe2)(PiPr3)]BF4 (5). 4
(416 mg, 0.73 mmol) was dissolved in 10 mL of acetone and stirred
for 3 h atroom temperature under a flow of argon. The resulting
yellow solution was concentrated to ca. 1 mL. The addition of
diethyl ether (7 mL) caused the precipitation of a yellow solid,

(50) Castro-Rodrigo, R. Ph.D. Dissertation, University of Zaragoza,
2006-2010.

(51) Gusev, D. G.; Kuhlman, R.; Sini, G.; Eisenstein, O.; Caulton, K.
G. J. Am. Chem. Soc.1994, 116, 2685.

(52) Siegel, J.; Anet, F. A. L.J. Org. Chem. 1988, 53, 2629.
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which was separated by decantation, washed with diethyl ether (2
× 5 mL), and vacuum-dried. Yield: 407 mg (78%). Anal. Calcd
for C21H39B2F4N6OOsP: C, 35.50; H, 5.53; N, 11.83. Found: C,
35.34; H, 5.92; N, 11.61. IR (Nujol, cm-1): ν(BH) 2492 (m),ν-
(CO) 1646 (s),ν(BF4) ) 1057 (br, s).1H NMR (300 MHz, (CD3)2-
CO, 298 K): 8.37 (d, 1H, Tp), 8.28 (d, 1H, Tp), 7.98 (d, 2H, Tp),
7.93 (d, 1H, Tp), 7.77 (d, 1H, Tp), 6.64 (t, 1H, Tp), 6.39 (t, 1H,
Tp), 6.33 (t, 1H, Tp), 2.66 (m, 3H, PCH), 2.21 (s, 6H, CH3), 1.30
(dd,JH-P ) 13.7,JH-H, 7.4, 9H, PCHCH3), 1.23 (dd,JH-P ) 13.1,
JH-H, 7.4, 9H, PCHCH3), -5.62 (d,JH-P ) 8.0, 1H, OsH), all
coupling constants for the pyrazolyl proton resonances were about
2 Hz.T1(min) (ms, 300 MHz, (CD3)2CO): 19( 1 (208 K).31P{1H}
NMR (121.49 MHz, (CD3)2CO, 298 K): 6.8 (s).13C{1H} NMR
(75.48 MHz, (CD3)2CO, 298 K): 228.9 (s, CO), 152.3, 147.3, 146.6,
139.6, 138.8, 137.3, 109.3, 109.1, 108.4 (all s, Tp), 31.6 (s, CH3),
25.8 (d,JC-P ) 28, PCH), 21.0 (s, PCHCH3).

Preparation of [OsTp(K1-OCMe2)2(PiPr3)]BF4 (6). A solution
of 5 (200 mg, 0.28 mmol) in 10 mL of acetone was heated under
reflux overnight. The resulting orange solution was concentrated
to ca. 1 mL, and diethyl ether (10 mL) was added, causing the
formation of an orange solid, which was separated by decantation,
washed with diethyl ether (2× 7 mL), and driedin Vacuo. Yield:
131 mg (62%). Anal. Calcd for C24H43B2F4N6O2OsP: C, 37.61;
H, 5.65; N, 10.96. Found: C, 37.39; H, 5.77; N, 11.12. IR (Nujol,
cm-1): ν(BH) 2525 (w),ν(CO) 1640 (m),ν(BF4) ) 1049 (br, s).
1H NMR (300 MHz, (CD3)2CO, 298 K): 8.12 (s, 1H, Tp), 8.06 (d,
2H, Tp), 7.91 (d, 2H, Tp), 7.38 (d, 1H, Tp), 6.49 (t, 1H, Tp), 6.42
(t, 1H, Tp), 2.80 (m, 3H, PCH), 2.21 (s, 12H, CH3), 1.28 (dd,JH-P

) 12.5,JH-H ) 7.1, 18H, PCHCH3), all coupling constants for the
pyrazolyl proton resonances were about 2 Hz.31P{1H} NMR
(121.49 MHz, (CD3)2CO, 298 K): -4.3 (s).13C{1H} NMR (75.48
MHz, (CD3)2CO, 298 K): 226.2 (s, CO), 151.4 (s, Tp), 142.3 (d,

JC-P ) 2, Tp), 139.1 (s, Tp), 137.4 (s, Tp), 108.6 (d,JP-C ) 3,
Tp), 108.5 (s, Tp), 26.0 (d,JC-P ) 25, PCH), 20.6 (s, PCHCH3).

Preparation of BPh4 Salt of 6. An orange solution of6 (50
mg, 0.07 mmol) in 7 mL of acetone was treated with NaBPh4 (41
mg, 0.12 mmol). After 2 h, the solution was concentrated to ca.
1.5 mL and 20 mL of dichloromethane was added. The resulting
suspension was filtered through Celite and the solvent removed by
evaporation. The addition of 2 mL of acetone and 8 mL of diethyl
ether caused the precipitation of an orange solid, which was
separated by decantation and driedin Vacuo. Yield: 35 mg (54%).
The 31P and1H NMR data were identical to those reported for6
except the additional1H signals of BPh4-.

Fluxionality. The activation parameters for the exchange of axial
and equatorial pyrazolyl ligands in3 and 4 were determined by
monitoring the1H NMR resonances of Tp ligands as a function of
temperature. Complete line-shape analysis of the H4-pz region of
these compounds was achieved using the program gNMR (Cherwell
Scientific Publishing Limited). The rate constants for various
temperatures were obtained by fitting calculated to experimental
spectra by full line-shape iterations. The transverse relaxation time,
T2, was estimated at the lowest temperature. The activation
parameters∆Hq and∆Sq were obtained by least-squares fit of ln-
(k/T) versus 1/T (Eyring equation). Error analysis assumed a 10%
error in the rate constant and 1 K in thetemperature. Errors were
computed by published methods.53

Structural Analysis of Complexes 2, 3, 4, 5, and 6.Crystals
suitable for the X-ray diffraction study were obtained in pentane
(2 and3) or by slow diffusion of diethyl ether into concentrated
solutions of the complexes in dichloromethane (4) or acetone (5

(53) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S.
Organometallics1994, 13, 1646.

Table 1. Crystal Data and Data Collection and Refinement for 2, 3, 4, 5, and 6

2 3 4 5 6

Crystal Data
formula C27H55BN6OsP2 C18H34BN6OsP C18H35B2F4N6OsP C21H39B2F4N6OOsP C48H63B2N6O2OsP
molecular wt 726.72 566.49 654.31 710.37 998.83
color and habit colorless, prism colorless, prism colorless,

irregular block
yellow,

irregular block
orange,

irregular block
size, mm 0.10,0.10,0.08 0.10,0.16,0.04 0.08,0.04,0.02 0.16,0.06,0.02 0.10,0.10,0.08
symmetry,

space group
monoclinic,P2(1)/n monoclinic,P2(1)/n triclinic, P1h monoclinic,P2(1)/c monoclinic,P2(1)/n

a, Å 12.480(3) 11.1756(15) 12.094(8) 10.6370(12) 12.7118(14)
b, Å 17.862(5) 14.3048(19) 14.667(10) 16.6865(19) 19.539(2)
c, Å 14.570(4) 14.1995(18) 15.333(10) 15.5819(18) 18.658(2)
R, deg 112.807(13)
â, deg 94.947(5) 107.577(2) 100.268(16) 94.240(2) 91.351(2)
γ, deg 92.698(13)
V, Å3 3235.9(15) 2164.0(5) 2447(3) 2758.1(5) 4632.9(9)
Z 4 4 4 4 4
Dcalc, g cm-3 1.492 1.739 1.776 1.711 1.432

Data Collection and Refinement
diffractometer Bruker Smart APEX
λ(Mo KR), Å 0.71073
monochromator graphite oriented
scan type ω scans
µ, mm-1 4.066 5.982 5.326 4.734 2.832
2θ, range deg 3, 57 4, 58 3, 57 4, 57 4, 58
temp, K 100.0(2) 100.0(2) 100.0(2) 100.0(2) 100.0(2)
no. of data

collected
40 006 26 930 30 713 32 091 57 954

no. of unique data 8015 (Rint )
0.0640)

5428 (Rint )
0.0621)

11 724 (Rint )
0.1227)

6712 (Rint )
0.0991)

11 535 (Rint )
0.0982)

no. of params/
restraints

356/13 265/3 620/28 344/2 554/0

R1
a [F2 > 2σ(F2)] 0.0362 0.0302 0.0535 0.0620 0.0447

wR2
b [all data] 0.0748 0.0458 0.0907 0.1150 0.0784

Sc [all data] 0.905 0.827 0.745 1.166 0.828

a R1(F) ) ∑||Fo| - |Fc||/∑|Fo|. b wR2(F2) ) {∑[w(Fo
2 - Fc

2)2]/ ∑[w(Fo
2)2]}1/2. cGoof ) 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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and the BPh4 salt of 6) at -20 °C. 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 30 mA (2, 3, 5,
6) or 40 mA (4). 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.54 The
structures of all compounds were solved by the Patterson method.
Refinement, by full-matrix least-squares onF2 with SHELXL97,55

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. Hydride ligands were observed in the difference Fourier

maps and refined as free isotropic atoms (5) or with restrained
Os-H bond length (2, 3, and 4, 1.59(1) Å, CSD). Four methyl
groups (C11, C12, C17, and C18) of one of the triisopropylphos-
phine ligands of complex2 were refined in two positions (0.5).
These groups were refined with an isotropic model and restrained
geometry. For complex4, one of the two BF4 anions was observed
disordered. The anion was defined with two moieties, complemen-
tary occupancy factors, isotropic atoms, and restrained geometry.
In all 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.

Computational Details.The calculations have been carried out
using the Gaussian 03 computational package.56 All the structures
have been optimized using DFT and the B3LYP functional. The
6-31G** basis set has been used for all atoms but the Os, where
the LANL2DZ basis and pseudopotential have been used instead.
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.
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