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Departamento de Quı́mica Inorgánica, Instituto de Ciencia de Materiales de Aragón,
Universidad de Zaragoza-CSIC, 50009 Zaragoza, Spain, and Unitat de Quı́mica Fı́sica,

Departament de Quı́mica, Universitat Autònoma de Barcelona, 08193 Bellaterra,
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Treatment of OsH6(PiPr3)2 (1) with benzophenone and acetophenone in toluene under reflux

affords OsH3{C6H4C(O)R}(PiPr3)2 (R ) Ph (2), CH3 (3)), as a result of the ortho-CH activation
of the aromatic group of the ketones. Complex 1 is also capable of activating ortho-CF bonds
of fluorinated aromatic ketones. Thus, the reactions of this complex with pentafluoroaceto-

phenone, decafluorobenzophenone, and 2,6-difluoroacetophenone give OsH3{C6F4C(O)R}-

(PiPr3)2 (R ) CH3 (4), C6F5 (5)) and OsH3{C6H3FC(O)CH3}(PiPr3)2 (6). The structure of 4
has been determined by X-ray diffraction. The geometry around the osmium atom can be
described as a distorted pentagonal bipyramid with the phosphine ligands occupying axial
positions. Complexes 4 and 6 can be also obtained by reaction of 1 with 2,3,4,5-
tetrafluoroacetophenone and 2-fluoroacetophenone, respectively. This selective C-H activa-
tion of the ortho-CH bond of the above-mentioned ketones is in contrast with the selective
C-F activation observed for the reaction of 1 with 2,3,4,5,6-pentafluorobenzophenone, which

affords OsH3{C6F4C(O)C6H5}(PiPr3)2 (7). The structure of 7 has also been determined by
X-ray diffraction. The geometry around the osmium is the same as that of 4. DFT calculations
suggest that in fluorinated aromatic ketones the ortho-CF activation is thermodynamically
favored over the ortho-CH activation and that the kinetically preferred ortho-CH activation
of 2,3,4,5-tetrafluoroacetophenone and 2-fluoroacetophenone is in part due to the preferred
anti arrangement of the F-C-C-CdO unit of the starting ketones. In solution, the hydride
ligands of the OsH3 unit of 2-7 undergo two different thermally activated exchange processes,
which involve the central hydride with each hydride ligand situated close to the donor atoms
of the chelate group. The exchange involving the hydride ligand disposed cis to the carbonyl
group is faster than the other one in all the cases. For 2, 3, and 6, quantum exchange coupling
is also observed between the hydride ligands involved in the faster thermally activated
exchange process.

Introduction

The activation of C-H bonds by transition metal
compounds has attracted a great deal of attention in
recent years,1 in particular the selectivity of the com-
petitive alkane-arene intermolecular activation.2 Al-

though the arene C-H bond is between 8 and 14
kcal‚mol-1 stronger than the alkane C-H bond, in
general, the activation of the first one is kinetically and
thermodynamically favored. The kinetic advantage of
the arene activation appears to be due to its prior
π-coordination, while the thermodinamic preference has
been largely attributed to a metal-carbon bond much
stronger for aryl than for alkyl.

Activation of C-F bonds provides a chemical chal-
lenge akin to that of C-H activation in analogous
hydrocarbon compounds.3 Even though the C-F bonds
are about 30 kcal‚mol-1 stronger than the C-H bonds,
in the past decade, a number of transition metal
compounds, with the metal in low oxidation state, have
shown to be capable of the intermolecular activation of
aromatic C-F bonds,4 including catalysis.5

The broadly used substrate has been hexafluoroben-
zene. The first record of this type of activation involved
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oxidative addition at Ni(PEt3)2 to yield trans-Ni(C6F5)-
(F)(PEt3)2.6 Related nickel and platinum complexes with
chelating ligands also undergo oxidative addition with
hexafluorobenzene.7 Reaction of hexafluorobenzene with
Ir(CH3)(PEt3)3 results in a unique process involving
C-F bond cleavage, P-C bond cleavage, and P-F bond
formation, affording trans-Ir(C6F5)(PFEt2)(PEt3)2.8 An-
other successful approach has been the photolysis of Re-
(η5-C5Me5)(CO)3 in hexafluorobenzene at room temper-

ature, which gives Re(η5-C5Me4CH2)(C6F5)(CO)2 formed
by insertion into a C-F bond of C6F6 and concomitant
insertion into a methyl C-H bond.9 Jones, Perutz, and
co-workers have also studied the photochemically pro-
moted C-F bond cleavage with Rh(η5-C5Me5)(η2-C2H4)-
(PMe3) and IrH2(η5-C5H5)(PMe3).10 Irradiation of Rh(η5-
C5Me5)(η2-C2H4)(PMe3) in hexafluorobenzene leads to
the initial formation of Rh(η5-C5Me5)(η2-C6F6)(PMe3),
and continued photolysis affords Rh(η5-C5Me5)(C6F5)-
(F)(PMe3). Photolysis of IrH2(η5-C5H5)(PMe3) in hexaflu-
orobenzene generates Ir(η5-C5H5)(C6F5)(F)(PMe3) and
Ir(η5-C5H5)(η2-C6F6)(PMe3). Recently, Jones and co-
workers have observed that the complex RhH2(η5-C5-
Me5)(PMe3) reacts with polyfluorinated arenes in pyri-
dine to give the C-F cleavage products RhH(η5-
C5Me5)(arylF)(PMe3) in high yield.11

The selectivity of the C-F versus C-H activation has
received scarce attention, and the trend is not clear. The

reactivity of partially fluorinated arenes C6FnH6-n (n
) 1-5) depends on the nature of the transition metal
system. The thermally generated fragment Rh(η5-C5-
Me5)(PMe3) and the photochemically generated frag-
ment Rh(η5-C5H5)(PMe3) both react with partially flu-
orinated arenes to yield C-H activation products.12

Similar results have been obtained with the osmium
complex OsH(C6H5)(CO)(PtBu2Me)2.13 However, cis-
RuH2(dmpe)2 is selective for C-F over C-H activation.14

In 1993, Murai and co-workers reported that the C-H
bond at the ortho position of aromatic ketones selectively
adds to the double bond of olefins using the ruthenium
complex RuH2(CO)(PPh3)3 as catalyst.15 Murai’s reaction
is now one of the most important processes in organic
synthesis, which allows not only the alkylation of
aromatic ketones16 but also the alkylation of aromatic
esters17 and imines18 and the copolymerization of aro-
matic ketones and R,ω-divinylsilanes.19 The reactions
involve the coordination of the carbonyl group to the
ruthenium atom of the catalyst, followed by the C-H
activation of the ortho-CH bond of the aromatic ring.
The coordination of the carbonyl oxygen atom is con-
sidered to be the origin of the high ortho selectivity.20

Experimental evidence suggests that the olefin is ini-
tially hydrogenated to give the d8 derivative Ru(CO)-
(PPh3)3, which has been proposed to be a candidate of
the active species.16,21 Recently, Chaudret and co-
workers have observed that RuH2(η2-H2)2(PR3)2 can also
act as catalyst precursor.22

Although, in the past few years, a number of interest-
ing examples of organic transformations catalyzed by
osmium complexes have emerged,23 it is also true that
traditionally some of them have served as stable models
of reactive intermediates, proposed in catalytic trans-
formations with the ruthenium counterparts. This,
along with our interest to know whether aromatic
ketones, totally and partially fluorinated, could be
alkylated by the Murai’s method, and the requirement
of the ketone to keep the fluoride atom in the ortho
position, prompted us to study the reactivity of the
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Organometallics 1992, 11, 1177. (e) Crespo M.; Martı́nez, M.; Sales,
J. Organometallics 1993, 12, 4297. (f) Vicente, J.; Chicote, M. T.;
Fernández-Baeza, J.; Fernández-Baeza, A.; Jones, P. G. J. Am. Chem.
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Richmond, T. G. J. Am. Chem. Soc. 1994, 116, 11165. (m) Falvello, L.
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metallics 1996, 15, 309. (n) Kiplinger, J. L.; Richmond T. G. J. Am.
Chem. Soc. 1996, 118, 1805. (o) Su, M.-D.; Chu, S.-Y. J. Am. Chem.
Soc. 1997, 119, 10178. (p) Hughes, R. P.; Lindner, D. C.; Rheingold,
A. L.; Liable-Sands, L. M. J. Am. Chem. Soc. 1997, 119, 11544. (q)
Lopez, O.; Crespo, M.; Font-Bardı́a, M.; Solans, X. Organometallics
1997, 16, 1233. (r) Hughes, R. P.; Smith, J. M. J. Am. Chem. Soc. 1999,
121, 6084. (s) Yang, H.; Gao, H.; Angelici, R. J. Organometallics 1999,
18, 2285. (t) Godoy, F.; Higgitt, C. L.; Klahn, A. H.; Oelckers, B.;
Parsons, S.; Perutz, R. N. J. Chem. Soc., Dalton Trans. 1999, 2039.
(u) Guennou-de Cadenet, K.; Rumin, R.; Pétillon, F. Y. Organometallics
2000, 19, 1912.

(4) Burdeniuc, J.; Jedlicka, B.; Crabtree, R. H. Chem. Ber. 1997,
130, 145.

(5) (a) Aizenberg, M.; Milstein, D. Science 1994, 265, 359. (b)
Aizenberg, M.; Milstein, D. J. Am. Chem. Soc. 1995, 117, 8674.

(6) (a) Fahey, D. R.; Mahan, J. E. J. Am. Chem. Soc. 1977, 99, 2501.
(b) Cronin, L.; Higgitt, C. L.; Karch, R.; Perutz, R. N. Organometallics
1997, 16, 4920.
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hexahydride-osmium complex OsH6(PiPr3)2 toward aro-
matic ketones, partially fluorinated aromatic ketones,
and totally fluorinated aromatic ketones. In this paper,
we report the results of this study.

Results and Discussion

1. C-H Activation of Aromatic Ketones. Treat-
ment under reflux of toluene solutions of the hexahy-
dride complex OsH6(PiPr3)2 (1) with 1.2 equiv of ben-
zophenone and acetophenone affords after 5 h dark

solutions, from which the trihydride compounds OsH3-

{C6H4C(O)R}(PiPr3)2 (R ) Ph (2), CH3 (3)) were isolated
in about 60% yield (eq 1).

The spectroscopic data of 2 and 3 agree well with the
structure proposed in eq 1. The IR spectra in KBr show
ν(CO) vibrations at 1580 (2) and 1698 (3) cm-1, along
with three bands at 1946, 2133, and 2185 (2) and 1974,
2149, and 2170 (3) cm-1, corresponding to the hydride
ligands. In the 13C{1H} NMR spectra, the resonance due
to the metalated carbon atoms of the ketones appear at
215.4 (2) and 211.4 (3) ppm as triplets with C-P
coupling constants of about 6 Hz. In agreement with
the mutually trans disposition of the phosphine ligands,
the 31P{1H} NMR spectra in toluene-d8 contain singlets
at 31.3 (2) and 30.4 (2) ppm, which are temperature
invariant between 370 and 180 K.

In contrast with the 31P{1H} NMR spectra, the 1H
NMR spectra are temperature-dependent. At 368 K, the
spectrum of 2 shows in the hydride region a single
resonance. This observation is consistent with the
operation of two thermally activated exchange pro-
cesses, which proceed at rates sufficient to lead to the
single hydride resonance. Consistent with this, lowering
the sample temperature leads to broadening of the
resonance. At 293 K, the first decoalescence occurs, and
at 233 K, the second one takes place. At this tempera-
ture, and ABCX2 spin system (X ) 31P) is observed,
which becomes well resolved at 223 K. The 1H{31P}
spectra (Figure 1) are simplified to the expected ABC
spin system. At 223 K, this spin system is defined by
δA) -3.35, δB ) -11.13, δC ) -12.23, JAB ) 43.2 Hz,
and JAC ) JBC ) 0 Hz. Between 223 and 183 K, the
values of the chemical shifts of A, B, and C sites, as well
as that of JAC and JBC, show no significant temperature
dependence. However, the magnitude of the observed
JAB is sensitive to the temperature, decreasing from 43.2
to 28.8 Hz as the temperature decreases from 233 to
183 K. This can be readily explained in terms of the
quantum exchange coupling between HA and HB.24

The T1 values of the hydrogen nuclei of the OsH3 unit
of 2 were determined over the temperature range 293-
193 K. T1(min) values of 69 ( 6 ms for HA, 83 ( 3 ms
for HB, and 107 ( 1 for HC were obtained at 228 K. They

support the trihydride character of 2 and suggest that
the central atom of the OsH3 unit is HA. To assign the
positions of HB and HC, we carried out a ROESY 1H
NMR experiment at 213 K. This experiment (Figure 2)
indicates that HC is the hydride ligand located cis to(24) Sabo-Etienne, S.; Chaudret, B. Chem. Rev. 1998, 98, 2077.

Figure 1. Left: Variable-temperature 1H{31P} NMR

spectra (300 MHz) in C7D8 in the high-field region of OsH3-

{C6H4C(O)C6H5}(PiPr3)2 (2). Right: Simulated spectra, JAB,
temperatures and rate constants (s-1) for the intramolecu-
lar hydrogen site-exchange process are also provided.

Figure 2. Partial view of the ROESY 1H NMR spectrum

at 213 K in C7D8 of OsH3{C6H4C(O)C6H5}(PiPr3)2 (2).
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the metalated aromatic ring. So, HB is the hydride
situated cis to the carbonyl group.

Line shape analysis of the spectra of Figure 1 allows
the calculation of the rate constants for the thermal
exchange processes at different temperatures. The
activation parameters obtained from the corresponding
Eyring analysis are ∆Hq ) 10.0 ( 0.2 kcal‚mol-1 and
∆Sq ) -1.1 ( 0.4 cal‚mol-1‚K-1 for the HA/HB exchange
and ∆Hq ) 14.0 ( 0.4 kcal‚mol-1 and ∆Sq ) -1.8 ( 0.8
cal‚mol-1‚K-1 for the HA/HC exchange. The values for
the entropy of activation, close to zero, are in agreement
with an intramolecular process, whereas the values for
the enthalpy of activation lie in the range reported for
thermal exchange processes in related osmium-trihy-
dride complexes.25

The behavior of the hydrides of 3 with the tempera-
ture is the same as that found for 2. The OsH3 unit
undergoes two thermal activated exchange processes.
The activation parameters for the exchange involving
the central hydride (δ ) -4.09) and the one disposed
cis to the carbonyl group of the ketone (δ ) -12.32) are
∆Hq ) 9.7 ( 0.2 kcal‚mol-1 and ∆Sq ) -3.8 ( 0.5
cal‚mol-1‚K-1, whereas the activation parameters for
the exchange involving the central hydride and that
disposed cis to the metalated phenyl ring (δ ) -13.35)
are ∆Hq ) 13.9 ( 0.3 kcal‚mol-1 and ∆Sq ) 0.83 ( 0.7
cal‚mol-1‚K-1. The central hydride and that disposed
cis to the carbonyl group of the ketone also undergo
quantum exchange coupling with a decrease of the H-H
coupling constant from 39.0 to 19.5 Hz as the temper-
ature decreases from 213 to 183 K.

The reaction shown in eq 1 indicates that the activa-
tion of aromatic ketones occurs not only with metallic
centers in low oxidation states but also with those in
high oxidation states. The formation of 2 and 3 would
involve the thermal activation of OsH6(PiPr3)2 to give
an OsH4(PiPr3)2 species, which coordinates the oxygen
atom of the carbonyl group of the ketone and subse-
quently activates the ortho-CH bond of the aromatic
group, with the concomitant loss of molecular hydrogen.

2. C-F Activation of Aromatic Ketones. Treat-
ment under reflux of toluene solutions of 1 with 1.2
equiv of pentafluoracetophenone, decafluorobenzophe-
none, and 2,6-difluoroacetophenone affords after 5 h
dark solutions, from which the trihydride complexes

OsH3{C6F4C(O)R}(PiPr3)2 (R ) CH3 (4), C6F5 (5)) and

OsH3{C6H3FC(O)CH3}(PiPr3)2 (6) were isolated in good
yield, as a result of the C-F activation of one of the
ortho-CF bonds of the aromatic ring of the ketones
(Scheme 1).

A view of the molecular geometry of 4 is shown in
Figure 3. Selected bond distances and angles are listed
in Table 1. The coordination geometry around the
osmium atom can be rationalized as a distorted pen-
tagonal bipyramid with the two phosphorus atoms of
the triisopropylphosphine ligands occupying axial posi-

tions (P(1)-Os-P(2) ) 162.79(4)°). The osmium sphere
is completed by the hydride ligands and the orthometa-
lated ketone, which acts with a bite angle of 75.33(13)°.

The Os-C(1) bond length of 2.103(4) Å is typical for
Os-C(aryl) single bond and agrees well with the values
previously found in the complexes OsH{C6H4-2-(E-CHd

CHPh)}(CO)(PiPr3)2 (2.136(7) Å),26 [OsH(η5-C5H5){NHd

C(Ph)C6H4}(PiPr3)]BF4 (2.10(2) and 2.137(19) Å), [OsH-

(η5-C5H5)(PPh2C6H4)(PiPr3)]BF4 (2.180(9) and 2.136(9)

Å),27 Os(C2Ph){NHdC(Ph)C6H4}(CO)(PiPr3)2 (2.089(7)
Å),28 Os(η5-C5H5){C6H4[C(OH)(Ph)CHdCHOC(O)CH3]}-

(PiPr3) (2.108(11) Å),29 and OsCl{NHdC(Ph)C6H4}(η2-(25) (a) Esteruelas, M. A.; Lahoz, F. J.; López, A. M.; Oñate, E.; Oro,
L. A.; Ruiz, N.; Sola, E.; Tolosa, J. I. Inorg. Chem. 1996, 35, 7811. (b)
Castillo, A.; Esteruelas, M. A.; Oñate, E.; Ruiz, N. J. Am. Chem. Soc.
1997, 119, 9691. (c) Barea, G.; Esteruelas, M. A.; Lledós, A.; López, A.
M.; Oñate, E.; Tolosa, J. I. Organometallics 1998, 17, 4065. (d) Castillo,
A.; Barea, G.; Esteruelas, M. A.; Lahoz, F. J.; Lledós, A.; Maseras, F.;
Modrego, J.; Oñate, E.; Oro, L. A.; Ruiz, N.; Sola, E. Inorg. Chem. 1999,
38, 1814.

(26) Esteruelas, M. A.; Lahoz, F. J.; Oñate, E.; Oro, L. A.; Sola, E J.
Am. Chem. Soc. 1996, 118, 89.

(27) Esteruelas, M. A.; Gutiérrez-Puebla, E.; López, A. M.; Oñate,
E.; Tolosa, J. I. Organometallics 2000, 19, 275.

(28) Esteruelas, M. A.; Lahoz, F. J.; López, A. M.; Oñate, E.; Oro,
L. A. Organometallics 1995, 14, 2496.

Figure 3. Molecular diagram of the complex OsH3{C6F4C-

(O)CH3}(PiPr3)2 (4). Thermal ellipsoids are shown at 50%
probability.

Scheme 1
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H2)(PiPr3)2 (2.069(4) Å).25c The Os-O distance of 2.141(3)
Å is that expected for a single bond, whereas the O-C(7)
bond length of 1.252(5) Å is similar to that found in free
acetophenone (1.217 Å).30

In agreement with the structure shown in Figure 3
and with the IR spectra of 2 and 3, the IR spectra of
4-6 in KBr show a ν(CO) vibration between 1600 and
1700 cm-1, along with three bands between 2210 and
1890 cm-1, due to the hydride ligands. In the 13C{1H}
NMR spectra the resonances corresponding to the
metalated carbon atoms are observed between 183 and
215 ppm. The 31P{1H} NMR spectra show singlets
between 30 and 34 ppm, in accordance with the mutu-
ally trans position of the phosphine ligands.

The 31P{1H} NMR spectra are temperature invariant
between 373 and 183 K. However, the 1H NMR spectra
are temperature dependent and consistent with the
operation of two thermally activated exchange pro-
cesses. These exchanges are faster for 4 and 5 than for
6. At 373 K, the spectra of three compounds show only
one broad resonance. Lowering the sample temperature
leads to a broadening of the resonance. At 293 K the
first decoalescence of 6 occurs, while for 4 and 5, the
first decoalescence is observed at 263 and 233 K,
respectively. At 243 K, the second decoalescence of 6
takes place. For 4 and 5, two broad resonances at -4.11
and -12.23 (4) and -3.89 and -11.43 (5) ppm, with a
1:2 intensity ratio, are observed even at 183 K. In
agreement with the trihydride character of 4-6, T1(min)
values between 86 and 118 ms were found.

As for 2 and 3, the fastest exchange of the OsH3 unit
of 6 takes place between the central hydride (δ ) -4.09)
and that situated cis to the carbonyl group of the ketone

(δ ) -11.76). The activation parameters for this ex-
change are ∆Hq ) 11.3 ( 0.2 kcal‚mol-1 and ∆Sq ) 2.5
( 0.5 cal‚mol-1‚K-1, whereas the activation parameters
for the exchange between the central hydride and that
situated cis to the metalated aromatic ring (δ ) -13.03)
are ∆Hq ) 13.9 ( 0.4 kcal‚mol-1 and ∆Sq ) 3.2 ( 0.8
cal‚mol-1‚K-1. The central hydride and that disposed
cis to the carbonyl group of the ketone also undergo
quantum exchange coupling with a decrease of the H-H
coupling constant from 50.5 to 18.9 Hz as the temper-
ature decreases from 223 to 183 K.

The formation of 4-6 could involve a sequence of
elemental steps similar to the formation of 2 and 3, that
is, the thermal activation of 1 to give OsH4(PiPr3)2,
which coordinates the oxygen atom of the carbonyl
group of the ketone, and subsequently activates the
ortho-CF bond of the aromatic group with the concomi-
tant loss of HF. The activation of the ortho-CF bond of
fluorinated aromatic ketones suggests that, in the
presence of a source of hydrogen, this type of substrate
can also be useful for Murai’s reaction.

3. C-H Activation versus C-F Activation in
Aromatic Ketones. To study the preference for the
C-H activation or C-F activation in aromatic ketones,
we have also investigated the reactivity of 1 toward
partially fluorinated aromatic ketones. The three pos-
sible situations in these substrates have been studied
(Scheme 2): (i) when the aromatic group contains a
fluorine atom in ortho position and four hydrogen atoms
(2-fluoroacetophenone), (ii) when the aromatic group
contains a hydrogen atom in ortho position and four
fluorine atoms (2,3,4,5-tetrafluoroacetophenone), and
(iii) when the ketone contains two aromatic groups, one
of them perfluorinated (2,3,4,5,6-pentafluorobenzophe-
none).

The results shown in Scheme 2 clearly indicate that
when the ketone contains only one aromatic ring, the
ortho-CH activation is preferred over the ortho-CF
activation. Thus, the treatment under reflux of toluene
solutions of 1 with 1.2 equiv of 2-fluoroacetophenone and
2,3,4,5-tetrafluoroacetophenone leads to the C-H acti-
vation products, after 5 h, with selectivities of 100%.
Complexes 6 and 4 were isolated not only selectively
but also in high yield, 80% for 6 and 75% for 4.

In contrast with the reaction of 1 with 2-fluoroaceto-
phenone and 2,3,4,5-tetrafluoroacetophenone, the treat-
ment under reflux of toluene solutions of 1 with 1.2

(29) Crochet, P.; Esteruelas, M. A.; Gutiérrrez-Puebla, E. Organo-
metallics 1998, 17, 3141.

(30) 3D Search and Research Using the Cambridge Structural Data
Base: Allen, F. H.; Kennard, O. Chem. Des. Autom. News 1993, 8, 31.

Table 1. Selected Bond Distances (Å) and Angles

(deg) for the Complex OsH3{C6F4C(O)CH3}(PiPr3)2
(4)

Os-P(1) 2.3473(9) O-C(7) 1.252(5)
Os-P(2) 2.3465(9) C(1)-C(2) 1.399(5)
Os-O 2.141(3) C(1)-C(6) 1.433(6)
Os-C(1) 2.103(4) C(2)-C(3) 1.366(6)
Os-H(01) 1.54(4) C(3)-C(4) 1.369(7)
Os-H(02) 1.48(5) C(4)-C(5) 1.369(7)
Os-H(03) 1.56(5) C(5)-C(6) 1.400(6)

C(6)-C(7) 1.443(6)
C(7)-C(8) 1.511(6)

P(1)-Os-P(2) 162.79(4) H(01)-Os-H(02) 58(2)
P(1)-Os-O 91.89(7) H(01)-Os-H(03) 114(2)
P(1)-Os-C(1) 96.90(10) H(02)-Os-H(03) 58(2)
P(1)-Os-H(01) 86.1(15) Os-O-C(7) 119.1(3)
P(1)-Os-H(02) 81.2(17) Os-C(1)-C(2) 131.2(2)
P(1)-Os-H(03) 97.3(16) Os-C(1)-C(6) 114.9(3)
P(2)-Os-O 95.60(7) O-C(7)-C(6) 116.9(4)
P(2)-Os-C(1) 99.98(10) O-C(7)-C(8) 118.0(4)
P(2)-Os-H(01) 79.0(15) C(1)-C(2)-C(3) 124.0(4)
P(2)-Os-H(02) 83.6(17) C(1)-C(6)-C(5) 121.2(4)
P(2)-Os-H(03) 81.2(16) C(1)-C(6)-C(7) 113.8(4)
O-Os-C(1) 75.33(13) C(2)-C(3)-C(4) 121.1(4)
O-Os-H(01) 86.2(16) C(2)-C(1)-C(6) 113.9(4)
O-Os-H(02) 143.6(19) C(3)-C(4)-C(5) 118.5(4)
O-Os-H(03) 158.0(16) C(4)-C(5)-C(6) 121.3(5)
C(1)-Os-H(01) 161.3(16) C(5)-C(6)-C(7) 125.0(4)
C(1)-Os-H(02) 140.9(19) C(6)-C(7)-C(8) 125.1(4)
C(1)-Os-H(03) 83.7(16)

Scheme 2
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equiv of 2,3,4,5,6-pentafluorobenzophenone affords the

ortho-CF activation product, complex OsH3{C6F4C(O)-
C6H5}(PiPr3)2 (7), which was selectively isolated in 60%
yield.

The ortho-CF activation of the perfluorinated ring of
the ketone has been confirmed by an X-ray investigation
on a monocrystal of 7. A view of the molecular geometry
of this compound is shown in Figure 4. Selected bond
distances and angles are listed in Table 2.

The coordination geometry around the osmium atom
can be rationalized as a distorted pentagonal bipyramid
with the two phosphorus atoms of the triisoprophylphos-
phine ligands occupying axial positions (P(1)-Os-P(2)
) 164.65(5) Å). The osmium sphere is completed by the
hydride ligands and the orthometalated ketone, which
acts with a bite angle of 74.58(17)°. The Os-C(1)
(2.120(5) Å), Os-O (2.158(3) Å), and O-C(7) (1.269(6)
Å) bond lengths are similar to those of 4.

In agreement with the structure shown in Figure 4,
the IR spectrum of 7 in KBr shows a ν(CO) band at 1636
cm-1 and three ν(Os-H) bands at 1985, 2150, and 2342
cm-1. In the 13C{1H} NMR spectrum, the resonance

corresponding to the metalated C(1) carbon atom ap-
pears at 191.6 ppm as a double multiplet. The 31P{1H}
NMR spectrum contains a singlet at 32.0 ppm, in
accordance with the mutually trans disposition of the
phosphine ligands. Like the spectra of 2-6, this spec-
trum is temperature invariant between 373 and 183 K.
However the 1H NMR spectrum is temperature depend-
ent. The behavior of the hydride ligands of the OsH3
unit of 7 is the same as those of 4 and 5. At 373 K, the
spectrum contains a broad resonance centered at -9.19
ppm. Lowering the sample temperature leads to a
broadening of this resonance, which decoalesces at 253
K to give two broad signals centered at -4.39 (1H) and
-12.06 (2H) ppm. For these resonances, T1(min) values
of 94 ( 2 and 92 ( 1 ms were found at 228 K.

4. Theoretical Study on the Selectivity of C-H
vs C-F Activation. It has been stated in the previous
section that the C-H activation is preferred over the

Figure 4. Molecular diagram of the complex OsH3{C6F4C-

(O)C6H5}(PiPr3)2 (7). Thermal ellipsoids are shown at 50%
probability.

Scheme 3

Table 2. Selected Bond Distances (Å) and Angles

(deg) for the Complex OsH3{C6F4C(O)C6H5}(PiPr3)2
(7)

Os-P(1) 2.3707(13) O-C(7) 1.269(6)
Os-P(2) 2.3675(13) C(1)-C(2) 1.406(7)
Os-O 2.158(3) C(1)-C(6) 1.433(7)
Os-C(1) 2.120(5) C(2)-C(3) 1.381(8)
Os-H(01)a 1.69(3) C(3)-C(4) 1.393(9)
Os-H(02)a 1.68(3) C(4)-C(5) 1.364(8)
Os-H(03)a 1.67(3) C(5)-C(6) 1.419(8)

C(6)-C(7) 1.447(7)
C(7)-C(8) 1.479(7)

P(1)-Os-P(2) 164.65(5) H(01)a-Os-H(02)a 65(2)
P(1)-Os-O 90.17(10) H(01)a-Os-H(03)a 139(2)
P(1)-Os-C(1) 98.07(14) H(02)a-Os-H(03)a 76(2)
P(1)-Os-H(01)a 86.9(17) Os-O-C(7) 119.2(3)
P(1)-Os-H(02)a 82.6(17) Os-C(1)-C(2) 129.1(4)
P(1)-Os-H(03)a 75.5(17) Os-C(1)-C(6) 115.9(4)
P(2)-Os-O 99.85(10) O-C(7)-C(6) 116.6(4)
P(2)-Os-C(1) 95.81(14) O-C(7)-C(8) 116.7(5)
P(2)-Os-H(01)a 82.4(17) C(1)-C(2)-C(3) 123.6(5)
P(2)-Os-H(02)a 82.8(17) C(1)-C(6)-C(5) 120.7(5)
P(2)-Os-H(03)a 105.5(17) C(1)-C(6)-C(7) 113.3(5)
O-Os-C(1) 74.58(17) C(2)-C(3)-C(4) 120.2(5)
O-Os-H(01)a 85.0(17) C(2)-C(1)-C(6) 114.9(5)
O-Os-H(02)a 149.0(17) C(3)-C(4)-C(5) 119.1(5)
O-Os-H(03)a 131.4(17) C(4)-C(5)-C(6) 121.3(5)
C(1)-Os-H(01)a 158.9(17) C(5)-C(6)-C(7) 125.9(5)
C(1)-Os-H(02)a 136.2(17) C(6)-C(7)-C(8) 126.7(5)
C(1)-Os-H(03)a 62.3(17)

a For details of hydride refinement in 7 see the Experimental
Section.
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C-F activation in monoaromatic ketones containing in
the aromatic ring both C-H and C-F bonds in the ortho
position with regard to the carbonyl groups. However,
the C-F activation is by no means impossible, as is
demonstrated by the set of reactions with fluorinated
aromatic compounds. In particular, the reaction of 1
with 2,3,4,5,6-pentafluorobenzophenone emerges as a
somewhat surprising example in which the aforemen-
tioned selectivity pattern is inverted, and the C-F
activation product is obtained despite the presence of
C-H bonds in ortho positions of one of the aromatic
groups of the ketone. To obtain a deeper understanding
of the C-H vs C-F activation process, a DFT theoretical
study has been carried out for the set of reactions shown
is Scheme 3.

In the first stage, only reactants and products have
been taken into account. Thus, the reactions of model
complex OsH6(PH3)2 (1t) with (C6H5)COCH3 (8), (C6H4F)-
COCH3 (9), and (C6H5)CO(C6F5) (10) have been exam-
ined in a purely thermodynamic sense. Complex OsH4-
(PH3)2 (11t) is considered as the main reactant and
studied in this section, since it is presumed to be the
active species. Indeed the calculated value for the
thermal activation of 1t to afford 11t (15.4 kcal‚mol-1)
agrees with an easy elimination of H2 from the hexahy-
dride.

The geometries of reactants have been optimized at
the B3LYP level of theory. It is worth mentioning that
two structures have been considered for 9, as the
fluorine atom may be anti (9a) or syn (9b) with respect
to the carbonyl group. Later, it is suggested that this
fact could have some influence on the selectivity of C-H
vs C-F activation. The obtained structures are depicted
in Figure 5 and Figure 6.

Initial complex 1t has few remarkable features. It is
a classical hexahydride without any dihydrogen moiety
and adopts a typical dodecahedral coordination geom-
etry, which is in agreement with the neutron diffraction
structure previously reported.31

The reactive Os(IV) complex (11t) can be described
as a square pyramidal species with a η2-H2 unit (dH-H

) 0.931 Å). As expected, the strongest σ-donor hydride
occupies the apical position, and the phosphine ligands
are essentially trans to each other (P-Os-P angle of
170.1°). Thus, we have a 16-electron osmium(II) complex
with an empty coordination site available for further
coordination of the aryl derivatives.

Two conformations are possible for the aromatic
ketone (C6H4F)COCH3. An energetical comparison con-
cerning 9a and 9b conformations shows that the syn
arrangement of the F-C(1)-C(6)-C(7)dO unit is un-
favorable (9a lies 3.7 kcal‚mol-1 lower than 9b) because
of the repulsive four-electron interactions between F and
O in the latter. Moreover, if both structures have a role
in the C-H vs C-F bond breaking reaction, the barrier
for the rotation that converts 9a in 9b must be evalu-
ated. This being a process of rotation around a single
bond C(6)-C(7), the barrier that must be surpassed in
order to obtain the less favored isomer should not be
very high. As a matter of fact, the structure with the

COCH3 group perpendicular to the aryl plane is located
6.6 kcal‚mol-1 higher than 9a at the B3LYP level of
theory.

Reaction products 2t, 6t, 7t, and 12t can all be viewed
as pentagonal bipyramidal complexes with the phos-
phine ligands in the axial positions and a slightly
distorted arrangement of equatorial ligands. The aryl
groups coordinated to the metal lie in the plane per-
pendicular to P-Os-P axis (the parallel orientation has
not been considered mainly for sterical reasons) and
coordinate to Os by both Cortho and O, giving rise to a
typical five-membered metallacycle. For 7t the direct
comparison with the available X-ray diffraction data
shows a good agreement between the experimental and
the calculated structure. The largest discrepancy arises
from the model simplification of the bulky phosphines
of the actual complex, which provokes a stronger bend-
ing of the P-Os-P angle in the latter (164.65° vs
171.4°). The geometry of the Os-Aryl unit is nicely
reproduced.

(31) Howard, J. A. K.; Johnson, O.; Koetzle T. F.; Spencer, J. L.
Inorg. Chem. 1987, 26, 2930.

Figure 5. Optimized structures at the B3LYP level of
theory for the reactants of the C-H/C-F activation process.
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It must be pointed out that geometries of all these
complexes are essentially identical. Although there
seems to be a lengthening in the Os-C distances and
shortening in the Os-O ones when the ring attached
to the metal is fluorinated, the affected geometrical
parameters suffer a very mild variation: for instance,
Os-C distances differ at maximum by 0.005 Å, whereas
the Os-O distance, the most distinct geometrical pa-
rameter, ranges from 2.209 Å in 2t (2.141(3) Å in 4) to
2.187 Å in 7t (2.158(3) Å in 7).

The optimized geometries of reaction products 2t, 6t,
and 7t also give an explanation for the different
exchange rates observed between pairs of hydrides. It
has been stated in previous work that these processes
go through dihydrogen states.25d,32 A facile dihydrogen
formation would help lead to a faster exchange rate. For

complexes 2t, 6t, and 7t, the metal-hydride bond
located trans to the carbon atom and cis to the carbonyl
group is significantly longer than the other two Os-H
bonds (1.669 vs 1.628 and 1.617 Å in 2t, for instance).
It comes naturally that a dihydrogen involving this
hydride can be reached with a lower energy cost. For
this reason, the exchange process in which this hydride
has an active role is faster than the exchange process
between the other two hydrides.

The calculated energies for the set of reactions A to
E is shown in Table 3. It can be stated that both C-H
and C-F ruptures are thermodynamically favored.
However, C-F activation turns out to be much more
exothermic than C-H activation, a result in the line
with previous studies.13 Significantly enough, the pref-
erence for the C-F activation product is much more

(32) Maseras, F.; Lledós, A.; Clot, E.; Eisenstein, O. Chem. Rev.
2000, 100, 601.

Figure 6. Optimized structures at the B3LYP level of
theory for the products of the C-H/C-F activation process.

Table 3. Relative Energies (kcal‚mol-1) for the
Sets of Reactions A to E Calculated at the B3LYP

Level of Theory

reactants
C-H

activation
C-F

activation

OsH4(PH3)2 (11t) + (C6H5)COCH3 (8) -15.1
OsH4(PH3)2 (11t) + (C6H4F)COCH3 (9) -15.9 -25.9
OsH4(PH3)2 (11t) + (C6F5)CO(C6H5) (10) -15.9 -39.2

Table 4. Crystal Data and Data Collection and

Refinement for OsH3{C6F4C(O)CH3}(PiPr3)2 (4) and

OsH3{C6F4C(O)C6H5}(PiPr3)2 (7)
4 7

Crystal Data
formula C26H48OF4OsP2 C31H50OF4OsP2
molecular wt 704.79 766.85
color and habit red prism red prism
symmetry, space

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

a, Å 13.199(1) 9.246(1)
b, Å 8.859(1) 11.311(2)
c, Å 25.752(2) 16.336(2)
R, deg 90 76.024(9)
â, deg 99.981(7) 85.905(8)
γ, deg 90 83.839(9)
V, Å3 2965.6 1646.5
Z 4 2
Dcalc, g cm-3 1.579 1.547

Data Collection and Refinement
diffractometer Brucker-Siemens P4
λ(Mo KR), Å 0.71073
monochromator graphite oriented
µ, mm-1 4.45 4.01
scan type ω ω/2θ
2θ range, deg 5° e 2θ e 50° 5° e 2θ e 50°
temp, K 173.0(2) 173.0(2)
no.of data collected 6939 6077

(h: -1, 15; k: -1, 10;
l: -30, 30)

(h: 0, 10; k: -12, 13;
l: -19, 19)

no. of unique data 5185 5677
(merging R factor
0.0336)

(merging R factor
0.0411)

no. of params refined 332 375
R1

a [F2> 2σ(F2)] 0.0239 0.0320
wR2

b [all data] 0.0643 0.0870
Sc [all data] 1.073 0.972

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

2)2]/
∑[w(Fo

2)2]}1/2. c Goof ) S ) {∑[w(Fo
2 - Fc

2)2]/(n - p)}1/2, where n
is the number of reflections and p is the number of refined
parameters.
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marked in the case of reactions D and E, a fact that is
undoubtedly related to the exclusive formation of 7t. A
simple way to picture the whole process arises from
bonding energy arguments. A balance between broken
bonds in the reactants and formed bonds in the products
is easily obtained by inspection of reactions B and C
(Scheme 3). Assuming that Os-C bonding energy is
similar in all cases (this hypothesis seems reasonable
taking into account the geometrical similarities between
them), the difference between both C-H and C-F
activation processes can be traced just taking into
account C-F, C-H, H-F, and H-H bond energies.
Thus, while the C-F activation process would be
disfavored because of the higher energy required to
break a C-F bond, this is largely compensated by the
greater H-F bond energy compared with the H-H bond
energy.

As a consequence of the huge thermodynamic prefer-
ence found for the C-F activation product, it is obvious
that there must be a severe kinetic impediment that
makes this reaction unfavorable for 2-fluoroacetophe-
none and 2,3,4,5-tetrafluoroacetophenone. Two factors
may contribute to the inertness of the C-F bond. One
of them simply arises from the intrinsic difficulty of the
bond-breaking process. Another factor may be derived
from the coordinating nature of the aromatic ketone.
Assuming that the first step in the activation reaction
path is ketone coordination to the metallic center
through the oxygen atom (this is in fact a very reason-
able hypothesis: Morokuma et al. have demonstrated
in their study of the Murai reaction that this kind of
reaction goes through such intermediates),20 it is obvi-
ous that this step induces a certain selectivity in the
activation process for the reaction of 11t with 9, due to
the syn conformation of the H-C(5)-C(6)-C(7)dO unit
in 9a and the syn conformation of the F-C(1)-C(6)-
C(7)dO unit in 9b. Thus, if 9a reacts with 11t, only a
C-H bond is close enough to the metal to be activated,
whereas if 9b reacts instead of 9a all C-H bonds are
too far from the osmium atom. Because 9a is slightly
more favored than 9b, the time spent in 9a is longer
than that in 9b and, therefore, the reaction of 11t with
9a is more favored than that with 9b. This might well
contribute to the observed pattern. Let us note also that
in the reaction of complex 11t with 2,3,4,5,6-pentaflu-
orobenzophenone we are not faced with this problem,
as a slight bending of Os-O axis may face either a C-H
or a C-F bond near the osmium. This fact together with
the huge thermodynamical preference for 7t in this
particular system may explain why it is possible to shift
the reaction toward C-F activation product.

Concluding Remarks

This study has revealed that the hexahydride OsH6-
(PiPr3)2 can be thermally activated to afford an unsatur-
ated fragment, probably OsH2(η2-H2)(PiPr3)2, which is
capable of activating ortho-CH and ortho-CF bonds of
aromatic ketones. Thus, the reactions of OsH6(PiPr3)2

with benzophenone and acetophenone lead to OsH3-

{C6H4C(O)R}(PiPr3)2 (R ) Ph, CH3), and the reactions
with pentafluoroacetophenone, decafluorobenzophe-

none, and 2,6-difluoroacetophenone give OsH3{C6F4C-

(O)R}(PiPr3)2 (R ) CH3, C6F5) and OsH3{C6H3FC(O)-
CH3}(PiPr3)2, which are reminiscent of the intermediates
proposed by Murai for the ortho-alkylation of aromatic
ketones.

Complexes OsH3{C6H3FC(O)CH3}(PiPr3)2 and OsH3-

{C6F4C(O)CH3}(PiPr3)2 are also obtained from the reac-
tions of the hexahydride with 2-fluoroacetophenone and
2,3,4,5-tetrafluoroacetophenone, respectively. This in-
dicated that for ketones containing only one aromatic
ring, the ortho-CH activation is preferred over the ortho-
CF activation. In contrast, the ortho-CF activation is
preferred over the ortho-CH activation for 2,3,4,5,6-
pentafluorobenzophenone. Thus, the reaction of this

ketone with OsH6(PiPr3)2 affords OsH3{C6F4C(O)C6H5}-
(PiPr3)2.

In agreement with the CF activation of 2,3,4,5,6-
pentafluorobenzophenone theoretical studies suggest
that in aromatic ketones the C-F activation is much
more favored than the C-H activation, from a thermo-
dynamic point of view. So, the preferred C-H activation
in 2-fluoroacethophenone and 2,3,4,5-tetrafluoroace-
tophenone appears to have kinetic origin, which could
be, in part, related with the preferred anti arrangement
of the F-C-C-CdO unit of the starting ketones.

In conclusion, complex OsH6(PiPr3)2 activates ortho-
CH and ortho-CF bonds of aromatic ketones. The ortho-
CH activation is preferred over the ortho-CF activation
in ketones containing only one aromatic ring, whereas
the ortho-CF activation is preferred over the ortho-CH
activation in 2,3,4,5,6-pentafluorobenzophenone.

Experimental Section

Physical Measurements. 1H, 19F, 31P, and 13C{1H} NMR
spectra were recorded on either a Varian UNITY 300, Varian
Gemini 2000, or a Bruker AXR 300 instrument. The probe
temperature of the NMR spectrometers was calibrated at each
temperature against a methanol standard. For the T1 mea-
surements the 180° pulses were calibrated at each tempera-
ture. Chemical shifts (expressed in parts per million) are
referenced to residual solvent peaks (1H, 13C{1H}), external
H3PO4 (31P), or external CFCl3 (19F). Coupling constants, J and
N (N ) JP-H + JP′-H for 1H and N ) JP-C + JP′-C for 13C{1H})
are given in hertz. The conventional inversion-recovery
method (180-t-90) was used to determine T1. The Roesy
proton experiment was recorded on a Bruker AXR 300 instru-
ment. Infrared spectra were run on a Perkin-Elmer 1730
spectrometer as solids (KBr pellet or Nujol mull). C, H, and N
analyses were carried out in a Perkin-Elmer 2400 CHNS/O
analyzer. Mass spectra analyses were performed with a VG
Autospec instrument. In FAB+ mode ions were produced with
the standard Cs+ gun at ca. 30 kV, and 3-nitrobenzyl alcohol
(NBA) was used as the matrix.

Kinetic Analysis. Complete line shape analysis of the 1H-
{31P} spectra was achieved using the program gNMR v3.6 for
Macintosh (Cherwell Scientific Publishing Limited). The rate
constants for various temperatures were obtained by fitting
calculated to experimental spectra by full line shape iterac-
tions. We assume kABC ) kBC ) 0 (A being the central hydride)
for all temperatures recorded. At the lowest interval of
temperatures the rate for the site exchange process HA - HC

was fixed to 0 s-1, and the resonance corresponding to the HC

hydride ligand was used to estimate the transverse relaxation
time, T2. The activation parameters ∆Hq and ∆Sq were
calculated by least-squares fit of ln(k/T) vs 1/T (Eyring
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equation). Error analysis assumed a 10% error in the rate
constant and 1 K in the temperature. Errors were computed
by published methods.33

Synthesis. All reactions were carried out with rigorous
exclusion of air using Schlenk tube techniques. Solvents were
dried by known procedures and distilled under argon prior to
use. OsH6(PiPr3)2 (1) was prepared as reported.34

Preparation of OsH3{C6H4C(O)C6H5}(PiPr3)2 (2). A color-
less solution of OsH6(PiPr3)2 (100 mg, 0.193 mmol) in 10 mL
of toluene was treated with benzophenone (42.20 mg, 0.232
mmol) and heated under reflux for 5 h. The purple solution
was filtered through Celite and dried in vacuo. Methanol was
added to afford a purple solid, which was washed with
methanol at -78 °C and dried in vacuo. Yield: 83.4 mg (62%).
Anal. Calcd for C31H54P2OOs: C 53.58; H 7.83. Found: C 53.65;
H 7.96. IR (KBr, cm-1): ν(OsH) 2185 (m), 2133 (m), 1946 (s);
ν(CO) 1580 (s). 1H NMR (300 MHz, C6D6, 293 K): δ 8.94 (d,
J(HH) ) 7.6 Hz, 1H, HOs-Ph), 8.00 (d, J(HH) ) 7.6 Hz, 1H,
HOs-Ph), 7.86 (d, J(HH) ) 8.1 Hz, 2H, Hortho-Ph), 7.18 (dd, J(HH)
) 8.1 Hz, J(HH) ) 7.5 Hz, 2H, Hmeta-Ph), 7.11 (t, J(HH) ) 7.5
Hz, 1H, Hpara-Ph), 6.97 and 6.82 (both vt, J(HH) ) 7.6 Hz, 1H,
HOs-Ph), 1.83 (m, 6H, PCH), 1.06 (dvt, N ) 12.6 Hz, J(HH) )
6.6 Hz, 18H, PCCH3), 1.04 (dvt, N ) 12.6 Hz, J(HH) ) 6.6
Hz, 18H, PCCH3), -7.92 (br, 2H, OsH), -12.67 (br, 1H, OsH).
31P{1H} NMR (121.42 MHz, C6D6, 293 K): δ 31.3 (s). 13C{1H}
NMR (75.42 MHz, C6D6, 293 K): δ 215.4 (t, J(CP) ) 5.6 Hz,
OsC), 203.8 (t, J(CP) ) 2.3 Hz, CdO), 147.3 (s, CH), 140.8,
139.1 (both s, Cipso), 134.6, 130.4, 130.0, 129.7, 128.4, 118.2
(all s, CH), 27.6 (vt, N ) 24.6 Hz, PCH), 20.0 (s, PCCH3), 19.9
(s, PCCH3). MS (FAB+): m/z 692 (M+ - 2H). T1(min) (ms, OsH3,
300 MHz, C7D8, 228K): 69 ( 6 (-3.35 ppm), 83 ( 3 (-11.13
ppm), 107 ( 1 (-12.23 ppm). J(HA-HB) (Hz, C7D8): 43.2 (213
K), 37.5 (203 K), 37.5 (193 K), 28.8 (183 K). J(HA-HC) ) J(HB-
HC) ) 0 (Hz, C7D8, 213-183 K).

Preparation of OsH3{C6H4C(O)CH3}(PiPr3)2 (3). This
complex was prepared as described for 2 starting from 100
mg (0.193 mmol) of 1 and acetophenone (27.4 mL, 0.232 mmol).
A red solid was obtained. Yield: 74.7 mg (61%). Anal. Calcd
for C26H52P2OOs: C 49.35; H 8.28. Found: C 49.20; H 8.28.
IR (KBr, cm-1): ν(OsH) 2170 (m), 2149 (m), 1974 (s); ν(CO)
1698 (s). 1H NMR (300 MHz, C6D6, 293 K): δ 8.79 (d, J(HH)
) 7.5 Hz, 1H, HOs-Ph), 7.56 (d, J(HH) ) 7.5 Hz, 1H, HOs-Ph),
6.98 and 6.81 (both vt, J(HH) ) 7.5 Hz, 1H, HOs-Ph), 2.46 (t,
J(HP) ) 1.2 Hz, 3H, CH3), 1.83 (m, 6H, PCH), 1.04 (dvt, N )
12.6 Hz, J(HH) ) 6.9 Hz, 36H, PCCH3), -8.22 (br, 2H, OsH),
-13.30 (br, 1H, OsH). 31P{1H} NMR (121.42 MHz, C6D6, 293
K): δ 30.4 (s). 13C{1H} NMR (75.42 MHz, C6D6, 293 K): δ 211.4
(t, J(CP) ) 5.7 Hz, OsC), 207.8 (br s, CdO), 146.8 (s, CH), 142.2
(s, Cipso), 132.0, 130.6, 117.9 (all s, CH), 27.6 (vt, N ) 24.4 Hz,
PCH), 23.5 (s, CH3), 20.0 (s, PCCH3), 19.9 (s, PCCH3). MS
(FAB+): m/z 630 (M+ - 2 H). T1(min) (ms, OsH3, 300 MHz, C7D8,
213 K): 99 ( 2 (-4.09 ppm), 100 ( 2 (-12.32 ppm), 111 ( 1
(-13.35 ppm). J(HA-HB) (Hz, C7D8): 39.0 (213 K), 31.5 (203
K), 28.5 (193 K), 19.5 (183 K). J(HA-HC) ) J(HB-HC) ) 0 (Hz,
C7D8, 213-183 K).

Preparation of OsH3{C6F4C(O)CH3}(PiPr3)2 (4). This
complex was prepared as described for 2 starting from 100
mg (0.193 mmol) of 1 and pentafluoroacetophenone (33.05 mL,
0.232 mmol), method a; or 2,3,4,5-tetrafluoroacetophenone
(31.69 mL, 0.232 mmol), method b. A red solid was obtained.
Yield: 101.1 mg (74%), method a; 109.0 mg (80%), method b.
Anal. Calcd for C26H48F4P2OOs: C 44.31; H 6.86. Found: C
44.02; H 6.95. IR (KBr, cm-1): ν(OsH) 2208 (m), 2140 (m), 2044
(s); ν(CO) 1699 (s). 1H NMR (300 MHz, C6D6, 293 K): δ 2.64
(dt, J(HF) ) 4.8 Hz, J(HP) ) 1.8 Hz, 3H, CH3), 1.62 (m, 6H,

PCH), 0.93 (dvt, N ) 13.5 Hz, J(HH) ) 6.9 Hz, 18H, PCCH3),
0.90 (dvt, N ) 13.5 Hz, J(HH) ) 6.9 Hz, 18H, PCCH3), -10.28
(br, 3H, OsH). 31P{1H} NMR (121.42 MHz, C6D6, 293 K): δ
30.7 (s). 19F NMR (282.33 MHz, C6D6, 293 K): δ -169.7,
-152.7, -138.9, and -102.4 (all m, 4F, FOs-Ph). 13C{1H} NMR
(75.42 MHz, C6D6, 293K): δ 202.9 (s, CdO), 188.3 (dm,
J(CFortho) ) 56.5 Hz, OsC), 151.4 (ddd, J(CF) ) 260.5 Hz, J(CF)
) 7.8 Hz, J(CF) ) 4 Hz, CF), 148.6 (dd, J(CF) ) 226.0 Hz,
J(CF) ) 4 Hz, CF), 143.2 (ddd, J(CF) ) 265.7 Hz, J(CF) )
28.0 Hz, J(CF) ) 13.3 Hz, CF), 132.6 (dvt, J(CF) ) 241.2 Hz,
J(CF) ) 16.4 Hz, CF), 124.7 (dd, J(CF) ) 15.1 Hz, J(FC) ) 4
Hz, Cipso), 28.0 (d, J(CF) ) 8.7 Hz, CH3), 27.6 (vt, N ) 24.8
Hz, PCH), 19.7 (s, PCCH3), 19.6 (s, PCCH3). MS (FAB+): m/z
704 (M+ - 2H). T1(min) (ms, OsH3, 300 MHz, C7D8, 223 K): 111
( 2 (-4.25 ppm, 1H), 92 ( 1 (-12.82 ppm, 2H).

Preparation of OsH3{C6F4C(O)C6F5}(PiPr3)2 (5). This
complex was prepared as described for 2 starting from 100
mg (0.193 mmol) of 1 and decafluorobenzophenone (84.15 mg,
0.232 mmol). A purple solid was obtained. Yield: 93.0 mg
(56%). Anal. Calcd for C31H45F9P2OOs: C 43.46; H 5.29.
Found: C 43.35; H 5.32. IR (KBr, cm-1): ν(OsH) 2162 (m),
2023 (m), 1992 (s); ν(CO) 1647 (s). 1H NMR (300 MHz, C6D6,
293 K): 1.64 (m, 6H, PCH), 0.99 (dvt, N ) 13.5 Hz, J(HH) )
6.9 Hz, 18 H, PCCH3), 0.85 (dvt, N ) 13.5 Hz, J(HH) ) 6.9
Hz, 18H, PCCH3), -9.01 (br, 3 H, OsH). 31P{1H} NMR (121.42
MHz, C6D6, 293 K): δ 34.4 (s). 19F NMR (282.33 MHz, C6D6,
293 K): δ -167.9 (m, 1F, FOs-Ph), -162.5 (m, 2F, FPh), -152.3
(m, 1F, FPh), -152.0 (m, 1F, FOs-Ph), -143.3 (m, 2F, FPh),
-140.2 (m, 1F, FOs-Ph), -102.3 (m, 1F, FOs-Ph). 13C{1H} NMR
(75.42 MHz, C6D6, 293 K): δ 198.1 (dm, J(CFortho) ) 61.7 Hz,
OsC), 181.7 (s, CdO), 150-110 (multiplets due to 9 aromatic
carbon atoms), 27.0 (vt, N ) 25.7 Hz, PCH), 19.6 (s, PCCH3),
19.2 (s, PCCH3). MS (FAB+): m/z 856 (M+ - 2H). T1(min) (ms,
OsH3, 300 MHz, C7D8, 223 K): 87 ( 7 (-3.89 ppm, 1H), 93 (
2 (-11.43 ppm, 2H).

Preparation of OsH3{C6H3FC(O)CH3}(PiPr3)2 (6). This
complex was prepared as described for 2 starting from 100
mg (0.193 mmol) of 1 and 2-fluoroacetophenone (28.6 mL, 0.232
mmol), method a; or 2,6-difluoroacetophenone (33.0 mL, 0.232
mmol), method b.A red solid was obtained. Yield: 90.9 mg
(72%), method a; 94.4 mg (75%), method b. Anal. Calcd for
C26H51FP2OOs: C 47.98; H 7.90. Found: C 47.74; H 8.16. IR
(KBr, cm-1): ν(OsH) 2161 (m), 1968 (m), 1890 (s); ν(CO) 1601
(s). 1H NMR (300 MHz, C6D6, 293 K): δ 8.48 (d, J(HH) ) 7.5
Hz, 1H, HOs-Ph), 6.74 (vtd, J(HH) ) 7.5 Hz, J(HF) ) 5.1 Hz,
1H, HOs-Ph), 6.42 (dd, J(HH) ) 7.5 Hz, J (HF) ) 12.3 Hz, 1H,
HOs-Ph), 2.86 (dt, J(HF) ) 4.8 Hz, J(HP) ) 1.5 Hz, 3H, CH3),
1.76 (m, 6H, PCH), 1.02 (dvt, N ) 12.9 Hz, J(HH) ) 6.6 Hz,
36H, PCCH3), -8.34 (br, 2H, OsH), -13.27 (br, 1H, OsH). 31P-
{1H} NMR (121.42 MHz, C6D6, 293 K): δ 30.3 (s). 19F NMR
(282.33 MHz, C6D6, 293 K): δ -111.2 (m). 13C{1H} NMR (75.42
MHz, C6D6, 293 K): δ 215.8 (dt, J(CP) ) 5.8 Hz, J(CF) ) 5.7
Hz, OsC), 205.2 (dt, J(CF) ) 5.5 Hz, J(CP) ) 2.7 Hz, CdO),
168.4 (d, J(CF) ) 260.6 Hz, CF), 142.6 (d, J(CF) ) 5 Hz), 131.6
(d, J(CF) ) 7.8 Hz, CF), 130.6 (d, J(CF) ) 5.0 Hz, Cipso), 103.4
(d, J(CF) ) 21.6 Hz, C-F), 28.6 (d, J(CF) ) 8.7 Hz, CH3), 27.6
(vt, N ) 24.4 Hz, PCH), 19.9 (s, PCCH3), 19.8 (s, PCCH3). MS
(FAB+): m/z ) 650 (M+ - 2 H). T1(min) (ms, OsH3, 300 MHz,
C7D8, 213 K): 84 ( 3 (-4.09 ppm), 103 ( 2 (-11.76 ppm), 118
( 1 (-13.03 ppm). J(HA-HB) (Hz, C7D8): 50.5 (223 K), 44.2
(213 K), 37.9 (203 K), 31.6 (193 K), 18.9 (183 K). J(HA-HC) )
J(HB-HC) ) 0 (Hz, C7D8, 223-183 K).

Preparation of OsH3{C6F4C(O)C6H5}(PiPr3)2 (7). This
complex was prepared as described for 2 starting from 100
mg (0.193 mmol) of 1 and 2,3,4,5,6-pentafluorobenzophenone
(63.23 mg, 0.232 mmol). A purple solid was obtained. Yield:
89.0 mg (60%). Anal. Calcd for C31H50F4P2OOs: C 48.55; H
6.57. Found: C 48.15; H 6.57. IR (KBr, cm-1): ν(OsH) 2342
(m), 2150 (m), 1985 (s); ν(CO) 1636 (s). 1H NMR (300 MHz,

(33) Morse, P. M.; Spencer, M. D.; Wilson, S. R.; Girolami, G. S.
Organometallics 1994, 13, 1646.

(34) Aracama, M.; Esteruelas, M. A.; Lahoz, F. J.; López, J. A.;
Meyer, U.; Oro, L. A.; Werner, H. Inorg. Chem. 1991, 30, 288.
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C6D6, 293 K): δ 7.66 (dd, J(HH) ) 6.8 Hz, J(FH) ) 5.4 Hz, 2
H, HPh), 7.12 (vt, J(HH) ) 6.8 Hz, 2H, HPh), 7.07 (t, J(HH) )
6.8 Hz, 1H, HPh), 1.82 (m, 6H, PCH), 1.14 (dvt, N ) 12.9 Hz,
J(HH) ) 6.9 Hz, 36H, PCCH3), -9.19 (br, 3H, OsH). 31P{1H}
NMR (121.42 MHz, C6D6, 293 K): δ 32.0 (s). 19F NMR (282.33
MHz, C6D6, 293 K): δ -169.3 (m, 1F, FOs-Ph), -153.7 (m, 1F,
FOs-Ph), -132.4 (m, 1F, FOs-Ph), -102.5 (m, 1F, FOs-Ph). 13C-
{1H} NMR (75.42 MHz, C6D6, 293 K): δ 199.3 (s, CdO), 191.6
(dm, J(CFortho) ) 56.8 Hz, OsC), 150.9 (ddd, J(CF) ) 261.2 Hz,
J(CF) ) 10.3 Hz, J(CF) ) 3.1 Hz, CF), 148.6 (dm, J(CF) )
225.5 Hz, CF), 143.1 (ddd, J(CF) ) 264.8 Hz, J(CF) ) 28.3
Hz, J(CF) ) 12.8 Hz. CF), 140.4 (s, CH), 128.9 (s, CH), 128.8
(s, CH), 127.9 (s, Cipso), 123.9 (dm, J(CF) ) 20.2 Hz, Cipso-Os-Ph),
27.7 (vt, N ) 25.3 Hz, PCH), 19.8 (s, PCCH3), 19.7 (s, PCCH3).
MS (FAB+): m/z 766 (M+ - 2 H). T1(min) (ms, OsH3, 300 MHz,
C7D8, 228 K): 94 ( 2 (-4.14 ppm, 1H), 92 ( 1 (-11.70 ppm,
2H).

Crystal Data for 4 and 7. Crystals suitable for X-ray
diffraction analysis were mounted onto a glass fiber and
transferred to an Bruker-Siemens-P4 (4 and 7, T ) 173.0(2)
K) automatic diffractometer (Mo KR radiation, graphite
monocromator, λ ) 0.71073 Å). Accurate unit cell parameters
were determined by least-squares fitting from the settings of
high-angle reflections. Data were collected by the ω(4)ω/2θ(7)
scan method. Lorentz and polarization corrections were ap-
plied. Decay was monitored by measuring three standards
throughout data collection. Corrections for decay and absortion
(semiempirical ψ-scan method) were also applied.

The structures were solved by Patterson methods and
refined by full-matrix least-squares on F2 (4 and 7).35 Non
hydrogen atoms were anisotropically refined, and the hydrogen
atoms were observed or included at idealized positions. For 4,
the three hydride ligands were observed in the difference
Fourier maps and refined as free isotropic atoms. For 7, we
can also observe three peaks with appropriate intensity and
geometry for the hydride ligands. However, they do not support
a refinement as free isotropic atoms because of the presence
of residual electronic density close to the hydride ligands
(particularly H(03)). For this reason, we refine this ligands
with the distance to the osmium atom and isotropic parameters
restrained to the same values.

Computational Details. All calculations were carried out
with the Gaussian 98 package of programs36 using the density
functional theory (DFT)37 with the B3LYP functional.38 An
effective core potential operator was used to replace the 60
innermost electrons of Os.39 The basis set for the metal was
that associated with the pseudopotential,39 with a standard
valence double-ú LANL2DZ contraction.36 The basis set for the
hydrogen atoms directly attached to the metal, as well as for

the H atoms involved in the bond-breaking process, was a
double-ú supplemented with a polarization p shell.40a,b A 6-31G-
(d) basis was used for all the ring C atoms40c except for 7t, 10,
and 12 model compounds, in which only the ipso and ortho C
atoms were treated with such accuracy, the rest of the ring
carbons being described with a 6-31G basis set.40a The carbonyl
C atom was also described with a 6-31G(d) basis set, as well
as the O atom and the F atom at the ortho position of the
ring.40c The rest of the atoms were described with a 6-31G basis
set.40a,b

Acknowledgment. Financial support from the DGES
of Spain (Projects PB98-0916-02-01 and PB98-1591,
Programa de Promoción General de Conocimiento) is
acknowledged. J.T. acknowledges the “Direcció General
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