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Summary: The platinum(II) tris(pyrazol-1-yl)borate com-
plex [PtMe2{(pz)3BH-N,N′}]- reacts with phenol or aque-
ous HBF4 in acetone to form the dimethylhydridoplati-
num(IV) complex PtHMe2{(pz)3BH-N,N′,N′′}. The com-
plex decomposes above ∼140 °C in toluene-d8 to give
methane. Theoretical calculations at the SCF and MP2
levels for the species PtXMe2{(H2CdNsNH)3BH-N,N′,N′′}
(where X ) H, OH, Me and the fragment [(H2Cd-
NsNH)3BH]- is a model for [(pz)3BH]-) yield geometries
that compare well with structural reports for Pt(OH)-
Me2{(pz)3BH} and PdMe3{(pz)3BH}.

Studies of the chemistry of complexes containing both
σ-bonded organo and hydrido groups have been funda-
mental to the development of organometallic chemistry
and catalysis.1 For platinum, one of the most important
metals in catalysis, organohydridoplatinum(II) chem-
istry is well established2 but the first reports of alkyl-
hydridoplatinum(IV) complexes occurred only in 1995.3
The latter complexes, which include PtCl(H)Me2(N∼N)3b
(N∼N ) 2,2′-bipyridyl) and PtCl2(H)(CH2Ph)(N∼N)3c
(N∼N ) N,N,N′,N′′-tetramethylethylenediamine), are
formed by reaction of HCl with platinum(II) substrates
and readily decompose at or below ambient tempera-
ture. We report here the synthesis of a dimethylhydri-
doplatinum(IV) complex which decomposes above∼140
°C in the solid state and in solution, PtHMe2{(pz)3BH-
N,N′,N′′} ([(pz)3BH]- ) tris(pyrazol-1-yl)borate), to-
gether with theoretical calculations of the structure of
the complex and closely related species. The calcula-
tions appear to be the first reports of theoretical
modeling for the now classical4 tris(pyrazol-1-yl)borate
ligand.
The platinum(IV) complex may be isolated in the

reaction of phenol with an acetone solution containing
[PtMe2{(pz)3BH}]-, generated from [PtMe2(SEt2)]2 and
K[(pz)3BH].5 The complex has spectroscopic properties
consistent with the formulation PtHMe2{(pz)3BH};6 in
particular, the 1H NMR spectrum exhibits appropriate

integration, pyrazole ring environments in 2:1 ratio, a
single PtMe resonance with 2JPtH ) 68.4 Hz as expected
for Pt(IV),2,3b,7 δ(H) -20.2 ppm with 1JPtH ) 1358 Hz
as expected for a hydridoplatinum(IV) species,3 and
4JPtH ≈ 9 Hz for the pyrazole groups and the IR
spectrum shows νB-H (2475 cm-1) and νPt-H (2250 cm-1)
absorptions. The complex decomposes above ∼140 °C
in toluene-d8 to form platinum metal and methane, but
neither ethane nor ethene could be detected by NMR
or GC-MS.8 The hydridoplatinum(IV) complex is as-
sumed to be formed by protonation of platinum(II) by
phenol, and consistent with this interpretation a solu-
tion of the hydrido complex is rapidly formed on addition
of aqueous HBF4 (54%, Aldrich) to [PtMe2{(pz)3BH}]-
in acetone-d6.
Protonation of the platinum atom of [PtMe2{(pz)3BH}]-

could occur by direct means or perhaps via protonation
of the uncoordinated pyrazole group, since these groups
in other complexes of this ligand appear to be easily
protonated.9 Moreover, it is known that “platinum-
(II)‚‚‚protonated amine” interactions occur in some
complexes.10,11 Calculations on protonated metal cen-
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ters, and on protonation of donor atoms adjacent to
metal centers, have been undertaken recently in our
laboratory, in particular for palladium as the metal
center in calculations.11,12 We have developed this work
further to include a model for the tris(pyrazol-1-yl)-
borate ligand system in order to explore the mechanism
of protonation and to calculate a structure for the
platinum(IV) complex. Thus, theoretical calculations
were carried out using the Gaussian 94 program13 on
the model systems 1 and 4, together with 2 and 3, in
view of X-ray structural reports for closely related
PdMe3{(pz)3BH}14 and Pt(OH)Me2{(pz)3BH},15 where
the simple ligand skeleton [(H2CdNsNH)3BH]- in place
of [(pz)3BH]- serves to reduce the computations to a
workable range.

The results reported here were obtained from a
geometry optimization of 1-4 carried out with a gradi-
ent technique at the SCF level, followed, for the assess-
ment of the relative stabilities of 1 and 4, by an MP2
geometry and energy determination (MP2//MP2 level)16
of these two systems. This showed (vide infra) that
optimizing the geometry at the MP2 level does not
change the main conclusions from the MP2//HF level
calculations.10b,21
The SCF-computed bond lengths are in good agree-

ment with X-ray structural data for 3 and the palladium

analogue of 2 (Table 1), except for the equatorial Pt-N
bonds, which are systematically too long. This may be
due to the neglect of electron correlation in the geometry
optimization process and/or to the model used for the
ligand, which lacks conjugation for the pyrazole rings.
Consistent with the first hypothesis, an MP2 geometry
optimization carried out on 1 yielded a shortening of
the two equatorial Pt-N bonds from 2.23 to 2.18 Å on
going from SCF to MP2 and of the axial Pt-N bond from
2.27 to 2.21 Å (Table 1). However, the variations in the
Pt-N bond length are well reproduced at the SCF level,
and thus for X ) OH the computed Pt-N bond length
trans to the hydroxo group is shorter than the equatorial
length by 0.11 Å, as found in the X-ray structure for
Pt(OH)Me2{(pz)3BH}, where the shortening is 0.13 Å.
The Pt-N bond trans to X is lengthened by 0.12 Å on
going from X ) OH to X ) Me, reflecting the stronger
trans influence of the methyl group. Although the
structure of PtMe3{(pz)3BH} has not been determined,
a similar lengthening of 0.16 Å occurs for PdMe3{(pz)3-
BH} compared to Pt(OH)Me2{(pz)3BH}. The SCF-
optimized geometry of the PdMe3{(H2CdNsNH)3BH}

(11) Wehman-Ooyevaar, I. C. M.; Grove, D. M.; de Vaal, P.; Dedieu,
A.; van Koten, G. Inorg. Chem. 1992, 31, 5484.

(12) Milet, A.; Dedieu, A. Theor. Chim. Acta 1995, 92, 361.
(13) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;

Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson,
G. A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.;
Zakrzewski, V. G.; Ortiz, J. V.; Foresman, J. B.; Peng, C. Y.; Ayala, P.
Y.; Chen, W.; Wong, M. W.; Andres, J. L.; Replogle, E. S.; Gomperts,
R.; Martin, R. L.; Fox, D. J.; Binkley, J. S.; Defrees, D. J.; Baker, J.;
Stewart, J. P.; Head-Gordon, M.; Gonzalez, C.; Pople, J. A. Gaussian
94, Revision B.2; Gaussian, Inc., Pittsburgh, PA, 1995.

(14) Canty, A. J.; Jin, H.; Roberts, A. S.; Skelton, B. W.; Traill, P.
R.; White, A. H. Organometallics 1995, 14, 199.

(15) Canty, A. J.; Fritsche, S. D.; Jin, H.; Skelton, B. W.; White, A.
H. J. Organomet. Chem. 1995, 490, C18.

(16) (a) The basis set was a split-valence-type basis set without
polarization functions, except for the active hydrogen atom. The 60
innermost core electrons (up to 4d) of the platinum atom were described
by the relativistic pseudopotential of Hay and Wadt17 and the remain-
ing outer core and valence electrons by an (8,6,4) 〈3,3,2〉 basis set.17
The carbon, nitrogen, and oxygen atoms were described by a (9,5) basis
set contracted into 〈3,2〉18 and the hydrogen atoms of the CH3, NH3,
and [(H2CdNsNH)3BH] ligands by a (4) contracted to 〈2〉 basis set.19
The hydrido ligand of 1 was described by a somewhat more flexible
(6,1) contracted to 〈3,1〉 basis set,18 where the exponent of the p
polarization function was set at 0.8. The basis set for the oxygen atom
in 3 was also supplemented by a d polarization function of exponent
1.0. (b) Cs symmetry was maintained throughout the calculations. For
X ) OH the orientation of the OH group, with H below the methyl
groups, was considered. Related calculations on the palladium ana-
logue20 with two different orientations for OH, one with H below the
methyl groups and another below the [(H2CdNsNH)3BH]- group,
showed both to be essentially the same, the energy difference between
the two isomers being less than 1 kcal mol-1. (c) The MP2 calculations
were carried out with a frozen core. (d) Total energies (in au) of the
local minima are as follows: for 1, SCF -668.1864, MP2//HF -669.5696,
MP2//MP2 -669.5897; for 2, SCF -707.1638; for 3, SCF -743.0013;
for 4, SCF -668.1851, MP2//HF -669.5337, MP2//MP2 -669.5558.

(17) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985, 82, 270.
(18) Huzinaga, S. Technical Report, University of Alberta, Edmon-

ton, Alberta, Canada, 1971.
(19) Huzinaga, S. J. Chem. Phys. 1965, 42, 1293.
(20) Milet, A.; Dedieu, A. Unpublished results.
(21) The same conclusion was also reached from calculations on

simpler palladium model systems. For example, when the hydridopal-
ladium(IV) system PdCl(H)3(NH3)2 is compared with its zwitterionic
palladium(II) tautomer [PdCl(H)2(NH3)-‚‚‚H-NH3

+], energy differ-
ences in favor of the Pd(IV) system are found: 11.1 kcal mol-1 at the
MP2//HF level and 10.3 kcal mol-1 at the MP2//MP2 level. Thus, the
level of the optimization (either HF or MP2) has no strong influence
on the energy difference. Improving either the level of electron
correlation (by performing MP4 calculations) or the quality of the basis
set (by adding diffuse and polarization functions) also does not cause
substantial changes. In the first case the energy difference is reduced
by 3.4 kcal mol-1, and in the second case it is increased by 3.3 kcal
mol-1; thus, the two improvements essentially cancel each other.

Table 1. Computed Bond Lengths (Å) at the SCF
Level for Species 1-3 That Model PtXMe2{(pz)3BH}

(X ) H, OH, Me)
Pt-X Pt-Nax Pt-Neq Pt-CMe

1: X ) H 1.51 (1.53)a 2.27 (2.21)a 2.23 (2.18)a 2.07 (2.10)a
2: X ) Me 2.06 (2.03)b 2.24 (2.18)b 2.24 (2.18)b 2.06 (2.03)b
3: X ) OH 1.96 (1.98)b 2.12 (2.02)b 2.23 (2.15)b 2.06 (2.05)b

a MP2 values. b Values determined by X-ray structural studies
for PdMe3{(pz)3BH} (Pd-C ) 2.024(5), 2.032(7), 2.034(4) Å; Pd-N
) 2.174(3), 2.177(3), 2.178(4) Å)14 and Pt(OH)Me2{(pz)3BH} (Pt-O
) 1.984(5) Å; Pt-N ) 2.022(5), 2.151(3) Å; Pt-C ) 2.048(5) Å).15
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model system is also in good agreement with the
experimental structure of PdMe3{(pz)3BH}.20,22 Thus,
all these results give credence to the values optimized
for 1 and suggest that [(H2CdNsNH)3BH]- is a suitable
model for [(pz)3BH]-.
The computed Pt-H bond length for 1, 1.51 and 1.53

Å at the SCF and MP2 levels, respectively, appears
reasonable when compared with the (apparently) single
organohydridoplatinum(II) structure, for which Pt-H
has been determined by X-ray crystallography (1.56(5)
Å for PtH(CH2CMe3)(Cy2PCH2CH2PCy2)23).
Calculations for species 4, involving protonation of the

uncoordinated pyrazole group, result in a local mini-
mum on the potential hypersurface, although it is much
less stable than the hydridoplatinum(IV) species 1 by
22.5 and 21.3 kcal mol-1 at the MP2//HF and MP2//MP2
levels, respectively.24 The calculated structure for the
Pt‚‚‚H-N unit (Pt‚‚‚H ) 1.89 Å, N-H ) 1.11 Å,
Pt‚‚‚H-N ) 164.5°) is quite similar to that observed in
the X-ray structure for square-pyramidal PtBr(1-C10H6-
NMe2-8-C,N)(1-C10H6NHMe2-8-C,NH),10b which has
Pt‚‚‚H in the axial position (Pt‚‚‚H ) 2.11(5) Å, N-H )
0.88(5) Å, Pt‚‚‚H-N ) 168(4)°).
Another interesting feature revealed by the theoreti-

cal study is that no local minimum corresponding to a
five-coordinate platinum(IV) complex, with the imino

nitrogen atom either on top of the platinum atom (5) or
on top of the hydrido ligand (6), could be obtained.
Instead, geometry optimizations (either at the SCF or
MP2 levels) starting from such structures converged
invariably to 1 and 4, respectively.

Thus, the theoretical results for model species 2 and
3 show good agreement with X-ray structural studies
of related complexes, enhancing the validity of the
calculated structure for the title complex PtHMe2{(pz)3-
BH} and indicating that [(H2CdN-NH)3BH]- is a
satisfactory model for the tris(pyrazol-1-yl)borate ligand.
In addition they indicate that, at least in the gas phase,
protonation of [PtMe2{(pz)3BH}]- occurs on the face
opposite to the uncoordinated nitrogen atom and leads
to the six-coordinate platinum(IV) complex 1, the model
species corresponding to PtHMe2{(pz)3BH}.
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(22) The SCF-optimized bond lengths are Pd-C ) 2.05 Å and Pd-N
) 2.29 Å. This yields a value of 0.17 Å for the lengthening of the
metal-nitrogen bond trans to X for PdMe3{(H2CdN-NH)3BH} com-
pared to Pt(OH)Me2{(H2CdNsNH)3BH}, in excellent agreement with
the experimental value (0.16 Å).

(23) Hackett, M.; Ibers, J. A.; Whitesides, G. M. J. Am. Chem. Soc.
1988, 110, 1436.

(24) It is interesting to note that this conclusion is obtained only
when electron correlation is taken into account. At the SCF level 4 is
less stable than 1 by only 0.8 kcal mol-1. This is traced to the
underestimation, by the HF calculations, of the energy of protonation
at the metal.12 A similar feature is found for the palladium(IV) system
and its zwitterionic tautomer. For this, the analogue of 4 is more stable
than the analogue of 1 by 22 kcal mol-1 at the HF//HF level and less
stable by 11.3 kcal mol-1 at the MP2//HF level.20 The decrease in the
differential effect on going from Pd to Pt is traced to the fact that in
the Pd zwitterionic complex the metal‚‚‚hydrogen interaction is mainly
electrostatic, whereas it has more covalent character in the Pt system.11
An indication of the increase in the covalent character for the Pt system
is the change in the geometrical parameters for the Pt‚‚‚H-N unit on
going from SCF to MP2: the SCF level gives Pt-H ) 2.17 Å and N-H
) 1.03 Å; the MP2 level gives 1.89 and 1.11 Å, respectively.
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