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Density functional theory and the polarizable continuum solvation model have been applied to compute
thermodynamic hydride donor abilities of cationic [MH(diphosphine)2]+ complexes (M) Ni, Pd, Pt).
The accuracy of the applied computational methods has been assessed by comparison of calculated Gibbs
free energies of reactions involving the hydrides as products with available experimental data. The mean
absolute deviation of the calculated results from experiment varies between 2 and 5 kcal/mol depending
on the choice of the solute cavity model. The PCM-UA0 method, which was found to provide the
most reliable predictions for the investigated reactions, was applied to estimate the hydricity of
[MH(diphosphine)2]+ complexes. The recently synthesized [PdH(dppe)2]+ cation is predicted to be an
effective hydride donor.

Introduction

Transition metal hydride complexes are usually very reactive
species, which may undergo a variety of chemical transforma-
tions including protonation and deprotonation, hydride transfer,
insertion reactions with unsaturated compounds, or H-transfer
via homolytic M-H bond dissociation.1 A wide range of
homogeneous catalytic reactions are also thought to involve
metal hydrides either as reaction intermediates or as the active
forms of the catalysts.2,3 The reactivity of metal hydrides is often
associated with their abilities to function as H+, H-, or H atom
donors; therefore, it is of great interest to identify the factors
that govern the acidity and hydricity of the M-H bonds. These
properties can be quantitatively assessed either by kinetic
measurements4 or by thermodynamic data obtained usually from
equilibrium studies.5

Thermodynamic hydricities, defined as the standard Gibbs
free energy (∆G°H-) of reaction 1, have shown to be particu-
larly sensitive to the nature of the metal atom (M) and the

electronic properties of the coordinating ligands (L).6 For
example, recent thermodynamic studies on [MH(diphosphine)2]+

complexes (where M) Ni, Pd, Pt) reported by DuBois et al.6c,e,f

indicated that the hydride donor abilities vary in the range 42-
70 kcal/mol following the order Pdg Pt > Ni for a given
chelating ligand. Correlation has also been established between
the natural bite angle of various diphosphines and the hydricities
of [PdH(diphosphine)2]+ complexes.6f

In principle, quantum chemical calculations may provide an
alternative way to determine the relative hydricities by calculat-
ing the Gibbs free energies of the species involved in reaction
1. However, the computation of vibrational frequencies required
to estimate the zero-point energy component of the thermody-
namical state functions render the quantum chemical calculations
rather time-consuming, for larger L ligands even computation-
ally prohibitive. Another limiting factor in these calculations is
that a reliable model is needed to account for solvent effects,
since the energy balance of reaction 1, which involves charged
species, is fairly sensitive to the reaction medium. Quantum
chemical continuum solvation models7 have long been used in
theoretical studies of chemical reactivity in solutions, and recent
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developments introduced in the family of PCM (polarizable
continuum model)8 and CPCM (conductor-like polarizable
continuum model)9 methods offer an efficient methodology for
larger solute molecules as well.

Several recent theoretical investigations indicate that con-
tinuum solvation models can be successfully applied to compute
solvation free energies of neutral and ionic organic molecules.10

These models have also gained wide acceptance in mechanistic
studies of organometallic reactions;11 however, the applicability
for charged metal systems, such as those involved in hydride
transfer reactions, is quite unexplored.

In the present work, we focus on a series of reactions that
have been studied experimentally to determine the hydride donor
ability of [MHL 2]+ type complexes,6c where M) Ni or Pt, and
L is one of the following diphosphine ligands: 1,2-bis-
(dimethylphosphino)ethane (dmpe), 1,2-bis(diethylphosphino)-
ethane (depe), and 1,3-bis(dimethylphosphino)propane (dmpp).
The method proposed by DuBois et al. is based on equilibrium
measurements for the heterolytic cleavage of H2 by [ML2]2+

complexes in the presence of appropriately chosen bases
(reaction 2).

We applied density functional theory in conjunction with
various continuum solvation models to compute the free
enthalpy of reaction 2 for a set of [ML2]2+ complexes and
compare the obtained results with those from equilibrium
measurements.6c The level of agreement we found between

theory and experiment encouraged us to investigate the pos-
sibility of calculating hydricities directly according to reaction
1.

Investigated Reactions and Experimental Background

First, we briefly summarize the basic ideas of the method
proposed by DuBois et al. in their recent work6c for measuring
the hydride donor abilities of transition metal hydrides. As
described in ref 6c, the equilibrium measurements for the
heterolytic cleavage of H2 were carried out at room temperature
using acetonitrile as a solvent and hydrogen at 1.0 atm pressure.
Since the position of equilibrium in reaction 2 depends strongly
on the pKa value of BH+, an appropriate base had to be chosen
to reach detectable equilibrium in a reasonable time period. Of
the reactions reported by DuBois et al., we have investigated
five systems in our present study, for which the measured
equilibrium constants and the reaction free enthalpies are listed
in Table 1. The structures and the notations used for the
chelating ligands and the bases are shown in Chart 1.

The free enthalpy of reaction 2 (∆G2) can be used to
determine the thermodynamic hydride donor ability of cationic
hydrides using the thermodynamic cycle defined by reactions
3-5.

On the basis of this cycle, the∆G°H- value for a given
hydride is obtained from eq 7, where 76.0 kcal/mol refers to
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Chart 1

[ML 2]
2+ + H2 + B f [MHL 2]

+ + BH+ (2)

Table 1. Investigated Systems for Reaction 2a

M L B pKa(BH+) K2 ∆G2 ∆G°H-

Ni dmpe NEt3 18.5 0.49 +0.4 50.8
depe p-anisidine 11.3 0.00052 +4.5 56.0
dmpp p-bromoaniline 9.6 0.016 +2.5 60.4

Pt dmpe TMG 23.3 0.089 +2.8 42.0
depe NEt3 18.5 1.7 -0.3 51.0

a The pKa values refer to those measured in acetonitrile (see ref 6c);K2

denotes the equilibrium constant values for reaction 2 as obtained from ref
6c; ∆G2 ) -RT ln K2 ) -1.37 logK2; ∆G°H- is calculated using eq 7.
Free enthalpies are given in kcal/mol.

[MHL 2]
+ + BH+ f

[ML 2]
2+ + H2 + B -∆G2 (3)

B + H+ f BH+ -1.37pKa(BH+) (4)

H2 f H+ + H- 76.0 kcal/mol (5)

[MHL 2]
+ f [ML 2]

2+ + H- ∆G°H- (6)

Hydride Donor Abilities of Cationic Complexes Organometallics, Vol. 25, No. 4, 2006821



the experimental free enthalpy of the heterolytic cleavage of
H2 in acetonitrile (reaction 5).

The experimental hydride donor abilities determined from
eq 7 are shown in the last coloumn of Table 1.

Computational Details

Geometry optimizations for the species involved in reaction 2
were carried out at the B3LYP/SDDP level of density functional
theory using the Gaussian 03 package,12 where B3LYP is the
applied hybrid functional13-15 and SDDP refers to a basis set
including the Stuttgart-Dresden relativistic small core ECP basis
set for rhodium and the Dunning/Huzinaga DZ+ polarization all-
electron basis set for the lighter atoms.16-19 The harmonic vibra-
tional frequencies were then calculated at the same level, which
were used to estimate the zero-point energy (ZPE) and thermal
contributions to the gas-phase Gibbs free energies (Gg) of the
reaction components. The thermal corrections toGg were calculated
for standard conditions (T ) 298 K andp ) 1.0 atm).

The free energies of solvation, hereafter referred to asGs, were
obtained from self-consistent reaction field (SCRF) calculations
carried out at the B3LYP/SDDP level for the geometry-optimized
structures. Three different PCM variants were probed in these
calculations that differ in the choice of cavity models. In the PCM-
UFF model, the cavity in which the solute molecule resides is
defined by the envelopes of atom-centered spheres with atomic radii
from the universal force field (UFF) model.20 Hydrogen atoms have
individual spheres in this model, whereas in the PCM-UA0 model,
the hydrogens are enclosed in the sphere of the heavy atom they
are bound to, and the sphere radii are defined according to the
united-atom topological model (UATM).20 The cavities used in the
PCM-UAHF method are also built from spheres centered on heavy
atoms; however, the radii are defined according to the united-atom
for Hartree-Fock (UAHF) procedure.20 The dielectric constant in
the PCM calculations was set toε ) 36.6 to simulate the acetonitrile
solvent medium. All SCRF calculations were carried out with
Gaussian 03.12

Results and Discussion

A. Structure of [MHL 2]+ and [ML 2]2+ Complexes.We
begin our discussion by reviewing the structures of cationic
metal complexes involved in the hydride transfer reactions.
Representative structures from the series of investigated diphos-
phine complexes are illustrated in Figure 1, and selected
optimized structural parameters along with available experi-
mental data are given in Tables 2 and 3.

In agreement with crystallographic data,5e the [M(dmpe)2]2+

and [Ni(depe)2]2+ cations are predicted to have nearly planar
structures, as indicated by trans P-M-P bond angles (P1-M-
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Figure 1. Geometry-optimized structures of selected cationic [ML2]2+ and [MHL2]+ complexes (alkyl substituents on P atoms are omitted
for clarity).

∆G°H- ) -∆G2 - 1.37pKa(BH+) + 76.0 kcal/mol (7)

Table 2. Selected Structural Parameters for [ML2]2+

Complexesa

distance (in Å) angle (in deg)

complex M-Pi P1-M-P2 P1-M-P3

[Ni(dmpe)2]2+ 2.28 [2.21] 85.9 [86.3] 175.0 [177.7]
[Ni(depe)2]2+ 2.31 [2.23] 85.7 [84.8] 171.7 [180.0]
[Ni(dmpp)2]2+ 2.29 [2.21] 91.6 [91.5] 143.5 [148.7]
[Pt(dmpe)2]2+ 2.39 [2.31] 84.1 [84.5] 176.6 [180.0]
[Pt(dmpp)2]2+ 2.42 [2.31] 88.5 [88.1] 159.7 [171.9]

a Numbering of P atoms is shown in Figure 1; average values of
experimental data taken from ref 5e are shown in brackets.
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P3 in Table 2), which are close to a straight angle in these
complexes. On the other hand, the two [M(dmpp)2]2+ complexes
exhibit significant tetrahedral distortions, which appears to be
more important in [Ni(dmpp)2]2+. The calculated M-P bonds
are systematically longer than the experimental values, which
might be due to the approximated exchange-correlation energy
functional (B3LYP) and also because the effect of counterions
is neglected in the gas-phase calculations. The experimental bite
angles (P1-M-P2) are, however, well reproduced in the
calculations.

The geometry-optimized structures of the hydride complexes
display a distorted trigonal bipyramidal arrangement of the
coordinated ligands with the hydride and one of the phosphorus
atoms (P2 in Figure 1) in the axial positions. Similarly to what
we found previously for the [PdH(dppe)2]+ cation,22 the two
chelating phosphines in the present hydrides are perpendicular
to each other, one of them being coplanar with the M-H bond,
whereas the other lies nearly perpendicular to the hydride bond.
The calculated M-P distances suggest that this latter phosphine
forms a weaker bond with the metal center, which can be
attributed to the relatively narrow bite angles in the present
chelating ligands that impose distortions from the ideal trigonal
structure (with P1-M-P2 ) 120°) represented by unconstrained
[MH(PR3)4]+ complexes.23 We note that the M-H bond lengths
are not sensitive to the nature of the phosphine ligands; therefore
they are not expected to correlate with the hydride donor abilities
of the [MHL2]+ complexes.

B. Heterolytic Cleavage of Hydrogen. To monitor the
accuracy of various DFT-PCM methods for the estimation of
free enthalpies of hydride transfer reactions involving the
[ML 2]2+ and [MHL2]+ complexes, we calculated the free
enthalpy changes for the heterolytic cleavage of H2 represented
by reaction 2. The gas-phase values and the solvation free
enthalpies calculated with the PCM-UA0 solvation model are
summarized in Table 4, and a comparison of mean absolute
deviations (MAD) of the results obtained with three different
methods from the experimental data is presented in Table 5.

As expected, the gas-phase calculations give huge errors for
the reaction free enthalpies. The reactions are predicted to be
highly exergonic, since the stabilization of charged species is
not taken into account in the gas-phase model. The doubly
charged [ML2]2+ species exhibit particularly large solvent
effects, as seen from theGs values, which are all close to-100
kcal/mol. For the B and [MHL2]+ components, the solvation
free enthalpies are predicted to be below(10 kcal/mol;
however, the protonated forms of the bases are found to have
important solvent effects as well (Gs varies between-30 and
-60 kcal/mol). Since the sum of the solvation free enthalpies
(∆Gs according to reaction 2) becomes comparable to∆Gg for
each reaction, the final values of the predicted reaction free
enthalpies (∆G2(calc) ) ∆Gg + ∆Gs) are all close to zero to
within a few kcal/mol, which is in line with the results of
equilibrium measurements.6c

The mean absolute deviation of the∆G2(calc) values obtained
with the PCM-UA0 model from the experimental data is 2.4
kcal/mol, which is surprisingly small considering that the
investigated reactions involve metal complexes with varying
charges and that∆G2(calc) is a signed sum of relatively large
energy values. Table 5 indicates that the other two solvation
models (PCM-UFF and PCM-UAHF) provide slightly larger
MAD values (3.5 and 5.5 kcal/mol, respectively) and also that
the deviations scatter in a wider energy range than those found
with the PCM-UA0 method. One cannot, of course, draw any
general conclusion for the accuracy of the solvation models from
these results, since no systematic investigation of possible
sources of errors is provided in the present study; however, for

(21) Barone, V.; Cosi, M.; Tomasi, J.J. Chem. Phys.1997, 107, 3210.
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3662.

Table 3. Selected Structural Parameters for [MHL2]+ Complexesa

distance (in Å) angle (in deg)

complex M-P1 M-P2 M-P3 M-P4 M-H P1-M-P2 P3-M-P4

[NiH(dmpe)2]+ 2.20 2.25 2.32 2.30 1.451 88.9 90.6
[NiH(depe)2]+ 2.22 2.27 2.30 2.35 1.448 88.4 91.2
[NiH(dmpp)2]+ 2.24 2.25 2.26 2.33 1.447 93.7 103.8
[PtH(dmpe)2]+ 2.33 2.40 2.49 2.46 1.595 85.6 85.2
[PtH(dmpp)2]+ 2.36 2.41 2.40 2.53 1.592 91.0 98.2.

a Numbering of P atoms is shown in Figure 1.

Table 4. Calculated Free Enthalpies (in kcal/mol) for Reaction 2 Using the PCM-UA0 Solvation Modela

Gs

complex ∆Gg [ML 2]2+ B [MHL 2]+ BH+ ∆Gs ∆G2(calc) ∆G2(exp)

[Ni(dmpe)2]2+ -49.9 -105.6 9.2 -12.0 -36.7 45.3 -4.6 0.4
[Ni(depe)2]2+ -24.2 -90.1 -1.7 -2.8 -55.9 30.7 6.5 4.5
[Ni(dmpp)2]2+ -29.4 -105.3 -3.7 -9.8 -63.2 33.6 4.2 2.5
[Pt(dmpe)2]2+ -52.0 -107.2 5.8 -8.6 -35.9 54.5 2.5 2.8
[Pt(dmpp)2]2+ -50.8 -104.6 9.2 -8.6 -36.7 47.7 -3.1 -0.3

a ∆Gg refers to gas-phase calculations;∆Gs is the signed sum of solvation Gibbs free energies (Gs) of components involved in reaction 2 (the calculated
Gs for H2 is 2.4 kcal/mol).∆G2 (calc) ) ∆Gg + ∆Gs. ∆G2(exp) denotes experimental data from ref 6c. For the applied bases, see Table 1.

Table 5. Calculated Free Enthalpies (in kcal/mol) for
Reaction 2 Using Various Solvation Modelsa

∆G2(calc)

complex PCM-UA0 PCM-UFF PCM-UAHF ∆G2(exp)

[Ni(dmpe)2]2+ -4.6 0.6 -8.1 0.4
[Ni(depe)2]2+ 2.5 6.6 -5.7 4.5
[Ni(dmpp)2]2+ 6.5 13.0 8.9 2.5
[Pt(dmpe)2]2+ 4.2 6.7 3.1 2.8
[Pt(dmpp)2]2+ -3.1 0.4 -5.5 -0.3
MAD 2.4 3.5 5.5

a ∆G2 (calc) values are obtained as described in Table 4. The mean
absolute deviations (MAD) of the calculated free enthalpies from the
experimental data6c are shown in the last row of the table.
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the set of reactions examined here, the PCM-UA0 model gives
clearly the most reliable results.

C. Predicting Thermodynamic Hydricities. As suggested
by DuBois et al.,6c the hydride donor abilities of cationic hydride
complexes can be estimated from eq 7. The∆G°H- values
derived from the calculated and experimental∆G2 data are listed
in Table 6. In principle, for a given [MHL2]+ hydride, the
calculated ∆G°H- should be invariant with respect to the
applied bases (see reaction 6); therefore the∆G°H-(calc) values
estimated by using different bases in reaction 2 may provide
additional information about the accuracy of the DFT-PCM
methodology. Table 6 shows that the MAD values of the
calculated hydricities from the experimental values vary in the
range 2.1-4.1 kcal/mol, indicating that the average error of the
B3LYP/SDDP+ PCM-UA0 methodology is about 3 kcal/mol.

We also note that the trend found for the variation of the
experimentally determined hydricities with respect to the nature
of the metal atom and the type of ligand L is also reasonably
reproduced by calculations: cationic Pt hydrides are always
better hydride donors than the corresponding Ni hydrides, and
for a given metal, hydride donor abilities follow the dmpe>
depe> dmpp order. These trends can probably be related to
the electronic structure of the metal center and theσ-donor/π-
acceptor properties of the chelating phosphines similarly to that
presented for the oxidative addition of H2 to various ML5 type
complexes;24 however, such a detailed energy component
analysis was beyond the scope of the present study.

The thermodynamic hydricities can be directly computed as
the free enthalpy change of reaction 6, i.e., according to eq 8,
where G° refers to the sum of gas-phase and solvation free
enthalpies of the components (G°([MHL 2]+) ) Gg([MHL 2]+)
+ Gs([MHL 2]+), etc.).

The calculation ofG°([MHL 2]+) and G°([ML 2]2+) is quite
straightforward in the present methodology (see Computational
Details), which is not the case for the solvation free enthalpy
of H- .25 We have, therefore, setG°(H-) to a constant (G°(H-)
) -404.7 kcal/mol) that gives the smallest MAD of the
calculated hydricities from the experimental data (see Supporting
Information for details). The results obtained from the ap-
proximated form of eq 8 are collected in Table 7. It is seen that

the mean absolute deviation of the calculated∆G°H-(1) values
from experiment is only 2.0 kcal/mol and the largest deviation
is 5.5 kcal/mol, which are both comparable to those found above.

Note that the estimation of hydricities according to eq 9 is
computationally still rather demanding because it requires the
calculation of harmonic vibrational frequencies for [MHL2]+

and [ML2]2+. To provide a simpler protocol, we assumed that
the sum of ZPE contributions and thermal corrections to the
gas-phase Gibbs free energies in eq 8 is constant to a good
approximation in the family of investigated hydrides, so the gas-
phase contribution to∆G°H- can be estimated from electronic
total energies (Eo in eq 10).

The validity of this assumption, which relies upon the fact
that the [MHL2]+ complexes undergo similar structural changes
in the series, was verified by a new parametrization involving
a single constant for the sum of all gas-phase energy corrections
(ZPE and thermal) andG°(H-) as well (eq 11).

As indicated by the results shown in Table 7, the accuracy
of this procedure is very similar to that represented by eq 9, as
the MAD of the∆G°H-(2) values is 2.1 kcal/mol and the largest
deviation amounts only to 4.4 kcal/mol.

D. Calculated Hydricities for [PdH(depe)2]+ and [PdH-
(dppe)2]+. The reliability of the suggested procedures was
further tested on an additional [MHL2]+ type hydride, and we
also predicted the hydricity of a recently synthesized palladium
hydride complex.

The [PdH(depe)2]+ cation represents a hydride that is
characterized by the smallest natural bite angle in the series of
[PdH(diphosphine)2]+ complexes investigated recently by DuBois
et al.6f In accordance with the trend found for the hydride donor
abilities of these hydrides, the measured∆G°H- for [PdH-
(depe)2]+ is fairly low (∆G°H-(exp) ) 43.2 kcal/mol). Full
geometry optimizations (see Figure 2) and subsequent vibra-
tional analyses were carried out in our study for the [Pd-
(depe)2]2+ and [PdH(depe)2]+ complexes, and we used both
procedures (eqs 9 and 11) to estimate the hydricity of [PdH-
(depe)2]+. The obtained results (∆G°H-(1) ) 43.4 kcal/mol and
∆G°H-(2) ) 43.1 kcal/mol) indicate that both methods give an
excellent agreement with experiment.

(24) Tomàs, J.; Lledo´s, A.; Jean, Y.Organometallics1998, 17, 4932.
(25) By definition, no cavity can be associated with H- in the PCM-

UA0 and PCM-UAHF formalisms; therefore the solvation free enthalpy of
H- cannot be estimated with these methods. Using the B3LYP/SDDP+
PCM-UFF methodology, we obtainG°(H-) ) -387.8 kcal/mol, which
seems fairly inaccurate as compared to the empirical value derived from
the experimental data (-404.7 kcal/mol).

Table 6. Calculated Hydricities (in kcal/mol) Using the
PCM-UA0 Solvation Modela

∆G°H- (calc)

hydride NEt3 TMG p-anisidine p-bromoaniline ∆G°H-(exp)

[NiH(dmpe)2]+ 55.2 57.7 53.2 50.9 50.8
[NiH(depe)2]+ 56.0 58.6 54.0 51.7 56.0
[NiH(dmpp)2]+ 63.0 65.5 61.0 58.6 60.4
[PtH(dmpe)2]+ 39.0 41.5 37.0 34.7 42.0
[PtH(dmpp)2]+ 53.8 56.3 51.8 49.4 51.0
MAD 2.6 4.1 2.1 3.0

a ∆G°H-(calc) is obtained as∆G°H- ) -∆G2(calc) - 1.37pKa(BH+) +
76.0, where∆G2(calc) always refers to the free enthalpy change of reaction
3 with the corresponding base B (the pKa(BH+) values are listed in Table
1). Results obtained with the bases used in the experiments are underlined.

∆G°H- ) G°([ML 2]
2+) + G°(H-) - G°([MHL 2]

+) (8)

Table 7. Hydricities (in kcal/mol) Calculated from the
Approximated Forms of Eq 8 Using the PCM-UA0 Solvation

Modela

hydride ∆G°H-(1) ∆G°H-(2) ∆G°H-(exp)

[NiH(dmpe)2]+ 52.7(1.9) 55.2(4.4) 50.8
[NiH(depe)2]+ 53.5(2.5) 56.0(0.0) 56.0
[NiH(dmpp)2]+ 60.4(0.0) 63.3(2.9) 60.4
[PtH(dmpe)2]+ 36.5(5.5) 38.9(3.1) 42.0
[PtH(dmpp)2]+ 51.3(0.3) 50.7(0.3) 51.0
MAD 2.0 2.1

a ∆G°H-(1) and∆G°H- (2) are calculated from eqs 9 and 10, respectively.
Absolute deviations of the calculated hydricities from the experimental data
are given in parentheses.

∆G°H-(1) ) G°([ML 2]
2+) - G°([MHL 2]

+) -
404.7 kcal/mol (9)

Gg([ML 2]
2+) - Gg([MHL 2]

+) ≈ Eo([ML 2]
2+) -

Eo([MHL 2]
+) + const (10)

∆G°H-(2) ) (Eo([ML 2]
2+) + Gs([ML 2]

2+)) -

(Eo([MHL 2]
+) + Gs([MHL 2]

+)) - 406.5 kcal/mol (11)
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We also carried out calculations to predict the hydricity of
the [PdH(dppe)2]+ complex (dppe) 1,2-bis(diphenylphosphi-
no)ethane), which has been synthesized recently,22 and it has
been found to act as a proton or hydride donor in a number of
hydrogenation reactions.26 The calculation of vibrational fre-
quencies for [Pd(dppe)2]2+ and [PdH(dppe)2]+ complexes, which
involve two bulky phosphine ligands, becomes computationally
prohibitive; therefore we used eq 11 to estimate the thermody-
namic hydricity of [PdH(dppe)2]+.27 The relatively low value
obtained for the hydricity (∆G°H-(2) ) 49.6 kcal/mol) shows
that the [PdH(dppe)2]+ cation can be considered as a good
hydride donor, which is consistent with the observations
regarding the reactivity of this species.22,26

Summary and Concluding Remarks

With the primary goal of exploring the applicability of
quantum chemical continuum solvation models for reactions
involving transition metal complexes with varying charges, we
combined density functional calculations with recent imple-
mentations of the PCM solvation method to compute the Gibbs
free energies for a set of reactions that represent the heterolytic

cleavage of H2 by cationic [M(diphosphine)2]2+ species (reaction
2). These reactions have recently been investigated systemati-
cally in terms of equilibrium measurements performed in
acetonitrile, and accurate thermodynamic data are available for
comparison.6c We found a good agreement between the calcu-
lated results and the experimental data, as the mean absolute
deviations from experiment were shown to be in the range 2.4-
5.5 kcal/mol depending on the cavity model used in the PCM
calculations.

We also utilized the experimental hydricities as a reference
to derive an empirical constant associated with the free enthalpy
of the solvated H- species, which allowed us to calculate
hydricities directly according to reaction 6, i.e., without
considering a thermodynamical cycle. We showed that the costly
vibrational frequency analysis for [ML2]2+ and [MHL2]+

complexes is not necessarily required to obtain reliable∆G°H-

values since the gas-phase contributions can be estimated from
the electronic total energies. This latter procedure was applied
to predict the hydride donor abilities of two newly synthesized
palladium hydrides ([PdH(depe)2]+ and [PdH(dppe)2]+), which
were found to be in line with the experimental findings.
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(26) Aresta, M.; Dibenedetto, A.; Pa´pai, I.; Schubert, G.; Macchioni A.;
Zuccaccia, D.Chem. Eur. J.2004, 10, 3708.

(27) The geometries of the [Pd(depe)2]2+ and [PdH(depe)2]+ complexes
were optimized in QM/MM calculations using the ONIOM coupling scheme
(see ref 28), where the phenyl groups were included in the MM region and
the QM core (i.e., the [PdH(H2P(CH2)2PH2)2]+ model) was described at
the B3LYP/SDDP level of DFT. TheEo total energies for eq 11 were
obtained from single-point B3LYP/SDDP calculations carried out for the
QM/MM optimized structures, and theGs values were calculated with the
PCM-UA0 method.
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Figure 2. Geometry-optimized structures of [Pd(depe)2]2+ and [PdH(depe)2]+ complexes (ethyl substituents on P atoms are omitted for
clarity). Bond distances are shown in angstroms, bond angles in degrees.
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