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Density functional theory (BLYP and B3LYP) and the polarized continuum model (PCM-UA0) for
solvation have been used to investigate the effect of bite angle (P-M-P) of diphosphine ligands and the
dihedral or twist angle between diphosphine ligands on the hydride donor abilities of Ni, Pd, and Pt
[HM(diphosphine)2]+ complexes. It is found that an increased bite angle for a given transition metal
atom results in poorer hydride donor abilities. However, hydride donor abilities for these complexes also
decrease as the size of the alkyl side groups on the phosphorus atom increase (Et > Me > H) and with
the length of the metal phosphorus bond (Ni > Pd = Pt). These trends correlate with an increase in the
twist angle between the two diphosphine ligands, which increases from 0° for a square-planar configuration
to 90° for a tetrahedral geometry. Shorter M-P bonds, larger substituents on the diphosphine ligands,
and larger bite angles all result in increased steric interactions between diphosphine ligands and larger
dihedral or twist angles between the diphosphine ligands. The twist angle correlates much more strongly
with hydride donor abilities than do bite angles alone. As the twist angle increases, the hydride donor
ability decreases in a linear fashion. A frontier orbital analysis has been carried out, and it is shown that
the hydride donor ability of [HM(diphosphine)2]+ complexes is largely determined by the energy of the
lowest unoccupied molecular orbital of the corresponding [M(diphosphine)2]2+ complex.

Introduction

Hydride donor/acceptor abilities of transition metal complexes
are an important fundamental quantity for many catalytic
processes. For example, the oxidation of H2 by hydrogenase
enzymes and some synthetic catalysts is thought to involve the
heterolytic cleavage of H2 in which a metal atom of the active
site serves as a hydride acceptor. In the reverse process, H2

production, the metal serves as a hydride donor.1–5 Similarly,
ionic hydrogenations are thought to occur by a proton transfer
followed by a hydride transfer.6–9 The abilities of various classes
of compounds to function as hydride donors have been based

on both kinetic and thermodynamic studies.6,10–28 In the present
work the thermodynamic hydride donor ability is determined
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by the free energy for reaction 1, ∆G0
H-. Thus a larger value

of ∆G0
H- corresponds to a poorer hydride donor, and a smaller

value corresponds to a better hydride donor.

[HM(diphosphine)2]
+f [M(diphosphine)2]

2++H- ∆GH-
0

(1)

The hydride donor abilities of a series of [HM(diphos-
phine)2]+ complexes have been measured for Ni, Pd, and Pt.29–35

Two experimental approaches were used to obtain hydride donor
abilities, ∆G0

H-, which are shown in Scheme 1 and Scheme 2.
In the first approach, the pKa of HML2

+2 and the potentials of

[ML2]/[ML2]2+ couples, E0(II/0), were measured. ∆G0
H- was

calculated from these values and the known potential of the
[H+]/[H-] couple, E0(H+/H-). Scheme 1 shows the correspond-
ing reactions for these experimental thermodynamic values, eqs
2, 3, and 4, where the constants required to convert these values
into free energies (kcal mol-1) are also shown. The equation
used to calculate ∆G0

H- is shown in reaction 5. In the second
approach, the equilibrium constant for the heterolytic cleavage
of hydrogen with ML+2 and a base, Kr, was measured as well
as the pKa of the base. These values and the known heterolytic
bond energy of hydrogen, ∆G0

H2,het, were used to obtain ∆G0
H-.

Scheme 2 shows the reactions for this scheme, 6, 7, and 8, as
well as the equation used to determine ∆G0

H-.
Molecular complexes containing diphosphine ligands with a

number of transition metals were prepared, and their corre-
sponding hydride donor abilities were measured.23,33–35 The
structures and naming conventions for the ligands that are
considered for this study are shown below. Several complexes
with Ni, Pd, and Pt were prepared and ∆G0

H- was measured
using Schemes 1 and 2. Table 1 shows these experimentally
measured values. As can be seen, in cases where both ap-
proaches were used there is good agreement.

Transition metal complexes formed with these ligands are
characterized by a bite angle formed by the two phosphorus
atoms of each ligand and the metal center. The size of this
P-M-P angle is determined by a compromise between the bite
angle preferred by the metal and the bite angle preferred by the
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Scheme 1

Scheme 2

Table 1. Previous Experimentala Values for ∆G0
H- (kcal mol-1) for

HML2
+

metal, M

ligand, L Ni Pd Pt

dmpe 50.7b (50.8c) 42.5c (42.0c)
depe 56.0b (56.0c) 43.2e 44.2c

dppe 62.7b 52.5d

dmpp 61.2b (60.4c) 50.7c (51.0c)
depp 67.2c (66.2c) 54.7e (53.8c)
depx 61.5e

depPE 66.4e

EtXan 70.4e 76.0

a Values determined using Scheme 1 or Scheme 2 (in parantheses).
b Ref 34. c Ref 33. d Ref 35. e Ref 23.
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ligand structure (the natural bite angle).36–38 This bite angle, �,
is shown below for Ni(dmpe)2

+2. The correlation of ∆G0
H- with

� was demonstrated for several complexes through a comparison
of X-ray diffraction measurements of the crystal structures and
experimental measurements of ∆G0

H- of the corresponding five-
coordinate [HM(diphosphine)2]+ complexes.29–35 In particular,
the palladium complexes with the ethyl-substituted ligands in
Table 1 showed a decrease in ∆G0

H- of the hydride with a
systematic decrease in � of the corresponding [M(diphos-
phine)2]2+ complexes determined from crystal structures. For
these palladium complexes, ∆G0

H- increased following the trend
depe < depp < depx < depPE < EtXan, which corresponds to
an increase in �.

The experimental studies of the hydride donor abilities also
showed that ∆G0

H- depended upon a relative twist, R, of the
two planes defined by the phosphorus atoms of the diphosphine
ligands and the metal center as is shown below. As the bite
angle is increased, steric interactions between the ligands
force the ligands from a square-planar configuration for small
bite angles to a more tetrahedral metal bonding for larger bite
angles. It was pointed out, on the basis of extended Hückel
molecular orbital calculations, that this twisting results in a more
stable hydride because the LUMO of the [M(diphosphine)2]2+

complex is lowered as one proceeds from a square-planar to a
tetrahedral structure. This orbital will accommodate an electron
in the [M(diphosphine)2]+ complex, and its energy can be an
indicator of the stability of the hydride.

In this study the hydride donor abilities of [HM(diphos-
phine)2]+ complexes (for M ) Ni, Pd, and Pt) are studied using
density functional theory. Of particular interest is the correlation

of the hydride donor abilities with the bite angle that the
phosphorus atoms make with the metal, �, and the twist angle
between the two ligands, R. Free energies of metal complexes
with and without a hydride are compared to extract relative
hydride donor abilities from calculation in the gas phase and in
a solvent (acetonitrile). A PCM (polarizable continuum model)
solvent model is used, as this method has been shown to
reproduce experimental results for [HM(diphosphine)2]+ com-
plexes with diphosphine ligands containing ethyl and propyl
bridges.39 A similar approach has recently been used40 in an
extensive computational study of hydride donor abilities of a
number of Ni and Co group metal complexes. The comparison
of the calculated and experimental hydride donor abilities was
outstanding. The authors further investigated a linear relationship
between hydride donor ability and the natural bite angle. In this
study we investigate the dependence of the hydride donor ability
upon the twist angle between the ligands and show how this
angle affects the lowest unoccupied molecular orbital of the
[M(diphosphine)2]2+ complex, leading to changes in hydride
donor ability of the corresponding [HM(diphosphine)2]+ complex.

Computational Details

Density functional calculations were conducted using the Gauss-
ian03 suite of programs41 on a Linux cluster. Molecular geometries
were initially optimized using the pure functional42,43 BLYP in
the absence of solvent using the Stuttgart/Dresden effective core
potential44 (SDD) for the metal atoms and split valence basis sets
for the ligands, 6-31G(d) for45 P and 3-21G for46 C, H, and O.
Since it was seen that the algorithms employed did not scale
efficiently beyond four processors on the hardware employed, and
because of the numerous stable conformers possible within the
systems, the size of the ligands that could be simulated were limited.
For instance, we could only obtain geometries and energies for
complexes with ethyl-substituted ligands with ethyl and propyl
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bridges (i.e., depe and depp). We could not obtain optimized
geometries for the other ethyl-containing ligands (depx, depPE, and
EtXan) of the substituted palladium complexes shown in Table 1.
Instead, we conducted simulations of the methyl-substituted
analogues of these ligands in Ni, Pd, and Pt complexes.

In order to test the performance of this approach, we compared
the geometries and energies of several calculated complexes with
the experimental crystal structures, where available, and the
measured values of ∆G0

H- for the hydride. Table 2 shows bite
angles, metal phosphorus (M-P) bond lengths, and twist angles
obtained for these compounds using this vacuum BLYP approach.
As shown, these calculations produced a reasonable match to
experimental crystal structures, with the exception of the M-P bond
lengths. The calculated average bite angles have a root-mean-square
error, rmse ) (∑(Rexp - Rcalc)2/N)1/2, of 1.2° with a maximum
deviation of 2.5°. The calculated values of the M-P bond lengths
are consistently 60 to 90 mÅ larger than the bond lengths measured
in crystals. This effect has been observed before and could be an
indication that the bonds are shortened due to crystal packing or
an indication of the inaccuracy of the computational technique.
Finally, the calculated twist angles are reasonably close to the
experimental values with the rmse ) 2.3° and the maximum error
of 4.1°.

While BLYP calculations under vacuum produce molecular
geometries consistent with crystal structures, the free energies
obtained from these calculations do not correlate with the experi-
mental ∆G0

H-. In addition to optimizing the structure of the ML2
+2,

we also obtained geometries and energies for the hydrides, HML2
+.

Even though these calculations did not incorporate solvent effects,
we determined if these calculations could reasonably reproduce
experimental trends in the experimental ∆G0

H-, by calculating
relative values for the complexes shown in Table 2. The hydride
donor ability, ∆G0

H-, can be written as

∆GH-
0 )G ° (ML2

+2)+G ° (H-)-G ° (HML2
+1) (10)

where G°(ML2
+2) and G°(HML2

+) are the free energies for the
gas phase species obtained using BLYP. We determined the relative
hydride donor free energy, ∆∆G0

H-, using eq 11.

∆∆GH-
0 )G°(ML2)-G°(HML2)-G°(Ni(dmpe)2)+

G°(NiH(dmpe)2) (11)

Here the calculated free energies in Table 2 are compared to the
value obtained for the HNi(dmpe)2

+ complex. The calculated values
of ∆∆G0

H- are shown in Table 2 for the vacuum BLYP technique,
where they are compared to the experimental hydricities measured
in acetonitrile. As can be seen, the relative vacuum hydricities from
the calculations do not correspond to the relative experimental
hydride donor abilities measured in acetonitrile. The rmse of the

relative hydricities of the vacuum calculations compared to the
experimental measurements was 17.3 kcal mol-1, with the highest
deviation being 21.3 kcal mol-1. Clearly this approach is not
adequate for characterizing the relative hydride donor abilities of
these compounds.

In order to obtain more accurate hydride donor abilities,
calculations were made using an implicit solvation model. This
study used the polarized continuum model47 (PCM-UA0) with the
acetonitrile dielectric constant, which when used with DFT produced
accurate hydride donor abilities.39 The geometries were reoptimized
with BLYP in PCM-UA0 using the SDD basis set for the metal
atoms and the 6-31G(d) split level basis set for all of the other
atoms. There was little change in the bite angles or in the M-P
bond lengths, but there were some changes in the twist angles. The
twist angles and the calculated relative hydride donor abilities,
∆∆G0

H-, as determined using eq 11, are shown in Table 2. As can
be seen, the calculated twist angle for [Ni(depe)2]2+ changed
significantly in the presence of the acetonitrile solvent. The rmse
for the twist relative to the crystal twist was 6.0°, with the maximum
difference being 12.6°. It is not clear how much of this difference
is due to the computational technique or the fact that the
experimental geometries come from crystal measurements. With
PCM and the larger basis set, the rmse of the calculated ∆∆G0

H-

values improved to 5.3 kcal mol-1 with a maximum deviation of
8.8 kcal mol-1. While these deviations are much improved over
the gas phase calculations, they are still high. In order to further
improve the calculated hydride donor abilities, single-point energies
were calculated using the hybrid functional48 B3LYP with PCM-
UA0 and the molecular geometries optimized at BLYP with PCM-
UA0. B3LYP has been shown to produce accurate energies for
hydrocarbons and for transition metal compounds. The SDD basis
set was used for the metal atoms, and the 6-31G(d) basis set was
used for other atoms. The calculated ∆∆G0

H- values from the
single-point calculations are shown in Table 2. As can be seen, the
match to experimental values is good and the standard deviation is
2.0 kcal mol-1 with a maximum deviation of 3.3 kcal mol-1. This
approach is used here to study trends in ∆G0

H-.

Results and Discussion

Model Ligands. Initial calculations were conducted using
metals and simplified ligands in order to systematically vary
the bite angle of the diphosphine ligand and investigate its effect

(47) Cossi, M.; Scalmani, G.; Rega, N.; Barone, V. New Developments
in the Polarizable Continuum Model for Quantum Mechanical and Classical
Calculations on Molecules in Solution. J. Chem. Phys. 2002, 117 (1), 43–
54.

(48) Becke, A. D. Density-Functional Thermochemistry. The Role of
Exact Exchange. J. Chem. Phys. 1993, 98 (7), 5648–5652.

Table 2. Calculated and Experimentala Molecular Geometries

BLYP in vacuumb BLYP w/ PCMc B3LYPd

complex P-M-Pav twist P-Mav

∆∆G0
H- eq 11,

kcal mol-1 twist
∆∆G0

H- eq 11,
kcal mol-1

∆∆G0
H- eq 11,

kcal mol-1

Ni(dmpe)2
+2 86.1 (86.1) 7.5 (3.4) 2.28 (2.21) 0.0 (0.0) 7.3 (3.4) 0.0 (0.0) 0.0 (0.0)

Ni(depe)2
+2 85.4 (84.8) 0.0 (0.0) 2.31 (2.24) -7.9 (5.3) 12.6 (0.0) 2.6 (5.3) 5.5 (5.3)

Ni(dmpp)2
+2 90.4 (92.9) 49.5 (51.5) 2.30 (2.20) 6.9 (10.5) 52.8 (51.5) 10.4 (12.3) 13.4 (12.3)

Ni(depp)2
+2 88.6 34.5 2.32 -2.5 (16.5) 36.0 7.7 (16.5) 10.4 (16.5)

Pd(depe)2
+2 84.2 5.4 2.42 -15.0 (-7.5) 5.5 -10.3 (-5.7) -5.8 (-5.7)

Pd(depp)2
+2 86.6 (86.1) 24.6 (22.3) 2.45 (2.37) -12.8 (4.0) 24.8 (22.3) 4.9 (4.0) 7.5 (4.0)

Pt(dmpe)2
+2 84.2 6.8 2.40 -13.3 (-8.2) 5.0 -9.1 (-10.1) -5.7 (-10.1)

Pt(depe)2
+2 84.0 0 2.42 -23.3 (-6.5) 4.3 -23.3 (-6.5) -7.1 (-6.5)

Pt(dmpp)2
+2 87.8 (88.1) 12.2 (11.5) 2.43 (2.31) -11.7 (0.0) 11.3 -5.6 (-1.7) -2.3 (-1.7)

Pt(depp)2
+2 86.7 26.3 2.44 -18.2 (3.1) 30.6 5.0 (3.1) 2.7 (3.1)

a Crystal structures where available in parantheses ref 35 for Ni and Pt complexes, ref 30 for the Pd complex. b BLYP/SDD[M]+6-31G(d)[P]+3-21[H,C,O].
c BLYP/SDD[M]+6-31G(d)[P, C, O, H] with PCM-UA0 solvent model. d Single-point B3LYP/SDD[M]+6-31G(d)[P, C, O, H] with the PCM-UA0
solvent model.
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upon twist angle and electronic structure. In these calculations
the diphosphine ligands were replaced with two phosphine, PH3,
or trimethyl phosphine, P(CH3)3, ligands with a fixed P-M-P
angle (see below for Pd).

Here all of the other degrees of freedom of the molecule were
allowed to vary during geometry optimization. Calculations were
conducted with effective bite angles from 84° to 130° for both
Pd2+ and Ni2+ metal centers. For the smallest bite angles, the
complexes maintained a square-planar configuration with small
twist angles, but as the bite angles increase, the molecules
distorted toward a tetrahedral shape. This increase in twist angle
with increasing bite angle is consistent with experimental
observations of diphosphine ligands. The results for vacuum
calculations (BLYP) of Pd are shown in Figures 1 and 2a for
PH3 and P(CH3)3 ligands and are similar to those obtained for
Ni2+ under vacuum and using the PCM solvent model. The
dotted lines in these figures show that as the effective bite angle
increases from 80° to 110°, the molecule distorts from a twist
angle of 0° (square planar) to a twist angle of 90° (tetrahedral).
Similar calculations for MH(PR3)+4 complexes, where R is H
or CH3, all produced tetrahedral structures with little change in
the orbital energies as a function of bite angle. This suggests
that variations in hydride donor abilities arise primarily from
the molecular orbital energies of the M(PR3)+2 complex.

Interestingly, the plots in Figures 1 and 2a show that the
preferred twist angle between pairs of ligands changes dramati-
cally when H atoms were replaced with methyl groups. For PH3

ligands the twist angle changes abruptly from about 0° (square
planar) at a bite angle of 96° to a twist angle of 90° (tetrahedral)
at a bite angle of 110°. For the P(CH3)3 ligands the change in
twist angle occurs more slowly and over a larger range of bite
angles. This demonstrates that the twist angle in this model
system is dependent upon steric effects in the phosphine ligands
and suggests that larger alkyl groups on the phosphines will
increase steric interactions between ligands. This will increase

the twist angle and decrease the hydride donor abilities of these
complexes. This effect has been observed experimentally.

Figures 1 and 2a also contain plots of the Kohn-Sham
energies of the frontier orbitals. The antibonding (M-P) LUMO
has significant d(xy) character. It is this orbital that receives an
electron during hydride donation, and thus an increase in the
dxy Kohn-Sham energy would herald a less stable hydride
complex. At an effective bite angle of 84° the complex has a
planar geometry with a twist angle of 0°. In this geometry, high
overlap between the Pd dxy orbital and lone pair orbitals of P
atoms of the ligand lead to a high energy for this antibonding
orbital. As the bite angle increases, there is increased steric
interaction between the ligands, which eventually forces the
complex to undergo a tetrahedral distortion. In the tetrahedral
structure, the ligand lone pair orbitals do not overlap well with
the dxy orbital of Pd and the energy of the LUMO decreases.
The dxy orbital is occupied in the hydride complexes, and the
stabilization of this orbital in the tetrahedral configuration leads
to a smaller energy difference between [HM(diphosphine)2]+

and [M(diphosphine)2]+2 relative to the planar structure. Thus,
with an increase in bite angle the ∆G0

H- decreases, and the
complex becomes a poorer hydride donor. Note that for PH3

ligands the orbital energy of dxy changes abruptly between bite
angles of 100° and 110°, in keeping with the abrupt change in
twist angle in this range. This change in molecular orbital
energies has been qualitatively shown in earlier extended Hückel

Figure 1. Plot of orbital energies and twist angle as a function of
fixed bite angle between P atoms in Pd(PH3)4

+2 complexes.

Figure 2. (a) Plot of orbital energies and twist angle as a function
of fixed bite angle between P atoms in Pd(P(CH3)3)4

+2 complexes.
(b) Plot of the orbital energy of the d(xy) orbital as a function of
twist angle. A linear fit to the data is shown.
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calculations49 of the molecular orbital energies as a function of
twist angle for PH3 ligands.

The energy of the HOMOs in these model calculations can
be used to predict the trend of the hydride donor abilities as a
function of twist angle of diphosphine ligands. On the basis of
experimental data,30 a linear relationship exists between ∆G0

H-

and the twist angle. In addition, ∆G0
H- depends linearly on the

potentials of the (II/I) couples, which should correlate with the
energy of the LUMO of the [M(diphosphine)2]2+ complexes.
As shown in Figure 2b this orbital energy shows a linear
decrease with twist angle. This linear correlation is consistent
with this frontier orbital being the dominant orbital controlling
the (II/I) potentials and the hydride acceptor abilities of the
[M(diphosphine)2]2+ complexes.

A similar trend was observed for complexes of Ni(II).
However, a notable difference between Ni and Pd is the presence
of high-spin (triplet) states in tetrahedral Ni(II) complexes. For
tetrahedral Ni(II) complexes the triplet states are calculated to
be nearly degenerate with the singlet states, while for tetrahedral
Pd(II) complexes the triplet states are more than10 kcal mol-1

higher. This suggests that high spin states may affect the hydride
donor abilities for Ni(diphosphine)2]2+ complexes with large
twist angles. Unfortunately, these nickel complexes have been
difficult to synthesize. It should also be noted that calculations
of the hydrides of these model complexes all had trigonal
bipyramidal geometries, regardless of the bite angle. Further-
more, the energies of the metal hydride molecular orbitals were
unaffected by the effective bite angles of the model complexes.
Thus, it is valid to link the energies of the LUMOs of the
[M(diphosphine)2]2+ complexes to the hydride donor abilities
of the corresponding [HM(diphosphine)2]+ complexes.

Geometries and Hydride Donor Abilities for Diphos-
phine Complexes. Consistent with experimental observations
and the calculations on the model complexes described above,
calculations of hydride donor abilities of actual complexes for
which the hydride donor abilities are known show that the
hydride donor abilities of these complexes are dependent upon
the twist angle formed by the ligands. As mentioned above,
calculations using the B3LYP/SDD+6-31G(d)//BLYP/SDD+6-
31G(d) model chemistry with the PCM-UA0 solvation model
produced the most accurate relative ∆G0

H- values when
compared to experimental values. Absolute ∆G0

H- values
require a determination of the free energy of the hydride ion,
G°(H-), as shown in eq 10, which is not within the scope of
this study. However, an empirical value of G°(H-) can be
obtained by comparison of the calculated values for [G°(ML2

2+)
- G°(HML2

+)], to the experimental ∆G0
H-. Due to size of the

molecules, we were unable to obtain free energies for all of the
ML2

2+ and HML2
+ species in Table 1. Instead, free energies

were obtained for the smallest 10 molecules in this list: Ni and
Pt complexes with dmpe, depe, dmpp, and depp and Pd
complexes with depe and depp. Table 3 lists the calculated and
experimental values used for this determination. When the
calculated free energies of all 10 complexes were used, a value
of 400.7 kcal mol-1 was obtained for G°(H-), with an rmse of
3.2 kcal mol-1. The maximum error is 6.3 kcal mol-1 for
Ni(depp)2

+2. The value of G°(H-) is similar to the value of
404.7 kcal mol-1, using a similar approach.39

Using this empirical value for G°(H-) and calculated values
for G°(ML2

2+) and G°(HML2
+) the absolute ∆G0

H- values for
20 complexes with Ni, Pd, and Pt were determined, and the
results, together with the calculated twist angles, are listed in
Table 4. Note that ∆G0

H- was not calculated for depx, depPE,
and EtXan since the size of the ligands made obtaining global
minima prohibitively difficult. As can be seen, although there
are no experimental values for many of the complexes in this
table, these models were chosen because the results represent a
wide range of bite angles, from 83° to 140°, and twist angles,

(49) Miedaner, A.; Haltiwanger, R. C.; Dubois, D. L. Relationship
between the Bite Size of Diphosphine Ligands and Tetrahedral Distortions
of Square-Planar Nickel(II) Complexes-Stabilization of Nickel(I) and
Palladium(I) Complexes Using Diphosphine Ligands with Large Bites.
Inorg. Chem. 1991, 30 (3), 417–427.

Table 3. Parameters Used to Extract G°(H-)a

ligand ∆G0
H- exptl, kcal mol-1 G0 [ML2

+2], hartree G0 [HML2
+2], hartree ∆G0

H- calc, kcal mol-1

Ni dmpe 50.7 -2012.38816 -2013.10719 50.5
depe 56.0 -2326.64562 -2327.37341 56.0
dmpp 61.2 -2090.93877 -2091.67918 63.9
depp 67.2 -2405.20140 -2405.93703 60.9

Pd depe 43.2 -2283.66166 -2284.37141 44.7
depp 54.7 -2362.20676 -2362.93774 58.0

Pt dmpe 42.5 -1960.88414 -1961.59412 44.8
depe 44.2 -2275.15153 -2275.85930 43.4
dmpp 50.7 -2091.67918 -2405.20140 48.2
depp 53.8 -2353.74328 -2354.46662 53.2

a G°(H-) ) 400.7 kcal mol-1.

Table 4. Calculateda and Experimentalb Hydride Donor Abilities, Calculated Bite Angles, and Calculated Twist Angles

Ni Pd Pt

∆G0
H- calc calc ∆G0

H- calc calc ∆G 0
H- calc calc

calc expt � R calc expt � R calc expt � R

dmpe 50.5 50.7 86.1 7.2 45.3 84.2 4.2 44.8 42.5 84.2 8.0
depe 56.0 56.0 85.8 12.6 44.7 43.2 84.0 5.5 43.4 44.2 83.9 4.3
dmpp 63.9 60.4 91.9 52.8 55.2 86.6 23.5 48.2 50.7 87.9 11.3
depp 60.9 66.2 88.6 36.0 58.0 54.7 86.6 24.6 53.2 53.8 87.0 30.6
dmpx 68.5 94.2 54.2 61.3 89.3 32.1 62.7 90.2 36.9
dmpPE 71.3 96.2 49.5 67.7 95.6 41.1
MeXanc 64.8 139.5 (97.2) 89.2 (52.2) 68.2 140.7 (97.6) 88.4 (55.8) 70.0 138.7 (97.8) 88.6 (55.6)

a BLYP//B3LYP with PCM-UA0 solvent model in acetonitrile. b Taken from Table 1. c The values of � and R in parentheses for the MeXan
complexes are the angles P-M-P involving phosphorus atoms from different ligands and the corresponding dihedral angles. These values are used in
Figures 3 and 4.
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from 4° to 90°. For a given ligand, the bite angles are essentially
the same for Pt(II) and Pd(II) complexes but increase signifi-
cantly for Ni(II) complexes. This is due to a decrease in the
metal phosphorus atom bond distance (Ni < Pd = Pt) in these
ligands. This increase in bite angle leads to a greater steric
interaction between ligands, which results in a larger twist angle.
As shown with the model compounds, a greater twist angle
lowers the energy of the LUMO and leads to larger ∆G0

H-

values. Thus, steric interactions between ligands leads to a larger
twist angle and poorer hydride donor abilities.

In addition to the effects of the metal atom, there appears to
be an effect due to the substituents on the diphosphine ligand.
As shown in Table 1, when the sizes of the substituents are
increased from dmpe to depe to dppe, the experimental values
of ∆G0

H- increase. Likewise, dmpp has a lower experimental
∆G0

H- than depp. One would expect that this is due to increased
steric interactions as the sizes of the substituents are increased,
leading to higher twist angles, greater stabilization of the LUMO
for the ML2

+2, and larger ∆G0
H-. For dmpe and depe ligands

the calculation results follow this trend in terms of twist angle
and ∆G0

H- for Ni, but for Pd and Pt the twist angle and ∆G0
H-

increase with the sizes of the substituents. On the other hand,
for dmpp and depp ligands the expected trend is observed for
Pd and Pt, but not Ni. These twist angles are in conflict with
the experimentally observed values for Ni and Pt, and it is
unclear why the calculations do not correctly predict these
trends. Perhaps this is due to an improper treatment of dispersion
energy. Regardless of these differences, the metal size, the size
of the side group, and the natural bite angle of the ligand all
affect the twist angle of the complex. The accumulation of these
effects can be visualized by plotting ∆G0

H- as a function of
twist angle, as is done in Figure 3. As can be seen, the values
appear to have a general monotonic trend with twist angle up
to about 50°. The only complexes with twist angles larger than
this contained MeXan ligands. The bite angles for these
complexes are about 138°, larger than the angles in a tetrahedral
structure (107°), and the twist angles are about 89°. As with
the model compound studies, it appears as though it is difficult
to form complexes with twist angles between 55° and 90°. It
also appears to be difficult to form complexes with bite angles
between 95° and 130°. Perhaps as the bite angle approaches
100°, the structure jumps to a tetrahedral structure, which leads

to larger bite angle. In any event, the results plotted in Figure
3 and presented in Table 4 suggest that the biggest determinant
for hydride donor abilities is the twist angle of the ML2

2+

complex, which is largely driven by steric interactions.
The importance of steric interactions in determining the

hydride donor abilities can be seen by comparing the calculated
twist angles for Pd(II) complexes as shown in Table 5. This
table compares bite angles, twist angles, and Pd-P bond lengths
for complexes with hydrogen, methyl, and ethyl side groups
calculated using the vacuum BLYP approach described above.
Note that the size of the side group has little affect upon the
bite angle but has a profound effect upon the twist angle. In
particular, replacing methyl or ethyl groups with hydrogen atoms
leads to the same effect seen in the model system where there
is an abrupt change in twist angle as the bite angle is increased.
These effects suggest that the steric interactions resulting from
the side groups can increase the twist angle of the complex,
which will in turn affect the hydride donor ability.

In spite of the apparent overall monotonic trend of increasing
∆G0

H- with increasing twist angle, more careful examination
suggests that there is an inherent difference between Ni(II) and
Pd(II) and Pt(II) complexes in addition to their effect upon the
twist angle. This can be seen by fitting the ∆G0

H- vs bite angle
and twist angle to a linear function, as shown in Figure 4. For
the MeXan complexes, we use the P-M-P angle with
phosphorus atoms from different ligands and the corresponding
dihedral angles. As shown in Figure 4a, a good linear fit of
∆G0

H- vs bite angle is not obtained (r2 ) 0.77, 0.85, and 0.89
for Ni(II), Pd(II), and Pt(II) complexes). However, Figure 4b
shows that a good linear fit is obtained for ∆G0

H- as a function
of twist angle. For Pd(II) and Pt(II) complexes r2 is greater than
0.94 and slopes for these two metals are similar. For Ni(II)
complexes, however, the fit is not as good, and the line has a
significantly different slope and intercept. This behavior suggests
that there may be a more subtle electronic contribution to trends
in the hydride donor abilities of Ni(II) complexes.

Conclusions

The results of these calculations show that the hydride donor
abilities of the group 8 metal diphosphine complexes are primarily

Figure 3. Plot of hydride donor abilities (∆G0
H-) versus twist angle

between diphosphine ligands from Table 4. The dots are calculated
using BLYP//B3LYP with pcm solvent model (see text). The ×’s
are experimental hydride donor abilities plotted versus twist angles
from X-ray crystal structures. The red points are for nickel
complexes, the blue for palladium complexes, and the green for
platinum complexes.

Table 5. Selected Molecular Parameters

exptla Et calcdb Et Me H

Average Bite Angle
Pd(dXpe)2

+2 84.2 84.2 83.3
Pd(dXpp)2

+2 87.0 87.4 89.5 88.2
Pd(dXpx)2

+2 90.1 89.1 89.8 93.8
Pd(dXpPE)2

+2 94.5 95.6 93.7
Pd(XXan)2

+2 139.7 140.1 140.7 146.35

exptl Et calcd Et Me H

Dihedral Twist
Pd(dXpe)2

+2 5.4 2.4 3.0
Pd(dXpp)2

+2 22.3 25.1 0.0 0.0
Pd(dXpx)2

+2 32.1 34.4 36.4 0.0
Pd(dXpPE)2

+2 38.0 41.0 19.6
Pd(XXan)2

+2 89.0 88.4 89.1 90.0

exptl Et calcd Et Me H

P-Pd Bond Lengths
Pd(dXpe)2

+2 2.42 2.41 2.39
Pd(dXpp)2

+2 2.366 2.45 2.45 2.39
Pd(dXpx)2

+2 2.342 2.43 2.42 2.41
Pd(dXpPE)2

+2 2.381 2.44 2.42
Pd(XXan)2

+2 2.338 2.43 2.40 2.37

a Ref 30. b BLYP/SDD[M]+6-31G(d)[P]+3-21[H,C,O] under vacuum.
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dependent upon the twist angle formed between the two ligands.
In fact, there appears to be a linear relationship between this twist
angle and the donor ability for bite angles up to 100°. Larger bite
angles result in a tetrahedral structure with the donor ability
dependent upon the dihedral angle formed by phosphorus atoms
from different ligands. This relation allows one to predict the
hydride donor ability if the twist angle can be determined.

The geometric parameters discussed appear to act as prox-
ies for the more fundamental LUMO energies over limited
ranges of angular coordinates. Direct plots of calculated
hydricity vs dxy orbital energy show satisfying correlation over
all complexes studied herein. Within the limitations implied by
the model chemistry used, for this class of compounds the
LUMO energy alone thus appears to be the best single predictor
of actual reaction hydricities. The reported results together with
extant literature suggest that a full quantitative structure-activity
relationship examining the predictive capabilities of bite and
twist angles, orbital energies, and other calculated properties
in principle may be the best means to predict reactivates of
nickel group diphosphine complexes.
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Figure 4. Plots of ∆G0
H- as a function of (a) bite angle and (b)

twist angle for ML2
+2 for Ni2+ (red), Pd2+ (blue), and Pt2+ (green)

from Table 4. Least-squares fits to the data are shown.
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