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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(diphosphihezomplexes (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-UAO method, which was found to provide the
most reliable predictions for the investigated reactions, was applied to estimate the hydricity of
[MH(diphosphine)]™ complexes. The recently synthesized [PdH(dgpegation is predicted to be an
effective hydride donor.

Introduction electronic properties of the coordinating ligands §LIror
. . ~ example, recent thermodynamic studies on [MH(diphospjjine)
Transition metal hydride complexes are usually very reactive complexes (where M= Ni, Pd, Pt) reported by DuBois et &e
species, which may undergo a variety of chemical transforma- jngjcated that the hydride donor abilities vary in the range 42
tions including protonation and deprotonation, hydride transfer, 79 kcal/mol following the order P& Pt > Ni for a given
insertion reactions with unsaturated compounds, or H-transfer che|ating ligand. Correlation has also been established between

via homolytic M—H bond dissociatiod. A wide range of  the natural bite angle of various diphosphines and the hydricities
homogeneous catalytic reactions are also thought to involve of [pdH(diphosphine]* complexes!

metal hydrides either as reaction intermediates or as the active

forms of the catalysta2 The reactivity of metal hydrides is often . + -

associated with their abilities to function agHH~, or H atom [MHL ] =ML " +H (1)
donors; therefore, it is of great interest to identify the factors L . . )

that govern the acidity and hydricity of the-MH bonds. These In principle, quantum chemical calculations may provide an
properties can be quantitatively assessed either by kinetic alternatlvg way to determme the relatlve.hyqlrlcmes by calculqt-
measurementtor by thermodynamic data obtained usually from ind the Gibbs free energies of the species involved in reaction
equilibrium studies. 1. However, the computation of vibrational frequencies required

Thermodynamic hydricities, defined as the standard Gibbs to es_timate the ZeFO'p"i”t energy component of_the thermo_dy-
free energy AGS, ) of reaction 1, have shown to be particu- namical state functions render the quantum chemical calculations
H- ’

larly sensitive to the nature of the metal atom (M) and the rather t|mg-ponsum|ng, fpr 'Ia.1rger L "9‘?‘”0'5 even comp.utatlpn-
ally prohibitive. Another limiting factor in these calculations is

* Corresponding author. E-mail: papai@chemres.hu, that a reliable model is needed tp accoun_t fo_r solvent effects,

T Institute of Physical Chemistry, University of Debrecen. since the.ener.gy balanlcle of reaction 1, Wthh |nY0|Ves charged

* Research Group of Homogeneous Catalysis, University of Debrecen. species, is fairly sensitive to the reaction medium. Quantum
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Chart 1
Chelating phosphines (L)

MezP PM62 EtzP PEt2 MeZP PMe2
dmpe depe dmpp
Bases (B)
o~ Br
N by
N
J Y
NH, NH2
EtsN p-anisidine p-bromoaniline tetramethyl-guanidine
(TMG)
developments introduced in the family of PCM (polarizable Table 1. Investigated Systems for Reaction®2
continuum modef) and CPCM (conductor-like polarizable M L B pKa(BHY) Kz AG;  AG-
continuum modeP)methods offer an efficient methodology for ;i dmpe  NEg 185 0.49 4104 508
larger solute molecules as well. depe  p-anisidine 11.3 0.00052 +4.5 56.0
Several recent theoretical investigations indicate that con- dmpp  p-bromoaniline 9.6 0016 +25 604
dmpe TMG 23.3 0.089 +2.8 42.0

tinuum solvation models can be successfully applied to compute
solvation free energies of neutral and ionic organic molectles. _ -
These models have also gained wide acceptance i mechanists [ s s fr 0 ose mensuiot ool Cos ey
studies of organometallic reactiofishowever, Fhe appl|qab|I|ty 6, AGs = —RTIn Kz = —1.37 logKz; AGY, is calculated using eq 7.

for charged metal systems, such as those involved in hydride free enthalpies are given in kcal/mol.

transfer reactions, is quite unexplored.

In the present work, we focus on a series of reactions that theory and experiment encouraged us to investigate the pos-
have been studied experimentally to determine the hydride donorsibility of calculating hydricities directly according to reaction
ability of [MHL 5]+ type complexe& where M= Ni or Pt, and 1.

L is one of the following diphosphine ligands: 1,2-bis-

(dimethylphosphino)ethane (dmpe), 1,2-bis(diethylphosphino)- Investigated Reactions and Experimental Background
ethane (depe), and 1,3-bis(dimethylphosphino)propane (dmpp). ) ) o

The method proposed by DuBois et al. is based on equilibrium First, we briefly summarize the basic ideas of the method

depe NE$ 18.5 1.7 —-0.3 510

measurements for the heterolytic cleavage eftil [ML ]2 proposed by DuBois et al. in their recent wrfor measuring
complexes in the presence of appropriately chosen basedhe hydride donor abilities of transition metal hydrides. As
(reaction 2). described in ref 6c, the equilibrium measurements for the

heterolytic cleavage of Hwvere 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 (K, 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.

ML ,]*" + H, 4+ B — [MHL ] " + BH" 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 [M]2* complexes and
compare the obtained results with those from equilibrium
measurement¥. The level of agreement we found between

(8) (a) Miertus, S.; Scrocco, E.; Tomasi,Ghem. Phys1981 55, 117.

(b) Barone, V.; Cammi, R.; Tomasi, Chem. Phys. Letll996 255 327. The free enthalpy of reaction 2AG;) can be used to

(c) Cossi, M.; Scalmani, G.; Rega, N.; Barone, J.Chem. Phys2002 determine the thermodynamic hydride donor ability of cationic

%ﬂ 33-7 (d) Barone, V.; Improta, R.; Rega, Nheor. Chem. Acc2004 hydrides using the thermodynamic cycle defined by reactions
9) (a). Klamt, A.; Schiirmann, G.J. Chem. Soc., Perkin Trans1993 3-5.

799. (b) Andzelm, J.; Kimel, C.; Klamt, A.J. Chem. Phys1995 103

9312. (c) Barone, V.; Cossi, Ml. Phys. Chem. A998 102 1995. (d) [MHL 2]+ +BH™—
Cossi, M.; Rega, N.; Scalmani, G.; Barone,JVComput. Chen2003 24,

669-681.

2+
(10) (a) Takano, Yu.; Houk, K. NJ. Chem. Theory Compt2005 1, [ML,]"" +H,+B —AG, 3)
70. (b) Fu, Y.; Liu, L.; Li, R.; Guo, QJ. Am. Chem. So2004 126, 814.
(c) Pliego, J. R.; Riveros, J. Ml. Phys. Chem. 2002 106, 7434. (d) B+H —BH" —1.37K(BH") (4)

Lopez, X.; Schaefer, M.; Dejaegere, A.; Karplus, 81.Am. Chem. Soc.

2002 124, 5010. (e) Baik, M.; Schaufer, C. K.; Ziegler, J. Am. Chem. + -

S0c.2002 124, 11(1237. ’ H,—H +H 76.0 kcal/mol  (5)
(11) For representative examples from recent mechanistic studies, see: n ot _

(a) Marino, T.; Russo, N.; Toscano, Nl. Am. Chem. So@005 127, 4242. [MHL,]" —[ML, ] +H AGH- (6)

(b) Casey, C. P.; Johnson, J. B.; Singer, S. W.; CuiJ.@Am. Chem. Soc.

2005 127, 3100. (c) Nowroozi-Isfahani, T.; Musaev, D. G.; McDonald, F. . . o .

E.; Morokuma, K.Organometallic2005 24,2921. (d) Schubert, G.; Pai, Or.] th? ba5|§ of this cycle, thaGy,- value for a given

I. J. Am. Chem. SoQ003 125 14847. hydride is obtained from eq 7, where 76.0 kcal/mol refers to
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[Pt(dmpp),]”

[PtH(dmpp),]

Figure 1. Geometry-optimized structures of selected cationic Mt and [MHL,]" complexes (alkyl substituents on P atoms are omitted

for clarity).

the experimental free enthalpy of the heterolytic cleavage of
H, in acetonitrile (reaction 5).
AG;, = —AG, — 1.37K(BH") + 76.0 kcal/mol (7)

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 packageyhere B3LYP is the
applied hybrid functiondf1> and SDDP refers to a basis set
including the Stuttgart-Dresden relativistic small core ECP basis
set for rhodium and the Dunning/Huzinaga BZpolarization all-
electron basis set for the lighter atoA§s!® The harmonic vibra-

Table 2. Selected Structural Parameters for [MLy]2"

Complexeg
distance (in A) angle (in deg)
Complex M-P, P,—M—P, Pi—M—P3
[Ni(dmpe)]2* 2.28[2.21] 85.9 [86.3] 175.0[177.7]
[Ni(depe)]* 2.31[2.23] 85.7[84.8]  171.7[180.0]
[Ni(dmpp)2* 2.29[2.21] 91.6[91.5]  143.5[148.7]
[Pt(dmpe)]2+ 2.39[2.31] 84.1[845]  176.6[180.0]
[Pt(dmpp}]2* 2.42[2.31] 885[88.1]  159.7[171.9]

aNumbering of P atoms is shown in Figure 1; average values of
experimental data taken from ref 5e are shown in brackets.

The free energies of solvation, hereafter referred tGasvere
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

tional frequencies were then calculated at the same level, which defined by the envelopes of atom-centered spheres with atomic radii
were used to estimate the zero-point energy (ZPE) and thermalfrom the universal force field (UFF) mod&Hydrogen atoms have

contributions to the gas-phase Gibbs free energ@&g ¢f the
reaction components. The thermal correctionGgavere calculated
for standard conditionsT(= 298 K andp = 1.0 atm).

(12) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb,
M. A.; Cheeseman, J. R.; Montgomery, J. A., Jr.; Vreven, T.; Kudin, K.
N.; Burant, J. C.; Millam, J. M.; Lyengar, S. S.; Tomasi, J.; Barone, V.;
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A,
Nakatsuji, H.; Hada, M.; Ehara, M.; Toyota, K.; Fukuda, R.; Hasegawa, J.;
Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; Nakai, H.; Klene, M.; Li,
X.; Knox, J. E.; Hratchian, H. P.; Cross, J. B.; Adamo, C.; Jaramillo, J.;
Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, A. J.; Camml, R.;
Pomelli, C.; Ochterski, J. W.; Ayala, P. Y.; Morokuma, K.; Voth, G. A.;
Salvador, P.; Dannenberg, J. J.; Zakrzewski, V. G.; Dapprich, S.; Daniels,
A. D.; Strain, M. C.; Farkas, O.; Malick, D. K.: Rabuck, A. D;
Raghavachari, K.; Foresman, J. B.; Ortiz, J. V.; Cui, Q.; Baboul, A. G.;
Clifford, S.; Cioslowski, J.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz,
P.; Komaromi, I.; Martin, R. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A;;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson,
B.; Chen, W.; Wong, M. W.; Gonzalez, C.; Pople, J. Baussian 03
revision C.02; Gaussian, Inc.: Pittsburgh, PA, 2004.

(13) Becke, A. D.J. Chem. Phys1993 98, 5648.

(14) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1988 37, 785.

(15) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, NI J.
Phys. Chem1994 98, 11623.

(16) Dolg, M.; Stoll, H.; Preuss, H.; Pitzer, R. Nl. Phys. Cheml993
97, 5852.

(17) Dunning, T. H., JrJ. Chem. Phy497Q 52, 2823.

(18) Dunning, T. H., Jr.; Hay, P. J. IMethods of Electronic Structure
Theory, Vol. 3 Schaefer, H. F., lll, Ed Plenum Press: New York, 1977.

(19) Schaefer, H. F., II1J. Chem. Phys1985 83, 5721.

individual spheres in this model, whereas in the PCM-UAQ 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 (UATMY.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) proceduré? The dielectric constant in

the PCM calculations was set¢e= 36.6 to simulate the acetonitrile
solvent medium. All SCRF calculations were carried out with
Gaussian 03?

Results and Discussion

A. Structure of [MHL ;]* and [ML 5]+ 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 d&tthe [M(dmpe})]?+
and [Ni(depe)]?" cations are predicted to have nearly planar
structures, as indicated by trans ™ —P bond angles (P-M—

(20) Rappe, A. K.; Kasewit, C. J.; Colwell, K. S.; Goddard, W. A., IlI;
Skiff, W. M. J. Am. Chem. S0d.992 114, 10024.
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Table 3. Selected Structural Parameters for [MHL,]* Complexe$

distance (in A) angle (in deg)
complex M-P; M—P, M—P3 M—P4 M—H Pi—M—P, P3—M—P,
[NiH(dmpeY]* 2.20 2.25 2.32 2.30 1.451 88.9 90.6
[NiH(depey] * 2.22 2.27 2.30 2.35 1.448 88.4 91.2
[NiH(dmpp)]* 2.24 2.25 2.26 2.33 1.447 93.7 103.8
[PtH(dmpe)]* 2.33 2.40 2.49 2.46 1.595 85.6 85.2
[PtH(dmppY]* 2.36 2.41 2.40 2.53 1.592 91.0 98.2.

aNumbering of P atoms is shown in Figure 1.

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

Gs
complex AGy [ML 5]2+ B [MHL 5] ™ BH* AGs AGy(calc) AGy(exp)
[Ni(dmpe)]2* -49.9 -105.6 9.2 -12.0 -36.7 45.3 -46 0.4
[Ni(depe)|2 —24.2 —-90.1 -1.7 -238 -55.9 30.7 6.5 45
[Ni({dmpp)] 2+ —29.4 -105.3 -3.7 -9.8 —63.2 33.6 4.2 2.5
[Pt(dmpe)]2* -52.0 -107.2 5.8 -8.6 -35.9 54.5 2.5 2.8
[Pt(dmpp}]2* —-50.8 —104.6 9.2 -8.6 -36.7 47.7 -3.1 -0.3

a AGq refers to gas-phase calculationsGs is the signed sum of solvation Gibbs free energigg 6f components involved in reaction 2 (the calculated
Gs for H is 2.4 kcal/mol).AG; (calc) = AGq + AGs. AGy(exp) denotes experimental data from ref 6¢. For the applied bases, see Table 1.

Table 5. Calculated Free Enthalpies (in kcal/mol) for

P; in Table 2), which are close to a straight angle in these Reaction 2 Using Various Solvation Modefs

complexes. On the other hand, the two [M(dmjtd) complexes

exhibit significant tetrahedral distortions, which appears to be AG(calc)

more important in [Ni(dmpp)2*. The calculated M-P bonds complex PCM-UAO0 PCM-UFF  PCM-UAHF AG(exp)
are systematically longer than the experimental values, which [Nidmpe)]2* —4.6 0.6 -8.1 0.4
might be due to the approximated exchangerrelation energy [Ni(depe}]?* 25 6.6 -57 4.5
functional (B3LYP) and also because the effect of counterions [INi(dmpp)]2* 6.5 13.0 8.9 2.5
is neglected in the gas-phase calculations. The experimental bite{giggmgggﬁ _g'i 8"71 _5351 _02é8
angles (P—M—P,) are, however, well reproduced in the paD 24 35 55 '

Iculations.
calculations L. . 8 AG; (calc) values are obtained as described in Table 4. The mean
The geometry-optimized structures of the hydride complexes apsolute deviations (MAD) of the calculated free enthalpies from the
display a distorted trigonal bipyramidal arrangement of the experimental dafé are shown in the last row of the table.

coordinated ligands with the hydride and one of the phosphorus
atoms (R in Figure 1) in the axial positions. Similarly to what As expected, the gas-phase calculations give huge errors for

we found previously for the [PdH(dppé) cation?? the two the reaction free enthalpies. The reactions are predicted to be
chelating phosphines in the present hydrides are perpendiculatighly exergonic, since the stabilization of charged species is
to each other, one of them being coplanar with the#bond, not taken into account in the gas-phase model. The doubly

whereas the other lies nearly perpendicular to the hydride bond.charged [ML]2" species exhibit particularly large solvent
The calculated M-P distances suggest that this latter phosphine effects, as seen from ti@; values, which are all close t6100
forms a weaker bond with the metal center, which can be kcal/mol. For the B and [MHE* components, the solvation
attributed to the relatively narrow bite angles in the present free enthalpies are predicted to be bela#d0 kcal/mol;
chelating ligands that impose distortions from the ideal trigonal however, the protonated forms of the bases are found to have
structure (with P~M—P, = 120°) represented by unconstrained important solvent effects as welG{ varies betweer-30 and
[MH(PRs)4] " complexes$? We note that the MH bond lengths ~ —60 kcal/mol). Since the sum of the solvation free enthalpies
are not sensitive to the nature of the phosphine ligands; therefore(AG according to reaction 2) becomes comparabla @ for
they are not expected to correlate with the hydride donor abilities each reaction, the final values of the predicted reaction free
of the [MHL;]* complexes. enthalpies AGy(calc) = AGq + AGy) are all close to zero to

B. Heterolytic Cleavage of Hydrogen.To monitor the within a few kcal/mol, which is in line with the results of
accuracy of various DFT-PCM methods for the estimation of equilibrium measuremengs.
free enthalpies of hydride transfer reactions involving the  The mean absolute deviation of th&,(calc) values obtained
[ML2]#* and [MHL]* complexes, we calculated the free with the PCM-UAO model from the experimental data is 2.4
enthalpy changes for the heterolytic cleavage pfépresented  kcal/mol, which is surprisingly small considering that the
by reaction 2. The gas-phase values and the solvation freejnvestigated reactions involve metal complexes with varying
enthalpies calculated with the PCM-UAQ solvation model are charges and thakGy(calc) is a signed sum of relatively large
summarized in Table 4, and a comparison of mean absoluteenergy values. Table 5 indicates that the other two solvation
deviations (MAD) of the results obtained with three different models (PCM-UFF and PCM-UAHF) provide slightly larger
methods from the experimental data is presented in Table 5. MAD values (3.5 and 5.5 kcal/mol, respectively) and also that
the deviations scatter in a wider energy range than those found

(21) Barone, V.; Cosi, M.; Tomasi, J. Chem. Phys1997, 107, 3210. with the PCM-UAO method. One cannot, of course, draw any
nc22) C'“‘hrzrsgo'g'z-; o penedetio, A.; Amodio, .7, 1. Schubert, G. - general conclusion for the accuracy of the solvation models from
(293') Lin, W.; Wilson, S. R.: Girolami, G. Sinorg. Chem.1997, 36, these results, since no systematic investigation of possible

3662. sources of errors is provided in the present study; however, for
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Table 6. Calculated Hydricities (in kcal/mol) Using the Table 7. Hydricities (in kcal/mol) Calculated from the
PCM-UAOQ Solvation Model Approximated Forms of Eq 8 Using the PCM-UAO Solvation
AG},- (calc) Model®

hydride NEg TMG p-anisidine p-bromoaniline AG}-(exp) hydride AGA-(1) AG-(2) AGi-(exp)
NiH(dmpep]* 552 57.7 532 50.9 50.8 [NiH(dmpe)] * 52.7(1.9) 55.2(4.4) 50.8
ENngdeppe)z)]Z]+ 560 586  54.0 51.7 56.0 [NiH(depey] - 53.5(2.5) 56.0(0.0) 56.0
[NiH(dmpp)]* 63.0 655 610 58.6 60.4 [NiH(dmpp)] * 60.4(0.0) 63.3(2.9) 60.4
[PtH(dmpe)]* 390 415  37.0 347 42.0 [PtH(dmpe)] * 36.5(5.5) 38.9(3.1) 42.0
[PtHAmMPp)]* 53.8 56.3 518 404 510 [PtH(dmppY]* 51.3(0.3) 50.7(0.3) 51.0
MAD 26 41 2.1 3.0 MAD 2.0 21

a AGy,(calc) is obtained adGy, = —AGy(calc) — 1.37fKa(BH") + aAGY-(1) andAGy,- (2) are calculated from egs 9 and 10, respectively.

Absolute deviations of the calculated hydricities from the experimental data

76.0, whereAG;(calc) always refers to the free enthalpy change of reaction ) )
are given in parentheses.

3 with the corresponding base B (thEg£BH™) values are listed in Table

1). Results obtained with the bases used in the experiments are underlined, L
) P the mean absolute deviation of the calculate@,_(1) values

from experiment is only 2.0 kcal/mol and the largest deviation
the set of reactions examined here' the PCM-UAO model gives is5.5 kCa'/mOl, which are both Comparable to those found above.
clearly the most reliable results. ot N
C. Predicting Thermodynamic Hydricities. As suggested ~ AGj (1) = G°([ML ;]”") — G°([MHL ;] ") —

by DuBois et al8¢ the hydride donor abilities of cationic hydride 404.7 kcal/mol (9)
complexes can be estimated from eq 7. TA&;_ values o o ) )
derived from the calculated and experimemt&, data are listed Note that the estimation of hydricities according to eq 9 is

in Table 6. In principle, for a given [MHi* hydride, the computationally still rather demanding because it requires the
calculated AGS,. should be invariant with respect to the calculation of harmonic vibrational frequencies for [MEJt
applied bases (see reaction 6); thereforeAfss_(calc) values ~ and [ML2]**. To provide a simpler protocol, we assumed that
estimated by using different bases in reaction 2 may provide the sum of ZPE contributions and thermal corrections to the
additional information about the accuracy of the DFT-PCM gas-phase Gibbs free energies in eq 8 is constant to a good
methodology. Table 6 shows that the MAD values of the approximation in the family of investigated hydrides, so the gas-
calculated hydricities from the experimental values vary in the phase contribution tdGy,- can be estimated from electronic
range 2.14.1 kcal/mol, indicating that the average error of the total energiesis in eq 10).
B3LYP/SDDP+ PCM-UAO methodology is about 3 kcal/mol. ot . -

We also note that the trend found for the variation of the Gg([ML,]"") — Gy([MHL ;] ") ~ E,([ML )]"") —
experimentally determined hydricitie_s with respect to the nature E,(IMHL 2]+) + const (10)
of the metal atom and the type of ligand L is also reasonably

reproduced by calculations: cationic Pt hydrides are always e validity of this assumption, which relies upon the fact
better hydride donors than the corresponding Ni hydrides, and {4t the [MHL]* complexes undergo similar structural changes

for a given metal, hydride donor abilities follow the dmpe i the series, was verified by a new parametrization involving

depe> dmpp order. These trends can probably be related t0 5 gingle constant for the sum of all gas-phase energy corrections
the electronic structure of the metal center anddtdonoriz- (ZPE and thermal) anG°(H") as well (eq 11).

acceptor properties of the chelating phosphines similarly to that

presented for the oxidative addition of kb various MLs type AG_(2) = (E([ML 2]2+) + G([ML ]2+)) _

complexes?” however, such a detailed energy component H © N ° N 2

analysis was beyond the scope of the present study. (E(IMHL ;] ") + G([MHL ;] ")) — 406.5 kcal/mol (11)

The thermodynamic hydricities can be directly computed as
the free enthalpy change of reaction 6, i.e., according to eq 8, As indicated by the results shown in Table 7, the accuracy
where G° refers to the sum of gas-phase and solvation free Of this procedure is very similar to that represented by eq 9, as
enthalpies of the component&([MHL 5] ") = Gg([MHL 5]*) the MAD of theAG},_(2) values is 2.1 kcal/mol and the largest
+ G{([MHL 2] 1), etc.). deviation amounts only to 4.4 kcal/mol.

D. Calculated Hydricities for [PdH(depe),]™ and [PdH-
o _ o 2+ o=\ _ (o + (dppe)]*. The reliability of the suggested procedures was
AGh = GY(MLA™) + G*(H ) — G*(IMHL")  (8) further tested on an additional [MH]* type hydride, and we
also predicted the hydricity of a recently synthesized palladium
hydride complex.

The [PdH(depe]t cation represents a hydride that is
characterized by the smallest natural bite angle in the series of
[PdH(diphosphine)™ complexes investigated recently by DuBois
et al% In accordance with the trend found for the hydride donor
abilities of these hydrides, the measuradsy, for [PdH-
(depe)]t is fairly low (AGy,_(exp) = 43.2 kcal/mol). Full
geometry optimizations (see Figure 2) and subsequent vibra-

S . . tional analyses were carried out in our study for the [Pd-

(25) By definiion. no cavly can be sssociaed with M the PCM.  (depe)]?* and [PdH(depe]* complexes, and we used both

UAO and PCM-UAHF formalisms; therefore the solvation free enthalpy of procedures (eqs 9 and 11) to estimate the hydricity of [PdH-

H~ cannot be estimated with these methods. Using the B3LYP/SBDP + i o —
PCM-UFF methodology, we obtaiG*(H-) — —387.8 kcalimol, which  (d€P€)] " The obtained results\Gy, (1) = 43.4 kcal/mol and

seems fairly inaccurate as compared to the empirical value derived from AGR-(2) = 43.1 kcanPD indica.te that both methods give an
the experimental data+404.7 kcal/mol). excellent agreement with experiment.

The calculation ofG°([MHL 5] ™) and G°([ML 2]?") is quite
straightforward in the present methodology (see Computational
Details), which is not the case for the solvation free enthalpy
of H™ .25We have, therefore, s&°(H™) to a constant@°(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
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[Pd(depe),]” [PdH(depe),]

Figure 2. Geometry-optimized structures of [Pd(deff&) and [PdH(depe)™ complexes (ethyl substituents on P atoms are omitted for
clarity). Bond distances are shown in angstroms, bond angles in degrees.

We also carried out calculations to predict the hydricity of cleavage of Hby cationic [M(diphosphine)?" species (reaction
the [PdH(dppe)] ™ complex (dppe= 1,2-bis(diphenylphosphi-  2). These reactions have recently been investigated systemati-
no)ethane), which has been synthesized rec@htyd it has cally in terms of equilibrium measurements performed in
been found to act as a proton or hydride donor in a number of acetonitrile, and accurate thermodynamic data are available for
hydrogenation reactior8.The calculation of vibrational fre-  comparisorf We found a good agreement between the calcu-
guencies for [Pd(dppgf" and [PdH(dppe)™ complexes, which lated results and the experimental data, as the mean absolute
involve two bulky phosphine ligands, becomes computationally deviations from experiment were shown to be in the range 2.4
prohibitive; therefore we used eq 11 to estimate the thermody- 5.5 kcal/mol depending on the cavity model used in the PCM
namic hydricity of [PdH(dppe)*.2” The relatively low value calculations.
obtained for the hydricity AG?,_(2) = 49.6 kcal/mol) shows We also utilized the experimental hydricities as a reference
that the [PdH(dppe)™ cation can be considered as a good to derive an empirical constant associated with the free enthalpy
hydride donor, which is consistent with the observations of the solvated H species, which allowed us to calculate

regarding the reactivity of this speci€&2® hydricities directly according to reaction 6, i.e., without
considering a thermodynamical cycle. We showed that the costly
Summary and Concluding Remarks vibrational frequency analysis for [MI2* and [MHLy]™

. . . N complexes is not necessarily required to obtain reliata®s,
With the primary goal of exploring the applicability of 4j,es since the gas-phase contributions can be estimated from
quantum chemical continuum solvation models for reactions ¢ gectronic total energies. This latter procedure was applied
involving transition metal complexes with varying charges, we 4 yredict the hydride donor abilities of two newly synthesized

combined density functional calculations with recent imple- palladium hydrides ([PdH(depg) and [PdH(dppe]*), which
mentations of the PCM solvation method to compute the Gibbs \are found to be in line with the experimental find'ings.

free energies for a set of reactions that represent the heterolytic
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