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Abstract. The protonation of the [Pd(H),(C)(NH3)] ™ and [Pd(H),(NH,),] taken
as models of anionic and neutral square-planar d® palladium complexes is investi-
gated through SCF, MP2, MP4, CASSCF and CASPT2 calculations, using vari-
ous basis sets on the metal and the ligands. It is shown that correlation effects,
mainly those associated with the covalent character of the metal hydrogen and
metal ligand bonds, are important. The importance of diffuse functions on the
ligands, especially for the anionic system, is stressed.

Key words: Protonation — Transition metal complexes — Basis set — Electron
correlation

Introduction

Protonation of the transition metal and proton transfer reactions to or from the
transition metal are prototypical reactions of organometallic chemistry, either in
solution or in the gas phase. It is only recently, however, that attention has been
paid to the obtention of comprehensive acidity scales for transition metal com-
plexes in solution [1]. Gas-phase data are still quite scarce [2] and to our
knowledge no systematic theoretical study has been devoted to this problem.
This is in contrast with the situation found in inorganic or organic chemistry
where numerous and thorough theoretical investigations have now been carried
out [3] for water, ammonia, various amines and acids, including more and
more solvent effects [4]. We have recently studied the nature of the bonding
of the bridging hydrogen in zwitterionic hydrogen Pd(II) complexes of the form
L Pd(I)” ... H-NH3 [5]. In particular we were led to compare the zwitter-
ionic [Pd(Cl)(Me),(NH3)™ ... H-NHJ3] system to its Pd(IV) hydride tautomer
[Pd(Cl)(H)(Me),(NHa1),] [5]. The calculations were carried out at the SCF and
CASSCEF levels using a split valence basis set and a rather limited active space
for the CASSCF wave function. No systematic investigation of the basis set and
correlation effects was attempted. In the course of a related study pertaining to the
hydrogen transfer from water to square planar palladium(ll) complexes [6], we
thought that it might be worthwhile to investigate such effects and we report here
the results of our investigations for the protonation of the [Pd(H),(CI{NH,)]~
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model system taken as a model of bis alkyl anionic square-planar Pd(IT} complexes
[7]. We also compare the protonation of such anionic complexes to the protona-
tion of neutral ones by looking at the protonation of [Pd(H),(NHj),].

Computational details

SCF, MP2, MP3 and MP4 calculations were carried out using the Gaussian 92
program system [8], optimizing the geometry by a gradient geometry optimiza-
tion, either at the SCF or at the MP2 level (vide infra). CASSCF [9] and CASPT2
calculations [10] were performed using the MOLCAS code [11].

The basic sets were set as follows: Our smallest basis set, which was used for the
geometry optimization, was a split valence type basis set without polarization
functions, except for the active hydrogen atom. The 28 innermost core electrons (up
to 3d) of the palladium atom were described by the relativistic pseudopotential of
Hay and Wadt [12] and the remaining outer core and valence electrons by a (8,6,4)
{3,3,2) basis set [12]. For nitrogen, chlorine and the hydrogen atoms of NHj; the
(9, 5), (11,7) and (4) basis sets of Huzinaga [13, 14] contracted respectively into
(3,2, {4, 3> and (2> were used. The protonating hydrogen atom, which in the
[Pd(H)5(C1)(NH3)]~ product becomes a hydride, was for this reason described by
a somewhat more flexible (6, 1) contracted to (3, 1) basis set [13]. This smallest
basis set is hereafter denoted as BPS. The addition of polarization functions first on
palladium only (with an exponent o, =1.472 [15]) and then on Pd (x, =1.472
[15]), N (ag =0.95 [16]), Cl (2, =0.54 [17]) and H (=, =0.8) yielded two types of
polarized basis sets which we denote, following the terminology of the Gaussian
system of programs as BPS(*) and BPS* respectively. The addition of even
tempered s and p diffuse function on the N (x, =0.0658, ¢, =0.0529) and CI atoms
(s =0.0674, o, =0.0527) was also tested for these BPS and BPS* basis sets (the Pd
and H atoms having already diffuse functions). The corresponding notation is
BPS + and BPS* +. Finally, an all-electron (16, 11,9) {7,5,5) basis set for
palladium [18] eventually f polarized was investigated in conjunction with the
above basis sets for N, Cl and H. The corresponding notations are BAE, BAE¥,
BAE + and BAE* +. In this case the relativistic effects were not taken into
account.

Results and discussion

The results for the protonation reaction [Pd(H),(Cl)(NH,)]~ + H* — [Pd(H);(Cl)
(NH,)] are summarized in Table 1. We use the usual Gaussian notation to denote
the level of the calculation. Several conclusions can be drawn from this table.

(i) The proton affinity is strongly sensitive to the inclusion of correlation effects,
compare for instance the entries (1)—(7) with the entries (8)—(14). There is an
increase in the proton affinity of about 40 kcal/mol on going from the SCF to the
MP2 level. This increase is not an artifact of the MP2 method since it hardly
changes at the MP4SDTQ level, as seen from the comparison between the entries
(15),(17), (19) and (20) and the entries (24), (26), (28) and (30) respectively.

(i) On the other hand it does not seem to depend very much on whether the
geometry optimization has been carried out at a correlated level or not. This is best
seen from the one-to-one comparison of the entries (8)—(11),(13), (14) with the
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Table 1. Total SCF, MP2, MP3 and MP4 energies (in a.u.) for the [Pd(H),(C)(NH3)]~ system and
its conjugate acid, and corresponding proton affinities (in kcal/mol)

Entry Calculation [Pd(H),(CI}(NH,)]~ [Pd(H);(CI}{{NH;)]  Proton
affinity
HF optimization (Pd-H =1.44 /n\)
1) HF/BPS//HF/BPS — 642.0686 — 642.5091 276.4
) HF/BPS(*)//HF/BPS — 6420724 — 642.5149 2717
(3) HF/BPS*//HF/BPS —642.1122 — 642.5613 281.8
4 HF/BPS + //HF/BPS — 642.0854 — 6425193 2723
(3) HF/BAE//HF /BPS — 5443.6955 — 5444.1367 276.9
(6) HF/BAE*//HF /BPS — 5443.7549 — 5444.2010 279.9
@) HF/BAE* +//HF/BPS — 5443.7755 — 54442122 2740
8) MP2/BPS//HF/BPS — 642.3761 — 642.8802 316.3
©) MP2/BPS(*)//HF /BPS — 642.6038 — 643.1135 319.8
(10) MP2/BPS*//HF/BPS — 642.8389 — 643.3521 3220
(11) MP2/BPS +//HF/BPS — 642.4035 — 642.8982 3104
(12) MP2/BAE//HF /BPS — 54440333 — 5444.5405 318.3
(13) MP2/BAE*//HF /BPS — 54444202 — 5444.9295 319.6
(14) MP2/BAE* + //HF/BPS — 5444.4458 — 54449438 3125
MP2 optimization (Pd—H =1.46 A)
15) MP2/BPS//MP2/BPS — 6423791 — 642.8826 3159
(16) MP2/BPS(*)//MP2/BPS — 642.6059 — 643.1150 319.5
17 MP2/BPS*//MP2/BPS — 642.8405 — 643.3487 318.9
(18) MP2/BPS +//MP2/BPS - 642.4052 — 642.9004 310.7
(19) MP2/BAE*//MP2/BPS — 54444212 — 54449253 316.3
(20) MP2/BAE* +//MP2/BPS — 5444.4468 — 5444.9397 309.3
(21 MP2/BAE +//MP2/BPS — 5444.0645 — 5444.5593 3105
(22*  MP2/BAE* +//MP2/BAE* + — 5444.4538 — 54449482 3102
(23) MP3/BPS//MP2/BPS — 642.3858 — 642.8829 3119
(24) MP4SDTQ/BPS//MP2/BPS — 642.4187 — 642.9240 317.1
(25  MP3/BPS*//MP2/BPS — 642.8475 — 643.3437 3114
(26) MP4SDTQ/BPS*/MP2/BPS — 642.8853 — 643.3918 317.8
(27 MP3/BAE*/MP2/BPS — 54444234 - 54449110 306.0
(28) MP4SDTQ/BAE*//MP2/BPS — 54444659 — 5444.9676 314.8
29) MP3/BAE* +//MP2/BPS — 5444.4484 — 54449252 299.2
(30) MP4SDTQ/BAE* +//MP2/BPS  — 5444.4919 ~ 54449824 307.8

* See Ref. [19]

entries (15)—(20). This is also true whatever the basis set is, compare for instance the
entries (14) and (20) with (22). We note however that the corresponding variation of
the bond length can be larger: for instance the optimized apical Pd—H bond length
amouynts to 1.44 A at the HF/BPS level, to 1.46 A at the MP2/BPS level and to
1.47 A at the MP2/BAE* + level [19]. This indicates that the potential energy
surface around the minimum is quite flat. A similar feature has been observed on
the PA(H)(CH) system by Siegbahn [20].

(ii)) As far as the basis sets are concerned, the replacement of the inner core
electron by a pseudopotential does not bring a significant change: at both the MP2
and MP4SDTQ levels the proton affinity is lowered by 2-3 kcal/mol only, see
the comparison of (17) with (19), or of (26) with (28). Polarization functions increase
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Table 2. Total SCF and MP2 energies (in a.u.) for the [Pd(H),(C)(NH,)]~ system
using ghost orbitals (see the text) and corresponding proton affinities (in kcal/mol)

Entry Calculation [Pd(H){C)Y{(NH,)1~ Proton
affinity
n HF/BAEghost//HF /BPS — 5443.7061 2702
@ HF/BAE*ghost/HF /BPS — 5443.7661 2729
3) HF/BAE* +ghost//HF /BPS — 5443.7847 2683
@ MP2/BAEghost/HF/BPS — 54440498 307.9
) MP2/BAE *ghost / HF /BPS — 54444385 308.1
(6) MP2/BAE* +ghost//HF/BPS — 5444.4620 3023

the proton affinity, the effect being more sensitive at the HF and M P2 levels than at
the MP4 level. But this increase is more than counterbalanced by the inclusion of
diffuse functions on the ancillary ligands; the lowering of the proton affinity on
going from the BAE* to the BAE* + basis set is 7 kcal/mol at both the MP2//MP2
(entries (19) and (20)) and MP4//MP2 levels (entries (28) and (30)). This was not
unexpected owing to the anionic nature of the [Pd(H),(Cl)(NH;)] ™ system. In fact
it appears that for such anionic transition metal complexes the inclusion of diffuse
functions is sufficient to get a reasonable estimate of the protonation energy
(compare for instance the entries (21) and (20)).

One may of course worry about the effect of the basis set superposition error
[21]. The basis set superposition error was obtained through the counterpoise
method [22] by adding in the non-protonated system ghost functions correspond-
ing to the apical hydride. One then gets, see Table 2, a decrease of the proton
affinity between 6.7 and 5.7 kcal/mol at the SCF level and between 10.4 and
10.2 kcal/mol at the MP2 level for the BAE and BAE* + basis sets respectively.

In order to shed more light on these results, and in particular to check whether
the strong increase in the proton affinity on going from SCF to either the MP2 or
MP4 level was the result of pure dynamical correlation effects or whether some
imbalance in the treatment of the formation of the covalent Pd—H bond was also
involved, we carried out CASSCF calculations followed by CASPT2 calculations.
Two different active spaces were used. In the first one (which we denote by CAS4ade)
four electrons in four active orbitals were correlated. The active orbitals were
chosen so as to correspond to the bonding and antibonding metal-ligand inter-
actions involving d,. and d,: .. The d,. 45y and d,. — sy orbitals account for the
description of the covalent character of the axial Pd—H bond. The other two
orbitals had to be added to ensure the stability of the CAS wavefunction for the
unprotonated system. Thus the 4ade active space yields not only the non-dynam-
ical electron correlation associated with the axial Pd—H bond but also a fraction
of the non-dynamical electron correlation associated with the equatorial
metal-ligand bonds (especially the Pd—H equatorial bonds). Thus we chose to
assess the non-dynamical electron correlation associated with all metal-ligand
o covalent bonds (axial and equatorial). This was done by correlating 10 electrons
in 11 orbitals. These orbitals correspond to the five bonding and five antibonding
metal-ligand ¢ interactions and to the Sp, orbital. It is clear from the results of
Table 3 that most of the correlation effects are of non-dynamical nature. The
difference between the results of the CAS11a10e/BAE* + ghost//HF/BPS and the
CASPT211a10e/BAE* + ghost//HF/BPS calculations is 6.3 kcal/mol only, to be
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Table 3. Total CASSCF and CASPT2 energies (in a.u.) for the [Pd(H),(Cl)(NH;)]™ system and its
conjugate acid, and corresponding proton affinities (in kcal/mol}

Entry Calculation [Pd(H),(CH(NH,)]~ [Pd(H);(CI{NH;)]  Proton
affinity
HF optimization
"] CAS4ade/BAEghost/HF /BPS — 5443.7379 — 5444.1974 288.3
2 CASPT24u4¢/BAEghost /HF /BPS — 5444.1705 — 5444.6531 302.8
(3) CAS4ade/BAE* +ghost//HF /BPS — 5443.8162 — 5444.2725 286.3
4) CASPT24u4e/BAE* +ghost//HF/BPS  — 5444.7020 — 5445.1784 298.9
%) CAS11410e/BAE* +ghost//HF /BPS — 5443.8690 — 5444.3380 294.3
(6) CASPT211410¢/BAE* +ghost//HF/BPS — 5444.7109 — 5445.1900 300.6

Table 4. Total SCF and MP2 energies (in a.u.) for the [Pd(H),(NH,),] system and its conjugate acid,
and corresponding proton affinities (in kcal/mof)

Entry Calculation [Pd(H),(NH;),} [Pd(H);(NH;),1* Proton
. affinity

HF optimization

(1) HF/BPS//HF/BPS —239.2617 —239.5412 175.4
2) HF/BPS*//HF /BPS — 2393507 ~239.6337 177.6
3) HF/BPS +//HF/BPS — 239.2690 —239.5474 174.7
) HF/BPS* +//HF/BPS —1239.3523 — 239.6356 177.8
) MP2/BPS//HF /BPS —239.6436 —239.9769 209.1
(6) MP2/BPS*//HF/BPS — 240.1361 — 2404732 211.5
%) MP2/BPS + //HF/BPS ~ 239.6634 — 239.9945 207.8
®) MP2/BPS* +//HF /BPS — 240,151 — 2404875 2111

compared with the 26.0 kcal/mol increase from HF/BAE* +ghost//HF/BPS to
CAS11e10a/BAE* +ghost//HF/BPS. But these non-dynamical electron correla-
tion effects are not restricted to the Pd—H bond that is formed upon protonation.
Only 18.0 kcal/mol of correlation energy is recovered in the CAS4ade (which in
addition also recovers a fraction of the non-dynamical electron correlation asso-
ciated with the equatorial ligands).

It is finally worthwhile to compare some of the above results to the results
obtained for the protonation of the neutral [Pd(H),(NH,),] system, see Table 4. In
both cases the increase in the proton affinity on going from SCF to MP2 is large. It
amounts to about 40 kcal/mol for the anionic system and to about 33 kcal/mol for
the neutral system. As expected, the influence of diffuse functions and polarization
functions on the ligands is much less important in the neutral system than in the
anionic [Pd(H),(CI}(NH;)]~ system, at least at both the SCF and MP2 levels.

Conclusion

It is therefore clear from this study that electron correlation should be included to
obtain, even at a qualitative level, a reliable picture of protonation and proton
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transfer reactions on transition metal complexes. The electron correlation effects
are mostly of non-dynamical nature, being associated with the description of the
formation of the covalent metal-hydrogen bond and with the changes, upon
protonation, of the ¢ bonds between the metal and the spectator ligands. Yet the
MP2 level of theory seems to be sufficient, the MP4 or CASPT?2 levels bringing
no substantial improvement to the energetics of the process. An SCF geometry
optimization is also probably sufficient, at least when the energies are computed
at the MP2 level. In line with these results, the energy difference between the
[Pd(CI)(H),(NH3)~ ... H-NH3] zwitterionic system and the Pd(IV) hydride
tautomer [Pd(H);(CI)(NH),] has been found [6] to be 18.7 kcal/mol in favour of
the zwitterionic system at the HF/BPS//HF/BPS level and 11.1 and 10.3 kcal/mol
in favor of the Pd(IV) system at the MP2/BPS//HF/BPS and MP2/BPS//
MP2/BPS levels respectively. In this case the basis set superposition error should
be minimal owing to the fact that in the zwitterionic system the proton lies already
in the vicinity of the palladium complex. We have also seen that, as expected,
diffuse functions are more important for anions than for neutral systems. But the
zwitterionic system, with the cation close to the anion, should behave more like
a neutral system and the above energy difference should not be greatly affected by
further improvements of the basis set. One indeed gets moderate changes when
diffuse and polarization functions are subsequently added: the MP2/BPS +//
MP2/BPS and the MP2/BPS* +//MP2/BPS values amount to 8.4 and
13.6 kcal/mol respectively.
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