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Abstract

An ab initio MO study showed that hydrido-Pd species would be a preferable key intermediate instead of alkoxycarbonyl-Pd species
in the Pd(II)-catalyzed hydroesterification of ethylene. © 1997 Elsevier Science S.A.
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1. Introduction

The hydroesterification reaction ‘s one of the most
important processes in homogeneously catalyzed trans-
formations from olefins to the corresponding esters.
Although many reaction conditions have been reported
to achieve the present reaction [1), it has not been clear
what the key intermediate of the Pd(ll)-catalyzed hy-
droesterification is, and much attention has been fo-
cused on the mechanism. The two catalytic cycles are
proposed based on the observed intermediates, they are
schematically shown as Cycles A and B in Fig. 1.

The intermediate which suggests the Cycle A is
alkoxycarbonyl-Pd(Il) complex, shown as (intA) in
Fig. 1. It is believed to be produced by the reaction
[2-4]

L,Pd"X, L, Pd"(X)-COOR (intA)

The olefin insertion into the Pd=C bond of this interme-
diate (intA) and HX addition will produce the corre-
sponding ester.

On the other hand. Cycle B is also proposed based on
the hydrido-Pd(11) complex, shown as (intB) in Fig. 1.
The origin of the initial generation of (intB) has not
been well understood. The olefin insertion into the
Pd-H bond will produce an alkyl-Pd complex, then the

CO.ROH
=
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following CO insertion and alcoholysis will produce the
corresponding ester.

Although these two are different mechanisms, both
mechanisms are supported by their key intermediates.
Additionally, the fact that the presence of protons accel-
erates this hydroesterification has been reported inde-
pendently by the Shell group and by us [5].

In an attempt to clarify which intermediate is prefer-
able in the hydroesterification of olefin using a Pd(Il)
catalyst, we have carried out ab initio calculations which
provide the direct information of transition states in
clemental reactions. After we obtained our results of
calculations, Sugita and coworkers reported the detec-
tion of the Pd-H species by the in situ IR technique in
the hydroesterification of 2-acetoxypropene catalyzed
by (Ph,P),PdCl, in the presence of an equimolar
amount of amine [6] based on Pd. Together with this
finding, the purpose of this paper is to provide a
theoretical support for the PdH species (Cycle B) in the
hydroesterification.

2. Method

All the calculations were carried out by an ab initio
MO method ' [7] with Dunning's double zeta contrac-

"The calculations were carried out on an 1BM Powerstation 550,
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Fig. 1. Two proposed mechanisms for carboalkoxylation. (a), (b), {c) and (d) are studied in this paper.

tion of Huzinaga's primitive basis set [8] on H, C and O
atoms, and the Los Alamos effective core potential
together with the double zeta basis set [9] (ECP-1) on P,
Cl and Pd atoms. The equilibrium and the transition
state (TS) structures were determined by full geometry
optimization of the analytical energy gradient method at
the RHF level. All the optimized structures were veri-
fied to be the minimum or the TS through the frequency
analysis. We also performed optimization by the MP2
method with ECP-1 for comparison.

Further, energies were obtained by the fourth-order
Moller Plesset perturbation (MP4) method [10] with
Hay's norm-conserving relativistic effective core poten-
uak [11] (ECP-2) so that the Ss and Sp core orbitals

were explicitly included in the calculation. The olefins
and PR, were repluced by C,H, and PH, respectively.

3. Results and discussions

The important elemental reactions of both Cycles A
and B were investigated, then further energetics were
estimated.

3.1, Elemental reactions in Cveles A and B at the RHF
level

First, the olefin insertion reaction in Cycle A has
been calculated, respecting the results by Toniolo and
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Ea = 27.2 kcal/mol

! Ea = 15.2 kealimal

Ea = 2.5 keatmol Ea = 18.0 kealV/mol

(a) L)
olelin invertion of eyele A
{ 3 -elminaton )

unsaturated ester formation

(©) . (d)

ofefin insertton of eyele B CO imerton of cyele B

Fig. 2. The energy pmm? obtained at the RHE /ECPI level. The numbers taking into account the stoichiometric balance are shown in kcal mol -
(lau. =627.7kealmol * ') relative to 1 (upright form) + C, H, + CO. The calculated energies in a.u. are for 1 (upright). ~357.07715, for C, H,

=1801179, for CO - 11268507 and for CH ,CHCOOCH,, - 304.58627.
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coworkers that the hydroesterification started from Pd-
carbonyls [3]. As shown in Fig. 2(a) beginning with the
upright form of olefin complex (1), * The former is the
minimum, but the latter is not confirmed as the mini-
mum by the frequency analysis at the RHF level. via the
TS having the energy barrier of 27.2kcalmol ™! (RHF),
2-alkylcarbonylethyl-Pd is obtained. Interestingly, the
optimization has led to a stable chelate complex * [12]
(2a) in which the carbonyl oxygen coordinates on to a
Pd vacant site.

Secondly, the unsaturated ester formation (2b — 3)
(in Fig. 2(b)) has been calculated, reflecting the experi-
mental evidence [13,14] of the unsaturated ester forma-
tion. The reactant 2b is stabilized by 1.1 kcalmol™'
through an agostic interaction relative to the geometry
without the agostic interaction. The late TS is located
between 2b and the product 3 (coplanar form). * The
structure is shown in Fig. 3(b). The product is the
hydrido complex. Consequently, the calculation has re-
produced the experimental result of unsaturated ester
formation [13,14]; moreover, it turns out that the possi-
ble source of the hydrido complex, the key intermediate
in Cycle B, has been prepared through this B-elimina-
tion (see Section 4).

Finally. two important elemental reactions in Cycle B
are calculated. First, olefin insertion (4 = 5) is shown in
Fig. 2(c). Stamng from the coplanar form of olefin
complex. * the early TS (Fig. 3(c)) is loc.ated having a
very low activation energy (2.5kcalmol™' in RHF),
indicating the smooth process of the step. The second
one is CO insertion reaction (6 = 7) depicted in Fig.
2(d). The reaction virtually consists of alkyl migration,
being consistent with previously reported theoretical
studies [15). The obtained TS shows a considerable
enevgy burrier of 18.0 keal mol ™', The structure is shown
in Fig. 3(d).

3.2, Further energetics

The examination of the electron correlation is neces-
sary before reaching any conclusion, since the com-
plexes studied in this paper have a Pd-7 bond of
olefin, Pd-CO, and Pd-COOCH , bond, where a differ-
ent magnitude of back donation exists in each bond. It
is known that a well-balanced description of these bonds
reques]ts the consideration of the electron correlation
[16.17]).

* The upright form (C,H, out of plane) of 1 is more stable than
lhe coplanar form (C Hd in plane) by 4 Skuul mol ™' (RHF).
A similar complc.x is reported by - “"P('H) NMR (see Ref. [11]).
*The coplanar form of 3 is less stable than the upright form by
1.6kcalmol ' (RHF). Both are confirmed as the minimum,
% The coplanar form of 4 is less stable than the upright form by
1Ldkcalmol~' (RHF). Both are confirmed as the minimum.

Pd(1)-C(4)-C(5) = 86.1

C(4)-C(5)-C(6) = 115.3
P(2)-Pd(1)-CI(3) = §7.5
CI(3)-Pd(1)-C(4) = 91 .4

2 454 Pd(1)-C(4)-C(5) = 80.4
: C(4)-C(5)-H(6) = 105.6
2 P(2)-Pd(1)-Ci(3) = 89.3

CI(3)-Pd(1)-C(4) = 93.3

Pd(1)-C(4)-C(5) = 81.0
C(4)-C(5)-H(6) = 104.5
P(2)-Pd(1)-CI(3) = 88.9
CI(3)-Pd(1)-C(4) = 93.3

Pd(1)-C(4)-C(6) = 50.9
Pd(1)-C(4)-C(8) = 116.2
P(2)-Pd(1)-Cl(3) = 88.3
Cl(3)-Pd(1)-C(4) = 105.3

(d) TS4

Fig. 3. Geometries (A. deg) of TSs obtained b, RHF/ECP! opti-
mization as having only one imaginary frequency.

Then the cnergies by effective core potential with
outermost core orbitals (ECP-2) are also obtained. The
results are summarized in Table 1. The first two lines
show the energy of the RHF and MP2 level. The third
line shows the MP2-optimized results. The next three
lines cover the energies at the RHF MP2 and MP4-
SDTQ level by ECP-2.
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Table | _

Relative energies (kcalmol ™') &t various level of calculation

Method | TS1 2a 2b TS2 3 4 TS3 § 1 TS4 7
RHF/ECPI 00 272 =201 18 170 115 79 104 =35 -179 0.1 147
MP'Z;ECPI / /RHF /ECPI 00 148 -6.5 86 162 184 196 177 7.1 =232 —-838 -4.2
MP2/ECPI 00 174 -39 83 171 146 169 173 57 -=26.1 -6.4 ~-7.4
RHF/ECP2/ /RHF /ECP1 00 295 -192 0.7 145 33 -03 72 -—-48 -—173 1.3 -—16.1
MI’Z,CECP’Z/ /RHF/ECPI 00 18.1 ~5.2 82 124 8.7 84 107 43 -241 -109 -74

MP4-SDTQ/ECP2//RHF/ECP1 0.0 200 -45 107

144 98 100 130 72 241 106 ~76

*/" and *//° mean ‘with the basis set of” and ‘at the structure optimized with' respectively. For instance MP2/ECP1/ /RHF/ECPI indicates
the MP2 energy calculation with the basis set ECP2 at the structure optimized by the RHF calculation using the basis set ECPI.

£ -elimination Ea=15.2
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Fig, 4, The conclusion of this study. Activation energies £, /kealmwol '

The most critical modification was brought about by
advancing from RHF to MP2 level, the TS2 and TS4
had disappeared (see the second line of Tuble 1). How-
ever, as shown in the third line, by optimizing again at
the MP2 level, this was corrected (see the third line), By
adopting the ECP-2, the TS4 had disappeared advancing
from RHF to MP2, MP4-SDTQ level. The correction
may be obtained by the geometry optimization of these
levels, as occurred above (in ECP-1). Although the
absolute values shifted, the remaining energy profile
supported the global picture as shown in Fig. 2.

4, Conclusion

Based on this theoretical study, the hydrido-Pd (Pd-
H) species (intB of Cycle B) would be a more prefer-
able key intermediate than the ulkoxycarbonyl-Pd
(Pd=COOR) species (intA of Cycle A) in the Pd(lD)-
catalyzed hydroesterification of ethylene. The initial
generation of the hydrido~Pd species (intB) can now be
understood, by the intervention of B-elimination from
the 2-alkoxycarbonylethyl-Pd intermediate of Cycle A.
This provides a reasonable explanation as to why two
different mechanisms were apparently compatible previ-

ously, The tinal picture obtained by the cunent study is
shown in Fig. 4,

Further study adopting the propylene as an olefin is
in progress,
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