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KINETICS AND MECHANISM OF THE DECARBONYLATION OF BENZOYLFORMYL
PALLADIUM(II) COMPLEX

JWU-TING CHEN* ( Bi4787) and CHAU-IN LIU ( 262n4)
Contribution from Department of Chemistry, National Taiwan University, Taipei, Taiwan, Republic of China.

The benzoylformyl PA(IT) complex, Pd(PPh;),{CICOCQPh), thermally decomposes to the corresponding
benzoyl complex by the loss of CO. The predominant route of decarbonylation is led by a reversible dissociation of
4 phosphine ligand. The disappearance of the benzoylformyl complex in solutions follows first order kinetics not
only in the existence of excess PPhy but also in the absence of added PPh;. Through the treatments of both preequili-
brium and the steady state approximations to the Kinetic data, the rate constants of the intramolecular acy] migration,
ky and k,; as well as the equilibrium constant and the individual rate constants of the reversible phosphine dissociation

R AR

step, K, kg and k.4, were determined in CHCl,.
AS¥ =159 ey, AG
Mot-l, were evaluated.

INTRODUCTION

Extensive studies and applications of the decar-
bonylation of the metal-acyl complexes have been
reported.! From the mechanistic standing point, the
intramolecular migration of an alkyl or an aryl group
between an acyl carbon atom and a metal center,
which is often accompanied by ligand substitution,
has been wel conducted as an essential process of the
decarbonylation of metal-acy! complexes. However,
detailed kinetic measurements are relatively scarce.
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The decarbonylation of a-ketoacyl metal com-
plexes appears to be similar to Eqg. 1, except that it
containg a

relatively uncommon intramolecular

acyl migration. Nevertheless, this reaction is even
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rarer, mainly due to the paucity of well-characterized
a-ketoacyl metal complexes?.

The thermal decarbonylation of the benzovl
formyl Pd(Il) complex, Pd(PPh;),(C1Y(COCOPh),
1, has been found to yield the corresponding benzoyl

The activatign parameters for kq, being AH¥ = 25 4 Keal Mol'l,
= 20.7 Kcal Mol-1; and for k_g, being AH

= 13.0 Kcal Mol-}, 8% = _7.9 ey, AG¥ =154 Kcal

product.

t
trans-Pa(PPh,), {C1) (cocoph} _Soiven

1 3

trans-pd {PP’hs)Z(CI) {COPR} + CO

Its kinetic study clearly establishes a mechanism
which comprises two parallel pathways.®> One
pathway undergoes an acyl migration in 2 satuated
The other
pathway has an acyl migration in an unsatuated
(d®-three coordinate) Pd(II) species which results
from a reversible dissociation of a phosphine ligand

(d%-four coordinate) Pd(II) species.

from 1.
Scheme 1
Pathway A
Pd(PPh, ), (C1) (COCOPh) k.
PA(PPh; )2 (C1) (COPh) + CO
Pathway B:

Pd(PPh, ), {C1} (COCOPh) EE—_z

(PA(PPh, ) (C1) (COCOFL}} + PPhy
[PA(PPhy ) (C) (COCORR) — 2+
[PA(PPh3) (C1) (COY (COPR)]

[Pd(PPhy ) (C1) {CO) (COPh)] + PPh. _fai._
P4(PPh, ) (C1) (COPh) + CO
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The reversible dissociation of ligands in the
.organopalladium(IT} species are considered to be
essential in many stoichiometric and catalytic pro-
cesses*. However, their equilibrium constants and
rate constants are rarely known, In this paper, we
report our work on the determination of the rate
constants and their corresponding thermodynamic
parameters for the forward as well as the backward

reactions of the PPh, dissociation of 1.

EXPERIMENTAL

Reagents and Compounds Al reagents were
used as purchased. Dry solvents, which were always
distiled from CaH, or Na/benzophenone under

dry mnitrogen, were used when the moisture-free

condition was necessary. The benzoylformyl Pd(II)
complex and its starting materials were prepared by
literature methods and references therein?®.

Kinetic Study The kinetic runs were conducted
by conventional spectrophotometric methods on a
Hitachi U-3410 model UV-VIS spectrophotometer.
The reaction temperature was controlled to an
accuracy of * 0.2°C by a Julabo F10-VC water
circulator, The temperatures of reaction solutions
which were thermostated for at least 15 min. in the
cuvette and placed in the cell compartment of the
spectrophotometer, were recorded. The benzoyl-
formyl Pd(II) complex was the limiting reagent.
Its disappearance with time was followed by
monitoring the absorption drop at 494nm. The
pseudo-dirst-order rate
directly from the build-in software of the Hitachi
machine. All runs showed satisfactory linearity for
In(A—A_) vs. time for five half lives, The kinetic

constants were obtained

data then were analyzed with a linear regression
program,

Chan et al.
RESULTS AND DISCUSSION

The kinetics for the title reaction with a variety
of PPh; concentrations have been studied in CH,Cl,.
The rate law in the form ot Eq. 4 is in agreement with
Scheme | when {PPh;] >> K. Unlike other

kK
Kobsd = %1+ pppy )
mechanistic systems, pseudo-first-order kinetics were
observed not only under the conditions of using
excess PPh;, but also in the absence of any added
PPh;. Taking advantage of this extraodinary pheno-
menon, we have evaluated k,, k,;, and K individually
in the prior work., The K values are small. For
example, at 25.4°C, in CH,Cl,, K = 4.6x10° M.?
Therefore, the stcady-state approximation for
Scheme | will also be appropriate for [Pd(PPh,)-
(CIMCOCOPH)]/{PDd-COCOPR], < 0.05, wherein
the denominator represents the initial concentration
of 1. Designating kd and k-d to stand for the rate
constants of the forward and the backward reactions
of the phosphine dissociation of complex 1 respective-
ly, (i.e. kg/k q = K), one may write the rate law into
the following forms.

-d[Pd{PPh; ), {CI{COCOPh)]

di
(k, +— 2K ) [Pd(PPh3), (CIY(COCOPH)]
" kg tk4iPPh] e
{3)
1 1 k_; [PPh
= M 6)
Kobsd — ki kg kokg

With the known values of k, and K, Eq. 6 allows the
determination of kd and k_ 4. The complete kinetic
measurements for the title reaction thus provide an
excellent opportunity to look at the insight of some
fundamental, however hardly quantitatively ap-

proached organometallic transformations.
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Fig. | The Kinetic Plot of (kpq—K1)" vs. [PPha] for the

Decarbonytation of P4(PPhs),(CIYCOCOPH) in CH,Cl,.

The plots of (kypeg—Ki)" vs. [PPhy] for the
kinetic runs studied previously in CH,Cl, indeed
exhibit good linearity, as shown in Figure 1. The
set of data at 25.4°C gives ky, 7.0x107 st and
kg, 1.5x10° M-1st,  Unfortunately, the smaller-
than-error values of k'dl for the lines of other tem-
peratures result in negative intercepts which cause
kg k_d, and their respective thermodynamic para-
meters to be uncalculable.

The above rate constants are intriguing and
worth some comments, The reversible phosphine
dissociation in a Pd{II) complex is common and
important.  Surprisingly, very few comparable
measurements of k4 for the Pd{1I) system have been
reported. The kinetic study of the thermolysis of
cis-Pd{PMePh; ), Me, by Yamamoto et al. affords
ky < 103 5.5 The larger value of our measurement
is ascribed to the weaker PPhy and their trans
arrangement, which both favor the dissociation step.
Whiteside’s study in the reductive elimination of
cis-Pt{PEt, ), R,, preceded by phosphine dissociation
produced kg " 10 s * Our result of a much larger
kg is consistent with the usually better substitution
lability found in Pd(II) systems than in corresponding
Pt{Il} systems.

To our knowledge, the determination of k-d for
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the Pd(11) systems is unprecedented. Direct investiga-
tion on these phosphine association steps is not
feasible, because the coordinatively unsatuated inter-
mediates are usually unavailable. The determination
of kg and k 4 is particularly significant, since these
values may be general for various Pd(Il) species,’”
which are often used as catalysts or employed for the
promotion of organic transformations. '

In order to acquire the thermodynamic data for
kg and k4. analogous kinetic study was done in
chloroform. This solvent was chosen, because it is
also considered to be non-coordinating; and its higher
boiling point affords a wider temperature range which
is more feasible for kinetic investigation than in
CH,Cl,. The kinetic data are listed in Table 1.
Figure 2 and Figure 3 illustrate the linear plots of
Kobsd VS [PPhs17 and (kgpeq—ki )" vs. [PPhs]
respectively. Table 2 summarize the values of all of
kinetic parameters which follow Eyring refationship
as shown in Figure 4. Their corresponding activation
parameters are collected in Table 3.

The values of k, and k, determined in chloro-
form show little change (less than five fold increase),
compared with those obtained in CH,Cl,. This is
not surprising, since the intramolecular processes of
acyl migration are not expected to be greatly de-
pendent on solvents. This argument is also supported
by the close values of energetics for k, and for k, in
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Fig. 2 The Kinetic Plot of kobsd vs. [PPh3]'1 for the Decar-
benylation of Pd(PPhy ), (C1) (COCOPh) in CHCl;.
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Table 1  The Kinetle Data for the Themnal Decarbonylation
of Pd(PPh3),(CIY(COCOPh) in CHCl.

Chen et al.

Table 3 Thermodynamic Parameters for the Decarbonylation
of PA(PPh ), (C1) (COCOPh)

T (P-COCOPh],  [PPhs], 4y Kobsd
°c 10°M 10%M 103 51
17.7 6.30 1.22 0.339

6.25 9.95 0.309
6.21 8.35 0.351
6.38 6.38 0.381
6.30 2.85 0.604
6.34 142 0,966
24.8 6.30 6.54 1.12
6.30 7.58 1.02
6.38 9.38 0.937
6.17 10.8 0.917
6.30 12,6 0.897
6.25 15.7 0.857
342 6.34 6.19 4.15
6.30 765 3.72
6.25 9.69 3.30
6.25 10.9 2.95
6.34 13.0 2.60
6.34 18.5 2.50
6.17 208 2.37
41.7 6.21 6.40 12.5
6.25 7.65 114
6.21 9.75 9.53
6.25 112 8.94
6.17 129 8.50
6.30 15.8 8.28

Kinetic _ SHY{(AHY) as¥(ag®) aghacy
SoMemt  prameter  KealMorl  oat Mol kY Kcal Mol
CH,Cl, Ky 5.4 10.4 223
CH,Clp,  ky 18.1 0.1 18.1
CH,Cl, K 13.0 23.9 5.9
CHCI, K, 2.7 3.1 218
CHCI4 K, 17.2% —2.7% 18.0
CHCl ky 5.4 159 20.7
CHCl, kg 13.0 _7.9 15.4
CHCI4 K 12.4 238 5.3

a). average value from preequilibrium and steady-state

treatments.

two solvents. In contrast, kq and k g are about 30
and 50 fold lower respectively in CHCl, than in
CH,Cl; at @ 25°C, The similar AG® values of the
equilibrium of phosphine dissociation in two solvents
indicate that the solvent offers little influence on the
ground states, The above rate discrepencies, there-
fore, are attributted to the difference between the
transition states, although its immediate reason is
not explicit.  Accordingly, aG* for kq and k4 in
CH;Cl, may be estimated as 18.6 Kcal Mol and
13.1 Kcal mol”!. The positive 28* for kqy and
negative ag¥ for k _d support Scheme 1. The larger
aG¥ for kg than that for kg and the positive A*

Table 2 Kinetic Parameters for the Decarbonylation of Pd(PPh, ), (C1) (COCOPh) in CHCI,

a a -1 a b
T K, koK K (koK) kq kg k3 k3
°C g1 My M Ml gl Mgl g1 ¢!
17.7 2.25x10%  1.06x10°° 9.7x107 859x10%  1.7x1073 1.7x10! 1.1x10? 1.2x10?
24.8 6.62x10%  2.84x10% 6.3x105 3.05x10%  2.1x103 3.3x10! 4.5x1071 sax10?
34.2 L.54x107% l.e2x104 2.5x10%4 5.56x103 1.4x1072 5.7x10! 6.4x1071 7.1x10
41.7 4.84x10%  4.86x104 3.8x10% 1.81x103 4.0x1072 1.0x102 1.3 14

a) determined by preequilibrium treatment, b) determined by steady-state treatment,
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Fig. 3 The Kinetic Plot of (k peq—k1)™ vs. [PPhs] for the
Decarbonylation of PA(PPh; ), (CICOCOPR) in CHCY,.

for both parameters suggest that the transition state
is a late-reaction type, of which the cleavage of the
Pd-P bond is substantial. (or the formation of Pd-P is
not important when the association step is con-
sidered.)

Reactions in a variety of solvents were briefly
examined too, with data listed in Table 4. The
coordinating ability of the solvent obviously over-
rides the polarity effect and slightly hinders the
decarbonylation of 1. Detailed kinetic studies in
varipus sovent systems are still in progress.

InA
E
It
LS

©
oY

-5

-15 + + +
¢.009 0.003 ©.003 0.003 0.003
1ok
Fig. 4 The Eyring Plots for the Decarbonylation  of

Pd(PPhs ), (C(COCOPH) int CHC3.
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Table 4 Kinetic Data for the Decarbonylation of
Pd(PPh 3),(CI(COCOPh) in Various Solvents?

oron [PA.COCOPh] g [PPhy] Ky
M M gt

CHCl3 7.99x107 c 4.60x107

CH,Cl, 6.98x1072 5.89x10% 3.05x102
CHCl3/CH,Cl, 6.70x10° c 3.74x1072
acetone/CH,Cl, 6.75%107 c 3.12%1072
benzene/CH,Cl,  6.66x107 c 2.89x1072
CH;ND, /CH, Y, 6.70x107 c 2.07x107
CH,CN/CH,Cl,  6.78x1073 7.55x10%  1.0sx107
CHRCNJCH,Cl,  6.64x107 3.57x107 2.69x107
CHsCN/CH,Cl,  6.59x10° 6382107 1.62¢107
CHLN/CHCl,  6.73x107 2.49%102 5.94x10%

a) T=25.3"C for all runs.
b) All solvent mixiures were in 1:1 volume ratio.
¢) Concentration of dissociated PPh; was not determined.
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