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Generation of Tertiary Phosphine-Coordinated Pd(0) Species
from Pd(OAc); in the Catalytic Heck Reaction
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Palladium(II) diacetate reacted with water (1 equiv./Pd) and (R)-2,2'-bis(diphenyl-
phosphino)-1,1'-binaphthyl ((R)-BINAP) (3 equiv./Pd) in benzene in the presence of
Et3N to give the palladium(0) species Pd[(R)-BINAP]2 (1 equiv./Pd), (R)-BINAP
monoxide (1 equiv./Pd), and Et3N-HOAc (2 equiv./Pd). The progress of reaction
strongly affected by the content of water in the reaction solution. The reduction of
Pd(OAc); in the presence of PPh3 proceeded in a similar process to give Pd(PPh3)4 and
OPPhs.

Palladium(II) diacetate is among the most common precursors of catalyst in palladium-catalyzed organic
reactions.l) It is accepted that Pd(OAc); employed in the catalytic systems, generally in combination with tertiary
phosphine ligands, is reduced to a catalytically active palladium(0) species. However, little information has been
reported so far on the reduction process.2) We report herein that the reduction process shown in Eq. 1 is
operative in the Heck type arylation and alkenylation systems!-3) where no strong reducing reagents such as
metal hydrides, alkylmetals, and metal alkoxides are present.45) This process was observed with PPh3 and (R)-
BINAP®) ligands. The former is the monophosphine ligand most frequently employed in the Heck reaction and

the latter is a chiral diphosphine ligand utilized in catalytic asymmetric Heck reaction.”-8)

Pd(OAc), + H,O + nPRy + 2RyN — = Pd(PRg), s + O=PR3 + 2R,N-HOAc (1)

Palladium(II) diacetate (0.014 mmol), (R)-BINAP (0.044 mmol), and Et3N (0.72 mmol) were dissolved in
benzene (0.4 mL) at room temperature, and the reaction was followed by 31P{1H} NMR spectroscopy at 40
°C.9) At the beginning, two singlets assignable to Pd(OAc)s[(R)-BINAP]10) and free (R)-BINAP (1 : 2 ratio)
appeared at  24.7 and —15.7, respectively, indicating a spontaneous complexation of Pd(OAc); with (R)-
BINAP to form Pd(OAc)s[(R)-BINAP]. These signals gradually disappeared at 40 °C to be replaced by the
signals arising from Pd[(R)-BINAP]21D (8 26.0 (s)) and (R)-BINAP monoxide!? ((R)-BINAP(O); & 24.6 (s)
and —~15.2 (s)). Addition of an excess amount of PMe3 to the reaction mixture resulted in liberation of the (R)-
BINAP ligand in Pd[(R)-BINAP]>. (R)-BINAP and (R)-BINAP(O) thus released in the system were isolated in
almost quantitative yields by silica gel column chromatography ((R)-BINAP, 2.0 equiv./Pd; (R)-BINAP(O),
0.94 equiv./Pd). In a separate experiment, Et3N-HOAc was isolated in almost quantitative yield (1.9 equiv./Pd)

from the reduction system.
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Pd[(R)-BINAP], + (R)-BINAP(O) + 2EtsN-HOAC (2)

Treatment of a benzene solution of PA(OAc); and PPh3 (5 equiv./Pd) with an excess amount of EtzN (50
equiv./Pd) at 40 °C for 2 days gave Pd(PPh3)4 (§ 19.3) and triphenylphosphine oxide (§ 24.0)ina 1 : 1 ratio,)
which were identified by 31P{1H} NMR spectroscopy. Silica gel column chromatography of the reaction
solution, after addition of an excess amount of PMe3s, gave PPhs (3.9 equiv./Pd) and OPPhz (0.82 equiv./Pd).

Thus, the similar process to the BINAP system proceeds in the reduction of Pd(OAc)> in the presence of PPhs.

The experiments described above were
carried out under the conditions usually employed
in the catalytic organic reactions in our group.?)
On the other hand, the following experiments
performed with particular care on the content of
water in the system clearly showed that the
presence of water is essential for the reduction to
proceed (Fig. 1).13)

In the reaction carried out with proton
spongel4) as the base in carefully dried benzene
which contains 0.12 equivalents of water to
palladium,!5) the reduction stopped at about 10%
conversion of Pd(OAc)2[(R)-BINAP] into
Pd[(R)-BINAP] (entry a), demonstrating that 1
equivalent of water is required for the reduction of
the palladium(II) species. Saturation of the
benzene/proton sponge solution with water (0.81
equiv./Pd) effectively enhanced the rate of
reduction and the conversion of PA(OAc)2[(R)-
BINAP] (entry b).16) The conversion further
increased with increasing the content of water in
the solution by employment of aliphatic amines
(entries ¢ and d). Particularly, the reduction was
completed in 9 h in a benzene/EtzN solution
saturated with water, which contains an excess
amount of water to palladium (5.7 equiv./Pd)
(entry d).
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Fig. 1. Time-conversion curves for the reduction of

PA(OACc)2[(R)-BINAP] to give Pd[(R)-BINAP]».

Initial conditions ?

Entry Amine (equiv./Pd) H,0 (equiv./Pd) b)
a proton sponge (10)® 0.12
b proton sponge (10)® 0.81
c i-Pr,NEt (50) 1.6
d Et;N (50) 5.7

a) The reaction was carried out in an NMR sample tube
using Pd(OAc), (0.015 mmol) and (R)-BINAP (0.045
mmol) at 40 °C in a benzene/amine solution (0.5 mL).
Entries b—d were run in a solution saturated with water,
and entry a was examined without added water. b) The
amount was measured by Karl Fisher method using
Mitsubishi Moisturemeter Model CA-02. c¢) Proton
sponge: 1,8-bis(dimethylamino)naphthalene.
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Further insight into the reduction process was
gained by labeling experiments using 180H; (Table Table 1. Labeling Experiments Using 180H, for the
1). The reaction carried out in a benzene/Et3N Reduction of PA(OAc);[(R)-BINAP] )
solution saturated with 180H, formed 180-labeled and
unlabeled (R)-BINAP monoxides ((R)-BINAP(130)

Conversion/%  “®)-BINAP(**0)/(R)-BINAP(1%0)

and (R)-BINAP(160), respectively).1?) Interestingly, 26 51/49
the ratio of (R)-BINAP(180) increased with the >2 67/33
97 84/16

progress of reduction. Since the acetate group in
Pd(OAc); is the only source of 160 in the labeling

a) The reaction was carried out in an NMR sample
o tube using Pd(OAc)2 (0.015 mmol) and (R)-BINAP
system, it is strongly suggested that the acetate group  (0.045 mmol) at 40 °C in a benzene solution (0.5 mL)

is the source of oxygen in (R)-BINAP(O). (R)- containing EtsN (0.75 mmol) saturated with 180H,

BINAP(180) may be formed by the reaction of Pd(IT)- (9% isotopic purity). b) Determiend by 3!P{1H)
. . NMR specrtoscopy. ¢) Determined by FD mass

BINAP species with 180-labeled acetate generated by spectrometry.

exchange of oxygen between acetate and 180Hj in the

reaction system.

We elucidated, for the first time, the reduction process of palladium(II) diacetate in the Heck reaction
system. - It is noted that 1 equivalent of phosphine ligand is consumed as phosphine oxide during the
reduction.!®) This is an important information for designing an efficient catalytic system, because the selectivity
and reactivity of catalytic reaction are sometimes strongly affected by amount of phosphine ligand. Furthermore,
the reduction forms 2 equiv./Pd of acetate anion in the system, which possibly causes significant effects on the
catalytic reactions. We found such an example in the asymmetric Heck reaction of 2,3-dihydrofuran with phenyl
triflate.’d) Further studies on the mechanism of the reduction process are in progress.
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