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For the first time, the long-proposed thermodynamically
unstable catalytic intermediates alkenyl and aryl complexes
sp?’C—Pd-H have been isolated through the reduction of the
palladium acetates with hydrosilanes and subsequent stabiliza-
tion of the hydridopalladiums with hydrosilanes. The structures
of these hydridopalladiums were established by X-ray analysis.

Regarding efficiency and generality, perhaps no other metal
can compete with palladium, which is widely used as a catalyst
in various chemical transformations.! The isolation of a
palladium intermediate involved in the catalytic reactions is
not only pivotal for understanding the reaction mechanism, but
also crucial for designing a better catalyst. This kind of research
has been performed extensively in the past decades.'

Hydridopalladium complexes have an exceptional relevance
to palladium-mediated reactions.>? Whereas heteroatom Z—Pd—
H complexes (Z: a heteroatom or group) have been isolated
successfully in the past, the hydridopalladium intermediate
bearing a C-Pd-H skeleton remains rather unexplored owing to
its chemically labile character (Figure 1).>° Needless to say,
these C—Pd-H hydridopalladiums are the key intermediates for
two very important reactions in organic synthesis, i.e., C-H
activation and C-H bond-forming reactions such as reductions
of organohalides, alkenes, and alkynes, isomerization, the Heck
arylation, and others (Figure 2).>° Despite extensive studies in
the past, no general example of such a hydridopalladium has
been fully characterized.> Although some C-Pd—H hydridopal-
ladiums stabilized by a rigid tridentate PCP ligand etc. could be
isolated, they were too stable to undergo reactions such as
reductive eliminations involved in the catalytic sequences and,
therefore, are hardly recognized as representatives of C—Pd-H
intermediates involved in Pd-mediated catalytic reactions.’
Therefore, despite its pivotal relevance to C-H activation and
C-H bond-forming reactions, an unambiguous identification of
such a general C—Pd-H intermediate has not yet been achieved,
not to mention the clarification of its reactivity. Herein, we
report the first successful identification of general sp?C—Pd-H
complexes achieved with the aid of hydrosilanes (Figure 1).

Complex 2a was allowed to react with a variety of reducing
agents such as Hp, NaBH,, and Ph3SnH, in the hope that the
corresponding hydridoalkenylpalladium 1a could be observed
(eq 1). However, disappointingly, all these reactions gave the
final reduced products stilbenes, and the expected hydridopalla-
dium intermediate 1a could not be observed at all, indicating the
rapid decomposition of 1a as noticed previously.**¢ Surpris-
ingly, however, when hydrosilanes R,SiH, (R = Ph, Et) were
used as the reducing reagents, signals corresponding to the
hydridoalkenylpalladium 1a could be observed clearly. Thus,
Ph,SiH; (0.1 mmol) was added to (£)-2a (0.05 mmol) dissolved
in 0.5 mL of C¢Dg at room temperature. The color of the solution
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Figure 1. Representative hydridopalladiums.
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Figure 2. C-Pd-H intermediates involved in catalytic reac-
tions.

turned gradually from light green to blue. As shown by "THNMR
spectroscopy, a signal assignable to H-Pd was observed at
—79ppm (td, 1H, Jpy=145Hz, Jyuy=4.5Hz (with
C=CH)), indicative of the formation of a hydridoalkenylpalla-
dium complex assignable to (E)-la. Changes in 3'PNMR
spectroscopy were also observed clearly. Thus, as Ph,SiH, was
added, in addition to the starting material at 10.8 ppm, a new
signal emerged at 20.9 ppm. The full reduction product (Z)-
stilbene (C=CH: 6.5ppm) was also observed in the reaction
mixture. As estimated from 'HNMR spectroscopy, as (E)-2a
gradually disappeared, the products (E)-la and (Z)-stilbene
increased, i.e., the ratios of (E)-2a/(E)-la/(Z)-stilbene as a
function of time were as follows: 1h, 3.5/1.0/0.41; 2h, 0.71/
1.0/0.65; 10h, 0.5/1.0/7.5; 20h, 0/0/1.0. Thus, although it
could be observed in the reaction, the hydridoalkenylpalladium
(E)-1a gradually decomposed to (Z)-stilbene. This hampers the
isolation of pure (£)-1a from the mixture. Fortunately, we found
that under similar reaction conditions, (Z)-2a also reacts with
Ph,SiH,; to produce the corresponding (Z)-1a (90% NMR yield)
with a characteristic palladium hydride signal at —7.3 ppm (td,
IH, Jp.y=12.0Hz, Jyy=64Hz (with C=CH)). Perhaps
owing to the steric hindrance around the palladium atom, this
hydridoalkenylpalladium complex (Z)-1a was more stable than
(E)-1a, and only a little decomposition to stilbene was observed
at room temperature during the reaction. Unexpectedly, how-
ever, although stable in solution, the attempted isolation of (Z)-

www.csj.jp/journals/chem-lett/


http://dx.doi.org/10.1246/cl.130588
http://www.csj.jp/journals/chem-lett/

1228

Figure 3. ORTEP representations of (Z)-1a and 1b. H atoms
except the hydride are omitted for clarity.

1a by removing the volatiles of the reaction mixture under high
vacuum resulted in complete decomposition to (E)-stilbene, i.e.,
no (Z2)-1a could survive under high vacuum for a few hours.
After experiencing similar failures several times, we came to
consider that perhaps a hydrosilane can stabilize the resulting
palladium complex (Z)-1a, since it decomposes quickly in the
absence of this hydrosilane.” Therefore, the isolation of this
palladium complex in the presence of a hydrosilane should
work. Indeed, this proved to be true! Thus, by carrying out the
reaction of (Z)-2a (0.1 mmol) with Et,SiH, as solvent (0.2 mL)’
at room temperature, (Z)-1a was generated selectively. Without
removal of Et,SiH,, the mixture was then kept at —30°C, and
light-yellow single crystals of (Z)-la were obtained in 50%
isolated yield.

Ph Ph

—{  PEty R,SiH —

Ph’rr—?Pd'\ T th—?PdiPEts_’Ph%/\Ph M
Et;P” OAc EtP" H
(E)-2a, (Z)-2a (E)-1a, (Z2)-1a (X-ray)
Not observed with H,, NaBH,, and Ph3SnH

X-ray analysis showed that (Z)-la was a neutral mono-
nuclear hydridoalkenylpalladium complex having a distorted
square-planar coordination geometry with two PEt; molecules
ligated to the palladium atom in frans manner, as shown in
Figure 3. The five atoms Pd, C1, C2, C3, and C4 are not
coplanar. C1, C2, C3, and C4 adopt a dihedral angle of
171.0(4)°, while the dihedral angle of Pd, Cl1, C3, and C4 is
—9.0(4)°. Notably, the Pd—H bond length of (2)-1a (1.6114 A) is
longer, while the H-Pd—C1 angle (155.17°) is smaller than those
of the stabilized mononuclear C—Pd—H hydrido complexes.*d->

While in the presence of two equivalents of Ph,SiH,, the
isolated (Z)-1a in benzene could stand for one day without
decomposition, in the absence of Ph,SiH,, it decomposed
completely in 0.5h to produce (E)-stilbene quantitatively.
Remarkably, an added phosphine could not retard the decom-
position of 1a, i.e., complete decomposition of (Z)-1a to (E)-
stilbene in benzene also occurred in the presence of four
equivalents of PEt;. The addition of two equivalents of bidentate
Me,PCH,CH,PMe, could not slow down this decomposition
either. These observations may indicate that C—H bond-forming
reactions (reductive elimination of C-Pd-H) proceed rapidly
with a 16e Pd species like 1a,% and do not necessarily require
conversion to a more coordinatively unsaturated 14e species.

This hydrosilane-based reduction and stabilization seems to
be a general route for the generation of other unstable sp>’C—Pd—
H complexes. Under similar conditions, arylpalladium acetate
2b could also react smoothly with PhSiH; to generate the
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Figure 4. Hydridoalkenylpalladium intermediate involved in
the palladium-mediated transfer hydrogenation.

corresponding hydridoarylpalladium 1b (eq 2).” Thus, as con-
firmed by 'H and 3'PNMR spectroscopies, a mixture of 2b and
PhSiHj3 (2 equivs to Pd) in toluene at room temperature produced
hydridopalladium 1b quantitatively in 2h. Recrystallization
from a hexane/toluene mixed solvent in the presence of PhSiH;
at —30°C, produced pale yellow crystals suitable for X-ray
analysis (61% yield). The X-ray analysis of hydridopalladium
1b (as depicted in Figure 3) unambiguously confirmed the
structure with the hydride and aryl group attached to the
palladium atom in a trans manner with P1, Pd, C1, C4 adopting
a dihedral angle of 85.76(8)°. Being similar to complex (2)-1a,
in the absence of PhSiHj, this arylpalladium hydride 1b
decomposed completely in toluene in 0.5h to give the
corresponding hydrocarbon at room temperature. However, in
the presence of two equivalents of PhSiH3, 1b is even stable at
80 °C, and does not decompose at all for 2 h; indeed, only 39%
of the complex decomposed at 120 °C in 10 h. It was noted that a
Si—H bond is essential for this kind of stabilization, i.e., silanes
such as PhSiMe; and Me,Si bearing no Si-H bonds do not
stabilize the Pd-H complexes at all. However, it was also
confirmed that no H-D exchange occurred between Ph,SiD,
with complexes (Z)-1a or 1b in toluene at 25°C within 15h.”

O PEt; O PEt;

Ph Q I‘Dd—OAc+2PhSiH3—> Ph O Pd—H 2)
Il’Ets Toluene, 25 °C, 2h }‘DEta

O 2b O 1b X-ray

The successful identification of C—Pd-H complexes describ-
ed above helps to reveal the real mechanism of related Pd-
mediated reactions. For example, the isolation of hydridoalke-
nylpalladiums 1a leads to an unambiguous confirmation of the
long-proposed palladium intermediates involved in the palla-
dium-catalyzed selective transfer hydrogenation of alkynes,
which is currently of great interest (Figure 4),3°%1% in which
(E)-2a, formed via the hydropalladation of the alkyne-coordi-
nated palladium(0) complexes with acetic acid, is reduced to
give the hydridoalkenylpalladium (£)-1a, which subsequently
decomposes to produce (Z)-stilbene and reproduce the zerova-
lent palladium complexes. As shown below, both (F)-2a and
(E)-1a could be identified clearly in the [Pd(PEt;)4]-catalyzed
selective transfer hydrogenation of diphenylacetylene (dipheny-
lacetylene, 0.2mmol; Ph,;SiH,, 0.2mmol; HOAc, 0.2 mmol;
[PA(PEt;)s], 0.04mmol) in C¢Dg. Thus, (E)-2a and a trace
amount of (E)-1a were the only detectable palladium species at
the beginning of the reaction. As estimated from the NMR
spectroscopy results, the amount of (E)-2a (ca. 0.04 mmol)
remained constant when the starting diphenylacetylene and
Ph,SiH, were present in the mixture, and decreased as these
starting materials were consumed. Therefore, the formation of
(E)-2a was fast, and the decomposition of (E)-la was also
relatively fast. The reduction of (£)-2a to (£)-1a was slow, and
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was the rate-determining step of this palladium-catalyzed
transfer hydrogenation.33f

In summary, the long-proposed hydridoalkenyl- and hydri-
doarylpalladium sp?’C-Pd-H intermediates have been isolated
and identified successfully for the first time.!! The isolation of
these important palladium intermediates opens up new routes for
direct studies on their chemical behaviors, which, until now,
have mostly been performed on the basis of theoretic calcu-
lations because of the lack of suitable C—Pd—H complexes.3%3t:4°
We believe that forthcoming studies on the reactivity of these
complexes will not only lead to an in-depth understanding of
palladium-catalyzed C-H activation and C-H bond-forming
reactions, but may also help in the development of new efficient
catalysts.
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