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ABSTRACT

Catalytic Pd(OAc)2 and polymethylhydrosiloxane (PMHS), in conjunction with aqueous KF, and a catalytic amount of an aromatic chloride, effects
the chemo-, regio-, and stereoselective deoxygenation of benzylic oxygenated substrates at room temperature in THF. Preliminary mechanistic
experiments suggest the process to involve palladium-nanoparticle-catalyzed hydrosilylation followed by C-O reduction. The chloroarene
additive appears to facilitate the hydrogenolysis process through the slow controlled release of HCl.

In the early 1990s, Tour1 and Crabtree2 independently
reported on how dispersing palladium throughout a silox-
ane polymer matrix raises the catalytic activity of the
metal. Originally termed Pd-colloids, in 2004 Chauhan3

unequivocally showed that mixing Pd(OAc)2 with poly-
methylhydrosiloxane (PMHS) formed polysiloxane-
encapsulated Pd-nanoclusters.
We had previously reported that Pd(OAc)2/PMHS in

the presence of aqueous KF rapidly hydrodehalogenated
chloroarenes.4 Despite PMHS’ ability to reduce ketones to

alcohols,5 this system chemoselectively dechlorinated
4-(4-chlorophenyl)-2-butanone (eq 1). In contrast, when
40-chloroacetophenone was placed under the same condi-
tions, it was fully reduced to ethylbenzene (eq 2).

Since transfer hydrogenolysis of activated C-O bonds
by PMHS are known,6 we were not entirely surprised by
this result, untilwe examined the reactivityof acetophenone.
After being exposed to the Pd(OAc)2/PMHS/KF(aq)
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conditions for 24 h, the acetophenone afforded no visible
amounts of ethyl benzene, stopping instead at 1-phenyl-
ethanol (Table 1, entry 1).
Empirically, the presence of a chloro group was influen-

cing the reactivity of the benzylic ketone/alcohol. Yet, GC
monitoring of the 40-chloroacetophenone reduction indi-
cated the intermediacy of acetophenone. Thus the chloro
groupof 4-chloroacetophenonewasnot directly enhancing
its reactivity. An investigation was undertaken to uncover
why in situ generated acetophenone undergoes full deoxy-
genation, while subjecting acetophenone starting material
to the “same” reduction conditions stopped at the alcohol.
Through experimentation, we found that by simply start-
ing the reaction in the company of chlorobenzene, acet-
ophenone was quantitatively reduced to ethylbenzene
after 1 h at room temperature. Moreover, 10 mol %
chlorobenzene7 proved equally effective at facilitating
the reaction.
To the best of our knowledge this is the first example of

chlorobenzene serving as a productive additive in Pd-
mediated reductions.8-10 To explore this curious finding
further, we surveyed a variety of chlorides and related
additives against the reaction of acetophenone with
Pd(OAc)2/PMHS/KF(aq).

Where chlorobenzene efficiently facilitated deoxy-
genation, among bromobenzene, iodobenzene, and
phenyl nonaflate (entries 3-4 and 8), only PhBr showed
any effectiveness as an additive with its reaction afford-
ing ethylbenzene in 22% yield. With PhI and PhONf,
the reductions stopped at 1-phenylethanol. It was also
noted that relative to chlorobenzene, PhBr, PhI, and
PhONf were themselves reduced very rapidly to ben-
zene. A number of chloride salts were also tested (entries
5-7), but only trace amounts of ethylbenzene were
formed in their presence. Interestingly though, while
LiCl (entry 7) and PhONf (entry 8) were ineffective
additives on their own, when both were added to the
reaction (entry 9) acetophenone was quantitatively con-
verted to ethylbenzene.
These data pointed to the possible participation of an

Ar-Pd-Cl species.11 Such an intermediate could play
many roles. Among the possibilities, the aromatic chlor-
ide might serve as a ligand on the active Pd catalyst or in
some other way (e.g., transmetalation) positively alter
the reactivity of the polysiloxane matrix. It could also
be that Ar-Pd(II)-Cl in the presence of PMHS and water
simply serves as a source of HCl.12 Indeed, adding 1
equiv of HCl to the acetophenone reaction (entry 10)
gave 15% of PhEt.
Though certainly speculation, we were of the opinion

that these preliminary results best fit a scenario where
chlorobenzene provided for a controlled release of HCl.
Supposing this to be the case, entries 2 vs 10 would
indicate that the rate at which HCl enters the reaction
affects the efficiency of the overall reaction. As such, we
deemed it useful to examine other additives that could
generate HCl in situ. However, 1-chlorobutane (entry
11), which could afford HCl via β-hydride elimination,
was not an effective additive. On the other hand, adding
TMSCl to the reaction was beneficial, with deoxygena-
tion of the ketone occurring in 95% (entry 12). We also
screened various chloroarenes under the assumption
that they would form Ar-Pd(II)-Cl species and in turn
release HCl at different rates. Anticipating subtle differ-
ences between chloroarenes, we chose the relatively slow
reacting methyl 4-acetylbenzoate as the starting ketone
(Table 2). In the presence of 10 mol % of PhCl, this
substrate afforded 21% of methyl 4-ethylbenzoate (A)
and 77% of methyl 4-(1-hydroxyethyl)benzoate (B). A
set of sterically and electronically varied chloroarenes
was then assessed. As seen in Table 2, the ratio of A/B
was highest with 4-chloroanisole (entry 3). To further
test the hypothesis that chloroarene derived HCl was the
deoxygenation promoter, the reduction of methyl
4-acetylbenzoate was performed in the presence of both
4-chloroanisole and various acid scavengers. In all instances
(entries 8-11) the deoxygenations were suppressed, albeit
to unequal extents.

Table 1. Screening Halides as Deoxygenation Additives

entry halide source time (h)
% yielda

of PhEt
% yielda

of alcohol

1 none 24 0 98
2 PhCl 1 100 0
3 PhBr 2 22 78
4 PhI 16 0 25
5 Bu4NCl 3.5 traceb 30
6 CsCl 24 traceb 98
7 LiCl 24 traceb 100
8 PhONf 1 traceb 99
9 PhONf þ LiCl 1 97 0

10 HCl 1 15 40
11 1-chlorobutane 1 traceb 22
12 TMS-Cl 1 95 0

aAverage of two runs as determined by 1HNMRwith CH2Cl2 as an
internal standard. bDetermined by GC.
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In addition to these reactions being mechanistically
curious, chlorobenzene represents a unique and attractive
additive. Even relative to TMSCl, chlorobenzene is cheap,
stable, and otherwise inert. For these reasons we presented
these conditions to a variety of substrates bearing benzylic
C-Obonds (Table 3). Substrate screening was carried out
with 10 mol % of PhCl, 5 mol % of Pd(OAc)2, 1.5-4.0
equiv of PMHS, and 4 equiv of KF in 5:2 THF/H2O at
room temperature for 1 h.13,14 We found that increasing
the steric environment about the carbonyl hindered the
deoxygenation (entries 6, 10, and 12-14), with substitution
at both ortho positions completely shutting down a second
reduction (entries 15 and 16). To evaluate the chemo-
selectivity of the system, 4-(4-acetylphenyl)butan-2-one
(entries 18-21) was prepared and subjected to the reac-
tion conditions, resulting in reduction of only the
benzylic ketone. Likewise, subjecting 1-phenylbutane-
1,3-dione to the reaction conditions (entries 22-24)
resulted in deoxygenation of the benzylic carbonyl,
along with some reduction of the 3-carbonyl to the

alcohol. Similar chemoselectivity was also seen with
methyl 4-acethylbenzoate (entry 25).
Entries 27-32 show that the chlorobenzene effect can

be seen during the hydrogenolysis of a variety of C-O
bonds.15 In the presence of PhCl, benzyl bornyl ether
(entry 29) underwent deprotection in 67% yield in less
than 1 h. In the absence of PhCl, only 15% of isobornyl
alcohol was formed in 1 h, and over 8 h was needed for the
reaction to give a comparable yield. Not surprisingly, the
rate acceleration that occurs courtesy of PhCl could impact
the reactions negatively. For example, the benzyl ether of
1-phenylethanol (entry 27) undergoes hydrogenolysis of
both C-O bonds when PhCl is present, whereas without
PhCl the reactionwas regioselective for hydride delivery to
the least substituted benzyl, affording toluene and sec-
phenethyl alcohol in nearly quantitative yields. It should
also be noted that the presence of a basic nitrogen inhibited
the deoxygenation (entry 17), affording only the alcohol,
presumably due to HCl sequestration.
To evaluate the regio- and stereoselectivity of the reduc-

tion, a stereodefined benzylic epoxide (entry 31) was sub-
jected to the conditions. Here, the 1,2-diol was generated in
high yield and 95% de.16 Reaction of the epoxide without
PhCl also afforded the 1,2-diol quantitatively, but with
decreased de (entry 32). A stereodefined17 tertiary benzylic
alcohol (entry 33) afforded (S)-3-phenyl-1-butanol with no
loss of enantiomeric excess and retentionof configuration.18

Finally, as evidenced by entries 8 vs 7, 11 vs 10, 20 vs 19,
and 26 vs 25, changing the aryl chloride additive from
chlorobenzene to 4-chloroanisole enabled the deoxygena-
tion of some of the more difficult substrates.
More work is needed to secure a mechanism for this

process, as well as to determine how the additives impact
the nature of the Pd nanoparticles. That said, the observed
memory of chirality (Table 3, entry 33) and cyclobutane
stability (Table 3, entries 6-9) argue against the presence
of benzyl radicals. On the basis of these and other data, we
favor a mechanism were the ketone is first reduced to the
alcohol by Pd-catalyzed hydrosilylation. In the interim, a
reduction of chlorobenzene affords benzene and a chlor-
osiloxane. The chlorosiloxane is then hydrolyzed by water
present in the reaction to form HCl and the silanol. The
HCl then facilitates12,19 Pd-catalyzed transfer hydrogeno-
lysis of the benzylic C-O bond, where the hydrogen is in
part formed from the PMHS and water.6 This last step is

Table 2. Screening Halides as Deoxgyenation Additives

entry ArCl neutralizing agent
% yielda

(A/B/sm)

1 chlorobenzene 21/77/-
2 2-chloro-m-xylene 13/74/-
3 4-chloroanisole 39/46/ -
4 4-chlorobenzo-trifluoride 32/28/10
5 2-chloropyridine -/13/85
6 o-dichlorobenzene 38/61/-
7 hexachlorobenzene 30/66/2
8 4-chloroanisole 2,6-lutidineb -/94/1
9 4-chloroanisole DTBMPc,d 28/65/-

10 4-chloroanisole proton-sponged -/98/-
11 4-chloroanisole propylene oxided 37/57/-

aAverage isolated yield over two runs. b 0.1 equiv. c 2,6-di-tert-butyl-
4-methylpyridine. d 0.5 equiv.
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supported by reactions run in D2O, which saw ∼37%
deuterium incorporation at the newly formed benzylic
methylene.20
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Table 3. Deoxygenation Substrate Screeninga

aConditions: 1 equiv of substrate (1mmol), 5mol%of Pd(OAc)2, 10mol%of PhCl, 2.5 equiv of PMHS, 4 equiv ofKF, 5mLof THF, 2mLofH2O,
rt, 1 h. bAverage isolated yield of two runs. cReaction runwith 2 equiv ofKF. dDetermined by 1HNMRwith CH2Cl2 as an internal standard.

ePlus 7%
(R = H). fToluene was also observed in >95% yield. g 31% recovered starting material. h 38% recovered starting material.

(20) A description of the deuterium labeling and silicon hydride
screening experiments can be found in the Supporting Information.


