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Abstract: A new method is described for palladium-catalyzed
allylic silylation using allylic alcohols and disilanes as precursors.
The reactions proceed smoothly under mild and neutral
conditions, and this method is suitable for synthesis of regio-
and stereodefined allylsilanes. The presented silylation reaction
can be easily extended to include synthesis of allylboronates
by change of the dimetallic reagent. The presented synthetic
procedure offers a broad platform for the selective synthesis
of functionalized allyl metal reagents, which are useful precur-
sors in advanced organic chemistry and natural product
synthesis.

Allylsilanes encompass the reactivity of both akenes and
metal-allyl reagents, which renders these compounds as one of
the most important building blocks in modern organic synthesis.™?
The silyl group in alylsilane reagents has a hyperconjugative®
directing effect (S-silyl effect) enabling a highly selective
transformation of the sp? carbons. The versatile scope of the
reactions includes allylations, such as the Hosomi—Sakurai
reaction;*® transition-metal-catalyzed processes, such as the
Hiyama coupling;®” and even selective synthesis of function-
alized alylic fluorides.®® The widespread use of these useful
synthetic applications demands development of new effective
synthetic methods to obtain regio- and stereodefined allylsilanes.
In this respect transition-metal-catalyzed processes proved to
be the most successful procedures.®~2* In particular, palladium-
catalyzed synthesis of allylsilanes by substitution of allylic
esters'?132325 gnd ethers™ using disilanes®® as a silyl source
proved to be very useful, because of the relatively easy access
to the precursors and the broad synthetic scope of the reactions.
The cost efficiency and the environmental benefits of these
processes could be substantially increased, if allylic alcohols
(1) were used directly as substrates®”?® without using any
additives. Thisis ahighly challenging task as the hydroxy group
is one of the most reluctant leaving groups, which usually has
to be activated in substitution reactions.

Our group has successfully developed severa related catalytic
methods for the use of alylic alcohols as precursors for the synthesis
of allylboronates.?* 3" We have now devised a new, inexpensive,
and mild procedure for the preparation of functionalized alylsilanes
from alylic acohols (Figure 1). Our best conditions (Table 1)
involve the use of hexamethyldisilane (2a) as a silyl source and
Pd(BF4),(MeCN), 3 as a catalyst (5 mol %) in a DMSO/MeOH
1:1 mixture for smooth conversion of various alylic acohols (1)
to dlylsilanes (4). The reactions were conducted under mild
conditions (typicaly at 50 °C) without an inert atmosphere and
without addition of any acids, chloride/acetate salts, or other
additives, which are commonly used in analog palladium-catalyzed
substitution reactions of allylic esters and ethers.*>~*# Due to the
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Figure 1. Palladium-catalyzed direct silylation and borylation of alylic
alcohols.

mild and neutral reaction conditions many functional groups, such
as aromatic OH, NO,, OR, and COOM e substituents, are tolerated
in the silylation reactions. The reactions proceeded very cleanly,
asin most cases the desired allylsilane was the only product formed
with a full conversion of the applied allylic alcohol. The reaction
time required for the full conversion of the substrate was longer in
the presence of electron-withdrawing groups (such as 1c) compared
to electron-donating substituents (1a, 1d—e); cf. entries6 and 1, 7,
8. Primary (such as 1a, 1c—e, 1j), secondary (1b, 1f—g, 1k), tertiary
(1h—i), and cyclic (1j, k) acohals could easily be converted to
the corresponding alylsilanes.

We have found that not only 2a but also its diphenyl analog 2b
could also be used as a silyl source (entries 2, 10, 12). This is
particularly advantageous when the low boiling point of the desired
trimethylsilanes (TMS) encumbers the isolation of the product, as
in the case of the TMS analog of 4g or 4h. In addition, variation
of the silyl group offers several synthetic advantages, when
alylsilanes are applied as substrates.? The reaction is also very
robust and easily scalable without further optimization of the
reaction conditions. For example, a 20 times scale up to 3 mmol
of la could be carried out without a significant change of the
isolated yield (entry 1).

The regio- and stereoselectivity of the reaction is very high. The
regioselectivity is excellent as the linear allylic product is formed
exclusively. For example, isomeric alylic acohols 1a and 1b gave
only the linear alylsilane 4a (cf. entries 1 and 5) indicating a
possible allyl-palladium mechanism for the transformation. The
double bond geometry was selectively transin all acyclic alylsilane
products. Even by starting with cis-alcohol 1j we obtained trans-
allylsilane 4j in high selectivity, which is also a typical signature
of the allyl-palladium mechanism. Starting from stereodefined dlylic
acohol 1k, in which the leaving hydroxy group and the COOMe
substituent are in a cis relationship, the major product is 4k with a
trans configuration of the silyl and COOMe groups. Although the
diastereoselectivity is not completely clean (the trans/cis ratio is
3:1), the major formation of the inversion product 4k suggests that
the silyl group is coordinated to palladium prior to a nucleophilic
attack.*>** As mentioned above additives were not required to
obtain a high activity and selectivity using our catalytic system. In
fact additives, which are able to coordinate strongly to palladium,
inhibited the reaction. For example, the addition of only 10 mol %
of LiCl to our catalyst system (at 50 °C for 15 h) led to an
incomplete reaction for silylation of 1a and the isolated yield was
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Table 1. Palladium-Catalyzed Allylic C—OH Functionalization for
the Synthesis of Organosilanes and Boronates®

Entry Substrates Cond.? Product Yield®

1 PhX"OH (MesSiy 5015 PhYTN"SiMe; 847777
1a 2a 4a

2 1a (MesPhSi), 50115 P X>""siMe,Ph 79

2b 4b

3 1a (Bpin)2 50/0.25 Ph”x""Bpin 77
5 6a
4 1a 5 2015 6a 78
Ph
5 2a 50115 4a 82
\/I\OH
1b
X" oH X" siMe,
6 2a 5024 61
O,N 1c O,N 4c
X" 0H X" SiMe,
7 2a 50115 79
MeO 1d MeO 4d
X" 0H X" siMe;
8 1o 1o 2a 5015 o te 71
OMe OMe
Ph Ph
9 2a 50115 69
Ph/\)\OH Ph/\)\SiMe3
1 af
CsHiy

5
10 2 5015 CsHyy X" siMe,Ph 78
\%OH 5H14 f 2
g g

11 1g 5 20115 CgHiy X" Bpin 76
6b
7
12 \><0H 2b  50/15 )\/\SiMezph 8
1h 4h
N OH
13 2a 6515 72
A SiMe;
BnO— ' —OH 4
n
14 _ 2a 5015 DONANA"Nsive, 69
1j 4
COOMe COOMe
15 2a  60/15 52
OH “SiMe,
1k aK°
COOMe
16 1k 5 20115 70
“Bpin
o "

aUnless otherwise stated alylic acohol 1 (0.15 mmol), dimetal
reagent 2 or 5 (0.18 mmol), and catalyst 3 (5 mol %) were dissolved in
a DMSO (0.2 mL)/MeOH (0.2 mL) mixture and stirred for the indicated
times and temperatures. ® Reaction conditions: temperature/time = °C/h.
¢ Isolated yield (%). “ The reaction is scaled up to 3.0 mmol of la.
€ Product isolated in a 3:1 trang/cis mixture. " Product isolated in a 5:1
trans/cis mixture.

decreased from 84% to 35%. It is even more interesting that addition
of LiOAc completely inhibited the process. We could not find any
trace of 4a in the reaction mixture, when la was reacted under our
usua conditions (entry 1) in the presence of 10 mol % LiOAc.
With PPh; (10 mol %) a very complex reaction mixture was
obtained with low conversion of la. The silylation of la with
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Pd(OCOCEF;), proceeded with asimilar yield (70%) aswith 3 (84%)
under identical conditions (entry 1). However, the yield was
decreased when PdCI, was used as the catalyst (50%), and no
silylated product 4a was formed at all using Pd(OAc), asthe catalyst
source. Surprisingly, Pd,(dba)s, which was efficiently used as the
catalyst in the silylation of allylic esters,***323 was completely
inefficient for the silylation of alylic acohols. The application of
a DMSO/MeOH mixture was also important to obtain a fast and
clean silylation reaction. In pure DMSO the conversion of 1 to 4
is extremely slow, while in pure methanol byproducts appear in
the reaction mixture. Application of DM SO is probably important
to keep the palladium, in particular Pd(0), speciesin solution during
the catalysis. The reaction can also be conducted in chloroform;
however the yield of the transformation drops because of the
formation of byproducts. For example the isolated yield for the
silylation of la decreased from 84% to 55% when the DM SO/
MeOH mixture (entry 1) was replaced by chloroform.

To our delight, avery fast and very selective borylation reaction
occurred when disilane 2 was replaced with bis(pinacol ato)diboron
(5) (entries 3, 4, 11, 16) using otherwise identical conditions. It
was found that the borylation was much faster than the silylation
reaction. Thus, the silylation of 1a had to be conducted for 15 h at
50 °C to obtain a complete conversion, while formation of
allylboronate 6a required only 15 min under the same reaction
conditions (cf. entries 1 and 3). In fact the C—OH borylation of 1a
could be completed under neutral conditions in 90 min at room
temperature (entry 4). Likewise, akyl substituted allylic alcohol
19 reacted rapidly under mild conditions affording linear alylic
boronate 6b. The stereoselectivity of the borylation of 1k (trans/
cis 5:1) is somewhat higher than that of the silylation reaction
providing the inversion product 6c¢ as the major diastereomer. When
silaborane reagent PhMe,Si-Bpin was used in place of 2 or 5 under
the standard conditions, an intractable mixture was obtained along
with rapid precipitation of palladium-black.

In order to obtain more insights into the mechanism of the
reactions we compared the rate of formation of the organometallic
products as a function of the substituent effects in the allylic
precursor, the nature of the leaving group, and the source of the
organometallic functionality (see Supporting Information for the
diagram). One of the most interesting findings is that, under identical
reaction conditions, cinnamyl alcohol 1a is silylated faster than
cinnamyl acetate 8. In the presence of a nitro group in the para
position of the phenyl ring (1c), the rate of silylation is slower than
that for the parent compound 1a, while with a methoxy substituent
therate is practically unchanged. On the other hand the borylation
reaction of 1ais much faster (about 10 times) than the correspond-
ing silylation reaction.

The mechanism of the above rapid and selective silylation of
allylic alcohals has not been understood in every detail; however
on the basis of the above studies (Table 1) at least a plausible
catalytic cycle can be constructed (Figure 2). Our assumption is
that the catalytic process starts from a Pd(0) species, which may
be generated from 3 by reduction by either 2 or methanol under
our standard conditions. In either case, the formation of a*naked”
Pd(0) species is supposed to form in which the ligands are very
loosely coordinated. The activation of the hydroxy group is probably
the most intriguing reaction step of the catalytic cycle. Although,
allylic alcohols are employed in several transition-metal-catalyzed
processes,>"?® very few reactions proceed under mild conditions, =2
without external activators, as in the above presented process.
Possibly, the high oxophilicity of silicon leads to the formation of
ate-complex 10. Structurally related hypervalent silylsilicate species
have been previously reported in the literature.**° Formation of
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Figure 2. Proposed catalytic cycle for silylation of allylic alcohols.

such a species is also promoted by electron donation from Pd(0)
to the #*-MO of the double bond, which increases the nucleophi-
licity of the oxygen atom. In complex 10 the C—O bond is
sufficiently weakened for an oxidative addition of Pd(0) to generate
dlyl-paladium complex 11.

In alyl-palladium complex 11 the counterion is possibly a
hypervalent silylsilane arising from the C—O bond cleavage of 10.
This silane may easily transmetal ate with palladium to give complex
13. The transmetalation delivers the silyl group to palladium, which
subsequently may undergo reductive elimination without any further
activation.™® Our previous studies™ have shown that transmetalation
of disilanes to allyl-paladium complexes and the subsequent
reductive elimination proceed very fast, with the high regioselec-
tivity affording the linear alylic isomer. In the reductive elimination
mechanism, the silyl group attacks the allyl moiety from the
direction of palladium via a syn mechanism. Supposing that the
alyl-paladium complex (11) forms mainly by the usua anti
stereochemistry and the nucleophilic attack proceeds by a syn
mechanism,*>*? a predominant inversion found for silylation of
1k to 4k can be easily explained. We do not exclude the possibility
that the mechanism of the presented borylation reaction (Figure 1)
is the same. Probably, the OH-activation®® and/or transmetalation
is more efficient for the borylation process than for the silylation
reaction, which may explain afaster formation of allylboronate 6a
than that of allylsilane 4a. Exploration of the exact mechanism
requires further experimental and modeling studies.

In summary, we have presented a new, efficient procedure for
the inexpensive and environmentally benign selective synthesis of
alylsilanes from alylic acohols. The synthetic scope involves a
wide range of substituted allylic alcohols with internal and external
double bonds and even cyclic substrates. The applied reaction
conditions provide an easy access to alylic boronates as well. By
this study we have created a common platform for the synthesis of
functionalized allylsilanes and allylboronates from allylic alcohols
and the corresponding dimetallic reagents under identical reaction
conditions. Thus, here we provide a simple and efficient route to a
broad variety of building blocks for the synthesis of complex
organic molecules including natural products.®43~4°
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