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Abstract: A highly efficient palladium-catalyzed disilylation
reaction of aryl halides through C—H activation has been
developed for the first time. The reaction has broad substrate
scope. A variety of aryl halides can be disilylated by three types
of C—H activation, including C(sp?)—H, C(sp’)—H, and remote
C—H activation. In particular, the reactions are also unusually
efficient. The yields are essentially quantitative in many cases,
even in the presence of less than 1 mol% catalyst and
1 equivalent of the silylating reagent under relatively mild
conditions. The disilylated biphenyls can be converted into
disiloxane-bridged biphenyls.

The past few decades have witnessed noticeable progress in
the development of transition-metal-catalyzed C—H function-
alization.!"! In this context, palladium catalysis is particularly
attractive, and a number of palladium-catalyzed reactions
have been developed.””) However, the majority of palladium-
catalyzed C—H functionalization reactions suffer from high
catalyst loading, limited substrate scope, and imperfect yields.
For intermolecular reactions, excess reactant is often needed
to achieve satisfactory yields. These issues restrict application
of these methods in organic synthesis. Therefore, it is highly
desirable to develop innovative C—H functionalization pro-
tocols that provide excellent yields with broad substrate scope
using low catalyst loading and 1 equivalent of each of the
reaction partners.

Organosilicon compounds are widely used in organic
synthesism and materials science,*! and have also found
applications in medicinal chemistry.’! Therefore, the develop-
ment of new methods for the formation of C—Si bonds has
been the topic of extensive investigation. Although the C—H
functionalization strategy has been exploited to introduce
silyl groups into organic molecules, it is much less developed
than the borylation of C—H bonds, and the application of the
silylation of C—H bonds to synthetic chemistry has been
limited by the inefficiency of the silylation reaction.l” In
particular, palladium-catalyzed C—H silylation reactions are
rare and remain to be developed. Although several excellent
reactions have been developed, primarily by using bidentate
directing groups,[’! they generally require an excess of the
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silylating reagent hexamethyldisilane, use high catalyst load-
ing, and provide only moderate yields in the majority of
substrates.

Transition-metal-enabled C—H functionalization reac-
tions often rely on the use of directing groups.”®! This strategy
restricts the scope of accessible products. Therefore, the
development of transient directing groups has attracted
considerable interest.”) Notably, halogens have been
exploited as transient directing groups to activate C—H
bonds. For palladium-catalyzed reactions of this type, the
reactions form palladacycles as intermediates. Most of the
current reactions involve intramolecular cyclization,"”! and
intermolecular reactions are quite rare.''! Our group has been
interested in this type of palladacycle!” because they may
exhibit novel reactivity, and the two Pd—C bonds offer
opportunities to develop innovative reactions. Herein, we
report extremely efficient reactions of such palladacycles with
hexamethyldisilane. This mode of reactivity allows efficient
formation of disilylated products in quantitative yields, very
low catalyst loading, 1equivalent of reactant, and broad
substrate scope.

We commenced our study by investigating the reaction of
2-iodobiphenyl (1a) with hexamethyldisilane (2). Surpris-
ingly, the disilylated product 3a was formed almost quanti-
tatively when the reaction was carried out using 2 equivalents
of 2 and 10mol% of Pd(OAc), (Table1, entry1). In
transition-metal-catalyzed C—H silylation reactions with 2,
only one of the silyl groups is typically incorporated into
products, and the other one ultimately becomes byproduct. In
the present reaction, both of the silyl groups are incorporated,
so it not only provides a new disilylating method, but also
represents a highly atom-economic example of C—H func-
tionalization. Gratifyingly, the yield was nearly quantitative,
even when using 1 mol % of Pd(OAc), and 1 equivalent of 2

Table 1: Optimization of reaction conditions for the disilylation of 2-

iodobiphenyl.
I Pd(OAc),
“ KaCO3 2equiy) H
50 - s avey
DMF (1 mL)
N,,100°C, 12 h
1a (0.2 mmol) 2 3a
Entry Solvent Pd(OAc), (mol %) 2 (equiv) Yield [%]
1 DMF 10 2 98
DMF 1 1 97 (94"))
3 DMF 0.1 1 96>

[a] The yields were determined by '"H NMR analysis of the crude reaction
mixture. [b] Yield of the isolated product. [c] 3.0 mmol of 1a, 0.1 mol%
of Pd(OAc),, 24 h. DMF = N,N-dimethylformamide, TMS =trimethyl-
silyl.
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(entry 2), which indicates that the disilylation reaction is
extremely efficient. Notably, a yield of 96 % was still obtained
even when the catalyst loading was lowered to 0.1 mol % and
the reaction was scaled up to 3.0 mmol (entry 3; for the
detailed optimization tables see the Supporting Information).

Next, we investigated the substrate scope of the disilyla-
tion protocol. We first examined the compatibility of various
functional groups by investigating the reactions of 4'-substi-
tuted 2-iodobiphenyls. As shown in Table 2, the yields were
essentially quantitative for a range of functional groups,
including electron-donating and electron-withdrawing sub-
stituents (3b-k). The performance of 2-iodobiphenyls bearing
substituents at other positions was also examined. Substitu-
ents at 3'- or even 2'-positions did not affect the high yields of
the disilylation protocol (31-r). A range of substrates with
substituents on the iodo-bearing benzene ring or both of the
benzene rings could be disilylated with excellent yields (3t
ab). Substrates containing either a pyrrole or thiophene ring
also exhibited very high reactivity (3ac and 3ad), and an
indole ring was also suitable (3ae).

Table 2: Disilylation of 2-iodobiphenyl derivatives.”
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C(sp’)~H bonds can also be activated by utilizing
halogens as transient directing groups, and the reactions
form palladacycles consisting of a C(sp?)-Pd-C(sp®) bonding
motif. Likewise, most examples in the literature involve
intramolecular cyclization.'®™ Intermolecular reactions are
comparatively underdeveloped.''*f! Encouraged by the dis-
ilylation reaction of 2-iodobiphenyls, we set out to investigate
the intermolecular reactions of palladacycles obtained by
C(sp®)—H activation with 2. Therefore, 1-(tert-butyl)-2-iodo-
benzene was subjected to the above standard reaction
conditions. Gratefully, the expected disilylated product Sa
(for structure see Table 3) was obtained in 93 % yield. 1-(tert-
Butyl)-2-bromobenzene (4a) was also reactive, but the yield
was very low (16 % ). The yield was dramatically improved to
96 % when 2 mol % of P(o-tol); was added.

The substrate scope of the C(sp®)—H silylation protocol
was then examined (Table 3). Various electron-donating and
electron-withdrawing functional groups were compatible
(5b-h), and fluoro and chloro groups were well-tolerated

Table 3: Disilylation of 1-(tert-butyl)-2-bromobenzene derivatives.?

R1— N
Pd(OAc), (1 mol%) >
K,COj3 (2 equiv) ™S
+ TMS-TMS ——— 3 TMS
DMF (1 mL) , 7
Ny, 100°C, 120 R

1b-ae (O 2 mmol) 2 (1.0 equiv)

R2 = Me, 3b 96%
R2 = OMe, 3¢ 96%
R2 = Ph, 3d 95%
R2 = CF3 3e 95%

R2 = COMe, 3g 91%
R2= CHO, 3h 92%
R2=CN, 3i 94%
R2=F, 3j 92%

R2 = CO,Me, 3f 93% R2=Cl, 3k 94%

R2 = Me, 31 95%

O TMS R2Z=0Me, 3m 91%
TMS R2=CF3 3n95%
O RZ= NO,, 30 90%
RZ

I TMS
I TMS

Me3p, 90%

Me

O - = Me (1s), 31 92%
2 e ii_g; 3‘]39;?,/ ™S R1 COzMe) 3019,
R TMS e, 3r o TMS 1 _ N

O R'=Cl, 3u 93%

3q and 3r

3I 3tand 3u

OMe

MeO
Ph
O = R2 = Me, 3v 98% O
™S R1 R2 = F, 3w 90% ™S ™S
™S R1 R2=Cl, 3x 91% TS ™S
= CI,R? = Me, 3y 96%
MeO
Ph

3v-3y 3z, 96% 3aa, 94%

3ad, 94%

Me
3ae, 76%

[a] All yields are those of the the isolated products.
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R2 R2
rR2 ] Me Pd(OAc); (1 mol%)  R2
P(o-tol)3 (2 mol%) T™S
Br K2CO3 (2 equiv) T™MS
RIS + TMS-TMS — oo B 1 =
\F 100°(Cn1]2)i1 ’ \A
4a-n (0.2 mmol) 2 (1.0 equiv) ! 5a-n
Me M R'=H, 5a 96% (96%[)) R'=CO,Me, 5f 96%
T™S R = Me, 5b 98% = COMe, 59 92%
™S R" = Bu, 5¢ 97% = CHO, 5h 85%
= OMe, 5d 98% =F, 5i 98%
R'= NHAc, 5e 90% =Cl, 5j 86%
R 5a-j
Me Me CO,Me CO,Me
Me Me Me
™S Med~1ms MeOLYI s
T™S Br T™S ™S
Me Me
5k, 96% 41, (product: 5k, 89%)  5m, 95% 5n, 61%

[a] All yields are those of the isolated products. [b] 2.5 mmol of 4a,
0.1 mol % of Pd(OAc),, 0.2 mol % of P(o-tol);, 24 h.

(5i and 5j). All the reactions were high-yielding, with most
being quantitative. For the sterically hindered substrate 41, Sk
was formed as the final product (for the mechanism of this
transformation see the Supporting Information). The ester
derivatives of 4b were suitable, although the yield of the
substrate containing one methyl group was low (5m and 5n).
It should be noted that the disilylation of 4a was also scalable
and that the yield remained quantitative even when using
0.1 mol % of Pd(OAc),.

Recently, remote C—H activation initiated by an intra-
molecular Heck-type cyclization has attracted considerable
interest because the strategy represents a means of expanding
the substrate scope of C—H functionalization.'""! This type of
reaction involves formation of spiropalladacycle intermedi-
ates, which can undergo either intramolecular cyclization™!
or intermolecular functionalization.” We envisioned that the
spiropalladacycles formed by remote C—H activation could
also be captured by 2. Therefore, the 2-phenylacrylamide 6a

Angew. Chem. Int. Ed. 2018, 57, 32333237
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was reacted with 2 under the standard conditions for the
disilylation of 2-iodobiphenyl (Table 4). Although the desired
disilylated product 7a was formed in 86 % yield, the yield was
improved to 95% when the reaction time was extended to

Table 4: Disilylation of 2-phenylacrylamide derivatives.”!

B
@( o # I Pd(OAc), (1 mol%)
K,COj3 (2 equiv)
VG N - _— 3
R Nk R * TMSTTMS ByE D)
R3

Nz, 100°C, 24 h

6a-r (0.2 mmol) 2 (1.0 equiv)

O ™S O TMS R'=Me, 7b 95%
R' = CN, 7c 949

T™MS 151 gooy R ™S 1_C ,7¢ 94%

O O  24h,95% O o R =FR7d93%
N N R'=Cl, 7e 95%

7a Me 7b-e Me
TMS M ™S Me ™S
™S ™S ™S
O o R!=CF; 780% O o O o
R N R'=F, 79 91% N N
7f-g Me 7h 96% Me 7i 90% Me

R2
2 — H 0,
-I:I"\:\I/ISS R = Ph, 71 96% TSR’ = prop-1-en-2-l,
- il 0/
R2=F, 7m 93% O o 3 7p 90% o
O R2 i 7moon R3 = CO,Et, 79 95%
N - y o

N

R3=CN, 7r 96%
. (W
7i-n Me To-r

[a] All yields are those of the isolated products.

24 hours. Subsequently, we examined the performance of
various derivatives of acrylamides. A range of 2-phenyl-
acrylamides bearing various groups on the benzene rings with
the bromo group were reactive (7b-h), and the yields were
excellent for most of the substrates. Substrates with different
substituents on the aryl ring linked to the double bond also
underwent the disilylation reaction in excellent yields (7i-n).
Finally, changing the N-substituents did not affect the high
reactivity of the acrylamides (7 o-r).

To gain insights into the mechanism of the disilylation
reactions, we prepared palladacycles derived from 1a (1ay,)
and 6a (6ay,; Scheme 1). Both 1ay, and 6ay, reacted with 2,
thus affording the disilylated products 3a and 7 a, respectively.
It is noted that 6a was also disilylated to give 7a in 95 % yield
by using 1 mol% of 6ay, as the catalyst. Moreover, when
equivalent amounts of 1a and 4-iodotoluene were treated

Ny, 100°C, 12 h

PPh;
a ‘ PhsP oy
N= 2 (1.0 equiv) 2 (1.0 equiv)
P d& KoCO3 (2 equiv) K,CO3 (2 equiv)
NN TOME (Tl (5o 0 »> Ta
O < (52%) DMF (1ml)  (60%)

Me Ny, 100°C, 24 h
6ayn¢ (0.2 mmol)

Pd(OAc), (1 mol%)
a + Me—@—TMS

1an¢ (0.2 mmol)

1a + Me—@—l + 2

K,COj3 (2 equiv)

DMF , N,
0.1 mmol 0.1 mmol 100°C, 12h
1) 0.1 mmol 88% trace
(2) 0.2 mmol 95% 13%

Scheme 1. Mechanistic studies.

Angew. Chem. Int. Ed. 2018, 57, 32333237

Communications

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Internati

with 0.5 or 1 equivalents of 2, 1a was still transformed into 3a
in high yields, whereas only trace amounts of 4-trimethylsi-
lyltoluene were obtained. Furthermore, 4-trimethylsiylto-
luene was obtained in 9% yield when only 4-iodotoluene
was subjected to the standard reaction conditions. These
experimental results indicate that the disilylation reactions
should proceed through palladacycle intermediates. In par-
ticular, the palladacycles have far higher reactivity towards 2
than a simple open-chain arylpalladium species and should be
responsible for the high efficiency of these disilylation
reactions. The kinetic isotope effect in the reaction was
investigated. Whereas the intermolecular KIE value was 1.0,
the intramolecular KIE value was 5.7. Furthermore, parallel
reactions of 1la and 2',3'4'5,6'-pentadeuterated 2-iodobi-
phenyl with 2 were carried out, and the KIE value was 1.02.
These results indicate that the turnover-limiting step of the
catalytic disilylation reaction did not involve C—H bond
activation (for the detailed mechanistic studies see the
Supporting Information.)

On the basis of the products formed in the reactions, the
above mechanistic studies, and previous reports,"'? we
propose a tentative mechanism for the palladium-catalyzed
disilylation reactions. As shown in Scheme 2, the palladacycle

s SiMey == . SiMe;
Pd!l TMS-TMS PaV Pd! N
E— or *SiMe.—>>
“siMes ., SiMes SiMe,
Si
Mes
A #NsiMe; B c D
SiMe3
Pd0

Scheme 2. Proposed mechanism for the disilylation reactions.

A, which is formed through intramolecular C—H activation
from aryl halides, reacts with 2 by oxidative addition to afford
the Pd" species B. The intermediate B then undergoes
reductive elimination to yield D. An alternative metathesis
pathway cannot be excluded for the formation of D. Finally,
a second reductive elimination gives the disilylated product
and releases the Pd” species. For palladacycles consisting of
a C(sp?)-Pd-C(sp*) bonding motif, it remains to be inves-
tigated which C—Si bond [C(sp®)-Si or C(sp’)-Si] is first
formed (for the detailed mechanism of all the three reactions
see the Supporting Information).

It should be noted that disilylated arenes have potential
applications in materials science!’”! and medicinal chemis-
try." We also explored other synthetic applications of the
disilylated products (Scheme 3). When 3a was treated with
BBr;, the disiloxane 3ap, was formed. Other derivatives such
as 3k and 3v also underwent this transformation. It should be
noted that silicon-bridged m-conjugated compounds including
disiloxane-bridged biphenyls are widely studied as OLED
materials."”! Currently, disiloxane-bridged biphenyls are usu-
ally synthesized with disilane derivatives, which are prepared
from 2,2'-diiodobiphenyls with ¢BuLi. Herein, we have
developed a facile synthetic strategy starting from 2-iodobi-
phenyls. Moreover, the aryl TMS group in the products can be
manipulated selectively. As shown in Scheme 3, the aryl TMS
group was transformed into either the acetoxy or boronic acid
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1. BBr3 (6 equiv), DCM (2 mL)R1,- = I'/
25°C, 12 h, Ar - Si
TMS - /O
2. H,0 ReF S
N/
(0.2 mmol)
3a(R'=R2=H) 3ap, 72% yield
3k (R'=H, R2=4-Cl) 3kp, 46% yield (neat,100 °C, 8 h)

3v (R' = 5-CH3, R2 = 5'-CH3) 3vp, 60% yield
b) Selective transformation of the aryl TMS group
OAc R ngl‘vfa; q”,_'v) O B(OH);
T™s Pd(OAc); (5 mol%) (2mL) ™S
PhI(TFA), (1.5 equiv) 0°C-RT, 12 h
O w€«——mMmM Ta—— O (e}
N AcOH (0.5mL) (0.2 mmol) 2)HxO N
Me 80°C, 17 h Me
7ap4, 50% yield Tapy, 87% yield

Scheme 3. Transformation of the synthetic products. DCM = dichloro-
methane, TFA =trifluoroacetate.

group with the alkyl TMS group intact, which demonstrates
the potential utility of the products in organic synthesis.

In conclusion, we have developed a novel protocol for
palladium-catalyzed C—H silylation. The palladacycles
obtained through various C—H activations act as the key
intermediates and are disilylated with hexamethyldisilane.
The modular protocol has broad substrate scope and is highly
efficient. The disilylated biphenyls can be converted into
disiloxane-bridged biphenyls, and the aryl TMS group can be
transformed selectively. Further studies towards understand-
ing the detailed mechanism (in particular the origins of the
unusually high efficiency) and exploring this type of C—H
functionalization reaction are underway in our lab.
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