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ABSTRACT: In the presence of an iridium 3,4,7,8-tetramethyl-1,10-
phenanthroline catalyst, a methyl group on the silicon atom of |
alkyltrimethylsilanes undergoes selective C—H borylation with bis-
(pinacolato)diboron in cyclooctane at 135 °C to give alkyl(borylmethyl)-
dimethylsilanes. The C—H borylation of tetramethylsilane takes place
efficiently at 100 °C. Permethyloligosilanes can also undergo C—H

borylation without cleavage of the Si—Si bonds.

With the rapid expansion of applications of organosilicon

compounds in materials sciences and synthetic organic
chemistry, increasing attention has been paid to the develop-
ment of efficient methods for the synthesis of new classes of
organosilicon compounds. Since the establishment of Kipping’s
method, ie., alkylation of halosilanes with Grignard reagents,’
conventional methods to prepare tetraorganosilanes have relied
on Si—C bond-forming reactions.” ¢ In sharp contrast, a
synthetic method via conversion of the C—H bond of the alkyl
group in nonfunctionalized tetraalkylsilanes has been much less
explored, except for deprotonation with n-Buli to form
(silylmethyl)lithiums” and radical chlorination with Cl, to
afford (chloromethyl)silanes.® Recently, we have developed an
iridium-catalyzed C(sp®)—H borylation selectively at the
methyl groups of methylchlorosilanes to give (borylmethyl)-
chlorosilanes.” This reaction provides a new synthetic strategy
for functionalized organosilicon compounds via introduction of
a functional group at methyl groups of a preformed
organosilicon skeleton. We envisioned that if the C—H
borylation was applicable to tetraalkylsilanes and fully alkylated
oligosilanes, it would be highly valuable for the development of
silicon-based functional organic molecules.

Since the first report by Hartwig and co-workers in 1999,"
transition-metal-catalyzed borylation of C(sp®)—H bonds has
been recognized as a ?owerful method for the synthesis of
alkylboron compounds.'" Site selectivity of the reaction, as well
as catalyst efficiency, is an important issue in the C(sps)—H
borylation. The steric environment of the C—H bond is
recognized as one of the major factors determining site
selectivity.'> Relatively reactive C—H bonds, which are located
at allylic and benzylic positions or are on a cyclopropyl ring, can
be preferentially borylated."®> Directing-group-promoted C-
(sp*)—H borylations have been reported recently, demonstrat-
ing remarkable rate acceleration and site selectivity in the
C(sp*)—H borylation."* In our previous work on the C—H
borylation of methylchlorosilanes,” we found that the chlorine
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atom on the silicon atom promoted C—H borylation at the
C(sp®)—H bond located « to silicon, while the electronic effect
of the silicon atom was left unclear. Herein, we describe an
iridium-catalyzed C(sp*)—H borylation of organosilanes, such
as tetramethylsilane, alkyltrimethylsilanes, and permethyloligo-
silanes, which do not carry heteroatom functional groups on the
silicon atom. We established a positive “a-effect” of silicon, "'
which allows us to convert otherwise unreactive methyl groups
of unfunctionalized organosilanes to borylmethyl groups.

The reaction of trimethyl(octyl)silane (1a; 4 equiv) with
bis(pinacolato)diboron (2) was examined to establish efficient
C(sp*)—H borylation conditions (Table 1). As we mentioned
briefly in the previous paper,’ la underwent borylation
sluggishly at 110 °C in the presence of [Ir(OMe)(cod)], (2.5
mol %) and 3,4,7,8-tetramethylphenanthroline (Me,phen, §
mol %) (entry 1). We found that the C—H borylation of 1la
proceeded more efficiently at elevated reaction temperature
(135 °C) with higher catalyst loading (10 mol % of Ir) (entry
2). The reaction gave a mixture of (borylmethyl)silane 3a and
(8-boryloctyl)silane 4a in 78% yield in a ratio of 95:5,
indicating that the sterically more demanding methyl group
on the silicon atom reacted preferentially over the methyl group
at the octyl terminus. The use of a phenanthroline-derived
ligand is crucial for efficient C—H borylation: essentially no
borylation took place in the absence of the diamine ligand
(entry 3) or even in the presence of 4,4’-di-tert-butylbipyridine
(dtbpy), which is known to be an effective ligand for C(sp*)—H
borylation of benzene derivatives (entry 4). The methyl-
substituted phenanthrolines 4,7-Me,phen and 2,9-Me,phen
showed moderate to good catalyst activities (entries 6 and 7),
while the parent phenanthroline was much less effective (phen,
entry S). Use of excess silane (4 equiv) was essential for the
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Table 1. Iridium-Catalyzed C—H Borylation of 1a”

(pin)B-B(pin) (2, 1 equiv)
[Ir(OMe)(cod)], (5 mol %)

Me.  SiMe, ligand (10 mol %) Mo s 5F2 Bpin) o SiMe,
e R A
1a 110-135°C,12 h 3a 4a

entry ligand 1a/2  temp (°C)  yield (%)® 3a:4a°
14 Me,phen 4 110 10 >99:1
2 Me,phen 4 135 81 (78)¢ 95:5
3 none 4 135 0
4 dtbpy 4 135 2
S phen 4 135 12 92:8
6 4,7-Me,phen 4 135 76 95:5
7 2,9-Me,phen 4 135 41 88:12
8 Me,phen 2 135 S1 98:2
9 Me,phen 1 135 41 95:5

“Conditions: [Ir(OMe)(cod)], (0.0075 mmol), ligand (0.015 mmol),
1a (0.60 mmol), and 2 (0.15 mmol) were reacted in cyclooctane (0.3
mL) at the indicated temperature for 12 h. ele yield based on 2.
“Determined by GC. “[Ir(OMe)(cod)], (2.5 mol %) and Me,phen (5
mol %) were used. “Isolated yield (3a + 4a) based on 2.

erBu tBu R?2
/\/\Me/\/\ 7 N_¢ \
=N N= —N  N=

Me,phen dtbpy phen (R'=
4,7-Meyphen (R = H H2 Me)
2,9-Me,phen (R! = Me, R2 = H)

high-yield formation of the borylated products, while faster
deactivation of the catalyst was observed with a decreased
amount of la (1-2 equiv) (entries 8 and 9). Use of
pinacolborane instead of diboron 2 as a borylation reagent
resulted in the formation of 3a in 6% yield. This result indicated
that only one of the two boron atoms of 2 is essentially utilized
in spite of the formation of pinacolborane as a coproduct in the
borylation.

The C—H borylation of alkylsilanes 1b—j, including
oligosilanes, could be achieved using the Ir/Me phen-catalyzed
reaction with 2 in cyclooctane at 100—135 °C (Table 2). The
C—H borylation of tetramethylsilane (1b; 10 equiv) took place
efficiently at 100 °C to give (borylmethyl)trimethylsilane 3b in
82% vyield (entry 1). The reaction was accompanied by the
formation of a small amount of double-borylated product
bis(borylmethyl)dimethylsilane 5 (4%), which could be
separated from 3b by column chromatography. To the best
of our knowledge, this is the first example of catalytic C—H
functionalization of tetramethylsilane.'” Diborylated § was
synthesized selectively in moderate yield by borylation of 3b at
135 °C (entry 2). Although an excess of 3b (4 equiv) was used
in the reaction, unreacted 3b (3.37 equiv) could be recovered
after purification by column chromatography. In the reaction of
cyclohexyltrimethylsilane (1c), the methyl group on silicon was
borylated selectively at 135 °C to give 3c in good yield, in
which the methylenes of the cyclohexyl ring were left
untouched (entry 3). Selective borylation at the methyl group
on silicon over the alkyl terminus was also observed in the
borylation of dibutyldimethylsilane (1d) and tributylmethylsi-
lane (1e) (entries 4 and S). The borylation of 1d gave a mixture
of 3d and 4d in a ratio of 72:28, and that of le resulted in 3e
and 4e in a ratio of 29:71. Taking into account the number of
C—H bonds of the methyl groups on silicon and at the butyl
termini (6:6 for 1d and 3:9 for le), the site selectivity of the
C—H borylation still relies mainly on the a effect of silicon,
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Table 2. Synthesis of (Borylmethyl)silanes via Iridium-
Catalyzed C—H Borylation”

[Ir(OMe)(cod)], (5 mol %)
Mephen (10 mol %)

RySiMe s RoMe Si~_B(pin)
X 2 (1 equiv)
1(4equv)  cycinoctane, 100-135 °C, 12 h 3
tem
entry substrate e C)p product % yield”
B SiMe, MegSi<_ B(pin) .
1 15 100 b 82
2 (PinB._-SiMes 135 (pin)B._Si._.B(pin) 49°
3b 5
' M
SiMe, Siesz(pin)
3 135 O/ 71
1c 3¢
(n-Bu),MeSi~_ B(pin) +
4 n-Bu,SiMe, 135 3d 58
14 (i "ty SBINe:(72:28)
4d
(n-Bu)sSi~_ B(pin) +
n-BugSiMe 3e 51
1 i(n-
5 1o 3% (ping "ty 2B (99:71)
4e
Me;Si~_SiM . Mey
6 e30IN_-SiVes 135 MegSi._Si._B(pin) 72
1f a
' M
/@/S'MES Sief/B(pin)
7 : 135 /©/ 57'
MesSi MegSi
1g 3g
s o Me,
MegSi—SiMe .2 .
8 ’ 1h ? 135  Megsi- S BN 49
3h
Me;Si~ g SiMes MesSi o B(pin)
9 Me, 135 Ve,
i 3
Me, Me,
MeZSil/SI”:IEiMez Mezsli’SI‘ISiMeg
10 Me;Si. g .SiMe, 135 Me,Si.g-SiMe 329
Me, Me \—B(pin)
1j 3
“Conditions: [Ir(OMe)(cod)], (0.015 mmol), Me,phen (0.030
mmol), 1 (1.2 mmol, 4 equlv), and 2 (0.30 mmol) were reacted in

cyclooctane (0.6 mL) at 100—135 °C for 12 h. “Isolated yield based
on 2. “Carried out with 10 equiv of 1b. “The reaction gave a mixture
with § (4%), which could be separated by column chromatogra }J
“Unreacted 3b (1.01 mmol, 3.37 equiv) could be recovered. /The
reaction accompanied formation of 6 (29%, o:m:p = 0:62:38) and 7
(4%) (see text and ref 18). $Unreacted 1j (1.04 mmol, 3.47 equiv)
could be recovered.

although the effect was partially offset by steric congestion
around silicon by the butyl groups.

The C—H borylation of bis(trimethylsilyl)methane (1f)
resulted in selective formation of 3f, indicating that the
monosilyl-substituted methyl was more reactive than the disilyl-
substituted methylene (Table 2, entry 6). Interesting chemo-
selectivity was observed in the reaction of 1,4-bis-
(trimethylsilyl)benzene (1g) (entry 7). The borylation
proceeded at the C(sp®>)—H bond of the methyl group over
the C(sp*)—H bond of the benzene ring to give 3g in 57%
yield. The reaction accompanied formation of (borylphenyl)-
trimethylsilane 6 (29%, o:m:p 0:62:38) and (3,5-
diborylphenyl)trimethylsilane 7 (4%), which were probably
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formed via unexpected protodesilylation to form phenyl-
trimethylsilane (1k) followed by the usual C(sp*)—H
borylation.'®

The C—H borylation could be utilized in the conversion of
permethyloligosilanes (Table 2, entries 8—10). Hexamethyldi-
silane (1h) reacted with 2 to give borylated 3h in moderate
yield without Si—Si bond cleavage (entry 8). Octamethyl-
trisilane (1i) underwent the C—H borylation selectively at the
terminal trimethylsilyl moiety to afford 3i (entry 9).
Borylmethyl-substituted cyclic oligosilane 3j was obtained in
32% vyield via C—H borylation of dodecamethylcyclohexasilane
(1j), in which unreacted 1j (3.47 equiv) could be recovered
after purification by column chromatography (entry 10).
Although the yields of 3h—j are moderate, these compounds
are difficult to prepare by other methods.

To understand details of the a effect of silicon in the iridium-
catalyzed C(sp*)—H borylation, some control experiments were
carried out (eqs 1—4). The reaction of n-octane (8) under

[Ir(OMe)(cod)] (5 mol %)
Mephen (10 mol %)

NN SN NSBRIN) - (q)
2 (1 equiv)
cyclooctane, 135 °C, 12 h

8 (4 equiv) 9 (17%, GC)

[Ir(OMe)(cod)], (5 mol %)
Mephen (10 mol %)

no borylated products (2

2 (1 equiv)

10 (4 equiv) cyclooctane, 135 °C, 12 h

conditions identical with the C—H borylation of 1a resulted in
inefficient formation of 1-boryloctane 9 (eq 1)."* In addition,
no borylation took place in the reaction of 2,2,4,4-
tetramethylpentane (10), which is the carbon analogue of 1f
(eq 2). These results indicate that the C—H borylation of the
methyl group is accelerated at the C(sp®>)—H bond located a to
silicon.

In sharp contrast to the selective C(sp®)—H borylation of 1g
at the methyl group on silicon (entry 7, Table 2), 4-
(trimethylsilyl)toluene (11) underwent the C—H borylation
mainly at the benzene ring to give 11 and 12, in which the C—
H bond ortho to the methyl group was borylated selectively (eq
3). Borylation of the C(sp*)—H bonds of 11 also took place to

SiMe; (pin)B SiMey
[Ir(OMe)(cod)]»
(5mol %) Me Me
SiM Mephen B(pin) B(pin)
/@ M€ (10 mol %) 1 (81%) 12 (2%) @
—_—
Me 2(1 equiv) SiMe Me,
) cyclooctane s Si_-B(pin)
M@equv)  j35.c (pin)B
12h Me

13 (23%) 31(13%)

give 13 (23%) and 31 (13%). These results indicate that (1) the
reactivity of C—H bonds in the iridium-catalyzed borylation
decreases in the order Ar—H > Ar—CH, > Si—CHj; > alkyl—
CH, and (2) no borylation takes place at the aromatic C(sp*)—
H bond located ortho to the sterically demanding trimethylsilyl
group.'®

The C—H borylation of tetraethylsilane (1m) took place
only at the ethyl terminus to give 4m in 52% yield (eq 4). The

[Ir(OMe)(cod)], (5 mol %)
Mephen (10 mol %)

SiEt, E!gSI\/\B(pin) (4)
) 2 (1 equiv)
1m (4 equiv)  cyclooctane, 135 °C, 12 h 4m (52%)
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lack of borylation at the methylene adjacent to the silicon atom
indicates that the a-silyl effect in the iridium-catalyzed C—H
borylation works effectively only on the methyl group on
silicon.

The compounds obtained by the C—H borylation are
expected to be useful synthetic intermediates via conversion of
the boryl groups. Conversion of the C—B bond of 3a to the C—
O bond was achieved quantitatively under the conventional
conditions using H,0, and NaOH (Scheme 1la, left). The

Scheme 1. Conversion of Borylated Compounds

(@)

4-bromotoluene (2 equiv)

H,0, PdCly(dppf)*CH,Cl,
Me, NaOH (10 mol %) Me,
nCoH _Si__ OH 3a _Si
gH17 THEM,0 CSOH+H,0 n-CgH7
14 (99%) 1, 4h THF/H,0 (10A), 80 °C, 24 h 15 (71%)
(b) Me, 2-bromotoluene (3 equiv) hSA'eZ
Mo Hz0, PdCI(dppf):CH,Cly Me,Si~ > "SiMe,
Me,Si”~ "SiMe, NaOH (10 mol %) Mezsil\s_,éiMez
MeZS|\Si,S|Me2 THF/H,0 Ba(OH),+8H,0 e i
M \—oH m.8h THF/H,0 (5/1) w
16 (77%) 80°C,48h 17 (48%)

Suzuki—Miyaura cross-coupling of 3a with 4-bromotoluene
proceeded at 80 °C using PdClz(dEIZ)f)CHZCIZ as a catalyst
precursor and CsOH-H,O as a base,”*° giving 15 in 71% yield
(Scheme 1a, right). These reactions were applied to the
conversion of cyclohexasilane 3j. Treatment of 3j with H,0,/
NaOH resulted in clean conversion to alcohol 16 (77%)
without cleavage of the Si—Si bond (Scheme 1b, left). The
arylmethyl-substituted 17 was synthesized via the Suzuki—
Miyaura coupling of 3j with 2-bromotoluene, in which
Ba(OH),-8H,0 was used as a base instead of CsOH-H,0,*
although the yield of 17 was not high, probably because of slow
transmetalation due to steric hindrance (Scheme 1b, right).z2

In conclusion, we have established an efficient functionaliza-
tion of tetramethylsilane, alkyltrimethylsilanes, and permethy-
loligosilanes via iridium Me,phen catalyzed C—H borylation.
The borylation of alkyltrimethylsilanes took place selectively at
the C(sp®>)—H bond located @ to silicon, indicating that rate
acceleration in the catalytic C—H borylation is achieved by the
“a-effect” of silicon. Although details of the a-effect are not
clear at this moment, the well-recognized a-effect for the
stabilization of anionic charge « to silicon may play some role
in the present a-effect. This catalytic method would be valuable
for derivatization of organosilicon compounds for the develop-
ment of new functional organosilicon materials and reagents. In
this regard, application of this a-silyl effect to other direct C—H
functionalizations is currently being pursued in this laboratory.
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