1,2-Hydroboration of Alkyn-1-yldichlorosilanes using Triethylborane
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Triethylborane, BEt3, can act as a 1,2-hydroborating reagent towards alkyn-1-ylsilanes, depending
on the nature of the silane. A mechanism is proposed invoking hydrogen transfer from the f-carbon
of one ethyl group, quite different from the 1,2-hydroboration mechanism using tri-n-propylborane,
B"Pr3. The structure of the products has been confirmed by comparison with that obtained using
9-borabicyclo[3.3.1]nonane, 9-BBN, as a well established 1,2-hydroborating reagent. All products
have been characterized by a consistent set of NMR data (‘H, !B, 13C and 2°Si NMR). The molecu-
lar structure of (Z)-1-dichlorosilyl-1-[9-(9-borabicyclo[3.3.1]nonyl)]-2-phenylethene has been deter-

mined by single crystal X-ray diffraction.
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Introduction

Triethylborane, BEt3, has been considered for
a long time as thermally robust [1-6], and 1,2-
dehydroboration, common for many other trialkylbor-
anes, to give ethene and Et;BH via B-hydrogen elim-
ination had not been observed [1,5,6]. This is in
strong contrast with tri-n-propylborane, B"Pr3, which
slowly forms propene and "Pr,BH at temperatures >
80 °C [4]. So far, we have used BEt3 frequently for 1,1-
ethylboration reactions of organometallic-substituted
alkynes [7, 8]. In order to induce 1,1-ethylboration re-
actions of alkyn-1-ylsilanes, heating of a large excess
of BEt3 with the respective alkyn-1-ylsilane was re-
quired for prolonged periods of time at about 100 °C.
Although this led to cleavage of the B—C(Et) bond,
evidence for 1,2-dehydroboration and/or formation of
ethene was missing [9—12]. Recently, however, we
observed [13] that trichloro(hexyn-1-yl)silane, Cl3Si—
C=C-"Bu, and trichloro(phenylethynyl)silane, Cl3Si—
C=C-Ph, react with BEt3 by 1,2-hydroboration and
elimination of ethene (Scheme 1a). In contrast, the re-
action of dichloro(hexyn-1-yl)silane, Cl,(H)Si—-C=C-
"Bu, with BEt; (Scheme 1b) affords the 1,1-ethylbora-
tion product in essentially quantitative yield [12].

The stereo- and regioselective 1,2-hydroboration
(Scheme 1a) was readily confirmed, since the re-
action of Cl3Si-C=C-"Bu with B"Pr; or 9-borabi-
cyclo[3.3.1]nonane, 9-BBN, gave the analogous prod-
ucts [13]. In the present study, we have inves-
tigated the reactivity of alkyn-1-yl(dichloro)silanes
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Scheme 1. BEt3 as a 1,2-hydroborating reagent (a) versus
BEt3 in 1,1-ethylboration (b).
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Scheme 2. Alkyn-1-ylsilanes and boranes used in this study.

Cl,(R)Si—-C=C-R! towards various triorganoboranes
(Scheme 2). It was hoped to reveal the relative influ-
ence of R and R! on the reaction type, 1,1-organobora-
tion versus 1,2-hydroboration.

Results and Discussion
Alkyn-1-ylsilanes

The alkyn-1-yl(chloro)silanes 1—-4 were prepared
[12—14] from the reactions of RSiCls with the alkynyl
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Table 1. 1B, 13C and 29Si NMR data? of the alkenes 6 —8.

§3C(BC=) §Bcc=)  SBCRY 8§'3C(BEt,) §"B  8%¥si
6a®  145.1(br) [88.2]  154.9 355,313,226, 143 21.7 (br), 8.9 828 78
6a’> n.o. (br) 164.8 33.6,31.0,22.5, 14.1 n.o. (br), 9.0 828  —58
6c®  147.0 (br) [90.5]  151.6 138.2 (i), 129.6 (0), 128.5 (m), 129.3 (p) 21.3 (br), 8.9 838  —05
6c’  147.8 (br) 161.1 137.9 (i), 129.6 (0), 128.7 (m) 130.4 (p) 21.6 (br), 8.9 830 —6.9
7e 147.8 (br) 164.1 140.1 (i), 129.5 (0), 128.4 (m), 132.6 (p) 21.7 (br), 9.4 86.8  —7.7
8¢ 141.9 (br) [78.5]  160.8 138.0 (i) [7.1], 129.6 (0), 130.3 (p), 128.7 (m) ~ 34.5,31.3 (br), 23.6 (BBN) 824  —6.4

@ Measured in CgDg at 23 °C; (br) indicates a broad NMR signal owing to partially relaxed '>C-''B scalar coupling [15]; some coupling
constants J(29$i,13C) [£0.4 Hz] are given in square brackets; b data from ref. [13].
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=c— /

m
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7450 450 Fig. 1. 100.5 MHz C{'H} NMR
spectrum of 3,3-dimethylbutyn-1-yl(di-
cD, Co, chloro)(phenyl)silane 3b in CgDg; in ex-
panded parts satellites are marked by as-
l‘ - ; : — : : : : : terisks and correspond to 'J(*°Si,13C)
s 110.0 70.0 30.0 and 2J(*S1,130).

=C BBN «— Fig. 2. NMR spectra of the alkene 8¢ in C¢Dg¢ [expanded
parts show satellite signals, marked by asterisks, correspond-
ing to J(*°Si,!3C)]: Upper trace: Part of the 100.5 MHz
BBN 13C{'H} NMR spectrum. Middle trace (inserted): 59.6 MHz
BBN lH-coupled 298i NMR spectrum (INEPT [20]). Lower trace:

= ——— 28i{'H} NMR spectrum (INEPT [20]).

§°C 157.0 137.0 34.0 24.0

lithium reagents Li-C=C-"Bu (a), Li-C=C-'Bu (b)

or Li-C=C-Ph (¢), characterized by IH, 13C and ¥Si

JESLH) = 25.9 Hz NMR spe¢.:tro.scopy (e. g. Fig. 1) and purified by frac-
— tional distillation.

Reaction of dichloro(phenylethynyl)silane 1¢ with tri-

ethylborane
(Si H) = 289.2 Hz According to Scheme 1b [12], it was expected that
the reaction of 1c¢ with BEt; proceeds via 1,1-ethyl-
§7Si = -6.4 ppm boration. However, it was found that the exchange of

a R!' = "Bu in 1a against R! = Ph in 1¢ caused a com-

plete reversal of the reaction to give the 1,2-hydro-
boration product 7¢ instead in essentially quantitative
yield. A small amount (< 10 %) of 7¢’, the (E)-isomer,
was formed along with 7c. The structure of 7¢ fol-
lows conclusively from the consistent set of NMR data
(Table 1). The analogous 1,2-hydroboration product 8¢
was obtained from 1c using 9-BBN as the 1,2-hydro-
#si .0 " Thso borating reagent (Scheme 3). The NMR data of 8c (Ta-

C|2H3i>_<
B H
% 8c
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=< S~ ClHsi— Ph — B>:/\ Scheme 3. Reaction of dichloro(phenylethynyl)silane
Et,B 7e H 102]1(;0 C. e [ H 1c with BEt3 and with 9-BBN affording the analo-
Y/ 8 gous product.
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Fig. 3. 100.5 MHz '3C{'H} NMR spectrum of 12¢, showing the typical pattern in the olefinic region and two signals for
the BEt, group. The absence of other '3C(alkyl) NMR signals clearly rules out 1,1-ethylboration. Insert: 2°Si{'H} NMR
spectrum (refocused INEPT [20]) of the reaction solution (after addition of C¢Dg) containing the alkene 12¢ and some of
the dichloro(phenyl)(phenylethynyl)silane 3c along with a small amount of the (£)-isomer 12¢’. Satellites are marked by

asterisks and correspond to J (#%81,13C) as indicated.

ble 1, Fig. 2) correspond to those of 7¢, and 8c was
also characterized in the solid state by X-ray diffrac-
tion (vide infra).

Reactions of alkyn-1-yl(dichloro)(organo)silanes 2
and 3 with triethyl- and tri-n-propylborane and with
9-BBN

From these reactions, the alkenes 9 and 12 are
formed in high yield (Scheme 4, Fig. 3), accompa-
nied by small amounts (< 10 %) of the corresponding
(E)-isomers. The analogous reactions with B"Pr3, un-
der milder conditions, afford the alkenes 10 and 13
as mixtures with the respective (E)-isomers in vari-
able amounts (up to 30 %), and a small amount of
dialkenyl(n-propyl)boranes. The 1,2-hydroboration of
2 and 3 with 9-BBN gives the pure alkenes 11 and
14 in essentially quantitative yield. The NMR data
(Tables 2 and 3) are in agreement with the proposed
structures.

R = Me, Ph R' = "Bu, 'Bu, Ph
2 3 Cl,RSi—=—R' " a b, c
+ BAIV*‘ Bnprsl \%BBN
Cl,RSi R’ CI,RSi R Cl,RSi R
Et,B H "Pr,B H B: :H
9a, ¢, 12a, b, ¢ 10a, ¢, 13a, b, ¢ @
R=Me, Ph R=Me, Ph

11a,c,14a, b, c
R=Me, Ph

Scheme 4. Reactions of alkyn-1-yl(dichloro)organosilanes 2
and 3 with BEt3, B"Pr3 and 9-BBN leading mainly to alkenes
with analogous structures.

Reactions of dichloro(hexyn-1-yl)(phenyl)silane 3a
and trichloro(hexyn-1-yl)silane 4a with 9-ethyl-9-
borabicyclo[3.3.1 [nonane

9-Ethyl-9-borabicyclo[3.3.1]nonane, 9-Et-9-BBN,
usually does not undergo 1,2-dehydroboration or de-
composition at temperatures < 150 °C even after pro-
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Table 2. !B, 13C and 22Si NMR data? of the alkenes 9—11.

§ BCBC=) 8 Bc(c=) § BeRrh 8 13C(Si-Me) § 3C(BR») § B & 295i
9a 147.1 (bn) 150.5 355,317,227, 142 8.5 [67.8] 21.7 (br), 9.0 (BER) 832 127
9¢  151.4 (br) [72.7] 147.5 139.3 [i, 6.8], 132.6 (0), 128.9 (p), 128.6 (m) 7.2 [69.4] 21.2 (br), 9.0 (BEty) 83.6 124
10a 147.6 (br) 151.0 35.4,31.7,22.7,14.2 8.7 [67.6] 32.8 (br), 18.8, 17.6 (B"Pr;) 82.9 13.0
102’ 145.7 (br) 161.2 35.5,31.7,22.1, 14.1 75 32.8 (br), 18.9, 17.7 (B"Pr;) 82.9 14.6
10c  152.2 (br) 147.6 139.8, 139.8, 132.6, 130.2 6.2 [70.9] 32.3 (br), 18.8, 17.4 (B"Pr;) 82.8 14.0
10¢’ 151.4 (br) 146.7 128.6, 128.5, 129.1, 128.9° 7.2169.2] 30.1 (br), 18.5, 17.4 (B"Pr;) 82.8 14.3
11a 143.6 (br) [76.2] 163.8 35.3,31.4,22.7, 14.1 9.2 [66.5] 34.4,31.5 (br), 23.4 (BBN) 81.3 16.2
11c 147.6 (br) [76.7] 156.7 139.5 (i), 129.6 (p), 129.1 (0), 128.5 (m) 8.0 [68.8] 34.7,31.8 (br), 23.6 (BBN) 829 15.8

2 Measured in C4Dg at 23 °C; (br) indicates a broad NMR signal owing to partially relaxed '>C-'!B scalar coupling [15]; some coupling
constants J(>*Si,'3C) [40.4 Hz] are given in square brackets; P phenyl carbons without assignment.

Table 3. !B, 13C and 2Si NMR data? of the alkenes 12 —14.

8§ BCBC=) §Bcc=) 8§ Berh 8 BC(BRy) S§1'B §%si
12a° 145.6 (br) [74.2] 1525 36.0,31.4,22.6, 14.1 22.0 (br), 9.1 (BEn) 835 —04
12a°¢ 144.2 (br) 162.3 36.2,33.3,22.2,13.6 20.8 (br), 9.4 (BEt,) 835 14
12b9  139.4 (br) [77.2] 159.1 38.0,29.9 21.9 (br), 9.4 (BEty) 82.1 —1.0
12¢ 1483 (br) [74.8] 149.0[18.7] 138.8,133.6, 133.7, 132.7, 132.1, 128.7, 128.1, 127.8% 21.6 (br), 9.2 (BEt,) 83.6 —1.2
132" 146.1 (br) 152.9 35.9,31.4,22.6, 14.1 32.9 (br), 18.9, 17.7 (B"Pry) 82.5 —0.2
132’ 145.2 (br) 151.5 36.1,31.1, 22.6, 14.0 33.4(br), 19.0, 17.8 (B"Pr;) 825 13
13b"  140.1 (br) 159.2 38.0 [5.1], 30.1 33.0 (br), 19.1, 17.8 (B"Pry) 824 —1.0
13b’ 138.9 (br) 159.0 38.2,30.2 33.0,19.0, 17.7 (B"Pry) 824 -—1.1
13c 1493 (br) [74.8] 149.1 [74.8] 138.9, 133.6, 132.3, 131.1, 129.1, 128.7 32.7 (br), 19.0, 17.9 (B"Pr,) 80.2 —1.2
13¢’  148.6 (br) 1483 128.2, 128.1¢ 32.7,18.6, 17.7 (B"Pry) 80.2 0.1
14l 141.6 (br) 164.8 35.3,30.9, 22.4, 13.9 34.0,31.2 (br), 23.0 (BBN) 82.7 3.4
14b%  139.5 (br) [80.1] 170.9 37.8 [4.4], 30.1 34.9,32.4 (br), 23.5 (BBN) 823 24
14c¢ 1439 (br) 158.6 [79.2] 125.4 (i), 129.4(0), 127.9(m), 132.7(p) 34.3,31.6 (br), 23.1(BBN) 83.6 2.2

@ Measured in CgDg at 23 °C; (br) indicates a broad NMR signal owing to partially relaxed '>C-''B scalar coupling [15]; some coupling
constants J(*°Si,!3C) [+0.4 Hz] are given in square brackets; ® other '3C NMR data: & [J(**Si, 13C)] = 135.1 [91.8] (i), 133.7 (0), 131.6
(p), 128.6 (m) (Si-Ph); ¢ other '3C NMR data: § = 134.7 (i), 133.7 (0), 131.2 (p), 128.4 (m) (Ph); ¢ other '3C data: § = 136.5 (i), 133.6 (0),
131.5 (p), 128.5 (m) (Si-Ph); © Ph carbons without assignment; f other 13C data: § = 133.7 (i), 133.6 (0), 132.1 (p), 128.6 (m) (Ph); & other
13C NMR data: § = 133.8 (i), 133.6 (0), 131.6 (p), 128.6 (m) (Ph); " other '3C data: § [J(*Si, 13C)] = 136.4 [93.7] (i), 133.6 (0), 132.8 (m),
128.5 (p) [Si-Ph]; ! due to low concentration other carbons could not be assigned correctly; i data taken from ref. [16]; ¥ other 3C data: § =

136.6 [92.7] (i), 133.8 (0), 131.4 (p), 128.5 (m) [Ph].

CLRSi—=—"Bu + 9-Et-9-BBN
3a, 4a
R=Ph, Cl l
A
- N

Cl,RSi By C|2RSI _ "Bu CIRSi - "Bu
— 7, H
B H EtB ! EtB iy,

% 14a, 15a CIZRSi" T gy CLRSIT  H

R=Ph, CI 16a, 18a 17a,19a

+ CoHy R =Ph, Cl R =Ph, Cl

+ cyclooctadiene + cyclooctadiene

Scheme 5. Reactions of dichloro(hexyn-1-yl)(phenyl)silane
3a and trichloro(hexyn-1-yl)silane 4a with 9-ethyl-9-borabi-
cyclo[3.3.1]nonane affording exclusively 1,2-hydroboration
products.

longed periods of heating without a solvent [5]. How-
ever, in the presence of the alkyn-1-ylsilanes 3a or 4a
reactions take place to give mixtures of three prod-

ucts, viz. 14a/ 16a/ 17a and 15a/ 18a/ 19a, respec-
tively (Scheme 5). The different alkenes are readily
identified by their consistent NMR data sets (Table 4,
Fig. 4). Two alkenes are formed in major quantity by
1,2-hydroboration and loss of cyclooctadiene, and the
minor component results from 1,2-hydroboration and
elimination of ethene.

Mechanism

There is no doubt in the case of B"Pr3 that it
slowly decomposes upon heating > 80 °C via 1,2-
dehydroboration into propene and "Pr;BH which then
reacts with alkynes or alkenes in the usual way as a
1,2-hydroborating reagent [3, 4]. In contrast, even un-
der much more harsh conditions, BEt3 or 9-Et-9-BBN
do not undergo elimination of ethene to give dialkyl-
boron hydrides Et;BH or 9-BBN. Nevertheless, BEt3
and 9-Et-9-BBN act as hydroborating reagents in the
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Table 4. !B, 13C and 2°Si NMR data? of the alkenes 15—18.
s BcBe=)  §Bcce) 5 BcRrY 5 BC(BEL/BBN) S§!'B §%Si
15a 144.1 (br) 162.2 35.9,31.1,22.6, 14.0 19.9 (br), 9.1 83.2 1.2
16a  n.a 164.8 35.6,31.0,22.7, 14.0 20.2 (br), 8.9 82.2 -59
17a 145.5,143.3 166.0, 152.6  36.2,35.9,31.4,30.8,22.8, 22.5, 14.2, 14.1 19.9 (br), 10.5 83.2 1.6, —0.6
18a n.a 167.9,154.9  359,35.5,31.3,30.7,22.8,22.6,14.1,14.0  20.2 (br), 10.3 82.2 -7.8,-5.6
@ Measured in CgDg at 23 °C; n.a. denotes not assigned; (br) indicates a broad NMR signal owing to partially relaxed '3C-''B scalar
coupling [15].
Cl,PhSi "Bu Cl,PhSi Cl,PhSi "Bu CLSi u CISS| Bu CI3S|
8" H N—g M N8 15a H -
KL{ %2 462 )=< = 15a _ __Bu
CLPhSi "Bu Cl,PhSi Cl,Si "Bu  Cl,Si
16a 17a 18a 18a 19a
17a
17a 19a 19a
14a
JL L : |
— ———— —— 5"°C 165.5 160.5 155.5
5°C 162.0 157.0 152.0
15a
16a
18a
19a 19a
172 14a 17a .
After 35 days
at110-120 °C L i i
8H 7.0 6.5 6.0
15a 18a
19a
After 10 days L
at110-120°C
T T T T T T T T T T T T T T T T T T T T T 1
5”Si 3.0 -3.0 5”Si -3.0 -9.0

Fig. 4. NMR spectra of the mixtures (in C¢Dg) obtained from the reactions shown in Scheme 5. Upper traces: Olefinic
regions (=CH) of the 100.5 MHz, '*C{'H} NMR spectra for the mixtures of 14a/ 16a/ 17a and 15a/ 18a/ 19a. Middle trace
(right): 400 MHz 'H(=CH) NMR spectrum for the mixture of compounds 17a/ 18a/ 19a. Middle trace (left) and lower trace:
59.6 MHz 2°Si{'H} of the mixtures 14a/ 16a/ 17a and 15a/ 18a/ 19a solution in C¢Ds.

presence of certain alkyn-1-ylsilanes. An explanation
is offered in Scheme 6, where the first interaction
(A) between the borane and the alkyn-1-ylsilane is
the same for 1,1-ethylboration and 1,2-hydroboration.
Cleavage of the Si—-C= bond leads to a borate-like
zwitterionic intermediate B [7] and finally to 1,1-eth-
ylboration [7—12]. If the Si—~C= bond is particularly
strong, cleavage of this bond does not occur, leav-
ing alternative routes for the subsequent steps. In par-
ticular for substituents R! capable of delocalizing a
positive charge (e. g. R! = Ph), an intermediate C is
stabilized, and transfer of a hydrogen atom from the

B-carbon atom is favored to give the 1,2-hydrobora-
tion product accompanied by elimination of ethene.
Compelling evidence for the influence of R! is pro-
vided by comparison of the reaction of 1a (Scheme 1b,
1,1-ethylboration) and 1¢ with BEt3 (Scheme 3, 1,2-
hydroboration). The -hydrogen transfer in Scheme 6
reminds of the processes proposed for limiting the
chain lengths of polymers, in the chemistry of alu-
minum alkyls [17]. It may also be important in the cat-
alyzed high-temperature alkane isomerization of alka-
nes caused by carbenium ions [18] which are isoelec-
tronic with boranes.
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2,3 1,1-ethylboration
i

5+ & - EtB_ SiR,
RySi——R' + BEt4——> FEtp—— Rl —> =
, 1
B Et R
RSi R
—= RsSi. R
RySi— = Rl » EtB H —n — Scheme 6. Proposed mechanism for the re-
EtB A HZ\C*C’/I/—!Z 2l BB H activity of BEt3 as a hydroborating agent to-
DTN wards certain alkyn-1-ylsilanes in competi-
c [ 1,2-hydroboration ‘ y Y P

X-Ray structural analysis of the alkene 8¢

The molecular structure of the alkene 8c is shown
in Fig. 5 together with selected structural parameters.
The main structural features are similar to those al-
ready published for similar alkenes [16, 19]. The CBC
plane of the 9-borabicyclo[3.3.1]nonyl group is twisted
by 37°, and the Ph plane (C11-C16) by 41.9°, against
the Si(B)C=C plane. The surroundings of the boron
atom are trigonal planar within the experimental error.
Thus, the structure of 8¢ does not indicate Si—Cl---B
or Si—H---B interactions in the solid state in spite of
the spatial proximity of the silyl and boryl groups. This
has been observed previously [16, 19] and is consistent
with the absence of such interactions in solution. As for

Fig. 5. Molecular structure of 8¢ (ORTEP, displace-
ment ellipsoids at the 40% probability level; hydro-
gen atoms omitted for clarity except those attached to
Si and C=C which were drawn as spheres with ar-
bitrary radius). Selected bond lengths (pm) and angles
(deg.): Cl1-Si 203.7(2), C12-Si 206.2(2), Si—C9 185.1(3),
C9-C10 134.8(4), C10-C11 147.8(4), C11-C12 138.7(4),
B-C1 157.3(5), B-C5 154.8(5), B-C9 156.9(5); C9-Si—Cl1
113.8(1), C9-Si—Cl12 107.6(1), Cl11-Si—CI2 106.3(1), C10-
C9-B 117.4(3), C10-C9-Si 122.4(2), B-C9-Si 120.1(2),
C9-C10-C11 130.5(3), C12-C11-C10 123.3(3), C5-B-C9
124.0(3), C5-B—C1 110.6(3), C9-B-C1 125.4(3).

tion with 1,1-ethylboration.

other structural constraints, marked Si—H- - -B interac-
tions have been observed both in the solid state and in
solution [21].

Experimental Section

All preparative work was carried out by observing neces-
sary precautions to exclude traces of oxygen and moisture.
Tetrachlorosilane, trichlorosilane, trichloro(methyl)silane,
trichloro(phenyl)silane, 1-hexyne, 3,3-dimethylbut-1-yne,
ethynylbenzene, n-butyllithium in hexane (1.6 M), trieth-
ylborane (BEt3), and 9-borabicyclo[3.3.1]nonane (9-BBN)
were used as commercial products without further purifica-
tion. NMR spectra: Varian Inova 300 and 400 spectrome-
ters (23 °C), both equipped with multinuclear units, using
CgDg solutions (ca. 5—10 % v/v) in 5 mm tubes. Chemical
shifts are given with respect to SiMe4 [6'H (C¢DsH) = 7.15,
S13C (CgDg) = 128.0, §2°Si = 0 for SiMey with Z(2Si) =
19.867187 MHz], and 8'!B = 0 for BF3-OFEt, with £(!1B) =
32.083971 MHz. 2°Si NMR spectra were recorded using the
refocused INEPT pulse sequence with 'H decoupling [20],
based either on 1J(¥Si,'H) ~ 280 Hz or 3J(**SiC=C!'H) ~
25— 35 Hz (after optimization of the refocusing delay). Mass
spectra (EI, 70 eV): Finnigan MAT 8500 with direct inlet
(data for 'H, 1B, 12¢, 33¢], 28si).

Synthesis of silanes 1, 2, 3 and 4

A suspension of R!C=CLi (R1 ="Bu, 'Bu, Ph; 25 mmol)
in hexane (60 mL) was freshly prepared, and the solution
was cooled to —78 °C. Then the respective chlorosilane was
added (in 6-8 fold excess) slowly with constant stirring.
The reaction mixture was warmed to r.t. and kept stirring
for 3 -4 h. Insoluble materials were filtered off, and volatiles
were removed in a vacuum. The colorless oily residue was
identified as a mixture of silanes, from which the pure de-
sired silanes were obtained by fractional distillation. 3b: b. p.
74-76 °C (2 x 10~ mbar). — 'H NMR (400 MHz): § =
0.9 (s, 9H, 'Bu), 7.1, 7.4 (m, m, 5H, Si-Ph). — 13C NMR:
§ [J(*°Si,13C] = 132.7 [80.2] (i-C), 133.3 (0-C), 132.2
(p-C), 128.6 (m-C) (Ph-Si); 121.8 [23.8] (=C); 76.2 [138.3]
(Si-C=); 30.0, 28.5 ('Bu). — °Si NMR: § = —19.8. For the
other silanes see refs. [12, 13].



B. Wrackmeyer et al. - 1,2-Hydroboration of Alkyn-1-yldichlorosilanes using Triethylborane

1273

Hydroboration of the dichloro(phenylethynyl)silane 1c with
BEt; and 9-BBN

An NMR tube was charged with dichloro(phenylethynyl)-
silane 1¢ (0.37 g, 1.8 mmol) and BEt; was added in excess.
The tube was sealed and kept at 110-120 °C for 3 d. The
reaction was monitored from time to time by 2Si NMR. Af-
ter the reaction was complete, the NMR tube was cooled in
liquid nitrogen and was opened carefully. All the volatiles
were removed, and the oily compound left was identified
as 7c (yield 80 %). — '"H NMR (400 MHz): § = 0.9, 1.4
(t, q, 6H, 4H, BEt,), 5.6 (s, 1H, 1J(**Si,'H) = 292.4 Hz,
Si-H), 6.9-7.1 (m, 5H, 1H, Ph, =C-H). The reaction con-
ditions for the synthesis of 8¢ were less harsh. An NMR
tube was charged with the silane 1¢ (0.568 g, 2.83 mmol)
dissolved in CgDg, and 9-BBN (0.356 g, 2.83 mmol) was
added in one portion. The reaction mixture was heated at 80 —
100 °C for 30 min. The oily liquid was characterized as 8c,
the yield being approximately 99 % from NMR spectroscopy.
8c (yield after recrystallization 91 %; m.p. = 42-45 °C). —
'H NMR (400 MHz): § = 1.4-2.2 (m, 14H, BBN), 5.8 (s,
1H, 'J(*Si,'H) = 289.2 Hz, SiH), 7.2, 7.4 (m, m, 5H, Ph),
8.1 (s, 1H, 3J(*Si,'H) = 25.9 Hz, =CH).

Hydroboration of the alkyn-1-yl(dichloro)(methyl)silanes 2
with BEt;, B"Pr3; and 9-BBN

Silane 2a (0.32 g, 1.6 mmol) was given into an NMR
tube, and BEt3 (0.8 mL) as solvent was added, after which
the NMR tube, was sealed. The reaction mixture was kept
at 110-120 °C for 19 d. After the reaction was completed,
the NMR tube was cooled in liquid Nj, opened, warmed to
r.t., and volatile materials were removed in a vacuum. The
oily residue was identified as 9a (yield 85 % from 'H NMR
spectra). An analogous procedure was adopted for the syn-
thesis of 9¢, 10a and 10c (except for the reaction time): 9¢
(14 d), 10a (7 d) and 10c (10 d). In the case of hydroboration
with 9-BBN, the reaction was complete after 4—8 h atr. t. in
THEF or after 15 min in CgDg at 80 °C.

9a: '"H NMR (400 MHz): § = 0.7 (s, 3H, Si-Me,
2J(*Si,'H) =7.4 Hz), 1.2, 1.0 (m, t, 10H, BEt), 2.2, 1.1,0.8
(g, m, t, 9H, "Bu), 5.9 (t, 1H, =CH, 3J(*°Si,'H) = 26.7 Hz,
3J('H, 'H) = 7.4 Hz). — EI-MS: m/z (%) = 265 (36) [M]*,
250 (11) [M-Me]*, 229 (27) [M—CI]*, 207 (15) [M-Bu] ™",
196 (10) [M-BEt;]™, 151 (12) [M-Si(Me)Cl,]T, 43 (87)
[C3H7]*, 41 (100) [C3H5]".

9c: '"H NMR (400 MHz): § = 03 (s, 3H, SiMe,
2J(*si,'H) = 8.6 Hz), 1.2, 0.8 (q, t, 10H, BEty), 6.8—7.0
(m, 5H, Ph), 6.7 (s, 1H, =CH, 3J(¥*Si,'H) = 26.3 Hz). - EI-
MS: m/z (%) = 185 (29) [M]T, 270 (35) [M-CH3]™, 257
(30) [M-C,Hs]™, 216 (11) [M—BEt,]T, 207 (69), 171 (27)
[M-MeSiCl,] ™, 113 (82), 102 (32), 103 (47), 91 (100).

10a: 'H NMR (400 MHz): § = 0.7 (s, 3H, 2J(¥Si,'H) =
7.4 Hz, SiMe), 0.8, 1.3, 2.2 (t, m, q, 9H, Bu), 1.0, 1.3 (t, m,

14H, B"Pr,), 6.0 (t, 1H, 3J('H,'H) = 7.5 Hz, 3J(**Si,'H) =
34.7 Hz, =CH).

10a’: '"H NMR (400 MHz): § = 0.6 (s, 3H, 2J(*°Si, 'H) =
7.6 Hz, Si-Me), 0.8, 1.3, 2.4 (t, m, q, 9H, Bu), 1.0, 1.3 (t, m,
14H, B"Pry), 6.5 (t, 1H, 3J('H,'H) = 7.5 Hz, 3J(**Si,'H) =
32.7 Hz, =CH).

10¢c: "HNMR (400 MHz): § = 0.39 (s, 3H, 2J(*°Si, 'H) =
7.5 Hz, SiMe), 1.0, 1.4, 1.6 (t, m, m, B"Pr), 6.9 —7.4 (m, Ph,
=CH).

10¢’: 'H NMR (400 MHz): § = 0.38 (s, 3H, SiMe), 1.0,
1.4, 1.6 (t, m, m, B"Pry), 6.9—-7.4 (m, Ph).

11a: 'H NMR (400 MHz): § = 7.0 (t, 1H, =CH,
3J('H,'H) = 7.2 Hz), 2.4, 1.1-1.3, 0.8 (g, m, t, 9H, "Bu),
1.3—1.9 (m, 14H, BBN), 0.6 (s, 3H, Si-Me). — EI-MS: m/z
(%) = 317 (35) [M]1, 316 (91) [M-H]T, 281 (5) [M-CI]T,
274 (22) [M-C3H7]T, 260 (12) [M-Bu]t, 113 (63), 110
(43), 67 (100).

11c: 'H NMR (400 MHz): 8 = 0.1 (s, 3H, SiMe, 2J(*°Si,
'H) = 7.3 Hz), 1.1-1.9 (m, 14H, 9-BBN), 7.6 (s, 1H, =CH,
3J(¥si,'H) = 25.6 Hz), 6.8—7.1 (m, 5H, Ph). — EI-MS:
m/z (%) = 337 (37) [M]1, 336 (99) [M-H]*, 258 (41), 223
(100) [M=MeSiCly]*, 216 (71) [M=CgH14B 11, 201 (44),
181 (28), 165 (52), 138 (37), 113 (18) [Si(Cl),Me] .

Hydroboration of the alkyn-1-yl(dichloro)(phenyl)silanes 3
with BEt3, B"Pr; and 9-BBN

Silane 3a (0.26 g, 1.0 mmol) and BEt3 (0.8 mL) as solvent
were mixed in an NMR tube and after sealing the tube, the
reaction mixture was kept at 110120 °C for 19 d. Then the
NMR tube was cooled in liquid nitrogen, opened, and volatile
materials were removed in a vacuum. The oily residue was
identified as a mixture of 12a and 12a’ (9: 1; according to
the NMR spectra). The alkenes 12b, ¢ and 13a, b, ¢ were
obtained in the same way, except for the reaction time: 12b
(30 d; only 40 % of the reactants were converted into prod-
ucts), 12¢ (26d), 13a (2d), 13b (15d), and 13c (10d). The
hydroboration of 3b was carried out with 9-BBN at 100—
110 °C in toluene and was complete after 1 h.

12a: 'H NMR (400 MHz): § = 2.1, 0.8~ 1.1, 0.4 (m, m,
t, 9H, "Bu), 0.8 -1.1, 0.8 (m, t, 10H, BEt,), 5.8 (t, IH, =CH
3J('H,'H) = 7.4 Hz, 3J(*Si,'H) = 24.3 Hz), 6.8—7.5 (m,
5H, SiPh).

12a’: 'H NMR (400 MHz): § = 1.8, 0.8— 1.1, 0.4 (m, m,
t, 9H, "Bu), 0.8 - 1.1, 0.6 (m, t, 10H, BEt,), 5.6 (t, IH, =CH
3J('H,'H) = 7.4 Hz), 6.8~ 7.5 (m, 5H, SiPh).

12b: "HNMR (400 MHz): § = 0.9 (s, 9H, ‘Bu), 1.0, 1.4 (t,
g, 10H, BEty), 7.0, 7.7 (m, 5H, 5H, SiPh), 6.1 (s, 1H, =CH,
3J(*%Si,'H) = 30.8 Hz).

12¢c: "H NMR (400 MHz): § = 1.5, 1.1 (g, t, 10H, BEt,),
6.8-7.8 (m, 5H, 5H, 1H, SiPh, Ph, =CH). — EI-MS: m/z
(%) =347 (5) IM]T, 346 (9) [M-H]™, 332 (8) [M—CH4]™,
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316 (32) [M-C,Hs]T, 317 (79) [M—-C,Hg] T, 278 (15) [M—
BEt]*, 271 (74) [M=C¢Hg1™, 270 (13) [M—CcHs]t, 178
(100) [CsHgBCISi], 171 (12) [M-SiCl,Ph] ™.

13a: 'H NMR (400 MHz): § =2.0, 1.0-1.4, 0.5 (m, m, t,
9H, "Bu), 1.0— 1.4, 0.8 (m, t, 14H, B"Pr,), 6.9—7.6 (m, 5H,
SiPh), 5.9 (t, 1H, =CH, 3J('H,'H) = 7.4 Hz).

13a’: 'H NMR (400 MHz, C¢Dg): 6 = 2.1, 1.0—1.4, 0.5
(m, m, t, 9H, Bu), 1.0- 1.4, 0.7 (m, t, 14H, B"Pr;), 6.9-7.6
(m, 5H, SiPh), 5.8 (t, 1H, =CH, 3J('H,'H) = 7.4 Hz).

13b: 'H NMR (400 MHz): § = 0.9 (s, 9H, ‘Bu), 0.9,
1.3-1.4 (t, m, 14H, B"Pr,), 5.8 (s, 1H, =CH, 3J(*°Si,'H) =
30.9 Hz), 7.1, 7.7 (m, m, 5H, Ph).

13b’: 'H NMR (400 MHz): § = 5.81 (s, =CH).

13c: 'H NMR (400 MHz): § = 6.8—7.2, 7.4 (m, m, Ph,
SiPh, =CH), 0.9, 1.5, (t, m, 14H, B"Pr,).

14b: '"H NMR (400 MHz): § = 1.1 (s, 9H, ‘Bu), 1.3-1.9
(m, 14H, BBN), 7.0 (s, 1H, =CH, 3J(®Si,'H) = 29.5 Hz),
7.1,7.7 (m, m, 5H, SiPh).

Reaction of dichloro(hexyn-1-yl)(phenyl)silane 3a and
trichloro(hexyn-1-yl)silane 4a with 9-Et-9-BBN

A mixture of the silane 3a and 9-Et-9-BBN was sealed in
an NMR tube which was kept at 110120 °C. After 30 d the
NMR tube was opened, and volatile materials were removed
in a vacuum. The components of the oily residue were iden-
tified as a mixture of compounds 14a, 15a and 16a (ratio
15:60:25). The same procedure was followed for the syn-
thesis of 17a, 18a and 19a (ratio 60 : 30 : 10) except that 40 d
of heating was necessary to achieve sufficient conversion of
reactants into products.

16a: '"H NMR (400 MHz): § = 6.63 (t, 2H, =CH).

17a: '"H NMR (400 MHz): § = 6.91, 5.98 (t, t, 1H, 1H,
=CH).

18a: 'H NMR (400 MHz): § = 6.57 (t, 2H, =CH).
19a: 'H NMR (400 MHz): § = 6.81, 5.98 (¢, t, IH, 1H,
=CH).

X-Ray structural analysis of 8c

The X-ray crystal structural analysis of 8¢ was carried out
for a single crystal fixed in a sealed capillary at 293(2) K us-
ing a Stoe IPDS I system; MoK, radiation, A = 0.71073 A.
Ci6HpoBCl,Si, My = 322.12, crystal size: 0.22 x 0.15 x
0.12 mm?3, crystal system: triclinic, space group PI, a =
7.5130(15), b = 9.755(2), ¢ = 12.508(3) A, o = 92.44(3)°,
B = 98.85(3)°, ¥ = 110.66(3)°, V = 842.93) A3, Z = 2,
Deare = 1.269 mg m™3, u(MoKg) = 0.443 mm~!, F(000) =
338 €, Oin /max = 2.24-26.08°, index ranges: —9 < h <9,
—11 <k<9,-15 <1< 14, 5126 collected reflections, 3039
independent reflections, R(int) = 0.041, completeness to 6 =
26.08°: 91.0 %, data/parameters: 3039/182, goodness-of-
fit on F2: 0.844, final R indices [/ > 2 o(I)] 3781: RI =
0.0543, wR2 = 0.1502; R indices (all data): RI = 0.0951,
wR2 =0.1345; largest difference peak and hole: 0.43 and
—025eA73.

Structure solution and refinement were accomplished us-
ing SHELXTL (version 5.1) [22]. CCDC 696258 contains
the supplementary crystallographic data for this paper. These
data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccde. cam.ac.uk/
data_request/cif.

Acknowledgements

Support of this work by the Deutsche Forschungsgemein-
schaft is gratefully acknowledged. E.K. thanks the DAAD
and the HEC, Pakistan. We thank Prof. R. Koster for a gen-
erous gift of tri-n-propylborane and 9-ethyl-9-borabicyclo-
[3.3.1]nonane.

[1] A. Stock, E. Zeidler, Ber. Deutsch. Chem. Ges. 1921,
54B, 531.

[2] a) L. Rosenblum, J. Am. Chem. Soc. 1955, 77, 5016;
b) R. Koster, Liebigs Ann. Chem. 1958, 618, 31;
c) E.C. Ashby, J. Am. Chem. Soc. 1959, 81, 4791;
d) P.F. Winternitz, A. A. Carotti, J. Am. Chem. Soc.
1960, 82, 2430.

[3] R. Koster, G. Benedikt, W. Larbig, K. Reinert,
G. Rotermund, Angew. Chem. 1963, 75, 1079.

[4] R. Koster, W. Larbig, G. W. Rotermund, Liebigs Ann.
Chem. 1965, 682, 21.

[5] R.Koster, in Houben-Weyl, Methoden der Organischen
Chemie (Ed.: R. Koster), Vol. 13/3c, Thieme, Stuttgart,
1984, p. 217.

[6] E. Abuin, J. Grotewold, E. A. Lissi, M.C. Vara, J.
Chem. Soc. B, 1968, 1044.

[71 B. Wrackmeyer, Coord. Chem. Rev. 1995, 145, 125.

[8] a) B. Wrackmeyer, J. Chem. Soc., Chem. Commun.
1988, 1624; b) R. Koster, G. Seidel, B. Wrackmeyer,
Chem. Ber. 1989, 122, 1825.

[9] a) R. Koster, G. Seidel, J. Sii3, B. Wrackmeyer, Chem.

Ber. 1993, 126, 1107; b) R. Koster, G. Seidel, 1. Klopp,

C. Kriiger, G. Kehr, J. Siif}, B. Wrackmeyer, Chem. Ber.

1993, 126, 1385.

a) B. Wrackmeyer, J. SiiB, Main Group. Met. Chem.

1996, 19, 39; b) B. Wrackmeyer, H. E. Maisel, W. Mil-

ius, Chem. Ber./Recueil 1997, 130, 1349, ¢) B. Wrack-

meyer, J. SiiB}, Z. Naturforsch. 2002, 57b, 741.

B. Wrackmeyer, K. Shahid, S. Ali, Appl. Organomet.

Chem. 2005, 19, 377.

B. Wrackmeyer, K. Shahid, S. Ali, Z. Naturforsch.

2005, 60b, 590.

B. Wrackmeyer, E. Khan, S. Bayer, K. Shahid, Z. Na-

turforsch. 2007, 62b, 1174.

[10]

[11]
(12]

[13]



B. Wrackmeyer et al. - 1,2-Hydroboration of Alkyn-1-yldichlorosilanes using Triethylborane

1275

[14]

[15]
[16]

[17]

(18]

a) W.E. Davidsohn, M. C. Henry, Chem. Rev. 1967, 67,
73; b) L. Brandsma, Preparative Acetylenic Chemistry,
(2" ed.) Elsevier, Amsterdam, 1988; ¢) L. Brandsma,
Synthesis of Acetylenes, Allenes, Cumulenes — Methods
and Techniques, Elsevier, Amsterdam, 2004.

B. Wrackmeyer, Progr. NMR Spectrosc. 1979, 12, 227.
B. Wrackmeyer, E. Khan, R. Kempe Z. Naturforsch.
2007, 62b, 75.

P.H. M. Budzelaar, G. Talarico, Structure and Bonding
2003, 105, 141.

E. Iglesia, D.G. Barton, S.L. Soled, S. Miseo,
J.E. Baumgartner, W.E. Gates, G. A. Fuentes, G.D.
Meitzner, Studies in Surface Science and Catalysis
1996, 101, 533.

[19]

[20]

[21]

[22]

B. Wrackmeyer, W. Milius, M. H. Bhatti, S. Ali, J.
Organomet. Chem. 2003, 669, 72.

a) G. A. Morris, R. Freeman, J. Am. Chem. Soc. 1979,
101, 760; b) G. A. Morris, J. Am. Chem. Soc. 1980,
102, 428; ¢) G. A. Morris, J. Magn. Reson. 1980, 41,
185; d) D. P. Burum, R. R. Ernst, J. Magn. Reson. 1980,
39, 163.

B. Wrackmeyer, O.L. Tok, Yu. N. Bubnov, Angew.
Chem. 1999, 111, 214; Angew. Chem. Int. Ed. 1999,
38, 124; b) B. Wrackmeyer, O.L. Tok, Magn. Reson.
Chem. 2002, 40, 406; c) B. Wrackmeyer, W. Milius,
O.L. Tok, Chem. Eur. J. 2003, 9, 4732.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, A64,
112.



