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The reaction of bis(silyl)ethynes 2—4, bearing one, two and three hydrides at one of the silicon
atoms, with triallylborane 1 leads primarily to alkenes 5, 8 and 11 respectively by 1,1-allylboration.
In these alkenes, the diallylboryl and the silyl group bearing one or more Si—H functions are in
cis-positions at the C= C bond, giving rise to the formation of an electron-deficient Si—H-B bridge.
This follows unambiguously from the consistent set of NMR data, in particular from the observation
of isotope-induced chemical shifts 2A1/1'B(*Si). The activation of the Si-H bond in 5, 8 and 11
induces intramolecular hydrosilylation under very mild reaction conditions to give 1,4-silabora-cyclo-
2-heptenes 7, 10 and 13 respectively. Upon heating, these seven-membered heterocycles undergo
ring contraction by 1,1-deallylboration to give the 1-sila-cyclo-2-hexenes 14-16, and bear an exocyclic
diallylboryl group in 3-position. All proposed structures are based on consistent 'H, B, 1*C and
2SiNMR data. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Triallylborane (BAll;, 1) is a unique triorganoborane,'? and
much of its unusual reactivity appears to be related to
the permanent allylic rearrangement.® 1,2-Allylboration of
various alkynes provides an important route to numerous
new organoboranes,!? and it has been suggested that the
mechanism involves a six-membered transition state A,
with the boron and one terminal olefinic carbon in close
contact to the alkyne carbon atoms. More recently, it was
observed that alkyn-1-yl-silanes, -germanes and -stannanes
undergo preferably 1,1-allylboration,*=” following the well-
established mechanism of 1,1-organobora’cion.8 The latter
involves cleavage of the M—-C= bond (e.g. M = Si, Ge, Sn),
formation of an alkyn-1-ylborate-like intermediate B, where
the fragment containing M is coordinated side-on to the C=C
bond.’~13
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In a preliminary note we reported that 1,1-allylboration
also works with some alkyn-1-ylsilanes bearing the Si—-H
function.” This finding was accompanied by two intriguing
observations: (i) the presence of an electron-deficient Si-H-B
bridge, strongly supported by a conclusive set of NMR
data; (ii) the Si—-H bond, activated by the neighbourhood to
the electron-deficient boron atom, undergoes hydrosilylation
under mild conditions without a catalyst. The present work
intends to mark out the general applicability of the approach
to combine 1,1-allylboration of bis(silyl)ethynes (Scheme 1)
with intramolecular hydrosilylation. In order to explore the
reactivity of the alkynes, monitor the complex reactions, and
identify the intermediates and final products, an extensive
NMR spectroscopic study was necessary.

Copyright © 2004 John Wiley & Sons, Ltd.
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RESULTS AND DISCUSSION
Synthesis of the alkyn-1-ylsilanes 2—4

The alkyn-1-ylsilanes 2a—d were obtained from the reaction of
chloro(diorgano)silanes with the respective lithium alkynide
as reported.” The reduction of dichloro(trimethylsilyle-
thynyl)methylsilane'> with LiAlH, afforded the dihydride 3a,
and the analogous reaction of trichloro(trimethylsilylethynyl)
silane'®!” gave the trihydride 4a (Scheme 2).

The bis(silyl)ethynes 2—4 are colourless liquids or a solid
(2d)'® and could be used either without further purification or
after distillation or recrystallization. They are characterized
by their NMR data (Table 1).

Reactions of the bis(silyl)ethynes 2a—d with
triallylborane 1
The bis(silyl)ethynes 2a—d react readily with triallylborane
1 (Scheme 3). For the selected substituents R', all reactions
proceed via 1,1-allylboration (see structure B for the proposed
intermediate), and in some cases mixtures of isomers were
obtained (see Table 2 for the product distribution, and see
Table 3 for NMR data).

NMR spectroscopic data (Table 3) provide convincing
evidence for the electron-deficient Si-H-B bridge in in
the compounds 5a—d. The increase in 'B nuclear shielding

. LiAIH, . .
Me3Si—=—SiMeHCI ———— > MegSi ——=—SiMeH,
3a
LiAIH o
MeySi—=—SiCl; ———» Me;Si = SiH,
a
Scheme 2.
/H\ .
+BAll;  All,B~  SiR,
R—SHR, — & —
2a-d 1 R?
A Al—B  SiR,
. —
+ 1
ALB  SiMe, Al R
— 7a-d
All SiHPh,
6c
Scheme 3.
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Table 1. 'H, '3C, and 2°Si NMR data? of the bis(silyllethynes
2,3and 4

8%Si
(SiH, SiH,, §'H(Si-H) 8§“C(=C-Si) §°C(=C-RY
SiHs)  ['J*Si,'H)] ['(*Si, POl [PJ*si, PO)]

2a —38.8 412 1103 1155
[201.3] [79.3,122]  [76.2,12.6]
2b ~165 3.77 108.2 1183
[195.8] [75.1,119]  [76.3,14.5]
20 —412 5.64 106.2 119.7
[213.0] [86.6,12.2]  [74.6,13.4]
2d 409 5.36 112.0 112.0
[215.6] [83.9,13.1]  [83.9,13.1]
3¢ —62.0 3.97 106.0 117.7
[208.7] [82.1,12.4]  [75.1,13.2]
42  -889 3.79 101.3 120.7
[216.9] [87.0,12.2]  [75.1,13.8]

2 In C¢Dg at room temperature; coupling constants involving 2°Si are
given in brackets (£0.2 Hz). Other NMR data of 2a, 2b, and 2d are
listed in Ref. 18.

b Other 13C NMR data: § = —0.3 [56.3] (Me3Si); 127.4 (Ph); 130.1 (Ph);
131.5 [76.3] (Ph); 135.1 (Ph). Other 2°Si NMR data: § = —17.3 [1.8]
(Me3Si).

¢ Other 13C NMR data: § = —7.2 [56.1] (MeSi); —0.4 [56.3] (Me3Si).
Other 2Si NMR data: § = —18.1 [1.7] (Me3Si).

d Other 13C NMR data: § = —0.1 [56.3] (Me3Si). Other 22Si NMR data:
§ = —17.8 [1.9] MesSi).

Table 2. Product distribution after the reaction of the
bis(silyl)ethynes 2a—-d, 3a, and 4a with triallyloorane 1

Distribution (%)

_H 1
- R
aLs~ sm, 2B
Starting bis(silyl)ethyne All R All SiHR,
2a 100 _
2b 100 _
2¢ 55 45
2d 100 _
3a 33 67
4a 15 85

when compared with similar triorganoboranes, the decrease
in ?Si nuclear shielding when compared with similar
alkenylsilanes, and the reduced magnitude of 'J(*Si, 'H)
are typical of the Si-H-B bridge.”!81° Another intriguing
effect is the observation of isotope-induced chemical shifts
ZAWMB(9G)), which are transmitted through the bridge.” 181
Since Si-H-B bridging is not possible in the alkene 6¢, its
NMR data set (Table 3) is ideally suited to demonstrate
the unusual bonding situation in the alkenes 5. The broad
absorption band assigned to the Si—-H stretching vibration
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Table 3. NMR data?® of the olefins 5a-d, 6¢, 8a, 9a, 11a and
12a

§29si
(2A10/11 81H 813C(=C—Si) 813
B®si)) "B ['(*si,'H)] [Y*®Si,PC)] C=c=p
5ab 126 516 2.76 136.6 186.5
(—46.0) [129.1] [56.5] br
5b° 309 556 2.73 135.1 191.6
(—46.0) [131.0] [57.7] br
5¢¢  —9.0 540 450 129.2 191.2
(—45.6) [156.6] [57.2] br
5d¢ 124 762 5.10 — —
(—37.0) [198.6]
6 —321 811 5.51 1328 1815
[189.8] [57.2] br
8a® —289 795 3.78 12338 184.7
(—48.9) [179.0] [53.9] br
9a" -529 813 4.16 1355 178.7
[187.8] [55.4, 52.4] br
11a -630 — 3.96 — —
(—14.3) [191.9]
12a 808 811 417 1304 181.6
[194.5] [55.8, 52.7] br

2In C¢Dg at room temperature; coupling constants involving 296 are
given in brackets (0.2 Hz); br denotes the signal of a '*C nucleus
linked to boron; isotope-induced chemical shifts AW/TIB29S)) are
given in ppb with a negative sign if the resonance signal of the
heavier isotopomer is shifted to lower frequencies.

b Other 'H, 13C and 2°Si NMR data: Ref. 7.

¢ Other 1¥C NMR signals: § = 2.2 [50.8] (Me3Si); 14.5 [51.0] (SiCH);
20.0 (CH3); 20.5 (CH3); 34.9 (br, CH,B); 44.2 [13.6, 6.9] (CH>); 114.0
(=CHy,); 117.1 (=CHy,); 137.0 (=CH); 139.1 (=CH). Other 2Si NMR
signal: § = —13.1 [10.3] (Me3Si, >4 A1/11B(?Si) = +4.0 ppb).

4 Other 13C NMR signals: § = 1.7 [50.5] (Me3Si); 34.1 (br, CH,B); 43.5
[14.8,7.6] (CH,); 113.9 (=CHy>); 116.8 (=CHy); 128.0 (Ph); 130.0 (Ph);
131.9 (76.3) (Ph); 134.9 (=CH); 135.1 (Ph); 136.1 (=CH). Other #Si
NMR signal: § = —10.8 [9.4] (MesSi, ¥4A1/11B(?°Si) = +5.7 ppb).

¢ 13C resonances are not assigned due to fast formation of 7d. Other
29Si NMR signal: § = —31.4 [9.1] (PhoHSi).

fOther 1°C NMR signals: § = 0.7 [51.5] (Me3Si); 36.6 (br, CH,B); 45.2
[11.0] (CHy); 114.3 (=CHb>); 116.7 (=CHy>); 127.9 (Ph); 127.9 (Ph);
133.1 (76.7) (Ph); 135.6 (=CH); 135.7 (=CH); 136.0 (Ph). Other 2°Si
NMR signal: § = —4.8 [8.4] (Me3Si).

8 Other '3C NMR signals: § = —4.7 [49.1] (MeSi); 1.3 [50.9] (Me3Si);
35.1 (br, CH,B); 43.0 [8.2] (CHyp); 113.4 (=CHy); 116.7 (=CHy);
135.6 (=CH); 136.8 (=CH). Other ?’Si NMR signal: § = —10.5 [9.4]
(Me3Si,>* A10/11B(2%Si) = 43.7 ppb).

h Other *C NMR signals: § = —5.7 [50.2] (MeSi); 0.6 [50.9] (Me3Si);
36.0 (br, CH,B); 41.7 [12.9, 11.0] (CH>); 114.2 (=CHb>); 116.8 (=CHy);
135.5 (=CH); 1359 (=CH). Other Si NMR signal: § = —5.4
[8.3] (Me3Si).

1B and '3C resonances are not assigned due to fast formation of
13a. Other 2°Si NMR signal: § = —8.7 [8.0] (Me3Si).

J Other 13C NMR signals: § = 0.9 [51.3] (Me3Si); 36.6 (br, CH,B); 42.4
[13.8, 10.3] (CH>); 115.1 (=CHy); 117.8 (=CHy,); 135.6 (=CH); 136.5
(=CH). Other ¥Si NMR signal: § = —4.5 [8.5] (Me3Si).

(v(Si-H) = 1870 £ 30 cm™) in the IR spectra of 5 is shifted
markedly to lower wavenumbers when compared with that
for the starting bis(silyl)ethynes 2 (2140 £ 20 cm™!).

Copyright © 2004 John Wiley & Sons, Ltd.

1,1-Allylboration of bis(silyl)ethynes

Most interestingly, the alkenes 5, containing the Si—-H-B
bridge, undergo intramolecular hydrosilylation?®~? under
very mild conditions without a catalyst to give the seven-
membered heterocycles 7 (see Table 4 for relevant NMR data).
It should be noted that 6c is also converted into 7c, typical of
an equilibrium between 6¢ and 5¢ via 1,1—deallylboration.8 We
ascribe the ease of the hydrosilylation to the boron-induced
intramolecular Si—H activation in 5.

Reactions of the silicon di- (3a) and tri-hydride
(4a) with triallylborane (1)

Will the Si—-H-B bridge become stronger or weaker if there
are two or three hydrogen atoms linked to silicon, as in 3a
and 4a respectively? The results of the reaction of 3a and 4a
with 1 are summarized in Scheme 4, and they correspond
in principle to the findings for the monohydrides. Si NMR
spectra (Fig. 1) clearly indicate the presence of the Si-H-B
bridge in 8a, which is absent in the isomer 9a. However,
NMR spectroscopic measurements at variable temperature
(298-183 K) did not enable us to distinguish between the
hydrogen atoms in the bridging and terminal positions. The
experimental NMR data set for 8a [shifts to higher frequencies,
compared with monohydrides, of 'H and ''B resonances
and to lower frequencies of Si resonances, together with a
relative increase in the magnitude of 1](**Si, 'H)] indicates
fast exchange of hydrogen atoms in terminal and bridging
positions. IR spectra donot give more insight into the dynamic
process, since there is only a broad absorption for v(Si—H),
shifted slightly (<30 cm™') to lower wavenumbers relative
to undisturbed Si—H stretching modes. It appears that the
Si—H-B bridge for the dihydride and the trihydride is weaker
when compared with the monohydrides. This assumption
is supported by quantum chemical calculations (density
functional theory and ab initio methods) of related model
compounds.®!

The formation of the seven-membered rings in 10a and 13a
via hydrosilylation again proceeds readily, corresponding to
the finding for 7; it does not even require heating of the
reaction solutions. The fact that both 8a and 9a and both 11a

Me,Si—SiH,Me Me;Si—=SiH,
3a 4a
+All;B +All;B
1 1
H_H H__H
AllgB'_Sl..,vIe AllbB  SiMeg  AllB Sl AlB  SiMeg
ot L+
All SiMe; pf SiHMe  p] SiMez SiH,
8a 9a 11a 12a
AII—B/\ ~H AII—B/\ i_’H
—( "Me —{ "H
Ali  SiMes Al SiMe,
10a 13a
Scheme 4.
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Table 4. NMR data? of 1,4-silabora-cyclo-2-heptenes 7a, ¢, d, 10a and 13a 6
5 7
Al—B g
8 27
All =
82Si 8BCic 8BCic_n
[2](29Si’ 29Si)] SllB [1](29Si’ 13C)] (SISC(C,g,) 513C(C—5) 813C(C—6) [1](29Si’ 13C)]
7a° —43 80.5 154.9 179.8 29.6 18.2 19.5
R =Me [8.2] br br [49.8]
R! = SiMe;
7c¢¢ —-114 81.4 141.5 185.5 29.6 18.5 17.6
R = Ph [7.6] [54.6,52.7] br br [52.2]
R! = SiMe;
7dd -29.6 81.3 137.2 188.6 30.8 19.7 15.1
R =Ph [6.3] [66.3] br br [52.9]
R! = SiPh,H
10a° —12.2 71.5 139.8 181.8 28.6 19.6 14.3
R = H, Me A=-914 [55.0,50.7] br br [50.0]
R! = SiMe; [8.7]
13af —44.2 81.1 136.1 183.2 31.2 20.2 10.9
R=H A =-8.6 [54.7,49.1] br br [50.2]
R! = SiMe; [8.0]

2In C¢Dg at room temperature; coupling constants involving G are given in brackets (£0.2 Hz); br denotes the broad signal of a 13C nucleus
linked to boron; A denotes isotope-induced chemical shifts 2A10/11B(29G5y, given in ppb with a negative sign if the resonance signal of the heavier
isotopomer is shifted to lower frequencies.

b Other 1H,13 C and 2°Si NMR data see Ref. 7.

¢ Other 13C NMR signals: § = 2.7 [50.8] (Me3Si); 35.4 (br, CH,B); 43.5 [10.9] (CHb); 113.8 (=CH>); 114.2 (=CH,); 127.6 (Ph); 128.9 (Ph); 132.4 (Ph,
70.1); 135.5 (Ph); 135.8 (=CH); 138.3 (=CH). Other 2°Si NMR signal: § = —8.5 [7.6] (Me3Si).

d Other 3C NMR signals: § = 34.8 (br, CH,B); 45.8 (10.3) (CHb»); 113.8 (=CH,); 117.0 (=CH,); 127.6 (Ph); 127.8 (Ph); 129.1 (Ph); 129.1 (Ph); 134.9
[54.0] (Ph); 134.9 [54.4] (Ph); 135.0 (-CH=); 135.5 (Ph); 135.8 (Ph); 136.0 (=CH). Other °Si NMR signal: § = —40.9 [6.3] (PhHSi).

e Other 13C NMR signals: § = —1.8 [47.9] (MeSi); 1.9 [50.4] (Me3Si); 33.4 (br, CH2B); 42.9 [12.1] (CH3); 113.3 (=CHy); 116.1 (=CH>); 136.4 (=CH);
137.0 (=CH). Other ?Si NMR signal: § = —9.6 [8.7] (Me3Si, >/ A1/11B(?Si) = +8.9 ppb).

fOther 13C NMR signals: § = 2.2 [50.9] (Me3Si); 34.8 (br, CH,B); 43.8 [10.1] (CH,); 114.8 (=CHy); 117.1 (=CHy); 136.6 (=CH); 136.8 (=CH).
Other 2Si NMR signal: § = —8.7 [8.0] (Me3Si).

and 12a are consumed in the course of the hydrosilylation

R
indicates that the 1,1-allylboration is reversible, like other All—B Si""'IR A i
1,1-organoborations,® and the equilibrium is being shifted —/ DR —/ R
towards 10a via 8a and towards 13a via 11a. The *C NMR All SiMes All,B SiMe,

spectra of 7, 10a and 13a with characteristic broad
(B-C)32-3% and sharp signals, together with 2°Si satellites
corresponding to J(¥Si, *C) and BC satellites (for some
signals) corresponding to 'J(13C,®C) (see Fig.2 for 10a),

shows the clean and quantitative formation of most of these
products. The #Si NMR spectra of 10a and 13a indicate that
there is also an Si—-H-B bridge (see Fig. 3 for 10a). However,
attempts to induce further hydrosilylation of the remaining

Scheme 5.

B-allyl group by prolonged heating of samples of 10a or 13a
were not successful (vide infra).

Further rearrangement of the
1,4-silabora-cyclo-2-heptenes 7, 10a and 13a

Since the heterocycles 7, 10a and 13a contain reactive and
labile element-hydrogen and element—carbon bonds, their
behaviour with respect to potential further rearrangements is

Copyright © 2004 John Wiley & Sons, Ltd.

of interest. As shown in Scheme 5, heating (not required in the
case of 7b) of these heterocycles induces a 1,1-deallylboration
leading to ring contraction from seven- to six-membered
rings. Compound 14b is formed already in the reaction
solution when 5b is hydrosilylated to give 7b. The 1-sila-
cyclo-2-hexenes 14a,b 15a and 16a, bearing the diallylboryl
group in 3-position (see Table5 for relevant NMR data),
were formed, in agreement with previous observations.” This

Appl. Organometal. Chem. 2004; 18: 43-50
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1,1-Allylboration of bis(silyl)ethynes

A
AllLB-" SiMe  AllB SiMes
8a A SiMes AII;  SiMeH, ,
sa oa
2A11/1OB(298i)
) 26020 -48.9 ppb } 11 9a
J(Si;7S) M|
8.3 Hz 0 o
9 ot 0
b 4 9a
529Si| -5I.0 ' |-10|.0 I ' |-15'.0 o -200 T -400 60

-60.0

Figure 1. The 99.6 MHz #Si{"H} NMR spectrum of a mixture containing the isomers 8a and 9a, recorded using the refocused
INEPT pulse sequence? ~20 based on 2J(*°Si, "Hye) (SiMeg groups) and 'J(?°Si, H) (SiH, groups). The expansion of the 2°Si(SiMeg)
signal of 9a shows 'C satellites (rhombus) and 2°Si satellites (asterisks). Characteristic of the electron-defibient Si—-H-B bridge is the
isotope-induced chemical shift 2A'%1"B(?°Si) as indicated. This is readily identified by the 1 : 4 ratio of the respective signal intensities.

oMe oo [8.4]
. __B - SI"'H imp ||| o | o [12.1] Sitte,
1)
) | (o]
Sile. | [50.4]
//_>=< i @iop (LN |-,-'||'| * {3z.8} c-7
=C-8i 10a 311} | L I {31.5) [50.0]
[55.0]1 © H o A bt SR o TN _{31'5}
[50.7] © |'| o T * Sile
. 1
=CH- .., 3CH \/ \\».J‘ o |[479
.Hh_....'/; Iliwlll :CHQ ’ J L‘? o* | * [ If ]
= : ; o 2o ‘uufi._..
B R 1 | All,B | B-C'I“lz C6 ™ o
A st | _ i i - —— A
184 18(). 140 135 130 125 120 115 - 40 a0 20 10 1]

Figure 2. The 125.8 MHz "3C{'H} NMR spectrum of the 1,4-silabora-2-cycloheptene 10a (ca 10% in CDCls at 23°C), obtained
without further purification from consecutive 1,1-allylboration and intramolecular hydrosilylation starting from 3a via 8a. The typically
broad NMR signals of the 3C nuclei attached to boron®-3* are readily identified, and many of the sharp signals are accompanied by
295 satellites (coupling constants J(?°Si, '3C) in Hertz given in brackets), and in some cases also by '°C satellites for 'J('3C, '3C) (in

hertz given in braces).

rearrangement can be monitored by ¥Si NMR (Fig. 3), where
the characteristic Si NMR signals of the seven-membered
ring decrease in intensity with respect to the new growing
signals of the six-membered ring.

CONCLUSIONS

Bis(silyl)ethynes react with triallylborane predominantly by
1,1-allylboration (in contrast to the well-documented 1,2-
allylboration known for many other alkynes), leading to
numerous new alkenes with diallylboryl and silyl groups in
cis-positions at the C=C bond. If the silyl group contains
an Si—H function then an electron-deficient Si—-H-B bridge is

Copyright © 2004 John Wiley & Sons, Ltd.

formed. This can be understood as a boryl-induced Si-Hbond
activation, leading to intramolecular hydrosilylation under
exceptionally mild reaction conditions, by which novel seven-
membered heterocycles (7,10a, 13a) are obtained in high yield
and high purity. These rearrange upon heating selectively
into six-membered heterocycles (14-16). The combination of
1,1-allylboration and intramolecular hydrosilylation is a new
concept for the syntheses of heterocyclic compounds.

EXPERIMENTAL

General and starting materials
All compounds were prepared and handled under dry
argon, observing all necessary conditions to exclude air and

Appl. Organometal. Chem. 2004; 18: 43-50
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Table 5. NMR data? of 1-sila-cyclo-2-hexenes 14a,b, 15a and 16a 5 6
WR
4 Si .
3 2 R
All,B R,
82°Si 8BC 813C )
[2](29Si, 29Si)] 811]3 [1](295i, 13C)] 813C(C,3) 813C(C74) 513C(C—5) [1](2981, 13C)]
14a° —-6.0 76.9 145.1 181.7 314 21.1 13.6
R =Me [7.0] [51.9,51.9] br [12.6,11.0] [50.4]
R! = SiMe;
14b© —6.3 81.5 150.2 185.2 314 21.7 4.7
R =1Pr [7.1] [52.0, 48.9] br [10.5,10.5] [47.7]
R! = SiMe;
15a —33.8 77.5 131.9 182.8 31.3 20.6 9.8
R =H, Me [6.7] [57.6,49.4] br [12.3,9.9] [50.2]
R! = SiMe;
16a° -56.1 79.0 128.1 185.1 31.8 21.5 5.7
R=H [6.6] [58.2,49.1] br [12.7,9.7] [50.2]
R! = SiMe;

2In C¢Dg at room temperature; coupling constants involving 296] are given in brackets (£0.2 Hz); br denotes the broad signal of a 13C nucleus

linked to boron.
b Other 1H, 13C and 22Si NMR data see Ref. 7.

¢ Other 3C NMR signals: § = 1.8 [46.3] (Me35i); 13.8 [51.0] (SiCH); 18.2 (1.9) (CH3); 18.4 (1.9) (CH3); 34.5 (br, CH2B); 113.9 (=CH,); 134.8 (=CH).

Other °Si NMR signal: § = —11.5 (Me3Si).

d Other 13C NMR signals: § = —2.2 [49.8] (MeSi); 0.9 [50.2] (Me3Si); 34.3 (br, CH;B); 114.1 (=CHy); 135.7 (=CH). Other 295 NMR signal: § = —6.4

(Mes3Si).

¢ Other 13C NMR signals: § = 1.0 [50.7] (Me3Si); 35.1 (br, CH,B); 115.0 (=CHy); 136.3 (=CH). Other 2°Si NMR signal: § = —6.1 (Me3Si).

moisture, and by using carefully dried solvents. Starting mate-

rials such as triallylborane 1%%

214.18

and silicon monohydrides
were prepared according to literature procedures. NMR
measurements: Bruker ARX 250 and DRX 500 ['H, 1'B, 13C, ?°Si
NMR (refocused INEPT? -3 based on ?J(*Si, '"Hye) = 7 Hz
or 1J(®Si,' H) = 200 Hz)]. Chemical shifts are given rela-
tive to Me,Si [6'H (CHCl3/CDCl3) = 7.24 or §'H (C¢DsH) =
7.15; 83C (CDCl3) =77.0 or 8B3C (C¢Dg) = 128; §¥Si=0
for E(Si) = 19.867 184 MHz], BF;~Et,O [!'B = 0; E(1B) =
32.083971 MHz]. Assignments in 'H and '*C NMR spectra
are based on appropriate 2D 'H/'H COSY, 'H/'H NOESYTP,
'H/C and 'H/?Si HETCOR experiments. Mass spectra
(EL, 70 eV; Finnigan MAT 8500 with direct inlet) of the
1,1-allylboration products 5, 6, 8, 9, 11 and 12 and of the hete-
rocycles 7, 10, 13-16 did not give conclusive results because
of the presence of mixtures and/or further rearrangements.
IR spectra: Perkin Elmer, Spectrum 2000 FTIR.

Preparation of silicon di- (3a) and tri-hydrides
(4a); general procedure

Synthesis of chloromethyl(trimethylsilylethynyl)-, and
trichloro(trimethylsilylethynyl)-silanes

The solution of trimethylsilylethynyl lithium (20-40 mmol) in
THF (20 ml), freshly prepared from ethynyl(trimethyl)silane
and BuLi, was added slowly to the solution of a five fold molar
excess of MeSiHCl, or SiCly in THF (40 ml) at —78°C. The

Copyright © 2004 John Wiley & Sons, Ltd.

mixture was allowed to warm to room temperature, and all
volatile materials were removed in vacuo at room temperature.
The residue was taken up in pentane, and insoluble materials
were filtered off. The pentane was distilled off first, and
then the silanes (yield 60-80%) were purified by fractional
distillation.

Chloro(methyl)(trimethylsilylethynyl)silane: b.p. 40—
42°C/15 Torr; 'TH NMR (500 MHz, CDCl;): 8['](*Si, 'H)] =
0.05 (s, 9H, Me;Si); 0.28 (d, 3H, MeSi); 4.90 [249.2] (q,
1H, SiH). 3C NMR (125 MHz, CDCly); 8[J(*Si, °C)] = —0.6
[56.3] (MesSi); 1.3 [64.6] (MeSi); 106.4 [96.9, 11.6] (=C-Si);
119.2 [72.7, 16.6] (=C-SiMe3). 2*Si NMR (99.6 MHz, CDCls):
S[}J(°Si, Si)] = —23.3 [1.8] (MeSi); —17.0 [1.8] (MesSi).

Trichloro(trimethylsilylethynyl)silane: b.p. 37-38°C/1073
Torr; 'HNMR (500 MHz, CDCls): § = 0.07 (s, 9H, Me;Si).
BCNMR (125 MHz, CDCL): 8['J°Si, *C)] = —0.7 [56.7]
(MesSi); 102.0 [160.7, 11.2] (=C-SiCly); 1205 [68.2, 26.7]
(= C-SiMe3). ¥Si NMR (99.6 MHz, CDCls): § = —33.3(SiCls);
—14.5(Me3Si).

Reduction of the chlorosilanes

The solution of the respective chlorosilane (3—6 mmol) in
diethyl ether (15 ml) was added slowly to a suspension of
an excess of LiAlH, in Et;O (25 ml) at 0°C. After continued
stirring for 1h, the reaction mixture was quenched with
aqueous HCl (10%) and extracted with Et,O; the organic

Appl. Organometal. Chem. 2004; 18: 43-50
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1,1-Allylboration of bis(silyl)ethynes
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15a
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f
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Figure 3. The 99.6 MHz 2°Si{'H} NMR spectra of almost pure 10a (lower trace) and a mixture containing mainly 10a and 15a (upper
trace; after heating of 10a at 80°C for 6 h), recorded by using the refocused INEPT pulse sequence®” =% based on 2J(*°Si, "Hwve)
(SiMes groups) and "J(*°Si, H) (SiH, groups). Heating of 10a leads to rearrangement into 15a by 1,1-deallylooration. In the case
of 10a, we note again (see Fig. 1) the isotope-induced chemical shift 2A'%11B(2°Si), typical of the Si-H-B bridge. Furthermore,
another long-range isotope-induced shift 4 A1 B(?°Sj) is detected (positive sign!), which is transmitted either through the C=C
bond (across three bonds) or via the B—H-Si bridge (across four bonds). This small effect is frequently observed if such a bridge is

present, and has not been detected so far in the absence of this bridge. Thus, it is not observed in the case of 15a.

layer was washed twice with water, dried with Na,SO, and
the silanes were obtained by fractional distillation (see also
Table 1 for other NMR data).

2c: b.p. 18-120°C/107% Torr; 'HNMR: § = 0.66 (s, 9H,
MesSi); 7.8-8.1 (m, 10H, Ph).

3a:b.p.59-60°C/15 Torr; '"H NMR: § = 0.17 (s, 9H, Me;Si);
0.28 (t, 3H. MeSi). IR: v = 2159 cm™' (br, Si-H), 2093 cm™!
(C=0).

4a:b.p.30-35°C/15 Torr; 'H NMR: § = 0.11 (s, 9H, Me;Si).
IR: v = 2177 cm™! (br, Si—H), 2098 cm~! (C=C).

Reaction of the bis(silyl)ethynes 2, 3 and 4 with
triallylborane 1; general procedure
To a solution of the bis(silyl)ethyne (1-2 mmol) in CDCl;
or C¢Dg (0.6 ml) was added an equimolar amount of 1 in
one portion at room temperature. Then the mixture was kept
at room temperature for 6-10h, and the progress of the
reactions was monitored by 'H and ?Si NMR spectroscopy.
5b: 'H NMR: § = 0.30 (s, 9H, MesSi); 1.07 (m, 2H, CH); 1.16
(d, 6H, CHs); 1.18 (d, 6H; CH;); 2.23 (d, 4H, CH,B); 3.23 (dt,
2H, CH,); 5.0-5.1 (m, 6H, =CHy,); 5.81 (ddt, 1H, =CH); 6.19
(ddt, 2H, =CH).

Copyright © 2004 John Wiley & Sons, Ltd.

5¢: TH NMR: § = 0.28 (s, 9H, Me,Si); 2.21 (dd, 2H, CH,B);
2.31 (dd, 2H, CH,B); 3.46 (d, 2H, CH,); 4.9-5.2 (m, 6H,
=CH,); 5.9-6.2 (m, 3H, =CH); 7.5-7.6 (m, 6H, Ph); 7.8-7.9
(m, 4H, Ph).

5d: 'HNMR: § = 2.31 (d, 4H, CH,B); 3.33 (dt, 2H, CH,);
5.0-5.2 (m, 6H, =CH); 5.6-6.0 (m, 3H, =CH); 7.3-7.8 (m,
20H, Ph).

6c: 'HNMR: § = 0.30 (s, 9H, Me;Si); 2.08 (d, 4H, CH,B);
3.19 (d, 2H, CHy); 4.9-5.2 (m, 6H, =CH,); 5.9-6.2 (m, 3H,
=CH); 7.5-7.6 (m, 6H, Ph); 7.8-7.9 (m, 4H, Ph).

8a: 'H NMR: § = 0.25 (s, 9H, Me;Si); 0.28 (t, 3H, MeSi); 2.14
(m, 4H; CH,B), 3.08 (dt, 2H, CH,); 49-5.1 (m, 6H, =CH,);
5.7-6.0 (m, 3H, =CH).

9a: 'H NMR: § = 0.08 (s, 9H, Me;Si); 0.27 (t, 3H, MeSi); 2.25
(br, 4H, CH,B); 3.12 (dt, 2H, CH,); 4.9-5.1 (m, 6H, =CH,);
5.7-6.0 (m, 3H, =CH).

11a: assignment of "H NMR spectra uncertain because of
low concentration in mixture with 12a and fast rearrangement
into 13a.

12a: 'H NMR: 8 = 0.22 (s, 9H, Me;Si); 2.27 (br, 4H, CH,B);
3.10 (d, 2H, CH,); 5.0-5.2 (m, 6H, =CH,); 5.75 (ddt, 1H,
=CH); 5.97 (ddt, 2H, =CH).

Appl. Organometal. Chem. 2004; 18: 43-50
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Conversion of 5, 8, 11 into the
1,4-silabora-2-cycloheptenes 7, 10 and 13
The complete conversion of 5 into 7 required gentle heating
of the reaction solutions at 50-60°C for 2 h. In contrast, the
intramolecular hydrosilylation of 8 or 11 took place already
slowly (8) or rather fast (11) at room temperature.

7b: 'H NMR signals were not assigned with certainty, since
partial rearrangement into 14b took place.

7¢: >98% yield; THNMR: § = 0.22 (s, 9H, Me3Si); 1.42 (t,
2H, CH,Si); 1.55 (t, 2H, CH,B); 2.06 (m, 2H, CH,); 2.15 (d, 2H,
CH;B); 3.69 (d, 2H, CH,); 5.0-5.3 (m, 4H, =CH,); 5.9-6.2 (m,
2H, =CH); 7.5-7.9 (m, 10H, Ph).

7d: >98% yield; "THNMR: § = 1.54 (t, 2H, CH,Si); 1.61
(t, 2H, CH,B); 1.92 (d, 2H, CH,B); 2.25 (tt, 2H, CH,); 3.47
(d, 2H, CH,); 4.8-5.2 (m, 4H, =CH,); 5.10 (s, 1H, SiH,
1J(¥Si, 'H) = 198.6 Hz); 5.69 (ddt, 1H, =CH); 6.12 (ddt, 1H,
=CH); 7.4-7.9 (m, 20H, Ph).

10a: >96% yield (see Fig.2); 'HNMR: § =0.20 (d, 3H,
MeSi); 0.23 (s, 9H, Me;Si); 0.67 (m, 1H, H-5); 0.82 (m, 1H,
H-5); 1.11 (m, 1H, H-7); 1.31 (m, 1H, H-7); 1.73 (m, 1H, H-6);
1.85 (m, 1H, H-6); 2.12 (dd, 1H, CH,B); 2.20 (dd, 1H, CH,B);
3.22 (dt, 2H, CH,); 3.77 (m, 1H, SiH, }J(®¥Si, 'H) = 164.7 Hz);
492 (m, 2H, =CH,); 4.99 (ddt, 1H, =CH,); 5.04 (ddt, 1H,
=CH,); 5.71 (ddt, 1H, =CH); 596 (m, 1H, =CH). IR:
v(Si—-H) = 2121 cm™! (broad).

13a: >96% yield; 'THNMR : § = 0.40 (s, 9H, Me;Si); 0.93
(m, 2H, H-3); 1.42 (m, 2H, H-1); 1.93 (m, 2H, H-2); 2.33
(d, 2H, CH,B); 3.35 (dt, 2H, CH,); 4.28 (t, 2H, SiH,
1J(®Si, 'H) = 186.1 Hz); 5.0-5.2 (m, 4H, =CH,); 5.7-6.1 (m,
2H, =CH).

1,1-Deallylboration of 7, 10 and 13 to
3-diallylboryl-1-sila-cyclo-2-hexenes 14-16
Heating of the C4Ds solutions of 1,4-silabora-2-cycloheptenes
7, 10 and 13, at 70-80°C for 24-36h (<1h in the case
of 5b/7b), 12-15h and 6-10 h respectively, gave 50-95%
conversion into the 1-sila-cyclo-2-hexenes 14-16.

14b: 30 h at 80°C; conversion >90%; "H NMR : § = 0.08 (s,
9H, Me;Si); 0.72 (m, 2H, H-6); 1.0-1.3 (m, 14H, iPr); 1.67 (m,
2H, H-5); 1.75 (m, 2H, H-4); 2.1 (m, 4H, CH,B); 4.9-5.2 (m,
4H, =CH,); 6.02 (m, 2H, =CH).

15a: 15 h at 70 °C; conversion >90%; '"H NMR : § = 0.09 (s,
9H, Me;Si); 0.22 (d, 3H, MeSi); 0.71 (m, 1H, H-6); 0.97 (m, 1H,
H-6); 1.76 (m, 1H, H-5); 1.87 (m, 1H, H-5); 2.2 (m, 4H, CH,B);
2.27 (m, 2H, H-4); 4.18 (m, 1H, SiH, 1J(*°Si, 'H) = 182.9 Hz);
4.9-5.1 (m, 4H, =CH,); 5.99 (m, 2H, =CH).

16a: 8h at 70°C; conversion >90%; 'HNMR : § = 0.26
(s, 9H, MesSi); 097 (m, 2H, H-6); 1.75 (m, 2H, H-5);
1.82 (m, 2H, H-4); 2.26 (d, 4H, CH;B); 4.36 (t, 2H, SiH,,
17(Si, 'H) = 188.3 Hz); 5.0-5.2 (m, 4H, =CHy,); 6.0 (m, 2H,
=CH).
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