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Abstract

Irradiation of 1,4-bis(pentamethyldisilanylethynyl)benz&iiie methanol yields two 1 : 1 photoaddition produesnd>5, via silacyclo-
propene intermediate, while regioselective photoadd@csd 10, were obtained with acetone in deaerated methylene chloride. ©1999
Elsevier Science S.A. All rights reserved.
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. hv
1. Introduction MeasiMeZSi%Q%SiMeZSiMeg

The photolysis of alkynyl-substituted disilanes affords a - ® - r -

convenient route to the highly strained silacyclopropenes MeaSiMe,Si
[1,2]. Most of the silacyclopropenes are extremely un- \ -
stable toward atmospheric oxygen and moisture and they +
are trapped by solvents such as methanol or acetone SiMes SiMe,
[3]. Silacyclopropenes also react with unsaturated func- St i

tional groups to give five-membered cyclic organosili-

VAR
con products [4]. We have recently reported the photo- B / -
chemical behavior of 1-aryl-4-(pentamethyldisilanyl)-1,3- MeOH Acetone
butadiynes [5-7], 1,4-bis(pentamethyldisilanyl)butadiyne

[8], and 1-p-allyloxyphenyl)-2-pentamethyldisilanyl ethyne

[9,10] in connection with this silacyclopropene inter-

mediates.

In the course of our research, we investigated the photo-2. Experimental

chemistry of 1,4-bis(pentamethyldisilanylethynyl)benz@ne

expecting the formation of two silacyclopropene intermedi- 2.1. General methods

ates in the molecule and extending the interest and utility of

the chemistry of silacyclopropenes. IH and 13C NMR spectra were recorded on Bruker
AM-300 and Bruker AC-200 spectrometers with chemical
shifts being referenced against TMS as an internal stan-
dard or the signal of the solvent CDLIUV absorption
spectra were recorded on a Hewlett-Packard 8453 spec-
trophotometer. Mass spectra were determined at 70eV
with a Hewlett-Packard 5985A GC-MS by the electron
impact (El) method. FT-IR spectra were recorded on a

" * Corresponding author. Tel.: +82-331-220-2153; fax: +82-331-220-2153 Bomem MB-100 spectrometer in KBr pellets and NaCl cell.
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on a Waters Associates Model 244 liquid chromatograph
(Mildford, MA) equipped with a Model 6000A solvent

delivery system, Model 440 UV absorbance detector fixed
at 254 nm, and Model U6K universal injector. Lichrosorb

SI-60 column and Lichrospher RP-18 were used for prepar-

ative analyses. Methylene chloride was dried witsOp
followed by fractional distillation prior to use. Acetone
was dried with KCOs followed by fractional distillation
immediately prior to use. Solvents of reagent grade for

chromatography were used without further purification. .
Spectroscopic grade solvents (Tedia) were used for HPLC

and UV absorption spectra.

The starting 1,4-bis(pentamethyldisilanylethynyl)benzene
3 was prepared by the reaction of 1,4-diethynylbenz2ne
with chloropentamethyldisilane in 89% yield and recrystal-
lized from methanol (Scheme 1).

2.2. Synthesis of 1,4-bis(trimethylsilylethynyl)benzene
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(€=22,889M1cm™1), 261nm €=21,133M1cm™Y);
FT-IR (NaCl) 2961.7, 2154.1, 1495.1, 1241.1cmMS
(70eV) m/z 126 (M); HRMS (M™) calc. for GgHe
126.0470, found 126.0402.

2.4. Synthesis of 1,4-bis(pentamethyldisilanylethynyl)
benzens

A solution of 1,4-diethynylbenzeriz(0.48 g, 3.85 mmol)
n THF (30ml) was treated withn-BuLi (7.75mmol)
at ®C followed by pentamethylchlorodisilane (1.59 ml,
8.30mmol). The reaction mixture was warmed to room
temperature and stirred for 30 min. After evaporation of
solvent, the reaction mixture was extracted with ethyl ac-
etate (3x 50 ml), washed with water (8 20 ml), and dried
with MgSQy. The solvent was removed by column chro-
matography using-hexane: ethyl acetate (40: 1, v/v) as an
eluent to give3 (1.26 g, 89% vyield).
mp 115-116C; *H NMR (CDCl3, 300 MHz) 6,y 0.18

To a deaerated solution of 1,4-diiodobenzene (29, (18H, s, —Si(€l3)3), 0.29 (12H, s, —Si(B3)>—-), 7.38 (4H,
6.06 mmol),  bis(triphenylphosphine)palladium  dichlo- s, ArH); 13C NMR (CDCk, 50 MHz) §c —2.68, —2.12,
ride (340mg, 0.48mmol) and copper(l) iodide(46.2mg, 95.8, 107.2, 123.7, 132.1; UV (GEl2) Amax 304nm
0.24mmol) in anhydrous diethylamine (40ml) was added (¢ =26,445M1cm™1), 289nm ¢=25327M1cm™1);
dropwise trimethylsilylacetylene (2.14ml, 15.15mmol) at FT-IR (NaCl) 2953.6, 2154.3, 1497.7, 1243.2cmMS
room temperature. The reaction mixture was heated at(70eV) m/z 386 (M); HRMS (M™) calc. for GgHz4Sis
40°C for 1 h. To this solution saturated ammonium chloride 386.1738, found 386.1777.
solution (40 ml) was added and the reaction mixture was

extracted with ethyl acetate (3 I30 ml). The combined
ethyl acetate solution was washed with@ (20 ml), brine
(20 ml), and dried (MgSg), and concentrated in vacuo to
give the crude product. Flash column chromatography with
ethyl acetater-hexane (80: 1, v/v) as eluents ga/¢1.6 g,
95% vyield).

mp 118-119C; 'H NMR (CDCls, 300 MHz) 4 0.25
(18H, s, —Si(CH)3), 7.40 (4H, s, ArH); 13C NMR
(CDClz, 50 MHz) §c 0.30, 96.7, 104.9, 1235, 132.1; UV
(CH2Clo) Amax 294nm €=71,016 M1cm1), 279nm
(6=57,727M1cm™Y); FT-IR (NaCl) 2963.7, 2156.5,
1494.1, 1265.0cmt; MS (70eV) m/z 270 (M); HRMS
(M) calc. GgH22Si; 270.1260, found 270.1212.

2.3. Synthesis of 1,4-diethynylbenz@ne

The reaction solution of 1,4-bis(trimethylsilylethynyl)
benzenel (1.6g, 5.91mmol) and sodium hydroxide
(0.434 g, 10.8mmol) in methanol(100 ml) was stirred for
30min at room temperature. The reaction mixture was
acidified with 2N HCI solution, concentrated in vacuo,
and extracted with ethyl acetate x30 ml). The combined
ethyl acetate solution was dried (MgpQand evaporated
in vacuo to give crude product. Purification by eluents to
give 1,4-diethynylbenzen2 (0.48 g, 94% vyield).

IH NMR (CDCl, 300 MHz) 8 3.19 (2H, s, —-&C-H),
7.46 (4H, s, ArH); 13C NMR (CDCk, 50MHz) é§c
79.5, 83.4, 123.0, 132.4; UV (CGI€l2) Amax 274nm

2.5. Irradiation of 1,4-bis(pentamethyldisilanylethynyl)
benzene in methanol

Deaerated solution (& 10~* M) of 1,4-bis(pentamethyl-
disilanylethynyl)benzen&8 (96 mg) in methanol (500 ml)
was irradiated in a Rayonet photochemical reactor, model
RPR-208, equipped with RUL 300 nm lamps. After irradia-
tion for 1.5 h, the resulting photoreaction mixture was con-
centrated in vacuo. The photoaddudtand5, were isolated
in (19.8mg, 19% yield) and (15.6 mg, 15% yield), respec-
tively, by column chromatography with-hexane/ethyl ac-
etate (80/1) as an eluent followed by reverse phase HPLC
(Lichrospher RP-18) using methanol as an eluent.

4 'H NMR (CDCl3, 300MHz) 84 0.02 (9H, s,
—Si(CHg)3), 0.19 (9H, s, -Si(B3)3), 0.29 (6H, s,
—Si(CH3)2-), 0.31 (6H, s, —Si(B3)2>-), 3.47 (3H, s,
—OCHS3), 7.17 (2H, dJ=8.1Hz, ArH), 7.42 (2H, dJ=8.1,
ArH), 7.81 (1H, s, vinylic H);:3C NMR (CDCk, 50 MHz)
dc —2.59, —2.09, —0.54, 2.06, 50.8, 94.0, 107.6, 122.7,
128.2, 131.8, 142.6, 146.1, 156.2; UV (6F) Amax
285nm; FT-IR (NaCl) 2953.6, 2151.2, 1567.0, 1497.5,
1246.9cml; MS (70eV) m/z 418 (M); HRMS (M*)
calc. for G1 H3gOSi 418.2000, found 418.2001.

5 'H NMR (CDCls, 300MHz) sy 0.06 (6H, s,
—Si(CHs)>—-), 0.18 (9H, s, —Si(B3)3), 0.20 (9H, s,
—Si(CH3)3), 0.29 (6H, s, —Si(El3)>—), 3.30 (3H, s, —0H3),
7.21(2H,dJ=8.1Hz, ArH), 7.40 (2H, dJ=8.1, ArH), 7.68
(1H, s, vinylic H); 13C NMR (CDCk, 50 MHz) §¢ —2.60,
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PdCl,(PPhs),,Cul
IOI + 2H—==—SiMe,
HNEt,

MesSi—=— H—=—siMe, DNaOH/MeOH ——

— 2)HCIMeOH - =~/
1,95% 2,94%
1) 2eq n-BulLi
) 2e9 MesSiMe,Si—=— H—=—SiMe,SiMe,
2) 2eq CISiMe,SiMey —
3,89%
Scheme 1.

-2.10, 0.59, 0.79, 50.2, 94.1, 110.0, 122.7, 128.3, 131.7,3. Results and discussion

142.3, 147.6, 155.0; UV (C4Cl2) Amax 282nm; FT-IR

(NaCl) 2953.8, 2151.1, 1564.9, 1497.2, 1248.4¢mMS 3.1. Photoreaction of

(70eV) m/z 418 (M); HRMS (M) calc. for GiH3gOSi 1,4-bis(pentamethyldisilanylethynyl)benzénwith
418.2000, found 418.2006. methanol

Irradiation of3in methanol affords two 1 : 1 photoaddition

2.6. Irradiation of 1,4-bis(pentamethyldisilanylethynyl) products4 and 5 but the expected successive reaction of
benzene with acetone the photoproducd or 5 to give the compoun@® was not
observed (Scheme 2).
Deaerated solution (5 10~* M) of 1,4-bis(pentamethyl- The structure of these photoproducts is determined by

disilanylethynyl)benzen@ (19 mg) and acetone (34mM) various physical methods such & NMR, *C NMR,
in methylene chloride (500 ml) was irradiated in a Rayo- UV, FT-IR, and mass spectrometry. The UV absorption
net photochemical reactor, Model RPR-208, equipped with spectra of both photoproducts are very similar and the ab-
RUL 300 nm lamp. After irradiation for 30 min, the result- sorption maxima ir4 and 5 were blue-shifted compared
ing photoreaction mixture was concentrated in vacuo. The to that of 3. The molecular ion peaks (V) of 4 and 5
photoadducts) and10, were isolated in (2.2 mg, 10% yield) indicate that the photoproducts are formed by the addi-
and (3.1 mg, 16% yield), respectively, by silica gel column tion of one methanol molecule 8. FT-IR spectra of4
chromatography wittn-hexane/ethyl acetate (90/1, v/v) as and5 show the typical ethynyl absorption at 2151.2 and
an eluent. The products were purified by normal phase HPLC 2151.1cntl, respectively indicating that one of the two
(Lichrosper Si 60) using-hexane/ethyl acetate (60/1, v/iv) ethynyl groups is sustained. The photoisomédrand 5
as an eluent. can be distinguished by comparison with the literature
9 1H NMR (CDCl;, 500MHz) 84 —0.22 (9H, s, data (Fig. 1) [11]. The chemical shifts for the vinylic
—Si(CH3)3), 0.15 (9H, s, -Si(Bl3)3), 0.25 (6H, s, protons of4 and 5 are similar to those ofH) and @)-
—Si(CH3)>-), 0.29 (6H, s, -Si(B3)>-), 1.25 (6H, s, 1-methoxydimethylsilyl-1-trimethylsilyl-2-phenylethylene
dimethyl), 6.99 (2H, d,J=8.3Hz, ArH), 7.38 (2H, d, [11]. The structure of photoisomér could also be distin-
J=8.3Hz, ArH); 13C NMR (CDChk, 75MHz) §c —3.02, guished from that 06 on the basis of théH NMR spectra
—2.51,0.27,2.05,29.1,29.7,87.7,93.5, 107.0, 122.0, 126.7,0f the isomer pair. ThéH NMR of photoadduct show
128.4, 131.1, 131.6, 136.6, 142.0, 175.9; UV (CHp) an upfield shift for the dimethylmethoxysilyl group due
Amax 267, 255nm; FT-IR (NaCl) 2958.9, 2155.1, 1554.0, to the ring current of the phenyl ring, while its isomér
1248.3cntl; MS (70eV) m/z: 444 (M); HRMS (MT) shows the upfield shift for the trimethylsilyl group but not

calc. for G3H4o0Siy 444.2156, found 444.2156. the dimethylmethoxysilyl group, arid structure to4 andZ
10 'H NMR (CDCls, 500MHz) 8y —0.23 (9H,  structure tc5 could be assigned (Fig. 1).
s, =Si(®H3)3), 0.23 (9H, s, —Si(El3)3), 0.28 (6H, s, The 13C NMR of photoadduct also shows an upfield

—Si(CH3)>-), 1.25 (6H, s, dimethyl), 7.00 (2H, d=8.3 Hz, shift for the trimethylsilyl group due to the anisotropy effect
ArH), 7.40 (2H, d,J=8.3Hz, ArH); 13C NMR (CDCk, of the phenyl ringeis to this trimethylsilyl group compared
75MHz) 5c —0.06, 0.26, 2.04, 29.1, 30.6, 87.7, 94.4, 104.8, to photoadduct and the'*C NMR of photoadducb also
121.7, 126.7, 128.4, 131.2, 131.7, 136.7, 142.2, 175.8; UV shows an upfield shift for the dimethylmethoxysilyl group.
(CH2Cl) Amax 268, 256 nm; FT-IR (NaCl) 2956.4, 2159.1, Photochemical reactions of phenylethynylpentamethyl-
1557.0, 1249.2 cm'; MS (70eV) m/z: 386 (M); HRMS disilane in the presence of methanol were reported to give
(M™) calc. for G1H340Sk 386.1918, found 386.1938. mainly photoaddition products through the silacyclopropene
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Me3SiMe,Si—— ——SiMe,SiMe3
3
Me;SiMe,Si Me3zSiMe,Si Me3SiMe,Si
\ \ \
hv
MeOH hv —X
SiMeg SiMe; SiMe,OMe
/Si\ H SiMe,OMe H SiMe3
L 6 a 4,19% 5,15%
L oMes MeOMe,Si-__SiMes
_Sil |
MeOH H
o SiMe; SiMe;
H SiMe,OMe H SiMe,OMe
7 8,
Scheme 2.
-0.06(9H,s) -0.05(6H,s)
SiMe; SiMe,OMe
3.41(3H.s) = 3.30(3H,s)
H SiMe,OMe H SiMe;
7.77(1H,s) 0.24(6H,5s) 7.65(1H,s)  0.17(9H,s)
E)- -
0.19(%9H,s) 0.18(9H,s)
Me;SiMe,Si Me;SiMe,Si
0.29(6H,s)\\ 0.29(6H,s)\\
0.02(9H,s) 0.06(6H.s)
SiMes iMe,OMe
3.47(3H,s) 3.30(3H,s)
H SiMe,OMe

7.81(1H,8)  0.31(6H,s)

4

SiMe;
7.68(1H.8)  0.20(9H,s)

5

Fig. 1. Chemical Shift Comparison H NMR.

intermediates in the singlet excited states [12]. The major the compound indicating that adduc# is a primary pho-

addition product hag configuration between the phenyl
and dimethylmethoxysilyl groups and isomerize to g&e
isomer on further irradiation. After irradiation & in dry

toproduct and the compourids a secondary photoproduct.
The photoreaction oB in methanol is not quenched by
oxygen suggesting the photoreaction to proceed via silacy-

benzene in the absence of methanol for 15 min, methanolclopropene intermediate in the singlet excited state.

was added to the reaction mixture to identify the formation

of silacyclopropene as the intermediate. The addition prod-

uct4 having ark configuration was detected by HPLC from
3, strongly supporting the formation of silacyclopropene
intermediate. In this experiment, only photoadddcivas

From these results, the reaction mechanism is proposed
as shown in Scheme 2. A silacyclopropene intermediate
is formed from the singlet excited state 8fand reacts
with methanol to give the primary photoprodugt Geo-
metrical G=C bond isomerization o# yields 5 upon irra-

detected and further irradiation of the reaction mixture gives diation of 4, but another silacyclopropengis not formed
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Me;SiMe,Si—= 7 = sime,siMe, hv
3
Me3;SiMe,Si Me;SiMe,Si
N\ N\
hv T Me,CO hv
SiMes SiMeg
S| _SiMe
/\ o e
6 .
Me3Si 9, 10%
AN
SiMe;, SiMes
_SiMe:.
/ ] 2
10, 16%

Me,Sidl
SiMe3
_SiMe
0O 2

11

Scheme

upon irradiation o#4, suggesting that the formation of sila-

cyclopropene may be affected by the newly formed dou-
ble bond at 4 position of benzene ring in the photoprod-
uct 4 through electronic effect. In relation to this results,

we have reported previously some results for the photoreac-

tion of 1-aryl-4-pentamethyldisilanyl-1,3-butadiyne contain-
ing both electron-donating and electron-withdrawing group
in the aryl group with methanol [5]. The compound with

Me;CO  Me,

s
o
SiMe;
o SiMe2

SiME3

12

3.

The UV absorption spectrum of both photoproducts
is very similar and the UV absorption maxima ¢hand
10 were blue-shifted compared to that 8f The FT-IR
spectrum of photoproduc&and10 shows the ethynyl ab-
sorption at 2155.1 and 2159.1 ¢h) respectively indicating
that one of the two ethynyl group is sustained. Mass spec-
trum of 9 shows the molecular ion (V) peak indicating
that the photoproduc® is formed by the addition of one

an electron-donating group gave the photoaddition productsacetone molecule t8 and the mass spectrum &0 shows

via silacyclopropene intermediate but the photolysis of the
compound with a nitro group as an electron-withdrawing
group results in the 1pfnitrophenyl)-1,3-butadiyne through
C-Si bond cleavage. From these results, it is thought that
the photolysis of the compoundin methanol did not give
the silacyclopropene intermediafebecause of the newly
formed substituted double bond in the compodnd

3.2. Photoreaction of 1,4-bis(pentamethyldisilanylethynyl)
benzene with acetone

Irradiation of3 with acetone in deaerated methylene chlo-
ride yields site speific and regioselective photoadduets,
and 10, but the expected compount? is not observed
(Scheme 3).

the molecular ion (M) peak indicating that the photoprod-
uct 10 is formed by the removal of dimethylsilyl group in
photoproduc®. The photoproduc® and 10 can be distin-
guished by comparison with the literature data (Fig. 2) [11].
The chemical shifts for the trimethylsilyl, dimethylsilyl and
dimethylmethylene protons &and10 are similar to those
of 2,2,5,5-tetramethyl-3-trimethylsilyl-4-phenyl-1-oxa-2-
silacyclopent-3-ene (Compound A) [11]. THEC NMR
spectra of photoaddu@ and 10 show the characteristic
dimethyl substituted spcarbons ab 87.7 and 87.7, respec-
tively supporting the 1-oxa-2-silacyclopent-3-ene moiety.
The 13C NMR spectra of photoaddu& and 10 show an
ethynyl carbon at 93.5, 107.0 and 94.4, 104.8, respec-
tively, indicating that one of the two ethynyl group B
remains intact. The chemical shifts®in *H and3C NMR
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-0.25(9H,s) -0.1(9H,s)
SiMe; SiMe;
1.23(6H,s) ,SiMe, Me,Si< 1.40(6H,s)
O 0.26(6H.5) 0.16(6H,s)
A B
0.15(9H,s)
Me;SiMe,Si Me,Si
0.29(6H,s)\\ 0.23(9H,s) \\
-0.22(9H,s) -0.23(9H.s)
SiMe; SiMe;
1.25(6H.s) O,SiMez 1.25(6H,s)A._,SiMe,
0.25(6H,s) 0.28(6H,s)
9 10

Fig. 2. Chemical Shift Comparison fH NMR.

Relative
concentration

0 10 20 30 40 50 60

Irradiation time/minutes

Fig. 3. Kinetics of the photoreaction & with acetone:®, 9; H, 10.

spectrum are very similar to those Bd except that there is
not dimethylsilyl group in photoprodudtO. Therefore, the
structures of photoprodu&and 10 could be assigned like
as Fig. 2.

After irradiation of3 in dry benzene for 10 min, acetone

was added to the reaction mixture but no acetone addi-

tion product was obtained. In arylethynyldisilanes [12],
1-aryl-4-pentamethyldisilanyl-1,3-butadiynes [5-7], and
1,4-bis(pentamethyldisilanyl)butadiyne [8], the addition re-

action between the corresponding silacyclopropenes andl-aryl-4-(pentamethyldisilanyl)buta-1,3-diyne

acetone proceeded photochemically but not in the dark.
The results are the same f8r The quantum yield of pho-
toproduct9 and 10 decreased to 15 and 5%, respectively
in aerated solution indicating that the triplet excited state
is involved in the reaction of silacyclopropene intermediate
with acetone. As shown in Fig. 3, the photoadd@cis
initially formed and prolonged irradiation of the solution
results in the formation of the photoaddulfd indicating
that 9 is the primary andLO is the secondly photoproduct.
Photolysis of pur® in deaerated methylene chloride results
in the formation ofl10, strongly supporting the mechanism.

From these results, we propose a plausible photore-

absorb the light and react with acetone in the triplet mani-
fold to give the acetone addition photoadd@dbaving the
1-oxo-2-silacyclopent-3-ene moiety. The photoadduab-
sorbs the light and gives the silacyclopropene intermediate
11 and this intermediate ejects dimethylsilylene to give the
photoproduct10, but the expected photoprodut® from
the reaction of silacyclopropene intermediatewith ace-
tone is not detected, suggesting that the formation of the
photoproductl2 may be also affected by the substitution
of the aryl group by the 1l-oxa-2-silacyclopent-3-ene ring
through electronic effect. The electronic and steric factors
seem to be important in the chemistry of silacyclopropenes
[13], but not many examples are available. Both the for-
mation and reaction of silacyclopropene may be affected
by the substitution of the aromatic ring through electronic
effects and the intramolecular electron or charge transfer
between the substituted aromatic ring and the disilanyl
group [14]. The substitution of the phenyl ring by the
1-oxa-2-silacyclopent-3-ene ring is, therefore, expected to
alter the photochemistry of photoprodugtIn relation to
this substitution effect, we have reported previously that
substituted
with a methoxy group as an electron-donating group gave
the acetone addition photoproduct via silacyclopropene
intermediate in lower yield than the compound having a
nitro group as an electron-withdrawing group [6]. In the
case of the photoreaction of 1-aryl-4-(pentamethyldisilanyl)
buta-1,3-diyne with dimethyl fumarate [6], the compound
with a methoxy group did not give photoproduct via sila-
cyclopropene intermediate but the compound having a
nitro group gave the photoadduct via silacyclopropene
intermediate.

From these results, it is thought that the silacyclopropene
intermediatel1 formed from9 is rather unstable due to the

action mechanism as shown in Scheme 3. The silacy- electron-donating 1-oxa-2-silacyclopent-3-ene ring and the

clopropene intermediaté formed from the compoun@®

photoproductl2 is not obtained.
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