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Abstract: Photo-induced electron transfer oxygenation of 3-phenyl-1,1,2,2-tetramesityl- 1,2-disilet-3-ene
(1) in acetonitrile-methylene chloride afforded the corresponding 1,2-dioxa-3,6-disilin (2) in moderate yield
as a dioxygen insertion product into a silicon-silicon o-bond together with 1-oxa-2,5-disilolene (3): The
results are reasonably accounted for by an electron transfer from disiletene 1 10 the excited singlet state of the
sensitizer to form a radical ion pair followed by addition of oxygen. Interestingly, a remarkable solvent effect
was observed in the product ratio of dioxadisilin 2 and oxadisilolene 3 as a monooxygenated product. The
solvent acetonitrile, acting as a nucleophile, participates for predominant formation of 2. Meanwhile, in the
absence of acetonitrile, 3 was afforded as a major product. The conceivable mechanism is proposed.

Introduction .

Much attention has been drawn to the reaction of organosilicon compounds with molecular dioxygen in
recent years. Itis well known that strained silicon-silicon o-bonds are oxidized exothermically with molecular
dioxygen to afford disiloxanes as monooxygenated products.2? In spite of the significance of aerobic
oxygenation of organosilicon compounds, few mechanistic investigations were carried out.23 Recently we
have found that oxygenation by singlet oxygen#S and charge-transfer induced photooxygenation® of the
disilacyclopropane derivatives give the corresponding peroxides as dioxygen insertion products into a silicon-
silicon o-bond.  Our continuous interest in the photochemical oxygenation” has led us to investigate electron
transfer oxygenation of a silicon-silicon o-bond. 'We report here the first example of dioxygen insertion into
a silicon-silicon o-bond in photo-induced electron transfer oxygenation of 1,2-disiletene to give the
corresponding 1,2-dioxa-3,6-disilin.

Results and Discussion

In a typical experiment, irradiation of 3-phenyl-1,1,2,2-tetramesityl-1,2-disilet-3-ene8 (1, 1.7x102M)
in a mixed solvent of acetonitrile (£=35.9)? and methylene chloride (6=8.9) (1:1) in the presence of 9,10-
dicyanoanthracene (DCA, 1.3x10-3M)!0 with 500W tungsten-halogen lamps resulted in formation of 4-
phenyl-1,2-dioxa-3,6-disilin (2) in 69 % yield together with 3-phenyl-1-oxa-2,5-disilolene (3, 13%
yieldTable I). These products were isolated by silica gel flash column chromatography using hexane-
methylene chloride as eluent. Very similar results were also obtained in photo-induced electron t.ansfer
oxygenation by using methylene blue (MB+)!1 and 2,4,6-triphenyl-pyrilium perchlorate (TPPY+)12 as
sensitizer. The structures of 2 and 3 were assigned on the basis of spectroscopic data and elemental analyses.
Interestingly, 2 was gradually decomposed at room temperature to afford 5-mesityloxy-3-phenyl-2,2,5-
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Table 1. Photosensitized Oxygenation of 1

Ph Ph P
= hv/O/15°C VanW o
. R,Si,  SiR, + RS _SiR,
R,SI—SiR, 0-0 0"
1 2 3
R=mesityl
. o/ \B
Sensitizer® solvent " Products and Yields(%)
DCA CH3CN/CH,Cly(1:1) 69 13
CH,Cl, 4 21
CHaNO, 5 33
CH,Clo/CeHsS(0)CH3(200eq) 61 26
mB* CHaCN/CH,Clo(1:1) 35 19
CH.Cl, 5 14
TPPY* CH3CN/CH,Clp(1:1) 51 19
CH,Cl, 4 41
TPP no reaction
(p-BrCsH4)sN*SbClg-78°C°  CHaCN/CHLCla(1:1) 61 39
CH,Cly 6 23

*DCA; 9,10-dicyanoanthracene, MB"; methylene blue, TPPY™; 2,4,6-triphenylpyrilium perchiorate,
TPP; tetraphenylporphine. bConversion yields. “The reaction was carried out in dark.

trimesityl- 1-oxa-2,5-disilolene (4) in 28% yield via Criegee type rearrangement. 4513 Reduction of 2 with
triphenylphosphine easily took place giving 3 in 50% yield with the phosphine oxide (90% yield). The
stereochemistry of the rearranged product formed in the thermal reaction of 2 was assigned by a difference
NOE experiment. Low-power irradiation of the vinylic proton (a) resulted in intensity enhancements at
methyl protons (b) and (c), allowing assignment of the product as 4. Verification of this assignment was
provided by irradiation of the methy! protons (b), which resulted in intensity enhancements at vinylic proton
(a) and aromatic protons (f). Very similar results were also obtained in irradiation of the methyl protons (c).
A reasonable NOE between the olefinic proton and protons of o-Me in O-mesityl (3 7.20 and § 2.70) also
appeared on a NOESY spectrum (Fig.1). The structure of 4 was finally confirmed by X-ray crystal analysis
as shown in Fig. 2. The structure of 4 was solved by direct methods and refined by full-matrix least-
squares refinement for data with Fo2>30(Fo2). Bond distances and angles for 4 are given in Table II. Tt is
apparent that Criegee rearrangement occurred at the less hindered Si(1) atom of 2. The bond lengths around
the central pentagonal core are all in the range of normal values for Si-C, Si-O, and C-C bonds. The
structure of 4 is similar to that of benzobisoxadisilolene (5)!4 reported previously; the endocyclic Si-O-Si, O-
Si-C, and Si-C-C bond angles are well consistent with those of 5.  The C(1)-C(2) n bond is slightly
twisted, the Si(1)-C(1)-C(2)-Si(2) torsional angle being 3.7°, whereas the Si atoms are coplanar with aromatic
carbons in the case of 5. The oxygen atom is also displaced from the Si(1)-C(1)-C(2)-5i(2) plane as is
evident from the torsional angles of -8.82° for O(1)-Si(1)-C(1)-C(2) and 2.83° for O(1)-Si(2)-C(2)-C(1),
respectively. On the whole, deviation of the central C,Si,O ring from planarity is larger than that of 5.
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Table II. Bond Distances (A) and Angles (deg) for 4

Si1-01
Si1-02
Si1-Ct
Sit-Cé
Si2-01
Si2-C2

§i1-01-Si2
Si1-02-C7
Si1-C1-C2
C1-8i1-01
C1-Si1-02
C6-Si1-O1
C6-Si1-02

1.640(6)
1.641(7)
1.89(1)

1.895(9)
1.665(6)
1.900(9)

118.0(4)
126.6(6)
113.0(7)
97.8(4)

112.5(4)
112.5(4)
104.0(4)

Si2-C4
Si2-Cs
Ci1-C2
C2-C3
C7-02

C2-Si2-01
C2-Si2-C4
C4-Si2-Cs
C5-5i2-01
C1-C2-8i2
C1-C2-C3
C3-C2-8i2

1.889(9)
1.882(9)
1.36(1)
1.50(1)
1.38(1)

97.4(4)

118.3(4)
111.9(4)
112.7(4)
112.7(6)
121.9(9)
126.3(6)
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The reaction did not occur without the sensitizer under the conditions. The free energy changes (AG)
are -17.8, -10.4 and -32.3 kcal/mol for DCA, MB+ and TPPY+, respectively, indicative of exothermic
electron-transfer from 1 to the excited singlet state of the sensitizer.!$ In order to confirm this process, the
following DCA-sensitized oxygenations were carried out. The DCA fluorescence was efficiently quenched
with 1 (kq=3.60x109M'ls‘1). The rate of disappearance of 1 was enhanced by addition of Mg(ClOy4),.17
Meanwhile, addition of 1,2,4,5-tetramethoxybenzene (E,=0.79 V vs. SCE) and diazabicyclo[2.2.2]octane
(Eqx=0.70 V vs. SCE), each of which has a lower oxidation potential and is unreactive to DCA-sensitized
photooxygenation, and also 2,4,6-tri-tert-butylphenol, a radical scavenger, quenches the oxidation of 1. The
reaction does not seem to involve singlet oxygen, since 1 is stable under the photooxygenation conditions in
the presence of tetraphenylporphine (TPP) as singlet oxygen sensitizer.  Intervention of the silyl radical
cation (1*+) is also rationalized by the following experiment.162 Irradiation of 1 in a mixed solvent of
acetonitrile and carbon tetrachloride in the presence of DCA resulted in chlorinative cleavage of the silicon-
silicon bond which gave the corresponding chlorosilane (5) in 46% yield. Reduction of 6 with LiAlH,
afforded 7 quantitatively.

A proposed mechanism for photo-induced electron transfer oxygenation of 1 is shown in egs. (1)-(8).
The photochemically generated cation radical (1+) is attacked by either Oy or 30,, giving directly 2 or the
intermediate [1+0,]*. In the latter case, the electron transfer from sens™ or 1 to [1+O,]*- affords 2. This
mechanism might be supported by the following facts: (1) Itis well known that O, can be formed by the
electron transfer (AG=-0.9 kcal/mol) from DCA- to 302 (eq. (3)).1% The electron transfer from both MB
and TPPY to 303 is, however, an unfavourable process based on thermochemistry; AG=15.9 and 15.0
keal/mol for MB and TPPY, respectively.!8 (2) The reaction of 1 with 303 in the presence of a catalytic
amount of tris(p-bromophenyl)aminium hexachloroantimonate ((p-BrCgH4)3N+SbClg?),!? in a mixed solvent
of acetonitrile and methylene chloride in the dark gave 2 and 3 in 61% and 39% yields, respectively (Table I).
This result suggests that 1+ which is formed by the electron transfer from 1 to the amine cation radical can be
converted into 2 in the presence of 30, via the pathways of egs. (5) and (7).

'sens* + 1 —_— sens * + 1t (1)
sens ? + 17— sens + 1 )
sens * + %0, ——~  sens + 0,¢ 3)
11 + 0 —— 2 (4)
1t + %0, —— [1:0g} (5)
[p-oj]t + senss ——— 2 + sens 6)
[1:05F + 1 —_— 2 + 1t ]
[1-05] t & . 3 8

To obtain further insight into the electron transfer oxygenation actually occurring, the following
experiments were carried out. The relative ratio for the formation of 2 and 3 strongly depends on the solvent
composition. In methylene chloride and nitromethane (€=35.9)9 the formation of 3 predominates instead of
2 under both photosensitized and aminium cation radical-catalyzed oxygenation conditions (Table I). Very
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similar results are also obtained in methylene chloride in the presence of methyl phenyl sulfoxide. More
supporting data for the oxidation mechanism is provided by experiments in which the solvent composition in
acetonitrile and methylene chloride was changed as shown in Fig. 3and 4. These results might be
rationalized in terms of the participation of acetonitrile20 as shown in Scheme 1. The solvent acetonitrile acts
as the nucleophile toward 1+* to give A followed by addition of 30; and then elimination of acetonitrile
affording the oxidized product 2. Eq. (9) may be preferable to eq. (5) in the presence of acetonitrile. The
role of the sulfoxide might be also explained by the same manner. Meanwhile, in the absence of acetonitrile,
30, adds to 1** to give B (eq. (5)) followed by ring-closure affording C. Loss of oxygen from C could
afford 3. This may mean that [1O,]** (B and C)is not responsible for formation of 2.

methylene chloride/vol% methylene chlorideivol%

100 80 60 40 20 0 100 80 80 40 20 [
70 A e 1 i A L " A 3 A A 1 A A 50 L L L L " A

a2 a2

o3 .3

yields of 2 and 3%
yields of 2 and 3/%
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acetonitrile/vol% acetonitrile/vol%

Fig. 3. Effect of the solvent composition on the Fig. 4. Effeft of t!“f' solvent composition on the
DCA-sensitized oxygenation of 1 in MB -sensitized oxygenation of 1 in
acetonitrile-methylene chloride. acetonitrile-methylene chloride.

Scheme |

Ph Ph Ph
CH4CN = %0, = e =

R.Si*  SiR, _"stg SR, RZSi‘ SiR,b, — — 2
)l(-l- O, x* ih

. (9
eq. (9) X
N\ -

A o)

X*=CHC=N- , Ph(Me)S—0-—

Ph Ph

. — —

o -

2 ReSi +SR, — =Sl 4 SR — > — = 3
5 | (¢

€q. (5) o I

‘o- O-

R=mesityl B c
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Experimental

All melting points are uncorrected. IR spectra were recorded with a JASCO FT-IR5000 infrared
spectrometer, !H-, 13C- and 295i-NMR spectra recorded with a JEOL JNM-EX90 and a Bruker AM-500
spectrometer. Deuteriated chloroform and benzene were used as the solvent. Chemical shift values are
reported (8) relative to internal tetramethylsilane standard. Mass spectral data were obtained on a Hitachi
RMU-6M mass spectrometer and exact mass data on a JEOL LMS-D300 mass spectrometer. HPLC analysis
was done on a Jasco Trirotor-VI HPLC system, equipped with a 20cm x 5mm stainless steel column packed
with Finepack SIL C;g. Gel permeation chromatography (preparative HPLC) was performed on a series of
JAIGEL 1H and 2H columns with a flow of chloroform on a LC-08 liquid chromatograph of Japan Analytical
Industry Co. Ltd. The light source was two 500-W tungsten-halogen lamps. Irradiations were carried out
in Pyrex tubes at 15°C while oxygen was passed through. Reagent-grade solvents were used for the
experiments in acetonitrile and methylene chloride. Acetonitrile was at first distilled in the presence of
phosphoric anhydride and then distilled in the presence of calcium hydride before use. Methylene chloride
was washed with water, dried over calcium chloride and then distilled. Nitromethane was distilled in the
presence of calcium hydride. Deuteriated solvents for spectroscopy, TPP (Strem Chemicals), MB* (Kanto
Chemical), and DCA(Tokyo Kasei) were used as received. 1,4-Diazabicyclo[2.2.2]octane was used after
purification by sublimation. TPPY*21, (p-BrCgH,)3N*+SbClg22 and 1,2,4,5-tetramethoxybenzene23 were
prepared according to the literature procedure. 1 was prepared by addition of tetramesityldisilene to phenyl-
acetylene.8 1: mp 170-173°C; TH-NMR(C¢Dg) 8 8.09(s,1H), 7.43-7.44(m,2H), 6.98-7.07(m,3H),
6.66(s,4H), 6.62(s,4H), 2.41(s,12H), 2.32(s,12H), 2.07(s,6H), 2.04(s,6H) ppm; 13C-NMR(CgDg) &
170.42(s), 158.95(d), 145.02(s), 145.00(s), 144.62(s), 138.95(s), 138.55(s), 134.02(s), 133.90(s),
129.38(d), 129.25(d), 128.53(d), 127.38(d), 126.67(d), 25.47(q), 25.03(q), 21.01(q) ppm; 29Si-NMR
(C6D6) S 5.62, -13.23 ppm. Calcd for C44H50Si22 C, 83.22; H, 7.94. found: C, 83.00, H, 8.24.

Physical Properties of 1

Cyclic voltammograms of substrate 1 were obtained on 0.1 M n-BuyNC10,/CH,Cl, solution (vs. SCE;
scan rate, 200 mV/s; Hokuto Denko Lid., Potentiostat/Galvanostat Model HZ-301). Oxidation potential
(Eox) of 1is 1.2V.

The AG values were calculated according to the Rehm-Weller equation (AG(kcal/mol)=23.06[E(D/Dt)-
E(A/A)-eg¥/ea-AE, ,))13 by using the excited singlet energies of DCA(2.89V), MB+(1.84 V) and TPPY*
(2.83 V), the reduction potentials of DCA(-0.98 V vs. SCE),2¢ MB+(-0.25 V vs. SCE)25 and TPPY*(-0.29
V vs. 8CE),26 and 0.06eV for ¢52/ea.15 The free-energy changes of an electron-transfer process from sens-*
to 30, is given by AG(kcal/mol)=23.06[E(sens-*/sens)-E(O,7/O,)], which contains the reduction potential of
30, (-0.94V vs. SCE in CH;CN).18

The rate constant (kq) for DCA fluorescence quenching with 1 was measured by using a JASCO
fluorescence spectrometer. The kq value was calculated from the literature value of t (15.3 ns) for DCA.24
DCA-sensitized Oxygenation of 1

In a typical experiment, 1 (1.7x10"2M) was dissolved in a mixed solvent of acetonitrile and methylene
chloride with DCA (1.3x10-3M) as a sensitizer. After separation of the reaction mixture by silica gel flash
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column chromatography using hexane-methylene chloride as eluent, 2 was obtained in 69% yield,
accompanied by 3 (13% yield). 2: mp 127-130°; IR(CgDg) 1020, 1060 cm-1; lH'NMR(C6D6) $7.30
(s,1H), 7.09-7.11(m,2H), 6.95-6.97(m,3H), 6.69(s,8H), 2.42(s,12H), 2.35(s,12H), 2.07(s,6H), 2.06
(s,6H); 13C-NMR(CgDg) 8 159.69(s), 148.14(d), 144.80(s), 144.56(s), 144.05(s), 139.82(s), 139.74(s),
131.57(s), 130.68(s), 129.72(d), 129,70(d), 128.31(d), 128.02(d), 127.07(d), 24.77(q), 23.99(q), 21.11
(@), 21.04(q); 29Si-NMR(C6D6) 8 -6.99, -8.09; MS m/e 666(M*). Anal. Calcd for C44Hs00,Siy: C, 79.23;
H, 7.56. Found: C, 79.45; H, 7.73. 3: mp 250-252°; IR(CgDg) 1018, 1060 cm-1;1H-NMR(C¢Dg) 3 7.66
(s,1H), 7.25-7.27(m,2H), 6.98-7.06(m,3H), 6.67(s,4H), 6.65(s,4H), 2.44(s,12H), 2.28(s,12H), 2.07
(s,6H), 2.04(s,6H); 13C-NMR(CgDg) & 165.52(s), 154.07(s), 145.91(s), 144.06(s), 143.94(s), 139.45(s),
139.22(s), 134.14(s), 132.67(s), 129.57(d), 129.56(d), 128.36(d), 127.60(d), 126.96(d), 24.58(q), 23.42
(9), 21.10(g), 21.02(q); 29Si-NMR(CgDg) 8 -6.51, -7.47; MS m/e 650(M*). Anal. Calcd for C44Hs50;Sig:
C, 81.17; H, 7.74. Found: C, 81.01; H, 7.69.
Reduction of 2 with Triphenylphosphine

A 1.7x10-2M acetonitrile-methylene chloride (1:1) solution of 1 containing DCA as a sensitizer was
photooxygenated. After disappearance of 1 and formation of 2 were monitored by HPLC, triphenyl-
phosphine (1.7x10-2M) was added to the reaction mixture at room temperature and then kept to stand for
overnight in dark. When the reaction mixture was separated by preparative HPLC, 3 was isolated in 58%
yield, together with triphenylphosphine oxide (90%yield).
Rearrangement of 2 to 3

A 1.7x10-2M acetonitrile-methylene chloride (1:1) solution of 1 containing DCA as a sensitizer was
photooxygenated and then the resulting mixture was left to stand for overnight at room temperature. After
separation of the reaction mixture by preparative HPLC, 4 was obtained in 28% yield. 4: mp 155-156°;
IR(KBr) 1031, 1079 cm"!; IH-NMR(CDCl3) 8 7.20(s,1H), 7.13-7.14(m,3H), 6.97-7.02(m,2H), 6.84
(s,2H), 6.66(s,2H), 6.56(s,2H), 6.46(s,2H), 2.70(s,6H), 2.26(s,3H), 2.24(s,3H), 2.20(s,3H), 2.15
(s,3H), 1.97(s,6H), 1.92(5,6H), 1.84(s,6H); 13C-NMR(CgDg) 8 169.55(s), 149.05(s), 148.93(s), 144.90
(s), 144.48(s), 144.24(s), 143.75(s), 140.09(s), 139.86(s), 139.25(s), 134.22(s), 131.65(s), 130.85(s),
130.06(s), 129.54(s), 129.16(d), 129.08(d), 128.52(d), 128.49(d), 127.48(d), 127.44(d), 24.55(q), 24.48
(@), 24.41(qg), 21.19(q), 21.15(q), 21.02(q), 20.67(q), 17.50(q); 29Si-NMR(CDCl3) & -11.72, -25.43.
Anal. Calcd for C44Hsg0,Siy: C, 79.23; H, 7.56. Found: C, 79.41; H, 7.56.
Photosensitized Oxygenation of 1

A 1.7x10-2M acetonitrile-methylene chloride (1:1) solution of 1 containing a sensitizer was photo-
oxygenated in the presence of an additive or under the several reaction conditions. The reactions were
monitored by means of HPLC. The results obtained are summarized in Table I. The results on effect of the
solvent composition on the DCA- and MB*-sensitized oxygenation of 1 in acetonitrile-methylene chloride
were also shown in Fig. 3 and 4.
DCA-sensitized Oxygenation of 1 in an Acetonitrile-Carbon Tetrachloride Solution

1 (1.7x10-2M) was dissolved in a mixed solvent of acetonitrile and carbon tetrachloride (1:1) with DCA
as a sensitizer. After consumption of 1, the solvent was removed under reduced pressure and the residue
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was dissolved in tetrahydrofuran. Formation of 6 was confirmed by means of Mass analysis (6: MS m/e
704 (M+)). The solution of the reaction mixture was reduced with lithium aluminium hydride at 0°C. 7 was
obtained in 46% yield. 7: IR(CDCl3) 2166 cm-!; IH-NMR(CDCl3) 3 7.13(d, 1H,J=6.8Hz), 7.06-7.09
(m,5H), 6.74(s,4H), 6.67(s,4H), 5.69(s,1H), 5.52(d,1H,J=6.8Hz), 2.24(s,12H), 2.21(s,6H), 2.17(s,6H),
2.08(s,12H); 13C-NMR(CDCls) & 157.21(s), 148.71(d), 144.78(s), 144.65(s), 144.24(s), 138.88(s),
138.85(s), 130.22(s), 129.94(s), 128.70(d), 128.65(d), 127.67(d), 127.23(d), 126.35(d), 23.89(q), 23.72
(q), 21.10(q), 21.08(q). Exact Mass Calcd for Cy4H37Si5: 636.3608. Found: 636.3630.
Amine Cation Radical-Catalyzed Oxygenation of 1

To an acetonitrile-methylene chloride (1:1) solution of 1 was added 0.3 equiv. of (p-BrCgH4)3N*SbClg”
at-78°C in dark while oxygen was passed through. By means of HPLC analysis, 2 and 3 were afforded in
61% and 39% yields, respectively. When methylene chloride was used as a sole solvent, 2 and 3 were
obtained in 6% and 23% yields, respectively.
X-ray Crystal Analysis of 4

Intensity data were collected on an Enraf-Nonius CAD-4 four-circle diffractometer with graphite
monochromated Mo-Ka radiation. A total of 3859 unique reflections within 26<50° were measured by the
®-20 scan method within a scan rate of 1-5°/min. The structure was solved by direct methods and refined by
full-matrix least-squares refinement. Convergence on 2585 reflections [Fo2>3.00] and 443 parameters
resulted in R=0.071, Rw=0.081. The molecular structure is shown in Fig. 2. Crystal data for 4:
Ca4H500,8i, orthorhombic space group P212,2;, a=11.790(2)A, b=12.733(3)A, c=25.887(6)A, Z=4.
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