
G. Maas, M. Alt, K.  Schneider, A. Fronda 1295 

1 - 3 a  
R 

Photolysis of Diazo(pentamethyldisilany1)methyl Ketones in the Presence of 
Carbonyl Compounds: Trapping of the Acylsilene Intermediates * 

b c d e 
Ada) tBu iPr M e  O E t  

Gerhard Maas", Mechthild Alt, Klaus Schneider, and Antonio Fronda 

Fachbereich Chemie, Universitat Kaiserslautern, 
Erwin-Schrodinger-StraBe, D-6750 Kaiserslautern 

Received December 14. 1990 

Key Words: Diazo compounds Carbenes f Silaethenes 1 Photolysis 

UV photolysis of diazo(pentamethyldisilany1)methyl ketones 
1 b - d generates acylsilenes (3-0x0-1-sila-1-propenes) 3 as re- 
active intermediates, which can be trapped by enolizable car- 
bony1 compounds in an ene-type reaction. With non-enoliz- 
able carbonyl compounds or ethyl acetate, they undergo a 

[4 + 21 cycloaddition. In contrast to the photolysis in the absence 
of these carbonyl compounds, a Wolff rearrangement of 1 b - d 
(or the derived carbenes) to silyl ketenes 5b-d is observed as 
a competitive reaction. 

Acylsilenes (3-0x0-1-sila-1-propenes) 3 are reactive inter- 
mediates, which can be generated from pentamethyldisil- 
anyl-substituted diazocarbonyl compounds 1 on the carbene 
route. In the absence of trapping reagents, subsequent re- 
actions of 3 take place. Thus, photolysis of 3a - d in benzene 
yields cyclic isomers (of 3a,b) of [4 + 41 cyclodimers (of 
3c,d) as the major products's2). An acylsilene-silylketene 
rearrangement is the exclusive reaction pathway in both gas- 
phase thermolysis and solution photolysis of ethyl diazo- 
(pentamethyldisilany1)acetate (1 e)3). In general, silaethenes 
readily react with various kinds of carbonyl compounds4'. 
3-Silaacrylate 3e is no exception since it can be trapped by 
enolizable (ene reaction '3')) and non-enolizable ketones 
([4 + 21 cycloaddition6), [2 + 21 cycloaddition followed by 
fragmentation of the 1,2-silaoxetanes thus f~ rmed~ .~ ) ) ;  how- 
ever, the rearrangement to a silylketene remains the domi- 
nant reaction pathway. On the other hand, the fast cycli- 
zation of adamantyl-substituted acylsilene 3a prevents any 
intermolecular reaction with carbonyl compounds such as 
acetone and benzophenone lbJ. 

In this paper, we show that the behavior of 3a is an 
exception, since acylsilenes 3b-d can be trapped by both 
enolizable and non-enolizable carbonyl compounds. 
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Results 

Photolysis of diazo compounds lb -d  in acetone yields 
the siloxyalkenes 6a,c,d as major products (Scheme 1, Table 
1). Their formation is rationalized as an ene-type reaction 
between acylsilenes 3 and the enolizable ketone. Notably, 
the cyclization of 3b (+ Sb), or cyclodimerization of 3c,d 
(+ 12c,d), is largely (or totally) suppressed in acetone, in 
contrast to the photolyses in benzene (see above). Only in 
the crude product mixture from l c ,  a small amount of 12c 
is detected by its characteristic'") 'H-NMR signals; this 
thermolabile') compound does not survive the workup con- 
ditions, however. 

In all photolysis mixtures, ketenes (1R: 2075-2080 cn-') 
are formed as byproducts, which can be isolated by distil- 
lation in a low-boiling fraction. Because of silicon-contain- 
ing impurities, the constitution of the ketenes cannot be 
established unequivocally from the 13C-NMR data. There- 
fore, they have been converted into carboxylic esters which, 
according to their 'H- and l3C-NMR spectra, clearly have 
the constitution of 10 rather than 13. The multiplicity of the 
signals') of 2-H and 3-H (in 10c,d) as well as the chemical 
shift of the ipso-C atom of group R (which would be at a 
lower 6 value if bound to silicon) are the most significant 
hints to this assignment. Esters 10 are derived from ketenes 
5, the products expected to be formed from a Wolff rear- 
rangement of either 1 or 2, rather than from the isomeric 
ketenes 9, the rearrangement products of acylsilenes 3. 
Whereas ketene 9d has been identified definitely as a prod- 
uct of the photolysis of Id in benzene, photolysis of 1 b-d 
in acetone triggers the formation of ketenes 5'). 

In the presence of acetophenone, acylsilenes 3b,d can also 
be trapped in an ene-type reaction, and siloxyalkenes 6b,e 
are obtained. Compound 6 b is partially hydrolyzed during 
chromatographic workup; unfortunately, we have not suc- 
ceeded in removing the resulting disiloxane 11 b from 6b. In 
order to identify 11 b unambiguously by its NMR signals, it 
has been synthesized independently by hydrolytic cleavage 
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Table 1. Products and yields for reactions of Scheme 1 

1 4 Solvent/ 
R R’ R2 141: c11 Products (yield [%])a’ 
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Me 
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b) 6 a  (41) 
benzene/ 6b (<42)d) 
3: 1 
b) 6c (43) 
benzene/ 
11: 1 
benzene/ 
33: 1 

b) 6d (67) 
benzene/ 6e (41) 
3: 1 

b) 

bl 

IOc (23) 12c” 
7aD C) 12c (>230) 

7 b  (36”) 1oc (9) 

7c (28) 1Oc (48) 
1Od (29) 
C) 12d (51) 

7d h, 1Od (36) 

d l  Yields are givcn for isolated products; attempts to analyze the reaction mixtures directly by analytical HPLC (Merck columns, 
LiChrospher S1-60, LiChrospher 100CN, LiChrospher 100RP-18, 5 pm) proved unsuccessful. - b, Carbonyl compound as solvent. - 
’) Small amounts of a ketene were detected by IR (2075-2080 cm-’) in the product mixturc, but werc not isolated. - dl Accompanied 
by varying amounts of a hydrolysis product (11 b). - Detected by ‘H NMR as a minor product in the reaction mixture, but not isolated. 
- Besides pure 12c (23%) an unseparable mixture of 7a/12c was obtained. Because of extensive loss of material during purification 
by column chromatography, true yields cannot be given. - g, Accompanied by an unidentified compound (6%). - ’) See text. 

of 8b in wet acetone. Small amounts of a ketene are detected 
by IR spectroscopy of the reaction mixtures obtained from 
1b,d, but are lost during workup. As before, it is assumed 
that ketenes 5b,d are formed once again. 

The formation of the acylsilene cyclodimer 12d cannot be 
totally suppressed if Id is photolyzed in the presence of three 
equivalents of acetophenone. With a larger excess of the 
ketone, however, chromatographic separation of the prod- 
ucts from excess ketone becomes increasingly difficult if not 
impossible. 

With non-enolizable carbonyl compounds such as ben- 
zophenone and crotonaldehyde, acylsilene 3c undergoes a 
[4 + 21 cycloaddition to form the rather moisture-sensitive 

heterocyclic compounds 7 a, b (Table 1). Similarly, 3c is 
trapped by ethyl acetate to form 7c. The analogous cycload- 
duct 76  is detected by NMR spectroscopy as a minor com- 
ponent of the product mixture from Id and ethyl acetate, 
but cannot be obtained in a pure state; it is possible that 
this compound partly decomposes by extrusion of 
Me,Si =O on attempted Kugelrohr distillation at 65 “C la). 

Furthermore, we have not succeeded in isolating the pure 
cycloadduct 7a, since the acylsilene cyclodimer 12c - 
formed to a considerable extent in spite of a large excess 
(1 1 : 1) of benzophenone - cannot be separated completely. 
The nature of 7a-c follows from IR [absence of v(C=O)] 
as well as from “C-NMR data [6(C-5) = 95.2-97.0, 6(C- 
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6) = 175.3- 178.8,6(C-2) = 101.3 (7a), 94.7 (7b), 113.2 (7c)l. 
With ethyl acetate as the trapping reagent for 3c,d, the 
[4 + 21 cycloaddition is less efficient than the formation of 
ketenes 5c,d, but with the carbonyl compounds mentioned, 
it becomes the major pathway. 

1 -Oxa-2-sila-3-cyclobutene 8 b has not been detected 
among the photolysis products of 1 b in the presence of ace- 
tone or acetophenone. Since the Si -0 bond of 8b is readily 
cleaved by alcohols la), the possibility exists that siloxy- 
alkenes 6a, b result from a similar ring cleavage of 8b by the 
enols of both ketones. However, a control experiment shows 
that 8 b is stable in dry acetone. Therefore, it seems clear 
that 6a, b are direct trapping products of the respective acyl- 
silenes 3. On the other hand, 8b  does react smoothly with 
acetylacetone in benzene solution. By a ring cleavage pro- 
cess analogous to the one with alcohols, silylenol ether 15 
is formed, probably via enol 14 (Scheme 2). According to 
the ‘H- and 13C-NMR spectra, only the (Z) diastereomer is 
present. Magnetic equivalence of both methyl groups and 
of both C(0) atoms of the acetylacetonate subunit points to 
a fast degenerate rearrangement (2)-15 =$ (Z)-15’, which is 
caused by a rapid 1.5(0+0’) silyl shift and proceeds most 
likely through an intermediate in which the migrating silicon 
atom is pentacoordinated. Similar silatropic equilibria have 
been observed earlier for other 0-silyl acetylacetonate~~-’~). 
The exclusive formation of the ( Z )  isomer of 15 is surprising, 
since ( E )  isomers of such compounds are known to be ther- 
modynamically more stable and a slow ( Z b ( E )  isomeri- 
zation usually takes place already at room temperature 
within several days 9.10). Attempts to accelerate this isomer- 
ization have ultimately led to a ketosilane+siloxyalkene 
is~merization’~) which is complete after 2 h at 140°C. After 
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distillation, only one compound is obtained to which struc- 
ture 16 is assigned. In particle, either the Me,Si or the 
Me2SiOR group in 15 can undergo the 1,3(C-.O) shift. Con- 
sidering the fact that such intramolecular rearrangements 
most likely proceed through pentacoordinated silicon inter- 
mediatesI3) and that pentacoordination at silicon is stabi- 
lized by electronegative substituents such as N, 0, Halt4), 
we have anticipated siloxyalkene 16 rather than 17 to be 
formed. In fact, the 29Si-NMR spectrum shows signals at 
6 = - 10.9 and - 11.1. These values corroborate structure 
16, since the typical values for trimethylvinylsilanes are 6 z 
-5 to -1215316), and Me2Si(OPh)*, as a model for 
Me,Si( - 0 -Cspz)2, shows 6(2’Si) = - 6.1 16). For 17, on the 
other hand, we would expect 6(Me3Si - 0 - C = C) z 16 Ifr 
2 17) and 6(0 - %Mez - C = C), w - 1 f 4”). The configu- 
ration of the acetylacetonate C = C  bond in 16 is (E), since 
the methyl groups and the C(0) carbon atoms are not equi- 
valent in the NMR spectra; for the (2) configuration we 
would expect a fast, degenerate 1,5(0+0) silyl shift as in 
(Z)-15 =$ (Z)-15’, and hence time-averaged signals. Further- 
more, the chemical shift of the vinylic proton in the acetyl- 
acetonate subunit (6 = 5.7) is closer to the value found in 
(E)-0-trimethylsilyl a~etylacetonate~) [@)-form: 6 = 5.47; 
(Z)-form: 6 = 5.19). The (Z)-configuration of the second 
double bond in 16 has been established by a NOE experi- 
ment; saturation of the ‘H NMR signal of tBu produces a 
20% enhancement of the =CH resonance at 6 = 4.52. 

Discussion 

The preceding results show that acylsilene intermediates 
3 b - d may be trapped by carbonyl compounds. In the pres- 
ence of a sufficient excess of the latter, the reactions occur- 
ring in the absence of a suitable trapping reagent, i.e. cycli- 
zation of 3b or cyclodimerization of 3c,d, are suppressed 
completely or at least to a large extent. With enolizable 
ketones (acetone, acetophenone), the Si= C bond of 3b-d 
undergoes an ene-type reaction leading to silylenol ethers 6; 
this reflects the normal behavior of silenes having a “natur- 
ally” polarized Si= C b ~ n d ~ ” , ’ ~ ~ ’ ’ )  , including acylsilene 
3e3.5). Towards ethyl acetate and non-enolizable carbonyl 
compounds, acylsilenes 3c,d behave as 4-a systems in a no- 
minal [4 + 21 cycloaddition. So far, this reaction mode of 
an acylsilene has only been reported for the combination of 
3e with 7-norbornanone6). Normally, the Si=C bond of 3e 
as well as those of non-conjugated silenes undergo a nominal 
[2 + 21 cycloaddition with non-enolizable carbonyl com- 
pounds to form 1,2-siloxetanes, which in many cases decom- 
pose spontaneously to an alkene and a ~ i l a n o n e ~ ~ ~ ) ,  but can 
be isolated in certain other cases20b.22-24) . A nother well- 
known reaction between Si = C and an aryl ketone, namely 
[I2 + 41 c y ~ l o a d d i t i o n ~ ~ ~ , ~ ~ ~ ~ ~ ) ,  cannot be observed either for 
acylsilenes 3 b - d. Furthermore, the [4 + 21 cycloaddition 
between 3c and the carbonyl group of ethyl acetate had not 
been expected, since Me2Si = C(SiMe3)2 reacts with ethyl 
acetate exclusively by an ene reaction20b). 

In summary, acylsilenes 3b-d behave as 2-x systems 
(Si = C )  towards enolizable carbonyl compounds, but as 4- 
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7[: systems towards non-enolizable ones. For comparison, 1- Experimental 
sila-1,3-butadiene 18, another conjugated silene, but with a 
less polarized 4-7t system, reacts with acetone under pho- 
tochemical conditions to give a [4 + 21 cycloadduct rather 
than an ene-reaction product 25). Another interesting com- 
parison concerns a phosphorus analog of 3b-d, namely the 
reactive intermediate 19. This species yields only [4 + 21 
cycloadducts with both enolizable and non-enolizable (in- 
cluding a$-unsaturated) carbonyl compounds; in the ab- 
sence of trapping partners, it forms nominal [4 + 41 cyclo- 
dimers analogous to 1226J. 

yhf'hrh 
Me2 Si=C (Ph)-CH=CH2 O=P=C-C=O 

18 

Formation of ketenes 5b-d,  identified (5c,d) by their de- 
rived esters 10c,d, comes as a surprise. For lc ,d,  this re- 
action path is followed to a considerable extent, when the 
photolysis is carried out in acetone or ethyl acetate. In con- 
trast, photolysis of 1 b-d in benzene is dominated by sub- 
sequent reactions of acylsilenes 3, and no hints to ketenes 5 
have been obtained '). The direct conversion of acylsilenes 3 
into ketenes 5 under the influence of added carbonyl com- 
pounds is most unlikely. Thus, we must conclude that these 
ketenes result from a Wolff rearrangement which originates 
either from an excited singlet state of diazo compounds 1 
or from the singlet state of carbenes 227). The presence of 
benzophenone or acetophenone, representing typical sensi- 
tizers for triplet reactions of diazo compounds or the derived 
carbenes, is expected to suppress reactions of the singlet 
manifold. However, we have not optimized the reaction con- 
ditions (molar excess of sensitizer, wavelength of irradiation) 
so as to ensure that an excited singlet state of 1 is totally 
circumvented. For carbene 2, rapid triplethsinglet intersys- 
tem crossing could provide singlet reactions even under con- 
ditions where the triplet state is populated in the first 
place 28,293. 

According to Tomioka et al. 29J, the Wolff rearrangement 
of an excited singlet state of a diazocarbonyl compound is 
controlled by the conformation at the C(N2) - C( = 0) bond. 
Accordingly, the rearrangement of 1 should occur in the (s- 
E )  conformation, i.e. with the N2 and R substituents in a 
trans relationship. For steric reasons, this conformation be- 
comes increasingly unfavorable in the sequence 1 d < 1 c < 
1 b. This fact correlates with the observation of only traces 
of a ketene in the photolyses of 1 b. 

Notwithstanding the preceding basic considerations, it is 
not obvious how the presence of a carbonyl compound 
should favor the Wolff rearrangement of either diazo com- 
pounds 1 or carbenes 2 at the expense of the carbene-+silene 
rearrangement (2-3). Further investigations are needed to 
clarify this problem. 

This work was supported by the Deutsche Forschungsgemein- 
schaji and the Fonds der Chemischen Zndustrie. We also thank Pro- 
fessor C. G. Kreiter for performing an NOE experiment. 

IR: Perkin-Elmer IR 397. - 'H NMR: Varian EM 390 (90 MHz), 
Bruker WP 200 (200 MHz), Bruker AM 400 (400 MHz); internal 
standard TMS (6 = 0) or CHC13 (6 = 7.24). - '3C N M R  Bruker 
WP 200 (50.28 MHz), AM 400 (100.56 MHz); internal standard 
CHC13 (6 = 77.0) or C6H6 (6 = 128.5). - 29Si NMR: Bruker AM 
400 (79.5 MHz), TMS as internal standard. The solvent used for 
all NMR spectra was CDC13 if not stated otherwise. - Elemental 
analyses: Perkin-Elmer EA 2400. - The experimental values for 
some products described below are not satisfactory. This is due to 
one or more of the following facts: the moisture sensitivity of com- 
pounds 6 and 7; the failure to remove side-products and impurities 
completely by Kugelrohr distillation; the limited usefulness of col- 
umn chromatography for product purification because of hydro- 
lysis, incomplete or no separation, extcnsive loss of material on the 
column. 

All reactions were carried out in dried solvents under argon, using 
rigorously dried glassware. - Photolyses: Pyrex glass, high-pres- 
sure mercury lamp (Philips HPK 125 W). - Column chromato- 
graphy: Merck Lobar columns, LiChroprep Si-60, 40-63 pm. - 
Synthesis of diazo ketones l b - d :  ref.'") 

Photolyses of l b - d  in the Presence of Carbonyl Compounds 
1 b and Acetone: A solution of 1 b (2.36 g, 9.20 mmol) in acetone 

(50 ml) is irradiated for 3 h (100% N2 evolution). The solvent is 
evaporated at 12 Torr, and the residue is fractionated by Kugelrohr 
distillation. Some volatile products, including a ketene, are removed 
at 30"C/0.01 Torr. Further distillation at 95"C/0.01 Torr yields 
1.08 g (41 %) of f-[dimethyl(l-methy/uiny/oxy/silyl]-3,3-dimefhy/-~- 
(trimethylsily/,J-2-butanone (Cia), b.p. 95 T / O . O l  Torr. - IR (film): 
C = 1655 cm-' (C=O). - 'H N M R  6 = 0.08 (SiMe3), 0.12/0.18 
(diastereotopic SiMe2), 1.08 (tBu), 1.73 (=CMe), 2.90 (CH), 4.00/ 
4.06 (= CH2). 

C14H3002Si2 (286.6) Calcd. C 58.68 H 10.55 
Found C 57.9 H 10.24 

l b  and Acetophenone: A solution of l b  (1.16 g, 4.52 mmol) and 
acetophenone (1.65 g, 23.73 mmol) in benzene (50 ml) is irradiated 
for 3 h (100% N2 evolution). The solvcnt is removed at 15"C/0.5 
Torr, and the residue is fractionated by Lobar column chromato- 
graphy (cther/petroleum ether, 1 : 9 v/v). A fraction (0.10 g) which 
contains a ketene (IR: P = 2080 cm-') and other products is eluted 
first. The second fraction is an unseparable mixture (0.67 g) of f- 
[dimethyl (l-phenylvinyloxy)silyl]-3,3-dimethyl-1- (trimethylsily1)- 
2-butanone (6b) and, in different runs, varying amounts of 11 b (iden- 
tified by NMR comparison with an authentic sample, see below). 
Attempted distillation resulted in decomposition at ca. 140°C. - 
Spectroscopic data for 6b - IR (film): 0 = 1645 cm-' (vs, C=O), 
1610 (m), 1255 (vs). - 'H NMR (400 MHz): 0.15 (SiMe,), 0.30/0.34 
(diastereotopic SiMeJ, 1.12 (tBu), 3.05 (s, CH), 4.43/4.91 (AB system, 
lzJl = 1.8 Hz, =CH2), 7.28-7.56 (m, Ph). - l3C NMR (100.6 
MHz): 6 = 0.42/0.71 (SiMe2), 0.87 (SiMe3), 27.51 (CMe,), 37.36 
(CH), 44.98 (CMe3), 91.96 (=CH2), 155.17 (OC=), 215.81 (C=O). 

1,3-Bis[3,3-dimethy/-2-oxo-f- (trimethylsilylj butyll-f ,1,3,3-tetra- 
methyldisiloxane (11 b): Wet acetone (1 ml) is added to a solution 
of 8 b  in benzene (50 ml), obtainedIb) by photolysis of 1 b (1.25 g, 
4.87 mmol). After 5 h, the solvent is cvaporated, and the residual 
oil is dissolved in pentane. At -78"C, colorless crystals of l l b  
(0.49 g, 42%) are obtained, m.p. 73 "C. - IR (KBr): P = 1645 cm-' 
(VS, C=O), 1245 (vs), 1195 (s), 1045 (s), 1025 (s). - 'H NMR (400 
MHz): 6 = 0.10 (%Me3), 0.14/0.23 (%Me2), 1.09 (tBu), 2.75 (s, CH). 
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- I3C NMR (100.6 MHz): 6 = 1.02 (SiMe,), 2.62/3.19 (SiMe2), 27.65 
(CMe3), 38.47 (CH), 44.73 (CMe3), 215.84 (C=O). 

C22H5003Si4 (475.0) Calcd. C 55.63 H 10.61 
Found C 54.2 H 10.8 

l c  and Acetone: A solution of l c  (1.45 g, 5.98 mmol) in acetone 
(50 ml) is irradiated for 2 h (100% Nz evolution). The solvent is 
evaporated at 15"C/O.5 Torr, and the residue is subjected to Ku- 
gelrohr distillation. 

a) A fraction boiling at 3O0C/O.01 Torr is treated with methanol 
(3 ml) and conc. HCl(2 drops) for 2 h. Kugelrohr distillation yields 
0.34 g (23%) of methyl 3-methyl-2-(pentamethyldisilanyl) butanoate 
(1Oc) as a colorless oil, b.p. 95"C/0.07 Torr. - IR (film): 0 = 

1715 cm-' (C=O). - 'H NMR (400 MHz): 6 = 0.095 (SiMe3), 
0.097/0.100 (SiMe2), 0.97/0.99 (each 3H, d, CHMe2), 1.89 (d, 2H, 
2-H, ' J  = 10 Hz), 2.13 (m, l H ,  3-H), 3.62 (s, OMe). - I3C NMR 
(100.6 MHz): 6 = -4.23/-3.28 (SiMe2), - 1.70 (SiMe,), 11.72/12.54 
(CHMe2), 28.73 (C-3), 45.01 (C-2), 50.68 (OMe), 175.69 (C = 0). 

CllH2602Si2 (246.5) Calcd. C 53.60 H 10.63 
Found C 52.7 H 10.1 

b) 0.69 g (43%) of l-[dimethyl( l-methylvinyloxy)silyl]-3-methyl- 
I-(trimethylsilylj-2-butanone (6c), b.p. 95 "C/0.03 Torr, colorless oil. 
- IR (film): P = 1670 cm-' (vs, C=O), 1635 (m), 1550 (w), 1275 
(s), 1250 (vs), 1225 (s). - 'H NMR (400 MHz): 6 = 0.16 (SiMe3), 
0.28/0.32 (diastereotopic SiMe2), 0.94/1.14 (each 3 H, d, CHMe2), 
1.78 (s, =C-CH3), 2.57 (sept, CHMe2), 2.71 (s, 1-H), 4.00,4.10(each 
1 H, =CHI). - I3C NMR (100.6 MHz): 6 = 0.05/0.48 (SiMe2), 0.18 
(SiMe3), 18.02/18.47 (CHMe?), 22.76 (Me-C=), 41.94 and 43.57 
(C-I and C-3), 91.46 (=CH,), 155.50 (OC=), 213.77 (C=O). 

C13H2802Si2 (272.5) Calcd. C 57.29 H 10.36 
Found C 56.5 H 10.1 

l c  and Benzophenone: A solution of l c  (1.50 g, 6.20 mmol) and 
benzophenone (12.50 g, 68.68 mmol) in benzene (30 ml) is irradiated 
for 3 h (100% N2 evolution). The solvent is removed at 2O0C/O.5 
Torr, pentane (30 ml) is added to the solid residue, and the solution 
is cooled to - 78 "C, whereupon more crystalline benzophenone 
separates. The pentane layer is decanted, and the solid is extracted 
with more pentane (30 ml). The combined pentane solutions are 
concentrated to a volume of 1 ml, from which crystalline 1212'4 
(0.30 g, 23%) is obtained at -78°C. The filtrate is concentrated, 
and the remaining oil (1.50 g) is purified by column chromatogra- 
phy (silica gel, 25 g, eluant chloroform/petroleum ether, 7: 3). Ex- 
tensive loss of products occurs, and only 0.11 g of a mixture (4: 5 
by 'H NMR) of 12c and 7a is obtained. - NMR data of 7a: 'H 
NMR (90 MHz): 6 = 1.45 (d, 6H, CHMe2), 7.1-7.6 (m, 10H). - 
I3C NMR (100.6 MHz): 6 = 1.95/2.24 (SiMe3 and SiMe2), 21.13 
(CHMe2), 37.71 (CHMe2), 96.80 (C-5), 101.32 (C-2), 126.32 (d), 127.75 
(d, p-Cphenyl), 127.69 (d), 144.81 (ipso-C,,,,,,), 175.87 (C-6). 

l c  and Crotonaldehyde: A solution of l c  (2.22 g, 9.20 mmol) in 
crotonaldehyde (25 ml, 0.30 mol) and benzene (10 ml) is irradiated 
for 2 h (90% N2 evolution). The solvents are removed at 20°C/1 
Torr, and the residual oil is separated into two fractions by Ku- 
gelrohr distillation. The fraction boiling at 30- 6O0C/O.02 Torr con- 
tains a ketene, which is transformed into ester 1Oc (0.18 g, 9%) as 
described above (for 1 c and acetone). 

The fraction boiling at 90°C/0.02 Torr (1.10 g) is a mixture (85: 1.5 
by 'H NMR) of 6-isopropyl-4,4-dimethyl-2-[ ( E )  -1-propenyll-5- ( t r i -  
methylsi/yl)-l,3-dioxa-4-sila-5-cyclohexene (7 b) and an unidentified 
compound; yield of 7: 36%. - TR (film): t = 1572 ern-..', 1270, 
1240. - 'H NMR (400 MHz): 8 = 0.15 (SiMe3), 0.23/0.25 (s each, 
SiMe2), 1.05/1.11 (d each, CHMe2), 1.77 (d, =CHMe), 2.62 (mc, 
CHMeJ, 5.39 (d, 3J = 4.8 Hz, 2-H), 5.60-5.68 (m, I H ,  CHCH=), 

5.93 (dq, 3Jtrunr = 16.0 Hz, =CHMe). - l3C NMR (100.6 MHz): 
6 = 0.20 (SiMe), 1.47 (%Me3), 2.24 (SiMe), 17.58 (=CHMe), 20.59 
(CHMe,), 36.75 (CHMe3, 94.68 (C-2), 97.04 (C-5), 128.83/129.43 
(CH=CH), 178.81 (C-6). - NMR data of impurity (assignment 
based on a comparison with 7b): 'H NMR: 6 = 1.03/1.09 (d each, 
CHMe2), 1.75 (d, CHMe), ca. 2.58 (CHMeJ, 4.68 (mc), 5.59 (mc). - 
I3C NMR: 6 = 18.23 (=CHMe), 20.59 (CHMe2), 34.09 (CHMe2), 
74.38 (d), 91.18 (d), 126.16 (d), 132.66 (d), 163.01 (s). 

Cl4Hz8O2Si2 (284.5) Calcd. C 59.10 H 9.92 
Found C 57.9 H 9.6 

l c  and Ethyl Acetate: A solution of l c  (2.53 g, 10.43 mmol) in 
ethyl acetate (40 ml) is photolyzed for 2 h (100% N2 evolution). The 
solvent is removed at 15"C/0.8 Torr, and the residue is subjected 
to Kugelrohr distillation. 

a) The fraction boiling at 30-40"C/0.01 Torr is treated with meth- 
anol (5 ml) and conc. HC1 (2 drops) for 2 h. The solvent is evap- 
orated, and the residue is distilled (Kugelrohr) at 95 "C/0.07 Torr: 
1.24 g (48%) of ester 1Oc (for spectroscopic data see above). 

b) 0.88 g (28%) of 2-ethoxy-6-isopropy/-2,4,4-trimethyl-5- (trime- 
thylsilyl)-l,3-dioxa-4-sila-5-cyclohexene (7c), b.p. 65 "C/O.Ol Torr. 
- IR (film): 0 = 1562/1555 cm (C=C). - 'H NMR (90 MHz): 
6 = 0.14 (SiMe3), 0.28 (%Me2), 1.08 (d, CHMe2), 1.20 (t, CH2CH3), 
1.58 (2-Me), 2.55 (CHMe2), 3.63 (q, OCH2). - 13C NMR (C6D6, 

CI4H3,,O3Si2 (302.6) Calcd. C 55.6 H 9.99 
Found C 56.3 H 10.04 

50.28 MHz): 6 = 95.2 (C-5), 113.2 (C-2), 175.3 (C-6). 

I d  and Acetone: A solution of I d  (1.25 g, 5.83 mmol) in acetone 
(50 ml) is photolyzed for 2 h (100% N2 evolution). Workup as de- 
scribed above (for 1 c and acetone) yields: 

a) 0.37 g (29%) of methyl 2- (pentamethyldisilany1)propanoate 
(lOd), b.p. 50"C/0.01 Torr. - 1R (film): P = 1715 cm-' (C=O). - 
'H NMR (90 MHz); 6 = 0.10/0.11 (SiMe2), 0.13 (SiMe3), 1.21 (d, 
CH-Me), 2.17 (9, CH-Me), 3.63 (OMe). - "C NMR (100.6 
MHz): 8 = -2.19/0.96 (SiMe2), 1.59 @Me3), 11.53 (C-3), 28.40 
(C-2), 50.78 (OMe), 176.65 (C = 0). 

CgHzzO2Si2 (218.4) Calcd. C 49.49 H 10.15 
Found C 52.5 H 9.5 

b) 0.96 g (67%) of 1-(dimethyl(1-methylvinyloxy)silyl]-1-(tri- 
methylsilylj-bpropanone (6d), b.p. SO"C/O.O8 Torr (Kugelrohr). - 
IR (film): 0 = 1668 cm-' (vs, C=O), 1633 (m, br), 1555/1545 (m). 
- 'H NMR (90 MHz): S = 0.18 (SiMe3), 0.34/0.37 (%Me2), 1.83 
(=CMe), 2.18 (COMe), 2.60 (s, CH), 4.08 (m, =CH2). - l3C NMR 
(100.6 MHz); 6 = -0.25/0.27 (SiMe2), -0.21 (SiMe3), 22.66 
( M e - C = ) ,  34.20 (COMe), 44.80 (CHCO), 91.28 (=CH2), 155.41 
(C = CH2), 208.04 (C =O). 

CllH240ZSi2 (244.5) Calcd. C 54.04 H 9.89 
Found C 52.5 H 9.60 

Id  and Acetophenone: A solution of Id  (1.16 g, 5.41 mmol) and 
acetophenone (2.00 g, 16.65 mmol) in benzene (50 nil) is irradiated 
for 2 h. The solvent is removed at 15YJO.4 Torr, and the residue 
is separated by Lobar column chromatography (ether/petroleum 
ether, 3: 7 v/v) to give the following three fractions and unreacted 
acetophenone: 

a) A fraction which consists mainly of 12d'" [after recrystalli- 
zation from pentane 0.51 g (51%)] and traces of a ketene [most 
likely methyl(pentamethyldisilany1~ke~ene (Sd), IR: 0 = 2075 cm-'1. 

b) 0.68 g (41 %) of 1-/dimethyl(l-phenylvinyloxy)silyl]-I-(trimeth- 
ylsilylj-2-propanone (6e) as a colorless oil. - TR (film): 3 = 1680 
cm -' (s, C=O),  1611 (m), 1567 (w). - 'H NMR (400 MHz): 6 = 

0.14 (SiMe3), 0.33/0.35 (SiMe2), 2.13 (COMe), 2.68 (s, CH-CO), 
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4.42/4.90 (AB system, ' J  = 2.4 Hz, =CH2), 7.27-7.56 (m, Ph). - 
"C NMR (100.6 MHz): 6 = -0.34/0.51 (SiMeJ, -0.12 (%Me3), 
34.44 (COMe), 44.70 (C-l), 91.51 (=CH2), 155.32 (0-C=),  208.16 
(C = 0). 

C16H260ZSi2 (306.5) Calcd. C 62.69 H 8.55 
Found C 61.2 H 8.8 

Id and Ethyl Acetate: A solution of Id (1.20 g, 5.60 mmol) in 
ethyl acetate (50 ml) is photolyzed for 2 h (100% N2 cvolution). 
Workup as described abovc (for l c  and ethyl acetate) yields ester 
10d, 0.44 g (36%), b.p. 50"C/0.01 Torr; for spectroscopic data see 
above. 

(Z)-4-([3,3-Dimethyl-Z-oxo-I -(trimethylsilyl) butyljdimethylsi- 
lyloxy~~ent-3-en-2-one (Z-15): The solution of 1 b (1.39 g, 5.42 
mmol) in benzene (50 ml) is irradiated for 3 h (100% N2 evolution). 
The solvent is evaporated at 20"C/0.01 Torr, and the residue is 
dissolved in pentane (3 ml). At -78"C, crystalline 8b separates to 
which benzene (10 ml) and acetylacetone (0.50 g, 4.99 mmol, dried3" 
and distilled) are added after removal of the supernatant liquid. 
After 5 h, the volatile components are removed at 2OCC/12 Torr. 
A colorless oil (1.02 g) is left, which consists mainly of 2-15 and an 
unidentified compound in a ratio of 4.5: 1 ['H-NMR signals of the 
impurity: 6 = 2.02 (s, 6H), 4.40 (s, lH), 5.37 (s, IH)]. Further 
purification of 2-15 by column chromatography (silica gel, CN- 
modified silica gel) has been unsuccessful, whcreas attempted va- 
cuum distillation leads to isomerization (see below). Spectroscopic 
data of 2-15: TR (film): 5 = 1671 (vs) cm-I, 1650 (vs), 1615 (s), 1590 
(vs), 1379 (s), 1252 (vsj, 1210 (s). - 'H NMR (400 MHz): 6 = 0.03 
(s, %Me3), 0.22/0.33 (diastereotopic SiMe2), 0.98 (tBu), 1.95 (COMe 
and Me-C=), 3.06 (CO-CH), 5.23 (s, CH). - I3C-NMR (100.6 
MHz): 6 = 26.55 (MeCO and M e - C = ) ,  27.58 (CMe,), 38.51 
(CO-CH), 44.76 (CMe3), 100.41 (CH=), 191.15 (Me-C= and 
COMe). 

( 3 E )  -4- {[ (Z) - I -tert- Butyl-2- (trimethylsilyl) vinyloxy]dimethyl- 
silyloxyjpent-3-en-2-one (16): A solution of 1 b (1.41 g, 5.5 mmol) in 
benzene (50 ml) is photolyzed for 2 h. Acetylacetone (0.55 g, 5.5 
mmol, dried") and distilled) is added, and the mixture is stirred for 
3 h. The solvent is evaporated at 2O0C/O.0Z Torr, and the residue 
is kept at 140°C for 2 h, then distilled twice in a Kugelrohr ap- 
paratus at 140"C/0.01 Torr to give 1.13 g (63%) of 16. - IR (film): 
0 = 1675 ern-..' (sj, 1590 (vs), 1380 (s), 1260 (vs). - 'H NMR (400 
MHz): 6 = 0.08 (SiMq), 0.38 (SiMeJ, 1.08 (tBu), 2.12 (s, =CMe), 
2.29 (s, MeCO), 4.52 (s, =CHOSi), 5.71 (s, =CHCOMe). - I3C- 
NMR (100.6 MHz): 6 = -1.13 (%Mez), -0.02 (SiMe3), 20.98 
(Me-C=C), 28.86 (CMe3), 31.89 (COMe), 38.07 (CMe3), 100.72 
(C=CHCOMe), 108.98 (CH=COSi), 167.62, 171.01, 197.61 
(C=O). - "Si NMR: 6 = -10.92, -11.13. 

C16H3203SiZ (328.6) Calcd. C 58.48 H 9.82 
Found C 57.8 H 9.70 

CAS Registry Numbers 

04-2 / 6a: 132408-95-8 / 6b: 132408-96-9 / 6c: 132408-99-2 / 6d: 
118096-57-4 / 6e: 132409-05-3 7a: 132409-00-8 / 7b: 132409- 

lb: 87594-03-4 / Ic: 118096-53-0 1 Id: 87594-01-2 / 5d: 132409- 

01-9 / 7 ~ :  132409-02-0 / 8b: 118096-54-1 / 1 0 ~ :  132408-98-1 / 10d: 
132409-03-1 / l l b :  132408-97-0 / 1 2 ~ :  118107-32-7 / 12d: 118096- 

acetophenone: 98-86-2 / benzophenone: 119-61-9 / (E)-crotonal- 
dehyde: 123-73-9 / ethyl acetate: 141-78-6 

" Dedicated to Professor Paul Binger on thc occasion of his 60th 
birthday. 
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