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The  cycloaddi t ion o f  t r imethyls i ly lketene w i t h  saturated aldehydes in the presence o f  a catalytic amount o f  
BFS.Et20 resulted in the format ion o f  the cis- and  trans-2-oxetanones. Tr imethyls i ly lketene reacted w i t h  a,p-un- 
saturated aldehydes, cinnamaldehyde, crotonaldehyde, fur fural ,  and  a-methylcinnamaldehyde, in the presence 
o f  BF,.EtzO, to  yield t r imethy ls i ly l  dienoate esters. These esters are der ived f rom the 2-oxetanones wh ich  under-  
went. a sil icon migrat ion f rom carbon to oxygen accompanied by a ring-opening reaction. Dichloroketene and di- 
phenylketene reacted w i t h  cinnamaldehyde to  y ie ld the corresponding 2-oxetanones, which readi ly decarboxylated 
t o  the subst i tuted 1,3-butadienes. 

Trimethylsilylketene (1) was first reported in 1965 and 
was prepared by the pyrolysis of (trimethylsily1)ethoxyac- 

EtOCZCH -- E t O C S C S i M e ,  
( I )  MeLi 

(2)  Me,SiC;I 

120 c~ MeSi 

H 

___, 'C=C=O 
/ 

1 
Me ,Si = t r i m e t h y l s i l y l  

ety1ene.l The effect of the trimethylsilyl substituent on the 
properties and chemistry of this ketene is truly remarkable. 
This ketene is a colorless liquid which boils a t  82 "C, is very 
stable (and yet an aldoketene, which is most unusual), does 
not dimerize upon heating, and can be stored for long periods 
of time.2 Numerous efforts to effect cycloaddition of 1 with 
a variety of unsaturated compounds have been mostly un- 
successful.* Cycloaddition of 1 with dimethyl- and diethyl- 
ketene acetals under rather vigorous conditions for a ketene 
cycloaddition has been r e p ~ r t e d . ~  Also, the cycloaddition of 
I with benzaldehyde gave cis- and trans-2-oxetanones, which 
decarboxylated upon distillation to yield both cis- and 
trans -trimethyl~ilylstyrenes.~ 

There are numerous reports in the literature on the cy- 
cloaddition of ketenes and carbonyl compounds to yield 2- 
0xetanones.j The cycloaddition of ketene with a,p-unsatu- 
rated carbonyl compounds has received considerable atten- 

tion, primarily in the patent literature, but there is little to be 
found on the cycloaddition of other ketenes with these un- 
saturated compounds. 

This report describes the cycloaddition of trimethylsilyl- 
ketene with both saturated and a,P-unsaturated aldehydes. 
Also, we describe the cycloaddition of dichloroketene and 
diphenylketene with some a&unsaturated aldehydes and the 
reaction of trimethylsilylketene with ketene bis(trimethylsily1) 
acetal. 

Trimethylsilylketene was prepared by the pyrolysis of 
(trimethylsily1)ethoxyacetylene and by the dehydrochlori- 
nation of (trimethylsily1)acetyl The former method 
gives a much better yield and was the method most often 
used. 

The addition of equimolar quanlities of 1 and simple al- 
dehydes containing a few drops of BF3.Et20 at 0 "C under a 
nitrogen atmosphere afforded the corresponding 2-oxetanones 
in 50-60% yields. The 2-oxetanones revealed the carbonyl 
band in the IR a t  1805-1810 cm-l. The cis and trans i somers  
were distinguished on the basis of the cis and trans coupling 
constants for the methinyl hydrogens in the NMR spectrum. 
The NMR spectrum of 4-ethyl-3-(trimethylsilyl)-2-oxeta- 
nones (2a and 2b) revealed a doublet a t  6 2.8 and a multiplet 
a t  6 4.0 ( J  = 4 Hz) and a doublet a t  6 3.2 and a multiplet a t  6 
4.3 ( J  = 6 Hz). The larger coupling constant was assigned to 
the cis isomer. The ratio of cis (2a)ltrans (2b) was 55:45 based 
on the NMR and VPC data. 

The 2-oxetanones did not undergo thermal decarboxylation 

0022-3263/79/1944-0733$01,00/0 0 1979 American Chemical Society 



734 J .  Org. Chem., L'ol. 44, No. 5 ,  1979 

KCHO + 1 
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a b 
2, R = Et 
3, R = n-Pr 
4,  R = i-Pr 

5 , R =  a 
when heated a t  150 "(2 for 1 h. This is in contrast to most 2 
oxetanones which readily decarboxylate upon heating.5 I t  is 
noteworthy that these cycloadditions do not occur in the ab- 
sence of the BFY.Et20. This complex probably undergoes 
exchange with the aldehyde, resulting in activation of the 
carbonyl group to cycloaddition. 

The reaction of equimolar quantities of 1 and a,@-unsatu- 
rated aldehydes containing a few drops of BFY-EtJJ resulted 
in the formation of the corresponding %oxetanone as evi- 
denced by an IR band at 1805-1810 cm-l of the reaction 
mixture. However, during the distillation process the silyl 
iubstituent migrated from carbon to oxygen accompanied by 
a ring-opening reaction to yield the trimethylsilyl dienoate 
esters. The esters were isolated in 50-60"h yields and revealed 
the carbonyl band in the IR at 1685 cm-'. 

The cycloaddition of 1 with (E)-cinnamaldehyde and 
(E)-crotonaldehyde yields two silyl esters, 6 c  and 6d and 7c 

1 + RCHO 

R 
a 

R' 
b 

I 1 
13 COOSiMe, K H 

13 H H COOSiMr, 
C d 

>===< 

and 7d, respectively. These silyl esters were derived from the 
corresponding cis- and trans-2-oxetanones, which upon 
vacuum distillation resulted in the (2 ,E) -  and (E,E)-tri- 
methylsilyl esters. 

Furfural reacts in a similar manner with 1 to yield (2)- and 
(E)-trimethylsilyl esters (8c and 8d). 

The cycloaddition of 1 and a mixture of ( E ) -  and ( Z ) - a -  
methylcinnamaldehyde gave all four isomers in a ratio of 
66:22:6.5:5.5 based on VPC. The parent peak in the mass 
spectrum for all four of these isomers was the same. 

Apparently, these esters are formed from the corresponding 
2-oxetanones by a silicon migration to oxygen and a ring- 
opening reaction. Similar migrations involving 1,3-shifts of 
organosilyl groups are well documented in the literature.7 This 
is very similar to  the result obtained upon cycloaddition nf 

1 1 
R COOSiMe, R H ,:=< 
€1 I3 ti' C(fJsIMe, 

8c gd 

ketene and a$-unsaturated ketones as reported by Young in 
1919.8 In this case it i? proposed that :j 1)roton migrate? to 
oxygen and the ring opening yields the corresponding dienoic 
acid. 

R 

Further characterization and elucidation of the silyl esters 
were accomplished by hydrolysis and hydrogenation. The 
hydrolysis of the isomeric ;;i!!;l ester mixtures resulted in the 
formation of the corresponding dienoic acids as illustrated 
with the dienoic silyl esters derived from trimct hylsilylketene 
and cinnamaldehyde. 

Ph 

6 c  + 6d - 
H 

El 

The hydrogenation of the isomeric. silyl est,er mixtures using 
platinum oxide in dry ether resulted in the saturated t r i -  
methylsilyl esters in near quantitative yield. Hydrolysis of the 
saturated esters yields the corresponding acids, which were 
identified by comparison with authentic samples. 

The generation of dichloroketene by the zinc dechlorination 
of trichloroacetyl chloride in the presence of' ( E  )-cinnamal- 
dehyde and subsequent workup and distillation resulted in 
the formation of 1 ,I  -dichloro-.l-phenyl-l,:l-butadiene (9). The 
in situ cycloaddition of dichloroket,ene and wmethylcinna- 
maldehyde gave a similar result, yielding l,l-dichloro-3- 
methyl-4-phenyl-1,3-butadiene (10). The zinc halide etherate 
produced as a byproduct in the dehalogeiiiit ion presumably 
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functions as the Lewis acid catalyst since no BF,.Et20 is 
needed for these cycloadditions. We have previously observed 
the catalytic effect of zinc halide etherate in dichloroketene 
cycloadditions with simple ketones.9 Apparently, in these 
cycloadditions with the cinnamaldehydes, the 2-oxetanones 
undergo decarboxylation during distillation to yield the highly 
conjugated systems. 

The cycloaddition of diphenylketene with (E)-cinnamal- 
dehyde resulted in the formation of 1,1,4-triphenyl-1,3-bu- 
tadiene (1  1). This butadiene is a solid and was isolated from 
Ph 

>=C=O + RCHO 

Ph 
B F 3 ' E t , 0 t  kf-c -CO, - PhCH=CHCH=CPh, 

11 
P h  

7 
R 

the reaction mixture. Apparently, decarboxylation occurred 
spontaneously to yield this completely conjugated system. 
These decarboxylations are analogous to the cycloadduct 
decarboxylations of diphenylketene and benzoquinone, which 
readily lose carbon dioxide to yield the highly conjugated 
system.I0 

I t  is pertinent to note that the thermal stability of the 2- 
oxetanones containing a 4-vinyl substituent was distinctly 
diminished. The 3-silyl-4-vinyl-2-oxetanones readily under- 
went silyl migration and ring opening, and the 3,3-dichloro- 
and 3,3-diphenyl-4-vinyl-2-oxetanones readily decarboxy- 
lated. These data are suggestive of a BFs-catalyzed dipolar 
ring opening in which the 4-vinyl substituent provides stabi- 
lization to the incipient carbonium ion. 

I'  
R2' 

The cycloaddition of 1 with the electron-rich diethyl acetal 
of ketene yielded the corresponding cyclobutanone., This 
report prompted us to investigate the cycloaddition of tri- 
methylsilylketene with dimethylketene bis(trimethylsily1) 
acetal. Under the same reaction conditions, this ketene acetal 
reacted with the ketene to yield an open-chain product in good 
yield which was identified as trimethylsilyl 2,2-dimethyl-3- 
(trimethylsiloxy)-4-(trimethylsilyl)-3-butenoate. The NMR 

CHJ\ /OSiMe, 

CH3 'osi Me, 
I +  ,C=C 

0 Me& /OGiMe, 

'C-C II -* 

H ' \C(CHJ&XSi Me, 
spectrum of this ester was interesting in that three singlets 
appeared with the same ratios for the three different tri- 
methylsilyl substituents and also two singlets for the methyl 
and vinyl protons. The NMR spectrum and VPC data sug- 
gested that only a single isomer had been formed. This would 
be expected to be the E isomer based on the large steric re- 
quirements of the two silyl substituents attached to the vinyl 

system. This ester is apparently the product of a nucleophilic 
attack on trimethylsilylketene rather than a cycloaddition 
with concurrent or subsequent silicon migration from the 
oxygen of the acetal to the oxygen of the ketene. A similar 
product has been reported for the reaction of ketene bis(tri- 
methylsilyl) acetals and nonsilylated ketenes." Apparently, 
this sterically crowded electron-rich tetrasubstituted ethylene 
has a lower energy pathway to the open-chain product than 
the cycloadduct. 

Experimental Section 
The proton NMR spectra were recorded on a Perkin-Elmer R-12B 

nuclear magnetic resonance spectrometer employing CC14 as the 
solvent and either CH2Clz or CHCG as the internal standard. Ana- 
lytical and spectroscopic samples were obtained by VPC on a Per- 
kin-Elmer Model 3920-B gas chromatograph using either a 6 ft  X 0.25 
in. column packed with 10% SE-30 on acid-washed Chromosorb W 
(80-100) support or a 10 ft X 0.25 in. column packed with 1096 QF-1 
on acid-washed Chromosorb W (80-100) support. The IR spectra were 
recorded on a Beckman IR 33 or on a Perkin-Elmer Model 621 grating 
infrared spectrometer. Spectra were obtained using neat samples and 
in CC14 solutions. Mass spectra were obtained on a Hitachi Perkin- 
Elmer RMU-6E double-focusing mass spectrometer and on a Finni- 
gan GC/MS 3200 with a data system 6100. 

Commercially available ether, benzene, and triethylamine were 
dried and purified by distillation from potassium-sodium alloy prior 
to each run. Ethoxyacetylene was commercially available and also was 
prepared by bromination of ethyl vinyl ether and dehydrobromination 
with n-butylamine and KOH, respectively.12 The zinc was activated 
by a procedure described by one of us and was always stored and used 
under a nitrogen atm0~phere.I~ Trichloroacetyl chloride was prepared 
from the corresponding acid and thionyl chloride. This acid halide 
was freshly distilled prior to  each dichloroketene preparation. The 
commercially available aldehydes were distilled prior to use. 

Trimethylsilylketene was prepared by a procedure similar to that 
of Ruden.2 To a stirred solution of ethoxyacetylene in dry ether at  0 
"C under a nitrogen atm.osphere was added methyllithium dropwise, 
followed by the addition of trimethylchlorosilane. The stirring was 
continued overnight at room temperature. The ether was evaporated, 
the residue was then subjected to a vacuum, and the ethoxy(tri- 
methylsi1yl)acetylene wascollected in a vacuum trap. Thisacetylenic 
compound was heated to 120 "C, and trimethylsilylketene distilled 
at  82 "C in 65% yield. 

Diphenylketene was prepared by the triethylamine dehydrochlo- 
rination of diphenylacetyl ~ h l o r i d e . ' ~  

Dimethylketene bis(trimethylsily1) acetal w: i prepared from iso- 
butyric acid by reaction with lithium diisopropylamide at 0 "C fol- 
lowed by the addition of trimethylchlorosilane." 

Typical Procedure  for Trimethylsilylketene Cycloadditions 
with Sa tura ted  Aldehydes. A 17.5-mmol (2-g) portion of 1 was 
added dropwise to a stirred solution of 17.5 minol of aldehyde con- 
taining a few drops of BFrEt20 at  0 "C under a nitrogen atmosphere. 
When the addition was complete (30-45 min). the reaction mixture 
was allowed to warm to room temperature and stirring was continued 
until the ketene had been consumed as evidenced by the disappear- 
ance of the ketene band in the IR at 2080 cm-' and the formation of 
a strong band at  1805-1810 cm-I (C=O of"-oxetanone). The 2.oxe- 
tanones were purified by vacuum distillation through a short-path 
distillation apparatus and further characterized. 
4-Ethyl-3-(trimethylsilyl)-2-oxetanone (2a and  2b). A 17.5- 

mmol (2-g) portion of 1 and 17.5 mmol (1.0? g) of propionaldehyde 
containing a few drops of BF3.EtzO were reacted to give 1.8 p (600%) 
of 2a and 2b: bp 78 "C (0.5 mm); IR 1810 cm-' tC-0): NMR (CC14 
with CHC1:j as a reference) 6 0.16 (trans isomer), 0.2 (cis isomer) ( tWJ 
s, 9 H), 2.8 (trans isomer, J = 4 Hz), 3.2 (cis isomer. ./ = 6 Hz) (two d. 
1 H),  4.0 (trans isomer, J = 4 Hz), 4.3 (cis isomer. J = 6 Hz) ( two m. 
1 H); methyl and methylene groups of the cis and trans isomers were 
multiplets a t  6 1.0 and 1.70, respectively; mass spectrum, parent peak 
mle 172, found for both isomers m / e  157 (loss of a methyl group). 

Anal. Calcd for CRH1602Si: C,  55.8; H. 9.30. Found: C, 56.16: H, 

4-n-Propyl-3-(trimethylsilyl)-2-oxetanone (3a and  3b). A 
17.5-mmol (2-g) portion of 1 and 17.5 mmol (1.26 g) of n-bntyral- 
dehyde containing a few drops at  BF3-Et20 were reacted to give 1.76 
g (54%) of 3a and 3 b  bp 56-60 "C (0.025 mm); IR 1810 cm-I (C-0); 
NMR (CCld with CH2Clz as a reference) d 0.18 (trans isomer), 0.3 (cis 
isomer) (two s, 9 H),  2.85 (trans isomer, J = 4 Hz), 3.28 (cis isomer, 
J = 6 Hz) (two d ,  1 H), 4.15 (trans isomer, J = 4 Hz), 4.7 (cis isomer, 
J = 6 Hz) (two m, 1 H); methyl and methylene protons of the cis and 

9.58. 
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trans isomers were multiplets at  6 1.0 and 1.55, respectively; mass 
spectrum, parent peak mle 186, found for both isomers mle 171 (loss 
of a methyl). 

Anal. Calcd for CgHlE,02Si: C, 58.00; H,  9.73. Found: C, 57.50; H, 
9.94. 

4-Isopropyl-3-(trimethylsilyl)-2-oxetanone (4a and  4b). A 
17.5-mmo1(2-g) portion of 1 and 17.5 mmol (1.26 g) of isobutyralde- 
hyde containing a few drops of BF3.Et20 were reacted to give 1.82 g 
(56%) of 4a and 4b: bp 67 "C (0.025 mm); IR 1810 cm-' (C=O); NMR 
(CClI with CHC1: as a reference) 6 0.20 (trans isomer), 0.25 (cis isomer) 
(twos, 9 H ) ,  2.90 (trans isomer, J = 4 Hz), 3.25 (cis isomer, J = 6 Hz) 
(two d, 1 H),  3.85 (trans isomer. J = 4 Hz), 4.10 (cis isomer, J = 6 Hz) 
(two m, 1 H); methyl and methinyl protons of the cis and trans isomers 
were a d of d and a multiplet at  6 1.0 and 1.80, respectively; mass 
spectrum, parent peak nile 186, found for both isomers mle 171 (loss 
of a methyl). 

Anal. Calcd for CtlHI 30zSi: C, 58.0: H,  9.73. Found: C, 58.25; H,  
9.79. 
4-(3-Cyclohexenyl)-3-(trimethylsilyl)-2-oxetanone (5a and  

5b). A 17.5-mmol (2-g) ,portion of 1 and 17.5 mmol (1.02 g) of 3-13. 
clohexenecarboxaldehyde containing a few drops of BF3.Et20 were 
reacted to give 2.6 g 165%) of 5a and 5b: bp 95-100 "C (0.15 mm); IR 
1805-1810 cm-' (C=O): NMR (CC14 with CHC13 as a reference) 6 0.21 
(trans isomer), 0.23 (cis isomer) (twos, 9 H) ,  2.05 (m, 7 H), 3.0 (trans 
isomer), 3.3 (cis isomer) (two d ,  1 H),  4.0 (m, 1 H),  5.6 (s, 2 H) ;  mass 
spectrum, parent peak rnle 224, found rnle 224. 

Anal. Calcd for Cl?Hs,,O&: C, 64.31; H,  8.92. Found: C ,  64.83; H. 
9.19. 

Typical Procedure  for t he  Cycloaddition of Trimethylsilyl- 
ketene with a,@-Unsaturated Aldehydes. A 17.5-mmol(2-g) por- 
tion of 1 was added dropvise to a stirred solution of 17.5 mmol of an 
ct,d-unsaturated a1dehyc.e containing a few drops of BF,Et,O at 0 "C 
under a nitrogen atmosphere. When the addition was complete (30-45 
min), the reaction mixture was allowed to warm to room temperature 
and stirring was continued until the ketene had been consumed as 
evidenced by the disappearance of the ketene band in the IR at  2080 
cm-I. This stirring periad was from 2 h to overnight, depending on 
the aldehyde. The silyl esters were purified by vacuum distillation 
through a short-path distillation apparatus. 

Typical Procedure  for Hydrolysis of t he  Trimethylsilyl Di- 
enoate Esters. To 0.5 g of the silyl ester was added 2 mL of 5% HC1, 
and this mixture was stirred for 30 min at  room temperature. The 
dienoic acid was filtered in near quantitative yield and purified by 
sublimation. 

Typical Procedure  for Hydrogenation of the  Trimethylsilyl 
Dienoate Esters. A 0.5-g portion of the silyl ester in 15-20 mL of dry 
ether containing a catalytic amount of platinum oxide catalyst was 
hydrogenated for 12-15 11. The catalyst was removed by filtration, the 
ether was evaporated, and the residue was vacuum distilled to yield 
the saturated silgl ester in near quantitative yield. 

Typical Procedure  for  Hydrolysis of t he  Sa tura ted  Tr i -  
methylsilyl Esters. To 0.5 g of saturated silyl ester was added about 
2 mL of 5% HCI, and this reaction mixture was stirred for 30 min at  
room temperature The saturated acid was purified by distillation or 
sublimation. 

Trimethylsilyl P-Styrylacrylate (6c and  6d). A 52.6-mmol (6-g) 
portion of 1 and 52.6 mmol (6.94 g) of (E)-cinnamaldehyde containing 
a few drops of BF,-Et,O' resulted in 8 g (62%) of 6c and 6d: bp 90 " C  
(0.025 mm); IR 1625 (C==C) and 1685 (C=O) cm-'; NMR (CC14 with 
CHzC12 as a reference) ci 0.5 (s, 9 H), 5.8 (two d, 1 H),  6.6 (m, 2 H),  8.0 
(d of d, 1 H) ;  m a s  spectrum, parent peak m/e 246, found mle 246. 

Anal. Calcd f o r  C 1 ~ H l ~ 0 2 S i :  C,  68.30; H,  7.32. Found: C, 68.65; H,  
7.35. 

$-Styrylacrylii: acid was obtained by hydrolysis of 6c and 6d, mp 
164-165 "C (lit.'" mp IG5 "C). 

Trimethylsilyl 5-phenylpentanoate was obtained in near quanti- 
tative yield by hydrogenation of 0.5 g of 6c and 6d: IR 1712 cm-' 
(C-0); NMR ((1C14 with CH2C12 as a reference ) 6 0.4 (s, 9 H) ,  1.75 
(m, 4 H) ,  2.35 (t .  2 H) ,  2.7 (t, 2 H),  7.1 (s, 5 H); mass spectrum, parent 
peak mie 250, found m / e  250. 

Hydrolysis of trimett ylsilyl 5-phenylpentanoate yielded 5-phen- 
ylpentanoic acid, mp 58 "C (lit.I6 mp 58-59 "C). 

Trimethylsilyl 2,4-Hexadienoate (7c and  7d). A 45-mmol 
(5.13-g) portion of 1 and 45 mmol (3.15 g) of (E)-crotonaldehyde 
containing a few drops cif BF3.Et20 yielded 3.9 g (48%) of 7c and 7d: 
bp 35-40 "C (0.25 mm); IR (before distillation) 1805-1810 cm-' 
(C=O); IR (after distillation) 1640 (C=C) and 1690 (C=O, conju- 
gated to double trond) cm-'; NMR (CC14 with CH2C12 as a reference) 
6 0.3 (E,E isomeI), 0.35 (Z ,E  isomer) (twos, 9 Hj, 1.0 (d, 3 H) ,  5.7-7.5 
(m, 4 H) ;  mass spectrum. parent peak mle 184, found m/e 184. 

Sorbic acid was obtained by hydrolysis of 7c and 7d, mp 122-127 
"C (lit.17 mp 124 "C). 

Trimethylsilyl hexanoate was obtained by hydrogenation of 7c and 
7d: bp 50-55 "C (0.5 mm); IR 1705 cm-' (C-0) ;  NMR (CC14 and 
CH2C12 as a reference) 6 0.2 (s, 9 H),  0.9 (d, 3 H), 1.4 (m, 6 H),  2 . 2  (t ,  
2 H); mass spectrum, parent peak rnle 188, found mie 188. 

Anal. Calcd for CgH2002Si: C, 57.4; H. 10.64. Found: C, 57.62; H. 
10.52. 

n-Caproic acid was obtained by hydrolysis of trimethylsilyl hexa- 
noate, bp 204-205 "C (lit.'8 bp 204-206 " C ) .  

Trimethylsilyl @-Furylacrylate (8c and  8d). A 17.5-mmol (2-g) 
portion of 1 and 17.5 mmol (1.7 g) of furfural containing a few drops 
of BFrEt20 gave 1.9 g (50%) of 8c and 8d: bp 58-62 " C  at 0.2 mm; IR 
1690 cm-I (C=Oj; NMR (CC14 with Me2SO as a reference) 6 0.4 (s, 
9 H), 5.5-7.7 (m, 5 H); mass spectrum, parent peak mie 210. found 
mle 210. 

Anal. Calcd for C10H1403Si: C ,  57.14; H, 6.61;. Found: C ,  57.40: H. 
6.74. 

Trimethylsilyl  4-Methyl-5-phenyl-2,4-pentadienoate. A 
17.5-mmol(2-g) portion of 1 and 17.5 mmol(2.6 g) of a mixture of both 
(E)- and (Z)-a-methylcinnamaldehyde containing a few drops of 
BFrEt20  gave 2.5 g (55%) of a mixture of all four isomers, E,Z, E,E, 
Z,E, and Z,Z: bp 95 "C (0.25 mm); IR 1625 (C=C). 1680 (C=O) cm-1; 
NMR (CC14, CHpClp as a reference) 6 0.3 (s, 9 H) ,  2.0 (s. 1 H) ,  5.8 (d, 
1 H),  6.7 (s, 1 H),  7.2 (s, 5 H),  7.3 (d, 1 H) ;  mass spectrum, parent peak 
rnle 260, found mle 260. 

4-Methyl-5-phenyl-2,l-pentadienoic acid was obtained by hy- 
drolysis of 0.5 g of the trimethylsilyl ester, which was purified by su- 
blimation, mp 100-107 "C (lit.I9 mp 109-110 " C ) .  

Trimethylsilyl 5-phenyl-4-methylpentanoate was obtained by 
hydrogenation of the trimethylsilyl dienoate ester: bp 75-80 " C  (0.005 
mm); IR 1710 cm-I (C=O); NMR (CCla with CHPC1.L as a reference) 
6 0.3 (s, 9 H),  0.95 (d, 3 H),  1.7 (m, 3 H),  2.35 (t,  2 H) ,  2.65 (d,  2 HI ,  7.2 
(s, 5 H); mass spectrum, parent peak mle 264, found mie 264. 

Anal. Calcd for CljH2402Si: C,  68.23; H,  9.09. Found: C .  68.54; H,  
8.73. 

Hydrolysis of this saturated ester yielded ?-meth?.l-5-pheiiylpen- 
tanoic acid, which was further purified by sublimation, mp 52-56 "C 
(lit.20 mp 55-56 "C). 

Typical Procedure  for  t he  Cycloaddition of Dichloroketene 
with a,@-Unsaturated Aldehydes. A solution of 25 mmol of freshly 
distilled trichloroacetyl chloride in 150 mL of dry ether was added 
very slowly (3-4 h) to a stirred mixture of 25 mmol of aldehyde in 150 
mL of dry ether and 7 g of activated zinc under a nitrogen atmosphere. 
This reaction mixture was stirred overnight. The excess zinc was fil- 
tered, washed, and dried, revealing a stoichiometric loss. The reaction 
solution was concentrated to about 50 mL and stirred with 50 mL of 
hexane. The hexane solution was decanted from the zinc salts and 
evaporated, and the residue was vacuum distilled to yield the 
diene. 

l,l-Dichloro-4-phenyl-l,3-butadiene (9) .  A 25-mmol portion 
of trichloroacetyl chloride was reacted with 25 mmol of (E)-cinnam- 
aldehyde containing 7 g of zinc in 300 mL of ether to give 1.74 g (35%) 
of the diene: bp 61-65 "C (0.05 mm); IR 1590 cm-' IC=C); NMR 
(CC14 with CHzClp as a reference) 6 6.65 (m. 3 H) ,  7.3 (s, 5 H) ;  mass 
spectrum, parent peak rnle 198, found mle 198. base peak at mle 128 
(loss of two C1 atoms). 

Anal. Calcd for CloHsC12: C,  60.30; H,  4.02. Found: C ,  60.11; H,  
4.06. 

l,l-Dichloro-3-methyl-4-phenyl-1,3-butadiene (10). A 25-mmol 
portion of trichloroacetyl chloride was reacted with 25 mmol of a- 
methylcinnamaldehyde (both isomers) to give 1.7 g (32%) of the diene: 
bp 69 "C at 0.05 mm; IR 1590 cm-I (C=C); NMR iCC14 with CH2C12 
as a reference) 6 2.35 (s, 3 H), 6.6 (s, 1 H) ,  6.7 is ,  1 H) ,  7.3 (s. 5 H); mass 
spectrum, parent peak mie 212, found mlr 212. base peak at m/c 142 
(loss of two C1 atoms). 

Anal. Calcd for CllHlOC12: C ,  61.98; H, 4.70. Found: C. 61.72; H,  
4.75. 
1,1,4-Triphenyl-1,3-butadiene (1 1). A 51.5-mmol (10-g) portion 

of diphenylketene was added dropwise to a stirred solution of 51.5 
mmol (6.8 g) of (E)-cinnamaldehyde containing a few drops of 
BF3.Et20 at  room temperature under a nitrogen atmosphere. When 
the addition was complete, the reaction mixture was stirred overnight. 
Addition of methanol to the reaction solution caused the product to 
precipitate, yielding 7 . 5  g ( 5 2 O h )  of the diene: mp 98-99 "C (purified 
by sublimation); IR 1607 cm-I (C=C); NMR ICC14 with CH2C12 as 
a reference) 6 6.8 (m, 3 H),  7.3 (m, 15 H); mass spectrum, parent peak 
rn le  282, found mle 282, base peak at  mle 166 (due to Ph,C+). 

Anal. Calcd for C22H18: C, 93.62; H,  6.38. Found: C,  93.37; H,  
6.41. 
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Trimethylsilyl  2,2-Dimethyl-4-(trimethylsiloxy)-4-(tri- 
methylsilyl)-4-butenoate (12). A l7.5-mmol(2-g) portion of 1 was 
added dropwise to a stirred solution of 17.5 mmol (4.07 g) of di- 
methylketene bis(trimethylsily1) acetal at  110 "C under a nitrogen 
atmosphere. Thc reaction solution was stirred at  this temperature 
until the ketene had been consumed as evidenced by the disappear- 
ance of the ketene band in the IR (-36 h). Vacuum distillation re- 
sulted in 4.5 g (75%) of 12: bp 68 "Cat  0.025 mm; IR 1615 (C=C), 1720 
(C=O) cm-'; NMR (CC14 with CHC13 as a reference) 6 0.15 (s, 9 H), 
0.27 (s, 9 H) ,  0.33 (s, 9 HI, 1.35 (s, 6 H), 4.45 (s, 1 H); massspectrum. 
parent peak at  mJe 346, found mJe 346. 

Anal. Calcd for C l~H: ,~C) ;~S i~ :  C. 52.02; H, 9.83. Found: C, 51.92; H, 
9.83. 
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Photoelectron Spectra of the 1,2,5,6-Tetramethyl-3,4,7,8-tetramethylene 
Derivatives of Tricycle[ 3.3.0.02v6]octane and 

Tricycle[ 4.2.0.02v5]octane 
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'J'he photoelectron spectra of the title compounds, 4 and 5 .  are reported, along with assignment> of the first threv 
bands in  each. Analysis within a ZDO model of the splitting between the first two bands in the spectrum ot' 4 le-  

quirts that t h e  bl orbital of the tetramethylcyclobutane ring hate an energy o t  -9.3 eY. This finding is discussed 
in light of calculations on the effect of tetramethylation of cyclobutane and the approximations inherenl in the 
Z1)O model. 

The magnitude of the through-bond splitting between 
different symmetry combinations of x orbitals localized on 
unsaturated groups depends on the extent to which one 
combination is destabilized relative to the other by interaction 
with adjacent u orbitals of appropriate symmetry.2 The bonds 
of small rings, by virtue of their high energy and large amounts 
of p character, are ideal candidates for producing substantial 
t hrough-bond splittings c 3  In particular, cyclobutane rings have 
been shown by a variety of ~pectroscopic,~ ~ h e m i c a l , ~  and 
t heoretica16 studies t o  interact strongly with unsaturated 
bridging groups. Therefore, the through-bond splittings in 
~~,4,7,8-tetramethylenetricyclo[3.3.O.O2~6]octane (1) and 
trnti-3,4,7,8-tetramethylenetricy~lo[4.2.O.O~~~]octane (2) are 
expected to be significant. 

0022-3263/79/1944-0737$01.00/0 

1 , R = H  2 , R = H  
4, R = CH, 5 ,  R = CH; 

3 

More specifically, in 1 the bl and a2 combinations of the 
butadiene highest occupied molecular orbitals (HOMO'S) 
should be significantly split by their interactions with bl and 
a:, orbitals of the cyclobutane ring.T The h l  orbital of the ring 
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