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with mercury cathodes were the one previously described2@ and 
also a scaled-down version cathode area 38.4 cm2, catholyte 
volume -75 ml. The vpc analyses were performed on a Varian 
Series 1200, Hi-Fi I11 gas chromatograph (single column, single 
flame ionization detector). The two columns used were both 
6-ft, '/8 in. diameter stainless steel packed respectively with 10% 
Carbowax 20M on SO-100 mesh Chromosorb W (NAW) and 3% 
SE-30 on 100-200 mesh Varaport 30. 

The esr spectra were obtained using a Varian V-4502 spec- 
trometer equipped with a 12 in. magnet. The modulation fre- 
quency was 100 kHz. The Varian rapid scan cavity was used in 
conjunction with the Varian rapid scan unit and the (2-1024 time 
averaging computer. The microwave frequency under experi- 
mental conditions was measured with a Hewlett-Packard X350A 
wavemeter and was 9.544 GHz. The sweeps were calibrated 
using a basic aqueous solution of potassium peroxylamine disul- 
fonate (g = 2.0055, a = 13 G) and were found to be satisfactorily 
linear. 

Procedures.-The macroelectrolyses were carried out under 
the conditions summarized in Tables I1 and 111. The mercury 
was then separated from the catholyte and the latter diluted with 
water and thoroughly extracted with methylene chloride. The 
extracts were washed and dried over anhydrous magnesium sul- 
fate. The analyses were performed as follows. The excess 
methylene chloride was carefully removed from the products 
using a rotary evaporator and a vacuum pump (10 mm), keeping 
the water bath at  room temperature. When most of the CHzClz 
had been removed, the temperature of the water bath was in- 
creased to 50" and the vacuum increased to 5 mm. The low 
boiling products were collected in two Dry Ice-acetone traps in 
series. 

The above distillate typically contained the ketones and 
methylene chloride. These products were analyzed neat a t  70" 
using 10% Carbowax 2011. 

The residue from the above stripping, which contained the bulk 
of the products, was analyzed (20% in acetone) using 10% Carbo- 
wax 20M, programmed from 120 to 220' at  10" min-1. Relative 
retention times and relative response factors were calculated using 
diethyl malonate as an internal standard. Components were 
qualitatively determined by subsequent injection of authentic 
samples prepared independently. 

For determining the esr spectra, separate solutions of 1.65 g of 
1 (with R = '28%) in 5 ml of ethanol (with 0.025 g of sodium) and 
of 2.25 g of 2 in 20 ml of ethanol were mixed under exclusion of 
oxygen. The sample tubes were sealed under nitrogen and 
heated for a few minutes a t  50-70" before they were transferred 
to the esr cavity a t  room temperature. A well-resolved five-line 
spectrum was detected under the proper modulation conditions 
(optimum conditions about 0.75 peak to peak modulation). The 
spectra were very weak and required many hours of data accumu- 
lation. Typically, accumulation of 900 scans over 8 hr gave 8 
signal to noise ratio of about 12. The intensity ratios of the 
peaks varied with the modulation amplitude, pointing to the fact 
that the peaks were of different widths and shapes and contained 
unresolved features; a t  0.75 G peak to peak modulation the ratio 
was 1 : 1.6 : 2.6 : 1. Because of the weakness of the signals it was 
not possible to resolve additional structure by lowering the mod- 
ulation amplitude. The same five-line spectrum (although much 
weaker) was also obtained when 2 was excluded, but oxygen was 
allowed to come into contact with the solution. This observa- 
tion, together with the explanations that follow, lead us to 
attribute the spectrum to the phenylmercaptyl radical. The g 
factor was found to be 2.030. This value is close to the isotropic 
Q value of 2.040 attributed by Zandstra and Michaelsenzl to 
phenylmercaptyl radical produced during the pyrolysis of di- 
phenyldisulfide. This assignment has been criticized by 
Schmidt22 who found a much smaller Q factor (isotropic g = 2.007) 
for the supposed phenylmercaptyl radical produced by uv irradi- 
ation of diphenyl disulfide. It should be noticed that in both 
references the radicals were observed in a frozen matrix, and that 
therefore no hyperfine structure n'as detected that could support 
the assignments. On the other hand, the hyperfine structure of 
phenoxy1 radical has been resolved by Stone and WatersaS who 
reported the following hyperfine constants: a2.6 = 6.65 G, a4 = 
10.1 G ,  a3,6 = 1.8 G. Our spectrum can be interpreted in terms 
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of hyperfine constants a2?8 = 2.7 G, a4 = 5.4 G, aa.6 = 1.0 G. 
The splitting with the 3,5 hydrogens was too small to be resolved, 
but from the observed linewidth an upper limit of about 1 G was 
estimated for a8,6. Compared to the phenoxy radical, the much 
smaller hyperfine constants observed in our case are consistent 
with the fact that in mercaptyl radicals the spin density is con- 
centrated on the sulfur atom most of the time.21 
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In a previous reporta on work in the area of epoxide 
cyclizations we described attempts to form the bornane 
skeleton by closure of 1. These experiments led only to 
noncyclic rearrangement products. As suggested pre- 
v i o u ~ l y , ~ ~ ~  the transition state for cyclization of com- 
pounds like 1 appears to allow for little overlap between 
the orbitals of the double bond and the ring carbon 
atom. In  addition, one of the rearrangement reactions 
of 1 has as a strong driving force the relief of the crowd- 
ing of groups on three adjacent positions of a cyclo- 
pentane ring. In  order to investigate these factors we 
chose to examine the reactivities of three related epoxy 
olefins 2,3 ,  and 4. 
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In structure 2 the propensity of the a-campholene 
system for rearrangements has been eliminated since 
this compound no longer features 1, 2, 3 ring substitu- 
tion, In  addition, opening of the epoxide ring of 2 in 
either a cyclization or a ketone forming reaction should 
occur at the tertiary center which in this case is insul- 
ated from the gem-dimethyl group. With 3 the steric 
difficulties encountered with 1 in bringing an olefinic 
carbon and a ring carbon within bonding distance 
should be diminished. Compound 4 in turn embodies 
both structural variations discussed for 2 and 3. 
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Compounds 2 and 4 were prepared from iso-a-cam- 
pholenealdehydes ( 5 ) ;  the former by the method pre- 
viously describedl for 1, and the latter by addition of 
methylene triphenylphosphorane to the aldehyde and 
subsequent epoxidation of the more highly substituted 
double bond. Epoxy olefin 3 was prepared from a- 
campholenealdehyde by the same Wittig reaction, 
epoxidation sequence. The stereochemistry of these 
compounds follows from the previously de~cribed ' ,~  
results for epoxidation of cyclopentenyl systems. 

When 2 was subjected to cyclizing conditionsa with 
anhydrous stannic chloride in benzene a single product, 
ketone 6,  was obtained. Thus no cyclization had oc- 
curred with 2 as well as with 1 and rearrangement of the 

6 7 8 

appended grloups on adjacent positions of the cyclo- 
pentane ring could not be solely responsible for the in- 
disposition of the 4-vinylcyclopentene oxide system to 
form bicyclic products. 

A molecular model of the second epoxy olefin 3 indi- 
cates that little or no angle strain is required to make 
the potential bonding orbitals of the olefinic carbon and 
the epoxide carbon assume a parallel relationship. 
Despite this consideration, however, when 3 was treated 
with stannic chloride in benzene solution no cyclization 
product was obtained. The products of the reaction 
were analogous in structure to those obtained from lU3  
Thus preparative glpc of the crude reaction mixture 
yielded 54% (relative yield) of alcohol 7 which dis- 
played in its nmr spectrum multiplets a t  4.78, 4.97, and 
5.50 ppm coriresponding to three vinyl hydrogens plus a 
signal a t  1.52 ppm for a vinyl methyl group. The 
second product obtained in 42% relative yield was a 
ketone. Both the nmr spectrum and the infrared 
spectrum indicated that the terminal vinyl group was 
present in this product also and by analogy with the 
ketonic product from l3  the structure 8 was assigned. 

The final epoxy olefin in this series, 4, also yielded no 
bicyclic products from treatment of the epoxide with 
acid. The only product from the reaction of 4 with 
stannic chloride in benzene was the ketone 9. 

9 

The " T  route" to bicyclic systems has been the sub- 
ject of considerable investigation.0 Most of the re- 
ported cases, however, are of the cyclopentenyl ethyl 
type; that is the cationic center is exocyclic to the ring 
and the cyclization reaction proceeds through a bi- 
cycloheptyl cation as in i to ii. 
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The system exemplified by epoxy olefins 5 and 6 in 
which the participating ?r bond is exocyclic was ex- 
pected to cyclize via a cation which can be represented 
in a general way by either the bridged structure iv or 
the classical structure v. 

iii iv 

The fact that no cyclization of either 5 or 6 occurs 
suggests that either these ions lack the stability asso- 
ciated with bridged ions of the type exemplified by ii or 
that steric factors continue to play a larger role in these 
reactions than assumed. In  support of this it is inter- 
esting to note that rearrangement of 2-exo-norbornyl- 
carbinyl amine by nitrous acid deamination affords only 
18% of 18 while the corresponding endo derivative 
yields none of this type of product.lOrll This rear- 
rangement when it does occur must proceed via an ion 
related to iv or v. The failure of the endo case to yield 
18 was ascribed by Benson and Willner'l to the neces- 
sity for a "boat conformation in the rearrangement of 
this isomer. They also noted, however, that the pre- 
dominant rearrangement pathway of the exo compound 
also involves boatlike conformations. Thus, factors 
other than this simple conformational one must be im- 
portant in production of bridged cations like iv.ll 

Experimental Section12 

1,3,3-Trimethyl-4(2 '-hydroxyethy1)cyclopentene.-Reduction 
of iso-a-campholenealdehyde, 56 (45.0 g, 0.29 mol), with sodium 
borohydride (30.0 g, 0.78 mol) in 600 ml of ethanol by standard 
methods afforded 42.5 g (93%) of the alcohol: bp 63.5-64.5' 
(0.56 mm); nZ8D 1.4689; ir (neat) 3300, 1750, 1058, and 828 
Cm-l; nmr (CClr) 6 0.80 (9, 3), 1.00 (s, 3) 1.52 (s, 3), 3.52 
(t, 2, J = 6 He), 4.38 (9, I), 5.03 (m, 1). 

Anal. Calcd for CloHlsO: C, 77.86; H ,  1176. Found: C, 
77.61; H,  11.70. 

1,3 ,3-Trimethyl-4-(2'-acetoxyethyl)cyclopentene .-The alcohol 
from above (39 g, 0.25 mol) was converted to the corresponding 
acetate with acetic anhydride (200 ml) and sodium acetate (20.0 
g, 0.25 mol) employing standard methods: bp 63" (0.3 mm); 
n% 1.4540; ir (neat) 1730, 1650, 1238, 1043, and 829 cm-1. 

And. Calcd for CIZHZOOZ: C,.73.42'; H, 10.27. Found: C, 
73.53; H, 10.43. 

1,s ,3-Trimethyl-4-vinylcyclopentene.-The preceeding acetate 
was pyrolyzed as described previously~ using a modified Johnson 
pyrolysis column.1s In a typical run 20 g of acetate was pyrolyzed 
under the following conditions: oil bath, 180-185'; pyrolysis 
column, 465-475"; fractionating column, 70-80" (155-160 mm). 
The yield after redistillation of the product was 10.0 g of diene: 
bp 91.5-94.5' (163 mm); n% 1.4513; ir (neat) 3060, 1640, 
1650, 1370, 1000, 914, and 828 cm-l; nmr (CClr) 6 0.78 (s, 3), 
0.98 (s, 3), 1.63 (s, 3), 2.23 (m, 3), 5.0 (m, 2), 5.75 (m, 2). 

Anal. Calcd for C10H16: C, 88.16; H,  11.84. Found: C, 
88.42; H, 11.76. 
- 

(11) J. A. Berson and D. Willner, J .  Amer. Chem. Soc., 86, 609 (1964). 
(12) Boiling points are uncorrected. Nmr spectra were obtained a t  60 

(13) K. 8. Williamson, R. T. Keller, G. 8.  Fonken, J. Szmuszkovicz, 
MHz, with tetramethylsilane as an  internal reference, 

and W. S. Johnson, J .  Ora. Chem., 27, 1612 (1969). 
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1,3,3-Trimethyl-4-vinylcyclopentene 1,2-Oxide @).--To a cold 
stirred solution of 4 g (0.029 mol) of the diene from above there 
was added in a dropwise manner 55.2 ml of a solution of mono- 
perphthalic acid in ether (0.029 mol). After an additional 3 hr 
of reaction at  room temperature the mixture was worked up in 
the usual ways to yield 3.2 g of oxide 2 which eluted as a single 
substance on Carbowax 20M and Apiezon L glpc columns: 
n% 1.4502; ir (neat) 3050, 1635, 998, 910, and 838 cm-1; 
nmr (cc14) 6 0.72 (9, 3), 0.99 (9, 3), 1.35 (9, 3), 1-80 (m, 3), 
2.71 (s, l ) ,  4.73 (m, I ) ,  4.97 (m, l ) ,  5.41 (m, 1). 

Anal. Calcd for CloHleO: C, 78.89; H, 10.60. Found: C,  
79.12; H ,  10.55. 

Reaction of Enoxide 2 with Stannic Chloride.-Stannic chloride 
(0.20 ml) was a'dded to a solution of 2 (1.0 g, 0.0065 mol) in 25 
ml of benzene and the mixture stirred for 10 hr a t  room tempera- 
ture. The reddish reaction mixture was then poured into ice 
water, shaken vigorously, and extracted with ether. Removal 
of the solvent after drying over sodium sulfate afforded 0.8 g of 
material which showed only a single glpc peak on Apiezon L and 
Carbowax 20M columns. Purification by preparative glpc 
yielded 6: n Z 4 ~  1.4522; ir (CClr) 3050, 1730, 1683, and 920 
cm-'; nmr (CClr) 6 0.83 (s, 3), 0.98 (s, 3), 1.12 (d, 3, J = 7 Hz), 
2.22 (m, 4), 4.88 (m, l ) ,  5.11 (m, I ) ,  5.58 (m, 1). 

Anal. Calcd for CloHleO: C, 78.89; H,  10.60. Found: C, 
78.93; H,  10.56. 

2,3,3-Trimethyl-4-allylcyclopentene .-a-Campholenealdehyde 
(10.0 g, 0.065 mol) in 50 ml of ether was added rapidly to 225 ml 
of a solution of methylene triphenylphosphorane (prepared from 
16.6 g, 0.049 mol of triphenylmethyl phosphonium bromide and 
35 ml, approx 0.05 mol, of n-butyllithium) maintained at  0-5'. 
After 10 min 150 ml of water was added to the creamy suspension. 
Removal of the solvent after extraction of the aqueous layer with 
ether and drying afforded 8.6 g of crude product. Distillation 
through an 18-in. spinning-band column yielded 3.6 g (36%) 
of pure diene: bp 68-71 (21 mm); 12% 1.4581; ir (neat) 3050, 
3000, 1640, 1355, 911, and 800 cm-'; nmr (CCL) 6 0.77 (s ,  3), 
0.97 (s, 3), 1.57 (m, 3), 4.88 (m, l),  5.00 (m, l), 5.12 (m, 2), 
5.52 (m, 1). 

Anal. Calcd for CllH18: C, 87.92; H ,  12.07. Found: C, 
87.99; H ,  12.16. 
2,2,2-Trimethyl-4-allylcyclopentene 1 &Oxide (3).-The epoxi- 

dation of the allylcyclopentene from above was carried out 
as described for 2 to yield 3 (%'yo): n323~ 1.4556; ir (neat) 3050, 
1635, 1358, 910, and 846 cm-'; nmr (CCla) 6 0.72 (s, 3), 0.95 
(s, 3), 1.22 (s, 3), 3.02 (m, I), 4.73 (m, l),  4.96 (m, l), 5.42 
(m, 1). 

Anal. Calcd for CllHleO: C, 79.46; H,  10.91. Found: C, 
79.73; H,  11.01. 

Reaction of 3 with Stannic Chloride.-Treatment of 3 (1.0 g) 
with stannic chloride in benzene in the manner described above 
for 2 afforded 0.95 g of dark oil. Analytical glpc on Apiezon L 
a t  160' showed two major components and one minor one with 
retention times of 8.5, 11.0, and 9.5 min, and in the proportions 
54y0, and 4% respectively. The minor component could 
not be isolated. 

Preparative glpc on Apiezon L afforded the 54y0 component, 
2,3,3-trimethyl-4-allylcyclopentanone, 8, as an oil: 12% 1.4651; 
ir (CClr) 3080, 1740, 1638, and 920 cm-'; nmr (CClr) 6 0.70 
(s, 3), 0.95 (s, 3), 0.96 (d, 3), 4.87 (m, l), 5.10 (m, 1) 5.65 (m, 1). 

Anal. Calcd for CllHlsO: C, 79.46; H,  10.91. Found: C, 
79.29; H,  10.85. 

Isolation of the 42% component by preparative glpc afforded 
2,3,3-trimethyl-l-allylcyclopenten-4-ol, 7: n% 1.4816; ir 
(CC14) 3600, 3050, 1630, 1057, 992, and 915 cm-'; nmr (CCl4) 
6 0.90 (s, 3), 0.96 (5, 3), 1.52 (m, 3), 3.72 (m, l), 4.78 (m, l ) ,  
4.97 (m, l ) ,  5.50 (m, 1). 

Anal. Calcd for CllH180: C, 79.46; H, 10.91. Found: C, 
79.63; H,  10.69. 

1,3,3-Trimethyl-4-allylcyclopentene.-Application of the pre- 
viously described procedure for addition of methylene triphenyl- 
phosphorane to campholenealdehyde to 5 afforded the title com- 
pound: bp 60-61" (17 mm); n Z 4 ~  1.4521; ir (neat) 3050, 1635, 
1645, 995, 911, and 825 cm-'; nmr (cc14), 0.80 (s, 3), 1.0 (9, 3), 
1.62 (m, 3), 4.78 (m, l), 5.02 (m, l ) ,  5.45 (m, 1). 

Anal. Calcd for CllI118: C, 87.92; H,  12.07. Found: C, 
87.94; H,  12.11. 

1,3,3-Trimethyl-4-allylcyclopentene 1,2-Oxide (4) .-Epoxida- 
tion of the diene from above by the previously described pro- 
cedures afforded 4, purified by preparative glpc: n 2 3 ~  1.4500; 
ir (neat) 3030, 1635, 1359, 996, 913, and 840 cm-1; nmr (cc14) 

6 0.72 (s, 3), 0.98 (s, 3), 1.30 (s, 3), 4.72 (m, l), 4.97 (m, l ) ,  
5.42 (m, 1). 

Anal. Calcd for CllH180: C, 79.46; H, 10.91. Found: C, 
79.43; H, 11.01. 

Reaction of 6 with Stannic Chloride.-Treatment of 4 (0.5 g) 
with stannic chloride in benzene by the previously described 
procedure afforded 0.45 g of 9. The material was purified by 
preparative glpc on Apieaon L a t  160": d ' J D  1.4536; ir (CC4)  
3050, 1725, 1635, 1242, 920, and 865 cm-'; nmr (CClr) 6 0.80 
(s, 3), 0.96 ( 6 ,  3), 1.06 (d, 3, J = 7 Ha), 4.87 (m, l ) ,  5.10 (m, 
l ) ,  5.60 (m, 1). 

Anal. Calcd for CllH180: C, 79.46; H,  10.91. Found: C, 
79.35; H ,  10.68. 

Registry No.-1,3,3-Trimethyl-4-(2'-hydroxyethyl)- 
cyclopentene, 4605-50-9; 1,3,3-trimethyl-4-(2'-acetoxy- 
ethyl)cyclopentene, 25527-89-3; 1,3,3-trimethyl-4-vi- 
nylcyclopentene, 25527-90-6; 2,25515-35-9; 3,25515-36- 
0; 4, 25515-37-1; 1,3,3-trimethyl-4-allylcyclopentene, 
25527-91-7; 6, 25527-92-8; 2,3,3-trimethyl-4-allyl- 
cyclopentene, 25527-93-9; 7, 25527-94-0; 8, 25527-95- 
1 ; 9,25527-96-2. 
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Over 20 years ago Chaikin and Brown' reported that, 
with NaBH4, acid anhydrides show only slight reduc- 
tion on prolonged heating. Since then, only two iso- 
lated examples of the NaBH4 reduction of cyclic an- 
hydrides have appeared in the literature.218 More re- 
cently, the NaBH4 reduction of mixed carboxylic- 
carbonic anhydrides4 and thiophthalic anhydride5 have 
been recorded. We have examined the reduction of a 
number of cyclic anhydrides with this reagent and have 
found that 6 and y lactones can be isolated in good to 
excellent yields (51-97%). This procedure is more 
convenient and more versatile than the previoulsy re- 
ported methods using LiAlHt or LiAlH(O-t-Bu)8.6a 
The steric course of the NaBH4 reduction of 5-mem- 
bered unsymmetrical cyclic anhydrides is identical with 
that observed with LiA1H4Ba or Na-EtOH.' In  most 
instances hydride attack takes place principally a t  the 
carbonyl group adjacent to the more highly substituted 
carbon atom. Thus, the reduction of cis-l-methyl- 
cyclohexane-1,2-dicarboxylic acid anhydride (I) to 
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