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These approaches either suffer from low yields or re- 
quire tedious, long chemical  operation^.^ We wish to re- 
port a practical synthesis of a-methylene-y -butyrolactone 
which employs as the key step a previously unreported 
method for the introduction of the a-methylene unit. We 
have observed that y -butyrolactonylidene triphenylphos- 
phorane (2) reacts with paraformaldehyde in refluxing an- 
hydrous tetrahydrofuran, providing a near-quantitative 
yield of a-methylene-y-butyrolactone (1) (eq 4).839 

The required phosphorane 2 is readily available from 
the corresponding phosphonium bromide 3c in yields of 
85-95% (crystalline) upon treatment of 3c with sodium 
carbonate in aqueous methanol.1° The phosphonium salt 
3c is obtained by treatment of a-bromo-y -butyrolactone 
(3b) with triphenylphosphine in refluxing tetrahydrofur- 

n 

0 
3a, R = H 
b, R=Br 

C, R = PPh,Br- 
an.lo Yields for this reaction are 40-50% of crystalline ma- 
terial, Attempts to brominatell the lithium enolate12 of 
3a a t  low temperature have resulted in disappointingly 
low yields (20-30%) of 3b. However, the classical method 
of Price and Judge13 provides reproducible yields (55%) of 
3b which can be carried out on a very large scale. 

The synthesis of 1 L I ~ U  readily available crystalline inter- 
mediates represents the most convenient route to 1 in 
comparison with previously reported syntheses. Further- 
more, it permits large-scale production and facile isotopic 
labeling of the a-methylene unit for biochemical studies. 
We believe that the present method offers some obvious 
advantages over the existing methods for the preparation 
of a-methylene-? -butyrolactone. 

Experimental Section14 
a-Methylene-y-butyrolactone. A suspension o f  3.46 g (0.01 

m o l )  o f  a-(y-butyrolactonylidene)tripheny1phosphoranelo a n d  
0.6 g (0.02 m o l )  o f  paraformaldehyde in 150 ml o f  freshly d is-  
t i l l e d  te t rahydrofuran under  a n  atmosphere o f  n i t rogen was heat-  
e d  a t  gentle re f lux.  A f t e r  2.5 hr: the  contents  o f  t he  f lask were 
cooled t o  r o o m  temperature a n d  the  solvent was removed o n  a ro -  
t a r y  evaporator, reducing the  t o t a l  vo lume o f  t h e  react ion mix- 
t u r e  b y  two- th i rds.  A f te r  a d d i t i o n  o f  pentane, t h e  contents o f  t he  
f lask were passed th rough  a very shor t  c o l u m n  o f  si l ica gel t o  re-  
move  t r iphenylphosphine oxide. A f te r  remova l  o f  t he  solvent in  
uacuo, there was obta ined 974 m g  o f  a-methylene-y-butyrolactone 
(98% y ie ld)  w h i c h  was pu re  by nmr analysis. V a c u u m  d is t i l l a t i on  
af forded a n  ana ly t i ca l  sample of 1: bp 60-53" (0.45 m m ) ;  ir 
(CHC13) 1765 ( b o )  a n d  1670 c m - l  (=CHz); nmr (CC14) 6.08 (t, 
J = 3 Hz, 1 H),  5.63 (t ,  J = 3 Hz, 1 H), 4.30 (t,  J = 7 Hz, 2 H), 
2.97 (m, 2 H); M+ m / e  98. Ir a n d  nmr spectra o f  1 were i den t i ca l  
w i t h  those prev ious ly  repor ted for  t he  n a t u r a l  product.1,2 Anal. 
C a l c d f o r  C~He02:  C ,  61.21; H, 6.17. Found :  C, 61.09; H, 6.10. 
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Recent r e p o r t ~ ~ , ~ a  describe the degradation of the lanos- 
terol side chain with overall yields of approximately 4- 
109'0. Other steroid side-chain degradations have also been 
r e p ~ r t e d , ~ , ~  but none of them seem to give particularly 
attractive yields. In view of this, we decided that it would 
be of considerable interest to apply a newly developed 
method of degradation6 to these substrates. in the hope of 
improving the yields. This method, originally applied to 
the side-chain degradation of cholic acids,6 utilizes as the 
key step a Norrish type I1 photoelimination reaction of a 
phenyl ketone which is easily obtained by means of an es- 
tablished rearrangement p r ~ c e d u r e . ~  Application of this 
photoelimination method6 to lanosterol (Scheme I) re- 
sulted in a 23% overall yield. 

Similarly, the modification of the original Briggs 
procedure2 (Scheme 11) gave a 15% overall yield, i.e., 
approximately three times that obtained by the original 
method. Thus it appears that  the photolysis of ketonic in- 
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termediates shows considerable promise as an a l te rna t ive  
to cur ren t ly  used degrada t ion  schemes  for the interconver- 
sion of natural products .  

Experimental Section 
General. Melting points were taken on a Kofler apparatus and 

are uncorrected. Infrared spectra were recorded on a Perkin- 
Elmer Model 257 spectrophotometer. Nmr spectra were deter- 
mined on a Joel Model C60H spectrometer using tetramethylsil- 
ane as internal standard and are reported in parts per million. 
Optical rotations were measured with the aid of a Perkin-Elmer 
Model 141 polarimeter. Irradiations were performed with a Hanau 
T Q  150-W medium-pressure mercury lamp contained in a quartz 
immersion well. The 3130-A line was isolated with 1-cm path of 
0.002 M potassium chromate in a 5% aqueous solution of potassi- 
um carbonate. The required cooling was achieved by the circula- 
tion of this solution. For column chromatography Merck silica 

(0.063-0.2 mm) was always used. Microanalyses were performed 
by the microanalysis service of Centre national de la Recherche 
scientifique a t  the Gif sur Yvette laboratories in France. 

Methyl 3~-Hydroxy-4,4,14a-trimethyl-5a-cholan-8-ene-24- 
methanoate (2a). A sample (4.7 g) of crude trisnorlanostenolic 
acid (2), obtained from the ozonolysis of commercial grade lanost- 
eroP by the method of Curtis and Silbermann,g~lo was esterified 
in the usual way by simple reflux with methanol (250 ml) and 12 
N hydrochloric acid (10 ml). The crude ester was isolated by ex- 
traction with ether and purified by column chromatography over 
silica using a pentane-ether (21) mixture as the eluent. The 
product was further purified by recrystallizations from methanol. 
The pure (mp 154-156") ester gave the following spectral data: ir 
(CSz) 3630 and 1740 cm-l ;  nmr (CDC13) 6 0.7 (3 H, singlet), 0.795 
(3 H,  singlet), 0.875 (6 H,  singlet), 0.98 (6 H, singlet), 3.7 (3 H, 
singlet. -COOCHJ protons). 

3P, 24-Dihydroxy - 4,4,14a -trimethyl-24,24-diphenyl-5a-cho- 
lan-8-ene (3). This compound was prepared from a sample (7.2 g, 
0.0167 mol) of pure (mp 154-166") ester 2a by the standard addi- 
tion of phenylmagnesium bromide (25 g, 0.138 mol) in anhydrous 
tetrahydrofuran. The mixture was refluxed for 15 hr and then de- 
composed with a saturated solution of ammonium chloride. Ether 
extraction of the hydrolyzed mixture followed by drying and re- 
moval of the solvents afforded a crude, oily product mixture, 
which contained an excess of the usual Grignard coupling prod- 
ucts. Crystallization of the diol 3 was achieved by treating the oil 
with hexane. Thus 6.8 of the diol 3 was obtained. 

Column chromatography of the mother liquors over silica with 
pentane-ether (2: 1) followed by recrystallization from methanol 
afforded another 2.2 g of the pure (mp 172-173") diol 3, bringing 
the total yield to 9 g (97%): ir (CS2) 3610, 3090. 3060. 3030, and 
700 em-l ;  nmr (CDC13) 6 0.57 (3 H, singlet), 0.77, 0.85, 0.92. 0.95 
(15 H, singlet). 7.1-7.6 (10 H,  multiplet, aromatic protons). 
3t3-Acetoxy-4,4,14a-trimethyl-24,24-dipbenyl-5a-cholane- 

8,23-diene (4).  The dehydration of the alcohol a t  C23 and the ac- 
etylation of the C3 hydroxyl group were simultaneously achieved 
by refluxing a sample (9.2 g) of the diol 3 with a mixture of acetic 
anhydride-acetic acid (60 ml, 5:l) for a period of 5 hr. After the 
usual work-up and recrystallization of the crude product from ac- 
etone, 6.5 g of pure (mp 196-199") diene 4 was obtained. Chroma- 
tography of the mother liquors over silica with pentane-ether 
(5:l) afforded another 2.4 g of pure product, bringing the total 
yield of the diene 4 to  8.9 g (93%): ir (CS2) 3090, 3060, 3030, 1735, 
1240, and 700 cm-l;  nmr (CDC13) 6 0.62 (3 H, singlet), 0.77, 0.85, 
0.90, 0.95 (15 H, singlets), 2.0 (3 H,  singlet, acetoxy protons), 4.47 
(1 H,  multiplet, 3a proton), 6.075 (1 H, triplet, ethylenic proton, 
J = 7.5 Hz), 6.95-7.5 (10 H ,  multiplet, aromatic protons). 

Anal Calcd for C41H5402: C, 85.07; H, 9.40: 0, 5.53. Found: C, 
84.83; H,  9.24; 0, 5.59. 
3P-Acetoxy-4,4,14a-trimethyI-23,24-diphenyl-5a-cholan-8- 

en-24-one (5 and 5 ' ) .  The rearrangement of compound 4 above 
(1.156 g, 0.002 mol) to  the mixture of ketones 5 and 5' was 
achieved by the Kakis method,7 except that  a stoichiometric 
amount of bromine (5.5-6 ml of a 2% Brz solution in chloroform 
corresponding to ca 0.32 g, 0.002 mol) had to be used to avoid the 
bromination of the A839 double bond. 

The crude mixture (1.4 g) of the diastereomeric ketones 5 and 
5' obtained from this rearrangement was purified by recrystalli- 
zation from a mixture of ethanol and methylene chloride. Thus a 
pure sample (950 mg) of the ketones 5 and 5' was obtained. By 
chromatographing the mother liquors another 70 mg of pure ke- 
tones were obtained, bringing the total yield of ketones to 1.020 g 
(87%): ir (CSZ) 3080, 3060, 3030, 1735, 1685, 1245, 910, 740, and 
700 cm-1. 

Anal. Calcd for C41H5403: C, 82.78; H,  9.15; 0, 8.07. Found: C, 
82.54; H, 8.99; 0, 8.17. 

The separation of the two diastereomeric ketones 5 and 5 ' ,  
which was attempted on a small sample of the mixture, proved t o  
be quite laborious. Separation was finally achieved by thin layer 
chromatography on fluorescent silica using several successive elu- 
tions with pentane-ether (1O:l). Each isomer was subsequently 
recrystallized from a mixture of ethanol and methylene chloride. 

The least polar isomer ( 5 )  gave needles (mp 187-lag"), whereas 
the more polar isomer ( 5 ' )  gave hexagonal plates (mp 229-232"). 
In addition the following physical data were obtained: compound 
5 ,  ["ID (CHC13) -36"; nmr (CDC13) 6 0.55 (3 H, singlet), 0.8 (9 H, 
singlet), 0.9 (6 H, singlet), 1.93 (3 H, singlet, acetoxy protons), 4.5 
(2 H, multiplet, 3a and C23 protons), 6.9-8 (10 H, multiplet, aro- 
matic protons); compound 5', [ a ] D  (CHC13) +108.5"; nmr 
(CDC13) 6 0.45 (3 H, singlet), 0.79 (9 H,  singlet), 0.85 (6 H, sin- 
glet), 1.95 (3 H, singlet, acetoxy protons). 4.45 (2 H ,  multiplet, 30 
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and c23 protons), 6.95-8.05 (10 H, multiplet, aromatic protons). 
3B-Acetoxy-4,4,14cu-trimethyl-5cu-pregna-8,20-diene (6). A. 

From 5 and 5 ' .  A sample (1 g) of the ketone mixture ( 5  and 5 ' )  
was dissolved in pure anhydrous benzene and irradiated for about 
2 hr. Evaporation of the solvents afforded a yellow oil (1.09 g). 
The isolation of the diene 6 from the mixture of photolysis prod- 
ucts was achieved by thin layer chromatography over fluorescent 
silica which contained 8% silver nitrate, using a mixture of pen- 
tane-ether (4:l) as the eluent. Thus a pure sample (0.3 g, 45%) of 
the diene 6 was obtained. Recrystallization from ethanol afforded 
an analytical sample: mp 168-170"; ir (CS2) 3080, 1735, 1240. and 
890 cm-l ;  nmr (CDC13) 6 0.5 (3 H. singlet), 0.8, 0.85, 0.9 (12 H, 
singlets), 1.67 (CZI protons), 1.97 (3 H, singlet, acetoxy protons), 
4.65 and 4.77 (3 H, two singlets and a multiplet, terminal methy- 
lene and 3a protons); [ a ] ~  (CHC13) +47.5". 

Anal. Calcd for C27H4202: C, 81.35; H, 10.62; 0, 8.03. Found: 
C, 80.50; H, 10.41; 0,8.04. 

B. From 11. A sample (500 mg) of the isopropyl ketone 11 was 
subjected to photoelimination by a procedure identical with that  
described for the irradiation of the mixture of phenyl ketones (5 
and 5 ' ) .  Complete disappearance of the ketone in this case re- 
quired over 9 hr of irradiation. Following the same isolation and 
purification procedure used for the photolysis products of com- 
pounds 5 and 5 ' ,  a pure sample (215 mg, 52%) of compound 6 was 
obtained. The physical constants and spectra of this product were 
identical with those obtained for the product isolated from the 
photolysis of the phenyl ketones 5 and 5' in part A above. 
3~-Acetoxy-4,4,14a-trimethyl-5cu-pregn-8-en-2O-one (7).  A 

sample of compound 6 (250 mg, 0.63 mmol) was dissolved in a 
mixture of pyridine (5 ml) and benzene (2 ml). The resulting SO- 

lution was then treated with osmium tetroxide (160 mg, 0.63 
mmol). The mixture became black-red. After the mixture was 
stirred for 1 hr a t  room temperature, a mixture of pyridine (2  ml), 
water (2 ml), and sodium bisulfite solution (2 ml) was added to 
the reaction flask. The stirring was continued for another hour, 
after which the mixture was diluted with water and extracted 
with methylene chloride. The organic phase was then washed suc- 
cessively with aqueous sulfuric acid (IO%), a sodium bicarbonate 
solution (lo%), and distilled water. Drying of the solvents, fol- 
lowed by evaporation, afforded 280 mg of crude 36-acetoxy- 
4,4,14a-trimethyl-5cu-pregn-8-ene-20,22-diol: ir (CS2) 3630, 3580, 
1735, and 1240 cm- l. This intermediate, without purification, 
was dissolved in tetrahydrofuran and treated gradually with a 
mixture of H s I O ~  (150 mg) in tetrahydrofuran. The reaction was 
instantaneous. Extraction of the reaction mixture followed by the 
usual work-up afforded a sample (265 mg) of product 7. Purifica- 
tion was achieved by thin layer chromatography over fluorescent 
silica with a pentane-ether (4: l )  mixture as the eluent followed 
by recrystallization from methanol. Thus 165 mg of the pure (mp 
167-169") product 7 was obtained (66% yield based on compound 
6): ir (CSz) 1735, 1710, and 1240 cm-l ;  nmr (CDClB) 6 0.57 (3 H,  
singlet), 0.85, 0.92, 0.96 (12 H, singlets), 2.03 (3 H, singlet, CZI 
protons), 2.1 (3 H, singlet, acetoxy protons). [ a ] ~  (CHCh), +115"; 
Mass spec. gave molecular ion peak a t  m/e 400. 
3B-Acetoxylanosta-8,24-diene (8). Treatment of a commercial 

lanosterol sample8 with acetic anhydride in pyridine led to a mix- 
ture of the corresponding acetates. Separation was achieved by 
column chromatography over silica impregnated with silver ni- 
trate (lo%), using a pentane-ether mixture (30:l) as the eluent. 
The weight ratio of column packing to mixture was 1OO:l. Thus a 
pure (mp 129-130") sample of compound 8 was obtained (lit.ll 
mp 127-128"). 
3/3-Acetoxylanost-8-en-24-one (11). This ketone was prepared 

from compound 8 by the same series of reactions used by Briggs.2 
The total yield of ketone 11 from compound 8 was 42%. All the 
physical constants and spectra were in agreement with the pre- 
viously reported2 values. 
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In nonpolar solvents with light or radical initiators, 
tert-butyl hypochlorite reacts with olefins to give allylic 
chlorides in good yield by a radical chain process.2 On the 
other hand, Anbar and Ginsberg, in their comprehensive 
re vie^,^ report that, in polar solvents, addition occurs to 
yield p-chloro ethers via electrophilic addition where R’ is 
either tert-butyl or, in an alcohol solvent, the correspond- 
ing alcohol residue. Since we had need of such products 
for another study,* and since yields and procedures were 
ill-defined in the original papers cited by Anbar, we have 
reexamined this polar addition, and find that the success 
of the reaction depends markedly upon reaction condi- 
tions but proceeds particularly smoothly simply by adding 
the hypochlorite to cold olefin-alcohol mixture containing 
a few drops of boron trifluoride etherate. Yields are 50-90% 
and, of particular interest, P-chloro-tert-alkyl ethers can 
be produced which are difficulty accessible by other 
means. Typical results are shown in Table I, and we as- 
sume that reaction occurs via a typical “chloronium ion” 

distribution of 70.2% ortho and 29.8% para and, in compe- 
tition, toluene is 21 times as reactive as benzene. For Clz 
in acetic acid the isomer distribution is reported as 59.8% 
ortho, 0.5% meta, and 39.7% para with toluene 344 times 
as reactive as benzene,6 while with hypochlorous acid in 
water the isomer distribution is 74.6% ortho, 2.2% meta, 
and 23.2% para with a total reactivity 60 times that of 
benzene.7 Our results are much closer to the latter, and 
indicate that the electrophilic species is indeed a tert- 
butyl hypochlorite-boron trifluoride complex, rather than 
traces of adventitious Clz which might be formed during 
the reaction. With tert-butylbenzene we obtain a mixture 
of 53% ortho and 47% p-chloro substitution. 

In summary, our results show that a variety of electro- 
philic addition and substitution reactions of tert-butyl hy- 
pochlorite (and presumably other alkyl hypochlorites) can 
be carried out in good yield under very mild conditions 
using small amounts of boron trifluoride catalyst. The 
reaction provides a simple, efficient synthesis of P-chloro 
ethers and a convenient laboratory alternative to gaseous 
Clz for the chlorination of suitable aromatic nuclei. 

Experimental Section 
P-Chloro Ethers. The preparation of 2-chlorocyclohexyl isopropyl 

ether is typical. Anhydrous isopropyl alcohol (0.1 mol), cyclohex- 
ene (0.1 mol), and a few drops of boron trifluoride etherate were 
placed in a 25-ml flask cooled in ice water. tert-Butyl hypochlo- 
rite (0.03 mol) was added dropwise with stirring. Each drop appar- 
ently reacted immediately. The solvent was removed in vacuo 
and the product was distilled, yield 2.3 g (43.2%), bp 48” (0.1 
mm). Analysis and nmr spectra were consistent with the assigned 
structure and vpc indicated a single isomer, assumed to have the 
trans structure. Other reactions were carried out similarly, using 
equimolar quantities of alcohol and olefin, except that addition to 
isobutylene was made a t  -78”. Yields were determined either by 
vpc or actual isolation as indicated in Table I. 

Table  I 
Preparation of p-Chloro Ethers  

---Yield, %--- 
Olefin Registry no. Product Registry no. VPC Isolated 

Cyclohexene 110-83-8 trans-2-C hlorocyclohexyl 51286-79-4 49 49 

C yclohexene trans-2-C hlorocyclohexyl 51286-80-7 57 43 
tert-butyl ether 

isopropyl ether 
C yclohexene trans-2-C hlorocyclohexyl 51286-81-8 96 66 

n-propyl ether 
Isobutylene 115-11-7 Chloro-tert-butyl n-propyl 51286-82-9 67 

ether 

intermediate which then reacts with solvent as the pre- 
dominant nucleophile. Although the preparation appears 
general for simple olefins, it fails with negatively substi- 
tuted olefins such as 1,l- and cis-1,2-dichloro- and trichlo- 
roethylene. 

t-BuOC1 + CHz=CHR+ ClCHzCH(0R’)R 

We were also unable to observe any cyclized product on 
attempting to prepare the hypochlorite from 4-penten-1-01 
in situ and then carrying out the addition, although others 
have reported accomplishing the cyclization via a radical 
path.5 

Anbar3 also reports a few examples of acid-catalyzed 
electrophilic aromatic substitution by tert-butyl hypo- 
chlorite, and such reactions have occasionally been noted 
as complications in attempted radical chlorination of al- 
kylbenzenes with strong electron-supplying groups and in 
the reactions of complex hypochlorites containing reactive 
aromatic n ~ c l e i . ~  We find that the tert-butyl hypochlo- 
rite-boron trifluoride technique leads to smooth chlorina- 
tion of benzene, chlorobenzene, and toluene at room tem- 
perature, although the reaction fails with more negatively 
substituted aromatics. With toluene we obtain an isomer 

Aromatic substitution reactions were carried out by adding 
hypochlorite a t  or below room temperature to an excess of the ap- 
propriate aromatic (or mixture) in the presence of a small 
amount of boron trifluoride etherate but no added solvent. The 
yellow color of the hypochlorite disappeared within 0.5 hr, and 
total yields (essentially quantitative) and product distributions 
were determined by vpc using known standards. The spread of 
analytical results indicated tha t  the isomer distributions reported 
are reliable to *1-2%. 

Registry No.-tert-butyl hypochlorite. 507-40-4; boron trifluo- 
ride, 7637-07-2. 
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