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yield). An analytical sample was isolated by preparative GLC (see 
Table I for NMR data): ir (neat) 3080 (w), 3020 (m), 2970 (m), 
2930 (s), 1455 (m), 740 (s), 718 (m), and 700 cm-l (m); mass spec- 
trum mle 144 (molecular ion). Anal. Calcd for C11H12: C, 91.61; H, 
8.39. Found: C, 91.47; H, 8.43. 

Generation of Benzyne in  the Presence of trans-l,a-Penta- 
diene. When the above procedure was applied using the trans 
diene, a mixture of 1 and 2 was isolated (62% yield combined). The 
ratio 1:2 was 3.9:l (GLC). The isomers were separated by prepara- 
tive GLC. 

1: NMR (CDC13) 1.31 (d, J = 6.8 Hz, 3 H, methyl), 3.38 (broad s, 
3 H, benzylic), 5.88 (m, 2 H, olefinic), and 7.16 ppm (m, 4 H, aro- 
matic); ir (neat) 3035 (w), 3026 (m), 2970 (m), 2930 (m), 2880 (m), 
1581 (w), 1492 (m), 1450 (m), 747 cm-l (s); mass spectrum m/e 144 
(molecular ion). Anal. Calcd for CIIH12: C, 91.61; H, 8.39. Found: 
C, 91.46; H, 8.43. 

2: NMR, see Table I; ir 3080 (w), 3030 (m), 2970 (m), 2930 (w), 
1460 (m), 965 (s), 745 cm-I (9); mass spectrum m/e 144 (molecular 
ion). Anal. Calcd for CllH12: c, 91.61; H, 8.39. Found: C, 91.61; H, 
8.33. 

Oxidation of 3.17 To 29 ml of a NaI04-KMn04 solution (0.38 M 
NaI04 and 0.0064 M KMn04) was added 20 ml of t-BuOH and 
enough K2C03 to achieve a pH of 8. To this was added 20 mg of 3. 
The solution was stirred at room temperature for 5 hr. After acidi- 
fication with 2 M HC1, the solution was extracted five times with a 
1:l mixture of ether and pentane. The combined organic extracts 
were dried over anhydrous MgS04. The solvent was removed by 
distillation. The acetic acid in this residue was removed by vapor 
transfer and identified by comparing its NMR spectrum with that 
of authentic material. The mass spectrum of the residue showed a 
molecular ion (m/e 148) consistent with CgHg02. The NMR spec- 
trum was identical with that of independently prepared benzocy- 
clobutene-1-carboxylic acid. 

Oxidation of 1. A mixture of 40 mg of 1, 63.5 mg of dichlorodi- 
cyanoquinone, and 1 ml of benzene was brought to reflux for 15 
min. After cooling, 50 ml of pentane was added and the mixture 
was filtered. The filtrate was then passed through a short column 
of alumina using pentane as the eluent. The solvent was removed 
under vacuum. The NMR spectrum was identical with that of 
commercial 1-methylnaphthalene. 
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An effective way t o  protect an  alcohol is via its benzyl 
ether.2 However, t he  common ways used t o  remove this 
blocking group (i.e., catalytic hydrogenation or alkali metal  
reduction) involve conditions which may not be applied t o  
molecules where other easily reduced functional groups a re  
present. We wish to  report a straightforward procedure 
whereby a benzyl group can be cleanly removed electroche- 
mically under mild, oxidative  condition^.^ This  provides a 
complementary alternative t o  the  presently used reductive 
methods. 

Early work by Lund4 revealed that the  oxidation poten- 
t ial  for t h e  benzyloxy group was low enough t o  allow elec- 
trochemical oxidation. This  work was followed by other 
studies5--7 which indicated that the  oxidation of benzylic 
ethers, esters, or alcohols will proceed to  form benzalde- 
hyde. T h e  probable mechanism of this reaction is as shown 
in Scheme I. Even though previous workers have focused 

Scheme I 

ArCH,OR 5 .& CHIOR Ar bHOR + H‘ 

ArCHO + ROH +-- ArCHOHOR+ H‘ 

attention on  the  formation of t he  aromatic aldehyde, con- 
comitant formation of t he  alcohol in the  above sequence 
has been confirmed by Miller? who, in fact, suggested the  
possible usefulness of this reaction as a method of cleaving 
benzyl protecting groups. However, t he  generality and  util- 
i ty of this reaction apparently have not been tested, possi- 
bly because of Miller’s observation t h a t  constant “pulsing” 
of t h e  electrode potential was necessary in order to  obtain 
reasonable yields. Without this pulsing, Miller reports that 
under his conditions (anhydrous acetonitrile with added 
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Table I 
Isolated Yields of Alcohols from Electrolyses of Their 

p-Anisyl Ethers  at 1.65 V (YCE) 

Alcohol Yield, % Alcohol Yield, % 

1-Octanol 98 $.-& 74a 
2-Octanol 90 Ho 
1 -Borneol 93 PhCH,OH 75 
Cholesterol 89 2,6-Dichlorobenzyl 88 
PhOCHzCHzOH 74 alcohol 

Cyclododecanol 89 

a The dianisyl ether was used. 

sodium carbonate) the anode becomes fouled, causing a sig- 
nificant drop in the current. 

Viewing the above reaction in terms of its potential use- 
fulness in the synthesis of complex molecules, we have 
sought to test the generality of the reaction on a variety of 
compounds, and to develop a simple methodology whereby 
consistently high yields would be possible. 

Consideration of the mechanism in Scheme I would lead 
one to  expect that an electron-supplying substituent on the 
aromatic ring would make the initial oxidation step easier. 
This is in fact ~ b s e r v e d ; ~  so we have concentrated our ef- 
forts on the study of p-methoxy substituted benzyl ethers, 
thus enabling us to  work at  a potential lower than is neces- 
sary for the oxidation of most other substituted benzyl 
ethers, or simpled unsubstituted benzyl ethers. Although 
acids have been protected as their p -  anisyl  ester^,*^^ p-ani- 
syl ethers have not been widely used previously, probably 
because no particular advantage over benzyl ethers was en- 
visaged. We anticipate no problems in using them, how- 
ever, and they are easily prepared. 

Utilizing controlled-potential electrolysis, we have ob- 
tained good yields in a variety of functionalized systems 
when the electrolysis is performed in 60-85% aqueous ace- 
tonitrilelo with lithium perchlorate (0.1 M )  as the support- 
ing electrolyte. The presence of water (as an available nu- 
cleophile capable of attacking the intermediate benzyloxy 
carbonium ion) produces a much cleaner reactions and ob- 
viates the need for electrode "pulsing", thus simplifying 
the experimental t e ~ h n i q u e . ~  The electrolyses were per- 
formed a t  f1.65 V relative to SCE. Table I summarizes the 
results. 

Since convenience in the isolation of the free alcohol is 
an important criterion, it should be pointed out that the 
other product of this reaction, anisaldehyde, is readily re- 
moved from the reaction mixture by extraction with satu- 
rated aqueous sodium bisulfite solution. In each case the 
product was appropriately purified (usually by distillation) 
to  give the isolated yields listed in Table I. In some of the 
compounds studied it is not possible to remove the pro- 
tecting group using standard reductive techniques without 
concomitant reduction of other functionality. 

Although we have concentrated mainly on anisyl ethers 
owing to their low oxidation potential, benzyl ethers (or 
other types of substituted benzyl ethers) may also be re- 
moved in this manner by raising the oxidation potential to 
2.0 V. The results of the oxidation of the benzyl ether of 1- 
borneol is an illustrative example (68% yield). Since the ox- 
idation potentials of p -  anisyl and benzyl are substantially 
different, it  should be possiblell to have two different alco- 
hol groups in the same molecule protected, one perhaps as 
the p-anisyl ether and the other as the benzyl ether, and to 
selectively remove first the anisyl protecting group by elec- 
trolysis a t  +1.65 V, and a t  a later time to remove the benzyl 
by electrolysis a t  +2.0 V. This high degree of selectivity is 

illustrated by the electrolyses of the p-anisyl ethers of ben- 
zyl alcohol and 2,6-dichlorobenzyl alcohol, which electro- 
lyzed to produce benzyl alcohol and 2,6-dichlorobenzyl alco- 
hol, respectively, uncontaminated with any anisyl alcohol. 

Experimental  Section 
p-Anisyl chloride was prepared by treating anisyl alcohol with 

thionyl chloride in ether containing a catalytic amount of pyridine. 
Distillation gave the chloride in 86% yield, bp 85-90' (2 mm) [lit.12 
bp 101-103° (8-10 mm)]. 

Preparation of Anisyl Ethers. The ethers were prepared via a 
Williamson synthesis. The general procedure involved stirring the 
required alcohol with sodium hydride in anhydrous DMF until gas 
evolution had ceased. The resulting solution was treated with an 
equimolar amount of anisyl chloride. After 1 hr an additional 
amount of anisyl chloride was added so that it was present in a 
20% excess. After stirring overnight, the solution was poured over 
ice and the resulting suspension was extracted with chloroform. 
The organic phase was washed with sodium hydroxide solution 
and with water, dried with magnesium sulfate, and concentrated to 
give the desired ether. Before electrolysis the crude ethers were 
distilled, recrystallized, or chromatographed. 

Electrochemical Apparatus. A simple electrochemical cell was 
constructed from a beaker and a glass tube of about 75-ml capacity 
which was sealed at  one end with a sintered glass frit of medium 
porosity. The frit was covered with a gel13 of 0.1 M lithium per- 
chlorate in DMF and methyl cellulose. This isolates the cathode 
and anode, while maintaining electrical conductivity between the 
two. The tube was suspended in the beaker and the inside of the 
tube was utilized as the anodic chamber. A platinum wire cathode 
and a platinum mesh anode were used. The power source was a 
Wenking 70HVI potentiostat (Brinkmann Instruments). 

Electrochemical Oxidation. General Procedure. A solution 
of 60-85% aqueous acetonitrile was made 0.1 M in lithium perchlo- 
rate.I0 This solution was placed in the electrochemical cell. To the 
anode chamber was added 4 mmol of the compound to be electrol- 
yzed, and the solution was electrolyzed at  +1.65 V (SCE) until the 
initial current of ca. 200 mA had dropped to less than 3 mA. The 
anolyte was concentrated in vacuo with minimal heating until the 
acetonitrile was removed. (The solution may be neutralized before 
concentration to minimize any reaction under the acidic conditions 
of the concentrated solution, but for the compounds listed in 
Table I we observed no undesirable reactions when this neutraliza- 
tion was omitted. Caution: Under no circumstances should the so- 
lution be euaporated to dryness.) The resulting aqueous suspen- 
sion was saturated with sodium chloride and extracted with ether. 
The combined ether extract was washed with saturated sodium bi- 
sulfite solution, dried, and concentrated to yield products which 
were essentially pure by NMR analysis. The residue was then ap- 
propriately purified. The yields of the purified materials are listed 
in Table I. 
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A survey of the literature reveals that  there has been one 
study of the addition of bromine chloride to an allene,l and 
many investigations of the addition of this electrophile to 
olefins,2a-e but that no studies on the addition of bromine 
chloride to conjugated dienes have been undertaken. Ear- 
lier established that molecular bromine chloride 
adds to olefins via a bromonium ion-chloride ion ion pair, 
in which the rate-determining step involves formation of 
this ion pair. In the most recent investigation,2a Bellucci et 
al. compared the addition of bromine chloride with that of 
pyridine-bromine chloride complex, and concluded that 
the second, product-determining step is rate determining 
in the case of the ~ o m p l e x . ~  

I t  seemed to us that it would be of interest to investigate 
the reaction of these halogenating agents with the conju- 
gated diene cyclopentadiene. We chose cyclopentadiene be- 
cause it offered the possibility of both cis and trans 1,2 and 
1,4 addition, and because we had recently studied the addi- 

tions of chlorine4 and bromine5 to  this diene. In the present 
study we were particularly interested in comparing the ad- 
dition of bromine chloride with amine-bromine chloride 
complexes, since if these reagents do involve different rate- 
determining steps they would likely produce a different 
mixture of stereoisomeric bromochlorocyclopentenes. 

The possibility of anti-Markovnikov addition was also 
considered, since chloride ion could add to either of the 
carbons (bonded to bromine) as illustrated in the following 
reaction. 

Br 

+ B  c1- - ' Q +  dl 

4 
anti-Markovnikov 1 

Markovnikov 

Delocalization of the charge (resulting in unsyrnmetrical 
bridging, Le., weaker bonding between carbon 3 and bro- 
mine) is probable here since a secondary carbonium ion 
would result.6 Extensive delocalization should favor cis at- 
tack of chloride ion (as in the case of the chlorination of cy- 
~ lopentadiene~)  to give cis 1,2 addition as shown below. 

5 

Results and Discussion 
The addition of bromine chloride and amine--bromine 

chloride complexes to cyclopentadiene resulted in the for- 
mation of only three isomeric bromochlorocyclopentenes: 
trans-4-bromo-3-chlorocyclopentene (l), trans-3-bromo- 
5-chlorocyclopentene (2), and cis-3-bromo-5-chlorocyclo- 

(yBr 
dl - 

2 .l 

pentene (3). The ratios and yields of these isomers formed 
under various conditions are shown in Table I. 

The data in Table I show that all of the amine-bromine 
chloride complexes react with cyclopentadiene to give very 
similar mixtures of bromochlorocyclopentenes, and that 
the product composition from the complexes is cansidera- 
bly different from that of bromine chloride. In paiticular, 
bromine chloride gives significantly more cis 1,4 addition 

Table I 
Addition of Bromine Chloride and Amine-Bromine Chloride Complexes to Cyclopentadiene 

Bromochloro cyclopentenes 
~ ~~ 

Iialogenating agent Solvent Temp, ' C 1 2 3 Yield, % 

BrCl 
BrCl 
BrCl 

Pyridine-BrC1 
Pyridine-Br C1 
Pyridine-BrC1 
BrCl 
Pyridine-BrC1 
Quinoline-Br C1 
3,5-Lutidine-BrCl 
2,6-  Lutidine-BrC1 

C5H12 
CH,C1, 
cc1, 

C 5 H 1 2  
CHzClZ 
cc1, 
CH,Cl, 
CHZC1, 
CHZC1, 
CH2C1, 
CHZC1, 

-15 
-15 
-15 

-15 
-15 
-15 

25 
25 
25 
25 
25 

34 
22 
25 
27 
53 
90 
51 
25 
79 
63 
83 
73 

18  
15 
12 
15  
21 
4 

22 
15  
10 
16  

9 
13 

48 
63 
63 
58 
26 

6 
27 
60 
11 
21 
8 
14 

78 
68 
76 

81 
78 
86 
64 
72 
83 
74 

108 


