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The cathodic behavior of 0-(3-butenyl)fluorobenzene (1) at mercury and lead cathodes in DMF was investigated. 
Cyclic voltammograms were recorded, and the products of preparative electrolyses were isolated and identified. 
The reduction products at either cathode were 1-methylindane (3) and 3-butenylbenzene (2), the f i t  predominating 
in all experiments with dry solvent. The effects of various reaction conditions on the product composition were 
studied, and the highest yield of 3 was obtained at a lead cathode at 22 "C (3/2 = 3.8). Dimethylpyrrolidinium 
(DMP+) was tested as a possible catalyst for the reduction of 1. It catalyzed the reaction and increased the 
proportionate amount of the cyclic product. However the mediated process at lead was very inefficient. The 
mechanism for the reductive cyclization of 1 at mercury and lead and the mediation by DMP+ are discussed. 
It is proposed that tetraalkylammonium-metals are involved in these processes. 

Introduction 
Reduction of halobenzenes can be accomplished with a 

variety of reagents, including a cathode. Electrochemical 
studies have been useful in investigating the mechanisms 
of reduction of halobenzenes.2 

Cyclic voltammograms (CV) of halobenzenes at mercury, 
platinum, or carbon electrodes exhibit a single irreversible 
reduction peak. The CV peak potentials vary with the 
halogen and become more negative in the order PhI < 
PhBr < PhCl < PhF. The cathodic product of halo- 
benzenes is benzene. The reaction is believed to proceed 
via the mechanism outlined in Scheme I, 

Scheme I 
PhX + le- - PhX*- 

PhX'- - Ph' + X- 
path A: 

Ph' + le- - Ph- 
Ph- + ZH - PhH + Z- 

path B: 

Ph' + ZH - PhH + Z' 
Z' + le- - Z- 

where ZH is the solvent, tetrabutylammonium ion (sup- 
porting electrolyte), or residual moisture. Following path 
A or path B, two electrons per molecule are consumed. 
Homogeneous catalysts have been used as mediators for 
the cathodic reduction of halobenzenes, and homogeneous 
redox catalysis studies3 have provided thermodynamic and 

(1) Department of Chemistry, Grinnell College, Grinnell, IA 50112. 
(2) Hawley, K. D. Encyclopedia of Electrochemistry of the Elements; 

Bard, A. J., Lund, H., Eda.; Marcel Dekker: New York, 1980; Vol XIV, 
Chapter 3 and references therein. 

(3) Andrieux, C. P.; Blocman, C.; Dumas-Bouchiat, J.-M.; SavBant, J. 
M. J. Am. Chem. SOC. 1979, 101, 3431. 
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kinetic information about the mechanism in Scheme I. For 
example, using such techniques, SavBant and co-workers4 
determined that for PhF E" = -2.97 V (SCE) and that the 
rate constant for the cleavage of P h P -  is greater than lo6 
S-1. 

Beckwith and co-workers have reported that phenyl 
radicals with o-3-butenyl substituents cyclize, to form 
1-methylindane derivatives5 and have used such cycliza- 
tions to probe the mechanisms of reactions which were 
thought to involve the intermediacy of aryl radicals? Such 
cyclization reactions have recently been used to investigate 
the intermediacy of aryl radicals, in the cathodic reduction' 
of 4 and in the reduction of 1 , 4 ,  and the analogous iodo 
and chloro compounds by solvated electrons in liquid am- 
monia.8 

1, X = F  
4, X = B r  

I 2 
3 

Reduction of tetraalkylammonium ions (R4N+) at a 
variety of electrodes forms tetraalkylammonium-metals 
(R4N-metals). R4N-metals are insoluble composites that 
contain R4N+ cations, metal from the electrode, and 
e l e~ t rons .~  Of particular relevance here are the R4N- 
metals derived from dimethylpyrrolidinium (DMP+) and 

(4) Andrieux, C. P.; Blocman, C.; S a v b t ,  J. M. J. Electroanul. Chem. 
Interfacial Electrochem. 1979, 105, 413. 

(5) Beckwith, A. L. J.; Gara, W. B. J. Am. Chem. SOC. 1969,91,5689, 
5691. Beckwith, A. L. J.; Meijs, G. F. J. Org. Chem. 1987, 52, 1922. 

(6) Beckwith, A. L. J.; Gara, W. B. J. Chem. Soc., Perkin Trans. 2, 
1975, 795,593. Beckwith, A. L. J. Tetrahedron 1981, 3073. 

(7) Ross, G. A.; Koppang, M. D.; Bartak, D. W.; Woolsey, N. F. J. Am. 
Chem. SOC. 1985,107,6742. Koppang, M. D.; Ross, G. A.; Woolsey, N. 
F.; Bartak, D. E. J. Am. Chem. SOC. 1986, 108, 1441. 

(8) Meija, G. F.; Bunnett, J. F.; Beckwith, A. L. J. J. Am. Chem. SOC. 
1986, 108, 4899. 

(9) Kariv-Miller, E.; Lawin, P. B.; Vajtner, Z. J. Electroanal. Chem. 
Interfacial Electrochem. 1985, 195, 435. 
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Table I. Constant-Potential Preparative Reductions of 1 at Mercury" 
product dist 

-ESb V W E )  IDMP+l. mM Q,' F mol-' 1, % 2,  % 3,  % 312 current efficiency: % 

2.90 0 1 43 12 28 2.3 80 
2.90 0 2 11 20 50 2.5 70 
2.75 1 1 50 6 29 4.8 70 
2.75 1 2 20 11 47 4.3 58 
2.75 le 0.5 59 12 9 0.8 84 

Current density ranged from 2 to 0.5 mA cm-2. 
cAmount of charge transferred per moles of 1 in solution. dCalculated from the total product (2  + 3)  yield and Q, assuming 2e- process. 

Electrolyte solution: 0.1 M Bu4NBF4 in DMF. Reactions carried out in an ice bath. 

e0.56 M H20 added. 

mercury'" or lead.'l DMP+ is reduced reversibly a t  these 
metal (M) cathodes to form DMP(Hg5) and DMP(Pb5): 

(1) 
The products are solids that deposit a t  the electrode 
surface. They are strong reducing agents and can, in turn, 
reduce a variety of difficult to reduce organic molecules. 
The net effect is that DMP+ can act as a catalyst, and in 
the presence of small amounts of DMP+ it is possible to 
reduce compounds at potentials a t  which the compounds 
themselves are electroinactive. For example DMP+-me- 
diated reduction of fluorobenzene (E" = -2.97 V (SCE)I) 
a t  a mercury cathode was achieved a t  -2.75 V (SCE).12 
Mediation by DMP+ can also redirect the pathway of re- 
duction and cause the formation of products different from 
those formed in the absence of DMP+. For example,13 
6-hepten-2-one is reduced a t  mercury cathodes a t  -3.00 V 
(SCE) to 6-hepten-2-01. In the presence of DMP+, the 
same substrate is reduced at -2.70 V (SCE), and the sole 
product is 1,2-dimethylcyclopentanol which results from 
cyclization a t  the radical anion stage. This and other 
examples indicate that DMP+-mediated reductions tend 
to favor transformations that proceed via a single electron 
transfer: 

org + DMP(M5) - orgo- + DMP+ + 5M (2) 
Considering the interest in intramolecular radical cy- 

clization~'~ and the reports on the mediated cathodic re- 
duction of fluorobenzene, it seemed of interest to study 
the cathodic behavior of 0-(3-butenyl)fluorobenzene (1). 
We investigated the reduction of 1 a t  mercury and lead 
cathodes, and we probed the effect of catalytic amounts 
of DMP+ on the reactions. The goals were to determine 
whether 1 can be reduced a t  these cathodes, to identify 
and quantify the reduction products, and to determine 
whether DMP+ has an effect on the processes or the 
products. 

Results 
Experiments were carried out in dimethylformamide 

(DMF) with tetrabutylammonium (Bu,N+) tetrafluoro- 
borate as the supporting electrolyte. The working elec- 
trodes were a mercury drop or a lead wire for cyclic vol- 
tammetry and a mercury pool or a lead plate for prepa- 
rative electrolyses. The reference electrode was a SCE, and 
all potentials are reported vs SCE. The reduction products 

(10) Kariv-Miller, E.; SvetliEiE, V. J. Electroanal. Chem. 1986, 205, 
319. Ryan, C. M.; SvetliEiE, V.; Kariv-Miller, E. J. Electroanal. Chem. 
1987,219,247. Ryan, C. M.; SvetliEiE, V.; Kariv-Miller, E. J. Chem. SOC., 
Faraday Trans. 1 1988,84, 4023. 

(11) Kariv-Miller, E.; Lawin, P. B. J. Electroanal. Chem. 1988,247, 
345. Lawin, P. B.; SvetliEiE, V.; Kariv-Miller, E. J. Electroanal. Chem. 
1989,258, 357. 
(12) Kariv-Miller, E.; Vajtner, Z. J. Org. Chem. 1985, 50, 1394. 
(13) Kariv-Miller, E.; Mahachi, T. J. J. Org. Chem. 1986, 51, 1041. 

Swartz, J. E.; Mahachi, T. J.; Kariv-Miller, E. J. Am. Chem. SOC. 1988, 
110,3622; Swartz, J. E.; Kariv-Miller, E.; Harrold. S. J. J. Am. Chem. SOC. 
1989,111,1211. 

DMP+ + le- + 5M - DMP(M5) 

(14) Curran, D. P. Synthesis 1988,417,489. 

I a 

-2.4 -2.6 -2.8 -3.0 
E (V vs SCE) 

Figure 1. Cyclic voltammetry of 0-(3-butenyl)fluorobenzene (1); 
0.1 M Bu NBF, in DMF at 25 "C; sessile mercury drop electrode; 
50mVsWf; (a )  2 m M  l , ( b ) 2  mMDMPBF, , ( c )2  m M  DMPBF, 
+ 10 m M  1. 

were isolated and identified by comparison with authentic 
samples (GC, NMR, MS). The composition of reaction 
mixtures was determined quantitatively by means of 
calibrated GC. 

Reduction at Mercury Cathodes. Cyclic voltammo- 
grams (CV) of 0-(3-butenyl)fluorobenzene (1) showed an 
irreversible peak at -2.95 V (Figure la), close to the sol- 
vent-electrolyte decomposition. The reduction of DMP+ 
is reversible, and its CV (Figure lb)  showed the typical 
couple of cathodic and anodic peaks. I t  is noted that the 
steep rise of the cathodic current and the abrupt decrease 
of the anodic current, as well as the large peak separation, 
are characteristic of the deposition and stripping of sol- 
ids.lOJ1 Addition of the organic substrate 1 to solutions 
of DMP+ caused an increase of the cathodic CV current 
for DMP+ (Figure IC). Such an increase is expected in 
catalytic processes and commonly serves as an indication 
for catalysis. When the reduced catalyst (in this case 
DMP(Hg6)) transfers electrons to the substrate (eq 2), its 
oxidized form (in this case DMP+) is regenerated, in- 
creasing its effective concentration and consequently the 
cathodic peak current. 

For comparison, CVs of o-fluorotoluene and of DMP+ 
with this substrate were recorded. The traces were iden- 
tical with those shown for 1 in Figure la,c, correspondingly. 

Preparative reductions were performed a t  a constant 
potential. The products were 3-butenylbenzene ( 2 )  and 
1-methylindane (3) ,  and the product distribution at various 
conditions is presented in Table I. Reduction of the 
reactant 1 (50 mM) alone took place a t  -2.90 V. In the 
presence of DMP+ (1 mM), it was achieved a t  -2.75 V, a 
potential a t  which without the catalyst the current was 
negligible. The cyclic 3 was the major product in all dry 
DMF experiments, but its proportional amount was larger 
in DMP+-mediated reactions. The ratio of yields 312 in 
the presence of DMP+ was about twice of that obtained 
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Table 11. Constant-Potential Preparative Reductions of 1 a t  Lead" 
product dist 

-E,b V (SCE) [DMPt], mM Q,' F mol-' 1, % 2, 90 3, % 312 current efficiency: % 
2.95 0 1 50 11 25 2.3 72 
2.95 0 2 6 19 52 2.7 71 
2.75 5 1 85 1 7 7.0 16 
2.75 1 1 82 1 9 9.0 20 
2.75 5 4 48 4 21 5.3 13 

Current density ranged from 1.8 to 1.1 mA cm-2. 
CAmount of charge transferred per moles of 1 in solution. dCalculated from the total product (2 + 3) yield and Q, assuming 2e- process. 

Electrolyte solution: 0.1 M Bu4NBF4 in DMF. Reactions carried out in an ice bath. 

Table 111. Effect of Temperature on Constant-Potential [ E  
= -2.95 V (SCE)] Preparative Reductions of 1 at  Lead" 

measd current 
current, mA product distb efficiency? 

T,  "C cm-2 2, % 3, % 312 % 
-18 1.2-0.2 11 25 2.3 72 

0 1.8-1.1 11 25 2.3 72 
22 2.4-1.6 8 28 3.5 72 
60 3.0-2.8 7 25 3.6 64 

" Electrolyte solution: 0.1 M Bu4NBF4 in DMF. The amount 
of charge transferred, Q, was equivalent to 1 F/mol reactant. The 
electrolysis mixture contained -50% unreacted 1. Calculated 
from the total product (2 + 3) yield and Q, assuming 2e- process. 

in its absence. During electrolyses with DMP+ the black 
DMP(Hg6) was visible a t  the electrode surface, and the 
catholyte turned green. When H 2 0  (0.56 M) was added 
to DMP+-mediated preparative experiments, the amount 
of cyclic product 3 diminished significantly. 

Preparative experiments are easier and cheaper when 
performed under constant-current conditions. We there- 
fore tested such conditions for the reduction of 1 mediated 
by DMP+. At constant currents less cyclic product 3 was 
formed than a t  constant-potential experiments. .After 
transfer of charge equivalent to 2 F/mol of reactant, the 
product distribution was at  1.6 mA cm-2 22% of 2 and 37% 
Of.3 (312 = 1.7) and at  0.8 mA cm-2 18% of 2 and 50% of 
3 (312 = 2.8). The current efficiency in these reactions was 
59% and 68%, respectively. The potential of the cathode 
during these reductions was somewhat dependent upon 
the current and extent of the electrolysis but was near -2.7 
V in all cases. 

Reduction at Lead Cathodes. CVs of 1 a t  lead re- 
sembled those a t  mercury and showed a reduction peak 
close to background decomposition. However, the poten- 
tials for both the reduction of 1 and the electrolyte de- 
composition were about 50 mV more positive at  lead than 
a t  mercury. The irreversible reduction of 1 at  lead was 
observed at  -2.90 V. The CVs of DMP+ at lead which 
showed a reversible redox couple around -2.6 V were the 
same with or without 1 in solution. Thus with cyclic 
voltammetry no catalysis of the reduction of 1 by DMP+ 
could be detected. 

Preparative reductions of 1 a t  lead cathodes yielded 2 
and 3, and the results obtained a t  various conditions are 
presented in Tables 11-IV. The reduction of the reactant 
1 alone at  lead was similar to that on mercury. The po- 
tentials, product distribution and current efficiencies for 

Scheme I1 

I + le-  1'- 

1'- - + F- 

2 '  

2 '  - q 
'CH2 

3 '  

3 ' +  l e -  + ZH -.) 3 + z- 

2 '  + le- - 
2-  

2- - qH2 
3- 

3- + ZH - 3 + Z- 
2- + ZH - 2 + Z- 

both metals were quite close (Table 11). In the presence 
of DMP+ (like at  mercury) the reduction of 1 at  lead could 
be affected at  -2.75 V, and the relative yield of the cyclic 
product 3 increased dramatically (Table 11). However, the 
current efficiency for this reaction was very low, rendering 
it impractical for preparative purposes. 

The effect of temperature on reductions at  lead was also 
investigated (Table 111). Increasing the temperature in- 
creased the reaction current of 1 when it was reduced alone 
and improved the relative yield of the cyclic product 3. 
The DMP+-mediated reductions were unaffected in the 
range -18 to 60 OC. 

Reductions of 1 at  a constant current were also per- 
formed a t  several temperatures (Table IV). When the 
current was relatively low (1.6 mA cm-2), the results were 
similar to those for constant-potential experiments at  the 
same temperature. At  higher currents the relative yield 
of the cyclic product 3 was smaller. 

Discussion 
The cathodic reduction of 0-(3-butenyl)fluorobenzene 

(1) can be accomplished a t  either mercury or lead elec- 

Table IV. Constant-Current PreDarative Reductions of 1 at  Lead" 
product dist 

appl I, mA cm-2 T,  "C measd -E, V (SCE) 1, % 2, % 3, % 312 current efficiency,b % 
1.6 0 2.86-2.90 48 11 29 2.6 80 
1.6 60 2.67-2.72 54 7 26 3.7 66 
4.8 22 2.91-2.98 52 10 26 2.6 72 
1.6c 22 2.79-2.97 6 14 53 3.8 67 

=Electrolyte solution: 0.1 M Bu,NBF, in DMF. The amount of charge transferred, Q, was equivalent to 1 F/mol reactant. bCalculated 
from the total product (2 + 3) yield and Q, assuming 2e- process. cThis reaction was carried out to 2 F mol-'. 
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trodes. Comparison with fluorotoluene and alkenes15 in- 
dicates that C-F rather than C=C is the electroactive 
functionality of 1. The reduction products of 1 are 3-bu- 
tenylbenzene (2) and 1-methylindan (3). The first is the 
product of hydrodefluorination, which most likely follows 
steps similar to those shown in Scheme I for the hydro- 
dehalogenation of halobenzenes. The formation of 3 in- 
volves cyclization, and a possible mechanism for this 
process is outlined in Scheme 11. The radical 2’ obtained 
from 1 after electron transfer (Ml) and elimination of F- 
(M2) can cyclize (M3). The resulting cyclic radical 3‘ can 
yield 3 by either path A (le-, ZH) or path B (ZH, le-) 
described in Scheme I. Either way would lead to the same 
cyclic product 3 with an overall consumption of 2e- per 
molecule of reactant. Since distinction between path A 
and path B is not possible, a t  this stage, they have been 
combined as step M4. An alternative or an additional 
pathway to 3 involves reduction of the radical 2’ (M5) 
followed by cyclization of the anion 2- (M6) and proton- 
ation of the cyclic anion 3- (M7). This route requires that 
step M6 be competitive with step M8, namely, that cy- 
clization of 2- be faster than its protonation. This seems 
unlikely under our conditions. The rate constant should 
be, in principle, large, and the medium contains possible 
proton sources like residual water (in the DMF) and Bu4N+ 
from the electrolyte. 

Reduction of 1 Mediated by DMP+ at Mercury. The 
preparative reduction of 1 in the presence of DMP+ can 
be achieved at the reduction potential of the catalyst at 
which the reactant 1 is electroinactive. This can be ra- 
tionalized by replacing step M1 in Scheme I1 with steps 
M9 and M10. The formation of DMP(Hg,) takes place 

DMP+ + le- + 5Hg - DMP(Hg,) (M9) 
1 + DMP(Hg,) - 1’- + DMP+ + 5M (M10) 

around -2.7 V, and therefore the initial electron transfer 
and all the consecutive steps in Scheme I1 can occur at this 
potential. This mechanism is supported by the CV ex- 
periments which show increased current a t  the cathodic 
E,  for DMP+, when both the reactant and the catalyst are 
present in solution. 

In addition to shifting the reduction potential to a more 
positive value, DMP+ also affects the products of 1. It 
enhances cyclization to 3 as compared to simple hydro- 
defluorination to 2. The proportion between cyclization 
and hydrodefluorination, 312, is obviously a complex 
function of several factors, including the relative impor- 
tance of radical (M3) and anion (M6) cyclizations and the 
rate of escape of the radical 2’ from the vicinity of the 
electrode, prior to reduction (M5). The larger value of 312 
caused by DMP+ seems to indicate that radical cyclization 
(M3) rather than anion cyclization (M6) is the main route 
from 1 to 3. This would be in concert with previous reports 
that DMP+-mediated reductions and reductions mediated 
by homogeneous redox c a t a l y ~ t s ’ ~ J ~  favor pathways in- 
volving additional chemical reactions after single-electron 
transfer, over pathways involving rapid two-electron 
transfer. An important example is the reduction of 0-(3- 
buteny1)bromobenzene (4), for which it was found7 that 
the ratio of yields 312 increased from 1 to 8 by adding a 
homogeneous redox catalyst to the system. The assump- 
tion of a radical cyclization pathway is strengthened fur- 
ther by the results of preparative electrolyses in solutions 
containing 0.56 M HzO. Under these conditions, which are 
bound to enhance protonation of 2- (M8) at the expense 
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of its cyclization (M6), about 40% of the product of 1 is 
the cyclic 3 (Table I). In the reduction of the bromo- 
derivative 4,l under conditions a t  which cyclization of 2- 
was the predominant pathway to 3, addition of 0.40 M H20 
to the electrolysis solution diminished the yield of the 
cyclic product 3 to only 5%. The reason for the preference 
of DMP+-mediated reduction to proceed via radical cy- 
clization (le-) rather than hydrodehalogenation (2e-) is 
unclear. I t  could be associated with eliminating slow ki- 
netics at the electrode surface (Ml), which necessitate -2.9 
V for electron transfer, replacing it with fast catalytic 
electron transfer (M9, M10) at -2.7 V. I t  could be that 
at the less negative potential of the mediated processes, 
the rate of reduction of 2‘ (M5) is slower, allowing for more 
cyclization (M3) to occur. It is also possible that DMP(M5) 
exerts some unknown surface effect on the product dis- 
tribution, Surface effects have been used to explain7 the 
difference in the yield ratio 312 obtained from 4 which was 
equal to 1 at mercury and 2 a t  platinum electrodes. 

Reduction of 1 Mediated by DMP+ at Lead. The 
effect of DMP+ on the preparative reduction of 1 at 
mercury and lead is qualitatively similar. The reduction 
potential is less negative in the presence of the catalyst, 
and more cyclization to 3 relative to hydrodefluorination 
to 2 takes place. According to one of the hypotheses 
presented above, to explain the effect of DMP+, it was 
assumed that a t  the more positive potential of the cata- 
lyzed reaction the reduction of 2’ (M5) is slower, allowing 
for more cyclization (M3). This hypothesis could also 
explain why proportionally more 3 is formed a t  lead than 
at mercury since the potential for DMP(Pb5) in a step 
equivalent to (M9) is more positive than that for DMP- 

The major differences between mediated reductions at 
lead and mercury are that the current efficiency for 
preparative reductions a t  lead is extremely low and that 
no catalysis is detected by cyclic voltammetry at this 
cathode. These differences probably originate in the 
different reducing power of DMP(Pb,) and DMP(Hg,). 
DMP(Pb,), which is a milder reducing agent,17 reacts 
slowly with 1 (a step equivalent to M10). The rate of this 
reaction could be such that the amount of DMP+ regen- 
erated at the time scale of the CV is not sufficient to affect 
the CV peak current. On the preparative time scale some 
of the DMP(Pb5) reacts with 1, to generate 3; however, the 
very slow reaction allows for competing pathways and is 
expressed in the very low current efficiency. 

Reduction of 1 at Mercury and Lead. Without an 
added catalyst, the cathodic behavior of 1 is very similar 
at mercury and lead cathodes. An irreversible CV re- 
duction peak is observed a t  high negative potentials, and 
preparative experiments yield comparable mixtures of 
cyclic and acyclic products. Although these reactions could 
involve “simple” electron transfer from electrode to sub- 
strate, some doubts arose when the results presented here 
on the reduction of 1 at mercury were compared with the 
published’ information on the reduction of the corre- 
sponding bromo derivative 4 under the same conditions. 
The product yield ratio 312 from 1 is around 2.3-2.5, while 
that from 4 is 1.0. We hypothesize that the larger pro- 
portionate amount of 3 from 1 as compared to that of 3 
from 4 indicates that the reduction of 1 is (at least in part) 
mediated. According to this hypothesis 4, which displays 
a discrete reduction wave away from the background, is 
reduced by direct electron transfer from the cathode. On 
the other hand, the reduction of 1, which occurs at high 

(Hg,). 

(17) Lawin, P. B.; Hutson, A. C.; Kariv-Miller, E. J. Org. Chem. 1989, 
54, 526. 

(15) Kariv-Miller, E.; Pacut, R.; Lehman, G. K. Top. Cur. Chem. 1988, 

(16) Swartz, J. E.; Stenzel, T. T. J. Am. Chem. SOC. 1984, 106, 2520. 
148, 97. 
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negative potentials, is (at least in part) mediated by 
Bu4N-metals which are formed at the same potential 
range. The CV peaks for 1 appear only as a shoulder on 
the background and clearly indicate that 1 and Bu4N+ 
react a t  the same potentials. Although information on 
Bu,N-metals is sparse, they could in principle act as their 
DMP+ analogues. The composition of Bu4N(Hg4) has been 
proposed18 for the mercury derivative and the formation 
of a lead derivative was r e p ~ r t e d . ~  Bu4N+ has been shown 
to mediate reduction of otherwise electroinactive com- 
pounds at  mercury,16 and Bu4N-metals have been pro- 
posed as the intermediates. 

An alternative, or an additional, cause for more cycli- 
zation in the reduction of 1 as compared to the reduction 
of 4 could be the rate of the dehalogenation step (M2). 
Although the actual rates of cleavage for 4'- and 1'- are 
unknown, it is known3 that the relative rates of cleavage 
for the radical anions of halobenzenes are Ph1'- > PhBr'- 
> PhC1'- > PlP-. The rate of dehalogenation of 1'- should 
be slower than that of 4'-, allowing 1'- to escape more 
efficiently from the electrode prior to cleavage. The radical 
2' originating from 1 would then be formed in the bulk 
solution, further from the electrode, where it cannot be 
reduced and has a greater chance to cyclize. Similar ar- 
guments have been made to explain different 312 product 
distributions during reduction of 0-(3-butenyl)halo- 
benzenes with sodium in liquid ammonia.* The impor- 
tance of the reducing power of the environment where 2' 
is generated by defluorination of 1'- (M2) is reflected in 
the results of preparative electrolyses of 1 at a constant 
current. Higher currents result in less cyclization. At 
higher currents the concentration of 1'- is higher in the 
bulk solution, and it could act as a reducing agent for 2' 
to decrease cyclization. Such disproportionations have 
been identified by Saveant and co-worker~.'~ 

To summarize, reduction of 0-(3-butenyl)fluorobenzene 
(1) can be achieved at  either mercury or lead electrodes. 
The products are 1-methylindane ( 3 )  and 3-butenyl- 
benzene ( 2 ) .  The most convenient conditions to  produce 
3 are constant-current electrolysis a t  lead at  room tem- 
perature. Indications exist that 3 is obtained by cyclization 
of 0-(3-butenyl)phenyl radical and that R4N-metals are 
involved in the process. 

Experimental Section 
The cell, electrodes, and instruments for cyclic voltammetry 

have been described elsewhere.lOJ1 GC analysis was performed 

(18) Garcia, E.; Cowley, A. H.; Bard, A. J. J.  Am. Chem. Soc. 1986,108, 
6082. 

(19) Nadjo, L.; SavCant, J .  M. J. Electroanal. Chem. Interfacial 
Electrochem. 1971, 33,419. Andrieux, C. P.; Nadjo, L.; SavBant, J .  M. 
J. Electroanal. Chem. Interfacial Electrochem. 1973,41,137. Amatore, 
C.; SavCant, J .  M. J.  Electroanal. Chem. Interfacial Electrochem. 1980, 
107,353. SavCant, J. M. ThiCbault, A. J. Electroanal. Chem. Interfacial 
Electrochem. 1978, 89, 335. 
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on a Varian Model 3740 gas chromatograph modified to accom- 
modate a fused silica capillary column, Carbowax 20M (0.32 mm 
X 25 m). GC/MS was conducted with a VG 7070EHF interfaced 
to a Hewlett-Packard 5890 gas chromatograph equipped with a 
J & W Scientific 30-m DB-5 capillary column. NMR spectra were 
recorded with either an IBM AC-200 or AC-300 spectrometer. 

Materials. Nfl-Dimethylformamide (DMF, Burdick and 
Jackson) was distilled under vacuum (6C-65 "C, 30 Torr). The 
middle 60% was collected and stored over activated 4-A molecular 
sieves. Tetrabutylammonium tetrafluoroborate (BI~NBF,)~ and 
dimethylpyrrolidinium tetrafluoroborate (DMPBF4)21 were pre- 
pared by reported procedures. Standard solutions of 0.1 M 
Bu4NBF4 were prepared under a nitrogen atmosphere by using 
a cannula. The DMF was passed through a column of activated 
alumina into a volumetric flask containing ByNBF, that had been 
purged with nitrogen. The solution was then transferred through 
another column of activated alumina into a nitrogen purged 
storage container. 

The substrate, 0-(3-butenyl)fluorobenzene (1) was prepared 
from (o-fluorobenzy1)magnesium chloride and allyl bromide.8 
1-Methylindan (Dixon Fine Chemicals) and 3-phenylbutene 
(Aldrich) were used for identification of the electrolysis products, 
and 4-phenylpentane (Wiley) served as a standard for GC. 

Preparative Electrolysis. Electrolyses were carried out at 
a constant current with an Electronic Instruments power supply 
and at constant potential with the same instrument coupled with 
an Electrosynthesis 412 potentiostatic controller. The cathode 
was a mercury pool (12.5 cm2) or a lead plate (12.5 cm2), and the 
reference electrode was an SCE. All potentials reported are vs 
SCE. The counter electrode was a platinum flag (2.25 cm2). It 
was enclosed in a glass cylinder, with a glass frit bottom, which 
dipped in the cell and served as the anode compartment. The 
cell was a 12-cm-high cylinder with a 14.0-cm2 base. In a typical 
electrolysis 15 mL of 0.1 M BU4NBF, in DMF was introduced 
with a syringe into the cathode and anode compartments (about 
12 and 3 mL, respectively). The catholyte was then purged with 
dry nitrogen for about 15 min. About 0.1 g of 1 was drawn into 
a 250-pL syringe. The syringe was weighed, and the substrate 
was then injected into the catholyte. The syringe was reweighed 
to determine the exact mass of 1 transferred. Electrolyses were 
carried out with stirring under constant-current or constant-po- 
tential conditions at various temperatures and concentrations of 
catalyst as indicated in the tables. 

Upon completion, the reactions were quenched with 1 mL of 
ethanol, and 2 mL of 25 mM 4-phenylpentene in DMF was added 
as an internal standard. The resulting solution (100 pL) was 
diluted with 1 mL of ethanol, and this mixture was analyzed by 
GC. From several reactions the products were isolated and 
compared (spectroscopy) with authentic samples. 
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