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could not specify participation of 3d orbitals in the sulfur atom 
clearly. 

Supplementary Material Available: NMR parameters of 
PhSOnFl-H in THF (Table VlIl), the electronic absorption spectrum 
of sodium PhSChFl- carbanion in TH F (Figure 7), a plot of vmdx and 
1 /re for the alkali metal PhSC^Fl- carbanions (Figure 8), correlation 
between <j\ and chemical shifts of the protons in the sodium PhSOn Fl -

carbanions (Figure 9), correlation between a\ and £0x of PhSOnFI-

carbanions (Figure 10), an oscilloscope trace of the decay of AQ--
I! Li+ at 545 nm (Figure 11), and the kinetics of reaction 5 (Figure 12) 
(7 pages). Ordering information is given on any current masthead 
page. 
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termediates. In order to study the electrochemical behavior 
of the 9-fluorenyl and diphenylmethyl carbanions and their 
possible role in the reduction of diazoalkanes, we have at
tempted to generate these species in situ from alternate pre
cursors, viz., by the electrolytic reductive dehalogenation of 
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Figure 1. Cyclic voltammograms in 0.1 M TBAP-DMF at a scan rate of 
0.2 V/s: (a) 2.18 X 10-3 M 9-chlorofluorene on a planar vitreous carbon 
electrode, (b) 1.62 X 10-3 M 9-chlorofluorene on a planar platinum 
electrode. 

the 9-fluorenyl and benzhydryl halides. The redox behavior 
of these monohalo compounds also merits study in its own 
right. First, despite the large number of polarographic studies 
of the carbon-halogen bond, few product and n value deter
minations of this process have actually been conducted.3 

Second, if the reductive cleavage of the carbon-halogen bond 
is initially a two-electron process, then the difference in ba
sicity, and hence stability, between 9-fluorenyl anion and di-
phenylmethyl anion might be expected to affect the distribu
tion between monomeric and dimeric products. Third, the 
study of the redox behavior of the corresponding gew-dihalo 
compounds cannot be understood until the behavior of the 
monohalo compounds has been elucidated first. An under
standing of the redox behavior of the gew-dihalo compounds 
is important since they have also been suggested to be pre
cursors to carbenes4,5 and carbene radical anions.6 The latter 
class of species is of particular interest to us since we have 
postulated their intermediacy in the reductive elimination of 
nitrogen from diazoalkanes.1'2 

Results and Discussion 
The reductions of 9-chlorofluorene (FlHCl), 9-bromoflu-

orene (FlHBr), benzhydryl chloride, and benzhydryl bromide 
have been studied electrochemically at platinum and vitreous 
carbon electrodes in solvent-electrolyte systems composed of 
DMF and tetraalkylammonium salts. The redox behavior of 
the several halides is basically similar and is generally affected 
by the nature of the electrode surface, the presence of proton 
donors and adventitious electroactive substances, and the mass 
transfer rate. Since all of these effects are observed in the 
electroreduction of 9-chlorofluorene, the basic reduction 
pathway is formulated with this chemical system. 
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Figure 2. Single potential step chronoamperometric data for the reduction 
of 9-chlorofluorene on a planar platinum electrode. The solid curve was 
obtained by the digital simulation of eq 1 and 2 with the second-order rate 
constant k specified as 8 X 103 M -1 s_l. Concentrations (M) of 9-chlo
rofluorene in 0.1 M TBAP-DMF are (•) 2.34 X 10"3 and (A) 4,44 X 
10-3. 

Cyclic Voltammetric Reduction of FlHCl on Carbon. The 
cyclic voltammetric reduction of 9-chlorofluorene at a vitreous 
carbon electrode is seen in Figure la to occur near —0.58 V. 
Although the 9-chlorofluorene radical anion is too unstable 
to give a corresponding anodic wave on the reverse sweep, 
numerous kinetically controlled, electroactive products result 
from its decomposition. The reversible couple which arises near 
— 1.92 V is readily identified7 by electrochemical and chro
matographic methods as being due to fluorene and its stable 
radical anion. The relatively large anodic wave which appears 
near 0.20 V is kinetically linked to the appearance of fluorene 
and is attributed to the oxidation of 9-chlorofluorenyl anion, 
FlCl-. The oxidation of FlCl- occurs approximately 0.12 V 
more positive than the oxidation of 9-fluorenyl anion (0.08 V)7 

and, like FlH - , is irreversible at v < 100 V/s. In addition to 
these principal electrode reactions, several minor processes 
which are due to dimeric species are discernible on the second 
and subsequent cycles. The small peak at —1.68 V is assigned 
to the irreversible reduction of bifluorenyl to fluorene and bi-
fluorenyl anion7 while the anodic waves near —0.64 and —0.18 
V arise from the stepwise reversible oxidation of bifluorenyl-
idene dianion to bifluorenylidene. Both bifluorenyl and bi-
fluorenylidene are found among the products of the electrolytic 
reduction of FlHCl (see coulometry results below). 

Chronoamperometry. In this experiment the current is re
corded as a function of time (1 ms < t < 10 s) after the elec
trode potential has been stepped abruptly from a value where 
no electrode reaction occurs to a value sufficiently negative that 
the concentration of FlHCl is rendered zero at the electrode 
surface (E = —1.4 V). Since the number of electrons in the 
electroreduction is proportional to the current, each experi
mental current-time curve may be used to calculate a corre
sponding curve of the apparent n value, napp> vs. time, t. Data 
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Table I. Representative Data for the Coulometric Reduction of 9-Fluorenyl and Benzhydryl Halides and Related Compounds 

entry 
no. compd 

COnCn, ^applied, 
mM V n 

supporting 
electrolyte products, yields 

1 9-chlorofluorene 6.83 -1.2 0.5 TBAP 

2 

3 
4 
5 
6 
7 
8 

9-chlorofluorene 

9-chlorofluorene 
9-chlorofluorenea 

9-chlorobifluorenyl 
9-bromofluorene 
9-bromofluorene* 
benzhydryl chloride 

7.06 

5.57 
1.65 
6.66 
3.44 
1.24 
6.73 

-1.3 

-1.3 
-1.3 
-0.8 
-0.4 
-0.5 
-1.0 

1.0 

1.86 
2.42 
2.18 
1.50 
1.30 
0.75 

TBAP 

TBAP 
TBAPF6 
TBAP 
TBAP 
TBAPF6 

TBAP 

9 benzhydryl chloride 6.28 -1.0 0.75 TMAPF6 

10 benzhydryl chloride 3.93 

11 benzhydryl bromide 13.19 

12 benzhydryl bromide 7.31 

13 benzhydryl bromide 6.70 
14 benzhydryl bromide'' 6.22 

1.6 

0.6 

0.80 

1.20 
1.20 

1.69 

1.00 

0.75 

1.74 
2.00 

TMAPF6 

TEAP 

TMAPF6 

TMAPF6 

TBAPF6 

9-chlorofluorene, 58%; fluorene, 19%; 9-chlorobifluorenyl, 8%; 
bifluorenyl, 13%; bifluorenylidene, 2%; fluorenone, 1% 

9-chlorofluorene, 35%; fluorene, 37%; 9-chlorobifluorenyl, 3%; 
bifluorenyl, 21%; bifluorenylidene, 0.6%; fluorenone, 0.4%. 

fluorene, 82%; bifluorenyl, 17% 
fluorene, 93% 
bifluorenyl, 77%; bifluorenylidene, 21%; tributylamine, 46% 
fluorene, 17%; bifluorenyl, 83%; bifluorenylidene, 1% 
fluorene, 59%; bifluorenyl, 37% 
benzhydryl chloride, 46%; diphenylmethane, 26%; tetraphenylethane, 

14%; tetraphenylethene, 8%; 1-chlorotetraphenylethane, trace; 
benzophenone, 0.4% 

benzhydryl chloride, 48%; diphenylmethane, 28%; tetraphenylethane, 6%; 
tetraphenylethene, 5%; 1-chlorotetraphenylet-hane, 4%; benzophenone, 
0.3% 

diphenylmethane, 74%; tetraphenylethane, 14%; tetraphenylethene, 10%; 
benzophenone, 1% 

benzhydryl bromide, 30%; diphenylmethane, 36%; tetraphenylethane, 
32% 

diphenylmethane, 20%; tetraphenylethane, 44%; benzhydryl bromide, 
21% 

diphenylmethane, 52%; tetraphenylethane, 48% 
diphenylmethane, 89%; tetraphenylethane, 8% 

" Reduction was effected in the presence of 14.75 mM diethyl malonate. * Reduction was effected in the presence of 12.08 mM diethyl 
malonate. c Reduction was effected in the presence of 16.15 mM diethyl malonate. 

from these experiments show that the reduction of FlHCl in 
the presence of a large excess of the electroinactive proton 
donor diethyl malonate is a diffusion-controlled, two-electron 
process. However, in the absence of the added proton donor, 
the n value is dependent upon both time and concentration of 
FlHCl, decreasing smoothly from an upper limit of 2.0 for tC 
< 10 - 5 M s to a lower limit of 1.0 for t O 10 - 3 M s (Figure 
2). 

The variation of napp with both time and the concentration 
of FlHCl is consistent with the kinetically controlled appear
ances of fluorene and 9-chlorofluorenyl anion in the cyclic 
voltammograms of FlHCl and suggests that the rate-deter
mining solution reaction involves proton transfer from un-
reacted starting material to 9-fluorenyl anion. The reaction 
sequence described by eq 1 and 2 was digitally simulated using 
Feldberg's procedures for the single-potential-step chro-
noamperometric method.8 A dimensionless working curve was 
then constructed from the values of «app which were calculated 
for numerous values assigned arbitrarily to ktC, where C is the 
concentration of the species being reduced. The curve was then 
fitted to the experimental data points (Figure 2) by shifting 
the simulated curve along the abscissa until the best visual 
agreement with the data was obtained. The results of these 
experiments give a value of 8 X 103 M" 
stant for proton transfer in eq 2. 

s ' for the rate con-

FlHCl + 2e- F lH- + Cl-

F lH- + FlHCl ->- FlH2 + FICl-

(D 

(2) 

Coulometry. Data for the controlled-potential electrolysis 
of 9-chlorofluorene and the other halides at platinum cathodes 
are summarized in Table I. In the presence of a large excess 
of the proton donor diethyl malonate, reductive dehalogenation 
of 9-chlorofluorene gives an n value of 2.42 and affords fluo
rene in nearly quantitative yield (entry 4). In the absence of 
the added proton donor, the product distribution is dependent 
upon the relative rates of mass transfer and solution chemical 
reactions. For example, when electrolysis is effected as rapidly 
and as completely as possible (entry 3), the ratio of monomeric 

to dimeric products is approximately 5:1. However, if elec
trolysis is interrupted well before electrolysis is complete, as 
in entry number 1, the ratio of monomeric to dimeric products 
is nearly one. These results are consistent with the relatively 
rapid proton transfer from unreacted starting material to 9-
fluorenyl anion which was observed in the cyclic voltammetric 
and chronoamperometric studies of FlHCl above and the 
comparatively slow, follow-up reactions of the 9-chlorofluo
renyl anion with both FlHCl and components of the solvent-
electrolyte system (see Scheme I). The slowness of these latter 
reactions accounts for the observation that the rate of elec
trolysis decreases markedly after one electron per molecule of 
FlHCl has been passed. 

Intermediates in Reduction of FlHCl. Product studies of the 
partially electrolyzed solutions of FlHCl show the presence of 
two electroactive dimeric species, 9-chlorobifluorenyl and 
bifluorenylidene (entries 1 and 2, Table I). Since a plausible 
pathway to the olefin involves dehydrohalogenation of 9-
chlorobifluorenyl by bases which are generated in situ during 
the electrolytic reductions,9 the cyclic voltammetric and cou
lometric reductions of 9-chlorobifluorenyl and bifluorenylidene 
were examined at a platinum cathode. 

At a scan rate of 0.2 V/s, the principal cathodic wave 
(Figure 3) for the reduction of 9-chlorobifluorenyl (Epx = 
—0.7 V) is followed at more negative potential (— 1.8 V) by a 
small reduction peak due to bifluorenyl.7 Although both of 
these cathodic processes are irreversible at our maximum scan 
rate of 100 V/s, anodic waves which are ascribed to the oxi
dation of bifluorenylidene dianion, bifluorenylidene radical 
anion, and 9-bifluorenyl anion are seen on the reverse, anodic 
sweep at -0 .66 , -0 .19 , and 0.10 V, respectively. The second 
cathodic sweep includes the previously observed reduction 
processes as well as peaks due to the stepwise reduction of bi
fluorenylidene to its dianion. 

The controlled-potential electrolysis of 9-chlorobifluorenyl 
at a potential of -0 .80 V yields bifluorenyl (77%) and bifluo
renylidene (21%) as the major and minor product, respectively 
(entry 5, Table I). Fluorene, the product which would be ex
pected if 9-chlorobifluorenyl radical anion had undergone 
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0.8 

Figure 3. Cyclic voltammogram of 2.92 X 1O-3M 9-chloro-9,9'-bifluorenyl 
in 0.1 M TBAP-DMF on a planar platinum electrode. The scan rate was 
0.2 V/s. 

carbon-carbon bond cleavage, was not found among the 
products. 

The cyclic voltammetric reduction of bifluorenylidene to its 
dianion occurs in two successive one-electron steps (^p.c.i = 
—0.25 V and £p,c,2 = —0.72 V). Although no decomposition 
of the dianion is noted on the time scale of the cyclic voltam
metric and chronoamperometric experiments (/ < 20 s), ap
preciable decomposition of the dianion occurs during the period 
required to perform an exhaustive, controlled-potential elec
trolysis (/ ~ 20 min). For example, in the double-potential-step 
coulometric electrolysis of bifluorenylidene at — 1.30 and 0.80 
V, the n value for reoxidation of the bifluorenylidene dianion 
(rta = 1-34) is significantly smaller than the n value required 
to produce the dianion from the starting compound (nc = 2.0). 
Product studies after reoxidation show that bifluorenylidene 
and bifluorenyl are present in 82 and 20% yield, respectively. 
Since tributylamine is also found in 67% yield, decomposition 
of the dianion by a pathway which involves the abstraction of 
a proton from the cation of the supporting electrolyte to give 
the conjugate base of bifluorenyl is indicated. It should also 
be noted that anodic oxidation of 9-bifluorenyl anion (£p,a = 
0.10 V) occurs at the applied potential of 0.80 V and affords 
bifluorenylidene as one product.7 The olefin presumably results 
when the one-electron oxidation product, bifluorenyl radical, 
abstracts a hydrogen atom from 9-bifluorenyl anion to form 
bifluorenyl and bifluorenylidene radical anion. The latter 
species would then be oxidized at the applied potential to the 
olefin. 

Reduction Pathways for 9-Chlorofluorene. The reaction 
pathways which are proposed for the reduction of 9-chlo-
rofluorene are described by Scheme I. The initial n value of 2 
which is observed in the chronoamperometric reduction re
quires that the 9-chlorofluorene radical anion undergo rapid 
carbon-chlorine bond cleavage to give the 9-fluorenyl radical, 
FlH-. Since reduction is being effected at a potential consid
erably more negative than the potential at which 9-fluorenyl 
anion is oxidized to the radical (iipja = 0.08 V),7 FlH- is re
duced rapidly, either at the electrode surface or in the bulk of 
solution by undecomposed 9-chlorofluorene radical anion (eq 
3). Kinetic control of the chronoamperometric n value in the 
absence of added proton donor results when 9-fluorenyl anion 
abstracts a proton from unreacted starting material to form 
fluorene and 9-chlorofluorenyl anion (eq 4), neither of which 
is electroactive at the applied potential. Proton transfer from 
the halide to the electrogenerated base is also observed in the 
reduction of benzhydryl chloride (vide infra) and has been 
reported to occur by Baizer and Chruma9 in the electrolytic 

reduction of ethyl bromoacetate. Subsequent reactions of the 
9-chlorofluorenyl anion occur too slowly on the chronoam
perometric time scale to have any appreciable effect on the n 
value. 

Scheme I 

FlHCl+ e - ^ [FlHCl]-
-Ci -

fast 
-^-FlH-

FlHCl 

FlH- — 
->• FlH2 + FlCl-

FlHCl 
-* (FlH)2+ Cl-

FlH- (3) 

(4) 

(5) 

(/1-Bu)4N 

FlCl-

> (n-Bu)3N + (butene) + FlHCl (6) 

H 
FlHCl / 

• Fl^7Fl + Cl-
Cl 

H 
Fl^Fl — 

Cl 

F l=Fl+ e~ ^ [Fl=Fl]" 

—»> FK-Fl+ Cl-

(7) 

(8) 

B F l—Fl fast 
•>BH++ / — • F l=F l+ Cl" (9) 

H+ / H 

* [Fl=Fl]2- —• FK-Fl (10) 

where B = (n-Bu)3N, FlH", F l -F l , and/or Fl=Fl2-

H 

The product distribution between fluorene and dimeric 
species is then dependent upon the relative rates of electrolytic 
reduction of 9-chlorofluorene and nucleophilic displacement 
of chloride ion from 9-chlorofluorene by 9-chlorofluorenyl 
anion (eq 5). If the electrode reaction is permitted to pre
dominate, fluorene is the major product. Since no starting 
material remains in exhaustively electrolyzed solutions, the 
inclusion of the pathway by which 9-chlorofluorenyl anion 
abstracts a proton from the cation of the supporting electrolyte 
to regenerate starting material is required (eq 6). Tributyl
amine is observed as a product of these reductions, but no at
tempt was made to quantitate this component. 

If the chloride displacement reaction is permitted to pre
dominate (eq 7), as in the case when electrolysis is terminated 
before the concentration of 9-chlorofluorene is rendered zero, 
9-chlorobifluorenyl results.10 Since both this species and bi
fluorenylidene are electroactive at the applied potential, bi
fluorenyl is ultimately formed by the sequence of reactions 
described by 8-10. Dehydrohalogenation of the monohalo 
dimer intermediate (eq 9) is expected to occur readily by any 
of the several electrogenerated bases, including FlH -, 
Fl=Fl2", FlH-Fl-, and (/J-Bu)3N.9.11 Although thermally 
induced dehydrohalogenation was not observed at room tem
perature, conversion of the monohalo dimer to olefin occurred 
rapidly when analysis of the electrolyzed solutions was at
tempted by gas chromatography. 

Although the formation of bifluorenylidene in the electro
chemical reduction of 9,9-dichlorofluorene has been suggested 
to occur by dimerization of fluorenylidene, Fl:,5 the formation 
and subsequent redox behavior of 9-chlorobifluorenyl obviate 
any need here for invoking the intermediacy of the carbene in 
the pathway leading to the olefin. In addition, the possibility 
that fluorene could be formed from FlCl- via the carbene 
seems small. Since 9-chlorofluorenyl anion is reasonably long 
lived, decomposition of the anion by loss of chloride ion would 
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1.0 -1.0 -2.0 

Figure 4. Cyclic voltammogram of 3.72 X 10 -3 M 9-bromofluorene in 0.1 
M TBAP-DMF on a planar vitreous carbon electrode. The scan rate was 
0.2 V/s. 

necessarily occur in the bulk of solution. The resulting carbene 
would be expected to be short lived and to decompose rapidly 
to give fluorene by repeated hydrogen atom abstraction from 
components of the solvent system.2 If fluorene were to be 
formed by this pathway, an n value of one would be predicted 
for the reduction of 9-chlorofluorene. In fact, the experimental 
n value of 1.86 is in almost perfect agreement with the proposed 
reaction pathways (Scheme I) and the observed product dis
tribution (entry 3, Table I): n = 2 (fraction fluorene) + frac
tion bifluorenyl = 2(0.86) + 0.17 = 1.89. 

Proton Transfer vs. Nucleophilic Substitution. Whereas 
9-fluorenyl anion reacts with FlHCl principally by proton 
transfer, attack of FlH - on FlHBr leads mainly to loss of 
bromide ion and the formation of bifluorenyl (eq 5). As evi
denced in the cyclic voltammogram (Figure 4), the reduction 
of FlHBr occurs irreversibly at —0.19 V and affords bifluorenyl 
(£p,c = —1.68 V) as its principal product. The reduction of the 
(F1H)2 also occurs irreversibly by carbon-carbon bond 
cleavage to regenerate 9-fluorenyl anion. The small wave at 
more negative potential (£PiC = —1.96 V) is due to fluorene, 
which most probably arises by the abstraction of a proton from 
unreacted 9-bromofluorene (eq 4). Involvement of this second 
pathway is minor, however, as evidenced by the magnitudes 
of the fluorene and bifluorenylidene peaks relative to that of 
the bifluorenyl wave. 

In order for bifluorenyl to be the principal product of 9-
bromofluorene reduction, the rate constant for the displace
ment of bromide ion must be appreciably larger than IXlO 4 

M - 1 s_ l , the approximate rate constant for proton transfer 
from FlHBr to FlH -. Since the reactants which lead to dimer 
formation and proton transfer are identical, the model which 
was used for the digital simulation of proton transfer in the 
9-chlorofluorene system is also appropriate for the present 
study of the displacement of bromide ion. In order to measure 
the rate constant, the electrode potential in the single-poten
tial-step chronoamperometric experiment was made suffi
ciently negative so as to reduce the concentration of FlHBr at 
the electrode surface to zero, but not so negative as to cause 
the reduction of bifluorenyl, the principal product of the so
lution reaction. The rate constant was then obtained from the 
best visual fit of the experimental curve of «app vs. log tC and 
the dimensionless, simulated curve of «app vs. log ktC (Figure 
5). Although the kinetic behavior is occurring near the limit 
of our instrumental capabilities, the predicted dependence of 
napp on both time and concentration of FlHBr is adequate. The 
value of 1 X 105 M - 1 s - 1 which is obtained for the overall rate 
constant is approximately an order of magnitude larger than 
the estimated rate constant for proton transfer and is consistent 

log IC 

Figure 5. Single potential step chronoamperometric data for the reduction 
of 9-bromofluorene on a planar platinum electrode. The solid curve was 
obtained by digital simulation for rate-determining displacement of bro
mide ion from 9-bromofluorene by 9-fluorenyl anion with k = 1 X 105 M - ' 
s - 1 . Concentrations (M) of the 9-bromofluorene in 0.1 M TBAP-DMF 
are ( • ) 0.68 X 1O-3 and (A) 3.00 X 10 - 3 . 

with the observation that bifluorenyl is the principal product 
of FlHBr reduction (entry 6, Table I). 

Effect of Electrode Material. In contrast to the single re
duction wave which was observed for 9-chlorofluorene on 
vitreous carbon (Figure la), the redox behavior of FlHCl on 
platinum is strongly influenced by the condition of the platinum 
surface (Figure lb). Although occasional cyclic voltammo-
grams are obtained in which a single irreversible cathodic wave 
is observed near -1.13 V, the majority also have a relatively 
broad, irreversible prepeak near -0.64 V. The ratio of the 
magnitudes of the prepeak to the main wave decreases with 
increasing scan rate and is enhanced by the addition of tetra-
methylammonium chloride to the solution. Similar electrode 
surface effects are also observed for 9-bromofluorene and 
benzhydryl bromide: a single, irreversible peak is seen for each 
compound on vitreous carbon while one or more prepeaks of 
unpredictable magnitude and location usually occur on plat
inum. 

The prepeak on platinum surfaces has been observed in these 
and other laboratories for numerous chloro and bromo com
pounds and nearly all iodine-containing compounds.12-14 

Bard12 has suggested that the prepeaks at platinum represent 
electron transfer assisted by absorbed halide ion whereas the 
normal wave results from the ordinary electron transfer 
through the metal-solution interface to a molecule in solution. 
Normal reduction of these compounds on vitreous carbon is 
presumably the result of no specific interaction of products and 
reactants with the electrode material.15 

Electrocatalytic Reduction of Benzhydryl Chloride by 
Benzophenone. The cyclic voltammetric reduction of 
benzhydryl chloride in DMF-(H-Bu)4NClO4 at either plati
num or vitreous carbon electrodes consists of two cathodic 
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Figure 6. Cyclic voltammograms in 0.1 M TBAP-DMF on a planar 
platinum electrode at a scan rate of 0.2 V/s: (a) 4.77 X 1O-3 M benzhydryl 
chloride; (b) same as (a) but with addition of benzophenone, [benzophe-
none]/[benzhydryl chloride] = 0.028; (c) 3.58 X 10~3 M 1,1,2,2-tetra-
phenylethene. 

processes (E = -1.03 and -1.38 V), both of which are kinet-
ically controlled (Figure 6a). The less negative process (either 
a shoulder or a peak, depending upon concentration and scan 
rate) is located at the same potential as that for the reversible 
reduction of benzophenone to its radical anion and is increased, 
at the expense of the second wave, by a decrease in scan rate. 
As shown in Figure 6b, the addition of a small amount of 
benzophenone to the solution of benzhydryl chloride 
([Ph2CO]/[Ph2CHCl] = 0.028) causes the normal reduction 
wave for benzhydryl chloride to be nearly eliminated while the 
magnitude of the benzophenone wave is markedly en
hanced. 

The effect of the benzophenone is to cause the indirect re
duction of benzhydryl chloride in the bulk of solution; a similar 
phenomenon has been observed in the electrolytic reduction 
of other alkyl halides, activated olefins, and aryl azides.16 

Observance of this behavior requires (1) a species which is 
reduced to a stable, lower oxidation state at a potential more 
positive than that of the substance, e.g., benzophenone/ben
zophenone--, (2) electron transfer from the electrolytically 
generated reducing agent to the substrate, and (3) rapid, ir
reversible decomposition of the reduced substrate, e.g., loss of 
chloride ion from the radical anion of benzhydryl chloride. 
Since the chemical reducing agent is continually regenerated 
at the electrode surface, the concentration of the reversibly 
reduced species need not be large in order for it to exert a 
profound effect upon the electrode behavior (eq 11-13). 

Ph2C= 

Ph2C 

=0~- + Ph2CHCl 

O + e- ^ Ph2C=O-- (11) 

Ph2C=O + [Ph2CHCl]--
(12) 

t 
2 mA 

I 

1.0 -1.0 -2.0 
E 

Figure 7. Cyclic voltammogram of 5.00 X 10~3 M benzhydryl chloride 
in 0.1 M TBAP-DMF on a planar platinum electrode at a scan rate of 50 
V/s. 

[Ph2CHCl]- -cr 
fast 

Ph2CH-
P h 2 C = O -

- • Ph2CH- (13) 

In this example of electrocatalysis the concentration of 
benzophenone in the original solution of benzhydryl chloride 
must be small, as evidenced by the fact that no wave is seen in 
the cyclic voltammogram near —1.8 V for the reduction of the 
benzophenone radical anion to its dianion. Since the carefully 
purified starting material was determined to contain less than 
0.1% benzophenone, the major portion of the benzophenone 
which is present in the electrolyzed solutions (0.1-1%: entries 
8-10, Table I) is probably formed in situ by attack of either 
adventitious oxygen on the intermediate diphenylmethyl anion 
or superoxide ion on benzhydryl chloride. Superoxide ion, 
which would be formed by the electrolytic reduction of oxygen 
at the applied potential,17 is known to cause displacement of 
halide ion from alkyl halides.18 

Electrocatalysis and surface effects both serve to complicate 
the interpretation of the redox behavior of these and other 
halogenated compounds. Although vitreous carbon appears 
to minimize certain problems arising from the nature and 
condition of the electrode surface, the occurrence of electro
catalysis may be difficult to eliminate. In the case of 9-chlo
robifluorenyl (vide supra), both thermal decomposition and 
electroreduction afford bifluorenylidene, a species which is 
reduced stepwise to its stable dianion at potentials of —0.26 
and —0.72 V. Although the difference in reduction potential 
between bifluorenylidene/bifluorenylidene radical anion and 
9-chlorobifluorenyl is too large for homogeneous electron 
transfer to occur at a significant rate, the rate of reduction of 
9-chlorobifluorenyl by electrogenerated bifluorenylidene di
anion is so rapid at pen and ink recording speeds that a cathodic 
peak for 9-chlorobifluorenyl appears at the same potential as 
that for the reduction of bifluorenylidene radical anion (Figure 
3). Electrocatalysis is detected in this case by the appearance 
of a more negative peak (£p>c = -0.9 V) at scan rates in excess 
of 5 V/s. The scan rate required to detect electrocatalysis in 
other systems is obviously related to the rate of electron 
transfer and should increase rapidly as the potential difference 
between the electrogenerated reductant and the substrate 
decreases.19 

Other Kinetically Controlled Processes in the Reduction of 
Benzhydryl Chloride. In addition to electrocatalysis by ben
zophenone, other processes are kinetically controlled on the 
time scale of the cyclic voltammetric and chronoamperometric 
experiments. As the cyclic voltammetric scan rate is increased, 
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the anodic wave assigned to the irreversible oxidation of 
chlorodiphenylmethyl anion shifts in the positive direction and 
decreases in relative magnitude (Figure 7). Concomitantly, 
a second anodic wave which is kinetically linked to the chlo
rodiphenylmethyl anion oxidation wave appears at slightly 
more negative potential (£p,a = -0.36 V at v = 50 V/s). This 
peak is due to the oxidation of the primary electrode product, 
benzhydryl anion, to its radical. No reversibility is seen for this 
process at our maximum scan rate of 100 V/s. 

Chronoamperometric U1I2JC values obtained on platinum 
at a potential more negative than the normal reduction wave 
for benzhydryl chloride correspond to a diffusion-controlled 
two-electron process for t less than approximately 30 ms. At 
longer t, the n value first decreases smoothly to approximately 
1.2, and then increases slowly. As in the previous halide sys
tems, the initial n value of two corresponds to the reductive 
dechlorination of benzhydryl chloride to give benzhydryl anion. 
Kinetic control of the n value results when this anion abstracts 
a proton from starting material. Since the products of partial 
electrolysis of benzhydryl chloride include both the olefin and 
1-chlorotetraphenylethane (entries 8-10, Table I), subsequent 
reactions of chlorodiphenylmethyl anion are analogous to those 
which were observed above in the 9-chlorofIuorene system 
(Scheme I). The redox behavior of benzhydryl chloride differs 
from that of 9-chlorofluorene, however, since the rate of dimer 
formation is significantly more rapid in the former system. 
Reduction of the olefin occurs reversibly at the same potential 
(Ep,c = —1.37 V, Figure 6c) as that for the uncatalyzed re
duction of benzhydryl chloride and accounts for the facts that 
(1) the lower limit for n in the chronoamperometric kinetics 
studies is nonintegral and (2) the magnitude of the more neg
ative wave in the cyclic voltammogram of benzhydryl chloride 
increases on subsequent cycles relative to that of the first wave 
(Figure 6a). 

Comparison of Electrochemical and Chemical Reduction 
Pathways for Benzhydryl Chloride. The reduction of benzhy
dryl chloride in THF by the dropwise addition of sodium 
naphthalene has been shown to give tetraphenylethane and 
diphenylmethane in yields of 85 and 11%, respectively, in the 
absence of f-BuOH and 2.5 and 100%, respectively, in the 
presence of f-BuOH; inverse addition of the reagents affords 
the ethane and diphenylmethane in yields of 21 and 63%, re
spectively.20'21 Lee and Closson20 suggest that their results 
require the intermediacy of the diphenylmethyl anion and that 
tetraphenylethane most probably arises by a process involving 
electron transfer from diphenylmethyl anion to benzhydryl 
chloride, followed by coupling of the caged benzhydryl radicals 
(eq 14). In addition, since the ethane is formed even under the 
conditions of inverse addition, these workers argue that the 
carbanion must compete effectively with the excess naphtha
lene radical anion for unreacted starting material. 

Ph2CH- + Ph2CHCl — [Ph2CH - Ph2CH - Cl~] 
- (Ph2CH)2 + Cl- (14) 

In contrast, our results indicate that diphenylmethyl anion 
reacts with benzhydryl chloride principally by proton transfer. 
Although the electrochemical and chemical reduction path
ways may be dissimilar because of the effect of cation and/or 
solvent, it should be noted that our proposed scheme is very 
similar to the reaction sequence reported by Hoeg and Lusk22 

for the attack of «-butyllithium on benzyl chloride in THF: 
proton transfer from benzyl chloride to carbanion, mono-
haloethane formation, and finally dehydrochlorination to give 
the olefin. Moreover, our electrochemical data indicate that 
electron transfer would be extremely unlikely in the reaction 
of mono- and polyphenylmethyl anions with benzylic chlorides. 
The oxidation of chlorodiphenylmethyl anion and other mono-
and polyphenylmethyl anions23 occurs in the range from —0.3 

Figure 8. Cyclic voltammogram of 4.15 X 10 3 M benzhydryl bromide 
in 0.1 M TBAP-DMF on a planar vitreous carbon electrode at a scan rate 
of 0.2 V/s. 

to -0.4 V vs. Cd(Hg). Although the peak potentials observed 
here for the reduction of benzhydryl chloride (£p,c = —1.37 
V) and the oxidation of benzhydryl anion {EVA = -0.36 V) 
have no exact significance because of the effect of follow-up 
chemical reactions, the equilibrium constants for electron 
transfer from phenylmethyl anions to benzhydryl chloride 
nevertheless can be quickly estimated as being smaller than 
10-15. Even if one allows for diffusion-controlled electron 
transfer in the reverse direction, the rate of electron transfer 
in the forward direction should be several orders of magnitude 
too small to account for the observed kinetic behavior in the 
cyclic voltammetric and chronoamperometric experiments: 

Ph2CH- + Ph2CHCl = F = ^ = ^ Ph2CH- + Ph2CHCr- (15) 
Since the basic redox processes would not be expected to 
change appreciably as one goes from DMF to THF, it seems 
improbable that diphenylmethyl anion could compete effec
tively with any strong chemical reductant in the transfer of an 
electron to unreacted benzylic halides.24 

Redox Behavior of Benzhydryl Bromide. The absence of a 
redox couple in the cyclic voltammogram near —1.38 V (Figure 
8) clearly demonstrates that the olefin, tetraphenylethene, is 
not formed in the electroreduction of benzhydryl bromide on 
vitreous carbon. Chronoamperometric n values on platinum 
are kinetically controlled for tC < 10~3 5 M s, but become 
diffusion controlled and approximately equal to one for tC > 
1O-35 M s (Figure 9). Since LC analysis of the electrolyzed 
solutions also shows no evidence of olefin (entries 11-14, Table 
I), we conclude on the basis of the chronoamperometric results 
that diphenylmethyl anion must rapidly displace bromide ion 
from starting material (k = 8 X 104 M - 1 s_l) to form tetra
phenylethane. 

It should be noted that coulometric reduction of benzhydryl 
bromide at a platinum surface affords diphenylmethane as a 
second major product (entries 11-13, Table I). Although the 
formation of this product is not expected on the basis of our 
short-term chronoamperometric experiments, variations in the 
product distribution are frequently observed in electrochemical 
studies when the time scale of the experiment and the degree 
of electrolysis are altered markedly. The most ready but un-
proven explanation of this behavior is that continued elec
trolysis eventually leads to attack of the solvent-supporting 
electrolyte system by the strongly basic electrogenerated an
ions. The observed formation of trialkylamine, the expected 
Hofmann degradation product of the supporting electrolyte 
cation, is consistent with this suggestion. 
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Figure 9. Single potential step chronoamperometric data for the reduction 
of benzhydryl bromide on a planar platinum electrode. The solid curve 
was obtained by digital simulation for rate-determining displacement of 
bromide ion from benzhydryl bromide by diphenylmethyl anion with k 
= 8 X 104 M - ' s_1. Concentrations (M) of the benzhydryl bromide in 0.1 
M TBAP-DMF are (•) 2.59 X 10"3 and (A) 1.68 X 10"3. 

Conclusions 

Our results demonstrate that electrogenerated 9-fluorenyl 
and benzhydryl anions may react with their starting halides 
by either proton transfer or displacement of halide ion. Re
action by the former pathway leads to the corresponding olefin 
via the monohaloethane, whereas the latter pathway gives the 
ethane; the factor which apparently determines the reaction 
channel is the ease by which halide ion is lost from the starting 
material. Reaction by either channel is rapid, as evidenced by 
rate constants of 1 X 105 and 8 X 1 0 4 M - 1 S - 1 for the dis
placement of bromide ion from 9-bromofluorene and ben
zhydryl bromide, respectively, and of 8 X 103 M - 1 s - 1 for 
proton transfer from 9-chlorofluorene to 9-fluorenyl anion. 
These data clearly indicate that the 9-fluorenyl and diphen
ylmethyl anions are potent nucleophiles, reacting several orders 
of magnitude more rapidly than either "naked" azide, thio-
cyanate, and halide ions with benzyl tosylate in acetonitrile25 

or superoxide ion with alkyl bromides in MezSO.18 

Experimental Section 

Instrumentation. Cyclic volta'mmetry and chronoamperometry were 
performed with three-electrode potentiostats which incorporated 
circuits for electronic correction of ohmic potential loss between the 
reference and working electrodes.26 Control of the potentiostat and 
the acquisition and processing of data in the chronoamperometric 
studies were performed with a laboratory digital computer (LAB 8/e, 
Digital Equipment Corp.). The three-electrode potentiostat-coulo-
meter which was used for the exhaustive, controlled-potential ex
periments has been described recently.27 Unlike the other potentio
stats, this instrument has no provision for electronic correction of 
ohmic potential losses between the reference and working elec
trodes. 

Chromatography. Direct analysis of the electrolyzed mixtures was 
performed with temperature-programmed gas chromatographs 

(Hewlett-Packard Model 700) which were equipped with flame ion
ization detectors. Most of the separations were effected on a 0.25-in. 
2-ft stainless steel column of 3% Dexil 300 GC (Olin Corp.) on 80/100 
Chromosorb W. To separate more polar components (e.g., 9-chlo
rofluorene and 9-fluorenone), a 0.25-in., 6-ft stainless steel column 
of 3% FFAP on 80/100 Chromosorb W-HP was used. The flow rate 
of purified nitrogen carrier gas was 30 mL/min. Calibration curves 
for the standards were constructed daily. 

Since 9-chloro-9,9'-bifluorenyl and 1-chloro-1,1,2,2-tetraphenyl-
ethane rapidly dehydrochlorinate at elevated temperatures, solutions 
which were suspected to contain these monohalogenated dimers were 
also analyzed by LC. The basic instrument consisted of a Waters 
Associates Model 6000A pump and a Schoeffel Instrument Corp. 
Model SF 770 UV-vis variable wavelength detector. The electrolyzed 
9-chlorofluorene mixtures were separated on a 0.25-in., 25-cm 
stainless steel column of LiChrosorb RPl8, 10-/im mean particle size. 
The flow rate of the eluting solvent (85/15 methanol-water) was 1 
mL/min. To separate the electrolyzed benzhydryl chloride mixtures, 
a 0.25-in., 25-cm stainless steel column of LiChrosorb RP8, lO-jum 
mean particle size, was used. The eluting solvent was 80/20 metha
nol-water; the flow rate was 1 mL/min. Calibration curves for the 
standards were constructed daily. 

Chemicals. With the exceptions of 9-chloro-9,9'-bifluorenyl,28 9-
bromofluorene,29 1 -chloro-1,1,2,2-tetraphenylethane,30 tetrabutyl-
ammonium hexafluorophosphate,31 and bifluorenylidene,32 all 
chemicals were commercially available. Each commercial sample was 
further purified by established procedures and its final purity checked 
by a melting point determination and/or by chromatography. Heat-
and light-sensitive reagents were stored at 0 0C in well-sealed brown 
glass bottles. With the exception of solvents, all reagents were stored 
in a vacuum desiccator over phosphorus pentoxide. /V./V-Dimethyl-
formamide (Burdick and Jackson) was purified by passage through 
a column of alumina, 80-200 mesh, of Brockman activity 1 activated 
at 600 0C overnight, and was collected over a mixture of activated 
Davison 4A molecular sieves and alumina. This procedure was carried 
out in a dry, nitrogen-filled glovebag. The transfer of the solvent to 
the vacuum line and the subsequent handling of the solvent and sup
porting electrolyte have been described previously.33 

Cells, Electrodes, and Electrolysis Procedure. All electrochemical 
experiments were performed on an all-glass vacuum line. The solvent 
was transferred into the cell on the vacuum line by trap-to-trap dis
tillation. All potentials are with respect to cadmium amalgam which 
is in contact with an anhydrous dimethylformamide solution that is 
saturated with both cadmium chloride and sodium chloride. This 
electrode is reported to have a potential of —0.75 V vs. the aqueous 
saturated calomel electrode.3 The platinum working electrodes, cell 
designs, and general electrolysis procedures have been described 
previously.34 All chronoamperometric experiments were performed 
on a planar platinum button electrode with a geometric area of 0.25 
cm2. Cyclic voltammetric experiments were performed with both this 
electrode and a planar vitreous carbon electrode.35 

The extent of large-scale electrolyses was monitored periodically 
by cyclic voltammetry. At the conclusion of the experiment, the 
electrolysis mixture was either oxidized at a potential which would 
oxidize all anions or anion radicals that had been produced or pro-
tonated in a dry helium atmosphere with diethyl malonate. The 
mixtures were then analyzed directly by gas chromatography and/or 
high-pressure liquid chromatography. 
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singlet oxygen.6 Subsequently, we concluded that some of the 
original stereochemical assignments were likely in error, de
spite the large number of experiments addressed previously to 
this question. Additional work of a totally unequivocal nature 
was obviously required and recourse has now been made to 
complementary three-dimensional X-ray crystallographic 
analysis. 

The present paper addresses the general question of elec
trophilic additions (including '02) to variously substituted 
3-norcarene systems and analyzes those complications fre
quently associated with interpretation of the 'H NMR spectra 
of epoxides. The ensuing paper7 describes new results which 
show stereoelectronic control of singlet oxygen reactivity by 
hydrazides to be a myth. 

Electrophilic Additions 

3-Norcarene. Early 1H N M R studies of the alicyclic 
methylene proton region of 1, readily available from the 
Simmons-Smith cyclopropanation of 1,4-dihydrobenzene,8 
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Abstract: The stereochemical outcome of the addition of singlet oxygen, Br+, and peracid to four structurally varied 3-norcar
enes has been investigated to obtain direct insight into prevailing product-determining steric effects in these systems. The vari
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ene epoxides have been assessed by 1H NMR spectroscopy through analysis of vicinal coupling constants. Finally, the question 
of epoxide ring anisotropy effects is addressed. 
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