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In an investigation by Wiberg, Bailey, and Jason,3 the re
duction of 1,4-dibromonorbornane at a platinum electrode in 
dimethylformamide containing tetraethylammonium per
chlorate was found to give norbornane, l,l'-binorbornyl, and 
a norbornyl adduct of dimethylformamide. Although elec
trolyses were conducted at - 2 5 0 C, the experimental condi
tions were quite harsh because approximately one half of the 
supporting electrolyte was reduced along with the dibromide.4 

According to the authors, two different mechanisms could 
account for the formation of l,l'-binorbornyl and the nor
bornyl adduct of the solvent—either coupling of the appro
priate radicals or addition of radicals or anions to [2.2.1] pro
pellane—but it was not possible to distinguish between these 
pathways from the available evidence. 

The [2.2.1 ]propellane has been prepared and trapped 
(though not isolated or characterized) in the chemical reaction 
reported by Wiberg, Pratt, and Bailey.5 Addition of tert-
butyllithium to 1,4-diiodonorbornane at —77 0 C results in an 
assortment of products, all of which appear to arise from ad
dition of a carbanion to the [2.2.1]propellane. 

We have recently undertaken investigations6-" of the 
electrochemical reduction of a number of alkyl halides, uti-
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Abstract: Low-temperature (—34 0C) electrolytic reduction of 1,4-dibromonorbornane at mercury cathodes in dimethylform
amide containing tetraalkylammonium perchlorates yields norbornane, bis( 1 -norbornyl)mercury, and 1,1 '-binorbornyl; reduc
tion of 1,4-diiodonorbornane results in the same three products along with 1-iodonorbornane and other minor species. At po
tentials for which the mass balance is 100%, norbornane and bis( 1 -norbornyl)mercury account for 98% of the electrolysis prod
ucts and the coulometric n value is precisely three. When tetramethylammonium perchlorate is utilized as the supporting elec
trolyte at —34 0C, there is a range of potentials over which a pronounced polarographic current minimum appears; this low-
temperature minimum is attributed to adsorption upon the electrode of complex species consisting of tetramethylammonium 
cations and halide ions. Three key observations suggest that [2.2.1 !propellane is an intermediate in the electrochemical reduc
tion of the 1,4-dihalonorbornanes: (1) norbornane is derived from 1,4-dihalonorbornane via a three-electron process which 
does not involve 1-halonorbornane as intermediate; (2) bis(l-norbornyl)mercury is produced by electrolytic reduction of 1,4-
dihalonorbornane but not by reduction of 1-halonorbornane; and (3) a species apparently obtained by two-electron reduction 
of 1,4-dihalonorbornanes is capable of undergoing oligomerization. A polarographic wave seemingly attributable to reduction 
of [2.2.1 ]propellane is observed. 
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Figure 1. Polarograms for 0.0025 M 1,4-diiodonorbornane in dimethyl-
formamide containing0.1 F tetramethylammonium perchlorate; \0-ftA 
current scale applies to the upper polarogram and 5-iiA current scale 
applies to the three low-temperature polarograms. 

lizing dimethylformamide as solvent and tetraalkylammonium 
perchlorates as supporting electrolytes; mercury has been 
employed as the cathode material because it is convenient to 
use and because it is capable of trapping radicals generated on 
or near it.6"'3 We felt that study of the electrolytic reduction 
of 1,4-dihalonorbornanes would be more fruitful if carried out 
under milder conditions than those described by Wiberg and 
co-workers; and, if mercury cathodes were utilized, radicals 
such as those suspected by earlier investigators3 might be 
trapped and identified. Accordingly, we report herein results 
of experiments that provide clearer evidence for the electro
chemical generation and reduction of [2.2.1]propellane during 
the electrolysis of 1,4-dihalonorbornanes. 

Experimental Section 

Reagents. Dimethylformamide employed as solvent, tetramethyl
ammonium perchlorate and tetra-n-butylammonium perchlorate used 
as supporting electrolytes, and pure nitrogen (99.98%) utilized for 
deoxygenation of solutions were all handled according to procedures 
outlined in an earlier paper.8 

Preparation of 1,4-dibromonorbornane and 1,4-diiodonorbornane 
was accomplished by treatment of 1,4-dichloronorbornane with the 
aluminum foil-dihalomethane-bromine reagent of McKinley, Pin-
cock, and Scott.14 Synthesis of 1,4-dichloronorbornane involves ad
dition of ethylene to hexachlorocyclopentadiene to give 1,2,3,4,7,7-
hexachloronorborn-2-ene,15 which can be hydrogenated over pal-
ladized charcoal to afford 1,4,7,7-tetrachloronorbomane;'6 reduction 
of the latter compound by diphenyltin dihydride results in 1,4-di
chloronorbornane. Although yields of up to 63% were reported by 
Marchand and Weimar,16 our best result from this procedure was the 
isolation of 1,4-dichloronorbornane in a yield of just 20%, despite 
rigorous purification and drying of all materials. 

Instrumentation and Procedures. Equipment and electrolysis cells 

for polarography and controlled-potential coulometry are described 
elsewhere in more detail.8'17 Controlled-potential electrolyses were 
performed with the aid of a Princeton Applied Research (PAR) Model 
173 potentiostat-galvanostat equipped with a PAR Model 176 cur
rent-to-voltage converter capable of providing iR compensation; 
polarograms were recorded through the use of a PAR Model 175 
Universal Programmer coupled to the potentiostat-galvanostat. All 
potentials are quoted with respect to a room-temperature reference 
electrode consisting of a saturated cadmium amalgam in contact with 
dimethylformamide saturated with both cadmium chloride and so
dium chloride;18'19 this electrode has a potential of-0.750 V vs. the 
aqueous saturated calomel electrode at 25 0C. 

Complete procedures for the controlled-potential electrolyses and 
for the gas chromatographic determination of products are presented 
in a preceding publication.8 Norbornane, 1-bromonorbornane, and 
1-iodonorbornane were identified as electrolysis products by com
parison of gas chromatographic retention times and mass spectra with 
those of authentic compounds.20'21 Isolation and identification of 
bis(l-norbornyl)mercury are discussed in a previous report,8 and the 
presence of l,l'-binorbornyl among the products was confirmed by 
means of mass spectrometry. 

Results and Discussion 

Polarographic Behavior of 1,4-Diiodonorbornane and 1,4-
Dibromonorbornane. Shown in Figure 1 are polarograms for 
0.0025 M solutions of 1,4-diiodonorbornane in dimethyl
formamide containing 0.1 F tetramethylammonium perchlo
rate at 25, - 2 0 , - 3 0 , and - 3 6 0 C. At room temperature, two 
waves are observed with diffusion currents in an approximate 
2:1 ratio, the larger wave appearing at a more positive poten
tial; however, a prominent current maximum22 peaking at 
— 1.40 V obscures the start of the second wave. As the tem
perature is lowered, the maximum diminishes and finally 
vanishes, the absolute magnitude of the polarographic current 
decreases, and a broad current minimum23 appears on the 
plateau of the second wave. At a temperature of - 3 6 0 C , the 
minimum encompasses the unusually wide range of potentials 
from — 1.52 to — 1.87 V, and the diffusion current in this region 
is depressed to a level corresponding to that of the first po
larographic wave. 

Polarograms for 0.0025 M solutions of 1,4-dibromonor
bornane in dimethylformamide containing 0.1 F tetrameth
ylammonium perchlorate at 25 and - 3 6 0 C are illustrated in 
Figure 2. Although the diffusion current for 1,4-dibromo
norbornane at 25 0 C and a potential of -1 .7 V is comparable 
with the total diffusion current for 1,4-diiodonorbornane under 
the same conditions, there are significant differences in the 
behavior of the two compounds. Only a single polarographic 
wave with a much less pronounced current maximum is seen 
for 1,4-dibromonorbornane at room temperature. When the 
temperature is decreased to - 3 6 0 C, a vestige of the maximum 
at — 1.46 V remains and the diffusion current for the dibromo 
species is depressed almost to zero between — 1.60 and — 1.80 
V. 

For the reduction of 1,4-diiodonorbornane in dimethyl
formamide containing 0.1 F tetra-rt-butylammonium per
chlorate, one observes at all temperatures a pair of somewhat 
poorly defined polarographic waves with diffusion currents in 
an ~2:1 ratio and upon which is superimposed a current 
maximum. As with other alkyl halides we have studied,6-1' the 
polarographic maximum decreases in height and shifts toward 
more negative potentials as the temperature is lowered; 
moreover, the low-temperature current minimum, seen at 
relatively negative potentials only when tetramethylammonium 
cations are present, is absent. In dimethylformamide con
taining 0.1 F tetra-n-butylammonium perchlorate at 25 and 
- 3 5 0 C, the reduction of 1,4-dibromonorbornane gives a single 
polarographic wave. 

Polarographic half-wave potentials for 1-halonorbornanes8 

and 1,4-dihalonorbornanes are listed in Table I. It is evident 
that the half-wave potential of the second wave for 1,4-diio-
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Table I. Polarographic Half-Wave Potentials for 1-
Iodonorbornane, 1,4-Diiodonorbornane, 1-Bromonorbornane, and 
1,4-Dibromonorbornane in Dimethylformamide Containing 
Tetraalkylammonium Perchlorates 

compd 25 0C 
UM V 

- 3 6 0 C 

A. 0.1 F Tetramethylammonium Perchlorate 
1 -iodonorbornane —1.22 ± 0.07* -1.27 
1,4-diiodonorbornane -1.05,-1.38* -1.12,-1.45 
1-bromonorbornane —1.67 -1.75c 

1,4-dibromonorbornane —1.35* —1.40 

B. 0.1 F Tetra-rt-butylammonium Perchlorate 
I-iodonorbornane —1.47 -1.58 
1,4-diiodonorbornane -1.18,-1.57* -1.24,-1.63 
1-bromonorbornane —2.04 —2.20 
1,4-dibromonorbornane —1.55 -1.68 

" All potentials are quoted with respect to the reference electrode 
described in the Experimental Section. Data for the 1-halonorbornanes 
are taken from ref 8. * A precise value for the half-wave potential is 
difficult to determine because of the presence of a polarographic 
maximum. c A value for the half-wave potential is difficult to deter
mine because of the presence of a polarographic minimum; the actual 
half-wave potential may be somewhat more negative. 

donorbornane does not coincide with the half-wave potential 
of the wave for 1-iodonorbornane; moreover, at room tem
perature the diffusion current of the second wave for the di-
iodide is roughly half that of the wave for the monoiodide.8 This 
information suggests that 1-iodonorbornane is not the sole 
intermediate in the reduction of 1,4-diiodonorbornane. In 
addition, although 1-bromonorbornane and 1,4-dibromonor
bornane both exhibit a single wave, the half-wave potential for 
the monobromide is at least 320 mV more negative than the 
half-wave potential for the dibromide; this fact indicates that, 
if 1-bromonorbornane is an intermediate in the reduction of 
1,4-dibromonorbornane, the monobromide should be isolable 
because it is not electroactive at certain potentials. 

Controlled-Porential Electrolyses of 1,4-Diiodonorbornane 
and 1,4-Dibromonorbornane. Results of controlled-potential 
electrolyses of 1,4-diiodonorbornane and 1,4-dibromonor
bornane at mercury pool cathodes in dimethylformamide 
containing either 0.1 F tetramethylammonium perchlorate or 
tetra-/!-butylammonium perchlorate at 25 and —34 °C are 
compiled in Tables H-VII; for each experiment, the concen
tration of starting material was 0.0025 M. It is obvious that 
the reduction of these compounds is highly sensitive to changes 
both in potential and temperature. 

As revealed in Table II, electrolytic reduction of 1,4-diio
donorbornane in the presence of tetramethylammonium per
chlorate at —34 0 C results in a coulometric n value of M . 6 at 
potentials (—1.0 to —1.2 V) corresponding to the rising portion 
of the first polarographic wave; 1 -iodonorbornane is obtained 
in a yield ranging from 20 to 30%, along with small quantities 
of norbornane (<5%) and l,l'-binorbornyl (<1%). As dem
onstrated previously,8 1-iodonorbornane is reduced to nor
bornane in a two-electron process, regardless of temperature 
and potential. Based upon the recovery of the monoiodide and 
the n value of <2, we surmise that the monoiodide is generated 
from the diiodide in a one-electron step at these potentials. 
Indeed it is highly improbable that the monoiodide could arise 
from two-electron reduction of the diiodide; Wiberg, Pratt, and 
Bailey5 have demonstrated that the halo anion resulting from 
addition of two electrons to 1,4-diiodonorbornane preferen
tially undergoes intramolecular cyclization to yield [2.2.1]-
propellane rather than protonation to give 1 -iodonorbornane. 
On the other hand, because norbornane is an electrolysis 
product, some of the starting material must accept more than 
a single electron. For potentials ( -1 .3 and - 1 . 4 V) on the 
plateau of the first polarographic wave for the diiodide, sig-
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Figure 2. Polarograms for 0.0025 M 1,4-dibromonorbornane in dimeth
ylformamide containing 0.1 F tetramethylammonium perchlorate. 

nificant amounts of norbornane and bis(l-norbornyl)mercury 
are produced together with smaller yields of 1,1 '-binorbornyl, 
and the n value lies between 2.2 and 2.5; because 1-iodonor
bornane is easily reduced at potentials more negative than —1.3 
V, it is only a minor product. Yields of norbornane and bis(l-
norbornyl)mercury increase as the potential becomes more 
negative until ~50% of each compound is produced at a po
tential ( -1 .5 V) on the plateau of the second polarographic 
wave. Finally, reduction of 1,4-diiodonorbornane at a potential 
(— 1.7 V) corresponding to the polarographic minimum gives 
results similar to those found in electrolyses done at potentials 
on the plateau of the first wave. 

Table III shows that controlled-potential electrolyses of 
1,4-dibromonorbornane at - 3 4 0 C with tetramethylammo
nium perchlorate as supporting electrolyte are characterized 
by n values from 2.2 to 2.9. Experiments performed at poten
tials (—1.4 and —1.5 V) on the rising portion of the polaro
graphic wave yield only bis(l-norbornyl)mercury (70%) and 
norbornane (24%); no 1-bromonorbornane is found, even 
though it is not electroactive at these potentials and should be 
isolable. Electrolysis of a solution containing equal concen
trations of 1-bromonorbornane and 1,4-dibromonorbornane 
at a potential causing reduction only of the latter results in 
recovery of 95% of the former; this observation, indicating no 
halogen transfer between the two compounds, establishes that 
norbornane is produced from 1,4-dibromonorbornane by a 
process not involving 1-bromonorbornane as intermediate.24 

At potentials ( -1 .6 to -1 .8 V) encompassed by the low-tem
perature polarographic minimum, decreasing percentages of 
bis(l-norbornyl)mercury and norbornane are seen among the 
electrolysis products, but modest amounts (up to 10%) of 
1,1'-binorbornyl do appear. 

In several electrolyses of 1,4-diiodonorbornane and 1,4-
dibromonorbornane at —34 0 C in the presence of tetrameth
ylammonium perchlorate (— 1.5 V in Table II and — 1.4, — 1.5, 
and —1.6 V in Table III), the coulometric n value is virtually 
3.0, the mass balance (total percentage of starting material 
incorporated into known products) is equal or close to 100%, 
and the only important products are norbornane and bis(l-
norbornyl)mercury. Such observations indicate that norbor-
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Table II. Coulometric Data and Product Distributions for Electrolytic Reduction at —34 0C of 1,4-Diiodonorbornane at Mercury in 
Dimethylformamide Containing 0.1 F Tetramethylammonium Perchlorate 

potential, V 

-1.00 
-1.10 
-1.20 
-1.30 
-1.40 
-1.50 
-1.60 
-1.70'' 
-1 .75 ' 

mass balance, % 

31* 
30* 
26* 
39 
41 

100 
75 
40 
27 

n value 

1.59 
1.60 
1.65 
2.24 
2.47 
2.98 
2.83 
2.27 
2.22 

norbornane 

1 
4 
5 

13 
18 
50 
35 
20 
16 

product distributi 

1 -iodonorbornane 1,1 

30 
26 
20 
6 

3 
1 

ion, %" 

'-binorbornyl 

1 
5 
6 
2 
3 
6 
7 

bis(l-norbornyl)-
mercury 

15 
17 
48 
34 
13 
4 

" All yields are absolute percentages (determined with respect to an internal standard) of starting material incorporated into a given product; 
product yields and n values are based on the quantity of starting material actually consumed in an electrolysis. * Does not include 5-10% of 
unidentified high-molecular-weight products. ' Potentials corresponding to the deepest region of the polarographic minimum. 

Table III. Coulometric Data and Product Distributions for Electrolytic 
Dimethylformamide 

potenti ial, V mass balance, % n value 

Reduction at —34 

norbornane 

0C of 1,4-Dibromonorbornane at Mercury in 

product distribution, 

1,1'-binorbornyl 

%" 
bis(l-norbornyl)mer-

cury 

- 1 . 4 
-1.5 
-1.6 
-1.7C 

- 1 . 8 ' 

-1.8 
-1.9 
-2.0 
-2.1 

94 
94 
92 
66 
25 

67 
57 
78 

A. 0.1 F Tetramethylammonium Perchlorate* 
2.86 24 
2.93 24 
2.90 43 
2.75c 22 
2.16c 7 

B. 0.1 F Tetra-n-butylammonium Perchlorate^ 
3.00 28 
2.73 24 
2.79 28 
2.90 60 

3 
10 

70 
70 
48 
41 

49 
34 
20 
10 

0 All yields are absolute percentages (determined'with respect to an internal standard) of starting material incorporated into a given product; 
product yields and n values are based on the quantity of starting material actually consumed in an electrolysis. * No more than 1% of 1-bro-
monorbornane was recovered in any experiment done in the presence of tetramethylammonium perchlorate. c Potentials corresponding to 
the deepest region of the polarographic minimum; calculation of n value is complicated by erratic current-time trace. d No more than 3% 1 -
bromonorbornane and 5% tri-n-butylamine were recovered in any experiment done in the presence of tetra-M-butylammonium perchlorate. 

Table IV. Coulometric Data and Product Distributions for Electrolytic Reduction at -34 0C of 1,4-Diiodonorbornane at Mercury in 
Dimethylformamide Containing 0.1 F Tetra-n-butylammonium Perchlorate 

potential, V 

-1.2 
-1.3 
-1.4 
-1.5 
-1.6 
-1.7 
-1.8 
-1.9 
-2.1 

mass balance, % 

26* 
26* 
22* 
31* 
29 
39 
49 
68 
44 

n value 

1.61 
1.54 
1.65 
2.09 
2.14 
2.56 
2.66 
2.86 
2.61 

norbornane 

3 
3 
4 
8 
8 

13 
15 
33 
22 

product distribution, %" 

1-iodonorbornane 

22 
22 
11 
7 
6 
1 
1 
1 
1 

1,1'-binorbornyl 

1 
1 
2 
3 
3 
4 
5 
3 
5 

bis(l-norbornyl)-
mercury 

5 
13 
12 
21 
28 
31 
16 

" All yields are absolute percentages (determined with respect to an internal standard) of starting material incorporated into a given product; 
product yields and n values are based on the quantity of starting material actually consumed in an electrolysis. * Does not include 5-10% of 
unidentified high-molecular-weight products. 

nane and bis(l-norbornyl)mercury arise from transfer of three 
electrons to the starting materials. However, for most low-
temperature electrolyses performed in the present investiga
tion, compounds other than norbornane and bis(l-nor-
bornyl)mercury are included among the roster of products and, 
moreover, the mass balance is substantially <100%; for these 
experiments, a simple calculation25 suggests that any molecule 
of 1,4-dihalonorbornane not transformed into norbornane, 
bis(l-norbornyl)mercury, l,l'-binorbornyl, or 1-iodonorbor-
nane must undergo a two-electron reduction to yield a material 

which is not easily characterized. As discussed later, almost 
all of the unrecovered species appear to be oligomers derived 
from [2.2.1]propellane. 

In general, the coulometric data and product distributions 
for reduction of the 1,4-dihalonorbornanes at —34 0 C in so
lutions containing tetra-n-butylammonium perchlorate as 
supporting electrolyte closely parallel results discussed in the 
preceding paragraphs. For the diiodide (Table IV), the yield 
of monoiodide is highest at potentials corresponding to the 
rising portion of the first polarographic wave, whereas gener-



Carroll, Peters / Electrolytic Reduction of 1,4-Dihalonorbornanes 4131 

Table V. Coulometric Data and Product Distributions for Electrolytic Reduction at 25 °C of 1,4-Diiodonorbornane at Mercury in 
Dimethylformamide Containing 0.1 F Tetramethylammonium Perchlorate 

product distribution, %" 

potential, V mass balance,' n value 
bis(l-norbornyl)-

1-iodonorbornane l,l'-binorbornyl mercury norbornane 

-1.0 
-1.1 
-1.2 
-1.3 
-1.4 
-1.5 
-1.6 
-1.7 
-1.8 

18 
15 
20 
18 
54 
57 
70 
68 
95 

2.37 
2.45 
2.18 
2.70 
3.24 
3.06 
3.46 
3.21 
3.44 

3 
5 

13 
16 
39 
50 
68 
64 
85 

15 

7 
2 

15 
7 
1 

" All yields are absolute percentages (determined with respect to an internal standard) of starting material incorporated into a given product; 
product yields and n values are based on the quantity of starting material actually consumed in an electrolysis. 

Table VI. Coulometric Data and Product Distributions for Electrolytic Reduction at 25 0C of 1,4-Diiodonorbornane at Mercury in 
Dimethylformamide Containing 0.1 F Tetra-n-butylammonium Perchlorate 

potential, V 

-1.2 
-1.3 
-1.4 
-1.5 
-1.6 
-1.7 
-1.8 
-1.9 

mass balance, 

23 
19 
27 
54 
41 
60 
74 
73 

% n value 

1.77 
1.93 
2.38 
2.90 
3.03 
3.05 
3.30 
3.07 

norbornane 

3 
4 
7 

22 
27 
33 
46 
60 

1-iodonorbor-
nane 

17 
11 
3 

product distribution 

1,1 '-binorbornyl 

2 
3 
5 

1 
1 
1 

,%<• i 
bis(l-norbornyl)-

mercury 

1 
1 

12 
32 
14 
26 
27 
12 

tri-n-butylamine 

1 

1 
8 

20 
NA* 
23 
31 

" All yields are absolute percentages (determined with respect to an internal standard) of starting material incorporated into a given product; 
product yields and n values are based on the quantity of starting material actually consumed in an electrolysis. * Not available. 

ation of norbornane and bis(l-norbornyl)mercury is greater 
at more negative potentials. For the dibromide (Table III), the 
production of norbornane is maximal at the most negative 
potentials and bis(l-norbornyl)mercury is formed in larger 
quantities at more positive potentials. For both of the 1,4-
dihalonorbornanes, the yield of 1,1'-binorbornyl tends to in
crease as the potential becomes more negative. 

Two minor products have been detected, though in yields 
of <2%, during low-temperature reductions conducted in the 
presence of either supporting electrolyte; first, 4,4'-diiodo-
l,l'-binorbornyl is obtained from the electrolysis of 1,4-diio-
donorbornane at the least negative potentials only and, second, 
a norbornyl adduct26 of dimethylformamide has been seen in 
a number of experiments. 

At 25 0 C the pattern of reduction of 1,4-dihalonorbornanes 
is markedly different from, and somewhat less interesting than, 
the behavior of these compounds at low temperature. Presented 
in Tables V and VI are coulometric data and product distri
butions obtained from electrolyses of 1,4-diiodonorbornane 
in dimethylformamide containing tetramethylammonium 
perchlorate and tetra-«-butylammonium perchlorate, re
spectively. Except for potentials corresponding to the first 
polarographic wave, norbornane is the principal product and 
n values between 3.0 and 4.0 are recorded; small quantities of 
1-iodonorbornane are generated upon reduction of the diiodide 
at the least negative potentials only, whereas 1,1'-binorbornyl 
is produced at the most negative potentials. Bis( 1 -norbornyl)-
mercury is recovered in yields of up to 32%, mainly when 
tetra-«-butylammonium perchlorate is employed as supporting 
electrolyte. Tri-«-butylamine, arising from the tetra-n-bu-
tylammonium cation via the Hofmann elimination, is formed 
in yields as high as 31% (based on the moles of starting mate
rial) at 25 0 C; little, if any, of the amine is detected in elec
trolyses carried out at —34 0C.2 7 Table VII contains the results 
of electrolyses of 1,4-dibromonorbornane at room temperature; 

the coulometric « value ranges from 3.15 to 3.83 and the 
products are norbornane (32-90%), bis(l-norbornyl)mercury 
(up to 25%), and 1-bromonorbornane (as much as 5%) along 
with tri-n-butylamine when tetra-n-butylammonium per
chlorate is the supporting electrolyte. 

Mechanism: Intermediacy of Propellane. With reference to 
the electrolytic behavior of 1,4-diiodonorbornane at —34 0 C, 
there is a striking correlation between the magnitudes of the 
polarographic current and coulometric n value on one hand and 
the yields of norbornane and bis( 1 -norbornyl)mercury on the 
other hand. Figure 3, which represents graphically the data 
in Table II, illustrates the remarkably parallel variation of 
these quantities as a function of potential. On the basis of this 
information, we suggest that norbornane and bis(l-nor
bornyl) mercury are formed from 1,4-diiodonorbornane via a 
common intermediate. When coulometric data and product 
distributions for the electrolysis of 1,4-dibromonorbornane at 
—34 0 C (Table III) are analyzed in a similar fashion, the yield 
of norbornane generally increases as the potential becomes 
more negative, whereas the amount of bis(l-norbornyl)mer-
cury decreases steadily over the same range of potentials. 
Apparently, the mechanism by which norbornane and bis(l-
norbornyl)mercury are produced is different for the two 
1,4-dihalonorbornanes. 

To explain how 1-iodonorbornane is generated from 1,4-
diiodonorbornane at relatively positive potentials, we suggest 
that the 1-halonorbornane (3) arises via pathway A in Scheme 
I. As mentioned earlier, it seems logical that halo radical 2 
rather than halo anion 6 is responsible for the formation of 
1-iodonorbornane because Wiberg, Pratt, and Bailey5 assert 
that cyclization of 6 is the preferred process at —77 0 C , a re
action which should be no less facile at —34 °C. Indeed, if a 
higher temperature did favor protonation of 6 over internal 
cyclization, one would expect a marked increase in the yield 
of 1-iodonorbornane in room-temperature electrolyses com-
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Table VII. Coulometric Data and Product Distributions for Electrolytic Reduction at 25 0C of 1,4-Dibromonorbornane at Mercury in 
Dimethylformamide 

potential, V 

-1.3 
-1.4 
-1.5 
-1.6 
-1.7 
-1.8 

-1.5 
-1.6 
-1.7 
-1.8 
-1.9 
-2.0 

mass balance, % 

58 
77 
82 
94 
84 
90 

69 
62 
66 
73 
75 
64 

n value 

A. 0.1 F 
3.64 
3.42 
3.53 
3.62 
3.83 
3.74 

product distribution, %" 
1-bromo-

norbornane norbornane 

Tetramethylammonium Perchlorate 

B. 0.1 FTetra 
NA' 
3.43 
3.28 
3.15 
3.33 
3.25 

32 2 
60 
73 
94 
84 
90 

rt-butylammonium Perchlorate 
52 
33 2 
45 4 
52 5 
68 4 
63 1 

bis(l-norbornyl)-
mercury 

24 
17 
9 

17 
27 
17 
16 
3 

tri-n-butylamine'' 

10 
20 
25 
24 
23 

" All yields are absolute percentages (determined with respect to an internal standard) of starting material incorporated into a given product; 
product yields and n values are based on the quantity of starting material actually consumed in an electrolysis. * Does not apply to electrolyses 
in which tetramethylammonium perchlorate is used as supporting electrolyte. c Not available. 

Scheme I 

PATHWAY A 

XnhX • Xnb- — XnbHf' ! •*•> 

M' l«r • " . H») 

nb -th^=ih 
pared with those performed at -34 °C—but the opposite trend 
is observed. 

Let us now recall three compelling pieces of experimental 
evidence: (a) norbornane is derived from 1,4-dihalonorbornane 
via a three-electron reduction which does not involve 1-halo-
norbornane as an intermediate; (b) large amounts of bis(l-
norbornyl)mercury are produced by reduction of either 1,4-
dihalonorbornane, but little or no diorganomercury compound 
is formed when the 1-halonorbornanes are reduced;8 and (c) 
a species is obtained by two-electron reduction of 1,4-dihalo-
norbornanes that is capable of undergoing polymerization. 
Intermediacy of [2.2.1]propellane accounts for all these ob
servations. Both the diradical (5)28 and the halo anion (6)5 can 
give rise to the propellane (8).29 Propellane is known to react 
with anionic species at the bridgehead position;5 linkage of two 
or more propellanes would generate oligomers (14 and 15) 
difficult to detect by means of gas chromatography. 

To establish the existence of propellane-derived oligomers, 
an electrolysis of 1,4-diiodonorbornane was performed at a 
potential of —1.4 V in dimethylformamide containing 0.1 F 
tetramethylammonium perchlorate at 25 °C—conditions 
designed to maximize the yield of high-molecular-weight 
products. Subjecting the mixture of products to vacuum re
moved all low-molecular-weight species; the semisolid mass 

which remained showed infrared absorption bands charac
teristic of the norbornyl moiety and the carbonyl group of an 
amide, but no band attributable to the stretching mode of an 
alkene.30 Mass spectrometry revealed the presence of the fol
lowing molecular ions and fragments: m/e 355, 
[H(C7H1O)3CON(CH3)Z]+; 261, [H(C7H,0)2CON(CH3)2]+; 
233, [H(C7HiO)2N(CHs)2]+; and 189, Ci4H2,+. In addition, 
a species of m/e 167, [H(C7H i0)CON(CH3)2]+, was detected 
in gas chromatographic-mass spectrometric experiments. In 
all these mass spectra, the base peak (m/e 95) corresponds to 
the 1-norbornyl system; species of mass 94 corresponding to 
[2.2.1]propellane are lost during the fragmentation process. 

One-electron reduction of propellane (8) completes the al
ternate three-electron pathway to norbornane which does not 
involve 1-halonorbornane as intermediate.31 Radical anion 9, 
the product of this one-electron process, undergoes protonation 
to yield the 1-norbornyl radical (10). Once formed, the 1-
norbornyl radical can gain a hydrogen atom from the solvent 
to give norbornane (12), can be adsorbed upon the mercury 
surface to eventually form bis(l-norbornyl)mercury (11), or 
can dimerize to produce l,l'-binorbornyl (13). At —34 0C the 
two processes of adsorption of the 1-norbornyl radical upon 
the mercury pool and abstraction of a hydrogen atom from 
solvent by the 1-norbornyl radical appear to be competitive, 
because the yields of bis(l-norbornyl)mercury and norbornane 
are comparable. At room temperature, the preferred reaction 
is abstraction of a hydrogen atom by the 1-norbornyl radical 
or addition of another electron to the 1-norbornyl radical 
(followed by protonation), because the major electrolysis 
product is norbornane and the coulometric n value approaches 
4. 

At potentials corresponding to the low-temperature po-
larographic minimum, reduction of the propellane in the 
presence of tetramethylammonium perchlorate is blocked by 
adsorption onto the mercury cathode of complex species con
sisting of the tetramethylammonium cation and the halide ions 
released upon electrolysis of the 1,4-dihalonorbornanes.23 If 
not reduced, the propellane reacts to form oligomers. We be
lieve that this phenomenon explains why there is a close simi
larity between the coulometric n values and product distribu
tions for electrolyses done at potentials corresponding to the 
plateau of the first polarographic wave and at potentials cor
responding to the minimum for the reduction of 1,4-diio
donorbornane at -34 0C, because the second polarographic 
wave for 1,4-diiodonorbornane seems to be attributable to 
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Figure 3. Characteristics of the electrolytic reduction of l,4-diiodonor-
bornane in dimethylformamide containing 0.1 F telramethylammonium 
perchlorate at - 3 4 0C: (A) absolute yields of norbornane ( • ) , bis(l-
norbornyl)mercury (O), and l-iodonorbornane ( • ) ; (B) mass balance 
(—) and coulometric n value (- -); (C) smooth polarogram. 

reduction of [2.2.1]propellane. 
To rationalize differences in product distributions between 

the dibromide and diiodide as a function of potential, we must 
consider production of bis(l-norbornyl)mercury (11) via halo 
radical 2. Webb, Mann, and Walborsky12 have outlined a 
mechanism for the formation of dialkylmercury compounds 
involving adsorption of alkyl radicals upon the mercury cath
ode; combination of two adsorbed alkylmercury radicals and 
subsequent elimination of an atom of mercury result in the 
dialkylmercury species. This process is made possible by the 
presence of the electrode which stabilizes alkylmercury radi
cals.32 Adsorption of 2 upon the electrode surface yields 
haloalkylmercury radical 4, and reduction of 4 should be fea
sible33 although the potential at which this reaction can occur 
may be highly dependent upon the identity of the halide; the 
4-iodonorbornylmercury radical would be expected to be more 
easily reducible than the corresponding 4-bromonorbornyl-
mercury radical by analogy to the pattern of reduction of 
simple alkyl monohalides. 

Based on experimental data, it appears that competition 

exists between pathway B and pathway C in Scheme I, the 
rates of reactions in these pathways changing as a function of 
potential. For the reduction of 1,4-dibromonorbornane at the 
least negative potentials, pathway B contributes significantly 
to the formation of bis(l-norbornyl)mercury; pathway C 
predominates at more negative potentials because the 4-bro-
monorbornylmercury radical (4) may be reduced. On the other 
hand, pathway C is preferred over pathway B at all potentials 
during the reduction of 1,4-diiodonorbornane. 

Although no bis(4-halo-l-norbornyl)mercury (7) has been 
recovered in the present investigation, it is conceivable that 
reduction of this species is easily accomplished. Casanova and 
Rogers34 report that no bis(bromoalkyl)mercury compound 
results from the three-electron reduction of 1 ,w-dibromoal-
kanes to dialkylmercury species; in addition, 7 may be par
ticularly easy to reduce in view of the through-space interaction 
between the Ci and C4 sites.35 

To date, efforts to isolate the propellane have been unsuc
cessful. Ultrasonic stirring of the solution in the electrolytic 
cell, coupled with continuous and rapid bubbling of nitrogen 
through the reaction mixture, failed to remove the propellane. 
After each attempt, however, polymer was recovered from the 
solution. Apparently, anions or radicals react with the pro
pellane before it can escape from the diffusion layer at the 
electrode surface. 
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Given the neglect of Koerner's proof, it may not be sur
prising that no one has noted a fault in the last step of his 
argument, where he retreated from an abstract to a geometric 
model. Below we summarize Koerner's discussion and then 
show, by recasting it in the language of permutation groups, 
that the proof can be completed rigorously using the evidence 
he cited. This completion vindicates Koerner's intuition that 
his evidence constituted a proof of the equivalence of the hy
drogens in benzene, and we hope that the group-theoretical 
approach used to reformulate his arguments may prove useful 
in discussing more subtle structural questions for which rigid 
models are inappropriate. 

Koerner's Proof 
Koerner published his proof in 1869, 5 years before the van't 

Hoff-Le Bel hypothesis of tetrahedral carbon. In the positivist 
view of many established chemists geometric models of mol
ecules were not subject to experimental test and were thus both 
inappropriate and insidious.5 Introducing his paper Koerner 
wrote "The dogma of the impossibility of determining the 
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