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The polarographic reduction of stilbene, naphthalene, phenanthrene, biphenyl, o-terphenyl, ra-terphenyl, diphenyl-
acetylene and phenylacetylene in dimethylformamide containing tetra-M-butylammonium iodide as a supporting electrolyte, 
has been carried out. The results point to the formation of monovalent anion-free radicals as intermediates in the reduction 
of the first seven hydrocarbons. Substantiation for the mechanism of reduction was obtained by the isolation of products 
in the large scale electrolytic reduction of naphthalene, phenanthrene and diphenylacetylene in the absence and presence of 
carbon dioxide. Agreement of the results obtained with the data reported by magnetic susceptibility and spectra me: ,urc-
ments on sodium addition products of aromatic hydrocarbons indicates that the polarographic method offers a satisfactory 
and rapid method of determining which aromatic hydrocarbons are capable of forming stable monovalent anion-free radi
cals with alkali metals. 

The mechanism of the addition of alkali metals 
to arylated olefins and aromatic hydrocarbons has 
been the subject of many investigations. Anion-
free radicals and divalent anions have been sug
gested as intermediates in such reactions in aprotic 
solvents. 

The formation of anion-free radicals has been 
suggested chemically in the addition of sodium to 
naphthalene, biphenyl4 and stilbene.6 

Such structures have been confirmed by spectros
copy,6'7 and by magnetic susceptibility measure
ments8 for addition products of sodium with various 
aromatic hydrocarbons. 

Previous polarographic studies in acetonitrile 
and dimethylformamide9 have shown that this 
method is capable of furnishing evidence for the 
existence of stable anion-free radicals in the reduc
tion of stilbene and anthracene. Polarographic 
studies by others10'11 in 96% dioxane-water mix
tures have pointed to such intermediates in the re
duction of anthracene and numerous other hy
drocarbons but not for naphthalene or stilbene. 
The report of only one wave for stilbene indicates 
that 96% dioxane-water is more acidic than di
methylformamide and is not as useful for such 
studies. 

In the present work the polarographic reduction 
of naphthalene, biphenyl, phenanthrene, o-ter
phenyl, w-terphenyl, phenylacetylene and di
phenylacetylene in dimethylformamide has been 
studied in order to determine whether anion-
free radicals are produced in this solvent from these 
compounds electrolytically. 
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Experimental12 

The solutions were studied in a cylindrically shaped cell 
with a mercury pool anode and fitted with side arms fur the 
anode connection and for admission of nitrogen. The cell 
was thermostated by a water-bath controlled at 25 ± 0 .1 3 . 

The current-voltage curves were obtained with a Sargent 
model XI I polarograph having a current scale calibration of 
0.00497 n a . /mm. at a sensitivity of one. 

The dropping mercury electrode was operated at 60 cm. 
pressure and had a droptime of 3.40 seconds in dimethyl
formamide (open circuit). The iir.V.'i value was 1.350 
mg.V«sec.-1A. 

The dimethylformamide was purified in a manner simi
lar to that reported previously.9 The hydrocarbons used 
were obtained from stock and purified by crystallization or 
distillation. 

Electrolytic Reductions.—The electrolytic reductions of 
the various hydrocarbons in the absence and presence of 
carbon dioxide were carried out in a similar manner to that 
described earlier.9 

Electrolysis of Naphthalene.—Naphthalene (6.4 g.) was 
dissolved in 150 ml. of dimethylformamide containing 
0.155 M tetra-w-butylammonium iodide and placed in the 
cathode compartment. An equal volume of the solvent with 
supporting electrolyte was placet! in the anode compartment 
and the dissolved air in the cell was removed by bubbling 
nitrogen through the solution for an hour. Direct current 
was passed through the cell for 23.5 hours and decreased 
from 0.30 to 0.05 amp. in this period. The catholyte be
came faintly green in color during this period. 

Removal of the solvent under reduced pressure and then 
steam distillation gave 5..S g. of naphthalene. 

Electrolysis of Naphthalene and Carbon Dioxide.—A 
solution similar to the above was electrolyzed while a stream 
of carbon dioxide was passed through the catholyte. The 
catholyte remained colorless and the current dropped from 
0.30 to 0.10 amp. in a 23-hour period. 

The solvent was removed under reduced pressure and the 
residue after being made alkaline with 100 ml. of ri<7c sodium 
hydroxide was steam distilled; 1.5 g. of naphthalene was 
obtained. The alkaline solution remaining from the dis
tillation after filtration gave upon acidification 3.62 g. of 
an acid melting a t 178-2Q00. Purification by reprecipita-
tion from sodium hydroxide with subsequent recrystallization 
from isopropyl alcohol gave l,4-dicarboxy-l,4-dihydro-
naphthalene. This structure was indicated by its melting 
point of 224-227° and neutralization equivalent of 111.5. 
No l,2-dicarboxy-l,2-dihydronaphthalene could be isolated 
using the method of Walker and Scott.13 

Electrolysis of Phenanthrene.—Phenanthrene (8.9 g.l 
was reduced under conditions similar to those given for 
naphthalene for 27 hours. During the electrolysis 0,10,9'.-
10'-tetrahydro-9,9'-biphenanthrene (3.9 g.) collected in the 
side arm and on the sintered glass disk of the electrolytic 
cell. The white solid after recrystallization from benzene 
melted at 284°. 

(12) Meltintr points are not corrected. 
(13) J. F. Walker and N. D. Scott, Tins JOURNAL, 60, 951 (1938). 
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Anal. Calcd. for C28H22: C, 93.85; H, 6.15. Found: 
C, 93.35; H, 6.05. 

Phenanthrene (3.7 g.) was recovered from the filtrate. 
The presence of 9,10-dihydrophenanthrene was not demon
strated because of the small amount present. 

o,9'-Biphenanthrene.—A mixture of 9,10,9',10'-tetra-
hydro-9,9-biphenanthrene (1.15 g.) and sulfur (0.43 g.) 
was heated at 250° for 10 hours. The cooled residue when 
extracted with chloroform gave a viscous mass. Further 
extraction of this product with benzene, and then clarifi
cation with decolorizing carbon and cooling, gave 0.22 g. 
of 9,9'-biphenanthrene melting at 186°. The literature 
reports 18-1-185°. '< 

Electrolysis of Phenanthrene and Carbon Dioxide.— 
Phenanthrene (8.9 g.) was reduced in the presence of carbon 
dioxide for 25 hours. Removal of the solvent and then 
extraction with ether gave 2.34 g. of phenanthrene. The 
insoluble residue now was extracted with 100 ml. of f0% 
sodium hydroxide. The extract upon acidification gave a 
gummy mass which crystallized from chloroform and gave 
2.8 g. of ;raH5-9,10-dicarboxy-9,10-dihydrophenanthrene. 
After two crvstallizations from chloroform the acid melted 
at 230-232° (the literature value16 is 235-242°) and gave a 
neutralization equivalent of 133.5. The dimethyl ester 
prepared from methanol and sulfuric acid melted at 128° 
in agreement with the literature.15 

Electrolysis of Diphenylacetylene.—Diphenylacetylene 
'8.S) g.) was reduced for 30 hours starting with a current of 
0.45 amp. and decreasing to 0.20 amp. at the end of the 
electrolysis. Removal of the solvent under reduced pressure 
followed by steam distillation gave 5.4 g. of bibenzyl melting 
at 52°; no depression in melting point was observed when 
mixed with an authentic sample. The residue from the 
steam distillation when extracted with ether gave 1,2,3,4-
tetraphenylbutane (0.3 g.) melting at 85-86° and identical 
with an authentic sample. Xo l,2,3,4-tetraphenyl-l,3-
butadiene was found. 

Electrolysis of Diphenylacetylene and Carbon Dioxide.— 
Diphenylacetylene (8.9 g.) was electrolyzed in the presence 
of carbon dioxide for 24.5 hours. Removal of the solvent 
with subsequent addition of 100 ml. of 5% sodium hydroxide 
gave a dark precipitate of tetrabutylammonium iodide and 
tetrabutylamnionium tetraiodomercurate which was re
moved by nitration. The alkaline filtrate after extraction 
with benzene gave upon acidification 12.5 g. of a pale yellow 
solid. Fractional crystallization from 50 ml. of hot ethyl 
acetate gave 1.21 g. of diphenylfumaric acid which after 
one crvstallization from glacial acetic acid had a melting 
point of 203-265° (lit. 260°, 271° depending on the rate of 
heating16) and a neutralization equivalent of 134. Evapora
tion of the ethyl acetate and crystallization from ethanol 
(25 ml.) gave diphcnylmaleic anhydride (0.5 g.). This 
compound crystallized from glacial acetic acid and melted 
at 157-158° (lit.16 158°). The alcoholic filtrate after heat
ing with 5n ml. of water and one drop of sulfuric acid for 
several hours gave on cooling 3.68 g. of meso-diphenyl-
succinic acid. This acid melted at 222° after one crystalli
zation from methanol and proved identical with an authen
tic sample. 

Results 

Polarographic da ta obtained for the various 
hydrocarbons in dimethylformamide containing 
te t rabutylammonium iodide are given in Table I 
and compared with the results for stilbene. The 
waves in all cases were well denned. 

To study the effect of protons upon the reduction, 
water was added to a solution of naphthalene in 
increasing amounts and the results are summarized 
in Table I I . 

To help formulate electrode reactions, large scale 
electrolytic reductions were carried out with 
naphthalene, phenanthrene and diphenylacetylene 
in the absence and presence of carbon dioxide. 
The results are summarized in the Experimental 
section. 

( I t ) W. IC. B a c h m a n n , T i n s J O U R N A L , 56, 1365 (1934). 
'15) A. Jeanes and R. A d a m s , ibid., 59, 2609 (1937). 
(10) R a m a r t - I . u c a s and M. J. Hoch , Ann. chim., 13 , 395 (1930). 

TABLE I 

POLAROGRAPHIC BEHAVIOR OF VARIOUS AROMATIC HYDRO

CARBONS IN DIMETHYLFORMAMIDE CONTAINING 0.155 M 

TETRA-K-BUTYLAMMONIUM IODIDE 

C o m p o u n d 

/ran.t-Stilbene 

Naphthalene 
Phenanthrene 
Diphenylacety! 

Biphenyl 
o-Terphenyl 

m-Terphenyl 

ene 

Phenylacetylene" 
" Millimoles 

capillary had a 
per 

dropt 

C o n c n . " 

1.00 

1.00 
1.00 
1.00 

1.81 
0.71 

1.00 
1.50 

liter. b 

me of 3.8 

W a v e 

1 
2 

Id = 
sec. and 

Ei/i v. vs. 
H g pool 

- 1 . 6 4 
- 1 . 9 4 
- 1 . 9 1 
- 1 . 8 6 
- 1 . 6 9 
- 1 . 9 6 
- 1 . 9 5 
- 1 . 9 0 
- 2 . 0 6 
- 1 . 8 6 
- 1 . 9 7 

W> 

2.09 
2.24 
2.02 
1.59 
1.92 
2.31 
1.44 
2.24 
2.74 
1.37 
8.32 

id/Cm'/' 21A. "The 
IB ' / I / ' / I of 1.858. 

TABLE II 

EFFECT OF WATER ON THE POLAROGRAPHIC BEHAVIOR OF 

NAPHTHALENE IN DIMETHYLFORMAMIDE CONTAINING 0.155 

M TETRA-W-BUTYLAMMONIUM IODIDE 

W a t e r added to 
10 ml . so lu t i on , 0 

ml. Ei/2 id Idb 

0 - 1 . 9 1 2.74 2.02 
1 - 1 . 9 1 3.43 2.78 
2 - 1 . 9 3 3.53 3.12 
5 - 1 . 9 1 4.61 5.10 

" 0.001 M solution. b Corrected for the change in con
centration of naphthalene. 

Discussion of Results 

Comparison of the polarographic results for the 
various compounds with the behavior of stilbene 
and other compounds studied previously in di
methylformamide9 indicates tha t diphenylacetyl
ene and o-terphenyl show two one-electron re
duction waves at the dropping mercury electrode. 
Phenylacetylene gives a diffusion current constant 
which approximates a four-electron change. Naph
thalene, phenanthrene, biphenyl and m-terphenyl 
under the same conditions give only a single one-
electron wave. To verify this type of reduction 
the effect of water on the reduction of naphthalene 
was studied. The results given in Table I I indi
cate tha t the wave is increased to approximately 
double its size in the presence of 33.3 volume per 
cent, of water. This behavior is similar to t ha t 
observed when stilbene is reduced in the presence 
of water.9 The anion-free radical reacts rapidly 

C10H, + e > C10H8- (slow) 
C10H8- + H2O >• C10H9 + O H - (fast) 

C10H9 + e >• C1 0H9- (fast) 
C1 0H9- + H2O > C10H10 + O H " (fast) 

w i t h w a t e r t o g ive a free r ad i ca l w h i c h is r e d u c e d 
i m m e d i a t e l y . T h e n e t r e su l t is t h a t in t h e p r e s e n c e 
of a sufficient a m o u n t of w a t e r a t w o - e l e c t r o n w a v e 
is o b s e r v e d for t h e r e d u c t i o n of n a p h t h a l e n e . 

P o l a r o g r a p h i c r e d u c t i o n of n a p h t h a l e n e , p h e 
n a n t h r e n e , b i p h e n y l a n d w - t e r p h e n y l in d i m e t h y l 
f o r m a m i d e w o u l d t he r e fo r e i n v o l v e o n l y t h e a d d i 
t i on of o n e e l ec t ron a n d t h e f o r m a t i o n of a n a n i o n -
free r a d i c a l . T h e f u r t h e r a d d i t i o n of a s econd 
e l ec t ron r e q u i r e s p o t e n t i a l s w h i c h a r e t oo n e g a t i v e 
t o a t t a i n in d i m e t h y l f o r m a m i d e . 
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More evidence for this mechanism of reduction 
was obtained from the large scale electrolytic re
duction of naphthalene and phenanthrene. 

Naphthalene was recovered almost quant i ta t ively 
from the electrolysis. The solution in the cathode 
compar tment developed a green color during the 
electrolysis similar to t ha t reported for the sodium 
addition compound.6 The isolation of naphthalene 
indicated t ha t the anion-free radical produced 
migrated to the anode and was reoxidized to 
naphthalene by the anode or by the iodine liberated 
a t the anode. These results indicate tha t the anion-
free radical from naphthalene does not dimerize 
and reacts very slowly with dimethylformamide. 
Fur ther evidence for the presence of an anion-
free radical was obtained by the electrolysis of 
naphthalene in the presence of carbon dioxide; 
1,4-dicarboxy -1 ,4 - dihydronaphthalene was ob
tained as a product. T h e wide melting range of 
178-200° suggested the presence of a mixture bu t 
when the method of Walker and Scott13 was used in 
an a t t emp t to separate the crude product into 
l ,2-dicarboxy-l ,2-dihydronaphthalene and 1,4-di-
carboxy-l ,4-dihydronaphthalene, only the lat ter 
was obtained. The formation of 1,4-dicarboxy-
1,4-dihydronaphthalene occurs by the step-wise 
addition of electrons and carbon dioxide as postu
lated for the production of weso-diphenylsuccinic 
acid from stilbene9 or by the mechanism suggested 
by Paul, Lipkin and Weissman.6 

Since carbon dioxide is reduced a t the dropping 
mercury electrode in the same region,9 the pos
sibility exists tha t the reduction product from car
bon dioxide may add to the naphthalene and form 
the acid isolated. To s tudy the feasibility of such 
a reaction, the reduction of a more reactive un
saturated hydrocarbon, butadiene-1,3, in the 
presence of carbon dioxide was studied. No acidic 
products were obtained in this reduction and thus 
excluded this type of reaction. 

The electrolytic reduction of phenanthrene 
produced an anion-free radical which dimerized 
to 9,10,9' ,10'-tetrahydro-9,9'-biphenanthrene. The 

+ T u + 2 CON(CH,S] 
2e / \ J<P 

2HCON(CH3)2 - ' ^ A - ^ ^ 

structure of this product was demonstrated by 
dehydrogenation to 9,9'-biphenanthrene. 

T h e formation of this dimer suggests t ha t the 
intermediate anion-free radical is not as highly 
stabilized by resonance as the corresponding inter
mediate from naphthalene. The insolubility of 
the product in dimethylformamide may, however, 
play an important par t in its formation. 

The reduction of phenanthrene in the presence 
of carbon dioxide resulted in the formation of 
trans - 9,10 - dicarboxy - 9,10 - dihydrophenanthrene. 
The isolation of only one isomer suggests tha t in the 
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manipulations the cis isomer, if formed, was con
verted to the more stable form. 

In view of the straightforward results obtained 
with phenanthrene the large scale reductions of 
biphenyl and ra-terphenyl were not carried out. 

The appearance of one wave corresponding to 
four electrons for phenylacetylene suggests a reduc
tion of this compound to ethylbenzene by a mech
anism similar to tha t postulated for the reduction of 
triphenylethylene to triphenylethane.9 

The formation of two one-electron waves for 
diphenylacetylene suggested the mechanism 

first wave C6H5C=CC6H5 + e — > 
[CcH5C=CC6H5I-(SlOW) 

second wave [C 6 H 5 C=CC 6 H 6 ] - + e > 

[C 6H 5C=CC 6H 5]- (slow) 

[C6H5C=CC6H5]- + 2HCON(CHs)2 — * • 

C 6 H 5 CH=CHC 6 H 5 + 2[CON(CH8)S-] (slow) 

Stabilization of the anion-free radical from di
phenylacetylene is based on the symmetry present 
in the resonance hybrids, similar to t ha t found 
with the other hydrocarbons for which anion-free 
radicals are indicated. 

[C6H5C=CC6H5]- -< > [C6H5C=CC6H5]- etc. 

The large scale electrolytic reduction of diphenyl
acetylene alone contributed nothing to the mech
anism since only bibenzyl and 1,2,3,4-tetraphenyl-
bu tane were obtained; no l ,2,3,4-tetraphenyl-l ,3-
butadiene was isolated. Stilbene gives similar 
products. More conclusive evidence for the for
mation of the dianion from diphenylacetylene was 
furnished by the results from the large scale 
electrolysis of diphenylacetylene and carbon di
oxide. Diphenylmaleic anhydride and diphenyl-
fumaric acid were isolated together with meso-
diphenylsuccinic acid. The last acid could be 
formed by the further reduction of the two un
saturated acids. 

Isolation of diphenylmaleic anhydride and di-
phenylfumaric acid as products in the reduction 
of diphenylacetylene in the presence of carbon 
dioxide indicates t ha t the addition of electrons to 
the triple bond is not stereospecific. 

o-Terphenyl was not studied on a large scale 
since it resembles stilbene in structure and would 
be expected to behave in a similar fashion. 

The results obtained show tha t stable mono
valent anion-free radicals are formed in the elec
trolytic reduction of naphthalene, o-terphenyl, 
m-terphenyl, phenanthrene, stilbene, biphenyl and 
diphenylacetylene. The results for naphthalene, 
w-terphenyl, phenanthrene and biphenyl are in 
agreement with the results obtained by magnetic 
susceptibility measurements8 and optical absorp
tion spectra9 on products from these hydrocarbons 
and sodium. Diphenylacetylene and o-terphenyl 
have not been studied by either one of these 
methods but on the basis of polarographic results 
should form monosodium addition products in 
aprotic solvents. 
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