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CH3 CH3 

present understanding of the elimination reaction in 
carbon compounds.19 

Experimental 

Materials.—Tetrahydrofuran and diglyme were freshly dis
tilled (the latter under vacuum) from lithium aluminum hydride 
prior to the preparation of each stock solution of diborane. 
Boron trifluoride etherate was purified by distillation under 
vacuum. Sodium borohydride from Metal Hydrides, Inc., was 
used without further purification. 

The source or preparative method and physical constants of 
the allyl compounds used are incorporated in Table V. In ad
dition, the method of preparation and the physical constants of 
the alcohols required for the gas chromatographic comparison 
with the alcohol reaction products are included in this table. 
All the allyl compounds and the alcohols were examined by gas 
chromatography prior to use and judged to be 98% pure. The 
compounds obtained commercially were redistilled from calcium 
hydride, except for the hydroxylic compounds which were dis
tilled after standing over Drierite for several days. Diborane 
and bis-3-methyl-2-butylborane stock solutions in tetrahydro
furan were prepared following procedures described previously.20 

General Procedures.—All glassware used in these experiments 
was flame dried and cooled in a stfeam of dry nitrogen before use. 
Throughout the course of the hydroboration a positive pressure 
of nitrogen was kept above the T H F solution. The reactions 
were carried out in 100-ml., two-neck, round-bottom flasks fitted 
with a thermometer well, an inlet tube (fitted with a silicone rub
ber septum), and a magnetic stirrer. In those experiments 
where the solution was refluxed, the flask was also provided with 
a water-cooled reflux condenser which had been previously 
flushed with dry nitrogen. 

In a typical hydroboration procedure about 20 mmoles of 
allyl compound was added dropwise from a hypodermic syringe 
to the solution of diborane (20 mmoles of B H 3 - T H F ) " in the 

(19) E. Eliel, "Steric Effects in Organic Chemistry," M. S. Newman, 
Ed., John Wiley and Sons, Inc., New York, N. Y., 1956. 

(20) G. Zweifel, K. Nagase, and H. C. Brown, J. Am. Chem. Soc, 84, 183, 
190 (1962). 

Introduction 

The transfer of an electron from a diamagnetic 
carbanion to an unsaturated organic molecule was 
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ice-cooled flask. The temperature was maintained at 0-5° and 
the amount of allyl compound added determined by weighing by 
difference. Addition took about 20-30 min.; after allowing the 
reaction to stand for a further 30 min., excess hydride was de
stroyed by the dropwise addition of water. Oxidation was 
carried out by adding 6.7 ml. of a 3 M sodium hydroxide solution 
(20 mmoles) followed by the dropwise addition of 24 mmoles (a 
20% excess) of hydrogen peroxide, keeping the solution cooled 
in an ice bath. Hydrogen peroxide concentrations were deter
mined from specific gravity measurements. Where ester group
ings were present, and in the case of the phenyl ether, addition of 
base and hydrogen peroxide were carried out simultaneously from 
two hypodermic syringes. A known weight of internal standard 
was added at this juncture. 

The solution was then saturated with anhydrous sodium car
bonate. In order to ensure that any glycols, ethanol, or pro-
panol were completely salted out, it was necessary to add a 
sufficient excess of potassium carbonate to convert the aqueous 
layer into a slurry. The tetrahydrofuran layer was decanted off 
and dried first over anhydrous magnesium sulfate and then over 
Drierite overnight. The solution was then analyzed by gas 
chromatography. In order to estimate small quantities of 1-
propanol it was necessary fractionally to distil off most of the 
T H F before analysis. In a typical elimination study, 5-ml. 
aliquots of the reaction mixture were withdrawn and these were 
oxidized and worked up in exactly the same way as described 
above. 

An Aerograph gas chromatograph Model A90-S (Wilkens In
strument and Research, Inc.) was used for the analyses. The 
products were identified by a comparison of their retention times 
with those of authentic samples. A 5-ft. column packed with 
20% Carbowax 20M on Chromosorb W was used for the analysis 
of most of the monohydric alcohols except the phenylthiopro-
panols. The latter were determined, using a 2-ft. column 
packed with 2 % Carbowax 1540 on Fluorpak 80 at 150°. The 
propanediols and phenoxypropanols were separated by employ
ing a 5-ft. column packed with d-sorbitol (4%) and Dow silicone 
703 (16%) on 60-80 mesh firebrick at 125°. 

It was shown that the v.p.c. quantitative determinations were 
reproducible to ± 1 % ( ± 2 % for the glycols), the results given 
being the average of three separate analyses. Although it was 
possible to identify the monobenzoate of 1,3-propanediol using 
the above columns, the quantitative determination was carried 
out by first hydrolyzing the ester (by refluxing with aqueous 
sodium hydroxide) and then analyzing for 1,3-propanediol as 
before. 

(21) The BHj-THF solutions used in this work varied from 0.3 to 1.3 M 
in BH.. 

apparently first recognized by Schlenk who found tha t 
tritylsodium reacts with benzophenone and other 
diaryl ketones with characteristic color changes to 
produce products which upon hydrolysis and air 
oxidation yield tri tyl peroxide and the pinacol.4 

R - N a + + Ar2CO ~^*" R- + Ar2C-O "Na + 

(4) W. Schlenk and R. Ochs, Ber., 49, 608 (1916); W. Schlenk and E. 
Bergmann, Ann., 464, 1 (1928). 
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Nitranions and Unsaturated Electron Acceptors12 
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The scope of the reaction leading to the products of electron transfer between carbanions and nitranions 
and unsaturated organic molecules has been investigated. Many carbanions and nitranions, particularly 
those which are dianions, react with unsaturated molecules such as nitroaromatics, azobenzene, and diaryl 
ketones to form the radical-anions derived from the unsaturates. The same effect was observed with n-butyl-
lithium and n-butylmagnesium bromide. It is concluded that processes involving one-electron transfer must 
be important in many reactions involving carbanions. 
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The reduction of benzophenone to benzpinacol or 
benzhydrol by Grignard reagents has received consider
able attention.8 This process in which the trityl 
radical is produced from trityl Grignard reagents,60 and 
which has also been observed for xanthone, fluorenone, 
and benzil,6c has been attributed to the reduction of 
the ketone by magnesium,5a by magnesium(I) halide,6b 

by electron transfer from the incipient carbanion to 
the ketone,6ce and from the decomposition of an 
initially produced addition product.6"1 Tritylsodium 
has been observed to reduce cyclooctatetraene6 while 
the dianion of cyclooctatetraene will transfer an elec
tron to 2,4,6-trimethylpyrylium salts,7 and possibly to 
benzophenone.6 

Bachmann found that the "di-Grignard" reagent of 
hydrazobenzene reduces benzil to benzoin with the 
concurrent formation of azobenzene.5 It is now recog
nized that many dianions can react with their dehydro 
derivative or other unsaturated substances, to undergo 
electronic disproportionate .8a 

Among the disproportions recognized are benzil-
benzoin,8b diaryl ketones-diarylcarbinols,8ak quinones-
hydroquinones,8c azobenzene-hydrazobenzene,8ad tetra-
cyanoethylene-tetracyanoethane,8e a, a,a', a'-tetrakis-
(e thy lsulfonyl)-£-xylene-7,7,8,8- t e t rak is - (e thy 1-
sulf onyl) -/>-quinodimethan,8f tetraphenylethylene-tet-
raphenylethane,8g cyclooctatetraene-cyclooctatetra-
ene dianion,8b stilbene-stilbene dianion,8' and benze-
noid aromatic hydrocarbons and their conjugate dianions 
in many instances.8j 

Apparently anions derived from the heavier ele
ments of a group are more prone to undergo electron 
transfer. Thus, triphenylstannylsodium reduces car
bon dioxide, sulfur dioxide, oxygen, or benzophenone 
to sodium oxalate, dithionite, peroxide, and benzo
phenone ketyl.9 The ease of electron transfer from 
an anion undoubtedly decreases as a move to the right 
is made in the periodic table. It is of interest that in 
the presence of the lithium cyclohexylamide that 3-
or 8-methylfluoranthene and anthracene undergo one-
electron reduction,10 while iodide ion undergoes one-
electron transfer with tetracyanoethylene.11 

(5) (a) J. Schmidlin, Ber.. 39, 4198 (1906); (b) H. Gilman and R. E. 
Fothergill, J. Am. Chem. Soc, 51, 3149 (1929); H. Gilman and R. E. Brown, 
ibid., 62, 1128 (1930); (c) W. E. Bachmann, ibid., 53, 2738 (1931); (d) 
F. F. BlickeandL. D. Powers, ibid., 51, 3378 (1929); (e) W. C. Davies, R. S. 
Dixon, and W. J. Jones, J. Chem. Soc, 1916 (1930). 

(6) G. Wittig and D. Wittenburg, Ann., 606, 1 (1957). 
(7) K. Conrow and P. C. Radlick. J. Org. Chem., 26, 2260 (1961). 
(8) (a) G. A. Russell, E. G. Janzen, and E. T. Strom, J. Am. Chem. Soc., 

84, 4155 (1962); (b) A. Weissberger, H. Mainz, and E. Strasser, Ber., 62, 
1942 (1929); A. Weissberger, ibid.. 66, 1815 (1932); L. Michaelis and E. S. 
Feteher, J. Am. Chem. Soc, 59, 1246 (1937); J. L. Ihrig and R. G. Cald
well, ibid., 78, 2097 (1956); (c) T. H. James and A. Weissberger, ibid., 60, 
98 (1938); (d) G. Wittig in "Newer Methods of Preparative Chemistry," 
Interscienee Publishers, Inc., New York, N. Y., 1948, p. 571; (e) O. W. 
Webster, W. Mahler, and R. E. Benson. J. Am. Chem. Soc, 84, 3678 (1962); 
(f) W. R. Hertler and R. E. Benson, ibid., 84, 3474 (1962); (g) J. F. Garst 
and R. S. Cole, ibid., 84, 4352 (1962); (h) H. L. Strauss, T. J. Katz, and 
G. K. Fraenkel, ibid., 85, 2360 (1963); (i) D. E. Paul, D. Lipkin, and S. I. 
Weissman, ibid., 78, 116 (1956); (j) N. S. Hush and.J. Blackledge, / . Chem. 
Phys., 23, 514 (1955); G. J. Hoijtink, E. deBoer, P. H. van der Meij, and 
W. P. Weijland, Rec trav. chim., 76, 487 (19.56); (k) H. Heymann, J. Am. 
Chem. Soc, 71, 260 (1949). 

(9) D. Blake, G. E. Coates, and J. M. Tate, J. Chem. Soc, 618 (1961); 
see also C, Tamborski, F. E. Ford, and E. J. Soloski, J. Org. Chem.. 28, 181 
(1963). 

(10) A. Streitwieser, Jr., and W. C. Langworthy, J. Am. Chem. Soc, 85, 
1757 (1963); A. Streitwieser. Jr., and R. G. Lawler, ibid., 85, 2854 (1963). 

(11) W. D. Phillips, J. C. Rowell, and S. I. Weissman, J. Chem. Phys., 

The catalysis by nitroaromatic compounds of the 
autoxidation of the anion of benzoin,8b hindered 
phenols,123 fluorene,12b mercaptans,I2c xanthen-9-ol,12d 

nitroalkanes,12d alkylpyridines,12d and phenones12d has 
been attributed121= to the formation of free radicals 
by the transfer of an electron from the anion to the 
nitroaromatic acceptor. A large number of p- and o-
nitrotoluene derivatives spontaneously produce the 
radical-anions of the un-ionized nitroaromatic in basic 
solution.13 In these cases the benzylic anion, or a 
charge-transfer complex of the ion, undergoes one-
electron transfer with the parent nitroaromatic. The 
colored products produced by the reaction of various 
ketones containing ionizable protons with m-dinitro-
benzene and derivatives in basic solution has been 
reviewed by Foster and Mackie.14 In the Janovsky 
reaction (excess ketone in aqueous base) an addition 
product is formed in a reversible reaction with the 
nitroaromatic. When a stronger base is used as in the 
Zimmermann reaction {e.g., ethoxide ion in ethanol), 
the initially formed adduct is oxidized, undoubtedly 
by ionization followed by electron transfer to m-
dinitrobenzene to give "irreversibly" the anion of a 
2,4-dinitrobenzyl ketone. Numerous weakly acidic 
materials other than ketones give Janovsky-type colors 
and ultraviolet spectra in the presence of w-dinitro-
benzene and base.14b It has not been demonstrated 
that electron transfer plays a significant role in the 
Janovsky reaction,14 but our results demand that 
consideration be given to this process. 

Since amines are isoelectronic with carbanions, 
they might be expected to undergo electron-transfer 
reactions similar to those of carbanions, at least with 
the more potent electron acceptors. Products of 
electron transfer have been observed between aliphatic 
amines and 1,3,5-trinitrobenzene,15 tetracyanoethyl
ene,86 and tetracyanoquinodimethan.16 However, 
Briegleb has concluded that electron transfer does not 
occur in the main step of the reaction between aliphatic 
amines and di- or trinitrobenzene.17 

The possibility of complete electron transference in 
the ground state of a charge-transfer complex has re
ceived consideration,1819 and some complexes of 
aromatic amines have been found to be paramagnetic 
in the solid state.1618bl9~21 Tetramethyl-^-phenylene-
diamine complexes with chloranil and other benzoqui-
nones19 or tetracyanoquinodimethan16 are not only 

S3, 626 (1960); G. Briegleb, W. Liptay, and R. Fick, Z. physik. Chem. 
(Frankfurt), SS, 181 (1962). 

(12) (a) H. R. Gersmann and A. F. Bickel, J. Chem. Soc, 2711 (1959); 
(b) G. A. Russell, E. G. Janzen, H1-D Becker, and F. J. Smentowski, / . Am. 
Chem. Soc, 84, 2652 (1962); (c) T. J. Wallace, J. M. Miller, H. Probner, 
and A. Schriesheim, Proc Chem. Soc, 384 (1962); (d) unpublished results 
of E. G. Janzen, S. Mak, and E. Geels. 

(13) G. A. Russell and E. G. Janzen, J. Am. Chem. Soc, 84, 4153 (1962). 
(14) (a) R. Foster and R. K. Mackie, Tetrahedron, 18, 1131 (1962); (b) 

19, 691 (1963). 
(15) R. E. Miller and W. F. K. Wynne-Jones, Nature, 186, 149 (1960). 
(16) L. R. Melby, R. J. Harder, W. R. Hertler, W. Mahler, R. E. Benson, 

and W. E. Mochel, / . Am. Chem. Soc, 84, 3374 (1962). 
(17) G. Briegleb, W, Liptay, and M. Cantner, Z. physik. Chem. (Frank

furt), 26, 55 (1960). 
(18) (a) R. S. Mulliken, / . Am. Chem. Soc, 74, 811 (1952); (b) D. Bijl, 

H. Kainer, and A. C. Rose-Innes, J. Chem. Phys., 30, 765 (1959); Y. Mat-
sunaga and C. A. McDowell, Nature, 185, 916 (1960). 

(19) G. Briegleb, "Electron-Donator-Acceptot-Komplexe," Springer 
Verlag, Berlin, 1961, Chapter 11. 

(20) H. Kainer and A. Uberle. Ber., 88, 1147 (1955). 
(21) J. E. LuVaIIe, A. Leifer, M. Koral, and M. Collins, Abstracts, 144th 

National Meeting of the American Chemical Society, Los Angeles, Calif., 
March, 1963, p. U P . 
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TABLE I 

EXTENT OF ELECTRON TRANSFER OF 

D o n o r 0 

Solven t b lank 
F l u o r e n e 
9-Phenylfluorene-^ 
I n d e n e 
C y c l o p e n t a d i e n e 
U i p h e n y ! m e t h a n e 
P h e n y !ace ty lene 
Dipheny lace ton i t r i l e 
Pheny lace ton i t r i l e 
4-Picol ine X-oxide 
A c e t o p h e n o n e 
P r o p i o p h e n o n e 
t s o b u t y r o p h e n o n e 
1,4- Di pheny l - 1,4-butane-

d ione 
Cyc lohexanone 
Ace tone 
E t h y l a c e t a t e 
D ie thy l m a l o n a t e 
1 ,3-Indanedione 
B i n d o n e 
Benzoin 
Fluoren-9-ol 
Xan then -9 -o l 
Benzhydro l 
1 ,4 -Hydroqu inone 
2 ,6 -Di - / -bu ty l -4 -metby l -

phenol 
Th iopheno l 
3 ,4 -D imercap to to luene 
w-Butyl m e r c a p t a n 
N i t r o m e t h a n e 
N i t r o e t h a n e 
2 - N i t r o p r o p a n e 
N i t rocyc lohexane 
N - H y d r o x y b e n z e n e -

su l fonamide 
H y d r a z o b e n z e n e 
T r i p h e n y l m e t h a n e 
D i p h e n y l a m i n e 
Carbazo le 
Indole 
Benzophenone ke ty l 7 

K-Butyll i thium f c 

NlTROAROMATICS 

, 
Nit rob i 

E Ic 

< 0 . 1 (10 
13 

8 
36 

0 . 8 , 1.4 

ANIONS WITH 

Acceptor11 . 
^nzene^ m- D in i t robenzene 6 

ctron t ransfer (5 min . ) , c % . 

min.) 

(10 min.) 
3 . 6 , 4 . 8 (10 min.) 
0 .4 
2 
0 . 5 (10 
0 . 1 (10 
0 . 8 (20 

91 
0 . 2 

72» 
1.5 

< 0 . 1 
< 0 . 1 
< 0 . 1 

MOO* 
> 1 0 0 * 

1.0 (10 
< 0 . 1 * 
40*' 

< 0 . 1 
0 . 2 (30 

11 
0 . 3 (20 
0 . 4 (20 
0 . 6 (20 
0 . 2 (20 
0 . 1 (20 

92 

min.) 
min.) 
min.) 

min.) 

min.) 

min.) 
min.) 
min.) 
min.) 
min.) 

2 (40 min.) 
2 . 7 (10 
0 . 1 (10 
0 . 1 (10 

< 0 . 1 (10 
100 
~ 6 * 

min.) 
min.) 
min.) 
min.) 

< 0 . 1 (20 min.) 
40, 80 (20 min . ) ' ' 

2» 
2 . 6 , 10 (1 min.) 

2 . 7 
4 
0 . 5 

2 . 6 

0 . 8 
0 . 3 , 0 . 5 (20 min.) 
5 

< 0 . 1 , 2 . 4 (15 min.) 
< 0 . 1 , 0 . 8 (25 min.) 

100* 

0 . 5 (20 min.) 
0 . 6 , 2 (8 min.) 
5» 
12» 
2 
2 
0 . 3 , 2 (40 min.) 

10» (10 min.) 
7 .5» (2 min.) 

6 , 8 (3 min.) 

" Donor substrate = 0.025 M, base = 0.05 M. " Acceptor = 
0.005 M. c Extent of transfer = [radical-anion]( 100/0.005); 
the concn. of radical-anion was estimated by comparison of the 
observed e.s.r. peak heights with those obtained from known 
concentrations of diphenylpicrylhydrazyl in the same solvent. 
o In DMSO (20%H-buty l alcohol (80%) containing potassium 
/-butoxide. e In ethanol containing sodium ethoxide. ! Donor 
substrate = 0.013 M. " Spectrum not consistent with acceptor 
radical-anion. * Spectrum dominated by radical-anion from 
donor. i Two recognizable radical-anions present. ' Produced 
from dissociation of saturated solution of benzpinacol.8* * 1 M 
«-butyllithium in tetrahydrofuran (75%)-hexane (25%); no 
further hyperfine resolution of the nitrogen triplet observed. 

paramagnetic in the solid state (e.s.r.) but dissociate 
in polar solvents to produce the radical-anions and 
the radical-cations.1622 Complexes with tetracyano-
ethylene are mainly diamagnetic,8e but in polar sol
vents the complex with tetramethyl-^-phenylenedia-
mine dissociates extensively into paramagnetic species.23 

In the present study we have a t tempted to define 
the scope (in terms of rate and extent) of electron 
transfer between a variety of anions and dianions 
which can be generated in alcohol-containing solvents 
with nitrobenzene and /or ra-dinitro benzene. On the 
basis of these results a few anions were selected and 
the scope of their electron-transfer reactions examined 

(22) J. W. Eastman, G. Engelsma, and M. Calvin, J. Am. Chem. Soc, 
84, 1339 (1962); I. Isenberg and S. L. Baird, Jr., ibid., 84, 3803 (1962). 

(23) W. Liptay, G. Briegleb, and K. Schindler, Z. Elektrochem.. 66, 331 
(1962). 

toward a variety of unsaturated substances containing 
nitrogen-nitrogen, carbon-carbon, oxygen-oxygen, 
carbon-nitrogen, carbon-oxygen, and nitrogen-oxygen 
double bonds or their vinylogs. 

Results 
Table I lists the extent of electron transfer observed 

from a variety of anions (generated by ionization of 
their conjugate acids) in the presence of nitrobenzene 
and m-dinitrobenzene. The concentration of radical-
anions formed was monitored by e.s.r. spectroscopy, a 
technique which in our hands had a reproducibility of 
± 2 0 % on a relative basis. 

The data of Table I reflect (a) the degree of ioniza
tion of D H to give the donor anion (T)") 

DH (or DH2) D - (or D- 2 ) 

(b) the rate of electron transfer from the donor (D ) 
to the acceptor (A) 

D - + A — > A-" + D- —>- products 

or 
D - 2 + A • D-- + A--

(c) possible side reactions tha t could consume D -

and/or A without producing the products of electron 
transfer, e.g. 

D - + A : A - D -

(d) reactions with might consume A • ~ after it had 
been produced, e.g. 

A-- + D - — 

A-- + D-

A"2 + D-, or 

—>• A - D -

In several instances in Table I the donor can be 
formulated as a dianion ( D - 2 ) . In these cases both 
A - - and D - are stable species and the e.s.r. spectrum 
observed usually showed signals due to each of the 
radical-anions (e.g., 1,4-hydroquinone with nitroben
zene). In some cases the concentrations of A - -

was rather low (e.g., fluoren-9-ol with nitrobenzene) 
apparently due to the fact tha t the donor molecule 
was used in excess and 

D"2 + A- + D-

We would have preferred to use a more powerful 
base-solvent system (such as potassium i-butoxide in 
dimethyl sulfoxide) for the generation of the donor 
anions. This would have ensured complete ionization 
of the more acidic compounds and would have allowed 
the use of weaker acids, such as toluene. However, 
nitrobenzene, and to a greater extent m-dinitrobenzene, 
are not stable and give e.s.r. signals corresponding 
to the radical-anion ( A - - ) in strongly basic systems. 
Nitrobenzene gave only a small blank in the presence 
of 0.05 M potassium i-butoxide in DMSO (20%)-«-
butyl alcohol (80%). However, in solvents containing 
a higher percentage of DMSO the nitrobenzene radical-
anion was formed rapidly. This may be due to elec
tron transfer from the methylsulfinyl carbanion, or 
from the formation of a Meisenheimer or Janovsky 

CH3SOCH, + KOC(CH3), ~ 

CH8SOCH2- + C 6 H 6 NO 2 -

CH3SOCH2 

; (CH8)3COH + CH3SOCH2-K + 

> CH3SOCH2- + C 6 H 6 NO 2 -

—>- products 
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_J_L1 

10 gauss 

i 
Fig. 1.—E.s.r. spectrum of m-dinitrobenzene radical-anion ob

tained from 0.01 M m-dinitrobenzene in DMSO (80%)-t-butyl 
alcohol (20%) containing 0.005 M potassium /-butoxide. Theo
retical spectrum calculated from h.f.s.c. given in text. 

type adduct,14 '24 which can serve as a donor to another 
nitrobenzene molecule.26 

B 
B -f C6H5NO, 

C6H5NO2 

B -

NO2
- (I) 

C6H5NO2- 4- NO2 (II) 

II —>-HB + B-C8H4NO2-- ( I I I ) 

III + C6H5NO2 T"*" C8H6NO-J- + B-C6H4NO2 

Of course, a mechanism of the above type could be 
invoked to explain all the electron transfers listed in 
Table I. However, we doubt tha t this is the case 
since the e.s.r. spectra observed with nitrobenzene as 
the acceptor were clearly those of the nitrobenzene 
radical-anion and showed no effect (other than con
centration) of the nature of the donor used. At dilute 
concentrations the spectra were completely resolved 
into the theoretical 54 lines with h.f.s.c. of « N = 
10.90, a0-H = 3.28, ap.u = 3.70, and am-n = 1.06 
gauss.26 

m-Dinitrobenzene is more sensitive to bases than 
nitrobenzene. Even in potassium i-butoxide-i-butyl 
alcohol radical-anions are observed,13 apparently from 
electron transfer to m-dinitrobenzene from the Meisen-
heimer adduct with /-butoxide ion24 or from the dinitro-
phenyl carbanion.27 In sodium ethoxide-ethyl alcohol 
electron transfer is not important and this solvent 
system was used for the experiments in Table I. As 
indicated in Table I, in some cases the e.s.r. spectra 
observed were not consistent with the dinitrobenzene 

(24) J. Meisenhe imer , Ann., 323, 205 (1902) 
(25) N o t e t h a t when B ~ is hydrox ide ion t h a t this scheme accoun t s for 

t he well known format ion of n i t rophenols from n i t roa romat i c s (e.g., m-
d in i t robenzene —* 2,4-dini t rophenol) in basic solut ion (A Wohl , (hem. 
Zenlr., 721, 14» (Ii)Ol). 

(26) T h e spec t ra were essential ly the same as repor ted by Geske and 
Maki ' in acetoni t r i le solut ion except be t t e r resolut ion was ob ta ined in t he 
present work, 

(27) R J. Pol l i t t and B. C. Saunders , Proc. Chem. SoC, 176 (1962). 

t^K/^jJ 

Fig. 2.—E.s.r. spectrum of m-dinitrobenzene radical-anion in 
ethanol from 0.05 M m-dinitrobenzene, 0.025 M ethyl malonate, 
and 0.050 M sodium ethoxide. 

radical-anion, possibly indicating tha t electron transfer 
was a result of oxidation of an adduct of the Meisen
heimer or Janovsky type formed between the donor 
anion and m-dinitrobenzene. 

The e.s.r. spectrum observed when m-dinitrobenzene 
is dissolved in DMSO ( 8 0 % H - B u O H (20%) containing 
deficient potassium i-butoxide is shown in Fig. 1. This 
compares favorably with the spectrum reported pre
viously by Maki and Geske28b and with the theoretical 
spectrum calculated with the h.f.s.c. of a>j = a4,6-H 
= 4.28, Ct2-H = 3.10, and ab-u = 1-05 gauss. In 
acetonitrile Maki and Geske have reported aN- = 
4.68, a4,e-H = 4.19, a2-H = 3.11, and O6-H = 1.08 gauss. 
Somewhat different spectra are observed in /-butyl 
alcohol or ethanol. Figure 2 gives a typical ethanol 
spectrum obtained by electron transfer with the anion 
of diethyl malonate. This ten-line spectra, total line 
width = 35.8 gauss, was obtained with many of the 
other donors of Table I (acetophenone, etc.) and has 
been tentatively assigned to the m-dinitrobenzene 
radical-anion. 

At tempts to obtain data using 1,3,5-trinitrobenzene 
in alcoholic solution were unsuccessful. In /-butyl 
alcohol a Meisenheimer adduct24 with the alkoxide 
ion forms rapidly and precipitates from solution. In 
DMSO ( 2 0 % H - b u t y l alcohol (80%) the adduct 
is more soluble, but only a small amount of electron 
transfer with potential donor carbanions was observed, 
presumably because the equilibrium constant for adduct 
formation is large and the adduct is itself not an accep
tor or even a donor toward free 1,3,5-trinitrobenzene. 
I t appears tha t with excess base the acceptor is com
pletely destroyed giving the Meisenheimer adduct 
while the excess trinitrobenzene the base is neutralized 
and the donor substrate not ionized. 

The data of Table I indicate, as was expected, that 
m-dinitrobenzene is a better acceptor than nitroben
zene. This is particularly obvious when the more 
acidic substrates are considered and the degree of 
ionization of D H is not a variable. In ethanol-sodium 
ethoxide solution few of the compounds of Table I 
would have given any transfer to nitrobenzene. 

Table I demonstrates tha t those substrates which 
can yield dianions give more extensive electron transfer 
than most monoanions. Thus, appreciable electron 
transfer was observed from benzoin, fluoren-9-ol, 1,4-
hydroquinone, l,4-diphenyl-l,4-butanedione, 3,4-

(28) (a) D. H. Geske and A. H. M a k i , J. Am. Chem. SoC, 82, 2671 (1960) ; 
(b) A. H. Maki and D. H. Geske, J Chem. Phys., 33 , 825 (1960). 
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dimercaptotoluene, N-hydroxybenzenesulfonamide, and 
hydrazobenzene. Among the monoanions studied 
those derived from propiophenone, fluorene, and indene 
are exceptionally good donors. There are indications 
in Table I that the weaker acids give anions which are 
better donors. This effect had been observed previ
ously when molecular oxygen was used as the electron 
acceptor.29 However, in the present work this effect 
cannot be completely separated from the degree of 
ionization of DH. For the cyclopentadienes the ex
tent of transfer observed to nitrobenzene was cyclo
pentadiene < fluorene < indene, while the acidities are 
in the order cyclopentadiene > indene > fluorene. 

The extensive electron transfer described in Table I 
is by no means limited to the use of nitroaromatics as 
electron acceptors. Compounds which might have 
been better electron acceptors were briefly investi
gated, but in the presence of alkoxide ions substances 
like duroquinone and tetracyanoethylene spontaneously 
produce radical-anions, presumably by nucleophilic 
addition of the base and electron transfer from the 
resulting anion. Table II lists the maximum amount 
of electron transfer observed using somewhat poorer ac
ceptors, azobenzene and fluorenone. 

TABLE II 

EXTENT OF ELECTRON TRANSFER OF CARBANIONS WITH 

AZOBENZENE AND FLUOREN-9-ONE 

-Acceptor0 

Azobenzene1* Fluoren-9-onefl 

. Electron transfer (time),0 % 

< 0 . 0 1 ( l h r . ) 0 .3 ( l h r . / 
0 . 4 ( 1 2 h r . ) 5.6 (1.4 h r . / 
3 ( 4 . 8 h r . ) 7 4 ( 5 m i n . ) 

56(5 .7hr . )» 
2 (6 hr.) 
1 .6 (12hr . ) 

5 0 ( 1 . 3 h r . ) 
34 (18min . ) 1.4 (2 h r . / 

3 (6hr . ) 
142 (5min. ) 
100* (5min . ) 

72* (5 min.) 

Donor" 

Solvent blank 
Cyclopentadiene 
Indene 
Fluorene 
Diphenylmethane 
Triphenylmethane 
Acetophenone 
Propiophenone 
Isobutyrophenone 
Hydrazobenzene 
Fluoren-9-ol 100" (5 min.) 14" (5 min.) 
1,4-Diphenyl-1,4-

butanedione 9 (54 min.)* 
9,10-Dihydroanthracene 24' (5 min.) 
w-Butyllithium 1.6* (5 min.) 50> <98* (5 min.) 

° 0.025 M in the presence of 0.05 M potassium i-butoxide. 
» Acceptor = 0.005 M. ' See footnote c, Table I. <• In DMSO 
(80%H-buty l alcohol (20%). ' In DMSO (20%H-buty l alco
hol (80%). f Radical growth not followed to maximum concen
tration. « Spectrum not consistent with acceptor radical-anion. 
* Predominant spectrum is that of fluorenone ketyl. • In ethanol 
containing 0.05 M sodium ethoxide. > Radical concentration 
decreasing. * In tetrahydrofuran (75%)-»-hexane (25%). 

The transfers listed in Table II occurred in general 
slower than those of Table I, presumably because the 
ease of one-electron reduction decreases in the order 
w-dinitrobenzene > nitrobenzene > fluoren-9-one > 
azobenzene. Fluoren-9-one was used in a solvent of 
DMSO (20%H-butyl alcohol (80%) to avoid the 
formation of the DMSO adduct (9-hydroxy-9-(methyl-
sulnnylmethyl)fluorene) observed previously.12b Azo
benzene gave little or no blank in DMSO (80%)-
/-butyl alcohol (20%) and the data observed with 
azobenzene are thus the least complicated from varia
tions in the extent of ionizations of any data so far 

(29) G. A. Russell, A. J. Moye, and K. Nagpal, / . Am. Chem. SoC, 84, 
41.54 (1962). 

Fig. 3.—E.s.r. spectrum of fluoren-9-one ketyl in DMSO 
(20%H-buty l alcohol (80%). The ketyl was generated from 
0.025 M fluoren-9-ol in the presence of 0.05 M potassium t-
butoxide and ca. 0.001 M fluoren-9-one. The theoretical spec
trum was calculated with the h.f.s.c. given in the text. 

presented. The ease of transfer of fluorene > indene 
> cyclopentadiene is quite obvious and in agreement 
with the expectation that the carbanion from the 
weakest acid should be most readily oxidized.29 Except 
when noted otherwise, the spectra observed with azo
benzene as the acceptor was the 43-line spectrum 
described previously.8a The h.f.s.c. have been assigned 
in the azobenzene radical-anion on the basis of a number 
of deuterium-substitution experiments which will be 
described elsewhere.30 In DMSO (80'%)-/-butyl alco
hol (20%) the h.f.s.c. are aN = 4.84, a„-H = 2.81, O0-H 
(two) = 2.81, C0-H (two) = 2.03, andam-H = 0.78 gauss. 
The spectrum observed from reduction of fluoren-9-one 
is given in Fig. 3. Since 2,7-dibromofluorenone ketyl 
has a spectrum nearly identical with fluorenyl ketyl,31 

the main interaction in fluorenone ketyl involves the 
protons at carbon atoms 1, 3, 6, and 8 to give a quintet 
at low resolutions. Higher resolutions gives the 
spectrum in Fig. 3 which is consistent with <zH(i and 

8 or 3 and 6) = 3 . 6 5 , flH (3 and 6 or 1 and 8) = 2 . 6 1 , O H (2 and 

7 or 4 and 5) = 0 . 8 1 , a n d O H (4 and 6 or 2 and 7) = 0 . 2 4 gaUSS. 

To obtain more information on the reactivity of 
unsaturated molecules as electron acceptors, six donor 
carbanions (including w-butyllithium and w-butyl-
magnesium bromide) were selected and these, as well 
as the dihydro derivative where available, allowed to 
react with representative unsaturated systems of the 
type X(=Q—Q'=)„Y where X and Y are the same or 
different atoms from the group carbon, nitrogen, or 
oxygen and Q and Q' were generally carbon. The 
value of n was usually 0 or 1. Table III lists examples 
in which at least some electron transfer was observed. 
In the case of the dianion of 9,10-dihydroanthracene 
as the donor the anthracene radical anion (D- -) 

DH, - ^ 

D-2 + A ; 

D H - D -

A ' - + D-

was not stable in the solvent system used and only 
the A- - radical anion was observed.32 For 1,4-
diphenyl-l,4-butanedione both A- - and D-~ were 
stable and a composite e.s.r. spectrum was often ob
served. 

The spectra of A- - were consistent with previously 
reported spectra for azobenzene,8a phenazine,33a 2,3-

(30) Unpublished work with Dr. R. Konaka. 
(31) Unpublished work with Dr. E. G. Janzen. 
(32) As reported earlier8* the anthracene radical-anion can be formed in 

high yield from anthracene and 9,10-dihydroanthracene in pure DMSO con
tain ing potassium /-butoxide. Oxidation of 9,10-dihydroanthracene under 
these conditions also yields the anthracene radical-anion. However, oxida
tion in DMSO (80%)-<-butyl alcohol (20%) yields only 9,10-anthrasemiqui-
none. 

(33) (a) A. Carrington and J. Dos Santos-Veiga, MoI. Phys., », 21 (1962); 
R. L. Ward, / . Am. Chem. Soc, 84, 332 (1962); (b) A. Zweig and A. K. Hoff-
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TABLE III 

ELECTRON TRANSFER FROM A SELECTED GROUP OF CARBANIONS TO A VARIETY OF UNSATURATED SYSTEMS 

9,10-Dihydro-
a n t h r a c e n e 
(0.025 M) 

P r o p i o p h e n o n e 
(0.025 M) 

M-ButylHthium 
(0.05 M) 

KOC(CHa) I 
(0.10 M) 

K O C ( C H j ) J 
(0.05 M) 

-Donor (concn.) -
« -Bu ty l -

magnes ium 1 
b romide 
(0.25 M) 

— Base ( c o n c n . ) -

1,4-Diphenyl-
,4 -bu taned ione 

(0.025 M) 

Prop iophenone 
(0.025 M) 

Dihydro de r iv . 
of accep to r 

(0.01 M) 

K O C ( C H j ) 3 

(0.1 M) 
K O C ( C H a ) 3 

(0.0.5 M) 
K O C ( C H s ) 3 

(0.02 M) 
- S o l v e n t -

A * b 
Acceptor 0 

— N — N — 
Phenaz ine 
Azobenzene 
Benzo [c ]cinnoline 
Benzofurazan 
2,3 Dipheny lqu inoxa l ine 
N , N ' -D ipheny l -£ -benzoqu inone -

di imine 
Die thy l azod i fo rmate 

>c=c< 
A>-»' Bifluorene 
l , 2 -B i s (4 -py r idy l ) e thy lene 

> C = N ~ 
Acridine 

>c=o 
Fluoren-9-one 
Benzophenone 

[ O = O ] 
1 ,4 ,5 ,8 -Te t rach lo roan th raqu inone 

- N = O 
Ni t robenzene 
Azoxybenzene 

D M S O ( 8 0 % ) -
t-butyl alcohol 

(20%) 

^ 
46 (24 min.) 
25 
14 (183 m i n . ) ' 
2 . 5 
1 .7 (119 m i n . ) / 

0 

N o transfer* 

a 
0 . 2 4 

0 . 3 6 

2 . 8 

D M S O ( 8 0 % ) -
a-butyl alcohol 

(20%) 

22 (216 min.) 
34 (23 min.) 
0 . 3 (123 min.) 
5 .4 (10 m i n . ) / 

a 
N o transfer 6 

0 

N o t ransfer 6 

No transfer 6 

N o transfer* 

N o transfer* 

T e t r a h y d r o -
furan ( 7 5 % ) -

M-hexane (25%) 
T e t r a h y d r o -

furan 

E l ec t i on Lransier (,t 

76 (20 min.) 
2 . 7 
2 . 0 (28 min.) 
0 . 5 5 
6 . 1 (65 min.) 

30 
0 . 4 6 

9 . 0 / 

0.93Z 

5 0 > < 9 8 
9 . 5 

14 

2 . 5 
0 .011 
60 
8 . 4 / 
N o t ransfer 8 

0 . 0 8 

N o transfer* 

N o transfer* 

0 . 2 8 
0 . 7 0 

4 . 7 (93 min.) 

D M S O ( 2 0 % ) -
/ -bu ty l alcohol 

(80%) 
\ n. rrr 

IXQ.&), 7 0 

200 (11 min . ) c 

0 . 1 6 (13 m i n . ) d 

No transfer*5 

N o t ransfer e 

h 
N o t ransfer e 

N o t ransfer 6 

N o t ransfer e 

76 c 

l . S i 

110c 

N o t ransfer 

D M S O ( 2 0 % ) -
t-butyi alcohol 

(80%) 

1 .5 (188 min.) 
N o t ransfer e 

N o transfer*1 

0 . 1 (70 min.) 

h 
N o t ransfer 6 

9 . 6 (87 min.) 
N o transfer* 

N o t ransfer 8 

1.4 (120 rain.)d 

N o t ransfer c 

8.8 fc 

91 

N o transfer* 

D M S O ( 8 0 % ) -
/ -buty l alcohol 

(20%) 

" 

100 

46 (47 min.) 

6 . 5 
0 . 0 4 

1 2 . 5 (75 m i n . ) / 
N o t ransfer e 

0 . 3 3 

100 
0 . 0 0 4 ' 

8 Maximum observed concentration of radical-anion, 5 min., unless otherwise noted. Extent of transfer = ([radical-anion]/[accep
tor^) X 100 except for transfer with dihydro derivative where extent of transfer = ([radical-anion] /2 [acceptor]0) X 100. " Concen
tration of acceptor = 0.005 M with 9,10-dihydroanthracene, propiophenone, and l,4-diphenyl-l,4-butanedione as donors; 0.05 JIf with 
»-buty]lithium and n-butylmagnesium bromide; 0.01 M with dihydro derivative. " Predominant spectrum of acceptor. * Predominant 
spectrum of donor. e Less than 2 X 10 ~6 M concentration of radical-anion a t any time over the 40-min. period after mixing. / Radical 
concentration not followed to max. ' Prohibitive blank in absence of donor. * Acceptor not soluble. ' Radical-anions from both 
donor and acceptor detectable. ! Benzophenone = 2.29 M, benzhydrol = 2.24 M, base = 4.5 M. k Spectrum not consistent with 
1,4,5,8-tetrachlorosemiquinone. 

diphenylquinoxaline,8a diethyl azodiformate,38b A-99-
bifluorene,8a fluoren-9-one,8a benzophenone,330 1,4,5,8-
tetrachloroquinone,33d and nitrobenzene.281 From 
benzo [e]cinnoline, benzofurazan, l,2-bis(4-pyridyl)-

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

i - i i i i i , 

» » • Azobenzene 

- J 
•1 

• 

- / s^~~ 

" / Benzofurazan - ^ " ^ 

• / ^ \ L ^ 1^* , . Rfin7n.p-l-rinnnlin» 
1 I 1 1 I 

' " 
-

-

-

-
Phenazine -

-

-
-

0 30 60 90 120 150 180 210 

Time, min. 

Fig. 4.—Electron transfer between propiophenone (0.025 M) 
in DMSO (80%H-butyl alcohol (20%) containing 0.05 M po
tassium i-butoxide and selected acceptors (0.005 M) at 25°. 

ethylene, N,N'-diphenyl-p-benzoquinonediirnine, and 
1,2-dibenzoylethylene, e.s.r. spectra obviously consist
ent with the structure A - were observed. These 
spectra will be reported at a later date. 
man , J. Am. Chem. Soc, 8 5 , 2736 (1963); (c) P . B. Ayscough a n d R. Wilson, 
Proc. Chem. Soc, 229 (1962); (d) R. W. B r a n d o n a n d E. A. C. Lucke r , J. 
Chem. Soc, 4273 (1961). 

The relative ability of the- donors to transfer an 
electron to the acceptors was fairly-constant with 9,10-
dihydroanthracene > propiophenone (DMSO (80%)-*-
butyl alcohol (20%)); l,4-diphenyl-l,4-butanedione > 
propiophenone (DMSO (20%)-*-butyl alcohol (80%)); 
«-butyllithium > »-butylmagnesium bromate (tetrahy-
drofuran). The relative abilities of the unsaturates to 
accept an electron was reasonably constant as the donor 
was varied with the organometallics showing the greatest 
numbers of irregularities. The data given in Table III 
are expressed as the maximum concentration of radical-
anion observed, except for those cases (labeled) in 
which the concentration was not followed over an 
extensive period of time. When considered in graphi
cal form as in Fig. 4, the relative rates of reductions are 
more easily seen. 

Of particular interest in Table III are the large 
concentrations of A • ~ formed with the organometallic 
reagents in certain instances (phenazine, N,N'-di-
phenyl-p-benzoquinonediimide, and fluoren-9-one with 
butyllithium34; benzo [c]cinnoline with butylmagne-
sium bromide). Also obvious from Table III is the 
fact that the dihydro form of a given acceptor is usually 
a superior donor toward that acceptor. 

Numerous other acceptors were examined. No 

(34) H. W. Brown and R . C. Jones (J. Chem. Phys., 36, 2809 (1962)) 
h a v e r epo r t ed t h a t wi th H. H. F r e e d t n a n t h e y h a v e found t h a t t h e act ion 
of b u t y l l i t h i u m on po lynuc lear a roma t i c h y d r o c a r b o n s yields t he radical-
anion of t h e a r o m a t i c h y d r o c a r b o n s . Similar resul t s invo lv ing ; -buty l -
l i t h ium and d i p h e n y l a c e t y l e n e h a v e been repor ted (J. E . M u l v a n e y , Z. G. 
G a r l u n d , a n d S. L. G a r l u n d , J. Am. Chem. Soc, SS, 3897 (1963). 
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transfer with the anions from propiophenone, 1,4-
diphenyl-l ,4-butanedione, or 9,10-dihydroanthracene 
was observed for N-diphenylmethyleneaniline, 1,1,4,4-
tetraphenyl-l ,3-butadiene, l,8-diphenyl-l,3,5,7-octa-
tetraene, perylene, tetraphenylethylene, phenanthridine, 
2-methyl-2-phenylindane-l,3-dione, 2,5-diphenyl-3,4-
benzofuran, benzothiazole, or benzoxazole. 

With propiophenone no electron transfer was ob
served for phenyl sulfoxide, phenyl sulfone, 4-cyano-
pyridine, 4-chloropyridine 1-oxide, a,a,a,a',a',a'-htxa-
fluoro-^-xylene, a:,a,a,a:',a',c/-hexafluoro-OT-xylene, tri-
phenylphosphine oxide, (carbethoxymethylene)tri-
phenylphosphorane, and diphenylphosphonimidotri-
phenylphosphorane. 

Among the acceptors examined which gave high 
concentrations of radical-anions in the basic solutions 
in the absence of any donor under the conditions 
employed in Table I I I were nitrosobenzene, w-dinitro-
benzene, <raw5-l,2-dibenzoylethylene, duroquinone, 
tetracyanoethylene, perchlorofulvalene, tetrachloro-
£-benzoquinone, benzil, 4-nitropyridine N-oxide, 
benzof uroxan, 2,2', 6,6 '-tetra-<-butylstilbenequinone, 
and 2,2',6,6'-tetra-<-butyldiphenoquinone. 

Discussion 
The examples of the previous section illustrate tha t 

products of electron transfer are quite widely encoun
tered in reactions between carbanions, nitranions, or 
organometallic reagents and a variety of neutral 
unsaturated compounds, including, among others, 
nitroaromatics, azo compounds, and ketones. Ap
parently much of the chemistry of aromatic nitro, 
nitroso, and azo compounds in basic solution involves 
electron-transfer processes. Numerous examples in 
the literature36 of dehydrogenations of ionizable sub
stances (DH1DH2) by such materials (A) in basic 
solution must involve electron transfer. 

2DH + 2A + 2B- >- 2BH + D-D + 2A-" 

DH2 + 2A + 2B- >- 2BH + D + 2A-" 

As a special case the acceptor and donor can be present 
in the same molecule 

I I I 
4A-C-H + 2 B - >• 2BH + A-C-C-A + 2 [ A - C - H ] - -

I 
Among the recognized examples of A - C - H are p-

nitrotoluene and its derivatives,13 3-nitro-4-picoline 
N-oxide,36b £-phenylazotoluene, 1,4-dimethyltetrazine,30 

and 2-amino-9,10-anthraquinone.36 

I t is of interest to speculate on the importance of 
electron-transfer processes in the synthetically impor
t an t addition and condensation reactions of carbanions, 
nitranions, or organometallic reagents. For example, 
by rapid-flow e.s.r. techniques it can be demonstrated 
tha t the base-catalyzed condensation of nitrosobenzene 
and phenylhydroxylamine to give azoxybenzene is a 
process involving the nitrosobenzene radical-anion as an 
intermediate.37 

(35) (a) For example, L. A. Pinck and E. G. Hilbert, J Am. Chem. Soc, 
54, 710 (1932); 68, 2739 (1946); M. Colotina, Gazz. Mm. UaI., 90, 1179 
(1960); M. C^lunna and L. Zamparellu, ibid., 92, 301 (1962); (b) E. C. 
Taylor, A. J. Crovetti, and N. E, Boyer, J. Am. Chem. Soc, 79, 3549 
(1957); E. C. Taylor and J. S. Driscoll, J. Org. Chem.. 26, 3796 (1961). 

(36) R. Scholl and H. Berblinger, Ber., 86, 3427 (1903). 
(37) Unpublished work with Mr. E. J. Geels. 

base 
C6H5NO + C6H6NHOH ^ZH 2C6H6NO-- (up to 100%) 

H + 

2C6H6NO-"—>- C6H6NO=NC6H5 + OH" 

I t would appear to be of great importance to establish 
whether the products of one-electron transfer observed 
in the present work result from decomposition of an 
initial addition products (the Blicke hypothesis6"1). 

D - + A ^ Z ^ D-A- T-** D- + A--

On the other hand, it is possible to explain the forma
tion of addition products between carbanions or 
organometallic reagents and unsaturated systems 
(e.g., carbonyl compounds) solely by electron-transfer 
reactions. 

D " + A >- [D- + A--]B0lventoage *- D - A " 

Transfer of one electron from a carbanion, nitranion, 
mercaptide ion,12cJ8 or organometallic reagent t o 
organic molecules is of course not restricted to the use 
of neutral unsaturated acceptors. Other substances 
which undergo facile electrolytic reduction may also 
react with carbanions by what appear to be electron-
transfer processes. The acceptor can be a cation,39 

such as the pyrylium cation,7 a peroxide,40 or a disul
fide. Alkyl and some aryl halides react with a number 
of organometallic reagents by an electron-transfer proc
ess 

R:- + k ' X —> R- + [ R ' - X]- —> R-' + X" 

Examples of this type of process are recognized where 
the donor ( R : - ) is a radical-anion,4-41 a dianion,41b-42 

an alkyllithium reagent,43 or a Grignard reagent.44 

Experimental 

Apparatus and Procedure.—The e.s.r. spectra were obtained 
using a Varian V-4500 spectrometer equipped with 100 kc./sec. 
field modulation. Flat fused silica cells (Varian V-4548 aqueous 
solution sample cell) were used for all experiments. Initial 
experiments involved the use of a stopped flow technique in which 
a thoroughly degassed solution of the base was mixed in a T-
tube with a solution of the donor and acceptor. Since this pro
cedure required large volumes of reagents and solvents a simpler 
procedure was devised. Cells similar to the one shown in Fig. 
5 were constructed. After flushing with prepurified nitrogen a 
solution of the base was added to one leg by syringe through the 
rubber septum and a solution of the donor and acceptor added 
to the other leg. The solutions were degassed by introducing 
prepurified nitrogen through two hypodermic needles extending 
below the surface of each solution (nitrogen escaped through 
the open end of the cell). When degassing was complete (20 
min.) the exit was closed and the hypodermic needles withdrawn. 
The solutions were mixed and the resulting mixture forced into 
the cell by shaking. Initial e.s.r. spectra were recorded about 1 

(38) F. J. Smentowski, J. Am. Chem. Soc, 85, 3036 (1963). 
(39) (a) R. Breslow and H. W. Chang, ibid., 84, 1484 (1962); M. A. 

Battiste, ibid., 84, 3780 (1962); (b) F. M. Berlinger, S. A. Galton, and 
S. J. Huang, ibid., 84, 2819 (1962). 

(40) M. F. Hawthorne and G. S. Hammond, ibid., 11, 2549 (1955); W. 
Treibs, Ber., 84, 438 (1951). 

(41) (a) W. Schlenk and T. Weickel, ibid., 44, 1182 (1911); W. Schlenk 
and A. Thai, ibid., 46, 2840 (1913); N. D. Scott, J. F. Walker, and V. L. 
Hansley, J. Am. Chem. SoC1SS, 2442 (1936); H. V. Carter, B. J. McClelland, 
and E. Warhurst, Trans. Faraday Soc, 56, 343 (1960); A. Zweig and A. K. 
Hoffmann, / . Am. Chem. Soc, 84, 3278 (1962); (b) D. J. Morantz and E. 
Warhurst, Trans. Faraday Soc, 51, 1375 (1955); A. Mathias and E. War
hurst, ibid., 56, 348 (1960). 

(42) A. G. Brook, H. L. Cohen, and G. F. Wright, / . Org. Chem., 18, 447 
(1953); E. Muller and G. Rbscheisen, Ber., 90, 543 (1957) 

(43) D. Bryce-Smith, J. Chem. Soc, 1603 (1956), 
(44) M. S. Kharasch and W. H. Urry, J. Org. Chem., 13, 101 (1948); 
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Fig. 5.- • Apparatus for electron-transfer experiments under 
anaerobic conditions. 

min. after mixing. Extreme precautions in degassing were 
required because most of the donors involved (particularly the 
potential dianions) reacted readily with oxygen to give radical 
species. The techniques employed consistently gave negligible 
blanks when used to prepare basic solutions of benzoin, propio-
phenone, and hydrazobenzene, solutions very prone to produce 
radical-anions in the presence of oxygen. For each electron-
transfer experiment blank experiments using the donor alone and 
the acceptor alone were performed and for all experiments re
ported in Tables I—TII the concentrations of paramagnetic species 
were negligible in the blanks when compared to the concentra
tions observed for the mixture of donor and acceptor. The 
percentage electron transfer was measured as specified in Tables 
I—III. This method had a reproducibility of ± 2 0 % on a rela
tive basis. Considerably higher percision was possible when the 
data were expressed in terms of d[radical-anion]/d2 for those 
electron transfers which were slow enough that an initially linear 
buildup of radical-anion could be observed. 

Estimates of the radical concentrations were made by com
paring the peak-to-peak distance from the maximum to the 
minimum of the over-modulated first derivative curves of the 
radical and a standard solution of diphenylpicrylhydrazyl at 
the same instrument settings and in the same solvents.46 The 
reproducibility was ± 2 0 % and the accuracy probably was 
± 5 0 % . We believe that the accuracy was poorest for those 
radicals of shorter line width (e.g., fluorenone and benzophenone 
ketyls) and was best for those radical-anions containing two 
nitrogen atoms. 

Materials.—Dimethyl sulfoxide (Crown Zellerbach Corp.) was 
distilled under reduced pressure from calcium hydride. Com
mercial /-butvl alcohol was stored over sodium sulfate and used 

without purification. Tetrahydrofuran was distilled from sodium 
and from lithium aluminum hydride. The potassium i-butoxide 
used was commercial material (Mine Safety Appliance Corp.). 

Benzo[c]cinnoline was prepared by the method of Badger, 
Seidler, and Thomson"; m.p. 157-158°, l i t .«m.p . 156°. 

Benzofurazan synthesized by the method of Hammick, 
Edwardes, and Steiner47 had a m.p. 52-54°, l i t ." m.p. 55°. 

Benzofuroxan was prepared according to the procedure of 
Smith and Boyer48; m.p. 69-71°, lit.48 m.p. 70-71°. 

A-V-Bifluorene was synthesized from 9,9'-bifluorene by elec
tron transfer to nitrobenzene in the presence of potassium t-
butoxide in dimethylformamide solution; m.p. 179-183°, lit.49 

m.p. 187-188°. Thin-layer chromatography showed the pres
ence of only one component. 

l,2-Dihydro-2,3-diphenylquinoxaline was prepared by the 
condensation of o-phenylenediamine with benzoin in glacial 
acetic acid; m.p. 143-145°, lit.50 m.p. 148°. 2,3-DiphenyI-
quinoxaline was prepared by a similar condensation between 
o-phenvlenediamine and benzil; m.p. 124-124.5°, lit.51 m.p. 
124°. 

2,5-Diphenyl-3,4-benzofuran was made by the method of 
Allen and Van Allen52; m.p. 127°, lit.52 m.p. 127°. 

N,\T '-Diphenyl-£-benzoquinonediimine was prepared by the 
procedure of Hughes and Saunders63; m.p. 184.5-186.5°, lit.58 

m.p. 181.5-182.5°. 
l,4-Diphenyl-l,4-butanedione was prepared by the reduction 

of the olefin with sodium dithionite according to the procedure 
of Conant and Cutter64; m.p. 143-146°, lit.56 m.p. 144-145°. 

Fluoren-9-ol was prepared by reducing fluoren-9-one with 
lithium aluminum hydride; m.p. 155-156°, lit.56 m.p. 158-159°. 

9-Phenylfluorene was prepared by the method of Ullman and 
von Wurstenberger67; m.p. 147.5-148°, lit.67 m.p. 145°. 

Benzpinacol was synthesized by the method of Gomberg and 
Bachmann58; m.p. 185-186° d e c , lit.58 m.p. 192-194° dec. 

2-Methyl-2-phenylindan-l,3-dione was prepared by the pro
cedure of kathanson58; m.p. 154-155°, lit.*' m.p. 154-155°. 

3,3',5,5'-Tetra-<-butyl-4,4'-diphenoquinone was prepared by 
the method of Kharasch and Joshim; m.p. 237-239.5°, lit.60 

m.p. 246°. 3,3',5,5'-Tetra-/-butyl-4,4'-stilbenequinone was syn
thesized by the procedure of Cook, Nash, and Flanagan61; 
m.p. 308-310°, Ht.61315-316°. 

M-Butylmagnesium bromide was prepared in tetrahydrofuran 
solution, filtered through a perforated disk, and stored under 
nitrogen. The concentration of the Grignard reagent was de
termined by titration with acid. The freshly prepared reagent 
gave no e.s.r. signal. »-Butyllithium in hexane solution was 
obtained from commercial sources (Foote Mineral Corp.) and 
diluted with tetrahydrofuran immediately before use. 

The other potential donors and acceptors were obtained from 
standard sources and generally recrystallized or distilled before 
use. 
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