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Abstract: One-electron reduction of l-(4-biphenylyl)-a>-haloalkane (BPx-H) by solvated electrons and the intramolecular reactions 
of the radical anion thus formed have been investigated using the pulse-radiolysis technique. The spectrum observed immediately 
after the pulse has an absorption maximum at 410 nm which is assigned to the corresponding biphenyl radical anion. The 
decay behavior of all these 410-nm bands follows first-order kinetics and the rates are dependent on the methylene chain length, 
n. With BPcl-0 and BPcl-2, which provide large rate constants (7.5 X 107 and 1.7 X 108 s"1, respectively) and large G values 
of 4-alkylbiphenyl formation, an intramolecular electron transfer from a biphenyl radical anion to a C-Cl bond is presumed. 
The rate constants of the radical anions decrease in the order BPC1-1 > BPcl-2 > BPQ-O which is roughly parallel to the C-Cl 
bond energy of these compounds and does not correlate with the chain length n, which corresponds to the distance required 
for the electron transfer. On the other hand, in the case of BPa-3 and BPa-4, the decay of the 410-nm band decreased about 
two orders of magnitude (5.5 X 105 and 1.2 X 106 s~\ respectively) and was characterized by a simultanous formation of a 
330-nm band which is assigned to a spirocyclic radical. The G values of the corresponding 4-alkylbiphenyl formation were 
low for these compounds. On the basis of these observations, an intramolecular carbanionic displacement of the biphenyl radical 
anion on the chlorine center, which is a novel type of intramolecular SN2 reaction, has been concluded. Intramolecular reactions 
of bromo and iodo derivatives were also investigated and compared with those of corresponding chlorides. 

Introduction 

The reactions of aromatic radical anions with alkyi halides have 
attracted considerable attention, especially the initial step, whether 
it is electron transfer (ET) or SN2.'"3 A reaction mechanism 
which includes an initial ET, producing an alkyl radical, and 
immediately following competitive reactions of the alkyl radical 
such as reduction to carbanions, addition to aromatic radical 
anions, and radical-radical reactions is currently accepted.4"9 

On the other hand, intramolecular reactions of aromatic radical 
anions with a terminal alkyl halide which is linked to the aromatic 
moiety by a methylene chain have been investigated by several 
groups by using organoalkali compounds,10"14 electrochemical 
reduction,15'16 and pulse radiolysis.17 However, the reaction 
mechanism of the intramolecular reaction is complex owing to 
several competitive reactions and still not clearly elucidated. 
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In the present paper, we have investigated one-electron reduction 
of l-(4-biphenylyl)-co-haloalkane (BPx-«) by solvated electrons, 

_X_ n 
<^0>"(CH2)n-X Cl 0,1,2.3,4 

and the intramolecular reactions of the radical anions thus formed 
have been elucidated using the pulse-radiolysis technique. 

Experimental Section 
Materials. 4-Chlorobiphenyl (BPQ-O) (Tokyo Kasei) and 4-chloro-

methylbiphenyl (BPa-l) (Aldrich) were recrystallized from ethanol and 
dried under vacuum. 4-Methylbiphenyl (BP-Me) (Aldrich) was used 
without further purification. 

l-(4-Biphenylyl)-2-chloroethane (BPcl-2). This compound was syn­
thesized by a procedure similar to that of Grovenstein et al." After the 
usual workup, 0.6 g of BPQ-2 was obtained by vacuum transfer at 100 
0C under 0.1 Torr: NMR (CDCl3) 6 7.0-7.6 (9 H, m), 3.5-3.8 (2 H, 
t), 2.9-3.3 (2 H, t). 

l-(4-Biphenylyl)-3-chloropropane (BPQ-3) . 3-(4-Biphenylyl)-2-
propenoic acid which was synthesized by reaction of p-biphenylcarbox-
aldehyde with malonic acid18 was hydrogenated to the corresponding 
propanoic acid by Raney-Ni catalyst:19 mp 147-149 0C; NMR (CDCl3) 
5 7.0-7.7 (9 H, m), 2.6-3.2 (4 H, m). This acid was reduced to the 
corresponding alcohol by LiAlH4 and then chlorinated by PCl5 in chlo­
roform: bp 130-135 0C (0.01 Torr); NMR (CDCl3) S 7.0-7.6 (9 H, m), 
3.4-3.7 (2 H, t), 2.6-3.0 (2 H, t), 1.8-2.3 (2 H, m). Anal. Calcd for 
C15H15Cl: C, 78.08; H, 6.55; Cl, 15.37. Found: C, 77.98; H, 6.51; Cl, 
15.51. 

l-(4-Biphenylyl)-4-chlorobutane (BPQ-4). This compound was syn­
thesized by a procedure similar to that of Grovenstein et al.13: bp 
140-145 0C (0.01 Torr); NMR (CDCl3) S 7.0-7.6 (9 H, m), 3.4-3.7 (2 
H, t), 2.4-2.8 (2 H, t), 1.5-2.0 (4 H, m). 

l-(4-Biphenylyl)-3-bromopropane (BPBr-3). A mixture of 0.9 g (4 
mmol) of 3-(4-biphenylyl)propanol, 2.5 mL (9 mmol) of PBr3, and 20 
mL of CCl4 was refluxed for 1 h. After the usual workup, evaporation 
of the solvent and recrystallization from n-pentane gave 0.6 g (52%) of 
BPBr-3: mp 42 0C; NMR (CDCl3) S 7.1-7.6 (9 H, m), 3.3-3.6 (2 H, 

(18) Koo, J.; Fish, M. S.; Walker, G. N.; Blake, J. "Organic Syntheses"; 
Wiley: New York, 1963; Collect. Vol. 4, pp 327-329. 

(19) Page, G. A.; Tarbell, D. S. In footnote 18, pp 136-140. 
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Figure 1. Transient absorption spectra obtained at various times after 
a 3-ns pulse irradiation of HMPA solutions of BPcl-n and BP-Me (1.1 
X ICT2 M) at room temperature. Absorbed dose was 19 krad/pulse for 
BPc ]-0-BPc r2 and BP-Me and 14 krad/pulse for BP c r3 and BPcl-4, 
respectively. 

t), 2.7-3.0 (2 H, t), 2.0-2.5 (2 H, m). Anal. Calcd for C15H15Br: C, 
65.47; H, 5.49; Br, 29.04. Found: C, 65.85; H, 5.44; Br, 28.64. 

l-(4-Biphenylyl)-4-bromobutane (BPBr-4). This compound was syn­
thesized by a procedure similar to that of BPBr-3 described above. The 
yield was 50%: bp 150-155 0 C (0.01 Torr); NMR (CDCl3) 5 7.0-7.6 
(9 H, m), 3.3-3.6 (2 H, t), 2.6-2.9 (2 H, t), 1.6-2.1 (4 H, m). 

l-(4-Biphenylyl)-4-iodobutane (BPH).20 A mixture of 4-(4-bi-
phenylyl)butanol, sodium iodide, and trimethylsilyl chloride in dry ace-
tonitrile was refluxed; after the usual workup, BPj-4 was formed in 90% 
yield: NMR (CDCl3) S 7.0-7.6 (9 H, m), 3.0-3.3 (2 H, t), 2.3-2.6 (2 
H, t), 1.5-2.0 (4 H, t). 

Apparatus. The L-band linear accelerator at Osaka University was 
used as the source of electron pulse. The energy was 28 MeV and the 
pulse width was selected as 40 ps, 3 ns, or 10 ns. The dose was 19 krad 
per 3-ns pulse (the beam diameter, ca. 4 mm). A 450W xenon pulse 
lamp (OPG-450, Osram), a monochromator (Nikon G-250), a photo-
multiplier (R843), and a programmable digitizer (Tektronix 7912 AD) 
were used. For the picosecond pulse radiolysis, an R843 photomultiplier 
and special circuit with subnanosecond time response were used according 
to Beck.21 

Hexamethylphosphoric triamide (HMPA) used as a solvent was dis­
tilled over CaH2 twice. Solutions were prepared freshly before irradiation 
and were degassed under high vacuum. Product analysis was carried out 
by GLC after 7-irradiation. 

Results and Discussion 

Chloro Derivatives with a Different Chain Length. Hexa­
methylphosphoric triamide (HMPA) solutions of BPcl-« and 
4-methylbiphenyl (BP-Me) were irradiated with 3-ns electron 
pulses, and the transient absorption spectra recorded at various 
times after the pulse are presented in Figure 1. Except for BPQ- 1, 
the spectrum observed immediately after the pulse has an ab­
sorption maximum at 410 nm which is assigned to the corre­
sponding biphenyl radical anion by comparison with that of BP-Me 
and biphenyl.22 These observations indicate that the excess 
electron is predominantly present initially in the aromatic part 
of the molecule and not in the a* (C-Cl) bond. This is consistent 

(20) Morita, T.; Yoshida, S.; Okamoto, Y.; Sakurai, H. Synthesis 1979, 
379. 

(21) Beck, G. Rev. Sci. Instrum. 1976, 47, 537-541. 
(22) Christodouleas, N.; Hamill, W. H. J. Am. Chem. Soc. 1964, 86, 

5413-5416. 

Figure 2. Decay and formation curves for 410- and 330-nm bands, and 
their kinetic behavior (first-order plot) obtained with HMPA solutions 
of BPcl-3 and BP c r4 (1.1 X 10"2 M): pulse width, 3 ns; dose, 14 
krad/pulse. The rate constants for BPc]-3 and BP c r4 are 5.5 X 105 and 
1.2 X 106 s"1 from the decay of the 410-nm band, and 5.4 X 10s and 1.1 
x 106 s"1 from the 330-nm band, respectively. 

Table I. Pulse Radiolysis0 and 7-Radiolysisb of BPCj-« and 
BP-Me in HMPA at Room Temperature 

n 

0 
1 
2 
3 
4 
BP-Me 

OD410 

0.22 

0.13 
0.40 
0.35 
0.39 

*(s"') 

7.5 X 107 

1.7 X 108 

5.5 X 105 

1.2 X 106 

e 

AOD„0 / 
-AOD 4 1 0 

=0 

0.05 
0.45 
0.92 

=0 

G(BP-alkane)c 

2.10d 

0.36d 

2.08,d 2.06 
0.97 
0.05 

a Pulse width was 3 ns and the absorbed dose was 19 krad/ 
pulse. Substrate concentration: 1.1 X 10"2M. b 60Co 7-
radiolysis; dose, 1.5 X 10s rad. Products were analyzed by GLC. 
Substrate concentration: 5 . 0 X l O - 2 M . c 100-eV yield of 4-
alkylbiphenyl. d MTHF was used as the solvent because the re­
action products from BPCi-0 and BPfji-1 were not clearly isolated 
from HMPA on GLC. e Second-order rate constant: 1.2XlO1 0 

M - 1 S " ' . 

with available competitive data for solvated electrons which in­
dicate that electron attachment to biphenyl is favored over that 
to alkyl chloride.23 In the case of BPC1-1, the 410-nm band was 
weakly observed only during a 10-ns pulse with a high dose. The 
330-nm band formed immediately after the pulse is assigned to 
the 4-phenylbenzyl radical.24 Such a short lifetime of the radical 
anion of BPC1-1 may be due to very fast C-Cl bond cleavage. 

The decay behavior of all these 410-nm bands except for BP-Me 
follows first-order kinetics, and the rates are dependent on the 

(23) Bimolecular reaction of BP-Me and n-butyl chloride (n-BuCl) in 
HMPA was carried out by pulse irradiation. The initial optical density of 
BP-Me radical anion decreased with increasing of n-BuCl concentration. The 
plots of reciprocal optical densities vs. reciprocal n-BuCl concentrations pro­
vided a straight line, the slope and intercept of which gave k(e,~ + BP-
Me)/k(e,~ + /J-BuCl) = 11.0. Moreover, the decay of BP-Me radical anion 
followed pseudo-first-order kinetics, and the plots of the rate constants vs. 
W-BuCl concentrations gave &(BP-Me" + n-BuCl) = 1.6 X 105 M"1 s_1. 

(24) Hodgkins, J. E.; Megarity, E. D. J. Am. Chem. Soc. 1965, 87 
5322-5326. 
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Scheme I 

CH^(CH2Jn-Ci ^ <§H5HcH2)rfci 

n= 0-3 

CHOKCH2) h + Cl" 

J(H) 
@~©-<CH2)nH 

methylene-chain length n. The rates for BPc r0 and BPcr2, which 
show very rapid decays, were measured by a 40-ps single elec­
tron-pulse irradiation with a detection system of a subnanosecond 
time response. The rate constants thus obtained are 7.5 X 107 

and 1.7 X 108 s"1, respectively. 
On the other hand, BP c r 3 and BP c r4 followed rather slow 

decay rates (us order) and were characterized by a simultaneous 
formation of a 330-nm band, which is more extensive in BP c r4 
than in BPa-3. The rate of formation of the 330-nm band is fully 
consistent with the decay rate of the 410-nm band in both com­
pounds as shown in Figure 2. The former band coincides with 
that of a phenylcyclohexadienyl radical produced by protonation 
of a biphenyl radical anion in the shape and Xn^ of the spectrum.25 

These results obtained by the pulse radiolysis are summarized in 
Table I, together with the product yields obtained by the 7-ra-
diolysis. The main reaction product, which was analyzed by GLC 
after 7-irradiation of HMPA or 2-methyltetrahydrofuran 
(MTHF) solutions of BPcl-n, was the corresponding 4-alkylbi-
phenyl. BPa-0 and BP c r2 gave rather high G values which are 
close to that of the solvated electrons, i.e., G(es") = 2.3 in HMPA26 

and 2.6 in MTHF,27 respectively. A low value observed in BPC1-1 
is reasonably explained by the formation of dimer on the analogy 
that benzyl chloride yields bibenzyl as a main product on the 
7-radiolysis,28 while a pronounced decrease in the G value was 
observed in the case of BPcl-3, especially in BPc r4, and appeared 
to correspond to the formation of the 330-nm band which is 
indicated in Table I as a ratio of AOD33OZ-AOD410 (see Figure 
2; the ratio is presumed as a measure of an intramolecular SN2 
reaction discussed later). 

On the basis of these observations, the reaction mechanism will 
be discussed in some detail. With BPC1-1 and BPcr2, which result 
in large rate constants and also large product G values, an in­
tramolecular ET from a biphenyl radical anion (electron donor) 
into a C-Cl bond (electron acceptor) is presumed. Such an ET 
would be affected by the difference in the reduction potential 
between electron donor and electron acceptor, and by the distance 
required to the electron transfer (r). It has been shown that such 
an ET proceeds very slowly in a bimolecular system; a rather low 
rate constant, 1.6 X 105 M~! s"1, was obtained for the reaction 
of a BP-Me radical anion with H-butyl chloride,23 consistent with 
the endothermicity of the reaction. The present intramolecular 
reaction proceeds rather rapidly when n is less than or equal to 
2, that is, r < ca. 8 A. However, the rate constants of the radical 
anions decrease in the order BPci-1 > BPcl-2 > BPcrO which is 
roughly parallel to the C-Cl bond energy of these compounds and 
does not correlate with r. Thus, the reactions in Scheme I, in which 
the cleavage of the C-Cl bond is the rate-determining step, are 
presumed for BPc r0-BPc l-2 and also a part of BP c r 3 as men­
tioned below. 

On the other hand, in the case of BPcl-3 and BPcl-4, the decay 
rates of the biphenyl radical anions decreased about two orders 
of magnitude. Concurrent formation of the 330-nm band which 
is assigned to the phenylcyclohexadienyl radical is significant, while 
the G value of 4-alkylbiphenyl formation becomes low; instead 
of this, dimers were obtained as a main product. On the basis 
of these observations, intramolecular carbanionic displacement 
of the biphenyl radical anion on the chlorine center, that is, an 

(25) Sawai, T.; Hamill, W. H. /. Am. Chem. Soc. 1966, 88, 3689-3694. 
(26) Shaede, E. A.; Dorfman, L. M.; Flynn, G. F.; Walker, D. C. Can. J. 

Chem. 1973,51, 3905-3913. 
(27) Smith, D. R.; Pieroni, J. J. Can. J. Chem. 1965, 43, 2141-2147. 
(28) Eberhardt, M. K. Radiochim. Acta 1967, 8, 159-161. 
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Figure 3. Transient absorption spectra obtained at various times after 
a 3-ns pulse irradiation of HMPA solutions of BPBr-3 and BPBr-4 (1.1 
X 10"2 M) at room temperature. Absorbed dose was 19 krad/pulse. 

Scheme II 

CHO>-(CH2)n-ci — * <©H£XTcH2)n + ci" 
n=3,4 R 

i 
Dimers 

intramolecular SN2 reaction, is presumed. 
Simultaneous formation of a spirocyclic radical (R) via a cyclic 

transition state would explain the 330-nm band formation. Al­
though the reaction products of the intermediate radical, R, are 
not confirmed yet, such a spirocyclic radical is known to be present 
as a stable intermediate29 and possesses an absorption band similar 
to that of the corresponding cyclohexadienyl radical.30 The 
formation of a spirocyclic product from the reaction of BPci-4 
with alkali metals, reported by Grovenstein and Akabori,13 also 
supports the presence of R although their reaction mechanism 
is inconsistent with the present observation. By consideration of 
the spectral data and the G value of the product, BPCi-4 seems 
to proceed by the intramolecular SN2 reaction preferentially while 
in the case of BPa-3, SN2 and ET are competitive. It is reasonable 
that the intramolecular SN2 reaction of BPcl-4 is favored over 
BPci-3 which produces a more strained four-membered inter­
mediate. 

Bromo and Iodo Derivatives. Comparison with the Data of 
Corresponding Chlorides. HMPA solutions of BPBr-3 and BPBr-4 
were irradiated with a 3-ns pulse, and the transient absorption 
spectra were recorded at various times after the pulse. The spectra 
are presented in Figure 3. Those radical anions observed im­
mediately after the pulse show a maximum at 410 nm, similarly 
to those of BP c r«, but the intensity of the bands is weaker than 
those of the corresponding chlorides. This would be explained 
by the fact that the C-Br moiety is more reactive with solvated 
electrons than chlorides and competes with the biphenyl moiety 
for electrons, leading to the direct formation of biphenylyl-alkyl 
radicals. Indeed, the G values of 4-alkylbiphenyl formation were 
larger in these bromides than those in the corresponding chlorides. 
The spectral characteristics of these bromides are that the 410-nm 

(29) Julia, M.; Malassine, B. Tetrahedron Lett. 1971, 987-990. 
(30) Effio, A.; Griller, D.; Ingold, K. U.; Scaiano, J. C; Sheng, S. J. /. 

Am. Chem. Soc. 1980, 102, 6063-6068. 
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Table II. Pulse Radiolysis" and 7-Radiolysisb of BPx-W in 
HMPA at Room Temperature 

n 

3 
3 
4 
4 
4 

X 

Cl 
Br 
Cl 
Br 
I 

OD410 

0.40 
0.18 
0.35 
0.20 
0.04 

*(s- ') 

5.5 X 105 

8.5 X 107 

1.2 X 106 

4.8 X 107 

AOD330/ 
-AOD4 1 0 

0.45 
=0 
0.92 
0.17 

=0 

G(BP-
alkane) 

0.97 
2.14 
0.05 
1.07 
1.74 

AE(V)C 

O 
-0 .62 

O 
-0.62 
-1 .03 

a Pulse width was 3 ns and the absorbed dose was 19 krad/ 
pulse. Substrate concentration: 1 .1XlO - 2 M. b 60Co 7-
radiolysis; dose, 1.5 X 105 rad. Products were analyzed by 
GLC. Substrate concentration: 5.0 X 10"2M. c AE = 
E*e* (BP) - ^ (CH 3 CH 2 X)(Vs . SCE). 

band decays very rapidly while the formation of the 330-nm band 
is observed rather weakly (BPBr-4) or not at all (BPBr-3). This 
effect of bromides becomes more significant in the iodide. These 
results are summarized in Table II, together with those of BPcl-3 
and BPcl-4 for comparison. 

With BPBr-3 and BP r4, which provide large rate constants (in 
the case of iodide, the decay kinetics could not be followed by the 
present time response) and the large product G values, an in­
tramolecular ET is presumed as described in Scheme I. In the 
case of the iodide, of course, solvated electrons are mainly going 
to the C-I bond which leads to the direct formation of bi-
phenylyl-alkyl radicals. The fact that the 330-nm band still does 
not build up in BPBr-3 and BP r4, where the biphenylyl-alkyl 
radicals are formed, excludes an alternative possibility that in 
Scheme II, R would be formed by the cyclization of the bi­
phenylyl-alkyl radicals once formed by an ET mechanism.31 

In the case of BPBr-4, the formation of the 330-nm band and 
the G value of the reaction product suggest that the both mech­
anisms are competitively taking place. 

The rates of the intramolecular ET are found to change with 
the halide, as well as with the methylene-chain length, n. The 
rate constant decreases in the order iodide > bromide > chloride. 
This trend is readily explicable in terms of the ET mechanism, 
in which the rate constant is expected to be parallel to the dif­
ference in reduction potential between electron acceptor (alkyl 
halide) and electron donor (biphenyl) (AE in Table II). 

On the other hand, the intramolecular SN2 proceeded pre­
dominantly in BPcl-4 and competitively in BP c r3 and BPBr-4. 
Thus, the SN2 reaction seems to require a reaction system where 
an efficient ET does not occur because the SN2, forming a new 
chemical bond, cannot compete with such a long-range ET re­
action. Another important factor for the SN2 is the contribution 
of the cyclic structure to stabilize the transition state. Indeed, 
in a bimolecular reaction between biphenyl radical anion and butyl 
chloride an intermolecular SN2 reaction could not be observed 
by the pulse radiolysis. 

Acknowledgment. The present work was supported in part by 
a Grant-in-Aid for Scientific Research (555334) from the Ministry 
of Education of Japan. 

(3I)A referee pointed out the possibility that the biphenylyl-alkyl radicals 
initially formed from the iodide might be reduced further faster than they 
cyclize because the formation of the radicals, especially in the iodide, com­
pletes immediately after the pulse. However, the initial concentration of the 
reducing species, e,~, produced by a 3-ns pulse irradiation is very low (4 X IfT5 

M). Therefore, the concentration of the biphenylyl-alkyl radical is also very 
low, compared to that of the iodide (1 x 1(H M). Under these reaction 
conditions, the possibility of further reduction of the radical by e," may be 
excluded. 

Oxidative C-C Bond Cleavage of 1,2-Diols by Silver(II)1 

Anil Kumar 

Contribution from the Radiation Laboratory, University of Notre Dame, 
Notre Dame, Indiana 46556. Received February 27, 1981 

Abstract: Oxidation of ethylene glycol and related compounds by Ag(II) has been investigated. Complexation of these substrates 
by Ag(II) precedes their oxidation. Oxidation occurs through electron transfer from an OH group to the Ag(II) within the 
complex resulting in the formation of alkoxyl-type radicals. The radicals thus formed undergo /3-scission to give cleavage products. 
For ethylene glycol a complexation rate 1.3 x 106 M"1 s"1 and oxidation rate ~3 x 103 s"1 were observed. A general trend 
for the type of the substrates which would undergo C-C bond scission by Ag(II) is discussed. 

The role of Ag+ as a catalyst in redox reactions of peroxydi-
sulfate ion is well-known and has been reviewed by several 
workers.2""4 Its selective mode in the oxidation of 1,2-diols which 
results in the C-C bond scission was first pointed out by Greenspan 
and Woodburn.5 The reactions of different diols with this redox 
system have been the subject of numerous studies in attempts to 
elucidate the mechanism.6"14 

(1) The research described herein was supported by the Office of Basic 
Energy Sciences of the Department of Energy. This is Document No. 
NDRL-2225 from the Notre Dame Radiation Laboratory. 

(2) Walling, C. "Free Radicals in Solution"; Wiley: New York, 1957; p 
572. 

(3) Wilmarth, W. K.; Haim, A. In "Peroxide Reaction Mechanisms"; 
Edwards, J. 0., Ed.; Interscience: New York, 1962; p 194. 

(4) Behrman, E. J.; Mcisaac, J. E. Mech. React. Sulfur Compd. 1968, 2, 
193. 

(5) Greenspan, F. P.; Woodburn, H. M. / . Am. Chem. Soc 1954, 76, 6345. 
(6) Mishra, D. D.; Ghosh, S. Proc Natl. Acad. Sd., India 1964, 34A, 317. 
(7) Menghani, G. D.; Bakore, G. V. Bull. Chem. Soc. Jpn. 1968, 41, 2514. 
(8) Menghani, G. D.; Bakore, G. V. Curr. Sci. 1968, 37, 641. 
(9) Bakore, G. V.; Menghani, G. D. Z. Phys. Chem. (Wiesbaden) 1968, 
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