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Hydrated electrons, produced by pulse radiolysis in aqueous solution, react with benzoic acid (¢ = 1.6 X
10 M1 see™!) and benzoate (b = 3.2 X 10° M~ sec™)) to give transient species with pH-dependent optical
absorption spectra. At pH 3.8, Amax <290 (emax >16,000 M1 em™) and 420 (1600); at pH 9.1, Amax 310
(25,000) and 435 nm (5200); at pH 13.2, Amax 322 (27,000) and 445 nm (8000). The dependence of the spectra,
on pH show that the electron adduct transient speeies have pK, values of 5.3 and 12.0. An extended Hiickel
molecular orbital calculation shows that the electron adds to the molecular x system with a large fraction of
the electron density localized on the carboxylate carbon. Protonation takes place on the carboxylate oxygen
atoms, not on the aromatic ring, producing absorption spectra that are completely different than that observed
for the addition of H atoms to benzoic acid (\max 350 nm, €max <4200 M ! cm ™) forming the cyclohexadienyl
radical, - CeH;(H)COH. The electron adduct can best be represented as a substituted benzyl radical, CsHyC-
(OH).. Electron addition to benzenesulfonate, on the other hand, yields a spectrum which resembles that of
a cyclohexadienyl radical (325 nm, 3700 ' cm™), - CsH;(H)SO;~.  Hydroxyl radicals add to the benzoate
aromatic ring to yield -CeHs(OH)CO,IT (350 nm, 3800 M~ em™) and - CsHy(OH)CO,~ (330 nm, 3800 Mt
em™) with pK,. = 4.4.

Introduction spectra of the OH adducts to benzoic acid and benzoate
ion show different Ay.x. At pH 1 in the presence of
CD,0OH,® where e,,™ are converted into H and OH rad-
icals are scavenged by the aleohol, the H adduct to
benzoic acid, -C¢H;(H)CO,H, exhibits Am.x 352 nm
with €352 — 3700 %= 500 M em™— L

In this study we directed our attention to the fol-
lowing questions. (1) What is the spectrum of the
electron adduct in other than highly alkaline solution?
(2) Why are the spectra reported for the presumably
protonated electron adduct to benzoate, -CgIH,CO,™,

The radiolysis of water generates e,q~, OH, and H as
the reactive radical species. Depending on the con-
centrations of various solute scavengers, one or more of
these radicals can be selectively removed producing a
relatively clean reaction system. Pulse radiolysis tech-
niques enables the detection and characterization of
the reaction intermediates to be made in the micro-
and submicrosecond region. Benzoic acid (pK, =
4.19), as the archetype aromatic carboxylic acid, has

been subjected to a number of pulse radiolytic studies . .
in aqueous solution from which the transient optical  and the H adduct to benzoic acid, -CsHiCO.H, so

absorption spectra have been determined. Sangster?  strikingly different? (3) Keeping in mind that the
found that at pH 12.8, the ey~ + CeH;CO,~ reaction  PK. for benzoic acid is 4.19, what are the pK, values
resulted in an intense narrow absorption band at 322  for the radicals produced in the radiolysis of benzoic
nm and a much weaker one at 444 nm which was at- acid and how do they arise?

tributed to the cyclohexadienylearboxylate radical,
-CeH¢CO,, proposed to have been formed upon the
rapid protonation of the electron adduct to the aro- The details involving the Febetron 705 pulsed radia-
matic ring. His examination of the pH dependence of tion source, detection systems, dosimetry, and solution
the absorption did not extend below pH 11 where the handling techniques have been described previously.®

spectral characteristics of the transient were apparently
unchanged. In the presence of NZO where the Caq ™ is (1) Presented in part at the Fourth International Congress of Radia-
! a tion Research, Evian, France, June 1970.

o ' . . 9 .
Lﬁimenﬂy converted into OH (O at pH 1"'8)’ a broad (2) National Academy of Sciences-National Research Council Senior

band was observed at 330 nm which was attributed to Postdoctoral Research Associates at Natick. () Department of

_ . ) o : Zoology, Radiation Biology Laboratory, University of Texas
‘ e ring. I ¢ 28 . ; : orsty g
the O }‘ddUCt to the ring A further clarification of Austin, Texas 78712. (b) Department of Chemistry, Boston Uni-

Experimental Section

the spectra of the OH adduct, the hydroxycyeclohexa- versity, Boston, Mass. 02215.

dienylcarboxylate radical, - CsH;(OH)CO,~, was made (3) D.F.Bangster, J. Phys. Chem., 70, 1712 (1966).

bY Dorfman who showed that €0 = 3600 £ 500 M1 (4) P. Neta and L. M. Dorfman, ddvan. Chem. Ser., No. 81, 222
) (1968). :

em ™! in neutral solutiont but that at pH 3,5 A 347 )
A R . I > max (5) R. Wander, P. Neta, and L. M. Dorfman, J. Phys. Chem., 72,
nm with &g = 3600 + 500 M ! crg; <2946 (1968).
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Table I: Spéctral Chamcteristics, ‘Acid-Base Properties, and Decay Rates of the Transients
Produced in the Pul_se Radiolysis of Benzoic Acid in Aqueous Solution

Reacting Transient
System species pH species
10mM CH:CO.H, €aq” 3.8  CeH;C(OH),
1 M tert-butyl alcohol
2 mM CH;CO,~ Caq™ 9.1  CH:COH)O~
1 M tert-butyl alcohol
2mM CeHsCO,™, e~ 13.2  CHCOg2-
1 M tert-butyl alcohol
10 mM CsH,CO,", €aq” 13.0 . CHiCO2-
1 M methanol
5 mM CsH:S0;, €nq” 9.0 -CeHs(H)SO5~
1 M tert-butyl alcohol
1 mM C¢H;CO.H, OH 3.1 -CeH;(OH)YCO.H
25 mM NzO
1 mM CsH;CO2™, OH 9.0 to -CeH;(OH)CO,~
25 mM N0 13.0
2 mM CsHsCO2H, H 10 Cs[I5(H)COzI{

1 M tert-butyl alcohol

~~——Decay rate constants————

N Amax, €max, A monitor, 2k, k,
pKa nm M-t cm™—? nm Mt gect sec !
5.3 <290 >16,000 304 >8 X 108
420 1,600
12.0 310 25,000 335 ~7 X 108
435 5,200
322 27,000 328 - ~b X 108 4.6 X 102
445 8,000 445
320 1.4 X 108
325 3,700
4.4 350 3,800 350 172X 10°
>14 330 3,800 330 4.4 X 10°

350 <4,200 350 1% 109

Analytical reagent grade chemicals were used through-
out and solutions were buffered using perchloric acid,
potassium hydroxide, sodium tetraborate, and potas-
sium phosphate. Spectral resolution using two high-
intensity Bausch and Lomb monochromators was <2
nm. The concentrations of solutes were chosen on the
basis of known radical-radical and radical-solute rate
constants.” All values of € and rate constants reported
here were determined within =209 error.

Results

The reaction of e,q~ with benzoic acid or benzoate
oceurred in solutions containing alecohols such that
>98%, e,,~ and <5% OH react with the substrate.
Three distinet intermediate spectra as a function of
pH were obtained <1 usec after the pulse and are
shown in Figure 1. The pH curves shown in the in-
serts were found to be identical for both absorption
bands corresponding to deprotonation processes with
pK. values of 5.3 and 12.0. In the presence of 25 mM
N0, only a very weak absorption remained. The de-
cay of these transients followed second-order kinetics
initially, becoming mixed or first order after several
half-lives. In general, the second-order rate constant,
2k, decreased as pH was increased. A summary of the
decay data is given in Table I. Note that when meth-
anol was used in the solution at pH 13, the initial decay
rate constant (1.4 X 108 M1 sec™!) was smaller than
that in tert-butyl alcohol solutions (~5 X 108 M !
sec™h). ‘

The addition of 25 mM N;O to a solution containing
10 mM benzoic acid and 1 M teri-butyl aleohol at pH
3.8 caused a diminution of the optical density of the
absorption at 300 nm due to the competitive scavenging
of the NyO for e.q~.  From a measure of such a decrease
in OD, a value of the rate constant for the overall reac-

T

€, M'cm

A.nm

Figure 1. Transient absorption spectra produced in the
reaction of e, ™ with benzoic acid/benzoate. [Substrate] =
2-10 mM, [tert-butyl alcohol] = 1 M, 2.4 krad/pulse. @,

pH 3.8; O, pH 9.1; 0, pH 13.2; A, pH 9.1 in the presence of
25 mM N,O. Insert: absorption at 314, 330 (2.4 krads/pulse),
and 435 nm (8 krads/pulse) as a function of pH.

tion of e.,~ with all benzoic acid species was obtained
(1.33 X 10" M=1 sec™?). From the known value of
k(en,~ + CeH;CO,~)" and the pK., of benzoic acid, the
rate constant of e,,~ + CsH;CO.H was calculated
(1.6 X 10 M ' sec™?; see Table 11%).

Under similar conditions, the transient absorption
speetra from the reaction of e, ~ with methyl benzoate

(6) M.Simic, P. Neta, and I5. Hayon, J. Phys. Chem., 73, 3794 (1969).

(7) M. Anbar and P. Neta, Int. J. Appl. Radiat. Isotopes, 18, 493
(1967).
(8) P. Neta and L. M. Dorfman, J. Phys. Chem., 73, 413 (1969).
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Table II: Second-Order Rate Constants (in units of M !
sec™1) for the Reaction of e.q™, OH, and H with
Benzoie Acid in Aqueous Solution

Solute, '
s k(eaq™ + S) k(H + S) LOH + 8)
Cel1;CO.1 1.6 X 10w 1.0 X 109¢ 4.3 X 108 ¢
CsH5CO,~ 3.2 % 100 6.0 X 109°

¢ Reference 8. * Reference 5. © Average value at pH 7.4-
14 from ref 7.

were examined. In mildly acidic solution Am.x for the
absorption was <300 nm. In neutral solution, Amax
310 nm with ey = 27,000 M ' em~'; a weak absorp-
tion at 440 nm was also observed. Irom the variation
of the absorption as a function of pH, a pK, value of
5.5 was obtained. Results in strongly alkaline solution
are meaningless because of the base hydrolysis of the
ester.

Completely different results were obtained for €aq
+ CeHSO;~.  The spectrum of the transient in 1 M
tert-butyl alcohol at pH 9 showed Amax 325 nm with
es = 3700 M~! em~'. There was no change in the
spectrum even at pH 13.5.

Although the reaction of OH + CH;CO,~ is fast
(6.0 X 10° M~ sec™),’ O~ radicals appear to react
more slowly. An apparent rate constant of 8.5 X 107
M1 sec™! was determined at pH 14 from the formation
kinetics of the absorption at 330 nm. As Figure 2
shows, the transient spectra of the OH adduct is a func-
tion of pH although the spectrum in highly alkaline so-
lution is the same as that of neutral pH. A summary
of the spectral and decay characteristics is given in
Table 1.

The spectrum of the H adduct to benzoic acid, shown
in Figure 3, was determined at pH 1 in 1 M tert-butyl
alecohol; the convenience of using such conditions to
study H-atom reactions has already been demon-
strated.® At [CH;CO,H] <1.5 mM, some H atoms
are lost through radical recombination reactions and
attack on fert-butyl aleohol while at [C{H,CO,H] >10
mM, the spectrum of the OH adduct begins to con-
tribute. 1In the presence of 0.4 M 2-propanol, the spec-
trum of the H adduct disappears due to the preferential
scavenging of the H atoms by this aleohol.  This latter
result demonstrates that any reaction of the fert-butyl
alecohol radical with benzoic acid (if it indeed takes
place) does not contribute towards the spectrum shown
in Figure 8. Other H atom scavengers can also be
added to benzoic acid at pH 1 in 1 M lert-butyl aleohol
and from the decrease in the OD at 350 nm, provided,
of course, that the H-atom transient from the added
seavenger does not absorb at that wavelength, relative
rates of H-atom attack can be established. For ex-
ample, using this competitive method, A(H -+ tert-amyl
aleohol) = 3 X 10° M~ sec~! was obtained. It may
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Figure 2. Transient absorption spectra produced in the
reaction of OH with benzoic acid/benzoate. [Substrate] =
1 mM, [N:O] = 25 mM, 2.4 krads/pulse. @, pH 3.0; O,
pH 9.3. Insert: absorbance at 360 nm as a function of pH.
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Figure 3. Transient absorption spectrum produced in the
reaction of H atoms with 2 mM benzoic acid at pH 1 in
the presence of 1 M (lert-butyl alcohol (4 krads/pulse), O; in the
presence of 0.4 M 2-propanol, A. Insert: absorbance at 350
nm as a function of [benzoie acid].

be useful to note that A(OH —+ tert-amyl alcohol), as
determined by the CNS— competitive method,? is 1.6
X 10* M~ sec™! making this alecohol a convenient
scavenger for both H and OH. The radical produced
from the abstraction of an H atom from this alcohol has
a weak absorption in the ultraviolet (Anax 225 nm;
€05 = 1100 M~ em~') which disappears via second-
order kineties (2k = 1.1 X 10° M ~'sec~t), 'The spec-
trum is independent of pH up to pH 14 indicating that
this g-hydroxy radical has a pK, > 14.

Discussion

OH (or O7) -+ Benzoic Acid. The values of Muax,
emax, and 2k are in very eclose agreement with those al-

(9) M. Simic and M. Z. Hoffman, J. Admer. Chem. Soc., 92, 6096
(1970).
10y G. E. Adams, J. W. Boag, J. Currant, and B. D. Michael in
“Pulse Radiolysis,” M. Ebert, J. P. Keene, A. J. Swallow, and
J. H. Baxendale, Ed., Academic Press, New York, N. Y., 1965,
p 131.




Raprcans Propuced 1N Purse RaproLysis oF BEnzoic Acip SOLUTIONS 1401

ready reported® for -CGH;;(‘OH)COZH and -CgHs(OH)-
CO,~, the cyclohexadienyl radicals formed by OH ad-
dition to the ring. . The observed pK, value of 4.4 for
the change of spectra as a function of pH is taken to
represent the acid-base equilibrium

- CeHE(OH)YCOH = H + - CH:(OH)CO,™

Thus, the presence of the radical on the ring has little
effect on the acidity of the carboxylic acid side chain as
compared to the parent acid. In comparison, it should
be noted that although the pK. of an aliphatic car-
boxylic acid radical is about the same as the parent
acid,'! the pK, of an a-carboxy-e-hydroxyalkyl radical
appears to be higher than that of the parent, often by
more than one pK unit.’2 This latter effect has been
attributed!? to the delocalization of the unpaired elec-
tron by the OH group at the « position so that the in-
ductive effect of the OH group on the dissociation of
the acid is reduced.

The radiolysis of benzoic acid yields all three hydroxy
derivatives in varying ratios depending on the presence
of other scavengers.'® Eiben and Fessenden'* have
concluded, on the basis of esr data with benzoate, that
the meta and para adducts are produced at the same
rate and the ortho at about half the rate per position on
the ring. They attribute the lower rate in the ortho
position to steric factors. Thus, the broad OH adduct
spectrum shown in Figure 2 could be a composite of the
overlapping spectra of the three isomers and the ob-
served pH dependence could be a similar composite.
Since the pK. values for o-, m-, and p-hydroxybenzoic
acid are 2.97, 4.06, and 4.48, respectively, it is possible
that the observed pK, of 4.4 represents an acidity lower
or equal to those of the hydroxy acids indicating the re-
duction of the inductive effect of the OH group. It is
not clear from the steady-state radiolysis data whether
the state of protonation of the benzoic acid affects the
position of attack of the OH radical. It has been pro-
posed, ¥ in fact, that the OH radical does not attack a
specific position on the ring but is rather a complex be-
tween the radical and the aromatic electronic system.
The specificity of position then arises as a result of the
one-electron oxidation step leading to the final, stable
products. However, neither pulse nor steady-state
radiolysis studies have yet clarified that suggestion.

The second-order decay constants for -CsHs(OH)-
CO,H and -CH;(OH)CO,~ are in agreement with
those expected from the Debye relationship®® for the
bimolecular reaction of 0 and —1 charged species in
aqueous solution. The independence of the spectrum
and decay kinetics on pH between 9 and 13 strongly
suggests that the hydroxy group on the radical is not
jonized even in highly basic solution. This must be
contrasted with the pK, of 11.9 for the free OH rad-
ical®® and the acidity constants for the ~OH group in
the o-, m-, and p-hydroxybenzoic acids of 13.4, 9.9, and
9.3, respectively. However, it must be remembered

that the ring in the - CgHs(OH)CO, ™ radical is no longer
aromatic and that the hydroxy group is bonded to a
tetracoordinated carbon atom forming a secondary al-
cohol. -Thus, the pK, for cyclohexanol is >14; the
pK, for the 8-, v-, and s-hydroxycyclohexyl radicals is
expected to be this high, as well.5

The reaction of O~ 4+ CgH;CO,™ is very much slower
than that of OH -+ C¢H;CO,~. The apparent rate
constant for the formation of the transient absorption
at high pH values consists of a contribution from O~
and O radicals which are in equilibrium. By taking
this equilibrium into account,” a value of £(O~ +
CeH;CO,™) 4 X 107 M~' sec™ is obtained which is
almost an order of magnitude higher than the previ-
ously given upper limit obtained indirectly from com-
petition kinetics.’®. This diminished reactivity is at-
tributed to the unfavorable interaction of O~ with the
aromatic = system reflecting the diminished electro-
philicity of the attacking radical. A similar diminu-
tion of the rate has been observed for O~ -+ CsHs-
CH,CO,~ (as compared to the OH reaction) although
in this case the effect is accompanied by a change in the
spectrum of the transient species which reflects transi-
tion from OH addition onto the ring to H abstraction
by O~ from the methylene group.”

We have already shown!® that attack of OH radicals
on benzoate coordinated to Co™Y, in the form of the
(NH;);Co0,CCeH;2+ complex, results in OH addition
to the aromatic ring with the formation of a transient
species that absorbs at Amex 340 nm with a pH-indepen-
dent spectrum (pH 3-7). The transient decays in a
second-order manner with a rate consistent with its
charge. These results provide further evidence that
the state of protonation or coordination of the car-
boxylic acid moiety has little effect on the nature of the
reaction of OH radicals with the aromatic ring.

H + Benzoic Acid. The details of the spectrum of
the -CeH;(H)CO.H radical likewise correspond well
with those reported before.® Furthermore, the sim-
ilarities between this radical and the OH adducts, sim-
ilarities that have been noted before between cyclo-
hexadienyl and hydroxycyclohexadienyl radicals m

(11) P. Neta, M. Simic, and E. Hayon, J. Phys. Chem., 73, 4207
(1969).

(12) M. Simic, P. Neta, and E. Hayon, ibid., 73, 4214 (1969).

(13) (a) A. M. Downes, dust. J. Chem., 11, 154 (1958); (b) W. A.
Armstrong, B. A. Black, and D. W. Grant, J. Phys. Chem., 64, 1415
(1960); (e} O. Volkert and D. Schulte-Frohlinde, Tetrahedron Lett.,
2151 (1968): (d) K. F. Nakken, T. Brustad, and A. K. Hansen,
Advan. Chem. Ser., 81, 251 (1968).

(14) K. Biben and R. W. Fessenden, J. Phys. Chem., 75, 1186
(1971).

(15) P. Debye, Trans. Electrochem. Soc., 82, 265 (1942).

(16) J. Rabani and M. S. Matheson, J. Phys. Chem., 70, 761 (1966);
J. L. Weeks and J. Rabani, ibid., 70, 2100 (1966).

(17) P. Neta, M. Z. Hoffman, and M. Simie, bid., 76, 847 (1972).

(18) B. L. Gall and L. M. Dorfman, J. Amer. Chem. Soc., 91, 2199
(1969).
(19) M. Z. Hoffman and M. Simie, ibid., 92, 5533 (1970).
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general ® stréngthens the belief that the H atom adds to.

a specific position on the ring and that the unpaired
electron is similarly localized. Thus, the broad tran-
sient spectrum may be the result of the existence of the
three substituent isomers, a possibility that an exami-
nation of the products of the continuous radiolysis has
not yet uncovered. We would predict that the pK, of
-CeH;(H)YCOH would be very similar to that of the
parent acid and the - C:Hs(OH)CO,H radical.

As with the reaction of OH with coordinated ben-
zoate, H atoms at pH 1 react with (NH;);CoO,CCgH;2+
to give a transient spectrum with X, .x 350 nm which
has been identified with addition to the ring.!®

€aq " -+ Benzoic Acid. Despite the fact that e,q~ re-
acts very slowly with benzene (b = 1.4 X 10" M—!
sec™1)® and carboxylate ions such as formate and ace-
tate (K < 10° M~ sec™),? the reaction of e,,~ with
CsH;CO,~ is quite fast, thereby demonstrating the ex-
tremely strong interaction between the ring and the
carboxylic side chain which provides accessible molec-
ular orbitals for the incoming electron. Protonation
of the carboxylate group removes resonance stabiliza-
tion, increases electrophilicity, and establishes an or-

‘bital system with strong carbonylic character thus

causing the rate of e,q™ reaction to increase to nearly
the diffusion controlled limit. This effect is known for
aliphatic carboxylic acids;® we have demonstrated
here that benzoic acid behaves in the same way. It is
not clear how these rate constant values can be applied
to the Hammett po relationship as given by Anbar and
Hart?! since the op.0, values for ~CO.H and ~CO,~ are
0.45 and 0.0, respectively.??> Perhaps the analogy be-
tween the rate of e,q~ reactions and & values from nu-
cleophilic substitution is questionable, as Anbar and
Hart have in fact suggested.?!

The reduction of benzoic acid by metallic sodium at
77°K generates a species which exhibits an esr spec-
trum of transient nature;?* a similar spectrum is ob-
tained from the action of Na in liquid NH; on benzoic
acid.**  On the basis of these spectra, a conclusion was
reached. that the transient species was the radical-
anjon resulting from the addition of an electron to the
benzoic acid and could be best represented as a substi-
tuted benzyl radical. The product of this reduction in
liquid NHj; in the presence of proton donors such as
methanol and ethanol is 1,4-dihydrobenzoic acid.?®
This product has not been identified in the radiation
chemistry of benzoic acid in aqueous solution.’® Pre-
sumably its radical precursor from e,,~ addition can
undergo secondary reactions, particularly with OH
adduct radicals, to yield the hydroxybenzoic acids as
the major products. The radiolysis of benzoie acid in
the absence of OH radieals has apparently not yet been
accomplished.

The reaction of e,,~ and benzoic acid (benzoate) gives
three discrete pH-dependent absorption spectra with
pK, values of 5.3 and 12.0. None of the transient ab-
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sorptions resembles that of the H adduct at pH 1. The
e.q” would be expected to enter the lowest vacant mo=
lecular orbital available which might be considerably
delocalized due to the overlap of the = systems of the

“aromatic ring and the carboxylic side chain. Thus the

mitial reaction is best described as

€aq” + CsH;:CO.H/CH,COy~ —>
(06}15002}1) _/(CsHs,COZ _') -

An extended Hiickel molecular orbital calculation?
shows that the carboxylate carbon in ground state ben-
zoate has a significant partial positive charge while the
locus of negative charge is at the oxygen atoms (Table
IIT). The aromatic ring, with its smeared-out electron
density, is relatively neutral. Note that protonation
of benzoic acid has relatively little effect on the electron
charge distribution. It is possible to rationalize the
fact that the reactivities of benzoic acid and benzoate
with e.q ™ are orders of magnitude greater than for ben-
zene in terms of the -+ contribution of the carboxylate
carbon. It is possible that a substantial fraction of the
electrons which attack benzoate are initially associated
with the carboxylate carbon. The MO calculation
also provides insight into the symmetry and distribu-
tion of the orbital into which the electron has been pro-
moted. The added electron will be in a = system con-
jugated throughout the molecule rather than in the o
framework. The greatest contribution to the electron
density of the new orbital (~309,) comes from the car-
boxylate carbon with correspondingly less from the
bridgehead carbon and ortho/para positions. The
smallest contribution arises from the meta positions
indicating that the benzoate radical-anion still remains
strongly meta directing towards nucleophilic substitu-
tion. The carboxylate oxygens still remain the locus
of negative charge in the radical-anion. Because of
this negative charge, protonation will take place at the
carboxylate moiety. It must be kept in mind that the

(20) E. J. Hart and M. Anbar, “The Hydrated Electron,” Wiley-
Interscience, New York, N. Y., 1970.

(21) M. Anbar and E. J. Hart, J. Amer. Chem. Soc., 86, 5633 (1964).

(22) D. H. McDaniel and H. C. Brown, J. Org. Chem., 23, 420
(1958).

(23) J. E. Bennett and L. H. Gale, Trans. Faraday Soc., 64, 1174
(1968).

(24) A. R. Buick, T. J. Kemp, G. T. Neal, and T. J. Stone, J. Chem.
Soc. A, 2227 (1970).

(25) H. Plieninger and G. Ege, Angew. Chem., 70, 505 (1958);
M. E. Kuehne and B. F. Lambert, J. Amer. Chem. Soc., 81, 4278
(1959).

(26) Calculations were performed on Boston University’s IBM
360-50 computer using programs obtained from the Quantum
Chemistry Program Exchange (QCPE), Indiana University. Bx-
tended Huickel calculations were made as described by R. Hoffmann,
J. Chem. Phys., 39, 1397 (1963), with a program modified by E. B.
Moore, W. C. Cook, and A. R. M. Rom, Boeing Scientific Research
Laboratories, Seattle, Wash. (QCPE64). The authors thank Pro-
fessor R. H. Mann of Boston University for his assistance with these
computations.
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O\ =
(CSHI)COQ_) T e CGII{,C _..(;__._.._
) . \ pKa=12.0
O
I
OH\ - oH
. e
CeH;C 7 CHC
pKa=5.3
0O : OH
11 IIT

structures are representalions and in no way can com-
pletely describe the electronic nature of the radical.

Table IIl: ¥xtended Hiickel Calculations
on Benzoate Ton and Benzoic Acid®

Squares of coef-
ficients of the
lowest unfilled

- Charges——-— molecular orbital®
Benzoate Benzoic  Benzoate Benzoic
Atom ion acid ion acid

Carboxylate carbon 41.405 +1.403 0.433 0.474
Bridgehead carbon —0.025 —0.011. 0.134 0.099
Ortho ring carbons —0.067 —0.050 0.133 0.140
Meta ring carbons —-0.094 —0.096 0.020 0.014
Para ring carbon —-0.059 - —0.046 0.207 0.178
Oxygen 1 —1.233 —1.231 0.094 0.102
Oxygen 2 (H) -1.233 —0.807 0.094 0.083

¢ The bond lengths and interbond angles for benzoic acid and
benzoate were taken from G. A. Sim, J. M. Robertson, and
T. H. Goodwin, Acta Crystallogr., 8, 157 (1955), and J. M. Skin-
ner, G. Stewart, and J. C. Speakman, J. Chem. Soc., 180 (1964),
respectively. ® The coefficients are for the p, atomic orbitals,
since the lowest-lying unfilled molecular orbital is a = orbital.

We wish to propose that the spectrum observed at
pH 13.2is of species I.  The very high e value observed
for I reflects the high oscillator strength for the = — = *
transition of this strongly resonating species. Partial
protonation to form II results in a slight shift to shorter
wavelengths. Complete  protonation  apparently
changes the orbital configuration sufficiently to shift
Muax 10 <290 nm.  Such spectral shifts to shorter wave-
length with increasing state of protonation have been
observed before for carboxy radicals.!?

Frurther evidence can be cited to support our con-
tention that electron addition to benzoate does not pro-
duce a cyclohexadienyl radical. In the first place, the
pK . for 11T — IT is more than 1 pK unit higher than the
parent acid which is a good indication that III is not
simply a cyclohexadienyl radical with a normal car-
boxylic acid substituent group. Furthermore, the
spectra, of IIT and the H adduct are completely different
despite the fact thal these species are stoichiometrically

equivalent. Finally, benzoate 1is isoelectronic w.ith
nitrobenzene which has been shown® to add e,q~ to the
nitro group. Thus, the spectra of the electron adduct:
and H adduct to nitrobenzene are very different.?

We attempted to measure the rate of protonation of
the transient at pH 3.3-6 by observing the formation
of the absorption under conditions where e,,~ was
scavenged by the substrate in <0.1 usec. The equili-
bration reaction was over in 1-4 psec and was dependent
on pH with &k = 1.2 X 10° sec™! at pH 4.5 and 7.2 X
10° sec—! at pH 5.5. It appears that protonation pro-
ceeds not only via reaction with H;O ™, but also through
reaction with the solvent or the substrate. These pro-
tonation rates are considerably slower than those ex-
pected for protonation of the electron adduct with the
charge localized on the ring.?

The proposed structures of the transient species are
consistent with the observed pK, values. Thus, species
I1, (CsH;CO.H)—, is a considerably weaker acid than
benzoic acid which is to be expected on electrostatic
grounds. The difference of almost seven orders of
magnitude in the values of the dissociation constants is
observed in the suecessive dissociation of common di-
basic acids. Similarly, the pK, value for protonated
benzoic acid, [CsH;C(OH):]* is estimated to be ca.
_7.29

The values of the initial second-order decay con-
stants for the electron adducts follow the general trend
expected for species of these charges. Unfortunately,
absolute kinetic evidence cannot be provided because
of the possible reactions of the adducts with the lert-
butyl radicals also present.®® Note that the decay of
I at pH >13 in the presence of CH;OH as an OH scav-
enger is measurably slower than in feri-butyl alcohol.
Here the reaction between two I species should be con-
siderably slower than the reaction of two - CHyO~ rad-
icals (2k = 9.0 X 10%8 M~ sec™)® on electrostatic
grounds. The observed decay rate for I of 2k = 1 X
108 M1 sec™! is thus consistent with its charge. The
first-order decay component which is present at the end
of the initial second-order decay was not investigated
in detail and is believed to be associated with the further
reactions of the product of the adduct-adduct or ad-
duct-aleohol radical reaction. Decarboxylation of the
electron adduct must be a less probable process based
on the low yields of CO, in the continuous radiolysis.!3
It is easy to see that the bimolecular disproportionation
of III will yield benzoic acid and a species which,
through proton transfer, leads to 1,4-dihydrobenzoic
acid.

27) K. D. Asmus, A. Wigger, and A. Henglein, Ber. Bunsenges.
Phys. Chem., 70, 862 (1966).

(28) 8. Arai and L. M. Dorfman, J. Chem. Phys., 41, 2190 (1964).
(29) E. Vander Donckt and G. Porter, Trans. Faraday Soc., 64, 3215
(1968). ‘

(30) tert-Butyl aleohol radicals do not appear to be deprotonated in
this pH range; see ref 6.
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 base characteristics of the electron adduct to methyl
 benzoate are virtually identical with those of the parent
~acid leading ‘to the conclusion that here too the tran-
sient can be represented as a substituted benzyl radical.

~‘;em"+-Ck}hCChC}h—~%>

O - , OH
- }I i .
Ce¢H;C > CsH:C
\ pKa=5.5
OCH; ' OCH;

Inasmuch as protonation of benzoate does not have any
significant effect on the charges of the atoms other than
the carboxylate oxygen (Table III), esterification
should likewise have little effect. Thus, in methyl
benzoate, the carboxylate carbon would have a signifi-
cant positive charge and could serve as the site of initial
attack by ey, In the case of (NHy);CoO,CCsH, 2™,
where the carboxylate oxygen is bound directly to the
Co™™l metal center, reaction with e,q™ is very rapid
(k= 8 X 10Y M~ sec™).3t However, it is apparent
that the molecular orbital populated provides facile
intramolecular electron transfer into the metal center
inasmuch as no electron adduct spectrum is observed
within the time resolution of the pulse apparatus.!®
The presence of substituents on the benzoic acid ring
would be expected to show the effect of variation of
orbital interaction between ring and side chain. Thus,
the electron adduct to o-phthalate at pH 11 has A
335 nm with e = 1 X 10* M~ em~'. However, in
the case of m~phthalate in basic solution, Amax 325 nm
with e = 1.3 X 10* M~ em™! with a weaker absorp-
tion at 450 nm. Evidently the presence of another
carboxylate group in the ortho position gives the tran-
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sient properties intermediate between that of the cyclo-
hexadienyl radical with the charge localized on the ring
and the benzyl type radical with the charge localized
on the side chain. With the meta-directing substit-

uents re-enforeing each other, the electron adduct re-

sembles the benzoic acid radical even more.

As Table I shows, the electron adduct to CeHS0,~
exhibits a spectrum that appears to be characteristic of
cyclohexadienyl radicals with A .. 325 nm and ey =
3.7 X 10* M~* em~1.  With no apparent pH depen-
dence of the spectrum up to pH 13.5, we conclude that
the vacant orbital into which the electron adds must be
strongly localized on the ring; the subsequent rapid
protonation of the ring would occur even in alkaline
solution.®

€aq” T CGH.‘SSOs“ N
(- CoHLS09)™~ <> - CoHy()SO,~

It is worth mentioning that the electron adduct to
benzene has been searched for unsuccessfully in aqueous
solution.?” On the other hand, the electron adduct to
biphenyl (Amax 405 nm)? can be readily seen to decay
rapidly by first-order kinetics in aqueous solution even
at pH 9 through protonation. The detailed nature of
electron addition to aromatic systems, the ultimate in
nucleophilic substitution, is still poorly characterized
and requires further experimental and theoretical in-
vestigations before these details will be known to the
same extent as are the rates of e, attack.
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