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Quantitative Study of Solvent Effects on Menshutkin
Reaction between 1,4-Diazabicyclo[2.2.2]octane and
(2-Chloroethyl)benzene, (2-Bromoethyl)benzene,
and (2-Iodoethyl)benzene
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Abstract: By kinetic studies and product analysis, we have shown that the reaction between 1,4-diazabicyclo{2.2.2]Joctane on
the one hand and (2-chloroethyl)benzene, (2-bromoethyl)benzene, and (2-iodoethyl)benzene on the other hand are Menshut-
kin quaternization reactions. By working in pure solvents and making use of the correlation method, the irregular behavior of
protic solvents is shown. This is interpreted in terms of specific interactions between the protic solvents on the one hand and
the halides on the other. There is a deactivation of the amine by formation of hydrogen bonded complexes with the protic sol-
vents and a specific activation of the alkyl halides by these same protic solvents, all the more important as the halogen is

more electronegative.

The influence of solvents on the rate of chemical reac-
tions has been observed a long time ago. Attempts were
made to express kinetic effects of the medium in terms of
physical or thermodynamic properties of the solution.! Ef-
forts which have been put forward to derive valid quantita-
tive relationships are not satisfactory owing to oversimplifi-
cations. However, a “general” empirical solvent activity
scale based on the results of a particular reaction has been
put forward by some authors.? They deduced a relationship
between In k for a standard reaction in various solvents and
In k for the reaction under study in the same solvents. How-
ever, the activity scale shown was limited by the amplitude,
e.g., the Q values,? or mostly by specific influence of medi-
um rather than physical effects, e.g., the ¥ values.? Never-
theless, under some conditions, it is possible to find with this
activity scale a correlation which accounts fairly well for
solvent effects.

The Menshutkin reaction has long been regarded as one
of the best examples of solvent effects on the reaction rate.
In this reaction, since ions are formed from neutral reac-
tants, large increases in rate have been observed with in-
creased polarity of the solvent.> So Drougard and Decroocq
showed that it was possible to set up a solvent activity scale
and chose as a standard reaction the quaternization of tri-
propylamine (TPA) by methyl iodide (MI) at 20°; the reac-
tion was carried out in about a hundred solvents as well as

in many binary mixtures.® In this scale, the solvent activity
(S) was defined as

S = log katpa+Miy at (20°) (n

where k, was the second-order rate constant in 1. mol~!
min~! in a given solvent for the reaction between TPA and
ML The relationship between S and the reaction rate is
given by eq 2:

log k2 = (log k2)s=0+ RS (2)

where k» is the rate constant of a reaction in a solvent
whose activity is S, R is a constant at a given temperature
and is characteristic of the reaction. Thus, parameter R,
which is supposed to be independent of the solvent, is a
measure of the susceptibility of the reaction to the action of
the solvent. There is a good linear correlation between the S
values and solvent-sensitive absorption bands as well as ki-
netic data for various reactions.® In correlating a series of
results, it became apparent that the solvent influenced the
course of chemical reactions by nonspecific physical effects
which depend on solvent polarity, polarizability, conjugated
polarizability, and lastly on molecular structure and by spe-
cific chemical effects which depend on the solvation of the
reactants.” Therefore, regular solvent effects must be distin-
guished from irregular ones. In some cases, reaction rates
were only influenced by physical effects and gave perfect
correlations; in others, there were specific reactant solvation
effects. Protic solvents, for example, show an irregular be-
havior when they form hydrogen bonds with reactant
species. ‘

In this work, we analyze the solvent influence upon the
Menshutkin reaction, particularly for protic solvents. The
reactants chosen were |,4-diazabicyclo[2.2.2]octane

Auriel, de Hoffmann [ Quantitative Study of Solvent Effects on Menshutkin Reaction



7434

Table I. Variation of the Rate Constant with the Nature of the Aprotic
and Dabco at 54.5°

Solvent in the Reaction between 2CEB, 2BEB, 21EB,

k, 1. mol™ min~!

Solvent Nra D at 20°0 Sk Dabco + 2CEB Dabco + 2BEB Dabco + 2IEB
Carbon tetrachloride 12 2.24 -2.85 9.38 x 107# 493 x 1073
Isopropyl ether 11 1.19 x 103 6.78 x 1073
Ethylbenzene Arll 2.41 -2.14 2.48x%x 10°° 548 x 1073 252x 107
Toluene Arl0 2.39 -2.00 3.63x 10~ 7.34 x 103 3.27x 1072
Benzene Ar9 2.28 -1.69 6.98 x 10~ 9.91x 103 473 x 107
Ethyl acetate 10 6.20 -1.66 1.23 x 107# 2.08x 102 7.28 x 1072
Tetrahydrofuran 9 7.61 -1.54 1.31x 10™* 2.12x 107® 5.68 x 107
p-Dioxane 8 2.22 ~1.43 1.70 x 10 2.35%x 102 1.24 x 107!
Chlorobenzene Ar8 5.70 -1.15 1.89 x 10~ 2.27%x 102 9.37x 1072
Styrene Ar7 2.42 -1.28 2.15x 10™* 2.37x 1072 1.03x 10
Bromobenzene Ar6 5.46 -1.05 247x 107 2.85x 102 1.24 x 107
3-Pentanone 7 16.90 -1.17 342x 107 5.29x 102 249 x 107
Anisole Ar§ 4.39 -1.05 4.24 x 107 498 x 1072 2.01x 107
1-Methylnaphthalene Ard 2.75 -0.73 6.09 x 107# 8.53x 102 4.14 x 10!
Acetone 6 20.70 -0.79 7.06 X 10~ 1.19x 10! 6.48 x 10
Cyclohexanone S 15.70 -0.81 7.70 x 107* 1.25 x 10! 773 % 107!
Benzonitrile Ar3 25.65 -0.41 1.68 x 1073 2.09 x 10! 8.14 x 10!
Nitrobenzene Ar2 35.75 -0.32 1.83x 1073 2,16 x 107 883 x 10!
Acetonitrile 4 36.80 -0.33 3.73x 1073 3.70 x 107 1.44
N N-Dimethylformamide 3 38.42 -0.19 4.54 x 1073 6.70 X 10! 2.84
Phenylacetonitrile Arl 18.95 0.04 4.94 x 1073 4,36 X 10~ 1.56
Nitromethane 2 37.45 0.04 6.88 x 1073 6.55 x 10™ 1.61
Methyl sulfoxide 1 49.00 0.20 1.52x 1072 1.55 6.04

2 The numbers correspond to those of the plots. » References 6 and 7.

Table II. Variation of the Rate Constant with the Nature of the Protic Solvent in the Reaction between 2CEB, 2BEB, 21EB,

and Dabco at 54.5°

k,, 1. mol™" min™

Solvent Nre D at20°b Sk Dabco + 2CEB Dabco + 2BEB Dabco + 21EB
Methanol P1 33.60 -1.82 2.82x 107 1.35x 102 2.39x 107
Cyclohexanol P2 17.05 -1.91 2.52x 107 1.16 x 10~ 224 x 107
Ethanol P3 25.07 -1.98 227 x 107% 1.13x 102 2.07 x 1072
1-Propanol P4 20.65 -2.14 1.87 x 10~ 9.42 x 1073 1.39x 1072
1-Butanol PS 17.90 -2.19 1.69 x 10— 8.40 x 1073 1.24 x 1072
Isopropyl alcohol P14 2.14x 107 9.98 x 103 1.39 x 107
Isobutyl alcohol P17 1.64 x 10~ 7.38 x 1073 1.02x 1072
sec-Butyl alcohol P7 16.80 -2.03 1.82 x 10~ 8.09 x 1073 1.25x 1072
tert-Butyl alcohol P6 12.10 -1.87 198 x 10— 8.61 x 103 1.38x 1072
4-Methyl-2-pentanol P16 147 x 10~ 5.79 x 103 9.32x 1072
Benzyl alcohol P8 13.62 -1.25 399 x 107 1.76 X 1072 3.07 x 1072
Phenethyl alcohol P12 281 x 10~ 1.18 X 102 2.17x 1072
sec-Phenethyl alcohol P13 247x 107 8.48 X 1072 2.05 x 1072
Allyl alcohol P15 223x 107 8.25x 108 1.42x 1072
Cinnamy! alcohol P11 3.78 x 107 2,18 x 1073 4,19x 1072
m-Cresol P10 11.80 -3.82 1.26 x 10~ 244 x 1073 1.82x 1073
Chloroform P9 4.80 -0.92 281x 107 1.5§x 10 2.31x 107

a The numbers correspond to those of the plots. » References 6 and 7.

(Dabco), and (2-chloroethyl)benzene (2CEB), (2-bro-
moethyl)benzene (2BEB), and (2-iodoethyl)benzene
(2IEB).

Results and Discussion

First and foremost, it was ascertained that the chosen
reactants gave rise to a true Menshutkin reaction. In sol-
vents of weak polarity, the monoalkylated quaternary salt
was isolated-in~almost quantitative yields. In no case did
these reactants yield styrene. This fact was verified by uv
spectroscopy and gas chromatography. The kinetics for all
various conditions gave second-order constant, the initial
and running rates being both proportional to the product of
the amine and halide concentrations. It was also verified
that the salt precipitation in solvents of weak polarity had
no influence on the rate of the reactions. It was, therefore,
concluded that the reactions studied were Menshutkin qua-
ternization reactions.

The aprotic and protic solvent effect upon reaction rates
can be seen respectively in Tables I and II. The dielectric
constants and the S values are also listed in these tables.
The reactivity sequence in the aprotic aliphatic solvents is
the same for the three pairs studied and the reference pair
TPA/MIL. However, inversions are observed with aprotic

-aromatic solvents, becoming more important in going from

2CEB to 2BEB and 2IEB. From the results obtained for the
three pairs studied, it was found that the dielectric constant
alone can not account for medium effects. Indeed, the reac-
tion rate in |-methylnaphthalene (D = 2.75) is a hundred
times faster than in carbon tetrachloride (D = 2.24) where
the dielectric constant are similar, and inversely the reac-
tion rate is practically the same in I-methylnaphthalene
and in acetone (D = 20.70), as can be seen in Table I. How-
ever, classification of solvent groups can be outlined in a log
k> vs. D graph (Figure 1). The aprotic aliphatic solvents de-
fine a curve, called a basic curve.5® For these solvents, the
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Figure. 1. Variation of the rate constant with the dielectric constant of
the solvent.

variations in the rate constant are related to their polarity.
It can also be seen that aromatic hydrocarbons show an ef-
fect greater than aliphatic ones (Figure 1, zone A). Their
activity varies in the same direction as the number of unsat-
urated bonds. Thus, the solvent activity is also related to its
polarizability. The great activity of phenylacetonitrile may
be explained by the effect of polarity and conjugated polari-
zability. Protic solvents are found in the region of great di-
electric constants and low reaction rates (Figure 1, zone B).
The gap between the basic curve and the protic solvents
zone increases when one goes from the Dabco/2CEB pair to
the Dabco/2BEB pair and the Dabco/2IEB pair. These
qualitative investigations of the influence of the dielectric
constant showed the particular behavior of protic solvents.
Their irregularity in comparison to the other solvents be-
comes more evident when the halide is varied.

Figure 2 illustrates the relationship between the solvent .S
values determined from the reference pair TPA/MI and the
reaction rates of the three pairs studied. The correlation is
good for the aprotic aliphatic solvents, but the points for the
aprotic aromatic solvents all lie below the correlation lines
defined by the aprotic aliphatic solvents. In going from
2CEB to 2BEB and to 2IEB, the gap between this points
and the lines increases. An examination of the correlation
parameters included in Table III confirms this fact.

The deviations of aprotic aromatic solvents disappear
when the rates of the Dabco/2CEB and Dabco/2BEB pairs
are correlated with the rate of the Dabco/2IEB pair, as
shown in Figure 3 and Table IV. ,

The halides used include a polarizable aromatic ring, and
furthermore the halide polarizability increases strongly in
going from chlorine to iodine. It must be accepted that, the
more polarizable are the reactants, the less are the catalytic

: -
Logyg ko (DABCO+21EB) «

(DABCO+2BEB) o
(DABCO +2CEB) o

Figure 2. Correlation with the coefficient of solvent activity defined by
Drougard and Decroocg.

Table III. Correlation with the TPA/MI Pair

Dabco/2CER Dabco/2BEB Dabco/2IEB
Aprotic solvents Aliph Aliph  Aliph Aliph Aliph Aliph
+ Ar + Ar +'Ar
Correlation co-  0.994 0.987 0.998 0.982 0.998 0.976
efficients
R 1.16 1.11 1.05 0.99 1.02 0.96

effects of solvent polarizability. Although the reaction con-
ditions are favorable, the solvent activity is small. This fact
must relate to the slope variations of the correlations for the
various pairs. It can be seen that R increases in going from
the Dabco/21EB pair to the Dabco/2BEB pair and to the
Dabco/2CEB pair (Table IIT). This sequence is the same as
that for the slopes obtained in the internal correlation
(Table IV). Thus, the less reactive is the pair, the more sen-
sitive is it to the solvent effects.

With regard to the protic solvents, there is no correlation.
However, in Figure 2, it can be seen that the protic solvent
zone lies far above the correlation line for the Dabco/
2CEB pair, just above that for the Dabco/2BEB pair, and
below that for the Dabco/2IEB pair. The same fact can be
noticed in the internal correlation (Figure 3). This special
effect of protic solvents can not be attributed only to a
smaller activity of the amine from formation by hydrogen
bond of a complex amine-alcohol. Such complexes have
long been known to exist, and many association constants
have been determined by various physical methods.® In the
three pairs studied, the same amine is used and in the ab-
sence of other effects, the degree of activity of this amine
should influence the rates by a constant factor. Since the
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Figure 3. Internal correlation,
Table IV. Correlation with the Dabco/2IEB Pair
Dabco/2CEB Dabco/2BEB
Aprotic solvents Aliph Aliph + Ar Aliph Aliph + Ar
Correlation co- 0.987 0.986 0.997 0.997
efficients
R 1.11 1.11 1.03 1.03

solvent effects vary with the nature of the halide, any expla-
nation must, therefore, be linked to this fact. One must ac-
cept that there is a specific catalytic effect of protic com-
pounds on the halide. Thus, there could be a specific solva-
tion of the halide anions formed in the reaction by the pro-
tic solvent, through hydrogen bonding between the anion
and the solvent. These interactions are known, and associa-
tion constants have been determined by ir spectroscopy.'®
Formation of such a hydrogen bond facilitates the halide
departure. Parker has already discussed, in qualitative man-
ner, the variables affecting the solvation of anions.!! A neg-
ative charge on small atoms produces anions, e.g., Cl,
which are strong hydrogen bond acceptors. Such anions
have strong hydrogen bonding interactions with protic sol-
vents. This interaction does not occur in dipolar aprotic sol-
vents. Localization of charge on large atoms produces an
anion, e.g., I~, which is a weak hydrogen bond acceptor.
Such anions are not significantly more solvated by protic
than dipolar aprotic solvents. The hypothesis of anion spe-
cific solvation by protic compounds is also confirmed by a
comparison of the solubility of the quaternary salt. It should
be noted that, although these salts precipitate right from

the start in aprotic solvent of weak polarity, they are very
soluble in all alcohols in spite of their weak dielectric con-
stant. Thus in going from the Dabco/2CEB pair to the
Dabco/2IEB pair, one would expect a decrease of the spe-
cific effect due to the halide and the amine complexation ef-
fect should become predominant. This fact may explain the
inhibition of the reaction in the protic solvents for the
Dabco/2IEB pair and its activation for the Dabco/2CEB
pair and also the reactivity inversion for the Dabco/2BEB
and Dabco/21EB pairs in m-cresol as solvent (Table I1).

Another explanation is that a weak hydrogen bond forms
between the alkyl halide and the protic solvent before the
reaction. Some authors have shown the existence of such
bonds through thermodynamic measurements and ir spec-
troscopy.'? Although they do not agree with the intensity
value of this interactions, a searcher group comes to the
conclusion that bond increases are: I < Br < Cl < F .13
For example, the association constants between the cyclo-
hexyl halides and phenol at 25° in carbon tetrachloride in-
creases from the iodide (K = 3.99 1. mol™!) to the bromide
(K = 4.18 1. mol~"), the chloride (K = 4.83 1. mol™!), and
the fluoride (K = 9.12 1. mol~").!% Although this effect is
weak, this sequence is the same as that found by kinetic
studies. The catalytic effects of protic solvents in the qua-
ternization reactions have already been reported by Swain
and Eddy under a particular set of conditions; working at
100°, they could neglect the inhibitory effect of the protic
solvent on the amine.'’

Conclusions

The empirical parameter S constitutes a more compre-
hensive measure of the effect of a solvent than the dielectric
constant or any other single physical characteristic since it
reflects more faithfully the complete picture of almost all
physical intermolecular forces acting in solutions. This pa-
rameter makes possible the semiquantitative estimation of
the effect of solvents on the rate of reactions and so leads to
conclusions regarding the reaction mechanism. Hence, with
these values, we are able to interpret, though only qualita-
tively, the behavior of the solvents on the basis of two influ-
ences subject to the nature of the reaction partners. The
physical influences, resulting from polarity and polarizabil-
ity of various species present in the medium, have notice-
able effects on the reaction rate. The specific influences ap-
pear by formation of complexes between protic compounds
and the various species in the medium. If the protic com-
pounds form hydrogen bonded complexes with the amine,
its nucleophilic character becomes weaker, and thus we ob-
serve a specific inhibitory effect. On the other hand by asso-
ciation with the halide, the protic compounds will have a
specific catalytic effect all the more important as the halo-
gen is more electronegative. These two effects are always in
competition, and the result is a function of the chemical na-
ture of the reactants, Finally we have shown that a lesser re-
activity leads to a greater susceptibility to the solvent influ-
ence.

Experimental Section

Materials. 1,4-Diazabicyclo[2.2.2]octane, (2-chloroethyl)ben-
zene, (2-bromoethyl)benzene, and (2-iodoethyl)benzene were
Fluka AG, purum grade. Solvents puriss grade were dried on mo-
lecular sieve, and the others were purified as described by Weis-
berger!® and then dried on molecular sieve.

The products were isolated by precipitation in weak dielectric
constant solvents. They were washed with carbon tetrachloride and
dried in vacuo, giving crystals,

Phenethyl-1,4-diazabicyclof2.2.2]Joctane Ammonium Chloride.
Anal. Caled for C1sH2N,Cl: C, 66.55; H, 8.32; N, 11.10; Cl,
14.13. Found: C, 64.60; H, 8.50; N, 10.74; Cl, 16.16.
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Phenethyl-1,4-diazabicyclo{2.2.2Joctane Ammonium Bromide.
Anal. Caled for C4H>N3Br: C, 56.58; H, 7.12; N, 9.42; Br,
26.88. Found: C, 56.13; H, 7.09; N, 9.46; Br, 27.32.

Phenethyl-1,4-diazabicyclo{2.2.2]octane  Ammonium lodide.
Anal. Caled for C14H2N,l: C, 48.85; H, 6.10; N, 8.15; 1, 36.90.
Found: C, 48.30; H, 6.10; N, 8.37; 1, 37.32. NMR spectra in deut-
eriowater showed the two expected aromatic (6 7.9) and aliphatic
(6 3.9) peaks, all signals integrating correctly.

Gas chromatographic analyses were performed on the gas chro-
matograph Varian Model 1840-1, equipped with a flame ionization
detector. The stainless steel column (3 X % in.) was filled with Po-
rapak Q (150-200 mesh). Uv spectra were performed on a Perkin-
Elmer spectrophotometer Model 350.

Kinetic. Equal volumes of a halide solution (ca. 0.580 mol .=1)
and an amine solution (ca. 0.200 mol .=1) were placed in a ther-
mostat bath at 54.5° + 0.2 for 30 min and then were mixed rapid-
ly. The reactions were carried out in stoppered flasks, aliquots of
reaction mixture being withdrawn at intervals and titrated.

Rates were determined by following the disappearance of base
or the appearance of halide ion. In some instances, both methods
were employed for the same reaction to provide an added check. In
each case, the two rate constants were identical within the limits of
experimental error. The base concentration was determined by ti-
tration with hydrochloric acid 0.1 mol .=! in ethanol solvent using
Bromophenol Blue as indicator. The halide ion concentration was
determined by the Volhard method.

Second-order rate consiants k> were calculated by using the in-
tegrated form of the rate equation as applied to nonequimolecular
concentration, kot = (@ — b)~! {In ((a — x)/(b — x)) — In (a/b)],
where a and b are respectively the initial concentration of the ha-
lide and the amine, and x is the concentration of the amine at time
t.

Rate constants, correlations, and precision of each were ob-
tained in the usual manner by a linear least-squares analysis. The
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computations were carried out by an 1BM 1440 computer and ap-
propriate Fortran programs.

Acknowledgments. We are grateful to Professor D. De-
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References and Notes

(1) Reviewed by: E. S. Amis, "‘Solvent Effects on Reaction Rates and

Mechanisms’’, Academic Press, New York, N.Y., 1966; E. S. Amis and

J. F. Hinton, "Soivent Effects on Chemical Phenomena”, Vol. |, Aca-

demic Press, New York, N.Y., 1973.

Reviewed by C. Reichardt, ''Lésungsmittel-Effekte in der organischen

Chemie”, Verlag Chemie, Weinheim, 1969.

(3) A. Berson, Z. Hamlet, and W. A. Mueller, J. Am. Chem. Soc., 84, 207
(1962).

(4) E. Grundwald and S. Winstein, J. Am. Chem. Soc., 70, 846 (1948).

(5) M. H. Abraham, Chem. Commun., 1307 (1969).

(6) Y. Drougard and D. Decroocq, Bull. Soc. Chim. Fr., 2972 (1969).

(7) J. C. Jungers, et al., "L’analyse cinétique de la transformation chimi-
que”, Vol. I, Technip, Paris, 1968, Chapter 5; D. Decroocq, Ind. Chim.
Belg., 35, 505 (1970).

(8) C. Lassau and J. C. Jungers, Bull. Soc. Chim. Fr., 2678 (1968).

(9) Reviewed by: D. Hadzi, ''Hydrogen Bonding’, Pergamon Press, New
York, N.Y., 1959; G. Pimentel and A. L. McClellan, "'The Hydrogen
Bond”’, W. H. Freeman, London, 1960.

(10) A. Allerhand and P. N. R. Schleyer, J. Am. Chem. Soc., 85, 1233
(1963); Lipovskii and Petrovskii, Z. Prikl. Spektrosk., 8, 239 (1968).

(11) A.J. Parker, Chem. Rev., 69, 1 (1969).

(12) P. v. R. Schieyer and R. West, J. Am. Chem. Soc., 81, 3164 (1959); M.
L. Josien, Bull. Soc. Chim. Fr., 423 (1957), 188 (1958), Brandt and
Chonjnowski, Spectrochim. Acta, 15, 1639 (1960), E. Lippert and W.
Schroeer, Ber. Busenges. Phys. Chem., 73, 1027 (1969).

(13) R. West, D. L. Powell, L. S. Watley, M. K. T. Lee, and P. v. R. Schleyer,
J. Am. Chem. Soc., 84, 3221 (1962).

(14) A. J. Parker and D. Brody, J. Chem. Soc., 4061 (1963).

(15) C. G. Swain and G. F. Eddy, J. Am. Chem. Soc., 70, 2989 (1948).

(16) A. Weisberger, ''Organic Solvents”, Interscience, New York, N.Y,,
1967.

(2

Polar Effects in Radical Reactions. IV. The Reaction
of Hydrogen Atoms with Substituted Toluenes!

R. W. Henderson? and William A. Pryor*

Contribution from the Department of Chemistry, Louisiana State University

at Baton Rouge, Baton Rouge, Louisiana 70803.

Received February 18. 1975

Abstract: Hydrogen atoms, produced by the photolysis (3500 A) of tert-butyl peroxyformate (BUP) at 35°, were allowed to
react with a series of substituted toluenes (QH) in the presence of 2-methyl-2-propanethiol-d; (RSD) as a standard reactant.
As controls, a similar series of substituted benzenes also was studied. An equation is derived which shows that the relative re-
activity of a hydrogen donor QH with the H atom is proportional to the slope of a plot of the ratio of the yields of Hz to HD
as the QH/RSD ratio is varied in the solvent mixture. All of the toluenes studied have about the same relative reactivity (per
methyl group), 0.056. The benzenes have a similar but slightly lower relative reactivity, 0.028. Since the reactivity of the
benzenes is so close to that of the toluenes, it is clear that some of the H; produced from toluenes arises from abstraction of
ring hydrogens. Four possible mechanisms by which this might occur are considered, and it is concluded that the most likely
is the reaction of an H atom with a cyclohexadienyl radical (eq 9). Despite this complication, an inspection of the data
(Table 1) makes it clear that the p value for the H atom is approximately zero. An empirical treatment of the data in which
the reactivity of CsHsX is subtracted from that of X-CsH4-CH3 gives a p of —0.1. Thus, it 5s clear that the H atom, like the
methyl and phenyl radicals, shows little polar character in its attack on the benzylic position of substituted toluenes.

Reactions of the hydrogen atom in the gas phase have
been extensively studied,®* but the solution chemistry of
this radical has come under intensive investigation only rel-
atively recently.>-® The hydrogen atom is of great theoreti-
cal interest; for example, data on its reactions are necessary
to test calculations of absolute rate theory.? In addition, it is
desirable to compare the behavior of the H atom with that
of other, larger free radicals.

A considerable effort has been expended toward under-
standing the role of the H atom in radiation chemistry and
biology.®-® In the radiolysis of aqueous solutions, the H
atom is produced along with various other species, e.g., the
solvated electron, the hydroxyl radical, and excited mole-
cules.® In order to interpret the chemical effects resulting
from radiation, it is essential that the reactions of the differ-
ent transient species be isolated and studied independently.
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