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Abstract: The kinetic isotope effect for the abstraction of hydrogen (deuterium) from toluene by tzerz-butoxy radical derived
from ieri-butyl hypochlorite has been determined as a function of temperature. The determinations were made under condi-
tions eliminating chlorine atom chains. The curved Arrhenius-type plot that is observed is discussed in terms of tunneling.

Chlorination of hydrocarbons by rerz-butyl hypochlorite
is known to proceed via a homolytic chain reaction.? For the
light-initiated reaction, the sequence shown in eq 1-3 is

(CH,);COC1 —=> (CH,),CO+ + Cl- (1)
{-BuQ+ + RH — ¢-BuOH + R- (2)
R: + {-BuOCl — RCl + #-BuO- (3)

generally accepted.?™>

Extensive data exist on the relative reactivities of a num-
ber of organic substrates toward terz-butyl hypochlorite.
Discrepancies exist in the work of various investigators.5-10
These difficulties have been resolved by the demonstration
of the incursion of chlorine atom abstraction competitive
with reaction 2.5:6:10 Chlorine atom chains have also led to

difficulties in the kinetics of the
tion. 341112

In extending our investigation of the chlorination of tolu-
ene,®!3 we have examined the kinetic isotope effect with
toluene-a-d;. Previous data suggest that chlorine atom ab-
straction is significant in results that have been reported.
Kennedy and Ingold® report kp/kp as 2.4 at 40°, and Lee
and Teo!® report a value of 2.5 at the same temperature.
These results were obtained by direct competition between
the deuterated and nondeuterated toluenes. The knu/kp
value® of 5.0-5.5 at 40° obtained indirectly from the tert-
butyl alcohol:acetone ratio is substantially larger.

We have determined the value of ky/kp for the ter:-
butyl hypochlorite reaction using conditions were chlorine
atom chains are excluded. This paper describes these deter-

interpreting reac-
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Table I. Relative Rates of terr-Butoxy Radical Reactions of
Toluene and Toluene-a-d, with ferr-Butylbenzene

3445

Table II. Isotope Effect for tert-Butoxy Radical
Abstraction from Toluene

7,°C  No. expts ku/kgé No. expts kplkg? 7,°C ky/kpe kylkp?
80 3 1.40 + 0.02 2 0.422 + 0.023 80 3.32 1.88
40 7 2.05£0.12 2 0.492 + 0.031 40 4.17 2.4,¢2,541,98 (45°)
(2.0)0 0 S5.14 3.13
0 S 343+ 0.07 3 0.667 + 0.060 —45 10.5 4.61 (-39%)
—45 2 8.66 = 0.26 2 0.822 + 0.004 -61 16.2 10.5 (-78%)
-61 4 9.55 +0.48 2 0.590 + 0.009

a4 Experimental error represents average deviation of the number
of experiments shown. Each experiment represents at least triplicate
analysis. ? Reference 14.

minations over a wide temperature range and reveals yet
another anomaly. It leads to the conclusion that tunneling is
of considerable importance in the reaction.

Results

The intermolecular isotope effect was studied between
—61 and 80° by conducting competitive chlorinations with
tert-butyl hypochlorite and a mixture of toluene and tert-
butylbenzene, ky/kg, and a mixture of toluene-a-d3 and
tert-butylbenzene, kp/kg, in chlorobenzene solution. The
total hydrocarbon to hypochlorite was in at least a 5:1
molar ratio for all determinations. Walling and McGuin-
ness® have demonstrated that the chlorine atom chain dies
out above 0.2 M cyclohexane in a mixture of cyclohexane
and toluene. These workers state that other systems involv-
ing toluene and aliphatic substrates behave similarly. To
confirm this, the known chlorine atom trap, trichloroethyl-
ene, was added to reaction mixtures of toluene and tert-but-
ylbenzene. Results obtained for kn/kp at 40, 0, and —61°,
in the presence of 0.107 M trichloroethylene, were indistin-
guishable from the results obtained in the absence of the
trap. Also results obtained for the relative rates using 3:1
molar ratio of toluene:terz-butylbenzene were indistinguish-
able from those obtained using a 1:3 molar ratio. Our value
for the relative rate of toluene to tert-butylbenzene at 40°,
see Table I, agrees with the value of 2.00'# for the direct de-
termination obtained by Wagner and Walling. Their indi-
rect value of 8.3 is strong evidence for the role of chlorine
atom in the reaction with benzylic hydrogen alone and is
further evidence that we have eliminated the chlorine atom
chain using our conditions.

The relative rates of toluene-a-d; to tert-butylbenzene
were determined as with undeuterated toluene. Mass spec-
tral analysis of the toluene-a-d; available to us revealed
that it was composed of 80.2% «-ds, 12.2% a-d,, and 7.5%
a-do. Thus the direct measurement of the relative rate of
toluene-a-d3 to tert-butylbenzene included an error due to
the a-d; and a-dg species. The results were first treated as
if only a-d3 material were present. Using the value so ob-
tained and the previously measured ky/kg, the calculation
was repeated correcting for the presence of both toluene-
a-d; and -a-dy. The calculation was repeated to self-con-
sistency. Results are given in Table L.

The values of ku/kp reported in Table II are obtained by
dividing the ky/kp value by that of kp/kp. The values of
ku/kp obtained in this work are compared with similar
values obtained previously under conditions where chlorine
atom chains were not eliminated in Table II. It is apparent
that, in the previous work,!S chlorine atom abstraction
played a significant role.

It may be noted, especially in Figure 2, that the ku/kp
value at —45° is derived from a ky/kp value that falls
above the least-squares line for the kp/kp data and from a
kp/kg value that falls below the line determined by the
high-temperature, 0 to 80°, values. Thus there appears to

aThis work. bReference 15 except as noted. ¢ Reference 9. ¢ Ref-
erence 10.
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Figure 1, Kinetic isotope effect for ieri-butyl hypochlorite chlorination
of toluene.

be a bias for the ky/kp value at —45° determined by com-
bined “error”. If we assume that the best values of ky/kp
are those determined by the ]eaSt-squarcs line, the values of
7.5 (—45°) and 10.7 (—61°) lead to ky/kp values of 9.12
and 18.1 when combined with the observed kp/kp values. If
it is assumed that the value of kp/kB at —45° should fit the
line determined by kp/kp at the higher temperatures, a
ku/kp value of 7.62 is obtained at —45° when combined
with the “best line” value of ky/kp. This value closely fits
the high-temperature “best line” in Figure 1. The error sug-
gested by these calculations lies far outside the precision ob-
served in running the experiments. While it appears reason-
able to correct the ky/kg values, the low-temperature de-
viation in the kp/kg is not random, and it is our belief that
a correction in these values is not justified. Indeed, a correc-
tion of the —65° value for kp/kg gives 3.266 as opposed to
the observed value of 0.590. The arguments that follow in
this paper are based upon the observed values but would not
be changed by correcting the —45° value of ky/kp; only
the point of curvature in Figure 1, not the curvature itself,
can be considered to be in doubt.

Discussion

The ku/kp values of Table II are plotted as a function of
1/T in Figure 1. It will be noted that considerable curva-
ture occurs in this Arrhenius-type plot. From the isotope ef-
fect values, the values of Ep* — Fy* and of Ay*/Ap* can
be obtained. For the temperature range of 0 to 80°, the plot
is linear, and values for Ep* — Ep* of 1.04 kcal/mol and
for Ay*/Ap* of 0.77 are obtained. These values are nor-
mal. In the temperature range of 0 to —61°, the Arrhenius-
type plot is a curve. Using the results at —45 and —61°,
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Figure 2, Arrhenius-type plot for the competitive reaction of teri-butyl
hypochlorite with teri-butylbenzene and toluene (O) or toluene-a-d3

(0).

values for Ep* — Ey* of 2.6 kcal/mol and for Ay*/Ap* of
0.034 are obtained. These values are anomalous. The expla-
nation of such anomalies, given by Bell,'¢ expanded and re-
viewed by Caldin,!” and most recently examined by Stern
and Weston,!® involves quantum mechanical tunneling.
Specifically Caldin notes four consequences of proton tun-
neling upon kinetic isotope effects. These are (i) abnormally
high values of ku/kp, (ii) Ep* — Ey* values larger than
the difference of zero-point energies for the stretching of
C-D and C-H bonds, (iii) values of Ay*/Ap* below 0.5,
and (iv) an anomaly of the rate constants for hydrogen,
deuterium, and tritium transfer. Stern and Weston'® have
since shown that there is no direct general correlation be-
tween the extent of tunneling and the relative magnitude of
the ratio [In (ku/kT)]/[In (ku/kp)]. There remain three
criteria for experimentally demonstrating the presence of
tunneling in a reaction system using kinetic isotope effects
as a probe.

The criterion for tunneling that abnormal isotope effect
values be obtained is not applicable to this study. At the
present time, it is not possible to compute exact kinetic iso-
tope effect values for our system.!%20 Clearly the high-tem-
perature values are in the expected range and cannot be
considered anomalous. If one assumes that our high-tem-
perature values are normal, one obtains values of the iso-
tope effect of 9.0 at —61° and of 7.6 at —45° using the Ar-
rhenius-type plot for the high-temperature values, see Fig-
ure 1. While the observed values are higher, this is not evi-
dence in the spirit of criterion i.

The criterion that the Ep* — Eg* values be greater than
that predicted from C-D and C-H bond stretching zero-
point energy differences, 1.1 kcal/mol, suggests that tunnel-
ing is occurring in our system. The value we obtained for T
= 0° of 1.04 kcal/mol is apparently normal. The value of
2.60 kcal/mol obtained for the temperature interval be-

tween —45 and —61° is well beyond the limit expected.

The third criterion of Ay*/Ap* values less than 0.5 is
also met in our study at temperatures below 0°. The low-
temperature value of 0.034 is far below the “minimum” ex-
pected value!6-!8 of 0.5. Indeed Stern and Weston'® have
shown that tunneling may be important even when “nor-
mal” preexponential values are observed. They state that
values outside the range of 2 to 0.7 probably cannot be
achieved in the absence of tunneling. It should be noted that
criteria ii and iii are not experimentally independent of each
other. Experimental errors in Ep* — Ey* are compensated
by errors in the observed Ay*/Ap*.

Before tunneling can be used to explain our observations,
alternative explanations must be ruled out. Caldin!” has
given five such possible alternatives. The most obvious is a
change in mechanism at low temperatures. If there are two
concurrent reactions, the one of higher activation energy
will predominate as the temperature is increased. This re-
sults in Arrhenius-type plot curvature similar to that ex-
pected for tunneling. Evidence that we have against this ex-
planation for our system is that chlorine atom abstraction
appears to be excluded in our temperature range. This is the
most obvious interfering reaction. In addition an Arrhenius-
type plot of our ky/kp values gives a straight line, see Fig-
ure 2. No such straight line should be observed if there is a
change in mechanism. The observation of the linear Ar-
rhenius-type plot for ky/kp also excludes three other possi-
ble explanations for our isotope data given by Caldin.!?
These are a change in solvation as the transition state is
formed, a change in solvent structure at low temperatures,
and a temperature-independent constant-volume energy of
activation. Caldin’s fifth alternative explanation involves
the reorientation of solvent molecules lagging behind the
transfer of hydrogen. Lorand and Wallace have found that
the rate constant for hydrogen atom transfer from toluene
to tert-butoxy radical is of the order of 105 A7~1! sec™! at
25°.4 1t is unlikely that solvent reorientation is slower than
this. Indeed it is difficult to imagine any gross reorientation
of solvent molecules being required for this relatively non-
polar reaction.

One further difficulty must be examined. The Arrhenius-
type plot of kp/kp, Figure 2, is nonlinear, The nonlinearity
is quite dramatic for temperatures below 0°. Since the
ku/kg plot is linear, it is reasonable to exclude all of the
above possible explanations as cause for the kp/kB curve. If
H atom tunneling is important in the toluene reaction, it
must also be expected to be important in the tert-butylben-
zene reaction since In (kpg/kg) is observed to vary linearly
as a function of 1/7. The curve that we observe in the Ar-
rhenius-type plot of kp/kp is in the direction expected if
tunneling is important in the tert-butylbenzene reaction,
the value of kp/kg decreases as kp increases as a result of
tunneling.

In this study of the deuterium isotope effect of the reac-
tion of toluene with rert-butoxy radical, we have found a
curved Arrhenius-type plot leading to a value of Ep* —
Ey* larger than classical theory predicts and a value of
An*/ Ap* outside the limits of classical theory. The only in-
terpretation that seems to explain all of our observations is
based upon the quantum mechanical tunnel effect.

Experimental Section

Materials. Reagent grade commercial toluene was distilled on
an 8 mm X 24 in. spinning-band (Nester-Faust) distillation col-
umn as a constant-boiling heart cut, bp 110.0°. Toluene-a-d3 was
used as obtained from Stohler Isotope Chemicals. Analysis by
GLC revealed 2.15% benzene as an impurity. Isotopic analysis was
accomplished by mass spectroscopy?! at an ionization voltage of
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ca. 10 eV and gave 80.2% «-d3, 12.2% a-d>, and 7.5% a-dp using
the “preference factor” of 3.5 reported by Beynon et al.?? in the
calculation. tert-Butylbenzene was prepared by the method of
Huston, Fox, and Bender?? in 70% yield, bp 167.8-170.0°, This
was distilled on the spinning-band column to afford a fraction in
which no impurities could be detected by GLC. Commercial grade
chlorobenzene was distilled in a jacketed Vigreux column and col-
lected as a constant-boiling heart cut, bp 132°. Trichloroethylene
was used as supplied as Baker Analyzed Reagent. rerz-Butyl hypo-
chlorite was prepared as previously described!? with bp 79.0-
80.0°.

Procedure. Relative reactivities were determined by competitive
experiments using solutions of ca. 2 M in toluene or toluenera-ds,
ca. 2 M in tert-butylbenzene, and 0.7 M in tert-butyl hypochlorite
(plus 0.11 M in trichloroethylene in some runs) in chlorobenzene.
The solution was placed in an ampoule, degassed by successive
freezing in liquid nitrogen, evacuation, and thawing. The sealed
ampoule was placed in an appropriate temperature bath and al-
lowed to equilibrate. The solution was irradiated with a 275-W
sunlamp, placed externally, and the temperature was followed with
a thermocouple and maintained steady by addition of Dry Ice or
ice as needed. Upon removal from the bath, completeness of reac-
tion was checked by KI test. Analysis was carried outonan F & M
Model 700 gas chromatograph using a 6 ft X 4 in. column packed
with 5% XF-1150 and 5% Bentone 34 on Chromosorb W. Relative
reactivities were obtained as previously described!3 using the chlo-
robenzene as an internal standard.
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Abstract: Primary isotope effects, k*//k?, have been determined for I-phenylnitroethane and six of its meta substituted deriv-
atives (pK,'s 6.0 to 7.5) with hydroxide ion, piperidine, diethylamine, and piperazine in water at 25°. A small increase in the
ratio (from 7.2 to 9.6) was observed as ApK changed from —8.6 to —2.5. A secondary isotope effect of about 15% was ob-
served for PhACH;NOs. A plot of log k*//k? vs. ApK using ten of these points and nine literature values gave a bell-shaped
curve with gently sloping sides. Solvent isotope effects, k207/kHO™  were found to range around 1.35 for the parent, m-
CH3;-, and m-CIArCHMeNO, compounds. Comparison of these values with those of other carbon acids showed that this
ratio varied but little over wide ranges of ApX. In exoenergetic deprotonations, the kH/kD ratio and Br¢nsted coefficient are
larger than expected for a reactant-like transition state while, for endoenergetic reactions, the effect of methyl substitution is
generally to retard the deprotonation rate instead of accelerate it, as would be expected for a product-like transition state.
These effects can be rationalized, however, by assuming a two-step mechanism, a rate-limiting deprotonation to form a pyra-
midal nitro carbanion followed by a rapid rehybridization to a planar nitronate ion. This mechanism also can accommodate

inverse Brensted correlations and Brensted coefficients larger than one.

As part of a general study of the correlation of kinetic
and equilibrium acidities of carbon acids, we have been ex-
amining various methods for assessing the transition-state
structure in the deprotonation of nitroalkanes by bases.!-3
Reactions of nitroalkanes with strong bases, such as hy-
droxide ion or methoxide ion, are strongly exoenergetic,
which should lead to a “reactant-like” transition-state
structure.* Evidence that the transition-state structure is
not product-like in these instances comes from the finding
of several examples of negative correlations between kinetic
and equilibrium acidities.> For example, the increase in

acidity (by 2.5 pK, units in water) from CH3;NO; to
Me;CHNO: is no doubt caused primarily by the increased
stability of the Me,C=NO;™ ion, yet this stabilizing influ-
ence is not felt appreciably in the transition state for depro-
tonation by hydroxide ion, as may be judged by the 89-fold
slower rate. Also, nitrocyclobutane is less acidic than nitro-
cyclopentane,® but this destabilizing influence is not felt ap-
preciably in the deprotonation by lyate ion as may be
judged by the faster rate for nitrocyclobutane.® (In 50%
MeOH-H,O, nitrocyclobutane has a 1.9 pK, unit lower
equilibrium acidity but reacts with lyate ion at a four-fold
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