The additional compounds listed in Table VI are shown to
illustrate the difficulties, not to advocate the usefulness of this
scheme for the calculation of such quantities. The very large
errors here (1-3 kcal/mol) are discouraging. We are unable
to decide at present why these numbers are as poor as they are.
The point we wish to make is that for simple compounds
(containing one oxygen) the heat of formation calculations look
to be nearly as reliable as they are for hydrocarbons, although
the number and types of compounds investigated have been
much less (because of a lack of experimental data for com-
parison). However, when there are two oxygens in the mole-
cule, the results are best described as poor. Presumably they
can be improved, although whether they can be really made
adequate or not is not clear at this time. The reasons for the
difficulty here are uncertain, but are likely to involve, at least
in part, the electrostatics of the molecules. The reliability of
the experimental data is also far from certain. For one thing,
the heats of vaporization of the molecules are often estimated
and the reliability of such estimates for these kinds of com-
pounds is completely unknown.
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Abstract: Rate constants for the isomerization of 2,4,6-tri-tert-butylphenyl to 3,5-di-tert-butylneophyl have been measured
from —26 to —160 °C, and for the corresponding isomerization of 2,4,6-tri-rert-(perdeuteriobutyl)phenyl from 20 to —150 °C.
This pair of reactions has an exceptionally large deuterium kinetic isotope effect at all temperatures. Arrhenius plots for both
reactions are nonlinear and over any range of temperature the activation energy and Arrhenius preexponential factor are much
larger for deuterium than for hydrogen transfer. The experimental results can be quantitatively accounted for by quantum-
mechanical tunneling through a potential barrier. The analogous isomerization of 2,4 6-tri(1’-adamantyl)phenyl, which was
studied from —28 to —167 °C, also occurs by quantum-mechanical tunneling. Attempts to detect other aryl radicals by EPR

spectroscopy are described.

Phenyl is a destabilized® s radical®-® which is highly reac-
tive both in atom abstractions and in additions to unsaturated
molecules. It therefore has only a transitory existence under
most conditions. For this reason, attempts to detect phenyl and
other aryl radicals in solution by physical methods have not met

with much success.® Prior to the preliminary account of the
present work,!? only two aryls had been detected in solution
by EPR spectroscopy.!! These two radicals [0o-CH;OC-
(0)C¢Hy- and o0-(CH;3);NC(O)C¢Hy-] were generated by
rapid reduction of the appropriate arenediazonium ion with
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Ti'''in an aqueous flow system. More recently, a number of
other aryls have been detected by EPR in aqueous media.!2
These radicals were generated either by reaction of radiolyti-
cally produced e,q~ with aryl bromide or by reaction of pho-
tochemically produced SO4-~ with arylcarboxylic acids.
Recent work from this laboratory has shown that the life-
times of many types of free radicals can be dramatically in-
creased by surrounding the radical center with bulky substit-
uents.!* Phenyl is no exception. In this paper we present the
results of detailed kinetic studies of the intramolecular rear-
rangement of 2,4,6-tri-tert-butylphenyl (1) to 3,5-di-tert-

iy C(CH,)),CH,
— o
1 2
Ad_ - _Ad Ad "

(k™Ad @ @

——
Ad Ad
3 4

butylneophyl (2) and of the corresponding isomerization of
2,4,6-tri(1’-adamantyl)phenyl )3). We also discuss our at-
tempts to detect other aryl radicals.

Experimental Section

The techniques of kinetic EPR spectroscopy have been described
in previous papers in this series.!

Materials, 1,3,5-Tri-rert-(perdeuteriobutyl)benzene was prepared
from benzene and perdeuterio-tert-butyl chloride (Merck Sharpe and
Dohme, Ltd.) by a modification of the direct alkylation procedure.!3
The deuterium content of the rerz-butyl groups was estimated to be
somewhat greater than 99% by comparison of the integrals of the
proton NMR signals in the tert-butyl region (6 1.34) and in the aryl
region (6 7.37). This hydrocarbon and its undeuterated counterpart
were converted to the corresponding 2,4,6-tri-tert-butylbromoben-
zenes by the silver-induced (“neutral” conditions) method of Myhre,
Owen, and James.'4

2,5-Di-tert-butylbromobenzene was prepared as previously de-
scribed.'3

1,3,5-Tri(1’-adamantyl)benzene was prepared by Friedel-Crafts
alkylation of benzene with 1-adamantyl bromide in liquid sulfur
dioxide and isolated by the procedure of Rundel.!%2 The hydrocarbon
was brominated as previously described!®® and was separated by re-
petitive thin layer chromatography on silica gel using cyclohexane
eluant. The bromo compound showed the characteristic two peaks for
parent ions at m/e 558 and 560, as expected for C3¢H47Br.

tert-Butyl-2,4,6-tri-zert-butyl perbenzoate and terz-butyl-2,4,6-
trimethyl perbenzoate were gifts from Professor T. T. Tidwell. 1-
Bromo-, 1-iodo-, and 1,3,5-tribromo-2,4,6-trineopentylbenzenes were
originally prepared by Dr. K. Olsson.!” They were a gift to us from
Dr. R. E. Carter. All other compounds were commercially available
materials which were used as received.

Results

EPR Spectral Parameters of 1 and 2. As previously re-
ported,'® an EPR spectrum which we assign to 2,4,6-tri-tert-
butylphenyl (1) is produced by in situ photolysis of 2,4,6-tri-

(CH),Sn- + 4—@‘&' AL 4@ @)

4

(CH,),Si- + 4—@‘&' 3,

tert-butylbromobenzene in cyclopropane at temperatures <0
°C in the presence of hexamethylditin (method A) or of a
mixture of trimethylsilane and di-fert-butyl peroxide (method
B). This radical is also produced by photolysis of tert-butyl
2,4,6-tri-tert-butylperbenzoate (method C).!8

0 0
I,
C—0

. +@§ 5

For optimum resolution, the spectrum of 1 is best measured
at low microwave power (<0.2 mW) and low modulation
amplitude (ca. 0.1 G). Its spectrum consists principally of a
1:2:1 triplet (aH(meta) = 7.31 G, g = 2.002 38 at —40 °C)
with further hyperfine splittings (hfs) from the ortho zert-butyl
protons (aH(18 H) = 0.298 G). The spectrum is sufficiently
intense to resolve hfs due to !3C in natural abundance at the
a (122.5 G), ortho (6.16 G), and meta (14.52 G) positions.
These 13C hfs are in good agreement with those calculated for
the unsubstituted phenyl radical.!®!9 A similar spectrum with
aP = 0.047 G is obtained for the radical with the fully deu-
terated tert-butyl groups. For this radical the 13C hfs due to
the methyl carbons of the ortho-tertiary groups (2.02 G) could
also be resolved.

At higher microwave power levels a second radical becomes
visible at ambient and lower temperatures. The EPR spectral
parameters for this radical (a(2 H) = 21.70 G, aH(6 H) =
1.02 G, g = 2.002 48 at 0 °C) indicate that it is 3,5-di-zert-
butylneophyl (2).292! The same radical can be produced by
photolysis of a di-tert-butyl peroxide solution of 2,4,6-tri-
tert-butylbenzene.!9:2!

C
COOC(CH;); —

C(CH,),CH,

(CH,),CO + — ®

2

Kinetics of the 2,4,6-Tri- tert-butylphenyl Isomerization. The
decay of 1 was monitored directly by kinetic EPR spectroscopy.
Decay occurs with “clean” first-order kinetics under all con-
ditions. In solvents such as propane, cyclopropane, isopentane,
and toluene, the rates of decay were identical for 1 generated
from aryl bromide and Me;Sn- radicals (method A), from the
tert-butyl perester (method C), and from aryl bromide and
MesSi: radicals (method B) at high but not at low tempera-
tures. The 2,4,6-tri-tert-(perdeuteriobutyl)phenyl radical
generated by methods A and B also decays with clean first-
order kinetics in cyclopropane and in isopentane. However,
with method B, the rate of decay was significantly faster at low
temperatures than with method A. We presume the reaction
being monitored using 1 generated by methods A and C is the
isomerization to the neophyl radical, 2, and that the analogous
isomerization is being monitored when deuterated 1 is gener-
ated by method A. However, when the phenyl or deuterated
phenyl are generated by method B, the abstraction of hydrogen
from the silane by the phenyl radical can become competitive
with the isomerization. The measured rate constants for these
two reactions, k;H and k;D, are listed in Table I.

Strong evidence in support of our presumption that the re-
action being monitored is, in fact, the isomerization comes from
studies under steady-state conditions. Under steady illumi-
nation, the concentration ratio [2]/[1] decreases with de-
creasing temperature and with increasing light intensity. At
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Table I. Rate Constants for the Isomerization of 2,4,6-Tri-rerz-
butylphenyl and 2,4,6-Tri-tert-(perdeuteriobutyl)phenyl

T,°Ka log k;H, 57! T,°K? log kP, s7!
247 (A) 1.28 293 1.00
247 (A) 1.23 290 0.43
245 (B) 1.29¢ 289 0.58
245 (C) 1.25 278 0.20
227 (A) 1.03 278 0.15
226 (C) 0.79 274 0.05
207 (A) 0.33 268 0.02
206 (C) 0.32 258 -0.34
187 (A) 0.08 257 —0.42
187 (A) —0.03 253 —0.36
186 (C) -0.17 237 —1.00
183 (C) -0.21 233 -0.99
173 (C) —0.46 214 —-1.94
173 (C) —0.49 194 —2.85
165 (B) 0.26¢ 175 -3.49
163 (C) —0.64 156 —4.23
153 (C) -0.70 1434 —3.5¢
143 (C) -0.92 143 —4.65
133 (C) —1.00 123 -35.30
123 (C) -1.20

118 (C) -1.20

113 (C) —1.38

a Method of radical generation is in parentheses. ¢ Radicals gen-
erated by method A unless otherwise noted. ¢ Data not plotted in
Figures 5, 6, and 7. ¢ Method B.

any particular temperature below 0 °C the concentration of
1is proportional to the first power of the light intensity and the
concentration of 2 is proportional to the square root of the light
intensity. These results indicate that 1 isomerizes to 2 and that
2 decays by dimerization.?2

kH
1—>2

2k,
2> (2),

For such a simple set of reactions the usual steady-state
treatment yields the relation?!.23-26

1/[2] = 2k,[2]/k;H[1]

The absolute concentrations of 1 and 2 can be measured over
a limited range of temperatures. This allows k;H to be deter-
mined in terms of 2k, at the temperature (—30 °C) where the
concentrations of 1 and 2 can be measured most accurately.
Similarly &;P can be determined in terms of 2k, at the opti-
mum temperature (20 °C) for measuring the concentrations
of the two deuterated radicals. We have previously measured
2k, for the bimolecular coupling of 3-terz-butylneophyl radi-
cals.?! Since this radical and 2, as well as deuterated 2, are all
expected to dimerize at essentially the same rate, we can de-
termine k;" and ;P by this indirect procedure. The results
given in Table IT are in excellent agreement with the values of
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k;H and k;P measured directly. The direct measurements must,
therefore, refer to the intramolecular hydrogen or deuterium
transfer.

Attempts to Detect Other Aryl Radicals. Reaction of
2,4,6-tri(1’-adamantyl)bromobenzene with Me;Sn- or Me;Si-
radicals gave the desired 2,4,6-tri(1’-adamantyl)phenyl (3),
g =2.002 27, aH(2 H) = 7.1 G at —120 °C, with no additional
fine structure being resolvable (AH,, = 1.2 G, optimum mi-
crowave power ca. 1.0 mW). This radical decayed with clean
first-order kinetics in the temperature range —28 to —167 °C.
Rate constants, (k;H)q, for decay of 3 generated by method
A are given in Table III. We presume the reaction being
monitored is the intramolecular hydrogen transfer from the
2’ position of an ortho adamantyl group, i.e., reaction 2. The
expected isomerized radical, 4, could not be detected at any
temperature, probably because it would have a very large
number of individual EPR lines which would make its detection
extremely difficult. To our surprise, radical 3 is more persistent
than 1 at all temperatures studied.

No radicals could be detected when trimethyltin radicals
were reacted with 2,5-di-tert-butylbromobenzene in cyclo-
propane at temperatures from 20 to —90 °C. Since there was
no reason to suppose that the bromine would not be abstracted,
it appeared likely that the 2,5-di-tert-butylphenyl, which is
relatively unhindered, was being destroyed by rapid intermo-
lecular reactions with the reagents and solvent. This was con-
firmed by adding tetramethylgermane?’ (1:1 v/v relative to
the bromobenzene) to the reaction system. Upon photolysis
at 20 °C the trimethylgermylmethyl radical was readily de-
tected. It can only have been formed by the reaction se-

quence:
o + @ - @ »
. + (CH),Ge — @ + (CH,),GeCH, (8)

Our failure to detect any radicals in the absence of the germane
can probably be attributed to the formation of several different
radicals, none of which had sufficiently sharp lines for them
to be observed at low concentrations.

The reaction of trimethyltin with 1-bromo-, 1-iodo-, and
1,3,5-tribromo-2,4,6-trineopentylbenzene at temperatures
from 20 to —160 °C gave, in each case, only a neopentyl-type
radical (e H(2 H) = 21.5 G, aH(multiplet of 27 lines) = 1.00
G at 20 °C). The addition of tetramethylgermane?’ to these
reactions did not affect the intensity of the neopentyl-type
radicals, nor were any (CH3)3;GeCH; radicals detectable. This
implies that the initially formed phenyl radicals undergo an
intramolecular isomerization via a six-membered cyclic
transition state, i.c.

Table II. Comparison of Direct Decay and Steady Illumination Methods for Determining &;" and k;P for 2,4,6-Tri-tert-butylphenyl
1 T,°C [1] X 107, M [2] X107, M 2k, X 1078 M~'s~'a log k;

Steady state (A)? =30 8.4 2.1 2.6

Steady state (C)? =30 4.7 1.9 2.6

Direct decay (C)? -28

Deuterio-1
Steady state (A)? 20 44.0 1.53 17.0 0.96
Direct decay (A)? 20 1.00

2 From ref 21. ® Method of radical formation.
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Table III. Rate Constants for the Isomerization of 2,4,6-Tri(1’-
adamantyl)phenyl

T,°K  log (k")aa,s7! T,°K  log (ki")ag,s7!
245 0.05 166 -2.03
225 -0.76 147 -2.16
205 -1.15 147 -2.37
205 -1.28 136 -2.70
195 -1.24 126 -2.82
186 —1.45 116 -291
176 -1.58 106 -3.20

CH;C(CH,),.CH,

i

Since the trineopentylphenyl radical could not be detected even
at —160 °C we must conclude that this intramolecular hy-
drogen transfer is very much faster than that which proceeds
via a five-membered cyclic transition state in tri-tert-butyl-
phenyl and triadamantylphenyl. Presumably ring strain effects
are responsible for this difference, as well as for the fact that
the trineopentylphenyls do not appear to undergo the more
exothermic isomerization vie a four-membered cyclic transi-
tion state to form a benzylic radical, i.e.,

CHC(CH,),

¢ -

Noradicals could be detected when trimethyltin was allowed
to react with 2,4,6-trimethylbromobenzene (20 to —160 °C)
even in the presence of tetramethylgermane. The corre-
sponding tert-butyl perester also gave no detectable con-
centration of radicals (20 to —160 °C) unless tetramethyl-
germane was added. (Of course, in this last experiment the
(CH3)3;GeCH, radicals may have been produced entirely via
tert-butoxy attack on the germane.) Since we see no reason to
suppose that trimethylphenyls were not produced in these re-
actions we can only suppose that our failure to detect radicals
is, at least in part, a kinetic phenomenon. That is, EPR spec-
troscopy is not very sensitive toward benzylic radicals because
these radicals have many lines and saturate at quite low levels
of microwave power. In addition, unhindered benzylic radicals
cannot reach high steady-state concentrations because they
dimerize at the diffusion-controlled rate.?® Therefore, if phe-
nyls are produced slowly and are rapidly converted to benzyls
we would be unable to detect any radicals. The phenyl to benzyl
reaction might occur by an intramolecular process?® or by an
intermolecular process which is not intercepted by tetra-
methylgermane because of the greater reactivity of the benzylic
hydrogens in the starting trimethylbromobenzene.

Attempts to Detect Benzoyloxy Radicals. The thermal de-
composition of zert-butyl perbenzoate, terz-butyl 2,4,6-tri-
methylperbenzoate, and terz-butyl 2,4,6-tri-tert-butylper-
benzoate all proceed through a rate-determining scission of
the O-0 bond.!® Despite steric crowding in the last two com-
pounds, the rates of decarboxylation of all three benzoyloxy
radicals are similar.!® It is, therefore, not unreasonable to
suppose that all three benzoyloxys might be detectable by EPR
spectroscopy at sufficiently low temperatures. However, it
should first be noted that Edge and Kochi?® could not detect
benzoyloxy during the photolysis of tert-butyl perbenzoate in

cyclopropane at =120 °C, though in the presence of ethylene
the C¢HsCO,CH,CH, adduct radical was observed at this
temperature (aH(2 H) = 28.19, aH(2 H) = 22.20 G, g =
2.002 57).

Photolysis of tert-butyl 2,4,6-tri-terz-butylperbenzoate in
ethylene at —160 °C gave two radicals, one a fairly broad
singlet (g = 2.0155) and the other a triplet of triplets (a"(2
H) = 31.5, aH(2 H) = 21.0 G, g = 2.0027). The singlet de-
cayed when the light was cut off, but it could be regenerated
in the dark by warming the sample to —120 °C. Cooling and
warming the sample decreased and increased this signal in a
reversible manner. However, it was permanently destroyed by
a few minutes of continuous photolysis. This signal is almost
certainly due to fert-butylperoxy?!-33 formed from tert-butoxy
and residual traces of oxygen.

The other radical was not destroyed by prolonged photolysis.
Its EPR parameters are characteristic of an adduct to ethyl-
ene,3034 ArCH,CH,; (Ar = 2,4,6-tri-tert-butylbenzoyloxy or
2,4,6-tri-tert-butylphenyl), in which the Ar group lies in, or
close to, the C, 2p; nodal plane.33 Similar experiments in
propane gave only the 2,4 ,6-tri-tert-butylphenyl radical (see
above). Photolysis of the trimethylperbenzoate in ethylene at
—160 °C also gave an adduct to ethylene (aH(2 H) = 22.00,
aH(2 H) = 27.00 G, g = 2.0025) and (CH3)3COO-, no radical
being detected in propane at this temperature.

Recent CIDNP studies3¢37 have indicated that the rate
constant for decarboxylation of benzoyloxy is much faster than
was first estimated®® (i.e., 21085~ !at 130 °C*® and ca. 2.5 X
107 s~! at room temperature3?). Our failure to detect benzo-
yloxy radicals, even at —160 °C, may be due to rapid decar-
boxylation. However, it is worth noting that if this is the case,
it implies that the preexponential factor for decarboxylation
is less than the “normal” 3° value for a unimolecular bond
scission (ca. 103 s~1). Alternatively, benzoyloxy radicals may
not be readily detectable by EPR in solution®® because of ex-
cessive line broadening.*!

Discussion

The 2,4,6-Tri-tert-butylphenyl Isomerization. Evidence for
Quantum-Mechanical Tunneling. There can be little doubt that
tunneling is often involved in hydrogen atom and proton
transfer reactions.*Z Unfortunately, kineticists have embraced
the concept of tunneling so enthusiastically that it is frequently
invoked on somewhat flimsy experimental evidence. Much of
the evidence is capable of other interpretations*® and relatively
few “tunneling’’ reactions have received a rigorous examina-
tion.44 If there is appreciable tunneling in a reaction, this will
be indicated by the four kinetic phenomena listed below. The
rearrangement of the 2,4,6-tri-terz-butylphenyl radical exhibits
all of these phenomena, and so the reaction must involve hy-
drogen tunneling.

(1) Large Kinetic Isotope Effect. In the absence of tunneling,
the kinetic isotope effect, kH/kP, arises from differences in the
zero-point energies of the H and D containing reactants and
their transition states.*? The isotope effect will be maximized
if all zero-point energy is lost in the transition state. Insuch a
case, the difference in the zero-point energies of the H and D
containing reactants will equal the difference in the activation
energies for the two reactions, ED — EH. For the breaking of
a C-H/C-D bond this activation energy difference is <1354
cal/mol provided the zero-point energies of both stretching and
bending vibrations are lost in the transition state.*2¢:>0 Thus,
for the simple rupture of a C~H/C-D bond the maximum
possible values for kH/kP are 17, 53, and 260 at —30, —100,
and —150 °C, respectively. Of course, in the 2,4,6-tri-tert-
butylphenyl rearrangement there could be an additional
contribution to k" /kP because of secondary deuterium isotope
effects. However, these are always small, and we doubt if they
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could amount to more than a factor of 2 at =30 °C and 6 at
—150°C.3!

If tunneling is allowed, then kH/kP values much greater
than the “maximum possible” values estimated above are also
allowed.>? This is because the lighter hydrogen atom can tunnel
(i.e., react) much more readily than a deuterium. The exper-
imentally determined k" /kP ratios rise from 80 at =30 °C to
1400 at —100 °C and to 13 000 at —150 °C (see Figure 1). It
is clear that these values are significantly larger than the
“maximum possible” values. We therefore conclude that hy-
drogen atom tunneling is important in this reaction at all
temperatures where measurements were made.

(2) Nonlinear Arrhenius Plots. Tunneling should become
relatively more important as the reaction temperature is de-
creased. This should lead to positively curved Arrhenius plots,
the curvature being more pronounced for H-transfer than for
D transfer. While curved Arrhenius plots are by no means
uncommon in hydrogen atom transfers, the unbiased observer
is more likely to attribute the curvature to experimental errors,
or to a change in reaction mechanism, than to tunneling. In the
present case, Arrhenius plots of the data in Table I show very
distinct positive curvature for both the H and D transfers (see,
¢.g., Figures 5, 6, or 7). We believe that this curvature cannot
be due to experimental error since the measured rate constants
are highly reproducible. Furthermore, it seems unlikely that
the curvature could be due to a change in mechanism since the
rate constants do not depend on the solvent nor on the reaction
used to generate the phenyl radical. In addition, there is sat-
isfactory agreement between rate constants determined di-
rectly (by following phenyl radical decay) and indirectly (by
steady-state measurements of the concentration of the phenyl
and neophy! radical, see Results section). For these reasons,
we believe that our curved Arrhenius plots indicate tunnel-
ing.

(3) Large Difference in the Activation Energies for H and for
D Transfer. In the absence of tunneling, the maximum dif-
ference in the activation energy for H and for D transfer will
be equal to the difference in the zero-point energy of the H and
D containing reactants.*> Appreciable tunneling should
manifest itself as a larger difference in activation energies, i.e.,
ED — EH > 1354 cal/mol in this case (see | above). Because
of curvature in our Arrhenius plots it is uncertain how £P —
EH should be measured. Thus, the “least-squares” straight line
through all the H data gives EH = 2.5 kcal/mol and that
through all the D data gives EP = 6.4 kcal/mol, while the
tangent to curves through the experimental points at —30 °C
(the highest temperature at which measurements were made
on the undeuterated phenyl) gives EH = 6.2 kcal/mol and EP
= 9.4 kcal/mol. It is clear that EP — EH > 1.3 kcal/mol,
which again implicates tunneling in this reaction.

(4) Large Difference in the Preexponential Factors for H and
for D Transfer. The limiting high temperature rate constants
for H and D transfer at 7-! = 0 (which will equal the Ar-
rhenius preexponential factors for linear Arrhenius plots)
should be identical,*?® or nearly so.5* For our reaction, we can
estimate by the usual methods? that this limiting rate constant
should be 10!1:5£05 =1 If we again draw the least-squares
straight lines we obtain 4H = 103151 and 4P = 1051571,
while the tangents at —30 °C give 4H = 1053 s~1 and AP =
1075571, These low A factors and the small magnitude of 4H
relative to 4P provide the final experimental evidence in favor
of tunneling in this reaction.

Calculation of Tunneling Factors. In our opinion, some of
the most dramatic (and hence some of the most convincing)
demonstrations of tunneling are provided by Williams’ studies
of hydrogen atom abstractions by methyl radicals from ace-
tonitrile,”> methyl isocyanide,® and methanol®’ at low tem-
peratures in the solid phase. The large isotope effects,*® curved
Arrhenius plot for methyl isocyanide, and low apparent acti-
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Figure 1. Deuterium kinetic isotope effect for the isomerization of
2,4,6-tri-tert-butylphenyl as a function of temperature.

vation energies and preexponential factors are all indicative
of tunneling.*® For the methyl radical-acetonitrile reaction,
LeRoy, Sprague, and Williams®! have shown that the exper-
imental observations can be completely accounted for by a
quantitative “tunneling” treatment. We have applied their
methodology and their actual programs®!-62 for calculating
tunneling “correction” factors to our own reactions with
equally satisfactory results. The procedure, which is outlined
briefly below, assumes that the passage of the system through
the transition state can be described by the motion of a particle
of constant mass along a single, separable, coordinate. That
is, the multidimensional reaction surface is treated as a one-
dimensional problem.

According to the one-dimensional model,®! the temperature
dependence of the rate constant k;(7) may be represented
by,

ki(T) = AT(T)e™ "WRT (D

where Vj is the height of the potential barrier, R is the gas
constant, and A is the approximately temperature-independent
frequency of mass-point collisions with the barrier. The tun-
neling factor, T'(T), which is the ratio of the quantum me-
chanical to the classical barrier transmission rates for a
Boltzmann distribution of incident mass-point kinetic energies,
approaches unity at high temperatures®? and hence the ap-
parent activation energy approaches V.

Model Potential Barriers. Three different types of barriers
were examined: Eckart barriers,54

Ve(x) = Vo/cosh? (x/a) (In

Gaussian barriers,

V6(x) = Voe~(x/a) (I11)
and Truncated Parabolic Barriers,%°
Va(x) = Vo[l — (x/a)?] for |x| < a (IV)
=0 for (x| > a

For a given ¥y and a all three barriers have the same height
and curvature at the maximum but their widths below the
maximum increase from Parabolic, to Gaussian, to Eckart (see
Figure 2). The size and width of the barriers are characterized
by Vo and the dimensionless parameter,

B =ma(2uVo)'/2/h = 14.30946a(uV,)!/? V)

Ingold et al. | Isomerization of Sterically Hindered Aryl Radicals
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and scaled for different values of A4, i.e., they are plots of log k;Y/ 4 for
different A values.

where u is the mass of the hydrogen atom being abstracted in
amu, a is the length in A of the scaling factor appearing in the
above equations, and ¥ is in keal/mol. No attempt was made
to allow for any asymmetry in the barrier shape which might
arise because the reaction is not thermoneutral.
Determination of Barrier Heights and Widths. The computer
program used to calculate tunneling factors has been described
previously.®! It was obtained from Professor R. J. LeRoy.
Equation I can be rearranged to,

log [T(T)e~"RT] = log [k;(T)/A] (VD)

In the earlier work,®! the paucity of experimental data required
that 4 be independently estimated. This was unnecessary in
the present instance. For each particular barrier shape, the
left-hand side of eq VI was calculated exactly for hydrogen
atom transfer and was then compared with the experimental
data from Table I (data using method B were not used for the
reasons outlined in the Results section). That is, it was com-
pared with the measured values of log [k;H(T)/A], where 4
was arbitrarily selected to lie in the range 1010 to 1013 5~1,66
The comparison was made by plotting a set of curves for log
[k;H(T)/A] against T—! at various 4 values (i.e., the dotted
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an Eckart barrier having ¥ = 14.0 keal/mol (solid lines). The dashed lines
are the same as those in Figure 3.
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Figure 5. Isomerization of 2,4,6-tri-tert-butylphenyl using an Eckart
barrier. The circles represent experimental values of log k5 s=! and the
squares experimental values of log ;2 s~', the data being taken from Table
I. The full curves were calculated using Eckart barriers having the pa-
rameters given in Table IV,

lines in Figures 3 and 4) and a set of curves for log [T'(7T)
e~ Vo/RT] against T~! using various Vyand a values (i.c., the
solid lines in Figures 3 and 4, which have been calculated using
the Eckart barrier). This procedure was carried out for each
of the three barrier types. The optimum fit between the ex-
perimental and theoretical curves yields the best values of A4,
VoH, and a for each barrier. These values have been listed in
Table IV. The fit between the actual experimental data (log
k:H,s71) and log [T(T)e~ Yo/R7] is shown in Figure 5 for the
Eckart barrier, in Figure 6 for the Gaussian barrier, and in
Figure 7 for the Truncated Parabola.

The validity of the foregoing procedure was checked by
comparing log &P s~ ! with log [T'(T)e~Y¥RT] for deuterium
transfer. In these calculations, exactly the same values were
used for A4 and a that gave the best fit for hydrogen transfer,’
but « was increased from 1.0 to 2.0, and VP was allowed to
increase above VoM by up to 1.4 kcal /mol to allow for differ-
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Table IV, Results of Tunneling Calculations for the Isomerization of 2,4,6-Tri-tert-butylphenyl and

2,4,6-Tri-tert-(perdeuteriobutyl)phenyl

Barrier type log 4,5} VoH a VoD @ VoD — VoH @ a A
Eckart 11.0 14.5 14.9 0.4 0.330
Gaussian 11.5 14.0 15.0 1.0 0.395
Parabolic 12.0 12.0 13.4 1.4 0.635

a keal/mol.

1.og(k, /sec™)

| | 1 | | |
3 4 5 S 7 8 9

10°T/K"
Figure 6. Isomerization of 2,4,6-tri-tert-butylphenyl using a Gaussian
barrier. The points have the same and the lines a similar significance to
those in Figure 5.

ences in zero-point energies for C-H and C-D bond rupture
(see above). For each barrier, the fit between experiment and
theory was optimized for values of log ;P s~! > —2.0. This was
done because the measurement of k; is less accurate with very
slow reactions and because alternative pseudounimolecular
processes (e.g., reaction with the hexamethylditin) might
contribute to the overall decay. The optimum theoretical curves
for deuterium transfer are included in Figures 5, 6, and 7, and
the best values of V4P are included in Table IV. In connection
with the last, the calculated values of log [T'(T)e~ Yo/RT] for
deuterium transfer are influenced mainly by the change in u,
changes in ¥ having only a relatively minor effect, e.g., an
increase of 0.1 kcal/mol in Vj decreases log [T(T)e~ Vo/RT]
by only ca. 0.08 unit. For this reason, the estimated differences
in the barrier heights for deuterium and for hydrogen transfer,
Le., VoP — VoH (Table IV), are rather imprecise.

The theoretical curves and experimental rate constants are
in excellent agreement for the Eckart barrier (Figure 5). The
agreement is only slightly less good for the Gaussian barrier
(Figure 6), which gave the best fit for the methyl radical ace-
tonitrile reaction.®! As is usually found, the truncated parabola
gives only a poor fit with the experimental data, presumably
because it has a rather unrealistic shape.

The numerical values of 4, V!, VP, and a are within ac-
ceptable limits for all three barriers. Specifically, the 4 values
(i.e., (ki) 7-1-0) lie in the expected346 range of 1011-5£0-5g~1,
The barrier heights (i.e., classical activation energies) seem
not unreasonable’! and the fit to the deuterium data for the
Eckart and Gaussian barriers is excellent with VP — VH less
than the 1.4 kcal/mol limit. The overall widths of the barriers
also seem not unreasonable. Thus, using normal bond lengths

Log(k, /sec™)
Log [F(T)e‘v“ ""]

3 4 5

3 i | ol
I0°T /K
Figure 7. Isomerization of 2,4,6-tri-tert-butylphenyl using a truncated
parabolic barrier. The points have the same and the lines a similar sig-
nificance to those in Figure 5.

and angles, we calculate that when the C-H bond which is to
be broken is coplanar with the aromatic ring, the angle between
this bond and the bond which is to be formed is 81°, and the
hydrogen atom must be transferred through a linear distance
of 1.34 A. From Figure 2 we can see that an Eckart barrier
with a = 0.33 A is of this width at ¥/ ¥V, = 0.065 (x/a = 2.03),
and a Gaussian barrier with @ = 0.395 A is of this width at
V/Vo = 0.055 (x/a = 1.7). A truncated parabola witha =
0.635 A is everywhere narrower than 1.34 A.

We believe that we have successfully interpreted our rate
data for the isomerization of the 2,4,6-tri-tert-butylphenyl
radical in terms of quantum mechanical tunneling. We do not
see how our results could be explained in any other way. It is,
we think, worth noting the magnitude of the tunneling “cor-
rection” under conditions where it is particularly large. For
example, hydrogen transfer by a classical “over the top of the
barrier” approach would, using the Eckart parameters (viz.
EH = 14.5kcal/mol, 4 = 10! s71), give k,H = 10714851 at
—150°C (i.e., 71/ ~ 14 million years). The experimental rate
constant is 10~!Zs~!, which corresponds to a staggering 10!3:6
for the tunneling “correction”.”2 For all practical purposes the
isomerization proceeds entirely by tunneling at these tem-
peratures. This reaction provides, therefore, an interesting il-
lustration of the uncertainty principle, and there can be no
doubt that the hydrogen atom which is transferred must be
described by the wave model of quantum mechanics rather
than by the particle model of classical mechanics.

The 2,4,6-Tri-(1'-adamantyl)phenyl Isomerization. An Ar-
rhenius plot of the rate constants listed in Table III shows
distinct curvature. A “least-squares’ treatment of the data
gives E = 2.5 kcal/mol and A = 10! s~!. Since both these

Ingold et al. | Isomerization of Sterically Hindered Aryl Radicals
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Figure 8. Isomerization of 2,4,6-tri(1’-adamantylphenyl). The experi-
mental points are taken from Table I1I and the lines have been calculated
using the parameters listed in Table V.

quantities are very much smaller than would be predicted, we
conclude that quantum-mechanical tunneling also plays an
important role in the isomerization of 3.

Theoretical calculations were carried out using the method
and barrier shapes outlined in the previous section. The results
of these calculations are summarized in Table V and the cal-
culated curves are shown in Figure 8. The Eckart and Gaussian
barriers again gave excellent agreement with experiment, but
the agreement is less good with the parabolic barrier.

For all three barriers, the barrier width, a, is predicted to
be larger for the isomerization of 3 than for the isomerization
of 1. At first sight, this result is surprising since the former
reaction is more exothermic and so might be expected to have
the narrower barrier. However, in 3 the hydrogen atom which
is to be transferred cannot approach the radical center as
closely as in 1. This is because closest approach will be achieved
when the hydrogen is in the plane of the aromatic ring buf in
this position the 1C-2/C bond in the adamantyl group is
twisted 21° out of the aromatic plane and the 2/C-H bond
makes an angle of 31° with this plane. Using normal bond
lengths and angles, we calculate that in 3 the hydrogen must
be transferred through a linear distance of 1.84 A, which is
considerably greater than the 1.34 A for 1.

The isomerization of 1 requires that rotation about the
phenyl-zert-butyl bond and rotation about the quaternary
carbon-methyl bond be “frozen-out” in the transition state,
whereas the rearrangement of 3 requires that only the rotation
about the phenyl-adamantyl bond be frozen-out. There should,
therefore, be a larger negative entropy of activation for the
former reaction. It is gratifying to find that, for each type of
barrier, the calculated 4 factor for the isomerization of 3 is
larger (by ca. one order of magnitude) than the calculated 4
factor for the isomerization of 1. The barrier height, V5, for
the isomerization of 3 is greater than for the isomerization of
1.

At all experimental temperatures, 3 is more persistent than
1, but the tunneling correction to (k;H) aq is greater than to k;H;
for example, at —150 °C the experimental value for (k;H)aq
is 10~28 s~1 but the rate constant calculated from the Eckart
barrier data using the classical Arrhenius equation is 10729571,
while for 1 the corresponding values are 107!-2 and 107148
s~

Table V. Results of Tunneling Calculations for the Isomerization
of 2,4,6-Tri(1’-adamantyl)phenyl

Barrier type log 4,571 VoH keal/mol a, A
Eckart 12.0 18.0 0.352
Gaussian 12.5 17.0 0.430
Parabolic 13.0 14.0 0.695

Finally, we note that if we had had 2,4,6-tri(1’-perdeuter-
ioadamantyl)phenyl it would have been found to be extremely
persistent at low temperatures. From the data in Table V, if
we assume VoP — VoH = 0.5 kcal/mol, we predict that the
half-life of this radical at —150 °C would be ca. 3 years using
the Eckart barrier and an astonishing 8 years using the
Gaussian barrier.

Conclusion

The isomerizations of the 2,4,6-tri-tert-butylphenyl radical
and of the 2,4,6-tri(1’-adamantyl)phenyl radical occur by
quantum-mechanical tunneling. The question remains as to
whether these reactions represent unusual examples of tun-
neling or whether tunneling is common in intramolecular hy-
drogen atom transfers, but suitable experimental precision is
uncommon.”? Although no firm answer is possible, we consider
it not unlikely that tunneling is enhanced when the reactants
are prevented from achieving their optimum separation and
orientation in the transition state.”* This would suggest that
tunneling should be relatively less important in the (unfortu-
nately not measurable, see Results) isomerization of trineo-
pentylphenyl, which occurs via a six-membered cyclic transi-
tion state in which the optimum spatial arrangement could be
achieved without a large amount of steric strain.
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