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Electrophilic Aromatic Reactivities via Pyrolysis of 1-Arylethyl Esters.
Part 13.! Carbon—-Carbon Hyperconjugation and the Origin of the Baker—
Nathan Effect

By Ernest Glyde and Roger Taylor," Schoo! of Molecular Sciences, University of Sussex, Brighton BN1 9QJ,
Sussex

From rates of gas-phase pyrolysis of the appropriate 1-arylethyl acetates, o+ values have been determined for the
following substituents: p-cyclohexyl (—0.380); p-t-butyl (—=0.365); m-t-butyl (-0.19). These values are the
highest recorded for these substituents, whereas for analogous reactions carried out in solution, decreasing values of
o+ arerequired as the solventis made more polar. The gas-phase value ofs*(p-But) /a*(p-Me) is 1.26, the highest
recorded for a reaction possessing an electron-deficient transition state which may be stabilized by resonance.
In solution reactions the value of o+(p-But) /o* (p-Me) decreases with increasing solvent polarity. The data show
conclusively that the Baker—Nathan order of electron release by alkyl groups is a solvation phenomenon, and also
that carbon—carbon hyperconjugation is greater than carbon—hydrogen hyperconjugation; this latter is confirmed
by the greater value of 6,* — o, for t-butyl (0.291) than for methyl (0.244). It is therefore a paradox that Baker
and Nathan proposed the important and well established concept of hyperconjugation, but for the wrong reason.

In solution, electrophilic aromatic substitutions carried out in trifluoroacetic acid, e.g. hydrogen exchange, give
results which most closely parallel those obtained in the gas phase; for hydrogen exchange the requiredo* values
are: p-cyclohexyl, —0.338; p-t-butyl, —0.320; m-t-butyl, =0.175. The solvolysis of ax-dimethylbenzyl
chlorides is seen to give exceptionally low o+ values for bulky substituents (even more so for meta-positions than for
para-) and this reaction (especially when carried out in aqueous acetone) istherefore exceptionallysensitive tosteric
hindrance to solvation, which /s more important when the substituent is in the meta-position than when it is para.
In this respect therefore, the solvolysis is not a good model for determination of electrophilic substituent constants,
and recent conclusions based on this reaction and concerning electron release from the 2-exo- and -endo-norbornyl

substituents may be invalid.

It is just over 40 years since Baker and Nathan pub-
lished their famous paper describing the fact that. para-
alkyl groups facilitate the reaction of benzyl bromides
with pyridine (in acetone) in the order Me > Et >
Pr! > But2 They suggested that the C-H bonds of the
methyl group (but not the C-C bonds of the t-butyl
group) could conjugate with an adjacent electron
deficient centre, as in (1). This process, termed hyper-
conjugation by Mulliken, was shown to be predicted by

H H*
+ 1
'—C—-lc—H > —C=(|:—H
H H

{n

quantum-mechanical theory.? However, this latter did
not indicate that C-H hyperconjugation should be any
more effective than C-C hyperconjugation? Carbon-
carbon hyperconjugation was first suggested as being
important by Berliner and Bondhus, who argued that the
high reactivity of t-butylbenzene in molecular bromin-
ation could not be due to inductive effects alone.5 Other
authors advanced similar arguments; 8 nevertheless
the notion that C-H was greater than C-C hyper-

1 Part 12, E. Glyde and R. Taylor, J.C.S. Perkin II, 1975,
1783.

2 J. W. Baker and W. S. Nathan, J. Chem. Soc., 1935, 1844.

3 R.S. Mulliken, J. Chem. Phys., 1939, 7, 339; R.S. Mulliken,
C. A. Rieke, and W. G. Brown, J. Amer. Chem. Soc., 1941, 63, 41.

4 R. S. Mulliken, Tetrahedron, 1959, 5, 253.

5 E. Berliner and F. J. Bondus, J. Amer. Chem. Soc., 1948, 70,
854.
¢ H. C. Brown, J. D. Brady, M. Grayson, and W. H. Bonner,
J. Amer. Chem. Soc., 1959, 79, 1897.

7 P. D. Bartlett, J. Chem. Educ., 1953, 80, 22.

8 C. A. Vernon, J. Chem. Soc., 1954, 423.

® R. S. Mulliken and R. G. Parr, J. Chem. Phys., 1951, 19,
1271.

conjugation persisted, despite the expectation that a
methyl group would be able to accommodate a positive
charge better than hydrogen. (If this were not the case,
the 4-I effect of methyl could not arise.) Until very
recently (see Discussion section) only Mulliken and Parr
attempted to explain an experimental phenomenon by
the assumption that C-C was greater than C-H hyper-
conjugation.?

There are many references to C-C hyperconjug-
ation,10-19 yet it has frequently been disposed of as an
unknown or unimportant quantity. Only Kreevoy
seems to have been sufficiently troubled by the supposed
superiority of C-H hyperconjugation to the extent of
attempting to suggest a reason for it.1¢ The work of
Taft and Lewis appeared to indicate that C-C hyper-
conjugation was 709, as effective as C-H hyperconjug-
ation.®> However these calculations were based entirely
upon the assumption that there were no differential
solvation effects on k(toluene) : A(t-butylbenzene).18
Nevertheless the majority of discussions of Baker—
Nathan electron-releasing orders for alkyl groups have
assumed this to arise from the net difference of C-H and
C—C hyperconjugation, the latter often being assumed to
be relatively insignificant. In more recent years, there
has been a wealth of evidence for hyperconjugation from

10 P, B. D. de la Mare, Tetrahedron, 1959, 5, 107.

11 R. B. Turner, Tetrahedron, 1959, 5, 127.

12 E, S, Lewis, Tetrahedron, 1959, 5, 143.

13 D, A. McCauley and A. P. Lien, Tetrahedron, 1959, 5, 186.

14 W. M. Schubert, J. M. Craven, R. G. Minton, and R. B.
Murphy, Tetrahedvon, 1959, 5, 194.

15" R, W. Taft and I. C. Lewis, Tetrakedron, 1959, §, 210.

16 M. M. Kreevoy, T¢trahedron, 1959, 5, 233.

17 V. J. Shiner, Tetrahedron, 1959, 5, 243.

18 'W. M. Schubert, R. B. Murphy, and J. Robins, Tefrakedron,
1962, 17, 199.

19 1., M. Stock and J. Suzuki, Proc. Chem. Soc., 1962, 136;
J. Amer. Chem. Soc., 1965, 87, 3909.
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sigma-bonds between carbon and other elements, e.g.
silicon,22! germanium,?2! tin,22 boron,® mercury,®
arsenic, phosphorus,?® sulphur,?® fluorine,? and the
other halogens.? Some of these elements provide large
rate increases as compared with hydrogen, which empha-
sizes the need to reconsider carefully the probability and
effect of C—C hyperconjugation.

Since the original report by Baker and Nathan,
hundreds of papers have appeared relating to the concept
of hyperconjugation, with evidence coming from many
different areas of chemistry, not merely from kinetic
studies. Three pieces of experimental evidence stand
out as the most unambiguous. The first was provided
by Shiner, who showed that the rate of Syl solvolysis of
tertiary alkyl chlorides was affected by p-deuterium
atoms, but only if these could conjugate with the
carbocation.® The second demonstrated that carbon-
metal hyperconjugation is strongly dependent upon the
conformation of the carbon-metal sigma-bond, 7.e.
hyperconjugation electron release is maximal when the
sigma-bond and the adjacent $ orbital are coplanar, as
the theory demands. The third is the large difference in
6™ — o for the p-methyl substituent, which is considered
in more detail below.

Many other theories however were proposed to account
for the abnormal electron-releasing order of the alkyl
groups. The most relevant of these was that of Schu-
bert,3 who developed the idea that bulky groups hinder
ring solvation 3! and argued that this steric hindrance to
solvation of the charge developed and delocalized into the
aromatic ring in the transition state could produce the
Baker—Nathan order.3® However his arguments were in
part based on differences in activation energies and
entropies which were barely outside experimental error;
consequently this theory has not attracted the amount
of support that it might have done. Moreover, Shiner
suggested that hyperconjugation might equally well
be solvent-assisted and this would produce the solvent
dependence of the Baker-Nathan order.32 Also the
fact that in reactions retarded by electron supply the
alkyl groups slow the reaction in the Baker-Nathan
order, is difficult to reconcile with the concept of steric
hindrance to solvation,!® even though at least one of these
reactions reverts to the inductive order merely on chang-

%0 C. Eaborn and K. C. Pande, J. Chem. Soc., 1960, 1566;
M. A. Cook, C. Eaborn, and D. R. M. Walton, J. Organometallic
Chem., 1970, 24, 293.

2 C. G. Pitt, J. Organometallic Chem., 1970, 23, C35.

2 W. Hanstein, H. J. Berwin, and T. G. Traylor, J. Amsr.
Chem. Soc., 1970, 92, 7476.

23 W. Hanstein and T. G. Traylor, Tetrahedron Letters, 1967,
4457.

* H. Schmidt, A. Schweig, and A. Manuel, J. Organometallic
Chem., 1973, 55, Cl1.
62225 A. R. Lyons and M. C. R. Symons, J.C.S. Faraday 11, 1972,

2 'W. Schifer and A. Schweig, J.C.S. Chem. Comm., 1972, 824;
Tetrahedron Letters, 1972, 5205.

# F. de Sarlo, G. Grynkiewiez, A. Ricci, and J. H. Ridd, J.
Chem. Soc. (B), 1971, 719.

% H. Schmidt and A. Schweig, Angew. Chem. Internat. Edn.,
1973, 12, 307.

2 V. J. Shiner and J. S. Humphrey, J. Amer. Chem. Soc., 1960,
82, 2655; 1963, 85, 2416.
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ing the solvent. Some years ago one of us discovered,
with Eaborn, the first electrophilic aromatic substitution
(hydrogen exchange) in which the order of electron
release by the para-methyl and -t-butyl groups could
also be reversed merely by changing the solvent.3® We
concluded that both solvation effects and hypercon-
jugation combine to produce the Baker-Nathan order.3
In the event this prophesy has turned out to be correct,
though not in the way that we had intended.

In 1962, one of us showed that the gas-phase pyrolysis
of 1-arylethyl acetates (2) proceeded via formation of a

ArCH-CH; —> ArCH=CH, + HOAc

OAc
(2)

partial carbocation at the side chain «-carbon atom, and
thereby provided a gas-phase model for determining
electrophilic substituent effects3% In this study we
found the p-t-butyl group to be both more activating
than the p-methyl group, and also more activating than
required by its literature o* value.?® Analysis of the
relative effects of these two substituents in electrophilic
aromatic substitution showed that the tendency to give
the Baker-Nathan order was found in those reactions
carried out in the most polar media.?? (This correlation
was also noted subsequently by Katritzky and Topsom
and their co-workers.3¥) However, in view of the novelty
of the gas-phase technique, both with regard to elucid-
ation of the mechanism of ester pyrolysis and its applic-
ation as a model for electrophilic aromatic substitution,
and the lack of sophistication of the apparatus then
available, we did not feel justified in making major
generalizations based upon the small rate differences
obtained; our present data show that these preliminary
results were however qualitatively correct.

Our attention has however been refocused upon this
earlier work for a number of reasons. Measurements of
the ionisation potentials of alkyl free radicals,?® and of the
electron-releasing abilities (measured by ion cyclotron
resonance) of p-alkyl groups in protonated benzene®
and ab inmitio calculations of the stabilities of the ions

30 W. A. Sweeney and W. M. Schubert, J. Amer. Chem. Soc.,
1954, 78, 4625; W. M. Schubert and W. A. Sweeney, J. Ozg.
Chem., 1956, 21, 119; 'W. M. Schubert, J. Robins, and J. L. Haun,
J. Amer. Chem. Soc., 1957, 79, 910; W. M. Schubertand J. Robins,
ibid., 1958, 80, 559.

31 C. C. Price and D. C. Lincoln, J. Amer. Chem. Soc., 1951,
78, 5836.

32 V. J. Shiner, J. Amer. Chem. Soc., 1954, 78, 1603; V. J.
Shiner and C. J. Verbanic, ibid., 1957, 79, 373.

33 C. Eaborn and R. Taylor, J. Chem. Soc., 1961, 247.

5 “2 R. Baker, C. Eaborn, and J. A. Sperry, J. Chem. Soc., 1962,
382.

3% R. Taylor, G. G. Smith, and W. M. Wetzel, J. Amer. Chem.
Soc., 1962, 84, 4817.

2 H. C. Brown and Y. Okamoto, J. Amer. Chem. Soc., 1958, 80,
4979.

37 R. Taylor and G. G. Smith, Tetrahedron, 1963, 19, 937.

38 T. J. Broxton, L. W. Deady, A. R. Katritzky, A. Liu, and
R. D. Topsom, J. Amer. Chem. Soc., 1970, 92, 6845.

953" F. P. Lossing and G. P. Semeluk, Canad. J. Chem., 1970, 48,

5.

% W. J. Herre, R. T. Mclver, J. A. Pople, and P. von R.
Schleyer, J. Amer. Chem. Soc., 1974, 98, 7162.
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RCH,* 4! and RCO**2 have indicated that the conju-
gative electron-releasing ability of the t-butyl group is
greater than that of the methyl group. Ab imitio cal-
culations of gas-phase acidities and basicities indicate
that t-butyl is more electron-releasing than methyl*3
That this release is conjugative in origin is indicated by
the fact that this is the order of the effect of these groups
on ir. intensities under conditions of high electron
demand.® (Much earlier, Schubert ¢f al.1* showed that
the effect of alkyl substituents upon the energy of the
principal electronic transition of a range of compounds
in the gas phase was compatible with greater electron
release from t-butyl as compared with methyl. However
this view was not wholly convincing since it is difficult
to evaluate the validity of the extrapolation from
electronic transitions to effects upon chemical transitions.

J.C.S. Perkin II

analysis we have also measured the effect of the meta-t-
butyl substituent in the same reaction, and also in
protiodetritiation in trifluoroacetic acid at 70 °C.

RESULTS AND DISCUSSION

Rate coefficients for pyrolysis of the esters (each
measured over a 50 K range) are given in Table 1
together with the log k. values at 625 K; the derived
o* values are given in Table 2.

Rates (103%/sl) of protiodetritiation of t-butyl[m-
3H]benzene at 70 and 100 °C were 3.35 and 37.3,
respectively. The rates of exchange of benzene under
these conditions are 0.095 and 1.25, respectively,®
giving corresponding partial rate factors of 35.3 and
29.8. (The decrease in value with increasing temper-
ature arises from the Arrhenius effect.) Since the p

TaBLE 1
Pyrolysis of the compounds RC;H,*CHMe*OAc

R ¢/°C 103%[s™2 log Afs!
H 392.9 28.8 12.8
392.3 21.35
373.3 10.75
369.2 8.34
356.8 4.25
354.5 3.67
340.8 1.72
m-But 393.0 37.4 12.7
392.3 34.8
373.3 13.7
356.8 5.75
341.0 2.31
p-But 393.2 47.4 12.8
368.8 13.8
354.5 6.34
340.6 2.91
p-Cyclohexyl 392.3 44.2 12.5
373.3 17.5
356.8 7.48
341.0 3.09

The same difficulty was encountered in interpreting the
identical effects of the para-methyl and -t-butyl sub-
stituents upon the position of the charge-transfer band
of 1-methylpyridinium iodides in chloroform.#)

These reports lead one to the conclusion that the
standard solvolysis reaction used for measurement of
ot values is severely affected by steric hindrance to solvation,
since it gives the Baker-Nathan order for both para-
and meta-alkyl groups. This implies that the standard
values of o* for all bulky groups are seriously in error.
As a final requirement for solution of the origin of the
Baker-Nathan effect, it only remains to measure
quantitatively the effects of the bulky alkyl substituents in
a gas-phase reaction. In this paper we therefore report
an accurate determination of the ot values for the p-
cyclohexyl and p-t-butyl substituents in the gas-phase
pyrolysis of l-arylethyl acetates. To complete our

41 1.. Radom, J. A. Pople, and P. von R. Schleyer, J. Amer.
Chem. Soc., 1972, 94, 5935.

42 L. Radom, Austral. J. Chem., 1974, 27, 231.

43 1. Radom, Ausiral. J. Chem., 1975, 28, 1.

4 E. Kosower and J. A. Skorcz, J. Amer. Chem. Soc., 1960, 82,
2195.

E AS? log k/k, Correlation

kcal mol™* calmol? K™ (at 625 K) coefficient
44.1 —1.4 0 0.999 87
434 —1.8 0.120 0.999 90
43.4 —1.4 0.230 1.000 00
42.3 —3.0 0.240 0.999 97

factor for protiodetritiation in trifluoroacetic acid at
70 °C is —8.8,% ¢* (m-But) is —0.175 in this reaction.
The high partial rate factor confirms the high values
which one of us obtained in an earlier study using
aqueous mineral acids in trifluoroacetic acid as the
exchanging medium.3® At that time the possibility
existed that this value could have been produced through
dealkylation and transalkylation under the reaction
conditions. However, Bancroft subsequently showed
that, although these reactions do occur in these media,
they contribute an error of no more than 59, to the
observed partial rate factor.4? In the less acidic medium
used for the present study, the error in the rate coefficient
and hence the partial rate factor would be even less.
This is confirmed by the linearity, to 909, of reaction, of
the kinetic plots. To produce such linearity, dealkyl-
ation and rearrangement would either have to be very
fast (in which case the observed rate would be at least

45 H. V. Ansell and R. Taylor, J.C.S. Chem. Comm., 1973, 952.

46 R. Baker, C. Eaborn, and R. Taylor, J.C.S. Perkin 11, 1972,
97

@ K. C. C. Bancroft, Ph.D. Thesis, University of Leicester,
1962.
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ten-fold higher), insignificant, or exactly the same as that
of the exchange (which would produce no error in the
observed rate). It is noteworthy that similarly high
partial rate factors were obtained for molecular chlorin-
ation in trifluoroacetic acid (f,B® =33, o pput =
—0.165), and Himoe and Stock believed that this
reflected an enhanced activity coefficient for t-butyl-
benzene in trifluoroacetic acid; i.e. desolvation of the
ground state for t-butylbenzene produces enhanced
reactivity.48 Although this was a reasonable explana-
tion of their results, Stock and Himoe did not have
sufficient thermodynamic data for their explanation to
be unambiguous,*® and the data in Table 2 now show it
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obtained in the solvolysis must arise from steric hind-
rance to solvation of the transition state. On going to
reactions carried out in less polar media, so the ‘ induc-
tive’ order is more nearly obtained. Examples of this
in electrophilic substitution were noted by one of us
several years ago,®” and Schubert and Gurka have also
pointed to the fact that log f,B": log f,¢ for molecular
bromination increases from 1.006 to 1.044:1 as the
medium is changed from 73.3 to 100 wt 9, trifluoro-
acetic acid.’® In the gas-phase elimination this value is
1.26, the highest obtained in any reaction in which a positive
reaction centre can conjugate with the substituent.

(iiij Given that steric hindrance to solvation causes the

TABLE 2
Values of ¢* derived from various reactions
Substituent

Reaction Solvent " p-Me m-Me m-But p-But p-Ch*  mSiMe, p-SiMe, m-Ph
Solvolysis H,0-Me,CO t —0.311 —0.066 —0.059 —0.256 —0.285 0.010 0.020 0.109
Solvolysis H,;0-EtOH —0.077 —0.084 \ 0.056
Detritiation CF4CO;H —0.303 —0.090 —0.175 —0.312 —0.338 0.020
Pyrolysis None —0.290 —0.098 —0.190 —0.365 —0.380 —0.160 —0.090 0.0
6V s01.(aesC0) — O pyr. —0.021 0.032 0.131 0.109 0.095 0.170 0.110 0.109

* Cyclohexyl.

to be incorrect. This Table contains values of o*

derived for a number of bulky substituents in solvolysis
of aa-dimethylbenzyl chlorides,*50 detritiation in
trifluoroacetic acid,?%* and pyrolysis of l-arylethyl
acetates 3555 (including the present results).

Table 2 illustrates a number of important points.

(i) The high negative value of o%,.p.t derived from
detritiation is confirmed in the gas-phase elimination.
Desolvation of the ground state is not therefore the
cause of the high meta partial rate factors obtained in
electrophilic substitutions carried out in trifluoroacetic
acid. These values reflect the true electron-releasing
ability of the mefa-t-butyl substituent.

(ii) Whereas the o* values for the p-methyl substituent
are essentially constant under all three conditions, the
s* values for the other substituents show a regular and
large increase (¢.e. become more negative) with decrease
in solvating power of the medium. This increase is
smallest for meta-methyl, larger for the bulky para-
substituents and larger still for the bulky meta-sub-
stituents. We believe that this dependence of value
upon the medium derives from steric hindrance to
solvation, which is severe in the solvolysis reaction,
especially in the aqueous acetone medium chosen as the
standard for measurement of ¢* values. Trifluoroacetic
acid, being a poor solvating medium, gives data which
most closely parallel those obtained in the gas phase.
It logically follows that the Baker-Nathan order which is

“"2 A. Himoe and L. M. Stock, J. Amer. Chem. Soc., 1969, 91,
;4459 L. M. Stock and H. C. Brown, Adv. Phys. Org. Chem., 1963, 1,
5‘;" R. C. Hahn, T. F. Corbin, and H. Schechter, J. Amer. Chem.
Soc., 1968, 90, 3404.

51 R. Baker, C. Eaborn, and R. Taylor, J. Chem. Soc., 1961,
4927.

t Standard condition used for determining ot.

Baker—Nathan order, we should expect that the sub-
stituent which can best shield the carbon to which it is
attached would give the biggest difference in s* values
between the solvolysis and the gas-phase reaction. This
is the case, the difference being larger for p-t-butyl
(0.109) than for p-cyclohexyl (0.095). The p-trimethyl-
silyl substituent also gives a value of 0.11; although
silicon is larger than carbon, the methyl groups are
further removed from the ring than are those in t-butyl.

(iv) The fact that the mefa-substituents show large
differences in o* values between the solvolysis and gas-
phase reactions than do their para-counterparts, reflects,
we believe, steric hindrance to solvation being greatest for
meta-substituents. By contrast it has been widely
assumed that steric hindrance to solvation would be
greatest for para-substituents. Only Berliner and Chen
have suggested that this might not be the case, since in
the transition state for the solvolysis of a meta-sub-
stituted compound, (3)—(5), the positive charge is, in
one of the canonical forms (3), delocalized between two
bulky groups.5? However, if the group is bulky enough,
differences in its ability to hinder solvation at the ipso-
and ortho-carbon atoms may be very small. Con-
sequently hindrance to solvation of the charge in (4) and
(7) will be similar, and because of the remoteness of the
substituent this will be true also of (5) and (8). Thus the
difficulty in solvating (3) relative to (5) will cause steric

52 K. C. C. Bancroft, R. W. Bott, and C. Eaborn, J. Chem. Soc.
1964, 4806.

53 M. M. J. Le Guen and R. Taylor, J.C.S. Perkin II, 1976.

54 C. Eaborn and R. Taylor, J. Chem. Soc., 1961, 1012.

55 E. Glyde and R. Taylor, J.C.S. Perkin II, 1973, 1632.

56 'W. M. Schubert and D. F. Gurka, J. Amer. Chem. Soc., 1969,
91, 1443.

57 E. Berliner and M. M. Chen, J. Amer. Chem. Soc., 1958, 80,
343.
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hindrance to solvation to affect adversely meta- consider-
ably more than para-substituted compounds.

The extent to which this is important may be judged
by the fact that even mefa-methyl, normally regarded as
being of no steric consequence, shows a substantial
increase in o* value on going from solvolysis (aqueous
acetone) to gas-phase elimination (and even on going

t
BUG C/Me
\Me

But

(3) {4)

3 Me Me M
Ve
il e e s O e 0a O
\Me \Me + Me

(6) (7)

from solvolysis in aqueous acetone to solvolysis in
aqueous ethanol). By contrast the para-methyl sub-
stituent shows no such increase.* It should also be
noted that the much larger increase in the o,* value for
t-butyl between the solvolysis (aqueous acetone) and the
gas-phase elimination is also exactly paralleled on going
from solvolysis in aqueous acetone to solvolysis in
aqueous ethanol. (In fact this latter change causes the
Baker-Nathan order to go over to the inductive order.)
Likewise the m-phenyl substituent shows an exactly
parallel series of changes in its ¢* value.

It is clear then that the o* values determined from the
solvolysis for the phenyl, methyl, and t-butyl sub-
stituents are substantially in error as a measure of the
true electron-releasing abilities of the substituents.
Previously we showed that the m-CF, value was wrong,58
and we shall shortly present evidence to show that the
m-NO, value is wrong as well.

Our conclusion that the Baker-Nathan order is a
solvation effect is reinforced by recent measurements of
the heats of solution of alkylbenzenes in superacids.5?
The strong protonation of the aromatic compound
requires a close approach of the bulky acid anion to the
ring in order to solvate the positive charge. Con-
sequently hindrance is high, resulting in the highest
Baker-Nathan order on record.

Carbon-Carbon Hyperconjugation.—It must follow
from the Baker—Nathan order being a solvation effect,
and the But > Me order of electron release being
obtained under conditions of high electron demand, that
carbon-carbon hyperconjugation must be greafer than
carbon-hydrogen hyperconjugation. Two other sets
of data point to the same conclusion. First, if the
variation in the p-t-butyl activation order was due to the
greater importance of C-H than of C-C hyperconju-
gation, then the variation in the o* values derived from a

* In fact it shows a small decrease, which probably reflects small
errors in calculating the p factors for the reactions. If these were
corrected so as to make the p-methyl values constant then the
increases in the other ot values would be even greater than shown.

J.C.S. Perkin II

range of reactions should be greater for methyl than for
t-butyl. In fact the data in Table 3 show that the t-
butyl group exhibits twice the variation in ¢* shown by
methyl. While this does not confirm that C-C is greater
than C-H hyperconjugation, it proves that the Baker—
Nathan effect cannot be due to the converse. Un-
ambiguous support for our hypothesis does however

But
. C/Me C/Me
\Me * \Me

{5)

e

(8}

come from consideration of the differences o,* — o,
which accurately represent the conjugative electron-
releasing power of a substituent. It might be argued
that the Taft o, values1® have been determined in
solution and may not therefore, in view of the evidence

TasLE 3
Values of o* derived from various reactions @

Reaction ot pMe ot p.But
Solvolysis of ax-dimethylbenzyl chlorides —0.311 —0.256
Protiodesilylation —0.288 —0.259
Protiodegermylation —0.294 —0.272
Bromodesilylation —0.273 —0.236
Mercuration —0.340 —0.309
Positive bromination —0.286 —0.256
Hydrogen exchange (CF;:CO,H) —0.303 —0.312
Hydrogen exchange (HOAc-H,SO,) —0.320 —0.300
Molecular bromination (H,O0-HOAC) —0.280 —0.240
Molecular chlorination {(HOACc) —0.291 —0.260
Acetylation —0.316 —0.310
Pyrolysis (aryl acetates) —0.290 —0.365
Overall variation 0.060 0.129

¢ Calculated from data given by R. O. C. Norman and R.
Taylor in ‘ Electrophilic Substitutionin Benzenoid Compounds,’
Elsevier, 1965.

in this paper, reflect the true inductive effects of the
substituents in question. However it has recently been
shown that the ionization potentials of alkyl and hydro-
gen halides show an excellent linear dependence on
o; values % (correlation coefficient 0.998), so that we
may use the o; values with confidence. The values are
—0.046 (Me) and —0.074¢ (But) so that the o,* — o
values are —0.244 (Me) and —0.29 (But). Not only
do these values confirm the greater importance of C-C
over C-H hyperconjugation, they also firmly dispose of
the notion that hyperconjugation is unimportant. It is
clear that over 809, of the electron-releasing ability of
alkyl groups is conjugative in origin, so that the inductive
component is relatively unimportant.

58 R. Taylor, J. Chem. Soc. (B), 1971, 622.

5 E. M. Arnett and J. W. Larsen, J. Amer. Chem. Soc., 1969,
91, 1438; E. M. Arnett and J. M. Abboud, ibid., 1975, 97, 3865.

60 1., S. Levitt and B. W. Levitt, Tetrahedron, 1973, 29, 941.
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The above conclusions are also indicated by the work
of Jensen and Smart, who measured rates of benzoylation
of the isomeric phenylnorbornanes in which the 1-phenyl
isomer was much more reactive than the others (7-,
endo-2-, and exo0-2-). Since each of the substituents is
very large, they argued that differential solvation effects
arising from steric hindrance would be unimportant.®
The bicyclic substituents were all more electron-supply-
ing than methyl (as indeed are the monocyclic ring
substituents in detritiation),’® and the l-norbornyl
substituent is sterically best able to supply electrons by
C-C hyperconjugation. Jensen and Smart suggest
therefore that in these molecules containing strained
rings, C—C is at least as important as C-H hypercon-
jugation. It is now clear however that this is generally
true and is not limited to molecules in which steric
assistance is provided.

In concluding this part of our discussion we note that
Baker and Nathan proposed the concept of hyper-
conjugation for which there is overwhelming evidence
from diverse areas of chemistry. Yet paradoxically,
they proposed this concept for the wrong reason. Their
result was clearly due to steric hindrance to solvation,
and furthermore C-C is greater than C-H hypercon-
jugation, whereas they believed the former to be insig-
nificant.

The Question of Sigma-bond Participation in the 2-
Norbornyl Group.—With but few exceptions (e.g. ref.
62), high exo:endo rate ratios have been obtained in
solvolysis of 2-norbornyl derivatives and related com-
pounds, and this has been attributed to sigma-bond
participation in the transition state for reaction of the
exo-isomer,% or to steric hindrance to solvolysis of the
endo-isomer.% The differential abilities of the p-endo-
and p-exo-2-norbornyl substituents to supply electrons
is therefore of crucial interest in this connection, since
the steric explanation does not apply here. In the
benzoylation described above, Jensen and Smart
obtained o* values of —0.357 (p-exo) and —0.336 (p-
endo),®! thereby indicating that the exo-isomer is indeed
more electron-supplying. However, Brown e¢f 4.8 have
suggested that the results might be affected by the large
steric requirement of benzoylation, and a better indic-
ation of the effects of the substituents would be provided
from solvolysis of the appropriate «x-dimethylbenzyl
chlorides, since this latter ‘ appears to be remarkably free
of complications” Not only do our results show this to
be incorrect, but the * values obtained in the solvolysis,
viz. —0.309 (p-exo) and —0.295 (p-endo) further confirm
it. The pattern we have noted is followed precisely
here, the solvolysis (which was carried out in aqueous
acetone) giving much lower values. The relative effects
of the p-Me and p-t-But substituents have not been

81 F. R. Jensen and B. E. Smart, J. Amer. Chem. Soc., 1969, 91,
5686, 5688.

82 1. Rothberg and R. L. Gainick, J.C.S. Perkin II, 1974, 457.

8 S. Winstein and D. Trifan, J. Amer. Chem. Soc., 1952, 74,
1147, 1154.

8¢ H. C. Brown, in ‘ The Transition State,” Chem. Soc. Special
Publ. No. 16, 1962, p. 140.
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measured in benzoylation, but acetylation in the same
medium (dichloroethylene) gives a slight Baker-Nathan
order (Table 3), so steric hindrance to solvation is
evidently quite important in this solvent. Consequently
the o* values determined for the 2-norbornyl substituent
even in benzoylation are likely to be considerably less
than would be obtained.in hydrogen exchange or the
gas-phase elimination. Furthermore, Brown’s con-
clusion that the difference in the exo- and endo-o* values
is not significant, is obviously invalid without further
data being obtained under poorly solvating conditions.
Certainly the trend (above) in the o+ values, albeit small,
suggests that, under poorly solvating conditions, the
exo-substituent will be appreciably more electron-
supplying than the endo substituent.

One other experiment points to the importance of
steric hindrance to solvation in the solvolysis reaction.
Topsom and his co-workers found that the ¢,* values for
the adamantan-1-yl and bicyclo[2.2.2]octan-1-yl sub-
stituents were in each case very similar to the o, values.
They suggest that the apparent lack of conjugative effect
is also due to steric hindrance to solvation in the presence
of these bulky groups. Although it could be argued that
since C-H hyperconjugation is precluded here this is the
expected result, under non-solvating conditions these
substituents are apparently strongly electron-supplying,
and C-C hyperconjugation must be solely responsible for
this.

Baker—Nathan Ovders in Reactions with Electron-rich
Transition States.—As noted in the introduction, one of
the principal objections to explanation of steric hind-
rance to solvation was the observation of these orders in
reactions with electron-rich transition states. Though it
is possible to explain the results in terms of differential
solvation effects in the ground state, a more probable
explanation lies in the greater polarisability of large
alkyl groups than of small ones, such that the larger
groups may accept electrons more easily than small
ones.*3%7 The superimposition of steric hindrance to
solvation upon a basic But > Me stabilising order could
then produce either Baker—Nathan or inductive de-
activation orders, z.e. p-methyl compounds will be least
reactive under poorly solvating conditions, and p-t-butyl
compounds will be least reactive under good solvating
conditions.

EXPERIMENTAL

t-Butyl[3-*H)benzene—The sample used was that pre-
pared for an earlier investigation.33

1-(4-Cyclohexylphenyl)ethyl —Acetate.—4-Cyclohexylphenyl
methyl ketone. The literature method,®® modified in that

85 H. C. Brown, B. G. Gnedin, K. Takeuchi, and E. W. Peters,
J. Amevr. Chem. Soc., 1975, 97, 610.

8¢ T, J. Broxton, G. Capper, L. W. Deady, A. Lenko, and R. D.
Topsom, J.C.S. Perkin II, 1972, 1237.

87 1. 1. Brauman and L. K. Blair, J. Amer. Chem. Soc., 1971, 98,
3911.

8 H. A. Mayes and E. E. Turner, J. Chem. Soc., 1929, 500.
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dichloroethane was used as a solvent, gave pure 4-cyclo-
hexylphenyl methyl ketone (349%,), b.p. 240° at 60 mmHg,
m.p. 69° (lit.,% 68—69°).

1-(4-Cyclohexylphenyl)ethanol. Reduction of the above
ketone (5 g, 0.025 mol) with sodium borohydride gave a
quantitative yield of the alcohol, m.p. 79° (from light
petroleum). The n.m.r. spectrum [¢(CCl,) 2.95 (4 H, m,
ArH), 5.39 (q, J 6.5 Hz, CH), 7.27 (s, OH), 7.58 (m, CH),
8.40 (m, CH,), and 8.71 (d, J 6.5 Hz, CH,)] gave the correct
integration for the required compound. However, g.l.c.
analysis showed more than one peak (with decomposition
geometry), which arises from the ease with which this alcohol
dehydrates.®® It is reported that attempts to prepare this
alcohol from the bromo-precursor and acetaldehyde via a
Grignard reagent gave only the corresponding alkene.” We
initially attempted to make the alcohol in the same way and
with the same result, though the reason for this was traced
in our case to overheating during fractional distillation of the
product. Evidently the alcohol is particularly sensitive to
surface-catalysed elimination, which, coupled with its
relatively high b.p. for a secondary alcohol, requires the
avoidance of high temperatures during work-up.

Acetylation of the alcohol with acetic anhydride-pyridine
gave 1-(4-cyclohexyphenyl)ethyl acetate (709, based on the
ketone), b.p. 120° at 0.5 mmHg, #,% 1.514 5 (Found: C,
78.0; H, 9.0. C,;gH,,0, requires C, 78.0; H, 9.0%),
7(CCl,) 2.87 (4 H, m, ArH), 4.20 (q, J 6.5 Hz, CH), 7.58
(m, CH), 8.13 (s, CO-CH,), 8.42 (m, CH,), and 8.57 (d, J
6.5 Hz, CH,).

1-(4-t-Butylphenyl)ethyl Acetate—The Grignard reagent
prepared from l-bromo-4-t-butylbenzene (10.7 g, 0.05 mol)
was treated with an excess of acetaldehyde to give, after
normal work-up and fractional distillation, 1-(4-t-butyl-
phenyl)ethanol (4.3 g, 499), b.p. 96° at 1.4 mmHg. This
alcohol (2.0 g, 0.011 mol) was acetylated with pyridine~
acetic anhydride to give, after normal work-up and frac-
tional distillation, 1-(4-t-butylphenyl)ethyl acetate (1.9 g
72%), b.p. 106° at 2 mmHg (lit.,3 96° at 2.0 mmHg), »,*
1.493 3, 7(CCl,) 2.78 (4 H, s, ArH), 4.23 (q, J 6.5 Hz, CH),
8.08 (s, CO-CH,), 8.56 (s, J 6.5 Hz, CH,), and 8.72 (s, Bu?).

1-(3-t-Butylphenyl)ethyl Acetate.—The preparation of this
compound proved exceptionally difficult; this we attribute
to the steric effect of the t-butyl group. The first attempted
preparation was from m-t-butyltoluene, prepared by reflux-
ing the Grignard reagent from m-bromotoluene with t-butyl
bromide. Curiously the product here was accompanied by
t-butylbenzene, which suggests that the MgBr substituent
promotes alkyl-dealkylation. Oxidation of m-t-butyl-
toluene gave a poor yield of m-t-butylbenzoic acid, in
contrast to the literature claim.”? The reason appeared to
be the heterogeneous nature of the reaction mixture, arising
from the presence of the bulky t-butyl group on the aromatic
ring; very efficient stirring is evidently necessary. Esteri-
fication of the m-t-butylbenzoic acid obtained gave the
required ethyl m-t-butylbenzoate, but an attempt to
convert this into m-t-butylacetophenone wia a Claisen
condensation failed completely, even after refluxing for
100 h with ethyl acetate. This is significant for we have
been able to obtain satisfactory yields of ketone even at the

% D. T. Mowry and R. B. Seymour, U.S.P. 2,572,572 (Chem.
Abs., 1952, 46, 1300f).

70 C. S. Marvel, R. E. Allen, and C. G. Overberger, J. Amer.
Chem. Soc., 1946, 68, 1088.

1 K. T. Serijan, H. F. Hipsher, and L. C. Gibbons, J. Amer.
Chem. Soc., 1949, 71, 873.

J.C.S. Perkin 11

peri-positions of quinoline and isoquinoline »?2 by this
method; the m-t-butyl group appears to be able to exert a
large long-range steric effect.

A second attempt to obtain the required product utilized
1-chloro-3-t-butylbenzene (prepared from the reaction of t-
butyl bromide with the Grignard reagent from 1-bromo-3-
chlorobenzene). However, we were unable to bring about
the reaction of this with magnesium, or even with n-butyl-
lithium.

1-Bromo-3-t-butylbenzene was prepared by the method
given by Brown and Okamoto,” and was shown by g.l.c.
analysis to be entirely free of the ortho- and para-isomers.
The Grignard reagent prepared from this compound
(tetrahydrofuran as solvent) gave on treatment with acet-
aldehyde and acetylation of the crude alcohol product, the
expected ester, together with some of the para-isomer,
identified by g.l.c. comparison with the authentic sample
described above. This is believed to arise from migration
of the t-butyl group catalysed by the Lewis acid (MgBr,)
produced under the Grignard conditions and aided
both by the high temperature of reflux of tetrahydrofuran,
and the steric interaction of the secondary and tertiary alkyl
groups.

The Grignard reagent prepared from 1-bromo-3-t-
butylbenzene (8 g, 0.038 mol) in diethyl ether was treated
with acetaldehyde and the crude alcohol acetylated directly
to give, after fractional distillation, 1-(3-t-butylphenyl)-
ethyl acetate (3 g, 36%), b.p. 70° at 1.3 mmHg, 7,2 1.490 4,
1(CCl,) 2.82 (4 H, m, ArH), 4.21 (q, J 6.5 Hz, CH), 8.02
(s, CO-CHjy), 8.51 (d, J 6.1 Hz, CH,), and 8.67 [s, C(CH,),].
This compound was shown by g.l.c. and n.m.r. analysis to be
entirely free of the para-isomer.

Kinetic Studies—Protiodetritiation of t-butyl{m-3H]-
benzene was carried out as previously described.”? This
compound gave excellent first-order kinetic plots with
linearity beyond 859, of reaction. Bancroft 47 showed that
under more strongly acidic conditions, migration of the t-
butyl group can occur, but that this would produce not more
than 59%, error in the derived rate coefficient and partial
rate factor. Under our more weakly acidic conditions the
error in the rate coefficient would be rather less than 59, so
that it is unnecessary to make any correction to the derived
partial rate factor.

Rates of gas-phase elimination of acetic acid from the 1-
arylethyl acetates were measured by using the static
stainless-steel reactor method previously described.”® The
usual criteria for the absence of surface reactions were
applied. This ester gave kinetic plots which were first-order
to beyond 95%, of reaction. Rates could be duplicated to
better than +1.5%, and no significant deviation of indivi-
dual rate coefficients from the Arrhenius plots were found
(this is indicated by the correlation coefficients in Table 1).
The absence of surface reactions was also shown by the
fact that entropies of activation are essentially constant and
within the range —1.8 4- 1.2 cal mol! K1, which applies to
ca. 70 l-arylethyl acetates. (An error of 41.5% in rate
coefficients determined over a 50 K range produces +1.0 cal
mol™ K™ error.) Product analysis showed only the pre-
sence of acetic acid and the expected styrene; in the case
of the m-t-butyl ester the product was also shown by g.l.c.

72 R. Taylor, J. Chem. Soc. (B), 1971, 2382.

3 H. C. Brown, J. D. Brady, M. Grayson, and W. H. Bonner,
J. Amev. Chem. Soc., 1957, 79, 1897.

74 1. M. Blatchly and R. Taylor, J. Chem. Soc., 1964, 4641.

75 R. Taylor, J. Chem. Soc. (B), 1968, 1397
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to be free of any p-t-butylstyrene, i.e. no rearrangement rate of elimination would have to be the same as that of the
occurred during the pyrolysis. This was also evident from  para-isomer, which was not the case.

the linearity of the kinetic plots; such linearity could only )

be obtained if rearrangement was very fast as compared We thank the S.R.C. for a studentship (to E. G.).

with the rate of elimination, but in this case the observed [6/1341 Received, 9th July, 1976]




