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EVALUATION OF RESONANCE EFFECTS ON REACTIVITY
BY APPLICATION OF THE LINEAR INDUCTIVE ENERGY
RELATIONSHIP-IV

HYPERCONJUGATION EFFECTS OF PARA-ALKYL GROUPS*

ROBERT W. TaFT, JR. and IrwIN C. LEwis

College of Chemistry and Physics, Pennsylvania State University

Abstract—The o® (or o7) scale of inductive effects and the lincar inductive encrgy relationship.
inductive effect — o® p® (or o7py), enables an empirical but quantitative estimation of inductive effects
on reaction rates and equilibria. In the present paper the inductive effects of para-alkyl groups
(Me, Et, Pr, Bu') in diverse reactivities of benzenc derivatives are cvaluated in this manner by using
the inductive reaction constants, p;, obtained in previous work with groups such as NO,, CN, OCH,
and halogens.

The observed cffects of the para-alkyl groups, i.e., log (k'ke) values, upon correction for the
inductive effects (equation (1)) give results (called R values) which are in accord with resonance theory.
The Baker-Nathan order is obtained and the Berliner and the Bartlett theories of C—C hyperconjuga-
tion effects are confirmed. In most instances the R values follow satisfactorily Brown's empirical
additive relationship (3): R -- nuhn -+ nche, where nu and ne are the number of ¢ -C-H and oa--C-C
bonds, respectively, in the alkyl group, and Au and A are the corresponding hyperconjugation
constants. The ratio Au Ac is found equal to 1-3 - 0-1, totally independent (within these limits) of
clectron demand (p; values range from - 12 to 1 6). solvent, temperature and nature of the reaction
process (rate or equilibrium). An independent method (equation (2)) of obtaining R values provides
evidence of second-order solvation effects of alkyl groups in certain reactions.

The effects of alkyl groups on the transition energies of the O-O bands of the gaseous benzene
ultraviolet spectra follow equation (3), providing independent evidence corroborating the above
interpretation of R values.

The unequivocal evidence for C C hyperconjugation in the aromatic reactivities has lead to a
re-cxamination of the aliphatic scries rcactivities correlated previously by Kreevoy and Taft in terms
of inductive and C-H hyperconjugation paramcters. The R values obtained follow equation (3) with
improved precision. However, Ay hc - 2'5. in accord with the earlier conclusion that C-H hyper-
conjugation effects in these aliphatic series reactions are appreciably larger than C-C hyperconjugation
effects.

EXTENSIVE cvidence has been obtained for the concept of an approximately fixed
quantitative order of inductive cffects of substituent groups on reaction rates and
cquilibria.}. ¥ 2. 4. & Quantitative correlations of inductive effects by the relationship:
inductive effect = o*p®, have been made which are widely independent of reaction

* This work was supported in part by the Office of Naval Rescarch, Project NR05S-38. Repro-
duction in whole or in part is permitted for any purpose of the United States Government.

' (5. E. K. Branch and M. Calvin, The Theory of Organic Chemistry pp. 193-200. Prentice-Hall,
New York (1941).

2 S. Winstein and E. Grunwald, J. Amer. Chem. Soc. 70, 828 (1948).

3R. W. Taft, Jr., J. Amer. Chem. Soc. 74, 3120 (1952); Ibid. 78, 4231 (1953).

4 R. W. Taft, Jr., Steric Effects in Organic Chemistry (Ed. M. S. Newman) Chap. 13. Wiley.
New York (1956).

S R. W, Taft, Jr. and 1. C. Lewis, J. Amer. Chem. Soc. 80, 2436 (1958).
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Evaluation of resonance effects on reactivity 21

type.® ¢ ¢ Reaction series following this relationship and values of the reaction con-
stant, p®*, are given in reference 4 (additional reactions subsequently reported may be
found in references 7, 14, 15, 16, 17, 19 and 22). These correlations have been termed
linear inductive (or polar) energy relationships.* The inductive substituent constants,
o®, for R groups have been obtained by the method of Ingold® and of Taft® from rates
of normal saponification and acid-catalyzed hydrolysis of esters, RCO,C4H,, and
from the ionization constants® ¢ for carboxylic acids, RCO,H (wherein R -= XCH,).
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FiG. 1. Rates of sodium methoxide-catalyzed methanolysis of /-menthy! esters, R CO,C,,
H,,. in methanol at 30°. N

Only when steric, resonance and other effects are very small (or negligible) in
comparison to inductive effects do rates or equilibria for a reaction series follow the
cquation®. ¢: log (k/k,) - o*p*. In favorable cases, however, rates or equilibria which
are complicated by steric effects may be corrected for these effects, and linear inductive
energy relationships result. Figs. 1 and 2, taken from the work of Pavelich and Taft?,
provide an illustration of such a result.

Fig. 1 gives values of log (k/k,) plotted vs. o* for the sodium methoxide catalyzed
rates of methanolysis of a series of /-menthy! esters, RCO,C,,H,, (k, is the rate con-
stant for the acctate cster). No direct relationship with o® values exists. In Fig. 2 the
values of log (k/k,) arc corrected for steric effects, and, in contrast, a relatively precise
¢ C. K. Ingold, J. Chem. Soc. 1032 (1930).

" W.A.Pavelichand R, W. Taft, Jr.. J. Amer. Chem. Soc. 19, 4935 (1957, R.W. Taft, Jr. Abstracts
Fifteenth National Organic Chemistry Symposium p. 53. Rochester, New York (Junc 1957).



212 R. W, Tarr, Jr. and 1. C. Lewis

correlation with o* values is obtained. The steric effect corrections are obtained by
assuming a linear (steric energy) relationship* ® between steric effects in the methano-
lysis rates and those in the rates of hydrolysis of corresponding esters.

A similar situation is found for rates or equilibria complicated by resonance effects.4
An illustration is taken from the work of Taft and Lewis on application of the linear
inductive energy relationship to the reactivities of meza- and para-substituted benzene
derivatives.® In treating such reactivities it has proven convenient to “‘normalize”

80— — — — - $
l ,'
Mop—— — ——] | / !
I OucN )
‘3d— — e —— CICN‘ .J{_‘
logix /&g i
-1 30€Es
e T T "‘l Chzoces
2
t
A

@' +270r07
ne 010

|

*l 0 *20
INDUCTIVE SUBSTITUENT CONSTANT O °*

Fii:. 2. Linear inductive energy rclationship for rates of methanolysis of -menthyl esters,
. R COCl,Hy,.

a* values so they are quantitative measures of the inductive contribution of Hammett’s
o values.® It has been found that 0-450*xcr, gives the desired inductive constant for
a meta of para substituent X relative to a hydrogen atom.¢ The inductive constants so
obtained are given the symbol, 0;.1° Fig. 3 shows the wide scatter of points obtained
in a plot of log (K/K,) for the ionization of meta- and para-substituted benzoic acids
in water at 25° vs. the inductive substituent constants, ¢;. This result is typical of the
reactivities of mera- and para-substituted benzene derivatives in general.® Fig. 4
demonstrates the linear inductive energy relationship (inductive effect : o7ps) which
results upon corrccting the log (X/K,) values for resonance cffects. This too is a
"R. W. Taft, Jr., J. Amer. Chem. Soc. 78, 4538 (1953).

* {.. P. Hammett, Physical Organic Chemistry p. 404. McGraw-Hill, New York (1940); references

10 earlier work are given in this book.
R W, Taft, Jr.. J. Amer. Chem. Soc. 79, 1045 (1957).
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result typical of all types of aromatic reactivities involving uncharged meta- and para-
substituents. The method used by Taft and Lewis to separate inductive and resonance
effects of meta- and para-substituted derivatives of benzene is discussed at length in
the later sections of this paper.
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FiG. 3. lonization of meta- and para-substituted benzoic acids in water at 25,

A potentially valuable usc which can be made of the lincar inductive cnergy
relationship is the approximately quantitative evaluation of the other effects (resonance.
steric, etc.) of molecular structure on reactivity. This cvaluation is obtained as the
difference betwecn the mcasured substitucnt effect and the calculated inductive
effect.$: 1 That is, log (k/k,) - o*p* -~ total effects other than inductive. In this way
less ambiguous (perhaps in favorable cases unambiguous) studies of the other effects
of molecular structure on reactivity arc permitted via analysis of the relationship of
these variables to structure. Interpretations reached on this basis may be further
corroborated by additional generalized structure-reactivity relationships and by

'1 G. E. K. Branch and M. Calvin, The Theory of Organic Chemistry pp. 203-245.  Prentice-Hall,
New York (1951).
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correlations with theoretical calculations.'*: '3 In this manner, studies of a quanti-
tative nature have been made of intramolecular steric effects,®: 7 ¥ resonance ef-
fects: 8 15 18 and resonance cnergies,'? anchimeric assistance,'’- 18. 1% the determina-
tion of fractional steric inhibition of resonance.?- 2! and hydrogen bonding and steric
cffects on solvation.??

A major difficulty in the study of hyperconjugation effects* on reaction rates and
equilibria has been the relatively small magnitude of effects which might be attributed
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Fic. 4. Lincar inductive energy relationship for the ionization of meta- and para-substituted
benzoic acids.

to this cause and the attending uncertainty of their contribution to the measured re-
activity relative to that of other effects, such as the inductive effect. As a result no
body of characteristic observations of great gencrality has been forthcoming and the
existence of direct hyperconjugation effects on reactivity has remained open to
question.®

* The term hyperconjugation effect is used throughout the present paper in the general sense of
denoting an cffect on reactivity which results from a change during the reaction process in the total
potential energy of resonance interaction between an alkyvl group and an adjacent atom with an open
(unsaturated) stable orbital-—f. further comments in the discussion section. The term hyperconjuga-
tion is not used as a connotation to distinguish between cither of the two models which have been
proposed to account for alkyl resonance interactions. Cf. references 13 and 61.

'* M. M. Kreevoy and R. W. Taft, Jr., J. Amer. Chem. Soc. 79, 4016 (1957).

12 M. M. Kreevoy and H. Eyring. J. Amer. Chem. Soc. 79, 5121 (1957).

14 S S, Biechler and R. W. Taft, Jr., J. Amer. Chem. Soc. 79, 4927 (1957).

'* M. M. Kreevoy and R. W. Taft, Jr., J. Amer. Chem. Soc. T7, 5590 (1955).

¥ R.W. Taft, Jr. and M. M. Kreevoy, J. Amer. Chem. Soc. 79, 4011 (1957).

17 AL Streitwicser, Jr., J. Amer. Chem. Soc. 18, 4935 (1956); Chem. Rev. 56, 571 (1956).
'8 3. S. Noyce and B. R. Thomas, J. Amer. Chem. Soc. 19, 755 (1957).

1% S, Winstein, E. Alfred, R. Jeck and R. Glick, J. Amer. Chem. Soc. in preparation.
0B M. Wepster, Rec. Trav. Chim. Pays-Bas 76, 335, 357 (1957).

1 R. W, Taft, Jr. and H. D. Evans, J. Chem. Phys. 27, 1427 (1957).

B H. K. Hall, Jr., J. Amer. Chem. Soc. 19, 5441, 5444 (1957).

B Cf., for example, W. A. Sweency and W. M. Schubert, J. Amer. Chem. Soc. 76, 4265 (1954).
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The application of the linear inductive energy relationship to the quantitative
estimation of the inductive contribution to widely diverse effects of alkyl groups on a
variety of reactivities (in which hyperconjugation cffects are expected in principle)
leads to results which may be accounted for in terms of direct hyperconjugation cffects.
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Fri. 5. Relationship between diethyl acetal and ketal, R;RyC(OCH, ). hydrolysis rates
and sum of polar substituent constants, o*, for R, and R,.

Values of log (k/k,)  a®p® (or a1p;) arc related to alkyl structure in an approximately
additive manner. Quantitative evidence is thereby provided that the measured re-
activity effects are approximately the sum of inductive and hyperconjugation effects.
The need to invoke more complex interpretations is frequently (but not always)
lacking.

The method was first applied by Kreevoy and Taft!® to the study of the cflect of
structure on the acid-catalyzed rates of hydrolysis of diethyl acctals and kectals,
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R,R,C(OC;H,;),, in 50 per cent aqueous dioxan at 25° with substituents of widely
varying polar and steric requirements. A plot (Fig. 5) of log (k/k,) vs. the sum of o*
values of the substituents R, and R, leads to essentially parallel lines (slope  p*

3:60) dcfined by the points for three classes: mono-substituted acetals, mono-
substituted ketals (except methyl rert.-butyl and methyl neopentyl ketals—cf. later
discussion) and «B-unsaturated acetals (with increasing intercepts in the order given).
The conclusion was drawn that within each class, inductive electron release deter-
mines the increase in rate with variation of structure. The order of the increasing
intercepts indicates that resonance stabilization of the oxo-carbonium ion-like
transition state also contributes to incrcase the reaction rates. The rate constants
for twenty acetals and kctals of unconjugated aldehydes or ketones (with the two
exceptions indicated above) covering a sprcad of ncarly eight powers of ten were
fitted relatively satisfactorily by the equation:

log (kjkg) — (Za®*X --3-60) — (0-54}nu 6)

wherein k, refers to acetonal and ny to the total number of z-hydrogen atoms in R,
and R,. The constant 0-54 was attributed to the average stabilization of the reaction
transition (in log units of rate) produced by an xz-hydrogen atom Equations of
this form were also found applicable to the correlation of the effects of unconjugated
substituents on the gas-phase cnthalpies of hydrogenation of mono- and trans-
disubstituted ethylenes, and on the free energics of hydrogenation of carbonyl com-
pounds, R,R,C O, in toluenc solution.’* Steric effects are consequently implied to
be nearly constant in cach of these three reaction serics.

In the present paper the results of the application of the lincar inductive energy
relationship to para(and meta)-alkyl groups in the reactivities of benzene derivatives
are presented and considered in detail. These results, which are a part of the general
cvaluation of the resonance effects of para substituents by the method of Taft and
Lewis.* provide evidence of both C-H and C-C hyperconjugation effects, and an
approximately quantitative additive relationship of each to structure. A basis is also
provided for modification of the carlier correlations of hyperconjugation effects in
the aliphatic series.

PROCEDURE

The procedure of Taft and Lewis® is based upon the demonstration by Hammett and
others® that the reactivitics of meta- and para-substituted derivatives of benzene as a
class are characterized as rarely if ever involving variable steric effects at the reaction
center. The model equation used is: log (k?/k,) - inductive effect plus resonance
cffect. The further assumptions made are that (1) for unchanged substituents the
inductive cffect for all practical purposcs is equivalent in the meta and para positions*

® Paper V, forthcoming J. Amer. Chem. Soc. This paper should be consulted for a discussion of
the sensc in in which the separation of log (k ko) values to / and R parameters is proposed. 1t is of
particular importance to the present discussion to note that R values represent the total effect on
reactivity other than that due to inductive delocalization of charge through the ¢ and = bonds (and
space) between the alkyl group and the benzene ring (including any inductive cffects arising as a
consequence of the mesomeric inter-action). R values represent the total of the effects distinguished
as r:sonance effect and resonance polar effect in ref. 4.

+ For supporting cvidence, cf. refs. 4 and 10 and J. DD. Roberts, R. A. Clement and J. J. Drysdale,
J. Amer. Chem. Soc. 73,2182 (1951), and J. D. Roberts and W. T. Moreland, Jr., /bid. 78, 2167 (1953).
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while the resonance effect is reduced by a constant factor x in the meta compared to
the para position. That is:

log (k?/ky) =- I + R
log (k™/ky) = I + aR,

where / is the inductive effect (called the / value) and R is the resonance effect (called
the R value) from the para position.
Combining these cquations to climinate R:

1= [ ;] ttor Gemikg - = t0g ko

Using for the resonance effect fall-off factor, «, a value of 1/3 for those substituents
which from the para position are conjugated only with the benzene ring and a value
of 1/10 for thosc para substituents which undergo a change in conjugation with the
first atom of the side-chain reaction center during the reaction process, / values have
been obtained which follow the linear inductive energy relationship, I == oypy, for a
wide variety of rcaction types (Fig. 4 is an example). Included are reactivitics which
demand for correlation by the Hammett equation all of the proposed multiplicitics
of sigma values® 10. 2. 2 (5 o-, o7), as well as some reactivitics which do not satis-
factorily fall into any of these schemes.®

The method lecads to two independent (but equivalent, according to the model)
means by which the resonance cffects may be evaluated. First:

R =~ log (k*lkg) — o1pr nH
and second:

1

To obtain the R value by equation (1) requires the knowledge of the rate or
equilibrium constant for the para substituent relative to the unsubstituted derivative
and the value® of the inductive reaction constant, p;, based upon the inductive effects
of substituents such as NO,, CN, OCH,. halogen, and others.® By equation (2),
onc must have the rate or ¢quilibrium constant for the substituent in both the mera
and para positions (the inductive effect is assumed to cancel in the ratio, k®/k™),
and the appropriate value of the resonance fall-off factor, z (cf. footnotes m, n and o
of Table 2).

RESULTS AND DISCUSSION

R values for alkyl groups are potentially quantitative measures of the total hypar-
conjugation effects on rates and cquilibria. This assignment can be substantiated by
the demonstration of appropriate qualitative and quantitative relationships of R
values to alkyl structure. For example, we may anticipate that these values will be

i ’!:or reactions which follow the Hammett equation, py values are the same as Hammett p values—
of. ref. S.

¥ H. H. Jaffe, Chem. Rev. 83, 253 (1953).
3 H. C. Brown and Y. Okamoto, J. Amer. Chem. Soc. 79, 1913 (1957); N. C. Deno and W. .. Evans
Ihid. 79, 5804 (1957).

H
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positive for processes which are facilitated by electron release and negative for the
contrary. Further, according to the classical Baker-Nathan effect,? we expect the
magnitude of the R values to lic in the order Me > Et ~- Pr* =~ Bu’. Finally, according
to the theoretically derived conclusions of Mulliken®' and experimentally derived
conclusions of Berliner,?’ the value for the Bu' group should not be zero because of
C-C hyperconjugation.

Of particular importance are quantitative relationships between R values and
structure, Bartlett from a well-reasoned analysis (differing in rather minor detail from
our method) of the effects of methyl and rert.-butyl groups on the free energy of ioniza-
tion of meta- and para-substituted triphenylmethyl chlorides in liquid sulfur dioxide
has obtained the estimate that the resonance effect of the p-methyl group is  1-18
keal and the ters.-butyl group is - 0-96 kcal.2® Thus the C-H hyperconjugation effect
exceeds that of C C hyperconjugation by about 25 per cent. Bartlett concludes that,
since the inductive effect of the rerr.-butyl group is larger than that of the methyl
group, the resultants of the three factors—the experimentally observed effects of the
methyl and rert.-butyl groups on reactivity -are likely to appear confusing not only
in this reaction, but generally.

More recently Brown er al., by a method which also differs in minor detail from
ours, have shown that the C-H and C-C hyperconjugation effects of p-methyl, p-cthyl,
p-isopropyl and p-rerr.-butyl groups in the rates of solvolysis of phenyldimethyi-
carbinyl chlorides in 90 per cent agueous acetone, at G 25°. are approximately
additive.*® Brown also finds for this reaction the same ratio of the C-H to C C
hyperconjugation effect as given above by Bartlett. That this figure should be the same
for the two reactions under discussion is perhaps not surprising for both involve a
similar change in inductive electron demand at the reaction center (py for both reac-
tions is on the order of - 4). We shall want to examine R values generally both with
respect to the additive relationships and the dependence on reaction type (electron
demand, solvent, etc)) of the ratio of the C H to the C C hyperconjugation
cffects.

Table 1 summarizes typical R values for a number of reaction series obtained by
both equations (1) and (2). It is immediately apparent that each of the qualitative
criteria of hyperconjugation cffects mentioned above is satisfied by the R values.
Attention may therefore be focused upon the quantitative aspects of the results. It
may be seen from Tables 1 and 2 that equations (1) and (2), which according to our
procedure should in principle give identical results, do not do so precisely. Generally,
however, the agreement is considered quite satisfactory. The differences in several
instances are probably duc at least in part to py and to « values which have not been
very precisely determined by the available data. In other instances the differences are
probably quite real and this result will be discussed further.

The agreement between R values obtained by equations (1) and (2) for the reactions
numbered 1, 2, 4, 7, 10 and 16 in Table 2 is probably rcpresentative of the order of
precision that one can expect from the model equation and the method of quantitative
separation of resonance and inductive effects. The average of the R values obtained

* 3. W. Baker and W. S, Nathan, J. Chem. Soc. 1844 (1935).
¥ E. Berliner and F. J. Bondhus, J. Amer. Chem. Soc. 70, 854 (1948).
 p. D. Bartlett, J. Chem. Educ. 30, 29 (1953); N, N. Lichtin and P. D). Bartlett, J. Amer. Chem.

Soc. 73, 5530 (1951).
¥ H. C. Brown, J. D. Brady, M. Grayson and W. H. Bonner, J. Amer. Chem. Scc. 79, 1897 (1957,
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from the two equations for these reactions is also listed in Table 1.
illustrates the quantitative additive relationship:

Finally Table 1

]
—

nche (3

where ny is the number of z-C--H bonds, n¢ is the number of x-C..C bonds of the
alkyl group, and Ay and h¢ are C. H and C-C hyperconjugation constants, respectively
(in log units of rate or equilibrium).

R nuhu

TABLE |. R VALUES. CORRELATION BY EQUATION (3)*

Solvolysis of benzyhydryl chlorides, Ar(C,H)CHC(

7. 90°,Aq. FtOH, 0 (p, = 40) 4. 809 Aq acetone, 25 (p; > 40)

| R(calcd.) R(c.alcd )
R(cqn l) R(eqn. ") R(aver) eqn. 3 R(eqn l) R(cqn ’) R(aver.) eqn.}

Me --l 31 -1 U 11432 +~1-32 l-lS t I~22 B I 1) -+1-20
Ft +1-22 — +1-22 - 1-22 1-03 t-1:19 =111, <110
Pr: 112 . 1-12 p1-12 -0-89 . 1-11 100 I +100
Bu’ ~1-00 - 104 - 102 ~1-02 -075 t 0:96 t 0-86 -0-90
hw 044 he 034 hw'he 13 hw 040 he¢ - 030 hwhe 193

Solvolysis of trert.-cumyl chlorides, Ar(CH,),CC1

1. 909, Aq. acetone, 0 (p, >~ 42) 2. 90°, Aq. acetone, 25 (p > 42
i Ricaled.) Ricalcd.)
R(eqn 1) R(cqn 7)| R(a~cr) eqn. 3 R(cqn l) R(eqn 2) R(aver.) ¢qn.3
Mci !'134 134 - 1-34 i 1-35 --12’ IZ’C +1-23 - 1-23
kt + 122 +-1-30 -1-26 1-25 -1 - 115 +1-13 113
Pr -~ 109 124 1-17 1-15 - 1-00 - 1-07 1104 1 -1-03
Bu' 095 - 111 1-03 +1-05 1 0-86 ~0-99 : 093 +0-93
hw 045 he - 035 huhr 1-3 hy 04l:he 031 huhe 13
16. lonization of pyridinium ions, XC,HNH -, H,0, 25" (p, ~ + 57)
R(eqn. 1) R(eqn. 2)| R(aver.) ' R(caled.)
cqn 3
Mc' 059 051 055 | 054
Et 0-54 -0-48 0-s1 ' 0-49
Pr 0-49 045 047 0-44
Bu’ - 040 0-26 0-33 0-39
huy — OI18; hc - - 013 hulhe = 144

* Numbers refer to the reaction serics as listed in Table 2.
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10. Bromination of benzene with HOBr, 509 Aq. dioxan, 25° (p; & —58)

R(egn. 1) | R(egn. 2) | R(aver.)

Me +1-50 +1-52 +1-51
Bu® +1-16 4131 +1-24

ha= +050;hc= +041; hufhc= 12

22. Methoxide-ion catalyzed methanolysis of l-menthyl benzoates, MeOH, 30°(p; = +2-6)

R(eqn. 1) | R(eqn. 2)| R(calcd.)
eqn. 3
Me —0-26 —0-37 —0-36
Et —0-17 —0-32 —0-33
Pr —0-12 —0-32 ~0-30
Bu® —0-06 —0-26 —0-27

hua= —012; hc = —009; hulhc =13

20. Decomposition of phenyldiazonium fluoroborates, ArN,+, H;O, 47°(p; & —3-9)

R(eqn. 1) | R(egn. 2) | R(calcd.)
eqn. 3
Me —1-15 —0-93 —1-17
Pr —1-06 — —1-05
Bu® —1-04 — —1-05
Bu! —1-00 —1-08 —0-99

hay = —039; hc= —033; ha/hc =12

Table 2 summarizes the values of i, ¢ and hm/h ¢ obtained for all of the reactions
for which the required data have come to our attention. The item of first importance
in these results is the fact that Ag/hc = 13 &+ 0-1, a figure which undoubtedly repre-
sents the relative conjugative capacities of C-H and C-C bonds in para-alkyl groups.
This figure is quite independent of reaction type (it holds, for example, for equilibria
between stable species as well as for reaction rates) and encompasses reactions with
such variable changes in electron demand at the reaction center that pr covers the
enormous range from 46 to —12. Also without effect (within the indicated limits) on
hu/hc are marked variations in solvent (from liquid CgHzCOCI to aqueous H,SO,,
for example) and temperature (0° to 51°). One must therefore look to considerable
lengths if he is to avoid the conclusion that the primary effects of para-alkyl groups
on these reactivities are caused by a change during the reaction process in the inductive
and resonance potential energy interactions of the alkyl groups.
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Apparent exceptions to the rule, hg/hc = 1:3 & 0-1, are to be found infrequently
in Table 2 and where they do exist generally occur for reactions in which A is of smaller
magnitude than 4-0-10. It is therefore probable that these apparent exceptions are
not the result of any significant dependence of the hyperconjugation ratio, Au/hc, on
reaction type, but rather result either from the lack of high precision of the method of
separation of inductive and resonance effect, or the interference of small additional
effects not considered in the model equation. In several reactions (notably reactions
20 and 22 of Tables 1 and 2, and reactions 5 and 23 of Table 2), equations (1) and
(2) give sufficiently different R values to lead to discordant hu/hc ratios. With only a
single notable exception (the R value for the CH; group in reaction 20), equation
(2) in each instance gives results corresponding more closely to our general rule. It
thus appears that log (k/k,) values contain in these reactions an additional variable
(or variables) other than inductive and hyperconjugative effects, whereas in values of
1/(1 — &) [log (k?/k™)] these variables (as well as the inductive effect) have essentially
cancelled. The additional variables are probably to be associated with small but
measureable specific alkyl solvation effects3? (or possibly some other non-polar
effects). It is possible that studies based upon the deviations of the results of equations
(1) and (2) may be used to obtain a characterization of these secondary solvation (or
other) effects.

The rates of decomposition of phenyldiazonium fluoroborates** (reaction 20)
provide the exception noted above. While no explanation can be offered for the
apparent anomalous R value for the methyl group obtained for this reaction by equa-
tion (2), it is important to note that this reaction is unique in that its rate is markedly
increased by inductive electron-release (pr = —4-2) yet — R para substituents (alkyl
groups as in Table 1, or other such as OCH,, Cl, etc.?) refard the rate. A reasonable
explanation has been advanced by Bunnett and Zahler® and by Lewis? which accounts
for the fact that resonance interaction of substituents of the latter class stabilize the
reactant more than the transition state. This reaction therefore uniquely gives A
and py values of the same sign.

30 E, Berliner and M. M. Chen, J. Amer. Chem. Soc. 80, 343 (1958).

31 E. D. Hughes, C. K. Ingold and N. A. Taher, J. Chem. Soc. 949 (1940); J. F. Norris e? al.,
J. Amer. Chem. Soc 50, 1807, 1808 (1928); J. Packer, J. Vaughan and A. F. Wilson, J. Org.
Chem. 23, 1215 (1958).

32y_J. Shiner, Jr. and C. J. Verbanic, J. Amer. Chem. Soc. 79, 369 (1957).

33 N. C. Deno and A. Schriesheim, J. Amer. Chem. Soc. 77, 3051 (1955).

34 N. N. Lichtin and P. D. Bartlett, J. Amer. Chem. Soc. 73, 5530 (1951).

35 P, B. D. de la Mare and J. T. Harvey, J. Chem. Soc. 36 (1956); 131 (1957).

38 P. B. D. de la Mare, J. Chem. Soc. 4450 (1954).

27 H. C. Brown and F. R. Jensen, J. Amer. Chem. Soc. 80, 2296 (1958).

38 H. C. Brown, B. A. Bolto and F. R. Jensen, J. Org. Chem. 23, 414 (1958).

3% C. Eaborn and D. E. Webster, J. Chem. Soc. 4449 (1957).

10 C. Eaborn, J. Chem. Soc. 4858 (1956).

41 H, C. Brown and X. R. Mihm, J. Amer. Chem. Soc. 77. 1723 (1955).

42 E, Berliner and L. C. Monack, J. Amer. Chem. Soc. 74, 1574 (1952).

43 B D. Hughes, H. Cohn, M. H. Jones and M. C. Peeling, Nature, Lond. 169, 291 (1952).

1 E S, Lewis and E. B. Miller, J. Amer. Chem. Soc. 75, 429 (1953).

45 F. Berliner, V. M. Connor and K. A. Foley, unpublished data. We are indebted to Professor
E. Berliner for permission to use these results.

46 M. S. Newman and E. K. Easterbrook, J. Amer. Chem. Soc. 77, 3763 (1955).

47 E. Berliner, M. C. Beckett, E. A. Blommers and B. Newman, J. Amer. Chem. Soc. 74, 4940 (1952).

48 E. Berliner and H. Altschul, J. Amer. Chem. Soc. 74, 4110 (1952).

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

50 E. Akerman, Acta. Chem. Scand. 11, 373 (1957).

51 J, W, Baker and M. L. Hemming, J. Chem. Soc. 191 (1942).

52 J_ F. Bunnett and R. Zahler, Chem. Rev. 49, 273 (1951).
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Sigma values

Reaction serics which closely follow the Hammett equation,® log (k/k,) - op, give
satisfactory lincar relationships in plots of hy or h ¢ values vs. ps values. From the slopes
of these plots, and the relationship!® R/pr = ar = nuhu/pr + nche/ps. one obtains
the values of o & listed in Table 3. Included also in Table 3 are the values of o7 and
the Hammett o values for mera- and para-alkyl groups which are consistent with the
present gencral results. (The only o value obtained in this manner which differs sig-
nificantly from that obtained from the ionization of benzoic acid is the p-But value,
given as - 0-20 by the latter method®®). The lack of a distinct ordering of the o values
for the alkyl groups is noteworthy and is in the line with Bartlett’s carlier conclusion
that composites of three contributing effects are not likely to bear distinct relation-
ships to structure.®® The inductive and C -C hyperconjugation cffects generally lead
to the same ordering of alkyl groups, i.e., Me < Et << Pr' < Bu’ (the diazonium de-
composition mentioned above is an exception), while the C-H hyperconjugation
effects lead to the ordering Me > Et > Prf > Bu'. Only the separation of o values to
these three contributing effects makes apparent the approximate additive relationships
exhibited by each of these contributors.

The convincing feature of our results is that log (k/k,) values for reaction scries
which show a distinct Baker-Nathan order, essentially no order (constant values for
all alkyl groups), or as distinct “‘inductive” order all give essentially a fixed quan-
titative order of R values (i.c., Rue: Rt : Rpe' : Rpo* = 113:1:2:1:1:10). The
cancellation of the order among inductive and hyperconjugation effects to give log
(kiky) values which show no distinct order is apparently a common and sometimes
confusing characteristic of alkyl groups.* This is illustrated by the constancy of the
o values for para-alkyl groups (Table 3) and by some further examples of log (k*/k,)
values listed in Table 4. In the latter table, log (K*/K,) values for the diarylcarbinal -
carbonium ion equilibria and for the pyridinium ion ionization equilibria conform
to this pattern. By contrast, the log (k*/k,) values given for the benzhydryl chloride
solvolysis in Table 4 show a distinct Baker--Nathan order, a result which becomes
apparent for reaction series which have relatively large negative values for the ratio

hw/pr.

TABLE 3. ¢ VALUES FOR ALKYL GROUPS

kt | -0055 - 0-094 - 015 | 009
Pre 0064 I --0-086 0-15 - 009
But' 0074 D 0078 . 0-15 010

The log (k®/k,) values for the decomposition rates of diazonium ions (also given
in Table 4) provide a rare example in which the inductive and C-H hyperconjugation
effects reinforce one another and are in opposition to the more minor C-C hyper-

* Cf. earlier discussion of this point by J. W. Baker, Hyperconjugation Chap. 1. Oxford
University Press (1952).
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conjugation effect (hﬁ/ pr is positive), so that a distinct ordering of log (k/k,) values is
apparent.*

TABLE 4. EXAMPLES ILLUSTRATING CANCELLATION OF INDUCTIVE AND
HYPERCONJUGATION EFFECTS IN LOG (k”/k,) VALUES FOR ALKYL GROUPS

Ionization Ar(CsH;)CHOH, Tonization pyridinium ions
aq. HySO,, 25° (pr & —56; ha = 048) H,0, 25° (p; & +57; ha = ~018)
| log(K7/Ky) | log(K*/Ky)
Me i +17 Me —0-85
Et i +1-7 Et —0-85
Pré | 117 Pre —085
But ‘ +15 Bu! —0-82
Solvolysis of Ar(C¢H;)CHCI | Decomposition of diazonium
90% EtOH, O, (p; = —40; hu = 044) fluoroborates, H,0, 47° (p, = —3'9,
ha = —0-39)
' log(k?/ko) log(k® ko)
Me +1-34 Me —-0-97
Et 127 ! Et | —
Prt | +1-17 ‘ Pr? ‘ —0-81
‘ Bu* ! —-0-71

"Bu! ‘ +1-05

Similar plots of hm and k¢ values vs. p* values for the electrophilic reactions, for
which H. C. Brown has proposed® the equation log(k/k,) = o+p*, give less precise
linear plots than those referred to above. While this result may be indicative of an
inadequacy in Brown’s relationship, it may equally well be due to uncertainties in
available values of p+ (these uncertainties fortunately do not produce very appreciable
errors in obtaining R values for alkyl groups by equation (1)).

It is quite significant that the two equilibria of Table 4 conform to the An/hc =
1-3 rule (cf. Table 2) since the alkyl resonance is of the isovalent category in the aryl
carbonium ions and of the sacrificial type in the pyridinium ion ionizations. Appa-
rently then the relative hyperconjugation capacities of the C-H and C-C bonds are
the same for Muller and Mulliken’s two classifications of hyperconjugation.

Finally it is important to note that the R values for reactions 16, 17, 18, 21 and
22 indicate that sacrificial hyperconjugation is not necessarily trivial in magnitude in
ground states or transition states. This conclusion is strongly supported by shielding
effects of m- and p-methyl substituents in the F'® fluorobenzene nuclear magnetic
resonance spectra (cf. reference 10).

* Professor S. Winstein (in discussion) has pointed out that precise conformity to equations (1)
and (3) demands that log(k?/ko) values for the series Me, Et, Pr* and Bu® must lie in a regular order
(either increasing, decreasing or one in which the ordering is so slight that log(k/ko) are essentially
constant). Thus any reaction series for which log(k/ko) values show an inversion among this series of
alkyl groups does not conform precisely to these equations. Actually, all the reactions listed in

Table 2 show a regular order of log(k®/ko) values, with the sole exception of reaction 27, which shows

a very slight inversion order.
+ N. Muller and R.S. Mulliken, J. Amer. Chem. Soc. 80, 3489 (1958) cf. also R. S. Mulliken.

this volume, p. 253.
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Ultraviolet spectra of alkylbenzenes

Matsen and coworkers®®. * have made a thorough study of the effect of alkyl- and
chlorine-substituted alkyl groups on the ultraviolet absorption spectra of benzene in
the vapor phase. These spectra were determined under conditions of high resolution
and detailed band assignments were made. Of particular interest are the positions of
the so called O- O bands. This band is due to the transition between the zero point
vibrational levels of the ground state and the first excited state. The position of this
band provides the closest direct experimental measure of the difference in the elec-
tronic energics of the excited and the ground state. The position of the O-O bands
of the alkylbenzenes gencrally differs quite appreciably from the position of the inte-
grated maximum of all of the peaks for the 2600 A ultraviolet bands.

There is much spectroscopic evidence that the transition from the ground to the
first excited state of benzene is accompanied by enhanced resonance interaction of the
substituent in the excited state but there is no appreciable inductive effect on the
transition cnergy.®® % Matsen’s data not only verify this conclusion qualitatively®® but
also quantitatively. The effects of open-chain alkyl substituents on the O-O-band
transition cnergics follow equation (3) quite precisely, i.e.,dde  nuhu + hche with
hy —0025¢V,he - 0-018¢Vand hu/h¢  1-4. The experimental values of 44«
and those correlated by this equation are listed in Table 5. This correlation of spectral
data appears to afford strong confirmation of the conclusions concerning hyperconju-
gation rcached from the analysis of reactivity effects.

The agrecment between calculated and observed 44 ¢ values (Table S) for n-C H,.
CICH,CH, and CICH,CH,CH, substituents shows that the values of hy and h¢ are
not appreciably affected (although perhaps slightly®) by the inductive effect of re-
placing a 8-CH, group by a 8-CH,Cl group or a 8-Cl atom. The possible effect of
mass of the substituent on the transition cnergies is also indicated as being of minor
importance.®

Robertson et al. % also investigated the cyclic substituents: cyclopropyl. cyclopentyl
and cyclohexyl. A very substantial red shift is observed for the O-Q band for the
cyclopropyl group (d4e - 0-152 eV) in accord with much other evidence of the
unsaturated nature of this group. The cyclohexyl group gives the same transition
encrgy as expected for a secondary open-chain alkyl group (cf. Table 5). The cyclo-
pentyl group, however, gives a red shift (44 - 0-081 ¢V) larger even than that for
the methyl group. The authors assume that this results from a certain unsaturated
character in the cpclopentyl ring. The lack of general evidence of such unsaturated
character, however, suggests the alternate possibility that the x-hydrogen atoms in the
cyclopentyl ring are held in a position especially favorable to hyperconjugative inter-
action.

* For possible evidence of inductive effects on hyperconjugation which are in opposite direction
10 the slight apparent trend shown in Table 5. Cf. J. W. Baker, J. A. .. Bricux and D. G. Saunders,
J. Chem. Soc. 404 (1956).

+ Cf. in this connection the paper by W. R. Moore, Erich Marcus, S. E. Fenton and R. T. Arnold,
p. 179 of this volume.

8 F. A. Matsen, W. W. Robertson and R. .. Chuoke, Chem. Rev. 41, 273 (1947).

% W. F. Hamner and F. A. Matsen, J. Amer. Chem. Soc. 70, 2482 (1948).

8 .. Doub and J. M. Vandenbelt, J. Amer. Chem. Soc. 69, 2714 (1947); J. R. Plawt, J. Chem. Phys.
19, 101 (1951); H. Sponer, /bid. 22, 234 (1954); L. Goodman and H. Shull, /bid. 27, 1388 (1957).

8 W.W_Robertson, J. F. Music and F. A. Matsen, J. Amer. Chem. Soc. 72, 5260 (1950).
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TABLE 5. CORRELATION BY EQUATION (3) OF THE TRANSITION ENERGIES FOR THE
0-0 BANDS OF THE GAS-PHASE ULTRAVIOLET ABSORPTION SPECTRA OF ALKYL BENZENES

A4« 44 ¢
Substituent exptl. caled. eqn. (3)

(cV) (eV)
cycloPentyl - 0-081 0-061
CH, 0-076 0075
CyH, 0-070 0068
CICH,CH,CH, - 0069 0-068
CICH,CH, 0-066 0-068
Pr - 0-060 0-061
Bu* - 0-062 0:061
cycloHexyl . 0062 0-061
Bu! ' 0-054 0-054

In a further study Hamner and Matsen have dctermined the effects of CH,CI,
CHCl, and CCl, groups on the O-O band transition encrgies.*® Substantial red
shifts are observed and these are attributed to hyperconjugation of the type:

// \\ R /e \\
CKCH» \ __> -——— ccu,-«—@/
We note that the obscrved transition energics follow approximately the cquation:
dde¢ = nyhy + ncthet, wherein the Ay value is that obtained above and the h¢;
hyperconjugation paramecter (- 0-056) is that obtained from the observed valuc of
44 ¢ for the CCly group. This correlation is summarized in Table 6.

TABLE 6. CORRELATION OF THE TRANSITION ENERGIES FOR THE 0-0 BANDS OF
THE QAS-PHASE ULTRAVIOLET ABSORPTION SPECTRA OF CHLOROMETHYL-SUBSTITUTED
BENZENES BY THE EQUATION: 4d¢ = aphu + nche

44« 44 ¢
Substituent exptl. calcd. eqn. (4)
| (eV) . (cV)
CH, | 0076 -0075
CICH, 0121 0106
Cl,CH - 0133 -0137
Cl,C 0-167 0-168

The results of Brown®? and of Schubert er a/.%® on the cflects of para-alkyl groups on
the ultraviolet absorption spectra of nitrobenzene differ appreciably from Matsen’s
results with benzene. A possible explanation may lie with the fact that the former
spectra were not resolved to give the precise position of the O -O bands. Further, since
the exact nature of the electronic transition is in question, the possibility exists that
8 W. (5. Brown and H. Reagan, J. Amer. Chem. Soc. 69, 1032 (1947).

88 W. M. Schubert, J. Robins and J. L.. Haun, J. Amer. Chem. Soc. 79, 930 (1957); W. M. Schubert
and J. Robins, /hid. 80, 559 (1958).
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inductive effects make important contributions to the observed spectral shifts. As
noted in the reactivity section of this_paper, an cxperimentally observed quantity
which is the appropriatc composite of inductive, C-H and C C hyperconjugation
effects will show little distinct order among alkyl groups. This is the observed re-
sult for the p-alkyl nitrobenzene spectra.

Hyperconjugation effects in the aliphatic series

The unequivocal quantitative evidence for C.C hyperconjugation effects in the
reactivities of para-substituted derivatives of benzene prompts a re-cxamination of the
aliphatic series reactivities which Kreevoy and Taft!® 1* have previously considered
to be satisfactorily corrclated by inductive and C-H hyperconjugation effects.

The inductive effects in the acid-catalyzed rates of hydrolysis of acetals and ketals,
RR;C(OC;H,),, have been well demonstrated (cf. Fig. 5 and earlier discussion) to
follow the linear inductive encrgy relationship: inductive effect = (Ls*) --3-60),
and, with the probable cxception of methyl neopentyl and rers.-butyl ketals, steric
cffects have been shown to be nearly constant. Conscquently, resonance effects (R
values) may be obtained for this reaction by the relationship:

log(k/kg) — (Sou*) - 3-60) - R (5)

Column 2 of Table 7 lists R values so obtained from the log(k/k,) values given in
column 1.+ The values listed are relative to the hydrogen atom as the standard of
comparison, that is with k, corresponding to the rate constant for formal (R, = R, -
H) and o* values adjusted to H (instcad of the methyl group) as the standard of com-
parison (designated accordingly as au)®.

With the exception of methyl neopentyl and rers.-butyl ketals, R values for a variety
of alkyl substituents follow quite precisely the relationship: R nuhy ¢ nche, with
hy 062 (log units), i 0-24 (log units) and hu/kc = 2-6. This is demonstrated
by the agreement between the values in columns 2 and 3 of Table 7. The latter column
gives the R values calculated by this correlation. For comparison, values of R calcu-
lated by the carlier correlation, R = (0-54)ny;, are shown in column 4. Both the evi-
dence from the aromatic scries rcactivities and the improved precision of correlation
of these R values appear to justify the C-C hyperconjugation terms for the acetal and
ketal hydrolysis rates. The details of this modification in the interpretation of these
reactivities are, however, in accord with the conclusion of Kreevoy and Taft that the
principle conjugative effect for alkyl groups is a C-H hyperconjugation effect and the
C-C hyperconjugation effect is by comparison sufficiently smaller to be approaching
the limits of reliability of the method. Also unaffected is the earlier demonstration!'®
that the acctal transition state is stabilized by conjugation with xS-unsaturated sub-
stituents to an extent about one power of ten greater than that by hyperconjugation
by an a-C-H bond (note that R values for the xB-unsaturated groups listed at the
bottom of Table 7 are on the order of 10 Ay = 6).

In onc attributes the quantity, log(k/k,) — (Zou®*)- 3:60) -- nyhn — nche, to
steric assistance to the hydrolysis rates for methyl neopentyl and rert.-butyl ketals,
driving forces amounting to -:-1-0 and +2-0 log units, respectively, are obtained.

+ Since the value of p* is for all practical purposes determined by the substituents, R - CICH,,

B,CH,, ROCH, and C{H,CH,, the R values of Table 7 may be regarded as based upon independently
determined inductive effects.
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TABLE 7. R VALUES FOR THE RATES OF HYDROLYSIS OF ACETAL AND KETALS
R,;R,C(OFt),, 509, DIOXON-WATER, 25°

Substituents Column | Column 2 Column 3 Column 4
R, ' R, nn  nc loglklky) Reqn.(5) Rcaled.  nu(0-54)
: (log units) egn. (3)

H | H o o 00 00 00 00
H Bu* 0 3 -+ 37 +0-7 =07 00
H Pr¢ 1 2 t 36 +1-1 -~ 11 -0-5
H (GCeH,),CH | 2 -39 +13 - 11 +0-5
H C,H, 2 | -3-8 - 1-6 ~-1-4 -1
H Bu* 2 | ~36 - 1-4 - 14 -]
H CH,CH,CH, 2 1 -28 14 1-4 - 11
H CH, 3 0 38 +2:0 +-1-9 +1-6
CH, CsH, h) | 7-2 +3-4 +3-3 -27
CH, CH, 6 0 +73 .37 .37 .32
H CH,CH CH : — - 69 -~52 - -

H CH,CH CH —- -- +66 -+~ 51 - —

H C¢H, - . +52 - 50 -— -

H | p-NO,C.H, - = ' 26 150 .

These figures are in reasonable accord with estimates by Streitwieser!? for steric
assistance driving forces in the solvolysis rates for similarly crowded tertiary carbinyl
halides.

Table 8 gives the results of a similar re-examination of the effects of substituents
on the enthalpies of hydrogenation of trans-disubstituted cthylenes

R, H
AN /
C C

S N
H R,

in the vapor phase at 355°K. R values are obtained from the relationship:
R 4H, — 4H! (-2-2)(Zon®) (6)

The value of p* = —2:2  0-2 is based upon the lincar inductive encrgy relationship
obtained with olefins of the general formula

XCH, H

N, S
C C

7N\
H H

which is illustrated in Table 9. Because of the much more limited range of polarities
covered by the available data, this p* value cannot be as confidently accepted as that
for the acetal and ketal hydrolysis. Taft and Kreevoy!* maintain that a decrease in
enthalpy of hydrogenation with an increase in electron-withdrawing power of the



230 R. W. TarT, Jr. and 1. C. Lewis

substituent is expected because of the greater clectronegativity of the unsaturated
(sp?) than the saturated (sp®) central carbon atoms.

TaBLE 8. R VALUES FOR THE ENTHALPIES OF HYDROGENATION OF

R, H
AN S )
TRANS-DISUBSTITUTED ETHYLENES, C=C . GAS PHASE, 355°K
/ AN
H R,
Substituents . Column 1 | Column 2 i Column 3 Column 4
R, R, ny ne 44H> Reqn.(6) Rcalkd. nun(0-44)

(kcal) (kcal) eqn. (3)

H .+ H

00 00 00 00

0 0

H Bu' 0 3 125 : 07 1 06 00
H | Bu 1 2 124 <08 - 09 - 04
H | Pr 1 2 ~25 : 09 ~09 -0-4
H Et 2 1 - 25 c 12 -12 ~09
H l Pr 2 1 <26 <12 <12 + 09
H Bu' 2 i ~27 <13 <12 i 09
H ' Pe 2 1 <33 - 18 -12 109
H CH,CH,CO,R 2 1 <17 ~1-1 - 12 109
H CH,CH - CH, 2 | .22 1-4 S12 +09
H . Me 3 0 -27 NP 15 +13
Bu* ~  Bu 0 6 ~4:9° - 10 <12 00
Me Bu' 3 3 ~45 - .20 -2 <13
Me Pr! 4 2 50 £ 23 ~24 +18
Ft Et 4 2 £52 125 +2:4 P18
Me Et 5 i 52 +28 427 122
Mc Pr 5 1 +52 128 127 .22
Me CH,CO,R s 1 L322 <25 - 27 +22
Me Me 6 0 - 52 : 30 : 30 - 26
H CeH, +4-2 +4-4 -

H CH - CH, - +60 357 -

Column 2 of Table 8 lists R values for the olefin hydrogenation obtained as indi-
cated above (cquation (6)). Column 1 gives the experimental values of the enthalpies
of hydrogenation relative to cthylenc. Column 3 of this Table lists values of R as
correlated by the equation:

R = nuhu + nche 3

with Ay = +0-50 keal, h¢ - + 0-20 kcal and Aufhc — 2-5. Column 4 lists R values
as calculated by the carlier correlation cquation: R .= (0-44)ny. Again the improved
precision of the correlation equation which includes the C-C hyperconjugation term
is distinctly noticeable. The mean deviation from equation (3) is of the order of
experimental uncertainty (the deviation for the neopentyl group suggests a steric effect).

* Obtained from the data of R. B. Turner, D. E. Nettleton, Jr. and M. Perelman, J. Amer. Chem.
Soc. 80, 1430 (1958), assuming the same valuc of 44F for acctic acid solution and the vapor phase.



Evaluation of resonance cffects on reactivity 231

TaBLE 9. DETERMINATION OF p* FOR THE HYDROGENATION OF SUBSTITUTED
FTHYLENES, GAS PHASE, 355°K

R H
Based upon J44H" 22 (40°) for with R  CH,X
H H
X 44H" obs. Jd4H " calcd.
(kcal) (kcal)
OH 12 1-4
CH,CO,R 08 08
CH — CH, 03 05
CH,CH - CH, 0-0 03
Me 00 (0-0)
Ft +0-1 «0-1
Pr ~02 01
aver. dev. = : 01

The fact that equation (3) is precisely followed for R groups of widely varying
steric requirements (for example, R,- R,- H to R, =R, .:Bu') provides evidence of
a constancy of steric effects, implying that the effect of o bond expansion on the change
between the sp? and sp® valence states®® produces a contribution to the enthalpy of
hydrogenation which is constant (with the possible exception of the neopentyl group)
for the compounds of Table 8. Deviations of cis and vicinally substituted cthylenes
from equation (3), which may reasonably be associated with steric cffects,!* follow
closely the empirical rules of Dewar and Pettit®® dealing with the effects of such sub-
stitution on the enthalpies of hydrogenation.

Both Tables 7 and 8 provide examples which indicate that Ay and h ¢ are not appre-
ciably affected by the inductive effects of polar substituents within the alkyl group.
The approximate *““10 to 1" rule of Kreevoy and Taft!® for conjugative stabilization
relative to C -H hyperconjugative stabilization of the olefin is illustrated by R values
for two typical xB-unsaturated substituents listed at the bottom of Table 8.

The frec energies of hydrogenation of unconjugated carbonyl compounds,
R;R,C O, in dilute toluenc solutions at 333°K are also corrclated with slightly
improved precision by the equation, AF”  4F," :(-60 -4 0-5XZou*) — nuhy +
nyuh¢ (the standard of comparison is R, = R, = H. for which 4F° is taken as 4-4
kcal more negative than that for acetaldehyde-—the same as the difference between
acctaldehyde and acctone). However, the data for this reaction are less accurate than
the former two, and the p* value has a substantial uncertainty. Consequently, a
precise hy/h ¢ value for this reaction is in qucstion, but is probably also on the order
of 2(huy ~ 05 - 0-1 kcal and h¢ =~ 0-25 <. 01 kcal). The uniquely systematic rela-
tionship of the extra resonance encrgies of conjugation and of hyperconjugation in
carbonyl compounds and olcfins found and discussed by Kreevoy and Taft? is

5* M. J. S. Dewar and H. N. Schmeising. This volume, p. 166.
¢ M. J. S. Dewar and R. Pettit, J. Chem. Soc. 1625 (1954).
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essentially unaffected by this modification of including small C-C hyperconjugation
cffects.

Our interpretation of the enthalpies of hydrogenation of olefins and carbonyl
compounds does not support the conclusion of Dewar and Schmeising®® that resonance
stabilization is of no importance in molecules such as butadienc or propene. Instcad
the relationships of R values to structure are those expected by resonance theory !?
On the other hand, the possibility that effects associated with ¢ bond cxpansion make
measureable contributions to these R values cannot be excluded.

The re-cxamination of these aliphatic series reactivities leads us to conciude that
hwuihc is on the order of 2 to 3. The dependence of this value on electron demand is
less certain than the demonstration of a constant Ay k¢ ratio for the aromatic series
reactivities. However, p* values (in log units) vary from -4 to {-4 for the three
reaction series with no indication of a pronounced change in Au/hc. The question
of why hyu/hc is materially larger for the aliphatic than the aromatic reactivities is one
of intcrest and importance, but one for which we can give no satisfactory answer at
present.

The Kreevoy and Eyring model!?, ¢! for hyperconjugation (called x-hydrogen
bonding by these authors) is attractive in accounting for the additive relationship (3).
According to the naive model, Kreevoy and Eyring concluded that Ay /A ¢ should be of
the order of 2 to 3. However, it is quite conceivable that hy/h¢ depends upon the
unsaturated system to which the alkyl group is bonded. Thus the hy/A¢ ratio of 1-3
which holds so generally for the aromatic serics reactivitics may be associated with the
common unsaturated system (phenyl) to which these alkyl groups arc bonded. So few
examples are available that it is by no means certain that hy/h ¢ is a constant for ali-
phatic serics reactivities. Definite answers to these questions awaits further experi-
mental and theoretical investigations.
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