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AMract-The 0. (or or) scak of inductive effects and the linear inductive energy relstionsh~p. 
inductive effect - u* p* (or ofp~). enables an empirical but quantitative estimation of inductive dfccrs 
on reaction rates and quilibria. In the present paper the inductive effects of pare-alkyl groups 
(MC. Et. Pr’. Bu’) m diverse rcactivitics of bcnzcnc derivatives are evaluated in this manner by usmg 
the inductive reaction constants. PI. obtain& in previous work with groups such as NO,. CN. OCH, 
and halogens. 

The observed cfTc.c~s of the pore-alkyl groups. l.c.. log (k’k,) values. upon correction for the 
mductlve etTccts (equation (I)) give results (calkd R values) which arc in accord with resonance rheory. 
The Baker-Nathan order is obtained and the Bcrlmer and the Barrktt theories of CX hypcrconjuga- 
rton effects arc confirmed. In most inslances the R values follow satisfactorily Brown’s crnpirlwl 
additive relationship (3): R -. nd~ -1. nchc. where nlc and nc arc the number of o-C-H andaX-C 
bonds, respectively. m the alkyl group. and htf and ht. are the corrending hypcrconjugation 
constants. The ratio htc hr is found qua1 to I.3 :. 0.1. totally independent (within thcsc limits) of 
electron demand (p, values range from I2 to t 6). solvent. temperature and nature of the rcacnon 
prorrss (rare or quilibrium). An indepcndcnt method (quarton (2)) of obtaming R values provides 
evidence of second-order salvation etTccts of alkyl groups in certain reactions. 

The effects of alkyl groups on the transition energies of rhe O-O bands of the gaseous benzene 
ultraviolet spectra follow equation 13). providing independent cvldcncz corroborating the above 
interpretation of R values. 

The unqulvocal evidence for C C hypcrconjugatlon tn rhc aromattc rcacti\ltlcs has lead lo a 
reexamination of the aliphatic scrks rcactivitia correlated previously by Krccvoy and Taft in terms 
of Inductive and C-H hypcrconjugation paramctcrs. The R values obtained follow equation (3) wtth 
Improved precision. However, htr hr _ 2.5. in accord with the earlier conclusmn that C-H hyper- 
conJugalion cffec~s m thcsc alipharic scrlcs reacttons arc apprcciaMy larger than C-C hypcrconjugatlon 
d-fUXS. 

EXTLNSIVI: evidence has been obtained for the concept of an approximately fixed 
quantitative order of inductive effects of substituent groups on reaction rates and 
cquilibria.l* ** a. ‘* * Quantitative correlations of inductive effects by the relationship: 
inductive effect = u*P*, have been made which are widely independent of reaction 

l Thus work was supported in part by the Offi of Naval Research. Project NROSS-38. Rcpro- 
duction in whole or in part IS permitted for any purpose of the United States Government. 

) G. E. K. Branch nnd M. Calvin, The Th’hrory (~/Organic Chmtisrry pp. 193-200 Prentice-Hall. 
New York KIWI). 

* S. Winstein and I?. Cirunwald. /. Amer. Chm. Sm. 70. 82X (194X). 
S R. W. Taft. Jr., 1. Amer. (‘hem. SW. 74. 3120 (1952); /hid. 75. 4231 (1953). 
’ R. W. Taft. Jr., Sfrric L”tcfs in Organic Chumisfry (Ed. M. S. Newman) (‘hap. I3 Wlky. 

New York (1956). 
’ R. W. Taft. Jr. and I. C. Lewis. /. Amer. C’hrm. Ser. 80. 2436 (195X). 
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type* 3. ‘a 5 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, IS, 16, 17, 19 and 22). These correlations have been termed 
linear inductive (or polar) energy relationships. ’ The inductive substituent constants, 
0.. for R groups have been obtained by the method of Ingold’ and of TaftS from rates 
of normal saponification and acid-catalyzed hydrolysis of esters, RCO&H,, and 
from the ionization constants I* 4 for carboxylic acids. RCO,H (wherein R .- XCH,). 
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Ftc;. I. Ratts of so&urn mcthoxidtcatafytzd r~~thanolysis of f-mcnthyl caters, R CO,C,, 
H,,. in methanol at 30”. . 

Only when steric, resonance and other effects arc very small (or negligible) in 
comparison to inductive effects do rates or equilibria for a reaction series follow the 
equations* ‘: log (k/k,) u*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. I gives values of log (k/k,) plotted vs. u* for the sodium methoxide catalyzed 
rates of methanolysis of a series of I-menthyl esters, RCO,C,,H,, (k, is the rate con- 
stant for the acetate ester). No direct relationship with u* 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. i. Clcm. SM. 1032 (1930). 
’ W. A. Pavctichand R. W.Taft, Jr.. 1. Amer. f’ltem. Ser. 79.4935 (1957); R. W. Taft. Jr. Abstracts 

Fiftwtrh .&arional Organic Chrmisrry Symposium p+ 53. Roehater, New York (June 1957). 
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correlation with us values is obtained. The steric effect corrections are obtained by 
assuming a linear (steric energy) relationship % e between steric efT’ects in the mcthano- 
iysis rates and those in the rafes of hydrolysis of corresponding esters. 

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

FIG. 2. Linear inductive energy ~iatio~hip for rates of rncIh~nolysi~ of I-mcnthyl c%ers, 

‘ R CO,CI,,H,,. 

iI’ values so they are quantitative measures of the inductive contribuGon of Hammett’s 
o valucs.s It has been found that 045 U*XCR~ gives the desired inductive constant for 
a metu or paru substituent X relative to a hydrogen atom.’ The inductive constants so 
obtained are given the symbol, or. lo Fig. 3 shows the wide scatter of points obtained 
in a plot of log (K/Ko) for the ionization of nteru- and ~fu-substituted benzoic acids 
In water at 25:’ vs. the inductive substituent constants, 01. This result is typical of the 
reactivities of mew and pro-substituted benzene derivatives in general.6 Fig. 4 
demonstrates the linear inductive energy relationship (inductive effect : ofpr) which 
results upon correcting the log (K/KJ values for resonance effects. This too is a 

” R. W. Taft. Jr.,I. Amer. Ch’h*m. Sot. 75,453X (1953). 
e 1.. P. Hnmmctr, Physical Urgonir Chcmtstry p. 404. McGraw-Hill. New York f 1940): rcference~ 

IO earlier work are given in this honk. 
lo R W. Taft, Jr.. 1. Amer. Chrm. Sot. 79, tCM5 (1957). 
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result typical of all types of aromatic reactivities involving uncharged mera- and pora- 

substituents. The method used by Taft and Lewis to separate inductive and resonance 
effects of mera- and paru-substituted derivatives of benzene is discussed 

the later sections of this papr. 

I I I I I I I I I 
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INWCTIVE SlXElIlULNl COISTANT, Cl 

FIG. 3. Ionization of mrto- and pum-substituted bcnroic acids m water at 2s 

at length m 

A potentially valuable USC which can be made of the linear inductive energy 
relationship is the approximately quantitative evaluation of the other effects (resonance. 
steric, etc.) of molecular structure on reactivity. This evaluation is obtained as the 
difference between the measured substitucnt effect and the calculated inductive 
effect.‘, I1 That is. log (k/k,) - u*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. lnterprctations reached on this basis may bc further 
corroborated by additional generalized structure-reactivity relationships and by 

’ I G. E. K. Branch and M. Calvin. Thr 73mry o/Orp~nic Ch,cdstrv pp. 203-245. Prentice-Hall. 
New York (1951). 
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correlations with theoretical calculations .I*. I3 In this manner, studies of a quanti- 

tative nature have ken made of intramolecular steric effects,4* ‘, I4 resonance ef- 
fccts’* be lb. l6 and resonance cnergies.r* anchimcric assistance,“. I*. l8 the dctermina- 

tion of fractional stcric inhibition of resonancc.m. z1 and hydrogen bonding and stcric 
effects on solvation.n 

A major difficulty m the study of hyperconjugation effects* on reaction rates and 

equilibria has heen the relatively small magnitude of effects which might be attributed 
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Fro. 4. l.imr inductive energy relationship for rhe lonirarton of mrro- and prrra-subsl~lulcd 

bcnroic 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 generality has been forthcoming and the 

existence of direct hyperconjugation effects on reactivity has remained open to 

question.= 

l The term hypcrcoqugalton elbz~ IS used throughout the prcscnr pqxr in the general scnsc of 
denoting an effect on rcacrivlry which results from a change during the reaction prcm in the total 
pvrmrial cntr.q)’ of ~~sonancc rnreracrmn hrrwern on alkvl group and an adjarenr arom wtth an qpm 
(unw~warrd) srahlr orhtral. -cf. further comments in the discussion sccrion. The term hypcrconjuga- 
lion is not used as a connolation lo distinguish bcrwccn either of the IWO models which hav: been 
proposed IO account for alkyl rcsonana interactions. Cf. references I3 and 61. 

I* M. M. Krccvoy and R. W. Taft. Jr.. /. Anrrr. Chmt. J;,r. 7% 4016 (1957). 
I’ M. M. Krccvoy and H. Eyrmg. 1. Amer. Chrm. Sot. r). 5121 (1957). 
I4 S. S. Bicchkr and R. W. Taft. Jr.. 1. Amer. Chrm. SK. 79, 4927 (IY57). 
‘I M. M. Krccvoy and R. W. Taft. Jr.. 1. Amer. Chem. Sot. 77. 5590 IIYSSI. 
I’ R. W. Taft. Jr. and M. M. Krecvoy. J. Amer. Chcm. Ser. 79. 401 I (IY57). 
I’ A. Strcltwicscr. Jr., 1. Amer. Chrm. Sot. 78. 4935 (IY56); Chrm. RF~.. 56. 571 (IYS6). 
‘* I). S. Noya and B. R. Thomas, J. Amer. Chem. SOC. f9, 755 (IY57). 
I* S. Winstein. E. Alfrul, R. Jcck and R. Glick. 1. Amur. Chcm. SK. in prcparalron. 
lo H. M. We ter Rrc. Trau. Chim. Pap&rr 76. 335. 357 (lY57). 
*I R. W. Ta[Jr.‘and H. D. Evans. J. Chcm. Php. 27, 1427 (IY57). 
p H. K. Hall, Jr.. J. Amer. Chem. Sot. 79. 5441. 5444 (IY57). 
D Cf.. for example, W. A. Sweeney and W. M. Schubert. J. Amw (‘hem. Sw. 76. 4265 (lY541. 
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The application of the linear inductive energy relationship to the quantitative 

estimation of the inductive contribution 10 widely diverse effects of alkyl groups on a 

variety’ of reactivitics (in which hyperconjugation effects are expected in principle) 

leads lo results which may be accounted for in terms of direct hyperconjugation effects. 

0 

FKI. 5. Rclauonshlp between dlelhyl acetal and ketal. R,R&YCM‘,H,)I. hydrolysrs rates 
and sum of polar substituenr constants. a*. for R, and R,. 

Values of log (k/k,) u*p* (or ~1~1) are 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 TaW* to the study of the effect of 
structure on the acid-catalyzed rates of hydrolysis of diethyl acctals and kctals, 
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R,R,C(OC,H,),, in SO per cent aqueous dloxan at 25’ with substituents of widely 
varying polar and steric requirements. A plot (Fig. 5) of log (k/k,) vs. the sum of (I* 
values of the substituents R, and R, leads to essentially parallel lines (slope P* 

3.60) defined by the points for three classes: mono-substituted acetals, mono- 
substituted kctals (except methyl rerr.-butyl and methyl neopentyl ketalsdf. later 
discussion) and @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 increase the reaction rates. The rate constants 
for twenty acetals and kctals of unconjugated aldehydes or ketones (with the two 
exceptions indicated above) covering a spread of nearly eight powers of ten were 
fitted relatively satisfactorily by the equation : 

log (k/k,) .F (CU’)( --3.60) 7 (0.54)(nn 6) 

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

In the present paper the results of the application of the linear inductive energy 
relationship to para(and mercl)-alkyl groups in the reactivities of benzene derivatives 
arc presented and considered in detail. These results. which are a part of the general 
evaluation of the resonance effects of para substitucnts by the method of Taft and 

Lewis,* provide evidence of both C-H and C-C hyperconjugation ef&ts. and an 
approximately quantitative additive relationship of each to structure. A basis is also 
provided for modification of the earlier correlations of hyperconjugation efI&ts in 
the aliphatic series. 

PROCEDURE 

The procedure ofTaft and Lewis6 is based upon the demonstration by Hammett and 
others* that the reactivitics of me!a- and paru-substituted derivatives of benzene as a 
class are characterized as rarely if ever involving variable stcric effects at the reaction 
center. The model equation used is: log (k~:‘k,) inductive effect plus resonance 
effect. The further assumptions made are that (I) for unchanged substitucnts the 
inductive effect for all practical purposes is equivalent in the meru and puru positions’ 

l Paper V. forthcommg I. Amer. Chcm. SK. This paper should be consultd for a discussion of 
IRK scnsc in in which the separation of log (k li,) valua to I and N aramctcrs is proposed. It is of 
particular importancc IO the pnxcnt discussion to note that R va ucs rcprcscnt the total effect on f 
reactivity other than that due to mductivc dclocalizatlon of charge through the o and n bonds (and 
space) bctwzen the alkyl group and the benzene ring (including any inductive effects arising as a 
conscquencz of the mcsomcric inter-action). R values rcprcscnt the total of the effazts distinguished 
as r ronancc efTcct and rcsonarnx polar etTcct in ref. 4. 

+ For supporting cv~dencc. cf. rcfs. 4 and IO and J. D. Roberts, R. A. Clement and J. J. Drysdalc. 
/. An~r. C/MWI. SM. 73,21X2(IV51). and J. D. Robertsand W. T. Moreland, Jr., Ikd. 75,2167 (1953). 
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while the resonance effect is reduced by a constant factor z in the mera compared to 
the paru position. That is: 

log (k”/kO) :- J + R 

log (km/k,) =. J + QR. 

where J is the inductive effect (called the J value) and R is the resonance effect (called 
the R value) from the para position. 

Combining these equations to eliminate R: 

J = $; [log (km/k,) - z log (k~/k,)] L I 
Using for the resonance effect fall-off factor, Z, a value of l/3 for those substituents 

which from the paru position are conjugated only with the benzene ring and a value 
of l/IO for those paru substitucnts which undergo a change in conjugation with the 
first atom of the side-chain reaction center during the reaction process, J values have 
been obtained which follow the linear inductive energy relationship, J :=: OIPI. for a 
wide variety of reaction types (Fig. 4 is an example). Included are reactivities which 
demand for correlation by the Hammett equation all of the proposed multiplicities 
of sigma values** lo. pI+ u (0, (I-, rri), as well as some reactivitics which do not satis- 
factorily fall into any of these schemes.’ 

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

and second: 

R I-.: log (k”/kO) - olp~ (I) 

R = .I-) log(ky/k”) 
( 

To obtatn 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, PI, based upon the inductive effects 
of substituents such as NO,. CN. 0CH8. halogen, and others.’ By equation (2). 
one must have the rate or equilibrium constant for the substituent in both the mero 
and paro positions (the inductive effect is assumed to cancel in the ratio, kP/k”), 
and the appropriate value of the resonance fall-off factor, z (cf. footnotcs m. n and o 
of Table 2). 

RESULTS AND DISCUSSION 

R values for alkyl groups arc potentially quantitative measures of the total hypzr- 
conjugation effects on rates and equilibria. This assignment can bc 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 bc 

l For rcactwns which follow the Hammctt equation. p, values arc the same as Hammctr p value- 
cf. ref. 5. 

I4 H. H. Jalfc. Own. Rro. 53, 253 (IYS3). 
?’ H. C. &own and Y. Okamolo. 1. Amer. Chw. .%r. 79, 1913 (1957): N. C. Dcnn and W. 1.. Evans 

/hid. 79. SW4 (1957). 

H 
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positive for processes which arc facilitated by eIectron rclcasc and negative for the 
contrary. Further, according to the classical Baker-Nathan effcct,ld WC expect the 
magnitude of the R values to lie in the order MC .> Et N Pr* ;- But. Finally, according 
to the theoretically derived conclusions of MullikcrP’ and experimentally derived 
conclusions of Bcrlincr,*’ the value for the Bu’ group should not bc xcro bccausc of 
C-C hypcrconjugation. 

Of particular importance are quantitative relationships bctwccn R values and 
structure. Bartlett from a well-reasoned analysis (differing in rather minor detail from 
our method) of the effects of methyl and rerr.-butyl groups on the free energy of ioniza- 
tion of meta- and Peru-substituted triphcnylmcthyl chlorides in liquid sulfur dioxide 
has obtained the estimate that the resonance effect of the p-methyl group is I.18 
kcal and the rerr.-butyl group is O&i kcal. *” Thus the C-H hy~r~onjugat;on effect 
cxeccds that of C .C hypcrconjugation by about 25 per cent. Bartlett concludes that, 
since the inductive effect of the (err.-butyl group is larger than that of the methyl 
group, the resultants of the three factors-the ex~rimentally observed effects of the 
methyl and rerr.-butyl groups on reactivity -are likely to appear confusing not only 
in this reaction, but generally. 

More rcccntly Brown ef al., by a method which also differs in minor detail from 
ours, have shown that the C-H and C-C hypcrconjugation effects ofp-methyl, p-ethyl, 
p-isopropyl and p-rerr.-hutyl groups in the rates of solvolysis of phenyldimethyl- 
carbinyl chlorides in 30 per cent aqueous acctonc. at 0 25”. arc approximately 
additivc.z* Brown also ftnds for this reaction the same ratio of the C.-H to C C 
trypcrconjugation effect as given above by Bartlett. That this figure should bc the same 
for the two reactions under discussion is perhaps not surprising for both involve a 
similar change rn inductive electron demand at the reaction center (~1 for both rcac- 
tions is on the order of 4). We shall want to examine H values gcneratly both with 
respect to the additive relationships and the dcpcndcncc on reaction type (electron 
demand, solvent, etc.) of the ratio of the C H IO the C C hypcrconjugation 
cffccts. 

Table 1 summarizes typical R values for a number of reaction scrics obtained by 
both equations (1) and (2). It is immediately apparent that each of the qualitative 
criteria of hypcrconjugation cffccts mcntioncd above is satisfied by the R values. 
Attention may thcrcforc bc focused upon the quantitative aspects of the results. It 
may bc seen from Tables 1 and 2 that equations (I) 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 due at least in part to pr and to Q values which have not been 
very precisely determined by the available data. in other instances the differences arc 
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 I. 2, 4, 7. IO and I6 in Table 2 is probably representative 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 

n J. W. Baker and W. S. Nathan, 1. Gem. Sm. IX44 11935). 
n E. fkrlincr and F. J. Bondhu, J. Amer. Own. SK. 70, 854 (1948). 
*“P. 0. Llankti. J. C’henr. L&c. 30. 29 (1953); N. S. I.iuhtm and P. D. brtktt. 1. Amrr. C‘hem. 

six. 73, 5530 (1951). 
** H. C. Brown, J. I). Brady, M. Grayson and W. ti. Bower. J. Anrt~. Otmr. Srtc. 79, 1897 (19571. 
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from the two equations for these reactions is also listed in Table I. Finally Table I 

illustrates the quantitative additive relationship: 

R nIlhI : n&c (3) 

where nrr is the number of z-C-.H bonds. n(. is the number of z-C C bonds of the 

alkyl group. and lr~t and hc. are C H and C-C hypcrconjugation constants, rcspectivcly 
(in log units of rate or equilibrium). 

TABLE I. R VALLES. CORRELATION BY tquAn0N (3)’ 

Solvolysis of benzyhydryl chlorides, Ar(<‘,H,KtlC’I 

: 7. YOO; Aq. FtOH. 0 (p, 2 4.0) 4. X0”,; Aq. acxtonc, 25 (Q ; 4.0) 
.- .-.. _ -_. _.- -- .- . - _ _ -. 
I R(calcd.) R(calcd.) 

R(cqn. I) R(cqn. 2) R(aver.) cqn. 3 R(cqn. I) R(cqn. 2) R(a\er.) eqn. 3 
- - -. -. - - - - -. -. _.. _ 

MC *. I.31 -1.33 ’ I.32 A I.32 *.I IS I I.22 - I.IY -r’ I .20 
El _Ll.22 .- ‘,- I .22 * I.22 * I.03 1. I.19 ‘- I.11 * I.10 
Pr’ +- I.12 1 I.12 i I.12 -0.8Y - I.11 - lQo ! +1ao 
Hu’ 7 IGO - I.04 - I .02 * I .02 -0.75 ’ I O.Y6 t 0.86 -r- OYO 

-. .- .-- -. .- -_ -. _..__ _. -- --. -. 

h M 044: hc 0.34; h ,c:h a. I3 h ,, 040; hC 0.30: /I n’irc. I.3 

Wvolysis of rw.-cumyl chlorides, Ar(<‘f I,),C<‘I 

1. YOOq; Aq. acetone. 0’ (/I, 1 4.2) 

‘.‘-’ ‘-- -. - - - - - _... _-. - 
I R(calcd.) 

R(eqn. I) R(eqn. 2) i R(avcr.) eqn. 3 
_ -- .- -- .-‘.._ - - -. 

.MC i- l..M - I.34 - I.34 i I.35 
t:t b * I.22 :- I .30 -. I .26 - I.25 
Pr’ ‘- I 09 ‘: I.24 . I.17 ‘. I.15 
RU’ . ..O.YS * I.11 - I.03 + I .os 

-_ . -.-- __.._ 
h M 0.45; /IV -. 0.35; hrc:hc I.3 

2. Yoop, Aq. acetone, 25 (P, z 4.2) 
-. -. -- -_ __, ..-. 

R(calcd.) 
R(cqn. I) R(eqn. 2) R(aver.) cqn. 3 

-- -. - - - __. 

.’ I.22 ! I.23 r- I .23 - I.23 
- 1.11 - I.15 1,. I I 3 *. I.13 
* 1.00 ‘.’ I.07 t I04 I - I.03 

I 0.86 -09 : O.Y3 + 0.93 
-- - _.- -. .- - _. 

h II 0.41; /I<. 0.31 ; htl;hc I.3 

16. toniration of pyridinium ions. X<‘,H,NlI . . Ii&. 25” (p, 5 -1 5.7) 

R(cqn. I) R(cqn. 2), R(avcr.) ’ R(calcd.) 
cqn. 3 

- -- _-. - --. _ _ 

S MC ’ O.SY 0.51 0.55 I 0.54 
Et 0.54 - 0.48 0.51 ’ 0.4Y 
Pr’ 0.4Y 0.45 0.47 ; 044 
RU’ 04 0.26 0.33 0.3Y 
- - -.- .-...-- _ _ 

hrc - 0.1X; hc -.0.13; h,,lhc = I.4 

l Numbers refer to rhc reactton scria as listed in Tabk 2. 
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10. Bromination of benzene with HOBr, 5 0 ~ Aq. dioxan, 25 ° (pi ~ - 5 " 8 )

Me
Bu t

R(eqn. 1)

+ 1.50
+ 1 . 1 6

R(eqn. 2)

+ 1 . 5 2
+1.31

R(aver.)

+1"51
+ 1"24

h a = +0"50; h c = +0"41 ; h r~/h c = 1"2

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

M e

Et
pr~
Bu t

R(eqn. 1)

--0"26
--0"17
--0 '12
--0 '06

R(eqn. 2)

- 0 . 3 7
- 0 . 3 2
- 0 . 3 2
- 0 . 2 6

R(calcd.)
eqn. 3

- 0 " 3 6
- 0 " 3 3
--0"30
- 0 " 2 7

ha = - 0 . 1 2 ; he = - 0 " 0 9 ; ha~he = 1"3

20. Decomposition of phenyldiazonium fluoroborates, ArN~ +, H20, 47°(px ~ - 3 " 9 )

M e

pr~
Bu8
Bu~

i
R(eqn. 1) R(eqn. 2)

--1-15 - 0 " 9 3
- - 1 . 0 6

1 ' 0 4

1 . 0 0 - 1 . 0 8i

R(calcd.)
eqn. 3

- 1 - 1 7
- 1 . 0 5

- 1 . 0 5

- 0 . 9 9

ha = - 0 . 3 9 ; hc = - 0 - 3 3 ; h a / h c = 1.2

T a b l e 2 summarizes the values of h i-i, h c and h a/h c o b t a i n e d for all of the react ions
for w h i c h the required data have come to our at tent ion. The item of first i m p o r t a n c e
in t h e s e resul ts is the fact that h r t / h c ---- 1.3 -b 0.1, a f igure w h i c h u n d o u b t e d l y r e p r e -
s e n t s the relat ive conjugat ive capaci t ies of C - H and C - C b o n d s in para-a lky l groups .
This f igure is q u i t e i n d e p e n d e n t of r e a c t i o n type (it holds , for example , for equi l ibr ia
b e t w e e n stable species as well as for r e a c t i o n rates) and encompasses react ions with
such v a r i a b l e c h a n g e s in electron d e m a n d at the react ion c e n t e r that pz covers the
e n o r m o u s r a n g e from + 6 to - 12. Also w i t h o u t effect (within the indicated limits) on
h r i / h c are m a r k e d variat ions in solvent ( f r o m liquid CeHsCOC1 to a q u e o u s H2SO4,
for example) and t e m p e r a t u r e (0 ° to 51°). One must therefore look to considerable
lengths if he is to a v o i d the conclusion that the p r i m a r y effects of para-a lky l g r o u p s
on t h e s e reactivities are c a u s e d by a c h a n g e d u r i n g the react ion process in the induct ive
and r e s o n a n c e potent ia l energy interact ions of the alkyl groups .
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A p p a r e n t except ions to the ru le , h r i / h c = 1.3 4- 0.1, are to be f o u n d infrequent ly
in T a b l e 2 and w h e r e they do exis t general ly o c c u r for react ions in w h i c h h H is of smaller
m a g n i t u d e than 4-0.10. It is therefore p r o b a b l e that t h e s e a p p a r e n t except ions are
not the resul t of any significant dependence of the hyperconjugat ion ra t io , hH/h c, on
r e a c t i o n type , but r a t h e r resul t e i t h e r from the lack of high precis ion of the m e t h o d of
s e p a r a t i o n of induct ive and r e s o n a n c e effect, or the interference of s m a l l addi t ional
effects not considered in the m o d e l equat ion. In several react ions ( n o t a b l y react ions
20 and 22 of T a b l e s 1 and 2, and react ions 5 and 23 of T a b l e 2), e q u a t i o n s (1) and
(2) give sufficiently different R values to lead to d i s c o r d a n t h u / h c ra t ios . With only a
single n o t a b l e except ion (the R v a l u e for the CH3 g r o u p in react ion 20), e q u a t i o n
(2) in each instance gives resul ts corresponding more closely to our general rule. It
thus a p p e a r s that log ( k / ko ) values c o n t a i n in t h e s e react ions an addi t ional variable
(or variables) o t h e r than induct ive and hyperconjugat ive effects, whereas in values of
1/(1 - ~) [log ( k ~ / k " ) ] t h e s e variables (as well as the induct ive effect) have essentially
cancelled. The addi t ional variables are p r o b a b l y to be associa ted with s m a l l but
measureable specific a lkyl solvat ion effectsa2 (or possibly some o t h e r n o n - p o l a r
effects). It is possible that s tudies b a s e d upon the deviat ions of the resul ts of e q u a t i o n s
(1) and (2) may be used to o b t a i n a character izat ion of t h e s e secondary solvat ion (or
o t h e r ) effects.

The rates of decomposi t ion of p h e n y l d i a z o n i u m fluoroborates4a (react ion 20)
p r o v i d e the except ion n o t e d above. W h i l e no explanat ion can be offered for the
a p p a r e n t a n o m a l o u s R v a l u e for the m e t h y l g r o u p o b t a i n e d for this r e a c t i o n by e q u a -
t ion (2), it is i m p o r t a n t to note that this r e a c t i o n is u n i q u e in that its rate is m a r k e d l y
increased by induct ive electron-release (pi = - 4 - 2 ) yet - R para subst i tuents (a lkyl
g r o u p s as in T a b l e 1, or o t h e r such as O C H 3 , C1, etc. 5) r e t a r d the ra te . A r e a s o n a b l e
e x p l a n a t i o n has been a d v a n c e d by B u n n e t t and Zah l e r52 and by Lewis44 w h i c h a c c o u n t s
for the fact that r e s o n a n c e interact ion of subst i tuents of the l a t t e r c lass stabilize the
r e a c t a n t more than the t r a n s i t i o n state. This react ion therefore uniquely gives h
and px values of the same sign.

3o E. Berliner and M. M. Chen, J. Amer. Chem. Soc. 80, 343 (1958).
31 E. D. Hughes, C. K. lngold and N. A. Taher, J. Chem. Soc. 949 (1940); J. F. Norris et al.,
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SiRma values 

Reaction series which closely follow the Hammctt equation,* log (k/k,) op. give 
satisfactory linear relationships in plots ofhn or 11 cvalucs vs. pr values. From the slopes 
of these plots. and the relationshipi R/PI F OR G n,{/lH/p, i nchcjpl, one obtains 
the values of UH listed in Table 3. Included also in Table 3 are the values of 0, and 
the Hammett n values for me/u- and pam-alkyl groups which are consistent with the 
present gcncrrl results. (The only o value obtained in this manner which differs sag- 
nificantly from that obtained from the ionization of benzoic acid is the p-Bu’ value. 
given as 0.20 by the latter mcthoddg). The lack of a distinct ordering of the n value% 
for the alkyl groups is noteworthy and is in the line with Bartlett’s earlier conclusion 
that composites of three contributing effects arc not likely to bear distinct rclation- 
ships to structure.*R The inductive and C C hyperconjugation effects gcncrally lead 
to the same ordering of alkyl groups, i.e., Me -< Et < Pr’ < Bu’ (the diazonium dc- 
composition mentioned above is an exception), while the C-H hypcrconjugation 
effects lead to the ordering MC > Et > Pr ’ > Bu’. Only the separation of n values to 
these three contributing effects makes apparent the approximate additive relationships 
cxhibitcd by each of these contributors. 

The convincing feature of our results is that log (k/k,) values for reaction series 
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.e., RYE: REP : Rpri : RuU* = 1.3 : I.2 : I-1 : 1.0). The 
cancellation of the order among inductive and hyperconjugation effects to give log 
(k/k,) values which show no distinct order is apparently a common and sometimes 
confusing characteristic of alkyl groups. l This is illustrated by the constancy of the 
u values for para-alkyl groups (Table 3) and by some further examples of log (kp,/k,) 
values listed in Table 4. In the latter table log (RP/Ko) values for the diarylcarbinal - 
carbonium ion equilibria and for the pyridinium ion ionization equilibria conform 
to this pattern. By contrast, the log (kp/k,) values given for the benzhydryl chloride 
solvolysis in Table 4 show a distinct Bakcr..Nathan order, a result which becomes 
apparent for reaction series which have relatively large negative values for the ratio 

hri’pr. 

TABLE 3. 11 VALUFS FOR ALKYL GROUPS 

( or OR 8 0, I 0, 

__ _.-..--- - -,-- 

MC oa46 : -0.102 I 0.15 1 --0.08 
Et 
Pr' ' 

-0055 0.094 0.15 , 0.09 
.OG64 -.0X%6 

Bu' i 0.074 ; - 0.078 I 
0.15 OOY 
0.15 0.10 

The log (&P//co) 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- 

l Cf. earlier dwussion of this point by J. W. Baker. H~permnjugurion Chap. I. Oxford 
University Press (1952). 
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c o n j u g a t i o n effect (h 'a/pi is positive), so that a dis t inct o r d e r i n g of log (k/ko) values is

apparent .*

TABLE 4. EXAMPLES ILLUSTRATING CANCELLATION OF INDUCTIVE AND

HYPERCONJUGATION EFFECTS IN LOG (k~'/ko) VALUES FOR ALKYL GROUPS

Ionization Ar(C6Hs)CHOH,
aq. H,SO4, 25 ° (pi ~ - 5 " 6 ; ha = 0.48)

M e

Et
pr~
Bu t

log(KP/Ko)

Ionization pyridinium ions
H20, 25 ° (Pl ~ + 5 . 7 ; ha = -0"18)

+ 1"7 Me
+ 1.7 Et
+ 1.7 Pr~
+ 1"5 Bu*

log(K~/Ko)

- 0 ' 8 5
- 0 - 8 5
- 0 " 8 5
- 0 . 8 2

Solvolysis of Ar(CeHs)CHCI
9 0 ~ EtOH, Oo (Pz ~ --4"0; hri = 0-44)

Iog(k~/ko)

Me + 1-34
Et + 1.27
Pr i + 1 . 1 7
Bu t + 1"05

Decomposition of diazonium
fluoroborates, H~O, 47° (PI ~ - 3 ' 9 ,

ha = -0"39)

M e

Et
pr i
Bu'

log(k~'/ko)

- 0 " 9 7

--0"81
-0"71

Similar p l o t s of h a and h c values vs. p+ values for the electrophilic react ions , for
w h i c h H. C. B r o w n has p r o p o s e d2s the e q u a t i o n log(k/ko) ---= a+p +, give less precise
l i n e a r p l o t s than t h o s e referred to above. W h i l e this resul t may be indicat ive of an
i n a d e q u a c y in B r o w n ' s rela t ionship, it may equal ly well be due to uncertaint ies in
avai lable values of p+ (these uncertaint ies for tunately do not p r o d u c e very appreciable
e r r o r s in ob t a in ing R values for alkyl g r o u p s by e q u a t i o n (1)).

It is q u i t e significant that the two equi l ibr ia of T a b l e 4 c o n f o r m to the hI-i/hc =
1.3 rule (cf. T a b l e 2) since the alkyl r e s o n a n c e is of the isovalent category in the aryl
c a r b o n i u m ions and of the sacrificial type in the p y r i d i n i u m ion ionizat ions . A p p a -
r e n t l y then the relat ive hyperconjugat ion capaci t ies of the C - H and C - C b o n d s are
the same for M u l l e r and M u l l i k e n ' s two classifications of hyperconjugat ion.~

Final ly it is i m p o r t a n t to note that the R values for react ions 16, 17, 18, 21 and
22 indicate that sacrificial hyperconjugat ion is not necessar i ly tr ivial in m a g n i t u d e in
g r o u n d sta tes or t r a n s i t i o n states. This conclusion is s t rongly s u p p o r t e d by shielding
effects of m- and p - m e t h y l subst i tuents in the F 19 fluorobenzene n u c l e a r m a g n e t i c
r e s o n a n c e spectra (cf. reference 10).

* Professor S. Winstein (in discussion) has pointed out that precise conformity to equations (1)
and (3) demands that log(kr/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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L’lrraciolet spectra of alk~lhenxnes 

Matsen and coworkerP’* 5( 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. Thcsc spectra were determined under conditions of high resolution 
and dctailcd band assignments were made. Of particular interest are the positions of 
the so called 0- 0 bands. This band is due to the transition between the xcro 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 energies of the excited and the ground state. The position of the O-O bands 
of the alkylbcnzencs generally differs quite appreciably from the position of the intc- 
grated maximum of all of the peaks for the 2600 A ultraviolet bands. 

There is much spectroscopic cvidcncc 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 cncrgy.63 U Matsen’s data not only verify this conclusion qualitativcly6s but 
also quantitatively. The effects of open-chain alkyl substituents on the O-O-band 
transition cnergics follow equation (3) quite precisely, i.e., AAr nrdr~ A Hahn with 

hit - 0.025 cv, A( 0018 cV and hrr/lr(. l-4. The experimental values of AAc 

and those correlated by this equation arc listed in Table 5. This correlation of spectral 
data appears to afford strong confirmation of the conclusions concerning hyperconju- 
gation reached from the analysis of reactivity effects. 

The agrecmcnt bctwcen calculated and observed AAr values (Table 5) for n-C,H,. 
CICH,CH, and CICH,CH1CH2 substituents shows that the values of IIH and h(. arc 
not appreciably affected (although perhaps slightly*) by the inductive effect of rc- 
placing a /KH, group by a /I-CH,CI group or a P-Cl atom. The possible effect of 
mass of the substitucnt on the transition cncrgres is also indicated as being of minor 
importance.M 

Robertson et al. w also investigated the cyclic substituents: cyclopropyl. cj&pcntyl 
and cyckohexyl. A vet-y substantial red shift is observed for the SO band for the 
c$opropyl group (AA* . 0.152 eV) in accord with much other evidence of the 
unsaturated nature of this group. The c~rlohcxyl group gives the same transition 
energy as expected for a secondary open-chain alkyl group (cf. Table 5). The c~rlo- 
pcntyl group, however. gives a red shift (AA@ O-081 cV) larger even than that for 
the methyl group. The authors assume that this results from a certain unsaturated 
character in the cj~clopcntyl ring. The lack of general evidence of such unsaturated 
character, however, suggests the alternate possibility that the z-hydrogen atoms in the 
cJ*c/opcntyl ring are held in a position especially favorable to hyperconjugativc inter- 
action.? 

l For possible cvidcw. of inductive effects on hypcrconjugatlon whvzh arc m opposite dlrcctwn 
IO rhc slight apparent trend shown in Tabk 5. <‘f. J W. Baker, J. A. 1.. Hrieux and D. G. Saunders. 
1. C’hrm. sot. 404 (lYS6J. 

+ <If. in thrs connection rhc paper by W. R. Moore, Erich Marcus, S. E. Fenton and R. 1. Arnold. 
p. I7Y of this volume. 

M F. A. Matscn. W. W. Robcrrson and R. I.. C‘huokc. (‘hem. Reu. 41. 273 (lY47). 
M W. F. llamner and F. A. Marscn. J. Amer. (‘hem. SOC. 70. 2482 (1948). 
U 1.. Daub and J. .M. Vandcnbclr, /. Amrr. (‘hem. .Stw. 69. 2714 (lW7): J. R. Plalt, J. Chcnt. Phj-5. 

19. IO1 (IYSI): H. Sponer. I&f. 22.234 (1954); L. Goodman and H. Shull. I&f. 27. 138X (IY57) 
” W. W. Robertson. J. F. Music an.! 1:. A IclaIm. /. .4mw. Chem. Ser. 72. 5260 (1950). 
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TABLE 5. CURRELATION RY EQUATION (3) OF THE TRANSITION ENERGIES FOR nie 

O-0 BAND.5 OF THE GAS-PHASE ULTRAVIOLET ABSGRFTlGN SPECXRA OF ALKYL BENZENE!4 

Substitucnt 

-. - _- _. -. 
cycfokntyl 

CHS 
(‘,H, 
(‘ICflICHICH, 
CICH,CH, 
Pr’ 
Bu’ 

cy&Hcxyl 
BU’ 

AA< 

cxp1l. 
(CV) 

.--. - . _ 
0.081 
0.076 
0.070 
0.06Y 
0066 
oaio 

- 0.062 
0.062 
0.054 

AA< 

calcd. cqn. (3) 
(ew 

-- _-- 

0.061 
0.075 
OG68 
0.06X 
0X)6X 
0.061 
0061 
0.061 
0.054 

In a further study Hamncr and Matscn have determined the effects of CH,CI. 
CHCI, and Ccl, groups on the O-O band transition encrgies.M Substantial red 
shifts arc observed and these are attributed to hypcrconjugation of the type: 

WC note that the obscrvcd transition energics follow approximately the equation: 
AAr = n~d~~~ + nc’hc’, wherein the htr value is that obtained above and the her 
hyperconjugation parameter (. O-056) is that obtained from the observed value of 
ddr for the Ccl, group. This correlation is summarized in Table 6. 

TABLE 6. ~ORRELATIGN OF Tilt TRANSITION ENERGIES FOR THE 0-0 BANDS OF 

THE GM-PHASE ULTRAVIOLET ABSORi7ION SPECTRA OF CHLORGMETHYL-SUBSTITUTFTJ 

BENLENFS BY THk EQUATION: AA e F n,rhxr f- nr,h~, 

Substituent cxptl. calcd. cqn. (4) 
I W) , k-w 

.- . _ - - -.. __. _. 
CH, I 0976 -0.075 
CICIl* 0.121 0.106 
Cl*CH 0.133 - 0.137 
CI,C 0.167 0.168 

The results of BrowrP’ and of Schubert ef u/.~* on the ctfccts ofpara-alkyl groups on 
the ultraviolet absorption spectra of nitrobcnzcnc differ appreciably from Matsen’s 
results with benzene. A possible explanation may lie with the fact that the former 
spectfa wcrc not resolved to give the precise position of the 0 0 bands. Further, since 
the exact nature of the electronic transition is in question, the possibility exists that 

b’ W. G. Hrown and H. Reagan.I. Amer. Chrm. Sue. 69. 1032 (1947). 
se W. M. Schubert. J. Robins and J. I.. Haun. 1. Amer. Chrm. Ser. f9. 930 (IYS7); W. M. Schubert 

and J. Robins, lhtk 80. 559 (1958). 
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inductive effects make important contributions to the observed spectral shifts. As 
noted in the reactivity section of thispaper, an experimentally observed quantity 
which is the appropriate composite of inductive, C-,H and C C hyperconjugation 
effects will show little distinct order among alkyl groups. This is the observed rc- 
suit for the p-alkyl nitrobenzcne spectra. 

ilyperconjugation efecrs in the alipharic series 
The unequivocal quantitative evidence for C.C hyperconjugation effects in the 

reactivities of poto-substituted derivatives of benzene prompts a reexamination of the 
aliphatic series rcactivities which Krccvoy and Taft 16* la have previously considered 
to be satisfactorily correlated by inductive and C-H hyperconjugation effects. 

The inductive effects in the acid-catalyzed rates of hydrolysis of acctals and kctals. 

R,R,C(OCzH&, have been well demonstrated (cf. Fig. 5 and earlier discussion) to 
follow the linear inductive energy relationship: inductive effect = (X9)(--360), 
and, with the probable exception of methyl neopentyl and rerr.-butyl kctals, steric 

effects have been shown to be nearly constant. Consequently, rcsonancc effects (R 
values) may be obtained for this reaction by the relationship: 

lo&%,,) ‘-. (Co~r*)( -. 3.60) R (5) 

Column 2 of Table 7 lists R values so obtained from the log(k/k,) values given In 
column I.: The values listed arc 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 n* values adjusted to H (instead of the methyl group) as the standard of com- 
parison (designated accordingly as all)*. 

With the exception of methyl neopentyl and rerr.-butyl ketals, R values for a varlcty 
of alkyl substitucnts follow quite precisely the relationship: R n Hh 11 :. nch(., with 

iJ1l 0.62 (log units), /I v 0.24 (log units) and hrr./hc :: 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 carlicr correlation. R = (0*54)n11, are shown in column 4. Both the cvi- 
dencc from the aromatic series rcactivities and the improved precision of correlation 
of these R values appear to justify the C-C hypcrconjugation terms for the acctal and 
kctal hydrolysis rates. The details of this modification in the interpretation of these 
rcactivities arc, however, in accord with the conclusion of Krccvoy and Taft that the 
principle conjugative effect for alkyl groups is a C-H hyperconjugation effect and the 
C-C hypcrconjugation effect is by comparison sufficiently smaller to bc approaching 
the limits of reliability of the method. Also unaffected is the carlicr demonstration’* 
that the acctal transition state is stabilized by conjugation with r&unsaturated sub- 
stitucnts to an cxtcnt about one power of ten greater than that by hyperconjugation 
by an a-C-H bond (note that X values for the $-unsaturated groups listed at the 
bottom of Table 7 are on the order of IO /IH z 6). 

In one attrlbutes the quantity, log(k/k,) - (C a#)(- 360) .. nIrhli -. n&c. to 
steric assistance to the hydrolysis ralcs for methyl neopentyl and rerr.-butyl ketals. 
driving forces amounting to -:. I.0 and +2-O log units. respectively, arc obtained. 

t Since the value of ,P IS for all practical purpose determined by the subsritucnts. K .’ CICH,. 
R&H,, KOCH, and C,H,CH,. rhc R values of Table 7 may be regarded as based upon independently 
dekmnincd inductive etTcc~s. 
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TABLE 7. R VALUF~ FOR THE mm5 OF HYDROLYSIS op ACTUAL AhD ~AU 

R,R,C(OF.th, 5t)y0 DIOXON-WATER, 25' 

Substitucnts 
-- -_- _ ._ __ ___ 

R, ’ 4 n I* 

--.. --. -. ._-- .-..._-- 
H ! H 0 
H Bu’ 0 
fi I 
H ;:H,),CH I 
H C,H, 2 
H Bu‘ 2 
H Ctl,CH,C,H, 2 
H CH, 3 
CH, CJI, 5 
CH, CH, 6 
H CH,Ctl CH 
Ii C,H,CH CH -.. 
H C,H, - 

H ; P-NOJ-IH, .__ 

Column I Column 2 Column 3 Column 4 
-- ..__~ -. _. .--- 

n C’ log(k!ko) R eqn. (5) R calcd. n M(O.54) 
(log units) eqn. (3) 

- _-.. __ ---_ __ - _ 

0 0.0 0.0 0.0 0.0 
3 -I 3.7 .I, 0.7 .- 0.7 0.0 
2 i 3.6 t- 1.1 - I.1 -0.5 
2 1.3.9 f I.3 - 1.1 TO.5 
I r-3.8 .* I.6 - I.4 rl.1 
I ~3.6 * I.4 * I.4 .*. 1. l 

I -2x icl.4 .: 1.4 . I.1 
0 * 3.8 t2.0 I- I.9 +I.6 
I . 7.2 c3.4 w.1.3 -2.7 

0 -7.3 * 3.7 '1 3.7 * 3.2 
- . 6.9 -52 - 

__ +6,6 -rS.l - - 
, +5.2 5.0 . ..- 

- y I-2.6 is.0 

These figures arc in reasonable accord with estimates by Streitwiescrl’ for stcric 
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 rranr-disubstitutcd ethylenes 

R, H 

\ /’ 
c c 

H’ ‘R z 

in the vapor phase at 355::K. R values are obtained from the relationship: 

R Al!, - AHO” ( -2.2@J1i8) (6) 

The value of p* =- -2.2 _t: 0.2 is based upon the linear inductive energy relationship 
obtained with olefins of the general formula 

XCH, 

\ jH 
c c 

H’ ‘H 

which is illustrated in Table 9. Because of the much more limited range of polarittes 
covered by the available data, this p* value cannot be as confidently accepted as that 
for the acetal and kctal hydrolysis. Taft and Kreevoyt” maintain that a decrease in 
enthalpy of hydrogenation with an increase in electron-withdrawing power of the 
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substituent is cxpectcd because of the greater clcctronegativity of the unsaturated 
(.rp*) than the saturated (~9) central carbon atoms. 

TABLE 8. ft VALUES FOR THE ENTIIALPIES OF HYDROGENATION OF 

RI 

\ /” 
TRANS-DISUBSTTTUED ETHYLESES, C=C ; WAS PHASE, 355’K 

/ 
H’ 

\ 
R* 

Substituents 
_._ _- __ .._-.. 

H, RI II ,I 

._. _ _-- . . ..-. 
H , H 0 

H BU’ 0 
It i BU’ I 
It ! Pr’ I 
ti 
H i ;:m 

2 
z 

ti BU’ 2 

H ; iW” z 

H CH,Ctl,C‘O,K 2 
H CH,CH CH, 2 
H I Me 3 
Bu’ ’ Bu’ 0 

MC Bu’ 3 

MC Pr’ 4 

El Et 4 

MC 151 5 
MC Pr’ 5 
Me CH,CO*H 5 
MC Me 6 
H C,H, . 

H C-H C-H, ._ 

n r 

._-- 

0 
3 
2 
2 
I 
I 
I 
I 
I 
I 
0 
6 
3 
2 
2 
I 
I 
I 
0 

Column I I Column 2 / Column 3 Column 4 
.- ---- - _ ..-._ 

AAH’ R eqn. (6) R calcd. n rr(044) 
(kcal) (kcal) cqn. (3) 

.-- ._..- --.-- -._._ 
0.0 0.0 0.0 0.0 

! 2.5 : 0.7 t 0.6 0.0 
’ 2.4 * 0.x * 0.Y * 0.4 
-2.5 ; 0.Y -0.Y *- 0.4 
- 2.5 - I.2 . . 1.2 l - 0.9 
- 2.6 - I.2 - I.2 : 0.9 
. . 2.7 - I.3 ml.2 i 0.Y 
* 3.3 . 1.x .- I.2 I 0.9 
- I.7 .. I.1 . 1.2 I 0.9 

- 2.2 . I.4 . I.2 t. 0.9 
-2.7 . I6 . . 1.5 1. I.3 
..4.9’ . I+0 . I.2 0.0 
- 4.5’ * 2.0 -2.1 - I.3 
*. 5.0 - 2.3 . . 2.4 + 1.x 
~5.2 t 2.5 7 2.4 I 1.H 
i 5.2 l-2.8 .’ 2.7 I 2.2 

-I- 5.2 ’ 2.8 :. 2.7 - 2.2 

L 3.2 -2.5 _. 2.7 -L 2.2 

‘1 5.2 ! 3.0 : 3.0 _. 2.6 

t-4.2 t4.4 
t6.0 : 5.7 - 

Column 2 of Table 8 lists R values for the olcfin hydrogenation obtained as indi- 
cated above (equation (6)). Column 1 gives the cxperimcntal values of the cnthalpies 
of hydrogenation relative to cthylenc. Column 3 of this Table lists values of R as 

correlated by the equation: 

R = n&u + nchc (3) 

with hrr = to-50 kcal. ht. t O-20 kcal and hlr,/hc L 2.5. Column 4 lists R values 

as calculated by the earlier correlation equation: R .= (044)n~~. Again the improved 
precision of the correlation equation which includcz the C-C hypcrconjugation term 
is distinctly noticeable. The mean deviation from equation (3) is of the order of 
experimental uncertainty (the deviation for the neopcntyl group suggests a stcric effect). 

l Obtarncd from the data of R. H. Turner. D. E. Nettleron, Jr. and M. Pcrelman. /. Amer. Chmr. 
.Shc. 0. 1430 (19%). assummg rhc same value of AAff for acctlc acid solution and the vapor phase. 
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TABLE 9. DETERMINATION OF P* FOR THE HYDR~GENATIOS OF XJLWITUTEI) 
ETIIYLEKCS. GAS PHASE. 355°K 

Ikeed upon AAH’ 

R H 
‘% / 

2.2 (A,‘) for ‘C C with R CH*X 

H H 

X 

- _-- -- -- 
OH 
CH,CO*K 
CH 7 CH, 
CH,C:H CH, 
MC 
F.1 
Pr’ 

AAH’ ohs. AA H ’ calcd. 
(kcal) (kcal) 

-. _- - 
I.2 I.4 
0.x 0.X 
0.3 0.5 
0.0 0.3 

(0.0) (0‘0) 
to.1 -0.1 
-0.2 .rO.l 

_ -. 

aver. dev. = : 0.1 

The fact that equation (3) is precisely followed for R groups of widely varying 
steric requirements (for cxamplc. R,: & - H to R, -R, .-Bu’) provides cvidencc of 
a constancy of stcric effects. implying that the effect of u bond expansion on the change 
between the .rp* and sp3 valence stateP produces a contribution to the cnthalpy of 
hydrogenation which is constant (with the possible exception of the neopentyl group) 
for the compounds of Table H. Deviations of cis and vicinally substituted ethylenes 
from equation (3). which may reasonably be associated with steric cffects,l@ follow 
closely the empirical rules of Dewar and Pcttit O” dealing with the effects of such sub- 
stitution on the cnthalpics of hydrogenation. 

Both Tables 7 and 8 provide examples which indicate that h tr and Ire are not appre- 
ciably affected by the inductive effects of polar substituents within the alkyl group. 
The approximate “IO to 1” rule of Krcevoy and Taft” for conjugative stabilization 
relative to C .H hyperconjugativc stabilization of the olcfin is illustrated by R values 
for two typical z&unsaturated substitucnts listed at the bottom of Table 8. 

The free energies of hydrogenation of unconjugated carbonyl compounds. 
R,R,C 0, in dilute toluenc solutions at 333,‘K are also correlated with slightly 
improved precision by the equation. dF’ dFo’ : ( -6.0 11. 0+5)(Cutr+) - ntrhrr 1. 
ntrlrc. (the standard of comparison is R, 7 R, -1- H. for which AFoo is taken as 4.4 
kcal more negative than that for acetaldchyde--the same as the difference between 
acctaldchyde and acetone). However. the data for this reaction are less accurate than 
the former two. and the p* value has a substantial uncertainty. Consequently, a 
precise /trr!h(. value for this reaction is in question. but is probably also on the order 
of 2(hrt z 0.5 I- 0-I kcal and he = 0.25 A_ 0.1 keal). The uniquely systematic rela- 
tronship of the extra rc%onancc energies of conjugation and of hyperconjugation in 
carbonyl compounds and olctins found and discussed by Krcevoy and Taft” is 

bD U. J. S. Lkwar and H. N. Schmcising. This volume, p. 166. 
‘0 U. J. S. Dcwar and K. Petti1.I. C’ht-m. Sot. 1625 (1954). 
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essentially unaffected by this modification of including small C-C hyperconjugation 
effects. 

Our interpretation of the cnthalpres of hydrogenation of olefins and carbonyl 
compounds dots not support the conclusion of Ikwar and !Schmeising60 that resonance 
stabilization is of no importance in molecules such as butadienc or propcnc. Instead 
the relationships of R values to structure arc those expected by resonance theory.‘* 
On the other hand, the possibility that effects associated with a bond expansion make 
measureable contributions to these R values cannot be excluded. 

The re-cxamination of these aliphatic series reactivities leads us to conclude that 
hrrihc is on the order of 2 to 3. The depcndencc of this value on electron demand is 
less certain than the demonstration of a constant hrr’lrc 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 hnlhc. The question 
of why hrrihr: is materially larger for the aliphatic than the aromatic reactivities is one 
of interest and importance. but one for which we can give no satisfactory answer at 
present. 

The Krccvoy and Eyring model 13, or for hypcrconjugation (called z-hydrogen 
bonding by these authors) is attractive in accounting for the additive relationship (3). 
According to the naive model, Krcevoy and Eyring concluded that h H/h (: should bc of 
the order of 2 to 3. However, it is quite conceivable that hlrihc depends upon the 
unsaturated system to which the alkyl group IS bonded. Thus the hlt,/hc: ratio of I.3 
which holds so generally for the aromatic series reactivitics may bc associated with the 
common unsaturated system (phenyl) to which these alkyl groups arc bonded. So few 
examples arc available that it is by no means certain that hH!hc is a constant for ali- 
phatic series rcactivitics. Definite answers to these quc!tions awaits further experi- 
mental and theoretical investigations. 
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‘I Compare with the classical model: R. S. Mullikcn, C. A. Rxke and W. G. &own. I 4t~rr. 
Chrm. SC. 63, 41 (1941). 


