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Abstract Thcrmochcmlcal cvldcnce pcrtmcnt IO the question of hypcrconjugation is reviewed with 
the following conclusions. The data Indicate 1ha1 alkyl subsritullon 31 an unsa~uratai linkage results 
in stabilirarion of apprccrable magnitude which is csscnrlally mdependcnt of Ihe nature of the alkyl 
group and which cannot. in the general case. be accounted for in terms of stcric effects. Beyond rhm 
facts the calorimelrrc results do nor pro\& signihcant Information on the nature of ~hc stabilization 
process and hcncz cannot disrrngulsh among various inrcrpretalions Ihal have hn advanczd in 
cxplanarion of lhrs phenomenon. 

IN a series of iniestigatlons commencing in 1935. Kistiakowsky and his associates 

obtained by direct measurement the heats of hydrogenation of several substituted 

olefins in the vapor phase at X2“. l An cxprimcntal precision of the order of 0.1 per 

cent was achieved in this work, the results of which arc recorded in Table 1. Although 

slightly 1~3s precise values for heats of hydrogenation arc obtainable by difference 
from the heats of formation of various olefins and those of the corresponding paraffins,’ 

the quantities derived in this way in general serve only to confirm and extend the 

original observations of Kistiakowsky without adding anything fundamentally new 

to his results. 
Inspection of the data of Table I reveals three points of major interest. First, it 

will be noted that the heats of hydrogenation decrease in successively smaller incre- 

ments with increasing substitution of the double bond, the differcncc in the values for 

ethylene and for tctramethylethylcnc being 6.2 kcal/mole. A similar trend is observed 

in the series bcnzcnc ( 49.8 kcal:molc). ethylbcn7Lnc ( ,48*9 kcal/mole) and mcsity- 
lene ( .47.6 kcal/molc).* and in the heats calculated for the reactions acetylene 

- + ethylene ( 42.2 kcal/molc). propync - + propylene ( - 39.6 kcal/mole) and 2-butync -b 

rruns-butenc (. 38.0 kcal/mole).s Secondly, the heats of hydrogenation of propylene, 
I-butcne. isopropylethylene and ten.-butylcthylene arc found to bc virtually identical. 

It follows that, whatever the origins of the substitution cflcct. the net result is csscn- 
tially independent of the nature of the alkyl substituent. although the neopentyl 

group may consitute an exception deserving special consideration. 
The Kistiakowsky work finally emphasizes the fact that stcric interactions, which 

l For a summary of a large portion of this work. see J. II. Conam and G. B. Kistiakowsky Chcm. 
Reu. 20, I87 (1937). 

’ S&crecl Valurs o/‘Prr~prrrirs (I/ Hr&Jrarhons. Circular C46l of the National Bureau of Standards, 
U.S. Printing Off=, Washington, I1.C. (1952). 

z G. n. Ktstiakousky. J. R. RuhotT. 11. A. Smith and W. E. Vau ban. /. Amr. Chmt. Sm. 58. 146 
(1936). and Rcfcrcncc 7. o-Xylcnc show3 a shghtly lower hcaat o f hydrogenation ( 47.3 kcal:mok) 
than dots mcsirylcnc. The origin of rhts discrepancy has not been established. although confonna- 
lional factors in the reduction products may bc involved. 

’ J B. Corm. <i. R. Klsrlakowrky and II. A. Smith. /. Ante-r. Chrm. SW. 61. 1868 (1939). 
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TABLE 1. VAPOR-PHASE MEATS OF HYDROGF.?JATIOK (82’) 

Compound ) .‘.?I Kcfcrencc 
(kcal;molc) 

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

Ethyknc 32.8 4 

Propylene -30.1 5 
I -Butcnc ; - 30.3 5 
I -Heptcnc - 30.1 ’ 6 
nd’entykthyknc 29.5 7 
i.wPropykthykne ’ -30.3 7 
rd.-Butylcthykne - 30.3 7 

cis-Butcnc - 28.6 5 
rruns-Butenc .27.6 i 5 
isoButenc - 28.4 : 5 
2-Methyl-I-butcne 2X.5 ’ 6 
2,3-Dimethyl-I-butem 2H.O : 6 
2,4.4-Trimethyl-I-pcntenc 

! 

21.2 ; 1 

Trimethylethykne - 26.9 6 
2.4,4-Trimethyl-2-pcntene ; -28.4 1 

Tctramcthykthyknc - ,26.6 ; 6 

are undoubtedly the major source of the I kcal difference between the heats of hydro- 
genation of cis- and of rruns-butene, cannot be disregarded, and that such factors may 
seriously compromise the investigation of other phenomena by the hydrogenation 
method. Since steric strain in the reactant will result in an increased heat of hydro- 
genation, whereas steric interactions in the product lower the enthalpy change for the 
hydrogenation process, a reduced heat of hydrogenation can be interpreted alternately 
on the basis of reactant stabilization or of product destabilization. A well-known ex- 
ample of the latter effect is the cyclopcntene-cyclopentane case. in which eclipsing of 
hydrogcns in the saturated product serves to dcprcss the heat of hydrogenation of 
the five-ring olefin below the cyclohexene value, despite the presence of greater strain 
in the cyclopentcne than in the cyclohexene double bond.s 

The effects of methyl substitution in the series ethylene. propylene. rrans-butcne, 
trimcthylethylenc and tctramethylcthylenc have in the past been uniformly intcr- 
preted in terms of olcfin stabilization, questions of stcric influence, particularly in the 
cases of the last two members of the group, having been neglected. Since trimethyl- 
ethylene and tctramethylcthylene possess, in order, one and two ci.t-butcne interactions 
not found in the other compounds under consideration. the heats of hydrogenation 

4 G. H. Kistiakowsky. H. Rorncyn. J. R. Ruhofi, H. A. Smith and W. E. Vaughan. J. .4mcr. Chcm. 
Sot. 57. 65 (1935). 

b (;. B. KktiakowJky. J. R. RuhotT. H. A. Smith and W. II. Vaughan, 1. Amer. Chcm. SM. 57. X76 
(1935). 

6 zi3tJ Kistiakowsky, J. R. Ruhoff. H. A. Smith and W. E. Vaughan. 1. Amer. Chem. SM. 58. I37 

f M. A.‘Dolliver, T. L. Circsham, G. B. Klstiakomky and W. E. Vaughan. 1. Amer. Chcm. Six. 59, 
831 (1937). 
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of these substances, corrected for olcfm strain, should be lower than the values actually 
observed by at least I.0 and 2.0 kcal/mole, respectively, Although it seems reasonable 
to suppose that repulsive interactions in paraffins will alsojncrcase with branching. the 
fact that within a group of isomers the more highly branched members possess the 
greater stability (cf. Table 2) makes the estimation of stcric strains in saturated systems 
a matter of considerable difficulty. Some efforts in this direction have nevertheless 
been made, notably by Spitzer and Pitscr.x As applied to the case of 2,3dimethyl- 
butane the Pitter method is as follows. It is observed that 2-mcthylpentane possessing 
one iso branch is I +7 kcal/molc more stable than n-hcxanc, the corresponding straight- 
chain isomer. A~uming that the effects of branching are normally additive,* 2.3- 
dimcthylbutane with two iso groupings should differ from n-hexanc by -3.4 kcaljmolc 
and from 2-methylpentane by - l-7 kcal/molc. The latter diffcrcnce is in fact only 
1 O-8 kcal/mole, and the discrepancy of @9 kcalfmolc is assigned in this treatment to 
the stcric energy difference between 2-methylpentanc and 2.3dimethylbutane. The 
method does not, of course. given any information on the strain cnergics of the iso 

compounds which are employed as reference substances. A possible approach to 
this problem may be given along the following lines. 

TABLE 2. HWTS OF FORMATION 0~ VARIOUS PARA~N~ 
(VAPOR PHASE, 25;) 

Compound 

- -.-- --. 
n-Butane 
isoBucane 

n-Pentane 
i.Mentanc 
neoPenlane 

n-Hexane I 
2-Mcthylpentane 
2,3_Dimethylhutane 
2,2-Di~thylbu[a~ 

.? H! 1 Differencc from 
: normai paraffin 

-. - -. _~ 
-30.2 0 
-- 32.2 -2.0 

- 35.0 0 
36.9 ’ --I.9 

-39.7 - 4.7 

__.40.() : 0 
-“4::: j -2.5 -1.7 

-44.4 4-4 

Structures (I), (If) and (III) are taken as the most stabIe arrangements of n-butane, 
2-methylbutane and 2.3dimethylbutane. respectively. Assuming that strain energy in 
(I) is negligible and disregarding “B-strain” in (II) and (III),* the differences in steric 
energy between (I) and (Ii) and between (il) and (III) may each be equated to the strain 
in a single skew n-butane structure. Since PitzerO has assigned a value of 0.8 kcal 

l A ICSI of this assumption is provided by a comparison of the hca~s of formation of 2,SdimcthyL 
hcxanc ( 53.2 kcal mok), in which the iso structures arc widely scparatcd. with those of 2-mcrhyl- 
hcptanc ( . 51.5 kcai mote) and of n-octane (-49% kcal;molc), the differcnax being, respectively. 
.‘- t .7 and - 3.4 kcal mok (ref. 8). 

* R. Spitrrr and K. S. Piucr. 1. Amr. Chtvn. tic. 70.1261 (1948); xcc also H. C. Brown and W. H. 
Banner. f&d. 75, 14 (1953). and ref. 12. 

’ K. S. Pitzcr Chem. Rev. 27,39 f 1940); C. W. Bezkett, K. S. Pitzer and R. Spiucr J. Amer. Chem. 
Sot. 69, 24RR (1947). 
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for the energy difference between the skew and staggered arrangements of n-butane, 
the above argument suggests that repulsive energy increases in increments of approxi- 
mately 0-g kcalimole in thesequencc (I) to (II) to (III). On this basis the heatsof hydro- 
genation of trimcthylethylene and of tetramcthylethylcnc. corrLrted both for olefine 

(I) (E) : nf 

and for paraffin strain, arc 267 and 26.2 kcalimole, respectively. It would thcrc- 
fore appear that the decrease in heat of hydrogenation that accompanies methyl 
substitution in this series is not of steric origin. That the effect resides specifically 
in an intrinsic stabilization of the olefincs is most clearly demonstrated in cases where 
isomcric olefins difitring in degree of substitution, and hence also in the nature of the 
alkyl substituents, yield the same reduction product. Thus the heat of hydrogenation 
of I-butenc (-. 30.3 kcal:mole) exceeds that of /rons-butene ( 27.6 kcal:molc) by 
2.7 kcal/mole, a value that represents the heat of isomcrization of the mono- into 
the di-substituted derivative. Similarly, the heats of isomeri~ation of 2-mcthyl-l- 
butene (disubstituted) into trimethylethylene (trisubstitutcd) and of 2.3-dimethyl-l- 
butene (disubstituted) into tetramethylcthylene (tetrasubstituted) are .- I.6 and 
- I.1 kcal/mole, respectively. while the heat of isomcrization of isopropylethylene 
into trimethylcthylene is - 3.4 kcal/mole. The pair 2,4,4-trimcthyl- I -pentene and 
2,4,4-trimethyl-2-~ntenc constitutes a special exception, which is considered in a later 
section of this paper. 

In 1939 Mulliken suggested that the stabilizing influence of methyl substituents 
on ethylcnic and acctylenic linkages could be explained by hyperconjugation involving 
z C-H bonds.iQ If the entire effect is thus assigned, hy~rconjugation would involve 
energies of the same order of magnitude as those associated with the conjugation of 

two double bonds. 
Numerous objections to the original Mullikcn proposal have been raised in recent 

years. Baker” has noted that if branching in paraffin hydrocarbons can result in 
stabilization amounting to some few kcal!mole, the same factors may be responsible 
for stabilization of compounds possessing branches at olefinic carbon atoms.**” 
Furthermore, the fact that methyl, ethyl, isopropyl and rerr.-butyl groups appear to 
product cquivalcnt effects requires an explanation beyond that provided by the C .H 
hyperconjugation theory. Dcwar and Pettit I* have attempted to explain stabilization 
both in branched paraffns and in alkyl substituted olefms in terms of s=ond-order 
perturbations in adjacent bonds (H-C .H. C ,C-H, C-C C. C C-H, C C C). It is 
noted, however, that if C-.H and C C hypcrconjugation play roles of comparable 
importance, the adjacent bond interaction theory for olefins would be unnecessary. 

l It may bc norcd in this connection that i.vobutene is more stable than runs-butenc by I.2 kcal 
mok (from free cncrgics of formation gtben in tcfcrcna 1). 
lo K. S wullikcn J. Chrm. Phys. 7. 339 (193Y); R. S. Mullikcn. C. A. Rickc and W. Ci. Brown, 

/. A&r. Chm’Soc. 63. 41 (lo41 ). 
‘I J W. Raker, ClvpPrconjworion p. 40. Oxford C!m\cnity Press (1952). 
I* i. J. S. Dcwvar’nnd R. Pcttit, 1. C’hmt. Sot. 1625 (lY54). 
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More recently, DewaP has suggested that the effects conventionally ascribed to 
hyperconjugation in alkyl-substituted olefins, and to electronic delocalization (reson- 
ance) in systems of the butadicnc type, can be interpreted on the basis of energy 
variations resulting from changes in hybridization. The greater stability of propylene 
as compared to ethylene is thus attrlbutcd to the fact that on hydrogenation the 
propylene C-C single bond, formed by sp”-.sp* overlap, is converted into an .$ -.@’ 
bond whereas in ethylene the analogous change is S-sp* to s-s$. This suggestion 
possesses considerable merit, although certain of &war’s deductions regarding con- 
jugated systems will require careful scrutiny.+ 

Taft and Kreevoyl’ have analyzed the Kistiakowsky data with the aid of an empiri- 
cal relationship of the general Hammctt form and have concluded that in caxs where 
steric factors are unimportant the heats of hydrogenation can be correlated with a 
reaction parameter (p’), an inductive substitucnt constant (u*), and a hyperconjuga- 
lion factor (II) amounting to about 0.5 kcal for each z C-H bond. An additional 
paramctcr for C-C hyperconjugation has been employed by Taft and Lewisls in a 
discussion of hyperconjugative and inductive effects in various reactions of m- and 
p-alkylphenyl dcrivativcs. but C. C hyperconjugation has not been specifically con- 
sidered in the Taft treatment of the Kistiakowsky data. 

In connection with a study of eliminatton accompanying the sokolysis of 2-halo- 
2,4,4-trimethylpentencs it has been noted that 2.4.Ctrimcthyl-I-pentenc (IV) pre- 
dominates over 2,4,4-trimethyl-2-pentene (V) in the olefinic portion of the reaction 
product. I6 Equilibration expcrimcnts” carried out on (IV) and (V) in 80 per cent 
aqueous ethanol at 25” furnish an equilibrium constant of the order of 5.7. favoring 

CH, - iz”,. 1”’ 
l-l C”, 

\ ..c’ 
CH, 

NC” * CH,- i \ 
/\ CHJ / W 

W 
(IV) (V) 

the At-product (IV). The free-energy difference between (IV) and (V) is thercforc 
approximately I kcal/molc, a result that is consistent with the gas-phase data of 
Table I and with measurements of the heats of hydrogenation of (IV) and (V) carried 
out in acetic acid solution at 25” (Table 3). to The fact that in this case the disub- 
stituted olefin is more stable than the trisubstituted isomer constitutes an important 
exception to the general rule. Conversion of the rerr.-butyl groups of (IV) and (V) 
into isopropyl groups gives 2.4-dimethyLI-pentenc and 2,4dimethyl-2-pentenc in 

l The fact that butadicne. which can adopt a planar arrangement. and c~&octarctracnc, which 
cannot. show closely comparable experimental stabilization cncrgiacf. [ref.2 and R. B. Turner. W. R. 
Mcador. W. von F. Docring. J. R. Mayer and D. W. Wiley. 1. Anus. Chem. Sor. 79.4127 (1957)j 
appears IO constitute a discrepancy in ~hc Dcwar argument. since butadienc 
spa-.$ bond. wherea four such bonds arc prcscn~ in c@~tatetracnc. 

ponars only one 

I* M. J. S. Dcwar and A. N. Schmeising. Toruhrdron 5, 166 (IY58). 
I‘ R. W. Taft and M. M. Krccvoy, 1. Amer. Chrm. SW. 79. 401 I (1957). 
” R. W. Taft and 1. <I. I.cwis. J. Amer. Chcm. Sot. 80. in press (1958). 
I’ Cf. 11. C. Brown and Il. L. Bcmcis. J. Amer. Chrm. Ser. 75. IO (IYS3). 
” E. D. Hughes. C. K. lngold and V. J. Shiner, J. Chum. Sot. 3827 (1953). 
In R. B. Turner, D. 1:. Nettleton and M. Pcrclmon. J. Amrr. Chrm. Sk. 80. 1430 (IY58). 
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which the normal stability relationship is restored. In attempting to account for the 
anomalous behavior of (IV) and (V), Hughes et al.” noted that. although only five 
hydrogen atoms are available for hyperconjugation in (IV) as compared to six in 
(V), important contributions from form (Vl) might serve to stabilize the Al-olefin. 

CH, CH 

c + 
/ 

CH,- CH,- C 

1: 
\ 

4 CH,- 

(VI) 

Brown and his associates,*a*lD however, have emphasized the fact that the stability of 
(V) is adversely affected by the presence of a cj.r-methyl-reef.-butyl interaction, and 
that predominance of steric over hyperconjugative efTects in this olefin provides a 
reasonable basis for interpretation of the observed stability order. Calorimetric 
evidcnce’a on the magnitudes of interactions of this type supports the latter view. 

TA5LE 3. HEATS OF ~YDR~~~A~O~ IN ACETIC ACID SOLCTtOh’ (25-t’ 

Compound 

I 
CJII 1 

, (kdimole) A(:‘,H) 
)_ _--- --- --- - _-__- 

t,rtDimethyl- I -pentene ’ -26.7 
Z.4-Dimethyl-Zpcntcne ,25-t I .-i.5 

2,4.4-Trimethyl-I-pentene (IV) 
I 

I 
-25.5 I 

2,4,4-Trimethyl-2-pentcnc (V) -,26*8 1.3 
! 

~Mcthyl-~i~-2-~~tenc (VIla) ,27+3 
4-Mcthyi-rrons-2-pentene (VllIa) -26,4 -0.9 

4,4-Dimcthyl-cis-2-pentenc (VIIb) -30.8 ’ 
4,4-Dimcthyl-rranr-2-pentene (VflIb) . - 26.5 

/ 
-4.3 

l Prccislon of the data IS approximateiy i.O.5 per otnt. 

H\_CiH 

H 

\_;“’ 

/ \ 
R CH, R’ hi 

(Vlla. R- Pr9 (VIIIa. R = Pr’) 
(VlIb. R.-W (VIllb. R-hi’) 

Whereas the difference between the heats of hydrogenation of the ci.s- and ~anr4 
methyl-2-~ntcnes (VIIa and VIIIa), in which hy~r~onjugative and inductive factors, 
hybridization effects and the like should cancel, is essentially the same as that for the 
t-is- and rrans-butcncs (- 1.0 kcal/mole), a considerably larger difference ( .-4.3 kcal/ 
mole) is observed for the ck- and rtans_4,4dimethyl-2-pentenes (Vllb and VIIIb).* 

l Ihe fact thar the heats of hydrogenation of (WITa) ( 26-4 kcal.‘mok), (Vtllb) (-26.5 kcal:mok). 
rr~~ii~~propykthylc~ ( 26.8 kc&mole, unpublished result) and of front-it;-trrr.-butyklhytent 
( -26.9 kcal:molc, reference lg) arc alt in close agrccmcnt lends further support lo the conclusion that 
in the abxmr of strain, the cff’ts of alkyl substitution art independent of the nature of the alkyl 
group. 
$a H. C. Brown and M. Nakagawa, /. A~w. Chrm. SM. 77, 3610 (1955); H. C. Brown and I. Mori- 

tani, I&id. 77, 3623 (1955). 
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The strain in (V) resulting from the opposition of c&methyl and terr.-butyl groups is 
therefore sufficient to account for the relative stabilities of (IV) and (V) without re- 
course to the suggestion of Hughes er al. 

In 1957 Brown et ~l.*~ reported the results of an investigation of the rates of soi- 
volysis of phenyldimethylcarbinyl chlorides carrying alkyl substituents in the orrho, 
mefo and paru positions (cf. (IX)). The paru-substituted derivatives show marked 

R- <_>-&., 
CL 

acceleration in rate of solvolysis over that observed for the parent compound (IX; 
R .-: H), despite the presence of an intervening phenyl group and of two methyl 
groups attached directly to the center of developing electron deficiency. The ratios of 
rates for the substituted products to that of the unsubstituted derivative are: for p- 
methyl, 260; p-ethyl, 22-O; p-isopropyl, 18.8; and for p-rert.-butyl, 14.4. Since mera 
substitution by the same groups produces only about a two-fold acceleration, it is 
concluded that the pore effect is predominantly of hyperconjugative rather than 
of inductive origin and further that C-C hyperconjugation is nearly as eKcctivc as 
C-H hyperconjugation in stabilizing an incipient carbonium ion. Comparison of the 
free energies of activation for the various reactions leads to values of about O-5 kcal 
and 0.4 kcal for the respective contributions of hyperconjugated C-H and C-C bonds 
to the stability of the transition state. 

In this connection thermodynamic information on related neutral molecules 
would bc of considerable interest. The only pertinent data that appear to be available 
relate to the heats of combustion of m-methylstyrene and of p-methylstyrenc. which 
are reportcdr as 1163.06 and - 1162.86 k&/mole (vapor phase, 25% respectively. 
Calculation of the heat of combustion of a hypothetical methylstyrcne, devoid of 
possible interaction between the methyl and vinyl groups, from the heat of combustion 
of styrenc (- 1018.83 k~f/mole) and the difference between the heats of combustion 
of toluene (- 901*50 kcallmolc) and of benzene (. 757.52 kcal/mole)t gives a com- 
parison value of -- 1162.8 kcal/mole. Assuming a calorimetric precision of the order 
of 091 per cent, it follows that, within the limits of experimental error, interaction 
between the methyl and vinyl groups in this system is absent. The result suggests that 
hy~rconjugation is much less important in neutral molecules than it is in electron- 
deficient states. The rather large stabilization observed in propylene and the lack of 
such in p-methylstyrene may, of course. be attributable to dissipation of the interaction 
in the benzene ring in the latter compound. The evidence is. however. not incon- 
sistent with Dcwar’s hypothesis.” m-Methylstyrene and p-methylstyrenc possess 
equal numbers of equivalent bonds,.and the hybridization change necessary for con- 
struction of the hypothetical model (s-sp* -N .@-sp’) is accounted for in the toluenc-. 
benzene difference. 

The thermochemical data discussed in this paper provide strong evidence for the 
stabilizing influence of alkyd substituents in many unsaturated systems. That the 
cumulative effect is large is indicated by the difference of 6.2 kcal/mole between the 

*’ H. C. Brown. J. D. Brady. M. Grayson and W. H. Bonncr. I. Amer. CI(em. Sot. 7’9, 1897 (1957). 
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heats of hydrogenation of ethylene and tetramethytethylene. This value is comparable 
in magnitude to the cnthalpy diffcrcnces between cis- and [runs-cyclooctenc (9.2 
kcal,/molc).*i and between cis- and rrans-di-rerf.-butylcthylene ( -9.3 kcal/mole),r* 
which result from the involvement of severe stcric strains. It is clear, however, that 
the calorimetric results furnish little information on the origins of the stabilization 
phenomenon. the nature of which must hence be sought in evidence derived from other 
source?. 

!’ R. B Turner and H’. R. \leador. J. .4m*r. Chmt. SW. r). 4133 (1957). 


