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Q~ALITATIW asscssmcnt of the rclativc magnitudes of the mcsomcric hyperconjugation 
of groups of the type CH,X, when X is varied, was attempted’ by a stridy of the 

equilibria: 

p XCHz . C,H, . CH:O .t HCK :: pXCHo . C@H, . CH(OH) . CN 
k¶ 

whence. from the baluc of K q kSlkl, the values of AF ‘: - RT In K were determined. 

As defined. AFis the increase in free energy for the dissociation of the cyanohydrin into 

aldchyde and hydrogen cyanide. This free-energy change will include contributions 
from both polar (inductive) and mesomeric (.t.M) hypcrconjugative ctiects of the 

substitucnt group CH,X towards the stabilisation of the free aldehydc relative to its 

cyanohydrin. The difficulty in the interpretation of the results arose from the in- 
ability to separate the magnitudes of the inductive and hypcrconjugative components. 

The inductive effect of a group R is essentially a measure of the ground-state change in 
polarity of a C-R bond relative to that of a C-H bond as standard and. as a first ap- 

proximation. this should vary little from system to system. The hypcrconjugative 

effect may. like any conjugative effect, vary in magnitude from system to system and 

It depends on the degree of electron-orbital overlap and so on the extent of the con- 
jugated system involved, i.e., on the degree of possible electron dclocalisation. 

Separate evaluation of the inductive and conjugative contributions would thus give 

more rcliablc information regarding the hypcrconjugative cffczts of a single H--C 

bond for various groups rn a given system, or of any one group in diffcrcnt systems. A 
basis for such quantitative separation has recently been provided by the trcatmcnt 

dcvcloped by Taft,* who has shown the wide application of the relationships AF 
(for equilibria) or log (k H/k 11) (for reaction velocities) .: n* RP* -- nh. where U* H is 

the polar constant for the substituent R (determined from a wide range of data on 
ester hydrolysis), p* is a reaction constant which mcasurcs the susceptibility of the 

reaction to polar cffcctc. n is the number of hyperconjugated C-H bonds and h is the 
energy associated with a single H-C bond hypcrconjugation. 

Application of this treatment to the carlicr results for the cyanohydrin reaction 
makes possible some degree of quantitative evaluation of h for different groups CH,X. 

’ J. W. Raker. J. A. L. Rricux and D. G. Saunders. J. Chetn. Sot. 404 (1956). 
z For a summary wc K. W. Taft. Jr., Separation of Polar. Steric. and Resanonce Eflerrs in Reocric:ir.v in 

f$ii,,Eflecrr in Organic Chrmisrr.v (Edltcd by M. S. Newman) p. 556 er srg. Wiley. New York 
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Its application lo certain reaction velocities also provides some indication of the effect- 
ive hyperconjugation of alkyl groups in reactions of different polar rcquircments.t 

In the evaluation of u* H values Taft used the methyl compound as the refcrencc 
standard, assigning to it the value U* t.u, - OOOO. On this scale hydrogen, which is 
less electron repelling than methyl, has u+u -.0*49O. Since, in the systems here 
considered, the parent unsubstituted compound has been taken as the refcrcncc stand- 
ard, the value of a*u has been taken as OOOO, and Taft’s values have been adjusted 
accordingly, e.g., o*crrs - O-490. All o* values used in this paper refer to a+ 11 = 
04MO. The treatment is first applied to cyanohydrin equilibria with para-alkyl- 

substituted benzaldehydcs. 

Equilibria 

(a) A/k~l groups. The relevant data3 for the equilibria between p-alkylbcnzaldc- 
hydes and their cyanohydrins arc in Table 1. . 

TABLE I. EQUILIBRIUM CONSTRUES K : k,jk, AND Af FOR THE EQUILIERIA 

p-R. C,H, . C-H: 0 -1. HCN + pR . C,H, . CH(OH) . CN IN CON!STANT- 

kr 

BOILING ALCOHOL AT 20 ’ 

R U*lI: IOSK 
(mole/l.) 

-.---- -__ -_-- 
H I 00CKI 4.47 
CH, 1 -0.490 8.98 
C*H, -0.590 8.111 

- -- -._-__ 
observed calculated I h 

(kcal) 1 (kcal) ; 
(kcal) 

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

3.15 ’ (3.15) 1 -‘- 
2.75 2.75 0.07 
2.80 j 2.7R , 0.062 

iso-C,H, - 0.680 8.04 I 2.81 2.82 0.082 

rert.-C,H, 0.790 ; 7.49 2.85 
/ 

(2.85) 
; 

-. : 

: Ref. 2. p. 6lY. 

+ After this treatment was completed later work by Taft suggc~~cd that 0. balucs arc valid indica- 
tions of the magnitudes of he inductive eficc~s of groups only in the aliphatic series. and he dcvelopd 
a treatment of equilibria and reaction veloc~t~a m aromatic systems on rhc basis of VI values. defined 
by the relationship 01 - 04So*c~~a. for tk substitucnt group R. Use of 01 values, with rhc corrc- 

wording reaction Constants pt. evaluate the inductive polar CKCCIS of orrho-. metu- or paro-substi- 
lwnt groups in aromatic sysrems. using the relatlonship I (I - z)[log (K, K,) 3 log (K,‘K,)] - 
OIPI. where z is the (constant) fraction of the resonance &XI of rhc substitucnt in the pure position 
which operates as a second-order effect from the I))PIU position. Ihc values of rhc r&o of O*.‘UI 
differ widely for different group, and II is evident thaw there is. at present. no consistent relationship 
between o* and 01 values. Morcovcr, the pr*ient writer finds II diffilr IO aurpt WI the magnitude 
of the inductive effect of a group R m the system R-C .rom should be only approximately 45 per cent 
of that of the group It CH, in R CH,-C.II,. If a damping cfTccr IO about one-third is assumal for 
Ihe intercalation of the saturated mcthylcnc group, this would imply thnt the magnitude of ~hc in- 
duclivc cffec~ in R -C.r,m is only approximately I5 per cent of thar In R C’.lt,. In spite of the wide 
correlation effcc~cd by Taft using the *I,,, relatIonshIp. II was dazldcd IO WC u* values (which are avarl- 
able for all but one of the groups studled in the cyanohydrin reactIon) dcrlvcd from aliphatic reactions. 
as probably valid cmpiriwl aSxSSmerus of the rclatibc mducuvc conrrlbutions to the cyanohydrin 
qullibria. Almost the only other rwiuhk polar factor in the subsrc~utcd bcnzaldchyde system studied 
is Ihe dcgrcc of hypcrconJugallon. and the main purpose in this paper IS 10 obtain some relative. 
empirical numerical values for rhls conrriburcon. Any C4I hyperconjugation has been ncgkctcd. 
bt11 there is some evidcna: (see below) that it is nor significant m he qullibria studied. The writer 
understands from Professor Taft (personal communication) that his alternative treatment. using the 
01 PI relationship. applied to the cyanohydrin data. does not allcr any of Ihe conclusions reached in 
this paper. although it gives somewhat higher numerical values for h. 

‘J. W. Baker and M. I.. Hemming. /. Chum. Sot. IYI (IY42). 
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The reaction proportionality constant may be evaluated by elimination of h 

bctwecn the various equations df~ AFH (o* H u*~i)p* - nh. The value $0 

obtained (,.i O-372) is almost identical with that obtained by assuming that C-C 

hyperconjugation of the rerr.-butyl group is insignificant in these equilibria. whence, 
since C H hypcrconjugation IS absent in both the unsubstitutcd and rerr.-butyl- 

bcnzaldchydcs. AFn,,, AFH - 0.30 0.79Op*. i.e.. p* -0.380. The positive 

value of p+ is in harmony with the experimental findIng that the equilibrium is dis- 

placed in the direction of the cyanohydrin by unequivocal clcctron attraction (e.g.. 

IPK m _ so, -= 2.1 ; AF 3.31 kcal) and towards the free aldchydc by clcctron release 

(e.g. lwK, (‘HS 5.5: Af 3.03 kcal). The values of h in the last column of 

Table I arc determined from the relationships AFH AFS e-O.380 (0. H - o+ 11) 

n/It, the mean value being 11 .- 0.072. Use of this mean value assumes (with Taft) 

that. m this n/k,/ series of substitucnts. the hypcrconjugation energy per H-C bond 

is approximately constant. an assumption which. as is shown below, is not correct 

when X in CH,X is not alkyl. 
In order IO apply the correlation not to differences in AF but to the individual AF 

values themselves. it is necessary to evaluate the contribution (x) due to polar and 

conjugative interaction of the phenyl and aldehyde groups, prcscnt in all cases. 

This can bc done by using the unsubstituted compound in which hyperconjugation 

is absent and the polar cffcct of R H is, by definition. zero. i.e.. 3.15 0*380x, 

whence x .- R-29 kcal. Taft’s n* values (polar electron attraction) for C,H, and CH:O, 

corrected to the standard U* H - 0400 are, rcspcctivcly -0.1 I and ‘1 0.86, and the 

extra resonance energy associated with bcnzaldehyde is 7.1 kcal;’ the combined 

polar and resonance effects of C6H,. CH:O in the parent system would thus be of 
the order 7-l I 0.97 8.07. a value In fair agreement with that determined by the 

above treatment. The AF values for the various cyanohydrin equilibria are then 

accurately represented by the equation AF 0.380 (o* H :’ 8.29) 0.07211. or its 

alternative form. Af 0.380 n* R ;- 3. I5 0.072n. whence the calculated values of 

AF in the fifth column of Table I arc derived. In the former expression the total 
polar effects of the phcnyl and the aldchydc groups are regarded as subject to the 

reaction constant p* 0.380, whilst in the latter their constant contribution, assessed 

from the cxpcrimcntal data for the unsubstitutcd benzaldchydc. AF 3.15 kcal/molc, 
is separately enumerated. 

Although too much significance should not bc attached to the actual numerical 

value of Ir. its small value indicates the order of magnitude of the . M effect of hypcr- 

conjugation per H -C bond in the equilibria stud&. Thus in p-tolualdchydc the extra 
stabilisation of the free aldchyde relative to its cyanohydrin due to methyl-group 
hypcrconjugation is only of the order of a few hundred cal/molc. 

(b) Groups (~~rhe lj’pe -CH,X. The apparent validity of the above-deduced rcla- 
tionship for Af for all alkyl substituents studied suggests that it may bc used to evaluate 

the relative values of h in the various substitucnt groups CH?X. derived from similar 
data which were obtained by Baker ef al.,’ n in all cases (except X - H) being 2. 
The necessary data and results are in Table 2. 

+ The sign of nh is ncga~~vc bccmsc. with p* postlive. hypxconjugation electron rclcasc urll 
mremc K. I.c.. dccrcasc AF. When p* IS negative. the sign of nh ~111 bc posllive, the value of h always 
bcmg asigrwd a posilivc value. 

4 M. M. Krcboy and R. W. Taft. Jr., 1. Antcr. C’hmnt. Ser. 79 4016 (1957). 
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TABLE 2. EVALLATIO~. 0) MESOMERIC /I FOR GROLPS C’H*X IN THt EOUII.IRRIA 

p-XCHI C‘,H,(‘HO .- HC‘N i b p-XC-H, . C‘,H, CH(OH) C’N FROM rn~ 

RELATIOS AF :. 0.380 a*~ -+ 3.15 nh 

AF 
X (kcal) 

__.. - _.. .- - 

SEtI,’ 2.55 
Cl 2.79 
HO& 2.92 

(0.C’ 2.74 
011 2.84 

Y*‘ 
3% 
2.75 

CH, 2.80 
(OC’H,-p 3.24 
(WH ,-n1 3.26 

-- I.41 
-I- 0.56 
,J 0 56 

3 

1 0.06 
; 0.22 

o-490 
0.590 

- 0.03 
+ 0.03 

h 
(kcal) 

.__ _ _ 

0.57 
0.29. 
0.22 

?) 
0.17 
0.09 
0.07 
0.06 
0.04) 
0.05) 

+ o* I, Value for CH, I;Me, used. 

With the exceptions of X - OH and OMc (discussed below) the groups CH,X arc 

arranged, in Table 2, in order of decreasing values of or, i.c., of decreasing I effects 

(or increasing -1) and the effective hyperconjugation per H C bond in these groups 
decreases from the top to the bottom of the table, in agreement with the qualitative 

order previously postulated. l This semi-quantitative treatment of the equilibria thus 

confirms the earlier suggestion1 that hyperconjugation of CH,X is increased by the 

capacity of the group X to stabilise the negative charge in the canonical structure 

X . CH * C,H, . CH:O. involved in hyperconjugation. and thus to increase the im- 

portance of such structures in the mesomeric structure of the aldehydc. Such stabilis+ 
lion may be by either inductive or conjugative effects of X. Stabilisation by the In- 

ductive effect ( I) is illustrated by the observation that the value of 11 for CH,X 

decreases in the order X NEt, _. Cl . OH. which is the order of decreasing I 

effects of X. Stabilisation by the conjugative effect of X is illustrated by the cases where 

X CO,Et, CC&H and CO . 0. all of which show a grcatcr dcgrec of hypcrconju- 
pation, per H-C bond. than when X H. It is unfortunate the (I* values arc not 

available for the group CH, . Co,. and hence it is not possible to get any quantitatrvc 

assessment of the contribution of inductive electron rclcase towards the relative stabil- 

isation of the free aldchydc. but II may be noticed that the structure 0. CO. CH . 
C,H, * CH:O. in which the two negative charges may be distributed between two 
oxygen atoms and the formylbenzyl group (A), simulates very closely the resonance 
stabihsation in the symmetrical carbonate anion (B) 

_ 

i 

CPC ‘0 

%I 
(8) 

I 
_- 

(A) 
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One other factor may possibly make a small contribution when X is strongly electron 

attracting. Before the expcrimcntal results were obtained Coulson (personal com- 

munication) made a very tentative guess that increase in the electron-attracting Rower 

of X would cause a flow of charge in the C-X bond. leading to increased clcctroncga- 
II\C character of the carbon atom. This should make the CH, group a little more co- 

planar with the phcnyl ring and so facilitate hyperconjugation, but the effect. if 

present. would be very small. The conformity of the experimental results with this 
conclusion may indicate that it is a factor which makes a small contribution towards 

the increased hypcrconjugation obscrvcd when X is a strongly electron-attracting 

group like ;R,. 

The group CH,O * CH, is anomalous, since the values of AF for the era- and 

pura-substituted derivativcuj arc almost identical. indtcating the absence of any sig- 
nificant conjugattvc cffcct. The meaningless very small negative values for h found with 

this group confirm this conclusion. One possible explanation might bc found in 
competing anionic hyprconjugation,* 

but the difTcrcnt bchaviour of the groups HO. C’H?.. and CH,O . CH,- is difficult 
to explain on this basis. 

In reaction veloctttcs, all polarizabtlity effects. favourable to the reaction, will bc 

called into play. Thcsc may include inductomeric and clectromcric effects and all such 

cffccts will be included, indiscriminately, in any conjugative or hyperconjugativc effect 
derived from the application of the u*p* type of analysis. For this reason alone, simi- 

lar analysis of velocity data may not be quite as satisfactory as a means of evaluating 

the hyperconjugation contribution. but such analyses do. nevertheless, provide some 
tntcresting results. 

(a) In rhe cpnohy&n reacrion. Raker and Hemming3 also determined the separate 
values of k, and k, in the benxaldehyde-cyanohydrin reaction. Their results arc in 

Table 3. These are less accurate than arc those for the equilibrium constants K, 
cspccially those for k2, which were determined from the relation k, k,K and so 
involve the product of the separate experimental errors in both K and k,. These k, 

kl 
Tlrelm 3. VEI.O(-ITY DATA FOR ‘rw RF.ACTIO~Z p-K f C,H, CHO t HCN ;‘ 

kl 
p-K . C,H, CH(OH) . CN IN Et011 0) CONSTANT BOILING PO1h-T AT 20’ 

R= tl ’ C-H, <‘,H& iso-C,Ht 1 trrr.-C,Il, 
- - - - -. - _. . - - __I.-.-._ 

IO”k, (mole *I. set I) I .Y6 O.YH I .Ol O.HS 0.91 
log (klR;k”) 0 0.301 0.288 0.363 i .0.333 
IO’%, (set ‘) 0.87 0.88 0.82 ’ 0.68 0.68 

(J.1‘ OaO I 0.490 0,590 0.680 0.790 

j F. H Z&bold. Jr.. J. Org. (‘hem. 21, IS6 (1956). 
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values do not conform to the above analytical treatment. An approximate treatment 

of the k, values is. however, possible. although even here the very small velocity 
differences do not readily lend themselves to such analysis. 

Although the values of Ir vary slightly for the different alkyl substituents (0.03. 

0.02,0*07), these results arc approximately represented by the relationship log (k,R,‘A-,“) 
= ~0*43o*~ - W3n. The rather larger positive value for p* for the forward reaction 

than for the equilibrium is in agreement with Lapworth’s early finding6 that, in cyano- 

hydrin formation, attack is by the CN ion and hence the forward reaction is facilitated 

by electron attraction away from the carbonyl carbon atom. The small value of h. 

of the same order of magnitude as that in the equilibrium exprcz.sion. suggests that only 
the mcsomcric component (.: M) of hypcrconjugation is opcrativc in the forward 

reaction. a conclusion to be cxpccted since hyperconjugation is an clcctron-release 

mechanism which would retard the clectrostriction of the cyanide ion. 

(b) In wtimolecuhr (S s I ) und bimolecular (S ~2) nuclevp/dic suhstiturion. In the 

unimolecular nuclcophilic substitution, the solvolysis of bcnzhydryl chlorides,’ the 

rate-determining stage p-R . C,H, . CHPh- Cl - - p-R . C,H, * tHPh .’ Cl. is un- 
equivocably facilitated by clc!tron release by the group R alkyl and hence the 

mesomeric hypcrconjugation (.. M) will here be greatly increased by the operation of 
a strong clectromcric component ( t-1:‘). Apphcation of the above method of analysis 

should thus reveal the magnitude of this total H-C hypcrconjugativc cl&t. The 
relevant data, including some later results of Shiner and Verbanic.” arc in Table 4. 

~‘ABLF. 4. VALUES OF k, FOR rHL WLVOLYSIS OF p-R . C,H, CHPhCl IN 80 PER CEST AQUEOUS 
ACETONE AT 0’ 

R 
. _ - _- -_ . - - 

c”H 
C,G$ 
iso-C,H, I 

rerr.-C,H, 
n-(‘,H, 

(CH,),CH C-11, 
K-)1,),<: . <:H* : 

“‘R 
.--. - 

OGOO 
0.490 

O.SYO 

0.680 
- 0.7YO 
- 0.620 

0.615 

0,655 

IO%, 
-_ -- .- .-- 

2.82::2 618” 

83.5 
62.6 
47.0 

35.Y 
56.92 
50.2 
40.06 

log k,R,k,“* 
-- - .- 

0 
r 1.4715: 
.J. 1 . )4(jq 
‘1-1.2219: 
: 1.1049’ 
r I .3374’ 
‘- I .2828’ 
-. 1.1848’ 

h 
- -. - 

- 
0.26 
0.26 
0.27 

_ - 

0.23 
0.21 

0.13 

A With rcfcrcncc to value of log A*& observed by rhc particular mvmrigator. 

Solution of the various equations log (kIRik,“) e+ IW’ I nlf gives P* - 140. 

whence the various values of h in the last column of Table 4 are dctcrmincd. For the 
results of Hughes er al.’ this unimolccular solvolysis is accurately represcntcd by the 

relation log (kIn!kIH) : l4OO*H - 0.26n; those of Shiner and Vcrbanic require a 

shghtly smaller value for II. The large negative value of p* indicates the expected 
strong fucilirafion of this reaction by electron rcleasc from R and the much larger 

* A. Lapworth. 1. Chem. Sot. 83. YYS (1903). 
: E. II. Hughes. C. K. lngold and N. A. I’ahcr. /. Chcm. SOS-. WY (IWO). 
” V. J. Shiner. Jr. and Vcrbamc. J. Amer. (‘hrm. Sot. 79. 369 (1957). 
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value of It (approximately O-26) indicates that the total (-t M. i E) hyperconjugativc 

effect per H- C bond now operative is at least four times as great as the mesomcric 

component alone. The significantly lower value of h for the neopentyl group may well 
indicate some steric inhibition of the hypcrconjugatione in addition to the i I cfYec~ 

of the substitucnt CMe, group on the effective hyperconjugation of the attached 

CH, group. 
The bimolecular nuclcophilic substitution: 

p-R * C,H, - CH,Br - 
. . 

C,H,N -+ p-R . C,H, . CH, . NC,H,}Br, 

from the results of which the concept of H -C hypcrconjugation was originally formu- 

latcd.*O will bc much less electron demanding. since. in the transition state, electron 

rclcasc, although facilitating the separation of bromine with its bonding electrons, will 
hinder the clcctrostriction of the pyridinc molecule. Hypcrconjugativc electron release 

should thus be much smaller. Analysis of the experimental results, given in Table 5. 

completely confirms both these conclusions. 

TABLE 5. VALUES OF k, FOR THL RCA(‘TlOK 

p-R C,fl, . CH,Br - C,fl,N + FR . C,ff, Cflt NChf16 : Br 
IN I)RY ACETOF;E AT 20” 

I 

K 0*&l IO'k, log (k,Rjk,") h 
(mole “I. set ‘) 

-. - _._ _ _ - - ._.- .- _- _ 
f1 OwO ! I.22 ’ 0 .- 
CH, I 0.490 2.02 102190 : 0.049 
GH, 0.590 I.81 IO.1693 ; 0.040 
iso-C, H o -0.6X0 I .63 - O.I258 0.024 
I~w.-C,H~ 0.790 I.65 : -0.131 I 

The relative velocity data arc rcprcscnted by the equation log (k,R:‘k,H 0*15O+R 

4 04% to an accuracy of 0.01 - 0.02 log units. The much smaller negative value of 
p* rcflccts the smaller electron demand of this Ss2 reaction. The low value of h, of 

the same order of magnitude as that for the mcsomeric component, suggests that the 

polarisation of the C-Br bond in the transition state 

does not invoke apprcciablc unsaturation at the methylenic carbon atom to stimulatr 

any clectromcric hyperconjugative effcyt. 
Too much significance must not bc attached to the absolute numerical values of h. 

but these analyses. based on free-energy calculations, suggest that the energy associated 
with the mcsomcric hypcrconjugation of a single H-C bond in a&y/ groups attached 
to an aromatic system is small and only about 4&70 cal/molc. whereas when the 

’ <i. Baddclcy. J. Chadwick and S. R. Raulinson. .Vurwc. In&. 164. 833 (194Y): cf. <;. Raddeky 
and M. Gordon. /. Chrm. Soc. 2lYO (1952). 

‘OJ. W. Hakcrand W. S. Nathan./. Chcm..%r. I844(lY35): J. W. Haker./. (‘hen. SM. IISOfIY3Y). 



elcctromcrlc effect is stimulated by a strongly electron-demanding reaction this value 

is incrcascd about four-fold to approximately 260 calimole. These values of Ir arc 
appreciably lower than the average value (approximately O-5 kcal) found by Taft and 

Krccvoy for the cnthalpics of hydrogenation of various substituted ethylenes and the 

free cncrgics of hydrogenation of carbonyl compounds RlR2C:O. They suggc?;t that 

the conclusion of these authors that hypcrconjugation stabilisation is less susceptlblc 

to clcctron demand at the reaction ccntrc and may bc assigned an approximately 
constant value (approximately 0.5) is possibly a somewhat ovcrsimplilied gcncralisa- 

tion. The value and uscfulncss of Taft’s method of analysis for the evaluation of the 

approximate magnitudes of hypcrconjugation cffccts IS. ho\scvcr. further illustrated 

b> the analyses described in this paper. ’ 


