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IT is well known that the first cxpcrtmental indications which were mterpretcd as 

showmg that alkyl groups could release electrons conjugattvely to attached unsaturated 

systems were those dtscusscd by Baker and Nathan.’ and dcpcndcd on the obxrvatton 
that. whereas inductive electron r&ax should be tn the order MC < Et -: Pr’ -I Bu’. 

the order of electron release observed In suitable cases Involved reversals towards 

the order MC >a Et > Pr’ :- Bu’. Many clear-cut examples arc now estabhshcd. and 
this aspect of the SubJcct does not need further claboratton hcrc. 

Evidence fir C-H hyperconjugotion m electrophilrc aromatic suhstmrion 
Aromatic substitutions arc classically those reacttons from which the thcortes of 

electronic displacements have been most extensively documented. Hypcrconjugatton 
would be cxpcctcd to show up In such substituttons. smce they are constderably facih- 

tated by electron release, parttcularly of a conjugattvc character. Nitration seems to 
be an exceptton here: the inductive order has been ohscrvcd for pro subst~tutlon.* 

But since II was shown that In molecular bromtnation the methyl group IS supcrror to 

the rerr -butyl group in promoting reactLvity.‘* 4.6 a number of stmtlar examples have 
been substantiated m full expcrimcntal detatl. Some of these will be dmxsscd below. 

A case In which we have been intcrcstcd IS the hromlnatton. by posrt~ve brominatmg 

agents. of alkylbcnzenes m aqueous dtoxan. The following results wet-c obtam4:’ 

The results illustrate confirmation that the inductive effect dominates the reactivity 
sequence at the rnf:u position. as has been illustrated by other workers also.’ 

* 1. W Baker and W S. Nathan. 1. Clam Ser. I844 (193s). 
* H. Cohn. E. D Hu&s. M. H. Jones and M Pcclm#. h’utwr. Lord. 169. 2991 (1952). 
’ P. B. D. de la Mare and P W Roberwn. 1. Ckm. &x. 279 (1943). 
’ P. W. Roberuon. P. B D de la Marr and B E Swdlund.1. C&m. Sot. 782 (19s)). 
’ E. Berlmer and F. J. Bondhus.I. Amrr C&m. Sw 68. 23SJ (IM); E. Berltm and F. Berhna. 

/bid 71. IIYJ 0949). 
‘P. B D.detah4wcandJ.T. Hawey.I. Chrm Sot. 36tt9S6)~Ibid. I31 (19S7) 
’ E. Berlmer. F. BeAner and I. Nchdow. J. Amrr. Chrm. .%c. 76. SO7 (19%); E B~TII~KY and F. 

Berlmer. Ibd. 76. 6179 (1954) 
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Two further examples are grven; they Involve chlorrnations in acetic acid. The tirst 
was studred in part by us. but In full expcrlmcntal dctarl by Brown and his co- 

workers.’ For the partral rate factors grven below WC have used hrs rsomcric propor- 

trons and our value’ for the rclatrve rcactrvltles. 

The second has been examined only m part; It is the comparison of the relative rates 

of chlorination in aatrc acrd of fluorenc and 9:9dimcthylfluorenc.’ 

Since fluorcne is known to give almost exclusively the 2- and 2: 7’chloro derivatrves.1° 

the sequence is established for 2substitution as being in the hypcrconjugation order; 

in thus example, hypcrconjugation m its conventional descrrptlon mvolvcs an extended 
conjugated system, of the type rllustratcd in formula (I). 

C-C hyptrconjugotion 

It has seemed reasonable intuitively that the C-H bond should be better capable of 
conjugative electron release than the C-C bond. There seems to be nothing, how- 
ever, in the theories of hypcrconjugatron to indicate that C-C hypcrconjugation 
could be completely neglected. Although C-C hyperconjugation has been consrdered 
thcorctrcally by various workers. Berliner and Bondhus” wcrc probably the first 
writers to apply to a spmfic chcmlcal example the theory that the rrrr.-butyl group 
has an accelerating power detcrmmcd considerably by C-C hypcrconjugation. It 

’ H. C Brown and L. M Stock. 1. Amrr. Chrm SW 79. Sl75 (1957). and personal communlurtnn. 
@ P. B. D. de la Mare. D. M. Hall. M. M Harris and M Husan. Chem 6 hd. 1086 (19581. 

lo 1. BufRc. Hth-. (‘him Arro IS. I483 (1932). 
I* F. Bcrltncr and F J. Bondhus. I Amrr. Chrm. Saw. 70. 8% (1948) 
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was held that the reacttvity of [err.-butylbcnzene m molecular bromination was too 

great. and too like that of tolucnc. for Inductive effects to be the only factor deter- 

mtning reactivity paru to the rerr.-butyl group. 

Although this view is ~11, in the writer’s assessment, a matter of optnion, it is 
ccrtamly not cootradvtcd. and might perhaps be held to rmlvc some support, from 

later experimental developments in thrs field. These rllustratc the way in which alkyl 

groups promote pata as compared with mcfa su~titution. when reagents of dtffcrcnt 
charge types arc used. Partial rate factors for nItratIon* by NO,*. for bromtnatlon 

by Rr* and for chlormatlona by Cl, are given In Table I, and arc plotted in Fig. I to 
show the rclationshtp: 

log,,f, const. log,J, (1) 

FICA I. Partial rate facton for rubrtifurton tn. A, lea -butylbcnLenc; B. rolumc. 

TACU t PARTIAL RAT’8 PACTORS FOR SUflSIYTlJTlON IN ALKYLIIEYZPNES 

Compound 
__- 

Tolucne 

L- Cl, 5.0 0.70 
we- 

I 820 2 91 
---- 

rrrr.-E8utylkrumt NO*’ 4.0 I 040 
Br* (or B&M,*) 2.6 0 42 

1 7s I I .88 

Cl, 6.9 0 84 
I 38.5 I.59 

SO3 I 2.70 

If the methyl group promoted reactivity considerably by a conjugatlvc effect, but the 
terr.-butyl group only by an inductive effect, it might be expected, when reagents diffcr- 
ing in charge type and clcctronic requirements were used (e.g., Cl*, Br +), that d&rent 



110 P B. D Df IA MArf 

patterns would be obtamcd with the two substttuents. In fact. both groups show m 
plots of equation (I) a reasonably good hncar rclationshrp. 

A VICW csscntrally simrlar to that propounded by Bcrhncr and Bondhus has rc- 

cently been advocated by Brown and hrs co-workers” in regard to the relative 
rates of hydrolysis of the pore-alkyl-substrtuted phcnyldimethylcarbrnyl chlorides. 

It IS suggested that the mductrvc effect should bc transmrtted to the pare-position no 

more strongly than to the nearer mere position. and hence that the considerable acttva- 

tion of the Euro posmon by the rerr.-butyl group must bc largely of a conjugattve 
nature. 

Smcrurol eflecrs on C-H hyperconjugorion 

In another paper presented at this Conference. J. W. Baker. deals in detail with 
the evrdcnrr that hypcrconjugatron from groups of the type CH,R is affected by the 

nature of the group R. The dIrectIon of the change IS that electron-withdrawing groups, 
which increase the acrdrty of the CH, hydrogen atoms. mcrcasc the hypcrconjugattve 

power of the group.” A quahtatlve Indication of this can bc seen. perhaps, in the 

fact that groups such as CH,CO,Et and CH,CI, are still mainly o.p-drrecting. though 
they decrease. or only slrghtly Increase. the rcactivtty of the aromatic nucleus.” 

0 - H hyperconjugalion 

It has long been recognrscd that phenols are more reactive than their alkyl ethers 
in many elcctrophrlic substttutions. But, since a number of these reacttons (e.g.. 
dtazo coupling) which proceed in alkahne solution clearly involve the still much more 

reactwe phenoxidc ion, it has not so readily become rccognrscd that the neutral 
phenol molecule. for example. is more reactive than anisole. 

Such IS. in fact, the case, however. The first kmcttc invcsttgation to establish this 

phenomenon was only of a prclrmmary nature .’ but it established the key point. that 
phenol is brominated by molecular bromine In acetic acrd about nmety ttmes more 

rapidly than amsole. and that the rate of reaction IS not depressed by the addition of 
sulphuric acid to the rcactron medium. 

Smce that time. the kmctrc form for the bromination of phenol has ban examined 

by other workers in more detatl;” wrthm the limits Imposed by the expcrlmcntal 
tcchnrque. It resembles precisely that of anisole. The rate-comparison applies to the 

region of conccntratron m which the rate has the kinetic form: -d[Br,]/df - k[ ArH] 

[ Br,]. No mdrcation IS found of a fall-off in rate, spcc~fic to phenol. resulting from the 
HBr produced In the reactron. The rate-sequence, phenol > anisole. holds also for 
mdmccatalyscd bromrnatron in aprotic solvents. 

Brommatron IS not the only clcctrophtlrc aromatic displacement for which the same 

rate-sequence has been estahhshcd. Eaborn ” has studied the protticsrlylation of a 
series of substrtuted phcnyltrimcthylsrlancs. and has estabhshed that the reaction IS 

promoted much more pwcrfully by the hydroxyl than by the methoxyl group, as is 
shown In the following values: 

l Paper by J W. B&CT. page I35 of thlr volume 

‘* H. C Brown. J 1) Brady. hi Gra)ron and W. H. Bonncr. /. Amrr. Chrm. Sw tp, 1897 (1957). 
I’ J W Baker. 1. A. I.. Brw~: and D <i !Saundcn. I Chrm. Sot. 4W (1956). 
‘*C’ K. lngold rnd F K Shaw.l C hrm. .\oc 575 (1949) 
‘* I. M YcJdanaplh and N S Gnaruprag~um I Chem SW 4954 (19%) 
“C’ Eabnrn. J C hrm Sew 48!W (19%). C FXwrn ;Ind D. 1: Wcbskr. lhtd 449 (1057). 
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REACTION of p-R C,H,SiMe, wrw H - 

R p-NW, ’ P-OH pm& p-Me ’ pBu’ H ’ p-a 
Relative rate ea. 3 1 10’ : 10.700 1 IS10 21.1 Is.6 I I i 0 I3 

The kmcttc forms for protodcsilyiatton arc such that the acid catalysis of the 

nactton IS the same for both the hydroxyl and mcthoxyt substltuents, a result which 

confirms that the reaction of the former compound mvolves the activation by the OH, 

rather than by the O-. substltucnt. 

A slmtlar result has been estabhshcd for dcuterrum exchange.” though htrc only 

o&to substttution has been mvestrgatcd. Estlmatts of the relatrve electron-releasing 

power of hydroxyl and mcthoxyl groups have also heen made by Deno and hts co- 

workers” from data on equl’rbria of the type Ar,C. OH t H - 7 ’ Ar,C’ T H,O. 

Thcx. cxprcssed In terms of clectrophthc substltuent constants, u*. arc: OH, 0.82; 

OMe. -064. The hydroxyl group ts. by thts crtttrton also, the more powerfully 

electron releasing. 

It IS natural to enquire how the rnductivc effects of hydroxyl and merhoxyl groups 

would be expected to affect the rclatlvc rcactivtttcs IR the absence of conjugative fac- 

tors. The most rcltable estimates of the relattve Inductive effects of these groups seem 

to be those glvcn m McDamel and Brown’s recent compilation.** They arc derived 

from the thermodynamic dissoclatron constants of mcra-substituted benzoic acids, 

and m terns of Hammctt’s a values, u.., arc: OH, +0.121; OMc. t 0+115. The meth- 

oxyl group is slightly less electron withdrawrng than the hydroxyl group, just as the 

CH,Me group IS sltghtly more clcctron releasing than the CH, group. Values for 

0, (OH. ‘0.37; OMc. - O-27) arc. as would be expected from the foregorng dtscusslon. 

In the oppostte dircc:ctlon; these mdlcarc once agam the superior conjugative power of 

the OH group. 

It is also necessary lo enqutrc how substi~ucnts attached to the OPh group would 

normally mfluence the rate of substitution in the phenyl group. Thts matter has been 

cxtenslvely documented. for chlormation of ethers and amhdes. by Bradfield, 
Jones and thclr co-workers ** The changes in rcacttvity normally follow the 

tnductrvc effect of the subsritucnt; tnductlvcly electron-releasing groups cnhanct re- 

actttify, and rnductively electron-withdrawrng groups dimintsh tt. as IS shown by the 

followrng sequence : 

Rfunvt RATES 0) CHLORlh’4TIOh‘ Of AROMATIC ETHERS. ROAr, IN ACETIC ACID 

R Pr‘ ’ Ft Me P-McC,H, (‘H, Ph C-H, ‘pClC,H, CH,‘p-NO&H, CH, 
Rclatlve rate 440 I99 100 9s ; 68 41 I4 

” 0 P N. S.alchell. I C hrm .h- 3‘41 I (IV%). 
” h c‘ Dcno and VW I. Ewm. i .4mrr f’hrm SK 79, 5lW (JYS?J. N C. Lkno and A. khrra- 

hctm. thtJ 77. 3051 11050 
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Stem. inhihirron of rtvonunc't 
Nelthcr an uncxpccted mductlve scqucncc. nor an uncxpcctcd effect of mductlvc 

substituents on electron release from OR groups. seems to provide an explanation of 

the supcrrorlty In this rc\pect of hydroxyl over mcthoxyl. 

We have thcrcforc plvcn concldcratlon to the posslhlhty that thcrc IS sufflclent 

stcrlc Intcractlon bctwecn the OMc group and the hydrogen atoms orrlro to II to 

rcducc substantially the case with which the actlvatlng group may mdccd make ;L 

contrlbutlon to the ohxrved rate dlffercnce. In Table 2 are glvcn some new cxpcrl- 

mental data for the rates of brommatlon. In acetlc acid at low concentrations. of 

methyl-substltutcd phenols; corrcspondlng data arc also glvcn for suhctltutcd anlsolcs 

studied by Baddcley and his co-workers.*1 

TABLE 2 RFLATIVE REA~-TIVITILS. wlr)( MOLECULAR BROMIM. OF PHENOL. AWSC)LE NW 

TllLIR OdlCM4tT~4YL I~tRlVATlVLS 

I 

Compound n p ‘4 
0 0 0 

“iili” L*;-.* ,!.+ 
\ , __ ; 

---- -_ - ---- .- .- 
Relative rate of bromination / 90 450 550 
-_------ --. ----_-_-__ 

w *cc UC 

Compound 0 0 0 
” H Me . H k(r MC 

_-- _--.- -~ .- --. -- ._ 

Relative rate of bromination I 6.3 0 39 

All thcsc compounds undergo hromlnation substantially tn the 4-po\ltmn.” <o 

WC can consider that the given rclatlve rates refer to substltutton parn to the activating 

group. The Introduction of a smglc o-methyl group does not prevent the approach 

towards coplanarity; so 2-mcthglanirolc reacts with bromine ahout CIX tlmcs more 

rapidly than anlsolc; and ocresol. about five tlmcs more rapidly than phenol. This 

factor of about five is very \lmilar to that which rcprcsents the effect of a mero-methyl 

group In the bromlnatlon and chlormation of the mcthylbcnzcncs. and ~IVC< ren\onahlc 

assurance that the prmclplc that free cncrglcs of substltutlon are addltlrr apphcs In the 

phenol scrics as In the anisole scrlcs 

A second methyl group, ortho to the actlvatmg group and menu to the posltion of 

substltutmn. should on this basis increase the reactlvlty by a further factor of five. to a 

rclatlve rate (Ph * OH =: 90) of about 2300. In fact. the second methyl group only 

*I Ct. Fbddcley. G. Holt. h’ A. P Smlih and F A Whltt;rkcr. Narwr. Idmd. 168. 3X6 (1~51). (, 
Baddcky. N A. P. Smith and M A Vlckan. J Chrm SCW 2455 (IY56J 

n T Zmche and A. HcdcnsrrOm. Lwhws Ann 350, 274 (lYO6); A. F. Ilollcman and I. J. WInhe. 
Urc TUC c’htm. Pa?r.Bus 30. 48 llYl6); P I) D dc Ir Marc and C. A. Vernon. J C’hrm. SOC 
17W(IY5I): K Auwcnand’l’ hlarko\lt,. Rcr t)tsrh. Chrm. CIS. 41.2336(IWX1. A. N. Mcldrum 
and M S Shah. J Chrm. Sot. ID. I982 (1923). 



sltghtly cnhanc:cs the rcacfi~~ty. So one can attribute to stertc inhibition. by a 
H-- Me rcpulslon. of clo3romcrtc electron rclcost. a reduction in rate by a factor of 

about four. 
in rrnrsolc. the sterlc hindrance. addtoonal to that rn phcnoi. to aftatnmcnt of 

plclnarlty results also from a sin& H-- MC rcpulsron. It must. thcrcfore. be cncr- 

getlcslly \cry srmllar tn magmtude to that m 2:&dimcthyfphcnot. So a rcductton rn 

rate hy a factor of about four might be arsrgned to thrs cause. In fact, the rate factor 
IS trhout nmcty. It CccrnS very unhkcly that the whole, or even a large part, of this 

dlfTcrcncc arises hccausc of dcficlcnctes rn our assumptIonsi and hcncc it IS suegestcd 

that 3 large poroon of thrs rate-factor of twenty-two IS to bc attrrbufcd to OH hypcr- 
conlupatlon. 

It I\ cicar, of course, that stcrlc inhibition of conju~aonn plays a part tn dctcrmm- 

rng thcsc rate scqucnce< Thtc, IS further confirmed by the small reactivity of 2:6- 

dtmcth~lanisolcs~ fhc tatter compound is about ntncty fimcs less rcacttve than would 

hate hccn cxpcctcd allowmg for actlvatlon by twn methyl groups ~YIU to the pocimon 
of \ubcofufion Hcrc the rate-reduction results from one Me---Me rep&ton. and 

rt I\ to k noted that c\en fhtr tntcractton onIg causes about as much rate reduction as 

rcwlts from the rcplaccmcnt of the phcnohc hydrogen rn phenol by a mcthgl group. 

We hake dcduccd that a rate-reduction of about four may k attrlbutcd. In anisolc, 
to \tcrlc mhthroon of mcsomcrlsm. It is mfcrestmg to cxaminc whether rn a suttablc 

cycltc ether the rate csn be cnhanccd by holdmg the alkoxyl group in its best posttion 
for conjugalton. Haddrlcy and his co-workers *I have provided cvrdcncc on this pomt 

by mc;lcurtng the rate of rcxoon of coumaran. Rctaovc rcactivtots of this and of 
;~n;tilopou~ compounds*O+*l arc shown In T;rhlc 3. 

C’ompountl ; .; 
I 

,? .j 
;s I 

I I 

e.4 ’ . 
. 

C% 
I_ 
. CH, .i cw, . .~‘C”, 

0 0 
CM, 

-0 .O 
CM\ $5 CY 

9 % 
bh 

- - - . - - - - -,. -, II_ - 

Rchtivc : 
reactivity’ ’ 76 6.3 12.6’ 7 St 

t EsttmJtcd from &ta gwcn by Rradftcld rt 01.‘~ 

If wc repard ethyl o-crcsyl efhcr as the correct standard of compartson, the ring 
compound ii more reactive by a factor of about six. If WC regard 2-phcnylethyl o- 
cre\yl cthcr a% a more tatlsfactory basis, the corrcspondmg factor IS about ten. 
Agrcemcnf wrth the small factor of four is suficiently good to give us confidence that 
some reason other than sferic inhibttion of mcsomcn~m must k sought for the great 

rcacovlty of phcnoi a5 compared with amsole. 
The stcrcochcmistry of the OH group in phenol needs to k considcrcd in rclatiort 



to the possibility of OH hyperconjugation. it would seem to be generally considered 
that OH hy~rco~jugatio~ requires that the hy~r~onjugati~g bond be out of the plane 
of the benzene ring. If OH hy~r~o~jugation is ~rn~~ant, therefore, the OH bond 
cannot be accurately in the plane of the ring in the transition state adopted for bromina- 
tion of phenol; and a substantial contribution to the tatc comes by way of activation 
from conformations in which the OH bond, and therefore also the axes of the lone 
pain of ehzctrons, are out of the plane of the ring. This does not seem in our view to 
be improbable; positions which allow the OH bond to hyperconju~te also allow 
the lone pairs of electrons to conjugate, though imperfectly; but the position which 
forces the OH bond out of hy~r~onjugat~on also can be regarded as hoiding one of 
the lone pairs of electrons in an unsuitable geometrical pusition. It is to be noted afso 
that the total activation of the nucleus by the hydroxyi group is repr,%nted by a rate 
factor of about i010;‘2 the contribution attributed to the OH hyperconjugation, a 
factor of about twenty, is onty a very small part of this. 

Evidence relating to NH hy~rco~jugation is of a similar nature. Partial rate 
factors for the chlorination of acetaniiide and Z-methyIa~ta~iiide are now availabie,‘3 
as shown, with that for N-mcthylaceta~ii~de,~ in Table 4. 

TABLE 4. PARTtAt RATE FACTORS FOR CHLORINATION, part2 TO T-HE NRAc GRMJP, 
OF ANILIDES IN ACETIC ACID AT 25” 

Compound I 
I i 

Partial rate factor’ 
I 

24 x 10’ 6.2 X l(r 0.012 x IW ca. 0.02 x lo@ 

The bulky acetyl group ensures in this series that the introduction of a single 
methyl substituent in the orrho position has a secondary steric effect by introducing 
hindrance to adoption of a planar c~~guration. One such group reduces the reac- 
tivity by a factor of about twenty, when aitowance is made for the expected activation 
of the position of su~titution, pura to the directing group and meta to the methyl 
group, by a factor of about five. fn N-methyia~etan~~~de, on the other hand, the steric 
impedance to coplanarity must be of magnitude similar to that in 2-methyfacetaniiide, 
but the reactivity is very considerably diminished; by a rate-factor of about 1000. So 
a diminution in rate by a factor of about forty has to be given some alternative expiana- 
FiOn, and it is suggested that this is the result of NH hy~rconju~tion. It is su 
abo that part of the reason why this factor seems to be rather larger than for phcnoi 
is because the adoption of B coplanar conformation is energetically more difficult 
in the aniiide series, when such a conformation requires that the H and the COMc 
groups arc coplanar; so there is relatively greater activation by the lone pair of efec- 
trons from such non-coplanar conformations, and hence a greater opportunity for 
NH hy~rco~jug~tion because the SFerCwImFronic rCqUj~CmCnFS are more suitable 
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The evidence relating to electron release from amino and methylamino groups 
seems to be less decisive. The Hammett u,, valuesis fall at least partly in the inductive 
order (NH*, -0%; NHMe, -0.84; NM%, .0.83). It is of interest however, that 
Berliner and MonackLd have found, for the reaction of 4-substituted-2-nitrobromo- 
beruencs with piperidinc, a notable reversal of the inductive order of electron release 
for the extremes of these groups. 

To summarise, therefore, the following conclusions are drawn: 
(4) There is good cxperimcntal evidence, both from measurements of equilibria 

and from reactivities. that the hydroxyl group releases electrons to a position con- 
jugated with it more effectively than does the methoxyl group. 

(b) There arc indications that the corresponding phenomenon also occurs with 
the related nitrogen substituents. 

(c) Although part of this difference is attributable to steric inhibition of reson- 
ance, estimates of the quantitative magnitude of the latter contribution suggest 
that some other fact also contributes strongly to the difference. 

(d) It is not unreasonable to identify this factor with OH or NH hyperconjuga- 
tion. 

n E. Berliner and L. C. Monack, J. Anur. Chem. Sk. 74, 1574 (1952). 


