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&&act-Various aspccls and examples of conjugation and hypcrconjugation arc surveyed. and rhe 
desirahtlity of an explicit classifation of both conjugation and hyperconjugation into two major 
types, isovaknt and Mcrificial (ordinary) is emphasized. The existcncc of a third type, pluvaknt 
conjugation, is also mentioned. Further, the dcsttibility of a subclassifiwtion of Lsoconjugation and 
isohypcrconjugation each into three sub-types (danve. non-dative. and homodativc. in orderof 
increasing conjugative stabilization) is pomtcd out, with examples. Sacriiicial conjugation and hyper- 
conjugation arc usually non-dative. but some cxampla of dative coonjugation and hypcrconjugation 
arc cited. The intrinsic joint- of the induct& and rncsomeric cffcc~s (both of whtch arc forms of 
resonance) in homcdativc &conjugation and isohypcrconjugation is emphasized. Homodative alkyl 
isohypcrconjugation in carbonium ions is discussed cx~ensivcly. with cspcctal reference to .McCaulay’s 
Confcrena paper. Some hitherto incompletely published theoretical cvidcnce. supported by cxpcri- 
mental spectroscopic evident. what rhe ethylene positive ion is partially twisted in its ground state, is 
presented; the twist is due IO incipient isohyperconjugation. 

Definitions of the term hypcmnjugation arc comidcnzd with some care. It is suggested that the 
Baker-Nathan effect (in so far as it refers IO differences bctwccn C-H and C-C hypcrconjugation) 
should not itself be described as hypcrconjugation, but rather as Affrrmrial hypcrconjugation. It is 
pointed out that there are no obvious theoretical reasons for expecting radical ditTcrcnuzs in stabiliza- 
tion cnqy or in magnitude of electron rclcasc between C C and C-H hypcrconjugation. Finally, 
the writer wishes IO apologlxc if he has sometimes gone astray in this paper hecaw of the supr- 
ficiality of his acquaintance with the vast literature of organtc chcmtstry. 

(a) General remarks 
1. INTKODUCTION 

MULLER and the writer in a recent paper’ have shown by modified Hiickel-type 
LCAO-MO (LCAO molecular orbital) calculations how the observed relatively 
large stabilization energies in alkyl radicals and ions (relative to CHI and CH,+) can 
be understood in terms of hyperconjugative n-electron resonance. In seeking to 
understand the large size of the effects, they found it very illuminating to introduce 
a classification of hyperconjugativc (and of conjugative) effects in terms of types of 
major VB (valence-bond) resonance structures. Although these structures are in 
gcncral very familiar,’ it was felt that a systematic classification and terminology would 
be of real value. 

Although corresponding LCAO and VB structures arc only roughly equivalent, 
the equivalcncc is probably usually good enough to form the basis for a qualitative 
classification which should be significant for both. Although the LCAO method is 
more useful for quantitative calculations, one can much more easily obtain fairly 

1 N. Muller and R. S. Mul1tkcn.J. Amrr. Chem. Sue. 80. 3489 (19S8). 
g G. W. Wheland. &soMnCC in Organic Chcmisrry. Wiley. New York (19SS). 
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reliable qualitativeS insight into the reasons for the magnitudes of n-electron reson- 
ance effects in various kinds of cases by writing corresponding VB resonance strut- 
turcs. (But see Section III(a), Notes added 20 November 1958). 

The present paper contains a further development of the classification of conju- 
gated and hyperconjugatcd molecules in terms of VB resonance s1ruc1ures, with ex- 
amples. Since this paper was prepared in final form ufler rhe Conference, advantage 
has been taken of the opportunity to include in the discussion of examples commcn- 
tar&.’ on some of the papers prcsentcd by others at the Conference. 

In view of Dewar’s strong advocacy at the Conference of the idea that the effects 
of n-eILx1ron resonance in ordinary conjugation, hence all the more so in ordinary 
hyperconjugation. arc inconsequential, one might bc persuaded that any further use 
of the idea of hyperconjugation has become superfluous. However, as is set forth in 
a separate complementary paper+ the writer is very doubtful that such an extreme 
viewpoint can tx justified. Moreover, a major point in the present paper is that iso- 
valcnt hyperconjugation should be a much stronger effect than ordinary hyperconjuga- 
tion, because of resonance akin lo that in benzene. On the whole, it seemed best not lo 
consider the impact of Dewar’s new ideas in the present paper, except incidentally. 
Resulting doubts and reasonable modifications of usual ideas will be examined more 

carefully in the separate paper mentioned. 

(b) Definitions of conjugation and hyperconjugarion 
A variety of phenomena in unsaturated and aromatic organic molecules, including 

those historically referred lo as conjugation, have been explained in quantum- 
mechanical VI3 theory in terms of n-electron resonance between two or more classical 
VB structures. The use of the term conjugation has in recent years been increasingly 
extended to include all molecules believed to be stabilized by n-clcctron resonance; 
for example lo benzene with its two equivalent KckulC structures and to aniline with 
its quinoid in addition lo KekulC structures. In the prcscnt paper the word conjuga- 
tion will be used in this broadened sense. Conjugation is then said lo exist in a molecule 
when the principal classical structure or structures contain single bonds each inter- 
posed between two multiple bonds or having on one side a multiple bond and on the 
other a lone n clcctron, n-electron pair or quartet, or z-cktron vacancy. (For con- 
jugation in the cumulcncs- see Section III(a)-a slight extension of this definition is 

needed.) 
Hyperconjugated molecules can bc defined similarly if we regard a pair or triplet 

R\ 
of bonds from an atom e.g. 

R\ 
,C or R’+ 

R” Ru,’ 
as a quasi-double or quasi-triple 

. Firsr-order hyperconjugafion can be said 10 exist when the 

l R. S. Mulliken. Tc*rrahc*&on (1959) m pfcss. 

1 IIowe~cr. quanllrarlve factors. which arc auromarically taken into account in rhc LCAO-MO 
method (though not wry accurately unkss rctincd forms of Ihe mcthnd arc u.scd). can sonw~mc~ 
twxonx: so Imporram as IO scrwusly modify or even ourweIgh conclusions has& on qualitalr\e 
Insight from VH swuctures. 

a Thus the prcsenl paper mcorporarr~ (a) malcrial 

~de;ls and malcrlal rcscnlcxi by olhcn al rhe Con crcnce; (ct some impro\emcn!s. rcfincmcnrs. and 
P- 

rp 
rcpared heforc the Conference: (b) rcqonscs IO 

muditiwlions rcsu trng from Ihe srlmulus of the Conference papers and dlscuwons. Fmally (d) 
some addirlonal comments belicwd Imporlam uerc mserwd on 20 Nowmber IYW. 
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principal classical structure or structures contain single bonds interposed between one 
quasi-multiple bond and either an ordinary multiple bond, a lone n electron, n 
electron pair or quartet, or n-electron vacancy [with a slightly extended definition for 
cumulenes-see Section III(a)]. Second-order hyperconjugurion involves single bonds 
interposed between two quasi-multiple bonds; recent calculation9 indicate that the 
effects of second-order hypcrconjugation should be quite small. 

In the discussion of unsaturated or aromatic molecules with a planar skeleton of 
the unsaturated and directly attached atoms, the x direction will always be taken in 
this paper to be perpendicular to the skeletal plane. Then in any quasi-double bond, 
one is a quasi-u and one a quasi-n, or quasi?r,. Hereafter these will be designated as 
[u] and [n,] or [n,] bonds. 

For a group H,= or R,= (as for example in H*=CO or R,=CO), let the bond 
orbitals of the two H atoms or of those R atoms which form the quasidouble bond 
be called u and b. Then the [u] GO (group orbital) has the form u + 6, the [n,] or 
[n,] orbital the form u - b (omitting a normalizing factor in each case). 

c 

A 2 

3 0 

FKI. I. 

For a group H,= or R,=, letting the three HI or R, bond orbit& of the quasi- 
triple bond be called u, 6, c. the [u] GO has the form u + b + c, while the [n,] and 
[n,]GOs are of the forms u - b and c - i(u + b), or vice wrsu (omitting normaliza- 
tion factors and neglecting overlap effects) or suitable orthogonal linear combinations 
of these, depending on how the triangle ubc (see Fig. I) is oriented with respect to 
rotation around the RS= bond. However, the hyperconjugative action is independent 
of the angle of such rotation. (This is no longer quite true for composite group: 

R R 

R 1 
-7 or R’ S, 

1 
insofar as the different R’s are unlike in their hyperconjugativc 

R” 
effectiveness.) 

II. ISOVALENT CONJUGATION AND ISOVALENT HYPERCONJUGATION 

(a) General churucteristics; subclasses; interrelations of induct& and mesomeric 

eflects 
In isowlent conjugation (or Lroconjugafion if one wants a briefer term) there are 

two or more classical structures containing equal numbers of n bonds, also of u and 
of total bonds. The writer feels that it is worth while, and important,’ to distinguish 

L C. A. Coulson and V. Crawford, J. Chcm. Sot. 2052 (1953); A. Lofthus. J. Amer. Chrm. Ser. 79. 
24 (1957). 

* 0fcoursc evcryonc knows these ~ypcs. and perhaps most chemists will think it silly or prcsumptuoos 
’ IO give them names. but the writer is convinced that their overt recognition should make II easier 

to think clearly about them. 



three main sub-classes of isovalcnt conjugation, namely (listing them in order of 
increasing expected resonance energy), (I). &arit.e, (2). nor!-ciaric*e, and (3), honrodurire. 
Typical examples are the following: (If for the dative subclass, chlorethylenc: iso- 
valent dative structure H,C -CH =CI- in addition to main structure H,C CHCI; 
or chloracctylcnc; (21, for the non-dative subclass, benzene and the ally1 radical: 
WJ eyuitalenl isovalent structures each; (31, for the homodative subclass, ally1 ion 
or amidinium ion, or their derivatives: two equivalent isovalcnt struc1ures each, with 
stabilization not only by resonance per se but also by nete.rsari/y ~~~eor~jl~~ffl~ partial 
uniformization of n charge distrtbution. brought about by the dative actron involved 
in a shift from one of the two isovalent resonance structures lo the other (e.g. H,C*-- 
CH - CH, to H,C -=CH - C l H,f. Two familiar further examples of dative isocon- 
jugation (here superposerl on benzenoid js~onjugation) are chlorobenzcne and aniline. 
with dative isovalent structures C&;. :CI* and C,tt, N ’ H, rcspectivcly. 

Dative isoconjugation involves exc/u.riceiy one-,s*op n dative action, which costs 
energy in creating an (often long) dipole, so that the dative s1ructurc, although ISO- 
valent with the main structure, is non-equivalent. On the other hand, homodalive 
is~onjugation releases electrostatic energy by charge redistribution (equali~tlon) 
as an intrinsic purr of the total energy release by isovalent n-electron resonance. The 
resulting bond and charge distribution in the ally1 ion may be summarized by 
H,C+rtr;CH-C’rH,. 

But also, in the presence of either dative or hom~tive isoconjugation, ffddi~jonul 
“inductive” shifts of charge via both u and n bonds must of course occur. In Ihe dative 
case, they serve to lower the cncrgy of the dative resonance structure very conslder- 
ably and thus increase its importance for the molecule; for example In CH,CHCI, 

H\C- +CH n : Cl- would much better describe the dative structure than HtC - 
H” <I ~7 
CH :CI-; then in the actual molecule, when both the isovalent resonance structures 
have been included, the Cl atom has lost n charge but gained u charge. 

In the homodative case, inductive effects serve to distribute some D and also some 
n&ctron positive charge to all the atoms in the molecule; the resulting distribution 

H1 C+,&CH--C+, JH+ 
might be described by Hf o tr 2H A major part of the n- 

electron “inductive” redistribution, as compared with a single VB resonance structure, 
had, however, already been accomplished by isovalent resonance. Further, it should 
be especially noted that LCAGMO a-electron calculations, in contrast to the usual 
VB formulations, automatically take into account all”inductive” as well as mcsomcrlc 
n-electron charge shifts if allowance is made in the calculations for the effect of its 

charge on the ~-cl~tronegativity of each carbon atom. 
In isovalent ~l~pefconj~~~lion (or isohyperconjugation), as in isoconjugation, there 

are in VB theory two or more rcsonancc structures containing equal Ioral numbers of 
bonds, and also containing equal numbers of u and n bonds if one counts [u] and 
[n] bonds as D and n bonds. Further, three main sub-classes of isohyperconjugation 
can usefully be distinguished, namely, (1). dative, (2) non-dative. and (3) 

7 I.. G&man and H. Shu1l.I. CYwm. Phyc 23. 33 (19S5). For dtxusswn of the uvmponding 
phenomena m hyprrconju~o~ion. WC rcfcrenas I and I I 
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homodative; the characteristics of these classes parallel those of the corresponding 

sub-classes of isoconjugation. 
lsohypexconjugation differs from isoconjugation in that there arc two (or in general 

two sets of) isovalcnt structures which differ (and hence are always non-equivalent) in 
a certain special way. Namely, the subordinate isovalcnt structures have one more 
ordinary w hand and one less [n] bond than the predominant structures; that it is the 
former which are subordinate is indicated by experimental evidence and justified by 

the belief that [n] bonds are very considerably stronger than ordinary rr bonds. 

(b) Datice isohyperconjugafion (and some new norarion) 
Let us first consider some examples from the dative sub-class, beginning with 

CH,OH. The two isovalcnt structures are H&C-OH and H,-F;C+O+H The 

symbols represents a n, bond and the symbol- represents a n, bond.’ This or 

equivalent symbolism is useful in keeping track of n, and n, bonds when both types 
arc prcscnt, as is very frequently the case when one considers isovalent resonance 

structures in hypcrconjugation. 
Even in conjugation, such symbolism is useful for a clear under$anding whenever 

triple bonds, or cumulated bonds, arc present: for example HC$CCJ with two dative 

isovalcnt rcsonancc structures HC =C=S! *, HC_&C--,Cl_ of equal importance, 

and a third less important one; allcnc with the single structure H,C~CGCH,, or in 
/‘\_ more detail, H,,C*C;;C*H,; phenylacetylcnc with main structures like 
\Y 

C+CH. This symbolism can of course be omitted whenever it is more trouble than it 
is worth. 

Dative isohyperconjugation should occur in (CH,hO in a way similar to that in 
CH,OH: (H,C-At), H, C-O-Me, MeO* =C .HS-. CHSNH,, (CH,hNH. and 
(CH,),N insofar as they may be treated as having a nearly planar arrangement of 
atoms bonded to the nitrogen present again a similar situation. Dative isohyperconju- 
gation is again expected in CH,Cl, the main structure being H,=C-Cl, the main sub- 
ordinate structures H,---,C*CI’ and H3 -&c~Cl*. Dative isohyperconjugation here 
is closely analogous to dative isoconjugation in chloracetylcne. The foregoing ex- 
amples illustrate how conjugation or hyperconjugation can bc either one-dimensional 
(n, only). or two-dimensional (both n, and n*). Another interesting example is H&O, 
with isovalent structures H;;;C*O and H, -C$O,+. 

In the foregoing examples the effects of isohyperconjugation are doubtless small, 
first because they arc dative (and the clfccts even of dative conjugation are relatively 
modcratc), and second because they are hypcrconjugative. The writer sees no sufficient 
reason, however, to assume that they arc entirely negligible. 

Another interesting example is that of H,O*, where on the basis of spectroscopic 
evidcnceR the two H-O-O bonds are in planes nearly perpendicular to each other. 
It is easily shown that a planar structure, either cis or trans. offers no possibility of 
isovalent hyperconjugation; only ordinary hypcrconjugation is then possible. If 
steric repulsions between the two H atoms wcrc a determining factor, the planar 
rrans form should bc preferred. For a 90” twisted form, dative isohypcrconjugation 

H H 
can occur to its maximum possible extent. Besides the main structure, 1 / , two 

O-O 

’ E. Flirota. J. C’hmm. fhys. 20. 136 (19%). and rdcrmes cited therein. 
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H- /H H 
dative isovalent stn~tures. OS+ and 1 * = OH - can be written. If WC neglect 

0 
the fact, whose effect here should be minor, that the HO0 angles are somewhat greater 
than 90”, the left-hand OH bond is formed by a n, oxygen electron leaving a n, (and an 
s) lone pair on the atom, while the right-hand OH bond is formed by a n, oxygen 
electron leave a n, lone pair on that atom. By dative action, either a n, or a n, 0 --0 
double bond can be formed, as indicated in the isovalcnt structures above. Unfor- 
tunately this example cannot be used as a proof of the decisive importance of iso- 
valcnt hyperconjugation, since n-electron non-bonded repulsions also favor the 
twisted form.e Further, the actual twisted form according to Hirota’s analysiQ is 
only 1.29 kcal more stable than the planar cis form (and O-59 kcal more stable than the 
planar tmns form).* Another similar example is that of b&H,, where again the stable 
configuration is a twisted one which again is favored both by non-bonded repulsions*~‘O 
and by isovalent hyperconjugation. In contrast, the planar structure of C,H, is 
strongly stabilized by rr,-electron bonding although the twisted form would be favored 
by isovalcnt hy~rconjugation. In C * H ,+, the latter apparently becomes partially domi- 
nant, causing twist. (The cases of C,H, and C,H,’ will be discussed below.) 

A final example of dative isovalent hypcrconjugation where the effects may bc 
larger is that of boron trimethyl. The main structure is H(-CEH~)~, and there arc 
three isovalcnt structures of the type M%B-LC=H,*. The fact that BMe, does not 
dimerize likr BHI suggests that it has special stability in itself, due to isovalcnt hypcr- 
conjugation, which is not possible in BHS. One may of course argue that the CH, 
group cannot replace an H atom in the diborane bridge, but, (a), there is no thcorctical 
reason why it cannot and (b) in A&Me, with structure analogous to diborane. the 
methyl group does function as a bridging agent.‘O To be sure, M~BH*BM~ is known, 
suggestmg that H but not Me can function in a bridge bond; but the dimerization of 
hlc,BH migh’t also be explained by the lesxr amount of hypcrconjugation possible 
here; and/or H may be a berrer bridging agent than Me. Theoretical computations on 
hypcrconjugation in BMt,, for example by the Hiickel method using reasonable 
empirical parameters, and with due allowance for the presence of strong B+--C - u 
bond polarities (“inductive effect”), would bc of much interest. 

(c) A’on-dative isohyperconjugation 
If jts geometry conforms approximately to its conventional formula, as seems 

probable, the ethyl radical is a typi.cal example of non-dative isohyperconjugation.’ 
The main structure is then H&C-CH,, with an odd 
The hypcrisovalent rcsonancc structure is H’- 

rX electron on the CH, carbon. 
t~C=CH,, with a quasi-n, odd electron 

H’ 
on the H,. (This is equivalent to H-C=CHI, as the hy~rconjugation resonance 

H/ 
structure is often written, provided, of course, suitable resonance among three such 
forms is understood.) The isopropyl and r-butyl radicals furnish similar examples,’ 
Another example, ethylene twisted through W, will be discussed below. Alkyl- 
substituted triphenylmethyl radicals, on the other hand, furnish exampIes where 

l W. G. Penney and G. B. B. M. Sulhcrland. J. Chrm. Phvs. 2.492 (1934). 
*’ R. S. hlulliken. (‘hem. Rco. 41, 207 (1947). 
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isohyperconjugation. though thcorctically cxpcctcd. is apparently unimportant, but 
for reasons which appear understandable (see footnote 33). 

(d) Hontodatiue isolrypercor~ugarion 
The alkyl and the aromatic carbonium ions furnish numerous examples of homo- 

dative isohypcrconjugation. In agreement with cxpcrimcntal evidence, the energy 
effects of isovalcnt hyperconjugation should be at a maximum in the homodative sub. 
class. LCAO-MO computations on the alkyl ions (assuming conventional geometry) 
have been prescntcd by Mullcr and the writer .I Taking the ethyl cation as a typical 
example, the main structure is H,$ -+ C’GH,. the hyperisovalent resonance 
structure is H,*t;;C&C .H,. Arrowheads have been added to indicate inductive 
effects; for the n, clcctrons, these arc automatically included in the LCAO computa- 
tions (cf. Section II (a) for a fuller discussion in the analogous case of homodative iso- 
conjugation). In our paper, we also included n, inductive cffccts &cause we allowed 
for n, as well as n, hyperconjugation. (Here nV hyperconjugation is of the ordinary, 
not isovalent type.) 

A related example would be that of the ethyl anion. 
The carbonium ions derived from benzene and alkylatcd bcnzcnes by addition of a 

proton have been extensively studied by McCaulay and by Kilpatrick, and their 
collaborators. and those from polycyclic aromatic hydrocarbons by Mackor et a/.” 
Semi-empirical LCAO computations on the simplest of these, the bcnzenium ion 

GH,‘, indicate that homodativc isohyperconjugation between three ring-positive 

isovalent structures of the type G AH, and two hyperisovalent KekulC-type 

structures 
c/\ 
,-, -H,+ should strongly stabilize the ion.” Let us call this KekulC: 

hyperconjugation. 
In all the mcthylated (or alkylated) benzene carbonium ions, the same type of 

isohyperconjugation should occur,p/ur methyl (or alkyl) isohyperconjugation involving 
homodative transfer of n-electron positive charge to the methyl (or alkyl) groupsL3 
The simplest case is that of the toluenium ion. This should exist in six isomeric 
fom.P depending on which of ring atoms I to 6 accepts the proton. Let us consider the 

Ctolucnium ion (M&a<) *, with its three isovalent ring-positive structures such 
A! 

as H&C 
ic 

, +>Ht and two isovalent KekulC-hyperconjugation structures, just 

as in the benzenium ion, and in addition one isovalent methyl-hyperconjugation 

structure H,‘--,C+ /+\ ,LJ~H,. lsovalcnt methyl hyperconjugation is possible in 

toluenium ions for 2.4, or 6 addition of the proton; less stable isomers with the added 

I’ E. L. Mackor. G. Dall1nga.J. H. Krulrin 
Y 

and A. HoWa. Rtv-. Trao. Chim. Pays-&s 75. 836 
(IY56): E. L. Mackor. A. Holstra and H. van dcr Waals. Tlons. Farat/ay SOC. 54. 66. 186 
( IYSd); and nunxvous other p.qxrs. 

‘* N. Mullcr, L. W. Pickttr and K. S. Mullikcn. 1. Amer. Chcm. Ser. 76. 4770 (19W). NOIC that all 
n-electron inducrive effects arc automatically included (cf. dIscussion in Satjon II(b) of the analo- 
gous situation in homodanvc IsoconJugaCon). 

I8 D. A. McCaulay and A. P. Lien, 1. Amrr. Chrm. .Sor. 73. 2013 (1951); D. A. McCaulay’s. Terra- 
h&on. This issue. 

I4 The word “isomeric” is not strictly appropriate here. since some of the formsare indistinguishabk. 
But its use. m this section. will be very helpful in making things clear. 
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proton in the 1, 3, or 5 position should exist but without methyl isohypcrconjugation, 
hence with stability about like the bcnzcnium ion. Attribution of the observed in- 
creasing base strengths of increasingly methylated bcnzcncs to methyl hyperconjuga- 
tion. as proposed by McCaulay, l1 by no means nccessarrly implies that this is more 
effective than Kckulb hyperconjugation. The latter (which is equally prcsent15 in 
all the methylatcd bcnzcncs, and for all six isomers of each) should bc present as a 
more or less constant background factor in all, supplemented by mcth) I hypcrconjuga- 
tion to an extent which depends on the numbers and positions of the substituted 
methyl groups. Although the basicrty of benzene is very low, it seems entirely likely 
that the Kckuli hyperconjugation may be of predominant importance in creating a 
minima/ basicity in bcnzcnc which is then enlrancerf to notable levels of strength by 
successive Increments of methyl hyperconjugation. Theoretical computations by the 
LCAO-MO method on methylatcd bcnzencs would bc of great intcrcst in this conncc- 

tion. 
As already noted, each carbonium ion derived from benzene or any methylated 

benzcnc by protonation can exist in six isomcric forms. For each of these isomers, 
methyl isohypcrconjugation with some definite number M of methyl groups, from 
zero to a maximum of three, can occur, as one can SW by drawing VB structures and 
keeping only those which arc isovalent with the ring-positive and Kekul&hypcrconju- 
gated structurcs.‘6 If isohypcrconjugativc stabilization is the main determining factor. 
the basicity of any mcthylatcd benzene should depend primarily on the lurgesl M 
due possessed by any of Ihe isomers of its carbonium ion, and should bc greater for 
larger maximum AI; isomers with less than the largest M for that particular molecule 
should count very little for its basicity, because of their lower stability. On the other 
hand, the basicity should be greater the greater the number N of isomers of maximum 
M. 

Table I lists the numbers of isomers of each M type for each of the methylated 
bcnzcncs, and also gives the relative basicity as reported by McCaulay in his Conference 
paper. It will bc seen that the various molecules fall into groups in which the basicity 
is indeed primarily governed by the maximum M which appears for any of its iso- 
merit forms, and also increases somewhat with the N value for maximum M. The 
striking increases in basicity from p and o-xylcne to m-xylcnc and to mcsitylene parallel 

an increasing maximum M. 
Inspection of Table 1 shows that an additional factor also somewhat influences 

basicity. In parentheses following the number N of isomers for any M type for any 
carbonium ion, in Table I, is a number (say n) which says how many of these isomers 
have the added proton attached to the same ring atom as a methyl group. It will be 
seen that basicity increases somewhat as n/N for the maximum-M isomers increases. 
For example, the mcsitylene, isodurcnc, and pcntamcthylbenzcne carbonium ions all 
have the same N(3) for the same maximum M (3) but with n 0, 1, and 2 respectively; 
and the basicity increases with ~/IV. The hcxamethylbenzenc carbonium ion has N :I 
6 for its maximum M (again 3) but now n:N 1 since the added proton is neces- 
sarily attached to a methyl&caring ring carbon in all isomers. Both eficcts evidently 

lb Enccpt that proton addllion IO mcthylarcd ring atoms (uhich should ctrtamly occur) may bc some- 
what more (or less) ctTcc~~~e than IO non-nxthylatcd rmg atoms: half-CC inswad of all-CH hyper- 
conjugation. 

I’ Additional hypcrconjugawd structures having one less valence bond (ordinary hyprconjugarion) 
although ICCI out of account here. may perhaps also have IOIW influence in determinina basicity. 
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TARLE 1. NUMBERS ,\’ OF I.WWRS OF METHYLATED-BEN7FhF. ~ARBOSIUM IONS BEI.OPUiIS(; TO VARHXS 
rCf TYPi-5 (first four columns of numbers: see Icxl for explanallon of M). 

Fzh number N is follo\cd by a second number n rn parentheses which ~clls how many of tt~ ,\ 
isomers have ~hc proton al~achcd to a methyl-bcarmg ring carbon. The basrs~ty (last four column\ 
of numbers from McCaulay’s Conference paper”) IS seen IO bc detcrmmcd csscnrlally only by those 
isomers whrh have maximum M (indicated In ~hc first four columns by bold face rypc). 

BenXnc 

Tolucnc 

PXYle= 
o-Xylent 
/n-XykzK 

Maitykoc 
Pscudocumene 

Durrnc 
Prehnienc 
iroDurcne 
Pcntamcthylbcnzcnc 
Hc.xamclhylbcnzcne 

1Sas1~1ty (McCaulay) and Type 
M r 0 M I M - 2 %f 3 M-O M, I M 2 M 3 

6(O) (very 
small) 

3(l) X0) (0.01) 

2:; : 
30) X0) ! 20 

3(3) s(O) I 2800 
3(2) Xl) 40 

2 :; 
I 

z 
W3) 

3(3) Z% 
89OW 

increase the basicity. The enhancement of basicity associated with attachment of a 
proton to a methyl-bearing ring carbon may reasonably be explained as due to in- 
ductive stabilization of isomers of this type, consequent on release of some negative 
charge by the methyl carbon to the ring carbon to which it is attached. 

Further minor factors somewhat influencing the basicity of aromatic carbonium 
ions perhaps include steric effects, ordinary hypcrconjugation,” the presence of 
isomers with less than maximum M values, diffcrcnces in solvation effects, and per- 
haps others. 

It is of interest that Table 1 indicates that the basicity of toluenc, too small to bc 
accurately determined but estimated as 0.01 by McCaulay, should bc considerably 
larger (say about 0.3) to be consistent with the rest of Table I. 

(e) Isoh_sperconjugorion in 90”-twisted ethylene and in GH,+. 
Ethylene with the two CH, planes twisted to perpendicularity (“perp. GH,“) 

was perhaps the first recognized kxamplc of hyperconjugation, although the name was 
not then used. Later Roothaan and the writer made a scrics of LCAO-MO computa- 
tions on ethylene in its ground state and three excited states, and on C,H, ‘, for angles of 
twist 4 ranging from 0’ (planar) to 90’. I’ Scmicmpirical parameter values similar to 
those used in more recent computations* were used, and the effect of n-electron overlap 
was included. Both ri and n, hypcrconjugation wcrc taken into account, as become 
obviously necessary as 4 + 90’. Our 1947 paper was intcndcd to be preliminary, and 
failed to report certain details of our computations. Some of the results on C,H, 
which arc of particular interest in the present connection will be reported below. 

For planar C,H,, the VB structure is H,C=CH,, or if one wishes to consider 
n, hyprconjugation (which is second-order, and nor isovalcnt), HF;CXF;H~. 
For perp. C,H,. the main VB structure H i;;c-C*, is in resonance with the two 

” R. S. Mulliken and C. J. Roothaan. C’hrm. Rcr. 41. 219’(1947). 
used IO mean what is here calkd &/3. 

NOW that the symbol 6 is generally 
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isovalent hyperconjugated structures &&C~H, (n, hyperconjugation) and 
H,--,eC-H, (n, hyperconjugation). 

For planar C,H,+ the VB structure may be represented as H,,C+QZC++H, 
For perp. C,H, +. the electronic state would be ‘E of symmetry Dd, for which there are 
two indcpndent though equivalent orbital wave functions (twofold orbital degener- 
acy). For one o.f these (in the other, the * and + would be interchanged), the main VB 
structure H&Z-C+-, is in resonance with the homodatively isovalent hypercon-j 

Stole N 

FIG. 2. Thcorct~cally computed orbital energies (in cV) of ground states of CiH, (state 
N, below) and C*H,* (stare 1. above) as functlortsof angk of twist 4. From unpublished 
work of Mulhkcn and Roothan (cf. rcfcrcncc 18). Full line curves are for bcs~ parameter 
vnlues used (8’ - 28, I = 0. fi = -3 eV; dot-dash curves arc for the case of w 

h>prrconjugotion; dashed cu~cs for 8’ = l.Sb, 6 - 8. 4 - - 3 eV. 

jugated structure H,&CX-H, and with the neutrally isovalent structure 
H,+ZtC-H,. (Note that these three structures correspond to those of perp. C*H, 
if one replaces one * by a + in each.) 

Fig. 2 shows the computed curves that we obtained for C,H, and C,fi,+. but did 
not publish in 1947, for each of three choices of semiempirical parameters?’ (a) no 
hyperconjugation @* >)) /I); (b) fl* I:: 1*5/3, 6 = 8; (c) @* = 28, 6 = 0. Of these, the 
third choice is the most nearly correct according to recent views (J*,/S measures the 
degree of reluctance of an H, to give up its quasi-n bond in favor of a C C bond, 

while 6 measures the tendency of Hz to release an electron to carbon; values of fi*/fl 
of 2.0 and of 6 about .--0*38 to -0*5/3. corresponding to electropositive behavior of 
the H, group, have been currently acceptcd.s) Our curve for case (c) shows about 20 
kcal stabilization by isovalent hypcrconjugation in case (c); with S/p < 0. this would be 
somewhat increased. 
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For C,H,‘, allowance should have been made, as in later papers,** l* for an addi- 
tional parameter to take account of the increase! in electronegativity of positively 
charged atoms, but it is probable that this and S/p < 0 would give for GH,+ an 
energy-angle curve of the same qualitative character as in case (c) but with intensified 
departure from cases (a) and (b). It will be noted that curves (a) and (b) have a flat 
minimum at 4 -. 0” corresponding to stability of planar CaH,+, while case (c)-cvi- 
dently as a result of incipient isovalent hyperconjugation-shows a low maximum at 
4 = 0” and shallow minima at pet haps about 4 = 30”; but still a fairly high barrier at 
4 = 90”. This partial twisting may be understood by considering the following 
pair of VB structures for planar C,H,‘: H,-C&C,-H, and H,F; C+C-H,. As long 
as C,H,+ remains planar, these cunnor nti; with the main VB ground state structure 
given above, because they belong to excited states with wave functions sharply difIerent 
in symmetry from the latter. But if twisting occurs, the symmetry distinctions are 
relaxed, and they can begin to mix in. (It may be remarked that description and under- 
standing are easier using LCAO-MO theory.)” 

It is now of great interest that experimental vacuum-ultraviolet spectroscopic datai8 
on Rydberg states of C,H, and C,D, (which are essentially states of the ethylene 
positive ion plus an electron in an orbital so large that it has scarcely any influence 
on the molecular geometry) show unusual features which seem to be impossible to 
reconcile with a planar structure for C,H, +, but which seem to bcjust about what might 
bc expected for an energy-angle curve like the computed one for case (c) in Fig. 2. 
While an alternative interpretation of the spectroscopic data, involving excitation of 
a low-frequency out-of-plane bending instead of twisting frequency in the upper state. 
cannot be excluded with certainty, it seems much less probable. However, it is planned 
to make further experimental studies as soon as feasible which it is hoped may settle 
this question definitely, since there seems to be here an important probable confirma- 
tion of predicted effects of hyperconjugation. 

111. SACRIFICIAL (ORDINARY) CONJUGATION AND 

HYPERCONJUGATION 
(a) General discussion 

Ordinary conjugation and hypcrconjugation are sacrificial. in the sense that 
n-clcctron resonance stabilization is effected only by structures in which, as compared 
with the single dominant VB structure. one n bond has been lost. In the following 
discussion in this Section the qualifying adjective “ordinary” or “sacrificial” will 
usually be assumed to be understood when “conjugation” or “hypcrconjugation” 
is used. 

In the familiar example of 1,3-butadiene, with the dominant structure H,C =CH- 
CH-=CH*. there are three minor structures which may collectively bc symblizcd by 

H&H = CH<H,. The two D here represent either two . (odd electrons, between 
which there is a “long bond”). or +- and , or and + (two equivalent ionic 
structures of opposite polarity). 
I* P. G. Wilkinson and R. S. Mul1lkcn.I. Chrm. Phy~. 23. 1895 (1955): P. G. Wilkinson, Cur&. 

1. Phys. 34. 643 (1956). Stretching of the molccuk tn ~hc ionized slate also oozuo; the twisting 
cffcc~ is approximately mdepcndcnt of this accordmg to the s troscopic data. When thcsc papers 
were written rhc present Fig. 2. burled in ~hc files. had been orgotten. In the first of thcsc papen. p” 
an effort was made IO explain the Rydbcrg spectra using a planar model with a very flat minimum 
for C,H,*. liowevcr, as t~mc went on. WC felt more and more convinced that the data pomtcd to a 
twisted model. Finally, only recently. the earlier calculated curves here reproduced as Fig. 2. were 
rediscovered. 
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Very likely (although this point seems usually not to be recognized) the two ionic 
structures are much less important than the long-bond structure, since much more 
energy would be needed 10 create them. One should also especially note that this pair 
of structures involves fn~-~uy n dative action, as contrasted with the one-way x 
dative action involved in the subordinate VB structures in dative isoconjugaation. 

(NUW added 20 Nocember 1958. Recent calculations on butadienc by Berry’!’ 
based on LCAO-MO wave functions throw light on this question. He finds that the 

VB structures C- C-C C, (5-C ..C-4?, and e-C-C-t make up roughly 35. 5. and 
0.6 per cent of the wave. function, while simple ionic structures C -X-CA-C: and 
C--C;-C:=C make up 29 per cent and dis~rsion-ty~ structurcP C*-C--C*-C- 
and C--CT-C--C * 30 per cent. These figures substantiate the unimportance of 
C? -C- C-C?, but indicate that other ionic Wuc1urcs may be more important even t ban 
C-C’=C-& in contributing to the n-electron resonance energy in eonjugarion. It 
seems likely that analogous ionic structures are important in all forms of conjugation 
and of hypcrconjugation, both sacrificial and isovalcnf.) 

Conjugation in diacetylene, according to n-electron theory, is entirely analogous to 
that in butadiene, except that it is rno-di~ittrensrona/ instead of one-dtmensional: pre- 
dominant structure HC$C-C$CH. secondary structures HC ;;C*%vH, 
HC$C;_;C*,CH, and (very minor) Hc-C$C-CH. 

Examples of a structural situation which on the basis of quantum theory should 
also be described as conjugation occur in the cumulcncs. for example one-dimensional 
conjugation for H,C*CX”CH, with secondary structures H,&C$C-?HZ and 
two-dimensional conjugation for H,CXX+C;;CH, with secondary structures 
H&C$C-&CH, and H,C~S-C&C~H,. 

Ordinary/ir.+orJer Iryperconjugotion is similar to ordinary conjugation in that there 
is one principal VB structure, and one bond is lost in the subordinate structures. It 
differs, however, in that the lost bond is a [=] instead of a n bond. For examptc, in 
propylene (one-dimensional hypcrconjugation) with main structure HS$C-CH+CH2. 
the subordinate structures arc H, TI ‘-CI-CH-tH,. In methylacetylene (two-dimen- 
sional hyperconjugation) with main structure H&C-C*SH. the major subordinate 
structures arc ii 3’.~C-LC-_tH and Y+CK*CH. Another example of two- 
dimensional hypcrconjugation is found in allcnc. with main structure H,7;CkC--, 

C=WI and secondary structures H,“-C$C-&=H, and H,G~--CSC-!J,. Here the 
term hyperconjugation is used to describe 3 situation analogous to conjugation in the 
cumulenes. 

First-order hy~rconjugation, like conjugation in but~diene and diacctylcne. m- 
volves IWO-H’U~ dative action in the ionic subordinate VB struc1urcs. However, this 

may bc slightly polar. in the sense that. for cxamplc in propylcnc. ttlc s~ruc~utcs 
H,’ r;CXH-C. Ii, may be a little more prominent than H,=C-LCH-C* HZ, leading 
fo a slight over-all polarity and dipole moment. But there is no theoretical 
justification for assuming that on/~ the former of these two structures is important. 
In fact it is by no means clear lheorcticalty that virherof the two ig_n_ic>@cturcs should 
becomparable in importance with the long-bond structure Hi&?=%H-CH,. ttseems 

I* R. S. Berry, 1. C/uwr. P/~IT. (1959); b.~usc\l on %?vc funclions obtain4 by him ptwitwsly (1. 
C‘hrm. Ph,vs. 26. 1060. (lG57)j. For ccr~~in ralhcr csotcric qualificalions on the mc.ming of rhc 
pcerwn~agcc quotrd. rcfcrcncc mutt bc made IO his nsu- article. 

*@ W. ‘r. Simpson, 1. Anw. Uwttt. SOC. 73. 5363 (1951). /hid. 77, 6164 (1955). 
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H+ 
to the writer that the customary UK of a symbolism such as H-C =CHiH, 

H/ 
and corresponding emphasis on electron release, without any mention of an 
oppositely polarized ionic structure and, espaoially, of the long-bond structure, may 

be seriously misleading. 
[Note added 20 Nocem&er 1958. Berry’s calculations on butadiene lend strong 

support, by analogy, to these remarks. At the same time the probable importance 
of dispersion-type ionic structures offers a rcaronable mechanism for appreciable 
electron release, through mild predominance of H3+~ --C. H-C-H, over 
H, +C+-C-H-C’H,.] 

In this connection, the fact, emphasized by Dewar, that the observed dipole mo- 
ments in propylene and other hyperconjugated molecules can be explained without 

H’ 
assuming such structures as H-C CH-CH, to bc of appreciable importance, is 

H’ 
significant. It seems then entirely possible that both the above-indicated ionic struc- 
tures arc of minor importance in typical cases of ordinary hyperconjugation. This, 
however. would not necessarily imply that the long-bond structure is also unimportant, 
nor that ionic structures are ol~~ys unimportant in hyperconjugation. [Nore added 
20 November 1958. It seems likely that n-electron resonance may contribute appre- 
ciably to the dipole moment through a mild preponderance of H,* = C--C *-C- over 
H,- -Cd-C--Cm. (The structures H; C--C-C and H,- - C--C .>C with the 

former preponderant need not be considered here, since they would also be present 
In the CH, group in the absence of n-electron hyperconjugation resonance.)] 

Bcforc going further, an important difference between isovalent and sacrificial 
conjugation and hyperconjugation should be emphasized : while In the isovalent cases 
three important subclasses (dative, non-dative. and homodative) need 10 be distin- 
guished, in the sacrificial case most examples (Including all those thus far discussed) 
belong to the non-dative (or two-way dative) subclass. However. there is also a dative 
sacrificial subclass, whose most familiar examples arc the nitrocompounds, for ex- 

//o 
ample nitrobenzene (four isovalent main structures such as ‘x. N 

\__/ \o_ with four 

/.;\ __ rjAO- n, bonds, and three sacrificial one-way dative structures such as .+ 
\__/ 1 ‘Yo. . 

Nitroethylene. nitroacetylene, and the like, would belong IO the same subclass. 
Similarly, nitromethane is an example of dative sacrificial hypcrconjugation (maIn 

*LO .,‘O_ 
structure H,-C-N 

\o.’ 
sacrificial one-way dative structure H; = C-N 

\O_. On 1 
the other hand, p-nitroaniline. like aniline, is an example of dative isovalent conjuga- 

tion (main structures such as H,N- 

H*N’(l>-“<;;). 

isovalent dative structure 
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in stabilizing respectively the ally1 and methyl derivatives of aldehydes and ketones. 
In fulvene, the presence of polar conjugation to an extent sufficient to create a 

dipole moment of about I.2 D, and in the theoretically expected direction, seems to 

have been definitely established. *I Besides the predominant VB structure --“> CH,. 
Y, 

there should here be five sacrificial structures, for example ; 
“Y 

6H,, together with 

five corresponding structures with the charges reversed, and f;Tr long-bond structures 

such as F’z>c *. I \ H Note aaiied 20 Notiember 19%. Again, dispersion-type ionic 
. 

structures, for example, I:* Ht. arc doubtless important.] 

This cast differs in an important way from that of butadienc or acrylaldchydc in 
which there is only one structure of each type ( - -+ + -, and . -). Namely, isovalcnt 
resonance (homodative. moreover, in the cases of the ionic structures) can occur 
wiririn each group of sacrificial structures, causing pronounced extra stabilizz- 
tion. Under these circumstances, one may reasonably expect conjugation to have much 
more important effects than in butadiene or acryIaldehyde. But further, in view of the 
special, benzerie-like, stability of the cyclopentadienyl anion, it is reasonable to cxpcct 
the ring-negative structures to predominate over the others. This result is confirm& 
theoretically by LCAO-MO computations and experimentally by the observed dipole 
moment.*I 

Similar results and conclusions have been found” for azulene. Here there is J 
large number of sacrificial conjugated structures, resonance among which should make 
conjugation important here. Further, the known bcnzcne-like stability of the CJX-~U- 
pentadienyl anion and the tropylium cation lead one to expect an over-all negative 
charge on the five-ring and positive charge on the seven-ring, and a dipole moment of 
corresponding polarity. The obscrvcd dipole moment is 1.0 II, which (although its 
sign has not been dcmonstratcd experimentally) seems to be in reasonable agreement 
with the results of LCAO-MO computations.*’ 

r~rfopentadiene is the hy~rconjugative analoguc of fulvene, with a main structure 
_ 
[- \ 
k/ 

.H, and five sets of sacrificially hyperconjugated VB structuressuch as 1 “-i-H J 
I-*/ z’ 

of which ring-negative members may be expected to predominate for the same reason 
as in fuivene.= 

IV. HYPERCONJUGATION IN POSITIVE MOLECULE-IONS 

Particularly in mass spectroscopy, there is increasing interest in the structure of 
positive ions. In even-electron ions (radicai ions), homodative isovaicnt conjugation 
or hy~rconjugation appears to have an important stabilizing effect [cf. Sections II(h) 
and II(d)]. In odd-electron ions (molecule ions) WC encounter also homodative situa- 
tions which arc half-way between isovalcnt and sacrificial. Observed ionization 

*I G. W. Whcland and D. E. IMann. /. C’&m. P&fs. 17. 264 1194Y). The mcilsurcnnxts were actuail) 
made on seeral derivativts, rather than on fulvenc Itself, but the rtasontng back to fulvrmc SCCB?X 
convtncing. Azulcne: see also R. Partrr, 1. Clrrm. Plrys. U. 1112 (1956): W. Ci. Schneider. H. 1. 
Bernstein and J. A. Poplc, J. Am~r. (‘hem. Sot. 80. 3497 (IYSX). 

n For results of l.CA<)-MO calculations. cf. G Hcrthtcr and H. Pullman, &I//. Sw. (‘him. ii. 15. 
788 (1948): H. Pullman and A Pullman. I.rr ‘I’hrorirs E/~r/r0niqurs t/f, /a C’himw Or~uniytrc. 
Masson et Cic, Paris (IY52). 
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In non-dative sacrificial conjugation and hyperconjugation, one may of course 

distinguish between non-polar and polar cases (i.e., symmetrical or unsymmetrical 

two-way dative action), but the distinction is one of degree rather than kind. For 

example, conjugation in butadiene is necessarily non-polar, by symmetry, whiie firsf- 

order hyperconjugation in propylene must be polar, though perhaps only slightly 

so. 
At this point something should be said about ordinary second-order hyperconjuga- 

lion. This is now believed6 to be a very small effect, and because of its universality 

It is difficult or impossible to isolate experimentally, but there Seems to be no adequate 

reason to dismiss it as entirely negligible. Typical examples arc found in ethylene 

(principal VB structure H,X%CGH,. hyperconjugative structures l&-C&C-$/,) 

and ethane ( rincipal structure H 

H:i?C- 4 

&C-C$H3, main hyperconjugative structures 

TT , and I&*C+C~,). It will be noticed that second-order hyper- 

conjugation is one-dimensional in ethylene. two-dimensional in ethanc; also that is 

non-polar in both cases. 

Characteristic of second-order hyperconjugation as described by VB structures IS 
the fact that IWO [n] bonds are sacrificed, while one n bond is galned. Thcrc is. ho&- 

cvcr, a net loss of one (n or In]) bond just as in ordinary conjugation or first-order 
hyperconjugation; but it should be noted that this occurs in a way which differs from 

hyperconjugation in the same way that hyperconjugation differs from conjugation, so 
that the effect might well be called ii~per-h~percc,ru~i~~n. 

Antxample in which the LCAO-MO treatment of second-order hypcrconjugation 

differsconsiderably from the usual VB treatment is found in the ethyl ion.’ Here (in 

addition to isovalent hypcrconjugation) we have second-order hyperconjugation 
involving in the VB method just the main structurcH,&C-C+ sH,andthe subordinate 

s(ructures lJ*rrC’,-l&. The LCAO-MO treatmcntl (provided suitable electro- 
ncgativitydi!Terencc parameters are introduced) automatically includes also an 
important amount of the structure H,F -LC-c-tl, in which the right-hand carbon atom 

as a whole is neutral. From the VB standpoint, the inclusion of [his structure would be 
called an inductive eficct. This is a rather extreme example of a characteristic feature 

of the LCAO-MO method which automatically includes any inductive effects which 

may occur in the n-electron system (o-electron inductive cfiects+f. Section II(a)- 
are of course not included). 

(b) Polar egPcrs in conjugation and hyperconjugarion 
As has been emphasized in Section III(a), the ionic secondary structures in ordinary 

“non-dative” conjugation and hypcrconjugation occur in pairs of opposite polarity. 
The result may be non-polar, but if the atoms or groups bctwccn which, in these 

ionic structures, charge transfer takes place, differ in electronegativity, then some net 

polarity results. For conjugation, a simple example is H,C,, CH-CH- 0. in which 

the secondary structure H,C.-CH -CH-O obviously would predominate over 
H,C -CH .- CH-0 *. [Note added 20 Nor.emher 1958. Probably much more important 

is prcdominancc of H,C’-C H-C-H-O- over H,C. -C’H-C-H-O’.]* For hypcr- 
conjugation, a similar example is H,zC-CtI ~0, where H;: C -. CH-O- must pre- 
dominate over Ha C CH-0.. [Nore added 20 Nowmher 1958. Probably much 
more important is predominance of H, * : C -C’H-O- over H,-. C*-C, H-O-.] 
II seems possible that the polar cfi’ccts in these cases may bc of appreciable importance 
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potentials suggest that these ions also are rather strongly stabilrzed by conjugation 
and hyperconjugation. 

The GH,’ ion has already been discussed in Section Ill(e). For planar C,H, -, 

isovalent resonance between the two main structures H,C’-CH, and HIc-6H2. 
each a single-bonded structure, results in the equivalent of a half n bond. This may bc 
summarized as H,C’=C’HI, where C’ means C-b. 

The ionization potential of l,3-butadicne is I.45 V smaller than that of ethylene. 
This fact can be understood= in terms of much greater n,-electron resonance sta- 
bilization by conjugation in the positive ion than in the neutral molecule. In the 
positive ion, the main VB structures may be described as H,C= CH-C’H=C’H, and 
H,C’-zC’H-CH CH, (that is, H,C.-.CH-C*H<H1, H,C. CH-CH-C-H, with 
resonance, and H,C *&H-CH :-.CH*, H&-C * H-CH =CH, with resonance). Iso- 
valcnt resonance between these is supplemented by resonance with the half-sacrificial 
structures H&-CH = CH-C* H, and H,C*-CH =CH-CH,, the over-all result being 
a much stronger conjugative etTect than in the butadiene molecule. (Note odded 20 
Nocember 1958. Probably dispersion-type structures such as H,C * -C H-C + H&H2 
are also important.] 

Homodative resonance within the n,-electron system here distributes the positive 
charge fairly evenly over the carbon atoms, but a small amount of o charge redistribu- 
tion, by inductive effects in the u bonds, must occur to alleviate in part an excess n, 
positive charge on the two outer carbon atoms. Some further redistribution of charge 
by inductive electron release from the hydrogen atoms, via the C-H bonds, must of 
course also occur, and thereby contribute somewhat to the stabilization energy. But 
it seems likely that the major part of the stabilization energy is due to nz-electron 
resonance. 

In the positive ion of propylene, CSH, *, with main structure H,eC-C’HK’H,one 
has homodativc isovalent half-hyperconjugation with H’&C’-CH=CH, and homo- 
dative half-sacrificial hyperconjugation with H,‘=CI-CH-CH,and H;r;?CtCH-C. Hz 
(altogether two main and four subordinate VB structures). The minimum ionization 
potential of propylene is 0.79 V lower than that of ethylene.*‘ The difference may 
reasonably be ascribed largely to stabilization of the positive ion in consequence of 
methylation. (There is no reasonable doubt that it is a n, electron which has been 
removed in the ground states of both the ethylene and the propylene ion.) Further, 
the stabilization energy can reasonably be identified in considerable part with homo- 
dative hyperconjugation energy, the situation being similar to that in the ethyl ion 

and in the toluenium ion [cf. Section Ill(d)]. However, electron release from the 
several hydrogen atoms by non-n, (i.e. (I, [u], and [n,]) inductive elTects must contribute 
very considerably to the stabilization energy (as also, though to a lesser extent, in the 
alkyl and methylatcd-benzene carbonium ions). 

Observed further lowerings of ionization potential by further mcthylation or 
alkylation of ethylene” may be accounted for rn the same way. A similar explanation 
can be given for the fact% that alkylation considerably lowers the ioniration potentials 
of unsaturated and aromatic hydrocarbons m general. 

n J. b’ain and A. L. Marscn. /. C’hcm. Phps. 26. 376 (IYS7). 
2’ W. C. Price. (‘hem. Rrc. 41. 257 (IY47) IISIS rhc ionizmon polenlials of a large number of com- 

pounds and their rlkyl dcrstivc- ONJI see K. Wakmabc. /. <‘hem. Phrs. 26. 542, 1773 (IYS7) for 
kllcr values of some of the ionvation pobzmialst. tic explains the towrung of tonkulon potcnlials 
by mcthylatlon in much tht wnw way as hcrc. 
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The alkyl derivatives of HCI, H,O, H$. NH, and like molecules constitute another 
class of molecules in which substitution of alkyl groups for hydrogen atoms gives rise 

to lowered ionization potentials. U Here again, as in the alkylated aromatic and un- 
saturated compounds, hypcrconjugation should help to stabilize the molecule ions. 
However, it is of a different and probably weaker type than in the unsaturated systems. 

As examples, Ict us consider CHSOH and CH,CI. In the ground_$lcctronic state 
of ionized CHIOH, the main VB rcsonancc structure is HaC--*OH. The most 
important subordinate structures are H;*C=)O’H (involving isovalent hypcrconjuga- 
tion without charge transfer, i.e. non-&fire) and H’,-GC-OH (involving homodative 
half-sacrificial half-hyperconjugation: i.e. half of one [n,] bond is lost, but homodativc 

transfer of positive charge from the 0 atom to the CH, group is accomplished). 
For CH,CI*, the ground electronic state must be two-fold degenerate (‘E state), 
corresponding to removal of eirher a n, or a n, chlorine electron. The two substates 
arc equivalent but independent; let us then consider just the one with a n, electron 
removed. This is completely similar to CH,OH * : the main structure is Hs l Cl . 
and the chief subordinate structures are Hx=KI l and Hi-EC’-Cl. 

It will be noted that homoduri~e isorolenr hypcrconjugation, the strongest type 
of hypcrconjugation, present in the ions of propylene and other alkylated aromatic 
or unsaturated compounds, is no longer present in CH,OH*. CH,CI’. and the like. 
Hence it is reasonable to expect that non-n inductive effects may be more largely 
responsible for charge equalization and resulting stabilization in the latter than in the 
former. For the alkyl halides RCI. RBr, and RI, there is indeed strong spcctro- 
scopic evidence= indicating that hypcrconjugation makes only relatively minor 
contributions to the structure of their positive ions; in other words, that the actual 
structure is not far from being H33C-4ZI + alone .U However. it IS generally believed 
that n bonding is weaker in higher-row than in first-row atoms, so that the conclu- 
sions derived from the spectroscopic evidence just cited may not apply with full 
force to. (CH,F)+ and the ions of alkyl derivatives of H,O and NH,. 

V. PLUVALENT CONJUGATION 

Besides sacrificial and isovalent conjugation. there are a few cases in which con- 
jugation occurs which may be described as plucalenr (one more bond in the sccondar) 
than in the main VB structure). Only dotice pluvalent conjugation is to be expected. 

fr An example is BF3 with main structure F+B, and three equivalent pluvalent struc- 
LF 

turcs of the type F-R 
fF+ 

c 
As is well known, resonance here causes strong stabilita- 

tion. F’ 

u R. S. Mullikcn. Phy. Rtu. 61. 277 (1942): see especially footnote 9 and Tabk II. -ml column. 
m This would be m accord with v~cws carlkr exprascd by the writer. in which (a). the relatively IOU 

ionization potentials for exam lc of H,O as compared with 0 and of HCI as compared with Cl. 
and (b). the still lower values or (CH,hO. CH P 
of negative charge on the 0 or Cl atom by 

Cl. C,H,Cl. etc., were attributed to accumulation 
~rans cr from the H a~onu or alkyl group. [R. S. Mulli- 1 

ken 1. Chmt. Ph.vs. 3. 514 (1935bbut see K. Watanabe J. Chcm. Phys. 26. 542. 1773 (19Si) 
for more rellabk lonuatton potentials (which give a more consistent picture than the earlit: 
values).] 



Another example in which pluvalcnt conjugation may be of non-negligible im- 
portancc is HI: with main structure H--F and pluvalent conjugated structure H ‘IIF-. 
Similar structures may be of apprcclable importance in hydrides in general,” at 

least where the H atom has bccomc distinctly positive. enabling it to some extent to 
hold an electron in the cxcitcd H- state Is 2prr. 

VI. THE RELATIONS BETWEEN INDUCTIVE AND MESOMERIC 
EFFECTS 

Inductive effects, and their interaction with mesomeric effects, have been referred 
to several times in the preceding Sections. Since the two effects cannot always be 
sharply separated. especially in hyperconjugation. and since confusion (more of 
language than of understanding) can and does arise, it seems desirable to survey the 
relations between them. 

TO begin with, it may be worth while to remind the reader that ordinary mductlvc 
effects correspond, m VB theory. to resonance between covalent and ionic structures. 
It will simplify the discussion if at first we ignore hypcrconjugation with its quasi-a 

and quasi-n bonds, and think only in terms of u and n bonds (including both n, 
and n, in the case of triple bonds) in the usual sense. Both u and T bonds can be polar, 
that is, can exhibit the inductive effect. From what is known of the polarit;lbilities of 
CJ and n electrons, one expects the II bonds to be more strongly polar than the u bonds, 
but both polarized in the same direction, in unconjugated polar double or triple 

bonds (example H1 HYCZO). Polarity is expected when the atoms connected by a 

multiple bond belong to different elements, or when. if they both belong to the same 

clement, they differ in charge or (in the case of (I bonds) in degree ofs-p hybridization. 
In conjugated systems, procided the conjugation is not dative or homodative, the 
Inductive or polarity e&t is not essentially different quantum-mechanically than In 

unconjugated systems such as for example. H,CXH-CZO. 
In dative and homodativc isovalcnt conjugation, however, there is either a strong 

cooperative, or a strong joint, inductive-mesomeric effect [here see also Section II(a)]. 
In dative conjugation the dative charge shift in one direction in the n-electron system 
should be accompanied typically by an oppositely directed “inductive” shift in the 
0 bonds; through this cooperative action, a /urger “mesomeric” a-electron charge 

/“F 
shift should occur than would be possible without it. [Example: HQC 

2, 
with 

fF’ 
subordinate structure H,C .+C 

< H’ 
Here, in terms of quantum-mechanical theory, 

F.- 
the arrowheads are shorthand for a variety of ionic structures of which H,C- C * 

‘\H 

is the most important. In total, the F atom gives a fraction of a n, electron (dative 
conjugation), but receives a rather different, probably larger fraction of a u electron 

(inductive effect),] 
In homodative isoconjugation, the mcsomcric effect already.inrrinsically involves 
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a considerable amount of n, electron shifting, in such a way as to partially but by no 

means entirely even out the n, charge distribution as compared with that in a single 

one of the isovalent structures. One may reasonably describe the result as a ioirt! 

mesomeric-inductive effect. Further charge equalization can then take place by the 
ordinary inductive effect in the n and especially in the u bonds. The polarity rc- 
adjustments in the (J bonds may here be described as cooperaiiue in the same sense as in 

dative conjugation, and just as in that case should make possible larger mcsomcric 

effects than would occur otherwise. 
In summary, both mesomcric and n-electron inductive eficcts are resonance effects 

according to VB theory. In ordmary semi-empirical LCAO-MO theory, both reson- 

Mce parameters /? and induc/ice parameters 8 (and W. if there arc charged atoms’)- or 

the equivalent of these if the self-consistent-field method is used (cithcr in its original 

form or in the Par&r-Parr or the Pople modification) -arc introduced at the outset. 
It is then in general scarcely feasible to say, except qualitatively, how much of the 

total computed effect is due to covalent resonance, how much to bond-polarities 

(inductive effect), and how much to a mutual interactjon of the two. 
fuming now to hyperconjugation, we first replace some sets of (1 bonds by [<I]. 

[n,], and [n,] GO (group orbital) bonds [cf. Section I(b)]. This procedure represents 
a partial adoption of the LCAO-MO viewpoint, after which, however, WC can then 
carry the discussion further using the VB method. This last has been done in the 

present classification of hypcrconjugation mto types and subtypes. The [n,] bonds 

are now treated in the same way as n, bonds, and all that was said above about the 
inductive and mesomeric effects in conjugation bccomcs directly applicable also to 

hyperconjugation. 
In all cases where the hyperconjugation is intrinsically two-dimensional, [n,] and 

[n,] hyperconjugation must be treated alike. and what has been said about [r,] 
hyperconjugation then applies equally to the [n,] bonds. But otherwise. it is a matter 

of choice as to whether one wishes to consider [n”] hypcrconjugation. In particular, 
second-order hyperconjugation is a form of [n,] hyperconjugtaion which for many 

purposes can be ignored, since it must usually bc a rclativcly small effect and slncc. 
because of its universal background prcscncc, it probably does not lead to appreciable 

observable differences in molecular propcrtics [cf. last paragraphs of Section Ill(a)]. 
However. the I CAO-MO ‘frearmenr of second-order hyperconjugation. becau~ it 

includes an inductive parameter. yields a considerable stabili/;ltion energy in casts 
where transfer of a zW electron can rcducc charge inequalities, as for example In the 
ethyl ion.’ From the VB standpoint, however. this LCAO-computcd stabilization 
energy is nearly all due to an inductive effect in the n,-[n,] electron system [cf. last 
paragraph of Section Ill(a)]. 

As already noted, C-R, and C=- R, (I bonds arc trcatcd in hyperconjugation irt 
purr like n, bonds and in part like nW bonds (and in part llkc u bonds). In one-dimcn- 
sional hyperconjugation (x, and [n,] only). what would bc classed as inductlvc effects 
if hyperconjugation w’cre ignored arc now classed k purr as mcsomeric (or as mixed 
inductive-mesomcric) effects. In two-dimensional hyperconjugation. a similar state- 
ment applies in double mcasurc. Thus in speaking of inductive and mcsomeric effects 
in hyperconjugated systems. it is desirable to take special care as to just what is meant 
by these terms. Perhaps It would be better If less emphasis than is customary were 
placed on trying to distinguish and scparatr them. 
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VII. HYf’1IRCONJU(;ATIO~ AND THE BAKER-NATflAN f:FFECT 

Baker and Nathan,?’ in first introducing the ideas which Baker identifies with 
hyperconjugation. 2” suggested that when a “methyl group is attached to a conjugated 
system, the duplet of electrons forming the C,- H bond in this group are appreciably 

less ‘localized’ than arc those in a similarly placed C-C bond,” and referred to the 
effect as a “new mechanism of electron release” ” which either cannot function or is 
grca’ly dimmishcd in the higher alkyl groups.” In later papers it was assumed to 
decrease from a maximum for Me to zero for I-Bu. They used it initially to explain 

data on the velocity of interaction, by a bimolecular (Ss2) mechanism, of various 
alkyl-substituted benzyl bromides with pyridine in dry acetone, where for a single 

p-alkyl substituent they found that the velocity decreased by small amounts in the 
order Me :.> Et ;, i-Pr > I-Bu ‘-b H. They then extended the application of the idea 

in various directions. 
In their preceding paper, *O they indicated a belief that the activated state in the 

bimolecular reaction with pyridine is one which involves incipient anionization of the 

bromine atom, and is therefore speeded by easier electron release from the p-alkyl 
(or other) substitucnt group (or groups) in the substituted benzyl bromide. Complete 

anionization of the bromine would create a benzyl carbonium ion in which p-alkyl 
substitution should give rise to homodatibe isovalent hyperconjugation (main struc- 

tures H,=C- 
/ \\ * 
, ,r-CH, and three ring-positive structures; hypcrconjugated 

structureH; =:C ’ <I .> =CH,) closely similar to that in McCaulay’s methylated- 

benzene carbonium ions [cf. Section II(d)). 

The concept of hyperconjugation as defined by the present writers0 referred to 
definite states of individual molecules, mainly ground states but also spectroscopically 

excited states; it was also obviously applicable to radicals and ions. In some of his 
later papeq3* Baker adduced evidence that the Baker-Nathan order (MC :, Et ::‘ 

i-Pr > r-Bu ;-- H) holds for the ground as well as activated states of certain hyper- 

conjugated ‘systems. He concluded that, for example in p-alkyl benzaldehydes, in 

addition to stabilization of the main VB structure R,Cy 
- 

\-CH-O by struct- 

ures R,C-< -3 -6-I 
\= ./ 

.O. (inductive effect, or polar character, of the C .=O n bond) 

CH-0’ (ordinary or sacrificial conjugation in the present term- , - 
by K&*-C “’ ,,>-CH: 0 (inductive effect or polar 

:’ 1. W. Baker and W. S. Nklhan. J. Chmt. Sot. l&I4 (1935). 
*” J W. Baker, Htpcrconju~ution. Oxford IJm\crsiry Press I 195.2). 
:* J: W. Baker and W. S. Nathan. J. C&m. SM. 11140 t IY3J). 
lo* R S. Mulllkcn. 1. Chrm. Ph,vr. 7. 33Y tlY3Y): cf. rcfcrcncc 3 m this paper with regard lo the sug- 

gcsiion of the word “hypcrconjugalion” by W. G. Brown. In this paper (end of p. 345) it was con- 
cluded “that hypcrconjugatinn changes (most hkely decreases) the energy of the normal srate”. 
bur that “the change IS probably considerably smaller Ihan for the [spectroscopically] cxcltcd 
states”. ‘Ob Regarding some prebious history of the conccpr of hypcrconjugarion (before the name 
was suggarcd~. going back IO Whelnnd (IY341. see R. S. Mullikcn, C. A. Rickc and W. G. Brown 
J. ~ntrr. Chit. Sur. 63.4 t (1941 t. Regrettably. the papers of Baker and Nathan. and of Baker and 
other collaborators had no! rhcn come IO our alter&n. ao‘ A SIIII earlier example. of what would 
here bc called rso\alcnr hypcrconjugarion, is conlamrd in ~hc writer’s discussion of rhc theory of 
~hc struclurc of iwisrcd elbylenc in f’hrs. Rrr. 43. 27Y (1933). 

I1 J. W. Baker. 1. (‘hon. Sac-. 191 (IY42); /hid. US (1938); 7Y6 (IYJI): t/.,,prrronjullorion. Oxford 
University Prcv (IYS?). 
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character in the u bond from R,C lo the ring), and finally by R,-C /=\ 
\_.. / 

CH-0 - 

(ordinary or sacrificial hypcrconjugation in the prcscnl terminology) but with a 

maximum effect of this last structure for R = H and no eficct for R CH,. 

In two respects the quantum-mechanical theory of n-clcctron resonance in hypcr- 
conjugation seems to deviate strongly from the ideas prrscnted by Baker. 

(I) The theory gives no indication that the hyperconjugatlve n-electron resonance 

R\ 
power of a group R’ -C should depend in an essential way on how many of R. R’. 

R”/ 

and R” are H atoms. Qualitatively, bonds from H atoms. Me or other alkyl groups 
or indeed from any atom or group should be alike capable of participating in hypcr- 
conjugative resonance. Quantitative differences would bc expected, of course; ;L 

C-C bond from MC might be less (or more) etTcctivc than a C-H bond from H,34 but 
it would not bc cxpectcd lo bc negligibly effective. nor is thcrc any obvious reason 

why it should be radically different in cffectivencss. This statement applies both to 

ordinary and IO isoialcnt hypcrconjugation. 

In any event. the Bakel-Nathan cficct. m so far as it pertains to diffcrcnccs bctwcen 

C-H and C-C hypelconjugation. should not itself bc called hypcrconjugation, although 
it might be called clifti*ren/iul hyperconjugation (for C -C relative to C.-H). 

Taft’s Confcrcnce paper includes a thorough discussion of evidence of various 

kinds that rr-electron rcsonancc occurs for C-C as well as for C-,H hyperconjugation 
although (in accord with the Baker-Nathan eKecr) more strongly for the latter. The 

c\ idencc pertains both to ground state. hypcrconjugation and to activated state hypcr- 
conjugation (reaction rates. etc.). 

(2) The theory [set detailed discussion of butadiene and propylene in Scction Ill(a)] 

dots not indicate that ordinary hyperconjugation should in general be an important 
ekctron-release mechanism (nor that, if it were, H should be better than Me-rather 
the contrary). 

[.Vore a&i4 20 A’ocvmber 1958. The probable importance of dispersion-lypc 

ionic states now furnishes a reasonable theoretical basis for appreciable electron rc- 

lease in bypcrconjugatlon; and perhaps also for greater release in C-H than in C-C 
hypcrconjugation, since H is more electropositive than C, and therefore Ha- or 

\._ \ 
H*= than e.g. (7C),= or (7C)‘=.] Muximumsrrengrh of hypcrconjugative effects, 

including electron release, should occur in homodative isovalcnt hyperconjugation, 

as for example in McCaulay’s alkylated aromatic carbonium ions [cf. Section II(d)]. 

In so far as the Baker-Nathan effect is concerned with activated states in chemical 
reactions, it is more difficult 10 say what might be expected theoretically than when one 

is concerned only with molecules or ions in ground (or definite spectroscopically 
excited) states. Presumably activated states are more affected by steric factors than 
ground states. Solvent effects can of course be important for any state. particularly 
for an ionic or highly polar state. However, when activated states involve incipient 

‘* R. S. Mulliktn and R. G. Parr. J. Chrm. Phvs. 19. 1271 (1951). Equalton (23a) and footnote 26 of 
rhls paper altrlbuted variatlonr m heals of formation of variously branched trydrmrbons 10 
RI~WPI C-C than C-H second-order hypcrcon)ugalion energla. Howe\cr. cspcctatly in \XW of 
Ihe theorcrically cxpcclcd smallness of att second-order hypcrcon)ugalton ctkrs.” fhclr attrlburion 
must be considered spcculartve. 
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carbonium ion formation, they should presumably involve incipient homodative 
isovalent hyperconjugation. Taft’s Conference paper indicates that the relative 
importance of C-H and C-C hyperconjugation is similar in activated and ground 
states. 

In connection with the role of hyperconjugation in reaction mechanisms, a survey 
by Wheland” of the explanation of the Markovnikov rule for the addition of reagents 
of type HX lo a double bond is of interest. It is assumed that the reaction proceeds 
through a (perhaps only incipient) carbonium-ion-salt activated complex. The ex- 
planation is then essentially that, taking propylene as the simplest example, the 
isopropyl ion, with main structure H ,*C-CH-C%H,, is stabilized by IWO 
(homodative isovalent) hyperconjugatcd structures (H&EC-CH *C- H * and 
H+ =C=CH-C&H,), whereas the propyl ion H &C-C-C+ :=Hr is stabilized only 

It 
H, 

by one (HeC-CtC-H,). Hence the isopropyl-type complex is more stable and 

the addition takes place accordingly. Mass spectroscopy as well as hyperconjugation 
theory furnishes evidence for the greater stability of the isopropyl than of the propyl 
ion; however. there arc also questions of the geometry of the actual ions, but it would 
lead too far to attempt to discuss these questions further here. 

” G. W. Whcland, Rrsonanrr in Organic ChlmCsrr). pp. 430 CI seq. Wdey, Sew York. (195.0. 
$uFj,,lngold. S~rucrwc and Mrchontsm tn OrKantc C htwrrsrry. Cornell Uniwrsity Prcs Ithac;l 


