
BOND LENGTHS AND HYPERCONJUGATION 
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Physical Chemistry Laboratory. Oxford 

AMONG the data first cited as supporting the concept of hyperconjugation were the 
observations on bond lengths reported by Pauling t-1 41.’ in 1939. Ninctecn years have 
elapsed, so it is useful to review the evidence which this criterion provides. 

According to standard theory, if hyperconjugation really occurs WC should expect 
that: 

(I) When a methyl group is hypcrconjugatcd with a triple bond, a double bond 
or even another methyl group, the bond joining it to this system should be shorter 

than normal. 
It is immediately apparent that we may have difficulty in detecting an anomaly 

in the last case, because such a bond would naturally bc taken as a standard itself; 
but at least we could detect anomalies relative to it. 

(2) Some effect on the bonds in the rest of the system should be apparent. We 
should expect some degree of lengthening. 

(3) If the symmetry of the methyl group is destroyed by substituting a methyl 
group for a hydrogen atom, to make an ethyl group, or if all three hydrogcns are 
thus substituted to make a rerr.-butyl group. hyperconjugation should bc destroyed 
or at least reduced. The length of a bond joining such a group to an unsaturated 
system should therefore be normal, or more normal, in length. 

(4) A perfluoromethyl group should also hyperconjugate; and the bond joining 
it to the rest of the system should therefore show shortening. Since, however, it 
attracts clcctrons, instead of repelling them as a methyl group is often supposed 
to do, it may produce rather different changes in the other parts of the system. 

(5) The longer the hyperconjugated system is, the more will be the anomalies, 
particularly at its ends. Cross hyperconjugation effects should diminish it, just 
as happens in ordinary, or first-order, conjugation. 

(6) The methyl group, or the pcrfluoromethyl group, might itself show anoma- 
lous lengths and bond angles as a result of hyperconjugation. 

These points have been clearly realised for a long time, and many investigations 
have been made to test them. The more obviously relevant results arc collected in 
Tables 1 to 6 and are discussed seriatim. 

It is not clear what one looks for in the saturated compounds. If theoretical esti- 
mates of C-C bond order could be made for the different compounds, the lengths 
might be compared on this basis. The most immediate conclusion, however. is that the 
distances are all the same to within OGO5 A save in CF,-CH,, in which it is shortened by 
about 0.04 A. 

I L. Pauting, H. D. Springall and K. J. Palmer 1. Amrr. Chcm. Sot. 61. 927 (1939). 
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TABLE I. SAllJUlTD CQMPOCMDS 

C-C (average) = I -541 + 0a3 A’ 

C-C (diamond) = I.54451 it: O.ooOl4 A* 

Compound* C-C C-H LHCH 
(A) (A) 

---_ -- 

/FCF ( Method of measurement 

I 

CH,-CH, I.543 1.102 I 109.3” - 
(I .536 I 
-: 0.016) , - - ; .-- 

I - ; 

<‘F,-CH, 1 (I.512 
[ - 

I 
j f 0.014) - 
I I.492 1 I.078 ! 109;31’ 

- - I 
I -348 106”42’ 

CHF, - , Ix)98 - : I.332 108.8” 1 
I ~04lt-M : 0.75’~ i 

Infra-red spectrum’ 

Electron diffraction* 

Electron diffraction’ 
Microwave spectrum* 
Microwave spectrum’ 

l The values for propane and for n-butane arc not accurate enough to provide useful comparisons. 

Brockway and his co-workers have shown W’ that a CF, group often causes the 
fourth bond formed by the carbon atom to be shorter than that formed by a CH, 
group by about this amount (e.g., for C-F, C-Cl. C-Br and C-I by OGi8. 0.033, 
0.029 and OX09 A respectively). Hence there is nothing which need be ascribed 
particularly to hyperconjugation, save in so far as the shortening is more than would 
be expected from the electronegativity of carbon. 

L FCF is probably less in CH,CF, than it is in CHF, or in CCIF, (108.6” i:O*4). 
This may indicate something: but it is not an obvious electrostatic result of more 
negative charge on the fluorine atoms. 

Duchesnc has suggested” that this reduction of angle causes an increase of .r 
character in the fourth (the C-C) bond, which may account for the shortening. This, 
however, leaves unexplained the reduction of angle: in an earlier communication@ he 
concluded that increase of electronegativity of the halogen in the methyl halides causes 
a decrease in the degree of p character in the C-halogen bond. An increase of p 
character would seem to be required to explain the angle reduction by a change of 
hybridisation. 

This observation might be attributed to hypcrconjugation. 
In the olcfines, recent measurements have shown that the C-C 2 bond is distinctly 

shorter than the paraffinic bond. by about 0.05 A. There appears to be a lesser con- 
traction in the C-C,H, bond, of about 0.02 A; but there is a dearth of good measure- 
ments for it. 

1 Inrcroromic Distances in Molrcules and Ions. Sprriol Puhlirarion No. I I, The Chemical Society * 
London (1958). 

a L. 0. Bmckway and R. H. Schwcndernan. personal communication. 
’ L. F. Thomas, J. S. Hccks and J. Sheridan. Z. Ekcrrorhrm. 61. 935 (1957). 
’ L. 0. Brockway and R. Anderson. pcmonal communication. 
* 1.. 0. Brockway and C. Thornton, personal communication. 
’ L. S. BanelI and L. 0. Brockway. J. Chcm. Phys. 23. I860 (1955). 
” J. Duchesnc, /. Chcm. Phys. 20. SO (1952). 
’ J. Duchcsnc. Nururc. Lo&. 159. 62 (1947). 
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1 
Compoundt C-C1C.C - i 

fA) me&%) 2;;; ’ 
Melhod of 

(A) measurement 
_%..,__. 

(I .334) ’ :(I +085):: 
I - I”.“. --- -_. - _-I- -- .-- -_.“- .- ._____ _ 

CM,= CH, -_ I(1 16’)J: : Electron 
diffractio@ 

-- ’ (1*3X) ; :(1+&35):: i :fIIT’ 22’):: I fnfra-red 
g 
: 

’ spectrumzL 
CH,-CH: CHt 1.488 1.353 1+090 107” II’ i Microwave 

mu 
’ (1.49) 1 . _ _- 

speclrum” 
.I Electron 

d~ffra~t~on*’ 
(CH,),CH - CH, ft.sf-J) 1 -.I i __ I Elaxron 

CH,-CH-=C)I-.Cff,(cis)’ (1.51) - , I - 
diffracti0t-P 

- Electron 
diffraction” 

CHJ-CH C-XH, ’ 1.q - “I_ 1 I 

I 
I Microwave 
I spectrumzb 

* Aromatic: CT-C in C-Ph -l 1.52, i_ 0.01 (average). 
t Las xxuralc v;rlues arc available also for: 

Cti&H - CH -CH, (mm.), 
H,C -CH CH,--CH, CH,-XH1 

H&Z--CH’ &is--C‘-CH, 
and ’ ’ (Ref. 2). 

$ VaIucs for tfK_ CH1 groups. 
CH - f‘ CHs 

$ Consistent with the observations. 

These anomalies could bc due to hyperconjugation; but there are two other causes 
which must be considered. One is that the covalent radius of carbon is reduced when 
the hybrid~~tion changes *c from sp” to sp*, and the other is that the difference of 
electronegativity, arising from the same cause, results in a contraction of bond length.” 
A difference of about 0.5 of Pauling’s electranegativity units would be required to 
explain the whole of this contraction; this seems high. 

Concerning the effect of hybridj~t~on, it may be noted that very recent measure- 
ments on butadienc (CH, .CW-CH: CH,) by 0. Rastiansen (personal communica- 
tion) give a value of 1.483 of: OW3 A for the central bond; so if the \&hole of the 
contraction of 0.06 A in this bond relative to the paraffinic srandard be attributed to 
change of carbon radii. the change is 0.03 A in each, leaving only 0.02 A to bc 
explained by electroncgativity difference in the methykthylene bond. From the C-H 
bond lengths in methane and in ethylene (rO 14!91 and I.07 A respectively) the 
change of carbon radius appears to bc --C.02 A: so there is fair agrecmcnt between 
the two estimates. 

.N_ HCH in methyl seems to be smaller (107” 11’) than the tetrahedral vafue 
if the C-H bond length is assumed to be 1.090 A. 

It is not certain if the C-C bond length is increased relative to ethylene. for the 

lo L. S. Barteli and R. A. Bonham, 3. Chum. Ply. 27, 1414 (1957). 
I’ H. C. Aften and E. K. Ptytcr, 3. Amer. C&m. Sue. 80, 2573 (WSB). 
I* D. R. Lide, Jr. and D. E. Mann, 3. C&m. P&x 27. 868 (1957). 
‘* Sot F. Goldish, K. Hcdtrrg and V. Schomakcr. 3. Amer. Chm, SW. 78, 2714 (IWit. 
*’ D, R. Lidc. Jr. and D. E. Mann, 1. C’hcm. fh,w 27. X74 (1957). 
‘) (‘. A. Co&on, Mirror llrnri Mcm. Vol. p. IS. Dmocr, Libgc (1948). 
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error in the propylene measurement is not given. The value tried therein was the 

older one* of 1.353 A: a much shorter one appears not to have been tried. 
In the related compound, acetaldehyde, the C-C bond is somewhat less shortened, 

by 0.04 instead of 045 A. The opposite would be expected if difference of elcctro- 
negativity were the cause. for this should be increased by the attachment of .yO 
instead of =CH, to the middle carbon atom. Possibly, therefore, shortening by elec- 
tronegativity difference is not important. 

TABLE 3. ALIWWDLS 

Compound ’ C C 
! A ’ 

-.- - _-. 
CII, CH .0 i l~500s 

: !01105 
(1.504) 

c-c Cl I.516 
(various) i oGO5 

t average) 
<‘F,...CI( 0 (1.54 

i O~O?) 

C 0 /_CCO CH / HCH ; CH /_CCH Method of 
(A I (A, (A, mcasurcment 
--.--. ._’ _ -.- - -.- - -.. _.-- 

l.215&, I23 55’ lQg6 lOtI’ 16’,1.114 I17 2Y’ Microwave 
! 0.0021 i 6’ i oa5 . IC’ , * 0.015 I45’ : spectrum“ 
(1,208) (123 36’ i ’ Ekctron 

: W’) i diffraction’@ 
Rcfcrencc 2 

I I 
: Ekctron 

diKraciion’ 

The bond length in trifluoroacetaldehyde is equal to the paraffinic standard, i.e., 
the fourth bond formed by the perfluoromethyl carbon atom is now longer than that 
formed under the same conditions by the methyl carbon atom. This, as Brockway has 
pointed out (personal communication), is the opposite of what is normally found (see 
above); so it can hardly be explained by a normal change of atomic radius due to 
fluorine substitution. It could indicate an absence of hypcrconjugation caused by the 
unwillingness of the CF, group to part with electrons as required by the CH 0 
group, ic., to mutual incompatibility. 

The C-.H bond length in the methyl group (I.086 A) is very slightly shorter than 
that in methane (I, - 14l!J1 A), and /HCH (108” 16’) is slightly less than tetrahedral. 

There arc therefore some anomalies which do not agree with ideas of fixed radii 

or with shortening by electronegativity difference. Another point to note is that /.CCC 
in propylene is 124 ’ 45’ and _/:CCO is 123O 16’ in acetaldehyde compared with 121’ 19’ 
for /CCH in ethylene: these might indicate a tendency to an allcne-like structure. 

In the several acetylenes which have been measured. the striking feature is the 
essential constancy of the C-C bond length, at 1.456 + 0.002 A. This is 0.087 A 
shorter than the paraffinic standard. 

Unfortunately, errors arc not usually ascribed in microwave measurements; so 
the real significance of this observation is not quite clear. Fluorine substitution 
in methyl may possibly cause a small increase, but substitution by bromine 
or chlorine of the acetylcnic hydrogen causes no change, although thcrc is 
cvidcnce from electric dipole moment measurements that a considerable degree of 
conjugation or other disturbance results. It is a striking fact that the mean of the 
C-C paraffinic standard (1.543) and of the C-C bond between two triple bonds 

“ R. W. Klib. Chun Chia I.m and E. H. Wilson, Jr., /. Chrm. Phys. 26. 1695 (1957). 
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(l-377) is 1.460 A. If the I.377 A is a distance which includes the efTLTt of conjugation, 

or increase of bond order, the 1.460 A also includes some such increase: this is tanta- 
mount to saying that the effects of increase of bond order due to conjugation or to 
hyperconjugation are additive; but that might be the case. Were this so, resonance 
could not be demonstrated by departure from additivity; and a decision as to whether 
or not there is an increase of bond order would have to depend upon theoretical cal- 
culations, e.g., of overlap, or on some other expcrimcntal means of diagnosis. Al- 
ternatively, the results could be explained by fixed radii resultiug from .YP hybridisation. 
However, from the diffcrencc between the C-H lengths in methane and in acetylene 
(1.091 and lG64 A) the dccreasc in radius due to .rp bonding would appear to bc only 
O-027 A; so the apparent dccreasc of 0.087 A shown in the C-C bond is not obviously 
due to this alone. 

If the whole contraction were a Schomakcr-Stevenson contraction,x the elcctro- 
negativity difference would have to be 1 Pauling unit. 

The C-H methyl bond lengths (I.109 A average) are about 0.02 A longer than in 
methane, but a similar effect is also produced by elcctronegativc substitution, e.g., 
by halogens (CH,X, has C-H = I.1 I, 1.11. I.109 and 1.1 I for Br, Cl. F and I), but 
LHCH (108.5”) is somewhat smaller than tetrahedral. The C-F bond lengths are 
much the same as in CHF,, but LFCF (106.5”) is distinctly less than tetrahedral, 
and is more anomalous than it is in CHF, (108.8“). 

Duchcsne has suggested* that the shortening of the C-C bond can be correlated 
with the decreases in LHCH in methyl and of ,/FCF in perfluoromcthyl: but this still 
leaves the need of an explanation for these reductions in angle (cf. p. 119). 

The C=C bond length in the substituted acetylenes shows no perceptible lengthcn- 
ing (average I.203 A) relative to that in acetylene itself. 

For the cyanides there is a particularly interesting series of measurements. For 
methyl cyanide and for methylcyanoacctylene the C-C length is I.456 A. i.e., exactly 
the same as for the acetylenes. This suggests, again, that electronegativity difference 
is not the cause of the contraction. The C-H length in hydrogen cyanide (Iti8 I 
0M13 A) is essentially the same as that in acetylene 1%4 A. also indicating that the 
carbon radius is unchanged by substitution of =N for =_CH. As was remarked for 
the acetylenes. the radius change shown by this bond length is far too small to explain 
the observed C-C contraction. Fluorine substitution in the methyl group again may, 
possibly, cause an increase of length, but values are not concordant. 

When the trigonal symmetry of the methyl group is broken, as in ethyl cyanide 
the bond length appears to increase by about 0.017 A. According to standard theory 
therefore. this is all that is attributable to hyperconjugation. The remaining O-070 A 
may be due to other causes. Two preliminary results for rerr.-butyl cyanide indicate 
no increase at all. 

In all these compounds, the C-H bond length in the methyl group (I-104 A) is 
longer than the paraffinic standard, and much the same as that in the acetylenes 
(I.109 A). LHCH is tetrahedral. The C,.F length is the same as in CHF,. but LFCF 
is only 107.5”. 

There is no perceptible lengthening of the CzN bond in the cyanides, compared 
with that in hydrogen cyanide itself. 

The silicon compounds shown in Table 6 indicate a contraction of the C-Si bond 

n V. Schomaker and D. P. Stevenson. 1. Amtr. Chcm. Ser. 63, 37 (1941). 
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TABLE 6. SILICON COMPOUNDS 

I25 

Compound ! C-Si Si-H 1 LHSiH 
(A) j (4 i 

, C-H r’HCH 1 Method Of 

(A) : fluasurtment 
-- 

CH,-SiHS i 1~8668 I .4RS : 108’ IS’ : lG!23 107” 40’ Microwave spectrum” 

C,H$-SiH, i 
i o.ooo5 j .!.0.005 :30’ 

1 .R4 i -. -- Electron diffraction’ 
:: 0.01 

by about O-027 A in the aromatic compound, which is about the same as that at present 
reported in methylatcd aromatics. This could be due to a change in carbon covalent 
radius. 

Considering these results as a whole, it is difficult to avoid concluding that no 

consistent explanation can begivcn on thccurrent hypotheses that atoms have constant 
covalent radii subject only to corrections for changes of hybridisation, differences of 
clectronegativity and changes of bond order. It is generally appreciated that the hydro- 
gen covalent radius is variable: thus /(C-H) in methane is O-051 A shorter than the 
mean of /(C-C) and /(H-H). Therefore. caution is necessary in predicting lengths of 
C-C bonds from observed changes in C-H bond lengths. Nevertheless, such a pro- 
cedure is only to be discarded completely for our present purpose if there is reason 
to think that, from the C-H changes, too small contractions are predicted for the C-C 
bonds in olcfines, acetylenes and related compounds. In fact, contractions of H-X 
bonds seem to be at least as large as those of C-X bonds, e.g., when X is a halogen, 
the anomalies relative to the mean of /(H-H) and /(X-X) are - 0.162, OQ90. 
- 0499 and -0.096 A for fluoride, chloride, bromide and iodide, while those relative 
to the mean of /(C-C) and /(X-X) in the methyl halides are,l respectively, --0*095, 
.+0*021, LO.026 and :0.035 A. Thus if the observed contraction in a C-C bond is 
considerably greater than that so predicted, it probably signifies something more than 
a general change of carbon radius due to change of hybridisation. 

Electronegativity differences do not provide any consistent explanation of the 
remaining differences, as was seen for the aldehydes and the cyanides. 

It is not satisfactory to ascribe the residual anomalies to changes of bond order 
arising from hyperconjugation unless they can be shown to conform to all the pre- 
dictions made on this hypothesis. In the case of ethyl cyanide and rerr.-butyl cyanide, 
one such is not satisfied. The increases of angle in propylene and in aldchyde do, 
however, satisfy qualitatively another prediction. The increases in C-H bond length 
in the CH, groups, and the changes of angle in these and in the CF, groups could be 
but do not have to be ascribed to hyperconjugation. 

The general conclusion from this qualitative discussion is that hyperconjugation is 
not clearly and unambiguously proved by bond length anomalies to exist in the ground 
states of molecules, although on the other hand its existence is not certainly disproved. 
A more quantitative discussion would require comparisons of fact with predictions 
of bond length made essentially from independent data, e.g., from thermal data. 
Other explanations may prove possible: it can be safely said that there are indications 

n K. W. Kilb and 1. Pmce,/. Chat. P/~ys. 27, I08 (IYS7). 
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that the effective radius of an atom in a bond depends upon the nature of the other 
atom in ways which have not yet been defined.+ 

Achwwl~Qcnrc*nf--The author is very grateful to Professor 0. Rastianscn. Professor 1.. 0. 
Brockway. Profcicor R. L. LIkingston and Dr. J. Sheridan for supplying unpublished raults. and to 
them, to Professor C. A. Coulson, F.R.S.. and Dr. J. Duchcsnc for very helpful discussions and 
cnrrespndcnc~. 

l See Dwhcsnc’: for another suggestion for a wusc of variation in bond Icngth. 

n J. Duchesnc. /. C’hrm. Ph.v.r. 19, 246 (IY57). 


