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M-A simpk VB analysis is used to illustrate that the greater stability of gcmhally disubstituted ethanej and 
cthykncs compared to their vicinally substituted counterparts is due to the strength of the central C-C bond and 
not to the stability of the radical and carbcne fragments that compose the mokcuk. The qualitative arguments arc 
supported by MO calculations. The implications to tbc additivity ruks for tbc estimation of beats of formation are 
discussed. 

In a recent report’ the linear combination of fragment 
configurations (LCFC)2 method was utilized to discuss 
the effect that donor-acceptor interactions have on the 
strength of a bond connecting two molecular fragments. 
It was proposed that the central CX bond in l,l- 
homodisubstituted ethanes and ethylenes is stronger than 
the corresponding bond in the I$-homodisubstituted 
isomers due to the greater ionic character of the bond in 
the former set of molecules. The theoretical rationale is 
illustrated briefly below for 2-methylpropane and n- 
butane (l,l- and 1,2dimcthylethane). The hrst step in the 
analysis is to divide the molecule into two radical frag- 
ments through the bond in question. The basis set 
con6gurations, which contain 

(CH&HC<H3 CH&C<H,CHJ 

Donor Acceptor Donor Donor 

only the singly occupied orbitals of the radical frag- 
ments, are shown in Scheme 1. The relative energies of 
the DA, the D,&, and the charge transfer configurations, 
D’A-, D-A+, D,‘&-, can be calculated empirically on 
the basis of eqns (l)-(4). Here, (I) represents the ion- 
ization potential, 

EDA = ED,,=0 (1) 

ED+*- = I.CH(CHJ~ - A.cH~ + c (2) 

ED-,,+ = LCH, - AcH(cH>)~ + c (3) 

ED,-&+ = ED,+~- = I.CH~HJ - A.cH~H~ + c (4) 

(A) the electron affinity, and (C) the coulomb attraction 
between the two charged fragments in the ionic 
configurations. The ground state, $1, and two excited 
states, b and $S, result from the interaction of the 
neutral and the ionic configurations (Fig. 1). This inter- 
action was suggested’ to be more stabilizing in the case 
of the l,l-isomer than in the case of the l&isomer 
because of the relatively lower energy of the D’A- 
contiguration compared to the linear combination of 
D,-4’ and D,‘&- and the greater overlap integral of 
& and &A as compared to that of &,, and t&. This 

E 

D-/-y _-----J: __-- 

I 

D’A- _/’ 

DA - \ DlD2-. _ 
\ -. . *.- 

-\ Ic: 
\ 
‘*- 9, 

0 b 

Fig. I. Configuration interaction d&am for (a) l,ldirnethy- 
lethal& and (lJ)12dimcthykthaoe. 

proposal is supported by the fact that 2-methylpropane is 
more stable than n-butane and that unsymmetrically 
substituted molecules are generally more stable than 
their symmetrically substituted counterparts.’ 

The analysis outlined above points to an interaction 
between the two submolecular fragments as an explana- 
tion for the relative stability of the two isomers. This 
proposal is in conflict with the concept of additivity of 
group thermochemical properties for the estimation of 
heats of formation? This popular’ idea is based on the 
assumption that a given submolecular fragment makes a 
constant contribution to the heat of formation of any 
molecule that contains it (steric effects are considered 
and accounted for). 

In this report the results of semi-empirical and ab 
initio MO calculations are combined with a compilation 
of experimental data in order to show that: (a) The 
greater stability of the 1 Jdisubstituted ethanes and 
ethyknes relative to the l&isomers is a result of a 
stronger central C-C bond in the former isomers and not 
to the stability of the fragments themselves. (b) There is 
8 consistant failii of the additivity rules fortbe estiia- 
tion of heats of formation in certain predictabk ‘cases 

involving symmetrical vs unsymmetrical substitution. 
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Table I. Extended Huckel C-C bond energies (kcallmole) of substituted ethylenes 
(C2H2X2) and ethanes (C2HS($& 

Sub&rent X+CHs t-XHC=CXH XzHC-CH, XH&-CXH2 
(XI 

CH3 168 70 
NHz 1; 171 70 : 

OH 183 88 F z!! 197 96 :; 

‘Standard geometry assumed see: J. A. Pople and D. L. Bcveridge, Approximate 
hfokecular Orbital Theory. McGraw-Hill, New York, 1970. 

*The least sterically hindered conformer was always chosen. 

Table 2. Abinitio optimized geometries0 and energies of l,l- 
diftuoroethylene. 

Basis Set 
STO-3G 4-31G 

rcc (A> 1.3185 1.3009 
rep (AI 1.3507 1.3426 
< FCC 124.50” 125.W 
Total Energy (au.) - 272.ooo65 -275.38125 

‘The C-H bead length and the < HCC bomf angle were held at 
the constant values of 1.07 A add 1W, respectively. 

itimn,‘rs AND DECUSION 
The computational results presented here were 

obtained at the extended Huckel’ and ab-initio MO 
levels. The latter were carried out with both the STO-3G6 
and the 4-3lG’ basis sets contained in the Gaussian 70r’ 
and Gaussian 7@ series of programs. 

Tabk 3. Abinitio total energies (a.u.Y of various carbene frag- 
ments. 

Basis Set 
CarbelK Conformef STWG 4-31G 

CH2 - - 38.43107 - 3886348 
CHF - - 135.88575 - 13758446 

:$OH ; 
- 233.36210 - 236.30187 
- 112.26965 - 113.59686 

$$ 

- 11227435 - 113.60104 
- 112.26936 - ll3.5%62 
- 112.27470 - 113.60137 

C(OH), ee - 186.10540 - 188.32632 
9s - 186.11081 - 188.33327 
se - 186.11261 - 188.33677 

‘The ‘B, congguration of the carbones were computed with a 
spin-restricted open-shell version of the Gaussian 76 series of 
programs. 

The energies of the central carbon-carbon bonds of 
the substituted ethanes and ethylenes shown below were 
computed by taking the difference of the total energies of 
the molecule and the appropriate carbene or radical 
fragments. The fragments were computed in the 
geometry of the molecule that they comprise. The car- 
bene fragments were assumed to have a 3BI electronic 
configuration as that is the lowest energy configuration 
that would result directly from the homolytic cleavage of 
a double bond. 
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X = CHJ, NH2, OH and F 

‘See Scheme 2. 
The extended Huekel results are presented in Table 1. 

The &-i&o studies, which were restricted to the 



Bond ionicity and the strength of carhon-carhon bonds 

Table 4. Abinitio optimized geometries and energies of l,ldihy- 
droxyethylene 

Conformer’ 
G” G, Go0 

r, (A) I.3195 I .3258 1.3316 
rc,-o, A) 
rc,9 ( f. 

1.3999 1.3833 1.3866 
1 1.3999 I .3943 1.3866 

<OICICZ 120.61” 126.11” 126.44” 
< 02c IC2 120.61” 124.98’ 126.44” 
< HIOK, 106.65* 103.47 105.09” 
< H202G 106.65” 106.15” 105.09” 
STO-3G 
Total Energy (a.u.) - 224.75510 - 224.76476 - 224.76248 
631G’ 
Total Energy (a.u.) - 227.40286 - 227.41788 - 227.41169 

“The O-H and C-H bond lengths and the< H3CH, bond angle 
were kept at the constant values of 0.9899 A, 1.07 A and IN’, 
respectively. The other geometric parameters were optimized with 
the STO-3G basis. 

bSee Scheme 2. 
‘A single 631G computation at the STO-3G optimized geometry. 

Table 5. Abioitio C-C bond energies &al/mole) of substituted ethyknes (C2JW3 

Sub&tent Basis set 
(x) STO-3G 431G 

X2C=CH2 t-XHc*XH W-cJ2 t-XHC==CXH 

OH” 142b 133 139 128 
13Y 128 137 l2!3 
134’ I24 129 123 

F” 130 122 136 126 

“The energies of the l&isomers were reported in: J. R. Larson, N. D. Epiotis and F. 
Bern&i, 1 Am. Chem. Sot. 10.5713 (1978); N. D. Epiotis, S. Shaii, J. R. Larson and 
F. Bernarki, Tetrahedron 33.3275 (1977). 

‘The ee conformer 
‘The se conformer 
‘The ss conformer 
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difluoro and dihydroxy ethylenes with the latter mole- 
cules studied in three different conformations (Scheme 
2), are summarized in Tables 2-5. 

The geometries for the 1,Zisomers are taken from Ref. 
10a for 1,2difluoroethylene and Ref. 10b for 1,2dihy- 
droxyethylene. 

An examination of the extended Huckel results 
presented in Table 1 reveals that at this level of theory 
the C-C bonds of the geminally substituted isomers are 
stronger than the corresponding bonds of the vi&rally 
substituted isomers. This is found to be true regardless 
of the nature of the substituent or whether a single or a 
double carbon-carbon bond is involved. The largest 
difference is found for difluoroethylene where the car- 
bon-carbon bond of the l,l-isomer is found to be 29 kcal 
stronger than that of the It-isomer. The ab-inirio results 
found in Table 5 support these findings. For example, the 
carbon+z&on bond in 1,ldiffuoroethylene was found to 
be 8-10kcals stronger than the corresponding bond of 
the vicinally substituted isomer. The carbon+zubon 
bond energy in 1,ldihydroxyethylene was found to be 
stronger than that of the I&isomer regardless of the 
conformation of the OH groups or the basis set used. 

In order to further investigate the above phenomena 
the thermodynamics of the following isodesmic reactions 
were examined (Table 6). 

X,C t HzC - 2XHC (5) 

X2C = CHz - tHXC = CXH (6) 

XzHC + H,C - 2XHzC (7) 

X,HC-CH, - XH&-CXHz (8) 

Inspection of Table 6 reveals that reactions 5 and 7 are 
generally exothermic while reactions 6 and 8 are 
generally endothermic. Reactions 5 and 7 are always 
found to be more exothermic or less endothermic than 
reactions 6 and 8, respectively. The stronger carbo* 
carbon band of the l,l-isomers is a direct result of this 
fact, e.g. in the case of the 431G calculation of difluoro- 
ethylene, reaction 5 is found to be exothermic by 2 kcal 
and reaction 6 is endothermic by 8 kcal, hence, the 
carhobcarbon bond of the l,l-isomer is 10 kcal stronger 
than that of the 1,Zisomer. Therefore, it is clear that the 
well documented’ superiority of geminal vs vicinal sub 
stitution in diaubstituted ethanes and ethylenes is in- 
timately connecled with the greater strength of the C-C 
bond in the l,l-isomers and is not due to the stability of 
the fragments which actually favor the 1,2&omers.” 
This latter conclusion is supported by the recently pub 
lished abinitio results shown belo~.‘~ These results 



Tabk 6. Computed enc&cs of reactions M 

Substituent AH &caumle) 
CO 7 8 

E.H. s&G 4-31G E.H. ST&G 4-3lG E.H. E.H. 43lG’ 

W -4 - - t1 - - -2 -1 +1 
NH2 -13 t12 - -4 t3 t6 
OH - -2, -2 - t7 t9 t3 t8 +I1 

-YY - IC t1 - t 10 + 13 

-28 ;: 
t8 t5 t3 

F 1: t2 + 10 t8 t2 t8 t 12 

‘W. J. Hehre and J. Hehre and J. A. Popk, 1 Am. C/urn. Sot. 97,6941(1975); W. A. Lathan, L. Radom, W. 
J. Hehre and J. A. Popk, Ibid. M, 699 (1973); L. lbdom, W. A. Lath, W. I. Hehre and J. A. Popk, Z&f. 95, 
693 (1973). 

‘The ee conformer 
‘The se conformer 
‘The ss conformer 

Tabk 7. Pi Dissohtion energies of selected okfias 

Okfin Pi Dissociation’ Energy (kcaUmole) Ref. 

1,ldihtorethykne 62.15 1.0 b 
tetrhoroethykne 52.3 2 2.0 
ethykne 59.1 2 2.0 : 

“The pi dissociation energy is defined as the difference between the first 
and second bond dissociation energies in convehg a saturated system in to 

unsahlrated one. For ethyknc: D,(C=C) = DH’(CH$Hr 
F)-DH”(.CH$H,H). For further explanation see: S. W. Benson, /. Ch. 
J&c. 42,502 (1965). 

‘J. M. Pickard and A. S. Rodgers. L Am. Chem. SOC. 96,6115 (1976). 
CE. Wu ad A. S. Radgers, Ibid. )%, 6112 (1976). 
dS. W. Benson, I. &em. E&c. 42,502 (1965). 

Tabk 8. Observed and estimated heats of formation” 

8 + 4.9 + 4.8 

b 

C 

d 
9 

'- 

A< 

3 

3 3 

CL uL$ 

- 4.0 

-16.7 

+ 0.3 

- 3.6 

-80.8 -71.5 

- 3.6 

-17.6 

+ 4.5 

- 3.6 

-75.2 
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Tabk 8 (Cuntd). 

q 0-u 

hbhCUl8 Obs. Ea. 
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P 

c1cH2-cH2cl 

-3cII3 

CF3CP3 

HOCH2CH*OH 

(HO) *‘X-H3 -56.2 -56.5 

-155.0 -155.0 

-32.2 -32.1 

-54.0 

-26.7 -25.7 

al.0 -31.2 

-62.5 -61.9 

-103.8 

-31.1 -29.0 

-36.5 -35.8 

-178.2 -169.2 

-316.8 -316.8 

-92.4 -92.8 

-100.6 -97.7 

-54.7 

-42.8 

-43.0 

-41.4 

-36.8 

-98.1 -98.4 

‘Estimated values were taken from Ref. 30. Observed values were taken from both Ref. 30 and 3b. 
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were obtained with an extended basis set and complete 
geometry optimization of the triplet carbenes. 

Reaction AH (kcal) 

No polarization functions 
I 

CHZ + CF, + 2CHF - 4 

CH2 + Ccl, + 2CHCl - 5 

Optimized d orbitals 
on Carbon 

CH2 t CF2 w 2CHF - 2 

CH,+CCl,---,ZCHCl -3 

In conclusion we find that the pattern of substitution 
on ethanes and ethylenes has an effect on the strength of 
the central carbon-carbon bond as predicted in a pre- 
vious re 
effect.‘*’ P 

art to be due to an unexpected bond ionicity 
Although the computational methods used here 

have never been shown to accurately predict the 
strengths of bonds we maintain that the consistency of 
the results is very suggestive. 

Further evidence is found by examining reactions 9 
and 10. The exothermicity of these reactions is con- 
sistant with a model that predicts that the central car- 
bon-carbon bond of the geminally disubstituted molecule 
is stronger than the average of the corresponding bonds 
in the tetrasubstituted and unsubstituted molecules 
because the former bond is more ionic. The pi-bond of 
1,ldifluroethylene is found to be stronger than that of 
either ethylene or tetrafluoroethylene. 

the fragments themselves. Since the interaction between 
two fragments becomes increasingly more stabilii as 
the fragments become better donor-acceptor pairs, it is 
expected that the additivity rules will breakdown in 
predictable situations, i.e. the stability of unsymmetric- 
ally substituted molecules will be underestimated, or the 
stability of symmetrically substituted molecules will be 
overestimated, or both. It must be emphasized that we 
consider these thermochemical additivity relationships 
very useful and worthwhile, however, it must be realized 
that just because the rules work reasonably well does not 
mean that the underlying assumption is correct. The 
examples presented Mow illustrate a consistent error 
which is inherent in that assumption. 

The contribution that a CqF), group (using a notation 
similar to Benson’s”‘) makes to the heat of formation of 
a molecule could be estimated in either of the two 
following ways: 

(a) C-(l$ = f AH&F,) = 2 - 155.0 kcal) 

= - 77.5 kcal 

(b) C-(F), = AHAFZCCHZ) - f AH&H,) 

= (- 80.8 kcal) 

-;(12.50kcal)=-87.1 kcal 

Because the effect of bond ionicity is inherent in 

W 
‘c=C’ 

CH, H H 

CH/ 
t 'c-c' -2 

CH, 

‘CHJ H’ ‘H 
‘C=C’ 

H 

CH/ ‘H 
AH=-4kca.l 

AH = - 19 kcal 

(9) 

(10) 

The exothermicity of reaction (9) could be explained in method (b) and not in method (a), the former value is 
terms of steric repulsions between the cis methyl groups found to be 9.6 kcal more negative than the latter. Using 
in tetramethylethylene. However, if stetic effects are the the C_(F), value from (a) we estimate the heat of for- 
cause one would expect reaction (11) to be more exo- mation of F2CCH, to be - 71.2 kcal (using a C-h 
thermic than reaction (9). value of + 6.3 kcal), an underestimation of 9.4 kcal. On 

CH, 
‘C=C’ 

CHS H H CHa H 

CH/ 
‘c=c’ -2 

‘CH,+ H’ ‘H 
‘C=C’ 

H’ 
AH=-lkcal 

‘CHB 
(11) 

implications to the estimation of thermochemical pro- 
perties 

We now tum our attention to the additivity rules for 
the estimation of heats of formation. These rules are 

. based on the assumption that after correcting for adverse 
steric effects a submolecular fragment will contribute 
equally to the heat of formation of any molecule in 
which it is found. The results presented here contradict 
this assumption as they suggest that the interactions 
between the fragments that comprise a molecule can 
influence its heat of formation more than the stability of 

the other hand, using the C-(F), value from method (b) 
we estimate the heat of formation of C2FI to be 
- 174.0 kcal, an error of - 19.0 kcal. The averaging of 
values (a) and (b) would only further complicate matters. 
This inconsistancy in the organ0 halogen series was 
noted by Benson et al?” and attributed to dipolbdipole 
interactions. In the following example we point out that 
the same trend can be found in hydrocarbons, where 
dipole-dipole interactions are minimized. 

The contribution that a C+Hak group makes to the 
heat of formation of a molecule could be estimated in 
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either of two ways: 

(c) C-(CHh = ; AIMCHskWCH~kl 

- 1.0 kcal (correction for steric effect@” 

=; (-16.7 kcal) - 1 kcal 

= - 9.3 kcal 

(d) CqCH,h= AHd(CH,hCCH,I - ; MWJU 

= - 4.0 kcal-; (12.5 kcal) 

= - 10.3 kcal 
The latter value is more negative because it contains 

the effect of bond ionicity while the former value does 
not. Using the C-(CH& value from (C) the heat of 
formation of (CH&CCH1 is estimated to be - 3.0 kcal 
(using a C-(H), value of t 6.3 kcal) an underestimation 
of 1.0 kcal. On the other hand, using the C+H& value 
derived via method (d) the heat of formation of 
(CH,kCC(CH,) is estimated to be - 18.6 kc-al after ad- 
ding a t 2.0 kcal correction for steric effects) an overes- 
timation of the stability by 1.9 kcal. 

A comparison of the observed vs estimated heats of 
formation presented in Table 8 shows that almost 
without exception the stability of mono-substituted or 
geminally disubstituted molecules are underestimated 
while the stability of the corresponding 1,2disubstituted 
or tetrasubstituted molecules is generally overestimated. 
A notable example is a comparison of entries (c) and (d). 
Here the heat of formation of IJdimethylethylene is in 
error by + 0.4 kcal while the heat of formation of tetra- 
methylethylene is in error by - 0.9 kcal. Another exam- 
ple is 1,ldilIuoroethylene and tetrafluoroethylene, 
entries (h) and (i). In this case the stability of the former 
molecule is underestimated by 9.3 kcal, while the esti- 
mated value and the observed value for the latter 
molucule are identical. This occurs because the con- 
tribution that a C+), group makes is defined as 
(1/2)AH&F,). Although the discrepancies are often 
very small, they do represent a consistent pattern that 
users of the estimation procedures should be aware of. 
This is particularly true if one wishes to determine the 
relative stability of a symmetricaily substituted molecule 
vs its asymmetrically substituted counterpart, 
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