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Abstract-Barriers to CzC bond rotation and heat of formation are calculated by SCF n-electron methods 
for a variety of conjugated carbocations. The predicted barriers are analyzed in terms of the resonance 
and aromaticity of the chains and rings involved. 

EXPERIMENTALLY, the barriers to C=C bond rotation are known accurately for 
several methyl-substituted allylic cations,iP3 and from a combination of this data 
with thermochemical information, the barrier in the unsubstituted ally1 cation itself 
has been estimated.4 Unfortunately, barriers for other unsubstituted conjugated 
carbocations are unavailable as yet, although rough estimates have been reported 
for methyl-substituted pentadienyl and hexatrienyl cations’ and for the diphenyl- 
cyclopropenium cation.’ Although ub initio molecular orbital calculations yield 
realistic barriers for cations,6’ ’ extension of such computations beyond three and 
four carbon atom networks is impractical at present. 

For these reasons, barriers to C=C bond rotation in a series of conjugated carbo- 
cations have been calculated (Table 1) by two semiempirical SCF-LCAO-MO 
theories, both of which are known to predict accurate bond lengths and bond angles 
for neutral conjugated hydrocarbons-the Dewar’ and the NND09 x-electron 
methods. In contrast to Huckel methods which are acknowledged to be suspect in 
calculations for ionic species,“, ” both of the theories used herein include explicitly 
both electron-electron repulsions and o bond compression energies in the evaluation 
of the total bonding energy for each ion. 8.9 In addition, the set of SCF bond lengths 
which yields the optimum molecular energy is determined by both methods oia use 
of a linear bond length bond order correlation for the distance R,, between each pair 
of bonded carbon atoms,? 

R ~y=A-BP,,~~~d, 

where 4 is the angle of twist across the u-v bond. The values of 4 B, and of all 
other parameters required for the present calculations were taken from the literature.8’9 

Although neither method used allows for any hyperconjugative interaction 
between a CH: group and the CH=CHI unit twisted perpendicular to it, the 
rotation barriers (38 and 29 kcal mole-‘) calculated for the ally1 cation 1 agree well 
with the “experimental” value4 of 3843 kcal mole- ’ and with the barrier of 3542 
kcal mole- ’ calculated using ub initio methods. ‘*’ Given this agreement for 1, some 

* Part II: N. C. Baird and R. M. West, J. Am. Chem. Sot. 93.3072 (1971) 
t Calculated bond distances for individual systems arc available upon request from the author. 
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reliance can be placed upon the calculations for the systems involving a greater 
degree of conjugation (Table 1). It is interesting that the barriers predicted by the 
Dewar method are consistently - 10 kcal mole-’ larger than those deduced from the 
NNDO method; the lack of variation in this difference is surprising since the method 
of handling overlap integrals and differential overlap in the two theories is very 
different.‘*’ A discrepancy with this sign is not unexpected, however, since barriers 
in neutral polyenes are overestimated by Dewar’s method (if configuration interaction 
and allowance for steric interactions are not included) and are underestimated using 
the NNDO procedure.‘* 

TAELJZ ~.CALCIJLATEDHEMS OFFOR~(A~ONAM)ROTATIONBARRIERS(IN kcalmole-‘) 
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TABLJJ 1 (confirmed) 

Carbocation 
AH, Energy to twist bondb by 9F 

&war method’ 1,2 23 3-4 4.5 
or exocyclic 

bond’ 

d, _ - 

14 247**’ - 32 

(23) *..---.* 
15 0 : + ! 

! , 219d - __ 
*..___-’ - 

16 231d*’ - - 15 
- - (7) 

’ Calculated using IV, = -9.84 eV : see text for details. 

b The values not enclosed in parentheses are from the De.war method, whereas those enclosed in 
parentheses are from the NNDO method. 

’ Corresponds to the energy for rotation of the exo-methylene group in 5,6, and 7 and to rotation of a 
single phenyl group from conjugation in 8,9.11,12,14, and 16. 

’ A ring strain energy correction has been applied in calculating this value-see text for details. 
e A correction for steric strain is probably required here, although none has been applied. 

The 12 bond rotation barriers quoted in Table 1 for the ally1 fl), pentadienyl (2), 
heptatrienyl (3), and nonatetraenyl (4) cations indicate that the energy required to 
twist the terminal C=C bond by 90” Increases substantially with increasing conjuga- 
tion ; the limiting values of -65 and -60 kcal mole-’ for the &war and NNDO 
methods respectively are of the same order of magnitude as the calculated barriers in 
ethylene of 80 and 58 kcal mole- ’ respectively12 (experimental value = 65 kcal mole- 1 
for ethylene13). Unfortunately there exists only sparse experimental data with which 
the calculated cation barrier trends can be compared. Deno eL al. have established 
that the lower limit for the 12 rotation barrier in 1,1,5,5-tetramethylpentadienyl 
cation is at least 1 kcal mole-’ greater than the barrier in the 1,1,3,3-tetramethylallyl 
cation. The lower limit established for the 1,1,7,7-tetramethylheptatrienyl cation lies 
below the barrier value for the corresponding allylic system, however, so that the 
overall trend is neither really confirmed nor denied by existing experimental data. 

In contrast to the large energy barriers predicted for twisting of terminal bonds, the 
2,3 bond barriers in the pentadienyl and longer cation chains are relatively small and 
decrease with chain length (Table 1). For example, the 23 barrier in 2 is 14 kcal mole-’ 
less than for the ally1 system, and is 27 kcal mole-’ less than for terminal bond 
rotation in the same ion. Both the small 2,3 barriers and the intermediate values 
predicted for the twisting of bonds further toward the center of 3 and of 4 are readily 
rationalized by the extent of positive charge delocalization in the twisted con- 
formations. For example, twisting of the end bond in 3 localizes the + charge on one 
carbon ; twisting the 23 bond results in delocalization of the + charge over five 
centers, and twisting the 3,4 bond results in delocalization over three carbons. 



2358 N. C. BAIRD 

Although the stabilization of a CH; group by a polyene chain is predicted to 
increase monotonically with the number of conjugated carbon atoms, this trend does 
not apply when the CH: is being stabilized by a monocyclic ring system. In particular, 
the barrier to CH2 rotation in the methylenecy~lobu~dienyl cation 5 is larger than 
in the benzyl cation 6 (Table I), but is slightly smaller than in the methylenecyclo- 
octatetraenyl cation 7. Analysis of the calculated electronic and geometric structures 
for these systems indicated that the aromaticity/antiaromaticity of the ring system is 
responsible for those variations. In the case of 5, the antiaromaticity of the four- 
membered ring is si~~i~u~~y reduced by conjugation to the CH: unit ; the calculated 
bond lengths predict a structure which simulates an ally1 cation conjugated weakly 

FIG I. Calculated bond lengths and net n charges (Dewar method} for 5 

to an exocyclic double bond (Fig 1); the positive charge is almost completely localized 
on 3 of the 5 carbons; indeed the other two carbons are predicted to bear net negative 
A charges (Fig 1). A simple perturbation MO calculationi predicts that the anti- 
aromaticity of the allyl-ethylene structure of 5 is one-half that (of 16 kcal mole-‘) for 
cyclobutadiene itself;12 the 5 + 1 kd mole - ’ increase in the calculated barrier for 5 
compared to 2 is in good agreement with this estimate. 

In contrast, conjugative stabilization of the CH: group in the benzyl cation 6 must 
result in some loss in the aromaticity of the benzene ring itself; thus the barrier for 
benzyl is less by 12 kcal mole -r than for its open-chain analog 3. Nevertheless, the 
barrier in 6 is predicted by both SCF methods to be greater than that for the ally1 
cation, in disagreement with the simple HMO result (barriers of O-72 p and O-83 p 
respectively). 

To complement the calculations by Hoffmann et aLi1 who used the Extended 
Huckel Method (steric strain and hyperconjugation included, but electron-electron 
repulsions and sigma-bond compression energy neglected), the degree to which phenyl 
stabilizes various cations has been investigated by the Dewar and NNDO methods 
(which neglect the first two effects mentioned but which do include the latter two 
explicitly). The SCF barriers to 90” phenyl group rotation in benzyl, tram-I- 
phenylallyl, phenylcyclopropenium and phenyltropylium cations (Table 1) are all 
substantial and positive, in contrast to the EHT values of -9, N 3, -0, and 40 kcal 
mole - 1 respectively.‘O The SCF barriers for this series correlate well with the net 
positive charge on the C atom to which the phenyl is bonded. The positive charge 
versus rotation barrier correlation also applies in comparing the energy to twist a single 
phenyl group out of conjugation in tram, Pans-1,3diphenylallyl cation 9 with that in 
the diphenylcyclopropenium cation 12. Although the calculated barrier for 9 is greater 
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than that for 12, the diflmmce is probably less than required by the experimental data 
for these two systems.’ Quite obviously, all-valenceelectron MO calculations (e.g. by 
the MIND014 or ab i&o methods) are required to sort out the simultaneous effects 
of steric interaction, hyperconjugation, and electron+lectron repulsion in phenyl- 
substituted cations. 

Dewar et al. have shown previously that their SCF x-electron method yields 
accurate heats of formation (AH,) for conjugated carbocations provided that the 
one-center core-electron attraction integral, W, is evaluated empirically using the 
experimental ionization potential of -9.84 eV for the methyl radicaLI In Table 1, 
the AH, for each cation considered has been evaluated by this procedure ; strain 
energy corrections of 66, 26, 6, 6, and 6 kcal mole-’ have been made for cations 
containing 3-, 4-, 5-,7-, and 8-membered rings9’* l4 respectively. The calculated AH, 
for the ally1 cation of 225 agrees very well with the most recent experimental 
determinationl‘j of 226 + 1 kcal mole-’ . The calculated AH, for the cyclopropenium 
cation 10 of 263 is less positive than the experimental value” of 271 f 1. The 
discrepancy here may arise from the difficulty in estimating the strain energy for a 
completely unsaturated three-membered ring; the value of 66 kcal mole-’ used 
herein is the result of extrapolating the experimental strain energies’“*’ in compounds 
containing 0, 1, and 2 unsaturated carbon atoms With respect to the aromaticity of 
the &Hi system, it is interesting to note that the total calculated bonding energy 
(before correction for strain) is 38 kcal mole-’ more stable than that for an ally1 
cation, the ends of which are united by a “single” C-C bond. 

In good agreement with experiment, the AH/‘.s for the benzyl and tropylium cations 
are predicted to be essentially identical ; both calculated values are 7 kcal mole- ’ too 
positive, however, relative to the most recent experimental determinations of 213 and 
212 kcal mole- 1 respectively. l6 The predicted stabilities of the two CSH: cations 5 
and 13 are also similar; were it not for the large strain associated with a four- 
membered ring, 5 would be more stable than 13. Given the low antiaromaticity of 5, 
this ion (along with the C4Ha + system) should be rather more stable than other 
cyclobutadiene systems. For example, the energy required to dissociate heterolytically 
H- from the methyl group of methylcyclobutadiene should be lower than for systems 
in which the methyl group is bound to a nonaromatic or aromatic ring. Presumably, a 
more practical synthetic route to 5 would involve an exo-methylenecyclobutene 
precursor. 

The cyclopentadienyl cation 12 is an interesting system in several respects. Like the 
corresponding 4x electron molecule cyclobutadiene, the most stable singlet state is 
subject to Jahn-Teller distortion which would stabilize the “pentadienyl-like” 
geometry* 13a and/or the “allylethylene” geometry 13b relative to the completely 
symmetrical D,, form. 

%. 
0 ..‘; . 

- 

13b 

l The author is indebted to a referee for bringing this structure to his attention, and for details concerning 
unpublished CNDO calculations regarding its stability. 
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Both the Dewar and the NNDO cahxlations predict that the 13a and 13b con- 
formations are essentially isoenergetic; the total energy for the optimum set of bond 
lengths in 13a (Fig 2a) is preferred to that for the optimum structure 13b (Fig 2b) by 

14-I 144 

0 1.36 I.36 

1.39 I .39 

0 
149 1.49 

I.34 

13b 

FIG 2. Optimum bond lengths calculated (Dewar method) for 13a and 13b 

1.0 and O-6 kcal mole-’ respectively according to the two methods. The preference for 
the pentadienyl form is predicted to be somewhat larger in the phenyl-substituted 
cyclopentadienyl cation 14, since the net positive charge available for delocalization 
over the benzene ring is larger at the 1 position of 13a than at any position in 13btFig 2). 

REFERENCES 

’ J. M. Bollinger, J. M. Brinich and G. A. Olah, .I. Am. Chem. Sue. !92,4025 (1970) 

* N. C. Deno, R. C. Haddon and E. N Nowak, Ibid. 92.6691(1970) 

3 P. von R. Schleyer, T. M. Su, M. Saunders and J. C. Rosenfeld, Ibid. 91.5174 (1969) 

’ V. Buss, R. Gleiter and P. von R. Schleyer, Ibid. 933927 11971) 

s D. G. Farnum, A. Mostashari and A. A. Hagedom III, J. Org. Chem. 36,698 11971) 

6 S. D. Peyerimhoff and R. J. Buenker, J. Chem. Phys. 51,2528 (1969) 

’ L. Radom and J. A. Pople, personal communication quoted in ref. 3 

s M. J. S. Dewar and A. J. Harget, Proc. Roy. Sot., Ser. A 315,443 (1970) 

’ * N. C. Baird and R. M. West, J. Am. Chem. Sot. 93,4427 11971): ’ N. C. Baird, Can. J. Chem. 49,338 

(1971): ’ N. C. Baird, 1. Chem. Ed. 48,509 (1971) 

lo C. A. Coulson and M. J. S. Dewar, Discussions Far&y Sot. 2.54 11947) 

” R. Hoffmann, R. Bissell and D. G. Farnum, J. Phys. Chem. 73, 1789 (1969) 
‘* N C. Baird unpublished calculations 

” J. E. Douglas, B. S. Raninovitch and F. S. Looney, J. C/rem. Phys. 23, 315 (1955) 
I4 ’ N. C. Baird and M. J. S. Dcwar, J. Chem. Phys. So, 1262 11969): ’ M. J. S. De.war and E. Haselbach, 

J. Am. Chem. Sot. 92, 590 (1970): ’ N. C. Baird and M. J. S. Dewar, Ibid. 89, 3966 f 1967) 
Is M. J S. Dewar, J. A. Hashmall and C. G. Venier, Ibid. 90, 1953 11968) 

I6 F. P. Lossing, Can. J. Chem. 49, 357 (1971) 
I’ K. B. Wiberg, W. J. Bartley and F. P. Loss@, J. Am. Chem. Sot. 84.3980 11962) 


