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The cy-ethynylvinyl (4), n-ethenylvinyl (5), a-cyclopropylvinyl (6), and a-phenylvinyl (7) cations have been in- 
vestigated by SCF-MO ab initio methods, using both the STO-3G and the 4-31G basis sets. The cations 5,6, and 
7 are more stable in perpendicular conformations (5a, 6a, and 7a, respectively) where the interaction between the 
"empty" cationic orbital and the HOMO of the substituent is maximized. The calculated rotation barriers around 
the C+-substituent bonds are 22.2, 15.8, and 24.7 kcal/mol for 5,6, and 7, respectively, approximateiy half the bar- 
rier in the corresponding primary alkyl cations. The efficiency of the n substituent in stabilizing the vinyl cation 
follows the order CsH5 > c-CsH5 N HC=CHz >> C=CH = CH3 >> H. The ability of the substituents to donate 
electrons to  the empty cationic orbital follows the order C6H5 > CH=CH* > C=CH > c - C ~ H ~  > CH3 > H. No cor- 
relation is found between the total charge a t  the cationic center or the corresponding populations of the formally 
empty p orbital and the stability of the cation. The cations vinyl (21, a-methylvinyl (3), and 6 have stabilities which 
are intermediate between those of the corresponding primary and secondary alkyl cations. However, the r-stabil- 
ized cations, 4,5, and 7 are of comparable stability to the corresponding primary alkyl cations. Corresponding sub- 
stituted ethyl cations are 12-17 kcal/mol more stable than the vinyl cations, suggesting that, for the groups exam- 
ined here, substituent effects are inherently similar for alkenyl and for alkyl cations. The proton affinities of substi- 
tuted acetylenes and olefins are comparable, with the olefins being 1-5 kcal/mol more basic. 

Vinyl cations are by now well-established reaction inter- 
mediates in solvolytic reactions.2 Despite active research in 
the field over the last 10 years, very little is known about their 
inherent stabilities, their structures, or their charge distri- 
butions. The use of solvolysis rates to deduce the relative 
stability of resulting cations is complicated by ground state 
and solvation effects.:! Observation of stable vinyl cations in 
superacid media has been claimed but not fully substantia- 
ted."Vb Related experimental data in the gas phase are rare, 
although some heats of formation are known. These are for 
the parent vinyl cation (2),3c the propenyl cation (3),3c-e and 
C4H:j+ and C4H5+ cations of unknown structure.3b 

Extensive research has established that ab initio molecular 
orbital calculations even with minimal basis sets are a pow- 
erful, accurate, and inexpensive tool for the study of organic 
 molecule^.^ Many theoretical studies of carbocations have 
been made,5 but the vinylic cation family has received only 
little attention, with most of the emphasis devoted to the 
structure of the parent, 2.5a,6 The only other a-substituted 
vinylic cation which has been investigated in detail by ab initio 
methods is the 2-propenyl cation 3.7a The energies of several 
other alkyl-substituted vinyl cations (1, R = Et, i-Pr, t-Bu) 
have been reported but not discussed in detail.7b We reported 
recently a systematic study of a-substituted vinyl cations 1 
where R is varied along the whole series of first short period 
substituents, Li, BeH, BH2, CH3, "2, OH, and F.s In the 
present paper we use standard MO-SCF ab initio procedures 
to study the effect of substituents which are frequently used 
in solvolysis reactions (i.e., 1, R = ethynyl, vinyl, phenyl, and 
cyclopropyl).2 

1 
N 

2, R = H  5,  R = C H = C H ,  
3, R = C H ,  6, R = c-C,H, (cyclopropyl) 
4, R = C = C H  7, R = C , H ,  

Method, Geometrical Models, and Results 
Calculations were carried out at the restricted Hartree-Fock 

(RHF) level using the ab initio SCF-MO Gaussian 70 series 
of programs.9 The structures were fully or partially optimized 
using the minimal basis RHF/STO-3G method,loa followed 
by single-point calculations a t  the split-valence basis 
RHF/4-31G level.lob This procedure has been used previously 
for 26d and 3.7a 
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The structure of 4 was fully optimized (Figure 1). In the 
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Table I. Optimized Geometrical Parameters of Several 
a-Substituted Vinyl Cations ( l ) a j b  

Structuire 
and CI-C~, CZ-C~, C3-C4, C4-C5, 

R symmetiry A A A A 
CH=CH2 5a, C, 1.285 1.379 1.366 
c - C ~ H ~  6a, C, 1.28lC 1.424 1.551 1.488 
c - C ~ H ~  6b,C, 1.28lC 1.468 1.521 1.511 
CsH5 7a, CzU 1.28lC 1.380 d d 
C6H5 7b, Czu 1.281' 1.450 d d 

a A t  RHF/STO-3G. For a detailed discussion of the parameters 
optimized and those held constant see text. Numbering of atoms 
according to structur$es 5, 6, 7. Vinyl cation value without 
reoptimization. Standard value used, see text. 

remaining cations, only the parameters that are expected to 
affect the energy considerably were optimized. 5 was examined 
most fully in the nonplanar form 5a which is expected to be 

H, H, 
\ \ 

/ 
0 /c4-H 

"FC, = cp- c1 'c,=c*-cl 
'H H 

H 0 2-H 
'I4 

5b ," 50  -. 
most stable. All CC bond lengths were optimized but CH bond 
lengths were kept a t  the standard value (1.08 A). l1 All bond 
angles were fixed a t  standard values (120' a t  C1, C3, C4, and 
180' a t  C2). Only one structure of 5b was examined, obtained 
from 5a by 90' rigid rotation about the ClCz bond. 

In 6 and 7, the vinyl cation moiety was assumed to  have 

H H H 

H 

6 a  

H H  

H 

6b 

H H 

H' H H H 

7," 7,b 

standard CH lengths (1.08 A) and angles (120' at C1,18Oo a t  
C2) and a fixed C=C+ length of 1.281 A, taken from the 
RHF/STO-3G optimized structure of 2.6dJ2 In 6, both the 
C+-R bond and the CC bonds of the cyclopropyl ring were 
optimized, while keeping the CH lengths and the HCH and 
HCC+ angles as in cyc10propane.l~ The HCH and HCC+ 
planes were taken to bisect the ring CC angles. In 7, only op- 
timization of C+-R was carried out with standard geometry 
for the phenyl ring. T o  investigate rotation about the C+-R 
bond, these geometrical optimizations were carried out for the 
conformers 6a, 6b of the a-cyclopropylvinyl cation and 7a, 7b 
of the a-phenylvinyl (cation. The resulting parameters are 
listed in Table I. 

For the neutral substituted ethylenes (9-14), two confor- 
mations differing by 90' rotation about the substituent bond 
were examined where appropriate (12a, 12b, 13a, 13b, 14a, 
14b). Fully optimized RHF/STO-3G geometries4 were used 
for 9-11 and 12b. Rigid rotation about the single bond was 
used for 12a. In cyclopropylethylene (13a and 13b), standard 

H, 

H 
1.292 @ 1.345 1.205 1.088 

118.6* c1= c*-c3= cq- c 
HA.099 

Figure 1. RHF/STO-3G structure of a-ethnylvinyl cation (4). 
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geometry was used for CH2=CH- and the cyclopropyl ring 
was taken to be identical with that calculated for cyclopro- 
pane.13 Standard geometry was used for styrene (14a and 
14b). 

H2C=CHR 

9 , R = H  12, R = CH=CH2 
8 

10, R = CH3 13, R = c - C ~ H ~  
(cyclopropyl) 

11 ,R=C=CH 14, R = phenyl 

12a, (a = 90"; b, cp = 0' 

13a, cp = 90'; b, p = 0" 

14a, cp = 90'; b, cp = 0' 

The calculated total energies of the cations (1) and of the 
corresponding neutral molecules (8) are presented in Table 
11. 

Discussion 
The isodesmi~l~a hydride-transfer reaction 1 compares the 

stabilities of different vinyl cations 1 with that of the 2-pro- 
penyl cation 2. The energies of reaction 1, derived from Table 
I1 using the most stable conformations for all species, are listed 
in Table 111. A positive energy indicates a greater stabilization 
by the substituent (relative to methyl) in the cation than in 
the corresponding neutral molecule. Previous experience 
shows that the energies of such isodesmic reactions are well 
described even at the RHF/STO-SG level, and the estimated 
error limit is of the order of 2-5 kcal/m01.~J~ 



3006 J. Org. Chem., Vol. 42, No, 18, 1977 Apeloig, Schleyer, and Pople 

Table 11. Total Energies (hartrees) of a-Substituted Vinyl Cations 1 and the Corresponding Neutral Molecules 8 

Structures Cations (1) Neutral Molecules (8) 
Substituent 1 8 RHF/STO-3G RHF/4-31G RHF/STO-3G RHF/4-31G 

H 2 9 
CH3 3 10 
HC=C 4 11 
H2C==CH perpendicular 5a 12a 
H2C=CH planar 5b 12b 
c - C ~ H ~  perpendicular 6a 13a 
c - C ~ H ~  bisected 6b 13b 
C G H ~  perpendicular 7a 14a 
C6H5 planar 7b 14b 

-76.1654O"rb 
-114.79296"~' 
-150.94215" 
-152.17709f 
- 152.13931 
-190.76019f 
-190.73856f 
-303.01200f 
-302.97268f 

-76.97753"jb -77.07396"~~ -77.92188a*b 
-116.00048a~C - 1 15.66030a*d -116.90459a~d 
-152.58574" -151.80626",e -153.48995"~~ 
-153.81767f -153.00592g.h 
-153.78234' -153.02036",e,' -154.69906"le 
-192.77680f -191.59801k 
- 192.75155f -191.60234 k , a  -193.65341P 

-303.82176k,'jm 
-303.82479k~m~n 

" Fully optimized RHF/STO-3G geometry. From ref 12. From ref 7a. From ref 17. e From ref 4. f Partially optimized; see text 
for specification of the parameters optimized. g Rigid rotation of 12b (standard geometry). From L. Radom and J. A. Pople, J. Am. 
Chem. SOC., 92,4786 (1970). Rigid rotation of 5a. j With the standard geometry the energy is -153.01661 hartrees (2.35 kcal/mol 
higher). k Standard geometry. Optimization of the CCC angle lowers the energy by 0.62 kcal/mol. From ref 28. Optimization 
of the CCC angle lowers the energy by 3.14 kcal/mol. Reference 27a gives -191.60520 for a slightly different geometry. p From Ref 
27s. 

Table 111. Calculated Energiesn (kcal/mol) for Reaction 
l b  

Substituent RHF/STO-3G RHF/4-31G 

H -25.9 -25.2 
CH3 0.0 0.0 
C=CH 2.0 -0.1 
CH=CH2 15.1 14.3 
C- C 3H 5 15.8 17.3 
C6H5 34.2 

Using the total energies from Table 11. For each substituent 
the most stable conformation of both the cation 1 and the olefin 
8 was used. 

The results of Table I11 show that effectiveness of the 
substituents in stabilizing the vinyl cation follows the order 
CsHs >> c - C ~ H ~  = HC=CHZ >> C=CH = CH3 >> H. Our 
results are, of course, pertinent only to the isolated cations in 
the gas phase where unfortunately little experimental data 
are available. Comparison with available solvolytic data 
should be done with circumspection, keeping in mind that 
solvation reduces the magnitude of electronic and polarization 
effects, and may change the relative stabilities of cations which 
have different sizes and charge distributions.l5 The RHF/ 
4-31G results should be more reliable for energy comparisons. 
For cations 5-7 where geometry optimization is not complete, 
further optimization should produce only small changes in the 
energies of reaction 1.16 

a-Ethenyl and a-Ethynyl Substituents. Both ethenyl and 
ethynyl substituents possess K electrons which can stabilize 
the cationic center by allylic-type conjugation, as represented 
by the resonance forms 4 - 4' and 5 - 5' below. 

b + 
CH2=C-C ECH (-) CHz=C=C=CH 

4 4' 

+ -+ 
CH_?=C-CH==CHz(-) CH~=C=CH-CHZ 

5 5' 

This conjugation is reflected in both the structures and the 
charge distributions of these cations. The calculated bond 
lengths (Figure 1 and Table I) of 4 and 5a lie between those 
expected for the contributing resonance structures. The C2C3 
bond length has an intermediate value between those of a 
single C2C3 bond (1.288 %, in 1,3-butadiene and 1.459 8, in 
but-l-yn-3-ene4) and LI C2C3 double bond (1.288 %, in allenel7 
and 1.257 %, in butatriene4). As expected, the C3C4 bonds are 

longer in the cations than in the corresponding hydrocarbons 
(1.171 %,in but-1-yn-3-ene and 1.313 8, in 1,3-butadiene), but 
the changes are smaller than in the C2C3 bonds. Similar bond 
lengths to 4 and 5a were found in the analogous propargyl18 
and allyl cations.7a The calculated charge distributions (which 
are discussed in detail below) show that the positive charge 
is shared by C2 and C4 as expected if p-T conjugation is im- 
portant. The allylic conjugation in 5 is possible only if the two 
double bonds are perpendicular; conformation 5a is indeed 
22.2 kcal/mol more stable than the planar conformer 5b 
(RHF/4-31G, rigid rotation around the C2C3 bond). The lower 
stability of planar conformations of systems related to 5 was 
shown experimentally by Grob and Pfaendler.lga 

An a-ethenyl substituent stabilizes the vinyl cation by 14.3 
kcal/mol (RHF/4-31G) more than a methyl group (Table 111). 
This is in agreement with the experimental result that 2- 
butadienyl derivatives solvolyze (in 80% EtOH) roughly 
200019b320 times faster (corresponding to a free-energy dif- 
ference of 4.5 kcal/mol) than 2-propenyl derivatives. A larger 
substituent effect is expected in the gas phase than in solu- 
tion.15 

Ground-state effects, such as the energy associated with the 
K conjugation of butadiene, are included in reaction 1 as the 
neutral molecules are considered in their preferred confor- 
mation. As the preferred conformations of butadiene (12b) 
and of the butadienyl cation (5a) are different, a higher energy 
for reaction 1 results if perpendicular butadiene (12a) is used 
as the basis for comparison. The rotational barrier in buta- 
diene (roughly 12b vs. 12a) is 6.7 kcal/mol a t  RHF/ST0-3G2Ia 
(5.0 kcal/mol experimentally21b). The solvolysis of butadi- 
enylic systems where the double bonds are constrained in 
nonplanar conformations is indeed faster than norrnal.Iga In 
addition, as the leaving group in 8 is a hydrogen, no account 
is taken of energy effects involving the double bond and other 
leaving groups, such as halogens or sulfonic esters.7a 

In contrast to the large stabilizing effect of the conjugated 
a-double bond in 5a, the triple bond in 4 provides stabilization 
which is only comparable to that of a methyl group. The fail- 
ure of a triple bond to provide higher stabilization does not 
arise from ineffective charge delocalization, as the charge in 
the "empty" orbital on C2 is almost the same in both cations 
(see Table VI1 and latter discussion). The low stabilization 
probably reflects cancellation between a stabilizing K conju- 
gation and a destabilizing u withdrawal by the acetylenic 
group, as previously suggested for the propargyl cation.18 
Derivatives of 4 have not yet been solvolyzed and our results 
suggest (assuming that solvation and leaving-group effects are 
similar for both cations) that their reactivity should be com- 
parable to that of 2-propenyl derivatives. 
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a-Phenyl and a-Cyclopropyl Substituents. The ability 
of phenyl and cyclopropyl rings to stabilize an adjacent car- 
benium center is well known,2z but the question of their rel- 
ative efficiencies has been in dispute. Solvolysis r a t e s 3  and 
fluorine shielding constants23b suggest that an a-cyclopropyl 
is superior, while the 13C shielding constants of the cation 
point to the oppositie conclusion.z4 Taft, Hehre, and their 
co-workersz5 have recently applied ICR and ab  initio com- 
putational techniques to this problem and showed that in the 
gas phase a phenyl substituent is superior to  cyclopropyl in 
stabilizing both primary and secondary carbenium ions. 

The results in Table I11 show that  this is also the case for 
the vinyl cation, where the phenyl group is 18.4 kcal/mol more 
stabilizing than the a-cyclopropyl group (RHF/STO-3G). The 
excellent agreement between the corresponding calculations 
and the ICR measurements of Taft  and Hehre25 suggest that 
our results also should be close to experimental values. The 
18.4 kcal/mol difference in the stabilizing abilities of phenyl 
and cyclopropyl is clove to that in the corresponding primary 
saturated cations.25 A much lower difference was observed by 
Taft and Hehrez5 for the saturated secondary cations, and 
both groups have comparable stabilizing effects on a tertiary 
carbenium ion. As in the saturated analogues,23 a-cyclopro- 
pylvinyl derivatives solvolyze roughly 500 times faster than 
a-phenylvinyl deriva tives.26 The discrepancy between the 
gas-phase and solvolysis data probably results from prefer- 
ential solvation of the smaller and less polarizable cation 6.15,z5 
Very large solvation effects (up to 1025 in equilibrium con- 
stants) were recently reported for proton-transfer reactions 
between small, highly solvated cations and large electron- 
delocalized ~ a t i 0 n s . l ~ ~  The gap between the gas phase and the 
solution results is much larger in the vinylic than in the cor- 
responding alkyl cations. Thus, while the a-cyclopropylla- 
phenyl solvolysis rate ratio is 500 in both fa mi lie^,^^^^^ the 
calculated energy difference between the corresponding cat- 
ions is only 2.4 kcal/mol (phenyl favored) for the alkyl tertiary 
cationsz5 compared to 18.4 kcal/mol for the vinylic cations. 
This points to differential solvation effects. 

a-Cyclopropylethylene (13) and styrene (14) are included 
in reaction 1 in their most stable conformations, i.e., bisected 
(13b) for the first and planar (14b) for the second. The pref- 
erence of a bisected conformation (13b) for 13, in which the 
antisymmetric Walsh orbital of cyclopropane can interact with 
the K double bond, is analogous to the preferred planar ar- 
rangement for b ~ t a d i e n e . ~ ~  The conformation of the sub- 
stituent relative to the double bond is reversed in the neutral 
molecule and in the cation (see below), and the double-bond 
conjugation of both 13b and 14b is therefore lost on ionization. 
The rotation barriers in 13 and 14 (2.7 and 4.4z8 kcal/mol, 
respectively) are good estimates of this conjugation energy. 

The high stabilizing effect of the phenyl and cyclopropyl 
substituents arises mainly from the interaction between the 
empty cationic 2p (C+ j orbital and the highest occupied mo- 
lecular orbital (HOMO) of the ring. For this interaction to be 
effective, the ring must be oriented appropriately. Similar 
effects have been discussed previously for benzyl5b and cy- 
clopropylcarbinyl ~ a t i o n s . ~ ~ ~ ~ ~  Using the axes shown in Figure 
2, the HOMO of the rings should have a node in the x z  plane 
for effective stabilization. Thus, for a-phenylvinyl (7), 2p 
(C+)-K (ring) overlap is possible only when the vinyl fragment 
and the phenyl ring are perpendicular; conformation 7a is 
therefore most stable. Similarly, the perpendicular30 confor- 
mation (6a), where interaction with the antisymmetric Walsh 
orbital of cyc l~propanc?~~ takes place, is preferred in the a-  
cyclopropylvinyl cation 6. 

The 2p-HOMO interactions (Figure 2) are reflected in the 
cationic structures. The transfer of electrons from the ring to 
the empty 2p (C+) orbital produces a shortening of the C2C3 
bond by 0.044 and 0.070 8, (Table I) in 6a and 7a, respectively, 

Figure 2. Formally vacant 2p, (C+) orbital of a vinyl cation inter- 
acting with the HOMO of phenyl (7a) and cyclopropyl(6a) substit- 
uents. 

relative to the bond lengths in 6b and 7b. Similar, but even 
larger, results were reported for the benzyl and cyclopropyl 
carbinyl  cation^.^^,^^^ In 6a, electrons are withdrawn from the 
antisymmetric Walsh orbital of the cyclopropyl ring, resulting 
in elongation of the C3C4 and the C3C5 bonds (1.551 A) and 
shortening of the C4C5 bond (1.488 A) relative to cyclopropane 
(1.50 &.I3 Much weaker interactions are expected in the bi- 
sected conformation 6b and the resulting geometrical changes 
(elongation of all the cyclopropyl ring bonds) are small (Table 
I). 

Another consequence of the interaction between the cat- 
ionic 2p orbital and the ring HOMO (Figure 2) is the high 
rotation barrier around the C2C3 bonds, 24.7 kcal/mol 
(RHF/STO-3G) in the a-phenylvinyl cation (7) and 13.6 
(RHF/STO-3G) and 15.8 kcal/mol (RHF/4-31G) in the a- 
cyclopropylvinyl cation (6).3l A similar relationship with even 
higher rotation barriers was found for the benzyl and cyclo- 
propylcarbinyl cations,5b>*gb respectively. Both 6b and 7b are 
stabilized by conjugation between the double bond and the 
cyclopropyl or the phenyl rings. A part of the higher rotation 
barriers in the saturated cations is therefore due to the absence 
of such stabilization in the perpendicular benzyl or cyclo- 
propylvinyl cations. 

Comparison with  Alkyl Cations. The stability of the vi- 
nylic cations (1) may be compared to that of the corresponding 
primary or secondary alkyl cations by means of reactions 2 and 
3, respectively (Table 1V). These reactions provide a direct 
comparison of the stabilities of the cations, uncomplicated by 
ground-state and solvation effects as are the relative solvolysis 
rates of vinyl and alkyl derivatives.*STa 

+ 
H&=CR + RCH3 -+ RCH2+ + HZC=CHR ( 2 )  

+ + 
H2C=CR + RCHzCHs - RCHCH3 + H&=CHR (3) 

Comparing the RHF/STO-3G and RHF/4-31G results in 
Table IV, one finds that the minimal basis set gives larger 
estimates of stability of the vinyl cations by 3-9 kcal/mol. 
RHF/4-31G results for reactions 2 and 3 (R = H, CH3) were 
found earlier to be in good agreement with both experimental 
and theoretical results using a more extensive basis set 
(RHF/6-31G*).7a The RHF/4-31G energies can therefore be 
used with some confidence and, when not available (for 6 and 
7), 3-9 kcal/mol should probably be subtracted from the 
RHF/STO-3G energies. 

The parent vinyl cation is 14.7 kcal/mol less stable than the 
ethyl cation, but 15.1 kcal/mol more stable than the methyl 
cation7a (Table IV). Similarly, the stability of the 2-propenyl 
cation (3) is intermediate between those of the ethyl (+10.5 
kcal/mol) and propyl (-12.0 kcal/mol) cations. The preference 
of the vinylic cation over the primary alkyl cation (reaction 
2) is, however, much smaller (or disappears) with the other 
substituents. Thus, the allyl cation is calculated to be 1.2 
kcal/mol more stable than 5, and the propargyl, cyclopro- 
pylcarbinyl, and benzyl cations are only slightly less stable 
than 4,6a, and 7a. (The STO-3G value for 7a should be even 
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Table IV. Calculated Energies (kcal/mol) for Reactions 2 and 3aJ~ 

AE for reaction 2 AE for reaction 3 
Substituent RHF/STO-3G RHF/4-31G RHF/STO-3G RHF/4-31G 
H 
CH3 
C=CH 
CH=CHp 
c - C ~ H ~  
C6H5 

24.4' 
19.3c 
13.1d 
4.71 
7.2g 
5.5h 

15.1' 
10.5c 
3.9d 

-1.21 
3.9g 

-6.6' 
-5.4c 

-12.1 
-13.3s 
-8.7 

-13.0h 

-14.7' 
-12.0c 
-13.5 
-17.2g 

e 

For each substituent the most stable conformation of both the cation and the hydrocarbon was used. b For the vinylic compounds 
the total energies from Table I were used. c From ref 7a. Energies for the substituted alkanes and alkyl cations are taken from ref 
17 and 18, respectively. e Energies for the saturated molecules are not available. f Energies for the substituted alkanes and alkyl cations 
are from ref 17 and 7a, respectively. g Energies for the substituted alkanes and alkyl cations from ref 4,5a, and W. J. Hehre, unpublished 
results. h Energies for the saturated hydrocarbons and cations from W. 3. Hehre, unpublished results, and from ref 45b, respective- 
ly. 

Table V. Calculated Energies (kcal/mol) for Reactions 6,7, and 8, and of the Relative Proton Affinities (PA) of 
Acetylenes and Ethylenesazb 

- Reaction 6 Reaction 7 Reaction 8 Relative PAsC 
Substituent RHF/ RHF/ RHF/ RHF/ RHF/ RHF/ RHF/ RHF/ 

R - STO-3G 4-31G STO-3G 4-31G STO-3G 4-31G STO-3G 4-31G 
H 15.6d 3.5d e 0.0 0.0 0.0 0.0 5.0' 5.01 
CH3 14.7d 2.1d f 21.8 20.9g 20.8 19.4h 4.0 3.51 
C=CH 13.2 2.3 23.4 21.6 21.0 20.4 2.6 3.4 

CsH5 15.1 52.2 48.5 1.2 

CH=CH2 15.3 0.1 38.7 37.8 38.4 34.3 4.7 1.5 
c -C~HS 17.4 38.2 39.9 6.7 

For each substituent the most stable conformation of both the cation and the hydrocarbon was used. The total energies for the 
vinylic hydrocarbons and cations are taken from Table 11, those for the acetylenes from ref 12,17, and 45b, and for the saturated cations 
from the corresponding footnotes in Table IV. Based on the difference between the calculated energies of reaction 7 and 8 and the 
experimentaPd relative PA of acetylene and ethylene. From ref 7a. e 4.1 kcal/mol at RHF/6-31G*. f 3.3 kcal/mol at RHF/6-31G*. 
R 19.8 kcal/mol at RHI'/6-31G*. 18.9 kcal/mol at RHF/6-31G*. 1 Experimental value, see ref 7a and references therein. 1 4.1 kcal/mol 
at RHF/6-31G*. 

smaller a t  4-31G.) However, the values given by reaction 2 are 
influenced by the change in the relative sizes (polarizabilities) 
of the methyl and vinyl systems. A more representative 
comparison of substituent effects is provided by eq 3, where 
both vinyl and ethyl systems have the same number of carbon 
atoms. The values (12-17 kcal/mol, RHF/4-31G) are almost 
constant,33 suggesting: that substituent effects for the groups 
examined here are inherently similar for alkenyl and for alkyl 
cations. This is not general behavior, however. In a comparable 
study of a range of a substituents of widely differing electro- 
negativity, it was found that u donors, like lithium, prefer- 
entially stabilize the vinyl cation, but u acceptors, like fluorine, 
favor the ethyl cation.s 

Pro ton  Affinities (PA) of Several  Acetylenes and 
Ethylenes. The proton affinities (PA) of acetylenes and 
ethylenes are defined 9s the negative of the standard enthalpy 
change in reactions 4 and 5 ,  respectively. 

+ 
RCH=:CH2 + H+ -+ RCHCH3 ( 5 )  

These reactions, however, are not i s ~ d e s m i c l ~ ~  and the theo- 
retical energies are, therefore, subject to greater 
Thus, the PA of both acetylene and ethylene are overesti- 
mated by 10-13 kcal/mol even when the 6-31G* basis set is 
used.35 The difference, however (reaction 6, R = H), is rea- 
sonably well reproduced with the 4-31G basis set (3.5 kcal/mol 
compared to the experimental value of 5.0 k ~ a l / m o l ~ ~ ) .  The 
RHF/STO-SG energy difference (15.6 kcal/mol) is, however, 
far too high. 

+ + 
RC=CH2 + RCH=CH2 -+ RCECH + RCHCH3 (6) 

Only RHF/STO-3G energies are available for some of the 
molecules discussed here, and we therefore use the isodesmic 
reactions 7 and 8, which compare the proton affinities of 
substituted acetylenes and ethylenes with those of acetylene 
and ethylene respectively. 

+ + 
RC=CH2 + HC=CH + RC=CH + CH2=CH (7) 

+ 
RCHCH3 + H&=CH2 + RCH=CHp + C2Hj+ (8) 

The calculated energies for reactions 6 ,7  and 8 are presented 
in Table V. The RHF/STO-SG and RHF/4-31G energies for 
reactions 7 and 8 are indeed very similar. If R is CH3, the 
RHF/6-31G* and the RHF/STO-3G results differ by only 2 
kcal/mol, supporting the reliability of the minimal basis set 
for obtaining energies of these isodesmic reactions. Further- 
more, the experimental PA of propene is 19 kcal/mol higher 
than that of ethylene35c in excellent agreement with the cal- 
culations. 

The proton affinities of acetylene and ethylene increase 
markedly upon substitution. Thus, phenylacetylene and 
styrene are -50 kcal/mol more basic than their parent hy- 
drocarbons, acetylene and ethylene, and have comparable 
proton affinities to ammonia.*5a As expected, the order par- 
allels that of the stabilizing effect of R on the corresponding 
cations. 

The relative PA of the substituted acetylenes and ethylenes 
are given directly by the RHF/4-31G energies of reaction 6, 
or can be computed from the energies of reaction 7 and 8 and 
the experimentally known relative PA of acetylene and eth- 
ylene (see Table V).36 The PA of ethylene is only 5 kcal/ 
mo13d,35c higher than that of acetylene, while the difference 
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Table VI. Mulliken Atomic Charges (RHF/STO-3G) for Vinylic Cations 2-7a 

Substit- 
uent Structure C1 C2 C3 C4 C5 C6 H ( C d  H (C2) H (C3) H (C4) H (C5) H (Cs) 

H 2 --0.060 +0.283 +0.250 +0.277 
CH:, 3 -0.096 +0.320 -0.193 f0.226 +0.172 
C=CH 4 --0.056 +0.262 -0.008 +0.149 +0.214 +0.225 
CH==C- 5a -0.101 +0.235h -0.092 +0.073 +0.196 +0.152 +0.171 

c-C3H5 6a --0.107 +0.276c -0.113 -0.079 -0.079 +0.206 +0.150 +0.134 
GHii 7a --0.107 +0.213d -0.038 -0.023 -0.054 f0.028 f0.183 +0.121 +0.114 +0.130 

a The carbon numbering according to structures 2-7. Hydrogen charges are averaged over all hydrogens attached to the same carbon. 
+0.336 in 5b. +0.3’28 in 6b. +0.326 in 7b. 

H2 

Table VII. Mulliken Gross Orbital Pouulations (RHF/STO-3G) in the Vinvlic Cations 2-7a 

Substituent Structure - px (2 Ib px (3) px (4) px ( 5 )  px (6) p, (1) py (2) ps (3) pr (4) 

H :2 0.136 0.788 1.212 
CH3 :3 0.211 0.862 1.157 
C=CH #i 0.295 1.151 0.550 0.816 1.177 0.941 1.066 
CH=CH2 !ia 0.427‘ 1.116 0.546 0.886 1.122 
c - C ~ H , ~  (ia 0.334d 0.885 1.130 
CsHj 7a 0.474‘ 1.133 0.838 1.005 0.791 0.910 1.039 

a The numbering of the atoms and the specification of the axes are given in Figure 2 and structures 2-7. The px orbital of carbon 
2, etc. The population is 0.206 in 5b. d The population is 0.208 in 6b. e The population is 0.192 in 7b. 

in the stabilities of the ethyl and vinyl cations is 15 kcal/mol. 
This apparent inconsistency is clarified if one remembers that 
acetylenes are more ‘ktrained” than olefins,37 compensating 
for the lower stability of the vinyl The relative PA 
are lower for all the substituted derivatives (except for cy- 
clopropyl) than for the parent hydrocarbons (Table V), so 
that, in general, additions of protons to double and triple 
bonds should be comparably easy. The data in solution, al- 
though solvent depen’dent, also point to comparable rates of 
protonic additions to a variety of substituted ethylenes and 
a c e t y l e n e ~ . ~ ~ J ~  

The available experimental data in the gas phase are gen- 
erally in good agreement with our calculations. Thus, propene 
and styrene are 19:3jC ,and 3.6 k c a l / m ~ l ~ ~ ~ , ~ ~  more basic than 
ethylene and cyclopropylethylene, respectively (calculated: 
19.4 and 8.6 kcal/mol, respectively; Table V). A considerable 
discrepancy exists, however, between the e ~ p e r i m e n t a l ~ ~  and 
calculated values for the relative PAS of propene and propyne, 
e.g., -9 and 4.1 kcal/niol, respectively. 

Charge Distributions. The calculated total atomic charges 
and the gross popula t~ ions~~ in orbitals of particular interest 
in the cations 2-7 are reported in Tables VI and VI1 respec- 
tively. The data for the px (2) orbital (Table VII) show that the 
relative efficiency of the different substituents in donating 
electrons to the formally empty 2p (C+) orbital follows the 
order CeH5 > CH=CH2 > c-C~H:, > CECH > CH3 > H. All 
the K donors investigated are therefore superior to the a-type 
cyclopropyl MOs in delocalizing the positive charge. In par- 
ticular, a phenyl substituent donates 0.140 electron more than 
a cyclopropyl ring to the 2p (C+) orbital. From the 13C 
chemical shifts of phenyl- and cyclopropyl-substituted cations 
Olah24b concluded thai:: “Phenyl and cyclopropyl groups can 
show comparable ability to conjugatively delocalize positive 
charge, and steric inter,actions within a particular system may 
determine the relative order”. Other workers have concluded 
from the fluorine chemical shifts of several cations that a cy- 
clopropyl ring delocalizes the positive charge better than a 
phenyl.23b Our results suggest that, a t  least for the vinyl cation, 
phenyl is superior to cyclopropyl. A similar conclusion has 
been reached for the corresponding substituted alkyl cations 
(Le., the benzyl and the cyclopropylcarbinyl cations), although 
the superiority of phenyl is smaller (0.137 electrons).25 Among 

the a donors, phenyl delocalizes the charge better than a 
double bond in contrast with Olah’s conclusions for alkyl 
cations;24 the triple bond is the poorest K donor. The positive 
charge in 4 and 5 is divided between the px (2) and px (4) or- 
bitals, pointing to almost equal contributions from the reso- 
nance structures 4 - 4’ and 5 - 5’. On the basis of 13C 
chemical shifts it was argued that in the analogous alkynoyl 
cation (HC=CC+=O) charge delocalization by the triple 
bond is ~n impor t an t .~ l a  This conclusion was recently ques- 
tioned by Pittman et al. who found considerable charge in the 
6 position of several alkynoyl cations by INDO calculations.41b 
The substantial delocalization by the triple bond in 4 supports 
Pittman’s re~ul t s .~ lb  In 7a the charge is delocalized mostly to 
the para ( f0 .209)  and ortho (+0.162) positions, while some 
negative K charge (-0.005) is found in the meta position. 

An a-methyl substituent can supply electrons to the 2p (C+) 
orbital by hyperconjugation. The p-a (CH2) hyperconjugation 
is however less effective than p-a or p-cyclopropane conju- 
gation and the 2p (C+) orbital in 3 is less populated than in 4, 
5a, 6a, or 7a. In 5b, 6b, and 7b, however, where conjugation 
with the substituent is excluded, the 2p (C+) charge is similar 
to that in 3 (Table VII). The fact that  alkyl groups are the 
poorest a-electron donors is well e ~ t a b l i s h e d . ~ , ~ ~  The popu- 
lation is the lowest in the parent vinyl cation (2) and only 0.14 
electron is transferred to the 2p (C+) orbital by hyperconju- 
gation with the two &hydrogens. 

An interesting result (see the p) orbitals in Table VII) is the 
considerable polarization of the vinylic double bond (the C1C2 
bond). In the extreme case (cation 2), 1.2 of the vinylic a 
double-bond electrons are located a t  the N carbon and only 
0.8 a t  the 0 carbon, ,pointing to a contribution from the reso- 
nance form H z C + - C H . ~ ~  The polarization is smaller for the 
other cations, although significant (0.1 electron) even in the 
phenylvinyl cation (7a). Thus, although the cationic 2p (C+) 
orbital and the ClC2 K electrons occupy two perpendicular 
planes and cannot interact directly, they are strongly coupled 
through polarization effects. An analogous interaction be- 
tween the T and the 0 frameworks was found for phenyl cation 
systems.43 

The total charges in Table VI reflect both the inductive 
effect and K donation by the substituent. The total charge on 
C2 parallels (except for methyl) the charge in the 2p (C+) or- 
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bital, although the variations are smaller. Exclusion of the 
conjugation (by rotation) between the 2p (C+) orbital and the 
substituent causes a sharp increase in the total charge a t  C2 
in 5,6, and 7 (Table 'VI). The CZ charge in 5b, 6b, and 7b is 
higher than in 2, reflecting the inductive electron-withdrawing 
nature (relative to hydrogen) of a double bond, a cyclopropyl 
group, or a phenyl group. An interesting result is that the total 
charge a t  C2 is significantly more positive in the 2-propenyl 
cation (3) than in the vinyl cation (2), even though the 2p (C+) 
orbital in the latter has a lower population. This suggests that 
relative to hydrogen H methyl group withdraws electrons in- 
ductively from an sp-hybridized carbon. Olah recently reached 
a similar conclusion regarding trigonal sp2 cationic cen- 
t e r ~ . ~ ~  

In all the cations m.ost of the unit positive charge is trans- 
ferred to  the hydrogens, with a relatively small fraction re- 
maining on the cationic and the conjugating carbons. Some 
charge alteration is found in both the total (Table VI) and K 
charges (Table VII), a phenomenon well documented for both 
cationic and neutral s;pecies.44845 

Charge Distribution and Stability. I t  is often assumed 
that electron donatio:n to a cationic center is of benefit ener- 
getically and that, in conjugated systems, better charge dis- 
persal (or additional resonance structures) leads to a more 
stable cation.46 It was shown recently, however, that the charge 
in the 2p (C+) orbital, which correlates with the measured l3C 
chemical does not necessarily reflect the stability 
of the c a t i ~ n . ~ ~ , ~ ~  Our study, which includes both u and K do- 
nors and which covers; cations of a wide range of stabilities, is 
suitable for the evaluation of this assumption.46 

Neither the charge in the 2p (C+) orbital (Table VII) nor 
the total charge (Table VI) a t  the cationic center correlates 
well with the stabilization provided by the substituents (Table 
111). Vinyl and cyclopropyl substituents, for example, stabilize 
the cation to a comparable degree but the 2p (C+) population 
in the two cations (+(I43 in 5a and +0.33 in 6a) differ con- 
siderably. Similarly, a triple bond and methyl substituents 
have comparable stabilizing effects (Table 111), but the triple 
bond is more efficient in delocalizing the positive charge 
(Table VI). The 2-propenyl cation (3) is 25.2 kcal/mol 
(RHF/4-31G, Table 111) more stable than the parent vinyl 
cation (2), but the total charge at Cz in 3 is higher than 2. 
When only the K donors are compared, a gradual decrease in 
the 2p (C+) charge with increasing stability of the cation is 
found, suggesting that with closely related substituents a 
correlation between charge and stability may exist. We con- 
clude that it might be misleading to deduce the stability of 
cations from their charge densities (or from their NMR 
shielding constants2'1~44b~47~48) especially when comparing 
cations with substituents of different types (such as A or u 
donors). 
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A CIDNP study o f  the thermolysis o f  benzoyl (3-phenylisovaleryl peroxide and P-phenylisovaleryl peroxide has 
been carried out. Polarized signals in products result ing f rom b o t h  the 2-methyl-2-phenyl-1-propyl radical and 
f rom the rearranged 2-methyl-1-phenyl-2-propyl radical are observed. T h e  CIDNP signals were consistent w i t h  
a mechanism in which the major i ty  of phenyl  migrat ion is no t  concerted w i t h  loss o f  COa and occurs after dif fusion 
f rom the cage. When P-phenylisovaleryl peroxide was decomposed, n o  polarization of aromatic 'H signals was ob- 
served. Thus, if a phenyl-bridged intermediate is involved in the rearrangement, it does n o t  have suff icient l i fe t ime 
for sp in  selection and i t s  consequent polarization t o  occur. 

Although 1,2 migrations in free radicals are rather rare, 
they have been observed in a number of instances.' An ex- 
tremely interesting example is the migration of a phenyl group 
in the 2-methyl-2-phenyl-1-propyl radical (1) which yields the 
2-methyl-1-phenyl-2-propyl radical (2).'3* This rearrangement 
owes its thermodynamic driving force of approximately 8 
kcal/moF to the production of a tertiary radical from a pri- 
mary radical. In addition, the kinetic barrier to rearrangement 
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I 

CH3 

1 3 2 
is lowered by the known tendency for phenyl group rear- 
rangement in radicals.' This propensity for phenyl migration 
has been ascribed to  detocalization of the unpaired electron 
in an intermediate spiro radical such as 3. Simple molecular- 
orbital calculations predict that, if 3 is involved, the energy 
of the transition state for this rearrangement will be lowered 
over that for a simple alkyl m i g r a t i ~ n . ~  

ESR studies of both l5 and 26 and of the rearrangement of 
1 to 2"37 have been reported. However, in none of these in- 
vestigations was the bridged structure 3 detected. These re- 
sults indicate that, if 3 is an intermediate, it  does not have 

sufficient lifetime to permit its detection by ESR. Hence, it 
is not clear a t  this time whether 3 is an intermediate, lying in 
a shallow minimum on the energy surface between 1 and 2, or 
simply a transition state for this rearrangement. 

NMR-CIDNP studies have become an important means 
of detecting short-lived radical intermediates.8 If an inter- 
mediate radical lives longer than -l0-lo s as a member of a 
radical pair, spin selection and its consequent nuclear polar- 
ization can result.9 In the rearrangement of 1 to 2, CIDNP has 
the potential of providing a means for the detection of 3 if it 
is a short-lived intermediate. This is illustrated in eq 1 for the 
decomposition of a B-phenylisovaleryl peroxide (4). 

CH, CH, 1' 
4% R - P h  

b, R = -CH&(CH,XPh 
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