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A MNDO study of the structures and stabilities of a series of pentadienyl 
anions has predicted that the W geometric form is more stable than the S or U 
forms by about 1.0 and 3.7 kcal/mol, respectively. Substitution of methyl for 
hydrogen in the l- and 3-positions of pentadienyl anions has been found to 
stabilize the anion but less effectively than in the cations. Stabilization of the 
anion by alkyl (-1-2 kc&mole) was less than that observed upon substitution 
of phenyl (-11 kcal/mole). Polarization, rather than negative hyperconjugation 
or induction, is probably the most important stabilizing factor. Charge density 
in the pentadienyl anion and cation follows the order: 3- > l- > 2-position. 
charge alternation increases significantly upon substit&ion so that the same 
order of charge densities is found, with significantly more negative charge borne 
at the 3- and l-positions in substituted anions. 

Introduction 

This paper reports a detailed study of various substituted 2,4_pentadienyl 
anions by the MNDO semiempirical SCF MO method [1,2], carried out in the 
hope of elucidating the effects of alkyl groups on the &abilities and conforma- 
tions of anions [3]. It therefore seems likely that it would provide useful infor- 
mation in the present case. For comparison, we have also carried out calcula- 
tions for many of the corresponding cations. 

The electronic nature of the methyl substituent continues to generate con- 
troversy. It has been clearly demonstrated .&hat marked differences exist between 
solution and gas phase acidities of alcohols [ 41 and amines [ 51 and hence that 
the traditional postulation of solution-phase inductive electron release by methyl 

* Presented in part at the National Meeting of the American Chemical Society in Miami. Sept. 15. 
1978. ORGN 148. 
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to anionic as well as cationic centers is probably wrong. The methyl group has 
in fact proved to be a most versatile substituent and has been considered best 
understood as polarizable [6]. Several theoretical and experimental studies have 
suggested the possible importance of hyperconjugation 173 and steric and conju- 
gative effects (non-bonded interactions) on anion geometry [S] and in determin- 
ing anion stability. It has also been pointed out that donation or withdrawal of 
electrons by alkyl groups bound to unsaturated carbon may be controlled by a 
delicate balance of EA (electron affinity) and AIP [9] and that the primary 
effect of alkyl groups (as acid-strengthening) may lie in their steric rather than 
electronic properties [ 101. 

Several theoretical studies of the structure of the pentadienyl anion are avail- 
able. The first of these, a study of conformational and isomer stability in penta- 
dienyi anions by Hoffmann and Olofson [ll] , predicted that since the “non- 
bonding” pentadienyl xorbi+A is 1,5 bonding, net stabilization of the yenta- 
dienyl anion should result if centers 1 and 5 approach close enough for signif- 
icant 2p, orbital overlap. If this geometry could be attained, the resulting “U”- 
shaped anion (1) should then be preferred over the “sickle”- (2) and “W”- (3) 
shaped planar conformations. 

Although early evidence from base-catalyzed equilibration of several olefins 
suggested that the U-form was indeed stabilized [12] and although spectral 
evidence for U-shaped anions is available in some isoelectronic heteroatom-con- 
taming conjugated systems [13] or in systems with heteroatomic substituents 
on the carbon skeleton 1141, NMR studies have conclusively shown that in solu- 
tion the parent pentadienyl anion (associated with several different cations) 
exists predominantly in a W conformation [ 153. Several alkyl- and phenyl-substi- 
tuted pentadienyl anions have also been shown to prefer W or S conformations 
WA. 

Several other groups have tried to solve this problem by theoretical calcula- 
tions but so far these have not been carried out by procedures that could lead to 
quantitatively reliable results. Since the relevant differences in energy between 
isomeric ions are quite small, they can be usefully estimated only if a theoretical 
procedure of sufficient accuracy is used and if geometries are completely optim- 
ized without making any assumptions. So far, with one exception, calculations 
in this area have been carried using CNDO/2, a method which is known to give 
geometries and energies which in many cases are not merely inaccurate but ridi- 
culous *. The one exception, a study by Bongini et al. [Sd] of pentadienyllithi- 
urn and the pentadienyl anion, made use of the Roothaan-Hall SCF method 
with the STO-3G basis set. This procedure usually gives reasonable estimates of 
the relative energies of isomeric species provided they contain no unusual types 
of bonds or strained rings. Their calculations are, however, vitiated by the drastic 
assumptions they made in calculating geometries. Tbus while they concluded, 

--- 
* P.,i example l.ine.zs CO2 is predicted by CNDOP to be unstable. r earranging erothermically to a 

cyclic carbene. SC: [l?al)- The errors in the relative energies calculated for isomeric “classical” 

and ‘horclassical” carbocations also commonly amount to several eV. It is difficult to see why this 
procediue contimxs to be use for the calculation of energies and geometries of molecules. given 
the ov+whelming superiority of more recent methods which require PO more comsutiog time. <e.g. 
<CH)s-: ClTbl). 
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apparently correctly, that the W form of the anion is more stable than the S (by 
5 kcal/mol), their value for the U form was too positive, placing it 30 kcal/mol 
above the W. Their conclusion that a nonplanar spiral-U isomer of the covalent 
lithium derivative is lower in energy than the W (by 12 kcal/mol) is therefore of 
dubious reliability. They suggested on the basis of this calculation that such a 
species might be involved in certain base-catalyzed isomerizations ]12], and 
sigmatropic rearrangements Cl33 which seem to take place via U-type intermedi- 
ates_ 

While CNDO/B cannot be regarded as a meaningful procedure for the calcula- 
tion of molecular energies, it does seem to give reasonable descriptions of elec- 
tron distributions in molecules. Grunwell and Sebastian [Si] have used it in this 
way to study the effects of substituents in the allyl, pentadienyl, and heptatrienyl 
anions and cations, using CNDO/B. They found methyl to be electron-withdraw- 
ing (relative to hydrogen) when attached to an anion and electron-releasing when 
attached to a cation. The effects are larger, as expected, when methyl is attached 
to an active position in the odd AH (alternant hydrocarbon) ion. In each case, 
approximately half the electron withdrawal or release was by the x route and 
half by u. The transfer of charge affected all the carbon atoms in the ion in a 
similar manner, the carbon atom adjacent to methyl becomlhg more positive in 
the case of a cation and less negative in the case of an anion. This result is in 
agreement with the results of NMR studies of pentadienyl anion and its methyl 
derivatives [Eel which suggest that attachment of methyl to a give6 carbon 
atom makes the latter less negative. However it now appears that this may have 
been due to ion pairing since addition of dimethyl ether (which complexes Li”) 
reduces or reverses the effect [ 181. r 

Several other theoretical studies of pentadienyl anions have also been reported 
but these have been of a more qualitative nature or based on the o,n approxima- 
tion. We therefore decided to reinvestigate the problem in more detail, using 
procedures (MIND0/3 [19] and MNDO [a]) which have been developed in 
these laboratories and without making any geometrical assumptions. 

Procedure 

The calculations were carried out using the standard MNDO [Z] and MIND0/3 
[19] procedures, geometries being found by minimizing the energy, with respect 
to all geometrical coordinates, using our standard Davidon-Fletcher-Powell 
(DFP) optimization procedure and without making any assumptions of any kind. 

ReSUltS 

Table 1 shows the heats of formation calculated for the pentadienyl cation 
and anion and for a number of their methyl derivatives, using MNDO and 
MIND0/3. 

Previous experience 119,201 has indicated that MIND0/3 gives remarkably 
good results for carbocations of all kinds, both “classical” and “non-classical”, 
while MNDO does quite well for the “clas.sicaI” ions but gives heats of forma- 
tion for the “nonclassical” ones that tend to be too positive [ZOc]. Indeed, the 
MNDO results for the latter are similar to those given by the Roothaan--Hall 



160 

TABLE .1 

HEATS OF FORMATION CALCULATED USING MNDG WNDW3) = 

J=f A?if Uf 

1 23.25 

2 15.34 

3 a.70 

4 4.95 

6 4.13 

6 20.51 

7 

3 

9 

10 

11 

12 

13 

13.32 

-11.82 

-8.89 

-8.62 

-5,58 

19.55 

12.68 

/+&A p4 -12.54 

16 

16 

17 

18 

19 

20 

21 

22 

23 

24 

26 

26 

-S-71 

-6.47 

6.20 

6.78 

14.42 

3.12 

18.86 
(19.20) 

6.54 
(6.54) 

11.86 
(17.41) 

12.19 

13.14 
(18.93) 

9.65 

23.96 

24.77 

29 29.77 

30 35.48 

2.15 

32 9.44 

33 10.74 

34 8.61 

35 29.52 

36 18.10 

37 (219.29) 

38 (216.55) 

39 <215.14) 

40 <198.17) 

41 (196.42) 

42 (212.58) 

43 (210.38) 

a Figures in pventheses sue MINDO/B calculations. 

(RI-I) method using the 4-31G basis set [~OC]. Therefore when there. is a discrep- 
anby between the MINDO/3 and MNDO results for carbocations, the MIND0/3 
are likely to be the better; 

In the case of anions, on the other hand, MNDO seems to do well, except for 
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TABLE2 

STABILIZING EFFECT OF ALKYL SUBSTITUENTS IN W CONFORMEELS OF PENTADIENYL IONS 

Ionakylgrclup Relativestabilizationenergy <kcd/mol)foralkylinposition 

1 2 3 

+ CH3 6.1 0.8 4.5 

CH3 1.0 -1.9 1.2 
- 

C2Hs 
- - 2.2 

a few very small ones where the charge is essentially localized on a single atom 
(e.g. HO-, HS; Cl-) [3]. In the latter, the calculated energies are too positive by 
ea. ‘I eV, due, we believe, to the failure of MNDO to allow for the increase in 
size of the AOs of an atom carrying a full unit of negative charge. Any dispersal 
of the charge is sufficient to neutralize the error. Thus the heats of formation 
even of ions as small as CH,O’ are well reproduced. Errors in the relative ener- 
gies of isomer relative anions given by MNDO are therefore likely to be as small 
as those for neutral molecules [a]. 

Table 1 also shows heats of formation calculated for the conjugated dienes 
from which the pentadienyl anions and cations can be derived by loss of II’ or 
H-, respectively. The relative heats of reaction (AEI) for the latter processes 
should depend only on the relative resonance energies of the ions and so provide 
information concerning the stabilizing or destabilizing effect of substituents in 
them. Values of Al9 for the methylpentadienyl ions are listed in Table 2; relative 
to those for the parent pentadienyl ions. It will be seen that a methyl group in an 
active (1,3,5) position of either ion has a stabilizing effect, this being greatest in 
the 3-position. In the 2-position, methyl marginally stabilizes the cation but 
destabilizes the anion. 

The calculated carbon-carbon bond lengths in these ions are listed in Table 3. 
Bond lengths for the remaining ions and Cartesian coordinates for all the species 
studied are available as supplementary information. 

Table 4 shows the calculated distribution of formal charges in some of the 
ions studied, at their calculated equilibrium geometries. Values for the remain- 
ing ions are also available as supplementary material. Note that the formal charge 
is greatest at the active positions in each ion, the other carbon atoms having 
charges which are not only numerically less but often of opposite sign; Such 
alternation of charge is commonly observed in SCF calculations for ions, especi- 
alIy for conjugated ions of odd alkrnant type ,[Si]_ 

The onIy metal for which MNDO parameters are currently available is berylli- 
um ,‘21]. Calculations were carried out for species derived from the various pen- 
tadienyl anions by combination with HBe’, this serving as a model for the lithi- 
um cation. The calculated heats of formation zmd geometries of the adducts and 
the corresponding distributions of formal charge are also displayed in Tables 1, 
3and4. 

(Continued on p_ 170) 
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TABLE4 . 

DISTRIBUTION OF FORMAL CHARGE CALCULATED U&G MNDOWINDO/3) k 

Corn- c<l) cca C<3) C(4) cc9 C0+!& C0rH 

P0-d at C(I) 

1 4.282 4.011 4.315 4.011 4.282 

2 4.281 0.049 4.432 0.048 --o-281 

; 
3 4.342 0.089 4.423 0.089 -0.344 

4 4.353 0.103 4.453 0.106 4.31s 

6 -0.327 0.117 4.479 0.117 4.331 

8 4.300 -0.010 4.314 4.021 4.292 

7 Ax305 0.051 4.416 0.037 4.292 

8 4.367 0.094 -0.408 0.079 4.355 

9 4.365 0.092 4.405 0.083 -0.348 

10 4.364 0.102 4.410 0.081 4.354 

11 4.362 0.102 4.409 0.087 4.348 

12 4.295 4.025 4.308 4.025 4.295 

13 4.301 0.039 4.410 0.036 4.297 

14 4.362 0.081 4.402 0.077 -0.353 

16 --O-355 0.085 4.404 0.083 4.362 

16 4.359 0.092 4.407 

17 4.277 -0.018 4.304 

18 4.277 -0.016 4.308 

0.088 

0.014 

0.017 

4.354 

4.374 

-0.371 

0.014 

4.022 

0.018 
-0.019 

0.036 
0.038 

0.034 
0.140 

0.142 
4.002 

4.001 
4.015 

0.004 
4.014 

0.022 
0.141 

0.022 
0.141 

0.152 
4.001 

0.152 
4.001 

0.002 
4.016 

0.007 
4.015 

0.110 
0.024 

0.149 
4.002 

0.151 
4.003 

0.005 

4.013 

0.006 
4.013 

4.032 

4.031 

4.026 

-0.027 

-0.033 

4.006 

4.00s 

-Q.o04 

4.004 

-0.010 

4.010 

4.015 

4.019 

4.015 

4.020 

4.022 

4.011 

4.011 
-. 



CorH CorH Charge on subtituents 

-O.O23 -O.O32 

0.176 --0.030 

0.166 --o-O26 

0.175 d-032 

0.181 -0.033 

-O.O06 -O.O26 

0.175 --0.024 

0.166 -o.o20 

0.166 -O-O26 

0.168 -o.o20 

0.167 -0.026 

0.007 -0.015 

0.179 -0.018 

0.173 -0.014 

0.172 -0.015 

0.172 -0.020 

0.011 

0.012 

4J.015 

-O.O18 

0.014 
-0.022 

0.018 
-0.019 

0.036 
0.137 

0.142 
-o.o04 

0.144 
-o-o02 

0.007 

U.018 

0.010 

0.026 
0.139 

0.148 

-o.o04 

0.028 
0.139 

0.148 
-o.o03 

0.002 

+I.016 

0.007 
-0.015 

0.024 
0.140 

0.025 
0.140 

0.149 
-a.002 

0.017 

0.150 

ff.156 
-.002 

-00076'= 
-0.077 
+I.063 

+.069= 
--0.070 
-O.O58 

-0.073= 
-o.o73 
--0.059 

-0.0740 
-G-O76 

-O.O61 

-O.O76= 
-0.076 
-0.050 

-0.055" 
-o-o55 
-0.057 

d-054= 

-o.o54 
-o-o57 

--0.049= 
-0.049 
-O.664 

-O-048= 
-o.o49 
-O.O64 

-O-069= 
-0.069 

-o-O56 

4.0550 

-ix055 
-0.055 

--0.055= 
-o.o55 
+.055 

-0_04ii= 

-0.045 
4.064 

-0.062c 
-0.062 

4.061 

-0.053= 
-0.053 

-0.069 

-0.062b 
-o-o49 
-0.055 

d_05ab 
-O.O56 
-o_o59 

+?.od5b 
-0.026 
--0.069 

-9.062c 
-0.049 
-0.055 

-0.020= 
-O.O48 
-O-O69 

-0.029c 
-o.o45 

-o.O68 

-0.070b -0.056= 
-43.070 -O.O56 
-o.o45 -0.054 

-0.070b -o.043= 

-o-o70 --0.043 
-o-o45 -O-O64 

4.0706 -0.055= 
--0.070 -0.055 
-0.045 -0.054 

-0.070b -0.043c 
-o.o70 -0.042 
-o.045 -0.065 

-o.a635 

-o.O63 
-0.050 

-0.0635 
-O-O62 
-o.o50 

+x0626 

-O.O62 
-0.050 

-o.o55c 

Al.055 
-O.O55 

-o_o45c 
--o-O46 
-Q.O64 

-o.o47= 

-0.047 
-O.O64 
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TABLE4<Co&inued) 

Com- C(l) aa C<3) C<4) C(5) corH$& CorH 
pound atC<l) 

19 

20 

21 

(21) 

22 

(22) 

23 

(23) 

24 

25 

(25) 

26 

27 

28 

29 

-0.243 

-0.298 

0.064 

0.098 

0.064 

0.099 

0.073 

0.087 

-0.046 

-0.056 

0.096 

-0.058 

T-O.352 

-Q-361 

-0.367 

4.137 

0.035 

-0.102 

o_ooo 

-0.105 

-0.001 

-0.1%4 

0.003 

-0.107 

-0.072 

-0.005 

-0.064 

0.156 

0.158 

0.162 

-0.236 

-0.399 

-0.051 

0.019 

-0.052 

0.022 

-0.034 

0.013 

-0.038 

-0.096 

0.020 

4.072 

--0.389 

-0.402 

-0.398 

-0.055 

0.036 

-0.079 

0.038 

-0.052 

0.022 

--0.072 

0.036 

-0.106 

-0.083 

0.027 

-0.091 

0.066 

0.072 

0.071 

-0.273 

--0.299 

-Q.o50 

-0.035 

-0.105 

-0.001 

-0.058 

-0.030 

-0.064 

0.064 

4.037 

0.064 

-0.239 

-0.249 

-0.248 

0.000 
-0.016 

0.007 
-0.G3.4 

--0.002 

-0.002 
-0.w5 

--0.027 
-0.027 
-0.026 

-0.001 
-0.001 
-0.005 

-0.027 
-0.027 
-0.027 

-0.003 c 
-0.003 

-0.006 

-0.026 
-0.026 
-0.030 

0.041 

0.040 

0.043 
0.039 

-0.026 
-0.026 
-0.025 

0.000 
0.000 

+X006 

0.026 
0.117 

0.029 
0.112 

0.121 
0.009 

0.128 

0.017 

0.050 

AI.022 

0.051 

--0.017 

0.079 

0.086 

0.078 

0.053 

-0.020 

0.046 

4.005 

-0.007 

-0.024 
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CorH CorH 

0.001 

0.120 

4.009 

4.018 

0.048 0.049 

4.017 4.020 

0.049 0.049 

4.023 4.023 

0.042 0.051 

4.028 

0.042 

-0.021 

0.053 

0.079 0.047 

0.082 4.023 

0.027 

0.158 

0.182 

0.159 

0.044 

0.001 

4.002 

4.004 

0.002 
4.015 

0.007 
-0.014 

0.041 
0.039 

0.007 
0.011 

0.051 
0.064 

4.017 
0.099 

0.042 
0.040 

0.007 
0.010 

4.001 

4.002 
-0.005 

4.001 
4.001 
4.005 

0.005 
O.Ol'l 

0.043 
0.039 

0.0004 
0.021 

4.001 
0.019 

4.002 
0.021 

-0.056 d 
4.056 
4.036 

4.041 f 
4.043 
4.038* 

4.001= 
4.001 
4.005 

4.027C 
4.027 
4.027 

4.002 d 
4.003 

4.005 

4.026 d 
4.026 
4.029 

4.004 d 

4.004 
4.004 

4.003= 
4.003 
4.004 

4.025~ 
4.025 
4.030 

0.004 f 
0.005 
0.032e 

4.057" 
-O.O!i4 
4.032 

4.0570 
4.058 
4.037 

4_056a 
4.055 
4.034 

4.021g 
-0.021 
4.059 

-O.O03~ 
4.003 

-0.007 

4.124h 
-0.042 
4.141 
4.045 
4268 

4.142k 
4.036 
4.139 
-0.040 
-0.173 

4157h 
4.028 
4.152 

4.033 
-0137 

0.052i 
0.026 
0.035 
0.022 
0.027 

0.041i 
0.024 
0.038 
0.023 
0.026 

0.037 i 
0.022 
0.035 
0.021 
0.027 
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TABLE 4 <Continued) 

Com- cm C(2) C(3) C(4) C(5) c or EICg& C or H 
pound at cm at C(1) 

30 -0.044 -0.045 -0.099 -0.081 0.063 

31 -0.245 0.040 -0.189 0.104 -0.130 

32 -0.234 -0.062 -0.071 -0.068 -Q.O64 

33 -a053 -0.059 -Q.O88 -0.039 4.240 

34 -0.234 -0.064 -0.014 -CO68 -0.064 

35 -0.128 -0.249 -0.055 -0.076 -0.074 

36 -0.140 -0.014 -G-257 -0.044 -0.094 

(37) 0.244 -0.126 0.834 -0.126 0.245 

(38) 

(39) 

(40) 

0.262 -al29 0.393 -0.123 0.254 

0.257 -0.125 0.397 

0.315 -0.160 0.376 

(41) 

(4%) 

(43) 

0.324 -0.163 0.376 

0.218 -0.077 0.370 

0.393 

-0.125 

-all4 

-0.115 

-0.120 

-0.133 

0.257 

0.221 

0.219 

0.249 

0.229 -0.X32 0.222 

0.055 
-a053 

0.278 

0.024 
0.020 

0.485 
-0.023 
-0.023 

0.048 
0.044 

0.024 
0.024 
0.486 

0.048 
0.046 

0.058 
0.081 

0.026 
0.068 

0.042 
0.063 

0.039 
0.064 

-0.019 
-0.024 

-0.005 
-0.019 

0.035 
0.058 

0.031 
0.062 

0.056 

0.041 

0.050 

0.041 

0.060 
0.489 

0.071 

0.081 

0.060 

0.072 

0.065 

0.062 

0.066 

0.056 

a Charges on protons in 3-&k. b Charges oa protons in I-Me. C Charges on proton in 5-b&. d Charges on 

protons in ZMe. e Charge on term&J C in 3-Et. f Charges on protons of CH2 in 3-Et. g amges on protons 
of CH3 in Et. h Charges on C’s in 5Ph. i Charges on protons in 5Ph. j Chslge 0x1 proton in Be-H. k com- 
pound numbers in parertheses indicate MIND013 ealctitions. 

Dismssion 

A. Geometry of pentadienyl anions 
MNDO agrees with experiment and other calculations (see above) in predict- 
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CorH COEH c or Hg& 
at C(2) at cc31 at C(4) 

Charge on substituerits 

0.079 0.047 

0.072 0.064 

0.044 0.044 

0.053 0.043 

0.046 0.047 

0.044 0.047 

0.050 
0.414 

0.019 

0.035 

0.080 

0.004 0.075 

4.013 0.072 

a.023 0.064 

-0.014 

-0921 

-0.053 

0.062 

0.067 

0.058 

-o.aOl 
-0.001 

0.105 
0.070 

0.038 
0.041 

0.023 
0.023 
0.442 

0.038 
0.041 

0.040 
0.039 

0.039 
0.035 

0.026 
0.068 

0.033 
0.065 

0.039 

0.064 

0.035 
0.061 

0.036 
0.060 

0.938 
0.962 

0.029 
0.063 

--0.003= -o.o40h: 0.059i 
-0.003 -0.065 0.060 
-0.003 -0.039 0.059 

4.065 0.060 
Ax053 0.061 

-0.263j 

--O_24Oj 

-0.248 i 

-~.24oj 

-O.231j 

+.234j 

0.055= 
0.054 
0.056 

0.063 = 
0.063 
0.051 

0.024* 
0.025 
0.004 

0.063a 

0.067 
0.041 

ing the order of stability of the pentadienyl anions to be W > S > U. The differ- 
ences in energy between them calculated by MNIIO (W + S, 1.0 kcal/mol; W + U, 
3.7 kcal/mol) are, however, considerably less than those estimated by other 
workers (e-g- 5 and 30 kcal/mole by Bongini et al. [Sd]) or expected on the basis 
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of simple electrostatic repulsion between the terminal carbon atoms (W * U, 
-6.9 kcal/mol *)_ As noted above, the experimental evidence seems to suggest 
that the isomers indeed differ in energy by only smail amounts. 

lENDO/ predicts a similar relationship between the corresponding cations, 
the S and U isomers being less stable than the W by 1.4 and 4.2 kcal/mol, respec- 
tively. The fact that the W --f U differences are similar for the anions and cations 
implies that exchange interactions between the terminal carbon atoms must be 
negligible in the U isomers since such interactions would stabilize the anion and 
destabilize the cation [ 221. 

II_ Resonance energies of odd conjugated species 
The resonance energy of a molecule is commonly defined as the difference 

(A.&T - A.&) between its heat of formation (A&) and that (A@) of a “non- 
resonating” analog. There is, however, no unambiguous way in which the proper- 
ties of such an imaginary species can be determined. In the case of even con- 
jugated hydrocarbons, this difficulty can be overcome by adopting as a model 
the corresponding “classical” polyene as the reference compound [23]. Since 
the bonds in classical polyenes are localized [23], their heats of formation can 
be estimated by summing appropriate “polyene” C-C, C=C, and C-H bond 
energies [23]. The same procedure can be used to calculate heats of formation 
of reference polyenes, e.g. of 1,3,5cyclohexatriene in the case of benzene. Un- 
fortunately no such reference system exists in the case of odd conjugated systems, 
in particular odd conjugated hydrocarbons, since the bonds in them are not local- 
ized. Many authors (e.g. Benson [24]) have estimated resonance energies of such 
species (e.g. ally1 radical) by taking apparently analogous alkyl ions or radicals 
as the reference compounds. Thus primary radicals of the type RCH2- are com- 
pared with ethyl(CH,CH,*). This procedure is, however, undesirable because such 
alkyl species are themselves stabilized by strong first order hyperconjugative 
interactions. The resulting ‘LTesonance energy” is then a mixture of two different 
quantities, i.e. the conjugative stabilization of the conjugated radical and the 
hyperconjugative stabilization of the reference species. The only solution seems 
to be the use of methyl as the reference species, this, the limitiig case of an odd 
altemant hydrocarbon, having its unpaired electron localized on a single carbon 
atom. Furthermore, the heats of formation of all three forms of methyl (CH,+, 
CH,‘, CH;) are all known, i.e. CH,*, 262 1251, CHs’, 34.0 [26]; CH;, 32.2 1271 
kcal/mol. 

The resonance energy (REnc u2 +-) of a conjugated ion or radical, RCHz”-, 
can then be defined as the difference between its heat of formation from RCH3, 
and that of the corresponding methyl species (CH,“) from methane (Al&, 
--Y-7.9 kcal/mol [ 281) Thus: 

RERCH2+ = A&(CHs*) - A&(CH,) - [AQ(RCH,+) - A&(RCH,)] 

* Calculated for a simple model with bond lengths 1.4 .%, bond a~~gle~ 120”, and da.rge~ of -e/3 on 
C(1). C(3). and ‘X5). 
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Likewise: 

=RCHl s = 52 - A&(RCHI-) f A&(RC&) 

=RCHz- = 50 - A&(RCH;) f A&(RCH,) 

Table 5 compares calculated and observed heats of formation, and resonance 
energies estimated in this way, for three odd alternant hydrocarbon species, 
namely alryl (R = CH,=CH), pentadienyl (R = CH,=CHCH=CH) and benzyl (R = 
Ph). Because of our use of methyl as reference, the resonance energies are huger 
than those usually quoted, by the hyperconjugative stabilization of the corre- 
sponding ethyl species. Thus the experimental “ethyl” values for ally1 and penta- 
dienyl radicals are 10.2 and 12.3 kcal/mol, respectively. 

Note that the resonance energy defined in this way depends on the point of 
protonation. This is taken into account by the formal definition. Thus the energy 

TABLE5 

STABILIZAT~~NENERGIESOF~DD RADICALS ANDIONS 

Compound MNDO StabiWation energy ~kcal/mol~ 

MINDO/B Experiment Lref.1 

(_)’ 

(A)- 

(_/y&y)’ 

(-)- 

(- __--a . >---.. 1’ 

PhCH2” 

PhCH2- 

PhCHZf 

21.5= 

29.0 

64 

23.3 = 

49.0 

*, 79 

15.8" 

45.3 

76 

14.5 = 

16.3 

64 

16.8 = 

35.6 

84 

11.0 = 19 C31.361 

31.2 37 c31.371 

83 76 t-.31.381 

16.2 c31.271 

27.1 l-31.321 

59 131.331 

18.3 c31.3416 

37.5 c31.351 

6s ~31.3415 

a Calculated using the halfelectron method. b This vahxe is calculated using the ionizaticn potential of 
pentadienyl radical (7.76 eV) which is mez.sur?d by election impact. It can be noted that measurements 
taken in this way (Lee. 7176 for benzyi radical) appear to be too high by as much as O-5 eV when com- 

pared with other experimental data. <See refs. 29.30 and 33). 



change on protonating pentadienyl anion at the central carbon atom, to form 
1,4-pentadiene, is different from that on terminal protonation, forming 1,3-penta- 
diene. The former case, however, refers to the resonance energy of divinylmethyl 
anion, (CH,=CH)2CH;, in our system. This distinction provides a direct measure 
of the ease of protonation of such ambident anions at different positions. ‘Table 
5 shows both values for the pentadienyl species, corresponding to terminal and 
central attack. 

C. Metal derivatives 
As noted above, the relative stabilities of different isomeric ions in solution 

may differ from those in the gas phase, due to salvation and interaction with 
the gegenion. The effect of solvent cannot be assessed at present but that of the 
gegenion should be indicated by the results for BeH+ derivatives of the ions 
shown in Table 1. It will be seen that in the BeH’ adducts, the order of stability 
is different from that for the free ions, the U isomer now being much the most 
stable_ T%s of course is not surprising, because while the U isomer is the most 
hindered form of the free ion, it is also the best suited geometrically to chelate 
to BeH’. 

The geometries of the BeH’ adducts are interesting. In all cases, the beryllium 
ion is covalently bound to C(l), C(3) or C(5) in the pentadienyl moiety, giving 
rise to a pentadienylberyllium hydride. However, the beryllium also interacts in 
P complex fashion with one of the double bonds in the U pentadienyl moiety. 
These points are illustrated in Pig. 1 by ORTEP plots of the U anion and its BeH* 

(a) 

(b) 

Fig. 1. ORTEP plots of (a) U-&aped pentadienyl anion; @) BeH+adduct of U-shaped pentadienyl anion. 
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adduct. The K interaction would be expected to be strongest in the U isomer, for 
geometrical reasons, so it is not surprising that this should be the most stable of 
the isomeric beryllium derivatives_ 

D. Effect of alkyl substituents 
The effect of alkyl substituents on the stabilities of the pentadienyl ions can 

be estimated from the differences in heat of formation between the ions and the 
corresponding derivatives of pentadiene; vide supra. Thus the effect of a methyl 
substituent can be deduced from the difference in heat of formation between the 
methylpentadienyl ion and the hexadiene formed from it by addition of H’ or 
H-. Table 2 shows values calculated in this way from the data in Table 1, by com- 
parison with the corresponding difference in heat of formation between the 
parent pentadienyl ion and penta-1,3diene_ It will be seen that methyl substitu- 
ents in the active (1,3,5) positions of either ion, in the unhindered W conforma- 
tion, have a stabilizing effect, this being greatest in the 3-position where the 
negative charge in the parent ion is greater (Table 3). In the 2-position, methyl 
has a marginal stabilizing effect on the cation whereas in the anion it is quite 
strongly destabilizing. 

Recent work has shown that alkyl substituents stabilize many anions in the 
gas phase. Thus a&oxide ions (RO-) are weaker bases than hydroxide (HO-), a 
direct reversal of the order observed in solution. The stabilization moreover 
increases with size of the alkyl group, basic&y in the gas phase decreasing in the 
order HO- > CH,O- > C,H,O- > (CH,)CHO- > (CH3)&3- [4]. It has been 
suggested that these effects reflect the polarizability of the alkyl group, the ion 
being stabilized by the resulting chargedipole interaction and the polarizability 
of the alkyl group increasing with its size [4,6b]. Alkyl groups also stabilize 
cations, more so indeed than they do anions, a difference which has been 
commonly attributed to hyperconjugation and inductive effects. The -1 induc- 
tive effect of alkyl would be expected to lead to stabilization of cations but 
destabilization of anions, while hyperconjugation has usually been assumed to 
take place only in a sense corresponding to electron release by alkyl, due to an 
interaction between the filled CH bond MOs and empty antibonding orbit& of 
the substrate. It is, however, possible in principle for alkyl groups to stabilize 
anions likewise, this time through interactions between the empty antibonding 
CHMOs and the HOMOs of the anions [7d]. This possibility has been largely dis- 
regarded because itwas until recently believed that the effect of alkyl groups on 
anions is inherently destabilizing. We now know that the inherent stabilizing 
effect of alkyl groups on anions is reversed by overriding solvent effects, account- 
ing for the apparent destabilization of anions by alkyl groups in solution. 

There seems little point in trying to assess these effects in a quantitative ~ 
manner- Some idea of their relative importance can, however, be gained from 
the distributions of formal charge in the methylpentadienyl ions; see Table 6. 

Hyperconjugation should lead to a net transfer of formal charge from the ion 
to methyl but only when methyl occupies an active position (1,3,5) in the alter- 
nant pentadienyl system. The distribution of this charge between C and H3 of 
methyl will depend on the relative magnitudes of the interactions between the 
NBMO of pentadienyl and the bonding, and antibonding, CH MOs of the methyl 
group. If only the bonding, or only the antibonding, CH MOs interact, the 



176 

TABLE 6 

DISTR:BUTION OF FORMAL CHARGE IN METHYLPENTADIENYL IONS 

Ion Net formal charges in anions Net formal charges in cations 

‘&H7 C H3 cs=7 C H3 

l-CH3 -0.965 + 0.150 - 0.185 +0.842 - 0.019 + 0.177 
2-CH3 -0.980 •t 0.128 - 0.148 +0.879 f 0.006 f 0.054 
3-CH3 -0.986 f 0.179 - 0.193 Co.878 - 0.063 f 0.176 

charge will be shared more or less evenly; if both interact, the charge will be 
concentrated t’o a greater or less extent on the methyl hydrogens. Finally, polar- 
ity of the C-CH, bond, due to the different hybridization of the two carbon 
atoms, should lead to polarization in the sense C6--CH3’+. 

On this basis the results for the anions in Table 6 indicate polarization to be 
predominant. Hyperconjugation and C-CH3 bond polariti~ play only very minor 
razes, judging by the nearequality and opposite sign of the charges on C and H3 
in methyl and by the similar effects produced by methyl at all three positions. 
This at first sight might seem surprising since the charges at C(2) in the penta- 
dienyl ions are small (Table 4). However, the polarization depends on the net 
electric field in the CH region of methyl. Calculation of this, using the charges 
liszed in Table 4 and thz calculated geometries from Table 5, shows it to be not 
much less for the 2-methylpentadienyl ions than for the I- and 3-methyl ones. 

Hyperconjugation thus seems to be unimportant in the anions indicating that 
the HOMO of pentadienyl, i.e. its n-NBMO, does not interact with the empty 
CH bond MCs of methyl. This is not in fact surprising because the latter are very 
much higher in energy than the NBMO. Since the same should be true also for 
the methylpentadienyl cations, any hyperconjugation in the latter should lead 
to depletion of the filled CH bonding MOs of methyl and so give rise to compar- 
able positive charges on both C and H,. The charge distributions for these ions 
(Table 6) indicate that hyperconjugation must then be comparable in import- 
ance with metnyl polarization. This again is not surprising because the filled bond- 
ing CH MOs oi methyl must be much closer in energy to the pentadienyl NBMO 
than are the empty antibonding ones. 

A simiktr situation seems likely to occur generally, hyperconjugative stabiliza- 
tion of ions by alkyl being limited to cations. This conclusion has of course been 
generally held by organic chemists for some time but only because of the errone- 
ous belief that alkyl substituents destabilize anions. 

The results in Table 6 indicate that polarization of methyl is much greater in 
the anions than in the cations since only about half the charge on H3 in the latter 
arises horn methyl polarization. The reason for this probably lies in the tendency 
of orbitals in anions to expand as a result of the destabilization produced by the 
negative charge while those in cations tend to contract. This effect should extend 
to parts of ions not directly carrying the formal charge. The expanded orbit& 
in anions should be more polarizable, and the contracted ones in cations less 
po’huzizable, than parallel orb&& in analogous neutral molecules. 

E. Steric effects 
The conformations of the $-methyl and 3ethyl anions are interesting (Fig. 2). 
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81.0° 88.5O 

Fig. 2. Geometries of methyl- and ethyl-pentadiene znd methyl- uld ethyl-pentadienyl anion. Dihedral 
angles are given representing the smallest angle mzde by the C-C bond of the ethyl group or a C-H bond 
of the methyl group with the plane of the z?+ystem. 

The eclipsed conformation adopted by methyl minimizes the overlap between 
the CH bond MOs and the 2p-rr A0 of the adjacent carbon atom, but it also mini- 
mizes steric repulsions between the methyl hydrogen and the cis hydrogens at 
C(1) and C(2). This result would be expected if hyperconjugation is unimportant 
while steric effects are appreciable. We have already shown that hyperconjuga- 
tion must play a negligible role in methylpentadienyl anions. Steric repulsions 
must on the other hand be invoked to explain the destabilizing effect of methyl 
at C(2) (Table 2). 

The situation in 3-ethylpentadienylinm is more ambiguous. While the symme- 
tric conformation adopted could be due to steric repulsions, it could also indicate 
a significant contribution by CC hyperconjugation, this conformation maximiz- 
ing the overlap of the CMe bond with the adjacent 2pn AO. Ethyl at C(3) is 
indeed predicted to have a marginally greater stabilizing effect on the anion than 
methyl (Table 2) but the difference could equally well be due to the greater 
polarizability of the ethyl group. 

Polarization of methyl leads to stabilization of an adjacent anion by the result- 
ing charge-dipole interactions. These should be reflected by a shortening of the 
corresponding CH,s bonds. Such a contraction is indeed observed (see Table 
3) in the case of the’l-methyl- and 3-methyl-pentadienyl anions, the decreases 
in bond length being 0.013 and 0.016 a, respectively, i.e. greater, as expected, 
in the 3-position where the stabilizing effect of methyl is greater (Table 2). In 
the case of 2-methyl, which has a destabilizing effect, the CH,-C bond length 
in the anion is marginally greater (by 0.026 A) than in the corresponding diene. 

Since the stabilizing effect of methyl on pentadienyl anion seems to be due 
almost exclusively to polarization and since the polarization of terminal methyl 
C(1) or C(5) is due almost entirely to the charge on the adjacent carbon atom, 
it seems reasonable to suppose that the terminal cis- and trans-methyl derivatives 
would have identical energies, were it not for steric effects. If so, the steric ener- 
gies corresponding to various situations can be estimated from the data in Table 
1; Table 7 summarizes the results. These lead to the amusing conclusion that the 
difference in energy between the strained (cis) and unstrained (trcms) isomers 
is almost the same (-3 kcal/mol) in all cases, regardless of the nature of the inter- 
fering group. , 
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TABLE 7 

STRAIN ENERGIES IN B%ETIiYLPENTADIENYL ANION 

Sitoation Example3 AHb A H (average) 

cr 
i, 

vs. 0 
+ 

2.83 

3.24 

3.20 

293 

I- 

2.99 

3.04 

2.75 

2.82 

Q Heavy lines denote the pexdadienyl system; dots denote methyl groups. b Diierence in heat of forma- 
tion in kcallmole. 

Given the induced polarity of methyl substituents in these ions, the question 
-then arises, to wl-zat extent may the relative energies of conformers be affected 
by changes in the corresponding charge-dipole interactions between the metbyl 
groups and distant carbon atoms in the pentadienyl system? Our results suggest 
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that the effects of such interactions should in fact be negligible, the correspond- 
ing difference between the pairs of isomers in Table 7 be-&g ca 0.1 kcal/mol. In 
order to obtain further evidence concerning this, we also carried out calculations 
for I-phenyl-3-methyl derivatives of the W conformer of the pentadienyl anion 
and for the related diene (I-phenyl-3-methylpenta-1,3diene). The results are 
shown in Tables 1-4. Here the phenyl group conjugates with the pentadienyl 
system, Ieading to quite significant negative charges at the ortho positions. There 
is of course a complication in that in the cis-phenyl isomer, the phenyl group is 
twisted 30” out of the plane of the pentadienyl system through steric crowding 
by methyl, leading inevitably to a decrease in the conjugative stabilization of the 
ion by phenyl. To allow for this, we recalculated the tram isomer with the 
phenyl group twisted to an equivalent extent. The relative energies (kcal/mol) 
of the three isomers were (see Table 1): trans-phenyl (0), bans-phenyl (twisted) 
0.81 and cis-phenyl5.81. Thus the cis-phenyl isomer is destabilized to the extent 
of 5 kcal/mol by factors other than decreased conjugation. This seems surpris- 
ingly large in view of the results in Table 7, particularly those for the U confor- 
mers where comparable steric effects would be expected. Nor can the difference 
he attributed to electrostatic repulsion between C(3) in the pentadienyl system. 
and the relevant ortho position, both of which are negatively charged, because 
the distance between them is almost the same in both isomers. However it is 
easily seen (Fig. 3) that the adjacent o&ho position in the cis-phenyl derivative 
is nearer the negative (H(3)) end of the polarized methyl group than it is to the 
positive (C) one. This should lead to a net repulsion, which may well account 
for the unexpectedly large destabilization of the ci.s isomer. 

Fig. 3. ORTEP plot of cis-1-phenol-3-methylpenta~enyl anion. 
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