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The vertical electron attachment energies (AEs) for the ** negative ion states of the C& cis-cycloalkenes 
have been determined by electron transmission spectroscopy. AE increases on going from cyclopropene to 
cyclopentene and cyclohexene, then decreaaes for cycloheptene and increases for cis-cyclooctsne. Geometry- 
optimized structurea have been calculated for all compounds at the HF/631G level of ab initio molecular orbital 
theory. AE valuea have been analyzed on the basis of both Koopmane' k r e m  and the differences in total energiea 
of the ground and negative ion s t a h  at the HF/631G*//HF/631G level. h a t  all of the variation in AE(**) 
can be ascribed to hyperconjugation effects. The latter have been evaluated in terms of the *-electron density 
of the double bond, the valuea of key C,H overlap integrals, and the basis orbital energies of the alkyl bridge. 
As a general result, AE(**) tends to be at a maximum when the allylic substituents are staggered with respect 
to the alkene hydrogen owing to the overlap of ur* with x* being at a maximum. The structural origin of each 
of thew factors is discussed. 

In this paper we address the general problem of how 
molecular conformation influences the energetic contri- 
bution of hyperconjugation in ** negative ion states. 
Previous workers have considered this question with re- 
spect to various neutral and charged species? but little haa 
been published with respect to unbound negative ion 
stateg? This is an especially interesting problem because 
of the highly diffuse nature of these states and the con- 
sequent possibility of significant long-range interactions. 

We have determined electron attachment energies (AES) 
associated with the T* orbitals in cycloalkenes by the 
technique of electron transmission spectroscopy (ETSh4 
The AEs are normally taken to be the negative of the 
vertical electron affinities and, by the use of Koopmans' 
approximationP can be correlated with the corresponding 
?r* orbital energies calculated by molecular orbital theory. 
The latter correlation holds with varying degreea of succ888 
for various classes of ~ompounde,s'~~ but is valid for alkenes 
and polyenes.' 

The C3 through C8 cis-cycloalkenes (3-8) represent a 
fundamental series of molecules, the T* AEs of all mem- 
bers of which have been measured by at least one group. 
The data currently in the literature indicate that AE(a*) 
increases from 1.73 eV for cyclopropene (3)7a to as high as 
2.26 eV for cyclopentene and then decreases to 1.97 
and 1.87 eV for cycloheptene (7) and cyclooctene (81, re- 
spectively.8 

We have previously explained the AE of 3 relative to 
ethylene (1) on the basis of two offsetting effects. AE of 
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3 is increased owing to a shorter (by 0.04 A) double bond 
but is decreased by hyperconjugative donation of electron 
density from 7r to the pseudo-a* orbital at C3 (uT*), thus 
reducing the screening of r* by the ?r electrons.7a The 
greater AEs of cis-2-butene (217" and 4-6 can be ration- 
alized on the basis of hyperconjugation with the adjacent 
CH2 groups, but the smaller increase for 4 relative to 2, 
5, and 6 has not been satisfactorily explained. 

Finally, the stabilization of r* on going from 5 to 8 haa 
been attributed to the increased importance of mixing with 
pseudo-** orbitals in the larger alkyl groups? In this 
study, we present a revision of the experimental ordering 
of the AEs of several of the cis-cycloalkenes along with 
theoretical calculations that permit a detailed under- 
standing of the d e r  AES of 4,7, and 8 relative to 5 and 
6. Our data provide new insights concerning the role of 
hyperconjugation in ?r* negative ion states. 

Experimental Section 
Materials. Cyclopropene was synthesized by the method of 

Closs and Kraut2 and purified by trapto-trap distillation. Cy- 
clobutene was prepared by the method of Cope et aL1O and p d e d  
by bubbling through molten maleic anhydride." All other 
compounds were obtained from Aldrich Chemical Co. 

Electron Transmission Spectroscopy. The technique of 
ETS involves peasing a monoenergetic beam of electrons through 
a static aample in the gas phase.' At certain energiea a decrease 
in the transmitted current is observed owing to electron scattaring 
that originates from temporary (ca. lo-" e) capture of electrons 
by sample molecdea. The actual scattering events, as well as the 
corresponding variations in the ET spectra (Figure 11, are tamed 
"reaoneinces". The energy of a resonance (or negative ion state) 
is termed the electron attachment energy (AE). 

After passing through the collision chamber, the electrons enter 
a retarding region where a variable potential prevents a portion 

(9) Cloes, G. L.; Krantz, K. D. J. Org. Chem. 1966,31,638. 
(10) Cope, A. C.; Haven, A. C., Jr.; Ramp, F. L.; "rumbull, E. R. J.  
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Figure 1. Electron transmission spectra of 3-8 obtained under 
high rejection conditions. 

of $e scattered electrons from reaching the collector. At energies 
that correspond to the attachment energies of the negative ion 
states, variations in the electron scattering cross-section can be 
seen. In order to accentuate theae variations, a small (20-50 mV) 
AC voltage is applied to the collision chamber in order to obtain 
the derivative of the transmitted current with respect to energy. 
The %'3/2 resonance in argon was used to calibrate the spectra 
because of ita narrow width, symmetrical profile, and relatively 
low energy.12 The relative errors are estimated to be f0.870 of 
the AE. The actual errors associated with these energies are 
probably much larger, on the order of f0.05 eV at 2 eV. The 
uncertainty increaaea with the width of the reaonance, which tends 
to be rather large, 3 eV or more above threshold. 

We routinely collect ETS data under the extremes of both high 
and low rejection High-rejection spectra (i.e., thoee 
that reflect the total electron scattering cross-section) are pub- 
lished in this study. 
Molecular Orbital Calculations. Ab initio molecular orbital 

calculations employed the GAUSSIAN 90 series of programs1' and 
the 6-31G1& and 6-31G*lsb basis seta. The molecular structures 
for 1-8 used in this study are HF/G-BlGoptimized geometries 
constrained to the following symmetries: C,, 1-4; C,, 5 and 7; 
Cz, 6. No constraints were employed for the structure of 8. 
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Baker, J.; Martin, R. L.; Kahn, L. R.; Stewart, J. J. P.; Topiol, S.; Pople, 
J. A. GAUSSIAN BO, Gawian, hc., Pittaburgh, PA, 1990. 

(15) (a) Hehre, W. J.; Ditchfield, R.; Pople, J. A. J. Chem. Phys. 1972, 
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217. Theor. Chim. Acta 1973,28, 213. 

(16) Giordan, J. C. PhD. Dissertation, University of Maryland, 1980. 
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1976, 42, 227. 

Chim. Acta 1982,65, 2133. 

Table I. Electron Attachment Energies of Ethylene, 
cis-2-Butene. and Cycloalkenes 

AE (eV) 
compd thie worP other results 

1.74b* 
2.16: 2.2F 

1.73 
2.00 
2.14 2.13: 2.26a 
2.13 2.07/ 2.12: 2.1Sd 
1.79 1.82: 1.97a 
1.85 1.87; 1.938 

Oi0.05 eV. bReference 7a. cReference 4c. dReference 16. 
'Reference 8. 'Reference 17. #Reference 18. 

4 5 

6 1 

8 

Figure 2. Newman projections and torsional angles for the allylic 
bonds.of 4-8. 

Analytical frequency analyses confirmed that all oftheae s- 

Results 

are true energy minima. 

Electron Transmission Spectroscopy. The ET 
spectra of 3-8 are shown in Figure 1. The attachment 
energies corresponding to the first resonances are listed 
in Table 1. AU of the spectra display a major (T*) reso- 
nance near 2 eV, as well as one or more broad unassigned 
resonances above 4 eV. 

Geometry-Optimized Structures. Optimized struc- 
tures for 3-9 are given in Table II and Figure 2. Gas-phase 
structures have been determined for 3,l9 4 , 2 O  5,2l and 622 
by microwave spectroscopy and for 523 and P by gas-phase 
electron diffraction. Ab initio geometry-optimized struc- 
tures have been published for 3,25 4% S,% and 6n but only 

(19) (a) Kasai, P. H.; Meyers, R. J.; Eggers, D. F., Jr.; Wiberg, K. B. 
J. Chem. Phys. 1969,30, 512. (b) Stigliani, W. M.; Laurie, V. W.; Li, J. 
C. J. Chem. Phys. 1975,62, 1890. 

(20) Bak, B.; Led, J. J.; Nygacwd, L.; Rastrup-Andersen, J.; Ssreneen, 
G. 0. J. Mol. Struct. 1969,3, 369. 

(21) Rathjens, G. W., Jr. J. Chem. Phys. 1962,36, 2401. 
(22) Scharpen, L. H.; Wollrab, J. E.; b e e ,  D. P. J. Chem. Phys. 1988, 

49,2368. 
(23) (a) Chiang, J. F.; Bauer, S. H. J. Am. Chem. SOC. 1969,91,1898. 

(b) Geise, H. J.; Buys, H. R. Rec. Trau. Chim. 1970,89,1147. 
(24) (a) White, D. N. J.; Bovill, M. J. J. Chem. SOC., Perkin Tram. 2 

1977, 1623. (b) Ermolaeva, L. I.; Mastryukov, V. S.; Allinger, N. L.; 
Almenningen, A. J. Mol. Struct. 1989,196, 151. 

(25) Wiberg, K. B.; Wendoloski, J. J. J. Am. Chem. SOC. 1982,104, 
5679. 
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Table 11. Structural Parametersa of Geometry-Optimized Cycloalkenes and Related Compounds 
compd r(C=C) r(CzCs) r(C,C,) r(C4Cd r(C,C& L(C=c-C) ab 8b 

1 1.3220 
2 1.3272 1.5029 128.14 
3 1.2864 1.5151 64.88 
4 1.3305 1.5243 1.5742 94.59 
5 1.3239 1.5118 1.5533 112.51 165.82 
6 1.3258 1.5089 1.5346 1.5335 123.68 28.88 
7 1.3259 1.5113 1.5391 1.5345 125.98 130.36 122.46 
8 1.3273 1.5085 1.5354 1.5477 1.5379 130.30 

1.5122 1.5468 1.5352 131.14 

"Bond lengths in A; angles in deg; optimized at HF/6-31G. *Defined as in the following figures: 

5 6 

2.2 1 / 

k2 " / / s ,  1.8 

. , , , , , 1.7 
4 .9  5 .0  5.1 5.2 5.3 5.4 5.5 

E X *  (eV) 

Figure 3. Plot of attachment energies versus r* orbital energies 
for 1-8. (The AEs for 1 and 2 are from ref 7a.) 

semiempirical molecular orbital structures and molecular 
mechanics structures have been reported for 724 and 

Discussion 
Experimental Attachment Energies. The relative 

AE(r*) values that we have measured agree with those 
determined by other groups with one significant exception 
(Table I). Kadifachi has reported that the AEs of 5-8 
decrease in a regular fashion so that AE of 7 is 0.1 eV 
greater than AE of In contrast, we have determined 
that AE of 7 is actually 0.06 eV less than AE of 8 and that 
a monotonic decrease does not exist on going from 5 to 8. 
Two considerations lead us to conclude that our AE 

values are correct. First, AEs nearly identical to ours were 
obtained by other investigators in the cases of 716 and 8,1e 
whereas Kadifachi's value for 7 is at least 0.15 eV larger. 
Second, r* orbital energies (e,.) of 1-8 at the HF/6- 
31G*//HF/6-31G level indicate that AE of 7 should lie 
below that of 8 (Table III). As seen in Figure 3, there is 
a good correlation between AE(r*) and e,.. Such a cor- 
relation assumes the validity of a relative form of Koop- 
ma" approximation5 (eq l), in which the difference in AE 

AAE = kAt,* (1) 
(AAE) is proportional to the difference in e,. (A€+). We 
have shown that this correlation is optimal (correlation 
coefficient = 0.976) for 56 ?r* negative ion states of olefins, 
polyenes, benzene, and naphthalene at the HF/6-31G* 

(26) (a) &bra, S.; Cordell, F. R; Boggs, J. E. J.  Mol. Struct. 1983,104, 
221. (b) Wiberg, K. B.; Bonneville, G.; Dempsey, R. Zsr. J.  Chem. 1983, 
23,86. 

(27) Burke, L. A. Theor. Chim. Acta 1985, 68, 101. 
(28) (a) Allinger, N. L.; Sprague, J. T. J.  Am. Chem. SOC. 1972, 94, 

6734. (b) Favini, G.; Rubino, C.; Todeschini, R. J.  Mol. Struct. 1977,41, 
306 and references cited. 

a 
I 

Table 111. 1.' Orbital Energies and 1.-Electron Densities for 
Cycloalkenes and Related Ethylenesa 

+ (eV) 
compd alkene or cycloalkene ethyleneb P 

1 4.97 
2 5.44 
3 4.99 
4 5.18 
5 5.37 
6 5.28 
7 4.98 
8 5.15 

4.97 
4.94 
5.22 
4.91 
4.95 
4.95 
4.94 
4.94 

2 . m  
2.0126 
1.9254 
1.9798 
1.9972 
2.0098 
2.0107 
2.0142 

"Calculated at the HF/6-31G*//HF/6-31G level. bee for 
ethylene with r(C=C) fiied at the values for 2-8. 'In electrons; 
includes contributions of the 2py, 3py, d, and dv atomic orbitals. 

level."' Part of the scatter in this correlation is due to the 
uncertainties (up to f 0.1 eV) in the experimental AE 
values. It is important to note that the use of diffuse 
functions seriously degrades the correlation owing to the 
fact that we are dealing with unbound states. 

The correlation between AE(?r*) and e# for 1-8 (Figure 
3) has a slightly lower correlation coefficient (r  = 0.961) 
than that for the series of compounds mentioned above. 
We note that the point for 8 is the one that lies farthest 
below the correlation line. Possible explanations are that 
8 exists as a mixture of conformations or that the C1 global 
minimum that we have calculated has a very shallow po- 
tential surface.28 Molecular models suggest that the latter 
conformation is more flexible than the C2 minimum for 
6 or the C, minimum for 7. In either case, the value of 
AE(r*) then would reflect electron scattering from a va- 
riety of conformations and might not correlate exactly with 
e+ of the C1 global minimum. Nevertheless, the fact that 
e+ for the major conformation of 8 is calculated to be 0.17 
eV greater than e+ for 7 provides additional support for 
our relative AE values as opposed to those reported by 
Kadifachie8 

Structural Effects. Changes in 6,. arise from several 
different structural changes in these molecules. One o b  
vious factor is the length of the double bond (r(C=C)), 
which ranges from 1.2864 A in 3 to 1.3305 A in 4 (Table 
ID. The largest differences from the ethylene value occur 
in the small-ring compounds, primarily due to variations 
in the u bond lengths of these compounds. Calculations 
of ethylene fixed at r ( M )  for 2-8 give values of E+ that 
vary over a range of 0.31 eV (Table 111). 

Another structural change that is important in influ- 
encing e+ is L C ~ C ~ C ~ ,  which increases monotonically from 
64.9' in 3 to 131.1' in 8. The effect of this change is to 
decrease the overlap integrals between the p, atomic or- 
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Table IV. Overlap Inte(lrolr for Cycloalkenera 
CO" S(C1Cd S(CiHa) S ( C W  S(CiHg) S(C2Hr) S(C2H4d 
4 0.264 0.059 -0.166 0.059 -0.166 
6 0.187 0.047 -0.183 0.031 -0.147 
6 0.152 0.043 -0.195 0.022 -0.137 0.094 
7 0.145 0.060 -0.185 0.001 -0.008 0.171 
a b  0.134 0.046 -0.201 0.011 -0.133 0.210 

0.135 0.039 -0.130 0.019 -0.082 0.155 
a Corresponding to the orbital p h  in Figure 8; Ha and Hg refer to the upper and lower hydrogens, respectively, on Ca, etc. bThe 88coI1c1 

line gives the values for S(C2CB), S(C&s), S(ClHs), S(C2Hw), S(CIHw), and S(C&), respectively. 

.... '**+ o,(A) 1 -e... 

n(S) +:::..* *... 

------*+ q s )  
Figure 4. Interaction diagram for the mixing of r and T* of 
ethylene with the pseudo-r CH2 orbitale (u, and u,*) of a cy- 
cloalkene ring. 

bitals on C1 and C3 (Table IV). Finally, the C1C2C3C4 
torsional angle increaaea from Oo in 4 to 8.7,15.1, and 56.0° 
in 5,6, and 7, respectively, at which point ita average value 
decreaees to 5 1 . 1 O  in 8 (Figure 2). These changes, coupled 
with a reduced distance between C2 and the allylic (C,) 
hydrogens with increasing ring size, cause significant 
changes in the overlap integrals between C,(p,) and C,(p,) 
and the alkyl orbitals (Table IV). 

Influence of r-Electron Density. The major orbital 
interactions between the double bond and the alkyl frag- 
ment of a cycloalkene ring are illustrated in Figure 4. The 
r orbital (which is symmetric with respect to the molecular 
plane normal to the double bond in 3-7 and antisymmetric 
with respect to the C2 axis in 6), can interact with the a, 
and a,* orbitals of appropriate symmetry of the alkyl 
bridge (interactions 1 and 3, respectively), while the an- 
tisymmetric (C,) or symmetric (C2) r* orbital can interact 
with the corresponding a, and a,* orbitals (interactions 
2 and 4, respectively). The energy of r* is normally 
evaluated on the basis of only the latter two interactions. 
While interaction 1 undoubtedly hae very little influence 
on +, interaction 3 can have a significant influence. 

Consider the series of compounds 1,3,9, and 10. The 

D= D - 0  

9 10 

lowest energy r* orbital for each of these compounds is 
located ody  on the carbons of the ring double bond. Thus, 
interactions 2 and 4 in Figure 4 are zero because there are 
no antisymmetric *-type orbitals on C3 in 3,9, and 10 to 
interact with ?r*. Nevertheleas, +(corrected) (e+ corrected 
for the difference in ring double bond length relative to 
that of ethylene) varies by nearly 1.5 eVfor this series of 
compounds. The origin of this dramatic effect is revealed 
by the excellent correlation (r = 0.99) in Figure 5 between 
+(corrected) and the r-electron density in the ring double 
bond (p,), which displays a slope of 5.38 eV/electron. 
(Although the ET spectroscopy of 10 has not been inves- 
tigated, we have recently determined that the first reso- 
nance of 9 occurs at 0.86 eV,29 in excellent agreement with 

(29) Norden, T. D. PhJ). Dissertation, Univereity of Nebraska- 
Lincoln, 1987. 

3.04 . 
1.7 1.8 1.9  2.0  

p It (electrons) 

Figure 6. Plot of corrected HF/6-31G*//HF/6-31G T* orbital 
energies (see text) versus r-electron densities for 1,3,9, and 10. 

* .  
c +ax 

U 
all 

Figure& I n t "  diagram for the mixing of the +' component 
of propene with the pseudo-* methyl CH bonding (0,) and an- 
tibonding (or*) orbitale, with interaction energies of A and B, 
respectively. 

the value predicted from the above-mentioned correlation 
of AE(r*) with The increased importance of in- 
teraction 3 in Figure 4 on going from 3 to 10 causes a 
decrease in p, that results in a decreased screening of r* 
by the r electrons. This analysis supports our previous 
suggestion that 1 and 3 have nearly identical AE values 
owing to the compensating effects of a shorter double bond 
coupled with a decreased screening of r* by r in 3 relative 

The values of p, calculated for the cycloalkenea are given 
in Table III. p, increases by 0.089 electrons on going from 
3 to 8, corresponding to a destabilizing influence on r* of 
0.48 eV. The origin of this effect is discussed in the next 
section. 

Hyperconjugative Interactions of r*. Hyperconju- 
gation results from the mixing of a r or r* orbital with a 
T-type bonding (a,) or antibonding (a,*) orbital of an d4yl 
substituent, where u, mixes into r or ?r* in an antibonding 
manner (A) while a,* adds in a bonding manner (B) 
(Figure 6). Interaction A almost invariably predominates 
for 7r orbitals, whereas interactions A and B are more 
nearly balanced in the case of r* orbitals. 

According to second-order perturbation theory, the 
change in energy of r* (A+) that results from interaction 

to 1.7' 
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. ,  . '  . .' +Po ,. 

7t*  (3, x o * ,  
a b 

Figure 7. Interaction of the (a) .Ir* and (b) ?r orbitals of ethylene 
with the pseudwr methylene antibonding (a,*) and bonding (a,) 
orbitals, respectively, of appropriate symmetry to form cis- 
cycloalkenes 4-8. 

with a second orbital (e.g., a,*) is given by eq 2, where 7r* 
and CT,* are the unperturbed basis orbitals of energy e,* 
and ea,., respectively, and H is the interaction Hamiltonian. 

(.Ir*lHIa,* ) 
A+ = (2) 

€,* - 

Interaction A is small in propene because A* and a, are 
very different in energy (i.e., the denominator of eq 2 is 
large). On the other hand, even though A* and a,* are 
much closer in energy, interaction B is about equally small. 
This results from the stabilizing interactions between C2 
and C3 in A* + a,* being partially cancelled by the longer 
range antibonding interactions between C,(p,) and the 
methyl H(s) orbitals &e., the numerator of eq 2 is smaller 
for interaction B than for interaction A). Thus, although 
both the energy and the overlap terms in eq 2 are im- 
portant, the latter will be shown to generally be the more 
important factor in understanding the AEs of 3-8. 

Consider interactions 2 and 3 in Figure 4 (i.e., the two 
electron interactions that lead to electron transfer). In 
interaction 2 (a, - T*; Figure 7a), the the antibonding 
overlap between C1 and C3 tends to partially cancel the 
bonding overlap between C2 and C3. As L C ~ C ~ C ~  is in- 
creased, the T overlap integral between C1 and C3 (Sclc3- 
(3p,-3p,)) decreases (Table IV), whereas Sc,c3( 3pr-3p,) 
varies only in the narrow range of 0.497-0.504 for 4-8. (In 
Table IV we list the overlap integrals for only the diffuse 
C(3p,) and H(2s) orbitals, but the corresponding integrals 
for the C(2p,) and H(1s) orbitals show the same trends.) 
Thus, increasing L C ~ C ~ C ~  results in greater 7r-electron 
donation to the double bond via interaction 2. 

In contrast, the C1C3 and C2C3 overlaps have the same 
sign in interaction 3 (T - a,*; Figure 7b) so that increasing 
L C ~ C ~ C ~  results in a reduced electron transfer out of the 
T bond. Thus, both of these interactions predict an in- 
crease in p, on going from 3 to 8. (A related analysis has 
been employed by Cessac and Bauld to explain the mag- 
nitude of ESR @ hyperfine splittings (benzylic protons) of 
the ion radicals of benzocyclobutene and related com- 
pound~ .~ )  A monotonic increase in p, is indeed calculated 
for this series (Table 111). 

Inspection of Figure 6 shows that the C3(p,) components 
of a, and a,* have opposite signs in the fmal wavefunction 
(T* - a,* + a,) and therefore tend to cancel, whereas the 
H(s) components have the same sign and consequently 
reinforce each other. Consideration of C3(p,) in A* - a,* 
+ a, should therefore give an indication of the relative 
contributions of a, and a,* to the 'A*" orbitals of 4-8 (i.e., 
the wavefunctions where the p, orbitals on C1 and C2 are 
oriented perpendicular to the plane containing the double 
bond carbons and the two adjacent carbons) (Figure 8). 

(30) Cessac, J.; Bauld, N. L. J. Am. Chem. SOC. 1976,98, 2712. 
(31) Jorgeneen, W. L. QCPE 1977,11, 340. 
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Figure 8. Views of the A* orbitals of 4-8 along the CC axes of 
the double bonds with selected C(3s), C(3p), and H(%) Coefficients. 
(C(2p) and H(1s) coefficients >0.05 are given in parentheses.) 
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Figure 9. Energies of the A* orbitals of 3-8 and of the pseudo-?r 
and -A* orbitals of the alkane fragments corresponding to 4-7. 
The latter have the same geometries and orientations as the &l 
bridges in Figure 8 except that the allylic CC bonds have been 
replaced with CH bonds with optimized lengths. Correlation linea 
connect a, and a,* orbitals that have the appropriate symmetry 
to interact with A*. 

The C(3s), C(3p,) and H(2s) orbital coefficients that are 
illustrated are the most sensitive to conformational changes 
in these compounds. Significant values for the energeti- 
cally more important C(2p) and H(1s) coefficients found 
only at  C1 and C2 and certain allylic hydrogens are given 
in parentheses. 

The C2(3p,) coefficient decreases from 0.715 to 0.633 
while the C3(3p,) coefficient increases from 0.072 to 0.184 
on going from 5 to 6. Clearly, there is a significantly larger 
contribution of a,* to "A*" in 6 than in 5. This is due to 
two causes. First, the lowest a,* orbital of appropriate 
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symmetry to mix with r* does not interact as strongly in 
5 as in 6 because the functions on C, of 5 lie near a nodal 
plane of r*. Second, a,* is lower in energy in 6 than in 
5. 

The HF/6-31G*//HF/6-31G energies of the key a,* 
basis orbitals in the alkyl bridges of 4-7 are illustrated in 
Figure 9. These were obtained by replacing HC1==CzH 
of each cycloalkene (in the orientation shown in Figure 8) 
with two hydrogens at their optimized CH bond lengths. 
It can be seen that there is a large decrease in the energy 
of the lowest u,* orbital that interacta with r* (along with 
a smaller increase in the energy of the corresponding 
highest u, orbital) on going from 6 to 6. 

We believe that this decrease of u,* plays the key role 
in keeping AE(rC) of 6 equal to or below that of 5. Indirect 
experimental support for this view can be seen in Figure 
1. Note that in all of the ET spectra there are one or more 
"u*" resonances above 4 eV. We have not been able to 
assign specific orbitals or even symmetries to these reso- 
nances. (Indeed, some are broad enough that they may 
correspond to several overlapping resonances.) Never- 
theless, it is interesting to note that AE for the f i t  "u*" 
resonance decreases significantly on going from 5 to 6. 

The large decrease in energy of the u,* orbitals that 
interact with r* on going from 5 to 6 (Figure 9) is a con- 
sequence of the change in molecular symmetry from C, to 
C2. This can be shown by optimization of the C, (boat) 
stationary point for 6. The HF/6-31G*//HF/6-31G en- 
ergy of the lowest antisymmetric u,* orbital of the alkyl 
fragment increases from 6.35 eV for the Cz (chair) form 
to 8.11 eV for the C, (boat) form, primarily because of 
antibonding interactions across the eclipsed CICs bond in 
the latter that are not present in the former. 

The increased contribution of a,* to "r*" on going from 
6 to 7 is refleded in the decrease and increase, respectively, 
of the Cz(p,) and C3(p,) coefficients (Figure 8). Since eo** 
for the alkyl fragment of 7 is greater than that for 6, the 
decrease in e# cannot be caused by the energy term in eq 
2. However, following eq 2, the s u m  of the squares of the 
overlap integrals between Cz(3p,) and H(2s) for the vicinal 
allylic hydrogens (CSZ,) change in almost the same order 
(3 C 4 < 5 C 6 > 7 C 8) as does E,* (3 C 4 C 5 > 6 > 7 < 
8). 

The former order can be understood as follows. As 
shown in Figure 2, the C1C2C3Cl torsional angle increases 
on going from 4 to 7 and then decreases (on average) in 
8. An increase in this angle has the effect of rotating C4 
below the double bond so that the hydrogens on C3 even- 
tually overlap less with Cz(p,) whereas C4 and ita hydro- 
gens overlap more. Since the former overlap is antibonding 
in "a*" whereas the latter are antibonding and bonding, 
respectively (thereby reducing their net interaction) 
(Figure 8), the effect of twisting about CzC3 will be to 
stabilize "r*", primarily by decreasing the antibonding 
overlap between T* and a,* at the allylic hydrogens. 

The difference in the above orders on going from 6 to 
6 is discussed in the next to last section. Model calcula- 
tions on propene in the last section give further insight into 
how the torsional angle affects e,.. 

A c ~ F  Calculations. A second approach to the theo- 
retical analysis of AEh (other than Koopmans' theorem) 
is by calculation of the difference in total energy of the 
ground and negative ion states at the geometry of the 
former (AE~cF). This approach, while lacking the simple 
picture provided by a molecular orbital, is, in principle, 
more rigorous because it provides a difference in two state 
energies (Table V), which is the quantity that is being 
determined spectroscopically. The absence of vibrational 
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Table V. Total Energier and Diffmwnces in Total Energies 
for the Ground and Negative Ion Stater of 2-8 

compd 
2 

a 
I 
6 
7 
8 

a 

~~ 

energy (h) 
~ 

ground statea negative ion stateb AQCF (eV) 
-166.107 804 -166.961 760 4.247 
-116.822 389 -116.678986 3.902 
-154.899 326 -164.752 316 4.000 
-193.977 068 -193.824 918 4.140 
-233.019 657 -232.868 908 4.099 
-272.046916 -271.906219 3.801 
-311.069 424 -310.924 876 3.933 

"RHF/6-3lG*//HF/6-3lG. bUHF/6-31G*//HF/6-31G. 
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Figure 10. Plot of the RHF/6-31G* T* orbital energies versus 
the diffemcea in total energy of the ground and negative ion stab 
(calculated at the RHF/6-31G* and UHF/6-31G* levels, re- 
spectively) of 2-8. 

structure in the r* resonances in Figure 1 indicates that 
the resonances are short-lived enough for the assumption 
of negative ion states with geometries of the neutrals to 
be valid. 

A plot of E,. against AQCF for 2-8 shows a good corre- 
lation (r = 0.97; Figure 10). However, comparison of the 
"i*" wavefunctions of 2-8 with the changes in electron 
density on going from the ground states to the negative 
ion states (Ap) reveals significant differences. As illustmted 
for 7 in Figure l la ,  "r*" is located primarily on the Cl(p,) 
and Cz(p,) orbitals and on adjacent H(s) and C(s) orbitals 
that overlap with C,(p,) and Cz(p,). In contrast, Ap is 
positive not only for Cl(p,) and Cz(p,) but also at all of 
the hydrogens in 7, whereas electron density is lost from 
the remaining C1 and Cz orbitals and from C3-C7 (Figure 
llb). Analysis of the data for 2-8 further reveals that (a) 
for the two hydrogens on a given dylic carbon, Ap is larger 
for the hydrogen with the larger H(2s) coefficient in Figure 
8, but only by a small amount, (b) Ap is larger (sometimes 
by a factor of 2 or more) on the more peripheral (or 
"equatorial") hydrogen of a nonallylic methylene group, 
and (c) Ap is always largeat for the olefinic hydrogens, even 
though they lie essentially in the nodal plane of the Cl(p,) 
and Cz(p,) orbitals. 

Although the coefficients in %*" of 2-8 do not closely 
reflect Ap in these compounds, there are apparently 
enough similaritieg in the two appmachea (particularly with 
regard to the important allylic hydrogens) for the appli- 
cation of Kmpmans' approximation to be valid to a high 
degree. However, the large 3s coefficients on C4 of 6-8 (see 
Figure lla) are not reflected in the corresponding changes 
in electron density for either this orbital or this carbon in 
the negative ion states. 

in Cycloalkenes 3-8. In this d o n  
we analyze the relative ee values of 3-8 with regard to the 
various effecta discussed above. A semiquantitative sum- 
mary of this analysis is given in Table VI. Here, the 
difference between t,.(cycloalkene) and c,.(ethylene) 
(Ae+(total)) is broken down into three contributions. The 

Comparison of 



Electron Transmission Spectroscopy of Cycloalkenes 
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Figure 11. (a) Psi 7731 drawing of the C(3s), C(3p), and H(2s) 
functions ofthe HF/631G* ?r+ orbital of cycloheptene; (b) drawing 
illustrating the changes in HF/6-31G* electron density on going 
from the ground state to the ?r+ negative ion state of cycloheptene. 
The inset shows a gain for C(p,) and a loas for all of the other 
orbitals of C1 and Cp 

Table VI. Differences in ** Orbital Energies of 
Cycloalkenes Relative to Ethylene" 

compd A c J ~ ( C I C ) ~  Ac&.)' AaJother)d ArJt~tal)~ 
3 +0.23 -0.40 +0.19 +0.02 
4 -0.06 -0.11 +0.38 +0.21 
5 -0.02 -0.02 +0.44 +0.40 
6 -0.02 +0.05 +0.28 +0.31 
7 -0.03 +0.06 -0.02 +0.01 
8 -0.03 +0.08 +0.13 +0.18 

"In eV; calculated at HF/6-31G*//HF/6-31G. *horn column 3, 
Table III. ' A+,) = Ap* (Table 111, column 4) X 5.38 eV/elec- 
tron. dAe,.(other) = Ar,(total) - Ac,(r(W))  - Ae&J. eFrom 
column 2, Table 111. 

term Ae+(r(C=C)) is a correction for changes in the length 
of the double bond while Ae,.(p,) is a correction for u- 
electron density (both relative to ethylene). All other 
contributions are grouped under AeJother). 

The bond length and *-electron density corrections are 
approximately equal and opposite in 3, as previously 
suggested?" The bond length corrections in the other 
cis-cycldenes are quite small while the *-electron den- 
sity corrections are somewhat larger, reaching -0.11 eV for 
4 and spauning a range of 0.19 eV between 4 and 8. This 
effect is surprisingly large and certainly was not suspected 
previously for the larger cycloalkenes. 
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The Ae+(other) corrections have several components, 
but the single most important is Csl,~, which changes in 
the order 3 < 4 < 5 < 6 > 7 < 8. This order is identical 
to the order for AeJother) with the sole exception of the 
comparison of 5 and 6. We therefore conclude that 
changes in CH overlaps (hyperconjugation) are primarily 
responsible for the significant range of Ae,.(other) con- 
tributions in Table V. These changes are a direct conse- 
quence of the various structural changes discussed above. 

Finally, the difference in orders for C P c H  and A+- 
(other) on going from 5 to 6 is undoubtedly influenced by 
the low value of err. for the alkyl fragment of 6. As dis- 
cussed above, this decrease arises from the fact that the 
symmetry of the alkyl bridge changes from C, in 5 to Cz 
in 6. A second factor which serves to decrease e+ on going 
from 5 to 6 is the stabilizing overlap between C2(p,) and 
H44s). Analogous overlaps are even more important in 7 
and 8 (Table IV, last column). 

Torsional Angle Dependence of e+. In order to more 
fully understand why e,* is sensitive to the C1C2C3C4 
torsional angle, we have optimized the geometries of var- 

(6.211 ev) ious conformations of propene. e+ is "I 
in the staggered conformation (w(HC2C3H) = 180°) and 
minimized (4.926 eV) in the less stable eclipsed (OO) con- 
formation. (e, varies only 16% as much as e,. and is at 
a minimum when the latter is at a maximum (and vice 
versa) J 

of propene clearly show a sig- 
nificant change in the mixing of us with u,* on methyl 
rotation. Thus, those for C1(3p,) and C2(3p,) change from 
-0.729 and 0.729 to -0.685 and 0.664, respectively, on going 
from the staggered to the eclipsed conformation, whereas 
the methyl coefficients (C3(3p,) and H(2s)) change from 
0.064 and -0.274 to 0.278 and -0.461, respectively. This 
effect can only be due to a doubling of sC,H(3p,-28) (from 
0.031 to O.osO), since this is the only significant change in 
overlap that occurs on methyl rotation. The decrease in 
e+ follows from the bonding overlap between (C1(3p,) and 
H(2s) in u* (Figure 6). Similar results are found for 1- 
butene. 

These calculations and our ETS data thus lead to the 
general conclusion that e,. in alkenes is reduced by 
long-range overlap between C(p,) and H(s) a8 the eclipsed 
conformation is approached. This effect is much greater 
in the diffuse negative ion states than in the neutrals or 
radical cations. 
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