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Ahtrrt-Ekctron alllnities and ekctron attachment energies aasociatedwiththen*orbitalsofsevelalp 
akyianilina (alkyle Me, Et, i-R, and t-Bu) have been dctcmincd in the gu pha.w by dcctron transmission 
spectroscopy and have been analyzed by rrb in& molecular orbital calculations at the SID3G and 63 10 
levels of bask set. The results lead to the conclusions that (a) the *AA, ne&ve ion state in toluene lie3 
below the ‘B, state, (b) the ‘A2 atate is stabilized in toluenenlative to bmzau by bonding overlap between 
the orrha carbon (C,(?p.)) and the Me H( Is) orbit& in the LUMO, (c)h *B, state is stabilizal on adding 
Me groups to ~oluenc IO fom t-butylbenznc through reduced antibonding ‘interactions between C,(Zp,) 
and MC C(2pJ orbital. and (a) the 1owa1 resooaocz III t-butylbcnzne is extensively overlapped with the 
second resonance and may involve strong mixing of the ‘A2 and 'B , states. 

INTRODUCIlON 

Radical anions of alkylbenxenes (1) have generated 
considerable interest, both from an experimental and 
a theoretical standpoint. These species are key inter- 
mediates in the widely used Birch reduction of aro- 
matic rings (Eq. 1) and the stability of the various 
negative ion (or radical-anion) states (2) involved in 
then reactions strongly int3uences both the rate and 
the regioselectivity (i.e. the ratio 3:4) of this reaction. 

ing effects do not play a role and that these EAs were 
a good approximation of the corresponding gas phase 
values.’ However, several subsequent studies have 
forced a change in this view. Most SigniBcantly, Jor- 
dan et ul. found by electron transmission spectroscopy 
(ElS) that the corresponding gas phase EA,s of 1 
follow exacriy the wsife or&r of the solution 
values, i.e. t-Bu > i-R > Et > Me > H, covering a 
total range of 0.09 eV. ’ This reversal in order was 
supported by subsequent studies of Stevenson ef al., 
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Some years ago Krapcho and Bothner-By deter- 
mined that the rate of reduction of alkylbenxenes (Eq. 
1) dccrua& in the order R= H > Me > Et > i- 
Pr > t-Buby a factor of 20 over the complete range. ’ 
These resrdts were subsequently retleoted more or less 
quantitatively by BSR studies of Lawler and Tabit, 
who de&mined the relative adiabatic electron ffi- 
ities @A.) #benzene and alkylbenxenes on reduction 
with Na-K aBoy in tetrahydrofuran (THme- 
thoxyethane @MB) at - 100°.’ These authors found 
theEAofltodecreaseintheorderH>Me>Et> 
i-R > t-Bu by a factor of 110, corresponding to 
a ABA;of 0.07 eV, over the complete range. 

It was initially believed that solvatlon and ion pair- 

l Addrcu cxmapodena to Dqmrtme.nt of Chemistry, 
Carnegie MelIan Univusity. 44&l Fifth Avtnue. Pittsburgh, 
PA 15213, jJ.MA. 

$ The& q* rpprprtry da&&cations are, strictly !qeak&$ 
only valid whsn R (s.a. Cl&) is r-i&By rotatina (snhaicaib 

(1) 

who found that the enthalpy of solvation of 
(K ‘), + (2&h-t-butylnaphthalene z )‘ in DME was 
about 17 kcal mol - ’ less exothermic than that for 
(K +)‘+ (naphthalene L)r.4 This difference was 
attributed to steric inhibition of solvation and 
(possibly) ion association by the t-Bu groups. 

A minor diene product is sometimes found in the 
Birch reduction of alkylbenxenes. Benkeser d ul. 
reported the formation of 6% 3-t-butyl- I &cyciohex- 
adiene (4, R = t-Bu) when Na was employed (Eq. I).’ 
We have confirmed this result with Li. Other data of 
Benkeser et al. suggest that larger values of 3 : 4 ate 
obtained as R becomes smaller (e.g. i-R and Et). ’ 

These redts are consistent with a number of BSR 
studies which indicate that alkyl substitution favors 
occupation of the n+(2a2) orbital: over the n+(3b,) 
orbitalt in the radical anions of alkylbenxenes.6 These 
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orbitals are degenerate in benzene, but this degeneracy 
is split on alkyl substitution. However, the ESR spec- 
trum of the radical anion is not that of a pure ‘A1 state 
since the ‘B’ state can contribute through ~t&rmal 
averaging’ with the 2Ar state and these two states 
can mix through vibronic coupling.’ Ihrig et al. have 
estimated that the ESR spectrum of toluene A is about 
20% ‘B, and 80% 2A2 in character at -95” and that 
about half of this distribution results from vibronic 
interaction and the rest from thermal population of 
excited states.’ This proportion of vibronic inter- 
action generally agrees with previous theoretical treat- 
ments ofde Boer and ColpaU (7448% ‘A,), Hobey” 
(92% ‘A3, and Purim and Karplus7b (88% ‘A& 
However, Jones et al. have suggested that these theor- 
etical treatments underestimate the extent of vibronic 
interaction and have calculated that the 2B’ vibronic 
mixing term contributes 17% to the ground state. U 

An interesting aspect to the ESR spectra of alkyl- 
benzenes (1) is the observation thM the absolute 
values of the hype&e coupling constants for the 
orrho protons are usually smaller than those for the 
corresponding mera protons and this difference 
demases in the order R = Me > Et > i-h > t-Bu.6 
Although this trend has been observed by a number 
of workers, it has not been dealt with theoretically, 
although Hobey has suggested that it may be caused 
by mixing with higher-energy ring contigurations.” 

There are several important problems which are 
raised in this brief introduction, some of which have 
already been settled. It now seems clear that (a) larger 
alkyl groups decrease the EA in solution due to steric 
hindrance to salvation and/or ion pairing but increase 
it in the gas phase, and (b) the ‘A2 state lies below the 
‘B, state in solution. However, important questions 
remain unanswered. (c) Why is the EA increased by 
alkyl groups in the gas phase? (d) Which is the lower 
energy state ( 2A2 or ‘B,) in the gas phase? Several 
authors have discussed the possibility that the relative 
energies of these states may be reversed in the gas 
phase relative to solution.‘*9 (e) More specifically, 
what are the effects of larger alkyl groups on each of 
these negative ion states in the gas phase and what are 
their origins? 

ELECIXON TRANSMISSlON 
SPEff ROSCOPY 

We have employed the technique of electron trans- 
mission spectroscopy (ETS) to study this problem as 
it relates to negative ion states in the gas phase. ‘O In 
this experiment, a monoenergetic beam of electrons 
(FWHM = 20-50 meV) is passed through a static sam- 
ple in the gas phase. The electrons then enter a retard- 
ing region where a variable potential prevents a por- 
tion of the scattered electrons from reaching the 
collector. The ET spectrum is plotted as the derivative 
of the transmitted current vs electron energy. At cer- 
tam energies sharp variations in the electron-scat- 
tering cross section, and especially in the derivative of 
the transmitted current, can be seen. 

These variations, as well as the actual scattering 
events (which occur on a time scale of 10-‘2-10-“s) 
are called “resonances”. They result from the capture 
of an electron by an orbital angular momentum bar- 
rier to form an unbound taaporary negative ion state. 
If the lifetime of this state approaches the time 

required for certain vibrations, then “vibrational 
structure” can be observed in the resonance. The 
center of the resonance is taken as the vertical mid- 
point between the minimum and maximumofthefirst 
derivative curve. The corresponding energy is termed 
the electron “attachment energy” (AE). This value, 
which is always positive, is usually taken to be the 
negative of the “vertical ekctroo afBnity” (EV,) 
associated with a particular orbital. Note that positive 
EAs cannot be determined by ETS. The AE of the 
6rst vibrational feature in a resonance (when it can 
be observed) is termed AE, and is taken to be the 
negative of the adiabatic electron aBinity (EA.). The 
theoretical foundations of electron-molecule col- 
lisions have not been dealt with to a sign&ant extent 
beyond diatomics (e.g. N3” and much theoretical 
work remains to be done. 

As in photoelectron spectroscopy, mt practice 
is to assmne the validity of the relative form of Koop 
mans’ approximation in ETS. This relationship 
(Eq. 2) equates the negative of the 

&, = -AXE,, (or -AEA,,) (2) 

change in the vertical ionization energy (AIE,) (or 
AEA,) upon substitution with the change in the energy 
of the appropriate SCF orbital (i) of the neutral mol- 
ecuk (As,). I2 We have recently shown” that Koog 
mans’ theorem is just as valid for the relarioe energies 
of 7P negative ion states as it is for telarive x positive 
ion states at the 6-31G” level of basis set, but nor 
at the less diffuse STO-3G” or the more diffuse 6- 
31 +G*16 levels. Therefore, calculations are expected 
to be most reliable in a relative sense for splitvalence 
basis sets such as 631G. 

In this paper we shall discuss our results in terms 
of attachment energies (AEs). Not only do changes 
in AEs parallel changes in orbital energies, but this 

tcnninology may avoid confusion caused by the term 
“electron affinity”, which has historically referred to 
the energy difference between the ground state and 
the relaxed tirst negative ion state. 

ExPEluMm-rAL 

Matcriafs. Compounds 54 mm purchased from Aldrich 
cllemical co. MiGvallkaq WI, U.S.A. The pmitkation of 5 
was e&ted bv GLPC on a 1 m 2O% silicone SE-30 on 
100/120 mesh Chromosorb P column. Compound 6 was 
recrystaUized from hexane/ethcr. whereas 7 and 8 were used 
without further puriticatioo. pt-Butylauiline (9) was pte- 
pared by the reduction” ofpt-butylnitrobenzene” and was 
puriEed by GLPC on the above-mentioned column. 

Elecrron trmumirrton specrroscopy. As mentioned above. a 
variable potential in the retarding region of the spectrometer 
prevents a portion of the scattemd electrons from reaching 
the collector. If the potential barrier is sutliciently high (high- 
rejection conditions), then essentially alI of the Srttered 
electrons will be rejected and the transmitted current will be 
a measure of the total scattering cross-section. On the other 
hand, if no potential barrier is employed (low-rejection con- 
ditions), then all of the electrons except a small portion 
which are backscattered (i.e. elastically scattered into a cone 
centered around a IftOo scattering angle) wilt be collcoted. 
This measufcmen t provides a d&ret&al scattering cross- 
section.” We routinely obtain our ETS data under both 
high- and low-rejeetiw conditions. Although high-rejection 
spectra are normally published, the corresponding low-rejec- 
tion spectra often contain valuable and unique information. 
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In this paper we primady disam AEs derived from low- 
rejection spectra. Under these conditions the ‘Al and ‘9, 
state3 of the alkyl-substituted aniline3 appear as distinct rcs- 
onanas. In contrast, these reaonan~ are typically barely 
discernible as discrete features in the high-rejc&m spectra. 

The resonance profile ditI&ences can be principally attri- 
bute lo two factors. ” Fii, the resonances are superimposed 
on a falling background in the low-rejection spectra whereas 
the retarding cusp cati the background to be more am- 
stant under high-rejhon conditions. Second, the relative 
pro&s may appear to be different in the total and di!Terent.ial 
scattering cross-section of resonances arising from the cap 
ture of electrons by orbital3 poJsessing dissimilar angular 
momentum components (al: I= 3.2; b,: I= 2,l) due to 
constructive and destructive interferenoz bchvecn the res- 
onant and background partial waves. Despite the enhanced 
visibility of the aIkyl-substituted aniline ‘AI and ‘9, ru- 
onanccs in the low-rejection spectra, there is still some over- 
lap of the two resonances. 

The ?,,, resonance in argon” was used to calibrate the 
spectra. We have found this to be a useful calibration gas 
due to the narrow width, symmetrical profile, and relatively 
low energy of the resonance. 

Vibrational features were obtained from spectra obtained 
when the electron beam was modulated at 20 meV. The 
modulation voltage was set at 200 meV in order to obtain 
attachment energies (corresponding to (he enters of the 
resonances) for resonamm which displayed vibrational 
s1ruc1ure under low-rejection conditions. Control exper- 
iments were run to asc&ain that the centers did not &if? 
under these conditions. 

The relative errors are estimated lo be *0.02 eV for the 
first resonance and kO.05 eV for the second and third res- 
onances. The second resonance may suffer some additional 
uncertainty owing lo overlap with the tit resonance. The 
actual errors associated with these energ@ are probably 
much huger, on the or& of kO.05 eV for the first resonance 
and f 0. I eV for the second and third resonances. 

CafuIuhmu. All calmlaths employed Pople’s GAUS 
SIAN 70 series of programs. 4’ calcu&tions were pelf0mla.l 
a1 both the minimal (STO-30)” and split valemx (631G)” 
basis set levels on the best available experimental geometries. 

RESULTS AND DECIJSSION 

Our goal in the present investigation was to detine 
the effect of alkyl groups (Me, Et, i-Pr, and t-Bu) on 
the individual negative ion states in alkyl-substituted 
benzenes. Jordan ef al. had previously shown that 
these alkyl groups decrease the AE, relative to 
benzene.’ However, because of the small perturbing 
e5cct of the alkyl groups (we calculate a 0.2 eV sep- 
aration between the aI and b, orbitals in toluene at 
the 6-31G level; see Table 2), they were not able to 
separately observe the *A2 and *B, resonances, nor 
were they able to determine which configuration pre- 
dominated in the ground state of the negative ion. 

Our motivation in using aniline derivatives to 
study the e5ect of alkyl substituents on the *A2 and 
*B, states of alkylbenzenes was three-fold. First, in 
order to assign the resonances, it was necessary to 
perturb the benzene ring in a known manner. The 
effect of the amino substituent on these states is well 
documented.” and was expected to be large relative 
to the alkyl perturbation. The amino substituent can 
effectively interact only with the ‘B, state and desta- 
bilizes this state relative to the *A2 state. Second, we 
wanted to describe the changes associated with the 
interaction of both states with alkyl substituents; thus 
the energy separation had to be large enough to 
resolve them. In the parent compound (aniline 5). the 

splitting of the *A2 and ‘B, negative ion states is ca 0.6 
eV,** which is sticient to resolve the corresponding 
resonances. Finally, the amino suhstituent was chosen 
because, although it causes a strong electronic per- 
turbation on one of the bet&e e,, orbitals, it does not 
significantly change the geometry of the six-membered 
ring relative to benzene.“’ Thus variations in the EAs 
of 5-9 should primarily be a result of the structural 
and electronic effects of alkyl substitution and not of 
structural changes due to amino substitution. 

R-L!!NH2 - 

5 R-H 8 R-t -PI 

6 R-Me 9 R-r -Bu 

‘I R-Er 

The ET spectra for 5-9 are displayed in Fig. 1 and 
thecorresponding electron a5nities are given in Table 
I. It is readily seen that a methyl substituent stabilizes 

I I I I I I 

0 123456 

ELECTRON ENERGY (rV1 

Fig. I. Electron transmlseion spectra of S-9 o&aid under 
low-rejection conditions. 
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Tabla 1. Jktmn atlioitics and attachmat cnergia of aniline and its palkyl derivatives’ 

A. High-rejection conditionab 

Compound 

Aniline (8) 

PMahYlamgna (a) 
pEtbylanilinc (7) 
pi-Propylanilinc (8) 
pt-Butylanilinc (9) 

B. Low-rejection conditionsb 

AE W(2a3) AEW(3b,)) 

1.25 1.77 

1.21’ 1.79” 
1.18 1.88 
1.15 1.82 
1.17 1.71 
1.14 1.65 

AE> 

4.92 
5.076 
4.95’ 
4.91 
4.82 
4.84 
4.70 

Compound AE.(n*(20’ AE,(nW3) AEkr*Ob,)) 

Aniline (5) 1.11 1.20 1.80 
I.136 1.85’ 

pMctbylaniline (6) 1.06 1.12 1.85 
pEthylaailine (7) 1.04 1.10 I .82 
pi-Propylanihne (B) 1.04 1.10 1.77 
pt-Butylanihna (9) 1.05 1.08 1.72 

‘All caqics arc in cV and the singly occupied prbital is 8&n in parontkacs : AE, (mkr of 
resonance) and AE, (Erst vibrational feature), kO.05 eV ; A& and AE,, fO.l eV. 

%a? text. 
‘The scamd rasonanct is barely disczmible. 
d Ref. 220 : onlv the energy of the tirst vibrational feature was reported for the Erst reaonanct. 
‘Ref. 226. ’ - -- 
‘Vibrational spacings were 0.10-O. 12 eV. 

the 2A2 state by 0.08 eV and destabilizes the ‘B, state 
by 0.05 eV (Fig. 2). These results immediately lead to 
the conclusion that rhe 2A2 state is the ground state 
of the toluene negative ion in the gas phare. Further- 
more, we can now understand the decrease in the AE 
of toluene relative to benzene as resulting from some 
(as yet unspecified) stabilization of the ‘A, state and 
possibly also from a decmased ‘B, contribution to the 
ground state. 

‘B, State 
Substitution of Me groups onto the Me carbon of 

6 leads to a nearly uniform stabilization of the 
‘B, state by ca 0.04 eV per Me group. In order to 

i- w>, 
I- 140 
I 

Fig. 2. Comlation diagram fdr the X* orbitals of !4-9. The 
cncrgica of tba higher umgy 3b, orbit& arc somewhat ha 

certainduetoovcrlapofthc’B,and’A~monanccs. 

understand this trend, which arises from a greater 
stabilization of i+ negative ion states by C-C hyper- 
conjugation relative to C-H hyperconjugation, we 
performed ob inko molecular orbital calculations on 
5 and 6, on 421 geometry-optimized benzene and 
toluene in two different conformations (10 and 1 l), 24 
and on benzene with ring geometries corresponding 
to the foregoing toluene structures (Table 2). The 
latter two calculations allow us to factor out the A+ 
orbital energy changes due to structural distortions of 
the six-membered ring. Note that conformations 10 
and 11 are equal in energy to within a few cal mol - ‘. 2’ 

From Table 2 we immediately see that the rP(2aJ 
and n+(3b,) orbitals of toluene are calculated in the 
wrong order at the STG-3G level. This same order 
had previously been obtained by INDO SCF-MO 
calculations dn tohtene radical anions of unspecitied 
geometry, 9b as well as on restricted Hartree-Fock 
(HF) STO-3G calculations on optimized structures 
of the radical anions of benzene substituted with a 
standard Me group, although unrestricted HF Cal- 
culations gave the correct ~rder.~ The incorrect 
orders can be attributed to limited basis sets since the 
correct order (2a2 under 3b,) is obtained at the 6- 
31G level. Note that distortion of benzene into the 
geometry of the phenyl ring of tolucne places n*(2a3 
above n*(3b,), so this is not the origin of the observed 
order in toluene. _ ,.-.H 

8 & 
10 11 
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Table 2. Ab fnfrio HF-SCF mokcuku orbitll energies for benzene and various 
derivatives 

Tolucne (10)’ 
Distorted bcazne (ll)b 
Tohcne (11) 
Aniline (* 
pMethylanilint (6)6 
phicthyidint (6)’ 
pMcthylanilint (6)’ 

STG-3G C31G 

6&l Wbt) 

7.371 
7.336 7.401 
7.469 7.3% 
7.396 7.342 
7.451 7.413 
7.398 7.746 
7.424 7.791 
7.430 7.784 
7.432 7.782 

~+DJ ‘Mb,) 

4.057 
4.084 4.028 
4.028 4.222 
4.080 4.032 
4.070 4.170 
3.983 4.521 
3.945 4.634 

‘4-21-optimixdgcomctry ; ref. 24. 
bBcnzene with the six-member& ring of tohKne in amformation 10 or 11. 
‘Microwave geometry ; ref. 23. 
dTolucne (10) substihaai with the amino group of aniline. 
‘Anib substi~uti with tht methyl group of toiuena (10). 
‘Aniline substituted with the methyl group of tohune (11). 

The 6-3 IG order in Table 2 is due to several canses, 
the origins of which can be illustrated by reference to 
Fig. 3. Hyperwnjugation results from mixing of a I 
or I? orbital with pseudo-n bonding (u.) and anti- 
bonding (erg orbit& of the substituent group, where 
02 mixes into x or x* in a bonding manner (A) while 
C, adds in an antibonding manner (EQ For higher- 
lying occupied x orbit&, the latter interaction pre- 
dominatea and x is invariqbfy destabilized. However, 
the situation is more mmplex in the case of rr’ since 
interactions A and B in Fig. 3 are nearly balanced. 

Modelli et uLz6 and Giordan” have attributed the 
greater stabilization of x* by t-Bu relative to Me to 
the lower energy of a: in t-Bu relative to Me. That is, 

interaction A in Fig. 3 is greater for t-Bu than for Me. 
While this might at 6rst seem to provide a reasonable 
explanation, it iguorea the fact that TV, for t-Bu is 
higher than tbat for Me and tbat interaction B in Fig. 
3 will therefore also be greater for t-Bu. We also note 
that AEI, which is thought to correspond (at least in 
part) to the configuration involving temporary occu- 
pation of the n*(4b,) orbital,” is decreased to about 
the same extent as AE2 (Table IA), eoen though 
lr+(4b,) is 3 eV higher in energy than n*(3b,). This is 
clearly not consistent with the above explanation. 

Giordau has also suggested the possibility of 
(unspecified) %&ilk&g through-space interactions 
between the t-Bu group and the x system” in order to 

1 Fig. 3. Intcrackn diagram for the mixing of the n*(3b,) orbitaI of benzene with the pseudo-n Me C-H 
antibonding (& and bonding (u.) orbit&, with intcx~&~~ cncrgk of A and B, qxctiveIy. 
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rationalize the smaller AE of t-butylethylene relative 
to propene. 2’ We have performed STO-3G and 6- 
31G calculations on ethykne, propene,” and partially 
geometry-optimized t-butylethylene, all with the 
double bond length of propene (1.342 A), and have 
reachedjust the opposite conclusions. Our results show 
the n* orbital of t-butylethylene to be below that of a b 

propene at both levels of calculation, but more so at 
the 6-31G level. The latter difference (0.3 eV) is close 

Fig. 4. Representation of the two lowest 6-3lG n* 
wavefunctions for tolucne in conf~tion 10. Orbital a is 

to the experimental vahie.2’ Of particular interest is predominantly 2a, whereas orbital b is predominantly 3b,. 
the observation that the af orbit& of both com- 
pounds are destabiiixd relative to rr* of ethylene on 
going from STO-3G to 6-31G. Since longer range 
through-space interactions are more important in 
larger basis set calculations, it is clear that such inter- 
actions are destabilizing in t-butylethylene, and even 
more so in propene. 

Since both of the previous explanations have been 
shown to be invalid, how are we to understand the 
stabilization of the 2B, state of t:butylbenz.ene relative 
to that of toluene? The magnitude of interactions A 
and B in Fig. 3 will depend not only on the energy 
difference between x+ and u, or u$ but also on the 
overlap between these component orbitals. According 
to second-order perturbation theory, the change in 
energy (As) of x+ due to interaction with a second 
orbital (e.g. o$ is given by Eq. (3) where x+ and 
u: are the unperturberi basis orbitals of energy 
E.. and a,., respectively, and #” is the interaction 
Hamilton&n 

Interaction B is small in toluene sioa n+(3b,) and 
u, are energetically very di5erent (i.e. the denominator 
of Eq. (3) is large). On the other hand, even though 
x+ and 4 are much closer in energy, interaction A is 
even smaller. This results from the stabilizing inter- 
action between C,(2p,) and C,(2p.) in n*+ut (Fig. 
3) being partially cancelled by the long-range desta- 
bilizing interactions between the C ,(2p,) and the Me 
H( 1s) orbitals (i.e. the numerator of Eq. (3) is smaller 
for n*+ut than for IC* - u,), and can be clearly 
seen by reference to the final 6-31G wavefunction 
(x* - ~.+a3 in Fig. 3. Thtk analysis demonstrates that 
the overlap term in Eq. (3) is more important than the 
energy term for methyl hyperconjugation in the x+(3b ,) 
orbital of toluene. 

In our view, the key difference between Me and 
t-Bu is the fact that the C-C bond in the latter’is 
ca 50% longer (1.54 A) than the C-H bohd in Me 
(1.08 A). Furthermore, the n+(3b,) Me C(2p,) 
coe5cients in t-butylbenxene are reduced relative to 
the corresponding Me H(ls) coefficients in toluene. 
Thus the long-range C1(2p3*. * Me C(2p,) inter- 
actions in t-butylbenxene and t-butylethylene should 
be reduced relative to the C ,(2p*). . . Me H( Is) inter- 
actions in toluene and propene, particularly in the 
more diffuse a.’ orbitals (interaction A). This would 
lead to a reduction in the antibonding component of 
the (overall bonding) IL+ + rrzinteraction and therefore 
to a net stabilization of x+ by C-C hyperwnjugation 
in t-butylbenz.ene. 

We believe that this proposal also has a bearing on 
the recent observation that the total spin population 
@,,) for a proton hyperwnjugated with a delocalized 

radical anion is almost twice as large as pc for a 
similarly oriented Me gr~up.~~ We plan to explore 
these ideas further. 

It is worth noting at this point that the above dis- 
cussion follows in a general way the simple per- 
turbation explanations of alIcy1 effects on gas phase 
acidities of alcohols and ‘amities.3o However, our 
analysis of orbital energies and overlap effects extends 
these arguments in important ways. The effects which 
we have observed might also he attributed to a greater 
polarizability of t-Bu relative to Me. However, as Jan- 
ousek and Brauman have pointed out.‘Oc the wm- 
putation of the polarizability involves a summation 
over all excited states of appropriate symmetry. Thus, 
computing the polarixability is equivalent semi- 
classically to taking inio account all the II+ orbitals. 

‘A 2 State 
The ‘k, state of aniline is stabilized by 0.08 eV on 

addition of a methyl group at the para ‘pition to 
form 6. This change might at first seem surprising 
sina the para carbon lies, in a nodal plane of the 
n*(2aJ orbital. It is interesting to note in Table 2 that 
the experimental trend is not reproduad at tbe STO- 
3G level; I.e. thecalculations indicatea destabilization 
of x+(2a J by a para Me group in both conformations 
10 and Il. However, a stabilization (relative to ben- 
zene) of n+(2aa in wnformation 10 (but not in wn- 
formation 11) is calculated at the more diffuse 6-3 1G 
level (Table 2). Note that in conformation 10 the 
n+(2a and x*(-lb ,) orbitals of distorted benzene are 
stron y mixed by interaction with the unsyrn- 3 
metrically disposed H(ls) orbitals of the Me group 
(Fig. 4). We therefore refer to them as ?.a; and 
“3b ,“, where these are the major components. 

These calculations, along with two additional con- 
siderations, lead us to conclude that the stabilization 
of the ‘At state in toluene relative to benzene results 
from a stabilizing (in phase) overlap in the ~*(?a;‘) 
orbital of the Me H( 1s) orbital with the C(2p3 orbital 

Table 3. Electron a&nities and attachment energies of 
benzanc and its alkyl derivatives 

Compound AE; AEab 

Benzene 1.15 1.13 
Tolucne 1.11 1.11 
Ethylbenzene 1.09 
i-Propylbcnzcnc 1.08 1.06 
t-Butylbcnznc 1.06 1.04 

‘Refs 3 and 10~; tirst vibrational feature obtained under 
low-rejection conditions (scz text); f0.05 cV. 

bThis work! .ccntcr of rcsottancz obtained under high- 
rejection con&tlons (sse text) ; f 0.05 eV. 
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Fig. 5. Changes in the “vertical” and adiabatic electron atlinities (e and AAE,, mspectively) of 
benzene and aniline on alkyl substitution, adculated from high- and low-rejection data, respectively 

(Tables 1 and 3). 

on the orrho C atom. First, as noted above, our cal- 
culations are expected to be most reliable at the 6- 
31G kvel. Second, the fact that stabihxation of the 
x*(L’2a2”) orbital in 10 (relative to benzene) is cal- 
culated at the 631G level but not at the leas diffuse 
STO-3G 1~~1 indicates that it is the longer-range 
orbital interactions that cause the additional sta- 
biition in the larger basis set. As seen in Fig. 4, the 
Me H(ls)-**C,(2p3 interactions are the only ones 
which can possibly play this role. 

Substituent effecfs on fhe attachment energies 
The AEs obtained for benzene and its alkyl deriva- 

tives under high-rejection conditions are given in 
Table 3. Recall that spectra obtained under these con- 
ditions reflect the total electron-scattering cross- 
section and therefore do not resolve overlapping 
resonances as well as do low-rejection spectra. We dis- 
cuss these spectra at this point because ET spectra are 
normally obtained under these conditions. 

Note that AE, (the center of the first resonance) is 
increased more on going from aniline to pmethy- 
laniline (0.07 eV, Table 1A) than from benzene to 
toluene (0.02 ev), but is increased less on going from 
p-methylaniline to pt-butylaniline (0.04 eV) than 
from toluene to t-butylbenxene (0.07 eV) (Fig. 5). We 
reach the same conclusions on comparing the AE, 
values of Jordan et al.,’ which were obtained under 
low-rejection conditions, with our data for 5, 6, and 
9 obtained under the same conditions. 

We suggest that these substituent effects differ 
somewhat because the data for toluene and t-butyl- 
benzene reflect a strong overlapping of the ‘A1 and 
the ‘B, resonances. Since addition of Me destabilizes 
the *B , resonance, the decrease in AE on going from 
benzene to toluene is attenuated. Conversely, since t- 
Bu stabihxes the ‘B, resonance (relative to Me), the 
decrease in AE on going from toluene to t-butyl- 
benzene is enhanced. In fact, we cannot exclude the 
possibility that the ‘B, state lies below the 2A, state 
in the latter compound. 

CONCLUSIONS 

This study has kd to some important conclusions 
regarding the negative ion states of aJkylbenz.enes. 

(1) The ‘A, state is below the ‘B, state in toluene. 
These states would appear to be nearly isoenergetic in 
t-butylbenxene if the data for the p-alkyknilines are 
referenced to benzene, but it is possible that these 
states are mixed with each other in benxene and the 
alkylbenxenes. 

(2) The ‘B, state of toluene is destabilized relative 
to benzene primarily by antibonding interactions 
between the C1(2p3 and the Me H(ls) orbitals (see 
x* - u, + tr.’ in Fig. 3). We also propose that, cohtrary 
to previous statements, the 2B, state of t-butylbenxene 
is lower than that of toluene not because of a decrease 
in the energy term of Eq. (3) but because of an increase 
in the overlap term. That is, the antibonding inter- 
actions mentioned above are reduced in the analogous 
C ,(2p.)* . * Me C(2p,) interaction in t-butylbenzene, 
primarily owing to the greater distance between the 
latter orbitals. This idea requires further investigation. 

(3) The ‘A1 state of toluene is stabilized relative to 
benzene by bonding interactions between the ortho C 
(2p,) and Me H(ls) orbitals in the singly occupied 
(rt*) molecular orbital. 

(4) The first attachment energy of t-butylhenxene 
appears to be decreased relative to toluene either 
because of a greater mixing between the cor- 
responding states or possibly because the ‘B, state 
actually lies at a lower energy than the 2A2 state in 
t-butylbenxene. 

Acknowle&men+This research was supported by the 
National Science Foundation (Grants CHE 81-10428 and 
CHE 83-18188). We thank Douglas Tobias for performing 
several calculations and Professor Paul Burrow for cootinued 
cooperation during the course of this research. 

REFERENCES 

’ A. P. Krapcho and A. A. Bothner-By. J. Am. Chem. 
SC. 81.3658 (1959). 

2 R. G. Lawler and C. T. Tabit. J. Am. Chem. Sot. 91.5671 
(1969). 

’ K. D. Jordan, J. A. Michejda and P. D. Burrow, J. Am. 
Chem. Sot. 98. 1295 (1976). 

’ G. R. Stevenson, J. D. Kbkosinski and Y.-T. Chang, J. 
Am. Chem. Sot. 103.6558 (1981). 

’ R. A. Benkeser. M. L. Burrous. J. J. Ha&a and E. M. 
Kaiser, J. Org. km. 28, 1094 (i%3). 

&J. R. Boltoo, A. Carrington, A. Forman and L. E. Grgel, 
MO&C. Phys. $43 (1962); *E. de Boer and J. P. Colpa, J. 
Phys. Chem. 71, 21 (1967): ‘F. Gerson. G. Moshuk and 
M: Schwyzer, He/u. d&. Am 54. 361 (1971); M. T. 
Jones, S. Mets and T. C. Kuechler. MO&C. Phvs. 33.717 _ 
(1977). 

“W D. Hobey, J. Chem. Phys. 43.2187 (1965); ‘D. Purins 
and M. Karnlus, Ibid. 50.214 (1%9). 

’ A. M. Ihri& P. R. Jones, I. N. Jung, R. V. Lloyd, J. L. 
Marshall and D. E. Wood. J. Am. Chem. Sot. 97. 4477 
(1975). 

%A. J. Birch, A. L. Hinde and L. Radom, J. Am. Chem. 
Sot. 102.3370 (1980); *M. Guerra, F. Bemardi and G. F. 
Pedulli, Chem. PhyJ. Lerr. 81,289 (1981). 



6276 S. W. STALBY and A. E. Howm 

‘O”L. Sanche and G. J. Schulz, Phys. Rev. A 5, 1672 (1972); ~ 
‘G. J. Schulz, Rev. Mod. P/~ys. 4. 378.423 (1973); ‘K. 
D. Jordan and P. D. Burrow, Accfs. Ciwn. Res. 11, 341 
(1978). 

“T. Rcscigno. V. McKay and B. Schneider (Editors), 
Elecrron--Molecule ad Photon-Molecule Collisions. 
Plenum Press. New York (1979). 

‘Y. Koopmans, Physica 1,‘104 il934); *T. L. Welsher, J. 
M. Bus&k, C. J. Nelin and F. A. Matsen, Chem. Phys. 
Lerr. 67.479 (1979). 

‘IS. W. Stalcy and T. D. Norden, unpublished rcsult.s. 
” W. J. H&c. R. Ditchfield and J. A. Poplc, J. Chem. Pl?ys. 

56,2257 (1972). 
I’%‘. J. Hehrc, R. F. Stewart and J. A. Pople, /. Ghan. 

Phys. 51.2657 (1969); ‘W. J. Hehrc, R. Ditchtield, R. F. 
Stewart and J. A. Pople, Ibid. 52.2769 (1970). 

“T. C. Hariharan and J. A. Pople, Ch. Phys. Lcrr. 16, 
217 (1972); ‘J. Chandraeekhar, J. G. Andradc and P. v. 
R. Schkyer,I. Am. Chem. Sot. 103,5609 (1981). 

“S. A. Mahood and P. V. L. Schaffncr, Org. Synth. COIL 
Vol. z 160 (1943). 

I’M. Pailcr and H. Griinhaus, Mumush. Ckm. 105, 1362 
(1974). 

“A. R. Johnston and P. D. Burrow, J. Elecr. Spectrosc. 
Relar. Phe7wm. 2s. 119 (1982). 

‘O F. H. Read, J. Phys. B 1,893 (1968). 
I’ W. J. He&, W. A. Lathan. R. Ditchfield, M. D. Newton 

and J. A. Poplc, Pro8riw No. 236, Quantum Chemistry 
Program Exchange, Indiana University, Bloomington, 
Indiana. 

2tiK. D. Jordan. J. A. Michejda and P. D. Burrow, J. Am. 
Chmr. Sue. 98. 7189 (1976); ‘M. Gucrrs. G. Diatefmo, 
D. Jones. F. P. Colonna and A. Mod&. Chem. Phys. 91, 
383 (I&). 

*’ D. G. Lister, J. K. Tyla, J. H. Heg and N. W. Larsen, J. 
MO&C. Srruc~ 23,253 (1974). 

l’ F. Pang, J. E. Bo88s, P. Pulay and 0. Fogarapi, J. Mofec. 
srrucr. 66,281 (1980). 

” H. D. Rudolph, H. Drcizlm, A. Jacschkeaud P. Wendlin& 
2. Nawrforsch. A 22.940 ( 1967). 

IrA. Modelli, D. Jones and G. Distcfano, Chtm. Phys. Lptr. 
86.434 (1982). 

I’ J. C. Giordan, J. Am. Ckm. Sot. 105,6544 (1983). 
“D. R. Lidc, Jr. and D. Christmien, J. Ckm. Phys. 35, 

1374 (1961). 
leF. Gerson and W. Hubcr, Angew. Ghan. Inl. Ed. Engi. 

24,495 (1985). 
‘tiR. F. Hudson, 0. Eiscmtein and N. T. Anh, Telrakakm 

31,751 (1975); *D. J. DcFrecs, J. E. Bmtmax~.J.K.Kim, 
R.-T. M‘cIvcr~ jr. and W. J. H&C. J. Am. Chqn. Sot. 99, 
6451 09m: ‘B. K. Janousck and J. I. Brauman. Gus 
Pharcion &mistry (Edited by M. T. Bowers), pp. iI-77. 
Academic Pms, New York (1979). 


