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Finally, the results reported in this contribution clearly 
indicate that differences in resonance energies determine 
the differences in reactivities of benzenoid hydrocarbons 
and that the hydrogen isotope exchange reactions follow 
the simple pathway expressed by eq 1 rather than the more 
complex pathway proposed by Gold and Sat~he1l.l~ 

Conclusion 
Logarithms of the rates of deuterodeprotonation of nine 

alternant hydrocarbons and protodedeuteration of five 
hydrocarbons containing 17 and 12 different reaction sites, 
respectively, are correlated with the logarithms of the 
structure counts of the intermediate, In SCI, and the 
reactant, In SCR, and with their ratio, In (SC,/SCd. The 
quality of the correlations is very good. The results in- 
dicate that the differences in reactivities of benzenoid 
hydrocarbons in aromatic substitution reactions are due 
to differences in their resonance energies and that hy- 
perconjugation does not play a significant role in the sta- 
bilization of the intermediates in the reaction studied. 

It is interesting to note that the correlations of the rate 
data with the calculations based on the structure-reso- 
nance theory are much better than those obtained with 
the HMO localization energies, although both approaches 
are highly empirical. This is a situation similar to that 
presented in another recent paper.16 However, no detailed 
theoretical explanation for this difference in the quality 
of the respective correlations can be offered at  the present 
time. 
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From heats of formation and heats of hydrogenation 
data,'q2 it is observed that the thermodynamic stability of 
an alkene increases with alkyl substitution. In the hy- 
perconjugation rationale: alkyl group conjugation with a 
double bond is considered as stabilizing in nature so that 
an alkene with more alkyl substituents is predicted to be 
more stable. An alternative rationale focuses upon the C-C 
and C-H bond energie~.~ Provided that the sum of the 
C,p3-C,pz and C,,sH bond energies exceeds that of the 
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Chart I 

2a l a  l b  

2C 3a 2b 

3b  3c 3d 

C8psC8p+s and CaprH bond energies, the stability of an 
alkene is expected to increase with alkyl substitution. 
Those explanations are primarily concerned with the 
thermodynamic stability of an alkene and do not deal with 
the change in the reactivity of a double bond induced by 
alkyl s u b ~ t i t u e n t s . ~ ~  

Alkyl substitution is known to greatly enhance the 
susceptibility of a double bond toward electrophilic at- 
tackk7 and also to lower the ionization potential of double 
bond a electrons.8 From the viewpoint of molecular or- 
bital theory, those results are brought about because alkyl 
substitution raises the alkene HOMO levelsg That is, the 
*-electrons of a double bond become less tightly bound 
upon alkyl substitution and hence act as a destabilizing 
factor for the overall thermodynamic stability of the al- 
kene. 

Thus, the enhancement of the alkene thermodynamic 
stability and the raising of the alkene HOMO level are two 
important aspects to reckon with in any satisfactory ex- 
planation of the alkyl substitution effect in alkenes. This 
effect is an example which counters the empirical obser- 
vationl0J1 that the HOMO of a molecule parallels the total 
energy during the course of a molecular conformational 
change. This observation implies that the most stable 
isomer of a given molecule would be the one with the 
lowest-lying HOMO. In order to investigate the alkyl 
substitution effect in some detail, we have performed ab 
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Table I. Energies, HOMO Levels, n-Type Interactions 
and Total n-Type Interaction Energies for  Various 

Isomers of Alkenes 1-3 

re1 
mole- energy, -'?HOMO, inter- A E ~ , ~  
cule kcal/mol eV actions kcal/mol 

l a  6.6 (2 .7)  8.50 A + B 23.3 (5.2) 

2a 6.2 (5.2) 8.48 A + 2B 37.8 (9.9) 
2b 2.2 (2.6)  8.06 2A + B 32.5 (4.6)  
2c O . O ( O . 0 )  7.79 3A 27.9 (0.0) 
3a 5.4 (4.2)  8.46 A + 3B 52.5 (14.5)  
3b 4.1 (4 .1)  8.04 2A + 2B 47.1 (9.1) 
3c 2.1 (3 .1)  7.77 3A t B 42.3 (4.3) 
3d O . O ( O . 0 )  7.50 4A 38.0 (0.0) 

a The geometrical parameters employed in the present 

l b  0.0 (0.0) 8.08 2A 18.1 (0.0) 

work were taken from the s tudy of Epiotis e t  al.:'' 
r(Csp2-Csp2) = 1.3164 A ,  r(Csp2-Csp3) = 1.5313 A ,  
r(Csp3-Csp3) = 1.5452 A ,  and Csp~-Csp~-Csp~ = 115". All 
other geometrical parameters are the  standard values. l9 
The calculated total energies are as follows: E(1a)  = 
-154.2348, E ( l b )  = -154.2453, E(2a)  = -192.8142, 
E(2b)  = -192.8206, E(2c)  = -192.8241, E ( 3 a )  = 
-231.3938, E ( 3 b )  = -231.3958, E(3c)  = -231.3991, and 
E(3d)  = -231.4024 au. 
with respect to the most stable structure in each isomeric 
series of alkenes. The numbers in parentheses refer to t h e  
relative energies estimated from the heats of formation 
data. 
interactions, respectively. 
refers t o  the  relative energy with respect to the  most stable 
structure in each isomeric series of alkenes. 

initio SCF MO calculations12 on alkenes with four to six 
carbon atoms (see 1-3 in Chart I) by employing the 
STO-3G basis set.13 The results of these calculations were 
also analyzed by using the quantitative perturbational 
molecular orbital (PMO) method,1°J4J5 which enables the 
evaluation of orbital interaction energies within the 
framework of the SCF MO theory. 

Results and Discussion 
Chart I shows the various isomers of the alkenes with 

four to six carbon atoms. In general, an alkene with two 
substituents may adopt the trans-1,2-, cis-1,2-, or 1,l-di- 
substituted ethylene structure. Since the relative stability 
of such isomers has already been examined,1°J6 only the 
trans-l,2-dialkylethylene structure was considered for the 
alkenes with two alkyl groups in the present study. The 
relative energies and the HOMO levels for the various 
isomers of 1-3, are listed in Table I. For each isomeric 
series of the alkenes 1, 2, or 3, both the thermodynamic 
stability and the HOMO level raising are found to increase 
with alkyl substitution. Furthermore, the HOMO level 
raising depends primarily upon the number of alkyl sub- 
stituents, regardless of the nature of alkyl groups. 

The raising of the HOMO level may now be examined 
by reference to the a-type orbitals of the double bond and 
the methylene units in propylene shown in Figure 1. The 

The relative energy is given 

The symbols A and B refer t o  type A and type B 
The number in parentheses 
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Figure 1. Schematic representation of the *-type orbitals of the 
double bond and the methylene units in propylene. The stabilizing 
and destabliiing interactions between these orbitals are indicated 
by the dashed lines. According to the PMO analysis of propylene 
based upon the STO-3G basis set,I4 the energies of the orbital 
interactions (TCC-TCHJ,  (TCH~-S*CC), and (TCC-T*CH~)  are 14.44, 
-2.68, and -1.68 kcal/mol, respectively, so that  the net result of 
conjugation between the double bond and the methylene units 
is destabilizing by 9.78 kcal/mol. 

Figure 2. Schematic representation of the .-type orbitals of the 
two methylene units in ethane. The stabilizing and destabilizing 
interactions between these orbitals are indicated by the dashed 
lines. According to  the PMO analysis of ethane based upon the 
STO-3G basis set,I4 the energies of the orbital interactions 
(TCH~-TCHJ and (TCH~-T*CHJ are 15.70 and -0.96 kcal/mol, re- 
spectively, so that the net result of conjugation between the two 
methylene units is destabilizing by 13.78 kcal/mol. 

a-electron level acc is raised by acH2 and lowered by a*cH,, 
but the raising of aCc dominates since rCH,  overlaps better 
with KCC than does a*CH,.14 As far as ?r-type interactions 
are concerned, an alkyl group may be regarded as made 
up of methylene units. It appears that a electrons of a 
double bond are affected main ly  b y  the methylene unit 
directly attached to the double bond, since the HOMO 
level raising is primarily determined by the number of &l 
substituents. 

Let us now examine the thermodynamic stability of 
alkenes in terms of orbital interactions. Upon fragmenting 
an alkyl group into methylene units, a-type orbital in- 
teractions present in an alkene can be grouped into two 
kinds of nearest-neighbor interactions. One is the inter- 
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action between double bond and methylene units (type A), 
and the other is that between two methylene units (type 
B). For instance, 2s  has one type A and two type B in- 
teractions, while 2b has two type A and one type B in- 
teractions, as summarized in the fourth column of Table 
I. According to the PMO analysis of pr~pylene,'~ the sum 
of all the a-type orbital interaction energies present in type 
A interaction is positive. Namely, the net result of con- 
jugation between the double bond and the methylene units 
is not stabilizing but destabilizing. An example of type 
B interaction is found in ethane, the a-type orbitals of 
which are shown in Figure 2. The PMO analysis of eth- 
ane14 shows that the net result of all the a-type orbital 
interactions present in type B interaction is destabilizing 
as well. In addition, type B interaction is found to be more 
destabilizing than type A interaction due essentially to the 
fact that the overlap between two neighboring aCHz orbitals 
is greater than that between aCH2 and aCC.14 As summa- 
rized in the fourth column of Table I for each isomeric 
series of the alkenes 1,2, or 3, the number of type A in- 
teractions increases but that of type B interactions de- 
creases with alkyl substitution. Since type A interaction 
is less repulsive than type B interaction, the thermody- 
namic stability of the alkene is expected to increase with 
alkyl substitution. The aCC orbital of a double bond is 
raised by type A interaction, so the raising of the alkene 
HOMO is expected to increase with alkyl substitution as 
well. 

The last column of Table I lists the total a-type orbital 
interaction energy AE" for each alkene. By employing the 
PMO method,14J5 this energy was estimated as the orbital 
energy difference defined in eq 1, where the first sum- 

AE" = 2Cei"(alkene) - 2Cei"(fragments) (1) 

mation includes all the occupied a-type orbitals of a given 
alkene while the second summation includes those of the 
alkene fragments (i.e., the double bond and methylene 
units of the alkene).l' As expected from the above dis- 
cussion, the interaction energy AE" becomes less repulsive 
as the number of alkyl substituents increases in each 
isomeric series of the alkenes 1, 2, or 3. 

Concluding Remarks 
Alkyl substitution enhances the thermodynamic stability 

of an alkene and raises the HOMO level of the alkene as 
well. These two effects are accounted for by noting that 
the net result of conjugation between double bond and 
methylene units is destabilizing in nature, as is that be- 
tween two methylene units, but the former is less desta- 
bilizing. 
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Fragment ions observed in the collision activated dis- 
sociation mass spectra of ketone (M - 1)- ions can be 
explained by either a retro-Diels-Alder reaction or a y- 
hydrogen (McLafferty) rearrangement.' Here we present 
evidence in support of the postulated mechanisms for these 
novel fragmentation pathways of negative ions. 

Collision activated dissociation mass spectra were ob- 
tained on a triple quadrupole mass spectrometer that has 
been described in detail elsewhere.' This instrument em- 
ploys a chemical-ionization source, three quadrupole mass 
filters, and a conversion dynode electron multiplier de- 
tector.2 

Negative ion mass spectra were generated under chem- 
ical-ionization conditions with either CH4/Nz0 or 
MeOH/N20 mixtures as the reagent gas.3 The anions 
OH- and MeO- are produced as shown in eq 1-3 and were 

(1) NzO + e- - Nz + 0-. 
0-. + CH4 --+ OH- + CHy (2) 

0-. + MeOH - MeO- + OH. (3) 

OH- + CH3COCH3 --+ HZO + CH3COCHZ- 
AH = -19 kcal (4) 

MeO- + CH3COCH3 - MeOH + CH3COCHz- 
AH = -9 kcal ( 5 )  

employed as the chemical-ionization reactant ions in the 
present work. Both of these species function as strong 
Brcansted bases in the gas phase and abstract protons from 
the carbon a to the carbonyl group in ketones (eq 4 and 
5) -4 

Collision activated dissociation mass spectra were ob- 
tained by using the first quadrupole mass filter to mass 
select the parent (M - 1)- ion and transmit it to the second 
quadrupole. The chamber containing this latter quadru- 
pole was filled with nitrogen to a pressure of 2-6 mtorr, 
and the quadrupole was operated with only rf voltage on 
the rods. In this mode of operation, the quadrupole 
functions as a highly efficient collision cell and both focuses 
and transmits ions of all possible m / z  values. When the 
parent (M - 1)- ion enters the second quadrupole, it suffers 
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