1,2-Bis(trimethylsilyl)ethane (16), Methyldichlorosilane (Alfa)
(2.30 g, 20 mmol) and vinyldichlorosilane (Alfa) (2.82 g, 20
mmol) were catalyzed to combine using the usual HiPtClg/i-
PrOH catalyst. A vigorous reaction occurred, and the 5.1 g of
product was combined without purification with excess methyl
magnesium iodide in ether. After 3 hr reflux, the product was
washed, dried, and distilled to give 97% yield of 1,2-bis(trimeth-
ylsilyl)ethane (16): bp 79° (68 Torr) (lit.3! 151°); NMR 0.05 (s,
18 H), 0.41 (s, 4 H).
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Abstract: The geometry, electronic structure, and energy of several acyloxy cations (1) have been determined by ab initio
self-consistent field calculations with minimum and double { basis sets. The optimized structures show the isomeric cyclic
dioxiryl cation (II) to be the lowest energy species. Substituent effects on the decomposition energy of II yielding cations 111

and carbon dioxide have been examined.

Although many semiempirical and ab initio molecular
orbital calculations on carbocations are known, little work
on organic cations in which heteroatoms bear the positive
charge has been reported to date.2 In this paper we present
the results of an ab initio study of acyloxy cations RCO,*,
These calculations were performed with the aim of ob-
taining information of such species in advance of experi-
mental work. Acyloxy cations have been discussed occasion-
ally as possible reactive intermediates in side reactions of
the Kolbe electrolysis leading to carbenium ion-derived
products, but no consensus regarding their existence has
been reached to date.? For example, the partial stereospeci-
ficity observed in the electrolysis of cis- and trans-bicyclo-
[3.1.0]hexane-3-carboxylic acid was cited by Gassman* as
evidence for the intermediacy of RCO,* ions (Scheme I).

Acyloxy cations have also been invoked in the anodic oxi-
dation of isomeric 3-methyl-2-phenylcyclopropanecarboxy-
lic acids.® In analogy to the well-known solvolysis of cyclo-
propyl halides and tosylates,® carbon dioxide evolution with
concomitant disrotatory electrocyclic ring opening was as-

sumed (Scheme II). The role of intermediate acyloxy cat-
ions in the electrolysis of cyclopropanecarboxylic acids has
since been questioned.” Similarly, Skell® has presented evi-
dence against the formation of RCO,™* in the electrolytic
oxidation of aliphatic carboxylic acids.

Acyloxy cations have also been postulated to occur in
chemical oxidations. Thus, Mosher and Kehr® prefer an
ionic mechanism for the lead(IV) induced oxidation of car-
boxylic acids (Scheme III). It should be noted that in non-
polar media a radical mechanism has been shown to be op-
erating.'0

In the references cited above, neither the geometry nor
the possible electronic structure of acyloxy cations was con-
sidered. Our initial investigation'! of these species with
semiempirical SCF-MO calculations at the MINDOQ/2!2
level resulted in a potential energy surface which shows a
pronounced energy gain in going from the acyloxy cation I
(R = H) to the isomeric dioxiryl cation II (Scheme IV).
The latter species had not been mentioned previously in the
literature.
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Additional MINDO/2 calculations on II having various
substituents (R = methyl, phenyl, cyclopropyl) showed sur-
prisingly high stability as indicated by heats of formation.!!
These studies have now been extended with ab initio calcu-
lations. Particular emphasis has been placed on the energy
of I and II as a function of the substituent (R), and on the
possible decomposition leading to cations III and carbon
dioxide (Scheme IV).

Methods and Results

The ab initio SCF-MO calculations were carried out
with the highly efficient GAUSSIAN-70 program.!3 A wide
range of calculations are available from previous applica-
tion of this program by the Pople group.'# The success and
low computer time of this method prompted us to apply it in
our investigation. We employed the STO-3G minimal basis
set with a least-squares fit of three gaussians per Slater or-

Scheme 111
] ]
PXO—(C—R), —> Ph(0—C—R), + RCO,* + RCO,”
Rt + CO,
Scheme IV
+
. /R—C(!
0 0
R——-‘C/ -~ R—C< II
ot \o \ l
I +
R* + CO,

I

bital'® and the 4-31G extended basis set in which two func-
tions are used for each valence orbital,'®

Exploratory calculations were performed on the parent
molecule HCO,*, because it is small and reflects the elec-
tronic properties of the CO,* group without the influence
of substituents. The geometry was optimized first with
MINDO/2!" and then with the STO-3G basis set. Both
methods lead to the conclusion that the optimized geometry
corresponds to the cyclic form II (R = H) rather than to
the acyloxy isomer I (R = H). However, substantial differ-
ences in bond lengths and angles were obtained. In order to
shed light on this surprising discrepancy, further optimiza-
tion with the 4-31G basis set was carried out. The results,
summarized in Table I, show that the STO-3G and 4-31G
basis sets lead to similar geometries, although the latter
points to a somewhat longer O-O bond distance.

The orbital energies (4-31G) of optimized II (R = H)
and of I (R = H) constrained to the geometry of formate
anion'” are shown in Table 1I. The lowest unoccupied MO
in HCO,* with structure I has b, symmetry. It is 2 ¢ MO,
antibonding between the oxygen atoms. In the anion
HCO;~ this MO is occupied and leads to a preference for
the noncyclic geometry. The geometric change in HCO,*
leading from I to II produces an energy decrease in all of
the O-O symmetrical orbitals (a;, b)) and an energy in-
crease in all of the O-O antisymmetric orbitals (a;, ba).
Since all of the orbitals remain occupied, this process is
thermally allowed by orbital symmetry'8 (Figure 1). The
ground state of HCO,* (II) is ' A with the configuration:

la|21b222a|23a.22b224a|25a|21b.23b226a121a22

Noteworthy is also the pronounced difference in energy sep-
aration between the highest occupied and the lowest unoc-
cupied MO’s in I and II (Table II).

The total energies of I and II are given in Table III. Ac-
cording to the STO-3G and 4-31G calculations, the trans-
formation of I to II is accompanied by an energy gain of
81.4 kcal/mol and 48.1 kcal/mol, respectively. In general,
MINDO/2' and STO-36?° tend to favor small rings, as
shown by isomerization energies. This artifact is reflected in
the short O-O bond distance of the optimized structure and
in the energy difference between I and II. In contrast, the
4-31G calculations lead to a longer optimized O-O bond
length and to a smaller isomerization energy. It should be
pointed out that in the study of small rings the 4-31G basis
set provides a more reliable tool in energy comparisons. 20

In evaluating the electronic properties of the two isomeric
forms, it is interesting to note that I has more oxenium ion
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Table I, Optimized Equilibrium Geometries of HCO2+ (R)
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Table IV, Electron Population (electrons/atom) in HCO,*

MINDO/2 STO-3G 4-31G
0-0 1.329 1.515 1.650
Cc-0 1.290 1.334 1.301
C-H (1.09)2 1.13 (1.13)

aNot optimized.

Table I, Orbital Energies (hartrees) of HCO," (4-31G Basis)

I 11
-0.222 b, b, ~0.204
-0.481 b, b, ~0.280
-0.792 a, a, -0.846
-0.916 a, a, -0.917
~1.038 b, b, ~0.957
~1.057 b, b, ~1.051
-1.080  a, a, ~1.082
-1.223 a, a, -1.256
~1.774 b, b, ~1.599
-1.887 a, a, -1.996
-11.792 a, a, -11.829
-21.065 a, b,  -21.026
—21.065 b, a, -21.027
Table III. Total Energies (hartrees) of HCO,*
I 11
STO-3G -185.102 —185.231
4-31G —187.249 -187.325

character than II. The calculated electron population shows
that the electron density at the oxygen atoms increases as
the electrocyclic ring closure proceeds from I to II, as sum-
marized in Table IV, The transformation thus brings about
the expected increase in positive charge at the carbon atom.

The increasing carbenium ion character suggests the pos-
sibility of stabilizing II by electron donating substituents.
Fluorine, methyl, and ethinyl were tested. The minimal
basis set was used in order to demonstrate the qualitative
effect of substituents on the CO,* group. This approach
was not expected to yield highly reliable quantitative data,
however. The effect of substitution on the geometry of the
ring in II was first considered. In case of an important de-
pendence of ring geometry on the nature of the substituent,
of all'groups studied, fluorine should show one of the largest
effects. The optimized geometry of II (R = F) was found to
be: F-C, 1.274 A; C-0, 1.343 A; 0-0, 1.515 A. Evidently
fluorine has no appreciable influence on the geometry. We
therefore used the HCO,* geometry for all additional sub-
stituents without further optimization.

The STO-3G orbital population derived from a Mulliken
population analysis?! shows that fluorine decreases the
electron density at the carbon atom of 11, the =-donor effect
being apparent only at the oxygen atoms (Table V). The =
population at the carbon is raised, but the o-acceptor ability
of fluorine dominates. Table VI gives the charge distribu-
tion derived from atom population in the substituted dioxir-
yl cations. Noteworthy is the electron releasing effect of the
methyl group, as evidenced by the positive charge of 0.2 per
hydrogen atom. However, almost no change occurs in the =
system, the effect being predominantly one of ¢ donation.
In the case of R = ethinyl the main electronic change oc-
curs in the 7 system of the CO,* segment.

The substituent effect on the isomerization and decompo-
sition energies was also examined with the STO-3G basis
(Table VII). Fluorine does not lead to the initially expected
effect. The other substituents likewise fail to cause drastic
changes in the energy of II relative to I. The most efficient
group in this respect appears to be ethinyl, which brings
about a gain of 99.9 kcal/mol in going from I to II, com-

1 11
4-31G STO-3G 4-31G STO-3G
C 5.32 5.67 5.10 5.52
0 8.02 7.87 8.19 7.91
Table V, Orbital Population (electrons/orbital) in II
R=
H F
(0] 2p 1.767 1.810
C 2p 0.465 0.588
C 2s 1.203 1.060
Table VI, Charge Distribution in II
R=
H F CH, HC=C
C +0.40 +0.70 +0.52 +0.50
o +0.10 +0.09 +0.06 +0.06
R +0.32 +0.21 -0.21 (©) +0.38 (aC)
+0.20 (H)
Table VII, Energetics of RCO,*
Decom-
Isomeri-  position¢
Total energy zation II-11I +
of 11, 111, CO,,
Method R hartrees kcal/mol  kcal/mol
STO-3G H -185.231 -48.6 +107.0
STO-3G F -282.691 -79.4 +6.5
STO-3G CHgz -223.798 -86.1 -28.4
STO-3G HC==Cb -259.997 -99.9 +34.0
4-31G H -187.325 —48.6 -1.8
4-31G F -286.017 +4.2
4-31G CHz@ -226.303 -123.3

a For the CH,C* segment the STO-3G optimized geometry of
CH,CH,* was used as given by W. A. Lathan, W. J. Hehre, and
J. A. Pople,J. Am. Chem. Soc., 93, 808 (1971). & Experimental
geometry was used: Chem. Soc., Spec. Publ., No, 11 (1958).
¢ Energies of the optimized cations (R*) and CO, were used as cal-
culated previously.'*

pared to a value of 81.5 kcal/mol for the unsubstituted cat-
ions. The effect of the methyl group is less than anticipated,
i.e., the isomerization energy increases by only 4.6 kcal/mol
upon substitution.

An important aspect regarding the feasibility of generat-
ing RCO,* ions experimentally concerns their possible de-
composition into R* (III) and carbon dioxide. Such a reac-
tion might be expected to be thermodynamically favored,
particularly if III is a stable ion. In order to explore this
possibility, the difference in total energy between II and the
decomposition products was calculated for several substitut-
ed ions using the minimal basis set. The values scatter wide-
ly according to the nature of the substituent (Table VII).
The methyl derivative appears to be the only member of the
series which decomposes exothermically. The parent ion
HCO,* occupies the other extreme, its resistance to decom-
position being unexpectantly high. The decomposition ener-
gies of several of the II ions were therefore recalculated
using the more reliable extended basis set (Table VII). The
results show that decomposition of the fluorine derivative is
slightly endothermic by 4.2 kcal/mol. Carbon dioxide evo-
lution in the case of the parent ion (II, R = H) is nearly
thermoneutral. In contrast, decomposition of the methyl de-
rivative is highly exothermic, bringing about an energy gain
of 123.3 kcal/mol. Although the decomposition does not
belong to any of the classes of pericyclic reactions as delin-
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Figure 1. Correlation diagram for ring closure and decomposition.

eated by Woodward and Hoffmann, it is nevertheless ther-
mally forbidden by orbital symmetry. The highest occupied
a) MO of II correlates with one of the antibonding orbitals
of carbon dioxide. Figure | shows the relevant orbitals. H*
can be omitted since it is unoccupied. On the basis of this
symmetry restriction an energy barrier to decomposition is
to be expected.

Two additional calculations with the 4-31G extended
basis set were performed on CH3CO;* and FCO,* with the
purpose of testing the validity of the substituent effects de-
rived from the minimal basis set. These show that the rela-
tive stability of CH3;CO,* and HCO;,* with respect to de-
composition is similar to that obtained previously by STO-
3G. In contrast, a dramatic change is noted for the fluorine
derivative, which is now calculated to be more stable than
HCO,*. The results indicate that the qualitative details of
the electronic effects of substituents are reproduced quite
well with the minimal basis set (Table VII). It is probably
somewhat unreliable with respect to the relative magnitudes
of stabilization, however. Here the 4-31G basis is better
suited. The inner and outer flexibility of the valence shell
orbitals of the 4-31G basis makes this set a useful tool for
investigating substituent effects, as noted previously in a
study of bond separation and hydrogenation energies.??

Conclusion

The immediate result of this study relates to the high sta-
bility of dioxiryl cations (II) relative to the acyloxy isomers
(I), a conclusion previously reached on the basis of
MINDO/2 calculations.! For the parent cations (R = H)
the 4-31G extended basis set gives an isomerization energy
of 48.6 kcal/mol. Thus, any attempted generation of I may
in fact lead to II. The calculations also show that the isom-
erization energy does not vary significantly according to the
nature of the substituent. In contrast, a different pattern of
substituent effects is observed for the molecular decomposi-
tion of RCO,* yielding R* and carbon dioxide. The ener-
getics of this reaction depends very much on the type of
substitution. This behavior is easily traced to the relative
stability of the liberated cation. According to both basis sets
the most stable cation studied, CH3*, is formed exothermi-

cally. It is reasonable to expect an even higher exothermici-
ty for more stable ions such as ethyl or other alkyl deriva-
tives. Different chemical behavior may prevail if the prod-
uct ion is highly unstable, such as in the decomposition of
FCO,*. In any case, some degree of kinetic stability may be
expected due to the forbiddeness of the reaction.

We conclude that dioxiryl cations (II) may be intermedi-
ates on the potential energy surface of oxidative decarbox-
ylations leading from carboxylate anions to carbenium ion
products. The chemistry postulated for acyloxy cations can
equally well be expected of the cyclic dioxiryl form. Thus
the stereospecificity of the processes in which acyloxy cat-
ions (I) have been invoked3-* is also explained by the inter-
mediacy of the isomeric dioxiryl cations. Similar arguments
can be construed for the lead(IV) oxidation of carboxylic
acids.’

We are currently expanding our investigation to include
other heteroallylic systems such as RCN,* and
RC(NH),*.
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