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Electrochemical oxidation of cyclooctatetraene (COT) in methanol affords a ring-contracted acetal in high yield. Ring contraction is only a
minor process in acetic acid. Ab initio computational methods were applied to understand and explain the effect of solvent. The computations
show considerable differences between the thermodynamic and kinetic preferences for ring contraction vs bicyclo[4.2.0] product formation.

Recently there has been a resurgence of activity in the geometry from the tub-shaped COT to a planar anion radical.
chemistry of cyclooctatetraene (COT) and its derivafives This step is followed by a fast second electron-transfer step
and in annulenes generally.One area which has attracted at more negative potential to afford the planar COT dianion.
interest for many years is the electrochemical behavior of In the course of a recent study of ion pairing effects on the
COT and its derivative¥:43The reductive electrochemical electrochemical reduction of COT in tetrahydrofuran in the
behavior of cyclooctatetraene (COT) (1) in particular has presence of a lithium iohour attention was drawn to the
been the subject of many studies, and the general outlinesfact that the electrochemical oxidation of COT has received
of its cathodic behavior are well establisHedhe first surprisingly little attention (Scheme 1). In fact, the only
electron-transfer step exhibits a rather low heterogeneous

electron-transfer rate, associated with a change in molecula
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oxidation of COT was carried out in acetic aéidlhe

cyclooctatrienés and subsequent orbital symmetry allowed

products at a carbon anode were found to be a 70:30 mixturedisrotatory electrocyclization would lead to the bicyclic

of 5,6-diacetoxybicyclo[4.2.0]octadiengd, as a mixture of
diastereomers) and cycloheptatrienyl acyga)( The anodic
processes leading #aand3aare clearly complex. We felt
therefore that a reexamination of the anodic behaviot of

product2 (path A). On the other hand, a 1,2 shiftrwould
afford first the rearranged cation, followed by attack by
solvent to afford3 (path B).

The failure to produce2b in methanol presents an

was in order. We chose methanol as a neutral solvent forinteresting mechanistic problem. This might be accounted
this purpose. Because methanol is less acidic than acetic acidfor by a greater driving force for rearrangement of cation
the occurrence of acid-promoted side reactions was consid-5b to 7b compared to théa to 7a conversion because of

ered less likely.

The anodic oxidation of COT was carried out at constant
current at a graphite carbon cloth anode in methanol
containing lithium tetrafluoroborate as the supporting elec-

the greater electronegativity of the acetoxy group7am
compared to methoxy and/or the higher polarity of methanol,
allowing 5b a longer lifetime in which to rearrange. On the
other hand, the greater nucleophilicity of methanol ought to

trolyte” The cathode was a platinum mesh electrode. The favor formation of6b. We have examined this question

electrolysis afforded a single major product in 95% vyield.
IH and COSY NMR spectra (see Supporting Information),

computationally.
Computational Results. The most likely geometry for

together with the mass spectral fragmentation pattern, clearlyeach structure was first established by a global minimum
established the product as the known dimethyl acetal of energy conformational search using the GMMX subroutine

7-formylcycloheptatriene3p).8 A few other substances were
formed in 1% yield or less in the reaction, but none exhibited
a mass spectrum suggestive2tif. (One was phenylacetal-

in PCMODEL 9.0 The energies of the neutral speciesh,
3ap, and6ap and cationdab and7ap were then computed
at the Hartree+ock 6-31G* level:? both for the unsolvated

dehyde, presumably produced by the presence of a smallspecies and with solvation included, using the PCM (polar-

amount of adventitious water in the electrolysis medi@im).
The probable pathways for production afand 3 are

ized continuum method) of Tomasi.The computations
(Table 1) indicate that rearrangement of the eight-membered

shown in Scheme 2. The first intermediate is undoubtedly ring cation5b to the corresponding seven-membered ring

Scheme 2. Mechanism of Electrochemical Oxidation of
Cyclooctatetraene in Protic Media
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4, the cation radical ol. Attack by solvent SOH upo4,
followed by loss of a second electron, should afford the key
intermediate, catiorb. There is a great deal of literature
precedent on the anodic oxidation of alkenes for this
conversion ofl to 5.919 Attack of solvent orb to afford the
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speciesrb is exothermic by 1.8 kcal/mol in the absence of
solvent and by 0.9 kcal/mol in methanol. The transition-state
energy for the rearrangementsib to 7b, respectively, was
computed by the synchronous transit-guided quasi-Newton
method of Schlegéf, as implemented (QST2) in the Gauss-
ian 03 suite of program$. The activation energy for
rearrangement obb is computed to be 7.0 kcal/mol in
methanol. The low value of the activation energy is unsur-
prising because the structures of the two ions are very
similar: like its chloro analogu®, 5b is a nonplanar
8-homotropylium ion, and therefore the ends of its heptatrie-
nylic system are held closely together (Figure 1). Conversion
of 5b to 7b requires a simple shift of an electron pair with
relatively little motion of the other atoms. Conversion of the
neutral dimethoxycyclooctatrier@ to acetaBb is computed
to be exothermic by 14.2 kcal/mol. Electrocyclizationoif
to 2b is exothermic by 5.4 kcal/mol. Acet&b is the most
stable of the three neutral dimethoxy substances in this
system, and the kinetic barrier to rearrangemeriioto 7b
is quite low. Formation of acet&b is therefore favored both
kinetically and thermodynamically in methanol.

In dramatic contrast, the conversion 6& to 7a is
computed to bendothermidy 15.0 kcal in acetic acid, with
an activation energy of 15.3 kcal/mol in that solvent. Acylal
3ais however similar tdb in that it is the most stable of
the three neutral diacetoxy species; it is more stable than
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Table 1. Computed Energies of Reaction Intermediates in the
Anodic Oxidation of Cyclooctatetraene

relative
energy energy®
entry species (Hartrees)® (kcal/mol)
cations (solvated)*
1 5a —534.5978532 0
2 7a —534.5739889 +15.0
3 5a to 7a transition state —534.5734324 +15.3
4 5a to 7a activation energy - 15.3
5 5b —421.8469985 +0.9
6 7b —421.8484060 0
7 5b to 7b transition state —421.8358114 +7.9
8 5b to 7b activation energy - 7.0
cations (unsolvated)?
9 5a —534.5325605 0
10 7a —534.5145553 +11.3
11 5a to 7a transition state —534.5132481 +12.1
12 5a to 7a activation energy - 12.1
13 5b —421.7661886 +1.8
14 7b —421.7690091 0
15 5b to 7b transition state —421.7571821 +7.4
16 5b to 7b activation energy - +5.65
neutral species (solvated)"
17 2a —762.0197786 +2.5
18 3a —762.0237641 0
19 6a —762.0035744 +15.9
20 2b —536.4773009 +9.0
21 3b —536.4915217 0
22 6b —536.4689008 +14.2
neutral species (unsolvated)?
23 2a —762.0081691 +3.0
24 3a —762.0033567 0
25 6a —761.9852704 +14.4
26 2b —536.4684373 +8.5
27 3b —536.4819731 0
28 6b —536.4593783 +14.2

a 1 Hartree= 627.5 kcal/mol? PCM solvation energy is included.
Energies of (solvated) structures relative to the lowest-energy species in
each set, for cations and again for neutral spe€i€&ame as previous but
for unsolvated species.

the corresponding cyclooctatrie®a by 15.9 kcal/mol and
more stable than bicycliQa by 2.5 kcal/mol. Electrocy-
clization of initially formed cyclooctatrien®ato 2ais highly
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Figure 1. Computed structure of catiobb.

Org. Lett, Vol. 9, No. 9, 2007

exothermic (13.4 kcal/mol). We conclude that formation of
2a as the major product, viéa, in acetic acitlis the result
of kinetic control. The principal difference for the product
difference between the two solvents is the much higher
activation energy for rearrangementsd compared tdbb.
There is a good literature precedent in a different system
for the failure of am-acetoxy carbocation to rearrange even
though the corresponding-methoxy species does rear-
range: electrochemical oxidation of stilbene in acetic acid
affords unrearranged 1,2-diacet#ftayhereas oxidation in
methanol affords 36% of a rearranged dimethoxy compound
along with 64% of an unrearranged 1,2-dimethoxy com-
pound?!’

The activation energy for rearrangemenbbfis computed
to be 5.65 kcal/mol in the absence of solvent, whereas it is
7.0 kcal/mol in methanol. Similarly, the conversion5afto
7ais computed to be endothermic by 11.3 kcal in the absence
of solvent and by 15.0 kcal in acetic acid, with an activation
energy of 15.3 kcal/mol in that solvent. Our initial interpreta-
tion of the higher activation energies in the presence of
solvent was that this was because the charge is more highly
dispersed in the transition state, which would therefore
demand less solvation than the starting and final cations. This
does not seem to be the case, however. This can be seen by
examining the solvation energies (in kcal/mol) of the various
species, i.e., the difference in energy between the solvated
and unsolvated forms (Table 2). For the conversioBanto

Table 2. Computed Solvation Energies of Reaction
Intermediates in the Anodic Oxidation of Cyclooctatetraene in
Protic Solvents

solvation energy®

entry species (kcal/mol)
cations
1 5a 41.0
2 7a 37.3
3 5a to 7a transition state 37.8
4 5b 50.7
5 7b 49.8
6 5b to 7b transition state 49.3
neutrals
7 2a 10.3
8 3a 12.8
9 6a 11.5
10 2b 5.6
11 3b 6.0
12 6b 6.0

a Difference in energy between solvated and unsolvated species,
computed from Table 1 using the factor 1 Hartree627.5 kcal/mol.

7a, the Hammond postulate predicts that the transition state
for this endothermic process should resemble the product
ion, and indeed the solvation energies of the transition state
and7aare very similar. However, conversion sl to 7b is

(16) Mango, F. D.; Bonner, W. AJ. Org. Chem1964,29, 1367.
(17) Halas, S. M.; Okyne, K.; Fry, A. Electrochim. Acta2003,48,
1837.
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almost thermoneutral, suggesting that the transition state isan equal share of the unpaired electron density), indicating
roughly midway between the two structures, and in fact, the that even though the ring is nonplanar there is sufficient
solvation energies ofbb, 7b, and the transition state overlap around the ring to permit delocalization over the
connecting them are identical within 1 kcal/mol. whole systent?

Failure to obtain substituted cyclooctatrie@sor 6b from Summary. Anodic oxidation of cyclooctatetraene in acetic
these reactions is not surprising. Huistfeand Kaupg? have acid affords a bicyclo[4.2.0]octadiene as the major product.
shown that, except for the parent substance, 7,8-disubstitutedDxidation in methanol affords a cycloheptatrienyl acetal as
cyclooctatrienes generally convert rapidly and exothermically the only product. An extended series of ab initio computa-
to the corresponding bicyclo[4.2.0]octadienes. tions reveal the reasons for this difference. The initial

As noted above, the first intermediate produced in the intermediate in each case is an 8-substituted cyclooctatrienyl
electrochemical conversion of COT must be cation radical cation. Ring contraction of the 8-acetoxy ion exhibits a high
4. Earlier, UMP2 (unrestricted second-order Mgit@lesset) activation barrier, whereas the barrier to rearrangement of
and density functional UB3LYP/6-31G* computatidhisoth the 8-methoxy ion is much lower.
showed that4 retains the geometry of COT, but as a
shallower tub (folding anglé w = 42.3°; for neutral ©T,
¢ = 58.3). The computations also demonstrate thegtains
other vestiges of the neutral COT structure: likehe bond
lengths in4 alternate (between 1.44 and 1.37 A). In contrast, Supporting Information Available: Experimental pro-
the 6 Hiickel dication is computed to be planar with all cedures, characterization data, and information on the

bond lengths equal. Each CH group of the cation radical computational procedure. This material is available free of
carries a charge 0f0.125, i.e., one-eighth of the total (and  charge via the Internet at http:/pubs.acs.org.
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