2240

photoelectrochemical measurements. As shown in Figure 1,
the photoinduced oxidation of acetic acid (presumably as the
acetate ion) on an illuminated n-type TiO; rutile single-crystal
electrode takes place at more negative potentials than the re-
duction of acetic acid protons on the same material and even
more negative than the reduction of platinum. Thus, the re-
duction of acetic acid on platinum and the photooxidation of
acetate ion on n-type TiO; can easily take place simultaneously
at the two electrodes under short circuit conditions, i.e., without
applied potential. The curves also indicate that this occurs at
a common potential of about —0.6 V vs. the Hg/Hg>Ac; ref-
erence electrode!V and with an estimated quantum yield of
~3-5%. Thus the apparent ease of photocatalytic decompo-
sition of acetic acid on platinized n-type TiO,7 can be ration-
alized, since this powder can be thought to act as a multitude
of small, short-circuited Pt-TiO; electrode systems, where the
partial coverage with Pt essentially boosts the yield by lowering
the otherwise significant overpotential of the hydrogen re-
duction.!! Light of energy greater than band gap (= ~3.0-3.2
eV12) causes the formation of an electron-hole pair, whose
recombination is partially prevented (presumably due to
bending of bands caused by the equilibria H* + e~ = H(ads)
or 2H* + 2e~ = H; on the Pt). The low-lying holes thereby
created lead to the oxidation of acetate, thus initiating the
Kolbe process. The rapid decomposition of the CH;CO»-
radical, leading to the CHj- radical and CO,, prevents any
reverse reaction. Hypothetical at the moment are the further
follow-up processes, but the observed formation of methane
indicates that they are reductive. While the reduction potential
of methyl radicals (in aqueous surroundings) is not known, it
seems reasonable to assume the sequence reduction and pro-
tonation, especially in view of the fairly negative short circuit
potential of the Pt-illuminated TiO; pair in the electrochemical
measurements (~—0.6 V). Such a sequence, at any rate, is in
full accord with the following experiment with partially
monodeuterated acetic acid produced by addition of 99.7%
D0 as cosolvent in the initially described experiment which
theoretically produced a mixture CH3;CO,D and CH;CO>H
in the ratio 49:1 by exchange of the carboxylate protons.!3
Irradiation of this solution with a suspension of platinized TiO,
photocatalyst” under inert atmosphere again led to gas evo-
lution, with a slightly lower yield (5.5 mL/h), presumably as
a consequence of the isotopic substitution. The mass spectral
analysis revealed these gases to again consist of CO,, CH3;CHj;
(undeuterated), methane (73% CH;3D, 27% CH,), and hy-
drogen (H;:HD:D; = 2:1:masked by He). This isotopic la-
beling pattern eliminates a mechanism involving hydrogen
abstraction from the acetic acid methyl and supports the pos-
tulated origin of one of the methane hydrogens to be an acidic
solution proton or deuteron.

Apparently the TiO, powder acts in a dual function causing
the photooxidation of acetate and the reduction of inter-
mediately formed methyl radicals, a property not found at
metal electrodes under the usual Kolbe conditions where the
electrode potential is maintained at a very positive value.
Several unique properties of these partially metallized large-
band-gap semiconductor powder photocatalysts emerge: (1)
they are potentially strong photooxidizing agents, since the
quasi-Fermi level of holes under irradiation lies near the va-
lence band edge at very positive potentials;!4 (2) their large
surface areal’ allows a low (surface) concentration of radical
intermediates, thus suppressing radical-radical reactions
(dimerization, disproportionation); (3) under proper conditions
the intermediates are formed near reducing sites, since the
quasi-Fermi level of electrons lies near the conduction band.!4
These properties allow this heterogeneous photocatalytic Kolbe
reaction to branch off from the normal paths (to ethane or
methanol) with channeling of the intermediate methyl radicals
into a reductive route to methane. The possible extension of
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this reaction to other synthetically as well as mechanistically
more interesting aliphatic or alicyclic carboxylic acids will
hopefully clarify the mechanistic and synthetic scope of this
alternate photo-Kolbe reaction. The effect of changes in ex-
perimental variables, the flux of light, and the dark rest po-
tential of the semiconductor on the distribution of reaction
products will also be subjects of upcoming investigations in this
laboratory.16
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Helium(I) Photoelectron Spectrum of Tropyl Radical

Sir:

There has been much recent discussion! of the structures
and stabilities of C-H7 cations. We wish to report the initial
results of our investigation of the photoelectron spectrum (pe)
of tropyl radical which bear on the stability (heat of for’matxon)
of the tropylium ion and the structure of the tropyl radical. The
spectrum (Figure 1, top) was obtained by flash vacuum py-
rolysis? of bitropyl (Figure 1, bottom) in a manner similar to
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Table L. Excited States of C;H;* (D7)

State symmetry (D7;) GVB,2 eV Exptl, eV
IE, 6.06
1B, 5.33 4,56
3E; 4.29%
3E, 4.27 34
1A, 0.00 0.0

@ Reference 16. ? Solution data: W. Doering and L. Knox, J. Am.
Chem. Soc., 76, 3203 (1954).

the previous electron impact studies of Lossing.? The dimer
dissociates to the extent of ~30% under the conditions of our
experiment (400 °C at 0.1 Torr) as expected from the low bond
dissociation energy measured previously.34 The only product
isolated from the cold trap condensate of the pyrolysis stream
was the starting dimer indicating that the flow gas was a simple
two component (bitropyl-tropyl) system.

The first band in the observed spectrum shows a resolved
vibrational structure with five components spaced at 1424 £
100 cm™!, The position of the first member of this vibrational
series occurs at 6.28 + 0.02 eV in good agreement with the
ionization potential estimated’ from the Rydberg series of this
radical (6.24 eV). While the band shape does indicate a sig-
nificant® geometrical change on going from the radical to the
cation, it rules out the possibility’ that the adiabatic ionization
potential of the radical is appreciably lower than the first ob-
served vibrational component. The heat of formation of the
tropylium cation is thus bracketed at 210 % 28 kcal/mol. This
value is in good agreement with that estimated by ab initio MO
(4-31G) calculations (207.9 keal/mol),’ though it is consid-
erably above the MINDOQ/3 estimate (195.6 keal/mol).”

Tropyl radical is subject to a Jahn-Teller distortion!? so that
it is certain that the D7j, nuclear geometry is not at a classical
(Born-Oppenheimer) energy minimum. Conversely, the car-
bonium ion structure is surely of D5, symmetry.!! The most
interesting feature of the pe spectrum is the length of the vi-
brational series in the first band which implies a large struc-
tural change on ionization.!2 The frequency of this spacing is
near the 1470-cm~! mode (v;3) observed!! in the infrared
spectrum of the cation in solution which was assigned as a ring
stretch belonging to the E, species. Distortion along this mode
is just what is predicted for the Jahn-Teller effect by empirical
bond-order bond-length correlations.!? Qur version!4 gives
1.402 A for the C-C bond length of tropylium ion in good
agreement with the 1.405 A derived’ by the MINDO/3 pro-
cedure.!® Structures 1 and 3 are suggested!4!5 for the radical
after Jahn-Teller distortion while 2 arises from the average
bond order of the (orbitally degenerate) D, radical. The pe
vibrational band intensities and the assignment of the observed
1424-cm™! spacing as »;3 of the cation imply that structures
1 and/or 3 are energetically separated from 2 which is a
(“forbidden” !52) transition state for their interconver-
sion.!4

z
Dsy Cav D Co: T—'y
1.401 A 1.416 A
1.430 A 1.389 A
1.380 A 1.440 A
1.402 A 1.444 A 1.410 A 1.387 A
1(?A,) 2 3 (*By)

The third point of interest is the feature at 9.63 ¢V which
is superimposed on the second gross band of the undissociated
dimer. This band can be assigned to the lowest triplet excited
state of the cation. Valence bond calculations on tropylium ion
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Figure 1. Helium(I) photoelectron spectrum of tropyl at 400 °C (top) and
bitropyl (bottom).

predict!® 3E, as the lowest triplet although 3E; is only slightly
higher. The intensity of the observed band does not appear
large enough to be assigned as a superposition of both. Table
I compares the GVB calculations with observed transitions.

In summary we believe our data remove any uncertainty
concerning the heat of formation of tropyl cation due to geo-
metrical reorganization. At the same time the pe spectrum does
suggest a significantly large Jahn-Teller distortion of the
radical. The position of the lowest triplet state of the cation is
indicated to be 3.4 eV above its ground state. It is our hope that
these results will stimulate the application of good theoretical
methods to the problems of the geometry of tropyl radical and
the electronic excited states of the cation. We are continuing
the investigation of the spectra of deuteriated and substituted
derivatives which should allow a distinction between structure
1 and 3 for the radical.!”
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A General Approach to the Synthesis of
1,6-Dicarbonyl Substrates. New Applications of
Base-Accelerated Oxy-Cope Rearrangements
Sir:

The synthesis of 1,6-dicarbonyl compounds from mono-
functionalized three-carbon precursors embodies a problem
comparable with those encountered in the construction of
1,4-dicarbonyl derivatives.! Symmetrical 1,6 diketones and
related derivatives are readily accessible via the reductive
coupling of «,B-unsaturated ketones with active metals? and
by electrolysis.>* Such methods, however, have thus far proven
unsatisfactory for the synthesis of unsymmetrical dicarbonyl
substrates.

In the present communication we wish to report our pre-
liminary results in this area on the bond-path construction il-
lustrated in eq 1.5 Earlier research in our laboratory has dealt
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! o 1)

p1d

with the development of metalated allylic ethers and sulfides
as homoenolate anion operational equivalents (cf. 2).¢ Efforts
to effect regioselective conjugate addition of allylic cuprates
3 (M = Cul) to enones to give adducts 4 directly (Scheme I)
have proven unsatisfactory to date because of the intrinsic
problems associated with the ambident reactivity of both en-
ones and allylic organometallic reagents. However, we have
recently been able to achieve highly regioselective 1,2-carbonyl
additions with allylzinc reagents 3a (M = ZnCl)® and allyl-
cadmium reagents 3b (M = CdCl) to enones affording dienols
5 (M = H) in good yields. In turn, such dienols should serve
as viable precursors to monoprotected 1,6-dicarbonyl deriva-
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tives via an oxy-Cope rearrangement (cf. Scheme I).”

Preparation of allyllithium reagents 3a and 3b (M = Li) and
related substrates from allylic ethers and sulfides via sec-
butyllithium metalation (THF, —65 °C, 10 min) has been
described by us.6 The organozinc and organocadmium reagents
3a (M = ZnCl)® and 3b (M = CdCl) were prepared via the
allyllithium substrates by subsequent treatment with 1.2 equiv
of anhydrous ZnCl; or CdCl; (—65 °C). Addition of 1 equiv
of enone at ca. —25 °C followed by warming to ambient tem-
perature and product isolation afforded the desired dienols §
(cf. Table I) in 80-90% isolated yields.®

Numerous examples have been reported which document
the oxy-Cope rearrangement of simple dienols such as 5 (X =
H);7? however, the synthetic utility of these rearrangements
is diminished by the competing retro-ene (8-hydroxy olefin)
cleavage process (eq 2, M = H).%10 Recently, we reported the

R

o
M~ A

x

1>
) m{
$ )

first substantial case of an apparent facile Cope rearrangement
of 1,5-diene alkoxide (cf. 8, M = K).” The thermal rear-
rangements of the alkali metal salts of the dienols shown in
Table I substantiate that this protocol for achieving dramatic
rate enhancements is indeed a general phenomenon. Typical
conditions for the rearrangement of the dienols illustrated in
Table I involved the addition of the alcohol to a stirred sus-
pension of excess potassium hydride and anhydrous, deoxy-
genated, ethereal solvent under argon. For rearrangements
which required external heating for extended time periods,
dimethoxyethane (DME) was found to be superior to THF.
Under such conditions THF is degraded with attendant con-
sumption of hydride. In general, the cited rearrangements
proceed with little apparent dissociation-recombination (cf.
eq 2, M = K) in spite of the fact metal alkoxides of homoallylic
alcohols have been documented to undergo cleavage to ketones
and allylic organometallics.!112 Exceptions to the above ob-
servation are found in those cases where a quaternary center
is generated as a consequence of the Cope process (entries 3
and 4, R = Me). In the latter case the predominant by-product
(70%) was 3-methylcyclohexenone.

Further substituent effects have become apparent upon
attempted rearrangement of the 4-thiophenyl dienols 5b
(entries 6, 7). It has been generally observed that the sulfur-
substituted diene alkoxides 5b undergo rearrangement under
far milder conditions than the alkoxy-substituted counterparts
Sa. Attendant cleavage reactions appear to be competitive but
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