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tached to cationic centers and reveal that C-2 is es
sentially trigonally hybridized.4'5-6 The small separa
tion (0.06 ppm) in the two methoxyl peaks in I + indi
cates existence of syn and anti forms due to restricted 
rotation about the C-O bond or to restricted oxygen 
inversion. This interpretation is confirmed by the 
existence of two signals for the C-I proton in the same 
ratio, 1:4. The anti structure appears less congested 
and is assigned to the predominant form. Cation 2+ 

shows only one methoxyl peak, which is very likely the 
anti form because of hindrance by the CH3 group at 
C-I.9 

In the conversion of 2 -*- 2+ the large shift (A5 = 1.53) 
in the C-2 methoxyl and the small shift (A5 = 0.15) in the 
C-I methyl resonances are in accord with the classical 
formulation for 2+ in which C-2 is essentially sp2 while 
C-I is sp3 hybridized. 

The nmr of the l,2-dimethoxy-2-norbornyl cation 
(3+) showed temperature dependence. The spectrum 
at - 6 8 ° (Table I) persisted until ca. - 1 5 ° at which 
stage line broadening began and at 7°, among other 
changes, the two methoxyl signals coalesced. Im
portantly, the original spectrum was regenerated when 
the temperature was lowered to —60°. At coalescence 
(7°) the first-order rate constant4 for exchange of the 
OCH3 magnetic environment is 251 sec-1, and AG* = 
13.2 kcal/mol. Table II shows that at 38.5° the spec
trum of cation 3+ is completely averaged. The signals 
fall into five distinct groups whose assignments are sup
ported by the decoupling results. As expected, the 
single methoxyl peak (5 4.35) is at the mean position 
(5 4.33) of the two methoxyl signals in the low-tempera
ture spectrum. 

That 3+ does not possess a carbon-bridged structure 
4 which could exist in three distinct geometric forms 
(4a-c) is clear from the following considerations, among 
others, (i) Substrates 1 and 2 (Table I) as well as others 

A X A X / \ 
6 0 - C H 3 C H 3 - O 'o—CH 3 0 0 

CH3 CH3CH3 

syn,anti anti, anti syn, syn 

4a 4b 4c 

in the literature6" reveal that a methoxyl signal moves 
downfield (A5) by ca. 1.5-1.6 ppm when a ketal is con
verted to a tertiary cation by OCH3 loss.10 For 3 -»• 
3+ A5 is 1.70 for the C-2 methoxyl and 0.41 for the C-I 
methoxyl. Clearly, the cation has one oxygen attached 
to a trigonal cationic center while the other remains 
bound to an sp3 carbon which is only slightly perturbed 
electronically, (ii) The large separation (1.13 ppm) be
tween the two methoxyl peaks in 3 + (Table I) is not 
understandable in terms of syn,anti differences (4a-c).n 

(iii) Symmetry requires that for the nonclassical struc
ture to show two equal intensity methoxyl peaks, 4b and 

(9) Alternatively, a very low syn,anti barrier could produce a single 
"averaged" methoxyl peak but this possibility is ruled out by the re
sults with I+ and by published data on barriers of this sort.6b 

(10) We have also examined camphor dimethyl ketal and found A5 
= 1.58. 

(11) Compare I+ . Also in other known syn,anti situations (e.g., 
R -C + - (OCHa) 2 ; R = CHs or OH) the two methoxyls are less than 
0.3 ppm from each other.4'6b 

4c would have to contribute equally or not at all to the 
low-temperature conformational population, a situa
tion that is hardly likely. 
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Do Aromatic Pinacols Oxidize at a 
Mercury Electrode? 

Sir: 

Michielli and Elvingl recently put in doubt the reality 
of the anodic oxidation of benzpinacol previously 
described by us.2'3 They report under the heading 
"Reputed Benzpinacol Oxidation"1 an unsuccessful 
attempt to reproduce the anodic polarographic wave 
of benzpinacol in alkaline aqueous ethanol solutions. 

Nevertheless, our conclusion on the anodic oxidation 
of benzpinacol is well founded experimentally. We 
have examined not only benzpinacol but also fluoreno-
pinacol, xanthopinacol, and 4-chlorobenzpinacol, which 
behave quite analogously.4-6 Anodic oxidation in 
alkaline or neutral solutions seems to be a general 
property of aromatic pinacols. 

We have prepared the pinacols by several methods: 
controlled-potential electrolysis, photoreduction, or 
chemical reduction of ketones. The compounds were 
thoroughly purified and checked as to their identity and 
purity before use. 

The anodic oxidation follows quantitatively the 
kinetics of a slow electron-transfer reaction with pinacol 
monoanion as a depolarizer. Oxidation proceeds 
with a C-C bond rupture, to ketone as a product. The 
electron-transfer step is preceded by a protolytic dis
sociation of a pinacol to its monoanion. The rate of 
this proton-transfer step determines the oxidation cur
rent near pH 7. 

The oxidation wave is proportional to the pinacol 
concentration. This wave was quantitatively inter
preted in terms of the kinetics and thermodynamics of 
dimerization of ketyl free radicals,5'6 and the values ob
tained were confirmed independently. In the course of 
dimerization, or at varying pH of the solution, the pina
col oxidation wave appears at the cost of the anodic 
wave of ketyl free radicals. 

In alkaline solutions pinacols undergo dismutation, 
e.g., eq 1. In the course of reaction 1 the anodic 

Ph 2 COH-COHPh 2 — > • Ph 2 C=O + Ph2CHOH (1) 

pinacol wave slowly disappears (its kinetics were quan
titatively studied),6 while the current of the first cathodic 
wave of ketone increases about 1:2 with respect to the 
decrease of the anodic wave (see Figure 1). 
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Figure 1. Polarographic curves of 1.3 X 1O-3 M fluorenone in 
aqueous 3 8 vol % ethanol, 0.15 M NaOH, at 24 °: (a) before elec-
troreduction; (b) just after stopping a controlled-potential (E = 
—1100± 1OmV vs. see) electrolysis of 10-min duration; (c)15min 
later; (d) 30 min later. AU curves begin at — 0. 3V. 

oxidation of benzpinacol to benzophenone at the dme in 
alkaline aqueous ethanol solution (0.12 M NaOH in 
68% (v/v) EtOH), as reported by Kemula, et al.,2 could 
not be duplicated; this was ascribed to chemical de
composition of the pinacol before it could be measured. 
This work has been repeated under conditions which 
minimize decomposition of the pinacol and the oxida
tion previously reported2 has been observed. 

Three samples of benzpinacol—prepared chemically, 
electrochemically, and photochemically—were ex
amined in the solution composition indicated by direct 
current polarography (scan rate of 0.2 V/min) and an 
anodic wave was observed with E,h of -0 .60 V (-0.58 
V previously reported2), which decreases with time while 
the benzophenone cathodic wave increases. The rate 
of decrease in height of the anodic wave increases 
markedly as the alkalinity increases. 
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It is difficult to explain why Michielli and Elving could 
not observe the anodic wave of benzpinacol.1 Most 
probably, benzpinacol was absent in their sample at 
the moment of recording a polarogram. Perhaps their 
"commercial benzpinacol, used as received,"1 did not 
already contain the compound, or the pinacol decom
posed in solution prior to the measurement. Benz
pinacol is easily oxidized to benzophenone, undergoes 
dismutation (1) in the presence of traces of base, and 
isomerizes to benzopinacoline. It must be thoroughly 
checked before use and the solutions must be prepared 
with necessary precautions. 

Our conclusions are further supported by recent re
sults of Nekrasov and Korsun7'8 who studied the re
duction of aromatic ketones on a rotating disk-ring 
electrode and found the anodic waves of benzpinacol 
and fiuorenopinacol oxidation. All available evidence, 
with the exception of the report of Michielli and Elving, 
confirms that aromatic pinacols oxidize at a mercury 
anode. 
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Oxidation of Benzpinacol in Alkaline Solution 

Sir: 

In a study of the electrochemical reduction of benzo
phenone in pyridine,l the statement was made that the 
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On Energy Localization of Approximate 
Molecular Orbitals1 

Sir: 
Energy-localized molecular orbitals (LMO's) ob

tained from the Edmiston-Ruedenberg (ER) method2 

are useful since they conform to intuitive ideas of chemi
cal bonding. Applications of this method using semi-
empirical molecular orbitals are of particular interest 
since such MO's are at present readily available for a 
much wider range of molecules than are ab initio orbit
als. Trindle and Sinanoglu3a have recently applied the 
ER localization method to the CNDO/23b molecular 
orbitals of several molecules; however, some of their 
results, especially for unsaturated systems, do not agree 
with the corresponding LMO's obtained from ab initio 
calculations.4-6 In addition, it has been shown7 that 
the fact that CNDO spherically averages electron-re
pulsion integrals can lead to an indeterminacy in the 
resulting LMO's. It is the purpose of this note to 
demonstrate that the less approximate INDO theory8 

is a more appropriate method to use for localization. 
Since INDO includes distinguishable one-center inte
grals, one would expect this method to give a more 
reasonable description of the atomic components of a 
molecule and thus of the canonical and localized orbitals 
as well. 
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