Communications to the Editor

natural compounds were indistinguishable after conversion into
the 9-methyl ether as previously described (0.5% tosic acid in
methanol at 25 °C for 20 min).!

With the completion of the first total synthesis of an opti-
cally active maytansenoid in natural form by a sequence of
highly selective and efficient steps, the stage is now set for the
synthesis of maytansine and related active anti-tumor
agents,!6
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Aromatic Hydroxylation by O(P) Atoms
Sir:

Oxidations of aromatic compounds yielding phenols can be
considered as important biological reactions. As a typical ex-

ample, oxidations induced by monooxygenase can be men-
tioned which are accompanied by characteristic intramolecular
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Table I. Retention of Deuterium in Cresols Formed by the
Hydroxylation of Deuterated Toluenes with O(P) Atoms

G distribution of D, %

substrate? products® value®  d3 da d
toluene-3,5-d> o-cresol 1.89 90 10
1) m-cresol 0.14 d d
p-cresol 0.68 75 25

toluene-2,4,6-d3 o-cresol 1.86 33 67 14
2) m-cresol 0.14 d d d
p-cresol 0.70 52 48 e

a Toluene-3,5-d; and -2,4,6-ds were prepared by the method of
Howe et al.: Howe, I.; McLafferty, F. W. J. Am. Chem. Soc., 1971,
99, 93. Best, A. P.; Wilson, C. L. J. Chem. Soc., 1946, 239. The
deuterium contents of the substrates were determined by mass spec-
trometry and NMR spectrometry. The mole fraction of two deuterium
atoms in the substituted positions of 1 was >0.95 and the mole fraction
of three deuterium atoms in the substituted positions of 2 was >0.93.
& Trace amounts of phenol was also observed as the products. Cresols
were analyzed by GLC (UCON LB 550X and silicon DC 550 after
trimethylsilytation) and mass spectrometer (Hitachi RMU-4).
¢ Molecules per 100 eV absorbed. The conversion was kept lower than
10% to prevent the further reactions. ¢ The measurement of a mass
spectrum of m-cresol was not successful because the yield was low and
the separation from p-creso! was not complete. ¢ Negligibly small.

migrations and retentions of substituents of the aromatic ring,
commonly referred to as NIH shift.!2 An oxygen-transfer
mechanism involving cationoid or arene oxide intermediates
has been proposed by several investigations for hydroxylations
induced by microsome and nonenzymatic model systems.3-3
However, the elementary reactions of this mechanism are not
known with certainty.

During our investigations, oxidations were achieved via
O(3P) atoms produced during the 4 radiolysis of liquid carbon
dioxide.5° Upon the oxidation of toluene-2,4,6-d3, cresol is
formed.” In this case we observed a pronounced retention of
deuterium atoms on the aromatic ring. This result resembled
that obtained during oxidations induced by microsomes.*$
These observations prompted us to investigate the mechanism
of oxidations initiated by O(°P) atoms. These results are
considered being of a model character with respect to the un-
derstanding of NIH shift in compounds of biological impor-
tance.

The v radiolysis of liquid CO; (1.4 mol) in the presence of
toluene-3,5-d, (1) and -2,4,6-d5 (2) (5 mmol, respectively)
was carried out at 0 °C for 1 h in a stainless steel autoclave (65
mL) using a ®Co source. Product cresols were analyzed by
GLC and mass spectrometry after treatment with water to
exchange the phenolic deuterium completely by hydrogen. The
results are shown in Table [.

The rather high retention of deuterium indicates that in
these cases the hydroxylation does not proceed via direct in-
sertion of oxygen atoms into the aromatic C-H bonds and that
intramolecular migration takes place to a significant extent.
It becomes, therefore, very probable that a mechanism is op-
erative involving a 2,4-cyclohexadienone intermediate which
undergoes aromatization to cresol. By Jerina et al.? and Bruice
et al.1%it has been assumed that such an intermediate is formed
during the aromatization of arene oxides to phenols. Scheme
[ shows the formation of p-cresol from toluene-2,4,6-d5 (2),
as a typical example.

On the basis of the two sets of data, i.e., the deuterium re-
tentions in p-cresol formed from 1 and 2, the isotope effect for
the aromatization of 2,4-cyclohexadienone (4) to p-cresol was
calculated to be kyy/kp = 2.1. Thus, for the relative ratio of
path a to path b one obtains 77:23. It is clear that the main
course of the hydroxylation by O(3P) atoms is path a which
causes a significant NIH shift, although the direct path (path
b) is contributing to the oxidation process to a small extent.
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The rate-determining step during the hydroxylation seems
to be the addition of an O(*P) atom to the aromatic ring. This
conclusion is arrived at due to the fact that the intermolecular
deuterium isotope effect for the competitive hydroxylation of
benzene and benzene-d is very low (ky/kp = 1.1). To further
clarify the reaction mechanism, substituent effects were
studied with various alkylbenzenes, halobenzenes, and anisole.
Figure 1 shows a plot of relative rate constant, &, for the for-
mation of phenols vs. Hammett o* constants. The correlation
of the relative rate is better with a ¢ than with a ¢ constant.
A pT of —1.6 (correlation factor, 0.95) was obtained from the
slope, consistent with a value (p* = —1.28) reported by Gro-
venstein et al. for the gas-phase reaction of O(3P) atoms gen-
erated photochemically.!! The large negative value demon-
strates the O(PP) atoms are of electrophilic nature and that the
transients involved in the rate-determining step are stabilized
by dipolar resonance structure. The complex 3, which is also
stabilized to some extent by a dipolar structure, may be formed
by addition of O(3P) to the aromatic ring followed by spin in-
version, or by electron transfer between O(®P) and the aro-
matic substrate followed by combination of the ion pair. Such
a dipolar structure probably promotes the following hydride
shift leading to the formation of 4. Therefore, path a, i.e., hy-
dride shift in complex 3, should be affected by the introduction
of a substituent to the phenyl ring. In 7 electron-donating

R

o
(1)

substituents R should stabilize the cationic character of the
dipolar structure and thus suppress the hydride (deuteride)
shift to form (4), leading to the low NIH shift. To study the
substituent effects on the NIH shift, anisole-4-d and chloro-
benzene-4-d were synthesized and oxidized by O(3P) atoms.
The results are shown in Table II, together with the value ob-
tained with 2. Table II also includes the values obtained during
the microsomal oxidation of these substances for compar-
ison.®

Table II. Retention of Deuterium in the Hydroxylation of 4-
Deuterated Benzene Derivatives by O(P) Atoms

retention of D, %

substrate? product O(CP) microsome?
anisole-4-d p-methoxyphenol 48 60
toluene-2,4,6-d3 p-cresol 52 54
chlorobenzene-4-d p-chiorophenol 55 54

4 Anisole-4-d and chlorobenzene-4-d were synthesized by the hy-
drolysis of Grignard reagents prepared from 4-bromoanisole and 4-
bromochlorobenzene with D,O, respectively. The isotopic purities
measured by NMR and mass spectra were >95%. ® See ref 8.
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Figure 1. A Hammett plot of relative & values for the formation of phenols
vs. g% substituents. The code is as follows: 1, p-OMe; 2, m- + p-Me; 3,
p-Me; 4, p-t-Bu; 5, m- + m-Me; 6, m-t-Bu; 7, p-F; 8, p-Cl; 9, m-Me; 10,
H; 11, m-OMe; 12, m-F; 13, m-Cl.

Consistent with the substituent effect expected from the
above mechanism is the finding that the retention values
slightly increase with the a* values of the substituents. It is
noteworthy the NIH shift of deuterium observed in the present
system is almost identical with that found for the liver micro-
somal induced oxidation as shown in Table 11,12

The present results demonstrate that oxidations of aromatic
compounds by O(CP) atoms proceed via the following
mechanism: (i) addition of O(*P) atoms to phenyl rings to form
dipolar complexes—O(3P) atoms show a significant electro-
philicity, p* = —1.6; (ii) hydride shift within the complex
leading to a 2,4-cyclohexadienone intermediate—this step is
responsible for the NIH shift which is enhanced by the intro-
duction of an electron-withdrawing substituent; (iii) aroma-
tization to phenol accompanied by a deuterium isotope effect
of 2.1.

Acknowledgment. The authors express their thanks to Pro-
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An Electrochemical Method for Measuring
Electronic Delocalization in Mixed-Valent Species

Sir:

Binucleating macrocyclic ligands offer attractive opportu-
nities to study electron-transfer processes and metal-metal
interactions. For example, the mixed-valent complex, Cu!-
CullL*, 2, apparently exhibits temperature-dependent intra-
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M=Cu(lD), n=2
M=Cuwl), n=1

M =Mn(ll), n=2
M=Fe(ll), n=2
M=Co(l), n=2
M =NiO), n=2
M= 2Zn(ll), n=2

=3 ) Y Db )W IO )

molecular electron transfer (~1010 s~! at 25 °C).1.2 The
macrocyclic ligand in 2 also permits study of a series of com-
plexes in which the ligand environment, including that of the
bridging ligands, remains essentially constant while the metals
are varied. Capitalizing on this feature we report here an
electrochemical method for directly measuring the electronic
delocalization energy in the mixed-valent complex, 2, and in
related materials.

The CullCul'L+2 complex, 1,® was prepared by the method
of Robson.* All of the new heterobinuclear complexes,
CullMIT*2 37, were prepared by a stepwise synthesis, under
mild conditions, as follows. Condensation of 2 equiv of 2-
hydroxy-5-methylisophthalaldehyde with 1 equiv each of
1,3-diaminopropane and Cu(II) led to isolation of a mononu-
clear copper(11) complex.? Further reaction with 1 equiv of the
appropriate divalent metal ion gave a complex with Cu(1l)
presumably in an N,O» site and the second metal in an Oy site.
Subsequent reaction with 1 more equiv of 1,3-diaminopropane
gave the heterobinculear complexes, 3~7. All of the complexes
gave satisfactory C, H, N, and M analyses and have been
further characterized by X-ray fluorescence spectroscopy,
electronic and infrared absorption spectroscopy, and vari-
able-temperature magnetic susceptibility.” All complexes also
exhibit cyclic voltammograms and differential pulse polaro-
grams, which help to provide further evidence that the new
complexes are uniformly heterobinuclear and not mixtures of
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E. Volts versus Ferrocene/ Ferricinium
Figure 1. The cyclic voltammogram of CuMnL*", 3, in methanol. The
wave at +0.3 V corresponds to the Mn(IlI/II) couple. At —1.0 V is the
Cu(I1/1) wave. The absence of shoulders on each wave indicates little
contamination by homonuclear impurities.

homobinuclear species. For example, the CullCu!'L*2 com-
plex, 1, exhibits two one-electron redox processes at £; =
—0.94Vand E; = —1.31 V389

E
CullCullL+2 + ¢~ = CulCullL+

E

Cu'Cu''L* 4 ¢~ == Cu'CulL (1)
In contrast, only a single reduction of Cu(II) to Cu(l) is ob-
served in the CuM!!L*" series, 3-7, as shown in Figure 1 for
the complex Cul*Mn!'L+2, 3,

Mixed-valent ion stabilization energies can be extracted
from the magnitude of the separation of the two one-electron
redox processes, E; — E», observed for the homobinuclear
complexes. The separation actually reflects several phenomena,
which can be considered for any binuclear complex, in the
absence of significant coordination geometry changes, as fol-
lows. (1) Noninteracting metal sites will have £| — E; = 36
mV, attributable to the simple statistical factor, RT/F In 4.11
(2) Electrostatic interactions become important as the metals
come closer together yielding £y — E; > 36 mV. If E, —
is large enough (~100 mV), two one-electron waves can often
be resolved.!? (3) Superexchange interactions may occur in
one or more oxidation states, which can either increase or de-
crease the magnitude of £ — E. (4) Electronic delocalization
can stabilize mixed-valent species which will be reflected as
an increased separation, £ — E.

The electrochemical behavior of the Cul!lCullL*2 species,
1, can be analyzed in this context. The measured separation
E, - E; =370 mV is corrected for the statistical factor, 36
mV, to give E| — E; = 334 mV. The measured superexchange
stabilization in the Cul'Cu''L*2 species (—3/4 J = 217 em™!}
= 27 mV)!3 is used to correct £, — E5 to 361 mV. No cor-
rection need be applied due to the diamagnetic CulCulL
species. The separation £, — E, = 361 mV then reflects
electrostatic interactions and covalent stabilization of the
mixed-valent Cu'Cull species relative to the Cul'Cu'f and
Cu!Cu! species. Previous attempts to separate these contri-
butions have relied on estimating the electrostatic compo-
nent.' In the present case the heterobinuclear complexes, 3-6,
permit the covalent factor to be isolated since the electrostatic
factor is constant.

Copper(I1/1) reduction potentials as a function of the di-
valent metal ion in the second site

CullMUL*2 4 ¢~ = Cy'MHL* (2)
M = Mnll, Fell, Coll, Nill, Cull, Zn!l

are listed in Table I. Reduction potentials have been corrected
for superexchange stabilization in the Cul'M!'L*2 species as
described above, and as estimated from magnetic susceptibility
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