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Abstract: In the presence of suitable metal ion oxidants, notably Cu*, S;05%~ brings about ring hydroxylation of a variety of
aromatic molecules in modest to high yields. Observations are consistent with a scheme by which SO4~- radicals oxidize the
aromatic to a radical cation, which can undergo reduction back to starting material, side-chain fragmentation, or reversible
hydration to (a mixture of) hydroxycyciohexadienyi radicals. These in turn are oxidized to phenols by Cu2* or other oxidants.
The isomer distributions obtained on aromatic hydroxylation with either HO- or SO4~- radicals vary markedly with reaction
conditions. With Cu?* and other unselective oxidants three limiting conditions are approached: with HO- at low acidity, kinet-
ic control by the point of HO- addition; with SO4~+ at low acidity, kinetic control by the point of hydration of the intermediate
radical cation; with either reagent in strong acid, thermodynamic control via equilibration of hydroxycyclohexadienyl radicals
through the radical cation. Over tenfold changes in ortho-para ratios are observed with chloro- and some alkylbenzenes.

Although the reaction of aromatic molecules with peroxy-
disulfate has been extensively investigated, the products have
usually been those of side-chain oxidation or cleavage.?-4 The
only efficient example of ring hydroxylation has been the Elbs
reaction (oxidation of phenols and amines in alkaline solution)
where, at least in some cases, the process appears to be a simple
electrophilic substitution.5

As part of our continuing investigation of Fenton’s reagent
and related reactions® we have examined aromatic oxidations
employing Fe*-S,042~ systems, and, in a preliminary report,’
noted that substantial yields of phenolic products could be
obtained in the presence of suitable oxidants, notably cupric
ion. While our work was in progress, a number of other papers
have appeared, bearing on the reaction and in general consis-
tent with our initial interpretation.8-'5> We here report further
results of this study, and a comparison of the effect of reaction
variables on products from Fe?*-H,0, and Fe2+-S,0432-
systems which establish more firmly a number of details of our
reaction scheme,

In our systems HO- and SO, radicals are produced by the
well-established redox processes

Fe?* + H,0, — Fe’* + HO™ + HO- 1
Fe2* + S,042~ — Fe3* + SO42~ + SOy~ - (2)

and, we propose, react with aromatic substrates via the rather
complex interrelated processes shown in Scheme I.

In the scheme, reaction a is well established by spectroscopic
observation of hydroxycyclohexadienyl radicals in pulse-ra-
diolysis experiments and rates have been measured for many
aromatic molecules,1® The acid-catalyzed conversion of hy-
droxycyclohexadienyl radicals to radical cations, ¢, was first
proposed by Norman!” and the latter have recently been di-
rectly observed spectroscopically from methoxy-® and
methyl-?10 substituted benzenes. The reverse process is
strongly supported by the work reported here and has been
inferred from isotope exchange experiments with 180-enriched
water.!8

The reaction of the SO4~- radical with the aromatic sub-
strate, d, was initially suggested by Norman'? to be an addi-
tion-elimination process, although no intermediate cyclo-

R
i R H
080,
SO‘—' + — _— + 8042— (3

hexadienyl radical could be detected in flow ESR experiments,
but most subsequent workers have considered it to be a one-step
electron transfer.#-%12 Rates of the overall process to the radical
cation have been measured for a number of aromatic sub-
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strates.!2 It should be noted that, if the two-step sequence (3)
were correct, trapping of the intermediate by oxidation to an
aryl sulfate ester would not lead to phenols under our condi-
tions since aryl sulfuric acids hydrolyze only very slowly in cold,
dilute acid.20 Possible production of phenols via addition of
hydroxyl radicals in peroxydisulfate systems can also be ruled
out in acid media, for, while the reaction

SO4_ .+ 0OH — SO42_ + HO- (4)

is fast (k = 6.5 X 107), the corresponding reaction with water
is indetectably slow (k < 3 X 103),2! Reactions b (cyclohex-
adienyl radical oxidation) and e (side-chain fragmentation)
have been discussed in our previous papers®?2 and will be
considered further below.

Results

From Scheme I, the optimum conditions for observing ar-
omatic hydroxylation in peroxydisulfate systems should be at
low acidities (to favor the reverse of ¢) and high levels of Cu?+
ion or other oxidant (to trap cyclohexadienyl radicals as they
are produced). In addition, “inverse addition”, i.e., slow ad-
dition of Fe?* to the system containing peroxydisulfate and
substrate, rather than addition of peroxydisulfate to Fe2*-
substrate, should serve to minimize reduction of intermediate
radical cations back to starting material, reaction f.

Table 1 lists yields of phenolic products obtained under what
should approach optimum conditions for a number of sub-
strates. In most cases they are quite comparable with those
obtained by the hydroxyl radical route (cf. subsequent ta-
bles).

Peroxydisulfate may be decomposed to SO4~- radicals, not
only by the redox reaction (2), but also thermally and by cat-

© 1978 American Chemical Society



Walling, Camaioni, Kim | Aromatic Hydroxylation by Peroxydisulfate 4815
Table I. Aromatic Hydroxylation by Peroxydisuifate? Table II. Benzene Hydroxylations®
yield, % yield, %

substrate phenols other conditions phenol other
benzene 64  biphenyl, <1 Fe2+ no Cu?+ 26 biphenyl, 48
toluene 21 benzyl alcohol, 15 Fet+, Cu2+ 64
chlorobenzene® 50 thermal (75 °C) 10 biphenyl, 6%
nitrobenzene 9  p-nitrophenyl OSOsH, 3 thermal + Cu2* (60 °C) 54
benzyl alcohol ¢ 6  benzaldehyde, 86 1073 M Ag* (40 °C) 3 polymers
2-phenylethanol¢ 54 benzyl alcohol, 8 Ag*, Cu?t (40 °C) 43 polymers

henylacetic acid? 21 benzyl aicohol, 47 _ )

E_;anylbmanoic acidd.e 39 phen))//IbutyroIactone, 22 2Conditions as in Table 1 except as noted. #Based on 2C¢Hg —

3-phenylpropanol, 11

aAll runs by “inverse” addition of 0.05 M Fe2* to systems [S,052~}
~2-10 X 1073 M; [Cu2*],0.24 M; [H*], 0.05 M unless noted, sub-
strate, 0.05-0.1 M (two phase in some cases), T = 30 °C. Yields are
based on S,052~. #[H*} = 0.1. ¢<[H*] = 10~4 4[H*] = 1072
¢CH3;CN = 30 vol %.

alytic quantities of Ag*. Table IT shows that substantial yields
of phenol can be obtained from benzene under these conditions
providing that Cu®* is present to trap intermediate hydroxy-
cyclohexadienyl radicals, but that relatively little is obtained
in its absence.

We have also examined the oxidation of most of the sub-
strates in Table I in more detail as a function of reaction con-
ditions, with particular attention to the isomer distribution in
the phenolic products. Our results are listed in Tables I11-VIII,
together with some pertinent literature data.

We have previously noted that isomer distributions depend
upon oxidant,!” pointing out that Fe3* as an outer-sphere
electron oxidant, should selectively oxidize o- and p-alkylcy-
clohexadienyl radicals to their cations, accounting for the
relatively low yield of meta-substituted phenols observed in
HO- hydroxylations with this oxidant. It was also suggested
that any cations obtained from m-alkylhydroxycyclohexadi-
enyl radicals might rearrange via protonated epoxides. How-
ever, results by Eberhardt!4 with toluene using ferricyanide,
a stronger outer-sphere oxidant, and highly effective in oxi-
dizing hydroxycyclohexadienyl radicals,?? indicate that such
rearrangements are probably unimportant, since 22-24% yields
of m-cresol can be obtained with this reagent.

We now show that substantially different isomer distribu-
tions may be observed in our systems with the same oxidant
(usually Cu?*) depending on pH, and whether initial attack
is by HO- or SO4~-,

If we assume, following Kochi’s observations,24 that Cu2+
is an unselective oxidant which effectively samples the hy-
droxycyclohexadienyl radical pool in Scheme I, and that
side-chain fragmentation competes poorly with radical cation
hydration, three limiting circumstances may be approached.
At low acidities in HO- systems, phenol isomer distributions
will be under kinetic control and determined by the point of
hydroxyl radical attack, reaction a. At low acidities with SO4~-,
the distribution will again be under kinetic control, but now
via the step involving hydration of the radical cation, c. At high
acidities, using either HO- or SO4™, hydroxycyclohexadienyl
radicals can equilibrate via the radical cation, and either
radical should yield the same thermodynamically determined
distribution.

Our results with chlorobenzene (Table I11) appear to show
these differences. With HO- in weak acid the ortho:meta:para
ratio is 58:10:32, while with SO4~- it reaches 19:3:78, an
eightfold change in ortho:para ratio. At high acidities, on the
other hand, both systems favor the ortho isomer, to about the
same amount (70:6:24 and 68:1:31, respectively). Ferricyanide
in the SO4~- reaction at low acidities gives an even higher se-
lectivity to p-chlorophenol, although overall yields are low,
perhaps because of the reduction of intermediates back to

Ci2Hy0. This correction was not made in our previous report.

Table III. Chlorobenzene Oxidations¢

chiorophenol

oxidant yield,
system (M] [H5) opb

SO, (I) Cu?* [0.06] <10~# 39 (27:3:70)
S04~ (1)  Cu?* [0.24] 3X 107 47 (21:3:76)
SOs~- (1)  Cu?*[0.53) 4X 1073 45(19:3:78)
SO, (1) Cu?* [0.24] 0.1 50 (52:3:45)
SO4~- (1) Cu?* [0.24] 1 36 (68:1:31)¢
SO, (1) Fe?* [0.25] 0.2 44 (39:2:59)
SO4~- (1)  Fe3* [0.25] 1 48 (45:1:53)
SO4™- (1)  Fe(CN)e3~[0.06] 4X 1073 8.2 (14:1:85)¢
S04 (1)  Fe(CN)6*~ [0.06] 0.1 0.4 (11:0:89)¢
HO- (N)  Fe3* (4] 0.05 18 (58:10:32)
HO-(N)  Fe3* [4] 0.5 9 (64:3:33)
HO-(N)  Cu?*[{0.4] 0.05 36 (58:12:30)
HO-(N)  Cu?t*(0.4] 0.5 38 (70:6:24)

(1) indicates inverse addition of 0.05 M Fe2* to ~0.01 M S,042",
excess chlorobenzene (two-phase system); (N), addition of H,0; to
0.02 M Fe3*, ®Yields based on peroxide; quantities in parentheses are
ortho:meta:para ratios in chlorophenols. ¢Approximately 0.5-2%
phenol formed. 4No added Fe3* beyond that generated in reac-
tion.

starting material as suggested by Eberhardt.!® Reactions using
Fe3* as the oxidant, on the other hand, show less variation in
selectivity with conditions, perhaps because it is a less reactive
and more selective oxidant. However, even here lower ortho;
para ratios are found with SO, than with HO-.

If fragmentation competes with hydration of the interme-
diate radical cation, interpretation of behavior in strong acid
becomes more complicated since there will be less equilibration
via paths ¢ and —c. However, data on 2-phenylethanol (Table
IV) and phenylacetic acid (Table V), where fragmentation
becomes increasingly important, still resemble results with
chlorobenzene.

With 2-phenylethanol, the HO- reaction at low acidity gives
a 49:26:25 isomer distribution, a statistical ortho;para distri-
bution and half the statistical meta isomer. With SO, the
ratio is 41:11:48; the thermal reaction in the presence of Cu2+
and use of ferricyanide giving similar results. In strong acid
HO- and SO, give comparable distributions with predomi-
nantly the ortho isomer as in the case of chlorobenzene. Phe-
nylacetic acid systems exhibit similar trends.

Table VI lists less complete data for toluene. No significant
yields of cresols could be obtained in strong acid, and appar-
ently even at 0.05 M acid reaction c is important since, while
our isomer distributions from S,032~ agree well with those
reported by Eberhardt!4 using Cu2*, they are significantly
different from those he reports with ferricyanide, a more ef-
ficient trapping agent.

Table VII reports a few results with benzyl alcohol and
substituted benzyl alcohols. With benzyl alcohol, fragmenta-
tion competes very seriously with hydration of the radical
cation, since yields of phenols from SO, are low compared
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Table IV. 2-Phenyiethanol Oxidations
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oxidant yield, %%

system? [M] [H*] phenols (o:m:p) BA SG
SO4~- (1) Fe3* [0.26] 0.2 16 (48:4:48) 16 2
SO4~- (1) Cu2* {0.024] <1074 38 (50:11:39) 24 3
SO4~- (1) Cu?+[0.24} 3X 074 54 (41:11:48) 8 <l
SO4~- (1) Cu?+ [0.24] 0.05 31 (51:13:36) 25 2
S04~ (1) Cu2+ {0.24] 1.1 4(71:9:20) 46 4
S04~ (T Cu?+ [0.24] 3X 1074 38 (40:15:45) 17 1
SO4~- (T Fe(CN)g3~ [0.01] 103 23 (41:15:44) 2
SO4~- (Ag) Cu2+{0.24) 3X 1074 31 (42:15:43) 16 1
HO- (N) Cu2* {0.24] 3IX 1074 64 (49:26:25) 0.4
HO- (N) Cu2* {0.24] 0.01 63 (52:24:24) 3
HO- (N) Cu2+ [0.24] 0.1 32(61:18:22) 16
HO- (N) Cu+ {0.24] 1.0 6 (79:10:11) 27
HO- (1) Cu?+ [0.24] 1.0 5(76:11:13) 46

(1) indicates inverse addition of 0.05 M Fe2* 10 0.01 M peroxide; (N), addition of 0.03 M peroxide t0 0.01 M Fe2+; (T), thermai reaction
at 60 °C, no Fe?*; (Ag), thermal reaction in presence of 1073 M Ag*; 0.08 M phenylethanol in ail reactions. ?Based on peroxide; BA = benzyl

alcohol; SG = styrene glycol.

Table V. Phenylacetic Acid Oxidations?

oxidant yield, %

system [M] [H*] phenols (o:m:p) BA
S04~ (1) Fe3+ [?] 4% 1073 4 (54:12:34) 7¢
SO4~- (1) Cu2+ [0.2] 10~2 21 (36:18:46) 47
S04~ (1) Cu?+{0.24) 0.05 17 (41:19:39) 51
SO4~- (1) Cu2+ {0.12] 1.1 2(77:0:23) 45
SO4~(T) Cu?* [0.2] 1072 21 (36:25:39) 42
SO4~- (Ag)4 Cu2*{0.2] 1072 20 (36:24:40) 48
HO- (N)# Cu2t [0.24] 0.05 55(55:31:14) 23
HO- (N)¢ Cu?+ {0.08] 8 X 1074 69 (45:31:24) 4
HO- (\N)* Cu2* {0.16] 0.25 15(77:21:2) 58

2Symbols as in previous tables. #No Fe3*+ added beyond that formed in reaction. *Plus 38% bibénzyl. 4Thermal reaction in presence of 6

X 1074 M Agt. ¢From ref 22.

Table VI. Toluene Oxidations?

oxidant yield, %
system [M] [H*} phenols (o:m:p) BA4
S04~ (1) Cu?* [0.24] 0.05 21 (62:5:33) 15
SO, Cu2* [0.005] 8 X 10-3 16 (63:3:34) 12 (3)
SO, Cu2* [0.005] 4% 1073 9 (64:4:32) 15 (4)
HO- (N)*¢ Cu2+{0.24] 0.05 18 (59:12:29) 4(2)
HO- (N)¢ Fe3* [0.16] 0.2 6 (54:3:43) 11 (6)

aSymbols as in previous tabies. ?From ref 15. ¢From ref 22. 4BA = benzyl alcohol; numbers in parentheses, benzaldehyde.

with those from HO-, and the latter drop rapidly with in-
creasing acid. Again, isomer distributions are quite different
as conditions are varied, showing the same trends as previously.
Hydroxyl radical additions were also investigated with some
substituted benzyl alcohols. p-Chlorobenzyl alcohol is a solid
with low water solubility, but the m-chloro isomer gives higher
phenol yields than benzyl alcohol itself, a result consistent with
an electron-withdrawing Cl reducing the rate of step c.

No significant yields of phenols were obtained from CH30-
or NO;-substituted benzyl alcohols. With p-methoxybenzyl
alcohol this must be the consequence of the rapid conversion
of the initial hydroxycyclohexadienyl radical to radical cation.?
The origin of the result with the nitrobenzyl alcohols is less
obvious, since here there is little driving force for dehydration.
Benzene and nitrobenzene are reported to have very similar
rates of reaction with hydroxyl radicals.'® However, in our
hands, a competitive oxidation of benzyl and m-nitrobenzyl
alcohols (which give comparable yields of aldehydes alone)
yielded 36% benzaldehyde and 4.5% m-nitrobenzaldehyde.
It may be that with the nitro compounds reduced reactivity of
the ring leads predominantly to direct side-chain oxidation.

Our results with nitrobenzene are shown in Table VIII.

Those employing HO- radicals show lower selectivity to o-
nitrophenol than most of the data reported by Eberhardt,!3 He
has discussed the possible factors affecting isomer distributions
in nitrobenzene hydroxylation, and we may here be seeing a
selective reduction of o-nitrocyclohexadienyl radicals back to
starting material by the appreciable concentrations of Fe2*
in our systems. The results with S;0g2~ are more interesting.
First, nitrophenols are obtained, contrary to Eberhardt’s re-
port,! although in low yield. Second, the monosulfate ester
of p-nitrophenol is produced in small, but clearly detectable
quantities, indicating that at least some of the attack by SO4~-
involves addition, reaction 3, rather than electron transfer.
Nitrobenzene, of course, is a particularly favorable substrate
for such a process as we have been unable to detect any com-
parable phenyl sulfate ester in reactions with benzene. Com-
bining phenol and sulfate yields indicates that S0-60% of the
total product with S;052" is the para isomer.

Discussion

Our findings we believe establish two major points. First,
peroxydisulfate oxidations of aromatics via SO4~- radicals in
the presence of suitable oxidants such as Cu2* or Fe(CN)g3~
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Table VII. Oxidation of Benzyl Alcohols®
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oxidant yield, %

system (M] [H*] phenols (o:m:p) RCHO
S04~ () Cu2* {0.20]} 3IX 1074 6 (27:9:64) 86
HO- (N) Cu2+* {0.40] 0.05 33 (54:34:12) 44
HO- (N) Cu2* {0.40]} 0.5 5(66:32:2) 83
HO- (N) (p—Cl) Cu2* [0.40] 0.05 27b 3
HO- (N) (p-CD Cu2* {0.40] 0.5 56 37
HO- (N) (m-Cl) Cu2* [0.40] 0.05 45¢ 53
HO-: (N) (m-Cl) Cu2+* {0.40) 0.5 20¢ 70
HO- (N) (p-OCHj;) Cu?+ [0.40] 0.05 tr 56
HO- (N) (p-NO3) Cu2+ [0.40] 0.05 0 37
HO- (N) (m-NO>) Cu2* [0.40] 0.05 0 44

4Symbols as in previous tables. #Two isomers detected but not identified. Four isomers detected but not identified.
Table VIII, Nitrobenzene Oxidations?
oxidant yield, %
system [M] [H*] phenols (o:m:p) suifate?

S04~ () Cu?* [0.19] 3X 107 5.6 (48:15:38) 2.8

S04~ (1) Cu2+ [0.75] 5% 1073 7.1 (38:31:31) 2.1

S04~ (1) Cu2* [0.19] 5% 1073 6.6 (52:15:33) 29

S04~ (I) Cu?* [0.19) 0.05 8.8 (51:17:32) 3.0

HO- (N) Fe3+ [¢] 0.05 13 (15:35:50)

HO- (N) Fe3* [¢] 0.5 8.5 (5:55:40)

HO- (N) Cu?+{0.40) 0.05 14 (12:40:48)

HO- (N) Cu?* [0.40] 0.5 11 (14:45:41)

9Symbols as in previous tables. #p-Nitrophenylsulfuric acid. “NoFe3* added beyond that formed in reaction.

can lead to phenolic products with high to moderate selectivity
from a variety of substrates. This in turn supports two impor-
tant aspects of reaction Scheme I: that initial attack is pre-
dominantly on the aromatic ring, giving rise to an aromatic
radical cation; that the cation in turn reacts rapidly with water
to yield hydroxycyclohexadienyl radicals with a rate that
competes favorably with side chain fragmentation pro-
cesses.

Second, the scheme provides a basis for rationalizing the
considerable range of phenolic isomer distributions observed
under varying reaction conditions. HO- attack on aromatics
in weakly acid systems containing adequate oxidant gives
isomer distributions kinetically controlled by the point of HO-
addition, For several alkylbenzenes with side-chain solubilizing
groups, this is an ortho:meta:para ratio of roughly 50:25:25.
Eberhardt reports similar results with toluene using ferricya-
nide as oxidant.!* With chlorobenzene the ratio is approxi-
mately 60;10:30, the meta position being less reactive. Under
similar conditions Eberhardt obtains 43:21;36 from fluo-
robenzene.?* It is only under these conditions that phenol iso-
mer distributions may accurately reflect the initial point of
attack on the aromatic ring. With SO~ in weak acid, hy-
dration of the radical cation becomes kinetically controlling,
meta products decrease, and para products are favored
(46-78%) with both chloro- and alkylbenzenes. Again, similar
results have been noted by Eberhardt with toluene and fluo-
robenzene,!5

At high acidities, using either HO- or SO, radicals, hy-
droxycyclohexadienyl radicals approach their equilibrium
distribution, giving phenol distributions which are predomi-
nantly (68-79%) ortho with little (usually <10%) meta from
both chloro- and alkylbenzenes. Decreased oxidant also shifts
isomer distributions toward equilibrium. Further, when sub-
strates are capable of side-chain fragmentation, both decreased
oxidant and increased acidity favor apparent side-chain oxi-
dation over phenol production. Finally, with both HO- and
S04~ reactions, use of Fe3+ in place of Cu2+ lowers yields of
meta-substituted phenols.

In S,042~ oxidations under limiting conditions of high ox-
idant and low acidity, ratios of side-chain fragmentation
products to phenols should correspond to the ratio of rate
constants for radical cation fragmentation and hydration,
ke/k_c. From the appropriate tables, these correspond to
benzyl alcohol, 14.3; phenylacetic acid, 2.24; 2-phenylethanol,
0.15. Our data with toluene were not obtained at low enough
acidity, but Eberhardt’s results (solely cresols as products)
indicate k./k_. < 0.01. Since hydration rates of these
structurally similar radical cations should be similar, these
numbers are probably also the relative values of k.’s. They vary
by over a factor of 1000, but it should be noted must involve
quite different processes: loss of a proton and CO, from phe-
nylacetic acid, a proton and formaldehyde from 2-phenyleth-
anol, and a proton alone from benzyl alcohol and toluene. We
can also make a rough estimate of actual values of k_. and k.’s.
Oxidation of phenylacetic acid by H,0O, at the lowest acidity
gave 69% phenols and 4% benzyl alcohol. If we assume that the
balance unaccounted for (27%) represents reduction of radical
cation back to starting material by Fe2* (present at an average
concentration of 0.01 M), and take k¢ = 6 X 108 (the same as
for anisole),® then 0.01ks/k. = 27/4, k. =9 X 105 and k_
=4 X 105,

Finally, our results with phenylacetic acid have bearing on
an earlier study by Tanner and Osman.?3 They investigated
the relative rates of the thermal reaction of substituted phe-
nylacetates with S,042~, by determining the radioactivity of
CO; produced using mixtures of '*C-labeled phenylacetate
and unlabeled substituted phenylacetates, all in the presence
0f 0.27 M KOH. CO; formation was reported to be quantita-
tive, and the data correlated best with ¢* constants, p* =
—0.436. They interpreted their results as arising from initial
attack on the carboxyl group. From our own results predomi-
nant decarboxylation would also be anticipated in the absence
of oxidant (cf. Table V) but arising from initial attack on the
aromatic ring. Actually, just what the rate-determining step
is under their conditions is uncertain. The selectivity they ob-
served is less than would be anticipated from Neta’s results on
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SO4~--aromatic reactions.!? Further, in such a strongly al-
kaline solution conversion of SO,~- to HO- should compete
with attack on aromatic substrates,?! and the HO--O~- equi-
librium becomes significant.

Experimental Section

Reagents. Potassium peroxydisulfate was recrystallized twice from
water, purity by titration >98%. Hydrogen peroxide was vacuum
distilled before use. Other inorganic reagents (usually reagent grade
perchlorates) were used as received. Purity of organic substrates was
checked by gas-liquid chromatography (GLC) and they were distilled
if necessary. Standard solutions were made up and used to prepare
reaction mixtures.

Reactions were carried out by adding peroxide solutions dropwise
to stirred mixtures of other reactants, (N) in tables, or by inverse
addition (I) of Fe2* solutions to substrate-peroxide solutions, all well
stirred and thermostated under N, as described previously.?2 Thermal
reactions were carried out by mixing reagents, flushing with N, and
heating in stoppered flasks in a thermostat.

Analyses of reaction mixtures were carried out as previously22 by
GLC using previously calibrated internal standards and known ref-
erence materials. Phenols and alcohols were extracted, silylated, and
analyzed. Best results were obtained by temperature programming
on 5% SE-30 or 10% OV-1 on Chromosorb W or with nitrophenols,
on 10% XE-60 on Chromosorb W. Benzaldehydes were separated on
5% Carbowax 20M or 10% OV-17 on Chromosorb W.

p-Nitrophenyl sulfate was identified from nitrobenzene reactions
by two techniques. First, phenols and other organics were extracted
from the reaction mixture; the aqueous fraction was made | N in acid
and refluxed for | h, and liberated nitrophenols were extracted and
analyzed by GLC. Only p-nitrophenol was detected, and no phenols
were obtained from hydrolysis of similar benzene oxidations. This
technique was used to determine sulfate yields. Next, a nitrobenzene
reaction, after extraction of phenols and other organic-soluble ma-
terial, was made alkaline with KOH, precipitated Fe and Cu salts were
removed by centrifuging, and the supernatant liquid was evaporated.
Acetone extracts of the residue were spotted on Whatman no. | filter
paper, dried, and developed using 2-butanone-water-diethylamine
(921:77:2).26 Both the sample and authentic potassium p-nitrophenyl
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sulfate?” gave spots, R;0.63, blue under UV illumination, which, when
spotted with HC| and warmed, turned pale yeliow, and darkened on
exposure to NHj.
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Regioselectivity as a Criterion for Mechanism
in the Base-Promoted Opening of
Methylbicyclo[6.1.0]nona-2,4,6-trienes
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Abstract: Treatment of -, 2-, 3-, and 4-methyi-cis-bicyclo[6.1.0}nona-2,4,6-triene (10-13, respectively) and 2-methyl-trans-
bicyclo[6.1.0Jnona-2,4,6-triene (14) with potassium amide in liquid ammonia at 25 °C afforded various methyl-substituted
aminomethylcyciooctatetraene dianions. Determination of the regioselectivities of these reactions, along with an absence of
deuterium exchange in cis-bicyclo[6.1.0]nona-2,4,6-triene (1) on treatment with potassium zerz-butoxide-dimethyl-de suifox-
ide, has led to the conclusion that the rate-limiting transition state for the overall reaction involves the deprotonation of 1 and
its derivatives with little distortion from its tublike ground state conformation.

The methylenecyclooctatrienyl anion (3) is formed by the
base-promoted ring opening of cis-bicyclo[6.1.0]nona-
2,4,6-triene (1) or its trans isomer (2).!2 The lithium salts of
3 and various derivatives of 3 are stable in liquid ammonia at
—30 °C. In contrast, the potassium salts can be detected by
NMR spectroscopy at —65 °C, but rapidly suffer amide attack
at 5239 to afford aminomethylcyclooctatetraene dianions
(4).%

0002-7863,/78/1500-4818501.00/0

In this paper we employ the novel probe of regioselectivity
in the ring opening of unsymmetrically substituted methyl
derivatives of 1 and 2 in order to define the charge distribution
in and therefore the geometry of the rate-limiting transmission
state of the reaction.

Analysis of the Problem
cis-Bicyclo[6.1.0Jnona-2,4,6-trienes were first proposed to
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