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Without detracting from the importance of many experi-
ments involving the use of dipyrromethanes3422.23 and bi-
lanes3-1° which have provided excellent probes for the overall
process via 13C-labeling, it is now clear that the deaminase/
cosynthetase enzymes can deal with both “normal” and rear-
ranged species of bilane?1%.24 and pyrromethane#22-23 which
bear sufficient chemical reactivity to insinuate themselves into
the biochemical machinery. We submit that the NMR method
using the known, physiological substrate, PBG, provides an
unequivocal, non-invasive view of the true enzyme process at
work.
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Investigation of the Mechanism of the Unimolecular
and the Electron-Donor-Catalyzed Thermal
Fragmentation of Secondary Peroxy Esters.
Chemiluminescence of 1-Phenylethyl Peroxyacetate
by the Chemically Initiated Electron-Exchange
Luminescence Mechanism

Sir.

Our interest in highly exergonic thermal reactions of organic
peroxides led us to the investigation of 1-phenylethyl peroxy-
acetate (1). Thermolysis of 1 in benzene solution gives a
quantitative yield of acetic acid and acetophenone,! a small

fraction of which is electronically excited. The reaction of 1
is catalyzed by a wide range of easily oxidized substances. In

0
CH3 H
>< CHsy A Ph
0—0
1

CHz + CH3CO.H (1)
Ph 3 3L

this case, the electronically excited state of the catalyst (acti-
vator) is formed apparently by the recently described chemi-
cally initiated electron-exchange (CIEEL) mechanism.2 We
report herein our examination of the mechanism of both the
unimolecular and catalyzed reaction of 1.

Perester 1 was prepared by the acid-catalyzed reaction of
ketene with 1-phenylethyl hydroperoxide in CH,Cl; and pu-
rified by distillation.? The thermolysis of 1 in argon purged
benzene can be followed conveniently by the indirect or acti-
vated* chemiluminescence that results upon addition of bi-
acetyl or any one of several easily oxidized fluorophores (sce
below), respectively. The rate at which the perester reacted
showed apparent first-order kinetic behavior. However, the
observed rate constants and derived activation parameters for
solutions | X 1072 M and above are dependent upon the initial
perester concentration, indicating the likely involvement of a
radical induced homolysis path.® At low initial perester con-
centration (1 X 1073 to | X 1073 M) the rate of reaction is
independent of concentration. Moreover, the activation pa-
rameters for the reaction, AH¥ = 33.2 & 0.7 kcal/mol, AS¥*
= 11.0 £ 1.9 eu (see Figure 1), under these conditions indicate
a unimolecular process.®

In contrast to the modified Russell mechanism’ suggested
by Hiatt and co-workers® for the thermolysis of secondary
peresters, our findings are more consistent with a stepwise
process in which oxygen-oxygen bond homolysis is followed
by rapid in-cage hydrogen atom abstraction. In particular, the
activation enthalpy indicates a transition state in which bond
cleavage is uncompensated by bond formation,® and the
quantitative yield of acetic acid rules out escape from the sol-
vent cage of a significant amount of the so formed acetyloxy
radical.’ The calculated heat of reaction for the process shown
ineq | is —58 kcal/mol.!9 Thus, the transition state for this
reaction lies some 94 kcal/mol above ground-state products.
Sufficient energy is released therefore to populate electroni-
cally excited states of acetophenone.!! Indeed, we detect a low
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Figure 1. Eyring plol for the unimolecular thermolysis of perester 1 in
argon saturaled benzene. The perester concentralion was 3 X 1074 M.
Rate conslanis were determined by measuring the decrease in 9.10-di-
phenylanthracene chemiluminescence inlensily which was shown 10 be
direclly proporlional 10 the concentration of the perester.
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Figure 2. Calalysis of peresier 1 by DMAC. The observed rale conslanis
were delermined by moniloring the DMAC activaled chemiluminescence
in argon purged benzene solution a1 99.9 °C and were first order for 3 or
more half-lives. The perester concentralion was 3 X 1074 M.

yield of excited state product as indirect chemiluminescence
from added biacetyl.!2 The emission spectrum of the chem-
iexcited biacetyl is composed entirely of the phosphorescence,
thus implicating acetophenone triplet as its precursor. This
mechanism is shown as path A in Scheme I.

When a small amount of an easily oxidized substance is
added to benzene solutions of perester 1 the thermolysis re-
action is somewhat different. For example, N,N-dimethyl-
dihydrodibenzo[ac]phenazine (DMAC)!3 accelerates the rate
of reaction of 1 (Figure 2) without itself being consumed. The
products of this reaction are acetic acid and acetophenone,
formed in quantitative yield as they were in the uncatalyzed
case. Electronically excited states are formed by the catalytic
reaction as well, and in contrast to the unimolecular trans-
formation are detected as the fluorescence of the excited singlet
state of the activator. The DMAC is not unique in its catalytic
ability. Similar observations were made for other phenazines,
N,N-diphenyl-1-aminopyrene (DPAP),!4 rubrene, perylene,
9,10-diphenylethynylanthracene (DPEA), 9,10-diphenylan-
thracene (DPA), and others.

The quantum efficiency for light generation by the various
activators was determined by measuring the total chemilu-
minescence intensity under conditions where essentially all of
1 reacts by the unimolecular path (i.e., low activator concen-
tration so that k; > k..;[ACT]; the rate constants are defined
in Scheme I). After correcting for differences in fluorescence
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Figure 3. Correlation of total chemiluminescence inlensily with activalor
oxidation polential (Eox). Measured in argon purged benzene with acli-
vator al | X 1074 M and perester a1 1 X 1073 M a1 99.5 °C.
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quantum yield and photomultiplier tube and monochromator
spectral efficiency, it is apparent that the only predictor of
activator chemiluminescence efficiency in its reaction with
perester 1 is its one-electron oxidation potential, except for
N,N-dimethyldihydrophenazine (DMP); see Figure 3 and
Table I. The failure of the DMP oxidation potential to predict
its chemiluminescence efficiency is in fact a remarkable
triumph of the CIEEL mechanism.

The CIEEL mechanism applied to the reaction of perester
1 is shown as path B in Scheme I where ACT represents the
catalytic chemiluminescence activator. The first step in the
proposed mechanism is rate-limiting endergonic one-electron
transfer from the activator to the perester. This reaction is
rendered irreversible by rapid cleavage of the oxygen-oxygen
bond of the reduced perester. This sequence of events gives rise
to the prediction that log k.., will be inversely proportional to
activator oxidation potential,'® a prediction which is borne out
by experiment (Table I). Transfer of a hydrogen atom simul-
taneously with, or subsequent to, oxygen-oxygen bond cleavage
generates acetophenone radical anion in a solvent cage with
the activator radical cation. In the general case annihilation
of these radical-ion intermediates leads to the observed excited
singlet-state activator. The exception is DMP. To generate
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Table I

acti- Eg4kecal/ EnbVuvs,

vator mol SCE on¢ k.9 M1 g1
DMAC 58 0.14 0.04 9.73 X 102
DMP 72 0.14 0.18 342X 1071 e
DMBI 68 0.46 0.88 7.07 X 1073
rubrene 54 0.82 0.56 1.40 X 10—/
DPAP 68 0.90 1.00 2,35 X 10~%
perylene 65 1.00 0.84 .19 X 104
DPEA 62 1.16 0.96 3.58 X 103
DPA 72 1.22 1.00 222X 105

“ Assigned from the 0-0 band of the fluorescence specirum.
b Determined by cyclic voltammetry in CH3CN solution with 1etra-
butylammonium perchlorate supporting electrolyte. © A1 90 °C in
argon saturated benzene solution. ¢ Calculated by comparing relative
total intensity with that of DMAC. ¢ Measured by determining the
apparent first-order rate constant for reaction of deuterated 1 at
varying DMP concentration. / Unavoidable self-absorpiion by rubrene
apparently leads to the observed low calculaled value for k¢

light the energy released by the ion annihilation reaction must
be at least as great as the lowest singlet-state energy of the
emitter. This requirement is apparently fulfilled by all of the
activators of Figure 3 except DMP. In this case, the ion anni-
hilation is calculated'® to release ~59 kcal/mol and the singlet
energy of DMP is 72 kcal/mol. Thus, DMP is still a powerful
catalyst for the reaction of perester 1 (Table I), but it generates
less than 19 of the expected chemiluminescence because of the
energy deficit in the excitation step. This observation provides
convincing evidence for the radical-ion intermediates proposed
in the CIEEL mechanism.,

This is the fourth well-documented case of an electron-
transfer initiated reaction of a peroxide that leads to elec-
tronically excited-state product.? As in the previously described
examples, the major evidence is the correlation of rate constant
and oxidation potential, i.e., Figure 3. Comparison among the
various peroxides reveal that the catalytic rate constant is
strongly dependent upon structure. The diacyl peroxides, for
example, react much more rapidly than do the more difficulty
reduced peresters.!” However, the magnitude of the slope of
the line resulting from the semilog plot of rate constant against
activator oxidation potential is essentially constant and equal
toca. —0.3/RT for the systems investigated to date. This result
is consistent with rate-limiting irreversible electron transfer
from activator to peroxide occurring with a transfer coefficient
of ~0.3.15.18

In summary, we have observed two distinct reaction paths
for thermolysis of secondary perester 1. The unimolecular
reaction appears to proceed by a stepwise route, the bimolec-
ular reaction with electron donors by an electron-transfer
mechanism. The electron-transfer mechanism in particular
may serve as a model for the excitation step in the bacteriolu-
minescence reaction.!® We are continuing our investigation
of this and other aspects of the chemistry of these peresters.
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Silver-Catalyzed 1,2-Acyl Migration in an

Optically Active Chlorohydrin. Evidence for
Neighboring-Group Participation by Carbonyl Carbon
Sir:

Molecular rearrangements where the migrating substituent
stabilizes the transition state by becoming bonded to an ad-
jacent reaction center in the rate-limiting step is by definition
a concerted process. A classic example of such neighboring-
group participation (NGP)! is the phenonium ion which was
introduced by Cram in his studies on stereospecific tosylate
solvolyses.? The substrates used in these experiments usually
required assistance by the migrating pheny! group to effect
ionization of the leaving group and the results were best ex-
plained by a bridged-ion intermediate.

In contrast, stereochemical studies by Collins® on deami-
nation reactions of amino alcohols have elegantly demonstrated
that 1,2-phenyl shifts may also be nonconcerted, involve dis-
crete carbenium-ion intermediates, and proceed with both
inversion and retention at the migration terminus.* In fact, if
steric interactions are involved in the transition state for 1,2
migration, retention may predominate.? Similarily, the pinacol
rearrangement® has been shown to involve a carbenium-ion
intermediate. However, if water leaves from a primary or
secondary carbon, then a more concerted pathway is antici-
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