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I. INTRUDUCTION

The emission of visible light from a chemical reaction or by a living
organism is a striking phenomenon and a rather remarkable occurrence. Perhaps
stimulated initially by the mere peculiarity and uniqueness of such

events, interest in bicluminescent and chemiluminescent reactions has grown

and diversified significantlv over the past several decades. Today the
reasons for interest in chemiluminescent and bioluminescent svstems are
remarkably varied, and the field is quite interdisciplinary.

Identification of the varving biological functions, classification of
the bioluminescent relationships between different organisms, elucidation of
the detailed reaction nathway, and the possibility of convenient study of the
effect of enzyme or substrate modification have all been rrime motivations for
the study of bioluminescence (McCapra, 1976 ; Henry and Michelson,
1978 ; Hastings and Wilson, 1976 ; Cormier et al., 1975 ). Interest in
chemiluminescence has been stimulated by its remarkable sensitivity and often
selectivity as an analytical tool. As a result, chemiluminescence has found
extensive application in the detection of trace metals in solution (Montano
and Ingle, 1979 ; Marino et al., 1979 ) and of metabolites and hosts of other
substrates (Mendenhall, 1977 ; Williams and Seite, 1976 ). Still other
interest in chemiluminescent reactions has been directed toward the development
of a commercial, portable, "cold" light source ( Rauhut, 1969 ),

Of most relevance to the present work, however, is the interest in
chemiluminescent reactions generated bv their relation to fundamental molecu-
lar transformations and dvnamics. Studv of these reactions promises to vield
immortant information concerning these molecular processes., To this end,

attention has focused on the reallv extraordinarv step of the chemiluminescence

process, the chemfexcitation step, the hev nonadiabatic process in which a
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ground state reactant is transformed into an electronically excited state
product, It is within this step that most of the mystery and intrigue in
chemiluminescence remains.

The field of chemiluminescence has experienced tremendous growth and
witnessed significant advancements in the past decade. To a large extent, the
recent progress toward the understanding of chemiluminescent processes can be
attributed to achievements and advancements in three general areas.

The first area of achievement was the discovery and subsequent intensive
investigation of the chemiluminescent reaction of 1,2-dioxetanes. The dis~
covery of this reaction, a simple unimolecular rearrangement, has allowed
exverimentalists to focus on the study of the key step of chemiexcitation.
Previously studied chemiluminescent reactions often involved complicated
reaction systems and sequences, required several reagents, and often afforded
multiple products via transient intermediates. While some such systems have
yielded to intensive investigation, the most revealing probes of chemiexcita-
tion have been studies of simple unimolecular rearrangements such as that of
the 1,2-~dioxetanes.

A second area of recent advancement has come in the general field of
electron~transfer chemiluminescence. While electron-transfer reactions con-
stituted some of the earliest examples of chemiluminescent reactions in
solution (Dufford et al., 1923 ), the reaction systems were often complex,
This, compounded with low vields of light made interpretation of results
difficult. More recentlv, electron-transfer chemiluminescence has been
investigated extensivelv as electrogenerated chemiluminescence (ECL),

In this technique, radical ions ultimatelv capable of chemiexcitation

bv electron-transfer are nroduced by electrochemical meauns. Such svstems are




-3~

more easily controlled than other chemically oxidative systems, and hence the
results of such electrochemical experiments are more readily interpreted.

Thus, through ECL studies significant progress has been made in recent vears

toward the understanding of chemiexcitation bv electron transfer.

A third general area of recent advancement which has served to stimulate
interest and has offered new insiohts into the processes of chemiluminescence i
has been the identification of chemicallv initiated electron-exchange lumin-
escence (CIEEL) as a general mechanism for the chemical formation of light
(Schuster, 1979 ; Schuster et al., 1979 ), This mechanism links what had

been two very separate domains: the chemiluminescent rearrangement of high-

energyv-content organic molecules and electron-transfer chemiluminescence.
The recent studies of 1,2-dioxetane chemiluminescence, ECL, and CIEEL
have brought significant advancement to the field of chemiluminescence. The I

relativelv simple nature of these processes has allowed attention to be

focused on the nature of chemiexcitation and much has been learned. In addi-
tion, these relatively simple svstems subsequently have been advanced as key i
intermediates, key steps or kev sequences in many more complicated chemi- and
bioluminescent systems.

A vast amount of experimental data on chemiluminescent reactions in
solution has been reported during the last decade., This, and the height of

general interest in the field are evidenced bv the large number of review ;

articles published in that period., These include general reviews of organic
reaction chemiluminescence (Rauhut, 1979 ; Hastings and Wilson, 1976 ;
Gundermann, 1974 ; White et al., 1974 ; McCapra, 1973 ; Goto, 1979 ; Brandl,

b4

1979 3 Kamiva, 1980) and bioluminescence (McCapra, 1976;
Henrv and Michelson, 1978 ; Hastings and Wilson, 1976 ; Cormier et al.,

1975 ) as well as reviews of more narrowis defined scope on the chemiluminescence

of 1,2-dioxetanes (Bartlett and Landis, 1979 ; Horn et al., 1978-79 ; Adam,

1977; Wilson, T., 1976; Turro et al., 1974a; Mumtord, 1975), the chemilumincescence




of hydrazides (Roswell and White, 1978 ; White and Roswell, 1970 ), electron-
transfer chemiluminescence (Faulkner, 1978 ; Hercules, 1969 ), electrogenerated
chemiluminescence (Faulkner, 1976 ), and the electron-exchange chemiluminescence
of organic peroxides (Schuster, 1979 ; Schuster et al., 1979 ).

In this work we shall examine the general requirements for a reaction to
be chemiluminescent, present in more detail the three important generalized
mechanisms of chemiluminescence in soliution, and finally discuss specific

chemiluminescent svstems,

i Z
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II General Requirements for Chemiluminescence

Why should any chemical reaction generate electronically excited-state
products when it could generate the same species in their ground state?
i Despite the seeming plethora of available data, this question, the fundamental
question concerning chemiluminescence in solution, remains largely unanswered.
Yet certain general requirements which must be met for a reaction to be
chemiluminescent are readily identified. In this discussion we shall present
these requirements, and then look at additional factors and components which
are thought to influence the efficiencv of a chemiluminescent reaction,
Ultimately, all chemiluminescent reaction sequences can be reduced to
two key steps, the chemical excitation step (which mav, of ccourse, be uni-
molecular or bimolecular) and the emission sten (eauation 1), The overall

quantum efficiency of a chemiluminescent reaction, ¢ defined as the number

CcL’

A ex01tatloﬂ% B emlssloq% B + light (1)

of einsteins of light (Avagadro's number of photons) produced per mole of

reactant, is the product of the efficiencies of the individual steps (equa-

tion 2), where @ c is the efficiency of chemical excitation and ¢EM is the

E

6. =@¢. x @,

CL CE EM (2)

efficiency of emission.

An obvious reauirement of a chemiluminescent reaction is that a product
molecule be canable of receiving the chemical excitation energy and forming
an excited state., Typically, for chemiluminescent reactions of organic mole-

cules in solution, the encrgetically accessible excited states are of aromatic

s it e

g
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hvdrocarbons and of carbonyvl compounds. JFor chemiluminescence
to be observed it is also necessary that the electronically excited product be
capable of luminescing under the reaction conditions., If ¢EM is low, as is
tvpically the case for the carbonvl chromophore and for virtually all triplet
excited states, then the overall efficiency, wCL’ will be low even if the
chemiexcitation efficiencv, ﬁCE’ i« high (Borkman and Kearns, 1966 ; Calvert
and Pitts, 1966 ). In such cases 1his difficulty can be circumvented bv the
addition of a suitable acceptor molecule which is excited bv energv transfer
and subsequently emits light, An additional term for the efficiency of enerpy

transfer, 9 must then enter the overall efficiencv calculation.

ET

Fortunately, the fuactors which affect ¢ and ¢FT are farilv well

M

understood. Through careful application of the rules
derived from photochemical studies of energv transfer reactions it is possible
in most cases to efficiently convert the chemicallv generated excited state to
a photon of light (Wilson and Schaap, 1971; Belyakov and Vassil'ev, 1970 ).
Thus one is able to focus attention on the much less well understood factors
which affect ¢CE' These factors are the subject of our remaining discussicn
on general requirements for chemiluminescent reactions.

Certainly the most stringent requirement for efficient -~hemiexcitation
is one of energetics. Orpanic chromophores have excited state energies,
AE*, in the range «of 50 to 100 keal/mol, and the energyv
required to populate the excited state chemicallv must be supplied by the
reaction, 1Moreover, in a multistep reaction, the necessaryv energv must be
released in a single step, due to the essentiallyv instantaneous nature of the
chemical excitation., In a multistep reaction in which the individual steps

are unable to provide the necessary enerpy for excitation, energy

released in an earlv step will be dissipated in wolution by vibrational
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relaxation and hence will not be aviilable to supplement the energy released
by a subsequent step (Rauhut et al., 1965b; Rauhut, 1979).

The major source of the energy required for excitation is the reaction
enthalpv, AHr. There are numerous exampies, however, of chemiluminescent
reactions in which the energy of the observed photon is greater than /\Hr
(Bartlett and Landis, 1979 : Horn et al., 1978-79 ; Adam, 1977 ; Wilson,

1976 5 Turro et al., 1974b; Mumford, 1975 ; McCapra, 1966 ; Lechtken et al

1973 ). In these cases, where the reaction enthalpv alone does not provide
sufficient energy for excitation, i.e.-)MH < AE*, additional energy mav be

r
provided by the activatioun enthalpv of the reaction, AH#. Thus, the first
law of thermodynamics is satisfied bv the requirements of equation 3. An
objection to the inclusion of AH# for satistaction of the energy requirement

had been made on thermodvnamic grounds (Perrin, 1975 ) but was later shown to

be incorrect (Lissi, 1976 ; Wilson, K. B,, 1970).

- AL+ ' SRR (3)
The energy requirement of equiticn 3 is a necessarv but not a sufficient

condition for a reaction to be chemiluminescent (Richardson, 1980). VWhile few
organic reactions meet this requirement , and this accounts mainly

for the rarity of chemiluminescence, there ave other important factors which

influence first whether a reaction will be chemiluminescent and thereafter

the efficiency of chemiexcitation. Provided the enerpy requirement is met,

there still must be a reason for the rather amazing non-equilibrium formation

of excited state »roducts, 1o this section we will discuss those factors

which are thought to faver the selection of an excited state over a sround

state product,

P




Qualitative reasoning rests on tihe Franck-Condon Prinicple (Birks, 1970 )
as a basis for identifvineg the kinetic factors which faver a path leading to
excited state products., 1In short, this principle holds that conversion between
electronic states occurs without a change in molecular geometrv, Nuclear
positions and momenta can change oniv over o e time relative te
state changes (and electron transfers) vhich occur instentaneously.,

This principle has important implications for requirements on molecuiar
geometry which will affect the efficiency of a chemiluminescent reaction,

Since the state transformation from ground to excited occurs without a change
in geometry, it will be most facile when the geometry of the transition state
of the reaction 1is similar to the geometrv of the excited state of the incipi-
ent chromophore, If the transition state geometry and the geometrv of the
excited state of the product are similar, formation of the excited state mav
be preferred over formation of the ground state since less mechanical restruc-
turing will be required. ‘Tvpically in a rearrangement reaction, bonds which
are being broken and those which are being formed are longer at the transi-
tion state than in the ground state of the reactant or product. Significantly,
the bonds of an organic chromophore are tvpically longer in the excited state
than in the ground state (Moule and Walsh, 1975 ). Thus it seems best suited
to chemiexcitation that the bonds of the target chromophore be involved
directly in the rearrangement.

Possible examples of the importance of the coincidence of transition-
state and excited-state geometries ;nd also the importance of the location of the
essential reaction or localization of reaction energv are the chemiluminescent
rearrangements of Dewar benzene (1) and Dewar acetophenone (g) to henzene and
acetophenone, respectively (Techtken et al,, 1973 ; Turro et al., 1974c;

Turro et al., 1975 ), The efficiency of excited state production thougn

quite low is approximately

H
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the same for both svstems. Yer the triplet of acetophenone is more accessible

energeticallv than that of benzene bv about 10 kcal/mol and one might have
expected, had enerpyv considerations been of prime importance, that the vield
of excited states from 2 would be substantisllv higher than from 1. A pos-
sible explanation for the observed results lies in the geometric requirements
imposed by the Franck-Conden Principle. In 2 the kev bond-breaking and making
nrocesses occur in the benzene ring, remote from the final localization of
excitation energv in the carbonvl region. The geometry of the lowest excited
state of acetophenone, which is n=* in character, is characterized by an
elongated carbonyl bond., The geon«trv of the transition state for reaction 5,
however, is probablyv characterized i'v an elongated para carbon-carbon bond and
a carbon-oxvgen bond of normal lenpth. Thus, reasonable coincidence between
the transition state geometrv and excited state product jyeometry is not
expected for reaction 5.

Another example of the i{dea of transition state and excited state geometry
congruencies can he found in the chemiluminescent reaction of 1,l-~dioxetanes,
equation 6. The excited state of formaldeiivde is know to be bent,

with the oxvgen ca. 20° above the plane ormed by the carbon and its two
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‘Cﬁ—i_ — /([l -+ j* (6)
3

hydrogens (Moule and Walsh, 1975; Rivaes, 1966), and other simple carbonyl

o

compounds are usually assumed to adopt a similur structure. 1,2-Dioxetanes

such as 3 generate excited srate carbonvl products with high efficiency, and
it has been noted that their geometrv approaches that expected for the excited
state of the carbonyl products (Numan et al., 1977).

The geometric requirements imposed bv Franck-Condon tactors necessitate
a re-evaluation of the energy requirement of equation 3. The requirement must
somehow account for anv non-congurence Letween the transition state geometrv
and the geometrv of the excited state. In equation 3, AE* is the energv of
the excited state at a relaxed geometrv. If there is geometric non-congruence, that
is the excited state at the relaxed geometrv is not acessible, then the cross-
ing between the ground and excited state must occur at a non-relaxed geometry,

one of higher energy. Thus a geometry factor, AE' must be added to the energy

requirement:

-+t > OAE* + AR! (7)

While the magnitude of “E' is verv difficult to evaluate due to the inherent
difficulty in predicting the shapes of the potential energy surfaces, it mav
well be significant and thus shonuild not be neglected.

An alternative (vet equivalent) statement of the Franck-Condon Principle

is that a molecule cannot accept a larpe amount of kinetic energy instantaneously and




thus become mechanicallyv excited, Thus speed in a reaction, meaning energy is
released in period of time on the rder of or less than the time of a vibration,
combined with high exoergicity, tavors formation of an electronically exvcited
state over formation of a highlv vibrationallv excited ground state.  Electron-
transfer reactions have an inherent advancare tor the formation of excited
states in this respect. The electron transter ccocurs fast, without a chanpe

in geometrv, and the relativetv slower process of energy dissipation throagh
bond vibration is not effectively competitive with electronic excitation.

For rearrangement and fragmentation reactions, this kinetic competition

between mechanical excitation and electronic excitation suggests that limiting b
the number of vibraticnal modes of the product will limit the capability of E
the reaction to dissipate energv vibrationallv. 1Tt has been sugpested, there- t

fore, that the formation of small molecules favors selection of the excited
state (Rauhut, 1969 ; Raunhut, 1979 ), Numerous examples of efficient chemi-
luminescent reactions which do not involve the formation of small products,

however, force one to question the importance of such a requirement (Schuster

i
et al., 1975 ; Zaklika et al., 1978.4; Dixon, 1981 ). I

A theoretical treatment of chermiluminescent reactions has been presented i
by Marcus (1965 , 1970 ). Althouph developed for electron-transfer reactions, %
this treatment appears to be applicable to other chemiluminescent reactions i
when appropriatelv modified. The importance of Marcus theorv is that it
demonstrates that other factors besides energetics, which might looselv be
termed peometryv, are also important in determining whether a reaction will be
chemiluminescent. A useful description and discussion of Marcus's treatment
has been given bv Hercules (1969 ),

Marcus consfders the relative probalilities for an electron-transfer
reaction leading (o excited state produc' s vs. pground state products in .cerms

of the accessibilitv of crossing points of the free energy surfaces. Most

! amtemete "“-‘M~ ’ ' e i
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importantliv, the accessibilitv, or a.tiv.tiun free energv, AG*, is related to
the free energy of the reaction, XGO. For a reaction proceeding to a given
electronic state, the barrier AC*, initiallv decreases as ACY becomes increa-
singly negative and then, most significantlyv, actually increases as A6° con-
tinues to become increasingly negative. Thu-s, for highlv exoergic reactions,
the barrier to formation of the ground state mav actually be higher than the
barrier to formation of the excited state. The situation, however, mav be
complicated if there are large configurational differences between the ground
and excited state of the product, which would result in a decrease in the
accessibilitv of the excited state and hence an overall reduction in the
chemiexcitation efficiencv. While difficulty in evaluating the various
parameters of Marcus theory, especiallv as influenced by configurational dif-
ferences, is a shortcoming, this treatment does provide a useful picture with
a theoretical basis.

Still other factors may be important in influencing first whether a
reaction will be chemiluminescent and second the efficiency of chemiexcitation.
Spin orbit coupling factors could plav a significant role in determining the
efficiency of triplet state generation (Turro and Lechtken, 1973 ) and thus
could be especially important fcr reactions in which only the triplet state
and not the first excited singlet state, was energetically accessible. Finally,
the possible influence of orbital svmmetrv constraints, which is of consider-
able historical interest at least, has not heen fullv evaluated. It has been
suggested that orbital symmetry forbiddenness is a prerequisite for a reaction
to be efficiently chemiluminescent (McCapra, 1968 ), a concept which was
endorsed and expanded by others (Kearns, 1969 ). For concerted pericyclic

reactions, "forbiddenness" docs provide o tov enerpv crossing of ground and

P~ SEEE——
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excited state surfaces and consequent!v direct formation of electronically
excited products would be predir~ted (Dewar et al, 1974 ; Turro and Devaquet,
1978 ). However, there have been no experimental verifications of the con-
certedness of what would be a "forbidden" pericvelic chemiluminescent reaction,
nor has a direct comparison of orbital svmmeory "allowed" and "forbidden"

rocesses which are potentiallv chemiluninescent, been made.
p s

(2 o a
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111 Generalized Mechanisms for Chemi' cinescenie of Urganic Compounds in Solution
Untii a few voars aso ot o cener o0 sche s had been proposed o
cuplain the chemilwaines e ot ANIEE A TREVE I TS RN
In the first sequence (Fipure o o nres-eneryy re s cant molecule under-
poes an exergonic reaction, tepicaile o orearroonercatl or tragmentation, to
generate a product molecule  noan o ele trenivaliv o excited state, It the

initially formed excited state is emissive, direct chemi'nminescence results,
Alternativelv, the initialle torme ! excited state can transter 1t enerey to
a suitable acceptor molec tle. Sub ccanent emis don trom this species resalts
in indirect chemiluminescen. e,  Pxamples of chemiluminescent reactions which
are included in this general <cheme are tie unimole ular fraementation o
1,2-dioxetanes, the rearranvemen: of Lewar benzenes, and the classi-al chemi-
luminescent reactions ot luminol.

The second generua!l mechanism tor chemical light formation is one-electron
transfer (Faulkner, 1976 ; | wulkner, 149758 ; Hercules, 1969 ), The simplest of
pimolecular reactions, energeti. electron-transter reactions possess several
additional characteristic. whioh make rhem porhiaps the most intuitivelw

reasonable choice for a ceneral s chumistic - Vass o chemiluminescent rea -

tions.
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The electron transfer chemiexcitation is shown schematically in molecular

orbital terms in Figure 2. Although other electron transfer reactions are
potentially chemiluminescent (Tokel-Takvoryan et al., 1973 ), the charge
annihilation reaction of oppositelv charged aromatic radical ions is the proto-
typical case and has been most extensivelv studied. This is due to the con-
venient preparation of the radical ions by electrochemical means, the
large range of redox potentials which are available, and the high fluorescence
efficiency of the product aromatic hydrocarbons (Faulkner, 1978). This tech-
nique for light formation has becume known as electrogenerated chemiluminescence (ECL).
Transfer of an electron from the radical anion (D *) to the radical
cation (A t) results in chemiexcitation. Subsequent emission from the directly
formed excited state, or one derived therefrom, results in chemiluminescence.

As depicted in Figure 2, the donor (D) has received the excitation energy.

In fact, depending on the svstem uand the relative energetics, either ion pre-
cursor mav become excited and subsequentlv emit. Figure 2 also depicts forma-
tion of an excited state of singlet multiplicity. The triplet state may, of

course, be formed as well. In fact, in manv svstems the excited singlet is

anibases o

energeticallv inaccessible and the triplet is the exclusive excited state

product. In such a case, the ultimate fluorescence which is observed comes

- m———

from a singlet state which arises from annihilation of two triplets formed

directly bv two distinct redox events (equation 8). v

*73 * 3 *]1
A + A _ A+ A ——> fluorescence (8)

A third eeneralized mechanism for chemfluminescence of organic molecules
in solution has been identified recent!v as chemically initiated electron-
exchange luminescence (CIEEL) (Schuster, 1479 ; Schuster et al., 1979 ). In
essential features it is a combination of the two previously described mechanisms

for excited state generation., A schematic representation is given in Figure 3.
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In short, the sequence is initiated bv one-electron transfer from a suitable
donor molecule (activator, ACT) to a high energy content organic molecule (a
peroxide for all svstems described thus far). Subsequent rearrangement or
loss of a neutral fragment (carbon dioxide for example) transforms the reduced
peroxide into a highly reducing specic, in the form of a radical anion.
Charge annihilation then generates an electronicallv excited state of ACT and
the final step of the sequence is emission from ACT. € ich a sequence, in which
the emission of light is from an excited state formed directlyv from a bimolec-
ular reaction between substrate and catalvst, has been termed activated
chemiluminescence (Dixon and Schuster, 1979 ).

The net transformation in the CIFLL sequence involves conversion of a
high energy content molecule to products of much lower energy. This trans-
formation ultimately is the source of the large amount of energy required for
chemiluminescence, and in this respect CIEEL is related to the first generalized
mechanism. Bond energy is converted to excitation energy. The actual mechanism
of chemiexcitation, however, is the radical ion annihilation case of the more
general electron-transfer chemiluminescence, CIEEL differs distinctly from
ECL, however, in that the radical ions are produced chemicallv rather than
electrochemicallv. Moreover, CIFEL has an advantage over ECL in the strive to
achieve maximum efficiency in cheniluminescence in that the highly reactive

radical ions which ultimatelv annihilate are born within the same solvent cage.
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Figure 3. Chemically Initiated Electron-Exchange Luminescence
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IV Chemiluminescence of Molecular Svstems

CSCCNCe.

A.  Peroxvoxalate Chemilunis

The reaction of certain derivatives of oxalic acid with hvdregen peroxide
in the presence of a suitable tfluorescer represents an earlv demonstration of
a relatively efficient, non-enzvmatic chemituminescent svstem (Rauvhut, 1969 ).
Work in this area was initiated by the report of Chandross on the chemilumin-
escent reaction of oxalvl chloride and hyvdrogen peroxide in the presence of
anthracene (Chandruss, 1963), While in subsequent work Rauhut was able to
maximize the quantum efficicucy of this reaction at 57 (Rauhut et al., 1966 ),
the major advancement in this area came with the discoverv, also by Rauhut and
co-workers, of the even higher quantum efficiencies which were obtainable from
the reaction of certain electronesatively substituted arvl oxalates with
hydrogen peroxide and fluorescent compounds (Ravhut et al., 1967 ).

A remarkablv wide range of oxalates has been investigated, and it is
clear that a high quantum effiiciency requires a good leaving group. Bis(2,4,
6~trichlorophenvt)oxalate and his(2?,4-dinitrophenyl)oxalate are popular
examples and have enjoved use In delightful demonstrations (Mohan and Turro,
1974 ). Efficiencies as high as 12-27% have been reported with these esters
and fluorescers such as rubrene. The high vield of light is the result of a
high efficiency of singlet excitation of the fluorescer which can be achieved
by careful choice of reaction conditions, and the high fluorescence efficiency
of the fluorescers which are emploved.,  The mechanism for this reaction,
although still tentative, features 1,0-dioxetanedione (4) as the key inter-

mediate. Unfortunately 4 has continued to elude direct detection (Cordes

’

et al,, 1969 ; DeCorpo et al,, 1972 ¢ Stautt et al, 1972 | 1976 ), and some

earlyv evidence for the metastability of the kev intermediate toward unimolecular

decomposition has been questioned (White ot al., 19/ .

ty
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The intimate role of the fluorescer in this chemiluminescent svstem was
appreciated earlv. While the fluorescer is independent of the key intermediate
(thus allowing a choice of emission wavelength by the choice of a suitable
fluorescer) (Rauhut et al., 1975 ), the fluorescer appears to catalyze the
release of the energv stored in the intermediate and direct it toward the
formation of excited states. Raulwut (1969) suggested that this catalvsis

was due to an initially formed charpge-transfer complex between the fluorescer

and the intermediate, The intimate role of the {luorescer was further

demonstrated by Lechtken and Turro (1974) and Sherman ot al. (1978) who showed a
dependency of the chemiluminescence efficiency on the nature of the fluorescer.
In particular, the intensitv was found to fall off slowlv with increasing
singlet energy of the fluorescer. Such behavior is not typical of conventional
energv transfer and sugspests that the fluorescer is excited in the chemiexci-
tation step.

McCapra (1973) expanded the ideas of Rauhut and suggested, as an interest-
ing possibilitv, an excitation mechanism which had certain features in common
with electron-transfer chemiluminescence., FElectron transfer trom the fluorescer
to the presumed dioxetanedione, tollowed by decarboxvlation, generates carbon
dioxide radical anion and the fluorescer radical cation, Chemiexcitation

occurs by annihilation of these radical ions.
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This sequence, although highly speculative at the time of its proposal, has

gained support in recent vears (McCapra, 1977 ) with the experimental estab-
lishment of the involvement of a CIEEL mechanism in the chemiluminescence of
other peroxides (Schuster, 1979 ; Schuster et al., 1979 ). Nevertheless, '1

final verification of the CIEEL tvpe mechanism in this svstem awaits the

presentation of further evidence for the intermediacy of 4,

B. Dioxetane Chemiluminescence

Bv far the chemiluminescent reaction which has been most extensively
investigated over the past decade is the unimolecular transformation of the
1,2-dioxetanes to two carbounvl-containing products, one of which may be formed
in an electronically excited state (equation 13). Before the preparation,

isolation and characterization of a1 stable dioxetane was first reported

O * 0

0-0 k

1

R, R —— M 4 Py (13) :
2 3 Rl Rz Rg R‘




by Kopeckv and Mumford (1969}, dioxetanes had received considerable
attention as potential intermediates in manv chemi- and bioluminescent reac-
tions. This earlv suggestion, made bv White and Harding (1964, 1965) rationalized the
apparent lyv ubiquitous role of oxvyen, as well as the common appearance of
carbonvl-containing products, in these reactions. loreover, the expected
great exoergicity of this reaction, due in part to the weak oxvgen-oxvgen
bond and the strain energy of the tour-membered ring, appeared to meet the
energetic requirements for an efficient chemiluminescent reaction. Finally, orbital
svmmetry ideas, which were quite rashionable at the time, predi ted a symmetry
allowed transformation, if concerted, to excited state products (McCapra, 1968).
Kopecky's synthesis of trimethvldioxetane emploved the base mediated
dehydrohalogenation of 2-methyl-2-hydroperoxv-3-bromobutane. Subsequently,
this tyvpe of eliminative cyclization (equation 14) has been applied to the
preparation of scores of dioxetanes. Additionallv, many dioxetanes have been
prepared by the addition of singlet oxvasen to the electron-rich olefins which

do not nossess allvlic hvdrogens (equation 15) a method discovered first by

O0H R, . 0-0
Ag
Rl—>——<~& > RIHR‘ (14)
R, Br R, R,
R R 0-0
1 3 IOE
7\ —> R, —R, (15
Rz R‘ (2, R3




Bartlett and Schaap (1970), More vecontly this procedure has been expanded to

include some trisubstituted olefins (Asveld and Kellop, 1980), The wide applic-
abilitv of these procedures to the preparation ot dioxetanes of diverse structure,
and what proved to manv workers to be a surprising stabilitv of most alkly and
alkoxyv substituted dioxetanes, have facilitated their studv and contributed to

the tremendous amount of activitv in the ficld, To date well over 100 dioxetanes
have been prepared and scrutinized with the objective of elucidating ;he mechan=-
istic details of their remarkable transti.:nation to excited state carbonvl-
containing products.

1,2-Dioxetanes have been the coosubiject of several specialized reviews

in recent vears (Bartlett and Landis, 1979 ; Horn et al., 1978-79 ; Adanm,
19773 Wilson, T., 1976; Turro et al., 1974a; umford, 1975). These articles
cover with depth which is not possible here such dioxetane topics as 1) prep-
aration, 2) physical and spectroscopic characterization, 3) experimental tech-
niques, especiallyv for the studv of chemiluminescence, 4) mechanisms of decom-
position and chemiexcitation, 5) ground state transformations, and 6) reactions
involving dioxetanes as postulated intermediates, The interested reader is
referred to these articles for details on these specialized topics, and for
some historically interesting perspectives.

Tn this treatment we will lLimit ourselves to a discussion of work which
deals directly with the mechanism of the decomposition of 1,2-dioxetanes and
with the mechanism of chemiexcitation, paving particular attention to the
efficiencv and selectivity of this process, Emphasis will be placed on the
most recent results and develupments in this area.

In the past few years two rather distinct classes of chemiluminescent
dioxetanes have becnme evidenl. Alkvl, alkoxv, and simple arvl substituted
dioxetanes, which includes the earliest dioxetanes prepared, are characterized
by reasonable stabiiity (Eﬂ=23—30 keal/mol), excitation efficiencies in the

range of 5-30%, and a high ratio of triplet to singlet excited state products,
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{ tvpically more than 50 to 1. Diox tanes with aminoaryl and other easily
if oxidized substituents differ markedly trom the first class of dioxetanes,
Thev are characterized by much lower activation energies for reaction, differ~
ent solvent effects on the decomposition reaction, a bhigh vield of singlet
excited states, and, apparentlv, o ditfrerer: mechanism for reaction and
chemiexcitation.
A mechanisn postalated for Jioxetane decomposition

by McCapra (1968) hvpothesized simaltaneous cleavage of the
oxvgen-oxvgen and the carbon-carbon bonds in a concerted manner leading, as
predicted by orbital correlation, directiv to excited state products
(equation 16). While this mechanism was able to account for the experimentally
observed high yield of excited state products, it did not in this simple form
account for the high ratio of triplet tv sinplet excited state products.,
Turro, therefore, later expanded this picture by supgesting that the spin
multiplicity change occurred simultaneously with bond cleavage through a
spin-orbit coupling mechanism enhanced bv a rotation of the electronic charge

on one oxygen atom by 907 about the -0 axis (Turre and Lechtken, 1973 ),

. ) O -0
Biradical: -"}_%_. s ;%_ﬁ%_ N '/ﬂ\\+_/JL\ (17)

O+C
Concerted: i (16)
SR G\
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The other mechanistic extreme is the two~step mechanism, first considered
by thite and Harding (1964, 1965) and cxanined experimentally first
/by Richardson (0'Neal and Richardson, 1970 ; Richardson et al., 1972). Clea-
vage of the weak oxvgen-oxygen bond generates a short-lived biradical inter-
mediate which cleaves rapidly in a seccnd step to carbonyl-containing products.
The initially forred singlet biradica! is postulated to partition between
singlet ground and excited wtate carbonvi products, and the triplet biradical.
Singlet and triplet states of the biradical should approach each other in
energy with sufficient spatial separation of the oxvgen atoms. Hence inter-
system crossing to the triplet via spin-orbit coupling will be facilitated in
the biradical. Cleavage of the triplet biradical should lead to formation of
a triplet excited state product.

To date, no piece of experimental evidence requires a concerted mechanism,
On the other hand, considerable data, although often circumstantial or indirect,
support the intermediacy of a biradical. The initial postulation of
a biradical mechanism was supported by activation parameters determined for
a series of variously substituted dioxetanes (5) (Richardson et al., 1974 ;
1975, 1978) and bv thermochemical
calculations (O'Neal and Richardson, 1970 ; Richardson et al., 1974 ). The
relative insensitivity of the dioxetane decomposition rate to substitution,
particularly in comparing the phenvl, anisyl, and benzyl substituted dioxe-
tanes (5c,d,e) supportscleavage of the oxygen-oxygen bond, which is one bond
removed from the position of substitution, in the rate-~determining step. One

would expect in a concerted mechanism that the reactivity of the dioxetane

would be enhanced by substituents which would conjugate with the developing

carbonyl bond. Similarly, a study bv Wilson et al., (1976) supports the suppestion

that there is very little carbon-carbon bond elongation in the transition

state of the rate-determining step of the cleavage reaction. Activation
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b. Rl = (ﬂi3; R2 = CGHS
¢. Ry = Ry = CgHg

d. Ry = R, = C.H.CH,
e. Ry = R, = CH,0C/H,

parameters for the decomposition of dioxetanes 6 and 7 are identical within
experimental error. Apparently the added 3-4 kcal/mol of ring strain of the

bicyclic dioxetane 6 is not released until after the transition state has been ‘

passed. |
0-0
H\/L_J(H HHH
@) @)
__/

—_— —

) 7 ,

In fact, the largest effects of substituents on the activation parameters
of dioxetanes belonging to the first class
for decomposition /are attributable to steric effects within the
framework of a biradical mechanism. The extraordinary stabilitv of the steri-
cally crowded adamantylideneadamantane~1,2-dioxetane (8) (Eq = 35 kcal/mol)

(Schuster et al., 1975 ) and of the norbornvlidencnorbornane-1,2~-dioxetane

(Bartlett and Ho, 1974 ) suggest a transition state of the rate-determining
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step characterized by extensive elongation of the oxygen-oxvgen bond and hence
further compression of the bulky substituents, Significant carbon-carbon bond
elongation in the transition state and the concomitant relief of steric strain
among the substituents would have been expected to mainfest itself in a

lowering of the activation energy for decomposition.

0-0

8 ¢

A sensitive probe of the mechanism of dioxetane decomposition is the

effect of deuterium substitution on the rate of reaction. Koo and Schuster

(1977a) investigated the reaction uf dioxetanes 9%a and 9b and found no kinetic

i
or product isotope effect. This was considered consistent onlv with a biradical
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mechanism, A concerted mechanism, in woich the hvbridization of the ring
carbons change from ap, toward q”} i the reaction approaches the transition
state, predicts, in contrast to tae experinernta!l result, an inverse deuterium
isutope effect.

In sum, a good deal of exnerimental eviden e has been gathered which
supports, although indirectle, the intermediacy of a l,4-biradical in the
chemiluminescent reaction ot simple dioxetanes, Yet there is no direct evi-
dence that such biradicals exist with finite lifetimes. An attempted indepen-
dent generation of a 1,4-biradical bv decomposition of a dinitrite proved

inconclusive (Suzuki, 1979 ). The influence of quenchers, radical scavengers,

and external heavv atoms on the chemiluminescent reaction of trimethyldioxe-
tane (Simo and Stauff, 1975) and adamantv!idencadamantane-1,2-dioxetane (8)
(Neidl and Stauff, 1978) was studied. While the authors interpret their 'i
results in terms of a relatively long-lived precursor to the excited-state
product, namelv the 1 ,4-biradical, the results are open to alternative expla- i
nations (Horn et al., 1978-79 ).

The extensive experimental interest in the chemiluminescence of dioxe-
tanes and the relative simplicitv of the dioxetane structure have led to a
number of theoretical studies. Early semi-emnirical calculations appear to

be of little value, their results dependineg on the details of the procedure

- o e -

used (Dewar and Kirschner, 1974 ; Aovama et al., 1976 ; Eaker and Hinze, 1975). "
The most reliable computational study reported to date is the ab initio GVB
calculations of Harding and Goddard (1977), who conclude that the reaction

proceeds through a biradical intermediate which is l-cated about 14 kcal/mol

above the ground state of dioxetane. Moreover, thev conclude that the eight

states of the biradical (sinelet and triplet 4,277 two 37,30; and 2n,40) are separated

by onlv 3 kcal/mol, thus suggesting that the spin multiplicity of the product
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carbonvl compounds mav depend in part upon ihe energy of the excited states
relative to these biradicals,

Some experimental sunport for the idea that the excited state snin
selectivity is dependent on the relative enerpetics of the excited states and
the biradical intermediate is derived from tie ~tudv of 3-acetvl-4,4-dimethyl-
dioxetane (10) by Horn and Schuster (1973). The reiatively low ratio of

triplet to singlet excited state mcthvislvexal (11) which was observed (9 + 3)

0-0 0o ) O
CH, 4 N + H o (18)
SH, CHY SCH,  CH;
CH, H !
19 11

is interpreted as a result of a nearly statistical partitioning of the sus-—
pected biradical intermediates amouny the available spin states of the low

energyv dicarbonyl compound. Unlike biradicals derived from dioxetanes which

dissociate to simple ketones and aldehydes (Eg = 84-88 kcal/mol, E = 78-80 kcal/mol)

the biradical derived from 10 is expected to lie well above both the singlet
and triplet excited states of methvlglyoxal (64 and 55 kcal/mol respectively).
Several recent studies have addressed the interesting issue of electronic
excitation energv partitioning in dissvmmetric dioxetane thermolvsis. The
first quantitative determination of energv partitioning was reported by Horn
and Schuster (1978). Dioxetane 10 generated not only the excited singlet and
triplet of methylglvoxal with moderate efficiencies (1.67 and 157 respectively)
but also generated a substantial amount of triplet acetone (0.5%). Yet the
triplet state of acetone lies approximately 14 kcal/mol above the triplet of

methvlglvoxal.
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Zimmerman et al. (19795, 1v/0) studied the series of dioxetanes 12, One

of the primary products is the vclohexadienone 14 which, if formed in an

Aty (19)
I | P

R, °r, _Ph
< i
Ph P h P h
13 14

a, Rl = Me R2 = Ph
b, Ry =Me R, = m=MeOPh
c, Rl = Me R2 = 2-Naphthyl
d, Rl = N-Bu P5 = Ph

excited state, undergoes the well stnudied "Tvpe A" rearrangement. The yield

of excited 14 was found to varv only slightly with the nature of the other
fragment (13) despite the fact that the excitation energies of 13a-d bracket
that of the triplet of 14. The vield of excited 14 from dioxetane 12¢, is
especially interesting, for the lowest triplet of 13c¢ (a 7n* state, 59 kcal/mol)
lies well below the triplet of 14 (an nn#* state, 68.5 kcal/mol). The authors
suggest that there is a large kinetic factor favoring the formation of n7*
triplets. However, no direct search for excited 13c was reported, so little

can be said about excitation energpv distribution., Also, the geometry of 13c

in its lowest, 7u% triplet may not be similar to that of the reaction transition
state (Franck-Condon geometrv factors)., Formation of nt* l}s would remove the
apparent energetic advantage of 13c over nr* 14,

Finally, Richardson and his students have recently reported a study of
excited state energy distribution between dissimilar carbonvl molecules pro-

duced from 1,2-dioxetanes 15 (Richardson et al., 1979). The tocation of the

:

—_———— e




excitation energy on one or the otier of the carbonvl products, as determined
hv trapping with oletins, appears o anproach a Boltzmann like distribution

determined bv the carboonvi triplet cnervies,

a, Ry = R, = (lI, Ry = H ].
= 2} I = =

b, Rl Ph B, L”B R3 H

c, Rl =y - ey Ph

Several vears avo it was noted thit the behavior of dioxetuanes substituted
with large resonance groups (for example the dicxetanes nostulated as inter- '
mediates in manv bioluminescent reactions) i quite distinct trom that of
alkvl, alkoxv, or simple arvi=substituted dioxetanes (Wilson, ., 1976y, The 1
decomposition products of these Jicxetunes are otten hiehly tluorescent,
possessing TUF Jowest excited Siates, the vield ot ex ited singlet states
are often remarkablv high, nd the Jdioxetane .tability dis apparently low.

It was suveested at that time that o alternative mechanism, perhaps o trule
concerted mechanfsm, was operative,

In recent vears sceveral new dioxetanes sunstituted with easily oxidiced
eroups, notable varions aminoarst eroups, bave been nrepared and studied,
Also in recent vear-, the chemically initiated eledctron-exchange luminescence
(CIEEL) pathwav has been shown to be capable ot cenerating high vio D
chemiluminescence trom certain perasides o hter, 1979 ¢ Sonuster et al,, 1474y,

CIEEL offers an explanation for the unaaag properties 0 traene dioxetmes,
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MeCapra (1977 ) and Singer (lee and Sinper, 1980, Lee et al.,, 1976 ) have

studied the N-methyvlacridan dioxetanes lo. These compounds are characterized
bv relativelv low activation energies for reaction (15-25 kcal/mol) and hy a
high efficiency of singlet excited state N-methvlacridone generation (4-25%).
The proposed mechanism inveolved intramolovui.r electron~transfer (nitrogen

to perexide bond) induced decomposition leading to a charge polarized inter-

mediate (17). Cleavage of this intermediate directly generates a charge

7 0
\ R,)J\Rz
R, |
0
0 *
CT STATE

transter resonance —tructural sorm f the excited state of N-methvlacridone.

It 1 interesting, as well s supportive of the proposed mechanism, that the

chemilominescense ot 06 Can he reversibly quenched by oaddition of aceti
A bdy presamab i rne e nee G ible prot nation ot the nitroyen lone
patr,

Sebiaan aad T A N T tatied the Chiemilumines cent o reaction ot the
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are the N-methyl-indolyl substituted dioxetanes studied by Goto et al. (Goto
and Nakamura, 1978; Nakamura and Goto, 1979a; 1979b). These dioxetanes are
of additional interest because of the high-energy uv chemiluminescence (320nm)
which is observed in some cases and the observation of intramolecular exciplex
emission in other instances.,

Despite the clear implication of the involvement of intramolecular elec-

tron transfer in the chemiluminescence of certain dioxetanes, there have been i

no clear examples of intermolecular electron exchange luminescence processes

with dioxetanes. 1In a recent note, however, Wilson (1979) reports the observa-
tion of catalvsis of the chemiluminescence of tetramethoxy-1,2-dioxetane by

rubrene and, most surprisinglv, bv 9,10-dicvanoanthracene. While catalvsis ¥

by the added fluorescers was not kinetically discernible, a lowering of the
activation energv for chemiluminescence was observed. These results were
interpreted not in terms of an wctail electron transfer with the formation of
radical fons, but rather in terms of charge transfer interactions between
fluorescer and dioxetane in the collision complex., In anv event, these

results certainly emphasize the caution required in considering the fluorescer

as a passive energy acceptor in diexetane chemiluminescence.

fhe chemiluminescence of dio=ct qones is of particular interest due to
their postulated intermediae o ir wcveral bioluminescence reactions, including

' that ot the firetle, the <sea panses Reanilla, and the ostraced crustacean

priding dhigere o0 Me pener T ired mechanism for these bioluminescence
reac tione a0 dnvoelvine oxidation of o substrate (luciferin) and
vatie et de oo sttt o b o intermediate accomts for the
ety Tined e e e e aba cxnce, the production of carbon dioxide,
ol ermi | o e b iterin.
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Figure 4. Luciferins.
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In principle, the cevelic route 1is distinguishable from the
alternative, linear route , bv labeling experiments. The dioxe-
tanone route predicts that one oxvgen in the Cu, is derived from the molecular
oxvgen; the linear route predicts that one oxygen in the C02 is derived from
the aqueous medium. 1In practice, experimental attempts to distinguish between
the two possibilities have been the source of considerable controversv, as
will be illustrated for the case of the fireflv, but which now has been
settled in favor of the dioxet .none route.
. . . . 18
Early labeling studies emaloving 0, (Deluca and Dempsey, 1970) and
. . . 17 18 .
even more recent studies by the same group emploving O2 and H2 0 (Tsuji
et al., 1977) cast doubt on the dioxetanone mechanism for the firefly bv pur-
porting to show that CO2 formed wvas not labeled. However, the recognition
of the danger of complete isotopic exchange of labeled carbon dioxide in
aqueous media (Shimomura and .Tohmson, 1971 ) in turn cast doubt on these
results. Later studies by two independent groups demonstrated, in fact, that
18 18 L . . . . . .
0 (from 07) is incorporated into CO, in the chemiluminescent (non-enzvmatic)
reaction of fireflv luciferin in drv dimethy]l sulfoxide with potassium tert-
butoxide (White et al,, 1975 ; White et al., 1980 ) as well as in the biolumi-
nescent reaction (Shimomura i al., 197/ 5 Shimomura and Johnson, 1979 ). A

; R . c
recent v reported studv of the reaction of C=carboxvi-lahceled luciferin in
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18

1
the presence of 70 and H,0 bv the grouv originally opposed to the cyclic

2

route, is in fact fully vonsister: with the dioxetanone mechanism (Wannland
et al., 1978 ), and its intermediacv now appears secure., Similar labeling
studies support dioxetanone intermediates in the bioluminescent reactions of
Cvpridina (Shimomur: and Johnson, 1971, 1975, i979) Renilla (Hart et al.,
1978 )}, and the related Oplophorus (Shimomura et al., 1978 ).

In addition to their implication as reactive intermediates in biolumin-
escence, dioxetanones have been proposed as key intermediates in several
chemiluminescent systems., Most notable are the chemiluminescent oxidation
reaction of acridan esters (19) and the chemiluminescent reaction of the

Both reactions are quite
related acridinium salts (20) (Rauhut et al., 1965a; McCapra et al., 1979). /
efficient in singlet excited state generation (¢CE = 107% and 2% respectively)

and, owing to the elegant work of McCapra and others, are among the best

understood complex chemiluminescent reaction mechanisms.

| |

|
N N

Z N
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(23)
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Earlv in the investigation of chemiluminescent phenomena, dioxetanones
were proposed as the kev intermediate in the chemiluminescent reaction of
diphenvlketene and singlet oxygen in the presence of fluorescers (Bollyky,
1970), a suggestion later substantiated by the preparation of stable dioxe-
tanones by the addition of singlet oxvgen, generated by triphenylphosphite
ozonide decomposition, to several ketenes (Turro et al., 1977 ; Turro and
Chow, 1980 ). Direct chemiluminescence has also beeu observed from the gas
phase reaction of ketene with singlet oxvgen, affording the first evidence

for unsubstituted dioxetanone (Bogan et al., 1979 ).

0
il 0
N 2
| | |
_C. R-C—-0 /C\R+ CO, (24)
R R , ]
R

Recently, the chemiluminescence from the base-catalvzed decomposition of an
a~hvdroperoxv ester was described in terms of a dioxetanone intermediate

equation 25) (Sawaki and Ogata, 1977 ).

OH O
O/ O/ 0
OMe OMe I_Cl)
0 0 0
(25)
FLUORESCER 0
=0, > N+ FLuorescer*®




~40-

Eight vears ago Adam (Adam ood Liu, 1972; Adam and Steinmetzer, 1972)
reported the first svnthesis and characterization of authentic dioxe-
tanones, prepared bv dehvdrative cvelization of the corresponding a-hydroperoxy
acids, equation 26. Thev were shown to thermolvze as anticipated to carbon

dioxide and the corresponding ketone with the concomitant emission of light.

OH

/

0

0]

OH RN=C=NR 0-0 o *
=C= -Co
N ~]L—{ “=Y%
5 )l\ (26)
21

Thermolysis of dimethyldioxetanone (21) produces both excited singlet and
triplet states of acetone, identified bv their characteristic fluorescence and
phosphorescence spectra and by their behavior toward oxvgen quenching in
FreonTM—ll3 solution. The spectra are superimposable with those from tetra-
methyl-1,2-dioxetane (3) under comparable conditions. The yields of excited
singlet and triplet acetone produced from the thermolysis of 21 were determined
relative to the yields of excited singlet and triplet acetone from thermolysis
of 3 by direct comparison of chemiluminescence intensities under identical
reaction conditions. The yields from 3 are fairly well established at 0.2 and
30%, respectivelyv, and the excited state vields thus determined from 21 are
0.1 and 1.5% for the singlet and the trinlet, respectivelv (Schmidt and
Schuster 1978b, 1980a). Similar cxcitation efficiencies for 21 have been reported
by Adam et al (1974, 1979) and bv Turro and Chow (1980). Thus dimethyldioxetanone is
qualitativelv similar to alkyl-substituted dioxetanes in the unimolecular
chemiluminescent thermolvsis in that the formation of triplet excited states
is favored over the formation of singlet excited states. The total yield of

excited states from 21 is, however, twentv times lower than from 3, despite
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the fact that the thermolysis of 21 is approximately 20 kcal/mol more exo-
thermic than thermolysis of 3.

The kinetic activation energy for the decomposition of 21, Ea, is 22 kcal/mol
in several solvents. Significantly, the activation energy for excited singlet

acetone formation, was determined to be 25 kcal/mol, (Schmidt and Schuster, 1978b,

Echl’
198%a) suggestine that two competitive parallel pathwavs for decomposition of
21 are operative. The more highlv activated pathway leads to excited states,
while the lower leads to "dark" decomposition. Activation parameters recently
reported by Turro and Chow conflict with thest results, however (Turro and
Chow, 1980 ). Both Ea and Echl were measured to be 22 kcal/mol and their data
thus do not differentiate paths leading to ground and excited-state acetone.
The only apparent difference between the two measurements of Echl is the tem-
perature range employed, but this difference alone does not accommodate the
discrepency. The qualitatively similar reaction and chemiexcitation parameters
for dioxetanones and the closely analogous alkyl-substituted dioxetanes suggests
that similar reaction mechainsms are operative. For the dioxetanes a good deal
of experimental evidence favors the biradical path (see above). Experimental
evidence for the dioxetanones is lacking. An attempt to distinguish between
the two mechanistic extremes by a study of deuterium kinetic isotope effects,
analogous to the study on dioxetanes by Koo and Schuster (1977a), was reported
recently by Adam and Yany (1980 ). tert-Butyldioxetanone with deuterium sub-
stitution on the ring carbon was investigated. While virtually no kinetic
isotope effect was reported (kH/kD = 1.06), and this was interpreted by the
authors as being consistent with the biradical mechanism, the experimental
uncertainty in these determinations is intolerably large, and conceivably

could obscure the small secondary deuterium isotope effect predicted for a

concerted mechanisnm, \
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While exmerimental evidence on the mechanistic details is lacking, recent
investigation of the structure and reactivity of the parent unsubstituted dioxe-
tanone bv self consistant field theorv offers some insight into the mechanism
of the reaction (Schmidt et al., 1981 ). Of significance
to the understanding of the thermal chemistrv of dioxetarnone is the prediction
that stretching the oxygen-oxygen bond does not cause a concomitant increase
in the length of the ring carbon-carbon bond. Although the calculations were
not carried all the wav through to the transition state, progress along the
reaction coordinate was significant since the energyv increase obtained is nearly
half the experimentally determined activation enthalpv for dioxetanone 21. The
implication of these findings is that the thermolysis of dioxetanone may pro-
ceed through the biradical state formed bv crossing of the 14a’' and 16a’
orbitals (Fisure 5) as a result of cleavage of the oxvgen-oxvgen bond. A
similar conclusion was reached bv Harding and Goddard (1977 ) for dioxetane
using GVB calculations.

The results of the computation which implicate a biradical intermediate
for the dioxetanone reaction suggest an explanation for the difference in total
excited state vields, as well as the difference in triplet to singlet excited
state ratios obtained from thermolvsis of dioxetanone 21 and dioxetane 3.
Cleavage of the oxveen-oxveen bond in both cases leads to a biradical presumably
initially in a singlet state. Intersvstem crossing to the triplet biradical

is therefore in competition with cleavage of the ring carbon-carbon bond

ﬁ ,_ | d
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(Figure 6). For the case of dioxetanone the loss of €O, competes with inter-

2
system crossing; for dioxetane it is the loss of a simple carbonyl compound
that is in competition with intersvstem crossing. The former is more
exothermic and, therefore, is probablyv more rapid, giving the biradical less
opportunity to cross to the triplet manit !d. Jonsistent with this postulate
is the experimental observation that the vield of excited singlet acetone from
thermolysis of 21 and 3 is quite similar (0.17 and 0.2%, respectively), but the
yield of triplet acetone from 21 is considerably reduced (1.5 vs. 30%).
While the unimolecular chemiluminescence of dioxetanones appears to fall
easily within the framework of conventional dioxetane chemiluminescence, the
chemiluminescence of dioxetanones in the presence of certain fluorescers falls :
resoundingly outside that framework. Adam et al. (1974) noted that the addi- '
tion of rubrene to solutions of dimethvldioxetanone gave a vield of light

twentv times that obtained when an equivalent concentration of 9,10-diphenvl-

anthracene was added. Importantlv, the apparent dissimilaritv between rubrene

and diphenvlanthracene is unaccounted for by any conventional dioxetane decom-
position mechanism. Also, significantly, Adam et al. (1974) observed an increase in
the first-order decay constant of the Jioxetanone with the addition of rubrene,

an observation for which he was not able to offer an explanation. Sawaki and

Ogata (1977 ) also observed, in the base-catalvzed decomposition of a-hvdro- '
peroxvesters, for which a dioxetinone intermediate was proposed (equation 25),

an unusual dependence of the chemiluminescence vield on the identitv of added

fluorescer.

Recent work by Schmidt and Schuster (19782a, 1980a) has shown that the addition
of anv of several ecasilv oxidized, tluorescent, aromatic hvdrocarbons or amines to
solutions of 21 results in greatly enhanced chemiluminescence. Moreover, addition

of these molecules accelerates the rate of reaction of 21, The catalvzed
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Figure 6. Biradical intermediates, intersystem crossing, and
C-C bond cleavage 1n the chemiluminescent reactions

of dimethyldioxctanone (21) and tetramethyl-1,2-

dioxetanone (3).
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reaction is tirst order in ot 20 e gromat o vdree ars o or amine fwhich is
termed the activator, ATy, et e T skt oo hed goantitativelv, Mope
over, the hvdrocarbon 1. ot consaed in te reas tioe, but rather serves as o

catalvst tor the decorgosttion ot the divcet wene, The kKinerio bebavi v s

thus described by the simple rate Taw ot co i 2oy where v ds the rete

3

constant for unimolecular re tion and k| i< the bimolecular rate constant tor

the activator-cvatalvzed reacti . wWhile the unimolecular rite constant kl i

Com k4 kL [AC >
kt)Hf% : k_:[.\( U] 20

independent of activator identity, the bimolecular rate constant k,, is highly

dependent on the nature of the activator. In fact, k, in benzene at 24.5°C 1is

,
over 13000 times larver for N,N-dimethvidihvdrophenazine (DMP) than it is for
rubrene. There is a broad relation hin between the one electron oxidation potential
of the activator and the magritude of k. In peneral the more easilv oxidized
activator (lowvest an) has o larger k) associated with it, supgesting an
endergonic one electron transfer from activator to dioxetanone in the rate-
determining step of the catalytic reaction,

The chemiluminescence obscrved when these activators are added to solutions
of 21 is fluorescence trom the excited sinplet state of the activator. ‘e
relative initial chemiluminescence intensitv is highlv dependent upon the
nature of the activator emploved; a 1006,000-fold range in intensitv is observed.
The corrected relative intensityv is uniquely predicted by the one electron oxi-
dation potential ot the activator. This relationship, shown in Figure 7,
demonstrates that the chemiluminescence results tfrom a bimolecnlar catalvtic
reaction (of rate constant k t) winich mav involve an endergonic one electron

el

transfer from activator to dioxetanone in ihe rate-determining step.
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detail, The electron transfer from an activator (perviene, tor example) to
dimethvldioxetanone within the encounter complex is estimated trom electro~
chemical data to be enderconic at the equilibrium ground state geometry  (the
quant ity Fox = Ered I8 not an exact mensure of the enervetics of the
electron transfer since the reduction wave of the peroxide is irreversible )
and thus does not occur spontaneonslv., Indeed, the activation energy for this

process (F ) is 16 kcal/mol. The details of the activation of the electron
¢

hi
transfer are analvzed in Figure 9. Consider stretching of the oxvgen-oxvien

bond of the encounter complex. One possible result of this motion is that the

bond cleaves homolvticallyv  just as is suspected for the unimolecular reaction

L2
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vielding a new complex of activotor avd I o-biradical. o Figure 9 this path
is shown as the correlation ot rhe encounter complex (ACT-—--0—0) with the
state ACT--(0  0), There is, however, another electronic configuration avail-

able te the bond-cleaved state, one in which an electron has been transferred

trom ACT to the rragmented peroxide, ecration 31,

S

O- @)
, s ‘~ et
ACH - N (31)

O

//L\ :
|

25a

The relative energies of these two specles can be estimated from electro-
chemical measurements. Comparison of the electrochemical oxidation potential
of the activators with that of alkvy! carboxvlate anions (the electrochemical
oxidation of alkvl carboxyvlates is irreversible, use of this potential there-~
fore provides onlv a lower limit to enersyv separation of the two states)
(Reichenbacher et al., 1965 which must bhe used as a model for ;ig predicts
that the state ACT. - = 0 0. mav lie as much as 18 keal/mol lower in energyv
than the biradical state. Thus, stretehing the oxvgen-oxvegen bond of the
neroxide-activator encounter complex leads to an avoided crossing
(Ramunni and Salem, 1976 ) of the bhiradical and electron-trans-
ferred state and thus simply stretcehine the oxvgen-oxveen bond provides a path
for activation of the clectron transter,

The results of the SCF calculatior on dioxetanone bear on this mechanism
(Sehmidt et al., 1981 ). These carleulations <how that stretshing the oxveen-
oxvegen bond of dicxetanone resulr o in o remarkable decrescsse i the encrew of
the unocceunied 1oa' orbital.  The net resalt % this decrease in orbital energev
is to tacilitate dromaticalls the electron tramsrerye Thus the activating pro-
cess for the electron transter in the CIEEDL mechanism is most likelv the stretceh-

fng, ot the oxvpen-o < een bond,
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fhe vibrationallv excited v i puir shown in brackets in equation

29, mav be an intermediite or, more 'ikelv, o transition state. Back electron

transfer from dioxevtanone radical anion with the oxvgen-oxysen bond intact

(k \CT) Is exergonic and therefore might be anticipated to be competitive with

axveen-oxveen bond cleavace,  Cvelic voltammetric measurements have indicated

that the reduction of peroxvesters i= irreversible, presumably due to rapid

oxveen-oxveen bond cleavawve, Mhis mav indicate that the oxveen-oxvgen bond of

the state shown in brackets in equation 24 cleaves rapidly (k,30 B k_\CT)’

giving the radical ifon pair

ra

5.

1 The SCF calculations bear also on this description, 0t orime importance

is the total energv of the radical anion obtiined bv placine an electron in
the lba' orbital. This orbital is antibonding hetween the peroxide oxveens.
The striking result obtained is that on incrceasing this bond distance 0.2 X
from its equilibrium value the total ener: o1 the radical anion drops by ca.
52 kcal/mole. This result is taken to indicate that the oxveen-oxvegen bond
of the radical anicn of dicxetanone i= dissociative and that irreversible
cleavage follows immediately the receint of the electron,  This conclusion s
entirely consistent with the experiment 1! observations or the dioxetarone
svstem.

A controversial feature (Wartliva, 980, ~co, bowever oo o i el L,
1981 ) of the proposed rate limitiaer electron transter ha o Peven the dnternret -
tion of the linear irce enerpgyv relationshins of the tvpe shown in UViaure
dimethvldioxetanone. The initial chemiluminescent intensity plotted io Fiyare

7 is directlv proportional to the magnitude of k g The free enctsyy tor cie -
(G}
.

tron transfer from activator to peroxide can be estimated from the cxidation

potential of activator, the reduction poerential of the peroxide and coulombic

32

2, where K is a

work termns (which are small in polar solvent) according to eq.
constant incorporating the equilibrium constant for encounter complex tormation

and other factors. The factor ¢ is similar to the wvell=known transfer coetti-
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cient which generallv tares a value between 0.3 and 0.7 for electrode reactions
(De lahav, 1965 ).

For the chemiluminescent reactions of dimethvldioxetanone with the
arvmatic hydrocarbon and amine donors the value of « is 0.3, For thermodynami-
callv irreversible electron transfer reactions, as is postulated for this case,
the value of & can he interpreted to reflect the angle formed by
the potential energv curves in the region of the intersection of reactant and

in contrast to Walling's recent claim (Walling, 1980),
product. It is important to emphasize/that the value of : is not related to
the fraction of charge transferred in the clectron transfer step. It should be
noted, however, that observation of 1 linear free enerev relationship between
the rate and free energv of ¢lectron transfer doesnot constitute proof that a
rate-limiting complete c¢lectron transfer is involved. A reaction that occurs
through an intermediate with greater or lesser charge-transfer is expected to
show similar trends.

One notable feature of the correlation of relative initial chemiluminescence
intensitv with activator oxidation potential in Figure 7 is the widelv varying
nature and structure of the activators that follow this relationship. Several
significant exceptions are the zinc¢ and magnesium tetraphenviporphvrins (Schmidt
and Schuster, 1980b). These metalloporphvrins behave as the other activators
in the reaction with dimethvldioxetanone in that the reactions follow first
order kinetics, the porphvrin is not consumed by the peroxide, and equation 27
is followed. The initial chemiluminescence intensitv, however, is about 100

times greater than predicted by the oxidation potential of the porphvrin and

the data of Figure 7, The bimolecular »ate constants, k,, moreover, are con-
sistent with the large intensitv., That is, k, too 1s about 100 times gpreater

than is nredicted by the oxidation potential of the metalloporphvrin.
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The special chemiluminescent catalvsis of the zince and magnesium porphyrins
appears to be a result of ground-state complex formation between the metallo-
porphvrin and the dioxetanone., Stahle complexes of these metalloporphyrins
with nitrogen donors such as pvridine are well-known (Hambright, 1971 ).

Weaker complexes with oxvgen donors such as diethyl ether are known as well,
Certain porphyrins such as silv - tetraphenvirorphvrin and the non-metallated
free-base porphvrins are known not to {orm complexes with such donors (Miller,
and Dorough, 1952). Significantly these porphvrins do not displav anv special
catalysis; the magnitude of the bimolecular rate constant and the initial
chemiluminescent intensitv are simplv predicted by the measured oxidation
potentials of these porphvrins.

The magnitude of kcat’ the experimentally determined bimolecular rate con-
stant for chemiluminescence, is related to several of the rate constant spe-
cified in Figure 8, The data on the hvdrocarbon or amine-activated chemilumi-
nescence indicated that k30 ok Thus simple analvsis of the kinetics

-ACT'

shows that:

k«‘.‘lt - l\ll k/\(:'f (33)

where K12 is the equilibrium constant for complex formation, For the amine and

aromatic hydrocarbon activators K is evidentlv independent of the structure

I.‘
of ACT and probably depends, as in the Weller model (Rehm and Weller, 1970 )

only on diffusion. However, ZnTPP, MpTPP, CoTPP, CdTPP, etc. form ground state

complexes with peroxide 21 and the magnitude ot k*'t is therefore the product of

o

for the complex and k_ .. Indeed, it it {s assumed that complexation dees not

K2 ACT

affect kACT then the increasce in the magnitoade of K], resulting from ground-




state complex formation is directlv reflected in the increased kcat'

Further evidence for ground-state complexation as the cause of the special
catalysis was obtained bv a spectroscopic studv in a model svstem. Such com-
plexes are typically characterized bv » shift of the maximum of the porphyrin

Soret absorption band relative to that of the non-complexed porphyrin. In the

presence of a high concentration of tetramethl-1,2-dioxetane, used as a model

for the coordinating abilitv of 21, the absorption maximum of ZnTPP was deter-
mined to be shifted 1.2 nm.

Final evidence for involvement of a ground-state complex with 21 on the
catalvtic chemiluminescence pathwav comes from the inhibition of the special
catalysis by the addition of donor molecules capable of competitive complexa-
tion. Both the rate constant for the reaction of 21 catalyzed by MgTPP and the '
initial chemiluminescence intensitv are decreased markedlv by the addition of
diethyl ether and even more dramatically by the addition of pyridine.
This inhibition of catalvsis apparentlv derives from complexation of the
diethvl ether or pvridine to MgTPP. The added donor competes with 21 for the
formation of the weak ground state complex, thereby inhibiting the otherwise
effective catalysis. The special catalysis of ZnTPP and MgTPP is thus fully
consistent with and readily accommodated by the CIEEL mechanism.
1 The involvement of the CTEEL process in the thermolvsis of 2] immediately
offers new insight into many previously perplexing proposals of dioxetane or
dioxetanone intermediacy in various chemi- and bioluminescent reactions. For
example, the discovery of activated chemiluminescence for 21, and the finding
that intramolecular electron transfer can generate a very high vield of elec-

intramolecular version of the CIEEL mechani=m is operating in the biolumines-

cence of the firefly (Koo et al., 1978 ). This peneral mechanism may in fact
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electron donor exited singlet state
be typical of many chemi- an! bi..' mirescent svstems, for our experience with

21, and other peroxides capable of reactions releasing sufficient energy to
populate electronicallyv excited states, indicates that the most important

light~generating process is the CIKEL reaction,

D. Diphenoyl Peroxide Chemiluminescence,

The chemiluminescent reaction of diphenoyl peroxide (26) with easily
oxidized, aromatic hvdrocarbons, reported by Koo and Schuster
(1977b, 1978), was the first well-defined example of an electron exchange chemi-
luminescent reaction of an organic peroxide. 1ts studv led to the postulation
of chemically initiated electron-exchange lTuminescence as a generalized mech-
anism for efficient chemical light formation (Schuster, 1979 ; Schuster et al.,
1979 ).

Although apparently eneruy sufficient, the thermal decarboxvlation of 26
does not generate detectably excited states of the product, benzocoumarin (27)

(equation 35). However, addition of easilv oxidized hvdrocarbons such as

+ CQG, (15
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rubrene leads to etticient tormation of the excited singlet state of the hvdro-
carbon and readily observed hemiluminescence,
The kinetics of the chemiluminescent reaction are first order 1in both

peroxide and hydrocarbon., The hvdrocarbon, not consumed in the reaction,

functions as a catalyst for decarboxviation of 26,  7The kinetics for consumption

of 26 follow equation 27, jus+ as is the case for dimethyldioxetanone. It was
also demonstrated that the electronically excited activator is formed as a
direct consequence of the bimolecular reaction.

Of utmost import is the correlation which is found between the magnitude
of k and the one-electron oxidation potential of the activator, the more

CAT
easily oxidized activators having the larger values of kC\T' This indicates
b
that a one-electron transfer from the activator to 26 may occur in the rate-
determining step of the bimolecular reaction and determine, in part, the mag-

niture of k The mechanism proposed to account for the experimental obser-

CAT"®
vations on the chemiluminescence of 26 is shown in Figure 10.
The initial electron transter is followed bv oxvgen-oxvgen bond cleavage

and loss of CO generating benzocoumarin radical anion, a powerful reducing

2’
agent, and the activator radical cation. Annihilation of the caped radical ion
pair generates the singlet excited state of the activator. Evidence that the
light-generating sequence occurs within the initial solvent cage is provided by
the lack of effect of oxveen or trace amounts of water on the chemiluminescence
efficiency. Further evidence that electronic excitation of the hvdrocarbon
occurs while in the cage with benzocoumarin is provided by the observation of
thermally generated exciplex emission when N-phenvicarbazole or triphenvlamine

is emploved as activater, This emission is ascribed to an exciplex of benzo-

coumarin and amine.
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More recently, direct experimental verification ot the existence of radical
ions in the reaction of 26 wi. . activators, and of their intermediacy in the
chemiluminescence proces | was obtained by applving nanosecond laser spectro-
photometric techniques tov the stul. of this reaction (Horn and Schuster, 1979 ).
Excited singlet pyrene was generatod by irradiation witih a nitrogen laser. The
fluorescence of pyvrene wis» quendhed by Jdiphenovl peroxide and the absorption
spectrum of the transient proeducts 1tormed trom this reaction were recorded 200ns
after excitation. The spectrum was that of pvrene radical cation, Determination
of the vield of cage-escaped pyvrene radical cation, the rate constant for the
reaction between pyvrene =inglet and 26, and the quantum efficiencv of that reac-
tion led to the conclusion that pvrene singlet is regenerated from the cage-
radical ion pair resultine from its reaction with 26 thus confirming a kev tenet
of the CIEEL mechanism., Finallv, 4 "kinetic link" was established between the
excited state activators and the previously investigated oround stuate activators.
The reaction of triplet anthracene with 26 proceeds with a rate constant predic-
table from its oxidation potential and the oxidation potential-bimolecular rate
constant correlation establivhed with ground state activators., This finding
confirms that rate-limiting electron transfer to form a radical ion pair is the

initiating step in the CIEEL reacr ion of diphenovi peroxide.

E. Chemiluminescence of Acyelic Sccondary Peroxyesters.

Hiatt, Glover and Mosher (17975) reported that the thermolvsis of acvelic
secondary peroxvesters pencrates o carboxvlic acid and the appropriate carbonyl
compound; equation 36, Thermochemical caleulations using the group equivalent
method (Benson, 1976) indicate tiat the prototvpical reaction is exothermic bv ca.

60 kcal/mole. When thi: cwothiermic ity is combined with the reaction activation
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energy it is clear that there is sufticient cnergyv available at the transition
state of the secondary peroxvester reaction for the formation of the excited
state of the carbonyvl compound.

Dixon and Schuster (1979 , 1981 ) have reported the results of

their investigation of both the thermal and electron donor induced reactions of
l-phenylethyvl peroxvacetate (28) and « series of substituted l-phenylethyl
peroxybenzoates (29a-29¢). Thev revort the direct generation of electronically

excited states from unimolecular thermolyses, as well as generation of light

by the chemicallv initiated electron-exchange luminescence mechanism.

I Ph X
CH3C~0-0-,, @c 0- O><C:h
3
=8 29a X=H

296  X=p-OMe
29¢  X=p=N{Me),

29d  X=p=-NOp

29e¢  X=m-NO>

+ RCOzH ¢

]
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H

CHj
ph__l<H 0 Benzene o /?k
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(36)
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The rates of thermolvsis of (he neroxyesters in argon purged benzene can
be followed conveniently by their direct, indirect, or activated chemilumines-
cence. In all of the cases reported peroxvesters in benzene solution show
c¢lean first order reaction for low initial peroxide concentrations (10.-5 - 10_3 M.
The activation parameters for the peroxves: or thermolvses reveal some important
details of the reaction mechanism, The activation enthalpy obtained for peroxyv-
ester 28 is quite similar to that reported by Hiatt et al. (1975 ) for related
secondary peroxyesters in the vapor-phase, but it is considerablv higher than
the values obtained by these workers for solution-phase reactions. Similarly,
the activation entropies reported for 28 are more closely aligned with the
vapor-phase values of Hiatt. This observation is of significance since the
rather small activation enthalpv and negative activation entropv reported by
Hiatt et al. were used to support the notion of a cvelic transition state for these
reactions. In contrast, the activation parameters reported by Dixon and Schuster
for peroxyacetate 28 resemble closely the values measured for tertiary peroxy-
esters where the cvelic transition state is not possible and simple oxvgen-

oxygen bond homolysis is the accepted mechanism (Pvror and Smith, 1971).

CH H
C NG, R ',C -R C ' R
o’ \o J Ph/ AN :

Cyclic Lineor
Tronsition State

Transition State




The degree of carbon-hvdroven bond involvement in the rate determining stey

of the unimolecular thermolvii. of 5 wis probed by measuring the kinetic iostope
with deuteriue,

]

effect that results from replacement ot the methine hedrogen of 28/ In benvene
at 100° k}l/kI) is 1.1+ 0010, 4 value omstdered to be too small to be indica-
tive of significant cleavage of the caroon-bvdroven bond at the reaction transi-
tion state. For an exothermic reaction with an earty transition state the
expected isotope effect observed mipht be quite small. However, Mosher has
observed an isotope effect for thermolvnis of some di-secondary peroxides of about
three (Durham and Moster, 1960}, Thus, in contrast to the modiricd Russel
mechanism proposed bv Hiatt and coworkers, the linear representation tor the
reaction transition state appears to be more acourate,

The activation parameters reported for the substituted peroxvbenzoates
show a slight dependence on the nature of the substituent which has statistical
significance only for the dimethviamino substituted peroxvbenzoate 29. In this
case both AH# and As# are considerably smaller than for the other structures
examined. The measured kinetic deuterium isotope eftect when the methine
hvdrogen of this compound is replaced by deuterium is 1.18 + 0,04 which also
fails to indicate signiticant involvement of the carbon-hvdropen bond at the
transition state.

In sum, the thermal and Isotopic data indicate that the mechanism for
thermolvsis of these peroxvesters |as as the rate-determining step the cleavape

of the oxvgen—oxveen bond without much, it anv, carben=hvdrogen bond cleavage.
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Figure 11. Mechanism ot thermelvsis of secondarv peroxvesters,

The thermolvsis of perox octote J8 and substituted peroxvbenzoates 29
gives both direct and indire-t cheriaminescence,  Thermolvsis of peroxvacetate
28 in benzene solution at 1H07 »io very weak direct chemiluminescence. The
emission is so weak that  on cuission spectrum could not be obtained.

When biacetv!, which has o considerable higher phosphorescence quantum efficiency
than acetophenone (Biackstrim nd Sandros, 1958 ), is used as an energy acceptor
a reasonablv strong chemiinminescent emission results, The spectrum of

this emission is identical to that of hiacctvi phosphorescence,  This observa-
tion indicates that oither the ox ited otate formed in the thermal

reaction is a triplet, or o interowstes croassine of the tirst formed state

is more rapid than -~ineiet-invlet enery transter to biacetvl. In either case,




"
the structure of the tirst @ ocacd ¢ it tate from thermolvsis of neroxvester
=8 s assigned to o blenone, cooreld excited acetopienone formed under
these conditions (v reporrod to geoeag L0 oDixon and Schuster, 1981).

The direct and indirect cher o ami o cven e Doeasared for the substituted

peroxvbenzoates s rerarkablc deper oer ogno DL nature of the substituent.

The parent perexvhensate o, ol e Ceo U9 p=NOL, (29d), and me=NOL, (29e)
substituted peroxvhens vites o very little direct chemiluminescence, a result
similar te that obraincd tor the peroxvacetate.  Also, the indirect chemilumin-
escence with Y, 10=-dibromoanthra e (DBA) s an energy acceptor is verv weak
with these peroxides.,  In ontrast 0 Chese results, the dimethvlamino substi-
tuted peroxvbhenzoate (290 SRR reasonably intense direct and
indirect chemiiuminescence,

24

hermolvsis of perexide coin Bencene solution

emission whose spectrum is i{dentical to the fluorescence spectrum of photo-

excited p-dimethviaminobenceic acid under similar conditions, Thus the direct

chemiluminescence is attribated to the formation of the singlet excited acid.
(Dixon and Schuster, 1981),.

1 o,

The vield of directlyv generated excited acid is reported to be 0,.24% / Since

none of the other peroxvbenrzoates —onerate detectable direct chemiluminescence

it was not possible to compare teia vield te the other peroxides.,

However, byv extrapolation it was concluded the dimethvlamine substituted per-

oxide senerates excited sinclet proddocts ot least one thousand times more

efficiently than does the peroxvacetate or anv of the other peroxvbenzoates examined.
Indirect chemiluminescence with DBA as the energy aceeptor is unusual in

that the DBA {s able to aceept cncrev from sutficiently energetic triplets and

form its emissive excited sinpler <tate (triplet to sinpglet enerpy transter)

(Wilson and Schaan, 19/ 5 lares e of 00 1070k, Thas it is possible to use

the indire ¢t chemiluminescence of DBA a0 indicator of excited triplet state




formation. The vield of directlyv rormed trnlet dimethvlaminobenzoic acid and
benzoic acid obtained troi thermolysi o oo the peroaxvesters is indicated by DBA
and U020 respectively.
indirect chemiluminescen ¢ to be 3,87 ‘i vields of triplet acid generated
from peroxvbenzoates 29a, 29b, 294, and .o as indicated bv the DBA indirect
chemiluminescence intensity are al=c o0 W0 times Less than that of 2c,
Evidently, the p-dimethvlamin- =obwt:iwont vreatly alters the ability of
these secondarv peroxvbenzoates to gencr.te electronically excited state pro-
ducts. Two likelv rationalizations for this effert have been proposed. The
first is that the powverfully electrn-donating amino substituent somehow alters
the reaction transition state to facilitate evcited state formation. Or,
second, the lower energy of the excited sinslet state of dimethyvlamino-
benzoid acid (the singlet enerpv of bencoic acid and p-dimethvlaminobenzoic
acidare 98.3 and 83.5 kcal/mole, respectivelv) directs the reaction to excited
products, The lowered excited state enervy explanation, however, does not
appear to hold for the formation of tripict acids., The triplet energy of p-
dimethvlaminobenzoic acid is 73.3 kcal/mole, which is onltv 3.8 kcal/mole below

the triplet of benzoic acid. VYet the vields of triplet excited states differ

bv a factor of ca. 500, At this ti:s a0 unanbiguous explanation for the
increased excited state vield Trom - v i ot JY9¢ has been offered.,  However,

we note that a similar effect of amino sabstitution has been reported in the
lumino] series (see below),

Activated chenmiluminescence s observed trom these secondary peroxvesters
as well. When the thermolvsis of perosvacetate 2’8 in benzene solution is
carried ont in the presence of a4 small amoant of an casily oxidized substance
the course of the reaction is chanved,  VPor evample, addition of NyN=dimethv]-

dihvwdrodibenzolaciphenasine (DMACT 00 e v ter 28 in benzene accelerates the

rate of rection amd canses the peneratic o ot modest vield of singlet excited
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DMAC. This is evidenced v the o ilamivescence emission spectrum which is

identical to the fluores-vnce spectr oo of DMAN obtained under similar condi-
tions, Spectroscopic mea: urements 1ndicate that the DMAC is not consumed in

its reacrion with peroxvester 28 even when the peroxvester Is present in thirty

fold excess. The products of {0 v i i tie nresence of DMAC remain

acetophenone and acetic acid, T oo indicate that DMAC is a true

catalvst for the reaction o1 e o v ate D80 the results of these exyerimuents
. A8 g i . . . e _ U

with DMAC, plotted according to eovation 7 give ko= 9,73 x 10 M IS

DMAC 1is not unique in it~ ability to catalvze the reaction of peroxvacetate
28 and provoke the tvormation of excited singlet states. The chemiluminescent
intensitv (corrected for changes in fluorescence efficiency, and photomulti-

plier and monochromator spectral response) was shown to be a sensitive function

of the nature of the activator. Under conditions of low, but constant, activator

concentration the magnitude f this corrected chemiluminescent intensity is
related to the one electron oxidation potential of the activator. The inverse
linear relationsihip between the log ot the corrected chemiluminescent intensity
and the oxidation potential of the acetivator is prima facie evidence for the

operation of the CIEEl mechanism, Figsure 12, This reaction is postulated to

Ph, _H O Ph H > L a#
R +
C”3)(o~—o/u\\CH3 Tacrs [CH >(O("3 CHy  AcT ] (40)

3

= CHCOH . i *
e (PhCOCH3 ACT ) - =~ PhCOCHy + ACT  — light (41)

Figure 12. CIEEL mechanism for secondarv peroxvesters.

W
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be initiated bv the therm.ii. v o0 o tree ter of an electron from the
activator to the perowve ster Caviage of tihe oxvgen-oxvgen bond of the
reduced peroxide and transter of odrecen to form acetic acid, thus leaving aceto-

phenone radical nion and activarer radi-al cation within a solvent cage.

Annihilation of these oppositel~ o7 1oped 11 fen. fons leads to the formation
of the excited singlet state of thy aoc v rer rhat is detected by its lumines-
cence.

The one exception to the corrclation of corrected chemiluminescence inten-
sitv and oxidation potential reported ror this svstem is for dimethyldihydro-
phenazine (DMP). However, this is readiiv understood with the CIEEL mechanism.
In order to form an electronically excited state bv an ion annihilation, the
energv released by the annihilation must bhe at least as great as the energyv of
the excited state. The energv released on annihilation (ﬂE+/_) can be estimated
using available redox potentials. lhe energv of the target excited state, in

} is  estrimated from optical absorption and emission

this case the singlet, (
data., It is clear from the data that for all of the activators used except DMP
there is sufficient energv released to form the excited singlet. DMP remains a
catalyst for the reaction of peroxvacctate 28, but it cannot be promoted to its
excited singlet state on annihil.tion because insufficient energy is released.
This observation offers further convincing evidence for the intermediacv of

radical ions in the activated chemiluminescence of the peroxvacetate.
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The response of the peroxvbenzoato to (he CIEEL activators depends
remarkably on the nature of the sub.titrent,  The unsubstituted peroxybenzoate
294 behaves in a fashion nearly Lienticet to that observed for
the peroxyacetate 28, The s-mcilio o sabstituted peroxybenzoate 29b behaves
quite like the parent, but the nitro substituted compounds 29d and 2% and
the p-dimethylamino substituted peroxvh.nzoate 29c behave quite differently.
The properties of these compounds, however, can be understood within the CIEEL
mechanism. For example, the aitrosnbstitured peroxybenzoates 29d, and 2%e
exhibit k2 with DMAC approximatelv ter times greater than for the unsubsti-
tuted peroxide 29a. VYet the vield of excited singlet DMAC generated by 29d and
29e is 700 times less than from 2'a. This seeminy inconsistency can be easily
understood. In the postulated CIEEL path, the reduction of the peroxide results
in its fragmentation to acetephenone and an acid. One of these species must be
a radical anion. For the peroxvacetate and 111 of the substituted peroxyben-
zoates examined, with the exception of the nitro substituted examples, the more
easilv reduced species of this pair i: acetophenone., Thus, in these cases the
= ca. -2.3V

annihilation takes place between 1 ctophenone radical anion (E ed
r

vs. SCE) (Mann and Barnes, 1975 7 Loatty and Loutfv, 1972 ) and the activator
radical cation., The reduction »oret i’ of the nitro substituted acids are
betow the reduction patential of acetophenene (Arai, 1968 )., Thus when these
reduced peroxides tragment “he voldical anion species e probably the acid,
Annihilation between the nitro-hstituted acid radical anions and the activator
radical cations is not sttt dent oo enereet e to torm the

excited singlet state «f the oric o,

For the dimethvliamino substituted
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peroxvester 29¢ a third tvpe of beihnvior on eoerved. The corrected chemi-
luminescence intensity obtained is independent «f the structure of the acti-
vator. This is just what is expected for simple indirect chemiluminescence
where the activator is excited by enervy transfer froan some first-formed singlet
state. As indicated above, the initial «. ited stite in this svstem is p-dimethyl-
aminc! enzoic ac’/d. FEvidently, the electrin Jdenitine p-~dimethvlamino substituent
renders the peroxybenzoate 2Y¢ sufiivicoriv difricult to reduce
that the value of k2 is so small that the bimolecular path never is able to
compete successfully with unimolecular decomposition.

The most significant conclusion reached from investioation of the chemistry
of the secondary peroxyesters is that the eneryy released un thermal
conversion to the ketone and the carbox.vlic acid can be directed to the forma-
tion of excited state products. However, the specific structure of the second-
arv peroxyester controls the specific mechanism of chemiexcitation and the
yield of excited state product obtained. ‘'hese findings point the way to

further exploration of the chemistrv of these compounds.

F. Chemiluminescence of Luminol

The organic chemist's interest in chemiluminescent phenomena was aroused
first by Albrecht's (1928) report of light emission from the reactions
of luminol (5-amino-2,3-dihydrophthalazine-1,4~dione) 30. Since that time
there have been innumerable investipations of this svstem and its close rel.-
tives. There have also been excellent reviews of much of this work, the most
recent being bv Roswell and White (1978). llerein we will present a
broad summary of this work and some comments= on recent work on analogous com-

pounds.
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Lt appears that there mav ne - verar patns leading to eventual generation of
electronically excited state prodootx tfrow fuminol. In non-protic solvent, in
particulariv DMSO, the reaction avparentls procecds through the Tumino! dianion
as an intermediate. Reaction of the [iamion with oxvieen results in the forma-

tion of 3-aminophthalate in the exo ited o1 o, equation 42, White and Roswell

0
— %

o,

NH DMEO N vy -
W T - - (42)

hase N 3 -
2 Co,
NH2 0] NHQ
30

(1970) have shown that under these conditions the chemiluminescence is due to

enission from the excited phthalate.

The precise nature of the chemiexcitation step for luminel remains poorly
defined. Evidentlv some product formed by interaction of the dianion with O2 is
capable of giving excited states, Unfortunatelv, there is verv little direct
experimental evidence concerning the structure of this product. One possibility
is the azaquinone (32) that results from two electron oxidation of the dianion. It has
been confirmed independently (Gundermann, 1968: White ct al., 1968) that aeaquinones
generate electronically excited phthalates on reaction with basic hvdrogen perox-
ide. This observation has led to the suppestion that azoendoperoxide 33 may be
the immediate percursor to the electronically excited phthalate, equation 43,

Alternativelv, endoperoxide 33 might be formed directly from the reaction of

dianion 31 with O,

“




Smith and Schuster (197%) have reperted the observation of chemiluminescence

4

bhoi. st.  tarally related to proposed luminol interme-

from endoperoxide 34 whic
diate 33, equation 44,  This observation suugests vet another possibility for

the structure of the kev chemilumine.cent intermediate from luminol, the v-xylvlene

veroxide analogous te 45,

s )
' ) Y ¢
N T g Ph
0 o | R , (44)
~4 . ~ ~ o Ph
N 0 ~
i'h |
= Q]
A o
It i« apparent that the detaiisn of the mechinism of Tuminol chemilumines- '

cence in oanrat ic o solvent are stili obscure,  In protic solvent, in particular
water, the situation i+ even more compiicated,  In this case the radical anion
of tuminol (360 15 been sovpestoed 10 oo possible intermediate. It has been
shown recent!v (Merenvi and Lind, 1950 ) riiat the generation of this species

by pulse radiolysis is consi-teat with ity participation in the chemiluminescent
reaction. Moreover, the radical anicn was shown to react with superoxide to
form an intermediate capable of partitioning between a light-generating path and
a dark path. The oH dependencv ot this partitioning led to the supgestion that

azaquinone adduct 37 is a kev intermediate involved, equation 45, and that it

can o on to form the excited amino phthalate

O H .
2 0 = A H YOH
N ) -~ i .
M — I ‘o v

N T ‘/ | il — [ (45)
N R . - g .

0

" N, 0 NH. O
i 37 38




whereas intermediate 38 poes on to give onl ground-state products. Further

dissection of lumice!l chemilumines vnce owiits the clearer definition of the

immediate percursor to clectronically o= ircd aminophthalate.,
C._ Miscelluaneous Chemilumirescent oo o

There are several chemical vatems ot have been observed to generate
Piaht whose mechanisms biwve nor Been - )y derined., Many of these reactions
suffer the same ditficulty as does Tuminol. That is, the kev intermediate has
not been isolated, hence its structure is not known, and jts properties must be
inferred from indirect experimenta! results. In thic section we will introduce some
of these svstems and review tiiem brieflv,

Oxidation of organic materials nearlv alwavs results in the production of
detectable chemiluminescence,  The most cxteasive investigations of this phenom-
enon have been carried ont bv Shlivapintokh (1966 ) and by Vassil'ev (1967),

The mechanism for excited =tite gencration is complex, and the nature of the
excited state produced i not well-defined., However, from kinetic evidence,
and on the basis ot there being sutticient energv released, it has been postu-
lated that the chemiexc it ition «<tep i+ the combination of two alkylperoxy
radicals to form oxvgen, m alvonel, and an excited state carbonv!l compound,

‘ 1

eq. 46. Although the vield o! tight from this process is verv low, about one

2 R?(:Hnn‘ ——> R,CHON + O + K (=0% (46)
9
photon per 107 combinations (Kellog, 196000 this phenomenon has been used
analytically to studv autoxidation of bhedrocarbons and manv other materials

(Mendenhatll, 1977 ).




A striking and unusaal example o cinl faminescence from an oxidation is
the reaction of moleculaor oavpen Wit Lo I orivnard reagents,  This reac-
tion was discovered nearly 60 vears age (rattord et oal., 19235 Dufford, 1928)
(Evans and Dienenborst, T90o) but v res anicm ia o stifl poorly understood.
Revent studies (Bolton oad heara., |0 ive i o lieared free radicals and nave

fdentified the emitting sveies o niphens! derivatives,

The elimination ot singict o en \IU?) trom certain peroxides has bheen
shown to be capable of causing visihte chemiluminescence (Kahn and Kasha, 1963 ).
The excitation energv ot singlet oxvgen is rather low (23 kcal/mole) and thus
the direct emission from this state is in the infra red spectral region. Indeed,
this emission has been detected in the gas-phase and in solution first by Peters
et al, (1972 ) and more recently bv Kaiin (1980 ), Visible light can result from '

. - 1 - . .
the simultaneous transition of two "0, molecules, This reaction is capable of

generating a photon of red light or of transferring energy to a suitable fluor-

escent acceptor, eq. 47. It was claired that this chemiluminescent process

luz + lmu —_— (0,-—~nq)* + )l —— F]* + 20, 47
mis be responsible for manv ot the observed we skl Tuminescing svstems (Kahn
and Kasha, 1966 ). 1t has been cuevested tor example, that this is the opera-
tive mechanism in the chemilaminescence f cvropallol, with formaldebede and
hvdrogen peroxide fhoeen and D loed 0 14963,
The bioluminescence of certain bacteriy appear « to involve the reaction
of a flavin hvdroperoxide with an aldehvde,  This reaction proceeds through i

orc or more intermediate - to penerate eventoagi b oan electronfeally excited

state, eq. 48 (Hastiae -, 197y 00 om0 1 thr erti-ient bioluminescent
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- | -H,0 /N\?()
+ RCH = + RC +
< NH —_— “;:(%T,NH R 02H light (48)
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H
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process several weakly chemiluminescent redactions have been investigated.
Kemal and Bruice (1976) prepared and isolated some ta-hvdroperoxy~5-alkyl-
3-methyllumiflavine derivatives (39) and showed that reaction of these compounds

with aliphatic aldehydes gives the corresponding acid and some chemiluminescence

in dioxane or water solution, eq, 4Y.

H.
‘ ¥

{
N Na_-0 J
N, *H,0 —— h N~
N ~ \ + H(I()ZH + light (49)

' (l) CH3 N h \(‘H
cH, 6 | on(f)l Hy
[ CH.
H 3
39

Similarly, McCapra and Leeson (1976 ) have reported that reaction of some

dimeric peroxides with 1,3,10-trimethylisoalloxazinium perchlorate (40) gives

light. These authors suggest that this reaction proceeds by addition of the

hvdroperoxide to the 10a position to give eventually the spirchvdantoin 41,

eq. 50,
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Whether these intermediates, or some others, are involved in the bacterio-
luminescence process is still uncertain, The details of the chemiexcitation
sten will, of course, depend upon the specific structures invelved. However,
there has been some recent speculation on the nature of this process, In
analopyv to the chemistry of secondarv peroxvesters Schuster et al. (1979) have
proposed an intramolecular electron transfer. Kosower (1980) has invoked a

similar mechinism, Verification of these proposials awaits further experimental

investigation.
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V Conclusions

Chemiluminescent phenomena are much better understood today than they were
ten years ago. Indeed, the investigations of the last decade have finally begun
to provide rational mechanistic explanations fur manv chemiluminescent reactions.
These explanations so far have revealed three general mechanisms for the trans-
ductions of chemical potential energy to electronic excitation. These are the
CIEEL process, ion annihilation reactions, and unimolecular thermolyses of high
energy content reagents. Within each of these groups the details of structure
and reactivity still remain mostly unexplored. Thus, it is not yet possible
to predict accurately the vield of excited state product by knowing the structure
of the reagent.

The practical applications >f chemiluminescent reactions are numerous.

Thev can function as sources of light, markers, analvtical systems, and mechan-
istic probes, to name only a few. These applications, and the very spectacular

nature of the phenomena, will work together to encourage further examinations of

these reactions.

Qﬁkﬂgx&&ﬂ&m%n&: This work was suppourted bv the National Science Foundation and

by the Office of Naval Research. GBS is a fellow of the Sloan and Dreyfus

Foundations. SPS is a Universitv of Illinois Fellow.
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