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Abstract - The reactions of lOa-peroxyflavins have been 
examined to increase understanding of the oxldative and 
chemllumlnescent reactions catalysed by the flavln 
co-enzymes. A remarkable aerles of structural 
requirements in the peroxides used has been uncovered, and 
in addltlon to serving as models for the mechanism of 

bacterial luclferase, they constitute a set of neu 
chemlluminescent reactions. 

INTRODUCTION 

Luminescent bacteria’ are the most widely distributed of all bioluminescent 

forms, belng found in Arctic and tropical seas as saprophytes and in complex 

symblotlc relatlonsnhlps with higher organlams. Understanding of the function 

of light emission la Incomplete, nor la there any accepted chemical mechanism for 

the phenomenon. 

The reactions of model heterocycllc compounds have been extremely successful 

in elucldatlng the mechanism of other bioluminescent systems.2-4 However, less 

success has attended attempts to provide models for the luminescent bacterial 

reaction. Recent developments5 even indicate that the accepted biochemical 

scheme, 6 although well substantiated, may uell be an inadequate basls for a 

chemical mechanism. We wish to describe in detail In thls and a succeeding 

paper7 our examlnatlon of a reasonably efficient chemllumlnescent reaction 

discovered in the course of a search for sultable models. In view of the 

accumulating evidence B for an energy transfer, or sensltlaed, component of the 

mechanism, the observations reported may have increased significance. 

Choice of a readlly accessible model structure is, of course, dictated by 

the reaction sequence6 (Scheme 1) on uhlch most work has been based. When we 

started this work, there uas some doubt as to whether a Ica - (1) or 

lOa-hydroperoxlde (2) was involved. It nou seems clear that the 4a-peroxide la 

the lntermedlate,9 but that paradoxically it provides little of value as a model. 

The prlnclpal disadvantage 1s that 3 la not fluorescent ln solution, 

although a fluorescence spectrum matching the chemilumlnescence emission has been 

obtained for the enzyme-bound specles.9 

’ Dedicated to Professor Ralph A. Raphael F.R.S. on the occasion of hls 65th 
birthday, with deep gratitude for the stlmulatlon that his generous spirit and 
zest for chemistry provided the author (F.McC.1 at several points in his career. 

3223 



3224 F. McCa~ru t-r al. 

R 
02 

lucifemse o :I 

=T!Y 

9 

8-l 

H 
H 

1 

RCHo WNTE~~~IIATE~ - 

-+o oJ$JJ 
0 

SCHEME 1 

0 

We shall show that the reactivitles of the two peroxides are very aimllar, 

and that the unequivocal fluorescence of the immediate product of the reaction of 

the key intermedlate provides a good basis for study. Such la the difficulty In 

arriving at a working hypothesis for the decomposition of this key lntermedlate 

(its structure can only be assumed at present) that any clean, efficient cheml- 

lumlneacent reaction such as the present one may provide useful baalc 

information. 

Reaction of Flavin Peroxides 

Chemiluminescent reactions of organic peroxide8 in solution, which involve 

O-O bond rupture, have been shown to proceed by dloxetan and dioxetanone 

cleavagelo*” and by electron transfer between radical ions.‘* These 

mechanisms, and others, ‘3 have been proposed to account for several in vivo -- 
bioluminescence reactions.” Bacterial biolumlne3cence,‘” however, appears to 

be of a distinctly different type from the other well-studied bioluminescent 

reactlona. Bacterial luclferaae la a flavoprotein monoxygena3e’5 which requires 

for light emission the oxidation, by a 4a-peroxyflavln 1,16 of a long-chain 

allphatlc aldehyde to the corresponding carboxyllc acld.“l Despl te much 

speculation concerning the mechanism 10-24 of the reaction, the precise nature of 

the chemical events which lead to light emlaslon remains obscure. The emitter 

(Scheme 1) has not been isolated, but has been proposed as a 4a-aubstltuted 

flavln, on the basis of a comparison of the bioluminescence emlaaion spectrum 

with the fluorescence spectra of enzyme-bound 1 and 3.9s24 Allphatlc aldehyde 

13 the only substrate which la known to be capable of producing in vlvo light -- 
em13310n.25 Addition of hydroperoxldea to aldehydes la a well established 

process and led to the suggestion 6 that the intermediate derived from aldehyde 

and 1 possessed structure 4. 

Removal of aldehyde-derived C-H was thought to proceed by a Baeyer-Vllllger 

rearrangement 5, slmultaneoualy yleldlng an electronically excited state 

product .6 As previously lndlcated, 4a-substituted flavlns are not fluorescent 

in aolutlon and the emitter in the chemllumlneacent decomposition of analoguea Of 
*22,26,27 cannot be ldentifled. Since knowledge of the structure of the emitter 

la generally essential for the successful study of chemilumineacence in 
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solution, ‘l-l3 we decided to make use of the fluorescent IO-substltuted 

flavlns.28 We report herein that 1) lOa-peroxyflavins 6 readily undergo 

non-chemllumlnescent, eliminative heterolysls (6, arrows) in the presence of 

base: 2) peroxyalkyl-lOa-peroxyflavlns 7 can undergo efflclent chemllumlnescent 

decomposition, probably as a result of consecutive elimination rectlons, yleldlng 

electronically excited IOa-hydroxyflavln. 

Preparation of lOa-hydroxyflavlns 

Alkallne hydrolysis of 1.3,10-trlalkylflavlnium salts, e.g. 829s30 and 

3,10-dlalkyllsoalloxazlnes,3’ e.g. 9 yields splrohydantolns32 12 by addition of 

hydroxyl ion to the 10a-posltlon,z8 followed by rearrangement of the 

intermediates 10. The splrohydantoln 12 with acid ylelds3’ urelde 13, a 

QIyN 3,N Y 
N' CH3 

0 

process which can be reversed with base. Reaction of 8 with methoxlde lon 
yields a spectrophotometrlcally ldentlflable adduct asslgned structure 11 by 

M;ller in 1971. Since thls initial observation, Hzller and co-workers33B36 and 
Hemmerlch and Msller34r35 have proposed that the site of addition of oxygen 

nucleophiles to 8 and to 2-(O-alkyl)-3,10-dialkylflavlnlum salts 14 was at 
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positions 6, 8 and 9a. Nmr evidence presented as proof for 9a-addltlon36 to 14 

was, as Hager had pointed out,37 mlslnterpreted. The assumption that 11 should 

be blue,35*38 on the basis of the absorption of the ‘model chromophore’ 15 at 

610 nm. 1s also at fault. The severely electron-deflclent alloxan rlng of 15a 

cc 3 
e2 

=W O&I” 
-3 

it3 

a b - 

would tend to favour a zultterlonlc contribution 15b. The Schlff base 16 has an 

authentic model chromophore for a lOa-hydroxy flavln and possesses a U.V. 

spectrum (Amax 286, 410 nm) which 1s almost identical with that of 11 (A,,, 

290, 460 nm). Thls flndlng, coupled vlth Hager’s isolation of a bls-4a,lOa- 

adduct of 8,37 confirms the lOa-structure 11 for both monoalkoxy- and monoperoxy- 

adducts of 8. 

Further confirmation of the structure of lOa-adducts has been obtalned37*38 

since we started this work, the ring-opened form of the adduct being obtained 

under carefully controlled conditions. The difference in the energy of the 

electronic transitions involved in 15 and 16 is remarkable (600 vs 400 nm) 

although the chromophores are formally very slmllar. Clearly simple additive 

rules do not apply to structures such as 15. 

Non-chemllumlnescent reactions of lOa-peroxyflavlns 

Addition of triethylamlne to a solution of 6 and hydrogen peroxide in pure 

acetonitrile yielded the unstable, but spectrophotometrically ldentlflable 

intermediate 17 (imax - 202 nm) which readily decomposed to yield two major 

products, 12 and an isomer of 17, as well as several minor unldentlfled products. 

The structure of the isomer of 17 is interesting in that it 1s probably formed 

via a dloxetan intermediate. In aqueous conditions 18 1s hydrolysed to 19, as - 
confirmed by mlcroanalysls and spectroscopy. Although we have not thought it 

worthwhile to prove the structure of the unlsolable dloxetan Intermediate, our 

experience, ” backed by detailed 180 labelllng studies with other lmlnoperoxldes, 

makes it seem extremely likely. In any event, this path is not chemllumlnescent, 

and the extreme instability of the presumed dloxetan (the reaction is over in 

seconds) makes It an unlikely source of the oxldatlve power of flavln peroxides. 

Addltlon of hydroxyalkyl hydroperoxldes,30 e.g. (20), to the lOa-position of 8 

would be expected to yield a lOa-substltuted analogue of 4. Reaction of 8 with 

18 and trlethylamlne yielded a similar mixture of products to that obtained from 

reaction of 8 with hydrogen peroxide. Chemilumlnescence was observed only when 

impure 18 (aged samples) was employed. Addltlon of an alkoxyalkylhydro- 

peroxide,” 21 to 6 resulted in a clean conversion to 12. via an elimlnatlon - 
reactlon of 22. The presence of trace lmpurltles in the preparation of 21 was 

responsible for the accompanying weak chemllumlnescence and this 1s discussed in 

detail later. 
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Elimination reactions of the type observed for 22 were found to occur with 

secondary alkylperoxy adducta of 8, but not readily with primary (or tertiary) 

alkylperoxy adducts. Thus, addition of xanthyl hydroperoxlde ” 24 to 8 in the 

presence of trlethylamlne gave a quantitative yield of 12 and xanthone 26 (via - 
29) while the n-butylperoxy adduct 27 decomposed only very slowly under the same 

conditions, being as stable as the t-butylperoxy adduct 28. The elimination 

reactions of xanthyl peroxides 30 allow the lOa-hydroxy flavln anion 23 to be 

compared with other leaving groups. 

Xanthyl peroxide was chosen for thla purpose alnce xanthone (Amax 340 nm) 

absorbs in the nuindown of the electronic spectra of the other components of the 

reaction. particularly the strongly absorbing flavlna. In addition, the readlly 

acceaalble excited states of xanthone provided a check for excitation of the 

carbonyl fragment in the reaction. Such excitation was not observed. The data 

obtained for the tertlary amine initiated ellmlnatlve decomposition of a number 

of xanthenyl peroxides are recorded In Table 1. The peroxyesters 30, 2 - 

m-CIC6H4CO- and CH3(CH2)gCO- were prepared by addition of m-chloroperbenzolc acid 

and perdecanolc acid respectively to the xanthyllum perchlorates 31 and 32. and 

were not isolable, but their rates of decompoaltlon were considerably slower than 

their formation. The relative rate8 in Table 1 refer to a comparlaon of the 

pseudo first order rate constants (k) for true elimination reactions, monitored 

spectrophotometrlcally by the appearance of xanthone 26 (Amax 3UO nm). The 
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rate constants for the disappearance of 29 (amax 402 nm) and the concurrent 

appearance of 26 were Identical. The kH/kD values refer to a comparison of the 

pseudo first order rate constants for ellmlnatlon43 of 30 R - H and R - D. The 

results indicate that a lOa-hydroxyflavln anlon 23 as a leaving group results in 

the O-O heterolysls of 30 belng 2.3 x lo2 tlmes faster than with t-butoxy anion, 

although it 1s approximately lo-lo2 tlmes less effective than carboxylate anion. 

A precise correlation of leaving group ablllty with pK, 1s not posslble,45 but 

lnspectlon of Table 1 lndlcates that decreasing pK, of the corresponding conjugate 

acids does increase leaving group ability. The exception 1s 24, where the rate 

1s probably affected by hydrogen bonding of the leaving group. 

& R-H 

25 R=D 

27 R=n&r 

28 R=t-k 
- 

TABLE la 

29 

-02 k/s-lb k/S_‘C k/s-ld k/s-le Relative 
Rates 

kH/kD 

-OH 6.01to.o5x10-3 9.0*0.4x10-~ 1.0 7.9*0.3b 

-OtBu 1.85r0.12~10-~ 3.1 7.7*o.6bg 

-O-(lOa-fl.) 6.3i0.3xlO-’ 1.07t0.1~10-~ 3.18t0.11~10-~~ 7.0x102 4.3to.3dfg 

-O-(4a-fl. 1 

-OCOC9H, 9 

-OCO-C6H4Cl 

1.32*0.12x10-lh 2.9~103 

4.54*0.30x10-2 2.6x103 4.0to.4e 

2.16t0.13~10-’ 2.48*0.12x10-’ 1.4x104 3.8*0.3e3.0*0.4d 

a k values refer to first order rate constants obtained In acetonltrlle at 25O. fl. - flavln. 

b 1241 - 124, 2 - tBuI - 2.7 x 10" H, [Et3N] - 0.65 M. 

' 1241 - 181 - 2.1 x lO-4 H, [Et3N] - 1.0 x lO-3 M. 

d r311 - rmCbC6H4-C03H] - [Et3N] - 2.6 x lO-4 H. 

e 1311 - [mC1-C6H4-m3Hl - [CH3(CH2)&03Hl - 2.6 x 10S4 M, IN-mathylnwphollne] - 3.6 x lo-‘( M. 

’ 181 - 2.5 x 1O-4 M, 1241 - 3.1 x lO-4 M, [Et3N] - 5.8 x 1O-4 H. 

g The values were unaltered by changes in base concentration. 

h 1331 - [241 - 1.3 X lo-‘( H; [Et3N] - 6.5 x lo-'(. 
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Bruice ana co-workers46 have made an extensive study of the oxidation of 

iodide ion, alkyl sulphldes and amines by 4a-flavin hyaroperoxfde with remarkably 

sfmflar results. These workers dismiss the importance of hydrogen bonding”7 to 

the carbonyl group at C-4 In the enhancement of peroxide reactivity. Our 

results are in agreement since our elimination reaction does not involve 

H-bonding. 

Although we are anare that the TOa-position does not seem to be involved In 

natural flavfn oxygenase activity, it is still instructive to compare the 4a- and 

lOa-posltlons ln a search for any special features of the flavin nucleus which 

lead to enhanced reactivity. The reaction of 5-ethyl-3-methyllumlflavInlum 

perchlorate 33 ulth xantnyl hydroperoxide was studied 63 described above, with 

the result that, although the 4a-position is more reactive, St is so by a factor 

of only 4. 

In our view this confirms the conclusion of’ Bruice and his co-workers that, 

as far as model reactions go, only the general eiectronegativity of the flavin 

nucleus increases the reaction rate. However, as we suggest later, this 

conclusfon48 is not at variance with a more specific interaction of the peroxfde 

lone pairs with a polarised double bond in the flavln. 

Chemlluminescent reactions of IOa-peroxyflavlns 

The yiela of the chemiluminescent impurities obtained in the preparation of 

19 were improved by modification of the original conditions. Four 
hyaroperoxialc products, including 19, were Isolatea4* ana charaeterised by ‘H 

nmr. The diasterolsomers 34 and 35 showed typical chemical shifts t’or the two 

C-x methine proton% present In each substance.49 To help identify the 

functionality required for ~hemilumlnescence~ and to further extend the scope of 

our studies, two more hydroperoxides, 37 and 36, were prepared. Treatment of 

3q5’ with hydrogen peroxide led to 37 only, no products of the type 39 being 

obtained, 
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Treatment of 415' ulth hydrogen peroxide led to specific Introduction of 

hydroperoxyl at the benzyllc position, yleldlng 38. The ‘H nmr spectrum of 38 

showed a coupling of 2Hz between Ha and Hb. This coupling through five o bonds 

indicates a ‘zig-zag’ conformation 42 and allows the unequivocal configurational 

assignments glven for 38 to be made. 

Figure 1 

Relaclve 
mtens1ty 

Figure 2 

Relative 

rntens1ty 

\ 

Wavelength (nm) Time (mln) 

k%Scets) 
Fluorescence emission spectra in acetonltrlle (excltatlon wavelengths 

Curve A 11 (SO6 nm): 
nm). Concentrations 1194 x 10S5 H. 

curve B, 27 (406 nm): curve C, 8 (397 

Typical time course of chemlluminescence ob;e;v;d,;egn addition of 
acetonltrlle solut 

4 
on of 8 and 34. 181 - . M; 1343 - 4.8 

rEt3Nl - 1.0 x 10 H, 25OC. 

TABLE 2 

Hydroperoxide Qobsa QEb K/s-” [Et3Nl 

34 4.2 x 1O-5 3.8 x lo-4 3.2 x 1O-2 

35 1.0 x 10-5 0.9 x 10-4 6.0 x ICI-~ 1.4 x 10-2 

36 3.4 x 10’5 3.0 x 10-4 6.8 x 10-2 

37 9.6 x lo-’ 6.8 x 10-3 -6 x lo-2d 1.8 x lo-’ 

38 1.1 x 10-4 1.0 x 10-3 5.7 x 10-2 5.8 x 1O-5 

a Relative to lumlnol, corrected for photomultlpller response. 

b Yield of excited states, based on gF for 10 - 0.11. 

’ Observed flrst order rate constants of chemllumlnescence decay, 23O. 

d Not first order. 
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Hydroperoxldes 34-37, when treated in pure acetonltrlle with 8 in the 

presence of trlethylamlne, produced easlly visible bright chemllumlnescence.48 

A wlde varlety of bases other than trlethylamlne initiate the chemllumlnescent 

react ions. These include primary, secondary and tertiary alkyl amlnes, 

323 I 

pyrldlne, qulnol lne, phthallmldes, alkoxldes, carbonates and bicarbonates. Any 
aprotlc organic solvent capable of dissolving traces of 8 gave visible 

chemllumlnescence. The acetonltrlle-trlethylamlne solvent-base combination was 

used for the study of the reactions reported here and the quantum Yields 

(relative to lumlnol) obtained under these condltlons are given in Table 2. The 

observed chemlluminescence emission spectrum had Xmax - 522 nm and was 

superimposable upon the fluorescence emlsslon obtained from 11 (Figure 1). The 

light-emitting moiety 1s thus identified as containing the chromophore of 11. 

The major 8-derived product was in all cases 12, which is known to be formed 

efficiently from 10 or 23.29 We therefore suggest structures 10 or 23 for the 

emltter. The emlsslon spectra (Figure 1) of the other fluorescent species uhlch 

are present In the chemllumlnescent reactions, the startlng flavlnlum salt 8, a 

lOa-peroxyflavln (e.g. chromophore of 28) and the ureldel’l 11, imply that these 

species are not emltters. The yields of excited states (OE values) given in 

Table 2 are based upon a fluorescence efflclency ($F) of 0.11 for 11, assumlng 

that 10 or 23 have the same eF. The chemical yield of emitter was taken to be 

quantltatlve, based upon the high yields of 10 obtalned. The reaction with 37 

produced the best quantum yield. the eE value corresponding to a yleld of excited 

states of about 1%. a figure uhlch compares very favourably with model reactions 

for other blolumlnescent systems.2 

The typical time course of chemllumlnescence observed in the reaction 

between 8 and 34 1s shown in Figure 2. Maximum intensity was reached rapldly 

(<ls), the decay then folloulng first order klnetlcs for several half-lives. 

The following general observations concerning the reaction were made: a) the 

observed quantum yield Oobs, was directly proportional to 181 and independent of 

Cgt3N1 ; cobs was also Independent of 1341 providing that [341 >> [a]: b) the 

maxlmum lntenslty of chemllumlnescence I,,, was lndependent of 1341. but 

dlsplayed approximately linear dependency upon both [Et3N] (Figure 3) and [g] 

(Figure 3, Inset); c) the observed first order rate constant, K, dld not alter 

wlth variation In [341 or 181, but showed a roughly linear dependency upon [Et3N] 

(Figure 3). Similar results were obtalned from the other chemllumlnescent 

hydroperoxldes; however 37 and 38 produced chemllumlnescence at notably faster 

rates than 34-36 and required lower [Et3Nl to produce the rates observed for 

34-36 (Table 2). Nevertheless all the hydroperoxldes showed slmllar dependence 

of rate on [Et3N]. 

Other flavln substrates were also effective in stimulating llght emlsslon. 

Reaction of 11 with 34 produced a long-lived but low intensity emlsslon (Figure 

4). which yielded - 901 of the quantum yield observed from 8. In general, all 
1,3,10-trlalkylflavlnlum salts gave efficient chemllumlnescence with 34-37. The 

l,lO-ethano-bridged salts 43 and 44 were slmllarly effective. This result shows 

that formatlon of spirohydantolns 1s not necessary for chemllumlnescence, since 

ring contraction of the pseudo-base 45 does not occur readily. The observation 

!& R-H 



3232 F. McC~ti CI al. 

Figure 3 

IEt3N-J x lo4 M 

(0) wfth changes in fEt3Nl; 1343 - 3.05 X $0"'" H, 

Variation of Imax (Of with 163; 1341 - 6.2 x 1C4 N, CEt3Nj - 1.0 x IO-'!4 

Figure 4 

Relative intensity 

Figure 5 

~etdtive intensity 

Time (mln1 Time (min) 
Ffgure 4 Time course a!’ chemiiuminescence observed upon adclitfon of 34 to an 

acetonitrile solution of' 11 and Et3N. I81 = 4.6 x tO"'lf+. [XeOHl - 2.0 x low3 M, 

CEt3N3 1 1.0 x lo+ M, r3Y3 - 4.8 x low4 n at 250. 

Figure 5 Tlme course oi chemllumlnescence observed upon addition of 34 to an 

acetonltrile solution or 27 and l?t3N, 181 - 4.6 x lw4 M, [n-BuOOHl - 2.1 x 10‘3 M, 

cEt3Nl - 1.0 x to-2 M, 1341 - 4.8 x lo-'( N at 25O. 
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of chemiluminescence from 44 shows that 3-alkyZation is not a necessary 

structural feature for the flavinium salts. The 2-[O-alkyi)-3,10- 

dialkylflavinium salts. e.g. 46, also produced chemiluminescence, but the 

2,4-(his-O-alkyl)-lO-alkyd compounds, e.g. 47, did not. 

The light yield from the addition of peroxldes of any sort to the 

@a-position was uniformly low. Quantum yfelds Here lower than those reported by 

Bruice and co-workers5’ and never exceeded 5 x 10e6 einsteins. A particularly 

significant observation is that the light emission extended tin roughly first 

order fashion) over many hours (typical k - 2.2 x 10W5 s-l). The reactlon of 

the peroxide adduct is, of course, over in seconds and should give the same 

bright flash as we observe for the tOa-reactfon, if an elIminatfve 

carbonyl-forming reaction 1s to have any significance, Crystalline, very pure 

peroxides such as xanthyl and tetralln hydroperoxfdes, were weakest of all In 

light emission. yet gave easily followed reactions fn both the IOa- and 

4a-substituted eases. The fnitial reaction of the peroxy-adducts formed from 33 

were not detectably chemflumlnescent with such simple peroxides. 

i!!! Rt - R* - R 

R - RI? 

Ar = A,’ - Ph 

Heterocycles other than flavin are also capable of producing light emission. 

Qulnoxalinium salts 48 react with 34-38 to produce bright chemlluminescence;48 

the emitter in this series has been identified as the product pseudo-base 49+ 

The quantum yields In the quinoxal~nfum salt series are generally higher than 

in the corresponding reactions in the flavinfum series.7 

TABLE 3.Comparison of the observed first order rate constants and quantum 
yields of the deuterated hydroperoxides 55-V with 38.. 

Hydroperoxlde M/G 

55 1.24 * 0.14 
56 1.44 f 0.12 
57 2.10 t 0.13 

ktH/kD 

6.8 t 0.3 
1.03 + 0.003 
6.7 t 0.3 

181- 4.9 x 10 -5 n, 155-57, 383 - 3.2 x 10S4 H, [Et3N1 - 2.9 x 10” M at 26.0”; 
kIi - 0.40 s-1. 
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TABLE 4. Comparison of the observed First order rate constants For the dark 

reactlona of 32 and 36 in the absence of 8 with the rate constants for the 

chemilumlnescent reactions in the presence of 8. 

Hydroperoxlde k/a-’ k/a-’ 
with 6 

Rate increase kHa/kDa 

3’la 3.2 x 1O-4 5.7 x 10’2 1.8 x 102 

3ab 4.7 x lo-‘L 3.8 x 10-l a.1 x 10~ 6.4c 

- 4.5 x 10:; M, [Et3N] - 1.3 x 10-2 H. 
H, [Et3Nl - 5.7 x lo-‘( M at 25O. 

The chemllumlneacent hydroperoxldes 34-38 are derlvatlvea of the 

aldehydo-peroxides SO. In order to determine whether both C-H methine groups 

8 P2 50 R1 - R2 - H 

HO-i-0-0-i-OH 51 RI - R2 - alkyl, aryl 

k k 52 R1 - alkyl, aryl, R2 - H 

were a necessary requirement For chemllumlneacence, the hydroperoxldea 5355 and 

54 were tested in the reaction with 8. The trl-peroxide 54 la derived From a 

bla-keto-peroxide 51, and 53 from a keto-aldehyde-peroxide 52. Both 53 and 54 

Failed to produce algnificant chemllumlneacence, as did 50 and 39 CR1 - Me, 

R -H). The adduct From 53 uaa as stable as 27 and 28, while the adduct From 54 

decomposed In an eliminative manner (see Discussion). 

In order to assess the relative importance of Ha and Hb in the 

chemllumlnescent reactions of 38, the deuterated analoguea 55-57 were prepared 

(Scheme 2). ‘H nmr spectra of the products showed quantitative selective 

deuteratlon. The deuterium isotope effects which were observed are shown In 

Table 3. The kH/kD values refer to the ratios of the observed First order rate 

constants obtained from the decay of the chemllumlneacence emlasiona of the 

appropriate hydroperoxldea with 8. The $H/#D values are the ratloa of the 

quantum yields obtained From the same reactlona. The large kH/kD value for Ha 

clearly lndicatea that breakage of the C-Ha bond la the klnetlcally controlling 

step. The significant $H/+D values For Ha and Hb indicate that both C-Ha and 

C-Hb bonds must be broken to achieve chemilumlneacence. The ratlo of the First 

order rate constants obtained From the reaction of 8 with 38 in f’I H20/CH3CN and 

1% D20/CH3CN gave a solvent kinetic isotope effect and a product isotope effect 

of - 1.0. The ratlo kH/kD For Ha in the reaction with 48 was 2.3 f 0.2. 

Cleavage of C-Ha in 38 la also rate determlnlng in the reaction of 38 with 

trlethylamlne In the absence of 8 (Table 4). Comparison of the rate constants 

For these ‘dark’ reactions of 34 and 38 with the correapondlng rate constants for 
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the chemllumlneacent reactions in the presence of 8, indicates that the adduct 58 

accelerates O-O heterolysls as efficiently as 29. 

CQ c a 
D 

0 

i, 

b 

ox 3 
0 

22 R,-D. R2-H 

56 R, - H, R2 - D - 
57 R, - R2 - D 

SCHEME 2 

Reagents : (a) K2C03/D20;56 (b) LlAlD4IEt20; (c) p-Me-C6HA-S03H/benzene; 

(d) 03/EtOH; (e) H2S04/EtOH; ( f ) H202/H20; (g) LiA1H4/Et20 

lOa-Peroxyflavins as Models in Oxygenatlon 

The very thorough and extensive work of Brulces7 on the use of synthetic 

4a-hydroperoxyflavins seems to show that there is no evidence for the 

transient carbonyl oxide suggested by Hamilton. 58 Although the enhancement of 

the rate of oxidation Is aubstantlal, it seems that it la the result of 

attachment of the peroxide to a strongly electronegative molecule. If this is 80 

then the phenomenon should be very general. 

In oxygenasea such as bacterial luclferaae and cyclohexanone oxygena$e5g the 

apparent Baeyer-Vllliger-like actlvlty 1s modelled very well by the ellmlnatlve 
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reaction studied in this work. The results in Table 1 lndlcate that, In the the 
case of 29, heterolytlc O-O bond cleavage occurs readily in an ellmlnative 

process. The decreasing kH/kD values down Table 1 correspond to a shortening of 

the C-H bond and an increase in the O-O length in the E2 transltlon states 59. 

The better the leaving group (-OZ), the greater 1s the extent of O-O bond 

cleavage in the transition state 60. The effect of -0Z - 23 1s reflected in the 

increased rate of ellmlnatlon of 23, by a factor of 2.3 x 102, In comparison with 

-0z - -00ut. Further inspection of Table 1 reveals that 23 1s approximately 

lo-lo2 times poorer as a leaving group than R-CO*-. 

A-o+ 2. 
‘OZ 

The question arises as to why 23 should be a considerably better leaving 

group than -OBut. Build-up of 23 in the elimination reaction of 29 was not 

observed : the rapid ring contraction to 12 is clearly an important drlvlng force 

for disappearance of 23. Hamilton has suggested5’ that ring opening could occur 

before O-O cleavage, leading in the case of 17 to the carbonyl oxide 60. This 

Idea, applied to 29, requires that formation of 61 activates O-O bond cleavage, 

and that the leaving group would not be 23, but 13 (or possibly 12). If this 

were the case, intermediates like 61 would be expected to be formed from any 

alkyl-4a-peroxyflavln. The observation that stable lOa-peroxyflavlns, eg 2, can 

be formed, shows that the driving force for elimination in 29 cannot be 

ring-opening, since this would lead to an elimination reaction of 27. Thus, 

lnstead of flavln rlng-openlng, it 

broken In the elimination reaction 

whether ellmlnation can take place 

1s the acidity of the C-H bond which 1s to be 

which is the controlling factor which decides 

at all. 

60 61 
These conclusions are in agreement with those of Brulce, and although 

different reactions (Baeyer-Vllliger oxygenase and O-atom transfer) are being 

examined, the role of the flavln seems very similar. The fact that lOa- and 

4a-substituted flavlns are being compared also shows that the detailed structure 

(such as proxlmlty of a carbonyl group in the Ica-case) 1s not particularly 

significant. However, there are indications that other features may play a part. 

Thus the comparison of 11 with 27 indicates that there 1s a specific 

intra-molecular lnteractlon of the lOa-peroxy substituent with the chromophore. 

The adduct 11 has a fluorescence efficiency, OF - 0.03 (values in acetonltrlle). 

The emlsslon maximum of 28 1s also shifted, hypsochromlcally, by about 8 nm from 

11 (figure 1). A similar difference was also observed in the uv spectra of 11 

0, max 406 nm) and 27 (Amax 402 nm). Intramolecular cyclisatlon of hydroperoxldes 

containing an a-carbonyl or lmlne 1s known to be a favourable process 61. 62; the 

nature of the lnteractlon of the peroxide moiety wlth the chromophore in 27-29 1s 

likely to be slmllar to that previously proposed for dloxetan formation 
61 that 
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is quaal-perepoxide structures of the type 63 or 64. It la interesting in this 

context that the lOa-hydroperoxlde suffers rlng cleavage via a presumed dioxetan. 

Furthermore, the electron-ulthdrawlng inductive effects of N-l, N-10, and C-4a 

would contrive to make the C-1Oa site of 27-29 somewhat electrophlllc. We 

suggest that a combination of this inductive effect with the internal non-bonding 

lnteractlona of the type 53 and 64 would lead to O-O bond polarlaatlon, and hence 

actlvatlon of lOa-peroxyflavlna without ring-opening. An exactly comparable 

description can be applled to the more biologically algnlflcant 4a- 

hydroperoxyflavln. 

6- 

63 ii!! 
The chemllumlneacence of these peroxyflavlna la discussed in the next 

section, but the llght reaction has a bearing on the often discussed queatlon of 

ring-opening of the flavln, to produce a transient carbonyl oxide. On the very 

reasonable assumption that emission from a alnglet state Is faster than chemical 

rearrangement, the first-formed product la the lOa-hydroxy chromophore and no 

other. This argument will also apply if we take it as extremely unlikely that 

ring closure to the Intact flavln nucleus would allow the preservation of the 

excitation of a precursor. 

Chemllumlneacent reactions of lOa-peroxyflavina. Unlike the 4a-substituted 

analogue327 9 54 the adduct from 8 and 18 dld not give chemllumineacence. The 

peroxide 18 rapldly yields decanal and hydrogen peroxide under the baalc 

conditions which were employed: thus the products were the same as those from 8 

and H202 only. Any 65 formed could have reacted by loss of aldehyde to 17. 

followed by irreversible decomposition. 

D 17 12 

The adducta 11 and 27 reacted at strikingly dlfferent rates In the 

chemilumlneacent reaction (flgurea 4 and 5). The equilibrium of scheme 3 llea 

well to the rlght. (No flavlnlum salt la detectable by U.V. spectroscopy). 

UR-He 

BR - “BuO 

Scheme 3 
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The group ROO- is expected to be as good a leaving group as it is a 

nucleophlle, and this may account for the observed difference in rates. Thus 

reaction of 33 - 37 at the lOa-posltlon of 8 leads to the chemllumlnescent 

process. 

The primary deuterium kinetic isotope effect observed for Ha in the 

chemllumlnescent reaction of 8 with 38 (kH/kD - 6.8 f 0.3 Table 3) strongly 

suggests C-Ha bond breakage In an ellminatlve manner as the rate determining 

step. The mechanism, by analogy with 29, 1s assumed to be E2.60 The alternative 

Baeyer-Vllllger rearrangement of Ha would require kH/kD - 1.4-3.063 whereas E2 

ellmlnatlons typlcally64 show kH/kD - 2.8. Hb In 38 dld not exhibit a kinetic 

isotope effect, but the quantum yield fsotope effect (@HIeD - 1.44 f 0.12) 

indicates the requirement for C-Hb breakage in the cheml-excltatlon step. 

Further evidence for the requirements of C-Hb was obtained from the reaction 

between 8 and 54, which was non-chemllumlnescent. Models suggest that the 

cls-hydroxyperoxy substltuents in 54 are close enough to allou easy - 
interconversion of the adducts 66 and 67. Decomposltlon proceeds at almost the 

same rate as for 68, indicating that eliminative reaction of 66, which does not 

possess Hb, had occurred. 

66 - 
How the products from the rate determlnlng elimination combine to produce 

chemllumlnescence 13 not immediately apparent. The product peroxyester 69 would 

certainly be capable of undergolng further ellmlnatlon, with C-Hb bond breakage 65 

(Scheme 4). 
rilb 

R-G O-O P %I 4 2 
69 

R .O “6, 
.p 

l HOC 

k2 

lo 
Scheme 4 

Schuster66 has examined the decomposltlon of secondary peresters and has 

proposed the scheme, when a fluorescent compound (“activator’), of low lonlsatlon 

potential 1s present. 

+Pdivator W 1 --ccc 3 AdiMto? 

z 
H3 + 
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We would expect the lOa-hydroxyflavin 8 to be a suitable activator but the 

rate of reaction 1s very much hlgher than in those reactions studled by Schuster 

where temperatures of 100° are required for a comparable rate. It may be that 

the RO-group in 69 sufficiently increases the rate of electron transfer (uhlch 

appears to be rate determlnlng In the reactions studied by Dixon and Schuster). 

However, as a later study7 shows, there are objections to these mechanisms. 

One very striking feature of the reaction with the various peroxides active 

in chemllumlnescence is the different rates of reactlon and different quantum 

yields with the two diastereolsomers 34 and 35. Although the differences were 

not large, they were reproducible. We have already shown that both Ha and tib are 

involved In the chemilumlnescent reaction and this observation 1s in accord with 

this. Unfortunately although some concerted processes can be written our present 

lnvestlgatlon does not lead to a confident predlctlon of the excltatlon 

mechanism. Further examlnatlon of model compounds and the luciferase are in 

progress. 

EXPERIMENTAL 

Melting points (mp) were determined on a Relchert hot-stage and are not 
corrected. Nuclear magnetic resonance spectra were recorded on 60 MHz T-60, 
EM360 and W~80 instruments and the values are given in unlts relatlve to 
tetramethylsilane I. Mass spectra were recorded on an SE1 MS9 spectrometer. 
Ultraviolet spectra were recorded on Pye Unlcam SP800 and Varian/Cary 210 
instruments, fitted with constant wavelength scanning attachments and 
thermostatically controlled cell holders. Analyses wre determlned by the staff 
of the School of Molecular Sciences, Unlverslty of Sussex. Acetonltrlle used for 
chemllumlnescence and spectrophotomerlc studes with peroxides was purifled by 
successive distillations from calcium 
(three times). The flavlnlum salts 8 64yd;;89; 
by the methods described in the 1lteratAre. 

;,D% $9 p~~~p~~~~sw~~~“~~~~~red 
9-D-t-kutyl lanthyl peroxide and 

9-D-xanthyl hydroperoxlde wre prepat&d by treatment of 9-D-xanthanol with t-butyl 
hydroperoxlde and hydrogen peroxide . The xanthyllum perchlorates 31 and 32 
were prepared by treatment of the xanthanols In acetic acid with 601 aqueous 
perchlorlc acid. 

Schlff base 16 - N,N-dlmethyl-o-phenylenedlamlne (0.136 g, 0.001 mol) and 
n-butvlnlvoxarate (0.130 IZ. 0.0001 mol) were dissolved in n-hexane and the 
solutioi refluxed for 4 h-in a Soxhlet apparatus containing activated moIecuIar 
sieves (type 4A). After evaporatlon of the solvent, the product was obtalned as 
a yellow gum. 286, 
(CC14): 7.76 (3, lH, ArN - CH-CO), 6.7 - 7.3 (m, 4H, Ar-fif, 4.33”1:,“? 

TLC showed a single major product, uv: Am ; nmr 
- 7, 2H, 

-cO~-CH~-C~~~-), 2.98 (3, 6H, Ar-N(Cli3) 1.3-2.1 (m, 4H, -71H2-), 1.07 (t,J - 6, 3H, 
-CH,-Cg3). Further purlflcatlon was not attempted. 

Reaction of 8 wlth hydrogen peroxlde and trlethylamlne. 

A) 1,3,10-Trlmethyllsalloxazlnlum perchlorate (1.25 g, 0.0035 mol) was dissolved 
in dry acetonltrlle (200 ml) under nltrogen. The solution was cooled In Ice, and 
when the temperature had fallen to 15O, hydrogen peroxide (32.2 H, 110~1) was 
added: at loo, trlethylamlne (0.49 ml, 0.0035 mol) In acetonltrlle (2.0 ml) was 
added dropwlse over a period of 1 mln to the stirred solutlon. The mixture was 
cooled with stlrrlng to 0-5O. After 1.5 h, the reaction mixture was allowed to 
warm to room temperature over 0.5 h, then evaporated to dryness In vacua at <25O. 
The residue was dlssolved in dlchloromethane and boiled wlth decolourlslng 
charcoal (1 g), filtered and evaporated to yleld 1.42 g product. Separation of 
the major components by tic on silica gel (Merck CF254) wlth ethyl acetate as the 
eluent ylelded two major products. The product (Rf 0.7) was recrystalllsed from 
aqueous ethanol, and was ldentlcal In all respects wlth 12. The other product 
(Rf 0.15) was recrystalllsed from dlchloromethane/petroleum ether (SO-60°) 
(0.13 g), mp - 180°, then 194”; this material 16 appears to be lsomerlc wlth 
17. (C 53.62; H, 5.31; N 19.34%. C 
Isolation proved difficult since hy 

Hl4N requlres C 53.79, H 4.86. N 19.3OI.1 
d;ioysla to 19 occurred readily. (C 54.19, H 

6.08, N 21.191 Cl H N40 requlres C 54.53, H 6.1, N 21.21) 
4.00) 261 (Log c !i%, i.p. 165 

)i (Log r 
- 182O (Recryst. petroleum e 

&‘O(;h;: 

spectrum unchanaed in icld (lndlcatlve of an orthoohenvlene dlamlde). Nmr 
(CDCl ) (ppm) 7,25 (multlplet, 4H) 4.2 (broad, 
(doublet, J 

3H)-3.25 (singlet 3H) 3.0 
- 5 Hz, 3H) 2.75 (doublet. J - 5 Hz. 3H). Doublets collaDse slowly 

to singlets In the presence of D20. Mass spectrum (M/e 264) shows 10;s of _ 
HeNH2(31) HCONMeH (58). 



3240 F. MCCAPRA CI al, 

Hydroperoxldes 34 - 36 - A stirred solution of hydrogen peroxide (0.53 ml of 
35.1 H, 0.0106 mol) and sulphurlc acid (0.10 ml, 0.0188 mol.) was cooled to O” 
while n-butylvlnyl ether (1.57 ml, 0.0124 mol) was added over 3 h. After 
stirring 1 h more at 0°, saturated ammonium sulphate was added and the mixture 
extracted several times with ether. The combined ethereal extracts were washed 
successively with saturated ammonium sulphate, water, sodium bicarbonate solution 
and saturated sodium chloride solution, then dried with sodium sulphate and 
evaporated to dryness to yield 0.9 g of a mixture of hydroperoxldes. Separation 
was achieved by the technique of short-column chromatography using silica gel 
(Merck GF254, 1OOg) with pure chloroform as the eluent; 2.5 ml fractions were 
collected, using a fraction collector, over a period of 20 h. This yielded 
1-n-butoxy-1 ‘-hydroperoxydleny:peroxlde (35) IRf( Merck GF 254; CHC13) - 0.391, 

1 ,4-Blshydroper ,4-dlhydro-2,3-benzodloxln (37) - 1,4-Blshydroxy-1,4-dlhydro- 
50 0 00298 1 dissolved with gentle warming and 

*pertlid; (86.2zl) l~“~lI. The solution was alloued to reach 
room temperature and stirred for a further 0.5 h before being cooled to O”. The 
precipitate was collected and recrystalllsed from dlethyl ether/petroleum ether 

4-Ethoxy-4,5-dlhydro-1 -hydroperoxy-2,3-benzodloxepln (38) -1,4-Diethoxy-4,5- 
dlhydrobenzodioxepin (41 I ( 0 0 0042 mmole) was dissolved with gentle warming 
in hydrogen peroxlde (86.21~*8.i?‘mlj. The solution was allowed to cool to room 
temperature with stirring and after 1 h was cooled to O” and filtered. The 
preclpltate was recrystalllsed from chloroform/petroleum ether (80-100°) to yield 
38 (0.14 g, 0.00062 mol. 15%) m.p. 129-131°. (Found: C 58.26, H 6.17 Calc. for 

Cl H14G5: 
7.6 

C 58.40, H 6.245); nmr (CDC13): 9.40 (broad s, lH, exch. D20 - OOH), 

- 4 
- 7.6 (m, 4H, Ar-H), 6.57 (broad s, lH, -OOCli,-00-I 5.18 (octet J 

- 5, 1H 
1 .4; :ed J - 7 

- 2, Jbc 

;4 
-CH-H -CH -CH -1, 2.93 (dd, 

-8Cfi --& )Ta 
J 1H. PaCH H -1 

convert’from oAtet’t.0 dd2(Jbz 
Irradlatlon at “b 

- 5, J,d - 15, 
.57 caused the signal atc5!18’to 

- 4, Jbd - 5); ms: m/e 193 (?l’ - H02). 

4,5-Dihydro-l,4-blshydroperoxy-4-methyl-2,3-ben~odloxepin (54) - P-Hethylindene 
1 0 g, 0.0077 mol) was dissolved In dry ethanol (14 ml and dry dlchloromethane . 

(6 ml) and cooled, with stlrrlng, to -78O (dry Ice bath). A stream of ozone In 
oxygen (12s ozone) was bubbled through the solution until a faint blue 
colouratlon was retained. The reaction mixture was purged with N2 while being 
allowed to narm to room temperature, then was evaporated to dryness in vacua, 
keeping the temperature <20°. The resldue was dlssolved In dry ethanol (15 ml) 
and treated wlth sulphurlc acid (0.2 ml of a solutlon of 1 drop in 1.0 ml of 
ethanol) and stirred at room temperature for 18 h. The solution was evaporated 
to dryness in vacua (temperature <200), dissolved in dlethyl ether and washed 
successively with saturated sodium bicarbonate, then saturated sodium chloride 
solution, drled (sodium sulphate) and evaporated to yield crude* 1,4-dlethoxy- 

*The product contained approximately 40% of the ‘dimer’ A, as adjudged by nmr. 

Ozonolysls OP acenaphthene in methanol gave the dlmer B7’, m.p. 70”. (Found: C 
68.75: H 5.481. 
122-124”, lit. 

124f~:~_,P~~t~~~~a2G6: C 69.10; H 5.80?) The material (m.p. 
Prom ozonolysis of 1-methylnaphthalene in 
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4,5-dihydro-4-methyl-2,3-btnzodioxepin (1.55 g, 0.0062 mol; 81%). This product 
(0.02 g) was warmed with hydrogen peroxide (86.21, 2.0 ml) until solution 
occurred. On cooling, a precipitate formed which was collected and 
recryatallised twice from methylene chloride/petroleum ether (kO-60’) to yield 
pure 49, m.p. 117-120*. (Found: C, 52.5: H, 5.55. Calc. for Cl H 206: C, 52.6; H 
5.31); nmr (CDCl 1: 9.30 (broad s, 2H, exch. D20, 
!;j4zH(;. lH, Ar-&-00-1, 3.66 and 2.60 (d, J 

-OOH), 7.0-7.g lm, r(H, Ar-H), 
- 14, lH-each, Ar-CH2-C-), 1.31, (s, 

- -3 - 
Deuterated ~-ethoxy-4,5-dlhydro-l-hydroxy-2,3-btnzodloxepin~ 50 - 57 - The routes 
outlined in Scheme 2 were employed. General directions follow.__ 
A) Deuterated lndenes. 1-Inbanone or 2,2’ -dldtutero-1-lndanonebj (0.01 mol) were 
dissolved in dry detrahydrofuran. Llthlum aluminlum hydride or deuterlde was 
added In small portions, until no starting materlal remained, as adjudged by tic. 
The mixture uas cooled to O” and excess reagent destroyed by addition of crushed 
ice, then water. The resulting mlxture was thoroughly extracted wlth dlethyl 
ether, the combined organic extracts dried and evaporated in vacua to yleld the 
I-indanols which were recrystallised from petroleum ether (110-60“) (-0.008 mol). 
The 1-indanols were then dissolved In benzene (60 ml), p-toluenesulphonic acid 
(0.0011 g) was added, and the solution was refluxed in a Dean-Stark apparatus for 
4 h. The cooled reaction mixture was washed with saturated sodium bicarbonate 
solution, then saturated sodium chloride solution, dried and evaporated in vacua 
to yield the crude product. The lndenes could be obtained by distillation in 
vacua, or, preferably, by column chromatography, using slllca gel (Fisons, 
200-300 mesh, 60 g, or Merck CF254). Elution wlth chloroform (petroleum ether 
(40-600) (1 :I ), gave the pure deuterated lndenes (usually -0.001 mol. overall 

iO!A*and C-7CH) at 6.90. 
Nmr (CDCl 1 shoved the expected absences, as appropriate, of C-PCH) at 

B)-Hydroperoxides 55 - 56 e lndtnes were treated with ozone (at - 78”) and 
then ulth acid, as descri bid”. Treatment of the products with hydrogen peroxide 
as described above for 38, gave the desired hydroperoxldea, which were 
recrystalllstd from chloroform/petroleum ether (80-100°). Nmr (CDCl-,) showed 
complete selective deuteration,. in comparison wlth the data for 38 adove. Thus, 
when Ha - D, Hb appeared as a dd (Jbc - 4, Jbd - 5) at 5.18; and when Hb - D, Ha 
appeared as an s at 6.57, and Hd as a d (J - 15) at 2.87. 

5-Ethyl-3-methyllumiflavinium perchlorate was prepared following Chlsla et al72 
and obtained in 32% overall 1 Id f 3-methyl lumlflavln m.p. 220-225’ (Llt.72 
223-227O). (Found: C,48.0; i,e4.8;rG’: 13. 
N, 14.052) 

C16tf19ClN~ requires C, 48.2; H, 4.8; 

Chemllumlneacent reactions 
Fluorescence and chemllumlnescence emission spectra were obtalned on an 

Applied Photophyslcs spectrofluorometer using DC ampllflcation. The spectra were 
recorded on a Servoscribe RE542 recorder with coupled disc integrator. 
Fluorescence efficiencies were determined relatlve to dlphenylanthractne (3 times 

EXY. 
lsed from petroleum ether), with calibration by the method of 

Chemilumlnescence decay rates and efficiencies were obtained in a 
light-tight box made by Mr. T. Wood any,, his staff In the School of Chemistry and 
the light was measured using publlshed electronic circuitry assembled by Mr. P. 
Sle. 

Ch iluminescence quantum yields were measured using the method of Lee and 
Seliger?? based on lumlnol as standard. Chemiluminescence was lnltlated by 
placing the peroxide and flavlnium salt In CH3CN in a cuvette and Injecting Et3N 
as a solution in CH3CN through a rubber septum. 
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methanol72 was found to be C [nmr (CDC13): 
Hb)l and not g as claimed. 

5.63 and 5.65 (5, 2H together, Ha and 
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