
AD AO’18 BQS ILLINOIS UNIV AT URBANA—CHAMPAIGN DEPT OF CHEMISTRY F/S 6/1
/ BIOLUMIPt SCENCE OF THE FIREFLY. KEY STEPS IN THE FORMATION OF T—ETC(U)

OCT 77 J KOO , S P SCHMIDT. G B SCHUSTER N0001U 76 C 0745
UNCLASSIFIED TR—O 6 NL

I OF I
a04884J—— END

U.
2-78

-~~~ - a -



- - ~~~~~~~~~ 
— 

:~ :r ~~~ 
I1~IiIo ,;~ ,~,l/r ’ R3Po:~T CUttE~4TAT.~~ PACE ( /

1.11. 1 f I W ~~T N U M~~
R 12. GOVT Ac~

-
~ a4Q.l~ro. 3. RECIPIENT2CATALOG NU~~ ER

~~4 j NOOl4- 76- C-O745~~6
(Ni d S W,,) 5. TYPE OF REØORT 6 PEP.IOO COV!i’EO

00 Bioluminescence of the Firefly. Key Steps in the
Oc) Formation of the Electronically Excited State ec nica

for Model Systems. V $. P~LI t FORMlNG O~ O. RZPW~T ~~L ’ 4 ~~~~~l

7. *UTHOR(a) 
—

~~~~~~~~ 2. CONTRACT Ofl G:1ANT HU I~~ H(.)

~~~ 
Ja- Young Koo N 014- 76-C-0745
$t~v~n P. Sehmidt

~. PERFOR).4INGORGANIZAT IOM NAM E AND ADDRESS IS. PROG~4A4 EL- T P ~~~.tWT . TA~iCAR~ A 6 ..OFI~
( U.-41T NU )LR~

~~ ~~ partment of Chemistry
University of jJ.llinoi s NR-051-616
Urbana , Illinois 61801

II. CONTROU ..ING OFFICE NAME AND AOD ,~~SS 12. REPORT OATS 7
- Chemistry Program, Materials Science Division October 14, 1977
• Offi ce of Naval Research , 800 N. Quincy St. , ~~. HU :D~ R Or P~ GZS

Arlington, Va 22217 13
>1.1 14. MONiTORING AGENCY NA ~.iZ A AD~~flESS(iI dl lkr,ni h oot Co,,t,oifln.2 OIIIco) IS. SECURITY CLASS. c.t

Unclassified
C._) - i3a. DECLASth)~ iCATjO~+/DO~ .’iG L~OJ;, CSCH EDUL E

IS. DISTFIIDUTION STATEMENT (of tMa R.port)

~~~~ Approved for Public Release , Distri bution Unlimi ted.

17. DISTRIBUTION STATEMENT cal Sta .3a ;aC £fltPtod in ~~~~~ ~~~ , If ~~~~~~ ~~ ~~epor~) 

1~~r~rPnn PJ2~
IS. SUPPLEMENTARY NOTES JMI 18 1918

~~~~~~~~~~~~~~ 
A _ -.— •

~

19. KEY W3P.~ S (Con tints. on rayon . .Id. It nace.eatl attd Id.nti(y by bIeci~ ntz~nS~ r) • ‘-r’~
7 - - — .

chemi luminescence
bioluminescence
di oxetane
electron transfer

20. ABSTRA’ T (Cenlinu. Cf~ t~~t’~~ oa aid. ih stae.a’L*lY 1’I Sdbntis)’ by blocic tittotb#r)

The chemical mechanism for formation of electronically excited state
molecules from the thermal reaction of dimethyldioxetanone was probed.
Light production in the presence of certain easily oxidized aromati c hydro-
carbons was found not to conform to the c1ass.~cal mechanistic schemes for

1 chemiexci tation. Detailed investigation of the dioxetanone system revealed
I light formation by the recently discovered chemically initiated systems.
I In particular , the key high energy molecule Invol ved In firefly luminescence ,
L~~~~~hJ~~~

beeni den ti fled a~~ di oxetar ,j~~po 1a.t~j~~.. fpj~u.~gj~ttgcL..~~
• 

~ 
1473 Eot rIOu o~ ,N ov c’ is c 201 STE

~/N 0102 034 6603 I SECURITY LA~3ty I cA r loN 0F PACr’ (.~ mn b,ta .’n *arat



20. Abstract
states as a result of intramolecular electron transfe r from the phenoxythiazole
moiety to the dioxetanone. Subsequent rapid decarboxylation results In di rect
formation of an excited singlet state of the emitting ami de.

H I

I’

( I .

—-—~.—-_—-~-~-..~:



— —  — ~~~~~~~ - ..-— -,... 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

,—. T--
~

_— . -~ -

I

(2~
)

OFFICE OF NAVAL RESEARCH 
________

Contract~~~ l 4-76-C-Ø745 / ,waq’i’-?’— e~~ V~)
Task No. NR-051-616

TECHNICAL REPORT NO. N&114-76-C-0745/9)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Formati on of the Electronically Excited State for ~bdel Systems. /

by 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~

(
~~

‘ Ja_Youn~/Koo~ Steven P.,/Schmidt~~~~ Gary B./Sch~~~~~,/

1

Prepared for Publication

in

Proceedings of the National

Academy of Science U.S.A.

~~~ ~ f .~

~~chool of Chemi cal Sciedces
Uni versity of~JJ.linoi sUrbana , Illinois 61801

Reproduction in whole or in par t is perm i tted for
any purpose of the Uni ted States Government

— -. —~~~~ ,‘~~~~

LA~~~B~ ~ _________

Approved for Public Release; Distribution Unlimited. I ~hi! 0
J~~. !i s’.~ 1J4 ........___.

- 
O~t!. APAIL 4,~ IPECJ*I.

L~T Ii
-



r T ~ ’~~~~ ~-z-—.-—--—~~~~~~
• - -

~~

-.

~~~~~
“-- 

~~
- - -—“

~~~~~
• - 

~~~~~~~~~~~~~~
• - • T~~.

-

. . 

.

Classificati on : Chemistry

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(chemiluminescence / electron transfer / dioxetane / fl uorescence )

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

Department of Chemistry

Roger Adams Laboratory

Un i versity of~~~ inois

Urbana , Illinois 61801

*To whom reprint requests should be addressed. Fellow of the Al fred P. Sloan Foundation.

I ~



• 

~~~~~~~~

..
~
) —

he chemi cal mechanism for formation of electronically excited

state molecules from the thermal reaction of dimethyldioxetanone was probed.

Light producti on in the presence of certain easily oxidi zed aromatic hydro-

carbons was found not to conform to the classical mechanistic schemes for

chemlexcitation. Detailed Investigation of the dioxetanone system revealed

• light formation by the recently discovered chemically initiated electron

exchange process. This result is extrapol ated to biol uminescent sys tems .

In particular, the key high energy molecule invol ved in firefly luminescence ,

which has been identified as a dioxe tanone, is postulated to form excited

states as a result of intramolecular electron transfer from the phenoxythiazole

moiety to the dioxetanone. Subsequent rapid decarboxylation results in

• direct formation of an excited singlet state of the emitting amide.
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Biol uminescent organisms are widely distributed throughout terrestrial

and aquatic envi ronments. Although the biol ogical purpose of l uminescence

varies from species to species, the chemical mechanism for generation of the

electronically excited state, which subsequently emits light , appears to

be general in a wide variety of organisms. In nearly all of the bioluminescent

prosesses that have been investigated , high-energy cyclic peroxide molecules

are Implicated as providing the energy necessary for excited state generation (1).
• In the study of bioluminescent mechanisms the central concerns have been: I)

Identification of the molecule which has an energy content sufficient to

permit excited state generation, ii) characterization of the emitting species,

• and lii) identification of the molecular process that converts the high-energy

content molecule to an electronically excited state.

Our recent investigations of chemi lumi nesc.~ence have led to the discovery

of a new general mechanism of excited state formation identified as chemically

Initiated electron exchange luminescence (2). Studies of exergonic chemical
• reactions that model biol uminescent systems now permi t us to suggest that

this mechanism is operati ve in the formati on of electronically exci ted s tates

In living organisms. The light-forming reaction of the North American Firefly

(Photinus pyralis ) will serve as the prototypical case. The conclusions

reached from this system are readi ly extended to other bioluminescent reacti ons.

Many excellent studies of bioluminescence from the firefly have led to

the characterization of the enzyme / substrate system invol ved in the light

generation step (3). In summary, the substrate luciferin has been identified

as and Independently synthesized. Reaction of with oxygen in the presence

of the en zyme l uciferase generates a high energy content molecule which has

been Identified as the dioxetanone (
~) by 18~ labeling studies (4). In order

to produce biol uminescence, ~ loses the elements of carbon dioxi de and forms
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an electronically excIted singlet state of the observed emitting amide 3,

with very high efficiency. It Is the mechanism of this last step, the

chemlexci tation step, which has not been previously understood and to which

we will direct our attention.

CO2H 
O*l 

( 1)

The cycl ic peroxidic molecules dioxetane (
~) and dioxetanones (k,)

have been Investi gated in a number of elegant synthetic and mechanistic studies (5).

.The observation that the thermal reactions of these high energy compounds lead

to the formatiou of electronically excited carbonyl compounds is taken

as strong circumstantial evidence for the invol vement of a similar

Intermediate in the biolumi nescence of the firefly. The major difficulty

with this interpretation, howe ver, has been the fact that simply substi tuted

dloxetanes and dioxetanones give rise predominantly to the essential ly

non— luminescent triplet excited state of the carbonyl compound. On the other

• hand, the natural biol uminescent systems form the emitting excited singlet

state with efficiencies approximating 100L Application of the concepts of

chemically Initiated electron exchange luminescence resolves this apparent

Incongruity.

Experimental

Chem i lum inescence was detected by the photon coun ting

technique using an EtlI 9813 photomultiplier tube. Spectral resolution was

achieved with a Jarrel-Ash / Ebert 0.25 m grating nonochromator. Emission

Intensities were corrected for photocathode response using the manufacturer’s
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spectral sensiti vi ty data and the centers of gravi ty for the emission spectra.

Temperature control was maintained to within ± 0.05° by means of an external

temperature bath. All solvents were puri fied by passing them through a

column of activated alumina followed by distillation. Rubrene, naphthacene,

perylene, and 9,10-dipheny lanthracene were purchased from Al drich Chemical

Company and purified by chromatography on alumina and recrystallization before

use.

Dimethyldioxetaneone (~) was prepared according to the literature
w w w/~w~vv~~~

procedure of Adam and coworkers (6). This compound was found to be remarkably

sensitive to minute quantities of impurities. Extreme care must be used in

purification of solvents and additives to supress the impuri ty catalyzed

decomposition pathways.

Chemiluminescence of in the Presence of Aromatic Hydrocarbons.
W~~~~WW~~~~~~~~~~~~~WW WWVWWVW W A / W V V W V~

Solutions of dioxetaneone ~ in CH2C12 (typical concentration 10
6 — i~-~ M)

and the appropriate aromatic hydrocarbon (typica l concentration lO~ — 1O~ M)

were prepared. The solutions were deoxygenated by purging wi th puri fied,

filtered Argon for 3 mm at 00. The chenii l uminescent intensity was measured

by Integrating the light emission at the maximum wavelength for the aromatic

hydrocarbon fluorescence.

Results and Discussion

• 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Previous studies of

chemiluminescent phenomena have led to the evolution of two broad classes of

mechanisms for chemiexc itation. In the fi rst , thermal rearrangement of a

high-energy content molecule , reacting directly or through an intermediate ,

generates an electronically excited state of a product molecuie. Emission

of a photon of light from the excited molecule results In observable direct

chemiluminescence. Al ternatively, the excited product molecule may enter

Into a bimolecular energy transfer reaction with a suitabl e energy acceptor.

-~~
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This process results in formation of the electronically excited acceptor which ,

In a subsequent step , emits a photon of light, producing indirect chemiluminescence.

This sequence is shown schematically in Figure 1.

The second general mechanism for chemiexcitation that has been well

documented is electrogenerated chemi l uminescence (7). In this approach a

radical ca tion , usually generated by electrochemical oxidation at a suitable

anode, and a radical anion, typically the result of reduction at a cathode,

form a diffusive encounter pair. Charge annihilation in the encounter

ion pair results in the generation of an electronically excited state.

Subsequent emission of light from this excited state, or one derived from

It, results in detectable luminescence. This general pathway is shown

schematically in Figure 2.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ In the course of

our studies of the thermal reactions of high-energy content molecules , we

established that the chemi luminescence from diphenoyl peroxide (6) did not

conform to either of the conventional mechanisms for chemical ligh t formation.

The thermolytic conversion of peroxide ~ to benzocoumarin (7), in ca. 70%

• yield occurs with no significant generation of an electronically excited state

of Z• However, it was found that inclusion -of any one of several easily
oxidized aromatic hydrocarbons in the reaction solution led -to efficient

-. 

._2
~.aE~

2.__> + co~ (2)

chemiexcitatlon of the’hydrocarbon and bright li ght emission. Moreover, it

was demonstrated that the aromatic hydrocarbon exerted a powerful catalytic

effect on the decomposition of diphenoyl peroxide. In addition, it  was shown

that it is this catalytic path that gives rise to the chemiluminescence. I 
-/



Sign i ficantly, the rate at which the aromatic hydrocarbon catalyzes chemiexcitation,

and the actual yield of electronically excited states, correlates wi th the -

one-electron oxidation potential of the aromatic hydrocarbon , Figure 3.

Thus , we have identi fied the initiati ng step of this reaction sequence as an

activated electron transfer from the aromatic hydrocarbon to diphenoy l peroxide.

Subsequent rapid decarboxylation and ring closure generates the radical anion

of benzocoumarin wi thin the same solvent cage as the radical cation of the

aromatic hydrocarbon. Charge annihilation of these species then generates

the luminescing excited state of the aromatic hydrocarbon. This reaction

sequence is detailed in Figure 4. Further convincing evidence that this

reaction proceeds through a charge annihilation involv ing benzocoumarin

radical anion is derived from the observation of exciplex emission i 
-

when triphenyl ami ne is the electron donor. The chemi l uminescent exciplex

emission in this case is identical in all respects to the emission generated

by photoexcitation of mixtures of benzocoumarin and triphenyl amine. We

• have designated this sequence of reactions leading to light emission chemical ly

initiated electron exchange luminescence (CIEEL) (2).

We have demonstrated the generality of chemiexcitati on by the CIEEL

mechanism in a number of di fferent systems. Of most relevance to the present

discussion of bioluminescent mechanisms is the dioxetanone system. Initial —

investigation of dioxetanone thermolysis led to the observati on that unimolecular

decomposition generates triplet excited carbonyl compounds in at least twenty

times higher yield than the singlet excited carbonyl compound (8). In a

• later report (9~, Adam noted that the overall yield of light was greater by

a factor of twenty when rubrene was included in the reaction sol ution than

when 9,10-diphenyl anthracene (DPA) was the additive . This result was interpreted

as being due to a triplet-triplet annihilation reaction. However, triplet-triplet

annihilation as the cause of the increased light yield is inconsistent 
o n 1
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theoretical grounds and has recently been shown experimentally not to be

possible under the chemi luminescent conditions reported (10).

We have investigated the chemi lumi nescent reaction of dimethyldioxetanone

(c). Our results show that the rate of reaction of dioxetanone 8 is dependent

upon the presence, concentration, and nature of easily oxidized aromatic
hydrocarbons . Also, most significantly, for the series of aromatic hydrocarbons,
DPA, perylene, 9,1O-diphenylethynylanthracene and rubrene~ the total light yield

is directly correlated with the oxidation potential of the hydrocarbon . These

observations implicate CIEEL as the major light producing reaction path;iay for

dioxetanones. If simple electronic energy transfer from the initially formed

singlet excited state of acetone to the aromatic hydrocarbon was responsible for

light production, then all of the aromatic hydrocarbons, when corrected for

fluorescence efficiency, should have generated the same photon yield.

loluminescence b Chemicall y Initiated Electron Exchanoe Luminescence.

In considering the options availabl e to the high energy biol uminescent

Intermediate, dioxetanone ,~, for chemiexcitation , it is immediately clear
that this molecule is ideally constituted for excited state produc tion by

Intramolecular chemically initiated electron exchange. In particular,

~lectron transfer from the easily oxidized polycyclic heterocycle

portion of the molecule to the bi~h energy dioxetanone moiety followed

by rapid decarboxylatiort will generate a charge transfer resonance structure

of the excited singlet state of the observed emitter. The intramol eculari ty

of this process prejudices the reaction toward the formation of excited

states of singlet multiplicity, as is- observed in the living system.

This reaction sequence is outlined in equation 3.

Consistent wi th this mechanistic pcstulate, it has been observed that

.,
‘ - . 

•. . -~ methylat1on of the phenolic oxygen of firefly luciferin makes the system
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non-biol uminescent although the methylated ketone i tself is an efficient

fluorescer (11). This is the expected result if intramolecular CIEEL is

responsible for light production. The methylated substrate is anticipated

to be much more difficul t to oxidize than the phenol anion (12).

In sumary, we have demonstrated that our recently discovered CIEEL

mechanism for chemical light formation operates in the dioxetanone system.

The dioxetanone is a reasonable model for firefly biol umi nescence. Application

of CIEEL to these biol uminescent systems resul ts in an explanation for the

observed hi gh singlet yield and the effect of methylation . Moreover,

chemiexcitation by this path is quite efficient biologically. Nature has

built both an effective electron donor and a high energy electron acceptor,

as well as an efficient fluorescer, into the same molecule. Certainly this

is an effective way to insure -high yield light formation. Experiments directed

toward the detailed elucidation of the biolum i nescent pathway are underway

in our laboratory.
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