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Dioxetane Chemi l uminescence. The Effect

of Deuterium Substitution on the Thermal

Decomposition of trans-3,4-Diphenyl-l ,2-dioxetane.

Ja-young Koo and Gary B. Schuster*

Contribution from Roger Adams Laboratory.

School of Chemical Sciences

University of Illinois

Urbana , Illinois 61801

Abstract: trans-Diphenyl-l ,2-dioxetane was prepared by cyclization of the

corresponding R-bromohydroperoxide . Thermal decomposition of this compound

proceeds with an acti vation energy of 23 ± 1.6 kcal/mol to yield benzaldehyde

• 10 ± 2% of which was in an excited triplet state. The effects of replacement

of a dioxe tane ring proton wi th a deuterium were investigated. No detectable

:1 parti tioning between electronically exci ted protio and deutero benzal dehyde

was detected. The secondary deuteri um isotope effect on the rate of thermal

decomposition of this dioxetane was found to be 1.01 ± .02. We suggest that

the absence of an isotope effect is consisten t only with a stepwise

decomposition for 1 ,2-dioxetanes.
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The discovery that % ,2-dioxetanes are isolable molecul es that

thermally decompose to produce high yields of electronically excited

carbonyl compounds ushered in a new era of research into chemuluminescent

p rocesses ’’2. Since the initial observations , inves tigators have pro bed

the structural dependency of this remarkable reaction in an attempt to

elucidate , in intimate detail , the conversion of ground state starting

material to electronically excited states of the products.

Two fundamental mechanistic schemes have emerged for dioxetane

decomposition. The first, originally considered by McCapra3 and Kearn s~,

postulates simul taneous cleavage of both the oxygen to oxygen and the

carbon to carbon bonds of the dioxetane in a concerted manner to di rectly

genera te electronically excited products . Later, Turro 5 expanded this picture

by suggesting that a spin multiplici ty change occurred coincidentally wi th

bond cleavage thereby rationalizing the observation that carbonyl triplet

states predominate from dioxetane reactions. MINDO/3 calcul ations have

supported this sequence.6 The second general mechanistic scheme was

advanced by Richardson 7. This approach favors a stepwise reaction passing

• through the intermediate 1 ,4-biradical formed by cleavage of the oxygen

to oxygen bond of the strained four membered ring peroxide. The intermediate

thus formed is then postulated to parti tion between excited state carbonyl

products of both singlet and triplet multiplicity and ground state carbonyl

• products.

The concerted mechanism enjoys wi despread appeal because it nicely

rationalizes the formation of electronically excited products. Simple

orbital syninetry correlation arguments predict that the geometrically

permissible suprafacial retrocycloaddition mode would result in a crossing

of ground state and lower exci ted state potential energy curves during the

_ _ _ _ _-— —-~~.- - - —~~~~~~~~~~~ .-—~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~ 
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reaction.~ ’
8 However, experimental evi dence is beginning to accumulate that

favors the biradical mechanism.

Of the fundamental approaches available to probe the order of bond

forming or breaking steps in a non-polar cycloaddition process, sub s tituent
effects, identification of inte rmediate , and effects of isotopic substi tution

are applicable to dioxetanes. Two types of substituent effects have been

employed to probe the dioxe tane decomposition mechanism. In a well-pl anned

series of experiments, Richardson 7 has examined the electronic effect of

phenyl substituents on the stability of l ,2-dioxetanes. These results

are interpreted as being consistent with a stepwise decomposition . The

effect of the steric bul k of substituents was probed with the remarkably

stable adamantyl idene adamantane dioxetane.9 These resul ts may also be

interpreted in terms of a biradica l mechanism. In a recent report,

differential quenching experiments have also been explained in terms

of a biradical intermediate on the path to electronically excited states

from dioxetanes. ’°
• A key step, connon to both the concerted and stepwise fragmentation

of dioxetanes , is the conversion of an energetic transition state to an

electronically excited state species. This fundamentally important step

has been analyzed by Dougherty and others’’ in terms of the separability

of nuclear and electronic motions (the Born-Oppenheimer Approximation).

In this analysis , a breakdown of the Born-Oppenheimer Appoximation is

postulated to occur when the energy separating two electronic states

becomes very small. One conse quence of thi s break down i s tha t the two

nearly isoenergetic states are mi xed together by vibronic motions of

the nuclear skeleton. Of course, this mixing of states is just what is

required to conver t a trans iti on state for dioxe tane cleava ge to an

excited state of the carbonyl compound product.

~~~~~~ • - V • • - • - -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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If the vibrations of the nuclear framework are in fact important to

excited state formation , it should be demonstrable wi th substituent effects.

Experimental evidence of these special substituent effects was available at

the outset of this work . A comparison of the chemi luminescent reaction

of tetrarnethyldioxetane (
~) with di-n-butyldimethyldioxe tane (,~

) revea led

some startling differences . First, the ratio of triplet to singlet exci ted

states from was reported to be ca. 50:1 while the multiplicity ratio from

was reported to be 1:3.12 Subsequent to our iniation of this work, a

report appeared revising the multiplici ty ratio for dioxetane so that

it was consistent wi th tetramethyldioxetane ,~.13 Second , the total yield

of excited states from 2 is claimed to be ca. 50% while the yield of

excited states from ,~ is claimed to be ca. 3%. Suc h a dramatic difference

between dioxetanes 2 and ~~ , we felt, was too large to explain wi th the

• electronic and steri c diffe rences normally resulting from replacement

of a methyl group with an aliphatic alkyl group.14 Therefore, this
V 

di fference mi ght be a manifestation of the predicted nuclear vibrational

coupling effect. Our work (vide infra) has confirmed the value for the

yield of excited states from 2.

One aspect of the results reported herein concerns the investigati on

of the deuterium isotope effect on the rate of decomposition of trans-3,4-

diphenyl-l ,2-dioxetane (u). The resul ts of this investigation provide

further convincing evidence for the bi radi cal mechanism for retrocycl o-

addi tion of 1 ,2-dioxetanes . A second aspect concerns a test of

Born—Oppenheimer breakdown prediction. Thermolysis of deutera teci

dioxetane ~~ was anticipated to form exci ted benzaldehy des 
~~~~~~~~~ 

wi th

-
~~~ and without a deuteri um (equation 1). Different efficiencies for 

—~~~~~~
•-~~~~- V .  • 

• ~V~~ V
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( 1)

P~ Ph 
(Ph ~~~~H 

+ 

Ph~~~~ D) 
+ 

Ph~~~~
(D)

formation of protio and deutero benzaldehydes could then be taken as

evidence that nuc lea r vibrations were important in controlling excited

sta te producti on. Isotopic substi tution is expected to vary

the nuclear vibrations in a well defined manner.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
The preparation of trans-3,4-diphenyldioxetane (,~ ) and trans-3,4-

diphenyldioxetane-3-d~ (,~
) was accomplished by modifi cation and

appl i cation of known synthetic procedures. Reduction of deoxybenzoin

wi th LiAl D~ followed by acid catalyzed dehydration of the alcohol

resul ted in trans-sti lbene-d,~. NMR and mass spectral analysis indicated

that the sti l bene was of at least 98% isotopic puri ty. Formation of

the ~-bromohydroperoxide 5 was accomplished by the usual procedure of

reaction of the olefi n wi th dimethyldibromohydantoin and hydrogen

peroxide. ’5 Ring closure of to dioxetane was accomplished in ~~.

70% yield by employing a two phase base promoted technique. This

sequence of reactions is outlined in Scheme 1 and detailed in the Experimental

Section.

Dioxetane was probed as to both its stereochemistry and the deuterium

incorporation in ~~. NMR analysis of CCL. solutions of dioxetane indicated

that it was at least 98% monodeuterated. Reaction of wi th triphenylphosphlne

resulted in the isolation of the relati vely stable posphorane ~~ 16 NMR analys is
of indi cated a deuterium incorporation of at least 98%. Thermolysis of

resulted in the predominant formation of cis-stilbene oxide’7 This
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observation establishes that the phenyl groups of dioxetane have a trans

orientation. NMR spectral analysis of 7 confi rmed the deuteri um

incorporation. This sequence of reactions is outl ined in Scheme 1.

~~~~~~minescen~~~ Qp ties o~~~~~~ an~~1.

A thorough investigation of the properties of dioxetane establishes

that this dioxetane is typical of most that have been prepared and investigated.’8

• Therefo re only the results that are relevant to our isotopic analysis are

reported here.

The activation energy (E A) for the thermal decompositi on of in CCL.

was determined by two different techniques . First, the total rate of

dissappearance of dioxetane was determined at several temperatures by

monitoring the chemiluminescent decay. Standard Arrhenius analysis of the

derived rate constants (see Experimental Section) yielded an EA of 23.6 ± 1.6

kcal /mol and a pre-exponential facto r of 1012.9 . Second , we employed the

• 
- 

previously described step analysis ’9 to obtain EA speci fically of the

reaction producing electronical ly exci ted sta tes . Correction for the

temperature dependence of the luminescence efficiency of the 9 ,lO-dibromo —

anthracene used in this analysis 2° gave an EA of 22.3 ± 1.9 kca lfmol. An

important implication of the identical EA val ue from both methods of

analysis is that both the path leading to excited state formation and the

path leading to only ground state products have the same rate determining step.

The multiplicity of the excited state of benzaldehyde formed from

thennolysis of 1 was assigned by both spectral comparison and lifetime

determination. The observed chemil uminescen t emiss ion spectrum from is
shown in figure 1. It is i dentical with the phosphorescence spectrum

of photoexcited benzaldehyde. Furthermore, the emission could be quenched

wi th low concentrations of acrylonitrile. All of the bands In the spectrum

V. — -- —j---- ~~~~~~~~~ — -- ~~~~~~ VV 
— 

~~~~~~~ 
V. ~~ - - —
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were quenched at the same rate indi cating that there was no residual fl uores-

cence. The lifetime of benzaldehyde excited state was determined using standard

Stern-Vo lmer quenching techniques 2 1  to be ca. 0.1 usec at 29.5° in CCL. solution.

This lifetime is inconsistent with the excited singlet state of benzaldehyde

and establishes that the triplet state is responsible for the chemi l uminescence.22

The important issue of the yield of benzaldehyde exci ted states from the

decomposition of 1 was resolve d by two independent techniques. Fi rs t , the

triplet benzaldehyde formed during the thermal reaction was chemi cally trapped

wi th 2-butyne. The photochemi ca l reaction of benzaldehyde and 2-butyne has

• been previous ly reported to proceed through the oxe tene (
~) fo rmed via a 2+2

cycloaddi tion. 23 Thermal rearrangement of the oxe tene at room temperature

generated the (E)-enone (9) exclusively 24 (equation 2). This trapping reaction

is specific for benzaldehyde triplet , no other species would be capable of

forming enone ~. This observation eliminates considerable ambigui ty present

in other systems. Toe quantum yield of photochemi cal enone formation was

determined to be 0.60 ± .05 under conditions where every benzaldehyde triplet

was quenched by 2-butyne . The Type II reaction of valerophenone in

hexane/t-butyl alcohol was used as the actinometer.25 Quanti tative

trapping of the benza ldehyde exc ited states genera ted from decomposition

of 1 , under conditi ons identica l to the photochemi cal quantum yield

experimen t, indicated that the yield of benzaldehyde triplet from

was 10 ± 2%.

H3 (2)

H flPh 
+ 

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

~~~~~~~~~
>

- -~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ • • • V~~~~ ~~~ -- -~~~~~~~ — ---~~~~-~~ - - ~~~~~~~~~~~~~ V.
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The second technique used for estimation of the yield of exci ted states

• from was the comparison of l uminescen t intensity of and tetramethyl-

dioxetane (~). The yield of electronically exci ted acetone from has

previously been reported to be ca. 5O%~. We compared dioxetanes and

under condi tions where energy transfe r from the chemically formed carbonyl

excited states to DBA is expected to occur.26 The sensiti zed DBA emission

was electronically integrated for more than five half-lives for both

dioxetanes. The integrated total luminescent intensity as a function

of OBA concentration was determined and extrapolated to infini te DBA

concentration for both di oxetanes. The total light emission from was

3.0 ± 0.5 times the emission from ,)~ at infinite DBA concentration in both

CC]4 and benzene , consistent wi th our determination of the yield of and

the previous measurement for 2.

Effect of rsotc~~c SiThstitution on Dioxetane 1.
‘V\/~/~/VVV’./~1VVV\f “A/V~,VVVV’IVVVVV\A1 J&WVVV JIIWJ ~A,

As noted above , two distinct phenomena can be probed by the introduction

of a deuteri um into dioxetane 1. We have investigated the effect of isotopic

substi tution on the rate of thermal decomposition of dioxetane 1 and have

probed the infl uence of the deuteri um in directing exci ted state formation.

The thermal decomposition of dilute sol utions of and is strictly

first order for more than six hal f-lives . Since the chemiluminescent

intensity was found to be directly proportional to the dioxetane concen-

tration, and the chemi l uminescence could be continuously monitored, very

precise fi rst order rate constants for reac tion of la and lb coul d be

obtained. The results of this study are summari zed in Table 1. These

data Indicate that, wi thin experimental error, the rate constants for

unimolecular decomposition of dioxetanes la and lb are identi cal. That

Is, the secondary deuterium isotope effect for unimolecular reaction of

V — VV .  • - 

- 

- • -
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these dioxetanes (kH/kO) is 1.01 ± 0.02.  Furthermore , comparison of the

total integrated luminescent intensity from Ia and lb revealed no

isotopic dependency .

Investigation of isotopic selection of the location for the excitation

energy was probed wi th a trapping reaction. Each deuterated dioxetane

that fragments can form at most one electronically exci ted benzaldehyde.

The exci ted benza ldehydes produced were quantitatively trapped wi th

2-butyne (vide supra ). Any predilection toward protio or deutero excited

benzaldehyde fo rmation would be reflected in the deuterium incorporation

in the isolated enone ~~ , (equation 3).

(3)
0

- 

- 0—0 CH3 1-1(0) if
4__ -4-Ph 

+ I 
Ph~~~~c3

It was shown that under the condi tions of the experiment, the trapping

reaction was equally efficient for both deuterated and undeuterated

benzaldehyde . Mass spectral and NMR analysis of the enone formed from

reaction of deuterodioxetane lb revealed a deuteri um incorporati on of 48%.
- i

Correction for the deuteri um content of lb revealed that there was no

preferential formation of either isotopic benzaldehyde. Thus, there was
no Isotopic infl uence on the selection of the location for the exci tation

energy at the transition state for excited state formation.

Discuss ion

The study of the chemistry of dioxetane and the effect of deuteri un

substitution on it has revealed several important features about dioxetane

chemiluminescence. First , the observed absence of a measurable seconda ry

deuteri um isotope effect on the rate of formation of benzaldehyde from

places some important constraints on the nature of the rate determining

step for this reaction.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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Secondary deuterium isotope effects have been analyzed by Strei twieser

and coworkers by statisti cal mechanics.26 They concl ude that the major

infl uence of the isotopic substi tution on the rate of reaction is through

a change in an Hout_of_ plane hl C-H bending vibration. They observed that

this vibrational mode was very sensitive to the hybri di zation of the

isotopically substi tuted carbon. This model predi cts that a change from

sp3 to sp2 hybridization of the isotopically substituted carbon shoul d gi ve

rise to a secondary deuterium isotope effect of Ca. 1.38. Experimental

verification of this prediction has been forthcoming. Investi gation of

the deuterium isotope effects in solvolyti c substitution at saturated

carbons has routinely revealed isotope effects of about 12% per deuterium

atom. 27 A study of the secondary deuterium isotope effects on the radical

polymeri zation of styrene indica ted that the magnitude of the effect was

the same in non-polar reactions as for the polar solvolyses .2° Perhaps

of more relevance to the current investigation are reports of the effect

deuterium substi tution on the rate of 2+2 cycloaddi tion reactions.

Baldwin 29 studied the effect of deuterium substitution on the rate of

the cycloaddition reaction of dipehenyl ketene wi th styrene. A secondary

deuterium isotope effect (k H/k D) of 0.91 was observed when the styrene

was substituted with a deuterium at the 8-positi on. This observation was
V 

interpreted to imply that the t3-carbon of styrene progessed from sp2 toward

sp3 hybridization as the transition state for this reacti on was approached.

Similar effects of isotopic substi tution were observed by Dolbier 3° during

an investigation of allene 2+2 cycloaddition reactions .

Consider the two mechanisms advanced for the thermal fragmentation of

dioxetanes to carbonyl compounds (Scheme II). For the concerted mechanism,

the isotopically substituted carbon of dioxetane ~~ undergoes a change

V - — - — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~ V • ~~~~ -— — - - V . —— —  —- - -—



- ~~~~~~~~~~~~~~~~ ------
~~~
- 

- 

~~~

—----

-12-

___Ph ::rminin~~~ 

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

~~~“ > 
2(i)

H Ph 

- 

rmining 
>2 

ch~~~~)
h~ H 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ _~V _ _ _  
~~~ - - — — -~~~~~~~~~~ —~~~~—---— — ~~~~~~~~~~ -~~~~~~~~~



~ 

V. -----r-:-_ - ‘~~~~~~ --- -- -~~

-13-

in hybridization from sp3 toward sp2 as the reaction approaches the

transition state . Theory predicts , and experiments confi rm, that this

change in hybridi zation should lead to an observabl e normal secondary

deuterium isotope effect. On the other hand , for the stepwise mechanism

in which cleavage of the oxygen-oxygen bond of the dioxetane is the

rate determining s tep, no change in hybridization at the isotopically

substituted carbon is anticipated . Thus , this sequence for bond breaking

is not expected to give rise to an observable isotope effect. Our resul ts

are consistent only with the stepwise mechanism for fragmentation of

1 ,2-dioxetanes.

The lifetime of carbonyl triplet excited states in rigid media at

low temperature have been found to be dependent upon isotopic substi tution.3’

The lifetime of benzaldehyde triplet in EPA at 77°K was found to depend upon

isotopic substitution at the aldehyde carbon .32 Furthermore, spectroscopic

investigation of benzaldehyde has revealed that the aldehydic hydrogen plays

an important, if not dominant, role in the radiati onless deactivation of

the electronically exci ted triplet state.33 These effects of deuteriuli

substitution have been attributed to the di fference in the spacing of the

vibrational l evel s of the carbon-hydrogen and carbon deuterium bonds.3~
• That is, at constant vibrational exci tation energy, the deuterium substituted

compound would be at a considerably higher vibrational quantum number than

the hydrogen substi tuted compound. The vibrational quantum number is

postulated to infl uence the overlap between the wavefunctions describing

V the ground and electronical ly exci ted state of the chromophore34 and

hence the rates of interconversion between these states. A chemi luminescent

reaction is a conversion between electronic states. Furthermore, the

model for this conversion proposed by Dougherty (vide supra) takes specific

II - 
~~~.—~~~~ .•—V.-— — - - -

~~ V - -  ---V.--—— — 
~~~~~~~~~ - -~~~~~ --- - _ _ _ _ _  - V.
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account of vibrations of the nuclear skeleton. Monodeuterated dioxetane

~~ provides an i deal system for examining these ideas.

If coupling, of any form, between the vibrations of the substituents

on the carbons of dioxetanes and the electronically excited state produced

is important to the change in state, then deuterated dioxetane should

manifest this infl uence . We anticipated that ~~ might decompose to yield

unequal proportions of protio and deuterobenzaldehyde. In fact , no such

selection for the excited state location was observed. The implication of

this result is that if vibrational coupling is important in excited state

formation from it cannot in any way involve vibrations of the substltuents

on carbons.

The mechanism of thermal decomposition of l,2-dioxet,anes to form

electronically excited carbonyl compounds is central to an understanding

of chemi l uminescent phenomena. If indeed a prerequisite to efficient chemical

formation of excited states is a concerted °forbidden” pericyclic process,

then the number of po tential chemi luminescent sys tems is clearly limi ted.

Our work, and the work of others7’9’10 ’13 ’14 , strongly suggests that an

intermediate chemical species precedes formation of the triplet excited

carbonyl compounds characteristic of dioxetane thermolysis. In particular,

the absence of a measurable secondary deuteri um isotope effect reported

-j herein convincingly demonstrates that the hybridization at carbon is not

changing during the rate determining step of this reaction. This result

is clearly consistent only with a stepwise reaction. The impl ication of

this to the chemical formation of electronically excited states in general
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is apparent. The search for new efficien t chemiluminescen t processes

should not be limi ted to reactions predicted to be “forbidden ” by

conservation of orbita l symmetry considerations.

~~j~ nt. This work was supported by the Office of Nava l

Research.
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All melting points were corrected according to the mp (80.10) of

sublimed naphthalene . Nmr spectra were recorded on a Varian Associates A-60A

instrument wi th tetramethylsilane internal standard. IR spectra were

obtained wi th a Beckmann I R-12 Spectrometer. Mass spectra were recorded

using a Varian MAT CH-5 Mass Spectrome ter. Elemental analyses were performed ~- 
- -

by the Analyses Laboratory, Department of Chemistry , University of Illinois ,

Urbdna , Illinois.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ A solution of trans-sti lbene

V (2.70 g, 0.015 mol ) in 40 ml of dry THF was poured into a solution of 90%

H202 (28 g, 0.72 mol ) in 140 ml of THF which had been dried with

anhydrous Na2SO4 overn ight at -20”C. l ,3-Dibromo-5 ,5-dimethylhydantoin

(2.5 g, 0.0090 mol , Matheson , Coleman and Bell) was added in severa l

portions to the stilbene sol ution over a period of 1 1w, at room

temperature under nitrogen. The resulting yel l ow solution was sti rred

for an addi ti onal hour at room temperature under nitrogen . The yellow

sol ution was poured into 500 ml of a cold saturated aqueous solution of

Na2CO 3. The resulting mi xture was extracted wi th diethyl ether (3 x 100 ml).

The combined extracts were washed wi th water and brine , and then dried over

anhydrous Na,S04 at 0°C. The vol ume of the solution was

reduced to about 50 ml and any precipitate formed was removed. The

hydroperoxide was purified as its E~BC0 salt using the procedure of

Kopecky’5 to give 2.53 g of white solid (57% yield), the nmr spectrum

of which indicated the presence of about 95% pure 8-bromohydroperoxide.

An analytically pure sample was obtained by recrystallization in CH2C1 2:

mp 116—118°; nmr (CDC19) 6 5.22 (d, J = 7 Hz, 1 H), 5.38 (d, J = 7 Hz,

1 H), 7.22-7.43 (m, 5 H) and 7.90 (broad s, 1 H); ir (KBr) 3498, 1497, 1455,

1343, 1202, 760 and 700 cii(1.

- V V ~ —-
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Anal. Cal cd for C~..H13O2Br : C, 57.36; H, 4.47. Found: C, 57.39; H,

4.40.

penv1~,ioxetane~,ç~~ . To a suspension of 2-bromo-l ,2-diphenylethyl

hydroperoxide (252 mg, 0.861 mmol) in 40 ml of CCL. at 0° was added with

vigorous stirring, an aqueous solution (20 ml) of KOH (600 mg, 11 mol).

The resulting mi xture was stirred vigorously for 1.5 hr at 0° in the dark.

The CCL. l ayer was separated and dried over anhydro us KZCOB at 00 for 20 m m .

The light yel low solution was transferred to a 50 ml vol umetric flask. The

concen tration of the dioxe tane in this solution was determined by NMR

spectroscopy and iodometric ti tration to be 1.25 ± 0.05 x l02 M (73% yield).

The only other compound in the solution was benzaldehyde wi th an approxi mate

ratio of 7:1 , dioxetane to benzal dehyde. Nmr (CCL.); 6 6.37 (s, 2 H) and

7. 36-7.83 (m, 10 H).

A solution of deoxybenzoin (3.92 g,

0.020 md , Al drich) in 40 ml of dry THF was added dropwise to a suspension

of LiA1 D4 (0.42 g, 0.010 mol deuterium analysis 18.7%, from Al fa) in 120 ml

of dry THF at room temperature wi th stirring under nitrogen. After the

completion of the addition , the temperature of the reaction mixture was

raised to 50° for 4 hr. The usual workup gave crude product weighing

3.5 g (90% yield). The nmr spectrum showed only the presence of

l-deutero-l ,2-di phenylethanol . The crude product was used without further

puri fication for the synthesis of a-deuterosti lbene. Further puri fication

was achieved by recrystallization in n-hexane; mp 64-65° (lit. 64.4-65.4°)~~;

nmr (CDC 1 ,) 6 2.16 (s, 1 H)(OH), 2.93 (s, 2 H)(CH2) and 7.00—7.43 (m, 10 H).

~~~~~~~~~~~~~~~~~~ l-Deutero-l ,2-diphenyl ethanol (3.5 g,

j 0.018 mol) was dissolved in 45 ml of ethanol , 25 ml of Conc. HC1 ,

and 0.5 ml of Conc. H2S04. The mixture was refluxed for 4 hr and

V ~~~ - - -



~~~ V.V.V. ~~~~~~~~~ V V 

~~~~~~~~

-

~~~~~~~~

-
-- V

-18-

the whi te flake precipitate that formed (2.64 g, 83% yield) was

collected. The nvnr spectrum of the white solid indicated that it was

pure trans—c*-deuterosti lbene; mp 123- 124° (lit. 1240 )36 . No depression

upon mixture with an authentic sample of undeuterated trans-sti l bene was

observed. Deuterium content was determined by mass spectrometry (98 ± 1%)

and by nmr assay (98 ± 2%).

~~~~~~~~~~~~~~~~~~~~~~~~ 
A mixture of 2-bromo-l-deutero-l ,2-

diphenylethyl and 2-bromo-2-deutero-l ,2-di phenylethyl hydroperoxi de was

obtained in 51% yield from the reaction of trans-a-deutero-stilbene wi th

1 ,3-dibromo-5,5-dimethylhydantoin in dry THF in the presence of excess

11202 following the same procedure as employed in preparing undeuterated

2-bromo-l ,2-diphenyl ethyl hydroperoxide. Nmr (CDCL,) 6 5.23 (s, 1 H),

5.36 (s, 1 H), 7.20-7.47 (m, 10 H) and 8.0 (broad s, 1 H).

The deutero-diphenyldioxetane was obtained in ca. 70% yield

using the same procedure employed in the synthesis of the undeuterated

dioxetane. Nmr (CCL,) 6 6.34 (s, ~ H) and 7.41-7.80 (m, 10 H). Nmr

spectrum of deutero-diphenyldioxetane showed 98 ± 2% deuterium content.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
solution of triphenylphosphine (165 mg, 0.63 ,mnol) in 5 ml of CCL. was

rapidly added to 30 ml of 2.1 x 102 f~1 deutero-diphenyldioxetane

(0.63 ,mnol) in C d 4  cooled in an ice-bath. After 20 mm the solvent

was evapora ted and the resul ting residue was extracted with 2 ml of col d

n—hexane leaving a white solid (280 mg, 93% yield). An analytically pure

sample was obtained from recrystallization in ether and n-hexane (1:3).

Nmr analysis of the recrystallized phosphorane indi cated the presence of

the phosphorane and diethyl ether in a ratio of 2:1. The ether could not

be removed in high vacuum (0.2 ninHg); mp 85-96° ; nmr (CCL.) 6 4.44

H
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(broad s , 1 H) and 6.90-7.95 (ni , 25 H); deuterium content was 98 ± 2% by

nmr assay; ir (KBr) 3070 (w), 1436 (m), 1100-1085 (m), 1044 (m), 1022 (m),

810— 796 (m), 754 (m) , 720 (m), 700 (s),  600 (m) , and 557 (s) ~~~~
Anal . Calcd. for C32H2600 2 P • 0.5 C4 H100: C, 79.82 ; H, 6.31 ; P, 6.05.

Found: C, 79.79; H, 6.25; P, 5.94.

Iindeuterated phosphorane was similarly prepared from the reaction of

diphenyldioxetane wi th triphenylphosphine ; nmr (COd 3) 6 4.56 (d , J = 1 Hz,

2 H) and 7.0-8.0 (m, 25 H).

j ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
solution of the phosphorane (161 mg , 0.34 mol) in 10 ml of CCI 4 was

refluxed for 7 hr under nitrogen. Removal of the sol vent and extraction

of the residue with 10 ml of n-hexane precipitated triphenylphosphine oxide,

90 mg (95% yield), mp 154.5-156° (lit. 1 55_l560)16. The filtrate was

concentrated to give an oily residue (60 mg, 90% yield), the nmr spectrum

of which indicated the presence of cis-stilbene oxide , trans-stilbene oxi de,

and deoxybenzoin in a rat-j o of 74:14:12.

A solution of the deuterated phosphorane (280 mg, 0.59 mol) was V

refl uxed in a mi xture of benzene (7 ml) and dioxane (7 ml) for 7 hr under

nitrogen. Following the above procedure gave cis-c~-deuterosti lbene

oxide, trans-ct-deuterostilbene oxide and a-deuterodeoxybenzoin in a ratio

of 72:20:9. Deuterium content of the isomers was determined to be at

least 98% from nmr assay using mesitylene as internal standard.

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

F A solution of deutero-diphenyldioxetane (30 ml of 0.032 M in CH2C1 2,

0.96 ninol) and excess 2-butyne (0.8 ml, 10 mmol , Chemical Samples, Co.)

was reacted at room temperature for 20 hr. Evaporation of the solvent,

gave benzaldehyde and a small amount of (E)-3-methyl-4-phenyl-3-buten-2-one ,

~ 
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which was purified by gas chromatography (SE-30 8.4%, 4 ft, at 167°). The

ratio of protio-(E)-enone to deutero-(E)-enone was determined to be 52:48

by mass spectrometry . Analysis of deuterium content was done on the M-15

fragment. Control experiments showed that the trapping effi ciency for

the deuterated and undeuterated benzaldehyde was the same.

ted Ben~~ldeh de rom T emai Decom osition of

~~~~~~~~~~~~~ 
The quantum efficiency of the addition of benzaldehyde

triplet to 2-butyne was determined using standard photochemical techniques.

Simultaneous (merry-go-round) low conversion (ca. 1%) irradiation of
V optical ly dense degassed solutions of benzaldehyde with 2-butyne and

valerophenone in hexane/t-butylalcohol wi th potassium chromate filtered

(313 nm) light indicated a quantum efficiency for enone formation of 
V

0.60 ± 0.05. Quanti tative thermal decomposition of dioxetane ~, (0.012 !~
in CCL.) with 2-butyne (.125 M) under conditions identical to the

photochemical quantum yield determination indicated the yiel d of triplet

benzaldehyde from 1 to be 10 ± 2%.

Determination of the Acti vation Ener for Thermal Decom osition of 1.
~wwwivwwIwvvv wvwvwvw

The rate constants for thermolysis of diphenyldioxetane )
~ 

were determined

in CCL. solution over a 20° range, (Table 2). The emission Intensity of - —

sensitized DBA (1 x iO~ M) was followed wi th time. The initial

concentration of 1 was 1 x l0~~ M.

•1-
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Table I. Determination of Secondary Deuterium Isotope Effect for

Dioxetane

Table II. Rate of Thermal Decomposition of Dioxetane la.

Chemi l uminescence Emission Spectrum from Thermal Decomposition of

Dioxetane

- -  —--- ~~~~~~~~~~~~~~~~~~~~~~~~ V - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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TABLE I

H kH x l0~ sec
1 k0 x l0~ sec ’ kH/ kO

Run 1 - BAb 5.25 ± .01 5 .13  ± .01 1.023 0.93

Run 2 - BA 5.80 ± .04 5.45 ± .02 1.063 0.94

Run 3 - BA 4.60 ± .01 4.69 ± .01 0.981 1.01

Run 4 - BA 5.42 ± .02 5.32 ± .01 1.019

Run 5 - BA 5.22 ± .01 5.39 ± .03 0.968 —

V Run 4.14 ± .02 4.07 ± .01 1.016 1.00

mean 1.01 ± .02 0.97 ± .03

a. Ratio of total light emission from la and lb.
b. BA = biacetyl -, typical condi tions: = 

~~x iO~ 11; (BA) = 5 x lO~ M;
in CCL.; solutions were purged wi th N3 for 3 mm at 00 ; temperature Ca.
40°, variation between runs Ca. 1.5°, wi thin a run less than 0.1°.

c. All errors are standard deviations. —d. Determined by monitoring benzaldehyde phosphorescence. [1) = 2 x 10 ‘~ N

in CCL.; aerated; temperature 40.0 ± 0.10 .

~1
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TABLE II

1°C ksec l x 10~

36.0 244a

40.5 4.63

51.0 14.0

54.3 20.2

57.6 28.3

V 59.9 37.1

- 
63.1 54.9 EA 

= 23.6 ± 1.6 kcal/mo l

65.3 74.8 log A = 12.9 ± 0.9

-i
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