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Photolysis of acenaphthenequinone in CH2C12 solution continuously

saturated with oxygen generates l ,8-naphthalic anhydride in 80% isolated

yield. When an olefin is included in the reaction solution it is

converted to a mixture of oxidized products consisting mainly of allylic

hydroperoxide and epoxide. It is demonstrated that the quantum efficiency

for quinone oxidation is independent of quinone and olefin concentration .

A mechanism is suggested for which an initial reaction between exci ted

quinone and oxygen resul ts in covalent bond formation . Subsequent

rearrangement of this intermediate accounts for the results observed .
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The interaction of oxygen with electronically excited states of organic

molecules can engender many interesting transformations. The most thoroughly

studied of these processes is the reaction of a triplet excited state

molecule (sensitizer) with oxygen to generate eventually singlet oxygen

(102)
2 In recent years it has become apparent that for many photooxygenation

reactions the generation of 102 represents but a minor reaction path or

plays a subsidiary or incidental role in the overall reaction . In a recent

report Foote and coworkers3 suggest that 9,10-dicyanoanthracene sensitizes

substrate oxidation through the intervention of superoxide radical anion

(02 ). The 02 then proceeds to react with the radical cation of the substrate

to form products reminiscent of 11 02. Wilson and coworkers4 have found

that photooxidation of cyclooctatetraene with ~-benzoquinone as sensitizer

leads to formation of 1 ,2.,4-trio;~anes. It is suggested that this reaction

proceeds through a 1 ,4-biradical formed from the sensitizer and olefin.

Interception of this intermediate by oxygen , it is postulated , generates

the observed products. Shimizu and Bartlett
5 have reported the results of

their studies of photooxidation of olefins using a-dicarbonyl compounds as

sensitizers. They find that olef ins that normally are unreactive toward 
102

proceed to form high yields of epoxides (a product generally uncharacteristic

of the reaction of 102 with olefins). Bart l ett6 has recently communicated

the interesting observation that photoepoxidation under these conditions

does not lead to the incorporation of an oxygen atom from molecu lar oxygen

in the diketone sensitizer. This finding clearly el iminates many of the most

straightforward paths for epoxide formation in this system. Jefford and Boschung7

have investigated the reaction of biadamantylidene with oxygen and a number

of photosensitizers under a wide range of conditions. They report that 

-.-.- ~
_ _
~__JI~

_ , 
. . . .~~~ 

-

. 

.. .1



—~~~ — 
—..- -~~~ T7J ~~~~~~~~~~~ TI~~

2

the mode of oxidation depends critically on the sensitizer. For example ,

in acetone solvent methylene blue sensitization results in the l ,2-dioxetane

in greater than 95% yield; whereas with rose bengal as sensitizer epoxide

is formed with a yield of greater than 95%. These workers conclude that

at least two unconnected mechanisms are operating in this system. The

first is the normal reaCtion of ‘02 with olefins to form dioxetanes with

a small amount of epoxide resulting , perhaps, from reaction of a perepoxide

intermediate. The second is a complex path involving as a key step electron

transfer from ground state sensitizer to 102 to generate 02 .

In this report we describe the results of our investigation of the

aL’to-phctooxidation of acenaphthenequinone 
~
t) to l ,8-naphthalic anhydride ~~

and the photooxidation of olefins using quinone j
~, as sensitizer. This system

0 0 0 0

1 2

presents the opportunity to exami ne the disposition of oxygen in the reaction

products and may provide further insight into the general structural and

mechanistic requirements of photooxidation .

Irradiation of a CH2C12 solution of quinone ~ at 
00 wi th a constant

stream of oxygen flowing through the solution generates cleanly naphtha lic

anhydr i de ~ as the only detected product.
8 Anhydride ~ can be isolated by evapo-

ration of the solvent followed by recrystallization in 80% yield. This is similar

~~~
j  
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to the results reported by Mayuyama and coworkers 9 who probed the photooxidation

of in THF solvent. We have determined that all three components , the quinone ,

l i g h t , and oxygen, are required for the reaction to proceed .

When quinone ,~~ was photooxidized in the presence of an olefin , cyc l ohexene

for example , anhydride ~ was formed again and simultaneously the olefin was

converted to a mixture of oxygenated products . For cyclohexene these were

identified as: cyclohexene oxide (
~

), 3-hydroperoxycyclohexene (
~

) in  33

and 44% yield , respectively, and a small and variable amount of adipaldehyde (
~).

+ cJ i :~
c
~ + + H

~
!(CH2 )4i!H + ~ (2)

It was found again that qu i none, light , and oxygen are required for the olefin

oxidation .

A series of experiments was carried out to define the mechanism for

these reactions. We first turn our attention to the oxidation of the

quinone to the anhydride in the absence of olefin.

Investigation of the spectroscopic properties of quinone ,i~ revea led

that in carefully purified CH2C12 at or below room temperature there 
is -

an emission with a maximum at 565 nm. This luminescence was identified

as phosphorescence by the effect of added quenchers. For example , sa turation

of the solution with oxygen resulted in the complete quenching of this

emission . Phosphorescence from quinone has been observed in rigid media

at 77°K to give approximately the same spectrum we observe in fluid solution .1°

There js no detectable fluorescence from quinone ~~~. We interpret this

observation to indicate that the rate of intersystem crossing is rapid.

Thus, the bimolecular chemistry of quinone )
~ 
almost certainly originates

from the triplet state. 

I~~II~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The quantum yield for photooxidation of was determined under a

variety of conditions by comparison with ferrioxalate .11 These results

are summarized in Table 1. Basical ly, it was observed that the efficiency

of conversion of )%, 
to anhydride ~ is independent of the i rradiating

wavelength and , critically, also independent of the concentration of

quinone )
~
. It is important to realize that the quantum yields were determined

under conditions of low conversion so that competitive absorption by the

product does not complicate the experiment.

Several reactive intermediates can be imagined to orecede formation

of anhydride ~. Mayuyarna and coworkers9 suggested that the initial step

in the oxidation was hydrogen atom abstraction from solvent to form a radical

intermediate which reacted seauentially with oxygen and a second hydrogen

atom donor (solvent) to form hydroperoxy ketal ~. Loss of water from this
- 

. intermediate , it was suagested , gives rise to the anhydride, eq. 3. To test

*3 OH H

______  
RH ~~20 

•~

this mechanism we carried out the oxidation reaction in the presence of

the very good hydrogen atom donor, 9,10-dihydroanthracene (DHA).12 As can

be seen from the data presented in Table 1 , the addition of 1 x l0~~ M OHA

did not result in a significant increase in the efficiency of photooxidation

of 1. This observation , coupled with the observation of phosphorescence in

CH2C12, effectively rules out any mechanism which requires hydrogen atom transfer

to be in competition with other fast unimolecular reactions under our conditions.

Annther possible mechanism ~or the conversion of quinone ~ to anhydride ~

- ~

_

.
.- . . . , 
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is a Baeyer-Vil liger type oxidation of the qu’none by an intermediate

diacylperoxide . The peroxide could be formed by the trapoin~ of the biradical

resulting from ct-cleavage of the quinone with cxygei , eq. 4,13 To tes~
O~~ ~~O O~~

0 0
~~O

i h’~ 
02 

_____ 2 (4)

w w
z

this possibility we sought to prepare and isolate peroxide 
~ 

by a series

of different routes. Unfortunately, they were all spectacularly unsucce~zfi~ .

However, we attempted to model the reaction of with )
~ 
by the use ~

phthaloyl peroxide (~)14 Reaction of an equimolar solution of quinone ~

and peroxide ~ at room temperature for 12 h did not give rise to al y

anhydride ~.
• We expected that quenching of tripl et )

~ 
by oxygen would give rise to

some 102. This expectation was borne out by experiment , see below . To

examine the possibility that 
~
O2 is responsible for the conversion cf

to ~, we investigated the behavior of in the presence of 1
02. Irra~~~t.~ ~

of methyl ene blue (MB) in the presence of oxygen has been shown to be an

uncomplicated source of 102.
7 When a solution of and MB in CH2C12 is

irradiated at wavelengths above 600 nm (only MB absorbs), no conversion to

is obtained . This finding clearly rules out the direct conversion of

~~to~~ by 102. —

+ 
10 (5) 

- IT~~-~~~~~~II
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Another possible route for the conversion of to ~ involves the

generation of 02 by electron transfer from excited quinone. The oxidation

potential of the quinone excited state is reduced by the amount of the

excitation energy when compared to the cirouRd state. Thus ,

electron transfer processes may compete effectively with other decomposition
paths available to the excited state. Several diagnostic reagents have

been developed to detect the presence of 02 in solution. Tetranitromethane

• 
- reacts with 02 at nearly the diffusion limi ted rate to form NO2 and the

strongly absorbing nitroform anion. ’5 Nitrotetrazolium blue dication is

reduced by 02 to form its highly colored diforma zàn. 16 Incorporation of

ei ther of these ndicators in solutions of quinone 1 did not demonstra te

• the formation of 02 during irradiation. This finding, of course , does

• not rule out the possibility that a cage ion pair is formed which efficiently

goes on to products . However , this resul t does indicate tha t free 02 is not

involved in the oxidation of the added olefi ns ; see below.

The concomitant oxidation of olefins during the conversion of 3,, to

offers the opportunity to probe further the mechanism for the quinone

oxidation and presents a system for the examination of the interaction of

olefins with nn* type oxygen sensitizers . A series of experiments designed

to define the transformations involved in this system was carried out.

• • The quenching of the phosphorescence of quinone by cyclohexene is a

relatively inefficient process. We estimate that kqT (the Stern-Volmer

slope ) is approximately 410 M 1 . Thus , cyclohexene competes only inefficiently

with oxygen for the excited state of the quinone)7

As mentioned above , cyclohexene is converted to a number of oxidized

products by the interaction with photoexcited )
~ 
and oxygen . The effect of

- . - - . y • • 
~~

- - ‘  --- • -
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cyclohexene on the conversion of to anhydride ~~, 
was investigated . Surpris-

ingly, over a range of cyclohexene concentration from ca. 4 x lO~ to

5 x 10
_ i 

M the quantum yield for the conversion of quinone 4, to anhydride ~~,

is completely unaffected by the olefin. Al so, addition of l ,l-diphenyl —

ethylene does not quench the oxidation of ,)~. These data are collected in

Table 1. The insensitivity of the oxidation of 4, to the presence of olefin
indicates that these two reaction paths do not diverge competitively from

a common reactive intermediate .

• To probe further the olefin oxidation reaction , this transformation

- - was studied with several substrates under different conditions. Inclusion

of the radical trap, 2,4,6-tri-tert-butylphenol in the reaction mixture did

not change the product yields or ratios. This observation seems to rule

out radical chain auto-oxidation . To confirm this conclusion the oxidation

of l ,2-iimethyl cyclohexene (9) was carried out. This system is particularly

convenient because the 102 and free radical oxidation products are different.18

Photolysis of a 3.4 x 1O~~ M solution of ~~, 
containing 3.4 x l0~~ P1 1 with light

greater than 404 nm in CH2C1 2 at 
00 gave rise to 2-hydroperoxy-2-methyl-l -

methylenecyclohexyljijene (4,~). dimethylcyclohexene oxide ]),. and anhydride ~, in

70, 4, and 68% yield , respectively. Importantly, there is no evidence for

formation of any 3-hydroperoxy- l ,2-climethylcyclohexene , the product of free

• radical oxidation of ~. The oxidation of cyclohexene ~ under these conditions

is apparently occuring by the reaction with 102 to generate ~ and by some

other path to form epoxide 1,),.

4, + _ _ _  + ~~, 
(6)

~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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To probe the stereochemistry of epoxide formation the ox idation of

cis- and trans-stilbene was investigated . Photolysis of quinone 4, in the

presence of trans-stilbene under constant oxygen bubbling led to cis-stilbene ,

cis-stilbene oxide , trans-stilbene oxide , benzaldehyde , and anhydride ,~~, 
in

25 , 4.6 , 17 , 10, and 60% yield, respectively, based on consumed trans-sti lbene.

Oxidation of cis—stilbene under the same reaction conditions led to an almost

identical product mixture . Evidently there are at least four’ processes

operating in this reaction system. The first is photosensitized trans to cis

isomerization of stilbene. The triplet energy of the quinone dictates

that the photostationary state from this reaction will contain predominantly

the cis isomer. 19 The second process is the oxidation of quinone to

anhydride . The third is the reaction of 102 with cis- or trar.~-~~i1bene to

generate benzaldehyde.20 The last is the formation of the stilbene oxides .

This last reaction evidently is nearly completely non-stereoselective. Since

starting with cis-stilbene gives the same ratio of oxides as starting with

trans-stilbene , this observation indicates that the epoxidation of the

olefins is most likely a stepwise process.

. - 

- -
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Our investigation of these photooxidation reactions has revealed

a quite complex system. Our findings do not lead to an inexorabl e

mechanistic conclusion. However, it is clear that several possibl e

mechanisms are not operating and we can propose a mechanism that is

consistent wi th our experimental findings.

The most telling experiments are those that reveal the quantum

efficiency for oxidation of 4, to anhydride ~, to be independent of the

• quinone concentration and the presence of olefin. These findings

indica te that only one quinone molecule is oxidized for every oxygen

molecule consumed . If an oxidized intermediate was capable of converting

a second quinone molecule to anhydride and also oxygenating olefin to epoxide ,

then the presence of olefin should have an inhibitory effect on the oxidation

• of quinone. Likewise , if an oxidized intermediate could either decay or

transform a molecule of quinone to the anhydride , a dependence on quinone

concentration would be expected. Moreover , these results indicate that the

olefin competes only ineffectively with oxygen for the triplet excited state

of the quinone as is evidenced by the relatively small value of kqT~

We suggest that the initiating step in the reaction path leading to

epoxide and quinone is bond formation between the excited quinone and

oxygen . This step is potentially inconsistent wi th the

label i ng results reported by Bartlett for oxidations with biacetyl and

• benzi l .6 However, our system is perhaps different because we observe

oxidation of the quinone whereas for the ct-diketone systems, the sensitizer

is recovered unchanged . We wil l  attempt to explain this difference below .

• - • -

LJ~ ~~~ ____________
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A priori , there are two reasonable sites for oxygen bonding to

excited quinone 4,. the carbonyl carbon and the carbonyl oxygen . The

detection of phosphorescence from 1 at room temperature leads us to agree

wi th the assignment of predominant nIT* character for the lowest triplet of

quinone i . b0 For ~~ carbonyl compounds, the oxygen atom tends to be

electrophilic while the ¶ system behaves as a nucleophi le.21 For this

reason the initial reaction might be carbon oxygen bond formation to form

the peroxy-alkoxy birad ical intermediate 4,~
. However , we cannot rule out,

and tend to favor, formation of the trioxide biradical 4,~
,, eq. 7. Alkyl

• 
, trioxides are in fact reasonably well characterized and have been

detected in a number of systems.22 Indeed, an intermediate similar to

trioxane 13 is capable of explaining the label i ng results reported by

Bartlett if the active oxygen atoms are transferred one at a time to

olefin molecules .

Whichever intermediate is in fact formed, our results indicate that

it is not capable of oxidizing quinone to anhydride under our reaction

conditions . Consider first the fate of 12. It is clear that this intermediate

must at some time during the reaction insert one oxygen atom between the bridging

carbons, and lose one oxygen atom. The sequence of these events is not

revealed by our experiments . One reasonable possibilit y , however , is

rearrangement of 12 to what is essentially a carbonyl oxide , intermediate

14, eq. 8.
‘V’1

• Attempts to trap this intermediate as an ozonide wi th added

acetaldehyde were unsuccessful . Loss of oxygen from will yiel d the

anhydride ~. In the presence of olefin,the active oxygen of 14 would be

• transferred to form the epoxide. This reaction is expected to be non-

• stereospecific if the birad ical rather than the zwitterionic form of 14 is

the major contributor. Moreover, oxygen atom transfers of this type have
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~~C-U bonding

~~~~~o *3
_,,_,,_, ,,,,, ,,,

,cI 

1~~~ 1 
(7)

0-0 bonding

6’~~

H

0 0 0  
_ _ _ _ _  

(8)

a —  >
~

< 
(9)

(10)

“ 
_____
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been postulated to occur from the peroxide intermediates formed during

ozonolysis of alkynes .23 In the absence of olefin , loss of oxygen from

does not oxidize a second quinone. One possible pathway is the donation

of an oxygen atom from to an oxygen molecule to generate ozone, eq. 9.

While we have no direct evidence for the formation of ozone, it is

interesting to note the formation of adipaldehyde from the cyclohexene

oxidation , a product not reported to result from the reaction of 102 wi th

this olef in , but one that is expected to result from the ozonolysis.24

Moreover, this product is observed only at low olefin concentration where

competition between epoxide formation and generation of ozone might permit

the latter reaction to occur.

Finally, it should be noted that a similar reaction sequence can be

• postulated if trioxide intermediate ,J,,~ results from the interaction of excited

4, with oxygen . However, in this case intermediate 3J~, 
(ana logous to )

~
) would

undergo two bond cleavage to form i~ , eq. 10. The rearrangement of

to ,J)~ is exactly the well precedented reaction of a primary ozonide to the
Criegee intermediate .25

Competing with the oxidation of triplet 4, is energy transfer to

ground state oxygen to form 1 02. In the absence of olefin the 102 returns

to the ground state and this path simply represents a rOute for energy

wastage. In the presence of olef in the 102 reacts to form primarily

the hydroperoxide products observed .

One final point to be discussed is the relationship of this system

and proposed mechanism to that discovered by Bartl ett and coworkers.5

The major difference is the fate of the sensiti zer. It is tempting to

• speculate that, at least for benzil and biacetyl sensitizers , the

trioxide intermediate analogous to 13 is formed exclusively. As

_ _ _ _  -j
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• mentioned above , it is possible that this type of intermediate can explain

- the label ing study . The question that remains to be answered concerns the

- lack of cyclization of these intermediates to analogues of ,J,,~. The most

reasonable explanation centers on the constra i ned five-membered ring of

Perhaps entropic factors mitigate against rapid cyclization in the acyclic

cases and , at high olef in concentration , oxygen atom transfer to form epoxide

occurs exc lus ive ly .

In sumary, the reaction sequence outlined in equations 7, 8, 9 and

10 represents a plausible sequence of events for the oxidation of 4, and olefins

that is consistent with the known experimental observations . Further work

on this apparently general photooxidation scheme is underway .

r

___ -
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Genera l. All melting points were corrected according to the

melting point (80.1°C) of sublimed naphthalene . NMR spectra were recorded

on a Varian Associates EM-390 instrument with tetramethyl silane i nternal

standard. Gas chromatographic analysis was carried out on a Varian

Associates 2700 all glass chromatograph wi th a 6’ x 1/4”, 3% SE-30

column. Absorption spectra were recorded on a Perkin-Elmer Model 202

spectrophotometer or on a Cary 14 instrument. Emission spectra were

recorded on a Farrand Mark I spectrofluorimeter . Irradiation was carried

out on a preparative scale using an Hanovia 450 W medium pressure Hg arc

l amp cooled in a water jacketed Pyrex® well. The wel l was covered with

tape to block light emission over all but an approximately 1 inch

opening. Wavelength selection was achieved by placing the appropriate

• Corning color glass fi lter in the light path. The light was then focused

• on the reaction vessel which was maintained at constant temperature by

means of an external cooling source. Irradiation on an analytical scale

was carried out using the excitation optics of the Farrand spectrofluorimeter.

Wavelength selection was achieved with the excitation rionochromator with

10 nm bandpass slits in both the entrance and exit ports. The concentration

of anhydride ~ was monitered spectroscopically at 340 
nm a wavelength

at which the quinone 4, is nearly transparent.

~~~~~~~~~~~~~~~~~~~~~~~~~ (4,). Technical grade quinone

(Aldrich Chemical Company) was purified by chromatography on Silica Gel

with CH2C12 followed by repeated recrystallization from CH2C12 to give long

yellow needles (mp 250-253 wi th decomposition). The best cri terion for

puri ty was the phosphorescence emission spectrum in CH2C12 at room

temperature . In general, samples of 4, were recrystallized until further

~~~ _ _ _ _ _ _ _ _  ~.
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recrystallization led to no further changes in the i ntensity of the

phosphorescence.

~~~~~~~~~~~~~~~~ 4~ 
a) ~ ~~~~~~~ 

A solution of

• quinone (50 mg, 0.28 mmol) in 100 ml of freshly disti lled CH2C12 was

prepared and purged wi th 02 at 
00. The solution was irradiated as

described above using a CS-3-73 filter with constant 02 bubbl i ng for 4h.

Evaporation of the solvent in vacuo gave a solid which was recrystallized

from CH2CI2 to give 43 mg (80%) of an off-whi te solid identified as

l ,8—naphthalic anhydride by comparison with an authentic sample

(Aldrich Chemi cal Company).

~
) ~~~~~~~~~~~~~ A solution of 4, (42 tug , 0.2 ninol) and freshly

distilled cyclohexene (19 mg, 0.23 n~iiol ) was prepared in 60 mL of CH2C12.

The solution was i rradiated as described in part a above for 5.5h.

Analysis of the photolysis solution by gas chromatography revealed

cyclohexene oxide (33%, by comparison with an authentic sample).

Analysis of the NMR spectrum revealed hydroperoxide ~ in ca. 40% yield
24 2~identified by comparison with an authentic sample and adipaldehyde. °

Evaporation of the solvent and crystallization gave anhydride ~ in 65%

isolated yield . An identical experiment , except that 2,4,6-tri-tert-buty l

phenol (2.99 my, 0.011 mmol) was included in the photolysis solution ,

• gave the same product mixture .

£~ ~~~~~~~~~~~~~~~~~~~~~ 
(9). The di methylcyclohexene was

prepared by the procecure of Signaigo27 and purified by preparative gas

• chromatography . A solution of 4, (49.5 my, 0.27 mmol ) and ~ (30 mq , 0.272 mmol)

was prepared in 60 mL of CH2C1? and i rradiated for 5h as described above.

Gas chromatographic analysis of the reaction solution revealed epoxide ,i)~, in

4% yield (based on starting ,~). Analysis by NMR showed a 70% yield of

- 
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hydroperoxide ~ N e i t h e r  NMR nor GC analysis showed any evidence for

3-hydroperoxy-l.2-dimethy lcyclohexene. We estimate we could have detected

2% of this compound. Evaporation of the solvent and crystall ization gave

in 68% yield (based on 4,).
~,) ~~~~~~~~~~~~~~~~ A solution of 4, (43 my, 0.23 ninol) and

trans-stilbene (41.5 mg, 0.23 ninol) in 40 mL of CH2CI2 was i rradiated

as above. The following products were identifi ed and quantitated by

gas chromatographic comparison with authenti c samples (yields are

based upon starting trans-stilbene): cis-stilbene , 25%; cis-stilbene

oxide , 4.6%; trans-sti lbene oxide , 17%; benzaldehyde, 10%. Evaporation

of the solvent and crystallization gave anhydride ~ in 60% yield.

In an experiment with cis-stilbene (44 tug, 0.24 mol), a virtually

identical mixture of products was obtained .

• ~~~~~~~~~~~~ This work was supported in part by the Office

of Nava l Researc h, in part by the Petroleum Research Fund administered

by the American Chemi cal Society, and in part by the National Science

Foundation.
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Effect of Concentration , Wavel en gth , an d Quenche rs
on the Photooxidation of 1 to Anhydride 2 a

4.. 41

Irradiating rel b
14,) Addit ive Wavelength (nrn ) ~

‘ox

8.8 x 10~ — 315 1.00

1.04 x i~
-
~ 

— 483 0.82

1.04 x 10~~ ~~~~~ (1.16 x 1o~~) 410 O.97 c

1.04 x io~ (3 x 1O~ M) 483 0.92

2.64 x 10~~ — 315 0.93

6.59 x 10~~ — 315 1.11

1.32 x l0~ — 315 0 . 9 7

2.64 x 10~~ 
— 315 1.10

5.27 x l0~~ 
— 315 1.00

2.81 x 10~ (3.95 x i0~~ M) 380 100d

2.81 x lci3 (1.98 x io
_2 M) 380 0.95

2.81 x 10~ (9.88 x io_ 2 Ni) 380 
• 

1.06

2.81 x io~ (4.94 x 10
_ i 
~i) 380 1.00

alrradiatlons were carried out w i th a 150W H g-Xe l amp with a 0.25M
monochrom~tor used for wavelength selection. Bandpass was adjusted
to be 10 nm of the central wavelength stated in the tab1e.

bThe absolute quantum yield for photooxidation was determined at 315 and
483 nm to be 0.087 and 0.071 , respectively, by compari son with
ferr ioxolate at 00 in CH2C12 with [4,1 8.8 x l 05 

~cRelati ve to irradiation of an identical solution of at 410 nm but
witho ut the addition of the dihydroanthracene.
dRelati e to irradiation of an identical solution of 1 at 380 nm but
without the addition of cyclohexene.

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

-
~~

• 
~~ 
. -V’—-’. — ~~~~ -- • ~~~ . .•_.•,•_I~~~~~~~~~

~~
_j 

~~~~~~~~~~~~~~~~~~~~~ - _  ~~~~~~~ - - - - - -.— • -•-- -- --- — - - -  - k .~ . ~~~~~~~~~~~~~~~~~~~~~~ .- -~~~-~~~~



- TrPmi —~~-—~~~~~~~ s -

- ~JT~~ ~ 
_ _ _

References and Notes.
W WWV\JvW~c~j~j~

1) Fel low of the Al fred P. Sloan Foundation , 1977-79.

2) For leading references see: R. W. Denny and A. Nickon , Org. Reactions,

20, 133 (1973).

3) J. Eriksen , C. S. Foote, and 1. L. Parker, J. Am. Chem. Soc .,

99, 6455 (1977).

4) R. M. Wilson , E. J . Gardner, R. C. Elder , R. H. Squi re, and L. R.

Florion , J. Am. Chem. Soc ., 96, 2955 (1974).

5) N. Shimi zu and P. D. Bartlett, J. Am. Chem. Soc., ~~ , 4193 (1976).

6) P. 0. Bartlett, in “Organic Free Radicals ”, W . A. Pryor , ed.,

American Chemical Society, Washington , D.C., 1978 p. 15.

7) C. W. -Jefford and A. F. Boschung, Helv. Chim. Acta, 60, 2673 (1977).

8) The NMR spectrum of the crude photolysis mixture shows only ~ .

9) K. Mayuyama, K. Ono , and J. Osug i , Bull. Chem. Soc. Japan, ~~~, 847

(1972).

10) A. Kuboyama and S. Yabe , Bull. Chem. Soc. Japan, ~~~, 2475 (1967).

11 ) J. G. Calvert and J. N. Pitts , in “Photochemistry ”, Wiley , 1966,

pp. 783-786.
12) 1. Matsaura and V. Ito , Bull. Chem. Soc. Japan, ~~~, 1724 (1974);

S. Korcek , J. H. B. Chenier , J. A. Howard , and K. U. Ingold , Can.

J. Chem ., ~~~, 2285 (1972).
13) Nt. J . Bruce, Chem. Quinonoid Compounds, Part 1, 465 (1974).

14) F. 0. Greene, J. Am. Chem. Soc., 78, 2246 (1956).

H 15) B. H. J. Bielski and A. 0. Al l en, J. Phys. Chem ., 71 , 4544 (1967).

16) R. W. Miller and C. T. Kerr, J. Biol. Chem., 
~~~~ 5597 (1966).

• 
- 17) Quenching of the quinone triplet by 02 is expected to be diffusion

limited which in CH2C12 corres ponds to a bimolecul ar rate constant

• of ca. 1 x 1010 M~~sec .

18) C. S. Foote, Accts. Chem. Res., 1, 104 (1968).
4.

~~ ~: ~ -—— ~~~~~~~~ - - t -  -~~~-—~~~~



r~’ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~_ - -— —- ;--;_ _;;-._ ;;_..;;•;~;~~
_

•
--•—-- 

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

19

19) G. S. Haninond and J. Saltiel , J. Am. Chem. Soc ., ~~ , 4983 (1962).

20) G. Rio and J. Berthelot, Bull. Soc. Chim. France, 3555 (1971).

21) J. C. Dalton, P. A. Wriede, and N. J. Turro , J. Am. Chem. Soc., ~~ ,

1318 (1970).

22) J. E. Bennet, 0. M. Brown, and B. Mile , Trans. Faraday Soc., ~~ , 397

(1970); P. D. Bartlett and M. Lahad , Israel J. Chem ., JJj~ 101 (1972);
F. E. Story, 0. E. Emge, and R. W. Murray, J. Am. Chem. Soc., ~~ ,

1880 (1976); F. Kovac and B. Plesnicar , J. C. S. Chem. Comun., 122

(1978).

23) R. E. Keay and ( . A. Hamilton , J. Am. Chem . Soc., ~~ , 6578 (1976);

N. C. Yang and J. Libman , J. Org . Chem. , ~~ 1782 (1974).

• 24) K. Kopecky and H. Reich , Can. J. Chem., ~~~, 2265 (1965).

25) P. S. Bailey in “Ozonation in Organic Chemistry ” , Volume 1 , Wiley ,

New York , 1978.

26) J. J. Pappas , W. P. Keaveney , E. Gancher , and M. Berger, Tetrahedron

-~~~ Lett., 4273 (1966).

27) F. K. Signaigo and P. L. Cramer , J. Am. Chem. Soc ., ~~~, 3326 (1933).

—~~•- •~ 
-
~~~~~~

~ 

~~‘_JT:’~ I_~
_1I I • _ _ _  _ _ _ _ _ _



- -~~-‘~~~~—-~~~~~~~~~ — - • - - - -- ----
~~~

- ----

~~~

- — -

• 
TECHNICAL REPORT DISTRIBUTION LIST

No. Copies No. Copies

Office of Naval Research Defense Documentation Center
Arl ington , VirginIa 22217 BuildIng 5, Cameron Station
Attn : Code 472 2 Alexandria , Virginia 22314 12

Office of Naval Research U.S. Army Research Office
Arlington, Vi rginia 22217 P.O. Box 12211
Attn : Code 1021P 1 6 Research Triangle Park , N.C. 27709

Attn : CRD-AA-IP
ONR Branch Office
536 5. Clark Street ~1aval Ocean Systems Center
Chicago , Illinois 60605 San Diego , California 92152
Attn: ~r. Jerry Smith 1 Attn: Mr. Joe McCartney
0~4R Branch Offi ce
715 Broadway
New York , New York 10003 Naval Weapons Center
Attn : Scienti fic Dept. 1 China Lake , California 93555

Attn: Head , Chemistry Division
ONR Branch Office
1030 East Green Street Naval Civi l Engineeri ng Laboratory
Pasadena , California 91106 Port Hueneme, California 93041
Attn: Dr. R. J. Marcus 1 Attn : Mr. W. S. Haynes

ONR Branch Offi ce Professor 0. Heinz
760 Market Street, Rm. 447 Department of Physics & Chemistry
San Francisco, California 94102 Naval Postgraduate School
Attn: Dr. P. A. Miller 1 Monterey, California 93940

ONR Branch Offi ce Dr. A. 1. Slafkosky
• 495 Suniner Street Scientific Advisor

Boston , Massachusetts 02210 Coninandant of the Mari ne Corps (Code RD—i)
Attn : Dr. L. H. Peebles 1 Washington , D.C. 20380

Di rector, Naval Research Laboratory Office of Naval Researc h
Washington , D.C. 20390 ArlIn gton , Virginia 22217

— Attn: Code 6100 1 Attn : Dr. Richard S. Miller

The Asst. Secretary of the Navy (R&D)
Department of the Navy
Room 4E736, Pentagon
Washington , D.C. 20350 1

Coninander , Naval Air System s Coninand
Department of the Navy
Washington , D.C. 20360
Attn : Code 310C (H. Rosenwasser) 1

. - • - - •‘ 
. - ~~~~~~~—..~ - * -  -

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

~~~~ 
- - - - - - — .— -——~-~~~~~_ ____i__ _ _ •t_ .__ —••&•- .-~~~~~- --- -.—



-

~~~~~~~~~~ 

,. 

- 

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

TECHNICAL REPORT DISTRIBU TION LIST

No. Copies -No . Copies

Dr. M. A. El-Sayed -Dr. C. B. Schu 3ter -

Uni versity of Cali fornia University of Il ilno ts
• Department of Chemistr y Chemi str y DeparLuicr;r

Los Angeles , Cal i fornia 90024 1 .-lJrbana , Ill ino i s 61801—

Dr. N . W. Win dsor Dr. E. N. Eyring
Was hington State University University of Utah
Department of Chemistry Department of Chemistry
Pullman, Washington 99163 1 Sal t Lake~City , Utah

Dr. E. R. Berns tein Dr. A. Adamson
Colora do State Universit y University of Southern California
Department of Chemistry Department of Chemistry
Fort Collins , Colorado 80521 1 Los Angeles , California 90007

Dr. C. A. Heller Dr. N. S. Wrigh ton
Nava l Weapons Center Massachusetts Institute of Technology
Code 6059 Department of Chemistry
China Lake , calIfornia 93555 1 Cambridge , Massachusetts 02139

Dr. M. H. Chis hoim Dr. N. Rauhut
Pri nceton Universi ty Ameri can Cyanamid Company
Department of Chemistry Chemical Research Division
Pri nceton , New Jersey 08540 1 Bound Brook, New Jersey 08805

Dr. J. R. MacDonald
Naval Research Laboratory

- 
.

- Chemistry Division
Code 6110
Washington , D.C. 20375 1

——— --~~~~~~~~~~~ • — —

~~~~~~~~~~~~~~~~~~~~~~~~~~~ :: :~::: ~~~~~~~~~~~~~~~~~~~~~~~~ :-~: -



I


