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ABSTRACT

;Tﬁe-électric.diséharge method of generatingAsinglet‘molecular
6xygén was demon;tfated to be.a useful technique for preparative scale
. ,6iygenationé of_suitable‘organic substrates;"Repreéentative_examples‘

" of knowﬁ'singiet.okygen acceptors were exposed to diSchérge—ggnérated

~§ingléf oxygen While dissdlved in'ofganic solfents at —789 or adsorbed
onto-solid supports at room température. ”Typical oxygénation products
vefe obtained in genérélly goéd yields. The various known methods of
: Vgenérating sihglét molecular'oxygeﬁ ahd,the relafive advantages‘and'
'disad&gntages of the eléctric dischargé méthod aré-discusséd,

. Adsérption of substratés onto solid.sﬁrfaces éppeérs to have no
u:effect oﬁftﬁe cdurse of the aadition.of singlét oxygen to the organic
. moiety. The succéss of-this téchniqué is pérhaps dué-to the increase:

in the surface area of contact between the substrate and singlet

7 oxygem.

- Exploratory oxygenations of 1,4-dienes and époxideé adsorbed onto

- so0lid surfaces were all unsuccessful.
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I. INTRODUCTION

A, Oxidation birMoiecular'Oxygen

.'Oxygen, because of its key role in'térréstial'life‘processes, is the
singularly mosf extensively studied molecule in the fields of chemistry
" and biochemistry. .The accumulation of experimental observations over thé
pést-Eenturies has shown that orgahic sub§trates ﬁndergo two general types
of reactions with molecular oxyg’én:l (1) radical mediafed autoxidations
and (2)As¢nsitized photooxygenations.,

Radical aﬁtoxidation reactioné requiré some typé of chemical or ultré-
vvioléﬁ'radiationito initiate the formation of radicals which control the
'degrédativé oxidation of a wide variéty of organic sﬁbstances in chain
prccesseé._ Whén ﬁhé congéntrgfioh of thé initial oxidétion products,

: usuélly peroxides and‘hydroperoxidés,‘builds up béyond a critical &alue,
é_the initiaily élow reaction‘caﬁ rapidly accélératé to combustion rates,
‘gielding simpiy watér, cérbon dibxide, and carbon monoxide as final pro-
ducts. Since these are chain procésses; thé éuantum yiélds aré genérally_
- much gréaté?'than unity énd aré invérséiy proportionaiﬂto the squaré root ;
ot the light intensity.? |
‘ 'Seﬁsitized photoékygénation.réactions; on thé othér hand, require
the présencé of a'"sénsitizér" (a dyé or natural pigmént) as wéll.as light

and molecular oxygen. The’Quantum yields are no greater than unity-and

2,3

are independent of the light intensity. The sensitizer absorbs low

énergy light and intéracts with molecular oxygen to form an active inter-'
mediate which transfers a molecule of "active" oxygen to the acceptor to

~give the product peroxide. The field of sensitized photooxygenation

5

reactions has been thoroughly reviewed in articles by Bowen,h Arbuzov,

7

Gollnick and Schenck,6 Gollnick, and-Foote.8
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The dye—senéitized damage or‘destruction of biological systems by

9

light in the presence of oxygen has been known since 1900. This pheno-~
menon, which is commonly known as "photodynamic action", is attributed to
irreversible oxidative degradation of essential cellular cohponents.lo

11 12 . '
. Straub and Noack suggested that the sensitizing dye perhaps forms
intermediate peroxides which transfer oxygen to a substrate and regenerate
the original dye.

13

Ascaridole, a natural peroxide first isolated by Gutig’ in 1908 from =

. chemopodium oil, was believed to be synthesized in plants from a-terpinene

(Eq. 1). Although attempts to autoxidize the diene yielded only polymers,1h

- Eq. 1

Schenck15

~in 194k suoceeded in photooxygenating it to ascaridole in the
.presenoe_of-various sensitizers in Qarious solvents. He pfoposed thatla

»_.similar>oxygenationvprocess occurs in gizg'under the_photosensitizing
fhihfluence of chlorophyll. S

| AOne‘of the first-known “artificial" photoperoxidee was synthesized by

" Moureau and Dl_lf‘rai'ss'el-6 in l926f They found that dilute solutions of_.

"?ubrene in various eolvents‘rapidly lost their colour on exposure to light

17,18

and air. The product, Wthh was later establlshed to be the transan—
nular peroxide, decomposed, when heated, to the original hydrocarbon with

accompanying luminescence and evolution of oxygen gas (Eq.. 2). This unique
ph Ph

e (IG0D n
D S e

Ph Ph S Ph Ph

reversible binding of oxygen, which at least superf1c1ally parallels the

>
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action of héemoglobin'ig;vivo, initiated a great deal of interest in
photosensitized oxygenation from a‘biochemigal as well as a chemical 

point of view.

Since these initial observations, photosensitized oxygenation of a

variety of organic substrates has been extensively investigated for both

4-8

~ synthetic and mechanistic pufposes;

" C.  Mechanism of the Sensitized Photooxygenation Reaction

19-22

The earliest mechanistic studies were by Gaffron starting in

1926, In the direct'photooxygenation (i.e. the substrate also acts as the

sensitizer) of rubrene, he showed that two molecules of rubrene are re-

quired for the formation of one molecule of stable endoperoxide (Eq. 3)..

- 2Ru + 0, vy RuO, + Ru " Ea.

He postulated an acceptor-activation mechanism in which the important

step was the formation of an activated double molecule of rubrene (Eq;

N

- hv * I '
: » Ru- ———— Ru - . . -Eq.
L Ce . o
s o ~ - Ru +Ru — (Ru)2 _ .. Eq.
(Ru)2 + 0, _— Ru0,, + Ru 7 . Egq.

L-6).

L
5‘.
6,

Although Gaffron's mechanism adequately explained the direct photo-

- oxygenation of rubrene, it could not be extended on a genéral basis to

“indirect (dye-sensitized) photooxygenation reactions. Because the absorp-

tion bands of many substrates are at shorter wavelengths than those of the

dyes used, the excited dye molecules do not have.sufficient energy to

électronically excite the acceptor molecules.

Schﬁnberg23 in 1935 postulated instead that the excited sensitizer -
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(either the substrateVOr added dye) reacts ﬁith triplet oxygen to form a
sensitizer-oxygen complex. This "ﬁoloxide" then transfers the oxygen
molgéule to the substrate to give thé.product peroxide and regenerate the
éensitizer. Tﬁis mechanism was stfongly advocatéd by Schenck,Zh—28 who is
probably the main contributor to the field of photosensitized o#ygenatidhs.
An alternate mechanism was pfoposed by Kautsky29—33 in 1931. He

assumed that the intéraction of excitéd sénsitizér with.triplet oxygen
results not in the formation‘of a sensitizéreoxygen complex but rathér in
physical transfer of énérgy ffom thé sénsifizér to oxygen to givé singlet
 oXygeﬁ and the déaétivatéd sensitizér. Singiét oxygén then.reacts with the
acceptor to give thé product pérﬁxidé. Kautsky élégéntly démonstrated the
validity'of his méchanism‘by showing fhét,.whén substrate and éensitizer
werevadsorﬁéd ontolphysiéa11§>séparaté grains of silica gél and the system
eibosed to light in thé préséncé of oxygén, thé sgbstraté was‘efficiently
oxygenatéd. Evidéntly-séme gasééus intérmédiaté; présumably singlet
Qxygen, was ablé to diffusé‘across fhévspacé sépérating sénsitizér and
substrafe; ‘ ‘ |

';‘~Both thé énérgy—transfér ﬁéchanism and'thé compléx—formation mééhan—
:ism'éreiconsistént with'thé kinétic studiéé ﬁhich havé béén carried out.h’

- 2h,3%4,35

The only significant difference lies in the nature of the active

oxygenating intermediate: a sensitizer-oxygen complex or singlet molecular

oxygen (Eq. 7-10).

S —> 8 | E%citatioh ‘ Eq; T
' ' lS —_— 38 | ' Intérsystém Crossing- Eé; 8
35 + 302 f;——§ ‘50, Complex Formation Eq. 9a
‘}13502 + A ‘————9 S + Aoé Termination - Eé:'lOa
>"3S + 30é —> S + lO2 Enérgy Transfér Eq; 9b

Termination ‘ Eq. 10b
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Although most workersApreferréd to beiieve in the sensitizer-oxygen complex,
the'controvérsy remained unresolved until more thorough investigations of

_the_physical and chemical properties of'singiet‘molecular oxygen were
carried out. | |

" D. 'I'heéretical'De‘sc’ription’of'Single‘t'Molecular'OXygen36’37

} The three lowest energy electronic sﬁates of molecular oxygen (3Zé,
lAg,‘and lZé)‘all arise from the same electronic configuration. They
differ only in the way two ofvthe_sixteen electrons occupy the pair of

degenerate antibondingvorbitals. The arrangement of the two electrons in ‘

- " ; * ® :
the set of "real" orbitals T and ﬂy is shown pictorially with circles and

37 -

_arrows below:

OBFO-
seeoch

i The ground state 3Eé has the two electrons with spins parallel (trip-

let state) but opposité orbital angular momentum (¢ state). This state is
respbnsiblebféf the diradical behavior and paramaénetic properties df

' ﬁqlecuiar oxygen. | |

The next two éleétronié statés, which aré 22.5 kcal and 37.5-kéél-

" above the ground>staté, both havé thé two eléctpons with spins paired
(singléﬁ stétés). iIn thé lowér siﬁglét staté; both éléctrons havé their
'orbital'angulér moménfa in thé samé diréction. This staté is théréforé a
-'doubly‘dégénératé A s#até (orbital angﬁlar momentum quantum nuﬁbér is.tZ).

The upper singlet state, like the ground state, has zero orbital angular



momentum (I state).

" Any perturbation which destroys the cylindrical symmetry of the molec-
ule_(e.g. the approach of a second molecuie) results in the mixing of the
12; state withvone of<the'lAg‘components (the upper one in the diagram).
Since this perturbation always stabilizes the lAg.component at»the expeﬂse
~of the 12; state, this 1Ag componeht becomes the most energeticélly.favor—
_ abl;‘state for concerted addition reactions.36 The othér combonent has
'its electrons in separaté orbitals and shouid réact as a "diradical" simi-
lar to the ground state. Thé lZ; étate, having both electrons in the same-
beit;l, Wéuld not be expected to undergo one-electron free-radical rééc—
tions. In fact, it probably displays a repulsive inferaction with all

37

) approaching molecules.

B 'Disc’OVer"y.'bf Slnglet 'Mo‘iéc‘ﬁlar Oxygen

The viéible red emission producéd in the décqmposition reaction‘of

- hydrogen peroxide with.hypochlorité salts or alkaline bréminé or chlorine
was first’noted by Mallet38 in 1927. The'significgncé of this obsefvation
was notvappréciatéd for thé_nékt séVéral décadés, evén'thouéh it was

39-k1

7  mentioned occaéionally in"the literature. In 1960, Seliger's re’port)42

.. that the spectrum .of this emission consisted of a narrow band centred at

o] . . .
6348 A focused new attention on this chemiluminescence phenomenon. Khan

L3

©

" and Kasha later observed a second band at 7032 A in addition to oﬁe at .

, °. . A

6334 A.  The 1567 cm 1 spacing between these two bands closely corresponded
to the ground state lowest vibrational spacing of molecular oxygen (1556
cm—l), thus implicating the involvement of molecular oxygen in the emission. =

They tentatively assigned the two peaks to the (0,0) and (0,1) bands of the

. + _ :
oxygen»lZg > 3Zg transitions shifted by solvation.

Meanwhile, Ogryzlo and coworkershh were studying the emission spectrum

45

of gaseous oxygen subjected to electric discharge. Mass spectrometric,
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bt

calorimetric,h6 and spectroscopic studies of this system had shown that

the oxygen gas stream contained about 10% Oz(lAg) and about 0.1%102(122).
'The,spectrum consisted of not only the twe known sharp bands at T600 X
and 8600 X from the (0,0) and (0,1) transitions in the 12'; > 32;- system,’
but also the same two.diffuse bands observed by Khan and Kasha. Ogryzle
reinvestigated the hydrogen peroxide—hypochlorite syssem and observed an
addltlonal extemely weak band at 7600 A correspondlng to the Zg >, 32-
emission. Since the 6340 A and 7030 A bands .obviously could not belong to
"the l;; - 3 é system, Ogryzlo ass1gned them to unique one—pboton double-
meleeule tfansitions previously postulated by Ellis and'Kneserh_8 in their'
interpretation of the liquid oxygen absorption spectfum. Two exeited (lAg)

. oxygen molecules in a collisional complex undergo simultaneous deactivation

with the energies of both molecules released in a single photon (BEq. 11).
(1 3p- : S
2( Ag) — 2( zg) + hv - - Eq. 11

This assignment has since been corroborated by the observation that the

'1ntens1t1es of .these two bands depends on the square of the O ( Ag) con-

Lhg-51

'centratlon. 'Thus, Ogryzlo's 1nterpretat10n»of the emission spectra

of oxygen in the hydrogen'peroxide—hypochlorite and electric discharge

systems had revealed that ekcited singlet oxygen could be convenienfly

generated in both systems.

- F. IdentlflcatiOn of the Actlve Intermedlate in the Sens1tlzed

E PhotOOXygenation'Reaction

Organic chemists were prompt to utilize the two methods of generating
" singlet molecular oxygen to clarify the mechanism of the dye-sensitized

photooxygenaﬁion reaction.

Foote 2 in.1964 demonstrated that singlet oxygen produced in the



._ 8‘_'
hypochlorite-hydrogen peroxide system }eacts'with a wide vafiety of sub-
strates to give products identical to those of the sehsitized photooxygen-~
atipn reaction. In adqition to synthesizing typical photoproducts in
syntheticaily useful yields, he subsequently compared produét distributions
and stefeoselectivity, relative reactivities of acceptors, and thé ratiq
of the décay raté'to the reaction rate Qf the intermediate for thé two
53-55"

 reactions. All comparisons were shown to be identical within exper-

imental error. ,
| 56

‘Meanwhile, Corey and Taylor also effected the dxygenation of several

typical photooxygenation substrates using radiofrequency discharge-gener-
 éted2sing1et'oxygen. Although the system at this time was relatively
inefficient (low yields and inconveniently long reaction times) and theé

numbér of succéssfully oxygenatéd substratés very limited, the resulfé at
.least'éervéd_to;iliustraté‘that fhé samé products‘arisé from photooxygen-
ation and discharge—generatéd singlét oxygen. |
V_Footé's and Corey's work provided overwhelmiﬁg, thoughlonly circum-
sténtial evidehcé in favor of Kautsky's enérgy—transfér mechanism for the

sensitized'photooxygenation reaction.

29-

More direct evidence was provided by Kautsky's original experiments

32

“which demonstrated that the intermediate must be gaseous in order to

bridgé thé spacé betwéén physically separatéd substraté and sénsitizer.« ‘

These experiménts havé-récéntly beén réfinéd by two gréups of ﬁérkers,57’58

but the résults are ésséntially the saméias Kautsky's;i |
Perhaps fhé mosf diréét aﬁd compelling évidéncé in'favor of the

involvement of singlét oxygén in thé sénsifizéd photooxygénation réagtion

vas the detection by physical méthods of 02(1Ag) généraféd by gas-phasé

59

photosensitization with aromatic hydrocarbohs. Falick”™” was the first to

observe the characteristic four-line electron paramagnetic resonance

/
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spectrum of O (lAg) due to the orbital magnetic moment of the electrons in

2
gaseous oxygen subjected to an electric discharge. Kearns60 and Wasserman
‘simultaneously reported the observation of this characteristic spectrum

in gaseous mixtures of naphthalene or naphthalene derivatives and oxygen

subjected to ultraviolet irradiation. The formation of singlet ( A )

© oxygen by this process was found to be highly efficient (@ 0. 5)

Although these experlments were restricted to the gas—phase, they provided
strong support for the energy—tranSfer mechanism in the sensltized photo—
oxygenation reaction in solution.

| Finally, after decades of dormancy, Kautsky's slnglet oxygen mechanism
is receiving the recognition it deservee from workers in the field of the
eenitized photooxygenation reaction;

Theoretically, both singlet states of oxygen may be generated if the
'triplet energy of the sensitizer is snfficiently high (Et>38 kcal).62
'however, 02(12;) is so qnickly relaxed by collisions to‘OQ(IAg) that it is
,:not likely to have a chance.to reactt» dn the other hand; 02(1Ag) has a
lifetime long enough to be consistent with that of the active lntermediate.
V55’37 Many effective seneitizers have triplet energies-significantly
-elower than 38 kcal'and’can therefore generate only O, (1A ).l In}addition,

- the chemlstry of the 1ntermed1ate is identical to that of O ( A ) generated

'by electrlc dlscharge and decomp031tlon of hydrogen perox1de. There

2( Ag? and not”

_ appears to be llttle doubt that the actlve 1ntermed1ate is O

'o(lz)
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11, CHEMICAL REACTIVITY OF SINGLET OXYGEN
| Singlet ﬁolécular oxygen ié known to be a highly selective reagent
which undergoes no reaction at all withlmoét organic compounds. Of those
substrates found to be reéctive, two types have received particularly

thorough study:h:(’sh’55

(1) Conjugated 1,3-dienés give 1,L-endoperoxides
as initial products whichvoften undergo subsequent rearrangement and

(2) clefinsAcontaining an allylic hydfogen give d,B—unséturated hydroperox-
_ ides in which the doublelbond has migrated to the allylic position;VAA
thirdcand’more recéntly studied reaction cf singlet oxygen is the direct
.1,2—cycloadditioc to an oléfin to give carbonyl fragments‘zig_a dioxetane

intermediate.

‘A 1;4-Cycloaddition (Diels-Alder Reaction)

Singlet oxygen adds directly to the l,h—poéitions of most conjugated
1,3-dienes, including cyclic and s—cis—dienes, heterocycles (furans,
pyrroles, thiophenes, oxazoles,etc.), and polycyclic aromatics, to give
1,h—endcperoxidés as initial products(Eq. 12). Molecular orbital and state

. N 0 ~o S
: + " _— | I ' - ‘Eg. 12
X 0 . o 0

cofrelations clearly predict that the concerted 1,k-cycloaddition of

singlct oiygcn tO'é:éiérdicnés is thérmally‘allowcd in a manner analagoué
to the Diels—Aldér reaction of olefins.36 Thelinitial addiﬁion products
often undergo féciic rearrangemcnt and/or rcaction with soivént to give
more stéble products. chrcsentctivé examplés of the l,h—cycloaddition

reaction of singlet oxygen.with 1,3~dienes are as follows (Eq. 13-16):
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a-Terpinene:

Eq. 13 -

Tetraphenylcyclbpentadienone:55&762

Ph _ph O, Fh Ph oo 0 Q o
- Ph ' Ph 1
_—_— — . Fq. 1
Ph Ph Ph Ph Ph Ph '

1,3—Diphen_y1isobenzofuran:63’6h - ) _ . S
: Ph . _ Ph i Ph o ‘
lO o 0 .
- 2 0 -0 0 , _
S o — —_— 0o Eq. 15
, - 0 il , :
Ph A Ph S ~

' 9,10—Diphenylanthra¢ene:65f66

“B. " 1,3=Cycloaddition (Ene-Type Reaction)

Singlet oxygen reacts with olefins which contain an allylic hydrogen
to give a,B-unsaturated hydrdberoxides in which the double bond has shifted

to the allylic position of the original olefin (Eq. 17). This reaction of

OOH

||
—C=C—

H .
A I Lo
- | . - ' 2 ?3 —_—

_O__

~ Eq. 17

67

singlet oxygen is analagous to the well-known ene—reaction of olefins.
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Most of the experimental evidence favors a concerted mechanism involv-

7,55b Invariably the double

ing a cyclic six-membered transition state.
bond is shifted to the allylic position, thereby ruling out any mechanism

involving hydrogen abstraction as the first step to form an allylic radical,

which would give a mixture of two hydroperoxides (Eq. 18)..

| I . |
2,?3 TGS T T A
H l 0, Loz Eq. 18
|___| | |- |
—,Crc'z"‘fg- ‘"‘l’l‘:"é“c?
00 '

. ' 00~

The migrating hydrogen has been shown to be abstracted from the same

68,69

. side of the double bond to which the oxygen becomes attached. Photo-

‘sensitized oxygenationé of cholesterols deuterated-at the Ta- and TB-posi-

.tions showed almost exclusive migrationAof the To~hydrogen (Eq. 19).

: CH3

H - OOH
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~"13 =

Since thg B-methyl group at C10 sterically hinderé é—éttack by oiygen, the
oxygen attack on the double bond must be cis to the migratihg hydrogeﬁ.
This stereoselective hydrogéh abstraction can be rationalized by a two
step meéhanism in ﬁhich the oxygen first attacks the double bond to give a
diradical or ionic intermediaté which then'stereoselectively abstracts an

i

allylic hydrogen atom or proton. However, the absence of any definite
‘Markovnikov directing éffect with nonsterically hindered unsymmetric double
Abonds providés strong evidence against any.ibnic or diradical intermediate.

For example, 2-methyl-2-butene gives almost equal amounts of secon-

‘dary_and tertiary alcohols after reduction (Eq. 20). Tonic or radical

OH | oH

cgé CH, 1) 102 T 4/CH2 cg% R -
- Se=C CH;—C—C +  C—C——CH Eq. .20

/ N 2) Na,S0; 3 N\ s 3 4
CcH H H CH3 H-

s 0 | i,

intermediates would also be expeéted to exhibit a noticeable substituent
-effect on prbduct distribution. However, the photosensitized or chemical

.oxygenation of tfiméthylstyrene gave the same product distribution with a

variety of meta and para substituents (Y) on the phenyl ringssb (Eq. 21).

cgé 3 1) 102 Cgé. ?H : A?H 4/932
' C==C > ¢—C—CH_ + CH—C——C
Y

N\ 2) NaQSOB” ; 3 3 . Ba. 21
Q. ~
. v

CH

Polar solvents would be expgcted to stabilizé ionic intermediates, but no
solvent effect was observed on thé ratio of thé décay rate to the reaction
Arate of the intermediate. The stereoselectivity of the reaction and the
lack of a Markovnikov-type directing effect, substituent effect, or solvent
éffect are consistent with é concértéd cycloaddition of singlet éxygen to

the olefin exactly analagous to the mechanism of the ene-~reaction of



.

55b

(Eq. 22).

olefins

Eq. 22

70

Fenical and coworkers have recently reported evidence against this
concerted mechanism. Photooxygenation of tetramethylethylene and 1,2-di-

methyleyclohexene in the presence of sodium azide gave azido-alcohols as

the major products after reduction (Eq. 23 and 24). The normal oxygenation

. : CH, CH ' OH
C}Q /CH3 1) 102-1\15 |3 ]3 CE\% I T
Q=== K CH C—C—CH_ + ¢—C—CH
a,S0 3 3 / 3 Eq. 23
Cﬁ/ \\CH . 23 I I CH I
3 3 _ N_. OH ~U3 CH
3 _ 3
CH,
Eq. 2L
CH,

products of thése acceptors wéré_fbund to be unréactive towards azide ion.
Since the formatioﬁ of the azido—éompounds is consistent bnly with a reac-
tion. path which involyés an intérmédiaté suscéptible to'nucieophilic
~attack by azide ion,'théy ruled out the concerted eﬁe—type mechanism as a
possible route to allylic hydroperoxidés.

However, an altérnaté-éxplanation of their results - -does not ruie out
“the concertéd mechanism (Eq. 25). If the allylic hydroperoxide is formed
by é_cdncerted cycloaddition mechanism (path a),.while a: species which is
susceptible to nucleophilic a%tack is also forméd in rapid équilibxium with'

the reactants, attack of this species by azide ion could give the azidoF
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hydroperoxide (path b). Two possible structures of the intermediate [I]

are a dioxetane or an ionic perepoxide.. The product distribution would "

OOH A
: A 0, //C——fT———CH3 o L
‘c% /CH3 m chly cﬁ3 . | |
| /C=C\ path (b) .A o | : . cH Eq. 25
cf, CH, é:::::::£§§§f) R , ER -
1o [1] ———— CH—C—C—CH

H
0 0

depend on the rélative ratgs of the twé pafhways. In view of.this alter-
nate exp1anatiQn for-thévfprmation of azido—hydropérbxides and the evidence
preﬁiously discusséd, thé cgncertéd éné—typé méchanism still appéars to be
thé'most likely path for the formation of allylic hydroperoxides.

The raté of the éné—typé réaction is markédly increased By'alkyl
_éubstifuents.~ For eiémplé; é;B—diméthylbuténé is thé most réactive ene-
type acceptbr known, Whéréas 2fméthyl—2¥buféné andb2-buténé aré progrés—

N éively less réactivé.ssp This obser&éd énhancément‘of-fate byvélecfron
donating alkyl substituénts isICOnsistént Wi£h thé éléctrophilié nature of
>sing1ét oxygénf | ‘

The ene—typé réaction is not réstrictéd_to simélé olefins. Model
‘coﬁpounds of caréténdidé'réact Vith singlét ogygéh to givé unusual allénic
alcohols in low yiélds in addition to thé typical aadition products (Eq.
26).71’72 These allenic éroducts, whicﬁ are rémarkably similar in structure

to fucoxanthin and other carotenoids, may be visualized as resulting from

‘an ene-type reaction on the cyclic double bond.

1) Lo “ Sk o
—_—2 e Eq. 26
A 2) Na2503 OH )
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'C.. '1,2-Cycloaddition

Many electron rich olefins undergo a .third mode of reaction with

singlet oxygen: dlrect 1 2-cycloadd1t10n to form unstable 1 2—perox1des

T,73-15 (Eq. 27).

(dioxetanes) which thermally fragmentltq carbonyl compounds

0— 0 0] 0]
S B R— (I: é R, —& g ' !clz | .
Q=== —— ——— + Eq. 27
R/ . \-R ! | : 4R/ -\R -R/ \R : o
2 L R ‘R ' L

2 B3 i1 72 k 3

This reaction normally requires special activation ef the double bond (e.g.
v alkexy substituents) or the absenee of an active allylic hydrogen. Inﬁene,
_ﬁhen photooxygenated in the'presence‘of sodium azide gave an azido hydre—
Zperox1de after reduction 1nstead of the normal oxygenation product homo-

phthalaldehyde (Eq. 28) T3

| lOé | | | /@

The 1ntermed1ate, presumably a dioxetane, is

— 2 :  Eq. 28

o~/ ~ @i\cm o
o ‘ CHO

intercepted by the nucleophilie azide ion. Dioxetanes which have been
synthesized by chemical methods or by photesensitized oxygenation at low

temperatures all undergo thermal decomposition to give only carboﬁyl frag-

=17

ments., Molecular orbital and state correlations for. dioxetane for-

h

matlon predlct that (2 + 2 ) addltlon is allowed but that (2 + 2 )

addltlon may be forbldden unless the olefln has a low m- 1on1zatlon poten—

36 .. e oo Th

tial. A stepw1se ioniec mechanlsm is also concelvable.

78 80

The oxygenatlon of enamines ‘also gives carbonyl fragments,

no intermediate dioxetane has yet been isolated or detected in these
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reactioné. In fact, thé results of temperature dependent nmr studies
were inconsistent with a dioxetane intermediate.78 Dimeric or polymeric’.

peroxides were suggested as possible intermediates.
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IIT., LABORATORY SOURCES OF SINGLET OXYGEN

‘A, Sensitized Photooxygenation

Sensitized photooxygenation is the oldest, the most pfactical, and -
still the’ﬁost.widely utilizéd techniqué for réacting singiet oxygen with
s_ui‘t:ablé.accep’cors.h_8 In genéral, the techniqué consists of irradiating
suitable sensitizér—accépfor mixtures in solution with low energy visible
lighf in tﬁe presence of oxygén. The mos# effiéient sensitizers are those
which give long-lived tripléts in ﬁigﬁ quantum yiélds, sincé oxygenation
~.éénefally proceeds via thé triplét étaté cf thé sensifizer.81 Some common-
-1y'used senéitizers are rosé béngal, méthylene blue, hematoporphyrine; and
'.tryptaflaviné. In»order to minimizé photochémical sidé'reactions of the
._aéceptor,'products, or_sénsifizér, a monochromator or color filter is_often
used to seiectively populaté only ﬁhe desired éxcitéa staté of thé sénéi;

- tizer. K o e .
The key step in tﬁé méchanism of thé sénsitizéd'photooxygenation
~reaction (Eq. T-10) is thé trénsferwof énergy from triplet sénsitizef to
tfiplet oxygén to givé‘singlét oxygén; Initial‘phofoéxcitation of fhé
sensitizér'foliowed b& intérsystém crossing to thé.triﬁlet étaté gives the
L‘ ,friplet sensitizer. éuﬁséquéntbénérgy—transfér from triplét sénsitiéer to
. triplétfoxygén to givé singlét sénsitizér and singlét oxygén is a spin—
allowed procéss._‘ |

‘B. Chemical Oxygenation

1) Heterolytic Decompositibn of Hydrogen Peroxide
Hydrogen peroxide in.alkaline solution is heteroclytically decomposed
by hypochlorite ion or bromine to give singlet molecular oxygen (Eq. 29 and

~.30).

T0-0-H + "0-C1 —> lo2 + HO  + C1™ Eq. 29
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T0-0-H + Br-Br -—>102 + HBr + Br "~ Eq. 30

55a

Using sodium hypochlorite as the'okidant, Foote made extensive use
 of this method oflgenérating»singlet oxygen for bqth prepajative'and kinetic
~ purposes. The technique simply consistsAof slowly adding aqueoﬁs éodiuﬁ
. hypochlorite below the surface of 5 stirred alkaline solﬁfion of acceptor .
and excess hydrogen peroxidé in methancl, ethanol, or_almixture of methanol
and Efbutanol.. High yields (up‘tQ'SO%) were obtained with the more reac-
tive acceptors, buf ﬁith léss réactive accébtors 1arge'excésses of hypo-
chlofite'were reéuired to obtain significant yiélds.' Because of solubility
»'.problems arising from a limitéd choicé of suitaﬁle solvents, the oxygen-
vation ofvévén spﬁe highly reactive accéptoré (é.é. substitutéd‘polyacenes)
‘was very iﬁéfficiént, Solubility prObléms and radical side réactions
éeriousi& limit-thé synthétic utility of thé hydrogen peroxide-hypochlorite
“method of génerating singlét okygén. | | v ' ‘
A t&o—bhasé systém dévi;éd by Mckébwn and Watérs82 ovércomes the
soluﬁility problém to a gréat éétént.v Thé accéptor is dissolvéd in an
‘;upper organic layer and bromine is slowly added with stirring.to a lower
'v aqueous:alkaline hydrogen peroxide layer. Singlet oxygen fofged in the
aqueous layer rises up through the organic layer where oiygenation ocecurs.
‘Bromination and other éide feactions again limit the synthetic utility of
-this téchnigue.. | |
| 2) vThermal Decomposition of Ozone Adducts
~Ozoﬁolysis of a numfér df ofgénic and inorganic subsfrates,‘including

‘tértiary amines, phosphines, sulfidess_sulfoxides,_and suitably substituted
l-olefins, occurs with concomitant evolutiqn of gaseous oxygen,83 which has
for sdme>time been suspected to have siﬁglet multiblicity,56?8h’85

° _ .
Thompson8h first reported in 1961 that at -TO ozone and triaryl phosphites
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form stable 1:1 adducts which give the corresponding phosphate and molecu-

lar'axygen upon warming (Eq. 31 and 32). Murray and Kaplan85 demonstrated
. » o
. o .
(Ar0)_P + O _‘_@__> (Ar0)_P / \ ' ' Eq. 31
3 3 - 3° \ / o
0 o . o .
N L |
(Aro)_ P 0o 32 (Ar0) _P=0 + 1o Eq. 32
3N\ / . 3 2 -
0 ’ o -

fthat'the evolved gas enhibits the characteristic éas phase reactions and
‘epr spectrum86 of singlet oxygen. | ’

_A synthetically useful technique for orygenating singlet oxygen accep-
,_tors in solution w1th the triphenyl phosphite-ozone adduct was developed
by erray and Kaplan.87 The adduct 1s formed by passing ozone into a
methylene chlorlde solution of the phosphite at —78 followed by nitrogen
. purging to remove excess ozone. A cold methylene chloride solution of the
acceptor is.then added and the solution allowedtto warm slowly to room .
temperature. The product is isolated and analysed by standard techniques.

| The nature,of the reactirevintermediate in solution has not been
unambiguously identified Although the products are identical to those of
’51nglet oxygen reactions- Bartlett and Mendenhall88 have shown that, at
-least‘in the caSe of tetramethylethylene, the acceptor reacts uith the
ozonide at temperatures.(—ooo to -TOO) far below that at which oxygen
evolution'is detectable(--35°).85 Murray and Kaplan,87'on the other hand,
found that rubrene reacts appreciably only at higher temperatures (—35° to
;—250). These results indicateithat at low temperatures the triaryl phos-
'phite adduct directly donates.molecular onygen to some acceptors but not to
_others; However; at higher temperatures probably all acceptors react with
- free singlet oxygen evolved by the decomposition of the.adduct and perhaps

some also react directly with the adduct.
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Even some relatively unreactive substrates such as isopropyl ether
and'isoﬁropyl alcohol have been observed to form ozone adduéts, probably»‘

9

hydfotrioxides, at low temperatures (—700).8 Decomposition of these
adducts at higher temperatures (>—10°) leads to evolution of gaséous'oxy—
gen or, if suitable écceptprs ére added, fbrmation of typical singlet
oiygen fgéction pfoducts in yields up to 61%. Many other organic substrates
_‘inclﬁding hydrocarﬁons; aminéé, and’aldéhidés also form unétable ozonolysis
products or intermediétés which.aré sﬁspectéd to gi?e éinglet'oxygen upon
-deco?nposition(89 | |
These methods of genérating-singlét oxygen all suffer from'several
'inhereﬁt disadvantagesﬂ Thé nécéssity'of low témpératures gives rise to
Aéolubility probiéms with somé_subétratés; Thé ozonidé and its decompqsition

products may catalyzé siaé reactions and must be removéd during the final
 workgp:of;products.~ o - : ’“v
‘ 3) ATh§rmal Décompositon of Polyécéné Péroxides
Many subsfitutéa and pnsubstitﬁtéd pol&acénés undérgo Diels-Alder
addition of singlét oxygén to.givé transannular péroxidés.6’7 Sqme'of
these peroxides have the intérésting property of thérmally decomposing to
give gaseous oxygén and>thé original polyacéné. |
-.Wassérman and Schéfférgo démonstratéd that thé thérmal decomposition

of 9;10—dipheny1anthracene peroxide prbvides a convenient sourée of sing-

let oxygen subject to temperature control (Eq. 33). Mixtures of peroxide

Ph

| Ll — s
I +%, =

Ph

Eq; 33

-

and acceptor in benzene or chloroform were refluxed for two to four days

to give products in yields up to 95%. The reactive intermediate is probab-
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ly simglet oxygen, but_direct.transfer of oxygen from.peroxide to substrate
has not been rigorously ruled out. The necessity of elevated temperatures
d'*i limits this method to oxygeuations involving thermally stable compoundsT
Removal of 9,10—dipﬁenylaﬁfhracene during workup sometimes pfovides a
major inconvenience. | | |

_”-Ei"Electric‘bischarge

Fhe external generation of singlet oxygen in an electric discharge is .

‘;_probably the least amblguous method known for generatlng 51ng1et oxygen,

but also the most compllcated technologlcally A microwave or radlofre—
1quency‘generator and an_eff1c1ent fest—flow system are the uejor require-~

ments. A stream of gaseous oiygen at reduced pressures (<5 mm) is passedt
~gthrough an electrlc dlscharge Wthh produces oxygen atoms and electronlcaily
Mé'exc1£ed oxygen molecules The addltlon of an 1nert ges such as helium
‘fdenables the dlscharge to operatenat a hlgher total pressure w1thout de-
vcreas1ng the yleld of s1nglet oxygen. a | N
L This method, flrst repor‘ted‘by.Foner'andHudson)45 in 1956, is‘capable
i_;iof contdnuousiy converting abouf 10% of the groucd state'oxygeu in a gas |
| %9,50,91 ' : . |

ﬁ:streaalinto Oz(lAg). Oxygen atoms, whichvere’produced in about

~i$§ yield, are easily removed by recombination on a mercuric oxide‘coating

.d.jjmmedlately after the dlscharge w1thout decreas1ng the concentratlon of

'0 ( A ) 92,93 The gas stream also contains & minor but steady concentraé

“tion of O ( X ) (about 0. 17) produced by a blmolecular reactlon between

" two 02( Ag) (Eq. 3k4). 20 ne llfetlmes of "both 0 ( A ) and O ( z ) are

. 202( Ag) ——e» | 02( zg) +' 02( zg) . Eg. 3h

determined mainly by wail deactivation under the usual conditions of the

). 50,94

k:ﬁl;ldlscharge system (<5 mm : Since the rate of collisional deactivation

of 0 ( pX ) is much faster than that of O, ( A ) the steady concentration
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2(122) is expected to be much less than that of Oz(lAg);

The concentration of'02(lAg) can be conveniently determined from the

- . [e) . fo) - R
intensities of the 6340 A and 7030 A bands corresponding to the simultane-
k9-51

The intensities are pro-

ous deactiﬁation of two O2

1
( Ag) (qu. 35)

ol 3 - o ae
20, ( Ag) —>  20,4( zg) *hy Ea. 35

portional to the square of the‘Og(lAg) concentration. -

Use of the electric discharge method of generating singlet oxygen has

been almost completely restricted to gas phase reéctions.' Previous to our

“investigations

95 the only reported application of this method to the

”1iquid phase was due to Cofey and-Taylor56 in 196k. A stream of oxygen

" gas enriched in singlet oxygen aftef being subjected to an electric dis- =

ghafge was bubbled through a solution of the acceptor in various organic

' solvents. Unfortunately their system proved to be particularly inefficient.

» The'yiélds were very poor, reaction times inconveniently long, and the

number of reactive. substrates limited. A more efficient system was

"clearly desirable.
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JV. RESEARCH OBJECTIVES

| A convenientvénd effective laboratory method of genera£ing the meta-
 gtable lAg state of oxygen ﬁas béen rendered highly desirable by the-
recent fenaissance‘of intéfést in thé physical and chemical properﬁies of
‘singlet.oxygen. Howévér, no ideal sourée of singlet oxygen has yet been
discovered} each known sourcé has its own particular disadvantages..

Sensitiz;d photookygénation rédﬁifes light and sénsifizer,.bofh of

which may interact directly with thé substraté»or products. Sensitizér
bleaching, usually thé résult of oxygenation, is also én;ountered. The
'limitation’of.useful solvénts to thoéé sufficiéntlyfpolar!to»dissolve
adequate aﬁounts of éénsitizér can bé disédvantagééus in some céses. For
example, solubility problems of noﬁ—polér'substrates and solvent addition
réactions can occur moré féédily in polar solvénté. Rémovél of sensitizer .
.auring Qorkup providés an additional inconvéniéﬁéé.

- The presence of égtraneous chemical species in the chemical ﬁethods
gives rise to competitivé'side reacfions which ‘can complicate analysis of
fhe reaction and significantly decrease the yield of oxygenétién products.
Free radical oxidation becomes significant when lafge excesses of h&po—
.chlorite are réquired to oiygénaté.unréactivé accéptors._ Base.induced,
side réactions can réadiiy occur undér thé'highly‘alkaline conditions of
hydroéen beroXide decomposition.‘ Wheﬁ brominé'is uséd as‘the oxidaﬁt,
brominatiqn‘of oléfigic substratés and products can also réadily occur,
Direct intéfaction of thé £riaryl phosphité—ozoné adduct with some
acceptors haé complicatéd thé analysis of thé méchahism of oiygenation by
'this method. The necessity of low temperaturés.(<-70°) to‘formAthe
triaryl phqsphite—ozone adducts rééulfs in solubility probiéms and the
necessity of high témpératurés (>60°) to décomposé 9,10-diphenylanthracene

peroxide results in the enhancement of undesirable side reactions,
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especially if éither reactants or products afe ndt particularly stable
thermally. Aqueous workup in thé hydrogep peroxide;hypochlorite method
and removal of side producté (9,10-diphenylanthracene andvtriphenyl phos-
phate) in other chémical méthodé can bé major inconyeniences.

| The elecfric discharge method of génerating singlet 6xygen, used

mainly by spectroscopists and kineticists for gas phase reactions, is

‘potentially the mildest and the most direct method of reacting singlet

oxygen-with suitable acceptors. The relatively crude system used by Corey

56

to oxygenate several known singlet oxygen acceptors has since

49,50

been_considerably'improved by Ogryzlb and coworkers. By this method,
a stream of oxygen gas enriched in singlet oxygen [about 10% Oz(lAg) and
0.1% OE(IE;)] can be directly. reacted with suitable acceptors withoutlthe

interference of extraneous chemicals, light, or extremes of temperature.

The first objective of this research was to determine the synthetic

_appliéability of the electric discharge method of generating singlet

oxygen. Neither the original solution experiments by Corey and‘Taylor nor

later gas phase éxperiments96—98 conveniently produced synthetically useful

amounts of oxygenated products. Hence, we felt it highly desirable to

.désign andttest an electric discharge system which couid be conveniently

utilized for preparative scale oxygenations of s@itable acceptors.,

-The second objective was the investigation of singlet oxygen reactions

with acceptors adsorbed onto solid surfaces. With the exception of

Kautsky's original eiperiments; in which the substrate and sensitizer

~were adsorbed onto physically éeparate particles of silica gél or alumina,

and two more recent extensions of these experiments, all reported singlet

oxygen reactions have been carried out with the acceptor dissolved in
solution or in the gas phase. The sensitized oxygenation of acceptors

adsorbed onto solid supports has never been shown to be a useful technique
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for preparative scaie reactions. We wished to demonstrate that this
- adsorption techﬁi@ué, whén uséd‘in conjunction with discharge-genérated
sihglet oxygen, could in fact be succeséfully utilized for preparative
scale oxygenations. in aadition, wé ﬁished to'invéstigaté>the differences,
if any, in the oxygenation réactiqns of accépﬁors'adsorbed onto solid
sqrfaces,as comparéd to thosé in solutiom or in the.gas~phasé;

" The third and last objécfi&é was én éxploratory séarch for previously
-undiscoVéred singlét-oxfgén accéptérs.contaihing functional groups other

than the usual 1?3—diene or olefinic groups.
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V. RESULTS

The-oxygenafion'apparatus'is that of ngyzlogs’99

and is described in
the experimental section. The substrates, products, and yields of the

successful dxygenation reactions are summarized below (Table 1).

Table 1 - Oxygenation Results

FSubstrate Product Yield
' ' : A B C
CH CH. CH OOH
N /08 X, |
- Se==c? . C~——C—CH 149 - -
CH/ ‘ CH ‘ CH/ (IJH > '
03 3 3
(1) | (2)
. _ ' Ej:oon NA 33% NA
(3) . (1)
0 | |
' Ph : Ph
Ph no | ‘$=8; 763 | T6% | 861
Ph Ph -
(5) ' (6) -
" Ph ' h
/o _ (0] .
N ~ S o) 82% 91% | WA
(8)
. Ph , T - R
‘@O Coeus | 797 | 6oz
- (9)
Ph  Ph
COCO NA T73% "NA
~Ph Ph -
(11)

(A) in solutlon

(B) on mlcrocrystalllne cellulose adsorbent
(C) on silica gel adsorbent

(NA) not attempted
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Thé solution phasé reactions wére all carried out at —789.in toluene .
w;tﬁ the exception of tétramethylethylene (1), which was oxygenated in
methﬁnol. The_oxygénation reactions on.solid supports were all carried
out at room temperaturé on microcrystalliné céllulose or silica gel adsor-
bents. All products wéré idéntified by comparison of spectral and‘physical
aata with those of'éuthéntic samplés or with tﬁose réported in the litera-
tuge. Additional comparisbns weré made aftér sodium bo;ohydride reduction
of the hydroperoxides Q;) and (4) to thé corfésponding alcohols. All
Yields were based 6n unrécovéréd starting matérial.‘ Control experiments
withéut the éléctric dischargé 6pérating shéwéd no détéctablé réactibn of
substratés with ground staté oiygén:

A..- Oxygenation of Tetramethylethylene (TME)

A méthanolié solution of tétraméthyléthyléné (l) was éxposéd to
discharge—ééﬁératéd siﬁglét o%ygén at'—780; Rémoval of solvéﬁt and distil-
lation éf the product in vacuo gavé a 14% yiéld of thé hydropéroxide (g),
but no aﬁtempt vas maaé to‘récovér uﬁréactéd T™E.- Réduction of thé hydro-
peroxidé with excésé sodium borohydridé gavé thé corrésponding alcohol.

Thé mmr and ir-spéctra of.thé hydropéro%idé and thé alcohol wéré invgood

55a 55a

agreemeﬁt with thdsé répoftéd: Photosénsitizédioo and chémical
oxygénations éf TME are réportéd‘to givév82% and 65% yiélds réspécfively.
N ‘ Attémpts to oiygénaté TME adsorbed onto microcrystalline celluiose dr
siiica.gél wéré uhsuccéssful: Thé substraté-waé 5ighly volatile, even as

' ° . . ,
a solid at -T78 , and was quickly carried off by the gas stream.

B. Oxygenation of l—Phenylcyclohexene

Oxygenation of l-phenylcyclohexene (3) on cellulose by discharge-
. generated singlet oxygen gave, in addition to a mixture of uncharacterized
products, a 33% yield of crude 3~hydroperoxy-2-phenylcyclohexene (U) after

chromatography. The nmr spectrum was consistent with the assigned structure.
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Reduction of the hydroperoxide (4) with excess sodium borohydride
‘gave the corresponding alcohol. The nmr and ir spectra were consistent
with the assigned structure and the melting point of the phenylurethane
' 101

was in good agreement with that reported.

C. Oxygenation of Tetraphenylcyclopentadienone

Tetraphenylcyclopentadienone (5), when orygenated by discharge-
generated 51nglet ‘oxXygen, gave 01s—d1benzoylstilbene (6) The yields were
76% in toluene -solution and T6% and 86% on cellulose and silica gel respec-—
~Atively. The melting points and ir spectra were in’ good agreement with-

55a,62 55a

those reported Photosensitized62 and chemical oxygenations of
(5)'are reportedAto give (6) in 65% and 50% yields respectively.

D. Oxygenation‘of lA3—Diphenylisobeniofuran

Photooxygenation of 1,3- diphenylisobenzofuran (7) is reported to
give a hlgh yield of o—dibenzoylbenzene (8) The reaction was repeated
in carbon disulfide to give a 17% yield of (§). AThe melting point of the
'product.was.in good agreement with thatvreportedGh and the nmr and ir
_,spectra Were consistent'with the assigned structure. |
RS Oxygenation of (7) by discharge-generated s1nglet oxygen gave (8) in
':827 yleld in toluene solution and 917 yleld on cellulose. The melting
point and~the nmr and ir spectra were in good agreement with those ofhthe

photoproduct

E. Oxygenation of 9 lO Diphenylanthracene

’ The photooxygenation of 9,10—d1phenylanthracene Qg) is reported to
give the endoperomide (lg) in 81% Yield:66 Repetition of the photoomygen_
ation in carbon disulfide gave a 50% yield of (10) , which decomposed with
e;olution of gas when heated. The melting point»of the product was similar
~ to that reported66 and the ir spectrum was consistent with the assigned

structure.
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Oxygenation of Qg) by dischargé—generated singlet_oxygen gave (29) in
yields éf 647 in toluéné solution and T79% and 60% on cellulose and silica
gel.respectively. The melting points and ir spectra of thé products
correspondéa to- those of thé photoproduct.

F. Oxygenation of Rubrene

" The photooxygenation of rubrene (;l) is reported to give the endo- ..

16,102 The reaction was repeated in carbon

beroﬁide (lg),in 80% yield.
: aisulfide to give an 81% yiéld of thé.éndopéroxidé (lg), which decomposed
: with-evolution of gas whén héatéd. Thé mélting pointvclosely corresponded
'fd that reported16 and the irispéctrum was consistent with the assigned
 structuré; o | |
'Oxygenation of (;l) on céllulosé by dischargé—générated'singlét
oxygen gaVé a>73% yiéld of (;g); Thé mélting point and ir spectrum -
 corresponded to- those of the photobroduct;

"G. Miscellaneous Unsuccessful Oxygenation Reactions

A numbér of compounds which Wéré adsorbédvonto célluloéé and subjected
tovdischargé—génératéd éinglét oxygén.wéré found_to bé uﬁsuitablé substrates
undér thé ékpériméntal conditions for various réasons. éhoiéstérol, a
kﬁown singlét éxygén ;cééptor;68’69 was 6nly véry slightiy oxygénatéd even
after prolongéd é#posuré: Norbornadiéné and cycldﬁéiéné oxide were too
volatilévévéﬁ at —780 and diméthyi norbofhadién—i,2—dicarboxylaté and tolan

were too unreactive. Hexamethyl (Dewar benzene) and 9,10-epoxy-1,4,5,8,-

]tetrahydronaphthalene were both reactive but gave only intractable tars.
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Vi. DISCUSSION

Thé exﬁérimental résults show that‘thé‘éléctric'discharge methoa of
generating_éinglet oxygén cén be utilizéd.for oxygenations on a scale use-.
ful to éynthetic ofganic chemists. Suitable acceptors can be efficiently
oxygenated both in solution and on solid surfacés, 5ut the lafter method is
generally preferred. The expérimental setup is definitely a great improve-

56

ment over that uséd by Coréy and Taylof and can sérvé aé a useful alter-~
ﬁative to other methods of Qxygenation,

The major advantagés Qf»thé substraté adsorptiOn'fechnique arise from
Cits inherent simplicitys thé accéptof is éxposed only to a st?eam of
éxygen gas enriched in'singlét oxygénp Extranéous chémicals which can
lead £o undésifablé sidé réac#ions are all élimiﬁated. Oxygénations on
solid surfacéé can bé run a£ any déSiréd témpératuré; whéréas thosé-in
solution génerally réquiré low témpératurés to prévént éxcessive solvent
évaporétion. Solubility proﬁléms which éré inévitablé in thé solufion
reactions afe'éliminatéd'by adsorbiﬁg substratés on solid éurfaces, "The
workup pfocéduré‘is gréatly simplifiéd, sincé thé'préducts caﬁ bé isclated
\airectly from the solution or élutéd ffom the solid suppoft withpuﬂ the
necessity of rémoving éitranéous chémicals énd sidé‘products.

On thé othér hand; thé majof disadvantagés of thé méthod aré thé
rélativély high initial cost of thé apparatus and thé nécéssity bf réduéed
pressures within thé systéml Bécausé of thévlattér réstriction, solution
phasé réactions must bé'run at sufficiéntly low témpératurés to prévént
éxcéssivé solvént and/or sugstraté évaporation. Although thé adsorption
'techniqué éliminatés thé problém éf solvént'évaporatién; thé substraté‘
itsélf must bé rélgtivély non-volatilé: For_éiamplé; tétraméthyiéthylene
provéd to bé too volatiié évén at —780.to bé oiygénatéd by this méthod.

Substrates adsorbed onto solid surfacéé showed no difference in
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reagtivity towards singlet oxygen as compared to those in solution. The
same products were isolated in comparable yields in all cases. Although

-quenching studieslo3

indicate that si%iéa gel quenches singlet oxygen
much m;re efficiently'thaﬁ céllulosé, little difference waé observéd'in,
the yield or duration of oxygénation reactions on‘the two adsorbents. The
only significant'effecf of thé'solid suppbft was to énhance the rate of
Qxygenation byAincréasiﬁg thé aréa of contact bétwéén thé substrate and
ginglet'bxygen.h |
 »Exploratory_oxygénations‘of l,h—diénés and-époiides adsorbed onto
cellulose were all unsuccéssful.i Somé subétratés wére complétély'unreace

tive and others gave only -intractable tars. This area of research

definitely requires further investigation.
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VII. EXPERIMENTAL

Discharge Apparatus and Operation -

The experlmenta] seiup (Flgure 1) is ihat of Ogly&]o.g5 99

=

MTCROVAVE

" NEEDLE o ¢ CAVITY 0o pavrnsoN 2450 Me
VALVE MERCURY <« MICROWAVE GFNVRATOR
RESFRVOIR . : '
" QUARTZ
// V _ - | |BYPASS
' : VACUUM
r i@jﬁ* =" pUMP
|
MANOMETER
- REACTOR o , o
. VESSEL |_— MAGNETICALLY STIRRED SAMPLE

-“Hgﬁg-DXYGENATWON’APPARAfUS‘

A éyrex fest—flow system was equipped with_a‘vacuum pump (Precision Scien—
tific Co;, Model 75) .and a heedle valve‘to maintain a continuoue flow rate
of abogf'O.E mmol/sec aed a:pressure of about SImm Hngithin the fibw
system. The microwvave cavity was a foreshortened 1/4 wave coaxial type
vith a coupling adjustment?O4W1th>the gas flow restricted to the bypass,
thevmicrowave discharge was initiated witﬁ a Tesia coil and maintained iﬁ
a sho?t (about 10 cm) section of air- cooled 9 mm OD quartg glass tublng b&“'

.a Raytheon 2h50 Mc, 100 W generator operatlng at 70 80 W. In order to

remove oxygen atoms from the gas flow, a film of mercuric ox1de vas coated



T

onto the inside wall of the tubing immediately after the"discharge by
distilling a small amodnt of mercury throdgh the discharge.- The gas flow
was.fdnally-diverted through the.reactor vessel for the-duration of the
oxygenation reaction. The mercuric oxide coating was renewed occasionally
(about every 15 min) py distilling additional mercury through the discharge.

" General - |

Oxygeo das from Canadian Liquid"Air;,Ltd.;.cellulose_powder was W. & RE

Balston, Ltd. standard grade; activated silica gel for oiygenations was

Daviéon Chemical commercial grade (100—200 mesh); and activated silica

. gel for chromatography was from E. Merck Ag. Darmstadt (<0.08 mm).

Infrared (1r) spectra were recorded on a Perkln—Elmer Model 137

_spectrophotometer. Nuclear magnetlc resonance (nmr) spectra were recorded

on a Varian A-60 or Varian T-60 spectrometer. Melting points were deter-

-mined on a Fisher—Johns_melting'point block and are all uncorrected.

Gas-liquid partition chromatography (glpc) was carried odt on a Varian

- Aerograph Model 90-P instrument. All yields were based on unrecovered

" bp 2h°‘(5 mm) [1it.

starting material.

Oxygenation‘of Tetramethylethylene in Solutionl
rfdi-A solution of 5:00 g (59.% mmol) of tetramethylethylene (l) (Chemical
Samples Co.) in 200 ml of methanol was cooled to';78° and’exposed to
singlet oxygen with continuods stirring for 1 hr. Tﬁe solution was concen-
trated and distilled to givé”o:923 g (7.93 mmol 14%) or hydroperox1de (2),

55a :°
53-55 (12 mm)]. The ir spectrum (neat) and nmr

55

spectrum (CClh) were in good agreement with'those reported.

Reduction of Hydroperoxide (2)

.

Hydroperoxide (2), 0.40 g (3.3 mmol), was reduced by dropwise addition

"

with.coﬁtinuous stirring of a solution ofAO.52.g (13.7 mmol) of sodium

borohydride in 15 ml of ethanol over a period of about 2 min. Purification.
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of the crude product by glpc gave ‘the corresponding alcohol. The ir

spectrum (CClh) and nmr spectrum (CClu)‘were in good agreement with those

55a

reported.

Oxygenation‘of lQPhehylcycloheXene on Cellulose
l—Phenylcyclohe#ene (3) (Aldrich Chemical CO;; Inc.), 2.00 g (12.6
vmmol5, was adsorbed onto 5 g of cellulose.powder and ehposed to singlet
ox&gen with continuous stirring for 3 hr: The powder was extracted with
200 ml of ether_in éO ml.portions;'the solvent evaporated, and the liquid
residue chromatogrephed on activated sildca gel with'heianeeether (1:1)
to give, ih addition to 1:13'g of a miiture of uncharacterizedAproducts,
O.fOQ g (3:68 mmol,‘33%).of'crude_hydroperouide (E): nur (CClh) T 0.76
(s;~1 OCH), 2;79 (m; 5; Ph);_3:80'(t, 1; C$CH); 5:25 (m; 1; CH); 7.30-
9. oo (m, 6 CH, ) | |

Reductlon of Hydroperox1de (L)

A solution of O 600 g (3 15 mmol) of hydroperouide (4) in S'ml of
methanol at O . was reduced by the addltlon of O 109 g (2.88 mmol) of
sodlum borohydrlde in small portlons with contlnuous stlrrlng over a peflod
of 5 min. Purlflcatlon of the crude product by glpc gave the correspondlng
-alcohol;_ ir (neat) 2.69 (m) 2.98 (s), 3.30 (m), 3.4%2 (s), 6,07 (w),
6.3 (m), 6.69 (m), 6.93 (m), 7.20 (m), T.41 (m), 7.50 (m), 7.85 (m),
7.97 (m), 8.k5 (v), B.62 (m), 9.23 (m), 9.43 (s), 9.64 (m), 10.00 (m),
110.27 (s), 10.61 (m), 10.86 (m), 10.97 (m), 11.38 (w); 11.78.(w),'12;20 (w),
12,93 (m), 13.18 (s), 13.50 (m) p; nmr (cpe1 ) 12,70 (m, 5, Ph), 3.92 '
-(t; l;.C=CH); 5.h8~(m; 1; CH); 7?&9 (s; 1; OH),_7;60—8,7O (m; 6,-CH2);
101 '

- o . ) (o]
phenylurethane mp 153.5-155 (1it. 152-153 ).

- Oxygenation of Tetraphenylcyclopentadienone in Solution

A solution of 2.00 g (5.15 mmol) of tetraphenylcyclopentadienone (5)

A N - , . o °
(Aldrich Chemical Co., Inc.) in 300 ml of toluene was cooled to -78 ~and
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exposed to singlet oxygen with continuous stirring for 4.5 hr. Ethanol,

200 ml, was added to the pale pﬁrple solution and the total solution concen-

. o .
trated to about 100 ml and cooled to 0 to give 1.55 g (3.95 mmol, 76%) of

62

4 o ° o o -
cis-dibenzoylstilbene (6), mp 21L4.5-216 (1it. = 215-216 ). The ir spectrum

(KBr) was in good agreement with that reportedr(Nujol).55a

- Oxygenation of the Dienone (5) on Cellulose and on Silica Gel

The dieaone (2), 0.200 g (0.515 mmol), was adsorbed onto 5 g of cellu-
) lose powder.and_exposed to singletbexygen with continuous stirring forlv

3 hr. The pewder ﬁas extracted with 206 ml of chloroferm in 20 ml poftions,
the»seivent eVaporated, and the solid fesidue chromatographed on silica gel
<with benzene to giye 0.092 g of starting material and 0.083 ¢ (0.21L mmol,
76%) of (6), mp 211—2lho: The ir spectrum was identical to that of the
solﬁtioﬁ product. | |

. The dienone (5)' 0.200 g (0.515 ﬁmol’n was adsorbed‘onto 5 g of
actlvated silica gel and treated in the same manner as atove to give 0.137
g of startlng materlal and O 055 g (O lhl mmol 86%) of (6), mp 21&-216 .

The ir spectrum was 1dent1ca1 to that of the solutlon product.

- Photooxygenation of 1,3-Diphenylisobenzofuran

A‘éelution of 0:100 g (0;370 mmol)tof lH3-diphenylisobenzofﬁran QZ)
:(Aldrlch Chemical Co., Inc. ) in L0 ml of carbon dlsulflde was v1gorously
‘stlrred in an open pyrex ‘flask and 1rrad1ated w1th a G E. 275 W Sunlamp

from a dlstance of 1 ft forﬂ6 hr. vThe solvent was evaporated and the solid.
residue recrystalliaed three times from methanol to give’OiOlS g (0.063 |
mmol, 17%) Of_é—dibenzoyibenzene‘Qﬁ): mp 1hh-lh6é (1it.6)1l

3.30 (m), 6.02 (s), 6.26 (n), 6.35 (m), 6.91 (m), 7.63 (m), 7.89 (s), 8.8

145 ); ir (KBr)

(n), 8.66 (m), 9.10 (w), 9.33 (w), 9.7h (w), 9.98 (w), 10.22 (w), 10.35 (w),
+. 10,66 (g); 10.80 (m);.ll;Yh (w); 12lh3 (w); 12:87;(s), 13.00 (m); 13.48 (m)

u; nmr (CDCl3) T 2.15-2.95 (aromatic protons only).
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Oxygenation of 1,3-Diphenylisobenzofuran in Solution

A solution of 0.200 g (0.740 mmol) of (7) in 150 ml of toluene was

cooled to —780_and éxposéd td singlétvoiygen with continuous stirring for
3 hr. Thé soivent was evéporatéd and thé solid résidué chrométographed

on activated silica gél with 5;nzené—éthér mikturés to givé 0.026 g of |
‘starting material and 0;151 g (O.SéY mmol, 82%) of (8), mp 1&2_1u59. The

1

ir and nmr spectra were identical to those of the photoproduct.

Oxygenation of l;Q—Diphénylisdbénzofuran on Céllulosé Powdér
' The furan (7), 0.200 g (0.7h40 mmolj; was adéorbéd‘ontoAS g of cellu-
ldse.pbwdef and éxposéd to singlét oxygén With.continuous stirring for
3 hr;. Thé powdér waé éitractéd with 200 ml Qf'chloroform in 20 ml pbrtions,
thé solvént évaporatédu and thé solid résidﬁé chfoﬁatographéd to givé
. 0. 096 g of startlng materlal and O 100 g (O 349 mmol, 91%) of (8), mp 1lh2o-
lhs 5 . The 1r-and nmr spectra were 1dentlcal toﬁthose:of the photoproduct.

Photookygenation of 9,10-Diphenylanthracene

Dry air was bubbled into a solutlon of 3 00 g (9. 09 mmol) of 9 10-
dlphenylanthracene (9) (Aldrich Chemical Co., Inc.) in 1 1. of carbon
xdisulfideizig.a fritted glass dispersion tubé and irradiatéd.for 48 hr
;_with coﬁtinuéus étirriﬁg; Thé solutibh'was concéntratéd to about 100 ml,

added to 350 hl of héxané and concéntraﬁéd to 250 ml.. Aftér standing
‘overnlght the whlte crystalllne product was coliected and recrystalllzed
- from carbon disulfide to glve 1.63 g (h 50 mmol 507) of the perox1de (lO)
mp 162- 167 dec. (llt 66 déc. at 180o under vacuum). The ir spectrum
(cpca )'had‘prinéipal bapdé at_3;32 (m), 6.23 km); 6.71 (m), 6.88 (s),
' 7 60 (m) 8.01 (w), 9.68 (w), 10.15 (m) 10.90 (m), 11.05 (m), 11.é1 (m)-ﬁ.

Oxygenatlon of 9 10—D1phenylanthracene in Solution

A solution of 1.00 g (3.03 mmol) of (9) in 350 ml of toluene was

[e] . . T
cooled to ~T8 and exposed to singlet oxygen with continuous stirring for
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ll hr. The solvent was evaporated and the solid residue chromatographed
on activated silica gel with benzene—heXane_mixtures'to give, in addition
to 0.645 g of starting material,‘0.2h9 g (0.687 mmol, 64%) of (10), mp 167-
172o dec. The ir sbectrum'was identical to that of the photoproduct.v

Oxygenatlon of 9, lO—Dlphenylanthracene on Cellulose and Silica Gel

9,lO-D1phenylanthracene ( ) 0.200 g (0.606 mmol), was adsorbed onto
5 g of cellulose powder and exposed to.singlet oxygen with contlnuous
stirring for 3 hr: The powder was-extracted with 200 ml of chloroforﬁ‘in
éO ml portions, the solvent evaporated;.and the solid residue chromato;
graphed on activated silica gel with'benzene—heiane-(l:l) to give 0.146 g
of starting material and‘oﬁoh7 g (0.130 mmol, T79%) of (10), mp 166-168°
.dec., The ir spectrum was identical to that of the photoproduct.

9,10—Diphenylanthracene {2);'0.200 g (Of606 mol), was adsorbed onto
5 ; of activated silica gel_and treated in the same manner as above to give
o.ih6 g of starting material and'olohz g (01116 mmol, 60%).of (10), mp 167-
169o dec. The ir spectrum was ideutical to that of the‘photoproduct;

’ Photooxygenatlon of Rubrene

-A solution of 1.00 g (1.88 mmol) of rubrene (ll) (Aldrich Chemlcal
Co., Inc.) in 500 ‘ml of carbon. dlsulflde in an open flask was allowed to
stand in sunlight for 2 days. The solvent-was_evaporated and the solid
recrystallized from carbon disulfide'to givé'o:86-g (1.52 mmol, 81%) of
rubrene.peroxide (12), mp 161-171° dec:'(lit:16 rapid decl at 150o under
vacuum); The ir speetrum (KBr) had principal bands at 3.27 (m); 5.10 (w),
624 (w), 6.67 (s), 6.80 (m), 6.93 (s), 7.17 (w), T.38 (m), 7.69 (w),
7.95 (w), 8.50 (w), 8.63 (w), 9.31 (w), 9.5k (), 9.72 (m), 9.95 (),
10.26 (m), 10;u2-(w)“ 10.98 (m)ﬂ 12:8h (s) 13.0b (s), 13.77 (s) ﬁ:

Oxygenatlon of Rubrene on Cellulose Powder

Rubrene, O.lOO g (0.188 mmol), was adsorbed onto 5 g.of cellulose
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powdéf and éxposéd tO'singlét oxygen with continuous stirring for 3 ﬁr.
The‘powdér wasvé%tractéd with 260 ml of'chloroform in 20 ml portions, the
soiventbévaporatéd; and thé solid residﬁé chromatographed on activated
silica gél wiéh benzéhé—hékaﬂé (1:1) to givé'0}053 g of starting material
and 0.038 g (04;067'mmol-,- 73%) of rubr'.en.e péroﬁdé (12), mp 155-1620 dec.

The - ir spectrum was identical to that of the photoproduct.

7
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