HETEROCYCLES, Vol 15 Ne 2, 1981

THE ROLE OF CYCLIC PERNXIDES IN THE REACTIONS OF 1,2-DIPHENYLCYCLOPROPMENES
AND CYCLOBUTENES WITH SINGLET OXYGEN (la,b,c,2)
Caetan Vaz, Gary Griffin*, Siegfried Christensen and David Lankin (1d)

Dept. of Chemistry, University of New Orleans, New Nrleans, Louisiana 70122

An array of cyclic peroxy intermediates, including dioxetanes, endo-
peroxides and 1,2-dioxoles, are advanced as intermediates in the reactions of

]02 with 1,2-diphenylcyclopropenes and cyclobutenes,

Ye would Tike to present the results of our continuing studies on the course of the reactions
of diarylsubstituted small-ring alkenes with singlet oxyaen qenerated by dye photosensitization (3}
chemicaily {4), as well as throuah electron transfer (5). As reported earlier, chemiexcitation
attends the dye-sensitized photooxidation of 1a, which aives the diketone 2a (1b,6), presumably by
way of a dioxetane. The oxidation of 1b occurs at a slower rate than that of la, is more complex,
and is accompanied by structural reorganization: however, emission is also associated with this
process. In this case, the 1,3-diketone Zb is5 conspicuously absent as a product of the oxidation

process (1b).
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To rationalize the contrasting reaction pathways and disparate reactivities observed for Ta
and 1b upon photooxidation, we proposed that introduction of the second phenyl substituent at C-3
in 1b should exert sufficient additional steric interference and/or electronic driving force to
render the cyclization to a dioxetane slow relative to rearrangement.

In order to test this premise, we selected 3-methy1-1,2,3-triphenylcyclopropene (1¢) (7) as am
appropriate and accessible substrate to employ in the next phase of our extended studies in this
area, It may be concluded from an examination of conformational free enerqy barrier data [A-fac-
tors (8)(9)] that cvclopropene lc embodies Structural characteristics which could prove instructive
in discerning "the" mechanism. The steric barrier at C-3 in ]c toward approach of 102 at one face

is intermediate in magnitude between that in la and 1b; however, no marked increase in the
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enhancement of electronic stabilization, cleavage and rearrangement of the type observed with 1b
should be induced.

After irradiating {>400 nm) a continuously oxyaenated solution of lc in methylene chloride at
-30° for 2.5 h containing methylene blue (MB) as a sensitizer, we found that the extent of sub-
strate consumption was substantially reduced {i.e., relative to la). Although the anticipated
diketone 2c is detectable, the yield is Tow (~4%), and a considerable amount of the cycloalkene
1c may be recovered (v91%). Attempts to achieve oxidation with triphenylphosphite ozonide (TPO)
(4) also proved unsuccessful with 0.2 as well as 1.0'M ozonide in methylene chloride at -35°.
Essentially all (-99%) of the cyclopropene Ic is recovered in this case. The suppressed reactivity
of Tc represents a sianificant departure from the behavior observed with 1a and 1b which cannot be
accommodated by our original mechanistic rationale. Based on these limited data, it appears that
substituents in the 3-position exert a more profound influence than miaht be anticipated on the
mode of approach and interaction of 102 with the strained pi-bond. Clearly this bond is sterically
shielded by the 1,2-diaryl substituents from edae-on approach in an antarafacial-suprafacial man-
ner [which preserves orbital phase continuity (10a}] and/or end-on attack to give a perepoxide
(10b).

In an attempt to isolate those factors responsible for the diverse reactivities displayed by
la, 1b, and 1c toward 102, 3,3-dimethy1-1,2-diphenylcyclopropene (3) {11) was subjected to oxida-
tion under conditions simulating those employed with 1b and-1c (Eq. 1). In contrast to lc, the
cyclopropene 3 is susceptible to oxidation by 102 under similar conditions for reasons yet unclear.
The primary products include the cross-conjunated ketone 4 (18%) {11a} and the ketoalcohol 5 (14%)
in addition to an unidentified substance 6 {27%), which is assumed to be a secondary oxidation
product on the basis of the mass spectrum and elemental analysis. The diketone 2,2-dimethyl-1,3-
diphenylpropane dione (7) was also absent in this case as a product as evidenced by thin-layer and
high resolution glc in whickh an authentic sample of 7 was used in control runs. It is noteworthy
that ~40% of the startina material was recovered, and thus again the material balance is high

(~09%).

2
+ CpH,Oy (Eq.1}

3 4 8 6

The major product formed ypon treatment of 3 with TPQ is the ketone 4 (~36%): however, a
trace of another product, fsolable by tle, is also produced, which chemiluminesces upon warming.

In fact, this substance {m/e 252} is isomeric with and rearranges to the epoxyketone 8, which was
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synthesized independently by perbenzoic acid oxidation of 4 (Eq. 2). Significantly, neither the
ketoalcohol 5 nor 6 is detected as a TPO oxidation product, although they constitute major com-

ponents obtafred upon photosensitized oxidation of 3.

o} Me Me
I PhCO,0H
(Eq.2)
Ph Ph
4 8

The mechanism by which the cyclopropene 3 underqoes conversion to 4 and the possibility that
%a is implicated as an intermediate has been considered {Scheme I). It had been demonstrated that
peracid oxidation of 3 occurs to give 4 (>99%) {11a). Valence isomerization of the transient oxa-
bicyclobutane Sa is invoked to rationalize this transformation (11a). The formation of epoxides
as photooxidation products in a variety of systems is not uncommon and is cited as evidence for
perepoxide intermediates by advocates of this mechanism (3f). Although the mode of oxirane forma-
tion remains a subject of controversy and active vesearch (3f), it is inviting to propose that 9
is also implicated in the photooxidative conversion of 3 to 4. An ionic mechanism {Scheme I) may
also be written to rationalize the conversion of 3 to 4. Attack of ]02 on 3 may occur to give the

dioxetane 10 directly or indirectly wic a zwitterion 9b. The latter, in turn, may bhe formed from
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an initial perepoxide by ring-opening. The cyclopropane ring may then collapse to ¢, which
through oxygen transfer or cyclization to 8d provides rational routes to the unsaturated ketone 4
and epoxide 8, respectively.

Dehydration of an a- or B8-ketoalcohol precursor is discounted as a possible route to the con-
Jjunated ketone 4 since nmr scrutiny of the crude reaction mixture formed upon TPO oxidation of 3
reveals no evidence for the presence of such ketoalconol(s) despite the high yield of the conju-
gated ketone formed.

The structure of 5 was established through independent synthesis involving condensation of
2-propenylmagnesium bromide generated in tetrahydrofuran {12} with benzil. The photooxidative
formation of such a-hydroxyketones is not unprecedented. Ando and co-workers (13a-c) and
Wasserman (13d) report that a-hydroxyketones are generated from dioxetanes produced in turn upon
dye-sensitized photooxidation of alkenes. Wasserman (13d) applied the Kornblum-DelaMare (12)
mechanism, which has since been reexamined (15), to explain their results obtained upon enamine
oxidation. The reactior 1nvolves an jonic, base induced process in which removal of a proton from
a dioxetane ring bearing an a-hydrogen is accompanied by g-elimination requiring 0-0 bond cleavaqe.
Ando and co-workers (13a-c), however, advance an alternate mechanism involving homolysis of a
dioxetane peroxide bond followed by intramolecular hydrogen transfer. The latter provides a rea-

sonable route to explain formation of the ketoalcohol 5 from the dioxetane 10 (Scheme 11},

P Ph

SCHEME IO

Initial homolysis of the 0-0 bond of 3G, if followed by hydrogen transfer from the syn methy!
group, should give 12. Collapse of the cyclopropane ring would then afford 5. Alternatively,
ring-opening of 11 to form 13 may precede H-transfer, in which case the diradical 13 would be
implicated in this mechanism. Further experiments will be required to verify or reject these

potential mechanisms and define with certainty the pathway(s) which is/are indeed operative.
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Clearly, however, the resemblance of 5 to an "ene" product derived from 4 is coincidental, since
control experiments conducted-with 4 exclude the ketcalcohol 5 as a product, Furthermore, the
diketone 7 is stable under the reaction conditions and thus is not involved as a precursor for
secondary oxidation products.- Conversion of 8 to 5 is excluded by appropriate control runs, which
indicate that the epoxyketone 8 is unchanged under the reaction conditions.

The absence of a self-consistent pattern of behavior for the series of cyclopropenes 1 and 3
led us to expand our program to include diarylcyclobutenes, The dye-sensitized photooxidation of
1,2-dfphenylcyclobutene (14} was the subject of a previous study by other investigaters (18) and
the product distribution shown to be solvent dependent, a feature we found in common with la and
1b {1b}. The results observed with 14 were rationalized by invoking an "ene" reaction in polar
solvents {methanol, acetone) where the primary product is a cyclic, allylic hydroperoxide, while

[2+2]cycloaddition affording a dioxetane and finally diketone is the dominant pathway cbserved in

nonpolar media (methylene chloride, benzene) (18).

Ph

Ph
14

In accordance with the behavior observed for the cyclopropene substrates, a seemingly minor
modification in structure at an apparently remote site on the diarylcyclobutene ring of 14 also
exerts a major influence on the reaction path and rate. The course of the photooxidation of 3,3~
dimethy1-1,2-diphenylcyclobutene (18}, for example, departs markedly from that observed for the
unsubstituted counterpart 14. The cyclobutene 15 was prepared by photoaddition of diphenylacety-
lene to isobutylene in a modification of a procedure described for the photocycloaddition of tolan
to 2,3-dimethyl-2-butene (17).

Dye-sensitized photooxidation of 15 under conditions identical to those employed above for lc,
3, and 14 is accompanied by ring contraction and leads to formation of the cyclopropane 16 (14%) as

the primary product from which 17 (16%) and 18 (14%) are presumably derived (Fq. 3).

Me
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The ving contraction process accompanyina the oxidation of the dimethyl substituted 1,2-
diphenylcyclobutene 15 may be explained by invoking initial [4+2]cycloaddition of ]02 to the styryl

moiety with formation of the endoperoxide 19 (Scheme III}. Ample precedent exists for endoperoxide
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formation from sytryl systems {18, 19, 27, 21a).  Subsequent homolysis of the endoperoxide bond

and H-transfer may be anticipated to give 16 wia the bicyclic intermediate 21 (19) or conceivably

o £
SCHEME II
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20 may be wmplicated (20). The constitutional structure of the cyciopropane 16 precludes us from
discerning whether attack occurs in addition to or solely in the alternate manner to give the iso-
meric counterpart of 19 involving interaction of 102 with the reverse phenyl ring vicinal to the
dimethy] substituents. Frimer (2)a) has arqued that the photooxidation of cyclopropenes, including
Ja and 1b with 102 involves initial [4+2]cycloaddition to aive an endoperoxide (21b).

The requisite ring-contraction js also not without precedent and is also observed in the case
of 1-phenyleyclobutene (19), This process is dominated by other modes of reaction, as evidenced
by the fact that the analoa of 16 obtained also incorporates an orthe-hydroxy substituent on phenyl
{a remnant of initial endoperoxy ring) and is formed in low yields relative to other products (19).

To date, attempts to confirm the structure of 16 by independent synthesis of the corresponding
methyl ether by techniques which proved successful for the model synthesis of the less complex
analog, 2,2-dimethyl-1-phenyl-1-benzoylcyclopropane (22), have failed (Scheme IV).

Deoxybenzoin (27a} may be synthesized from benzaldehyde upon treatment with benzylmagnesium
bromide and subsequent oxidation of the alcohol 26a with dilute sodium hypobromite (22} or with
pyridinium chlorochromate in methylene chloride (23}, Difficulties were encountered in generating
2-methoxy benzylmagnesium bromide in the above manﬁer. and it was necessary to resort to an altee-
nate pathway to circumvent the adverse effects exerted by the methoxy substituent on the genevation
of the Grignard reagent and subsequent oxidation. It was found, however, that the synthetically
equivalent organolithium reagent 25b could be generated efficiently by cleavaqe of Z-methoxybenzyl
phenyl ether (24b) with 1ithium (24). The diether 24b, in turn, was generated in high yield by
treatment of Z-methoxy benzyl bromide (23b) with sodium phenoxide in dioxane. Sodium hypobromite

oxidation {22) of 26b proved undesirable because concomitant aromatic substitution by bromine
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accompanies the oxidation process., This restriction on the utility of the reaction could not be
avoided under a variety of conditiens. .

On the other hand, the oxidative conversion of the alcohol 26b to the deoxybenzoin 27b was
achieved using pyridinium chlorochromate (23) as the oxidizing agent. Several obvious direct
routes for the conversion of 27a to the conjugated ketone 4 were attempted, includina the crossed
aldol condensation of 27a with acetone, and proved futile. Treatment of 27a with 1,2-dibromo-
2-methylpropane and hase (25) in an attempt to obtain 22 directlv also failed. Conversion of
deoxybenzoin 272 to 4 was finally achieved in two steps by initial alkylation of the deoxybenzoin
anion, generated from potassium ¢-butoxide in t-butanol with 2-bromopropane. The C-alkyTated
ketone 28a obtained in high yield was then readily transformed to the unsaturated ketone 4 by
bromination in carbon disulfide and dehydrohalogenation with Tithium chloride in dimethy] formamide

and proved identical to that obtained upon treatment of 3 with ]0 generated‘by photosensitization

2
or from TPO. Unfortunately, attempts to extend this procedure to the accessible analoa 28b proved
ineffective because of the facile competitive electrophilic bromination of the aromatic nucleus.
Cyclopropanation of 4 employing the Corey method (26) aives the cyclopropane 22, which proved

indispensable in characterizing the hydroxy analog 16 by spectroscopic means.

Precedent may alsc be cited for the formation of the secondary oxidation products 17 and 18.
Addition of 102 in the [4+2] manner to phenols such as 16 to give endoperoxides of the type 29 1s a
very facile process (Scheme V). S$ince the phenol 16 is consumed at rates comparahle to 1ts precur-
sor 15, it is not unexpected that the secondary oxidation products are formed in high yield. Sub-

sequent homolysis of the peroxide bond and-rearrangement of the resultina diradical to give such
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products as 17 and 18 has heen observed (27). The proposed rearrangement of 289 to the bis epoxide

30, the immediate precursor for 17 and 18, is not without preceﬁent either (28)

\
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The structures assigned to 16, 37, apd 18 rest largely on ms, pmr, cmr, and 1r spectroscopic
data. For example, the proton nmr spectra of 16, 18 and 22 prove very similar in the sense that
all exhibit isclated AB patterns for the cyclopropyl protons. 1In addition, the presence of the
benzoyl group in 16-18 and 22 is consistent with the presence of a Tow-field rmultiplet centered at
~ & B.0-8.2 assigned to the aromatic protons ortho to the carbonyl group. The aromatic patterns in
the proton spectra of 16 and 22 (Fig. 1) are very similar and may be distinquished on the basis of
the exchangeable DM sianal at & 9.01.

The proton spectrum of 17 displayed in Figure 2a reveals the presence of two epoxy proton
multiplets in addition to another pair. The results of decoupling experiments and coupling con-
stants are depicted in Figure 2b. Such unusual coupling patterns have been documented 1n the
literature, and the nature and magnitude of couplina in our system is very similar to that pre-
viously reported for related types (29). .

Analysis of the carben-13 nmr spectra of 16, 17 and 22 {Fig. 3), coupled with additional
literature results (30) provides self-consistent data in support of the structural assignments. It
is noteworthy that the data collated for 16 indicate that the phenolic OH is intramolecularly
hydrogen banded to the aryl carhonyl, 4.e. downfield shift (3.9 ppm) of the carbonyl carbon of 16
relative to 22

1,2-Dipheny1-3,3,4,4-tetramethylcyclobutene (31) prepared by [2+2] photoaddition of tolan to
2,3-dimethyl-2-butene {17) was also subjected to photosensitized oxidation under conditfons similar
to those employed with the cyclobutenes 14 and 15. This substrate proved even less reactive than

the dimethyl analog 15 under the standard conditions emploved throudhout this study. In fact, 95%
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of the cyclobutene 31 was recovered. An examination of the trace quantities of products which are
obtained from cyclobutene 31 employing hioh pressure liquid chromatographic techniques, and
standard authentic samples of the diketone 32 (31) and the oxabicyclobutane 33 (32) confirmed that
these are not formed as oxidation products.

A comparison of the reactivities and products generated by electron transfer sensitized oxi-
dation using dicyanoanthracene in acetonitrile as a solvent-sensitizer system and a 400-450 nm
hand pass filter was conducted. It is evident from the results that the reactivity increases and
the products differ, For example, oxidation of 31 under these conditions affords the diketone 32
{~22%), benzil (34%), and conceivably the 1,2-diol (8%} whose stereochemistry remains to be esta-
hlished. These results provide an indication that the methylene blue sensitized processes are pro-

ceeding vic ]0 rather than electron transfer, as recently sungested could be the case under cer-

2
tain conditions {33). These preliminary results suffer from the disadvantage that a solvent

of high dielectiic constant must be employed in the electron-transfer experiments (acetonitrile)
which differs from that used with methylene blue {methylene chloride), and it is recoqnized that
the course of 102 reactions 15 solvent sensitive (1b,16) at least in certain cases{34).

In summary, the results of this study confirm that the course of oxidation of the cyclopro-

penes 1c, 3 and the cyclobutenes 14, 15 and 31 by sinalet oxygen generated by photosensitization

and chemical means show no consistent or predictable behavior and is highly sensitive to substi-
tuent effects. In most cases, product structure has been confirmed by independent svnthesis.
Furthermore, the esseniial details necessary to expand this project and evaluate these substrates
for chemiluminescent behavior have been accumulated. The requisite samples are available in a
state of purity sufficiert to expand our onqoing spectroscopic investigations in this zrea (lc).
Preliminary total luminescence studies and product analysis in the case of 3,3-dimethyl-1,2-di-
phenylcyclopropene (3} and 1,2-diphenylcyclobutene (14) confirm that these two compounds merit fur-
ther study as pptential Tumophores.

Furthermore, we have demonstrated that in the case of the cyclobutenes, the introduction of
methyl substituents at an allylic position drastically affects both the course and extent of photo-

sensitized oxidation. The different reactivities displayed by the cyclobutenes studied provides
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evidence that the steric factors play a significant role in dictatina the nature of the transition

state for the photooxidation reactions. Further studies, both theoretical and experimental, are

required to define the nature of the interaction(s) of sinalet molecular oxyaen with cyclopropenes

and cyclobutenes.
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