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3-Substituted bicyclo[3.1.0]hex-3-en-2-ones 3, easily obtained by Pauson—Khand reaction between terminal alkynes and cyclopropene, have
been quantitatively converted into ortho-substituted phenols 4 by irradiation with UV light (350 nm). The kinetics and mechanism of this
photochemical process have been studied by means of FT-IR and semiempirical (AM1 3x3 Cl) calculations.

Some terpenes bearing a bicyclo[3.1.0]hex-3-en-2-one skel-antonin, has been the subject of extensive mechanistic
eton such as umbellulong&)(are present in essential oils of studie$® Much less information is known about the photo-
many plants. Besides these natural products, several com- chemical rearrangement of bicyclo[3.1.0]hex-3-en-2-ones
pounds with the same bicyclic structure have been pregared, into phenols, which was observed by Eastfriari959 when
most commonly by photorearrangement of cyclohexenénes, he reported that the irradiation of neat umbellulobegave
phenols? or cyclohexadienonesThe latter transformation,  thymol (2) (Scheme 1). The difficult availability of these
originally found in the conversion of santonin to lumis-
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bicyclic compounds has reduced the study of their photo-
chemical behavior to few casédlevertheless, during the
preparation of the previously unknown 3-substituted-bicyclo-
[3.1.0]hex-3-en-2-o0ne?® by Pausor-Khand cyclization®

process. As expected, irradiation of bicyclic addugas-f
in CHCl; at 350 nm affordedrtho-substituted phenoka—f
in nearly quantitative yields as shown in Table 1. According

Table 1. Photochemical Transformations of Bicyclo[3.1.0]hex-
3-en-2-ones into Ortho-Substituted Phenok

starting adduct, R = 4, % yield
3a tert-butyl 98
3b p-F-C6H4 96
3c n-hexyl 99
3d Ph3Si 97
3e PhCH3C(OH) 96
3f (CH3)2C(OH) 99

2 Reaction conditions. A solution of 0.7 mmol of Pausdthand adducts
3in 0.5 mL of CHC} was irradiated in a Rayonet reactor equipped with
16 lamps of 350 nm, with the reaction monitored by FT-IR using a React
IR-1000 (Applied systems). When the reaction was complete, the solution
was chromatographed on SIO

we observed that enon&sslowly isomerized on standing
into the correspondingrtho-substituted phenold. Taking
into account the now easy availability of these bicyclic
adducts3, we decided to explore the synthetic utility of this
transformation and to start a mechanistic study on it. We
report here our results on the isomerization of 3-substituted-
bicyclo[3.1.0]hex-3-en-2-o0ne3 into 2-substituted phenols
4.

After the initial observation of the conversion ®into 4,
we decided to unambiguously establish the origin of the
isomerization. A literature survey indicated that, besides the

to the FT-IR studies, the photorearrangement at@%ook
place without any detectable intermediate following a first-
order rate law. The rate constants could not be accurately
measured because of the self-quenching produced by the high
concentrations necessary for IR monitoring. Nevertheless,
it could be clearly observed that the rate of isomerization of
compounds3b and 3d was faster than that of the other
adducts (Figure 1).

photochemical rearrangement, there were some reports i

which a similar transformation was catalyzed by acid or
base!! Therefore, 3-(triphenylsilyl)bicyclo[3.1.0]hex-3-en-

2-one @d) was selected as a representative compound and

was submitted to several acidic, basic, and radical-forming
conditions (CHCIy/pTsOH; MeOH/HCI; Amberlist 15,
NaOH, PBO/NBS). In all cases, most of the starting material
was recovered unchanged. On the other hand, the exposur
of 3d to direct sunlight (either neat or in solution) for 72 h
cleanly afforded 2-(triphenylsilyl)phenodd) in quantitative
yield, firmly establishing the photochemical nature of the
transformation. Consequently, to perform the reaction in a

reproducible manner, a series of reactions were conducted =,

in a Rayonet reactor and monitored with an FT-IR instru-

ment. The reactions were clean and fast, and the analysis o
selected bands in the IR spectra of starting material and
reaction product allowed the easy monitoring of the reaction
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Figure 1. Kinetic plots [InCC(t)/Co) against time (s)] for the
rearrangement of addu@s—d into phenolsta—d. Concentrations
were taken from FT-IR data.

From a synthetic point of view, the combination of the
Pauson-Khand reaction and photorearrangement constitutes
a new general procedure for the completely regioselective
synthesis obrtho-substituted phenols, starting from terminal
alkynes5 (Scheme 2).

A plausible mechanism for this transformation should
involve the cleavage of the internal cyclopropane bond to
afford a short-lived intermediate, followed by a proton
migration to the tautomeric keto form of phenol. The nature

Org. Lett., Vol. 3, No. 20, 2001



mol above the ground state. Elongation of the internal
cyclopropane bond in this triplet structure allowed the

Scheme 2
OH location and characterization of transition state TS-1 only
1) Con(CO)s R 7.2 kcal/mol abové-T;. The transition state TS-1 connected
R—H with the intermediatdl which was optimized at the same
5 2)NMO, A level of theory (AM1 3x3 Cl) in its singlet and triplet states.
3) hv, CHCl; 4 Both electronic states were found to be very close in energy,

with the triplet only 1.0 kcal/mol more stable (Figure 2).

of this key intermediate, however, was unclear since,
according to literature precedents, it could be either a

zwitterionict? or a diradical specié%(Scheme 3). At this o] 9y
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Figure 2. Schematic representation of the reaction pathway for
the rearrangement ofinto intermediatdl , showing the enthalpy
of formation (AM1 3x3 CI) of the stationary points.

point, we decided to perform a theoretical study to get a
detailed picture of this rearrangement. The photochemical
transformation of bicyclo[3.1.0]hex-3-en-2-oh¢3, R = H) The geometry and electronic structure Ibf either in the
into phenol IV was chosen as a model reaction. The ginglet or the triplet state, indicated that it is in fact a true
calculations were performed using the semiempirical SCF- (iradical (I-A) and not a zwitterionic specied! ¢B)
MO method AMZE® as implemented in the MOPAC6 (scheme 3). The diradical nature of the singlet staté af
program:* To have an adequate description of both triplet \ye|| as the nearly degenerated energy of both statds of
and singlet states, the calculations were performed using theconfirmed the need of a configuration interaction treatment
3x3 configuration interaction (Cl) on the basis of the for a correct description of these structures. Moreover, the
molecular orbitals given by the *half electron methdélas  5oximity of both potential hypersurfaces near this point let
suggested by Salem and Rowlaiid. _ _ us to think that the second ISC should take place around the
According to well-established photochemical mechanisms, jntermediate returning to the singlet state. Consequently the

we assumed that irradiation at 350 nm would promote  gecond part of the reaction pathway was explored in the
its singlet excited state;—x*) which then would lead to singlet potential hypersurface.

the m—ax* triplet state through an ISC. ThibT(7—x*)
intermediate was located at the AM1 3x3 Cl level 50.6 kcal/

Assuming that the second part of the reaction coordinate
would take place in the singlet hypersurface, the transforma-

(12) The classic mechanism postulated by Zimmerman of the photolysis fiON from I.I -So into IV can occur by migration 0f.a hydrogen
of 6,6-diphenylbicyclo[3.1.0]hexen-2-one involves a ground-state zwitter- atom to either vicinal carbon 2 or 4, leading to intermediates

ionic intermediate. See: (a) Zimmerman, H. E.; Epling, GJAAm. Chem. ' e _
Soc.1972 94, 7806-7811 and refs 5 and 6. _III or Il '. Both transition states were located and_ c_;haracter
(13) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.  ized at the AM1 3x3 ClI level of theory. The transition state

Am. Chem. Sodl985 107, 3902-3909 o TS-2 corresponding to the GZ2 migration turned out to
(14) As implemented in Cerius2, version 3.8. Molecular simulations, San .
Diego, 1998. be 4.1 kcal/mol more stable than the one corresponding to

(15) Dewar, M. J. S.; Hashmall, J. A.; Vernier, C. EAm. Chem. Soc.  the C3-C4 migration. Therefore, the minimum energy
1968 90, 1953-195/. reaction path involves ketorid which is in fact a tautomer

(16) Salem, L.; Rowland, CAngew. Chem., Int. Ed. Engl972 11, .
92-111. of phenollV (Figure 3).
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Figure 3. Reaction coordinate for the conversionlbfinto Il ,
showing the enthalpy of formation (AM1 3x3 CI) of the stationary
points.

In summary, the photochemical rearrangement of 3-sub-

stituted bicyclo[3.1.0]hex-3-en-2-ones totho-substituted

After an ISC from the triplet to singlet hypersurface, a
hydrogen migration from C3 to C2 would lead to the ketonic
tautomer of the corresponding phenol. A complete ab initio
study of this reaction coordinate will be published elsewhere.
From an experimental point of view, a new procedure for
the regioselective synthesis aftho-substituted phenols has
been developed. The sequence consists of a Patdtand
reaction of terminal alkynes and cyclopropene followed by
photochemical isomerization of the corresponding adducts.
The photochemical process can take place under sunlight
exposition or by irradiation at 350 nm, and the yields are
guantitative in both cases. A schematic representation of the
origin of the phenol fragments is shown in Figure 4.
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Figure 4.

phenols has been studied both from the experimental and

theoretical points of view. The mechanism of the rearrange-
ment has been studied in detail at the semiempirical 3x3 ClI
AML1 level. According to these calculations, the fission of

the internalo bond in the bicyclic adduct would take place
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easily in the triplet state, leading to a diradical intermediate. 0L016506J
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