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The intermolecular Pauson–Khand reaction[1] (PKR), that is,
cobalt-catalyzed carbonylative cycloaddition between an
alkyne and an alkene, is one of the most reliable reactions
for the construction of cyclopentane derivatives. The scope of
the PKR is extremely wide with respect to alkynes; most
acetylenic compounds give good yields. With terminal alkynes
the reaction affords a-substituted cyclopentenones with high
selectivity. In contrast, the choice of alkene counterparts is
more limited: only strained alkenes react. Cyclopentenes,
cyclobutenes, and bicyclic cyclopentenes are the best sub-
strates. Among them, norbornadiene cycloadducts 1
(Scheme 1) are the most accessible and useful.[2] Moreover,

we have recently developed a practical asymmetric process
for the preparation of norbornadiene PKR adducts based on
the stoichiometric use of chiral bidentate P,S ligands.[3]

Although PKR provides ready access to myriads of
cyclopentenones, the photochemistry of the enone functional
group of these substrates[4] has been almost completely
ignored. Some years ago, we reported the rearrangement of
cyclopropene PKR adducts to phenols,[5–6] but to date no
other photochemical processes have been described for this
type of compound. We present here a novel photochemical
skeletal rearrangement of norbornadiene PKR adducts 1.

While studying different procedures to introduce a
hydroxymethyl group into PKR adduct 1a (R=TMS),
prepared in either racemic or optically active form from
norbornadiene and trimethylsilylacetylene, we performed
photochemical conjugate addition of methanol. Following
the methodology developed by Fraser-Reid and co-work-
ers,[7,8] 1a was irradiated at 350 nm in methanol in the
presence of 60 mol% of benzophenone as triplet sensitizer.
We observed that, in addition to the desired product 2a,
rearranged byproduct 3a was also formed, in 7% yield
(Scheme 2). Interestingly, this unexpected byproduct could be
converted to the main reaction product by irradiation without

Scheme 1. Intermolecular Pauson–Khand cycloaddition between nor-
bornadiene and alkynes.

Scheme 2. Photochemical reaction of 1a in methanol. TMS=SiMe3 .

Figure 1. ORTEP view of the X-ray structure of 3a (thermal ellipsoids
shown at 50% probability).
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a triplet sensitizer. Thus, after 3 h of irradiation, 3a was
isolated from the crude product mixture in 70% yield. The
molecular structure of rearranged product 3a was confirmed
by X-ray diffraction on a monocrystal grown from dichloro-
methane[9] (Figure 1).

The substrate scope of the rearrangement was next
studied. A set of alkynes with a wide variety of functional
groups was selected. Norbornadiene PKR adducts 1b–g, with
the usual exo configuration, were prepared from a series of

terminal alkynes by using standard catalytic or stoichiometric
PKR methods. Irradiation at 350 or 365 nm[10] of these
adducts afforded the expected rearranged products 3b–g in
good yields. Unsubstituted adduct 1b derived from acetylene
cleanly gave the rearranged product 3b, albeit in moderate
yield due to the volatility of the compound (Table 1, entry 2).
The photochemical transformation tolerates most functional
groups:. Aromatic (phenyl, 1c), bulky aliphatic (tert-butyl,
1d), alcohol (1-hydroxy-1-methylethyl, 1e), nitrogenated

Table 1: Photochemical rearrangement of PKR adducts 1.

Entry Starting adduct Conditions[a] Product Yield[b] [%] Entry Starting adduct Conditions[a] Product Yield[b] [%]

1
MeOH
15 8C, 3 h

70 8
MeOH
15 8C, 4 h

64[e]

1a 3a 1h 3h

2
pentane
15 8C, 3 h

33[c] 9
hexane
15 8C, 4 h

86[e]

1b 3b 1 i 3 i

3
MeOH
15 8C, 5 h

70 10
MeOH
15 8C, 6 h

69[f ]

1c 3c 1 j 3 j

4
MeOH
15 8C, 5 h

80 11
MeOH
15 8C, 3.5 h

52

1d 3d 1k 4

5
MeOH
15 8C, 4 h

78 12
MeOH
15 8C, 4.5 h

83

1e 3e endo-1a 5a

6
MeOH
15 8C, 4 h

67[d] 13
MeOH
15 8C, 4.5 h

87

1 f 3 f endo-1 l 5 l

7
MeOH
15 8C, 3.5 h

53

1g 3g

[a] The reactions were carried out in a Rayonet apparatus equipped with 16 lamps (8 W, 350 nm).[10] [b] Yield of isolated product. [c] The low yield is
mainly due to the volatility of the product. [d] 9% of starting material was recovered after chromatography. [e] 5% of starting material was recovered
after chromatography. [f ] 10% of starting material was recovered after chromatography.
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(butoxycarbonylamino (BocNH), 1 f) and carboxamide
(diethylamido, 1g) derivatives also gave good yields of
rearranged products 3c–g (Table 1, entries 3–7).

We then focused on substrates derived from internal
alkynes. The corresponding 2,3-disubstituted cycloadducts 1h
(from 4-octyne), 1 i (from dimethylacetylene dicarboxylate),
1j (from 3-trimethylsilylpropyn-1-ol), and 1k (from diphen-
ylacetylene) were prepared by conventional PKR. These
compounds were also irradiated. As anticipated, good yields
of the rearranged products were obtained from 1h and 1 i,
which have two alkyl or methoxycarbonyl substituents,
respectively. Cycloadduct 1j arising from an unsymmetrical
disubstituted alkyne also gave the expected product 3j as a
single stereoisomer in good yield. However, the cycloadduct
derived from diphenylacetylene (1k) gave the unexpected
compound 4 containing a phenanthryl group (Table 1,
entry 11). The structure of 4 was confirmed by X-ray
diffraction (see the Supporting Information). This compound
was most likely formed by photochemical electrocyclic ring
closure followed by aromatization. This transformation is
known for stilbenes,[11] although it usually occurs in the
presence of an oxidant such as oxygen or iodine.[12]

The tricyclo[5.2.1.02,6]deca-3,8-dien-10-one skeleton is
relatively rare in the literature. Access to this organic scaffold
is of great interest, as the broad scope of the PKR would
provide a route to interesting new compounds. Some deriv-
atives of 1,8-dioxodicyclopentadiene have been prepared by
Diels–Alder reactions and therefore have endo configura-
tion.[13] Consequently, exo derivatives are almost unknown.[14]

It is well known that intermolecular PKR is highly stereose-
lective and generally yields exo adducts. In the preparation of
1a by catalytic PKR with [Co2(CO)8] as a catalyst, only 13%
of the product corresponds to the endo isomer. However, this
isomer (endo-1a) was isolated by chromatography, and its
irradiation at 350 nm in methanol led to a [2+2] cycloaddition
between the enone and the alkene, instead of the aforemen-
tioned arrangement, to yield cage compound 5a (Table 1,
entry 12). This is a known transformation in the photo-
chemistry of compounds derived from Diels–Alder
adducts.[15] Contrary to Diels–Alder chemistry, the PK cyclo-
addition usually gives exo isomers with high selectivity.
During the preparation of a large set of intermolecular
PKR adducts we found that the only example in which the
main product of a PKR had endo configuration was the
reaction between tert-butoxynorbornadiene and trimethyl-
silylacetylene. Irradiation of endo-1 l under our standard
conditions led to the corresponding 1,3-bis-homocubanone 5 l
(Table 1, entry 13). This result indicated that the preferred
reaction pathway for endo isomers is [2+2] cycloaddition
between the enone and the double bond to afford a cage
compound. The scope of the present rearrangement is
therefore limited to exo isomers.

A simple connectivity analysis revealed that a plausible
mechanism for the transformation of a PKR adduct 1 into the
rearranged product 3 would involve g-bond breaking of the
enone to give a bis-allyl diradical intermediate I (Scheme 3).
This reaction has a direct precedent in the photochemistry of
PKR adducts derived from cyclopropene.[5–6] In the case at
hand, however, both fragments of the diradical intermediate I

are allylic, and thus the type of hydrogen shift that occurs in
the intermediate derived from cyclopropene adducts is
prevented. A new bond between the opposite sides of the
two allyl radicals must therefore be formed after a requisite
conformational change by rotation about the single bond
linking both fragments. Although some bis-allyl diradicals
have been reported,[16] to the best of our knowledge this
rearrangement is unprecedented.[17] A complete theoretical
study to find the electronic states of the species involved in
the reaction pathway and how radiationless decay to the
singlet ground state occurs is now being performed and will be
reported in due course.

In summary, we have studied the photochemical trans-
formations of 4-substituted and 4,5-disubstituted tricy-
clo[5.2.1.02,6]deca-4,8-dien-3-ones 1. These compounds are
easily obtained by Pauson–Khand cycloaddition between
norbornadiene and the corresponding alkyne. Whereas
irradiation at 350 nm of the endo cycloadducts—usually the
minor stereoisomers—gave the expected cage compounds by
[2+2] cycloaddition, the major isomers lead to tricy-
clo[5.2.1.02,6]deca-3,8-dien-10-ones 3. This new photorear-
rangement tolerates a wide variety of functional groups and
affords the rearranged products in good yields.
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