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4-Mesyloxypyran-2-ones joined to furan by a three-carbon linker undergo intramolecular-crossed [4+4]-
photocycloaddition with high or complete selectivity for the exo cycloadduct. When a C2-symmetric ketal
was present on the tether adjacent to the pyranone ring, moderate levels of asymmetric induction were
obtained.
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The prevalence of cyclooctane rings in nature has inspired a
plethora of methods for their construction.1 [4+4]-Cycloaddition
approaches to the cyclooctanoid system offer several appealing
features, including convergent assembly of the eight-membered
ring from two relatively simpler four-carbon fragments, formation
of two new carbon-carbon bonds, and the potential for introduc-
tion of up to four new stereocenters in one step.2 The seminal work
of de Mayo demonstrated that the readily available heterocycle
4,6-dimethylpyran-2-one undergoes photochemical dimerization
to a mixture of [2+2]- and [4+4]-cycloadducts.3 More recently,
we have developed a crossed [4+4]-photocycloaddition process,
using pyran-2-ones linked to furans by a three-atom tether (Eq.
1).4 This method can furnish densely functionalized cyclooctadi-
enes or triquinanes5 in good yields, and in some cases with moder-
ate endo/exo selectivity. On the other hand, control over the
configuration at the newly established bridgehead centers by use
of preexisting stereocenters has been largely unsuccessful, apart
from one rather specialized example.6
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Use of stereochemical control elements within the chain linking
the two heterocyclic units was of particular interest.7 While place-
ment of methyl-substituted branch points on the tether failed to
achieve substantial diastereocontrol,4a,c we were hopeful that cyc-
lic C2-symmetric ketals might exert a greater influence.8 These
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auxiliaries have been used with some success in Diels–Alder cyc-
loadditions on the 1,3-diene partner,9 or (in ring-opened form)
on the dienophile.10 In one especially pertinent study, Fukumoto,
Kametani, and co-workers demonstrated that moderate levels of
diastereoselectivity could be achieved in intramolecular Diels–Al-
der cycloadditions of ortho-quinodimethanes bearing chiral ketals
on the tether adjacent to the dienonphile.11 Here, we describe pre-
liminary studies utilizing C2-symmetric ketals as chiral auxiliaries
in the [4+4]-photocycloaddition reactions of pyran-2-ones.

Our initial plan sought to exploit the ready availability of furoyl
substrates, formed via Michael addition of 4-hydroxypyran-2-ones
to acryloylfuran (Scheme 1).12 Mannich base 1 can be prepared
from acetyl furan in the presence of paraformaldehyde and
Me2NH�HCl.13 Upon heating with pyran-2-one 2 in acetonitrile, ad-
duct 3 was obtained in moderate yield. With this material in hand,
the C-4 hydroxyl was capped as a triflate, and several C2-symmet-
ric ketals were prepared under standard conditions (catalytic TsOH
in PhH or PhCH3 at reflux), furnishing 4a–e. Due to the extended
heating required to drive these reactions to completion, use of stoi-
chiometric quantities of TsOH was investigated with (R,R)-butane-
diol. However, under these conditions the furan ring was lost,
giving glycol monoester tosylate 5 as the sole product.14 This pro-
cess is believed to proceed through protiodefuranation of the de-
sired ketal 4a, followed by opening of the resulting dioxolanium
ion by tosylate.

With 4a–e in hand, we now set out to probe the ability of the
ketal unit to impact the stereochemical course of the photocyclo-
addition reaction (Table 1). Under standard conditions (aq MeOH,
rt), ketals 4a–c were converted to roughly equal quantities of endo
and exo cycloadducts 6a–c and 7a–c. The low endo/exo selectivity
was surprising, in comparison to examples with unfunctionalized
tethers.4b However, poor endo/exo selectivity was also seen in a
number of cases employing a simple ethylene ketal next to the fur-
an.6 In each successful case of the present study, the endo and exo
adducts were obtained as inseparable mixtures of diastereomers,
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Photocycloaddition reactions of furyl ketals 4a

hν

aq. MeOH

OTf

Me
O

O
O

OTf

Me
O

O
O

+O
O

O

Me OTf

OO

R R

4a-e

O
O

O
O

R
R

R
R

6a-c 7a-c

Entry Substrate % Yield cycloadducts (endo:exo)b dr for 6c dr for 7c

1 4a 66 (1:1) 1.8:1 1.4:1
2 4b 62 (1:1) 1.5:1 1.8:1
3 4c 60 (1.5:1) 1.7:1 ndd

4 4d —e — —
5 4e Trace ndd ndd

a Standard procedure: ketal substrate 4 was dissolved in aq MeOH (ca. 60% v/v; ca. 6 mM) in a Pyrex tube, and the resulting solution degassed with a slow stream of dry N2

gas. The tube was clamped ca. 10 cm from a Hannovia 450 W medium pressure Hg lamp and irradiated until consumption of 4 (2–5.5 h).
b All yields given are for homogeneous isolated product following chromatographic purification.
c Diastereomeric ratios were determined by 1H NMR integration of dihydrofuran alkenyl protons, except in the case of 7b, where integrals of upfield methyl doublets were

measured.
d Diastereomeric ratios could not be determined in the case of 7c due to spectral overlap, and in the case of 6e/7e due to insufficient quantities.
e Only uncharacterizable polar materials were formed.
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differing in relative configuration between the newly formed
bridgehead stereocenters and the chiral ketals. Ratios were mea-
sured via integration of downfield alkenyl protons of the dihydro-
furan, which were well resolved in all but two cases.

Diphenyl ketal 4d and dibenzyl ketal 4e furnished little or no
[4+4]-cycloadduct upon irradiation; instead, a complex mixture
of polar products was formed, presumably the result of alternative
pyran-2-one photochemical pathways.15 Notably, among the
examples that did undergo the desired cycloaddition, the steric
bulk of the ketal substituents had little effect on the selectivity,
with all cases falling in a range of 1.5–1.8:1 dr, suggesting a rela-
tively small energetic difference between the diastereomeric
photocycloaddition transition states.

Given the disappointing levels of diastereoselectivity seen with
furyl ketals 4, we turned our attention to an alternative substitu-
tion pattern, with the ketal adjacent to the pyran-2-one ring. Cou-
pling of the heterocyclic reactants was accomplished through aldol
condensation of dehydroacetic acid and furfural,16 and the result-
ing enone was subjected to catalytic hydrogenation to give 8
(Scheme 2). A variety of protecting groups for the pyranone hydro-
xyl were examined. Pivalate 9a could readily be prepared, but was
found to be labile during the subsequent ketalization. Sulfonates
9b–e were also prepared in good to excellent yield, and proved
to be much more robust to the ketalization conditions.

Ketalization of 9b–e was then examined, using achiral ethylene
glycol to optimize conditions. Standard conditions (HOCH2CH2OH,
cat. acid, benzene or toluene, reflux) caused extensive decomposi-
tion. However, under the Noyori conditions,17 moderate amounts
of ketal 10d were obtained. Reaction rates were greatly increased
when acetonitrile was used as solvent, providing 10d in >90% yield.
These conditions were applied to 9b,c,e and furnished 10b,c,e in
moderate yields.
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Next, the photochemical behavior of 10b–e was examined
(Scheme 3). Unlike 4a–c, these ketals were not stable under the stan-
dard conditions (aq MeOH, rt), necessitating the use of aprotic sol-
vents. Upon irradiation in benzene, triflate 10b underwent [4+4]-
photocycloaddition to give a mixture of endo 11b and exo 12b, while
tosylate 10c furnished a complex mixture of products that included
some of the expected 11c and 12c. However, under the same condi-
tions, mesylate 10d provided exo adduct 12d in good yield as a single
isomer. The origin of this remarkable diastereoselectivity is not
apparent, but the presence of a small alkanesulfonate at the pyrone
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C-4 position seems to be essential. For example, ethanesulfonate 10e
also furnished exo adduct 12e as the only detectable photoproduct.
Further evidence for this substituent effect can be seen with sub-
strates 13a,b. Acetate 13a was previously shown to give a 1:1.6 mix-
ture of endo and exo cycloadducts,4c but the corresponding mesylate
13b furnished a 10:1 exo/endo ratio of adducts.

The complete exo selectivity obtained with 10d was unex-
pected, and it offered a clear advantage relative to the earlier
cases (4a–c) with regard to asymmetric induction studies with
chiral ketals: with the formation of only the exo cycloadduct,
stereochemical analysis would be greatly simplified, as only
two components would be expected in the product mixture.
Thus, ketone 9d was used for all subsequent experiments.18 In
the event, preparation of branched ketals was found to be sub-
stantially slower than for the simple, unsubstituted case (Scheme
4). However, upon extended stirring with TMSOTf and the bis(si-
lyl ether) of racemic butane-2,3-diol or cyclohexane-1,2-diol, ke-
tals 14a and 14b were obtained in moderate yields. Irradiation of
14a in benzene at 5 �C afforded exo [4+4]-cycloadduct 15a in
69% yield and 2.3:1 dr.19 At �78 �C in toluene, the dr was im-
proved to 4.2:1 with little diminution of chemical yield. These
latter conditions were also applied to 14b, providing 15b in
55% yield and 3.3:1 dr.

The improvement in diastereoselectivity seen for 14a,b was
gratifying, but it was unclear whether it derived from the presence
of mesylate, the position of the ketal on the tether, the conditions
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of irradiation, or some combination of these factors. In contrast to
10d, 14a tolerated the conditions that had been used for ketals 4a–
c, and irradiation in aq MeOH furnished 15a in 73% and only 1.4:1
dr, indicating the importance of low temperature and aprotic sol-
vent. To further clarify this issue, we also prepared 4f (analogous
to 4a, but with mesylate in place of triflate). Unfortunately, this
substrate was unreactive to extended irradiation in toluene at
�78 �C, or even at rt. Reaction in aq MeOH furnished a nearly equal
ratio of endo and exo cycloadducts 6f and 7f, each formed in only
moderate diastereoselectivity (1.9–2.4:1 dr). From these results,
we conclude that all of the factors mentioned above affect the
selectivity of the cycloaddition process.

It was not possible to obtain the major diastereomers of 6, 7, or
15 in homogeneous crystalline form, precluding the rigorous
assignment of relative configuration. A working model for the most
selective case (14a) is shown above (Scheme 5). Of the four possi-
ble exo transition states in which the tether adopts a chair-like con-
formation (A–D), A and B are considered less favorable due to
steric interaction between the ketal methyl group adjacent to the
pseudoaxial oxygen and the rest of the tether. Likewise C is ex-
pected to experience unfavorable nonbonded interactions between
the sulfonate group and the pseudoaxial hydrogen, while D seems
to be largely devoid of such issues. This model predicts isomer
15a–l, in which the bridgehead stereocenter adjacent to the ketal
has the same relative configuration as the ketal stereocenters, to
be the major product. However, pending access to a sample suit-
able for single crystal X-ray diffraction analysis, this stereochemi-
cal assignment must remain tentative.

Pyran-2-ones linked to furans and possessing a keto group in
the three-carbon tether are easily prepared. Chiral ketals can be in-
stalled adjacent to either heterocycle, and impose poor to moder-
ate levels of diastereoselectivity in the photochemical [4+4]-
cycloaddition reactions of these substrates. Notably, derivatization
of the 4-hydroxyl on the pyrone ring with a methanesulfonyl group
leads to high or complete selectivity for the exo cycloadduct in
most cases. Improved selectivity and a more detailed understand-
ing of the mechanism of asymmetric induction may be possible
through further optimization of the ketal moiety and the photocy-
cloaddition conditions, and the results of these continuing studies
will be described in due course.
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