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proton NMR and TLC, Lactone 17 was a mixture of stereo-
isomers at the newly-generated stereogenic center « to the carbonyl
group,

Keto ester 18 cyclized to hydroxy lactone 19 in 49% yield, The
cyclization of keto ester 18 to an eight-membered-ring lactone
rather than a six-membered-ring lactone was unexpected, A
1,9-hydrogen atom abstraction reaction via the syn rotamer of
the ester followed by rapid closure of the proximate biradical nicely
rationalizes this result, Similarly, keto ester 20 cyclized exclusively
to the eight-membered-ring lactone 21 in 31% yield.
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18: R=H, R'=Me 19: R=H, R'=Me
20; R=Me, R'=H 21: R=Me, R'=H

The results presented herein demonstrate the potential of using
either photochemically generated 1,4-biradicals or 1,9-hydrogen
abstractions for ring-forming reactions, Extension to other
photochemical reactions that proceed by way of 1,4-biradicals is
in progress, Although the synthetic utility of this strategy remains
to be determined, seven- and eight-membered oxacyclic rings are
common subunits in certain families of marine natural products,'?

(13) Faulkner, D. Nat. Prod. Rep. 1986, 3, 1.
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Stereoselective synthesis of five-membered carbocycles continues
to attract the interest of organic chemists,'> We report that the
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thermal [3 + 2] cycloaddition of a substituted dialkoxy tri-
methylenemethane (TMM, 2) to an electron-deficient olefin
proceeds endo-stereoselectively with retention of the olefin ge-
ometry, providing a single-step synthesis of substituted cyclo-
pentanes (Scheme I), Some examples of successful regiocontrol
in the cycloaddition to unsymmetrical olefins are also described,
The present cycloaddition of a 4r-electron TMM to an olefin?
shares an important characteristic with the Diels—Alder reaction
in that the reaction proceeds under predictable regio- and ster-
eocontrol.

We have previously shown* that thermolysis of (E)-
ethylidenecyclopropane 1a at 60-100 °C reversibly and stereo-
specifically generates a dipolar, 4x-electron (E)-TMM 2a, which
is stereochemically stable under the conditions of its [3 + 2]
cycloaddition to olefins (vide infra),’ In order to investigate the
stereochemical behavior of 2a in the cycloaddition, we examined
its reaction with dimethyl maleate, When a 1 M C,D; solution
of an equimolar mixture of 1a and the maleate was heated at 80
°C for 24 h under nitrogen, the ketene acetals (4a and 5a) were
formed in 88% yield with a ratio of 95:5. By 'H NMR analysis
(*Jyn» NOE, and COSY) combined with chemical derivatization,
the major isomer was assigned to be 4a. In no case did we note
isomerization of either the starting olefin or the product under
the reaction conditions. The stereochemsitry of the product in
conjunction with the E geometry of 2a strongly suggested that
the major cycloaddition pathway involves an endo transition state
(3), wherein the acetal and the ester groups are located close to
each other,” Various other observations (vide infra) are also
consistent with the endo transition state. The stereoisomer 5a may
be due to an alternative exo transition state.

Several important observations were made, The endoiexo
isomer ratio (4a;5a) exhibited notable dependence on the solvent
polarity (Table I, entry 1), decreasing dramatically from 97;3 to
73:27% as the polarity of the solvent was increased from octane
(¢ = 1,9) to DMSO-d;; (¢ = 46,6), The results suggest that polar
interactions between the directing groups control the stereo-
chemistry, This solvent dependency stands in contrast to the very
small solvent effects in the Diels—Alder reaction,® Polar solvent
also accelerated the cycloaddition, which may be in part due to
accelerated cycloaddition and in part due to accelerated TMM
formation, which is about 100 times faster in DMSO thanin an
alkane solvent,* The product yield was little influenced by the
solvent variation, however, The cycloadditions to methyl zrans-
crotonate (entry 2) and methacrylate (entry 3) proceeded with
virtually complete endo selectivity, but with poor regioselectivity,
However, a high level of regiocontrol was achieved with the aid
of substituent steric effects, Thus, the isopropyl TMM 1b reacted
with methyl ¢rans-crotonate to give a single endo adduct, with
other isomers accounting for only 4% of the cycloadducts (entry
4). On the other hand, a cis olefin reacts regio-randomly even
with 1b (entry 5), and a bulky cis substituent on the olefin acceptor
severely retards the cycloaddition (entry 7), These observations
are also in agreement with the endo transition state 3, Alterna-
tively, methyl (£)-4,4-dimethyl-2-pentenoate, bearing a bulky
olefinic substituent, reacted with 1a to give a single cycloadduct
(>97% isomeric purity, entry 6), In general, an olefin substituent
trans to the ester group appears to ensure high endo selectivity
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Table I. Regio- and Stereoselective [3 + 2] Cycloaddition®

solvent® %yield

entry 1 olefin  cycloadducts® .
(product ratio)

E = COOMe, X = C(OCH;CMe,CH,0)

octane (1.9) 77 (97:3)

X X
E benzene (2.3) 88 (95:5
11a [ . toluene (2.6) 86 (973
e A _ DME(72 85 (92'8
E

CICH C'H$CI(10.4) 74 {92:8
DMF {36.%) 72 (80°20)
acetonitrile 37.5) 78 (80:203

. H X DMSO-d6 (46.6) 73 (7327
/( ﬁ/ . & toluene 81 (50:50)
g ¢
X X
3 1a \fE & +ﬁ/ toluene 72 (1:1)
41b /( ﬁ/L &L CDLN 71 (96:4)
CD4CN 80 (1:1)
CD,CN 89 (>97:3)

CDiCN not detected

4The reactions were carried out at 100-120 °C for 55-75 h under
nitrogen except in entries 1 and 2 (80 °C, 20-35 h). The yields are
based on pure isolated products after hydrolysis of the ketene acetals
except in entries 2, 5, and 7, where they are based on NMR analysis.
The product ratios were determined by capillary GC analysis on OV-1
or on OV-17. ®In entry 5, X = C(OCH,CH,CH,0). °The dielectric
constants are for protio solvents: Gordon, A. J.; Ford, R. A. The
Chemist's Companion; Wiley: New York, 1972.

even in a very polar solvent (cf, entries 4 and 6), Finally, we note
that hydrolysis of the ketene acetal to the corresponding ester
proceeds with high stereoselectivity (generally >90%), Thus, the
cycloaddition and hydrolysis set four stereogenic centers with
excellent stereocontrol,!©

In summary, we have found a general, stereospecific, regio- and
stereoselective thermal [3 + 2] cycloaddition reaction involving
a 6m-electron transition state, The observed levels of selectivities
may be better than those of its [4 + 2] counterpart, the unca-
talyzed Diels—Alder reaction, and the reaction is unique among
known all-carbon [3 + 2] cycloadditions,!"»!! Mechanistic and

(10) Typical reaction procedure: Isopropylidenecyclopropane 1b and
methyl crotonate (1.1 equiv) in CD;CN (0.5 mL/mmol of 1b) were heated
in a sealed tube at 100-120 °C for 50 h (>97% pure by capillary GC analysis).
Careful NMR analysis indicated the regioisomeric ratio to be 96:4. Hydrolysis
of the crude product (addition of 40 uL of 10% v/v aqueous AcOH) followed
by purification on silica gel afforded a 95:3:2 isomeric mixture of cyclo-
pentanecarboxylic acid ester i in 71% yield. This isomeric ratio indicates that
the hydrolysis proceeded with >30:1 selectivity. The cycloaddition reaction
is remarkably insensitive to the reaction conditions, and the acetals derived
from neopentyl glycol and 1,3-propanediol (Table I, entry 5) may be employed
with equal success.
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(11) There is one previous report of endo-selective thermal {3 + 2] cy-

cloaddition of TMM (with 3:1 selectivity): Little, L. D.; Bukhari, A.; Venegas,
M. G. Tetrahedron Lett. 1979, 305.
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synthetic studies continue in these laboratories.
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We report our results on a phosphate photoprotecting (or cage)
group that rapidly releases phosphate (k, > 10% s7!) in nearly
quantitative yield by efficient photolysis of the caged phosphate,
As a demonstration of this strategy, cAMP was generated with
an efficiency of 34% and a first-order rate constant of 3 X 108
s”! by irradiation of benzoin cCAMP, a caged nucleotide,

The recent interest in caged phosphates as precursors capable
of rapid release of nucleotides and other biologically active
phosphates to study the kinetics of muscle action by ATP,! calcium
channel activation by GTP,? and visual excitation by the inositol
phosphate cascade’ has drawn attention to the need for better
photolabile groups,* To date, the most commonly chosen cage
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