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earlier procedure. With the more reactive aromatics, p-dimeth-
oxybenzene and naphthalene, additional competitions employing
2:1 or 5:1 molar ratios of benzene to p-dimethoxybenzene or
naphthalene were also run.

Peroxide-Initiated Reactions. Chloroacetonitrile, (5 mmol),
toluene (10 mmol), and the peroxide (5 mmol) were dissolved in
acetonitrile (100 mL), degassed with nitrogen, and heated. The
0O-tert-butyl isopropyl peroxycarbonate reactions were refluxed
(80 °C) for one week whereas the di-n-propyl peroxydicarbonate
reactions were placed in a constant temperature bath at 60 °C
for 6 h. In both cases iodometric analysis indicated that unreacted
peroxide was negligible at the end of the reaction. Product analysis
was carried out directly or after partial evaporation of the solvent
and reactants.

Determination of Isomer Distributions. The meta and para
isomers of (methylphenyl)acetonitrile and (fluorophenyl)aceto-
nitrile could not be separated by capillary column GC. The isomer
distributions could be determined however by using GC, IR, and
NMR methods.

In the case of (fluorophenyl)acetonitrile the GC could separate
the ortho isomer, but the meta and para isomers gave a single
peak. Examination of the infrared spectra of the authentic
compounds showed that a peak at 1140 cm™ could be assigned
to the meta isomer while a peak at 1160 cm™ was unique to the
para isomer. Absorbances were determined from a series of four
standards containing different ratios of (m- and (p-fluoro-
phenyl)acetonitrile and a calibration curve for absorbance to
concentration ratios constructed. The meta:para ratio for the
(fluorophenyl)acetonitrile produced by the photochemical reaction
of fluorobenzene and chloroacetonitrile was determined from the
calibration curve by running the IR spectrum of the preparative
GC sample.

NMR was used to determine the isomer distribution of the
products from the toluene photolyses. GC analysis of the products

gave the (m- and (p-methylphenyl)acetonitrile products together
in one peak, and (o-methylphenyl)acetonitrile along with phe-
nylpropionitrile together in another peak. These products were
collected together in a single preparative GC sample and analyzed
by NMR. The methylene protons from the ortho isomer were
resolved from those of the combined meta and para isomers as
well as from phenylpropionitriles and could be integrated to find
the fraction of ortho isomer. The meta to para isomer ratio was
determined by preparing standard solutions of the pure isomers.
These solutions were mixed in varying ratios until one was ob-
tained which gave an NMR spectrum matching that of the signal
from the reaction mixture. Alternately separation of the tolyl-
acetonitriles could be accomplished on two different columns.
Column 1 separated the meta isomer from the combined ortho
and para isomers, whereas column 2 separated the ortho isomer
from the other two. Once the meta and ortho isomers were
determined, the para isomer was calculated by subtracting the
ortho isomer determined by column 2 from the ortho + para
isomers of column 1 and also by subtracting the meta isomer
determined by column 1 from the meta and para isomers of
column 2.
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The acetone-sensitized photochemical cycloadditions of 1,3-dimethyl-5-chlorouracil (1a), 5-chlorouracil (1b),
1,3-dimethyl-5-fluorouracil (4), and 5-fluorouracil (7) have been studied. The 5-chlorouracil systems la and 1b
gave complezx, acidic product mixtures on attempted photocycloaddition to enol acetates. Only tetramethylethylene
underwent clean photocycloaddition with 1a and 1b, affording a mixture of cycloadduct and 1,3-dimethyl-5-
(1,1,2-trimethyl-2-propenyl)-2,4(1H,3H)-pyrimidinedione (3). By contrast, 5-fluorouracil derivatives 4 and 7
underwent clean photochemical cycloaddition to isopropenyl acetate, cyclopentenyl acetate, and cyclohexenyl
acetate to form endo,exo mixtures of the head-to-tail photoadducts. In its photocycloaddition to simple olefins,
5-fluorouracil showed a much higher preference for formation of the head-to-tail photoadduct than do other simple
uracil derivatives or cyclohexenone. The reaction of 5-fluorouracil with isobutylene, methylenecyclopentane,
methylenecyclohexane, and methylenecycloheptane gave nearly exclusively the head-to-tail regicisomer. The
ratio of head-to-tail to head-to-head isomers for the reaction of 5-fluorouracil with 1-methylcyclopentene,
2-methyl-2-butene, and propene was 89:11, 85:15, and 76:24, respectively. Extensive °F NMR data are reported

for the photocycloadducts.

The initial impetus for investigating the photocyclo-
addition chemistry of 5-chloro- and 5-fluorouracil was to
employ the adducts as intermediates in the synthesis of
5-functionalized uracils and uridines as noted in the ac-
companying paper.! A prelude to applying the above
strategy to uracil functionalization was a study of the

(1) Kaminski, V. V.; Wexler, A. J.; Balchunis, R. J.; Swenton, J. S. J.
Org. Chem., following paper in this issue.

0022-3263/84/1949-2733801.50,/0

photochemical cycloaddition of the 5-halouracils with enol
acetates; these results are reported herein.22 More in-
terestingly, the photochemical cycloaddition of 5-fluoro-
uracil with simple olefins showed an unexpectedly high

(2) Some of this material has been reported in preliminary form: (a)
Wezxler, A. J.; Balchunis, R. J.; Swenton, J. S. J. Chem. Soc., Chem.
Commun. 1975, 601. (b) Wexler, A. J.; Swenton, J. S. J. Am. Chem. Soc.
1976, 98, 1602.
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degree of regioselectivity.? Uracil and its 5- and 6-methyl
derivatives had been shown earlier to undergo high-yield
photocycloaddition reactions with olefins.* However, the
formation of difficultly separable regioisomeric photoad-
dition products with simple olefins detracted from the
synthetic utility of the process.* The possibility that
photocycloadditions of 5-fluorouracil could eliminate the
regioisomeric mixtures obtained from the simple uracils
studied previously prompted a detailed study of 5-
fluorouracil photocycloaddition chemistry which is also
reported herein.

Photocycloadditions of 5-Chlorouracil Derivatives

There are few examples of bimolecular photocyclo-
addition reactions of a-halo-a,3-unsaturated carbonyl
compounds with olefins.? Surmising that a 5-iodo- or
5-bromouracil would give cleavage of the carbon-halogen
bond® under irradiation conditions, the photocycloaddition
chemistry of 1,3-dimethyl-5-chlorouracil was examined
first. Acetone-sensitized irradiation of la in the presence

jj/ hv, CH3CCH3
04‘\ (CH,),C=C(CHy),

N
R
1a, R = CH3
b, R=H
0 0 (CHa)
o CH) R\N)J])S(CHEL
(%\ O)\N gz
[
R
2a (33%) 3a (35%)
b (30%) b (20%)

of isopropenyl acetate, vinyl acetate, or ethyl vinyl ether
gave dark acidic reaction mixtures which showed a complex
mixture of products. Only tetramethylethylene afforded
a relatively clean reaction from which 2a and 3a could be
isolated in good yield.” Since complicated reaction mix-
tures usually resulted from photocycloaddition reactions
of 5-chlorouracil derivatives, further studies with la and
1b were abandoned.

Photocycloaddition Reactions of 5-Fluorouracil
(7) and Enol Acetates

It appeared likely that one of the complications in the
photocycloaddition chemistry of the 5-chlorouracil deriv-
atives arose from cleavage of the carbon—chlorine bond at
some stage in the reaction. The photochemistry of 1,3-
dimethyl-5-fluorouracil (4) was investigated next since the
carbon—fluorine bond is one of the stronger bonds in or-
ganic molecules; thus, carbon~halogen bond cleavage would
be less of a factor.® Indeed, photosensitized reaction of

(3) Wezxler, A. J.; Hyatt, J. A.; Raynolds, P. W.; Cottrell, C.; Swenton,
d. 8. J. Am. Chem. Soc. 1978, 100, 512.

(4) This limitation does not apply for photochemical cycloadditions
to symmetrical olefins. For example, see: Pearlman, B. A. J. Am. Chem.
Soc. 1979, 101, 6398.

(5) For intramolecular example, see: Eaton, P. E.; Cole, T. W. J. Am.
Chem. Soc. 1964, 86, 3157.

(6) (a) Ishihara, H.; Wang, S. Y. Nature (London) 1966, 210, 1222; (b)
Biochemistry 1966, 5, 2302. (c) Langmuir, M. E.; Hayon, J. J. Chem.
Phys. 1969, 4893.

(7) Acetone-sensitized photocycloaddition of isobutylene with 5-
chlorouracil gave a complex mixture of products.
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4 with isopropenyl acetate gave two products in a 2:1 ratio

(o]
H3C\N .
oﬁf

il
hv, CH3CCH,
. CH,=C (CH3) (OAc)
CH,
s
Q
0 F
F H N
+
‘)\21 7 oAc oJ\N - Hy
H CH | OAc
CH CH,
5 (32%) 6 (16%)

which could be separated by careful silica gel chromatog-
raphy with some loss of material. Spectroscopic and
analytical data showed the two products to be 5 and 6.
Especially informative was the appearance of H-1 in the
TH NMR spectra of 5 and 6 as clean doublets at § 4.13 (Jy
= 22 Hz) and 6 3.90 (Jyr = 19 Hz). The stereochemistry
of the acetate and methyl groups was assigned on the basis
of an intramolecular cyclization! and was supported by the
positions of the methyl resonances in the ‘H NMR spectra.
The endo methyl group of 5 occurred at 6 1.31 while the
exo methyl group of 6 was at 4 1.78.°

After the successful photocycloaddition of 1,3-di-
methylfluorouracil and isopropenyl acetate, the reaction
of 5-fluorouracil (7) with other enol acetates was studied,
and the results are collected in Table I. Isopropenyl
acetate, cyclohexenyl acetate, and cyclopentenyl acetate
underwent photochemical cycloadditions with 5-fluoro-
uracil to give the adducts shown. While the yield of the
mixture of epimeric cycloadducts was quite good, fractional
crystallization or silica gel chromatography required to
obtain the pure isomers resulted in lower isolated yields.
However, since each adduct fragmented to the same 5-
substituted uracil under basic conditions,! the epimeric
adducts need not be separated for their intended use.

The appearance of H-1 in the 'H NMR spectrum as a
doublet (J = 19-22 Hz after a D,0 wash to remove N-H
coupling) establishes the expected head-to-tail orientation
for the photoadducts. For the isopropenyl acetate cyclo-
addition products, the major regioisomer has the methyl
group endo since the methyl resonance in the NMR is
shielded (6 1.22) relative to the exo methyl group in the
minor regioisomer (3 1.56). This correlation had been
noted previously for 5 and 6. The ®)F NMR was indis-
pensible for assigning the stereochemistry of the cyclo-
hexenyl acetate and cyclopentenyl acetate cycloadducts.
While the magnitude of the hydrogen—fluorine coupling
constant depends on dihedral angle!! 4, it is also a function
of the electronegativity of the groups near the atoms of
concern.’?> However, for a similar series of compounds,
the hydrogen—fluorine coupling constants can be used to
assign stereochemistry. Thus, when an alkyl substituent
at C-7 is exo, the 9F NMR signal is a doublet of doublets

(8) For a study of the photohydration of 5-fluorouracil, see; Fikus, M.;
Wierzchowski, K. L.; Shugar, D. Photochem. Photobiol. 1965, 4, 521.

(9) The formation of trans-fused cycloadducts in uracil cycloadditions
is very uncommon,!° and all the compounds reported herein are assigned
the cis ring fusion.

(10) Swenton, J. S.; Hyatt, J. A; Lisy, J. M.; Clardy, J. J. Am. Chem.
Soc. 1974, 96, 4885,

(11) Williamson, K. L.; Li, Y.-K,; Hall, F. H,; Swager, S. J. Am. Chem.
Soc. 1966, 88, 5678.

(12) Abraham, R. J.; Cavalli, L. Molecular Physics 1965, 9, 67.
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Table I. Photocycloaddition Products from 1,3-Dimethyl-5-fluorouracil (4) and 5-Fluorouracil (7)

vield,
entry reaction R? RS R* R? % ¥R  Jyf Jud  Jud
1 4 and isopropenyl acetate® H OAc H CH; 32 -144.9 23 19 9
H CH; H OAc 16 -146.9 20 15 5
2 7 and isopropenyl acetate? H OAc H CH; 39 -150.1 23 17 11
H CH; H OAc 17 -152.8
3 7 and cyclohexenyl acetate -(CHy) H OAc 85 -170.4 25 5
H OAc -(CHy) 14 -1444 23 25
4 7 and cyclopentenyl acetate -(CHy)s H OAc 64 -170.3 20 5
5 7 and tetramethylene’ CH;, CH; CH; CH, 79 -158.1 23
6 7 and 1-methylcyclopentene? -(CHps- H CH, 68 -1645 22 5
H CH;, -(CHy)s- 144 -1444 22 23
7 7 and 2-methyl-2-butene CH, CH, H CH, 65¢  -166.8 24 7
H CH, CH;, CH, 20 -1421 23 23
CH, CH;, CH;, H 104 1582 23
CH;, H CH;, CH;, 59 -161.0 22
8 7 and propene ‘ H H -145.7
(CHa)(H) (H)(CHy)  57¢
H -145.7
-160.7
{CHg)(H) (CHy)(H) 18¢
H ~181.7
R? R* R? RS
9 4 and isobutylene H H CH;, CH;, 75 -140.4 23 17 9
10 7 and isobutylene H H CH; CH; 90 -145.6 23 17 9
11 7 and methylenecyclopentane H H -(CHy) 76
12 7 and methylenecyclohexane H H -(CHy)s- 72 -1454 23 20 6
13 7 and methylene cycloheptane H H -(CHy)e- 78

3Some additional coupling resulting in line broadening. ®The *F NMR spectrum of the reaction mixture showed three minor peaks
~11% of the major adduct to which structures have not been assigned. A coupling of 3Hz to the CH; group was also present. ¢Product
not isolated pure. °Shifts are reported upfield from CCL,F. /Coupling constants are given in hertz.

with a large coupling constant (J = 20-25 Hz) with H-1
(6 = 0°) and a smaller coupling constant (J = 5 Hz) with
H-7 endo (# = 120°). For the minor endo adduct with
cyclohexenyl acetate, the °F NMR signal appeared as a
pseudotriplet with the center signal slightly split since the
dihedral angles with H-1 and H-7 exo are about 0° and
thus the coupling constants have similar magnitudes (en-
tries 3-5 in Table I). Thus the photocycloadditions of
5-fluorouracil and enol acetates afford head-to-head cy-
cloadducts in good yield with high regioselectivity.

Photocycloaddition Reactions of 5-Fluorouracil
(7) and Simple Olefins

The absence of complications from carbon-halogen bond
cleavage in the photochemistry of 5-fluorouracil (7)
prompted an examination of its photocycloaddition reac-
tions with simple olefins. The reaction of 7 with iso-
butylene was performed first (entry 10, Table I). Sur-
prisingly, one photocycloaddition product was obtained
from this reaction in high yield. The *F NMR spectrum
of the crude reaction mixture indicated some formation
of 5-fluorouracil photodimers, but no evidence of a re-
gioisomeric product could be found. Similarly, one major
product was formed in high yield from 7 and methylene
cyclopentane, cyclohexane, and cycloheptane (entries
11-13, Table I). The orientation was established as the
8,8-disubstituted compound from the appearance of H-1
as a doublet (J = 22-23 Hz) in the 'H NMR spectrum of
the products as well as by additional analytical and
spectroscopic data (as detailed in the Experimental Sec-
tion).

Photocycloadditions of 1,1-disubstituted olefins to cy-
cloalkenones!® and uracils®!* show reasonable regioselec-
tivity (2-3:1), favoring the head-to-tail isomer. However,
olefins mono-, 1,2-di-, and trisubstituted with simple alkyl
substituents show lower regioselectivity as illustrated by
the nearly 1:1 ratio of regioisomers formed from propene
and cyclopentenone.!#!* Thus, 1-methylcyclopentene,
2-methyl-2-butene, and propene were selected to probe the
degree of regioselectivity with 5-fluorouracil in photo-
cycloaddition reactions, An additional complication in the
photocycloadditions of 7 and these olefins is the formation
of endo and exo products in addition to regioisomers.
Isomeric photoproducts from uracil photocycloaddition are
especially difficult to separate chromatographically; thus,
in these reactions, only the major products were isolated
in a pure form. However, with a knowledge of 1°F chemical
shifts and hydrogen—fluorine coupling constants from the
earlier reaction products, a good estimate could be made
of the regioselectivity and product ratios by careful analysis
of the 9F NMR spectrum of the crude reaction mixtures.

The structures of the products given in Table I (entries
6-8) were assigned on the basis of the coupling constants
in the °F NMR spectra as detailed above. In addition,
the pronounced shielding of the *F resonance (20-30 ppm)
by a syn alkyl group (compare isomers in entries 3, 4, 6,
and 8, Table I) was a check on the regiochemistry and

(13) Meier, H. Methoden Org. Chem. (Houben-Wey!) 1975, 4/5b, 898.

(14) Shih, C.; Fritzen, E. L.; Swenton, J. S. J. Org. Chem. 1980, 45,
4462,

(15) Eaton, P. E. Acc. Chem. Res. 1967, 1, 50.
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stereochemistry assigned from the coupling constants.
While the structure assignments for the minor products
which were not isolated pure must be considered tentative,
we are reasonably confident of the assignments.

The above studies show that the regioselectivity of
head-to-head vs. head-to-tail photoproducts are 89:11 for
1-methylcyclopentene, 85:15 for 2-methyl-2-butene, and
76:24 for propene. While it is unfortunate that the nearly
exclusive head-to-tail regioselectivity observed for 1,1-
disubstituted ethylenes did not carry over to the above
systems, this is a substantial improvement over photo-
cycloadditions with uracil itself, which afford with similar
olefins difficultly separable and unanalyzable mixtures of
regioisomers.

Summary

The photochemical cycloaddition reactions of 5-fluoro-
uracil (7) with enol acetates give head-to-tail regioisomers
in good yield. In contrast to simple uracil derivatives, the
photochemical cycloaddition reactions of 7 with simple
olefins give primarily head-to-tail regioisomers, the degree
of regioselectivity depending on the structure of the olefin.
This chemistry makes the derivatives of the 2,4-diazabi-
cyclo[4.2.0]octane ring system available regioselectively in
one step from commercially available compounds. The
following paper presents the use of these products in a
mild, high-yield synthesis of 5-substituted uracils. A
discussion of the origin of the fluorine effect of regiose-
lectivity is deferred until mechanistic work in progress is
complete.' However, we feel at this time that a high ratio
of closure vs. cleavage of the 1,4-biradical leading to the
head-to-tail product is a major factor in the regioselectivity
of 5-fluorouracil photocycloadditions noted here.!8

Experimental Section!’

General Procedure for Irradiations. All irradiations were
performed in a standard immersion apparatus with Corex-filtered
light from a 450-W Hanovia medium-pressure source. For re-
actions of —70 °C, the quartz immersion well was insulated from
the reaction vessel with a Dewar flask; when gaseous olefins were
used, a dry ice condenser was placed on top of the immersion well.
The progress of the reaction was followed by TLC on silica gel
using 1-10% CH3;0H/CHCI, as eluant depending on the system.
After completion of the reaction, the solvent was removed in vacuo,
and the product was directly crystallized or chromatographed on
silica gel. Note that the isomeric photocycloaddition products
are often quite difficult to separate by chromatography; thus,
overlap fractions were often obtained. The photochemical results
for the reactions are reported as follows: g (mmol) of uracil
derivative, mL of solvent for irradiation, approximate volume or
weight of olefin, irradiation time; purification method (where
chromatography was employed the compounds are given in order

(16) Savino, T. G.; Chenard, L. K.; Swenton, J. S. Tetrahedron Lett.
1983, 24, 4055.

(17) Melting points below 180 °C were taken with a Thomas-Hoover
capillary melting-point apparatus and melting points over 180 °C were
taken with a hot-stage apparatus. Both sets of melting points are un-
corrected. Infrared spectra were taken on a Perkin-Elmer Infracord
spectrometer and are reported in cm™; 'H NMR spectra were recorded
on an Varian A-60A or a JEOLCO 100-MHz instrument in Me,SO-d;
unless specified otherwise. Chemical shifts are reported downfield from
tetramethylsilane. The *C NMR spectra were recorded on a Bruker
HX-90 at 20 MHz by Dr. Charles Cottrell and Mr. Carl Engelman. The
18F NMR spectra were determined at 86.4 MHz in Me,SO-d;; on a Bruker
HX-90, and the chemical shifts are reported upfield from CCl;F. Mass
spectra and exact mass measurements were determined on a Consolidated
Electronics MS-9 double-focusing mass spectrometer. Analytical samples
were determined by Scandinavian Microanalytical Laboratory, Herlev,
Denmark. Silica gel was from E. Merck Co. The following abbreviations
were used throughout the Experimental Section: CH;OH (methanol),
CHCI; (chloroform), Me,SO (dimethyl sulfoxide), Et,O (diethy! ether),
EtOH (ethanol), EtOAc (ethy! acetate), H (hexane), PE (low-boiling
petroleum ether).
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of elution from the column), spectroscopic and analytical data.

6-Chloro-2,4,7,7,8,8-hexamethyl-cis -2,4-diazabicyclo-
[4.2.0]octane-3,5-dione and 1,3-dimethyl-5-(1,1,2-trimethyl-
2-propenyl)-2,4(1H,3H)-pyrimidinedione: 1a (2 g, 11 mmol),
acetone (460 mL), tetramethylethylene (25 mL), 54 h at =70 °C;
chromatography (2.3 X 60 cm column) using 10% Et,0/PE as
eluant. Compound 2a was recrystallized (Et,0/H) to give 0.72
g (33%) of white needles: mp 111-113 °C; IR 1678 (s, br); 'H
NMR (CDCly) 6 3.73 (s, 1 H), 3.25 (s, 3 H), 3.03 (s, 3 H), 1.32,
1.17, 1.08, 0.86 (4 8, 12 H). Anal, Caled for CmHmNgOgCl: C,
55.8; 7.4; N, 10.8. Found: C, 55.8; H, 7.4; N, 10.7.

Continued elution (20% Et,0/PE) gave 0.65 g (35%) of 3a:
mp 85-87 °C; IR 1704 (s), 1645 (s, br); 'H NMR (CDCl,) § 7.04
(s, 1 H), 4.86 (m, 2 H), 3.42 (s, 3 H), 3.33 (s, 3 H), 1.70 (m, 3 H),
1.38 (s, 6 H); *C NMR (CDCl,) 5 162.3, 151.8, 150.5, 138.6, 120.2,
110.1, 41.1, 37.1, 29.7, 27.8, 26.7, 20.2. Anal. Caled for C,,H;sN,Oy:
C,64.9; H, 8.1; N, 12.6. Found: C, 64.9; H, 8.2; N, 12.6.

Continued elution with Et,0 gave 0.54 g of 1a.

6-Chloro-7,7,8,8-tetramethyl-cis-2,4-diazabicyclo[4.2.0]-
octane-3,5-dione and 5-(1,1,2-trimethyl-2-propenyl)-2;4-
(1H,3H)-pyrimidinedione: 1b (0.35 g, 2.4 mmol), acetone (500
mL), tetramethylethylene (10 mL), 8 h at -78 °C. Chromatog-
raphy (4 X 37 cm column) with 1-4% CHZ;OH/CHC]; as eluant
gave 0.166 g (30%) of 2b, which was recrystallized (EtOAc/H):
mp 270 °C; IR 1715 (s, br); 'H NMR 6 10.4 (br s, 1 H), 8.0 (br
d,J = 5.5 Hz, 1 H), 3.81 (d,J = 5.5 Hz, 1 H), 1.23 (s, 3 H), 1.01
(br s, 6 H), 0.87 (s, 3 H). Anal. Caled for C,,H,;sCIN,O,: C, 52.1;
H, 6.6; N, 12.1. Found: C, 52.1; H, 6.6; N, 12.1.

Continued elution with 5-6% CH;OH/CHC, gave 0.074 g of
a 3:7 mixture of 2b and 3b; 6-7% CH;OH/CHCI, gave 0.031 g
(7%) of 3b identical with known material; 7-10% CHCl;/CH,0H
gave 0.20 g of a 1:10 mixture of 3b and 1b. Corrected for recovered
1b, the yields of 2b and 3b were 59% and 41%, respectively.

8-(Acetyloxy)-6-fluoro-2,4,8-trimethyl-(1,6c,8c)-2,4-dia-
zabicyclo[4.2.0Joctane-3,5-dione and its 1¢,6,88 isomer: 4
(1 g, 6.3 mmol), acetone (20 mL)/CHCN (115 mL), isopropenyl
acetate (15 mL), 1.5 h. VPC (13 ft X 18 in. column, 5% SE-30
on 120-140 Chromosorb W at 180 °C) showed two products in
a 2:1 ratio. Chromatography (2.3 X 45 cm column) using 60%
Et,0/PE as eluant gave 0.43 g (26%) of 5: mp 93-95 °C; IR (KBr)
1739 (s), 1721 (s}, 1669 (s, br); 'H NMR (CDCl;) §4.13 (d, J =
22 Hz, 1 H), 3.23 (br s, 3 H), 3.12 (s, 3 H), 2.9-2.6 (m, 2 H), 2.03
(B, 3 H), 1.31 (S, 3 H). Anal. Calcd for CuH15N204FI C, 511;
H, 5.81; N, 10.9. Found: C, 51.1; H, 5.9; N, 10.89.

Continued elution (60% Et;0/PE) gave 0.27 g of 5 and 6 and
0.24 g (15%) of 6 as a colorless oil: IR (neat) 1757 (s), 1727 (s),
1692 (s, br); *H NMR 6 (CDCl,) 3.90 (d, J = 19 Hz, 1 H), 3.28
(br s, 3 H), 3.2-2.4 (m, with s at 3.08, 5 H), 1.92 (s, 3 H), 1.78 (s,
3 H).

8-(Acetyloxy)-6-fluoro-8-methyl-(1a,6,8x)-2,4-diazabicy-
clo[4.2.0]Joctane-3,5-dione and its 1¢,6c,88 isomer: 7 (1 g, 7.7
mmol), 70% acetone water (120 mL), isopropenyl acetate (25 mL),
2.5 h. Rapid chromatography using Et,O as eluant afforded 1.02
g (87%) of a mixture of the photoproducts in a 7:3 ratio by °F
NMR spectroscopy. Preparative TLC (10% CH3;OH/CHCI; as
eluant) furnished pure samples of the photoadducts. The major
product (endo methyl) eluted first and showed: mp 252-254 °C;
IR 1739-1660 (structured, s); 'H NMR (Me,SO-dg/D,0) 5 4.33
(d, J = 23 Hz, 1 H), 2.8-2.4 (m partially obscured by Me,SO, 2
H), 1.97 (3, 3 H), 1.22 (s, 3 H). Anal. Caled for C;H;;N,O,F: C,
47.0; H, 4.77; N, 12.2. Found: C, 46.9; H, 4.9; N, 12.0.

The minor product (exo methyl) showed: mp 219-222 °C
(EtOH); IR 1740-1694 (structured, br); 'H NMR (Me,SO-d¢/D,0)
4.11 (d, J = 20 Hz, 1 H), 2.76-2.30 (m partially obscured by
Me;S0, 2 H), 1.88 (s, 3 H), 1.56 (s, 3 H); exact mass caled for m/e
CoH,N,OF 231.078, obsd m/e 231.078.

8a-(Acetyloxy)-4a-fluorooctahydro-(4aa,4ba,8aa,8bc)-
benzo[3,4]cyclobuta[1,2-d Jpyrimidine-2,4(1 H,3H)-dione and
its 4ac,4bg,8a8,8ba isomer: 7 (0.39 g, 3 mmol), acetone (150 mL),
cyclohexenyl acetate (4.2 g, 30 mmol), 2 h. Concentration followed
by removal of the cyclohexenyl acetate (55 °C/1 mm) and
treatment of the residue with boiling CHyOH (the dimers are very
insoluble in CH3OH) gave the crude mixture of cycloadducts.
Recrystallization of this material from EtOAc/H gave 0.31 g (38%)
of the major product (endo acetate): mp 261-264 °C; IR 1757,
1727, 1718 (s), strong overlapping absorptions; 'H NMR (100
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MHz) 6 109 (s,1 H), 8.02(d,J = 4 Hz, 1 H), 4.28 (q, J = 4, 25
Hz, 1 H), 2.2-1.0 (with s at 2.04, 11 H). Anal. Calcd for
C HsN.OF: C, 53.5; H, 5.6; N, 10.4. Found: C, 53.3; H, 5.5;

, 10.1.

The two major products could be separated by careful chro-
matography using 1:1 Et,O/PE through Et,0 and then 10%
CH;0H/CHCI; as eluant. This afforded 89% of the major product
[R; (6% CH3;0H/CHClI,) 0.67) and 14% of the minor adduct [exo
acetate, R; (6% CH3;OH/CHCI,) 0.70): mp 188-190 °C; IR 1715
(s, br); *"H NMR (100 MHz) 6 10.7 (s, 1 H), 8.0 (d,J = 4 Hz, 1
H), 4.4 (q, J = 4, 23 Hz, 1 H), 2.2-1.0 (with s at 2.04, 11 H).

7a-(Acetyloxy)-4a-fluorohexahydro-(4ac,4b3,7a0,7ba)-1H-
cyclopenta[3,4]cyclobuta[l,2-d Jpyrimidine-2,4(3H ,4a H)-
dione and its 4ac,4b3,7a8,7ba isomer: 7 (0.39 g, 3 mmol),
acetone (150 mL), cyclopentenyl acetate (3.78 g), 2 h. Concen-
tration and heating at 70 °C (0.4 mm) gave a residue which was
dissolved in hot CH;OH, and the dimeric product was filtered.
The concentrated filtrate was recrystallized from EtOAc/cyclo-
hexane to afford 0.49 g (64%) of the major adduct (endo acetate):
mp 224-226 °C; IR 1735 (br, ), 1710 (br, 8); 'H NMR (100 MHz)
610.7(s,1H),784(d,J=4Hz, 1H),410(q,J =4,20Hz, 1
H), 2.92 (br s, 1 H), 1.97 (s, 3 H), 1.84 (br s, 6H).

6-Fluoro-2,4,8,8-tetramethyl-cis-2,4-diazabicyclo[4.2.0]-
octane-3,5-dione: 4 (0.95 g, 6 mmol), acetone (210 mL), iso-
butylene (10 mL), 2 h. Workup and recrystallization gave 0.97
g (75%): mp 63-65 °C; IR 1711 (s), 1694 (s), 1677 (s, br); 'H NMR
63.67(d,J =23 Hz, 1 H),3.19 (d, J = 1 Hz, 3 H), 2.97 (s, 3 H),
2.6-1.8 (strong m, 2 H), 1.35 (s, 3 H), 0.92 (s, 3 H); exact mass
caled for m/e C;gH sN,OoF 214.1117, obsd m/e 214.1122.
6-Fluoro-8,8-dimethyl-cis-2,4-diazabicyclo{4.2.0]octane-
3,5-dione: 7 (0.39 g, 3 mmol), acetone (150 mL), isobutylene (10
mL), 2 h. Recrystallization (EtOH/H,0) gave 0.5 g (90%) of
photocycloadduct: mp 244-245 °C; IR 1730 (s), 1710 (s); tH NMR
§10.5 (s, 1 H), 7.94 (br s, 1 H), 3.79 (g, J = 4, 23 Hz, 1 H), 2.0-2.5
(m, 2 H partially obscured by Me,S0), 1.18 (s, 3 H), 0.90 (s, 3
H). Anal. Calcd for CsH;;N,O,F: C, 51.6; H, 6.0; N, 15.1. Found:
C, 51.6; H, 6.0; N, 14.9.
6’-Fluoro-cis-spiro[cyclopentane-1,8’-[2,4]diazabicyclo-
[4.2.0]octane]-3',5-dione: 7 (0.39 g, 3 mmol), acetone (150 mL),
methylenecyclopentane (4 mL), 2 h. Recrystallization from EtQOAc
gave 0.47 g (76%) of photocycloadduct: mp 265~266 °C (sealed
capillary); IR 1700 (s, br); 'H NMR 4 10.44 (br s, 1 H), 8.02 (s,
1 H), 3.95 (d, J = 21 Hz, 1 H), 2.6-2.0 (m, partially obscured by
Me,S0), 1.9-1.0 (br m, 8 H). Anal. Caled for C;oH;3N,0O,F: C,
56.6; H, 6.2; N, 13.2. Found: C, 56.7; H, 6.2; N, 13.2.
6’-Fluoro-cis-spiro[cyclohexane-1,8"-[2,4]diazabicyclo-
[4.2.0]Joctane]-3',5'-dione: 7 (0.39 g, 3 mmol), acetone (150 mL),
methylenecyclohexane (4.3 g, 45 mmol), 2 h. Recrystallization
from EtOAc gave 0.49 g (72%) of photoadduct: mp 263-265 °C;
IR 1730 (s), 1720 (s); 'H NMR 6 10.5 (s, 1 H), 8.02 (d, J = 4 Hz,
1 H), 3.72 (q, J = 4, 23 Hz, 1 H), 2.4-1.9 (br m, partially obscured
by Me,S0), 1.0-1.8 (br m, 10 H). Anal. Caled for C;;H;;N,O,F:
C,584; H,6.7; N, 124. Found: C, 58.2; H, 6.7; N, 12.2.
6’-Fluoro-cis-spiro{cycloheptane-1,8’-[2,4]diazabicyclo-
[4.2.0]Joctane]-3',5-dione: 7 (0.52 g, 4 mmol), acetone (150 mL),
methylenecycloheptane (5.3 g, 49 mmol), 2.3 h. Recrystallization
from EtOAc gave 0.75 g (78 %) of photoadduct: mp 259-260 °C;
IR 1730 (s), 1715 (s); '"H NMR 6 10.5 (s, 1 H), 8.02 (br s, 1 H),
3.78 (q, J = 4, 23 Hz, 1 H), 2.4-1.8 (m, partially obscured by
Me,S0), 1.8-1.0 (br s, 12 H). Anal. Caled for C;;H;N,OF: C,
60.0; H, 7.1; N, 11.7. Found: C, 59.9; H, 7.1; N, 11.7.
6-Fluoro-7,7,8,8-tetramethyl-cis -2,4-diazabicyclo[4.2.0]-
octane-3,5-dione: 7 (0.52 g, 4 mmol), acetone (150 mL), tetra-
methylethylene (4 g, 48 mmol), 2.3 h. Recrystallization from
EtOAc gave 0.68 g (79%) of photoadduct: mp 267-268 °C; IR
1720 (s, br); 'H NMR 6 10.4 (s, 1 H), 7.9 (br s, 1 H), 3.82 (q, J
= 3.5, 23 Hz, 1 H), 1.13 (d, J = 3 Hz, 3 H), 1.05, 0.93, 0.82 (8 s,
9 H). Anal. Caled for CloH15N202F: C, 56.06; H, 7.1; N, 13.1.
Found: C, 56.2; H, 7.1; N, 13.0.
4a-Fluorohexahydro-7a-methyl-(4aa,4ba,7a,7b8)-1H -
cyclopenta[3,4]cyclobuta[1,2-d Jpyrimidine-2,4(3H ,4aH)-
dione: 7 (0.39 g), acetone (150 mL), 1-methylcyclopentene (3.7
g, 45 mmol), 2 h. The 1F NMR of the reaction mixture (90%
yield) showed two absorptions in the ratio 7:34 comprising 91%
of the total fluorine. Two recrystallizations from EtOAc gave the
major product as white needles: mp 232-234 °C; IR 1710 (s, br);
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'H NMR 6 10.5 (s, 1 H), 7.8 (br s, 1 H), 3.66 (q, J = 4, 23 Hz, 1
H), 2.0-1.4 (br m, 6 H), 1.02 (s, 3 H). Anal. Caled for
C1oH3N.OoF: C, 56.6; H, 6.2; N, 13.1. Found: C, 56.5; H, 6.3;
N, 13.1.

The minor adduct was not obtained pure but its structure was
inferred from its °F NMR spectrum (see text).

5-Fluorouracil and 2-methyl-2-butene photoadducts: 7
(0.39 g, 3 mmol), acetone (150 mL), 2-methyl-1-butene (3.2 g, 45
mmol), 2 h. The F NMR spectrum showed four compounds in
the ratio 20:10:5:65 with signals at § —-142.1 (t), -158.2 (d), -161.0
(d), -166.8 (t). No attempt was made to isolate the pure products.

6-Fluoro-8-methyl-(1a,64,8x)-2,4-diazabicyclo[4.2.0]oc-
tane-3,5-dione and isomers: 7 (0.39 g, 3 mmol), 150 mL of
acetone, propylene (bubbled through -5 °C reaction mixture),
2 h. The crude product was sublimed (150 °C/0.1 mm) to give
0.39 g (75%) of a mixture of photoadducts. Preparative TLC
(20% diethylamine/PE as eluant) resolved two bands. The top
band was the pure 8-exo-methyl compound: mp 239-241 °C
(sealed capillary); IR 1730-1710 (s, overlapping); 'H NMR 6 10.5
(s, 1 H), 8.09 (br s, 1 H), 3.61 (after D,O wash, q, J = 7, 20 Hz,
8 H), 2.5-1.5 (br m, 3H), 1.1 (d, J = 6 Hz, 3 H); 1°F NMR 4 -145.83,
-145.98, -146.20, -146.35, -146.40. Anal. Caled for C;HgN,O,F:
C, 48.8; H, 5.3; N, 16.3. Found: C, 48.9; H, 5.4; N, 16.3.

The bottom band (0.23 g, 44%) was shown by 'H, '°F, and 13C
NMR spectroscopy to be a two-component mixture. The 'H NMR
spectrum showed two doublets at § 0.92 (J = 7 Hz) and 5 1.16
(J = 7 Hz) in the ratio 2:1, the ¢ 0.92 signal being at the same
position as the 8-endo-methyl photocycloadduct. °F NMR
spectrum showed two multiplets: one centered at 5 -145.7 and
the other at § —160.7 in the ratio 2.3:1. *C NMR spectrum showed
a sharp singlet at § 13.54 and a doublet at 6 14.00 (J = 6.1 Hz)
assigned to the methyl groups of the 7-methyl isomer and the
8-endo-methyl isomer. Since the crude °F NMR spectrum showed
three multiplets at 5 ~145.7, -160.7, and 181.7 in the ratio 76:18:8,
the signal at —145.7 was assumed to arise from coincident ab-
sorptions of the 8-endo- and 8-exo-methyl isomers. The regio-
chemistry of the addition was assigned on the basis of these data
as 76:24.

Acknowledgment is made to the donors of the Petro-
leum Research Fund, administered by the American
Chemical Society, for partial support of this research.

Registry No. la, 31217-00-2; 1b, 1820-81-1; 2a, 90295-98-0;
2b, 90295-99-1; 3a, 90296-00-7; 3b, 90296-01-8; 4, 3013-92-1; 5,
57767-87-0; 6, 57794-74-8; 7, 51-21-8; (1a,6,8x)-8-(acetyloxy)-6-
fluoro-8-methyl-2,4-diazabicyclo[4.2.0]octane-3,5-dione, 57794-72-6;
(1a,6a,88)-8-(acetyloxy)-6-fluoro-8-methyl-2,4-diazabicyclo-
[4.2.0]octane-3,5-dione, 57767-86-9; (4ac,4ba,8ac,8ba)-8a-(ace-
tyloxy)-4a-fluorooctahydrobenzo[8,4]cyclobuta[1,2-d]pyrimi-
dine-2,4(1H,3H)-dione, 57794-71-5; (4ax,4bB3,8a8,8ba)-8a-(ace-
tyloxy)-4a-fluorooctahydrobenzo[3,4]cyclobuta[1,2-d]pyrimi-
dine-2,4(1H,3H)-dione, 57767-85-8; (4a«,4bf,7ac,7ba)-7a-(ace-
tyloxy)-4a-fluorohexahydro-1H-cyclopenta(3,4]cyclobuta[1,2-d]-
pyrimidine-2,4(3H,4aH)-dione, 90365-45-0; (4ac,4bB,7a8,7be)-
Ta-(acetyloxy)-4a-fluorohexahydro-1H-cyclopenta[3,4]cyclo-
buta[1,2-d]pyrimidine-2,4(3H,4aH)-dione, 57767-84-7; cis-6-
fluoro-2,4,8,8-tetramethyl-2,4-diazabicyclo[4.2.0]octane-3,5-dione,
90296-02-9; cis-6-fluoro-8,8-dimethyl-2,4-diazabicyclo[4.2.0]oc-
tane-3,5-dione, 59137-86-9; cis-6'-fluorospiro[cyclopentane-1,8/'-
[2,4]diazabicyclo[4.2.0)octane]-3",5’-dione, 59137-87-0; cis-6'-
fluorospiro[cyclohexane-1,8’-[2,4]diazabicyclo[4.2.0]octane]-
3’,5’-dione, 59137-88-1; cis-6'-fluorospiro[cycloheptane-1,8’-
[2,4]diazabicyclo[4.2.0]octane]-3",5’-dione, 59137-89-2; cis-6-
fluoro-7,7,8,8-tetramethyl-2,4-diazabicyclo[4.2.0]octane-3,5-dione,
59137-90-5; (4aa,4bea,7aa,7bB)-4a-fluorohexahydro-7a-methyl-
1H-cyclopenta[3,4]cyclobuta[1,2-d}pyrimidine-2,4(3H 4aH)-dione,
90365-46-1; (le,6a,8a)-6-fluoro-8-methyl-2,4-diazabicyclo-
[4.2.0]Joctane-3,5-dione, 59137-93-8; (1a,6a,88)-6-fluoro-8-
methyl-2 4-diazabicyclo[4.2.0]octane-3,5-dione, 90365-47-2; 6-
fluoro-7-methyl-2,4-diazabicyclo[4.2.0)octane-3,5-dione, 90320-61-9;
(4aa,4bB,7aB,7ba)-4a-fluorohexahydro-7a-methyl-1H-cyclo-
penta[3,4]cyclobutall,2-d]pyrimidine-2,4(3H,4aH)-dione,
90365-48-3; (4ac,4ba,7ac,7ba)-4a-fluorohexahydro-7a-methyl-
1H-cyclopenta[3,4]cyclobuta[1,2-d]pyrimidine-2,4(3H,4aH)-dione,
59137-92-7; (1a,6,7c)-6-fluoro-7,8,8-trimethyl-2,4-diazabicyclo-



2738 J. Org. Chem. 1984, 49, 2738-2743

[4.2.0]octane-3,5-dione, 90296-03-0; (1a,8a,78)-6-fluoro-7,8,8-
trimethyl-2,4-diazabicyclo[4.2.0]octane-3,5-dione, 90365-49-4;
(1a,6,8a)-6-fluoro-7,7,8-trimethyl-2,4-diazabicyclo[4.2.0]oc-
tane-3,5-dione, 90296-04-1; (1a,6,88)-6-fluoro-7,7,8-trimethyl-
2,4-diazabicyclo[4.2.0]octane-3,5-dione, 90365-50-7; isopropenyl

acetate, 108-22-5; cyclohexenyl acetate, 1424-22-2; cyclopentenyl
acetate, 933-06-2; tetramethylene, 563-79-1; 1-methylcyclopentene,
693-89-0; 2-methyl-2-butene, 513-35-9; propene, 115-07-1; iso-
butylene, 115-11-7; methylenecyclopentane, 1528-30-9; methyle-
necyclohexane, 1192-37-6; methylenecycloheptane, 2505-03-5.
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The photocycloaddition products of 5-fluorouracil and enol acetates undergo fragmentation reactions to afford
5-substituted uracils in good yields. Unexpectedly, certain 5-fluorouracil-olefin photocycloaddition products
react with 3 equiv of potassium tert-butoxide in tert-butyl alcohol to give high yields of 5-substituted uracils.
Kinetic, labeling, and product studies of this novel reaction support a reaction mechanism in which the dianion
of the cycloadduct rearranges to a spirocyclopropane intermediate which then affords the 5-substituted uracil.

Several years ago we became interested in methods for
the direct functionalization of unprotected nucleoside
derivatives.!? The intended strategy was to employ 5-
fluorouracil as a synthon for the 5-carbanion of uracil by
using a sequence of photocycloaddition and fragmentation
(Scheme I).1?® This route was especially attractive since
a variety of nucleosides of 5-fluorouracil have been pre-
pared.* Furthermore, the entire reaction sequence would
involve only light and base and thus be applicable to
systems having a variety of labile functionalities on the
carbohydrate portion of the molecule. While this work was
never extensively applied to nucleoside functionalization,
the model studies for implementing this strategy are of
interest. The preceding paper has detailed the preparative
aspects of the photocycloaddition chemistry of 5-fluoro-
uracil with olefins.® Herein we report details on the
fragmentation reactions of 5-fluorouracil-enol acetate and
5-fluorouracil-olefin cycloaddition products to 5-substi-
tuted uracils. The mechanism of the unprecedented
fragmentations of the latter series of compounds has been
extensively studied, and a reasonable interpretation of the
reaction pathway is presented.

Fragmentation Reactions of
1,3-Dimethyl-5-fluorouracil-Enol Acetate and
5-Fluorouracil-Enol Acetate Adducts

Reaction of 1a, the major product from the photo-
cycloaddition of 1,3-dimethyl-5-fluorouracil and iso-

(1) (a) Wexler, A. J.; Balchunis, R. J.; Swenton, J. S, J. Chem. Soc.,
Chem. Commun. 1975, 601. (b) Wexler, A. J.; Swenton, J. S. J. Am.
Chem. Soc. 1976, 98, 1602. Swenton, J. S.; Balchunis, R. J. J. Heterocycl.
Chem. 1974, 11, 917.

(2) For recent methods involving functionalization of protected nu-
cleosides at C-5, see: Ruth, J. L.; Bergstrom, D. E. J. Org. Chem. 1978,
43, 2870. Bergstrom, D. E.; Ogawa, M. K. J. Am. Chem. Soc. 1978, 100,
8106. Bigge, C. F.; Kalaritis, P.; Deck, J. R.; Mertes, M. P, Ibid. 1980,
102, 2033. Robins, R. J.; Berr, P. J. J. Org. Chem. 1983, 48, 1854.

(3) See also: Hunter, N. R.; MacAlpine, G. A.; Lui, H. J.; Valenta, A.
Can. J. Chem. 1970, 48, 1436. Ho, P.-T; Lee, S. F.; Chang, D.; Wiesner,
K. Experientia 1971, 27, 1377. Bergstrom, D. E.; Agosta, W. C. Tetra-
hedron 1968, 5643.

(4) Fikus, M.; Wierchowski, K. L.; Shugar, D. Biochem. Biophys. Res.
Commun. 1964, 16, 478,

(5) Wezler, A. J.; Balchunis, R. J.; Swenton, J. S. J. Org. Chem.,
preceding paper in this issue.
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Scheme I. Strategy for Fuhctionalization of Nucleosides
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chromatographic analysis of the progress of the reaction
showed that a transient intermediate was formed, pre-
sumably the alcohol, which was converted to 2 as the re-
action progressed. Compound 2 was identical with the
product obtained from ceric ammonium nitrate oxidation®
of 3.

Interestingly, reaction of the minor product from the
1,3-dimethyl-5-fluorouracil-isopropenyl acetate photo-
cycloaddition reaction, 1b, with base did not afford 2 but
rather a new product in 85% yield. The same type of
product was obtained from 1c in 82% yield. Spectroscopic
and analytical data for these products, including a detailed
'H NMR,® are presented in the supplementary materials
section. From a mechanistic viewpoint, we favor structures

(8) Distinguishing between structures 4 and 5 on the basis of the
dihedral angle dependence of Jyp is not rigorous since Jyr depends not
only on the dihedral angle but is a dramatic function of the electroneg-
ativity of attached groups: Abraham, R. J.; Cavalli, L. Mol. Phys. 1965,
9, 67.
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