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(methoxycarbonyl)-4-[N-benzyl-N-[2-(benzylamino)-
ethyllamino]-5(E)-[[1,2-bis(methoxycarbonyl)vinyl]thio]-
7,7-dimethy)-7H-benzo[ b Jthiopyran (10aE) was obtained as
a red semisolid material (0.018 g, 37% yield): 'H NMR spectral
data are given in Table II; MS (CI-CH,) 704 (M*, 57), 434 (100),
295 (75), 145 (72), 91 (80); high-resolution MS (M*) found
704.2222, caled for CorH oN,O5S, 704.2226; UV (EtOH) 446 (2100),
340s (5500), 268 (12800), 242 (14000), 204 (35000). When a similar
reaction was performed with a solution of 8aZ (0.045 g) and concd
HCI (5.4 uL) in acetonitrile (300 mL), 10aZ was obtained, also
as an amorphous red material that could be induced to crystallize
(mp 100-102 °C, 0.037 g, 82% yield): MS (CI-CH,) 704 (M*, 30),
466 (38), 450 (43), 434 (100), 253 (38); high-resolution MS (M*)
found 704.2239, caled for CgyH ,;N;05S, 704.2226; UV (EtOH) 450
(1050), 267 (10200), 245 (11 200), 205 (28 000).

As discussed previously, a mixture of 10bE and 10bZ was
obtained in the chromatographic workup after the reaction of 5b
with DMAD. The yield was as high as 22% in some experiments.
These compounds may have been formed in silica-catalyzed ring
opening of the spiro compounds 8bE and 8bZ. Repeated chro-
matography gave no complete separation, but the NMR spectral
data of the individual compounds could be extracted from spectra
of the mixtures (Table II): MS (CI-NHj) 553 (M + 1, 100);
high-resolution MS (M*) found 552.1610, caled for CysH3N,OsS,
552.1600.

Hydrolysis of 8aFE and 8aZ. In a typical experiment, a
solution of 8aF (0.070 g) and concd HC] (0.8 uL) in 96% aqueous
methanol (100 mL) was left for 52 h at ambient temperature. After
evaporation and chromatographic workup as in the previous text,
two isomeric compounds Cy,Hp0,S, were isolated in quantities
of 0.013 and 0.018 g. The NMR spectral data conform with
structures 13E and 14E. Besides, a quantity of 10aE was obtained
(0.023 g). The hydroxylic proton resonance of 14E has not been
located, possibly because of exchange with acidic impurities, but
the framework of this compound follows from the 'H and 1*C
NMR spectra and from the observation that a dry sample of 14E
after standing for some months had been transformed to 13E.
A similar experiment with 8aZ over 48 h gave 13Z (25% yield)
and 147 (60% yield) together with 10aZ (15% yield). 2,3-Bis-
(methoxycarbonyl)-5(E)-[[1,2-bis(methoxycarbonyl)-
vinyl]thio}-7,7-dimethyl-7,8-dihydrobenzo[ b Jthiopyran-4-one
(13E): 'H NMR (CDCI;) 6 1.09 (s, 6 H), 2.54 (s, 2 H), 3.72 (s,
3 H), 3.78 (s, 3 H), 3.95 (s, 6 H), 6.03 (s, 1 H), 6.25 (s, 1 H); MS
(CI-NH,) 500 (M* + 18, 100), 483 (M* + 1, 78), 341 (15), 52 (18);

high-resolution MS (M*) found 482.0701, calcd for CgHz004S,
482.0705. The enol analogue 14E: 'H NMR (CDCl;) & 1.14 (s,
6 H), 3.71 (s, 3 H), 3.79 (s, 3 H), 3.83 (s, 3 H), 3.84 (s, 3 H), 5.43
(d,1H,J=18Hz),6.23(d, 1 H,J = 1.8 Hz), 5,95 (s, 1 H); MS
(CI-NH,) 500 (M* + 18, 100), 483 (M* + 1, 45), 391 (100), 342
(58), 194 (59), 178 (92); high-resolution MS (M*) found 482.0687,
caled for CyHppOgS, 482.0705. 13Z: 'H NMR (CDCly) 6 1.02 (s,
6 H), 2.50 (s, 2 H), 3.74 (s, 6 H), 3.86 (s, 6 H), 5.79 (s, 1 H), 6.57
(s, 1 H); MS (16 eV) 482 (M*, 100), 92 (68), 56 (59). The 4-hydroxy
analogue 14Z: 'H NMR (CDCl,) 6 1.09 (s, 6 H), 3.78 (s, 3 H),
3.79 (s, 6 H), 3.85 (s, 3 H), 5.39 (d, 1 H, J = 1.8 Hz), 6.00 (d, 1
H, J = 1.8 Hz), 6.43 (s, 1 H); MS (16 eV) 482 (M*, 15), 433 (100),
275 (68), 262 (33). In one experiment with 8aZ in ethanol over
36 h a 25% yield of the ethoxy derivative 15Z was also isolated:
'H NMR (CDCly) 6 1.09 (s, 6 H), 1.26 (t, 3 H), 3.77 (s, 3 H), 3.79
(s,6 H), 3.84 (s, 3 H), 3.88 (q, 2 H), 5.38 (d, 1 H, J = 1.9 Hz), 5.99
(d,1H, J = 1.9 Hz), 6.43 (s, 1 H); MS (16 V) 510 (M*, 30), 495
(100), 339 (15), 335 (22), 101 (23). All compounds 13-15 were
obtained as noncrystalline materials. The elemental analyses (C,
H, N, S) were accurate to within + 0.4%.
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The N-fluorobis[(trifluoromethyl)sulfonyljimide (1) has been used in the electrophilic fluorination of the lithium
enolate of esters, amides, and ketones. The corresponding a-fluorocarbony! compounds have been obtained in
good yields. The a-fluorination of 8-diesters, 8-diamides, S-keto esters, and S-diketones has been performed
either on the neutral compounds or on the metal enolates. In this way some geminal azafluoro, chlorofluoro,
fluorooxy compounds have been prepared in nearly quantitative yields. Also some a-keto esters and acids have
been selectively monofluorinated in the 8-position by simple treatment of the neutral compound with 1.

Introduction
A fluorine atom is frequently used to replace a hydrogen
atom (isosteric substitution) or a hydroxyl group (isopolar

(1) Permanent Address: Centro Studio Sostanze Organiche Naturali,
C.N.R. P. Leonardo da Vinci 32, 20133 Milano, Italy. :

substitution) in an organic molecule. This is due to the
fact that such a replacement imparts specific and often
useful properties to the compound with respect to those
of the parent, unfluorinated product. Selectively fluori-
nated substances are finding increasing applications in
analytical,? biological,® and medicinal chemistry.* Re-

0022-3263/91/1956-4925802.50/0 © 1991 American Chemical Society
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Scheme I
o] o]
“1/ M+ (CF3SO0pNF ———» x
A2 A2
2. ak 1 3. ak
Starting Isolated
Material Rt R2 X Yields (%)
2a H H OCHoCgHs 76
2b H C2Hs OC2Hs 63 8b
2¢ H CeHs OCzHs 71 8¢
2d CHz CgHs OC,Hs 83
2e CzHs CeHs OC2Hs 70
2f H CegHs N(i-C3H7)2 87
2g CHa CeHs N(i-CaH7)2 85
2h CoHs CgHs N(i-CsH7)2 70
2i H H CgHs 86 8¢
2k CeHs CsHs CHs 81

cently, they have become of interest also for the chemistry
of polymers® and materials.®

The synthesis of strategically fluorinated compounds is
therefore an important focus of current research, but it
remains a difficult task. The introduction of (diethyl-
amino)sulfur trifluoride (DAST) and of the related tris-
(dialkylamino)sulfonium difluorotrimethylsilicate (TASF)’
represented major breakthroughs in nucleophilic fluori-
nation, but there is still a demand for a safe, mild, and
efficient reagent for electrophilic fluorination.

Most of the agents that are a source of electrophilic
fluorine are in fact highly aggressive and sometimes ex-
plosive, toxic, unstable, and hygroscopic.® Furthermore,
they have a limited shelf-life, if any. Recently, some
compounds containing the NF functionality® have been

(2) Yamaguchi, S. Asymmetric Synth. 1983, 1, 125~152. Fraser, R. R.
Asymmetric Synth. 1988, 1, 173-196. Wenzel, T. J. NMR Shift Reagents;
?Rl(éalirle;; Boca Raton, 1987. Weisman, G. R. Asymmetric Synth. 1983,

(3) Welch, J. T, Tetrahedron 1987, 43, 3123-3197. Mann, J. Chem.
Soc. Rev. 1987, 16, 381-438. Prestwich, G. D. Pestic. Sci. 1986, 37,
430-440. Walker, S. B., Ed. Fluorine Compounds as Agrochemicals;
Fluorochem Limited: Glossop, U.K., 1989.

(4) Filler, R.; Kobayashi, Y., Ed. Biomedical Aspects of Fluorine
Chemistry; Kodansha Ltd.: Tokio and Elsevier Biomedical: Amsterdam,
1982. Resnati, G. Il Farmaco 1990, 45, 1043-1066. Resnati, G. I! Far-
maco 1990, 45, 1137-1158. Halpem,D F. Chemtech 1989, 21, 304-308.

(5) Doyle, T. R.; Vogl, O. J. Am. Chem. Soc. 1989, 111, 8510—8511.
Kitazume, T.; Ikeya, T.; Sato, T. J. Fluorine Chem. 1987, 36, 225-236.

(6) Walba, D. M.; Razavi, H. A.; Clark, N. A.; Parmar, D. S. J. Am.
Chem. Soc. 1988, 110, 8686-8691. Kusumoto, T.; Hanamoto, T.; Sato,
K.; Hiyama, T.; Takehara, S.; Shoji, T.; Osawa, M.; Kuriyama, T.; Na-
kamura,K Fqusawa,T Tetrahedron Lett 1990, 31 5343-5344.

7) Hudlxcky, . Org. Reac. 1988, 35, 513-637.

(8) Fz: (a) Purrmgton,S T Kagan, B. S.; Patnck T. B. Chem. Rev.
1986, 86, 997-1018. (b) Purrington,S T.; Woodard D.L.J Org. Chem.
1990, 55, 3423-4324. CF4,OF: (c) Middleton, Ww. J.; Bingham, E. M. J.
Am. Chem. Soc. 1980, 102, 4845-4846. (d) Alker, D.; Barton, D. H. R.;
Hesse, R. H.; Lister-James, J.; Markwell, R. E.; Pechet M. M,; Rozen,
S. Takeeh:ta,’l‘ Toh, H. T. Nouv. J. Chem. 1980 4, 239-264, CF COOF:
(e) Cady,G H; Kellog,K B. J. Am. Chem. Soc. 1953 75, 2501—2502 (3]
Rozen, S.; Lerman,O J. Org. Chem. 1980, 45, 672-678. CHSCOOF (®)
Rozen,S Hebel, D. Ibid. 1990, 55, 2621—2623 (h) Rozen, S.; Hebel, D.;
Zamir, D. J. Am. Chem. Soc. 1987 109, 3789~3790. FClOq: (1) Wang,
L. J.; Grieco, P. A,; Okumewwz, F.J.'J. Chem. Soc., Chem. Commun.
1978, 468469, CsSO,F: (j) Appelman, E. H.; Basxle, L. J.; Thompson,
R. C. J. Am. Chem. Soc. 1978, 101, 3384-3. (k) Stavber, S Zupan, M.
J. Chem. Soc., Chem. Commun. 1981 795-796. XeF,: (1) Weeks,J L;
Chernick, C. L Matheson, M. S. J. Am. Chem. Soc. 1962, 84 46124613,
(m) Amnd S. P Quarterman, L. A,; Christian, P. A.; Hyman, H. H.;
Filler, R. J. Org. Chem. 19785, 40, 3796—3797. (n) Zaje, B.; Zupan, M. Ibid.
1982, 47, 573-575.
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Scheme II
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4a CHs OC2Hs Cl 95
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developed as alternatives for these potentially hazardous
reagents. Previous studies from this laboratory have shown
how the N-fluorobis|(trifluoromethyl)sulfonyl]imide (1)
can be synthesized in very high yields by treating the
corresponding imide with fluorine.’® This N-fluoro com-
pound 1 was shown to be effective in replacing hydrogen
with fluorine in a variety of aromatic compounds and to
be excellent for the fluorination of selected carbanions.

Here we report how 1 can be used for the efficient a-
monofluorination of several carbonyl substrates having
quite different functional groups.

Results and Discussion

Fluorination of Monocarbonyl Compounds. The
lithium enolate of esters, amides, and ketones 2a-i (gen-
erated by standard procedure using lithium diisopropyl-
amide in tetrahydrofuran (THF)) were selectively mono-
fluorinated when treated with the N-fluoroimide 1. The
fluorination site can carry alkyl and/or aryl residues and
can be a methyl group (benzy! acetate (2a), acetophenone
(2i)), a methylene group (ethyl butyrate (2b), ethyl phe-
nylacetate (2¢), N,N-diisopropyl-2-phenylacetamide (2f)),
or a methine group (ethyl 2-phenylpropionate (2d), ethyl
2-phenylbutyrate (2e), and corresponding N,N-diiso-
propylamides 2g,h) carbon. °F NMR spectra of product
mixtures showed that the formation of a,a-difluoro-
carbonyl derivatives never occurred. No h{drolysis of the
ester or amide groups was also observed® and a-fluoro-
carbonyl products 3a-i were thus obtained in medium to
high yields. The reactions are summarized in Scheme 1.

Presently, the a-fluorination of esters, amides, and ke-
tones has been performed in most cases by treating a
preformed derivative of the carbonyl substrate (e.g. enol
acetates,’ enol silyl ethers,®* enamines,?4 enol ethers,
...) with the fluorinating reagent. When the direct fluo-

(9) 1-Fluoro-2-pyridone: (a) Purrington, S. T.; Jones, W. A, J. Org.
Chem. 1983, 48, 761-762. (b) Purrington, S. T'; Jones,W A. J. Fluorine
Chem., 1984 26 43-48. N-Fluoro lactams: (c) Satyamurthy, N.; Bida,
G. T, Phelps. M. E.; Barrio, J. R. J. Org. Chem. 1990, 55, 3373—3374.
N-Fluoroquinuclidinium fluorides: (d) Banks, R. E.; De Boisson, R. A.;
Morton, W. D.; Tsiliopolos, E. J. Chem. Soc., Perkin Trans. 1 1988,
2805-2811. N-Fluoropyridinium salts: (e) Umemoto, T.; Kawada, K
Tomita, K. Tetrahedron Lett. 1986, 27, 4465-4468. (f) Umemoto, T.;
Fukami, S.; Tomizawa, G.; Harasawa, K.; Kawada, K.; Tomita, K. J. Am.
Chem. Soc. 1990, 112, 8563-8575. N-Fluoro-n-alkanesulfonamides: (g)
Barnette, W. E. J. Am. Chem. Soc. 1984, 106, 452—-454. (h) Lee, S. H.;
Schwa.rtz,J Ibid, 1986, 108, 2445-2447. N-Fluorosultams: (i) Differding,

E.; Lang, R. W. Tetrahedron Lett. 1988, 29, 6087-6090. N-Fluoroper-
ﬂuoro[N-pyndylmet.hanesulfonamxdes] [4)] Banks R. E.; Khazaei, A. J.
Fluorine Chem. 1990, 46, 297-306.

(10) Singh, S.; DesMarbeau.D D.; Zuberi, S. 8.; Witz, M,; Huang, H.
N. J. Am. Chem. Soc. 1987, 109, 7194—7196. Witz, M; DeaMarteau, D.
D. J. Fluorine Chem. 1991, 52, 7-12.
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Scheme III
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6a-c 1 Ia-g
Starting R? R2 R3 Isolated
Material Yields (%)
6a CHs CH3 CzHs 95 13
6b CHa C2Hs H 95
6¢ H CHa H 95

rination of metal enolates was attempted,” rather low
yields have been obtained. On the contrary, our quick,
one-step procedure allows the direct fluorination of the
carbonyl compound as it works on the metal enolate
formed in situ. The tedious preparation of a suitable enolic
derivative of the substrate can thus be avoided.

The fluorination reaction of 1,1-diphenylacetone (2k)
is particularly noteworthy. For this substrate it was not
necessary to form the lithium enolate before the treatment
with 1 as the fluorination proceeded smoothly on the
neutral compound, apparently as a consequence of the easy
enolization of this ketone.!! The high effectiveness of the
N-fluoroimide 1 in reactions involving the enolic form of
a carbonyl substrate is thus evident.

Fluorination of Dicarbonyl Compounds. The mo-
nofluorination of the sodium salt of diethyl 2-methyl-
malonate has already been reported.}? Following a similar
procedure, diethyl 2-nitromalonate (4d) has been fluori-
nated in high yields by treating its lithium salt with the
N-fluoroimide 1 in THF solution. The direct fluorination
of the neutral compound proceeded very slowly (2% yield
after 10 days). Differently, 8-keto esters and §-diketones,
whose enolization is easier than that of 8-diesters, did not
require the preliminary metallation. Ethyl 2-chloro-
acetoacetate (4a), its 2-acetoxy analogue (4b), and 3-
chloro-2,4-pentanedione (4c) have been fluorinated in
quantitative yields by simple treatment with 1 in chloro-
form solution. The reaction however can be performed in
several other solvents. Hydrocarbons (n-hexane, n-pen-
tane), halogenated compounds (dichloromethane, carbon
tetrachloride, 1,1,2,2-tetrachloroethane, Freon-11), ethers
(diethyl ether, THF), and polar products (acetonitrile,
benzonitrile) were equally effective solvents in the fluo-
rination of 4a. In all cases the products 5 have been ob-
tained in quantitative yield after approximately 1 h as
summarized in Scheme II. Interestingly, 1,3-dimethyl-
barbituric acid (4e) was fluorinated in chloroform solution
without preliminary formation of the salt. By employing
2 equiv of 1 the difluoro derivative 5e was exclusively
formed in very high yield.

No metalation has been required for the §-fluorination
of a-keto acids and esters 6 (Scheme III). Ethyl 3-
methyl-2-oxobutyrate (6a) and 3-methyl-2-oxopentanoic
acid (6b) gave the corresponding S-fluoro derivatives 7a,b
in quantitative yields. 3-Fluoro-2-oxobutyric acid (7c) was
exclusively formed by treating 2-oxobutyric acid (6¢) with
an equimolar amount of the fluorinating agent 1. *F NMR
of the crude reaction mixture did not show the presence
of 3,3-difluoro-2-oxobutyric acid. Thus the selective mo-
nofluorination of a substrate that could undergo a di-
fluorination process was realized.

(11) Keeffe, J. R.; Kresge, A. J.; Schepps, N. P. J. Am. Chem. Soc.
1990, 112, 4862-4868.
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Reactions on a-dicarbonyl compounds are quite slow at
room temperature and at the beginning they are acceler-
ated by the presence of trace amounts of strong acids
(H;S0,), probably as the enolization process is thus fa-
vored. In this respect, however, the reaction can be con-
sidered “autocatalytic™ the byproduct of fluorination is
the bis[(trifluoromethyl)sulfonyl]imide, which is known
to be a super acid.’? This procedure secures an easy access
to the §-fluoro-a-keto acid moiety, which is very useful
from a synthetic point of view, but difficult to prepare.!®
The N-fluoroimide 1 works on substrates on which the use
of molecular fluorine failed.!

Conclusions

Although the N-fluoroimide 1 requires the use of ele-
mental fluorine for its preparation, this perceived disad-
vantage by some is more than offset by its versatility and
effectiveness as an electrophilic fluorinating reagent of
several carbonyl substrates. The lithium enolates of esters,
amides, and ketones affords the a-fluorination products
in yields generally higher than those reported in the lit-
erature for related reactions. The direct fluorination of
neutral compounds can be performed when their enoliza-
tion is reasonably easy (e.g. a- and 8-dicarbony! products).
This allowed the high-yield fluorination of a-chloro-g-di-
carbonyl substrates, which would hardly survive a meta-
lation step. The fluorinated carbon can carry hydrogen,
alkyl, aryl, chlorine, fluorine, nitrogen, and oxygen residues.

The N-fluoroimide appears to be much more reactive
than some other N-fluoro reagents, which, for instance,
fluorinate only the salt of 8-keto esters.%d% At the same
time it is a very mild agent as 3-chloro-3-fluoro-2,4-pen-
tanedione (5¢) was prepared in quantitative yield and also
the very labile ethyl 2-acetoxy-2-fluoroacetoacetate (5b)
was synthesized in high yield.

Another very useful property of 1 is its stability. It can
be stored for years at room temperature, in Teflon vessels,
and in the air without any decomposition. Reactions
highly sensitive to the presence of impurities, such as the
fluorination of the lithium enolates of esters, can be per-
formed with complete success by using either fresh or aged
reagent. Nearly the same reaction rates have been ob-
served in the fluorination of ethyl 2-chloroacetoacetate (4a)
when solvents having very different polarity (e.g. n-hexane
and acetonitrile) have been employed. This fact leads us
to think that although the N-fluoroamide 1 behaves as a
source of positive fluorine (F*), a one-electron-transfer
mechanism is operating. The electron-rich enolic form of
4a may transfer one electron to the electron-deficient
N-fluoroimide, followed by the homolytic fission of the NF
bond of 1, and the coupling of the fluorine radical with the
radical cation of the substrate, and the final loss of a proton
would lead to the fluorination product 5a. A similar
mechanism can obviously be extended to the fluorination
of other a- and B-dicarbonyl compounds and to the metal
enolates of monocarbonyl substrates.!®

The employment of the N-fluoroimide 1 for the selective
fluorination of several, differently functionalized organic
compounds thus appears to be possible. The scope of the
process is now being exploited in the synthesis of several
pharmacologically active products.

{12) DesMarteau, D. D., et al, to be published.

(13) Ourari, A.; Condom, R.; Geudj, R. Can. J. Chem. 1982, 60,
2707-2708.

(14) Tsushima, T.; Kawada, K.; Tsuji, T.; Misaki, S. J. Org. Chem.
1982, 47, 1107-1110.

(15) The reactivity of the N-fluoroimide 1 with olefinic double bonds
also suggest a similar fluorination mechanism (D. D. DesMarteau, et al,,
to be published).



4928 J. Org. Chem., Vol. 56, No. 16, 1991

Experimental Section

Materials and Methods. All reactions were performed in
standard glass apparatus. Lithium enolates were generated under
a positive pressure of dry and oxygen-free N; in flasks equipped
with rubber septa for the introduction of reagents via syringe.
THF was freshly distilled from LiAlH, under N,, and diiso-
propylamine was freshly distilled from CaH, In other cases
commercially available, reagent-grade solvents were employed
without purification. Flash column chromatography on silica gel
was performed as described in the original paper.!® Purity of
all compounds was established by *H and ‘gF NMR and addi-
tionally by 3C NMR and mp, where appropriate. *F and 'H
NMR were recorded on an IBM NR200AF instrument and 13C
NMR on a Bruker AC300. CDCl; was used as a lock solvent and
CFCl, and tetramethylsilane as internal references unless oth-
erwise stated. The o values for the triplets and quartets from
the ethoxy groups were determined to be ~7 Hz.

Fluorination of Monocarbonyl Compounds 2. General
Procedure. A solution of the carbonyl compounds 2 (2.0 mmol)
in THF (2.0 mL) was added with magnetic stirring and at -80
°C to a solution of LDA (prepared from diisopropylamine (2.2
mmol) and n-butyllithium (0.88 mL of a 2.5 M solution in hexanes,
Aldrich) in the same solvent (2.0 mL). After 10 min at ~80 °C
the cooling bath was removed, and the solvent and diiso-
propylamine were removed under vacuum (2 mmHg) at 10-20
°C. The oily residue was diluted with THF (3.0 mL), the tem-
perature was lowered at —80 °C, and a solution of the N-fluoro-
imide 1 (2.4 mmol) in the same solvent (1.0 mL) was added
dropwise. After stirring for 10 min, a saturated aqueous solution
of NH,Cl was added (10 mL) all at once, and the mixture was
diluted with water (5.0 mL) and extracted with ethyl acetate (3
X 15 mL). The collected organic phases were dried (Na,SO,),
the solvent was removed under reduced pressure, and the residue
was flash chromatographed to give pure products 3.

Benzyl fluoroacetate (3a) was prepared starting from benzyl
acetate (2a); isolated yield 76%; eluting system for flash-chro-
matography n-hexane/diisopropyl ether, 9:1; 'H NMR 4 4.83 (2
H, d,J = 47.1 Hz), 5.21 (2 H, s), 7.35 (5 H, br s); ¥F NMR § -221.1
(t, J = 47.9 Hz); IR (film) 3028, 2946, 1761 (C==0) cm™!; MS (EI)
m/e 168 (M*), 91, 77. Ethyl 2-fluorobutanoate (3b) was pre-
pared starting from ethyl butyrate (2b); isolated yield 63%; eluting
system for flash chromatography n-pentane/ethyl ether, 98:2, 'H
NMR 4§ 1.03 (3H, t), 1.31 (3H, t), 1.6-2.1 (2 H, m}), 4.26 (2 H,
q), 4.86 (1 H, ddd, J = 49.1, 6.7, 4.8 Hz, CHF); F NMR 4 -194.1
(dt, J = 49.5, 24.8 Hz) (F NMR 6 -194.1, J = 49.1, 24.4, ref 8b);
IR (film) 2972, 1747 (C=0) cm™; MS (CI) m/e 135 (M* + 1),
107. Ethyl 2-fluoro-2-phenylacetate (3¢) was prepared starting
from ethyl phenylacetate (2¢); yield 71%; eluting system for flash
chromatography n-hexane/ethyl ether, 9:1; 'H NMR 4 1.24 (3 H,
t),4.23 (2H, m), 577 (1 H, d, J = 47.8 Hz), 7.40 (5 H, br s); ¥F
NMR 4 -180.4 (d, J = 48.0 Hz) (®F NMR 5 -180.1, J = 48 Hz,
ref 8¢c). Ethyl 2-fluoro-2-phenylpropanoate (3d) was prepared
starting from ethyl 2-phenylpropionate (2d); isolated yield 83%;
eluting system for flash chromatography n-hexane/diisopropyl
ether, 98:2; 'H NMR 6 1.22 (3 H, t), 1.91 (3 H, d, J = 22.0 Hz,
CH,CF), 4.19 (2 H, q), 7.2-7.6 (5 H, m); *F NMR & -151.9 (q,
J = 22,0 Hz); IR (film) 3056, 2980, 1740 (C=0), 1269, 1127 em™};
MS (EI) m/e 196 (M*), 128, 103. Ethyl 2-fluoro-2-phenyl-
butanoate (3e) was prepared starting from ethyl 2-phenylbutyrate
(2e); isolated yield 70%; eluting system for flash chromatography
n-hexane/ethyl ether, 95:5; 'TH NMR 3 0.96 (3 H, t), 1.25 (3 H,
t), 2.1-2.5 (2 H, m), 4.21 (2 H, q), 7.2-7.6 (5 H, m); °F NMR &
-167.7 (dd, J = 21.0, 27.0 Hz); IR (film) 3057, 2974, 1751 (C=0),
1251, 1133 cm™; MS (EI) m/e 210 (M*), 122, 117, 109. N,N-
Diisopropyl-2-fluoro-2-phenylacetamide (3f) was prepared
starting from N,N-diisopropyl-2-phenylacetamide (2f); mp 86-88
°C; yield 87%; eluting system for flash chromatography n-pen-
tane/ethyl acetate, 8:2; mp 86-88 °C; 'H NMR 4 0.79 (3 H, d),
1.00 (3 H, d), 1.43 (3 H, d), 1.47 (3 H, d), 3.34 (1 H, septet), 3.83
(1 H, septet), 595 (1 H, d, J = 49.8 Hz), 7.3-7.5 (5 H, m); F NMR
4-171.3 (d, J = 49.8 Hz); IR (Nujol) 1643 (C=0), 1456, 1031 cm™;
MS (EI) m/e 237 (M*), 222, 194, 160, 128, 109. N,N-Diiso-

(16) Still, W, C.; Kanh, H.; Mitra, A. J. Org. Chem. 1978, 43,
2923-2924.
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propyl-2-fluoro-2-phenylpropanamide (3g) was prepared
starting from N,N-diisopropyl-2-phenylpropionamide (2g); yield
85%; eluting system for flash chromatography n-hexane/ethyl
ether, 8:2, mp 65-67 °C; 'H NMR 4§ 0.50 (3 H, d), 1.08 (3 H, d),
1.44 (6 H, d), 1.76 (3 H, d, J = 23.9 Hz), 3.31 (1 H, septet), 4.07
(1 H, septet), 7.2-7.6 (5 H, m); °F NMR 6 -151.3 (g, J = 23.7
Hz); IR (Nujol) 1644 (C=0), 1449, 1036 cm™!; MS (EI) m/e 251
(M*), 236, 231, 128, 123, 86. N,N-Diisopropyl-2-fluoro-2-
phenylbutyramide (3h) was prepared starting from N,N-di-
isopropyl-2-phenylbutyramide (2h); isolated yield 70%; eluting
system for flash chromatography n-hexane/diisopropyl ether,
85:15; mp 72-74 °C; 'TH NMR 4 0.49 (3 H, d), 1.09 (3 H, d), 1.41
(3H, d), 1.43 (3 H, d), 2.00 (1 H, m), 2.35 (1 H, m), 3.30 (1 H,
septet), 4.14 (1 H, septet), 7.2-7.6 (5 H, m); 1°F NMR § -164.7
(t, J = 24.3 Hz); IR (Nujol) 1627 (C=0), 1445, 1038 cm™; MS
(CI) m/e 266 (M* + 1), 246, 137, 128. 2-Fluoroacetophenone
(3i): when the general procedure described above was employed
for the fluorination of acetophenone (2i), 2-fluoroacetophenone
(3i) was obtained in 11% yield. The main reaction product was
4-fluoro-3-hydroxy-1,3-diphenyl-1-butanone (3j): yield 82%; 'H
NMR 4 3.63 and 3.86 (2 H, AB system, CH,CO), 4.34 and 4.62
(2 H, ddd, Jy ¢ = 48 Hz, CH,F), 5.05 (1 H, br s, OH); °F NMR
8 -220.7 (t, J = 48.0 Hz); mass spectrum (CI), m/e 259 (M* +
1), 239, 225. However, when the THF solution of the lithium
enolate of acetophenone (2i) (2.0 mmol) was added at -80 °C to
a cooled solution of the N-fluorcimide 1 (6.0 mmol) the yield of
2-fluoroacetophenone (3i) was 86%: mp 26 °C; eluting system
for flash chromatography: n-pentane/ethyl ether 9:1; 'TH NMR
5552 (2H,d, J = 47.0 Hz), 7.2-8.0 (5 H, m); *F NMR ¢ -231.5
(t, J = 46.2 Hz) ("F NMR ¢ -231.9, J = 47 Hz, ref 8c); MS (EI)
m/e 138 (M*), 105, 77.

1-Fluoro-1,1-diphenylacetone (3k) was synthesized by direct
treatment of 1,1-diphenylacetone (2k, 2.5 mmol) with the N-
fluoroimide 1 (2.8 mmol) in CHCl; (4.0 mL) at 22 °C for 6.0 h:
yield 81%; eluting system for flash chromatography n-pentane-
Jethyl ether, 96:4; 'H NMR § 2.42 (3 H, d, J = 5.8 Hz), 7.37 (10
H, br s); ®F NMR 6 ~143.6 (q, J = 5.8 Hz); mass spectrum (CI),
m/e 228 (M), 209, 185, 151.

Diethyl 2-Fluoro-2-nitromalonate (5d). A solution of LiH
(5.2 mmol) and 4d (4.0 mmol) was refluxed in THF (3.0 mL) for
6.0 h. The reaction mixture was cooled at 0 °C, and a solution
of the N-fluoroimide 1 (6.0 mmol) in THF (3.0 mL) was added
dropwise. The system was stirred at 22 °C for 30 min, saturated
aqueous NaHCO; was added (6.0 mL), and the aqueous phase
was extracted with ethyl ether (3 X 20 mL). The collected organic
phases were dried (Na,SQ,), the solvent was evaporated under
reduced pressure, and the residue was flash chromatographed
(n-hexane/ethyl acetate, 85:15) to give diethyl 2-fluoro-2-nitro-
malonate (5d) in 90% yield and in pure form: 'H NMR 4 1.38
(3 H, t),4.45 (2 H, q); °F NMR $ -127.26; 1%C NMR § 13.70 (CHy),
65.20 (CH,0), 106.39 (d, Jo p = 261.5 Hz), 1568.04 (d, Jcp = 26.2
Hz, CO); IR (film) 2983, 1766 (CO), 1349, 1073; mass spectrum
(CD), m/e 224 (M* + 1), 178.

Fluorination of Dicarbonyl Compounds. General Pro-
cedure. A solution of the N-fluoroimide 1 (2.2 mmol) in etha-
nol-free CHCl; (2.0 mL) was added dropwise at 22 °C to a solution
of the dicarbonyl substrate 4 or 6 (2.0 mmol) in the same solvent
(2.0 mL). After the mixture was stirred for the time reported
below for single compounds, the solvent was removed under
reduced pressure and the residue was purified with flash chro-
matography on silica gel. Ethyl 2-chloro-2-fluoroacetoacetate
(5a) was prepared starting from ethyl 2-chloroacetoacetate (4a);
reaction time 1 h; eluting system for flash chromatography n-
hexane/methylene chloride, 1:1; yield 95%; 'H NMR ¢ 1.37 (3
H,t),2.49 (3H, d, J = 2.5 Hz), 441 (2 H, q); 1°F NMR & -123.7
(d, J = 2.5 Hz); 3C NMR 6 13.52 (CHy), 23.69 (CHy), 65.20 (CH,0),
100.59 (d, Jo = 263.5 Hz, CF), 163.52 (d, Jcr = 27.6 Hz, COO),
195.25 (d, Jo = 27.8 Hz, CO); IR (film) 2980, 1761 (CO), 1366
em™l; MS (C1) m/e 183 and 185 (M* + 1), 155 and 157. Quan-
titative yields of 5a were obtained and reaction times of 45~60
min were needed when 4a was reacted with the N-fluoroimide
1 using as a solvent: n-hexane, n-pentane, CH,Cl,, CCl,,
1,1,2,2-tetrachloroethane, Freon-11, acetonitrile, benzonitrile.
Ethyl 2-acetoxy-2-fluoroacetoacetate (5b) was prepared
starting from 4b; reaction time 8 h; eluting system for flash
chromatography: n-hexane/ethyl ether, 4:6; yield 85%; 'H NMR
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61.36(8H,t),223(3H,s),244(83H,d, J = 2.6 Hz2),4.35 (2 H,
q); F NMR 4 -122.8 (d, J = 2.5 Hz); 1*C NMR 5 13.83 (CH,),
20.36 (CH,), 25.00 (CHy), 64.40 (CH,0), 102.14 (d, Jop = 251.8
Hz, CF), 163.19 (d, Jcz = 30.2, COO), 168.86 (5, COO), 197.68
(d, Jop = 30.7 Hz, CO). 3-Chloro-3-fluore-2,4-pentanedione
(5¢) was prepared starting from 4c; reaction time 2 h; eluting
system for flash chromatography n-hexane/CH,Cl,, 85:15; yield
95%, 'H NMR 6 2.48 (d, J = 2.7 Hz); ®F NMR 4 -126.2 (septet,
J = 2.7 Hz); 13C NMR 6 24.95 (CH,), 102.84 (d, Jor = 269.6 Hz,
CF), 197.48 (d, Jcr = 27.0 Hz, CO); IR (film) 2925, 1738 (CO)
cm1; MS (CI) m/e 153 and 155 (M* + 1). 1,3-Dimethyl-5,5-
difluorobarbituric acid (5e) was prepared starting from 1,3-
dimethylbarbituric acid (4e) and 2.2 equiv of 1; acetonitrile was
used as reaction solvent; reaction time 6 h; eluting system for flash
chromatography n-hexane/ethyl acetate 7:3; yield 95%; mp
125127 °C; 'H NMR 5 3.40 (s); 'H NMR (CD4CN) 6 3.26 (t, J
= 0.5 Hz); F NMR 6 -108.7; 3C NMR (CD4CN) 4 29.64 (CHj),
99.61 (t, Joy = 245.5 Hz, CF,), 150.35 (NCON), 160.97 (t, Jo
= 27.8 Hz, COCF); IR (Nujol) 1687 (CO), 1448, 1304 cm™’; MS
(EI) m/e 192 (M*), 176, 135, 107, 78.

Ethyl 3-fluoro-3-methyl-2-oxobutanoate (7a) was prepared
starting from 6a; reaction time 27 h; eluting system for flash
chromatography n-hexane/ethyl ether, 6:4; yield 95%; 'H NMR
51.39(3H,t),1.64 (6 H,d,J = 21.6 Hz), 4.41 (2 H, q); ¥F NMR
5-151.4 (septet, J = 21.3 Hz) (°F NMR 4§ -152.0 (septet, J = 21.3
Hz, ref 13)); C NMR & 13.87 (CHy), 24.14 (d, Jor = 24.1 Hz, CHy),
64.00 (CH;0), 97.85 (d, Jor = 177.9 Hz, CF), 164.08 (CO0), 196.82

(d, Joy = 35.3 Hz, CO), MS (CI) m/e 163 (M* + 1), 143. 3-
Fluoro-3-methyl-2-oxopentanoic acid (7b) was prepared
starting from 6b; CHCI, saturated with H,SO, was used as reaction
solvent; reaction time 24 h; eluting system for flash chromatog-
raphy CH,Cl,/ethyl acetate/acetic acid, 50:50:0.5; yield 95%; 'H
NMR 5 0.98 (3H, t),1.65 (3 H, d, J = 21.8 Hz), 1.9-2.2 (2 H, m);
15F NMR & -160.1 (sextet, J = 21.5 Hz); *C NMR & 7.05 (CHy),
21.86 (d, Jor = 23.2 Hz, CHy), 30.39 (d, Jop = 22.5 Hz, CH)), 99.95
(d, Jo = 182.0 Hz, CF), 163.5 (COOH), 195.5 (d, Jor = 32.9 Hz,
CO); ﬁrl (film) 3300-2500 (COOH), 1748, 1193 cm™; MS (EI) m/e
148 (M*), 128, 121, 75. 3-Fluoro-2-oxobutanoic acid (7c) was
prepared starting from 6c¢; reaction time 18 h; eluting system for
flash chromatography CH,Cl,/ethyl acetate/acetic acid, 50:50:0.5;
yield 95%; 'H NMR (D,;0) ¢ 1.36 (3 H, dd, J = 6.3, 25.5 Hz, CHy),
4.86 (1 H, dq, J = 6.3, 46.7 Hz, CHF); F NMR (D,0) 5 ~186.2
(dq, J = 25.6, 47.6 Hz); *C NMR (D,0) § 12.74 (d, Jcp = 21.6
Hz, CHy), 90.97 (d, J = 172.7 Hz, CF), 92.90 (d, Jor = 23.4 Hz,
0CO of the hydrated ketone), 171.92 (COOH).
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A efficient process for the commercial preparation of the therapeutically important cholesterol lowering drug
synvinolin (2: simvastatin, ZOCOR) from mevinolin (1: lovastatin, MEVACOR) is reported. The synthesis relies
upon deactivation of the -lactone carbonyl toward enolization via conversion to the bis[(tert-butyldimethylsilyl)oxy]
butylamide 7. An extremely high conversion (99.7%) ester enolate alkylation of 7 affords 8 and 9. Subsequent
desilylation and intramolecularly assisted basic amide hydrolysis in the presence of the dimethylbutyrate ester
moiety yields 12, which is lactonized to 2. The overall yield from 1 to 2 is 86%.

Introduction

The naturally occurring fungal metabolite mevinolin (1:
lovastatin, MEVACOR)!2 and the more active semisyn-
thetic derivative® synvinolin (2: simvastatin, ZOCOR)?%
are pharmacologically useful compounds for the lowering
of serum cholesterol levels.4 Although several methods

(1) (a) Alberts, A. W.; Chen, J.; Kuron, G.; Hunt, V.; Huff, J.; Hoffman,
C.; Rothrock, J.; Lopez, M.; Joshua, H.; Harris, E.; Patchett, A.; Mona-
g{han, R.; Currie, S.; Stapley, E.; Albers-Schonberg, G.; Hensens, O.;

irshfield, J.; Hoogsteen, K.; Liesch, J.; Springer, J. Proc. Natl. Acad.
Sei. U.S.A. 1980, 77, 3957. (b) Endo, A. J. Antibiot. 1979, 32, 852

(2) Mevinolin total synthesis: (a) Hirama, M.; Iwashita, M. Tetrahe-
dron Lett. 1988, 24, 1811. (b) Clive, D. L. J.; Keshava Murthy, K. S.; Wee,
A. G. H,; Prasad, J. 8,; daSilva, G. V. J.; Majewski, M.; Anderson, P. C.;
Haugen, R. D.; Heerze, L. D. J. Am. Chem. Soc. 1988, 110, 6914. (c)
Wovkulich, P. M.; Tang, P. C.; Chadha, N. K.; Batchco, A. D.; Barrish,
d. C.; Uskokovic, M. R. J. Am. Chem. Soc. 1989, 111, 2596. (d) For a
review on the synthesis of Mevinic acids, see: Rosen, T.; Heathcock, C.
H. Tetrahedron 1986, 42, 4909.

(3) Mevinolin semisynthetic derivatives: (a) Kuo, C. H.; Patchett, A.
A,; Wendler, N. L. J. Org. Chem. 1983, 48, 1991, (b) Hoffman, W. F.;
Alberts, A. W.; Anderson, P. S.; Chen, J. S.; Smith, R. L.; Willard, A. K.
J. Med. Chem. 1986, 29, 849. (c) Stokker, G. E.; Rooney, C. 8.; Wiggins,
J. M.; Hirshfield, J. J. Org. Chem. 1986, 51, 4931. (d) DeCamp, A. E.;
Verhoeven, T. R.; Shinkai, I. J. Org. Chem. 1989, 54, 3207.
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1 R=H Mevinolin (Lovastatin, MEVACOR®)
2 R=CH; Synvinolin (Simvastatin, ZOCOR®)

are available for conversion of 1 to 2, all are complicated
by the inability to remove even trace amounts of 1 from

(4) (a) Dawber, T. R. The Framingham Study; Harvard University
Press: Cambridge, MA, 1980. (b) Endo, A. J. Med. Chem. 1988, 28, 401.
(c) The Lovastatin Study Group II. J. Am. Med. Assoc. 1988, 256, 2829.
(d) Tobert, J. A.; Bell, G. D.; Birtwell, J.; James, 1.; Kukovetz, W. R.;
Pryor, J. S.; Buntinx, A.; Holmes, I. B.; Chao, Y.-S.; Bolognese, J. A. J.
Clin. Invest. 1982, 69, 913. (e) Grundy, S. M. J. Am. Med. Assoc. 1986,
256, 2849. (f) Mabuchi, H.; Sakai, T.; Sakai, Y.; Yoshimura, A.; Watan-
abe, A.; Wakasugi, T.; Koizumi, J.; Takeda, R. J. Med. 1983, 308, 609. (g)
Yamamoto, A.; Sudo, H.; Endo, A. Atherosclerosis 1980, 85, 259. (g)
Endo, A. J. Antibiot. 1980, 33, 334.
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