
J. Org. Chem. 1982,47, 1107-1110 

CY Fluorination of Ketones. 1.' Direct Fluorination of Pyruvic Acid 
Derivatives by Using Molecular Fluorine2 

1107 

Tadahiko Tsushima,* Kenji Kawada, and Teruji Tsuji 

Shionogi Research Laboratories, Shionogi & Co., Ltd. ,  Fukushima-ku, Osaka 553, Japan 

Susumu Misaki* 

Chemical Division, Daikin Kogyo Co., L td . ,  700-1, Hitotsuya, Settsu, Osaka 564, Japan 

Received June 11, 1981 

Direct fluorination of enol-type 3-substituted pyruvates, e.g., those having aromatic and acyl substituents, 
by using molecular fluorine proceeds smoothly to produce a mixture of keto- and enol-type 3-substituted 
3-fluoropyruvates in moderate to good yields, while the reaction with keto-type 3-substituted pyruvates, e.g., 
those having alkyl Substituents, gives complex mixtures of products. The resultant 3-substituted 3-fluoropyruvates 
have been subsequently converted into silyl enol ether derivatives, which were hydrolyzed under mild conditions 
to afford the crystalline enol-type 3-substituted 3-fluoropyruvates. The results obtained in this study suggest 
the feasibility of direct a fluorination of ketones via free enol compounds. 

Replacement of hydrogens, in particular those attached 
to carbon, by fluorine by means of molecular fluorine has 
been studied over several decades? as the reaction is of 
potential importance. Nonetheless, the use of molecular 
fluorine for the selective replacement of individual hy- 
drogen atoms is rather limited, because the reaction pro- 
ceeds mainly by a free-radical mechanism with little or no 
selectivity and produces byproducts resulting from cleav- 
age of the organic molecule and recombination of the 
 fragment^.^ Thus, the direct a fluorination of ketones, 
which was our principal concern in this study had not yet 
met with the same success as other halogenations using 
chlorine, bromine, and iodine. For instance, the reactions 
of some carbonyl compounds such as acetone: methyl 
ethyl ketone! and butyric acid' (acid chloride also) with 
molecular fluorine have been reported to give complex 
products besides the desired monofluorinated ones ob- 
tained in low yields. Surprisingly, however, hydrogen 
atoms in the a-position seem to resist replacement in the 
latter two reactions) apparently being imcompatible with 
the radical mechanism. Recently, Barton et al.S discovered 
that fluorination of adamantane and steroid derivatives 
with CF30F and molecular fluorine in the presence of 
certain radical inhibitors occurred selectively at  the tertiary 
centers, which is compelling evidence for electrophilic 
rather than radical mechanisms for both reactions. Hence, 
Rozen et al.9 studied the reaction between fluorine and the 

(1) Our part 2 report entitled "a Fluorination of Ketones by Xenon 
and Iodobenzene Difluorides" was presented at the 7th Symposium on 
Fluorine Chemistry, Autumn Annual Meeting of Chemical Society Japan, 
Okayama, Japan, Oct 1981 (Abstracta pp 14-15), and recently has been 
accepted for publication in Tetrahedron Lett. 

(2) (a) Tsushima, T.; Sato, T.; Tsuji, T. Tetrahedron Lett. 1980,21, 
3591. (b) Tsushima, T.; Nishikawa, J.; Sato, T.; Tanida, H.; Tori, K.; 
Tsuji, T.; Misaki, S.; Suefuji, M. Zbid. 1980, 21, 3593. 

(3) The first attempt of direct fluorination using molecular fluorine 
was made b y  Moissan, H. C. R. Hebd. Seances Acad. Sci. 1905,140,407. 

(4) For details, see: Hudlicky, M. "Chemistry of Organic Fluorine 
Compounds: A Laboratory Manual"; Ellis Horwood: Chichester, Eng- 

(5) Fukuhara, N.; Bigelow, L. A. J. Am. Chem. SOC. 1941, 63, 788. 
(6) Tedder, J. M. Chem. 2nd. (London) 1955, 508. 
(7) Bockemijller, W. Justus Liebigs Ann. Chem. 1933,506, 20. 
(8) (a) Barton, D. H. R.; Hesse, R. H.; Markwell, R. E.; Pechet, M. M. 

J.  Am. Chem. SOC. 1976,98, 3034. (b) Barton, D. H. R.; Hesse, R. H.; 
Markwell, R. E.; Pechet, M. M.; Rmen, S. Zbid. 1976, I, 3036. (c) Barton, 
D. H. R.; H e w ,  R. H.; Lieter-James, J.; Markwell, R. E.; Pechet, M. M.; 
Rozen, S.; Takeshita, T.; Toh, H. T. Nouo. J. Chim. 1980,4, 239. 

(9) (a) Rozen, S.; Menachem, Y. J.  Chem. SOC., Chem. Commun. 1979, 
479. (b) Rozen, S.; Gal, C.; Faust, Y. J.  Am. Chem. SOC. 1980,102,6860. 

land, 1976; pp 67-73. 
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enol acetate 5a-androst-3-ene-3,17fl-diol diacetate but 
could not isolate any a-fluoro ketone from the resultant 
complicated mixture. 

Meanwhile, in our previous paper2 we reported the 
stereoselective synthesis of erythro-3-fluorophenylalanine 
by the reductive amination of 3-phenyl-3-fluoropyruvic 
acid. In that study, the starting material, methyl 3- 
phenyl-3-fluoropyruvate, was successfully prepared by the 
direct fluorination of methyl 3-phenylpyruvate predomi- 
nantly existing in the enol but not the keto form. This 
finding appears to sharply contrast with the reported un- 
successful case with an enol acetate. Thus, aiming at  
extending our study of fluorinated amino acids as irre- 
versible enzyme inhibitors, we first conducted a detailed 
study on the direct a fluorination of various pyruvic acid 
derivatives as the reaction appears to be of both practical 
and basic importance. 

Results and Discussion 
In order to obtain substrates for the reaction, we pre- 

pared some commercially unavailable 3-substituted pyruvic 
acids by known methods, e.g., the Claisen condensationlo 
or the azlactone method." Free acids were then con- 
veniently converted into esters by using either diazo- 
methane or diazoethane without causing keto-enol isom- 
erization12 of the starting acids. The compounds studied 
are shown in Scheme I. Here, those having mesomeric 
substituents such as para-substituted phenyl (la-d, and 
lg-i), acyl (le), and indole (If)  predominantly existed in 
the enol forms (290%) according to the observation of 
clear NMR vinyl proton signals, while those having non- 
mesomeric alkyl substituents (2j-1) were in the keto form 
(190%) as methylene proton signals were observed instead 
of vinyl ones. The o-nitrophenyl derivative (2m), however, 
predominantly existed in the keto form (280%) despite 
having a mesomeric substituent and sharply contrasted 
with the p-nitrophenyl case (la). 

Upon treatment with molecular fluorine (diluted with 
Nz to 10% concentration) in an inert solvent [CH3CN (1 

(10) (a) Wislicenus, von W.; Schultz, F. Justus Liebigs Ann. Chem. 
1924,436,55. (b) Leonard, N. J.; Boyer, J. H. J .  Am. Chem. SOC. 1950, 
72, 2980. (c) Marvel, C. S.; Dreger, E. E. "Organic Syntheses"; Wiley: 
New York, 1941; Collect. Vol. I, pp 238-241. 

(11) Herbst, R. H.; Shemin, D. "Organic Syntheses"; Wiley: New 
York, 1943; Collect. Vol. 11, pp 1-3, 519-520. 

(12) Stock, A. M.; Donahue, W. E.; Amstutz, E. D. J. Org. Chem. 1958, 
23, 1840 and references cited therein. 
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Scheme I. Direct Fluorination of 3-Substituted Pyruvates 

R2CH=CCO2R1 ---______- F2 - R2CHFCOCO2R1 
I 
OH 

la: R1 = C2H5, R2 = C H 
b: R1 = CH3, R2 = C H 6 5  
C: R1 = CH3, R2 = (p)-C H C1 

4. d: R1 C2H5, R2 = (p)-C H NO 
e: R1 = C2Hj, R2 = n-C H CO 
f: R1 = CH3, R 
g :  R1 H, R2 = C H 
ti: R Na, R 
1: Trimethyl silyl enol ether 

3a: R1 = C2Hj, R2 
b: R1 = CH3, R2 = 

c: R CH3, R 
d :  R 1  = C H 
e '  R1 = C2H5, R2 = 

6 5  

1 2 6 4  
2 5' R2 = 

3 7  
= ? - I n d o l e  2 

6 5  
2 'gH5 1 

(R 1 = CH3, R2 = C6H5) 

R3CH2COC02R1 ,:2 > R3CHFCOC02RI 

1 3: R C2H5, R3 = H 6 

3 
2 2 3  

k: R1 = CH3, R3 = CH 
1: R1 CH3, R3 = CH CO CH 
m: R1 = CH3, R3 = (0)-C H NO 6 4  2 

part)/CF,ClCFCl, (1 part) or CH,CN only] at -10 to +10 
OC for a few hours, the compounds existing in the enol 
form, la-e, gave the desired monofluorinated products 
3a-e in 40-70% yields, while those existing in the keto 
form, 2j-m, gave complex mixtures of products and not 
the desired ones in more than 5% yields. The free acid 
lg,13 the sodium salt lh ,  and the trimethylsilyl enol ether 
li (h = Cd, ,  R1 = CH,), though existing in the enol form, 
gave unsuccessful results, yielding unidentified complex 
mixtures of products. 

The IR spectra of the crude products obtained from 
compounds la-d showed C==O absorptions at 1760,1735, 
and 1690 (shoulder) cm-' and OH absorption at 3450 cm-l, 
suggesting that a mixture of keto and enol isomers of 3- 
substituted 3-fluoropyruvate was produced by the reaction. 
For characteri~ation,~~ the crude products were converted 
into volatile silyl enol ether derivatives by treatment with 
bis(trimethylsily1)acetamide (BSA) and then distilled un- 
der high vacuum free of oxygen. As shown in the Ex- 
perimental Section, these silyl enol ethers could be well 
characterized as single products on the basis of mass, IR, 
and 19F NMR spectroscopic data as well as combustion 
analysis done with 4c, unambiguously demonstrating that 
these reactions proceeded smoothly as desired. Also, the 
aromatic ring clearly remained intact during the reaction. 
In addition, the volatile fluorinated product 3e was easily 
distilled under oxygen-free conditions to afford a pure 
sample and was characterized (see Experimental Section). 

The silyl enol ethers obtained, 4b-d, were smoothly 
hydrolyzed in 70 % aqueous methanol under conditions 
strictly excluding oxygen to afford crystalline enol-type 
3-substituted 3-fluoropyruvates 5b4, which could be well 

(13) Treatment of free carboxylic acids or their alkali salts with mo- 
lecular fluorine has been known to lead to decarboxylation: (a) Menefee, 
A.; Cady, G. H. J.  Am. Chem. SOC. 1954, 76,2020. (b) Grakauskas, V. J. 
Org. Chem. 1969,34,2446. 

(14) At first, we tried to separate small amounts of pure samples of 
3a,c,d by preparative VPC using 5% SE-30 column, as TLC was found 
to be unsuitable for the separation of these labile compounds. Although 
the obtained samples gave the correct compositions on combustion 
analysis, they were found to be mixturw containing a large amount of the 
keto isomer and minor enol isomers (see Experimental Section). 
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method and IC by the azlactone procedure. Other compounds, 
mostly as free acids or sodium salts, were purchased from Sigma 
Chemical Co. Free pyruvic acids were esterified under ice cooling 
by using either diazomethane or diazoethane and gave the cor- 
responding esters without causing keto-enol isomerization of the 
starting acid. The resultant esters were roughly and quickly 
recrystallized from ether-hexane, carefully avoiding keto-enol 
isomerization, and used for the direct fluorination. Their 'H NMR 
spectra clearly showed characteristic features of both enol- and 
keto-type pyruvates, respectively. The methylene proton of the 
keto isomer and the vinyl proton of the enol one appeared as 
separate signals, suggesting that both steps in the equilibrium 
are slow. All the compounds prepared were classified as either 
the keto or enol type as shown in Scheme I on the basis of their 
NMR and IR spectroscopic data. 

Direct Fluorination. Ethyl 3-phenyl-3-fluoropyruvate (3a) 
was prepared as follows. In a 1-L cylindrical stainless-steel vessel 
equipped with a mechanical stirrer, a gas-inlet tube, and a 
thermometer holder, was dissolved 10 g of ethyl 3-phenylpyruvate 
(la, 0.052 mol) in a mixture of acetonitrile (60 g) and Freon 113 
(410 g), and the resulting solution was cooled to -10 "C. Next, 
fluorine gas (0.067 mol) diluted with nitrogen to 10% concen- 
tration was introduced over a period of 2.5 h with vigorous stirring. 
After the reaction mixture was treated with sodium fluoride (2 
g), the solvent was removed under reduced pressure, leaving an 
oily residue. VPC analysis of the residue on a 5% SE-30 column 
showed that a large amount of a new compound had been formed 
and that the starting material had been completely consumed. 
Fractional distillation of the residue afforded ethyl 3-phenyl-3- 
fluoropyruvate (3a): 4.37 g (40%); bp 90-95 "C (1 mmHg). 
Preparative VPC gave the analytically pure sample: mass 
spectrum, m/e 210 (M+), 182 (M+ - CO), 162 (M+ - CO - HF), 
109 (C7H6F); IR (oxygen-free CHC13) 3450 (w, enolic OH), 1760 
(s, ketone C=O), 1735 (s, ester C=O), 1690 (m, a,@-unsaturated 
ester C=O) cm-'. Anal. Calcd for C11H1103F: C, 61.58; H, 5.24; 
F, 9.05. Found: C, 61.18; H, 5.23; F, 9.00. The IR data showed 
a mixture of keto (main component) and enol (minor one) isomers. 
Crude product 3a was converted into a stable erythro-3-fluoro- 
phenylalanine which was fully characterized as reported2 pre- 
viously. 

Methyl 3-Phenyl-3-fluoropyruvate (3b) and the Tri- 
methylsilyl Enol Ether Derivative (4b). Compound 3b was 
similarly prepared in approximately 5040% yield as determined 
by VPC analysis. The crude reaction product obtained was 
dissolved in CHzClz, treated under nitrogen with a 1.5 equimolar 
amount of bis(trimethylsily1)acetamide for 4 h at room temper- 
ature, and then fractionally distilled to afford 4b: bp 93-95 "C 
(1-2 mmHg); IR (oxygen-free CH,Cl) 1720 (5, ester C=O), 1630 
(w, C=O), 1260-1200 (s), 1100 (m, CF) cm-'; l9F NMR (oxy- 
gen-free CDC13) 6 31.5 (5); mass spectrum, m/e 268 (M'), 253 (M+ 
- CH3), 136 (C8H50F), 109 (C7H6F), 108 (C7H5F), 89 (C3HgSi), 
73 (C3H9Si). 

Methyl 3-(p -chlorophenyl)-3-fluoropyruvate (3c) was 
prepared in 65% yield and characterized as follows. The sample 
obtained by preparative VPC had the correct analytical values, 
but IR spectra showed it to be a mixtwe containing a large amount 
of the keto isomer and minor amounts of enol isomers: IR (film) 
3450 (m, enolic OH), 1760 (s, ketone C=O), 1740 (s, ester C=O), 
1695 (m, a,@-unsaturated ester C=O), 1260-1210 (s, ester) cm-'; 
'H NMR (acetone-&) 6 3.70 (s, 3 H, CH3), 6.33 (d, 1 H, CHF, J 
= 47.9 Hz), 7.33 (s, 5 H, aromatic); 19F NMR (acetone-d6, from 
external CF3COOH) 6 -106.0 (d, J = 47.9 Hz); mass spectrum, 
m/e 232 and 230 (M+), 145 and 143 (C7H5FC1), 107 (C7H4C1). 
Anal. Calcd for CloH8O3FCl: C, 52.06; H, 3.47; F, 8.24. Found: 
C, 51.81; H, 3.40; F, 8.21. 

Silyl enol ether (4c) was characterized as follows: bp 130-132 
"C (1 mmHg); IR (oxygen-free CHC13) 1720 (s, ester C=O), 1630 
(w, C=C), 1260-1200 (s), 1105 (m, CF) cm-'; 19F NMR (oxy- 
gen-free CDC13) 6 29.8 ( 8 ) ;  mass spectrum, m/e 304 and 302 (M+), 
289 and 287 (M+ - CH3), 172 and 170 (C8H4C10F), 144 and 142 
(C7H4ClF), 89 (C3HgOSi), 73 (C3H9Si). Anal. Calcd for 
C13H1603FClSi: C, 51.56; H, 5.32; C1, 11.71; F, 6.27. Found: C, 
51.04; H, 5.65; C1, 11.24; F, 6.25. 

Ethyl 3-(p -nitrophenyl)-3-fluoropyruvate (3d) was pre- 
pared in 46% yield and characterized as follows. The sample 
obtained by preparative VPC had the correct analytical values 

Scheme 11. Possible Mechanism of Direct Fluorination 
rate determining 

R C H ~ C O C O ~ R '  . a RCH=CCOzR' 

I c. ,OH 

.1' 
Complex prod 

,COzR' 
Concerted cyclic mechanism : R-CH=C - RCHFCOCO~R' 

actions by choosing the proper reaction conditions. Un- 
fortunately, however, the use of both a silyl enol ether and 
an enol acetatega has been unsuccessful, although more 
studies are needed before drawing any definite conclusions. 
The use of a metal enolate may be another choice. 

Two interesting mechanistic implications were found in 
this present study. One is that as far as the  fluorination 
of enol-type compounds is concerned, the possibility of 
radical involvement in the reaction may be excluded by 
the success of the reaction with the p-nitrophenyl case, Id, 
as nitrobenzene has been often used as a radical inhibitor.8 
The other is that, as one of the present authors" found 
previously, in the direct fluorination of phenol derivatives, 
a very high ortho regioselectivity is obtained, showing an  
ortho/para product ratio of 22/1 (see Scheme 11). This  
regioselectivity appeared to  be unusually high, compared 
with those of the reactions with anisole and toluene which 
had ratios less than 3/1." This finding may support  the 
concerted cyclic mechanism of the  direct fluorination of 
enol compounds, as shown in Scheme 11. 

In  conclusion, we have shown in this study that  a fluo- 
rination of ketones using molecular fluorine is feasible as 
far as free enol compounds are concerned. The compounds 
prepared here appear to  be potential irreversible enzyme 
inactivators,18 in particular, those for pyridoxal-dependent 
enzymes.Ig As an extension of this work, we are currently 
conducting synthetic and  biochemical studies of fluoro 
amino acids,20 and  the  results will be reported in due 
course. 

Experimental Section 
General Methods. Unless otherwise stated, the uncorrected 

melting points were determined by using a Yanagimoto hot-stage 
apparatus. 'H and 19F NMR were taken on a Varian EM-360 
spectrometer for solutions in CDC13 containing 1% Me& and 
3% c$6 as an internid standard, respectively, and IR spectra were 
recorded on a Hitachi 215 grating spectrometer for solutions in 
CHC13. Mass spectra were obtained with a Hitachi RMU-6 
spectrometer and GC/MS were performed on a Shimazu LKB-900 
GC/MS spectrometer. Preparative and analytical VPC were 
carried out on a 5% silicone SE-30 column (support 80-100-mesh 
Chromosorb WAW DMCS) by using a Shimazu GC-RIA gas 
chromatograph. As most of the enol-type compounds prepared 
here were extremely air-sensitive (with lifetimes less than 5 min) 
and difficult to handle without decomposition, elementary analysis 
was done only with a few typical compounds. 

Starting Materials for Direct Fluorination. Compounds 
Id and le were prepared by the known Claisen condensation 

(17) Misaki, S. J. Fluorine Chem. 1981, 17, 159 and references cited 

(18) Rando, R. R. Acc. Chem. Res.  1975, 8, 281. (b) Abeles, R.  H.; 

(19) Bey, P. Chem. Ind. (London) 1981, 139. 
(20) (a) Loncrini, D. F.; Filler, R. In 'Advances in Fluorine 

Chemistry"; Butterwortha: London, 1972; Vol. 6, pp 43-67. (b) Kollon- 
itsch, J. Isr. J. Chem. 1978, 17, 58 and references cited therein. 

therein. 

Maycock, A. L. Acc. Chem. Res. 1976, 9, 313. 
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but was found to be a mixture containing a large amount of the 
keto isomer and probably minor amounts of enol isomers as 
suggested by the IR data: IR (film) 3450 (m, enolic OH), 1760 
(s,2 C=O), 1740 (8, ester W), 1695 (m, a,@-unsaturated W), 
1610 (m), 1530 and 1350 (s, NOz), 1260-1210 (s, ester) cm-'; 'H 
NMR (acetone-d6) b 1.30 (t, 3 H, CH3, J = 6.3 Hz), 4.50 (9, 2 H, 
CH2,J  = 6.3 Hz),6.62 (d, 1 H, CHF,J  = 43.2 Hz), 7.60-8.40 (m, 
4 H, aromatic); '9 NMR (acetone-de, from external CF,COOH) 
6 -108.8 (d, J = 43.2 Hz); mass spectrum, m/e 255 (M+), 183 (M+ 

(C7H4NOzF), 108 (C7H,F), 107 (C7H4F). Anal. Calcd for 
CllH1005N: C, 51.76; H, 3.92; N, 5.49; F, 7.49. Found: C, 51.53; 
H, 3.80; N, 5.53; F, 7.25. 

Silyl enol ether (4d) was characterized as follows: bp 120 OC 
(0.054.08 mmHg); IR (oxygen-free CHC13) 1720 (s, ester C=O), 
1520 and 1340 (8, NOz), 1260-1200 (8, ester) cm-'; 19F NMR 
(oxygen-free CDCl,) b 26.2 (8);  mass spectrum, m / e  327 (M+), 312 

(C,,H&JO4 + H), 181 (C&IH,NO$), 147 (C7H4NOzF), 73 (C3H9si). 
Ethyl 3-butyryl-3-fluoropyruvate (3e) was prepared in a 

yield higher than 70% and characterized as follows: bp 72-78 
"C (2 mmHg); IR (oxygen-free CHC13) 1760-1720 (s, probably 
three C = O  peaks), 1650 (m, C=C of enol isomer), 1260-1200 (s, 
ester) cm-'; mass spectrum, m / e  222 (M'), 174 (M+ - CO - HF), 

Anal. Calcd for CgH1304F: C, 52.94; H, 6.42; F, 9.30. Found: C, 
52.65; H, 6.28; F, 9.10. 

Conversion of Silyl Enol Ethers 4b-d into Enol-Type 
3-Substituted 3-Fluoropyruvates 5b-d. All the experiments 
described here were carried out in a nitrogen drybox in order to 
eliminate oxygen. The silyl enol ether 4b (200 mg) was hydrolyzed 
in 4 mL of oxygen-free 75% aqueous methanol at  room tem- 
perature for 50-30 min, and then water was added to facilitate 
the precipitation of crystalline product 5b from the solution. The 
resultant precipitate was collected by filtration, dried under 
vacuum, and recrystallized from ether-hexane to afford a pure 

-COpCZH, + H), 181 (M+-COzCzH5-H), 155 (C7H5NOzF), 154 

(M+ - CH3), 284 (M+ - CH3 - CzHd), 224 (C1oH,O,NF), 220 

131 (M+ - CO&HS), 71 (C4H70), 29 (CzH5); "F NMR (CDCl3) 
6 -34.2 (dt, J = 49.0 Hz, J = 3.0 Hz), 3.0 (t, J = 3.0 Hz), 47.3 ( 8 ) .  

sample in good yield (50-70%). 
Compound 5b thus prepared was characterized as follows: mp 

(under NJ 64-66 "C; IR (oxygen-free CHC1,) 3450 (m, enolic OH), 
3030 (w), 2950 (w), 1690 (8, C=O), 1580 (w), 1440 (s), 1380 (s), 
1260-1180 (8, ester), 1100 (m, CF) cm-'; 19F NMR (oxygen-free 
CDC13) 6 22.7 (s), clearly suggesting that no isomer was involved; 
mass spectrum, m / e  196 (M'), 134 (M+ - C02CH3 - H), 108 
(C,H,F); all the spectroscopic data suggested no contamination 
by impurities. 

Compound 5c was similarly prepared and characterized as 
follows: mp (under N,) 115-120 "C (gradually decomposed from 
110 "C); IR (oxygen-free CHC13) 3440 (m, enolic OH), 3030 (w), 
2950 (w), 1685 (s, a$-unsaturated ester C=O), 1590 (w), 1490 
(m), 1440 (s), 1370 (s), 1100 (m, CF) cm-'; '9 NMR (oxygen-free 
CDC13) 6 21.6 (s), suggesting that no isomer was involved; mass 
spectrum, m/e 232 and 230 (M+), 172 and 170 (M+ - C02CH3 - 

Anal. Calcd for CloH803FC1: C, 52.08; H, 3.50; F, 8.24. Found: 
C, 51.93; H, 3.41; F, 8.54. 

Compound 5d was similarly prepared and characterized as 
follows: mp (under N,) 106-108 OC (gradually decomposed from 
100 "C); IR (oxygen-free CHC13) 3430 (m, enolic OH), 3030 (w), 
2950 (w), 1690 (8, a,P-unsaturated ester C=O), 1595 (w), 1520 
and 1340 (s, NOz), 1260-1200 (s, ester), 1100 (s, CF) cm-'; '9 NMR 
(oxygen-free CDC13) 6 19.8 (s), clearly suggesting that no isomer 
was involved; mass spectrum, m / e  255 (M'), 181 (M+ - C02CzH5 

Acknowledgment. We express our thanks t o  Dr. H. 
Tanida for the opportunity to perform the above-reported 
study. 

H), 145 and 143 (C,H$Cl), 144 and 142 (C7H4FCl), 107 (CTH4F). 

- H), 155 (C7HSNOzF), 154 (CTHdNOzF), 153, 107 (C7H4F). 

Registry No. la, 6362-56-7; lb, 80540-55-2; IC, 80540-56-3; Id, 
80540-57-4; le, 80540-58-5; 3a, 79547-03-8; 3b, 76532-83-7; 3c, 
79547-04-9; 3d, 79547-06-1; 3e, 79555-08-1; 4b, 80540-59-6; 4c, 
80540-60-9; 4d, 80540-61-0; 5b, 80540-62-1; 5c, 80540-63-2; 5d, 
80540-64-3; Fa, 7782-41-4. 

Synthesis of the Enantiomeric Bay-Region Diol Epoxides of 
Benz[a ]anthracene and Chrysene 
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Both trans-3,4-dihydroxy-3,4dhydrobenz[a]anthracene and trans-l,2-dihydroxy-l,2-dihydrochrysene are known 
proximate carcinogens of their respective hydrocarbons. The present study describes the synthesis of their (+)- 
and (-)-enantiomers as well as the diastereomeric pair of bay-region diol epoxides formed from each enantiomer 
when the double bond of the dihydrodiol ring is epoxidized either cis (isomer-1 series) or trans (isomer-2 series) 
to the benzylic hydroxyl group. For both hydrocarbons, (i) the tetrahydro analogues of the dihydrodiols were 
resolved by chromatographic separation of their diastereomeric bis esters with (-)-menthoxyacetic acid, and the 
resultant tetrahydrodiols were converted to the requisite dihydrodiols, and (ii) the (+)-tetrahydrodiols led to 
the (-)-dihydrodioh, both with (RP) absolute configuration. Assignment of absolute configuration in the chrysene 
series was achieved through application of the exciton chirality circular dichroism technique to the bisb-(di- 
methy1amino)benzoatel of (-)-trans-l,2-dihydroxy-1,2,3,4-tetrahydrochrysene. NMR coupling patterns of the 
OCOCHzO hydrogens in the bis[methoxyacetic acid esters] of these vicinal trans diols were found to be diagnostic 
of their absolute configuration. An interesting correlation was observed upon conversion of the enantiomerically 
pure dihydrodiols to their diastereomeric pairs of bay-region diol epoxides; as was previously the case for 
(-)-trans-(7R,8R)-7,8-dihydroxy-7,8-dihydrobenzo[a]pyrene, the (-)-(R,R)-dihydrodiols in the chrysene and 
benz[a]anthracene series led to the (-)-diol epoxide 1 and (+)-diol epoxide 2 isomers. Of the four metabolically 
possible bay-region diol epoxides for each of the three hydrocarbons, tumor studies now indicate that the 
(+)-(R,S)-diol (S,R)-epoxide 2 isomers (designated from the carbon bearing the benzylic hydroxyl group toward 
the epoxide) have practically all of the tumorigenic activity. 

The polycyclic aromatic  hydrocarbons benz[a]- environmental contaminants.' In accord with predictions 
of the bay-region theory,2 their tumorigenic activity is due anthracene (a) and chrysene (b) are  weakly carcinogenic 
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