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A reduction-olefination sequence has been used to convert esters to a-fluoro a,b-unsaturated esters. In the 
presence of diisobutylaluminum hydride, esters are reduced to aldehydes that react in situ with [ (EtO),P(O)- 
CFC(O)OEt]Zi+ to form the title compounds in good yields with high stereoselectivity. The reaction is apphcable 
to aliphatic, aromatic, cyclic, unsaturated, perfluorinated, and partially fluorinated esters. The E/Z ratio of 
unsaturated esters formed in the reaction varies with the cations present in the reaction mixture. Solvents have 
very little influence on stereochemistry. The sequential transformation of PhC(0)OBun to (E)-PhCH=CFC(O)OEt 
and then to (E,E)-PhCH=CFCH=CFC(O)OEt illustrates the scope of this methodology, which introduces a 
fluorine atom adjacent to an ester functionality with concomitant elongation of the chain by two carbon atoms. 

Introduction 
a-Fluoro a,&unsaturated esters of defined stereochem- 

istry constitute a useful class of compounds in organic 
synthesis, and a number of them have been successfully 
employed as precursors in the preparation of mono- 
fluorinated retinoids,2 fluorinated analogues of insect sex 
pheromones: and pyrethroids? Substitution of fluorine 
adjacent to the ester functionality imparts significant 
biological activity to these compounds, as illustrated in 
vitamin A and pheromone ~hemis t ry .~  Ethyl 12-fluoro- 
retinoate exhibits anticancer activity in mice.5 Conse- 
quently, the synthesis of selectively fluorinated building 
blocks such as a-fluoro a,p-unsaturated esters has become 
an area of active investigation in recent years. 

Literature methods for the preparation of the title 
compounds mainly lack stereospecificity and generality 
and are often arduous to carry out on a practical scale. 
Condensation of carbonyl compounds with toxic fluoro- 
acetate or fluorooxaloacetate leads to a mixture of products 
in low yields? The HornerWadsworth-Emmons reaction 
of fluorocarboalkoxy-substituted dialkyl phosphonate an- 
ions with aldehydes and ketones requires the availability 
of the appropriate carbonyl  compound^.^^^ The zinc- 
(0)-copper(1) chloride promoted reaction of methyl di- 
chlorofluoroacetate with carbonyl compounds is limited 
to aldehydes only.g Neither the addition of chloro- 
fluorocarbene to enoxysilanes and subsequent rearrange- 
ment of the adductdo nor the reaction of carbonyl com- 
pounds with organometallic reagents" shows any stereo- 
selectivity. Olefination of fluorinated aldehydes with 

(1) (a) Presented in part at the 12th International Symposium on 
Fluorine Chemistry, Sank Cruz, CA, Aug, 1988; Abstract 123. Taken in 
part from the Ph.D. Thesis of A.T., University of Iowa, 1989. (b) A 
preliminary report of this work has appeared: Thenappan, A.; Burton, 
D. J. Tetrahedron Lett .  1989,30, 5571. 

(2) Liu, R. S. H.; Mataumoto, H.; Asato, A. E.; Denny M.; Schichida, 
Y.; Yoshizawa, T.; Dahlquist, F. W. J. Am. Chem. SOC. 1981,103,7195. 

(3) Camps, F.; Coll, J.; Fabrias, G.; Guerrero, A. Tetrahedron 1984,40, 
2871. 

(4) Arlt, D.; Jautelat, M.; Lantzsch, R. Angeur. Chem., Int. Ed. Engl. 
1981, 20, 703. 

(5) Filler, R.; Kobayaahi, Y. Biomedical Aspects of Fluorine Chem- 
istry; Elsevier: Amsterdam, 1982. 

(6) Bergmann, E. D.; Shahak, I. J.  Chem. Soc. 1961,4033. Bergmann, 
E. D.; Shakak, I.; Sali, E.; Aizenshtat, Z. J.  Chem. SOC. C 1968, 1232. 
Hudlicky, M. Chemistry of Organic Fluorine Compounds; Halsted Press, 
Wiley: New York, 1976; p 347. 

(7) Machleidt, H.; Wessendorf, R. Liebigs Ann. Chem. 1964,674, 1. 
(8) Moghadam, G. E.;,Penne, J. S.; Bull. SOC. Chim. Fr. 1985,3,488. 

Elkik, F. C. Bull. SOC. Chrm. Fr. 1985,5,783. Grison, Ph. C. C.; Sauvetre, 
R. J. J .  Organomet. Chem. 1987, 332, 1. 

(9) Ishihara, T.; Kuroboshi, M. Chem. Lett. 1987.6, 1145. 
(10) Blanco, L.; Rousseau, G. Bull. SOC. Chim. Fr. 1985,3,455. 
(11) Normant, J. F.; Foulon, J. P.; Maaswe, D.; Sauvetre, R.; Villieras, 

J. Synthesis 1975,2, 122. Tarrant, P.; Johncock, P.; Savory, J. J .  Org. 
Chem. 1963,28,839. Postovoi, S. A.; Zeifman, Y. V.; Knunyants, I. L. 
Izu. Akad. Nauk. SSSR. Ser. Khim. 1982,12, 2498. 

[(EtO),P(O)CFC(O)OEt]-M+ has not been reported. The 
lack of a general synthetic method to prepare fluorinated 
aldehydes may be the main reason for this scarcity. The 
few fluorine-substituted aldehydes that are known are 
usually protected either as a hemiacetal or as an acetal and 
prior deprotection is required. Herein, we describe a 
general synthesis of a-fluoro a,@-unsaturated esters via the 
Horner-Wadsworth-Emmons reaction of [(EtO),P(O)- 
CFC(O)OEt]-M+ and aldehydes produced in situ from 
esters. 

Results and Discussion 
Recently, Takacs12 has reported that, in the presence 

of diisobutylaluminum hydride (DIBAL), esters and lac- 
tones 1 react with lithium trialkylphosphonoacetate to 
form the corresponding homologated unsaturated esters 
2 in good yields with high stereoselectivity (eq 1). The 

RC(0)OR' 
1 

DIBAL (1.0 equiv) 

[(EtO),P(O)CHC(O)OEt]Zi+, THF, -78 "C 
.P 

RCH=CHC(O)OEt (1) 
2 ( E  and Z) 
(62-86%) 

R = CH3(CH2)4, (CHB),CH, CH,CH(OTBS), 
-(CH&3C(O)O-, -(CH2)4C(o)O-, CH&H(CHJ5; 

R' = CHB, CH2CH3 

two-carbon homologation of esters to unsaturated esters 
is performed by an initial half-reduction of the ester to an 
aldehyde and subsequent olefination of the aldehyde with 
the phosphonate anion. With a stoichiometric quantity 
of DIBAL, the overreduction of the starting and product 
esters is minimal (3%). However, with excess DIBAL (3.2 
equiv), reduction of the unsaturated ester 2 to form the 
corresponding allylic alcohol 3 in 70% isolated yield has 
been reported12 (eq 2). 

DIBAL (3.2 equiv) 

CH3(CH2)4C(0)0CH3 [(EtO)lP(0)CHC(O)OEtlLi+' 
CH,(CH2),CH=CHCH20H (2) 

Takacs' report prompted us to investigate the related 
carbon homologation reaction of esters with (EtO),P(O)- 
CFHC(0)OEt (41, a fluorinated analogue of (EtO),P(O)- 
CH,C(O)OEt. Two-carbon chain elongation of esters by 
a reduction-olefination sequence thus permits the use of 
esters instead of aldehydes. This is invaluable in fluoro- 
carbon chemistry, where the readily available fluorinated 

3 (E  and 2) 

(12) Takaca, J. M.; Helle, M. A.; Seely, L. Tetrahedron Lett. 1986,27, 
1257. 
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Table I. Preparation of a-Fluoro a,@-Unsaturated Esters 
(See Equations 3 and 4)  

no. R R' method yield: % E/Zb 
5a CF3 C2H5 63 83/17 
5b CZF5 C2H5 44 80120 
5c "C,F, CvH, A 66 77/23 
5d 
5e 
5f 
5g 
5h 
5i 
5j 
5k 
51 
5m 

c e z c l  CiH; B 64 sgjir 

"C5Hll CZH, A' 57 9317 
(CH&CH CH3 B 54 9515 

CF2Br C2H5 B 64 88/12 
CFHBr CZH5 A 66 88/12 

C6H5 "CdHg B 56 100/0 
(E)-CH,CH=CH CH3 B 55 5/95d 
-(CH,)&(O)O- B 76 9515 

H CzH5 Ae 62 
(E)-CsH&H=CF CzH5 A' 45 100/od 

cIsolated yields based on RC(0)OR'. b E / Z  ratios were deter- 
mined by integration of the vinyl fluorine signals in the I9F NMR 
spectrum. DIBAL in toluene utilized. E E I E Z  ratio. e EtzO 
solvent. 

esters can be used as a viable source of fluorine-substituted 
aldehydes. 

In the presence of DIBAL, esters 1 react with an anion 
derived from 4 to give the respective unsaturated esters 
5 in good yields (eq 3). Observations in our laboratory 
Method A 

THF 
1. n-BuLi 

(EtO),P(O)CFHC(O)OEt 
4 2. RCOOR' 

3. DIBAL 
-78 a c  - +25 oc 

RCH=CFC(O)OEt (3) 
5 ( E  and 2) 

indicate that the conversion of the esters to the final 
products is low via the Takacs procedure; i.e., when in situ 
reduction of esters to aldehydes was performed in the 
presence of [ (EtO),P(O)CFC(O)OEt]-Li+ (method A), only 
6045% of the ester was converted to 5. '9F NMR analysis 
of the reaction mixture a t  periodic intervals allows us to 
calculate the percent conversion of ylide and ester 1 (when 
R = fluorine substituted). Excess DIBAL and prolonged 
stirring of the reaction mixture at room temperature did 
not improve the conversion. Although the exact cause for 
low conversion was not clear, the initial procedure was 
modified and better conversion (8040%) was achieved by 
addition of a THF solution of the anion [(Et0)2P(0)- 
CFC(O)OEt]-Li+ to the in situ pregenerated aldehyde 
(method B) (eq 4). The requisite anion was generated 
Method B 

THF 
1. DIBAL 

2. [(EtO),P(O)CFC(O)OEt]-Li+ 

RCH=CFC(O)OEt 
5 ( E  and 2) 

RC (0)OR' 

-78 o c  - 25 o c  

(4) 
independently from (Et0)2P(0)CFHC(O)OEt and n-BuLi 
in THF at -78 "C and transferred to the aldehyde solution 
via syringe. The overreduction of esters to the corre- 
sponding alcohol is also minimal (<5%) by this procedure. 

The homologation of esters to a-fluoro cr,P-unsaturated 
esters is quite general with respect to the esters employed 
in the system (Table I). Aliphatic, aromatic, cyclic, a,@ 
unsaturated, perfluorinated, and partially fluorinated 
esters were all transformed to the respective title com- 
pounds in 45-76% isolated yields. The in situ reduction 
of methyl, ethyl, and n-butyl esters (entries 5h, 5a, and 
5i) to form the corresponding unsaturated compounds 
indicates the scope of this methodology. The highly ste- 
reoselective preparation of (E,Z)-CH,CH=CHCH=CFC- 

Table 11. Effect of Solvent and Base on the 
Stereochemistry of Ethyl 2,4,4,4-Tetrafluoro-%-butenoate 

( 5 4  
solvent 

(EtO),P(O)CFHC(O)OEt *, ~e b CF,CH=CFC(O)OEt 
2. CF&(O)OEt (E and 

3. DIBAL 

no. solvent base E/Za 
1 T H F  "BuLi 84/16 
2 Et20 "BuLi 74/26 
3 n-hexane "BuLi 85/15 
4 T H F  KOC(CH&3 55/45 

6 T H F  LiH 74/26 
5 T H F  NaH 45/55 

OE/Z ratios were determined by integration of the vinyl CF3 
resonances in the I9F NMR spectrum. 

Scheme I 

[(EtO)~P(0)CFC(O)OEl]-Mt + RCHO 

7a (erylhro)' ' 

1 
7b (threo) 

1 

0b 

(E ) -5  ( a - 5  

(0) OEt and (E,E)-PhCH=CFCH=CFC (0)OE t from 
(E)-CH,CH=CHC(O)OEt and (E)-PhCH=CFC(O)OEt 
illustrates that the above methodology can be extended 
to form a-fluoro dienic esters in good yields. Furthermore, 
the sequential transformation of PhC(0)OBu" to (E)-  
PhCH=CFC(O)OEt and then to (E$)-PhCH=CFCH= 
CFC(0)OEt exemplifies the synthetic utility of this me- 
thod in two-carbon chain extension reactions. 

The stereochemistry of the unsaturated esters 5 formed 
in the homologation reaction depends on the cation present 
in the reaction mixture. The different isomer ratios ob- 
tained with various bases are illustrated in Table 11. With 
lithium ion, the E isomer (El2 = 84/16) predominates, 
while in the presence of sodium and potassium ions, the 
selectivity was insignificant. The pronounced effect of 
lithium salts toward isomer ratio can best be explained by 
invoking the mechanism of phosphonate-olefin production 
in hydrocarbon systems. 

The formation of intermediate 7 from 6 (Scheme I) and 
carbonyl compounds is rever~ible,'~ and that intermediate 
can exist in two diastereoisomeric forms (7a and 7b). 
Complexation of soluble lithium salts14 with the interme- 

(13) Durant, G.; Sutherland, J. K. J. Chem. SOC., Perkin Trans. 1 1972, 
2582. Bottin-Strzalko, T. Tetrahedron 1973,29,4199. Danion, D.; Carrie, 
R. C. R .  Seances Acad. Sci., Ser. C 1968, 267, 735. Lafebvre, G.; Sey- 
den-Penne, J. J. Chem. SOC., Chem. Commun. 1970, 1308. Redjel, A.; 
Seyden-Penne, J. Tetrahedron Lett .  1974,1733. Lavielle, G.; Carpentier, 
M.; Savignac, P. Tetrahedron Lett .  1972, 28, 4209. Danion, D.; Carrie, 
R. Tetrahedron 1972,28, 4223. 

(14) Johnson, A. W. Ylid Chemistry; Academic Press: New York, 
1966. Cadogan, J .  I. G. Organophosphorus Reagents in Organic Syn- 
thesis; Academic Press: New York, 1979. 
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diate 7 will retard its reversibility between kinetic (7a) and 
thermodynamic (7b) isomers. Consequently, the irre- 
versible decomposition of 7a will lead to E isomer as the  
major olefin, whereas the thermodynamic product ((2)-5) 
will form in minor quantities only. The decisive influence 
of dissolved lithium salts toward isomer ratio in Wittig and 
related reactions is well d ~ c u m e n t e d . ' ~  

Change of solvent (Table 11) from THF to either diethyl 
ether or n-hexane has very little effect on the stereo- 
chemical outcome of the reaction sequence. 

Unlike other literature procedures, our method utilizes 
readily available esters as substrates in the olefination 
reaction. This  is very valuable in fluorocarbon chemistry, 
where stable, easily distillable fluorine-substituted esters 
can be employed as synthons for fluorinated aldehydes. 
Although the stereochemistry of products formed in our 
reaction sequence is comparable to other literature 
methods, the sequential elongation of the chain by two 
carbons to form dienic esters will prove useful in organic 
synthesis. Further extension of this methodology to P- 
(0)-stabilized anions other than fluorocarboethoxy-sub- 
stituted ions is in progress. 

Experimental Section 
General Procedures. All the reactions were performed in an 

oven-dried apparatus that consisted of a two- or three-necked 
round-bottomed flask equipped with a septum port, a Teflon- 
coated magnetic stirbar, and a reflux condenser connected to a 
nitrogen source and mineral oil bubbler. The extra necks of the 
flask were fitted with glass stoppers. 

All boiling points are uncorrected. l9F, 'H, and ('HI3'P NMR 
spectra were recorded on a 90-MHz multinuclear spectrometer, 
and (1H)13C NMR spectra were recorded on a 360-MHz spec- 
trometer. All chemical shifts are reported in parts per million 
downfield (positive) of the standard. lgF NMR spectra are ref- 
erenced against internal CFC13. FT-IR spectra were recorded as 
CCl, solutions. All the mass spectral analyses were performed 
at  70 eV in the electron impact mode. GLPC analyses were 
performed on a 5% OV-101 column with a thermal conductivity 
detector. 

Materials. Ethyl bromofluoroacetate was prepared by a 
method similar to the Organic Syntheses*e preparation of ethyl 
chlorofluoroacetate. Tetrahydrofuran (THF) was obtained from 
Fisher and was purified by distillation from sodium benzophenone 
ketyl. Anhydrous diethyl ether (Et'O) was obtained from Mal- 
linckrodt and was dried over 4-A molecular sieves. Triethyl 
phosphite was obtained from Aldrich Chemical Co. and was 
distilled from sodium metal at reduced pressure. n-Butyllithium 
(2.5 M n-hexane solution) was obtained from Aldrich, and its 
concentration was determined by Duhamel's procedure (method 
B)." Diisobutylaluminum hydride solutions (1.0 M dichloro- 
methane solution and 1.5 M toluene solution) were obtained from 
Aldrich. Perfluorinated and partially fluorinated esters were 
prepared by a literature method1* from the corresponding fluo- 
rinated acids, absolute ethanol, and concentrated sulfuric acid. 
All the other esters were obtained from Aldrich and were distilled 
prior to use. 

Preparation of Triethyl 2-Fluoro-2-phosphonothanoate 
(4). Triethyl 2-fluoro-2-phosphonoethanoate was prepared by 
a modified literature procedure.' A 300-mL, three-necked, 
round-bottomed flask equipped with a magnetic stir bar, a glass 
stopper, a thermometer, and an air condenser connected to a 
nitrogen source was charged with a solution of 150 g of triethyl 
phosphite (0.91 mol) and 120 g of ethyl bromofluoroacetate (0.65 
mol). The resulting mixture was stirred magnetically and heated 
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under Nz a t  145 "C for 6 h, and then "F NMR analysis of the 
reaction mixture indicated that 80% of acetate had been converted 
to the corresponding phosphonate 4. Distillation of the crude 
reaction mixture through a 6-in. Vigreux column at 104-106 "C 
(0.65 mm) gave 101 g (64%) of 4: 93% pure by GLPC analysis; 

Representative Procedures for the Preparation of ( E ) -  
and (2)-a-Fluoro-a&alkenoate Esters 5. Method A. Ethyl 
2,4,4,5,5,6,6,6-0ctafluorod-hexenoate (5c). A solution of 13.3 
g (55 mmol) of 4 in 60 mL of THF was cooled at -78 "C, and 22.0 
mL (55 mmol) of n-butyllithium was added dropwise via syringe. 
The resulting bright yellow solution was stirred at  -78 "C for 20 
min, and then 12.1 g (50 "01) of CF3CF2CF2C(0)OEt was added 
in one portion via syringe. After the bath temperature was 
equilibrated to -78 "C, 50 mL (50 mmol) of a 1.0 M dichloro- 
methane solution of DIBAL was added dropwise via syringe. The 
resultant mixture was stirred at  -78 "C for 1 h, allowed to warm 
to room temperature over 6 h, and then quenched with 80 mL 
of 6 M HC1. The organic layer was separated, washed successively 
with brine (2 x 25 mL) and water (25 mL), and subjected to steam 
distillation. The water layer of the steam distillate was extracted 
with diethyl ether (2 X 25 mL), and the combined organic ma- 
terials were dried (MgSO,). Removal of solvents via distillation 
at atmospheric pressure gave a yellow residue that was distilled 
again through a 6-in. Vigreux column to give 9.4 g (66%) of an 
E and 2 mixture of 5c: bp 61-65 "C (101 mm); 100% pure by 
GLPC analysis; E/Z = 77/23 by 19F NMR analysis; (E)-5c: lgF 
NMR (a~et0ne-d~)  -127 (s,2 F), -107 (dqd = m, 2 F, 3&,H = 14 

,JFp = 10%); 'H NMR (acetone-&) 6.3 (dt, 1 H, 3&p = 14 Hz, 

"F NMR -211.1 (dd) ('Jmp = 70 Hz, 2 J ~ ~ ~  = 44 Hz); 31P NMR 
10.0 (d) (2JpcF = 72 Hz). 

Hz, 4 5 ~ , ~ ,  = 5 HZ), -99 (dt, 1 F, 3 J ~ , ~  = 18 HZ), -80.5 (t, 3 F, 

3 J ~ p ,  = 18 Hz), 4.4 (4, 2 H, 3 J ~ , ~  = 7 Hz), 1.4 (t, 3 H); l3C NMR 
(CDAJ 158.8 (d, 2 J ~ , ~  = 34 Hz), 156.2 (dt, 'Jcp = 277 Hz, 3 J c , ~  
= 6 Hz), 118.0 (qt, 'Jc,F = 287 Hz, 3 J ~ ~  = 34 Hz), 108.8 (tq, 'Jcr 
= 265 Hz, 3Jcp = 38 Hz), 104.9 (dt, 2Jcp = 30 Hz, 'Jcp = 25 Hz), 

- I+, O.2), 241 (98.7), 119 (56.6), 117 (100.0); IR, 1758 (s) (CEO), 
63.4 (s), 13.7 (9); mass spectrum, m/e 287 (M+ + 1,0.1), 285 (M 

1697 (m), 1201 (s), 1182 (s), (C-F), 1161 (9) (C-F), 1120 (9) cm-'. 
(Zb5c: 19F NMR (acetone-&) -127.9 (d. 5Jvv = 7 Hz). -110 (dda 

(15) Trippett, S. Pure Appl. Chem. 1964,9,255. Schlosser, M.; Muller, 
G.; Christmann, K. F. Angew. Chem., Int. Ed. Engl. 1966,5,667. Rejdal, 
A.; Seyden-Penne, J. Tetrahedron Lett. 1974, 1733. 

(16) Englund, B. Organic Syntheses; Wiley: New York, 1963; Collect. 
Vol. IV, p 423. 

(17) Duhamel, L.; Plaquevent, J. C. J. Org. Chem. 1979, 44, 3404. 
(18) Koppes, W. Ph.D. Thesis, University of Iowa, 1972. Moffat, A.; 

Hunt, H. J. Am. Chem. SOC. 1957, 79, 54. 

' Method'B. Ethyl 2,4,4,4-Tetrafluoro-2-butenoate (5a). A 
solution of 8.1 g (33.5 mmol) of 4 in 35 mL of THF was stirred 
and cooled at  -78 "C, as 13.4 mL (33.5 mmol) of n-butyllithium 
was added via syringe. In another flask, a solution of 4.3 g (30 
mmol) of CF3C(0)OEt in 20 mL of THF was stirred and cooled 
to -78 "C and 30 mL (30 mmol) of 1.0 M dichloromethane solution 
of DIBAL was added dropwise via syringe. The resultant mixture 
was stirred at  -78 "C for 30 min, and then the cold anion solution 
generated in the first flask was added dropwise via syringe to the 
pregenerated aldehyde. The resultant mixture was stirred at  -78 
"C for 1 h, allowed to warm to room temperature over 6 h, and 
then quenched with 60 mL of 6 M HCl. Isolation and purification 
as described in method A gave 3.5 g (63%) of an E and Z mixture 
of 5a: bp 60-63 "C (144 mm); 100% pure by GLPC analysis; E/Z 
= 83/17 by 19F NMR analysis. (E)-5a: I9F NMR (a~et0ne-d~) 
-56.3 (dd, 3 F, 4 J ~ ~  = 12 HZ, 3 J ~ , ~  = 8 Hz), -106.5 (dq, 1 F, 
3 J ~ s z ,  = 17 Hz); 'H' I%IR (acetonedo) 6.4 (dq, 1 H, 3 J ~ p  = 8 Hz), 
4.4 (4, 2 H, 3J~ ,H = 7 Hz), 1.3 (t, 3 H); 13C NMR (CDCl3) 158.4 
(d, 2Jcp = 36 Hz), 154.7 (dq, 'JCJ = 274 Hz, 3 J c , ~  = 6 Hz), 121.6 
(qd, 'Jc F = 269 Hz, 3 J c , ~  = 22 Hz), 108.9 (qd, ' JCJ  = 30 HZ, 
'Jc,F = 46kz), 63.2 (s), 13.7 (s); mass spectrum, m / e  185 (M+ - 
1,0.4), 141 (100.0), 122 (35.6), 119 (29.2), 117 (59.6), 113 (74.6), 
94 (18.0), 69 (24.3); IR, 1757 (s) (C=O), 1685 (m), 1188 (s), (C-F), 
1161 (5) (C-F), 1105 (s), 1100 (s) cm-'. (Z)-5a: 19F NMR (ace- 
tone-&) -59.2 (dd, 3 F, ,JFF-. = 17 Hz, 3J~.w = 8 Hz), -110.9 (dq, 

- -U  ~ 

1 F, 'JF,HW = 29 HZ). 
Ethyl 2,4,4,5,5,5-hexafluoro-2-pentenoate (5b): method B; 

vield 3.2 e 144%): bD 50-55 "C (140 mm): EIZ = 80/20: GLPC 
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mass spectrum, m / e  237 (M + 1+, O.l), 235 (M - 1+, O.l), 191 (53.4), 

(m), 1337 (s), 1211 (s), 1184 (s), (C-F), 1161 (m) cm-'. W5b: 
l9F NMR (a~et0ne-d~) -85.3 (9, 3 F), -108.3 (m, 1 F, 35F,H,, = 

Ethyl 4-chloro-2,4,4-trifluoro-2-butenoate (5d): method B; 
yield 3.9 g (64%); bp 64-67 "C (98 mm); E/Z = 89/11; GLPC 
purity 98%. (E)-5d: 19F NMR (CDC13) -44.1 (dd, 2 F, 3&,H = 

189 (i7.8),163 (36.6), 119 (21.4), 117 (32.0~ 113 (53.8~94 (46.9), 
93 (15.2), 91 (12.3), 75 (37.7), 69 (100.0); IR, 1758 (5) (c=o), 1695 

28 Hz), -112.5 (dd, 2 F, 'JF,F& = 23 HZ, 3JF,H = 15 HZ). 

11 = 9 Hz), -109.6 (dt, 1 F, 3 J ~ h  = 16 Hz); 'H NMR 

3 J ~ , ~  = 7 Hz), 1.4 (t, 3 H), 13C NMR (CDC13) 13.8 (S), 63.1 (S), 

114.6 (q, 2Jc ,F  = 33 Hz), 122.2 (td, 'Jcp = 286 Hz, 3Jcp = 20 Hz), 
152.5 (dt, 'Jc,F = 273 Hz, 3Jcp = 6 Hz), 158 (d, 2 J c , ~  = 36 Hz); 

'JFp 
(CDC13) 6.2%t, 1 H, 3J~pe = 17 Hz, 3JHJ7 = 11 Hz), 4.4 (q, 2 H, 

high-resolution mass spectral data for C6H5O2F336C1 (M - l)', obsd 
200.990891 0, calcd 200.993 017 0; IR, 1753 (s) (C=O), 1687 (m), 
1343 (s), 1185 (s) (C-F), 1160 (m), 1079 (s) cm-'. (Z)-5d -48 (dd, 

Hz). 
Ethyl 4-bromo-2,4,4-trifluoro-2-butenoate (5e): method B; 

yield 4.7 g (64%); bp 55-60 "C (67 mm); E/Z = 88/12; GLPC 
purity 93%. (E)-5e: 19F NMR (CDClJ -39.8 (dd, 2 F, ' J F F  

(CDClS) 6.2 (dt, 1 H, 3J~r, 17 Hz, 3 J ~ ~  = 11 Hz), 4.4 (q ,2  H, 
3 J ~ , ~  = 7 Hz), 1.4 (t, 3 H); l3C NMR (CDCl,) 13.8 (s), 63.1 (s), 
112.5 (td, 'Jcr = 299 Hz, 3JCp = 18 Hz), 116.4 (4, 2 J ~ , ~  = 31 Hz), 
151.7 (dt, 'Jcp = 273 Hz, 3JC,F = 7 Hz), 158.1 (d, 2 J ~ , ~  = 35 Hz); 
high-resolution mass spectral data for C6H702F:9Br (M + l)', 
obsd 246.955 627 0, calcd for M+ 245.950 325 4 and 247.948 279 3; 

1079 (9) cm-'. (Z)-5e: lgF NMR (CDClJ -43.6 (dd, 2 F, '5F.F 

2 F, 'JFp& = 22 HZ, 3 J p , ~  = 10 HZ), -112.7 (dt, 1 F, 3 5 ~ , ~ ,  = 27 

= 9 Hz, 3 J F H  = 11 Hz), -110.3 (dt, 1 F, 35F,H,  = 17 HZ); 'H N ' m  

IR, 1753 (s) (C=O), 1680 (m), 1375 (s), 1343 (4,1160 (s) (C-F), 

= 22 HZ, 3JF,H = 11 HZ), -112.8 (dt, 1 F, 3JF,H = 27 HZf. 
Ethyl 4-bromo-2,4-difluoro-2-butenoate (5 f rme thod  A; 

yield 4.8 g (66%); bp 52-54 "C (12 mm); E/Z = 88/12; GLPC 
purity 100%. (E)-5f: IgF NMR (CDCl,) -117.6 (dd, 1 F, 35F,H,m 
= 17 Hz), -130.2 (ddd, 1 F, 2 J ~  = 51 Hz, 34?fi = 15 Hz, 'JFp- 
= 12 Hz); 'H NMR (CDCl3) 7PTdd, 1 H, ' J H ~ , ~ ~  = 51 Hz, 3 J ~ , ~  

2 H, 3 J ~ , ~  = 7 Hz), 1.4 (t, 3 fl; l3C NMR (CDC13) 14.0 (S), 62.8 
(s), 85.6 (dd, 'Jcp = 243 Hz, 'JCJ = 12 Hz), 119.6 (dd, 2 J ~ , ~  = 
29 Hz, 2 J c , ~  = 25 Hz), 147.3 (dd, ' J c , F  = 273 Hz, 3 J c , ~  = 12 Hz) 

= 9 Hz), 6.4 (ddd, 1 H, 3 J ~ p .  = 16 Hz, 3JHJi = 12 HZ), 4.4 (4, 

159.4 (d, 'JCp = 34 Hz); mass spectrum, m / e  200 (0.2), 202 (0.2), 
155 (4.3), 157 ( 4 . 5 1 , ~  (21.8),139 (ii.5), 121 (ioo.o), 111 (MA), 
101 (71.5), 76 (20.2), 75 (17.3); IR, 1771 (m) (C=O), 1676 (m), 
1320 (s), 1158 (m) (C-F), 1149 (m), 1034 (SI cm'. (Z)-5f: -118.2 

= 12 HZ, ' J F p &  = 5 Hz. 
Ethyl 2-fluoro-2-octenoate (58): method A yield 3.0 g (57%); 

bp 67-70 "C (3 mm); E/Z = 93/7; GLPC purity 100%. (E)-5g: 
lgF NMR (CDClJ -123.1 (d, 1 F, 3 J ~ , ~  = 22 Hz); 'H NMR 
(CDCld 0.9 (t, 3 H, 3 J ~ , ~  = 6 Hz), 1.4 (m,'Cf H), 2.4 (m, 2 H, 3 J ~ , ~  
= 8 Hz), 4.3 (9, 2 H, 3 J ~ , ~  = 7 Hz), 5.9 (dt, 1 H, 3 J ~  = 22 Hz); 

29.0 (s), 31.4 (s), 61.3 (s), 123.7 (d, 'Jcp = 18 Hz), 147.0 (d, ' J C F  

(dd, 1 F, 35~,~u,  = 34 HZ), -137 (ddd, 1 F, 2 J ~ , ~ t e m  = 49 HZ, 3 J ~ , ~  

13C NMR (CDC13) 14.0 (s), 14.2 (s), 22.5 (s), 25.5 (d, &, = 4 Hz), 

= 251 Hz), 161.1 (d, 2JCr = 36 Hz); mass spectrum, m / e  188 (MI, 
27.2), 117 (100.0); IR, 2960 (s), 2933 (s), 2930 (s), 2927 (s), 1733 
(9) (C=O), 1728 (9) cm-'. (Z)-5g: lgF NMR (CDC13) -131.4 (d, 
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13C NMR (CDC13) 160.4 (d, ' J C J  = 36 Hz), 147.0 (d, 'Jcp = 256 
Hz), 131.0 (d, 3 J ~ p  = 10 Hz), 129.7 (s), 128.7 (s), 128.0 (s), 121.4 
(d, 2Jcp = 26 Hz), 61.6 (s), 13.8 (9); mass spectrum, m / e  194 (M+, 
70.2),195 ( m ) ,  166 (53.1),165 (58.2),149 (7o.i), 146 (26.9), 135 
(ai.a), 130 (i2.7), 129 (33~1,122 (32.9), 121 (39.8),120 (42.71, 118 
(25.i), io9 (i6.2), 102 io1 (ioo.o), 95 (16.8)~ 94 (i2.6),92 
(18.2), 91 (10.4), 77 (m.9),76 (i3.0), 74 (i5.5),75 (45 .81 ,~  (ii.i), 
63 (22.1), 51 (33.2), 50 (19.5); IR, 1744 (m) (C=O), 1380 (s), 1242 
(s), 1144 (5) (C-F), 1134 (s), 1121 (s), 1112 (m) cm-'. 

Ethyl 2-fluoro-2,4-hexadienoate (5j): method B; yield 3.4 
g (55%); bp 56-59 "C (52 mm); EE/EZ = 5/95; GLPC purity 
100%. (E,Z)-5j: 19F NMR (CDCl,) -131.9 (d, 1 F, 3 J F  = 29 
Hz); 'H NMR (CDCl3) 6.2 (dq, 1 H, 3 J ~ , ~  = 33 H z ) , ' b ( m ,  1 
H, 3 J ~ , ~  = 14 HZ), 4.3 (4, 2 H, 3 J ~ 3  = 7%Z), 4.1 (dq, 1 H), 1.8 
(dd, 3 I~PJ,,H = 7 Hz, 'JH,H = 4 Hz), 1.3 (t, 3 H); 13C NMR 
(CDCl3) 160.8 (d, 2Jc ,F  = 35 Hz), 149.1 (d, 'Jcp = 255 Hz), 130.6 
(s), 127.6 (s), 118.4 (d, 2 J c , F  = 21 Hz), 61.5 (s), 14.2 (s), 9.6 (d); 
mass spectrum, m / e  132 (12.7), 117 (25.3), 104 (45.6), 87 (100.0), 

(s), 1283 (s), 1270 (s), 1140 (s) (C-F) cm-'. (E,E)-5j: 19F NMR 

Ethyl 2-fluoro-6-hydroxy- hexenoate (5k): method B; yield 
4.0 g (76%); bp 75-80 "C (0.7 mm); E/Z = 95/5; GLPC purity 

59 (38.6), 57 (18.4), 45 (19.0); IR, 1742 (m) (C=O), 1685 (m), 1325 

(CDCl3) -122.7 (d, 1 F, ' J F , ~ - =  17 Hz). 

100%. (E)-5k 'Q NMR (CDCl3) -122.3 (d, 1 F, 3J~sz, = 22 Hz); 
'H NMR (CDClJ 5.96 (dt, 1 H, ' 4 3 ~ ~  = 20 Hz), 4.3 (q,2 H, 3J~fi  
= 7 Hz), 3.6 (t, 2 H, 3JHfi  = 6 Hz), 3.3 (9, 1 H), 2.6 (dt, 2 H, 3J~p 

(CDCl3) 161.3 (d, 'JC,F = 36 Hz), 147.4 (d, 'Jcp = 252 Hz), 123.1 
(d, 'Jcp = 19 Hz), 61.5 (s), 61.3 (s), 31.9 (s), 22.0 (d, 3 J ~ 3  = 5 Hz), 

= 8 Hz), 1.7 (pentet, 2 H, 3JH,H = 7 Hz), 1.3 (t, 3 H); 13C NMR 

14.1 (s); mass spectrum, m / e  176 (M', l.O), 177 (0.5), 158 (16.7), 
156 (59.i), 131 (i6.5),130 (a9.5), 129 (13.3),128 (38.6), 127 
118 (i9.4), 117 (56.0), 115 (ioo.o), 113 (23.4), 110 (45.51, io4 (ig.a), 

86 (i2.5), E, a4 (20.3), a3 (39.5), a2 (47.0),73 (12.8),72 (12.21, 
71 ( ia .~) ,  69 (i5.2), 66 (24.9), 65 (i2.6), 57 (36.2), 55 (i6.5),53 (ii.g), 
51 (14.9), 45 (27.4), 44 (11.3), 43 (44.51, 42 (12.6); IR, 3543 (m, 
br), 2984 (m), 1667 (w) (C=O), 1348 (SI, 1135 (s) (C-F), 1133 (4 
cm-1. (Z)-5k: '9F NMR (CDC13) -130.9 (d, 1 F, 3J"7 = 34 ""! 

Ethyl 2,4-Difluoro-5-phenyl-2,4-pentadienoate 51). Sim 
ilarly, 51 was prepared by the general procedure (method A). Ylide 
generation and addition of ester and DIBAL were accomplished 
at  -50 "C. After the addition of DIBAL, the reaction mixture 
was stirred at  -50 "C for 1 h, warmed to room temperature, and 
stirred overnight. The reaction mixture was quenched with 60 
mL of 6 M HCl, and the organic layer was separated, washed with 
water (2 x 25 mL), and dried (MgSO,). The dried material was 
fiitered through a silica gel column (20 g of silica gel, 200-425 mesh, 
Fisher Scientific) to give a pale yellow liquid that was concentrated 
to afford a dark yellow residue that, on distillation, gave 2.5 g 
(58%) of 51 bp 68-82 "C (0.2 mm); EE/EZ = 100/0; GLPC purity 
90%. I9F NMR (acetone-d6) (E,E)-51: -112.3 (d, 1 F, 3 J ~  

NMR (acetone-de) 7.3 (8 ,  5 H), 6.6 (m, 2 H, 3JHrb = 20 Hz), 4.3 
( q , 2  H, 3JH,H = 7 Hz), 1.3 (t, 3 H); mass spectrum, m / e  239 (M 

(40.4), 166 (10.5), 165 (100.0), 164 (90.0), 146 (29.6), 145 (57.1), 
144 (12.1), 134 (11.3), 133 (40.4), 125 (13.4), 115 (18.4); IR, 3060 
(w), 2984 (w), 1744 (s), 1216 (s), 1143 (m), 1022 (m) cm-'. 

Ethyl 2-fluoropropenoate (5m): method A yield 7.3 g (62%); 
bp 102-104 "C (atmospheric pressure); GLPC purity 98%; 19F 
NMR (CDC13): -117.6 (dd, 35Hpk = 12 Hz, 3 J ~ p  
NMR (CDC13) 5.67 (dd, 1 H (trans to fluorine),vHsgHI., = 3 Hz, 
3JHP- = 44 Hz), 5.31 (dd, 1 H, (cis to fluorine), 3 J ~  . = 13 Hz), 
4.3 (4, 2 H, 3 J ~ , ~  = 7 Hz), 1.34 (t, 3 H), 13C NMR (8flclg) 160.4 
(d, 'JC,F = 36 Hz), 153.7 (d, 'JC,F = 262 Hz), 102.4 (d, 2 J ~ , ~  = 15 
Hz), 62.0 (s), 14.1 (s); IR, 1161 (s), 1176 (s), 1320 (SI, 1737 (s), 1742 
(s) cm-'; high-resolution mass spectral data for C6H702F, calcd 
118.0430, obsd 118.0422. 

Acknowledgment. We thank the National Science 
Foundation and the Air Force Office of Scientific Research 
for financial support  of this work. 

Supplementary Material Available: 19F and 'H NMR 
spectra (31 pages). Ordering information is given on any current 
masthead page. 

103 (16.6), 102 (41.4), 101 (17.3), 100 (10.0), 99 (35.1), 91 (11.2), 

= 20 Hz), -100.2 (t, 1 F, 3 J ~ ~  = 20 HZ, 3JFCCH = 20 HZ). % 

i- I+, 4.8),238 (M+, 218 (ii.g), 193 (MI), 190 (24.6), 173 

= 44 Hz); 'H 

1 F, 3 J F H  = 32 HZ). 
Ethvi ~uoro-4-methvl-2-mntenoate (5hk method B: vield 

3.0 g (54%); bp 52-58 OC"(80 mm); E/Z, = 95/5; GLPC p;rity 

= 7 Hz), 3.4 (m, 1 H, 3Jm = 10 Hz), 1.3 (t, 3 H), 1.1 (d, 6 H, 3 J H 3  
= 7 Hz); 'V NMR (CDCl,) 14.1 (s), 22.8 (s), 25.4 (s), 61.3 (s), 130.0 
(d, 2JCp = 16 Hz), 146.0 (d, ' J c ,F  = 231 Hz), 161.0 (d, 2 J ~ , ~  = 36 
Hz); mass spectrum, m / e  160 (M', 25.2), 132 (100.0); IR, 2967 
(s), 1741 (s) (CEO), 1733 (s), 1351 (s), 1238 (s), 1166 (s) (C-F) 
cm-'. (Z)-5h '9F Nh4Ft (CDClJ -131.9 (d, 1 F, 3JFf i  = 34 Hz). 

Ethyl 2-fluoro-3-phenylpropenoate (5i): metEd  B; yield 
3.3 g (56%); bp 73-77 OC (0.7 mm) [lit.I9 bp 121-123 "C (8 mm)]; 
E/Z = 100/0; GLPC purity 100%. (E)-5i: I9F NMR (CDC13) 
-117.6 (d, 1 F, 35F = 22 Hz); 'H NMR (CDCl,) 7.4 (m, 5 H), 

100%. (E)-5h '9 NMR (CDCl3) -125.3 (d, 1 F, 3 J ~ ~  = 22 Hz); 
'H NMR (CDC13) 5.7 (dd, 1 H, 3J~p ,  = 22 HZ), 4.3 (q, 2 H, 3 J H 3  

6.9 (d, 3 5 ~ , ~ ,  = 22%Z), 4.2 (4, 2 H, 3 J ~ , ~  = 7 HZ), 1.2 (t, 3 H); 

(19) Kitazume, T.; Ishikawa, N. Chem. Lett. 1981, 9, 1259. 


