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Abstract 

(p-2,2-Difluorovinyloxyphenyl)dimethylamine, readily obtained from 2,2,2-trifluoroethanol, is treated with 
zirconocene equivalent 'Cp2Zr' to generate thermostable 1-fluorovinylzirconocene via a C-F bond cleavage. This 
1-fluorovinylzirconocene can be used for C--C bond formation through the cross-coupling with aryl iodides in the 
presence of palladium catalyst and zinc iodide, leading to (Z)-1-aryl-2-(p-dimethylaminophenoxy)-1-fluoroolefins 
in good yields. © 1999 Elsevier Science Ltd. All rights reserved. 
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Carbon-fluorine bonds have great strength and consequently their chemical reactivity is restricted. 
Despite the challenges, considerable progress has been made in the past decade in pursuit of metal- 
promoted activation and transformation of the C-F bonds in organofluorine compounds. 1 From the 
viewpoint of synthetic chemistry, however, few examples have been reported on C-F bond cleavage 
accompanied by C--C bond forming reactions.l f-h,2 

The zirconocene equivalent 'Cp2Zr' is a versatile reagent for C-C bond formation starting from olefins 
with a leaving group) Its reactions proceed through organozirconium species prepared via zirconacyclo- 
propane formation and successive [3-elimination of the leaving group. We have recently applied this se- 
quence using 2,2-difluorovinyl p-toluenesulfonate la  (X--OTs) to generate 2,2-difluorovinylzirconocene 
4 through the loss of the tosyloxy group, which could be cross-coupled with aryl iodides to afford gem- 
d i f luo ros ty renes  6. 4 

Our interest in the C-F bond activation and functionalization next prompted us to investigate the 13- 
elimination of the fluorine substituent instead of the TsO (X) group from the intermediary zirconacy- 
clopropane 2, which would lead to 1-fluorovinylzirconocene 3 as shown in Scheme 1. Such vinylmetals 
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with a fluorine atom at the a-position are, in general, thermally unstable and undergo or-elimination or 
1,2-rearrangement. 5,6 Herein we report the facile generation of thermostable l-fluorovinylzirconocene 3 
via vinylic C-F  bond cleavage and its use in palladium-catalyzed cross-coupling reactions. This process 
provides ready access to monofluoroolefins, valuable both as building blocks for selectively fluorinated 
compounds 7 and as enzyme inhibitors. 8 
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We have designed starting difluoroolefins that bear a substituent with a lower leaving-group pro- 
pensity than that of fluorine, so that the preferential elimination of fluoride ion could occur to ge- 
nerate 3. Initially, screening of substituents (X) was conducted in the reaction of 1 with 'Cp2Zr', 
followed by the coupling reaction. These starting difluoroolefins were prepared in high yield by the 
treatment of trifluoroethanol derivatives with 2-3 equiv, of a base such as butyllithium or LDA. 4,9 
Thus obtained, 1 w a s  successively treated with 'Cp2Zr' (prepared in situ from Cp2ZrC12 and 2 
equiv, of butyllithium) l° and then iodobenzene (1 equiv.) in the presence of catalytic amounts of 
tris(dibenzylideneacetonyl)bispalladium/chloroform (1/1) (Pd2(dba)3 .CHC13) and triphenylphosphine 
(Scheme 2, Table 1). While l a  (X=OTs) gave only [~,[~-difluorostyrene 6, a mixture of ot-fluorostyrene 
derivative 5 and 6 was obtained in the case of carbamate l b  (X=OCONEt2). Furthermore, MEM and 
phenyl ether less reactive to elimination, le  and ld ,  exclusively afforded 5 as expected. These results 
showed that vinylic C-F  bond activation was achieved by the [3-elimination of fluoride ion from 2 leading 
to 1-fluorovinylzirconocene 3, I1 which in turn underwent palladium-catalyzed C--C bond formation. 12 
The examined substituent effect on the benzene ring of l d  revealed that an electron-donating group at 
the para-position effectively promoted the reaction to give 5. A p-dimethylamino group increased the 
yield of 5 up to 45% (entry 6); the over-reduction product, dimethyl(p-(Z)-styryloxypbenyl)amine, was 
also obtained in 12% yield presumably due to the remaining excess 'Cp2Zr'. 

Arl (1.0 eq) 
/ H  .CP2Zr. (2.0 eq ) 3 Znl2 (2.4 eq ) [ A r .  C .H I C A  r 

CF2---C~x - and/or " F / = ~ " X  and/or CF2-" 
-78 °C --> r.L, 3 h 4 cat. Pd 0 

1 / THF reflux, 2 h 5 (v/a 3: path a) 6 (via 4: path b) 

Scheme 2. 

The coupling reaction of I f  with several other aryl iodides was conducted as summarized in Table 2. 
Aryl iodides bearing either an electron-withdrawing or donating group equally afforded the correspond- 
ing monofluoroolefins 5f in good yields. In all cases the Z isomer was selectively obtained as the sole 
product)  3 This stereochemical result demonstrates that the fluoride elimination brings about the selective 
generation of (E)- 1-fluorovinylzirconocene 3f. In addition, 3f is thermally stable as the coupling reactions 
proceeded even in refluxing THE 

A typical reaction procedure is as follows: to a solution of zirconocene dichloride (203 mg, 0.69 mmol) 
in THF (2 ml) was added butyllithium (0.97 ml, 1.43 M in hexane, 1.38 mmol) at -78°C under a nitrogen 
atmosphere, and the resulting solution was stirred at that temperature for 1 h. A solution of If (69 mg, 



Table 1 
The effect of substituents on the I~-elimination of 2 (Ar=Ph) 

Entry X Substrate 5 / %a) 6 / %a) 

1 TsO l a  0 71 b) 

2 Et2NC(O)O l b  30 14 

3 MEMO lc  32 0 

4 PhO l d  17 0 

5 p-MeOC6H40 le  39 0 
6 p-Me2NC6H40 I f  45 0 

a) tgF NMR yield from 1 relative to internal Ct, HsCF 3 standard, b) GLC yield from I relative 
to internal hexadeeane standard. 
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Table 2 
Synthesis of l-substituted 2-aryloxy-l-fluoroolefins 5f from I f  (X---OC6H4p-NMe2) 

Entry Ari a) Product Yield / %b) 

1 Phi 5fa 63 ( 53 ) [45] c) 

2 p-EtO2CC6H41 5fb 54 ( 53 ) 

3 p-CIC6H4I 5fc 56 ( 42 ) 

4 p-MeC6H4I 5fd 75 ( 67 ) 

5 p-MeOCaH4I 5re 60 ( 42 ) 

6 1-NaphthylI 5ff 75 ( 62 ) 

a) 0.5 equiv of aryl iodide based on If was used. b) 19F NMR yield from If relative to internal C6HsCF 3 
standard. Isolated yield from If is given in parentheses, c) 1.0 equiv of aryl iodide based on If was used. 

0.35 mmol) in THF (0.5 ml) was added to the above mixture at -78°C. After stirring for 5 min, the 
mixture was warmed to room temperature and stirred for an additional 3 h. Triphenylphosphine (14 mg, 
0.055 mmol) and Pd2(dba)3 .CHCI3 (7 mg, 0.007 mmol) were added, and stirring was continued for 10 
min. To the resulting mixture were successively added p-iodotoluene (37 mg, 0.17 mmol) and zinc iodide 
(265 mg, 0.83 mmol). After the mixture was heated under reflux for 2 h, phosphate buffer (pH 7) was 
added to quench the reaction. The usual workup and purification by thin layer chromatography on silica 
gel (hexane:ethyl acetate (5:1)) gave 5fd (31 mg, 67%) as a light yellow oil. 14 

In order to confirm the 1-fluorovinylmetal formation the reaction was monitored by 19F NMR (Fig. 1). 
Although the 19F NMR spectrum of 3f in the reaction mixture had three major doublets presumably 
differing in the ligand (for example Y=F, CI, or 1-fluorovinyl) on the zirconium, these gave a single set of 
peaks of (p-2-fluorovinyloxyphenyl)dimethylamine 7f after protonolysis with aqueous HCI. Moreover, 
treatment of 3f with zinc iodide resulted in a single doublet, of which protonolysis gave the peaks in 
accordance with those of 7f. These results suggest that the above mentioned reaction proceed via 1- 
fluorovinylzirconocene 3f, followed by transmetalation leading to 1-fluorovinylzinc Sf. 

In summary, (i) the first example of vinylic C-F bond activation with a low-valent zirconocene has 
been accomplished in the stereoseleetive generation of thermostable 1-fluorovinylzirconocene, and (ii) 
the successive C--C bond formation proceeds in a one-pot operation. This sequence opens a new way to 
the functionalization of vinylic C-F bonds. 
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Figure 1.19F NMR study on l-fluorovinylmeta]s (C6F6 as an external standard) 

Acknowledgements 

We acknowledge the financial support for this research by a grant from Central Glass Co., Ltd. to J.I. 

References 

1. For reviews of C-F bond activation, see: (a) Burdeniuc, J.; Jedlicka, B.; Crabtree, R. H. Chem. Ber. 1997, 130, 145-154. 
(b) Kiplinger, J. L.; Richmond, T. G.; Osterberg, C. E. Chem. Rev. 1994, 94, 373-431. For recent reports, see: (c) Young 
Jr., R. J.; Grushin, V. V. Organometallics 1999, 18, 294--296. (d) Burdeniuc, J.; Crabtree, R. H. Organometallics 1998, 17, 
1582-1586. (e) Ishii, Y.; Chatani, N.; Yorimitsu, S.; Murai, S. Chem. Lett. 1998, 157-158. (f) Sung, K.; Lagow, R. J. J. 
Chem. Soc., Perkin. Trans. 1 1998, 637--4538. (g) Ferraris, D.; Cox, C.; Anand, R.; Lectka, T. J. Am. Chem. Soc. 1997, 119, 
4319---4320. (h) Atherton, M. J.; Holloway, J. H.; Hope, E. G.; Saunders, G. C. J. Organomet. Chem. 1998, 558, 209-212. 

2. For the reaction via fluoro Grignard reagents, see: Rieke, R. D.; Bales, S. E. J. Chem. Soc., Chem. Comm. 1973, 879-880. 
3. Ito, H.; Kuroi, H.; Ding, H.; Taguchi, T. J. Am. Chem. Soc. 1998, 120, 6623-6624 and references cited therein. Takahashi, 

T.; Kotora, M.; Fischer, R.; Nishihara, Y.; Nakajima, K. J. Am. Chem. Soc. 1995, 117, 11039-11040. 
4. Ichikawa, J.; Fujiwara, M.; Nawata, H.; Okauchi, T.; Minami, T. Tetrahedron Lett. 1996, 37, 8799-8802. 
5. For reviews on fluorinated vinylmetals, see: Burton, D. J., Yang, Z.-Y.; Morken, P. A. Tetrahedron 1994, 50, 2993-3063. 

Normant, J. E J. Organomet. Chem. 1990, 400, 19-34. 
6. Most of ot-monofluorovinylmetals reported so far incorporate either I~-position bulky substituents or chelating functional 

groups, and/or use metals with highly covalent carbon-metal bond character such as Zn or Sn in order to enhance their 
thermal stability. Pelter, A.; Kvicala, J. Tetrahedron Lett. 1997, 38, 4877-4880 and references cited therein. Percy, J. 
M.; Wilkes, R. D. Tetrahedron 1997, 53, 14749-14762 and references cited therein. Chen, C.; Wilcoxen, K.; Zhu, Y.-F.; 
Kim, K.-i.; McCarthy, J. R. J. Org. Chem. 1999, 64, 3476-3482 and references cited therein. Kuroboshi, M.; Yamada, N.; 
Takebe, Y.; Hiyama, T. Tetrahedron Lett. 1995, 36, 6271-6274. 

7. Tozer, M. J.; Herpin, T. E Tetrahedron 1996, 52, 8619-8683. 
8. Welch, J. T.; Lin, J. Tetrahedron 1996, 52,291-304 and references cited therein. McCarthy, J. R.; Sunkara, P. S.; Matthews, 

D. P.; Bitonti, A. J.; Jarvi, E. T.; Sabol, J. E; Resvick, R. J.; Huber, E. W.; Donk, W. A. v. d.; Yu, G.; Stubbe, J. In 
Biomedical Frontiers of  Fluorine Chemistry; Ojima, I.; McCarthy, J. R.; Welch, J. T., Eds.; ACS Symposium Series 639; 
American Chemical Society: Washington, DC, 1996; pp. 246-264. Bey, P.; McCarthy, J. R.; McDonald, I. A. In Selective 
Fluorination in Organic and Bioorganic Chemistry; Welch, J. T., Ed.; ACS Symposium Series 456; American Chemical 
Society: Washington, DC, 1991; pp. 105-133. 

9. Z=OAr" Nakai, T.; Tanaka, K.; Ishikawa, N. Chem. Lett. 1976, 1263-1266. Z=OMEM: Patel, S. T.; Percy, J. M.; Wilkes, R. 
D. Tetrahedron 1995, 51, 9201-9216. Z--OCONEt2: Howarth, J. A.; Owton, W. M.; Percy, J. M.; Rock, M. H. Tetrahedron 
1995, 51, 10289-10302. 

10. Negishi, E.; Cederbanm, E E.; Takahashi, T. Tetrahedron Lett. 1986, 27, 2829-2832. 
I 1. For hydrogenolysis of aromatic C-F bonds by a low-valent zirconium complex, see: Kiplinger, J. L.; Richmond, T. G. 

Chem. Commun. 1996, 1115-1116. Kiplinger, J. L.; Richmond, T. G. J. Am. Chem. Soc. 1996, 118, 1805-1806. For the 
report of dehalogenation of aromatic halides (CI, Br, I) catalyzed by Cp2ZrBu2, see: Hara, R.; Sun, W.-H.; Nishihara, Y.; 
Takahashi, T. Chem. Lett. 1997, 1251-1252. 

12. This zirconacyclopropanation/l~-elimination protocol did not work on oxygen-free substrates such as 1,1-difluoroethylene, 
2,2-difluorovinyldimethylphenylsilane, and tributyl(2,2-difluorovinyl)tin, presumably due to the difficulty in coordination 
of these olefins to the zirconocene complex. 



7265 

13. The configuration of 5re (Ar=C6H4p-OMe) was confirmed by NMR measurement on the basis of the observed NOE 
between the vinylic proton and the ortho-protons of the aryl group (Ar). Stereochemistry was assigned for the other 
products by the coupling constants between the fluorine and the vinylic proton (J~=20-23 Hz), which were in accordance 
with that of 5re (20 Hz). 

14. Sfd (X--OC6H4p-NMe~, Ar=C6H4p-Me): IH NMR (500 MHz, CDC13) 8 2.35 (3H, s), 2.90 (6H, s), 6.63 (IH, d, JaF=21.4 
Hz), 6.72 (2H, din, J=9.2 Hz), 7.02 (2H, din, J=9.2 Hz), 7.16 (2H, d, J=8.1 Hz), 7.33 (2H, d, J=8.1 Hz). 13C NMR (126 
MHz, CDCI3) 8 21.2, 41.3, 113.9, 117.4, 122.8 (d, JcF=6 Hz), 125.5 (d, JcF=12 Hz), 128.2 (d, JcF=25 Hz), 129.3 (d, 
JcF=2 Hz), 138.1,147.4, 147.5 (d, Jcv=243 Hz), 149.3. 19F NMR (471 MHz, CDCI3/C6F6) 19.8 (1E d, JvH=22 Hz) ppm. 
IR (neat)2885, 1686, 1512, 1444, 1323, 1232, 1124, 1024, 1011, 879, 818 cm -l. MS (18 eV)m/e 271 (M÷; 100). HRMS 
caled for CITHIsNOF 271.1372 (M+); found 271.1356. 


