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Fluorinated organometallic reagents provide a general method for the introduction of fluorine into organic 
molecules. However, due to the liited thermal stability of many of these fluorinated organometahic reagents, 
their chemistry is much less developed than that of their hydrocarbon analogs. Nevertheless, in the last several 
years dramatic progress has been made in the preparation and application of fluorovinyl tin and zinc reagents, 
which exhibit superior thermal stability. Concomitant advances in the utility of several stable alkynyl and aryl 

fluorinated organometallics have been reported. We recently reviewed the chemistry of perfh~oroalkyl and 
functionalized perfh10rosJkyl organometallic reagents. 1 This report will focus on the preparation and synthetic 
utility of reagents including vinyl, alkynyl, allyl, benzyl, propargyl and aryl fluorinated organometallic 
compounds. Literature prior to May, 1593 has been included. A previous review detailed the chemistry of 

pentafluorophenyl organometallics, and most of this material will not be included here, except for historical 
perspective.* A corresponding review on fluorinated alkynes describes fluorinated alkynyl organometaJlics.3 
Additionally, the aryl organometallic section will be limited to pentafluorophenyl organometallics, and thus 

reagents such as 2,4,6-(CF3)3G&L1 “v 5 will not be discussed. Organometallic reagents that have not been 
reported to exhibit synthetic utility generally were not included, and we apologize to those authors. 

We recognize that magnesium, zinc, and cadmium reagents exist in solution as a mixture of mono and bis 

reagents, as related by the Schlenk equilibrium. In this report we usually denote the organometallic reagents as 
RMX, where X can be a halide (mono reagent) or R (bis reagent). The reader should also be aware that the 
presence of an Fin a ring implies that all unmarked positions are attached to fluorine atoms. 

l.Fluorovinyl Lithium Reagents 

Early efforts to prepare trifluorovinyllithium in solution from the reaction of trifluorovinyl halides with 
metallic lithium failed,6 a result similar to the failure7 of iodotrifluoromethane and lithium metal to give 
trifluoromethyllithium reagent. Seyferth and co-workers fust generated trifluorovinyllithium in solution from 

the reaction of phenyllithium and phenyltris(trifluomvinyl)tin (3:l mol,ar ratio) in ether between -40 to -30 0c.8 

This vinyllithium could be trapped by trimethyltin bromide, triethyltin chloride and trimethylsilyl bromide to 
afford trimethyltrifluorovinyltin, triethyluifluorovinyltin and trimethyltrifluorovinylsilane in 64%. 40% and 

45% yields, respectively. A similar exchange reaction of n-butyllithium and n-butyltris(trifluorovinyl)tin in 

pentane also gave the corresponding trifluorovinyllithium reagent in 4550% yields. 

CeH&F=CF&Sn + 3 C6HsLi 2 (CeH&Sn + 3 CFz=C’FLi Me3SnBf Me$nCF=CF2 
-40 to -30 “C 64% 

During the last three decades, trifluorovinyllithium has been most conveniently prepared by lithium- 
halogen9 and lithium-hydrogen10 exchange reactions. The thermal stability of trifluorovinyllithium was found 
to be dependent upon the solvent. The lowest thermal stability is exhibited in THF. Treatment of 
bromotrifluoroethylene with alkyllithium reagents such as n-butyllithium or methyllithium gave the 
trifluorovinyllithium in good yields. 9 The exchange reaction was usually canied out in ether at -78 “C. 
However, reaction of chlorotrifluoroethylene with n-butyllithium in ether at -70 ‘C! gave the addition- 
elimination product (1,2-difluoro-I-chloro-1-hexene) and butyl chloride. No trifluorovinyllithium was 
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formed.tt* t* Although the corresponding lithium reagent could be obtained when a mixture of THE, ether 

and pentane was utilized as solvent, it was necessary to conduct the reaction at a temperature of -135 “C to 
avoid decomposition of trifluorovinyllithium in the presence of THF.tt An improved procedure has been 
developed to prepare trifluorovinyllithium from the less expensive nifluorovinyl chloride under more accessible 
conditions. Normant found that the reaction of trifluorovinyl chloride with set- or r-bntyllithium in ether at 
-60 “C produced nifluomvinyllithium in almost quantitative yield.13 This protocol provides an inexpensive and 
high yield method for the generation of trifluorovinyllithium under relatively mild conditions. 

CF, =CFH + n-BuLi 
Et,0 

- CF2=CFLi 
-100 + -78 T 

CF~=CFBr + n-BuLi 
Et20 

- CFa=CFLi 
-78 T 

CF,=CFCl + set- or r-BuLi 
Et20 

- CFz=CFLi 
-6OT 

t n-C‘,H,,, >79% 

+ n-BuBr >73% 

t set- or r-BuCl >95% 

The attempted halogen-lithium exchange of 2,2difhtoro-l-chloroethylene with n-butyllithium in ether at 
-78 T gave no 2,2-difluoroethenyllithium. Lithium-hydrogen exchange occured to give 2,2-difluoro-l- 
chloroethenyllithium.14 Similar exchange reaction of trifluoroethylene with n-butyllithium afforded 
trifluorovinyllithium.t‘t However, with 2,2-difluoro-1-bromoethylene, lithium-bromine exchange was the 
favored exchange reaction and 2,2difluoroethenyllithium was formed.t4 These findings indicated that the 

order of exchange reactivity was Li-Br > Li-H > Li-Cl. 

CFa=CHCl + n-BuLi 
Eta0 (CF3)2CO 

- 
-78 “C 

CF2=CClLi - c&=cac(oH)(~3h 

56% 

CF2=CHF + n-BuLi 
Et20 

x CF2=CFLi 
Et,SiCl 

-78 “C 
w CF2=CFSiEts 

79% 
Et20 

CFz=CHBr + n-BuLi - CFz=CHLi 
-78 T 

Metallation of 1,1-difluoroethene was accomplished by treatment with set-butyllithium in THF and ether 

(80/20) at -110 T.t5.16 Side reactions were observed when n-BuLi was utilized for the lithium-hydrogen 
exchange reaction. 

THF / Et20 
CF2=CH2 + set-BuLi - 

-1lOT 
CF2=CHLi >90% 

1,2-Difluomdichloroethylene and 2.2~difluomdichlomethylenet7 were treated with n-butyllithium at -100 
to -110 T in ether / THF to give the corresponding lithium reagents, which reacted with carbonyl substrates to 
produce carbinols. Metallation of 2-fluoro-2-phenyldichloroethylene with n-butyllithium in ether gave 
predominately one isomeric lithium reagent, which could be trapped with carbon dioxide or aldehydes to afford 
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the carboxylic acid and allylic alcohols with Z-geometry, respectively.18 In contrast, the vinyllithium formed 
ftom BuSCF=C!Cl3 is not stereoselective. 

Perfluoro-1-chloro-2-methylpropene underwent exchange reaction with n-butyllithium to form the 
corresponding vinyllithium. Subsequent reaction with hexafluoroacetone afforded the perfluorocarbino1.l~ 
The same vinyllithium was not formed in appreciable amounts by attempted metallation of (CF3)2C=C!HF with 
n-BuLi in ether at -78 ‘C. The main product observed arose from an addition/elimination reaction with the 

alkyllithium reagent. 

CF, 

CF, cl 

)_( 

n-BuLi CF, 
> 

- Li m3 
L - 

CF, F EbO/-70 ‘C H CF, F 

Other polyfluoroalkenyllithium reagents could be synthesized by similar methods. An early report 
described that only Z-perfluotopropenyllithium was formed after the treatment of a 1: 1 mixture of Z- and E- 
CF3CF=CFH with n-butyllithium in ether at -78 OC. 2. Tarrant and co-workers propose-d that the E-lithium 
reagent isomer&d readily to the &lithium reagent. However, reinvestigation by Burton and co-workers 

indicated that the rearrangement of &CF3CF=CFLi to Z-CF3CF=CFXi did not occur.31 Upon metallation of 

pure &CF3CF=CFH or an 80:20 mixture of Z- and &CF3CF=CFH with n-butyllithium at -78 Y!, the 

stemochemical integrity of the lithium reagents was completely preserved & and Z-1,2difluoroalkenes~3 as 
well as trans-fluorovinylcarboranes also gave the corresponding lithium reagents stereospecifically.~ 

F H 

W 

n-BuLi F 

W 

Li Me&Cl F SiMe, 
-- - - 76% 

(=3 F CF3 F -W 
CF3 F 

1) n-BuLi 
CF3CF=CHF - CFsC!F=CFSiMe3 

Z:E = 8020 
2) Me3SiCl 

E:Z = 7525 

I I Et20 I I 
o-CH3CBtuHloCCF=CFX + n-BuLi - o-CH$Bt&cCCF=CFLi 
X=H, Cl -30 OC 
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Perfluorocycloalkenyllithium reagents were produced by lithium-hydrogen exchange of I-H- 

perfluorocyclohexene, I-H-perfluorocyclopentene or 1-H-perfluorocyclobutene with methyllithium in ether at 
-70 “C, and were captured in siru with electrophiles such as aldehydes or halogens.23 Lithium-halogen 

exchange with n-butyllithium was utilized to prepare vinyllithiums Tom l,2-dichloropeAuorocycloalkenes and 
n-BuLi.24 In contrast, methyllithium reacts with these 1,2-dichloroperfluorocycloalkenes to afford methyl- 
substituted products. No vinyllithiums were. observed under these conditions. 

n=2.3.4 

R=Cl, CH3 n=2,3,4 6582% 

Trifluorovinyllithium reagents are thermally unstable in solution, and are sensitive to solvent and 
concentration.9 The lithium reagents exhibit considerably lower thermal stabilities in polar solvents. For 
example, trifluorovinyllithium is stable in pentane at 0 “C. but decomposes in ether above -25 ‘C. In TNF, the 
lithium reagent is much less stable and decomposes at -80 “C.12 Concentrated solutions of 
nifluomvinyllithium decompose faster than dilute solutions. The decomposition products am lithium fluoride 
and a high boiling viscous oil. They presumably arise by elimination of lithium fluoride from 

trifluorovinyllithium to form difluoroacetylene, which subsequently polymerizes. Although no conclusive 

evidence for the intermediacy of difluoroacetylene in the decomposition is as yet in hand, the decomposition of 
dilute trifluorovinyllithium in the presence of phenyllithium produces diphenylacetylene.8 Moreover, in the 
presence of tertiary lithium enolates. trifluomvinyllithium solutions afford difluomvinyl adducts in moderate to 
good yields when warmed to room temperature. This is consistent with a difluoroacetylene intermediate.~ 

Li+ F a3 

CF2=CKi + (CH,)#XQEt - H’ 
-78Y!-+rt -I+ 

COzEt 60% 

m3 
F 

Normant recently reported that decomposition of 2,2-difluorovinyllithium at -80 “C produces 

fluoroacetylene in 90% yield, which can then undergo sequential 1,Zaddition of a nucleophile and 
electrophile.t5 Thus 1,1-difluoroethene may be considered as a “+C=C-” synthon. Nucleophiles used 

included Grignard and lithium reagents as well as lithium dialkylamides. Water, csrbonyl compounds, alkyl 
halides and trimethylsilyl chloride could be utilized as electrophiles. More recently, fluorohaloacetylene has 
been directly observed spectroscopically upon thermal decomposition of CF2=CxLi (X=Cl, Br).x 
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I1)m 6 = CI-I(OH)CI-Is 
2) CH$I-Io 58% 

&Difluorovinyllithium reagents am more stable than their &analogs. I$Ditluomnonenyllithium could be 
prepared at -30 “C in THF and decomposed above -5 ‘C! to give a difluoroenyne.t3* 27 In contrast, Z- 
difluorononyllithium was observed in a mixture of ether and THF at -110 “C, but decomposed to unidentified 
materials upon warming to -80 “C. 

n-C’&5 H n-BuLi 
R 

F)=<F THF c n-GHt;>=(Li -8f)“c, 
unidentified materials 

-llo”c F 

An internal fluorovinyllithium reagent has been prepared by a similar lithium-hydrogen exchange 
reaction. Treatment of 2-hydqentafluoropmpene with either r-butyllithium or LDA in ether/pentane at -78 ‘C 
gave CF$Li=CFz in high yield.28 Poorer yields of the lithium reagent were obtained with n-butyllithium in 

ethertpentane or LDA in pentane. 

‘;+CFz 
r-BuLi or LDA CF3 

* 
> CF, >95% 

Eta0 / pentane Li 

N-Aryl uifhtoroacetimidoyl lithiums29 have been prepared by low temperature lithium-halogen exchange 
reaction with Nary1 uifluoroacetimidoyl iodides .3u These trifluoroacetyl carbanion equivalents were readily 
trapped by electrophiles, including acid chlorides, aldehydes, ketones, trimethylsilyl chloride, ethyl 

chloroformate and N,N-dimethylformamide. 

OH 
I n-BuLi Li 

>= NAr - 
CF, 

-78 ‘=C > NAr - NAr 89% 
CF3 

Ai=2,6-xylyl 
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Recently, a-oxygen-substituted difhrorovinyhithium reagents have received attention since they could be 

readily prepared under mild conditions and were demonstrated to be versatile and useful building blocks for the 
synthesis of organofluorine compounds. s1 Nakai and co-workers first prepared 2.2~difluoro-l- 

tosyloxyvinyllithium from the reaction of 2,2,2-t~ifluoroethyl tosylate with two equivalents of LDA in THP at 
-78 “C. This reagent reacted with carbonyl substrates, to give an adduct which after hydrolysis afforded a-keto 

acids in good yields.32 

LDA 
CFsCHaOTs 

OTs (CHa)&O 
- cF,3( 

OTS 

-E 
Li 

--a=( 

1) H30+ 

C(CH&OH 2) (CH&CH 
A 
P 

CO,H 
3) HsO+ 57% 

2,2-Difluoro-1-alkoxylithiums could also be prepared by a one-pot dehydrofluorination and exchange 
reaction, followed by quenching with trimethylsilyl chloride.339 34 35 

CH,0CH2CH20CH20CH2CF, 
E+~~~~MRM Me_$iCt* s-<OMEM 

70% SiMe, 

IDA 

Ejz 
-100 “C 

Other examples of a-oxygen-substituted difluorovinyllithium reagents include a carbamate, generated by 

treatment of a 2,2,2-trifluoroethyl carbamate with 2.2 equivalents of LDA at -78 ‘C in THP.x.37 

ocomt2 MqSiQ 

q+ a24 

ocoNJ32 
CF,CH20CONEt2 80% 

Li 
- CF2==( 

THF 
S&l% 

Fluorinated vinyllithium reagents readily react with a variety of electrophiles. Trifluorovinyllithium 
reacts with proton, halogen, trialkylsilyl chloride, trialkyltin chloride, methyl iodide, carbon dioxide and sulfur 
dioxide electrophiles to form trifluorovinylated products.a* 12.13 

co, 
CF, =CFC02H 80% 

CF2=CFLi 
CF2=CFSOaH 53% 

Trifluorovinyllithium also reacts with aldehydes or ketones to give the corresponding carbinols, which 
can undergo acid- or thermally-promoted rearrangement to give a-fluoro-a$-unsaturated acid fluorides.l 1 
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Application of this methodology has led to the preparation of fluorinated analogs of the aldehyde portion of the 
boll weevil pheromone.38 Reaction of the acid fluorides with lithium dialkylcuprates has provided a new 
approach to a-fluoro-a&unsaturated ketones which are difficult to obtain by other method&t1 Treatment of 
the carbinols with alkyllithium or lithium aluminum hydride gives &difluoroallylic alcohols, which can be 
hydrolyzed in sulfuric acid to produce a-fluoro-a&unsaturated ketones and aldehydes, respectively.fg With 
a$-unsaturated aldehydes, trifluorovinyllithium gave only the 1,Zaddition product, which also readily 
underwent rearrangement upon hydrolysis to give the acid fluoride.tt 

m2=m R’RZCO_ R’R2C_m=e2 H,SO,> R’R2C=~COF R;CuLi 
82-91% &M 

7582% F 
M=H 

7O& RtRe 
0 

RtRy-m=CFR3 

OH 62-88% 

R’R2C-CFXHF 

cq=cFLi + mo- 

2.2-Difluorovinyllithium reacts with carbon dioxide, followed by acid to give the corresponding acrylic 
acid derivative, which is difficult to isolate due to the ease of hydrolysis at room temperature. Thus, 
functionalization reactions are carried out on the lithium difluoroacrylate salt. Reaction of this salt with 
organomagnesium halides affords g-fluoro-a$-unsaturated acids. Further reactions of the acid products with 
oxalyl chloride and nucleophiles leads to g-fluoro-a,p-unsaturated ketones, esters and alcohols.‘tc 

co2 1) R’MgBr 
CFz=CHLi - CF2=CHC!02Li - 

2) H,O+ 
R’CF=CHC02H(cOC1h - R’CF=cHCOCl 60-80% 

51-70% 1) (R’),CuLi 

1) DIBAL-H 2) H30+ 
R’CF=CHCH,OH- R’C!F=CHCO&Hq R’CF=CHCOR2 4570% 

70-80% - 2) H30+ 77-80% - - 

Capture of 2,2-difluorovinyllithium with aldehydes yielded the expected alcohols. 
alcohols with DAST gave the rearranged E-alkenes.41 

R’R’CO 
CF -CHLi - 

Et2NSF3 
2- R1R2C(OH)CH=CF2 - R’Rv=CHCF3 

Treatment of the 

5060% 
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Carbinols are formed by reaction of trifluomvinyllithium with carbonyl compounds containing electron- 

withdrawing groups such as pertluoroalkyl substituents. 42 Unlike the trifhroroallyl alcohols, these highly 

fluorinated ally1 alcohols are stable and extremely resistant to either thermal or acid-induced rearrangement. 
However. treatment of these alcohols with PC15 or SF4 afforded rearranged fluorinated alkenes. 
Perfluoropropenyllithium also readily reacted with either non-fluorinated or fluorinated dialkyl ketones to give 

the corresponding homoallylic alcohols.20 These alcohols showed no inclination to rearrange. 

(ClCF&$!O OH 
CFz=C!FLi 

50% 
* CFa=CF 

+ CFzCl 
PCl, 

- CF2ClCF=C(CF$l), 
CF2Cl 58% 

CF 
(CF&CO OH 

-CFLi- CF =C!F SF4 
2- -70% 2 t CF, - CF3CF=C(CF3h 

CF, 

Normant also reported that fluorinated vinyllithium reagents react with acid chlorides or esters to give 

bis(fluoroviny1) alcohols, which upon treatment with acid rearrange to fluorinated unsaturated acids or 

ketones.13 

R=F, set-Bu R=F --f R’=OH (67%) 
R=sec-Bu + R’=rec-Bu (60%) 

However, benzoyl chloride undergoes an anomalous reaction with the lithium reagent and only a highly 
fluorinated benzyl alcohol was observed. A proposed mechanism for its formation is illustrated in the 

following scheme: 

C&I~COCl CF2=CFLi 
CF,=CFLi - C6H5-$-CF=CF2 - 

0 

F F 

When fluorovinyllithiums were treated with epoxides or oxetanes at low temperature, no reaction was 
observed. However, Normant found that fluorohomoallylic alcohols were produced in good yields with boron 
trifluoride catalysis.43 
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BFs*Et20 
0 + cF~=cFLi - 82% 

-8OoC 

-.I? 
BFs*Et20 F 

CSHS 
o + CF2=CFLi - 

-8OoC 
C&J5~CH2CH2cF=CF2 66% 

OH 

Tarrant generated triBuomvinyltriethylsilane in 79% yield from the reaction of trifluorovinyllithium and 

niethylsilyl chl0ride.1~ Trifluorovinyl alkoxysilanes and disiloxanes were similarly pre~ared.~ A somewhat 

better yield was obtained by Hiyama using Barbier conditions at low temperature. He also generated a number 
of mono-, bis- and tris(trifluorovinyl)ganosilanes. 45 Trifluorovinylsilane was polymerized via fluoride ion 

catalysis to give a fluorinated metallic polymer with conductivity of 10-g to l@*u n-lcm-1. Treatment of the 
tritluomvinylsilane with organolithium reagents stereospecifically formed z-1,2-difluoroalkenylsilanes. which 
are versatile fluorinated synthons.4 Chlorodifluorovinylsilanes were prepared via the analogous reaction of 
CF~=CClLi with chlorotrimethylsilane~7 

n-BuLi 
EtsSiCl + C!F2=CFCl - c&=cFsiEts 

85% 
z [ +F=+&F2-~F~] n 

RLi 
SiEg 

CF2=CFSiEts- ;&Et SO-85% 
3 

Fluorovinyllithium reagents have been widely utilized for the preparation of fluorovinyl main group 

element and metallic compounds. Reactions with g-chlom substituted borazines48 and ttialkyltin,8 mercury,g 

nickel,‘@ palladium49 and platinum49 halides gave the fluorovinylated products. Trifluorovinyl derivatives of 
several elements have been reviewed by Russian workers.50 

CFz=C!FLi + 
CH3, N. B, ,CH3 a3, 

CF=m2 
N.B,N,CHs 

ii 
Y - 

9, 
II 1 

cl’ ‘N 
I 

Cl CF2=CFM BN NSB’CF-CF2 

m3 &H3 

CF2 =CFLi + LWIS - (Et3P)2PdC12 - rruns- (Et3P)2Pd(CF=CF2h 55% 

Reaction of 2,2-difluoro 1-tosyloxyvinyllithium with carbonyl substrates gave fluorinated ally1 alcohols, 
which underwent orthoacetate Claisen rearrangements to provide useful difluoro functional&d esters or acids. 
2,2-Difhroro-1-phenyloxyvinyllithium was also trapped with phenylacetaldehyde to yield an allylic alcohol. 
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After esterification, the alcohol underwent an Ireland enolate Claisen reaction and hydrolysis to give a g,g- 
difluorocarboxylic acid.34 

Trapping of 2&difluoro-1-(MRM-0)vinyllithium with pmpanal gave an alcohol, which sfter conversion 
to an ally1 ether, readily rearranged at -30 Y! in THF.33 

Li 
CF4 

0 
-- CF 

OMRM 

Reaction of 2,2-difluoro-1-tosyloxyvinyllithium with trialkylboranes gave 2,2difluorovinylboranes, 
which underwent a variety of interesting functionalixation reactions.51 Treatment of the 

CF3CH20Ts + 2 LDA 
RR2 

R 

2,2-difluorovinylboranes with acid or with NaOMe and Hz02 / NaOH gave l.ldifluoroalkenes and a,a- 
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63-868 
“‘~&$t$+ /z?063-84% 

cF2=(I - 
3) I2 

cb=c 

BR2 HOAc 
- e2=( 

H 81% 

76% R R R R=-(ClQ4Ph 

R=-(C :H2)4Ph 
1) NaOCHs / 
2) Br2 _ 

/ 

- 

R 

I 1) CuI 
ClPPh2 

\ 

1) NaOCHa 

BH&HP 
2) NaOH /Hz& 

HCP2’ ‘R 
67% -- 67% R 81% 
R=-CH2CH(CHH,)Ph R=n-Bu R=-(CHi),Ph 

difluoro ketones, respectively.5ls 52 When the difluorovinylborane was reacted with NaOMe followed by 
bromine, the expected vinyl bromide was not formed. Instead. a symmetrically disubstituted l,l-dilluoro-l- 
alkene was obtaix1ed.5~ These results are in contrast to brominolysis of non-fluorinated alkenyklialkylboranes, 
which give the corresponding alkenyl bromides. However, iodinolysis of the vinylboranes with iodine under 
basic conditions gave the expected alkenyl iodides in 5676% yields.53 The ditluorovinylborane coupled with 
aryl iodides in the presence of a catalytic amount of Clfld(PPh3)2 after treatment with trimethylamine N-oxide 
and tetrabutylammonium fluoride.~ The difluorovinylborane also coupled with aryl iodides in the presence of 
CuI and palladium catalyst to afford improved (83-94%) yields of the 1,1-difluoroalkenes.55 Coupled 
products of difluorovinylborane with acid chlorides56 or chlorodiphenylphosphine57 were obtained in the 
presence of cuprous iodide. 

The difluorovinyliithium reagent derived from 2,2,2-trifluoroethyl carbamate and IDA has been trapped 

by a number of electrophiles, including trimethylsilyl chloride, phenylselenyl bromide, methyl triflate, 
trimethylsilylmethyl nilluoromethanesulfonate, tributyltin chloride. ammonium chloride, carbon dioxide, and 
propanal.36* 37 In the latter instance, the initially formed alkoxide adduct is observed immediately after 
addition of propanal. but a rearrangement to the a,adifluotomethyl ketone quickly occurs. Attempted trapping 
of the lithium carbamate intermediate with methyl iodide was not successful. 
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77% GCoNEt2 

2. Fluorovinyl Magnesium Reagents 

Early reports for the preparation of fluorovinyl Grignard reagents focused on trifluorovinylmagnesium 
halides.50 Reaction of trifluorovinyl iodide with magnesium in ether under reflux gave 
trifluorovinylmagnesium iodide, albeit in low yield. 58 The low yield was caused by decomposition of the 

Grignard reagent at this temperature. When the reaction was carried out at -20 Y!, trifluorovinylmagnesium 
iodide was obtained in 70% yield.59 Trifluomvinyl bromide also smoothly reacted with magnesium to give the 
trifluorovinyhnagnesium bromide in THF at -20 OC. 

CF~=CFX + Mg 
THF or Et20 
- CF2=CFMgX 45-70% 

X=Br, I 
-20 oc 

Exchange reactions involving halogen-magnesium~~et or tin-magnesium~ provide alternative routes to 

fluorovinylmagnesium halides. Treatment of trifluorovinyl iodide or triphenyltrifluorovinyltin with 
phenylmagnesium bromide gave trifluorovinylmagnesium halide.60, 62 

CF2=CFI + PhMgBr - CFz=CFMgX 

CFa=CFSn(C6H& + PhMgBr - c&=cFMgX 

Z-Perfluoroalkenyl halides became readily available from either decomposition of 
perfluoroalkylmagnesium halides in ether or pentane631 *. 65. 66, 67 or iodination of 
perfluoroalkenylphosphonium salts .e* With these precursors in hand, perfluoroalkenylmagnesium halides 
were prepared from them by either direct reaction with magnesium or exchange reaction with 
organomagnesium halides.@ 
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Although they are more stable than the corresponding lithium reagents, the fluorovinyl magnesium 
reagents are still thermally labile. Most fluorovinyhnagnesium halides can be prepared at -20 to 5 OC. 
Perfluorooctenylmagnesium bromide has been obtained in THF solution at room temperature. A detailed 
investigation of the stability of fluorovinyl Grignard reagents has not been reported. 

Perfluoroalkenyhnagnesium halides react with a variety of electrophiles to give perfluoroalkenylated 
products. They have been treated with carbon dioxide to afford the perfluoroalkenoic acids.69 

Trifluorovinylmagnesium halides attack the carbonyl group of ketones and aldehydes to give carbinols, 
which spontaneously rearrange to the fluorinated a&unsaturated acid fluorides.top 70 However, a 
trifluorovinyl steroid was prepared in 49% yield from the reaction of the estrone 3-methyl ether with 
trifluorovinyhnagnesium bromide. In this reaction no rearrangement product was observti71 

(CH3)2CO ?H 
cF~=cFMgx - 

[ 1 CF2=CF-y-CH3 

CH3 

-HF_ (CH3)2C=CFCOF 

Reaction of trifluorovinylmagnesium bromide with fluorinated aldehydes or ketones led to secondary and 
tertiary alcohols, which were stable and isolable in pure form. lo The secondary alcohols could be 
transformed, albeit in low yield, to perfluoro-a$-unsaturated ketones by a bromination. oxidation and 
debromination sequence.~ 

OH 

A 
1) Rr2 

0 

CF2=CFMgX+ R&HO - 

R&F,, CzFs 
Rf CF=CF2 -K 2)cro3 R, 

3) zn 
CF=CP2 

25% (Rt=CF3) 

In contrast to the reactions of trifluorovinylmagnesium halides, perfluorooctenylated alcohols were 
readily isolated in good yields from reaction of perfluorooctenylmagnesium bromide with both non-fluorinated 
and fluorinated carbonyl substrates.73 
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+ cH$!Ho - “2+H --- 3 

GH 

c”l;)=(;gBr + WW’C~H5 - 

cd;13 

F 

‘@‘;MF + C&15COCF3 - 
MgBr 

Acid chlorides have also been employed as reactants. Reaction of trifluorovinyl magnesium bromide 
with chloroacetyl chloride gave di(trifluorovinyl)chloromethyl alcohol, which was stable and was isolated.50 

:: 
CF=CF* 

CF*=CFMgx + c1CH*cc1 - ClCH 2 
+ 

cF=cF2 

OH 

Commeyras and co-workers reported the reaction of perfluorocctenyhnagnesium bromide with aliphatic 
acid chlorides.74 These reactions resulted in the formation of a mixture of the desired ketone and a tertiary 
alcohol. The product distribution was dependent upon the reaction conditions and the acid chloride. With 
acetyl chloride, ketone formation was favored at low reaction temperatures (-15 to 0 T). while with pmpionyl 
chloride or isobutyryl chloride, ketone formation was favored at higher reaction temperatures (20-35 “C!) while 
the formation of carbinol took place at lower temperatures. This unusual temperature dependence was 
rationalized by the proposal that the ethyl and isopropyl ketones preferentially undergo enolization with a 

second equivalent of Grignard reagent, which behaves as a base at elevated temperatures. The resultant 

enolates could not be further attacked by Grignard reagent to form the tertiary alcohols. At lower temperatures, 
enolization of the ketone does not occur, and excess Grignard reagent reacts with the carbonyl group of the 

ketone to form the tertiary alcohols. However, close examination of the data given by Commeyras raises 
serious questions as to the validity of these proposals. Commeyras stated that reaction of this Grignard reagent 
with propionyl or isobutyryl chlorides, quenched after 15 hours at 0 Y!. gave predominantly tertiary alcohols. 
However, the preparation of ethyl and isopropyl ketones, in which the acid chlorides were added at 0 “C 

followed by warming to reflux after 15 hours, gave similar results to preparations in which the acid chlorides 
were added at 20-35 “C. Thus, it is unclear how enolate formation at elevated temperatures could prevent 

tertiary alcohol formation if the tertiary alcohols were already formed at low temperatures. Another 
interpretation of the results is that tertiary alcohols were formed in all cases, but with bulkier alkyl groups the 
magnesium salts of the alcohols reverted back to the ketones upon warming. 



3008 D. J. BURTON et al. 

0 

C3H&l + C&,CF=CPMgX 

I 

?MgBr 

CH3CH3-fl-CF=CFC,Ft3 
CF=CFC$t3 I I 

?MgBr 
CH3CH=C-CF=CFC&, 

I 

I I P 
CH3CH=C-CF=CPC&, 

OH I 1 
1 

CH3CH2-F-CF= CFCsF,, 
CP=CFC&3 

Wakselman reported that pertluorohexenylmagnesium bromide reacted with phenyl cyanate in ether to 

give the corresponding vhrylnitrile in 73% yield.75 

Trifluorovinylmagnesium halides are efficient trifluorovinylating reagents for the preparation of 
tt9htorovinylate.d metalloid compounds.% Treatment of trifluorovinylmagnesium bromide with alkylsulfenyl 
chloride gave the trifluorovinyl alkyl sulfides in excellent yields. Trifluorovinylphosphine,so amine.76 

stibinew and borane76 compounds could be similarly prepared by the reaction of trifluorovinyl Chignard 

reagents with the corresponding halides. 

CISR 
CF2=CFSR 

SbC13 
- cF,=c!FMgx - Sb(CF=CFd3 

PC! -cl3 

P(CF=CF3)3 As(CF=CF& 

Roschenthaler treated Z-pentafluoropropenylmagnesium iodide with diethyl chlorophosphite or 

bis(diethylamino)chlorophosphine to give &pentsfluompropenylated phosphites and ph0sphines.n 
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CF? F Mo (3%. .F 

Perfluoroalkenylmagnesium halides were also utilized to prepare peffluoroallcenylated metallic 

compounds. Although pregenerated perBuoroalkeny1 Grignard reagents reacted with organotin halides to give 
the corresponding perfhtoroalkenyltin compounds. Barbier-type conditions were found to be more efficient.78 
Treatment of bromotrifluoroethylene with magnesium in the presence of organotin chloride, dichloride or 
tetrachloride afforded trifluorovinyltin, bis(trifluorovinyl)tin and tetrakis(trifluorovinyl)tin, 

respectively.‘6J~$o.at 

CF2=CFBr + EtsSnCl 
Mg 

- CF2=CFSnEts 80% 

c”liHzr + BusSnCl * “lsF~~nBu 65% 
3 

Similarly, perfluoroalkenyhnercury compounds could be prepared from the alkenyl Gtignard reagents.m*78 

CF2=CFMgX + HgX2 - (CF2=02Hg 

c”l;H;gx+ HgX2 - w13 F 
3550% 

F 

3. Fluorovinyl Tin Reagents 

Reaction of pertluoroalkenyl Grignard reagents or lithium reagents with organotin halides provides the 
most general method for the preparation of perfluoroalkenyltin compounds.79* 80. 81 Treatment of 
pregenerated trifluorovinylmagnesium halides with triallcyltin chlorides or bromides gave trifluorovinyltin 

derivatives. With diorganotin dihalides or organotin trichlorides, the vinyllithium or Grignard reagents 
afforded bis(trifluorovinyl)diorganotin and tris(trifluorovinyl)organotin, respectively. In general, the best 
yields were obtained in the trifluorovinylation of triorganotin halides, the poorest in the complete 
trifluorovinylation of organotin trihalides. When Barbier conditions were used, the yields of vinyltin 

compounds were improved.78 This procedure could be employed to prepare a variety of perfluoroalkenyltin 
derivatives. 
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Mg 
QF2=mr + Cl$nM% - (CF2=CF)2SnM~ 65% 

=H;r + Bu$Wl z,E+C ““l;>-<” 65% 
2 SnBq 

Vinyllithium reagents could also be trapped with a tin electrophile to afford the vinykin reqents.* 

1) n-B&i / -9s OC 
c&=CFX c CFs=CFSnMes 40-4546 
X=Cl, Br 2) Me$nQ 

hu 
CF2=QFI + Me&r-SnMes - CF#YSnMes 23% 

Haszeldine reported the Diels-Alder reaction of perffuorocy~lopentadiene with 
bis(trimethylstannyl)acetylene at room temperature to give the corresponding vinyldistannane in 89% yield.83 
Cleavage of the ~e~y~~~ moieties was readily effected with halogens. 

The trifluorovinyltin compounds am very reactive and less stable than their non-fluorinated counterparts. 
They am sensitive to oxygen, acids, bases, and also react with electrophiles such as boron trichloride84 to 
afford mono-, bis-, and tris(trifluorovinyl)boron derivatives. Exchange reaction of the vinyltin reagent with 
mercury chloride in ether gave the vinylmereuric chloride.78~ 79 

Me$?n(CF=CF& + BC13 - CF2=c!FBc12 93% 

RsSnCF=C& + HgC12 - CF2=CFHgCl 

T~fluoro~nyltin derivatives react with sulfur dioxide. However, low yields of the product from 
insertion into the tin-carbon bond of the trifhtorovinyl group were found.85 

(CF2=CF)$n + 2 sq 60 oc’24k (CF2=CF)2SnW$F=CF2)2 

Trialkyl(trifluorovinyl)stannanes readily undergo Stille coupling reactions.86 Reaction of 
~bu~l~u~~yl~ reagent with aryl iodides catalyzed by palladium gave ~flu~v~yi~~ene derivatives. 
The reaction could be carried out in a variety of solvents. The product yield increased in the order: HMPA- 
D~DMSO>THF>C&~PC@&I~. 
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Bu$nCF=CFa + (1587%. GIPC) 

Recently, 3-trifluorovinylmethylcephem and 3-uifluorovinylcephem were prepared in good yields from the 
reaction of tributyl(trifluorovinyl)stannane with 3-vinyl triflate or 3-chloromethylcephem. The coupling 
reaction was catalyzed by a palladium catalyst containing the tri(24inyl)phosphine ligandg7,88 

Pd(dba)a 
+ Bu&rCF=CF2 - 

HO 

Radical reaction of E- or z- a-fluorovinylsulfones with two equivalents of tributyltin hydride gave a- 
(fluorovinyl)stannanes with retention of stereochemistry. 

cat. AIBN 

cat. AIBN 

< 
\ 78% 

SnBu3 
F 

SnBu3 

72% 

A wide variety of fluorovinylsulfones have been prepared by McCarthy and co-workers. Stereospecitic 
destannylation reactions of the a-fluorovinyl stannanes include protonolysis.90 deuterolysis.~ acylation.9t 

iodinationcl and electrophilic fluorination. 92 Reaction with benzaldehyde and set-butyllithium at low 

temperature afforded the allylic alcohol. 91 Reaction with ethylmemuric chloride and benzoyl peroxide gave the 
ethyl derivative in low yield.91 
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74% 

4. Fluorovinyl Zinc Reagents 

Since the synthetic utility of fluorinated vinyllithium and Grignard reagents has been impeded by the 
restricted thermal stability of these reagents, alternative organometallic reagents such as zinc reagents which 
might exhibit superior thermal behavior and chemical reactivity am desirable. Fluorinated vinylxinc reagents 
can be prepared by two methods: 1) capture of the corresponding vinyllithium reagent at low temperatures 
with a zinc salt, or 2) direct insertion of zinc into the carbon-halogen bond of a vinyl halide. 

The first method involves the generation of the vinyllithium at low temperature from the corresponding 
fluorinated vinyl halides or hydroalkenes .*2 Addition of zinc halides to the lithium reagent solution gives the 
stable vinylxinc haliies in excellent yields.t2~*693~95~%97S*~~~t~~tOt~t~ The reaction temperatutes are a 
function of the thermal stability of the vinyllithium reagent. Trifluorovinyl. 2.2~difluorovinyl and I-chloro-2- 
fluorovinyl as well as E- l,2difluoroalkenylxinc chlorides were generated at temperatures below - 100 “C, while 
some Z-1.2difluoroalkenylxinc chlorides could be prepared in ether at -30 OC.95 Pentafluoropropen-2-ylxinc 
has been prepared by this method.~ 
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In the presence of palladium catalyst, these fluorinated vinylzinc reagents undergo coupling with phenyl 
or heterocyclic iodides to give the corresponding fluorinated vinyl derivatives. The coupling reaction 

proceeded smoothly in TIIP at or near room temperature, Typical examples am outlined below: 

75% 

cF2=cHznx + 50% 

A variety of vinyl iodides, including non-fluorovinyl and fluorovinyl as well as functionalized vinyl iodides, 

react with fluorovinylzinc chlorides catalyzed by palladium to provide fluorinated dienes. In all cases, the 
stereoisomeric purity of the product is high. This procedure is particularly useful to prepare fluorinated 

polyenes. 

CF~=CPZnCl + 

“l>=<zfi+ 1\=\C(0)csH13 

set-Bu F 

gipph ) - 75% 
34 0 
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This approach has been used in the preparation of fluorinated codlemones.99 

CY;>=<L 

I + 

\ 

_a;*(CH;TIe& 

cat. 
Pd(PPh,), 2 

- 8.5% 
3 

(cH,h~(clH,), 

CH’5CH2),0H 74% 

Although a more straightforward route to fluorinated enynes has been developed by direct reaction of 
fluorinated vinyl iodides with terminal alkynes catalyzed by palladium and cuprous iodide,103 palladium- 
catalyzed reaction of fluorinated vinylzinc reagents with I-iodo-1-alkynes provides an alternative method for 
the preparation of fluorinated enynes in high yields.~ 

CF,=CFI + HCXC6Hi3 
CuI / Et3N 

cat. 
D CF$=CF-CX!C&r3 62% 

PdC12(PPh3)2 

“‘;>=<zti+ IC=CC& 7 C7H15 

PWPh,), 
F 

Trifluorovinyl or Runs-l&lifluoroalkenylzinc chlorides underwent palladium-catalyzed reaction with 
acid chlorides or ethyl chloroformate to produce fluorinated vinyl ketones and esters, respectively.93 The 
coupling reactions were complete in 15 to 60 min at -5 to 20 ‘C for acid halides and 40 hours for ethyl 

“-B;pqc; “‘rf=< cat 

0 

“P;q 75% 

PdU’Phd, 0 

‘&;-F& QyOEt cat ) 
ca5 

0 Pd(PPh,), 

F* 57% 

0 
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chloroformate. Yields were generally good and the stereochemistry of the vinylzinc reagent was preserved. 
A rruns-a$-difluoro-a&unsaturated ketone readily undergoes isomerization upon treatment with 

trimethylsilyl iodide to form cis-o,g-difluoro-c&unsaturated ketones. Subsequent reduction with DIBAL-H 
gave cis-a,g-difluoroallyl alcohols.lol~ lo’,? 

n-C7H15 F Me3SiI 
a3 - 

?( 

F F - DIBAL-H F F 
- - 

F 60% 
a3 - 

n-C7H15 o”c m3 

0 )-k 70% t-t n-C7&5 

0 OH 

The second method for the preparation of fluorinated vinylzinc reagents involves the direct reaction of 
fluorovinyl bromides or iodides with acid-washed zinc. l@~ Though the starting vinyl halide is mom expensive, 
the procedure is general, straightforward and has the advantage of avoiding low temperature s. The fluorinated 
vinylzinc reagents can be prepared from vinyl iodides in a variety of solvents such as DMF, DMAC, triglyme, 
tetraglyme, THF and acetonitrile.104 In general, vinyl bromides required more polar solvents than vinyl 
iodides.104 Alternatively a less polar solvent can be used with a two-fold excess of a strongly coordinating 
ligand such as TMEDA.loS* lo6 Fluorinated vinyl iodides gave the zinc reagents in excellent yields at room 
temperature. Vinyl bromides reacted readily with acid-washed zinc in DMF at room temperature to 60 “C.1~ 
The induction periods for these reactions varied from a few seconds to several minutes. The zinc reagents 
were formed as a mono/his mixture, whose ratio varied with the structure of the vinyl halide and solvent. The 
mono/his zinc reagents were distinguished by 19F NMR analysis. Upon addition of the appropriate zinc 

halide, the signal for the mono reagent was observed to increase at the expense of the signal for the bii reagent, 
according to the following equilibrium: 

(RfcF=CF),Zn + ZnBr3 - 2 R&‘F=CFZnBr 

Typical examples for the preparation of perlluoroalkenylzinc reagents follow:‘@ 

cF,=cFl + zn DMP - cF*=cFznx 79% 

CF3=CBr2 + Zn 
DMP 

- cF,=CBrZnX 97% 

PCF,CF,CF=CPI + Zn = Z- CF3CF$CF = CFZtlX 90% 

CP3CF=C(Ph)CF=C!PBr + Zn 
DMP 

- CF3CF=C(Ph)CP=c!PZfi 71% 

E, z : z, z = 90: 10 E,Z:Z,Z=WlO 

More recently, four-, five- and six-membered cyclic fluorinated vinylzinc reagentslo7.1@. 109 as well as 
a series of a-bromofluorovinylzinc teagent@~ 1103 111 h ave been prepared using this methodology. 
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The carbon-bromine bond of the a-bmmozinc reagents was unreactive towards a second zinc insertion 
reaction. Treatment with excess zinc under more forcing conditions resulted only in decomposition products. 
However, the bis-zinc reagent could be prepared from (CF3)2C=CBr3.t11~ 112 

CF, Br 

)_( 

DMF 
+ 2 Zn 

e3 znx - 

H 
61% 

CF, Br 70’ClU)h cF, - znx 

The stereochemical integrity of the perfluoroalkenyl halides is preserved in the preparation of zinc 
reagents. For example, E- or Zqerfluompropenyl iodides react with zinc in TG to form the corresponding E- 
or& zinc reagents, mspectively.lw~ l l3 

The 2-pentafluoropropenylzinc reagent could be prepared in high yield via a novel one-pot reaction of 
2,2dibromohexafluompropane and two equivalents of zinc in DMF.2a* 1 l4 When a 1: 1 ratio of CF3CBrQ3 
: Zn was allowed to react, a mixture of the zinc reagent and unreacted CF3CBr2CF3 was observed. A 
reasonable mechanism for the zinc reagent formation involves dehalogenation of CF3CBr2CF3 to form 
C!F3CBr=CF2 in a slow step, followed by fast insertion of zinc into the carbon-bromine bond of the vinyl 
bromide. However, reaction in acetonittile, THF, ether, dioxane or triglyme, gave only complex mixtures. A 
similar reaction of CF3CF3CBr2CF3 with Zn in DMF gave a 1: 1 ratio of the E- and ;L- isomrs of the internal 

vinylzinc reagent, CF3CF=C(CF3)ZnX. No terminal zinc reagent was observed.113 
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CF&Br$Fs + 2 Zn 

3017 

95% 

CFsCF,CBr&!Fs + 2 Zn = aCFFs ;:;= 1:l 

Another rare infernul fluorinated zinc reagent was recently prepared by the reaction of CF3CBr=CH2 with 

Zn(Ag) in THF.105 This partially fluorinated zinc reagent was successfully coupled with functionalized 

vinyll~ and aryl halides in the presence of a palladium catalyst105 

CF+z Zn(Ag) THF ->CHz + &CH”r Sayg5% 
ZTMEDA 

L 

Pd(PPh& 
cat. 

Br 
q 

Pd(PPhs)d CF, 
- =2 

COzMe -c( 
- 95% 

C02Me 

The fluorinated zinc reagents exhibit exceptional thermal stability.1u A sample of zCF$F=CFZnX in 
trlglyme showed no loss of activity after three days at room temperature and only 10% of the zinc reagent 
decomposed after 36 days at room tempemture. Only 5% of the zinc reagent decomposed when heated at 65 “C 

for three days. A 25% loss of activity was observed at the same temperature after 36 days. This excellent 
thermal stability permits these zinc reagents to be used on a large scale and over an extended period of time in a 
variety of synthetic reactions without any significant change in reactivity. 

Terminal or internal perfluoroalkenylzinc reagents reacted with acids to give the corresponding 

hydroperfluoroalkenes.2g~ lo4 Treatment with bromine or NBS afforded the alkenyl bromides.tl4 With 

iodine, the zinc reagents produced perfluoroalkenyl iodides in excellent yields. This provides a new and 
convenient preparation of perfltmroalkenyl iodides from the corresponding bromides.t(X 114 

DMF 
CF2=CFBr + Zn - CF2=CFZnX I2 

- cF,=cn 50-708 

CF3CBr2CF3 + 2 Zn = 3; = ‘Fsw; 62% 

Fluotovinylzinc reagents react with aryl iodides in the presence of Pd(PPh3)4 to give the corresponding 
fluorinated vinyl arenes in good yields under mild conditions.t05> tt3*tt4~ 115 A wide variety of substituted 
aryl iodides readily participate in the coupling process. Aryl substituents that have been tolerated by this 
methodology include NO2. F, Cl, Br, I, OMe, CF3, C(Rf)=CF2 (Rf=F, CF3). C(O)CH3, OAc and C%Et. 
Good yields of coupled products were obtained with bull@ substituents such as isopropyl, trifluommethyl and 
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nitro, in the ortho position with terminal vinylxinc reagents and the partially fluorinated vinyl&c reagent, 

CF$(ZnX)=CHZ. However, the bulky, internal vinylzinc reagent CF$(ZnX)=CFz did not react to 
completion with any ortho substituents larger than a fluorine atom.114 In general, aryl bromides required 
higher reaction temperatures than their iodo- counterparts, and usually resulted in lower conversions and 
yields. An exception are the excellent results achieved by Xu with aryl bromides.105 No reaction was 
observed in the presence of nickel catalysts such as Ni(PPhjk or Ni[P(OEt)3]4.113 

I CF=CFa 

CF,=CFZnX + 
b I= 

CF3 
73% 

Sprague and co-workers have employed this methodology 
derivative.116 

in the synthesis of a fluorinated styrene 

- 

54odouraci1117 and salicylic acid118 derivatives have also been functional&d with trifluorovinylzinc. 

More recently, l&liiodonaphthalene was coupled with 2 equivalents of trifluorovinylzinc reagent to give 1,2- 

bis(trifluorovinyl)naphthalene. Surprisingly, 9,10-bis(trifluorovinyl)phenanthtene was formed under similar 
conditions when 9-iodo-104trophenanthrene was used as a substrate.119 
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Peffluorodienes am readily prepared by the palladiumcatalyzed reaction of the tritluomvinylzinc reagent 

with perfluorovinyl iodides.lm* 131 These coupling reactions proceeded at 80 “C in TG. No reaction was 
observed at mom temperature in contrast to the corresponding reaction of fluormated vinylzinc chloride with 
vinyl iodides in THF.% The products were readily isolable from the solvent by distillation and stereoisomeric 
purity was excellent. These compounds were useful models for probing the thermal electrocyclic 
interconversions of perfluorodienes and perRuomcyclobutenes.121 

3>=<= + cF2=cFl -+ 
F cFq+ F 80% 

Pd(PPh&, 
- 

F 

Vinylzinc reagents undergo slow (2-3 days) allylation reaction with ally1 halides at room 

temperature.287* 122 However, the coupling reaction could be catalyzed by cuprous halides to afford high 
yields of fluorinated dienes in an exothermic reaction. l22 With substituted ally1 halides, CF3C(ZnX)=CF3 

gave products of both a and y-attack with preference for attack at the less hindered position.% 

F 
Z=Cl, Br 

Acylation of trifhtomvinylzinc reagents can also be accomplished with cuprous bromide catalysis.123 A 
variety of aliphatic acid chlorides gave good yields of the corresponding ketones. Although the vinylzinc 

CuBr 
CF~=CFZnX + CH3COCl - 

glyme 
CF~=CPCOCH3 76% 

reagents can be prepared in a number of aprotic solvents such as DMF, glymes and THF, it is necessary to 
utilize the glyme system for this acylation reaction. The acylation reaction occurs in DMF, but, the electron 
deficient trifluorovinyl ketone products are immediately attacked by DMF and destroyed. Reaction of 

trifluorovinyl zinc reagents with perfluoro acid chlorides resulted in decomposition products. The internal 
trifluorovinylzinc reagent CF3C(ZnX)=CF2 was again much less reactive than its terminal cousins. However, 
the a&unsaturated ketone products that formed were much more reactive due to the greater electron- 
withdrawing ability of the CF3 VS. the fluorine atom. This zinc reagent only gave an isolable product upon 
reaction with pivaloyl chloride. Low conversions and/or inseparable side products were realized with 
propionyl, benzoyl, pentanoyl, and perfluorobutanoyl ch1orides.t~ 
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Trifluorovinylzinc reagents can be oxidized with FeCl3 or CuBo to afford symmetrical dicnes.*~~ 1% 
When pertluoropropenyl-2-zinc reagent was treated with FeC13, perfluoro-2,3-dimethyl-13-butadiene was 
isolated in 85% yield This procedure was more advantageous than the previously reported methods for the 
preparation of this diene.28 Treatment of a-bromovinylxinc derivatives with a similar oxidant gave isomers of 

the corresponding dienes and butatrienes. 1 1 l 

-25 to -15 OC 
CFa=C!FZnX + CuBq - 

0.5-l mm Hg 
CF*=CFCF=CF~ + CF*=CFBr 

97:3 
97% yield 

F 
F 

+ FeC13 - F 68-8046 
F 

Ph 
CFs(Ph)C=C(Br)ZnX - to; CF3(Ph)C=!?&l’h)CF3 :Ps==*< 

I t 
m3 

zal 

5. Fluorovinyl Cadmium Reagents 

Only a few reports of fluorovinylcadmium reagents exist. Perfluoroalkenylcadmium reagents can be 

readily prepared via direct reaction of perfluoroalkenyl halides with cadmium metal in DMF. Pertluomalkenyl 
iodides react with cadmium at room temperature while the bromides require mild heating (60°C). The 

cadmium reagents are formed as a mixture of mono and bis species as determined by l?P and 113Cd NMR. 
The ratio is dependent upon the structure of the vinyl halides. The stereochemistry of the vinyl halides is 
preserved in the cadmium reagents. Internal vinyl cadmium reagents are also synthesized by this method.1251 
126 

R&‘F=CFX + Cd - R&F=CFCdX 7749% 
X=1, Br 

CF3CF=CICF3+ Cd - CF3CF=C(CdX)CF3 91% 

E:Z = 3961 E:Z = 3664 
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Alternatively, metathesis of the pertluoroaUcenyllithium with cadmium halides gives the cadmium reagents. 
However, this method necessitates the pregeneration of an unstable perfluoroalkenyllithium at low 
temperature.~~ 126 

PerRuomalkenylcadmium reagents, lie their zinc counterparts, exhibit remarkable thermal stability. At 

room temperature, cadmium reagents are stable for months and at 100 OC, only very slow decomposition is 

observed.12* Solvent (DMF or TG) complexes of bis(trifluorovinyl)cadmium and bis- 
(perfluoropropenyl)cadmium can be isolated by distillation of the reaction mixture, followed by 
recrystallization from dichloromethane and pentane (1 : 5).125 No reaction was observed between 
CF3C(MX)=CF3 (M=Zn or Cd) and dry 03 at mom temperatuml37 

Despite their impressive stability, perfluoroalkenylcadmium reagents am chemically reactive. Allylation 

of the reagents with ally1 bromide gives the fluorinated 1,4-dienes. Reactions with @t0)3PCl and Ph2PCl 
produce phosphorus derivatives.1251 126 

CT-I2 = CHCH2Br CF3 

I-* F%H2CH=m2 82~ 

Non-fluorine containing organocadmium reagents have been utilized for the preparation of ketones from 
acid halides. However, pentafluoropropenylcadmium reagents did not react with acid chlorides in HMPA. 
When DMF was used as solvent, no ketone was obtained and a bis@entafluoropropenyl)-substituted amine 

was instead formed in high yield.135, 126 

Perfluoroalkenylcadmium reagents readily undergo metathesis reactions with metal halides. Z- 
Pentatluoropropenylcadmium reagent was treated with silver trifluoroacetate in DMF to give the corresponding 
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vinylsilver in 91% yield.tx With cuprous halides, a variety of vinylcopper reagents could be prepared in high 
yields.128 

6. Fluorovinyl Mercury Reagents 

Trifluorovinylmercury derivatives am readily prepared from other tritluorovinylmetallic reagents,9~~*79 
including Grignard reagents.78 A variety of trifluorovinylmercury compounds can be obtained when 
trilluorovinyhnagnesium halide reacts with either akyhnercury halides or memury dihalides. 

This methodology can also be applied to synthesize alkyl, aryl and haloperfluoroalkenylmercurials as well as 
bis(perfluotoaJkenyl)mercurials. The yields of vinyhnetcurials could be impmved using Barbier conditions.78 

Trifluorovinyllithiumg and trifluorovinyltin7** 79 compounds were also utilized to prepare 
bis(trifluorovinyl)mercury. Perfluoro-2-methylpropenyllithium and mercury dichloride gave the corresponding 

vinyhnercury derivatives.*9 

CF3 F F - 
)_( 

a3 
+ HgC12 - - 

)-J1 

HgCl2 _ 

-3 Li CF, 
2Hg 

Deacylation of a,a’-mercuric bis(perfluoroisobutyry1)fluoride with sodium or potassium carbonate gives 

a 55:35 mixture of bis(perfluoro-2-propenyl)mercury and perfluoro-2-propenylperfluoro-2-H-2- 
propylmercury.129 Jn the presence of a mercury salt, treatment of 2-hexafluorobutyne with cesium fluoride 
stereospecificrdly affords E-bis(hexafluoro-2-butenyl)memury.t~u 
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YOF Y°F M2co3 
(CF3)2C-Hg-c(~3)2 - 

cF2=?-Hry=cF; + m2=yHg-WF3h 

’ CF, CF, CF, 

C!F3C!32CF3 + CsF + Hg[O&CP3]2 - 
PpgqP 

m3 CF, 

Photochemical or thermal reaction of nifluorovinyl bromide with bis(nimethylsilyl)mercury gave the 
vinyl mercury reagent. Prolonged heating or irradiation of the reaction mixture converted this reagent to 
trifluomvinylsilane and mercury metaL 

60°C C!F$=CPBr + (Me$i),Hg - 
79% 

CP2=CPHgSiMe3 - 6ooc c!P2=cFSiM~ + Hg 
3 days 

Perfluoroalkenylmercurials are thermally stable and can be purified by distillation. Bis- 
(trifluorovinyl)mercury reacts with halogens and group V trihalides to give trifluorovinylated compounds in 
good yields.50 Similar reaction with varying proportions of BC13 gave tris(trifluorovinyl)boron and 

triflurovinylboton dichloride. 

The tris(trifluorovinyl)aluminum-triethylamine complex can be obtained by the reaction of 

bis(trifluorovinyl)mercury with an aluminum hydride-triethylamine adduct in ether at -2OOC. The 
trifluorovinylaluminum compound is a liquid which is easily oxidized in air.132 

7. Fluorovinyl Copper Reagents 

Attempted preparation of trifluorovinylcopper from reaction of trifluorovinyl iodide with copper metal 
was unsuccessful. Only a dimerization reaction took place and this reaction has been used for the synthesis of 

symmetrical perfluorodienes and polyenes. Trifluorovinylcopper is proposed as an intermediate, although it is 
not observed. It appears that the slow step in the coupling reaction is the reaction of trifluorovinyl iodides with 
copper to form the presumed trifluorovinylcopper, which then couples in a fast step with vinyl iodide to give 
the diieric pmduct.133 In the case of the dimerization of (CF3)2C=CICF3, the formation of a cyclobutene 
rather than a diene cannot be unequivocally exchxIed.l~ 
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CF*=CFl 
Cu 

- CFz=C!FCF=CFa 

(CF&C=CIcF, cu (~3)2c=c(~3)c(~3)=c(~3)2 77% 

Cbhl cwn fi 25-J 
- /\ - Kwn 

I I a (cF& 91% 
- n=2,3 

(CWn 

This copper-promoted coupling reaction provides a convenient route to perfluorodienes or 
polyenes.l35* 1%. 1379 138.139 Reaction of perfluoro- 1,2-diiodocyclobutene with copper in DMP at 155 ‘T 
gave a mixture of perfluoroben~1,2:3,4:5,6]tricyclobutene (trimer) (lo%), perfluoro-l,l’-diiodo-2,2’- 
dicyclobutene (39%) and linear trimer product (43%). When only 0.5 wt 8 of DMF was used at 130 “C, 
50% trimer, 34% perfluorocyclooctatetraene (tetramer) and no linear coupled products were observed.l37 
The X-ray crystal structures of these compounds demonstrated that the tetramer was planar139 and that the 
central ring of the trimerl40 had bond lengths and angles which were essentially identical with those of 
.benzene itself. Copper promoted coupling of R&!H=CIRP’ yielded the 1,2,3&tetmkis@)-1,3- 

butadienes in 62-778 yields.141 
The first example of a pregenerated fluorovinylcopper reagent was reported by Miller, who reacted 

E-perfluoro-2-buten-2-ylsilver with copper bronze to afford the corresponding vinylcopper.l33* 142 
However, this approach is not applicable to the general preparation of fluorovinylcopper reagents stereo and 

regiospecifically, since it is currently not possible to prepare a variety of vinylsilver precursors from 
unsymmettical perfluoroalkynes in a stereo and mgio controlled manner. Metathesis of fluorovinyllithiums 
with cuprous salts provides an alternative synthesis of fluorovinylcopper reagents.133 However, this 
approach requires the pregeneration of thermally unstable fluorovinyllithiums at low temperature. 

1) n-BuLi 
-95 “C 

- “+u 2)CF3CO&!u F 

A vinylcopper intermediate is probably formed from reaction of CPz=C(R)BRz and CuI, and has 
been useful for functionalization of ClPPh2, aryi halides and acid chlorides (see fluorovinyllithium 
section).55~J7 

Recently, a general and practical method has been developed for the preparation of 
trifluorovinylcopper from cuprous halides and trifluorovinylzinc or cadmium reagents, which are derived 
from trifluorovhiyl halides and zinc or cadmium metal at room temperature. 128 Cuprous halide metathesis of 
the vinyl cadmium or zinc reagents provides high yields of vinylcopper reagents stereospecifically. 
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R&F=CFMX -=+ RfCF=CFCu 

M=Zn, Cd 

The trifluorovinylcopper reagents exhibit excellent stability at room temperature in the absence of 
oxygen and moisture. The decomposition rate increases at 50 Y!. Trifluorovinylcopper reagent participates 
in coupling reactions with methyl, allyl, vinyl, alkanoyl and aryl halides.128 

54% 

Trifluorovinylcopper readily adds to perfluoroalkynes. Quenching of the adduct with acid or iodine 
affords the stereospecific syn addition product; no anti adduct is detected.1~~ 133 

CF2’CFCu + cF3cxxF3 - 

More recently, preparation of cyclic perfluoroalkenylcopper reagents have been reported by Choi and 
co-workers.*073 108. 109 Perfluorocycloalkenyl iodides reacted with zinc in DMF to give vinylzinc 

derivatives. Subsequent metathesis with cuprous halides gave the corresponding vinylcopper reagents, 
which also exhibited high thermal stability and readily underwent functionalixation reactions. Perfluoro-2- 

chlorocyclobutenyl, pentenyl and hexenyl coppers reacted with allyl, benzyl, methyl and phenyl halides to 
produce the corresponding coupled products in moderate yields. With acid chlorides, the cycloalkenylcopper 
afforded the fluorinated ketones. A variety of acid chlorides including aliphatic. aryl and heterocyclic acid 

chlorides gave moderate yields of the corresponding a$-unsaturated ketones. The acylation reaction could 
also be accomplished with the perfluorocycloalkenylzinc reagents with cuprous bromide catalysis. 
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87% 

78% 

Pluorocycloalkenylcopper reagents also couple smoothly with fluorocycloalkenyl iodides. 143 

n=1,2,3.4 

In contrast to the stability of the vlnylcopper reagents with au a-fluorine, metathesis of fluorinated a- 
bromovinylzinc reagents with cuprous bromide in DMP does not generate an observable a- 
bromovinylcopper reagent. Instead, dimerization occurs and cumulene isomers are obtainedllu A 

nucleophilic attack / g-elimination mechanism has been proposed, based on low temperature *gF NMR 

observations and a trapping experiment. 1 1 1 The E- and Z-cumulenes could be separated by silica gel 

chromatography or fractional recrystallization (Rt=CF3, Ar=C&) and the structures were assigned by X-ray 
analysis. The a-Cl copper reagent, CF3(Ph)C=CClCu, was found to decompose by a similar pathway to 

afford butatrienes, albeit at a slower rate. The analogous a-F copper reagent decomposed by an oxidative 
dimerization pathway to give [CF3(Ph)C=cF]2 isomers and no butatriene was detected. 

R&F3, C2F5, n-C3F7 

Ar’c6H5, c6F5 c 

2 
I 

;H;; cat._ ;;r_.=.~; &j-724& 

I CuBr 
t 

-CuBr 

Rt “8’ Ar R&Ar)C=C-C=C(Ar)Rf 1 
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8. Fluorovinyl Silver Reagents 

The first fluorovinylsilver compound was prepared by Miller and co-workers from the reaction of 
hexafluorobutyne with silver fluoride in acetonitrile. Unlike CHz=CHAg, which decomposed at room 
temperature, rruns-CF$TF=C(Ag)CF3 was thermally stable and was isolated by sublimation in vucrur at 
temperatures up to 175 0C.144 The crystal structure of [C!FQ=C(CF3)Ag]4 was recently determined.l~ 
The silver reagent was also studied as a chemical vapor deposition precmsor for silver films. Chemical 
transformations and spectroscopic analysis have confirmed that only the zruns-vinylsilver isomer was 
formed. The vinylsilver was readily attacked by water and oxygen in solution and reacted with methyl 
iodide. Oxidation with cupric bromide afforded the symmetrical diene and trans-2bromohept2- 
butene.144 

A similar addition reaction of silver fluoride to tetrafluoroallene in acetonitrile gave 
pentafluoroptopen-2-ylsilver. which could be isolated in 66% yield by vacuum sublimation.145 

Metathesis of pentafluoropropenylcadmium reagent or pentafluoropropen-2-yllithium with silver 
trifluoroacetate also produced the corresponding vinyl silver reagents in excellent yields.28 

Et20 
+ CF3C02Ag - 

The silver reagents react with electrophiles such as water, halogens, organic halides and trimethylsilyl 
chloride to afford the trifluorovinylated products in excellent yields.145 molysis of trifluorovinylsilver 
resulted in dimerixation to the diene.lU 
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H20 
- 

CF, F - 
)-< 

m3 F 

95% 

99% 
Ikk@iCl/ \;w3” Oc 

99% Mrp=c F 56% 

rruns-Perfluoro 1 -methylpropenylsilver reacts with the dinuclear metal carbonyl anions, Mz(CO) I$- 
(M=Cr, MO, W).la 

+ M2(W102- - 
M=Cr, MO, W 

CP;+zO)s 2663% 

9. Fluorinated AIlylmetalIics 

A. Difluoroallyl- and Difluompropargylmetallic Reagents 

Although pregenerated a,a-difluoroallyllithium has not been observed, Seyferth reacted 
difluoroallyltin reagents with n-butyllithium in the presence of carbonyl substrates at -95 “C to give a,a- 

difluorohomoallylic alcohols.147 The diiluoroallyllithium was proposed as an intermediate. Later, 3- 
bromo-3,3difluoropropene, a commercially available material, was also utilized to generate transient a,a- 

difIuomallyllithium.t4*~ 149 Upon treatment of 3-bromo-33difluoropropene with n-butyllithium and 
triorganosilyl chlorides in a mixture of ether, TIIF and pentane at -95 T, the corresponding a,a- 

difluoroallylsilanes were obtained. Carbonyl compounds could also trap the unstable difluoroallyllithium to 
provide the o,a-difluorohomoallylic alcohols.150* 151* 152 Th’ IS procedure gives reasonable yields with 
dialkyl ketones, aryl alkyl ketones and aliphatic aldehydes, but low yields of a,a-difluorohomoallylic 
alcohols are obtained with aromatic aldehydes, a&unsaturated aldehydes and diary1 ketones, due to 

competitive reaction of n-butyllithium with the carbonyl compounds. 

CHa=CHCF2Br 0 

or K 
n-BuLi R 

-95 
CH2=CHCFa--+OH 

CF2=CHCH2SnBus 
+RR R 
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An attempt to prepare difluoroallylzinc from the reaction of 3-bromo-3,3difluoropmpene and zinc 

either in THP or in DMP was also unsuccessful. However, in the presence of zinc, 3-bromo-3,3- 
difluoropmpene or 3-iodo-l.l-difluompropene reacted with carbonyl compounds to give the corresponding 
a,adifluorohomoallylic alcohols in good yields at 0 OC to room temperature.t53 This reaction was 
successful with aliphatic and aromatic aldehydes, dialkyl ketones and alkyl aryl ketones. Reaction with a$- 
unsaturated aldehydes and ketones yielded 1,Zadducts exclusively. Cadmium and tin could also be used to 

mediate gem-difluoroallylation. U4 

0 

CH2=CHCFzBr + II Zn i-Bu 

i-Bu Me rt 
* C!H~=CI-ICF&OH 55% 

Me 

In a recent report, Ishihara demonstrated that gem-difluoroallylation of carbonyl compounds with 2- 

(trimethylsilyl)methyI-3-chloro-3,3-difluoropropene could be accomplished in the presence of Zn-CuCl or 
Zn-AgOAc in DMAC or DMF. THF and benzene were ineffective solvents.155 Various aldehydes gave 
good yields of the gem-difluorohomoallyl alcohols, whereas the reaction with ketones was sluggish and 
afforded the desired products in only moderate yields. These products could be oxidized to give difluoro 

diols or niols. The starting material, 2-(trimethylsilyl)methyl-3-chloro3,3-difluoropropene, was prepared 

from chlorodifluoroacetate by treatment with excess nimethylsiIylmethylmagnesium chloride, followed by 
boron trifluoride etherate or sulfuric acid. 

Zn-CuCl or AgOAc Ho 
SiMq + PhCHO 83% 

DMAC/ 100 ‘C 

ClCF2C02Me 
+ 

MesSiCH2MgCl 8596 
ClCF2 Ho#fzq rr:izG CRT YCH#Me3 

or FeCl 3zAG0 67-86% 

All products formed from the reaction of gem-difluoroallylmetallic reagents with carbonyl substrates 
result from exclusive attack of the CF2 terminus at the carbon of the carbonyl group. In order to explain the 
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regioselectivity in the reaction of gem-difluoroallyllithium with carbonyl compounds, Seyferth proposed that 
the lithium ion would coordinate to the CH2 terminus where the negative charge would be greatest, and 
would thus block the CH2 terminus from attack by an electrophile relative to the “free” CFg terminus.t49 
Seyfertb’s hypothesis may be questioned after close examination of gem-difluoroallylation with 3bromo- 
3,3difluoropropene and zinc or difluoroallylsilane and fluorides. Regardless of soft or hard carbonyl 
substrates, only the CF2 terminus attacked the carhonyl carbon in the zinc-mediated reaction.19 Though a 

catalytic amount of TASF-promoted reaction first formed “free” gem-fluoroallyl anion without a lithium ion 
block, a,a-difluorohomoallyl alcohols were still obtained exclusively.150 These experimental results are in 

agreement with Tonachini’s theoretical description, in which the electron distribution and HOMO 
polarization induced the reaction of both gem-difluoroallyllithium and “free” gem-difluoroallyl anion with 
both hard and soft carbonyls to give a-selective products .t56 Thus, the regiochemistry of gem- 
difluoroallylation can be rationalized in terms of attack of the more nucleophilic a-carbon of the gem- 
ditluoroallyl intermediate. 

Kobayashi reported the gem-difluoropropargylation of carbonyl substrates with zinc and l-bromo- 
1.1~difluoro-2-alkynes, which were available by the reaction of lithium acetylides with CF2BrCl157 or 
CF$rZ. 158 When I-bromo- l , ldifluoro-Zalkyne was slowly added to a mixture of zinc and aldehyde at 

0 ‘C under argon, the a,a-difluoropropargyl alcohol was obtained in moderate to good yields, depending 
upon the aldehyde substrates. l5* The reaction at 40 “C gave a complex mixture. In the absence of aldehyde, 
no propargylzinc reagent was observed and only a symmetrical diacetylenic dimer was observed, even at low 
temperature. The 2,2difluoropropargyl alcohols provided precursors for the preparation of fluorinated 
biologically active compounds, as outlined bel0w.~5** l59 

zu 
PhCX!CF,Br + PhCHO - PhC=CCF$H(OH)Ph 78% 

1) NaJ04 
m W-h~~~M~ 645 

2) Ph$CHC&Me 

73% 

t 

1) Hz / Pd-BaS04 
2) 10% HCl 

C5Hlt 

,,CWr 

MOM04 

2L52 : 2z,sz = 7: 1 

1) Hz / Pd-BaS04 
2) HsO+ 

3) 4 / MeOH 
23% 

4) M-e-$ 
5) Ac20 / EtsN I DMAP 

OH 

Similar methodology has also been recently employed to prepare 3-fluoro-2.5disubstituted furaus. l60 
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Ph +C!FaBr Ph 

B. Perfluoroallylmetallic and Peffluorobenxylmetallic Reagents 

Preparation of perfluoroallylmetallic reagents has recently &en accomplished by Burton and co- 
workers. Initial attempts to prepare the perRuoroallylxinc reagent by reaction of perfluoroallyl iodide with 
zinc met with little success. Only a 7-1446 yield of zinc reagent was detected by 1% NMR. The major 

product isolated was perfluoro-lJ-hexadiene.tel 

CF*=CPCF,I + zn 
DMF 
- CFa=CF(CF&CF=CFa 48-77% 

However, when perfluoroallyl iodide was reacted with cadmium in DMF at 0 OC, 
perfluomallylcadmium reagent was formed in 7 1% yield. 161 

DMF 
CF2=CFCFaI + Cd - CFz=CFCF@iK 

The cadmium reagent is thermally stable at -20 “C! without any significant change in concentration after 40 
days, but 58% of the reagent decomposes at room temperature after 7 days. In DMP the cadmium reagent 
decomposes rapidly to produce 3-hydropentafluoropropene when heated at 50 ‘C. Allylation of the 
cadmium reagent with ally1 bromide at room temperature gave the fluorinated 1.5hexadiene. 

C!F~=CFCF$CdK + CH2=CHCH~Br - CP2=CFCP2CH2CH=CH2 78% 

Direct preparation of peffluoroallylcopper from perfluoroallyl iodide with copper metal also met with 
little success. Again the only product obtained was perfluoro-l$hexadiene. However, metathesis of the 

cadmium reagent with cuprous bromide at -35 OC produced perfluoroallylcopper in 61% yield as determined 
by low temperature. t9F NMR analysis. The copper reagent is less thermally stable than its cadmium 
counterpart and decomposition products are detected at -30 ‘C. It also reacts with ally1 bromide at -40 “C! to 
give the fluorinated diene in good yield.161 

CF2=CFCF2cdx = CF2+FCF2Cu cH2=CHCH2B: cF,=CFcF,cH,cH=CH, 78% 
-35 “C -40 Y!+ rt 

The reagent C&CF$XX could be prepared from direct reaction of C&CF2Br and acid-washed 
cadmium powder in DMF at room temperature. 1e2 The cadmium reagent was stable at room temperature for 
several days but started to decompose at 50 “C. Like perfluoroallylcadmium, perfluorobenxylcadmium 
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underwent functionalization reactions. With iodine at room tempemmm, csFs~2Cdx gave CaFscFzL in 
good yield. Thecadmiumreagentalsonactedwithallylbromide~o~~5~~2~=cH2. 

Attempts to prepare perfluorobenzylcopper by metathesis of C&C!P2CdX with CuBr at room 
temperature failed, pmsumably due to the low thermal stability of the copper reagent at room temperature. 
However, when C&CP2CdX was treated with CuBr in DMF at -35 “C, a rapid exchange reaction occurred 
and C&C!P2Cu was formed in quantitative yield i62 The copper reagent was chemically active and reacted 
with ally1 bromide at -35 OC to form G&CP2CH2CH=CH2. The difluoromethylene moiety from CP3Cu 
could also insert into the carbon-copper bond of C&5CP2Cu to form C&CP2CP2Cu,t63 which had been 
previously prepared by reaction of C&Cu and CP3Cu. ‘63 This finding implied that C.&c!P2cu was an 
intermediate in the latter reaction. 

PerBuoroalkynyl derivatives of metals and main group elements have largely been unexplored 
compared with their perfluoroa@d and alkenyl analogs. In this part we briefly discuss preparation and 
application of typical perfluomalkynylmetaBic reagents3 

A. PerBuomalkynyl Lithium, Magnesium and Tin Reagents 
Terminal perBuoroalky1 acetylenes exhibit significant acidity due to the strong electron withdrawing 

ability of the perRuomalky1 group. Upon treatment with strongly basic organometalhc magents, hydtogen- 
metal exchange occurs to give perBuoroalkynylmetaBic compounds. This exchange maction is particularly 
usetid for the pmpamtion of perfluoma&ynyllithium and Grignard reagents. 

PerfluomaBynyllithium could be readily prepared from the reaction of terminal perfluoroalkynes 
with n-butyllithium in ethereal solvents,lM or lithium amide in liquid ammonia. 165 The lithium reagents 

were usually generated at temperatures below -70 ‘C. They did not undergo extensive decomposition until 
exposed to temperatures greater than 0 “C. 

RfCZCH + n-BuLi 
Et20 

- RfcX!Li 
-70 OC 

RfcXH + LiNH2 NI-I3(1) - RfcXLi 

Trifluoropropynylmagnesium bromide was readily prepared from trifluoropropyne and 
ethylmagnesium bromide at room tcmpcmture in ether or THE 166 Other organomagnesium reagents which 

have been employed for the preparation of fluoroalkynyl Grignard reagents include benzylmagnesium 
bromide, phenylmagnesium bromide, phenylmagnesium iodide and methylmagnesium iodidc.l67.1@~ 169 
The alkynylmagnesium reagents are more stable than the lithium analogs and no decomposition was 
observed in refluxing ether. The perfluoroaikynyllithium and magnesium reagents are also more stable than 
perfhtoroalkyl and vinyllithium or magnesium reagents. This is expected since there are no p-fluorines 

present which may undergo g-elimination. 
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RtECH + RMgK - RtCECMgX 

Perfltmrdkynyllithium and magnesium reagents readily attack the carbonyl groups of al&hydes and 
ketones.ta Tart-ant reacted the trifluoropmpynyllithiutn with ketones to give the cormsponding ptupargyl 
alcohols in moderate yields. 

YH 
C!F&XLi + CFjCocH, - CFpc-~-CF~ 55% 

a3 

?H 
CF~CXL~ + C,H&HO - CF3CEC-CH-GH5 54% 

Kobayashi prepared trifluoromethyl propargyl alcohols from trifluotopropynyhnagnesium bromide. 
The alcohols could be further elaborated by hydrometallation and Claisen rearrangement to provide key 
trifluoromethylated polyene intermediates with potential biological activity.170 These reagents have also 
proven effective for introduction of the trifluoropropynyl functionality into the 17-a-position of steroidal 

hormones providing new analogs for biological testing.1651 l7l 

?H 
CF,CGCMgK 

C,H,3CH0 1)LiAlH4 CFs 

70-80% 
- cF3c~ccHcIjH~3 - 

2) H20 

Acid chlorides or esters reacted with two equivalents of trifluoropropynyllithium to give 

bis(trifluoropropynyl)-substituted alcohols. 164 Treatment with chloroformates gave the trifluorobut-2-ynoate 
in low yield (39-43%). plus di(trifluoropropyny1) ketone and tris(trifluoropropyny1) alcohol.172 
Carboxylation of the lithium reagent with carbon dioxide afforded the corresponding acid in 49% yield.172 

CF3CXLi + CH3COCl - 
?H 

cH3-y-ECCF, 55% 

ECcF3 

CF3CECLi + CO2 - CF3CECCO2H 49% 
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Longer chain perfluoroalkynyllithiums, prepared from n-butyllithium and perfluoroalkyne in THF at 
-70 ‘C, were reported to react with chloroformates at -90 Y! to give moderate yields of the acetylenic esters. 
A side product (1 l-1696) formed in these reactions was identified as RfCF=CH(CH2)4CH3, where Rf’ is one 
difluoromethylene unit shorter than the starting Rf group. The mechanism for the formation of this product 

in not clear, but it is evident that n-butyllithium adds to the starting alkyne.le4 

1) n-BuLi / -60 ‘C C3F7 H 
CdF&=CH a C,F9C!ZCO,Et + - 

2) ClCO$t / -90 OC F t-( (a2)4cH3 
84: 16 
40% 

Attempts to acylate perfluoroalkynyhnagnesium halides with acetic anhydride to prepare ynones met 
with little success. Although a small amount of ynone was observed upon reaction with 
perfluorooctynylmagnesium bromide, no desired ynone was obtained when perfluorooctynyhnagnesium 

iodide was employed.173 Reaction with n-propyl trifluoroacetate resulted in the formation of an a$- 
unsaturated ketone, which was probably formed by attack of propoxide on the expected ynone.173 

crjF,3c_=cMgx 
((=3co)20 

m C6F13CSC(0)CH3 + CH3C(0)CX=C(C&3)C(O)CH3 

X=Br 
x=1 

25% 17% 
0% 50% 

C,$r3CZCMgX + CF3C02CH2CH2CH3 - CF3C(0)CH=C(Cd;,,)OCH2CH2CH3 3040% 

Reaction of perfluoroalkynylmagnesium bromide with either chlorine or bromine gives 

perfluoroalkynyl bromide in 5055% yields. Treatment of pertluoroalkynyl magnesium iodide with bromine 
or iodine produces perlluoroalkynyl iodide in 80% yields. Thus, if the halogenating agent is a stronger 
oxidizing agent than the anion in its elemental state, the anion is oxidized to its elemental form which then 

halogenates the Grignard reagent.173, 174 

RfCZCMgBr + Cl2 or Bq - RfCEC!Br 50-558 

RfCECMgI + Br2 or I2 - Rt-CSZI 80% 

Perfluoroalkynyllithium and magnesium reagents have also been utilized to prepare a variety of 
perfluoroalkynyl substituted elemental and metallic compounds. t68* 169 Reaction with organosilicon, 
germanium, amine and tin halides gave the corresponding perfluoroalkynyl substituted derivatives. Tbe tin 
derivatives are less stable hydrolytically and thermally than their non-fluorinated tin analogs. The difference 
between fluorinated alkynyltin and non-fluorinated alkynyltin reagents can be explained on the basis of the 
effect of the strong electron withdrawing effect of the fluoroalkyl group, which polarizes tbe tin-carbon 
bond, so that the tin atom is sufficiently electrophilic to undergo attack by water. 
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RfC,‘CMgBr + MeJ+&_a - Me,,M(C=Rt).+_a 

X=Cl. Br, M=St Ge. As, Sn; R&Fs, CzF5, C!P(CFs)z 

Trifluoropropynyllithium or magnesium halides have been used for the preparation of 
trifluoropropynylated transition metal complexes.167 

CFsCrCMgX + (EltsP)2PdC12 - (EtsP)2Pd(CECCF& 43% 

C!F$ECMgX + (Et3P)2NiClz - (Et3P)2Ni(CfCCF& 19% 

Coupling reactions of perfluoroalkynylmagnesium reagents with ally1 halides are 
copper(I) halides to give perfluorinated enynes.175 

C&sCECMgX + CI&=CHCI-IsBr 
cat. CuCl 

c C6;1sC~CCH2CH=CH2 

CFsECMgX + HECCH2Br 
cat. CuCl 

w CFsECCI-12CHECH 

B. Perfluoroalkynyl Zinc and Cadmium Reagents 

catalyzed by 

50% 

Finnegan and Norris fit prepared trifluoropropynylzinc, CF3C=CZnX, by direct reaction of 1.1,2- 

trichloro-3,3,3-trifluoropropene and excess zinc. 176 The zinc reagent was formed as a mixture of mono and 
bis(trifluoropropynyl)zinc. Addition of water to the zinc reagent solution gave trifluoropropyne in 75% 
yield. The zinc reagent could be oxidatively coupled with CuC12 to form perfluoro-2,4-hexadiyne, along 
with fluorochloroalkenes as byproducts. 177 Recently, the higher acetylenic homologues have been prepared 
by Burton and Spawn from 1,1,1,2,2-pentachloroperfluoroalkanes and zinc in DMF. The requisite 
pentachloro precursors were obtained from the corresponding commercially available 1,1.2- 
trihydroperfluoro-1-alkenes. Acid hydrolysis of these zinc reagents gave the perfluoroalkynes in good 

yields. 178 

Cl, / hu 3Zn 
RfCH=W 72-944 RtCC12CCIs - RtCECZnX = RtCzCH 

0 43-77% 
R&F71 C4F9v C6F13. CIF17* C1oF21 

Metallation of perfluoroalkynyllithiums with zinc chloride in THF provides an alternative route to 
peffluoroalkynylzinc reagents.179 The zinc reagents prepared by this approach exhibited greater reactivity 
towards palladium-catalyzed coupling reactions. Bumgardner first reported that trifluoropropynylzinc 
chloride reacted with aryl iodides in the presence of Pd(PPh3)4 to give aryl nifluoromethyl acetylene in high 
yields(>80%).179 However, the zinc reagent directly prepared from 1,1,2-trichloro-3,3,3-trifluoropropene 
gave the coupled products in less than 40% yields.179 
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aa2 
CF3cxLi - m3CEm c6H5I 

cat. 
PdWhs)4 

CF3cxC& 85% 

Recently, Yoneda reported that the longer perfluoroalkyl chain alkynylzinc reagents also underwent 

coupling reactions with aryl iodides.lgc However, the reaction with hetemamma tic iodides was sluggish and 

attempted coupling with bromobenzene only gave traces of product. Vinyl iodides and bromides also 
coupled with the zinc reagents in the presence of palladium catalyst to produce the corresponding enynes 
with retention of configuration. 

C4F9CXZnX + I\=\ - 
C4F9C!X 

C6H13 cat. 
PdWh,), _C,:: 

Bis(trifluoropropynyl)zinc reacted with benzoyl chloride without catalysis to give benzoyl- 
(trifluoromethyl)acetylene. l*l 

0 

(CF@C)&i + CsH.@Cl - c&&CCF3 

Burton and co-workers developed the direct metallation of l-iodoperfluoro-1-alkynes for the 

preparation of perfluoroalkynylzinc reagents. S2 When 1-iodoperfluorol-alkynes were treated with zinc in 

triglyme or DMF at room temperature the corresponding zinc reagents were formed in excellent yields as a 
mixture of mono and bis perfluoroalkynylzinc species. These could be readily distinguished by 1% NMR 
based on the enhancement of the signal for the mono species upon addition of zinc iodide. 

TGorDMF 
R&XC1 + Zn - RtCX!ZnI + (R&EC)sZn 

Similarly, perfluoroalkynylcadmium reagents could also be prepared from cadmium and 
iodoperfluoroalkynes in DMF or TG.ls2 These reactions were conducted at mom temperature and induction 
periods were less than 5 minutes. A mixture of mono and bis cadmium reagents were obtained in high 

yields. 

R&EC1 + Cd TG OrDMF, RfC3CCdI + (Rfc3&Cd 
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Perfluoroalkynylzinc and cadmium reagents exhibited good thermal stabillty.**2 For example, 
C&CSZnX in DMF solution showed only a 4% loss of activity after 36 days at room temperature. 

However, decomposition occurred upon heating to 100 OC. The perfluomalkynylzlnc reagents reacted with 
water or halogens to give perfluomalkynes and perfluomalkynyl halides, respectively. Although they did not 
react with acid chlorides or ally1 halides, perlluoroalkynylzinc reagents readily underwent metathesis 
reactions with copper(I) halides in DMF to give the copper acetylides quantitatively.~~ 

RfcXM + CuCl - RtCXXu 
M=ZnX, CdX 

C. Perfluoroalkynyl Copper, Mercury and Silver Reagents 
As indicated earber. copper(I) chloride catalyzes the coupling reaction of perfluoroalkynyl- 

magnesium bromides with ally1 or propargyl bromides to give the coupled products.175 Although the 
intermediate was not identified in this reaction it is obvious that pertluoroalkynykopper must be involved 
The first perfluoroalkynylcopper was prepared by Haszeldine, who treated trifluoropropyne with cuprous 
chloride / ammonium hydroxide to produce trifluoropropynylcopper, which was isolated and chamc&zed 
by elemental analysis.**3 Direct preparation of perfluoroalkynylcopper from the corresponding iodide with 
copper metal in DMSO at room temperature was unsuccessful. The dialkyne was the major product.182 

CFsECH + CuCl 
NQOH 
- CFsCECCu 

C,F&Xl + Cu 
DMSO _ 

C.&,CX!CSX.,F~ 
52% 

Metathesis of perfluoroalkynyl zinc reagents with cuprous halides provides a more convenient route 
to pertluoroalkynylcopper reagents. As discussed previously, the zinc reagents are formed from zinc and the 
corresponding pentachloropeffluoroalkane or I-iodoperfluoroalkyne.1~ 

RrCXXnX + CuX - RrCX!C!u 

The perfluoroallrynylcopper reagents exhibit excellent thermal stability from room temperature to 65 Y!. 

Trifluoropmpynylcopper completely decomposes at 100 ‘C, while 85% of the mom stable perfluorohexynyl- 
copper remained after 19 hours at 100 “C. 182 Unlike the zinc and cadmium reagents, the copper reagents 
have versatile chemical reactivity. The pregenerated copper reagents couple with aryl iodides to give 
perlluoroalkyl aryl acetylenes. la2 

C~FsCECCu + 76% 

NOz 
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Reaction of the alkynylcopper reagents with perfluorovinyl iodides afforded the perfluoroenynes. 
The stereochemistry of the vinyl iodides was preserved in the enynes.182 

C,F,ECCu + 48% 

F F - 
C,F,CZCCu + )_( 

40% 

CF, I 

Coupling reaction of these copper reagents with the corresponding 1-iodoperfluoroalkynes gave the 
pertluorodiynes. However, an attempt to prepare an unsymmetrical diyne by reaction of iodoperfluoroalkyne 
with a different perfluoroalkynylcopper resulted in a mixture of diynes. This result is indicative of an 

exchange reaction occurring under the reaction conditions between the alkynyl iodide and alkynyl copper 
species. 

CsF,,ECCu + C&CzCI - CsF,$=C-C=CCsPr7 70% 

C4F9CXrCXC4F9 20% 

C,F&ECCu + c&,c=I - C4F9CECTCECC@t3 45% 

C6Ft3CZC-CECC6Ft3 35% 

Pentafluorophenylethynylcopper has been prepared by reaction of pentafluorophenylacetylene with 

cuprous salts. Treatment of the copper reagent with iodobenzene in refluxing pyridine gave 

phenylethynylpentafkorobenzene in 74% yield. lgd In the presence of cuprous chloride oxidative coupling 

of pentafhtorophenylacetylene was readily achieved by bubbling air to afford perlkorodiphenylbutadiyne in 
excellent yield presumably through the intermediacy of pentafluomphenylethynylcopper. 

Trifluoropropynylsilver is obtained when trifluoropropyne reacts with silver nitrate in ammonium 
hydroxide solution. Trifluoropropynylmercury is synthesized by reaction of aifluoropropyne with potassium 
iodide and mercuric iodide in alkaline solution.183 

CF3ECH + AgN03 
NH4OH - CP3ECAg 

l)KI/KOH 
CF3C ECH 

2) HgI2 
) (cF,CEC),Hg 
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Pentafluorophenyllithium can be readily prepared by direct reaction of pentatluorophenyl halides with 
lithium amalgam in ether or THF.t*5.1*6 Alternatively, lithium-hydrogen’87 and lithium-halogen exchange 
reactions of alkylhthiums with pentafhrorobenzene or pentatluorophenyl halides provide mutes to 

pentaf3romphenyllithium.t~~ r@k tgo* 191 Th ese facile exchange reactions have been carried out in high yields 
in a variety of solvents at -70 to -78 “C. Ether, THF and a mixture of ether and THF are the most widely used 
solvents utilized in the preparation of lithium reagents. Hexane and pentane are comparable, even though the 
reagent precipitates from hexane solution as a white solid. 192 The rate of exchange reaction decreases in the 
order THF > ether > hexane.187 Lithium-bromine exchange takes place in preference to lithium-hydrogen 
exchange. This has been demonstrated by both intramolecular and intermolecular competition reactions.193 

6 + 6 n-B*i * 6 + 6 

Dimetallation of 1,6dibromo- or 1,4-dihydrotetrafhrorobenzene with two equivalents of n-butyllithium 
in THF / hexane or ether / hexane yields 1,4-dilithiotetrafluorobenzene within a few minutes. However, 

attempts to prepare 1,2-dilithiotetrafluorobenzene under similar conditions proved to be difficult.l*7* 193 
Reaction of two equivalents of n-butyllithium with 1,2-dibromotetrafluorobenzene gave a mixture of mono and 
bis lithium reagents as indicated by hydrolysis of the reaction mixture. When 2.4 equivalents of n-butyllithium 
were used, the 1,2dibromide was completely converted to the corresponding bis-lithium reagent in 9597% 
yields.lg4 
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Br Li 

b_ 2.4 x-BuLi_ & 

Pentafluorophenyllithium is also obtained by reaction of pentatluorophenyhnemuryl9~~ 1% or titanium reagents 
with alkylllthium rcagents.‘~ 

Similarly, tetraflmpyrldyl and heptafluoronaphthyl lithium reagents can be prepared by either lithium 
hydrogen or lithlum-halogen exchange reactions.t~~ 199.#x)* 2W 202 

X=H, Br, I 

Pemafluomphenyllithium is thermahy unstable and undergoes 42% decomposition after 24 hours at 
-10 T.*83 Thus, this reagent should be prepared at low temperature, preferably -78 OC by an exchange 
reaction. The thermal decotnposition of pentafluomphenyllithium proceeds by g-elimination of lithium fluoride 

to give tetrafluorobenzyne which is then attacked by the lithium reagent to form perfluorobiphenyl or triphenyl 
derivatives. In the presence of dienes such as furan, thiophene. 1-methylpynole and benzenes, the benzyne 
intermediate is trapped to give Diels-Alder adducts.*@* l~Its9W*u3 

0 
Li 

/ 

c ’ 

Li 

/ / 

bo \F ’ 
\F I - 

However, when-4-lithiotetrafluoropyridine is allowed to thermally decompose only polymeric products 
are observed even in the presence of furan. 204 This result implies that the pytidine system favors nucleophilic 
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attack rather than intramolecular lithium fluoride elimination and no benzyne-type intermediate is formed. 

Interestingly, when 2-lithioheptafluoronaphthalene is warmed to room temperatum, only 1,2-naphthalyne and 
not its 2,3-isomer is observed. The 1,Znaphthalyne can be readily trapped by either furan to give a Diels- 
Alder adduct or attacked by the rmnainmg lithium reagent to form dimers.~t~ 202 

Oxidative coupling reaction of pentafluorophenyllithium occurs after treatment with TiCl4 to provide 
perfhmrobiphenyl in good yield.lw* 2os Pentafluorophenyllithium reacts readily with electrophiles such as 
water and halogens to give pentafluorobenzene and pentafluorophenyl halides, respectively.189 
Pentafluorobenzoic acid is obtained in quantitative yield after treatment of the lithium reagent with carbon 
dioxide followed by protonolysis.l~ Pentafluomphenyllithium also reacts with sulfflv 207 to yield , after 

OH CHO 

80% 

J 
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protonolysis, pentafhromthiophenol. Pentafluorophenol can be obtained when pentafluorophenyllithium reacts 

with trimethylborate and hydrogen peroxide. 208 The lithium reagent reacts with a variety of carbonyl 
compounds to give carbinols. For example, treatment of the lithium reagent with benzaldehydeJ85 or 

hexafluoroacetonem gives pentatluorophenyl alcohols. With DMP, pentafluorobenzaldehyde is ~btained.~~~ 
Reaction of the reagent with @-diketones or dimethyl carbonate produces a-hydroxyketones and 

bis(pentafluoropheny1) ketones respectively. 210 When pentafluorophenyllithium reacts with dimethyl or di- 

rert-butyl oxalate the products obtained depend upon the reaction temperature. At -78 “C, a,&diketone and a- 
ketoester are obtained, whereas an a-hydroxyester and an alcohol are formed when the reaction is catried out at 
20 Y!. The latter product presumably formed via methoxide-induced rearran gement of the a&diketone.*tl 

-78’C H+ 

CsFsLi + (CO$H3)2 

-c 

- C,F,COCO3CH, + C,&COCOC,& 
47% 43% 

20°C J-J+ 
- (C#3)3C(OH)CO2CH3 + (ceF3)3cOH 

79% 11% 

Pentafluorophenyllithium gives fluorinated alkenes upon reaction with fluorinated alkenes.189 Chambers 
and Taylor reported the nucleophilic substitution reactions of C&F&i with pertluorocyclobutene oligomers.212 
They discovered that when C&Li is added to the perfluorocyclobutene derivative, vinylic substitution 
occurred to give pentafluorophenyl-substituted cyclobutene derivatives. The product reacted further with 
excess lithium reagent to affonl the perfluorobiphenyl-substituted product The lithium reagent also underwent 
reaction with iodotrifluoroethylene to provide the addition /elimination product rather than the displacement 
product.213 

F I - 
- 

o- \F/ 
Li + CFz=CFJ - - 

F cr iF/ 

Dicarboxylation of l&diJithiotetratluorobenzene with carbon dioxide affords the corresponding diacid in 
92% yield.193 1,2-Dilithiotetrafluorobenzene reacts with methyl eifluoroacetate to give a mixed ketal / 
hemiketal pduct.*14 

Li 

+ CF3CO2CH3 - 
Li 
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Pentafluorophenylmagnesium halides can be prepared either by diit reaction of magnesium with 
pentafluorophenyl chloride, bromide or iodide in ethereal solvents or by exchange maction of alkyhnagnesium 
halides with hydro-, bromo- and chloropentafluorobenzenes. 187,192.215316,217,218.219 br the presence of 

cobalt dichloride, hexafluombenzene has been convert& to pentafhrorophenyhuagnesi~ bromide by reaction 
with ethylmagnesium bromide,228 

X=F 

I 

EtMgBr 
cat. CoCl2 

Bis@entafluorophenyl)magnesium has been synthesized from reaction of dialkyhnagnesimn with either 
pentafluorobezene or bromopentafluorobenzenene.215 

C&X + R2Mg - (C&)2Mg 
X=H, Br 

Mercury-magnesium exchange of pentafluorophenylmetcurials and bis(organo)-magnesiums also gave 
bis(pentafluorophenyl)magnesium. 221 4-Tetrafluoropyridyl and l- and 2-heptafluoronaphthyl Grignard 
reagents have been prepared by the reaction of magnesium with the cormsponding halides in THF.197.217 

The pentafluorophenylmagnesium reagents exhibit greater thermal stability than the corresponding 
lithium reagents. Thus, the Grignard reagents have been utilized more widely in the synthesis of fluorinated 

aromatics. However, the stability and reactivity of the Chignatd reagents are very dependent upon the solvent. 
For example, carboxylation of pentafluorophenylmagnesium halides in THF gives the corresponding acid in 
66% yield while none of the desired product is observed in ether.217 On the other hand, 
pentafluorophenylmagnesium bromide is stable in tefluxing ether, but decomposition occurs in refluxing THF 
to produce polyphenylene.222 The warming of pentafluorophenylmagnesium halides in the presence of dienes 
or aromatics affords Diels-Alder adducts of tetrafluorobenzyne in a reaction analogous to that of 
pentatluorophenyllithium.~ 
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-c C&COsH 67% 

CaFsMgBr + CO, 
Et 0 C&C02H 0% 

Pentatluorophenyl Grignard reagents react with a variety of electrophilic substrates. Reaction with 
halogen@* 217 or ethylene oxide224 gives pentafluorophenyl halides and Zpentafluorophenylethanol, 

respectively. When aldehydes and ketones are used as substrates, pentafluorophenylcarbinols are obtained in 
good yields. The Grignard reagent gives pentafluorobenxaldehyde with ethyl formate or N-methyl-N- 

phenylformamr ‘de.217 Although reaction of the Grignard reagents with acid chlorides gives pentafluorophenyl 
ketones significant amounts of carbinols are usually formed as byproducts. The replacement of acyl chlorides 

by metallic carboxylates improves the yields of desired ketones. Octafluoroacctophenone has been prepared in 

high yield from the Grignard reagent and lithium uifiuoroacetate.~ Reactions with elecuophiles such as ethyl 

chloroformate, acetaldehyde,m* *7 hexafluoroacetone,2w and dimethyl sulfatezz* give the expected 

products. 

Unlike pentafluorophenyllithium, the Grignard reagent reacts with trifluorovinyl iodide to afford the 
exchange product, iodopentafluorobenzene, rather than the substitution product, pentafluorophenyl- 
uifluoroethylene.~7 Reaction with diiodoacetylene yields bis(pentafluorophenyl)acetylene.~ 
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Treatment of pentatluomphenylmagnesium bromide with phenyl cyanate gave pentafluorophenyhtitrile in 
45% yield.75 

C&MgBr + C6H50CN - C&CN 45% 

13. Perfluoroarylaluminum Reagents 

When aluminum trihalides are treated with pentafluorophenyllithium or Grignard reagents 
tris(pentafluorophenyl)aluminum is formed as a solvent complex. 230 Although hexane, benzene andtoluene 
are also used as solvents ether is necessary as a cosolvent in order to isolate pure product. 
Pentafluorophenylaluminum halides can also be prepared readily by exchange reaction of 
pentafluorophenylals with aluminum halides.=1 

C&HgCH3 + AlBr3 - w-w=2 

Although pentafluotophenylalutinum reagents exhibit good thermal stability. they are extremely air and 
moisture sensitive. They will spontaneously ignite in air and explode during uncontrolled hydrolysis. 

Pentafluorophenylaluminum reagents have been shown to be strong Lewis acids and form complexes with 
Lewis base solvents. They react with acid halides to give pentatluorophenyl ketones in high yiehis.23* 
Insertion of alkenes into the aluminum reagents leads to a pentatluorophenyl-substituted polymer?32 

C&AIBrz + CH3COBr - C,F,COCH, 

C&AIBrz + C&IsCOCl - C6;5COC6H5 

C&AlBrs + CH3CH=CHs - CsF&H,)&Br, 

Reaction of lithium aluminum hydride with bromopentafluorobenxene at -78 Y! in THF gave lithium 
tris(pentafluorophenyl)bromoaluminate.~~ 

4C&Br + 2LiAlH~---c LiA1(C6F5)3Br + Liil(C&)Br3 + 4H2 
30% 
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14. Perfluoroaryltin and Lead Reagents 

Direct preparation of tetrakis@entatluorophenyl)tin has been achieved by reaction of tin metal with 
iodopentatluorobenzene at 200 T.*M Exchange reactions provide alternative routes to the tin reagents under 
mom mild conditions. Pentafluorophenyllitbium*~~ and ~rignard236~ 2% 2% 239 reagents am treated with tin 

chloride to produce the corresponding tin reagents in good yields. When excess tin tetrachloride is used as a 
substrate the Grlgnatd reagent gives pentafluorophenyltin halides. Reaction of bis(pentatluorophenyl)mercury 
with tin metal in a sealed tube has been utilized to prepare tetrakis(pentafluorophenyl)tin.~ 

C6F51 + Sn - (C6F&Sn - C6F5M + SnC1, M=Li, MgBr 

Fluorinated aromatic rings have recently been employed to enhance the Lewis acidity of cyclic organotin 
compounds, prepared by trapping of the requisite dilithio substrate with an organotin dihalide.“* 

Diphenyl(octafluorobiphenylene) stannane has similarly been prepared from 2,2’dilithiooctafluorobiphenyl 
and diphenytin dichloride.~* 

Pentafluorophenyllithium reacts with lead tetraacetate to yield tetrakis(pentafluorophenyl)lead.*3~ 
Treatment of the pentafluorophenyl Grignard reagent with lead dichloride in the presence of bromine also gave 
the lead reagent.243 Reaction of the Grignard reagent with lead dichloride and benzyl chloride afforded 

tris(pentafluorophenyl)benzyllead in good yield. 243 In the latter reaction (C!eFs)JPbMgBr may be an 

intermediate. The decarboxylation of triphenyllead pentafluorobenzoate also gives triphenyl- 

C6F5MgBr + PbClz + Br, - (C,F&Ph 
C6F5MgBr + (CHs),PbCl - C,FsPb(CH& 
C6F5MgBr + PbCl, + C,H,CH,Cl - (C6F$,PbCH2C6H, 

pentafluorophenyllead.2 

Tetrakis(pentafluorophenyl)tin and lead are very thermally stable and do not react with water,m chlorine 
or bromine.* However, with dry hydrogen chloride tetrakis(pentafluorophenyl)tin and trimethyl- 
pentafluorophenyllead give pentafluorobenzene. 244 The tin and lead compounds have limited synthetic 
applications due to their low reactivity and high stability. 

15. Perfluoroaryfzinc and Cadmium Reagents 

Bis(pentafluorophenyl)zinc and cadmium have been prepared by direct reaction of 
iodopentafluorobenzene with zinc or cadmium at 200 ‘C,* by metathesis of pentafluorophenyllithium or 
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Grignard reagents with zinc chloride or cadmium chloride,a5* 26 247 and by decarboxylation of zinc or 
cadmium bis(pentafluombenzoate).~~~ %+* Tetrafluoropyridyl zinc reagents have also been prepared by Satori 
and Platonov.24q 

C&I + M 

C6FsLi + MClz 

(CjFsCG&M 

(C,F&M 

M=Zn. Cd 
qcl- pJm2s% 

In 1973, Evans reported that zinc reacted directly with iodopentafluorobenzene in a variety of solvents 
such as THF, ether, glymes. DMF, DMAC and DMSO to give pentafluorophenylzinc products.245 
Bromopentafluorobenzene undergoes the analogous reaction. The resultant mixture consisted of 
bis(pentafluorophenyl)zinc and pentafluorophenylzinc halide, as determined by t9F NMR spectroscopy. 
Addition of a zinc iodide solution decreased the relative intensity of the high field triplet (para-fluorine 

resonance) which could be assigned to bis(pentafluorophenyl)zinc according to the Schlenk equilibrium. 

Similarly the pentafluorophenylcadmium reagent could be prepared from the reaction of 
iodopentafluorobenzene with cadmium. 245 Naumann also reported that bis(pentafluorophenyl)zinc or 
cadmium could be prepared in quantitative yield from the reaction of iodopentafluorobenzene with MezM 
(M=Zn or Cd) in glyme.2~ 

More recently, Burton and co-workers found that reaction of bromopentafluorobenzene with acid- 
washed cadmium under mild conditions gave pentafluotophenylcadmium reagents in high yields.251 The 
reaction was exothermic and generally was complete within a few hours. A mixture of mono- and bis- 

pentafluomphenylcadmium reagents were obtained which were identified by l% NMR and * %i NMR. This 
method is preferred because of the commercial availability and lower cost of bromopentafhtorobenzene. 

DMF CaFsBr + Cd - CbF$dBr + (C6F=j)&!d 

When dibromotetrafluorobenzenes were reacted with excess cadmium in DMF. the formation of mono- 

and his-cadmium reagents was observed depending upon the reaction conditions.252 Mono-cadmium reagents 
only were the products in high yields at room temperature to 60 ‘C. However more forcing conditions gave the 
bis-cadmium reagents. When the reaction was conducted at 100 to 110 “C for two to three days, 1,4- 
dibromotetrafluorobenzene afforded the 1,4-b&cadmium reagent in 90% yield while 1,2- 
dibromotetrafluombenzene gave the corresponding bis-cadmium reagent in 75% yield. Although reaction of 
1,3dibromotetrafluorobenzene with cadmium in DMF produces the mono-cadmium reagent in quantitative 
yield attempts to prepare the his-cadmium reagent failed even after prolonged heating at 110 to 120 “C for four 
days. 
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Br 

RunatluomphenyJxinc and cadmium reagents have high thermal stability. Bis(pentafluorophcnyl)zinc 
and cadmium form 19 complexes with a variety of ligands such as 2,2’-bipyridyl.“** 253 Although no 
functioualization mactions of the pematlwrophenylxinc reagent have been investigated, acylation of 
pentafhanqhenylcadmium reagents with acetyl and benxoyl chlorides in benzene gives the expected 
ketones.~ However when pentatluorobenzoyl chloride was used as a substrate pentafluorobenxophenone 

ratJlerthaudecafl uombemqhenone formed. The explanation for this unexpected transformation is that 
bis(pentafluompheuyl)cadmium behaves as a strong Lewis acid due to the high electmnegativity of the 
pentafluorqkiyl gmup which enables it to catalyxe a Friedel-Crafts amylation reaction. 

(c&)2cd + c&cOC!I - C&&DC& 89% 

(c&)&d + c!&xK!l - C&&OC,H, 86% 

AuylpentafJ uomhenmne is obtained in gocd yield by reaction of the pentafluorophenylcadmium reagent 

with ally1 bromi& in Dh4F.m 

16. Perfluomarylmercury Reagents 

Bis(pentafJuorophenyl)mercury can be readily prepared by direct reaction of bromo- or 
iodopentafluorobenxene with mercury at elevated temperature, 255 by photolysis of pentafluoro- 
phenyl(trimethylsilyl)mercury,2~~ by exchange reactions of pentatIuorophenyllithium,t~ Grignard,256 
thallium257 and titanium205 reagents with mercury halides, by decarboxylation of mercury 
bis(pentatluorobenxoate)~* and by sulfur dioxide elimination from lithium polyfluorobenxene sulfinates in the 
presence of mercury sa1ts.25* Treatment of mercury halides with a 1:l mol ratio of pentatluorophenyl 
Grignsrd reagent gives pentafluorophenylmemuy halides ‘90 although they are most readily obtained by an 
exchange reaction of bis(pentafluorophenyl)mercury with mercury halides.~e+ 259 
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w5I-w 

X=Cl, Br 

Bis(pentafluorophenyl)mercury is extremely stable. No decomposition has been observed either after 
heating for five hours at 250 “C or after recrystallization from concentrated sulfuric acid. However, the 
mercury reagent reacts slowly with bromine in carbon tetrachloride256 or with iodide in aqueous ethanol.260 

Nucleophilic substitutions with hydroxide, methoxide and hydrazine occur only at the par&position of the 

pentafluorophenyl ring of the mercury reagent. 195 Treatment of bis(pentafluorophenyl)mercury with 
alkyllithiums gives pentafluorophenyllithium in high yields. 195 Beacuse of its remarkable stability 
bis(pentafluotophenyl)mercury has not been used in organic synthesis. Cleavage of the carbon-mercury bond 
could be affected with lithium aluminum hydride to give pentafluorobenzene.t~~ Perhaps the mercurial could 

find application as a protecting group in organic synthesis. 
Pentafluorophenyl derivatives of elements such as sulfur, selenium, tellurium, germanium and tin have 

been prepared by heating a mixture of pentafluorophenylmercury derivatives and the corresponding 
element.~~ 261 Bis@entsfluomphenyl)mercury also exhibits Lewis acid characteristics and forms a variety of 

complexes with neutral ligands. 

17. Perfluorophenylcopper Reagents 

Although the reaction of pentafluorophenyl bromide with copper gives perfluorobiphenyl, no 
pentafluorophenylcopper intermediate has been detected. Pentafluorophenylcopper was fist prepared by 
metathesis of pentafluorophenylmagnesium halide with cuprous halides in dioxane.mB263 The copper reagent 
has also been synthesized by reaction of pentafluorophenyllithium with cuprous chloride%* 265 or by the 

action of lithium dimethylcopper on pentafluorobenzene or iodopentafluorobenzene in ethereal solvents at low 

temperature.*~~ 265 Exchange reaction of pentafluorophenylcadmium reagent with cuprous halides also gives 
pentafluorophenylcopper in quantitative yield in DMP at room temperature.~W 267 Decarboxylation of 
cuprous pentafluorobenzoate in quinoline at 60 ‘C produces pentafluorophenylcopper in 72% yield.268 

C,P,M + CuX - CgF5Cu - C6F5H + LiCu(CH3)2 

M=Li, MgBr, CdX; 
X=Cl, Br, I t 60°C 

GjF5C4n 

More recently, Rieke and co-workers reported that pentafluorophenylcopper could be prepared by the 
reaction of iodopentafluorobenzene with highly activated copper generated by the reduction of cuprous iodide 

with potassium in the presence of 10% naphthalene. The activated copper reacted with iodopentafluorobenzene 
in 30 minutes at room temperature in monoglyme to form the copper reagent. Although it was difficult to 
isolate and purify the copper reagent, its chemistry was similar to that of pure pentafluorophenylcopper. It 
yielded decafluorobiphenyl upon air oxidation or thermal decomposition and pentafluorobenzene by 
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hydrolysis. The Ullmann coupling reaction took place to give decafluorobiphenyl in 83% yield when the 
reaction was carried out for extended times or in refluxing monoglyme. This result implies that Rieke’s copper 
is sufficiently active to generate pentafluorophenylcopper at a temperature which is low enough to avoid 
Ullmann coupling.x9* 270.271 

MG 
C&I+2Cu 7 c&Cu + CuI 

Although preparation of 1,4-dicuprotetrafluorobenzene has been achieved from the 1 &dilithium reagent 
in THP at -70 “C, no spectroscopic data have been reported. 272 Recently, bis-cuprotetratluorobenzene was 
conveniently obtained tirn the 1,4dicadmium reagent and cuprous bromide in DMP at room temperatum.~~ 

However, only decomposition products were observed upon metathesis of 1,2-dicadmiumtetrafluorobenzene 
with cuprous bromide at room temperature. 

+ +CuI *+ 

Li cu 

+C!uRr++ 

Pentafluorophenylcopper is much more thermally stable than the corresponding hydrogen analog. The 

fluorinated copper reagent can be isolated as colorless 1:l and 2:l dioxane complexes, which are freed of 

dioxane by heating at 130 T in vucuo.262 It decomposes above 200 T to form decatluorobiphenyl and copper 
metal and is hydrolyzed and oxidized slowly in moist air. The copper reagent exists as a tetramer in the vapor 
state and in benzene solution and is soluble in most aprotic solvents.273 

Pentafluorophenylcopper exhibits high reactivity towards organic substrates, and reacts with fluorinated 
or non-fluorinated aryl iodides.262, 263 fluorinated vinyl iodides.263, 274. 275 alkynyl bromides and 
iodides,276.277 ally1 halides262 and methyl iodide262 to afford the corresponding coupled products in good 
yields. Methylene iodide and pentafluomphenylcopper give bis(pentafluorophenyl)methane in 70% yield.265 

However, longer chain alkyl halides such as butyl iodide give only a low yield of the desired product.265 
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Reaction of tenabromoethylene and pentafluotophenylcopper gave no tenakis@entafluorophenyl)ethene. 
Instead bis(pentafluorophenyl)acetylene was obtained in 66% yield. 2763 277 Unlike pentafluorophenyl 

Grignard reagents pentafluorophenylcopper reacts with primary or secondary perfluomalkyl acid fluorides278 

or para-nitrobenzoyl chloride2e2 to give the ketones in excellent yields with carbinol byproducts from 

competing secondary reactions. Carboxylation of pentafluorophenylcopper with carbon dioxide in DMAC 
gave pentafluorobenzoic acid in 36% yield. 263 None of the acid was observed when the copper reagent was 

treated with carbon dioxide in II-IF under similar conditions. 

c6F5cu + CBr2=CBr2 - C&&Xc!& 66% 

C6F5Cu + RfC(O)F - C&sC(O)R, 7592% 

C&$U + Jd2N-C&,C(0)Cl - ~-o~N-c,~c(o)c,F, 72% 

C&Cu + co2 - C&CO,H 36% 

Pentafluorophenylcopper readily adds to hexafhroro-Zbutyne to form a perfluorovinylcopper reagent, 
which can be quenched by electrophiles such as benzoyl chloride and methyl iodide to give isolable 
products.266*267 I9F NMR analysis of the final products demonstrated that a stereospecific syn addition had 

OCCLllTCd. 

W-h 
GEI 

C6F5CU + cF3cxrF3 - 
Cu C,HsC(O)Cl - )_( 

c6F5 

-A== 

0 
- 

m3 CF, CF, CF3 
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A remarkable double difluoromethylene insertion into the carbon-copper bond of 
pentafluorophenylcopper to give C&CF$F2Cu in high yield was observed when pentatluomphenylcopper 
was treated with CF3Cu in DMF at -30 Y! tort. lfj3 This insertion product was also observed after treatment 

cu cdx 

-3oT-Nl.t 
+ 2CF3cu - 

CuBr/rt 

70-8046 YiGGT 

of CeF&dX with CF3MX (M=Zn or Cd) in the presence of CuX. Presumably. C&CF2Cu was an 
intermediate in the latter reaction. The copper reagent, C&CF$!F&!u, readily underwent a variety of 
functionahzation reactions.163 

~CF~SO&!Hc”=cH2 + $F&F2SO&H=CH~~ 

m-CH&H&F2CF2 
\ 

Rieke’s pentatluorophenylcopper reagent also underwent coupling reactions with allyl. benxyl and aryl 
halides.~g* 270.271 With benxoyl chloride the corresponding ketone was obtained in low yield 

Allylation of 1.44cuprotetrafluorobenxene with ally1 bromide is facile and provides the bis-allylated 
product in 79% yield. When the his-copper reagent was treated with acid chlorides an exothennic teaction 
occurred and the mono- and bis-acylated products were formed.252 
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25% 42% 

Pentafluorophenylcopper has been utilized iu natural product syntheses to promote decarboxylation,2~ 
condensation,m and ring-expansion reactions.~t 

18. Perfluoropbenylsilver Reagents 

Pentafluorophenylsilver has been prepared by metathesis of pentafluorophenylIithium with silver acetate 
in ether and by exchange reaction of bromopentafluorobenzene with heptafluoroisopropylsilver in 
acetonitrile.~ 

C&Li + CF3CQAg - CaFsAg - C&Br + (CF3)$FAg 

Pentafluorophenylsilver is much more stable than phenylsilver and decomposed slowly to form 
perfluorobiphenyl at 150 OC. Decomposition of the silver reagent in solution can be promoted by heat, light, 

moisture or reaction with oxygen. 
The functionalization of pentafluorophenylsilver smoothly occurs to give the corresponding 

pentafluorophenyl-substituted products. 282 The reaction of the silver reagent with trimethylsilyl chloride gave 
pentafluorophenyhrimethylsilane. When methyl iodide and benzyl bromide were used as substrates 

pentafluorotoluene and 2.3,4,5,6-pentafluorodiphenylmethane were obtained respectively. Pentafluoro- 

phenylsilver also coupled with iodobenzene and acetyl chloride. However, reaction of the silver reagent with 
heptafluom-2-iodo-2-butene gave only iodopentafluorobenzene and vinylsilver reagent, but not the coupled 

product. 

C&Ag + Me3SiCl - C&SiMe, 

C&AI: + CH3I - W5CH3 

CGFsAg + C&CH2Br - WWH2W5 

C6F5Ag + C6H51 - C6FsCsHs 
C,F,Ag + CI-I3C(o)C1 - C5F5C(O)QI3 

PentatIuorophenylsilver also undergoes metathesis reactions. Treatment of the silver reagent with zinc 
iodide, cuprous chloride, or mercuric bromide in ether at room temperature afforded the corresponding 
pentafluorophenyhnetallic reagents.282 
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Smith and Massey reported the preparation of lithium bis(pentatluorophenyl)silvcr by the slow addition 

of cooled silver chloride to an ether solution of pentafluorophenyllithium at -78 “C.283 Filtration and 
evaporation of the solvent gave moisture-sensitive LiAg(CeF5)2, which was stable to 80 ‘C. When 
LiAg(QF5h was decomposed thermally in a sealed and evacuated tube, decafluorobiphenyl was obtained with 
small amounts of orr~linked polyfhtoxopolyphenyls. The result suggests that tetrafhtorobenzyne may be one 

of the decomposition intermediates. Hydrolysis of LiAg(CeF5)2 with dilute acid produced 

pentafluorobenzene. When the salt was exposed to small quantities of water, either in the form of moist air or 
wet solvents, QF5Ag was formed as a white solid. LiAg(C@5)2 also underwent a metathesis reaction with 
mercuric chloride to give bis(pentafluorophenyl)mercury. 

Silver trifluoroacetate reacted with an excess of pentafluorophenyllithium to give solutions which, after 
addition of tetrabutylammonium trifluoroacetate. afforded Bu4N[Ag(@5)d. Treatment of Bu&J[Ag(C@5)~ 
with AgC104 in ether produced AgCgF5 while (CF3C02)Ag or AgN03 gave the new complex, 
BtutN{ Ag(C&F5)$).*g4 Analogous pentafluorophenylgold complexes have also been reported~5~ 

19. Miscellaneous Perfluorophenyl Organometallics 

The reaction of pentafluorophenyl magnesium bromide with thallium trichloride in hydrocarbon solvent 
gave a mixture of tris(pentafluorophenyl)thallium and bis(pentafluorophenyl)thallium bromide.*3up 287 
However, when ether was used as a solvent. only tris (pentafluorophenyl thallium) was formed.*57? 288 
Direct metallation of polyfluorobenzenes with thallic triflate produced the corresponding 
polyfluorophenylthallic compounds which can react with sodium iodide to give polyfluoroiodobenzene.~9~ 2% 

The pentafluorophenylthallium compounds exhibited Lewis acid properties. 
Bis(pentafluorophenyl)thallium halide formed a variety of four and five coordinate derivatives of the 

bis@entafluorophenyl)thaJlium halides with neutral ligands.29u* 29’ 
Dicyclopentadienyl-pentafluorophenyltitanium compounds have been prepared by similar methods. 

Treatment of dicyclopentadienyltitanium dichloride with pentafhtorophenyJlithium or Grignard reagents gave a 
mixture of monopentafluorophenyhitanium and bispentafluorophenyltitanium compounds.*~ 

Reaction of dicyclopentadienyltitanium dichloride with pentafluorophenylmagnesium bromide gave 
racemic Cp2TiClC& which was treated with the sodium salt of (-)-(S)-Zphenyl-1-propanol at -60 ‘C in THF 
to give the corresponding diastereomers. This diastereomeric mixture was readily separated by preparative thin 
layer chromatography. Reaction with HCl in benzene solution afforded the two enantiomeric forms of the 
pentafluorophenyltitanium compound.*93 
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Pentafluorophenylaisotitanium was prepared by the reaction of pentafluoropheuyl Grignatd 

reagent with chlorotris(diethylamido)titanium. 294 The titanium reagent underwent pentafluorophenyl transfer 
reactions. Treatment with aldehydes resulted in pentafhmrophenylamino derivatives. 

C&Ti[NEt213 + RCHO - C6F5CH[NEtdR 55-83% 

Polyfluorophenyl halides readily undergo oxidative addition with metal vapors to form non-solvated 
polyfluorophenyl metallic halides.*95 Pentafluorophenyl halides reacted with Rieke’s nickel, cobalt or bon to 
give (C@5)2M (M=Ni. Co, Fe). which could be isolated in good yields as ligand complexes.*%* 297 Rieke’s 
nickel could also be utilized to promote the coupling reaction of iodopentafluorobenzene with acid halides, 
presumably via the iumrmeduq of pentafhmrophenylnickel.*~ 
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List of Abbreviations: 

Bz - Benzyl 
Cp - Cyclopentadienyl 
DAST - Diethylaminosulfur Trifluoride 
dba - Dibenzylideneacetone [phCH=CHCOCH=CHPh] 
DIBAL - H - Diisobutylaluminum Hydride 
DMAC -N, N-Dimethylacetamide 
DMAP - 4(Dimethylamino) pyridine 
DMP-Dimethylfomwmide 
DMSO - Dimethyl sulfoxide 
Etfl - Die&y1 Ether 
HMPA - Hexamethylphosphoramide (Hexamethylphosphoric triamide) 

hv - photolysis 
LDA - LithiumDiiqnqylamide 
MCPBA - m-Chloroperoxybenzoic acid 
MEM - (2-methoxyethoxyl)methyl 
MOM - Methoxymethyl 
NBS - N-Bromosuccinimide 
Ph - Phenyl 
Rf - Perfluoroalkyl group 
TASF - Tris (dimethylamino) sulfonium difluomaimethylsilicate 

Tf - Trifluoromethanesulfonyl 
‘lU - Triglyme (uimethylene glycol dimethylether) 

THF - Tetrahydmfuran 
TMEDA - N,N,N,N-Tetramethyl- 1 Pethylenediamine 
TMS - Trimethylsilyl 

TMSCl - Trimethylsilyl Chloride 
Ts - p-Toluenesulfonyl 



Fluorinated organometallics 

References 

3057 

1. 
2. 

3. 

4. 
5. 

6. 

7. 

! 
10: 

::* 
13: 

:z 
16: 
17. 
18. 
19. 

40. 
41. 

42. 

2: 

1: 
47: 
48. 

Burton, D. J.; Yang, Z. Y. Tetrahedron 1992.48.189-275. 
Cohen, S. C.; Massey, A. G. In Advances in Fluorine Chemistry, Vol. 6; Tatlow, J. C.; Peacock, R. 
D.; Hyman. H. H.Eds.; Butterworths: London, 1970; pp 83-285. 
Turbanova, E. S.; Pctrov. A. A. Russ. Chem. Rev. (En@. Trallsl.) 1991,60,501-523; Usp. Khim 
1991,60,1005-1048. 
EdeIman+ F. T. Counts Itwrg.. Chey. 1992: 12.259-284. 
E:_z W.; Porwmak. J.; KraJewsbcl. J.; Ibk.hnyov, A.; Kemme, A. J. Fluorine Chem. 1993, 

P&k, J.D.: Lather, J.R. WADC Technical Report 56590, Part I. November, 1957; ASTIA 
Document No. AD 142171. 
Emeleus, H. J. ; Haszeldine. R. N. J. Chem. Sot. 1949.2948-2952. 
Seyferth, D.; Welch, D. E.; Raab, G. J. Am. Chem. Sot. 1%2.84,4266-4269. 
Tanant, P.; Johncock, P.; Savory, J. J. Org. Chem. 1%3,28,839-843. 
Drakesmith, F. G.; Richardson, R. D.; Stewart, 0. J.; Tamnt, P. J. Org. Chem. 1%8,33,286-291. 
Normant, J. F.; Foulon, J. P.; Masure. D.; Sauvetre, R.; Villieras, J. Synthesis 19X.122-125. 
Normant, J. F. J. Organomet. Chem. 1990,400,19-34. 
Gillet, J. P.; Sauvetre, R.; Normant, J. F. Synthesis 1%6,355-360. 
Drakesmith, F. G.; Stewart, 0. J.; Tarrant, P. J. Org. Chem. l%S, 33.472-474. 
Sauvetre, R.; Normant, J. F. Tetrahedron Mt. 1982,23.4325-4328. 
Sauvetre, R.; Normant, J. F. Tetrahedron Letr. 1981.22,957-958. 
Masure, D.; Chuit, C.; Sauvetre, R.; Noxmant. J. F. Synthesis 1978.458460. 
Masure. D.; Sauvetre, R.; Normant, J. F.; Villieras, J. Synthesis 1976,761-7&l. 
Postovoi, S. A.; Zeifman. Y. V.; Knunyants, I. L. Bull. Acad. Sci. USSR, Div. Gem. Sci. (Engl. 
Transl.) 1982.2498-2500, In. AM. Nauk SSSR, Ser. Khim. 1982.2826-2828. 
Tarrant, P.; Whitfield, R. W., Jr.; Summetille, R. H. J. Fluorine Chem. 197l./72,1,31-40. 
Hahnfeld, J. L.; Burton, D. J. Tetrahedron Len. 1975,773-776. 
Zakharkin. L. I.; Lebedev, V. N. J. Fluorine Chem. 19731’74,3,237-246. 
Campbell, S. F.; Stephens, R.; Tatlow. J. C. Chem. Commun. 1%7, 151-152. 
Park, J. D.; Bertino, C. D.; Nakata, B. T. J. Org. Chem. 1%9.34,1490-1492. 
Kende, A. S.; Fludzinski.P. J. Org. Gem. M&3,48,1384-1385. 
Runge, A.; Sander, W. W. Tetrahedron Lett. 1990,31,5453-5456. 
Martin, S.; Sauvetre, R.; Normant, J. F. Terrahedron Left. 1982,23,4329-4332. 
Morken, P. A.; Lu. H.; Nakamura, A.; Burton, D. J. TetrahedronLert. 1991.32,4271-4274. 
Watanabe, H.; Yamashita, F.; Uneyama, K. Terrahedron Len. 1993,34.1941-1944. 
Tamura. K.; Mizukami, H.; Mae&K.; Watanabe, H.; Uneyama. K. J. Org. Chem. 1993,58, 
32-35. 
Nakai, T.; Tanaka, K.; Ishikawa, N. Chem.Len. 1976,1263-1266. 
Tanaka, K.; Nakai. T.; Ishikawa, N. Tetrahedron L&r. 1978,4809-4810. 
Patel. S. T.; Percy, J. M. J. Chem. Sot., Chem. Commun. 1992,1477-1478. 
Metcalf, B. W.; Jarvi, E. T.; B&hart, J. P. TerrahedronLetz. 1%5.26,2861-2864. 
Percy, J. M. Tetrahedron Len. 1990,31,393 l-3932. 
Lee, J.; Tsukazaki, M.; Snieckus, V. Terrahedron Len. 1993,34,415-418. 
Bennett, A. J.; Percy, J. M.; Rock, M. H. Synlert. 1992,483-484. 
Tellier, F.; Sauvetm, R. J. Fluorine Chem. 1991,51,397-405. 
(a) Sauvetre. R.; Masure, D.; Chuit, C.; Normnt, J. F. Synthesis 1978.128-130; (b) Chuit, C.; 
Sauvetre, R.; Masure, D.; Bat&y. M.; Normant, J. F.; Villieras, J. J. Chem. Res. (S) 1977, 104, J. 
Chem. Research (M) 1977,1147-l 155. 
Gillet, J. P.; Sauvetre, R.; Normant, J. F. Synthesis 1982,297-301. 
(a) Tellier, F.; Sauvetre. R. Tetrahedron Len. M&32,5963-5964, (b) Dolbier, W.R., Jr.; Gray, 
T.A.; Ohnishi, K. Synthesis 1987.956-958; (c) Fujita, M.; I-Iiyama, T. Tetrahedron Len. 19%,27, 
3659-3660. 
Tarrant, P.; Summerville, R. H.; Whitfield, R. W., Jr. J. Org. Chem. 1970,35,2742-2745. 
Dubuffet, T.; Sauvetre, R.; Normant, J. F. J. Organomet. Chem. 1988,341, 11-18. 
Tan-ant, P.; Oliver, W. H. J. Org. Chem. 1%6,31, 1143-1146. 
Hiyama. T.; Nishide, K.; Obayashi, M. Chem. Len. 1984, 1765-1768. 
Martin, S.; Sauvetm, R.; Normant, J. F. TerrahedronLen. 1983,24,5615-5618. 
Martin, S.; Sauvetm, R.; Normant, J. F. J. Organomet. Chem. 1986,303,317-320. 
Klanica, A. J.; Faust, J. P.; King, C. S. Inorg. Gem. 1%7,6.840-842. 



3058 D. J. BURTON et al. 

75. 
76. 
77. 
78. 

f i: 

89. 

90. 

91. 

92. 

;:: 

Rest, A. J.; Rosevear. D. T.; Stone, F. G. A. J. Gem. Sot. A 1967.66-68. 
Knunyants, I. L.; Sterlin, R. N.; Isaev, B. L. Mendeleev Chem. J. (Engl. Transl.) l970,15,31-43; 
Zh. Vses. Khim. Ova. im. DJ. Mendekeva 1970,15,25-33; Chon. Abstr 1970,72,132825u. 
Ichikawa, J.; Sonoda, T.; Kobayashi. H. Tetrahedron ktt. 1%9,3O, X41-1644. 
Ichikawa, J.; Sonoda, T.; Kobayashi, H. Tetrahedkon L&t. 1989.30.5437-5438. 
Ichikawa, J.; Sonoda, T.; Kobayashi, H. Tetrahedron Lett. 1989,30,6379-6382. 
Ichikawa, J.; Moriya, T.; Soda, T.; Kobayashi! H. Chem. L&f. 1991,961~964. 
Ichikawa, J.; Minami, T.; Sonoda, T.; Kobaya+? II Tetrahedron Lett_ l!W2,33, 3779-3782. 
Ichikawa, J.; Hamada, S.; Sonoda, T.; Kobayashr, H. Tetrahedron Lett. 1992.33,337-340. 
Ichikawa, J.; Yonemaru, S.; Minami, T. @den. 1992.833-834. 
Park, J. D.; S&l, R J.; Lather, J. R. J. Am. Chem. Sot. 1956,78,59&Z. 
Knunyants, L L.; Stdin, R N.; Iatsenko, R D.; Pinkina, L. N. Isvest. Akad. Nattk SSSR, OtaW. 
Khim. Nat&. 1958.1345-1347; Chem. Abstr. 1959.53.6987g. 
Sterlin, R N.; Pi&hut, L. N.; Knunyants, I. L.; Nezgovorov, L. F. Khim. Nauka i Prom. 1959,4. 
809-810; Chem. Abstr. 1%0,54,10837i. 
Sterlin, R N.; Yatsenko, R. D.; Pinkina. L. N.; Knunyants, I. L. Khim. Nauku i Prom. 1959.4. 
810-811; Chem. Abstr. 1960,54,1083&. 
Seyferth, D.; Wada, T.; Raab, G. Tetrahedron Lett. 1960.20-22. 
Smith, C. F.; Soloski, E. J.; Tamborski, C. J. Fluorine Chem. 1974,4,35-45. 
Howells, R. D.; Gilman, I-L J. Fluorine Chem. 1975.5.99-l 14. 
Howells, R. D.; Gilman, H J. Fhwrine Chem. 1974,4,247-248. 
Dua, S. S.; Howellq R. D.; Gilman, H. J, Fluorine Chem. 1974.4,~413. 
Thoai, N. J. Fluorine Chem. 1975,s. 115-125. 
Heinze, P. L.; Spawn, T. D.; Burton,D. J.; Shin-Ya. S. J. Fluorine Chem. 1988.38. 131-134. 
Moreau, P.; Da&my, G.; Commeyras, A. J. Chem. Sot., Chem. Commun. 1976.174175. 
Sterlin, R. N.; Yatsenko, R. D.; Knunyants, I. L. Khim. Nauka i Prom. l!HS,3,540-542; Chem. 
Abstr. 1959,53,4194i. 
Burgess, C.; Burn, D.; Feather, P.; Howarth, M.; Petrow. V. Tetrahedron 1966.22.2829-2836. 
Anderson, B. C. J. Org. Chem. 1968,33,10161018. 
Moreau, P.; Albadri, R.; Redwane, N.; Commeyras, A. J. FluorineChan. 1980.15, 103-116. 
Moreau. P.; Redwane, N.; Conuneyras, A. Bull. Sot. Chim. Fr. 1984,117-123. 
Thoai. N.; Rubinstein. M.; Wskselman, C. J. Fhwine Chem. 1982,20,271-276. 
Kaesz, H. D.; Stafford, S. L.; Stone, F. G. A. J. Am. Chem. Sot. 1959,8Z, 6336. 
Gentzsch. V. A.; Roschenthaler, G. V. Chem.-Ztg. 1998,114,6-7. 
(a) Redwane, N.; Moreau, P.; Commeyras, A. J. Fhwine Chem. 19g2.20,699-713; (b)Moreau, 
P.; Redwane, N.; Zissis, J. P. J. Fluorine Chem. 1982.20.715-726. 
Seyferth, D.; Raab, G.; Brandle, K. A. J. Org. Chem. 1%1,26,2934-2937. 
Kaesz, H. D.; Stafford, S. L.; Stone, F. G. A. J. Am. Chem. Sot. 1960.82.6232-6235. 
Seyferth, D.; Brandle, K.; Raab, G. Angew. Chem. IWO, 72.77-78. 
Cullen, W. R.; Sams, J. R.; Waldman, M. C. Irwrg. Chem. 1970,9,1682-1686. 
Banks, R. E.; Haszeldine, R. N.; Prodgers. A. J. Chem. Sot.. Perkin Trans. I 1973,596-598. 
Stafford, S. L.; Stone, F. G. A. J. Am. Chem. Sot. 1%0.82,6238-6240. 
Koola, J. D.; Kunze, U. J. Organomet. Chem. 1974,77,325-339. 
(a) Sorokina, R. S.; Ryhakova, L. F.; Kalinovskii, I. 0.; Chemoplekova, V. A.; Beletskaya, I. P. J. 
Org. Chem. USSR (Engl. Transi.) 1982,18,2180; Zh. Org. Khim. 1%2,18,2458-2459; (b) 
Sorokina, R. S.; Rybakova, L. F.; Kalinovskii, I. 0.; Beletskaya, I. P. Bull. Acad. Sci. USSR, Div. 
Chem. Sci. (Engl. Transl.) 1985,15061509, IN. Ati. Nauk SSSR, Ser. Khbn. 1%5,X47-1649. 
Farina, V.; Baker, S. R.; Benigni, D. A.; Sapino, C., Jr. Tetrahedronktt. 1988,29,5739-5742. 
Farina, V.; Baker, S. R.; Benigni, D. A.; Hauck, S. L; Sapino, C., Jr. J. Org. Chem. 1990.55, 
5833-5847. 
McCarthy, J. R.; Matthews, D. P.; Edwards, M. L.; Stemerick, D. M.; Jarvi, E. T. Tetrahedron 
L.&t. 1990,31,5449-5452. 
McCarthy, J. R.; Matthews, D. P.; Stemerick, D. M.; Huber, E. W.; Bey. P.; Lippert, B. J.; 
Snyder, R. D.; Sunkara, P. S. J. Am. Chem. Sot. 1991,113,7439-7440. 
Matthews, D. P. Presented at the 204th National Meeting of the American Chemical Society, 
Washington, DC, August 1992; paper ORGN 154. 
Matthews, D. P.; Miller, S. C.; Jarvi. E. T.; Sabol. J. S.; McCarthy, J. R. TetrahedronLen., in 
press. 
Tellier. F.; Sauvetre, R.; Normant. J. F. J. Organomet. Chem. 1985,292, 19-28. 
Gillet, J. P.; Sauvette, R.; Nonnant, J. F. Tetrahedronktt. 19?35,26,39994002. 



Fluorinated organometallics 3059 

95. 
96. 

;:: 

99. 

:g 
102: 

103. 

:g 
106: 
107. 
108. 
109. 

110. 

111. 
112. 
113. 
114. 
115. 
116. 
117. 

118. 

119. 

120. 
121. 

122. 
123. 
124. 
125. 
126. 
127. 
128. 
129. 

130. 

131. 
132. 
133. 

134. 

135. 

136. 

Gillet, J. P.; Sauvetre, R; Notmant, J. F. Synthesis 1986,538-543. 
Tellier, F.; Sauvette, R, Normant, J. F. .I. organomet. Chem. 1986,303,309-315. 
Tellier, F.; Sauvetre. R, Normant, J. F. J. Organomek Chem. 1987,328,1-13. 
Tellier, F.; Sauvetm. R; Normant, J. F.; Dromzee, Y.; Jeannin, Y. J.Organome~ Chem. 1987, 
331.281-298. 
Tell&F.; Sauvetq R; Normant, J. F. J. Or anomef. Chem. 1989.364.17-28. 
Martinet, P.; Sauvene, R, Normant, J. F. J. s rganomet. Chem. 1989,367, l-10. 
Martinet, P.; Sawea. R.; Normant, J. F. Bull. Sot. Chim. Fr. 1990,127.86-92. 
Dubuffet, T.; Bidon. C.; Martinet, P.; Sauvetre, R.; Normant, J. F. J. Organomet Chem. 1990. 
393.161-172. 
(a) Yang, Z. Y.; Burton, D. J. Tetrahedron Len. l!J90,3Z, 1369-1372; (b) Yang, Z. Y.; Burton. D. 
J. J. Fluorine Chem. 1991,53,307-326. 
Hansen, S. W.; Spawn, T. D.; Burton, D. J. J. Fluorine Chem. 1987,35,415-420. 
Jiang, B.; Xu, Y. J. Org. Chem. 1991.56.7336-7340. 
Jiang. B.; Xu. Y. TetrahedronLett. 1992.33.511-514. 
Choi, S. K.; Jeong, Y. T. J. Chem. Sot.. Chem. Commun. 1988,1478-1479. 
Shin, S. K.; Cboi, S. K. J. Fluorine Chem. 1989.43,439-441. 
Jeong, Y. T.; Jung, J. m, Shin, S. K.; Kim, Y. G.; Jeong. I. I-I.; Choi. S. K. J. Chem. Sec.. Perkin 
Trans. 2 1991,1601-1606. 
Morken, P. A.; Baenziger, N. C.; Burton, D. J.; Bachand,P. C.; Davis, C. R.; Pedersen, S. D.; . 
Hansen, S. W. J. Chem. Sot., Gem. Commun. 1991.566-567. 
Morken, P. A.; Bachand, P. C.; Swenson, D. C.; Burton, D. J. J. Am. Chem. Sot., in press. 
Bachand. P. C. MS. Thesis, University of Iowa, 1986. 
Heinze, P. L.; Burton, D. J. J. Org. Gem. 198&53,2714-2720. 
M&en. P. A.: Burton, D. J. J. Org. Chem. 1993.58. 1167-1172. 
Morken, P. A.; Campbell, R. F.; Burton, D. J. J. Fluorine Chem., in press. 
Sprague, L. G.; Snow, A. W.; Griffith, J. R. J. Fluorine Chem. 1991,52,301-306. 
Fiedorow, P.; Karwa& P.; Pluskota, D.; Koroniak. H. Presented at the Xth International 
Symposium on Fluorine Chemistry, Padua, Italy, September 1992; paper A8; an abstract has been 
published in J. Fluorine Chem. 1992,58,137. 
Filler, R.; Lin, S. Resented at the XIIIth International Symposium on Fluorine Chemistry, Bochum, 
Germany, September 1991; Filler, R.; Linn, S.; Zhang, Z.. Abstracts ACS 11th Winter Fluorine 
Conference, St. Petersburg Beach, Florida, January 1993, Abstract, P14. 
Dolbier, W. R., Jr.; Palmer, K.; Komniak, H.; Zhang, H. Q. J. Am. Chem. Sot. 1991,113, 
1059-1060. 
Heinze, P. L. Ph.D. Thesis, University of Iowa, 1986. 
Dolbier, W. R., Jr.; Koroniak, H.; Burton, D. J.; Heinze. P. L.; Bailey. A. R.; Shaw, G. S.; 
Hansen, S.W. J.Am. Chem. Sot. 1987,109,219-225. 
Mohtasham, J.; Gard. G. L.; Yang, Z. Y.; Burton, D. J. J. Fluorine Chem. 1990,50,31-46. 
Spawn, T. D.; Burton, D. J. Bull. Sot. Chim. Fr. 19S6,876-880. 
Morken. P. A. Ph.D. Thesis, University of Iowa, 1992. 
Burton, D. J.; Hansen, S. W. J. Fluorine Chem. 1986,31.461-465. 
Hansen, S. W. Ph.D. Thesis, University of Iowa, 1984. 
Morken, P. A. unpublished results, University of Iowa. 
Burton, D. J.; Hansen, S. W. J. Am. Chem. Sot. 1986,108,4229-4230. 
Dyatkin. B. L.; Zhuravkova. L. G.; Martynov, B. I.; Mysov, E. I.; SterIii, S. R.; Knunyants, I. L. 
J. Organomet. Chem. 1971,31, C15-C16. 
Martynov. B. I.; Sterlin, S. R.; Dyatkin, B. L. Bull. Acad. Sci. USSR, Div. C&m. Sci. (En@. 
Transl.) 1974,1564-1565; IN. Akad. Nauk SSSR, Ser. Khim. 1974.1642-1643. 
Fields, R.; Haszeldine, R. N.; Palmer, P. J. Tezrahedron Len. 1971, 1879-1882. 
Blatter, H. M.; Lukaszewski, H.; De Stevens. G. J. Am. Chem. Sot. 1%1,83,2202-2203. 
(a) Burton, D. J. In Fluorine-Containing Molecules: Swucture, Reactivity, Synthesis, and 
Applications; Liebman, J. F.; Greenberg, A.; Dolbier. W. R., Jr., Eds.; VCH: New York, 1988; pp 
149-164, (b) Burton, D. J. In Synthetic Fluorine Chemiswy; Olah. G. A.; Chambers, R. D.; 
P&ash, G. K. S., &, Wiley: New York, 1992; pp 205-226. 
Evans. H. H.; Fields, R.; Haszeldine, R. N.; Illingworth. M. J. Chem. Sot., Perkin Trans. I 1973, 
649-654. 
Camaggi, G.; Campbell, S. F.; Perry. D. R. A.; Stephens, R.; Tatlow, J. C. Tetrahedron 1966.22, 
1755-1763. 
Camaggi, G. J. Chem. Sot. C 1971,2382-2388. 



306Q D. J. BURTON et al. 

137. 
138. 
139. 

140. 

141. 

142. 

143. 

144. 

145. 
146. 
147. 
148. 
149. 
150. 
151. 
152. 
153. 
154. 
155. 
156. 
157. 
158. 

159. 
160. 
161. 
162. 
163. 
164. 

165. 

166. 
167. 
168. 

169. 

170. 
171. 

172. 
173. 
174. 
175. 

176. 
177. 
178. 
179. 

Soulen. R. L.; Choi, S. K.; Park, J. D. J. FluorineChem. 1973174,3,141-150. 
Wu, A. W.; Choi, S. K.; Park, J. D. J. Fluorine Ckm. 1979.13.379-389. 
(a) Einstein, F. W. B.: Willis. A. C.; Cullen, W. R.; Soulen, R L. J. Ckm. Sot., Gem. Commun. 
1981,526528; (b) Cobbledick, R. E.; Einstein, F. W. B. Acfu Ctysr. 1977.833.2339-2342. 
(a) Thummel, R P.; Korp, J. D.; Bemal, I.; Harlow, R. L.; Soulen, R. L. 1. Am. Chem. Sot. 1977, 
99,6916-6918; (b) ~bledick, R. E.; Einstein, F. W. B. +a Ctysr. 1976,832,1908-1909. 
i~ys F.; Santuu, G.; I..e Blanc, M.; Car&on, A.; hess, J. G. Tetrahedron lP74,30. 

Miller, W. %. Presented at the 9th International Symposium on Fluorine Chemistry, Avignon, 
France, 1979; p 027. 
Jeong, Y. T.; Choi, S. K. Bull. Korean Chem. Sot. 1989, IO, 619-620; Chem. Abstr. 19%. 113, 
23155~. 
(a) Miller, W. T.; Snider, R. R; Hummel, R J. J. Am. Ckm. Sot. 1969.91.6532-6534; (b) 
Jefies, P. M.; Wilson, S. R.; Ghvlami, G. S.; J. Organomet. Ckm. 1993,449,203-209. 
Banks, R. E.; Hasddine, R. N.; Taylor, D. R.; Webb, G. TetrakdronLett. 1970,5215-5216. 
Schlientz, W. J.; Ruff, J. K. J. Organomet. Ckm. 1971.33, C64X66. 
Seyferth, D.; Wursthorn, K. R. J. Organomet. Gem. 1979,282,455-464. 
Seyfcrth, D.; Simon, R. M.; Sepelak, D. J.; Klein, H. A. J. Org. Ckm. 1980,45,2273-2274. 
Seyferth,D.; Simon, R. M.; Sepelak,D. J.; Klein.H. A. J. Am. Chem. Sot. 1983,105,4634-4639. 
Fujita, M.; Hiyama, T. 1. Am. Gem. Sot. 1985,107,4085-4087. 
Hiyama, T.; Obayashi, M.; Sawahata, M. Tetrakdron Len. 1%3,24,4113-4116. 
Fujita, M.; Gbayashi, M.; Hiyama, T. Tetrahedron 198& 44.4135-4145. 
Yang, Z. Y.; Burton, D. J. J. Fluorine Chem. 1989,44,339-343. 
Yang, Z. Y.; Burton, D. J. J. Org. Chem. 1991,56,1037-1041. 
Ishihara, T.; Miwatashi, S.; Kuroboshi, M.; Utimoto, K. Tetrahedron Len. 1991,32.1069-1072. 
Tonachini, G.; Canepa, C. Tetrakdron 1%9,45,5163-5174. 
Kwok, P. Y.; Muelhzr, F. W.; Chen. C. K.; Fried, J. J. Am. Ckm. Sot. 1987.109.3684-3692. 
Hanzawa, Y.; Inazawa. K.; Kon, A.; Aoki, H.; Kobayashi, Y. Tetrahedron Lett. 1%7,28, 
659-662. 
Sun, W. C.; Ng. C. S.; Prestwich, G. D. J. Org. Chem. 1992,57,132-137. 
Sham, H. L.; Betebenner, D. A. J. Ckm. Sot., Ckm. Commun. 1991.1134-1135. 
Burton, D. J.; Tarumi, Y.; Heinz, P. L. J. Fluorine Ckm. 1990,50,257-263. 
Burton, D. J.; Yang, Z. Y.; Platonov, V. J. Fluorine Ckm., in press. 
Yang, Z. Y.; Wiemers, D. M.; Burton, D. J. J. Am. Ckm. Sot. 1992,114,4402-4403. 
(a) Drakesmith, F. G.; Stewart, 0. J.; Tarrant, P. J. Org. Ckm. 1968,33,280-285; (b) Chauvin, 
A.; Greiner, J.; Pastor, R.; Cambon, A. J. Fluorine Ckm. 1%4,25.259-261; (c) Sibous. L.; 
Tipping, A. E. J. Fluorine Chem. 1993,62,39-49. 
(a) British Drug Houses Ltd. Neth. Appl. 6 504 337,1965; Ckm. Abstr. 1%6,64,8266b; (b) 
Burgess, C.; Burn, D.; Feather, P.; Howarth, M.; Petrow, V. Tetrahedron 1%6.22,2829-2836; 
(c)Johnson, A. L. J. Med. Chem. 1972,15,854-855. 
Henne, A. L.; Nager, M. J. Am. Chem. Sot. 1952,74,650-652. 
Bruce, M. I.; Harboume, D. A.; Waugh. F.; Stone, F. G. A. J. Ckm. Sot. A 1968.356359. 
(a) Cullen, W. R.; Waldman, M. C. J. Fluorine Ckm. 1971/12.1,41-50, (b) Cullen, W. R.; 
Waldman, M. C. tnorg. Nucl. Ckm. L&t. 1%8,4,205-207; (c) Cullen, W. R.; Waldman, M. C. 
Itwrg. Nucl. Ckm. L.ett. 1%9,6,205-207. 
(a) Cullen, W. R.; Leeder, W. R. Inorg. Chem. 1966,5, 1004-1008; (b) WaII, L. A.; Donadio, R. 
E.; Pumrner, W. J. J. Am. Ckm. Sot. 1%0,82,4846-4848. 
Hanzawa, Y.; Kawagoe, K.; Tanahashi, N.; Kobayashi, Y. Tetrahedron Lett. 1984,25,4749-4752. 
Fried, J. H.; Bry, T. S.; 0berster.A. E.; Beyler, R.E.; Windholz,T. B.; Hannah. J.; Sarett.L. H.; 
Steelman. S. L. J. Am. Ckm. Sot. 1%1,83,4663-4664. 
Tajammal. S.; Tipping, A. E. J. Fluorine Chem. 1990.47.45-57. 
Santini, G.; Le Blanc, M.; Riess, J. G. J. Organomet. Chem. 1975,102, C21-c24. 
McCusker, P. A.; Vogt, R. R. J.Am. Chem. Sot. 1937,59.1307-1310. 
(a) Albadri, R.; Moreau, P.; Comrueyras, A. Nouv. J. Gem. 1%2,6,581-587; (b) Turbanova, E. 
S.; Razumuaya, S. N.; Peuvv, A. A. J. Org. Ckm. USSR (Engl. Transl.) 1975, II. 2250; Zh. Org. 
Khim. 1975, I I, 22 19-2220. 
Finnegan, W. G.; Nonis, W. P. J. Org. Ckm. 1%3,2&l 139-1140. 
Norris, W. P.; Finnegan, W. G. J. Org. Ckm. 1966,31,3292-3295. 
Burton, D. J.; Spawn, T. D. J. Fluorine Ckm. 1988.38, 119-123. 
Bunch, J. E.; Bumgardner, C. L. J. Fluorine Ckm. 1987.36.313-317. 



Fluorinated organometallics 3061 

180. 

181. 
182. 

183. 
184. 

185. 
186. 

187. 
188. 

189. 
190. 

191. 

192. 

193. 
194. 
195. 
196. 
197. 
198. 
199. 

202. 
203. 
204. 

205. 
206. 

207. 
208. 
209. 
210. 

211. 

212. 
213. 
214. 
215. 
216. 

217. 

218. 
219. 

Bumgardner, C L; Bunch, J. E.; Whangbo, M. I-L J. Org. Chem. 1986,51,4082-4083. 
(a) Spawn, T. D. Ph.D. Thesis, University of Iowa, 1987; (b) Burton, D. J. Presented at the ACS 
10th Winter Fluorine Conference, St. Petersburg, Florida, January 1991. Abstract NO. 16. 
Haszeldine, R. N. J. Chem. Sot. 1951, 588-591. 
(a) Gastinger, R. G.; Tokas, E. F.; Rausch. M. D. J. Org. Chem. 1978,43,159-161; (b) zhang. 
Y.; Wen, J. J. Fluorine Chem. 1991,51,75-82. 
Coe, P. L.; Stephens, R.; Tatlow, J. C. J. Chem. Sot. 1962, 3227-3231. 
Vorozhtsov, N. N., Jr.; Barkhash, V. A.; Gerasimova, T. N.; Lokshina, E. G.; Ivanova, N. G. 
Zh. Obsch. Khim. 1967,37, 1293-1296; Chem. Abstr. 1968,68,49195k. 
Harper, R. J., Jr.; Soloski, E. J.; Tamborski, C. J. Org. Chem. 1%4,29, 2385-2389. 
(a) Fenton, D. E.; Park, A. J.; Shaw, D.; Massey, A. G. Terruhedron L&t. 1%4,949-950; (b) 
Fenton, D. E.; Park, A. J.; Shaw, D.; Massey, A. G. J. Organomet. Chem. 1%4,2,437-446. 
Callander, D. D.; Coe, P. L.; Tatlow, J. C. Tefruhedron 1966,22,419-432. 
Cohen, S. C.; Fenton, D. E.; Tomlinson. A. J.; Massey, A. G. J. Organomet. Chem. 1%6,6, 
301-305. 
(a) Massey, A. G.; Park, A. J.; Stone, F. G. A. Proc. Chem. Sot., London 1963,212; (b) 
Massey, A. G.; Park, A. J. J. Orgatwmet. Chem. 1%4,2,245-250. 
(a) DePasquale, R. J.; J. Orgunomet. Chem. 1968,15.233-236; (b) DePasquale, R J.; Tamborski. 
C. J. Organomet. Chem. 1968.13, 273-282. 
Tamborski, C.; Soloski, E. J. J. Org. Chem. 1%6,31.743-745. 
Tamborski, C.; Soloski, E. J. J. Orgunomet Gem. 1969,20,245-250. 
Burdon, J.; Coe, P. L.; Fulton, M.; Tatlow, J. C. J. Chem. Sot. 1964, 2673-2676. 
Cohen, S. C.; Massey, A. G. Chem. Ind. (London) 1968,252-253. 
Chaudhari, M. A,; Stone, F. G. A. J. Chem. Sot. A 1966, 838-841. 
Chambers, R. D.; Drakesmith, F. G.; Musgrave, W. K. R. J. Chem. Sot. 1965. 5045-5048. 
Banks, R. E.; Haszeldine, R. N.; Phillips, E.; Young, I. M. J. Chem. Sot. C 1%7,2091-2095. 
Chambers, R. D.; Heaton. C. A.; Musgrave, W. K. R. J. Chem. Sot. C 1%8, 1933-1937. 
Burdon, J.; Gill, H. S.; Parsons, I. W.; Tatlow. J. C. J. Chem. Sot.. Gem. Commun. 1979. 
1147-l 148. 
Burdon, J.; Gill, H. S.; Parsons, I. W.; Tatlow, J. C. J. Fluorine Chem. 1984,24,263-268. 
Callander, D. D.; Coe, P. L.; Tatlow, J. C. Chem. Commun. 1966, 143~144. 
Chambers, R. D.; Drakesmith, F. G.; Hutchinson. J.; Musgrave, W. K. R. TetrahedronLen. 
1967, 1705-1706. 
Cohen, S. C.; Massey, A. G. J. Organomet. Chem. 1%7.10,471-481. 
Broke, G. M.; Furniss, B. S.; Musgrave, W. K. R.; Quasem, M. A. Tetrahedron Left. 1965, 
2991-2993. 
Bmoke, G. M.; Quasem, M. A. J. Chem. Sot. C 1967, 865-869.. 
Brooke. G. M.; Furniss. B. S. J. Chem. Sot. C 1967, 869-873. 
Tamborski, C.; Burton, W. H.; Breed, L. W. J. Org. Chem. 1966,31,4229-4230. 
(a) Chambers, R. D.; Spring, D. J. J. Chem. Sot. C 1968,2394-2397; (b) Chambexx, R. D.; 
Clark, M. J. Chem. Sot., Perkin Trans. 1 1972. 2469-2474. 
(a) Chambers, R. D.; Clark, M.; Spring, D. J. J. Chem. Sot., Perkin Trans. 1 1972.24642469; 
(b) Shadrina, L. P.; Kazakov, A. F.; Dormidontov, Y. P.; Pimgova, V. V. J. Org. Chem. USSR 
(Engl. Transl.) 1989,2257-2259; Zh. Org. Khim. 1989.25, 2517-2520. 
Chambers. R. D.; Taylor, G. J. Fluorine Chem. l%O,Z6, 161-181. 
Tamborski, C.; Soloski, E. J.; DePasquale, R. J. J. Organomet. Chem. 1968.15.494-496. 
Prabhu, U. D. G.; Eapen, K. C.; Tamborski. C. J. Org. Chem. 1984.49.2792-2795. 
Respess, W. L.; Tambotski, C. J. Organomer. Chem. 1968, II, 619-622. 
(a) Brooke, G. M.; Chambers, R. D.; Heyes, J.; Musgrave, W. K. R. Proc. Chem. Sot., London 
1963,94-95; (b) Brooke. G. M.; Chambers. R. D.; Heyes, J.; Musgrave, W. K. R. J. Chem. 
Sot. 1964, 729-733. 
Vorozhtsov, N. N.; Barkhash, V. A.; Ivanova, N. G.; Anichkina, S. A.; Andreevskaya, 0. I. 
Dokl. Akud. Nauk SSSR 1964,159, 125-128; Chem. Abstr. 1965,62,4045a. 
Jukes. A. E.; Gilman, H. J. Organomer. Chem. 1969,17, 145-148. 
Ishiiwa, N.; Hayashi, S. Nippon Kaguku Zusshi 1968,89, 1131-1134; Gem. Absn. 1969.70, 
96481b. 

220. Respess, W. L.; Tamborski, C. J. Organomer. Chem. 1969,18, 263-274. 

Yone& N.; ~atsuoka, S.; Miyaura, N.; Fukuhara, T.; Suzuki, A. Bull. Chem. SOC. Jpn. 1990, 
63.2124-2126. 



3062 D. J. BURTON er al. 

221. 

222. 

223. 
224. 
225. 

226. 
227. 
228. 

229. 

230. 
231. 
232. 
233. 

234. 
235. 
236. 
237. 
238. 
239. 
240. 
241. 
242. 
243. 

;: 
246: 
247. 
248. 
249. 

250. 

251. 
252. 
253. 
254. 
255. 

256. 

257. 
258. 

(a) Evans, D. F.; Khan, M. S. Chem. Commun. 1966.67-68; (b) Evans, D. F.; Khan, M. S. J. 
Chem. Sot. A 1967, 1643-1648. 
(a) Vorozhtsov, N. N.; Barkhash, V. A.; Ivanova, N. G.; Petmv. A. K. Terruhedron Lecz. 1964, 
3575-3578; (b) Lin, S.; Miller, J. M. J. Fluorine Chem. 1977,9.161-169; (c) Brooke. G. M. J. 
Fluorine Chem. 1982.20, 143-147; (d) Tamborski, C.; Soloski, E. J.; Ward, J. P. J. Org. Gem. 
1966,31, 4230-4232. 
Brewer, J. P. N.; Heaney, H. Tetrahedron Len. 1%5,4709-4712. 
Fuller, G.; Warwick, D. A. Chem. Ind. (London) 1965,651. 
Barbour, A. K.; Buzton, M. W.; Coe, P. L.; Stephens, R.; Tatlow, J. C. J. Chem. Sot. 1961, 
808-817. 
Nield, E.; Stephens, R.; Tatlow, J. C. J. Chem. Sot. 1959, 166-171. 
Pummer, W. J.; Wall, L. A. J. Res. Natn. Bur. Stand. Sect. A 1959.63, 167-169. 
Bartxntr, A. K.; Buxton, M. W.; Coe, P. L.; Stephens, R.; Tatlow. J. C. J. Chem. Sot. 1961, 
808-817. 
Birchall, J. M.; Bowden, F. L.; Haszeldine, R. N.; Lever, A. B. P. J. Chem. Sot. A 1967, 
747-753. 
Pohlmann, J. L. W.; Brinckma~. F. E. Z. Nunvforsch. 1%5,2Ob, 5-11. 
Chambers, R. D.; Cunningham, J. A. J. Chem. Sot. C 1%7,2185-2188. 
Chambers, R. D.; Cunningham, J. A. Tetrahedron Lert. 1967.3813-3814. 
(a) Dickson, R. S. Chcm. Common. 1965.68; (b) Dickson, R. S.; West, B. 0. Aust. J. Chem. 
1966,19, 2073-2078. 
Cohen, S. C.; Reddy, M. L. N.; Massey, A. G. Chem. Commun. 1967.451453. 
Tamborski, C.; Soloski. E. J.; Dec. S. M. 1. Organomet. Chem. 1965.4.446454. 
Holmes, J. M.; Peacock, R. D.; Tatlow, J. C. Proc. Chem. Sot., London 1963, 108. 
Chambers, R. D.; Chivers, T. Proc. Chem. Sot.. London 1963,208. 
Chambers, R. D.; Chivers, T. J. Chem. Sot. 1964.47824790. 
Pohlmann, J. L. W.; Brinckman, F. E.; Tesi, G.; Donadio, R. E. Z. Nanvfosch. 1%5,20b. 1-4. 
Burden, J.; Coe, P. L.; Fulton, M. J. Gem. Sot. 1965, 20942096. 
Vedejs, E.; E&ran, D. E.; Powell, D. R. J. Org. Chem. 1993,58,284@2845. 
Cohen, S. C.; Massey, A. G. J. Orgunomet. Chem. 1%7,10,471-481. 
Hills, K.; Henry, M. C. J. Organomer. Chem. 1967,9, 180-182. 
Fenton, D. E.; Massey, A. G. J. Inorg. Nucl. Chem. 1965,27, 329-333. 
Evans, D. F.; Phillips, R. F. J. Chem. Sot.. Dalton Trans. 1973, 978-981. 
Sartori, P.; Weidenbruch, M. Chem. Ber. 1%7,100,3016-3023. 
Noltes, J. G.; Van Den Hurk, J. W. G. J. Organomer. Chem. 1964, I, 377-383. 
Schmeiber, M.; Weidenbruch, M. Chem. Ber. 1%7.1#, 2306-2311. 
(a) Krasnov, V. I.; Platonov, V. E. Presented at the Xth International Symposium on Fluorine 
Chemistry, Padua, Italy, September 1992; paper C19; an abstract has been published in J. Fluorine 
Chem. 1992,58.246; (b) &tori. P.; Adelt, H. J. Fluorine Chem. 1973I74.3, 275-283. 
(a) Lange, H.; Naumann, D. J. Fluorine Chem. 1984,26,435-M (b) Lange, H.; Naumann, D. 
J. Fluorine Chem. 1984,26, 1-18. 
He&e, P. L.; Burton, D. J. J. Fluorine Chem. 1985.29, 359-361. 
Burton, D. J.; Yang, 2. Y.; MacNeil, K. J. J. Fluorine Gem. 1991,52,251-255. 
Noltes, J. G.; Van Den Hurk, J. W. G. 1. Orgunomer. Chem. 1%5,3,222-228. 
Yang, 2. Y., University of Iowa, unpublished results. 
(a) Birchall, J. M.; Hazard, R.; Haszeldine, R. N.; Wskalski, W. W. J. Chem. Sot. C 1967, 
47-50; (b) Fields, R.; Haszeldine, R. N.; Palmer, P. J. Tetrahedron Left. 1971, 1879-1882. 
(a) Chambers, R. D.; Coates, G. E.; Livingstone. J. G.; Musgrave. W. K. R. J. Gem. Sot. 
1962.4367-4371; (b) Chambers, R. D.; Spring, D. J. J. Organomet. Chem. 1971,32, C13-C14. 
Deacon, G. B.; Green, J. H. S.; Nyholm, R. S.; J. Chem. Sot. 1965. 3411-3425. 
(a) Connett, J. E.; Davies, A. G.; Deacon, G. B.; Green, J. H. S. Chem. Ind. (London) 1965, 
512-513; (b) Connett, J. E.; Davies, A. G.; Deacon, G. B.; Green, J. H. S. J. Chem. Sot. C 
1966, 106-111; (c) Bertino, R. J.; Cookson, P. G.; Deacon, G. B.; Johnson, I. K. J. Fluorine 
Chem. 1973/74.3. 122-124; (d) Bertino, R. J.; Coller, B. A. W.; Deacon, G. B.; Johnson, I. K. 
J. Fluorine Chem. 1975.5. 335-357. 

259. Coates, G. E.; Ridley, D. J. Chem. Sot. 1964. 166-173. 
260. Deacon, G. B. J. Orgunomet. Chem. 1967.9, Pl-P2. 
261. Cohen, S. C.; Reddy, M. L. N.; Massey, A. G. J. Organomet. Chem. 1%8, II. 563-566. 
262. Caimcross. A.; Sheppard, W. A. J. Am. Chem. Sot. 1968.90, 21862187. 
263. DePasquale, R. J.; Tamborski, C. J. Org. Chem. 1969,34, 1736-1740. 



;z. 
266: 
267. 
268. 

269. 
270. 
271. 
272. 
273. 
274. 
275. 
276. 
277. 
278. 
279. 

282. 
283. 
284. 
285. 

$76 
288: 
289. 
290. 
291. 
292. 
293. 
294. 
295. 
296. 
297. 

Fluorinated organometallics 3063 

Jukes, A. E.; Dua, S. S.; Gilman, H. J. Organomet. Chem. 
Jukes, A. E.; Dua, S. S.; Gilman, H. J. Organomet. Chem. 
MacNeil, K. J.; Burton, D. J. J. Org. Chem., in press. 
MacNeil, K. J. Ph.D. Thesis, University of Iowa, 1991. 

1970.21, 241-248. 
1970,24, 791-796. 

Cairncross. A.; Roland, J. R.; Henderson, R. M.; Sheppard, W. A. J. Am. Chem. Sot. 1970.92, 
3187-3189. 
Rieke. R. D.; Rhyne. L. D. J. Org. Chem. 1979.44, 3445-3446. 
Ebert, G. W.; Rieke, R. D. J. Org. Chem. 1984.49.5280-5282. 
Ebert, G. W.; Rieke, R. D. J. Org. Chem. 1988.53.4482-4488. 
Brooke. G. M.; Mawson. S. D. J. Fluorine Gem. 1990,50, 101-109. 
Cairncross, A.; Gmura, H.; Sheppard. W. A. J. Am. Chem. Sot. 1971.93.248-249. 
Tamborski. C.; Soloski, E. J.; DePasquale. R. J. J. Organomet. Chem. 1968.15.494-496. 
Soloski, E. J.; Ward, W. E.; Tamborski, C. J. Fluorine Chem. 1972/73,2, 361-371. 
Gastinger, R. G.; Tokas. E. F.; Rausch. M. D. J. Org. Chem. 1978.43, 159-161. 
Waugh, F.; Walton, D. R. M. J. Organomet. Chem. 1972.39.275-278. 
Gopal, H.; Tamborski, C. J. Fluorine Chem. 1979.13, 337-351. 
(a) Trost, B. M.; Kinson, P. L. J. Am. Chem. Sot. 1975,97,2438-2449; (b) Trost, B. M.; 
Kinson, P. L. J. Org. Chem. 1972,37, 1273-1275. 
Cava. M. P.; Afzali, A. J. Org. Chem. 1975.40, 1553-1556. 
(a) Gassman. P. G.; Williams, F. J. Tetrahedron Wt. 1971, 1409-1412; (b) Gassman, P. G.; 
Nakai, T. J. Am. Chem. Sot. 1972,94, 2877-2879. 
Sun, K. K.; Miller, W. T. J. Am. Gem. Sot. 1970,92. 6985-6987. 
Smith. V. B.: Massey. A. G. J. Omanomet. Chem. 1970.23. C%ClO. 
Uson,.R.; L&ma, & Abad, J. A.-J. Organomet. Chem.. 19k3.246, 341-345. 
Uson, R.; Laguna, A.; Bergareche. B. J. Organomet. Chem. 198O.I84,411-416. 
Uson, R.; Laguna, A.; Laguna, M.; Abad, M. J. Organomet. Chem. 1983,249,437-443. 
Deacon, G. B.; Green, J. H. S.; Nyholm. R. S. J. Gem. Sot. 1965, 3411-3425. 
Fenton, D. E.; Gillies, D. G.; Massey, A. G.; Randall, E. W. Nature 1964,201,818. 
Deacon, G. B.; Tunaley. D. Aust. J. Chem. 1979,32,737-757. 
Deacon, G. B.; Tunaley, D. J. Fluorine Chem. 1977.10, 177-180. 
Deacon, G. B.; Nyholm, R. S. J. Chem. Sot. 1965, 6107-6116. 
Chaudhari, M. A.; Treichel, P. M.; Stone, F. G. A. J. Organomet. Chem. 1964,2,206-212. 
Moise, C.; Leblanc, J. C.; Tirouflet, J. J. Am. Chem. Sot. 1975,97, 6272-6274. 
Chen, Q. Y.; Wu, J. P. J. Chem. Research (M) 1990, 1890-1896. 
Klabunde, K. J. Act. Chem. Res. 1975,8, 393-399. 
Kavaliunas, A. V.; Rieke, R. D. J. Am. Chem. Sot. 1980,102, 5944-5945. 
Inaba, S.; Rieke, R. D. J. Org. Chem. 1985,50, 1373-1381. 

(Received 18 June 1993) 


