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Foreword 
The A C S Symposium Series was first published in 1974 to pro

vide a mechanism for publishing symposia quickly in book form. The 
purpose of the series is to publish timely, comprehensive books devel
oped from A C S sponsored symposia based on current scientific re
search. Occasionally, books are developed from symposia sponsored by 
other organizations when the topic is of keen interest to the chemistry 
audience. 

Before agreeing to publish a book, the proposed table of con
tents is reviewed for appropriate and comprehensive coverage and for 
interest to the audience. Some papers may be excluded to better focus 
the book; others may be added to provide comprehensiveness. When 
appropriate, overview or introductory chapters are added. Drafts of 
chapters are peer-reviewed prior to final acceptance or rejection, and 
manuscripts are prepared in camera-ready format. 

As a rule, only original research papers and original review 
papers are included in the volumes. Verbatim reproductions of previ
ously published papers are not accepted. 

ACS Books Department 
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Preface 

Recent years have witnessed a spectacular growth of interest in 
selectively fluorinated chemicals and their utilization in the rational design 
of new compounds with desired properties. Thus, it becomes customary to 
see at least one fluorine atom or trifluoromethyl group incorporated into 
the structure of many newly designed agrochemicals, drugs, and materials 
(liquid crystals, for example). It is interesting to note that fluorine-
containing organic molecules, found extremely rarely in nature, have now 
gained the status of privileged structural features in the de novo design of 
biologically relevant compounds. The growing demand for fluorinated 
compounds has fueled new developments in synthetic methodology, in 
particular, for the chemo-, regio- and stereoselective introduction of 
fluorine into organic compounds. One of the most promising developments 
in this area is the effective exploitation of a building-block, or synthon, 
approach. In this strategy, incorporation of low molecular weight 
polyfunctional fluorine-containing synthons becomes a key part of the 
synthetic scheme. Due to the synthetic versatility associated with the 
synthon approach, this area of research has been enjoying extraordinary 
success in compound development. The rapid progress and the importance 
of this research prompted the ACS Division of Fluorine Chemistry to ask 
Vadim Soloshonok and Vyacheslav Petrov to organize a symposium 
entitled "Fluorinated Synthons" at the 226th ACS Meeting in New York 
City (September 7-11, 2003). Vadim Soloshonok and Vyacheslav Petrov 
are very grateful for the support of this symposium from the A C S Division 
of Medicinal Chemistry, Asahi Glass Company, Central Glass Company, 
IM&T Research Company and Dupont Company. 

This A C S Symposium Series book, Fluorine-Containing Synthons, is 
based largely on the topics presented at the symposium. However, to give 
the readers more complete overview of the current activity in the field, 
have included in the book several invited chapters written by eminent 
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scientists who recently contributed important new results in synthetic 
methodology of fluoro-organic chemistry. Therefore, the book is designed 
to be a comprehensive "snap-shot" of the current state-of-the-art of fluoro-
organic methodology and to be useful to practitioners, in both academic 
and industrial laboratories, working in various areas of chemistry, such as 
fluorine, organic, bio-organic, medicinal, biochemistry, crystal engineering 
and material science. 

As an organizer of the symposium and the editor of this book, I take 
this opportunity to gratefully acknowledge the truly outstanding 
contributions from 30 speakers at the symposium and 35 authors of the 
book. Their efforts have made this project a very enjoyable task, as well as 
professionally highly rewarding. 

Vadim A. Soloshonok 
Associate Professor 
Department of Chemistry and Biochemistry 
The University of Oklahoma 
620 Parrington Oval, Room 208 
Norman, O K 73019-3051 
Phone: (405)-325-8279 
Fax: (405)-325-6111 
e-mail: vadim@ou.edu 
http://cheminfo.chem.ou.edu/faculty/vas.html 
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Chapter 1 

Recent Advances in Perfluoroalkylation Methodology 

Teruo Umemoto 

IM&T Research, Inc., 6860 North Broadway, Suite B, Denver, CO 80221 

Recent developments in perfluoroalkylations are reviewed. 
They are classified and disscused in the following three 
categories: electrophilic, nucleophilic, and free radical 
perfluoroalklylations. Great advances have been made in 
electrophilic and nucleophilic trifluoromethylation areas 
involving the generation and synthetic application of CF3+ and 
of CF 3- which had both long been desired because of their 
expected broad application. 

Introduction 

The unique behavior of fluorinaled compounds is attributed to the high 
electronegativity of fluorine (4.0), which is the highest of all elements, 
combined with its size, close to that of hydrogen (van der Waal's radii; F, 1.47A; 
H, 1.2 A). Perfluoroalkyl groups, RFC nF 2 n+i, regarded as a gathering of fluorine 
atoms, have strong effects such as high electronegativity, stability, and 
lipophilicity (7,2). In addtion, long perfluoroalkyl groups of six or more carbons 
have high water- and oil-resistance. Therefore, the introduction of a 
perfluoroalkyl group into an organic compound can bring about remarkable 
changes in the physical, chemical, and biological properties that may result in 
new chemicals or materials for various applications {1-4). Among the 

2 © 2005 American Chemical Society 
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3 

perfluoroalkyl groups, the introduction of the trifluoromethyl group has received 
much interest in medicinal and agricultural chemistry because it is expected to 
bring positive changes in biochemical activity (3,4). 

This review covers the development of perfluoroalkylation methodology in 
the last one or two decades. The perfluoroalkylations are classified and 
discussed in the following three categories: electrophilic (Rf4), nucleophilic (Rf), 
and free radical (Rf ) perfluoroalkylations. Some of this content may overlap 
with the chapters written by other authors in this book and readers are directed 
to the chapters written by Prof. Prakash and Prof. Langlois, with regards to CF-
3SiMe3, CF3H, and other nucleophilic trifluoromethylating agents. 

1. Electrophilic Perfluoroalkylation 

In 1984, Yagupolskii et al. reported the synthesis and reactivity of (p-
chloropheyl)(2,4-dimethyl- and /?-methoxyphenyl)(trifluoromeeiyl)sulfonium 
salts 2 and 3 (Scheme 1) (5). They synthesized 2 and 3 by treating 1 with m-
xylene and anisole and reported that these trifluoromethyl sulfonium salts 
reacted with sodium /7-nitrothiophenolate to give trifluoromethyl /Miitrophenyl 
sulfide, but did not react with ΛΓ,ΛΓ-dimethylaniline. This report had not been 
noticed for some time because of the low reactivity of sulfonium salts. 

Scheme 1 

1 
2 RpR2=Me 
3 R,=OMe, R2=H 

Scheme 2 

Rf=CF3, H-C3F7, «-C 8Fn 
A=S, Se, Te 
Rf=H, /-Bu 
R 2=H, Me 

^N0 2 

6a; Rf=CF3,A=S,Ri=R2=H,X=OTf 
6b; R£=CF3,A=S,Ri=R2=H,X=BF4 

6b; RFCF3,A=S,Ri=H,R2=Me,X=OTf 
6c; Rf=CF3,A=S,Ri=ï-Bu,R2=H,X=OTf 
6d; RpCFj,A=Se,Ri =R2=H,X=OTf 
6e; Rf=CF3,A=Te,R|=R2=H,X=OTf 

X=OTf, BF4 e t c -

7a; Rf=CF3>A=S 
7b; RFCF3,A=Se 
7c;RpCF3,A=Te 

etc. 

The author recognized the importance of Yagupolskii*s report. In 1990, he 
and his coworkers reported a new system of heterocyclic chalcogenium salts, S, 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

1

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 
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Se, and re-(perfluoroa!kyl)dibenzothio-, -seleno-, and -tellurophenium salts 6 
and 7 as power-variable electrophilic perfluoroalkylating agents (Scheme 2) (6-
8). 2-RfS(0)- or RfSe(0)-biphenyl underwent easy intramolecular cyclization to 
give the S and Se-Rf-dibenzothio- and -selenophenium salts 6 in high yields. 6 
were also prepared by direct fluorination in the presence of triflic acid (TfDH) 
or HBF4(or BF3). 2-RfTe-biphenyl was treated with DMSO and Tf 20 to give 
Fe-Rrdibenzotellurophenium salts 6 (A=Te) in high yields. These triflates were 
nitrated with HN0 3/Tf 20 to give 7. 6a and 6b were prepared on a large scale by 
counteranion-exchange reaction of 6 (X=HSC>4) with NaOTf and NaBF4, 
respectively (8). 

The reactivity increases in the order of Te<Se<S and the ring substituents 
alkyl<H<N02. More powerful perfluoroaflcylating agents react wift less 
reactive nucleophiles with high yields, and less powerful reagents react with 
more reactive nucleophiles with high yields. Moderately powerful reagents 
react with moderately reactive nucleophiles also with high yields. Three salts 
6d, 6a, and 7a were chosen as useful power-variable trifluoromethylating 
reagents. The power order is 6d<6a<7a, where 7a is the most powerful reagent. 

Scheme 3 

6d; A=Se, R=H 
6a; A=S, R=H 
7a; A=S, R=N02 

CF 3 υ i f Power order 6d < 6a < 7a 

Scheme 4 

OH 61% 

By means of the combination rule, the power-variable trifluoromethylating 
agents, 6d, 6a, and 7a, made it possible to trifluoromethylate a wide range of 
nucleophiles such as carbanbns, silyl enol ethers, phenols, anilines, phosphines, 
thiolates, and halides as shown in Scheme 4. 
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Another new method for the perfluoroalkylation of metal enolates was 
developed by the combination of 5-(perfluoroalkyl)dibenzothiophenium triflate 
6a and the boron Lewis acid 8 (Scheme 5) (9). 8 was chosen among Lewis 
acids, which have different Lewis acidities, as the most suitable compound to 
balance metal enolates with the power of 6a. By this method, various potassium 
enolates were trifluoromethylated with high yields. This led to 45%ee 
enantioselective trifluoromethylation of potassiun enolate of propiophenone 
using an optical active boron Lewis acid. 

Scheme 5 

6a 

Furthermore, the corresponding counte rani on- bound salts, S, Se, and Te-
(perfluoroalkyl)dibenzo-thio-, -seleno-, and -telluro-phenium-3-sulfonates and 
their nitro derivatives 9, were developed (Scheme 6) (8,10). 9a was prepared on 
a large scale by treatment of 2-CF3S(0)-biphenyl with fuming sulfuric acid (8). 
These salts are useful because water-soluble dibenzoheterocyclic sulfonic acids 
are easily removed by washing with water after the perfluoroalkylation. 

Scheme 6 

9a; Rf=CF3,A=S, R p H 
9b;RfCF 3,A=S, R!=N0 2 

9c; RFCF 3,A=Se, R,=H 
9d; Rf=CF3,A=Te, Ri=H 

Direct trifluoromethylation of porphyrins and chlorins was carried out with 
the most powerful dinitro reagent, 7a, by Tarrriaki et al (11). Cahard et al. 
reported mild electrophilic trifluoromethylations of β-keto esters and silyl enol 
ethers with iS^trifluoromethyl)dibenzofliiophenium tetrafluoroborate 6b (12). β-
Keto esters were treated with 6b in the presence of excess potassium carbonate 
and a catalytic amount of tetrabutylammonium iodide in DMF at room 
temperature for 3 h to give a-trifluorometfiyl-P-keto esters with fair to high 
yields. The diastereomeric excess obtained by the reaction of a (-)-menthyl β-
keto ester was 4% (chemical yield 97%). Silyl enol ethers were treated with 6b 
in DMF in the presence of Bu4N+fPh3SnF2]" to give α-trifluoromethyl ketones 
with fair to high yields. 

The corresponding trifluoromethyloxonium salts, O-(trifluoromethyl)-
dibenzofuranium salts, were reported by the author and his coworkers (13). For 
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6 

the first time, thermally unstable 0-trifluoromettiyloxonium salts 11 were 
synthesized by photolysis of the diazonium salts 10 at very low temperature 
(Scheme 7). NMR analysis at low temperature demonstrated the formation of 
the 0-CF 3 salts 11. As the temperature rises, the salts begin to decompose 
gradually at -70°C or more and then rapidly at -30°C. The decomposition 
product was CF 4. This indicates easy generation of CF 3

+ from the CF3 oxonium 
salts. The stability increases in the order of the ring-substituents, F<H<alkyl, 
and the counteranions, BF4"<PF6"<SbF6<Sb2Fu~. More etectrodonating ring-
substituents and less nucleophilicity of the counteranions increase the stability of 
the CF3-oxonium salts. 

Scheme 7 

X=BF4,PF6»SbF6,Sb2Fn 
R=H, f-Bu, F 

10 11 

The O-CF3 salts made possible direct O-and iV-trifluromethylations as shown 
in Scheme 8. Alcohols and phenols were treated with 11a in the presence of 
pyridine or a bulky trialkyl amine base at low temperature in methylene chloride 
to give trifluoromethyl ethers in good yields. 11a reacted with primary and 
secondary amines to give iV-CF3-amines in good yields. The reaction with /ex
amines and pyridines to give AT-CF3-ammonium and -pyridinium salts also 
produced good yields. 

Scheme 8 

i. « - C i ^ 2 p H ( l eq)/(i-Pr)2NEt(leq). ii. phenol(l eq)/(i-Pr^NEt(l eq). 
iii. aniline(2 eq). iv. JV.A^dimethylanilineO eq). v. pyridine(l eq). 
Reaction conditions; -90 -> -WC, 3-5 h 
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The reactivity between O- and S -CF 3 onium salts was compared. With aniline, 
the O-CF3 salts produced#-CF3 aniline, while S-CF3 produced C - C F 3 products, 
a mixture of o- and P-CF3 anilines. With an alkyl amine, the O-CF3 salt 
produced the jV-CF 3 amine, while the S -CF3 salts decomposed with the 
formation of CF 3H. These remarkable differences are more likely due to the 
difference between the reaction mechanism The 0-CF 3 salts should undertake 
SN1 orSN2 mechanism including real CF 3

+ orCF 3

s + , while the S -CF 3 salts should 
undertake an electron-transfer type mechanism through the complex. The 
differences in the mechanisms are likely due to the electron-withdrawing effect 
of the hetero atoms bonding to the C F 3 carbon. The O-atom of the C F 3 - 0 salt 
should have a strong electron-withdrawing effect, enough to generate the real 
C F 3

+ , but the S-atom of the CF 3-S salt should not have the effect strong enough 
to generate the real C F 3

+ . 
Shreeve et al. reported new electrophilic trifluoromethylating agents (Scheme 

9) (14). A non-heterocyclic system, fluoro- and nitro-substituted 
trifluoromethyldiarylsulfonium triflates 13 and 14, were developed. A mixture 
of 12 and triflic anhydride was treated with fluorobenzene or w-difluorobenzene 
to give salts 13 in good yields. 13 were nitrated with HN03/fuming sulfide acid 
to give nitro derivatives 14 in good yields. The reactivity of the sulfonium salts 
depends on the electron-withdrawing effect of the substituents, and 14b has the 
highest reactivity in this series. Phenols, anilines, and pyrrole were 
trifluoromethylated in good yields with 14b. 

Scheme 9 

13a; Ri=R2=H 14a;R!=R2=H 
13b; RpF, R2=H 1 4 b ; R p F > r 2 = H 

13e;R,=R2=F 

A kinetic study of the trifluoromethylation with S-CF3 sulfonium salts 6a, 7a, 
and 13a was carried out (15). It was clarified that the high reactivity of the 
heterocyclic salts 6a and 7a, compared to a non-heterocylic salt 13a, is due to 
the greatly enhanced activation entropy, steric factors, and the high reactivity of 
salt 7a is due to the great electron deficiency caused by two nitro groups in 
addition to the heterocyclic system. 

Most recently, regioselective trifluoromethylation of anilines, indolines, and 
indoles by treatment with CCVHF/SbFs followed by HF/pyridine was reported 
(16,17). For example, /7-toluidine was regioselectively trifluoromethylated to 
give 3-CF3-/?-toluidine in 85% yield, while m-toluidine gave 4-CF3-m-toluidine 
in 81% yield. The real reactive species of these reactions is CC13

+, which reacts 
with aromatics to form CCl3-aromatics, which undertake halogen-exchange 
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reaction with fluorine to give the CF3-products. This reaction was successfully 
applied to the trifluoromethylation of a vasodilator (77). 

2. Nucleophilic Perfluoroalkylation 

In this area, two reports in 1989 and 1991 were noticed. One was Prakash's 
report that RfSiMe3 reacted with carbonyl compounds in the presence of a 
catalytic amount of fluoride anion to give Rf carbinols 15 in high yields 
(Scheme 10) (18). Stahly et al. also reported the similar trifluoromethylation of 
benzoquinones (19). The other was Shono's report that CF3H reacted with 
benzaldehyde in DMF in the presence of base 16 (R^w-CgHn) generated by 
electrolysis to give a CF3 carbinol in high yields (Scheme 11) (20). He also 
reported that CF3H reacted with benzaldehyde in DMF in the presence of LiH, 
NaH, and ί-BuOK to give the CF 3 carbinol in 0,28, and 40% yields, respectively. 

Scheme 10 

high yields 
Rf=CF3 

CF3CF2 
CF3CF2CF2 IS 

Scheme 11 

16 R 4 N +

 y C T 3 R=Et 34% 
CF3H + P h Œ O P h - < R=«-Bu74% 

OH R=w-C8H17 80% 

Prakash's report has had a great impact upon synthetic chemists. Since then, 
nucleophilic perfluoroalkylation using RfSiMe3 has been extensively studied by 
Prakash and many other chemists. Readers can refer to some reviews which 
have been published (27-25). The advances of these nucleophilic 
perfluoroalkylations are also described in the chapter by Prof. Prakash in this 
book. 

On the other hand, Shono's report came as a surprise to many organofluorine 
chemists, because CF3" has long been believed to be very unstable and to 
immediately decompose to reactive CF 2 carbene and fluoride anion (OY ~> 
CF 2: + F"). After a while, Shono's reaction was examined in detail by many 
organofluorine chemists (24-29). It was elucidated that the solvent, DMF, has a 
crucial role in the reactions. The real trifluoromethylating agent is an adduct of 
CF3" to a DMF molecule, trifluoroacetaldehyde hemiacetal 17 (Scheme 12). The 
adduct has been demonstrated to act as a useful trifluoromethylating agent for 
various carbonyl compounds. Readers can refer to a review which was recently 
written by Prof. Langlois et al. (30). The findings led to recent advances for the 
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use of the adduct and its derivatives and these are described in the chapter by 
Prof. Langlois in this book. 

Scheme 12 

C F 3 H 

17 

In 1996, another remarkable report appeared. Yokoyama et al. succeeded in 
the activation of PhSCF3 by a germyl anion which has strong affinity to the 
sulfur atom. They reported that PhSCF3 reacted with aldehydes in the presence 
of Et3GeNa in THF/HMPA at -60°C to give CF3-carbinols 18 in 92-96% yield 
(Scheme 13) (31). They suggested the formation of CF 3Na in the reactions. 
Et3GeLi and Et3GeK did not give the products and the reaction temperature was 
an important factor: 12% yield at -20°C and only trace amounts at -78°C. 
PhSCF3 is another type of nucleophilic trifluoromethylating agent in place of 
CF 3SiMe 3. This method was also used for trifluoromethylation of imines 19 
(Scheme 13) (32) and for chemoselective trifluoromethylation of methyl esters 
(33). 

Scheme 13 

Et3GeNa r _ / F 3 R=Ph92% 
RCHO + PhSCF 3 R V. β-naphthyl 91% 

in THF/HMPA OH a-furyl96% 
-60t:,30min l g cinnamyl 93% 

Ç F 3 

/ R 2 pucrp Et3GeNa 1 R 2 Ri=R2=Ph96% 
Ν + P h S C F 3 in THF/HMPA R ^ ^ N R,^-furyl,R2=Ph 98% 

- r f C , 30 min H R,=%-C6H13,R2=Ph 94% 
19 20 

Most recently, Prakash et al reported that PhS0 2CF 3 or PhSOCF3 reacted 
with carbonyl compounds in DMF at -50°C to room temperature in the presence 
of *-BuOK to give CF 3 carbinols in high yields (Scheme 14) (34). Since this 
reaction in DMSO solvent gave a similar yield of the product as in DMF solvent, 
the adduct 17 of CF3" and DMF is not a necessary intermediate. 

Scheme 14 
f-BuOK R l r p 3 RpPh, R2=H; 77% 

PhS0 2CF 3 \ < R!=t-Bu, R2=H; 79% 
orPhSOCF3 in DMF R 2 ^ \ RpR2=Ph; 86% 

-50"C->r.t. 
0.5-1 h 
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Dolbier et al reported nucleophilic trifluoromethylation of carbonyl 
compounds based on the photoinduced reduction of CF3I by 
tetrakis(dimethylamino)ethylene (TDAE) (35). They found that the reaction of 
CF3I, carbonyl compounds, and TDAE in DMF was significantly accelerated by 
photoirradiation (Scheme 15). This method afforded high yields of CF3 
carbinols. The adduct 17 of CF3" and DMF is not a necessary intermediate 
because DME solvent and a mixture of DME/HMPA gave similar results. They 
suggested the formation of a complex between CF3" anion and TDAE 2 + dication 
as an active trifluoromethylating agent and this method was applied to 
trifluoromethylation of vicinal diol cyclic sulfates (36). 

Scheme 15 
Ri u r P , Rl=Ph,R2=H;80% 

f ° ' « * - -sear- X , KSSSK. 
R 2 in DMF Ri=R2=Ph;68% 

TDAE; Me 2 N NMe 2 Rl=Ph,R2-Me; 18% 

Me 2N NMe 2 

Scheme 16 

C F 2 X 2 -SÎSSU CF3MX + (CF^M CF3Û1 Ar-CF3 
m D M F (M=CdorZn) -80°C-> r.t. 9 ( M 0 0 % Ar;Ph(100%), o-N02Ph(95%) 

X-Br ,Cl r.t. 80-95% o-MePh(95%),o-MeOPh (78%) 
p-BrPh(95%) 

As mentioned above, difluorocarbene is a reactive species which results from 
decomposition of CF3". If its reverse reaction (CF2: + F" -> QY) is synthetically 
usable, it would be another method of generating CF3". Q Y is stabilized by the 
vacant orbitals of transition metals (Cu, Zn, Cd, Hg cations etc.). In 1986, 
Burton et al. first succeeded in using the reverse reaction for the preparation of a 
useful trifluoromethylating agent, CF 3Cu, through C F 3 M X and (CF 3) 2M (M=Cd 
or Zn) (Scheme 16). CF 2Br 2 reacted with Cd or Zn and then with Cul to give 
CF 3Cu, which was used for the halogen exchange reaction of aryl iodides, 
giving trifluoromethylarenes in high yields (37). 

Chen et al. reported a new method for the direct generation of CF3CU via 
CF 2: using ICF 2S0 2F/Cu (38) or FS02CF2COOMe/CuI (39). In the last decade, 
Chen and his coworkers found other fluorinated compounds to be sources of 
CF 3 ' for the CF3CU reagent. CF3CU was generated by using 
ClCF2COOMe/KF/CuI (40), XCF2COOMe(X=Cl,Br)/KF/CuI/Cdl2 (41), 
FS02CF2CF2OCF2COOMe/CuI (42), FS02CF2COOMe/CuI (43-49), or 
FSO2CF2CF2COCF2COOK/CUI (JO). For example, phenyl iodide reacted with 
ClCF 2COOMe, KF, and Cul in DMF at 120°C for 8 h to give PhCF3 with an 
88% yield (Scheme 17). The mechanism for the generation of CF 3Cu from 
XCF2COOMe/KF/CuI is also shown in Scheme 17. 

As an alternative method for generating CF3CU, using CF3SiMe3/CuI/KF was 
reported (51) as an extension of Fuchikamis method (52). 
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Scheme 17 

R-X + ClCF 2 COOMe + KF 

(Mechamism) 

ClCF 2COOMe + CuI -

Cul 
R-CF3 + CO 2 + CH3X +KX 

Scheme 18 

in DMF 
i n f u n n r s h R - C F 3 ; R " X : = P n I ( 8 8 % ) ' P h B r ( 6 0 % ) ' 
ι υ υ ~ ι ^ , en AllyBr(82%), PhCH=CHBr(81%) 

-CO2, -CuCl F" ™ . 
ClCF 2COOCu + Mel - CF 2 : C F 3 

Cul 

R-CF3 — CF,Cur 
-X", -Cul 

C'CF3Cu") 

R-X + FS0 2 COOMe + S 8 

Cul 

in HMPA 

100-1 10ΐΣ,8η 

R-SCF3 + S0 2 + COj + C H 3 X 

R-SCF3: R-X=PM (60%),/?-ClC6H4l (63%), 
P-NQ2C6H4I (74%) 

FS02CF2COOMe/S8/CuI gave CF3SQ1 and ftiis method provided CF 3S-
containing compounds from halo compounds (Scheme 18) (55). 

3. Free Radical Perfluoroalkylation 

In the last decade, many free radical perfluoroalkylations have been reported. 
A new approach to the photochemical trifluoromelhylation of aromatic 
compounds using CTjCOOAg as a source of CF3 free radicals and powdered 
Ti0 2 as a photocatalyst was described by Mallouk et al. (54). By this method, 
various aromatics were trifluoromethylated in low to moderate yields (Scheme 
19). 

Another new system for radical trifluoromethylation, using Bi(CF3)3/ 
Cu(OAc)2, was reported by Naumann (55). The Cu salt was essential for this 
reaction. By this method, enamines were trifluoromethylated to give CF3-
enamines (Scheme 20). N,W-Diethylaniline gave a 1.7:1 mixture of o- and p-
CF3-iV,Ar-diethylaniline in 48% yield. Thiophenolate produced a mixture of 
CF3SPhandPhSSPh. 

Scheme 19 

ArH + C F 3 C O O A g 
4 eq 

Scheme 20 

hv 
T i 0 2 (8 eq) 

CF 3COOH(0.4eq) 
mCH 3CN,r.t.,<24h 

B(CF3)3 1.75 eq 
Cu(OAe)21.65 eq 

inCH 3 CN 
r.t, 1 h 

Ar-CF3 Ar-CF3: product (%); 
PhCF3(50%), 2,5-diClC 6HjCF 3 (45%), 
p,o, W-B1C6H4CF3 (2:1:1/46%* 
w,o,p-CF3C6H4COOEt (3:2:3/26%) 

n=l 83% 
n=2 41% 
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Diastereoselective trifluoromethylation of chiral imide enolates with excess 
CF 3I mediated by EfeB was described by Iseki et aL (56). A maximum of 86% 
de was achieved (Scheme 21). 

Scheme 21 
Ms 

Q Ο CF3I(5eq) Ο Ο 

E t3B(1.0eq) (Λν ^ ^ 
^ — \ in THF C F 3 

iPr _ ? 8 < t i P r 

Nagano et aL reported hydroxytrifluoromethylation of (Χ,β-unsaturated esters 
with CF3I(excess)/Et3B/KF/H20 in a THF solvent at room temperature (Scheme 
22) (57). 

Scheme 22 

/ R CF 3 I(6e q ) > Et3B(le q )

 C \ _ Z ^ R=CH 2CH 2Ph 75% 

\ : O O E t H20(4eq),KF(23eq) \ Γ _ « - C 6 H i 3 7 0 % H20(4eq), KF(23 eq) 

r.t, in THF, 6 h 
COOEt 

CF3S-containing α-amino acids were synthesized from dithio-amino acids 
with CF3S02Na//-BuOOH (58). Perfluoroalkylation of aliphatic thiols with R fI 
or RfBr in the presence of Na0 2SCH 2OH in DMF/H2O at room temperature was 
described (59). Trifkoromethylations of aromatic amines using CViVZnlSOi 
(60), a D-mannose derived ketene acetal using CF3I or CFaBr/HCC^Na/SCfe (61), 
and [60]- and [70]fullerenes using CF 3COOAg at 300°C (62) were also 
described. Photolysis of CF 3S0 2SR or CF3COSR in the presence of alkenes 
provided CF3-alkenes and CF 3SR (63) (Scheme 23). 

Scheme 23 
hv 

CF 3S0 2SPh C F , sph C F 3 

ο —s?— ο · t> 
inCH2Cfe 

CF 3SPh 

40% 25% 9 % 

In the last decade, many electrochemical perfluoroalkylations were reported. 
Electrochemical trifluoromethylations of butyl acrylate (64), dialkyl fumarates 
(Scheme 24) (65), dimethyl acetylenedicarboxylate (66), (^unsaturated nitrites 
(67), aromatic compounds (68), and benzonitrile (69) using trifluoroacetic acid 
as a free radical CF 3 source were described. Electrochemical 
trifluoromethylations of aromatic compounds and alkenes using CF3SO2K (70) 
and thiophenol using CF 3 Br/S0 2 (71) were also reported. It was reported that 
SO2 may serve as an efficient catalyse for the electrochemical 
trifluoromethylation of thiophenol with CFsBr (71). 
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Scheme 24 

ROI CF3COOH/Base ROOi R=Et 45% 
i-Pr 19% 

«-Bu 52% COOR CH3CN-H2O 
(Pi) 

undivided cell 

COOR 

Conclusion 

As mentioned above, perfluoroalkylation has been extensively studied and 
developed in the previous two decades. In particular, there were two 
breakthroughs in the field, the successful generation and synthetic applications 
of CF 3

+ and of CF3". Untfl now it had been believed that bofli were difficult to 
generate. C F 3

+ was difficult to generate due to three strongly electronegative 
fluorine atoms bonding to the eationic carbon of CF 3

+ , and CF3" is very unstable 
due to repulsion between the lone paired electrons of three fluorine atoms and 
the electrons of the carbon atom of CF3". These obstacles have been overcome 
by means of the use of other elements such as O, S, Se, Ν, Si, Ge, Zn, Cd, and 
Cu. 
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Chapter 2 

New Nucleophilic Fluoroalkylation Chemistry 

G. K. Surya Prakash and Jinbo Hu 

Loker Hydrocarbon Research Institute and Department of Chemistry, 
University of Southern California, Los Angeles, CA 90089-1661 

This chapter summarizes the new nucleophilic fluoroalkylation 
chemistry developed in our laboratory over the past several 
years. These include trifluoromethylation with TMSCF 3, 
trifluoromethylation and difluoromethylation with tri- and 
difluoromethyl sulfones and sulfoxides, the introduction of 
difluoromethylene group via fluorinated enol silyl ethers, etc. 
The related work by others are also covered in this review. 

16 © 2005 American Chemical Society 
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1. Introduction 

Selective introduction of fluorine atoms or fluorine-containing building 
blocks into organic molecules has continued to be a blooming filed since 1980s. 
Given the fact that over 10 % of newly registered pharmaceutical drugs and 
some 40 % of newly registered agrochemicals contain one or more fluorine 
atoms, fluorine is highlighted as the second favorite hetero-element (after 
nitrogen) in life science-oriented research (/). Nucleophilic fluoroalkylation, 
especially nucleophilic trifluoromethylation, is one of most intensively studied 
and widely used methods in this field (2,5). Trifluoromethyl organometallic 
compounds, unlike other long-chain perfluoroalkyl analogs, are readily 
decomposed (via α-elimination of fluoride) and thus not suitable as efficient 
nucleophilic trifluoromethylating agents (2). In 1989, we discovered the first 
straightforward and reliable nucleophilic trifluoromethylating method (4), using 
(trifluoromethyl)trimethylsilane (TMSCF3), a compound first prepared by 
Ruppert (5). A comprehensive review on the work before 1997 is available (4c). 
Recently, two review papers have covered the chemistry of TMSCF 3 from 1997 
to early 2001 (6,7). The reviews for other nucleophilic perfluoroalkylation 
chemistry with organosilicon reagents (4c) or organometallic reagents (8,9) are 
also available. 

In the late 1990s, nucleophilic trifluoromethylation and perfluoroalkylation 
using trifluoromethane (CF3H) and other hydroperfluoroalkanes (RfH) have been 
developed by several research groups (10). A^-Dimethylformamide (DMF) was 
found to be the best solvent since it can form CF 37DMF hemiaminolate adduct 
as the real trifluoromethylating species. (lOc-g). Based on this rationale, a 
variety of new nucleophilic trifluoromethylation methods have been 
demonstrated in the recent several years, such as trifluoromethylation using 
stable hemiaminals of fluoral (11), 2,2,2-trifluoroacetophenone and its adduct 
(12), trifluoroacetic acid and trifluorosulfinic acid derivatives (13), among 
others. A recent review paper on the nucleophilic trifluoromethylation using 
trifluoromethane and stable hemiaminals of fluorals is available (//). Langlois 
and co-workers (14a) have also reported enantiopure trifluoroacetamide derived 
from ephedrine, which can act as a trifluoromethylating agent in the presence of 
a catalytic amount of fluoride. However, they did not achieve the expected 
enantioselectivity with this reagent system (14a). Trifluoromethyl iodide has 
also been successfully used as a nucleophilic trifluoromethylating agent under 
the activation of electron-transfering agent tetrakis(dimethylamino)ethylene 
(TDAE) (14b). However, these recently developed nucleophilic 
trifluoromethylating methods have a common drawback: most of them do not 
work effectively with enolizable electrophilic systems. With the enolizable 
substrates, TMSCF 3 is still the best choice as a nucleophilic trifluoromethylating 
agent. 

This chapter summarizes the recent progress of new nucleophilic 
fluoroalkylation chemistry in our laboratory, including nucleophilic 
trifluoromethylation, difluoromethylation, difluoromethylenation, and others. 
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This chapter also covers the recent studies on this topic from 2001 and includes 
some that have been omitted in previous reviews. 

2. Trifluoromethylation and Perfluoroalkylation with (Trifluoromethyl)-
trimethylsilane (TMSCF3) and (Perfluoroalkyl)trimethylsialnes (TMSRf) 

2.1. Diastereoselective trifluoromethylation. Asymmetric introduction of 
trifluoromethyl group into organic molecules is of great importance for many 
applications. The first diastereoselective trifluoromethylation with TMSCF 3 into 
the ketonic function of steroids to give corresponding trifluoromethylated 
carbinols as single stereomers, was reported by us in 1989 (4). Thereafter, 
diastereoselective trifluoromethylation of carbonyl groups with TMSCF 3 (with 
fluoride activation) has been successfully applied to various systems such as 
carbohydrates and inositol derivatives (15), steroides (16), azirines (17) and 
amino acid derivatives (18). Diastereoselective trifluoromethylation of chiral 
ter/-butanesulfinimines to give chiral trifluoromethyl amines has been achieved 
in our laboratory in 2001 (19). Following this success, we extended the similar 
chemistry to α,β-unsaturated imines (3) as outlined in Scheme 1 (20). 

5 

Reagents and conditions: (a) Ti(OEt)4, THF, 2-6 h, rt; (b) TMSCF 3,THF, TBAT or 
TMAF.-25 °C. 

Scheme 1. Diastereoselective trifluoromethylation of α,β-unsaturated 
chiral sulflnimines. 

Chiral α,β-unsaturated sufmimines (3) were prepared from corresponding 
α,β-unsaturated aldehydes (2, with known stereochemistry) and (R)-N-tert-
butanesulfinamide (1) in the presence of 3 equiv of Ti(OEt)4. This preparation 
method tolerates all the substituents at a- and β-positions and provides the 
products (3) in 70-90 % yields (20). Since α,β-unsaturated sufmimines are less 
reactive toward nucleophilic addition reactions compared to nonconjugated 
imines, the trifluoromethylation reactions were carried out at relatively higher 
temperature (- 25 °C). The scope of this reaction is summaried in Table 1. 
Similar to the trifluoromethylation of usual α,β-unsaturated carbonyl compounds, 
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Table 1. Diasteroselective trifluoromethylation of sufmimines (3). 

sufinimines (3) 
Sulfinamides 

4(Rs,S):B(RSlRf yields (%)b 

Ο M H 

r 
H 

ι 
Ο H H 

• y 
Me 

mu/S*Y%h 90:10 55 

I 
3a 

3b 
Ο H H 

ffiU^N^Y^Furyl 92:08 76 

H 
3c 

Ο H Ph 

S ^ S ^ ^ S u r y l 9 8 : 0 2 50 
Me 

3d 
9 H Ph 

ι β ^ Η ^ γ Ν * > 9 9 6 2 

H 
3e 

Ο H Ph 

m N H (90:10)c (82)c 

(CH 2 ) 4 CH 3 

3f 
Q H Ph 
e Λ Λ >99 20 

ffilT S N N-^Y^H (92:08)c (75)c 

3g 

Ο H Ph 

Ph 

3h 
aDiastereomertc ratios ware determined by 1 9 F NMR from the crude products. 
Unless otherwise mentioned, yields and diastereomeric ratios are for TBAT as 
the fluoride source, isolated yields of the major diastereomer. cDiastereomeric 
ratios and yields when TMAF (tetramethylammonium fluoride) was used as a 
fluoride source. 
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no 1,4-additon products were observed for the reactions of 3. Substitution at the 
β-position (imine 3e) has no influence on the reaction yield. The reaction tolerat

es the heterocycle substitutions at β-position (imines 3c and 3d), while a long-
chain substitution at the α-position (3f and 3g) gave lower yields of the addition 
products as a single diastereomer. This problem was overcome by reducing the 
steric volume of the counterion of the fluoride source. When TMAF 
(tetramethylammonium fluoride) was used as the fluoride activator instead of 
tetrabutylammonium triphenyldifluorosilicate (TBAT). The rationale for the high 
anti-EMman products 4 in these reactions could be explained by Cram-Davis' 
open transition state model (20). The sulfanamide products 4 are highly useful 
precursors for the chiral trifluoromethylated allylic amines. 

We have further extended this robust diastereoselective trifluoromethylation 
methodology to α-amino N-tert-butanesufinimines (7) (21). α-Amino N-tert-
butanesufinimines were prepared from the smooth condensations of Reetz's a-
amino aldehydes (6) and Ellman's #-te^butanesulfinimines (1) using Ti(OEt)4 

as the dehydrating agent (Scheme 2). As shown in Scheme 2, by using less bulky 
TMAF (rather than TBAT) as the fluoride source, the imines 7a-f were 
trifluoromethylated to the corresponding vicinal ethylenediamine adducts 8a-f in 
good to excellent yields with high diastereoselectivities (>99:1). However, the 
imine derived from D-amino aldehyde 7g gave the corresponding product 8g in 
80:20 diastereomeric ratio with a 60 % yield of the major diastereomer. This 
suggests that both the chiral centers presented in the molecules of 7a-f direct the 
incoming nucleophile to the re face of the imines (21). 

Ω μ 9 ÇF3 I • 1 NR- TO , £1Λ*Ά ™scf^maf. «Α-ν*·* 
βιΤ^ΝΗι O ^ Y N R 2

 T H F r t 6 h ' «u Ν Τ THF,-35°C Η £ 
R R 

6 

Ο ÇF3 Ç ÇF3 Ο ÇF3 Ο ÇF3 

mStfY* ii*|fV* mï***^ m^YY^ 
8a " CH 3 8b " (CH2)3CH3 8 c " Bn 8d M iPr 

(86% yield, >99:1 de) ( 8 5% yield, >99:1 de) (81% V * * > 9 9 : 1 <**) (66% yield, >99:1 de) 

8e H CH2CH(CH3)2 8 f H L / 8 g H Bn /Bu Ν η 
(71% yield, >99:1 de) ρΒ% y j e l d > g 9 : 1 d e ) ( 6 Q % ^ > 9 9 ; 1 d e )

 7 9 N 

Scheme 2. Diastereoselective trifluoromethylation of α-amino sulfinimines (7). 
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The above synthesized sulfimamides 8 can be hydrolyzed into 
trifluoromethyl vicinal ethylenediamines (9). Scheme 3 demonstrates the further 
elaborations of 9. Protection of the free amino group with ethyl chloroformate 
gave the corresponding carbamate (10), and 10 was debenzylated and treated 
with triphosgene to give the 2-oxo-1 -imidazolidinyl derivatives 11. Catalytic 
hydrogénation of 9 gave the free diamine 12 in good yield (21). 

CF, 

H 2 N ^ Y N H 2 

Bn 
12 

EtO N n 
0 Λ Ν >" 'Βη 

Η 
11 

fBu* 

ÇF 3 

H in 

NBn2 

CF 3 

Η 2 Ν Λ γ Ν Β " 2 

Bn 
E t O ^ N ^ 

H In 

NBn2 

8c 9 1 0 

Reaction conditions: (a) 1.10 equiv of HCI in dioxane, MeOH, 70 °C, 3h. 2. Saturated 
NaHC03 washing; 92 % yield, (b) EtOCOCI, 50 % K 2 C0 3 , dioxane; 95 % yield; (c) 1. Pd/H2, 
MeOH/DCM, 24 h. 2. (CI3CO)2CO, Et3N, THF; 60 % yield; (d) Pd/C, H 2, MeOH/DCM, 24 h. 

Scheme 3. Synthetic applications of 8. 

2.2. Enantioselective Trifluoromethylation. Enantioselective trifluoro
methylation is a practically important method for the preparation of enantiopure 
CF3-containing compounds, which are highly useful in agrochemistry and 
pharmaceutical industry. Compared with diasteroselective trifluoromethylation, 
enantioselective trifluoromethylation is more challenging and thus less 
developed. The enantioselective trifluoromethylation with TMSCF 3 are usually 
based on the use of a chiral tetraalkylammonium fluoride as the chiral inducer. 
During the reaction, the chiral ammonium cation is closely associated with the 
silyloxy anionic adduct (tight ion pair) and thus induces enantioselectivity. In 
1993, we found that the use of iV-benzylquinidinium fluoride in dichloromethane 
at - 78 °C allows trifluoromethylation of 9-anthraldehyde in 95 % ee (22). N-[4-
(Trifluoromethyl)benzyl]cinchonium fluoride (10-20 mol %) has been used by 
Kobayashi and co-workers (23) for the enantioselective introduction of 
trifluoromethyl group into carbonyl compounds in high yields with moderate 
enantiomeric excesses. The same group also found that quinine itself was 
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capable of enantioselective trifluoromethylation of aldehydes using Et 3SiCF 3, 
although with low enantioselectivities and yields (24). Chiral triaminosulfonium 
triphenyldifluorostannate (10 mol %) was similarly attempted as fluoride source, 
and only moderate enantioselectivities (ee = 10-52 %) were observed (25). 

Very recently, Pfizer research group reported an improved enantioselective 
trifluoromethylation by carefully modifying the cinchonine-derived fluoride 
catalysts' structure and the reaction conditions (26). It was observed that the 
introduction of a bulky subunit at the quinuclidine nitrogen atom of cinchona 
alkaloids led to an remarkable enhancement of the enantioselectivity. Finally, 
they found that the chiral fluoride catalyst 13 can be used as low as 4 mol % in 
the trifluoromethylation to give the desired product 14 in up to 92 % ee (Scheme 
4). However, this method was only shown to work with aryl ketones and 
aldehydes. 

Me>^.0 OTMS ^ s ^ O M e 

ο 

(97% conversion, 92 % ee) 

Scheme 4. Enantioselelctive trifluoromethylation of aryl carbonyl compounds. 

2.3. Trifluoromethylation Using Trimethylamine JV-Oxide as a Catalyst. 
Since our initial discovery in 1989 (4), trifluoromethylation using TMSCF 3 have 
been commonly accompanied by an activation with catalytic amount of fluoride 
(such as TBAF, CsF, TBAT, TMAF, etc.) or metal alkoxide. Although the yields 
of the trifluoromethylated adducts with a variety of electrophiles were high, the 
reactions were not catalytic in initiators. Furthermore, due to the basic nature of 
these inintiators we sought a milder process. Recently, advances m Lewis base 
catalyzed organic transformation for the silylated species that take the advantage 
of the high strength of the Si-0 bond as well as judicious selection of kenetic 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

2

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



23 

reactivity can also be applied to TMSCF 3 chemistry. We envisioned that we 
would be able to activate TMSCF 3 for CF 3 transfer towards the carbonyl 
compounds in a similar fashion using oxygen nucleophiles that can act as true 
catalysts (27). 

R A H + Me3SiCF3 

Me 3 N-K) (50mol%) 

THF, r.t, 12 h 

OTMS 
CF3 

H 

15 

OMe OTMS 

MeO* 

OTMS TMSO^CF 3 

15a (77 %) 15b (80 %) 15c (76 %) 

H OTMS OTMS 

15g (55 %) 

Scheme 5. Trifluoromethylation using trimethylamine oxide. 

0" 
Me3Si-CF3 + L 

H3(T J "CH3 

CH3 

CF3 

-I Λ 
Me-Si'î 

fUMe 
Ο 

H 3 C I VCH 3 

CH3 

TMSO Η 
R CF3 

Me-^i j f I Me 

H 3 C J "CH3 

CH3 

Scheme 6. Catalytic cycle of trimethylamine N-oxide catalyzed 
trifluoromethylation. 
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We have screened the reactivity of commercially available amine oxides 
such as pyridine iV-oxide, /?-chloropyridine JV-oxide, JV,JV-dimethylpyridine JV-
oxide as well as hexamethylphosphoramide (HMPA). The use of stoichiometric 
amount of HMPA gave only < 10 % conversion after 48 h with the reaction of 
TMSCF 3 and 2-naphthaldehyde. Trialkylamine JV-oxides are more nucleophilic 
compared to aromatic JV-oxide and therefore, we chose trimethylamine JV-oxide 
as the catalyst for the trifluoromethylation with TMSCF 3. It was found that 50 
mol % of trimethylamine iV-oxide was able to catalyze the CF 3 transfer at room 
temperature over 12 h to afford good yields of TMS-protected products (Scheme 
5). It is important to note that no free alcohol was observed, indicating true 
catalysis (vide supra). The scope and the yields of the reaction are shown in 
Scheme 5. The probable path for the observed catalysis by trimethylamine TV-
oxide is depicted in Scheme 6 (27). 

2.4. 7,4-Trifluoromethylation and Perfluoromethylation. Nucleophilic 
trifluoromethylation and perfluoroalkylation using TMSCF 3 or other TMSRf 
reagents (with an initiator) usually proceed as a 1,2-addition of the CF 3 or other 
Rf groups to the carbonyl functionality of the α,β-unsaturated carbonyl 
compounds (4). Recently, Sosnovskikh and co-workers (28) have found that 
when the β-position of the α,β-unsaturated carbonyl compounds is substituted 
with an strong electron-withdrawing group such as CF 3 group, the 
trifluoromethylation and other perfluoroalkyaltion reactions proceeded mainly in 
1,4-addition mode with high regioselectivity and good yields (Scheme 7). 
Obviously, this unusual regioselectivity is directed by the high electron-
withdrawing substituent at the β-carbon. This 1,4-trifluoromethylation chemistry 
has been applied to the synthesis of fluorinated analogs of natural 2,2-
dimethylchroman-4-ones and 2,2 -d imethy Ichromenes (28). 

0 OTMS ρ HTMQ 

16a 16b 

Rf = CF 3 Rf = C2F5 
16a:16b 16a:16b 

-30°C: 92:8 82:18 
0°C: 90:10 77:23 

25 °C: 87:13 72:28 

Scheme 7. 1,4-Trifluoromethylation and perfluoroalkylation. 
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The same group (29) have demonstrated another methodology for the 1,4-
trifluoromethylation of α,β-enones by using a bulky Lewis acid (methyl 
aluminum bis(2,5-Di-férr-butyl-4-methylphenoxide, MAD) to complex with the 
carbonyl group, preventing the addition of the trifluoromethide at this position 
(Scheme 8). However, the reaction yields of this method is only moderate albeit 
its high regioselectivity (29). 

"MAD" 

Scheme 8. 1,4-Trifluoromethylation using 'protect-in-situ' methodology. 

2.5. Trifluoromethylations and perfluoroalkyaltions of Simple 
Inorganic Molecules. Fluoride-induced nucleophilic trifluoromethylation and 
perfluoroalkylation with TMSCF 3 or related reagents has continued to expand its 
synthetic application in both organic and inorganic fields in last several years. In 
2002, Shreeve and co-workers (30) reported the stoichiometric amount of 
cesium fluoride-induced trifluoromethylation and pentafluoroethylation of a 
variety of inorganic substrates using TMSCF 3 and TMSCF 2CF 3 in glyme as a 
solvent. By this method, they demonstrated that NOC1 (or NO/N0 2), S0 2 , and 
C 0 2 could be transformed into perfluoronitrosoalkanes (RfNO, Rf = CF 3, 
CF 3CF 2), perfluoroalkanesulfinic acids, and perfluoroalkanoic acids, respectively 
(Scheme 9). Thereafter, Tyrra and co-workers (31a) reported a new synthesis of 
tetramethylammonium, cesium and di(benzo-15-crown-5)cesium trifluoro-
methanethiolates from TMSCF 3, S 8 and corresponding fluorides (Scheme 9). 
Very recently, Yagupolskii and co-workers (31b) have reported 
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trifluoromethylation and perfluoroalkylation of CS 2, C 0 2 and CS 2 using RfSiMe3 

reagents in the presence of TMAF (Scheme 9). 

RfSM (Rf = CF 3 , 
M=NMe4l Cs, [(B-15-C-5)2Cs]) 

Se, MF, 
THF or glyme, 
-6Q°C~rt, 16h 

Me3SiRf 

NOCi 

CsF / glyme NO/N0 2 

-196-25 °C 
(1)S02,(2) HCI 

(Rf = CF 3 ,C 2 F 5 ) 
(1)S02,(2) HCI 

(Rf = CF 3 ,C 2 F 5 ) 
(1)C02 l (2) HCi 

CS 2 

Me4NF, glyme 
-60°C~rt 

(Rf=CF3l C 2F 5) 

co 2 

COS 

RfNO 

RfNO 

9 
RfSOH 

RfCOOH 

I t +NMe4 

RfCOCT ^NIV^ 

Ο 
J £ 0

 +NMe4 Rf S 

Scheme 9. Perfluoroalkylation of simple inorganic molecules 

2.6. Trifluoromethylation of Thioketones. The trifluoromethylation of 
thioketones with TMSCF 3 is rather complicated compared to the reaction with 
normal ketones (32a). Treatment of 2,2,4,4-tetramethylcyclobutane-l,3»dione 
(19) in THF with TMSCF 3 in the presence of TBAF yielded the corresponding 
3-(trifluoromethyl)-3-[(trimethylsilyl)oxy]-cyclobutanone (20) (Scheme 10, eq. 
1) via nucleophilic addition of a trifluoromethide at the C=0 group and 
subsequent silylation of the alcoholate (32a). Under similar conditions, the 
'monothione' (21) reacted to give thietane derivatives (22), whereas in the case 
of 'dithione' (23) only the dispirodithietane (24), the dimer of 23, was formed 
(Scheme 10, eqs. 2,3). A conceivable mechanism for the formation of 22 is the 
ring opening of the primary formed CF 3 adduct 25 followed by ring closure via 
the S-atom (Scheme 10, eq. 2). 

Langlois and co-workers (32b) reported that by using a stoichiometric 
amount of Bu 4NF #3H 20, TMSCF 3 reacted with aromatic thiones in both 
thiophilic and carbophilic ways to give, in medium yields, a mixture of 
(trifluoromethylthio)diarylmethane (major) and l,l-diaryl-2,2,2-trifluoroethane-
thiol (minor) (see Scheme 10, eq. 4). 
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TMSCF 3 (2 equiv) 
Ar TBAF-3H20 (2 equiv) A r \ . S C F 3

 A \ . C F 3 / A . 
)=S X + X • w 

A / THF» 0 C then rt Ar H Ar SH 

Ar = C 6 H 5 , 37% 14% 

Ar = 4-MeO-C6H4, 35 % 13 % 

Scheme 10. Trifluoromethylation of ketones and thioketones. 
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2.7. Trifluoromethylation and Perfluoroalkylation of Trialkoxyboranes. 
Recently, Molander and co-workers (33) reported an improved synthesis of 
potassium (trifluoromethyl)trifluoroborate [K(CF3BF3] by the reaction of 
TMSCF 3 and trimethoxyborane in the presence of potassium fluoride, followed 
by aqueous HF treatment (Scheme 11, eq. 1). This procedure gave the final 
product in 85 % overall yield. Soon after, similar trifluoromethylation and 
perfluoroalkylation (Scheme 11, eq. 2) was described by Kolomeitsev, 
Roschenthaler and co-workers (34). The further deoxylation of the the prepared 
fluorinated borates by methyl triflate, methyl tosylate, methanesulfonyl chloride 
and chlorotrimehtylsilane gave the free boronic esters. Such perfluoroalkyl 
borates and boronic esters are claimed to be potential partners for Suzuki and 
Petasis reactions, although no such success has been demonstrated (34). 

KF (1 equiv), THF 
TMSCF 3 + B(OMe)3 ^ K[CF3B(OCH3)3] 

rt, 18 h 

48 % HF (6 equiv) 

rt, 16 h 
K[CF 3BF 3J (1) 

85 % overall yield 

THF or 
glyme Ε 

B(OR)3 + R fSiMe3 ^ R fB(OR)3 Q + R fB(OR)2 (2) 
Q +F* 

R= Me, Et 
Rf= CF 3 , C 2 C F 5 l (EtO)2P(0)CF2 

Q+= K +, Me 4N* 

Scheme 11. Trifluoromethylation and perfluoroalkylation of trialkoxyboranes. 

2.8. Trifluoromethylation of Phenyl Trifluoromethanesulfonate. 
Sevenard and co-workers have recently disclosed some interesting results on the 
trifluoromethylation of phenyl trifluoromethanesulfonate (35). The 
bis(trifluoromethyl)sulfone intermediate (26) was unexpectedly further 
trifluoromethylated to the hypervalent [10-5-5] sulfuranide dioxide salts (27) 
with three S-C bonds (Scheme 12). The compounds 27 are stable enough to be 
characterized by single-crystal X-ray diffraction (35). 
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Ο 
CF 3 ~S-OPh 

Ο 

TMSCF3 „Q+p-,» 

-Me3SiF 
- PhO"Q+ 

Ο 
CF 3 —§-CF 3 

TMSCF3 9F3 
PhCTQ* J t l„ 

CF 3 —S< 
- PhOSiMe3 | 

CF 3 

Q + 

26 27 

Entry "Q+F" Product/Q+ Yield, % 

1 KF/18-crown-6 27a/[K(18-crown-6)]+ 50 

2 Me4NF 27b / Me 4N + 79 

3 (Me2N)3S+Me3SiF2" 27c/ (Me2N)3S+ 65 

Scheme 12. Synthesis of hypervalent [10-S-5] sulfiiranide dioxide salts, 

2.9. Other Trifluoromethylations. Fluoride-induced trifluoromethylation 
with TMSCF 3 has also been successful in introducing a CF 3 group into N-
(sulfinyl)trifluoromethanesulfonamide (36). Schlosser and co-workers (/) used 
TMSCF3/KF/CuI system for the preparation of trifluromethyl-substituted 
pyridine- and quinolinecarboxylic acid dérivâtes. In 2003, Kiplinger and co
workers (37a) reported the synthesis and characterization of the first early 
transition-metal perfluoroalkyl complexes, Cp2Ti(CF3)(F) (28) and 
Cp2Ti(CF3)(OTf) (29) by using the trifluoromethylation of Cp 2TiF 2 with 
TMSCF 3 (Scheme 13). More recently, Diederich and co-workers reported a 
nucleophilic trifluoromethylation of cyclic imides using TMSCF 3 (37b). 

10 TMSCF3 l CsF 
- Me3SiF 

THF 

\ PJf /=v pyridine 

^ CF 3 

29-Py 

Ti> 

28 

.vOTf 

X F 3 

29 

Me3SiOTf 
- Me3SiF 

CeH$ 

Scheme 13. Preparation of trifluoromethyl titanium complexes. 
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3. Trifluoromethylation with Trifluoromethyl Phenyl Sulfone, Sulfoxide 
and Sulfide 

3.1. Reductive Trifluoromethylation. We recently developed a new 
efficient magnesium metal-mediated reductive nucleophilic trifluoromethylation 
method using trifluoromethyl phenyl sulfone (30a), sulfoxide (30b) and sulfide 
(30c) as the trifluoromethylating agents (38). Compounds 30a-c can be 
conveniently prepared from non-ozone-depleting precursors such as 
trifluoromethane (CF3H) or trifluoroacetate (39). Our new reductive 
trifluoromethylation method is proved to be highly useful for the preparation of 
structurally diverse trifluoromethylsilanes from chlorosilanes. This method can 
be used as a catalytic process for the TMSCF 3 preparation from non-ozone-
depleting trifluoromethane (CF3H), which has many advantages over the 
previously known methods that commonly use ozone-depleting trifluoromethyl 
bromide as precursor. 

In the trifluoromethyl sulfones or sulfoxides, due to the strong electron 
withdrawing effect of CF 3 group, the bond between the pseudohalid und the 
sulfur atom is sufficiently polarized with the pseudohalide group bearing 
substantial negative charge. Thus, when the electrons are transferred from 
magnesium metal to the sulfones and sulfoxides, reductive cleavage of the C-S 
bond to generate anionic "CF3" species is prefered over the C-F bond fission that 
occurs for trifluoromethyl ketones (Scheme 14). It is important to note that, since 
trifluoromethyl anion ("CF3"") is a kinetically very unstable species and prone to 
α-elimination, " C F 3 " in this whole text only represents a solvated short-lived 
trifluoromethyl anion species or simply as a de facto trifluoromethyl anion. 

(L = electrophiles, such as trimethylsilyl group, or magnesium cation,etc. ) 

Scheme 14. Mechanistic explanation of magnesium-mediated reductive 
defluorination and trifluoromethylation. 
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Reaction of sulfone 30a with 3 equivalents of maganesium metal and the 
chlorotriethylsilane in DMF solution at 0 °C gave exclusively 
(trifluoromethyl)triethylsilane, the only product detected by 1 9 F NMR. After 
work-up and purification, (trifluoromethyl)triethylsilane was isolated in 95% 
yield. Diphenyl disulfide (PhS^h) was also collected as a byproduct. TMS-CF 3 

was also prepared similarly in quantitative conversions as identified by l 9 F 
NMR. The reaction works equally well for diverse type of chlorosilanes with 
trifluoromethyl sulfone (30a) and sulfoxide (30b) (see Table 2). 

Table 2. Preparation of trifluoromethylsilanes through Mg°-mediated reductive 
cleavage of C-S bonds. 

Mg° 

DMF 

R1 c 

/ S | - V F + PhSSPh 

30 31 32 

entry sulfur compound 30 chlorosilane 31 temperature8 time (h)1 product 32 yields (%)° 

C F 3 

x — J Ο 

04-CF3 

9 τ 
0 

= a Ο 

0"^_cF3 

0 

Me3SiCI 

Me3SiCI 

Me3SiCI 

Et3SiCI 

Et3SiCI 

I 
i-CI 

I 
•Si-CI 

S -CF 2 Br <> 
Ο 

(Me3Si)3SiCi 

Me3SiCI 

Me3SiCI 

0 ° C - r t . 

0°C~r.t . 

r.t. 

0°C - r.t. 

r.t. 

-30°C~r. t . 

r. t. 

-40°C~r. t . 

r.t. 

0°C~r.t. 

0.5*2 

0.5-2 

4 

1.3 

0.5 

0.5 

0.5 

1.0 

0.5 

Me 3SiCF 3 

Me 3SiCF 3 

Me 3SiCF 3 

Et 3SiCF 3 

Et 3SiCF 3 

I 
!I-CF 3 

i - C F 3 

(Me3Si)3SiCF3 

PhSCF 2Si(CH 3) 3 

Me 3SiCF 2CF 2SiMe 3 

Me 3SiCF 2SiMe 3 

100 (83) 

100(81) 

45 

100 (95) 

75 (57) 

73 

85 (62) 

86 (85) 

76 (55) 

18 

aThe reaction temperature control is crucial due to the exothermic nature of the reaction. Larger scale reactions 
normally need lower temperature. Hhe reaction time may vary according to the different reaction scales. 
cThe yields are determined by 1 9 F NMR, and the data in parenthèse are isolated yields. 
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In the case of phenyl trifluoromethyl sulfide 30c (entry c), the reaction was 
sluggish indicating that the fluoroalkyl carbon-sulfiir bond is not efficient in 
accepting the electron from the Mg metal. This was also confirmed by the fact 
that for the bromodifluoromethyl phenyl sulfide (PhSCF2Br), the Barbier 
product (PhSCF2SiMe3, 32i) was produced in high yield without the C-S bond 
cleavage (see entry i). In the case of bromodifluoromethyl phenyl sulfone (entry 
j), l,2-bis(trimethylsilyl)-l,l,2,2-tetrafluoroethane (32j) was generated as the 
major product. This indicates that a Barbier-type coupling intermediate 
[PhS(0)2CF2CF2S(0)2Ph] (33) is presumably formed, which is subsequently 
transformed into 32j via a similar reductive fluoroalkylation process (see 
Scheme 15, Path A). 

Dibenzo-18- q 

CH2CI2 Ο 
30j 

Me 3 SiCF 2 CF 2 SiMe 3 

32j 

Mg/TMSCI 

DMF 
M e 3 S i C F 2 C F 2 - S - - \ ) 

0 — 
34 

Path A 

^ J - S - C F 2 B r 
Ο 

30] 

Mg 

Mg/TMSCI Path 

^ V | - C F 2 S i M e 3 

— Ο 

30d 

Mg 

Mg/TMSCI 
DMF 

QKS-CF2CF24-^} 
X — F 0 0 ^— 

33 

< ^ - S - C F 2 S i M e 3 | 

Ο 

35 

-CF 2 SiMe 3 

36 

dimenzation 

Me 3 SiCF 2 CF 2 SiMe 3 

32j 

Scheme 15. Mechanistic pathway for the formation of Me 3SiCF 2CF 2SiMe 3 (32j). 
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It is also possible that an alternative Barbier type coupled intermediate 30d 
is formed, which can generate the trimethylsilyldifluoromethyl radical species 36 
that homo-couples to produce 32j. Likelihood of path Β was supported by the 
experimental result that, under similar reaction conditions using Mg and TMSC1 
in DMF, both sulfone 32d (PhS02CF2SiMe3) and bissulfone 32e 
(PhS02CF202SPh) readily produce compound 32j in good yields (Scheme 16). 

mCPBA 
PhSCF2SiMe3 • PhS02CF2SiMe3 (I) 

321 30d 

PhSCF2H N a ° H » PhS02CF2SPh » (PhS02)2CF2 (II) 
H 20 

30e 

PhS02CF2SiMe3 

30d 

(PhS02)2CF2 • 

30e 

Mg/TMSCI 

DMF 

70% 

Me3SiCF2CF2SiMe3 

32J 
79% 

25% 

Me3SiCF2SiMe3 

32k 
8% 

(III) 

Scheme 16. Preparation of Me 3SiCF 2CF 2SiMe 3 (32j). 

It should also be mentioned that the use of several reducing metals such as 
zinc, aluminum, indium, sodium and lithium were explored to replace 
magnesium as the reducing agent, among which only zinc worked but only with 
low yield of the products (-30 %). Other reducing or electron-donating reagents, 
such as samarium iodide (Sml2) and tetrakis(dimethylamono)ethylene, were also 
investigated to no avail. Attempts to improve the reactivity of phenyl 
trifluoromethyl sulfide (30f) via electrochemistry using magnesium or zinc rod 
as the sacrificial anode, and platinum as the cathode in DMF, were also not 
successful. DMF is not the only solvent required for this reaction. Other solvents 
such as THF can also be used, although it needs prolonged reaction times. This 
indicates that there is no need to invoke CF37DMF adduct, as proposed earlier 
(39a), acting as the intermediate for these reactions. On the other hand, methyl 
phenyl sulfone in the presence of magnesium and TMSC1 under similar 
conditions did not produce any tetramethylsilane. 
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Concerning the mechanism, we propose that a single electron transfer from 
magnesium metal to sulfones or sulfoxides facilitate a reductive cleavage of the 
C-S bond to form anionic tri- and difluoromethyl species and a sulfur-containg 
radical species (see Scheme 17). This mechanism provides a working model for 
this novel type of trifluoromethylation and difluoromethylation. The isolation of 
PhSSPh as a byproduct further confirms the possibility of the sulfur radical 
species. This mechanism is also supported by the fact that, when we used 2,2,2-
trifluoroethyl phenyl sulfone [PhS(0)2CH2CF3] 30g as the reactant with Mg and 
TMSC1 under similar reaction conditions, 1,1-difluoroethene was produced 
readily. Obviously, 1,1-difluoroethene was obtained through the β-elimination 
of the fluoride (F) from the in situ generated anionic species (CF3CH2*) from 
30g via a smilar mechanism as described above (Scheme 18). Scheme 18 also 
shows that in the case of 2,2,2-trifluoroethyl phenyl sulfone, sulfoxide and 
sulfide, the order of reactivity is sulfone > sufoxide > sulfide. 

Scheme 17. Proposed mechanism of magnesium-metal mediated 
trifluoromethylation. 

It should be also mentioned that, methyl trifluoromethyl sulfone 
(CH 3S0 2CF 3) also reacts with magnesium metal and TMSC1 in DMF to produce 
TMS-CF 3 in moderate yields (~ 40 % over a period of 20 hours at room 
temperature). However, the reaction appears to be sluggish. This indicates that 
the aromatic ring conjugation in 30a is important to facilitate the initial electron 
transfer process. Furthermore, the reductive fluoroalkylation chemistry was also 
attempted with other electrophiles such as aldehydes, ketones, allyl bromide, 
benzyl chloride, or tributyltin chloride with no success. £iven tributyltin hydride 
and allyltrimethylsilane showed no reactivity. The reason for such a behavior is 
not currently clear. 
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0 - S N a CF3CH2I 

CH2CF3 

DMF, 35 °C, 2h 

mCPBA 

CH2CF3 
95% 

94% 

QKS-CH 2CF 3-

CH 2 CI 2 , 0 °C , 1h 

H 2 0 2 / HOAc 

Ο 
86% 

90 °C, 2h 

Ο f No Reaction 
S - C H 2 C F 3 Λ 

(^y~ S-CH2CF3 >-

Ο 

< ^ - S - C H 2 C F 3 J 

Mg/TMSCI 

DMF, RT 
• < after 8hr, 20% conversion 

to CF 2 =CH 2 and TMSF 

No Me 3 SiCH 2 CF 3 

30g ^-100% conversion to CH 2 =CF 2 

and TMSF in 15 min 

0|_|2fVL_^_p 

/ ' T M S - C I 

H F 
TMS-F 

H > 
1 9 F NMR: -81.90 ppm (m) -158 ppm 

Scheme 18. The reactions of 2,2,2-trifluoroethyl phenyl sulfide, 
sulfoxide, and sulfone. 

It is well known that the phenyl trifluoromethyl sulfone 30a and sulfoxide 
30b can be readily prepared from trifluoromethane (manufactured from 
methane) and diphenyl disulfide. Since in our fluoroalkylation process, diphenyl 
disulfide is produced as a reductive byproduct, the presently developed method 
provides a novel and useful catalytic pathway (in diphenyl disulfide) for the 
production of (trifluoromethyl)silanes from trifluoromethane and chlorosilanes 
(see Scheme 19). 
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Scheme 19. A catalytic process for the preparation of TMSCF 3 

from CF 3 H. 

3.2. Aikoxide- and Hydroxide-Induced Trifluoromethylation Using 
Trifluoromethyl Phenyl Sulfones or Sufoxide. In section 3.1 we described the 
reductive trifluoromethylation using trifluoromethyl sulfides, sulfoxides and 
sulfones as trifluoromethyl (CF3) group precursors (38). However, under the 
reductive condition, where magnesium metal was used, the reaction only worked 
with chlorosilanes as electrophiles, while attempts to react with carbonyl 
compounds failed. We anticipated that by using a nucleophilic base such as 
alkoxides, the carbon-sulfur bond of trifluoromethyl phenyl sulfone (30a) or 
sulfoxide (30b) can be cleaved to give a trifluoromethyl anion (CF3") synthon 
that can undergo addition to carbonyl compounds (Scheme 20). The driving 
force of this substitution is the formation of strong S-0 bond (348 ~ 551 kJ/mol) 
(40) and the high polarity of C-S bond of sulfone 30a or sulfoxide 30b. The 
generation of pseudohalide CF 3 ' species is somewhat similar to the reaction 
between benzenesulfonyl halides with alkoxides. 

30a (30b) 37 

Scheme 20. Mechanistic explanation of aikoxide and hydroxide 
induced trifluoromethylation. 
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Nucleophilic displacement of the trifluoromethyl group has been reported 
for trifluoromethyl aryl sulfones with sodium methoxide (41). Similar reaction 
between trifluoromethyl aryl sulfone and Grignard reagents has been reported for 
the preparation of sulfones (42). More recently, Cheburkov et al reported that 
perfluoroalkyl sulfones react with metal hydroxides in water or alcohol solution 
and with ammonia to form fluorinated sulfonic acid derivatives (43). Recently, 
we reported the first aikoxide induced nucleophilic trifluoromethylation of 
carbonyl compounds, disulfides and other electrophiles, using trifluoromethyl 
phenyl sulfone 30a or sulfoxide 30b (44). The trifluoromethyl sulfone 30a or 
sulfoxide 30b can be used as "CF3"" synthon. Both phenyl trifluoromethyl 
sulfone 30a and sulfoxide 30b are commercially available (b.p. 203 °C/760 
mmHg for 30a, b.p. 85~87°C/10 mmHg for 30b) and can also be conveniently 
prepared from trifluoromethane in high yields. Thus the new methodology 
provides a convenient route for efficient nucleophilic trifluoromethylation. 

Potassium terf-butoxide (iBuOK) was first used as nucleophile to attack the 
sulfur center of phenyl trifluoromethyl sulfone 30a generating trifluoromethyl 
anion (Scheme 20). Into an equimolar mixture of sulfone 30a and benzaldehyde 
in DMF at - 50 °C, a DMF solution of lBuOK (two molar equivalents) was 
slowly added. The reaction mixture was strried at - 50 °C for 1 h, and then 
warmed to room temperature over period of 2 h. l-Phenyl-2-
trifluoromethylethanol 38 was produced in 71 % yield (Scheme 21). 

Scheme 21. Trifluoromethylation using 30a. 

Shono and co-workers (10a) found that when they used C F ^ B u O K / D M F 
to react with benzaldehyde at - 50 °C, benzyl alcohol and benzoic acid were 
formed by the competing Cannizzaro reaction. Russell and Roques (10e) 
repeated the reaction using excess CF 3 H (9.5 eq.) and fBuOK (2.2 eq.) at - 50 
°C, and 67 % yield of trifluoromethylated product 38 was formed and no benzyl 
alcohol was detected. They menf ned that the high reaction temperature with 
excess base could lead to Cannizzaro reaction and jeopardize the nucleophilic 
trifluoromethylation. In our reaction, as shown in Scheme 21, only traces of 
benzoic acid and benzyl alcohol were detected by NMR. This implies that at low 
temperature the Cannizzaro reaction rate is much slower than the terf-butoxide 
induced trifluoromethylation process. The reaction conditions have been 
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optimized (Table 3). When excess benzaldehyde was introduced, the yield of the 
product 38 can be improved based on the amount of sulfone 30a used (Table 3, 
entry b). 

Table 3. Trifluoromethylation of benzaldehyde by PhS02CF3 induced by aikoxide or 
hydroxide 

Benzaldehyde Sulphone30a Aikoxide Solvent Temperature Time Yield (38,%) 

a 1 eq. 1 eq. t-BuOK (2 eq.) DMF -50 °C 1 h 71 

b 3 eq. 1 eq. t-BuOK (2 eq.) DMF -30°f>r.t. 30 min 91 

c 1 eq. 2eq. t-BuOK (2 eq.) DMF -50 °C~r.t. 3h 84 

d 3eq. 1 eq. MeONa (3 eq.) DMF - 30 °C~r.t 3h 30 

e 3 eq. 1 eq. KOH (8eq.) DMF r.t. 20 h 45 

f 3 eq. 1 eq. t-BuOK (2 eq.) DMSO r.t. 1 h 76 

aYields were determined by 1 9 F NMR based on the amount of 30a used. 

Besides lBuOK, sodium methoxide (CH3ONa) and potassium hydroxide 
(KOH) were tried as nucleophiles (Table 3, entries d and e). Both of them 
worked but gave lower yields. There are several possible reasons: first of all, 
both sodium methoxide and KOH can not readily dissolve in DMF, which affects 
the reaction rate. Second, unlike potassium fBuOK, sodium methoxide may react 
with benzaldehyde via a Meerwein-Ponndorf-Verley type reduction pathway. 
Third, KOH has lower nucleophilicity than /BuOK, so the reaction rate can be 
slow. Here, Cannizzaro reaction may still happen as a competing side-reaction, 
but it should not be a dominating factor to affect the yield since excess 
benzaldehyde is present. 

It is worth noting that DMF is not the only convenient solvent for the 
reaction. Dimethyl sulfoxide (DMSO) was also used, and the reaction worked 
well (Table 3, entry f). This again indicates that the CF 37DMF adduct6'10'113-393 is 
not a necessary intermediate for this new type of nucleophilic 
trifluoromethylation. However, the intermediate species 37 (in Scheme 20) may 
play an important role in the CF 3 group transfer process. 

We also attempted to carry out the reaction by using catalytic amount of 
'BuOK. However, when small amount of /BuOK was introduced, only low yield 
of product 38 was obtained (after hydrolysis) which can be monitored by 1 9F 
NMR. Introduction of additional /BuOK increased the product yield, and 
excellent yield of 38 was achieved when excess fBuOK was used. 

Excess amount of fBuOK (2 eq.) was found to be helpful to achieve high 
yields in the trifluoromethylation reactions. There are several reasons and 
advantages. fBuOK reacts with water readily and it may be partially hydrolyzed 
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Table 4. Reaction of trifluoromethyl phenyl sulfone (30a) or sulfoxide (30b) (2 
equiv) with non-enolizable carbonyl compounds (1 equiv) and iBuOK (2.5 
equiv) in DMF at - 50 °C to room temperature. 
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during storage and handling. Furthermore, excess iBuOK also removes the 
moisture from the solvent and reagents. More importantly, excess fBuOK in the 
reaction mixture eliminates the possibility of hydrolysis of CF3" to form CF 3 H. It 
is known that CF 3 H can be deprotonated by /BuOK and undergo 
trifluoromethylation of carbonyl compounds. Thus, the present methodology 
allows to produce trifluoromethylated products in high yields in the case of non-
enolizable aldehydes (Table 4, entries 1-5). Similarly, non-enolizable ketones 
can also be easily trifluoromethylated using this methodology (Table 4, entries 
7-12). Since there is no Cannizarro reaction between benzophenone and iBuOK, 
this reaction can be carried out even at higher temperatures (such as 25 °C). Due 
to lower reactivity of ketone compared with aldehydes, the ketone reactions need 
a little bit longer time (2 ~ 3 h) to complete. However, with enolizable aldehydes 
and ketones, only low yield (10-30 %) of trifluoromethylated products were 
observed, because of competing and facile cross-adol reactions. 

It is noteworthy that phenyl trifluoromethyl sulfoxide 30b worked equally 
well as 30a, the similar trifluoromethylations were observed with aldehyde and 
ketone (Table 4, entries 6 and 13). 

Another advantage of the reaction is the simple work-up procedure. Since 
the by-product of the reaction is tert-butyl benzenesulfonate, it can be readily 
hydrolyzed into ί-butyl alcohol and benzenesulfonic acid derivatives. Aqueous 
washing thus can remove most of the by-products and simplifies the purification 
process. 

The novel trifluoromethylation method was also found to work with 
disulfides. As shown in Scheme 22, PhS0 2CF 3 (1 eq.) and /BuOK (2 eq.) reacted 
with diphenyl disulfide (39, 1.2 eq.) at - 30 °C to room temperature in 30 
minutes to give quantitative conversion (87 % isolated) of phenyl trifluoromethyl 
sulfide 40 (1 9F NMR: - 43.3 ppm). This reaction was even more facile than that 
of carbonyl compounds. 

PhS0 2 CF 3 / fBuOK 
Ph—-S—S—Ph • P h — S — C F 3 

DMF, -30 °C ~ r.t. 
39 4 0 

Scheme 22. Trifluoromethylation of PhSSPh with la. 

The 30a/fBuOK trifluoromethylation method was also applied to other 
systems. For instance, methyl benzoate can be trifluoromethylated to generate 
2,2,2-trifluoroacetophenone in 30 % yield at -50 ~ -20 °C . CF 3Cu can be in situ 
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generated with 30a/rBuOK and copper iodide (Cul), and then further react with 
iodobenzene at 80 °C for 20 h to give α,α,α-trifluorotoluene in 26 % yield. 

We also attempted the use of other type of sulfones such as methyl 
trifluoromethyl sulfone as the trifluoromethylating agent. When diphenyl 
disulfide was used as the model substrate, and reaction, however, only gave 
minimal yield of product 40 (~ 2 %). This is probably due to the facile 
deprotonation of the methyl group by ffluOK, leading to other products. 

Thus, potasium te/t-butoxide induced trifluoromethylation using phenyl 
trifluoromethyl sulfone (PhS02CF3, 30a) or sulfoxide (PhSOCF3, 30b) enables 
us to transfer CF 3 group into non-enolizable carbonyl compounds and disulfides 
in high yields. Since both compounds 30a and 30b are stable high-boiling liquids 
that can be readily produced from non-ozone-depleting trifluoromethane, the 
reported new trifluoromethylating method offers an inexpensive and convenient 
synthetic methodologies. 

5. Difluoromethylation and Difluoromethylenation with Difluoromethyl 
Phenyl Sulfone 

5.1. Difluoromethylation Using Difluoromethyl Phenyl Sulfone. 
Difluoromethyl group is known to be isosteric and isopolar to hydroxy (OH) 
group, and it has attracted much attention in medicinal chemistry and drug 
discovery (J). However, in contrast to trifluoromethylation chemistry, the 
methods for direct introduction of difluoromethyl group (CF2H) into organic 
molecules are rare. In 1995, Fuchikami and co-workers (45) reported the 
difluoromethylation of carbonyl compounds using 
(difluoromethyl)dimethylphenylsilane (41) in the presence of fluoride or 
aikoxide. However, the reactions took place only at high temperature (100 °C) 
due to the less polarity of the Si—CF 2H bond of 41, which limits the scope and 
yields of the reaction. In 1997, we disclosed the difluoromethylation of carbonyl 
compounds at room temperature in good yields using 
bis(trimethylsilyl)difluoromethane (42) (Scheme 23) (46). 

(1) Me3SiCF2SiMe3(42), 
H TBAF(10 moI%), DME, rt 

(2) H 30 + 

OH 

H 

43 
(70 %) 

CF 2 H 

Scheme 23. Difluoromethylation with 42. 
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Similar to the reductive trifluoromethylation with trifluoromethyl phenyl 
sulfone (30a), we discovered that under the induction of reducing metals, 
difluoromethl phenyl sulfone (44) can act as a difluoromethyl anion ("CF 2H") 
synthon (38). For instance, difluoromethylsilanes (R3SiCF2H) can be prepared 
from the magnesium metal-mediated reductive difluoromethylation of 
chlorosilanes using difluoromethyl phenyl sulfone (Scheme 24). The magnesium 
metal acts as a single-electron transfer (SET) source for difluoromethyl phenyl 
sulfone to generate the difluoromethyl anion species, which reacts with 
chlorosilanes to produce difluoromethylsilanes. (Difluoromethyl)trimethylsilane 
and (difluoromethyl)triethylsilane have been prepared by this method. These 
(difluoromethyl)trialkylsilanes can be further used as difluoromethylating agent 
for other electrophiles such as carbonyl compounds. 

Mg, DMF,0°C, 1.5 h 
PhS0 2 CF 2 H + R3SiCI *- R 3 SiCF 2 H 

44 4 5 

(R = Me, 76 % 
= Et, 51%) 

Scheme 24. Difluoromethylation with difluoromethyl phenyl sulfone. 

5.2. Difluoromethylenation Using Difluoromethyl Phenyl Sulfone (47). 
Due to the unique properties of fluorine atom, more and more of organofluorine 
compounds have been found to have biological effects like mimic, block, polar 
and lipophilic effects (3). For instance, C-F bond is known to mimic C-H bond 
because of its similar bond length, and difluoromethylene group is known to be 
isosteric and isopolar to an ethereal oxygen (46). Thus, the synthesis of fluorine-
containing analogs of bioactive natural products are of great interest for their 
potential applications in pharmaceutical industry (48). Since a/i/M,3-diol 
functionality is a fundamental unit in many naturally occurring compounds, its 
stereoselective preparation is always attractive to synthetic organic chemists 
(49). a«r/-2,2-Difluoropropan-l,3-diols (46) are a group of interesting 
compounds, however, not much is known about their synthesis. To our best 
knowledge, the only reported method to synthesize these compounds is via the 
diasteroselective Meerwein-Pondorff-Verley reduction of α,α-difluoro-p-
hydroxy ketones (50). The disadvantage of this approach is the requirement of 
preparation of α,α-difluoro-p-hydroxy ketones as the precursors. 
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In 1997, we reported the preparation of difluorobis(trimethylsilyl)methane 
(TMSCF2TMS) as a potential difluoromethylene dianion ("'CF2'") equivalent 
(46). However, TMSCF 2TMS was found only to couple with one molecule of 
aldehyde such as benzaldehyde to give 2,2-difluoro-l-phenylethanol (after acidic 
hydrolysis) (46). 

In section 3.2 we have described the aikoxide and hydroxide induced 
nucleophilic trifluoromethylation of non-enolizable carbonyl compounds and 
disulfides using trifluoromethyl sulfone or sulfoxide. The chemistry is based on 
the nucleophilic attack by aikoxide (commonly potassium tert-butoxide) or 
hydroxide on the sulfur center of trifluoromethyl phenyl sulfone 30a (or 
sulfoxide 30b) to release a trifluoromethyl anion (Scheme 25, Eq. i). Similarly, 
we assumed that a similar type of S-C bond cleavage could occur with 
difluoromethyl phenyl sulfone 44 (PhS02CF2H). Compared to trifluoromethyl 
sulfone 30a, the chemistry of difluoromethyl sulfone 44 is even more interesting 
(Scheme 25, Eq. ii). It is known that the CF 2 H hydrogen of compound 44 is 
rather acidic, and a common base such as sodium methoxide or even aqueous 
sodium hydroxide can deprotonate it in an equilibrium mode to generate 
PhS02CF2" anion 47 (51,52). In 1989, Stahly has shown that the in situ generated 
anion 6 can react with aldehydes to give difluoromethylated carbinols in aqueous 
NaOH media in the presence of a phase-transfer agent (52). However, in Stahly's 
study, he did not observe any S-C bond cleavage under the aqueous NaOH 
conditions (at room temperature for 4 h). Obviously, aqueous NaOH is not 
nucleophilic enough to activate the S-C bond scission. It also indicates that with 
hydroxide or aikoxide, the deprotonation on difluoromethyl sulfone 44 is much 
faster than the S-C bond cleavage. Thus, by use of a proper aikoxide such as 
*BuOK working both as a base and a nucleophile, sulfone 44 may react stepwise 
with two electrophiles to give new difluoromethylene-containing products 
(Scheme 25, Eq. ii). Thus, difluoromethyl phenyl sulfone 44 can be regarded as 
a selective difluoromethylene dianion ("CF2"") synthon. 

With above considerations in mind, we first reacted PhS02CF2H/rBuOK 
system with diphenyl disulfide (PhSSPh) as an electrophile. The results are 
shown in Table 5. With the different reactant ratio, both mono-substitution 
product 52 and double-substitution product 53 can be obtained at room 
temperature in high selectivity (Table 5, entries b and g). This result confirms 
our previous assumption that the reactivities of deprotonation and S-C bond 
cleavage are different and these two steps can be controlled selectively (see 
Scheme 26). Excess ffiuOK facilitates the completion of S-C bond cleavage 
process, which is similar to our previous observations with trifluoromethyl 
sulfone system (44). Furthermore, the formation and consumption of PhSCF2H 
(55) with time (Table 5, entries e and f) indicate that there is an equilibrium 
between anionic species 58 and 55 under the protonation/deprotonation with 
iBuOH/fBuOK (Scheme 26). 
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30a(30b) 37 

51 50 49 

(R = H, alkyl group. Ε, E' = electrophiles, such as disulfides, aldehydes) 

Scheme 25. Mechanistic considerations of alkoxide-mediated 
trifluoromethylation and difluoromethylenation. 

Table 5. Difluoromethylenation of PhSSPh with 44. 

PhSCF2H + *BuOK + PhSSPh » PhSCF2SPh + PhSCF2SPh + PhSCF2H 

Ô R T Ô 
44 56 53 54 55 

_ , I Reactant ratio ReactionI Product yields 

cmiy 
44 *BuOK 56 time 53 54 55 

a 1 eq. 1.0 eq. 1.0 eq. 30 min 76% 0% 5% 

b 1 eq. 1.5 eq. 1.0 eq. 50 min I 91 %j 3% 6% 

c 1 eq. 2.5 eq. 2.0 eq. 14h 64% 22% 14% 

d 1 eq. 3.0 eq. 2.0 eq. 4h 41 % 44% 14% 

e 1 eq. 3.5 eq. 2.0 eq. 4h 0% 84% 16% 

f 1 eq. 3.5 eq. 2.0eq. 15h 0% 97% 3% 

9 1 eq. 4.0 eq. 2.0 eq. 4h 0% | ^ 9 % | 0% 

The yields were determined by 1 9 F NMR with PhOCF 3 as the internal standard. 
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Ο Ο 
Η fëuOK II PhSSPh 

PhS-CF2H « » PhS-CF2- • PhS-CF2SPh 

O O 

44 47 

PhSSPh K r F ^ P h 
PhSCF2SPh PhS-CF2" PhS<i*F 2 5 ™ 

O OBu 

54 58 57 

BuOH BuOK 

PhS-CF2H 

55 

Scheme 26. Stepwise formation of 53 and 54. 

Reaction of benzaldehyde 59a and sulfone 44/rBuOK in DMF is much more 
intriguing and rewarding (see Scheme 27). Similar to the reaction with diphenyl 
disulfide, PhS0 2CF 2H (1.0 equiv.)/rBuOK (3.0 equiv.) reacts with benzaldehyde 
59a (2.0 equiv.) at - 50 °C ~ RT for 90 minutes to generate mono-substituted 
product 60 (41% I 9 F NMR yield) as earlier shown by Stahly in the aqueous 
NaOH medium (52), and di-substituted product 61a (58 % 1 9 F NMR yield, 
antilsyn = 98:1). When 44 (1.0 equiv.)/*BuOK (4.0 equiv.) reacted with 3.0 
equiv. of PhCHO at - 50 °C ~ RT for 8 h, under the activation of iBuOK, the in 
situ formed aikoxide 61a undergoes S-C bond fission to generate a dianionic 
intermediate 63 (see Scheme 28), which can further react with another molecule 
of benzaldehyde to form di-substituted anti- diol product 61a in excellent yield 
(92 % 1 9 F NMR yield, 82 % isolated) and high diastereoselectivity (antilsyn = 
97:3, de = 94 %). The observed high diastereoselectivity can be interpreted by 
the charge-charge repulsion effect during the second addition (Scheme 28). To 
our knowledge, this may be the first example in which high diastereoselectivity 
has been achieved in a reaction where a dianionic species reacts with another 
neutral electrophile involving an intramolecular charge-charge repulsion effect 
(during the product formation) rather than the traditional steric control (based on 
the Cram's rule) (53). Furthermore, using DFT theory (B3LYP/6-
31G**//B3LYP/6-31G* + ZPE level) on 3,3-difluoro-2,4-pentane diolate 
dianion as a model, the anti structure was found to be 5.5 kcal/mol more stable 
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M» H (60a) 
s K (60b) 

I 9 F NMR: -104.4 ppm (dd, J= 238 Hz, 2.8 Hz, 1F) 
- 119.8 ppm (dd. J= 238 Hz, 21.0 Hz, 1F) 

Entry 
Reactant ratio Reaction Product yields 

Entry 
44 *BuOK 59a time 61a (anti-/syn-) 60a 

i 1.0 eq. 3.0 eq. 2.0 eq. 90 min 58 % (98:1) 41 % 

ii 1.0 eq. 4.0 eq. 3.0 eq. 8h 92% (97:3) 0% 

The yields were determined by 1 9 F NMR with internal satndard. 

Scheme 27. Reaction of 44, benzaldehyde and iBuOK. 

Scheme 28. Proposed mechanism of diastereoselective formation of 61a from 
PhCHOand44/*BuOK. 
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than the corresponding syn structure. We also found no change in the antilsyn 
diol ratios upon prolonged base treatment indicating lack of product reversibility 
under the reaction conditions. 

Table 6 demonstrates the application of this methodology to synthesize 
various 2,2-difluoropropan-l,3-diols (61a-g) with high stereoselectivity from 
non-enolizable aldehydes. The yields of diols are little bit lower for electron-rich 
aldehydes (entries d and g), probably due to the relative instability of the 
corresponding dianion intermediates. 

Table 6. Preparation of 2,2-difluoropropan-l,3-diols (61) from aldehydes (3 
equiv.) and difluoromethyl phenyl sulfone (2,1 equiv.) with iBuOK (4 equiv.) in 
DMF at -50 °C to room temperature. 

Entry Substrates 1 Products 3 Yield (%)a arrtWsyn- d e W 

ratio0 

isolated yields. bAnti-/syn- ratio were determined by 1 9 F NMR. 
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Besides the symmetrical a«//-2,2-difluoropropan-l,3-diols, this new 
methodology can also be used to synthesize unsymmetrical anti~2,2-
difluoropropan-l,3-diols. Scheme 29 shows one example of this type of 
synthesis. Difluoro(phenylsulfonyl)methyl substituted alcohol 64 can be easily 
obtained and isolated through Stahly's approach in high yield (52). The 
activation of 64 with iBuOK generates the dianion intermediate 65, which 
further reacts with p-chlorobenzaldehyde lb to give unsymmetrical anti-2,2-
difluoropropan-l,3-diol 66 (after hydrolysis) with high diastereoselectivity. 

' V ^ H PhSQ2CF2H(44)> / = \ 9H _ff_/=\ 
^ Na0H/H20/CH2CI2 V i T ^ ît~^-^ 

90 % 8 

64 

Scheme 29. Synthesis of unsymmetrical aw#-2.2-difluoropropan-l,3-diol. 

Potassium feri-butoxide induced difluoromethylenation using 
difluoromethyl phenyl sulfone enables us to synthesize both symmetrical and 
unsymmetrical awi/-2,2-difluoropropan-l,3-diols with high diastereoselectivity 
(up to 94 % de). This unusual type of high diastereoselectivity was obtained via 
an intramolecular charge-charge repulsion effect rather than the traditional steric 
control (based on the Cram's rule). Difluoromethyl phenyl sulfone can be used 
as a selective difluoromethylene dianion synthon ("CF2")> which can couple two 
electrophiles (such as diphenyl disulfide or non-enolizable aldehydes) to give 
new difluorinated products. Since difluoromethyl phenyl sulfone can be readily 
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prepared from inexpensive chemicals such as CF2C1H or CF 2Br 2, this new 
methodology provides a convenient and efficient synthetic tool for many 
potential applications. 

6. Introduction of Difluoromethylene and Monofluoromethylene Groups 
via Fluorinated Silyl Enol Ethers 

As mentioned earlier, difluoromethylene is isosteric and isopolar to ethereal 
oxygen, and thus it is frequently desired to be introduced into bioactive organic 
molecules (3). Although there are many ways to achieve this, 2,2-difluoro enol 
silyl ethers (66) and 2-monofluoro enol silyl ethers (67) are easily accessible 
precursors for difluoro- and monofluoromethylene compounds. Silyl enol ethers 
66 are readily prepared from chlorodifluoromethyl ketones (54) or acylsilanes 
(55). In 1999, Uneyama and co-workers developed the preparation of 66 by 
magnesium metal promoted selective C-F bond cleavage of trifluoromethyl 
ketones (56). Thereafter, we prepared monofluoro enol silyl ethers 67 from 
difluoromethyl ketones using similar procedures (57). 

OSiR'3 

F 

67 

2,2-Difluoro enol silyl ethers 66 are mainly used for the Mukaiyama-type of 
aldol condensenations to prepare the new difluoromethylene compounds 
(Scheme 30) (55,56). 

Scheme 30. Mukaiyama reaction with 2,2-difluoro enol silyl ethers. 

Recently, by adopting Uneyama's procedure, we developed a new method 
for the preparation of difluoromethyl and monofluoromethyl ketones from 
trifluoromethyl ketones via fluorinated enol silyl ethers (Scheme 31) (57). These 
fluorinated methyl ketones are useful as potential protease enhibitors. 
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Furthermore, we developed a general method halogenation for the synthesis 
of α-halodifluoromethyl ketones using 2,2-difluoro enol silyl ethers 66 (Scheme 
32) (58). The results are summarized in Table 7. 

J j ^ Mg/TMSCI 
R CF 3 THF or DMF 

0°C 

™ S Q \ _ / F 

Ο 

R j S 
(D)n 

"F/H 2 0 (D2Q) 

or"H+" 

"F/H 2 0 (D20) 

or"H + H 

Ο 
χ 

R CF2H(D) 

Mg/TMSCI 
fTHF or DMF 

0°C 

T M S O F 

R H(D) 

Scheme 31. Prepapration of di- and monofluoromethyl ketones from 
trifluoromethyl ketones. 

? ™ S X 2orSelectfluor™ 0 
R ^ V F — X 

F -το Or* AC Or 
Solvent R CF 2 X 

7 8 ° C ~ - 4 5 °C 

66 69 

(X = F, Br, I; Solvent = CH 3CN, CFCI3, CH2CI2) 

Scheme 32. Halogenation of 2,2-difluoro enol silyl ethers. 

This facile halogenation method has been extended by us for the preparation 
of [18F]-labeled α-trifluoromethyl ketones (59). Reactions of 2,2-difluoro-1-aryl-
1-trimethylsiloxyethenes (70a-d) with [18F]-F2 at low temperature produced 
[18F]-labeled α-trifluoromethyl ketones (71a-d) (Scheme 33). Radiolabeled 
products were isolated by purification with column chromatography. The 
radiochemical yields of these compounds were 45-55%, decay corrected (d. c.) 
in 3 runs per compound. Radiochemical purity was > 99% with specific 
activities 15-20 GBq/mmol at the end of synthesis (EOS). The synthesis time 
was 35-40 min from the end of bombardment (EOB). This one step simple 
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method is highly useful for radiochemical synthesis of potential biologically 
active [18F]-labeled α-trifluoromethyl ketones for PET imaging. 

Bromodifluoromethyl phenyl ketone (Table 7, 69f) has been used by us in 
the preparation of 2-phenyl-l,l,2,2-tetrafluoroethanesulfonic acid (72) (see 
Scheme 34) (60). 

Table 7. Halogenation of 2,2-difluoro enol silyl ethers. 

Entry Substrate 66 Halogenating agent Product 69 Yield (%)a 

1 R= Ph (66a) F 2 

0 
A (69a) 

Pri CF 3 
69 

2 Q̂> (66b) F 2 QvCF3 (69b) 
s 0 

78b 

3 Ph (66a) Selectfluor™ 
0 

P r A c F 3 (69a> 89 

4 F3 c -0^~ ( 6 6 d ) Selectfluor™ 
p3 c"^O^cF

 ( 6 9 C ) 88 

5 H3C~C5^(66e) Selectfluor™ H3C^0^° (69d ) 
CF 3 

C | - 0"^cF 3

( e 9 e ) 

87 

6 c,^0^{66c) Selectfluor™ 

H3C^0^° (69d ) 
CF 3 

C | - 0"^cF 3

( e 9 e ) 
90 

7 Ph (66a) Br2 

0 
P l A c F 2 B r (69*) 85 

8 F3°"0"̂ " (66d) Br2 

F3C-0-<°F2Br^> 87 

9 
H3C~0"^~ {66β) Br2 

H * K > ^ F 2 B r ( 6 9 H ) 88 

10 C H ^ - h (66c) h CMCHCF2, m 60 

11 
H3C"Ol" <66e) h H 3 CO^F 2 l ™ 39 

a isolated yield; determined by 1 9 F NMR. 
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71a 71b 71c 71d 

Scheme 33. [18F]-Labeled synthesis of trifluoromethyl ketones. 

Scheme 34. Synthesis of 2-phenyl-l,l,2,2-tetrafluoroethanesulfonic acid (72) 
from bromodifluoromethyl phenyl ketone (69f). 

7. Conclusion 

In this chaper, we have summarized the new nucleophilic alkylation 
chemistry developed in our laboratory in the past four years. These include (1) 
stereoselective trifluoromethylation with imines using TMSCF 3, (2) amine TV-
oxide catalyzed trifluoromethylation with TMSCF 3, (3) reductive 
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trifluoromethylation and difluoromethylation using tri- and difluoromethyl 
sulfones, sufoxides and sulfides, (4) aikoxide and hydroxide induced 
trifluoromethylation using trifluoromethyl phenyl sulfone and sulfoxide, (5) one-
pot synthesis of a«tf-2,2-difluoro-propane-l,3-diols using difluoromethyl phenyl 
sulfones as difluoromethylene dianion synthon, (6) preparation of di- and 
monofluoromethyl ketones from trifluoromethyl ketones via fluorinated silyl 
enol ethers, (7) a general method for halogenation of 2,2-difluoro enol silyl ether 
to prepare α-halodifluoromethyl ketones, (8) [F-18] labeled synthesis of 
trifluoromethyl ketones, (9) preparation of partially fluorinated alkanesulfonic 
acid from α-halodifluoromethyl ketone, among others. We have also included 
recent work by others in this area to make this review more comprehensive. 
Given the fascinating properties and reactivities of fluorine, we believe more 
nucleophilic fluoroalkylation chemistry (chemo-, regio- and stereoselective) will 
be discovered and find practical applications in the coming years. 
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Chemistry. Support of our work by the Loker Hydrocarbon Research Institute is 
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Chapter 3 

Fluoroform, Fluoral, Trifluoroacetic, 
and Trifluoromethanesulfinic Acids Derivatives 

as New Reagents for the Introduction 
of Polyfluorinated Moieties 

Bernard R. Langlois and Thierry Billard 

Laboratoire SERCOF (UMR CNRS 5181), Université Claude 
Bernard-Lyon I, 69622 Villeurbanne, France 

Several new classes of stable reagents have been designed for 
nucleophilic trifluoromethylation, starting from fluoroform, 
fluoral, trifluoroacetamides or trifluoromethanesulfinamides. 
Several are stable enough to be considered as laboratory 
reagents. Trifluoroacetamides or trifluoromethanesulfinamides 
derived from O-TMS-1,2-aminoalcools constitute the most 
attractive family. Some of them have delivered promising 
results for enantioselective trifluoromethylation. Hemiaminals 
of fluoral are also potent precursors of trifluoromethylated 
iminiums and difluoroketene aminals, which are wide-scope 
key-intermediates for the expedient preparation of elaborated 
compounds, especially nitrogen-containing cycles. 

© 2005 American Chemical Society 
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Because of the unique properties of the fluorine atom (small size, low 
polarizability, high electronegativity, ability to form strong bonds with carbon) 
(1), fluorinated molecules take a more and more prominent place in materials (2) 
and biologically active compounds (3,4) as well as in very diverse areas (2). 
Among fluorinated products, trifluoromethylated ones constitute an important 
family because of the hydrophobicity (and often lipophilicity) attached to the 
trifluoromethyl substituent, that enhances their bioavailability (1,5). 

Consequently arises the question : how to prepare trifluoromethyl-
containing compounds ? In fact, two main strategies can be considered. The first 
one is the building block strategy, starting from a simple trifluoromethylated 
material, which is fonctionnai ized and sophisticated until the target is reached. 
However, this linear and stepwise strategy needs to design a specific route for 
each target and, moreover, the starting synthon is not always easily available. 
The second approach, which emerged more recently, is the direct introduction of 
a trifluoromethyl moiety on an organic substrate. In principle, it seems more 
powerful, since the expensive CF 3 substituent could be attached on an already 
complex structure, close from the final target. For this purpose, three 
possibilities are available : 

- an electrophilic approach, using an equivalent of the putative cation + CF 3 ; 
nevertheless, generators of this species, such as (trifluoromethyl)iodonium or 
sulfonium salts [Umemoto's reagents (6) and Shreeve's reagent (7)], are still 
expensive and not available on a large scale at the moment. 

- a radical approach using the electrophilic radical *CF3 (8), but this 
technique is rarely compatible with stereoselectivity. 

- a nucleophilic approach, using an equivalent of the unstable anion "CF3, 
which, being more adapted to stereoselective reactions, is at present the most 
attractive method, all the more so since new classes of chiral bioactive 
compounds, such as Efavirenz (9a,b) or Befloxatone (9c,d), are emerging 
(Scheme 1). This is the reason why a sustained activity is focused on 
nucleophilic trifluoromethylation for some years. 

Scheme 1 

Befloxatone Efewenz 

These different methodologies have been already reviewed in 1992 (10) but, 
since this time, numerous new methodologies appeared, especially for 
nucleophilic trifluoromethylation. 
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These different methodologies have been already reviewed in 1992 (10) but, 
since this time, numerous new methodologies appeared, especially for 
nucleophilic trifluoromethylation. 

For a long time, the development of this latter technique has been slowed 
down by the instability of the trifluoromethyl anion : as carbon-fluorine bonds 
are short (and shorten with the accumulation of fluorine atoms on the same 
carbon) (1) and fluorine is the most electronegative element, *CF3 is the seat of 
huge coulombian destabilizing interactions between the anionic charge and the 
p-electrons of the three fluorine atoms. Consequently, it constitutes a transient 
species which, in the absence of any stabilization, collapses very rapidly into a 
fluoride anion and a difluorocarbene. In contrast, the latter is efficiently 
stabilized by back-donation of fluorine p-electrons into the vacant orbital of the 
carbon since difluorocarbene exhibits a singlet ground-state (11) (Scheme 2). 

Scheme 2 

F W F 

destabilized stabilized 

In order to stabilize the trifluoromethyl anion, three strategies can be 
considered. All of them tend to decrease the electronic density on the carbon or 
to take the carbanionic charge away from fluorine atoms. 

In the first strategy, the carbanionic charge is dispersed into the vacant 
orbitals of main-group (Hg, Zn) or transition metals (Cd, Cu) (12). Practically, 
trifluoromethyl Cu(I) species are the most convenient for synthetic purposes 
since they are easily obtained through thermal decarboxylations, either from 
alkaline trifluoroacetate in the presence of Cul (13a,b) or CICF2C02Me/KF/CuI 
(13c-f), as well as CF3C02Me/CsCI/CuI (13g,h) (Scheme 3). Under these 
conditions, a mixture of CF 3Cu, [CF3CuI]* and (CF3)2Cu" is usually generated, all 
these species acting as trifluoromethylating agents. However, they are sluggish 
and usually reserved for the substitution of aromatic iodides or bromides, under 
thermal activation (up to 160-180 °C). 

The second possibility is to engage the anionic charge into a labile σ-bond, 
for example with tin or silicon, the trifluoromethyl anion being regenerated by 
fluoride activation when required. In this respect, 
(trifluoromethyl)trimethylsilane (Ruppert-Prakash reagent, CF3SiMe3) is the 
most popular tool which has been extensively used, under fluoride activation, for 
the trifluoromethylation of carbonyl compounds, activated imines, disulfides (or 
diselenides) (14), as well as thiocyanates (or selenocyanates) (15-17). The scope 
of this reagent has been reviewed by Prakash et al. (18) and Shreeve et al (19) 
and is developed in another chapter of this book. It must be noticed that, for a 
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long time, scaling-up the preparation of CF 3SiMe 3 has been slowed down 
because of the deleterious effect of bromotrifluoromethane, the starting material, 
towards stratospheric ozone. Fortunately, a new and environmentally begnin 
synthesis of the Ruppert-Prakash reagent, starting from phenyl trifluoromethyl 
sulfone, appeared recently (20). 

Scheme 3 

CF 3C0 2" 

Cul KI 

CF 3 C0 2 Cu 

CF3Cu 
[CF3CuI] 
[(CF3)2CuJ< 

Θ 

A K F 

Q Λ F-C(0)OMe-**C02+MeF 

CIF2C I OMe 
F 

7CF 2CI 

KF θ 
:CF 2 — • [CF 3Cul] 9 

Cul 
CI G 

ο 

A 
F 3C OMe 

CsCI MeC! Cul 

CF 3C0 2"Cs + ^ CF 3 C0 2 Cu 

C 0 2 r ± CF 3Cu 
[CF3CuI]e 

[(CF3)2Cu]e 

The third way to stabilize the trifluoromethyl anion is to trap it, as soon as 
formed, by a very powerful electrophile, present in large excess, in order that the 
charge is taken away from the fluorine atoms. Formamides, and especially DMF 
used as solvent, are able to play this role. 

These three possibilities are summarized in Scheme 4. 
Scheme 4 

[CF3Cu] 
G C F 3 = [CF3CuI]G 

[(CF3)2Cu]G CF, 

O © 

F 3 C ^ NR2 

(ie. from CF 3C0 2K/Cul) (from CF3SiMe3 / F ) (from HCF3/Base/DMF) 

Trifluoromethylation with trifluoromethane (fluoroform). 

The first evidences of the latter strategy arose when, simultaneously with 
other groups (21), we tried to trifluoromethylate benzaldehyde with fluoroform 
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in the presence of a strong base such as potassium ter*-butoxide. This attempt 
was motivated by the fact that fluoroform is a very attracting candidate for 
trifluoromethylation because it is the smallest trifluoromethyl-containing 
molecule and, moreover, does not interact with stratospheric ozone. For a long 
time, such a reaction was claimed to fail, except in one case reported by Shono et 
ai but without mechanistic explanation (22). However, provided that DMF was 
used as solvent, it worked smoothly at -10 °C and delivered the expected 
(trifluoromethyl)carbinol in a good yield. It was demonstrated that "CF3 was 
trapped by DMF, prior transfer to the carbonyl substrate, in the form of an 
hemiaminolate 1 which constituted a "CF 3 reservoir" and was the real 
trifluoromethylating species (Scheme 5) (21b-d,23). 

Scheme 5 

O OH 

H HCF 3 /Base ^ N ^ ^ C F 3 

D M F / - 5 0 °C L u H 

0" 

Trifluoromethylating species : F 3 C x ^ N M e 2 0) 

Base : t-BuOK, DMSO/KH, (TMS) 2 N K 

Of course, as a strong base was used in a stoichiometric amount, this 
reaction could not be applied to enolizable carbonyl substrates. Under such 
conditions, aldolization extensively prevailed. However, it was found that the 
strong base (Me3Si)2N" can be generated very slowly from tris-
(trimethylsilyl)amine and anhydrous tetramethylammonium fluoride in DMF 
(one hour was needed to complete this desilylation in the absence of any other 
substrate) (23). Thus, the possibility to trifluoromethylate benzophenone, used as 
model substrate, with fluoroform in DMF was examined in the presence of low 
steady-state concentrations of tetramethylammonium 6w-(trimethylsilyl)amide, 
generated with such a system. Indeed, l,l-diphenyl-2,2,2-trifluoroethanol was 
formed in interesting yields and, moreover, both tetramethylammonium fluoride 
and DMF could be used in catalytic amounts. Consequently, the reaction could 
be carried out in THF, which was easier to eliminate than DMF, and the final 
(trifluoromethyl)carbinol was obtained as a silylated derivative. In such a way, 
globally speaking, the system HCF 3 / N(TMS)3 behaved, in THF, like CF 3SiMe 3 

when activated with a catalytic amount of fluoride and DMF (Scheme 6) (23). 
These reactions could be rationalized by the mechanism proposed in 

Scheme 7. It must be noticed that, in order to take into account that unstable "CF3 

cannot be generated in the free form without extensive decomposition, 
trifluoromethyl transfer was assumed to occur in a concerted way, through a six-
membered transition state. 
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Scheme 6 

B " / - 1 0 ° C 

Ο 

il 
| P l T > h | 

H C F 3 

(excess) 

F 3 C O H X P r i o r i DMF solvent 

B" = i-BuOK 95 % 
(TMS) 2 NK 79 % 
( T M S ) 3 N / M e 4 N F 72% 
(1.5 eq) (1.5 eq) 

(TMS) 3N / Me 4 NF 
(1.5 eq) (0.2 eq) 

DMF solvent 

(TMS) 3 N / Me 4 NF 
(1.5 eq) (0.2 eq) 

DMF (0.3 eq) 
THF solvent 

F 3 C OTMS 

X 
P l T ^ P h 

F 3 C OTMS 

P r i T h 

Scheme 7 

N(SiMe 3) 3 OSiMe3 

As expected, such a multi-component system (HCF3/N(TMS)3/Me4NF 
cat./DMF cat.) trifluoromethylated enolizable ketones, though in a modest yield 
(acetophenone : 26 %, propiophenone : 28 %), except when enolization was 
slowed down for steric reasons (2,6-dimethylcyclohexanone : 50 %) (23). 
Nevertheless, these results were far better than those resulting from /-BuOK with 
which aldolization exclusively occurred. In the same way, transformation of n-
octyl disulfide into H-octyl trifluoromethyl sulfide was improved with such a 
system (yield : 73 %, compared to 54 % with ter/-BuOK/DMF solvent) (23). 
Again, a cyclic transition state could be assumed (Scheme 8). This synthesis of 
trifluoromethyl sulfides has been invoked by Prakash et al to reinforce the 
interest of their new preparation of CF 3SiMe 3 (20). 
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Scheme 8 

ο Θ Ν - " 
I RSSR _ " O - ^ Z - C F j _ P5PP . 

F 3 C ^ N M e 2 V " ; S - s ' - R ~ V 
1 R * 
1 DMF 

Though trifluoromethylating species 1 has been characterized by NMR, 
attempts to isolate it failed. However, it was suspected that, in the absence of any 
other electrophile, the reaction of DMF with fluoroform, N(TMS)3 and 
tetramethylammonium fluoride in THF could deliver the silylated derivative of 1 
(Scheme 9, NR 2 = NMe2). Indeed, 2a was obtained but was very difficult to 
purify and, moreover, exhibited a very limited shelf-life (few hours). Fortunately, 
treatment of N-formylmorpholine under the same conditions led to a stable 
product 2b (Scheme 9, NR 2 = morpholino) which was easily purified by flash 
chromatography and could be stored quite indefinitely without any alteration 
(24). Thus, 2b constitutes a new reagent which was able to trifluoromethylate 
non enolizable ketones and aldehydes, at 80 °C under activation with sub-
stoichiometric quantities of cesium fluoride, provided that two equivalents of 2b 
were used (Scheme 9) (24). As O-silylated trifluoromethyl carbinols were 
obtained and N-formylmorpholine was quantitatively recovered as by-product, 
HCF3/N(TMS)3 can be considered again, in this process, as an equivalent of the 
Ruppert-Prakash reagent. 

Scheme 9 

0 OTMS 

H N R 2 π σ / - 1 0 ° Ο F J C ^ N R J 
1 eq excess 1.5 eq H 

2a NR 2 = NMe 2 

2b N R 2 = rroroholino(78%) 

° ^ N - K ° ™ S +
 R , ) = ° C s F ^ e q ) > R V 0 T M S 

N s ^ C F 3 R2 8 0 ° C / 5h R2 C F 3 
2b 

( 2 E Q ) R , , R 2 = aryl, heteroaryl, styryl (70 - 95 %) 

Trifluoromethylation with Stable Hemiaminals of Fluoral 

Though gaseous fluoroform (Eb = -82.2 °C) is obviously the best 
trifluoromethylating reagent in terms of atom economy, its manipulation is not 
very easy on the lab scale. Consequently, another strategy for preparing 2b had 
to be considered. In fact, 2b cannot be seen only as an adduct between 
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fluoroform and N-formylmorpholine but also as an adduct between morpholine 
and trifluoroacetaldehyde (fluoral). Indeed, fluoral is also a gas but is 
commercially available in the form of its stable and liquid methyl hemiketal, 
easy to handle. When opposed to morpholine in the presence of a methanol trap 
(Na2S04, MgS0 4 or 4 Â molecular sieves), this latter compound led, under mild 
conditions, to an hemiaminal of fluoral which, after silylation under neutral 
conditions with N-(trimethylsilyl)imidazoIe, delivered 2b in a good yield (25). In 
the same way, another O-silylated hemiaminal of fluoral 2c has been obtained 
from N-benzylpiperazine (Scheme 10) (25). Like 2b, 2c was able to 
trifluoromethylate non enolizable carbonyl substrates but under milder 
conditions : the same results were obtained with one equivalent of 2c at 60 °C 
instead of two equivalents of 2b at 80 °C (Scheme 10) (25). By analogy with 
CF 3SiMe 3 (15), 2b and 2c were also able to transform disulfides and diselenides 
into trifluoromethyl sulfides and selenides, respectively, but, in contrast with the 
reaction of carbonyl substrates, the best results were obtained, whatever the 
reagent (2b or 2c), at 80 °C with two equivalents of 2b,c and Bu 4 N + (Ph3SiF2)* 
(TBAT) (Scheme 10) (26). 

Scheme 10 

/ ~ \ m CF 3CH(OH)OM^ / Q H Im-TMS^ 

^ 4 A M.S. ^ fcF3

 T H F / r t 

THF /r.t. 
X = O, Bn 3b (X = O, 90 %) 

3c (X = NBn, 75%) 

R , R 2 O 0 

/ — ν OTMS / 2 b ( 2 e q ) / 8 0 ° C V _ 
Χ W Λ R i w O T M S 

2b (X = 0,100%) 2 c ( l e q ) / 6 0 ° C 78-90% 
2c (X = NBn, 100 %) RI, R2 = Ar, Het, styryl, Η 

2b or 2c + RYYR Bu4N+(Ph3SiF2)- (2 eq^ ^ 

(2eq) Y = S, Se DME 70-95 % 
8 0 ° C / 5 h R = aryU-alkyl 

As indicated in Scheme 10, reagents 2b and 2c were respectively obtained 
from hemiaminals 3b and 3c which were also stable compounds. Though 3b was 
an oil which could not be purified from contaminating morpholine, 3c was a 
solid which could be recrystallized and remained indefinitely stable on storage. 
As expected, 3c could be quantitatively deprotonated by strong bases, such as 
tert-butoxide, hydride or o/s-(trimethylsilyl)amide, to deliver an hemiaminolate 
3c" that, when associated to a potassium cation (sodium or lithium bases failed), 
efficiently trifluoromethylated non enolizable ketones and aldehydes in THF 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

3

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



65 

(Scheme 11) (27). Again, two equivalents of 3c" K + were needed to reach the 
best results in THF. However, the addition of DMF (at least one equivalent) or 
18-C-6 crown ether (1 eq) allowed the use of only one equivalent of 3c", 
indifferently associated to a potassium or a sodium cation. 3c' was also able to 
deliver aromatic trifluoromethyl sulfides or selenides from the corresponding 
aromatic dichalcogenides but aliphatic ones failed, probably because of side-
deprotonations in α-position to the heteroatom (Scheme 11) (26). 

Scheme 11 

R , R 2 C = O 

/ \ / 0 H 

BnN Ν — ( 
N / C F 3 

3c (2 eq) 

' R i , R 2 = Ar,Het,H 

ί-BuOK (2eq) / THF 
r.t. 

V ArYYAr 

Y = S,Se 

NMe 

1) 3c (2eq)/*-BuOK (2eq) 
THF / r.t. 

2) ClSiMe 3 * 

R K O T M S 

R / C F 3 

50-96 % 

A r Y C F 3 

35-70 % 

TMSO 

C 
76 % 0 

C F 3 

NMe 

As previously mentioned, trifluoromethylation of non enolizable carbonyl 
substrates in THF delivered the best yields with two equivalents of 2b or 3c, but 
only one equivalent of 2c was sufficient. Thus, it could be assumed that, in this 
solvent, 2c was a monomer whereas 2b and 3c were present in a head-to-tail 
dimeric form, in the first case because of the strong interaction between oxygen 
and silicon (25) and, in the second case, because of the chelation of potassium 
cations by piperazinyl moieties (Scheme 12) (27). In this latter case, such a 
complexation could self-activate the reagent. Moreover, it can be easily 
understood that, when stronger potassium solvating or chelating compounds 
were added (DMF, 18-C-6), dimeric 3c" was dissociated. 

Concerning the mechanism of trifluoromethylation with these three species, 
it must be taken into account, again, that the trifluoromethyl moiety could not be 
transfered as a naked trifluoromethyl anion which should be too unstable to 
survive during this step. Thus, a concerted process, involving six-membered 
transition states, could be proposed, as illustrated in Scheme 13 (which has been 
simplified by considering monomeric species only). 
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Scheme 12 

Scheme 13 

OSiMe, M % : | i ; Μ ® 0 Θ 

| ^ N ^ C F 3 M* F"t ^ M ^ - r - F , l î i S S j F ^ Ν CFj 
X^J j ^ l X ^ J 
2b(X = 0) OH . 3b'(X = 0) 
2c (X - NBn) ^ / C F j j f £ / 3c"(X = NBn) 

3c 

R-S-S-R, e o - U J - C F j _ r - . . R - M F 3 

M ® O e / M - 7 S - S ' R \ R S ' M + 

( ^ " N ^ C F j R X ^ N - C H O 
X ^ \ e o ^ C c F , f Ο θ Μ ® 
3 b ' - 3 c " H ^ - T f ^ 0 ^ * ' - ^ R , ^ 3 

R ^ 0 R2 2 

x ^ 1 
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Generation and Uses of Fluoral Iminiums 

All the preceding examples concern the trifluoromethylation of non-
enolizable carbonyl compounds. As expected, treatment of enolizable ketones, 
such as acetophenone, under the conditions employed to trifluoromethylate 
benzophenone or benzaldehyde (2 eq 3c, 2 eq tert-BuOK, r.t.), did not result in 
any trifluoromethylation but in extensive self-aldolization. However, when 
catalytic amounts of potassium ter/-butoxide were used and the medium heated 
at 80 °C for 24 h, 3-trifluoromethyl-3-[l-(N'-benzyl)piperazinyI]-propiophenone 
was obtained in an excellent yield from acetophenone and 3c (28). 2b or 2c, 
opposed to the same substrate and catalytic amounts of cesium fluoride at 80 ° C 
for 5h, led to the same result. This reaction have been successfully extended to 
other ketones, including cyclohexanone which could be functionnalized twice 
with four equivalents of 3c, and to diethyl malonate (Scheme 14) (28). In all 
cases, two equivalents of hemiaminal must be employed to get good yields but, 
after reaction, one equivalent remained unaffected, as indicated by NMR. The 
resulting P-trifluoromethyl-P-(dialkylamino)ketones were usually formed in 
good crude yields (up to 82 %) but exhibited a limited stability under 
chromatographic conditions. Thus, they were transformed, by acid treatment, 
into more stable P-tnfluoromethyl-a,P-enones of exclusive ^-configuration, (28) 
which are valuable dienophiles or Michael acceptors (29). These enones could 
be prepared in one pot from the starting ketones (Scheme 14). 

Scheme 14 

υ 

KO 

Ç F 3 R 2 

(2eq) ^ 
X = 0, NBn 

R=H (3c) 
t-BuOK(0.1 eq)/THF O C F 3 

80 ° C / 2 4 h 

R = TMS (2b, 2c) 
CsF (0.1 eq) / D M E y 

80 ° C / 5 h 

R 2 

31-80% 
(crude: 40-82%) 

R,C(0)CH2R2 = PhC(0)Me, PhC(0)Et, tetralone, Pyr-C(0)Me ( α ,β) 

O 

TFA 

C H 2 C 1 2 / 8 0 ° C 

O 

F 3 C ^ j ^ 

56% χ 75% 

R r ^ ^ C F 3 37-81 % 

R 2 

C 0 2 E t 

/=< 
F 3 C C 0 2 E t 

80%x75% 
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Mechanistically speaking, the above-mentioned P-trifluoromethyl-P-
dialkylamino-ketones look like condensation products between an enol and an 
iminium species. Thus, we first verified that 3c was not in equilibrium, at least to 
a small extend, with an iminium hydroxide : when 3c was opposed to , 8 0 -
labelled water or methanol, no 1 8 0 or methoxy incorporation was detected in 3c. 
It has been also verified that no reaction occurred between 3c and acetophenone 
in the absence of base. In order to rationalize these observations and the fact that 
two equivalents of 3c must be employed, a mechanism starting from a complex 
between dimeric 3c and a potassium enolate has been proposed (Scheme 15) 
(28). Because of the known acidity of hydroxyl functions in α-position to a 
trifluoromethyl group, this system was probably in equilibrium with a complex 
between an enol, 3c and K + 3c". This equilibrium could be then shifted by a 
push-pull loss of hydroxide, due to the interaction between 3c and K + 3c' within 
the K + coordination sphere, resulting in the subsequent formation of an iminium. 

Scheme 15 

As an iminium could be invoked for the condensation of 2b,c with 
enolizable carbonyl compounds, 2c was reacted with enolizable ketones in the 
presence of a Lewis acid. BF 3 .Et 20 (1.2 eq) was found to be the best one. As 
expected, it delivered P-trifluoromethyl-P-(N'-benzylpiperazino)ketones in good 
yields at 50 °C, even with one equivalent of 2c. These products were treated in 
situ with trifluoroacetic acid, at 50 ° C again, to provide(Î>P-trifluoromethyl-
α,β-enones. As analogues of 2c could be prepared from 
chlorodifluoroacetaldehyde or pentafluoropropionaldehyde hydrates, β-
chlorodifluoromethyl- and β-pentafluoroethyl- α,β-enones were also produced in 
the same way (Scheme 16) (28). This one-pot two-steps synthesis of (£>β-

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

3

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



69 

trifluoromethyl-a,P-enones was very efficient and simpler than other routes to 
these products (30), all the more so since it could be extended to longer 
fluoroalkyl chains. 

Scheme 16 

(15%) (45%) (50%) 

a-(Perfluoroalkyl)iminiums, generated in such an efficient way from 
perfluoroaldehyde hydrates or hemiketals, have been opposed to other 
nucleophiles, such as alcohols and amines (even chiral ones), silyl hydrides, silyl 
azides, allylsilanes, potassium vinyl trifluoroborates and electron-rich aromatic 
compounds (Scheme 17) (31). 

Several trifluoromethylated analogues of bioactive compounds have been 
prepared from these expedient methodologies. For example, starting from an 
hemiaminal of fluoral arising from N^4,4^iihaIobenzhydryl)piperazine, 
analogues of Cinnarizine (vasodilatator) and Flunarizine (used for migraine 
prophylaxis) were obtained in three steps, the two first ones carried out in one 
pot (Scheme 18) (32). 
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Scheme 17 

R y—TMS 

Ο 
ROH 

NBn 

RR'NH > 

NRR' 

θ κ® 
F 3 B R 

k ^ N B n NBn 

N 3TMS 
, ArH 

k ^ N B n 

Scheme 18 

1) CF 3CH(OH)OMe 
2) ImSiMe 3 

BF 3.Et 20 

Ζ = Η : 57 % (Cinnarizine analogue) 
Ζ = F : 70 % (Fhmarizine analogue) 

On the other hand, 2c and its chlorodifluoro analogue were reacted with 
indole, in the presence of BF 3.Et 20, and delivered ow-indolic derivatives 4a,b. 
These compounds are trifluoro- and chlorodifluoro- analogues of Vibrindole, a 
natural product exhibiting antibiotic properties (Scheme 19). Preliminary studies 
show that 4a is 2-fold and 4b 4-fold more efficient than Vibrindole against 
Staphyloccocus Aureus (32). 

N-[ 1 -(trifluoromethyl)but-3-enyl]-N'-benzylpiperazine, resulting from 2c 
and allyltrimethylsilane (cf. Scheme 17), is a derivative of oc-(trifluoromethyl)-
homoallylamine bearing the useful piperazine pharmacophore, but it cannot be 
easily converted into a-(trifluoromethyl)homoallylamine itself. To prepare this 
amine, another O-silylated hemiaminal of fluoral has been prepared from 
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benzophenone imine. Under treatment with BF 3.Et 20 at 50 °C, the 
corresponding strained iminium 5 was formed and reacted in situ with 
allylsilane. After hydrolysis, a-(trifluoromethyl)-homoaIlylamine 6 was obtained 
(Scheme 20) (31,32). Unfortunately, 5 did not react cleanly with potassium 
styryltrifluoroborate. 

Scheme 19 

4a X = F (80 %) C M ! = 6 μ%.π\1 -I 
4b Χ = Cl (88%) CMI = 3 μδ.ητΙ.-ΐ 
Vibrindole (CH 3 instead ofCF 2 X)CMI = 12.5 μ§.ηιί-ΐ 

Scheme 20 

F 3 C 

OH 

A 
l)Ph 2C=NH 

OMe 2)In>TMS 
89% 

OTMS 
I Ph B F 3 . E t 2 Q > 

F 3 C N=*( CH 2 C1 2 * 
Ph 50 °C 

Ph 

F 3 C 
Λ = Ν = < 

Ph 

TMS 

2)H 3 0^ 
83% 

F 3 C N H 2 

Through acylation with unsaturated acyl chlorides, or nitrogen protection 
followed by allylation or propargylation, 6 was the key-starting material for 
polyunsaturated compounds which, after ruthenium catalyzed ring closure 
metathesis, offered medium to large nitrogen-containing cycles (Scheme 21) 
(32,33). 

Such polyunsaturated substrates can be prepared in a shorter way from the 
hemiaminal of fluoral (8) arising from benzylamine, which was synthesized by a 
modified procedure using pyridinium tosylate (PPTS). Formation of the 
corresponding iminium and subsequent allylation also needs peculiar conditions, 
since BF 3.Et 20 must be replaced by a milder Lewis acid such as trimethylsilyl 
triflate (Scheme 22) (32). The resulting N-benzyl-a-(trifluoromethyl)-
homoallylamine 9 is, however, more difficult to allylate or to acylate than 7 and 
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ring closure metathesis of the resulting products needs larger amounts of Grubb's 
catalyst (32). 

Scheme 21 

75 0/0 f ^ j 
RCMI *· 1 L 
t>bs H F 3 C ^ N ^ O 
(5%) I H 

« 75 % 80 % > ^ 

C ^ N ^ O F 3 C ^ N H 2 F 3 c ^ N ^ O 

CICBz 

91-94% 

F.iC 

ZN 
\ 

RCM 
Grubb's I 

j ] 
η - 1 (91 %) F j C T ^ N ^ * 

r A RCM 
Grubb's II 
(5%) 

n = 3(80%) 
F , C ^ N ^ R = H(44%) 

Ζ R=Me(75%) 

Scheme 22 

OH BnNH2/PPTS 
OH 

.A. F 3 C ^ O M e M S 4 A / r . t . / 5 h F 3 C Ν Ph 

Alryl-TMS / TfDTMS (1 eq) 

CH 2 CI 2 / r . t /4h 

8 (> 95 %) 

9 (65 %) 

F3CT Ν Ph 
Η 

Generation and Uses of Difluorocarboxylate Anions 

Methyl aminal of fluoral 10 have been easily prepared by direct methylation 
of 3c with methyl iodide or from 2c and methanol, in the presence of BF 3 .Et 20 
(cf. Scheme 17) (31). 10 underwent an easy dehydrofluorination with BuLi and 
provided the aminal of difluoroketene 11 which could not be isolated but was 
characterized in situ by NMR. Provided that the by-produced fluoride was first 
eliminated with trimethylsilyl triflate, this ketene aminal was nucleophilic 
enough to react with aldehydes [even enolizable ones, in contrast with Dolbier's 
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reagent CF2=C(NMe2)2 (34)] and acyl chlorides, but not with less electrophilic 
ketones (35). When fluoride was not expelled in a volatile form, L i + and F" 
formed a too tight ion pair which prevented the entrance of the carbonyl function 
into the coordination sphere of the lithium cation (Scheme 23). in such a way, 
intermediate 3-alkoxide-2,2-difluoro-l -methoxyiminiums were formed from 
aldehydes. After acidic hydrolysis, methyl P-hydroxy-a,a-difluoroacetates were 
exclusively obtained from the most reactive aldehydes but were contaminated by 
some corresponding amide from the less reactive ones. However, replacement of 
acidic hydrolysis by work-up with aqueous lithium chloride led to the exclusive 
formation of amides : such a result came from a Krapcho-type elimination of 
methyl chloride (Scheme 23). For the same reason, intermediate 3-keto-2,2-
difluoro-1 -methoxyiminiums arising from acyl chlorides provided directly and 
exclusively 3-keto-2,2-difluoroacetamides prior hydrolysis since chloride anions 
were generated during the condensation step (Scheme 23). 

This methodology has been illustrated by an expedient synthesis, from 3-
formyl-N-Boc-indole, of N-benzyl-N'-(3-indolyl-3-hydroxy-2,2-difluoro-
propionyl)piperazine which is a ligand for 5-HTjD brain receptors (36). 

Thus, 11 behaved as an equivalent of "CF2C(0)X (X = OMe, NR 2). This 
technique constitutes a good alternative to the Reformatsky reaction (37,38) 
using halodifluoroacetates and zinc, or to Iseki's method with 
CF2=C(OEt)OTMS (also prepared from BrCF 2C0 2Et and zinc) (40). It can be 
also advantageously compared to Dolbier's methodology using CF2=C(NMe2)2 

(prepared by copper mediated substitution of ozone-depleting CF3CHC12) (34) or 
Uneyama's methodology using TMS-CF 2C0 2R (arising from reduction of 
CF 3 C0 2 R with Mg) (39). All these methods, useful to graft equivalents of " 
CF2C(0)OR, complete other processes designed to introduce CF2C(0) moieties 
with CF2=C(R)OTMS [prepared from halodifluoromethyi ketones and metals 
(39a-b,41,42) or from acylsilanes (43,44)], with CF2=C(R)OMe (45) or with 
CF 2=CHOMEM (prepared from trifluoroethanol) (46). Difluoroenolates have 
been also synthesized by metal-free reduction of ehlorodifluoroketones ; so 
formed, these enolates can add on carbonyl electrophiles or substitute cyanide 
from thiocyanates (47). 

As far as readily available hemiaminals of fluoral and their derivatives are 
concerned, it can be concluded that they constitute very versatile reagents 
(Scheme 24) since : 
- they behave as stable equivalents of the unstable trifluoromethyl anion, and can 
trifluoromethylate non-enolizable ketones and aldehydes, as well as disulfides, 
- they can generate trifluoromethylated iminiums which allow the synthesis of a 
variety of nitrogen- and fluorine-containing products, 
- they can generate difluoroketene aminals and thus can be considered as 
equivalents of difluoroacetates ans difluoroacetamides anions. 
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Scheme 23 

OH OMe 
1 l)t-BuOK I ^ 

F 3 C ^ Ν 2) Mel ^ F j C ^ N ^ N 
k ^ N B n THF/r.t. k ^ N B n 

10 
l)BuLi 01V 

-78°Cto+10°C ^ 
THF 

2)TIOTMS w 0 
H 3 0 

0 W OMe 

NBn 

OH OMe 

F F 

RC(Q)H^ 

F F L .NBn 
\ OH Ο 
\ sa taq . LiCI I II 

— f c r ^ c o 
RC(0)CI 

F F 

Ο Ο 

F F 
k ^ N B n F F l ^ N 

CHO OH O 

Scheme 24 

2 steps 
OH 

" F j C ^ O M e 
(commercially available) 

I or 2 steps 

OTMS OR 

F j C ^ N = < J J | F 3 C N ^ , ( χ = 0 Ν Β η ) 

F 3 C NR2 
Ο 

F 2 C Y 

Y = OMe 
piperazino 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

3

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 

file:///sataq


75 

Trifluoromethylation with trifluoroacetic and 
trifluoromethanesulfinic derivatives. 

Intermodular process. 

As fluoral is usually produced from cheaper trifluoroacetic acid, the 
trifluoromethylating ability of trifluoroacetic derivatives has been examined. 
Methyl trifluoroacetate (48), trifluoroacetamides (48), and α,α,α-
trifluoroacetophenone (49) were studied first. Indeed, these compounds behave, 
under the action of potassium tert-butoxide, as efficient trifluoromethylating 
reagents towards benzophenone, chosen as model for non enolizable carbonyl 
substrates (Scheme 25). Such a result was not completely surprising since, a long 
time ago, formation of fluoroform has been noticed during alkaline hydrolysis of 
trifluoroacetates (50) and trifluoroacetophenone (51). Nevertheless, no synthetic 
use of these reactions has been reported until now. 

Scheme 25 

ο 

Λ, 
/-BuOK 

(χ equiv) 
F 3 C 

0 Θ K ® 

DMF/THF(1:1) 
r.t. 

OH 

F j C f ^ P h 
Ph 

Ο 

- X 
/ B u ^ X 

Χ = OMe: 77% 
X = Ph: 100% 

= NBn ; 100 % 
= Ο : 90 % 

F 3 C ^ Χ 

(χ equiv) ^ "/Bu 

X = OMe,Ph (2 equiv) 

/ \ 
Χ = Ν Ζ (1 equiv) 

\ _ / 

Though efficient towards benzophenone, methyl trifluoroacetate exhibited a 
limited scope in terms of substrates. Trifluoroacetophenone was very active 
towards other aromatic or heteroaromatic substrates than benzophenone, but two 
equivalents of reagent and base were needed to ensure reproducible yields. Thus, 
the trifluoroacetamide derived from N-benzylpiperazine were preferred since, in 
this case, generally good and reproducible yields were obtained with only one 
equivalent of teri-BuOK. However, it was essentially adapted to the 
trifluoromethylation of simple non enolizable ketones but not to that of chalcone 
nor that of aldehydes, which essentially underwent Cannizaro processes under 
these conditions. In contrast, N-trifluoromethanesulfinyl-N'-benzylpiperazine 
was active both towards non enolizable ketones and aldehydes since it is very 
electrophilic and trapped tert-BuOK faster than aldehydes, so that Cannizaro 
reaction was overcome (Scheme 26) (52). This reagent also trifluoromethylated 
aromatic and aliphatic disulfides (52). It must be noticed that 
trifluoromethanesulfinamides are readily available from potassium 
trifluoromethanesulfinate (53) which, itself, is prepared in one step from 
potassium trifluoroacetate (54). 
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Scheme 26 

Ο® 
i /-BuOK 

'Sx> 
F 3 C Θ NR 2 (1 equiv) 

(1 equiv) 

N R 2 = Ν NBn 

ο Θ κ Θ 

F 3 C ^ NR 2 

/Bu 

O H 
R 3 >=o 
R4 I 

THF Rj 

O® 
I 

/Sx. 
iBu ® NR 2 

J 0 °C to r.t 

RS-SR 
RS-CF 3 

HO C F 3 

X = C H : 8 5 % 
X = N : 91 % 

Ph 

H O v C F 3 HO C F 3 

, _ C F 3 

Ν 
I 

Me OH 

86% 

Intramolecular process. 

55% 

Ph-S-CF 3 

67% 

95% 

CgH l 7 -S-CF 3 

44% 

X = C H , Z = OMe: 95% 
X = N , Z = H ; 55% 

Although such trifluoroacetic and triflinic derivatives are easily available 
and ecologically friendly, the strong base needed for their activation precluded 
the use of any enolizable substrate. This drawback should be circumvented by a 
strategy in which the alcoholate would be delivered slowly enough to favor, over 
deprotonation of the substrate, its attack on the trifluoroacetamido site of the 
reagent. Moreover, an intramolecular process would also favor nucleophilic 
attack and bring a beneficial entropie factor. This led to design a fluoride-
induced reaction of trifluoroacetamides and trifluoromethanesulfinamides, 
derived from O-silylated v/oaminoalcohols, with carbonyl substrates. By 
analogy with trifluoromethylation using hemiaminals of fluoral or 
trifluoroacetamides, the following process was expected (Scheme 27). 

For this purpose, a panel of trifluoroacetamides derived from O-TMS-1,2-
aminoalcools (14a-f) has been prepared from ethanolamine, rac-l-phenyl-2-
aminoethanol, (/?)- and (S)-phenylglycinoI as well as ephedrine, by reductive 
alkylation followed by silylation and trifluoroacetylation (Scheme 28) (55). 

14a-f were evaluated, in the presence of a catalytic amount of cesium 
fluoride, towards different carbonylated substrates : benzophenone (as a model 
for non enolizable ketones), benzaldehyde (as a model for aldehydes) and 
acetophenone (as a model for enolizable ketones) (Scheme 29) (55). 
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Scheme 27 

Scheme 28 

R, R 2

 i x ' \ /%2 
\ / 2 1)R' 3CH0 \ / l)ImSiMe 3 / \ 

„ / \ m 2) NaBH 4 * HO NH 2 ) ( C F 3 C O ) 2 f / / ~ R 

Η ϋ N H 2 j 0^=\ 
R 3 ^ 

C F 3 

Ph 

Me3SiO N — Me 3 SD Ν — ' Me 3 SD N — 

0 = ^ 0 = ( 0 = ^ 

C F 3 C F 3 C F 3 

14a (60 %) 14b (70 %) 14c (71 %) 

Ph _Ph Ph_ =r 

ΓΛ /h r~\ /" M 
Me 3 SD Ν — ' Me3SiO Ν — ' Me 3 SD Ν — 

0 = ^ 0 = ^ 0 = ^ 

C F 3 C F 3 C F 3 

14d(35%) 14e(47%) 14f(76%) 

Scheme 29 

/ \ II 1 ) CsF (0.1 equiv)/DME ? H / \ 
TMSO N - R 3 + JK - • 1 + O v Ν 

0 = 3 ^ I V R 5 2)Bu 4NF(lequiv) R ^ C F , Y 

C F 3 ' Ο 

14a-c,e,f 15 
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The expected trifluoromethylation occured with reagents 14a-f and isolation 
of oxazolidinone 15 brought an evidence of the proposed mechanism. As 
expected also, these reagents were able to trifluoromethylate both enolizable and 
non enolizable ketones, as well as benzaldehyde. From the parametric study, it 
resulted that unsubstituted O-trimethylsilyl-N-trifluoroacetyl-aminoethanols 
(14a,b), or those without any substituent in α position to nitrogen (14c), needed 
a thermal activation, up to 80 °C, to transfer efficiently their trifluoromethyl 
group. At this temperature, the nitrogen substituent had a minor importance, so 
that 14a and 14b exhibited similar reactivities. In contrast, the presence of a 
substituent in α position to nitrogen dramatically changed the reactivity since 
14d and 14e were able to provide, from benzophenone, benzaldehyde and 
acetophenone, good to excellent yields at 40 °C only, whereas 14f reacted even 
at room temperature. Acetophenone was the most sluggish substrate but its 
trifluoromethylation could be accelerated by replacing cesium fluoride and DME 
with Bu4N[Ph3SiF2] (TBAT) and THF : under these conditions, a 60 % yield was 
reached from 14f within seven hours instead of five days. 

14f, derived from ephedrine, appeared as the most interesting reagent, all 
the more so since it is a very stable white solid whereas 14a-c exhibited a limited 
shelf-life (t l / 2 < 48 h). Its reactivity towards diverse carbonyl compounds has 
been examined (Scheme 30) (55). 

Scheme 30 

Ph Me 
Ο 

l)CsF(0.1equiv)/DME 
or 

TBAT (0.1 equiv)/THF 
TMSO N - Me + JK 

R R* 2)Bu 4NF(l equiv) 

OH 

R ^ C F 3 

14f 
C F 3 

HO C F 3 

HO CF, HO C F 3 HO C F 3 

w w w Η 
Ph""^ Ph Ph H Ph Me 

Ph_ Me 

Ο 

ISf 

OMe 
76% 89 % 58 % 93% 

HO C F 3 

P h ^ ^ Y ^ ^ j Y ^ 
/ v L \ 

HO C F 3 

66% 60% 

HO C F 3 

P h ^ ^ P h 

HO C F 3 

H X ^ p h 

HO C F 3 

68% 57% 36% 

HO C F 3 

χ 
C s H p ^ ^ M e 

HO C F 3 

C5H11 C5H11 

HO C F 3 

ό .X" 
78% 90% 30 % 69 % 
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Though 14f was able to trifluoromethylate a wide range of non-enolizable or 
enolizable substrates with good to excellent yields, it could not 
trifluoromethylate very acidic carbonyl substrates such as valeraldehyde and 
dibenzyl ketone : in these cases, enolization was only occuring. Thus, the 
trifluoromethylating power of N-trifluoromethanesulfinyl-O-TMS-ephedrine 16f 
has been examined (Scheme 31). Engaged in trifluoromethylations leading to the 
a-(trifluoromethyl)carbinoIs listed in Scheme 30, 16f delivered results very 
similar to those obtained from 14f, but, in addition, fair yields were reached from 
valeraldehyde (30 % with CsF/DME) and dibenzyl ketone (45 % with 
TBAT/THF) (56). 

Scheme 31 

2 CF 3 S0 2 " K* + POCI3 • [CF 3 S(0) + ] 

Ph_ Me 

Μ ^ κ Γ Ί ο Η - D I E A M e i S i 0 o . s ' N _ (* -** .« ·*-20 H) 
5 1 C F 3 

Ph_ Me 
Ο 1 )CsF (0.1 equiv)/DME OH 

I6f 
^ 2 ... , 

2)Bu 4 NF(l equiv) R 2 N 

Ο 

υ ι {υ. ι equivyuMti OH - -
fl or TBAT (0.1 equivyTHF | / \ 

l f % Γι " R ^ C F 3

+ ° V N 

Enantioselective trifluorometylation. 

14d-f are asymmetric compounds, prepared from enantiopure precursors 
[(/?)- and (5)-phenylglycinols, ephedrine]. 16f, in which S(IV) is an extra 
stereogenic center, has been also obtained from enantiopure ephedrine but with a 
moderate diastereomeric excess (d.e. = 20 %). Nevertheless, one of the 
diastereoisomer has been isolated in an enantiopure form. Thus, induction of 
chirality has been evaluated during the trifluoromethylation of benzaldehyde 
with 14d-f or diastereo- and enantio-pure 16f. Unfortunately, the resulting 1-
phenyl-2,2,2-trifluoroethanol was obtained as a racemic mixture from any of 
these reagents, even from 16f, in which chirality is brought by the reactive 
center. 

Enantioselective trifluoromethylation remains a real challenge since, at 
present, few tools are available for this purpose. Indeed, if high 
diastereoselectivity can be reached from trifluoromethylation of chiral substrates, 
such as chiral sulflnimides, with Ruppert-Prakash reagent (18g,h), 
trifluoromethylation of prochiral substrates with chiral trifluoromethyl-
containing systems usually leads to medium enantiomeric excesses. Until now, 
the best results have been obtained with CF 3SiMe 3, activated by chiral fluorides 
(57) or chiral Lewis bases (58) based on quinquina alcaloids, but enantiomeric 
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excesses exceeding 50 % are rarely reached, except when the substrate is very 
hindered or when its conformation is such that any nucleophile would add in a 
stereoselective way (59). 

Consequently, several other O-TMS-N-trifluoroacetyl-aminoalcools 14g-n 
were prepared, in a pure enantiomeric form, from «or-ephedrine, pseudo-
ephedrine, (1R,2S)- and (/S,2i?)-diphenylaminoethanol, prolinol and (JR,2S)-\-
hydroxymethyI-2-aminocyclohexane (Scheme 32). 

Scheme 32 

Ph_ Me Ph Me 

Me3SiO Ν — ' Me3SiO N -

Ph Ph 

14g (52 %) 

Ph Ph 

M 
Me3SiO N -

Pp3 

!4j(75%) 
C F 3 

Me3SiO-

CF 
14h(92%) 3 

Me3StO Ν — 

C F 3 

14i(29%) 

PlL 

Me3SiO 

Ph Ph 
Ph 

Ph 
Ph 

s|—J Me 3SD Ν 

C F 3 C F 3 

14k (37%) 141(55%) 

14m (70 

JL OSiMe3 

F 3 C 

14n (56 %) 

14g-n were opposed to benzaldehyde, a model of prochiral substrates, in the 
presence of cesium fluoride [CsF (0.1 equiv), DME, r.t., 24h] or TBAT [TBAT 
(0.1 equiv), THF, r.t., 7h]. Good trifluoromethylation yields were obtained with 
all these reagents, except with 14n that did not react, even under heating, and 
was recovered in its desilylated form. May be 14n could exhibit a rigid 
conformation in which the silyoxy group is, for coulombian reasons, far enough 
from the trifluoroacetyl moiety to prevent nucleophilic ring closure. 

Racemic phenyl(trifluoromethyl)carbino! was obtained from 14i-m and a 
tiny enantiomeric excess (3-5 %) was observed from pseudoephedrine derivative 
14h. 14g was the only reagent to induce a noticeable transfer of chirality since it 
delivered l-phenyl-2,2,2-trifluoroethanol, from benzaldehyde at room 
temperature, with a 10 to 12 % enantiomeric excess. The reaction could not be 
carried out at a lower temperature since reaction became too slow. 

Such poor results could arise from the fact that, in 14g-n, the chiral centers 
were too far from the reaction site. Thus, analogous 
trifluoromethanesulfinamides were prepared from enantiopure (/S,2/?)-l,2-
diphenyl-2-aminoethanol, (/?)- and (S)- phenylglycinol, prolinol, α,α-
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diphenylprolinol and (/^i^-l-hydroxymethyl^-aminocyclohexane (Scheme 
33). Because of the chirality of sulfur(IV), these compounds were obtained as a 
mixture of two diastereoisomers (d.e. = 10-52 %), from which at least one of 
them has been isolated in a pure form or as an enriched fraction. 

Scheme 33 

- P h J h Ph Ph 

Me3SiO N — ' Me3SiO Ν — ' Me3SiO Ν — ' 

o=ss 0=s{ o~s{ 
C F 3 C F 3 C F 3 

16d (75 %, de : 52 %) I6e (32 %, de : 50 %) 161 (68 %, de : 46%) 

θ Ph Q>A 
M e 3 S 0 ^ S ' F r f ^ O F3cA OSM63 

C F 3 

16m (41 %, de : 44 %) 16n (75 %, de ; 10 %) 16p (75 %, de : 10 %) 

Sulfanamides 16d,e,l-p were reacted, at room temperature, with 
benzaldehyde in the presence of CsF. Except from 16n, which was unreactive as 
its acetamido analog, medium to good trifluoromethylation yields were obtained. 
On that point, it must be noticed that, if 14d,e had to be warmed to 40 °C to 
trifluoromethylate, their sulfinyl analogs 16d,e could be successfully used at 
room temperature. However, though reactive, 16e,f,l,p led to an almost racemic 
(trifluoromethyl)carbinol. In contrast, diastereomerically enriched 16d (d.e. = 84 
%) delivered 1 -phenyl-2,2,2-trifluoroethanol with a 73 % yield and a 20 % 
enantiomeric excess. Enriched 16m (d.e. = 84 %), though less reactive (yield = 
33 %) led to a comparable enantiomeric excess (e.e. = 17 %). Once more, these 
results demonstrated the higher interest of trifluoromethanesulfinamides over 
trifluoroacetamides as trifluoromethylating reagents. 

Finally, 16d has been reacted with benzaldehyde in the presence of N-
benzylcinchonium fluoride, the chiral ammonium fluoride that has been already 
used by Kobayashi et al to induce chirality during trifluoromethylation with 
CF 3SiMe 3 (56). Indeed, the enantiomeric excess of the resulting l-phenyI-2,2,2-
trifluoroethanol jumped to 30 % (Scheme 34). As already mentioned for the 
homologous trifluoroacetamides, no improvement could be found by decreasing 
temperature since, at 0 °C, no conversion of benzaldehyde was observed after 
72h (60). 

Other chiral trifluoromethylating reagents derived from aminoalcohols, 
associated to other chiral catalysts, are presently under investigation. 
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Scheme 34 

Ph 

Me 3SiO 

'Ν' 

yield = 31 % 
e.e. = 30 % 

Conclusion 

In conclusion, several new reagents have been designed for the nucleophilic 
trifluoromethylation. All of them are environmently friendly, since they arise 
from fluoroform, fluoral, trifluoroacetamides or trifluoromethanesulfinamides. 
All of them trifluoromethylate efficiently non enolizable carbonyl compounds or 
disulfides. It must be added that some are so stable (2b, 2c, 3c, 141) that they can 
be considered as real laboratory reagents. Trifluoroacetamides or 
trifluoromethanesulfinamides derived from Osilylated-1,2-aminoalcools 
constitute the most attractive family since they exhibit the larger scope and are 
also able to trifluoromethylate enolizable carbonyl substrates, even at room 
temperature with a suited substituent pattern. Promising results have been 
obtained, with some members of this family, concerning enantioselective 
trifluoromethylation of prochiral substrates. 

On the other hand, hemiaminals of fluoral are also potent precursors of 
trifluoromethylated iminiums and difluoroketene aminals, which constitute wide-
scope key-intermediates for the expedient preparation of elaborated compounds, 
especially nitrogen-containing cycles. 
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Chapter 4 

SF5-Synthons: Pathways to Organic Derivatives 
of SF6 

R. W. Winter, R. A. Dodean, and G. L. Gard 

Department of Chemistry, Portland State University, Portland, OR 97207 

In this review, the synthesis and use of the primary synthons SF 5X (X = F, Cl, 

Br, SF5) in forming organic derivatives of SF 6 will be described. We have found 

that using primary SF 5 X synthons, convenient pathways exist for preparing 

secondary synthons that include SF 5 - alkanes, alkenes, alkynes, iodides and 

aromatics. The primary synthons also offer pathways for preparing and studying 

the reactive SF5+, SF6-, and SF5• intermediates. 

Introduction - Overview of SF5X 

The present review will include the more recent developments in the last 
several years of the chemistry of SF5-C systems; as is appropriate SF 5-N and 
SF5-O compounds will be briefly mentioned. It is worthwhile to point out that a 
number of significant reviews have been published dealing with SF 5 - chemistry 
(IS). The interest in SF 5 chemistry was first started by Moissan who, in 1891, 
prepared the first high valent sulfur fluoride (SF6) by the direct fluorination of 
sulfur (I). 

© 2005 American Chemical Society 87 
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Primary and Secondary Synthons 

Halogens / Pseudohalogens 

There are a number of simple SF 5 X (X = halogen/pseudohalogen) 
compounds that have been reported and they are listed in Table L 

The outstanding chemical stability of sulfur hexafluoride (SF6) is carried 
over to a large number of its organic derivatives RSF5. While there are various 
pathways for preparing RSF 5 (2-4), this review will limit itself to the more recent 
use of SF 5 X (X = F, CI, Br, SF5) systems and the use of secondary systems 
prepared from SF 5X. 

In general, the parent SF 5X, SF6» is not useftd for preparing RSF 5 

compounds. It will react with hot alkali metals, accelerate aie pyrolysis of 
paraffin hydrocarbons, remove silicon from a platinum catalyst and catalyze the 
reaction of ammonia with a ketone and an aldehyde to give a pyridine^. Sulfur 
hexafluoride will form a solid hydrate and other inclusion compounds; the 
hydrate decomposes above 0° C (I). It will react with electophilic agents such as 
AICI3 and S0 3 to give A1F3, C l 2 , S2C12 and S0 2 F 2 , respectively (6). It has also 
been shown that methyl radicals can abstract fluorine from SF 6 above 140° C (7). 

In a low temperature plasma, SF6, SF5CF3 and SF5CI reacts with QHe and 
gives mainly halogenated aromatic compounds and minor quantities of SF5QH5. 
With QH5CI, SF 5 C 6 H 5 and SFsQftjCl are found (8). In a microwave study of 
SF 6 with chlorine it was found that the percentage conversion into SF5C1 was as 
high as 25% when the SF6:C12 molar ratio was 0.17 to 1.0 (9). Recently, it was 
found that SF6 may be converted to the SF 5

+ anion; this will be discussed in the 
section dealing with SF5" anions. More recently, SF 6 had found use as a plasma 
etching gas; SF6 with 0 2 in plasma will etch carbon or silicon based materials 

After the report of SF6, the next SF 5X compound to be prepared and studied 
was S2Fto (1933), which was obtained as a by-product from the fluorination of 
sulfur (12). Several useful preparative procedures have been reported; in one 

Table I. Halogen / Pseudohalogen Compounds 

SF 6 

SF 5OS0 2F 
SF 5 CN 
SF5NCS 

SF5CI SF5Br 
SF5OF SF5OCI 
SF 5NC SF5NCO 
SF 5NF 2 SFsNClj 

S 2F l 0(F 5S-SF 5) 
SF5OCN 
SF5NSO 

(10, 11). 
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method, SF5C1 undergoes reduction with H 2 in the presence of light (13) and 
another method involves the photodecomposition of SF5Br into S 2 Fi 0 aind Br 2 

(14). 
The compound, SF5C1 (1960) was formed as a minor product in the 

fluorination of SC12 (15). Other useful preparative methods include chlorination 
of S 2 F 1 0 with C l 2 (16), reaction of C1F with SF4 (17) and reaction of MF (CsF, 
KF) with SF 4 and C l 2 (18,19). 

SF 5Br (1962) was prepared by the reaction of SF 4 with Br 2 and BrF 5 at 100° 
C under pressure (20). In 1965, a method using S 2 F 1 0 and Br 2 was reported (21); 
this method was further studied in order to improve both yield and purity (22, 
23). Additional methods have used SF4, Br 2, BrF 3 or BrF with CsF (24, 25). Our 
laboratory found that SF5Br can be prepared in situ, in large quantities, and in 
high yields by the following steps (26): 

BrF 3 + Br 2 -~» 3BrF 6-11 days 

SF 4 + BrF - » SF5Br 36 days @ r.t. (yield 99%) 

20 days with heating (yield 88%) 

SF 5

+, SF 6 \ SF5" and SFS- Intermediates 

SF 6 is a colorless, odorless, non-toxic and inert gas at room temperature. 
There is a resonance capture of electrons of about 2 eV energy to form the SF6" 
and SF5" in about equal amounts (1). The appearance potentials (volts) for the 
following positive ions are observed in a mass spectrometer are: SF 5

+ (15.9). 
SF 4

+ (18.9), SF 3

+ (20.1), SF 2

+ (26.8) and SF+ (31.3) (I). While it has not been 
possible to prepare a compound containing the SF 5

+ ion, derivatives like RSF4* 
are known; these ions are generated via reaction of RSF 5 with SbF5 where R = 
CH 3 , CH=CH2, C=CH. These compounds are not stable at room temperature 
(24). 

Compounds containing the SF 5 anion are conveniently generated via 
the reaction of SF 4 with MF (18,19, 27, 28): 

MF + SF 4 -> M +SF 5" [ M ^ ^ R b . C ^ A g ^ C H s ^ C s i l S - c r o w n - o ) / ] 

The salt, (Cs+)6(SF5")4(HF2")2 is also known (29). In a recent patent report, 
salts of the form Q +SF 5

+ , with Q + = certain ΝΙΐΛ PR/ , R 3S + , phosphazenium 
and amidinium, and of the form Q 2 +X"SF 5", with Q 2 + = dications of 
tetraaminoethylenes, tetraalkylthioethylenes, or of o- andp- phenylenechamines. 
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In particular, it is found that S 2 Fi 0 and SF 6 will react with tetrakis-
(dimethylamino)-ethylene to give [((CH3)2N)2C=C î(CH3)2)2]2+(SF5")2 (which 
was isolated) and [((CH3)2N)2C=C(N(CH3)2)2]2+F"SF5" (which was not isolated) 
(30). These pentafluorosulfiiranides may be used to generate SF 4 (the process 
SF 6 -> SF4), as fluorinating agents (e.g. R-OH -> R-F), and apparently also to 
directly introduce the SF 5 group into aliphatic (RCH 2OH -> RCH 2SF 5) and 
aromatic (Aryl-X) systems. It is also claimed that SFs-aryl, SF5-acetylene, and 
SF5-olefin systems can be prepared. This would be highly significant with 
respect to the use of SF 6 (which is very easily made) and the possibility to utilize 
the nucleophiie "SF5"", which has not been possible up to now. 

The SF5- radical can be generated from S 2 Fi 0 (heat, 125-140° C) (21) from 
SF5CI (light or heat with peroxide catalyst) (2), from SF 5Br (heat or light) (31) 
and from SF 6 (microwave or electrical discharge) (1). SF5- is the chain carrying 
agent in reaction with SF 5 X and unsaturated compounds (32). The first matrix 
isolation and infrared identification of the SFs* radical was achieved by the 
vacuum ultraviolet photolysis of SF 5 X (X = F, CI, Br). In addition to the simple 
SF 5-X bond rupture, there is a significant competing process that involves the 
molecular photoelimination of XF and SF 4 (31). 

Secondary Synthons 

A number of additional noteworthy SFs-systems that can be used as 
secondary synthons. These include the following compounds: SF5NII/ 
SF 5N=CX 2 (X = F, Cl), SF5NSX2 (X = F, CI)*, SF5NSF4*, SF5NHC(0)F, 
SF s(0) nSF 5(n = 2, 3),SF5OOH, SF5CX2C(0)C1 (X = H,F) SF 5 CX 2 S0 3 H, 
SF51$CF20 and SF 5CFXCF 2OS0 2 (X = F, H), The asterix denotes compounds 
that are not prepared from SF 5X. 

In particular, the following secondary synthons prepared from SF 5X (X = 
CI, Br, SF5) include: SF5CF=CF2, SF 5CsCH, SF5OCCF3, SF 5CZ2CY 2X (Z5 Y = 
H, F, Cl, Br and Χ = Br, I), SF5(CF2)aI and SFsiCF^CeHs; their reaction 
pathways are given below: 

SF 5 X + F2C=CHF -> SF 5CF 2CHFX which with base gives SF5CF=CF2 

SF SX + HCsCH -> SF5CH=CHX which with base gives SF5C=CH 

SF5Br + CF3C=CH CF3C(Br)=CHSF5 which with base gives SF 5CsCCF 3 
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SF 5 X + CZ 2=CY 2 -> SF 5 CZ 2 CY 2 X which with base gives SF 5CZ=CY 2 

S 2 F 1 0 + ICF 2CF 2I + l/2nCF2=CF2

 A > P > SF5(CF2)nI 

SF 5(CF 2)J + Q H 6 ~> SF 5(CF 2) nC 6H 5 

The chemistry of these secondary synthons (SF5-Carbon synthons) along 
with the primary synthons will be discussed in the following pages. 

SFs-Organic Derivatives from Primary and Secondary 
Synthons 

There are a number of ways to prepare SF5-organic derivatives (1-5): 

(1) treatment of disulfides, mercaptans or sulfides with fluorine or via 
electrochemical fluorination 

(2) oxidation of aromatic disulfides with AgF 2 or with F 2 

(3) addition of SF 5 X (X = CI, Br, SF5) across multiple bonds 
(4) reaction of SF5-olefins/alkynes with various reagents 
(5) use of SF 5 (CF 2 y with η = 2,4,6,8,10 

SF5-Perfluoroalkyl Iodides 

Perfluoroalkyl iodides are an important class of compounds used in the 
preparation of many useful fluoroorganic and fluoroorganometallic derivatives. 
By comparison, there are only a few studies dealing with the chemistry of SF 5-
perfluoroalkyl iodides. The known and characterized SF5-perfluoroalkyl iodides 
are: SF 5CF 2I (33), SF 5(C 2F 4)J where η = 1,2,3 (34, 35), SF 5(C 2F 4)J where η -
4,5 (36), SF 5(C 2F 4) 2I (37), SF5CF(I)CF3 and isomer SF5(CF2)2I (35, 38, 39), 
SF5CF=CFI (40, 41), SF 5CsCI (42), SF5CF(I)CF2CF3 (43). Since SF5I is 
unknown, the chemistry of the readily accessible SF 5CF 2CF 2I has been studied. 

A homologous series of SF5(CF2)nI can be conveniently prepared from S 2 F I 0 

(34, 35): 

S 2 F 1 0 + ICF 2CF 2I + nCF2=CF2

 Δ ' Ρ > SF5(CF2)2 nI 

Mass spectral analysis report values of η up to 9 (34, 35). 
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The chemistry of the SF5(CF2)nI with alkene and alkyne systems has been 
carried out; particular emphasis was given to SF 5CF 2CF 2I (34). The reactions of 
SF 5CF 2CF 2I with alkenes/alkynes are carried out in a Carius tube containing 
mercury; irradiation was achieved with a halogen lamp. In this manner a number 
of adducts were formed: SF5(CF2)n(CH2)yI where η = 2, 4, 6 with y = 2, and 
where η = 2 with y = 2,4,6 (34, 44); SF5(CF2)4(CH2)2I (36, 37), 
SF5CF(CF3)(CH2)2I (38), SF5(CF2)2(CHFCF2)nI and isomers with η = 1,2 (34), 
SF5(CF2)2CH=CHI (34), SF 5(CF 2) 2CH 2CHICH 2CF=CF 2 (45). 

The SF5-polyfluoroalkyl iodides serve as starting points for preparing a 
number of useful derivatives: SF5(CF2)nCH=CH2 with η = 2,4 (34, 45), 
SF 5(CF 2) n(CH 2) 2OH with η = 2,4 (45, 46), SF5(CF2)2(CH2)2OC(0)CH=CH2 and 
polymer (47, 48), SF5(CF2)2(CH2)2OCH2C(C(0)OCH2CH3)=CH2 and polymer 
(47, 48), SF 5(CF 2) n(CH 2) 2SiCl 3 with η = 2.4 (47.491 [SF 5(CF 2) n(CH 2) 2SiOL 5] x 

with η = 2,4 (47 491 SFS(CF?)?OHCH,Ô and polymer (46, 50), 
SF5(CF2)2(CH2)2OCH2OHCH2Ô and polymer (46, 50), SF 5(CF 2) 6(CH 2) 2SH (51), 
SF5(CF2)6(CH2)2OC(0)CH=CH2 and polymer (52). The reaction of SF5(CF2)nI 
with C1F3 or with (CF3)3C0C1 gave SF5(CF2)2IF2, SF5(CF2)2IF4, SF 5(CF 2) 4IF 4 or 
SF5(CF2)2I[OC(CF3)3]2, respectively (53, 54). 

The first SF5-substituted iodoperfluoroalkene, SF5CF=CFI, was prepared by 
reacting SF5CF=CF2 with trimethylphosphine; the intermediate, 
[SF5CF=CFP(F)(CH3)3], when treated with the etherate of BF 3 gave the salt, 
[SF5CF=CFP(CH3)3]+[BF4]". This salt forms SF5CF=CFI by reaction with I2, 
Na 2 C0 3 , and waterfW/ An improved method has also been found using tri-n-
butylphosphine in place of the trimethylphosphine; the crystal structure of 
[SF5CF=CFP(CH3)3]+[BF4]~ was also determined (41). In an interesting 
development, SF5-Grignard reagent , (E)-SF5CF=CFMgI, was made from 
SF5CF=CFI and magnesium; when reacted with various phosphorus (III) 
chlorides the following derivatives were produced: SF5CF=CFPR2 where R can 
be OEt, OMe, NEt2, OCH2CH2N(Me), i-Pr. For the case with R = OMe, reaction 
with hexafluoroacetone gives the corresponding SF5-dioxaphospholane, 
SF5CF=CFPOC(CF3)2C(CF3)2Ô (55). 

SFs-Alkyl/Fluoroalkyl Halides 

A large number of SF5-alkyl/fluoroalkyl halides have been prepared by the 
direct addition of SF 5X to alkenes and alkynes and much of this work has 
already been reported (2-5). It has been determined that S 2 Fi 0 adds poorly to 
double bonds (56). New SF 5 adducts are prepared by reaction of SF 5 X (X = CI, 
Br) with alkenes and alkynes (2-5). For example, reaction of the appropriate 
SF 5 X with CH 2=CH 2, CH2=CF2, CHF=CF2, CH2=CC12, CH2=CHBr, CF2=CFBr, 
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CH2=CHOAc, CH2=CHCOOR, CH2==C=0, and CH2=CHCH2CF=CF2 gave the 
expected addition products and derivatives: 

SF 5CH 2CH 2C1, SF 5CH 2CH 2Br, SF 5CH 2CF 2Br, SF 5CHFCF 2X, 
SF 5CH 2CCl 2Br, SF 5CH 2CHBr 2, and SF 5CF 2CFBr 2. These addition products give 
rise to other useful materials such as SF5CH=CH2, SF 5 CH 2 CH 2 Y ( Y= S0 3 H, 
OTos, OH, H), SF5CH=CF2, SF 5CH 2S0 3H, SF 5 CH 2 CF 2 S0 3 H, SF5CF=CF2, 
SF 5CHFCF 2S0 3H, SF 5CHFS0 3H, SF 5CF 2S0 3H, SF5CH=CC12, SF 5CH 2CHO, 
SF 5CH 2COOCH 3, SF5CH2CH(OR)2, (R = CH 3 , C 2 H 5 , CH 3CO) 
SF 5CH 2CH 2COOH, SF5(CH2)3Z (Z = OH, Br, I, OTos), SF 5CH 2C0C1, SF 5 CH 3 , 
SF 5 CH 2 C00H, SF5CH2C0C1, SF 5CH 2Br, SF4=CH2, SF 5CH 2CHBrCH 2CF=CF 2 

and SF5(CH2)3CF=CF2. In a similar fashion, the addition of SF 5 X to alkynes can 
lead to a number of significant products; with HCsCH, CH 3 CsC0CH 3 , 
SF5OCH, CF 3CsCH, HCsCSi(R,RR), and HCsCCOOCH 3 the following 
products and derivatives are found: SF5CH=CHX, SF5OCH, SF 5CH=CHOCH 3, 
SF 5CH 2CHO, SF5QH5, SF5(CH3)C=CC10CH3, SF 5CHBrCH 3 SF4=CHCH3, 
SF5CBr=CHSF5, CF3CBr=CHSF5, SF5OCSF5, CF 3CsCSF 5 , 
SFsCH^CBrSii^R^R") (e.g. R,R',R"=isopropyl, or R,R*=isopropyl, R"=t-butyl) 
SF5C=CSi(CH3)3, SF 5CsCH, and SF5CH=CBrCOOCH3, SF5CH=<:HCOOCH3. 

One can see that a vast number of functional groups are compatible with 
SF 5 X addition to the unsaturated systems. Many of the above compounds will be 
discussed further in this text. In general, SF5Br is more reactive than SF5C1 (57, 
58). It is also clear that there is a certain reactivity range of the olefinic bond 
which allows for successM SF 5X addition. This addition is limited by low 
reactivity on one side and high reactivity (electron-rich olefins) on the other side; 
high reactivity results in XF addition and SF 4 expulsion (57). 

Recently, several noteworthy results in this area have been reported. In 
particular, SF5C1 addition to olefins was found possible, even for very reactive 
double bonds, by using trialkyl boron at low temperatures (59). This method is 
generally applicable to a free-radical addition process. A noteworthy example of 
this process shows that SF5C1 can be added to styrene; without the trialkyl boron 
present rapid polymerization of styrene occurs (60). 

Another interesting development involves chain-extension and was found by 
reacting SF5Br with CH2=CHC(0)OCH2CH3; reduction of the adduct with (n-
butyl)3SnH produced the SF 5CH 2CH 2C(0)OCH 2CH 3 which when treated with 
BH 3<CH 3) 2S gave SF5(CH2)3OH (57); the alcohol can be used to prepare the 
corresponding three carbon chain iodide, tosylate and bromide (46). 

In our laboratories, we have found that a Diels-Alder adduct with butadiene 
is formed using SF5CH=CHCOOR (46). 
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SF5-AIiphatic Hydrocarbons (Alkanes, Alkenes, Alkynes) 

Only several SF5-alkanes are known: SF5CH3 is produced by reduction of 
SF 5CH 2Br, prepared from SF 5CH 2C(0)OAg and Br 2 (61). SF 5 CH 2 CH 3 is 
prepared by a series of reactions: reduction of SF5CH2C(0)C1 with L iAlH 4 gives 
SF 5 CH 2 CH 2 OH which then forms the corresponding tosylate, 
SF 5CH 2CH 2OS0 2C 6H4CH3; the last step is the reduction of the tosylate with 
L1AIH4 (24). It is possible to form SF 5 CH 2 CH 3 (with about 70% yield) from the 
reduction of SF 5CH 2CH 2Br with R3SnH in diphenyl ether (46, 62). It is claimed 
that SF 5 - containing fluoroalkyl iodides may be reduced with H 2 at temperatures 
up to 400° C forming SF 5 - containing fluoroalkanes (63). 

Since the last review of SF5-alkenes/alkynes (4), the following systems have 
been reported: SF5(CF2)nCH=CH2, (n= 2,4), SF 5(CF 2) 2(Œ 2) 3CF=CF 2 (34, 45). 

The use of SF5CF=CF2 as a secondary synthon has led to a number of 
interesting and important developments. In the 1994 review of SF 5-
alkenes/alkynes, the chemistry of SF5CF=CF2 is discussed (4); in particular, the 
formation of SF 5 oxetanes, sultones, perfluoroalkyl iodides, an exocyclic alkene, 
a N-chlorosulfenyl-aziridine, and several copolymers with CF2=CF2 or 
CFH=CF2. Also listed are the very interesting phosphonate derivatives: 
SF5CF=CFP(0)(OR)2 where R = Et, SiMe3. By comparison, SF5CH=CF2 when 
reacted with silylphosphites, (RO)2POSiMe3 with R = Et, SiMe3, produced the 
corresponding phosphonates, SF5CH=CFP(0)(OR)2; for the case where R = 
SiMe3, hydrolysis gave the phosphonic acid SF5CH=CFP(0)(OH)2 (64). Using 
this same method, the fully fluorinated acid SF5CF=CFP(0)(OH)2 was made 
(64). The novel nitroso compound, SF5(CF3)CFNO has been reported (65). 

Only a handful of bis and tris-SF5 carbon compounds exist. The first 
compound containing two SF 5 groups was (SF5)2CF2; it was prepared either by 
direct fluorination of CS 2 (66) or electrochemical fluorination (67). The addition 
of S 2 F 1 0 to CF3CF=CF2 produced small quantities of SF5CF(CF3)CF2SF5 
(75,);with vinyl chloride, SF5CHC1CH2SF5 is produced (13). The compound, 
bis(pentafluorosulfur) ethane, (SF 5) 2C 2H 3Br, was prepared by adding SF5Br to 
SF 5CH=CH 2 (68). When AgCF(SF5)CF3 is reacted with Br 2, BrCF(SF5)CF3 and 
[CF(SF5)CF3]2 are formed (69); the dimer is unstable at 100° C producing S 2 F 1 0 

and CF3CF=CFCF3. Another dimer, (SF 5CFCF 2) 2 prepared from SF5CF=CF2 and 
CsF has been reported; its structure is unknown (70). When SF5CF=CF2 is 
treated with TASF, the dimer, SF5CF=CFCF(CF3)SF5 is formed (71). 
Surprisingly, CF 3OCl with SF5CC1=CH2 gives the following butane, 
SF5CC12CH2CH2CC12SF5 (72). The following interesting compounds have also 
been reported: (SF5)2C=CF2, (SF5)2CHCOOH, (SF 5) 2CH 2 (73, 74); it is 
interesting to note that treatment of (SF 5) 2CH 2 with base and heat gives 
SF5Cs=SF3 (73). The diester, rSFsCF(S02F)C(0)0CH2CF2]2CF2, is formed from 
HOCH 2(CF 2) 3CH 2OH and SF 5CFCF 2OS0 2 (75). 
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Several aromatic di/tri substituted SF5 derivatives are known; 
(SF 5) 2C 6H 3N02 (76) and (SF 5) 3QH 3 (42, 77). The compounds 
SF5(CF3)NN(CF3)SF5 , (SF5)2NR f (Rf=CF3, C 2F 5) and (SF 5) 3N are known (18, 
78, 79). Recently, the following materials have been produced: 
SF 5CH 2CHBrCH 2SF 5, trans-SF5CH2CH=CHCH2SF5, and (SF 5CH 2) 2C=CH 2 

(46). 
Additional examples of bis-SF5 confounds will be found at the end of the 

next section. 

SF5-Alcohols, Alkoxides, Aldehydes, Ketones, Thioketones, Ketenes Aeetals, 
Enol Ethers 

The known SF5-alcohols include: SF 5(CH 2) nOH (n = 2, 3) (24, 80): 
SF 5(CF 2) 2(CH 2) 2OH (45). It was found that a transesterification reaction of 
SF 5(CH 2) 2OC(0)CH 3 or SF 5(CF 2) nCH 2CH 2OC(0)CH 3 (n « 2,4) gave the 
corresponding alcohols in high yields (81). The esters were prepared by reacting 
CH 3C(0)OAg with either SF5(CH2)2Br or SF 5(CF 2) nCH 2CH 2I (n = 2,4) (81). 

The first SF5-containing ene-ol, SF5CH=CHCH2OH, was prepared by the 
base treatment of SF 5CH 2CHClCH 2OAc (58). 

The only known aldehyde, SF 5CH 2CHO, was prepared by first forming 
SF 5CH 2CHC1 2 from SF5C1; dehydrohalogenation and treatment with NaOCH 3 

gives SF5CH=CHOCH3. Acid hydrolysis of the methyl ester produces 
SF 5CH 2CHO (82). In another procedure, the hydrate of the aldehyde, 
SF 5CH 2CH(OH) 2 was prepared by base treatment of SF 5CH 2CHC10C(0)CH 3; 
the pure aldehyde was obtained by dehydration with P4O10 (83). A later study of 
this reaction found that the trimer (SF 5CH 2CHO) 3 was a by-product; the crystal 
structure of the trimer was also determined (84). 

The following reactions illustrate the relationship between aeetals, acylals, 
enol ethers and vinyl halides: 

The first SF5-ketone, SF 5CH 2C(0)CH 3, was prepared by heating SF5C1 and 
isopropenyl acetate together at 100° C (83). The fully fluorinated ketone, 
SF 5C(0)CF 3 has also been reported; bromine is added to SF5CH=CF2 giving 
SF5CH(Br)CF3 which when treated with S 2 0 6 F 2 gives SF 5C(0)CF 3 and S 2 O s F 2 

(85). The thioketone, SF5(CF3)C=S, is formed from SF5(CF3)C=SF2 and BI 3; the 
intense blue-violet compound will dimerize to die 1,3-dithietane, 
SF5(CF3)CS2C(CF3)SF5 (86). 

There are two interesting ketenes, SF5C(S02F)=C==0 and SF 5 CH=00. The 
first ketene is prepared from the ester SF5CH(S02F)C(0)OCH(CH3)2 which was 
formed from the corresponding SF 5CHCF 2OS0 2 and (CH 3) 2CHOH; treatment of 
this ester with P4O10 or treatment of the acid fluoride with BF 3-N(C 2H 5) 3 gave 
SF5C(S02F)=C=0 (87, 88). The second ketene was prepared by dehydration of 
SF 5CH 2C(0)OH with P4O10; this ketene dimerizes with heat or in glass and at 
270-290° C is isomerized to SF4=CHC(0)F. In the presence of metal fluorides, 
SF5CH=C=0 will polymerize to a rubbery solid (89). 
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SF5(C1, Br) 

CB*=€HC 

CH2=CHOAc 
r 1 

SF5CH=CH(Cl,Br) 

CH3ONa 

SF5CH2CH(OAc)(Cl,Br) SF5CH2CHC12 

CH3OH Base 

SF5CH=CHOCH3maQN|. SF5CH2CHO 

Ox. 

H SF5CH=CHCOOCH3. 

SF 5CH 2CHO-
H 

c r 
F 5S 
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SF r Acid$, Acid Halides, Esters, Salts 

One area of particular interest deals with the synthesis and reactions of a 
number of SF5-carboxylic acids and salts. The first SF5-carboxylic acid to be 
reported, SF5CF2C(0)OH, was prepared via electrochemical fluorination of 
HSCH 2 C0 2 H (90). in 1970, an alternate method was developed by adding SF5C1 
to alkyl trifluorovinyl ethers. The products, SF5CF2CFC10R (R=CH3,CH3CH2), 
when treated with H2S04 at 75-80° C give the corresponding esters; treatment of 
the ethyl ester with base and H 2 S0 4 gave SF 5CF 2C(0)0H (91). 

The addition of SF5C1 to ketene gives SF5CH2C(0)C1 which upon 
hydrolysis yields SF 5CH 2C(0)0H (83); also the oxidation of the SF 5CH 2CHO 
with KMn0 4 gives this acid, too (92). Addition of G(0)F2 to SF5CF=CF2 with 
CsF affords the preparation of SF5CF(ÇF3)C(0)X (X = F, OH) (70). The 
interesting acid, (SF 5) 2CHC0 2H, was prepared by addition of SF5C1 to 
SF5CT==CF2; the addition product when treated with K 2 C 0 3 produces 
(SF5)2CF=CF2 which undergoes hydrolysis to (SF 5) 2CHC0 2H (74). A number of 
additional acids have been prepared; in Table Π is a list of the SFs-containing 
carbonyl halides, carboxylic acids and some salts that can be prepared from 
SF 5 X. 

The longer chain acid, SF5(CH2)2COOH, was prepared by a novel chain-
extension method: SF5CH2CHBrC(0)OC(CH3)3 prepared from SF 5Br and 
CH2=CHC(0)OC(CH3)3, is reduced with tri(n-butyl)tin hydride producing 
SF5(CH2)2C(0)OC(CH3)3 which undergoes hydrolysis to SF5(CH2)2C(0)OH 
(57); the crystal structure of this acid has been reported (93). Also, a number of 
other SF5-perfluoroalkyl carbonyl fluorides, SF5-perfluoroalkyl carboxylic 
acids/salts are known and have been prepared by die electrochemical 
fluorination of sulfur containing compounds; for example, electrochemical 
fluorination of 2-thiophenecarbonyl chloride gives, SF5(CF2)4C(0)F, 
SF5(CF2)4C(0)OH, SF5(CF2)4C(0)OM (M = Li , N H / ) . Also, by the same 
method using di-(thiohexanoyl chloride) the following compounds were 
obtained: SF5(CF2)3CF(CF3)C(0)F, SF5CF(CF3)(CF2)3C(0)F, and 
SF5(CF2)5C(0)F; these compounds produced the corresponding carboxylic acids 

and SFsfCF^sCOzNHU (94); additional work in this area for SF5(CF2)nC(0)F (n= 
3,4) and derivatives are given in reference (95). 

In addition to the SF5-carboxylic acids discussed above, a number of SFs-
containing sulfonic acids, their halides, esters and salts have been made (see 
table ΙΠ). There are several pathways for preparing these materials. The first 
method involves reacting SF5-alkyl bromide (SF 5CHXCY 2Br where X , Y = H, F) 
with sodium sulfite; the sodium salt is isolated and then acidified giving the 
corresponding SFs-fluoroalkvl or alkyl acids (96). In the second method, the 
SF5-sultorles (SF 5 eXCF 2 0§0 2 with X = H, F), formed from the reaction of 
SF 5CX=CF 2 with monomelic S0 3 , are hydrolyzed producing SF 5 CXCF 2 S0 2 F; 
the sulfonyl fluorides are reacted with base and acidified in order to give the 
corresponding SF5-sulfonic acids (75, 97). The perfluorinated acid, SF 5 CF 2 S0 3 H 
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(SF5-triflic acid), is prepared by fluorinating the precursor SF5CFHSO2F with F 2 ; 
treatment of the SF 5CF 2S0 2F with base and acid gives the corresponding 
SF 5 CF 2 S0 3 H (98). Electrochemical fluorination of 2-thiophenesuIfonyl fluoride 
and dimethyl sulfide produced SF5(CF4)4S02F (95); base treatment gave 
SF5(CF4)4S03Li The m-SF5(CF2)n-aromatic sulfonic acids (n = 2, 4, 6) are 
prepared by reacting SF 5(CF 2) nC 6H 5 with HS03C1; the intermediates, m~ 
SF 5(CF 2) nC 6H4S0 2Cl, are hydrolyzed to the corresponding sulfonic acids (46, 
99). A number of interesting salts have been formed from either the SF 5-
alkylsulfonyl fluoride by treatment with base or from the SF5-alkylsulfonic acids 
(100,101). 

In a recent report, the following ester derivatives of β-SFs-acrylic acid were 
reported: SF 5 Œ<BrC(0)ÔC 2 H 5 , S F 5 Œ < M Q O ) O Q H 5 and 
SF5CH=C(CH3)C(0)OCH3 (102). 

In addition, a large number of SF5-esters have been prepared from SF 5-
acids, acid halides, and SF5-alcohols. They are discussed in other parts of this 
review. 

SF5-Organic Metal Complexes 

The first SF5-transition metal complex, PtCl(SF5)(PPh3)2, was prepared in 
1969 from SF5CI (103). In the reaction of SF 5CsCCF 3 with Ni(CO)4, a yellow 
liquid, Ni(CO)2(SF5C=CCF3) is produced; this material upon further reaction 
with triphenyl phosphine gives a bright yellow solid, Ni[P(Ph)3]2(SF5C=CCF3) 
(104). In both compounds, a 3-membered cyclic structure with N i coordinated to 
the carbon atoms of C=C bond is found. A number of interesting cobalt 
compounds are formed from SF 5CsCH and Co2(CO)8; ta2(CO)n(SF5CsCH) 
with η = 4, 5, 6; the complex with η = 4 when treated with Br 2 produces the 
aromatic compound, (SF 5) 3C 6H 3 (42). The crystal structure of the cobalt complex 
with η = 4 is also reported. Further work of Co2(CO)8 with R O C S F 5 (R = H, 
CF 3) gave 1:1, 1:2 and 1:3 type products; for R = H, all three types of products 
were isolated (105). Several additional SF5-metal complexes were prepared 
using SFs-cyclopentadiene, SF 5 C 5 H 4 ; reaction with thallium ethanolate gave 
T1+[SF5C5H4]"1 which when reacted with [(cod)RhCl2Rh(cod)] produced 
SF5C5H4Rh(cod) or when reacted with [(CO)2RhCl2(CO)2] produced 
SF5C5H4Rh(CO)2 (106). It is expected that using TIISF5C5H4]", many 
organometallic cyclopentadienyl complexes should now be accessible (106); die 
crystal structure of the Tl[SF5C5H4]-râF complex revealed a bent chain of rings 
linked through the Tfcation. 

A number of SF5 salts have been prepared as discussed above (see table III). 
Also, a number of SF 5 salts formed from SF 4 and MF. In general, intermediate 
addition products, such as M+[SF 5C(CF 3) 2] (M - Rb, Cs), M*[SF 5CFCF 3r (M = 
Cs, TASF), have not been isolated but are used in preparing SF 5 products (18, 
29, 70). A number of additional salts have been isolated.; 
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Table Π. SF5-Carbonyl Halides, Carboxylic Acids and Salts 

Acid Halides Acids Salts 
SF5C(0)F 
SF5CF2C(0)F 
SF5CF(CF3)C(0)F 
SF 5CH 2C(0)X 

SF 5CF 2C(0)OH 
SF5CF(CF3)G(0)OH 
SF5(CH2)nC(0)OH 

SF 5CF 2C(0)OAg 
SF 5CH 2C(0)OM (Ba,Ag) 

NOTE:X = F,Cl,n = 1,2,4 

Table m. SFrSulfonyl Fluorides, Sulfonic Acids, and Salts 
SFs-SOJC SFj-SOsH SF5-S03M 

SF5CH2S02F 
SF5CHFS02F 
SF5CF2S02F 
SF5CH(COF)S02F 
SF5CF(COF)S02F 
SF5CH(C1)S02F 
SF5CH(Br)S02F 

SFJGH2SO3H 
SF5CHFSO3H 
SF5CF2S03H 
SF5CH2GH2S03H 
SF5CH2CF2SO3H 
SF5CHFCF2S03H 

SFsCH2S03M (M= Ca, Li) 
SF5ŒFSO3M (M-Ca, Na, Li) 
SF5CF2SO3M (M- Ca, Ba, Li) 
SF5CH2CH2SO3M (Na, Li) 
SFSCH2CF2S03M (Na, Li) 
SF5CHFCF2S03M (Na, Li) 
SF5(CF4)4S03Li 

SF5CBr2S02F 
SF5(CF4)4S02F 
m-SFs(CF2),AH4S02Cl m-SFs^^CgHUSC^H m-SFs(CF2)nC6H4S03K (n-2,4,6) 
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Ag[SF 5CFCF 3]CH 3CN [69], M+[SF 5C(S0 2F)COX]" where (X - F, OCH 3 , M = 
Ag, Na, Cs), and [(CH3CH2)3NH]+[SF5C(S02F)C(0)OCH3]" (107). 

The Grignard reagent in both m-,p-SF5C6H4Br leads to the formation of the 
corresponding m-,p-SF 5C6^C0 2H acids (77). 

SFs-Polymer Chemistry and Surface Studies 

The synthons, SF 5X, [X = CI, Br, SF5, CF=€F2, (ΟΡ 2) η0Η 2Οϋ(Ο)0Η=0Η 2] 
are useful in preparing novel SF5-polymers (see Table IV). In our laboratory, we 
have found that by using SF5Br and fluoroolefins not only monomeric liquid 
products but also polymeric solids are formed. In this study, a number of trends 
coincide with the increasing number of fluorine atoms in the structure: 

• increase in melting point 
• increase in stability and 
• decrease in solubility 

It is remarkable that partially fluorinated polymers are soluble in acetone 
and that the SF 5(CF 2CF 2)i 6Br 0 3 polymer is more stable than 
poly(tetrafluoroethylene) (108). In later work, it was found that CF2=CFBr and 
SF 5Br formed a waxy polymer (109). Polymer studies that include SF 5-
polyesters, SF5-epoxides, SFs-acrylates and SF5-silicones have been reported; 
extensive studies on the surface properties of the latter two polymeric systems 
have been carried out. 

In order to prepare SF5-polyesters, several SF 5- fluorosultones, 
SF 5CFXCF 2OS0 2 , with X = H, F, were prepared by reacting monomeric S0 3 

with the corresponding olefin, SF 5CX=CF 2 (110). The SF5-fluorosultones react 
with allyl alcohol giving the following allyl esters-
SF 5CFX(S0 2F)C(0)OCH 2CH=CH 2 (X = H, F). The corresponding polyester 
derivatives were prepared by ultraviolet irradiation in CFC13 (110). The 
properties and characteristics of these polyesters with SF 5 groups were 
determined. The decomposition temperatures are 170°C and 150°C, 
respectively; both polyesters are soluble in acetone but insoluble in water and 
CFC13. 

A number of new SF 5 monomers that contain a polymerizable functionality 
such as an epoxide group, an acrylate group or a chlorosilane group have also 
been prepared and studied. Several polymer systems based on 
SF5(CF2)2CHCH2Ô and SF 5(CF 2) 2(CH 2) 2OCH 2CHCH 20 have been prepared and 
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characterized (46). In addition to preparing epoxide systems, successful methods 
have been developed in order to prepare a number of terminal SFs-fluorinated 
acrylates (48, 111). The following acrylate monomers, bearing side chains 
terminated in SF5 groups, have been synthesized; 
SF5(CF2)2(CH2)2OCH2C(C(0)OCH2CH3)=CH2 and 
SF5(CT2)n(CH2)2OC(0)CH=CH2 with η = 2, 6 (48, 52, 111). The first monomer 
was polymerized by heating with AIBN; the polymer had a melting range of 126-
150° C, and a contact angle (H 20) of 96°. The second SF5-acrylate monomer was 
photo- copolymerized with HEMA; contact angles up to 100° were observed. A l l 
copolymer films containing the SF5-acrylate had a surface composition 
corresponding to an enriched overlayer of pure SF5-acrylate. The thickness of 
the surface-enriched overlayer decreases as the bulk concentration of SF5-
acrylate monomer decreases. At the lowest bulk copolymer concentration 
examined, 1 wt % loading of SF5-monomer, the overlayer thickness was 
approximately 20 Â. It is now possible to prepare surfaces entirely composed of 
SF5-groups using long chain acrylates (44); aqueous contact angles for non-
annealed photopolymerized SF5-longchain acrylate were 106±2.4°. After 
annealing under a nitrogen environment for 24 h, the angles were 112±3.6°. 
Additional studies with SF5-groups using long chain thiol have also been carried 
out (51). 

In an alternate route, new apolar SFs-containing surfaces utilizing SF5-
terminated perfluoroalkylsilanes and resulting SF5-polysiloxanes as components 
for films and coatings were formed (49, 111). In order to prepare SF5-
polysiloxane films and coatings, the new SF5-terminated perfluoroalkylsilanes, 
SF 5(CF 2) nCH 2CH 2SiCl 3 (n - 2,4) were prepared and characterized. Thin films of 
these new SF5-silanes on clean silicon oxide substrates were characterized by 
aqueous contact angle and XPS; the longer SF5-silane exhibits a high aqueous 
static contact angle of 106°. XPS analysis of the SF5-six carbon silane film 
strongly supports formation of organized SF5-silane monolayers despite probable 
steric and structural problems from the terminal SF5-group. Bulk SF 5-
polysiloxane materials with SF5-containing perfluoroalkyl groups are prepared 
by bulk hydrolysis of the new SF5-silanes (49). These materials are expected to 
show new, interesting chemical and physical properties including high chemical 
and thermal stability, high dielectric strength, low refractive index and low 
surface energy. These unique chemical and physical properties are derived in 
part from the similarities of the SF5-perfluoroalkyl groups to the parent 
compound, SF 6. 

Applications of all of the SF5-polymers include high-performance lubricants 
and optical materials, water repellent and oil-resistant sealants, antifoaming 
agents and protective surface coatings. 
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Table IV· SF5-FluoropoIymers / Telomers 

1. SF5CI with CF2=CF2, (112,113); SF 5(CF 2) nCl, MW « 2500, m.p.>400° C 
2. S 2 F 1 0 with CF3CF=CF2 (114) 
3. SF5CF=CF2 with CF2=CF2, (115); Polymer has m.p. that decreases with % 

SF5CF=CF2 (0.1 molar % SF5CF=CF2 gave product with m.p. 326° C; 50 
molar %, mp. 280° C) 

4. SF5CF=CF2 (I) with CF 2=CH 2 (Π) and CF3CF=CF2 (ΙΠ), (116); tough 
elastomers with I & II, and I, II ,111 

5. SF5CF=CF2 with CF 2=CH 2 (43); white copolymer 
6. SF sBrwithCT 2=CF 2 ,CF2=CFH, CF2=CH2, CFH=CH2 (117) 
7. SF 5 CXCF 2 OS0 2 (X = H, F) with polyvinyl alcohol (118) 
8. SF 5Br with CF2=CFBr, (109); SF5(CF2CFBr)ioBr; waxy solid 
9. SF 5(CF 2) 4CH 2OH with acrylic acid (94, 95); [F5S(CF2)4CH2OC(0)CH-

CH 2 -] n Calculated surface energy (based on contact angles) was 13.1 
dynes/cm; [CF3 (CF 2) 6CH 2-C0 2C(CH 3)CH 2-] n surface energy was 10.7 
dynes/cm 

10. Fluorination of poly(S-vinyl-0-t-butylthiocarbonate) will give both 
hydrocarbon and perfluorocarbon vinyl polymers containing the SF 5 group 
(119) 

11. SF5-Fluoroalkyl Acrylate polymers that include (47, 48): 
[SF5(CF2)n(CH2)2OC(0)CHCH2]x (n = 2, 6) and 
[SF 5(CF 2) n(CH 2) 2OCH 2C(C(0)OCH 2CH 3)CH 2] x 

12. SF5-Polysiloxanes (47, 49): [ S F s i C F ^ C T ^ S i O ^ k and η = 2,4 
13. SF5-Fluoroalkyl Epoxide polymers that include (46): [SF5(CF2)2CHCH20]X 

and [SF 5(CF 2) 2(CH 2) 2OCH 2CHCH 20] x 

14. Polymides containing the SF 5 C 6 H 3 - and SF 5(CF 2) 2C 6H 3- groups have been 
prepared from SF5C6H3(NH2)2 and SF5(CF2)2C6H3(NH2)2 (76, 46) 

15. SF5-Aromatic Acrylate and Styrene polymers (120): 
[SF s(CF 2)2C6H4OC(0)CHCH2-1n and [ S F g ^ F ^ I ^ C H C H r l n 

SFs-Heterocycle Chemistry 

While it is possible to prepare many aliphatic and aromatic SF5-compounds, 
only a relatively few SF5-heterocycle compounds have been prepared. 
Heterocycles containing a metal site are presented above. In this section we will 
review only the more recently reported SF5-heterocycles. Some of the known 
SF5-heterocycles have already been covered in references (4) and include: 
pyrazoles, SF5C=CHNHN=aH with isomer and carbamoylated derivatives, 
SF50=CRNHN=OH where R = C 6 H 5 , p-ClQfe, CH 3 OC 6 H 4 , w-H0 2 C 6 H 4 , 
(CH 3 0) 3 C 6 H 2 and derivatives; oxetanes, SF 5CFCF 2OC(CF 3) 2 and isomers; 
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aziridines, such as SF5NCH2Ô(CF3)X where X t = CI, N 3 and 
SF 5r^CH 2C(CF 3)CH 2X; oxyaziridine, SF5IsfCF20; succinimide, 
SF 5^C(0)CF 2CF 2C(Q); epoxides, SF5CXCF2Ô where X = H, F; sultones, 
SF 5 CXCF 2 OS0 2 where X - H, F, CI, OMe. 

The more recent SF5-heterocycle systems include: SF5CFCF2NSC1 prepared 
by heating SF5CF=CF2 and (NSC1)3 together at 50° C (121). A number of 1,3,4-
oxadiazoles have been prepared that include for RiC=NN==CR20 where R b R 2 -
SF 5(CF 2) n (n = 1, 2, 3); =SF5CH2; =C(N0 2) 3CH 2CH 2; =C(N0 2) 2FCH 2CH 2; 
=CF3(CF2)n and η = 0, 1, 2, 6 (122). These materials were prepared from the 
corresponding diacyl hydrazines, RiC(0)NHNHC(0)R2, by treatment with pure 
PC15, POCl 3 or a mixture of PC15, POCl 3 . The diacyl hydrazines were obtained 
by reaction of RiC(0)NHNH 2 with R2C(0)C1. By reacting a number of SF 5-
polyfluoroalkyl iodides, Y = SFsiCFzUCH^J (n = 2, 4 and m = 2, 4) with R = 
pyridine, N-methyl imidazole, N-propyl triazole and pyridazine new quaternary 
salts having the general formula, [RY]+F. These quaternary salts were 
metathesized with LiN(S0 2CF 3) 2 giving the following derivatives 
[RY] +[N(S0 2CF 3) 21; almost all of these salts melted or showed a phase 
transition below 25° C (123). Two new SF5-epoxides, SF 5(CF 2) 2CHCH 20 and 
SF 5(CF 2) 2(CH 2) 2OCH 2CHCH 20, have been prepared (50). In a recent study, the 
following SFs-sulfolane/sulfolene compounds were prepared; 
SF 5(iHCH(Br)CH 2S0 2CH 2 and SF 5CHCH=€HS0 2CH 2 (81). 

SF 5 Aromatic Chemistry 

Review and New Pathways to SFsCJlis 

The introduction of the SF 5 group into an aromatic system was first reported 
by Sheppard in 1962 (77). 

Solvent: FCC12CF2C1 
Copper reaction vessel 
Χ = Η,^-Ν0 2 , /?-Ν0 2 

From SF5C6H4NO2 a number of m, ρ -derivatives were prepared. 
X = NH 2 , NHC(0)R, N 2

+ X~, OH, Br, C 0 2 H , CH(OH)CH3, CH=CH2 

Since the SF 5 group is meta directing, nitration gives meta-SF5C6H4N02. 
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More recently (2000) a useful procedure using elemental fluorine has been 
developed (124): 

SF< 
I 5 

,S -S S 

N0 2 + F 2 / N 2 " 5 ° C > 

(yield - 40%) 
Solvent: CH 3 CN 

New SF 5 aromatic compounds prepared using, in particular, cross-coupling 
reactions: 
m,/7-SF5C6H4NHC(0)Œ3, m,p-SB£#lA w,/7-SF 5C 6H 4OCPh, 
m,/?-SF 5C 6H 4Œ<HC0 2Me, m^-SFsQttjPh 
Also, the crystal structure of m,p-SF5C6H4NHC(0)CH3 was reported. 

The first aromatic compound containing two SF 5 groups was also prepared 
bySheppard(77;: 

2 ' ϊι V 2 4-s 

ν 
NO. 

HI 
S4-

N0 9 

AgF2 

SF< SF, 

NO., 

The first SF 5 trisubstituted benzene derivatives were made by the photolysis 
of S F 5 O C H with SF5CI or the reaction of S F 5 O C H with Co2(CO)8 and 
bromine (42): 

The preparation of the first ortho-SF5C6H4F was recently announced (125): 

$X rXk $X 
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Solvent: FCC12CF2C1 

0-SF5C6H4F was converted into a number of ortho-substituted derivatives: 

jf̂ T ( X ^ O E t ^ S R , - / - YN H J ) ff̂ T 
0 2 N ^ N s F 5 W H 2 N - ^ S F 5 

(Y=N02, NEy (Y=N02, NHj, Z=S, S02) (X^Nl^, Br) 

The parent compound, S F 5 C ^ i 5 can also be prepared in low yield from 
S2Fjo and benzene (13). Also, a multistep method with SF5C=CH has produced 
SF 5 C 6 H 5 (126). A new and efficient method for preparing SF5QH5 is 
summarized (127): 

H 3 CC(0)0-H^^~-OC(0)CH3 + SF5Br ^ H 3 C C ( Q )0 -^ ^ -OC(Q)CH 3 

F 5 S Br 

H 3 C C X O ) 0 - - ^ ^ + K 2 C 0 3 A c ^ 0 f l e > H 3 CC (0 )0 -Hp>-OC (0 )CH3 

F $ S Br F 5 S 

H 3 CC(0)0-H^)---OC(0)CH3 à—^ S F 5 C 6 H S 

H 3 C q O ) 0 ~ ^ ^ — O C X O ) O T 3 + CHjCgE^SOjH/aq. C 2 H 5 OH — J I Q — ^ — O H 

F 5S F 5S 

H 3 C C ( 0 ) 0 - ^ ^ — O C ( 0 ) C H 3 + C ^ O H / C ^ O N a »» Η Ο Ή ^ ^ - Ο Η 

F*S F SS 
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H O - ^ ) - O H + P 4O l 0 —à 

s» 

- * Ο 

OH + P 4O l 0 — S F & H , 

F<S 

SF, 

F5S CI 

+ KOC(CH,)3/Ether 

F,S' CI F,S 

F 5 S 

B r - ^ ^—Br (cis / trans) 

FcS 

Br + KOC(CH 3 ) 3 / Ether ^ SF 5 C 6 H 5 

A similar method using 4,5-dichlorocyclohexene and SF5C1 has been 
announced; the adduct when treated with sodium ethoxide in ethanol gave 
SF5QH5 in high yield (an overall yield of 71 %) (128). In an attempt to prepare 
SF5-benzenes, SF 6, SF5C1 and CF3SF5 were reacted with Q H 6 , Q H 5 X (X = CI, 
Br) in a low temperature radio-frequency plasma. In the reaction products, 
SF5QH5 was present in only minor quantities; with C 6 H 5 X (X = CI, Br), 
SF5QH4X were present along with numerous halogenated benzenes (8). 

Prior to 2001, the only known benzene synthons containing an SF5-group 
were SFsQHs, SF5OQH5, p-$Y5OC£UC\ and derivatives. The SF5OQH4X 
compounds are easily prepared from SF5OOSF5 and benzene, toluene and 
chlorobenzenes and serve as synthons for several derivatives. The nitration and 
sulfonation of SF5OQH5 gives P-SF5OQH4NO2 and p-SFsOQftiSCMI, 
respectively. The oxidation of /7-SF 5 OC 6 H 4 CH 3 with Cr0 3 produces 
SF5OC6H4C(0)OH in high yield (129). 

New SF5 Containing Aromatic Synthons 

In 2001, a new homologous series of SF5-aromatic compounds was 
reported. The method of preparation was (130): 
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SF5(CF2)nI + » . <Q> A ) S F ^ C F ^ ^ Q ) (n=2,4,6,8) 

A large number of SF5(CF2)2C6H4X derivatives have been prepared (99, 
120): 

SFsiCF ĵ̂ J )̂ • m - S F s ( C F 2 ) 2 ^ ^ X 

X - N0 2 , NH 2 , N2*X~, N 3 > OH, OC(0)CH=CH2,1, Br, CH=CH2, NHC(0)CH 3, 
S0 3(H,K) 

The polymers for X = OC(0)CH=CH2 and X = CH=CH2 have also been 
prepared. 

Another method for preparing SF 5CF 2CF 2C6H 5 was found (131): 

SF5Br + F2C=CF <ζ̂> " " ^ « Α > SFsCF2CFBr <ζ̂> 

(71% yield, 2'/2 h) 

SFsCF2CFBr A g B F 4 — ^ » - > S F 5 C F 2 C F 2 ^ ^ + AgBr + BF 3 

(92% yield, V*h) 

The above method was modified in order to prepare new o,m,p-
SF5CF2CF2C6H4X derivatives. In the first step of this procedure, o,m,p-
CFrKTCeHjX were made. The second step involved the addition of SF5Br and 
was followed by fluorination with AgBF 4 (132): 

F 2 C = C F ^ ^ X + sF5Br Τ ' < » Α " > · Ε > 0 )m ) P-SF5CF2CFBr<Q>X 
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o,m,p-SF5CF2CFBr<Q> X+AgBF4

 à , C m >o,m,p- SF 5CF 2CF 2 < ζ ^ Χ 

X = m-Br, p-Bi, p-Cl, /?-CH3, p-CF 3, /?-N02, o-F, o-CF3, o-CH(CH3)2 

The reaction of SF 5 CF 2 CF 2 C 6 H 5 with BF 3-2CH 3C(0)OH gave 
SF 5CF 2C(0)C 6H 5 and CF 3C(0)C 6H 5. A SF 5CF 2CF rdye was prepared by 
condensing m- SF 5 CF 2 CT 2 C 6 H 4 NH 2 with Fischer's aldehyde (46). 

Properties and Applications of SF5 compounds-Overview and 
Recent Results 

For many years, the premiere SF 5 containing material was SF6. This material 
is a colorless, odorless, nontoxic and inert gaseous substance. It is used as an 
electrical insulator in coaxial cables and in high voltage equipment; G.H. Cady 
has published an excellent review of the properties of SF 6 and other properties of 
fluorine-containing compounds of sulfur (1). 

The outstanding chemical and thermal stability of SF 6 is carried over to 
many of its organic derivatives. It is known that carbon compounds containing a 
SF 5 group have interesting and useful properties which include electronic 
properties, selective biological activity, high thermal and chemical stability, 
surface activity for SF 5 monomers/polymers (1-5). 

Electronic Properties 

Gaseous / Liquid Insulating Medium. 
For many years, SF 6 has been used as a gaseous insulator with a breakdown 

strength (ball to plane) of 16-17 KV. Under similar conditions, SF5CFî=CF21ms a 
breakdown strength of 21.5 K V (133). It is reported that a 52% (SF6) - 48% 
(SF5CF=CF2) gas mixture has approximately the same breakdown value as does 
100% SF5CF2=CF2 (133). Also, a 67.4% (N2) - 32.6% (SF5CF=CF2) gas mixture 
has the same breakdown strength as does 100% SF 6 (133). SF 5CF 3 appears to be 
comparable to SF5CF=CF2 (134). Other dielectric gases are C 2 F 6 , C 3 F 8 , c-C 4F 8 

and C4F10. These have breakdown strengths less than SF5CF=CF2 and CF 3SF 5 

(134). SF5 - oxetanes also have excellent dielectric properties (135). 
SF5CI/TFE telomere: SF 5(CF 2) nCl, where η = 2, 4, 6 and polymer. These 

telomere have high thermal stability (above 250° C), are chemically inert, are 
non-toxic, have very low surface tensions (19-22 dynes/cm), and have high 
dielectric strengths and low electrical loss factors. They are chemically inert to 
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acids and alkali at 200° C (136),The use of RSF 5 (R = CH 3 , QH 5 ) as a solvent 
for a high-output double layer capacitor has been patented (137). 

SF5 fluoroalkyl sulfonate salts give rise to outstanding electronic properties. 
For example, bis(ethylenedithio)tetrathiafulvalene (ET) forms the following 
salts: (ET)2SF5CH2CF2S03 (superconductor at 5.2°K); (ET) 2SF 5CHFCF 2S0 3 

(semiconductor); (ET) 2SF 5CH 2S0 3 (semiconductor), (ET) 2SF 5CHFS0 3 

(metallic) and (ET) 2SF 5CF 2S0 3 (insulator) (138). The lithium salt of SF 5 CF 2 S0 3 

when complexed with polyethylene oxide gives a material with outstanding 
conductivity (101). 

Biological Activity 

The influence on biological activity of molecules brought about by 
substitution with fluorine or with the trifluoromethyl-group is well known and 
documented (139). 

It is expected, based on the Hansch Lipophilicity Parameter π , and the 
Hammet substituent constant, σ, that SF 5 compounds will show an interesting 
range of biological activity. The Hansch Lipophilicity Parameter, π*, is taken as 
a measure of the lipophilic character and the larger its value the greater is the 
lipophilicity; the relative values for F, CF 3 and SF5 are π = 0.14, 0.88 and 1.51, 
respectively (140). For biological activity, the Hammett substituent constant σ, 
can be used-a positive σ contributes to high biological activity; the σ values for 
CF 3 and SF 5 are -0.5 and -0.7, respectively (140). 

It is known that SF5CF=CF2 (141) and SF5CF(I)CF3 (39) are effective 
fumigants. SF5CF=CF2 showed some activity as a vapor-phase bactericide. 
SF5N=CF2 (142) is useful as a fumigant for roaches, flies, etc. Compounds 
derived from SF5C1 with ethylene and propylene have insecticidal properties 
(143). SF5CI is a powerful lung irritant (136). 

More recently, a number of patents have shown that by incorporation of the 
SF5-group, derivatives are produced that show behavior as fungicides, herbicides 
and insecticides (144-152). 

Nitrogen mustard compounds and prodrugs have been prepared for use in 
therapy and treatment of cancer. Thus {3,5-difluoro-4-[bis(2-
iodoethyl)amino]benzoyl} -L-glutamic acid showed antitumor activity against 
breast carcinoma in mice. The inclusion of SF5, CF 3, SCF3, OCF 3, CF 3 CF 2 

groups in these compounds have been patented (153). 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



110 

Chemical and Thermal Stability 

Many saturated SF5-carbon systems possess excellent chemical and thermal 
stability. The perfluoroderivatives of SF6, RfSFs, rival the chemical and thermal 
stability of SF6; for example, CF3SF5 is not attacked by 6N NaOH and reacts 
with alkali metals only at dull red heat (154). At high temperatures, CF3SF5 will 
act as a fluorinating agent; at 500° C, it will fluorinate P 3 N 5 and give a mixture 
of (PNF 2)3 and (PNF2)4 (155). The oxetane, SF 5CFCF 2OC(CF 3) 2 and its isomer 
survived prolonged exposure to 6N KOH and concentrated H 2 S0 4 even at high 
temperatures (3 months at r.t.; 1 day at temps > 100° C). The above oxetane was 
thermally destroyed at 314-350° C for 2 hours but survived temperatures of 250° 
C (156). 

Phenylsulfur pentafluoride (C 6H 5SF 5) heated at 400-450° C for 7 hours 
results in only minor decomposition; heating for 4 hours at 100° C with aqueous 
NaOH produced no decomposition (157). SF5CF=CF2 is unaffected when heated 
to 300° C in a Pyrex glass vessel for 6 hours and is destroyed only slowly when 
subjected to U . V. or γ radiation in a silica container (43). 

Therefore, many of these compounds are useful as "stable liquid" materials, 
e.g. fluids for high temperature power transmissions, hydraulic systems or liquid 
- coupled mechanical drives. They should also be useful as liquid dielectric 
materials. 

Surface Activity & Surface Tension 

SF 5(CF 2) nCl (n = 2, 4, 6, + polymer) have low surface tensions (19-22 
dynes/cm) (136). It has been found that polymer surfaces composed of SF 5 

groups have a very low critical surface tension. For the polymer 
[FsSiCF^CH^CiOJCHCHJn, the calculated surface energy (based on contact 
angles) was 13.1 dynes/cm (94, 95). 

The surface tension of aqueous solutions of SF 5 (CF 2 ) 4 C0 2 M (M = Li , NHL*) 
and SF5(CF2)5C02NH4 have been measured. The latter salt solution has a surface 
tension value of 22 dynes/cm when its concentration was 5000 ppm; for 
CF 3 (CF 2 ) 6 C0 2 NH 4 the value was 29.6 at similar concentration (94, 95). New 
SFs-aromatic sulfonate salts, m-SF 5(CF 2) I 1C 6H 4S0 3K with η = 2, 4, 6 have been 
prepared and characterized. The minimal surface tensions of an aqueous solution 
are 34.3 mN/m, 32.4 mN/m and 32.3 mN/m for η = 2, 4, 6, respectively. The 
corresponding bulk concentrations were 42.8 mM, 17.3 mM and 1.67 mM (46). 
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Solvents for Highly Fluorinated Polymers 

A 10% by weight solution of a low mw, low melting TFE polymer (melting 
range 83-150° C) is prepared by warming the polymer in SF 5 C 6 H 5 until the 
polymer dissolves. Strips of cellulose filter paper are partly immersed in the 
warm solution for 0.5-1.0 minutes. The treated area of the filter paper is washed 
with acetone and dried in air. The treated area is not wetted by drops of H 2 0 and 
does not support combustion. It is also possible to use m- hydroxyphenylsulfur 
pentafluoride and 3-biphenylsulfur pentafluoride (157). 

SF5N=CC12, SF5N=€ClR f and SF5N=CFRf are useful as solvents for low 
molecular weight polytetrafluoroethylenes (142). SF 5NHCF 3, and SF 5NHR f 

dissolves high MW polyoxymethylene at room temperature (2g dissolves O.lg) 
while polyamide resins in contact with these materials swell and on moderate 
warming become soft enough to be molded readily (142). 

The compound SF5N(CF3)N(CF3)SF5 is an excellent solvent for very low 
molecular weight polytetrafluoroethylene at room temperature (142). 
SF 5CH 2COOH above its m.p. is an active solvent for the polyamide from 
hexamethylenadipamide, forming solutions which do not crystallize on cooling. 
These solutions are useful for forming films, and fibers of polyamides (158). 

Perfluorinated Blood Substitute 

The blood substituted perfluoroalkylsulfur hexafluoride and preferably 
(Rf)nSF6.n can be emulsified with a nonionic surfactant and serves as a blood 
substitute medium (159). 

Explosives 

There are few reports of energetic materials containing the SF5-group. In 
1978, the compound SF 5CH 2C0 2CH 2C(N0 2) 2F was prepared and characterized 
as a very dense, thermally stable and insensitive liquid (160). 

Also, polynitroaliphatic explosives containing the SF5 group have been 
prepared f /^:SF 5 CH 2 C(0)OR with R = CH 2 C(N0 2 ) 2 CH 3 , CH 2CH 2CF(N0 2) 2 , 
CH 2 CH 2 C(N0 2 ) 3 . Unfortunately, these compounds had low melting points and 
were not further evaluated. However, the system SF 5CH 2CH 2OR with R = 
(N0 2) 3CCH 2NHC(0)-, [(N02)2-FCCH2]2NC(0)-, (N0 2) 3FCCH 2CH 2C(0)-, 
[(N0 2) 2 FCCH 20] 3C- had higher melting points and good densities. The tris 
nitro-derivative had a high melting point (96° C), good thermal stability and low 
impact sensitivity (161). This work indicates that the SF5-group is effective in 
reducing the impact sensitivity of nitro explosives. 
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Additionally, a large number of SF5-imine polynitro compounds have been 
prepared by reacting SF5N=CC12 with a polynitroalcohol in the presence of a 
base (162): SFsNNDR^ where Ri and R 2 represent polynitro groups such as -
OCH 2CH 2C(N0 2) 3 , -OCH 2C(N0 2) 2CH 3 , -OCH 2C(N0 2) 3, -OCH 2CFC(N0 2) 2, -
OCH 2CF 2C(N0 2) 2 , -OCH 2CH 2C(N0 3) 3 (162). A more recent study suggested 
that pentafluorosulfanyl-mtramide salts may be useful as an oxidizer ingredients; 
these salts include Z +SF 5N(N0 2)- where Ζ = ΝΗ*. K, Na, NH2C(=NH2)NH2, 
NH 2C(=NH 2)NHNH 2 (163). The compound, N H ^ N O ^ " " , is of interest as an 
oxidizer for rockets. 

Refrigerant Fluids 

CF3SF5 is a thermally stable, non-toxic and non-combustible gas and useful 
as a working fluid for heat pumps and refrigerators (164). Azeotropic 
compositions containing either CF 3SF 5 or HCF 2SF 5 or CF 3 CF 2 SF 5 and H 2 CF 2 or 
HCF 2 CF 2 H or other fluorocarbons have a low ozone depletion potential and are 
useful as refrigerant fluids (165). 

Plasma Etching Gas 

SF 6 with oxygen in a plasma will etch carbon-based or silicon-based 
materials (10, 11). There are a considerable number of patents that use SF 6 as a 
etching gas. 

Incorporation of the SF 5 group into a polymeric system can produce high 
stable polymers with low surface energies. 

Liquid Crystals 

There have been relatively few studies of liquid crystals dealing with the 
effect of the polar terminal SF5-group. The first SF5-containing liquid crystals 
reported in 1999 were SF5QH4X systems, where X was one of the following: 

Polymers 
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Some advantages of these systems were (i) most polar class of liquid 
crystals that are compatible with an active matrix display technology and (2i) 
have adequate dielectric anisotropy (166). More recently, it was found that liquid 
crystals can be prepared in which the polar terminal SF5CF2CF2-group is present 
(167). Mesomorphism of parent homologue series is preserved upon 
derivatization with this group. 

Some advantages found (i) entiotropic nematic liquid crystals are present 
and can be used in mixtures commonly used in liquid crystal displays, (2i) 
quantum calculations indicate high dipole moments for the para-derivatives. 

There has been a rapid increase in the number of patents which list the SF 5 

group and other groups in liquid crystals and in numerous applications (168-175) 

Ionic Liquids 

A number of SF5-polyfluoralkyl iodides, SF5(CF2)n(CH2)mI, were reacted 
with pyridine, η-methyl imidazole, η-propyl triazole and pyridazine in order to 
produce the corresponding iodide salts which when treated with LiN(S0 2CF 3) 2 , 
at 25° C in water or in a water/acetone mixture, formed in general new salts that 
melted or showed a phase transition below 25° C (123). 

References 

1. Cady, G.H. In Advances in Inorganic Chemistry and Radiochemistry; Emeléus, H. J.; 
Sharpe, A. G., Eds.; Academic Press, N.Y., N.Y.,USA, 1960; pp 105-157. 

2. Roberts, H.L., Quart. Revs. Chem. Soc. 1961, 15, 30. 
3. Verma, R.D.; Kirchmeier, R.L.; Shreeve, J.M. Advances in Inorganic Chem. 1994, 41, 

125. 
4. Winter, R.; Gard, G.L. In ACS Symposium Series, 555. Inorganic Fluorine Chemistry: 

Toward the 21st Century; Thrasher, J.S.; Strauss, S.H.; Eds.; ACS Press, Washington, 
D.C. 1994; pp 128-147. 

5. Seppelt, K.; Lentz, D. Chemistry of Hypervalent Compounds; Wiley-VCh., 1999; p 
295. 

6. Case, J.R.; Nyman, F. Nature 1962, 193, 473. 
7. Batt, L.; Cruickshank, F.R. J.Phys.Chem. 1966, 70, 723. 
8. Klampfer, P.; Skapin, T.; Kralj, B.; Žigon, D.; Jesih, A. Acta. Chim. Solv. 2003, 50, 29. 
9. Emeléus, H.J.; Tittle, B. J. Chem. Soc. 1963, 1644. 
10. Kopalidis, P.M.; Jacob, J. J. Electrochem. Soc. 1993, 140, 3037. 
11. Katoh, M.; Izumi, Y.; Kimura, H.; Ohte, T.; Kojima, Α.; Ohtani, S. Appl. Surf. Sci. 

1995, 226. 
12. Denbigh, K.G.; Whytlaw-Gray, R. Nature 1933, 133, 763. 
13. Roberts, H.L. J. Chem. Soc. 1962, 3183. 
14. Winter, R.; Nixon, P.G.; Gard, G.L. J. Fluorine Chem. 1998, 87, 85. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



114 

15. Roberts, H.L.; Ray, N.H. J. Chem. Soc. 1960, 665. 
16. George, J.; Cotton, F.A. Proc. Chem. Soc. 1959, 317. 
17. Nyman, F.; Roberts, H.L. J. Chem. Soc. 1962, 3180. 
18. Tullock, C.W.; Coffman, D.D.; Muetterties, E.L. J. Am. Chem. Soc. 1964, 86, 357. 
19. Jonethal, U.; Kuschel, R.; Seppelt, K. J. Fluorine Chem. 1998, 88, 3. 
20. Merrill, C. PhD Thesis, University of Washington, Seattle, WA,. 1962. 
21. Cohen, B.; MacDiarmid, A. Inorg. Chem. 1965, 4, 1782. 
22. Kovacina, T.A.; Berry, A.D.; Fox, W.B. J. Fluorine Chem. 1976, 7, 430. 
23. Rahbarnoshi, R.; Sams, L.C. Inorg. Chem. 1983 22, 840. 
24. Wessel, J.; Kleemann, G.; Seppelt, K. Chem. Ber. 1983, 116, 2399. 
25. Christe, K.O.; Curtis, E.E.; Schack, C.J.; Roland, A. Spectrochim. Acta 1977. 33A,69. 
26. Winter, R.; Terjeson, R.J.; Gard, G.L. J. Fluorine Chem. 1998 89, 105. 
27. Tunder, R.; Siegel, B. J. Inorg. Nucl. Chem. 1963, 26, 1097. 
28. Clark, M.; Kellen-Yuen, C.J.; Robinson, K.O.; Zang, H.; Yang, X.-Y.; Madappat, 

K.V.; Fuller, J.W.; Atwood, J.L.; Thrasher, J.S. Eur. J. Solid State Inorg. Chem. 1992, 
29, 809. 

29. Bittner, J.; Fuchs, J.; Seppelt, Κ. Z. Anorg. Allg. Chem. 1988, 557, 182. 
30. Kirsch, P.; Röschenthaler, G.-V.; Sevenard, D.; Kolomeitsev, Α., Offenbarunqsschrift 

De10321114A1, 2003 and De10220901A1, 2003. 
31. Smardzewski, R.R.; Fox, W.B. J. Fluorine Chem. 1976, 7, 456. 
32. Sidebottom, H.W.; Tedder, J.M.; Walton, J.C. J. Chem. Soc. 1969, 2103. 
33. Bekker, R.A.; Dyatkin, B.L.; Knunyants, I.L. Izv. Akad. Nauk SSSR, Ser. Khim. 1970, 

12, 2738. 
34. Terjeson, R.J.; Renn, J.; Winter, R.; Gard, G.L. J. Fluorine Chem. 1997, 82, 73. 
35. Hutchinson, J. J. Fluorine Chem. 1973/74, 3, 429. 
36. Nixon, P.G.; Mohtasham, J.; Winter, R.; Gard, G.L.; Twamley, B.; Shreeve, J.M. J. 

Fluorine Chem. 2004, 125, 553. 
37. Behr, F.E.; Hansen, J.C.; Savu, P.M., 203rd ACS National Meeting, San Francisco, 

CA, 1992. 
38. Gard, G.L.; Woolf, C. J. Fluorine Chem. 1971/72, 1, 487. 
39. Gard, G.L.; Bach, J.L.; Woolf, C. Brit. Patent 1,167,112, 1969. 
40. Wessolowski, H.; Röschenthaler, G.-V.; Winter, R.; Gard, G.L. Z. Naturforsch 1991, 

46b, 123. 
41. Wessolowski, H.; Röschenthaler, G.-V.; Winter, R.; Gard, G.L.; Pon, G.; Willet, R. 

Eur. J. Solid State Inorg. Chem. 1991, 29, 1173. 
42. Wessel, J.; Hartl, H.; Seppelt, K. Chem. Ber. 1986, 119, 453. 
43. Banks, R.E.; Barlow, M.G.; Haszeldine, R.N.; Morton, W.D. J.C.S. Perkin I. 1974, 

1266. 
44. Winter, R.W.; Nixon, P.G.; Terjeson, R.J.; Mohtasham, J.; Holcomb, N.R.; Grainger, 

D.W.; Graham, D.; Castner, D.G.; Gard, G.L. J. Fluorine Chem. 2002, 115, 107. 
45. Nixon, P.G.; Renn, J.; Terjeson, R.J.; Choi, Y.S.; Winter, R. J. Fluorine Chem. 1998, 

91, 13. 
46. In-house work at Portland State University. 
47. Gard, G.L.; Winter, R.; Nixon, P.G.; Hu, Y-H.; Holcomb, N.R.; Grainger, D.W.; 

Castner, D.G. Polymer Preprint 1998, 39, 962. 
48. Winter, R.; Nixon, P.G.; Gard, G.L.; Castner, D.G.; Holcomb, N.R.; Hu, Y.-H.; 

Grainger, D.W. Chem. Mater. 1999, 11, 3044. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



115 

49. Nixon, P.G.; Winter, R.; Castner, D.G.; Holcomb, N.R.; Grainger, D.W.; Gard, G.L. 
Chem. Mater. 2000, 12, 3108. 

50. Gard, G.L.; Winter, R.W., 226th ACS National Meeting, NY, NY, 2003. 
51. Winter, R.; Nixon, P.G.; Gard, G.L.; Radford, D.H.; Holcomb, N.R.; Grainger, D.W. J. 

Fluorine Chem. 2001, 107, 23. 
52. Winter, R.; Nixon, P.G.; Terjeson, R.J.; Mohtasham, J.; Holcomb, N.R.; Grainger, 

D.W.; Graham, D.; Castner, D.G.; Gard, G.L. J. Fluorine Chem. 2002, 115, 107. 
53. Oates, G.; Winfield, J.M. J. Fluorine Chem. 1974, 4, 235. 
54. Canich, J.M.;.Lerchen, M.E.; Gard, G.L.; Shreeve, J.M. Inorg. Chem. 1986, 25, 3030. 
55. Wessolowski, H.; Gentzsch, Α.; Röschenthaler, G.-V.; Gard, G.L. Heteroatom Chem. 

1997, 8, 467. 
56. Tremblay, M. Can. J. Chem. 1965, 43, 219. 
57. Winter, R.; Gard, G.L. J. Fluorine Chem. 2000, 102, 79. 
58. Winter, R.; Gard, G.L. J. Fluorine Chem. 1994, 66, 109. 
59. Dolbier Jr., W.R.; Ait-Mohand, S. Org. Letts. 2002, 4, 2066. 
60. Case, J.R.; Ray, N.H.; Roberts, H.L. J. Chem. Soc. 1961, 2066. 
61. Kleemann, G.; Seppelt, K. Angew. Chem. Int. Ed. Engl. 1978, 17, 516. 
62. Winter, R.;.Gard, G.L., 15th International Symposium on Fluorine Chemistry, 

Vancouver, Canada, 1997. 
63. Anton, D.R.; Krespan, C.G.; Sievert, A.C. U.S. Patent 6,525,231, 2003. 
64. Wessolowski, H.; Röschenthaler, G.-V.; Winter, R.; Gard, G.L., Phosphorus, Sulfur, 

and Silicon, 1991, 60, 201. 
65. Kinkead, S.A.; Shreeve, J.M. Inorg. Chem. 1984, 23, 4174. 
66. Tyczkowski, E.A.; Bigelow, L.A. J. Am. Chem. Soc. 1953, 75, 3523. 
67. Clifford, A.F.; El-Shamy, H.K.; Emeleus, H.J.; Haszeldine, R.N. J. Chem. Soc. 1953, 

2372. 
68. Berry, A.D.; Fox, W.B. J. Fluorine Chem. 1976, 7, 449. 
69. Noftle, R.E.; Fox, W.B. J. Fluorine Chem. 1977, 9, 219. 
70. DeBuhr, R.; Howbert, J.; Canich, J.M.; White, H.F.; Gard, G.L. J. Fluorine Chem. 

1982, 20, 515. 
71. Hare, M. M.S. Thesis, Portland State University, Portland, OR, 1992. 
72. Terjeson, R.J.; Gupta, K.D.; Sheets, R.M.; Gard, G.L.; Shreeve, J.M. Revue de Chimie 

Minerale 1986, 23, 1. 
73. Gerhardt, R.; Grelbig, T.; Buschmann, J.; Luger, P.; Seppelt, K. Angew. Chem. Int. Ed. 

Engl. 1988, 27, 1534. 
74. Gerhardt, R.; Seppelt, K. Chem. Ber. 1989, 122, 463. 
75. Terjeson, R.J.; Mohtasham, J.; Gard, G.L. Inorg. Chem. 1988, 27, 2916. 
76. St.Clair, A.K.; St.Clair, T.L.; Thrasher, J.S. U.S. Patent 5,220,070, 1993. 
77. Sheppard, W.A. J. Am. Chem. Soc. 1962, 84, 3064. 
78. Choudhry, M.R.; Harrold, J.W.; Nielsen, J.B.; Thrasher, J.S. J. Chem. Physics 1988, 

89, 5353. 
79. Nielsen, J.B.; Thrasher, J.S. J. Fluorine Chem. 1990, 48, 407. 
80. Winter, R.; Gard, G.L. J. Fluorine Chem. 2002, 102, 79. 
81. Winter, R.W.; Gard, G.L., 228th ACS National Meeting, Philadelphia, Pa, USA, 2004. 
82. Ray, N.H. Brit. Patent 941,392, 1963. 
83. Coffman, D.D.; Tullock, C.W. U.S. Patent 3,102,903, 1963. 
84. Winter, R.; Willett, R.D.; Gard, G.L. Inorg. Chem. 1989, 28, 2499. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



116 

85. DeMarco, R.A.; Fox, W.B. J. Org. Chem. 1982, 47, 3772. 
86. Kuschel, R.; Seppelt, K. Inorg. Chem. 1993, 32, 3568. 
87. Winter, R.; Gard, G.L. Inorg. Chem. 1988, 27, 4329. 
88. Winter, R.W.; Gard, G.L. J. Fluorine Chem. 1991, 52, 73. 
89. Krügerke, T.; Buschmann, J.; Kleemann, G.; Luger, P.; Seppelt, K. Angew. Chem. Int. 

Ed. Engl. 1987, 26, 799. 
90. Haszeldine, R.N.; Nyman, F. J. Chem. Soc. 1956, 2684. 
91. Bekker, R.A.;.Dyatkin, B.L; Knunyants, I.L. Akad. Nauk SSSR, Bull. Div. of Chem. 

Sci. 1970, 2575. 
92. Ray, N.H. Brit. Patent 941,393, 1963. 
93. Yokochi, A.F.T.; Winter, R.; Gard, G.L., Acta Christalographica, Sec. E, 2002, 58, 

01133. 
94. Hansen, J.C.; Savu, P.M. U.S. Patent 5,286,352, 1994. 
95. Hansen, J.C.; Savu, P.M. US. Patent 5,159,105, 1992. 
96. Willenbring, R.J.; Mohtasham, J.; Winter, R.; Gard, G.L. Can. J. Chem. 1989, 67, 

2037. 
97. Canich, J.M.; Ludvig, M.M.; Gard, G.L.; Shreeve, J.M. Inorg. Chem. 1984, 26, 4403. 
98. Gard, G.L.; Waterfeld, Α.; Mews, R.; Mohtasham, J. Inorg. Chem. 1990, 29, 4588. 
99. Hodges, A.M.; Winter, R.W.; Winner, S.W.; Preston, D.A.; Gard, G.L. J. Fluorine 

Chem. 2002, 114, 3. 
100. Hamel, N.N.; Nixon, P.G.; Gard, G.L.; Nafshun, R.L.; Lerner, M.M. J. Fluorine Chem. 

1996, 79, 81. 
101. Nafshun, R.L.; Lemer, M.M.; Nixon, P.G.; Hamel, N.H.; Gard, G.L. J. Electrochem. 

Soc, 1995, 142, 153. 
102. Winter, R.W.; Dodean, R.A.; Holmes, L.; Gard, G.L. J. Fluorine Chem. 2004, 125, 37. 
103. Kemmitt, R.D.W.; Peacock, R.D.; Stocks, J. Chem. Comm. 1969, 554. 
104. Berry, A.D.; DeMarco, R.A. Inorg. Chem. 1982, 21, 458. 
105. Henkel, T.; Klauck, Α.; Seppelt, K. J. Organometallic Chem. 1995, 501, 1. 
106. Klauck, Α.; Seppelt, K. Angew. Chem. Int. Ed. Engl. 1994, 33, 93. 
107. Winter, R.; Mews, R.; Noltemeyer, M.; Gard, G.L. J. Fluorine Chem. 1993, 60, 189. 
108. Terjeson, R.J.; Gard, G.L. J. Fluorine Chem. 1987, 35, 653. 
109. Terjeson, R.J.; Willenbring, R.; Gard, G.L. J. Fluorine Chem. 1996, 76, 63. 
110. Mohtasham, J.; Gard, G.L. Coordination Chemistry Reviews 1992, 112, 47. 
111. Gard, G.L.; Winter, R.; Nixon, P.G.; Hu, Y-H.; Holcomb, N.R.; Grainger, D.W.; 

Castner, D.G. Polymer Preprints 1998, 39, 962. 
112. Roberts, H . L . U.S. Patent 3,063,972, 1962. 
113. Roberts, H.L. U.S. Patent 3,063,922, 1962. 
114. Dale, J.W. U.S. Patent 3,126,366, 1964. 
115. Sherratt, S. Brit. Patent 929,990, 1963. 
116. Banks, R.E.; Haszeldine, R.N. Brit. Patent 1,145,263, 1969. 
117. Terjeson, R.J.; Gard, G.L. J. Fluorine Chem. 1987, 35, 653. 
118. Terjeson, R.J.; Mohtasham, J.; Sheets, R.M.; Gard, G.L. J. Fluorine Chem. 1988, 38, 3. 
119. Kawa, H.; Partovi, S.N.; Ziegler, B.J.; Lagow, R.J. Polymer Science: Part C: 

Polymer Letters 1990, 28, 291. 
120. Winter, R.W.; Winner, S.W.; Preston, D.A.; Mohtasham, J.A.; Smith, J.A.; Gard, G.L. 

J. Fluorine Chem. 2002, 115, 101. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



117 

121. Lork, Α.; Gard, G.; Hare, M.; Mews, R.; Stohrer, W-D.; Winter, R. J. Chem. Soc. 
Chem. Commun., 1992, 898. 

122. Sitzmann, M.E. J. Fluorine Chem. 1995, 70, 31. 
123. Singh, R.P.; Winter, R.W.; Gard, G.L.; Gao, Y.; Shreeve, J.M. Inorg. Chem. 2003, 42, 

6142. 
124. Bowden, R.D.; Comina, P.J.; Greenhall, M. P.; Kariuki, B.M.; Loveday, Α.; Philip, D. 

Tetrahed. 2000, 56, 3399. 
125. Sipyagin, A.M.; Bateman, C.P.; Tan, Y.-T.; Thrasher, J.S. J. Fluorine Chem. 2001, 

112, 287. 
126. Hoover, F.W.; Coffman, D.D. J. Org. Chem. 1964, 29, 3567. 
127. Winter, R.; Gard, G.L. 16th Winter Fluorine Conference, St. Pete Beach, Fl, USA, 

2003 and 226th ACS Meeting, New York, N.Y. USA, 2003. Patent pending. 
Published in J. Fluorine Chem. 2004, 125, 549. 

128. Dolbier Jr., W.R.; Ait-Mohand, S.; Sergeeva, T.; Schertz, T., 226th ACS National 
Meeting, NY, NY, 2003. 

129. Case, J.R.; Price, R.; Ray, N.H.; Roberts, H.L.; Wright, J., J. Chem. Soc., 1962, 2107. 
130. Hodges, A.M.; Winter, R.W.; Mohtasham, J.; Bailey, P.; Gard, G.L. J. Fluorine Chem. 

2001, 110, 1. 
131. Winter, R.W.; Gard, G.L. J. Fluorine Chem. 2002, 118, 157. 
132. Winter, R.W.; Dodean, R.; Smith, J.A.; Anilkumar, R.; Burton, D.J.; Gard, G.L. J. 

Fluorine Chem. 2003, 122, 251. 
133. Gard, G.L.; Shaw, R.M.; Woolf, C. U.S. Patent 3,506,774, 1970 and Brit. 

Patent1,167,228, 1969. 
134. Cove, L.S.; Seffl, R.J. Proceed. of 6th Elec. Insul. Conference, 238. 1965. 
135. Gard, G.L.; Shaw, R.M.; Woolf, C. U.S. Patent 3,519,725, 1970. 
136. Data sheet published by ICI, 1964. 
137. Matsuo, H. Jpn. Patent 158,145, 2002. 
138. Geiser, U.; Schlueter, J.A.; Kini, A.M.; Wang, H.H.; Ward, B.H.; Whited, M.A.; 

Mohtasham, J.; Gard, G.L. Synthet. Met. 2003, 133-134, 401. 
139. McCarthy, J. Utility of Fluorine in Biologically Active Molecules, presented at the 

219th National ACS meeting (Division of Fluorine Chemistry), 2000. 
140. Hansch, C.; Muir, R.M.; Fujita, T.; Maloney, P.P.; Geiger, F.; Streich, M. J. Am. 

Chem. Soc. 1963, 85, 2817. 
141. Gilbert, E.E.; Gard, G.L. U.S. Patent 3,475,453, 1969. 
142. Tullock, C.W. U.S. Patent 3,228,981, 1966. 
143. Ray, N.H.; Roberts, H.L. U.S. Patent 3,086,048, 1963. 
144. Crowley, P.J.; Bartholmew, D. Brit. Patent 2,276,380, 1994. 
145. Mita, T.; Yoshihiro, M.; Mizukoshi, T.; Hotta, H.; Maeda, K.; Takii, S. WO Patent 

2004018410, 2004. 
146. Maier, T. Eur. Patent 1,238,586, 2002. 
147. Helmke, H.; Hoffmann, M.; Michael, G.; Haaf, K.; Willms, L.; Auler, T.; Bieringer, H.; 

Menne, H. WO Patent 2003051846, 2003. 
148. Schätzer, J.; Wenger, J.; Hall, R.G.; Nebel, K.; Hole, S.; Stoller, A. WO Patent 

2003082012, 2003. 
149. Nebel, K.; Schätzer, J.; Stoller, Α.; Gittall, R.; Wénger, J.; Bondy, S.S.; Comer, D.D.; 

Penzolta, J.E.; Grootenhuis, P.D. WO Patent 2004002947, 2004. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



118 

150. Schätzer, J.; Nebel, K.; Stoller, Α.; Hall, R.G.; Wenger, J.; Bondy, S.S.; Corner, D.D.; 
Renzotti, J.B.; Grootenhuis, P.D. WO Patent 2004002981, 2004. 

151. Worhington, P.A.; Streeting, I.T. GB Patent 2276381, 1994. 
152. Barton, J.E.D.; Mitchell, G. GB Patent 2276379, 1994. 
153. Springer, C.J.; Davis, C.L. WO Patent 2000058271, 2000. 
154. Silvey, G.A.; Cady, G.H. J. Am. Chem. Soc. 1950, 72, 3624. 
155. Mao, T.J.; Dresdner, R.D.; Young, J.A. J. Am. Chem. Soc. 1959, 81, 1020. 
156. Woolf, C.W.; Gard, G . L . U.S. Patent 3,448,121, 1969. 
157. Sheppard, W.A. U.S. Patent 3,219,690, 1965. 
158. Coffman, D.D.; Tullock, C.W. Can. Patent 728,186, 1966. 
159. Michimasa, Y. Chem. Abstrs., 1975, 82, 175255g. 
160. Witucki, E.F.; Frankel, M.B. Energetic Aliphatic Sulfur Pentafluoride Derivatives, 

UCRL-13809, 1978. 
161. Sitzmann, M.E.; Gilligan, W.H.; Ornellas, D.L.; Thrasher, J.S. J. Energ. Mat. 1990, 8, 

352. 
162. Sitzmann, M.E. U.S. Patent 5,194,103, 1993. 
163. Sitzmann, M.E.; Gilardi, R.; Butcher, R.G.; Koppes, W.M.; Stem, A.G.; Thrasher, J.S.; 

Trivedi, N.J.; Yang, Z-Y. Inorg. Chem. 2000, 39, 843. 
164. Oomure, Y.; Noguchi, M.; Fujiwara, K. Jpn. Patent 89-231887, 1991 
165. Minor, B.H.; Sheally, G.S., U.S. Patent 5,433,880, 1996. 
166. Kirsch, P.; Bremer, M.; Heckmeier, M.; Tarumi, K. Angew. Chem. Int. Ed. Eng. 1999, 

38, 1989. 
167. Smith, J.; DiStasio, R.A.; Hannah, N.; Rananavare, S.B.; Weakley, T.; Winter, R.W.; 

Gard, G.L. J. Physical Chem. submitted, 2004. 
168. Miyazawa, K.; Saito, S.; Harufuji, T. Jpn. Patent 2003238492, 2003. 
169. Heckmeier, M.; Schön, S.; Kirsch, P. Dtsch. Bundes Patent. 10,344,474, 2004. 
170. Ionescu, D.; Scott, C. Brit. Patent 2,393,966, 2004. 
171. Koike, T.; Ikemura, M. Jpn. Patent 2003261478, 2003. 
172. Ranger, R.; Kazhushkov, S.; de Mejiere, Α.; Demus, D. Jpn. Patent 2003261470, 2003. 
173. Manabe, Α.; Heywang, U.; Pauluth, D.; Heckmeier, M.; Kirsch, P.; Montenegro, E., 

Dtsch. Bundes Patent 10247986, 2004. 
174. Francis, M.; Goulding, M.; Patrick, J. Brit. Patent 2,394,475, 2004. 
175. Kirsch, P.; Lenges, M.; Heckmeier, M.; Lüssem, G. Eur. Patent 1,411,104, 2004. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



Chapter 5 

Stereoselective Synthesis of Monofluoroalkenes 
Using Cross-Coupling Reactions 

Shoji Hara 

Division of Molecular Chemistry, Graduate School of Engineering, 
Hokkaido University, Sapporo 060-8628, Japan 

Various methods for the stereoselective synthesis of 
fluorohaloalkenes and fluoroalkenyl metals are developed. 
The resulting fluorohaloalkenes and fluoroalkenyl metals are 
used for the cross-coupling reaction to synthesize 
monofluoroalkenes stereoselectively. The cross-coupling 
reactions using fluorohaloalkenes and fluoroalkenyl metals are 
a powerful tool for the stereoselective synthesis of 
polyfunctionalized fluoroalkenes and alkadienes. 

Introduction 

Introduction of a fluorine atom onto the double bond of natural compounds 
having interesting bioactivities is of great interest because the fluorine atom can 
enhance their bioactivities or reduce their undesired side-effects (1-3). The 
Horner-Wadsworth-Emmons reaction has been generally used for the 
stereoselective synthesis of fluoroalkenes (4). The reaction of a 
fluorophosphonate with aldehydes provides (£)-a-fluoro-a,p-unsaturated esters 
stereoselectively. However, in order to introduce the fluorine atom onto any 
position of the double bond in natural products, more methods for the selective 
synthesis of fluoroalkenes are desired. 

120 © 2005 American Chemical Society 
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On the other hand, cross-coupling reactions using transition metal catalysts 
have been recently used as a powerful tool for the stereoselective synthesis of 
polyfunctionalized alkenes and alkadienes (5,6). For the synthesis of various 
monofluoroalkenes (la-d) by the cross-coupling reactions, stereoselective 
synthesis of fluorohaloaikenes (2) or (4), or fluoroalkenyl metals (3) or (5) is 
required (Scheme 1). 

2a F 

F R' 

3a F

 3 b M 

F 

R — F 

R ^ X 

4a 

F 

R' 
5a 

A-R ' A, 
^ 1c Id R» 

s " S . 
M R" 

5b M 

Scheme 1 R = aryl, alkyl, alkenyl 
R' = aryl, alkyl, alkenyl, ester 

Stereoselective Synthesis of l-Fluoro-l-haloalkenes (2) and 
their Application to the Cross-coupling Reactions. 

Hiyama et al. reported that (£)-l-bromo-1-fluoroalkenes 2a (R = Ar, X = 
Br) can be stereoselectively prepared from aldehyde-
dibromofluoromethyllithium adducts (6) by reductive elimination reaction (7) 
(Scheme 2). 

OAr 
EtMgBr, *Pr2NH x ^ / B r 

A r ^ C F B r j ^ Γ I F 
2a 

Scheme 2 
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Rolando et al modified this methodology and used it for the synthesis of 
fluorinated analogs (9) and (10) of resveratrol and pterostilbene (16). Α β-
bromo-P-fluorostyrene derivative (11) was obtained as a mixture of 
stereoisomers from the 3,5-dihydroxybenzaldehyde derivative by a modified 
Burton method. Suzuki-Miyaura coupling reaction of 11 with phenylboronic 
acid derivative (12) gave the (Z)-isomer of fluororesveratrol derivative (13) 
selectively. Deprotection of 13 gave the desired fluorinated analog 9 of 
resveratrol. They also synthesized 10 using phenylboronic acid derivative (14) 
and bromofluorostyrene derivative (15) (Scheme 6). 

Generally, 1 -bromo-1 -fluoro-1 -alkenes (2, X = Br) have been prepared by 
the reaction of aldehydes with CFBr3 and Ph3P (4,8,9). However, a mixture of 
(£)- and (2)-isomers was formed and their separation is practically difficult 
(Scheme 3). Several methods have been reported for the isomerization of the 
(Z)-isomer to the more stable (£)-isomer (10-12). 

RCHO C F B r * P P h 3 • R ^ Y F 

Br 
Scheme 3 

McCarthy et al separated both isomers of p-bromo-P-fluorostyrene (7) by 
gas chromatography and used them for the Suzuki-Miyaura coupling reaction to 
give (Z)- and (£)-fluorostilbenes (8) stereospecifically (10,13) (Scheme 4). 

P h - " V B r

 + PhB(OH)2 *W4.Na 2 CQ3 , p h ^ P h 
I Benzene-EtOH I 

(E)-7 * 86% (2)-8 * 

{Z)-1 + PhB(0H ) 2 Pd(PPh3)4,Na2CQ3 ^ 
Benzene-EtOH ' 

9 2 o / o (£)-8 Ph 

Scheme 4 

In order to synthesize cross-coupling products derived from the (E)-isomer 
(2a, X = Br), the mixture can be used without separation, because the (£)-isomer 
reacts more rapidly than the (Z)-isomer (14,15). For instance, (Z)-fluorostilbene 
8 could be stereoselectively synthesized from a mixture of (£)- and (Z)-7 by the 
Stille coupling reaction (12) (Scheme 5). 

P h ^ V B r

+ PhSnBu3

 P d ( P P h ^ C u I , P h ^ Y P h 

7 ρ DMF, RT g F 

E:Z = 88:12 73% g-E = 98:2 

Scheme 5 
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Scheme 6 

This methodology is also applicable for other cross-coupling reactions such 
as the Heck reaction, Sonogashira reaction, and alkoxycarbonylation reaction. 
From an (£)- and (Z)-mixture of P-bromo-P-fluorostyrene 7, (2E, 4Z)-v-fluoro-
α,β,γ,δ-unsaturated ester (17), (Z)-fluoroenyne (18), and (Z)-ot-fluoro-a,P-
unsaturated ester (19) were stereoselectively prepared (17,15,18) (Scheme 7). 

K2C03, DMF, RT m I 
E:Z= 85:15 1 7 F 

(2£,4Z):(2£,4£) = 95:5 

7 . Pd(PPh3)2Cl2 ^^- .C^CPh 
7 + HC^CPh 

CuI/Et3N, RT 16h I 
£:Z=6:5 18 * 

Z;£=93:7 

7 Pd(PPh3)2Cl2 t .^^COOBu 
BuOH, NBu3, CO, RT I 

£.Z= 88:12 19 F 
Z £ = 99:l 

Scheme 7 
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On the other hand, pure (Z)-1 -fluoro-1 -bromoalkenes (2b, X = Br) can be 
prepared from (Z)-a-fluoro-a,P-unsaturated carboxylic acids (20) by 
bromination and decarboxylative hydrogen bromide elimination sequences (11) 
(Scheme 8). 

£ 2)NaHC03 £r 
20 

Scheme 8 

Rolando et al used (Z)-7 obtained by this method for the Sonogashira 
reaction, Heck reaction, and Stiile reaction, and succeeded in the stereoselective 
synthesis of (£)-fluoroenyne (21), (IE, 4£)-v-fluoro-oc,P,y,ô-unsaturated ester 
(22), (£)-fluorodiene (23), respectively (11,19) (Scheme 9). 

However, this method is effective only when R in Scheme 8 is an aromatic 
group having no electron-donating substituent. When R is an aliphatic group or 
an aromatic group having the electron-donating group, good stereoselectivity 
cannot be expected. Burton et al reported that pure 2b (X = Br) is obtainable by 
a kinetic separation method. When a mixture of 7 was used for the cross-
coupling reactions, (E)-l reacted selectively and (Z)-7 remained unchanged (14). 
Therefore, after the coupling reaction, (Z)-7 can be easily separated from the 
mixture, and (£)-fluoroenyne (21) was stereoselectively prepared using (Z)-7 
obtained by the kinetic separation method (15). More conveniently, (E)-7 in the 
mixture was selectively reduced to the fluoroalkene, and the remained (Z)-7 was 
used for the alkoxycarbonylation reaction without separation to give (E)-a-
fluoro-oc,P-unsaturated esters (24) stereoselectively (18) (Scheme 10) 

Synthesis of 1-Fluoro-l -alkenyl Metals (3) and their 
Application to the Cross-coupling Reactions 

( 1 -Fluoro-1 -alkenyl)tributy Istannane (26) was non-stereoselectively 
synthesized from aldehydes in two-steps via (fluoroalkenyl)sulfone (25). It was 
used for the further reactions after separation by column chromatography (20) 
(Scheme 11). 

(£)-( 1 -Fluoro-2-phenylvinyl)tributylstannane (27) was used for the cross-
coupling reaction with 5-iodo-l,3-dimethyluracil (28) and benzoyl chloride to 
give (Z)-5-(l-fluoro-2-phenylvinyl)-l,3-dimethyluracil (29) and fluorochalcone 
(30) respectively (21,22) (Scheme 12). 

A polyfunctionalized fluorochromone derivative (33) was synthesized from 
formylchromone derivative (31) by this methodology. (Fluorovinyl)stannane 
(32) was synthesized from 31 via a fluorosulfone, and (£)-32 was used for the 
cross-coupling reaction with β-iodoacrylate to give 33 stereoselectively (22) 
(Scheme 13) 
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Pd(OAc)2, PPh3 n t . 
(2>7 + HC^CPh — 3-+ Ph^^f 

BuNH2, reflux 3h L 21 CsCPh 
7 1 % £only 

Pd(OAc)2, PPh3 ^ F 
(Z)-7 + ==\ i * i+ P h - ^ V 

COOEt Et3N, reflux 18h 
90% 

22 ^ 

COOEt 
(2£,4£):(2Z,4£) = 95:5 

( Z ) . 7 + ^ S n B u 3 . ph-
THF, reflux 

23 
79% 

£only 
Scheme 9 

7 + HC=CPh 

£:Z = 3:97 

Pd(PPh3)2Cl2 

CuI/Et3N,RT48h 
Ph' 

21 CsCPh 

Z:£ = 3:97 

Pd(PPh3)2Cl2 

E:Z=\.\ 
HCOOH, NBu3 

P h ^ Y H

+ P h ^ f 1 

F Br 
E:Z = 0:100 

Pd(PPh3)2Cl2 Ph^^r" 1 

[,NBu3 

70°C 
BuOH,NBu3,CO COOBu 

24 
Z;E = 0:100 

Scheme 10 

(EtO^O^FSO^h 
p h / \ ^ c H o • p r 

PS02Ph 

25-
HSnBu3 

AIBN Ph' 
(£)-26 F 

58% 

100% 25 F 

(£:Z= 66:33) 

, SnBu3 + ρ ^ ^ ^ ^ 5 ^ F 

(Z)-26 S n B u 3 

18% 

Scheme 11 
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27 

SnBu, 

Ο 

NMe Pd(PPh3)4, Cul P h ^ 

THF 
Me 
28 

89% 
29 

Ο 

"NMe 

Me 

27 
PhCOCl,THF 

Pd(PPh3)4, Cul 

Schemel2 

P h - ^ Y ' COPh 

92% 30 

(̂ )-32 

Θ 
1) (EtO)2P(Q)CFSQ2Ph 
2) AIBN, HSnBu3 

/ ^ C O O E t ci 

Pd(PPh3)4,CuI ^J^^ F 

68% Cl 33 

SnBu3 

COOEt 

Scheme 13 

No other successful methods for the synthesis of 1-fluoro-1-alkenyl metals 
(3) have been reported. The reaction of p-bromo-p-fluorostyrene 7 with 
bis(tributyltin) or bis(pinacolato)diboron for the synthesis of 27 or (E)-l-fluoro-
1-alkenylborane (34) resulted unsuccessfully (23,24). A homo coupling product 
(35) or (36) was obtained instead of the expected 27 or 34. The cross-coupling 
reaction between the generated 27 or 34 with 7 must be fast and it is difficult to 
terminate the reaction at the formation of 27 or 34 (Scheme 14). 

Stereoselective Synthesis of 2-Fluoro-l-haloalkenes (4) and 
their Derivatives, and their Application to Cross-coupling 

Reactions 

(2s)-2-Fluoro-l-bromoaIkenes (4b, X = Br) were stereoselectively prepared 
by the addition of /«-sto-generated BrF from iV-bromoacetamide and HF to 1-
alkynes (25). Though good stereoselectivity (E = 95%) was attained, a 
drawback was the use of hazardous anhydrous HF as the F source (Scheme 15). 
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SnBu3 Ph Ο—/— 

F 

27 F 34 

F 

? Bu3SnSnBu3 ^ ^ - A ^ P h 
Pd(PPh3)4 Τ 

£.2=85:15 M % ^ 

(1Z,3Z)=100% 

Pd(PPh3)2Cl2, CsF F v 

73% 36 

(1£,3£):(1£,3Z) = 98:2 

Scheme 14 
F 

BrHNCOCH3 1 
Bu-CsCH Bu""% 

47.9% m 

Scheme 15 E:Z-95:5 

Rolando et al. also synthesized the (£)-2-fluoro-1 -bromoalkene (37) from 1-
alkyne using l,3-dibromo-5,5-dimethylhydantoin as a Br source and pyridine-HF 
as the F source which is easier to handle than anhydrous HF (26). They also 
synthesized (£)-2-fluoro-1 -iodoaikene (38) with high stereoselectivity (E = 98%) 
from 1-alkyne using bis(pyridine)iodonium tetrafluoroborate and pyridine-HF 
(19) (Scheme 16). 

. 
C 5 H i r CsCH Q — - C 5Hif 

pyridine-HF 3 7 g r 

65% 
£:Z= 90:10 

Θ Θ 
Py2I BF4 

C 5H n-CsCH c s H i i 
pyridine-HF 

83% 38 I 
£:Z=98:2 

Scheme 16 
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They used 38 for the Sonogashira reaction and Heck reaction to give (E)-2-
fluoroenyne (39) and (£,£)-fluoroalkadiene (40) stereoselectively (19) (Scheme 
17). 

38 

38 

Pd(OAc)2, PPh3, BuNH2

 C 5 H i 
75% 39 C s C P h 

EovXy 

H2C=CHPh c5H„ 
Pd(OAc)2, PPh3, Et3N 40 

82% 
(Ε, E) only 

Scheme 17 J 

(£)-2-Fluoro-1 -alkenyliodonium salts (41) could be stereoselectively 
synthesized by the addition of iodotoluene difluoride (42) (27,28) to 1-alkynes in 
the presence of Et3N-5HF (29) (Scheme 18). 

/= \ 

R-C=CH p-^^I^C^ 
Et3N-5HF F 

41 
Scheme 18 

As the fluoroalkenyliodonium salts 41 are reactive hypervalent compounds, 
the cross-coupling reaction using 41 proceeds under mild conditions. 
Methoxycarbonylation reaction and Heck reaction of 41 proceeded at room 
temperature and the corresponding (Ε) - β - fl uor ο-α, β-unsaturated ester (43) and 
(E, £)-ô-fluoro-a$,y,ô-unsaturated carbonyl compounds (44) could be 
stereoselectively obtained, respectively (30-32) (Scheme 19). 

r, u 42 MeOH,CO,RT € ι ο * ί 2 1 

C10H21-C=CH • 1 •—• .COOMe 
Et3N-5HF PdCl2,Et3N 

43 

58% from 1 -dodecyne (E) > 98% 

MeOOC(CH2)8 

MeOOC(CH2)8-C-CH 2-51^ A ^ ^ C O C H 3 

2 8 Et3N-5HF Pd(OAc)2

 t 

60% from alkyne { £ ^ > 9 S O / q 

Scheme 19 
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This methodology was applied for the synthesis of a fluorinated analog (45) 
of a polyunsaturated fatty acid metabolite, (9Z, 1 l£)-13-hydroxy-9,l 1-
octadecadienoic acid (coriolic acid) (33). Methyl 9-decynoate was converted to 
the corresponding fluoroalkenyliodonium salt which was used for the Heck 
reaction with l-octen-3-one to give methyl (9£, ll£)-9-fluoro-13-
oxooctadecadienoate (46). By the reduction of the keto group, the desired 45 
could be obtained in racemic form (31,32) (Scheme 20). 

MeOOC(CH2)7-C=CH-
42 j R T Y ^ ^ ^ ^ C O O M e 

Et3N-5HF Pd(OAc)2 

55% from alky ne ® 46 

NaBHj, CeCl3 F ^ ^ ^ ^ ^ ™ , W *> > 9 5 % 

1 0 0 % 

OH 4 5 

Scheme 20 

When (£)-2-fluoro-l-alkenyiiodonium salts (47) and (48) were used for the 
Sonogashira reaction and Suzuki-Miyaura reaction, a significant amount of by
products (50) and (52) was formed (34,35). They were generated by the 
coupling reaction of alkyne or arylboronic acid with the tolyl group on the 
iodonium salts. When the fluorine atom was not attached, the cross-coupling 
reaction took place selectively at the alkenyl part and the arylated by-products 
were not formed (36). Therefore, the fluorine atom on the alkenyl group 
retarded the oxidative addition of the Pd catalyst and decreased the selectivity 
(Scheme 21). 

MeOOC(CH2)8 ρ MeOOC(CH2)8 

A ^ i T o l - p HC=C-Bu,RT a F A ^ C = C - B u + p-Toi-C=C-Bu 
F Pd(OAc)2, PPh3, Cul M _ 

47 49 59% 50 41% 

C l o I Î 2 1 F PhB(OH)2, RT C\o^2\ 
JÇLîlbl-p — F - V P h + />Tol-Ph 
F Pd(OAc)2, PPh3, K 2 C0 3

 F 

48 51 12 % 52 68% 

Scheme 21 
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(£)-2-Fluoro-l-alkenyl iodonium salts 47 and 48 were converted to the 
corresponding (£)-2-fluoro-l-iodoalkenes (52) and (53) without isolation by 
Ochiai's method (37). Though 52 and 53 are less reactive than 47 and 48, and 
higher reaction temperature was required in the Suzuki-Miyaura reactions, the 
desired (£)-fluoroenyne (49) and (£)-fluoroalkene (51) could be obtained 
selectively (34,35) (Scheme 22). 

MeOOC(CH2)8 

42 CuI,KI JL r 
MeOOC(CH2)8-C=CH • p - ^ V 1 

Et3N-5HF S 2 

80% M 

MeOOC(CH2)8 

5 2 HC^C-Bi^CuI^ f X J ^ , C s C - B u 

Pd(OAc)2, PPh3 

RT 85% 49 

42 CuI.KI_ C l 0 Î î 2 1 

C 1 0 H 2 r C ^ C H 2 £ — • - ^ A ^ I 
Et3N-5HF F 

80% 5 3 

PhB(OH)2, K 2C0 3 C 1 0 H 2 1 

53 A s ^ P h 
Pd(OAc)2, BINAP F ^ 

80 °C g 5 o / o 51 

Scheme 22 

The methodology was applied for the synthesis of fluorinated analogs (54) 
and (55) of (9Z, 11 £)-1 -acetoxy-9,11 -tetradecadiene, a pheromone of the 
Egyptian cotton leaf worm, and 11,12-dehydrocoriolic acid ester (38). 9-Decyn-
l-ol was converted to (£)-9-fluoro-10-iodo-9-decen-l-ol (56) by the reaction 
with 42, followed by the treatment of Cul and KI. The cross-coupling reaction 
of 56 with l-butenylborane followed by the acetylation of alcohol gave the (9£, 
ll£)-l-acetoxy-9-fluoro-9,11-tetradecadiene 54, the fluorinated analog of the 
Egyptian cotton leaf worm pheromone (39). Racemic 9-fluoro-l 1,12-
dehydrocoriolic acid methyl ester 55 was synthesized by the Sonogashira 
coupling reaction using fluoroiodoalkene (57) prepared from methyl 9-decynoate 
as shown in Scheme 23 (34). 

(Z)-2-Fluoro-l-alkeny!iodonium salts were stereoselectively synthesized by 
the addition of CsF to 1-alkynyliodonium salts (40,41). However, due to the low 
nucleophilicity and low solubility of the metal fluoride, the yields were low (15 -
20 %). This problem could be overcome by using aq HF as the fluoride source, 
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and the (Z)-2-fluoro-l-alkenylidonium salts could be obtained in good yield with 
high stereoselectivity (42) (Scheme 24). 

HO-(CH2)8-C=CH 42 Cul,KI 
Et3N-5HF HO-(CH2)8' 1 

65% 

E t x ^ k . EKOPr^ 

Pd(OAc)2, BINAP 
KOH, dioxane 

Ac2Q 
Et,N * AcO-(CH2)8' 

54 

56 

Et 

MeOOC(CH2)7-CsCH-

56% from 56 

42 CuI,KI MeOOQCH^ 

Et3N-5HF 
80% 

HC=C-CH-CSH 
OH 

5 n l l 

Pd(OAc)2, Cul, Et2NH 
91% 

57 

COOMe 

OH 55 

Scheme 23 

θ 9 
r ® 

A ^ I P h 
i 1 7 

20% 58 
Θ 

„ BF4 C s F F ® BF4 

C8H17-C=C-IPh • n 

acetone-CH2Cl2

 c s H n 

Θ B p 4 20%aqHF F φ BF4 

Cl0H21-C=C-IPh — ; - k ^ l P h 
CHC13 C 1 0 H 2 1 

84% 59 
Scheme 24 

Application of (Z)-2-fluoro-l-alkenylidonium salt 59 for 
methoxycarbonylation reaction (43), Heck reaction (39), and Stille reaction (39) 
gave (Z)-P-fluoro-a,P-unsaturated ester (60), (3E, 5Z)-ô-fluoro-a,P,y,ô-
unsaturated carbonyl compound (61), and (Z)-fluoroalkadiene (62) 
stereoselectively (Scheme 25). 
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59 CO.MeOH.RT, J ^ c O O M e 
PdCl2, NaHC03

 C i ° H 2 i 
73%(Z>99%) 6 0 

<i^COMe 

59 

5 9 PcKOAc)2, KI C l ° H 2 1 

NaHC03. -20 °C 
70% l(3E, 5Z):(3£,5£) = 96:4] 

<^SnBu 3 

Pd(PPh3)4, RT 
62 

69%(Z = 99%) 

Scheme 25 

In order to avoid the formation of by-products, 59 was converted to (Z)-2-
fluoro-l-iodo-1-alkenes (63) (42% and used for the Suzuki-Miyaura reaction and 
Sonogashira reaction. From 63, (Z)-fluoroalkene (64), (E, Z)-fluoroalkadiene 
(65), and (Z)-fluoroenyne (66) could be obtained stereoselectively (39) (Scheme 
26). 

59 , . J^I 

63 

DMF 

PhB(OH)2 

cioH2i 
89% 63 

63 

63 
Pd(OAc)2, PPh3 

Cul, Et3N, RT 

83%, Ζ only 

Scheme 26 
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Synthesis of 2-Fluoro-l-alkenyI Metals (5) 

Though 2-fluoro-l-alkenyl metals (5) could be useful precursor for various 
fluoroalkenes, practical methods for 5 has not been reported yet. 
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Chapter 6 

A New In Situ Room Temperature Approach 
to Fluorinated Vinylzinc Reagents and Fluorinated 

Styrenes 

Anilkumar Raghavanpillai1,2 and Donald J. Burton1,* 
1Department of Chemistry, The University of Iowa, Iowa City, IA 52246 

2Current address: Department of Chemistry, Dartmouth College, 
Hanover, NH 03755 

The reaction of LDA with a solution of ZnCl2 and CF 3 CH 2 X 
(X = F, Cl, Br, I) at 15-20 °C provides a high yield in situ 
preparation of [CF2=CXZnCl]. The resulting [F2C=CXZnCl] 
intermediates are readily functionalized by Pd(0) catalyzed 
cross-coupling with aryl iodides to provide a one flask entry 
directly to the corresponding fluorinated styrenes from 
commercially available precursors. The stability of the 
intermediate vinyl lithium [F2C=CXLi] and the nature and 
reactivity of these zinc reagents [F2C=CXZnCl] are discussed. 

Introduction 

Introduction of fluorine into organic molecules via fluorinated 
organometallic building blocks have very high synthetic potential, as they avoid 
direct use of nasty fluorinating agents. Although fluorinated organometallics 
have been less studied compared to their hydrocarbon counterparts, much 
chemistry has evolved in the last two decades in which various fluorinated 
synthons (vinyl, alkynyl, allyl, benzyl, propargyl, aryl etc) were prepared and 
subsequent reactions with these reagents were explored (1,2,3,4). But unlike 
their hydrocarbon analogues, the chemistry with many of the fluorinated 

© 2005 American Chemical Society 135 
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organometallic reagents was difficult due to their poor thermal stability. But the 
development of fluorinated zinc and tin reagents made this chemistry attractive 
because of their superior thermal stability. 

Among the fluorinated organometallic reagents, fluorovinyl organometallic 
reagents have received special attention as they can be utilized as synthons to 
introduce a fluorinated vinyl group directly into an organic molecule. 
Fluorinated vinyllithium is the first choice of reagent to effect this 
transformation, but the poor thermal stability of these reagents makes them less 
attractive in large scale synthetic preparations (1,5,6). Subsequently, fluorinated 
vinylzinc reagents were developed that exhibited excellent thermal stability and 
desirable chemical reactivity. Fluorinated vinyl zinc reagents have been prepared 
by two different methods; i) Exchange of the corresponding alkenyllithium 
reagents at low temperature with zinc chloride, ii) Direct insertion of zinc into 
the carbon - halogen bond of a fluorinated vinyl halide. The first method 
involves low temperature generation of a fluorinated vinyllithium from 
corresponding vinyl halides or hydroalkenes (6). Addition of zinc halide to the 
fluorovinyllithium solution generates the vinylzinc halides in excellent yields 
(6,7,8,9,10,11,12,13,14,15,16,17,18). The reaction temperature for this 
transformation depends largely on the thermal stability of the vinyllithium 
reagent and is also solvent dependent. Trifluorovinyl, 2,2-difluoro vinyl, 1-
chloro-2-fluorovinyl and (£)-l,2-difluorovinylzinc chlorides were generated at 
temperatures below -100 °C, while some (Z)-l,2-difluorovinylzinc chlorides 
could be prepared in ether at -30 °C. Examples of various zinc reagents prepared 
by this methodology are illustrated in Scheme 1. In the presence of a palladium 

CF2=CH2

 S e C f ^ ; 1 1 0 ° C > [CF2=CHLi] ^ 
THF-Ether 

CF2=CFC1 S*tl'~mC ' [CF2=CFLi] — , CF2=CFZnCl (Ref 11) 

100 °c 
ZnCl2 

CF2=CHZnCl (Ref. 9) 

THF-Ether-pentane 

R \ ) _ ^ F n-BuLi,-30°C 

F H THF 

R ^ ^ H n-BuLi,-110°C 

F F THF 

R F 
M 

F Li 

R Li 

M 
F F 

-100 °C 

ZnCl2 

-30 °C 

ZnCl2 

-110°C 

R F 
)=< 

F ZnCl 

R ZnCl 

>=< 
F F 

(Ref. 12) 

(Ref. 12) 

Scheme 1. Preparation offtuorovinylzinc reagents by the metallation of vinyl 
halides or hydroalkanes via fluorovinyllithium. 
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catalyst these fluorovinyl zinc reagents undergo cross-coupling reactions with 
aryl iodides, vinyl iodides, acid chlorides and iodoalkynes to give corresponding 
fluorinated alkenyl derivatives (Scheme 2). 

1 Pd(PPh3)4 ^ ^ s / C F CF2 
CF2=CFZ„C1 + υ ^ -^^T |l i (Ref ID 

E t 3 S i w F ^ E t p d ( p p h 3 ) 4 Et3Si 

F ZnCl THF, 73% F (Réf. 16) 
Et 

C 7 F 1 5 F * lD / Pd(PPh3)4 V / )=\ + ch3coci ^ /=\ r r e f i n 
F ZnCl THF, 85% F COCH 3

 ( R c t H ) 

F ZnCl THF, 90% F \ = - ~ C 4 H 9 

(Ref. 14) 

Scheme 2. PdfO) Catalyzed coupling reaction of fluorovinylzinc reagents 
produced by the metallation of fluorinated vinyl halides or hydroalkenes. 

The second method of preparation of fluorovinylzinc reagents involves the 
reaction of fluorinated vinyl bromides or iodides with acid-washed zinc in a 
variety of solvents such as DMF, DMAC, triglyme, tetraglyme, THF and 
acetonitrile (19). The reaction is feasible at room temperature in the case of 
fluorinated vinyl iodides whereas vinyl bromides reacted at rt to 60 °C. I 9 F 
NMR analysis of the zinc reagents showed as a mono/bis zinc reagent mixture 
with varying ratio based on the structure of the vinyl halide and the solvent. The 
zinc insertion reaction was stereospecific, as (E) or (Z) perfluoropropenyliodides 
reacted with zinc in TG to form the corresponding (E) or (Z) 
perfluoropropenylzinc reagents, respectively (19). Typical examples of zinc 
reagents prepared by this method are illustrated in Scheme 3 
(19,20,21,22,23,24,25,26,27). 

In the presence of a palladium catalyst, these zinc reagents undergo cross-
coupling reactions with aryl or vinyl halides to produce corresponding aryl or 
vinyl substituted alkenes in excellent isolated yields (Scheme 4) 
(20,26,28,29,30,31,32,33,34,35). The cuprous halide catalyzed coupling reaction 
of these zinc reagents with allyl halides or acid chlorides afforded the 
corresponding alkenylated compounds (Scheme 5) (36,37). 
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DMF 
CF2=CFBr + Zn * CF2=CFZnBr (Ref. 19,29) 

79% 
CF2=CBr2 + Zn ° M F > CF2=CBrZnBr (Ref. 20) 

97% 

( ^ o r ^ R ^ C F I + Zn — ^ (£) or (Z) RFCF=CFZnI (Ref. 19,29) 
71-100% ' * 

EC1

 + Zn - J ^ - * HC?, (Ref. 22,23) 1 1—1—Znl 

(?TCI

 + Zn

 DMF . QCCl (Ref. 22,23) 

F 3C F 
CF 3CBr 2CF 3 — — * ) = < (Ref. 26) 

DMF, 95% BrZri F 

= ( C F 3

+ Zn(Ag) ™ E D A , = < F 3 . T M E D A (Ref. 27) 
Br T H F ZnBr 

Scheme 3. Preparation offluorovinylzinc reagents from fluorinated vinyl 
bromides and iodides by zinc insertion. 

Fluorovinylzinc reagents via a new in situ approach 

Even though fluorovinylzinc reagents were generated in good yields by the 
above discussed methods, the low temperature involved and the use of 
environmentally hazardous vinyl halides as starting materials were major 
concerns. Herein we present the chemistry that we have developed recently to 
generate fluorovinylzinc reagents at temperatures near to room temperature 
starting from environmentally friendly hydrofluorocarbons. Though we began 
this project as part of our synthetic attempts to develop a cost-effective high-
yield synthesis of α,β,β-trifluorostyrenes from readily available halocarbon HFC-
134a via the formation of intermediate trifluorovinylzinc reagent, we explored 
similar possibilities for various a-halo-p,p-difluorovinylzinc reagents from the 
corresponding halocarbon sources. The zinc reagents thus generated could be 
readily functionalized with aryl or vinyl halides using Pd(0) catalyst to provide a 
one flask entry directly to the corresponding fluorinated alkenes under mild 
reaction conditions. 
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CF2=CFZnBr + C 6 H 5 I P d ( P P h 3 ) 4 m Q H ^ F ^ (Ref. 28,29) 
DMF, 74% 

CF2=CBrZnBr 4- p-OMe-C6H4I P d ( P P h 3 ) 4 m P-OMe-C 6H 4CBr=CF 2 (R ef. 20) 
DMF, 93% 

F 3 C W F \ _ / ^ 
} = { + c 6 H 5 I - )={ (Ref. 28,29) 

F ZnX TG,80% QH5 F 
F.C F F 3 C F 

3 V / Pd(PPh3)4

 3 w ρ 
/ = \ + CF2=CFI / \ / / R e f 32) 

F ZnX TG,80% F ) = ( ^er. J Z ; 
F F 

F,C ZnX . ¥K F 
\ / Pd(PPh3)( 

/ = \ + CF2=CFI -CF2=CFI ' ~" ~ " ô M > / = \ _ / F (Ref. 32) 
F F TG,50% F 3 C 

F F 

Scheme 4. Pd(0) Catalyzed coupling reaction of fluorovinylzinc reagents 
(prepared by zinc insertion) with aryl or vinyl halides. 

CF2=CFZnBr + ^ ' " l • < ^ C F = C F * (Ref 36) 
2 CuBr, 80% 

CF2=CFZnBr + CH 3C0C1 / f ™ . CF 2=CFCOCH 3 (Ref 37) 
CuBr, 76% 1 5 

Scheme 5. The cuprous halide catalyzed coupling reaction of fluorovinylzinc 
reagents (prepared by zinc insertion) with allyl halides and acid chlorides. 

Preparation of trifluorovinylzinc reagent from halocarbon HFC-134a and 
the synthesis of α,β,β-trifluorostyrenes. 

α,β,β-Trifluorostyrene (TFS) is one of the important monomers among the 
fluorinated monomers capable of polymerization (38,39,40,41,42). Polymers of 
1,2,2-trifluorostyrene, namely poly(l,2,2-trifluorostyrene) (PTFS) and its co
polymers with other alkenes, have high thermal as well as chemical stability, 
found extensive application as ion exchange membranes for fuel cell separators 
and dialysis membranes (38,43,44,45,46,47,48,49,50,51,52,53). The challenge 
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in the application of TFS has been the preparation of TFS itself. Practical 
synthesis of TFS in high yield and purity was a difficult task. The earlier 
methods developed by Cohen (54) and by Prober (55) involved many steps and 
suffered from low overall yields (<20%). Pyrolytic methods are used for the bulk 
production but have the difficulty of low yield and the formation of many 
unwanted side products (56). Formation of the TFS through organometallic 
reagents has been the most impressive route. One of the earlier methods 
developed by Dixon (57), where reaction of phenyllithium with 
tetrafluoroethylene (TFE) generated the 1,2,2-trifluorostyrene in low yields 
(30%) along with 1,2-difluorostilbene as side product. With an excess of 
phenyllithium, the disubstituted product was favored (58). Sorokina and co
workers developed a synthetic route for TFS by palladium catalyzed cross-
coupling reaction of the trifluoroethenylzinc, trifloroethenyltin reagents with aryl 
iodides in DMF, HMPA medium (7,59). Reactions of the phenyl derivatives of 
lanthanides (Yb, Sm, Ce) with tetrafluoroethylene produced the TFS in poor 
yield (60,61). Recently, we have developed a highly efficient synthesis of 1,2,2-
trifluorostyrenes by dehydrohalogenation of the corresponding precursors using 
DBU or lithium heaxamethyldisilazide as the base (62) The best general method 
for the synthesis of TFS and substituted TFS derivatives was developed from this 
laboratory where the trifluovinylzinc reagent was generated from zinc and 
bromotrifluoroethylene (BTFE) in a variety of solvents (28,29). The palladium 
catalyzed cross-coupling of the zinc reagent with aryl iodides generated 1,2,2-
trifluorostyrenes in very good yields. Since this reaction was performed under 
mild conditions the usual thermal cyclodimerization of TFS was absent. Also, 
the stilbene formation observed in Dixon's method was eliminated. But the cost, 
availability and above all the environmental concern of BTFE was a problem of 
concern and thus made it difficult for commercial applications. Alternatively, 
trifluorovinylzinc reagent could be generated via fluorovinyllithium reagent from 
a fluorocarbon of the type CF2=CFY, where Y = H, Cl, Br, I. Here the lithium 
reagent was generated by the reaction of the fluoroalkene with alkyl lithium at 
very low temperature, which was then converted to zinc reagent by 
transmetallation with zinc halide (6,11). But unlike fluorovinylzinc reagents, the 
corresponding lithium reagents are thermally unstable and have to be generated 
at very low temperature (1,5,6). So the preparation of trifluorovinylzinc reagent 
via the trifluorovinyllithium reagent suffered two major drawbacks; the lithium 
reagent has to be generated at very low temperature and having to use CFC type 
starting materials. The only viable cheap, large volume, commercially available 
precursor for the introduction of the trifluoroethenyl group is 1,1,1,2-
tetrafluoroethane (HFC-134a). In the late 1990's Coe and co-workers recognized 
the potential of HFC-134a as a trifluorovinyl synthon (63,64,65). They generated 
trifluorovinyllithium from HFC-134a at -78 °C by a sequence of 
dehydrofluorination and metallation reactions and carried out low temperature 
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functionalization with various electrophiles (Scheme 6) (65,66). With zinc 
halides as an electrophile, trifluorovinyllithium was converted to 
trifluorovinylzinc halide at low temperature. Even though trifluorovinylzinc 
reagent was generated in good yield from HFC-134a, the low temperature 
involved remained as a problem for large scale reactions or industrial 
applications. In addition, trifluorovinyllithium readily decomposes to 
difluoroacetylene >-70 °C which leads to the formation of polymeric by
products. 

CF 3 CH 2 F 

CF2=CFSiMe3 

TMSCI 

2 Λ-BuLi 

THF, -78 °C 

CF2=CFI 

ZnCl2 

[CF2=CFLi] - CF2=CFZnCl (Ref. 65,66) 

CO, 
vBu3SnCl 

CF2=CFSnBu3 

CF2=CFC02H 

Scheme 6. Preparation of trifluorovinyllithium from HFC-134a and its reaction 
with various electrophiles. 

In order to make this reaction feasible at ambient temperatures, we decided 
that the metallation-transmetallation process should be made in situ, so that the 
trifluorovinyllithium formed could be trapped faster than it decomposed. Thus in 
situ metallation reaction was attempted under a variety of reaction conditions by 
changing the medium (solvent and co-solvent), base, temperature and the zinc 
halide used for the transmetallation. Table I summarizes some of the selected 
trials used to optimize this in situ metallation reaction of HFC-134a with various 
alkyllithium and lithium amide bases in the presence of a zinc salt. When the in 
situ metallation reaction of HFC-134a was performed using n-BuLi in the 
presence of zinc iodide at -26 °C (boiling point of HFC-134a), the 
trifluorovinylzinc reagent was formed in poor yield (entry 1) and the major 
reaction was the reaction of base with the zinc salt. But with the more sterically 
hindered base, t-BuLi and with excess of HFC-134a resulted a fair yield (66%) 
of the trifluorovinylzinc reagent (entry 2). Though the presence of co-solvents 
like DMPU, DMI in conjunction with THF are known to accelerate the 
formation of fluorinated vinyllithium (67), they did not improve the yield of the 
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trifluorovinylzinc reagent when the in situ reaction was performed in 
THF/DMPU medium (entry 3). Use of sterically hindered lithium amide bases 
like 4-methoxy-LTMP improved the yield of the trifluorovinylzinc reagent to 
76% when the reaction was performed at -26 °C with excess of HFC-134a (entry 
4), whereas lithium hexamethyldisilazide failed to metallate HFC-134a under 
similar conditions. Use of the non-hygroscopic ZnCl 2.TMEDA complex in this 
reaction improved the yield of the trifluorovinylzinc reagent to 82% (entry 5). 
The success of 4-OMe-LTMP prompted us to consider a relatively inexpensive 
base like lithium diisopropylamide (LDA) for effecting this in situ 
transformation. This reaction produced a clean reaction mixture with an 86% 
yield of the zinc reagent (entry 6). As a next step, we reduced the concentration 
of HFC-134a from 4 eq. to 1.5 eq., and the reaction was performed at -26 °C 
using LDA with the ZnCl 2.TMEDA salt. This reaction produced an 84% yield of 
the zinc reagent (entry 7). Further experiments with TMEDA as a co-solvent 
along with zinc chloride also produced excellent yields of the trifluorovinylzinc 
reagent, and pre-formation of the ZnCl 2.TMEDA complex was not required 
(entry 8). Further increase in the reaction temperature to 0 °C or room 
temperature did not significantly reduce the yield of the trifluorovinylzinc 
reagent (entry 9, 10). An interesting observation noticed in the TMEDA 
mediated reaction was the formation of traces of saturated zinc reagent (-10%) 
(CF3CHFZnCl) along with the trifluorovinylzinc reagent. This species 
CF 3CHFZnCl was gradually transformed to the vinyl zinc reagent. It is assumed 
that the CF 3CHFZnCl is formed by the reaction of the initial mono anion 
(CF3CHF-) generated from HFC-134a with zinc halide before it eliminates the 
fluoride ion (Scheme 7). In fact, a trace amount of such a species 
(CF3CHFSnBu3) was detected in the metallation reaction of HFC-134a with 
LDA and Bu3SnCl (63). 

Base [CF3CHF]" 
ZnCl 2 

CF 3 CHFZnCl C F 3 C H 2 F 
THF/TMEDA 

- F 

Base 
[CF2=CHF] 

Base 

[CF2=CF] " 
ZnCl 2 CF 2=CFZnCl 

Scheme 7. Formation ofCF3CHFZnCl and CF2=CFZnCl during the metallation 
ofHFC-134a. 
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Table I. In situ reactions of HFC-134a with various alkyllithium and lithium 
amide bases in the presence of a zinc salt 

CF 3 CH 2 F 
Base, THF 

ZnX 2 co-solvent 
[CF2=CFZnX] 

Trail HFC- Base Zinc salt (1 eq) Temp Solvent/co- % yield 
134a (2eq.) solvent ofzinc 

reagent 
1 1.2 eq. M-BuLi ZnCl 2 -26 THF 23 
2 4.0 eq. f-BuLi Znl 2 -26 THF 66 
3 4.0 eq. i-BuLi Znl 2 -26 THF/DMPU 63 
4 4.0 eq. 4-OMe- Znl 2 -26 THF 76 

LTMP 
5 4.0 eq. 4-OMe- ZnCl 2.TMEDA -26 THF 82 

LTMP 
6 4.0 eq. LDA ZnCl 2.TMEDA -26 THF 86 
7 1.5 eq. LDA ZnCl 2.TMEDA -26 THF 84 
8 1.5 eq. LDA ZnCl 2 -26 THF/TMEDA 80 
9 1.3 eq. LDA ZnCl 2 0 THF/TMEDA 82 
10 1.2 eq. LDA ZnCl 2 22 THF/TMEDA 78 
11 1.2 eq. LDA ZnCl 2 0 THF/Bipyridyl 79 
12 1.2 eq. LDA ZnCl 2 0 THF/*Pr2NH 77 
13 1.2 eq. LDA ZnCl 2 20 THF 73 
Yield of zinc CF2=CFZnX from ZnX 2 based on 1 9 F NMR analysis of the reaction mixture 
(vs PhCF3 as internal standard). 

Other ligands like 2,2'-bipyridyl (entry 11) and diisopropylamine (entry 12) 
offered improved yield of the trifluorovinylzinc reagent. Thus the presence of an 
amine co-solvent is essential in order to obtain high yield of the 
trifluorovinylzinc reagent in this in situ metallation reaction. Metallation using 
LDA without any added amine co-solvent at rt also produced reasonably good 
yield of the zinc reagent (the diisopropylamine liberated from LDA could be 
acting as an amine co-solvent) (entry 13). Finally, the best feasible reaction 
conditions for the generation of trifluoroethenylzinc reagent were chosen as 
follows; addition of LDA (2.0 eq) to a medium of saturated zinc chloride (1.0 
eq) and HFC-134a (1.2 eq.) in THF or THF-TMEDA at 15-20 °C. The THF 
reaction produced a 73% yield of the trifluorovinylzinc reagent where as THF-
TMEDA produced the zinc reagent in 78% yield. During our optimization 
experiments, it was noticed that the trifluorovinylzinc reagent was obtained as a 
mixture of mono and bis species in varying ratio from 60:40 to 85:15. The l 9 F 
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chemical shifts of the mono and bis zinc reagent varied slightly depending on the 
co-solvent (THF or THF/TMEDA or THF/diisopropylamine, THF/2,2'-
bipyridyl) and the counter ion (Cl, Br, I). The trifluorovinylzinc reagent 
generated in THF/Diisopropylamine medium showed spectral patterns 
corresponding to both mono and bis zinc reagents complexed to THF and 
diisopropylamine with slight difference in chemical shifts in the upfield 
direction. Addition of TMEDA to the medium produced one set of peaks 
resulting from the preferential complexation of mono and bis zinc reagents to 
TMEDA over diisopropylamine or THF. The spectral data for the mono and bis 
zinc reagents were assigned by a set of experimental observations (Scheme 8). 
When half an equivalent of zinc chloride was used for the in situ metallation 
reaction exclusive formation of the bis zinc reagent was observed. The l 9 F NMR 
chemical shifts and the splitting pattern for this zinc reagent matched exactly for 
the minor component of the usual reaction, thus demonstrating that the major 
zinc reagent in the usual reaction was mono. Addition of excess of zinc chloride 
to the bis zinc reagent shifted the equilibrium towards mono side and obtained a 
75:25 mixture of mono and bis zinc reagents. In another experiment we have 
increased the concentration of ZnCl 2 from 0.5 to 0.75 equivalent and this 
reaction produced a 40:60 mixture of mono and bis zinc reagent and the ratio 
changed to 75:25 when excess ZnCl 2 was added to this reaction mixture. The 
Schlenk equilibrium for the mono and bis zinc reagent is shown in Scheme 8. It 
was not possible to generate exclusively the mono zinc reagent even with a large 
excess of ZnCl 2. 

C F , C H o F L D A > Z n C 1 2 ^ [CF2=CFZnCl] · TMEDA + t(CF2=CF)2Zn] · TMEDA 
2 THF/TMEDA 15 °C ^ ^ λ „ , 

ZnCl2 (leq) 70:30 
ZnCl2 (0.5 eq) 0:100 
ZnCl2 (0.75 eq) 40: 60 

Excess 
ZnCl 

f(CF2=CF)2Zn].TMEDA ^ [CF2=CFZnCl] TMEDA + [(CF2=CF)2Zn]« TMEDA 
100 75 25 

2 [CF2=€FZnCl]. TMEDA . f(CF2=CF)2Zn]. TMEDA + ZnCl2 

Scheme 8. Schlenk equilibrium between CF2=CFZnCl, (CF2=CF)2Zn andZnCl2. 

The trifluorovinylzinc reagent generated by the room temperature 
metallation of HFC-134a was coupled with iodobenzene using a 
tetrakis(triphenylphosphine)palladium catalyst at 60 °C to produce α,β,β 
trifluorostyrene (TFS) in 69% isolated yield (68,69,70). This reaction was 
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subsequently utilized for the synthesis of a variety of substituted α,β,β-
trifluorostyrenes and representative examples are shown in Table II. 

Table IL Synthesis of α,β,β-trifluorostyrenes 

CF 3 CH 2 F + ZnCl 2 + 1. 15-20 °C/THF * ArCF=CF2 CF 3 CH 2 F + ZnCl 2 + LDA 
°C/THF * ArCF=CF2 

1-1 eq. i.o eq. 2 0 e q 2. Arl, Pd(PPh3)4, rt to 65 °C 

Entry Ar Temp/Time NMR Yield Yield (%)" 
1 C 6 H 5 - 65 °C, 3 h 99 69 
2 o-FC 6H 4- 65 °C, 2 h 98 74 
3 m-N0 2C 6H 4- 60 °C, 1 h 94 82 
4 / M - C F 3 C 6 H 4 - 65 °C, 1 h 95 67 
5 /?-OMeC6H4- 60 °C, 1 h 94 82 
6 o-(CH3)2CC6H4- 65 °C, 2 h 96 86 
f p-BrQR,- rt, 18 h 95 75 
8e 2-Thienyl 60 °C, 1 h 84 59 
a Isolated yield of pure styrene. h No bis styrene was detected after 12 h at rt; ~3 % of bis 
styrene was formed after 24 h at rt. c A better NMR yield (95%) was observed when 
stirred at RT for 24 h. 
Source: Reproduced with permission from reference 68. Copyright 2002. 

Preparation of the a-chloro-P,p-difluorovinyl zinc reagent from halocarbon 
HCFC-133a and Halothane; Synthesis of ct-chloro-P$-difluorostyrenes 

Halogen containing 1,1-difluoroalkenes are building blocks in 
organofluorine chemistry due to the reactivity of the gem-difluoromethylene unit 
towards nucleophilic reagents and also due to the possible functionalization at 
the halogen (chlorine, bromine, iodine) site. Generally, olefins of the type 
R2C=CF2, where R = alkyl, aryl, perfluoroalkyl or hydrogen have been 
synthesized by Wittig type reactions (71,72), but this approach is not adaptable 
to the synthesis of RCX=CF2, where X = CI, Br or I due to the acylation of the 
Wittig reagents. Alternatively this type of olefins can be prepared by the reaction 
of the Grignard reagent with CF2=CFX, but such a reaction provides an 
undesired isomeric olefin or an exchange reaction occurs to give the 
trifluorovinyl organometallic compound (73). Normant and co-workers 
generated the cc-chloro^-fluoroalkenylzinc reagents at low temperature via the 
corresponding vinyllithium starting from RCF=CHC1 precursors (8,11,74,75). 
But due to the highly unstable nature of RCF=CClLi, zinc reagent formation and 
further reactions had to be performed at low temperature. Kumudaki and co-
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workers reported the generation of the a-chloro-p,p-difluorovinylzinc reagent 
under relatively higher temperature (-60 °C) by in situ metallation of CF2=CHC1 
and l-bromo-l-chloro-2,2,2-trifluoroethane (Halothane) using s-BuLi base. But 
the interpretation of this zinc reagent as a new zinc reagent from the one 
generated by Normant's method was quite confusing and the spectral data 
described were different from each other (76,77,78). Coe and co-workers 
generated chlorodifluorovinyllithium from 1 -chloro-2,2,2-trifluoroethane 
(HCFC-133a) at -78 °C by a sequence of dehydrofluorination and metallation 
reactions and carried out low temperature fiinctionalization with various 
electrophiles (65,79,80). This work established HCFC-133a as an excellent 
precursor for the chlorodifluorovinyl synthon and again the challenge was to 
generate this synthon at ambient temperature. Following a similar strategy to the 
previously discussed in situ metallation of HFC-134a, we decided that the 
metallation of HCFC-133a at 15-20 °C in presence of zinc halide could lead to 
the a-chloro-p,p-difluorovinylzine reagent. So the metallation reaction was 
performed with halocarbon HFC-133a and LDA in the presence of ZnCl 2 at 15 
°C (conditions standardized for the metallation of HFC-134a) (81). This reaction 
produced a 91% yield of the zinc reagent (Scheme 9). 

LDA, ZnCl2 Pd(PPh3)4 CF3CH2C1 CF2=CClZnCl —— — : P h C C l = C F 2 3 2 THF/15-20 °C 2 Phi, rt, THF n /

 2 

91% 77% 

Scheme 9. Pd(0) catalyzed coupling of a-chloro-fifl-difluorovinyl zinc reagent 
with iododbenzene. 

The increase in the yield of the chlorodifluorovinylzinc reagent (91% by the 
metallation of HCFC-133a) compared to that of trifluorovinylzinc reagent (73% 
by the metallation of HFC-134a) under similar reaction conditions is most likely 
due to the increased stability of the intermediate chlorodifluorovinyllithium 
compared to trifluorovinyllithium. In order to confirm this rationalization, 
chlorodifluorovinyllithium (CF2=CClLi) was generated at -80 °C using LDA in 
THF medium and the resulting brown solution was warmed to -10 °C (turned 
completely dark) and quenched with zinc chloride. A 60% yield of the 
chlorodifluorovinylzinc reagent was observed by 1 9 F NMR analysis of the 
reaction mixture. However, a similar sequence of experiments with [CF2=CFLi] 
produced only -5% yield of the trifluorovinylzinc reagent under similar 
conditions. These experiments demonstrate the enhanced stability of 
[CF2=CClLi] compared to [CF2=CFLi] at temperatures close to room 
temperature. Similar to the trifluorovinylzinc reagent, the 
chlorodifluorovinylzinc reagent generated in THF/diisopropylamine medium 
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showed spectral patterns corresponding to both mono and bis zinc reagents 
complexée! to THF and diisopropylamine. The zinc reagent was also formed as a 
mixture of mono and bis (mono/bis 70:30). Addition of TMEDA to the medium 
produced one set of peaks resulting from the preferential complexation of the 
mono and bis zinc reagent to TMEDA. The chemical shifts for both mono and 
bis chlorodifluorovinylzinc reagents were unequivocally assigned based on 
similar Schlenk equilibrium experiments described for the trifluorovinylzinc 
reagent. 

We also considered l-bromo-l-chloro-2,2,2-trifluoroethane as an alternative 
precursor for the chlorodifluorovinylzinc reagent owing to its cheapness and 
availability as a commercial anesthetic as well as user friendly (being a liquid). 
Thus, via the conditions standardized for the metallation of HFC-134a, the 
metallation of halothane was carried out using LDA at 15 °C in the presence of 
zinc chloride (Scheme 10). This reaction produced a black reaction mixture with 
the formation of many products along with a small amount of the desired zinc 
reagent. The major products formed in this reaction were identified as 
CF2=CClZnCl (25%), CF2=CClBr (9%), CF2=CC1H (4%) along with unreacted 
halothane (40%). Use of other bases and lowering the temperature to -78 °C 
changed the ratio of the different products slightly but not significantly. These 
results differ with the results reported by Kumudaki during the metallation of 
halothane in the presence of zinc chloride. We have not observed any species 
corresponding to his claimed new zinc reagent (77). The small amount of zinc 
reagent formed during this reaction was spectroscopically similar to the 
chlorodifluorovinylzinc reagent generated by the metallation of CF3CH2C1 (81). 

ZnX? CF2CCl=ZnCl 4- CF2=CClBr 
CF 3CHClBr + Base • 

THF, 15 °C or -78 °C + CF2=CC1H + CF 3CHClBr 

Base : n-Buhi, ί-BuLi, LDA, LTMP 

ZnX 2 : ZnCl 2, Znl 2 , ZnCl 2.TMEDA 

Scheme 10. Metallation of l-bromo-l-chloro-2,2t2-trifluoroethane (halothane) 
in presence of zinc chloride. 

The a-chloro-P,p-difluorovinylzinc reagent generated by the metallation of 
HCFC-133a was coupled with iodobenzene using 
tetrakis(triphenylphosphine)palladium catalyst at 60 °C to produce the a-chloro-
β,β-difluorostyrene in excellent isolated yield (Scheme 9) (81). A series of 
substituted a-chloro-P,P-difluorostyrenes were synthesized in excellent isolated 
yield by utilization of this methodology (Table III). 
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Table III. Synthesis of a-chloro-P,P-difluorostyrenes 

CF 3CH 2C1 + ZnCl 2 + LDA 
1. 15-20 °C/THF CF 3CH 2C1 + ZnCl 2 + LDA 
1. 15-20 °C/THF 

ArCCl=CF2 

1.1 eq. 1.0 eq. 2.0 eq. 2. Arl, Pd(PPh3)4, rt to 65 °C 

Entry Ar Temp/Time NMR Yield 
Yield (%)" 

1 p-MeC6R4- rt, 12 h 99 83 
2 /?-Et0 2CC 6H 4- 65 °C, 3 h 91 70 
3 m-N0 2C 6H 4- rt, 15 h 90 77 
4 o-(CH 3) 2CC 6H 4- 65 °C, 12 h 95 75 
5 m-OMeC6H4- 60 °C, 4 h 94 79 
6* m-BrC 6H 4- rt, 18h 96 85 
7 2-Thienyl rt, 4 h; then 60 °C, 3h 87 65 
a Isolated yield of pure styrene. h 1% of the bis styrene was formed. 
Source: Reproduced with permission from reference 81. Copyright 2002. 

Preparation of the a-bromo-p,P-difluorovinylzinc reagent from CF 3CH 2Br 
and CF2=CHBr; Synthesis of a-bromo-p,P-difluorostyrenes 

We have further extended the room temperature in situ metallation method 
to the synthesis of the a-bromo-p,P-difluorovinylzinc reagent (CF2=CBrZnCl) as 
this reagent can be utilized for the synthesis of a-bromo-p,p-difluorostyrenes. 
The previously reported preparation of the bromodifluorovinylzinc reagent was 
from this laboratory where zinc insertion into CF2=CBr2 in DMF at room 
temperature produced the bromodifluorovinylzinc reagent in excellent yield (20). 
Following the strategy similar to the metallation of HFC-134a, a THF solution of 
CF 3CH 2Br and anhydrous zinc chloride was treated with LDA at 15-20 °C to 
obtain an 89% yield of the a-bromo-P,p-difluorovinylzinc reagent (Scheme 11) 
as a 70:30 mono/bis mixture (82). The zinc reagent generated in situ was then 
coupled with iodobenzene using Pd(0) catalyst to give the a-bromo-β,β-
difluorostyrene in 76% yield (Scheme 11). 

The a-bromo-P,p-difluorovinylzinc reagent could also be generated in 95% 
yield from CF2=CHBr by in situ treatment with one eq. of LDA and zinc 
chloride at 15 °C (Scheme 11). The zinc reagent prepared by this route also 
underwent cross-coupling reaction with iodobenzene in the presence of Pd(0) 
catalyst to produce a quantitative yield of the corresponding a-bromo-β,β-
difluorostyrene (82). 

The increase in the yield of the a-bromo-p,P-difluorovinylzinc reagent 
(>89%) by the metallation of CF 3CH 2Br or CF2=CHBr compared to that of 
trifluorovinylzinc reagent (73% by the metallation of HFC-134a) under similar 
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CF3CH2Br _ „ r 

Q r LDA, ZnCl; > W 

CF2=CHBr 1 5 - 2 0 ° C / T H F >89% Pd(PPh3)4, rt - 65 °C J 6 % 

Scheme 11. Preparation of a-bromo-β, β-difluorovinyl zinc reagent from 
CF3CH2Br or CF2=CHBr and synthesis of a-bromo-β β-difluorostyrene. 

reaction conditions is most likely due to the increased stability of the 
intermediate bromodifluorovinyllithium (CF2=CBrLi) compared to 
trifluorovinyllithium (CF2=CFLi). In order to confirm this rationalization, 
bromodifluorovinyllithium (CF2=CBrLi) was generated at -80 °C using LDA in 
THF medium and the resulting brown solution was warmed to -10 °C (turned 
completely dark) and quenched with zinc chloride. A 63% yield of the 
bromodifluorovinylzinc reagent was observed by 1 9F NMR analysis of the 
reaction mixture. However, a similar sequence of experiments with [CF2=CFLi] 
produced only -5% yield of the trifluorovinylzinc reagent under similar 
conditions. These experiments demonstrate the enhanced stability of 
[CF2=CBrLi] compared to [CF2=CFLi] at temperatures close to room 
temperature (82). 

A series of substituted oe-bromo-β, β -difluorostyrenes were then synthesized 
in excellent isolated yield by utilizing this methodology and representative 
examples are shown in Table IV. 

Table IV. Synthesis of a-bromo-P,P-difluorostyrenes 

r c r u n „ τ τ _ 1. 15-20 °C/THF 
CF 3CH 2Br + ZnCl 2 + LDA ArCBr=CF2 

1 · 1 eq. 1.0 eq. 2.0 eq. 2' ^ p d ( p p h 3 ) 4 > rt to 65 °C 

Entry Ar Temp/Time NMR Yield Yield (%)" 
1 />-ClC6H4- rt, 14 h; then 60 °C 2h 95 82 
2 o-MeQH,- 60 °C, 12 h 99 86 
3 m-N0 2C 6H 4- rt,22h 89 75 
4 p-MeOC 6H 4- 65 °C, 5 h 94 82 
5 jt>-IC6H4- 65 °C, 5 h 88 69 
6* 2-Thienyl rt, 24 h; then 60 °C, 4h 84 64 
a Isolated yield of pure styrene. * This reaction was sluggish and the product styrene was 
contaminated with -5% 2-iodothiophene. 
Source: Reproduced with permission from reference 82. Copyright 2004. 
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Preparation of the a-iodo-P,P-difluorovinyI zinc reagent from CF 3CH 2I and 
synthesis of a-iodo~p,p-difluorostyrenes 

After the successful metallation of HFC-134a, HCFC-133a, CF 3CH 2Br and 
CF2=CHBr we attempted the metallation of CF 3CF 2I as the resulting ot-iodo-β,β-
difluorovinylzinc reagent could be useful for further functionalization at the 
iodine site. Also, the oc-iodo-β,β-difluorovinylzinc reagent could be used for the 
synthesis of ot-iodo^$-difluorostyrenes. Following the strategy similar to the in 
situ metallation of HFC-134a, a THF solution of CF 3CH 2I and anhydrous ZnCl 2 

was treated with LDA at 15-20 °C to obtain an 87% yield of the a-iodo-β,β-
difluorovinylzinc reagent (Scheme 12) as a 70:30 mono/bis mixture. The 
metallation occurred only at the hydrogen site and no product was detected by 
the metallation at the iodine site (CF2=CHZnCl). 

P P /"tT τ τ LDA, ZnCb C 6 H 5 I 
CF 3 CH 2 I 2 ^ [CF2=CIZnCl] — ^ C 6 H 5 CI=CF 2 

15-20 °C/THF R ? 0 / Pd(PPh3)4

 5 

8 7 / 0 r t l 2 h , 6 5 ° C l h 7 9 / o 

Scheme 12. Preparation of a-iodo-fifi-difluorovinyl zinc reagent from CF3CH21 
and synthesis of a-iodo-β,β-difluorostyrene. 

The a-iodo^^-difluorovinylzinc reagent was coupled with iodobenzene 
using Pd(0) catalyst at rt to 65 °C to afford the a-iodo^$-difluorostyrene in 
79% isolated yield. The same sequence was repeated with a series of aromatic 
iodides to produce the corresponding substituted a-iodo^^-difluorostyrenes in 
good yields, and representative examples are tabulated in Table V. It was 
observed that the coupling reaction of the aromatic iodides with a-iodo-β,β-
difluorovinylzinc reagent was not facile at rt as that of other 
halodifluorovinylzinc reagents. This is most likely due to the presence of bulky 
iodine at the α-carbon hindering the transmetallation process in the palladium 
cycle. But heating of the a- iodo- β, β -difluoro vinylzinc reagent mixture at the 
beginning of the reaction resulted in decomposition of the zinc reagent with the 
formation of a significant amount of reduced product (CF2=CHI) along with 
coupled product and unreacted iodide. The best results were obtained when the 
reaction mixture was stirred at rt for a prolonged time (-80-90% conversion) 
followed by heating at 65 °C for a short period to effect complete conversion. 
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Table V. Synthesis of a-iodo-P,P-difliiorostyrenes 

+ ZnCl 2 + 
1. 15-20 °C/THF 

CF 3 CH 2 I + ZnCl 2 + LDA • ArCI=CF2 

1.1 eq. 1.0 eq. 2 Q e q 2.ArI,Pd(PPh 3) 4 ,rtto65°C 

Entry Ar Temp/Time NMR Yield (%f 
Yield 

1 p-ClCJU- rt, 14 h; then 65 °C, 3 h 89 78 
2 o-MeQH,- rt, 18 h; then 60°C,5h 85 72 
3 m-NC^CeHr rt, 15 h; then 65 °C, 4 h 86 78 
4 OT-MeOC6H4- rt, 5h; then 65 °C, 2 h 90 80 
5* p-IC 6H 4- rt, 24 h; then 65 °C, 4 h — 62 
a Isolated yield of pure styrene. * Reaction was sluggish; product styrene contaminated 
with traces of mono-styrene and 1,4-diiodobenzene. 

Conclusion 

In summary, a room temperature in situ approach was developed for the 
trifluorovinylzinc reagent from readily available halocarbon HFC-134a. 
Palladium catalyzed cross-coupling of this zinc reagent with aryl iodides 
afforded an economically viable environmentally friendly route for commercially 
important 1,2,2-trifluorostyrene monomers. An extension of this method to other 
halocarbons resulted an efficient synthesis of a-halo-p,p-difluorovinylzinc 
reagents (CF2=CXZnCl, X = Cl, Br, I) and corresponding a-halo-β,β-
difluorostyrenes. 
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Chapter 7 

Vinyl Fluorides in Cycloadditions 

Günter Haufe 

Organisch-Chemisches Institut, Universität Münster, 
D-48149 Münster, Germany 

Synthetic applications of fluoroalkenes in [4+2]- and [2+1]-
cycloadditions are reviewed. Vinyl fluorides are more electron 
rich than the parent olefins. Thus, simple fluoroalkenes such as 
α-fluorostyrene are quite weak dienophiles in Diels-Alder 
reactions, while α-fluoro-α,β-unsaturated carbonyl compounds 
are useful ones. On the other hand, simple vinyl fluorides are 
versatile substrates for carbene additions. 

Introduction 

Fluorinated compounds have gathered an important position in synthesis of 
substances exhibiting interesting properties for new materials or for agricultural 
or medicinal purposes (/). Among such compounds fluoro alkenes (vinyl 
fluorides) have been shown to be much better surrogates for peptides than to 
parent alkenes itself. Fluoro olefins, including di- and trifluoro alkenes have 
been reviewed as mechanism-based enzyme inhibitors almost fifteen years ago 
(2). 

General considerations 

First, some general remarks on the properties of the title compounds should 
be summarized. Generally, there is little information concerning the effect of a 
single fluorine substituent on the stability, the electronic properties and the 

© 2005 American Chemical Society 155 
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resulting reactivity of the π-system of simple vinyl fluorides (3). Only fluoro 
ethylene itself and several of its halogenated derivatives have been investigated 
in more detail by experimental and theoretical methods (4). These investigations 
show that a single fluorine substituent has a quite weak influence. Qualitatively, 
the ground state of a monofluoro alkene can be described as shown in Figure 1. 
The general electron withdrawing effect of the fluorine atom on the σ-system is 
offset by inductive and mesomeric ρ-π-interaction, which increases the π-
electron density and polarizes the p-system (5). 

— - C - F C = C V C - C 

-^effect +l neffect +M effect 

Figure 1. Electronic effects of a single fluorine substituent 

Although the atomic charges on carbon atoms are quite different for 
ethylene and fluoro ethylene, the HOMO and LUMO energies are only weakly 
affected (4b). The ionization potential of vinyl fluoride, determined by 
photoelectron spectroscopy, is only 0.14 eV higher for vinyl fluoride (6) and the 
vertical ionization potential is only 0.05 eV higher (7) showing the weak 
interaction of the π-bond with the 2p-orbital of the fluorine atom. 

H H 0.168 0.193 H F -0.404 
\ / \ / 

C = C -0.3% -0.457 C = C 0.333 

y/ \ \ 0.191 \ i 0.144 
LUMO : 1.34 eV LUMO : 1.25 eV 
HOMO : -10.34 eV HOMO : -10.55 eV 

IPvertical (C=CR) 10.51 eV IPvertical (C=C„) 10.56 eV 

Figure 2. NBO charges (HF/6-311++G**), HOMO and LUMO energies, and 
ionization potentials (ΡΕ spectroscopy) of ethylene andfluoro ethylene 

Moreover, the bond lengths and the bond angles are also influenced by a 
fluorine substituent to some extent (Figure 3) (8). 

121.4° 121.0° 

H H H F H 1 9 H H ) ( F 
\ /1.076 1.090 \ J 1.348 ^J+S /^V V S i n ^ M 1.085/K 1.076 /"O™* 114<MP111'3 

H M - S S O Y J H ' 1 - » X H H Ή H )Γ H 

123.9° 127.7° 

Figure 3. Bond lengths and bond angles of ethylene and fluoro ethylene 
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Synthesis of fluorinated olefins has been summarized briefly (P). 
Principally, there are several methods for the preparation of such compounds. 
Most generally applicable are elimination reactions of substituted saturated 
fluorine compounds, such as vicinal halofluorides, fluorohydrins or its 
derivatives, β-fluorosulfoxides or -selenoxides. Nucleophilic substitutions of 
other vinylic substituents, electrophilic additions across triple bonds and Wittig-
type reactions with fluorinated C-H-active compounds are also known. 
Moreover, several more methods for particular types of fluoro alkenes have been 
described in literature (9). 

In this review we like to illustrate the applicability of fluorinated olefins in 
synthesis of analogs of natural products and compounds of potential 
biological/medicinal interest. The starting materials for our own investigations 
were generally produced in a two-step sequence by bromofluorination of olefins 
(10) and subsequent dehydrobromination according to ref (//). In this way a 
selection of /̂ -substituted α-fluorostyrenes was synthesized in good overall 
yields (12). Corresponding β-fluorostyrenes were obtained from the respective 
benzaldehydes according to a procedure described by Burton et al. (13). 

Diels-Alder reactions of vinyl fluorides 

Simple frontier orbital calculations (AMI) have shown that vinyl fluorides 
such as a- and β-fluorostyrene should react as dienophiles in [4+2]-
cycloadditions. Surprisingly, these fluoro alkenes did not give any Diels-Alder 
products under thermal conditions (toluene, 120°C, sealed tube) with common 
dienes such as 2,3-dimethylbutadiene, cyclopentadiene, or Danishefsky's diene. 
Also other reactions such as [2+2]-cycloadditions or polymerizations were not 
observed under these conditions. Moreover, all attempts failed to catalyze the 
Diels-Alder reaction with Lewis acids or radical cation inducers. Furthermore, 
no reaction was detected under 9 kbar pressure. Only the super diene, 1,3-
diphenylisobenzofuran, gave the expected diastereomeric Diels-Alder adducts 
after heating in toluene at 120°C (sealed tube) for several days. The reaction rate 
was about 30 times lower for l-(p-fluorophenyl)-l-fluoroethene and about 17 
times lower for (2^-2-(p-fluorophenyl)-l-fluoroethene compared to p-
fluorostyrene. The endo/exo selectivity depends slightly on the position of the 
fluorine substituent at the double bond, but is almost independent of the ring 
substituent, which has also a quite weak effect on the reaction rate. From the fact 
that both, electron withdrawing and electron donating substituents in the 
aromatic ring did accelerate the reaction and from quantum chemical 
calculations it was deduced that these reactions are so called neutral [4+2]-
cycloadditions (14). 
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Χ endo exo Yield [%] Relative rate* 
Η 40 60 41 1 

p-Cl 40 60 38 2.1 
p-F 42 58 40 1.3 

m-Me 43 57 45 1.1 
* compared to p-fluorostyrene, relative rate 21 

Thus, the ewfo-selectivity* of the reaction of a-fluorostyrene (60:40) with 
1,3-diphenylisobenzofuran was slightly lower than in case of styrene itself 
(72:38). (£)-P-fluorostyrene reacted weakly exo-selective (40:60). The shift of 
selectivity towards a bigger part of exo-produets was explained mainly by 
electrostatic repulsion of fluorine and oxygen in the transition state tending to the 
ewdb-products where these groups are in ^«-orientation. Consistently, (Ζ)-β-
fluorostyrene and (2)-l-fluoronon-l-ene gave the œafo-products exclusively. 
(14). 

In contrast, a- and (£)-P-fluorostyrenes were shown to be useful dienophiles 
in reactions with polyfluorinated cyclohexa-2,4-dienones (15). Presuming a 
concerted process, these reactions proceed as [4+2]-cycloadditions with an 
inverse electron demand to give almost 1:1 mixtures of endo- and exo-produets 
in case of α-fluorostyrenes. Also a /̂ -substituent influencing the electronic 
properties of the double bond did change the ratio of diastereomers. This was 

£>wfc-selectivity means preferred endo-position of the phenyl group. 
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also true for reactions of /̂ -substituted (£)-P-fluorostyrene derivatives, which 
gave the ew/o-produets preferably (16). 

benzene _ 
reflux, 20 h 

AraPh X = C! Y = F 70% 
Ar = p-0-PhX = Ci Y = F 78% 
Ar = Ph X = Ph Y = C e F 5 90% 

Ar 

Ar = Ph 
Ar = p-Ci-Ph 
Ar = p-F-Ph 
Ar = m-Me-Ph 

26 
35 
33 
37 

Also other electron withdrawing substituents such as phenyl attached to the 
2-position of the 1,3-diene moiety do support the cycloaddition, while the 
electron donating methoxy group did prevent this reaction, but giving rise to a 
1,3-shift of a fluorine leading to the corresponding cyclohexa-2,5-diene (16). 

toluene, reflux^ 

70% 

It is known from reactions of non-fluorinated olefins that electron 
withdrawing substituents attached to the double bond accelerate the reaction rate. 
Thus, several a-fluoro-a,P-unsaturated carbonyl compounds have been 
synthesized and applied in Diels-Alder reactions. Vinyl fluorides can be 
hydroxylated in β-position to the fluorine substituent very selectively to give 
allylic alcohols (17), which can easily be oxidized to the corresponding ketones 
(18). These ketones as well as a-fluoro-a,P-unsaturated esters (19,20) or 
corresponding amides (20) have been shown to be much better dienophiles 
compared to simple vinyl fluorides. By way of example, 2-fluorooct-l-en-3-one 
with 2,3-dimethylbutadiene or o-quinodimethane gave the expected Diels-Alder 
products in 65% and 25% yield, respectively (18). 
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For similar cycloadditions of butadiene or Danishefsky's diene with 
substituted 2-fluoroacrylates quite harsh conditions were necessary (21,22). 

72% 

The reaction of cyclopentadiene with α-fluoroacroleine yielded 80% of a 
2:1 mixture of the two diastereomers, which were not assigned (23). Similarly, 
thebaine with the same dienophile gave a mixture of the endo/exo-isomers 
together with 11% of a hetero Diels-Alder product (24). Furthermore, a 
fluoro vinyl sulfone with cyclopentadiene, fulvene or l-methoxy-cyclohexa-1,3-
dienene, respectively, gave 1:1 mixtures of diastereomers. Without the activating 
phenylsulfonyl group much more drastic conditions were necessary (25). 

SOzPh F 

Reactions of cyclopentadiene with 2-fluorooct-l-en-3-one were shown to 
yield preferably the exo-product concerning the carbonyl moiety, both under 
thermal conditions (toluene, 110°C or ultra sonication) or with Lewis acid 
mediation at low temperature (Table). In contrast, the corresponding non-
fluorinated compound yielded the ewûfo-isomer as the main product (19). 
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Χ Conditions exo endo Yield [%] 
F toluene, 110°C, 55 min 73 27 59 
Η toluene, 110°C, 30 min 25 75 74 

F ultra sound, 16 min 78 22 48 
Η ultrasound, 12 min 21 79 64 

F 50%TiCl4, -55°C, 170min 90 10 46 
Η 20%TiCl 4,-55°C, 15 min 4 96 73 

Five years ago, Taguchi at al. used over-stoichiometric Lewis acids as 
mediators for the cycloaddition of cyclopentadiene with benzyl 2-fluoroacrylate 
to give the exo-product exclusively (26). In contrast, the thermal reaction of this 
diene with dimethyl fluorofumarate gave the cycloadduct bearing the fluorine in 
e«ifc-position as the major product (27). 

Recently, we became interested in optically active Diels-Alder products. 
Taguchi et al. already applied TiCl 4 and other Lewis acids as valuable mediators 
in cycloadditions of an optically active 2-fluoroacrylic acid amide or a 8-
phenylmenthyl ester to cyclopentadiene (20). 

Et2AJCI (1.5 eq.) 88% yield, exo/endo = 50:50 

o · ^«ù » ^ 0 
F ^pph F 

TICI4 (1.2 eq.) 77% yield, 100% exo-, 95% de 
Et2AICI (1.5 eq.) 79% yield, 100% exo-, 95% de 
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The first ever reported asymmetric [4+2]-cycloaddition of cyclopentadiene 
with 2-fluorooct-l-en-3-one in the presence of equimolar amounts of the 
enantiopure complexes A, B, and C gave mainly the βχο-produets with 
maximum 43% ee (Table 3), though the α-fluorine led to a significant 
enhancement in enantioselectivity compared to the corresponding reactions of 
oct-2-en-3-one, which were highly ew/o-selective. 

Table 3. Results of asymmetric Diels-Alder reactions of cyclopentadiene and 
2-fluorooct-l-en-3-one and oct-l-en-3-one 

X * Ti-mediator temperature time[h] exo(ee) endo (et) Yield [%] 

F A -60 19 67(6) 33(0) 76 
H A -60 0.5 5(n.d.) 95(4) 76 

F B -40 100 79 (34) 21 (n.d.) 51 
H B -60 15 6 (n.d.) 94(19) 87 

F C -20 138 72 (43) 28 (28) 62 
H C -60 15 3 (n.d.) 97 (17) 89 

Generally, a second fluorine substituent attached to the double bond seems 
to increase the reactivity of the corresponding dienophile (28). Thus, 1,1-
difluoroethene derivatives with cyclopentadiene (29) or furan (29) gave the 
corresponding cycloadducts in reasonable yields. Trans- 1,2-Difluorodinitro 
ethene and the diene reacted at ambient temperature to give the cycloadduct in 
moderate yield (31). Several perfluoroalk-l-en-l-yl phenyl or alkyl ketones 
having a frans-orientation of the vicinal fluorines reacted with cyclopentadiene 
quite smoothly to give mainly the products with one fluorine and the 
perfluoroalkyl group in exo-position (32). 

A Β C 

R time [min] endo exo Yield [%] 
Ph C 2 F 5 

C 2 F 5 

CF 3 

C 2 F 5 

90 
90 
90 
90 

180 

89 
82 
83 
89 
89 

11 
18 
17 
11 
11 

75 
84 
76 
78 
75 

CgH|7 

C8Hi7 
Y 
Ζ 
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The reaction of 1,3-diphenylisobenzofuran with (Z)-4-fluorooct-4-en-3-one 
gave the exo-product almost exclusively (33), while from periluoroalk-1 -en-1 -yl 
phenyl ketone a l:l-mixture of endo- and exo-isomers was obtained (32). 

1 : 1 

Interestingly, the Diels-Alder product(s) of diphenylisobenzofuran and (1-
fluorovinyl) phenyl sulfoxide is (are) not stable at the temperature of formation 
(100°C, 8 h), but decomposed to form 2-fluoro-l,4-diphenylnaphtalene in 80% 
yield (34). 

Complete exo-selectivity was also observed in the synthesis of fluorine 
analogues of the anti-cancer active compounds cantharidin and norcantharidin. 
The [4+2]-cycloadditions of fiiran with fluoro- or difluoromaleic anhydrides led 
exclusively to the products bearing the anhydride function in exo-position (35). 

X = H , F 

The following Diels-Alder reactions of Dane's diene with different partially 
or perfluorinated /?-benzoquinones shed some light on the different electronic 
properties of fluorinated and non-fluorinated α,β-unsaturated ketones. Fluoro-/?-
benzoquinone having only one fluorinated double bond reacted on the non-
fluorinated one exclusively to give the corresponding e«db-products and double 
bond isomers (shown for 2,3-difluoro-/?-benzoquinone). From fluoro-/?-
benzoquinone regioisomers concerning the fluorine substituent were formed 
additionally (36). 

73 27 
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In contrast, the reaction of 2,6-difluoro-p-benzoquinone with the same diene 
gave two regioisomeric exo-products in almost quantitative yield (36). 

No reaction occurred with tetrafluoro-/?-benzoquinone (fluoranil) under 
similar conditions. However, refluxing in toluene for two hours gave a 89:11 
mixture of the exo- and endo-isomcrs in moderate yield due to competing 
reduction of fluoranil to tetrafluorohydroquinone. The latter was isolated in 33% 
yield (36). 

89 11 

Additional Diels Alder reactions of fluoranil with buta-l,3-diene (37,55), 1-
acetoxy-l,3-butadiene (38), and cyclopentadiene (38t39) are known in literature. 

In summary, simple vinylfluorides, which have to be considered as relatively 
electron rich species, were shown to be poor dienophiles in normal Diels-Alder 
reactions, but are useful in such reactions with inverse electron demand. 
Moreover, a-fluoro-a,P-unsaturated carbonyl compounds are versatile 
dienophiles, which in contrast to their non-fluorinated parent compounds do 
react exo-selectively with a variety of 1,3-dienes. 

Cyclopropanations of vinyl fluorides 

Earlier it has been mentioned already that the π-bond of monofluoroalkenes 
has to be considered as electron rich compared to the parent alkenes. 
Consequently, electrophilic additions should be favoured reactions. As early as 
in 1969 Haszeldine et al. reported on the addition of dichlorocarbene towards 
vinylfluoride (40) and we demonstrated recently that dichlorocarbene prepared 
from chloroform and sodium hydroxide in the presence of a phase transfer 
catalyst reacted slightly faster with α-fluorostyrene compared to styrene itself 
(41). In contrast, the diastereoisomeric β-fluorostyrenes did not react under these 
conditions. 
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CHCl 3,50%NaOH 

0 « > c — r . t , 2 h 

Semiempirical MO calculations (AMI) for a solution model (in chloroform) 
taking into account the PTC conditions suggest a non-symmetric attack of the 
carbene preferably at C 2 of cc-fluorostyrene. Optimization of this transition state 
suggests the orientation of the lone pair of the carbene away from the double 
bond due to frontier orbital interactions maximizing the overlap with its π* 
orbital. Neither the small difference in the calculated activation enthalpies of 
styrene and ct-fluorostyrene nor the frontier orbital energies (AMI) in 
chloroform (HOMOstyrene = -9.21 eV, HOMOa.fiUorostyrene = -9.45 eV, 
LUMOdichlorocarbene = -1-02 eV) can explain the higher reactivity of cc-
fluorostyrene found in the experiment. 

Ρ c i . , %P a . , 

Pn ĉTCa Ph^cTc2 P h ^ 7 c ^ x P h^c7c>x 

Activation Enthalpies and Gibbs Energies (AM1) for the Dichlorocarbene Addition in Chloroform [kcal/mol] 

Approach to C-1 Approach to C-2 Approach to C-1 Approach to C-2 

Χ Δ Η * Δ G * Δ Η * Δ G * Χ Υ Δ Η * A G * Δ Η * Δ θ * 

Η 13.1 28.9 6.3 21.9 Η F 14.6 30.3 11.7 27.7 

F no t.s. found 7.4 22.2 F H 14.0 29.0 11.3 26.5 

In contrast, the observation that (£)- and (Z)-P-fluorostyrene did not react 
under the reported conditions is reflected by the much higher activation barriers, 
which are 4-5 kcal/mol higher compared to those calculated for a-fluorostyrene 
(41). 

The related reaction with dibromocarbene with α-fluorostyrene was very 
slow yielding 54% of the fluorinated dibromocyclopropane after bulb-to-bulb 
distillation. Similar to the corresponding reactions of 1-bromo-l-fluoro-
cyclopropyl-allyl rearrangement with silver salts of this compound needed quite 
harsh conditions and was not complete after 8 days heating in acetic acid at 
120°C to give 63% (GC) of the fluorobrominated allylic acetate (41). 

F 

CHBra.SOyoNaQH^ r ^ V ^ V B r AgOAc, AgNC^ r ^ V ^ Y ^ O A c 

TEBAC * L J I HOAc k ^ j l Br 
CH2Cl2,r.t.,72h 120°C,8days 

54 % 63%, QC 
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Fluorinated cyclopropanes, besides addition of fluorocarbenes to olefins, 
were also formed from vinyl fluorides by addition of non-fluorinated carbenes. 
Taguchi and co-workers demonstrated the diastereoselective cyclopropanation of 
fluorinated allylic alcohol derivatives using Simmons-Smith reaction (42) and 
Kirk et al. published a synthesis of a racemic fluorinated ethyl cyclopropane-
carboxylate from a P-fluoro-a,P-unsaturated carboxylate and diazomethane (43). 

The reaction of diazocarboxylates towards alkenes has been shown to be a 
very efficient method for the construction of fluorinated cyclopropane-
carboxylates (44). In 1988 Cottens and Schlosser showed that the reaction of 
2,5-dimethyl-3-fluorohexa-2,4-diene with different diazoacetates in the presence 
qf rhodium acetate was neither regio- nor stereoselective leading both to the β-
and the γ-fluoroehrysanthemie acid esters each as 1:1 mixtures of the cis/trans-
isomers, showing that there is not a big difference in reactivity of a fluorinated 
and a non-fluorinated double bond in a 1,3-diene system (45). 

Recently, we synthesized fluorinated cyclopropanecarboxylates by this 
method and showed copper- or rhodium salts as efficient and selective catalysts 
depending on the applied diazoacetate. The cyclopropnation of a-fluorostyrene 
with ethyl diazoacetate was catalyzed most efficiently by Cu(acac)2 to give a 1:1 
mixture of cis- and /ra/is-2-fluoro-2-phenylcyclopropanecarboxylates, which 
were separated chromatographically. After saponification, the carboxylic acids 
were transformed to the corresponding fluorinated cyclopropylamines by Curtius 
degradation (44). The /raw-configured compound was shown to be a more 
active tyramine oxidase inhibitor (46) or human recombinant liver monoamine 
oxidase MAO A or ΜΑΟ Β inhibitor (47) than the non-fluorinated parent 
compound known as the neuroactive tranylcypromine (48). 

>98% de 

25-39% (1:1) 29-30% (1:1) 
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Ι Λ Λ N^HCOsEt f^Y^-COtEi Î ^ V V 
l ^ J 2mol%Cu(acac)2* L Jl + L 3 

1 : 1 

Ii 1. Separation Ii 
M 2. Curtius-degradation II 
*1 3. Deprotection *1 

ξ P02Et 

CHgCIa, 40°C, 6-7 h 

87% 

Fk NH2-HCI 

This sequence was also successful for /?-substituted α-fluorostyrenes such as 
the p-chloro- and p-methyl derivatives (49% but was shown to be lower in yield 
with (£)-l-fluoro-2-methylstyrene or aliphatic 2-fluoroalkenes (44). 

1 N 2 CHCQ 2 Et \ γ 0 θ 2 Β W 
R 1 X ^ | 2mol%Cu(acac) 2 Fry + R 1 / y C0 2 Et 

ή* CH 2 CI 2 ,40 e C,6-7h 

R1 R 2 cis trans Yield [%] 

Ph Η 50 50 87 

/7-Cl-Ph Η 50 50 91 
p-Me-Ph Η 50 50 75 

Ph Me 33 67 63 

C4H9 Η 42 58 36 

Similarly to the reactions with dihalocarbenes β-fluorostyrenes showed very 
low conversion under the above-mentioned conditions and even after 20 hours of 
reaction time only 26% conversion of the starting material was observed (44). 

N 2CHC0 2Et F 

XT' 
rf 2 wm#w 2 ci ι 

Cu or Rh-catalysts t^^yT^^^^ 

R s H 17-26%, GC 
R = OMe 17%, GC 

These results were attributed to the mechanism of the cyclopropanation and 
different intermediary stabilization of cationic centers. It is well documented that 
a fluorine substituent stabilizes α-carbocations, but destabilizes β-cationic 
structures (50). Provided a concerted formation of the cyclopropane carboxylates 
like it has been proposed by Brookhart et al. (51) and Doyle et al. (52), the 
carbenoid attack at the terminal position of α-fluorostyrene creates a stabilized 
positive partial charge in α-position to the fluorine substituent. Subsequent 
nucleophilic attack of the former carbenoid carbon atom and liberation of the 
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metal catalyst leads smoothly to the corresponding cyclopropane carboxylates 
(shown for the /ra^s-isomer). 

N 2CHCQ 2Et 

~2 * 

F ÇO2B 

P n V ' 

COsEt 

In contrast, the analogous attack of the carbenoid to (£)-p-fluorostyrene 
would lead to a cationic benzyl position bearing a β-fluorine substituent. 
Fluorine in such a position has a strong destabilizing effect and β-fluoroalkyl 
cations are not known in solution (50). This could be a reason for the low 
conversion of 1-fluoroalkenes. Also the alternative attack of the carbenoid to the 
benzylic carbon leading to a primary homobenzylic cationic structure which is 
stabilized by the fluorine seems not to be much favoured. However, the small 
amount of 9a is possibly formed in this way (44). 

CCfcEt ' 

F 

F N 2CHCQ 2Et 

- N 2 

pOfcEt 

H ^ C C f c E t 

. 
Application of copper catalysts modified by Evans5 enantiopure 

bis(oxazolines) (53) was the way of choice for asymmetric cyclopropanation of 
a-fluorostyrene (44). The ligand D derived from (S)-terMeucine was shown to 
be the most selective giving enantiomeric excesses up to 93% ee and >98% ee 
by double stereodifferentiation. 

N2CHC02R> 

CuOTf^2mol%D | 111YC 

χ - ^ C H ^ M O ' C U ^ r i * I X - ^ ^ R 

^CCfcEt 

X R R' cis (ee) trans (ee) Yield [%] 

Η H Et 28 (80) 72 (89) 62 
CI H Et 19(91) 81 (93) 64 
Η H /-Bu 19(89) 81 (93) 56 
Η Me Et 18 (n.d.) 82(65) 62 

The following scheme illustrates a plausible mechanism for the asymmetric 
cyclopropanation (shown for the enantiomers of the fra/w-products). The 
bis(oxazoline) ligand and the metal carbene are orthogonal to each other. In case 
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of a /̂-attack by the olefin, a steric interaction with the bulky tert-butyl group 
would hinder the turn of the ester-group into the plane for cyclopropane 
formation. Since such an interaction is absent for the re-attack, the latter pathway 
is favored. 

F 

The absolute configuration of the major product was proved by X-ray 
analysis of the p-bromoanilide formed from the carboxylic acid under Schotten-
Baumann conditions (44). 

Conclusions 

Readily accessable monofluoroalkenes are versatile starting materials for the 
synthesis of a variety of monofluorinated target compounds. While simple vinyl 
fluorides due to their comparably electron rich nature are quite weak 
dienophiles, derived a-fluoro-a,P-unsaturated carbonyl compounds are useful in 
Diels-Alder reactions. These reactions, in contrast to the corresponding [4+2]-
cycloadditions of the non-fluorinated parent compounds, are exo-selective. On 
the other hand vinyl fluorides such as α-fluorostyrene were shown to be more 
reactive in dichlorocarbene additions and were useful starting materials for the 
synthesis of fluorinated cyclopropanecarboxylates. 
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Chapter 8 

Asymmetric Synthesis of Monofluorinated 
Compounds Having the Fluorine Atom Vicinal 

to π-Systems 

Michael Prakesch, Danielle Grée, and René Grée* 

Université de Rennes 1, Laboratoire de Synthèse et Electrosynthèse 
Organiques, CNRS UMR 6510, Avenue du Général Leclerc, 

35042 Rennes Cedex, France 

The different methods, which have been used to date for the 
preparation of chiral, non racemic, derivatives having a 
fluorine atom vicinal to π-systems are reported. The scope and 
limitations of these methodologies are discussed. 

Introduction 

The presence of fluorine atom(s) in organic molecules induces important 
changes in their physical, chemical and biological properties (1-2). The 
introduction of the fluorine is often a key step in the preparation of these target 
molecules; this is especially the case for selective monofluorination in position 
vicinal to π systems: due to the delocalised structure of the intermediates, the 
fluorination reactions very often afford mixtures of regio- and stereoisomers (3-
4), The purpose of this review is to describe the different methods which have 
been reported to date for the asymmetric synthesis of four different type of 

© 2005 American Chemical Society 173 
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monofluorinated derivatives: die type 1 propargylic fluorides, the corresponding 
allylic derivatives 2 and the polyunsaturated systems 3, as well as the type 4 
benzylic fluorides (Figure 1). 

Figure 1 : monofluorinated, optically active, target molecules 

For each family, we will consider the different approaches already used for 
the synthesis of optically active compounds and we will discuss the scope and 
limitations of the corresponding methodologies. In this chapter we will not 
consider the asymmetric synthesis and/or catalysis of derivatives having the 
fluorine atom vicinal to a carbonyl group, such as for instance indanone or 
tetralone type molecules (5), as well as for β-dicarbony 1 derivatives (6) since this 
is discussed in another chapter of this book. 

Propargylic fluorides 

The synthesis of optically active propargylic fluorides has been studied only 
recently and the successful approach involves the dehydroxy-fluorination of type 
5 propargylic alcohols (Scheme 1). 

OH DAST, CH 2CI 2 R 2 

R i — ^ < R i — - K 
- R 2 temp, from 4 F 
9 -95°C to -50°C 1 

R-, = H, alkyl, C0 2Me, CH(OR)2; R 2 = alkyl 

Scheme 1 : synthesis of propargylic fluorides (4) 

This reaction, which is fast even at low temperature, proved to be highly 
versatile. Furthermore, it presents some very important characteristics: 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

8

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



175 

The conversion of the alcohols 5 is quantitative and the desired 
fluorides 1 are obtained usually in high yields, the only by-products 
being the enynes resulting from HF elimination. 
The reaction is fully regiocontrolled and aliènes could never be 
characterized in the crude reaction mixtures. 
The nature of substituents exerts a strong influence on the 
stereoselectivity of this process: when Ri is H or an electron-
withdrawing group, the reaction is highly stereoselective affording the 
corresponding fluorides in high ee's, with inversion of configuration. 
However, when Ri is an alkyl group some loss of stereoselectivity is 
observed during the dehydroxy-fluorination, even at very low 
temperatures (7-8). 
The stereochemical outcome of this fluorination can be rationalized in 
the following way: on the contrary to allylic derivatives, the 
propargylic carbenium ions are not very much stabilized. Therefore, a 
competition between the SN1 and SN2 processes is possible and it will 
strongly depend upon the nature of substituents. With H or electron 
withdrawing groups in terminal position, there is no stabilization of 
die propargylium cation and the SN2 reaction is occurring. On the 
other hand, when Rj is an alkyl group, a small but significant extra 
stabilization occurs and there is a small contribution from the SNI 
pathway even at very low temperature (P). This is also in agreement 
with the results obtained using alcohols complexed to the Co2(CO)6 

moiety, where the organometallic complex can stabilize the 
corresponding carbenium ion: this not only favors an overall retention 
of configuration but also slightly lowers the stereoselectivity of the 
fluorination, as compared to the reaction occurring with the free 
alcohol (7). As a consequence, it can be anticipated that the presence 
of groups stabilizing the propargylium cations will lower the 
stereoselectivity and therefore induce limitations in the use of this 
method. 
The propargylic fluorides where R t is a functional group are highly 
versatile intermediates for the total synthesis of monofluorinated 
analogues of bioactive natural products, as indicated later. 

Allylic fluorides 

The preparation of optically active allylic fluorides proved to be a very 
challenging problem. Several strategies were developed, as represented in 
Scheme 2. They use either stereoselective fluorination processes (pathways A-C) 
or they start from already fluorinated building blocks (routes D-E). 
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Ri 

R i 

Scheme 2: Strategies developed for the synthesis 
of chiral, non racemic allylic fluorides 

The approaches via the pathways A and Β will be considered first. It is well 
established, from the seminal work of Middleton, that the dehydroxy-fluorination 
of allylic alcohols is usually neither regio- nor stereocontrolled (10a). Many 
further examples have confirmed this absence of stereocontrol (10b910c911). It 
is very likely related to the high stabilization of allylic cations, leading to strong 
preferences for SN1 pathways (P). However, a recent example describes a 
stereospecific fluorination in the case of alcohol 6, affording 7 with overall 
retention of configuration (Scheme 3) (12). 

p0 2 Me DAST, CH 2CI 2 

PBn \ 1 

-78°C to -30°C 

82% 

C0 2 Me 
PBn 

Scheme 3: stereospecific fluorination of allylic alcohol 6 (12) 

Although no explanation was offered for this selectivity, it can be tentatively 
suggested that anchimeric assistance by the oxygen from the OBn group is 
responsible for the overall retention. This type of assistance is often observed in 
molecules having heteroatoms in β position (15). 

Another way to control the regio- and stereoselectivity in such a dehydroxy-
fluorination is to temporarily protect the double bond by a transition metal 
complex (pathway B). In the case of allylic alcohols, rhenium complexes proved 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

8

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



177 

to be suitable and the fluorination is stereospecific (14). Until now, these 
reactions have been performed only with racemic derivatives but the starting 
complexes are accessible in optically pure form (15). However, it must be noted 
that no efficient decomplexation method has been reported, to date, for this type 
of rhenium complexes. 

A novel approach has been designed recently to the synthesis of allylic 
fluorides via pathway C: it involves the electrophilic fluorodesilylation of 
allylsilanes (16). The asymmetric transformation is performed in a 
stoechiometric manner by using appropriate combinations of Selectfluor™ and 
cinchona alkaloids (Scheme 4). The latter can be either preformed chiral N-
fluoroammonium salts or, more conveniently, in situ prepared mixtures. For this 
reaction, the best alkaloid is the bisdihydroquinine pyridine [(DHQ)2PYR] 
affording excellent yields and very good enantiomeric excesses (up to 96% for 
R=CH2Ph and n=l) (17). Lower selectivities are obtained with R=H or Me, 
especially for n=2. At this stage, the asymmetric version has been reported only 
with type 8 cyclic systems. 

R = H, Me, CH 2 Ph;n = 1 f2 

Scheme 4: enantioselective fluorodesyIllation of allyl silanes (17) 

The diastereoselective electrophilic fluorination of chiral enolates is also a 
very useful strategy for asymmetric fluorination. Using the Evans oxazolidinone 
chiral auxiliary, the aldehyde 12 can be efficiently prepared. As expected, this 
intermediate is very prone to racemization under basic conditions but a Homer-
Wadworth-Emmons reaction (pathway D) can be used to obtain the allylic 
fluoride 13, which is a key intermediate towards fluorosugar 14 (Scheme 5) 
(18a). It has to be further mentioned that the electrophilic fluorination of amide 
15 affords the allylic fluoride 16 in a deconjugative process (18b). 

Finally, as indicated in route E, the propargylic fluorides are suitable 
intermediates for the preparation of both the Ζ and the Ε allylic fluorides. A 
representative example is given in Scheme 6: the fluoride 18 was used in the first 
enantiocontrolled preparation of 19 and 20. The latter derivative is the 
fluorinated analogue of the 4-hydroxynonenal (4-HNE), a highly cytotoxic 
compound (19). 
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Scheme 5: Diastereoselective electrophilic fluorinations 
towards allylic fluorides (18) 

nCsHu nC5Hii 
( E t O ) 2 H C — - ( • (EtO)2HC = *ς 

OH F 
17 18 

OHC 

~=^~ O H C ^ ~ V - n C 5 H 1 1

 + ^ ^ n C s H l 1 

F F 
19 20 

Scheme 6: Fluorinated allylic building blocks (19) 
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Dienyl and polyunsaturated allylic fluorides 

Here again, the preparation of such derivatives involves either the direct 
fluorination of the desired molecule or the use of selected fluorinated key 
intermediates. 

P H DAST / 
M e 0 2 C - ^ r \χ—< Me0 2 C—« ζ 

2 1 F e ( C O ) 3

M e CH 2 CI 2 l -50°C F e ( C O ) 3

M e 

Scheme 7: Use of diene-tricarbonyl iron complexes (20) 
As far as the first strategy is concerned, the use of chiral, non racemic, 

diene-tricarbonyl iron complexes is noteworthy (Scheme 7): the dehydroxy-
fluorination of complex 21 is stereospecific with overall retention of 
configuration. The decomplexation of 22 affords then the free diene 23 in 
optically active form (ee >90%) (20). It must be noted that this method will lead 
only to£,£dienes. 

Scheme 8: dienes and enynes with allylic F (19) (21) 
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An alternative strategy is to start from already fluorinated building blocks 
(Scheme 8). A representative example is the synthesis of 24 by a Wittig reaction 
starting from intermediate 20. It affords the fluorinated analogue of the 13 
HODE, which is a linoleic acid metabolite with various potent biological 
properties (19). 

Starting from propargylic fluorides (with Rj=H) it is also easy to prepare the 
vinyl stannanes 25 and 26. After iodination, these derivatives are used in 
Sonogashira reactions (leading to 27 and 28), as well as in Heck couplings 
affording the corresponding E,Z or E,E dienes (Scheme 8) (21). This strategy 
appears versatile since it allows to prepare either the Ε or the Ζ allylic fluorides. 
Although it has been described only in racemic form until now, the extension to 
asymmetric synthesis is possible since the propargylic fluoride, direct precursor 
to stannanes 25 and 26, has been obtained in optically pure form (8). 

Benzylic fluorides 

For such derivatives, most strategies include direct fluorination of target 
molecules either by nucleophilic (A, B, Q or electrophilic (D) pathways. 

Scheme 9: strategies towards fluorination in benzylic position 
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Another useful possibility to be mentioned, involves the resolution of 
racemic benzylic fluorides (pathway E); finally, it proved to be possible also to 
start from vinylic fluorides (pathway F) (Scheme 9). 

The stereoselectivity of the nucleophilic fluorination of benzyl alcohols, 
activated as mesylates 29, is strongly depending upon the nature and the position 
of the R' group (Scheme 10): with strong electron withdrawing groups such as 
CN, N 0 2 or C0 2Et in para position very high ee's are obtained, while in other 
cases only racemic derivatives are isolated (22). These results are probably 
related to the stability of the corresponding carbenium ions and the competition 
between SN1 and SN2 processes. Therefore, they give useful informations about 
the probable limitations of this approach. 

In pathway Β it was established that the dehydroxy-fluorination of indanois 
and tetralols 31 is completely stereocontrolled by the Cr(CO)3 group: the F" 
nucleophile always reacts on the face anti to the organometallic unit to give 32 
(23). Although it has been performed only in racemic form at this stage, this 
strategy has excellent potentialities for the preparation of optically active 
benzylic fluorides since chromium complexes of this type have been described in 
chiral, non racemic form (24). 

KJÎM 

29 

OMs 

Me CsF 

N-Me Formamide 
0°C-RT 

30 
(22) 

R" = p-CN; p-N0 2 : ee> 96% ; R" = p-C0 2Et : ee= 83% 
R' = o-F; p-Br : ee = 0%. 

DAST 

O C " C r s 

CH2CI2 
-50T 

(23) 

O C ^ C O F n = 1,2 
OC U 32 

Scheme 10: nucleophilic fluorinations in benzylic position 

The ring opening hydrofluorination of enantiomerically active arylglycidic 
esters 33 (pathway Q is another very attractive strategy, taking into account the 
easy access to the latter derivatives. It was discovered recently that such a 
fluorination could be performed under very mild reaction conditions using the 
BF 3-Et 20 complex (Scheme 11): it affords, stereospecifically and with a 
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complete regiocontrol, the corresponding β-fluoro alcohols 34 in moderate to 
good yields (25). 

, BF3.OEt2(0.33eq) 

CH2CI2 
33 34 

R=H, CF 3; R'=alkyl, aryl, tertiobutyldiphenylsilyl. 

OR' 

Scheme 11: Ring-opening hydrofluorination of phenylglycidol ethers (25) 

The asymmetric electrophilic fluorination has been a topic of much interest 
during the last years, including for benzylic fluorides (pathway D). The 
corresponding reactions have been performed using both the substrate and the 
reagent controls. Representative examples are given in the Schemes 12 and 13. 

As part of his seminal studies in asymmetric fluorination, Differding could 
demonstrate that camphor derived chiral iV-fluorosultams react with the enolate 
of ester 35 to afford fluoro ester 36 in moderate yields (27-34%) and ee's (< 
35%) (2d). Later on, using oxazolidinone as chiral auxiliary, Davis and Kasu 
obtained excellent results in asymmetric fluorination: the derivative 38 is 
obtained with very high ee's (> 97%), and it is a useful intermediate for the 
preparation of the corresponding ketones 39 (27). 

More recently, using a combination of Selectfluor™ and the 
dihydroquinidine acetate it was possible to obtain the fluoro cyano benzyl esters 
41 in good to excellent yields (56-87%) and ee's (68-87%) (28). For this 
synthesis, a careful optimisation of the reaction conditions was necessary. X-Ray 
data give good evidence for the iV-fluoro intermediates, allowing discussions on 
the factors responsible for the stereocontrol. The same strategy was also very 
fruitful in the preparation of α-fluoro-a-phenylglycine derivatives 43. In that 
case, the nitrile derivatives give systematically higher ee's (up to 94%) than 
corresponding esters (29). 

The drug candidate BMS-204352 (MaxiPost) 45 is probably among the 
most extensively studied benzylic fluorides during the last few years. The more 
active (S) isomer can be obtained by chromatography or resolution (30). 
Asymmetric fluorination was also successful in that case: using the appropriate 
/V-fluoroammonium salts of cinchona alkaloids [(DHQ)2AQN], 45 is obtained in 
excellent yields and ee's (up to 88%) (Scheme 13) (31, 32). 
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Me LDA Me. F 
1 je (26) 

P h " X 0 2 E t Chiral P h * co2& 
35 Fluorosultam 36 

Ο Ο Ο Ο 

P h ^ A N A Q NaHMDS P h ^ A ^ _ ^ P^^XR, 
M NFSI 

37 Me Ph 38 Me Ph 39 

CN Selectfluor™ 
I +alcaloid / Λ β ν 

A r A C 0 2 E t — Γ A r ^ C 0 2 E t (28) 

40 - 8 0 c 41 
R Ο 

0^C3 • 78°c 

42 R=CN; C0 2 Et 43 

Scheme 12: electrophilic fluorinations in benzylic position 

R F Ρ W-fluoro-cinchona V 
alcaloids Ρ ί ν * Ή (29) 

Selectfluor™ + 
Cinchona Alkaloid 

- a r e F 3 C - ^ - 1 4 5 

Scheme 13 : Enantioselective synthesis of BMS-204352 (31) (32) 
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Various methods of resolution have been also successful in the preparation 
of benzylic fluorides (Figure 2). Lipase-catalyzed transformations were veiy 
useful for the preparation, in optically active form, of the 2-fluoro-2-aryl acetic 
acid derivatives 46 (33) and for the 2-fluoro-2-phenylalkanols 47 (34). The ct-
cyano-a-fluoro-p-tolylacetic acid 48, which is a useful chiral derivatizing agent, 
has also been resolved in the same way (35) or by fractional crystallisation of 
diastereoisomeric esters (36). Furthermore, lipases can perform efficiently the 
desymmetrisation of meso derivatives: monohydrolysis of suitably functionalized 
malonates affords the acid 49, while the acetate 50 is obtained by 
monoacetylation of 1,3 propanediols (37). All those derivatives are useful 
building blocks for the synthesis of various types of optically active benzylic 
fluorides. 

A r ^ C 0 2 H A r ^ ^ ° H 

46(33) 47 (34) M e 

F v p h \ m 

E t 0 2 C ^ C 0 2 H H O ^ X ^ O A c 

49(37) «0(37) 

Figure 2 : Benzyl fluorides prepared by resolution 

Another useful strategy is to start from vinylic fluorides and perform 
additions, and especially cycloaddition reactions, on the activated double bond. 
Although this will be reported in more detail in another chapter of this book, it is 
worth mentioning the excellent work of the group of G. Haufe: copper catalyzed 
cyclopropanation of a-fluorostyrene 51 with ethyldiazoacetate affords 
cyclopropanes 52 and 53. After separation by chromatography and reduction 
with LÎAIH4, the alcohols 54 and 55 are obtained. The cis diastereoisomer (+/-)-
55 is efficiently resolved using the Amano PS lipase in organic solvents with 
various acyl donors (Scheme 14). Lower selectivities are obtained in the 
resolution of the trans isomer 54. The (IS, 2R) absolute configuration of (+)-55 
was established by X-Ray analysis (38). 

A complementary strategy to access such enantiopure derivatives is the 
asymmetric cyclopropanation (Scheme 15). The reaction of 51 with tert-
butyldiazoacetate in the presence of a bis(oxazoline) derived chiral catalyst (2 
mol %) and CuOTf gives a 4:1 mixture of56 (93% ee) and 57 (89% ee) (39). 
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N 2 CHC0 2 Et 

Cu (acac)2 

54 55 

(+/-)-55 
PS Amano 

acyl donor 

+ 
OH Ph' 

(+)-55 (-)-55' 

Scheme 14: synthesis and resolution of fluorocyclopropanes (38) 

After saponification and Curtius degradation, the corresponding fluorinated 
cyclopropylamines are obtained. The latter derivatives are potent and selective 
inhibitors of the monoamine oxidases. Very interesting structure-activity 
relationships have been obtained and, for instance, it was established that the 
(/S,2S)-2-Fluoro-2-phenylcyclopropylamine was a more potent inhibitor of both 
monoamine oxidases A and Β than the (1R,2R) enantiomer (40). 

Scheme 15: asymmetric synthesis of fluorocyclopropanes (39) 

Finally it must be mentioned that Togni et al. observed recently that, during 
fluorination of 1-phenethyl bromide using thallium fluoride and a chiral 
ruthenium complex, a modest but significant asymmetric induction (16% ee) was 
observed but only at very low conversions (1-2 %) (41). Although very 
preliminary, this result gives some support to future developments in asymmetric 
catalytic nucleophilic fluorination (42). 

51 56 (93% ee) 57 (89% ee) D
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Conclusions 

The asymmetric synthesis of monofluorinated compounds is a rapidly 
emerging field. In the case of compounds having a fluorine atom in a position 
vicinal to π-systems, new strategies and novel methodologies have been 
developed during the last few years. Each of them has different scope and 
limitations and they appear highly complementary. Therefore, the choice of the 
method to be used will depend mainly on the target molecule. From the 
preceding results, it can be anticipated that asymmetric electrophilic fluorination 
will continue to be strongly developed, especially for catalytic versions. 
Although it is presently at a less advanced stage, it appears quite possible that 
novel catalytic nucleophilic fluorination methods will appear in a near future. 
These new, and more efficient, methodologies will help for the stereoselective 
preparation of fluorinated compounds. In that way, they will contribute to the 
development of fluorine chemistry in connection with life sciences as well as 
with material sciences. 
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Chapter 9 

A New Aspect of Fluoroalkylated Acetylenes: 
Synthesis and Applications—Hydrometallation 

and Carbometallation 

Tsutomu Konno and Takashi Ishihara 

Department of Chemistry and Materials Technology, Kyoto Institute 
of Technology, Matsugasaki, Sakyo-ku, Kyoto 606-8585, Japan 

The facile and practical syntheses of various fluorine
-containing alkynes are described. Thus-obtained alkynes 
undergo smooth hydrostannation, hydroboration, carbo
-stannylation, and carbocupration reactions to afford the 
corresponding hydro- and carbo-metallated adducts in a highly 
regio- and stereoselective manner. With this synthetic 
methodology, a short total synthesis of estrogen-dependent 
antitumor agent, panomifene has been realized. 

Introduction 

in view of rapidly growing role of fluorine-containing substances 
particularly in materials and pharmaceutical science, the synthesis of fluorine-
containing substances is becoming more and more important (/). As * te of the 
most valuable synthetic intermediates for preparation of such organofluoro 
substances, fluoroalkylated alkynes la have been well recognized as having 
potentially significant synthetic value. These alkynes have been prepared by 
several methods (Figure 1) (2). For example, the synthesis of trifluoro-
methylated internal alkynes has been achieved through the transition-metal 

190 © 2005 American Chemical Society 
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catalyzed coupling reactions with the respective trifluoropropynyl lithium (J), 
Grignard (4) or zinc reagents (5). However, reliance upon trifluoropropyne as a 
precursor incurs the experimental difficulties associated with the handling of a 
gaseous reagent (b.p. -47 °C) as well as significant cost implications. In 
addition to limited studies on the preparation of la (6), little attention has been 
paid on the synthesis of per- or poly-fluoroalkylated alkynes lb. To our best of 
knowledge, no report has appeared on the general preparation of alkynes 1c and 
Id which possess both a per- or poly-fluoroalkyl group and an aliphatic chain R. 
Only a few examples of the synthetic applications of the alkynes have been 
reported thus far, such as the Diels-Alder reaction, 1,3-dipolar cycloaddition, 
etc., so that the development of the synthetic advantages of 1 remains a 
challenging task. This chapter deals with our recent studies on the practical 
synthesis and applications of the fluoroalkylated acetylene derivatives la-d. 

R ( - ^ - R l 

1a Rf = C F 3 R = 

1b Rf = C F 2 H , C F 3 C F 2 > etc. R = ^y~l • '^y etc-
1c Rf = C F 3 R = " - C n H 2 n + 1 > e t c 

1d Rf = C F 2 H , C F 3 C F 2 , etc. R = n - C n H 2 n + i . etc 

Figure 1 

The Synthesis of Various Types of Fluoroalkylated Alkynes 

We have developed three synthetic methods, each of which would provide us 
with easy access to a variety of fluoroalkylated alkynes la-d (7). 

First of all, we have investigated the palladium-catalyzed coupling reaction 
of ms/f«-generated fluoroalkylated acetylides with various halides (Scheme 1). 
The starting vinyl iodides 2a-c could readily be prepared from the corresponding 
polyfluoroalcohols 3a-c in three steps (8). Thus, the commercially available 3a-
c was treated with /?-toluenesulfonyl chloride (1.2 equiv.) and NaOH (1.2 
equiv.) at room temperature to give the corresponding tosylate 4a-c in 
quantitative yield. The tosylate was subjected to Νal/diethylene glycol at room 
temperature, followed by direct distillation, affording polyfluoroalkyl iodide 5a-
c. Finally, the HF elimination of 5a-c by KOH in DMSO gave the desired Z-
vinyl iodide 2a-c in up to 56% overall yield for three steps. 
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T s C i , N a O H N a l 
R f C F 2 C H 2 O H R f C F 2 C H 2 O T s 

4 

R f C F 2 C H 2 ! 

3 
Commercially 

Available 

5 

K O H / D M S O / up to 5 6 % yield 
\ for three s teps 

2 

Rf = C H F 2 (a) 
C F 3 (b) 
H ( C F 2 ) 5 ( c ) 

1) 2 n - B u L i , -78 °C 
2) Z n C l 2 - T M E D A , r.t. 
3) R l , cat. P d ( P P h 3 ) 4 R = p - C I C 6 H 4 , p - M e O C 6 H 4 , p - M e C 6 H 4 

p - E t 0 2 C C 6 H 4 l o - M e O C 6 H 4 

m - 0 2 N C 6 H 4 , ( £ ) - P h C H = C H 
( £ ) - n - C 6 H 1 3 C H = C H 

reflux, 4 -12 h 
Rf = R 

62 ~ 8 5 % 1a, b 

Scheme 1 

The treatment of 2 with 2 equiv. of «-BuLi at -78 °C for 1 h produced the 
corresponding lithium acetylide in-situ, which was transmetallated into the zinc 
acetylide by addition of ZnCI 2 »TMEDA complex to the reaction mixture. In this 
transformation, Z n C ^ T M E D A was better than anhydrous ZnCl 2 as it was less 
hydroscopic. Then, the mixture was allowed to warm to room temperature, 
followed by addition of 1 equiv. of various aryl iodides and 5 mol% of 
Pd(PPh3)4 in this order. Heating the reaction mixture under reflux for 4-12 h 
resulted in the formation of fluoroalkylated alkynes la orb in 62 ~ 85% yields. 
Unfortunately, the coupling reaction of fluoroalkylated acetylide with alkyl 
iodide in the presence of Pd(0) did not proceed, resulting in the complete 
recovery of the zinc acetylide. 

In seeking more convenient methods for preparing fluorine-containing 
acetylenes, we examined the one-pot synthesis of tri fluorom ethyl ate d acetylenes 
from commercially available, easily handled 2-bromo-3,3,3-trifluoropropene 6 
(b.p. 34 ~ 35 °C) (Scheme 2). Thus, 6 was treated with 2 equiv. of LDA at 
-78 °C (9), resulting in the formation of trifluoromethylated lithium acetylide in 
situ. To this reaction mixture was added ZnCl 2 *TMEDA, Pd(PPh3)4 and Arl , 
which was then heated under reflux, leading to the formation of the desired 
alkynes la. Generally, the coupling reaction of zinc acetylide with aryl iodides 
gave the corresponding acetylene derivatives in excellent yields. Aryl inflates 
as well as aryl bromides did not give the desired coupling products. 
Furthermore, Stille coupling using an alkynylstannane instead of zinc acetylide 
afforded the desired product in very low yield 
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-78 °C 

F 3 C \ 2 L D A 

Br 
6 

Liquid 
b.p. 34 ~ 3 5 °C 

- F 3 C -

1) Z n C I 2 - T M E D A 
2) R l , cat. P d ( P P h 3 ) 4 

reflux 6-24 h 

72 ~ 9 9 % Y ie ld 

R = P h , p - C I C 6 H 4 , p - M e O C 6 H 4 

p - M e C 6 H 4 , p - E t 0 2 C C 6 H 4 

p - 0 2 N C 6 H 4 l o M e O C 6 H 4 

o - C I C 6 H 4 

Scheme 2 

1a 

The fluoroalkylated alkynes possessing an alky I side chain could be 
synthesized via dehydroiodination from vinyl iodides 7 that were prepared by 
radical addition of perfluoroalkyl iodide to terminal alkynes in the presence of a 
catalytic amount of Zn/TFA according to the literature (Scheme 3) (10). Thus, 
treatment of 7 with 3 equiv. of /-BuOK in benzene at the reflux temperature 
gave the desired fluoroalkylated internal alkynes Id in 65-81% yield, but 
trifluoromethylated internal alkynes lc was obtained in only 24% yield. It 
should be noted that the use of 1.2 equiv. of ί-BuOK at room temperature was 
crucial for high yields in the case of CF3-alkyne synthesis. 

cat. Z n , Rf l 
cat. T F A R*. R 

* >=< 
H I 

7 

f - B u O K (3.0 eq.) 
P h H , reflux, 2 h 

6 5 - 8 1 % 

f - B u O K (1.2 eq.) 
P h H , r.t., 2 h 

R f -

1d 
Rf = C 2 F 5 , n - C 3 H 7 

n - C 4 F 9 , n-CgFu 

7 3 ~ 8 6 % 
F 3 C -

1c 

Alkvl side chain 

Scheme 3 

The Synthetic Applications I —Hydrometallation— 

Hydrostannation 

As a synthetic application of the fluoroalkylated alkynes, hydrostannation 
was carried out to provide vinylstannanes, versatile synthesic building blocks 
(77). Thus, treatment of 1 with 1.2 equiv. of rc-Bu^SnH in the presence of 20 
mol% of Et 3 B in toluene at 0 °C for 4 h gave the corresponding vinylstannanes 8 
and 9 in good to excellent yields (Table 1) (72). The alkynes bearing a halogen 
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(Cl) or an electron-donating group (Me, MeO) on an aromatic ring could 
participate nicely in the reaction to afford 8-trans exclusively. Interestingly, 
switching the substituent on an aromatic ring from the electron-donating group 
to the electron-withdrawing group (C0 2Et, N0 2 , CF 3 ) induced the significant 
change on the regio- and stereoselectivity, the opposite regioselectivity being 
observed in favor of 9 with high cis selectivity. 

Rf-
SnH (1.2eq.), E t 3 B (20 mol%) 

Table 1 

T o l u e n e , 0 °C, 4 h 
Sn = n - B u 3 

Rf H Rf R Rf Sn Rf R 

> K + >=< + >=< + X 
Sn B Sn H H R H Sn 
Β-trans Β-cis 9-trans 9-ci s 

Isomer ra t i o a 

Rf R Y i e l d a , b / % 8 {trans : cis) 9 {trans : cis) 
C F 3 P - C I C 6 H 4 

99 (95) 1 0 0 ( 1 0 0 : 0 ) 0 
C H F 2 p - C I C 6 H 4 9 9 (82) 1 0 0 ( 1 0 0 : 0 ) 0 
H C F 2 C F 2 C F 2 P - C I C 6 H 4 99 (98) 100 (100 : 0 ) 0 
C F 3 p - M e C 6 H 4 99 (91) 100 ( 9 8 : 2 ) 0 
C F 3 p - M e O C 6 H 4 99 (90) 100 ( 9 8 : 2 ) 0 
C F 3 o - C I C 6 H 4 69 (55) 100 (100 : 0 ) 0 
C F 3 o - M e O C 6 H 4 89 1 0 0 ( 1 0 0 : 0 ) 0 
C F 3 / 77 -C IC 6 H 4 99 (92) 1 0 0 ( 1 0 0 : 0) 0 
C F 3 M e 2 P h S i 99 (93) 98 (82 : 18) 2 ( 0 : 100) 
C F a 

n " C i p H 2 1 32 100 ( 6 2 : 3 8 ) 0 
C F 3 p - F 3 C C 6 H 4 46 33 (0 : 100) 6 7 (0 : 1 0 0 ) 
C F 3 p - E t 0 2 C C 6 H 4 78 3 5 (0 : 100) 6 5 ( 0 : 1 0 0 ) 
C F 3 p - 0 2 N C 6 H 4 74 19 (0 : 100) 8 3 (0 : 1 0 0 ) 

a) De te rm ined by 1 9 F N M R . b) V a l u e s in pa ren theses a re of iso la ted y ie lds . 

When the hydrostannation was effected in the absence ofEt3B, the yield 
decreased significantly in the case of alkynes bearing a halogen or an electgron-
donating group on an aromatic ring (Table 2). On the other hand, the reaction of 
alkynes having an ethoxycarbonyl or nitro group on an aromatic ring, proceeded 
smoothly to give the desired vinylstannanes in the almost same yield and 
selectivity as in the presence of Et 3 B. This fact may suggest the following 
mechanism for the hydrostannation reaction as described in Scheme 4. 

Table 2. The hydrostannation in the absence of Et3B 

R Y i e l d 3 of 8+9/% 8 {trans : cis) 9 {trans : c / s ) a R e c o v e r y 3 of 1/% 

p - C I C 6 H 4 3 100 ( 1 0 0 : 0 ) 0 9 7 
o - C I C 6 H 4 2 100 ( 1 0 0 : 0 ) 0 98 
m - C I C ^ H ^ 3 100 ( 1 0 0 : 0 ) 0 9 7 
p - E t 0 2 C C 6 H 4 6 5 3 5 ( 0 : 1 0 0 ) 65 (0 : 1 0 0 ) 3 5 
p - 0 2 N C 6 H 4 66 21 (0 : 100) 79 (0 : 100) 34 

a) De te rmined by 1 9 F N M R . 
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( H 

Int-A 

α β 
Rf = R 

S n - H 

R f -

S n - H 
δ + δ" 
Int-B 

R f -

Rf Η 

>=< 
Sn R 

B-trans 

Radical Process 
R = E D G , 

H a l o g e n \ 
E D G / 

E D G = Elect ron-donat ing group 
E W G = Electron-wi thdrawing group 
Sn = n - B u 3 S n 

H-Sn 
δ" δ + 

Int-C 

Rf R 

M 
H Sn 

9-c/s 

Ionic Process 

(X = E W G ) 

Scheme 4 

In the case of acetylenes bearing a halogen or an electron-donating group on 
the aromatic ring, nucleophilic tributyltin radical attacks the more electrophilic 
α-carbon of the alkynes to give the corresponding vinyl radicals Int-A. Then, 
the tributyltin hydride approaches adjacent to the the fluoroalkyl group, avoiding 
a bulkier tri butyl stannyl group. Therefore, the vinylstannane 8-trans was 
formed preferentially. When an electron-withdrawing group such as C0 2 Et , 
N0 2 , C F 3 , was employed as a substituent X at the aromatic ring, the reaction 
may proceed via an ionic four-centered transition state (Int-B or Int-C). 
Presumably, tributyltin hydride may coordinate with the triple bond as in Int-C 
rather than Int-B because the electron density of the acetylenic carbon attached 
with the Rf moiety is lower than that of the other, leading to the preferential 
formation of 9-cis. 

With the fluoroalkylated vinylstannane 8-trans, we attempted the coupling 
reaction with various aryl iodides through the Migita-Kosugi-Stille reaction (13) 
(Scheme 5). The vinylstannane 8a-trans was treated with various aryl halides in 
the presence of 10 mol% each of Pd(PPh3)4 and Cul in D M F at 70 °C. After 
stirring for 6 h, the stereochemical^ defined trisubstituted alkenes 10 were 
obtained in excellent yields with retention of the olefinic configuration. 
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B u 3 S n R 
8a- trans 

R 1 I (1.2 eq.) , P d ( P P h 3 ) 4 (10 mol%), C u l (10 mol%) 

D M F , 70 °C, 6 h R 1 R 
10 

R = p - C I C 6 H 4 Yie ld : 9 4 % R 1 = p - C I C 6 H 4 

9 0 % p - 0 2 N C 6 H 4 

9 2 % p - E t 0 2 C C 6 H 4 

Scheme 5 

Hydroboration 

Hydroboration of alkynes is one of the most straightforward synthetic 
methods for the preparation of vinylboranes which can be transformed to 
variously substituted ethenes with retention of configuration through the Suzuki-
Miyaura cross-coupling reaction (14). Indeed, the reaction of fluoroalkylated 
acetylenes with 1.2 equiv. of dicyclohexylborane at room temperature for 2 h 
proceeded smoothly to give the corresponding vinylborane Int-D in a highly 
regio- and stereoselective fashion (15). The in-situ generated vinylborane int-D 
was treated with various aryl iodides, 10 mol% of Pd(PPh3)2Cl2, and 3 equiv. of 
NaOH, at the reflux temperature of benzene for 4 h, affording trisubstituted 
alkenes with 83-96% regio- and stereoselectivity (Table 3). 

R f -
C y 2 B H (1.2 eq.) 

P h H , r.t., 2 h 

R 2 I (1.2 eq.) 
P d ( P P h 3 ) 2 C I 2 ( 1 0 m o l % ) 
N a O H (3.0 eq.) 

reflux, 4 h 

Rf R 

C y 2 B H 

Int-D 

Rf R 

R 2 H 

Rf H 

W 
R 2 R 

Rf R 

H M R 2 

Table 3 11 -cis 11 -trans 12-c/s 

Rf R R 2 Y i e l d ' 
ï t b of 11+12/% 11 (cis : trans) 12a 

C F 3 C 6 H 5 C 6 H 5 8 5 (73) 9 5 (100 : 0 ) 5 
C F 3 p - C I C 6 H 4 8 9 (64) 9 4 (98 : 2 ) 6 
C F 3 p - M e C 6 H 4 

C 6 H 5 8 3 (66) 9 4 ( 1 0 0 : 0 ) 6 
C F 3 p - M e O C 6 H 4 ^ 6 Μ 5 9 9 (88) 9 6 (100 : 0 ) 4 
C F 3 p - 0 2 N C 6 H 4 CQH5 2 5 88 ( 1 0 0 : 0 ) 12 
C F 3 p - E t 0 2 C C 6 H 4 C e H 5 9 9 9 5 ( 1 0 0 : 0 ) 5 
C F 3 p - M e O C 6 H 4 C H 2 62 5 8 ( 1 0 0 : 0 ) 4 2 
C F 3 P - C I C 6 H 4 o - C I C 6 H 4 53 9 2 ( 1 0 0 : 0 ) 8 
C F 3 p - C I C 6 H 4 r n - C I C 6 H 4 74 9 3 ( 1 0 0 : 0 ) 7 
C F 3 p - C I C 6 H 4 p - C I C 6 H 4 8 3 (74) 96 (100 . 0 ) 4 
C F 3 p - C I C 6 H 4 p - M e O C 6 H 4 68 (56) 9 8 (93 : 7 ) 2 
C F 3 p - C I C 6 H 4 p - 0 2 N C 6 H 4 54 1 0 0 ( 9 1 : 9 ) 0 
C F 3 p - C I C 6 H 4 p - E t 0 2 C C 6 H 4 99 91 (100 : 0 ) 9 
C H F 2 p - C I C 6 H 4 C 6 H 5 6 7 8 4 ( 1 0 0 : 0 ) 16 
H C F 2 C F 2 C F 2 P - C I C 6 H 4 ^6^5 78 8 3 ( 1 0 0 : 0 ) 17 

a) De te rm ined by 1 9 F N M R . b) V a l u e s in pa ren theses are of i so la ted y ie lds . 
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Various alkynes, carrying an electron-donating group (Me, MeO) or an 
electron-withdrawing group (Et0 2 C) on the aromatic ring, could participate 
equally well in the reaction to give preferentially the corresponding 
tri substituted alkenes 11-ds in high yields. However, a significant decrease in 
yield was observed when an alkyne having a nitro group on the benzene ring 
was used. The regioselectivity also decreased slightly. Additionally, the 
fluoroalkylated alkyne having an aliphatic side chain (/?-MeOC 6H 4CH 2-) was not 
a good substrate. The products were formed with low regioselectivity (11 :12 = 
58 : 42) and 13 was produced in 26% yield. The position of the substituent on 
the aromatic ring in R2I significantly influenced the coupling reaction. Thus, the 
dimer 14 was formed in 20% yield when ochloroiodobenzene was used as R2I, 
while a more satisfactory result was obtained in the case of m-
chloroiodobenzene. The reaction using the coupling reagents with various 
substituents such as chloro, methyl, methoxy, and ethoxycarbonyl groups 
proceeded smoothly to afford the tri substituted alkenes in a highly regio- and 
stereoselective manner. However, the use of p-nitroiodobenzene resulted in the 
decrease in yield, it should also be noted that changing the fluoroalkyl group 
from a trifluoromethyl group to a difluoromethyl or hexafluoropropyl group did 
not influence the course of the reaction. 

The Synthetic Applications II —Carbometallation— 

Carbostannylation 

Carbostannylation of alkynes has become a powerful synthetic tool in 
organic synthesis, because the C-C and C-Sn bonds are simultaneously 
introduced across a triple bond in a stereoselective fashion to give 
alkenylstannanes, which can be converted into variously substituted ethenes 
with retention of configuration through the Migfta-Kosugi-Stille coupling 
reaction (16). Furthermore, the high chemoselectivity and mild reactivity of 
organostannanes, as compared with other organometallic reagents, make the 
carbostannylation and subsequent reactions extremely useful and applicable for 
preparing a wide variety of substances. 

13 14 
Figure 2 
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When the reaction of 1 with allylstannane 16a was carried out in the 
presence of 5 moP/o of AIBN in benzene at the reflux temperature, the reaction 
proceeded smoothly to give the corresponding carbostannylated products 15-
trans in high yields as a single isomer (Table 4) (17). This reaction did not 
occur when the allylstannanes 16b and 16c were employed. Alkynes having an 
aromatic ring with either an electron-donating group (MeO, Me) or an electron-
withdrawing group (C0 2Et) were good substrates. To be noted is that the 
position of the substituent on the aromatic ring of the alkynes did not affect the 
yield. In contrast, the use of an alkyl side chain as R resulted in a significant 
decrease of the reaction rate (R = p - M e O C 6 H 4 C H 2 :44% yield, 48% recovery of 
the alkyne), though the reaction proceeded with high regio- and stereoselectivity. 
The substrates bearing various fluoroalkyl groups could participate well in the 
reaction forming the corresponding vinylstannanes 15-trans in high yields. 

It is interesting to note that the allylstannylation without AIBN (under an 
atmosphere of air) also proceeded smoothly to give the desired product 15-trans 
in higher yields, relative to reaction in the presence of AIBN, though a longer 
reaction period (12 h) was needed for completion. The use of an alkyl side 
chain as R led to the complete recovery of the starting material. It is noteworthy 
that the differences in fluoroalkyl group on the alkynes significantly influenced 
on the reaction. Thus, the substrate with a difluoromethyl group gave the 
product in only 73% yield. Additionally, changing the fluoroalkyl group from a 
difluoromethyl group to a hexafluoropropyl group caused the significant 
decrease of the yield. 

Rf = R 
J^snBu3 16a (4 eq.) , A I B N (5 mol%), P h H , reflux 

or without A I B N , air, P h H , reflux 
B u 3 S n R 

15-trans 
Table 4 

Rf R 
In the p r e s e n c e of A I B N 

Y i e l d 3 of 15-frans/% 
In the a b s e n c e of A I B N 

Y i e l d a o f 15-transf% 

C F 3 P h 79 
80 (60) 

(90) 
( 9 2 ) b 

(83) 
(83) 
(86) 
(94) 
(86) 

C F 3 P - C I C 6 H 4 

C F 3 m - C I C 6 H 4 

C F 3 o - C I C 6 H 4 

81 
85 
84 
91 
90 

C F 3 p - M e O C 6 H 4 

C F 3 p - M e C 6 H 4 

C F 3 p - E t 0 2 C C 6 H 4 

C F 3 p - M e O C 6 H 4 C H 2 44 (44) 
99 (99) 
84 (78) 

0 
C H F 2 p - C I C 6 H 4 

H C F 2 C F 2 C F 2 p - C I C 6 H 4 2 8 

a) De te rm ined by 1 9 F N M R . V a l u s e s in pa ren theses are of iso la ted y ie lds , b) St i r red for 2 h. 
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16b 

Me 
S n B u 3 

16c 

Figure 3 

These results may allow us to postulate a reaction mechanism as follows 
(Scheme 6). Thus, in the initiation step, the radical generated from AIBN or the 
oxygen biradical reacts with the allylstannane to generate the tributylstannyl 
radical. As this stannyl radical is nucleophilic, the addition of the tributylstannyl 
radical to the alkyne would take place at more electrophilic α carbon due to the 
electron-withdrawing fluoroalkyl group, leading to the vinyl radical, Int-E 
exclusively. The allylstannane favors the attack from the side occupied by the 
fluoroalkyl group, avoiding a bulkier tributylstannyl group due to a large steric 
repulsion. Therefore, the vinylstannane 15-trans was formed in a highly 
stereoselective manner. 

S n B u 3 

R 3 

B u 3 S n R 

15-trans 

Bu3Srr 

Scheme 6 

Thus-obtained vinylstannane 15-trans underwent the Migita-Kosugi-Stille 
cross-coupling reaction with iodobenzene, /Mnethoxyiodobenzene, and p-
chloroiodobenzene successfully, the corresponding tetrasubstituted alkenes 17 
being afforded with complete retention of the olefinic geometry in 96, 78, and 
93% yield, respectively (Scheme 7). 

R 3 

J rt „ A I B N or Op 
Bu3Sn-

Rf-

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

9

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



200 

F 3 C ^ 

B u 3 S n R 
15-trans 

R = p - e i e 6 H 4 

C 0 2 M e 

A r l (3.0 eq.) , P d ( P P h 3 ) 4 (30 moI%), C u l (1.5 eq.) F 3 C 

D M F , 70 °C, 6 h 

Scheme 7 

A r 

C 0 2 M e 

R 
17 

Ar= P h 96% yie ld 
p - M e O C 6 H 4 7 8 % y ie ld 
p - C I C 6 H 4 93% yie ld 

Carbocupration 

As shown in Scheme 8, various copper reagents prepared from 
organolithium reagents, Grignard reagents, and organozinc reagents, could 
participate nicely in the carbocupration reaction to give the corresponding 
vinylcoppers Int-F as a single isomer (18). The regioselectivity may be derived 
from the exclusive R1-transfer from copper atom to β carbon due to the stronger 
Ca-Cu bond influenced by the electron-withdrawing Rf group (Figure 4). This 
electron-withdrawing effect also reduces the reactivity of Int-F, so that reaction 
only occurs with H 2 0, iodine, substituted ally 1 bromide, and propargyl bromide. 
Such carbon electrophiles can coordinate with copper atom via d-π* 
complexation (19) and add to the copper metal oxidatively to form the 
corresponding π-allylcopper intermediate. Accordingly, methyl iodide, benzyl 
bromide, benzoyl chloride, ethyl chloroformate, etc. which can not coordinate 
with the copper, are all inactive as electrophiles. 

C o p p e r reagent 
Rf ~ R 

-78 ~ -45 °C 

R 1

2 C u ( C N ) L i 2 

R 1

2 C u M g B r 
R 1

2 C u Z n B r 

Rf R 

Int-F 
Single isomer 

Electrophi le (R^X) 

R 1 = π-Bu, s - B u , C y , B n 
al ly l , v inyl , P h 
p - M e O C 6 H 4 

Scheme 8 

St ronger 
bond 

α β 
R f - Y = 7 ^ R 

R 1 I 

Int-F 

Rf R 

>T<1 
C w ' R 1 

= complexation 

Figure 4 

Rf I Π 
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The vinyl iodide 18a was subjected to the Suzuki-Miyaura or Sonogashira 
coupling reaction conditions (20) to give the corresponding alkene 19 or enyne 
20 in excellent yields (Scheme 9). 

F 3 C R 

P h H , reflux, 12 h D . / \ R l , 

P h B ( O H ) 2 , N a 2 C 0 3 , cat . P d ( P P h 3 ) 4 

9 8 % 19 
F s C H R - , 

' Π " Β ϋ I T M S C ^ C H , E t 3 N , cat. C u l , cat . P d ( P P h 3 ) 4 r

 F 3 C \ , R 

1 8 a T H F , 50 °C, 24 h / Λ _ 
R = p - C I C 6 H 4 9 5 % / / / n " B u 

Scheme 9 T M S 

With the carbocupration, the synthesis of antiestrogenic drug, panomifene 21 
(21) was executed as follows (Scheme 10). Thus, alkyne 1 was exposed to the 
carbocupration reaction with (/?-MeOC6H4)2Cu(CNXMgBr)2 (1.2 equiv.) at 
-45 for 2 h, followed by addition of 2.4 equiv. of iodine at -78 °C, to afford 
vinyl iodide 18b in 51% yield as a single isomer. The stereochemically pure 
18b was treated with 4.0 equiv. of phenylboronic acid under the Suzuki-Miyaura 
cross-coupling reaction conditions, producing the triarylethylene derivative 22 
almost quantitatively with complete retention of the stereochemistry. 
Surprisingly, treatment of 22 with BBrç gave 23 in low yield. Al l attempts for 
improving this demethylation were unsuccessful. On the other hand, the 
demethylation of 18b with BBr3 proceeded readily to give the corresponding 
phenol derivative. The subsequent nucleophilic substitution reaction between 
phenoxide and 2-ehloroethyl tosylate in DMF at the reflux temperature gave rise 
to the desired ether 24 in 67% yield. The Suzuki-Miyaura cross-coupling 
reaction of 24 with phenylboronic acid afforded the corresponding alkene 25 
quantitatively. Finally, on treatment of 25 with ethanolamine in 2-
methoxyethylene glycol, the desired panomifene 21 was obtained in 83% yield 
(28% overall yield from 1). 

Conclusion 
In this review we have disclosed three types of synthetic methods for the 

preparation of the fluoroalkylated alkynes, enabling us to easily access various 
alkynes. Various alkynes were subjected to the hydrostannation, hydroboraton, 
carbostannylation, and carbocupration conditions, where the corresponding 
vinylmetals were afforded in a highly regio- and stereoselective manner. The 
resultant vinylmetals can be applied to the cross-coupling reactions such as 
Migita-Kosugi-Stille and Suzuki-Miyaura reactions, leading to the 
corresponding tri- or tetrasubstituted alkenes in high to excellent yields. A 
demonstration of this methodology resulted in a short total synthesis of anti 
estrogenic panomifene. 
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F * C -

B B r 3 , C H 2 C I 2

 F 3 C \ 

P h 

P h 

Κ 
23 O H 

- P h 

P h B ( O H ) 2 f N a 2 C 0 3 

cat. P d ( P P h 3 ) 4 

P h H , reflux, 12 h 

1 ) A r 2 C u ( C N ) ( M g B r ) 2 _ r D . - r 

T H F , -45 °C, 2 h F 3 c

w

P n 1 ) B B r 3 , C H 2 C I 2

 F a Ç 

2) l 2 

5 1 % 

Ar = p - M e O C 6 H 4 

/ \ 2 ) T s O C H 2 C H 2 C I 
/ f ~ \ D M F , 80 °C 
\ — / 67% 

18b O M e 

P h B ( O H ) 2 , N a 2 C 0 3 

cat. P d ( P P h 3 ) 4 

P h H , reflux, 12 h 
quant. 

2 8 % overal l y ield 

Scheme 10 

References 

1. (a) Banks, R. E. Organofluorine Chemistry: Principles and Commercial 
Applications; Plenum: New York, 1994. (b) Banks, R. E. Fluorine 
Chemistry at the Millenium: Fascinated by Fluorine; Elsevier: Amsterdam, 
2000; and references therein. 

2. (a) Henne, A. L. ; Nager, M . J. Am. Chem, Soc. 1951, 73, 1042-1043. (b) 
Baum, K.; Bedford, C. D.; Hunadi, R. J. J. Org. Chem. 1982, 47, 2251-2257. 

3. Drakesmith, F. G.; Stewart, O. J.; Tarrant, P. J. Org. Chem. 1968, 33, 280-
285. 

4. (a) Henne, A. L. ; Nager, M . J. Am. Chem. Soc. 1952, 74, 650-652. (b) 
Bruce, M. I.; Harbourne, A. L.; Waugh, F.; Stone, F. G . A. J. Chem. Soc. 
(A) 1968, 356-359. 

5. Yoneda, N.; Matsuoka, S.; Miyaura, N.; Fukuhara, T.; Suzuki, A. Bull. 
Chem. Soc. Jpn. 1990, 63, 2124-2126. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

9

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



203 

6. (a) Porta, P. L . ; Capuzzi, L. ; Bettarini, F. Synthesis 1994, 287-290. (b) 
Hiyama, T.; Sato, K.; Fujita, M . Bull. Chem, Soc. Jpn. 1989, 62, 1352-1354. 
(c) Brisdon, A . K.; Crossley, I. R. Chem. Commun. 2002, 2420-2421. 

7. Konno, T.; Chae, J.; Kanda, M . ; Nagai, G.; Tamura, K.; Ishihara, T.; 
Yamanaka, H. Tetrahedron 2003, 59, 7571-7580. 

8. Yamanaka, H.; Araki, T.; Kuwabara, M . ; Fukunishi, K.; Nomura, M . 
Nippon Kagaku Kaishi 1986, 1321-1328. 

9. (a) Yamazaki, T.; Muzutani, K.; Kitazume, T. J. Org. Chem. 1995, 60, 
6046-6056. (b) Mizutani, K.; Yamazaki, T.; Kitazume, T. J. Chem. Soc., 
Chem. Commun. 1995, 51-52. (c) Katriky, A. R.; Qi, M. ; Wells, A. P. J. 
Fluorine Chem. 1996, 80, 145-147. 

10. Jennings, M . P.; Cork, Ε. Α.; Ramachandran, P. V. J. Org. Chem. 2000, 65, 
8763-8766. 

11. (a) Rice, M . B.; Whitehead, S. L . ; Horvath, C. M.; Muchniji, J. Α.; 
Maleczka, Jr. R. E. Synthesis 2001, 1495-1504. (b) Asao, N.; Yamamoto, Y. 
Bull. Chem. Soc. Jpn. 2000, 73, 1071-1087. 

12. Chae, J.; Konno, T.; Kanda, M . ; Ishihara, T.; Yamanaka, H. J. Fluorine 
Chem. 2003, 120, 185-193. 

13. Milstein, D.; Stille, J. K. J. Org. Chem. 1979, 44, 1613-1618. 
14. For the review, see. Miyaura, N.; Suzuki, A. Chem. Rev. 1995, 95, 2457-

2483. 
15. Konno, T.; Chae, J.; Tanaka, T.; Ishihara, T.; Yamanaka, H . Chem. 

Commun. 2004, 690-691. 
16. (a) Yoshida, H.; Shirakawa, E. ; Nakao, Y. ; Honda, Y . ; Hiyama, T . Bull. 

Chem. Soc. Jpn. 2001, 74, 637-647. (b) Miura, K.; Saito, H.; Itoh, D.; 
Matsuda, T.; Fujisawa, N.; Wang, D.; Hosomi, A. J. Org. Chem. 2001, 66, 
3348-3355. 

17. Konno, T.; Takehana, T.; Chae, J.; Ishihara, T.; Yamanaka, H. J. Org. Chem. 
2004, 69, 2188-2190. 

18. Konno, T.; Daitoh, T.; Noiri, Α.; Chae, J.; Ishihara, T.; Yamanaka, H . Org. 
Lett. 2004, 6, 933-936. For the review of the carbocupration, see (a) 
Nakamura, E.; Mori, S. Angew. Chem. Int. Ed. Engl. 2000, 39, 3750-3771. 
(b)Nakamura, E.; Yoshikai, N . Bull. Chem. Soc. Jpn. 2004, 77, 1-12. 

19. Tseng, C . C.; Paisly, S. D.; Goering, H. L. J. Org. Chem. 1986, 51, 2884-
2891. 

20. Sonogashira, K . Comprehensive Organic Synthesis; Trost, Β. M.; Fleming, 
I., Eds.; Pergamon Press: Oxford, 1991; Vol.3, Chapter 2.4, pp521-529. 

21. (a) Ábrahám, G . ; Horváth, T.; Toldy, L.; Borvendég, J.; Csányi, E . ; Kiss, 
É.; Hermann-Szente, I.; Tory, K. (Gyógyszerkuntató Intézet). Hungarian 
Patent 17853, 1979. (b) Németh, G.; Kapiller-Dezsofi, R.; Lax, G. ; Simig, 
G. Tetrahedron 1996, 52, 12821-12830. (c) Liu, X.; Shimizu, M.; Hiyama, 
T. Angew. Chem. Int. Ed. Engl. 2004, 43, 879-882. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
00

9

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



Chapter 10 

Functionalized Fluorinated Allenes 

Gerald B . Hammond 

Department of Chemistry, University of Louisville, Louisville, K Y 40292 

An overview of the literature of mono- and di-fluorinated 
allenes is presented with an emphasis on the synthesis and 
chemistry of silyl substituted mono- and di-fluorinated allenes 
and fluoroallenylphosphonates. 

Introduction 

Functionalized aliènes are of paramount importance in organic chemistry, 
both as building blocks, and synthetic targets. In the last two years alone, over 
twenty reviews have been published on the subject.(i) The effect of fluorine 
substitution on the chemistry of functionalized allenylic species would be 
expected to impart profound changes on the biological and chemical properties 
of aliènes. However, to date, only a minuscule amount of research in this area 
has been reported. The effect of one or two fluorine atoms bonded to an sp2 

allenic carbon on the known chemistry of aliènes has not been fully addressed, 
in part because these compounds are either not easily accessible, unreactive 
toward nucleophilic substitution, less prone to form stable metal intermediates, 
or more susceptible to yield regioisomers (through propargyl-allene 
isomerization). This review will address advances in the synthesis of 
functionalized fluoroallenes containing >C=C=CF2, >C=C=CFH and 
>C=C=CFP(0)(OEt)2 moieties. 

Background 

In general, fluoroallenes are less stable than those without fluorine 
substituents but they still possess reasonable stability at room temperature. 
Incorporation of increasing number of fluorine susbtituents on aliène makes 

204 © 2005 American Chemical Society 
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these species increasingly reactive with the result that 1,1-difluoroallene (DFA) 
and l-monofluoroallene (MFA) must be stored in vacuo at -78°C to prevent 
oligomerization. 1,1,3-Trichloropropadiene is an unstable material that 
dimerizes in solution at room temperature, and in the pure state decomposes 
explosively. 1,1,3,3-Tetrafluoropropadiene, though still prone to dimerization, is 
a known material that hydrohalogenates readily with HF, HC1, and HBr. 
Partially fluorinated propadienes are more stable and amenable to further 
reaction. Phenyl subsitution renders unstable difluoroallenes. This observation is 
in agreement with the fact that some phenyl substituted haloallenes are quite 
prone to oligomerization. 

Simple fluoropropadienes have been synthesized by metal reduction of 
dihalofluoro-olefins. The reaction of 1-trifluoromethyl-l-alkenyl bromides with 
n-BuLi has been employed for the synthesis of DFA (eq 1) and l,l-difluoro-3,3-
dimethyl aliène (eq 2).(2) 

F 3 C N = C H - F 3 V C H 2 - ^ F 3 ° > C H 2 ^ ^ w <«.D 
d) KUH g r l_j F H 

55% 

1 ) î-PrMgBr (59%) 4 ) B r ( 7 9 o / o ) 

2) AcCI(93%) F g C - x 5)KOH(74%) F N , C H 3 

C F 3 C 0 2 E t T " M e ή ^ J' ' V u (eq 2) 
3) 500 °C (75%) Me 6) BuLi,-85 °C (28%) F C H 3 

(7% overall) 

Although MFA could be synthesized in similar manner using 1,3-dibromo-
1-fluoropropane, the yield was improved by conversion of l,l-dichloro-2-
fluorocyclopropane into fluoroallene with activated zinc dust in refluxing 
ethanol (eq 3).(2) 

C H F B r 2 RrM 1\ KQH sBr 1)KOH 

C H 2 - C H 2 2)Br 2

 C H B r F 2 > Z n 

Xu and Shi (J) used the Shapiro reaction of trifluoromethylketone 2,4,6-
triisopropylbenzenesulfonylhydrazones (trisylhydrazones) as a convenient 
method for the preparation of monoalkyl substituted 1,1-difluoroallenes (eq 4). 
1 9F NMR spectroscopy confirmed the existence of an anti relationship between 
the trifluoromethyl and trisylamido groups. This methodology failed for the 
synthesis of disubstituted 1,1-difluoroallenes. 

Θ 
r 

Θ 
F 3 C ^ V r I 

N *NHTra n-BuLI (2-3eq) ^ N T r s ^ 

•vAx* DME, -78°C F 3 C ^ R 

• > = - = < (eq 4) 
H F 

R=n-Pr, n-Pentyl, Bn, Ph 
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The first synthesis of a funetionalized monofluoroallene, published by 
Krantz and Castelhano,(4) featured a fluorochloropropargyl synthon-produced 
by the reaction of CHFC12 with the requisite acetylide-which is then converted 
to fluoroallene 1 upon reduction with aluminum hydride (eq 5). This approach 
was used to build allenyl aminoacid 2, a potential suicide inhibitor of GABA 
transaminases. 

Cyclic or -bicyclic fluorinated compounds constitute a class of compounds, 
which have appeared scarcely in the literature, the synthesis of which is usually 
done on a case-by-case basis. An area of synthesis in which fluorinated aliènes 
are poised to make an important contribution is in the development of ring 
construction methodologies. Dolbier pioneered work in this area with his 
investigation on the cycloaddition chemistry of DFA and MFA.(5) Dixon and 
Smart calculated geometries, energies, and several electronic properties of 
fluoroallenes and its isomeric acetylenes to gain qualitative insights into the 
bonding, in order to predict thermodynamic reactivities.(d) DFA was much more 
reactive towards [4+2] cycloadditions than MFA which in turn was more 
reactive than l,l-difluoro-3,3-dimethyl aliène (Scheme 1). 

C H 2 = C = C H 2 

V 
200-230°C 

C H 2 

4 9 % 
C H P = C = C H F 

0°C, 4 d 

CH2=C=CF2 

C F H 

>99% C F 2 

>99% -20°C, 1 min 

Scheme 1. Comparative fluoroallene reactivities toward cyclopentadiene 

DFA was found to be highly reactive with 1,3-dipoles, and it underwent a 
totally regiospecific cycloaddition to its C2-C3 double bond. In contrast, its 
cycloadditions with substituted diazomethanes were not regiospecific but led to 
two adducts 3 and 4 (eq 6). 
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(eq 6) 

95-99% 

An intrinsic feature of MF A cycloadditions is the issue of π-facial 
diastereoselectivity. Face selectivity (syn/anti) in additions to trigonal carbon 
systems is a fundamental question in stereogenesis. Here, fluorine can be a very 
useful probe. Greater syn/anti selectivity was observed in Diels-Alder and 1,3-
dipolar cycloadditions (eq 7). However, no definitive answer can be given to the 
cause of the regiochemical and stereochemical results obtained in cycloadditions 
of unsubstituted DFA and MFA. A change of reaction course including a 
possible radical mechanism (7) has been observed with unsymmetrical dienes 
are used (see also eq 15). 

(eq7) 

70:30 

An interesting use of gem-difluoroallene as ligand was reported recently.(#) 

Funetionalized Difluoroallenes 

Our plan to construct a funetionalized difluoroallene needed a readily 
available gem-difluoropropargyl starting material capable of undergoing 
isomerization to an aliène. Compound 5 was deemed the candidate of choice 
because it could be prepared in multigram quantities in a single, high yielding 
step from a monosubstituted acetylene and CF 2 Br 2 , an industrial fluorinated 
feedstock.(P) Indium(iO) in predominantly aqueous media brings about the 
conversion of 5 to a room-temperature stable species in solution (19F NMR δ -88 
ppm) which darkened immediately after solvent removal. 1 9F NMR analysis of 
the residue showed complete disappearance of the signal at δ -88 ppm. This 
result led us to speculate that this signal probably corresponded to a 
difluoroallenyl indium intermediate, to which we ascribed structure 6 (eq 8).(ii) 
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The existence of an allenylindium species is not without precedence in the 
literature. Chan,(/2) Marshall,(iJ) and Loh(14) had speculated that a transient 
species possessing allenic character was an intermediate in their respective 
synthesis of allenyl- and homopropargyl-alcohols. What is unprecedented is the 
room-temperature stability of 6 in solution. The effect of other metals on the 
formation of 6 was investigated but only indium produced a stable metal 
complex. Other experimental conditions (temperature, solvent, rate of addition, 
etc.) were studied with the goal of minimizing a competing side reaction 
(dimerization). Sonication, low reaction temperature (5°C), and dilute 
concentration of the starting material (0.15 M) are required to maximize 
production of 6. Although the structure of this complex remains unknown, it is 
certain that the nature of the alkyl substituent on the silyl group does not 
influence its formation.(i J) When the silyl group is substituted with an alkyl 
group (eq 9), the expected aliène was not found, rather the corresponding 
reduced product 7 was obtained.(76) 

R ° \ _ l n RO 

C 5 H i f - = ~ C F z B r HgO/THF ' c 5 H i > - ^ C F 2 H ( e q 9 ) 

R=THP 7 

Difluoroallenyl indium 6 (Scheme 2) reacted nucleophilically with 
aldehydes to yield the expected homopropargylic alcohols; but in the presence 
of aqueous formaldehyde, it produced allenyl alcohol 6a. Conversion of the 
hydroxyl 8a into its corresponding halide 8b was achieved cleanly. Aliène 8b 
isomerized to the thermodynamically more stable conjugated diene isomer under 
Pd-mediated cross-coupling conditions—including Suzuki and Sonogashira— 
yielding gem-difluoro conjugated diene 9.(17) 

F \ 

J 

TIPS 

8b X= Br 

TIPS 

9 R = aryl, alkynyl 

^ f 
X-R' 

10 X=NTs, C(C02Et)2 

R'=alkyl, allyl, propargyl 
Scheme 2. Reactions derived form difluoroallenyl alcohol 2a 

Similarly, displacement of bromide in 8b with a phosphorus nucleophile 
produced the corresponding 1,3-dienylphosphonate 9 (R=P(0)(OEt)2,) in what 
could be formally construed as a SN2' reaction. The homologation of the side 
chain in 8b was achieved(i#) using soft nucleophiles and Trost's Pd-catalyzed 
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alkylation methodology (10 in Scheme 2). By exercising strict control on the 
reaction conditions the formation of the isomeric dienes was minimized. The 
oxygen in 8a could be substituted with nitrogen using propargylic amines, under 
Mitsunobu's conditions. In these cases, the corresponding diene isomer 9 was 
not found. Prior to this work, microwave spectroscopy and theoretical 
calculations on the geometries of the parent 1,1-difluoroallene showed that the 
C=C and C-F bond lengths would decrease with increasing fluorine substitution, 
and FCF bond angles should resemble sp3 hybridization. X-ray data, (19) 
obtained from crystals of 10, provided the first crystallographic evidence to 
these statements. 

Cyclization methodologies, especially intramolecular, are of paramount 
importance in the synthesis of organic compounds. Among the ring closure rules 
proposed by Baldwin 25 years ago, only very few exceptions of nucleophile-
driven, disfavored 5-endo-trigonal cyclization are known, among them the 
cyclization of allenyl alcohol 8a to the hitherto unknown 2,2-difluoro-2,5-
dihydrofuran 11. This reaction needed mild conditions (eq 10). (7 7) The 
cyclization worked equally well using other primary aliphatic amines, but failed 
when a less basic amine such as p-iodoaniline was utilized. 

8a 
RNH 2 

hexane 
r.t., 20 h 

TJPS, 

Ό 
H-NH 2 R 

TIPS R N H 3 ^ TiPS^ 

11 (89%) 

(eq 10) 

Although, in theory, an intramolecular cycloaddition of 10 could be used to 
prepare bicyclic fluorinated compounds, there are but a handful of reports 
detailing intramolecular metal-mediated fluoroallene cycloadditions, none of 
which involved fluoroallene-alkyne [2+2) cycloadditions. The Mo-mediated 
intramolecular cyclization of 10 produced a novel fused fluorinated cyclobutene 
12, in 90% yield (eq 11). No traces of the [3.2.0] exocyclic difluoromethylene 
regioisomer could be detected. The fact that this Mo-mediated [2+2]-
intramolecular allene-alkyne cycloaddition is an intriguing departure from the 
expected Pauson-Khand (P-K) reaction prompted the authors to probe the 
reaction further.(7<$) In all cases, gew-difluorocyclobutenes were obtained in 
very good or excellent yield. TBAF desilylation of 10 produced diyne 13. 

(eq11) 

13X=NTs(86%) 
R=H 

10 12 X=NTs, R=H (90%) 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
01

0

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



210 

The cycloaddition of 10, initially performed with 1.5 eq of molybdenum 
was repeated using catalytic amounts of molybdenum (10 mol%) with equal 
success. Mechanistically, this reaction represents a formal [2 + 2] cycloaddition, 
with the molybdenum metallocycle undergoing a reductive elimination, rather 
than a CO insertion. 

The synthetic potential of funetionalized difluoroallenes such as allenyl 
alcohol 8a has been showcased by these facile synthesis of funetionalized 
conjugated dienes, a mild 'Baldwin-disfavored' intramolecular 5-endo-trig 
cyclization, and a Mo(CO) 6 catalyzed [2+2] difluoro allene-alkyne 
intramolecular cyclization. 

Funetionalized Monofluoroallenes 

The preparation of difluoroallenyl indium 6, in predominantly aqueous 
media (Scheme 2), encouraged us to investigate whether monofluorinated 
allenyl indium could be similarly prepared from bromofluoropropyne 14.(20) 
Although the corresponding indium species 15 could not be isolated, proof of its 
fleeting existence was the formation of T I P S - C H O C H F , accompanied by its 
propargylic isomer (1:1 ratio), and unreacted starting material. By eliminating 
water as co-solvent in the reaction, and using excess of aqueous formaldehyde, 
the desired 16 was obtained, accompanied by its propargyl isomer 17 in a 7:1 
ratio, and dimer (TIPS-C-C-CHF)2 (Scheme 3)(21) TBAF treatment afforded 
dihydrofuran 18, in 62% yield, by means of a 5-endo-trig cyclization path. The 
same product could be isolated in better yield using sodium hydride. 

TIPS = CHFBr-

14 

In (1 eq) TIPS 

15 

HCHOaq, TIPS 
(5 eq) 

THF, r.t. (66%) <DH HO 
16 17 

TBAF, THF, -80oc, 15 min (62%). / 
TIPS 

NaH, THF, r.t, 2 h (75%) 

18 

Scheme 3. Synthesis and cyclization of fluoroallenol 16 

Certain functional group interconversions could be carried out on 16 
without compromising the integrity of the fluoroallenyl moiety. Oxidation, using 
Dess-Martin conditions, replacement of Ο by Ν under Mitsunobu conditions, 
resulted in a facile synthesis of 19 (Scheme 4). Conversion of 16 to its 
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corresponding mesylate, followed by a SN2' displacement with Br" produced 
diene 20. Coupling 20 with aryl boronic acids under Suzuki conditions, afforded 
substituted-1,3-butadienes 21, mostly in good or very good yields, except when 
a strong electron-withdrawing substituent was employed on the aryl substituent. 
The stereochemistry of the fluorine-containing double bond in 21 has not yet 
been fully elucidated. Their spectral data showed that, in each case, the chemical 
shifts of C- l and H - l , as well as OHF and Ob coupling constants, were in good 
agreement with the reported values for E/Z l-fluoro-l,3-butadiene.(22) 

F Ρ 

H , A r < A r -B (OH) 2 H ~ ( s^^nyllç TIPS F ^ T I P S F 

Y l P S = < l é b m e r î z a t , o n < H o r S N 2 tf\ 
T , P S TIPS X O H 

21 20 1 6 1 9 

Ar=Ph, p - F C 6 H 4 X=Br, I R=CHO, CH 2 NTs(BOC) 
CH 2 NHTs, CH 2 Br, C H 2 O M s 

Scheme 4. Chemical modifications derived from monofluoroallenol 16. 

In summary, fluoroallenol 16, prepared from 14, cyclized easily to 18 but 
preserved its fluoroallene integrity under oxidation and SN2 displacement to 
yield fluoroallenyl derivatives with desirable synthetic handles—suitable for 
chain extension or further functionalization—such as aldehyde, amine, mesylate, 
halide 19. Conversion of 16 to its corresponding mesylate, followed by a SN2' 
displacement with B f produced diene 20, which furnished 2-aryl-substituted 
1,3-dienes 21 under Suzuki coupling conditions. 

Monofluoroallenyl Phosphonates 

α-Fluoroalkylphosphonates, in which the bridging C-O-P phosphate bond 
has been replaced with either a C-CFH-P or a C-CF2-P bond are important 
resources for the study of biological phosphate mimics and other therapeutic 
applications.(23) A fluorinated allenylic scaffold, such as 23, is uniquely 
equipped for the preparation of α-fluorinated phosphonates. Deprotection of the 
γ-silyl group in 22 with TBAF yielded fluoroallenyl phosphonate 23a. A 
plausible mechanism is shown in Scheme 5 (24). The alkyl counterpart of 22 
(R=C5Hn), in the presence of benzaldehyde, produced aliène 23c (eq 12). 
Without benzaldehyde, the same experimental conditions led to the slow 
formation of α-fluoroallenylphosphonate 23b in moderate yield. A moderate 
improvement to the synthesis of 22 (R=TIPS) was reported recently.(25) 
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TIPS 

F 
- 1 F j_| 

f ^ r ^ P ( O E t ) 2 wet TBAF, THF k 
Ο — " ^ P(( 

trace H 2 0 

P(OEt) 2 

-80°C, 30 min Q β 
P(OEt) 2 

Ο 

22 

P(OEt) 2 

Ο Μ θ 

Ο 6 
P(OEt) 2 

Η — = C = ^ 

(EtO) 2P=0 

workup H, F 
> = · = < 

P(OEt) 2 

Ο 
23a (80%) 

Scheme 5. Plausible mechanism for the formation of 23a via TBAF deprotection 
o/22. 

- (

F TBAF, E * R _ / ( e q 1 2 ) 

22 

P ( ° E t ) 2 THF E ^ >(OEt) 2 

Ο -78°C to rt Ο 

R 

23b H ÇgHn 40 

OH 
23c ^ C 5 H 1 1 72 

The electrophilic addition of iodine to 23a furnished exclusively (£)-diiodo 
fluorovinylphosphonate 24 in excellent yield (eq 13) (24). This stereospecificity 
was surprising given the lack of stereocontrol reported by other workers during 
the halogenation of allenylphosphonates.(26^ The synthesis of 24 does provide a 
stereoselective point of entry into a wide repertoire of a-
fluorovinylphosphonates because it contains a vinyl iodide which might be 
capable of manipulation through transition metal catalyzed coupling reactions. 
In addition, nucleophilic displacement of the allylic iodide in 24 provided access 
to (£)-Y-substituted-a-fluoroalkenylphosphonates 25. 

H F h Κ f Ο 
% β = / » V=< K 2 C 0 3 > N u - ^ " 

Η ru π I—7 P(OEt) 2 * >==< (eq 13) 
Η P(OEt) 2

 C ^ C I 2 Π ν r.t. overnight , / > 

23a ° 24(91%) 2 5 

The hydroamination of α-fluoroallenylphosphonate 23a served as a conduit 
to the preparation of fluoroanalogs of enamines and β-enaminophosphonate, a 
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key component in the synthesis of pyrimidone ring systems. With a secondary 
amine such as Et 2NH, where enamine-imine tautomerization is not possible, 
only the (^-isomer was produced.(24) 

Heating 23a alone in a sealed tube furnished dimer 26 exclusively in 73% 
yield (eq 14).(27) The Diels-Alder reaction of 23a with cyclopentadiene at room 
temperature yields 27 exclusively. The formation of this Ζ isomer was 
attributed to the efficient orbital overlap that occurs when the phoshonyl group 
faces the diene in the transition state leading to 27. The regiochemistry shown in 
the Diels-Alder reaction of 23c with conjugated dienes is noteworthy because 
the corresponding allenecarboxylate (without fluorine) undergoes cycloaddition 
with cyclopentadiene at the proximal olefin rather than at the distant one. 

(eq 14) 

Heating a solution of tri(i-butyl)silyloxyvinyl cyclohexene with 23a 
afforded a 4:1 mixture of α-fluoromethylidenephosphonate 28a and ot-
fluoromethylenephosphonate 28b. Interestingly, prolonged heating reverses the 
ratio of both isomers but does not alter the isolated yield. Compound 28b 
appears to be the thermodynamic product of this reaction, and its formation from 
28a could be explained by invoking a homolytic bond cleavage to give a 
stabilized bis(allyl) diradical I, which can then rearrange to II and recombine at 
the fluorophosphonate terminus to give 28b (eq 15). 

(eq15) 

P(0)(OEt)2 

Other mechanistic explanations such as the intermediacy of an anion/cation 
pair, or the possibility of a retro-Diels-Alder reaction during prolonged heating 
cannot be discarded. A retro-Diels-Alder would reform allenephosphonate 23a, 
which could then react as a dienophile using its proximal olefin, producing 28b. 
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Conclusion 

The study of difluoroallenes and monofluoroallenes has been restricted by 
the difficulty in preparing functionalized derivatives. The γ-fimctionalization of 
mono- and di-fluoroallenes has been achieved using propargyl-containing 
starting materials. The few representative examples reported so far have yielded 
important synthetic intermediates. This underscores the importance of the aliène 
template as a useful fluorinated synthon. Future work in this area will 
concentrate on understanding the role of fluorine in the chemistry of aliènes, and 
diversifying the syntheses of aliènes using various activating groups on the γ-
carbon af the fluorinated aliène. 
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Chapter 11 

Regioexhaustive Functionalizations: To Miss 
an Isomer Means to Miss a Chance 

Manfred Schlosser 

Institute for Chemical Sciences and Engineering, Ecole Polytechnique 
Fédérale, CH-1015 Lausanne, Switzerland 

To exploit the chemical potential inherent in a simple, aromatic 
or heterocyclic, precursor compound optimally one should be 
able to introduce any kind of substituents, in particular 
functional groups, into any vacant position. To achieve the 
latter objective, a specific kit ("toolbox") of advanced organo-
metallic methods and reaction sequences has been elaborated 
and tested. The concept is illustrated by typical applications in 
the benzene, naphthalene and pyridine areas. 

Only a few commercial organofluorine compounds are endowed with 
structural complexity whereas most others exhibit deceptively monotonous 
substituent patterns. To make a maximum out of the opportunities offered by 
such bulk chemicals has motivated the present investigation. The procedures 
developed proved most valuable in order to achieve the structural proliferation of 
fluorinated key compounds but were also applied, with equal success, to 
substrates carrying other heteroelements such as chlorine, bromine, oxygen or 
nitrogen (J). 

There are good reasons for insisting on regioexhaustiveness if the 
unrestricted chemical modification of a readily available starting material rather 
than the target-oriented synthesis is the aim. First of all, it is dictated by 
economical considerations to get a maximum of derivatives out of the same 
precursor compound. Moreover, one needs the complete selection of isomers to 
extract valid structure/activity relationships and to find out whether the individual 
contributions of substituents are additive or depend on their environment. 

When performing regiochemically exhaustive substitutions, our research is 
entirely tributary to the organometallic approach (2). This, of course, has to do 

218 © 2005 American Chemical Society 
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with its versatility. Most importantly, we can access all kinds of derivatives by 
merely choosing the appropriate electrophile to be combined with the 
organometallic intermediate (5). Although it is most common to quench such 
reactions with dry ice and to isolate subsequently the corresponding carboxylic 
acid, there are dozens if not hundreds of other, similarly attractive reagents that 
open the entry to virtually all types of functionalities. Thus the problem of 
deciding what derivative to make exactly can be deferred to the very end of the 
reaction sequence. This unique product flexibility is a most precious hallmark of 
organometallic chemistry. 

The Toolbox Methods 

The "oriAo-directed metalation" of substituted benzenes (a somewhat vague 
translation of Wittig's "gezielter orrAo-Metallierung") has become a common
place. To live up to our quest for regioselectivity we have to find ways to 
selectively introduce substituents, including functional groups, also in meta and 
para positions. The practical realization of this goal relies on the " 2 x 3 toolbox 
methods". As already outlined elsewhere (/), they comprise three subcategories 
of permutational hydrogen/metal interconversions ("metalations") and three 
subcategories of permutational halogen/metal interconversions ("exchanges"). 
These methods have been applied to the regioexhaustive substitution of 
fluorinated or otherwise halogenated benzenes, biphenyls, naphthalenes, un
protected phenols, JV-protected anilines and a series of heterocyclic substrates 
such as indoles, quinolines, pyridines, pyrazoles and pyrroles (/, 4). In the 
following, each of the existing options will be illustrated by typical examples. 

Isomerization by Transmetalation 

The first subcategory in the metalation sector takes advantage of a trans
metalation mechanism to convert a kinetically favored, more basic species into a 
less basic isomer by equilibration (the "second-chance approach"). When treated 
with lithium diisopropylamide (LIDA) in tetrahydrofiiran (THF) at -75 °C, 4-
chloro-3-fluoropyridine undergoes deprotonation mainly at the coordinatively 
activated 2-position but to a minor extent also at the more acidic 
5-position as evidenced by the carboxylic acids la and lb obtained after the 
reaction with dry ice. However, in the course of 20 h, the 4~chloro-3-fluoro-2-
pyridyllithium progressively attacks unconsumed substrate at the 5-position until 
it has been completely converted into 4-chloro-5-fluoro-3-pyridyllithium (5). In 
diethyl ether (DEE) the hydrogen/metal permutation process requires the 
neighboring group assistance of the lone pair of the nitrogen atom at which the 
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lithium can dock. Therefore, with lithium 2,2,6,6-tetramethylpiperidide (LITMP) 
as the base, metalation occurs quantitatively at the 2-position in this solvent (5). 

Ν Ν Li Ν 

( 1 . ) C 0 2 | (2.) HCI (1.)C0 2 J (2.)HCI 

cV "00CtV 
N ^ C O O H 1a Ν 1b 

LIDA / THF 20 h -75eC 0% 71% 

LITMP / DEE 2 h-75*C 91% 0% 

Reagent-Controlled Optional Site Selectivity of Metalations 

Optional site selectivity in metalation reactions is hardly attained by lucky 
gambling with the reaction conditions but is better based on mechanistically 
guided substrate/reagent matching (d). Ordinary alkyllithiums prefer to abstract a 
proton from a site in the vicinity of an electron donor substituent which can 
coordinate the metal by virtue of a lone pair and thus lower the energy of the 
transition state. In contrast, if butyllithium is coordinatively saturated by 
powerful donor ligands such as potassium ter/-butoxide or NfN,N',N",N"-
pentamethyldiethylenetriamine (PMDTA), it just seeks to travel along the 
steepest acidity gradient, in other words to generate the least basic of all possible 
intermediates. This would imply the proton abstraction from a fluorine-adjacent 
rather than oxygen- or nitrogen-adjacent position if there is a choice. For this 
reason l-fluoro-4-(methoxymethoxy)benzene (like its ortho isomer too), was 
exclusively deprotonated at the 3- or the 2-position affording respectively the 
acids 2a and 2b, depending on whether butyllithium was employed in the absence 
or presence of additives such as potassium teri-butoxide or PMDTA (7, 8). 

COOH 

The weaker the base, the more it tends to generate the "least expensive", thermo-
dynamically most stable intermediate (P). Thus, proton abstraction from the O-
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methoxymethyl protected 2-chloro-3,4-difluorophenol occurs exclusively at the 
6- or 5-position and gives subsequently rise to the acids 3a or 3b depending on 
whether butyllithium in diethyl ether or lithium 2,2,6,6-tetramethylpiperidide 
(LITMP) in tetrahydrofiiran is employed. 

Deploying Site Protective Groups 

The concept of deflecting the metalation from the top reactive site to a 
neighboring position by using a suitable perturbation has been described in a 
recent review article (4). "If optional site selectivity and basicity-driven halogen 
shuffling fail to outwit the thermodynamically most acidic position of the 
substrate, there is still one last chance left which appears at the same time to be 
the most obvious one. One merely has to bow to the inevitable, deprotonate the 
most reactive site and then to block it with an atom or a group electronegative 
and slim enough to activate its immediate vicinity for further deprotonation. The 
desired electrophilic substitution once accomplished, all what remains to be done 
is to remove the temporary substituent (¥)." This description of a would-be helper 
reads like a warrant of apprehension for chlorine. 

Actually chlorine perfectly fulfills all the given requirements. It has a 
considerable activating effect as shown by the comparison between the very 
facile metalation of 3-chlorobenzotrifluoride with that of benzotrifluoride which 
reacts quite sluggishly unless superbases are used (//). When the mixture is 
quenched by reaction with dry ice and neutralized, the carboxylic acid 4a is 
isolated in high yield. The dechlorination to the 2-(trifluoromethyl)benzoic acid 
can be readily accomplished by catalytic hydrogénation or treatment with zinc 
powder in alkaline medium (5). Remarkably, the regioselectivity of the meta
lation is completely altered when butyllithium is replaced by the bulkier sec-
butyllithium. The deprotonation takes now place exclusively at the CF3-remote 4-
position to afford the acid 4b and, after subsequent reduction, 4-(trifluoro-
methyl)benzoie acid. The 3-isomer can be obtained starting from either 2- or 4-
chlorobenzotrifluoride and passing through the chlorinated acids 4c and 4d. The 
three (trifluoromethyl)benzoic acids could of course also be readily prepared 
from the equally commercial, though more expensive 2-, 3- and 4-bromo-
benzotrifluorides by submitting them to a consecutive halogen/metal permutation 
and carboxylation. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
01

1

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



222 

Another, if rarely exploited, option is to replace the "fill-in" chlorine sub
stituent by a nucleophile rather than by hydrogen. l,2,3-Trifluoro-4-nitrobenzene 
(5), a key intermediate on the route to the antibacterial Ofloxacin (12) is 
technically produced from l,3-dichloro-2-fluoro-4-nitrobenzene which in turn is 
made from l,3-dichloro-2-fluorobenzene (13). This material is generally 
prepared in a multi-step sequence. It can be more readily obtained in a one-pot 
procedure from the inexpensive fluorobenzene by repetitive metalation with sec-
butyllithium and chlorination with l,l,2-trichloro-l,2,2-trifluoroethane (14). 

Unlike chlorine, organic bromine is not inert toward organometallic reagents 
but rather entertains a halogen/metal permutation with them. 2,3,6-Trifluoro-
phenol can be very easily converted into the acid 6a by selective para 
bromination (using molecular bromine), acetalization and reaction with 
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butyllithium followed by carboxylation and neutralization. On the other hand, the 
acid 6b is isolated if butyllithium is replaced by LIDA, thus promoting 
deprotonation, and the bromine protective group is reductively removed after the 
carboxylation (14). 

Deprotonation-Triggered Heavy Halogen Hopping 

2-Bromobenzotrifluoride represents the most impressive model case in the 
arene series. A proton is abstracted from the bromine-adjacent 3-position with 
LITMP in tetrahydrofuran at -100°C, leading to the acid 7a upon carboxylation. 
However, when the mixture is brought to -75°C before quenching, bromine and 
lithium swap places by halogen/metal permutation involving traces of 
accidentally formed 2,3-dibromobenzotrifluoride as catalytic turntables and 
ending up, after carboxylation with the acid 7b (//). 

S C F 3 

Li (1-)CQ2 ^ y C O O H 

B r

 ( 2 ) H C I ^ S r 7b 

The nature of the halogen is critical for such basicity gradient driven 
isomerizations. Chlorine proves to be immobile in this respect at any temperature 
below -25°C whereas bromine and iodine migrate even at -125°C. Thus, when 
consecutively treated with the "Faigl mix" (15), the mixture of LITMP, PMDTA 
and potassium ieri-butoxide, at -125°C and dry ice, 2-chloro-l,3-difluorobenzene 
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is converted into the acid 8a whereas 2-bromo-l,3-difluorobenzene and 1,3-
difluoror2-iodobenzene give the acids 8b and 8c (16). 

8b: X = Br 
8c: X = ι 

Discrimination Between Bromine and Iodine 

When the readily accessible l,5-dibromo-2,3,4-trifluorobenzene and 1-
bromo-2,3,4-trifluoro-5-iodobenzene are subjected to a heavy halogen dislo
cation under the action of LID A, the isomers l,2-dibromo-3,4,5-trifluorobenzene 
and 2-bromo-3,4,5-trifluoro-l-iodobenzene result in high yield. The dibromo 
compound reacts with butyllithium in tetrahydrofuran at -100°C to generate 
cleanly an organolithium species which forms the acid 9a upon carboxyiation. 
However, under the same conditions, the iodobromo precursor affords the acid 
9b as the heavier halogen is displaced exclusively (17). 

U i2)HCl V ^ C O O H 

Discrimination Between Seeming Equal Halogens 

For a long while the only example known was procured by 2,5-
dibromopyridine as the substrate. With butyllithium in toluene the halogen/metal 
permutation occurs at the 2-position where the lone pair of the nitrogen atom can 
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coordinate the metal and thus stabilize the transition state (18). Such a 
neighboring group participation is unnecessary in the more polar solvent 
tetrahydrofuran and, as a consequence, the exchange process is now oriented to 
the 5-position in order to produce the less basic intermediate (19). 

Quite similarly, 2,3,5-tribromopyridine, made in a two-step protocol from 2-
aminopyridine (20, 21), can be converted in the two isomeric acids 10a and 10b. 
In toluene the coordination-seeking butyllithium attacks again the 2-position 
whereas isopropylmagnesium chloride in tetrahydrofuran promotes the 
permutational exchange at the most acidified 3-position (22). 

Which Tool to Select When ? 

One of the six "educated methods" featured in the foregoing part is 
particular dear to the heart of the present author. The reagent-modulated 
optional site selectivity is, when it works, an extremely effective and straight
forward solution to the problem. In fortunate cases it enables the substrate to 
metamorphose to three different isomeric identities by merely varying the 
metalating base (7). Moreover, to be successful in this area happens rarely by 
mere coincidence, but is rather guided by deep mechanistic insight and hence 
provides a feeling of triumph. However, optional site selectivity depends on 
electronic differences between competing substituents which may be too subtle 
or too unbalanced to be exploitable. In other words, it is not an all-round option. 

The faithful workhorses among the toolbox methods are deprotonation-
triggered halogen hopping and the metalation-rerouting by protective groups. 
Before someone embarks on any of these possibilities, it would be helpful to 
dispose of some criteria of evaluation that allow one to estimate the performance 
in advance. Therefore we shall focus in the following two subchapters on some 
fundamentals and their boundary conditions. 
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Bromine or Iodine for Halogen Dislocations? 

The key step of deprotonation-triggered heavy halogen migration being a 
halogen/metal permutation, iodine should outperform bromine by far. Instead, 
there are cases where an orfAo-lithiated bromoarene proves perfectly stable 
whereas the iodoarene analog isomerizes instantanously. The 6-fluoroindole 
family offers an instructive example. Treatment of the unprotected starting 
material with two equivalents of the superbasic "LIC-KOR" mixture 
(butyllithium in the presence of potassium ter/-butoxide; 2, 23, 24) and subse
quent carboxylation provides the pure 6-fluoroindole-7-carboxylic acid (11a). 
Conversely, the N-triisopropylsilyl congener undergoes metalation with 
PMDTA-activated sec-butyllithium at the 5-position. Both the 5-bromo and the 
5-iodo derivative, obtained by treatment of the organolithium intermediate with 
the elemental halogen, are deprotonated by LIDA at the 4-position. However, 
only the iodinated species isomerizes to afford, after carboxylation and reduction, 
the acid 11c whereas the acid l i b can be accessed on the bromine route (25). 

Iodine as a migrating substituent nevertheless suffers from some short
comings which bromine exhibits only to a lesser extent. First of all, it sometimes 
becomes the prey of a reductive side reaction which simply replaces it by 
hydrogen (26). Alternatively or simultaneously, the isomerization may stop 
abruptly leaving some 15 - 25% of the starting material unconsumed. Fortunately, 
such an accident can easily be repaired by a kinetic purification. Addition of a 
little more than the stoichiometrically required amount (20 - 30%) of butyllithium 
to the mixture containing the main product (e.g. 12) along with the undesired 
precursor 13 selectively eliminates the latter by preferential halogen/metal 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
01

1

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



227 

permutation. After hydrolysis, the deiodinated compound can readily be sepa
rated from the iodine-containing main product (27). 

t^J^^t LIDA F ^ ^ k ^ F 

13 (partially unconsumed) 

LiC 4H 9 very fast 

H2Q F. 

I 

12 (main product) 

L i C 4 H 9 : slower 

t 

The Protective Group Contest: Chlorine vs. Trialkylsilyl 

Chlorine is the first choice as a metalation-rerouting substituent for several 
good reasons. It reliably blocks the initially most acidic position and activates the 
neighboring one if vacant. It can be used repetitively as illustrated by the 
metalation of l-fluoronaphthalene where it deflects the attack of sec-butyllithium 
from the 2- to the 3- and, after accumulation, to the 4-position as mirrored by the 
isolation of the acids 14a, 14b and 14c after reductive dechlorination (2). 1,2,3-
Trichloro-4-fluoronaphtalene does no longer reacts with organometallics by 
metalation but rather by chlorine/lithium permutation. If one wishes to move the 
battlefield to the annulated ring, one may introduce at the fluorine-opposite 
position an easily removable group such as amino (28) or aminosulfonyl (29% 
both known to promote metalation at the peri position. 
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Chlorine can be used as a metalation-rerouting group also in the heterocyclic 
area as the following example demonstrates convincingly. The CH-acidity of 1-
substituted imidazoles is highest at the 2- and lowest at the 4-position (30). 
Protection of the firstly deprotonated 2-position by a chlorine atom enables one 
to functionalize subsequently the 5-position selectively in order to obtain the pro
duct 15 after appropriate electrophilic substitution and removal of the protective 
groups (57). 

r r * ι \ ( 2 · , Η > ° Ί Λ Η Ο 
OR OR OR OR 
JLiC 4H 9 H2|{Pd) 

<tl </Nj) [ 0 R = 0 C H 2 C 6 H 5 ] 1 5 <{ΐ 

OR OH 0 H 

Next to chlorine, trialkylsilyl is the favorite metalation-preventing protect-
tive entity. Although often satisfactory results with tri/wefAy/silyl groups have 
been achieved (32, 33), it deems advisable to use triethylsilyl groups instead in 
order to avoid any risk of SiCH 3 metalation (34 - 36). 

Compared to chloro substituents, trialkylsilyl groups are more flexible as far 
as their removal is concerned. They can not only be replaced by hydrogen 
("protodesilylation" using tetrabutylammonium fluoride hydrate as the reagent), 
but also by bromine or iodine ("halodesilylation" using molecular bromine or 
iodine chloride) (37). 

There is another major difference between the two standard protective 
groups. Whereas chlorine just silences the position it occupies and activates the 
neighborhood toward metalation, trialkylsilyl in addition shields sterically its 
immediate vicinity. As shown in the last scheme one can take advantage of this 
contrasting behaviour by adapting the protective group to the desired 
regioselectivity. 

3-Chloro-2-fluoropyridine, made from 2-fluoropyridine by metalation with 
LID A and chlorination with l,l,2-trichloro-l,2,2-trifluoroethane, is cleanly de
protonated at the 4-position when treated in turn with LIDA. The resulting 
organolithium species makes a bifurcation. If another chlorine atom is 
introduced, it will again activate the 5-position and thus pave the way to the acid 
16a. Contrarily, the metalation occurs only at the 6-position if the nitrogen-
remote part of the heterocycle is shielded by a trimethylsilyl entity, as evidenced 
by the formation of the acid 16b (5). 
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Conclusions 

Hydrogen/metal permutation (metalation) reactions do not necessarily follow 
the motto "the stronger acid and the stronger base give the weaker acid and the 
weaker base". In fact, the kinetic and thermodynamic preferences for a given 
species depend on numerous factors such as the site inherent acidity, inductive 
effects, polarization, anomeric interactions, metal coordination, reagent structure, 
steric hindrance and electron-electron repulsion including buttressing effects (38 
- 40). By manipulating these variable parameters skillfully one can generate 
various organometallic intermediates at will. The Toolbox Methods bring new 
momentum in diversity-oriented (as opposed to target-oriented) synthesis and, at 
the same time, secure logistic economy. The underlying new concepts are 
universally applicable and will hence prove valuable in many areas. As reflected 
by the results reported above, the toolbox approach has established itself already 
as an efficacious means to "breed" fluorinated building blocks from readily 
available bulk materials. 
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Chapter 12 

Perfluoroketene Dithioacetals: Versatile Building 
Blocks toward Trifluoromethyl Heterocycles 

Charles Portella1 and Jean-Philippe Bouillon1,2 

1UMR 6519, Réactions Sélectives et Applications, CNRS-Université 
de Reims Champagne-Ardenne, B.P. 1039, 51687 Reims Cedex 2, France 

2Current address: Sciences et Méthodes Séparatives, EA 2659, Université de 
Rouen, IRCOF, F-76821 Mont-Saint-Aignan Cedex, France 

Perfluoroketene dithioacetals with three or four carbon atoms are 
easily prepared from the corresponding perfluoroaldehydes or 
esters. They are useful synthons, due to their ability to behave as 
simple masked carboxylic acid derivatives and to exhibit umpolung 
reactivity in combination with the vinyl fluorine substitution. With 
enolates as nucleophiles, multifunctional building blocks such as 
α-trifluoromethyl-γ-keto acid derivatives or α-trifluoromethyl
-succinic acid derivatives are prepared, opening the access to a wide 
range of trifluoromethyl heterocycles. Two complementary series 
of heterocycles are synthesized according to the starting synthon, 
which may be regarded as an equivalent of a bis- or tris
-electrophilic system. 

232 © 2005 American Chemical Society 
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Fifteen years ago, we discovered a reaction that was very interesting from a 
scientific and academic point of view, but was of poor preparative value. This 
reaction consisted of a selective photoreduction of an α-C-F bond of alkyl 
perfluorocarboxylic esters (/). The reductive species, excited HMPA, had to be 
used as solvent because of its low molecular absorption. This was a major 
drawback for the development of the reaction on a large scale owing to the cost 
and toxicity of HMPA. Undoubtedly this was also the major reason that this 
reaction remained ignored. 

R F-CF 2-C0 2R J ™ » RF-CHF-C02R 

Nevertheless, this transformation allowed us to explore the use of 2-hydro 
perfluorocarboxylic esters as intermediates for the elaboration of different types 
of organofluorine compounds. Indeed, a hydrogen atom on a perfluoroalkyl 
chain actually behaves as a functional group, and 2-hydro perfluoroesters proved 
to be valuable precursors towards polyfluorinated 3-oxoesters (2), enaminoesters 
(3) and heterocycles (4,5). Thus, it became relevant to consider a more practical 
method to prepare intermediates 1. We thought that 2-hydro perfluoroesters 
could be considered as the result of the alcoholysis of a perfluoroketene. 
Perfluoroketenes being difficult to handle, we chose perfluoroketene 
dithioacetals as more convenient synthetic equivalents. 

Rp SR 
RF-CHF-COY > 

F SR 
1 2 

At the time we undertook this study, only the first representative of the series, 
CF2=C(SR)2, was known in the literature (6). As this paper is devoted to the 
synthesis of trifluoromethyl heterocycles, we will not further address these 
compounds. Peculiar fluorinated ketene dithioacetals of the type 
(CF3)2C=C(SR)2 (7) and RFC(R)=C(SR')2 (8) are also excluded, despite our 
significant contribution to the study of the latter family. This review focusses on 
the applications of synthons 2a,b. After discussing their preparation, a second 
generation of more elaborated synthons derived from 1 will be described as 
intermediates in the synthesis of trifluoromethylated heterocycles. 

Preparation of Perfluoroketene Dithioacetals 

The main route towards synthons 2 consists of the thioacetalization 
of perfluoroaldehydes followed by HF elimination (Scheme 1). Both hydrated or 
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hemiketal form of the aldehyde may be used. Initially described for higher 
homologues (R F = H(CF2)4) using concentrated sulfuric acid and potassium 
hydroxide for the two steps, respectively (9), we found that titanium 
tetrachloride was the reagent of choice for performing the thioacetalization. 
Indeed, its reaction with the water or alcohol content releases hydrogen chloride 
which itself is a good thioacetalization catalyst. The second step is carried out 
under mild conditions using phase transfer catalysis (10). Well adapted to the 
first terms of the series owing to commercial availability of the 
perfluoroaldehydes,this methodology remains general and convenient since the 
aldehydes may be prepared by L A H reduction of perfluorocarboxylic esters (//). 

RSH SR aqKOH ^ SR 
R F - C F 2 - C H O , R'OH • R F - C F 2 - \ / = \ 

TiCl4

 XSR CH2C12

 F S R 

2 2 2a R F =CF 3 

2b R F =C 2 F 5 

Scheme 1 

A thiophilic organometallic addition-elimination on perfluorodithio-
carboxylic esters is the key reaction sequence in a different approach (Scheme 2) 
(12). Lithium and magnesium reagents work. In the reaction with a magnesium 
reagent, the distillation must be carried out after careful elimination of 
magnesium salts to avoid further reaction. The regioselectivity of this 
nucleophilic attack is obviously favored by the electron withdrawing effect of 
fluorine and the concomitant β-fluoride elimination. The prior preparation of the 
perfluorodithioesters is needed in this approach (13). 

R F - C F 2 - ^ 
SR 1 

R 2 M 
(M=MgBr, Li) 

( - M F ) 

R F S R 2 

F S R ! 

2 

Scheme 2 
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Second Generation Synthons Derived from 2 

a-Hydroperfluorocarboxylic Derivatives 

Perfluoroketene dithioacetals 2 are simply a masked form of a carboxylie 
acid derivative. Indeed, acid hydrolysis leads to the corresponding 2-hydro thiol 
ester, which can be transesterified into an ester (Scheme 3) (10). Direct 
hydrolysis into an α-hydroperfluoroacid under stronger conditions has been 
exemplified for higher homologues (9). α-Hydroperfluoroacid derivatives have 
also been prepared by reactions of base with perfluoroalkenes (14). 

γ-Keto ct-Perfluoroalky! Acid Derivatives 

The versatility of synthons 2 is mainly due to their ability to exhibit both a 
normal and an umpolung reactivity. The latter is of particular interest here due to 
the presence of a vinyl fluorine atom. Indeed, prior to any hydrolysis (normal 
reactivity), it is easy to convert 2 into a perfluoroalkyl derivative by a 
nucleophilic addition-elimination process. This fluoride substitution, which can 
be carried out with simple heteroatom or carbon centered nucleophiles (15), is 
very useful with functionalized ones such as enolates. In this way access to a 
second generation of bifimctionalized synthons is possible, opening the field of 
trifluoromethyl heterocycles. 

Potassium ketone enolates were effective nucleophiles in a THF solution, 
giving a variety of γ-keto derivatives 3 (Scheme 4). Compounds 3 may be 
hydrolyzed into the corresponding γ-keto α-perfluoroalkyl thiol esters 4 or 
further derivatized before hydrolysis (16)(17)(18)(19). 

2 
^ S R i Ti(OiPr)4 

Scheme 3 

ΌΚ 
Ο Rp 

SE1 
3a,b 

TFA-H 20 
2a,b SEt SEt 

R' R' 
THF 

Scheme 4 
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α-PerfluoroaIkyI Succinic Acid Derivatives 

Surprisingly, the reaction of 2 with an ester enolate failed. However, two 
different routes were found giving access to ct-perfluoroalkyl 1,4-diearboxylic 
acid derivatives or synthetic equivalents. The first one consists of a chain 
reaction using ethyl 2-trimethylsilyl acetate as the acetate enolate source. The 
reaction is initiated by tetramethyl ammonium fluoride (TMAF). A minor 
amount (5%) is enough for a high yielding reaction where the driving chain 
transfer step consists of the formation of the strong Si-F bond (Scheme 5) (20), 
The ketene dithioacetal moiety of the ester 5 is hydrolyzed under standard acidic 
conditions to give the diester 6. The ester function of 5 may also be selectively 
hydrolyzed and the resulting acid 7 transformed into the mono esterified succinic 
derivative 8 (Scheme 5). 

Curiously, whereas lithium ethyl acetate enolate failed to react with 2, a 
direct access to acid 7 and 3-substituted 2-trifluoromethyl succinic acid 
derivatives equivalents 9 was found using lithium enediolates as nucleophiles 
(Scheme 6) (21). Although such reactions generally allowed simple work-up 
procedures using pH controlled extractions (22), specific conditions had to be 
found to overcome some solubility problems inherent to these fluorinated species 
(21). 

M e 3 S i C H 2 C 0 2 E t CH 2 C1 2 

+ 
cat T M A F 

EtO' 
SEt 

T F A - H 2 0 

EtO' 
SEt 

1) KOHaq 

2) HClaq (RF=CF3) 

HO' 
SEt T F A - H 2 0 

HO' 
SEt 

Ο 
8 

Scheme 5 

Interestingly, compounds 5-9 are all 2-trifluoromethyl or 2-pentafluoroethyl 
succinic acid derivatives bearing two differentiated carboxylic functions, a useful 
feature for further applications. 
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R l 
> - C 0 2 H 

2) 2a 

Î) LDA 
HO' 

R l R 2 SEt 

SEt 

9 

Scheme 6 

Ethyl β-Bromoperfluorocrotonate 

While investigating the thiophilic alkylation of perfluorodithio-
carboxylic esters as a route to perfluoroketene dithioacetals (/2), it was observed 
that a subsequent transformation of 2b occured while heating in the presence of 
magnesium salts. This reaction was studied and optimized to eventually provide 
the new perhalo unsaturated dithioester 10 (Scheme 7) (23X24), which proved to 
be an interesting building block for the synthesis of trifluoromethyl 
thiaheterocycles (vide infra). Compound 10 is the result of a bromide attack on 
the ethyl group giving a magnesium perfluorodithioester enolate which easily 
loses the β-fluorine. A subsequent addition-elimination sequence results in the 
substitution of the vinyl fluorine for bromine (23). 

2b 10 

Scheme 7 

Applications to the Synthesis of Trifluoromethylated 
Heterocycles 

The various building blocks described above are divided into two categories 
bearing either a CF 3 or a C 2 F 5 group. Each of these categories leads to specific 
applications, which are presented accordingly. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
01

2

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



238 

The Bis(ethylsulfanyl) Tetrafluoropropene Line 

2-Trifluoromethyl /-Lactones 

The two synthons 3a and 4a are a priori suitable bifunctionalized candidates 
for heterocycle synthesis. As depicted in Scheme 8, carbonyl methylation or 
reduction of 3a (R=Me) followed by acid hydrolysis leads to the lactones 12 in 
high yields (Scheme 8). The intermediate 3a (R=Ph) derived from the reaction of 
2a with the acetophenone enolate did not lead to the corresponding lactone 
under these conditions, because of the different reactivity of the benzylic alcohol 
11 (R=Ph) (76). Reversed acid hydrolysis-reduction sequence is preferable in 
this case, but leads to poor yields of the corresponding lactone and of the over-
reduced lactol (16). Another approach to 2-trifluoromethyl γ-lactones was 
proposed later (25). 

Ο CF3
 N f r

H 4 R , 0 H C F 3 CF3 J 
A i * F t χ Γ τ - V 1 Conc.HCl, ν Λ 

3a(R=Me) Π (R'=H or Me) n 

Scheme 8 

OrTrifluoromethyl γ-Lactams 

2-Trifluoromethyl γ-lactams are easily prepared by reductive amination of 2-
trifluoromethyl γ-keto thiol ester 4a (R=CH3) (Scheme 9) (17). Excellent yields 
of W-aryl or 7V-alkyl lactams 13 (R-Ph, Bn) are achieved using the BH3-Pyridine 
complex as reducing agent. The N-unsubstituted compound 14 can also be 
prepared with the ammonium acetate-NaBH3CN system. N-substituted lactams 
13 are obtained as a mixture of diastereomers in almost quantitative yields, 
whereas the γ-lactam 14 is formed as a single diastereomer (undetermined 
configuration) and is accompanied by a minor amount of the hemi thioaminal 
15 (Scheme 9). This seems to be due to a cyclocondensation of the 
intermediate imine prior to diastereoselective reduction or addition of 
ethanethiol. The isolation of 15 as a unique product and as a single 
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diastereomer (undetermined configuration) when 4a (R=Me) reacted with 
ammonium acetate without any reductor is a good argument for such a pathway 
(17). γ-Lactams are interesting bioactive coupounds (26). There are very few 
reports of the 2-trifluoromethyl analogues (27). The strategy starting from 2a 
provides a general and effective access to these compounds. 

O C F 3 1)R'NH 2 ¥ 3 r / 
K ^ A ^ E t Hex-AcOH ^ R ( = p h > B n 

Ô 2)BH 3-Pyr 

4a (R=Me) 

NH 4 OAc 

NaBH 3 CN F c 

MeOH 3 N 

Me 

13 

f 
NH 

Ρ Ρ Λ F M 
NH + I N 

" l i e Me SEt 

14 15 (minor) 

Scl eme 9 

4- Trifluoromethyl Pyridazine Derive ives 

Heterocyclic compounds of the pyridazine family constitute an important 
class of biologically active derivatives (28). One of the main preparative 
methods starts from γ-keto acid derivatives (29). It was natural that 2-
trifluoromethyl analogues were intermediates of choice to access 4-
trifluoromethyl pyridazine derivatives. The unique representative found in the 
literature (a fluorinated analogue of minaprine) (30) came from a completely 
different building block: trifluoroethylidenacetophenone. The perfluoroketene 
dithiocetal 2a, via the γ-keto thiolesters 4a, proved to be an effective route 
towards a variety of 4-trifluoromethyl pyridazine derivatives, including the 4,5-
dihydropyridazinone series 16, the pyridazinones 17, and the 3-
chloropyridazines 18 as precursors of 3-aminopyridazines 19 (Scheme 10) (19). 

The versatility of perfluoroketene dithioacetals is particularly well 
illustrated with these pyridazine derivatives. Indeed, a wide structural diversity 
may be envisaged, depending on the starting ketone enolate and the final 
nucleophile (amine in these examples). 
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F 3C Ο Ο Ο 
R'NHNH2> F a C ^ A ^ R * C uCl 2 > Ffi^A^ 

g 0 PTSA k ^ N MeCN k ^ N 

4 a R (R'=H,Me,Ph) R 

(R=Me, AT) 16 17 

Ο Ci NHR" 

^SAt" P Q C 1 3 Ρ 3 ° γ ^ Ν R"NH2 ^ ^ Ν Λ Ν 

Ι ΐ γ Ν l l ^ N (R»=Aik,Ar) 

R R R 

18 19 

Scheme 10 

2-Trifluoromethylsuccinimides 

Whereas the succinic diester 6a was supposed to be converted into 
pyridazinediones by reaction with hydrazines, the ethyloxycarbonyl group 
proved to be highly resistant to condensation, and only displacement of the 
ethylsulfanyl group was observed. In contrast to 6a, the acid 8a behaves as a 
bis(electrophilic) species, but fails to react with hydrazines to give pyridazine 
diones. Instead, reaction of 8a with amines (hydrazines included) gives 
2-trifluoromethylsuccinimides 21 via the acid 20 (Scheme 11). N-Alkyl, N-aryl 

Scheme 11 
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and N-aminosuccinimides may be prepared (20). It is noteworthy that phenyl 
hydrazine gave the same product as aniline, corresponding to the formal lost of 
ammonia. A similar reaction occured with T^^V-dimethylhydrazine, giving N-
methylamino succinimide (20). 

The Bis(ethylsulfanyl) Hexafluorobutene Line 

2-Trifluoromethyl Furans and Pyrroles 

The β-elimination of a fluoride anion is much easier from a pentafluoroethyl 
group than from a trifluoromethyl group. Hence the behavior of the 
pentafluoroethyl building blocks 4b with basic reagents such as amines is 
different, the first step being generally the elimination of HF. As a consequence, 
the reactions of 4b with amines followed by subsequent cyclocondensation give 
trifluoromethyl heterocycles different than from 4a, according to the reaction 
pathways depicted in Scheme 12 (18). 

The result of HF elimination is the new highly fiinctionalized intermediate 
22, which in turn can react with amines according to a basic or a nucleophilic 
pathway (Scheme 12). The amines strong enough to abstract the highly 

Scheme 12 
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activated α-proton of 22 convert it into the enolate 23. An intramolecular 
Michael type addition followed by a fluoride elimination provide 2-
trifluoromethyl furan derivatives 24. On the other hand, amines can act as 
nucleophiles to directly displace the vinyl fluorine. This leads to the β-
enaminoester type intermediate 25, the cyclocondensation of which gives 2-
trifluoromethyl pyrrole derivatives 26. The chemoselectivity of the reaction of 
4b with amines correlates with both their basicity and steric hindrance. Taking 
into account that fiirane can react with primary amines to be converted in 
pyrrole, under suitable conditions, good yields of either pyrrole or furan 
derivatives are obtained, as examplified in Scheme 13 (18). 

Q 4b (R=Me) 

C 5 H U N H - ^ 
C 5 H„NH 2 

iPr2NH 

Ν 
C 5Hj, 

excess 
neat Et50 

Ο 
EtS—\^ 

CH 3 

Scheme 13 

Trifluoromethyl Pyrazoles and Pyrimidines 

The reactivity of the succinic type synthon 6b is currently under 
investigation. However, we can disclose here that, as observed for 6a, the 
ethoxycarbonyl moiety exhibits the same resistance to condensation reactions. 
Under basic conditions, 6b easily loses HF to convert into the corresponding 
α,β-unsaturated intermediate, which has a high tendency to tautomerize into a 
higher conjugated form. According to preliminary experiments with hydrazines 
and amidines, there are three electrophilic centers competing for giving two 
isomeric heterocycles (Scheme 14) (31). 

6b 
("hf) 

CF3CF ^ 

Eto2e ο ^ 

Pyrazoles 

Pyrimidines 

Scheme 14 
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5-Membered CF3-Heterocycles from 2-Hydroperfluorobutanoates 

The 2-hydroperfluorobutanoates derived from 2b are synthetic equivalents 
of perfluorocrotonic acid derivatives and of 2-hydro-3-oxo-perfluoroesters, 
which are interesting precursors for pyrazole 27 (4) and oxazo- or imidazolidines 
28 (5) type heterocycles (Scheme 15). The electron-withdrawing effect of the 
trifluoromethyl group favors an intramolecular Michael attack. It also stabilizes 
the hydrated form of pyrazolidinones (4). 

RN Ζ 

28 

Scheme 15 

5-Trifluoromethyl lt2-Dithiole~3-Thione 

During the optimization of the preparation of perhalodithiocrotonic ester 10 
it was observed that some decomposition occurred with over heating, giving 
minor amounts of the dithiolethione 29. This compound is indeed the result of a 
thermal reaction between molecular sulfur and the dithiocrotonic ester. The 
conditions were optimized to achieve a high yielding preparation of the 4-fluoro-
5-trifluoromethyl-l,2-dithiole-3-thione 29 in a one-pot process from the 
corresponding perfluoroketene dithioacetal 2b (Scheme 16) (24). Compounds 29 
behave as effective dienophile via the C=S bond, as reported earlier for 
perfluorodithioesters (/5a). 

1,3-Dipolar Cycloaddition of Dithiocarboxylic Derivatives with 
Dimethylacetylendicarboxylate 

As in non-fluorinated series, l,2-dithiole-3-thione 29 reacts as a 1,3-dipole 
with dimethylacetylene dicarboxylate (DMAD) to give the adduct 30 which in 
turn reacts as an heterodiene with DMAD to give the 1:2 adduct 31 
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(Scheme 16). In contrast to the non-fluorinated series, where this transformation 
is known to be a thermal process, the second [4+2] cycloaddition is a chain 
process initiated by a photoinduced single electron transfer to oxygen (32). The 
1:2 adduct reacts with water by simple filtration over silica gel, leading to the 
trithianaphtalene type compound 32. The detailed study of the reaction 
conditions gave access to an effective direct synthesis of either 31 or 32 from the 
dithiolethione 29 (52). 

F 

MgBr2> S8, 

210 °C 
Ε 

29 30 

Scheme 17 
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The perhalodithiocrotonate 10 reacts similarly with DMAD in a 1,3-dipolar 
cycloaddition, but owing to the perhalo character of the substrate, an unexpected 
pathway is followed. The interesting vinylogue of tetrathiafulvalene (TTF) 33 is 
the result of a multistep process involving the condensation of a primary adduct 
with the substrate 10 and a subsequent cycloaddition with DMAD (33). This 
TTF derivative is quantitatively converted into the bis(spiro) compound 34 
which under stronger heating may be transformed into the benzodithiine 35. The 
latter may be directly prepared from the crotonic derivative 10 (Scheme 17). 

Conclusion 

Perfluoroketene dithioacetals 2a,b are versatile fluorinated synthons for 
the synthesis of a wide range of trifluoromethyl heterocycles including oxygen, 
nitrogen and sulfur, via more elaborated intermediates 4-10. Each of the two 
basic synthons open their own line of applications. Compounds 2a and 2b 
behave as equivalents of a polyelectrophile bearing two or three contiguous 
positive charges adjacent to a trifluoromethyl group. The ethylsulfanyl groups 
allow the "umpolung" reactivity, but the sulfur atoms play a more essential role 
since they can also be involved in the applications to thia-heterocycles. 

CF, SR m r-jactones 
l'î or γ-lactams 

pyridazines 
F SR u succinimides 

pyrroles 
π ν QD " ~ furans C 2F 5 SR @ @ pyrimidines 

F SR dithiolthiones 
trithianaphtalenes 
benzodithiines 

The chemistry of perfluoroketene dithioacetals and derived synthons 
undoubtedly remains an open field for other extensions confirming their high 
versatility. 
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Chapter 13 

Highly Functionalized Heterocycles and Macrocycles 
from Pentafluoropyridine 

Graham Sandford 

Department of Chemistry, University of Durham, South Road, Durham, 
DH1 3LE, United Kingdom 

Pentafluoropyridine is a synthetically versatile, pluripotent 
'building block' which reacts sequentially with a variety of 
nucleophiles to provide a range of poly substituted pyridine 
and macrocyclic derivatives, with potential applications to the 
life science and supramolecular fields. 

248 © 2005 American Chemical Society 
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Highly fluorinated heteroaromatic systems are very susceptible towards 
nucleophilic attack and chemistry involving substitution of fluorine by a variety 
of nucleophiles continues to emerge (i,2). In particular, the chemistry of 
pentafluoropyridine 1 has been widely studied (3) and many reactions involving 
the regioselective replacement of the fluorine atom located at the 4-position by a 
range of nucleophiles has been established (2,3). Reactions proceed by the 
familiar two-step nucleophilic aromatic substitution pathway involving 
Meisenheimer complexes as intermediates (4) (Scheme 1). Mono-substituted 
pyridines 2 are, of course, highly activated systems towards nucleophilic attack 
but the utility of such derivatives as substrates for the synthesis of more 
synthetically elaborate multi-substituted pyridine systems has not been 
developed to any great extent, despite the almost limitless range of new 
polyfunctional systems that could be accessed if several or all fluorine atoms 
present in 2 are replaced regioselectively. Reports describing the formation of a 
pentasubstituted system 3 from the reaction between pentafluoropyridine and 
sodium thiophenolate (5) gives an indication (Scheme 1) of the reactivity of the 
parent heterocycle and all intermediate fluoropyridines towards nucleophilic 
attack. 

Polyfunctions! 
Pyridine 
Derivatives 

1 

Scheme I. Nucleophilic aromatic substitution of pentafluoropyridine 

Here, we discuss the use of pentafluoropyridine as a building-block for the 
synthesis of a variety of polyfunctional pyridines and macrocycles that may be 
obtained for applications in the life science industries and supramolecular 
chemistry by a sequence of nucleophilic aromatic substitution processes. 

A variety of highly halogenated heterocyclic derivatives are commercially 
available and, indeed, some are prepared on the industrial scale for use in the 
fibre reactive dye industry and as intermediates, e.g. 3,5-dichloro-2,4,6-
trifluoropyridine is a herbicide precursor manufactured by the Dow company (6). 
No special handling procedures are required for syntheses involving 
perfluoroheterocyclic derivatives and, consequently, the chemistry of 
perfluorinated heterocycles could readily be used by the general organic 
chemistry community and scaled up by industry. 

Highly Substituted Pyridine Derivatives 

In the ongoing search for novel biologically active "lead" compounds, 

3, quant 
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the life-science industries have extensive discovery programmes focused upon 
the synthesis of a wide range of structurally diverse, multi-functional systems 
that, ideally, can be accessed by parallel synthesis. It is now widely accepted that 
molecules that are most likely to possess drug-like physiochemical properties 
that may be administered orally, fall within the empirical "rules of 5" described 
by Lipinski (7). Consequently, there is a continuing great need for the 
development of methodology that allows the ready synthesis of libraries of small 
molecules that may be screened against new and existing biological targets for 
the purpose of lead generation. 

The synthesis of libraries of Lipinski-type molecules is based upon the 
rapidly developing * privileged structures' strategy (#). Privileged structures are 
typically rigid polycyclic systems possessing a range of functionalities in a well 
defined structural system that can, potentially, interact with a variety of unrelated 
receptor sites and libraries of molecules that bear such privileged structures as 
sub-units have been targeted for drug discovery. Examples of privileged 
structures (9) that have been used for library generation (10) include 
benzamidines, indoles, sp/ro-piperidines, benzyl piperidines, benzopyrans (8) 
and various carbohydrates (11). An ideal privileged structure for lead generation 
must be easily synthetically manipulated to provide great structural diversity (8). 

Heteroaromatic systems have, of course, a vast chemistry (12) and are 
excellent candidates for privileged structures given the criteria stated above. A 
very significant number of pharmaceuticals and other life-science products are 
heteroaromatic derivatives and the existence of many natural products and drugs 
that contain heteroaromatic cores bearing several pendant substituents exemplify 
these facts. Furthermore, the low molecular weight of heteroaromatic units 
provide suitable platforms for the synthesis of molecules that fall within the 
Lipinski rules. Heteroaromatic derivatives may form the basis of polyfunctional 
core scaffolds but, in order to be valuable synthetic scaffolds, such systems must 
be easily synthesized in high yield and selectivity. However, the problems 
associated with the use of established synthetic procedures, such as low 
reactivity of heteroaromatics towards electrophiles and nucleophiles and low 
selectivity, are well known and, of course, restrict the variety of heteroaromatic 
derivatives that can be rapidly synthesized using this strategy. 

Methodology for the synthesis of ranges of structurally diverse 
heteroaromatic derivatives is, therefore, under continuing development and 
application of, for example, sequential electrophilic substitution and palladium 
catalyzed coupling reactions to the synthesis of many heterocyclic analogues 
(rapid analogue synthesis, RAS) has been reviewed recently (13,14). 

In order to synthesize large numbers of structurally diverse systems, the 
principles of the newly emerging field of Diversity Oriented Synthesis (15-17) 
may be considered. DOS is aimed at the synthesis of collections of many 
molecules having structural complexity and diversity rather than the synthesis of 
specific target molecules. Successful DOS takes a starting material building-
block' that may undergo several complexity generating reactions in which the 
product of the first reaction acts as a substrate of the second (the so-called 
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'Libraries from libraries' approach). Further diversity may be introduced into a 
system by varying stereochemistry and the presence of'branch points' whereby a 
common substrate may be transformed into several products bearing different 
polyfunctional molecular skeletons. For both RAS and DOS strategies, however, 
the requirement for short, high yielding, regioselective and flexible routes to 
multiply functionalised heteroaromatic derivatives must be emphasized. A 
sequence of substitution processes involving the functionalisation of a 
heteroaromatic "core scaffold" is a strategy frequently employed and this idea is 
illustrated below (Scheme 2) in which pyridine is the parent of heterocyclic 
systems bearing up to five different substituents R\ - R 5. Our complimentary 
approach utilises pentafluoropyridine 1 as the starting material (Scheme 2). 

Ν"" 

F 

Reactions R 2 

- A : 
Reactions 
- metallation/halogenation 
- electmphilic substitution 
- nucleophilic substitution 
- palladium catalysed coupling 

F R f Ν 

Ri - Rs * H, F, CI, Br, R, OR, NR2, Ph, etc. 

Applications 
- Rapid Analogue Synthesis 
- Parallel Synthesis 
- Lead Generation and Discovery 

Scheme 2. Approaches to the synthesis of polysubstitutedpyridine derivatives 

Consequently, we envisaged that a range of polyfunctional pyridine 
derivatives could be derived from pentafluoropyridine by a series of nucleophilic 
aromatic substitution processes. Furthermore, it is well established (1,2) that, in 
general, the order of activation towards nucleophilic attack follows the sequence 
4-fluorine > 2-fluorine > 3-fluorine and so, for a succession of five nucleophilic 
substitution steps, where Nuci is the first nucleophile, Nuc2 is the second, etc., 
the order of substitution is potentially selective as outlined below (Scheme 3). 
However, a few exceptions to these general rules have been reported (18) and 
this general scheme for regioselectivity may be effected by the growing number 
of non-fluorine substituents present on the pyridine ring. 

Nuc 5 

Nuc 4 

Nuc 3 Nuc 2 

Scheme 3. Potential orientation of polysubstitution in pentafluoropyridine 
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At Durham, the viability of this idea was explored by first preparing 
perfluoro-4-isopropylpyridine 4 by nucleophilic substitution of the 4-fluorine 
atom by perfluoroisopropyl anion (i.e. Nuci = (CF3)2CF", Scheme 3), generated 
in situ from hexafluoropropene and trimethylamine (19). A range of oxygen, 
nitrogen and carbon centred nucleophiles reacted with 4 (Scheme 4) to give di-
and tri-substituted products (Nuc2 and Nuc3, Scheme 3) depending on the 
reaction stoichiometry and following the regiochemistry predicted earlier (20). 

Reagents and Conditions: i, cyclohexanol (1 equiv.), NaH, THF, reflux, 24 h ; ii, 
MeO-C6H4ONa+ (4 equiv.), THF, reflux, 24 h; Hi, CH3OCH2CH2aNa"', THF, 
reflux, 24 h; iv, PhCH2NHMe (1 equiv.), THF, reflux, 30 min; v, Et2NH, THF, 
reflux, 24 h; vi, BuLi (1 equiv.), Et2Ot -78°C, 45 min ; vii, CH3C=C-MgBr (1 
equiv.), THF, reflux, 24 h. 

Scheme 4. Reactions of perfluoro-4~isopropylpyridine 4 

As we can see, 4 is a useful building block but, since reactions are limited to 
nucleophilic substitution processes, we sought to develop chemistry of other 
related core scaffolds that possessed more versatile functionality. Therefore, we 
synthesized 2,4,6-tribromo-3,5-difluoro-pyridine 5 and 2,6-dibromo-perfluoro-
4-isopropyl pyridine 6 in high yield by heating 1 and 4 with a mixture of 
hydrogen bromide and aluminium tribromide at 140°C respectively (21). 
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HBr, AIBr3

 F 

B r Ν Br 
5, 91% 

140°C 

CF(CF 3)2 
F 

CF 2=CF-CF3 h 

4, 64% 
Μ θ 3 Ν 

HBr, AIBr3 

140°C 

ÇF(CF 3)2 
. F 

Br^ Br 
6,80% 

Scheme 5. Synthesis of key bromo-fluoropyridine building blocks. 

We envisaged that not only would nucleophilic substitution of C-F and C-Br 
bonds be possible, but also the C-Br bonds could potentially be used for 
metallation, followed by trapping of the carbanion generated by an appropriate 
electrophile, and palladium catalysed coupling processes. Indeed, model poly-
bromo-fluoro-heterocyclic derivative 5 reacts with a variety of nucleophiles and 
it was established (21) that Tiard' nucleophiles (e.g. oxygen centred nucleophiles) 
selectively replace fluorine whereas 'soft' nucleophiles (e.g., sulfur, nitrogen, 
etc.) selectively replace bromine (Scheme 6). Furthermore, debromo-lithiation of 
5 occurs selectively at the 4-position and the resulting lithiated pyridine species 
was trapped by a variety of electrophiles (22) while palladium catalysed 
Sonogashira-type coupling reactions allowed the synthesis (23) of various 
alkynyl derivatives (Scheme 6). 

Prf 
(72%) 

78TC; (b) EtOH, 7S°C-r.t.; ii, Reagents and Conditions: i,(a) n-BuLi, Et20, 
MeONa (1 equiv.) MeOH, r.t.; Hi, PhSNa, MeCN, reflux, 24 h; rv, Et2NH, 5(fC, 
3 d; v, Ph-C=C-H, Cul, Pd(Ph3P)2Cl2, EtsN, r.t.; vi, (a) n-BuLi, Et20, -78°C; (b) 
MesSiCl, -78°C - r.t; vii, ,(a)n-BuLi, Et20, -78°C; (b) PhCOCl, -78°C - r.t.; viii, 
(a) n-BuLi, Et20, -78°C; (b) C02f -78°C-r.t. 

Scheme 6. Reactions of2,4,6'tribromo-3,5-difluoropyridine 5 
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Of note is the palladium catalysed Sonagashira coupling reaction (reaction v, 
Scheme 6) which, upon addition of an excess of acetylene derivative provides 
2,6-disubstituted pyridine systems (21). When 2-chlorophenylacetylene is used 
as the substrate, two different polymorphic, crystalline forms of product 7 may 
be engineered depending upon the solvent that is used as the crystal growth 
medium (Scheme 7). 

Br 

Scheme 7. Synthesis of 7 and crystal lattices of two polymorphs of 7. 

Carbanions may also be prepared in situ from the perfluoroisopropyl pyridine 
derivative 6 and subsequent addition of the electrophilic heterocycle 4 furnishes 
(24) polyfiinctional bipyridine system 8. Bipyridine 8 reacts selectively with 
sodium methoxide to give product 9 arising from substitution of fluorine located 
ortho to ring nitrogen, rather than bromine (Scheme 8). 

β 

8, 20% 9, 79% 

Scheme 8. Synthesis and reactions of bipyridine 8. 

With the reactivity profile of 5 in mind we were able to synthesize (23) 
representative examples of pyridine derivatives bearing five different 
substituents from key intermediate 6 (Scheme 9). The structures of the 
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pentasubstituted products obtained were governed by the order of nucleophilic 
substitution. For example, reaction of 6 with methoxide followed by piperidine 
gave a 1:1 mixture of pentasubstituted products 9 and 10 rendering this 
particular route inappropriate for efficient analogue synthesis whereas 9 was 
obtained as the major product (structure of 9 confirmed by X-ray 
crystallography) by simply changing the order of nucleophilic substitution 
(piperidine followed by methoxide). Palladium catalysed Sonagashira coupling 
of 6 with phenylacetylene gives intermediate 11 which furnishes 
pentasubstituted pyridine derivative 12 upon reaction with methoxide. 

CF(CF3)2 

Br Ν > ^ MeOH 
11,63% Ph 

Ph-C=C-H 
Pd (0) catalyst 
Cut, Et3N 

F(CF3)2 

F 

12, 55% 

ÇF(CF3)2 

F^ / k X 

ΒΓ Ν Br 
β 

MeONa 
MeOH 

CF(CF3)2 

Br ̂  Ν Br M e C N » reflux 

62% 

ÇF(CF3)2 

Ν N ^ B r 
10 

+ 9 

Ratio 1:1,64% combinée! 
piperidine 
MeCN 
reflux 

CF(CF3)2 

F \ / F MeONa 

Br Ν Ν 

83% 

MeOH 

ÇF(CF3)2 

F ^ L . O N t e 

9,80% 

Scheme 9. Synthesis ofpyridine derivatives that bear five different 
functionalities 

In summary, the sequential replacement of the fluorine atoms of 
pentafluoropyridine may be utilised for the synthesis of many multifunctional 
pyridine derivatives by reaction with the great number of nucleophilic species 
that are available. The application of the parallel synthesis techniques widely 
practised in the pharmaceutical industry would enable rapid access to a 
considerable number of pyridine analogues. 
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Macrocycles 

Polyfunctional building blocks are, of course, used for many 
applications such as the synthesis of polymers, dendrimers and biopolymers as 
well as for various applications in supramolecular chemistry. The synthesis and 
properties of macrocyclic derivatives has become a major research field (25-27) 
since the pioneering work of Pedersen (28) and Lehn (29), whose syntheses of 
crown ethers and cryptands respectively, and their observations of 
intermolecular complexation phenomena, has rapidly developed into the more 
general field of supramolecular and biomimetic chemistry. Furthermore, 
macrocyclic compounds are now used as sensors, imaging agents for MRI 
treatment, catalysts and for ion analysis (26), providing further stimuli for the 
development of this field. In particular, the incorporation of heteroaromatic sub-
units into a macrocyclic ring has been the focus of much attention due to the 
often unusual chemical, physical and biological properties of such systems. 

By a consideration of the reactivity of pentafluoropyridine 1 towards 
nucleophiles (Scheme 3), a versatile two step macrocyclic ring forming process 
may be envisaged, in which the ring is constructed by processes involving 
reactions with a variety of a difunctional nucleophiles (Scheme 10). This 
strategy offers, in principle, a general route to many structurally diverse 
macrocycles with specific function that is dependent upon, for example, 
structural variation and functionality of exocyclic ring substituents. 

Scheme 10. General strategy for the synthesis of macrocyclic derivatives from 
pentafluoropyridine 

Syntheses of macrocycles that involve a nucleophilic aromatic 
substitution process as the ring forming step have not been widely adopted (30). 
However, macrocycles may be prepared upon reaction of 2,6-dihalopyridine 
building blocks with various polyethylene glycol derivatives (31J2), although 
yields could be low. Recently, in related processes, trichloro-s-triazine provided 
access to a range of macrocyclic and cage derivatives (33-35). 

By adapting the chemistry described above (Scheme 4), perfluoro-4-
isopropylpyridine 4 was found to be an excellent building block for macrocycle 
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synthesis (36,37). Nucleophilic substitution reaction of 4 with di-oxyanions, 
prepared in situ from bis-trimethylsilyl derivatives of diols and catalytic 
quantities of fluoride ion, firstly gives a bridged system 13, in which two 
pyridine sub-units are connected by a polyether chain. Ring closure to 
macrocycle 14, which was characterized by X-ray crystallography, is readily 
achieved by addition of a further equivalent of dinucleophile (Scheme 11). 

CF(CF 3 ) 2 CF(CF 3 ) 2 

13, 90% 14, 43% 

Scheme 11. Synthesis and X-ray crystallographic structure of macrocycle 14. 

This stepwise methodology allows the synthesis of many structurally diverse 
macrocycles (Scheme 12) from pentafluoropyridine, depending upon the choice 
of nucleophile and di-nucleophile (37). By analogy to the synthesis outlined in 
Scheme 11,20-membered ring system 15 may be synthesized in two steps from 
4 and a longer chain polyether linking unit. Variation of substituents that are 
present on the pyridine ring section of the macrocycle is very simple. For 
example, 16 is prepared from 1, an appropriate polyfluoroalcohol (Nuci = 
C6F13CH2CH2O", Scheme 10) and Ν,Ν'-dimethyethylene-diamine (Nuc2, Nuc3 = 
MeNHCH2CH2NHMe, Scheme 10) in three stages while 17 is synthesized from 
1, sodium methoxide and ethylene glycol by a similar procedure (38). Variation 
of the structural unit linking the two pyridine moieties is also readily achieved. 
For example, 18, in which the two pyridine rings are connected by different 
linking groups, is synthesized from 4, di-ethylene glycol (NucrNuc2 = 
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HOCH2CH2OCH2CH2OH, Scheme 10) and Ν,Ν'-dimethylethylene-diamine 
(Nuc3-Nuc3 = MeNHCH2CH2NHMe, Scheme 10). 

17 18 19 

Scheme 12. Structurally diverse macrocycles derived from pentafluoropyridine 

Analysis by X-ray crystallography reveals that macrocycles 15 and 16 have 
some unusual structural features (Scheme 13). For 15, we would expect the two 
very bulky perfluoroisopropyl groups to occupy positions within the crystal 
lattice that are distant from each other. However, we observe that this is not the 
case and the macrocyclic ring buckles so that these two perfluorinated groups 
may occupy positions that are as close to each other as possible (Scheme 13). 
Inspection of the crystal lattice reveals that the individual molecules adopt head-
to-head positions which results in the presence of fluorine- and hydrocarbon-rich 
'domains' within the crystal, reflecting the solubility characteristics of 
fluorocarbon systems that has been used so effectively in fluorous phase 
chemistry (39,40). The segregation of perfluorinated 'domains' within the crystal 
lattice is also seen in the structure of macrocycle 16 in which the long 
perfluoroalkyl substituent groups overlap to form fluorine-rich environments. 
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Scheme 13. Single crystal X-ray molecular structures of macrocycle IS (left and 
crystal lattice showing head-to-head arrangement fright; fluorine atoms have 
been removed for clarity). 

Mixing a solution of macrocycle 19 with a mixture of aqueous sodium 
chloride, bromide and iodide led to the observation of macrocycle/anion 
complexes by negative ion electrospray mass spectrometry. Whilst the number 
of macrocyclic derivatives that bind cations is now quite extensive, the number 
of macrocycles capable of anion recognition is considerably smaller. Systems 
that form complexes with anionic guests, such as polyammonium, guanidinium 
and pyrrole based systems (41) usually contain sites that are capable of directed 
hydrogen bonding, a situation that is not present in 19. However, recent 
theoretical studies have indicated that interactions between the centre of electron 
deficient heterocyclic rings, such as trifluoro-s-triazine, and anions are possible 
and this may provide a clue to the type of complexation occurring in these cases. 

In summary, pentafluoropyridine may be used for the construction of a 
variety of structurally diverse macrocycles by a sequence of nucleophilic 
aromatic substitution processes. The availability of perfluoroaromatic systems 
and a great many suitable difunctional nucleophiles makes the number of 
supramolecular systems that are available using this approach virtually limitless. 
The structural and complexation phenomena exhibited by just the relatively few 
systems that have been reported so far, indicate the fascinating opportunities that 
are provided by these multi-functional systems. 
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Chapter 14 

Synthetic Methods for the Preparation 
of Ring-Fluorinated Heterocycles via Intramolecular 

Vinylic Substitution of gem-Difluoroalkenes 

Junji Ichikawa 

Department of Chemistry, Graduate School of Science, The University 
of Tokyo, Hongo, Bunkyo-ku, Tokyo 113-0033, Japan 

Ring-fluorinated heterocyclic compounds attract widespread 
attention as important components of agrochemicals, 
pharmaceuticals, and materials. To provide a general access 
to these compounds, a new methodology for the construction 
of ring-fluorinated heterocycles has been developed based on 
an intramolecular ring closure of 2,2-difluorovinylic 
compounds via an SNV (addition-elimination) process. In this 
chapter, the synthesis of five- and six-membered ring
-fluorinated heterocycles including one or two oxygen, sulfur, 
or nitrogen atoms will be covered. 

Introduction 

Selectively fluorinated heterocyclic compounds are widely used as 
important components in the pharmaceutical, agrochemical, and dyestuffs 
industries and also in material science (i). They have attracted much attention 
in terms of biological activities and other properties, which are often 
dramatically enhanced or altered by the introduction of fluorine onto the original 
molecules. Although introduction of fluorine into heterocyclic compounds can 

262 © 2005 American Chemical Society 
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be achieved by employing classical Balz-Sehiemann (fluorodediazotization) and 
Halex (halogen exchange) fluorinations, electrochemical fluorination, and 
fluorinating reagents (2), there still remain problems in the regioseleetivity of 
fluorination, the requirement of multistep procedures, and the difficulty in 
handling the fluorinating reagents. Especially for ring-fluorinated heterocyclic 
compounds, so far only a limited number of methods have been reported for 
their synthesis in spite of their substantial potential as components (J) and 
intermediates (4). The introduction of fluorine atoms onto heterocyclic ring 
carbons is known to be more difficult than the introduction of fluorine onto the 
carbons of fused benzene rings. Consequently, a general method for the 
synthesis of selectively ring-fluorinated heterocycles is a highly desirable goal. 

Synthetic Strategy for Ring-Fluorinated Heterocycles 

ge/w-Difluoroalkenes possess remarkable reactivity toward nucleophilic 
substitution of their vinylic fluorines via addition-elimination processes (SNV 
process) (J). The orientation of attack is strictly governed so that the fluorines 
are placed at the position β to the electron-rich carbon in the transition state in 
order to avoid electron-pair repulsion. This reactivity is due to (i) the 
electrophilic activation of the C-C double bond by the two fluorine atoms, (ii) 
the stabilization of the intermediary carbanion by the β-anion stabilizing effect 
of fluorine, and (iii) the leaving group ability of the fluoride ion (Scheme 1). 

Nucleophilic Substitution of Vinylic Fluorine: SNV Process 

*\ β" Nu-
KC=C;Ô-

V addition 

- F -

ellmlnatlon Nu' R 2 

Scheme 1 

These unique properties of ge/w-difluoroalkenes can be utilized to give 
access to ring-fluorinated heterocycles simply by conducting this substitution in 
an intramolecular fashion (Scheme 2). Depending on the nucleophilic Y - Z 
moiety, 0, S, iV-containing heterocyclic systems with a five, six, or larger-
membered ring can be made. In β,β-difluorostyrene derivatives as an example, 
nucleophiles with a Y - Z single bond (sp3 nucleophiles) afford 
dihydroheteroarenes, and this ring formation could be followed by aromatization 
via elimination or oxidation, leading to heteroaromatic systems. On the other 
hand, nucleophiles with a Y - Z double bond (sp2 nucleophiles) would give rise 
to the direct construction of heteroaromatic rings. Thus, this strategy should 
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provide a potent methodology for the synthesis of diverse ring-fluorinated 
heterocycles. 

In this chapter we describe our investigations on the "intramolecular 
substitution" concept for the synthesis of ring-fluorinated heterocycles starting 
from gem-difluoroalkenes. Other methods involving the vinylic fluorine 
substitution process provide ring-fluorinated quinolines (6), quinoxaline 
derivatives (7), pyrans (8% pyrazoles (P), and furan derivatives (10). 

Intramolecular SNV Process 

R R 

~ F v νΚ· · , ! · · · ·> Ίζλ> 
Scheme 2 

Preparation of g*?/M-Difluoroalkenes Bearing a Nucleophile 

orfAo-Functionalized gem-difluorostyrenes are the substrates for the 
construction of benzene-ring-fused heterocyclic systems. They are readily 
obtained from 2,2,2-trifluoroethyl /?-toluenesulfonate by using the two methods 
that we have previously established as depicted in Scheme 3 (11,12). Each 
method consists of the following two processes, which can be conducted in a 
one-pot operation: (i) the in situ generation of ge/w-difluorovinylboranes or -
zirconocene and (ii) their palladium-catalyzed cross-coupling reaction with aryl 
iodides bearing an orfAo-functional group such as N H 2 , OMe, CHO, CH 2OH, 
CH 2OMs, or CN. Moreover, further transformations provide other substrates 
with an appropriate ortAo-functionality. 

The substrates for heterocycles without fused benzene rings can also be 
prepared by these two sequences. A similar cross-coupling reaction with vinylic 
halides affords ge/w-difluoro-1,3-dienes, which undergo regioselective 
hydroboration to afford homoallylic alcohols (12). Their Mitsunobu reaction or 
the substitution of their tosylates affords ge/w-difluoroalkenes bearing a 
functional group at the homoallylic position. 
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1)2"BuU 
CF 3CH 2OTs CF 3CH 2OTs 

2) BR3 

/THF 

CF2=C: 
BRo 

o-YZCeH4l 

Cult cat, Pd° 
/THF-HMPA 

CH2=C(R')lorBr Cul, cat. Pd° 
/THF-HMPA 

2nBuU 
/THF 

OF} 

1) 9-BBN 
/THF 

2) aq. H 2 0 2 

aq. NaOH 

F 2C 

YZ 

R 
I 

F 2 C * C Y R ' 

YZ 

CF2=CC 
r>Ts "Cp^r" 

H /THF 
C F 2 = C C Z i C p 2 X 

90% 

o-YZCeH4l 

Znl2, cat. Pd° 
F*C 2* I| 

Y Z " 

Scheme 3 

Syntheses of 6-Membered Ring-Fluorinated Heterocycles 

Cyclization of β,β-Difluorostyrenes Bearing an sp3 Heteroatom Nucleophile 

3-Fluorinated Isochromenes, Isothiochromenes, andIsoquinoline Derivatives 
gem-Difluorostyrenes 1 and 3 were designed as substrates for the 

intramolecular substitution of sp3 oxygen and sulfiir nucleophiles, so that 6-
membered rings would be formed. Treatment of 1 or 3 with a base such as NaH 
or NaOMe generated the corresponding alkoxides or thiolates, which in turn 
readily underwent the expected cyclization (Scheme 4) (13). Thus, 3-fluoro-
isochromenes 2 and -thioisochromenes 4 were obtained in high to excellent 
yield (14). 

F 2 C ^ Y %
 NaH(2eq) , 

ΗΟ^Λ^ rt,2h/DMF 

1 

F z C ^ NaOMe (2 eq) 

AcSN J l ^ l rt,0.3h/DMF 

Scheme 4 

R = n-Bu: 84% 2 
sec-Bu: 77% 

•ύο — το 
R = n-Bu; 94% 4 

sec-Bu: 90% 
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Similarly, the reaction of the substrates bearing an sp3 nitrogen nucleophile 
was successfully carried out. On treatment of styrene 5 with NaH, 
intramolecular cyclization readily proceeded to afford 3-fluoro-l,2-
dihydroisoquinolines 6. Employing 2 equiv of base successively promoted 
elimination of a aulfinic acid after the cyclization, leading to 3-
fluoroisoquinolines 7 in excellent yield (Scheme 5) (15,16). 

R = n-Bu: 95% 7 
sec-Bu: 90% 

Scheme 5 

Cyclization of β,β-Difluorostyrenes Bearing an sp3 Carbon Nucleophile 

3-Fluorinated Quinolines 
For the construction of a quinoline framework, carbon nucleophiles should 

be employed instead of die nitrogen nucleophiles in the above isoquinoline 
synthesis. Thus, difluorostyrenes 8 were designed to bear a cyanomethylamino 
group as a precursor for a formal sp3 carbon nucleophile. In the reaction of 8, 
aromatization of the cyciized products is effected by elimination of (i) HCN or 
(ii) HX (X: a leaving group on the nitrogen) (Scheme 6). 

"Bu 

85% 10 

Scheme 6 
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When styrènes 8 (Χ = H) were treated with NaH (R Φ Η) or lithium 2,2,6,6-
tetramethylpiperidide (LiTMP) (R = H), the intramolecular substitution of the in 
situ generated carbanions successfully proceeded, followed by elimination of 
HCN to give the desired fluoroquinolines 9 in high yield. In contrast, treatment 
of 8 (X = Ts) with 2 equiv of K 2 C 0 3 promoted cyclization, and successive 
elimination of sulfinic acid afforded 2-cyano-3-fluoroquinoline 10. Its cyano 
group can be easily converted into carboxy, aminomethyl, and amino groups by 
die usual procedures (17,18). 

Scheme 7 

The reaction of 8 requires (i) a strong base (NaH or LiTMP) for the 
generation of the carbanions and (ii) a stoichiometric amount of KCN for the 
preparation of 8 from the corresponding o-aminostyrenes. These drawbacks are 
overcome by a benzoin-type condensation of imines as shown in Scheme 7. 
Addition of CN" to imines 11 followed by proton transfer provided the desired 
carbon nucleophiles. The generated carbanions were smoothly trapped by the 
intramolecular difluoroalkene moiety, and loss of HCN gave 3-fluoroquinolines 
12. Moreover, this process proceeds under KCN catalysis in the presence of 
K 2 C 0 3 , which represents a quite rare example of benzoin-type condensation of 
imines, C-C bond formation at the imino carbon with electrophiles (19). 

Cyclization of β,β-Difluorostyrenes Bearing an sp2 Nitrogen Nucleophile 

3-Fluorinated Isoquinoline Derivatives and Cinnolines 
In the reactions mentioned so far, aromatization was effected by elimination 

after cyclization. For the direct construction of aromatic rings, a similar 
replacement of the vinylic fluorine was attempted with sp2 nitrogen 
nucleophiles: oxime and imine nitrogens (-N=CH-). Since suitable starting 
materials, o-difluorovinyl-substituted benzaldehydes 13 were not stable enough, 
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the combined process of difluorostyrene synthesis and their cyclization was 
examined. When the crude products of the coupling reaction were treated with 
NH 4OAc or NH 2OH, the expected dehydration and successive cyclization were 
readily induced (Scheme 8). 3-Fluorinated isoquinolines 14 or their TV-oxides 
15 were obtained in good yield based on o-iodobenzaldehyde (16,20). 

CF 3CH 2OTs 

1 ) "BuLi (2.1 eq) 
2) R3B(1.1eq) 

3) cat. Pd° Cul (1 eq) 
o-ICeH4CHO (0.9 eq) 

rt, 15min 
/THF-HMPA (4:1) 

NH4OAc(5eq) 
rt, 1 h 

/DMF-H2O(10:1) 

or NH20H»HCI(1.2eq) 
Et3N (2.2 eq) 

rt, 12 h/DMF 

F 2 C 

13 Y = H 

F00 
R = η-Bu: 70% 14 

sec-Bu: 71% 

Y = OH 

R = n-Bu: 83% 15 
sec-Bu: 69% 

Scheme 8 

As a further example of sp2 nitrogen as a nucleophile, diimides (-N=N-) 
have been employed. Aminostyrene 16 was treated with isoamyl nitrite (/-
AmONO) for diazotization, and then reduced with benzenethiol. The expected 
intramolecular substitution of the diimide nitrogen smoothly proceeded to give 
3-fluorocinnolines 17 (Scheme 9) (20,21). 

CF3CQs>H (2 eq) 
'AmONO (2 eq) 

0 °C, 0.5 h 
/CH 3CN 

F 2C* 

Ν 

PhSH (3 eq) 

0°C,0.5h 

16 R = f?-Bu: 88% 17 
sec-Bu: 87% 

Scheme 9 

Another method for the generation of intramolecular sp nitrogen 
nucleophiles is the addition of external nucleophiles to C-N multiple bonds such 
as that of the cyano group. Thus in situ generated nucleophiles are expected to 
promote similar cyclizations to afford ring-fluorinated isoquinolines, which 
would allow introduction of a substituent on the C-l ring carbon (Scheme 10). 
Since there are two reaction sites to be attacked by nucleophiles in 18, the 
external nucleophiles must exclusively react with the cyano group without 
affecting the difluoromethylene moiety. 
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It was found that the addition of organolithiums in Et 2 0 or toluene 
regioselectively occurred to the cyano group of styrene 18. The generated 
iminometals promoted cyclization to afford isoquinolines 19 in high yield. This 
sequence provides a facile access to 1,4-disubstituted 3-fluoroisoquinolines 
(16,22). 

R1 

H*U(1.2eq) 

-78 "C,1h 
/ EtgO or Toluene 

R1 

F 2 C' 

R2 

- F~ 

R1 

R2 

18 R1 = n-Bu,R2=n-Bu: 86% 19 
Ph: 85% 

R1 = sec-Bu, R2 = n-Bu: 82% 
Scheme 10 

Cyclization of β,β-Difluorostyrenes Bearing an sp2 Carbon Nucleophile 

3-Fluorinated Quinolines 
In the construction of the isoquinoline framework, the cyano group has 

proved to be a powerful precursor of sp2 nitrogen nucleophiles. By means of a 
similar tactics, quinoline synthesis is effected by changing the order of carbon 
and nitrogen in die ortho substituent of the substrates. The reaction of o-
isocyano-substituted styrenes 20 with external nucleophiles proceeds in a similar 
manner via the corresponding sp2 carbon nucleophiles to provide 3-
fluoroquinolines in an appropriate solvent system (Scheme 11). When 
isocyanide 20 was treated with Grignard reagent in toluene, addition selectively 
occurred to die isocyano carbon. Then, HMPA was added to raise the reactivity 
of the intermediary carbanion, which led to 2,4-disubstituted 3-fluoroquinolines 
21 (18,22). This reaction allows the introduction of a substituent at the 2 
position of the quinoline ring with nucleophiles. 

R1 

tfMgBr or tfLi 
(1.2 eq) 

^JK^P rt, 15 min /Toluene 

20 

R1 

F 2 C * V i 

R1 

O e C-*rt , 2 h 
/Toluene-HMPA 

(5:1) 
R ^ N 

R1 = η-Bu, R2 = π-Bu (MgBr): 69% 21 
f-Bu (Li, Toluene): 78% 

R1 = sec-Bu, R2 = π-Bu (MgBr): 62% 

Scheme 11 

The introduction of a C-2 substituent on the quinoline ring has been 
achieved not only with nucleophiles but also electrophiles (Scheme 12). One-
electron reduction of the isocyano group of 20 with tributylstannyllithium 
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generates the radical anion, which in turn undergoes cyclization. The cyclized 
intermediates, 2-quinolyl radicals are reduced further to 2-quinolyl anions, 
which are trapped by electrophiles to allow introduction of hydroxymethyl, acyl, 
and iodo groups. The introduction of aryl groups is also effected by palladium-
catalyzed cross-coupling reaction via the transmetalation to zinc (23). 

E* = PhCHO(2.1) tfsPhCHCOH): 78% 22 
PhCONMe 2(2.1) PhCO: 79% 

p-MeOC 6 H 4 l (0.8)* p-MeOC 6 H 4 : 87% 

t ZnCI2, cat. Pd°, -78 °C ·*> rt, 3.5 h. 

Scheme 12 

By the two complementary methods (Schemes 11, 12), a variety of 
substituents can be introduced at the 2-position of 3-fluoroquinolines with either 
nucleophiles or electrophiles. 

Syntheses of 5-Membered Ring-Fluorinated Heterocycles 

As shown above, the syntheses of 6-membered ring-fluorinated 
heterocycles have successfully been accomplished on the basis of the 
"intramolecular substitution" concept starting from gem-difluoroalkenes. 
According to the Baldwin's rules (24), this type of cyclization is classified as a 
6-endo-trig ring closure, which is favored following these rules. On the other 
hand, for the construction of 5-membered rings by this methodology, the 
disfavored 5-endo-trig ring closure has to be effected. 

The unique properties of 1,1 -difluoro-1 -alkenes, however, were expected to 
make a nucleophilic approach to 5-endo-trig cyclization feasible. Specifically, 
we thought that (i) the highly polarized difluorovinylidene double bond ( 1 3C 
NMR: ca. 150 ppm and 90 ppm for CF2=C) would allow initial ring formation 
by electrostatic attraction between the CF 2 carbon and the internal nucieophile 
and (ii) the successive elimination of fluoride ion could suppress the reverse ring 
opening, thus functioning as a "lock" (Scheme 13). 
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Nucleophilic "Anti-Baldwin" Cycllzatlons 

Scheme 13 

Cyclization of β,β-Difluorostyrenes Bearing an sp3 Heteroatom Nucleophile 

2-Fluorinated Benzofurans, Benzothiophenes, Indoles 
The reaction of an oxygen nucleophile was first attempted. When 

hydroxystyrene 23 was treated with NaH, the normally "disfavored" 5*endo-trig 
cyclization was successfully achieved to afford 2-fluorobenzo[i]furan 24 in high 
yield. The corresponding thiolate also undergoes the cyclization to provide 2-
fluorobenzo[6]thiophene 26 (Scheme 14) (12,25-27). 

27 R = n-Bu: 84% (80 °C, 7 h) 28 
sec-Bu: 8 1 % ( 8 0 ° C , 5h) 

H : 7 3 % ( 7 0 ° C , 2 3 h ) 

Scheme 14 

Moreover, this type of cyclization can be applied to intramolecular nitrogen 
nucleophiles. On treatment of amidostyrenes 27 with NaH, the 5-endo-trig 
cyclizations again successfully occurred to afford 2-fluoroindoles 28 in high 
yield (Scheme 14) (12,25,28). 
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Cyclization of gew-Difluorobutenes Bearing an sp3 Heteroatom Nucleophile 

2-Fluorinated Dihydrofurans, Dihydrothiophenes, Pyrrolines 
The scope of this nucleophilic 5-endo-trig cyclization has been broaden by 

the reaction of difluoroalkenes 29, 31, 33, where the nucleophilic functional 
groups are linked by two sp3 carbons to the olefin moieties (12,29). The 5-endo-
trig closures are successfully promoted by the intramolecular oxygen, sulfur, 
and nitrogen nucleophiles, leading to the desired ring-fluorinated dihydrofuran 
30 (30), dihydrothiophene 32 (57), and pyrroline 34 (32,33) (Scheme 15). These 
results rule out the possibility of a 6jt-electrocyclization mechanism. 

R 

F2C*^YMe N a H ( 1 2 e q ) 

J 90 e C, 7 h / DMF 

29 

R 

F*U 
Me NaH (11 eq) 

HS' 

31 

R 

TsHN 

Me 

90 · 0 , 4 h / DMF 

NaH (1.1 eq) 
• ' 1 ι 

90 e C,4d/DMF 

33 

F2C* 
Me 

R Me 

F2C 

-F- r -QT 

R = CH2CH(CH3)Ph: 67% 30 

R Me 
Me 

FiC 
R 

TsN 

R = (CH2)3Ph: 76% 32 

R Me 

- F~ ν 
Ts 

R = CH2CH(CH3)Ph: 80% 34 

Scheme 15 

The favored nature of the 5-endo-trig cyclization in gem-difluoroalkene 
substrates was demonstrated by conducting a competitive reaction as shown in 
Scheme 16. The reaction proceeded not in a 5-exo-trig fashion but in a normally 
disfavored 5-endo-trig fashion, affording 2-fluoropyrroline 36 exclusively (12). 

Ν 
Ts 

£ F 2 

Ό 
"5-exo-trig" *<JI "S-ondo-trig" / £ 

r ^ Y ^ O M e » i \ c 

N CF, NaH (1.1 eq) Ν F 

p02Me 

TsHN CF 2 

35 
100 e C, 15min 

/DMF 
Ts 

62% 36 

Scheme 16 

Summary 

The reactivities of gew-difluoroalkenes allow the cyclization via an 
intramolecular substitution of vinylic fluorines. This methodology is quite 
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simple and efficiently provides a variety of ring-fluorinated heterocyclic 
compounds such as isochromenes, isothiochromenes, quinolines, isoquinolines, 
cinnolines, indoles, pyrrolines, furans, and thiophenes depending on 
intramolecular nucleophiles (34). Concerning most of these fluorinated 
heterocycles, their properties have not been sufficiently explored due to the lack 
of general methods for their syntheses. Now that they are available with ease of 
preparation, a wide range of applications can be expected. 
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Chapter 15 

Selective Anodic Fluorination of Heterocyclic 
Compounds 

Toshio Fuchigami and Toshiki Tajima 

Department of Electronic Chemistry, Tokyo Institute of Technology, 
Nagatsuta, Midori-ku, Yokohama 226-8502, Japan 

Recent developments in regio- and diastereoselective anodic 
fluorination of heterocyclic compounds including α-amino 
acid derivatives are described. Marked effects of supporting 
fluoride salts and solvents on the fluorination are discussed. 
Synthetic applications of the anodically fluorinated 
heterocycles are also illustrated. 

Introduction 

Many heterocyclic compounds have unique biological activities. On the 
other hand, introduction of fluorine atom(s) into organic substances sometimes 
markedly enhances or dramatically changes their biological activities. Hence, 
partially fluorinated heterocycles are the current focus of much biological 
interest. However, limited examples of selective anodic fluorination reactions of 
heterocycles have been reported prior to early 1990s (1-5). These reactions are 
limited to only nitrogen- and oxygen-containing heterocycles, and the yields are 
generally quite low. With these facts in mind, the authors have developed 
conditions for highly selective anodic fluorination reactions of various 
heterocyclic compounds (6-8). In this chapter, marked effects of supporting 
fluoride salts and solvents are discussed and successful examples of regio- and 
diastereoselective fluorination are illustrated. 
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Effect of Supporting Fluoride Salts 

Supprting fluoride salts are one of the main factors affecting the selective 
anodic fluorination. Et3N-3HF has been mainly used as a supporting salt and 
fluoride ion source for partial anodic fluorination. However, this salt is not 
always effective because of its use often causes anode passivation, which 
suppresses electrolytic current. Generally, the oxidation potentials of fluoride 
salts increase with an increase of the content of HF in the salts. Thus, Et3N-
nHF(n=4, 5) and Et4NF-nHF(n=3, 4) are suitable for the anodic fluorination of 
heterocycles having high oxidation potentials. 

Highly regioselective anodic monofluorination of 2-aryl-4-thiazolidinones 
can be performed by using pulse electrolysis in Et3N-3HF/MeCN (Scheme 1) (9). 
However, this electrolytic system is not suitable for anodic monofluorination of 
2-substituted l,3-dithiolan-4-ones and l,3-oxathiolan-4-ones owing to severe 
anode passivation. In contrast, Et4NF-4HF provides monofluorinated products 
selectively (Scheme 1) (10, 11). In these cases, benzylic fluorination dose not 
take place at all, although anodic benzylic substitution easily takes place in 
general. The high regioselectivity can be explained in terms of facilitation of 
deprotonation of fluorosulfonium ion intermediate of the substrates by the 
electron-withdrawing carbonyl group (i.e., kinetic acidity control), as shown in 
Scheme 1. 

(X = N, O, S) (unstable cation) 

X = N, R = Ph (84%; trans/cis : 57/43) (in Et3N-3HF/MeCN) 
Χ = Ο, R = Et (86%; trans/cis : 53/47) (in Et4NF-4HF/MeCN) 
X = S, R = n-Pr (78%; trans/ds : 52/48) (in Et4NF-4HF/MeCN) 

Scheme 1 

Fluorinated product selectivity is also affected greatly by supporting 
fluoride salts. As shown in Scheme 2, anodic fluorination of flavone by using 
Et3N-3HF affords mainly 3-monofluoroflavone, while the use of Et4NF-4HF 
results in formation of 2,3-difluoroflavone (12). Since Et3N-3HF contains a 
considerable amount of free Et 3N, the difluorinated product once formed is 
converted to the monofluoroflavone by the dehydrofluorination with free Et 3N. 
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Solvent effect on Anodic Fluorination 

Acetonitrile (MeCN) has been commonly employed as an electrolytic 
solvent for anodic partial fluorination of organic compounds since MeCN is 
rather difficult to be oxidized. However, the use of MeCN very often causes 
anode passivation and/or acetamidation as a side reaction. 

As shown in Scheme 3, solvent effects on electrolytic partial fluorination of 
<x-(2-benzoxazolylthio)-, ot-(2-benzothiazolylthio)-, and a-(2-
pyrimidylthio)acetates were investigated systematically using acetonitrile 
(MeCN) and 1,2-dimethoxyethane (DME) containing Et4NF-nHF (n=3, 4) (13-
15). MeCN was not suitable for the fluorination of these heterocyclic sulfides 
since formation of nonconductive polymers on the anode took place to result in 
low yields or no formation of fluorinated products. In contrast, the use of DME 
did not cause such polymer film formation and provided much better or excellent 
fluorinated product yields. The superiority of DME can be explained in terms of 
its ability to solvate the cationic part of the fluoride salt in which a reactive 
fluoride ion is left for easy attack on the anodically generated cationic 
intermediate. It is noted that addition of DME into MeCN electrolytic solution 
markedly increased the product yield and current efficiency since the polymer 
film formation on the anode and overoxidation of the fluorinated products were 
effectively suppressed. 

F 
A r \ Q / \ J 3 R -2e,-H+ . Α κ λ / O R 

s T EUNF-3HF or Et 3N-3HF s Τ 
Ο O (R = MeorEt) 

αΝ / " ^ Ν 
V - : 71 % (in DME) Ar = [| ι : 98% (in DME) 

S 10% (in MeCN) 0% (in MeCN) 

Scheme 3 

A similar solvent effect was observed in the anodic fluorination of other 
heterocyclic compounds such as 4-quinolinyl and 2-pyrimidyl sulfides (16, 17). 
Thus, the active methylenethio group attached to various heterocycles are 
selectively fluorinated to give the corresponding α-fluorinated products (18, 19). 
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Heterocyclic propargyl sulfides are also regioselectively fluorinated in DME 
to provide the α-fluorinated sulfides (20). 

The fluorinated product selectivity is also markedly changed by electrolytic 
solvents. As shown in Scheme 4, fluorodesulfurization proceeds selectively in 
CH2C12 while α-fluorination without desulfurization takes place preferentially in 
DME (21, 22). This interesting phenomenon can be explained as follows. The 
fluorination proceeds via a radical cation intermediate A as shown in Scheme 4. 
CH2C12 has a poor ability to solvate carbocations, therefore, A seems to be 
unstable in CH2C12. Consequently it is reasonable to assume that desulfurization 
mainly takes place prior to α-fluorination of A. On the other hand, DME is 
known to strongly coordinate cations. Therefore, DME should stabilize the 
intermediate A and also enhances the fluoride ion nucleophilicity. Then, the 
deprotonation of A with fluoride ions takes place prior to desulfurization 
followed by further oxidation to generate cation Β and this cation reacts with a 
fluoride ion to provide the α-fluorinated product. 

ο ο 

-H\ -e 

4 
Ο 

.SC6H4-/>-CI 

V V 
Ο 96% In Et4NF-5HF/CH2C!2 Ο 80% in Et4NF-4HF/DME 

Scheme 4 

Anodic Fluorination of Five-Membered Heteroaromatic 
Compounds 

As mentioned above, anodic fluorination of heterocyclic sulfides usually 
takes place at the α-position to the sulfur atom of the side chain. In contrast, 
anodic fluorination of five-membered heteroaromatic sulfides was found to occur 
at the heteroaromatic rings. Anodic fluorination of 2-thiazolyl methyl sulfide, 2-
thiazolyl propargyl sulfide, and 2-thiazolyl acetonyl sulfide provides the 
corresponding 5-fluorothiazole and 2,5,5-trifluorothiazoline derivatives (Scheme 
5) (23). The latter products are readily hydrolyzed to give isolable 5,5-difluoro-
2-hydroxythiazoline derivatives. 
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Ph Ph Ph 
)—Ν -2ne, -nH \—Ν _ V_m 

€ > - S ^ R Et 3N-5HF/DME " F / f s A R + 

S s s » 
R * H, C O C H 3 > C=CH -25% -50% 

Scheme 5 

On the other hand, anodic fluorination of 2-thiazolyl cyanomethyl sulfide 
affords 5-fluorothiazole and α-fluorinated thiazole derivatives (Scheme 6). Thus, 
the product selectivity is greatly changed by die electron-withdrawing ability of 
substituents at the side-chain of the thiazole ring. This is the first report of 
successful anodic fluorination of a thiazole ring. 

Ph Ph Ph F 
V~N -2e, -H* ^ V - N + V - N I 
O - S ' I C N Et4NF-4HF/DME i > - S ^ C N 

S S S 

20% 65% 

Scheme 6 

In contrast, anodic fluorination of oxazolyl sulfides provides 4,5-difluoro-2-
oxazoline derivatives selectively and the corresponding 5-fluorooxazoles are not 
formed at all (Scheme 7) (24). No formation of 5-fluorooxazoles seems to be 
attributable to the less aromatic stability of an oxazolyl ring compared with that 
of a thiazolyl ring. 

R 1 R 1 

\—Ν ~2e ρ,Λ—Ν 

R 2 ^ < O > - S ^ R 3 Et4NF-4HF/DME ^ ^ j ^ S ^ R 3 

R 1 , R 2 = H , C H 3 55-70% 

R 3 = H, C O C H 3 l CN .CECH 

Scheme 7 

On the other hand, anodic fluorination of a-(2-thiazolyl)acetonitrile 
provides mainly non-aromatized fluorinated products along with a small amount 
of the corresponding 5-fluoro- and α-fluorothiazole derivatives (Scheme 8) (25). 
Although the main products are tautomers of 5-fluorinated thiazole derivatives, 
their aromatization is difficult. They were found to be thermodynamically more 
stable than the fluorinated aromatic compounds based on their calculations using 
AMI. 

Ar v . . Ar v Ar v A i \ 
V-N ~2e,-H ^ H V = N V - N V - N 
< S X /CN Et4NF-5HF/DME p X ^ C H C N F ^ G X / C N V Y 

Ar « Ph, p-CiC e H 4 , p-CNC 6 H 4 , p-MeOC 6 H 4 

. C N 

F 

38-48% 2-8% 2-12% 

Scheme 8 
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Anodic Ring Fluorination of Pyrrole Derivative 

Fluorinated pyrroles and thiophenes seem to be useful for not only 
precursors to biological compounds but also functional materials like conducting 
polymers. However, their direct fluorination is not straightforward. For example, 
the chemical direct fluorination results in extremely low yields (less than 6%) 
along with an unsatisfactory level of selectivity (26, 27). Anodic fluorination of 
pyrrole is also unsuccessful because its polymerization takes place exclusively. 
Previously, it was found that electron-withdrawing groups markedly enhanced 
anodic α-fluorination of various sulfides (28-30). 

Therefore, we investigated anodic fluorination of 2-cyano-l-methylpyrrole 1 
using various fluoride salts. As shown in Table 1, anodic fluorination of 1 took 
place efficiently to provide four fluorinated products 2,3, 4, and 5 depending on 
the supporting fluoride salts (31, 32). It is noted that 2-cyano-5-fluoro-l-
methylpyrrole 2 was formed in a considerable amount by using Et3N-2HF 
regardless of the solvents. When Et3N-3HF was used in MeCN, trifluorinated 
product 3 was selectively and exclusively formed. On the other hand, the use of 
Et3N-5HF and Et|NF-4HF in MeCN provided difluorinated product 4 
preferentially. In all cases, the JV-methyl group was not fluorinated at all. 

Table 1. Anodic Fluorination of 2-Cyano-l-methylpyrrole 

Me + Me Me Me Me 

à-m 7U7 " Ô - C M * >0% 0 Ν * >àr ' °*υ? 
1 2 3 4 S 

Entry Solvent 
Supporting 

Electrolyte (i M) 2 

Yield (%)* 

3 4 S 
1 MeCN Et 3N-2HF 20 32 trace trace 

2 D M E Et3N*2HF 20 Î2 trace 0 

3 C H 2 C i 2 
Et 3N-2HF 19 51 trace trace 

4 MeCN Et 3N«3HP 5 65 3 2 

5 MeCN Et 3N-5HF 0 5 54 12 

6 MeCN Et 4NF«4HF 0 6 28 21 

* Determined by 1 9 F Ν MR Spectroscopy. 

The oxygen source of 4 seemed to be H 2 0 which is contained in the 
supporting fluoride salts. Indeed, the trifluoro product 3 was readily hydrolyzed 
to provide 4 efficiently, therefore, 3 was found to be a precursor to 4 (Scheme 9). 
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Me Me Me 
m -4e H 2 0 (100 equiv) L J. 

\J Et3N-3HF/MeCN 4 h F A = / F f\=J 
4 F/mol 

1 3 4 

trace 54 % 

Scheme 9 

The oxidation potentials of 1 and 2 were measured by cyclic voltammetry in 
0.1 M Bi^N-ClCVanhydrous acetonitrile. The first peak oxidation potential of 2 
(EpOX=lJ2 V vs. SCE) was found to be slightly less positive compared with that 
of 1 (JSJp

ex=1.77 V vs. SCE). It was also comfirmed that anodic fluorination of 2 
in Et3N-3HF/MeCN provided 3 selectively in 66% yield. 

From these results, the reaction seems to proceed as shown in Scheme 10. 
Since 2 is more easily oxidized than 1, the trifluorinated product 3 is 
preferentially formed by the further electrochemical oxidation of 2 once formed 
during the electrolysis. However, since Et3N»2HF is easily oxidized, the further 
oxidation of 2 seems to be suppressed by simultaneous oxidation of Et3Ne2HF. 
In support of this hypothesis, die use of Et3N»5HF and Et4NF*4HF, which are 
stable for oxidation, did not provide 2. The trifluorinated product 3 is unstable; 
however, it is easily converted to the difluorinated product 4 efficiently by the 
hydrolysis of 3. In sharp contrast to the case of 1, the anodic fluorination of 1-
methylpyrrole gave only a polymerized product and no fluorinated product was 
formed. Therefore, electron-withdrawing cyano group promotes the reactions of 
radical cations A with fluoride ions. In other words, the electron-withdrawing 
cyano group promotes anodic fluorination of 1. 

Me 

Or 

R=CN
 F

H > ^ r l 

Me 

k R "e'< 

Me 

<&• 
A 

Me 
I 

Ν 

2 

2F 
Me 

I 
F y V R 

H 20 

R=H 
Polymerization 

Scheme 10 

The difluorinated product 4 has both a biologically interesting gem-
difluoromethylene unit and an activated olefine in the heterocyclic ring. 
Therefore, we attempted the Diels-Alder reaction of 4 as the dienophile with 
various dienes. 

As shown in Table 2, the Diels-Alder reaction of 4 with open-chain and 
cyclic dienes provided the cycloaddition products in excellent yields (33). Thus, 
4 was found to be a highly useful building block containing a gem-
difluoromethylene unit. 
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(5 equiv) 

Dienes Cycloaddition Products 

Table 2. Die ls-Alder Reaction of 4 with O p e n - C h a i n Dienes 

Me 

4 
Dicne Solvent Temperature (°C) Time(d) Cycloaddition products Yield (%)fl 

N-Me 

0 

N-Me 

0 

F F 

Χ 
N-Me quant. (96) 

toluene 

toluene 

(5 equiv) 

reflux 

reflux 

2.2 
93 (88)b 

P:2f 

ô 
(100 equiv) 

toluene 

(S equiv) 

Ο 
(5 equiv) 

toluene 

60 

reflux 

reflux 

0.5 

1.5 

quant. 
jli (endofexo=20/\3) 

^Me 

-F quant. (92) 
(endo only) 

0' Me 

F 

Me 

quant. (96) 
{endo only) 

8 Determined by I 9 F NMR Spectroscopy. 
b The figures in parentheses are isolated yields. 
c Regioisomeric Ratio. 
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Diastereoselective Anodic Fluorination of Heterocycles 

Asymmetric fluorination of organic compounds is of much importance, 
especially for medicinal and agrochemical applications. However, asymmetric 
anodic fluorination is very difficult in general, due to the small size of a fluoride 
ion. Therefore, only a few studies have been reported on asymmetric anodic 
fluorination so far (34, 35). 

In fact, even intramolecular 1,3-asymmetric induction as shown in Scheme 
1 is low. However, anodic fluorination of iV-protected thiazolines derived from 
L-cysteine in an undivided cell proceeds with moderate to high 
diastereoseiectivity as shown in Scheme 11(36). 

COOMe 

ΓΛ 
S NCOPh 
a 

-2e, - H + 

F7DME 

\ / Et3N-3HF: 78% yield (78% de) 

• g' NCOPh E ^ N " 4 ^ 7 8 % y | e , d ( 9 4 % d e ) 
^ E14NF-5HF: 55% yield (99% de) 

Scheme 11 

Interestingly, the diastereoseiectivity increases with an increase of HF 
content in the supporting fluoride salts and almost 100% de is obtained by using 
Et4NF-5HF. Notably, the diastereoseiectivity is also greatly affected by the 
bulkiness of the substituent on the nitrogen atom, and iV-benzoylthiazoline 
provides much higher diastereoseiectivity compared with JV-formyl derivative as 
shown in Scheme 12. 

COOMe + F COOMe R = p-Tol: 95% de 
ΓΛ '2e> " H Π *Ph:94%de 

S ^ N C O R EtaN-4HF/DME S ^ N C O R ; ^ « * £ · 

Scheme 12 

Diastereoselective anodic fluorination of 1,3-oxazolidine derived from L-
threonine is also successful as shown in Scheme 13 (37). 

Me„ COOMe Me„ 6 COOMe 
''ΓΛ -2e,-H^ ''Γ\ 
O ^ N C O P h Et4NF-4HF/MeCN Q ^ N C O P h 

73% Yield (81% de) 

Scheme 13 

Diastereoselective anodic fluorination of sulfides having various oxygen-
containing heterocyclic substituents at the β-position was comparatively studied. 
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Among the oxygen-containing heterocyclic substituents, the 2-spirocyclohexyl-
l,3-dioxolan-4-yl group gave the best diastereoselectivity (80% de) as shown in 
Scheme 14 (38). The diastereoselectivity was also affected by supporting 
fluoride salts and solvents. Chemical fluorination of 6 using selectfluor resulted 
in much lower diastereoselectivity (32% de) and extremely poor yield (5%). 

-2e, -H + \ / i n M eCN 66% (78% de) 
Ο 0 Et3N-3HF/Solvent Ο 0 DME 89% (51% de) 
>—( SPh 20 °C, 3-5 F/moi *—( SPh DME/MeCN 92% (61% de) 

F 
Scheme 14 

The major diastereoisomer of the fluorinated products of 6 was readily 
converted into the corresponding fluorinated diol in good yield by acidic 
hydrolysis as shown in Scheme 15. 

HO OH 

Q X ^ m-CPBA(2.4equiy)OXQ HCI M ^ S 0 2 P h 
SPh C H 2 C , 2 V / s o „ P h 50%aq.MeOH i 

20°C,3h ^ySOiP* 2 0 ° C , 1 h F 
Ψ Ψ 

91% yield 91% yield 
Scheme 15 

Anodic fluorination of 4-(p-chlorophenylthio)methyl-l,3-dioxolan-2-one 
was successfully carried out in a mixture of MeCN and propylene carbonate 
(PC) (1:1) containing Et3N-3HF using an undivided cell to provide the 
corresponding α-monofluorinated product in quantitative yield and with almost 
100% current efficiency as shown in Scheme 16 (39). The diastereoisomeric 
mixture of the fluorinated products was readily converted into the corresponding 
fluorinated allyl alcohol and oxirane in good to moderate yields by treatment 
with an alkaline solution (Scheme 17). 

ο ο 
Λ -2e,-Η- Λ 

0 0 0 0 

m ^ S C e H r p - C I p c ^ e

N c 3

N

H

(

F

1 : 1 ) M>C eH 4-p-CI 
F 

quant. (16% de) 

Scheme 16 
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(2 equiv) H O v ^ ^ ^ S O a C e H ^ p - C I 
/ EtOH I 

r.t. 12 h 
η η 7 quant. 
^ m-CPBA ° * 

/ Η (2.6 equiv) Γ ~ ° ν (2.6 equiv) 

°- ά .SC6H4-/>-CI C H C | ' ° \ ^ \ / S 0 2 C e H 4 - p - C I CH2CI2 
r.t. 1 h ^ H O ^ ^ ^ S C ^ C e ^ - p - C I 

+ 

91% \S%&i F 57% 

MeOH 

F 41% 

Scheme 17 

r.t. 12 h ^ . S 0 2 C e H 4 - p - C I 

Conclusion 

In this chapter, we have described our recent results on the regio- and 
diastereoselective anodic fluorination of various heterocycles as well as the 
synthetic applications of the anodically fluorinated heterocycles. It is our hope 
that the information in this chapter will be helpful in the preparation of related 
other useful heterocyclic compounds. 
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Chapter 16 

Polyfluorinated Binaphthol Ligands 
in Asymmetric Catalysis 

Yu Chen and Andrei K. Yudin* 

Davenport Research Laboratories, Department of Chemistry, University 
of Toronto, 80 St. George Street, Toronto, Ontario M5S 3H6, Canada 

Introduction 

Modern asymmetric synthesis relies on new and improved catalytic 
transformations. Understanding the balance of steric and electronic factors is a 
prerequisite to fine-tuning a catalyst to achieve optimal selectivity in a particular 
reaction. Among the chiral ligands developed so far, BINOL 1 and related 
molecules with axial chirality have found wide utility in asymmetric catalysis 
(1). 

Figure 1. BINOL 

BINOL was first synthesized in 1926 (2), however, its potential as a ligand 
for metal-mediated catalysis was left unrecognized until 1979 when Noyori 
demonstrated its utility in the reduction of aromatic ketones and aldehydes (3). 
Since Noyori's discovery, many modifications of the BINOL skeleton aimed at 
changing its steric and electronic properties have been reported (4). For 
example, partially hydrogenated BINOL was used in enantioselective alkylation 
of aldehydes (4a); conjugate addition of diethylzinc to cyclic enones (4b); and 
ring opening of epoxides (4c). Selective bromination at the 6 and 6' positions of 

288 © 2005 American Chemical Society 
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the binaphthyl ring was shown to increase the enantioselectivity of the 
corresponding titanium catalysts in glyoxylate-ene reactions (4d). Bulky 
triarylsilyl groups at the 3 and 3'positions of the binaphthyl ring led to increased 
levels of enantiofacial discrimination of aldehydes in asymmetric Diels-Alder 
reactions (4e). 3,3'-Dinitrooctahydrobinaphthol was successfully applied in 
titanium-catalyzed asymmetric oxidation of methyl p-tolyl sulfide (4f). 

Our explorations in the field of binaphthyl catalysis led us to synthesize 
partially fluorinated species. This interest was driven by the known stability of 
C-F bond towards oxidation (5); propensity of fluoroaromatics to engage in 
stabilizing stacking interactions with electron-rich aromatic rings (6), and well 
documented nucleophilic aromatic substitution chemistry of fluoroaromatic 
compounds (7). We envisaged that substitution of hydrogens by fluorines at the 
selected positions of the binaphthol ring should induce considerable change in 
the electronic character of the aromatic system. In this review we will discuss 
our recent efforts in the development of chiral polyfluorinated binaphthols as 
well as their application in asymmetric catalysis. 

Preparation of FgBINOL and F4BINOL 

The racemic form of FgBINOL 2 was prepared according to Scheme 1. 
Tetrafluorobenzyne 3, generated by treating chloropentafluorobenzene with n-
butyllithium at -15°C, was reacted with 3-methoxythiophene (8) in a Diels-Alder 
reaction. Upon in situ extrusion of sulfur, 2-methoxy-5,6,7,8-
tetrafluoronaphthalene 4 was obtained in 52% yield. Demethylation with BBr 3 

gave 5,6,7,8-tetrafluoronaphthol 5, which failed to undergo the FeCl3-catalyzed 
oxidative coupling, commonly used for the preparation of BINOL from 2-
naphthol. This lack of reactivity is believed to result from a relatively high 
oxidation potential of 5 (1.84V vs Ag/AgCl). The reductive Ullmann coupling 
was therefore chosen through the intermediacy of the 1-brominated precursor 6 
to give the desired bis(methoxy) product 7 in 85% yield. Demethylation of 7 
produced 2 in 90% yield, which was resolved through fractional crystallization 
of the bis[(-)-menthoxycarbonyl] derivatives 8 to afford the enantiomerically 
pure F 8BINOL 2 (Scheme 2) (P).Our initial attemps to prepare F 4BINOL 9 
through the coupling methods incorporating standard Suzuki and Stille protocols 
failed. Fortunately, the oxidative cross-coupling using Cu(OH)ClTMEDA as the 
catalyst was successful (for selected examples on Ullmann and oxidative 
coupling see (2,10,11% however, only moderate yield (40%) was obtained. The 
optimal reaction condition involved mixing 1 eq of 2-naphthol, 0.7 eq of 5,6,7,8-
tetrafluoronaphthol 5, and 10 mol% Cu(OH)ClTMEDA at 140°C for 24 hours. 
The main by-products of this reaction were BINOL and FgBINOL, which were 
isolated in 50% yield and less than 10% yield, respectively (Scheme 3). 
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3-methoxythiophene 

*DMAP=4-(Dimethylamino)pyridine 
Scheme 2 (R)4 (R)-2 

OH f 

5 (0.7 eq.) 

OH 

Cu(OH)CITMEDA (10mol%) 

140'C, 24h 

40% 

Scheme 3 *TMEDA = tetramethyl ethylenediarnine 
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A reductive pathway similar to our approach to F 8BINOL proved to be even 
less successful. The Ullmann coupling between 6 and l-bromo-2-
methoxynaphthol afforded only 5% yield of the desired product, and the major 
product observed was 2,2'-bismethoxy-F8BINOL obtained in 85% yield. Since 
reductive couplings typically proceed in favor of electron-poor substrates, 
aldehyde 10 was utilized in place of l-bromo-2-methoxynaphthol (Scheme 4). 
The desired product 11 was obtained in 48% yield, which was then oxidized 
through a Baeyer-Villiger reaction, followed by hydrolysis to give alcohol 12 in 
64% yield (two steps). Demethylation with BBr 3 afforded racemic F 4BINOL 9 in 
92% yield. The resolution of homochiral F 4BINOL was accomplished through a 
similar procedure to that used with FgBINOL (12). 

*DMAP=4-(DimethyIamino)-pyridine 
Py=pyridine 

Scheme 4 

Regioselective Nucleophilic Aromatic Substitution of 

Fluorine on Polyfluorinated Binaphthols 

The electron-deficient nature of the polyfluorinated aromatic rings was 
found to raise the oxidative stability of compound 2 compared to 1 as well as to 
increase the acidity of the ring-bound hydroxyl groups. Furthermore, the pKa' of 
the hydroxyl group in 1 decreases by 1 unit upon fluorine substitution at the 
aromatic rings (1, pKa'=10.28; 2, pKa'=9.29). The average pKa' of F 4BINOL 9 
is 9.8, just between that of FgBINOL and BINOL (13). Since fluorine atom is 
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only 0.27Â larger than hydrogen atom, one could anticipate only a small increase 
in the barrier to axial torsion upon fluorination. Such a combination of steric and 
electronic alterations in fact was found to lead to dramatic increase in 
configurational stability of homochiral 2 with electronic effects playing a 
decisive role. Contrary to 1, which readily undergoes racemization in both acidic 
and basic media (14), a dramatic increase in configurational stability of (-)-2 was 
observed under both acidic and basic conditions. When (-)-2 was subjected to 
reflux in a 1:1 mixture of THF and 13% aq HCI, no racemization was detected 
after 24h. In comparison, (-)-l was racemized under these conditions decreasing 
enantiomeric excess of (-)-l from 99% to 13%. On the other hand, the 
enantiomeric excess of (-)-l decreased from 99% to 0% after 12h boiling in 5% 
aqueous NaOH, however, no racemization was observed when (-)-2 was refluxed 
in aqueous NaOH after 24h. 

The nucleophilic displacement of aromatic fluorine is a well-known reaction 
with a wide scope and utility (7). A variety of nucleophiles are known to 
participate in this chemistry. We thought that this chemistry might provide a 
versatile and mild route to functionalized fluorinated ligands with axial chirality. 
Thus, various alkoxides have been used as nucleophiles, and the corresponding 
products 15 were obtained in moderate to good yields with no racemization 
observed in the course of any of these substitution processes (12,15) (Scheme 5, 
eq 1 and 2). it should be noted that the 2,2'-hydroxyl groups on either F 8BINOL 
or F4BINOL require protection since the reaction of sodium alkoxide with 
unprotected polyfluorinated binaphthols can produce a complicated mixture of 
polymethoxylated products. Alkyllithium species have also been used as 
nucleophiles to modify the 7-position of the fluorinated ring system. In this case, 
the unprotected polyfluorinated binaphthols can be used directly. For instance, 
the reaction between unprotected F 4BINOL and 'BuLi occurs at -78°C with the 
desired product 20 obtained in 40% yield. (Scheme 5, eq 3) 

Scheme 5 
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Application of Polyfluorinated Binaphthols in Asymmetric 
catalysis 

Oxidation of Sulfides to Sulfoxides 

Enantiomerically pure sulfoxides are important compounds which have 
provided increasing application in asymmetric synthesis (16). To illustrate the 
utility of the fluorinated binaphthol-derived catalysts in asymmetric catalysis, we 
first chose sulfide oxidation as a model reaction (17,12,15). The results of this 
study are summarized in Scheme 6. Compared with (R)-BWOL, both (R)-
F 8BINOL and (K>-F4BINOL proved to be more efficient, and the % ee of the 
sulfoxide product 21 was improved (Scheme 6, entry 1, 2 and 3). Further 
introduction of steric bulk to the 7 and/or 7'-position(s) of the binaphthol rings 
resulted in decreased enantioselectivity as well as chemical yield (Scheme 6, 
entry 4-6). Slightly increased enantioselectivity was observed when lowering the 
reaction temperature, however, chemical yield was decreased (Scheme 6, entry 
7). Similar to the previous results reported by Kagan and co-workers (18), water 
was essential to ensure rapid turnover in the titanium/diethyl tartrate oxidation 
system and two equivalents of water with respect to sulfide were found necessary 
for the turnover to take place in our case. It should also be noted that the most 
intriguing difference between the fluorinated binaphthols and BINOL systems in 
this sulfoxidation reaction is that a reversal of asymmetric induction upon 
fluorine substitution was observed (Scheme 6, entry 1 to entries 2-7) (19). 

ο 
t aS x Tl(0'Pr)4/LM1/2)(5mol%) ^ y 8 ^ 

H 2 0 (2eq), CMHP (1.2eq) K^J 
CHCI3 21 

Entry Ligand Time (h) Temperature (°C) Yield (%) ee (%) 

1 (R)-B\mi 42 0 69 3 W 
2 (fl>FeBINOL 4.5 0 77 75 (S) 

3 (R)-?4BMOL 2 0 78 B0(S) 

4 (RH9 3 0 49 28 (S) 

5 (R)-20 2 0 32 27 (S) 

6 fRJ-16a 5 0 47 51 (S) 

7 (KJ-F4BiNOL 18 -20 46 84 (S) 

Scheme 6 
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Diethylzinc Addition to Aldehydes 

Enantioselective addition of dialkylzinc to aldehydes is one of the most 
reliable methods to prepare chiral .sec-alcohols (20). It is also a standard reaction 
to test the reactivity and enantioselectivity of newly designed chiral ligands. 
Thus, the efficiency of the fluorinated binaphthol ligands were tested in the 
asymmetric addition of diethylzinc to naphthaldehyde (21). The catalysts were 
formed by mixing TiCPrO)4 with fR>BINOL 1, fR>F8BINOL 2, or 7,7'-
disubstituted (T^-Fg-BINOL 16 under the conditions where formation of 
monomeric catalyst precursors of 1:1 composition is favored (7:1 
Ti('PrO)4/Iigand ratio). The results showed that all catalysts give similar 
enantioselectivities (Scheme 7), which indicates that both steric (substitution at 
the 7,7'-positions) and electronic effects are relatively insignificant in this case. 

H 
1. Τφ'Ρή4ίΙ* (7/1) <10mol%) ' - p O H 

Et2Zn(3eq) 

2. H 3 0 + 

Entry Ligand ee (%) 

1 f^-BINOL 89 (R) 

2 f/?)-F8BINOL 89 (R) 

3 (7?;-16a 88 (R) 

4 <7?j-16b 91 (R) 

5 90 (R) 

Scheme 7 

Glyoxylate-Ene Reaction 

The ene reaction, first recognized in 1943 by Alder (22), is now among the 
simplest and most reliable ways to form C-C bonds by converting readily 
available olefins into more functionalized products with activation of an allylic 
C-H bond and allylic transposition of the C=C bond (23). Both asymmetric 
amplification and enantiomer-selective activation of racemic catalysts were 
recently described for the glyoxylate-ene process (24, 25, 26). A remarkable 
nonlinear effect (27) observed was attributed to the increase in activity of the 
homochiral BINOL/Ti adducts 23 and 24 compared to the more stable meso-
adduct25 (23). 
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M + rac-L —*• M L R L R + ML S L S + ML R L S (eq 4) 

23 24 25 

M=Ti(IV); L=BINOL 

We reasoned that if one of the enantiomers of BINOL is replaced by its 
fluorinated analogue, a "pseudo-maso" aggregate might be formed for similar 
geometrical reasons as in the BINOL case. Homochiral FgBINOL was thus 
investigated in titanium-catalyzed asymmetric glyoxylate-ene process using 
literature conditions (28). The results showed that the same sense of asymmetric 
induction was observed for both Ti/fS;-F 8BINOL and Ti/(S>BINOL catalysts, 
whereas, initial rate studies indicated that the catalyst derived from FgBINOL 
was approximately 4 times slower than the one derived from BINOL. The 
"pseudo-weso" aggregate ^>F 8BINOL/fS>BINOL/Ti(0 ,Pr)4 demonstrated 
excellent enantioselectivity. In the reaction between ethyl glyoxylate and a-
methyl styrene, 99% enantiomeric excess was observed, while only 92% ee was 
produced in the presence of ^-FgBINOL/Ti(0'Pr)4. The most intriguing 
observation was a significant yield improvement in the case of a "pseudo-weso" 
compared to those for either FgBINOL or BINOL alone. No conversion was 
observed in the reactions between aliphatic olefins and ethyl glyoxylate when 
either BINOL/Ti(0 /Pr) 4 or F 8BINOL/Ti(0'Pr) 4 was used alone as a catalyst. 

I + X ^ O E . f55i . A A - 0 E I 

« ]f toluene, -20°C, 16h K ÏÏ 
Ο Ο 

26 

Entry R Catalyst Yield (%) ee (%) 

1 phenyl (S)-2 (10mol%)/Ti(O'Pr)4 (5mol%) 53 92 (S) 

2 phenyl (R)~2 (5mof%)/fSM (5mol%)/TJ(0'Pr)4 (5mol%) 95 99 (S) 

3 methyl (R)-2 (5mol%)/(Sj-1 (5mol%)/Ti(0'Pr)4 (5mol%) 57 99 (S) 

4 ethyl (R)-2 (5mot%)/fS)-1 (5mol%)/Ti(0'Pr)4 (5mol%) 71 99 (S) 

5 cyclopentyl (R)-2 (5mol%)/fSj-1 (5mol%)fn(0'Pr)4 (5mol%) 59 99 (S) 

Scheme 8 

Friedel-Crafts Reaction 

Friedel-Crafts reaction is a powerful C-C bond-forming processes in organic 
synthesis (29). In spite of its great synthetic value, only limited attention has 
been paid to its catalytic variants. The breakthrough in this area was recently 
achieved by Mikami (JO) and J0rgensen (31), respectively. Since then, research 
on catalytic variants of asymmetric Friedel-Crafts reaction has attracted 
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extensive interest (32, 33). In the area of titanium catalysis, Mikami and Ding 
showed that the activity of the BINOL/Ti( lPrO)4 catalysts were strongly 
influenced by the electron-withdrawing substituents on the binaphthol ring. Upon 
switching the catalyst from f/?>BINOL/Ti('PrO)4 to the more Lewis acidic (R)-
ο,ό'-Β^-ΒΙΝΟί 27/Ti('PrO)4, the %ee was increased from 69% to 80% ( 
Scheme 9, entry 1 and 2). Due to the highly electron-defficient nature of 
fluorinated binaphthols, both tetrafluorinated binaphthol (F4BINOL) and 
octafluorinated binaphthol (FgBINOL) were then investigated in the reaction 
between aromatic amines and ethyl glyoxylate (Scheme 9) (34). When (R)-
F 4BINOL was employed in this reaction, a similar result to (7y-6,6'-Br2-BINOL 
was observed (Scheme 9, entry 2 and 3). However, it was found that further 
increase in the Lewis acidity of the catalyst system by replacing (7?>F4-BINOL 
with (K>F8BINOL caused a decrease in both chemical yield and 
enantioselectivity of the desired product 28(Scheme 9, entry 4). On the other 
hand, the product 29 was obtained in 38% yield, which is believed to be formed 
through dehydration of the initially formed 28 followed by another Friedel-
Crafts reaction with A^jV-dimethylaniline. A "mixed" catalyst system (R)-
BINOL/f/^FgBINOL/TiOPrO^ was also tested under the same reaction 
conditions. The product 28 was obtained in 40% yield with 32% ee, while 
product 29 was obtained in 51% yield (Scheme 9, entry 5). 

Entry catalyst 
yield (%) 

ee (%)of28 Entry catalyst 
28 29 

ee (%)of28 

1 Ti(0'Pr)4 (5mol%)/(/?;-BINOL (10mol%) 94 - 69 

2 Ti(0'Pr)4 (5mol%)/f/?>6,6,-Br2-BINOL(10mol%) 95 - 80 

3 Ti(0'Pr)4 (5mol%)/(K>F4BINOL(10mol%) 92 77 

4 TKO^r^iSmoiyoJ/f^-FeBINOLilOmo^) 54 38 53 

5 Ti(0'Pr)4 (5ηιοΙ%)/Γ/?;-Ρ8ΒΙΝΟί(5ΓηοΙ%)/^-ΒΙΝΟί(5ΓηοΙ%) 40 51 32 

Scheme 9 
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Epoxidation 

The study of asymmetric epoxidation of olefins commenced in 1965 (55). In the 
1980s, Sharpless and coworkers developed an efficient system that 
systematically produced either enantiomer of an epoxide from an allylic alcohol 
using substoichiometric amounts of titanium isopropoxide and diethyl 
tartrate.(Jtf) Since then, much progress has been made towards asymmetric 
epoxidation of other types of olefins (37,38). Due to the fact that chiral α,β-
epoxy ketones are useful intermediates in the synthesis of a wide range of natural 
products and pharmaceutically relevant molecules (39), great efforts have been 
recently devoted to developing efficient methods for enantioselective 
epoxidation of α,β-enones (40). In 1997 Shibasaki and co-workers reported a 
general catalytic asymmetric epoxidation of enones using alkali metal-free 
lanthanide-BINOL complexes (41). A few years later, both triphenylarsine oxide 
(37) and thiphenylphosphine oxide (42) were reported to be effective additives 
in the La-BINOL catalyzed asymmetric epoxidation. In the presence of 10 to 
15moI% of the additive, the catalyst complex La-(/?)-BINOL-Ph3PO or La-(/?)-
BINOL-Ph3AsO exhibited both higher reactivity and enantioselectivity than La-
(#)-BINOL. Qian and co-workers demonstrated an efficient asymmetric 
epoxidation reaction of enones catalyzed by Ln( ,PrO)3-6,6 ,-R2-BINOL 
complexes (Ln=Yb, Gd; R=Br, Ph) (39). Their results showed that the steric 
bulk of substituents at 3,3'-positions on binaphthol rings is detrimental to the 
enantioselectivity of the reaction. Although the enantioselectivity was also 
decreased by introducing electron-donating groups at 6,6'-positions of the 
binaphthol rings, it was found that excellent enantioselectivity could be achieved 
by introducing electron-withdrawing substituents at these positions. Since 
fluorine is more electronegative than bromine, we reasoned that the fluorinated 
binaphthols might be better suited for the Lanthanide-BINOL catalyzed 
asymmetric epoxidation. The results showed that both ^-FgBINOL and (R)-
F4BINOL are superior to (7y-6,6'-Br2-BINOL in terms of enantioselectivity in 
the epoxidation reaction of fnms-chalcone 30a. Whlie the C2-unsymmetric 
F4BINOL dramatically improved the ee to 93% (Scheme 10, entry 3), the best ee 
value was still generated by the most electron-deficient ligand FgBINOL 
(Scheme 10, entry 2). In this same reaction, Gd-(7?>F8BINOL system proved to 
be more efficient than Yb-fft>F8BINOL in both reactivity and enantioselectivity 
(Scheme 10, entry 2 and 6). The desired product 31a was obtained in 86% yield 
with 96% ee under the optimal condition (Scheme 10, entry 2). 
Due to our observation of the superiority of FgBINOL as an efficient ligand in 
the asymmetric epoxidation of frcms-chalcone, we further explored the generality 
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9 Ln(/-PrO)3/llgand(5mol%) 
/^^ph + CMHP PrT ^ "Ph 

30a 

MS4A, rt.THF 
P h A | x P h 

31a 

Entry Ln(/-PrO)3 ligand time yield (%) ee (%) 

1 Gd(/-PrO)3 (K)-BIN0L 8h 89 83 

2 Gd(/-PrO)3 (K)-F8BINOL 6h 88 96 
3 Gd(/-PrO)3 (R)-F4BIN0L 8h 84 93 

4 Gd(APrO)3 (K)-3,3'-Br2BIN0L 48h 36 27 
δ Gd(f-PrO)3 (/?)-6,6'-Br2BIN0L 8h 95 78 
6 Yb(/-PrO)3 (R)-F8BINOL 6h 60 70 

*CMHP=Cumene hydroperoxide 

Scheme 10 

of this catalyst system by reacting a range of α,β-unsaturated ketones 30b-g 
under the optimal reaction conditions. Good to excellent ee's and yields were 
obtained on a broad scope of substrates bearing either electro-withdrawing or 
electron-donating functionalities (Scheme 11); however, no reaction occurred in 
the case of #*a«s-4-phenyl-3-buten-2-one 30h and /ra«s-4-methoxy-chalcone 30i 
(Scheme 12, entry 1 and 4). 

O Gd(/-PrO)3/(R)-F8BINOL (5mol%) Ο 

R X ^ R

 + C M H P

 RlM^R2 

R1 R 2 MS4Â, rt,THF K 1 K z 

30a-fl 3 1 

Entry Ri R 2 time Yield(%) ee(%) 

1 31a Ph Ph 6h 86 96 

2 31b Ph 2-CI-C6H4 16h 91 90 

3 31c 4'-CI-C6H4 4-CI-CeH4 3h 93 97 

4 31d Ph 4-N0 2 -C 6 H 4 10h 88 99 
5 31© 4·-ΜβΟ-Ο βΗ 4 Ph 12 h 82 97 
6 31f 4'-CI-C6H4 Ph 7h 91 96 
7 31g Ph 4-CI-CeH4 7h 90 93 

(CMHP: cumene hydroperoxide) 

Scheme 11 

Further study indicated that excellent reactivity and enantioselectivity could be 
achieved by employing Gd-fR)-BINOL-Ph3PO (1:1:3) system as the catalyst 
(Scheme 12, entry 2 and 5). On the other hand, the analogue Gd-{K>F8BINOL-
Ph3PO (1:1:3) was less efficient than Gd-(7?>BINOL-Ph3PO (1:1:3) in terms of 
both reactivity and enantioselectivity (Scheme 12, entry 3 and 6). 
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30h-i 

+ CMHP 
Gd(/-PrO)3/ligand (5mol%) 

30h-i 
(1.5eq) 

MS4Â, rt.JHF R i ^ ^ R 2 

31h-i 

Entry Ri R 2 ligand Ph 3PO time Yield(%) ee(%) 

1 30h CH 3 Ph (ff)-F8BINOL - 48h 0 

2 30h CH 3 Ph (Rhsmoi 15mol% 6h 92 98 
3 30h CH 3 Ph (R)-F8BIN0L 15mol% 20h 65 76 
4 30i Ph 4-MeO-C eH 4 (Rj-F8BIN0L - 48h 0 

5 30i Ph 4-Me0-C 8H 4 (R)-BmOL 16m ol% 16h 83 90 

6 30i Ph 4-MeO-C eH 4 (flj-F8BIN0L 15mol% 2days 62 78 

*CMHP=Cumene hydroperoxide 
Scheme 12 

The activity of Gd-fK>BINOL-Ph3PO (1:1:3) and Gd-fK>FgBINOL were then 
compared in the epoxidation of substrate 30j. The latter proved to be more 
efficient in terms of both reactivity and enantioselectivity (Scheme 13) (43). 

CMHP 
Gd(/-PrO)3/ligand(5mol%) 

MS4Â, rt.THF 

30j 31j 

Entry ligand Ph 3PO - time yield(%) ee(%) 

1 (Kj-BINOL - ' 48h 63 30 

2 fflJ-BINOL 15mol% 48h 40 16 
3 W-F8BINOL • 16h 85 78 

*CMHP=Cumene hydroperoxide 
Scheme 13 

Conclusions 

This review discussed the synthesis of highly electron-deficient 
polyfluorinated binaphthols as well as their applications as chiral ligands in 
metal mediated asymmetric catalysis. By employing polyfluorinated binaphthols 
instead of other commercially available BINOL family derivatives, improved 
chemical reactivity and enantioselectivity were observed in several useful 
catalytic asymmetric transformation processes. The polyfluorinated binaphthols 
are believed to be a class of useful binaphthol ligands and a complement to the 
BINOL family, especially in reactions involving highly acidic and/or oxidative 
conditions. 
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Chapter 17 

Selective Fluorination of Biologically Important 
Imidazoles and Indoles 

Kenneth L. Kirk 

Laboratory of Bioorganic Chemistry, National Institute of Diabetes, 
and Digestive and Kidney Diseases, National Institutes of Health, DHHS, 

Bethesda, MD 20892 

Heterocyclic rings play an important role in the design of 
synthetic biochemical and pharmacological probes and 
medicinal agents. Owing to the special properties of fluorine, 
fluorinated heterocyclic compounds have proven to be 
particularly important in this approach. This review will cover 
our early focus on the synthesis of ring-fluorinated analogues 
of imidazoles, such as histidine and histamine, and of indoles 
such as 5-hydroxytryptamine (serotonin) as well as more 
recent work on side-chain fluorinated imidazoles and indoles. 

Introduction—The Discovery of a New Fluorination Procedure 

The importance of the imidazole ring in biological structure and function 
would be evident only from importance of the amino acid histidine. Indeed, the 
histidine residue often plays critical structural and functional roles in enzymes 
and other peptides and proteins. Histidine also serves as the biological precursor 
of histamine, an important amine that fonctions as a neurotransmitter and a 
mediator of the immune response. In addition to the presence of imidazole as a 
structural element of histidine and histamine, certain imidazoles are important 
intermediates in the biosynthesis of purines. It was the successful quest for the 
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first example of a ring-fluorinated imidazole that propelled us into the exciting 
field of fluorine chemistry. In the 1960's the author's early mentor, the late Louis 
A. Cohen, recognized: 1) the importance of fluorine substitution in the design of 
analogues of biologically important molecules, 2) the importance of the 
imidazole ring in biological structure and function, and 3) the notable absence of 
any examples of a ring-fluorinated imidazoles reported in the literature. 
Repeated unsuccessful attempts to prepare this elusive species using the usual 
fluorination procedures (e.g. thermal and metal-catalyzed decomposition of 
diazonium fluoroborates, nucleophilic displacement of an activated leaving 
group with fluoride) provided a possible explanation for the absence of 
fluoroimidazoles in the literature. Al l attempts led to decomposition products or 
gave no reaction. Indeed, persistent efforts over several years produced no 
example of a ring-fluorinated imidazole. 

The failure of the Schiemann and related reactions was particularly 
discouraging, since a stable diazonium fluoroborate 1 could be prepared readily 
from methyl 4-amino-5-imidazole carboxylate 2 (Scheme 1). The failure of this 
diazonium salt to extrude nitrogen below compound-destruction temperature 
apparently reflects the strength of this particular diazo-heteroaromatic bond. In 
contrast, photochemical experiments that we initiated in 1970 with the related 
neutral species 3 (prepared by treatment of the diazonium salt with sodium 
carbonate) in organic solvents revealed that ultraviolet-light catalyzed loss of 
nitrogen was quite facile. Radical substitution products were isolated (Scheme 
1). In addition, photolysis of a thin film of the diazonium fluoroborate gave 
indication that nitrogen loss was occurring with the formation of trace amounts 
of a new, less polar compound (K. L. Kirk, unpublished results). In order to 
carry out this reaction in solution, the same compound was irradiated in 50% 
aqueous fluoroboric acid. We were extremely pleased to discover that, following 
neutralization and extraction, methyl 4-fluoroimdazlole-5-carboxylate (4) could 
be isolated cleanly as a white crystalline solid in very acceptable yields (ca 35 -
40%). We assumed that the other product(s) of the reaction resulted from 
competing attack of water on the presumed carbonium ion intermediate and were 
water soluble (scheme 1). Thus, in 1971 we published the first examples of ring-
fluorinated imidazoles, including 4-fluoro-L-hisitidine (Fig. 1, 5b) (1,2). 

This photochemical variant of the Schiemann reaction proved to be quite 
general and provided access to a series of important 2- and 4-fluorinated 
imidazole derivatives. An important advantage of this procedure is that the 
intermediate diazonium salt need not be isolated. A 2- or 4-amino-substituted 
imidazole can be dissolved in 50% fluoroboric acid, diazotized, and irradiated in 
situ. Based on the development of this reaction, we launched an extensive 
program to synthesize and evaluate the biology of a wide range of 
fluoroimidazole derivatives. This work has been the subject of previous reviews 
(3,4,5). The success of this program led us to synthesize and evaluate ring-
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fluorinated analogues of other important classes of compounds, including indoles 
and catechols (catecholamines and amino acids). We have also reviewed this 
work (5,6). In this report, an overview of earlier work with ring-fluorinated 
imidazoles and indoles will be given. This will be followed by a review of more 
recent work, wherein we have expanded our efforts to include side-chain 
fluorinated analogues of important bioimidazoles and bioindoles. 

Decomposition, No 
Fluorine-containing products 

Decomposition, No 
Fluorine-containing products 

H 2 N C 0 2 R 

HN^N 

Cu + 

C 0 2 R 
) = ( Na 2 CQ 3 

H N ^ N 
HBF 4 

hv, HBF 4 

35-40% 

N 2 C 0 2 R 

3 
hv.PhH 

^ C 0 2 R 

4, R = Me 

HN. ^ N 

Ph 

H N ^ N 

,C0 2R 

Scheme 1 

Ring-Fluorinated Imidazoles 

Reduction of 2-arylazoimidazoles provided the precursor 2-
aminoimidazoles (Scheme 2) (7,8). 4-Aminoimidazoles cannot be isolated unless 
stabilized by an electron withdrawing substituent on the ring. More complex 
systems either were elaborated from die carboxylate prepared as above, or the 
amine was generated in situ, either by reduction of a 4-nitroimidazole with Zn in 
fluoroboric acid (9), or by fluoroboric acid catalyzed deprotection of a Boc-
protected amine (Scheme 3) (1,2,10). 

Figure 1 gives examples of ring-fluorinated imidazoles we prepared by these 
strategies. These include the parent 2-fluoro- and 4-fluoroimidazoles (7a,b) 
(1,2,8) , 4,5-diflouoroimidazole (7e) (10), 2- and 4-fluorohistidines (5a,b) and 
histamines (6a,b) (1,2, 8,9), 4-fluoro-5-imidazole carboxamide riboside (7) (11), 
and ring-fluorinated urocanic acids (8a,b) (12,13). The difluoroester 9 is a rare 
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R 

Ar 

R l )NaN0 2 ,HBF 4 

H 2/Pt,HOAc ps-Ç 2)hv,HBF 4 

ΗΝ | T *~ HN M ** 
H N y N Y - 30-40% 

^N=N H 2 N 

Scheme 2 

1) HBF 4 

BocHN R Ŝ 2;™"4 

^ ^ K 3) hv, HBF 4 

HN^N 
41%(R = H) 

1) Zn, HBF 4 

2) NaN0 2 , HBF 4 

3) hv, HBF 4 

10 - 30% 

0 2 N 
\ R H 

H N ^ N 

Scheme 3 

example of a 2,4-difluorinated imidazole derivative (14). The profound effect 
that fluorine has on the physical properties of this system can be seen readily by 
examining pKa's listed in Figure 1. Of the many biological effects of ring-
fluorination, the broad spectrum of activities shown by 2-fluorohisitidine is 
particularly striking. Included are potent antibacterial and antiviral activities, 
possibly associated with the fact that the analogue is incorporated into bacterial 
and viral protein (15). It is also incorporated into mammalian protein (15% 
inhibits leukocytopoiesis in the mouse (16), is incorporated into murine protein 
in vivo (17), has antimalarial activity (18), and inhibits enzyme induction in vivo 
(4). Also apparent is the importance of regiochemistry, since 4-fluorohisitidine is 
inactive towards the same targets. We recently have initiated new studies in an 
attempt to understand the fundamental mechanism(s) of the potent biological 
activities of 2-fluorohistidine. 

Ring-Fluorinated Indoleamines 

The Abramovitch adaptation of the Fischer indole synthesis was used to 
prepare 6-fluoroserotonin (10a) and 4,6-difluoroserotonin (10b), as well as the 
corresponding melatonins (lla,b) (19) (Figure 2). In the Fischer cyclization, 
ring closure is regiospecific, and none of the 4-fluorinated indole could be 
detected. We subsequently used an alternative procedure to install fluorine in the 
indole 4-position, based on regioselective electrophilic fluorination using N-
fluorobenzenesulfinimide, in order to synthesize 10c and 11c (20). 
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(Imidazole pK a = 7.5, Histidine pK a = 6.0) 

_ F Fv γ 

H N Y N H N ^ N H N ^ N 
7a 1 7b^ 7c 

F 
pK a = 2.4 pK a = 2.5 

Simple Fluoroimidazole 

H N ^ N 6b 

2- and 4-Fluorohistamine 

H N ^ N N H 2 

F 5a 
H N ^ N N H 2 

C 0 2 H 

5b 

ρ ΐ ς = 0.9 pK a = 2.5 

2- and 4-Fluoro-L-histidine 

H 2 NOC 

Η Ο ^ γ ^ Ο Η 
7 OH 

5-Fluorooimidazole-
4-carboxamide-l-
riboside 

^ C 0 2 H 

H N ^ N 8a 

^ C 0 2 H 

H N ^ N 8b 

2- and 4-Fluorourocanic Acid 

Et0 2 C 

F N ^ F 

9 H 

Ethyl 2,4-Difluoro-
imidazole 5-carboxylate 

Figure 1. Examples of ring-fluorinated imidazoles 

Side-Chain Fluorinated Imidazoles 

In our earlier work, we also prepared ring trifluoromethylated imidazoles, 
including 2- and 4-trifluoromethylhistidine (12a,b) (Figure 3) (27,22). Based on 
the very interesting biological properties we had discovered with fluoro- and 
trifluoromethyl imidazoles, we next considered imidazoles substituted with a 
fluoromethyl- or difluoromethyl substituent. A potential advantage to be found in 
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HO 

R i Η 

ΝΗ 2 MeO 

R i 

NHAc 

10a-c 
a: R| = H, R 2 = F 
b: R!=R 2 = F 
c: R ! = F , R 2 = H 

lla-c 

Figure 2. Ring-fluorinated indole derivatives. 

this series would be the available site on the carbon bearing the fluorine for 
chain extension (as, for example, in 13). Thus, this could represent fluorine 
substituted on the side-chain of histidine, of particular interest since this is the 
site of the reaction catalyzed by histidine ammonia lyase in the first step of 
metabolic degradation of histidine. 

Figure 3. Trifluoromethylhistidines and a difluoromethylimidazole 13. 

It must be pointed out that imidazole derivatives with fluorine on the side 
chain have been prepared previously. In contrast to our targets, these usually are 
the α-fluoromethyl or a-difluoromethyl-histidine and histamine derivatives, 
developed as inhibitors of PLP-dependent enzymes (23). β-Fluorohistamine was 
prepared by Kollonitich in 1970 by sulfur tetrafluoride deoxyfluorination of the 
corresponding β-hydroxy-histamine (24). 

Deoxyfluorination—Synthesis of 2- And 4-Fluoromethylimidazole and 2-
and 4-Difluoromethylimidazole 

F 3 C 12a 12b 13 R=e.g.glycyl 

Deoxyfluorination of l-trityl-2- or 4-imidazole carboxaldehyde produced 
the corresponding difluoromethylimidazole (14a,b) following de-tritylation 
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(Scheme 4) (25). The corresponding fluoromethylimidazoles (15a,b) were 
similarly prepared from hydroxymethylimidazole precursors (25). 

f=\ 1) (MeOCH2CH2N)2SF3 5% 
Χ Γ - Ν γ Ν 2)H + ,H 2Q,Quant H N ^ N ρ Κ & = = 3 4 

CHO C H F 2 1 4 a 

C H 0 l)(MeOCH 2 CH 2 N) 2 SF 3 43% 
! = ( 2)H+,H2Q,89% m i j , p K a = 4.1 

Tf"^" 1 4 b 

CH 2 F 

H R ^ N H N ^ N 

CH 2 F 1 S a 1 5 b 

Scheme 4 

In an approach to more complex molecules, 1 -trityl-4-imidazole 
carboxaldehyde was converted to the trimethylsilylcyanohydrin by known 
procedures. Following the strategy developed by McCarthy et al., (26) this was 
treated with DAST to produce α-fluoronitrile, albeit in low yield. Al l attempts 
to reduce this to the amine met with failure (Scheme 5). This approach was set 
aside and new strategies were considered. 

Low yield, impure N o evidence of product 
Scheme 5 

Addition of "FBr" to Vinyl Imidazoles--a-Fluorohistamines 

The addition of an FBr equivalent to a double bond has been developed as 
an effective route to fluorinated aliphatic compounds. The addition can be 
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stereospecific and follows Markovnikov regiochemistry to give a vicinal fluoro, 
bromo adduct. Bromine can be substituted to provide additional functionality, or, 
alternatively, it can be eliminated to produce a vinyl fluoride. Adding value to 
this procedure is the fact that the "FBr" addition can be repeated to produce 
geminal difluoro substitution. Haufe and co-workers (27) and Schlosser and co
workers (28) have developed this extensively. 

This approach was used to prepare β-fluorohistamine (16) and β,β-
difluorohistamine (17) from l-trityl-4-vinylimidazole, as outlined in scheme 6 
(29). 

R = H, F 

R "FBr" ρ F 
74% (R = H); / s J v B r 

Tr-N "Τ ^ 71%(R = F) Tr -N " 
^ N - HBr~(R==H) ^ N 

50% 

R F R F 
NaN 3 / ^ X ^ N 3 H 2 / P d - C / V ^ 1 ™ 2 

87"%lR^m M i 97%(R = H) Tr-N. Τ 

aî SL /̂ >CNH2.2HCI 
80%(R = H) H-N Τ 
87%(R = F) 

Scheme 6 

Using similar strategies β-fluoro- and β,β-difluorohistidinol (18, 19) were 
prepared from 3-(l-trityl-l^/-imidazol-4-yl)-prop-2-en-l-ol (30) In this case the 
stereochemistry of addition of "FBr" and elimination of HBr becomes important 
Scheme 7). 

Attempts to prepare the corresponding fluorinated histidines using this 
approach were thwarted by our inability to oxidize the primary hydroxyl to the 
carboxylic acid. We are exploring other approaches to the amino acids. 

Side-Chain Fluorinated Urocanic Acids. 

Trajw-urocanic acid formed by enzymatic elimination of ammonia is an 
important metabolite of histidine. Photochemical isomerization of /ratts-urocanic 
acid produces cw-urocanic, a compound that in vivo has been associated with 
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R-H.F "FBr" R s / F 

Tr-N Τ - HBr (R = Η) ^ Ν C H 2 0 H 

ρ R F 
- i^ i /^XN3 H 2 / P d - c , ^ Χ ^ 
25%, X = H T r -N Τ Τ 98%, X = H \̂N C H O O H 
73%,X = F C H 2 O H 87%,X = F ^ U M * U H 

R F 
A*HC1 /J>̂ NH2 95%, X = HH~N I I n M ' 2 H C 1 18, R = H 
84%,X = F ^ N C H 2 ° H 19,R = F 

Scheme 7 

photo-immunosupression. Traws-urocanic acid is further degraded by urocanase 
to give fomaminoglutamic acid, a source of biological C- l units (3Î). 2-
Fluorourocanic acid is a potent inhibitor of urocanase (32). Since the side chain 
of urocanic acid is modified by the enzyme, we were particularly intrigued by 
the potential consequences to the enzymatic reaction of fluorine situated on the 
double bond. 

In addition to 2- and 4-fluorourocanic acids described above (Figure 1), we 
have prepared a-and β-fluorourocanic acid (20 and 21, respectively). The 
former were prepared by olefmation of l-tritylimidazole-4-carboxyaldehyde with 
triethyl 2-fluoro-2-phosphonoacetate (Scheme 8) (33). 

^.CEO ( - l c 0 2 E t 
Tr-N ί + F — \ " 

VN P(0)(OEt) 2 

« Ύ Ύ ^ ν H N ^ r C 0 2 H 

\̂N F 3 3 / o t > \ ^ N F 20a , râ88% 
3 1 % Z 20b,*ra«81% 

Scheme 8 

Cis- and rraws-P-fluorourocanic acids (21a, 21b) were prepared by "FBr" 
addition to 3-( 1 -trityl-1 //-imidazol-4-yl)-prop-2-en-1 -ol followed by elimination 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
01

7

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



312 

and oxidation (Scheme 9) through the same intermediate used to make 
fluorohistidinols (34). Diminished stereoselectivity in the addition of "FBr" to 
the £-olefin led to problems in producing the Z-isomer. There was a 
compensatory loss of stereoselectivity in the second oxidation step that partially 
alleviated this problem. Nonetheless, we devised another approach to β-
fluorourocanic acids using "FBr" additions to alkynes (Scheme 10) (35). 

F 

CH 2 OH "FBr" / ^ ^ v ^ - B r 

Tr-N Τ Τ 
59 - 76% \s»N CH 2 OH 

F F 
-HBr / 5 : ^ ^ ( J X H 2 0 H M n O , / \ ^ ^ " C H 0 

, T r ~ N I ΛΓ~οΤο/ Tr -N 

F ? 
NaC102 / ^ A s r r . C 0 2 H H + / Ï Ï ; ^ ^ ^ 1 1 

21b (trans) 

(Scheme 9) 

ι y Difluorohistidinol 

Bu3SnH T r _ N /V^ C H 2 ° H / 
54% \ ^ N andZ-/2:3) \ β-Fluorourocanic Acids 

(Scheme 10) 
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Side Chain Fluorinated Indoles 

Attempts to use "FBr" addition to vinyl indoles as a route to side-chain 
fluorinated indoles were unsuccessful because of our inability to displace 
bromine (or iodine) from the original FBr or FI addition product with a nitrogen 
nucleophile. Therefore we returned to our original plan to use deoxyfluorination 
to introduce fluorine. l-Boc-3-azidoacetyl indoles were prepared from readily 
available chloroacetyl indoles. Treatment with deoxofluor proceeded cleanly to 
give the l,l-difluoro-2-azidoethyl-substituted indole. Following reduction of the 
azido group to the amine, deprotection gave the target β,β-difluoro tryptamine 
derivatives (22a-c). Acylation of the 5-methoxy derivative following azide 
reduction provided a route to β,β-difluoromelatonin (23) (36) (Scheme 11). 

R = H, OBn, OMe R = H, OBn, OMe 

NHAc 

(Scheme 11) 

Biological Activity 

Certain aspects of the biological activities of ring fluorinated imidazoles 
were discussed above, and have been reviewed. To date we have limited data on 
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the biological activity of side-chain fluorinated imidazoles and indoles. In one 
example, initial attempts to use β,β-difluorotryptamine (22a) in an enzymatic 
assay were thwarted by the instability of this analogue under conditions of the 
assay. We have not yet examined interactions with 5-HT receptors. 
β,β-Difluorohistamine showed no activity at a histamine receptor. Both a- and 
β-difluorourocanic acids (20b, 21b) (trans) were weak non-competitive 
inhibitors of urocanase. Neither β-fluoro- nor β,β-difluorohistidinol had any 
effect on normal or tumor cells either in the presence or absence of cis-platin. 

There remain several areas of investigation. In particular, we will examine 
the effects of side-chain fluorination on the interactions of side-chain fluorinated 
amines with monoamine oxidases and on PLP-dependent enzymes such as 
decarboxylases. The latter study will be initiated upon completion of the 
syntheses of the corresponding amino acids. 

Summary and Outlook 

Syntheses of side-chain fluorinated analogues of imidazoles and indoles add 
to the inventory of fluorinated derivatives of these important biomolecules. 
There remains much to do regarding the effects of fluorination on biological 
activity. The most immediate goal for future synthetic work is completion of the 
syntheses of side-chain fluorinated analogues of histidine and tryptophan. Routes 
under investigation include fluorodeoxygenation of intermediate hydroxy or 
carbonyl precursors. Enantioselective approaches to these precursors are being 
pursued. Results of this synthetic work will be published in the near future. 
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Chapter 18 

Functional Group Transformations at a-Carbon 
to Trifluoromethyl Group 

Toshimasa Katagiri and Kenji Uneyama 

Department of Applied Chemistry, Faculty of Engineering, Okayama 
University, Tsushimanaka 3-1-1, Okayama 700-8530, Japan 

This account summarizes the building methods of chiral α-
carbon to trifluoromethyl group and further substitutions on 
that carbon. The preparations of the chiral trifluoromethylated 
compounds are relatively well studied. Meanwhile, the stereo-
specific substitutions on the α-carbon to trifluoromethyl group 
should be developed to increase the versatility of synthetic 
strategies. 

1. Introduction 
The importance of optically active fluoro-organic compounds in the fields of 

medicinal chemistry, agrochemicals, and material science is well known [/]. 
The poor availability of optically active fluoro-organic starting materials, which 
stems from a lack of natural fluoro-organics, has made the preparations of 
optically active fluoro-organics only via synthetic methodologies [2]. The 
unique reactivity of such fluoro-organics makes the construction of the desired 
structure challenging. Therefore, a smart strategy and an effective device have 
been needed to achieve this goal. Thus, a stereocontrolled preparation of fluoro-
organics has been of interest not only to biochemists and medicinal chemists, 
but also to synthetic organic chemists. 

Among tie second-row elements, nucleus of the fluorine atom has biggest 
positive charge next to neon atom. Thus, the electrons surrounding the fluorine 
atom are attracted near by the nucleus, due to lack of the shielding effects by 

318 © 2005 American Chemical Society 
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inner sphere electrons. This strongest electron withdrawing effect of the 
fluorine atom characterizes properties and reactivities of the fluoro-organics. It 
is well known that the orbital energy level of fluorine 2p is ca. 5 eV lower than 
that of hydrogen Is [3], Thus, both the bonding and the antibonding orbitals 
generated by the interaction of parent organic SOMO and fluorine 2p (right hand 
side) are always lower than those generated with hydrogen Is (left hand side), as 
illustrated in Scheme 1. 

Atomic and molecular 
orbital energy level 

^ R - H 
H l 5 MOs K-SOMO 

R - F 
antibonding M O s 

antibonding 

Scheme 1. Molecular orbital energy diagram for fluorinated compounds 

This MO energy level diagram explains some properties of fluoro-organics 
also. One may find the eneigy level of bonding (occupied) orbital resembles to 
that of fluorine 2p. Thus, the wave fonction of the bonding orbital resembles to 
that of fluorine 2p. That is, the electrons in this orbital are attracted around the 
fluorine atom. Moreover, the lower level of the bonding orbital suggests smaller 
fluctuation of electrons, due to strong interaction by nuclei of the molecule. In 
other words, the fluoro-organic has smaller electric polarizabilities and 
refractive index; thus, causes a smaller van der Waals interactions [4]. 

The om of the fluorine atom is 0.34 and σ ρ is 0.06, thus σι (inductive effect) is 
0.50 while o R (resonance effect) is -0.44 [5]. That is, the fluorine atom itself is 
an electron withdrawing group from inductive point of view, while electron 
donating group from resonance. Meanwhile, trifluoromethyl group is a pure 
electron withdrawing group. The a m of the trifluoromethyl group is 0.43 and σ ρ 

is 0.54; thus the σι of the group is 0.41 and OR is 0.14 [J]. 
Trifluoromethyl group withdraws electrons anyway, which makes the 

surroundings of the group electron deficient and makes the trifluoromethyl 
group itself negatively charged. Of course, the extent of the negative charge on 
the trifluoromethyl group is depending on the residual moieties; some MO 
calculation estimated it to be 0.1 eV [6]. One may consider that the trifluoro
methyl group is a concentrated negative charge, thus hinders access of 
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negatively charged nucleophiles [7]. The effect of the trifluoromethyl group to 
the reactivity is such simple, but strong. 

2. Construction of trifluoromethylated chiral carbon center 
The most popular structures of optically active fluoro-organics, 3-substituted-

l,l,l-trifluoro-2-propanol, 1 [8] and 2-amino-3-substituted-l,l9l-trifluoro-
propane, 2 [9], are shown in Scheme 2. The merit forthe utilization of 1 and 2 
is not only limited in their easy preparations but also their possible optical 
purification via recrystallizations. 

Scheme 2 Q H ^ 

F 3 C ^ R : R F 3 C ^ R : R 

2.1 Trifluoromethylated carbinols 
Higher than 96% ee (2% impurity) is required for optically pure materials, 

and >99.6% ee (02% impurity) is required for pharmaceuticals. Thus, the 
optically active fluoro-organics with moderate enantiomeric excess cannot be 
used practically as they are. They need some methods for optical purifications. 
It is very fortunate that the β-fluorinated alcohols have higher melting points 
than non-fluorinated alcohols; melting point of 2,2,2-trifluoroethanol (-44 °C) is 
86 °C higher than that of ethanol (-130 °C) and that of l,l,l,3,3,3-hexafluoro-2-
propanol (-4 °C) is 85 °C higher than that of 2-propanol (-90 °C) [70]. This 
would be due to higher acidities of fluorinated alcohols. Optical purification of 
3-piperidyH,l,l-trifluoro-2-propanol9 an amino alcohol with intramolecular 
hydrogen bond acceptor, was reported [77]. The hydrogen bondings of 3,3,3-
trifluorolactates recognize their chirality even in the liquid state [72]. The 
structure of the hydrogen bonding systems in the crystal had been studied by X-
ray crystallographic analyses [73]. Thus, some fluoro-alcohols with moderate 
optical purities may be purified in almost optically pure form via 
reciystallizations [14-17]. 

2.1.1 Biochemical resolution of racemates (Scheme 3). 
Lipase acylation [75-20] as well as deacylation [20-27] resolves optically 

active α-trifluoromethylated carbinols 1. Deacylation of the ester seems much 
effective than acylation [20]. Even optically active teri-alcohols have been 
prepared by the process [23b,26\. 
Scheme 3 

' OAc 
OH lipase OH OAc 
X • Λ * Λ 

F3C R acylation F3C R P3C R 

OAc lipase OAc OH 

F 3 C ^ R deacylation F 3 C ^ R + F g C ^ R 
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2.1.2 Stereocontrolled reductions (Scheme 4). 
Stereocontrolled reduction of trifluoromethylated ketones would be the most 

popular preparative method for 3-substituted-l,l,l-trifluoro-2-propanols [28]. 
Scheme 4 _ Λ 1 1 

Ο reduction* ÇH OH 
H ^ : or ϊ 

F3C R F3C R F 3 C ^ R 

Noteworthy is that enantioselective reduction of trifluoroacetophenones seems 
more difficult than that of trifluoroacetones. This would be due to similarity 
between the electrostatic structure of negatively charged trifluoromethyl group 
and that of negatively charged π-system of aromatic rings (Scheme 5) [<$]. 

Enzymatic [29] and microbial [30-33] reductions of the ketones have been 
studied veiy well. Due to high structure ^ecificity of the enzymes, applicability 
of the process for the aimed fluoro-organics seems to be tough to predict Even 
the substituent far from the carbonyl reaction center affected to the enantiomeric 
excess [31b]. 

Many diastereoselective reductions of carbonyl compounds with chiral 
auxiliary [34.35], and enantioselective reduction with using chiral reducing 
agents [36-42] or catalytic hydrogénations [43-46] have been reported. They 
give almost optically pure alcohols in good yields. 

Catalytic enantioselective alkylation of fluoral, trifhioroacetaldehyde gave a 
variety of trifluoromethylated carbmols m good enantioselectivities [47]. 
Alkylation with optically active carbon nucleophiles also generated a new 
stereogenic center effectively [34,48,49]. 

Strong electron withdrawing effect of trifluoromethyl group stabilizes the 
hemiacetal form. Thus, the nucleophilic alkylation of simple trifluoroacetate, 
such as CF3-COOEt gives trifluoromethyl alkyl (or aryl) ketone predominantly. 
Further catalytic or stoichiometric enantioselective alkylation gave /erz-alcohols 
in good yields [50,51]. Similarly, catalytic enantioselective Friedel-Crafts type 
alkylation of trifluoropyruvate which was prepared from hexafluoropropene 
oxide, gave a variety of α-hydroxy acids, the family of MTPA [52]. 
Diastereoselective alkylation of ketones by carbon nucleophiles with chiral 
auxiliaries gave trifluoromethylated Jerr-alcohols in good yields [53-55]. 
Chromatographic purification may remove the by-produced diastereomer, thus 
the method would be of practical. 

Diastereoselective trifluoromethylation by trifluoromethyl carbanion species 
to optically active aldehydes gave trifluoromethylated $ec-alcohols [56,57]. 
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2.1.3 Stereocontrolled oxidations (Scheme 6). 
Sharpless dihydroxylation of the trifluoromethylated olefins gave highly 

functionalized optically active diols [58-60] in good yields with good enantio-
selectivities. Products were purified by recrystallizations. 

Scheme 6 u n _ 
R AD-mix "\Γ 

F , C ^ « Y 
2.2. Trifluoromethylated amines 

Due to their biological interests [9\ there have been so many reports on the 
preparations of optically active 2-amino-3-substituted-l,l,l-trifluoropropanes9 2. 
Reciystallkation of the derived diastereomers gave optically pure products 
[61,62]. Enzymatic resolutions also worked [63,64]. 

2.2.1 Stereocontrolled reductions (Scheme 7). 
Compared to that of the carbonyl compounds, there have been only a few 

trials on enantioselective reduction of trifluorome&ylated imines [65-67], There 
still remain a tat of interesting subjects to study. Among the stereocontrolled 
reductions, 1,3-proton shift method (Scheme 7b) seems to be have a synthetic 
merit for easy removing of auxiliary [68], Prevention of the further 
racemization would be a remained problem which should be solved [69\ 
Scheme 7 

R* 
a N* reduction 

F 3 C ^ R ' * " F 3 C 

R* P* 
ΗΝ ΗΝ 

I or ! 
R'* F t f r ^ r " 

Ν R 

F3C 

R" 

r f ^ R 

There have been some reports on diastereoselective reductions of imines 
bearing chiral auxiliaries on their nitrogen atoms [70-72]. 

Diastereoselective reduction of JV,0-ketal also gave trifluoromethylated amine 
[73]. Although the starting 7V,0-ketal has a chirality on the trifluoromethylated 
carbon, the chirality of the product was independent from that of starting NtO-
ketal (Scheme 8). The chirality of the product was depending on other 
chiralities on the carbon frameworks and rings. 

Scheme 8 

R-HN 0-R 

F s C ^ R 

NHR 
11 

F 3 C ^ R 

Nu: R-HN N u 

F 3 C ^ R 

2.2.2 Stereocontrolled alkylations (Scheme 9). 
Recently, highly enantioselective alkylations of trifluoromethylated imine was 

reported [74,75], Full optimization of the chiral ligand enabled the highly 
enantioselective reactions. The alkylated imine was in a hetero 6-membered 
aromatic ring, thus fixation of E-Z structure of the imine seems to be a key for 
the high enantioselectivity. 
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Scheme 9 R . 

N' alkylation* R jiH 

FjC R* " F 3 C ^ R ' * 

Diastereoselective alkylation of imines from fhioral or trifluoromethylated 
ketones have been studied welL Mother chiral center was on a trifluoro-methy-
lated carbon framework [76], on an imine nitrogen as a chiral auxiliary [77-80], 
or on a nucleophite [81-83]. Nucleophilic trifluoromelhyiation of imines with 
chiral auxiliary also gave optically active trifluoromethylated amines [84], 

2.2.3 Diastereoselective animations (Scheme 10). 
Diastereoselective 1,4-amination of trifluoromethylated-acrylamide [85] or 

trifluoromethylated-nitroolefin [86] gave optically active β,β,β-trifluorinated 
amines with new chiral center. Diastereoselectivity has been remained moderate. 
Scheme 10 ,R* 

O R*-NHg ΗΝ Ο R'-NH, HN' R 

F , C ^ N ° ° F3cA-N0' 
2.3. Preparation of other optically active trifluoromethylated compounds 
2.3.1 Acetals and ketals. 

The hemiacetal form of the fhioral has a trifluoromethylated stereogenic 
center. Enantioselective catalytic addition of oxygen nucleophile gave optically 
active hemiacetals [87] (Scheme 11). Further activation of the hydroxy group 
gave an optically active sulfonate which is a general precursor of trifluoro
methylated sec-alcohols via stereoselective substitution of the sulfonate by 
carbon nucleophiles. 
Scheme 11 ~ 

ίι LA* O-R 
JL ROH * I 

F 3 C ^ H TsCI F g C ^ O T s 

Some MO-ketals [73,88-90] and MS-ketals [Pi] have been prepared 
diastereoselectively. Their ftirther substitutions on the stereogenic center could 
be regarded as elimination-addftion reactions via imine species. Metal coordi
nation to the oxygen moiety controlled stereochemistry of further addition [92]. 

2.3.2 Epoxides and aziridines. 
Optically active (75% ee, 5>2,3-epoxy-l,l5l-trifluoropropane (TFPO) was 

industrially produced by a microbial oxidation of trifluoropropene (Scheme 12) 
[93]. The optically active epoxide has been prepared via many routes. Recent 
enantioselective hydrolysis of racemate gives optically pure epoxide very easily 
[94]. The nucleophilic ring opening reaction of this epoxide gives a variety of 
3-substituted-l ,1,1 -trifluoro-2-propanols. Details on the preparations and the 
ring opening reactions of the TFPO were summarized in reviews [ 7a,b,95]. 
Scheme 12 

^ microbial ^ 9 
F 3 ( r ^ oxidation F3C^ 

(S)-TFPO 

Highly substituted trifluoromethylated epoxides were prepared by catalytic 
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enantioselective epoxidation of the corresponding olefins [96,97] and 
diastereoselective carbene addition to the trifluoromethylated ketone [98]. 

OpticaDy active aziridine was prepared via addition of carbenoid with chiral 
auxiliary to trifluoromethylated ΛζΟ-ketal (imine synthon) [99]. 

2.33 Compounds with trifluoromethylated chiral carbon without hetero 
atom. 

Diastereoselective reduction of trifluoromethylated olefin gave trifluoro
methylated chiral carbon without heteroatom [100]. Diastereoselective 1,4-
addition of carbon nucleophiles to trifluoromethylated olefin with carbonyl or 
sulfoxide also gave trifluoromethylated chiral carbons without heteroatoms 
[101,102]. An intramolecular SN2 f reaction also gave optically pure lactone 
[103,104]. Preparations of optically pure quaternary carbons with trifluoro
methyl group were attained by direct fluorinations of optically pure carboxylic 
acids by SF 4 [705]. 

2.3.4 A new resolution by halogen bonding. 
Recently, a new optical resolution using halogen bonding between optically 

active fluorinated bromide and chiral amine was developed [106]. This 
interaction, halogen bonding, is a unique interaction of bromo- or iodo-fluoro-
organics. Further utilization of the interaction for optical resolution is expected. 

2.4. Conclusion of survey on preparation of optically active trifluoro
methylated compounds. 

The literature survey of preparative method for optically enriched (or pure) 
trifluoromethylated compounds showed us remarkable developments in these 
ten years. We now can obtain some optically pure trifluoromethylated 
compounds. Still we have limitations that many of available structures have 
heteroatom substitutions at chiral center, -OH or-NR 2 . 

Catalytic enantioselective preparation is ideal. However, we have only a 
limited number of such reactions with high enough enantioselectivities. 
Furthermore, we have to purify optically any target compounds for practical use. 
The method for optical purification of enantiomer is very limited. We have 
some chance to purify the crystalline fluoro-organics, but we have to use 
expensive chiral chromatographic methods for oily or wax compounds. 
Meanwhile, diastereomers can be separated via ample and rather cheap 
chromatographic methods. This possible purification of the diastereomers made 
diastereoselective reaction rather practical. However, the diastereoselective 
strategy needs protection by chiral auxiliary and deprotection processes. 

Right now, we synthesize the aimed compounds from available non-chiral 
fluoro-oiganics, then give a stereogenic center almost at the final stage of the 
syntheses, respectively. In general organic synthesis, we start a total synthesis 
of the aimed compound from easily available chiral compound, so called "chiral 
pool." To adopt this strategy, we also have to develop reliable chiral fluoro-
organics and stereospecific transformations at their chiral center. 
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3. Stereospecific transformation of functional groups on 
α-carbon to trifluoromethyl group 

We have to discriminate stereospecific reactions from diastereoselective 
reactions, at first. Some stereoselective substitution of #,0-ketal proceeded via 
tentative recovery of imine moiety followed by nucleophilic addition. Thus, the 
chirality of flie product was independent from that of the reaction center, at all. 
The stereoselectivity seems to controlled by chirality of neighboring moieties 
(Scheme 8,13) [73,77,88-90,107,108]. 
Scheme 13 

Ο 

F 3 C ^ R 
F 3 C * R 

A 

Λ 

ΙΓ\Η 
A 

Nu: A 
* Nu NH OH Nu NH 

X — 
F 3 C ' * X R 

Independent from the 
chirality on trifluoro-
ethytated carbon of A 

H 
Ν~γ ,Ph 

TMS-CN 
SFaOËtg 

ref 107 

Ph 

Λ ^ Ο Η „ ΗΝ' 

F 3C^'"CN 

91%. 66% de 

F 3 C - < 

1) TMSCL LiN(SiMe3)2 

2) PhBr, n-BuLl 
THF 

Ο"" 
33% de 

ref 108 

9 3 ) 2 CF 3 

OH 

97%, ca 100% de 

Meanwhile, chirality of the product in another nucleophilic substitution of N,0-
ketal was depending on the chirality of the ketal carbon (Scheme 14) [92,109]. 

LAH t 

ref 109 

LAH ^ 

ref 109 

94%, 88% de 92,100% de 

A coordination of organometallic reagent to the oxygen was suggested for 
explanation of retained chirality of the product [92]. 

3.1. Nucleophilic substitution 
Fortunately, a wide variety of preparations for the enantiomerically enriched 

a-trifluoromethylated carbinol unit, CF3-CH(OH)-, have been developed (see 
above). These compounds 1 had been considered to be a potential optically 
active fluorinated starting materials with a wide applicability. However, the 
stereospecificnucleophilic substitution of the hydroxy group in the unit structure 
was always notoriously difficult [110]. Thus, the synthetic application of the 
compounds had been limited to their use without recombination of the carbon-
oxygen bonds (Scheme 15). 
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Scheme 15 M o d | f | c a t f o n o f Nucleophilic substitution 
R group | QH 1 ° < 0 Η 9 « ™ ρ N u 

The prevention of the nucleophilic substitution of the hydroxyl group in the 
CF3-CH(OH> unit has been attributed to iie strong electron wfthdrawing effect 
as well as the steric hindrance of the trifluoromethyl group. The former effect 
strengthens and shortens the C-0 bond. The steric hindrance of the group is 
much larger than that of the methyl group and has sometimes been compared 
with the isopropyl and/or tert~buty\ groups [111,112], The origin of the steric 
hindrance is the electrostatic repulsion of the negatively charged trifluoromethyl 
group to the negatively charged nucteophiles; thus the group would be repulsed 
by a greater distance than ftat results from the van der Waals repulsion. We 
believed that the Coulombic repulsion effect would be suppressed in an 
intramolecular substitution, because a nucleophile would be readily put near the 
reaction center. In fact, we succeeded in preparing optically active aziridine 
[113], and cyclopropanes [114] νια the intramolecular nucleophilic substitutions 
of the hydroxy group in the CF3-CH(OH)- unit. 

Until 1995, a few nucleophilic substitutions of the hydroxy group of the CF 3 -
CH(OH> unit had been reported [115-121], However, the SN2-type reactions 
without participation of the neighboring heteroatom or π-conjugations had been 
a very few [115,117,118]. 

We had made a study on the halogenations of 3-isopropyloxy-l,l5l-trifluoro-
2-propanol 3 to chlorinated product 4 with a series of reagents (Scheme 16). 
Our trials, as well as previous reports, found that only PPh 3/CCl 4 was effective 
[118,122], After the cautious separation from startmg fluoro-alcohol 3, the 
product 4 was submitted to hydrolysis under a basic condition. A trace (ca. 3%) 
amount of fluoro-afcohol 3 was isolated and chiral GC analysis of the product 
was identified to be the starting fluoro-alcohol 3 with 75% ee (S), Thus, the 
halogenation with PPh 3 /CCl 4 would be enantiospecific process with inversion of 
configuration. 

Scheme 16 Q H χ Λ OH 

F 3 ( A ^ P r -gBRr F a C A / O - i P r -flgf— F 3 C A ^ O * r 
3 75% ee refs 118,122 4 3 75%ee 

PPh3/CCI4 Δ: 4,40% SOjjCi^Py Δ: no reaction Ph2PCI, Et3N Δ: no reaction 
HCI/H2S04 Δ: no reaction PCI3/CH2CI2 Δ: no reaction Ph3pCI2/CH2CI2 Δ: no reaction 
HCI/AcOH Δ: no reaction PCl5/CH2CI2 Δ: no reaction 
SOCI^Py Δ: no reaction (PhO)3P, BnBr/CH2CI2 Δ: no reaction 

Contrary to the reaction of hydroxyether 3, reactions of hydroxysulfides 5 
withPPh 3 CyCH 3 CN or PPh 3/CCl 4 produced two different halo sulfides, 6 and 
7, depending on the reagents and conditions (Scheme 17) [123]; the reaction 
with PPh 3 Cl 2 /CH 3 CN mainly produced rearranged halo sulfide 7, while the 
reaction with PPh 3/CCl 4 gave a directly substituted halo sulfide 6. When the 
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latter reagent was used in a more polar solvent, such as CH3CN, the main 
product of the reaction became the rearranged 7 (Scheme 17). 

S C h e m e 1 ? OH r e a g e n t s ÇI S-Ph 

F a C ^ \ / S - P h conditions F 3 c ' " \ ^ S " P h *ψ3ο^^α 

5 ref 123 6

 3 7 

reagent, conditions 6 : 7 yield 
PPh 3Ci 2 /CH 3CN,A,22h 10:90(92%) 

PPh 3 / CCI4, Δ, 2.5 h 60 :40 (64%) 
PPh 3 , CCI4 / CH 3CN, Δ, 24 h 23 :77 (77%) 

Scheme 18 
O H PPhaClg/CHgCN o1>Phf CI S N2 ψ 

F 3 C ^ ^ S R orPPha^CU C - A ^SR subst i tut ionpgC"^ 8 0 

5 ref123 3 8 6 

L Ph3P«0 

F 3 C 

Θ 
...JR iR^CJn'ng opening fR 

~ CI reaction F 3 C 
7 

Both compounds would be produced via common intermediate 8 in Scheme 
18. The halo sulfide 6 would be produced via direct SN2 through the action of 
the counter chloride ion of mteimediate 8, while fte halo sulfide 7 would be 
produced via intramolecular SN2 through the action of the sulfur atom to give an 
episulfonium 9, followed by a successive ring-opening reaction at the less-
hindered methylene position by counter chloride ion. 

The solvent effect would play an important role in determining the reaction 
course as shown in Scheme 18. When the solvent is less polar, the ion pair 
should be "contact." Thus, the counter chloride ion would be located close to 
the reaction center; it would be near enough to undertake the direct SN2 to give 6. 
In the case of more polar solvent, on the other hand, the ion pair would be 
somewhat "separated." Thus> the intramolecular SN2 would be initially 
preferable at producing electronically unstable episulfonium 9, which would 
then ring-opened by counter anion, to give 7. The total transformation of 4 to 
either 6 or 7 involves a stereospecific inversion at the trifluoromethylated carbon 
atom. Here, we can propose that the key item for nucleophilic substitution ata-
carbon to trifluoromethyl group is "how to put the nucleophile near by the 
reaction center". On this basis, an intramolecular reaction would be the most 
simple and reliable way to put a nucleophile near by the reaction center. 

3.1.1 Intramolecular strategy 
Appels condition with enantiomerically pure aminoalcohol 10 with 

PPh 3 Cl 2 /CH 3 CN produced a corresponding iV-benzyl-2-trifluoromethylaziridine 
11 in good yield (Scheme 19) [773]. The stereochemistry of the aziridine was 
confirmed to be (R); the reaction also completed with perfect inversion of 
configuration. With a similar manner, JV-tosyl-2-trifluoromethyl aziridine was 
produced [124]. These aziridine can be a general precursor for β,β,β-
trifluoroamines. Ring opening reaction of the aziridine has been reported, 
elsewhere Γ 7251 
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Scheme 19 B n 9H H Ph,PCI„ EfaN, M 
F 3 C ^ % n F a C - < l 

10 85% isolate yield n 
96% NMR yield 1 

ref 113 
Scheme 20 0 H Η 

NNCHPh2 12 
9H

 Η H1 

! ™ mixture 
FgC^^ ĈHPh2 

PPh3CI2(5eq.), P n C H 

EtgN/CHaCN̂  Ν""Λ N' 2 

temp.90min. J^/ F C ^ \ 
ref 126 F ° C „ „ 

10 temp yield 13,11 [%] 50 eC 35,38 70 eC 96,97 

A similar ring closure reaction using PPhaCyCHsCN to produce pyrrolidine 
13 was successful [126]. A relative rate study on the ring-closure reactions of 
12 and 10 showed that the reaction rates of these two cyclizations were 
comparable (Scheme 20). 

Intramolecular nucleophilic substitution by carbanion species had been 
regarded as being much more difficult than that with nitrogen nucleophiles, 
because of there being much lager repulsion between the trifluoromethyl group 
and the localized negative charge of die carbanion than between the 
trifluoromethyl group and the lone pair on nitrogen nucleophile. To prevent this 
large unwanted repulsion, the negative charge on the carbanion moiety should 
be delocalized. The reaction of cyanohydrin 14a-h with aromatic moieties was 
achieved easily to produce trifluoromethylated cyclopropanes in moderate to 
good yields (Scheme 21,40-85%) [6, 114a]. 
Scheme 21 

I H 1 P-TsCI.NaH f f" 
refs 6.114a 

14(0-33%de) cis15 trans 16 
OMe 

15a R = —ζ~̂ > de = 81% 15d — ~̂̂ -OMe de = 84% 169 —^jf5 77% 
OMe ( > 9 8% 

15b " Ο 4 7 o / o 15e -nQKOMe 9 0 % 1 5 H - N H 
1 5 C -^Q-OMe 63% 1« 66% 

The carbanion center of intermediate anion species 17 and 18 would be sp2-
configurational thus prochiral, and the de of the starting material would not 
affect to the de of the product The de was affected by electrostatic repulsion 
between trifluoromethyl group and cyano moiety or aromatic moieties (Scheme 
22) [6]. Absolute configuration of the product was controlled by chiral carbon 
center attached by trifluoromethyl group. The product was converted to 2-
trifluoromethylcyclopropane amino acids [114b]. 
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Scheme 22 
Γ 

HO' 

ÇF 3 Ar TsCl 

CN 
14 

NaH 

ref 6 

< 

H Ar 

F 3 C C, 

TsO-
S N 2 

17 

TsO 
H 

7 ^ 

F a C ^ A r 

18 

SN2 

Ar 

F 3 C CN 
cis19 (major) 

F 3 C Ar 
trans 20 (minor) 

3.1.2 Intermolecular reactions 
As was described in our previous reviews and in the previous section, the 

intermolecular 5^2 at α-carbon to trifluoromethyl group is notorious for its 
difficulty [7]. Thus, the reaction needs some device to attract nucleophiles near 
by the reaction center. At the same time, the reaction should be so called "pure 
SN2", without participation of cationic SN1 mechanism throughout the reaction, 
due to the strong electron withdrawing effect of trifluoromethyl group. Thus, 
the reaction would undergo with complete inversion of configuration. The 
reaction is tough to doJbut is stereochemically pure process. 

To date, a nucleophilic substitution of hydroxyl group at the primary carbon 
of 2,2,2-trifluoroethanol has been reported. The reaction gave the amino acid 
derivatives in moderate yield (Scheme 23) [777]. A reaction of much hindered 
α-trifhioromethykted secondary alcohol with organometallic reagents has 
resulted in recovery of starting alcohol (Scheme 24) [110,127]. 

Scheme 23 M W 

CF3-CH.OT , I j K - C ^ N H A c , c ^ J ^ 4 6 % 

ref 117 2 

Scheme 24 
C F 3 ! Metal* *CH2-R K 1 n . 

D x ^ _ T . —*· No Reaction 
R 0 T f ref 110,127 

Some stereospecific intermolecular substitutions at α-carbon to trifluoro
methyl group by heteroatom nucleophiles have been reported; the substitutions 
by halogens were illustrated in Scheme 16 [118,122]. Nucleophilic substitutions 
of a triflate with benzoic acid successfully underwent with complete inversion of 
the absolute configuration of the reaction center with CsF catalyst to produce the 
other diastereomer stereoselectively (Scheme 25, upper) [128], Similar 
nucleophilic substitutions by oxygen, nitrogen, and sulfur nucleophiles utilizing 
KF or CsF catalysts gave the products with inversion of fiie absolute 
configurations in moderate yields (Scheme 25, lower) [72P]. 
In both cases, the CsF seems to be a key agent for the intermolecular 
nucleophilic substitutions. 

Ammonolysis of tosylate under a high pressure gave optically pure amine in 
stereospecific manner (Scheme 26) [750]. Some electronic participation of 
phenyl ring is expected in this reaction. The aid of aromatic moiety in Friedel-
Crafts alkylation had been confirmed [116a]. 
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Scheme 25 _ 
OH OH 
• u 1)Tf20,2,6-luîidine ! W e v 

ρ r " " \ ^ H e x 2 lPhC0 2 H t CsF 

^ ι 3JL1AIH4 " I 

ref 128 

OTf Nu-H,CsF r Ψ 

F g C ^ H e x D M F F g C ^ H e x 
rot IOC 

Nu-H: PhCOOH (51%) 
: PhSH (84%) 

: Phthalimide(21%) 

Scheme 26 

NH4OH 
THF 
103°C,6kbar,4h 

H 2N β 

F 3 C 

ref 130 optically pure 

Neighboring oxygen atom could assist formation of cationic species wift con
tribution of oxonium structure. Thus, the substitution of one oxygen in aeetal 
should be easier than that of alcohols. Actually, aBeylations by carbanions have 
been succeeded (Scheme 27) [87,131], The use of aluminum ate complex as the 
nucleophile seems to be a key for this process. The strong interaction between 
organo-akminium and trifluoromethyl group has been sometimes suggested 
[752]. Chirality did not transfer perfectly; some epimerization occurred. 
Scheme 27 

O-Bn 

F ^ ^ O T s 
AI(EtaAIR)orU(AIR^,i 

toluene, Et zO 
refs 87,131 

O-Bn 

F 3 C ^ E t 

59%, (100% ee) 

O-Bn 

F 3 C ^ M e 

26%, (87%ee) 

O-Bn 

F 3 C ^ B u 

62%,(90%ee) 

O-Bn O-Bn O-Bn 

JDBn 
Bu "TMS 

77%, (97% ee) 60%, (95% ee) 23%, (95% ee) 63%, (97% ee) 61%, (95% ee) 

O-Bn O-Bn 

OO/ /Ω-70/ A«\ L J C I OA /QCO/ A«\ > 

O-Bn O-Bn 

81%, (90% ee) B r 48%,(83%ee) OMe 

A substitution of chlorine by fluorine under a strong oxidative condition also 
underwent with inversion of absolute configuration, but with some racemization 
(Scheme 28) [735]. 

Scheme 28 
F 2 H C ' ° X C F 3 

ci Ή 

(R)-98.5% ee 

BrF3 

Bri 

ref 133 

F 2 H C ' ° X C F 3 

H F 

(S)-91.7%ee 

3.1.3 SN2 f strategy. 
An SN2' type reaction of γ-trifluoromethylated allyklcohols gave tert-carbon 

framework with complete chirality transfer (Scheme 29) [134]. The reaction 
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could be an alternative method for stereospecific preparation of optically active 
trifluoromethylated carbon without heteroatom substituents. 
Scheme 29 

ÇF 3 Ο 

ref134a 
OMe 

OH 
73%, >98% de 

° H ? F a 1)AcCl.Fv 
B r K ) ^ ^ ^ 2)ÊuMgBr, CuCN, ÎMS-CI g n o x 

54% ee ref 134b 93%, 54% ee 

O-Ms 

F 3 C ^ "R 

82% ee ref 135 

O-Bz 

F 3 C ^ ^ R 

87%, 84% ee 

The starting compound was produced from trifluoroacetylenes but would be 
prepared from optically pure α-trifhioromethylated allylalcohols via an SN2' 
substitution [755], 

3.1.4 Scope and remained problems on enantiospecific SN2 strategy 
Among the nucleophilic substitutions at α-carbon of trifluoromethyl group, 

intramolecular nucleophilic substitution seems to work, somewhat. However, 
sever limitation is that the products have been limitai to the three-membered 
ring compounds. Production of five membered ring compounds became tough 
due to the higher degree of freedom of longer methylene chain. 

Present scope of the stereospecific intermolecular substitution is still narrow. 
Trifluoromethylated carbinols have experienced heteroatom substitutions with 
the aid of CsF salt, but no carbanion substitutions, yet. Neighboring group 
participation by oxygen enabled substitutions by carbanions, but causes some 
epimerizations. 

3.2 Substitution of protons by electrophiles: trifluoromethylated carbanion 
chemistry. 

A carbanion with sp3 carbon cento- can hold its chirality in the course of some 
additions to electrophiles. Moreover, trifluoromethyl group is a strong electron 
withdrawing group, thus it should stabilize the carbanion at α-carbon. Therefore, 
the α-trifluoromethylated carbanions from optical active trifluoromethylated 
compounds could be good synthetic units which posses both trifluoromethyl 
group and chirality. However, there have been a few reports on such sp3 

carbanion species [136,137]. This present situation is due to unstable nature of 
such carbanion, it spontaneously gives off a fluorine atom as a fluoride to 
produce difluoroolefins [lb,2]. To suppress this unwanted side reaction, many 
trifluoromethylated carbanions have been prepared as conjugate enol form with 
sp2 carbanion center [137,138], where they have no chance for stereospecific 
reaction at that carbon. One of the possible access to the stereoehemically stable 
carbanion is to utilize a ring fused carbanion, in particular, a carbanion on a 
small ring such as cyclopropanes, oxiranes, and aziridines. In actual, only the 
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Scheme 30 
Η<^0 n-BuLi Θ^Ο Ε Ε ' ^ 0 

F 3 C ^ THF *' F a C ^ - l02 e C " F 3 C ^ 
_102 e C E : electrophile 

ref 139 
PH ^ OH ^ OH it~\ OH 

F 3 C ^ F 3 C ^ F 3 C ^ 
,0 

ρ 
y O Ph 3Si, 0 PhaSn ο H 3C Q (EtO)2B/ q 

^ p 3 c^<J Ρ 3 0 ^ Ffi** ψ#** 
82% 70% 87% 75% 42% 

oxiranyl anion [139] and the aziridinyl anion [124,139b] retained their chirality 
on the α-carbon, among the reported α-trifluoromethylated carbanions. 

The carbanion from optically active TFPO reacted with a variety of 
electrophiles to give optically active 2-substituted-2-trifluoromethyl oxiranes 
(Scheme 30) [750]. 

Anion center (HOMO) of sp2 carbanion delocalizes in it's π-system (Figure 1 
left). Thus, negative charges on the fluorine atoms in trifluoromethyl group are 
almost the same extent as that of neutral species. That of trifluoromethylated 
oxiranyl anion also delocalizes in its epoxy ring (Figure 1 right). One may 
found the HOMO lobes of the oxiranyl anion resemble to that of the sp2 

Figure 1: HOMO orbital lobes of (a) ester stabilized carbanion view from carbonyl 
oxygen, and (b) oxiranyl anion view from oxygen of epoxy ring. 
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carbanion. This similar distribution would make the both carbanion species 
stable enough to be usable for organic syntheses [140]. 

Similar to the oxiranyl anion, optically pure 2-trifluoromelhylated aziridinyl 
anion reacted with a variety of electrophiles to give optically pure 
trifluoromethylated compounds (Scheme 31) [124,139b], 
Scheme 31 

\ λ Ν base Θ.λΝ Ε fcv*N 
F 3 C ^ THF F a C " ^ -100°C ' F 3 C ^ 

-100 °C 
refs 124,139b 

PH τ . η PH 

63%, 52% de 95%, 44% de 

Ρ τ . Ρ o-<ys ""V* Β«κ/δ 

F 3 C ^ F 3 C ^ F 3 C ^ F 3 C ^ 

67% 85% 89% 95% 

P H J s Tt Ts _ Ts 
B 0 0 C ^ N B V N ™ \ , N

 P h S i 
F 3 C ^ F g C ^ F g C ^ F 3 C ^ 

27%, 34% de 13% 99% 87% 

4. Conclusion. 
Even the most common unit reaction in organic chemistiy, stereospecific 

nucleophilic substitution and preparation of optically active carbanion, has not 
yet been done with α-trifhioromethylated compounds. We have to consider 
extreme effect of the fluorine and have to develop a new device to overcome the 
problems. The eventual desired developments and devices in the field of 
fluorine chemistry may have a wide ripple effect in the promotion of organic 
synthesis, as one of a strongest synthetic methodology. 
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Chapter 19 

Use of Trifluoroacetaldehyde Ethyl Hemiacetal 
in a Simple and Practical Synthesis 

of β-Hydroxy-β-trifluoromethylated Ketones 

Kazumasa Funabiki 

Department of Materials Science and Technology, Faculty of Engineering, 
Gifu University, 1-1, Yanagido, Gifu 501-1193, Japan 

The reaction of trifluoroacetaldehyde ethyl hemiacetal or 
hydrate with an equimolar amount of enamines or imines, 
derived from various methyl ketones with aliphatic, aromatic, 
and heteroaromatic substituents, via the in-situ generation of 
trifluoroacetaldehyde, affording high yields of the 
corresponding β-hydroxy-β-trifluoromethyl ketones is 
described. Extended studies using chiral auxiliaries or 
catalyst are also discussed. 

Introduction 

α-Trifluoromethylated alcohols are some of the most valuable compounds in 
organofluorine synthesis, because they can serve as the useful core system of 
liquid crystals (/) or antidepressants (2) imparted by a trifluoromethyl group 
Most syntheses of these compounds utilize the α-trifluoromethylated building 
blocks such as trifluoroacetaldehyde (CF3CHO), its derivatives (5), and ot-
trifluoromethyl ketones as the starting substrates. Among them, CF3CHO is 
especially the most attractive compound for the construction of oc-
trifluoromethylated alcohol units. Therefore, it widely employed in Aldol (4% 
Mukaiyama (5), Ene (6), Friedel-Crafts (7), Morita-Baylis-Hillman reactions (#), 
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etc. However, just before employing CF3CHO, it should be generated from its 
hemiacetal or hydrate using an excess amount of cone, sulfuric acid at a high 
reaction temperature (9). Moreover, careful treatment of the aldehyde is 
required due to its troublesome properties such as being a gas at room 
temperature, highly reactive leading to self-polymerization, and extremely 
hygroscopic (10) (Scheme 1). 

OH 

F 3 C ^ O X 
120 °C 

cone. H2S04 

Ο 

X = H, R 

Scheme 1. Previous method for the generation of trifluoroacetaldehyde. 

Therefore, it is quite important to find and develop much more convenient 
and environmentally-benign methods for the effective in-situ generation and 
tandem (asymmetric) carbon-carbon bond formation reaction, although there are 
some successful examples using hydrazones (5a), active methylene compounds 
(3d), and so on (3c, A). (Scheme 2). 

Reagent 
or 

OH catalyst 

F 3 C ^ O X 

X = H, R 

Scheme 2. 

Ο Nu OH 

In-situ generation 

This article reviews our novel protocol for the effective generation of 
CF3CHO and the simultaneous stereoselective carbon-carbon bond forming 
reaction leading to β-trifluoromethylated aldol units. 

Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal with 
Enamines or Imines 

Reaction with Various Enamines 

The reaction of trifluoroacetaldehyde ethyl hemiacetal la with an equimolar 
amount of an enamine, derived from acetophenone with morpholine, at room 
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temperature in hexane for 1 h, followed by hydrolysis, produced the β-hydroxy-
β-trifluoromethyl ketone 3a in 88% yield (77) (Table 1, entry 1). 

Table 1. Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal or Hydrate 
with Ënamines Derived from Various Methyl Ketones0 

OH Q OH Ο 

F 3 C ^ O X + ^XR1 hexane' F a C ^ ^ R 1 

1a:X=Et 2 3 
1b:X = H 

Entry 1 Enamine R1 Temp. Product Yield (%)* 

1 la 2a Ph rt 3a 88 
2 la 2b 4-ΜεΟΗ4 It 3b 87 
3 la 2c 4-MeOC6H4 rt 3c 72 
4 la 2d 4-ClC 6H 4 rt 3d 86 
5 e la 2e 4-N0 2C 6H, rt 3e 52 
6 la 2f 2-MeC6H4 rt 3f 87 
7 la 2g 2-thienyl rt 3g 75 
8" la 2h /'-Pr rt 3h 25 
9C lb 2a Ph reflux 3a 84 

α The reaction was carried out with trifluoroacetaldehyde ethyl hemiacetal la or hydrate 
lb (1 mmol) with enamine 2 (1 mmol) in hexane (4 ml) at ambient temperature. b Yields 
of isolated pure products. c Toluene in place of hexane was used as a solvent. d A mixture 
of 2h and 4-(3-methylbut-l-en-2-yl)morpholine (29:71) was used. 

Other various aromatic enamines as well as the thienyl one easily participated in 
the reaction to give the corresponding P-hydroxy-P-trifluoromethyl ketone 3 in 
good to excellent yields (entries 2-7). However, the reaction of 4-nitropheyl 
substituted enamine 2e with la gave the only a 13% yield of the product 3e, 
probably due to the low solubility of 2e. Using toluene as the solvent improved 
the yield of 3e (entry 5). The reaction of the hemiacetal la with the mixture of 
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aliphatic enamines, such as 2i and 4-(3-methybut-l-en-2-yl)morpholine (29 : 71) 
gave 3h in 25% yield, and there is no detectable amount of the product, which 
reacts with the 4-(3-methybut-2-en-2-yl)morpholine, in the crude reaction 
mixture (entry 8). Trifluoroacetaldehyde hydrate (75 wt%) also reacted with the 
enamine 2a to produce 3a in 84% yield (entry 9). 

Reaction with Various Imines 

The results of the reaction of trifluoroacetaldehyde ethyl hemiacetal la with 
imines 4 derived from various methyl ketones are summarized in Table 2 (12). 

Table 2. Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal or Hydrate 
with Imines Derived from Various Methyl Ketones'1 

OH Nc-Hex J,Î OH Ο 

F 3 C ^ O X + / ^ R 1 hexane' F a C ^ ^ R 1 

1a: X = Et 4 3 
1b :X = H 

Entry 1 Imine R l Product Yield (%f 

1 la 4a Ph 3a 91 
2 la 4b 4-MeC6H4 3b 88 
3 la 4c 4-MeOC6H4 3c 94 
4 la 4d 4-ClC6H4 3d 89 
5 la 4e 4-N0 2C 6H 4 3e 79 
6 la 4f 4-EtOCOC6H4 3i 83 
7 la 4g 2-thienyl 3g 78 
8 la 4h /-Pr 3h 65 
9 la 4i c-Hex 3j 93 
10 la 4j t-Bu 3k 61 
11 lb 4a Ph 3a 90 

α The reaction was carried out with trifluoroacetaldehyde ethyl hemiacetal la or hydrate 
lb (1 mmol) with imine 4(1 mmol) in hexane (4 ml) at reflux temperature. b Yields of 
isolated pure products. 

Similar to the reaction of enamines 2, the reaction between the hemiacetal la and 
various imines 4a-g with aromatic substituants including the thienyl group 
proceeded smoothly at reflux temperature to provide the corresponding β-
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hydroxy-P-trifluoromethyl ketone 3a-e,g,i in good to excellent yields (entries 1-
7). Of much significance is that the reaction of hemiacetal la with aliphatic 
imines 4h-j carrying /-propyl, cyclohexyl, and /-butyl group, produced the 
products 3h-k in high yields (entries 8-10). For the imines with an /-propyl or c-
hexyl group as R 1, although there are two kinds of tautomeric enamines in 
equilibrium, the reaction of the imines 4h,i with CF3CHO proceeded with 
complete regioselectivity at the sterically less hindered α-position of the kinetic 
enamines to furnish the corresponding p-hydroxy-p-trifluoromethyl aliphatic 
ketones 3hj in good yields (Figure 1). No products 3h%j' derived from the 
more highly substituted enamines were observed in the reaction mixture based 
on the 1 9F NMR measurement. 

Ν He-Hex Nc-Hex NHc-Hex 

Figure 1. 

Reaction of Various Polyfluoroalkylaldehyde Derivatives 

This methodology can be applied to the difluoroacetaldeh>de ethyl 
hemiacetal lc or pentafluoropropionaldehyde hydrate Id. Thus, the treatment of 
lc or Id with the enamine 3a or imine 4a gave the corresponding P-hydroxy-P-
difluoromethyl or pentafluoroethyl ketones 5 or 6 in good yields (Table 3, 
entries 1-4). 
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Table 3. Reaction of Polyfluoroalkylaldehyde Hemiacetal or Hydrate with 
Enamines or Imines Derived from Various Methyl Ketones" 

OH L J Nc-Hex 

1c:Rf=CHF 2 ,X=Et 
1d: Rf = CF3CF2, X = H 2 4 

hexane 
1 h 

OH Ο 

5: Rf = CHF 2 

6: R f=CF 3 CF 2 

Entry 1 2 or 4 R1 Temp. Product Yield (%f 

1 lc 2a Ph rt 5a 65 
2 lc 4a Ph reflux 5a 67 
3 Id 2a Ph rt 6a 78 
4 Id 4a Ph reflux 6a 70 

a The reaction was carried out with polyfluoroalkylaldehyde hemiacetal or hydrate 1 (1 
mmol) with enamine 2 or imine 4 (1 mmol) in hexane (4 ml). 
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Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal with 
Chiral Imines or Enamines 

Reaction with Various Chiral Imines 

Next, we carried out the reaction between the trifluoroacetaldehyde ethyl 
hemiacetal la and imines 7 carrying chiral auxiliaries (13). The results of the 
asymmetric reactions using chiral imines 7 under various conditions are 
summarized in Table 4. When the hemiacetal la was allowed to react with an 
equimolar amount of the chiral imine 7a, derived from acetophenone and (R)-l-
phenylethylamine, in hexane at room temperature for 7 h, the aldol product 3a 
was obtained in 62% yield with a good enantiomer ratio (S:R = 80.1:19.9) 
(entry 1). The absolute configuration of the major isomer of 3a was assigned as 
S by comparison of the reported value of the optical rotation (14). 

Polarity of the solvent affects both the yields and enantiomer ratios of 3a. 
Less polar solvents, such as hexane and toluene (entries 1-2), are more suitable 
for the reaction than polar ones, such as THF, dichloromethane, and acetonitrile 
(entries 3-5). Among the examined chiral auxiliaries, the (i?)-l-(l-
naphthyl)ethyl group was the most effective for the reaction to give 3a in 66% 
yield with the best enantioselectivity (entry 8). The reaction at 0 °C gave the 
product with a higher selectivity (entry 9). Lowering the reaction temperature to 
-15 °C did not have a significant effect on increasing the enantioselectivity (entry 
10). 

The results of the reaction between the polyfluoroalkylaldehyde hemiacetal 
or hydrate 1 and various chiral imines 2 under the optimized conditions are 
summarized in Table 5. Aromatic, aliphatic, and heteroaromatic-substituted 
imines except for the 2-methylphenyl one participated nicely in the reaction with 
the trifluoroacetaldehyde ethyl hemiacetal la or hydrate lb to afford the 
corresponding P-hydroxy-P-trifluoromethyl ketones 3 in good yields with good 
enantioselectivities (entries 1-6, 8-11). However, the reaction of the imine 2i 
containing the 2-methylphenyl group did not smoothly proceed with the only a 
14% yield of the product 3f along with a low ee (entry 7). The reason for the 
decrease in both the yield and ee is unclear at present. 

Additionally, the present protocol is nicely applicable to the 
difluoroacetaldehyde ethyl hemiacetal lc or pentafluoropropionaldehyde hydrate 
Id, providing the good yields of the products 5a and 6a (entries 12 and 13). 
Compared with the trifluroacetladehyde ethyl hemiacetal, the use of 
difluoroacetaldehyde ethyl hemiacetal lc resulted in a reduction of the ee (entry 
12). 

Furthermore, in the case of the trifluoromethylated or pentafluoroethylated 
products 3 or 6 with the aromatic group, the ee values of these products could be 
improved by a simple recrystallization method (15). However, this method was 
not effective for difluoromethylated ketone 4 due to its lower melting point 
compared to those of the trifluoromethylated ones. 
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Table 4. Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal with Chiral 
Imines Derived from Acetophenone under Various Conditions" 

1) conditions π μ n 

OH + NR 2 2)H* ? H 9 
F 3 C T ^ O E t + X ^ p n solvent F 3 C ^ ^ P h 

1a 7 3a 

P h ^ N 

Λ 
P h ^ N 

Ph 

7a 

Entry" Imine Solvent Conditions Yield (%)* Isomer Ratio (5 : Rf 

1 7a hexane rt, 7h 62 80.1 : : 19.9 
2 7a PhMe rt,7h 64 77.6: :22.4 
3 7a THF rt,7h 8 73.3 : :26.5 
4 7a CH2C12 rt, 7 h 61 71.3 : :28.7 
5 7a MeCN it, 7 h 56 71.9; : 28.1 
6 7b hexane rt, 7 h 73 20.6: :79.4 
7 7c hexane rt, 7 h 92 62.5 : :37.5 
8 7d hexane rt, 7 h 66 85.5: : 14.5 
9 7d hexane 0 °C, 7 d 57 90.5 ; :9.5 
10 7d hexane -15 °C, 7 d 48 89.3 : : 10.7 

a All the reaction was carried out with trifluoroacetaldehyde ethyl hemiacetal la (0.5 
mmol) and chiral imine 7 (0.5 mmol) in hexane (2 ml). * Yields of isolated pure 
products, determined by HPLC analysis with CHIRALCEL OD (hexane:/-PrOH=95/5). 
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Table 5. Reaction of Polyfluoroalkylaldehyde Ethyl Hemiacetal or Hydrate 
with Various Chiral Imines 

1 ) 0 ° C , 7 d 
NR 2 2)H+ 1 

/ ^ P 1 hexane Rf R 

R1 hexane Rf' 

3: 
5: 
6: R f=CF 3 CF 2 

7 3:Rf=CF 3 

5: Rf=CHF 2 

OH 

X * 
R f O X 

1a: Rf = C F 3 , X = Et 
1b: Rf = CF 3 , X = H 
1c: Rf = CHF 2 ,X = Et 
1d: R f=CF 3 CF 2 ,X = H 

7d: R 1 = Ph 
7e: R 1 = 4-MeC 6H 4 

7f: R 1 = 4-CIC 6H 4 

7g: R1 = 4-MeOC 6H 4 

7h: R1 = 2-thienyl 

7i: R 1 = 2-MeC 6H 4 

7j: R 1 = 3-MeC 6H 4 

7k: R 1 = c-Hex 
71: R 1 = i-Pr 
7m: R 1 = f-Bu 

Entry" 1 Imine Product Yield (%)* Er (S : Rf Eé Eec4 

1 la 7d 3a 57 90.5 :9.5 81.0 92.8 
2 lb 7d 3a 57 89.1 : 10.9 78.2 -
3 la 7e 3b 68 89.4: 10.6 78.8 >99.9 
4 la 7f 3c 64 87.6: 12.4 75.2 >99.9 
5e l a ?g 3d 51 86.0: 14.0 72.0 93.8 
6 la 7h 3e 37 90.3 :9.7 80.6 >99.9 
7 la 7i 3f 14 56.9:43.1 13.8 -
g la 7j 3g 70 90.6:9.4 81.2 -
9 la 7k 3h 73 93 : / 86̂  
10 la 71 3i 59 88: 1/ Iff -
11 la 7m 3j 24 92 :8 7 84̂  -
12 lc 7d 5a 53 75.5 :24.5 51.0 -
13 Id 7d 6a 51 89.7: 10.3 79.4 95.6 

a All the reaction was carried out with 1 (0.5 mmol) and chiral imine 7 (0.5 mmol) in 
hexane (2 ml) at 0 °C for 7 d. * Yields of isolated pure products. 0 Determined by HPLC 
analysis with CHIRALCEL OD (hexane:/-PrOH=95/5). d After recrystallization. e 

Toluene was used as a solvent. f Determined by 1 9F NMR after the formation of 
Mosher's ester. 
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Reaction with Chiral Enamine 

The treatment of trifluoroacetaldehyde ethyl hemiacetal la with the chiral 
enamine 8, prepared from acetophenone with (S)-2-(methoxymethyl)pyrrolidine 
(SMP) (16), in hexane under various reaction temperatures, unfortunately, gave 
3a in 60-77% yields with very low selectivities, as shown in Table 6. 

Table 6. Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal with Chiral 
Enamine Derived from Acetophenone under Various Conditions'1 

~ , , ν 1) conditions ^ u ~ OH x M ^ > QH Ο Γ Ν \ 2) H + s η 

F 3 C X O E t + Λ Ρ Η
 0 Μ Θ l ^ ^ F s C ^ ^ P h 

1a 8 3a 

Entry0 Conditions Yield (%)b Isomer Ratio (S : R)c 

1 reflux, 1 h 69 42.8: 57.2 
2 r t , l h 77 50.1 :49.9 
3 0 °C, 24 h 60 57.1 :42.9 

a All the reaction was carried out with trifluoroacetaldehyde ethyl hemiacetal la (0.5 
mmol) and chiral enamine 8 (0.5 mmol) in hexane (2 ml). b Yields of isolated pure 
products, determined by HPLC analysis with CHIRALCEL OD (hexane:/-PrOH=95/5). 

Proline-catalyzed Direct Aldol Reaction with Ketones 

Finally, a first novel catalytic in-situ generation of CF3CHO from its 
hemiacetal as well as its successive direct asymmetric aldol reaction with some 
ketones was examined (17). The reaction of trifluoroacetaldehyde ethyl 
hemiacetal la in the presence of a catalytic amount (30 mol%) of (I)-proline 
with acetone afforded P-hydroxy-P-trifluoromethyl ketone 31 with good 
enantioselectively. As summarized in Table 7, a survey of the reaction media 
revealed that various solvents could be used for this reaction. However, the 
employment of DMSO resulted in a significant loss of enantioselectivity (entry 
1). The reaction in THF or hexane was sluggish and produced low yields of 31 
(entries 2 and 7). The best enatioselectivity of 31 was obtained when benzene 
was used as the solvent but with a decreased yield (entry 6). Importantly, 
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acetone can be used as the solvent as well as a ketone donor with excellent yield 
and good enantioselectivity (entry 3). 

Both trifluoroacetaldehyde hydrate lb and pentafluoropropionaldehyde 
hydrate Id participated well in the (I)-proline-catalyzed direct aldol reaction to 
afford 31 or 6b in good yields with good enantioselectivities (entries 8 and 9). 

Table 7. Direct Aldol Reaction of Trifluoroacetaldehyde Ethyl Hemiacetal 
with Acetone under Various Conditions0 

OH Ο * /,v .. OH Ο 
ι η cat. (L)-proline 

R f ^ O X + solvent R f 

1a: Rf = CF 3 , X = Et rt" 4 8 h 31 : Rf = C F 3 

1b: Rf = C F 3 l X = H 6b : Rf = C F 3 C F 2 

1d: Rf = C F 3 C F 2 , X = H 

Entry" 1 Solvent Yield (%)* Isomer Ratio (S : R)c Eé 

1 la DMSO 96 51.4:48.6 2.8 
2 la THF 19 68.7:31.3 37.4 
3 la acetone** 97 67.6 :32.4 35.2 
4 la MeCN 64 70.7:29.2 41.5 
5 la CH2C12 45 73.9:26.1 47.8 
6 la benzene 32 75.8:24.2 51.6 
7 la hexane 19 73.0:27.0 46.0 
8 lb acetone 64 68.9:31.1 37.8 
9 lc acetone 69 72.0:28.0 44.0 

a All the reaction was carried out with 1 (1 mmol) and 30 mol% of (Z)-proline in the 
mixed solvent of acetone (2 ml) and solvent (8 ml). * Determined by 1 9F NMR using 
benzotrifluoride as an internal standard. 0 Determined by HPLC analysis with 
CHIRALCEL OD-H (hexane:/-PrOH=95/5) after p-chlorobenzoylation. d Acetone, 
dehydrated (Kanto Chemical Co., Ltd.) was used. 

Surprisingly, in lieu of acetone, cyclopentanone or cyclohexanone reacted 
smoothly with the trifluoroacetaldehyde ethyl hemiacetal la in the presence of 
30 mol% of (I)-proline to give 57 to then quantitatively yield product 9 or 10 
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with high atftf-selectivities as well as excellent enantioselectivities (18) (Scheme 
3). 

F 3 C ^ O E t + rS solvent F 3 (T 
1 a

 1 (% rt.48h 1 C)„ 

η = 1; 9 (quant3; syn/anti= 8/92, 97%ee) 
η = 2; 10 (57%a; syn/anf/= 4/96, >98%ee) 
a Measured by 1 9 F NMR. 

Scheme 3. 

In summary, we have determined that the novel stoichiometric in-situ 
generation of trifluoroacetaldehyde as well as its simultaneous asymmetric 
carbon-carbon bond formation reaction with enamines or imines, produced the 
corresponding P-hydroxy-P-trifluoromethyl ketones in good yields with high 
enantioselectivities. The major advantages of these processes are the use of only 
a stoichiometric amount of enamines or imines, good yields as well as high 
enantioselectivities, and no step required for the generation of 
trifluoroacetaldehyde. For the reaction of chiral imines, the recovery of the 
chiral auxiliary is quite easy. 

Furthermore, our new protocol can be nicely extended to the direct aldol 
reaction via the catalytic in-situ generation of trifluoroacetaldehyde from its 
hemiacetal using a catalytic amount of (X)-proline under extremely mild 
conditions. 
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Chapter 20 

Fluorinated Synthon: Asymmetric Catalytic 
Reactions 

Koichi Mikami, Yoshimitsu Itoh, and Masahiro Yamanaka 

Department of Applied Chemistry, Tokyo Institute of Technology, 
Meguro-ku, Tokyo 152-8552, Japan 

1. Introduction 

Organofluorine compounds continue to attract much attention, having 
important applications as physiologically active agents, liquid crystals, and in 
other areas ( 1 ). Frequently, mono-fluoro- or trifluoromethyl-containing 
compounds having specific absolute configuration are synthesized to produce 
new analogues that exhibit particularly high physiological activity and 
remarkable physical properties ( 2). 

Methods for the synthesis of fluorine-containing compounds can be 
broadly classified into two types: carbon-fluorine bond forming reactions 
(fluorination with fluorinating reagents)(1 a,b,c, 3) and carbon-carbon bond 
forming reactions employing fluorinated synthons, such as perfluoro-alkanes and 
-alkenes or fluorine-containing carbonyl compounds. 

In this article, we summarize our research on catalytic asymmetric 
syntheses using fluorinated synthons such as fluoral and trifluoropyruvate. 
Formally, the reaction involves electrophilic replacement of a C-H bond of an 
olefin, silyl enolether or aromatic compound with a C-C bond appended with a 
trifluoromethyl group. (Figure 1). 

2. Catalytic enantioselective C-C bond formation of fluorinated 
carbonyl compounds 

Catalytic enantioselective carbon-carbon bond forming reactions with 
prochiral fluorinated carbonyl compounds represent very efficient and 
economical approaches to chiral organo-fluorine compounds. Therefore, there is 
much current interest in developing procedures for asymmetric catalytic carbon-
carbon bond forming reactions involving fluorinated synthons. 
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2-1. Carbonyl-ene reaction 

C-H Bond activation and C-C bond formation are the clues to synthetic 
exploitation in organic synthesis. In principle, the ene reaction converts readily 
available alkenes into more functionalized products with activation of an allylic 
C-H single bond and transposition of the C=C double bond ( 4 ). This 
intermolecular [l,5]-hydrogen shift is one of the simplest atom-economical and 
green processes available for C-C bond formation ( 5). In particular, the class 
of the ene reactions involving carbonyl compound as the enophile is referred to 
as the 'carbonyl-ene reaction' (6). When carbonyl compounds are used as 
enophiles, alcohols are exclusively formed in a stereoselective manner. In the 
carbonyl-ene reaction with fluoral, binaphthol (BINOL)-derived titanium 
(BINOLate-Ti) catalyst (obtained from BINOL and TiCUiO'Pr^) in the presence 
of MS4A gave the ene product 1 and the Friedel-Crafts product 2 (Table 1) ( 7). 
The ratio of 1 and 2 was higher for fluoral than for chloral. 

Table 1. BINOLate-Ti catalyzed carbonyl-ene vs. Friedel-Crafts reactions 
of fluoral and chloral. 

l o H 
+ TiCI2(0'Pr)2 

OH (io mol%) 

(10 moI%) 

c? MS4A OH OH χ 
Η CX 3 CH 2 CI 2 V f ^ ^ C X a X ^ ^ C X a 
( J O e o l o°C, 30min 1 2 

η X % yield 
ratio (% ee) 

1 2 
0 F 78 62 (>95% ee) 38 (>95% ee) 
1 93 76 (>95% ee) 24 (>95% ee) 
0 Cl 57 55 (26% ee) 45 (75% ee) 
1 49 52 (34% ee) 48 (66% ee) 

This difference can be explained based on the balance of the LUMO energy 
level of the aldehyde and the charge distribution on the carbonyl carbon. We 
calculated the charge and LUMO energy in the complex between the aldehyde 
and acid H* used as the chemical model of the Lewis acid at the RHF/6-31G* 
level. These calculation show that the LUMO energy is lower for fluoral than for 
chloral, and thus the positive charge on the carbonyl carbon is higher with 
chloral (Figure 2). The frontier orbital interaction between the ene HOMO and 
enophile LUMO is the principal interaction in the ene reaction. Consequently, 
fluoral, having the lower LUMO energy, could show a greater tendency for 
concerted ene reaction. In contrast, chloral, having larger partial positive charge 
at the carbonyl carbon, more readily undergoes stepwise cationic reactions, in 
this case the Friedel-Crafts (F-C) reaction (Scheme 1) ( 8). 
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Fluorinated Synthon 

5/0 

ι 
F 3 C H 

III 
OH 

F 3 C ^ H 

OH 

F 3 C ^ C 0 2 R 

OH 

Ene Reaction 

O OH 

Aldol Reaction 

SD OH 

Friedel-Crafts Reaction 

Figure L Catalytic asymmetric reaction using fluorinated synthons 

LU MO (eV) Charge of carbonyl carbon 
X = F -5.40 +0.61 
X = Cl -4.88 +0.64 

Figure 2. LUMO energy levels and charge distributions of carbonyl carbon of 
fluoral and chloral (RHF/6-31G**) 
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Scheme 1 

(Concerted) 

^H.._,-TiLn* 

Q^ex 3 

χ 
H ^ C X 3 I f s t e P w i s e ) 

^ c x 3 

Q^cx 3 

By introducing an electron donating methyl group on the ene 
components to increase the HOMO level, the ene reaction was facilitated and the 
F-C reaction was retarded (Scheme 2) ( 9). In regard to the diastereoselectivity 
of the ene reaction, the syn product is obtained with nearly perfect selectivity. 
This selectivity can be explained by considering the 6-membered ring transition 
state ( 1 0) as indicated in Scheme 2. The syn isomer is preferentially produced 
due to destabilization by 1,3-diaxial interactions in the transition state that 
produces the anti isomer. 

Scheme 2 

ο 
H^CF 3 (2.0 eq.) 

(fl)-BINOL-Ti 
(10 mot%) 

MS4A, CH 2 CI 2 

0 "C, 30 min 

n=1 
2 

syn 

% yield 
94 
76 

ratio ι 
syn 

98 (96% ee) 
94(95%ee) 

OH 

C F 3 

anti 

• ee) 
anti 
2 
6 

Hemiacetals of such aldehydes can also be employed in these carbon-carbon 
bond-forming reactions. In the reaction using difluoroacetaldehyde ethyl 
hemiacetal, MS5A rather than MS4A can be used in order to preferentially trap 
ethanol generated from the difluoro acetal. This leads to a higher ene selectivity 
along with high enantioselectivity (> 95% ee) (Table 2) ( 1 1). 
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Table 2. BINOLate-Ti catalyzed carbonyl-ene reaction of hemiacetal. 
OH 

EtO^CHF 2(1.2 eq.) 
(K)-B!NOL-Ti — 

Π ( 1 0 m o l % ) , Ci χ + C L χ 
V V " 0°C, CH 2 C! 2 , 2h x ^ v ^ C H F 2

X ^ r ' ^ C H F 2 
• syn - anti 
ratio(% ee) 

additive % yield syn anti 
- 23 90 (>95% ee) : 10 

MS4A 30 93 (>95% ee) : 7 (>95% ee) 
MS5A 47 91 (>95% ee) : 9 

We recognized that a carbonyl-ene reaction with CF3-ketones would be 
a synthetically important process, providing a short route to chiral tertiary a-CF3-
carbinols with homo-allylic functionality. However, there had been essentially no 
successful examples of asymmetric catalysis of ketone-ene reactions (12), 
because of low ene reactivity of ketones compared to aldehydes. Recently we 
reported the first successful example of asymmetric catalysis of the 
trifluoromethylpyruvate-ene reaction using the "naked" dicationic SEGPHOS-
Pd(II) complex in CH2C12, derived from SEGPHOS [(4,4'-bi-l,3-benzodioxole)-
5,5'-diyibis(diarylphosphine)] ( 1 3), PdCl2(CH3CN)2, and AgSbF6, to construct 
the corresponding quaternary carbon center (14). The presence of the cationic 
SEGPHOS-Pd(II) complex (3) leads to a high chemical yield, (£)-olefin 
selectivity, awtf-diastereoselectivity, along with high enantioselectivity in this 
much less reactive carbonyl-ene reactions with ketones, even with less reactive 
mono- and 1,2-disubstituted olefins (Scheme 3) ( 1 5). 

2-2. Aldol reaction 

The Mukaiyama-aldol reaction of silyl enol ethers is one of the most 
important carbon-carbon bond forming reactions in organic synthesis (16). 
With fluoral, this aldol reaction can readily proceed even in the absence of a 
catalyst, presumably due to the high electrophilicity of fluoral and an 
intermolecular interaction between Si and F (Scheme 4) ( 1 1). 
However, it is possible to suppress the uncatalyzed reaction process and achieve 
a catalytic asymmetric reaction simply by adding ketene silyl acetal (KSA) and 
fluoral simultaneously to a solvent containing the BINOLate-Ti catalyst, 
(Scheme 5). Using this simple procedure, a high level of enantioselectivity was 
achieved (up to 96% ee of the (/?)-enantiomer). 
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Scheme 4 

°'SIMS3 9 HCI 0 0 H 

i + X ^ ίΗ π τ 
R S ^ Η C F 3 Toluene R S ^ ^ X F , 

-78 e C 
R^Bu, 50% 

Ph, 66% 

Scheme 5 
OTMS 

R S ^ 

(R)-BINOL-Ti (20 mol%) V t o | u e n e 

HQ 9 OH 

R S ^ V ^ C F a Ο ' o ° c 

X 
Η CF 3 R^Bu, 56% yield, 90% ee 

Ph, 38% yield, 96% ee 
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In addition, with a ketene silyl thioacetal having a methyl group at the a-position, 
the reaction proceeded with high enantioselectivity, despite having low 
diastereoselectivity (Scheme 6). 

Scheme 6 
OTMS 

EtS 

(fWINOL-Tl (20 md%) > toluene 

o ' o ° c 

H ^ C F 3 

KSA % yield syn : anti 
95%Z 64 48 (55% ee) : 52 (64% ee) 
98%E 48 44 (89% ee) : 56 (83% ee) 

2-3. Friedel-Crafts reaction 

Friedel-Crafts (F-C) reactions also constitute one of the most useful 
carbon-carbon bond-formation processes in organic synthesis ( 1 7). However, 
there have been only very few reports of asymmetric catalytic F-C reactions. 
Recently, we investigated the asymmetric catalytic F-C reactions of the prochiral 
fluorine-containing carbonyl compounds leading to the chiral tertiary a-CF3-
carbinols. We reported the asymmetric catalytic F-C reaction of silyl enol ethers 
under the Mukaiyama-aldol reaction conditions. The reaction of tert-
butyldimethylsilyl or triisopropylsilyl enol ether with fluoral was carried out 
using the (#)-BINOLate-Ti complex to afford the F-C product 4 with high % ee 
rather than the usual aldol product 5 (Table 3) ( 1 8). 

The ratio of the F-C product depends very much on the bulkiness of the silyl 
group. Indeed, triisopropylsilyl enol ether overwhelmingly afforded 4 in contrast 
to trimethylsilyl enol ether, which gave 5 instead of 4. The Mukaiyama aldol 
reaction, namely Lewis acid-promoted carbonyl addition reaction of a silyl enol 
ether to aldehydes or ketones, is known to proceed via the desilylated β -
metaloxy carbonyl chelate intermediates. However, the silyl enol ether F-C 
product can also be generated under Lewis acid-catalyzed Mukaiyama aldol 
conditions. This results from the ability of the bulky silyl group to inhibit the 
nucleophilic substitution reaction on the silyl group (path a in Figure 3). This 
allows the deprotonation reaction pathway to proceed to produce a silylenol 
ether (path b in Figure 3). Furthermore, the strong electron-withdrawing CF 3 

group could lower the nucleophilicity of the titanium alkoxide in the zwitterionic 
intermediate to further retard the reaction path a. 

Adding value to this FC reaction is the fact that subsequent diastereoselective 
reactions of the silyl enol ether F-C product with electrophiles can yield highly 
functionalized fluorinated aldols that are of material and pharmaceutical interests. 
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Table 3. Asymmetric Friedel-Crafts reactions of siiyl enoi ethers 
with flu oral 

RaSiO 0 R3SJO OH Ο OH 

Λ C F a Ta 4 R^H 5 %y/e/d 

R2 cat (mot %) 4(£:ZJ 5 %ee e 

TMS 4'-Me-Ph Me 20 0 27* 0 
TBDMS Ph H 5 67(1:5) 14 98 

TIPS Ph H 1 90(1:5) 4 96 

the TMS ether. The diastereomeric ratio=1:4. 

ai do! Friedel-Crafts 

Figure 3. Comparison ofaldol pathway (path a) and Friedel-Crafts pathway 
(path b) in the zwitterionic intermediate. 
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In addition, the oxidation by m-CPBA or desilylation by TBAF of 4 leads 
selectively to mono-protected syn-diol 6 and anti-sàdol 7 with high 
diastereoselectivity, respectively (Scheme 7). 

Scheme 7 

TBDMSQ 

Ar 

OH 

C F , 

Ar=4'-X-Ph 
4 

m-CPBA 
MeOH, r.t. 
(X = Me) TBDMSO' 

TBAF 
THF-H 2 0, r.t. 

(X = OMe) 

HSO '6 ( 
Ο OH 

Λ Λ 

C F 3 

6 (95% de) 

C F 3 

7 (92% de) 

We also studied the asymmetric F-C reaction of a vinyl ether with 
fluoral catalyzed by (φ-BINOLate-Ti complex derived from BINOL and 
TiCl2(0 ,Pr)2. In a similar manner to the F-C reaction of silyl enol ether, a 
reactive vinyl ether was obtained as the F-C product. This can sequentially react 
with m-CPBA to afford highly functionalized organofluorine compounds. The 
reaction with the enol ether gave the F-C product almost exclusively and with 
high enantioselectivity (up to 85% ee), with essentially no aldol product being 
obtained (Table 4). When employing a vinyl ether possessing a ^-methyl 
substituent, (£)-8 was predominantly obtained irrespective of the geometry of the 
substrate. The subsequent diastereoselective oxidation of the F-C products by m-
CPBA provided diastereoselectively «sy«-a,p-dihydroxy ketones 9 in high 
chemical yields (Scheme 8) ( 1 9) 

Table 4. Asymmetric Friedel-Crafts reactions of vinyl ether with fluoral 
M e C p O MeO OH 

R R1 cat 8(E:Z) %ee 
Ph Me 10mol % 54% (1:2) 72 

4'-Me-Ph Η 20mol % 64% (5:1) 85 

Scheme 8 
MeO OH Ο OH 

A r A A c F , m>CPBA, p - T s O H . A A c p 
A r Τ c p 3 MeOH, r.t. MeOH-H 20 A r C F 3 

reflux H O ' 
Ar = 4'-Me-Ph 9 

80% (>95% de) 
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We also investigated the asymmetric F-C reation of fluoral with 
aromatic substrates. Aromatic compounds have low nucleophilicity relative to 
silyl enol ethers or vinyl ethers, and hence the asymmetric F-C reaction needs 
Lewis acidic metal catalyst such as BINOLate-Ti. Both the yield and the 
enantioselectivity of the F-C product are increased when a catalyst with high 
Lewis acidity is used and an electron-withdrawing group (Br) is introduced onto 
BINOL. The asymmetric F-C reaction of phenyl ethers selectively gave p-10 
rather than o-lO. The regioselectivity of the F-C product was increased by using 
w-butyl phenyl ether (p-10: o-10 = 8:1) (2 0). When (#)-6,6'-BrrBINOL is 
added as an additive (), the yield and enantioselectivity are further increased 
(89% yield, 90% ee), and an asymmetric activation effect is observed (Table 5) 
(2 1,2 2). 

Table 5. Asymmetric Friedel-Crafts reactions of aromatic compounds 
with fluoral 

H Q H 

(K)-BINQL-Ti 

^cf3 CH2CI2 
0 °C RO 

R cat. (mol %) additive (mol %) % yield p-10:o-10 %eea 

Me 30 82 4:1 73 
Me 5 94 4:1 84 

n-Bu 15 85 8:1 83 
Ph 10 90 3:1 54 
Me 10 (Κ) -6 ,6 · -ΒΓ 2 -ΒΙΝΟΙ . (10) 89 4:1 90 

n-Bu 10 (R)-6,6'-BrrBINOL (10) 90 8:1 90 

^he enantiomeric excess of p-10. 

Recently, we developed an asymmetric F-C reaction of ethyl 
trifluoropyruvate with aromatic compounds catalyzed by Pd(II) BINAP or 
SEGPHOS complexes. This reaction can proceed at lower reaction temperature 
(-30 °C) than the reaction with fluoral and gives products with high 
enantioselectivity (2 3). The F-C product obtained using the Pd(II) catalyst 
gave higher chemical yield and enantioselectivity than that using a Cu(II) 
catalyst (2 4). In marked contrast to the carbonyl-ene reaction, the BINAP 
ligand provides higher enantioselectivity than does the SEGPHOS ligand 
(Scheme 9). 
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Chapter 21 

Industrial Synthetic Application of Fluoral 
and 3,3-Dichloro-1,1,1-trifluoroacetone 

as Fluorinated Synthons 

Akihiro Ishii, Masatomi Kanai, and Yutaka Katsuhara 

Chemical Research Center, Central Glass Company, Ltd., Kawagoe, 
Saitama 350-1151, Japan 

Practical synthetic methods of enantiopure 4,4,4-trifluoro-3-
hydroxybutyric acid derivatives, trifluorolactic acid derivatives 
and enantiopure 1-methyl-2,2,2-trifluoroethylamine using 
fluoral and 3,3-dichloro-1,1,1-trifluoroacetone are described. 

Introduction 

Fluoral and 3,3-dicWoro-l,l,l4rifluoroacetone (DCTFA) are regarded as 
fluorinated synthons consisting of two or three carbons with a trifluoromethyl 
group. Fluoral and DCTFA are industrially produced through a modified Swarts 
reaction from chloral and pentachloroacetone (PCA), respectively (Scheme 1) 
(1,2). The latter DCTFA is further chlorinated to produce 3,3,3-trichloro~l,l,l-
trifluoroacetone (TCTFA) (3). On the other hand, DCTFA is reductively 
dechlorinated to produce 1,1,1-trifluoroacetone (TFA) (4). However, industrial 
synthetic application of these fluorinated synthons, particularly DCTFA and 
TCTFA, has not been well investigated (5,6). In this review, practical synthetic 
methods of industrially important fluorinated intermediates using these 
fluorinated synthons are described. In particular, our attention is focused to 
practical asymmetric syntheses of 4,4,4-trifluoro-3-hydroxybutyric acid 
derivatives (7,8,9) and l-methyl-2,2,2-trifluoroethylamine (10,11,12), and 
alternative synthetic method of trifluorolactic acid derivatives without using 
alkali cyanide (3,13). 

368 © 2005 American Chemical Society 
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ο 
1 

C C i r ^ H C F 3 " 

chloral 
.Λ - χι - χι ^ι ϊ , C ^ - ^ ^ C e H s C F / ' ^ S j C H s C F . ^ ^ O C ^ 

fluoral — 

HF/fluorination catalyst 
vapor phase 
flow system 

NH 2 

1* 

I ? ci ? 0 H 0 C H 3 

Γ Χ Η Ο Ι 2 C F e ^ C H C f e - ^ C F g ^ C C I g C F a ^ C O o H C F / ^ C C 
car XHCI2 CFj 

PCA DCTFA TCTFA 
C0 2 H CF 3 ^I X 0 2 H 

CH 3 CeH5 

X 
C F 3 - ^ p C 0 2 H 

Scheme 1. Industrial synthetic application of fluoral, DCTFA, TCTFA and TFA 
as fluorinated synthons. 

Practical synthetic method of enantiopure 4,4,4-trifluoro-3-hydroxybutyric 
acid derivatives using fluoral 

Optically active 4,4,4-trifluoro-3-hydroxybutyric acid derivatives are versatile 
intermediates in pharmaceutical chemistry and optoelectronic material science 
(14). However, asymmetric synthesis of these derivatives on a large scale has 
been quite limited (15). On the other hand, enantio-enriched 4,4,4-trifluoro-3-
hydroxybutyrophenone (1) can be readily prepared by asymmetric Friedel-Crafts 
reaction of vinyl ether with fluoral gas catalyzed by a chiral binaphthol-derived 
titanium catalyst (Scheme 2) (16). Recently, Funabiki et al. also have developed 
a practical asymmetric synthesis of this compound (1), in which easily-handling 
fluoral ethyl hemiacetal is advantageously used instead of fluoral gas (8). If 
subsequent Baeyer-Villiger reaction of enantiopure 1 would proceed, a practical 

50q scale 

C F 3 ^ H + 

fluoral gas 

1kg scale 

X 

OCH 3 

^ C 6 H 5 

fluoral C 6 H 5 

ethyl hemiacetal 

ÇH 3 CH 3 

asymmetric 
Friedel-Crafts 

reaction 

77% yield 
87% ee 

Funabiki's 
method 

C e H s 80% yield 
6 5 50-60% ee 

CFj 

Baeyer- Q H Q 

OH Ο Villiger Y" V 

A A C H - ^ C F 3 > ^ A 
» C 6 H 5 Λ Λ Λ ^ OK, 

C F 3 ^ ^ "OC 6 H 5 

4,4,4-trifluoro-3-hydroxy-
butyric acid phenyl ester 

Scheme 2 Practical asymmetric synthesis of4,4,4-trifluoro-3-hydroxybutyric 
acid derivatives. 
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asymmetric synthesis of 4,4,4-trifluoro-3-hydroxybutyric acid derivatives could 
be achieved. Enantio-enriched 1 had a unique property in crystallization, 
wherein heterochiral crystal (R-S, racemate) precipitated preferentially to 
homochiral crystal (R-R or S-S) (Figure 1). Therefore, enantiomeric excess (ee) 
of mother liquor dramatically increased up to 97% ee through a recrystallization. 
Enantiopure 1 was obtained by following homochiral crystallization. 

Figure 1. Optical purification of enantio-enriched 4,4,4-trifluoro-3-
hydroxybutyrophenone (1) by combination of heterochiral and homochiral 

crystallization. 

In X-ray analysis, R-S heterochiral crystal had double hydrogen bonds between 
hydroxy groups and carbonyl groups in a head to tail fashion. On the other hand, 
R-R homochiral crystal had a single hydrogen bond in a head to head fashion 
(Figure 2). Therefore, heterochiral crystal was considered to be 
thermodynamically more stable than homochiral crystal. In fact, much higher 
melting point of heterochiral crystal (812C) was observed than that of 
homochiral crystal (49SC). 

Figure 2. ORTEP drawings of R-S heterochiral crystal and R-R homochiral 
crystal. 

Baeyer-Villiger reaction of enantiopure 4,4,4-trifluoro-3-hydroxybutyrophenone 
(1) proceeded smoothly using inexpensive permonophosphoric acid (H3P05) 
(17) to produce novel phenyl ester (2) in a high yield (Scheme 3). 
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100α scale 

OH Ο OH Ο 
H 3 PQ 5 (1.2eq) 

C F 3 C 6 H 5 CH 3 CN C f = 3 OCeH 5 

1 (>99% ee) rt, 12h 2 (>99% ee) 
95% yield 

Scheme 3. Baeyer-Villiger reaction of enantiopure 4f4,4-trifluoro-3-
hydroxybutyrophenone (1). 

Obtained phenyl ester (2) was expected to play as a reactive ester. 
Transesterification of 2 to ethyl ester (3), transamination to benzyl amide (4) and 
hydride reduction using sodium borohydride to primary alcohol (5) occurred 
smoothly (Scheme 4). 

OH Ο 
H2SO4(0.1eq) 

C 2 H 5 OH, reflux, 12h C F 3 O C 2 H 5 

95% yield 3 (>99% ee) 

OH Ο / OH Ο 
\R i / C e H 5 CH 2 NH 2 (2eq) 

C F 3 O C e H 5 \ toluene, reflux, 12h C F 3 NHCH 2 C 6 H 5 

2(>99%ee) \ 90% yield 4 (>99% ee) 

OH 
NaBH4(1eq) Ξ 

tetrahydrofuran CF^^^^OH 
reflux, 2h 5 (>99% ee) 
91% yield 

Scheme 4. Reactivity of enantiopure 4,4,4-trifluoro~3-hydroxybutyric acid 
phenyl ester (2) as a reactive ester. 

Optically active 4,4,4-trifluoro-2,3-epoxybutyric acid derivatives also are 
important intermediates for further complex chiral organofluorine compounds 
(18). Our synthetic strategy is formation of epoxide ring at initial stage, followed 
by a similar Baeyer-Villiger reaction. Chlorination of enantiopure 4,4,4-
trifluoro-3-hydroxybutyrophenone (1) was carried out using chlorine gas to 
produce syn-isomti (6) in a highly diastereoselective manner (Scheme 5). Ring 
closure reaction in the presence of triethylamine gave fra/w-epoxide (7) in a high 
yield. In this ring closure reaction, epimerization at α-position might occur first, 
and then trans-7 would be produced through anti-6. Subsequent Baeyer-Villiger 
reaction of trans-7 proceeded without ring opening of epoxide to produce epoxy 
phenyl ester (8). Further transesterification of 8 gave expected epoxy ethyl ester 
(9) totally without any racemization. 
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5Qg$çal<? 

OH Ο 0 Η ° 

3 weHc 

Cl2(2eq) „ X . (C 2H 5) 3N (4eq) vsN,Q 
CF3 i"^ CeHi 

C F 3 - ^ " C 6 H S CH 2 CI 2 ' 3 I 6 & CH 3 CN &f ^ C 6 H 5 

1 (>99% ee) 25SC, 4h C l 25SC, 20h 7 (only trans) 
94% yield * (symantkQB'A) 95% yield 

H 3 PQ 5 (4eq) ^ ' 9 Ϊ H2SQ4(0.1eq) ^ ? 1 

CH 3 CN * C F a ^ ^ ^ O C e H s c 2 H s OH * C I ¥ ^ V * / ^ O Q 2 f t 
258C, 12h 8 reflux, 5h 9 (>99% ee) 
70% yield 85% yield 

Scheme 5. Practical asymmetric synthesis of4,4,4-trifluoro-2,3-epoxybutyric 
acid ethyl ester (9). 

Thus, practical synthetic method of enantiopure 4,4,4-trifluoro-3-hydroxybutyric 
acid derivatives using fluoral has been developed through a unique property of 
enantio-enriched butyrophenone (1) in crystallization, followed by Baeyer-
Villiger reaction of enantiopure 1 and epoxy phenyl ketone (7) using H 3 P0 5 . 

Practical synthetic method of trifluorolactic acid derivatives using DCTFA 
and TCTFA 

Transformation of non-fluorinated 1,1-dichloroacetone to lactic acid has been 
already reported (19). If a similar reaction would proceed in fluorinated DCTFA, 
trifluorolactic acid (10) could be directly produced in a practical manner. 
Expected reaction proceeded smoothly using hydrate form of DCTFA under 
basic conditions (Scheme 6). 

200a scale 
HO OH OH 

r c ^^num NaOHaq (4eq) J s . 
C F 3 CHCI2 -V Cff I X 0 2 H 

•2H 20 <25°C,1h Η 
DCTFA-3H 2 0 92% yield 1 0 

Scheme 6. Practical synthetic method of trifluorolactic acid (10) using DCTFA. 

In this reaction, a formal intramolecular redox reaction occurred, namely a 
reduction of geiw-diol and an oxidation of dichloromethyl group. Froia this 
consideration, a tentative 1,2-hydride transfer mechanism of in situ formed 
epoxide might be proposed (Figure 3). 
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H 

R = H or Na 

Figure 3.1,2-Hydride transfer mechanism. 

DCTFA was readily chlorinated by chlorine gas in the presence of a catalytic 
amount of quinoline to produce TCTFA in a quantitative yield. Addition reaction 
between TCTFA and carbon nucleophile has never been reported until now. If 
an adduct product would be obtained, subsequent transformation of 
trichloromethyl group could provide α-substituted trifluorolactic acid derivatives. 
Among them, (5)-a-methyltrifluorolactic acid (13) is a very important 
intermediate in development of therapeutic agent for urinary incontinence (20). 
Grignard reaction between TCTFA and methylmagnesium chloride gave 
expected tertiary alcohol (11) in a usual manner (Scheme 7). Methanolysis of 11 
under basic conditions produced methoxy methyl ester (12) in a good yield. 
Subsequent demethylation of 12 using hydrobromic acid gave racemic a-
methyltrifluorolactic acid (13) in a quantitative yield. Enantiopure (S)-13 was 
obtained through a fractional recrystallization of 1:1 diastereomeric mixture of 
methoxy amide (14) (21), derived from 12 and (/?)-!-phenylethylamine. 

SOka scale 

Λ OH OCH 3 OH 

CH3M9a(1eq) ^ CH3OK (4eq) ^ 4S%HBr(7eq) 
^ r 3 uuia tetrahydrofuran CH 3 CH3OH CH 3 110°C, 12h CH 3 

TCTFA -10eC,3h „ 45eC,7h 1 2 quantitative yield 1 3 i r a r e m i r f 

87% yield 1 1 63% yield 1 2 i3(racemtcj 
(fl)-1-phenylethylamine (2eq) tetrahydrofuran 

CH3MgCI (2eq) ζ % 0 < 6 h . t M 3 a * M ' quantitative yield 

τ 
C H 3 0 N C H 3 H CH 3 Q. CH 3 H H Q Q H 

C F . / ^ Y ^ ^ Y ^ 6 " 5 ^crystallization ο ρ / ^ γ " Ν , Κ χ β Η 5 48%HBr(8eq) 3 

Q CH, n-heptane/toluene" $ 110°C,12h * ° F 3 S ° ° * Η 

t 4 40% recovery yield i4(>9g%de) quantitative yield 13(>99%ee) 

Scheme 7. Practical synthetic method of a-methyltrifluorolactic acid (racemic-
13, (S)-13) using TCTFA. 

This synthetic strategy was applied to a practical synthetic method of Mosher's 
acid (racemic-16). However, only poor result was obtained in Grignard reaction 
of TCTFA with phenylmagnesium halide. After detailed examination, Friedel-
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Crafts reaction between TCTFA and benzene gave expected adduct product (15) 
in an acceptable yield (Scheme 8). Critical reaction conditions were use of 
aluminium chloride as a Lewis acid and control of reaction temperature, wherein 
-30SC must be maintained for a relatively long reaction time. A similar 
methanolysis of 15, followed by hydrolysis of in situ formed methyl ester 
produced Mosher's acid (racemic-16) in a high yield. 

50kg scale 

O CeH8(2.5eq) ? H ? C H a 

X A ,C,3(0 .^ 4, CH3OK (4e,) KOH (leg) ^ 
C F 3 CCI3 C H z C , 2 C e H s CH3OH 25°C,3h C 6 H 5 

TCTFA -30'C,48h 1 5 45eC, 20h I6(racem.c) 
55% yield 88% yield 

Scheme 8. Practical synthetic method of Mosher's acid (racemic-16) using 
TCTFA. 

In both methanolyses, ring opening reaction of in situ formed epoxide occurred 
regioselectively on carbon attached to a trifluoromethyl group (Figure 4). 

R = CH3, C5H5 

Figure 4. Regioselective ring opening. 

Thus, practical synthetic method of trifluorolactic acid derivatives using DCTFA 
and TCTFA has been developed. This alternative synthetic method does not 
demand use of troublesome alkali cyanide. 

Practical synthetic method of enantiopure l-methyl-2,2,2-
trifluoroethylamine using TFA and fluoral 

DCTFA could be reductively dechlorinated in the presence of water to produce 
TFA in a hydrate form. Synthetic application of TFA has been relatively well 
investigated, therefore, one example of current topics in our company is 
described, which is a practical synthetic method of enantiopure l-methyl-2,2,2-
trifluoroethylamine (19) (22). Our synthetic strategy is 1,3-induced asymmetric 
reduction of chiral imine or 1,3-oxazolidine derived from TFA. Chiral imine 
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(17) was prepared with trans form through a dehydration between TFA and 
commercially available (S)-l-phenylethylamine (Scheme 9). Diastereoselectivity 
of asymmetric hydrogénation of 17 was critically influenced by reaction 
temperature to improve up to 75:25 ratio (S,S'Jl,S) at 0SC. Obtained secondary 
amine (18) was purified to >99.5% diastereomeric excess (de) by a fractional 
recrystallization of hydrobromic acid salt. Hydrogenolytic cleavage of chiral 
auxiliary group in (S,S)-18 was carried out only by changing reaction 
temperature to 60SC. Enantiopure hydrochloric acid salt of (S)-19 was obtained 
without any racemization in a total yield of 37%. 

1 kg scale nu nu 
(S)-1-pheny!ethy!amine f M 3 j " 3 

0 (0.7eq) I S Pd/C (0.1wt% Pd) IS 
II PPTS*(0.1eq) Ν C 6 H 5 H 2 (O.SMPa) HN C 6 H 5 

C F 3 C H a toluene (-H20) JL. CH 3OH *~ ^X^ 
TFA 80°C,7h C F 3 C H 3 0°C,48h C F 3 CH 3 

81% yield 17 89% yield 1 8 ($,S:/?,S=75:25) 
* pyridinium p-toluenesulfonate 

CH 3 

recrystallization ÏS Pd/C (0.2wt% Pd) NH 2-HCI 
ofHBrsalt NaOHaq HN C e H 5 H 2 (O.SMPa) HCIaq Is 

isopropanol * ^ ^X^ CH 3OH * " C F 3 C H a 

59% recovery yield C F a C H 3 60°C,7h 19(>^.5%ee) 
18 (>99.5% de) 88% yield 

Scheme P. Practical asymmetric synthesis of (S)-l-methyl-2,2,2' 
trifluoroethylamine hydrochloric acid salt (19) using TFA (I). 

Chiral 1,3-oxazolidine (20) was prepared from TFA and (S)-phenylglycinol in a 
highly diastereoselective manner (R,S:S,S=97:3) (Scheme 10). Asymmetric 
hydride reduction of 20 proceeded through a retention mechanism to produce 
preferentially (S,S)-diastereomer (21) (S,S'M,S=75:25). (S,S)-Diastereomer more 
easily precipitated than (#,S)-diastereomer in a recrystallization to improve to 
>99.5% de. In a similar hydrogenolysis of (5,S)-21, same enantiopure 
hydrochloric acid salt of (S)-19 was obtained in a total yield of 36%. General 
asymmetric synthesis of l-substituted-2,2,2-trifluoroethylamine using fluoral 
ethyl hemiacetal also has been reported from our company. 1,3-Induced 
asymmetric methylation of chiral amino hemiacetal (22), in situ prepared from 
fluoral ethyl hemiacetal and (5)-phenylglycinol, gave same secondary amine (21) 
in a highly diastereoselective manner (5,Su?,S=97:3) through a metallo-imine 
mechanism (Scheme 11). 
Thus, practical asymmetric synthesis of l-methyl-2,2,2-trifluoroethylamine using 
TFA and fluoral has been developed through 1,3-induced asymmetric reduction 
and methylation, respectively. From an industrial point of view, use of 
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inexpensive 1-phenylethylamine was preferred to that of phenylglycinol as a 
chiral auxiliary group (Scheme 9 > Scheme 10,11)· 

20a scale CgHs 
(S)-phenylglycinol J c £βΗ5 

"sr**\ IS 9 (0.7eq) r i l HN 
PPTS (0.1eq) ^ CH 3 > 7 } tiAIH4 (Ο.βΘς^ ΗΝ"ΧΣΗ 2 0Η 

C F 3 C H 3 toluene (-H20) * r i ° tetrahydrofuran 
TFA 85°C,7h 3 25°C,2h Off CH 3 

93% yield 2 0 (*>S*:$S=97:3) 88% yield 21 (S,S:RS=75:25) 
* CF3-down 

C 6 H 5 

IS Pd/C (0.2wt% Pd) NH2 · HCI 
recrystallization HN^'xSHgOH H2(0.5MPa) HCIaq Is 

η-heptane CH3OH C F 3 C H 3 
56% recovery yield Off CH 3 60°C, 7h 19(>99.5%ee) 

21 (>99.5% de) 78% yield 

Scheme 10. Practical asymmetric synthesis of (S)-l-methyl-2,2,2-
trifluoroethylamine hydrochloric acid salt (19) using TFA (II). 

OH 

.A 

(S)-phenylglycinol 
(0.3eq) 

anhydrous MgS04 

CF 3 OC 2H 5 
CH2CI2 

rt,16h 
quantitative yield 

CF: 

C e H ô 

Is 
'"XHaOH 

A 
HN 

OH 
22 

C 6 H 5 

Is 
CH3MgBr (6eq) HN CH2OH 

tetrahydrofuran 
rt,16h C F r CH 3 

60% yield 21 (S,S:ftS=97:3) 

Scheme 11. General asymmetric synthesis of 1 -substituted-2,2,2-
trifluoroethylamine using fluoral. 

Conclusion 

Our research activity has been concentrated on industrial synthetic application of 
fluoral and DCTFA as fluorinated synthons. Above-mentioned key fluorinated 
intermediates can be now purchased on a kg scale from our company. Our 
contribution in this field will accelerate development of further complex 
organofluorine drugs. 
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Chapter 22 

Synthesis and Utility of Fluorinated Acylsilanes 

John T. Welch, Woo Jin Chung, Seiichiro Higashiya, 
Silvana C. Ngo, and Dong Sung Lim 

Department of Chemistry, University at Albany, State University 
of New York, 1400 Washington Avenue, Albany, NY 12222 

A variety of fluorinated acylsilanes were synthesized. 
Difluoroacetyltrialkylsilanes (3) were prepared through retro-
Brook rearrangement from reaction of trifluoroethanol and 
chlorotrialkylsilanes in the presence of LDA. Sequential Mg
-promoted defluorination in the presence of chloro-
trimethylsilane, followed by acidic hydrolysis resulted in the 
formation of monofluoroacetyltrialkylsilanes (4). Electrophilic 
fluorination of 1,1-difluoro-2-trialkylsilyl-2-trialkylsilyloxy 
ethenes (2) with Selectfluor® gave trifluoro-acetyltrialkyl 
silanes (5). The synthetic utility of fluorinated acylsilanes in 
olefination and allylation reactions under a variety of reaction 
conditions is also described. 

378 © 2005 American Chemical Society 
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Since A. G. Brook's first observation at late 50's that a carbonyl group 
located α to silicon atom displays unusual reactivity (1), acylsilanes have 
attracted interest. In response to the potential preparative utility of these 
materials various synthetic methods for the formation of acylsilanes have been 
developed (2). 

Brook originally discovered and investigated the intramolecular 1,2-anionic 
migration of a silyl group from carbon to oxygen in the late 50's and early 60's 
(3). The migratory aptitude of a silyl group is a general phenomenon, 
comprising a family of [l,n]-carbon to oxygen silyl migration events commonly 
referred to as Brook rearrangements (Figure 1) (4). The reverse process dubbed 
a retro-Brook rearrangement, an intramolecular migration of a silyl group from 
oxygen to carbon, was also reported and extensively studied (Figure 1) (5). 

0-M+ _ . Λ OS'iR3 

tX , Brook rearrangement^ f1,21-SMy» migration 
R* SiR3 Retro-Brook rearrangement R ' M 

? ' M + f i R 3 Brook rearrangement _ R3Si(? V 
Β 1ΛιΛ Β 1 , JkjiA , [1,n]-SHylmigration 
R *Xa R Retro-Brook rearrangement R R 

Figure 1. Brook and retro-Brook rearrangement 

Thus, Brook and retro-Brook rearrangements of acylsilanes have found 
increasing use in organic synthesis for the formation of useful building blocks. 
A variety of applications and utilities as synthetic intermediates in the 
construction of complex natural products have been described (6). 

The remarkable impact that fluorination has on agricultural, medicinal and 
materials chemistry has lead to a rapid growth in the development of methods for 
the regio- and stereospecific introduction of fluorine into organic molecules. 
Considerable effort has been devoted to both the preparation of fluorinated 
building blocks, which can be transformed to the desired target molecules and to 
the development of new fluorinating reagents for direct fluorination at an 
appropriate point in a synthesis (7). 

Combining both fluorine and the unique reactivity of silicon, fluorinated 
acylsilanes, in particular, could easily be expected to be versatile fluorinated 
building blocks with diverse synthetic utility. However reports on either the 
synthetic methods necessary for the formation of fluorinated acylsilanes or the 
applications of these compounds have been very limited. 

Discussion 

Synthesis of fluorinated acylsilanes 

Trifluoroacetyltriphenyl- and trifluoroacetyldimethylphenylsilane were 
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synthesized by the reaction of the appropriate organosilyllithium reagent and 
trifluoroacetic anhydride in the presence of cuprous iodide. However, this 
method is limited to the formation of aryl substituted trifluoroacylsilanes due to 
the instability of silyllithium reagents (Figure 2a) (8a-b). Recently, a new two 
step synthetic method employing an electrochemical transformation for the 
construction of trifluoroacetyltrimethylsilane from ethyl trifluoroacetate was 
reported. Unfortunately the requirement for special electrochemical apparatus is 
a significant drawback to general use of this method (Figure 2b) (8c). Clearly, a 
more effective and general synthetic method for the formation of fluorinated 
acylsilanes from easily available starting materials under convenient reaction 
conditions is still highly desired. 

« U B * v (CF3CO)2Q Ο « Ο 2 e / T M S C . j> 

R i ' = M e R 2 ! p n

 c a t C u l F a C ^ S i R ^ R , 2 F 3C"N)Et H 2 S0 4 F 3 C ^ S i M e 3 

Figure 2. Synthesis of trifluoroacylsilanes 

Synthesis of difluoroacetyltrialkylsilanes (3) 

A new strategy was designed based on the reactivity of a difluorovinyl anion 
generated from protected trifluoroethanol by treatment with strong base (9). 
Silylation of the protected difluorovinyl anion [I] with a variety of 
chlorotrialkylsilanes would generate l,l-difluoro-2-trialkylsilylenol ethers (2), 
which could be further transformed by deprotection to 
difluoroacetyltrialkylsilanes (3). In addition, reductive defluorination (10) of (3) 
or electrophilic fluorination (11) of (2) would lead to formation of either 
monofluoroacetyltrialkylsilanes (4) or trifluoroacetyltrialkylsilanes (5) (Figure 
3). 

F 3 C-CH 2 OPG 

1 

Base 
-HF 
-H+ 

defluorlnation 
H 2 FC" ^SIR3 4 

Fw 0 P G 

F 

Ο 

χ 
H F 2 C ^ S i R 3 

3 

CISiRa •vr 
F 2 SIR, 

electrophilic 
fluorination 

F 3 C ^ S i R 3 

Figure 3. Newly designed synthetic method for the formation of fluorinated 
acylsilanes 

In a model reaction, the triethylsilyl ether of trifluoroethanol (la) (see Table 
I) was prepared and treated with lithium diisopropylamide (LDA). 
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Unexpectedly, the penultimate target difluoroacetyltriethylsilane (3a) was 
obtained directly instead of the anticipated l,l-difluoro-2-trimethylsilyl-2-
triethylsilyloxyethene (2a). It was postulated that difluoroacetyltriethylsilane 
(3a) was formed by retro-Brook rearrangement (Figure 4). 

F 3C-CH 2OSIEt 3 

1a 

Figure 4. Unexpected silyl group migration 

During the course of exploring the generality of the formation of 
difluoroacetyltrialkylsilanes (3), it was found that trialkylsilyl trifluoroethyl 
ethers (1), prepared in situ, could be used without purification prior to 
subsequent transformations. It was necessary for the addition of LDA to a 
mixture of trifluoroethanol and appropriate chlorotrialkylsilanes in 
tetrahydrofuran (THF) to be carried out carefully so that the reaction temperature 
was not allowed to exceed than -30 °C. The difluorovinyl anion [I] was 
apparently unstable at temperatures greater than -30 °C. The formation of 
difluoroacetyltrialkylsilanes (3) can be rationalized as occurring via two 
consecutive reactions; initial defluorination followed by a second deprotonation 
of trialkylsilyl trifluoroethyl ethers (1) to generate the difluorovinyl anion [I], 
which upon retro-Brook rearrangement generated intermediate [II], and secondly 
hydrolysis [Π] to form the difluoroacetyltrialkylsilanes (3) (Figure 5). 

OH 
+ CISiR3 

F3C 3 THF 
LDA (3.5-4 eg.) 9! 

F 3 C ^ 

SiR3 
0SiR3 

F ^ 

retro-Brook 
rearrangement 

1)H20 
2)HF 1 

HF 2C S1R3 

Figure 5. Plausible mechanism for the formation of (3) 

As summarized in Table I, a variety of difluoroacetyltrialkylsilanes (3) were 
synthesized in moderate yield. Difluoroacetyltriethylsilane (3a) and 
difluoroacetyl-feri-butyldiphenylsilane (3c) were obtained in 60% and 74%, 
respectively. On the other hand, difluoroacetyltrialkylsilanes with more hindered 
silyl groups, such as triisopropylsilyl (3b) and feri-butyldimethylsilyl (3d), 
required the addition of hexamethylphosphoramide (HMPA). The much less 
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hindered trimethylsilyl derivative (3e) and relatively labile triphenylsilyl 
derivative (3f) were formed in only low yields in the crude mixture and were not 
isolable by the same method employed in the preparation of (3a-d). 

Table I. Synthesis of difluoroacetyltrialkylsilanes (3) 
3 SiR3 Yield (%) Condition 

3a SiEt3 60 0°C,3hrs 
3b Si'Pr-) 63 0 °C, 36 hours, and then room temp, for 24 

hours with HMPA 
3c Si'BuPh2 74 Room temp. 24 hours 
3d Si'BuMe2 13 -20 °C for overnight with HMPA 
3e SiMe3 0 -15 °C for overnight 
3f SiPh3 0 -15 °C for overnight 
3f SiPh3 18 Acidic work-up / controlled hydrolysis 

Synthesis of l,l-difluoro-2-triaIkylsilyl-2-trialkylsilyIoxyethenes (2) 

During the study of the formation of difluoroacetyltrialkylsilanes (3), it was 
possible to trap enolate intermediate [II] on introduction of another equivalent 
chlorotrialkylsilane to form the difluoroenoxysilanes (2) (Figure 6). In all cases 
(Table II), the 14-difluoro-24rialkylsilyl-2-trialkylsilyloxyethe (2) were 
obtained in good yields, even with the 2-feri-butyldimethylsilyl (2d). The 2-
trimethylsilyl (2e-l), and 2-triphenylsilyI (2g-h) derivatives that had not 
previously given satisfactory results did form the corresponding acylsilanes 
(Figure 5, Table I). 

Interestingly, the initial aliquot of chlorotrialkylsilane leads to C-silylation 
through retro-Brook rearrangement from intermediate [I] and an additional 
equivalent of a second silylating reagent results in 0-silylation. This process 
generally occurs without interchange of the silyl groups to predictably form the 
desired products (2). These observations clearly establish that the intermediate 
exists as an enolate [II], generated from retro-Brook rearrangement of silyl 
group from [I], rather than as difluorovinyl anion [I]. 

CISiR3 

LDA (3.5-4 eq.) 

THF 
retro-Brook 

isomerization 

CISiR'3(1.5eq.) ? S I R * 

~ Ρ Υ Ν ^ 3 

F . 

Figure 6. Formation oflJ-difluoro-2-trialkylsilyl-2~trialkylsfy (2) 
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Table Π. Synthesis of l,l-dinuoro-2-trialkylsilyl-2-trialkylsilyloxyethenes 
(2) 

Entry 2 Sfl^ SiR^ Yield (Ψο) 
1 2a SiEt3 SiMe3 80 
2 2b Si'Prj SiMe3 69 
3 2c Si'BuPh2 SiMe3 71 
4 2d Si'BuMe2 SiMe3 65 
5 2e SiMe3 SiMe3 62 
6 2f SiMe3 SiPh3 68 
7 2g SiPh3 SiMe3 67 
8 2h SiPh3 SiPh3 43 

Synthesis of monofluoroacetyltrialkylsilanes (4) and corresponding 
monofluoroenoxysilanes (6) 

The reductive defluorination by magnesium metal in the presence 
chlorotrimethylsilane, a method reported by Uneyama (10), was employed for 
the formation of monofluoroacetyltrialkylsilanes (4). The addition of HMPA 
prevented passivation of the magnesium surface. The monofluoroenoxysilanes 
(6) and the corresponding hydrolysis products, monofluoroacetyltrialkylsilanes 
(4), were prepared in good yields (Figure 7, Table III). 

0 Mg(4eq.) acidic Q 

V TMSCI (3 eq.)u
 f\ QTMS hydrolysis ^ V 

H F 2 C ^ S I R 3 THF-HMPA H SIR3 H 2 F C " % i R 3 

3 0°Ctort 6

 3

 4 

Figure 7. Synthesis of monofluoroenoxysilanes (6) and 
monofluoroacetyltriakylsilanes (4) 

Table III. Synthesis of (4) and (6) 

3 SiR3 6 Yield (%) 4 Yield (Ψο) 
3a SiEt3 6a 74 4a 75 
3b Si'Pr3 

Si'BuPh2 

6b 76 4b 82 
3c 

Si'Pr3 

Si'BuPh2 6c 4c 69 
3d Si'BuMe2 6d 69 4d 85 
3f SiPh3 6f 4f 68 
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Electrophilic halogenation of (2) 

Enoxysilanes are well known precursors to α-functionalized ketones (12). 
Of the α-functionalized ketones, α-haloketones are important synthetic building 
blocks for the introduction of the ketone moiety into molecules by Reformatsky 
reactions (13). Electrophilic halogenation reactions of difluoroenoxysilanes 
bearing either the triisopropylsilyl (2b) or the triphenylsilyl group (2g) on vinyl 
carbon were utilized for the synthesis of α,α-difluoro-a-halo-
acetyltrialkylsilanes (7) (Figure 8). 

Reaction of (2b) and (2g) with electrophilic halogenating reagents (2 
equivalents), such as iV-chlorosuccinimide (NCS), iV-bromosucdnimide (NCS), 
and iodine (I2), in THF at 0 °C for 30 minutes gave the corresponding α,α-
difluoro-a-halo-acetyltrialkylsilanes (7), in good to moderate yields. 
Chlorination with NCS did require longer reaction times and higher reaction 
temperatures (room temperature) compared to bromination and iodination. 
Using 10 equivalents of NCS to affect chlorination of 2b gave a satisfactory 
yield in shorter reaction times (2 days). However, when the excess of 
chlorinating reagent was decreased to 5 equivalents, not only did reaction times 
(4 days) increase, byproduct formation also increased lowering the yield of 7. 

Figure 8. Electrophilic halogenation reactions of (2) 

Synthesis of trifluoroacetyltrialkylsilanes (5) 

Electrophilic fluorination of (2) with appropriate fluorinating reagents can 
lead to the formation of trifluoroacetyltrialkylsilanes (5), synthetic equivalents of 
trifluoroacetaldehyde. Highly volatile and reactive trifluoroacetaldehyde is 
commonly generated in situ from precursors such as hemiacetals, hemiaminals, 
or aminals under acidic conditions (14). With synthetic methods for the 
formation of trifluoroacetyltrialkylsilanes very limited (8), a general method for 
the facile formation of trifluoroacetyltrialkylsilanes was highly desirable. 

Reaction of (2) with 1.5 equivalents of Selectfluor® in a mixture of 
dichloromethane and acetonitrile (1:4) at room temperature for 1 day resulted in 
the formation of trifluoroacetyltriakylsilanes (5) (Figure 9). In general, 1,1-
difluoro-2-trialkylsilyl-2-trimethylsilyloxyethenes (2) bearing bulky silyl groups 
gave higher yields of 5 as consequence of reduced volatility. On work-up and 
evaporation of solvents, (5) was spectroscopically (*H and 1 9 F NMR) pure and 
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can be used in subsequent reactions without additional purification. Formation 
of trifluoroacetyltrimethylsilane (5e) was also observed by 1 9 F NMR with a 
resonance at δ -80.6 ppm corresponding CF 3 group. Unfortunately isolation was 
unsuccessful, presumably as a consequence of the volatile nature of (5e) (Table 
IV) (8c). 

OTMS _ , M , Ο Τ Selectfluor j i 
^ f ^ S I R a CH 3CN : CH 2CI 2 = 4 :1 F 3 C SiR 3 

F> 

F 
2 5 

Figure 9. Electrophilic fluorination of (2) with Selectfluor® 

Table IV. Synthesis of trifluoroacetyltrialkylsilanes (5) 

Entry 5 Temperature SiK, Yield (%) 
1 5a -78 °C Si'BuPhz 0 
2 5a 0°C Si'BuPh2 0 
3 5a Room Temp. Si'BuPh2 87 
4 5b Room Temp. SiPh3 73 
5 5c Room Temp. Si'Pr3 48 
6 5d Room Temp. SiEt3 35 
7 5e Room Temp. SiMe 3 0 

Source: Reproduced with permission from J. Fluorine Chem. 2004,125, 543. Copyright 
2004. 

Synthetic utility of fluorinated acylsilanes 

Olefination reactions of fluorinated acylsilanes 

The reactions of acylsilanes with phosphorus and sulfur ylides often involve 
silyl group migration to form enoxysilanes (15). This tendency is even more 
pronounced in the transformations of fluorinated acylsilanes, giving fluorinated 
enoxysilanes as the major product (Figure 10) (16). However, no information on 
the influence of the nature of trialkylsilyl group on the reaction pathway has 
previously been reported. 

F3C SiPh3 P 3 C/ YJ 

Figure 10. Wittig reaction of fluorinated acylsilanes 
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Wittig reaction of difluoroacetyltrialkylsilanes (3) 

Wittig reaction of difluoroacetyltriethylsilane (3a) with 
triphenylphosphonium methylide produced two fluorinated compounds: the 
expected alkene (8a), and as consequence of Brook rearrangement, the 
fluorinated enoxysilane (9a) (Figure 11, Table V). However, a similar reaction 
with difluoroacetyl-fm-butyldiphenylsilane (3c) yielded only fluorinated 
enoxysilane (9b). Furthermore, when (3a) was allowed to react with a 
resonance-stabilized triphenylphosphonium benzylide, the only product isolated 
was the normal Wittig product (8c). 

'9 R'T, yS!R3 R'x OSiR3 

JL + R'H=PPh3 ·* %=/ + >===< 
H F 2 C ^ S i R 3 E t 2 0 H

n C F 2 H H C F 2 H 
3 8 9 

Figure 11. Wittig reaction of difluoroacetyltrialkylsilanes (2) 

Table V. Wittig reaction of (3) 

Entry 3 StR3 
Time (h) R Yield (%)" Yield (%) 

1 3a SiEt3 1 H 8a (21) 9a (25) 
2 3c Si'BuPh2 2 H 8b (0) 9b (63) 
3 3a SiEt3 24 Ph 8c (75) 9c (0) 
Source: Reproduced with permission from J. Fluorine Chem. 2002,117,207. Copyright 
2002. 

It is clear that both the reactivity of ylides and the nature of substituents on 
silicon affected on the outcome of the reaction. 

Horner-Emmons reaction of difluoroacetyltrialkylsilanes (3) 

Reaction of (3) with stabilized ylides (17), Horner-Emmons type reagents, 
was also investigated (Figure 12) and results are summarized in Table VI. 

Jl^ χ ^ OEt π-BuLI χ γ Η 

HF 2C SiR3

 + ^QEt Et2O,0°C H F 2 C ^ S i R 3 

3 10 

Figure 12. Horner-Emmons reaction of (3) 
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Table VI. Horner-Emmons reaction of (3) 

Entry 3 X Time (h) Yield (%) E/Z 
1 3a C(0)OEt 1 10a (61) 99/1 
2 3b C(0)OEt 4 10b (52) 99/1 
3 3c C(0)OEt 1 10c (59) 99/1 
4 3a CN 1 lOd (76) 78/22 
5 3b CN 1 10e(59) 99/1 
6 3c CN 1 10f(42) 99/1 

Reaction of (3) with the phosphonate anion, generated by deprotonation of 
either triethyl phosphonoacetate or diethyl (cyanomethyl)phosphonate, in diethyl 
ether at 0 °C gave only the normal Horner-Emmons product (10) with no 
isomerized product detected. These results are in agreement with those obtained 
with triphenylphosphonium benzylide, another stabilized ylide. The reaction of 
difluoroacetyltriisopropylsilane (3b) with triethyl phosphonoacetate (Table VI, 
entry 2) required longer reaction times than compounds (3a) and (3c), 
principally as a consequence of steric obstruction of the carbonyl carbon by the 
alkyl silane. With only one exception, reaction of (3a) with diethyl 
(cyanomethyl)phosphonate (Table VI, entry 4), the reaction was highly 
stereoselective as indication by the observation of only one vinyl proton around 
δ 6 ppm in *H NMR spectrum and a single fluorine resonance at δ -110 ppm in 
1 9 F NMR. Extensive studies to determine an absolute stereochemistry of the 
product (10) by both NMR spectroscopy and single crystal X-ray diffraction 
studies revealed the absolute stereochemistry as (£). 

The stereoselective formation of the (£)-isomer can be rationalized by the 
steric influences observed in the transition state model shown in Figure 13. The 
oxyanion and phosphonate have to occupy a synperiplanar relationship for syn-
elimination. As steric congestion between silyl group and X (CN and C(O)OEt) 
in transition state [IV] is greater than between the silyl group and hydrogen in 
[III] path a is favored leading to the selective formation of the (E)-isomer. 

F>(0)(OEt)2 P(OKOEt)2 

Η \ X - Η 

R 3 S r ^ C F 2 H H F 2 C ^ S i R 3 

path a 
favored X = C(0)OEt, CN 

pathb 
disfavored 

R 3 s r ^ C F 2 H R 3 S K ^ C F 2 H 

E-isomer Z-isomer 
major minor 

Figure 25. Transition state model for rational of stereoselectivity 
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Reaction of mono- (4) and difluoroacetyltrialkylsilanes (3) with sulfur 
ylides 

In reactions of mono- (4) and difluroacetyltrialkylsilanes (3) with sulfur 
ylides (Figure 14), the least bulky silyl derivative, difluoroacetyltriethylsilane 
(3a), reactions with dimethylsulfonium methylide under various reaction 
conditions produced complex fluorinated mixtures. On the other hand, reactions 
with dimethylsulfoxonium methylide, in THF at 0 °C, cleanly formed a single 
fluorinated product. Dimethylsulfoxonium methylide reacted with all fluorinated 
acylsilanes (3 and 4) examined to give exclusively the enoxysilane products (9 
and 11) in good yields (Table VII). The rearrangement was insensitive to either 
the steric demand of silyl group or the extent of fluorination of α-carbon. The 
low isolated yield of compound (11a) may be a consequence of the volatility of 
the compound. Unfortunately, monofluoroacetyltriethylsilane (4a) did not 
undergo reaction in a manner that lead to facile isolation of the product. 

u Ρ A i R + H2C=S(0)(CHa)2 — * >=< 
H nF 3 . nC SiH3 THF,0°C H CF 3 . n H n 

9:n = 1 
11:n = 2 

Figure 14. Reaction of fluorinated acylsilanes (3) and (4) with sulfur ylides 

Reaction pathways for the formation of alkenes and enoxysilanes are 
depicted in Figure 15. Addition of the ylide to the fluorinated acylsilane would 
result in the formation of intermediate [V]. In cases where the ylides were 
stabilized by either resonance or the electron withdrawing effect of 
substituents(Y), such as phenyl (Table V, entry 3), carbonyl (Table VI, entries 1-
3), or cyano groups (Table VI, entries 4-6), reaction path b is favored forming 
alkenes. On the other hand, reaction of ylides with substituents (Y) with no 

Table VIL Reaction offluorinated acylsilanes (3) and (4) with sulfur ylides 

Entry η sm3 Yield (%) 
1 1 
2 1 
3 1 
4 2 
5 2 

SiEt3 

Si'Pr3 

Si'BuPh2 

SiT>r3 

Si'BuPh2 

9a (31) 
9d (70) 
9b (84) 
l ib (69) 
11c (67) 

Source: Reproduced with permission from J. Fluorine Chem. 2002,117,207. Copyright 
2002. 

substituents (Y) with no stabilizing influence, underwent Brook réarrangeaient to 
give the enoxysilanes (path a) (Table VII). Moreover, the effect of silicon 
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substituents on the reaction pathways was clear. Reaction with a more 
electrophilic silyl group favored reaction path a and the enoxysilane major 
product (Table V, entry 2), whereas, reaction with less electrophilic silyl group 
preferred path b resulting in formation of the alkene (Table V, entry 1). 

ο 
HnF3.ncAsiR3

 + Y H = X 

Ο X 

R3St I I Η -
HnFa-nC Y 

Γ θ Χ ί R3SiO Η 
- R3Si J J Η >=< 

H nP3-n C Y 

o - x 
-R3Si—(—f— 

H n F 3 . n C Y 

R3Si 

H n F 3 . n C Y 

Scheme 15. Plausible reaction pathways for formation of alkenes and 
enoxysilanes 

Ailylation reaction of fluorinated acylsilanes 

Metal mediated ailylation reaction in aqueous media 

The concurrent introduction of a hydroxy group and a carbon-carbon double 
bond, such as would occur during the ailylation reaction of a carbonyl compound 
(18), might be especially useful in the preparation of multi-functional 
compounds. As such, homoallylic alcohols can be easily converted to β-hydroxy 
carbonyl compounds, such as aldehydes (18, 19) or ketones (20), and may 
undergo a facile one-carbon homologation to δ-lactones.21 

The advantages of conducting metal-mediated ailylation reactions of 
carbonyl compounds in aqueous media as opposed to organic solvents (22) 
include the avoidance of flammable or anhydrous solvents, reduced 
environmental and economic costs, and simplified processing in protection-
deprotection schemes (23). A variety of ailylation reagents containing Zn(24), 
Bi(25), Sn(26), Mg(27), Mn(28), Sb(29), Pd(30), Hg(31), and In(32) which 
react with carbonyl groups in aqueous media have been reported. 

The reaction of organometallic reagents, for examples lithium and Grignard 
compounds, with fluorinated acylsilanes is an intriguing process. For instance, 
reaction of fluorinated acylsilanes with organometallic reagents such as these 
resulted in the formation of difluoroenoxysilanes. The formation of 
difluoroenoxysilanes may result from nucleophilic addition of the organometallic 
reagent, Brook rearrangement of silicon from carbon to oxygen followed by β-
elimination of fluorine (Figure 16) (8a, 33). 
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ι — a _ F § , p vr* 
F 3 C SiPh3 ^ F R 

Figure 16. Formation of difluoroenoxysilanes by addition of organometallic 
reagents to fluorinated acylsilanes 

To form fluorinated homoallylic alcohols with total suppression of Brook 
rearrangement and the consequent formation of fluoroenoxysilanes, the use of 
aqueous media was proposed. 

3c(1eq.) (1.1 eq.) 1 2 c 

Figure 17. Indium-mediated ailylation reaction of (3c) in various concentration 
of water 

Indium is the metal of choice for an ailylation reaction as it requires no 
activation and does not promote side reactions such as reduction and carbonyl 
coupling. Difluoroacetyl-feri-butyldiphenylsilane (3c) was treated with allyl 
bromide (1.1 eq.) and indium (1.1 eq.) in water at room temperature for two days 
to form homoallylic alcohol (12c) with recovery of unreacted (3c) possible. 
Addition of an organic solvent miscible with water influences the reaction 
apparently by improving the solubility of the reactants. To establish the most 
favorable reaction conditions, the indium-mediated ailylation reaction of (3c) 
with allyl bromide was studied with various concentrations of water in THF 
(Figure 17) 

Both water and THF are necessary for the ailylation reaction; only trace 
quantities of homoallylic alcohol (12c) were formed when either pure water or 
anhydrous THF was employed. However, decreasing concentrations of THF 
relative to water led to both longer reaction times and lower conversion rates. 
This outcome may be rationalized by recognizing that solubility of (3c) 
decreases in increasingly aqueous solvents. The exclusive formation of the 
homoallylic alcohol with total suppression of the Brook rearrangement is 
particularly noteworthy. 

The generality of the indium-mediated ailylation reaction was explored with 
various difluoroacetyltrialkylsilanes (3) in a water and THF (1:1) mixture. The 
desired homoallylic alcohols (12) were synthesized in good yields with total 
suppression of Brook rearrangement in all cases tested. Silicon substituents had 
no effect on the product formation. However, in reaction with a substituted allyl 
bromide such as 4-bromo-2-methyl-2-butene (R' and R " = CH 3), the desired 
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homoallylic alcohol was not formed, rather, the fluorinated acylsilane was 
recovered (Figure 18) 

ο 
χ 

H F 2 C ^ S i R 3 

3(1 eq.) 

In (1.1 eq.) 
HO 

THF : H 20 = 1 :1 
H F 2 C — 

R 3S R" 
(1.1 eq.) 12 

Figure IS. Generality of indium-mediated reaction of (3) 

To overcome the low reactivity found in the indium-mediated ailylation 
reaction of substituted allyl bromides, a zinc-promoted process was investigated. 
The zinc-mediated ailylation reaction gives better results in aqueous saturated 
ammonium chloride (NH4CI) solution than in pure water (24). Addition of 
NH4CI to the medium might not only increase the ionic strength of media, but 
also change the acidity (34a). NH4C1, while activating the carbonyl, also 
activates the metal surface to facilitate the formation of allylating reagent (34b). 

The zinc-promoted ailylation reaction of (3c) with allyl bromide was studied 
in various concentrations of saturated NH4C1 in THF. The importance of 
saturated NH4C1 is evident because the homoallylic alcohol (12c) was not 
formed with THF alone. The lower conversion of (3c), observed in reaction 
where the solvent was limited to saturated NH4CI, is presumably a consequence 
of the decreased solubility of (3c). Under the optimum reaction conditions, a 1:1 
mixture of aqueous NH4C1 and THF, the zinc-promoted ailylation reaction 
appeared to be faster (30 minutes) than the corresponding indium-mediated 
process in aqueous THF (24 hours). 

Zinc-promoted ailylation reactions of difluoroacetyltrialkylsilanes (3) with 
various allyl bromides gave homoallylic alcohols (12 and 13) in good yields 
(Figure 19). The steric effect of substituents on silicon was again evident in 
reactions with 4-bromo-2-methyl-2-butene. Reaction with less sterically 
hindered acylsilane (3a, SiR3 = SiEt3) led to complete conversion into desired 
homoallylic alcohols (12e and 13e) in less time than reaction with more hindered 
acylsilane (3c, SiR 3 = Si'BuPh2). The steric influence of allyl bromides was also 
seen in transformations where 4-bromo-2-methyl-2-butene was employed. In the 
case of (3a), reaction with 4-bromo-2-methyl-2-butene required longer reaction 
times (90 minutes) than those with non- or mono-substituted allyl bromides (30 
minutes). Reaction of (3a) with 4-bromo-2-methyl-2-butene resulted in 
formation of a regio-isomeric mixture of the γ-adduct (12e) and the oc-adduct 
(13e). However, γ-regioselectivity was observed with crotyl bromide. 

In this work, the different reactivities observed for indium and zinc could be 
derived from the different ionization potentials of these two metals. Several 
explanations have been proposed in efforts to establish the nature of the reactive 
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HFj *As.R, + " Υ ^ ' 
3 R" 

Br 
THF : aq. NH4CI 

(1:1) 

Zn(3eq.) 
HF2C-

Figure 19. Zinc-promoted ailylation reaction of (3) 

species in metal-mediated ailylation reaction. L i and Chan (22b) proposed a 
single electron transfer (SET) mechanism for the zinc-promoted ailylation 
reaction. On the other hand, Chan and Yang (36) postulate allylindium(I) is 
preferentially formed in aqueous media as a consequence of the low ionization 
potential of indium. 

Recovery of unreacted acylsilane (3c) from both indium- and zinc-mediated 
reaction in anhydrous THF might exclude the possible electron transfer from the 
metal surface to acylsilane. However, observation of gas evolution in an 
exothermic process in the zinc-promoted reaction, but not in indium-mediated 
transformation, suggests a possible electron process involving the metal surface 
in the zinc-promoted process. Such a route is also supported by the improved 
yields under acidic conditions or those conditions where ultrasound facilitated 
the process by activating the metal surface (24b, 37). Possible involvement of an 
indium surface - allyl radical process cannot be excluded. Unfortunately, from 
the information available at this time, no definitive conclusion on the origin of 
the different reactivities of indium and zinc is possible. 

Lewis acid-promoted ailylation reaction 

The Lewis acid-promoted ailylation reaction of allyltrimethylsilanes with 
carbonyl compounds, the Sakurai reaction, affords an excellent opportunity to 
compare a different reaction pathway with the aforedescribed metal-mediated 
reactions (18c, 38). 

The TiCU-promoted reaction of difluoroacetyl-terf-butyldiphenylsilane 
(3c) and monofluoroacetyl-reri-butyldiphenylsilane (4c) with various 
allyltrimethylsilanes in dichloromethane was studied (Figure 20). 

0°CtoR.T. χ 
14;X = F,a:R = H (76%), b: R = CH 3 (38 %) 
15: X = H, a: R = H (54 %), b: R = CH 3 (65 %) 

3c: η = 1 
4c: η = 2 

Figure 20. Sakurai-type ailylation of mono- and difluorinated acylsilane (3c) 
and (4c) 
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Neither fluorinated enoxysilanes nor homoallylic alcohols were obtained. 
Instead, α-ierr-butyldiphenylsilyl ketones (14) and (15) were synthesized in 
moderate yields. 

R 
OH y = 16a:R = H(58%) 

F 3 C - | — ' 16b: R = CH 3 (66 %) 
SÎBuPhj» 

I ^ J ^ / Zn 

THF : sat. NH4CI = (1 :1) 

Figure 21. Ailylation reaction oftrifluoroacetyl-tert-butyldiphenylsilane (5a) 

The reaction of trifluoroacetyl-iert-butyldiphenylsilane (5a) is also very 
intriguing (Figure 21). Reaction under the conditions employed with (3c) and 
(4c) resulted in a recovery of (5a) even at longer reaction times (1 day). 
However increased quantities of TiCl 4 (1.5 eq.) and allyltrimethylsilane (3 eq.) 
led to the total consumption of (5a). Under these conditions, homoallylic 
alcohols (16) were synthesized in moderate yields. The formation of 
homoallylic alcohols (16) was also confirmed by the identitied nature of product 
that resulting from the zinc-promoted ailylation reaction of (5a) in aqueous 
media. In contrast, reaction of (3c) with an increased quantity of both TiCL* (1.5 
eq.) and allyltrimethylsilane (3 eq.) resulted in the formation of a-tert-
butyldiphenylsilyl ketone (14a) without the formation of a homoallylic alcohol, 
suggesting the extent of fluorination of the acylsilanes affects the reaction 
pathway. 

The plausible mechanism for the formation of the cc-feri-butyldiphenylsilyl 
ketones (14 and 15) and the homoallylic alcohol (16) is outlined in Figure 22. 
Addition of an allyl group to the carbonyl carbon could result in the formation of 
intermediate [VI]. An initial silyl group migration followed by defluorination 
would yield [VII]. A subsequent, second migration could generate a-tert-
butyldiphenylsilyl ketones (14 and 15). The increasing extent of fluorination 
influences the reaction pathway diverting the formation of a-tert-
butyldiphenylsilyl ketones (14 and 15) to homoallylic alcohol (16). Calculations 
of electron density employing a semiempirical method, PM3, shows that electron 
density on the oxygen anion of intermediate [VI] is decreased with increasing 
fluorination. This decrease retards silyl migration in the case of the 
trifluorinated intermediate leading to homoallylic alcohol (16) formation. 

SlMe3 "nCI4/CH2CI2 

C F 3 Sn3uPh2 0 °CtoR.T . 
5a 
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|«t. Λ = Γ 
15:Χ = Η 

Figure 22. Plausible mechanism for the formation of a-tert~butyldiphenylsilyl 
ketones (14 and IS) 

Conclusion 

A variety of new fluorinated acetyltrialkylsilanes and the corresponding 
fluorinated enoxysilanes were synthesized in good to moderate yields. Reaction 
of trifluoroethanol with lithium diisopropylamide in the presence of 
chlorotrialkylsilanes gave difluoroacetyltrialkylsilanes (3). A plausible reaction 
pathway for the formation of difluoroacetyltrialkylsilanes was tested by the 
variation of silylating agents employed in a second silylation. The formation of 
a variety of 14-difluoro-2-trialkylsilyl-2-trialkylsilyloxyethens (2), supports the 
explanation of the suggested reaction mechanism. The reductive defluorination 
of difluoroacetyltrialkylsilanes (3) using magnesium in the presence of 
chlorotrimethylsilane formed l-fluoro-2-trialkylsilyl-2-trimethylsilyloxyethenes 
(6), respectively. Moreover, careful acidic hydrolysis of l-fluoro-2-trialkylsilyl-
2-trimethylsilyloxyethenes (6) yielded the corresponding monofluoroacetyl 
trialkylsilanes (4). Electrophilic halogenation reactions of l,l-difluoro-2-
trialkylsilyl-2-trimethylsilyloxyethenes (2) with JV-chlorosuccinimide (NCS), N-
bromosuccinimide (NCS), and iodine (I2) gave α-difluorohaloacetyl trialkyl 
silanes (7) in good to moderate yields. In addition, electrophilic fluorination of 
l,l-difluoro-2-trialkylsilyl-2-trimethylsilyloxyethens (2) with Selectfluor® in a 
mixture of acetonitrile and dichloromethane resulted in the formation of 
trifluoroacetyltrialkylsilanes (5). 

Reaction of fluorinated acetyltrialkylsilanes with phosphorus and sulfur 
ylides was also investigated. Reaction of difluoroacetyltrialkylsilanes (3) with 
Wittig reagents gave either expected alkenes, the normal Wittig products (8), or 
alkeneoxysilanes, the Brook rearrangement products (9), depending on the 
reaction conditions. However, reaction with stabilized ylides resulted in the 
exclusive formation of the expected alkenes (10) without Brook rearrangement. 
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The alkenes were formed with high Is-stereoselectivity where the stereochemistry 
was confirmed by both NMR spectroscopy and single crystal X-ray diffraction 
studies. In contrast, reaction of fluorinated acetyltrialkylsilanes with sulfur 
ylides such as dimethylsulfoxonium methylide yielded exclusively 
alkeneoxysilanes (9 and 11) via Brook rearrangement of silyl groups. 

The ailylation reactions of fluorinated acylsilanes (3, 4, and 5) were 
investigated under a variety of reaction conditions. The metal-mediated 
ailylation reaction of (3) in aqueous media resulted in the formation of 
homoallylic alcohols in good yield. Metal-mediated reactions lead to total 
suppression of Brook rearrangement. The importance of the concentration of 
water in THF was evident in the indium-mediated reaction. However, the 
presence of saturated NH4C1 is more important than the concentration of THF in 
the zinc-promoted reaction. Overall the zinc-promoted ailylation reaction is 
more effective than the indium-mediated reaction. Mono- and disubstituted allyl 
bromides gave the desired homoallylic alcohols (12 and 13) in good yields under 
zinc-promoted conditions whereas no formation of homoallylic alcohols was 
observed in the indium-mediated reaction. While no definitive conclusion can 
be drawn the different reactivities of zinc and indium might be a consequence of 
the different ionization potentials of these two metals. Not only the substituents 
on the allyl bromides, but also those on silicon affect the regio- and 
diastereochemistry. 

The TiCLi mediated ailylation reactions of fluorinated acylsilanes (3, 4, and 
5) were also examined. Reaction of mono- and difluoroacetyl-ierf-
butyldiphenylsilanes (4c and 3c) with various allyltrimethylsilanes resulted in the 
formation of oc-silylated ketones (14 and 15) in moderate yields by means of 
sequential Brook- and retro-Brook rearrangements. On the other hand, reaction 
of trifluoroacetyl-feri-butyldiphenylsilanes (5a) under the same condition 
resulted in a recovery of 5a as well as formation of homoallylic alcohols (16). 
Increasing the quantities of both the Lewis acid and the allyltrimethylsilanes 
relative to the minimum required stoichiometry resulted in formation of the 
homoallylic alcohols (16) in moderate yields with complete consumption of (5a). 
The influence of fluorine on the reaction pathways leading to the formation of 
either α-silylated ketones (14 and 15) or homoallylic alcohols (16) was deduced 
from computations using a semiempirical method, the PM3 model. Variation of 
the electron density on the oxy anion of intermediate [VI] modulated by 
fluorination leads to alternative reaction pathways. 
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Chapter 23 

The Role of Fluorine-Containing Methyl Groups 
toward Diastereofacial Selection 

Takashi Yamazaki1 , 2 , 3, Satoshi Takei1, Tatsuro Ichige1, 
Seiji Kawashita1, Toshio Kubota3, and Tomoya Kitazume1 

1Graduate School of Bioscience and Biotechnology, Tokyo Institute 
of Technology, 4259 Nagatsuta, Midori-ku, Yokohama 226-8501, Japan 

2Department of Materials Science, Ibaraki University, 
4-12-1 Nakanarusawa, Hitachi 316-8511, Japan 

3Current address: Department of Applied Chemistry, Tokyo University 
of Agriculture and Technology, 2-24-16 Nakamachi, 

Koganei 184-8588, Japan 

Michael addition reactions of enolates derived from the 
selected ketone, ester, and amide to γ-CH3-nFn-α,β-unsaturated 
ketones (n=1~3) were proved to smoothly furnish the desired 
1,4-adducts with high level of diastereofacial selectivity, 
which monotonously decreased by reduction in a number of 
fluorine involved. Although the Felkin-Anh model can 
accommodate the stereochemical outcome when E-acceptors 
were employed, the opposite stereoisomer was obtained from 
the corresponding trifluorinated Z-isomer. The hyper-
conjugative stabilization of transition states by electron 
donation from the proximate allylic substituents (the Cieplak 
rule) successfully explains the observed π-facial preference of 
both E- and Z-acceptors. 

© 2005 American Chemical Society 399 
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Introduction 

It is well documented (2-4) that introduction of a trifluoromethyl moiety 
into organic molecules gave rise to significant change in their physical 
properties which is due in part to its strong electron-withdrawing nature making 
the proximate bonds shorter and stronger. When this group directly attaches to 
π systems, electrophilicity is extraordinarily enhanced by decreasing the 
molecular orbital, especially LUMO energy levels (5,6). On the other hand, 
because of three fluorine atoms and each of which possessing three lone pairs, 
this moiety behaves like a mass of electrons which effectively prevents the 
access of appropriate nucleophiles. 

Previously, we have reported (7) that £-4,4,4-trifluorocrotonate 1 readily 
underwent Michael addition reactions (8-10) with enolates derived from 
acylated oxazolidinones, and the intermediates trapped as ketene silyl acetals 
were found to follow highly stereoselective Ireland-Claisen rearrangements in 
the presence of a Pd catalyst, controlling three consecutive stereocenters in the 
product 2 (Scheme 1). The smooth conjugate addition at the first stage (5,11,12) 
would be elucidated in consequence of the significant stabilization of the 
Michael intermediates due to intramolecular F-Li chelation (5,11), and the 
stereochemical outcome of the Ireland-Claisen procedure (13) at the next step 
would be understood by the different steric requirement between the both π 
faces, allowing the rearrangement to occur from the re-face where the smaller 
CF 3 group occupies (compare TS-re and -si in Scheme 1). However, the results 
for the simplified derivative 3 was totally opposite to our expectation. Thus, in 
spite of closer steric bulkiness of i-Pr and CF 3 groups (14-16), good selectivity 
of ca. 9:1 was attained by the preferential rearrangement again occurring from 
the same re-face. This fact clearly demonstrated that the different electrostatic 
circumstance of the two π faces would be responsible for realization of this good 

Scheme 1 Sequential Michael and Ireland-Claisen rearrangement 

Ο 
OLi 

0 *>A Ox 

CF 3 i i )TMSCI 

iii) PdCl 2 (PhCN) 2 

o F 3C; ο 

v iA 
2 (single isomer) 

CF 3 

as R' 

Ο CF 3 

4 74% yield, 88% 5ΚΛ 
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Scheme 2 Preparation of the trifluorinated acceptors E- and Z-6a 

Ο 

Z-6a Z-7 5 £-6a 

a) (EtO) 2P(0)CH 2C(0)Bu"', w-BuLi/Et 20; b) (PhO) 2 P(0)CH 2 C0 2 Et, NaH/THF; 

c) NaOH/THF-H 2 0; d) AcCl, E t 3 N / C H 2 C l 2 ; e) te/Z-BuMgCl/THF. 

293~syn selectivity, not by the steric bulkiness of the two substituents occupied 
the both faces {17). Because this type of phenomenon has not been reported yet, 
we have decided to prepare the variously fluorinated substrates for the 
clarification of the role of C H 3 _ n F n groups for controlling the π-facial selectivity. 

Preparation of the Starting Materials 

The Michael acceptor with a C F 3 group, £"-6a, was synthesized from the 
commercially available aldehyde 5 and the Horner-Wadsworth-Emmons (HWE) 
reagent derived from bromopinacolone (Scheme 2). On the other hand, the 
corresponding Z-isomer, Z-6a, was obtained by the literature method (18) using 
the H W E reagent with a phenoxy group on the phosphorus atom, enabling the 
selective formation of Ζ-α,β-unsaturated acid Z-7 by the successive hydrolytic 
treatment. Its further conversion to the desired Z-acceptor was not clean and 
satisfactory yields have not been attained yet in spite of our extensive 
investigation of reaction conditions. Condensation of (PhO)2P(0)CH2C(0)Bu"' 
and 5 were also carried out as the directly accessible process to the target Z-6a, 
but the product was formed only in 30% yield in an unexpected Ε selective 
(£:Z~8:2) manner. 

At the next stage, the monofluorinated acceptor E-6c was prepared from 3-
hydroxyisobutyrate 8 which was at first fluorinated (19) by the Ishikawa's 
reagent (20) and its "half reduction by DIBAL, followed by the olefination with 
the bromopinacolone-based H W E reagent (21-25) (Scheme 3). Our initial plan 
was to construct E-6c via the intermediate E-10 by taking into account the low 
boiling point and high volatility of the compound 9, but it turned out that the 
final fluorination yielded the unexpected product ΕΊΙ. This type of reaction 
was sometimes observed when allylic alcohols were treated with this type of 
reagents (26). The present homoallylic alcohol transformation allowed entry of 
fluorine to the most stable and least congested intermediary cation Int-3 
following to the SN1 type mechanism. 

The difluorinated acceptor was considered to be the most difficult to 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

3

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



402 

Scheme 3 Preparation of the monofluorinated acceptor E~6c 

M e ^ C 0 2 M e a M e ^ C C ^ M e b,c ̂  M e v ^ ^ 

HOH 2C 7 0 % FH 2 C 4 3 % FH 2 C 

8 9 £-6c 

(λ .0 , F Ο 

HOH 2C 29% (2 steps) 

£-10 

I 

Int-1 Int-2 

B u 

a) Et 2 NCF2CHFCF3/CH 2 Cl2; b) DIBAL/Et 2 0; c) (EtO)2P(0)CH2C(0)Bu"', « - B u L i / E t 2 0 ; d) H + . 

construct among three acceptors required here from the standpoint of the 
availability of starting materials and/or limited preparation methods. Under 
such a circumstance, we have devised the synthetic sequences as shown in 
Scheme 4. Readily available trifluoromethacrylic acid 12 was first converted 
into the corresponding acid chloride whose esterification with 2-phenylethanol 
and further smooth hydrogenolysis yielded trifluorinated isobutyrate 13 in 

Scheme 4 Preparation of the difluorinated acceptor E-6b 

^ , C 0 2 H x ^ C O s i R d v ^ C C ^ R 

CF3 CF3 C F 2 

12 13 14 

6O0/0 J H F 2 69o/0 ρ 2 η τ 

Ο 

,-f 

(2 steps) 

15 £-6b 

a)C 6 H 4 (COCI) 2 ; b) ROH, pyridine/CH 2Cl 2; c) 10% Pd/C/MeOH; d) L D A / T H F ; 

e) DIBAL/Et 2 0; f) (EtO) 2 P(0)CH 2 C(0)Bu', « - B u L i / E t 2 0 (R: PhCH 2 CH 2 -> 
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excellent yield. During this study, we have found (27) that LDA effected the 
clean formal dehydrofluorination of 13 to furnish terminally difluorinated 
methacrylate 14. The key to success of this transformation was to slowly add a 
small excess amount of LDA to keep the reaction temperature almost constant 
at-78 °C, which seemed to effectively retard the delivery of fluoride from the 
resultant enolate species. Otherwise the highly electrophilic olefinic carbon 
atom with two fluorine atoms (28,29) would accept the quite facile nucleophilic 
attack by this strong base. This inverse addition method eventually improved 
the yield of the product 14 to 86% from 25% when 13 was added to a solution of 
LDA. Hydrogénation of 14 required positive pressure of H 2 for conversion with 
an acceptable reaction rate (10 mol% of a Pd catalyst under 5 atm of H2) which 
was in sharp contrast to the case of 12, which was quite readily transformed into 
13 in the presence of only a 1/20 amount (0.5 mol%) of the catalyst under 
atmospheric pressure of H 2 . This method opened a new route to introduce a 
CHF 2 group at the 2 position of appropriate carbonyl compounds by way of 
trifluoromethylation of their ketene or enol silyl acetals (30) at the first step. 

Table 1 Reaction of Enolates with E-6 or Z-6a 

19-21 

Accpt.a) R1 R 5 Yield Pro.b) Diastereoselectivityc; 

(%) 

£-6a Ph Me 95.0 19a 2.8 . 97.2 
E-6b 80.5 19b 7.6 92.4 
E-6c 76.3 19c 17.6 82.4 
Z-6a 0 
E-6a EtO MeS quant 20a 7.7 92.3 [<1.0 >99.0] 
E-6b 86.0 20b 15.1 84.9 [16.7 83.3] 
E-6c 76.3 20c 30.9 69.1 [26.3 73.7] 
Z-6a 45.9 20a <1.0 >99.0 
E-6a Me 2N Me 87.5 21a 3.6 5.1 : 30.4 60.9 
E-6b 74.4 21b 5.0 13.8 : 30.9 50.3 
E-6c 78.8 21c 15.6 16.3 : 34.0 34.1 
Z-6a 87.6 21a 2.2 16.6 : 28.4 52.8 

a) Acceptor, b) Product, c) In the bracket was shown the diastereomeric ratio after 
removal of the MeS group. 
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Michael Addition Reactions of Enolates 

As described above, we have obtained all Michael acceptors E-6 and Z-6a 
with CH 3 . n F n groups (n=l-3) which were subjected to the reactions with 
enolates from propiophenone 16, ethyl (methylthio)acetate 17, and N,N-
dimethyl-propionamide 18 (Table 1). As we expected, these donors experienced 
facile conjugate addition to yield stereoisomeric mixtures 19-21 in every 
instance. In principle, four diastereomers could be formed but this was the case 
only when the amide donor 18 was employed. The enolates from the ketone 16 
and ester 17 selectively afforded two stereoisomers. Their chemical yields were 
generally increased in proportion to the number of fluorine involved in the 
acceptors 6. 

Stereochemistry of the adducts with a CF 3 group was determined as follows. 
First of all, the major diastereomer of 21a from 18 and 2s-6a was successfully 
purified and separated by simple column chromatography and gave suitable 
crystal for X-ray crystallographic analysis which unambiguously manifested its 
relative stereochemistry as 2i?*,3i?*,5S* (Figure 1). On the other hand, when 
the compound 20a was treated with «-Bu3SnH, a facile elimination of a MeS 
group occurred to furnish a single isomer 22a (Scheme 5). This result indicated 
that two stereoisomers of 20a stemmed from the epimer at 2 position. 22a was 
further treated with an excess amount of LDA and the trapping of the resultant 
bisenolate by Mel realized the regioselective methylation at the 2 position. It 
was clarified from the *H as well as l 9 F NMR analyses that 23a consisted of a 
26:74 mixture and its ester group was independently converted into phenyl 
ketone and iV,iV-dimethylamide to produce 24a and 25a, respectively, basically 
with retention of stereochemical integrity. The major and minor isomers of the 
latter amide 25a were analytically proved to be the same as the ones obtained as 
the most and the second predominant stereoisomers of the amide Michael adduct 

Figure 1 3D Structure of the Most Predominant Diastereomer of 21a by 
Crystallographic Analysis (some hydrogen atoms are omitted for clarity) 
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Scheme 5 Determination of relative stereochemistry 

B L T 86% EtO' 
SMe 

20a (7.7:92.3) 22a (single isomer) 23a (26:74 at C 2) 

d,e,f 66< d,g,h 86% 

24a (27:73 at C2) 25a (32:68 at C2) 

a) w-Bu3SnH, cat. AIBN; b) LDA/THF; c) Mel, H M PA; d) LiOH; e) Et2NSF3; 
f) PhMgBr/THF; g) r-BuC(0)Cl, pyr.; h) 50% HNMe2 aq. 

21a. Thus, taking into account the afore-mentioned crystallographic data 
(Figure 1), the most abundant stereoisomer of 25a should possess the identical 
relative stereochemistry to the one shown in Scheme 5, and the minor product 
should be the 2S*,3R*,5S* form, epimeric at the 2 position. Stereochemical 
relationship between C 3 and C 5 in 20a became apparent by tracing the scheme 
back in spite of uncertainty at the C 2 site. On the other hand, the identical 
stereoisomeric structure was confirmed between the major isomers of both 19a 
derived from ketone enolate and 24a again by NMR spectroscopy. However, 
their minor isomers were found to be different and the minor 19a should be 
epimeric either at C 3 or C 5 . 

These structural determination allowed us to estimate the diastereofacial 
selectivity as 94.4% for 19a, 100% for 20a, and 91.3 and 81.2% for 21a from E-
and Z-6a, respectively. Although our clarification of the relative configuration 
was only for CF3-containing products, di- as well as monofluorinated acceptors 
E-6b and -6c would be deduced to exhibit the similar tendency for their 
stereoselectivity. 

Explanation of the Stereochemical Outcome 

As described above, we have succeeded in the diastereoselective enolate 
Michael addition reactions, and became interested in the factors responsible for 
such stereoselection. Usually, Felkin-Anh type transition state (TS) models (31-
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Figure 2 Felkin-Anh Type TS Models 

4 H L-<JJ- : " c - ° r » ° o 

FA-1 FA-2 " S 

34) are employed for the explanation of these issues (35), which were originally 
applied to the carbonyl π-facial selectivity possessing α-asymmetric carbon 
atoms. The incoming nucleophiles (Nu) are considered to approach the reaction 
site to fulfill the 0=0-Nu angle of 100-110 degree from the opposite side of the 
most sterically demanding and/or electronwithdrawing group L which occupies 
the perpendicular position to the C=0 group (Figure 2), Such preference is 
ascribed to the o*c-L-n*c=o interaction effectively lowering the LU MO energy 
level and increasing electrophilicity. Although two TS models, FA-1 and 2, are 
possible, steric repulsion between the nucleophilic species and the carbonyl a-
ligand allowed us to anticipate the latter more stable, leading to the occurrence 
of the reaction from the re-face preferentially. 

Such TS models were further extended to the C=C system like Michael 
acceptors containing γ-chiral centers (Figure 3) (36). Replacement of oxygen 
for carbon gave rise to more or less steric congestion but, as long as R1 being H, 
such small perturbation rendered the conformation of the γ-stereogenic center to 
be the same as the original case shown in Figure 2. Thus, the L group occupies 
the perpendicular position to the C=C bond, and Nu would attack the carbonyl 
β-carbon by way of FA-4 due to smaller steric requirement rather than FA-3. 
However, this is not the case for compounds with Z-olefinic stereochemistry 
(R l#i) in which significant steric interaction would cause the least hindered 
substituent S to be located in the same plane as the C=C bond (dihedral angle S-
C-C=C of -0°) for minimizing allylic 1,3-strain (37). Then, a nucleophile 
would initiate a new bond formation from the face opposite to the bulkier ligand 
L (AS-1). As an exception, we should also consider AS-2 type TS where Nu 
attacks with intermolecular interaction with the ligand which enables the access 
even from the sterically less favorable face. 

Figure 3 Felkin-Anh and the Related TS Models 

u 

FA-3 FA-4 AS-1 AS-2 
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Scheme 6 Michael addition reactions under various conditions 

(l)Reetz et ai 
M e 

N - O 

B n 2 N R 
Y Y .C02Et MeNHOH-HCI 

E t 3 N / C H 2 C l 2 

B n 2 N R 

26a,b 27a 62% yield, 90% syn 
lib 71% yield, %3%anti a: R=H, b: R=CQ 2Et 

(2) Yamamoto et al. 

M e O R Y Y , C 0 2 B u f L iNBn 2 

28a,b 29a 83% yield, 63% syn 
29b 85% yield, >99% syn a: R=H, b: R=Me 

Previously, Reetz and his coworkers reported (38) the 1,2-oxazolidin-5-one 
formation via conjugate addition (Scheme 6). 3,4-Syn stereochemistry was 
constructed in a ratio of syn\anti being 90:10 from 26a, while the diastereomeric 
awn'-isomer became predominant for 26b (R = C0 2 Et). This sharp difference in 
the π-facial selection, highly dependent on the structure of the acceptors 
employed, would be explained by the TS model FA-4 for the former but AS-1 
for the latter. On the other hand, Yamamoto et al found (39) examples showing 
high level of syn selectivity even when substrates possess cis substituents like 
28b. The methoxy group played a pivotal role in this instance by forming 
chelation with the incoming nucleophiles which definitely determined the face 
where Michael addition really occurred (AS-2). 

As shown in Table 1 and Scheme 5, both E- and Z-6a predominantly 
furnished the Felkin-Anh type products and high affinity of fluorine with metals 
was considered to determine the latter stereoselection like the case of Yamamoto 
et al Thus, these two Michael acceptors could be considered to follow FA-4 
and AS-2, respectively. However, on the basis of our recent results (40), this 
does not seem to be the case. Esters 30 with fluorine-containing auxiliaries were 
benzylated in a re-face selective fashion by construction of the rigid bicyclo-
[3.3.1] type intermediates which allowed the phenyl and methyl moieties in the 
auxiliaries to effectively cover the opposite si face. As shown in Scheme 7, 
existence of fluorine seems to be responsible for fixing the conformation and the 
diastereoselectivity of the products 31 is almost constant although the chemical 
yields varied to some extent. It is interesting to note that the absence of fluorine 
is responsible to the apparent decrease of the de values, indicating the important 
role of this atom's inherent electronic characteristics. However, Table 1 exhibits 
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OMe 

Ο 
R

V O ^ A ( KHMDS 
Me*/ 

Ph 

30 

Scheme 7 Diastereoselective alkylation of 30 

Ο 

Me' 
Ph 

X:HorF 

BnBr 

Ph Bn 

31 

a: R=CF3, 79% yield, 80% de; b: R=CHF2,45% yield, 84% de; 
c: R=CH2F, 41% yield, 84% de; d: R=CH3, 31% yield, 48% de; 

clear dependence of diastereomeric selection on the number of fluorine, which 
made us suspicious for considering the chelation-controlled reaction and 
eventually we have excluded the possibility of this chelation mechanism. 

Then, what can properly rationalize how our stereoselectivity was attained? 
Eventually, we have reached the conclusion that it is Cieplak rule (41,42) which 
can consistently explain the present stereochemical outcome. This rule is 
summarized as the hyperconjugative stabilization effect by electron donation 
from adjacent bonds to an incipient bond and thus reactions occur from the side 
opposite to the best electron donating substituent. 

With this définition in mind, this rule is applied to our system. First of all, 
the / /-C-C=C part of the stable conformation would keep planarity for 
minimizing allylic 1,3-strain especially in the case of R 2 not being H (Int-4 in 
Figure 4). However, when a nucleophile approaches from the top side, the 
stereogenic center rotates clockwise so that the CF 3 group at the TS occupies the 
anil position to the incoming Nu and the incipient bond σ*ψ orbital is able to 
accept electron donation from the neighboring OC-CF3 bond (C-1). On the other 
hand, C-2 is the TS model where Nu attacks from the bottom side and, in this 
case, the CH 3 moiety is located on the other side of the nucleophile and the 
similar electrostatic interaction would occur between ac - cm - 0 Φ orbitals. 
Considering the strongly electronwithdrawing nature of a CF 3 group, it is quite 
apparent that electrostatic stabilization should be more pronounced for C-2 
rather than C-1, leading to predominant acceptance of nucleophilic reagents 

Figure 4 Explanation of Stereoselectivity by the Cieplak Models 

t 
Nu t 

sHŝ  R >f£ s 
Int-4 C-1 · C-2 
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from the same olefinic face where a bulkier CF 3 group occupies. As a 
consequence, the TS model C-2 leads to the production of the relative 
stereochemical relationship between C 3 and C 5 as shown in Scheme 5. Such 
experimental results could be alternatively understood by Felkin-Anh model in 
the case of /s-6a (ca 120° counterclockwise rotation of the allylic chiral carbon 
in C-2 gives rise to the identical conformation to FA-4 as described in Figure 3), 
which appears to expect the access of Nu from the same π-face. However, as 
mentioned above, Felkin-Anh model cannot account for the correct 
stereoisomers when Z-acceptors are used. We believe this is also the case for E-
6A because Int-4 type conformation is most abundant too in the case of E-
acceptors (43). This is the reason why we adapt the Cieplak rule because it is 
only the Cieplak rule at present which has led to the consistent explanation for 
the obtained diastereofacial selectivity irrespective of the stereochemistry of 
Michael acceptors, and there are such examples whose selectivity is explained 
on the basis of this theory (44-48). 

As described above, we have successfully clarified the role of CH 3_ nF n 

groups at the γ position of α,β-unsaturated ketones for diastereoselective 
enolate-Michael addition reactions. Their electron-withdrawing effect allowed 
the incoming nucleophiles to readily discriminate the two different π-faces. 
This phenomena were consistently explained by adapting the Cieplak rule for 
not only E-6 but also the corresponding Z-isomer. 
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Chapter 24 

Reactions of Unsaturated Organometallic Reagents 
on Trifluoroacetaldimines 

Danièle Bonnet-Delpon, Jean-Pierre Bégué, and Benoit Crousse 

Centre National de la Recherche Scientifique, Université Paris-Sud, 
Biocis UPRES A 8076, Rue J.B. Clément, 

F-92296 Châtenay-Malabry, France 

Allyl zinc reagents, vinyl magnesium bromide and lithium 
acetylides could easily react without any activation on 
trifluoroacetaldimines to afford homoallyl, allyl and propargyl 
amines in good yields. From chiral imines, these amines were 
obtained in excellent diastereoselectivity (>98%). After N
-allylation, homoallyl amines could give access to piperidine 
derivatives by ring closing metathesis. The allyl amine allowed 
the synthesis of the trifluoromethyl epoxide 24, fluorinated 
analog of a key precursor of aspartyl proteases inhibitors. 

Introduction 

Amino compounds constitute a large class of naturally occurring and 
biologically important molecules. One approach to these compounds is the 
addition of organometallic reagents to imines or imine derivatives. This well-
known reaction allows the preparation of stereochemically defined amines, since 
the addition of organometallic reagents to the C=N bonds of imines or imine 
derivatives can be stereocontrolled. Despite the poor reactivity of imines towards 
nucleophilic reagents, a variety of methods have been developed which broaden 
the scope of this organometallic reaction. Classically the electrophilicity of the 
imino function bond can be increased by the addition of external promoters 
(proton or Lewis acid) to provide a more reactive iminium salt, or by the N-
acylation or W-sulfonylation to give more activated imines or iminium salts (/). 

412 © 2005 American Chemical Society 
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N-oxidation is also a good way to increase the reactivity of imines through the 
formation of nitrones (/). Surprisingly, despite the electronwithdrawing effect of 
a fluoroalkyl group which can favor to addition of nucleophiles on C=N bond, 
the addition of an unsaturated organometallic reagent to fluorinated aldimines 
has not been explored so far. 

Considering the unique consequences of fluorine substitution for hydrogen 
in organic molecules, the synthesis of selectively fluorinated and 
enantiomerically pure unsaturated amino compounds, as biological relevant 
targets, might be of particular interest (2-4). 

Consequently our objective was to perform the addition of unsaturated 
organometallic reagents to trifluoromethyl aldimines, with no particular other 
type of activation. The success of such method would bring the possibility to 
prepare, by the easy introduction of a chiral iV-substituent, non racemic amines, 
as already shown in the case of phenyl lithium addition on chiral fluorinated 
imine derivatives (4f). We develop in this chapter our studies on these reactions 
as an access to allyl, homoallyl and propargyl amines, and their use as synthons 
for the preparation of new biologically relevant fluorinated amino compounds, 
such as fluorinated peptidomimetic units and heterocyclic compounds (Scheme 
1). 

Scheme 1 

All starting trifluoromethyl aldimines were readily synthetized by the 
condensation between the hydrate or the hemiacetal of fluoral with the 
appropriate amine, and were always obtained as anti isomers. 

Trifluoromethyl Homoallylic Amines: Ailylation Reactions. 
The preparation of homoallyl trifluoromethyl amines had not been intensively 
explored so far. Few approaches were described: - one synthesis from the N-(p~ 
toluenesulfonyl)-trifluoromethyl aldimine by an ene reaction (5), - a Lewis acid-
mediated addition of an allylsilane to aldimines derived from fluoral or related 
hemiaminals, including non racemic ones (6, 4a). Concerning the organometallic 
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approach, to our knowledge few examples were reported and they concern 
imines activated by an electronwithdrawing JV-substituent: the addition of the 
allylmagnesium on a trifluoromethyl sulfenimine generated by electrooxidation 
of CF 3CH 2NR 2 (7) and on the JV-acyl-l-chloro-2,2,2-trifluoro ethylamine (8), 
and more recently the addition of allyllithium on oc-trifluoromethyl hydrazones 
(9). 

We explored the reaction between the JV-benzyl trifluoroacetaldimine 1 and 
allyl bromides with different metals under Barbier conditions (10). This 
approach does not require the isolation of the organometallic reagents allowing 
thus a great diversity of structures for the allyl moiety. With Mg and In, the 
reaction was efficient only with, the non substituted allyl bromide. With Zn, 
conditions were found (1.3 equiy. of allyl bromide, 1.2 equiv. of turnings of Zn 
activated by TMSC1, at room temperature in DMF) which allowed the complete 
reaction with allyl bromide and 3,3-dimethyl allyl bromide (table 1). 

Table 1. AHylation Reaction under Barbier conditions 

j|{ + Allylic bromides M e * a l » Homoallylic amines 
1 X Bn 3afb 

Allyl Br Metal Time (h) product Yield (%) 
Mg a 0.75 75 
Inb 1 96 
Zn 

NHBn 3 a Zn 0.75 95 
Mg a 1 20 
In" 24 Traces 

u 0.75 
NHBn 3b 

Zn b 0.75 
NHBn 3b 

97 
a in ether at r.t. b in DMF at r.t. 

These latter conditions were then successfully applied to the reaction with 
various patterns of allyl bromides, starting from the N-benzyl aldimine 1 or the 
N-para-methoxyphenyl aldimine 2 (Table 2). Reactions can be conducted 
alternatively in DMF at room temperature or in THF at reflux. In all cases 
reactions were fast and clean, and yields in homoallylic amines 3,4 were good to 
excellent (75-97%). Similarly imine 1 could react with propargyl bromide to 
afford the homopropargyl amine 3e in 76% yield. 
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Table 2. Ailylation Reaction with Zinc in DMF a and THF b 

C F 3 n Rl R 3 / R 2 

il +

B r \ A ^ R 2 C F 3 Y V 
\ η Zn/cat. TMSCi I f 
R λ NHR R-i 

3 solvent 

R 

R= Bn 1 
PMP 2 

NHR Ri 

R= Bn 3 
PMP 4 

Allyl Br Time (h) Solvent 3,4 Yield (%) 

Br" 

Br 

Br 

Et 2OC 

B r - ^ 

Br" 

Br 

Br 

0.75 

1 

0.75 

0.75 

DMF c p 3 > 

THF 
DMF 

THF 

DMF 

DMF 

NHBn 3a 

C F 3 

NHBn 
3b 

CF 3 

I 
NHBn ' 3c 

NHBnC0 2Et 

95 
85 
97 

82 

75 

75 
3d 

C F 3 . 

0.75 DMF 1 ^ 
NHBn 

3e 

76 

0.75 DMF C F 3 . 79 

4 THF NHPMP 4a 92 

0.75 DMF 
c f 3 v 

NHPMP 4b 
82 

0.75 DMF C F 3 

PMP-
r y 
-NH 1 4c 

83 

8 At room temperature.b At reflux. 
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The success of this reaction which does not require an activation of the 
imine group by an JV-acyl substituent, allowed us to envisage a chiral approach 
using a chiral N-substituent. With the (i?)-JV-phenethyl aldimine 5, the 
homoallylic amine 6a was obtained in good yield (87%), but with poor 
diastereoselectivity (60/40) (Scheme 2). 

NH 

Scheme 2 T h P h ^ 6a 
DMF/r.t./0.5h 87%, d.e. = 20% 

In order to improve diastereoselectivity, other chiral JV-substituents were 
evaluated. Oxazolidines 7 (62/38) which are prepared from fluoral and phenyl 
glycinol (4f), were reported to provide a 70/30 mixture of diastereoisomers of 
chiral homoallyl amine in BF3.Et20-promoted reaction with an allylsilane (4a). 
When placed under Barbier conditions in DMF at room temperature, with 1.5 
equiv. of zinc, oxazolidines 7 provided amines in very poor yield. An increased 
amount of Zn (3-4 equiv.) was required to obtain the iV-phenyl glycinol allyl 
amines 8 in 65%. Compared to reactions from 5, the diastereoisomeric excess 
was improved (d.e.= 61%). The same reaction performed in THF (reflux) 
provided 45% of 8 with a very poor d.e. (9%. (Scheme 3). 

Scheme 3 

dmf at r.t. 65%, d.e. = 61% 
thf at reflux 45%, d.e. = 9% 

The change in ratio of diastereoisomers in starting material and products 
suggests the intermediate formation of an iminium ion, as already postulated in 
reaction using Lewis acids (4a). This is probably due to the excess of zinc used 
in these reactions. These results indicate that chiral oxazolidines are not good 
substrates for reactions with allyl zinc reagents: they are less reactive than 
aldimines, and diastereoselectivity is not sufficiently high. In order to prevent the 
formation of oxazolidines, the (R)-phenylglycinol was converted into the 
corresponding methyl ether and the allylation reaction was performed with the 
CF3-aldimine 9 in THF and DMF with allyl bromides (Table 3). The high 
reactivity was recovered : only 1.3 equiv. of Zn were required, and good yields 
in homoallylic amines 10 were obtained (65-85%). Furthermore 
diastereoselectivities were excellent. The absolute configuration could not be 
determined. 

The stereoselectivity of the addition reaction may be accounted for by a 
chelation-controlled mechanism (//). From the aldimine 9, the metal coordinates 
with Ν and Ο atoms of the auxiliary group to produce a rigid five-membered 
chelate (figure 1). The allyl group attacks the C=N bond from the less congested 
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face (opposite to the phenyl group) to give the amine 10. According to this 
transition state model, the addition of the allyl moiety occurs with creation of an 
R chiral center. This has been confirmed with our result obtained in reaction of 
vinylation (vide infra). 

Table 3. Ailylation Reaction with the Aldimine 9. 

c f 3 . 

j!] 1.3 eq. Zn /1.3 eq. Al ly l Br 
/off OMe *- Homoallyl amines 10 <K4u solvent pn g 

Allyl Br Solvent Time β) 10 yield (%) de. (%)a 

THF 2 c f 3 v ^ ^ 85 96 

B r " " ^ N H 
DMF 0.5 

Ρ Γ Τ ( Κ ) ^ "" 10a 
DMF 0.5 I 0 M e 68 84 

c f 3 « 

B r / \ ^ L THF 0.75 NH 65 98 
n u l / O M e 
P h W ^ 10b 

Τ DMF 2 NH C 0 2 E t 72 85 
E t 2°C

 n . A ^ O M e 
Ph 10d 

a determined by I 9 F NMR of the crude product. 

Figure 1 

ι 
Me 

Among the various classes of nitrogen heterocyclic systems involved in 
biochemical reactions, pyrrolidines and piperidines received particular interest 
triggered by their isolation from various natural sources (12). These patterns are 
present in many therapeutic agents and considerable efforts have been focused to 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

4

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



418 

introduce novel substitutions in nitrogen containing elements. Among these, 
trifluoromethyl substituent, when strategically positioned can greatly modify the 
biological activity of the target molecules. 

Recently, ω,ω-di-unsaturated trifluoromethyl amines have been prepared 
from protected allyl amines by an #-allylation after deprotection and N-
acylation, and they were shown to easily undergo a ring closure metathesis 
(RCM) (13). 

We searched for an easy methodology leading to di-unsaturated 
trifluoromethyl amines without protection-deprotection steps. The iV-allylation 
was thus investigated directly with homoallyl amines 3, 4,10 (14). The reaction 
was conducted under classical conditions with NaHC0 3 and allyl bromides, in 
acetonitrile in the presence of a catalytic amount of KI. However the reaction 
required a reflux, very long reaction times, and yields were highly dependent of 
the substrate. Since the Barbier allylation provides a zinc amide as primary 
product, the N-allylation could be envisaged directly in situ. DMF was chosen as 
solvent for this one pot Zn-catalyzed allylation / N-allylation sequence. 
Aldimines 1, 2, and 5 were placed at room temperature in the presence of Zn, 
and 5 equiv. of allyl bromide, and after 45 min the reaction medium was heated 
to reflux. Di-unsaturated amines 11a, 12a, and 15a could be obtained in 70%, 
61% and 54% respectively (Table 4). Moreover this one pot procedure could 
also allow the introduction of two different allyl substituents. Reactions were 
performed at room temperature in DMF with 1.4 equiv. of allyl bromide, using a 
slight excess of zinc (1.5 equiv.) to avoid a further JV-allylation; then a second 
allyl bromide (4 equiv.) was added and the reaction was conducted at reflux. 

This one pot procedure allowed realizing efficiently the Af-allylation 
reaction, and thus to isolate di-unsaturated amines in reasonable to good yields. 

Having in hand an efficient access to a varied range of di-unsaturated 
amines, RCM reaction was investigated with all 7V-allyl homoallyl amines 11-15 
(table 5). They easily reacted at room temperature, in the presence of the Grubbs 
catalyst (2-10%) (75) to afford the expected CF3-dehydropiperidine derivatives 
in excellent yields. However with the N- methallyl amines 12a and 14a reaction 
times were long and even required reflux (entries 4 and 6). 

Trifluoromethyl Allyl Amines. 

The preparation of allyl amines was previously described by reaction of an 
excess of vinylmagnesium bromide with the reactive iminium salt generated 
from an JV-acyl-l-chloro-2,2,2-trifluoro ethylamine (8). A similar approach 
involving the addition of a vinyl trifluoroborate to a trifluoromethyl iminium 
species was recently reported (6a). An alternative approach is the 
trifluoromethylation of unsaturated iV-sulfinimines or jV-tosyl aldimines (16). 
Otherwise the unsaturation could also be later introduced from fluorinated β-
amino sulfones by a methylenation-desulfonylation reaction (17). 
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Table 4. One-pot Synthesis of Unsaturated Amines. 

C F 3 . 1) AIIy!Br(1.4eq.) 
1 Zn(1.5eq.),DMF,r.t v B i . u n s a t u r a t e d . a m i n e s 

N x R 2) AllylBr (4 eq.), Reflux 
1τ "15 

1,2,9 

Entry imine AllylBr Time (h) Product 11-15 Yield (%) 
1 c 

2 ) B f N ^ 3 Bn Ha 

1) B K ^ % 1 C F j ^ ^ v ^ -

2) Br^A 3 Bn/N^k t 

1) T 

2) B r ^ ^ 

1) B r ^ - ^ 

2) 

1 

B r v ^ 1 

2a 

1 C! 

2) Β | χ ^ 3 Ρ Μ Ρ ' " " 1 " ^ ^ 13a 

70 

63 

56a 

57a 

61a 

56a 

1 ) B r - ^ 1 

2) BiO^ 2 Ρ Μ Ρ ^ Ν \ / ^ 14a 

1) B k A * . ....JkxL „ 86a 

2) B r - ~ ^ 1 

1)ΒΓ·^ . " M S ^ k X ^ . - 5 4 a , b 

a Presence of Cul was required.b 30% of starting material recovered. 
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Table 5. Ring Closing Metathesis0 

c..;u

c* 
C F 3 \ ^ \ ^ cr . u

c ^ P h 2 . 1 0 o / o C F 3 

R - N ^ ^ CH2CI2/r.t. 
11-16 16-20 

Entry diene Time (h) product Yield (%) 

3 

4 

5 

6 

C F 3 

Bn' 

CF 3 

11a 

B n / N ^ ^ 11b 
C F 3 v 

Bn^ 
CF 3 V 

CF 3 V 

PMP^ 
CF 3 N 

PMP' 
CF 

11c 

OC 1 2 a 

13a 

14a 

CH2OMe 15a 

2 

48 

2 

48 

3,5 

Bn N ^ 16a 

Bn 
CF 3 

Bn' 
CF 3 

Bn" 
CF 3 

PMP 
CF 3 

16b 

16c 

17a 

18a 

jl 
P M P " " ^ ^ 19b 

C F 3 v ^ ^ 

P h ^ N ^ j 
CH2OMe 20a 

95 

96 

93 

89 

90 

41a 

98 

a at reflux 
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We first investigated the reaction of the commercially available vinyl 
magnesium bromide with the trifluoromethyl aldimines 1 (W-benzyl) and 2 (JV-
/?ara-methoxyphenyl) in different solvents (toluene, THF, ether). Diethyl ether 
was found to be the best solvent for this reaction. Aldimine 1 and 2 could react 
with the vinyl Grignard, at 0°C, leading to the allyl amines 21 and 22 which were 
isolated in excellent yield (95%) (scheme 4). In this case again, the easiness of 
the method which does not require any activating iV-substituent prompted us to 
investigate the reaction with an aldimine ΑΓ-substituted with a chiral group. 
According to our results obtained in the ailylation reaction, the vinylation was 
performed from the aldimine 9. The addition of the vinyl Grignard proceeded 
smoothly at 0°C in lh, and provided the allyl amine 23 in a high yield (86%) and 
an excellent diastereoselectivity (>98%). 

Scheme 4 
C F 3 \ CF 

II 1.3eq.*^MgBr 
N. » . M 

R Ether/0°C H 
R = Bn 1 95% 21 

PMP 2 95% 22 
(R)PhCH(CH2OCH3) 9 86% 23 (d.e. >98%) 

These CF 3 allyl amines and in particular the non racemic one, are very 
interesting building blocks for the preparation of new polyfunctionalized 
trifluoromethyl amines, and new peptidomimetics. We were interested in the 
preparation of the amino epoxide 24, a fluorinated analogue of the epoxide 25. 
This latter is a very important key synthon for the synthesis of the central 
peptidomimetic diaminopropanol unit which is present in most HIV-1 protease 
inhibitors (ex. Saquinavir, figure 2) (18). This amino epoxide 25 can also be 
precursor of central units present in other aspartyl proteases such as cathepsin D 
(19) and plasmepsins (20). 

Figure 2 

Saquinavir C F3 24 

Besides specific properties brought by fluorine substitution (21-23), largely 
exploited for the design of fluorine containing protease inhibitors (24), 
fluoroalkyl groups are able to mimic a large hydrophobic aliphatic or aromatic 
group (phenyl, benzyl or isopropyl) of the side chain of amino acids (25). This 
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could be a powerful tool for optimizing the binding properties with proteases 
which exhibit preference for large hydrophobic PWesidue. 

Our efforts have thus been focused on the preparation of the trifluoromethyl 
epoxide 24, as a precursor of the diaminopropanols 26 (scheme 5). While the 
preparation of the non fluorinated epoxide was largely described through 
different ways (18, 26), these latter could not be satisfactorily applied to the 
synthesis of the trifluoromethyl analogue. The easy availability of allyl amines 
could open a new access to the epoxide 24 and hence to diaminopropanols. 

Scheme 5 

/ N \ 26 24 

CF, 

^NH 

The epoxidation reaction of the double bond of allyl amines 21-23 with a 
peracid, required the previous protection of the amine (27). The classical 
protection reactions through urethanes (with Boc 20 or CbzCl) failed; starting 
amines were recovered unchanged. However, we succeeded to prepare JV-acyl 
amines 27-29 which were obtained in good yield after treatment of 21-23 with 
acetic anhydride at reflux (Scheme 6). 

Scheme 6 

° ρ

3 γ^ (MeCO)2Q
 0 Ρ 3γ^ m CP ΒΑ 

ΗΝ. reflux * NCOMe 7\ 2 4 

R R 
R =Bn 1 10h 27 90% 

PMP2 8h 28 85% 
(R)PhCH(CH2OCH3) 9 24h 29 80% (d.e.>98%) 

In the event, these protected trifluoromethyl amines were found to be 
completely unreactive toward epoxidation with mCPBA in dichloromethane, 
even at reflux. No trace of epoxides 24 could be detected. This poor reactivity of 
the double bond probably results from the presence of both electron withdrawing 
CF 3 and amide groups. 

At this stage we explored an alternative way through the cyclisation of a 
bromhydrin. The treatment of the allyl amine 27 with Br 2 in CH2C12 followed by 
hydrolysis resulted in a clean reaction, providing remarkably only one 
bromhydrin 30 as a single regio- and stereo-isomer (86%). This unexpected 
regioselectivity strongly suggested the formation of an ionic intermediate 
resulting from an intramolecular ring opening of the bromonium ion by the N-
acyl group (scheme 7), which was readily hydrolysed into the amino alcohol 30. 
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This mechanism explains the regioselectivity of the reaction with a favored 
formation of a 5 member ring intermediate Β (5-exo-tet). The stereoselectivity is 
the result of a non anticipated stereospecific formation of the initial bromonium 
ion, followed by a stereoselective bromonium ring opening, probably by an anti 
addition of the acyl group. Further experiments of chemical derivatives allowed 
us to assign the syn configuration to the amino alcohols (vide infra). Of course it 
is not possible to exclude that compound Β could result from a concerted process 
and the bromonium ion A being not an discrete intermediate. The same reaction 
performed with the chiral vinyl amine 29 also provided the bromhydrin 32 in 
good yield and with an excellent regio- and stereo-selectivity (d.e.>98%) 
(scheme 8). 

Scheme 7 

NCOMe 
B r 2 > 

CH 2 CI 2 

27-28 R = Bn 
PMP 

Br 
CF. 

Me 

CF. : I . / 

R !t 
B r " 

cf , 
H NCOMe 

ι 
R 

30-31 

The cyclisation of bromhydrins 30-31 to the corresponding epoxides were 
successfully performed under basic conditions (fBuOK in THF at 0°C) (80%). 
From the chiral bromhydrin 32, deacetylation occurred and epoxide 24 was 
obtained in 65% yield and with excellent diastereoselectivity (>98%) (scheme 
8). Only one diastereoisomer was detected in the crude product. 

Scheme 8 

C F 3 V ^ C F 3 . T _ B r C F 3 Y < J 
Τ Β Γ 2 / Η 2 0 3 2.2tBu0K 
NH NCOMe 1 0 M e 

29 32 24(d.e.>98%) 

The relative and absolute configurations of chiral compounds 29, 32 and 24 
have been established after the complete conversion of the epoxide 24 into the 
azetidinol 33 (scheme 9) which crystallized and allowed X-Ray diffraction 
analysis. The structure of 33 (28) revealed the syn R,R configuration between 
carbons 2 and 3, and hence the syn R,R configuration of 24. Consequently the 
vinylation of the aldimine 9 provided the allyl amine with creation of an R chiral 
center, confirming thus the hypothesis of a chelation controlled mechanism with 
an attack opposite to the phenyl group (figure 1). 
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The ring opening of the epoxide 24 with amines and amino acids is under 
investigation in order to obtain trifluoromethyl analogs of known aspartyl 
protease inhibitors. 

Trifluoromethylated Propargylic Amines. 

Propargylic amines, like propargylic alcohols, can serve as important 
building blocks for organic synthesis (29). A classical access to propargylic 
amines is the addition of acetylides to imines. From trifluoromethyl aldimines, 
the addition of trimethylsilyl-acetylenes to trifluoromethyl iminium ions, 
generated from corresponding oxazolidines (4a) or aminal (30), has been 
described in the presence of Lewis acids. However to our knowledge the 
addition of acetylides to non activated trifluoromethylated JV-aryl and iV-alkyl 
aldimines has not been reported so far. 

The reaction has been investigated with the iV-benzyialdimine 1 and the 
lithium acetylide of trimethylsilylaeetylene (1.2 equiv.), generated in situ at -
78°C with «BuLi, in different solvents. The aldimine 1 was very reactive at -
78°C in THF and in ether, but led to a mixture of products. In order to increase 
the selectivity the reaction was conducted in toluene at -78°C and proceeded 
slowly to give the propargyl amine 34a (90%) (scheme 10). 

Scheme 10 

The reaction was extended to other acetylenic reagents starting from the N~ 
benzyl and the N-/?tfra-methoxyphenyl aldimines 1, 2 (Table 6). In all cases, 
reactions were clean, and yields in propargyl amines 34-35 were good to 
excellent. The methyl ether of phenylglycinol in 9 induced an excellent control 
of stereoselectivity: the addition of acetylides to the aldimine 9 provided the 
homo chiral amines 36a-c (d.e.> 98%) which has been assumed to have the R 
configuration as for the allyl amine 23 (figure 4). 

Scheme 9 

]ΟΗ2ΟΜβ 3 3 

24 
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Table 6: Addition Reaction of Acetylides to Aldimines 

R NHR 
R = Bn 1 34-36 

PMP2 
(R)PhCH(CH2OCH3) 9 

Entry imine Products Yields (%) 
1 1 SiMe3 34a 61 
2 1 Bu 34b 94 
3 1 Ph 34c 98 
4 2 SiMe3 35a 84 
5 2 Bu 35b 71 
6 2 Ph 35c 78 
7 9 SiMe3 36a 60 
8 9 Bu 36b 77 
9 9 Ph 36c 95 

Figure 4 

SiMe 3 

Conclusion 

A new general method for the preparation of various allyl, homoallyl 
and propargyl amines has been developed. It involves the easy addition of 
unsaturated organometallic reagents to simple trifluoromethyl aldimines without 
recourse to Lewis acids or to a JV-aetivation by an electron withdrawing 
substituent. This method allows the use of various chiral N-substituent in the 
starting aldimine and methylether of phenylglycinol induced a high 
diastereoselectivity (d.e.>98%). Consequently, unsaturated amines could be 
produced in high yields and as pure enantiomers. Due to their possible multiple 
facets of reactivity they are themselves useful building-blocks, in particular for 
the preparation of fluorinated analogues of relevant bioactive compounds, such 
as piperidine derivatives and new peptidomimetics 
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Chapter 25 

Optically Active gem-Difluorocyclopropanes: 
Synthesis and Application for Novel Molecular 

Materials 

Toshiyuki Itoh 

Department of Materials Science, Faculty of Engineering, Tottori 
University, 4-101 Koyama Minami, Tottori 680-8552, Japan 

Chemo-enzymatic syntheses of a variety of novel gem
-difluorocyclopropanes have been accomplished. Important aspects 
of the synthetic procedure include optical resolution based on 
lipase-catalyzed ester hydrolysis, difluorocarbene addition, and 
olefin metatheses. Several types of optically active multi-gem
-diflurocyclopropane derivatives were prepared. 

Introduction 

The cyclopropyl group is a structural element present in a wide range of 
naturally occurring biologically active compounds found in both plants and 
microorganisms (7). Since substitution of two fluorine atoms on the 
cyclopropane ring is expected to alter both chemical reactivity and biological 
activity due to the strong electron-withdrawing nature of fluorine, gem-
difluorocyclopropanes are expected to display unique biological and physical 
properties (2,3). To the best of our knowledge, the first synthesis of gem-
difluorocyclopropane was reported by Sargeant in 1970 (4). Since then, a great 
deal of attention has been paid to the chemistry and unique properties of gem-
difluorocyclopropanes (5-12). Numerous types of ge/w-difluorocyclopropanes 
have been synthesized such as biologically active compounds (6-9), liquid 
crystalline compounds (11), and even polymeric compounds (12). We have been 
interested in the unique properties of chiral bis- and multi-gem-
difluorocyclopropanes. For example, we found the shape of 1,6-
bis(hydroxymethyl)-2,2,5,5-tetrafluorobicyclopropane (1) (9b) to be slightly 

430 © 2005 American Chemical Society 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

5

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



431 

different from that of the simple 
bicyclopropane (2). MO calculation 
suggested a kinked form of two 
difluorocyclopropane groups for 
compound 1, while no such twisted 
form was indicated for 
bicyclopropane 2. The results of 
these calculation were confirmed 
by results of CD spectroscopic 
analysis of optically active 2 in that 
a large CD spectral change on the 
Cotton effect was observed (9b). 
The computational chemistry 
suggested a highly helical shape for 
petakis- gem-difluorocyclopropane 
3, as shown in Figure 1. 
Optically active multi-gem-

difluorocyclopropanes are 
challenging targets for synthetic 
organic chemists. However, little 
attention has been paid to the chemistry of this material and when we undertook 
the present project, only two methods have been reported for the synthesis of 
optically active ge/w-difluoro- cycloropanes, both from the Taguchi group (7,8). 
The first synthesis of optically active gew-difluorocyclopropane was 
accomplished in 1994. Diastereoselective 1,4-addition of the enolate 4 with 4-
bromodifluorobutanoate and subsequent oxidative cyclopropanation gave gem-
difluorocyclopropane 5 with high diastereoselecivity (Eq. 1) (7). The second 
synthesis was based on the addition of difluorocarbene to the optically active 
olefin 6 and subsequent separation of the resulting two diastereo-isomers 7 using 
HPLC (Eq. 2)(7). 

Figure I. Result ofMO(PM3) calculation of 
bis- and pentakis-gem-difluorocyclopropanes 

Ό Ο 
R- A A P h 

h-* 
2̂ 4 

1) LDA/DMF 

s R0^rV^VN 

2) B r F a C ^ o R Et3B,02
 H * 1 R 2 

B n o ' ^ Y ^ O 
: C F 2 

Taguchi (1994)<7> 

• H 6> H H h 

(1) 

(2) 
{S,R,R>7 (S,S,Sh7 

These two methods are excellent but are difficult to apply for large-scale 
preparation. For this reason, we developed a synthetic methodology for 
preparing optically active gem-difluorocyclopropanes using lipase technology 
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(9,11b). We review here the details of our synthesis project of optically active 
multi-gem-difluorocyclopropanes. 

1. Preparation of optically active ge/#f-difluorocyclopropanes 

The lipase-catalyzed reaction protocol was used as the key process of our 
asymmetric synthesis for chiral ge/w-difluorocyclopropanes (9,11b). The value 
of an enzymatic reaction in organic synthesis is now well respected for its broad 
applicability and environmentally friendly nature. In particular, lipase-catalyzed 
enantioselective acetylation or deacetylation is known to be a useful means of 
preparing optically active alcohols (13). 

ACO-X-OAC L Î P a S e Q L - H ° - \ k ^ O A c ( 3 ) 

buffer (pH7.2),350C Η Ή Η Η 

ψ ψ Lipase SL 

AcO->^( Η O R L I P A S E Q L 

pH72, H N-OAC 

(transH±)~S 35°C, 1 h 

E*>11 

(S,S) 
H V-OAc 

(trans)-(+)-9 

(4) 

(irtmsH-yS >99%ee 

Initially we tested lipase-catalyzed enantioselective hydrolysis of diacetate 
(cis)-8. Twenty-eight commercially available lipases were screened for their 
activity and lipase QL (Meito) from Alcaligems sp. provided the corresponding 
monoacetate (cis)-9 in the highest enantiomeric excess (Eq 3) (9a,9f). The 
diacetate of (trans)-8 is not a prochiral but a racemic form, so that optical 
resolution of (±)-(trans)-8 was performed using the lipase-catalyzed reaction (Eq 
4). The enzymatic reactions were tentatively evaluated by the M E * value" which 
was calculated by the results of enantiomeric excesses of the monoacetate 
(transy(S,S)-(+)-9 and unreacted (trans)-(R,R)-(-y8 according to the same 
method of the "E value" (14), although it was the combined results of two 
enantioselective enzymatic reactions, the initial hydrolysis of (trans)-(±)-8 and 
subsequent hydrolysis of the corresponding monoacetate 9. In this reaction, the 
best result was recorded when trans)'(±)-8 was reacted with lipase SL 
(Pseudomonas cepacia SL-25, Meito), and the diacetate (trans)-(R,R)-(-)-% 
remaining was obtained with >99% ee (Eq. 4) (9a,9J). 

Chiral (im«5,/raw5)-l,6-bishydroxylmethyl-2,2,5,5-tetrafluorobicyclo- propane 
(1) is an inviting target for synthetic organic chemists because computational 
chemistry suggests a kinked form of two ge/w-difluorocyclopropane groups for 1. 
However, no example of the synthesis of even the racemic form of 1 had been 
reported when we undertook this project (9b). The dibenzylether of 
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bisdifluorocyclopropane (trans ttrans)-\ was directly synthesized in 66% overall 
yield from (Ε,Ε)-1,8-dibenzyloxy-2,4-hexadiene using 5 eq. of difluorocarbene, 
produced by the thermolysis of sodium chlorodifluoroacetate. Subsequent 
hydrogenolysis of the benzyl group produced 1 (9b,9j). In the first step of 
difluorocyclopropanation, the benzyl protecting group was essential in order to 
achieve difluorocyclopropanation in acceptable yield (9b). The optical 
resolution of the diacetate, (trans,trans)~lQ9 which is a mixture of the dl and 
meso forms, was very successfully accomplished by the lipase SL-catalyzed 
reaction. We found that the dibenzyl ether of meso-1 was preferentially 
crystallized from hexane. The rf/-rich dibenzylether (dhmeso = 7:3) was 
obtained by removing the iweso-isomer by a single recrystallization from 
hexane,9f and this mixture was converted to the corresponding rf/-rich-diacetate 
10 and subjected to lipase-catalyzed hydrolysis. The lipase SL-catalyzed 
hydrolysis of the rf/-rich-diacetate 10 (dhmeso = 7:3) gave the diol (S,RfR,S)-(+)-
1 in 30% yield with 99% ee, and the unreacted diacetate (R,S,S,R)-(-)-lù in 24% 
yield with >99% ee. The meso-isomer was obtained as the monoacetate 11 in 
30% yield. We thus succeeded in preparing both enantiomers of bis-gem-
difluorocyclopropane 1 with sufficient optical purity (Eq. 5). This was the first 
example of the synthesis of a bis-gew-difluorocyclopropane in optically active 
form. 

(5) 

meso-10 

Recently two groups also reported efficient preparation of optically active gem-
difluorocyclopropanes using lipase-catalyzed reaction as a key technology. 
Kirihara reported that enantioselective monohydrolysis of diacetate 12 gave the 
monoacetate 13 with excellent optical purity and this was converted to the novel 
cyclopropane amino acid 14 (Eq. 6)(10). Meijere and colleagues accomplished 
the synthesis of a unique spiro type gem-difluorcyclopropane 17 using lipase 
technology. The chiral spirobicyclopropane 16 was prepared by the optical 
resolution of lipase-catalyzed reaction and subsequent conversion by the 
addition of difluorocarbene to afford gem-difluoroeyclopropane 17. This was 
used as the core molecule for the liquid crystal compound 18 (Eq.7) (11a). 
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F V F Lipase QL F.F F V F i - n n w 

^ O A c buffer (pH7.2) 0 H NHJJ/HCI 
12 (Ryi3 >99%ee 14 

Kirihara(1999)i/(,> 

Lipase Q L 

*~OH vinyl acetate 

< ± H 5 

(7) 

- O H 
-OAc K M 

Meijere (2000)<"β> 0 β Η ΐ 7 ^ > ~ Ο - 0 ^ ^ ρ 

18 0 

2. Synthesis of multi-ge/w-difluorocyclopropanes 

Retrosynthetic analysis suggests two pathways to access the target multi-gem-
difluorocyclopropanes. It is well documented that various functional groups can 
be derived from the tributylstannyl group with complete retention of 
configuration through metal exchange reactions (15). Therefore we postulated 
that tetrakis-gem-difluorocylopropane 19 may be accessible through 
cyclopropylstannane 20 via a palladium-catalyzed homo-coupling reaction 
(16,77). We initially investigated the homo-coupling strategy. Bis-gem-difluoro-
cyclopropylstannane 20 was synthesized as follows: 3-tributylstannyl-2-
propenol (21) was subjected to PDC oxidation which led to the corresponding 
aldehyde. Subsequent Honor-Wadworth-Emmons reaction (18) gave 22 which 
was converted to the diene 23 through DIBAL reduction and benzyl protection 
of the hydroxyl group. Diene 23 was treated with diflourocarbene to give the 
desired bisdiflurocyclopropylstannane 20 in 58% yield. Unfortunately, we were 
unable to find a catalyst to effect the homo-coupling reaction of 20 (Scheme 1). 

1) PDC,MS4A,CH 2Ci2,rt Ο 
H O ^ ^ ^ ^ S n B i i a » c # n ' ^ ^ s ^ ^ Q n R i i 

2) (EtO)2P(0)CH2C02Et,NaH, t w J a n B U 3 

21 THF, Y= 62 % (2 steps) 22 

1) DIBAL, CH2CI2» Y - 74% ClCF 2 C0 2 Na 

2) NaH, BnBr, DMF, Y= 100 % 2 3

 3 Diglyme,180°C 

F F ρ - Y = 5 8 % 

BnO-vXHF^ f e B n O - ^ § E F h ^ 

H' ^ n B u 3 Pd catalyst H H > ^ < F H 
' - ^ ζ π "~ X\XHFVF, 

u ~ i B u 3 Pdca 

Scheme 1 
20 19 H H" \ - 0 B n 
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Therefore we examined a second strategy for the synthesis of multi-gew-
diflurocyelopropanes. This was based on a ruthenium complex catalyzed-olefin 
methathesis reaction protocol (Scheme 2). Olefin metathesis has been 
extensively studied and procedures leading to remarkably broad applicability 
have been developed (19). We first investigated the reaction of 
vinylcyclopropane 24 as a model compound using the Grubbs catalyst A (19). 
However, the coupling product was obtained in only 15 % yield in the presence 
of 15 mol % of the catalyst. Nonetheless, the newly formed olefin had perfect 
(E)-stereochemistry. We tested four solvent systems: dichloromethane, toluene, 
benzene and THF, and the desired product 25 was obtained only when the 
reaction was carried out in dichloromethane at room temperature. We then used 
a total of 1.0 equivalent of the catalyst by adding 20 mol% of the 
dichloromethane solution dropwise five times at 12 h intervals. This increased 
the chemical yield and we obtained the desired coupling product 25 in 35% 
yield. It is assumed that decomposition of a metallacyclobutane intermediate in 
this reaction releases ethylene gas and regenerates the ruthenium carbene 
complex to complete the catalytic cycle. In the present reaction, however, the 
retro decomposition of metallacyclobutene to vinylcyclopropane also seemed to 
occur due to the strong electron withdrawing nature of difluoromethylene 
moiety and this stopped the catalytic cycle. Though, another explanation of the 
poor results may be possible (9c). Second generation ruthenium-based olefin 
metathesis catalysts have been reported (20). 

F V F U BnOnQ^H 

24 

BnO 

26 

28 

Catalyst A:Y=* 15% 

Catalyst B:Y= 31% 

CH 2 C1 2 ,RT 

Catalyst A:Y=* 8% 

Catalyst B:Y= 35% 

CH 2 C1 2 ,RT 

Catalyst A:Y« 86% 

C H 2 C I 2 , R T 

PCy3 

Catalyst A 

M e s - N ^ N - M e s 

; R u = \ 
Cr I Ph 

PCy3 

Catalyst Β 

OBn 
F^F, 

H^^-OBn 
F F 

Scheme 2 

( E : Z ) « 4 : 1 
TFDA, catNaF, 
toluene 105°C,Y= 72% 

3 ^ 
30 F > 
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We found that use of catalyst Β indeed gave better results than A and the 
metathesis product could be obtained in 31 % yield even when 15 mol% of the 
catalyst was used. The most dramatic increase in chemical yield was recorded 
when bisdiflurocyclopropane 26 was subjected to the metathesis reaction. The 
desired tetrakisdifluorocylopropane derivative 27 was obtained in 35 % yield 
using catalyst B, while the chemical yield of the metathesis product was only 
8% when a total of 1.0 equivalent of catalyst A was used (five additions of 20 
mol% of the catalyst at 12 h intervals). In contrast, the olefin metathesis reaction 
of allylic ether 28 proceeded smoothly to give the coupling product 29 in 
excellent yield of 86 % using 15 mol% of the commercial catalyst A (9ct9d). 
Since compound 29 possess an olefinic unit between difluorocyclopropane 
moieties, we were able to add one more difluorocyclopropane group to the 
structure. Thus, trisdifluorocyclopropane (trans,trans,trans)-30 was synthesized 
in 54% yield from 29 using excess amounts of difluoroearbene (50 eq.), 
produced by the thermolysis of sodium chlorodifluoroacetate (8 M in a diglyme 
solution) (Pc). Recently, trimethylsilyl fluorosulfonyldifluoroacetate (TFDA) 
was developed as a good difluoroearbene source by the Dolbier group (5/). This 
reagent was applicable to our compound, and the desired tris-gem-
difluorocyclopropane 30 was obtained in 72% yield using 10 eq. of the carbene 
source. Dolbier's procedure thus was found to be useful for preparation of 
polydifluorocyclopropanes possessing an odd number of difluorocyclopropane 
moieties (Scheme 2) (9d). Eight types of multi-gew-difluorinated cyclopropane 
derivatives have now been synthesized via this olefin metathesis reaction 
methodology (9d). As noted above, the products obtained by the olefin 
methathesis reaction protocol possess olefinic parts between the 
difluorocyclopropane moieties. This is an important advantage since this allows 
the addition of another difluorocyclopropane group or of a variety of other 
functional groups. 

(SMS^U 97%ee C H2 C ,* r t Y a e 6 1 % 32 H - _ 0 B n 
(E/Z = 6:l) 

N 2CHC02Et 

Cu(acac)2(15 

CH2C12,40°C, lh Y=38% 

Cu(acac)2(15 mol%) B n O - ^ F ^ H COOEt 3 " W * - H C 0 0 E t

c ρ 

l)LiOH,THF/H 20(5:l) 
rt,24h,Y=88% c F n η 

B n O — v - - ° - ~ υ 

33 H ' - ° Β " 

2) / ^ ° H 

Η ι / - t 

E D C , D M A P t C H 2 C l 2 , 3 4 H " " ° B n 

40°c,24h ,Y=65% ' Scheme 3 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

5

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



437 

We are considering various applications of our multi-gem-difluoro-
cyclopropanes. For example, tetrakis-gem-difluorocyclopropane 32 was easily 
prepared by the homo coupling reaction of (S,R,R,S)-31 in optically active form 
starting from 97% ee of (S,R,R,S)-1 in 47% overall yield (three steps) using the 
olefin methathesis protocol. This was treated with ethyl diazoacetate in the 
presence of 15 mol% of copper acetoacetate in CH2CI2 at 40°C to give 
pentakis-cyclopropane 33 in 38% yield (21). Hydrolysis and subsequent 
esterification with pyrenylmethanol using EDC in the presence of DMAP 
afforded pyrenyl ester 34 in 65% yield (Scheme 3). Since compound 34 is 
actually a mixture of diastereomers, we are now attempting to purify each 
isomer. We are hoping that the compound will become a unique sensitive 
marking agent for DNA. 

Conclusions 

We have carried out chemo-enzymatic syntheses of optically active multi-ge/w-
difluorocyclopropane using lipase-catalyzed ester hydrolysis, difluoroearbene 
addition, and olefin methatheses as key reactions. We first accomplished the 
synthesis of (tram)-% and (trans,trans)A in optically active form. These 
compounds were used as the core molecules for synthesizing novel multi-gew-
difluorocyclopropane derivatives, 30, 21,34. We are now able to prepare chiral 
gew-difluorocyclopropanes on a multi-gram scale. Since our building blocks 
have hydroxymethyl groups at each terminus, it should be emphasized that they 
are extremely versatile intermediates. We thus plan to synthesize various types 
of multi-gem-difluorocyclopropanes such as amino acids, carboxylic acids, 
polymeric compounds and hybrid types of difluorocyclopropanes using these 
versatile building blocks we have prepared. 
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Chapter 26 

General Methods for the Synthesis 
of Difluoromethylphosphonates 

Thierry P. Lequeux 

Laboratoire de Chimie Moléculaire et Thio-organique, UMR CNRS 6507, 
University of Caen, ENSICAEN, 6 Boulevard du Maréchal Juin, 

F14050 Caen, France 

Due to the limitation of methylenephosphonates as biological 
models of phosphates, difluoromethylenephosphonates have 
been, and are still a center of interest as stable isopolar 
phosphate mimics. However, the major drawback to prepare 
potential enzyme inhibitors lies in the difficulties to introduce 
this function onto complex molecules. This chapter describes 
the most common methods reported in the literature to prepare 
such structures. 

1. Fluorophosphonates as Isoacidic Analogs of Phosphates 

It has been shown that the replacement of the bridging oxygen atom of a 
phosphate by a difluoromethylene adequately maintain the acidity of the 
phosphonic moiety (J). Moreover, the difluoromethylenephosphonate group 
appears to approximate most closely the geometry of the phosphate group (2). In 
the alkyl- or benzyl-phosphonates series, the introduction of a single fluorine 
atom is often enough to restore the iso-acidic character (5, 4, 5, 6). It is generally 
assumed that the phosphate unit will be fully ionized on protein binding, and 
difluoromethylenephosphonates has emerged as excellent pyrophosphate and 
phosphate surrogates. 

440 © 2005 American Chemical Society 
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2. Synthesis of Difluoromethylenephosphonates 

Up to date, numerous efforts have been, and are still focus on the 
development of general synthetic methodologies to prepare a variety of 
structures containing the difluoromethylenephosphonate function. The most 
common routes presented here are: (a) the nucleophilic or free radical 
introduction of the difluoromethylenephosphonate unit; (b) the elaboration of 
this functional group from gem-difluoroalkenes; (c) the introduction of fluorine 
atoms by fluorination of (keto-) phosphonates; (d) the elaboration of complex 
structures from building-blocks already fluorophosphorylated (figure 1). 

( R O ) 2 ( 0 ) P C F 2 — Y 

(a) 
Y = H, Met, Hal, S, Se 

P ( 0 ) ( O R ) 2 

(d)l 
( R O ) 2 ( 0 ) P C F 2 

Figure 1, 

2.1 The Direct Introduction of the Difluoromethylenephosphonate Unit 

Kondo's and Burton's groups have originally developed the direct 
introduction of the difluoromethylenephosphonate function from <9,<9-diethyl 
bromodifluoro- and difluoro-methylphosphonates (7). A variety of metalated 
derivatives were prepared (metal: L i , Zn, Cd, Mg) by their deprotonation with 
LDA (8), reduction with metals (9, 10), or by halogen-metal exchange reaction 
(//). Resulting organometallic reagents were used to introduce the function by 
nucleophilic addition or substitution, and by coupling or free radical reactions. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

6

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



442 

2. L1 Nucleophilic Addition 

The 0,0-diethyl phosphonodifluoromethyllithium is thermally unstable but 
it can be trapped with various electrophiles (12). On the contrary the organozinc 
and -cadmium analogous reagents are stable at 20°C, and can be added onto 
strong electrophiles or reacted with halides in the presence of catalyst. Kondo 
and co-workers first reported that the lithium reagent reacts with aldehydes and 
ketones to give high yields of functionalized hydroxy-phosphonates (8). 
However, phosphorus transfer can occur during the addition. This can be limited 
by a careful control of the temperature (13), or by working in the presence of 
cerium(III) chloride (14). The organomagnesium reagent allows also the 
preparation of alcohols in good yields (//). The major disadvantage of these 
methods is the use of regulated HCFC or CFC as starting materials. In our 
group, a freon-free source of the lithium reagent has been developed as 
alternative method (scheme 1). By fluorination of a sulfide and nucleophilic 
displacement of sulfur atom, the lithiated carbanion can be formed and trapped 
with various electrophiles (15). 

1) /BuLiJHF, -78°e, 5 min. 9H 

(/PrO)2(0)PCF2SCH3 inverse addition m ( /p r o ) 2 (0 )PCF 2 ^R 
2) RCHO,-78°C, lh 
3) NH 4 C1 

67-86% 

Scheme 1. 

Resulting β-hydroxyphosphonates are generally used in the synthesis of 
"primary" difluoromethylenephosphonates by their deoxygenation (16), as 
described for the preparation of nucleotides (17), or peptide analogs (18). 

2.1.2 Nucleophilic Substitution 

The displacement of a leaving group by the lithium reagent has been 
reviewed (19). The alkylation of the carbanion with alkyl halides appears to be 
much more difficult than originally reported and moderate yields were observed 
(3, 5, 16a, 20, 21,22). The displacement of atriflate is more efficient to prepare 
a variety of primary phosphonates (scheme 2). The reaction is spontaneous and 
modified glucofuranosides and pyranosides were obtained in good yields (23, 
24, 25). This methodology was successfully applied to the synthesis of analogs 
of phosphoserine (26), phospholipids (27), and nucleotides (28). 
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TACT ^ f ° ^ ° R

 LiCF2P(0)(OEt)2 

69-80% 

CF2P(0)(OEt)2 

l^XL^OR 

R O ^ ^ ^ ' O R 
OR 

Scheme 2. 

The synthesis of secondary difluoromethylenephosphonates by substitution 
of a leaving group was described recently (scheme 3). It has been shown that the 
displacement of a secondary allylic phosphate group proceeds through the 
formation of a π-allyl intermediate, and afforded a regioisomeric mixture of 
products in good yields (29). 

OBn 

OP03Et2 

OBn OBn 
E t A P F ^ ^ J . f | | l 0 

U - O ^ 

83 

Scheme 3. (a) (EtO)2(0)PCF2ZnBr, CuBr 

2.1.3 Nucleophilic Conjugate Addition 

By contrast to the nucleophilic substitution, the Michael addition was less 
studied to prepare secondary difluorophosphonates. The conjugate addition of 
the lithium reagent, originally limited to aromatic nitroalkenes (30), has been 
extended by us, to aliphatic nitroalkenes or vinyl sulfones when addition is 
performed in the presence of cerium(III) chloride (scheme 4) (31, 32, 33). 

R ^ N 0 2 ^LiCF 2 P(0)(OEt) 2

1 ) C c C l 3 / T H F . R Y ^ N 0 2 

2)NH4Cl CF2P(0)(OEt)2 

R = Ph, Et, iPr, îBu 25-62% 

Scheme 4. 

The conjugate addition onto esters is more difficult to control and a 
competitive addition can occurred (34). However, when hindered esters were 
involved (scheme 5), functionalized phosphonates can be obtain in high yields 
(35). 
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LiCF2P(0)(OEt)2 _ ^ ^ r a / B u 
C02/Bu - Τ C ° 2 / B u 

Τ HF / -78°C CF2P(0)(OEt)2 

80% 

Scheme 5. 

2.1.4 Nucleophilic Substitution on Carbonyl Groups 

Ishihara and co-workers reported an efficient preparation of 2-oxo-l,l-
difluoroalkylphosphonates (β-ketophosphonates) from the organozinc reagent 
and acyl chlorides (P). This acylation can be also conducted in the presence of 
copper(I) bromide (36, 37), and potential ATCase inhibitors were prepared by 
this way (scheme 6) (38). 

c . BrZnCF2P(0)(OEt)2 Γ ^ ^ . Ο Ρ 2 Ρ ( Ο ) ( Ο Ε 0 2 

E t 0 2 C ^ W C 1 - E t ° 2 C I Τ 
Et020 Ο CuBrcat Et02C Ο 

DME/20°c 
60% 

Scheme 6. 

Other direct approaches have been explored to prepare a,a-difluoro-p-
ketophosphonates. In particular, the addition of the lithium reagent onto ester 
carbonyls is a straightforward method (39, 40, 41, 42). However, this addition is 
sometime difficult to reproduce. In our hand, good results were observed when 
reactions are conducted in the presence of cerium(III) chloride (34, 43). Cerium 
salts modulated the reactivity of the carbanion, and the addition to DMF, 
electrophile which failed to react with the lithium reagent (12), afforded the 
corresponding aldehyde hydrate when performed in the presence of cerium(III) 
chloride (scheme 7). 

l)LDA/CeCl3 Q H 

THF/-78°C I 
(EtO)2(0)PCF2H (EtO)2(0)PCF2^OH 

3)HC1 (3N) 
80% 

Scheme 7. 
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2.1.5 Free Radical Addition and Metal Promoted Coupling Reaction 

Primary phosphonates can be prepare in one step, by the addition of diethyl 
iododifluoromethylphosphonate onto alkenes in the presence of catalytic amount 
of palladium(O) (44), or copper (45) (scheme 8). Bimetallic redox system 
Co(III)/Zn can also promoted this addition onto both electron-deficient or -rich 
alkenes (46). 

\ / Pd(PPh3)4 I-^\X^CF 2P(0)(OEt) 2 

ICF2P(OXOEt)2+ 7 \ ^ ΓΛ 
\ r 20°C \ / 

82% 

Scheme 8. 

Benzylic or allylic phosphonates can be also prepared by a coupling 
reaction from organometallic reagents and aryl or alkenyl halides. The cadmium 
reagent reacts with aryl iodides only in the presence of stoichiometric amount of 
copper(I) chloride (47, 48).Thc same reaction can be carried out under similar 
conditions from the organozinc reagent (49, 50, 51, 52). This method was 
extended to alkenyl halides, and α,α-difluoro allylic phosphonates were 
obtained in good yields (53, 54, 55) (scheme 9). 

CuBr, DMF R . 
(EtO)2(0)PCF2ZnBr ™ γ ο ρ ή 20°C/15-60h CF2P(0)(OEt)2 

4 Q Q 0 % R = Ph,alkyl,C02Et 
X = I,Br 

Scheme 9. 

Alternative synthesis of difluoroallylphosphonates have been developed 
from terminal alkynes and free radical species (Scheme 10). The first method 
involves the sulfinatodehalogenation of the iododifluoromethylphosphonate 
(56), and the second method the thermal decomposition of the organocopper 
reagent to generate and trap the free radical intermediate (55). 
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R—ΞΞΞ—H H 

ICF2P(0)(OEt)2 

Na2S204/NaHC03 

CH3CN/H20 
R 'CF2P(OXOEt)2 

56-79% £ / Z > 7 / 3 

R = Bu, CH2OH, C02R, Ph, CONR2 

Scheme 10. 

More recently, we showed that the addition of the phosphonodifluoromethyl 
radical onto alkenes, mediated with tributyltinhydride/initiator, allows the one-
step synthesis of secondary phosphonates (57). Both secondary and primary 
difluoromethyl-phosphonates were prepared from alkylsulfanyl- or alkylselenyl-
difluorophosphonates. Using this approach, free radical addition onto 
dihydrofuran, afforded secondary phosphonofuran derivative in one step and in 
47% yield (scheme 11). 

2.2 Construction of the Difluoromethylenephosphonate Function 

The construction of this function can be realized by carbon-phosphorus or 
by carbon-fluorine bond formations. The first method involves the addition of a 
phosphonyl radical onto difluoroalkenes, and the second the electrophilic or the 
nucleophilic fluorination of phosphonates. 

2.2.1 Carbon-Phosphorus Bond Formation 

Few examples of carbon-phosphorus bond formation were reported. This 
method was applied to the synthesis of carbohydrates containing a 
difluoromethylenephosphonate. Products were obtained in a selective manner 

47% 

Scheme 11. 
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by the addition of a dialkoxyphosphonyl radical onto 2,2-disubstituted gem-
difluoroalkenes (58, 59) (scheme 12). 

W + HP(X)(QEt)2

 / B u Q Q C ( Q ) / B U » V-CF2P(X)(OEt)2 

Ĵ I ρ benzene 
62°C/40h 

R = Ph, C9H 1 9 60-72% 
R* = CH3 

x=o,s 
Scheme 12. 

From difluoroenol ethers the bimolecular homolytic substitution of diethoxy-
phosphonylphenyl selenide with tin radical furnished the best results (60, 61). 

2.2.2 Carbon-Fluorine Bond Formation 

The fluorination of α-ketophosphonates has been explored in the synthesis 
of phosphotyrosine mimics, in which the bridging oxygen was replaced by a 
difluoromethylene (4). The reaction needed harsh conditions and best results 
were observed by running the fluorination neat in the presence of excess of 
DAST (scheme 13). Protected amino-acids were tolerated allowing a one-step 
synthesis of modified phosphotyrosine (62). 

NHBoc 

C0 2Bz Et2NSF3 a ρ j ^ ^ C 0 2 B z 
neat F^*J 
69% P(0)(OEt)2 

Scheme 13. 

Another method is the fluorination of methylenephosphonates by using 
electrophilic fluorinating reagent (63). N-fluoro-benzenesulfonimide allows to 
obtain a variety of structures when the difluorination is conducted in two steps 
(64) (scheme 14). Nevertheless, from non-activated phosphonates, products 
were obtained in low yields (65). When F-TEDA was used, difluorination of 
activated phosphonates in one-pot sequence was preferred (66,67). 
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F 1 ) KDA F F R-H,CH3,Bu9 

R"^P(0)(OR)2 2)(PhS02)2NF R P ( ° ) ( O R ) 2 ^ j î b o c 

61-70% ^^(CH2h 

Scheme 14. 

The synthesis of difluoromethylenephosphonate by using nucleophilic 
fluorinating reagents was less explored. The use of HF-base complex to 
introduce two fluorine atoms has been reported for the fluorination of sulfides 
through a halogen-exchange reaction or an electrolytic fluorination (15, 68). We 
showed that the chlore-fluor exchange can be performed with the non-corrosive 
3HF-NEt3 complex in the presence of zinc bromide. This method allows to 
prepare alkylsulfanyl α,α-difluoromethylphosphonate in good yields (scheme 
15), as new sources of both phosphonodifluoromethyl free radical and carbanion 
(15,57). 

1)S02C12 F F r-*°CF2P(0)(OR)2 

P ( 0 ) ( 0 I P R ) 2 RS*P(oxo.PorL ·ΟΡ2Ρ{ΟΧΟΚ)2 

R = Me, Et, Bu, Bz Z n B r 2 

RS 

55-65% 

Scheme 15. 

2.3 The Building Block Approach 

Due to the difficulties to run the selective introduction of the 
difluoromethylenephosphonate function onto complex molecules, the building-
blocks approach can be used as alternative strategy to prepare fluorinated 
analogs of phosphates. Selected representative examples are described here. 

Synthesis based on difluoromethylene-bisphosphonates and -phosphonoacetates 

The most used in the series is the difluoromethylenebisphosphonate (/, 12% 
which was directly incorporated into nucleotides, and terpenes (69). On the 
other hand, phosphonoacetate derivatives were involved in multi-step synthesis 
(Scheme 16). For example, thymidine analogs were prepared through their 
derivation into functionalized chiral phosphonoalcohols (70, 71). Its oxidative 
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cleavage, followed by a ring closure reaction of the intermediate aldehyde 
afforded the key lactones in good yield. 

F F F F (EtO)2(0)PCF2 β 

(EtO)2(0)P^C02Et ( Ε ΐ Ο ^ Ο ^ ^ ^ Ν ^ V°"j 

Scheme 16. 

Synthesis based on diethyl 2-oxo-ltl-difluoroethylphosphonate hydrate 

The diethyl 2-oxo~l,l-difluoroethylphosphonate hydrate has been used as 
masked aldehyde (34). When involved in Horner-Wadworth-Emmons or 
Henry's reaction, a variety of activated difluoroallylic phosphonates were 
prepared (43, 72) (scheme 17). 

OH 
OH CF2P(0)(OEt)2 o Y / C F 2 p ( 0 ) ( O E t ) 2 

(EtO)2(0)PCF2-/ _ _ Z ^ f X J 1 

OH phSo2 0 - ^ S o 2 P h 

Scheme 17. 

These activated alkenes reacts with dienes to afford cyclic secondary 
difluoromethylenephosphonates as intermediate in the synthesis of DFMPA-
functionalized cyclohexene derivatives of biological interest (73, 74). 
Cyclohexene derivatives can be also prepared by cycloaddition carried out from 
electron-rich phosphonodifluoromethyl-homodienes (75). 

Synthesis based on the diethyl difluorophosphonomethyldithioacetate 

Until recently, no multi-step syntheses were developed from fluorinated 
phosphonodithioesters. Derivation of the dithioacetate into thioamide was 
achieved in one-step from amines and amino-acids. By ring closure of 
intermediate amido-alcohols, we prepared functionalized thiazolines and 
thiazoles derivatives, which can be used as precursors of potent PNP inhibitors 
(76) (scheme 18). 
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(E«) 2 (0)PCF 2 T SCH 3 (EtO)2(0)PCF2 N v 

Scheme 18. 

This activated dithioester can be also involved in hetero Diels-Alder 
reactions to prepare thiopyranosyl derivatives (77). 

Synthesis based on allylic difluoromethylenenephosphonate derivatives 

The diethyl l,l-difluoro-3-butenylphosphonate, has been first derived into 
pivotal structures for the preparation glycerate analogs (78). Its use as free 
radical acceptor allows the preparation of thionucleotide analogs (79). The key 
step is the synthesis of a functionalized xanthate. The thiolactone was obtained 
by a ring closure reaction of the intermediate thiol (scheme 19). 

CF2P(0)(OEt)2 C(S)OR 

(I (EtO) 2 (0)PCF/^^ 

Scheme 19. 

3. Conclusion 

As summarized herein, numerous efforts have been made to prepare analogs 
of phosphates by different methods. However due to the presence of fluorine 
atoms the synthesis of complex structures is rather difficult, and the known 
methods described for the preparation of methylenephosphonates cannot be 
applied. New reagents and building blocks are still needful for the preparation of 
analogs of bio-active compounds, and, in particular, reagents easy to handle, 
and methods opening a rapid access to secondary difluoromethylphosphonates. 
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Chapter 27 

Mg-Promoted Selective C-F Bond Cleavage: 
A General and Efficient Access to Difluoroenol 

Silyl Ethers and Their Derivatives 

Hideki Amii and Kenji Uneyama 

Department of Applied Chemistry, Faculty of Engineering, Okayama 
University, Tsushimanaka 3-1-1, Okayama 700-8530, Japan 

In this chapter, we describe the progress of C-F bond cleavage 
reactions which afford an effective access to difluoroenol 
ethers and their derivatives, which are useful building blocks 
for a wide variety of difluoromethylene compounds. 

Organofluorine compounds are receiving increasing attention in the 
medicinal, agricultural, and material sciences (7). Difluoromethylene 
compounds are important synthetic targets because of their unique biological 
activities (2). For instance, the introduction of a difluoromethylene unit into the 
peptides has led to die discovery of potent protease inhibitors mimicking the 
transition state for hydrolytic amide bond cleavage (3). Needless to say, the 
fluorinated building blocks play an important role in synthetic organofluorine 
chemistry. 

Figure 1. 

© 2005 American Chemical Society 455 
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Difluoroenol silyl ethers 1 and difhioroketene silyl acetate 2 are synthetic 
equivalents of an enolate of difluoromethyl ketones and difhioroacetates and are 
versatile building blocks for difluoro compounds (Fig. 1). Several synthetic 
applications of these compounds, including their enantioselective versions, have 
been reported (eqs 1-4) (4-8). 

F 1 a AIC.3 F * 
» H 0 2 C ^ Ph 

Inhibitor of Kynureninase 

la TiCU Q * ~ m 0 

: Γ Μ β 3 I I X - ^ V 
F 2 f l Lewisacid Jr* 

OSIMe 3 

f v ^ O E t + PhCHO 
cat. 3 (20 mol* 

EtN02 

2b 97% ee (fl) 

(1) 

(2) 

(3) 

(4) 

Preparative Methods of Difluorinated Enol Ethers and Their Derivatives. 
One of the well-established methods to prepare difluoroenol silyl ethers 1 and 
difluoroketene silyl acetals 2 is the dehalogenation from halodifluoromethyl 
groups (eqs 5-6) (8a,9). 

(A) Reformatsky-type reactions 

X - Z n J 

(X = CI, Br, !) 

Zn 
Me 3SiCI 

T H F 

Zn 
Me 3SiCI 

T H F 

O S i M e 3 

O S i M e 3 

F Y ^ O E t 
^ 2b 

(5) 

(6) 
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Due to the broad and easy availability of tri fluorom ethyl ate d materials, 
selective defluorination of a trifluoromethyl group is one of the promising 
methods for difluoro compounds. The preparative routes to gem-difluorinated 
enol ethers and their homologs have been accomplished by (B) acid or base-
catalyzed dehydrofluorination of fluorinated alcohol derivatives (eqs 7-11) (ΙΟ
Ι 5% (Q reductive dehalogenation of vicinal halides (eq 12) (16), (D) Brook-type 
rearrangement of a-silyl-a-trifhioromethyl alkoxides (eq 13) (17-19) and retro-
Brook rearrangement of α-siloxyvinyl lithium (eq 14) (20), and (E) SN2'-type 
addition of nucleophiles to the heteroatoms of C-N and C-S double bonds of 
fluorinated iminoesters and dithioesters (eqs 15-16) (21,22). 

(B) Acid or base-catalyzed dehydrofluorination 

OTs LDA OTs OTs 

F 3C 
(2eq) F > 

BR3 

OMEM LDA OMEM OMEM 

H3C j. F OH 

OH n-BuLi ϊ τ 
Y" (2eq) PhCOCI^ FsSJ^{ 

F 3 C X F ? " I 3 Γ 

OU Ο-COPh 

CF 3 

(7) 

(8) 

(9) 

RfCF2CH20Ts >=< 
F U THF ρ Ή 

(Rf s HCF 2, CF3) 
Ar-I OTs 

ZnBr2 > Ri OTs c at. Pà(PPh3U ™^Khf 

F ZnX THF F 

(10) 

OCOCF 3 BF3«NEt3 p Jj^ O C F3 M e 0 H R

 Q H 

F 3 C C0 2Me C0 2Me " C0 2Me (ii) 

(C) Reductive dechlorofluorination 

Cl 

X 
F 3C C0 2Et 

Zn 
cat. Cul 

DMF 
F. 

C0 2Et 
(12) 
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(D) Brook rearrangement and retro-Brook rearrangement 

FOMgBr Ο 

F 3 C ^ S i R 2

3 or R1Li 

CF3SiMe3 

λ 

Brook rearrangement 

Ο 

JL 
R 1"^SiR 2

3 TBAF 

R2

3SiMgMe f 
Ο 

F 3 C ^ R 1 

F 3 C ^ S i R 2

: 

R2 OSiR2a OStR2

3 

R1 

R orR2

3SiLi/ZnBr2 

(13) 

OH r,13s|CI 

f 3 c THF 

P S J R 1

3 

retro-Brook 
rearrangement 

SIR1; 
R2

3SiCI 
0SiR 2

3 

SiR 1

3 

(14) 

(E) SN2*-type reactions 

N-PMP 
II 

F 3 C ^ C 0 2 E t 

Rf S 

r F SR 

Et2Zn 
ΡΜΡ^,.Εϊ 

Ν 

THF 

R'MgBr 
or R'Li 

C0 2Et 

THF 

Rf SR' 

F SR 

(15) 

(16) 

Mg-Promoted Selective Defluorination of Trifhioromethyl Ketones. 
Selective activation reactions of inert bonds, such as C-H, C-C, and C-F bonds, 
are a challenging topic of considerable scientific and technological interest (23). 
Recently, there have been several reports on the selective C-F bond cleavage 
reactions by the use of metal reagents (24-29). In general, the cleavage of a C-F 
bond is not easy due to the large bond energy (ca. 552 kJ mol"1). However, the 
bond breaking does rather easily occur when a CF3 group is attached to the π-
electron system because electron acceptance into the π-system and subsequent 
extrusion of a fluoride ion may make large contributions to the driving force of 
the reaction (Scheme 1) 

Scheme 1 
electrophile 

(?) π-electron system 
1> 

(C=0, C=N, Ar) 

C-F Bond Cleavage 

π-electron system 
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Electrochemical methods have hitherto been developed for reductive 
defluorination of a trifluoromethyl group (30), and they can be successfully 
applied to the preparation of difluoromethylene building blocks (31-35). 

In 1999, we reported that metallic magnesium, which serves as a more 
convenient electron source, proves useful for the C-F bond breaking process of 
trifluoromethyl ketones 4 to provide a practical route to 2,2-difluoroenol silyl 
ethers 1 (Scheme 2) (36,37). 

Scheme 2 Mg/Me3SiCl OSiMe3 

Compared to previously available methods, the present methodology has 
several advantages: (i) the starting trifluoromethyl ketones 4 are readily 
available directly from trifluoroacetates; (ii) Mg as a reducing agent is 
inexpensive and easy to be handled (38); and (iii) selective formation of 2,2-
difluoroenol silyl ethers 1 is achieved in a short reaction time (only 20-30 min) 
under mild reaction conditions. In light of operational simplicity and high 
efficiency, Mg(0)-promoted selective defluorination of 4 and the subsequent 
transformation of 1 gave a reliable route for preparing difluoro compounds. 

As a synthetic application of difluoroenol silyl ethers 1, Bonnet-Delpon and 
Bégué et al reported fluoro artemisinins by means of Lewis acid-catalyzed 
reactions ofdihydroartemisinin acetate with difhioroenoxysilanes 1, which were 
prepared by our defluorination route (eq 17) (39). 

C-F Bond Cleavage 

R = Ph (a), 4-MeOC6H4 (b), 4-CF 3C 6H4 (c), 4-CIC6H4 (d), 
2-furyi (e), 2-thieny! (f), C 6 H 1 3 (g), Cy (h). 
Yield: 91% (1a), 89% (1b), 87% (1c)f 98% (1d), 97% (1e), 
97% (1f), 56% (1g), 62% (1h). 

ï Mg, Me3SiCI 
3 C " % r 
4a, b (Ar = Ph, PMP) , 

(17) 

Ar 
DHA acetate 
(DHA: dihydroartemisinin) Fluoro artemisinins 
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Electrophilic halogenation of 2,2-difluoroenol silanes 1 is highly useful for 
the preparation of α-halodifhioromethyl ketones (40). Prakash and Ο la h et al 
presented the reaction of difluoro silyl enol ethers la with halogens at tow 
temperature which produced a high yield of a-halodifluoromethyl ketones and 
[,8F]-labeled trifluoromethyl ketone 5 (eq 18) (41). 

Mg OSiMe3 Ο 

I i î ^ F Y ^ P h J ^ ' V ^ P H 08) 
F 3 C " > h THF l F F 

4a C-F Bond Cleavage 1a 5 

To demonstrate further synthetic utility of our C-F bond cleavage reactions, 
we developed l-butoxy-4,4-difluoro-3-(trimethylsiloxy)-l,3-butadiene 6, a 
fluorinated analog of Danishefsky's diene (42% acting as one of the most 
fascinating C 4 building blocks (Scheme 3) (43). The process shown in Scheme 3 
provides access to difluoro Danishefsky's diene 6 in a simple and efficient 
fashion. 

Scheme 3 
Me3SiO, 

OBu 
Difluorinated 

Danishefsky's Diene (6) 

iCF,CO>0 V C F a
 M 9 / M e 3 S i C I Μβ,βΙΟ^Χ^ 

( C F 3 C O ) 2 ° pyridine Τ DMF J F 

^ 1 50°C,3min η 
^ O B u Λ Β - x -0 B u C-F Bond Cleavage OBu 

7 6 (85%) 

F F 

8 

F. F 
O y ^ P h 

Ph 

PhCHO 

Ti(0-/Pr)4 / (fl)-BINOL LA 
40% (from 7) . . _ i n n a / . 

(•f)-9 (92% ee) 

The starting ketone 7 was easily prepared from the reaction of trifluoroacetic 
anhydride (TFA A) with vinyl ethers (44). Upon treatment with 8 equiv of Mg 
and MesSiCl in DMF, defluorinative sirylation of trifluoromethyl ketone 7 
proceeded to afford difluorobutadiene 6 in 85% yield. The subsequent hetero 
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Diels-Alder reactions of 6 gave fluorinated six-membered heterocycles. The 
reactions of diene 6 with aldehydes and aldimines in the presence of Lewis acid 
(ZnBr2 or Znl2) gave the fluorinated dihydropyrones and difhioro 
dihydropyridones, respectively. Furthermore, the enantioselective hetero Diels-
Alder reaction with benzaldehyde afforded corresponding dihydropyrone (+)-9 
in 92% ee in the presence of chiral titanium(IV)-BINOL system. 

Mg-Promoted Selective Defluorination of Difhioro m ethyl Ketones. Similarly, 
difluoromethyl ketones underwent the selective defluorination reactions to 
provide the monofluorinated compounds. Prakash and Olah et al. reported a 
facile preparation of monofluoromethyl ketones. Metallic Mg-mediated 
reductive defluorination of difluoromethyl ketone 10 readily generated 
monofluorinated enol silyl ether 11, which upon fluoride or acid assisted 
hydrolysis gave the respective ketone 12 in good yield (eq 19) (45). 

n Mg OSiMe3 0 

π Me3SiCI F a J v H a O + II 
H F 2 C % h T H F ' ^ P h " H 2 F C ^ P h (19) 

10 C-F Bond 11 
Cleavage (BZ= 1/2.1) 

(x-Fluoro-cx,p-unsaturated carbonyl compounds are promising precursors for 
fluoroalkene oligopeptide isosteres, due to the interesting character of 
fluoroolefln moieties. Replacement of the amide bond with a monofluorinated 
carbon-carbon double bond (CF=Q has been recognized to provide 
conformationally fixed peptide bond isosteres (Scheme 4) (46,47). Physical data 
such as bond length, dipole moment, and charge distribution of fluoroolefins 
also suggest the similarity between an amide moiety and a fluoroolefln (48-51). 

Scheme 4 ! 

amide (A) fluoroolefln (B) 

Mg 
Me3SiCI 

Ph" χ -Ph T u p Ph' 
F F 

OH Ο 

13a 

THF 
C-F Bond 
Cleavage 

OR O S I M e 3 H C ! a q 

A y k p h 

F 

OH Ο 

14a (R = Η or SiMe3) 

1)Mg/Me3SiCI 2) HCI aq. 

u 
P h ' ^ Y ^ P h 

F 
15a 

(72% from 13a, 
BZ= 1:>95) 

C-F Bond 
Cleavage 

13b 

Ph 
F 

1Sb (74%) 

C-F bond cleavage reactions were applied to the preparation of 
monofluoroenones (52). The action of Mg/Me3SiCl in THF on difluoroaldol 13a 
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caused the defluorinative silylation to afford monofluoroenol silyl ether 14a. 
The subsequent acid-catalyzed hydrolysis of the crude enol 14a yielded a-
fluoro-a,p-unsaturated ketone 15a. β-Hydroxyketone 13b from cyclopentanone 
underwent defluorination cleanly, affording exo-fhioromethylene cyclic 
compound 15b in 74% yield. 

Selective Defluorination of Trifluoroacetates, Trifluoromethyl Imines, and 
Aromatics, A Mg(0)/Me3SiCl system was found to be also effective for the 
selective defluorination reactions of trifluoroacetates, trifluoromethyl imines, 
and aromatics. Aryl trifluoroacetates (16) were suitable substrates for Mg-
promoted C-F bond cleavage reactions, to provide a-silyldifhioroacetates 17 in 
55-66% yields (Scheme 5) (53). In these reactions, the initial products must be 
the 0-silylated compounds (difluoroketene silyl acetals) which then rearranged 
to C-silylated difluoroacetates 17 under the reaction conditions. The resultant 
difluoroacetates 17 are versatile building block for highly functionalized 
difluoroacetates which can be prepared by TBAF or KF/CuI-catalyzed C-C bond 
formation at the α-position with a variety of electrophiles (34,35). 

Ο 
I 3 S I X ^ O A r 

F F 
17a-d 

Ar = Ph (a), 4 -MeOC 6 H 4 (b), 4 -MeC 6 H 4 (c), 4 - C ! C 6 H 4 (d). 
Yield: 66% (17a)» 64% (17b), 56% (17c), 55% (17d). 

Scheme 5 0 Mg 
Me 3SiCI 

F 3 ° O A r DMF 
16a-d 

The present protocol was also applicable for the selective defluorination of 
trifluoromethyl imines 18, to yield the corresponding JV-silylated 
difluoroenamines 19 (Scheme 6) (54). 

Scheme 6 Mg PMP. ,S iMe 3 

N-PMP MeJiCI F > 7 

F g C ^ R DMF 
18a-h (PMP = p-methoxyphenyl) 1 9 a . h 

R = Ph (a), 4 -MeOC 6 H 4 (b), 4 -MeC 6 H 4 (c), 4-CIC 6 H 4 (d), 
2-Py (e), 2-thienyI (f), C 6 H 1 3 (g), H (h). 

Yield: 82% (19a), 99% (19b), 88% (19c), 99% (19d), 
72% (19e), 63% (19f), 77% (19g), 47% (19h). 

Metallic magnesium, which serves as a convenient electron source, proves 
useful for the C-F bond breaking process of trifluoromethylated aromatics. As a 
promising application for material science, we developed the C-F bond cleavage 
sequence for the synthesis ofoctafluoro[2.2]paracyclophane (AF4, 23), which is 
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an excellent precursor of the insulating parylene polymer (Scheme 7) (55). 
Mg(0)-promoted defluorinative silylation of 1,4-bis(trifluoromethyl)benzene 
(20) gave α,α,α',α',α'-pentafluoroxylene (21) in 48% yield. The subsequent 
conjugative 1,6-elimination from 21 induced by the catalytic use of CsF 
provided fluorocyclophane AF4 (23) in 53% yield (56). 

CF 2 SiMe 3 

cat. CsF 
|J ( ° - 0 5 e q ) , 

anisole 
160 °C 

x2 

F 2 C — C F 2 

23 (53%) 

Trifluoromethyl sulfoxides and sulfones, endowed with SO double bonds, 
are considered to be good candidates for the reductive C-F bond cleavage 
reactions. Recently, Prakash and Olah et al reported the interesting, general and 
efficient method for the preparation of tri- and difluoromethylsilanes by means 
of unusual Mg metal-mediated reductive tri- and difluoromethylation of 
chlorosilanes (Scheme 8) (57). The defluorination reactions of fluoromethylated 
sulfoxides and sulfones did not occur. The electron-transfer from magnesium 
metal to sulfoxide 24, the subsequent reductive cleavage of the C-S bond to 
generate anionic QVspecies was anticipated over the C-F bond fission, 
providing trifluoromethylsilanes 25 selectively. 

Scheme 8 

Synthetic Application to Difluorinated Amino Acids. Among various 
organofluorine compounds, fluorinated amino acids have been studied as 
potential enzyme inhibitors and therapeutic agents (58-60). Recently, in the 
amino acid and peptide chemistry, amino acids possessing two fluorine atoms at 
the β-earbon have been paid much attention because they can act as potent 
inactivators of certain enzymes, in particular, highly selective inhibitors of 
pyridoxal phosphate-dependent enzymes via a suicide-type mechanism, and can 
block certain important metabolic pathways (lc,61,62). 
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A survey of our strategy to synthesize chiral β,β-difluorinated amino acids from 
trifluoroacetic acid (TFA) is shown in Scheme 9. 

Scheme 9 M

 M 9 
CO \ C-F Bond Cleavage] 

N-PMP ROH fPMP V D fl ΪΓ2 

CF3CO2H — - x * 1 - R v M < r n u 

» « Λ I 1 ^ I AsvÈtmwiric I F Γ 26 Carboalkoxvlation 
Asymmetric 

Hydrogénation 

Pd 

Trifluoroacetimidoyi chloride 26a is a stable compound and is easily prepared in 
high yield by refluxing a mixture of commercially available TFA, /?-anisidine, 
PPh3 and Et3N in C d 4 in one pot (Scheme 10) (63). Trifluoroacetimidoyi iodide 
27 was obtained by halogen-exchange reaction of chloride 26a with Nal in 
acetone quantitatively. We already established Pd-catalyzed carboalkoxyiation 
of imidoyl iodide 27 to provide iminoesters 28 (64). 

Scheme 10 
M R M 6 p P h N H 2 N-PMP N*I N-PMP 

CF3CO2H J ^ i ^ χ χ 
CCI4 F3 C C l acetone F 3 C I 

26a (91%) 27(99%) 

Pd2(dba)3-CHCI3 

J^PMP (Pd:0.10equiv) j j - P M P 

F 3 C I C0(1atm) F3 C 0 Ο2^ 
27 K 2 C 0 3 , r.t. 28a-c 

Method A: ROH / toluene (ref .64a) R * Et (98% : Method A) 
Method B: f-BuOH / DMI (ref.64b) R * Bn (95%: Method A) 

R » f-Bu (62%: Method B) 

Trifluoromethyl iminoester 28a underwent reductive defluorination upon 
treatment with metallic magnesium and trimethylsilyl chloride, leading to 
enaminoester 29 (eq 20) (54). 

M 9 / Me3SiCI PMPx ,SIMe3 

N-PMP DMF J 

FaC A co 2 Et V-ccya (20) 
28a C-F Bond Cleavage F 29 (58%) 

Aminodifluoroacrylate 29 is a very interesting compound possessing both 
JV-silyl-difluoroenamine and difkoroacrylate moieties. Due to the unique 
structure, enamine 29 is useful precursor to a wide repertoire of difluorinated a-
amino acids, since it can react with not only electrophiles, but also nucleophiles 
and radical species at the β-position, regioselectively (Scheme 11). 
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Scheme 11 
N-PMP 

P h SX^c PhSCI 

NH(PMP) 
R C V ^ C 0 2 E t 

F F 
32a: R = Me ( 
32b: R»Et (78%) 
32c: R » i-Pr (83%) 

N-PMP 

Me2S(0)=CH2 ^^Y^COaEt 
T H F ' - 1 0 ° ° C F 33(79%) 

Electrophific introduction of a thiophenyl group was accomplished by the 
exposure of 29 to the action of phenylsulfenyl chloride, affording difluorinated 
cysteine derivative (54). Performing the reaction of 29 with isopropyl iodide 
under radical conditions gave difluorinated leucine derivative 31 without 
accompanying defluorination (33). On the other hand, the difluoromethylene 
carbon of 29 is highly reactive even to a weak nucleophile like alcohols. Thus, 
regioselective nucleophilic addition of various alcohols to 29 proceeded 
smoothly in the presence of CSA to give the corresponding 3,3-difluoroserine 
derivatives 32 in good yields (54). Meanwhile, the reaction of difluoroenamine 
29 with sulfur-ylide was accompanied with defluorination to afford a-fhioro-
α,β-unsaturated imine 33 (65). 

Also interesting and important is the asymmetric synthesis of difluorinated 
α-amino acid derivatives (Scheme 12). 

Scheme 12 

F V ^ C O 2 E , ~ B r x V E , V S * * 
I O U 2 C l c h 2 c i 2 F F CF 3CH 20H F F 

MeaSL^PMP N ' P M P Pd(0C0CF3}2 H N ' P M P 

F F CF 3CH 20H 
F 29 ( 9 7 % ) 34 (Λ)-35 (88% ee) 

,Boc 

^ S n B u 3 H N ' P M P ^ . J J . 

HN 

Β η Ο 2 0 χ % χ χ ^ 0 Ο 2 Β η 
F F 

(fl}-37 (87% ee) 
A I B N . * ^ ô c 0 2 E t 

toluene F F / - M ' 

(56% from 34) ( Λ ) „ 3 6 ( 8 7 o / o e e ) S? C0 2Bn 

(fl)-38 (>99% ee) 

Enaminoester 29 was treated with NBS to provide the corresponding 
bromodifluoromethyl iminoester34 in excellent yield. When iminoester34 was 
subjected to a hydrogen pressure in the presence of small amount of 
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Pd(OCOCF3)2 and (Λ)-ΒΙΝΑΡ in 2,2,2-trifluoroethanol (TFE) (66), the catalytic 
asymmetric hydrogénation of 34 proceeded smoothly at room temperature to 
yield aminoester (R)-35 in 88% ee. Upon treatment with aflyltributyîtin and a 
catalytic amount of AD3N as a radical initiator, (R)-35 underwent radical 
allylation to afford C-allylated aminoester (i?)-36. By the use of chiral 
aminoester (R)-36, the syntheses of highly enantioenriched N- and 0-protected 
β,β-difluoroghitamic acids (37) and β,β-difluoroprolines (38) were 
accomplished (67). 

Development of Fhiorinated Dianion Equivalents. A fluorinated synthon 
acting as a dianion equivalent allows a straightforward access to a large number 
of multifunctionalized organofluorine compounds by the reactions with various 
combinations of electrophiles. Among them, quite interesting are the dianion 
equivalents (39-41) endowed with acyl anion moieties (Fig. 2) (11,12,20,68). 

Fig. 2 OR OR OSiR 2

3 MeaSu^Ar 

F Y ^ S i M e 3
 F Y ^ S n B u 3

 F y ^ S i R i 3
 Ρ γ ^ δ Ι Μ β 3 

F 39a F 39b F 40 F 4 1 

(R = MEM, CONEt2) 1 

Very recently, we have developed a new entry to the fluorinated 
bifunctional building blocks 41 serving as both an acyl anion synthon (69) and 
an enolate synthon. One-pot reaction sequence involving Mg(0)-promoted 
reductive C-F and C-Cl bond cleavage reactions of trifluoroacetimidoyl 
chlorides 26 afforded bis-silylated difluoroenamines 41 (Scheme 13) (70). 

The preparation of the requisite dianion equivalents 41 is very simple. 
When imidoyl chlorides 26 were treated with Mg metal (8 mole equiv to 26) and 
chlorotrimethylsilane (4 equiv) in distilled THF at 0 °C for 30 min, the 
dehalogenative double silylation reactions proceeded smoothly to afford bis-
silylated difluoroenamines 41 in high yields. Both C-F and imidoyl C-Cl bonds 
in 26 were cleaved subsequently under mild conditions. 

Me3Si Ar 

F41a-e 

Scheme 13 
ψΑτ Me3SiC!(4eq) 

F 3 C A C ! THF 

26a-e 0 ° C i 3 0 m î n 

Ar = 4-MeOC6H4 (a), Ph (b), 4-MeC6H4 (c), 3-CIC6H4 (d), 4-C!C6H4. 
Yield: 84% (41a), 85% (41b), 82% (41c), 80% (41d), 85% (41e). 
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By means of the successive double dehalogenation reactions as shown 
above, the resultant bis-silylated difluoroenamines 41 are very promising 
bifunctional synthetic blocks, which have not only N-silylenamine skeletons but 
also α-aminovinylsilane skeletons. Subsequent transformations of the 
bis(siryl)enamine 41 with two kinds of electrophiles gave a variety of 
difluorinated imines and enamines. 

In Scheme 14, an application of 41 is represented by chemoselective 
sequential transformations with different electrophiles. 

Scheme 14 

41a 

Me 3SL k l ,Ar 
Ν 

F 41 

1 9 

SiMe3 

N-Ar 

F F 

' Prr H 
BF3-OEt. 

2) PhCOCI 
pyridine 

BzO 

Ph
iz:̂  vt-r N-PMP 

SiMe3 

Me-I 
CsF 

BzO 

Ph' 
F F 

43 (68%) 
l 2 

KF 
CH2CI2 

N-PMP 

Me 
F F 

I (96%) 

Pd2(dba)3-CHCI3 

BzO N-PMP CO (1 atm) BzO N-PMP 
BnOH 1 II 

P h ^ V ^ C 0 2 B n 
F F 
45 (96%) 

toluene F F 
4β (97%) 

First, by utilizing their properties of difluoroenamines, 41 could react with 
electrophiles (E1) to afford the difluorinated imidoyl silanes (C-alkylation 
products). Second, the resulting imidoyl silanes would undergo in turn the 
reactions with other electrophiles (E2) by utilizing their properties of 
imidoylsilanes, giving a wide variety of difluorinated iminoacyl compounds. In 
general, an imidoylsilane is a stable compound, but it is amenable to a reaction 
as an acyl anion equivalent in the presence of fluoride ion (71). When O-
protected difluoroimidoylsilane 43 was exposed to an excess amount of CH3I in 
the presence of CsF, the corresponding methyl imine 44 was afforded in 96% 
yield. Furthermore, we have explored iodination of 0-protected imidoylsilane 
43. In the presence of KF, the reaction of 32 with I2 proceeded cleanly to afford 
imidoyl iodide 45 in high yield. The subsequent Pd-catalyzed carboalkoxylation 
reaction of imidoyl iodide 45 provided the iminoester 46, a promising precursors 
of the highly functionalized α-amino acids. 

Next, we show the alternative sequential double functionalization of 
bis(silyl)enamines 41 involving N-alkylation reactions (Scheme 15). Upon 
treatment with KF and Cul, the reaction of bis(siryl)enamines 41 with allyl 
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bromide proceeded to afford the corresponding iV-alryl difhioroenamine 48 in 
92% yield. Then, the further transformations using the vinylsilane grouping in 
48 were executed. In the presence of CsF, the reactions of N-alryl enamine 48 
with benzaldehyde, cinnamyl aldehyde, and benzophenone proceeded smoothly 
to provide allylic alcohols 49. 

Scheme 15 

F 47 

Br 
KF/Cul R'^R2 

48 (92%) 

CsF 
DMF 

F OH 
49 

R2 Yield (%) 

Ph H 

(E)-PhCH=CH- H 

Ph Ph 

92 
70 
47 

A particularly good use of Af-alryl enamines 48 and 49 is made for thermal 
3,3-sigmatropic rearrangement, so-called Claisen rearrangement. The 
transformations involving Claisen rearrangement of the fluorinated allyl vinyl 
ethers have received increasing attention (72). Actually, Percy, Taguchi, Shi and 
many other groups investigated Claisen rearrangement of fluorinated allyl vinyl 
ethers, to find the exclusive formation of tie Claisen rearrangement products 
(12eJ6a}73). In the thermal reactions of JV-alrylic difluoroenamine 48, unusual 
reaction selectivities were observed as compared with that of allyl vinyl ethers 
(74). 
What is the difference? Heating a solution of ΛΓ-alryl difhioroenamine 48 to 
reflux in xylene led to complete consumption of the starting material. Against 
our expectations of the selective formation of the Claisen rearrangement product 
50, azabicyclo[2.1.1]hexane 51 was obtained as a major product (Scheme 16). 
Thermal [3,3]-sigmatropic rearrangement usually proceeds via a six-membered 
transition state A. The formation of bicyclo compound 51 could be explained 
via 1,5-crossed ring-closure (intramolecular [2+2]-cycloaddition) of allyl 
enamine 48. 

Scheme 16 
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Furthermore, the thermal reaction of N-prenyl difluoroenamine 52 was 
examined. Unexpectedry, the intramolecular ene reaction proceeded smoothly to 
give isopropenyl pyrrolidine 53 as a sole product (Scheme 17). The exclusive 
formation of 53 (5-exo ring closure) can be explained via tie transition state C, 
which leads to the trans relationship of the silyl and isopropenyl groups in 53. 

Scheme 17 

Conclusion. A property of a C-F bond, one of the strongest bonds to cleave, is 
quite attractive for the wide fields of science and technology. Due to their 
inertness and resistance to oxidative degradation, organofluorine compounds 
have found widespread use in practical applications. As a consequence, the 
progress in the development of selective C-F bond activation reactions has been 
slow despite their great synthetic potential. 

The reactions described here present examples of practical synthetic 
transformations involving C-F bond cleavage. We have developed Mg-promoted 
defluorinative siiylation of trifluoromethyl ketones, esters, imines, and aromatics 
in which each trifluoromethyl group is attached to π-electron system. The 
present reductive defluorination reactions give us a variety of useful fluorinated 
building blocks. Thus, the design for the reaction sequences involving C-F bond 
cleavage enables the development of various practical transformations, and 
expands the scope of organofluorine chemistry. 
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Chapter 28 

Reactions of Ethyl Bromodifluoroacetate in the Presence 
of Copper Powder 

Kazuyuki Sato, Masaaki Omote, Akira Ando, 
and Itsumaro Kumadaki* 

Faculty of Pharmaceutical Sciences, Setsunan University, 
45-1, Nagaotoge-cho, Hirakata, Osaka 573-0101, Japan 

Copper-mediated reactions of ethyl bromodifluoroacetate (1) 
as procedures for the synthesis of compounds containing a 
CF2 group are presented. The complex formed in the reaction 
of 1 in the presence of copper powder reacted with vinyl or 
aryl iodides to give cross-coupling products, with Michael 
acceptors to give 1,4-addition products and with unactivated 
olefins to give radical addition products. Some applications 
of these reactions for synthesis of fluorine analogues of 
bioactive compounds are presented. A novel reaction 
mediated by the Wilkinson catalyst will be also presented. 

Introduction 

The efficient methodologies for the syntheses of organofluorine 
compounds have become quite important in recent organic synthesis, since 
many compounds with fluorine substituents are used in various fields, such as 
medicines, agricultural chemicals, liquid crystals, and so forth. (7). One of the 
authors has been engaged in developing new methodologies for the syntheses 
of organofluoine compounds, and reported copper-mediated trifluoromethyl-
ation of aromatic (2a) and aliphatic halides (2b) with trifluoromethyl iodide, 

476 © 2005 American Chemical Society 
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the ene reaction of trifluoromethyl ketones (3) and imines (¥), and new 
reactions using Halothane (5). Typical examples of these reactions are shown 
in Scheme 1. Some applications of these reactions for synthesis of fluorine 
analogues of biologically important compounds (6,3b) are also illustrated at 
the bottom of the scheme. 

C F 3 i Λ . - . ™ Ar—I 
Cu 

A r - C F 3 

Ο 

R C F 3 P h ^ 

(Lewis acid) 
Η 
1 Γ Η Ι 

ι 

Η 
1 Mg Γ Η Ι 

ι F 3 C - C - B r 
I 

Mg 
F 3 e - O M g B r F 3 C - C - B r 

I F 3 e - O M g B r 
CI Cl 

Halothane as a base 

Br 
ι (5a) 

F 3 C - C - M g B r + CF 3 CH 2 C1 

CI 

Sec-BuU 

K 1 

F L i 

i ~ (CF 2=CCl) 2Zn A r 1 

PhCHO 

P d ( P P h 3 ) 4 A r / ^ F 

H Br 

P h - C - C - C F 3 

O H C l 

(5b) 

CF 3 I + C u - [CF 3 -Cu] ^ A c 0 ^ N 

(6) 

HNV W 
AcO Ο OAc 

^ ~ ^ H 3 C ^ C F 3 

Η 
AcO OAc 

A1CK s 
C H 2 

Scheme 1 

Importance of compounds with a difluoro methylene (CF2) unit are also 
increasing recently, since this unit is biologically more stable than a methylene 
unit and it is taken as an isostere of an ether oxgen Once, we planned to 
synthesize a difluoro analogue of a biologically active compound. At the start 
of that research, methods for introducing a C F 2 unit into an organic compound 
had been investigated energetically (7). For this purpose, the following 
reactions were reported: Addition of CF2X2 to olefins (8), cyclopropanation of 
olefins by the reaction of difluoroearbene formed from C l C F 2 C O O X (?), 
various reactions using metal difluorovinylides (70), and so on. Among them, 
Reformatsky reactions (77) using halodifluoroacetate or aldol reaction (72) of 
its enol form had been widely used to introduce a CF2 unit. These reactions are 
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very useful to give a,a-difluoro$-hydroxyesters. Thus, ethyl bromodifluoro-
acetate (1) is recognized as a good starting material for CF2 compounds. 
However, it is difficult to deprive the hydroxyl group of the products owing to 
the high electronegativity of the α-fluorine atoms (13). These methodologies 
were not suitable for our purpose, since our target had no hydroxyl group at the 
β-position. Therefore, we planned to develop a new methodology for the 
synthesis of α,α-difluoroesters that do not have a β-hydroxyl group. 

As mentioned above, one of the authors had reported copper-mediated 
trifluoromethylation of halogen compounds with trifluoromethyl iodide. 
Kobayashi and Taguchi applied this methodology to methyl difluoroiodoacetate 
(2) (14). However, 2 is not commercially available, is quite unstable and 
somewhat difficult to use. Therefore, we planned to reinvestigate the reactions 
of 1. An important advantage using this compound as a synthon is that it is 
commercially available and that several types of reactions can be developed. 
For example, the bromine atom of 1 could be attacked by an electrophile or a 
radical (15). Furthermore, the products could be modified to a variety of other 
functional groups by reactions of nucleophiles on the ester moiety (16). 

Here, we would like to discuss the results of our research using 1 in the 
presence of active copper powder (17) in the next section. Further, a novel 
reaction of 1 mediated by the Wilkinson catalyst will be presented in the 
following section. 

Results and Discussion 

Cross-coupling Reaction 

Among synthetic methodologies for an α,α-difluoroester without a β-
hydroxyl group, we paid attention to the cross-coupling reaction of methyl 
difluoroiodoacetate (2) with organic halides. In 1986, Kobayashi and co
workers reported a cross-coupling reaction of 2 with various halides in the 
presence of copper powder (14d). The reaction proceeded smoothly in good 
to excellent yields. However, 2 is not commercially available, is quite unstable 
and is somewhat difficult to use. Therefore, we examined a procedure similar 
to that of Kobayashi's group using three equivalents of 1 with (E)-l-iodo-l-
hexene in HMPA (18). The cross-coupled product, ethyl (£)-2,2-difluoro-3-
octenoate (3a), was obtained in a low yield of only 25% and a much larger 
amount of 1-bromo-1 -hexene was formed These results suggested that the 
reaction of 1 with copper powder gave a radical anion and Cu(I) ion. The 
radical anion reacted with another mole of copper to give ethoxycarbonyl-
difluoromethylcopper and bromide ion, which reacted with the Cu(I) ion to give 
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CuBr. Both copper compounds reacted with the iodo compounds to give 3 a 
and 1-bromo-l-hexene, respectively. We thought that the reaction of the iodo 
compound with CuBr might be accelerated by the solvent, HMPA. When 
DMSO was used as a solvent, the yield of 3a was improved to 42%, but still a 
considerable amount of the 1-bromo-l-hexene was formed, along with another 
byproduct, diethyl (2)-4-butyl-2,5,5-trifluoro-2-hexenedioate (4). This 
appeared to be formed by the reaction of 3 a with another equivalent of the 
organoeopper species. In other words, the species formed from 1 must have 
reacted with 3 a to give 4 through an SN2 ' type reaction. To avoid the formation 
of the byproducts, we used one equivalent of 1. The yield of 3 a was improved 
up to 64%, and the formation of the byproducts was suppressed (Scheme 2). 
These results suggest that the intermediate has an anionic property. 

ι C u CF 2 cooEt B r 

BrCF 2 COOEt + p=S j=J + r=.f 
D / H M P A n / _ / 

l:3eq. «-Bu «-Bu 3a; 25% «-Bu 

BrCF2COOEt + Cu — [ c u + B ~ r C F 2 C O O E t ] - ^ [CuCF 2 COOEt ] + CuBr 

I [cuCF 2 COOEt] CF 2 COOEt 

w-Bu 

CF 2 COOEt B r C F 2 C O O E t 
BrCF 2 COOEt + / = ' — — - / = / + f = ^ Τ F 

2

 n / D M S O „ / „ + Λ y 
l:3eq. rt"Bu "-Bu 3a: 42% w-Bu n-Bu \ 

... 4: 15% COOEt 

/ — v III ^ I 
[ EtOOCF 2 C-^Cu) ^ ^ r / C F C Q Q E t SN2'reaction 

n-Bu 
I C u CF 2 COOEt 

BrCF 2 COOEt + f = J • =/ 
1: leq. w"Bu D M S 0 «-Bu 3a: 64% 

Scheme 2 

This cross-coupling reaction was applied to other halogen compounds 
using one equivalent of 1 in DMSO (Table I). Vinyl and aryl iodides gave the 
corresponding products stereospecifically in high yields, but alkyl or alkynyl 
iodides and aryl bromide did not give any coupling products. 

Recently, Ashwood's group has applied our cross-coupling reaction to 
various heteroaryl bromides (19), and Sakamoto's group has reported synthesis 
of antifungals using this reaction with heteroaryl halides (20). 

In this reaction, the reactive species seemed to be an organoeopper 
complex derived from 1. However, this reaction was different from the cross-
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Table I. Reaction of 1 with Halogen Compounds 

R — X + B r C F 2 C O O E t — R - C F 2 C O O E t 
j DMSO 3 

55 °C 
Entry R - X Time (h) 3 Yield (%) 

12 w-BiT X F 2 C O O E t 3b 69 

0 η-Bu — -CF 2 COQEt 3c 0 a ) 

6

 > x j ^ N s N ^ ^ C F 2 C O O E t 3d ο 

5 Ph-~CF 2 COOEt 3e 53 

5 P h - C F 2 C O O E t 3 e 0 

9 °2N~^y~ C F 2 C O O E t
3 f

 6 6 

5 M e O - - ^ ^ - - C F 2 C O O E t 3 g 55 

C F 2 C O O E t 
3h 

30 
T M S 

a) Homo coupling occurred at rt. (Reproduced with permission from 
reference 18. Copyright 1999. Pharmaceutical Society of Japan.) 

coupling reaction using 2 by Kobayashi's group. They reported that a copper 
complex was fairly stable and that it was observed by 1 9 F-NMR (14c). To 
compare the property of our organocopper complex with that of Kbbayashi's 
group, 1 was treated with copper powder, and then (£)- l - iodo- l -hexene was 
added to the mixture. At the first stage, 1 was completely consumed after 12 h, 
but after the second stage, we could not observe the formation of 3a at all, and 
only 1-bromo-l-hexene was isolated. This suggested that our organocopper 
complex was unstable, or decomposition of the complex was accelerated by 
bromide ion. However, we could not exclude by the above experiment the 
possibility that (£) - l - iodo- l -hexene reacted with copper powder first and that 
this organocopper intermediate reacted with 1 to give 3a. So, (£ ) - l - i odo - l -
hexene was treated with copper powder first for 12 h. In this stage, no decrease 
of ( £ ) - 1-iodo-l -hexene was observed by GLC, and addition of 1 to the mixture 
resulted in formation of 3a (Scheme 3). This result shows that 1 reacts with 
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copper first and the organocopper complex reacts at once with (£ ) - l - iodo- l -
hexene, as it is formed. 

BrCF 2 COOEt 
Cu «-Bu 

1 DMSO 5 5 ° C , 1 2 h 
55 °C, 12 h 

w-Bu D M S O \ . 
55 °C, 12 h 

Cu 

«-Bu 

«-Bu 

w-Bu 

C F 2 C O O E t 

(unchanged) 5 5 ° C ' 1 2 h rt"Bu 3a 

Scheme 3 (Reproduced with permission from reference 18. Copyright 1999. 
Pharmaceutical Society of Japan.) 

Thus, our organocopper complex is not stable in our reaction condition, 
and it decomposes in the absence of (£) - l - iodo- l -hexene. If the olefin is 
added later, it reacts with copper bromide to give 1-bromo-l-hexene. All of 
our experiments are consistent with the suggestion that an unstable 
organocopper complex is formed and that it reacts with iodides as soon as it is 
formed. These results show that our organocopper complex from 1 is different 
from Kobayashi's copper complex from the iodide (2). 

Michael-type Reaction (1,4-Addition Reaction). 

There are many reports on the Michael type reaction ( 1,4-addition 
reaction) of organocopper reagents (21). Most of the organocopper reagents 
for these 1,4-addition reactions have been usually produced by the reaction of 
carbanion intermediates, such as organolithium or Grignard reagents with 
copper salts. As mentioned in the previous section, when an excess of 1 was 
used, compound 4 was formed probably through an SN2 ' reaction. This result 
suggested that the active intermediate must behave as an anion. If this is true, it 
seemed likely that the intermediate might react with a Michael acceptor. Here, 
we describe the 1,4-addition reaction of the copper reagent obtained directly 
from a halogen compound, 1, and copper powder. 

We chose 2-cyclohexen-l-one as a Michael acceptor, and examined its 
reaction with 1 in the presence of copper powder under a similar condition as 
that used in the previous section. The Michael type adduct, ethyl 2,2-difluoro-
2-(3-oxocyclohexyl)acetate (5a), was obtained in a fairly good yield (22). 
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When the reaction was carried out with other solvents, the 1,4-addition product 
could not be obtained in satisfactory yields. (See eq. 1 ) 

BrCF 2 COOEt [CuCF 2 COOEt] °=C3o==/ \ 
2 DMSO ' 2 J ' \ / (1) 

1 55 °C \ 
5a C F 2 C O O E t 

In the earlier work related, Taguchi and coworkers had reported that the 
organoeopper reagent derived from 2 did not react with α,β-unsaturated 
carbonyl compounds, although it did react with unconjugated olefins (14b). 
This supports the former hypothesis that their intermediate is different from 
that derived from 1. 

The results of the reaction of 1 with other Michael acceptors are shown in 
Table H 

Table Π. Reaction of 1 with Michael Acceptors 
p w r . Cu E W G v CF 2 COOEt 
E W G ^ R + B r C F 2 C O O E t \ _ < 

1 5 5 ° C 5 R 

Entry E W G N ^ ^ R Time(h) 5 Yield (%) 

CF 2 COOEt 

45 
5a 

2 II ^ 5 II I 5 b 54 
' CF 2 COOEt 

3 II " 3 '^Ύ^Υ' 5c 49 
Ο CF 2 COOEt 

Ο CF 2 COOEt 
B n C L ^ 

Ο CF 2 COOEt 
Ο 

P h - S ^ | 5f 40 
Ο CF 2 COOEt 

CF 2 COOEt 

a) (Z)-6 and (£)-6 were obtained as byproducts in 16% and 10%, 
respectively. (Reproduced with permission fmm reference 22. Copyright 
2000. Pharmaceutical Society of Japan.) 

This 1,4-addition reaction proceeded smoothly and regiospecifically with 
several Michael acceptors examined. However, the reaction with 4-phenyl-3-
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buten-2-one gave a poor yield of the Michael adduct and produced large 
amounts of ethyl 3-acetyl-2,2-difluoro-4-phenyl~3-butenoates (6). Com
pounds 6 seemed to be formed via a radical mechanism. Reduction of 6 gave 7, 
the regioisomer of compound 5d. 

These results show that the organocopper reagent derived from 1 has an 
anionic property and that it reacts regioselectively with many Michael 
acceptors. However, certain Michael acceptors stabilizing a radical inter
mediate can react with the radical anion intermediate with elimination of CuBr, 
as shown in Scheme 4. 

BrCF 2 COOEt + C u — ( C u + B r C F 2 C O O E t [CuCF 2 COOEt] + CuBr 

^ C u B r 

Ç F ^ O O E t 

Ph 

X - B r 

ÇF 2 COOEt 

Ph 

Ο Ο Br 
X = C F 2 C O O E t o r C u 

CF 2 COOEt 

-HBr 

ÇF 2COOEt 

Ph 

H L P d / C A Ο Ph 

7 ( Z ) - o r ( £ ) - 6 

Scheme 4 

Taguchi and co-workers reported addition reaction of 2 to Michael 
acceptors using zinc powder (14a). In their reaction, 1,2-addition products 
were obtained along with the 1,4-addition products. Thus, the regioselectivity 
of their zinc reagent is lower than our organocopper reagent. 

Improvement of the Michael Type Reaction Using TMEDA as an Additive 

In the previous section, we described that the Michael type 1,4-addition 
reaction proceeded in good yields. However, in order to obtain the 1,4-adducts, 
DMSO must be used as the solvent. Furthermore, when a substrate had a 
substituent that stabilized a radical intermediate, considerable amounts of 
radical adducts were obtained at the expense of the 1,4-adduct. This seemed to 
restrict the scope of this reaction. 

On the other hand, it is well known that some additives, such as PPh3, 
T M E D A or HMPA, improve the yield of the 1,4-addition reaction (23). In 
attempt to overcome the problem shown above, we tried various additives that 
would help the 1,4-addition reaction proceed smoothly in low-boiling solvents 
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without the formation of byproducts from a radical reaction. On this study, we 
found that the addition of T M E D A in THF led to the successful 1,4-addition 
reaction of 1 with Michael acceptors without formation of the byproducts (24). 

The results of the application of the above result to some Michael 
acceptors are shown in Table IE 

Table IBL Reaction of 1 with Some Michael Acceptors: Effect of TMEDA 
Fwr ^ Cu EWGV CF2COOEt 
E W G ^ \ r + BrCF2COŒt v ' 1 

χ TMEDA, THF X

R 5 

Entry E W G \ ^ \ R Temp. Time (h) 5 Yield (%) 

CF2COOEt 

1 0 = / > reflux 7 / ( 73 

O CF2COOEt 

reflux 2 ^ 68 
Ο CF2COOEt 

52 

reflux 2 ™ 21 
Ο CF2COOEt 

Ο CF2COOEt 
reflux 1 11 I 23 

P l / Y ^ P h 5h 

Bn 

Ο CF2COOEt 
60 

O CF2COQEt 
reflux 3 5 . 23 

CF 2 COQEt 

Ο CF2COOEt 
r.t. 5 P h . N A ^ 5 j 32 

Η Η 
Ο O CF2COOEt 

10 Ph—L^ reflux 1 P h - ^ J 73 
II II fif 
Ο Ο 
Ο O CF 7CGŒt 

11 E t ( M ^ reflux 1 EtOji J " 6 9 

E t Q ^ P ^ E t O ^ ^ 5k 
(Reproduced with permission from reference 24. Copyright 2003. 
Elsevier.) 

The 1,4-addition reaction proceeded with most of the Michael acceptors in 
good yields. Further, even the substrates stabilizing a radical, which gave 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

8

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



485 

products through radical reaction in the absence of TMEDA, afforded only 1,4-
addition products as shown in entries 4 and 5, though the yields were not high. 

Summarizing the above results, 1 reacted with various Michael acceptors 
to give 1,4-adducts in moderate to good yields, when TMEDA was used as an 
additive. The reaction proceeded regiospecifically; neither 1,2-addition 
products nor radical reaction products were obtained under this condition. THF 
was the best solvent, though the 1,4-addition reaction proceeded in many other 
low-boiling solvents. This improvement of the 1,4-addition reaction using 
TMEDA as an additive makes this reaction more useful, since the work-up is 
more convenient than the workp-up when DMSO is used as the solvent. 

Radical Addition Reaction 

Free radical reaction has become an important methodology for a C-C 
bond formation and a ring construction (25). The most general method for 
formation of new G-C bonds via radical intermediates involves addition of the 
radical to an alkene. The adduct itself is a new radical, which can propagate a 
radical chain reaction. These radicals for addition reaction can be generated by 
a halogen atom abstraction from halogen compounds by metals. 

On the other hand, there are many reports concerning a radical addition 
reaction using trialkyltin hydride, triethyl borane or copper powder as a method 
to introduce a CF2COOR group (J4b, 26). In the former section, we described 
that 4-phenyl-3-buten-2-one gave much larger amounts of 6 that might be 
formed through a radical mechanism than that through the 1,4-addition. If this 
radical reaction proceeded commonly with unactivated olefins, this would offer 
another route to CF 2 compounds (Eq. 2) (27). 

R £ F 2 C O O E t 
R v ^ . R , + BrCF 2 COOEt • > < (2) 

1 B/8 R' 
Among the various reaction conditions examined using allylbenzene as a 

substrate, the condition previously used for the cross-coupling reaction was 
found to give the best result for this radical reaction. Under this condition, the 
product from radical addition, ethyl 4-bromo-2,2-difluoro-5-phenylpentanoate 
(8a), was obtained along with smaller amounts of ethyl 2,2-difluoro-5-phenyl-
pentanoate (9) and ethyl (£)-2,2-difluoro-5-phenyl-4-pentenoate (10). A 
speculative rreehanism for the formation of these compounds is shown in 
Scheme 5. Thus, the primary complex from 1 and copper affords ethoxy-
carbonyldifluoromethyl radical, which reacts with allylbenzene, an unactivated 
olefin, to give a methylene radical. This radical abstracts a bromine atom from 
1 to give 8a or disproportinates to afford 9 and 10. 
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Ph + 1 
C u 

^ Ph y CF2COOEt + Ph' 
DMSO Br 8a (40%) 

CFXOOEt 

55 °C 
9(17%) 

+ Ph 

Cu + BrCF2COOEt P h ^ 

v CF2COOEt 
10 (4%) 

F2COOEt p h ' 

Br 8a 

disproportionatio^ 

H-abstraction CF2COOEt" "Ph 

10 
CF2COOEt 

CF2COOEt 

Scheme 5 (Reproduced with permission from reference 27. Copyright 2002. 
Collect. Czech. Chem. Commun.) 

When α-methylstyrene was used as a substrate, none of the simple addition 
product was obtained. Instead, a dimeric product (13) was isolated in 60% 
yield along with traces of byproducts (Scheme 6). Apparently, the intermediate 
benzylic radical was so stable that it could not abstract bromine from 1, and 
instead dimerized to give 13 as a diastereomeric mixture. 

P l A * 
+ BrCF2COOEt 

1 
CF2COOEt 

11 (trace) 

+ p h J l ^ C F 2 C O O E t 

12 (trace) 

CF2COQEt + ph-

2COOEt 

13(60%) 

CF2COOEt 

CF2COOEt 
14 (trace) 

+ · CF2COOEt 
Ph' 

CF2COOEt 

dimerization 

disproponation 
13 

11 + 12 

Scheme 6 (Reproduced with permission from reference 27. Copyright 2002. 
Collect. Czech. Chem. Commun.) 

When the silyl enol ether of acetophenone was subjected to this reaction, 
ethyl (£)-2-fluoro-4-oxo-4-phenyl-2-butenoate (15) and ethyl (Z)-2-fluoro-4-
oxo-4-phenyl~2-butenoate (16) were obtained in 4 and 14% yields, 
respectively (Scheme 7). These low yields must be due to the formation of 
acetophenone as a byproduct. An interesting point is that 15 was found by GLC 
analysis to isomerize during the reaction to 16. Namely, though the ester 15 
was observed initially as a major peak, this peak decreased with time, while that 
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of 16 increased. 

Ph' 

OTMS Cu 
DMSO Ph< 
55 °C 
lOhr 

Ο COOEt 

Λ Λ + 

F Ph' 
15(4%) 

Ο F 

Λ Α 
Ο + υ 

rooEt P l i " " 
16(14%) (36%) 

Scheme 7 (Reproduced with permission from reference 27. Copyright 2002. 
Collect. Czech. Chem. Commun.) 

We rationalized these results as follows. Among the conformations of the 
proposed primary adduct (17), conformers A and Β must be slightly more 
stable than confoimer C. Conformers A and Β would give 15 by anti-
elimination, while C would form an isomer 16. However, 16 was estimated to 
be slightly more stable than 15 by MOPAC calculation. Thus, 15 isomerized to 
16. This ready isomerization might occur because of the low double bond 
character due to +Ιπ interaction of the fluorine atom and the double bond 
(Figure 1). In fact, Ichikawa et al. have also reported the same theorization 
using Nazarov cyclization of 2butyl-1,1 -difluoro-4-methyl-1,4-pentadien-3-
one (28), 

A B C 

H ^ H „ Bz 

Conformation of 17 

Product 

H H Bz FwF W W 
B Z Y H H Y B Z H V H 

Ph 

Ο COOEt 

COOEt COOEt COOEt a ϋ u 
15 15 16 

Θ • 

Ph' 

O COOEt O F 

P h " ^ ^ X O O E t 
15 J 16 

-113.60800(kcal/molf + ljiefTect -114.14265 (kcal/'molf 

a) Heat of Formations of 15 and 16 calculated with A M 1 on MOPAC. 

Figure 1 (Reproduced with permission from reference 27. Copyright 2002. 
Collect. Czech. Chem. Commun.) 

In the previous reaction, the products were formed in a low yield, since the 
TMS radical did not abstract a bromine atom from 1, but abstracted another 
TMS from the silyl ether. On the other hand, there are many reports using the 
trialkyltin radical to abstract a halogen from halodifluoroacetate (26). There
fore, we used allyltributyltin as a substrate because this would produce tributy 1 -
tin radical in situ. As expected, allyltributyltin smoothly reacted with 1 and 
gave ethyl 2,2-dif!uoro-4-pentenoate (18) as a single product in 48% yield by 
H-NMR analysis (Scheme 8). Since the isolated yield of 18 was low (9%) 
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owing to its high volatility, crude 18 was treated with bromine. Ethyl 4,5-
dihromo-2,2-difluoropentanoate (19) was obtained in 38% yield. 

Cu Bi*2 Br 

^ S n B U 3 + ' "5SÔ ̂ C F > C O ° E t
 — A / C F 2 C O O E t 18 «Γ » 

Scheme 8 (Reproduced with permission from reference 27. Copyright 2002. 
Collect. Czech. Chem. Commun.) 

As described in this section, the radical reaction proceeded with olefins 
that do not possess electron-withdrawing groups. Thus, this reaction provides 
another route for CF2 compounds, although the yield of the reaction must be 
improved. 

Summary of Mechanisms of the Above Reactions 

From the results in previous sections, we propose mechanisms of these 
reactions as shown in Scheme 9. 

f 6 + δ-r Cu BrCF 2 COOEt, ^ 
t u ' A J J - C u B r 

BrCF 2 COOEt [ · CF 2 COOEt] + CuBr 

ι Pu î 0 i ~ °" Λ 
^ U - C u - C F 2 C O O E t -7̂ -— R—CF 2 COOEt 

R / C F 2 C O O E t 
/ \ 

Br R* 
V < 

CF 2 COOEt 

R* 

ο R ~ ' 

V O CF 2COOEt 

R' 

R y ^ S N C F 2 C O O E t 
^CF 2 COOEt 

R' 

Scheme 9 (Reproduced with permission from reference 27. Copyright 2002. 
Collect. Czech. Chem. Commun.) 

Ethyl bromodifluoroacetate (1) reacts with an equivalent of copper to give 
an organocopper complex (A). In the presence of an electron rich olefin, this 
complex (A) generates a radical species, and this reacts with the olefins to give 
the monomerie or dimeric products. 

On the other hand, in the absence of electron rich olefins, the organo
copper complex (A) reacts with another equivalent of copper to give another 
organocopper complex (B). The complex (B) reacts with vinyl or aryl iodides 
to give the cross-coupling products. The complex (B) possesses an anionic 
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property, and reacts with various Michael acceptors to give 1,4-addition 
products. Actually, two equivalents of copper were necessary for the cross-
coupling reaction or 1,4-addition reaction to proceed completely. These 
results support the mechanism mentioned above. 

Application of the Reactions for Synthsesis of Fluorine Analogues of 
Biologically Important Compounds. 

Synthesis of 4,4-Difluoro-a-tocopherol by the Cross-coupling Reaction 

Vitamin Eisa very important biologically active compound that has been 
used in various fields (29). It consists of tocopherols and tocotrienols, among 
which α-tocopherol is believed to be the most active component. The main 
biological effect of α-tocopherol is believed to be based an anti-oxidizing 
effect, but the clinical effect and the biological behaviors have not been solved 
clearly. So, to elucidate the biological effect more clearly, we have synthe
sized α-tocopherols with one or two CF3 groups (F3- or Fo-a-tocopherols) in 
the place of the methyl groups (Figure 2). The study of biological behavior of 
these fluorine analogues as probes on ,9F-NMR gave interesting results (30). 

Now, we have a method to introduce a CF2 group. So, we tried to 
synthesize α-tocopherol with a CF2 group in the chroman ring (F2-a-
tocopherol) using our cross-coupling reaction (Figure 2) (31), 

R 

Figure 2 

First, an aryl iodide, 2-iodo-3,5,6-trimethylhydroquinone (21), was synthe
sized according to the literature (32). After protection of the hydroxyl groups 
with MOM, this was treated with 1 in the presence of copper powder to give the 
difluoro ester (23) in 96% yield. The ester was reduced to an aldehyde. The 
Horner-Emmons reaction of the aldehyde gave 24. After catalytic reduction of 
the double bond, the ester group was reduced and dehydrated. The double bond 
was oxidized with wCPBA to an epoxide. Treatment of the epoxide with 
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CF3COOH gave a chroman ring. The Swern oxidation of the primary alcohol 
gave the chroman aldehyde (25). 

For introduction of the side chain, 25 was treated with a Wittig reagent 
(26) derived from 3,7,11-trimethyldodecyi bromide, which was obtained 
according to the literature (35). With a few functional group transformations, 
we completed the synthesis of 4,4-difluoro-a-tocopherol (20) (Scheme 10). 

o h o m o m o m o m 

Scheme 10 

Our cross-coupling reaction of 1 with an aryl iodide was successfully 
applied for the synthesis of 4,4-difluoro-a-tocopherol (20). This compound 
may have clinical uses based on the electronic effect of CF2, besides the use as 
a probe on 19F-NMR study. The successful coupling reaction suggests that this 
method is widely applicable for the syntheses of aryldifluoromethylene 
compounds. 

Simple Synthesis of afa-Difluoro Analogue of Fatty Acid Using Radical 
Reaction 

Fatty acids are biologically very important, and their fluorine analogues are 
used widely for investigation of fatty acids, since fluorine atoms are easily 
monitered by 19F-NMR. We had reported investigation of Langmuir membrane 
of difluorostearic acid (34). Here, a simple synthesis of α,α-difluoro analogue 
of fatty acid using the radical reaction is illustrated in Scheme 11 (27). 
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Scheme 11 

Epilogue: Rhodium Catalyzed Reaction 
Here, we would like to show our preliminary results of a rhodium 

catalyzed reaction, which gives quite interesting products. As discussed in the 
former section, copper mediated reaction of ethyl bromodifluoroacetate (1) 
was found to provide new methodologies for various compounds with a CF2 
unit. On the other hand, rhodium catalyzed reactions are investigated 
intensively, and 1,4-addition reaction with electron deficient olefins using 
organoboronic acids, organostannanes or organosilanes has also been reported 
(55). We expected that if this method could be applied for the reaction of 1, a 
new methodology would be provided. Namely, we thought that 1 and α,β-
unsaturated ketones would react with 1 in the presence of diethylzinc and a 
rhodium catalyst to give the corresponding 1,4-addition product (5). However, 
we did not obtain 5a by the reaction with 2-cyclohexen-1 -one. An unexpected 
product (27), where 1 added on the α-carbon of α,β-unsaturated ketones, was 
obtained with a small amount of a 1,2-addition product (28) (Scheme 12) (36). 

Scheme 12 

Interestingly, when THF was used as the solvent, compound 27 was 
obtained in 77% as a major product, while compound 28 was obtained in 80% 
using CTbCN as the solvent. The mechanism for the formation of 27 is not 
clear, but the ethyl group of diethylzinc must play an important role, since 
dimethylzinc or diphenylzinc are not effective for this reaction. Only the 
Wilkinson catalyst was effective among Rh complexes examined. Without the 
catalyst, the reaction was very slow, and only 1,2-adduct, which was expected 
from the reaction of zinc compound, was obtained. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

8

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



492 

This reaction seems to be applied for the synthesis of other perfluoroalkyl 
compounds. Thus, CF3I was used in the place of 1, a-trifluoromethylated 
product was obtained (Eq. 3) (37). 

ο ο 
C F I + Et 2Zn ^ \ ^ C F 3 

i^J RhCKPPh 3) 3 l^J ° 

This new reaction would work complementally with the reaction of 1 in the 
presence of copper powder for the syntheses of various CF2 compounds and 
other fluoroalkyl compounds. 

Concluding remark 

The reaction of ethyl bromodifluoroacetate (1) in the presence of copper 
powder was found to be useful for the introduction of a CF2 unit into various 
molecules. Thus, the reaction with aryl or alkenyl iodides gave cross-coupling 
products. Michael acceptors gave 1,4-addition products. TMEDA improved 
this reaction remarkably: THF can be used as a solvent, the radical reaction is 
surpressed, and regioselectivity was improved. The radical reaction of 1 with 
unactivated olefins in the presence of copper powder gave addition products. 
We believe that these reactions of commercially available 1 in the presence of 
copper powder provide useful methods for the syntheses of compounds with a 
CF2 functional group. A preliminary result of the investigation of a rhodium 
catalyzed reaction showed that a quite interesting product, where CF2COOEt 
group was introduced to α-position of α,β-unsaturated carbonyl compound, 
was formed. This new reaction seems to be applied to other perfluoroalkyl 
compounds. The detailed mechanism and scope of this reaction are under 
investigation. 
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Chapter 29 

Fluorine-Based Crystal Engineering 

Taizo Ono and Yoshio Hayakawa 

Research Institute of Instrumentation Frontier, National Institute 
of Advanced Industrial and Science Technology (AIST), 

2266-98, Anagahora, Shimoshidami, Moriyama, Nagoya 463-8560, Japan 

Hybrid compounds R F -X-R H consisting of perfluoro and hydro 
moieties, R F and RH, which are connected with X functionality, 
are described. New crystal engineering based on these hybrid 
compounds is proposed as a rational method for the design of 
the functional materials. Hexafluoropropene trimers are 
selected as the fluoro synthons. A systematic investigation on 
the crystal structures of the hybrid compounds revealed that 
there are five packing motifs in connection with the topology 
of the molecules. Topochemical requirements for the solid
-state polymerization of diacetylene functionality were satisfied 
with the precise tuning by tailor-made hybrid synthons. As a 
result, a black crystalline material with a metallic luster was 
synthesized. This new fluorine-based crystal engineering will 
be one of the unique molecular design methods for the material 
science. 

498 © 2005 American Chemical Society 
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Highly ordered supramolecular structures are ubiquitous in nature from 
organic to inorganic realms. The most sophisticated structures seen in living 
organisms are the results of the cooperation of the intermolecular forces, after a 
bottom-up process based on the covalent architecture of the molecules. A crystal 
is also a highly ordered supramolecular bottom-up expression of molecules with 
enticing beauty and thus has attracted many scientists. In accordance with the 
surge of nanotechnology, the strong desire for the rational design of the highly 
ordered materials rekindled and gave an impetus to the research in crystal 
engineering as one of the most important tools in the supramolecular science (7). 
However, our understanding of the way of assemblage of molecules is yet in the 
embryonic stage (2). Thus, the apriori prediction of the crystal structures seems 
to be an awful challenge or impossible (3). According to Desiraju, a general 
solution to this problem would bring in a billion dollars to the pharmaceutical 
industry and a possible Nobel Prize to whoever cracks it (4). In this context, 
engineering the crystal packing, instead of the ab initio prediction of the crystal 
packing of any given molecules, could be a more realistic approach for the 
design of crystalline materials. 

A variety of molecular interactions have been investigated for aligning the 
molecules by using so-called supramolecular synthons approach (5). Most of the 
attention has been paid to the hydrogen-bonding-based synthons due mainly to 
an impetus from the DNA base pair structures (6). A stronger ionic bond has 
been widely used to make the structures (7). Recent advancement in the metal-
ligand coordination is also striking (8). 

In contrast to these strong bonds, we will focus on the weak non-bonded 
interactions in this chapter. First, we introduce various types of inter-molecular 
synthons, which have been used in crystal engineering. Second, we survey the 
fluorine-based crystal engineering, and then explain our recently devised crystal 
engineering based on the fluorine-containing hybrid compounds, R F-X-R H . 

Crystal Engineering based on the weak non-bonded 
intermolecular interactions 

Also molecules for which no strong molecular interaction is expected 
crystallize in many cases. X-ray analysis of such crystals has revealed the 
existence of a variety of weak non-bonded interactions. 

Charge-transfer interactions (9), weak hydrogen bonds, and halogen-halogen 
interactions are seen in the following combination of intermolecular synthons. 

Charge-transfer interactions: π-π interactions (10), C-X (X=F, Cl, Br, I) — π 
systems (//), halogen bondings between a halogen and a lone pair of 
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electrons of hetero atoms (N, O, S etc.); π-π interaction and halogen 
bonding recently immerged as new tools for the crystal engineering in an 
interdisciplinary connection with fluorine chemistry. 
Weak hydrogen bondings: C-H—X (X=0, N, Cl, F, and an aromatic π 
system); Weak hydrogen bondings are recent concerns in this field (12). 
Halogen-halogen interactions: C-X—X-C (X=C1, Br, I); The halogen-
halogen interaction has been taken as a subject of crystal engineering due to 
a ubiquitous appearance of such interactions in the organic halides (73). 

Fluorine-based crystal engineering 

There has been reported some crystal engineering based on the fluoro 
organic compounds. One strategy is based on the fluorine's size, Η-mimicry, to 
finely tune the crystal packing of the organic molecules with a subtle change of 
the molecular shape by partial substitutions of H(s) of the molecules with F(s) 
(14). Some other reports claim C-H—F-C hydrogen bonding synthons or π—F-
C synthons for the crystal engineering (15) but the existence itself for such kinds 
of weak interactions are still controversial (16). 

Another fluorine-based crystal engineering, which has been recently 
reported by a Resnati group, is very innovative. Their method is based on 
another fluorine's unique property, its extremely high electronegativity. The 
method opened the door in an interdisciplinary field between supramolecular and 
fluorine chemistries (17). The group showed the high potentiality of the 
approach by an elegant application for a chiral resolution of halofluorocarbons 
which is otherwise impossible (18). The unique system he devised is the 
halogen bonding strengthened in the perfluorocarbon-halogen synthons (19). 
Halogen bonding itself has been known for a long time (20), but its elegant use 
in the crystal engineering has been realized by his new idea to use the R F - X — N , 
Ο (X=Br, I) bases interactions for aligning the molecules. This type of fluoro-
strengthened halogen bonding is stronger than the hydrogen bonding (21). The 
details are to be referred to the next relevant chapter. 

Another way of the fluorine's use in the molecular assemblage is based on a 
face-to-face stacking between perfluoro aromatics and non-fluorinated aromatics 
(22). However, the C-F—H-C interactions prevail over the above-mentioned π-π 
stackings in some cases (23). This strategy is now actively investigated for a 
specific material design (24). Recently proposed fluoro specific interactions of 
anions with perfluoro aromatic compounds (25) and fluoroaromatic-
fluoroaromatic interactions are needed to be investigated further (26). 
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Crystal engineering by the fluorine-containing hybrid 
compounds 

In contrast to the former fluorine-based crystal engineering methods, our 
fluorine-containing hybrid compound method is based on a different uniqueness 
of fluorine's property, i.e. its extremely low polarizability. This property gives 
the perfluoro compounds a repelling nature against both oil and water. This 
nature of the perfluoro group gives to the fluoro organic compounds a unique 
molecular recognizing capability when forming a supramolecular architecture 
(27). Conventional crystal engineering has focused on the attractive forces, but 
we focused on such a repelling nature (very weak dispersive interaction in 
genuine meaning) of fluorine to the non-fluorine elements. This lipophobic and 
hydrophobic fluorine's nature, called sometimes as "fluorophilic", has been a hot 
topic in the recent fluorous chemistry (28). The fluorous chemistry is a liquid 
technology characterized by the fluorous phase separation. Our crystal 
technology is based on the corresponding phenomenon seen in the solid state. 
Fluoro segregation, or fluoro bilayer structure in the crystalline phase is very 
ubiquitous in the X-ray structures of the organo fluorine compounds having a 
perfluoro subtitutent (29). This micro phase segregation is the result of the "very 
stern molecular recognition" caused by the very unique fluorine's fluorophilic 
nature. With this simple packing phenomenon in mind, we initiated a systematic 
structural investigation on the fluorine-containing hybrid synthons having the 
structure of R F -X-R H (RF and R H are perfluorinated and non-fluorinated groups 
and X is a junction group) to find the packing-structure relationship in the belief 
that such systematic investigation of the structure-packing relationship will give 
us a bottom-up process towards crystalline materials. 

(a) (b) (c) 
Scheme 1 (a) Perfluorinated blocks (filled boxes) and hydrocarbon blocks 
(open boxes) each form its own phase in a liquid state, (b) Hybrids of per

fluorinated and hydrocarbon blocks form a homogeneous phase, (c) On 
crystallization, hybrids self-assemble to a fluoro- and hydro-segregated 
supramolecular architecture. 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

9

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



502 

One of the most important points we would like to emphasize here is that the 
formation of the fluorous segregated supramolecular assemblage, the features 
commonly seen in the crystal packing, was realized by the molecular 
hybridization of fluoro- and hydro-blocks. This fluorous segregation is in sharp 
contrast with the simple separation of perfluorinated and non-fluorinated blocks 
if not hybridized (see the cartoon in scheme 1). It should be reminded that the 
work on the nickel dithiolene complex with CF 2 substitutents reported by 
Fournigue et al. is also based on control of the crystal packing by the fluorine's 
extremely low polarizability (30). 

Requirement for the fluorinated synthons, R F -X-R H 

The characters required for the fluorinated hybrid synthons are summarized 
as follows. 

1. Hybrid compounds should be crystalline. 
2. Enough size of fluoro segment for molecular recognition by fluorophilicity 

and fluorophobicity for the supramolecular alignment. 
3. Easy preparation in high-yield and with a flexible design. 
4. Fluoro segment should be commercially available, not expensive, desirably 

produced in an industrial scale. 

Commercially available perfluoro olefins could be a choice for the purpose. 
Hexafluoropropene dimers are conceivable, but some attempts showed the 
difficulty in the crystallization and the size as the fluoro blocks seems to be not 
enough large for the solid state fluorous technology as is analogously seen in the 
liquid phase fluorous technology, i.e., miscible nature of perfluorohexane and 
hexane. We chose hexafluoropropene trimers as the fluoro synthons, as it 
satisfies all the above requirements. 

Synthesis of the fluorinated synthons, R F -X-R H 

We fixed the R F moiety and took the R H moiety as a variable to get an 
insight into the crystal packing and structure relationship. An ether linkage was 
used for X due to the synthetic convenience and easiness of crystallization and 
the function's stability (31). The imine linkage might be also a choice for X, but 
it proved to be not suitable due mainly to the non-crystalline nature and due 
partly to the instability of the function and the poor yields (32). The variables RH 
used are summarized with the yield data in Table 1. 
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Table 1. Structures of the hybrid compounds, RF-0-RH 

1(97.5%) 2(94.8%) 3(41.2%) 4(90%) 5(99.2%) 6(97.8%) 

ζ Λ ο Λ ^cf 
7(98.3%) 8(quantit.) 9(99.8%) 10(quantit.) 

11 (quantit.) 12 (97.7%) Ô „ ( 9 g g%) „ (96.^P° 
/ γ γ Q FsCYCF3 

15(quantit.) 16(quantit.) CF3 AF3 

The reaction was conducted in DMF at room temperature with a slight 
excess of a hexafluoropropene trimer mixture consisting of F-4-methyl-3-
isopropyl-2-pentene (T-2) and F-2-methyl-3-isopropyl-2-pentene (T-3) and the 
phenol derivatives (T-3 reacts as T-2 due to a fast equilibrium between T-2 and 
T-3 under the conditions used). The products are purified by using fluorous 
phase technique (extraction with FC-72) or by subjecting to a simple short-path 
silica gel column. Nearly quantitative yields were attained by these simple 
procedures in all cases. High quality crystals with a few millimeter sizes are 
obtained in almost all cases so that the potential application could be 
conceivable for the design of the non-linear optical materials. 

Crystal structures of the fluoro synthons 

All crystals are X-ray grade crystals and analyzed by the direct methods 
available in the teXan program package. All compounds have same common 
features of the packing, thus the hybrid molecules are aligned to form the 
segregated fluoro- and hydro-segments in the crystal packing. No exception 
appeared so that this micro phase separation is very robust. Therefore, the 
fluorine's effect of hexafluoropropene trimer was proved to be strong enough for 
the micro-fluorous phase formation. It is maybe that the shape of the globular R F 

and non-globular R H synergistically contribute to this micro-phase separation 
(33). One of the representative crystal packings is shown in Fig. 1. 
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Fig. 1 A crystal packing of the hybrid molecule 12: biphenyl moiety 
disordered in two conformations with 1 : 1 occupancy, one of which 
and hydrogen atoms are omit for clarity. 

The hybrid molecules aligned in the anti-parallel manner with a biphenyl 
moiety overlapped. The formation of alternating fluoro- and hydro-layers is 
quite clear with segregated layer structures in the packing diagram. A main 
driving force should be the attraction between the hydrocarbon moieties of the 
hybrid molecules and at the same time the fluorine's repelling nature against the 
hydrocarbon, fluorophobic from the viewpoint of the hydrocarbon side, 
fluorophilic from the viewpoint of the fluorine's side. Recently, Row emphasized 
the F-F interactions found in the organic fluorine compounds (34), Such F-F 
interactions are claimed analogously to the known Cl-Cl interactions, but still 
quite obscure and remained to be discussed in the future. In accordance with the 
Row's view and contrary to our understanding on the driving force of the micro 
fluorous formation, it is noteworthy to point the disorder structure found in the 
crystal packing of this compound. The scaffold for the packing of this hybrid 
compound seems to be the fluoro moiety of the hybrid molecule judging from 
the circumstantial evidence of the disorder structure seen only in the biphenyl 
moiety but not in the fluoro moiety (one of the disorder structures was omitted 
for the sake of clarity). Disorder structures are frequently seen in the fluoro 
moiety in the fluoro-substituted molecules due to their weak interactions with the 
surrounding contacted molecules. The fluoro moieties lined together to form a 
fluorous segregated layer and the whole fluoro segment was buried in this micro 
fluorous phase. Taking into account the weak F-F interactions in addition to the 
stronger C-H—aromatic interactions, it is very intriguing to find the disorder 
structure only in the two aromatic rings but not in the fluoro part. This kind of 
reversed disorder structure seen here is the first reported case to the best of our 
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knowledge. We analyzed all packings throughout the compounds and deduced 
the found packing modes into five packing motifs (Scheme 2). 

Scheme 2 Five packing motifs found in the hybrid molecules 

The quantitative analysis of structure-packing relationship remained to be 
done, but even qualitative structure-packing relationship is useful to expect the 
packing of the designed molecules by the topological analogy. The application 
for the material science of our new method shown in the next paragraph will 
testify the potential. 

Application for the design of electron-conducting polymer 

To show the usefulness of this fluorine-based crystal engineering we chose 
motif 2 as an example for the molecular design of conjugated polymers, which 
are interesting materials with semiconducting and unique optical properties, 
applicable for LED and sensing devises (35). The structure and ORTEP figure 
of the fluoro synthon (10), which belongs to the motif 2, is shown in Fig. 2. The 
stereo view of the crystal packing of 10 is shown in Fig. 3. 

Ο perfluoroalkyl group Qj hydrocarbon group 

Fig. 2 The structural formula and ORTEP figure of the hybrid compound 10 
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Fig, 3. A stereo view of the crystal packing of 10 which belongs to motif 2 

We designed the molecules, DA-(n,m), having a diacetylene function in 
the middle of the long alkyl chain of 10. The structure and ORTEP figure of the 
compound DA-(9,12) are shown in Fig. 4. As is expected from the molecular 
structure, the long alkyl chain bends at the both ends of the diacetylene moiety. 
This structural disturbance, however, did not change the packing mode (Fig. 5) 
so that the type 2 packing was proven to be rather robust and reserved intact all 
through. If the type 2 packing holds in the whole series of diacetylene derivatives, 
we can do the fine tuning of the mutual distance and orientation of diacetylene 
functions in the crystal packing by changing the carbon numbers m and η in the 
series, thus the topological requirement for the solid state polymerization could 
be realized in a certain combination of m and n. We therefore planned the 
synthesis of the compounds having several combinations of m and n. 

Fig. 4 The structural formula and ORTEP figure of the hybrid compound DA-
(9,12) 
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Fig. 5 A crystal packing of the hybrid compound DA-(9,12) 

Synthesis of designed fluoro synthons with diacetylene group 

The synthesis of the fluoro synthons DA-(n,m) having diacetylene 
functionality is outlined in scheme 3. First, lithiated terminal alkynes was 
brominated, then coupled with co-hydroxyl terminal alkynes under the presence 
of cuprous chloride to give the desired w-alkanol with a diacetylene function in 
the middle of the long alkyl chain in 32-51% isolated yields. The obtained 
alcohols were condensed with benzoic acid having a fluoro moiety by using 
DCC to give the desired fluoro synthons in fairly good yields (82-95%). The 
benzoic acid with a fluoro moiety was easily prepared by the reaction of p-
hydroxybenzoic acid with one of the isomer of hexafluoropropene trimers, F-
2,4-dimethyl-3-ethyl-2-pentene, in high yield. 
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(i) 
H C = = C C m H 2 m + 1 

(ii) 

8 r C = C C m H 2 m + i 

(iii) 

Scheme 3 

H O ( C H 2 ) n C = C — C = C C m H 2 m + 1 

R f ° ~ \ _ / _ ( C H 2 ) n C = C ~ ~ C = C C m H 2 m + 1 

(i) l)w-BuLi/hexane, 2) Br 2 (ii) HC=C(CH 2) nOH , CuCl, 

H O N H 2 HCl/aq. EtNH 2 32-51% yields in the processes (i) and (ii) 

(iii) R F 0 - ^ ^ ~ C 0 2 H , D C C , 4 - D M P 82-95% yields 

Solid-state uv-initiated polymerization of fluoro synthons 

The solid-state uv-initiated polymerization of DA-(n,m) was carried out by 
irradiating the crystals dispersed in perfluorodecalin under Ar atmosphere at 
ambient temperatures (36). The low-pressure 6W Hg lamp was used as the uv 
source. The photopolymerizability was summarized in Table 2. 

Table 2 Photopolymerizability of 
the hybrid diacetylene derivatives 
Diacetylene 
Derivatives Photopolymerizability 

DA-(3,3) -
DA-(3,4) -
DA-(4,3) -
DA-(4,4) + 

DA-(9,8) -
DA-(9,9) + 

DA-(9,10) + 

DA-(9,U) -
DA-(9,12) -
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The clear transparent crystals of DA-(9,9), and DA-(9,10) were colored to 
the blue soon after the irradiation and its color deepened within a minute and 
then to the black within next few minutes. The crystals of DA-(4,4) is also 
polymerizable but less reactive. These uv-initiated photopolymerizations occur 
only in a solid state but not at all in a liquid state even under the presence of 
radical initiator of AIBN at elevated temperatures. The surface of the black-
colored crystals had a metal luster as is shown in Fig. 6. 

Fig. 6 The black-colored crystals of compound DA-(9,9) with a 
metallic luster which were obtained by the solid-state uv-initiated 
photopolymerization. 

The crystal packing of the uv-stable DA-(9,12) showed the diacetylene 
moieties lined in an anti-parallel manner with the closest distance of 0.686 nm. 
As is expected from the distance, the crystals of DA-(9,12) remained unchanged 
after a prolonged time of uv-irradiation. On the other hand, the crystal packing 
of the uv-sensitive DA-(9,9), which was X-ray analyzed at lower temperature (-
120°C), revealed the corresponding distance between the diacetylene moieties is 
as close as 0.379 nm. The crystals of DA-(9,10) are too sensitive to X-ray 
irradiation and thus, we were not able to analyze the compound even at lower 
temperatures. Therefore, the distances between the diacetylene functions should 
be shorter. In contrast to our solid state photopolymerization, thermally initiated 
topochemical polymerization of diacetylene derivatives which were designed 
based on a logical host-guest approach has recently been reported (37). The 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
02

9

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



510 

rational design of the topochemical solid-state reaction is still very difficult, 
however, the fluorine-based crystal engineering including our hybrid fluoro 
synthon method will be continually exploited and revised in more sophisticated 
manners for the more reliable molecular design (38). 

Summary 

The crystalline compounds having the hybrid structures with fluorinated R F 

and unfluorinated R H parts connected by a junction group X, R F-X-R H , are 
systematically investigated by X-ray diffraction method. The packing modes 
found in a series of hybrid compounds are featured by the micro phase 
separation with segregated fluoro layers, which are grouped into 5 packing 
motifs. The new fluorine-based crystal engineering was devised based on the 
topological relationships between the packing motifs and the molecular 
structures. The usefulness of this methodology was proven by the molecular 
design for the photopolymerization. The crystals of the designed diacetylene 
derivatives successfully polymerized under uv irradiation to give black-colored 
crystalline materials with a metal luster. We believe that our new crystal 
engineering is still in its infancy stage but its potential is high and will be used in 
many ways, especially in the field of the functional material design. 
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Chapter 30 

Haloperfluorocarbons: Versatile Tectons in Halogen 
Bonding Based Crystal Engineering 

Pierangelo Metrangolo*, Franck Meyer, Giuseppe Resnati*, 
and Maurizio Ursini 

Department of Chemistry, Materials and Chemical Engineering, 
" G . Natta", Polytechnic of Milan, Via L . Mancinelli 7, I-20131 Milan, Italy 

The physical and chemical properties of perfluorocarbons (PFCs), and of 
their functional derivatives, are dramatically different from those of the 
corresponding hydrocarbons (HCs). For instance, aromatic PFCs and HCs have 
quadrupolar moments of similar magnitude, but of opposite sign (1). Aliphatic 
PFCs are endowed with greater compressibilities and viscosities but lower 
internal pressures and refractive indexes than HC parents. Due to the high 
ionization energy and low polarizability of fluorine atoms, saturated PFCs have 
particularly weak intermolecular interactions and low surface energies. Heats of 
solution and cohesive pressures of PFCs are remarkably different from those of 
corresponding HCs and enthalpies of interaction between PFCs and HCs are 
smaller than those between HCs. Thus, the miscibility of perfuorinated alkanes, 
ethers and tertiary amines with many organic solvents is quite limited (2-4). 
With more polar compounds such as water and organic or inorganic salts (OSs 
or ISs, respectively) the miscibility is even less. 

In general, PFC and HC derivatives have a low affinity for each other and 
this makes additional and non minor problems when the synthesis of hybrid 
PFC/HC materials is pursued. As a result, a few examples of molecular, 
macromolecular, or supramolecular systems are described in the literature where 
PFC and HC residues coexist. These mixed materials are endowed with quite 
unique and useful properties. As it is the case for many other hybrid materials, 
these properties are not the simple sum of the properties of the residues which 
are composed of. 

The di- or triblock compounds, R F - R H and R F-R H-RF» respectively (5-7), the 
heterophasic dibloek copolymers, and the comb-shaped polymers with PFC side 
chains (8-9) are examples of the materials where PFC and HC moieties are 
connected through covalent bonds. The materials where PFC and HC moieties 
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are held together through non-covalent interactions are a virtually unknown 
class of compounds. The unique combination of physical properties that PFCs 
show relative to HCs, requires that if these hybrid and non-covalent materials 
are pursued, specifically tailored intermolecular interactions have to be used. 

Halogen bonding is an attractive, non-covalent interaction occurring 
between halogen atoms, which work as electron acceptors (Lewis acids, halogen 
bonding donors), and lone pair possessing atoms, which work as electron donors 
(Lewis bases, halogen bonding acceptors) (10-16). The term halogen bonding 
has been employed to stress the analogy existing between this interaction and 
the hydrogen bonding. Two of these similarities are the interactions strengths 
(10-200 kJ mol'1) and the bonding directions along the axis of the lone-pair 
orbital on the electron donor. 

In this chapter we will show how the halogen bonding is a new paradigm in 
supramolecular chemistry. It effectively overcomes the low reciprocal affinity 
between PFC and HC derivatives, enacts their intermolecular recognition, and 
drives successfully their self-assembly into supramolecular architectures. The 
halogen bonding is a sufficiently consistent interaction to allow a wide diversity 
of PFC and HC modules to interact after a predictable fashion. This 
predictability allows an halogen bonding based crystal engineering to be 
developed. The structure of the formed hybrid material can be anticipated with 
an uncommon accuracy. We will describe the preparation of both two-
component heteromeric materials and three-component heteromeric materials, 
PFC/HC and PFC/HC/IS systems, respectively. We will also report on the 
specific contribution that different analytical techniques can give in identifying 
and characterising the halogen bonding formation. It will be also described how, 
reminiscent of the low reciprocal affinity between PFCs and HCs or ISs, strong 
module segregation is often present and gives rise to alternating layers of 
nanometric size. At the end of the chapter, some useful applications of the 
halogen bonding driven self-assembly of PFC and CH derivatives will be briefly 
outlined. 

Self assembly with neutral electron donors 
The first reports on the ability of halogen atoms involved in attractive 

interaction with lone pair possessing atoms dates back to two centuries ago (/ 7-
18). It is now well documented (10-16) that halogen bonded adducts form in the 
solid, liquid, and gas phases. The halogen bonding donors can be halogen atoms 
from both inorganic and organic compounds. Calculations and experimental 
data show that the strength of the interactions given by different halogens is 
opposite to their electronegativity, namely I > Br > Cl > F. It is of particular 
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relevance to observe that only few reports are available where fluorine works as 
halogen bonding donor and the formed adducts have never been characterized in 
the solid state (19-20). The substituents near the halogen atoms have a marked 
influence on the strength of the formed interaction. Indeed, strong electron-
withdrawing species, such as perfluorinated groups, decrease the electronic 
density of the halogen atom that becomes a stronger electron acceptor (21-22). 

The electron donor species can be neutral electron rich heteroatoms (Ρ, N , 
O, S, Se), or anions (f, Br, Cf....). Theoritical calculations and experimental 
measurements have been used to rank electron donors as a funtion of their 
strenght as halogen bonding acceptors. The obtained scales may vary depending 
on the electron acceptor used. The electron density on the electron donor site 
plays a key role in determining the strength of the formed halogen bonding. Its 
increase results in stronger interactions. In most cases anions are better halogen 
bonding acceptors than neutral species and phosphorous and nitrogen are better 
halogen bonding acceptors than oxygen and sulfixr. The electron donor strength 
can also be tuned by controlling its hybridization states (N (sp3) > Ν (sp2) > Ν 
(sp) and Ο (sp3) > Ο (sp2)). 

The first study on halogen bonding adducts involving fluoroorganic 
derivatives was reported by Haszeldine in 1953. He described dramatic changes 
of UV spectra of iodofluorocarbon when the solvent was changed from alkanes 
to alcohols or amines (23). Then, investigations were reported in the sixties and 
seventies where the formed adducts were studied in the gas and liquid phases by 
using IR and NMR techniques (24-31). It was shown how complexes formation 
between perfluoroalkyl iodides and amines was characterised, in IR spectra, by 
the appearance of an absorption around 100 cm*1 corresponding to the Ν—I 
bonding and, in 1 9F NMR spectra, by an upfield chemical shift of the -CF 2 X 
signal (X = I, Br). Then, it was suggested that this halogen bonding would 
enable supramolecular structures to be formed as solids at room temperature. 
However, when solid complexes were reported (52-35), their structures were 
unproperly assigned. 

Our advancement in the field was the development of an halogen bonding 
based crystal engineering enabling the preparation of multicomponent 
heteromeric architectures. A wide diversity of iodo- and bromo-PFCs have been 
used as effective tectons in self-assembly processes and X-ray analyses has been 
proven as a powerful tool for the characterization of thus formed hybrid 
fluorous materials. 

Our first studies of co-crystal formations were based on interactions of 
perfluoroalkyl iodides with a wide variety of aromatic and aliphatic diamines 
(Scheme 1). The self-assembly of bidendate acids 1 and bases 2 is initiated by 
their recognition in solution as shown by 19F NMR and IR spectra (34-36). The 
modules tend to behave as telechelic acids and bases, respectively, the halogen 
bonding is reiterated at either ends of the molecules, and the slow evaporation of 
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Scheme L Infinite ID chains 3-6 where Ν-Ί halogen bondings drives the self-
assembly of diiodoperfluoroalkanes 1 with dinitrogen substituted derivatives 2. 

the solvent leads to the formation of non-covalent co-polymers 3-6. The 
physical chracteristics of these materials (IR; Raman; DSC; l 9 F, 1 4 N , 1 5 N , 1 3 C 
NMRs, X-ray) demonstrate the presence of Ν—I halogen bondings. 

For instance, an equimolar amount of 1,2-diiodotetrafluoroethane la and 
A^Vy/VjiV-tetramethylethylenediamine (TMEDA) 2a leads to the co-crystal 3a 
the melting point of which is dramatically higher than the pure starting modules 
(m.p. la = -27 °C, m.p. 2a = -55 °C, and m.p. 3a = 105 °C) (37). This melting 
point increase can be also observed with the co-crystal 6a (m.p. = 119 °C) 
obtained from la and the cryptand 4,7,13,16,21,24-hexaoxa-l,10-
diazabicyclo[8,8,8]hexacosane (Kryptofix® 2.2.2., K.2.2.2.) 2d (m.p. = 73 °C) 
(38). Diiodoperfluoroalkanes and dinitrogen substituted hydrocarbons form one 
dimensional (ID) infinite chains with a melting point invariably higher than the 
starting modules. This melting point increase is in correlation with the strength 
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of the N—I-RF interactions (RF = perfluoroalkyl chain). It reveals the formation 
of well defined co-crystals rather than mechanical mixtures, and it can be used 
as a simple proof of the co-crystal formation. 

The Ν—I halogen bonding is a general, effective, and reliable tool to 
overcome the low affinity between PFCs and HCs and self-assemble them into 
ID chains. However, the reluctance of the two modules to mix survives in the 
formed adducts. The supramolecular packing of the halogen bonded infinite 
chains is governed by the low reciprocal affinity that minimizes the contacts 
between fluorocarbon and hydrocarbon domains. Figure 1 shows the packing 

Figure 1. ORTEP view of co-crystal 5d. Segregation of dipyridyl 2c and 1,8-
diiodoperfluorooctane (Id) gives rise to parallel layers joined by N-I 

interactions. 

Figure 2. Crystal packing of the co-crystal 7a. Ν Br interactions are 
responsible for the self-assembly ofN,N,N',N'-tetramethyl-lt4-

phenylenediamine (2e) and 1,8-dibromoperfluorooctane (8a). Module 
segregation is apparent. 
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diagram of the co-crystal 5d formed by dipyridyl (2c) and 1,8-
diiodoperfluorooctane (Id). Modules segregation clearly occurs and alternating 
PFC and HC layers are formed. As clearly shown by Figure 2, layered structures 
are present also when bromo-PFCs are used and when dinitrogen substituted 
tectons other than 2a-d are employed (39). Single crystal X-ray structures afford 
many useful structural informations, such as the Ν—I distance and the N—I-C 
angle. These properties are discussed in the co-crystal 9 formed on slow 
evaporation of a chloroform solution of TMEDA 2a and (£)-l,2-diiodo-l,2-
difluoroethene (10) (Scheme 2) (40). 

Scheme 2. Formation of ID infinite network 9 through halogen bonding driven 
self assembly of starting modules 2a and 10. 

This co-crystal, where the two starting modules are present in the 1:1 ratio, 
is formed from solutions where the starting modules ratio spans in the range 0.5 
- 2.5. A similar behaviour has been shown by several other co-crystals 3-6 thus 
proving the strength of the N - I halogen bonding and its ability to control self-
assembly processes. In the co-crystal 9, no disorder affects the HC module 2a 
while the PFC module 10 is disordered over two positions simulating a cross 
(Figure 3). Once again, a similar behaviour has been observed in several other 
co-crystals 3-6 and it is consistent with the particularly weak intermolecular 
interactions that characterise PFCs compared to HCs. Two slightly different 
N - I distances are present, N-Ir= 2.805 Â and N - I 2 = 2.815 Â. 

These values are greater than the average covalent N-I bond (2.07 Â) (41) 
but approximatly 0.8 times the sum of van der Waals radii (1.98 Â for iodine 
and 1.55 Â for nitrogen) (42). They are quite typical for N—I-RF interactions. 
Consistent with an η-»σ* electron donation from the nitrogen to iodine, N—I-C 
angles in 10 are approximately linear, N - I r C is 175.9° and N-I 2 -C is 175.6°. 
This high directionality is typical for any N—I-RF halogen bonding. It is a 
particularly useful property in crystal engineering as it allows the geometry of 
the formed supramolecules to be anticipated. It has allowed useful applications 
of the interaction (43). The formation of co-crystals 4 and 6 starting from K.2.2. 
and K.2.2.2., 2b and 2d, respectively, is perfectly consistent with the general 
statement that nitrogen is a stronger electron donor than oxygen. However, a 
careful selection of the employed tectons allows also the opposite to occur. 
Specifically, if the electron density on the oxygen atom is conveniently 
increased, the electron donor behaviour of this atom can dramatically increase 
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and become even stronger than that of a typical nitrogen atom. This is the case 
when pyridyl derivatives and their ΛΓ-oxide analogues are compared (44). 

Figure 3. Packing of the co-crystal 10. 

In solution, the N - I interactions that 1,4-diiodotetrafluorobenzene (11) gives 
with pyridine and its 4-methyl analogue are weaker than the Ο—I interactions 
formed with the corresponding JV-oxides. The same holds also in the solid. Both 
4,4'-dipyridyl 2e and 4,4'-dipyridy 1-N,N'-dioxide 13 self-assemble with 1,4-
diiodotetrafluorobenzene 11. On crystallization of two component solutions, 
infinite chains 12 and 14 are formed, respectively (Scheme 3a and 3b). 
Interestingly, the melting point of 14, where 0··Τ halogen bondings are present, 
is definitively higher than that of 12, where N - I halogen bondings are present 
(> 300 and 180-185 °C, respectively). Slow evaporation of the solvent 
(chloroform/methanol) from mixtures containing equimolar amounts of 2c, 13, 
and 11 leads to the preferential formation of the co-crystal 14 that has been 
isolated as a pure product. 2c was recovered in the liquid phase (Scheme 3c). 

Clearly, the stronger Ο—I halogen bondings, between 13 and 11, prevail 
over the weaker Ν—I halogen bondings, between 2c and 11, in identifying the 
modules to be involved in self-assembly processes. This is perfectly consistent 
with the expectation that the high electron density on oxygen atoms of Af-oxide 
derivatives boosts their ability to work as particularly strong halogen bonding 
acceptors. 

Mixtures of hydroquinone, 1,4-diiodotetrafluorobenzene, and l,2-bis(4-
pyridyl)ethane were used in similar competitive formations of co-crystals. 
Through this experiments, it was shown that the N-I-R F halogen bonding can 
prevail over N—H-0 hydrogen bonding in driving self-assembly processes (45). 
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12 m.p. = 180-185°C 

Ο 

Scheme 3. Selective supramolecular synthesis where the stronger O-I halogen 
bondings, between 13 and 11, prevail over the weaker N-I halogen bondings, 

between 2c and 11, and lead to the preferential formation of co-crystal 14. 
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Other competitive co-crystals formations allowed us to prove that also the Ο I-
R F halogen bondings can prevail over N—H-O hydrogen bondings. 

Occasional reports describe how also S—I-RF interactions can play a key 
role in molecular recognition processes. 2-Mercapto-l-methylimidazole (15) 
interacts with the diiodotetrafluorobenzene 11 to give the ID infinite chain 16 in 
which the sulfur atom is engaged in two S—I halogen bondings. The presence of 
one S—H-N hydrogen bonding also contributes in driving the self-assembly 
(Scheme 4) (46). 

The co-crystals described above are all obtained starting from bidendate 
electron donor and acceptor species. Several other similar supramolecular 
architectures have been obtained (47-56), but we have also shown that when 
mononitrogen- or monooxygen-HCs interact with diiodo-PFCs (41, 57), or 
when dinitrogen-HCs interact with monoiodo-PFCs, well defined trimeric 
adducts are formed in the co-crystallization. For instance, interactions between 
the 1-iodoperfluoroheptane 17a and TMEDA 2c afford the co-crystal 18a where 
the two starting modules are present in 2:1 ratio in order to pair the binding sites 
(Scheme 5) (58). 

Several properties of these discrete adducts recall those of the material 
where infinite chains are present. The melting point of the formed product 18a 
is 53 °C, dramatically higher than the melting point of the pure starting 
compounds (m.p. 2c = -55 °C and m.p. 17a = -8 °C). The structural 
organisation was established through single crystal X-ray analysis and it shows 
a strong segregation between the PFC and HC modules (Figure 4). Well-defined 
CF3(CF2)6-I-TMEDA-I-(CF2)6CF3 units are present where two N - I 
interactions bind one diamine molecule to two different 1-iodoperfluoroheptane 
molecules. 

Scheme 4. Formation of ID infinite chain 16 through S- I halogen bonding and 
S "H hydrogen bonding. 
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N -
/ / 

- Ν 
\ 2a 

m.p. = -55 °C 

F F F F F F F F 

F F F F F F F F 

X X X ~F 

F F F F F F 

17a 
m.p. « -8 °C 

F F F F F F F F 

. N ^ F F F F F F 

18a 

m.p. = 53 °C 

Scheme 5. Formation of trimeric aggregate 18a through Ν·~Ι interactions 
between TMEDA 2a and iodoperfluoroheptane 17a. 

Figure 4. Packing of the co-crystal 18a formed by TMEDA 2a and 
iodoperfluoroheptane 17a evidencing how interdigitation of trimeric adducts 

occurs in the layered structure. 
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In solution, TMEDA adopts a gauche conformation while in the co-crystal 
18a, nitrogen atoms adopt a trans arrangement, as already described in other 
adducts. A dramatic rotational disorder affects the perfluoroheptyl chain and it 
has been modelled by splitting atoms over two equally populated locations. As 
is the case in other perfluorinated chains, the difluoromethylene groups adopt a 
distorted trans-plmm arrangement, probably to minimise the intramolecular 
repulsion between 1,3-positioned difluoromethylenes. The crystallographic 
analysis established the N-I-C angle is 172.4(1)°, a value slightly smaller than 
in structurally related infinite chains given by TMEDA and other diamines with 
various α,ω-diiodoperfluoroalkanes. The N - I length is 2.762(3) Â, quite similar 
with the N - I distance shown in other co-crystals. 

In order to demonstrate that a specific D—X-RF (D = electron donor atom, 
X = I, Br, CI) interaction occurs also in the liquid phase, investigations have 
been carried out by NMR (59). The approach proved a simple, reliable, and 
effective technique to establish also the relative strength of different 
interactions. 

First of all, an equimolar mixture of quinuclidine 19 and 1-iodo-
perfluoropropane 17b in deuterated chloroform has been studied by l H NMR 
and 1 3 C NMR (60-61). Spectra show that an attractive intermolecular interaction 
occurs between the two species and the chemical shift variations are consistent 
with an η-»σ* electron donation from the nitrogen to the iodine (Scheme 6). 

Scheme 6. Ν* I interaction between quinuclidine 19 and 1-iodo-
perfluoropropane 17b. 

But a definite evidence of the Ν—I interaction is given by the 1 9F and 1 4 N 
NMR spectra. Indeed, a 7 ppm chemical shift was observed in the I 4 N NMR 
spectrum and the signal width passed from 960 Hz to 2160 Hz. These results 
establish clearly the increase of the quadrupolar relaxation related to a specific 
Ν—I intermolecular association. The 1 9F NMR spectrum shows that the 
chemical shift of the -CF2I group changes. On increasing the iodide/amine ratio 
the signal moves from -61.13 ppm (ô f r e e) to -77.80 ppm (6max). 

The 1 9F NMR signals of 1,2-diiodo- and 1,2-dibromotetrafluoroethanes in 
numerous heteroatom substituted HCs used as solvents were also studied. Many 
different D—X-RF interactions could thus be ranked as a function of their 
relative strength. 

19 17b 18b 
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A comparison of the observed chemical shift changes with the data from 
some other analytical techniques (IR, Raman, DSC) and from experimental 
results (competitive co-crystals formation) reveals that the stronger the halogen 
bonding is, the larger the induced I 9 F NMR chemical shift change is. w-Pentane 
(unable to work as an electron donor) was used as reference solvent and Table I 
lists a selection of the obtained A5 C F 2x= - 5 u s e d solvent values. 

Table 1.19F NMR chemical shift differences of 1,2-dihalotetrafluoroethanes 
in different solvents.8 

Solvents ICF 2 CF 2 I BrCF 2 CF 2 Br Solvents A8cF 2i(Ppm) b c / tôcF2Br(PPlïl)M 

Piperidine 11.23 2.40 
Morpholine 10.59 1.95 

Thiomorpholine 9.94 1.62 
Hexamethylphosphoramide (HMPA) 8.23 2.76 

Pyridine 7.32 1.12 
Dimethyl sulfoxide 7.22 2.03 

Tetrahydrothiophene 5.38 0.76 
Tetrahydrofuran 4.13 0.95 

Acetone 3.63 0.90 
Acetonitrile 2.74 0.45 
Thiophene 1.41 0.26 

Furan 1.11 0.13 
a CFCI3 was used as internal standard. b

 Δ δ € Ρ 2 χ = δ - ô u s ed solvent- C δ ICF2CF2I in n-pentane 
- -52.42 ppm. d δ BrCF2CF2Brin H-pentane = "63.32 ppm. 

The AôCF2i values span over the range of 1.11 to 11.23 ppm while the 
ΔδοΡ2ΒΓ values vary from 0.13 to 2.76 ppm. These values imply that the iodine 
atom gives stronger interactions than the bromine atom independent from the 
type of the electron donor. The nitrogen atom is confirmed a very good electron 
donor. Surprisingly, the HMPA is the best electron donor toward the bromide 
acid while it is not with the iodide acid. 

Also IR and Raman spectroscopies are useful tools to detect the formation 
of halogen bonded adducts and to quantify the relative strength of different 
interactions. The vibration shifts and the intensity variations are of particular 
relevance to the formation of intermolecular interactions in the solid. Thus, 
frequencies of perfluoroalkyl iodides la-c and diazabicyclooctane (DABCO) 2f 
have been compared with the formed adducts 20a-c (Scheme 7) (62). 
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F F « y 

F F F F 

20a-c 
a : n =» 1 
b:n = 2 
c: n=3 

Scheme 7. Formation of ID infinite chains by self-assembly of perfluoroalkyl 
iodides la-c and diazabicyclooctane (DABCO) 2f. 

Particularly relevant absorptions are the strong C-F stretching motions 
(1200-1050 cm'1 range) in IR spectra of PFCs la-c and the C-H bonds 
stretchings in IR and Raman spectra of DABCO 2f (3000-2800 cm"1 region). In 
the IR spectra of co-polymers 20a-c, the V C - F values shift to lower frequencies 
than in pure la-c. Interestingly, shifts of 20b,c are smaller than those observed 
in co-polymer 20a, consistent with the fact that the internal difluoromethylene 
groups are less sensitive to the N—I interaction formation. As far as the electron 
donor module is concerned, the V C - H absorptions of 20a-c are at higher 
frequencies in IR and Raman spectra as compared to the pure DABCO and their 
intensities markedly decrease. As anticipated by a general rule, the higher the 
V C - H frequency, the lower its vibration intensity. This behavior can be correlated 
with a higher positive charge on, namely a more acidic character for, the H 
atoms in co-polymers 20a-c than in the pure amine 2f. It is therefore perfectly 
consistent with the electron donation from nitrogen to iodine on halogen 
bonding formation. The C-I stretching at 268 cm"1 in the Raman spectrum of 
pure la is red-shifted to 254 cm"1 in the co-crystal 20a. This lower frequency 
shift implies a weaker C-I bond force constant, consistent with an η-»σ* 
electron donation from the nitrogen of DABCO to the iodine atoms of 
diiodoperfluoroalkanes 1. 

2f 

K F 

F F 

la-c 

Self-assembly with anionic electron donors 
The comparison of pyridine derivatives and the corresponding iV-oxides 

(Scheme 3) demonstrated that the greater the electron density on the halogen 
bonding acceptor is, the stronger the formed interactions are. The anion—X-RF 

halogen bonding was thus anticipated to be stronger than the N—X-RF halogen 
bonding and robust enough to induce the self-assembly of modules with a 
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particularly low reciprocal affinity (63-64). The stability of the 13~ anion 
confirms the anticipation. Calculation (density functional methods, 
B3LYP/LACVP basis set) estimated an interaction dissociation energy of 41.6 
kcal/mol in the I"-I 2 complex and of 6.02 kcal/mol in the 4,4f-
dipyridylethylene*ll infinite chain (65-66). 

To confirm this hypothesis, the relative halogen bonding acceptor abilities 
of piperidine and different tetrabutylammonium salts have been established by 
considering the change they induce on the I 9 F NMR signal of 1,2-
diiodotetrafluoroethane (la) (67). Table II reports the chemical shift changes 
shown by la in deuterochloroform (A5CF2I= ÔCF2I - $cF2i+donor)-

Halide anions are particularly good electron donors and the interaction 
strength decrease according to the scale Γ > Br" > CI". Moreover, TBA-I gives 
the highest chemical shift variation while piperidine, a very good nitrogen 
electron donor, gives nearly the smallest change. We thus focussed our attention 
on iodide salts. Its cation was chosen in order to have a good salt solubility in 
polar organic solvents and a high ion pair dissociation. 

Table II. 1 9 F NMR Chemical shift differences of 1,2-diiodotetrafluoroethane 
(la) in the presence of different donors in CDCla.8"* 

Donors ICF2CF2I 
Δδ CF2i(ppm)d 

Piperidine 0.97 
TBA-I 3.54 

TBA-Br 3.10 
TBA-C1 2.17 

TBA-Succinimide 2.00 
TBA-CN 1.78 

TBA-SCN 1.38 
TBA-Br 3 0.99 
TBA-NO3 0.40 

8 CFCh was used as internal standard. b Donor/acceptor 
molar ratio = 2.8. CTBA = tetrabutylammonium. d AôCF2i = 

δ pure ICF2CF2I " δ complexed ICF2CF2I-

In this way the electron donor ability of the anion is maximized. 
Specifically, cryptated potassium iodide was investigated. Previous studies have 
shown that a mixture of 2d and la-d form infinite chains 6a-d thanks to N—I 
halogen bondings (Scheme 8). 
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7) 
la-d 

-Χ" A_ K _y\ 
\—Q\—/o—' 

21a 

MeOH / Kl 

MeOH /K l 

a : n= 1 
b:n = 2 
c : n = 3 
d:n = 4 

la-d 

FV F 
22a-d 

F F 

F F 

Scheme 8. Self-assembly of three component systems. One-pot/two-steps or two-
pot/two-steps supramolecular syntheses both afford the thermodynamically 

more stable complexes 22a-d. 

When 2d is crystallised in the presence of potassium iodide, the solid 
cryptate K.2.2.2.C KI 21a is isolated thanks to the well-known ability of 2d to 
work as an alkaline metal receptor (Scheme 8). When the three components la-
d, 2d, and potassium iodide are mixed, the solid cryptate K.2.2.2.C KI is formed 
and the naked iodide functions as electron donor towards the iodine atoms of 
la-d. The colourless products 22a-d are obtained. In these three-component 
heteromeric architectures the PFC, HC, and IS elements are present in 1.5:1:1 
ratio. 
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The three products behave as a system of two Lewis acid motifs (potassium 
cations and iodine atoms of la-d) and two Lewis base motifs (iodide anions and 
heteroatom array of 2d). Although the two-component complexes 6a-d and 21a 
(acid-base moieties) are stable co-crystals, the pairing affording three-
component complexes 22a-d prevails. The preferred pairing is that predicted by 
the HSAB (hard and soft acid-base) theory (68). Multi-step supramolecular 
syntheses occur where two intermolecular interactions (potassium cryptation 
and Γ—I-PFC halogen bonding) prevail over other possible interactions, and 
work in a hierarchical fashion. The formation of the three-component complexes 
22b-d is the thermodynamically more stable pathway in which the 
supramolecular architectures are obtained through a one-pot/two-steps or two-
pot/two-steps synthesis. 

1 9F NMR spectra of these systems have been registered. The shifts of the -
CF 2I signals give further evidence that the Γ - Ι halogen bonding is stronger 
than the Ν—I one. Compared to pure lb, the co-crystal 22b gives an upfield 
shift of 2.90 ppm while an equimolar solution of 6b affords a variation of 0.19 
ppm for the same signal. 

The X-ray analyses of complexes 22b,d show the two co-crystals present 
numerous analogies from the structural point of view. In both cases the iodide 
ions chelate three different iodine atoms of three different iodo-PFCs lb,d while 
the diiodo-PFCs lb,d behave as bidentate and telechelic electron acceptors. The 
Γ-1-PFC distances are 3.475 Â in 22b and 3.474 Â in 22d. Once again, these 
values are longer than the covalent I-I bond (2.666 Â) but approximately 0.8 
times the sum of van der Waals radii (1.98 Â for iodine atom and 2.20 Â for 
iodide ion) (69). The Ι - Γ - Ι angles are 73.0° in 22b and 73.1° in 22d. 

The low affinity existing between PFCs and HCs dominates the overall 
crystal packing. A strong segregation between K.2.2.2.C KI 21a and iodo-PFCs 
lb,d occurs and results in the formation of subnanometric layers held together 
by the Γ—Ι halogen bonding (Figure 5). Potassium cations are embedded in the 
HC layer. Iodide anions are located at the interface and hold together the 
alternating PFC and HC layers through Γ-Τ-PFC halogen bondings. The 
general organisation forms infinite 2D honeycomb-like structures topologically 
equivalent to (6,3) nets (70). In 2d these nets interpenetrate. Interpénétration is 
common in highly structured and ordered systems, while PFC derivatives 
usually form disordered and amorphous materials. This is the first report on 
interpenetrated networks involving PFC derivatives. 

The nature of the cryptated metal cation affects the stoechiometry of the 
formed co-crystal but leaves unchanged the preference for the self-assembly of 
three-component heteromeric architectures with respect to the alternative self-
assembly processes. For instance, when K.2.2.2. (2d) and 1,2-
diiodotetrafluoroethane (la) are crystallized in the presence of barium iodide, 
cryptation affords K.2.2.2.C Bal 2 21b and the naked iodide anions work as 
strong electron donors towards the iodine atoms of la. The three-component 
complex [Ba(K.2.2.2.)2+][(C2F4l4)2~] 22e is formed as colourless crystals where 
the PFC, HC, and IS elements are present in 1:1:1 ratio (Scheme 9) (71). 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
03

0

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



530 

Figure 5. ORTEP view of the crystal packing of 22d. Γ- I Halogen bondings are 
dashed lines. The cation cryptate atoms (C, Ν, O, and K) as well as iodide ions 
and iodine atoms are not disordered, while the carbon and fluorine atoms of the 
fluorinated chains show dramatic rotational disorder (not shown) despite that 

the data were collected at 127K. 
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ΓΛ O r 1 Γ ° °Λ 

<V_o 0_/S 3 2 MeOH <V_0 0 _ y ) MeOH V - Q W O - / 

2d 21b X ,-.-1 

' F F 
22e 

Scheme 9. Self assembly of K. 2.2.2. (2d), Bal2, and 1,2-diiodotetrafluoroethane 
(la) providing the three-component derivative 22e. 

Structural details obtained from the X-ray analysis (Figure 6) show that two 
molecules of water are also present to complete the coordination sphere of the 
barium cations that are embedded in the cryptand. The Γ-Ι-PFC distance is 
3.391 Â. Once again it is approximately 0.8 times the sum of van der Waals 
radii of iodine atom and iodide ion. The Γ-Ι-C angle is 177.3°. Contrary to the 
previous case, the iodide anions function as monodendate electron donors 
probably due to the fact the PFC chains of la are too short to bridge two 
different anions. As a result, discrete and fluorinated polyiodide addutcs 
(C2F4I4)2" are present instead of infinite 2D honeycomb like networks. 

The anion driven self-assembly of three-component heteromeric adducts 
may give rise to new interesting applications. For instance, it may allow iodo-
PFCs to drive cryptated inorganic or organic salts from aqueous and solid 
phases into fluorous phase. In this way iodo-PFCs will behave as a new class of 
effective phase transfer catalysts tailored to fluorous solvents. In fact, at 293 K, 
K.2.2.2.C KI has a solubility >200 mg/mL in water and ~1 mg/mL in benzene (a 
standard organic solvent). On the other hand, it is insoluble in perfluorohexane 
(<0.05 mg/mL) while it has a solubility of ~0.5 mg/mL in 1-
bromoperfluorooctane (a frequently used fluorous solvent) and has a solubility 
>500 mg/mL in 1-iodoperfluorohexane. The greater solubility of the cryptate in 
iodo-PFCs than in bromo-PFCs is due to the greater ability of the former 
compounds to work as halogen bonding donors. The partition coefficient 
between 1-iodoperfluorohexane and water is 7.2 (established through ! H NMR). 
This proves the greater affinity of the cryptate K.2.2.2.C KI for iodo-PFCs than 
for water. 
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Figure 6. ORTEP view of the crystal packing of 22e formed by K.2.2.2. (2d), 
barium iodide, and 1,2-diiodotetrafluoroethane (la). For the sake of clarity 

hydrogen atoms have been omitted. The Γ-I halogen bondings and the 
coordination to barium are dashed lines. 

Applications of the self-assembly 
Applications of non-covalent hybrid systems obtained through the halogen 

bonding driven self-assembly of haloperfluorocarbons are just starting to 
emerge. The covalent approach to hybrid materials containing PFC residues 
encounters non-minor synthetic problem related to the connecting of the HC and 
PFC residues in a single molecule. The non-covalent approach to hybrid 
materials overcomes these problems. Moreover, the final properties of a material 
depend on the properties of its components at a molecular level and on the 
organisation of the molecules in the bulk material. The directionality and 
strength of the halogen bonding allow the supramolecular architecture of the 
formed two-component and three-component assemblies to be anticipated. This 
adds an extra advantage for the approach here described if the obtaining of 
materials with pre-established properties is pursued. 

The resolution of racemic mixtures via diastereoisomeric adducts formation 
with enantiopure derivatives is a standard and economical protocol for the 
obtaining of chiral and enantiopure HCs. A halogen bonding based co-crystal 
formation allowed the first resolution of chiral and racemic halo-PFCs to be 
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successfully performed. It is worth nothing that PFC-halides are a class of 
compounds of high technological relevance (72) and that enantiopure PFC 
derivatives are a nearly unknown class of compounds. Moreover, co-crystal 
formation followed by X-ray analyses might also be a reliable strategy to go 
over difficulties encountered for determining the absolute configuration of 
highly fluorinated or perfluorinated derivatives (73-74). 

Preliminary investigations with racemic 1,2-dibromohexafluoropropane 
(8b) and various chiral and enantiopure diamines showed that the N—Br 
interactions are too weak to give rise to solid adducts when volatile dibromo-
PFCs are used (75-77). Halide anions are stronger halogen bonding acceptors 
than nitrogen atoms and Br"—Br halogen bondings proved effective in the 
resolution of 8b. 

B r CF2Br 
2 

(-) sparteine hydrobromide 23 (*) 1,2-dibromohexafluoropropane 8b 

CHC1 3 

ψ V CF 2 Br f3 Γ3
 Y*3 

CF 3 

"Ϊ 
'CF2Br 

Br 
Θ 

Br 
Θ 

24 

Scheme 10. Formation of the co-crystal 24 by self-assembly of (-) sparteine 
hydrobromide 23 and (S) 1,2-dibromohexafluoropropane 8b. 

Specifically, slow evaporation of a chloroform solution of enantiopure (-)-
sparteine hydrobromide 23 and of the racemic dibromo-PFC 8b affords the co-
crystal 24 where only (S)-8b is present (Scheme 10) (78). The cohesion of the 
co-crystal and the strength of the Br"—Br halogen bonding are revealed by the 
co-crystal melting point (105 °C) that is definitively higher than the pure 
racemic dibromo-PFC module 8b (-95 °C). 

Details of the supramolecular architecture of chiral and enaniopure co-
crystal 24 show all the characteristics typical for an halogen bonded system. 
PFC and HC modules segregate. Two distinct Br"—Br interactions (3.369 Â and 
3.260 Â) are present. They are longer than the Br-Br covalent bond distance and 
approximately 0.8 times the sum of van der Waals radii. Consistent with an 
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η—»σ* electron donation from bromide anions to bromine atoms, the two 
different Br—Br-C angles are approximately linear (173.6° and 178.4°). Each 
bromine anion connects a primary and a secondary bromine of two distinct PFC 
units of 8b and gives raise to enantiopure and infinite twofold helices in which 
the resolution process of 8b results from a highly specific inclusion in 
enantiopure helixes (Figure 7). This arrangement maximizes the information 
transfer from the optically pure HC module to the PFC module that is resolved. 

Figure 7. Perspective view of the co-crystal 24 along the crystallographic b 
direction. Sparteinium ions are omitted to better evidence the halogen-bonded 

PFC helices. 

Another interesting application of hybrid PFC-HC materials is in the field 
of solid-state synthesis. This topic is receiving growing interest due to its 
inherently green profile and to the high selectiveties it can give rise to. A non-
stereoselective UV-induced [2+2] cycloaddition reaction occurs on irradiation 
of concentrated solutions of (iE)-l,2-bis(4-pyridyl)ethylene (4,4'-bpe, 2g). 
Differently, no reaction is observed when the 4,4'-bpe is in the solid state as the 
distance and the orientation of the double bonds are not suitable for dimer 
formation (79). An iodo-PFC halogen bonding donor has been used in the 
context of a template/co-crystal system to induce a stereoselective 
photocyclization of 2g. 

N—I interactions drive the self-assembly of the pentaerytritol tetrakis-4-
(iodotetrafluorophenyl)ether (25), a tetratopic electron acceptors, with 4,4'-bpe 
2g, a ditopic electron donors. The ID infinite ribbons 26 are formed (Scheme 
11) (24-31). 

The co-crystal structure, determined through single-crystal X-ray analysis 
(Figure 8), reveals that intramolecular τ-τ interactions between couples of 
fluorophenyl rings preorganize the template arms at distances ranging from 
3.524 to 3.897 Â. 
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26 

Scheme 11. Formation of the co-crystal 26 by self-assembly ofpentaerythritol 
ether 25 and 4,4'-bpe 2g. 

Intermolecular N—I halogen bondings assembles the template 25 and the 
olefin carrier 2g in ribbons. Thanks to the high directionality and the remarkable 
strength of the halogen bondings, the template arms alignment is 

Figure 8. ID Infinite ribbons 26 formed through Ν-I halogen bonding driven 
self-assembly of pentaerythritol ether 25 and 4,4'-bpe 2g. 

translated into olefins alignment at the distance required for the 
phodimerization. In fact, when the co-crystal 26 is irradiated using a Rayonet at 
300nm, a photochemical cycloaddition readily occurs under topochemical 
control and produces tetrakis(4-pyridyl)cyclobutane 27 (Scheme 12). 

*H NMR and mass spectroscopies of the crude reaction mixture confirm 
that the reaction gives quantitatively and stereospecifically the rctt isomer as a 
pure product. Interestingly, cross-plane photoreactions are prevented by the 
absence of any short contacts between the olefins belonging to adjacent ribbons 
in the crystal stacking (inter-ribbons distance > 7 Â). 
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26 

hv 

F F Ρ*—Ρ 

27 

Scheme 12. Solid-state photochemical cycloaddition of ribbons 26 to give 
cyclobutanes 27 under topochemical control. 

Another recent application of halogen bonded material containing halo-
PFCs has been reported in the liquid crystals field. It is well known that the 
hydrogen bonding is capable to induce liquid crystallinity on self-assembly of 
non-mesomorphic species. The halogen bonding has shown the same ability 
when alkoxystilbazoles 28 and iodopentafluorobenzene (17c) are used as 
starting materials (80). 

Scheme 13. Ν—Ihalogen bonding driven self assembly of alkoxystilbazoles 28 
and iodopentafluorobenzene (17c). 

When equimolar amounts of alkoxystilbazoles 28 and 
iodopentafluorobenzene are mixed in χπρ, the slow evaporation of the solvent 
gives rise to pale yellow products. This change of colour is consistent with an 
electron shifting from the nitrogen atom toward the iodine atom due to the 
halogen bonding interaction. A unequivocal evidence of the formation of 

b:n = 6 
c:n = 8 
d:n=10 
e : n = 12 
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dimeric complexes 29 has been obtained through the X-ray analysis of 29c. 
Similar to the other adducts described above, the Ν—I distance is 2.811 Â and 
the N—I-C angle is 168.41°. All the non covalent dimers 29a-e present liquid 
crystal properties despite pure stilbazole components 28 have a 
nonmesomorphic nature. 29a,b show a monotropic nematic phase while 
enantiotropic SmA phases are observed with complexes 29c-e. Further 
investigations have been carried out by replacing iodopentafluorobenzene with 
bromopentafluorobenzene, but no conclusive proof of complex formation was 
obtained by the thermal behaviour of the formed product. The N—Br interaction 
is probably too weak for allowing the co-crystal to exist at temperatures high 
enough to observe the liquid crystalline properties. 

An interesting application of the halogen bonding has been reported in the 
engineering of fluorinated comb-like polymers. These products have recently 
received interest due to their unique surface behaviour (81-83). Indeed, the 
strength and the specificity of the halogen bonding has driven the self-assembly 
of iodo-PFCs and HC polymers. Non covalent polymers bearing perfluoroalkyl 
side chains have been obtained. PFC and HC components segregation provides 
the surfaces coating with fluorinated materials. In the detail, when the poly(4-
vinylpyridine) (P4VP) 30 is in the presence of α,ω-diiodoperfluoroalkanes la-d, 
the recognition between the nitrogen and the iodine atoms gives rise to 
complexes 3la-d that are isolated as dense oils in the case of 31a-c and as paste
like product in the case of 31d (Scheme 14) (84). 

Scheme 14. Formation of fluorous corn-like polymeric complexes 3la-d by self-
assembly of P4VP 30 and diiodoperfluoroalkanes la-d. 

The formation of new materials is confirmed by IR spectroscopy. For 
instance, the P4VP bands in the 3100-2900 cm"1 region for the pure components 
la-d, show blue shift and intensity decrease in adducts 31a-d. Similarly, the 
pyridine band at 1000-900 cm"1 is shifted to higher frequencies in the 
complexes. The features typical for smectic-type liquid crystallinity are 

m =-10,-20 a ; n= 1 
b:n = 2 
c : n = 3 
d:n = 4 

31a-d 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
03

0

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



538 

evidenced in complex 31c with polarized light. The macroscopic organisation 
remained unchanged also upon heating to 70°C, thus suggesting the lyotropic 
character of this hybrid material. Moreover, the study of the molten complex by 
applying shear stress showed behaviour consistent with a lamellar organization, 
strictly similar to related literature system (85). The segregation occurring 
between the PFCs and HCs contributes to the liquid crystalline properties of 
such materials and demonstrates the great efficiency of the halogen bonding for 
the preparation of fluorinated coatings. This new methodology offers an 
alternative way to the covalent synthesis of fluorinated graft copolymers. 

Conclusion 
Through the description of numerous examples, we have shown how iodo-

and bromo-PFCs work as effective electron accepting species when interacting 
with a wide variety of lone pair possessing atoms, either neutral or anionic. 
Halo-PFCs are therefore versatile tectons for the elaboration of supramolecular 
architectures by halogen bonding. Theoretical calculations and experimental 
results prove that iodo-PFCs and anionic species give stronger halogen 
bondings than bromo-PFCs and neutral donors, respectively. The interaction is 
strong enough to overcome the low affinity PFC compounds show for any non-
fluorinated compound, either organic or inorganic. Two-component and three-
component materials have thus been obtained where the low reciprocal affinity 
among the starting modules survives in the marked segregation. Subnanometric 
layers of different compositions are often present. The overall architectures of 
these materials can be anticipated from the geometry of the complementary 
modules and the directionality of the halogen bonding. This is emblematically 
shown in the structure of the first discrete and fluorous polyiodide networks 22. 

The usefulness of several analytical techniques in the characterization of the 
obtained hybrid materials has also been presented. In particular, the pinning of 
halo-PFCs in halogen bonded heteromeric systems allowed X-ray 
crystallography to be routinely applied for the analyses of perfluoroalkyl chains 
as long as 1-iodioperfluorodecane. This is a particularly noteworthy result if we 
remember the high conformational disorder typical for perfluoroalkyl chains and 
their tendency to give rise to waxy materials. 

Recent studies have provided the first applications of these hybrid materials 
in the fields of liquid crystals, polymers coating, solid phase synthesis, and 
resolution of racemic PFCs. Thanks to its ease of use, the approach may have a 
great potential in the preparation of well-ordered nanostructures that could be 
applied, to biotechnologies, electronics... 
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Chapter 31 

Fluoro-β-lactams as Useful Building Blocks 
for the Synthesis of Fluorinated Amino Acids, 

Dipeptides, and Taxoids 

Iwao Ojima, Larisa Kuznetsova, Ioana Maria Ungureanu, 
Antonela Pepe, Ilaria Zanardi, and Jin Chen 

Department of Chemistry, State University of New York at Stony Brook, 
Stony Brook, NY 11794-3400 

Enantiopure 1-acyl-3-hydroxyl-4-Rf-azetidin-2-ones serve as 
versatile intermediates for the syntheses of fluorine-containing 
α-hydroxy-β-amino acids, dipeptides, and taxoid anticancer 
agents. 3-Hydroxy-4-CF2H-β-lactams with >99% ee can be 
obtained in high yields through the DAST reaction of the 
corresponding enantiopure 4-formyl-β-lactam obtained 
through ketene-imine [2+2] cycloaddition, followed by 
enzymatic optical resolution. An efficient method has been 
developed for the synthesis of 3-hydroxy-4-CF3-β-lactams 
(>99% ee) through [2+2] cycloaddition of a CF3-imine with 
acetoxyketene and subsequent enzymatic optical resolution. 
Practical processes for the preparations of these enantiopure 3-
hydroxy-4-Rf-β-lactams (Rf = CF 2 H and CF 3) as well as their 
synthetic applications are described. 

544 © 2005 American Chemical Society 
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Introduction 

β-Amino acids have been attracting considerable interests because of their 
inherent biological activities and their useful characteristics as building blocks 
for the design and development of potential therapeutic drugs and "β-peptides", 
possessing unique properties (1,2). β-Amino acids are also useful for the studies 
of enzymatic reaction mechanisms (1,2). Among various types in the β-amino 
acids family, a-hydroxy^-amino acids (isoserines) are one of the most 
important members because many of them act as potent enzyme inhibitors and 
they also serve as crucial building blocks for the compounds of biological and 
medicinal importance (2,3). 

For example, a-hydroxy-P-amino acid moieties are found in paclitaxel, 
(antitumor agent) (4-6), bestatin (7,8) (inhibitor of aminopeptidases, 
immunological response modifier), microginin (9) (an ACE inhibitor, KNI 
inhibitors), the kinostatins (HIV-1 protease inhibitors) (10,11). 

OH 
Paclitaxel 

NH 2 Ο - Ο 

Microginin Kinostatin (KNI)-227 

Figure 1.1. 

In the last decade, substantial research efforts have been made on the 
synthesis of fluorinated analogs of β-amino acids and investigation into their 
biological implications (12-16) Because of the unique properties of fluorine as 
element, the introduction of fluorine(s), difluoromethyl, or trifluoromethyl group 
to biologically active molecules often critically improves their pharmacological 
properties (e.g., membrane permeability, hydrophobic binding stability against 
metabolic oxidation, etc.) (12,17). Moreover, the sensitivity of I 9 F NMR 
spectroscopy along with large l9F-lH coupling constants and the virtual absence 
of 1 9 F in the living tissue render fluorine incorporation a particularly powerful 
tool for the investigation of biological processes (18-20). Therefore, fluorine-
containing a-hydroxy^-amino acids are expected to serve as useful bioactive 
compounds with a wide range of potential applications in medicinal chemistry 
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and chemical biology. However, only a few methods have been reported to date 
for the synthesis of fluorine-containing α-hydroxy-P-amino acids. 

One of the literature known methods for the stereoselective synthesis of <x-
hydroxy-P-trifluoromethyl-P-amino acid is the use of highly regio- and 
stereoselective hydrolysis of aziridine L2(+) at the C-2 position (Scheme 1.2). 
The aziridine 1.2(+) with >98% ee can be obtained via enzymatic resolution of 
racemic 1.2 with Candida antarctica lipase (CAL) (35%, 50% in theory) (21). 
This method gives a«tf-isomer exclusively. The corresponding syw-isomer can 
be obtained by applying the Mitsunobu reaction. 

i r 0 EtOH,-5°C γ buffer PH=7.5 Y I 
C F 3 370 c C F 3 C F 3 

1-1 1.2 12(+) Ι 1.3(.) 

Bn 

ι ΟΗ" 
i 

Ο" ^ 

1.4 

Scheme 1.2 

Racemic αΜ-α-hydroxy-P-fluoroalkyl-p-amino esters can also be 
synthesized via base-catalyzed intramolecular rearrangement of imino ethers and 
subsequent reduction of the resulting a-hydroxy-P-imino esters 1.7 (Scheme 1.3) 
(22). The diastereoselective reduction of 1.7 with NaBHpZnC^ gives awri-ester 
1.8 in 86% yield accompanied by a small amount (4%) of syn-estQT 1.9. 

CI « n / * ^ C 0 2 R 1 OH 
Y H 0 C H 2 C 0 2 R 1 / N E t 3 % ? 2 LTMP, PME/THF t F R C Ï 

F 2 R C Ν benzene, 50° C, 5hrs F R C ^ N ^ A r -105° C - -70° C * 2 ^ f ^ R 1 

1.5 1.6 1 7 Ar 

R * H , F OH ÇH 0 H 

c . . . . . . « NaBH 4 l ZnCI2 Ρ or χ « Λ I 
Tl C 0 * R 1 i-PfOH/THF '

 F 2 R C Y ^ C 0 ^ R 1
 F 2 R C Y ^ C 0 2 R ^ 

% r -80° C H N . 

1 7 1 < 8

 A r «m 1 9 Ar syn 
86% 4o/0 

Scheme 1.3 

Both enantiomers of syw-a-hydroxy-P-trifluoromethyl-p-amino acids (1.12 
and 1.13) can be obtained through a ketene-imine cycloaddition reaction, 
followed by acidic methanolysis of the resulting p-lactam intermediates 1.11 
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(Scheme 1.4) (23). The Staudinger reaction of chiral imine 1.10 with 
benzyloxyketene gives a diastereomeric mixture of cis β-lactams 1.11 with low 
diastereoselectivity (29%(+)/41 %(-)). Two diastereomers are separated by 
chromatography and crystallization. Each diastereomer is subjected to 
methanolysis and hydrogenolysis to give the corresponding enantiopure syw-ester 
1.12 or 1.13. 

C F S 

1.10 

j? BnO ,CF 3 
B n 0 v ^ P F 3 

J ~ \ ^ 11 
CH 2 CI 2 Ο 

Et 3N, 40°C - -
overnight 1.11(+) 1.11(-) 

separation by chromatography and crystallization 

1. HCI, MeOH 

2. H2, Pd(OH)2/C, BocaO 

3 C Y ^ c C0 2 Me 
NHBoc 

1.12 

OH 

γ C0 2 Me 

NHBoc 

1.13 

Scheme 1.4 

The major drawback of these methods is the limitation in scope and/or 
rather tedious access to both enantiomers. Therefore, new and efficient 
approaches to enantiopure fluorine-containing a-hydroxy-p-amino acids need to 
be developed. To this end, the β-Lactam Synthon Method (β-LSM) developed 
in these laboratories offers an attractive protocol for the synthesis of enantiopure 
CF2H- and CF3-containing α-hydroxy-p-amino acids and their congeners. 

We describe in this chapter a concise account of our work on the efficient 
synthesis of enantiopure l-acyl-3-hydroxy-4-Rrazetidin-2-ones (R f =CF 2 H, 
CF 3) and their applications to the synthesis of Rf-containing a-hydroxy-p-amino 
acids, dipeptides and taxoids. Scheme 1.5 illustrates representative 
transformations of Ar-/-Boc-3-PO-4-RrP-lactams (P = hydroxyl protecting 
group). 
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>kAAA 
H 

ι 9 Rf Ο o 

Η 

Ο 
Λ Α 

ÔP 
OMe 

• Ο Rf 0 R 

Η Α« Η il OP Ο Η Qp Η 
. Q R z ^ ρ_ΟΗ 

>L Λ 
a. hydrolysis 0 ^ Η 9 ι 
b. methanolysis R f - " ^ V O X ν , -
c. coupling with β-amino ester ÔH H 0

 ° W Q A C 

d. coupling with α-amino ester / = \ 
e. ring-opening coupling with baccatin X — \ } 

Scheme 1.5 

2. Synthesis of Enantiopure β-Lactams 

2.1. Synthesis of enantiopure 3-hydroxy-4-CF2H-P-lactams 

Enantioselective synthesis of (3jR,45)-3-TIPSO-4-(2-methyH-propenyl)-
azetidin-2-one was previously reported by our laboratory using chiral enolate -
imine cyclocondensation (15,16,24). Although this procedure cleanly provided 
the desired enantiopure β-lactam, it had some inconvenience for scale up. 
Accordingly, we have recently developed another method, which allows for a 
large-scale synthesis, using enzymatic optical resolution of racemic ds-3-AcO-4-
(2-methyl-1 -propenyl)azetidin-2-ones. 

Racemic cis-1 -PMP-3-AcO-4-(2-methyl-1 -propenyl)azetidin-2-one (2.2) 
(PMP = /7-methoxyphenyl) was prepared through [2+2] ketene-imine 
cycloaddition. Acetoxyketene generated in situ from acetoxyacetyl chloride and 
triethylamine was reacted with iV:PMP-3-methyl-2-butenaldimine (2.1) to give 
cis-p-lactam 2.2(±) in good yield (Scheme 2.1). Then, the enzymatic optical 
resolution of p-lactam 2.2(±) was carried out using the "PS-Amano" lipase (25) 
in a buffer solution (pH 7) at 50°C. This enzyme selectively hydrolyzes the 
acetate moiety of (-)-P-lactam 2.2(-) to afford kinetically resolved (3JR,45)-3-
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AcO-p-laetam 2.2(+) (>99% ee) and (3S,42?)-3-hydroxy-p-lactam 2.3(-) (96-
99% ee) with extremely high enantiopurity in high recovery yields (26). 

Since the acetyl group was not tolerated in the diethylaminosulfur trifluoride 
(DAST) reaction, the protecting group of the 3-hydroxyl moiety of β-lactam 
2.2(4-) was changed to triisopropylsilyl (TIPS). The resulting (3^,45)-l-PMP-3-
TIPSO-4-(2-methyl-l-propenyl)azetidin-2-one (2.4(4-)) was subjected to 
ozonolysis to give (3i^,4S)-l-PMP-3-TIPSO-4-formylazetidin-2-one which was 
immediately reacted with DAST to afford the corresponding 4-
difluoromethylazetidin-2-one (2.5(4)) in high yield. Finally the PMP group was 
removed using cerium ammonium nitrate (CAN) to give enantiopure (3/?,4i?)-3-
TIPSO-4-difluoromethylazetidin-2-one (2.6(4·)) (Scheme 2.2). In a similar 
manner, (3S,4iS)-3-hydroxy-P-lactam 2.3(-) was converted to enantiopure 
(3S,4S)-3-TIPSO-4-difluoromethylazetidin-2-one (2.6(-)) (Scheme 2.2). 

2.2(+) 2.4(+) 2.S(+) 2M{+\ 

Scheme 2.1 

Hi. 94% 

iv. 71% 

TIPSQ, 

0' PMP 8 8 % ά 

F 
ν 

TIPS! F 

2.5(.) 2.6H 

i) KOH, THF, 0 °C; ii) TIPSCI, Et 3N, DMAP; iii) 0 3 , MeOH/CH 2CI 2 l -78 °C; iv)DAST,CH2CI2; 
v)CAN,H20/CH 3 CN,-15 0 C. 

Scheme 2.2 
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2.2. Synthesis of enantiopure 3-hydroxy-4-CF3-p-lactams 

A different strategy was employed for the synthesis of enantiopure 
trifluoromethyl-P-lactams. This time the trifluoromethyl moiety was introduced 
from the very beginning at the imine stage of the [2+2] ketene-imine 
cycloaddition. N-PMP-trifluoroacetaldimine 2.7 was reacted with the ketene 
generated in situ from benzyloxyacetyl chloride to afford racemic cis-3-
benzyloxy-4-trifluoromethylazetidin-2-one (2.8(+)) in moderate yield, as 
reported by us and others (27-29). Because of the reduced nucleophilicity of the 
nitrogen of the imine, it was necessary to run the reaction at 40 °C to achieve a 
high conversion, a temperature much higher than that used for the reactions of 
usual aldimines. Hydrogenolysis of β-lactam 2.8(±), followed by acetylation 
gave the corresponding racemic cw-3-acetoxy-P-lactam 2.10(±) in good overall 
yield (Scheme 2.3). 

^cl!unVCF3^VCFijuVCF3 

PMP ^ 7 50% / - N > M p 9 8 % 0 Λ Κ ρ Μ ρ 7 4 % / % M p 

C/S-2.8(±) c/s-2.9(±) C/S-2.10{±) 
i) PhCH 2 0CH 2 C0CI, Et 3N, CH 2CI 2 , 40 °C; ii) H 2 , Pd/C, MeOH, 45°C; 
iil) ACgO, DMAP, Py, CH 2CI 2 

Scheme 2.3 

The kinetic optical resolution of β-lactam 2.10(±) was performed under the 
same conditions as those described for the resolution of β-lactam 2.2(±) (PS-
Amano, 50 °C, pH 7). It was found that the enzymatic resolution gave (3R,4R)-
3-AcO~4-CF3-p-lactam 2.10(+) in high yield (42%, 50% in theory). However, 
the corresponding kinetically hydrolyzed product, ̂ S^S^-hydroxy^-CT^-
lactam 2.9(-), was not isolated at all, presumably due to the further hydrolysis of 
the β-lactam ring of this product under these conditions. Changing the pH to 6 
(slower reaction) or 8 (faster reaction) did not solve this problem. Only by 
decreasing the temperature to 0-5 °C at pH 7, it was possible to control the over-
reaction and isolate (3S,4S)-3-hydroxy-4-CF3^-laet^ 2.9(-)with 97% ee in 
good yield (36%, 50% in theory) in addition to 2.10(+). The results are 
summarized in Table 2.1. 
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Table 2.1. Enzymatic optical resolution of racemic e/s-3-AeO-4-CF3-P-
lactam 2.10(±) 

AcO, β¥3 «_ _ ~ ^ AcO, 0 C F 3 H Q JDF3 

I—I PS-Amano, buffer \ — , Λ >»—r 

10% CH 3 CN * / ~ N S J~-N, 
Ο PMP 0 PMP Ο PMP 
c/s-2.10(±) 2.10{+) 2.9H 

2.10(+) 2.9(-) 
β-lactam PH Temp. Time 

yield (%) ee{%) yield (%) ee(%) 

c/s-2.10(±) 7 50 °C 4 days 42 100 

e/s-2.10(±) 7 0-5 °C 12h 45 99.9 36 97 

Source: Reproduced with permission from reference 26. Copyright 2004 Elsevier. 

We also investigated the efficiency of the enzymatic resolution when 
another key β-lactam, i.e., NH-free cis-3-acetoxy-4-CF3-azetidin-2-one 
(2.11(±)), was employed as the substrate. This β-lactam 2.11(±) was readily 
obtained by removal of the i\T-PMP group from 2.10(±). It was found that the 
enzymatic resolution proceeded much faster than that of 2.10(±), i.e., 50% 
conversion was reached in 8 h at 3 °C to give (+)-3-AcO-4-CF3^-lactam 
(2.11(+)) as well as (-)-3-hydroxy-4-CF3-azetidin-2-one (2.12(-)) without the 
ring-opening over-reaction. Moreover, (-)^-lactam 2.12(-) turned out to be 
stable (i.e., no over-reaction by the lipase) even at 25 °C under the reaction 
conditions. Thus, the kinetic resolution of β-lactam 2.11(±) using the "PS-
Amano" lipase at 25 °C and pH 7 reached the 50% conversion in 3 h to afford 3-
AcO-P-lactam 2.11(+) and 3-hydroxy-β-lactam 2.12(-) with excellent 
enantiopurity in excellent yields (Scheme 2.4). 

AcQ y C F 3 AcO, ^CF 3 H O JCF ; - - x . ™ f 0 - e H O JC 
I—I PS-Amano ι — r \—r 

buffer pH 7.0 i~N * }~K 
Ο H 10%CH 3 CN Ο Η Ο Η 

cfe-2.11(±) A: 3°C, 8 h 2.11(+) 2.12(-) 
B: 2 5 ° C , 3 h 

Scheme 2.4 

The enantiopure 3-AcO-4-CFrp4aetam 2.10(+) and 3-hydroxy-4-CF3^-
lactam 2.9(-) thus obtained were converted to the corresponding (3R94R)-3-
TIPSO-4-CF3-β-lactam 2.14(+) and (3S,4ίS)-3-TIPSO-4-CF3-β-lactam 2.14(-) 
using the same protocol as that described for the preparation of 3-TIPSO-4-
CF2H^-lactams, 2.6(+) and 2.6(-) (vide supra) (Scheme 2.5). 
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2.3. Synthesis of enantiopure l-acyl-3-hydroxy-4-Rrp-lactams 

The β-Lactam Synthon Method (β-LSM) has been developed by exploiting 
the unique nature of this strained four-membered skeleton for its facile ring-
opening reactions with a variety of nucleophiles (30,31). When the nitrogen of 
this strained cyclic amide is acylated (including carbalkoxy, carbamoyl, 
thiocarbamoyl, and sulfonyl groups besides the standard acyl groups), the 
resulting JV-acyl-P-lactam becomes exceptionally reactive for nucleophilic 
attacks, leading to facile ring-opening coupling. This unique feature of JV-acyl-β-
lactams has been successfully utilized in organic synthesis and medicinal 
chemistry (30). Scheme 2.6 illustrates readily available JV-acyl-P-lactams 
through iV-acylation of NH-free 3-PO-4-RrP-lactams (P = hydroxyl protecting 
group). 

Table 2.2 shows a series of iV-acyl-3-TIPSO-3-Rrp-lactams 2.15 
(Rf=CF2H) and 2.16 (R f=CF 3) prepared through acylation (including 
carbalkoxylation and sulfonylation) of 3-TIPSO-4-CF2H-azetidin-2-one (2.6(-)) 
and 3-TIPSO-4-CF3-azetidin-2-one (2.14(+)) as examples (*-Boc = t-
butoxycarbonyl; Cbz = carbobenzoxy; Ts = p-toluenesulfonyl; yields are not 
optimized) (3,32-34). 

Table 2.2. Synthesis of iV-acyl-3-TIPSO-4-Rrp-lactams 

2.6(-) (Rf = CF 2H) 2.15(-) (Rf = CF 2H) 
2.14(+) (Rf = CF 3) 2.16(+) (Rf = CF 3 ) 

i) RCI or R 2 0 , Et3H, DMAP, CH 2CI 2 , 25 °C; ii) LiHMDS 1eq, RCI (1.2 equiv.), THF, -78°C 

entry ΝΗ-β-iactam configuration Rf conditions A/-acyl-p-lactam R yield (%} 

1 2.6(-) 3S.4S CF 2 H i 2.15a(-) f-Boc 80 

2 2.6(-) 3S.4S CF 2 H i 2.15b(-) Cbz 60 

3 2.6(-) 3S.4S CF 2 H i 2.15c(-) Tosyl 66 

4 2.6H 3S.4S CF 2 H î 2.15d(-) 4-F-Bz 54 

5 2.14(+) ZR,4R C F 3 i 2.16a(+) f-Boc 87 

6 2.14(+) 3R,4R C F 3 ii 2.16b(+) Cbz 60 

Source: Reproduced with permission from reference 26. Copyright 2004 Elsevier. 
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AcQ ^ C F 3 HO, > S C F 3 TIPSQ s C F 3 TIPSO, £ F 3 

QY pMp 100% 6 , P M P 

2.10(+) 
95% 

2.9(+) ~2.13(+) 
Cf PMP

 8 4 % cr Ή 
2.14H 

H O X F 3 TIPSO X F 3 Tipsa X F 3 

CX PMP Ο PMP Ο Η 
2.9(-) 2.13(-) 2.14(-) 

80% in 2 steps 

i) KOH, THF, -5°C; ii) TIPSCI, Et 3N, CH2CI2; iii) CAN, CH3CN/H20, -10 °C. 

Scheme 2.5 

Ο 

PO, & 

d ^ V N H R 

ο 
CIC0 2R 

base 
RN=C=0 

RCOCI 
base^ 

V 

PO, β< 

PO 

ο 

RS0 2CI 
base 

PO, β , 

ο- y 
O 

" C I C O N R 1 R 2 

base 

RN=C=S 

PO, ,xRf 

NR1R2 

S 

NHR 

Scheme 2.6 
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3. Fluorinated β-lactams as versatile synthetic building blocks 

3.1. Synthesis of enantiopure p-CF 2 H- and p-CF 3- α-hydroxy-P-amino acids 
and esters via facile hydrolysis/alcoholysis of Ar-acyl-P-lactams 

Enantiopure P-Rra-hydroxy-P-amino acids (Rf = CF 2 H or CF 3) can be 
obtained through facile ring-opening hydrolysis of N-acyl-3-TIPSO-4-Rrp-
lactams (vide supra). Thus, the reaction of P-lactams, 2.15c(-) and 2.16a(-), with 
potassium hydroxide in H 20/THF at ambient temperature gave the 
corresponding O-protected acids, 3.1(-) and 3.2(-) in high isolated yields (Table 
3.1). O-TIPS protecting group can be easily removed by HF/Pyr as needed. 

Table 3.1. Synthesis of p-CF2H- and CF3-a-TIPSO-P-amino acids 

? V R f
 KOH,THF,H 20 , R ^ N ^ I 0 H 

<f~\ 2 5 ° c - 1 2 h H OTIPS 2.15c(-)(Rf 

2.16a(-)(Rf 

= CF 2H) 
= CF 3) 

3.1(-)<Rf = 
3.2(-)(Rf-

CF 2H) 
CF 3 ) 

entry β-lactam configuration Rf R 
β-Rf-a-TIPSO-
β-amino acid 

configuration yield (%) 

1 2.15c(-) 3S.4S CF 2 H Tosyl 3.1(-) 2S.3S 83 

2 2.16a(-) 3S.4S C F 3 
f-Boc 3-2(-) 2S.3S 80 

Source: Reproduced with permission from reference 26. Copyright 2004 Elsevier. 

In a similar manner enantiopure (9-TIPS-P-Rra-hydroxy-p-amino acid 
methyl esters, 3.3(-) (Rf = CF 2H) and 3.4(+) (Rf = CF 3), were synthesized 
through a facile methanolysis of Rrp-lactams, 2.15(-) and 2,16(+), in the 
presence of triethylamine and a catalytic amount of 4~(N,N-
dimethylamino)pyridine (DMAP) at ambient temperature in good to quantitative 
yields. Results are summarized in Table 3.2 (yields are not optimized). O-TIPS 
protecting group can be easily removed by HF/Pyr as needed. 

3.2. Synthesis of p-CF3-a-hydroxy-a-methyl-p-amino acid via extremely 
stereoselective methylation of JV-acyl-P-lactam 

Enantiopure p-CF3-a-hydroxy-a-methyl-p-amino acid 3.7 can be 
synthesized via extremely stereoselective methylation of p-lactam 3.5 at the C-3 
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Table 3.2. Synthesis of p-CF 2 H- and CF3-a-TIPSO-p-amino esters 

ΎΥ MeOH.DMAP.EtaN, 

<T\ 2 5 « C , 1 2 h H 
2.15H (Rf = CF 2H) 3.3H (Rf = CF 2H) 
2.16(+) (Rf = CF 3 ) 3.4(+) (Rf = CF 3) 

entry β-lactam configuration Rf R 
p-R ra-TIPSO-
β-amino ester 

configuration yield (%) 

1 2.15a(-) 3S.4S CF 2 H f-Boc 3.3a(-) 2S.3S 98 

2 2.15b(-) 3S,4S CF 2 H Cbz 3.3b(-> 2S.3S 78 

3 2.15cH 3S.4S CF 2 H Tosyl 3.3c(-) 2S.3S 87 

4 2.16a(+) 3R.4R C F 3 
f-Boc 3.4a(+) 2R3R 70 

5 2.16b(+) 3R.4R C F 3 
Cbz 3.4b(+) 2R.3R 58 

6 2.16c(+) 3R.4R C F 3 
Tosyl 3.4c(+) 2R.3R 100 

Source: Reproduced with permission from reference 26. Copyright 2004 Elsevier. 

position, followed by deprotection and hydrolysis (Scheme 3.1). The β-lactam 
enolate was generated by treating 3.5 with LDA at -30 °C, where 
dimethylphenylsilyl (DMPS) was used as the O-protecting group instead of very 
bulky TIPS since this reaction is sensitive to the bulkiness of the C-3 substituent. 
This enolate was reacted with methyl iodide at -78 °C to give O-DMPS-3-
methyl-P-lactam 3.6 as single diastereomer in 65% yield. After the removal of N-
PMP group with CAN, acidic hydrolysis gives p-CF3-a-hydroxy-a-methyl-p-
amino acid 3.7. 3-Methyl-β-lactam 3.6 can also be converted to iV-/-Boc-3-
methyl-β-lactam 3.8, which would serve as another useful synthetic intermediate 

H C I . H 2 N - ^ T " O H 1. CAN 
DMPSO ,R f 1 _ 7 8 0 C D M P S Q , f β , / 2 6 N H C I HO Me PK THF Π 3.7 

Ο PMP 2. Mel (f >MP 
3.5 65%(R f=CF 3) 3 6 \ 1 c a n D M P S o J ^ R f 

2.Ô0C2Ô * ΓΊ 
TEA, DMAP 

Boc 
3.8 

Scheme 3.1 
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for the introduction of a conformationally restricted CF3-eontaining a-hydroxy-
β-amino acid residue to fluoro-peptides and peptidomimetics. The same 
procedure is applicable to other R f groups including difluoromethyl group. 

3.3. Synthesis of Rf-containing isoserine dipeptides through efficient ring-
opening coupling JV-acyl-p-lactams with amino esters 

The ring-opening coupling of JV-acyl-p-lactams, 2.15 and 2.16 with 
various a- and β-amino acid esters provides a very easy access to a library of Rf-
containing isoserine dipeptides. Since these coupling reactions do not need any 
peptide coupling reagents such as N. N-dicyclohexylcarbodiimide (DCC) and 
iV^JV-diisopropylcaifcodiimide (DIC), the "atom economy" (35) is extremely 

Table 3.3. Ring-opening coupling of 7V-acyl-p-lactams with amino esters 

a-AA-OMe.HCI 

/ NMM,CH2Cl2,25 0C 
T I P S O R TIPSO 

2 . 1 5 ( . ) ( R T = CF2HV P-AlaOEt-HCI 
2.16(+)(R, = CF 3 ) N M M , C H 2 C ! 2 , 2 5 ° C T | p s o 

0 Ç2 

COO Me 

R-HN 

3.9 (Rf = CF 2 H) 
3.10 (R f =CF 3 ) 

N - ^ C O O E t 
H 
3.11(Rf = CF 2 H) 
3.12 (Rf = CF 3 ) 

entry β-lactam configuration Rf R amino ester reaction 
time (h) 

dipeptide isolated 
yield (%) 

1 2.15a(-) 3S.4S CF 2 H i-Boc (S)-Phe-OMe 24 3.9a no ran 

2 2.15a(-) 3S.4S CF 2 H i-Boc Gly-OMe 18 3.9b 62 

3 2.15a(-) 3S.4S CF 2 H f-Boc β-Aia-OEt 18 3.11a 50 

4 2.15c{-) 3S.4S CF 2 H Tosyi (S)-Vai-OMe 12 3.9c 82 

5 2.15c(-) 3S.4S CF 2 H Tosyl (S)-Leu-OMe 12 3.9d 94 

6 2.15c(-) 3S.4S CF 2 H Tosyl (S)-Met-OMe 12 3.9e 89 

7 2.15c(-) 3S.4S CF 2 H Tosyl (S)-Phe-OMe 12 3.9f 83 

8 2.15d(-) 3S.4S CF 2 H 4-F-Bz (S)-Phe-OMe 12 3.9g 100 

9 2.16b(+) 3RAR C F 3 Cbz (S)-Phe-OMe 96 3.10a 65 

10 2.16b(+) 3R.4R C F 3 Cbz p-Ala-OEt 48 3.12b 65 

Source: Reproduced with permission from reference 26. Copyright 2004 Elsevier. 
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high. The coupling reactions gave the corresponding Rf-containing isoserine 
dipeptides, 19-22, in good to quantitative yields. Results are summarized in 
Table 3.3. 

The results described above as well as our previous works (36,37) allow us 
to envision the versatile utility of the iV-acyl-3-PO-4-Rf-lactams (P = hydroxyl 
protecting group) for the synthesis of Rrcontaining isoserine dipeptides, 
depsipeptides, peptidomimetics, and key synthetic building blocks for Rr 
containing hydroxyethylene, dihyroxylethylene, and hydroxyethylamine 
dipeptide isosteres. Scheme 3.2 illustrates the possible transformations of N-t-
Boc-3-PO-4-Rrlactams. 

Scheme 3.2 

3.4. Synthesis of C F 2 H - and CF3-containing taxoid anticancer agents 
through ring-opening coupling of JV-acyl-P-lactams with baccatins 

As a part of our continuing work on the synthesis and structure-activity 
relationship studies of fluoro-taxoid anticancer agents (38,39), we applied the 
ring-opening coupling reaction of (3i?,4i^)-iV-?-Boc-3-TIPSO-4-Rrp-lactams, 
2.15a and 2.16a, with baccatins for the synthesis of two new fluoro-taxoids. 

Thus, the reactions of (3^,4JR)-N-/-Boc-3-TIPSO-4-CF2H-p-lactam 2.15a 
and (3i?,4i^)-N-/-Boc-3-TIPSO-4-CF3-P-lactam 2.16a with 2-debenzoyl-2-(3-
chlorobenzoyl)-10-deacetyl-10-propanyl-baccatin (3.13) and with 2-debenzoyl-
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2-(3-azidobenzoyl)-10-deacetyl-1O-propanylbaceatin (3.14), respectively, were 
carried out in the presence of LiHMDS in THF at -40 °C. The subsequent 
removal of the silyl protecting groups by HF/pyridine gave the corresponding 
new fluoro-taxoids 3.15 and 3.16 in fairly good overall yields (Scheme 3.3). 

i) LiHMDS, THF, -40° C; ii) HF/Py, Py/CH 3CN, 25 °C. R ^ C p 3 ' X = N 3 

Scheme 3.3 

Cytotoxicity of the two new fluoro-taxoids was evaluated in vitro against 
both types of human breast cancer cell lines, sensitive and drug resistant. The 
IC 5 0 values were determined through 72 h exposure of the fluoro-taxoids to the 
cancer cells according to protocol developed by Skehan et al (40). As Table 3.4 
shows, the new fluoro-taxoids, 3.15 and 3.16, possess more than two orders of 
magnitude higher cytotoxicity than paclitaxel against the drug-resistant cell lines, 
MCF7-R and LCC6-MDR, and several times higher potency than paclitaxel 
against the drug-sensitive cell lines, MCF7-S and LCC6-WT. Accordingly, these 
two fluoro-taxoids are highly promising additions to the arsenal of the "second-
generation taxoid anticancer agents". 

Table 3.4. In vitro cytotoxicity (IC 5 0 nM) a of fluoro-taxoids 

taxoid MCF7-S 
(breast) 

MCF7-R 
(breast) 

R/S* LCC6-WT 
(breast) 

LCC6-MDR 
(breast) 

R/S b H460 
(ovarian) 

HT-29 
(colon) 

Paclitaxel 1.8 484 269 3.4 216 64 5.5 3.6 

3.11 0.6 6.4 11 0.6 3.1 5.2 0.3 0.5 

3.12 0.4 2.6 6.5 1.2 1.6 1.3 0.2 0.4 

•The concentration of compound which inhibits 50% ( IC50) of the growth of the human tumor cell line after 72 h drug 
exposure. *R/S = drug-resistance factor = ICS0(drug-resistant cell HneJ/ICsoidrug-sensitive cell line) 

Source: Reproduced with permission from reference 26. Copyright 2004 Elsevier. 
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4. Conclusion 

Efficient methods have been developed for the synthesis of 3-hydroxy-4-Rr 
β-lactams (>99% ee) (Rf = CF 2 H and CF3) through ketene-imine cycloaddition, 
followed by enzymatic optical resolution. Enantiopure 1 -acyl-3-hydroxyl-4-Rrβ-
lactams, readily obtained from the 3-hydroxy-4-Rf$-lactams via iV-acylation, 
serve as versatile intermediates for the synthesis of a variety of fluorine-
containing a-hydroxy^-amino acids, isoserine dipeptides, and taxoid anticancer 
agents. 
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Chapter 32 

Synthesis of Fluorinated Prolines and Pyroglutamic 
Acids 

Feng-Ling Qing1,2 and Xiao-Long Qiu1 

1Key Laboratory of Organofluorine Chemistry, Shanghai Institute 
of Organic Chemistry, Chinese Academy of Sciences, 354 Fenglin Lu, 

Shanghai 200032, China 
2College of Chemistry and Chemistry Engineering, Donghua University, 

1882 West Yanan Lu, Shanghai 200051, China 

Recent achievements in the synthesis of fluorinated prolines 
and pyroglutamic acids are described. 4(3)-Fluoroprolines and 
4,4(3,3)-difluoroprolines were prepared by the fluorination of 
4(3)-hydroxyprolines and 4(3)-ketoprolines respectively. 4-
Trifluoromethyl- and 4-difluoromethylprolines were obtained 
starting from the fluorine-containing building blocks. The 
oxidation of fluorinated prolines provided fluorinated 
pyroglutamic acids. 

562 © 2005 American Chemical Society 
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It is well recognized that the introduction of fluorine atom(s) into many 
biologically active molecules can bring remarkable and profound changes in 
physical, chemical and biological properties (/). Of these fluorinated compounds, 
the area of fluorinated amino acids (FAAs) is rapidly expanding, taking an 
importent place (2). Besides being ultilized as a powerful tool for illumination of 
the principles of protein design (3), FAAs has also found their application in 
medicinal, agricultural and material sciences (4). Cyclic FF As recently received 
increased attentions because their incorporation of medium size ring into key 
positions in peptide chains plays an important role, which constitutes the most 
prominent pathway to conformationally constrained peptide-mimetics (5). Thus, 
synthetic routes towards cyclic conformationally constrained fluorinated amino 
acids have been intensively developed, although there are many syntheses of 
acyclic fluorinated amino acids (2),(6). 

Prolines and pyroglutamic acids are two types of very important 
conformationally constrained amino acids and have been extensively used in the 
pharmaceutical industry, protein design and engineering (7). In connection with 
the importance of fluorinated amino acids and the rigidity of the two types of 
amino acids, a series of fluorinated prolines and pyroglutamic acids were 
recently synthesized. 

Syntheses of fluorinated prolines 

Prolines substituted at 4-position have shown to enhance the thermal stability 
of collagenmimetic triple helices, with frajw-4-fluoroproline yielding the most 
striking results (7). In general, 4-fluoroproline derivatives 3 and 4,4-
difluoroproline derivatives 4 were prepared from the corresponding 4-hydroxy 
proline derivatives 1 and 4-keto proline derivatives 2 via direct fluorination with 
DAST (8), morph-DAST (9), 2-chloro-l,l,2-trifluorotriethylamine (8a), and 
C 4 H 9 S0 2

I 8 F (10) (Scheme 1). In addition, 4-fluoroproline derivatives were also 
prepared via nucleophilic substitution of 4-tosyloxyproline derivatives (//). 

HO Ε 

/ " λ # fluorination reagents / V 

^ N ^ e 0 2 R 2 " ^ N ^ C 0 2 R : 2 

O 1 F 3 

J V fluorination reagents / y 

R 2 R 4 
fluorination reagent; DAST, Morph-DAST, 2-Chloro-1,1,2-trifluorotriethylamine,C4H9S02F 

Scheme 1. General strategies for 4-fluorinated prolinates. 

In 1976, Wakseman et al. (12) reported the synthesis of racemic methyl N-
terM-trifluoromethylproline by means of a [3+2] cycloaddition. Recently, Boc-
protected cis- and ira«s-4-trifluoromethyl-D-prolines were also synthesized 
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starting from Garner's aldehyde 5 (Scheme 2) (13). The key step is construction 
of proline ring skeleton via the cyclization reaction. The compound 6 was 
prepared from 5 in two steps according to the reported procedures. Initial 
hydrogénation of the double bond with Raney Ni in MeOH followed by 
reduction of the ester group with UAIH4 afforded the alcohol 7 in 94% yield. 
Benzylation of 7 followed by hydrolysis of the hemiaminal moiety with 80% 
AcOH afforded 8 in 75% yield over two steps. Protection of 8 with a TBDMS 
group gave 9 and the two diastereoisomers could be separated by flash 
chromatography. Hydrogénation of 9a and 9b gave the alcohol 10a and 10b in 
99 and 91% yield, respectively. Mesylation of 10a and 10b followed by 
treatment with KHMDS furnished the desired cyclisation products 11a and lib 
in 83 and 80% yield, respectively, yield. Removal of the protecting groups 
followed by oxidation with the Jones reagent gave the desired Boc-protected 
trans- and cw-4-trifluoromethyl-D-prolines 12a and 12b. 

Scheme 2. Reagents and conditions: (a) i . H 2 , Raney Ni, MeOH, rt, overnight; ii . 
L1AIH4, Et 20, 0°C; (b) BnBr, NaH, TBAI, THF, rt, 5 h; (c) 80% aq. AcOH, 
50°C, overnight; (d) TBDMSC1, imidazole, CH2C12, rt, 1 h; (e) 10% Pd/C, H 2 , 
EtOH, rt, overnight; (f) i . MsCl, Et 3N, CH2C12, rt, overnight; i i . KHMDS, THF, 
0°C, 24 h; (g) TBAF, THF, rt, 2 h; (h) Jones reagent. 

Goodman and Del Valle (14) stereoselective^ synthesised Boc-protected cis-
and *ra«s-4-trifluoromethyl-L-prolines by asymmetric hydrogénation reactions 
as the key steps (Scheme 3). Treatment of the ketone 2 with 
trimethyl(trifluoromethyl)silane (CF3TMS) gave the tertiary alcohol 13 in 56% 
yield. Reduction of the ester group followed by selective protection of the 
resulting primary alcohol afforded 14 in 84% yield over two steps. Tosylation of 
the tertiary alkoxide of 14 followed by direct treatment with f-BuOK furnished 
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the key pyrroline intermediate 15 in 76% yield. The heterogenous hydrogénation 
of 15 with Pd/C as a catalyst resulted in almost complete removal of the TBDMS 
protecting group. The best facial selectivity (15:1, cisltram) was observed by 
using 5% Pd/C as a catalyst in EtOAc. Oxidation of 16 gave the desired Boc-
protected c*>4-trifluoromethyl-L-proline 17. On the other hand, removal of the 
protecting group of compound 15 followed by hydroxy-directed asymmetric 
hydrogénation of the compound 18 gave the fluorinated alcohol 19 in 77% yieid 
over two steps. The best diastereoselectivity (158:1, translcis) was obtained with 
2 mol% [Ir(cod)(py)PCy3] as a catalyst. Oxidation of 19 gave the Boc-protected 
a«#-4-trifluoromethyl-L-proline 20 in 96% yield. 

fv 

2(R1 = Boc,R 2 = 

t\ 
^ N ^ C H 2 O T B S 

Boc 1 5 

f 85% 
\ " ^ C H 2 O H 9 1 o / o % " ^ C H 2 O H ^ N ^ C 0 2 H 

l ι 
Boc ig Boc is 

Scheme 3. Reagents and conditions: (a) 2 equiv CF 3TMS, 2.1 equiv TBAF, 0°C 
to rt, 24 h; (b) i . NaBH* LiCl, EtOH:THF (2:1), rt, 18 h; ii . TBDMSC1, DMAP, 
CH2C12, rt, 18 h; (c) i . TosCl, NaH, 0°C to rt, 2 h; ii. 2 equiv f-BuOK, THF, -
40°C, 2 h; (d) H 2 (latm), Pd/C, EtOAc, rt; (e) NaCIO, NaC102, TEMPO, MeCN, 
pH 6.7 NaH 2P0 4 buffer (0.67 M), 45°C, 24 h; (f) TBAF, THF, rt, 30 min; (g) H 2 

(latm), 2 mol% [Ir(cod)(py)PCy3], CH2C12, rt, 4 h. 

In addition, Boc-protected eis-4-trifluoromethyl- and cw-4-difluoromethyl-L-
prolines were also been synthesized via another short and efficient route from the 
key intermediate 2 (15). Trifluoromethylation of the carbonyl group of 2 with 
CF 3TMS gave an alcohol 21 in 81% yield (Scheme 4). The alcohol 21 was 
treated with SOCl2/pyridine under reflux conditions to give the olefin 22 in 78% 
yield. Hydrogénation and deprotection of 22 with Pd/C as a catalyst in EtOH 
yielded a single diastereoisomer, i\T-Boc-cw-4-trifluoromethyl-L-proline 23. On 
the other hand, treatment of 2 with CF2Br2/Zn/HMPT in THF gave the olefin 24 
in 48% yield. Hydrogénation of 24 stereoselectively afforded the fluorinated 
amino acid, JV~Boc-eis-4-difluoromethyl-L-proline 25. 
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0. OH F3C 

k N ^ c ° 2 r 2 8 1 % ^ N ^ C 0 2 B n 78% ^ N ^ C 0 2 B n 
11 ι ' 

•? 2 (R1 = Boc, R 2 = Bn) B o c 21 ^ 0 C 22 

F 448%
 c |90% 

FA_ f2hc F 3 C 

I I I 

Boc 24 Boc 25 Boc 23 

Scheme 4. Reagents and conditions: (a) i . CF3SiMe3, TBAF (cat), rt, overnight; 
ii . satd. aq. NH4CI, rt, 15 min, then TBAF, rt, 1 h; (b) SOCl2, pyridine, reflux, 20 
min; (c) Pd/C, H 2 , EtOH; (d) CF 2Br 2, Zn, HMPT, THF, reflux, 3.5 h. 

In 2001, Dugave et. al (16) reported the synthesis of optically pure iV-Boc-
protected 3-fluoroprolines 28 and 31 (Scheme 5). The key steps were 
introduction of fluorine atom into 3-position of proline derivatives via 
fluorination of compounds 26 and 29 with DAST. After hydrogénation of the 
resulting compounds 27 and 30, the target molecules 28 and 31 were obtained in 
26% (four steps) and 13% (seven steps) yield, respectively. 

r\ « c q , a r\ b r\ 
I I I I 

Tr B o c 26 B o c 27 Boc 28 
71% 

r\ *-.r~V ~^C\ - ^ Γ Ύ 
^ N ^ C 0 2 B n 82% ^ N ^ C 0 2 B n 38% ^ N ^ C 0 2 B n 96% ^ N ^ C 0 2 H 

ι I i t 
Tr Boc 29 Boc 30 Boc ^ 

Scheme 5. Reagents and conditions: (a) DAST, CH2C12; (b) H 2 , Pd/C, MeOH; (c) 
TFA, CH2C12; (d) PPh3, DEAD, PhC0 2H, toluene, then KOH in MeOH; (e) 
HC0 2 H, 1,2-dichloroethane, then Boc20, Et 3N, CH2C12. 

Synthesis of 3,3-difluoroproline was first realized by Coward et al in 1993 
(17). Compound 32 was obtained in 73% yield by oxidation of 6-hydroxy-l-aza-
3-oxabicyclo[3.3.0]octan-2-one under Swern conditions. Treatment of 32 with 
DAST furnished the difluorinated compound 33 in moderate yield (Scheme 6). 
Hydrolysis of bicyclic compound 33 to the prolinol derivative followed by 
protection of amino group, oxidation of hydroxymethyl and esterifization 
provided the 3,3-difluoroproline derivative 34. 
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Ν ^ 64% 

w 32 
Scheme 6. Reagents and conditions: (a) DAST, CH2C12, -78°C to rt; (b) ί. 6N 
HC1, heat; ii. Boe20, NaHC0 3, CHC13, H 2 0; iii. Ru0 2 xH 2 0, 10% NaI04, 
EtOAc; iv. CH 2 N 2 , Et 20. 

Later, Shi et al (18) also synthesized racemic 3,3-difluoroproline 39 starting 
from δ,ε-unsaturated β,β-difluoro-a-keto ester 35. Treatment of the ester 35 with 
H 2NOCH 3 followed by reduction with Zn powder and protection of the resulting 
amino group afforded the amino ester 36 (Scheme 7). Ozonolysis of the ester 36 
followed by treatment with Me2S provided the cyclic hemiaminal 37 in high 
yield. After removal of the protecting group by hydrogénation, the resulting 
cyclic imine was further concomitantly reduced under the hydrogénation 
condition to yield the hydrochloride salt 38. The compound 38 was subjected to 
acidic hydrolysis to furnish the desired 3,3-difluoroproline 39. 

F F F 
. C 0 2 E t _ ! _ ^ ^ l X v . C 0 2 H _ b _ ^ 

72% ^ Τ 95% 
3 5 NHCbz 36 

H O - ^ N / ^ C 0 2 E t 78% ^ N ^ C 0 2 E t 83% S

N

 C 0 2 H 

I I I 
Cbz 3 7 H 3 8 H 3 g 

Scheme 7. Reagents and conditions: (a) i . H 2NOCH 3, EtOH, 40°C; ii. Zn, aq. 
HC0 2 H; iii. Boc 20; (b) i . 0 3 , CH2C12; i i . Me2S; (c) H 2 , Pd/C, HC1, MeOH; (d) 
6N HC1, reflux. 

Syntheses of fluorinated pyroglutamic acids 

Pyroglutamic acid and its derivatives are important amino acids in many 
bioactive compounds and recently, there have appeared many reports about the 
synthesis and charterization of substituted pyroglutamic acids and peptides 
containing them (19). 4-Substituted groups of pyroglutamic acids play an 
important role for conformation and activity of pyroglutamic acid derivatives 
(20). 

The Ru0 4 oxidation of fluorinated proline derivatives is the general strategy 
for the synthesis of fluorinated pyroglutamic acid derivatives. 3,3-Difluoro-,17 4-
fluoro- (8a), (8b), (21), 4-trifluoromethyl- (22), 4-difluoromethyl (22)-
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pyroglutamic acid derivatives were conveniently synthesized by means of this 
strategy (Scheme 8) although it cannot be applied to the synthesis of 4,4-
difluoropyroglutamate due to the strong electron-withdrawing CF 2 group at C-4. 
In addition, cis-4-fluoro-L-pyroglutamate could also be prepared via direct 
fluorination of 4-hydroxy-L-pyroglutamate with DAST (25). 

rVF NalQ4/RuQ2 y-VF 

^ N " ^ C 0 2 P *~ 0 ^ N ^ C 0 2 P 

_2 R —ο R 

y-v Nal04 / Ru02 

^ N ^ C 0 2 P 0 ^ N ^ C 0 2 P 
Ρ Ρ 

a. R1 = F, R2 = H; b. R1 - CF3, R2= H; c. R1 = CHF2, R2=H 
Ρ = protecting groups 

Scheme 8. General strategies for fluorinated pyroglutamates. 

A 4,4-difluoropyroglutamic acid derivative was prepared starting from 
enantiomerically pure bicyclic lactam 40 (24), derivated from pyroglutamic acid 
(Scheme 9). Electrophilic fluorination of the compound 40 with N-
fluorobenzenesulfonimide (NFSi) gave the difluorinated lactam 41 in 42% yield, 
which was further converted to 4,4-difluoropyroglutamate 42 via acidic 
treatment followed by oxidation and esterification. Similarly, 4-
fluoropyroglutamate 44 could be synthesized from 2-pyrrolinone 43 (25). In 
addition, Tolman et al. (26) also synthesized 4-fluoropyrogiutamic acid by 
means of cyclization of the corresponding 4-fluoroglutamic acid. 

Scheme 9. Reagents and conditions: (a) i. LDA, NFSi, THF, -78°C; ii. LDA, 
NFSi, THF, -78°C; (b) i . AcOH, CH 3CN, H 2 0, 90°C; ii. H 2Cr0 4 , acetone; iii. 
CH 2 N 2 ; (c) i . LDA, THF, -78°C; ii . NFSi, THF, -78 to 55°C; (d) i . TFA, Et3SiH, 
CH2C12,0°C or HC1, MeOH; ii. Oxidation; iii. CH 2 N 2 , Et 20. 
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Besides the aforementioned strategy, 3-fluoro-pyrogiutamic acid 46 was also 
synthesized via direct treatment of the D,L-erythro-3-hydroxyglutamic acid 45 
with SF4 in liquid hydrogen fluoride at -78°C (Scheme 10) (27). 

0 N X C ° 2 H 

A 
45 46 

Scheme 10. Reagents and conditions: SF4, liquid HF, -78°C. 

Recently, 4-monofluoromethylenyl- and cw-4-monofluoromethyl-L-
pyroglutamic acids 49 and 51 were prepared in an accidentally found 
dehydrogenation reaction (Scheme 11) (28). Treatment of the cis-4-
difluoromethyl-L-pyroglutamate 47 with organic amino base (Et3N being the 
best) yielded the defluorinated compound 48 in high yield. Following 
hydrogénation of resulting defluorinated compound 48 afforded the compound 
50 in good diastereoselectivity and good yield. One-step removal of protective 
groups with TFA successfully provided 4-monofluoromethylenyl- and cis-4-
monofluoromethyl-L-pyroglutamic acids 49 and 51. 

F 2 H C H H 
I \ a J H j j V v 

0 ^ N ^ C 0 2 ' B u - ^ r O ^ N ^ C C V B U 7 2 % 0 ^ N ^ C 0 2 H 

B o c 4 7 Boc 4 8 Η 4 9 

c 178% 
F H 2 Ç J F H 2 C 

0 ^ N ^ C 0 2 < B u 66% 0 ^ N ^ C 0 2 H 

* O C 50 " 5 1 

Scheme 11. Reagents and conditions: (a) organic amino base, rt. (b) TFA, 
CH2C12, rt; (c) Pd-BaS04, H 2 , EtOAC or dioxane. 
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Chapter 33 

Synthesis and Properties of New Fluorinated 
Peptidomimetics 

Monica Sani, Marco Molteni, Luca Bruché, Alessandro Volonterio*, 
and Matteo Zanda* 

C.N.R.-Istituto di Chimica del Riconoscimento Molecolare, sezione 
"A. Quilico", and Dipartimento C.M.I.C. "G. Natta", Politecnico di Milano, 

via Mancinelli 7, I-20131 Milano, Italy 

Stereocontrolled protocols, both in solution and in solid-phase, 
for the synthesis of many different fluoroalkyl peptidomimetics 
are surveyed in this paper: (a) Tfm-malic peptidomimetics as 
micromolar inhibitors of some matrix metalloproteinases; (b) 
partially modified retro (PMR) and retro-inverso (PMRI)-

Ψ[CH(CF3)NH]-peptides with a strong proclivity to assume 
turn-like conformations; (c) Ψ[CH(CF3)NH]-peptide mimics 
holding a great potential as hybrids between natural peptides 
and hydrolytic transition state analogs; (d) the first PMR
-peptides incorporating a trifluoroalanine surrogate. 

Introduction 
In bioorganic and medicinal chemistry, judicious introduction of fluorine 

atoms or appropriate fluorinated functions into a molecule has become a first 
choice in order to modify and tune its biological properties (1-3). Thus, for 
example, a fluorine atom has been used with great success,as a replacement for a 
hydrogen atom or a hydroxy group, a CF 2 has been used as a mimic for an 
oxygen atom, the CF 3 as an isostere of methyl, isopropyl, phenyl (3b% and so on. 

In the realm of peptides, incorporation of tailored fluorinated functions has 
been used to replace and/or mimic critical peptide bonds. For example, a 

572 © 2005 American Chemical Society 
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fluorovinyl group has been demonstrated to be a hydrolytically stable 
replacement for a peptide bond and a much better electronic mimic than the 
unfluorinated vinyl function (4). Another important application consists in the 
incorporation of a CF 3CO or COCF2CO function in a key backbone position in 
order to achieve inhibition of proteolytic enzymes, in particular serine proteases, 
thanks to the ability of the fluoroalkyl group to stabilize the gem-diolic form, that 
is able to mimic the hydrolitic transition state (5,6). Recently, fluorinated amino-
acids (trifluoroleucine, trifluorovaline, trifluoromethionine, etc.) have been 
incorporated into protein structures, resulting in a deep modification of 
properties such as enhanced thermal and chemical stability, affinity for lipid 
bilayer membranes, stronger self-association, and so on (7-10). In another 
interesting application, 4-fluoroproline has been demonstrated to bring about 
peculiar conformational features to collagen-like structures, depending on the 
stereochemistry of the fluorinated stereogenic center (11). 

However, very little is known about the synthesis and the properties of 
backbone-modified peptides with fluoroalkyl functions incorporated in critical 
positions. With this in mind, about five years ago we undertook a study aimed at 
a better understanding and rationalization of the "fluorine-effect" in 
peptidomimetic structures. 

Trifluoro-analogs of Peptidomimetic Metalloproteinase 
Inhibitors 

Matrix metalloproteinases (MMPs) are zinc (Il)-dependent proteolytic 
enzymes involved in the degradation of the extracellular matrix (12-15). More 
than 25 human MMPs have been identified so far. Loss in the regulation of their 
activity can result in the pathological destruction of connective tissue, a process 
associated with a number of severe diseases, such as cancer and arthritis. The 
inhibition of various MMPs has been envisaged as a strategy for the therapeutic 
intervention against such pathologies. To date, however, a number of drawbacks 
have hampered the successful exploitation of MMPs as pharmacological targets. 
In particular, the toxicity demonstrated by many MMPs' inhibitors in clinical 
trials has been ascribed to nonspecific inhibition. 

Recently, Jacobson and coworkers described a new family of potent 
peptidomimetic hydroxamate inhibitors A (Fig. 1) of MMP-l , -3 and -9, bearing 
a quaternary ct-methyl-alcoholic moiety at PI position, and several different R 1 

groups at ΡΓ (16). Interestingly, the other stereoisomers, including the epimers 
at the quaternary carbinol function, showed much lower activity, as the authors 
demonstrated that the hydroxamic binding function was moved away from the 
catalytic Zn 2 + center. 
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P1 

H HQ R O R HO^YV^NV^3 

o à 1 H ο 

Ρ1· P2* P3* 

£ R = CH3; 1 R = CF3 

Figure 1. The DuPont Merck's MMP inhibitors (A) and their CFranalogues 
ai 

We hypothesized that incorporation of fluoroalkyl substituents on the PI 
quaternary position of the inhibitors A could be an effective strategy for 
changing and tuning their binding properties. In fact, albeit the a-CF3 group was 
expected to diminish to some extent the chelating properties of the hydroxamate 
function, this could lead to increased selectivity toward the different MMPs. We 
therefore accomplished the synthesis of the Tfm-analogs 1 (Fig. 1) of A, and 
studied the effect of the replacement of the a-CH 3 group with a CF 3 on the 
inhibition of MMPs (17). 

We decided to concentrate our efforts on the substrates 1 having R l = 
(CH2)3Ph, since their analogs A were reported to be very active. First attempts to 
synthesize the α-Tfm-malic unit of 1 via titanium (IV) catalyzed aldot reaction 
of trifluoropyruvic esters with enantiopure i\T-acyl oxazolidin-2-ones gave 
disappointing results (18). Although this reaction was per se satisfactory (61-
87% yields, d.r. up to 8:1 depending on the N-acyl group), the subsequent 
exocyclic cleavage of the oxazolidin-2-one auxiliary could not be performed, 
despite intensive efforts. We therefore turned our attention to oxazolidin-2-
thiones (19), whose cleavage was reported to occur much more smoothly (20). 

The TiCl 4 catalyzed reaction of the N-acyl-oxazolidin-2-thione 2 (Figure 2) 
with ethyl trifluoropyruvate 3 afforded the two diastereomeric adducts 4 and 5, 
out of four possible, in low diastereomeric ratio. The reaction featured a 
favourable scale-up effect, affording ca. 70% yield on a hundreds-milligrams 
scale, and 90% on a ten-grams scale. A number of alternative conditio ι were 
explored, but neither significant improvement nor switch of the diastereocontrol 
could be achieved. 

The synthesis of the major diastereomer derivatives lla-c (Fig. 3) was 
developed first. Under the standard conditions reported in the literature (BnOH, 
cat. DMAP, DCM, r.t.) the exocyclic cleavage of the oxazolidinone on 4 was 
very slow, affording modest conversion to the corresponding Bn-ester and partial 
epimerization of the secondary stereocenter. 
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:o 2Et 

0 2 E t + O ^ N ^ S ^ C 0 2 E t 

Βη S 5 

Minor ^ P h 

d.r. 2.7:1.0 
yield 72% (hundreds mgs scale), 
90% (10 grams scale) 

Figure 2. Stereocontrolled synthesis of the Tfm-malic framework. 

However, we found that solid K 2 C 0 3 in moist dioxane (rt, 10-12 h), was able to 
produce directly the key carboxylic acid intermediate 6 in satisfactory yields and 
with very low a-epimerization (2%). 

S O F 3 C F 3 C HO ^ F 3 9 ? 2 

0AN*Y%t& H 0 ^ C Y ^ C 0 2 E t HOAt/HATU E t O ^ ^ N ^ ^ 3 

^~in \ , moist dioxane Ν a TMP, DMF Ρ * Γ ^ ° 
B N \ 4 10 hours ( 7 1 % ΐ Ί 6 R2

 8 a R 2 = f-Bu(71%) 
Major ^ P h v P h H 2N -%" n h c h 3 J 8b R = p-MeO-Bn (65%) 

7a-c 8c R 2 = (CH2 ) 3NHBoc (68%) 

Ç F 3 Ο 

Me0H/H 20 7:3 H n Γ Χ ^ Λ Ν Λ ^ Ν Η Ο Η 3 BrFO(OEt)2 B n O H N C X T V ^ Y 
, „ ' * 2 i Η A TMP.DMF p h ^ s / H ° (92-96%) Ο C H 2 C , 2 Ph v 

9 a " c 10a R 2 = f-Bu (61%) 

HO VÇ f3 9 P 2 

H O — N H } ^ X N A N H C H 3 

M E 0 H ' R T Ο Ξ

Ν

 H Ο 11a R 2 = f-Bu(87%) 

10b R 2 = p-MeO-Bn (60%) 
10c R 2 = (CH2 ) 3NHBoc (32%) 

H2/Pd(OH)2 

11b R 2 = p-MeO-Bn (79%) 
11c R 2 = (CH2 ) 3NHBoc (60%) 

Figure 3. Total synthesis of the hydroxamates derived from the major 
diastereomer. 

Coupling of the acid 6 with α-amino acid amides 7a-c was achieved in good 
yields with the HOAt/HATU system (21). The resulting peptidomimetic esters 
8a-c were submitted to saponification, affording the acids 9a-c in high yields. 
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The subsequent coupling of 9a-c with 0-Bn hydroxylamine proved to be 
extremely challenging, owing to the low reactivity and high steric hindrance of 
the carboxylic group bound to the quaternary ct-Tfm carbinolic center. A number 
of "conventional" coupling agents for peptides were unsuccessfully tested, but 
finally we found that freshly prepared BrPO(OEt)2 was able to promote the 
coupling in reasonable yields (32-61%). With lOa-c in hand we addressed the 
final O-Bn cleavage by hydrogenolysis that provided the targeted hydroxamates 
lla-c in good yields. 

Since lla-c are the "wrong" diastereomers with respect to A, we deemed it 
necessary to synthesize at least one analog having the correct stereochemistry, in 
order to have a complete set of biological data on the effect of the introduction 
of the Tim group. However, a tailored synthetic protocol had to be developed 
ex-novo, because the minor diastereomer 5 (Fig. 4) featured a dramatically 
different reactivity in the key steps of the synthesis. Since we noticed that the 
coupling of 5 and 7a with HATU/HOAt gave rise to relevant amounts of the β-
lactone 13 (which had to be processed separately) besides the expected coupling 
product 14, we decided to prepare first the intermediate 13. 

5 moist dioxane 
12 hours 

I TMP.DMF I " ) 1 12 Ph-^S 1 3 

(72%) 

HOiF3l X NHCH mOWH 0 7 3 "<>'f 3 9 Τ H Q f 3 Î 
P h " ^ 14 JL P h - ^ H ° 15 Ph" 

^NHCH 3 

3:1 mixture (90% overall) 

1.BnONH 2, 
BrPO(OEt)2, TMP, DMF, 
ch2ci2 

2. Flash chromatogr. p h ^ 
Η 0 

17 (52%) 

MeOH, it 

Figure 4. Total synthesis of the hydroxamate derived from the minor 
diastereomer. 

The latter was reacted with free 7a, affording the desired molecule 14 in high 
yields. Basic hydrolysis of the ester 14 occurred effectively, although a partial 
epimerization of the [Ph(CH2)3]-stereocenter occurred, affording a 3:1 mixture 
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of diastereomers 15 and 16 which were subjected together to coupling with 
BnONH2. The resulting diastereomeric O-Bn hydroxamates could be separated 
by FC which afforded pure 17 that was hydrogenated to the target free 
hydroxamate 18. 

The hydroxamates lla-c and 18 were tested for their ability to inhibit 
MMP-2, MMP-3 and MMP-9 activity using zymographic analysis. The IC 5 0 

values (μΜ) portrayed in Table 1 show that diastereomers lla-c displayed low 
inhibitory activity, in line with the parent CH3-compounds. Disappointingly, 18 
showed a much lower activity than the exact CH3-analog A that was reported to 
be a low nanomolar inhibitor of MMP-3 and -9 (Kj = 13 nM toward MMP-3 and 
< 1 nM toward MMP-9). It is also worth noting that 11a and 18 showed little 
selectivity, whereas l i b and 11c showed a fairly better affinity for MMP-9, in 
comparison with MMP-2 and -3. A possible explanation for the dramatic drop of 
activity upon replacement of the quaternary methyl with a CF 3, is that 18, biased 
by the bulky CF3-group, is unable to assume the crucial binding conformation of 
the CH3-analog A. Alternatively, one can hypothesize that the bulky and highly 
electron-rich CF 3 group is unable to fit the SI pocket of the hitherto tested 
MMPs. 

Table 1. IC 5 0 (μΜ) of the target Tfm-hydroxamates. 

Compound MMP-2 MMP-3 MMP-9 
11a 156 > 1000 121 
l i b 407 > 1000 84 
11c 722 > 1000 23 
18 23 43 15 

Current work is actively pursuing the synthesis of novel fluorinated analogs 
of MMPs inhibitors having improved pharmacological properties. 

Partially-Modified Retro and Retro-inverso 
HNHCH(CF3)]Gly-Peptides 

The need of drug-like molecules retaining both activity and potency of the 
parent peptides, while being much more stable and orally active (22), has been a 
major driving-force for the development of a variety of peptide mimics. Two 
very attractive ways of generating bio-active peptide mimics with improved bio-
stability are: (a) to replace a peptide bond with a surrogate unit X, which is 
usually symbolized as ^ X ) (23-25); (b) to reverse all or some of the peptide 
bonds (NH-CO instead of CO-NH) giving rise to the so called retro- or partially-
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modifïed-retro (PMR) peptides, respectively (26-28). When the stereochemistry 
of one or more amino acids of the reversed segment is inverted, the resulting 
pseudo-peptide is termed as retro-inverso. A malonic unit is classically 
incorporated to provide partially-modified retro-peptides, while the direction can 
be restored incorporating an additional gem-diaminoalkyl unit Recently, we 
proposed a new strategy for generating peptidomimetic sequences, based on the 
idea of combining both the "surrogate-unit" and the "direction-reversal" 
strategies in a novel class of pseudo-peptides having a ti{NHCH(CF3)] instead of 
the y<NHCO) unit featured by retro-peptides (Fig. 5) (29,30). A first intuitive 
consequence of this structural modification is that the symmetry of conventional 
malonyl PM-retropeptides is broken, resulting in the generation of two families 
of regioisomeric PMR-^NHCH(CF 3)] and -^CH(CF3)NH]-peptides, each one 
existing in two epimeric forms at the CF3-substituted carbon. 

R 1 H ° r 2 

Μ Ο π Ο 
parent G ly-pep tide 

R Ο Ο R^ 

ο M H ο 
partially-modified 

retro- v>(NHCO)Gly-peptide 

R 1 C F 3 Ο R 2 

partially-modified 
retro-^(NHCH(CF3)]Gly-peptide 

(2 possible epimers) 

Β1
 Ο C F 3 R 2 

Ο Η Η Ο 
partially-modified 

retro-v4(CH(CF3)NH]Gly-peptide 
(2 possible epimers) 

Figure 5. Different isomers ofy[NHCH(CF$Gly- and ψ[CH(CFj)NHJ Gly-
retropeptides. 

In this way a great diversity of structurally related, potentially bio-active 
molecules can be created. Further important biological and physico-chemical 
features are expected to arise from the presence of the [CH(CF3)NH] group. For 
example, the ^[NHCH(CF3)]-surrogate should be veiy stable toward proteolytic 
degradation. Furthermore, the stereo-electronically demanding CF 3 group is 
expected to constraint the molecule, limiting the number of accessible 
conformational states and leading to peptidomimetics displaying well-defined 
conformational motifs. Last but not least, it should modify the binding properties 
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of the parent peptide, changing the hydrogen bonding or coordinative features of 
the ligand in the putative receptor sites. 

Our synthetic approach to the ^NHCH(CF3)]-containing dipeptide units 
involved an aza-Michael reaction of a series of structurally varied L-a-amino 
acid esters 19 (Fig. 6) with enantiomerically and geometrically pure Michael 
acceptors (S)-(E)-20. 

B1 R1 ç f 3 o R3 

X02Ĉ NHR2.HCI X02C^N>X^N>7 
19 R2 yo 

sym-coi!idine m a J o r 21 Ο 
+ • + 

3 r 0 0 m 3 

Ο R temperature R CF3 Ο R 
Jr-0 R2

 Jr-0 
20 Ο minor 22 Ο 

Figure 6. Aza-Michael reaction with amino-ester nucleophiles 19. 

Diastereomeric pseudo-dipeptides 21 (major) and 22 (minor) were formed 
in excellent yields at room temperature in 16-88 hours, under kinetic control. 
The solvent has a strong influence on stereoselectivity, and the best results were 
obtained in DCM (50% d.e.), while a substantial drop of d.e. was observed with 
more polar solvents such as ethanol, acetonitrile, THF, DMF or mixtures. The 
base also plays an active role, as demonstrated by the fact that the use of 
DABCO, instead of TMP, accelerates the reaction but slightly lowers the d.e. of 
the products. In the absence of a base, namely pre-generating the free a-amino-
ester from the hydrochloride by treatment with NaHC0 3, the diastereoselectivity 
was similar to that achieved with TMP. In the light of these results, DCM and 
TMP were used as, respectively, the solvent and the base of choice for the 
preparation of a number of pseudo-dipeptides 21. We could also demonstrate 
that the facial diastereoselectivity of these reactions is mainly controlled by the 
nucleophiles 19 rather than by the acceptors 20. The degree of 
diastereoselectivity, followed the trend R1 = iso-Pr > iso-Bu > Me > Bn > H (d.e. 
up to 78%). Modest d.e. was obtained with the cyclic α-amino ester L-Pro-OBn, 
but the reaction occurred also in this case with very good yield. On the other 
hand, the R 3 substituent on the oxazolidinone stereocenter had a lower effect on 
the stereoselectivity. No meaningful effect was exerted by the X group of the 
nucleophile. These results can be rationalized if one considers that in the absence 
of chelating agents JV-(£)-enoyl-oxazolidin-2-ones 20 exist in transoid 
conformation (as portrayed in Fig. 6 and 7), with the R 3 substituent pointed away 
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from the O C bond, thus exerting little control of the facial selectivity. In 
contrast, the R 1 side-chain of α-amino esters 19 should be spatially close to the 
forming stereogenic center in the transition state, therefore its influence is much 
more important. Chelation with Lewis acids for biasing the Tfm-oxazolidin-2-
ones 20 in cisoid conformation was tried with little success, probably due to their 
poor basic character. 

The method is viable for preparing longer PMR and PMRI 
^fNHCH(CF3)]Gly-peptidyl-oxazolidinones by using unprotected JV-terminal 
peptides as nucleophiles in the aza-Michael reactions with 20 that occur with 
excellent yields and good stereocontrol. 

The chemoselective cleavage of the oxazolidinone auxiliary was achieved in 
55-82% yields upon treatment of the oxazolidinone pseudopeptides 21, 22 and 
25 (Fig. 7) with LiOH/H 20 2 (31). The resulting pseudo-peptides having a 
terminal C0 2 H group were coupled with another α-amino ester. The final 
diastereomeric PMR tripeptides 23, 24 and PMRI tripeptides 26, orthogonally 
protected at the carboxy end-groups, and therefore suitable for further selective 
elongation, were obtained in quantitative yields, often as solid materials. 

A very interesting feature of PMR ^i^MlCH(CF3)]Gly-peptides like 23 is 
their weakly basic nature, which is due to the presence of the strongly electron-
withdrawing CF 3 in the α-position to the amino group. These compounds do not 
form stable salts with trifluoroacetic acid or 2N hydrochloric acid. One can 
therefore say that, in terms of basicity, the [NHCH(CF3)] moiety resembles more 
closely a retropeptide unit [NHCO] than a conventional secondary amine moiety. 

21 

ο 22 

25 O' 

Figure 7. i) LiOH, H202; ii) HATU/HOAt, sym-collidine, DMF, α-amino ester 
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The parallel solid-phase synthesis of small libraries of PMR-
¥tNHCH(CF3)]Gly tri-, tetra-, and pentapeptides, which in perspective should 
be applicable in the preparation of wider libraries of PMR- ¥f NHCH(CF3)] 
polypeptides for high-throughput biological screening, was also developed 
(32,33). As an example, in Fig. 8 the synthesis of PMR- ¥{NHCH(CF3)]Gly 
pentapeptides is described. The tripeptide resin H-Val-Val-Ala-Owang 27 was 
prepared by Fmoc-chemistry and subjected to the conjugate addition with 20a, 
taking place very effectively in 3 days at r.t. A 10:1 mixture of diastereoisomers 
28 was formed. In general these aza-Michael reactions in solid-phase occurred 
with diastereocontrols comparable with those in solution (see above). 
Interestingly, in the case of tripeptides as polymer supported nucleophiles, we 
observed the highest diastereoselection as compared with the conjugate additions 
of H-Val-OWang and H-Val-Gly-OWang (7:1 and 4.5:1 mixtures of 
diastereoisomers, respectively). This shows that additional stereocenters, even in 
remote positions of the nucleophile, can have a strong influence on the 
stereochemical outcome of the conjugate additions. 

The resin 28 was chemoselectively hydrolysed at the C-terminus by 
treatment with lithium hydroperoxide generated in situ. The resulting 
pseudotetrapeptide resin 29 was coupled (HOAt/DIC) with different α-amino 
acid esters generating, after release from the resin, the PMR- ^(NHCH(CF3)]Gly 
pentapeptides 30 with very good overall yields and purity. 

Bn ο 

1)H-AA-OX- HCI \ / __ . 
V / HOAt/DIC H Y O H\FA Η u X ^ o H ™p-DMAP<c?t) v^y 

Figure 8. Solid-phase synthesis of PMR y/[NHCH(CF3)]Gly-peptides. 

This method was also adapted to the solution and solid-phase synthesis of 
PMR- and PMRI-^[NHCH(CF3)]-Gly peptidyl hydroxamates (34,35% which are 
of interest since the HONHCO- end group is very effective in coordinating the 
Zn 2 + cofactor of MMP (see above). In the solid-phase approach, the 
hydroxylamine resin 31 (Fig. 9) was prepared in two steps from commercial 
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Wang resin, according to the method of Floyd (36), and coupled to an excess of 
L-Fmoc-Ala to give the protected alanine polymer 32, from which the Fmoc 
group was cleaved with 20% piperidine in DMF. The resulting resin-bound a-
amino hydroxamate was submitted to 1,4-conjugate addition with the achiral 
oxazolidin-2-one 33. As a general trend, low diastereoselectivity was observed 
in these aza-Michael reactions involving hydroxamates as nucleophiles. Thus, in 
analogy with the synthesis in solution, 34 were formed as nearly equimolar 
mixtures of epimers at the Tfm-substituted centre. Treatment of 34 with lithium 
hydroperoxide cleaved the oxazolidin-2-one with excellent chemoselectivity. 
Coupling of 35 to α-amino esters 36 afforded the tripeptidyl resins 37, from 
which the retro- and retro-inverso hydroxamates 38 were released in good yields 
and purity upon treatment with TFA. 

Tetrapeptidyl hydroxamates and a tripeptidyl hydroxamate having a 
methylamide terminus, which is often encountered in MMPs inhibitors, were 
prepared as well by the same method, thus demonstrating its wide scope. 

Figure 9. Solid-phase synthesis ofPMR yfNHCHfCFJJGly-peptidyt 
hydroxamates. 

The conformational features of PMR ^NHCH(CF3)]Gly-peptides were 
studied in detail. It has been shown that very simple PMR-peptides, such as the 
triamide 39 (Fig. 10), adopt turn-like nine-membered folding patterns with an 
intramolecular N-H 0=C hydrogen bond in the solid state, as well as in low-
polarity solvent solutions (37). Racemic ^NHCH(CF3)]-diamide 40 (Fig. 10) 
was synthesized in good overall yield by means of the standard protocol (see Fig. 
6 and 7). l H NMR spectroscopy supported by MD calculations showed the 
stability of turn-like conformations for 40 in a weakly hydrogen bonding solvent, 
such as CDC13, which are comparable to that of parent malonyl-based 
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retropeptides 39. Similar turn-like conformations were found in the solid-state, 
as demonstrated by X-ray diffraction studies of several ^NHCH(CF3)]Gly-
peptides, such as 41. 

This very interesting conformational behaviour is a likely consequence of 
two main factors: (1) severe torsional restrictions about sp3 bonds in the 
[CO-CH 2-CH(CF 3)-NH-CH(R)-CO] module, which is biased by the 
stereoelectronically demanding CF 3 group and the R side-chain; (2) formation of 
nine-membered intramolecularly hydrogen-bonded rings, which have been 
clearly detected both in CHC13 solution and in some crystal structures. 

f H 3 

CH 3 H a Ο 
Gellman's retro-peptide 

Predominant Turn-like conformation 
39 

CH 3 

40 
Conformation detected by NMR 
(600 MHz) through variable temperature 
and dilution experiments 

Η 
Me0 2 C^N 

Solid-state turn-like conformation 

Figure 10. Solution and solid-state conformation of some PMR 
^[NHCH(CF^]Gly-peptides. 
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The first factor seems to be more important, as turn-like conformations were 
found in the solid-state even in the absence of intramolecular hydrogen bonding. 
The relative configuration of the -C*H(CF3)NHC*H(R)- stereogenic centers 
was found to have a major effect on the stability of the turn-like conformation, 
which seems to require a syn stereochemistry, such as 23,41, whereas the 
diastereomers 24 investigated so far did not show the same conformational 
properties. 

This could represent a new general concept for the rational design of linear 
peptidomimetics incorporating a turn-like secondary structure. 

X-Ray diffraction and ab initio computational studies showed that the 
[~CH(CF3)NH-] group can be seen as a sort of hybrid between a peptide bond 
mimic and a proteolytic transition state analog, as it combines some of the 
properties of a peptidyl -CONH- group (low NH basicity, CH(CF 3)-NH-CH 
backbone angle close to 120 degrees, C~CF 3 bond substantially isopolar with the 
C=0) with some others of the tetrahedral intermediate [-C(OX)(0~)NH-] 
involved in the protease-mediated hydrolysis reaction of a peptide bond (high 
electron density on the CF 3 group, tetrahedral backbone carbon). 

A significant advancement in the development of backbone-modified 
peptidomimetics having a [CH(CF3)NH] module as a replacement of a peptide 
bond [CONH], is represented by ^CH(CF3)NH]Gly-Peptides 42 (Fig. 11) (38), 
which are much closer to natural peptides than PMR-^NHCH(CF3)]Gly-
peptides. 

^CH(CF3)NH]Gly-Peptides 

parent peptide ^CH(CF3)NH]-peptide 

R 1 C F ^ Ο R 2 

partially-modified 
retro-^(NHCH(CF3)]-peptide hydrolytic intermediate 

Figure 11. Structure of natural and \y[CH(CF3)NH]Gly-Peptides. 
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In analogy with the latter compounds, the [CH(CF3)NH] unit is expected to 
behave as a sort of hybrid between a [CONH] mimic and a proteolytic transition-
state analogue. 

The stereocontrolled synthesis of these brand new peptidomimetics is based 
on another key aza-Michael reaction involving 3,3,3-trifluoro-l-nitropropene 43 
(Fig. 12) and an array of α-amino esters, generated in situ from the 
hydrochlorides 44 with a base. The reactions took place almost instantaneously 
at r.t, affording the diastereomeric a'-Tfm-P'-nitro α-amino esters 45 (major) 
and 46 (minor) under kinetic control. 

Figure 12. The aza-Michael reaction to give the \y[NHCH(CF$)]Gly-peptide 
backbone. 

The diastereoselectivity of the process was studied in detail. We found that 
it depends mainly on four reaction parameters: (1) base, (2) solvent, (3) 
stoichiometry of the base, (4) R side chain of 44. Concerning the base, the best 
stereocontrol (63% de using L-Val esters as nucleophile) was achieved with 
DIPEA, whereas NaHC0 3, TMP and DABCO gave modest results. As observed 
for other aza-Michael reactions (see above), low-polarity solvents provided 
remarkably higher diastereocontrol. Thus, toluene afforded 84% d.e., whereas 
DCM and THF afforded modest d.e.s. Quite surprisingly, intermediate results 
were observed using apolar CC14. Even more surprisingly, also the stoichiometry 
of DIPEA was found to have a profound effect on the stereocontrol. The 
optimum amount was found to be 1.1 equiv. (as used in the experiments cited 
above). In the absence of free DIPEA the d.e. dropped dramatically. 
Accordingly, a progressive decrease of stereoselectivity was observed by 
increasing the amount of DIPEA from 1.1 to 1.7 equiv., whereas little variation 
occurred beyond this quantity. Other bases, such as TMP and NaHC0 3, did not 
feature the same "stoichiometry-effect" affording comparable d.e.s upon 
changing the number of equivalents used. The effect of the R side chain of 44 
was in line with the expectations. In fact, the highest d.e.s were observed with 
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bulky R groups (iso-Pr, sec-Bu) whereas lower degrees of stereocontrol where 
observed with R = Me, Bn, etc. 

Room temperature was found to be essential in order to achieve high yields 
of 45 and 46, whereas surprisingly at lower temperatures (for example -40 or -
70°C) very complex mixtures of products were obtained. All the experimental 
evidence above suggests that these aza-Michael reactions occur through a tight, 
polar, termolecular transition state (TS), involving 43, 44 and DIPEA, which 
appears to play a fundamental catalytic role. Polar solvents, as well as the 
presence of more than one molecule of DIPEA, may disrupt this TS, thus 
lowering the stereocontrol. 

f 3 f H2,Pd(OH ) a/C _ „ + U M ÇF3J? 
0 ^ j A c 0 2 X MeOH, HCI ° ^ V ^ O * 

45a-c H 47a-c 

Cbz-L-Phe-OH 
HOAt/HATU or Ph 
HOBVEDCI 1 H Ç f 3 ? Ίί κι Τ3 I 48a R = /Pr, Χ = ffiu (70%) 
TMP, DMF C b z H N " S r N > ^ N ^ C 0 2 X R = Me, Χ = S u (73%) 

Jl H 48c R = sBu,X = Me(70%) 

Figure 13. Elaboration of the aza-Michael adducts 45 into \^[CH(CF^)NH]Gly-
Peptides 48. 

Elaboration of the major adducts 45a-c into the target ^[CH(CF3)NH]Gly-
peptides 48a-c is shown in Fig. 13. The nitro group of 45a-c was hydrogenated 
to amino group using the Pearlman's catalyst, and the resulting diamino 
compounds were trapped as hydrochlorides 47a-c and submitted without 
purification to coupling with Cbz-L-Phe-OH affording the ^fCH(CF3)NH]Gly-
tripeptides 48a-c in good overall yields. 

In order to proof the value of this synthetic methodology in the preparation 
of more complex ^CH(CF3)NH]Gly-peptides, we have recently completed the 
synthesis of all of the four diastereomers of tetrapeptide 49 (Fig. 14) (39). The 
latter is an interesting model for conformational studies, because some of the 
analogues incorporating a natural Gly have been shown to assume very stable 
and highly populated β-hairpin conformations, depending on the configuration 
of the Pro residue (40), A detailed study of the conformational features of the 
stereoisomers 49 is currently in progress. 
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Figure 14. Complex model ψ/*CH(CFj)NHJGly-tetrapeptides. 

Partially Modified Retro-Peptide Mimics Incorporating a 
3,3,3-Trifluoroalanine (α-Trifluoromethyl Glycine) Surrogate 

Incorporation of 3,3,3-trifluoroalanine (TF-Ala), also called a-
trifluoromethyl-glycine, into a peptide sequence Β (Fig. 15) is a considerably 
challenging endeavour, owing to its low chemical and configurational stability at 
pH > 6 (41). On the other hand, no mimics of TF-Ala-containing peptides had 
been described in the literature. For this reason, we undertook the synthesis of 
PMR ^NHCH2]-peptide mimics 50 incorporating a chemically stable and 
stereo-defined [CH2CH(CF3)CO] surrogate of TF-Ala (42). 

Figure 15. A peptide incorporating Trifluoroalanine (B) and a PMR-
y[NHCHJ-peptide (50) incorporating a Trifluoroalanine mimic. 

Retrosynthetic analysis of the problem suggested that asymmetric aza-
Michael addition of α-amino esters to iV-(a-trifluoromethyl)acryloyI-a-amino 
esters could represent a viable entry to the the target structures 50. Michael 
acceptors 51 (Fig. 16) (obtained upon reacting the appropriate α-amino ester H-
AA-OX 1 with α-Tfm-acryloyl chloride) were reacted with a-amino-esters 
(generated in situ from 44 with a tertiary amine) affording an array of PMR-

NHFT 

Β 50 
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tripeptides 53 in 75-98% yields. Also in this case the diastereoselectivity of the 
process was studied in detail. We found that it depends mainly on four reaction 
parameters: (1) base, (2) solvent, (3) R and R 1 side chains of 44 and 51, 
respectively, (4) the relative stereochemistry of 44 and 51. Concerning the base, 
the best diastereocontrol was achieved with DABCO, whereas lower d.e.s were 
achieved with TMA, NaHC0 3, DIPEA, TEA, DMAP, TMP (in the order). 
Interestingly, chiral bases such as quinidine and cinchonine gave the worst 
diastereocontrols. The solvent is another key factor in this reaction, with low-
polarity or apolar solvents providing much higher diastereocontrol. Thus, the 
best stereocontrol was achieved with CC14, followed in the order by toluene, 
THF, CH2C12 and acetonitrile. 

X 0 2 C ^ N H 2 HCI Ç F 3 R 2

 Λ Michael addition 

Y + ^ A / N ^ C O z X 1 -
R Π : - base, solvent 44 - — · 

H 2 C F 3 R' 
I X O z C ^ - N ^ A ^ N ^ C O a X 1 ) 

Θ° 52 

H ç f 3 r 2 
Enolate 
p r o t o n a t k > n , X O ^ N ^ V N ^ C O z X 1 

diastereos. Τ Il II 
up to 38:1 Ο R 53 

Figure 16. Tandem reaction producing PMR-\y[NHCHJ-tripeptides 53. 

The R side-chain of 44 was proven to have a strong influence: the de of the 
products 53 increased in the sense R = H < /Bu < Bn < Me < sBu < z'Pr, 
therefore the best stereocontrols were achieved with the bulkiest R groups. Also 
the R l side-chain belonging to the acceptors 51 had a strong influence, and its 
effect on the de substantially followed the same trend observed for R. The 
configuration of the reaction partners 44 and 51 had also a profound effect, as 
demonstrated by the use of matched/mismatched pairs of reactants. In general, 
the like combination (D/D or L/L) provided remarkably higher stereoselectivity. 
In the best case, when L-Val esters 44 were reacted with L-Val derived acceptors 
51 in CC14, with DABCO as base, a d.e. as high as 95% was achieved. 

Although detailed kinetic and computational studies will be necessary in 
order to draw a reliable mechanistic picture of this process, the body of 
experimental evidence discussed above suggests that amino-ester 44, Michael 
acceptor 51 and DABCO might form a tight termolecular ion-pair TS, which is 
energetically favored and not disrupted in non-polar solvents, during the critical 
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stereogenic intramolecular proton transfer from the intermediate zwitterion 52 
(Fig. 16) to the final product 53. 

An efficient stereocontrolled synthesis of PMR ^fNHCH2]-tripeptide 
mimics was developed on solid-phase as well (43). N-Fmoc α-amino acids 
loaded on Wang resin 54 (Fig. 17) were deprotected to 55 upon treatment with 
piperidine. Next, the resins 55 were reacted with an excess of 2-trifluoromethyl-
propenoyl chloride. This process provided the trifluoromethylated resins 56, 
functionalized as chiral Michael acceptors. The crucial aza-Michael reactions 
were performed by addition of 3 equiv. of the appropriate α-amino ester to a 
suspension of resin 56 in the appropriate solvent, in the presence of 6 equiv. of 
base, producing the desired resins 57 in a very effective manner. Release of the 
PMR peptides 58 from the solid support was achieved upon treatment of 57 with 
TFA in DCM. The target compounds 58 were invariably obtained with good to 
excellent chemical purity. In general, one can say that the main features of the 
solution-phase process were retained in the solid-phase version. In fact, the 
stereocontrol could be strongly improved (up to 15:1) by using apolar solvents 
like carbon tetrachloride and DABCO as base. The main difference was that the 
solid-phase reactions were less diastereoselective than those in solution. This 
could be due to the fact that the polymeric support biases the reaction partners in 
a different transition state with respect to that assumed in the highly 
stereoselective solution-phase process. However, this drawback is 
counterbalanced by the much greater potential of this solid-phase version for a 
fast, automated generation of large arrays of PMR- y/[NHCH2]-peptides 58 for 
high throughput assays, and for the synthesis of polypeptide mimetics as well. 

CF3 

0 k 54 W 5 5 ° i f ~ 1 h 

Wang resin 

H CF3 HTFA 

H-AA,-OX1HCI. OJLN Jt^o^^v*02 γ Λ Ν ^ ' 
Solvent, Base Χ ι I ο r.t 1 h Κ Ο R 58 
r.t,16h Κ Ο R z 57 , m . w ^ , e « ™ . v (major diastereomer) 

Figure 17. Solid-phase synthesis of PMR ψ[NHCHJ-peptides 72 incorporating 
a 3t3t3-trifluoroalanine mimic. 
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Conclusions 

In conclusion, we have shown that a wide range of enantiomerically pure 
Tfm-containing peptides and pseudopeptides can be synthesized in a 
stereocontrolled manner both in solution and in solid-phase. The work carried 
out so far is expected to open up the route to further classes and combinatorial 
libraries of fluorinated peptidomimetics, allowing for a systematic study of their 
hitherto largely unknown biological, conformational and structural properties, 
which are likely to be extremely interesting and peculiar owing to the presence 
of fluorine. Further research will hopefully contribute to shed light on the 
chemistry and the biology of backbone-modified fluorinated peptidomimetics, 
which have typically been difficult to address owing to the complexity of their 
synthesis in stereodefined manner. It is easy to predict that the field of fluorine-
containing peptides and mimics will see important and exciting developments in 
the next future (44). 
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Chapter 34 

Fluorinated β-Enamino Esters as Versatile Synthetic 
Intermediates: Synthesis of Fluorinated 

β-Amino Acids and Uracils 

Santos Fustero*, Juan F. Sanz-Cervera*, Julio Piera, 
María Sánchez-Roselló, Diego Jiménez, and Gema Chiva 

Departamento de Química Orgánica, Universidad de Valencia, Avenida 
Vicente Andrés Estellés s/n, E-46100 Burjassot, Spain 

β-Enamino esters are versatile synthetic intermediates that can 
be prepared with a diversity of methods. The reactivity of 
these compounds both in the asymmetric synthesis of 
fluorinated β-amino acids and in the preparation of 
heterocyclic systems such as fluorinated uracils and 
thiouracils has been studied. 

Introduction 

In Nature, the great majority of molecules, including proteins and nucleic 
acids as well as most biologically active compounds, contain nitrogen. 
Therefore, developing new synthetic methods for the construction of 
nitrogenous molecules has defined the frontiers of organic synthesis since its 
very beginning. In this context, the past few decades have seen a concerted 
effort to develop building blocks for this purpose. One such group of building 
blocks is comprised of the β-enamino esters (1,2), an important class of 
molecules which have proven their utility as valuable and versatile intermediates 
for the synthesis of biologically active compounds such as α and β-amino acids, 

© 2005 American Chemical Society 593 
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conformationally restricted peptide analogs, heterocyclic derivatives, and 
alkaloids, these last generally through aza-annulation processes. 

One of the keys to the versatility of these compounds is the various 
reactions in which they can be prepared. Thus, in addition to the classic 
condensation reaction between β-keto esters and amines, other routes, including 
the nucleophilic addition of acid derivative enolates to nitriles or imidoyl 
halides, the Michael addition of amines to alkynoates, and the reaction of imines 
with activated carbonic acid derivatives, have all been undertaken with more or 
less success ( i , 2). 

In the course of our ongoing study of the synthesis and reactivity of 1,3-
difunctionalized derivatives (3), we became interested in the development of 
new strategies for the synthesis of fluorine-containing nitrogen derivatives such 
as acyclic and cyclic β-amino acids as well as biologically active heterocyclic 
systems like fluorinated uracils and thiouracils, all starting from a common 
intermediate, namely fluorinated β-enamino esters (Figure 1). 

Figure 1. Fluorinated β-enamino esters as starting materials for the 
preparation of β-amino acids and (thio)uracils. 

In contrast to their non-fluorinated counterparts, v-fluorinated β-enamino 
esters have received far less attention in the past. A survey of the literature 
reveals that relatively few methodologies have been developed for the synthesis 
of these derivatives. Some of the most recent and useful procedures described 
include: 

Condensation of fluorinated β-keto esters and amines. 

In this context, Soloshonok has very recently described an improved 
synthesis of fluorinated β-enamino esters 2 and 3 which takes into account the 
chemo- and regioselectivity in the reactions of highly electrophilic fluorine-

Synthesis of fluorinated β-enamino esters. 
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containing β-keto esters 1 and aliphatic (4) and aromatic amines (5) (Figure 2). 
The process is highly dependent on the reaction conditions and can be applied 
on a large-scale. These systems are useful key intermediates for the preparation 
both of enantiomerically pure fluorinated β-amino acids 4 by biomimetic 
transamination processes (6) and of biologically interesting heterocyclic systems 
such as 2-trifluoromethyl 4-quinolinones 5 by intramolecular cyclizations (5). 

R 
Θ ®X 

ν tr XT 

F 3 C V 

F 3 C 

ο ο 
1 

OEt 

^^rs^UJbt 
X H 3 N ' ^Ar - γ Y _ ^ FaC 

R ^ N H Ο 

Α Γ 2 4 

ArNH 3 X 

NH 2 Ο 

OH 

r v 
.NH Ο 

OEt 

Ar H C F 3 

Figure 2. Condensation reaction of fluorinated β-keto esters and amines. 

Michael addition of amines to fluorinated alkynoates. 

Abarbri et al. have recently used this well-known reaction for the 
preparation of optically active perfluoroalkyl-oxazepin-7-ones 6 by reaction of 
perfluoro-2-alkynoates 7 with bifunetional heteronucleophiles such as optically 
active amino alcohols 8 (7) (Figure 3). The global two-step process involves an 
intermolecular Michael addition that generates 9, followed by lactone formation. 

-C02Et RF, 

£ 0°C H I Toluene, 
H X o H C02Et 
" 2 N 9(78-96%) 6(74-87%) 

Ο 

Figure 3. Michael addition of amines to fluorinated alkynoates. 

In a similar fashion, (£)- or (Z)-perfluoroalkyl β-enamino esters had been 
previously obtained quantitatively through direct addition of primary or 
secondary aliphatic amines to ethyl perfluoroalkynoates without the need for a 
catalyst (8). 
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Wittig reaction of fluorinated amides* 

JV-Aryl fluorinated β-imino/enamino esters 10 can be obtained easily and in 
excellent yields by reacting fluorinated JV-aryl substituted amides 11 with 
phosphoranes 12 (9) (Figure 4). These enamines are precursors of synthetically 
and biologically important heterocycles such as indole 13 and quinolone 14 
derivatives, both of which can be obtained from a common intermediate. Thus, 
an intramolecular Heck reaction in N 2 atmosphere provided indole derivatives in 
moderate yields. Quinolones were prepared under similar reaction conditions 
except that the reactions were performed under CO atmosphere. The overall 
transformation implies a sequential Wittig-Heck reaction. 

13(44-54%) 14(54-77%) 

Figure 4. Wittig reaction of fluorinated amides. 

Intramolecular Wittig type rearrangement of imino (thio)ethers. 

This strategy, described in 1998 by Uneyama for iminoethers 15, provided 
a-hydroxy-P-imino-y-fluorinated esters 16 in good yields (>80%) (Figure 5). 
Compounds 15 were converted into 16 after treatment with a base at low 
temperature via Wittig rearrangment (10). The best results were obtained when 
lithium 2,2,6,6-tetramethylpiperidide (LTMP) was used as base and when the 
reaction temperature was kept between -105°C and -70°C for 1 h. Compounds 
16 are precursors of racemic a-hydroxy-P-amino-y-fluorinated acids 17 through 
stereoselective reduction processes. 
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N-AR N Ν·ΑΓ NH2 π Base *- I 

R F ^ O ^ C 0 2 R RF J R F ^ V ^ 
OH OH 

15 16 17 

Figure 5. Intramolecular Wittig type rearrangement of imino (thio)ethers. 

The same author studied an extension of the O-Wittig rearrangement to the 
corresponding thio-analogues with unexpected results (11) (Figure 6). The 
starting thioglycolates 18 were prepared in good yields from fluorinated imidoyl 
chlorides. Compounds 18 were next subjected to the base-catalyzed (LDA) 
Wittig type rearrangement. The reaction proceeded at a higher temperature 
(-40°C) and with a longer reaction time (9 h) than those of oxygen analogues. 
Surprisingly, a facile desulfurization was observed, affording β-enamino esters 
19 bearing no sulfur moiety. 

H N ' A R 

Ρ / k ^ C 0 2 R 
R F 

19 

N ' A R N* Jjj^ HSCH 2C0 2R t ^ Bas e | 

r f Cl Et 3N,THF,0°C r p s C 0 2 R - S8 

18 

Figure 6. Preparation of fluorinated thioglycolates and their desulfurization to 
β-enamino esters. 

Ester enolate condensation with fluorinated imidoyl halides or nitriles. 

This strategy represents one of the simplest as well as one of the most 
efficient and general routes to fluorinated β-enamino esters 20. In 1997, we 
described the condensation reaction between lithium ester enolates and imidoyl 
chlorides 21 (12,13). Subsequent treatment of alkyl esters with 2.0 equivalents 
of lithium diisopropylamide (LDA) in THF, followed by addition at -78°C of a 
variety of fluorinated JV-alkyl or JV-aryl imidoyl chlorides provided, after 
standard workup, the corresponding fluorinated β-enamino esters 20, which 
were isolated as a mixture of imino and enamino tautomers (Figure 7). In 
general, the process works well, with good yields (64-95%) being obtained 
regardless of the nature of the starting materials. No excess of starting material 
is necessary with the exception of L D A , for which a two-fold excess should be 
used in order to ensure the presence of the intermediate 22, which results in a 
significant improvement of the chemical yield. 
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N ' R l II LDA(2.0equiv) " N L i Ο 

A n
 + I O R 2 THF,-78*C * R F ^ V ^ ( 

R F XI R 3 R 3 

21 22 

NH4Clsat. 

OR 

N H Ο Ν Ο 
R p ^ y ^ O R 2 ^ R p ' ^ ' ^ O R 2 

R 3 R 3 

2QE 20/ 

Figure 7. Ester enolate condensation with fluorinated imidoyl halides. 

In order to demonstrate the scope of this approach, we extended the process 
to other β-enamino acid derivatives, such as fluorinated β-enamino amides 
derived from chiral nonracemic acyclic and cyclic amides. Thus, compounds 21 
reacted with a range of chiral amides to afford the enamino tautomers 
exclusively and in good yields. Some representative examples are shown in 
Figure 8. 

">i ι ~ s - ο PMPr Î •"> Ϊ «ΑΛ^, F ! CXAN/T *Αφ*· * A \ y -
° 2 —OBoc *—- OPMB 

94% 40% 85% 82% 

Figure 8. Fluorinated β-enamino amides derived from chiral nonracemic 
acyclic and cyclic amides. 

In the same vein, we have also reported a simple route to JV-substituted C-
protected β-enamino acid derivatives 23 by reacting 2-alkyl-A2-oxazolines 24 
(X=0) and 2-alkyl-A2-thiazolines 24 (X=S) with imidoyl chlorides 21 (Figure 
9). Thus, azaenolates derived from 2-alkyl-A2-oxa(thia)zolines react with 
compounds 21 under the same conditions as described above to provide the 
enamino tautomers 23 in good yields (14,15). 
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r 1 

24 (X= 0,S) 

RFC(C1)=NR2(21) 

LDA (2.0 equiv), 
THF, -78eC 

(60-92%) 

R F C=N (25) 

LDA (1.0 equiv), 
THF, -78°C 

(60-93%) 

R x N H N - V G 

r 1 

23 

N H 2 Ν 

R F 

i > 
X 

r 1 

27 

Figure 9. Preparation of A2-oxazoline protected β-enamino esters. 

The reactivity of fluorinated nitriles in this kind of process was also studied. 
We found that lithium ester enolates and lithium azaenolates derived from 2-
alkyl-A2-oxazolines condensed smoothly with fluorinated aromatic and aliphatic 
nitriles 25 to afford excellent yields of fluorinated β-enamino acid derivatives 
26 (16) (Figure 10) and 27 (17) (Figure 9). In this case, only one equivalent of 
LDA was necessary to ensure the success of the process. 

Ο ι. LDA (1.0 equiv), N H 2 Ο 

£ l « .NH 4 Clsat . ^ 

25 26 
(>95%) 

Figure 10. Ester enolate condensation with fluorinated nitriles. 

In turn, compounds 26 and 27 have been used as starting materials for the 
preparation of racemic and chiral nonracemic fluorinated β-amino acid 
derivatives (15) and heterocycles such as uracils and thiouracils (see below). 

Reactivity and applications of fluorinated β-enamino esters. 

Synthesis of fluorinated β-amino acids through reduction of fluorinated β-
enamino esters. 

Although the chemo- and stereoselective reduction of chiral non-racemic β-
enamino ester derivatives constitutes a simple and attractive route to enantiopure 
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β-amino acids, very few examples of this strategy being used for preparing 
enantiopure fluorinated β-amino acids have been reported (6). In 1999, our 
group described a new and efficient two-step procedure for the 
diastereoselective synthesis of racemic (18) and chiral non-racemic syn-a-alkyl-
β-Αηο^Ι^Ι-β-βιηΐηο esters 29 (13). In this protocol, a chiral auxiliary group 
was used in the alcohol moiety of the ester. The condensation reaction yielded 
optically active fluorinated enamino esters 28, which were then reduced with 
NaBH4/ZnI2 in an aprotic, non-chelating solvent (CH2C12) to give the 
corresponding fluorinated β-amino esters 29. The best asymmetric induction 
was achieved with (-)-8-phenylmenthol as the chiral auxiliary. While the yields 
were high, a mixture of both diastereomers was obtained in all cases. These 
could, however, be separated by means of column chromatography. With few 
exceptions, the syn diastereomer was predominant, with the diastereomeric 
excesses ranging between moderate and good (d.e. up to 96%). In addition, the 
researchers found that the amino group could be easily deprotected with CAN. 
Thus, the use of (-)-8-phenylmenthol as a chiral auxiliary allowed for the 
preparation of optically active β-amino acids 30 in good yields (Figure 11). 

„PMP PMPS 

Ν + Ο l,LDA(2equivQ NH Ο ZnI2/NaBH4 

R / X l Γ OR* 2. aq. NH4C1 R / T " U R * CH 2C1 2* 

(R*=8-phenylmentyl) 28 (67-85%) 

PMPS 

f 1 9 l . C A N NH2 Ο 

D χΛ νΑ • Χ Jl RF=CF3, R*=Me 
R F X OR* 2.HC1 R F ^ > T ^ O H 50% yield., e.e. >99% 

R* R 2 

29 (75-85%) (d.e. up to 96%) 30 

Figure 11. Chemo- and stereoselective reduction of chiral non-racemic 
β-enamino ester derivatives for the preparation of enantiopure β-amino acids. 

An explanation for the stereochemical outcome of the reduction of chiral β-
enamino esters 28 (RF = CF 3 , R 2 = Me) could involve the participation of two 
diastereomeric chelate models, in which the hydride attack is conditioned by the 
presence of the 8-phenyl group of the chiral auxiliary (1,5-asymmetric 
induction, Figure 12). 
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(2R,3fl,R*)-29 
major 

(2S,3S,/?*)-29 
minor 

Figure 12. A possible explanation for the stereochemical outcome of the 
reduction of chiral β-enamino esters 28. 

Considering that several well-known amino acid drugs (i.e. Captopril and 
its trifluoromethylated analogue) contain a thiol group and that isoserine 
derivatives display an important biological activity, Uneyama et al. focused on 
the synthesis of fluorinated isoserine analogs. In the course of their work, they 
were able to achieve the diastereoselective synthesis of both diastereomers of 
racemic S-tert-butyl-p-itrifluoromethyOisocysteine (19) by coupling fluorinated 
imidoyl chloride 31 with the enolate 32 to provide β-imino esters 33 in good 
yields. To suppress the desulfurization during the Wittig-type rearrangement 
(see Figure 6 above), S-terf-butyl protection of the sulfur moiety was necessary 
(11) (Figure 13). 

The conversion of compounds 33 into the corresponding fluorinated β-
amino acid diastereomers syn-34 and anti-34 was achieved by means of 
sterocontrolled reduction with hydride via either the chelated intermediate or the 
non-chelated Felkin-Ahn intermediate, respectively. For this purpose, NaBH 4 in 
CH2C12 and in the presence of ZnBr2 led to the preferential reduction of the 
imino moiety, affording the syn product exclusively. It was deemed convenient 
to stop the reaction when ca. 20% of die starting material was still present, as 
prolonged reaction times led to the appearance of alcohol as a result of the ester 
group reduction. In contrast, reduction of compounds 33 with NaBH 4 in a 
solvent that traps sodium ions to generate naked borohydride [e.g. 
THF/di(ethyleneglycol)dimethylether] gave a mixture of both diastereoisomers, 
with the anti being predominant, in a proportion of 11:89 syn.anti. 
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, A r 
Ν " " + Θ 

X r-BuS^^CÛ^-Bu 
F 3 C CI 

31 32 

. A T 

C02*-Bu 

Si-Bu 

33 Ar = p-C 6H 4OCH 3 , 80% 
p-C 6H 4Cl, 92% 

T .PMP 

C02r-Bu 

S/-Bu 

33 

.PMP 
HN 

S/-Bu 

syn-34 

HN 
.PMP 

C0 2/-Bu + A^CO^-Bu 
F3C : 

Sf-Bu 

anti-34 

Figure 13. Uneyama's synthesis of isoserine fluorinated analogs. 

Both diastereomers 34 were easily deprotected by first removing the PMP 
group by means of CAN oxidation, followed by /-butyl group removal through 
acid-catalyzed hydrolysis (Figure 14). Additionally, the deprotection of the S-
tert-butyl group was achieved in two steps. First, the C-S bond was cleaved with 
o-nitrobenzenesulfenyl chloride to give the unsymmetrical disulfide 35 in 88% 
yield. This compound was then reduced with NaBH 4 to afford the thiol 36 in 
64% yield. 

HN 
„PMP 

F 3 C «A^CO^-Bu 

Sf-Bu 
syn/anti-34 

HN 
.PMP 

F 3 C 
Jk^CCty-Bu 

Si-Bu 

syn-34 

CAN 

H 2 NNH 2 F 3 C 

62% (syn) 
68% {ami) 

2-Nbs-Cl 

CH 3 C0 2 H 
rt,24h 

88% 

NH 2 

Bu 

S/-Bu 

HN 
.PMP 

F 3 C 

V2-Nbs 
35 

aq. HC1 

MeOH 

99% (syn) 
99% (anti) 

NaBH4 

CHCl3-MeOH 
rt, lh 

64% 

F,C 

NH 3

+cr 

J k ^ C 0 2 H 

S/-Bu 

HN 
.PMP 

F 3 C 
Α γ - C O ^ - B u 

SH 

syn-36 

Figure 14. Deprotection reactions of isoserine fluorinated analogs. 

Cyclic β-amino acids represent an interesting class of compounds because 
of their potential as therapeutic agents. Cyclic β-amino acids are also useful 
intermediates in the synthesis of natural products, β-peptides, and 
peptidomimetics. While the chemistry of their non-fluorinated derivatives has 
received a great deal of attention in the past few years (20), very little is known 
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about their fluorinated counterparts. Although the literature includes several 
examples of β-amino acids with seven-membered rings, no fluorinated seven-
membered β-amino acids have been described until recently. 

Our group described the first diastereoselective preparation of fluorinated 
seven-membered β-amino acid derivatives through Ring-Closing Metathesis 
(RCM) (21, 22) (Figure 15). The first step of the synthesis consisted of the 
condensation between the imidoyl chloride 37 and the enolate of ester 38. This 
yielded compound 39, which appeared as a mixture of enamino and imino 
tautomers. Although a variety of reagents were used to reduce compound 39, no 
stereoselectivity was achieved. Thus, column chromatography was used to 
separate the syn-40 and anti-40 diastereomers (in 1:1 ratio), which were then 
submitted to an RCM reaction with second-generation ruthenium catalyst 
(fflMes)(PCy3)Cl2Ru=CHPh (23) to yield the respective seven-membered 
β-amino esters 41 in low yields. 

F F 

H 2 N-Ar 

OH 
Ph3P, Et3N 

CC14, D, 3h 

,Ar 

F F 

1. LDA (2 equiv.) 
/THF/-78°C 

2. aq. NH4CI 

37a Ar=/?-MeOC6H4 (80%) 
37b Ar=o-MeOC6H4 (82%) 
37c Ar=/7-FC6H4(50%) 

Ν Ο 

39 (tautomers) 

,ΡΜΡ 
Ν Ο l.NaCNBH 3 

THF/TFA/ 0°C. 

2.aq.NH4Cl 

70% 

39a 

PMPN 

NH Ο P M P ^ x m 

Ft ! U Second generation ρ y H 

OEt ruthenium catalyst V ^ - \ > C 0 2 E t 
(15mol%) F-7 \ 

CH2C12 (2· 10"2M), \ = / 
40°C cis-41a (27%) 

+ (syn/anti 1:1) 
P M \ Second generation P M P x 

NH Ο rntVifninm nntnlve* _ NH ruthenium catalyst F « 

\anti-40a 

(15mol%) 
OEt • F 

CH 2C1 2(2Î0- 2M), t ) 
40°C N = = / 

trans-4U (27%) 

Figure 15. Diastereoselective preparation of seven-membered β-amino acid 
derivatives 41 by means of Ring-Closing Metathesis (RCM). 
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Since neither the diastereoselectivity nor the yields for this approach were 
satisfactory, the reactions were next performed in inverse order. Thus, 
compounds 39 were cyclized by reaction with either first-generation ruthenium 
catalyst catalysts (PCy3)2Cl2Ru=CHPh (24) or second-generation ruthenium 
catalyst (fflMes)(PCy3)Cl2Ru=CHPh (the latter gave slightly better yields under 
milder conditions) to furnish the cyclized imino esters 42 in 60-90% yield, 
depending on the substituents (Figure 16). These compounds were then reduced 
with NaCNBH 3/TFA in a completely stereoselective fashion to give the cis 
diastereomer 41 in 72-90% yield. 

Figure 16. MM and diastereoselective reduction of compound 39. 

Finally, it was possible to either deprotect the amino group by means of 
PMP removal with CAN, or hydrogenate the double bond with hydrogen and a 
palladium on charcoal catalyst, with both procedures producing very high yields 
of 43 or 44, respectively (Figure 17). 

Figure 17. Deprotection reactions on compound 41a. 

Synthesis of fluorinated uracils from β-enamino esters and 
iso(thio)cyanates. 

Our research group has developed several strategies for using β-enamino 
esters as starting materials in the synthesis of fluorinated uracils. In some cases, 
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the synthesis is applicable for obtaining non-fluorinated compounds as well, but 
quite often it is precisely the differential reactivity of fluorinated organic 
compounds that makes the synthesis possible. The two main strategies involved 
are the reaction of ester enolates with fluorinated nitriles and the reaction of Δ2-
oxazolin-C-protected β-enamino ester enolates with fluorinated nitriles. 

In the first uracil synthesis developed by our group from β-enamino esters 
(25), compounds 26 are condensed with iso(thio)cyanates 45 to furnish the 
corresponding (thio)uracils after treatment with NaH in DMF. This 
condensation leads to the i\T-acylation of the enamine, which then undergoes a 
cyclization to yield the (thio)uracils 46. When isocyanates were used, the 
corresponding uracils were obtained in good yields (64-90%), with the yields 
for the thiouracils being slightly lower (64-70%). In this way, 20 new 
fluorinated (thio)uracils 46 were easily prepared in only two steps and in high 
yields from fluorinated nitriles, esters, and iso(thio)cyanates (Figure 18). 

Figure 18. Reaction of compounds 26 with iso(thio)cyanates 45. 

Interestingly, the direct halogenation of uracils at C-5 when R 1 = H does not 
seem to be possible. For this reason, the halogenation with either N -
chlorosuccinimide (NCS) or N-bromosuccinimide (NBS) of the corresponding 
β-enamino esters is a useful approach to C-5 chlorinated or brominated uracils. 
Unfortunately, we have not been successful in our efforts at direct fluorination 
or iodination with a variety of reagents. Thus far, then, we have only been able 
to introduce a CI or a Br atom into this position easily and in good yields (26). 

Although the procedure for the uracil synthesis outlined above appears to 
be general, there is one notable exception: the reaction of β-enamino esters 26 
with 2-chloroethyl isocyanate 45a did not provide the desired uracils 46, and 
only an ill-defined mixture of products were formed (Figure 19). This type of 
compound remains, however, an interesting target, since the chlorine atom 
would allow the introduction of functionality in that position through 
nucleophilic substitution reactions. The failure of this particular reaction may 
reside in the strongly basic medium, which could cause an HC1 elimination in 
the isocyanate. In the next section, we will discuss the strategy we developed for 
the synthesis of this particular kind of uracils. 
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Figure 19. β-Enamino esters 26 fail to condense with 2-chloroethylisocyanate 
45a. 

Our original two-step uracil synthesis, however, seemed a good candidate 
for solid-phase methodology not only due to its high yields, but also for the ease 
with which diversity can be introduced into the molecule. For instance, 
diversity can be easily introduced into groups R 1 (from different esters), R 2 

(from different iso(thio)cyanates), R F (from different fluorinated nitriles), and X 
(using either an isocyanate or an isothiocyanate), thereby facilitating the 
preparation of small libraries of fluorinated uracils for their subsequent 
biological evaluation. The literature contains a single precedent of the synthesis 
of uracils in solid-phase, but in that example the diversity introduced was 
reduced and only difficult to separate mixtures of isomeric, non-fluorinated 
uracils were obtained (27). By the same token, there are also very few examples 
of solid-phase parallel syntheses of fluorinated compounds (28), a fact that 
makes the search for new solid-phase syntheses for organofluorinated 
compounds even more appealing. 

Our solid-phase synthesis of fluorinated uracils as outlined in Figure 20 is 
directly adapted from that described above (29). Thus, Wang resin 47 was first 
acetylated to afford its acetylated counterpart 48. Next, the ester enolate of this 
acetylated resin was formed with an excess of LDA in THF at -50°C, which was 
then treated with difluorophenylacetonitrile at -78°C for 3 h to afford resin 49, 
which was finally treated with an excess of NaH in DMF at 0°C, followed by 
reaction with several different iso(thio)cyanates 45. This sequence led to the 
formation of the uracils with concomitant cleavage from the resin, which 
precluded the need for a specific cleavage step (30). With this procedure, C-6-
difluorobenzylated uracils 46 (X=0) were obtained in good yields (67-89%) and 
with high purity (65-99%). In contrast, the corresponding C-6-
difluorobenzylated thiouracils 46 (X=S) prepared with thioisocyanates instead 
of isocyanates were obtained in lower yields (55-63%) and with lower purity 
(61-73%), as had been the case in the previous solution synthesis. Although we 
only used one ester and one nitrile in our study, it should be possible to use 
many different esters and nitriles, which in turn would facilitate the preparation 
of small libraries of (thio)uracils. 
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Wang resin (47) 

A c 2 0 / Pyridine 

25 °C, 15 h. 

Ο 
1. L D A / T H F , -50 °C 

48 

2. P h C F 2 C N / - 7 8 ° C 

3, NH 4C1 sat. 

NaH, D M F , 0 °C 

-EtOH 

49 

Ο ] N H 

X 

R l N ^ N H 

F F 

46 (X=0,S) 

Figure 20. Solid phase synthesis of fluorinated uracils via β-enamino esters. 

Thus, our first uracil synthesis from β-enamino esters allows for the simple 
and efficient preparation of fluorinated (thio)uracils with a methodology that 
can be easily adapted to solid-phase methodology. 

Synthesis of fluorinated uracils from A2-oxazolin-C-protected β-enamino 
esters and triphosgene. 

Our second uracil synthesis (31) allows for the preparation of C-6 
fluoroalkylated N-3 alkylated pyrimidin-2,4-diones 50 (Figures 21 and 22) from 
2~alquil-A2-oxazolines and fluorinated nitriles. 

In this synthesis, the A2-oxazolin-C-protected fluorinated enamino esters 27 
were reacted with triphosgene (32) to give a mixture of isomeric 
oxazolopyrimidinones 51 and 52 in yields ranging from 70 to 95%. (Figure 21). 

^ N N H 2 C 1 3 C ^ C C 1 3 V . N A ^ * \ A * N 

O ' T ^ ^ R F Et 3 N, T H F , rt O ^ V ^ R F O ' ^ f ^ R 
R (x=ci,occi3) 

2 7 (70-95%) 5 1 5 2 

R R 1 

Figure 21. Reaction of compounds 27 with triphosgene. 
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While the pyrimidinone derivatives 51 were the predominant products of 
the condensation reaction, their isomers 52 were formed in all instances as well. 
In several cases, both compounds 51 and 52 were isolated and purified, but in 
some instances only 51 was isolated. Because of the similarities between 
isomeric compounds 51 and 52, their structural elucidation was only possible 
through X-ray diffraction analysis. 

It is worth noting that, unlike our first uracil synthesis, this alternative 
method is also useful for the preparation of non-fluorinated uracils, as the 
oxazoline aza-enolates are reactive enough to furnish the corresponding 
protected β-amino esters through reaction with non-fluorinated nitriles (33). In 
contrast, ester enolates will not react with non-fluorinated nitriles. 

The final step in this synthesis consisted of an oxazoline ring-opening 
reaction by a nucleophile (Figure 22), a reaction for which there are several 
precedents in the literature (34,35). We studied the reactivity of pyrimidinones 
51 and 52 with nucleophiles such as MeOH, EtOH, H 2 0, AcOH, and HC1, under 
basic or acidic conditions, to give compounds 50 (Figure 22). 

R2 Ο /-~0 

R1 R 1 

51 52 

Figure 22. Ring-opening reaction of pyrimidinones 51 and/or 52 with 
nucleophiles. Synthesis of uracils 50. 

Compounds 51 and 52 underwent oxazoline ring opening under basic 
conditions in refluxing THF; subsequent hydrolysis with aq. NH4C1 solution 
furnished uracils 50 (Method A, Figure 22). The ring-opening reaction can be 
carried out under milder acidic conditions as well. Thus, when compounds 51 
and/or 52 were dissolved in THF and treated with 4M HC1 in dioxane at room 
temperature, subsequent hydrolysis with aq. NH4C1 solution also afforded 
uracils 50 (Nu = CI; Method B, Figure 22). It is remarkable that the same uracil 
50 was obtained as a reaction product regardless of whether compound 51, 52, 
or a mixture of 51+52 was used. In all cases it was observed that the ring-
opening reaction in acidic medium proceeded faster (0.5-2 h) and with better 
yields (80-98%) than the corresponding reactions under basic conditions (5-7 h; 
72-80%). In resume, this method provides a straightforward synthesis of 

RONa/ROH, THF 

Method A 
Nu 

HCl/Dioxane, THF 

MethodB 

R 2 Ο 

Ν NH 

50 
(Nu = OR; OH; OAc;Cl) 
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fluorinated and non-fluorinated uracil derivatives 50 from A2-oxazolines and 
fluorinated and non-fluorinated nitriles in only three steps with satisfactory 
chemical yields. The ring-opening reaction of intermediate 
oxazolopyrimidinones 51 and 52 by a number of different nucleophiles allows 
the preparation of a variety of potentially interesting analogues. 
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Chapter 35 

Using the Potential of Fluorine for Peptide and 
Protein Modification 

Christian Jäckel and Beate Koksch* 

Freie Universität Berlin, Institut für Chemie, Takustrasse 3, 
14195 Berlin, Germany 

Methods for the enzyme-catalyzed resolution of a broad 
variety of fluorinated amino acids as well as for their 
incorporation into peptides and proteins using commercially 
available proteases have been developed. The synthetic 
strategies described here extend the scope of methods 
available for site-specific peptide and protein modification by 
fluorinated amino acids using simple and environmentally 
attractive routes. Moreover, a new screening system which has 
been developed for a systematic investigation of the molecular 
interactions of fluoro-substituted amino acids with native 
polypeptides is introduced. 

Extending the spectra of building blocks which can be used for peptide and 
protein engineering beyond the natural amino acids broadens the scope of 
peptide and proteins. (7-5) Highly fimctionalized amino acid residues can serve 
as valuable tools to be used as biophysical probes for detailed studies of 
structure-function relationships or for the construction of tailor-made 
biomolecules which will expand the repertoire of protein functions. Many 
functional groups like e.g. halides are rarely found in the natural amino acid 
pool. Incorporation of the unique electronic properties of fluorine into amino 
acids creates, therefore, a new and exciting class of building blocks for peptide 
and protein modification. (4) Beta-fluorinated amino acids themselves have 
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gained prominence as mechanism based inhibitors of amino acid decarboxylases 
and transaminases. (5) Ca-fluoroalkyl substituted amino acids bearing a 
fluorinated substituent instead of the α-proton are known to be able to increase 
metabolic stability (6) of peptides as well as to stabilize peptide secondary 
structure. (7) The incorporation of fluorine usually shows dramatic effects on 
protein stability, protein-protein interactions, and the physical properties of 
protein based materials. (8-11) Furthermore, the , 9 F atom as well as the C-F 
bond serves as a highly specific and powerful label for spectroscopic 
investigations of pathways, metabolisms, and structure-activity relationships 
using NMR or Raman spectroscopy, respectively. (12-14) 
The impact of the fluorine substitution on all of the above-mentioned peptide 
and protein properties strongly depends on the position as well as the content of 
fluorine substitution within a special amino acid while the main discrimination 
has to be made between side chain fluorination and Ca-fluoroalkyl substitution. 
This difference not only dictates the properties exerted by the fluorinated 
building block but also the methods which have to be used for amino acid 
synthesis as well as for their incorporation into peptides. 
It is part of our research program to develop routine methods for the synthesis of 
a broad variety of fluorinated amino acids as well as for their incorporation into 
peptides and proteins. Moreover, we study the properties of fluorinated amino 
acids and their interaction pattern with native amino acids within a native 
polypeptide environment. The first part of this review, therefore, will summarize 
new methods for resolution of racemic Ca-fluoroalkyl substituted amino acids as 
well as the protease-catalyzed incorporation of these sterically demanding amino 
acids into peptides. The second part introduces a new screening system which 
has been developed for a systematic investigation of the molecular interactions 
of fluoro-substituted amino acids with native polypeptides. 

Part 1. Methods for Enzymatic Resolution of Racemic C a -
Fluoroalkyl Substituted Amino Acids and for their Protease-

Catalyzed Incorporation into Peptides 

1.1. Enzymatic Resolution of Racemic Ca-Fluoroalkyl Substituted Amino 
Acids 

Several routes towards racemic Ca-fluoroalkyl substituted amino acids in which 
the α-proton is substituted by a fluoroalkyl group have been developed. The 
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most convenient synthesis of this class of fluorinated amino acids is based on an 
amidoalkylation of carbon nucleophiles with highly electrophilic acylimines of 
3,3,3-trifluoropyruvate (5,15-22; Scheme 1). 

? F 3 F 3C R 2 

F 3 ( y C 0 2 M e ^ N ^ C 0 2 M e H N ^ C 0 2 M e 

° R1cAo R 1 0 " % 
R1 = Ζ R 2 = alkyl, benzyl 

a. R1OCONH2, b. (CF3CO)20/pyridine, c. R2MgX, d. H 3 0 + 

Scheme 1. Synthesis route towards fully protected Ca-fluoroalkyl substituted 
amino acids. 

This route enables the synthesis of a-(trifluoromethyl) amino acids (aTfm amino 
acids) with orthogonal protective groups. (23-26) Analogously, a-
(difluoromethyl) α-amino acids (aDfm amino acids), the virtually unknown a-
(chlorodifluoromethyl) and a-(bromodifluoromethyl) α-amino acids can be 
obtained via addition of C nucleophiles to acylimines of corresponding partially 
fluorinated pyruvates. (27) 
Due to an increasing interest in fluoroalkyl amino acids for peptide and protein 
modification and considering the divergent biological activities of the 
enantiomers of Ca-fluoroalkyl substituted amino acids and their diastereomeric 
peptide derivatives, the availability of these compounds in enantiomerically pure 
form is highly desirable. Important effords have been made in the development 
of new methods for the enantioseiective preparation of β-fluorinated α-amino 
acids during the last years. (28-30) However, several synthetic routes to optically 
pure Ca-fluoroalkyl substituted amino acids rely on chemical (31-33) and 
enzymatic resolution. (34) A promising strategy for a diastereoselective 
synthesis of aTfm amino acids proceeds via amidoalkylation of carbon 
nucleophiles with in situ formed homochiral cyclic acyl imines (35,36). The 
dioxopiperazines (DOP) obtained with good stereoselectivity can be transformed 
into homochiral dipeptide esters by regioselective acidolysis in methanol. (35) 
However, the majority of fluorinated Ca'a-dialkylated amino acids is prepared 
chemically followed by enzymatic resolution of the enantiomers. The separation 
of the optical isomers of H-(aTfm)Ala-OH by partial hydrolysis of the racemic 
N-trifluoroacetyl derivative with hog kidney aminoacylase has been reported by 
Keller et al. (34) It was reported by our group that proteases like subtilisin, a-
chymotrypsin or papain accept Ca-fluoroalkyl substituted amino acid esters as 
substrates only to a very limited extent. (37) Therefore, the application of these 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ch
03

5

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



614 

proteases for the resolution of enantiomeric Ca-fluoroalkyl substituted amino 
acid derivatives is excluded except for Z-(aTfm)Gly-OMe. (38) 
At DSM Pharma Chemicals (Geleen, The Netherlands) several methods for the 
preparation of enantiomerically pure Ca'a-dialkylated amino acids via enzymatic 
resolution of racemic amino acid amides have been developed. Amidases from 
Mycobacterium neoaurum (ATCC 25795) and Ochrobactrum anthropi (NCIMB 
40321), both exhibiting a high L-stereoselectivity, have been applied for large-
scale preparation of many different optically active C^-dialkylated amino acids 
(39,40; Scheme 2). It was, therefore, interesting to study the influence of the 
electronically modified amino acid derivatives on individual enzyme-substrate 
interactions and, thus, the catalytic efficiency and enantioselectivity of the 
amidases (41; Table I). 

Scheme 2. Enzymatic resolution of racemic Ca-fluoroalkyl amino acid amides. 

Amidase from Mycobacterium neoaurum (ATCC 25795) hydrolyzes R,S-K-
(aTfm)Ala-NH2, *,S-H-(aCF2Cl)Ala-NH2 and *,S-H-(aCF2Br)Ala-NH2 with 
high enantioselectivity (E > 200) to give the pure Λ-amino acids. In case of R,S-
H-(aTfm)Ala-NH2 the reaction was carried out in preparative scale and both the 
amino acid and the unconverted amide were isolated. As a proof of the 
enantioselectivity of the amidase reaction the amino acid was coupled to H-Ala-
NH 2 via standard chemical peptide synthesis and the amino acid amide was 
likewise coupled to Z-Ala-OH. The resulting dipeptide products were shown to 
be diastereoisomerically pure by I 9 F NMR as well as ! H NMR analysis. 
Mycobacterium neoaurum usually expresses a high enantioselectivity for the L-
form of a racemic mixture. The absolute configuration of the converted H-
(aTfm)Ala-NH2 could be assigned to be R which corresponds to D-Ala if 
comparing the positions of the methyl groups. Apparently, the Tfm group as the 
larger of the two substituents at the Ca-atom is bound by the enzyme in the 
pocket which usually binds the methyl group of Z-Ala. To what extent the 
electronic properties of the fluorine substituents add to the size effect would 
need to be investigated further. The growing size of the substituents at the 
halogenated group does not seem to influence the enantioselectivity of the 
enzyme (E > 200) for reaction with *,£-H-(aCF2Cl)Ala-NH2 and 
(aCF2Br)Ala-NH2. Merely the reaction rate is significantly lower for these 
substrates than for the aTfm congener. 
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Ochrobactrum anthropi (NCIMB 40321) accepts R,S-H-(aDfm)Phe-NH2 as 
substrate and allows, for the first time, a successful enantioselective enzymatic 
hydrolysis of a Ca-fluoroalkyl substituted Phe derivative. In contrast, Phe 
derivatives which bear more than two halogen residues at the Ca-alkyl group are 
not accepted by the two enzymes. No significant hydrolysis was observed in 
these cases. These results indicate that the steric constraint exhibited by a 
trifluoromethyl or difluorochloromethyl group combined with the presence of a 
benzyl group, both at the α-carbon atom of an amino acid, is too high even for 
enzymes which provide a wide substrate specificity such as Ochrobactrum 
anthropi amidase. However, this technology can now be applied for the 
preparation of a variety of enantiopure Ca-fluoroalkyl substituted amino acids in 
preparative scale. (41) 

Table I. Enzymatic Resolutions of Racemic Ca-Fluoroalkyl Amino Acid 
Amides using Amidases from Mycobacterium Neoaurum and 

Ochrobactrum Anthropi 

R1 R2 Enzyme Conversion 
(%) 

Amide 
ee(%) 

Amino 
Acid ee 

(%) 

Ε value" 

1 CF 3 CH 3 Mycobacterium 47 98.0 96.0 >200 
(Tfm) neoaurum 

2 CF2C1 CH 3 Mycobacterium 
neoaurum 

48 99.5 94.7 >200 

3 CF 2Br CH 3 Mycobacterium 
neoaurum 

49 99.5 94.8 >200 

6 CH 2Ph b CF 2H 
(Dfm) 

Ochrobactrum 
anthropi 

58 98.7 67.9 25 

a ) Ε values were calculated on the basis of the experimentally determined; e.e. values of 
the amide and the acid. b ) This assignment is tentative. 

1.2, Protease Catalyzed Peptide Synthesis for the Site-Specific 
Incorporation of α-Fluoroalkyl Amino Acids into Peptides 

In our attempt to provide a broad variety of methods for the fast and simple 
incorporation of fluorinated amino acids into peptides, methods have been 
developed using commercially available proteases that make the direct 
enzymatic coupling of these sterically demanding and electronically modified 
amino acids possible. The synthetic strategy introduced here extends the scope 
of methods available for site-specific peptide and protein modification by 
fluorinated amino acids using simple and environmentally attractive routes. 
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1.2.1. Incorporation of a-Fluoroalkyl Amino Acids into Peptides using Trypsin 
and a-Chymotrypsin through Substrate and Medium Engineering 

Effective site-specific incorporation of a wide variety of nonnatural amino acids 
into peptides and proteins remains a topic of high interest as it provides the 
opportunity for a more detailed understanding of protein structure and function. 
The combination of chemical synthetic methods with enzymatic peptide bond 
formation for the site-specific incorporation of nonnatural amino acids into 
peptides and proteins represents an attractive alternative to classical peptide 
chemistry. Enzymes work generally racemization free, highly regio- and stereo-
selectively, under mild reaction conditions, and require only minimal side chain 
protection. (42,43) However, the substrate specificity of available proteases 
usually restricts the number of residues between which a peptide bond can be 
synthesized. While di- and tripeptide methyl esters containing JV-terminal aTfm 
amino acids are accepted as substrates by subtilisin, α-chymotrypsin, trypsin, 
and clostripain (37,44-46), direct enzymatic coupling of α-fluoroalkyl amino 
acids have been unsuccessful. Even in the case of Z-(aTfm)Gly-OMe which was 
shown to be a very specific substrate for subtilisin, protease-catalyzed peptide 
synthesis failed. (38) Recently, a powerful concept was established which 
overcomes these limitations of the classical enzymatic approach. (47-52) This 
concept is based on the binding site specific 4-guanidinophenyl ester (OGp) 
functionality to mediate acceptance of nonspecific amino acid moieties in the 
specificity-determining Sj position of the enzyme (notation according to 
Schechter and Berger; 53). Applying the advantages of the substrate mimetic 
concept to fluoroalkyl amino acids, we have succeeded for the first time in 
incorporating these sterically demanding C^-dialkyl amino acids into the Pi 
position of peptides enzymatically. (54) 
4-Guanidinophenylester of C^-fluoroalkyl Ala derivatives or Aib, respectively, 
can be easily prepared by reaction of the N-protected amino acids with 4-[iV,iV"-
bis(tert.-butyloxycarbonyl)guanidino]phenol using TBTU as coupling reagent. 
The sterically higher demanding C^-fluoroalkyl or methyl Leu and Phe 
derivatives, respectively, can be synthesized in high yields as well, but have to 
be activated with DIC/HOAt and reacted with the lithium salt of the 
guanidinophenol (Scheme 3). 
aDfm and aTfm substituted Ala, Leu, and Phe derivatives can be coupled 
directly to various nucleophiles - different in sequence and length - by trypsin 
(see Table II). Remarkably, in all cases the efficiency of peptide synthesis is 
much higher for aDfm-substituted amino acids compared to aTfm- as well as a-
methyl-substituted derivatives. Remarkable differences in product yields 
between the (aDfm)Ala derivative and both Aib and (aTfm)Ala substrate 
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mimetics indicate a significant influence of the second α-substituent at the acyl 
donor on individual enzyme-substrate interactions. The efficiency of peptide 
synthesis using Z-(aDfm)Ala-OGp as the acyl component is at least twice as 
high in most cases as for the corresponding Aib and (aTfm)Ala derivatives, 
respectively, while product yields for both of the latter were found within the 
same range. 

Scheme 3. Synthesis of C*a-dialkyl amino acid-4-guanidinophenyl esters. R1: 
CH3, CF2H, CF3; R2: CH2C^ÎSf CH2CH(CH3)2; R3: CH3; a: DIC, HOAt, THF; 
b: η-butyl lithium, THF; c: TBTU, DMA, DMF; d: TFA, ultra sound. 

Interpreting the differences in product yields between (aDfm)Ala derivatives 
and Aib and (aTfm)Ala substrate mimetics, respectively, the use of racemic 
mixtures in case of Z-protected (aDfm)Ala and (aTfm)Ala esters unlike for the 
Aib derivative has to be taken into account. A significant influence of the 
absolute configuration of the dialkyl amino acids on enzyme-substrate 
interactions within the active site of trypsin seems to be a more likely reason for 
this difference than the steric demand of the second substituent (alkyl or 
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fluoroalkyl, respectively) at the C^-atom. To prove this assumption, enzymatic 
peptide synthesis of Z-(aDfm)Ala-Met-NH2 and Z-(aTfm)Ala-Met-NH2 was 
carried out in a semi-preparative scale. Diastereomers were separated by HPLC 
and characterized by l 9 F NMR. In case of the aTfm-substituted peptide a 
diastereomer-ratio of 1:3 was found, while for the corresponding aDfm 
substituted peptide the ratio was 1:1. Obviously, both enantiomers of the Z-
(aDfm)Ala-enzyme complexes are deacylated by the nucleophile at the same 
rate which gives identical product yields. In contrast, one enantiomer of the Z-
(aTfm)Ala-enzyme complex appears to be hydrolyzed faster by water than 
aminolyzed by the nucleophile, resulting in the formation of the amino acid 
instead of peptide bond formation. Moreover, the ability of the Dfm group to 
function as a hydrogen bond donor compared to the Tfm functionality certainly 
contributes to the observed difference in the interaction pattern between the 
fluoroalkyl amino acids and the enzyme. (55,56) Unlike the Tfm group, the 
aDfm amino acid could interact with the S' region of the enzyme stabilizing the 
acyl enzyme intermediate. This would lead to a delayed reaction of at least one 
of the enantiomers with any kind of nucleophile which would result in a 
simultaneous aminolysis. 

Table II. Yields (%) of Trypsin-Catalyzed Peptide Synthesis using 
Substrate Mimetics of C^-Dialkylated Amino Acids. 

Acyl donor Z-Xc°Ala-OGp Z-Xc<*Phe-OGp Z-X^Leu-OGp 

Acyl acceptor Xc<*: Me Dfm Tfm L-Me D-Me Dfm Tfm Dfm Tfm 
H-Gly-NH2 18 35 14 16 50 47 40 58 13 
H-Leu-NH2 19 51 18 23 53 62 46 64 27 
H-Met-NH2 35 70 27 45 82 72 53 88 36 
H-Ala-Ala-OH 20 65 22 41 68 87 63 90 40 
H-Ala-Met-OH 25 62 25 28 56 82 47 88 48 
H-Ala-Arg-OH 50 83 33 63 88 92 71 94 54 
H-Ala-Ala-Lys-OH 22 51 17 47 77 79 53 83 37 
H-Ala-Ala-Ala-OH 22 54 19 43 79 86 61 88 45 
H-Ala-Ala-Pro-OH 37 64 28 54 86 87 61 90 41 

The influence of the stereochemistry in case of aTfm substituted Ala derivatives 
for substrate-enzyme interactions were shown to be of even higher importance in 
the frozen state. Using the advantage of substrate mimetics in combination with 
reactions in the frozen aqueous system had been already described as a powerful 
concept for an irreversible and efficient protease-catalyzed peptide synthesis 
independently of the primary protease specificity as well as without the risk of 
proteolytic side reactions. (57) Application of freezing reaction conditions on 
reaction of Z-R,S-(aTfm)Ala-OGp with various nucleophiles succeeded in a 
further increase of peptide yield up to 72% (Figure 1). 
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Figure 1. Product yields of trypsin-catalyzed substrate mimetica mediated 
peptide synthesis at room temperature and in the frozen aqueous system. 

Motivated by the efficient application of α-chymotrypsin for linking nonnatural 
as well as non-peptidic acyl residues with amino acid and dipeptide amides this 
protease has also been tested for the incorporation of C^-fluoroalkyl amino acids 
into the Pi position of peptides. It was found that, in contrast to trypsin, a-
chymotrypsin obviously does not accept C^-dialkyl amino acids which carry a 
sterically higher demanding amino acid side chain at the α-carbon atom than a 
methyl group. A phenyl or isopropyl residue in combination with an a-
fluoroalkyl or α-methyl substituent creates a sterical demand which seems to be 
too high. Therefore, only the Ala derived substrate mimetics Z-Aib-OGp, Z-
(aDfm)Ala-OGp and Z-(aTfm)Ala-OGp were reacted with a small library of 
amino acid amides, di- and tripeptides catalyzed by α-chymotrypsin (results not 
shown here). The results convincingly show that the aDfm substituted derivative 
acts as the more efficient acyl donor again. α-Chymotrypsin efficiently catalyzes 
the peptide bond formation for both enantiomers of (aDfm)Ala with the same 
rate while in case of (aTfm)Ala one of the enantiomers is preferably 
incorporated into peptides. This finding is in close agreement with the results 
found for trypsin catalyzed reactions. 

1.2.2. Incorporation of a-Fluoroalkyl Amino Acids into Peptides using 
Carboxypeptidase Y 

Carboxypeptidase Y (CPY) is known to possess high catalytic activity and 
enantioselectivity for kinetic resolutions of many α-tertiary substituted 
carboxylic acid esters. (58) In contrast to the above-mentioned proteases, CPY 
has been shown to be provided with a broad S\ and specificity while 
hydrophobic enzyme-substrate interactions are especially important. (59-61) 
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The suitability of C^-fluoroalkyl alanine methyl ester to serve as acyl donors for 
CPY-catalyzed peptide bond formation was studied (62; Scheme 4). The results 
are summarized in Figure 2. 

Scheme 4. General scheme for CPY-catalyzed peptide synthesis. 

CPY catalyzes the acyl transfer to all of the four amino acid amides to give the 
desired JV-protected dipeptide amides. However, the extent of peptide bond 
formation was considerably influenced by the second substituent at the C 0 1 atom. 
In general, CPY was found to be considerably more efficient in catalyzing 
peptide bond formation in the case of the non-fluorinated amino acid (Aib). 
Highest peptide yields (80% and 70%, respectively) were obtained for reactions 
using nucleophiles with bulky residues (Leu and Val, respectively) which are in 
agreement with the known specificity of the protease for hydrophobic residues 
within both binding sites. The same tendency was observed for both of the 
corresponding C^-fluoroalkyl amino acid esters. Here, the highest peptide yields 
(50%) could be obtained for reaction of Z-£S-(aDfm)Ala-OMe with H-Leu-
NH 2 and reaction of Z-£,S-(aTfm)Ala-OMe with H-Leu-NH2 (45%), 
respectively. The influence of the absolute configuration of the a-fluoroalkyl 
amino acid on the efficiency of peptide bond formation by CPY was studied for 
the Tfin derivative in more detail. It was found that, in general, CPY accepts 
both enantiomers of (aTfm)Ala while certainly always preferring the S-
configuration in Pi position. (Figure 3). 

Figure 2. Results of CPY- catalyzed peptide synthesis using Ca-fluoroalkylated 
and methylated amino acids, respectively, and four different nucleophiles. 
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The strongest discrimination between both diastereomeric substrates was 
observed for the synthesis of Z-Phe-(aTfm)Ala-Ala-NH2. Reaction of the 
diastereomeric peptide containing the S-enantiomer of the fluorinated amino acid 
in Pi position gave 55% yield while product formation dropped to 20% when S-
(aTfm)Ala was replaced by the JR-enantiomer. Therefore, product formation 
increased up to 40% by applying the pure diastereomer of Z-Phe-S-(aTfm)Ala-
OMe and is now even slightly higher than in the case of the corresponding Aib 
peptide. These results imply that substitution of a methyl group for a Tfm group 
at the C -̂atom of Aib can result, depending on the absolute configuration, in an 
improved binding of the substrate within the active site of CPY. Remarkably, in 
the case of the aTfm analogues, reaction of the diastereomer possessing the 
fluorinated, bulkier side chain in the same position as it would be for the side 
chain in the case of a natural amino acid results in a lower peptide yield. 
Surprisingly, CPY obviously accepts the bulky Tfm group within the binding site 
for the α-proton. The assumption can be made that the aDfm substituted Ala 
derivative will show a similar reaction behavior, however, this has not been 
explicitly investigated yet. 

Figure 3 · Influence of the absolute configuration of (aTfm)Ala on the efficiency 
of CPY-catalyzed peptide synthesis. 

These results of CPY-catalyzed peptide synthesis represent the first example of a 
direct enzymatic coupling of two different, sterically demanding C^-fluoroalkyl 
amino acids to amino acid nucleophiles without any further activation of the 
electrophilic substrate and without any medium or enzyme engineering. In this 
study, amino acid amides were used as nucleophiles. The application of amino 
acids (63) as nucleophiles will open up the possibility of incorporating a variety 
of fluorinated residues into biologically relevant peptides by enzymatic fragment 
condensation. 
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Part 2. Systematic Evaluation of the Molecular Interactions of 
Fluorinated Amino Acids with Native Polypeptides 

The role of fluorine in bioorganic molecules, its impact on protein properties and 
biological activity, and the design of highly specific protein-protein interfaces 
has already been the subject of several studies. (74) Consideration of their results 
points out that fluorinated amino acids are extremely interesting for peptide and 
protein design because of the unique properties of the fluorine atom. However, 
some characteristics of fluorocarbon groups such as space filling, 
hydrophobicity, and the ability to participate in hydrogen bonding are still 
controversially discussed. However, knowing these characteristics is essential for 
the directed application of fluorinated amino acids for the de novo design of 
peptide and proteins, the directed manipulation of side chain interactions as well 
as folding stabilities. Therefore, a screening system has been developed which 
enables the systematic investigation of fluorinated amino acids regarding these 
properties and thus, can contribute to a better understanding of how their 
characteristics evolve in the context of a protein environment. 
An essential requirement for investigations of specific amino acid side chain 
interactions as well as the influence of new building blocks on structural aspects 
of peptides and proteins like conformation and stability is a model system 
providing the following characteristics. First, the residue position to be 
substituted by the investigated nonnatural amino acid has to have one particular 
amino acid residue defined as its interaction partner. Second, a stable secondary 
structure of this model system is required which tolerates the substitutions to be 
made. Third, the model should allow a sensitive detection of the influence of the 
nonnatural building blocks on peptide/protein conformation and stability. To 
accomplish these requirements, α-helical coiled coil peptides can perfectly serve 
as such model systems. (57,58) Approximately 3% of all protein residues form 
coiled coils (59), which shows that this secondary structure is a very common 
motif in biological systems as found in transcription factors (60) and 
tropomyosin (61), for example. The structural principles of the coiled coil motif 
were analyzed in detail and therefore, have become very well understood. 

The Coiled Coil Structure Motif (64,65, 69-71 and references therein) 

Coiled coils typically consist of two to five right-handed α-helices which are 
wrapped around each other to form a superhelical twist in a left-handed manner. 
The primary structure of each helix is characterized by a periodicity of seven 
residues, the so-called 4-3 heptad repeat which is commonly denoted (a-b-c-d-e-
f-g)„. The positions a and d are typically occupied by nonpolar residues (Leu, 
Ile, Val, Met) and form a special interaction surface at the interface of the helices 
by hydrophobic core packing ("knobs-into-holes"). In contrast, the positions e 
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and g are solvent exposed and often occupied by charged amino acids (most 
common ones are Glu and Lys) forming inter-helical ionic interactions. In the 
remaining heptad repeat positions b, c, and f, located solvent exposed at the 
outer sides of the motif, polar residues are mostly found which can stabilize the 
conformation by intra-helical salt bridges. The hydrophobic core provides the 
major contribution to the structural stability of the coiled coil while the 
allocation of the two positions a and d of this interface by the different types of 
hydrophobic residues, β- and γ-branched, controls the order of aggregate 
formation. In contrast, the inter-helical ionic pairing positions e and g mainly 
dictate the orientation specificity (parallel versus antiparallel) as well as the 
preference for homo- or heterotypic coiled coil formation. Amino acids in these 
positions provide an abated contribution to the overall stability of the structure 
motif and the determination of the oligomerization state compared to that of the 
hydrophobic core residues. 

The Coiled Coil Based Screening System 

The screening system we use for our investigations of the properties of 
fluorinated amino acids is based on an antiparallel homodimeric coiled coil 
peptide containing 41 residues per helix (Figure 4). The relative orientation of 
the helices is determined by the design of the charged e and g positions. This 
results in a maximum number of attractive inter-helical ionic interactions (which 
would be all repulsive and therefore destabilizing in the the case of parallel 
folding) and a homogenous hydrophobic core consisting of Leu residues leading 
to a preference of the antiparallel over the parallel orientation (72) and a 
dimerization over higher oligomers in general. (75) Two residues in this 
screening model, K8 in a g-position of the charged interaction side and L9 in an 
a-position of the hydrophobic core, serve as substitution positions for the 
fluorinated amino acids to be investigated. Determined by the antiparallel 
orientation of the coiled coil, the side chain of nonnatural building blocks take 
part in heterogenous interactions with their natural partners, which are residues 
E29 for K8 and L33 for L9 of the opposite helix strand. 
Therefore, this model peptide system provides perfect conditions to 
systematically analyzing properties of fluorinated amino acid side chains in a 
hydrophobic as well as a polar environment. The development of two simple 
screens facilitates the detection of the influences of the incorporated fluorinated 
amino acids in the substitution positions on inter-helical side chain - side chain 
interactions and conformational stability. Because such a structure motif has 
been shown to respond very sensitively to even single variations within either of 
the recognition domains in regard to dimmer stability (74), one screen of the 
interactions between a broad range of fluorinated building blocks and native 
amino acids measures the stability of such modified α-helical coiled coil dimers. 
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Y»YatYjM K M I(E7 

peptide sequences: 

nucleophilic fragment CLKYELRKLEYELKKLEYELSSLE 
electrophilic fragments of native amino acids: 

control sequence 
L9E 
L9A 
K8A 

Ac-RLEELREKLESLRKKLA 
Ac-RLEELREKEESLRKKLA 
Ac-RLEELREKAESLRKKLA 
Ac-RLEELREALESLRKKLA 

electrophilic fragments of side-chain modified amino acids 

L9Abu Ac-RLEELREKAbuESLRKKLA 
K8Abu Ac-RLEELREAbuLESLRKKLA 
L9DfeGly Ac-RLEELREKDfeGlyESLRKKLA 
K8DfeGly Ac-RLEELREDfeGlyLESLRKKLA 
L9TfeGly Ac-RLEELREKTfeGlyESLRKKLA 
K8TfeGly Ac-RLEELREDfeGIyLESLRKKLA 

Figure 4. Helical-wheel representation of the α-helical coiled coil peptides and 
amino acid sequences of all synthesized fragments. The substitution positions 
g,g'-KS and a,a'-L9 (shaded in grey) and their interaction partners g',g-E29 
and d',d-L33 (unshaded) are highlighted with squares (charged interface) and 
circles (hydrophobic interface). The ligation sites of the electrophilic and 
nucleophilic fragments are marked with arrows. 
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The recording of thermal unfolding profiles using CD-spectroscopy and the 
proximate determination of peptide melting points of the substituted coiled coils 
afford conclusions about the interaction profiles within the recognition sites as 
well as intra-helical conformational tensions and, therefore, about the properties 
of fluorinated and backbone modified residues. A second screen is based on the 
property of peptides with hydrophobic heptad repeats to self-replicate (replicase 
reaction cycle; 75). Consequently, we designed and synthesized the α-helical 
coiled coil strands of the screening system in two parts, a 24-residues long C-
terminal nucleophilic fragment (Nu) and 17-residues long N-terminal 
electrophilic fragments bearing the substitutions in positions 8 and 9 (E x; while 
the X denotes the respective substitution). These electrophilic fragments were 
synthesized as C-terminal benzylthioesters (76-78) which allows them to 
undergo a native chemical peptide ligation with Nu bearing an N-terminal Cys-
residue. (79,80) The efficiency of template assisted peptide-bond formation 
strongly depends on the degree of complement of the interacting amino acid side 
chains of both recognition domains. Therefore, the recording of ligation reaction 
rates of the different substituted electrophilic fragments with Nu provides 
information about the impact of fluorinated amino acid side chains on dimer-
interaction as well and will primarily give evidence of the sensitivity of the 
chosen system. 

The Replicase Reaction Cycle 

The replicase reaction cycle is a template-assisted auto-catalyzed self-replication 
process. (75) The initial step is an un-catalyzed peptide bond formation between 
both ligation fragments forming a full-length coiled coil strand. In the first cycle 
step this monomer acts as a template for the attachment of new ligation 
fragments in a coiled coil like manner. This non-covalent aggregation provides a 
close proximity of the functional groups taking part in the ligation process. 
Therefore, the template catalyzes its own formation, which results in a coiled 
coil homodimer. The dissociation/association equilibrium of this aggregate 
provides two new templates for further replicase cycles. 

Investigations of Amino Acids carrying Fluorinated Side Chains 

One controversial discussion about fluoroalkyl groups is held about the ability of 
participating in hydrogen bonding. The C-H-F-C interaction is described to be 
one of the weakest hydrogen bonds. (55,56,82) This interaction appears to be an 
important tool for protein engeneering. The hydrophobicity as well as the space 
filling requirement of fluoroalkyl groups remain controversial as well. Studies of 
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the steric bulk of a trifluoromethyl group came to different results. Tirrell et al. 
consider substitution of hydrogen by fluorine in an amino acid to be isosteric. 
(83) In contrast, Kumar et al. assume that a trifluoromethyl group has twice the 
molar volume of a methyl group. (11,84) Both research groups substituted native 
leucine residues by 5,5,5-trifluoro- (83,11,8) and 5,5,5,5\5\5'-
hexafluoroleucines (84,10,9) in the hydrophobic core of a parallel coiled coil 
dimer to analyze their influences on thermal and chemical structure stability. 
However, the most accepted opinion about this issue describes the space filling 
properties of fluorine to lie approximately halfway between hydrogen and 
methyl. (85) Therefore, a CF3-group is supposed to be at least as large as 
isopropyl. (86,87) Accordingly, trifluoroethylglycine (TfeGly) should be 
sterically demanding similar to native leucine in the unpolar recognition domain 
of a coiled coil peptide. Thus, we decided to use fluorinated ethylglycines as 
starting points for investigating space filling and electronic properties of 
fluoroalkyl substituents using the screening system described above (Scheme 5). 

Native amino acids 

H 2 N 

H 2 N C O O H H 2 N C O O H 

glutamic acid alanine 
(Glu) (Ala) 

Side-chain modified amino acids 

I F 2 H C F 3 C 

k ^ H k ^ H < Λ Χ Η 

H 2 N C O O H H 2 N C O O H H 2 N C O O H 

aminobutyric difluoroethyl trifluoroethyl 
acid glycine glycine 

(Abu) (DfeGly) (TfeGly) 

Scheme 5. Structure of all investigated amino acids within the substitution 
positions 8 and 9 of the electrophilic coiled coil fragments. 

In addition to the mentioned Nu and the nonsubstituted electrophilic fragment E 0 

we synthesized more Ε-variants with the amino acids alanin, ethylglycine 
(aminoisobutyric acid, Abu), difluoroethylglycine and trifluoroethylglycine in 
the substitution position L9 of the hydrophobic core (EL9A> E L 9 A b l l , EL9DfeGi y and 
ELmeGiy) as well as variants with these residues substituted into the ionic 
interface position K8 ( E K 8 A 5 EK 8Abu> EK8DfeGi y and EK8TfeGi y). In a further peptide 
variant, the charged amino acid, Glu, was incorporated into the apolar surface 
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(EL9E) in order to achieve information about the response of the screening 
system to strong destabilizing factors within the hydrophobic core. This helps to 
interpret and rank the results obtained for the fluorinated residues. To prove that 
the control sequence has self-replicating properties, E 0 and Nu were incubated 
with and without added full-length peptide. (88) Addition of increasing amounts 
of template results in acceleration of product formation which indicates an 
autocatalytic system (results not shown). In further experiments, preparative 
ligation experiments with Nu and the above mentioned electrophilic fragments 
were performed, and the purified reaction products were analyzed in term of 
thermal stability by CD-spectroscopy in 5M guanidine hydrochloride. The use of 
urea as denaturizing reagent did not lead to a sufficient destabilization of the 
coiled coil peptides even at high concentrations (8 M). The results of these 
studies demonstrate the much stronger impact of substitutions within the 
hydrophobic core compared to those located in the charged recognition domain. 
All things considered, both the rates of product formation and the thermal 
stabilities of all variants differ from the control sequence peptide. This clearly 
proves our screening system to be sufficiently sensitive to detect even minor 
differences between the incorporated side chains, best demonstrated for the 
residues DfeGly and TfeGly differing only in the content of one fluorine atom. 
The incorporation of the charged residue Glu into the hydrophobic core instead 
of the native Leu leads to a dramatically slower reaction rate of the replicase 
system. This result is consistent with the L9G-variant unique characteristic of not 
forming a dimer at room temperature in 5M guanidine hydrochloride. This 
points out an extreme example of the destabilization of the hydrophobic core of 
a coiled coil by substituting one single Leu residue. All L9-variants show both 
strong retardation of the replication rates and significant decrease in thermal 
stability but represent differences in the order of influence within the set of 
incorporated analogues between both screens. While L9Abu is the most 
destabilized coiled coil within the series of ethylglycine, followed by L9DfeGly 
and L9TfeGly, the order of decrease in replicase reaction rate of these variants is 
inverse. As mentioned in the general description of the replicase cycle, the rate 
of production formation is affected by both the provision of free monomeric 
template, which means the dissociation rate of the dimeric ligation product, and 
the association efficiency of template and nucleophilic and electrophilic coiled 
coil fragments. All things considered, a faster turnover rate indicates a 
substituted electrophile to be a better catalyst in the system. Thus, the antipodal 
effects of stabilization, increasing the reaction rate by faster association and 
decreasing it caused by slower dissociation (vice versa for the impact of 
destabilization) yield in the overall rate of product formation which is 
determined by the contribution of both processes to the replication cycle. In 
contrast, the thermal unfolding experiments allow straight conclusions about the 
influence of the observed substituent on secondary structure stability and thus 
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give direct information on the interaction profile and steric, as well as, electronic 
properties of this amino acid in the respective coiled coil recognition domain. 
However, due to the content of information from both association and 
dissociation processes, the replicase experiments may provide a more detailed 
insight into the character of fluoroalkyl groups compared to the pure stability 
screens. L9A is the most destabilized variant within this L9-series which is 
caused by a lack of hydrophobicity in the core packing (Figure 5). 

Figure 5. Thermal unfolding profiles in 5M guanidine hydrochloride of the 
ligated coiled coil peptides of the control sequence (closed circles) and with 
substitutions in position 9 (A) and position 8 (B) with Ala (open circles), Abu 
(open triangles), DfeGly (open diamonds,) and TfeGly (open squares). Inset 
diagram: thermal unfolding profile of the L9E variant in 2M guanidine 
hydrochloride which was already fully unfolded at 20°C in 5M GdnHCl. 

A side-chain elongation of one methyl group (L9Abu) has only a minor 
stabilizing effect, indicated by the increase of the melting point of less than 1 K. 
While a further increase in side-chain volume and hydrophobicity by substituting 
two hydrogens with fluorine (L9DfeGly) leads to an additional stabilization to a 
similar extent, the incorporation of a third fluorine into the methyl group of the 
ethylglycine (L9TfeGly) results in a much stronger increase in secondary 
structure stability and a melting point enhancement of 5 Κ compared to the 
L9DfeGly variant. Considering these results, the fluorination of a methyl group 
has a much higher impact on hydrophobic core stability than the addition of a 
methyl group. This proves either the described hydrophobic or space filling or 
both of these properties of fluoroalkylation. The stabilizing effect shows no 
linear correlation with the order of fluorine substitution. This fact is based on the 
electron-withdrawing effect of the two fluorine substituents in the Dfe group 
causing an acidity of the proton attached. Thus, the acidic proton seems to 
disturb the interaction within the hydrophobic core, which is characterized by a 
lowered extent of stabilization effect. However, even the most stabile variant of 
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this substitution series shows serious destabilization compared to the original 
sequence which bears a leucine in position 9 (Table III). 

Table III. Melting temperatures of the α-helical coiled-coil peptides 

Peptide 
control sequence 73.9 
L9Ala 53.2 
L9Abu 54.0 
L9DfeGly 54.4 
L9TfeGly 59.0 
K8Ala 71.3 
K8Abu 71.9 
K8DfeGly 68.3 
K8TfeGly 68.9 

Tm is defined as the temperature at which 50% of the peptide is unfolded. 

Considering the hypothesis that the steric bulk of trifluoroethylglycin is similar 
to that of leucine and the postulated high lipophilicity of fluoroalkyl groups, 
which is due to the low polarizibility of the fluorine atoms (89), the opposite 
result should have been expected. Tirrell et al. and Kumar et al. could show that 
the incorporation of both trifluoroleucine (11,8) as well as hexafluoroleucine (9) 
into the hydrophobic core of a parallel coiled coil results in enhanced thermal as 
well as structural stability of the resulting peptide or protein assembly. The 
magnitude of the observed effect was correlated with the content of 
fluoroalkylated (83) amino acid. Considering the parallel orientation of the 
dimers used in these experiments, the fluoroleucines generally interacted with 
fluoroleucines. In further studies, disulfide-exchange assays with parallel self-
sorting coiled coil peptides with hydrophobic cores composed entirely of leucine 
or hexafluoroleucine resulted in less than 3% heterodimeric assemblies with 
interactions between native and fluorinated leucines. (84,10) These heterodimers 
showed only a minor increase in stability compared to the homodimers 
containing native leucine residues. Nishino et al. could show in studies with 
amphiphilic helices containing either leucines or 2-(2,2,2-trifluoroethyl)glycines) 
as hydrophobic residues that these fluoroalkylated side chains tend to gather with 
each other. (90) These results indicate that fluorocarbon-fluorocarbon 
interactions are much stronger than both mixed fluorocarbon-hydrocarbon as 
well as hydrocarbon-hydrocarbon interactions. Bringing these studies in relation 
to our investigations on fluorocarbon-hydrocarbon interactions with fluorinated 
ethylglycines, we conclude that either the space filling of fluoroalkyl groups is 
much overestimated and/or the high electronegativity of fluorine disturbs a 
throughout formation of a hydrophobic mixed fluorocarbon-hydrocarbon core 
packing. The observed destabilization effect of trifluoroethylglycine within the 
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apolar recognition site is accompanied by a strong retardation of the product 
formation rate in the ligation reaction due to a negative effect on the association 
of template and modified electrophile (Figure 6). 

(A) (B) 

15 30 45 60 75 90 105 120 0 15 30 45 60 75 90 105 120 
Time (min) l i m e (min) 

Figure 6. Replicase turnover rates of electrophilic peptide fragments with the 
control sequence (closed circles) and with substitutions in position 9 (A) and 
position 8 (B) with Abu (open triangles), DfeGly (open diamonds) and TfeGly 
(open squares). Open circles: substitution of Leu in position 9 with Glu. 

Further destabilization of the coiled coil by decreasing the content of fluorine 
leads to a stepwise acceleration of the replicase reaction. This effect is based on 
a positive effect on the dissociation rate of the dimer. We conclude that the 
reduction of side-chain length within the hydrophobic core decreases the rate of 
coiled coil formation (assembling process), while the substitution of hydrogen by 
fluorine slows down the dissociation of the α-helical coiled coil strands. The 
reaction rate of the background reaction, which is the template-independent 
chemical peptide ligation, was shown to be uninfluenced by the type of 
substitution in position 9 of the coiled coil peptide. (88) Substitution of Lys in 
position 8 within the charged surface by the ethylglycine fluorination series had 
less effect on coiled coil stability and the product formation rate of the replicase 
reaction compared to the L9-variants. This result conforms with the present 
knowledge on the charged interface which provides a smaller contribution to 
coiled coil stability compared to the apolar core packing. (65) In general, 
breaking the K8-E29 saltbridge destabilizes the structure motif and results in a 
lowered melting point by ca. 2 Κ (K8A). The role of interhelical saltbridges in 
the aspect of stability of coiled coil peptides is a controversially studied issue as 
well. (65) While most attractive interhelical ionic pairings seem to stabilize the 
assembly (91,92) and general rules for optimization of intra- and interhelical 
saltbridges to achieve most coiled coil stability could be drawn up recently (93), 
examples of an opposite impact were observed. (94) In general, the contribution 
of such ion pairings is influenced by both energetically favorable coulombic 
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attractions and unfavorable desolvation of the charges of involved residues (93). 
The elongation of the Ala side chain by one methyl group within the charged 
interface (K8Abu) does not lead to any detectable further destabilization, 
although the hydrophobic volume exposed to the polar solvent is doubled. In 
contrast, the fluorination of the ethyl side chain shows a significant impact on 
coiled coil stability. The dimer melting points are decreased by about 3 Κ for 
both variants, K8DfeGly and K8TfeGly, which shows no detectable differences 
between them. This proves the results for the set of ethylglycine fluorination in 
the substitution position L9 within the hydrophobic core. Again, the exchange of 
methyl hydrogens by fluorine show a stronger impact on lipophilicity and space 
filling property, respectively, than the addition of one methyl to the side chain. 
The elimination of the K8 from the attractive salt bridge (K8Abu) leads to an 
acceleration of the replicase reaction rate due to a faster dissociation of the 
coiled coil assembly, while a destabilization of the hydrophobic core in this 
manner resulted in a slower association process. This finding is in agreement 
with the recently published work of Matthews et al. suggesting that stabilizing 
ion pairings do not urgently accelerate the coiled coil folding process. (95) A 
stepwise fluorination of ethylglycine within the charged interface correlates, 
comparable to the substitution series of the hydrophobic core, with a 
decelaration of the ligation reaction, while in this case a destabilizing effect of 
fluorination has been observed. Interestingly, in contrast to the incorporation of 
fluoroalkyl groups into lipophilic interaction surfaces, fluorination of solvent 
exposed residues retards the association process of peptide domains, possibly 
caused by the formation of fluorine-fluorine interactions in the unfolded state 
which have to be disrupted during coiled coil assembly. 
In summary, the screening system introduced here has been proven to be 
sufficiently sensitive to even detect the difference of one single fluorine atom 
within an alkyl group. First results gave already interesting information about the 
interplay between space-filling and hydrophobicity of fluorinated amino acid 
side chains within the context of a polypeptide environment. On this basis, a 
general protocol is being developed for studying systematically the steric, 
electronic, and hydrophobic effects of a variety of fluorinated amino acids, 
which differ in the content of fluorine as well as the position of the fluorination. 
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trifluoromethylation and 
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amines, 413-420/ 
with an aldimine, 416-417/ 
with zinc in DMF and THF, 414-

415/ 
Allylbenzene radical addition reaction 
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485-486/ 

Allylic alcohol, stereospecific 
fluorination, 176-177 

Allylic 
difluoromethylenenephosphonate 
in thionucleotide analogs 
synthesis, 450 

Allylic fluorides, optically active, 
synthesis, 175-178 

Allylsilanes, electrophilic 
fluorodesilylation in allylic 
fluoride synthesis, 177-178 

Allyltributyltin radical addition 
reaction with ethyl 
bromodifluoroacetate, 487-488/ 

Amides, fluorinated, Wittig reaction, 
596 

Amines, di-unsaturated, one-pot 
synthesis, 418-419/ 

Amines to fluorinated alkynoates, 
Michael addition, 595 

β-Amino acid derivatives, 7-member, 
ring-closing metathesis, 602-
604 

Ainino acids 
carrying fluorinated side chains, 

screening system 
applications, 625-631 

difluorinated, synthetic 
application, 463-466 

fluorinated, synthesis, 562-571 
a-Amino ΛΓ-tert-butanesulfinimines, 

diastereoselective 
trifluoromethylation, 20 

Anionic electron donors, self-
assembly, 526-532 

Anodic fluorination 
diastereoselective, of 

heterocycles, 284-286/ 
five-membered heteroaromatic 

compounds, 279-280/ 
heterocyclic compounds, 276-287 

Anodic ring fluorination, pyrrole 
derivative, 281-283/ 

Anti-Baldwin nucleophilic 
cyclizations, 270-271/ 

Antiestrogenic drug, panomifene, 
synthesis, 201-202/ 

Antiparallel homodimeric coiled coil 
peptide, screening system basis, 
623-624/ 

Applications 
amino acid drugs (Captopril), 601 
anion driven self-assembly, three-

component heteromeric 
adducts, 531 

conjugated polymers, 505 
3,5-dichloro-2,4,6-

trifluoropyridine, 249 
gem-difluorocyclopropanes, 430 
fluoral, as fluorinated synthon, 

368-376 
fluorinated amino acids, 563 
halogen bonding driven self-

assembly, 
haloperfluorocarbons, 532-
538 

α-hydroxy-P-amino acid moieties, 
545 

SF 5 compounds, overview, 108-
113 

Aromatic chemistry, sulfur 
pentafluoro compounds, 103-108 

Aromatic compounds with fluoral, 
asymmetric Friedel-Crafts 
reactions, 365-366/ 

Aromatic substitution, regioselective, 
fluorine on polyfluorinated 
BINOLs, 291-292 
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Aromatics, magnesium-promoted 
selective defluorination, 462-463/ 

Aryl carbonyl compounds, 
enantioselective 
trifluoromethylation, 22 

Arylglycidic esters, ring opening 
hydrofluorination, 181-182 

Asymmetric catalysis 
polyfluorinated BINOLs 

application, 293-299/ 
with fluorinated synthons, 356-

367 
Asymmetric cyclopropanation, 168-

169,184, 185/ 
Asymmetric hydrogénation reactions, 

4-trifluoromethyl-L-proline 
synthesis, 564-565 

Asymmetric synthesis, 
monofluorinated compounds, 
173-189 

ATCase inhibitors, potential, 
preparation, 444 

Aza-Michael reactions 
adducts, elaboration into 

y[CH(CF3)NH]Gly-peptides, 
586 

α-amino esters to N-(a-
trifluoromethyl)acryloyl-a-
amino, 587-588 

in synthesis PMR i|/[NHCH2]-
peptides, 3,3,3-
trifluoroalamine mimic, 589 

to y|KHCH(CF3)]-containing 
dipeptide units, 579 

ψ[NHCH(CF3)]Gly-peptide 
backbone, 585 

Aziridines and epoxides, optically 
active trifluoromethylated, 
preparation, 323-324 

Baeyer-Villiger reaction, 291, 370-
372 

Baldwin's rules, 270 
Balz-Schiemann 

(fluorodediazotization) 
fluorination, 263 

Barbier conditions, allylation 
reactions, 414 

Benzyl alcohols, nucleophilic 
fluorination, 181 

Benzylic fluorides, derivatives, 
preparation, 180-186 

Binaphthol ligands. See BINOL entries 
BINOL-derived titanium catalyst 

in carbonyl-ene reactions, 357-
360/ 

in Friedel-Crafts reactions, 362-
363t 364-365* 

BINOL-lanthanide complexes in 
asymmetric epoxidation reactions, 
297-299/ 

BINOLs, fluorinated ligands, 
preparation, 289-291 

BINOLs, polyfluorinated, application 
in asymmetric catalysis, 293-
299/ 

BINOLs, regioselective nucleophilic 
aromatic fluorine substitution on 
polyfluorinated, 291-292/ 

Biochemical resolution, racemates, 
320 

Biological activity, SF 5 compounds, 
109 

Biologically important compounds, 
fluorine analogs, applications to 
synthesis, 489-491/ 

Biologically important imidazoles and 
indoles, selective fluorination, 
303-316 

Bipyridine system, polyfunctional, 
synthesis and reactions, 254 

Bis(ethylsulfanyl) hexafluorobutene 
line, trifluoromethylated 
heterocycles, 241-245 

Bis(ethylsulfanyl)-tetrafluoropropene 
line, trifluoromethylated 
heterocycles, 238-241 
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1,6-Bis(hydroxymethyl)-2,2,5,5-
tetrafluorobicyclopropane shape, 
MO's, 430-431 

Bis(oxazoline) ligand in asymmetric 
cyclopropanation, a-
fluorostyrene, 168-169 

Bis-SF5 carbon compounds, 94-95 
BMS-204352, enantioselective 

synthesis, 182, 183/ 
Boron Lewis acid and S-

(perfluoroalkyl)dibenzothiopheni 
urn triflate perfluoroalkylation, 5 

Bromhydrins, cyclization, chiral 
compound configurations, 422-
424 

Bromine and iodine, discrimination 
between, 224/ 226-227/ 

1 -Bromo-1 -chloro-2,2,2-
trifluoroethane metallation, 147 

a-Bromo-p,P-difluorostyrenes, 
synthesis, 148-149/ 

a-Bromo-P,p-difluorovinyl zinc 
reagent preparation, 148-149 

Bromo-fluoropyridine building blocks, 
synthesis, 252-253 

2-Bromo-3,3,3-trifluoropropene, in 
synthesis, trifluoromethylated 
acetylenes, 192-193/ 

Brook and retro-Brook rearrangements 
acylsilanes, 378-379, 381-382, 

386, 389-390, 394-395 
difluorinated enol ethers, 

preparation, 457-458/ 
Building block approach to 

difluoromethylenephosphonate 
function, 448-450/ 

Building block pentafluoropyridine in 
polyfunctional pyridines and 
macrocycles, 248-261 

Building blocks, site-specific peptide 
and protein modification, 
fluorinated amino acid, 611-
635 

Butyl acrylate, electrochemical 
trifluoromethylations, 12 

C 

Ca,a-dialkyl amino acid-4-
guanidinophenyl esters, synthesis, 
616-619 

Ca-fluoroalkyl substituted amino acids 
(racemic), enzymatic resolution, 
612-615/ 

Cadmium reagent reaction with 
copper(I) chloride, phosphonate 
synthesis, 445 

Cannizaro reaction, 37, 75 
Carbene addition by Dolbier's 

procedure, 436 
Carbinols with CF 3 , generation, 

overview, 8-11 
Carbometallation, fluoroalkylated 

alkynes, synthetic applications, 
197-201 

Carbon-fluorine bond cleavage, 
magnesium-promoted, 455-475 

Carbon-fluorine bond formation in 
difluoromethylenephosphonate 
function, 447-448/ 

α-Carbon functional groups, 
stereospecific transformation, 
trifluoromethyl group, 325-333 

Carbon-phosphorus bond formation, 
difluoromethylenephosphonate 
function, 446-447/ 

Carbonyl-ene reaction, catalytic 
enantioselective C-C bond 
formation, 357-361/ 

Carbonyl halides-sulfur pentafluoro 
compounds, preparation, 97-
100 

Carbostannylation, fluoroalkylated 
alkynes, synthetic applications, 
197-200 

Carboxylic acid derivatives, sulfur 
pentafluoro compounds, 
preparation, 97-100 

Carboxypeptidase Y catalyzed peptide 
synthesis, α-fluoroalkyl amino 
acids, 619-621 
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Catalysis. See Asymmetric catalysis; 
reaction entries 

Catalytic pathway for production of 
(triflluoromethyl)silanes, 35-36/ 

Catalytic trifluoromethylation, 22-24 
Cerium(III) salts, carbanion reactivity 

modulation, 443,444 
Cesium fluoride, trifluoromethylation 

catalyst, 76-79 
CF 3 H. See Trifluoromethane 
Charge-transfer interactions in 

intermolecular synthons, 499 
Chemical stability, SF 5 compounds, 

110 
Chiral α-carbon, building methods to 

trifluoromethyl group and 
substitutions, 318-341 

Chiral carbon center, 
trifluoromethylated, construction, 
320-324 

Chiral carbon without hetero atom, 
optically active 
trifluoromethylated compounds, 
324 

Chiral enamine, reaction with 
trifluoroacetaldehyde ethyl 
hemiacetal, 351 

Chiral β-enamino esters, reduction, 
stereochemical outcome, 600-601 

Chiral imide enolates, 
diastereoselective 
trifluoromethylation, 12 

Chiral imines, reaction with 
trifluoroacetaldehyde ethyl 
hemiacetal, 348-350* 

Chlorine vs. trialkylsilyl, protective 
group comparison, 227-229/ 

Chlorins, direct trifluoromethylation, 5 
a-Chloro-β,β -difluorostyrenes, 

synthesis, 145-148* 
a-Chloro- β,β -difluorovinyl zinc 

reagent preparation, 145-148 
4-(p-Chlorophenylthio)methyl-1,3-

dioxolan-2-one, anodic 
fluorination, 285/ 

Chromium carbonyl in dehydroxy-
fluorination indanols and tetralols, 
181 

Cieplak rule in stereoselection, 
Michael addition reactions of 
enolates, 408-409 

Cinnarizine analog preparation, 69-
70/ 

Claisen rearrangement, fluorinated 
allyl vinyl ethers, 468 

Co-crystal formation, perfluoroalkyl 
iodides with aromatic/aliphatic 
diamines, 516-517/ 

Cobalt(III)/zinc bimetallic redox 
system, primary phosphonates 
synthesis, 445 

Coiled coil based screening system, 
623-625 

Coiled coil structure motif, 622-623 
Conformational features, PMR 

y[NHCH(CF3)]Gly-peptides, 
582-584 

Copper catalysts 
acetoacetate, in olefin methathesis 

reaction protocol, 436/437 
asymmetric cyclopropanation, a-

fluorostyrene, 168-169 
carbocupration, fluoroalkylated 

alkynes, synthetic 
applications, 200-201 

cuprous halide, fluorovinylzinc 
reagents with allyl halides, 
137,139/ 

cyclopropanation, a-
fluorostyrene, 184, 185/ 

mediated reactions, ethyl 
bromodifluoroacetate, 476-
495 

phosphonate preparation, 445 
salts, for construction, fluorinated 

cyclopropanecarboxylates, 
166 

"Core scaffold" fimctionalization 
strategy, 251 

Cotton effect, 431 
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Cross-coupling reactions 
4,4-difluoro- α-tocopherol, 

synthesis, 489-490 
ethyl bromodifluoroacetate, 

organocopper iodide complex 
formed, 478-481 

monofluoroalkene stereoselective 
synthesis, 120-134 

SF 5 aromatic compounds, 
preparation, 104 

Crystal engineering 
fluorine-based, 498-513 
halogen bonding-based, 514-542 

Crystal packing in solid-state UV-
initiated polymers, fluoro 
synthons, 509-510 

Crystal packing motifs, fluoro hybrid 
synthons, 503-505 

Curtius degradation, 166-167, 185 
α-Cyano-a-fluoro-p-tolylacetic acid, 

resolution methods, 184 
2-Cyano-l-methylpyrrole, anodic 

fluorination, 281-282/ 
Cycloadditions, vinyl fluorides, 155-

172 
Cyclopropanations, vinyl fluorides, 

164-170 
Cytotoxicity, fluoro-taxoids, 558 

D 

Dane's diene in Diels-Alder reactions 
with fluorinated p-benzoquinones, 
163-164 

Danishefsky's diene, fluorinated 
analog, preparation, 460 

DCTFA, industrial synthetic 
application as fluorinated 
synthon, 368-376 

Dehydroiodination in vinyl iodides, 
193 

Dehydroxy-fluorination, indanols and 
tetralols, chromium carbonyl 
stereocontrol, 181 

Density Function Theory. See DFT 
calculations 

Deprotonation-triggered heavy 
halogen hopping, 223-224/ 

Dess-Martin conditions for oxidations, 
210-211 

DFA (1,1-Difluoroallene), synthetis 
and cycloaddition chemistry, 
205-207 

DFT calculations 
formation of di-substituted anti-

1,3-diol, 45-46 
interaction dissociation energy, I3-

anion complex, 527 
Diacetylene function in designed 

hybrid fluoro synthons, 506-
508/ 

UV-mitiated 
photopolymerizations, 508-
510 

Diastereofacial selection, fluorine-
containing methyl groups, role, 
399-411 

Diastereoselective animations, 323 
Diastereoselective anodic fluorination, 

heterocycles, 284-286/ 
Diastereoselective 

trifluoromethylation with 
(trifluoromethyl)-trimethylsilane, 
18-21 

3,3-Dichloro-1,1,1 -trifluoroacetone. 
See DCTFA 

3,5-Dichloro-2,4,6-trifluoropyridine 
herbicide precursor, 249 

Dichlorocarbene reactions with 
fluorostyrenes, 164-165 

Dichloromethane 
solvent effects, 279 
solvent for olefin methathesis 

reaction protocol, 435 
solvent influence on 

stereoselectivity in pseudo 
peptide synthesis, 579 

Diels-Alder reactions. See also Retro-
Diels-Alder reaction 
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adduct formation with butadiene, 
93 

cycloadditions, 207 
enantioselective hetero, 461 
open-chain dienes, 283/ 
vinyl fluorides, 157-164 
with a-fluoro-a,P-unsaturated 

carbonyl compounds, 159— 
164 

Dienyl and polyunsaturated allylic 
fluorides, preparation, 179-181 

Diethyl 
difluorophosphonomethyldithioac 
etate in functionalized thiazolines, 
449-450/ 

Diethyl 2-OXO-, 1,1-
difluoroethylphosphonate hydrate 
in difluoroallylic phosphonates, 
449 

0,0-Diethyl 
phosphonodifluoromethyllithium 
reagent, 442- 444 

Diethylzinc addition to aldehydes, 
application in asymmetric 
synthesis, 294 

Difluorinated enol ethers and 
derivatives, preparation, 456-458/ 

α,α-Difluoro fatty acid analog, 
synthesis by radical reaction, 
490-491/ 

α,α-Difluoro-a-halo-
acetyltrialkylsilanes, synthesis, 
384 

3.3- Difluoro-2,4-pentane diolate 
dianion as model for DFT 
calculations, 45 

4.4- Difluoro-a-toeopherol, synthesis 
by cross-coupling reaction, 489-
490 

l,l-Difluoro-2-trialkylsilyl-2-
trialkylsilyloxyethenes, synthesis, 
382-383* 

Difluoroacetyltrialkylsilanes 
reaction with sulfur ylides, 388-

389/ 

synthesis, 380-382* 
gem-Difluoroalkenes, intramolecular 

vinylic substitution, 262-275 
Difluoroallenes, functionalized, 207-

210 
Difluoroallenyl indium intermediate, 

207-208 
Difluorocarboxylate anions, 

generation and uses, 72-74/ 
gem-Difluorocyelopropanes 

multi, synthesis, 434-437 
optically active, synthesis, 432-

434/ 
2,2-Difluoroenol silyl ether 

halogenation, 50-52 
Difluoroenol silyl ethers and 

derivatives, selective C-F bond 
cleavage, 455-475 

Difluoroenoxysilanes, electrophilic 
halogenation, 384 

Difluoroketene aminals, nucleophilic 
intermediates, 72-74/ 

Difluoromethyl ketones, magnesium-
promoted selective defluorination, 
461-462 

Difluoromethyl phenyl sulfone in 
difluoromethylation and 
difluoromethylenation, 41-49 

Difluoromethyl phenyl sulfones, use 
in difluoromethylenation, 42-
49 

Difluoromethylene-bisphosphonates, 
phosphonoacetates in fluorinated 
phosphate analogs preparation, 
448-449 

Difluoromethylene groups, 
introduction by fluorinated silyl 
enol ethers, 49-52 

Difluoromethylenephosphonate 
function construction, 446-448/ 
building block approach, 448-

450/ 
Difluoromethylenephosphonate unit, 

direct introduction during 
synthesis, 441-446/ 
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2- and 4-Difluoromethylimidazole, 
synthesis by deoxyfluorination, 
308-309 

Difluoromethylphosphonates, general 
synthetic methods, 440-454 

3.3- Difluoroproline synthesis, 566-
567/ 

a«tf-2,2-Difluoropropan-1,3-diols, 
stereoselective preparation, 42-51 

2,2-Difluoropropan-l,3-diols with 
stereoselectivity, synthetic 
applications, 47-49 

4.4- Difluoropyroglutamic acid 
derivative, preparation, 568 

β, β-Difluorostyrenes 
with sp2 carbon nucleophile, 

cyclization, 269-270 
with sp2 nitrogen nucleophile, 

cyclization, 267-269/ 
with sp3 carbon nucleophile, 

cyclization, 266-267 
with sp3 heteroatom nucleophile, 

cyclization, 265-266/ 271 
gem-Difluorostyrenes with sp3 

heteroatom nucleophile, 
cyclization, 272 

1,2-Dimethoxyethane. See DME 
Dimethyl formamide. See DMF 
Dimethyl sulfoxide. See DMSO 
2.2- Dimethylchroman-4-ones, 

fluorinated analog synthesis, 24 
anii-1,3-Diol functionality, 

fundamental unit in naturally 
occurring compounds, 42 

Diphenyl disulfide in terf-butoxide 
induced trifluoromethylation, 
40 

1.3- Dipolar cycloaddition, 
dithiocarboxylic derivatives, 
dimethylacetylendicarboxylate, 
243-245 

Direction-reversal strategy, 578 
Disubstituted SF 5 benzene derivative, 

preparation, 104 

Dithiocarboxylic derivatives with 
dimethylacetylendicarboxylate 1,3 
-dipolar cycloaddition, 243-245 

Diversity Oriented Synthesis (DOS), 
218-231,250-251 

Dixon's method, 140 
DME (1,2-dimethoxyethane), solvent 

effects, 278-279/ 
DMF (Ν,Ν-dimethyl formamide) 

CF 3 reservoir provider, 61-63 
solvent for allylation reaction, 

414-415t 
solvent in trifluoromethylations, 

8-11 
DMSO 

solvent for trifluoromethylation, 
38 

solvent in Michael-type 1,4-
addition reactions, ethyl 
bromodifluoroacetate, 481-
482 

Dolbier's reagent and method, 72-73 
Domains, perfluorinated, segregation 

in crystal lattice, 258-259/ 
DOS. See Diversity Oriented 

Synthesis 
DuPont Merck's MMP inhibitors and 

CF3-analogs, 573-574/ 

Egyptian cotton leaf worm, synthesis 
ofpheromone, 130 

Electrochemical trifluoromethylations, 
butyl acrylate, 12 

Electron-conducting polymer design, 
conjugated polymers, fluorine-
containing hybrids, 505-507/ 

Electronic effects, single fluorine 
substituent in simple vinyl 
fluorides, 156 

Electronic properties, SF 5 compounds, 
108-109 
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Electronic properties, vinyl fluoride, 
156 

Electrophilic fluorination 
asymmetric, benzylic fluorides, 

182-183/ 
diastereoselective, toward allylic 

fluorides, 177-178 
Electrophilic fluorodesilylation of 

allylsilanes in allylic fluoride 
synthesis, 177-178 

Electrophilic halogenation, 
difluoroenoxysilanes, 384 

Electrophilic peptide fragments, 
replicase turnover rates, 630/ 

Electrophilic perfluoroalkylation, 
overview, 3-8 

Enamines, reactions 
chiral, with trifluoroacetaldehyde 

ethyl hemiacetal, 351 
with polyfluoroacetaldehyde 

hemiacetal, 346-347/ 
with trifluoroacetaldehyde ethyl 

hemiacetal, 343-345 
β-Enamino esters 

and iso(thio)cyanates in 
fluorinated uracil synthesis, 
604-607 

fluorinated, synthetic 
intermediates, 593-610 

A2-oxazoline protected, 
preparation, 598-599/ 

Enantiopure β-lactams, synthesis, 
548-553 

Enantioselective trifluoromethylation, 
21-22, 79-82/ 

Endo/exo selectivity dependence in 
Diels-Alder reactions of vinyl 
fluorides, 158-159 

5-Endo-trig cyclizations, 270-272 
Engineering fluorinated comb-like 

polymers, halogen bonding 
application, 537-538 

Enol ethers-sulfur pentafluoro 
compounds, preparation, 95-96/ 

Enolates, Michael addition reactions, 
404-405 

Enzymatic resolution, racemic C a -
fluoroalkyl substituted amino 
acids, 612-615/ 

Epoxidation, application in 
asymmetric synthesis, 297-299/ 

Epoxides and aziridines, optically 
active trifluoromethylated, 
preparation, 323-324 

Ester enolate condensation with 
fluorinated imidoyl halides or 
nitriles, 597-599 

Ethyl bromodifluoroacetate 
effect of TMEDA in THF on 

Michael-type reaction, 483-
485 

organocopper iodide complex 
formed in cross-coupling 
reaction, 478-481 

organocopper reagent in Michael-
type reaction, 481-483 

radical addition reaction 
mechanisms, 485-488 

reaction mechanisms, 488-489 
rhodium catalyzed reaction, 491— 

492 
Ethyl β-bromoperfluorocrotonate, 237 
Evans oxazolidinone chiral auxiliary, 

177-178 
Explosives, SF 5 compounds, 111-112 

F labeled synthesis of 
trifluoromethyl ketones, 50-52 

1 9F NMR and 1 4 N NMR spectra in N -
-I interaction, 524-525 

1 9 F NMR determination, halogen 
bonding acceptor abilities, 527 

1 9F NMR spectra, three component 
systems, iodide halogen bonding 
strength, 529 

D
ow

nl
oa

de
d 

by
 8

9.
16

3.
34

.1
36

 o
n 

O
ct

ob
er

 2
2,

 2
00

9 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 J
ul

y 
21

, 2
00

5 
| d

oi
: 1

0.
10

21
/b

k-
20

05
-0

91
1.

ix
00

2

In Fluorine-Containing Synthons; Soloshonok, V.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2005. 



650 

Felkin-Anh and related transition 
state models in stereoselection, 
405-407 

Fiber reactive dye industry, industrial 
applications, 249 

Fischer indole synthesis, Abramovitch 
adaptation, 306 

Five-membered rings 
anodic fluorination 

heteroaromatic compounds, 
279-280/ 

synthesis fluorinated 
heterocycles, 270-272 

Flunarizine analog preparation, 69-70/ 
Fluoral iimniums, generation and uses, 

67-72 
Fluoral industrial synthetic application 

as fluorinated synthon, 368-376 
Fluoral stable hemiaminals, use in 

trifluoromethylation, 63-66/ 
Fluoride salts (supporting) effect on 

selective anodic fluorination, 
277-278/ 

Fluorinated acylsilanes, synthetic 
utility, 385-389 

Fluorinated aliènes, functionalized, 
204-215 

Fluorinated allylic alcohol derivatives, 
disastereoselective 
cyclopropanation, 166 

Fluorinated amides, Wittig reaction, 
596 

Fluorinated amino acids, synthesis, 
562-571 

Fluorinated β-amino acids, synthesis, 
fluorinated β-enamino esters 
reduction, 599-604/ 

2-Fluorinated benzofurans, 
benzothiophenes, indoles, 
preparation by cyclization, 271 

Fluorinated building blocks, synthesis, 
dienes and enynes with allylic 
fluorine, 179-180 

Fluorinated cyclopropanecarboxylates, 
construction, 166 

Fluorinated dianion equivalents, 
development, 466-469/ 

2- Fluorinated dihydrofurans, 
dihydrothiophenes, pyrrolines, 
cyclization synthesis, 272 

Fluorinated β-enamino-
amides derived from chiral 

nonracemic acyclic and 
cyclic amides, 598 

esters and iso(thio)cyanates, 
synthesis, fluorinated uracils, 
604-607 

esters A2-oxazolin-C-protected, 
uracils prep, 607-609 

esters reduction, synthesis 
fluorinated β-amino acids, 
599-604/ 

esters synthetic intermediates, 
593-610 

Fluorinated imidoyl halides or nitriles, 
ester enolate condensation, 597-
599 

3- Fluorinated isochromenes, 
preparation by cyclization, 265 

3-Fluorinated isoquinoline derivatives, 
preparation by cyclization, 267-
269/ 

3-Fluorinated isothiochromenes, 
preparation by cyclization, 265 

Fluorinated β-keto esters and amines, 
condensation, 594-595 

Fluorinated β-lactams, versatile 
synthetic building blocks, 554-
558 

Fluorinated nitriles, ester enolate 
condensation, 599 

Fluorinated peptidomimetics, 
synthesis and properties, 572-
592 

Fluorinated prolines, syntheses, 563-
567 

Fluorinated pyroglutamic acids, 
syntheses, 567-569 

3-Fluorinated quinolines, preparation 
by cyclization, 266-267 
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3-Fluorinated quinolines with 2-
position substituents on quinoline 
ring, 269-270 

Fluorinated silyl enol ethers, 
difluoromethylene/ 
monofluoromethylene groups, 
introduction, 49-52 

Fluorinated uracils 
preparation from A2-oxazolin-C-

protected β-enamine esters, 
607-609 

synthesis from β-enamino esters 
and iso(thio)cyanates, 604-
607 

Fluorinated vinylzinc reagents, 
preparation, 135-154 

Fluorination, biologically important 
imidazoles and indoles, 303-
316 

Fluorine analogs, biologically 
important compounds, synthetic 
applications, 489-491/ 

Fluorine-based crystal engineering, 
498-513 

Fluorine-bromine addition to vinyl 
imidazoles, 309-310 

Fluorine-containing methyl groups, 
role in diastereofacial selection, 
399-411 

Fluorine-effect in peptidomimetic 
structures, 573 

Fluorine for peptide and protein 
modification, 611-635 

Fluorine in aromatics, nucleophilic 
displacement, 292 

1- Fluoro-1-alkenyl metals, synthesis, 
cross-coupling reactions, 
application, 124, 125-126, 127 

Fluoro artemisinins, Lewis acid-
catalyzed reactions, 459 

2- Fluoro-2-aryl acetic acid 
derivatives, benzylic fluorides, 
resolution methods, 184 

3- Fluoro-1,2-dihydroisoquinolines, 
preparation by cyclization, 266 

1 -Fluoro-1 -haloalkenes, 
stereoselective synthesis, 121— 
124, 125/ 

2-Fluoro-1 -haloalkenes, 
stereoselective synthesis, 126, 
127-132 

Fluoro^-lactams, synthetic building 
blocks, 544-561 

2- Fluoro-2-phenylalkanols, benzylic 
fluorides, resolution methods, 184 

Fluoro segregation in crystalline 
phase, 501 

Fluoro-substituted 
trifluoromethyldiarylsulfonium 
triflates, 7 

Fluoro-taxoids, cytotoxicity, 558 
a-Fluoro-a^-unsaturated carbonyl 

compounds in Diels-Alder 
reactions, 159-164 

Fluoroalkyl/alkyl halides, sulfur 
pentafluoro-, preparation, 92-93 

α-Fluoroalkyl amino acids 
incorporation into peptides, 
carboxypeptidase Y, 619-621 

α-Fluoroalkyl amino acids 
incorporation into peptides 
trypsin and α-chymotrypsin, 616-
619 

Fluoroalkyl groups, hydrogen 
bonding, 625 

Fluoroalkylated alkynes, various 
syntheses, 191-193 

a-Fluoroalkylphosphonates, 211-213 
3- Fluorocinnolines, preparation by 

cyclization, 268 
Fluorocyclopropanes, asymmetric 

synthesis, 184, 185/ 
Fluoroform. See Trifluoromethane 
2- and 4-Fluoromethylimidazole, 

synthesis by deoxyfluorination, 
308-309 

Fluorophilic nature in crystal 
engineering, 501 

Fluorophosphonates, isoacidic 
analogs, phosphates, 440 
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α-Fluorostyrene, asymmetric 
cyclopropanation, 168-169 

Fluorovinylzinc reagents, in situ 
preparation at room temperature, 
138-151 

Free radical addition, direct 
introduction, 
difluoromethylenephosphonate 
unit, 445-446/ 

Free radical perfluoroalkylation, 
overview, 11-13 

Friedel-Crafts asymmetric catalytic 
reactions, 362-366/ 

Friedel-Crafts asymmetric reaction, 
vinyl ether with fluoral gas, 369 

Friedel-Crafts type catalytic 
enantioselective alkylation, 
trifluoropyruvate, 321 

Functional group transformations at a-
carbon, trifluoromethyl group, 
318-341 

G 

Garner's aldehyde, in 4-
trifluoromethyl-D-proline 
synthesis, 563-564 

Glyoxylate-ene reaction, application 
in asymmetric synthesis, 294-
295/ 

Grubbs catalyst, 72,418,435 

H 

Halex (halogen exchange) 
fluorination, 263 

Halocarbon HFC-134a in preparation 
and use of trifluorovinylzinc 
reagent, 139-145 

Halogen bonded Ν—I formation, 
detection, 524-526 

Halogen bonding 

acceptor abilities, 1 9 F NMR 
determination, 527 

adducts with fluoroorganic 
derivatives, early studies, 
516 

based, crystal engineering, 514-
542 

optical resolution, 324 
Halogen dislocations, selection, 224, 

226-227/ 
Halogen-halogen interactions in 

intermolecular synthons, 500 
Halogen/pseudohalogen SF 5 

compounds, overview, 88-89 
Halogenated aromatic compounds, 

regioexhaustive substitution, 219-
225 

Halogenation of 2,2-difluoro enol silyl 
ethers, 50-52 

Halogens, discrimination between 
seemingly equal, 224-225/ 

Halogens, heavy, deprotonation-
triggered hopping, 223-224/ 

Haloperfluorocarbons, role in halogen 
bonding-based crystal 
engineering, 514-542 

HCFC-133a, haloethane, preparation, 
a-chloro-P,P-difluorovinyl zinc 
reagent, 145-148 

Heck reaction, 123, 124, 128-132/ 
180 

α-Helical coiled-coil peptides, melting 
temperatures, 629/ 

Hemiaminals of fluoral 
use in trifluoromethylation, 63-

66/ 
versatile reagents, 73-74/ 

Heteroaromatic compounds (5-
membered ring), anodic 
fluorination, 279-280/ 

Heterocycle chemistry, sulfur 
pentafluoro compounds, 102-103 

Heterocycles, diastereoselective 
anodic fluorination, 284-286/ 
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Heterocycles from 
pentafluoropyridine, highly 
funetionalized, 248-255 

Heterocyclic chalcogenium salts, 
3-4 

Heterocyclic compounds, selective 
anodic fluorination, 276-287 

Hexatrifluoropropene trimer in 
fluorinated synthon, synthesis, 
502-503 

HFC-134a in preparation and use of 
trifluorovinylzinc reagent, 139— 
145 

Homoallyl trifluoromethyl amines, 
allylation reactions, 413-420/ 

Homochiral crystallization, 4,4,4-
trifluoro-3-
hydroxybutyrophenone, 370 

Horner-Wadsworth-Emmons reaction, 
120, 177-178,386-387/, 
401 

1,2-Hydride transfer mechanism, 
372-373/ 

Hydroboration, fluoroalkylated 
alkynes, synthetic applications, 
196-197 

Hydrolysis/alcoholysis of JV-aeyl-β-
lactams, synthetic building 
blocks, 554-555 

Hydrometallation, fluoroalkylated 
alkynes, synthetic applications, 
193-197 

Hydroperfluoroalkanes (RfH), 17 
2-Hydroperfluorobutanoates, 5-

membered CF3-heterocycles, 
synthesis, 243 

a-Hydroperfluorocarboxylic 
derivatives, 235 

Hydrostannation, fluoroalkylated 
alkynes, synthetic applications, 
193-196 

Hydroxide-induced 
trifluoromethylation, 
trifluoromethyl phenyl 
sulfones/sulfoxide, 36-41 

a-Hydroxy-P-amino acids and esters, 
P-CF2H- and P-CF3-, synthesis, 
554-555 

3-Hydroxy-4-CF2H-p-lactams, 
enantiopure, synthesis, 548-549/ 

3-Hydroxy-4-CF3-P-lactams, 
enantiopure, synthesis, 550-551, 
553/ 

α-Hydroxy-a-methyl-P-amino acid, P-
CF 3-, synthesis, 554-556 

a-Hydroxy-P-trifluoromethyl-P-amino 
acids, syntheses, 546-547 

P-Hydroxy-P-trifluoromethylated 
ketones synthesis, 342-355 

Hypervalent sulfuranide dioxide salts, 
synthesis, 28-29 

Imidazoles, biologically important, 
selective fluorination, 303-310, 
313-314 

Imidoyl (fluorinated) halides, ester 
enolate condensation, 597-598/ 

Imines 
chiral, reaction with 

trifluoroacetaldehyde ethyl 
hemiacetal, 348-350/ 

reactions with 
polyfluoroacetaldehyde 
hemiacetal, 346-347/ 

reactions with 
trifluoroacetaldehyde ethyl 
hemiacetal, 345-346/ 

Iminiums, fluoral, generation and 
uses, 67-72 

Imino (thio)ethers, intramolecular 
Wittig type rearrangement, 596-
597 

Indium 
difluoroallenyl intermediate, 207-

208 
mediated allylation reactions, 

390-392 
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organometallic reagent in 
allylation reactions, 
414 

Indoleamines, ring-fluorinated, 
preparation, 306, 308/ 

Indoles, side chain fluorinated, 
preparation, 313 

Infrared spectroscopy, detection, 
halogen bonded adduct formation, 
525-526 

Inorganic molecules, 
trifluoromethylations and 
perfluoroalkylations, 25-26 

Intermolecular interactions, weak non-
bonded, crystal engineering, 
overview, 499-500 

Intermolecular nucleophilic reactions 
in stereospecific transformations, 
329-330/ 

Intermolecular synthons, types of 
weak non-bonded interactions, 
499-500 

Intermolecular trifluoromethylation, 
trifluoroacetic and 
trifluoromethanesulfinic 
derivative, 75-76 

Intramolecular nucleophilic 
substitutions in stereospecific 
transformations, 327-329/ 

Intramolecular trifluoromethylation, 
trifluoroacetic and 
trifluoromethanesulfinic 
derivative, 76-79 

Intramolecular Wittig type 
rearrangement, imino (thio)ethers, 
596-597 

Iodide anion complex, interaction 
dissociation energy, 527 

Iodide ion behavior in three 
component systems, 528-
531 

Iodine and bromine, discrimination 
between, 224/ 226-227/ 

a-Iodo-P,P-difluorostyrenes, 
synthesis, 150-151/ 

lodoperfluoroalkenes, sulfur 
pentafluoro-substituted, 
preparation, 92 

Ionic liquids, SF 5 compounds, 112 
IR. See Infrared spectroscopy 
Ireland-Claisen rearrangements, 400 
Iron tricarbonyl-diene complexes in 

preparation, dienyl allylic 
fluorides, 179 

Ishikawa's reagent, 401 
Isoacidic analogs of phosphates, 440 
Isoserine dipeptides, Rrcontaining, 

synthesis, 556-557/ 
Isoserine fluorinated analogs, 

Uneyama's synthesis, 601-602/ 

Κ 

Ketals and acetals, optically active 
trifluoromethylated, preparation, 
323 

Ketenes-sulfur pentafluoro 
compounds, preparation, 95-96/ 

3-Keto-2,2-difluoro-l-
methoxyiminiums, intermediates, 
73,74/ 

γ-Keto α-perfluoroalkyl acid 
derivatives, 235 

L 

Lanthanide-BINOL complexes in 
asymmetric epoxidation reactions, 
297-299/ 

LDA. See Lithium diisopropylamide 
Lewis acid (boron) and S-

(perfluoroalkyl)dibenzothiopheni 
um triflate in perfluoroalkylation, 
5 

Lewis acid-catalyzed reactions, fluoro 
artemisinins, 459 

Lewis acid mediators in Diels-Alder 
cycloadditions, 161-162 
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Lewis acid-promoted allylation 
reaction, 392-394/ 

Lewis acids, perfluroalkylation, metal 
enolates, 5 

Libraries from libraries approach, 
250-251 

Lipase-catalyzed reactions, 
asymmetric synthesis, chiral gem-
difluorocyclopropanes, 432-434/ 

Lipase-catalyzed transformations, 
optically active compound 
resolution, 184 

Lipinski-type molecules, 250 
Liquid crystals, application of halogen 

bonded halo-PFCs, 536-537 
Liquid crystals, SF 5 compounds, 112-

113 
Lithium diisopropylamide (LDA), a-

chloro-P,P-difluorovinyl zinc 
reagent, 146 

Lithium diisopropylamide (LDA), 
generation, trifluorovinylzinc 
reagent, 142-144 

M 

Magnesium metal-mediated reductive 
nucleophilic trifluoromethylation, 
30-36 

Magnesium organometallic reagent in 
allylation reactions, 414,418,421 

Magnesium-promoted carbon-fluorine 
bond cleavage, 455-475 

Magnesium-promoted selective 
defluorination 
aromatics, 462-463/ 
difluoromethyl ketones, 461-462 
trifluoroacetates, 462 
trifluoromethyl imines, 462 
trifluoromethyl ketones, 458-461 

MeCN. See Acetonitrile 
Meerwem-Ponndorf-Verley 

reduction in synthesis, anti-2,2-
difluoropropan-l,3-diols, 42 

type reduction pathway, 38 
Meisenheimer complexes, 

intermediates, 248 
Melting point increase, indication of 

co-crystal formation, 517-518 
Melting temperatures, α-helical 

coiled-coil peptides, 629/ 
Metal mediated allylation reaction in 

aqueous media, 389-392 
Metal promoted coupling reaction, 

direct introduction, 
difluoromethylenephosphonate 
unit, 445 

Metallations, permutational 
hydrogen/metal interconversions, 
219-223/ 

Methoxycarbonylation reaction, 131— 
132/ 

Methyl groups, fluorine-containing, 
role in diastereofacial selection, 
399-411 

1 -Methyl-2,2,2-trifluoroethylamine, 
enantiopure, synthesis, TFA and 
fluoral, 374-376/ 

(S)-a-Methyltrifluorolactic acid, 
synthesis using TCTFA, 373 

Michael addition reactions, 400, 404-
409, 595 

Michael-type reactions with ethyl 
bromodifluoroacetate 
effect of TMEDA in THF, 483-

485 
organocopper reagent, 481-

483 
Migita-Kosugi-Stille reaction, 195-

196/ See also Stifle coupling 
reaction 

Mitsunobu's conditions, 209 
Molecular interactions, fluorinated 

amino acids with native 
polypeptides, 622-631 

Molecular orbitals 
1,6-bis(hydroxymethyl)-2,2,5,5-

tetrafluorobicyclopropane 
shape, 430-431 
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carbonyl carbon in carbonyl-ene 
reactions, 357-359* 

fluorinated compounds, 318-
320 

trifluoromethylated carbanion, 
332 

Molybdenum-mediated intramolecular 
allene-alkyne cycloaddition, 209-
210 

Monoalkyl substituted 1,1-
difluoroallenes, synthesis, 205 

Monofluorinated compounds, 
asymmetric synthesis, 173-189 

Monofluoroacetyltrialkylsilanes/mono 
fluoroenoxysilanes, synthesis, 
383 

Monofluoroacetyltrialkylsilanes 
reaction with sulfur ylides, 388-
389/ 

Monofluoroalkene stereoselective 
synthesis with cross-coupling 
reactions, 120-134 

Monofluoroallenes, functionalized, 
205-207,210-211 

Monofluoroallenyl phosphonates, 
211-213 

Monofluoroenoxysilanes, synthesis, 
383 

Monofluoromethylene groups, 
introduction by fluorinated silyl 
enol ethers, 49-52 

Monosubstituted SF 5 benzene, 
efficient preparation method, 
105-106 

Mosher's acid, synthesis using 
TCTFA, 373-374 

Mukaiyama-aldol reaction 
asymmetric, 360-362/ 
direct, trifluoroacetaldehyde ethyl 

hemiacetal with ketones, 
351-353/ 

with 2,2-difluoro enol silyl ethers, 
49/ 

Multi-gem-difluorocyclopropanes, 
synthesis, 434-437 

Ν 

JV,#-Dimethylforniamide. See DMF 
Ν,Ν,Ν',Ν'-

Tetramethylethylenediamine. 
See TMED A 

Natural and \^[CH(CF3)NH]Gly-
peptides, structure, 584/ 

Naturally occurring compounds, anti-
1,3-diol functionality as 
fundamental unit, 42 

Nazarov cyclization, 2-butyl-l,l-
difluoro-4-methyl-1,4-pentadien-
3-one, 487 

Neutral electron donors, self-asembly, 
515-526 

Nitro-substituted 
trifluoromethyldiarylsulfonium 
triflates, 7 

Nitrogen-iodine halogen bonding, role 
in self-assembly, 1-dimensional 
chains, 518-519 

Nitrogen-iodine interaction, l 9 F and 
% NMR spectra, 524-525 

Nitrogen-iodine interactions, trimeric 
adducts, 
TMEDA/iodoperfluoroheptane, 
522-524 

NMR 1 9F and 1 4 N spectra in Ν—I 
interaction, 524-525 

NMR I 9 F determination, halogen 
bonding acceptor abilities, 527 

NMR l 9 F spectra, three component 
systems, iodide halogen bonding 
strength, 529 

Nuclear magnetic resonance. See NMR 
entries 

Nucleophilic addition, direct 
introduction 
difluoromethylenephosphonate 
unit, 442 

Nucleophilic aromatic substitution in 
pentafluoropyridine, 249 

Nucleophilic conjugate addition, 
direct introduction 
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difluoromethylenephosphonate 
unit, 443-444 

Nucleophilic fluoridations in benzylic 
position, 181 

Nucleophilic fluoroalkylation 
chemistry, 16-56 

Nucleophilic perfluoroalkylation, 
overview, 8-11 

Nucleophilic substitution 
direct introduction 

difluoromethylenephosphonat 
e unit, 442-443/ 

on carbonyl groups, 444 
stereospecific, in a-

trifluoromethylated carbinol 
unit, 325-327 

See also SN2 entries 
Nucleophilic trifluoromethylation, 

new methodologies, 59-82 

Ο 

Ochiai's method, 130 
Olefin metathesis reaction protocol, 

multi-gem-difluorocyclopropanes, 
435-437 

Olefination reactions, fluorinated 
acylsilanes, 385 

Olefinic bond, reactivity range, 93 
Optically active compound resolution, 

lipase-catalyzed transformations, 
184 

Optically active gem-
difluorocyclopropanes, synthesis, 
432-434/ 

Optically active trifluoromethylated 
compounds, preparation, 320-
324 

Organic derivatives-SFs from primary 
and secondary synthons, 
preparation, 91-108 

Organocopper iodide complex formed 
in cross-coupling reaction, 478-
481 

Organocopper reagent and ethyl 
bromodifluoroacetate, Michael-
type reaction, 481-483 

Organometallic reagents, unsaturated, 
reactions on 
trifluoroacetaldimines, 412-428 

A2-Oxazolin-C-protected β-enamine 
esters in fluorinated uracils prep, 
607-609 

1,3-Oxazolidine, diastereoselective 
anodic fluorination, 284 

Oxazolidinone auxiliary in 
chemoselective cleavage, pseudo-
peptides, 580 

Oxygen—iodine halogen bonding, role 
in self-assembly process, 520-522 

P-K reaction. See Pauson-Khand 
reaction 

Palladium catalyst in primary 
phosphonate preparation, 445 

Palladium catalyzed coupling 
a-chloro-P,p-difluorovinyl zinc 

and iodobenzene, 146 
fluoroalkylated acetylides with 

halides, 191-192 
fluorovinylzinc reagents with aryl 

or vinyl halides, 137, 139/ 
Sonogashira-type reactions, 253-

254,255 
Palladium-catalyzed methodology, 

side-chain homologation, 208-
209 

Panomifene synthesis, antiestrogenic 
drug, 201-202/ 

Partially modified retro. See PMR 
Pauson-Khand (P-K) reaction, 209 
Pentafluoropyridine in synthesis, 

functionalized heterocycles and 
macrocycles, 248-261 

Peptides, ψ[€Η(€Ρ3)ΝΗ]01ν-
peptides, 584-587/ 
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Peptidomimetic metalloproteinase 
inhibitors, trifluoro-analogs, 573-
577 

Peptidomimetics, fluorinated, 
synthesis and properties, 572-
592 

Perfluorinated blood substitute, SF 5 

compounds, 111 
Perfluoro-4-isopropylpyridine 

building block for macrocycle 
synthesis, 256-257 

Perfluoro-4-isopropylpyridine 
reactions, summary, 252/ 

Perfluoroaldehydes, thioacetalization, 
233-234/ 

Perfluoroalkyl iodides 
sulfur pentafluoro-, preparation, 

91-92 
with aromatic and aliphatic 

diamimes, co-crystal 
formation, 516-517/ 

α-Perfluoroalkyl succinic acid 
derivatives, 236-237/ 

Perfluoroalkylation methodology, 
recent advances, 2-15 

Perfluorodithiocarboxylic esters, 
thiophilic organometallic 
addition-elimination, 234 

Perfluoroketene dithioacetals, 232-
247 

1,4-Perfluoromethylation, 24-25 
Perfluoromethylation with 

(trifluoroalkyl)trimethylsilanes 
(TMSRf), 18-21 

Permutational halogen/metal 
interconversions, 223-225/ 

2-Phenyl-l,l,2-2-
tetrafluoroethanesulfonic acid, 
synthesis, 51, 52/ 

Phenyl trifluoromethanesulfonate, 
trifluoromethylation, 28-29 

Phosphonates, monofluoroallenyl, 
211-213 

Photo induced reduction, CF 3I, 10 

π -Systems, selective 
monofluorination in vicinal 
position, 173-189 

Plasma etching gas, SF 5 compounds, 
112 

PMR ψ[ΝΗ0Η(0Ρ 3)]Ο^-ρ6ρίΐά68, 
581-584 

PMR y[NHCH(CF3)]Gly-peptidyl 
hydroxamates, solid-phase 
synthesis, 581-582 

PMR y[NHCH2]-peptides with 3,3,3-
trifluoroalanine mimic, synthesis, 
589 

Polyester derivatives-sulfur 
pentafluoro compounds, 
preparation, 100 

Polyfluorinated BINOLs 
application in asymmetric 

catalysis, 293-299/ 
regioselective nucleophilic 

aromatic substitution, 
fluorine, 291-292 

Polyfluorinated moieties, new 
reagents for introduction, 57-
86 

Polyfluoroalkylaldehyde hemiacetal, 
reactions with enamines and 
imines, 346-347/ 

Polysubstitution in 
pentafluoropyridine, orientation, 
251/ 

Polyunsaturated and dienyl allylic 
fluorides, preparation, 179-181 

Porphyrins, direct 
trifluoromethylation, 5 

Potassium /er/-butoxide induced 
trifluoromethylation, 37-41 

Power-variable electrophilic 
perfluoroalkylating agents, 4 

Privileged structures strategy, 250 
Proline-catalyzed direct aldol reaction 

with ketones, 351-353/ 
Prolines, fluorinated, syntheses, 563-

567 
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Propargylie fluorides 
intermediates, fluorinated allylic 

building blocks, 178 
optically active, synthesis, 174-

175 
Protease catalyzed peptide synthesis, 

α-fluoroalkyl amino acids into 
peptides, 615-621 

Protease inhibitors, fluorine 
containing, 421 

"Protect-in-situ" methodology in 1,4-
trifluoromethylation, 25/ 

Pyridine derivatives, highly 
substituted, synthesis, 249-255 

Pyroglutamic acids, fluorinated, 
syntheses, 567-569 

Pyrrole derivative, anodic ring 
fluorination, 281-283/ 

R 

Racemic C^-fluoroalkyl substituted 
amino acids, enzymatic 
resolution, 612-615/ 

Radical addition mechanisms, 
conformation effects, 486-487/ 

Radical addition reaction mechanisms, 
routes to CF 2 compounds, 485-
488 

Radical reaction, α,α-difluoro fatty 
acid analog synthesis, 490-491/ 

Raman spectroscopy, detection, 
halogen bonded adduct formation, 
525-526 

Rapid analogue synthesis (RAS), 250-
251 

Reactive species in regioselective 
trifluoromethylation, CC13+, 7-8 

Reagent-controlled optional site 
selectivity, metallations, 220-221 

Recystallization for optical 
purification, trifluoromethylated 
carbinols, 320 

Reductive dechlorofluorination, 
difluorinated enol ethers and 
derivatives, 457 

Reductive trifluoromethylation, 30-36 
Reformatsky reaction, 73, 477-478 
Reformatsky-type reaction in 

difluorinated enol ethers and 
derivatives, preparation, 456 

Refrigerant fluids, SF 5 compounds, 
112 

Regioexhaustive fiinctionalizations, 
218-231 

Regioexhaustive substitution, 
halogenated aromatics, "toolbox 
methods," 219-225 

Regioselective trifluoromethylation, 
7-8 

Replicase reaction cycle, 625 
Resolution, racemic mixtures via 

diastereoisomeric adducts, 
halogen bonding, 532-534 

Retro and retro-inverso 
ψΙΝΗΟΗ^ΜΟΙν-ρβρηάββ, 
partially-modified, 577-584 

Retro-Diels-Alder reaction, 213. See 
also Diels-Alder reaction 

Retro-inverso. See Retro entry 
Reversed disorder structure in crystal 

packing, fluoro hybrid synthons, 
504-505 

Rhenium complexes in stereospecific 
fluorination, allylic alcohols, 
176-177 

Rhodium catalyzed reaction, ethyl 
bromodifluoroacetate, 491-492 

Rhodium salts, catalyst for 
construction, fluorinated 
cyclopropanecarboxylates, 166 

Ring closing metathesis, iV-allyl 
homoallyl amines, 418,420/ 

Ring closing metathesis, 
diastereoselective prep, 7-member 
β-amino acid derivatives, 602-
604 
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Ring closure rules, proposed by 
Baldwin, 209 

Ring-fluorinated heterocycles, 
preparation, intramolecular 
vinylic substitution, 262-275 

Ring-fluorinated heterocycles (5-
membered ring), synthesis, 270-
272 

Ring-fluorinated heterocycles (6-
membered ring), synthesis, 265-
270 

Ring-fluorinated imidazoles, 
preparation, 305-306 

Ring-fluorinated indoleamines, 
preparation, 306, 308/ 

Ring opening coupling N-acyl-β-
lactams with amino esters, 556-
557/ 

Ring opening coupling JV-acyl-β-
lactams with baccatins, 557-558* 

Ring opening hydrofluorination, 
arylglycidic esters, 181-182 

Ring opening regioselective, in 
methanolyses, 374 

"Rules of 5," 250 
Ruppert-Prakash reagent, 79. See 

(Trifluoromethyl)trimethylsilane 
Ruthenium 

complex catalyzed-olefm 
metathesis reaction protocol, 
435-436 

organometallic catalyst in ring 
closing metathesis, 418,420* 

oxide in oxidation, fluorinated 
proline derivatives, 567-568/ 

S 

Sakurai-type allylation, 392-394/ 
Saquinavir, HIV-1 protease inhibitor, 

421 
Schiemann reaction, 2- and 4-

fluorinated imidazole derivatives, 
304-305/ 

Schlenk equilibrium, mono and bis 
zinc reagent, 144/ 

Screening system 
application to amino acids 

carrying fluorinated side 
chains, 625-631 

coiled coil based, 623-625 
Selenium-(perfluoroalkyl)dibenzothio-

salts, 4 
Self-assembly 

anionic electron donors, 526-
532 

neutral electron donors, 515-526 
three component systems, 528/ 

SF5-aliphatic hydrocarbons, 
preparation, 94-95 

SF5-alkyl/fluoroalkyl halides, 
preparation, 92-93 

SF5-carboxylic acids, acid halides, 
esters, salts, preparation, 97-100 

SF 5 compounds, aromatic and 
heterocycle chemistry, 102-108 

SF 5 compounds, polymer chemistry, 
100-102 

SF 5 compounds, properties and 
applications, overview, 108-113 

SF5-organic derivatives from primary 
and secondary synthons, 
preparation, 91-108 

SF5-oxygen-containing compounds, 
preparation, 95-96/ 

SF5-perfluoroalkyl iodides, 
preparation, 91-92 

SF5-sulfur-containing compounds, 
preparation, 95-96/ 

SF5-system intermediates, overview, 
89-91 

SF 5X in syntheses, organic derivatives 
of sulfur hexafluoride, 87-118 
See also Sulfur hexafluoride 

Shapiro reaction in synthesis, 
monoalkyl substituted 1,1-
difluoroallenes, 205 

Side-chain fluorinated imidazoles, 
preparation, 307-312/ 
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Side-chain fluorinated urocanic acids, 
preparation, 310-312 

Silyl enol ethers 
fluorinated, difluoromethylene 

and monofluoromethylene 
group introduction, 49-52 

with fluoral, asymmetric Friedel-
Crafts reactions, 362-364/ 

Simmons-Smith reaction in 
diastereoselective 
cyclopropanations, 166 

Simple inorganic molecules, 
perfluoroalkylations and 
trifluoromethylations, 25-26 

Site protective groups, deployment, 
221-223, 227-229/ 

Six-membered ring-fluorinated 
heterocycles, synthesis, 265-270 

SN2 f strategy in stereospecific 
transformations, 330-331 

SN2'-type reactions, difluorinated enol 
ethers and derivatives, 
preparation, 457-458/ 

SN2'-type reactions. See also 
Nucleophilic substitution 

S N V process, nucleophilic 
substitution, vinylic fluorine, 
263-264/ 

Sodium borohydride, deprotection 
reactions isoserine fluorinated 
analogs, 602 

Sodium methoxide-induced 
trifluoromethylation, 38 

Solid-state synthesis 
application of hybrid PFC-HC 

materials, 534-535 
PMR ψ[ΝΗΟΗ(ΟΡ3)]Θ^-

peptides, 581 
PMR ψ[ΝΗ0Η(€Ρ3)]Ο1ν-

peptidyl hydroxamates, 581-
582 

Solid-state UV-initiated 
polymerization, fluoro synthons, 
508-510 

Solvent effects 
in aza-Michael reaction, 579, 585 
on anodic fluorination, 278-280/ 
rhodium catalyzed ethyl 

bromodifluoroacetate 
reaction, 491 

Solvents for highly fluorinated 
polymers, SF 5 compounds, 111 

Sonogashira-type coupling reactions, 
123-124, 128-129, 132, 180,201, 
253-254, 255 

2-Spirocyclohexyl-1,3-dioxolan-4-yl 
group, effect on 
diastereoselectivity, 285 

Stabilization strategies for 
trifluoromethyl anion, overview, 
59-60 

Stannane. See Tin 
Staudinger reaction, 547 
Stereocontrolled alkylations, 

trifluoromethylated chiral carbon 
center, 322-323 

Stereocontrolled oxidations, 
trifluoromethylated chiral carbon 
center, 322 

Stereocontrolled reductions, 
trifluoromethylated chiral carbon 
center, 321,322 

Stereocontrolled synthesis, Tfm-malic 
framework, 574-575/ 

Stereoselection in diastereoselective 
enolate Michael addition 
reactions, 405-409 

Stereoselective fluorination in 
synthesis chiral, non racemic 
allylic fluorides, 176-177 

Stereoselective methylation, jV-acyl-β-
lactam, 554-556 

Stereoselective synthesis, 
monofluoroalkenes, cross-
coupling reactions, 120-134 

Stereospecific transformation, 
functional groups on α-carbon to 
trifluoromethyl group, 325-333 
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Stille coupling reaction, 122, 124, 
131-132/ 192. See also Migita-
Kosugi-Stille reaction 

Structural unit variation, pyridine 
linking in macrocycles, 257-258 

Substrate and medium engineering, α· 
fluoroalkyl amino acids into 
peptides, 616-619 

Sulfides, oxidation to sulfoxides, 
application in asymmetric 
synthesis, 293 

Sulfinimines, diastereoselective 
trifluoromethylation, 18-21 

Sulfur-carbon bond cleavage reactivity 
compared to deprotonation 
reactivity, 43, 45/ 

Sulfur hexafluoride, 88. See also SF$X 
entries 

Sulfur hexafluoride, organic 
derivatives, SF 5 X materials in 
syntheses, 87-118 

Sulfur-(perfluoroalkyl)dibenzothio-
salts, 3-4 

Supporting fluoride salts, effect on 
selective anodic fluorination, 
277-278/ 

Surface activity, SF 5 compounds, 110 
Surrogate-unit strategy, 578 
Suzuki coupling conditions, 211 
Suzuki-Miyaura coupling reactions, 

122-123,129-130,133,196-197, 
201 

π -Systems, selective 
monofluorination in vicinal 
position, 173-189 

Taxoid anticancer agents, CF 2 H- and 
CF3-containing, synthesis, 557-
558* 

TCTFA, industrial synthetic 
application as fluorinated 
synthon, 369/ 372-374 

Tellurium-
(perfluoroalkyl)dibenzothio- salts, 
4 

1,1,1,2-Tetrafluoroethane. See HFC-
134a 

Tetrahydrofuran. See THF 
Tetrakis(dimethylamino)ethylene 

(TDAE), 17 
Tetramethylethylenediamine. See 

TMEDA 
TFA, industrial synthetic application 

as fluorinated synthon, 369/ 374-
376/ 

Tfm-hydroxamates, syntheses, 574-
577 

TFS. See α,β,β-Trifluorostyrene 
Thermal stability, SF 5 compounds, 

110 
Thermal unfolding profiles, ligated 

coiled coil peptides, 628/ 
THF (Tetrahydrofuran) 

alternative solvent, 33 
solvent for allylation reaction, 

414-415t 
solvent in metal mediated 

allylation reactions, 390 
solvent with CF 3 reservoir, 61-63/ 

Thiazolines, Af-protected, 
diastereoselective anodic 
fluorination, 284 

Thioketone trifluoromethylation, 26-
27 

Thioketones-SF5 compounds, 
preparation, 95-96/ 

Three component systems, self-
assembly, 527-532/ 

Tin 
stannane intermediates, dienes 

and enynes with allylic 
fluorine, 179-180/ 

tributyltinhydride/initiator, 
secondary phosphonate 
synthesis, 446 

vinylstannanes, synthetic building 
blocks, preparation, 193-196/ 
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Titanium catalysis in Friedel-Crafts 
reaction, asymmetric synthesis, 
295-296/ 

Titanium tetrachloride 
catalyst, N-acyl-oxazolin-2-thione 

with ethyl trifluoropyruvate, 
574-575 

in perfluoroaldehyde 
thioacetalization, 233-234/ 

mediator in Diels-Alder 
cycloadditions, 161-162 

promoted allylation reaction, 
392-394/ 395 

Titanium-trifluoromethyl complexes, 
preparation, 29/ 

TMEDA and iodoperfluoroheptane, 
Ν—I interactions leading to 
trimeric adducts, 522, 523-524 

TMEDA in THF, effects on Michael-
type reaction, ethyl 
bromodifluoroacetate, 483-485 

TMSCF 3 in trifluoromethylation with 
trimethylamine TV-oxide catalyst, 
22-24 

Toolbox methods 
tool selection, 225-229/ 
2x3 , regioexhaustive 

substitution, halogenated 
aromatic compounds, 219— 
225 

Transition metal perfluoroalkyl 
complexes, synthesis, 29 

Transmetallation mechanism, 
isomerization, 219-220 

Trialkoxyboranes, 
perfluoroalkylations and 
trifluoromethylations, 28 

Trialkyl boron in SF5C1 addition to 
olefins, 93 

Trialkylsilyl vs. chlorine, protective 
groups comparison, 227-229/ 

2,4,6-Tribromo-3,5-difluoropyridine, 
reactions, 253/ 

3,3,3 -Trichloro-1,1,1 -trifluoroacetone. 
See TCTFA 

4,4,4-Trifluoro-2,3-epoxybutyric acid 
ethyl ester, synthesis, 371-372/ 

4,4,4-Trifluoro-3-hydroxybutyric acid 
derivatives, enantiopure, 
synthesis, 369-372 

Trifluoroacetaldehyde ethyl 
hemiacetal, in (ï-hydroxy-β-
trifluoromethyl ketone prep, 342-
355 

Trifluoroacetaldehyde hemiacetal, 
trifluoromethylating agent, 8-9 

Trifluoroacetaldimines, reactions with 
unsaturated organometallic 
reagents, 412-428 

Trifluoroacetates, magnesium-
promoted selective defluorination, 
462 

Trifluoroacetic and 
trifluoromethanesulfinic 
derivatives, trifluoromethylation, 
75-82 

1,1,1 -Trifluoroacetone. See TFA 
Trifluoroacetyltrialkylsilanes, 

synthesis, 384-385/ 
Trifluoroacylsilanes, synthesis, 379-

380/ 
3,3,3-Trifluoroalanin incorporation 

into peptide sequence, 587-589 
2,2,2-Trifluoroethyl phenyl sulfide, 

sulfoxide, and sulfone, reactions, 
35/ 

Trifluorolactic acid derivatives, 
synthesis with DCTFA and 
TCTFA, 372-374 

Trifluoromethane, 17, 60-63 
Trifluoromethanesulfinic and 

trifluoroacetic derivatives, 
trifluoromethylation, 75-82 

iV-Trifluoromethanesulfinyl-N'-
benzylpiperazine reagent, 75-
76/ 

Trifluoromethyl allyl amines, 
preparation, 418,421-424 

Trifluoromethyl anion stabilization, 
overview, 59-60 
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5-Trifluoromethyl l,2-dithiole-3-
thione, trifluoromethylated 
heterocycles synthesis, 243 

P-Trifluoromethyl-a,p-enones, E-
configuration, preparation, 67-
69 

Trifluoromethyl epoxide, 
diaminopropanol precursor, 
preparation, 422 

2-Trifluoromethyl furans and pyrroles, 
trifluoromethylated heterocycles, 
241-242/ 

Trifluoromethyl group, functional 
group transformations at a-
carbon, 318-341 

Trifluoromethyl homoallylic amines, 
allylation reactions, 413-420* 

Trifluoromethyl imines, magnesium-
promoted selective defluorination, 
462 

Trifluoromethyl iodide, 17 
Trifluoromethyl ketones, l8F-labeled 

synthesis, 50-52 
Trifluoromethyl ketones, magnesium-

promoted selective defluorination, 
458-461 

ot-Trifluoromethyl γ-lactams, 
trifluoromethylated heterocycles 
synthesis, 238-239 

2-Trifluoromethyl γ-lactones, 
trifluoromethylated heterocycles 
synthesis, 238 

Trifluoromethyl phenyl 
sulfone/sulfoxide and sulfide, 
Mg° mediated 
trifluoromethylation, 30-36 

Trifluoromethyl phenyl 
sulfone/sulfoxide in alkoxide-
induced trifluoromethylation, 36-
41 

4-Trifluoromethyl proline syntheses, 
563-566 

Trifluoromethyl pyrazoles and 
pyrimidines, trifluoromethylated 
heterocycles, 242 

4-Trifluoromethyl pyridazine 
derivatives, trifluoromethylated 
heterocycles, 239-240/ 

Trifluoromethyl trimethylsilane. 
See TMSCF 3 

Trifluoromethylated acetylenes, one-
pot synthesis, 192-193/ 

γ-Trifluoromethylated allylalcohols in 
SN2* type reaction, 330-331 

Trifluoromethylated amines, optically 
active, preparation, 322 

Trifluoromethylated carbanion 
chemistry, 331-333/ 

Trifluoromethylated carbinols, optical 
purification, 320 

Trifluoromethylated chiral carbon 
center, construction, 320-324 

Trifluoromethylated heterocycles, 
synthesis 
bis(ethylsulfanyl) 

hexafluorobutene line, 241-
245 

bis(ethylsulfanyl)-
tetrafluoropropene line, 238-
241 

Trifluoromethylated propargylic 
amines, preparation, 424-425/ 

Trifluoromethylation 
chiral substrates, 79-82/ 
phenyl trifluoromethanesulfonate, 

28-29 
with hemiaminals of fluoral, 63-

66/ 
with S-CF3, sulfonium salts, 

kinetic study, 7 
with trifluoroacetic and 

trifluoromethanesulfinic 
derivatives, 75-82 

with trifluoromethane generation, 
60-63 

with trifluoromethyl phenyl 
sulfone, sulfoxide and 
sulfide, 30-41 

with (trifluoromethyl)^^ 
(TMSCF3), 18-21 
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with trimethylamine TV-oxide 
catalyst, 22-24 

Trifluoromethylation and 
perfluoroalkylation, 
trialkoxyboranes, 28 

Trifluoromethylation and 
perfluoroalkylation, inorganic 
molecules, 25-26 

Trifluoromethyldiarylsulfonium 
triflates, 7 

Trifluoromethyloxonium salts, 
reactions, 5-7 

Triflluoromethylsilane, catalytic 
production pathway, 35-36/ 

Trifluoromethylsilanes, preparation, 
Mg°-mediated reductive 
cleavage of C-S bonds, 31-33 

2-Trifluoromethylsuccinimides, 
trifluoromethylated heterocycles 
synthesis, 240-241 

Trifluoromethyltrimethylsilane 
(TMSCF3), in 
trifluoromethylation, 18-21 

α,β,β-Trifluorostyrenes (TFS), 
synthesis, 139-145/ 

Trifluorovinylzinc reagent from 
halocarbon HFC-134a, in situ 
preparation/use, 139-145 

Trimeric adducts of TMEDA and 
iodoperfluoroheptane, Ν—I 
interactions, 522, 523-524 

Trimethylamine TV-oxide catalyst in 
trifluoromethylations, 22-24 

Trisubstituted SF 5 benzene derivative, 
preparation, 104 

Tris-SF5 carbon compounds, 94-
95 

Trypsin and α-chymotrypsin, a-
fluoroalkyl amino acids into 
peptides, 616-619 

Trypsin-catalyzed peptide synthesis, 
Ca,a-dialkylated amino acids, 
618/ 

Tyramine oxidase inhibitor, 
166 

665 

U 

Ullmann coupling, 291 
Uneyama's synthesis, isoserine 

fluorinated analogs, 601-602/ 
Uracil syntheses 

from β-enamino esters and 
iso(thio)cyanates, 604-607 

ring-opening reaction of 
pyrimidinones, 608 

Urocanic acids, side-chain fluorinated, 
preparation, 310-312 

UV-initiated photopolymerizations, 
diacetylene functionalized fluoro 
synthons, 508-510 

V 

Vibrindole analogs, preparation, 70, 
71/ 

Vinyl ether with fluoral, asymmetric 
Friedel-Crafts reactions, 364 

Vinyl fluorides 
cyclopropanations, 164-170 
in cycloadditions, 155-172 
in Diels-Alder reactions, 157-164 

Vinyl halide metallation in preparation 
of fluorovinylzinc reagents, 136 

Vinyl imidazoles, addition of "FBr," 
309-310 

Vinylic fluorine, nucleophilic 
substitution by S N V process, 263-
264/ 

W 

Water, solvent in metal mediated 
allylation reactions, 389-392 

Weak hydrogen bonding in 
intermolecular synthons, 500 

Wilkinson catalyst in ethyl 
bromodifluoroacetate reaction, 
491-492 
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Wittig reaction, 180 
difluoroacetyltrialkylsilanes, 386, 

394 
fluorinated amides, 596 

Wittig type intramolecular 
rearrangement, imino (thio)ethers, 
596-597 

X 

X-ray crystallographic analysis 
macrocycles, 257/ 258-259/ 
Michael addition products, 

stereochemistry 
determination, 404-405 

Ζ 

Zinc 
diethyl, and rhodium catalyst, 

ethyl bromodifluoroacetate 
reaction, 491-492 

fluorovinylzinc reagents, in situ 
preparation at room 
temperature, 138-151 

insertion into fluorinated vinyl 
halides, fluorovinylzinc 
reagents, 136,137,138/ 

organometallic reagent in 
allylation reactions, 414-
419 

organozinc reagent, phosphonate 
synthesis, 445 

powder in Michael-type 1,4 
addition reactions, 483 

promoted allylation reactions, 
391-392 

Zinc chloride-TMEDA, in 
fluoroalkylated alkyne synthesis, 
192 

Zinc/cobalt(III) bimetallic redox 
system, primary phosphonates 
synthesis, 445 
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