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1. Introduction

Tri¯uoromethanesulfonic (tri¯ic) anhydride (1) has found a
very broad application in synthetic organic chemistry, ®rstly
as a reagent for the conversion of various compounds to the
tri¯ates.1,2 The tri¯ate group is one of the best leaving
groups available, only the nitrogen molecule in diazonium
salts or PhI3 in iodonium salts being more effective nucleo-
phugs.1 It is known, for example, that the relative rate of
solvolysis of 1-phenylethyl tri¯ate is approximately 3£103

times greater than that of the tosylate.4 Moreover, tri¯ate

derivatives (and the acid itself) have a higher thermal
stability than their closest analoguesÐ¯uorosulfonic acid
derivatives. The Hammett substituent constants have been
determined5 for the tri¯ate group and it has been shown that
sI of the tri¯ate moiety is 0.84, and therefore OTf
(OSO2CF3) is one of the most inductively strong electron-
withdrawing groups which is comparable with N(CH3)3

1.
All these facts result in extensive applications of tri¯ic
anhydride in modern organic chemistry.

2. Reaction of Tri¯ic Anhydride with O-Nucleophiles

The main thrust of the synthetic use of tri¯ic anhydride is its
reaction with oxygen nucleophilesÐcarbonyl compounds,
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alcohols and phenols as well as oxides of phosphorous,
sulfur and iodine. The compounds formed and their appli-
cation in preparative organic chemistry are now discussed.

2.1. Reaction of tri¯ic anhydride with carbonyl
compounds

The reaction of tri¯ic anhydride with carbonyl compounds
consists of the electrophilic attack of the anhydride on the
carbonyl oxygen, resulting in the formation of the tri¯oxy-
carbenium ion. Depending on the nature of the carbonyl
compounds and the reaction conditions, this cation can
undergo several synthetic transformations, namely: 1)
proton abstraction leading to a vinyl tri¯ate (in the case of
ketones as the carbonyl source) or to a mixed anhydride (in
the case of carboxylic acids), 2) cationic rearrangement
(with bicyclic ketones), 3) trapping by the tri¯ate counterion
(aldehydes) and 4) reaction with an external nucleophile
(amides, acids and esters as the carbonyl source).

2.1.1. Preparation and synthetic transformations of vinyl
tri¯ates (non-coupling reactions). Reaction of tri¯ic
anhydride with ketones in the presence of different bases
such as pyridine, lutidine, Et3N, and sodium or potassium
carbonate gave the corresponding vinyl tri¯ates;1 the use of
sterically hindered, non-nucleophilic 2,6-di-(t-butyl)-4-
methylpyridine (DTBMP)6,7 or N,N-di-i-butyl-2,4-dimethyl-
3-penthylamine8 as the base may signi®cantly improve
yields. In the case of aliphatic aldehydes, the initially formed
gem-bistri¯ates underwent thermal decomposition to a
mixture of E- (usually dominating) and Z-vinyl tri¯ates,
whereas for ketonic compounds no formation of gem-
bistri¯ates was observed (Scheme 1).9

Primarily, vinyl tri¯ates have been used for the solvolytic
generation of vinyl cations,10,11 and via a -elimination for
the generation of alkylidene carbenes.12,13 The application
of vinyl tri¯ates in preparative and synthetic organic
chemistry has increased rapidly and numerous experimental
methods have been developed for their preparation and
handling after the discovery of cross-coupling reactions of
vinyl and aryl tri¯ates with different organometallic

compounds. The literature up to 1982 has been reviewed
in detail by Stang and Hanack,1 and recently Ritter2 has
summarized the cross-coupling reactions of aryl and vinyl
tri¯ates. In this section only representative and recent
examples of vinyl tri¯ate transformations will be surveyed,
the main emphasis being placed on non-coupling synthetic
applications.

A series of alkynylvinyl tri¯ates 4 was synthesized via a
sequence14,15 involving the reaction of acylalkynes 2 and
Tf2O in the presence of DTBMP, followed by desilylation
with potassium ¯uoride. The tri¯ates 4 can be utilized as
precursors for extended unsaturated carbenes (Scheme 2).

Tri¯ic anhydride could be applied to the conversion of
methyl ketones into terminal alkynes. For example, conver-
sion of pinacolone into the corresponding tri¯ate, followed
by treatment with a base, has provided a simple route to
t-butylacetylene.16 Recently, a key intermediate 6 required
for the synthesis of 11-disubstituted progestins 7, has been
prepared via LDA-initiated elimination of tri¯ic acid from
vinyl tri¯ate 5 (Schemes 3 and 4).17

Some aldehydes can be dehydrated to terminal alkynes by
the Stang protocol18,19 provided that for the ®nal detri¯ation
step, potassium t-butoxide is employed as the base.
However, when LDA is used as the base, this type of trans-
formation is also successful.20 Thus, Fleming20 has reported
a sequence involving the above strategy to prepare racemic
or homochiral propargylsilanes 9 from the corresponding
b-silylated aldehydes 8 (Scheme 5).

Bestmann et al.21 have devised a method for the decompo-
sition of b -ketoylides to alkynes in which the ylide 10 was

Scheme 1.

Scheme 2.

Scheme 3.
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converted to a vinyl tri¯ate 11 in high yield, and subsequent
reduction of the latter with sodium amalgam in THF gave
47±80% yields of the alkyne 12 (Scheme 6).

Vinyl cations 13a, which are readily generated from the
simple vinyl tri¯ates 13,1,10 can undergo [211] cyclo-
addition reactions with different cyclic alkenes giving
mostly the corresponding cyclopropane derivatives 14
(Scheme 7).22

The reaction of ketones with aliphatic and aromatic nitriles
in the presence of Tf2O offers a versatile route to the
preparation of substituted and functionalised pyrimidines
16.23,24 The transformation apparently consisted of a
cascade reaction of the tri¯oxycarbenium ion 15a with
two molecules of a nitrile followed by elimination of tri¯ic
acid and cyclization (Scheme 8).23

Application of this reaction to a -haloketones25 or

Scheme 4.

Scheme 5.

Scheme 6.

Scheme 7.

Scheme 8.
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N-tosylacetylpyrroles24 provided a convenient route to
5-halopyrimidines and 6-pyrrolylpyrimidines, respectively
(Scheme 9).

Similarly, 2,4-bis(methylthio)pyrimidines 17 can be
prepared by the reaction of different aliphatic and aromatic
ketones with Tf2O and methylthiocyanate.26 Oxidation of 17
with MCPBA to 18 followed by nucleophilic substitution of
the methylsulfonyl group affords the uracils 19, dicyano-
pyrimidines 20 or mono- and diaminopyrimidines 21
(Scheme 10).24

In a few cases, the tri¯ate anion can act as a nucleophile
toward a cation resulting from the reaction of Tf2O with a
ketone. Thus, tri¯uoroacetyl methylides 22 which cannot
abstract an a -proton yield the corresponding gem-bistri-
¯ates 23.27 Treatment of azibenzils with Tf2O affords the
vicinal ditri¯ates 25a±b, resulting from an electrophilic
attack of the anhydride on the oxygen followed by nucleo-
philic displacement of nitrogen in 24 by the tri¯ate anion
(Schemes 11 and 12).28

In contrast, however, tri¯ation of o- or p-quinoid diazo-
ketones gives o- or p-tri¯oxyarenediazonium salts 26.29

The stability of 26 compared with 24 may be explained by
the higher energy of the corresponding aryl cations
(Scheme 13).

1,3-Diketones30 and 1,3-ketoaldehydes31 react with an equi-
molar amount of Tf2O or an excess of this reagent to afford
the corresponding vinyl or dienyl tri¯ates. The reaction with
dicarbonyl compounds proceeds probably through the enol
form, since treatment of the formylcyclopentanone (27)
with one equivalent of tri¯ic anhydride leads to the formation
of the keto monotri¯ate 28, as well as ditri¯ate 29.31 Simi-
larly, the reaction of the 1,2-diketone 30 with Tf2O furnished
the vinyl tri¯ate 31 as the sole product (Scheme 14).32

The bicyclic b -ketoesters 32 could be converted smoothly
into the corresponding 2-carboxyvinyl tri¯ates 33.33,34

Nucleophilic displacement of the tri¯oxy group by pyri-
dines34 or thiols33 afforded a variety of C-3 substituted
cephems and dethiacephems 34, 35 (Scheme 15).

Scheme 9.

Scheme 10.

Scheme 11.

Scheme 12.
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Finally, one of the useful chemical transformations of the
vinyl tri¯ates consists of their reduction to the corresponding
alkanes and alkenes. Comins35 and Dillard36 have used the
palladium/charcoal or platinum oxide-catalyzed hydro-
genation of vinyl tri¯ates to alkanes in the synthesis of
pumiliotoxin C 37 from 36. The vinyl tri¯ates derived
from 1,3-diketones30 or b -keto esters37 can be transformed
smoothly into monoketones, alkanes and unsaturated
ketones by means of various reducing agents; for example,
the pyrrolidone 38 was converted into the unsaturated cyclic
ether 39 via reduction of the corresponding tri¯ate with

tributyltin hydride in the presence of Pd(PPh3)4 as catalyst
(Scheme 16).37

2.1.2. Reaction with aldehydes and bicyclic ketones.
Synthesis of gem-bistri¯ates and skeletal rearrange-
ments. In contrast to ketones, the reaction of aliphatic alde-
hydes with tri¯ic anhydride, in the presence of acid
scavengers such as DTBMP, leads to the formation of
gem-bistri¯ates 40.9,38 Unfortunately, in most cases an
aldol-type reaction successfully competes with gem-
bistri¯ate formation, hence decreasing the yields of the

Scheme 13.

Scheme 14.

Scheme 15.
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desired products.9 There are few examples of synthetic
applications of gem-bistri¯ates, since they are relatively
unstable and rapidly undergo polymerization and
decomposition to form the corresponding primary vinyl
tri¯ates.38 However, tri¯ate activation may be used for the
displacement of an aldehyde oxygen by some nucleophiles;
for example, Martinez et al.39 have found that aliphatic
aldehydes can be converted smoothly to 1,1-dihaloalkanes
41 by reaction of corresponding bistri¯ates with magnesium
iodide and bromide or titanium tetrachloride. Similarly,
good yields of the di¯uorides 43 were obtained using tetra-
butylammonium di¯uorotriphenylstannane as a ¯uoride
source.40 Treatment of the in situ-prepared 1,1-diiodo-
alkanes with DBU furnished the corresponding vinyl
iodides 42 in excellent yields and high stereoselectivity
(Scheme 17).41

Stable gem-bistri¯ates e.g. 45 and 47 are available from
the reaction of Tf2O with non-enolizable and dif®cultly
enolizable ketones such as 44 and 46 (Scheme 18).42

Bicyclic ketones in the terpene series give mainly
rearranged tri¯ates on treatment with tri¯ic anhydride.
Thus, camphor in the absence of a base yielded a mixture
of the gem-bistri¯ate 48 and the rearranged tri¯ates 49a and
49b.43 During aqueous workup, compounds 48±49 under-
went hydrolysis leading to camphor and bridgehead tri¯ates
50a±b (Scheme 19).

When the reaction with (1)-camphor was carried out in the
presence of a hindered base such as DTBMP or HuÈnig's
bases, the enantiopure tri¯ate (2)-50a was the main
reaction product.43,44 The same Wagner±Meerwein
rearrangement leading to predominant formation of
bridgehead tri¯ates44,45 and thiotri¯ates46 was observed for
different bicyclic ketones and thioketones; representative
examples are given below. Camphor derivatives (2)-50a
and (2)-51a could be quantitatively isomerized to homo-
chiral (2)-50b and (2)-51b, when treated with TfOH at
2788C through a Nametkin rearrangement.46 The reaction
of bridgehead tri¯ates and thiotri¯ates with LiAlH4

Scheme 16.

Scheme 17.

Scheme 18.

Scheme 19.
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proceeds with X±S (X�O,S) bond cleavage, producing the
corresponding homochiral 1-norbornyl alcohols44 and
thiols46 in good yields (Schemes 20 and 21).

Martinez et al.47 have developed an approach to the
enantiospeci®c synthesis of the new homochiral b -amino-
alcohols 54, 57 from naturally occurring 2-norbornanones
based on the high diastereofacial selectivity of the LiAlH4

reduction of the bicyclic ketone 53 and oxime 56. The
former could be easily prepared via a sequence
involving the solvolysis of the homochiral tri¯ate 50a
in CH3CN/Et3N followed by amide hydrolysis and
ozonolysis, whereas the latter resulted from the ozonolysis

of 50a to form 55 followed by reaction with NH2OH
(Scheme 22).47

In contrast to the unsaturated analogues 50a±b, solvolysis
of trimethyl substituted 1-norbornyl tri¯ate 58 in 60%
ethanol appears to proceed unusually via novel s -bridged
carbocations to form mainly the cyclopentane derivatives
59, resulting from the C2±C3 bond cleavage.48 This process
has been successfully applied to the conversion of the
tri¯ate 50b into the enantiomerically enriched cyclopen-
tanecarboxylic acid 61,49 via the ketone 60 (Scheme 23).

Cleavage of the C1±C2 bond in norbornane derivatives

Scheme 20.

Scheme 21.

Scheme 22.

Scheme 23.
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could be accomplished by base-promoted hydrolysis of
a -nitroketones, periodate oxidation or tri¯ic anhydride-
induced Beckman rearrangement50 of suitable precursors
prepared from bridgehead tri¯ates 50a and 62.51 In all cases,
the corresponding homochiral 3-substituted cyclopentanones
63±65 were obtained in excellent yields (Scheme 24).

2.1.3. Reaction with carboxylic acids and esters. The
reaction of carboxylic acids and esters with Tf2O also
proceeds via the formation of the tri¯oxycarbenium cations
which then lose tri¯ic acid (or alkyl tri¯ate) giving the
tri¯uoromethanesulfonic carboxylic anhydrides.52,53 These
anhydrides may be utilized as highly effective acylation
agents54 which even react with nonactivated aromatics

(benzene, toluene) without Friedel±Craft catalysts to yield
aryl ketones (Scheme 25).53,55

In the presence of a nitrile, the cations 66a derived from
aliphatic esters 66 (R1�Alk) behave similarly to those
formed from ketones and Tf2O,23 affording substituted

Scheme 24.

Scheme 25.

Scheme 26.

Scheme 27.
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4-alkoxypyrimidines 69 in good yields via the intermediate
68.56 In contrast, the reaction of nitriles with arylacetic
esters in the presence of Tf2O furnished 3-alkoxyisoquino-
lines 70 via intermolecular cyclization of the intermediate
nitrilium cation 67 (Scheme 26).53

2.1.4. Reaction with amides and vinylogous amides.
Treatment of tertiary and secondary amides with tri¯ic
anhydride at low temperatures gives rise to iminium and
imino tri¯ates, respectively (Scheme 27).

These salts are versatile reagents which can react with

various N-, O- and S-nucleophiles and so may be used for
the transformation of an amide function into other carbonyl
functions. Thus, secondary and tertiary amides were subse-
quently treated with Tf2O, pyridine (or a less nucleophilic
base such as 2,6-lutidine or 2,6-di-t-butylpyridine) and
alcohols57±59 or hydrogen sul®de60 to afford the correspond-
ing esters57,58 orthoesters59 and thioamides.57,60 The primary
amides were quantitatively dehydrated to nitriles under
these conditions (Scheme 28).58

Addition of 2-aminothiols to the iminium tri¯ates resulted in
the formation of the corresponding thiazolines 71.61 This

Scheme 28.

Scheme 29.

Scheme 30.

Scheme 31.
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reaction was found to tolerate the presence of chiral centers
and various functional groups such as benzoate, silyl ether,
benzyl ether and acetonide (Scheme 29).

Tri¯ic anhydride was found to be far superior to phosgene or
any of the related reagents in the dehydration of formamides
74 and vinylformamides 72 to isonitriles 73, 75 (Scheme
30).62,63

Thomas64 devised a simple one-step method for the conver-
sion of secondary amides to tetrazoles 76 employing tri¯ic
anhydride and sodium azide. A 1H-unsubstituted tetrazole
was also synthesized by this method from an amide substi-
tuted with a cyanoethyl protecting group (Scheme 31).

Application of tri¯ic anhydride as a mild and effective
activation reagent in the Vilsmeier±Haack reaction is the
subject of increasing interest. It has been reported that less
nucleophilic aromatics can be formylated when the
classical Vilsmeier±Haack reagent is replaced by DMF/
tri¯ic anhydride. The iminium salt 48 which is formed
even reacts with naphthalene and mesitylene (Scheme 32).65

Using similar conditions indolin-2-one was shown to convert
3-aryl-4,6-dimethoxyindoles 77a into the 2,7 0-bisindolyl

compounds 78a.66 In contrast, reaction of the indolin-2-
one/tri¯ic anhydride complex with 3-aryl-4,6-dimethoxy-
benzofurans 77b gave 2-substituted indolobenzofurans
79b as the major products; the 7-substituted products 78b
were obtained in low yields due to the higher reactivity of C2

over C7 in the 3-aryl-4,6-dimethoxybenzofuran series.67 In
all cases, no reaction took place when phosphoryl chloride
was used for the activation of indolin-2-one (Scheme
33).66,67

Indolin-2-ones 80 react with the 2,3-disubstituted indole 81
in the presence of two equivalents of Tf2O forming pre-
dominantly the 7,7 0:2,7 0-terindolyls 82.68 The reaction
mechanism involves the initial reaction of the iminium
salt with the indole 81 to produce 2,7 0-bisindolyl system,
which then undergoes oxidative coupling with a further
equivalent of 81 (Scheme 34).

a ,b -Unsaturated iminium tri¯ates 83 derived in situ from
the corresponding amides and tri¯ic anhydride were found
to react with electron-rich aromatics69,70 and hetero-
aromatics71,72 yielding the corresponding cyclic ketones 84
and/or 1,3-diaryl(hetaryl)propanones 85. The mechanism
envisaged for this reaction involves the initial alkylation
of the aromatic substrate followed by either intra- (path

Scheme 32.

Scheme 33.

Scheme 34.
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A) or intermolecular (path B) Vilsmeier acylation (Scheme
35).70

The use of appropriately substituted and activated bis-
aromatic compounds with different bridge lengths would
provide an ef®cient and concise route to a number of
fused seven- and eight-membered cyclic ketones 86, 87.73

Secondary aromatic amines can react with 83a,b to afford
the corresponding 1,2,3,4-tetrahydroquinolones 88.74 Some
representative examples reported by the authors69±74 are
shown in Scheme 36.

Unsaturated imidoyl tri¯ates 89, prepared in situ from the
secondary acryloyl amides and tri¯ic anhydride in the

Scheme 35.

Scheme 36.

Scheme 37.
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presence of a HuÈnig's base, on treatment with a suspension
of lithium cyanide and 12-crown-4 were converted into
2-cyano-1-azabutadienes 90.75 The Diels±Alder reaction
of the heterodienes 90 with a complete range of electron
rich, electron poor, and neutral dienophiles provides a
potentially powerful method for the construction of struc-
turally de®ned polyfunctionalized tetrahydropyridines
91;75,76 an intramolecular version of this reaction has been
used successfully for the preparation of indolizine and
quinolizine ring systems (Scheme 37).77

Ghozes et al.78±80 observed [212] cycloaddition reactions of
keteniminium tri¯ates 92 generated from N,N-disubstituted
amides and tri¯ic anhydride. These salts turned out to be
ideal reagents due to their high reactivity in cycloaddition
reactions to form cyclobutanones 93, even with nonacti-
vated alkenes. An intramolecular version of this reaction
provides a practical synthesis of cyclobutanones fused to
carbo- or heterocyclic rings 95 (Scheme 38).78,81

Asymmetric versions of this reaction employing amides 94

derived from chiral amines were also investigated.82,83 The
highest induction and excellent chemical yields were
formed for amides with C2-symmetrical chiral pyrrolidines
such as 2,5-dimethylpyrrolidine using ultrasound irradiation
(Scheme 39).

Battaglia et al.84 indicated that annulation of aldimines with
keteniminium salts (chlorides and tri¯ates) may constitute
an attractive alternative route to that of the Staudinger
reaction for the synthesis of polysubstituted b -lactams 97.
In contrast to a-chloroiminium chlorides, keteniminium
tri¯ates show a preference for the cis-products (Scheme
40).84

The combination of tri¯ic anhydride and 4-(N,N-dimethyl-
amino)pyridine effects Bischler±Napieralski cyclization of
b-phenethylcarbamates and b -phenethylamides under mild
conditions, while POCl3 in some cases did not achieve the
cyclization (Scheme 41).85

Treatment of the biscarbamates 100 with Tf2O allowed the

Scheme 38.

Scheme 39.

Scheme 40.

Scheme 41.
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generation of N-protonated N-acyliminium salts86 which
can react with vinyl ethers 102 to give b -amino-a ,a -
di¯uoroketones 103 (Scheme 42).

Treatment of ureas, pyridones87 and amides88 with tri¯ic
anhydride led to the formation of stable dicarbonium salts
R1R2C

1±O±C1R1R2´2TfO2 105. It seems probable88 that
this reaction proceeds initially via the formation of the

electrophilic monocarbonium salt 104 which is then
attacked by another molecule of the carbonyl compound.
Some reactions of the dications obtained in this manner
with various nucleophiles such as pyridines,89 diazopho-
sphoryl compounds,90 ketoenolates and ketonitriles91 have
been investigated (Scheme 43).

Stable conjugated dication ether salts 108 were formed from

Scheme 42.

Scheme 43.

Scheme 44.

Scheme 45.
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the reaction of tri¯ic anhydride with two equivalents of
vinylogous amides 106.92 With a 1:1 molar ratio, the
3-tri¯oxypropeniminium tri¯ates 107 were obtained
(Scheme 44).

Reaction of the iminium salts 107 with nucleophiles may
occur at carbon atoms C-1 or C-3. Maas and co-workers93

have shown that 3-tri¯oxypropeniminium tri¯ates, in
contrast to the 3-chloropropeniminium salts, reacted with
nitrogen and sulfur nucleophiles by substitution of the
tri¯oxy group to give 111 and 112, presumably due to the
good leaving group properties of tri¯ate anion. Hydrolysis
of 107 with aqueous acetonitrile also proceeds at C-3,
whereas treatment of the tri¯ates with the two-phase system
CHCl3/H2O led to the corresponding b -formylvinyl tri¯ates
110 (Scheme 45).

The salts 107 can undergo thermal b -elimination of tri¯ic
acid to furnish the propyniminium tri¯ates 113.94,95 The

latter systems are valuable precursors of substituted
aminoallenes,96 and 1- and 2-aminobutadienes (Scheme
46).97

Maas et al.98 have investigated the application of tri¯ic
anhydride as an activation reagent in the vinylogous
Vilsmeier±Haack reaction. It was considered that the
scope of vinylformylation could be expanded if 3-tri¯oxy-
propeniminium tri¯ates rather than the 3-chloropropen-
iminium salts were used. Unfortunately, it was found that
the reaction with electron-rich aromatics proceeds more
slowly and in lower yields when the dimethylaminoacrolein
was activated with Tf2O rather than with POCl3. The
apparently low ef®ciency of tri¯ic anhydride in this case
can be explained by the conversion of the initially formed
tri¯ate 107c to the less electrophilic dication 114 (Scheme
47).

In contrast to 107c, the substituted analogue 107a can be

Scheme 46.

Scheme 47.

Scheme 48.

Scheme 49.
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prepared cleanly, without any dication formation. The more
electrophilic salt 107a reacted with anisole and mesitylene
to provide the expected 3-aryl-2-hexenals 115 (Scheme
48).98

In a similar manner, the reaction of the 4-dimethylamino-
1,1,1-tri¯uoro-3-buten-2-one-tri¯ic anhydride complex 116
with various aromatics allowed the preparation of 3-CF3

substituted cinnamaldehydes 117. The reaction proceeds

stereoselectively to give preferably aldehydes with an E
con®guration (Scheme 49).99

2-Tri¯uoromethylquinolines 119 were prepared in excellent
yields by reaction of the iminium tri¯ate 116 with different
anilines.100 Presumably, treatment of the tri¯oxypropen-
iminium salt with two equivalents of amine results in the
replacement of the OTf group by the amino moiety and
formation of the vinamidinium salt 118. Subsequent
intermolecular cyclisation led to the target quinolines
(Scheme 50).

2.2. Synthesis of aryl tri¯ates. Vinyl and aryl tri¯ates in
the cross-coupling reactions

The most convenient procedure for the preparation of aryl
tri¯ates involves the treatment of phenols with tri¯ic anhy-
dride in the presence of a base such as a tertiary amine or
sodium carbonate.1 Aromatic N-heterocycles (pyridines,

Scheme 50.

Scheme 51.

Scheme 53.

Scheme 54.

Scheme 52.
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indoles, quinolines, isoquinolines and carbazoles) bearing a
hydroxy group could also be converted to the corresponding
tri¯ates by this method (Scheme 51).2

In some cases, tri¯ate modi®cation of an arene hydroxy
group has resulted in the generation of a new pharmacolo-
gically active compound. Thus, tetraline derivatives 120,
which were evaluated as antagonists with a high af®nity
and selectivity for the dopamine D3 receptor,101 showed
potential as an antipsychotic therapy which was free of
the extra-pyramidal side effects (Scheme 52).

Aryltri¯ates appear to be extremely stable and unreactive
compounds. Despite the high leaving group properties of the
tri¯ate anion, earlier investigations of the solvolytic reac-
tivity of various aryl tri¯ates revealed the absence of any
aryl cations.102 In highly polar non-nucleophilic solvents, no
reaction occurred and the starting tri¯ates were recovered
quantitatively even after several days heating at 2008C,
whereas in the presence of a nucleophile, nucleophilic
attack upon sulfur and S±O bond cleavage were
observed.102 Sonoda et al.103 have recently reported an
example of the generation of aryl cations in the solvolysis
of 2,6-disubstituted aryl tri¯ates. The presence of bulky
trimethylsilyl and/or t-butyl group(s) at both ortho positions
is essential for the SN1 solvolysis (Scheme 53).

Aryl tri¯ates with strong electron-withdrawing substituents
in the ring undergo nucleophilic displacement via an addi-
tion±elimination mechanism. For example, reaction of the
tri¯ate 121 with sodium malonate followed by decarboxy-
lation furnishes the corresponding arylacetic acid 122.104

Primary and secondary amines react smoothly with nitro-
substituted aryl tri¯ates105 or 2-pyridyl(quinolyl) tri¯ates106

to afford the corresponding aromatic amines 124 (Scheme
54).

Fluoride-induced 1,2-elimination of o-trimethylsilylphenyl
tri¯ate 126, which could be readily synthesized from the

silane 125, provided a convenient route to benzyne under
mild conditions.107 Detri¯ation from an aryl anion inter-
mediate appeared to have occurred in preference to proto-
nation even in the presence of alcohols. This fragmentation
has some advantages over other methods of aryne gener-
ation,107,108 and it could be applied to the preparation of the
polycyclic oxindole-containing system 129 (Scheme 55).108

Interestingly, aryl tri¯ates can act as oxidizing agents
toward phosphites.109 Their reaction with potassium diethyl-
phosphite in liquid ammonia afforded the corresponding
aryl diethylphosphate esters 130, with concomitant loss of
tri¯uoromethylsul®nate anion (Scheme 56).

Due to the high stability and consequent unreactivity of aryl
tri¯ates, their chemistry had attracted little attention until
the discovery of the transition metal catalyzed cross-
coupling reaction of aryl and vinyl tri¯ates. In the last 15
years there have been numerous demonstrations of the
utility of this reaction, which proceeds with high regioselec-
tivity under mild conditions and can be used not only for
carbon±carbon bond formation, but additionally for the
preparation of vinylstannanes, unsaturated phosphonates
and for the removal of the sulfonate group by hydro-
genation. The corresponding vinyl and aryl halides show a
similar spectrum of reactions, and the iodides and, in some
cases, the bromides, are more reactive than the tri¯ates. The
main feature of unsaturated tri¯ates is their convenient
preparation from carbonyl compounds and phenols. The
synthetic transformations of vinyl and aryl tri¯ates have
been extensively reviewed recently by Ritter.2

2.3. Reaction with alcohols. Synthesis of alkyl tri¯ates

The past 30 years have witnessed a signi®cant increase in
the utilization of alkyl tri¯ates as one of the most powerful
groups of alkylating agents, capable of alkylating not only
carbon but also oxygen, nitrogen and sulfur. The most
widely used parent compound, methyl tri¯ate, for example,

Scheme 55.

Scheme 56.
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was found to be only 5 to 12 times less reactive than the
unstable trimethyloxonium ion.110 The literature on the
applications of alkyl tri¯ates in organic synthesis is too
profuse to be covered in full and, therefore, only represen-
tative examples are highlighted in this section. The literature
up to 1982 has been reviewed in detail by Stang and
Hanack.1

Alkyl tri¯ates may generally be prepared from the reaction
of an alcohol with tri¯ic anhydride in the presence of a base.
Other methods such as the interaction of an alkyl halide with
silver tri¯ate or treatment of an appropriate diazonium
compound with tri¯ic acid are less convenient. Primarily,
alkyl tri¯ates have been used for the generation and investi-
gation of highly energetic carbenium ions.1 Some typical
recent examples are shown below (Scheme 57).111±113

Interestingly, solvent effects and kinetic deuterium isotope
effects show that, despite their high reactivity, primary (and
presumably some secondary) alkyl tri¯ates undergo an SN2
process with little carbenium ion character114 and, therefore,
nucleophilic substitution of the tri¯ate group in chiral
tri¯ates can proceed with clean inversion.

Solvolytic studies in the homopropargyl tri¯ate series 131
resulted in elaboration of a simple and effective method of
cyclobutanone 132 formation.115 Fused cyclobutanones 134
are also accessible in good preparative yields through the
triple bond participation in solvolysis of cyclic homoprop-
argyl systems 133 (Scheme 58).116

Highly reactive alkyl tri¯ates 135 were prepared and used to
alkylate under mild conditions alcohols of low nucleophi-
licity117 and alkyl hydroperoxides to prepare 136 and 137.118

An intramolecular version of this reaction in the case of the
monotri¯ate of diol 138 gave 3-¯uoro-3-nitrooxetane 140,
the ®rst characterized oxetane with a nitro group on the ring
(Scheme 59).119

A series of a-carbonyl and a-cyano tri¯ates was prepared
either from alcohols and anhydride or from diazo precursors

Scheme 58.

Scheme 59.

Scheme 60.
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and tri¯ic acid.120 These reagents react smoothly with differ-
ent S- and N-nucleophiles and thus provide easy access to a
variety of stabilized ylids.120 More recently, tri¯ates derived
from glycolic esters have been used for alkylation of
sterically hindered disubstituted triazacyclononanes121 and
for the preparation of the diethylenetriaminepentaacetic
acid (DPTA) analogue 143 (Scheme 60).122

Some carbanions may also undergo ef®cient alkylation by
tri¯ates. Rieger and co-workers123 have applied the alky-
lation of ¯uorenyl- and indenyllithium to the synthesis of
enantiomerically pure ethylene-bridged ansa-metallocene
complexes 146 (Scheme 61).

Different indolizines 149 were synthesized via a sequence
involving the alkylation of pyridines to form pyridinium
salts 148 with tosylmethyl tri¯ate 147 as a key step.124

The latter could be conveniently prepared in 70% yield by
esteri®cation of the corresponding diol with tri¯ic anhydride
(Scheme 62).

A series of bistri¯ates has been reported.125,126 Although
these have usually been synthesized from diols and tri¯ic
anhydride, the reaction with cyclic ethers may offer a better
alternative.117 Bistri¯ates are good linking agents; for

example, the 1,4-bis(hydroxymethyl)cyclohexane-derived
bistri¯ate 150 was used for the preparation of bicyclic and
hydrocarbon bridged transition metal complexes 151 and
152 (Schemes 63 and 64).127

The bistri¯ate 154, prepared in good yield from the weakly
nucleophilic diol 153 and tri¯ic anhydride,128 represents one
of the rare examples of a stable tertiary alkyl tri¯ate
(Scheme 65).

Elongation of the side chain in cyclic ethers to form 156 and
158 could be achieved by a coupling reaction of the primary
alkyl tri¯ates 155, 157 with Grignard reagents using CuBr
catalysis.129 The corresponding bromides and tosylates
failed to give the desired products (Scheme 66).

Johnson and co-workers130 reported a synthesis of
D6,7-taxols 161 and 7b ,8b-methano(cyclopropyl)taxols
163. They involve, as key steps, the DBU- or silica gel-
induced elimination of tri¯ic acid from the 7-O-tri¯ates of
either baccatin III 159 or of the taxol analogs (Scheme 67).

In the presence of Tf2O, the allylic alcohols 164 undergo
intramolecular [312] cycloaddition forming predominantly
the cis-fused tricyclic compounds 165 (Scheme 68).131

Scheme 61.

Scheme 62.

Scheme 63.
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Effenberger et al.132±134 originally found that, despite the
highly cationic nature of alkyl tri¯ates, nucleophilic dis-
placement of the tri¯oxy group in chiral a -tri¯oxycarb-
oxylic esters proceeds at low temperatures with clean
inversion and excellent chemical and optical yields. This
approach was shown to be much more effective than theScheme 65.

Scheme 66.

Scheme 67.

Scheme 68.

Scheme 69.
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Mitsunobu reaction135 and could be used for the direct
synthesis of different R-a -amido acids,132 15N-labelled
protected amino acids (such as 168)135,136 as well as for
the preparation of diastereomerically pure a ,a 0-imino
dicarboxylic acids 169 (Scheme 69).133

Hydrolysis of tri¯ates 167 derived from (S)-a -hydroxy
esters offers an attractive route to enantiomerically pure
unnatural (R)-isomers.137 Both (S)- and (R)-O-benzyl-a -
hydroxylamino acid esters 170 are available in high
chemical and optical yields from a -hydroxy esters 166 via
the corresponding tri¯ates (Scheme 70).137

Secondary alkyl tri¯ates may also be used for the alkylation
of non-activated aromatic compounds.138 In fact, the
reaction proceeds rapidly at room temperature not only in
the absence of a Lewis acid catalyst but in the presence of a
non-nucleophilic base. Effenberger139,140 has applied this
methodology to the conversion of N-protected threonine
171 and allothreonine into the corresponding b -methyl
phenylalanine derivatives 173. It is interesting to note that
reaction of the threonine derivative 172 with an aromatic
nucleophile proceeds with almost complete retention of

con®guration, presumably due to the steric hindrance of
rotation and shielding of the back side of the intermediate
carbocation by the phthaloyl protecting group (Scheme
71).140

The intramolecular allylic version of this reaction has been
exploited by Haseltine et al.141 in an ef®cient route to the
precursors for the anticancer agent (1)-pancratistatin.
Tri¯ation of the alcohols 174 induced intramolecular elec-
trophilic ortho versus ipso alkylation of the piperonyl
aromatic ring furnishing the pentacycles 175a and 175b.
The regiochemistry of the attack could be controlled by
the choice of arene substituent Z (Scheme 72).

Tri¯ic anhydride has also been widely used in sugar chem-
istry. Binkley et al.142 have reported a sequence involving
the conversion of partially protected carbohydrates 176 into
tri¯ate esters, followed by tri¯ate displacement by halide or
azide ions. This process is not accompanied by rearrange-
ment or elimination and works well for both primary and
secondary hydroxyl groups. Analogously, a simple
synthesis of substituted adenosines 179 was achieved by
activation of the hydroxy group with the tri¯ate moiety

Scheme 70.

Scheme 71.

Scheme 72.
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via formation of the tri¯ate 178.143 3-Deoxy sugars have
been synthesized via the reduction of corresponding tri¯ates
with sodium in liquid ammonia (Scheme 73).144

Some carbohydrate diols and triols can be selectively mono-
tri¯ated;145,146 by using Tf2O and 2,6-lutidine, for example,
the glucopyranoside 180 was selectively tri¯ated at the C-3
hydroxyl to give 181 in 65% yield.146 The SN2 displacement
of tri¯ate from 181 represents an ef®cient way to introduce
heteroatoms on to the pyranoside ring system (Scheme
74).146

A convenient and practical construction of the b -d-manno-
sidic and 2-heterosubstituted b -d-mannosidic units from the

readily available 3,6-diprotected galactopyranoside 183
could be achieved via a stepwise inversion of the corre-
sponding 2,4-bistri¯ate 184 to give 184a (Scheme 75).147

Auge148 and, more recently, Burke149 have used the stereo-
speci®c nucleophilic substitution of the tri¯ate group in the
total synthesis of 3-deoxy-d-manno-2-octulosonic acid
(KDO, 187) from 185, a key component of the outer
membrane lipopolysaccharide (LPS) of all Gram-negative
bacteria. The desired double inversion was performed by
treatment of the in situ formed bistri¯ate with tetrabutyl-
ammonium benzoate. Similarly, the azide 189 could be
prepared by stereoselective SN2 substitution of the tri¯ate
group in 188 with tetrabutylammonium azide.150 In contrast,

Scheme 73.

Scheme 74.

Scheme 75.

Scheme 76.
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the displacement of tri¯ate in 191 by sodium azide proceeds
with overall retention of con®guration to form 192, possibly
by equilibration of the product epimeric azides (Scheme
76).151

Tri¯ates derived from hept-1-enitols 193 were extremely
unstable and underwent spontaneous internal displacement,
with clean inversion, by the favourably-placed benzyloxy
group.152 Concomitant dealkylation furnished the substi-
tuted furanosides 195 via intermediate 194 (Scheme 77).

Treatment of the glucopyranose 196 with Tf2O in aceto-
nitrile resulted in formation of the glucosylamine 198 in
moderate yield.153 This reaction proceeds through a glucosyl-
oxocarbanion intermediate 197a which is trapped by the
nitrile (Scheme 78).

The reaction of nitriles with in situ-formed alkyl tri¯ates
was indicated as an improved modi®cation of the Ritter
reaction.154 In contrast to the normal Ritter reaction the
best yields of amides were obtained starting from primary
and secondary alcohols (Scheme 79).

On treating tri¯ic anhydride with a strong Lewis acid cata-
lyst quickly decomposed into SO2 and tri¯uoromethyl
tri¯ate (TMFT, 199).155,156 The latter could be considered
as an alkyl tri¯ate and possible CF3

1 equivalent. It was
found, however, that TMFT does not react with different
nucleophiles as a tri¯uoromethylating agent, but it gives
products that result from an initial attack of the nucleophile
at sulfur.156,157 The utility of TMFT as a tri¯ating reagent is
severely limited owing to its rapid breakdown into COF2 and
CF3SO3F in the presence of a nucleophile (Scheme 80).156

Scheme 77.
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2.4. Reaction of tri¯ic anhydride with nonmetal oxides

2.4.1. Synthesis and chemistry of tri¯oxysulfonium(sele-
nonium) tri¯ates. Early studies by Hendrickson and
Schwartzman158 established that tri¯ic anhydride adds to
dimethylsulfoxide to form the relatively unstable, air- and
water-sensitive dimethyl(tri¯oxy)sulfonium tri¯ate
(dimethylsul®de ditri¯ate, DMSD). This carries the best
leaving group at the sulfonium center and thus could be
used for the facile oxidation of alcohols to carbonyl
compounds (Scheme 81).158

Tri¯oxysulfonium tri¯ates are generally superior to other
existing reagents for the synthesis of sul®mines 202 from
amines with a low nucleophilicity 201.159 Thus, different
amino heterocycles159,160 201 and even the weakly nucleo-
philic tri¯amide161 could be converted into corresponding

sul®mines 202 and 204 by treatment with sulfoxides
(DMSO or 203) in the presence of tri¯ic anhydride (Scheme
82).

Recently, the authors have shown that DMSD can act as a
highly reactive S-electrophile towards nonactivated
arenes,162 alkenes163 and alkynes.164 In these reactions,
DMSD behaves as an S21 synthon giving rise to the corre-
sponding sulfonium salts 205±207. It is of interest to note
that the reaction with alkynes proceeds as a conjugate addi-
tion of an electrophile (dimethylsulfonium moiety) and a
nucleophile (tri¯ate group), and thus opens up a convenient
route to vinyl tri¯ates having a strong electron-withdrawing
group at the b -position (Scheme 83).164

An intramolecular version of these reactions which
proceeds via formation of the corresponding sulfonium

Scheme 82.

Scheme 83.

Scheme 84.
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salts 205a and 211, after demethylation, gives different
fused sulfur heterocycles 210162 and thiophene derivatives
211a164 has also been described (Scheme 84).

The most impressive application of tri¯oxysulfonium
tri¯ates is undoubtedly Umemoto's synthesis of electro-
philic tri¯uoromethylating agents, the S-tri¯uoromethyl
dibenzoheterocyclic salts 214a.165 These salts, as well as
their selenium analogues 214b, could be successfully
prepared in high yields by treatment of the corresponding
chalcogen oxides with Tf2O. The tellurophenium tri¯ate 217
was synthesized in an original way, by oxidation of the
telluride 216 with DMSD.166 The highly reactive nitronium
tri¯ate, prepared in situ from 94% nitric acid and a slight
excess of tri¯ic anhydride, could be used for the direct
nitration of 214a±b (Scheme 85).165,166

Extensive studies of the reactivity of tri¯uoromethyl onium
salts revealed the heterocyclic salts to be highly reactive
compared to their nonheterocyclic analogues 218. The

tri¯uoromethylation power of the heterocyclic salts depends
on the heteroatom (S.Se.Te) and on the ring substituents
(dinitro substitution being especially effective) so that the
reagents can be considered as `power-variable electrophilic
tri¯uoromethylating agents'.166 Some representative
examples of tri¯uoromethylation are given in Scheme 86.

The diphenylsulfoxide-tri¯ic anhydride complex (219)
appears to be the reagent of choice for the construction of
a wide variety of glucoconjugates directly from 1-hydroxy-
glycosyl donors 220.167 A proposed mechanism for this
transformation involves the in situ generation of the oxo-
sulfonium tri¯ate 221, which can expel Ph2SO to form the
reactive oxocarbenium ion. This oxocarbenium ion reacts
with different nucleophiles to yield the corresponding O-, S-
and C-substituted glycosides 222 (Scheme 87).

The activation of anomeric sulfoxides with Tf2O has
featured prominently in the ®eld of oligosaccharide synth-
esis since its introduction by Kahne.168 This method has

Scheme 85.
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Scheme 87.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±3119 3101

been successfully applied to an impressive variety of glyco-
syl acceptors including acetamide, hindered phenols,168

hydroxylated amino acids169 and a broad selection of carbo-
hydrates.168,170 Solid phase oligosaccharide synthesis could
also be accomplished through the use of glycosyl sulfoxides
and tri¯ic anhydride (Scheme 88).171

Crich172 has clearly demonstrated that tri¯ic anhydride can
be advantageously utilized for the activation of mannosyl
sulfoxides 225 and synthesis of b -mannopyranosides 227.
The b :a selectivity strongly depends upon the order of
addition of the reagents: premixing the donor 225, acceptor

226 and base before addition of Tf2O provided mainly the
a -anomer 228 (protocol B), whereas prior activation of the
sulfoxide with Tf2O led to reversal of the stereoselectivity
(protocol A).173 With secondary acceptors, a greater b :a
ratio could be achieved by reducing the steric bulk of the
O-2 protecting group (Bn instead of TBDMS) and by using
a less ionizing solvent (CH2Cl2 instead of Et2O).174 This
selectivity is in stark contrast to the analogous glucopyrano-
side series, which affords the a -glycosides with excellent
selectivity under the protocol A (Scheme 89).175

Presumably, in the absence of other nucleophiles (protocol

Scheme 88.
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Scheme 91.
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A), the reaction path involves the formation of the reactive
glycosyl tri¯ate 230, which on addition of the acceptor
underwent an SN2-like reaction to give the b -mannoside.174

The formation of an a -tri¯ate was unequivocally demon-
strated by a combination of 1H, 13C and 19F NMR spectro-
scopy as well as by preparation of an authentic sample
(Scheme 90).176

An attractive method for the construction of fused seven-
membered carbocyclic systems, based on the tri¯ic
anhydride-induced Pummerer rearrangement of alkoxy-
allylic sulfoxides 231 and subsequent intramolecular
[413] cycloaddition of intermediate 232 to 233, has been
reported.177 In the case of furan, the stereoselectivity of
cycloaddidion is high, whereas less nucleophilic dienes
give a mixture of stereoisomers (Scheme 91).

Treatment of vinylic sulfoxides 234 with tri¯ic anhydride-
sodium acetate gave tandem additive Pummerer rearrange-
ment reactions178 leading to 2-(phenylsulfenyl) acylals
235Ðconvenient precursors to 2-(phenylsulfenyl) alde-
hydes and alcohols. When carried out on chiral substrates,
the above sequence furnishes optically enriched acylals,
albeit with a low enantiomeric excess (10.5±23% ee)
(Scheme 92).

There have been several imaginative uses of tri¯ic anhy-
dride for the preparation of various dications. Furukawa
and collaborators179 have shown that reaction of the

sulfoxides 236 with Tf2O afforded via intermediate 237
the disul®de dications 238 as crystalline salt. The X-ray
crystal structure of 238b has been determined and this
unequivocally con®rmed the existence of the S1±S1

bond.180 The tri¯ate counterion is essential for the crystalli-
sation, since attempts to obtain stable crystals with different
anions such as SO4

22 and BF4
2 failed (Scheme 93).180

The reaction of 238b with different nucleophiles and bases
has been described.181 The dication 238b was indicated to
act as an S-electrophile toward electron-rich aromatics to
give good yields of the corresponding sulfonium salts
239.181,182 Unlike the other aromatics, thiophenol does not
normally produce the p-substituted sulfonium salt from
238b; its reducing ability results in the formation of
diphenyldisul®de, together with 240.182 This transformation
was extended succesfully to a wide variety of aliphatic and
aromatic thiols.183 Surprisingly, the dication 238b upon
treatment with different organometallic reagents, including
metal alkoxides, also underwent reduction.181,184 In contrast
to normal sulfonium salts, no hydrogen abstraction and
ylide formation were detected (Scheme 94).184

The strained dication 238a can add to activated multiple
bonds leading to the formation of different products 241
and 242 with a dithioniabicyclo[2.2.2]octane skeleton.185

In the case of 1,2-disubstituted arylalkenes the reaction
proceeds stereoselectively with retention of the relative
arrangement of substituents at the double bond of the
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original alkene. The less electrophilic ditri¯ate 238b turned
out to be unreactive towards alkenes and alkynes (Scheme
95).185

A similar behaviour in the reaction with alkenes was
observed for the acyclic dication 243a arising from the
reaction of DMSD and dimethylsul®de.186 The reaction
results in formation of the 1,2-addition products 244. The
reaction of 243a and its analog 243b with dienes yielded
relatively unstable 1,4-disulfonium salts 245 (Scheme 96).

Monooxides of 2,2 0-bis(alkylthio)biphenyl187 and alkyl
2-(methylthiomethyl)phenyl sulfoxides188 246 can undergo
facile dealkylation (but not demethylation) on treatment
with tri¯ic anhydride to furnish the corresponding thia-
sulfonium salts 248 and alkyl tri¯ates. The reaction
proceeds via initial formation of the corresponding dithia-
dications 247 (Scheme 97).

There are close similarities between the reactions of tri¯ic
anhydride with organosulfur reagents and those of their

Scheme 95.
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organoselenium counterparts, although the latter are rather
less developed. Furukawa has described189,190 the synthesis
of the Se1±S1 and Se1±N1 dications 250a and 250b from
the corresponding selenoxides 249a,b and tri¯ic anhydride.
Interestingly, hydrolysis of 250a gave an almost quanti-
tative yield of the sulfoxide 251 and none of the selenoxide
was obtained, whereas hydrolysis of 250b yielded the
starting selenoxide 249b as the sole product (Scheme 98).

The reaction of benzeneseleninic anhydride and diphenyl
diselenide in the presence of tri¯ic anhydride represents
an inexpensive alternative for the synthesis of phenyl-
selenyltri¯ate 252, which is usually prepared from the
corresponding halide and silver tri¯ate.191 The tri¯ate 252
is commonly used for the introduction of a phenylseleno
moiety into organic molecules; for example, its reactions
with phenylacetylene and 5-hexen-1-ol give high yields of
vinyl tri¯ate 253 and tetrahydropyran 254, respectively
(Scheme 99).191

2.4.2. Application of tri¯ic anhydride in hypervalent
iodine chemistry. Much attention has been paid recently
to the utilization of tri¯ic anhydride in hypervalent iodine
chemistry. Norton192 was the ®rst to apply Tf2O to the
convenient preparation of m-oxobis[(tri¯oxy)(phenyl)-
iodine)] (255), known as Ze®rov's reagent (Scheme 100).193

255 Has been used primarily for the selective functionali-
zation of multiple bonds. Thus, the reaction of 255 with
alkenes provides the vicinal ditri¯ates 256 or 257 in good
yields and excellent stereoselectivity (.99% syn addition
for cyclohexene).192,193 Dienes undergo selective 1,4-addi-
tion; for example, butadiene upon treatment with 255 gives
an 89:11 mixture of the 1,4:1,2 bistri¯ates in 55% yield
(Scheme 101).192

In contrast, reaction of 255 with alkynes proceeds as anti-
addition affording the vinyliodonium tri¯ates 258.194

Attempts to deprotonate 258 to an allenyl tri¯ate resulted

Scheme 99.
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in the regeneration of the starting alkyne. Surprisingly, the
addition of Ze®rov's reagent to propargylsilanes and propar-
gylstannanes gave the allenyl iodinane 259 which under-
went [3,3] sigmatropic rearrangement to give the
propargyliodoarene 260 (Scheme 102).194

The interaction of the in situ-formed bis-tri¯ate 255 with a
sila- or tin-acetylene has attracted attention as a versatile
procedure for the preparation of a wide variety of stable
alkynyl(phenyl)iodonium salts 261.195 This simple method-
ology could also be applied to the synthesis of the parent
ethynyl tri¯ate 261a (R�H) (Scheme 103).196

Alkynyliodonium salts (primarily the readily available and
the most stable iodonium tri¯ates), bearing the most power-
ful PhI leaving group, have been extensively used as an
electrophilic acetylene equivalent. The chemistry of this
iodonium species has been recently reviewed.3

Treatment of Ze®rov's reagent with Tf2O resulted in the
generation of the reactive phenyl iodonium tri¯ate,
PhI(OTf)2.

197 The same reagent would be expected to be
formed from the combination of equimolecular quantities
of PhIO and Tf2O; however, more recent work198,199 has
indicated that this reaction, as well as the interaction of

iodosobenzene with two molar equivalents of TfOH, affords
the bisiodine derivative 262 (Scheme 104).

The complex PhIO±Tf2O exhibits an enhanced reactivity
towards different aromatic compounds including non-
activated derivatives to give rise to the corresponding
(p-phenylene)bis(aryliodonium) ditri¯ates 263.198,200 These
have two good leaving groups on a single aromatic ring and
may thus be used as precursors to 1,4-disubstituted benzene
derivative 264, 265 (Scheme 105).

In the same manner as diphenylsul®de ditri¯ate (219),167 the
complex PhIO±Tf2O may be used as an ef®cient promoter
for the glycosidation reaction.201 Both `armed' (R�Bn) and
`disarmed' (R�Ac or Bz) thioglycosides 266 in the
presence of 262 react smoothly with different acceptors to
form the corresponding disaccharides 267 in high yields. In
the case of disarmed donors, excellent b-selectivity was
observed (Scheme 106).201

2.4.3. Reaction with nitrogen and chlorine oxides. Chlor-
ine(I)202 and nitrogen(V)203 oxides or nitric acid165,166,204

react with tri¯ic anhydride to give highly effective electro-
philic reagents, chlorine and nitronium tri¯ates. These were
shown to effect chlorination and nitration of deactivated
aromatics under mild conditions in high yields. Tri¯ic
acid, which is liberated in the course of chlorination, is
reconverted to the anhydride by phosphorus oxychloride,
which was used as the solvent; thus, 20±30% of Tf2O are
suf®cient for optimum yields (Scheme 107).

The generation of nitronium tri¯ate in aprotic conditions
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could be achieved using tetrabutylammonium nitrate and
Tf2O in CH2Cl2.

205 Subsequent addition of cyclic secondary
amines or amides 268 gave the corresponding N-nitro
products 269 in moderate to good yields (Scheme 108).205

2.4.4. Reaction with amine oxides. Pyridine and related
N-oxides have been reported206 to react with tri¯ic anhy-
dride in a similar manner to phosphine oxides, ureas and
pyridones to give rise to the dication ether salts 271. The

initially-formed very hygroscopic monocations 270 can also
be isolated in excellent yields (Scheme 109).

N-Tri¯oxycarbamates such as 272 which are readily
available from the thallium salt of the N-hydroxycarbamate
and tri¯ic anhydride can be used as a reactive aminating
reagent for sul®des.207 Some advantages have been outlined
for this procedure for the synthesis of sul®mines 273 over
previously known method namely (i) the yields are high; (ii)
the actual scope is wide and (iii) a large excess of sul®de is
not required (Scheme 110).

2.4.5. Reaction of tri¯ic anhydride with other pnictogen
oxides. Triphenylphosphine oxide208,209 274a as well as
HMPA210 274b react exothermically with tri¯ic anhydride
in CH2Cl2 to give white precipitates of the corresponding
diphosphonium salts 275a,b.210 A similar behaviour was
observed for triphenylarsine oxide 274c, whereas the
reaction of triphenylstibine oxide or triphenylbismuth
tri¯uoroacetate with Tf2O furnished the stable hygroscopic
gem-bistri¯ates 276 and 277 (Scheme 111).211
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The dication 275a was shown to be a powerful dehydrating
agent and also a promising reagent for the conversion of
carboxylic acids to anhydrides,212 esters, amides,208,212 benzi-
midazoles212,213 and cyclic aryl ketones.212 In an analogous
manner to the carboxylic acids, primary amides and oximes
can be activated by this reagent at oxygen to produce nitriles
in excellent yields and under mild conditions (Scheme
112).213

Both dications 275a,b were conveniently converted into
phosphinimines214 (the yields were respectively 82 and

90%) by reaction with ammonia followed by hydrolysis.
Conversion of aminofuroxanes 278 into the corresponding
phosphinimino derivatives 279 was achieved by trioctyl-
phosphine ditri¯ate, generated in situ from trioctyl-
phosphine oxide and tri¯ic anhydride (Scheme 113).215

The optically pure mixed anhydride 281, prepared in low
yield by tri¯ation of the chiral phosphinothionic acid 280,
on treatment with sodium borohydride was converted into
282 with inversion of con®guration; standard functional
group manipulation was used to transform 282 into the

Scheme 112.

Scheme 113.

Scheme 114.

Scheme 115.
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optically pure phosphinodithioate t-BuPhP(S)SMe, the
phosphinothioic iodide 283 and thioselenophosphinic acid
t-BuPhP(Se)SH.216 Hydrolysis of the tri¯ate 281 also
proceeds with full inversion of con®guration at the phos-
phorus atom (Scheme 114).216

3. Reaction with Amines. Tri¯amides: Synthesis and
Synthetic Applications

Due to the electron-withdrawing and relatively good leaving
group properties of the CF3SO2 group, tri¯amide reagents
have useful applications in organic chemistry. Primarily
they can be applied to amine synthesis and the synthesis
of vinyl tri¯ates from enolates, which occur under mild
conditions and in many cases are superior to other reagents.

Tri¯amides are usually prepared from the corresponding
amines by treatment with tri¯ic anhydride in the presence
of a base.217,218 Alternatively, the mild, selective tri¯ating
reagents N-phenyltri¯imide219 and N-trifylimidazolide220

may be used for transferring the trifyl group to the amines.
Interestingly, N-phenyltri¯imide does not react with

secondary aromatic amines and thus provides a useful
analytical discrimination for these compounds.219

The readily formed tri¯amide anions (for example, for
CF3SO2NH2, pKa�5.8)219 undergo smooth alkylation218

and acylation.219 N-Alkylation and subsequent removal of
the trifyl group by reduction allowed an almost quantitative
sequence for the protection and alkylation of amines.221 The
stable crystalline N-acyltri¯amides acylating agents are less
reactive than the acid chlorides but react cleanly in high
yields with moderately basic nucleophiles (Scheme 115).219

The deprotection of tri¯amides can also be performed under
mild conditions using sodium in liquid ammonia.222 This
procedure has been employed in the facile two-step synth-
esis of tetraaza macrocycles 286 from 284 using tri¯amides
as the protecting group (Scheme 116).223

Tri¯amides, for example 287, show promise as acidic
components in the Mitsunobu reaction. Edwards and
co-workers222 have demonstrated that this reaction proceeds
with full inversion of con®guration and provides a con-
venient synthetic route to the (R,R)- and (S,S)-enantiomers

Scheme 116.

Scheme 117.

Scheme 118.
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of the antitumor polyamine 288, starting from the readily
available (S)- and (R)-1,3-butanediols. The use of the corre-
sponding N-alkyltosylamides is unsatisfactory for the synthe-
sis of chiral polyamines (Scheme 117).

Due to the relatively good leaving group properties of the
tri¯oromethanesul®nic group,218 N-aryltri¯amides 289 were
applied to the mild oxidation of a-haloketones and alkyl
halides.224 In the case of inactivated alkyl halides, tri¯uoro-
methanesul®nic acid could be eliminated under mild con-
ditions when N-(4-acetoxyphenyl)tri¯amide was used as the
oxidizing reagent (Scheme 118).

SN2 displacement of the tri¯imides 291225,226 and the mixed
sulfonimides 292227,228 from saturated carbon represents a
rare example of a nitrogen leaving group, made possible by
the strong electron-withdrawing properties of the trifyl
group. Trifyl activation of amines was succesfully used
for the alkylation of simple carbon and sulfur nucleophiles
and introduction of a chiral methyl group (Scheme 119).228

Stable, crystalline N-phenyltri¯imide (291a) has been
extensively used as the selective tri¯ating agent in reactions
with phenols219 (to form aryl tri¯ates 293) and enolates.229

Thus, camphor could be converted to the corresponding

Scheme 119.

Scheme 120.

Scheme 121.

Scheme 122.
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vinyl tri¯ate 294 in 81% yield229 by deprotonation with
LDA followed by trapping with 291a, whereas treatment
of camphor with tri¯ic anhydride yielded only different
rearrangement products (Scheme 120).43

N-Phenyltri¯imide has been applied to the regioselective
synthesis of `kinetic' cycloalkenyl tri¯ates 295 or 296
from unsymmetrical cycloalkanones230 as well as to the
synthesis of regio-de®ned tri¯ates 298 via the 1,4-addition
of hydride to conjugated cycloalkenones 297.229 The
synthesis of vinyl tri¯ates from N-phenyltri¯imide has
been previously reviewed (Scheme 121).2

N-Phenyltri¯imide reacts cleanly with ketones bearing a
sulfoxide group at the a -position 299.231 Ligand exchange
reactions of the resulting vinyl tri¯ates 300 or 302 with
n-BuLi offers an attractive route to disubstituted acetylenes
301 and trisubstituted allenes 303 (Scheme 122).

Recently, Comins et al.232,233 have developed more reactive
tri¯ating agents, the N-pyridyltri¯imides, and have
employed these compounds in the total synthesis of
(2)-porantheridine234 and some dendrobatid alkaloids.235

Treatment of the benzyl ester of 6-b -aminopenicillanic acid
(304) with two equivalents of tri¯ic anhydride followed by
hydrogenolysis yielded the b -lactamase-inhibitor 305,236

which behaved biochemically as the 6-bromo analog
306236 due to the known tendency of the bistri¯amido
group to function as a leaving group in SN2 type displace-
ment reactions (Scheme 123).218

Bistri¯ates derived from 6-aminopenicillanic or 7-amino-
cephalosporanic esters can undergo base-catalysed b -elimi-
nation of tri¯uoromethanesul®nic acid to yield the
corresponding imines.237 Mild acid hydrolysis of these
compounds effected their oxidative transformation to
provide the 6-oxo and 7-oxo derivatives. A series of 7-alkyl-
idenecephalosporins 309238 and 7-vinylidenecephalosporins
311239 prepared from the diketone 308 was biologically
evaluated as b -lactamase inhibitors239 and human leukocyte
elastase inhibitors (Scheme 124).238

Tri¯ic anhydride was used for the preparation240 of the
highly reactive 2-azaallenium salt 313, which required a
nonnucleophilic counterion for its isolation and could thus
not be isolated as the chloride or iodide.240 This reaction

Scheme 123.

Scheme 124.

Scheme 125.
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presumably proceeds via the initial electrophilic attack of
the anhydride on one of the two nitrogen atoms of 312
followed by fast fragmentation of the adduct so formed
into 313 and 314 (Scheme 125).

Stereospeci®c deoxygenation of 1,2-diols 315 to ole®ns 317
may be achieved cleanly under very mild conditions by
treatment of the corresponding dimethylaminodioxolanes
316 with tri¯ic anhydride (Scheme 126).241

A series of 2-substituted 3-tri¯uoromethylsulfonyl-isoureas,
-thioisoureas and guanidines 320 was prepared242 by the
reaction of dimethylcyanamide with tri¯ic anhydride
followed by treatment with different O-, S- and N-nucleo-
philes. The reaction proceeds via the formation of a hygro-
scopic and reactive 2,3-bis(trifyl) isourea 318 (Scheme
127).

The parent tri¯amide 321 reacted with thionyl chloride to
afford the corresponding sulfonamide 322. The latter
contains the strongly electron-withdrawing CF3SO2Nv
group243,244 and can be easily converted to the corre-
sponding aldimines,244,245 sul®mides and phosphimides
323 (Scheme 128).245

Although pyridine is one of the most common bases used for
the preparation of tri¯ate esters,1 its interaction with Tf2O
giving the salt 324 is sometimes the major pathway,1,246 and
the actual sulfonylation is often accomplished by 324 rather
then the anhydride itself. The pyridinium salt 324 as well as
the analogous salts of pyrazine, benzothiazole and quino-
line, however, can act as an electrophile towards trialkyl- or
triarylphosphines yielding the corresponding phosphonium
salts 325.247,248 These have been shown to act as precursors
for 2-acylpyridines 326, 4,4 0-bipyridines 327 and pyridyl-
carbinols 328 (Scheme 129).248

4. Oxidative Properties of Tri¯ic Anhydride

4.1. Reaction with sul®des and thiols

Maas and Stang249 were the ®rst to show that in the reaction

Scheme 126.

Scheme 127.

Scheme 128.

Scheme 129.
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with sulfur-containing organic compounds, tri¯ic anhydride
can act as an oxidizing agent. Thus, its reaction with thio-
ureas and trithiocarbonates results in stable dicationic disul-
®de salts 329 (Scheme 130).

Thiols and sul®des are also readily oxidized by tri¯ic anhy-
dride. A recent paper250 reports that thiophenol, tri¯ic anhy-
dride and pyridine failed to give the desired phenyl
tri¯uoromethanethiosulfonate (330); only diphenyl disul®de
331 was obtained in excellent yield along with pyridinium
tri¯ate and tri¯inate. In the absence of any base, phenyl
tri¯uoromethyl disul®de (332) was found to be the major

nonvolatile product (25%) along with diphenyl disul®de
(Scheme 131).

The reaction of dimethylsul®de with tri¯ic anhydride gave
the sulfonium salt 333.251 The latter was used for the mild
oxidation of primary and secondary alcohols to the carbonyl
compounds. Treatment of the sulfonium salts 333 with

aqueous sodium acetate furnished the corresponding sulf-
oxides in acceptable yields (Scheme 132).251

4.2. Oxidation of nitrogen-containing compounds

The most convenient and widely used method for prepa-
ration of tri¯ate esters is the reaction of the appropriate
alkohol with tri¯ic anhydride in the presence of inexpensive
tertiary amines such as pyridines or triethylamine. On stan-
dard treatment of sterically congested alcohols and phenols
with tri¯ic anhydride, however, unwanted tri¯uoromethane-
sul®nyl esters were obtained in up to 89% yields.252 Presu-
mably the amines (triethylamine and to a lesser extent
HuÈnig's base) act as SVI!SIV reducing agents (Scheme
133).

Lutidine and collidine also reacted with tri¯ic anhydride to
give pyridinium salt 334 which is transformed to the SIV-
containing products 335 and 336 (Scheme 134).246

Scheme 130.

Scheme 131.

Scheme 132.

Scheme 133.

Scheme 134.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±3119 3113

The simplest preparation of tri¯inate salts, which can be
used for the synthesis of tri¯ones,218 is the reduction of trifyl
azide by azide ion.253,254 The tri¯inate salt, which is formed
as a 1:1 mixture with tri¯ate, need not be isolated in a pure
form and reacts cleanly due to the extremely low nucleo-
philicity of the tri¯ate anion.

Tri¯ic anhydride has been shown to promote the
decomposition of aryldiazomethanes to cis-stilbenes.255

This reaction presumably proceeds via a single electron
transfer from the diazo compound to the anhydride and
thus also demonstrates the oxidative properties of
(CF3SO2)2O.

4.3. Oxidation of organometallic compounds. Synthesis
of tri¯ones

Tri¯ic anhydride can act as an oxidizing reagent towards
various organometallic compounds. Creary256 found that
dropwise addition of different alkyl- and arylmagnesium
bromides and iodides to a solution of Tf2O at 2788C
produced the corresponding alkyl(aryl) halides. Presumably
elemental bromine which arises from the reaction of mag-
nesium bromide and tri¯ic anhydride works as an electro-
philic brominating agent.256 Simple reversal of the order of
addition of the reactants results in the smooth homo-
coupling reaction of Grignard reagents (Scheme 135).257

Scheme 135.

Scheme 136.

Scheme 137.
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Tri¯ic anhydride can be used as an electrophilic source of
trifyl in the preparation of tri¯ones, although this method is
not completely general.218 Primary (but not secondary or
tertiary) alkylmagnesium chlorides256,258 as well as
sodium259 or lithium260 salts of the alkynes gave good yields
of the corresponding tri¯ones whereas both primary and
secondary alkyllithium reagents yield considerable amounts
of the ditri¯ated products.261 Vinyl tri¯ones are not
available by this method.218

Functionalized methyl tri¯ones 338a±c, which can be
prepared from the metalated compounds 337 and tri¯ic
anhydride,262 have been used for the synthesis of tetra-
substituted alkenes263 341 and E-vinyl and dienyl tri¯ones
339 (Scheme 136).262

Fuchs et al.264,265 have demonstrated that acetylenic tri¯ones
342 can be stereospeci®cally converted to (Z)-b -halovinyl
tri¯ones 343 via the addition of hydrogen halide. Both 342
and 343 react with THF and cyclohexane to undergo
tri¯uoromethyl radical-mediated C±H functionalization
reactions to afford b-halosubstituted ole®ns 344265 and
disubstituted acetylenes 346,266,267 respectively. Alterna-
tively, Stille coupling of iodovinyl tri¯ones with different
organostannanes provides trisubstituted vinyl tri¯ones 345
(Scheme 137).264

5. Miscellaneous Reactions

Sundermeyer and co-workers,268 faced with the dif®cult task
of oxidizing 2,2,4,4-tetra¯uorodithietane 347 into the corre-
sponding disulfone 348, found that simple addition of tri¯ic
anhydride to 85% hydrogen peroxide furnished the oxidi-
zing agent tri¯uoromethanepersulfonic acid, which is
superior to tri¯uoroperacetic acid or other related reagents

and is suitable for ef®cient conversion of the monosulfone
347 into 348 (Scheme 138).

An alternative practical method for the preparation of
trimethylsilyl tri¯ate involves the reaction of tri¯ic anhy-
dride with hexamethyldisiloxane; the relative inertness of
the latter compound allows the use of TMSOTf as an in situ-
generated reagent.269 Similarly, tri¯ic anhydride-induced
decomposition of alkyl trimethylsilyl ethers gives high
yields of the corresponding alkyl tri¯ates, which can be
isolated after a rapid work-up or used for further reactions
without isolation (Scheme 139).270

The mild silylating reagent N,N-bis(trimethylsilyl)tri-
¯amide (349) could be synthesized in 85% yield via the
reaction of tri¯ic anhydride with hexamethyldisilazane in
the presence of a base.271 NMR spectroscopy revealed two
tautomeric forms, resulting from a 1,3-trimethylsilyl shift in
solutions of 349 (Scheme 140).

6. Conclusions

Tri¯uoromethanesulfonic (tri¯ic) anhydride plays a very
important role in modern organic synthesis. Due to the
unique properties of tri¯ic anhydride it often has no alter-
native to provide the selectivity and ef®ciency of a transfor-
mation. More than 1000 publications concerning its
chemistry have been published, but the chemistry of tri¯ic
anhydride is still in progress.

References

1. Stang, P. J.; Hanack, M.; Subramanian, L. R. Synthesis 1982,

85.

2. Ritter, K. Synthesis 1993, 735.

3. Stang, P. J. Alkynyliodonium Salts: Electrophilic Acetylene

Equivalents. Modern Acetylene Chemistry; Stang, P. J., Diederich,

F. Eds.; VCH: Weinheim, New York, Basel, Cambridge, Tokyo,

1995, p 67.

4. Su, T. M.; Sliwinski, W. F.; Schleyer, P. V. R. J. Am. Chem.

Soc. 1969, 91, 5386.

5. Stang, P. J.; Anderson, A. G. J. Org. Chem. 1976, 41, 781.

6. Stang, P. J.; Treptow, W. Synthesis 1980, 283.

7. Wright, M. E.; Pulley, S. R. J. Org. Chem. 1987, 52, 5036.

Scheme 138.

Scheme 139.

Scheme 140.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±3119 3115

8. Stang, P. J.; Kowalski, M. H.; Schiavelli, M. D.; Longford, R.

J. Am. Chem. Soc. 1989, 111, 3347.

9. Wright, M. E.; Pulley, S. R. J. Org. Chem. 1989, 54, 2886.

10. Stang, P. J.; Rappoport, Z.; Hanack, M.; Subramanian, L. R.

Vinyl Cations, Academic Press: New York, 1979.

11. Hanack, M.; Subramanian, L. R. In Houben-Weil, 4th ed., V.

E19c; Hanack, M.; Ed., Thieme: Stuttgart, 1990, p 97.

12. Stang, P. J. Chem. Rev. 1978, 78, 383.

13. Stang, P. J. In Houben-Weil, 4th ed., V. E19b; Regitz, M., Ed.,

Thieme: Stuttgart, 1989, p 84.

14. Stang, P. J.; Fisk, T. E. Synthesis 1979, 438.

15. Stang, P. J.; Ladika, M. Synthesis 1981, 29.

16. Hargrove, R. J.; Stang, P. J. J. Org. Chem. 1974, 39, 581.

17. Schwede, W.; Cleve, A.; Ottow, E.; Wiechert, R. Tetrahedron

Lett. 1993, 34, 5257.

18. Stang, P. J.; Mangum, M. G.; Fox, D. P.; Haak, P. J. Am.

Chem. Soc. 1974, 96, 4562.

19. Stang, P. J.; Fox, D. P.; Collins, C. J.; Watson, J. J. Org. Chem.

1978, 43, 364.

20. Fleming, I.; Mwaniki, J. M. Chem. Soc. Perkin Trans I 1998,

1237.

21. Bestmann, H. J.; Kumar, K.; Schaper, W. Angew. Chem. 1993,

22, 167.

22. Harder, I.; Hanack, M. Chem. Ber. 1984, 117, 3004.

23. Martinez, A. G.; Fernandez, A. H.; Jimenez, M. F.; Fraile,

A. G.; Subramanian, L. R.; Hanack, M. J. Org. Chem. 1992, 57,

1627.

24. Martinez, A. G.; Fernandez, A. H.; Jimenez, M. F.; Martinez,

P. J. M.; Martin, C. A.; Subramanian, L. R. Tetrahedron 1996, 52,

7973.

25. Martinez, A. G.; Fernandez, A. H.; Vilchez, D. M.;

Hanack, M.; Subramanian, L. R. Synthesis 1992, 1053.

26. Martinez, A. G.; Herrera, A.; Jimenez, M. F.; Luengo, M. J.;

Subramanian, L. R. Synlett 1994, 559.

27. Mitteilung, K.; Wittman, H.; Ziegler, E.; Sterk, H. Monatsh.

Chem. 1987, 118, 531.

28. Maas, G.; Lorenz, W. J. Org. Chem. 1984, 49, 2273.

29. Maas, G.; Tretter, A. Liebigs Ann. 1985, 1866.

30. Martinez, A. G.; Alvarez, R. M.; Casado, M. M.; Subramanian,

L. R.; Hanack, M. Tetrahedron 1987, 43, 275.

31. Suffert, J.; BruÈckner, R. Tetrahedron Lett. 1991, 32, 1453.

32. Negishi, E.; Owczarczyk, Z.; Swanson, D. R. Tetrahedron

Lett. 1991, 32, 4453.

33. Evans, D. A.; Sjorgen, E. B. Tetrahedron Lett. 1985, 26, 3787.

34. Farina, V.; Baker, S. R.; Hauck, S. I. J. Org. Chem. 1989, 54,

4962.

35. Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1991, 32,

5697.

36. Polniaszek, R. P.; Dillard, L. J. Org. Chem. 1992, 57, 4103.

37. Dupre, B.; Meyers, A. I. J. Org. Chem. 1991, 56, 3197.

38. Martinez, A. G.; Alvarez, R. M.; Fraile, A. G.; Subramanian,

L. R.; Hanack, M. Synthesis 1987, 49.

39. Martinez, A. G.; Fernandez, A. H.; Alvarez, R. M.; Fraile,

A. G.; Calderon, J. B.; Barcina, J. O. Synthesis 1986, 1076.

40. Martinez, A. G.; Barcina, J. O.; Rys, A. Z.; Subramanian, L. R.

Tetrahedron Lett. 1992, 33, 7787.

41. Martinez, A. G.; Alvarez, R. M.; Gonsalez, S. M.; Subramanian,

L. R.; Conrad, M. Tetrahedron Lett. 1992, 33, 2043.

42. Martinez, A. G.; Rios, I. E.; Vilar, E. T. Synthesis 1979, 382.

43. Martinez, A. G.; Vilar, E. T.; Marin, M. G.; Franco, C. R.

Chem. Ber. 1985, 118, 1282.

44. Martinez, A. G.; Vilar, E. T.; Fraile, A. G.; Franco, C. R.;

Salvador, J. S.; Subramanian, L. R.; Hanack, M. Synthesis 1987,

321.

45. Martinez, A. G.; Fraile, A. G.; Garcia, J. M. S. Chem. Ber.

1983, 116, 815.

46. Martinez, A. G.; Vilar, E. T.; Jimenez, F. M.; Bilbao, C. M.

Tetrahedron: Asymmetry 1997, 8, 3031.

47. Martinez, A. G.; Vilar, E. T.; Fraile, A. G.; Cerero, S. M.;

Ruiz, P. M.; Subramanian, L. R. Tetrahedron: Asymmetry 1996,

7, 1257.

48. Martinez, A. G.; Vilar, E. T.; Fraile, A. G.; Barcina, J. O.;

Hanack, M.; Subramanian, L. R. Tetrahedron Lett. 1989, 30, 1503.

49. Martinez, A. G.; Vilar, E. T.; Barcina, J. O.; Alonso, J. M.;

Herrero, E. R.; Hanack, M.; Subramanian, L. R. Tetrahedron Lett.

1992, 33, 607.

50. Martinez, A. G.; Teso, E.; Garcia, A.; de la Moya, S.; Diaz, C.;

Subramanian, L. R.; Maichle, C. Tetrahedron: Asymmetry 1994, 5,

949.

51. Martinez, A. G.; Vilar, E. T.; Fraile, A. G.; Cerero, S. M.;

Ruiz, P. M.; Subramanian, L. R. Tetrahedron: Asymmetry 1996,

7, 2177.

52. Effenberger, F. Angew. Chem. 1980, 92, 147.

53. Martinez, A. G.; Fernandez, H. A.; Vilches, M. D.; Gutierrez,

L. L.; Subramanian, L. R. Synlett 1993, 229.

54. Galli, C. J. Chem. Res. (S) 1984, 272.

55. Effenberger, F.; Sohn, E.; Epple, G. Chem. Ber. 1983, 116,

1195.

56. Martinez, A. G.; Fernandez, H. A.; Alvarez, R. M.; Vilches,

M. D.; Gutierrez, L. L.; Subramanian, L. R. Tetrahedron 1999, 55,

4825.

57. Sforza, S.; Dossena, A.; Corradini, R.; Virgili, E.; Marchelli,

R. Tetrahedron Lett. 1998, 39, 711.

58. Charette, A. B.; Chua, P. Synlett 1998, 163.

59. Charette, A. B.; Chua, P. Tetrahedron Lett. 1997, 38, 8499.

60. Charette, A. B.; Chua, P. Tetrahedron Lett. 1998, 39, 245.

61. Charette, A. B.; Chua, P. J. Org. Chem. 1998, 63, 908.

62. Baldwin, J. E.; Aldous, D. J.; Chan, C.; Harwood, L. M.;

O'Neil, I. A.; Peach, J. M. Synlett 1989, 9.

63. Baldwin, J. E.; O'Neil, I. A. Synlett 1990, 603.

64. Thomas, E. W. Synthesis 1993, 767.

65. Martinez, A. G.; Alvarez, R. M.; Barcina, J. O.; Cerero, S. M.;

Vilar, E. T.; Fraile, A. G.; Hanack, M.; Subramanian, L. R. J.

Chem. Soc. Chem. Commun. 1990, 1571.

66. Black, D. St. C.; Ivory, A. J.; Kumar, N. Tetrahedron 1996, 52,

4697.

67. Black, D. St. C.; Rezaie, R. Tetrahedron Lett. 1999, 40, 4251.

68. Black, D. St. C.; Ivory, A. J.; Kumar, N. Tetrahedron 1996, 52,

7003.

69. Nenajdenko, V. G.; Baraznenok, I. L.; Balenkova, E. S.

Tetrahedron Lett. 1996, 37, 4199.

70. Nenajdenko, V. G.; Baraznenok, I. L.; Balenkova, E. S.

Tetrahedron 1996, 52, 12993.

71. Baraznenok, I. L.; Nenajdenko, V. G.; Balenkova, E. S.

Synthesis 1997, 465.

72. Nenajdenko, V. G.; Baraznenok, I. L.; Balenkova, E. S. Zh.

Org. Khim. (Rus.) 1998, 34, 1072.

73. Nenajdenko, V. G.; Baraznenok, I. L.; Balenkova, E. S. J. Org.

Chem. 1998, 63, 6132.

74. Baraznenok, I. L.; Nenajdenko, V. G.; Balenkova, E. S. Khim.

Heterocycl. Soedin. 1997, 503.

75. Sisti, N. J.; Fowler, F. W.; Grierson, D. S. Synlett 1991, 816.

76. Sisti, N. J.; Motorina, I. A.; Tran Huu Dau, M.-E.; Riche, C.;

Fowler, F. W.; Grierson, D. S. J. Org. Chem. 1996, 61, 3715.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±31193116

77. Sisti, N. J.; Zeller, E.; Grierson, D. S.; Fowler, F. W. J. Org.

Chem. 1997, 62, 2093.

78. Schmit, C.; Falmagne, J. B.; Escudero, J.; Vanlierde, H.;

Ghosez, L. Org. Synth. 1990, 69, 199.

79. Genicot, C.; Gobeaux, B.; Ghosez, L. Tetrahedron Lett. 1991,

32, 3827.

80. Genicot, C.; Gobeaux, B.; Ghosez, L. Tetrahedron Lett. 1991,

32, 3827.

81. Gobeaux, B.; Ghosez, L. Heterocycles 1989, 28, 29.

82. Chen, L.; Ghosez, L. Tetrahedron Lett. 1990, 31, 4467.

83. Chen, L.; Ghosez, L. Tetrahedron: Asymmetry 1991, 2, 1181.

84. Barbaro, G.; Battaglia, A.; Bruno, C.; Giorgianni, P.; Guerrini,

A. J. Org. Chem. 1996, 61, 8480.

85. Banwell, M. G.; Bissett, B. D.; Busato, S.; Cowden, C. J.;

Hockless, D. C. R.; Holman, J. W.; Read, R. W.; Wu, A. W. J.

Chem. Soc. Chem. Commun. 1995, 2551.

86. Kodama, Y.; Okumura, M.; Yanabu, N.; Taguchi, T.

Tetrahedron Lett. 1996, 37, 1061.

87. Stang, P. G.; Maas, G.; Smith, D. L.; McCloskey, J. A. J. Am.

Chem. Soc. 1981, 103, 4837.

88. Gramstad, T.; Husebye, S.; Saebo, J. Tetrahedron Lett. 1983,

24, 3919.

89. Feith, B.; Weber, H.-M.; Maas, G. Chem. Ber. 1986, 119,

3276.

90. Maas, G.; Gumbel, H.; Weise, G.; Regitz, M. Chem. Ber.

1985, 118, 2105.

91. Feith, B.; Weber, H.-M.; Maas, G. Liebigs Ann. 1986, 2123.

92. Singer, B.; Maas, G. Chem. Ber. 1987, 120, 485.

93. Singer, B.; Maas, G. Chem. Ber. 1987, 120, 1683.

94. Maas, G.; Singer, B.; Wald, P.; Gimmy, M. Chem. Ber. 1988,

121, 1847.

95. Reinhard, R.; Maas, G.; Bohrisch, J.; Liebscher, J. Liebigs

Ann. 1994, 429.

96. Mayer, T.; Maas, G. Synlett 1990, 399.

97. Maas, G.; Mayer, T. Synthesis 1991, 1209.

98. Maas, G.; Rahm, R.; Schletz, M.; Wurtwein, E. U. J. Org.

Chem. 1994, 59, 6862.

99. Baraznenok, I. L.; Nenajdenko, V. G.; Balenkova, E. S.

Tetrahedron 1998, 54, 119.

100. Baraznenok, I. L.; Nenajdenko, V. G.; Balenkova, E. S. Eur.

J. Org. Chem. 1999, 937.

101. Boy®eld, I.; Coldwell, M. C.; Hadley, M. S.; Johnson, C. N.;

Riley, G. J.; Scott, E. E.; Stacey, R.; Stemp, G.; Thewlis, K. M.

Bioorg. Med. Chem. Lett. 1997, 7, 1995.

102. Subramanian, L. R.; Hanack, M.; Chang, L. W. K.; Imhoff,

M. A.; Schleyer, P. R.; Effenberger, F.; Kurtz, W.; Stang, P. J.;

Dueber, T. E. J. Org. Chem. 1976, 41, 4099.

103. Himeshima, Y.; Kobayashi, H.; Sonoda, T. J. Am. Chem. Soc.

1985, 107, 5286.

104. Williams, H. W. R. J. Org. Chem. 1979, 44, 4060.

105. Kotsuki, H.; Kobayashi, S.; Suenaga, H.; Nishisawa, H.

Synthesis 1990, 1145.

106. Cappelli, A.; Anzini, M.; Vomero, S.; Mennuni, L.;

Makovec, F.; Doucet, E.; Hamon, M.; Bruni, G.; Romeo, M. R.;

Menziani, M. C.; De Benedetti, P. G. Langer. Th. J. Med. Chem.

1998, 41, 728.

107. Himeshima, Y.; Sonoda, T.; Kobayashi, H. Chem. Lett. 1983,

1211.

108. Hardcastle, I. R.; Hunter, R. F.; Quayle, P. Tetrahedron Lett.

1994, 35, 3805.

109. Creary, X.; Benage, B.; Hilton, K. J. Org. Chem. 1983, 48,

2887.

110. Kevill, D. N.; Lin, G. M. L. Tetrahedron Lett. 1978, 949.

111. Eaton, P. E.; Zhou, J. P. J. Am. Chem. Soc. 1992, 114, 3118.

112. Spitz, U. P. J. Am. Chem. Soc. 1993, 115, 10174.

113. Yoshida, M.; Takeuchi, K. J. Org. Chem. 1993, 58, 2566.

114. Daffon, G. A.; Streitwieser, A. Tetrahedron Lett. 1970, 3159.

115. Hanack, M.; Denesch, T.; Hummel, K.; Nierth, A. Org.

Synth. 1974, 54, 84.

116. Schumacher, W.; Hanack, M. Synthesis 1981, 490.

117. Beard, C. D.; Baum, K.; Grakauskas, V. J. Org. Chem. 1973,

38, 3673.

118. Salomon, M. F.; Salomon, R. G.; Gleim, R. D. J. Org. Chem.

1976, 41, 3983.

119. Berkowitz, P. T.; Baum, K. J. Org. Chem. 1980, 45, 4853.

120. Vedejs, E.; Engler, D. A.; Mullins, M. J. J. Org. Chem. 1977,

42, 3109.

121. Kovacs, Z.; Sherry, A. D. Tetrahedron Lett. 1995, 36, 9269.

122. Grote, C. W.; Kim, D. J.; Rapoport, H. J. Org. Chem. 1995,

60, 6987.

123. Jany, G.; Fawzi, R.; Steimann, M.; Rieger, B. Organo-

metallics 1997, 16, 544.

124. Abramovitch, R. A.; Alexanian, V. J. Org. Chem. 1976, 41,

2144.

125. Lindner, E.; von Au, G.; Eberle, H.-J. Chem. Ber. 1981, 114,

810.

126. Lindner, E.; Schauss, E. Chem. Ber. 1985, 118, 4292.

127. Lindner, E.; Wassing, W.; Fawzi, R.; Steimann, M. J. Orga-

nomet. Chem. 1994, 472, 221.

128. Morken, P. A.; Burton, D. J. Synthesis 1994, 969.

129. Kotsuki, H.; Kadota, I.; Ochi, M. Tetrahedron Lett. 1989, 30,

1281.

130. Johnson, R. A.; Nidy, E. G.; Dobrowolski, P. J.; Gebhard, I.;

Qualls, S. J.; Wicnienski, N. A.; Kelly, R. C. Tetrahedron Lett.

1994, 35, 7893.

131. Collins, M. P.; Mann, J.; Capps, N.; Finch, H. J. J. Chem. Soc.

Perkin Trans I 1991, 239.

132. Effenberger, F.; Burkard, U.; Willfahrt, J. Liebigs Ann. 1986,

314.

133. Effenberger, F.; Burkard, U. Liebigs Ann. 1986, 334.

134. Burkard, U.; Walther, I.; Effenberger, F. Liebigs Ann. 1986,

1030.

135. Degerbeck, F.; Fransson, B.; Grehn, L.; Ragnarsson, U. J.

Chem. Soc. Perkin Trans I 1992, 245.

136. Degerbeck, F.; Fransson, B.; Grehn, L.; Ragnarsson, U. J.

Chem. Soc. Perkin Trans I 1993, 11.

137. Feenstra, R. W.; Stokkingreef, E. H. M.; Nivard, R. J. F.;

Ottenheijm, H. C. J. Tetrahedron 1988, 44, 5583.

138. Olah, G. A.; Nishimura, J. J. Am. Chem. Soc. 1974, 96, 2214.

139. Effenberger, F.; Weber, T. Angew. Chem. 1987, 99, 146.

140. Effenberger, F.; Weber, T. Chem. Ber. 1988, 121, 421.

141. Doyle, T. J.; VanDerveer, D.; Haseltine, J. Tetrahedron Lett.

1995, 36, 6197.

142. Binkley, R. W.; Ambrose, M. G.; Hehemann, D. G. J. Org.

Chem. 1980, 45, 4387.

143. Ranganathan, R. Tetrahedron Lett. 1977, 1291.

144. Tsuchiya, T.; Nakamura, F.; Umezawa, S. Tetrahedron Lett.

1979, 2805.

145. Knapp, S.; Kukkola, P. J.; Sharma, S.; Dhar, T. G. M.;

Naughton, A. B. J. J. Org. Chem. 1990, 55, 5700.

146. Knapp, S.; Naughton, A. B. J.; Jaramilo, C.; Pipik, B. J. Org.

Chem. 1992, 57, 7328.

147. Sato, K.; Yoshimoto, A.; Takai, Y. Bull. Chem. Soc. Jpn.

1997, 70, 885.

148. Lubineau, A.; Auge, J.; Lubin, N. Tetrahedron 1993, 49,

4639.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±3119 3117

149. Burke, S. D.; Sametz, G. M. Org. Lett 1999, 71.

150. Hansson, T. G.; Kihlberg, J. O. J. Org. Chem. 1986, 51, 4490.

151. Dho, J. C.; Fleet, G. W. J.; Peach, J. M.; Prout, K.; Smith,

P. W. Tetrahedron Lett. 1986, 27, 3203.

152. Martin, O. R.; Yang, F.; Xie, F. Tetrahedron Lett. 1995, 36,

47.

153. Pavia, A. A.; Ung-Chhun, S. N.; Durand, J.-L. J. Org. Chem.

1981, 46, 3158.

154. Martinez, A. G.; Alvarez, R. M.; Vilar, E. T.; Fraile, A. G.;

Hanack, M.; Subramanian, L. R. Tetrahedron Lett. 1989, 30, 581.

155. Hassani, O. M.; Germain, A.; Brunel, D.; Commeyras, A.

Tetrahedron Lett. 1981, 22, 65.

156. Taylor, S. L.; Martin, J. C. J. Org. Chem. 1987, 52, 4147.

157. Kobayashi, Y.; Yoshida, T.; Kumadaki, I. Tetrahedron Lett.

1979, 3865.

158. Hendrickson, J. B.; Schwartzman, S. M. Tetrahedron Lett.

1975, 16, 273.

159. Hartman, G. D.; Schwering, J. E.; Hartman, R. D.

Tetrahedron Lett. 1983, 24, 1011.

160. Hartman, G. D.; Schwering, J. E. J. Heterocyclic Chem.

1983, 20, 947.

161. Kondratenko, N. V.; Popov, V. I.; Timofeeva, G. N.;

Ignatiev, N. V.; Yagupolskij, L. M. Zh. Org. Khim. (Rus.) 1984,

20, 2599.

162. Nenajdenko, V. G.; Vertelezkij, P. V.; Balenkova, E. S.

Sulfur Letters 1996, 20, 75.

163. Nenajdenko, V. G.; Vertelezkij, P. V.; Gridnev, I. D.;

Shevchenko, N. E.; Balenkova, E. S. Tetrahedron 1997, 53, 8173.

164. Nenajdenko, V. G.; Vertelezkij, P. V.; Balenkova, E. S.

Synthesis 1997, 351.

165. Umemoto, T.; Ishihara, S. Tetrahedron Lett. 1990, 31, 3579.

166. Umemoto, T.; Ishihara, S. J. Am. Chem. Soc. 1993, 115,

2156.

167. Garcia, B. A.; Poole, J. L.; Gin, D. Y. J. Am. Chem. Soc.

1997, 119, 7597.

168. Kahne, D.; Walker, S.; Cheng, Y.; Van Engen, D. J. Am.

Chem. Soc. 1989, 111, 6881.

169. Andreotti, A. H.; Kahne, D. J. Am. Chem. Soc. 1993, 115,

3352.

170. Yang, D.; Kim, S.-H.; Kahne, D. J. Am. Chem. Soc. 1991,

113, 4715.

171. Yan, L.; Taylor, C. M.; Goodnow, R.; Kahne, D. J. Am.

Chem. Soc. 1994, 116, 6953.

172. Crich, D.; Sun, S. Tetrahedron 1998, 54, 8321.

173. Crich, D.; Sun, S. J. Org. Chem. 1996, 61, 4506.

174. Crich, D.; Sun, S. J. Org. Chem. 1997, 62, 1198.

175. Crich, D.; Cai, W. J. Org. Chem. 1999, 64, 4926.

176. Crich, D.; Sun, S. J. Am. Chem. Soc. 1997, 119, 11217.

177. Harmata, M.; Fletcher, V. R.; Claassen II, R. J. J. Am. Chem.

Soc. 1991, 113, 9861.

178. Craig, D.; Daniels, K.; MacKenzie, A. R. Tetrahedron 1993,

49, 11263.

179. Fujihara, H.; Akaishi, R.; Furukawa, N. J. Chem. Soc., Chem.

Commun. 1987, 930.

180. Iwasaki, F.; Toyoda, N.; Akaishi, R.; Fujihara, H.; Furukawa,

N. Bull. Chem. Soc. Jpn. 1988, 61, 2563.

181. Fujihara, H.; Akaishi, R.; Furukawa, N. Tetrahedron 1993,

49, 1605.

182. Fujihara, H.; Akaishi, R.; Furukawa, N. Chem. Lett. 1988,

709.

183. Fujihara, H.; Akaishi, R.; Furukawa, N. Bull. Chem. Soc. Jpn.

1989, 62, 616.

184. Fujihara, H.; Akaishi, R.; Furukawa, N. J. Chem. Soc., Chem.

Commun. 1989, 147.

185. Nenajdenko, V. G.; Shevchenko, N. E.; Balenkova, E. S. J.

Org. Chem. 1998, 63, 2168.

186. Nenajdenko, V. G.; Shevchenko, N. E.; Balenkova, E. S.

Tetrahedron 1998, 54, 5353.

187. Shima, H.; Kobayashi, R.; Nabeshima, T.; Furukawa, N.

Tetrahedron Lett. 1996, 37, 667.

188. Naka, H.; Maryama, T.; Sato, S.; Furukawa, N. Tetrahedron

Lett. 1999, 40, 345.

189. Fujihara, H.; Mima, H.; Chiu, J.-J.; Furukawa, N.

Tetrahedron Lett. 1990, 31, 2307.

190. Fujihara, H.; Mima, H.; Erata, T.; Furukawa, N. J. Chem.

Soc., Chem. Commun. 1991, 98.

191. Kutateladze, A. G.; Kice, J. L.; Kutateladze, T. G.; Ze®rov,

N. S.; Zyk, N. V. Tetrahedron Lett. 1992, 33, 1949.

192. Hembre, R. T.; Scott, C. P.; Norton, J. R. J. Org. Chem. 1987,

52, 3650.

193. Ze®rov, N. S.; Zhdankin, V. V.; Danikov, Y. V.; Kozimin,

A. S. Zh. Org. Khim. (Rus) 1984, 20, 446.

194. Gately, D. A.; Luther, T. A.; Norton, J. R.; Miller, M. M.;

Anderson, O. P. J. Org. Chem. 1992, 57, 6496.

195. Bachi, M. D.; Bar-Ner, N.; Crittell, C. M.; Stang, P. J.;

Williamson, B. L. J. Org. Chem. 1991, 56, 3912.

196. Stang, P. J.; Arif, A. M.; Crittell, C. M. Angew. Chem. 1990,

102, 307.

197. Ze®rov, N. S.; Safronov, S. O.; Kaznacheev, A. A.; Zhdankin,

V. V. Zh. Org. Khim. (Rus) 1989, 25, 1633.

198. Kitamura, T.; Furuki, R.; Nagata, K.; Taniguchi, H.; Stang,

P. J. J. Org. Chem. 1992, 57, 6810.

199. Kitamura, T.; Furuki, R.; Nagata, K.; Zheng, L.; Taniguchi,

H. Synlett 1993, 193.

200. Kitamura, T.; Furuki, R.; Taniguchi, H.; Stang, P. J.

Mendeleev Commun. 1991, 148.

201. Fukase, K.; Hasuoka, A.; Kinoshita, I.; Kusumoto, S.

Tetrahedron Lett. 1992, 33, 7165.

202. Effenberger, F.; Kussmaul, U.; Huchmacher, K. Chem. Ber.

1979, 112, 1677.

203. Yagupolskij, L. M.; Maletina, I. I.; Orda, V. V. Zh. Org.

Khim. (Rus) 1974, 10, 2226.

204. Olah, G. A.; Reddy, V. P.; Prakash, G. K. S. Synthesis 1992,

1087.

205. Adams, C. M.; Sharts, C. M.; Shackelford, S. A. Tetrahedron

Lett. 1993, 34, 6669.

206. Chen, Z.-C.; Stang, P. Tetrahedron Lett. 1984, 25, 3923.

207. Tamura, Y.; Ikeda, H.; Mukai, C.; Morita, I.; Ikeda, M. J.

Org. Chem. 1981, 46, 1732.

208. Hendrickson, J. B.; Schwartzman, S. M. Tetrahedron Lett.

1975, 16, 277.

209. Crich, D.; Dyker, H. Tetrahedron Lett. 1989, 30, 475.

210. Aaberg, A.; Gramstad, T.; Husebye, S. Tetrahedron Lett.

1979, 20, 2263.

211. Niyogi, D. G.; Singh, S.; Verma, R. D. J. Fluor. Chem. 1995,

70, 237.

212. Hendrickson, J. B.; Hussoin, M. S. J. Org. Chem. 1989, 54,

1144.

213. Hendrickson, J. B.; Hussoin, M. S. J. Org. Chem. 1987, 52,

4139.

214. Hendrickson, J. B.; Sommer, T. J.; Singer, M. Synthesis

1995, 1496.

215. Rakitin, O. A.; Vlasova, O. G.; Blinnikov, A. N.; Makhova,

N. N.; Khmelnitskij, L. I. Izv. AN SSSR, Ser. Khim. 1991, 523.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±31193118

216. Skrzypczynski, Z.; Michalski, J. J. Org. Chem. 1988, 53,

4549.

217. Hendrickson, J. B.; Bergeron, R. Tetrahedron Lett. 1973, 14,

3839.

218. Hendrickson, J. B.; Sternbach, D. D.; Bair, K. Acc. Chem.

Res. 1977, 10, 306.

219. Hendrickson, J. B.; Bergeron, R. Tetrahedron Lett. 1973, 14,

4607.

220. Effenberger, F.; Mack, K. E. Tetrahedron Lett. 1970, 3947.

221. Hendrickson, J. B.; Bergeron, R.; Sternbach, D. D.

Tetrahedron 1975, 31, 2517.

222. Edwards, M. L.; Stemerick, D. M.; McCarthy, J. R.

Tetrahedron Lett. 1990, 31, 3417.

223. Panetta, V.; Yaouanc, J. J.; Handel, H. Tetrahedron Lett.

1992, 33, 5505.

224. Bergeron, R. J.; Hoffman, P. G. J. Org. Chem. 1979, 44,

1835.

225. Glass, R. S. J. Chem. Soc., Chem. Commun. 1971, 1546.

226. Glass, R. S.; Swedo, R. J. J. Org. Chem. 1978, 43, 2291.

227. Pan, H.-L.; Fletcher, T. L. Synthesis 1975, 39.

228. Townsend, C. A.; Theis, A. B. J. Org. Chem. 1980, 45, 1697.

229. McMurry, J. E.; Scott, W. J. Tetrahedron Lett. 1983, 24, 979.

230. Scott, W. J.; Stille, J. K. J. Am. Chem. Soc. 1986, 108, 3033.

231. Satoh, T.; Itoh, N.; Watanabe, S.; Koike, H.; Matsuno, H.;

Matsuda, H.; Yamakawa, K. Tetrahedron Lett. 1995, 51, 9327.

232. Comins, D. L.; Dehghani, A. Tetrahedron Lett. 1992, 33,

6299.

233. Comins, D. L.; Dehghani, A.; Foti, C. J.; Joseph, S. P. Org.

Synth. 1997, 74, 77.

234. Comins, D. L.; Hong, H. J. Am. Chem. Soc. 1993, 115, 8851.

235. Comins, D. L.; Dehghani, A. J. Org. Chem. 1995, 60, 794.

236. Mezes, P. S. F.; Friesen, R. W.; Viswanatha, T.; Dmitrienko,

G. I. Heterocycles 1982, 19, 1207.

237. Hagiwara, D.; Sawada, K.; Ohnami, T.; Aratani, M.;

Hashimoto, M. J. Chem. Soc. Chem. Commun. 1982, 578.

238. Buynak, J. D.; Rao, A. S.; Ford, G. P.; Carver, C.; Adam, G.;

Geng, B.; Bachmann, B.; Shobassy, S.; Lackey, S. J. Med. Chem.

1997, 40, 3423.

239. Buynak, J. D.; Khasnis, D.; Bachmann, B.; Wu, K.; Lamb, G.

J. Am. Chem. Soc. 1994, 116, 10955.

240. BoÈttger, G.; Geisler, A.; Frohlich, R.; Wurthwein, E.-U.

J. Org. Chem. 1997, 62, 6407.

241. King, J. L.; Posner, B. A.; Mak, K. T.; Yang, N. C.

Tetrahedron Lett. 1987, 28, 3819.

242. Martinez, A. G.; Fernandez, A. H.; Jimenez, F. M.; Ruiz,

P. M.; Subramanian, L. R. Synlett 1995, 161.

243. Kondratenko, N. V.; Popov, V. I.; Radchenko, O. A.;

Ignatiev, N. V.; Yagupolskij, L. M. Zh. Org. Khim. (Rus.) 1986,

22, 1716.

244. Yagupolskij, L. M.; Popov, V. I.; Pavlenko, N. V.; Maletina,

I. I.; Mironova, A. A.; Gavrilova, P. Yu.; Orda, V. V. Zh. Org.

Khim. (Rus.) 1986, 22, 2169.

245. Zhu, S.-Z.; Chen, Q.-C. J. Chem. Soc. Chem. Commun. 1991,

732.

246. Binkley, R. W.; Ambrose, M. G. J. Org. Chem. 1983, 48,

1776.

247. Anders, E.; Markus, F. Tetrahedron Lett. 1987, 28, 2675.

248. Anders, E.; Markus, F. Chem. Ber. 1989, 122, 113.

249. Maas, G.; Stang, P. J. J. Org. Chem. 1981, 46, 1606.

250. Billard, T.; Langlois, B. R.; Large, S.; Anker, D.; Roidot, N.;

Roure, P. J. Org. Chem. 1996, 61, 7545.

251. Nenajdenko, V. G.; Vertelezkij, P. V.; Koldobskij, A. B.;

Alabugin, I. V.; Balenkova, E. S. J. Org. Chem. 1997, 62, 2483.

252. Netscher, T.; Bohrer, P. Tetrahedron Lett. 1996, 37, 8359.

253. Hendrickson, J. B.; Judelson, D.; Chancellor, T. Synthesis

1984, 320.

254. Nazaretyan, V. P.; Yagupolskij, L. M. Zh. Org. Khim. (Rus.)

1978, 14, 207.

255. Creary, X.; Wang, Y.-X.; Gill, W. Tetrahedron Lett. 1991,

32, 729.

256. Creary, X. J. Org. Chem. 1980, 45, 2727.

257. Nishiyama, T.; Seshita, T.; Shodai, H.; Aoki, K.; Kameyama,

H.; Komura, K. Chem. Lett. 1996, 549.

258. Creary, X. J. Org. Chem. 1985, 50, 5080.

259. Hanack, M.; Wilhelm, B.; Subramanian, L. R. Synthesis

1988, 592.

260. Glass, R. S.; Smith, D. L. J. Org. Chem. 1974, 39, 3712.

261. Hendrickson, J. B.; Bair, K. W. J. Org. Chem. 1977, 42,

3875.

262. Mahadevan, A.; Fuch, P. L. Tetrahedron Lett. 1994, 35,

6025.

263. Hendrickson, J. B.; Bourdeaux, G. J.; Palumbo, P. S.

Tetrahedron Lett. 1984, 25, 4617.

264. Xiang, J.; Mahadevan, A.; Fuchs, P. L. J. Am. Chem. Soc.

1996, 118, 4284.

265. Xiang, J. S.; Jiang, W.; Gong, J.; Fuchs, P. L. J. Am. Chem.

Soc. 1997, 119, 4123.

266. Gong, J.; Fuchs, P. L. J. Am. Chem. Soc. 1996, 118, 4486.

267. Xiang, J. S.; Fuchs, P. L. Tetrahedron Lett. 1996, 37, 5269.

268. Eschwey, M.; Sundermeyer, W.; Stephenson, D. S. Chem.

Ber. 1983, 116, 1623.

269. Aizpurua, J. M.; Palomo, C. Synthesis 1985, 00, 206.

270. Aubert, C.; Begue, J.-P. Synthesis 1985, 759.

271. Jonas, S.; Westerhausen, M.; Simchen, G. J. Organomet.

Chem. 1997, 548 (2), 131.



I. L. Baraznenok et al. / Tetrahedron 56 (2000) 3077±3119 3119

Biographical Sketch

Ivan Baraznenok was born in Minsk, Belarus in 1972. He received MSc
(1995) and Ph.D (1999) degrees at Moscow State University under the
supervision of Professor E. S. Balenkova and Dr V. G. Nenajdenko
working on a project aimed at investigation of the synthesis and synthetic
applications of a ,b-unsaturated iminium tri¯ates. He is currently carrying
out postdoctoral work with Dr A. Johansson at Uppsala University con-
cerning the design and synthesis of ligands for G-protein coupled receptors.

Valentine G. Nenajdenko was born in 1967 in Ivanovo, Russia. He grad-
uated from Moscow State University (Lomonosov) in 1991. He received his
Ph.D degree under the supervision of Professor E. S. Balenkova in 1994
researching the synthesis and application of unsaturated CF3 ketones. Now
he is senior researcher at the Department of Chemistry of Moscow State
University. The ®eld of his scienti®c interest includes organic synthesis,
chemistry of sulfur compounds, chemistry of various heterocycles mainly
containing tri¯uoromethyl group. He was the winner of the Academiae
Europeae Award in 1997 and the Russian President Award in 1996.

Elizabeth S. Balenkova was born in Moscow in 1926. She graduated from
Moscow State University in 1950 and then she was a postgraduate student
of the Department of Chemistry of Moscow State University. She received
her Ph.D degree under the supervision of academician B. A. Kazansky in
1953 for research concerning medium ring hydrocarbons. Since that, she
has been working at Moscow State University as a senior researcher (1959)
and full professor (1986). She has been a supervisor of 25 postgraduate and
57 diploma works. Her research interests are in the area of organic synthe-
sis, electrophilic addition reaction, chemistry of heterocyclic and sulfur
compounds.


