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A
key work in the development of 
Neoclassical portraiture and one 
of the milestones of Jacques Louis 

David's artistic career, this lifesize 
double portrait (oil on canvas, 259.7 x 
194.6 cm) of 1788 depicts the celebrated 
statesman and chemist Antoine Laurent 
Lavoisier and his wife, Marie Anne 
Pierrette Paulzc. Lavoisier, who is 
perhaps best known for his pioneering 
studies of oxygen, gunpowder, and the 
chemical composition of water, also 
developed and codified a reformed system 
of chemical nomenclature. In 1789 his 
theories were published in the Traite 

elementaire de chimie, a volume for 
which Madame Lavoisier, who often 
assisted her husband and is said to have 
studied under David, prepared the 
illustrations. While the talents of 
Madame Lavoisier, here represented as a 
kind of muse inspiring her husband, arc 
evoked by the portfolio of drawings that 
rests on an armchair behind her, 
Lavoisier's chemical experiments, 
including two relating to gunpowder and 
oxygen, arc amply represented by the 
various scientific instruments on the table 
and floor. The manuscript from which he 
is distracted may be that of the Traite, on 
which he is known to have been working 
in 1788. 

The Metropolitan Museum of Art, 

Purchase, Mr. and Mrs. Charles 

Wrightsman Gift, in honor of Everett 

Fahy, 1977. 

Copyright 1989 by the Metropolitan 

Museum of Art 

Please note that Aldrich will not be able to 
provide reprints of our cover. 

Aldrich warrants that its products conform to the 
information contained in this and other Aldrich 
publications. Purchaser must determine the 
suitability of the product for its particular use. See 
reverse side of invoice or packing slip for additional 
terms and conditions of sale. 
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�Lab 
Notes 
Do you have an innovative shortcut or unique 

laboratory hint you'd like to share with your fel
low chemists? If so, please send it to Aldrich (attn: 
Lab Notes, Aldrichimica Acta). For submitting your 
idea, you will receive a complimentary, laminated 
periodic table poster (Cat. No. ZIS,000-2). If we 
publish your Lab Note, you will also receive an Aldrich periodic table turbo mouse pad (Cat. No. 
Z24,409-0) like that pictured above. It is Teflon'" coated. 8½ x 11 in., with a full-color periodic table on 
the front. We reserve the right to retain all entries for consideration for future publication. 

Teflon is a registered trademark of E.I. du Pont de Nemours & Co., Inc. 

For a number of years, we have been using modi ficd Aldrich Teflon thermometer adapters 
(Zl 2,250-5, 14/20 joint) to seal and/or to introduce gases or liquids into a flask. The O-ring 
of the adapter is replaced by a Teflon-faced I I-mm silicone septum (Aldrich Cat. No. 
223,609-8). The septum can be pierced with a steel syringe needle or, even more 
conveniently, with a Teflon syringe needle (sec Zl 1,738-2). The Teflon needle is placed 
through the adapter cap and then threaded through the septum from the opposite side of the 
Teflon face. See the instructions on page T456 of the Aldrich catalog. Typically, we use 
a new septum for each reaction. 

Arthur G. Mohan, Ph.D. 
Process Development Department 
American Cyanamid Company 
Medical Research Division 
Lederle Laboratories 
401 N. Middletown Road 
Pearl River, NY 10965 

Z11,738-2 " 
,l� wt··-

. . . "' ·, Z12,250-5 ... -
.¼ 

•¥� 

150,000 Products 
from Aldrich, Fluka, and Sigma 

on MDL 1s 

Available Chemical Directory (ACD®) 

Over 18,000 new organics have been added to the Sigma-Aldrich Library of Rare 
Chemicals and are listed in MDL's latest 94.2 version of their ACD. In addition to these 
new organics, there are 5,000 new listings from the regular catalogs of Aldrich, Fluka, 
and Sigma. 

Sigma-Aldrich Corporation recognizes the importance of bringing its newest listings 
to its customers as quickly as possible. With many of our customers subscribing to the 
ACD, this is now possible. The listings will be updated semiannually. Substructure 
searching this database using ISIS® results in rapidly locating molecules of special 
interest from which lists can be prepared for ordering. 

Researchers involved in high throughput screening and combinatorial synthesis 
can now benefit from this vast array of organic molecules available in vials or microtiter 
plates of convenient quantities. For more information, please see the Sigma-Aldrich 
Library of Rare Chemicals ad on page 14. 

ACD and ISIS are registered trademarks of MDL Information Systems, Inc. 
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Poly-N-isopropylacrylamide and its 
derivatives have unique solution prop
erties. For example, when this poly
mer is adsorbed on a liposome surface, 
it exhibits a reversible folding or a "mo
lecular accordion" effect. The above 
two acrylamides, suggested by Dr. 
Francoise Winnik are the needed 
monomers and both are now available. 
Rignsdorf, H.; Vezemer, J.; Winnik, F. Angew. Chem., 
Int. Ed. Engl. 1991 , 30, 315. 

41,532-4 N-lsopropylacrylamide, 
97% (1) 10g $13.00; 50g $43.00 

42,354-8 N-lsopropylmethacryl
amide, 97% (2) 

5g $14.25; 25g $47.50 

May 21-25, 1995 
Texas Christian University 

Fort Worth, Texas, USA 

Third International 

Conference on Calixarenes 

and Related Compounds 

Inquiries and correspondence should be 
addressed to: 

3rd International Calixarene Conference 
Department of Chemistry 

Texas Christian University 
Fort Worth, TX 76129 USA 

Phone: (817)921-7219 
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Calixarenes 

A. Introduction 

Calixarenes are rather recent arrivals on 
the scene of host/guest chemistry.' Although 
rooted in the nineteenth century phenol/ 
formaldehyde chemistry of Adolf von 
Baeyer,2 they did not become identified en
tities until approximately 50 years ago when 
Alois Zinke' treated p-alkylphenols with 
formaldehyde in the presence of base at high 
temperatures and obtained high melting sub
stances to which he assigned cyclic tet
rameric structures. However, the Zinke prod
ucts proved to be mixtures-l whose prepara
tion was capricious. 

These problems were not overcome until 
the late 1970' s when Gutsche showed that 
careful control of reaction conditions can 
provide good yields of pure compounds of 
various ring sizcs.5 Concomitantly, he named 
these compounds "calixarenes" because of 
their resemblance in shape to a type of Greek 
vase called a "calix crater".' Today, the easy 
one-step preparations of the cyclic tetramer6" 

(la), cyclic hexamer''" (le), and cyclic 
octamer'� (le) from p-lert-butylphcnol and 
formaldehyde make these materials ex
tremely attractive for a variety of types of 
structural, conformational, and host/guest 
studies, as set forth in detail in two books7 

and several review articles.' 

B. Synthesis and structural proof 

The quintessential one-step calixarene 
synthesis is the base-induced condensation 

of p-tert-butylphenol which, depending on 
reaction conditions, produces la in 50% 
yield, le in 85% yield, or le in 65% yield 
(Scheme 1 ). The odd-numbered p-tert
butylcalixarenes lb"d and ld'r can also be 
obtained but in yields of only I 0-15%, while 
p-tert-butylcalixarenes containing 9-14 aryl 
rings can be isolated in yields of I% or less.9 

Although the one-step procedure is gener
ally less successful with other p-alkyl
phenols, a number of such syntheses have 
been reported including the preparation of 
p-benzylcalix[5]arenc in 33% yield, toa 

p-methylcalix[6]arene in 74% yield,'0" and 
p-adamantylcalixl 8 ]arene in 72% yield. ,o, 

Concomitant with the work in Gutsche's 
laboratory that led to useful one-step 
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syntheses, investigations were being con
ducted in Kammcrcr's laboratory" exploit
ing the multi-step synthesis reported earlier 
by Hayes and Hunter. 1 2 This approach, which 
has been greatly improved and expanded by 
Bohmer" through the use of convergent 
procedures, permits the synthesis of 
unsymmetrically-substituted calixarcncs, as 
illustrated in Scheme 2. 

The gross structures of the calixarencs 
obtained by the one-step procedure were 
correctly inferred from chemical and spec
tral cvidencc.5 However, conclusive confir
mation of the structure was provided by 
Andreetti, Ungaro, and Pochini's X-ray crys
tallographic determinations, first on la 14 
and subsequently on a number of other 
calixarcnes. Today, almost 200 calixarcnc 
structures have been established by this 
technique. 

C. Physical Properties 

The parent calixarencs arc high-melting 
compounds. Absolutely pure le, for ex
ample, melts at 4 18-420°C, and p-adaman
tylcalix[4!arenc melts above 450°C. Al
though they are almost completely in
soluble in water and only sparingly soluble 
in organic solvents, appropriate 
derivatization can render them soluble in 
both environments. 

Calixarenes arc surprisingly acidic. The 
pK 1 for p-nitrocalix[4]arcne, 15 for example, 
is 2.9, while pK2, pKv and pK4 values arc 
more normal and fall in the range 10.9 to 
> 14. This hypcracidity is ascribed to the 
exceptionally strong intramolecular hydro
gen bonding in the calix[4Jarcncs as indi
cated by the OH stretching at 3 I 60cm· 1 in the 
IR spectrum of la, a value that is approxi
mately 400cm· 1 lower than for simple 
phenols. 

D. Stcreochemical Properties 

The most intensively studied stcrcochemi
cal property of the calixarenes is their con
formational behavior which results from the 
interconversion of the aryl units between 
"up" and "down" orientations. For 
calix[4]arenes, this occurs only by a "lower 
rim (i.e., OH groups) through the annulus" 
pathway regardless of the p-substitucnt, but 
for larger calixarcncs an "upper rim through 
the annulus" pathway is also available if the 
p-substituents arc sufficiently small. 

As first perceived by Cornforth,"" 
calix[4]arcncs can exist in four "up/down" 
conformations which sometime later were 
named7' "cone", "partial cone", '' 1,2-altcr
natc", and "1,3-alternatc" (Scheme 3). Be
cause of strong intramolecular hydrogen 
bonding la exists almost entirely as the cone 
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conformer. With increasing numbers of aryl 
groups, however, the flexibility and variety 
of available conformations rapidly escalate, 
and the predominance of the cone conformer 
diminishes. The cyclic octamcr le, for ex
ample, assumes an almost planar, pleated 
loop conformation in the solid state. 16 

Conformational interconversion can be 
curtailed if the p-carbons and the phenolic 
oxygens both carry sufficiently large groups. 
In the calix[ 4 ]arenes, a hydrogen atom suf
fices for the p-substitucnt and an 11-propyl 
group for the O-substituenl. 17 In the 
calix[5]arcnes, p-substitucnts larger than a 
hydrogen atom and O-substitucnts larger 
than a butyl group are rcquircd. 18 In the 
calix[6Jarcncs even a terr-butyl group is not 
quite large enough as the p-substitucnt, 19" 
and a benzyl group is not quite large enough 

as the O-substitucnt. J<Jh When the mobility of 
a calixarcnc is curtailed by appropriate 
dcrivatization the system freezes into one or 
more of the available conformations, de
pending on a variety of factors not yet com
pletely understood. For example, la reacts 
with p-nitrobcnzoyl chloride to yield the 
cone conformcr,20" with acctyl chloride to 
give the partial cone conformer, 20" with 
p-methoxybenzoyl chloride to gi vc the 
1,3-alternatc conformcr,20" and with 
N,N-dimcthylthiocarbamoyl chloride to give, 
inter alia, the 1,2-confonncr21k (Scheme 4). 

NMR spectral studies have proven to be 
invaluable for examining the conformational 
behavior of the calixarcncs. They provide a 
means for measuring the rate or conforma
tional interconversion or the mobile 
calixarencs, and a means for establishing 
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the identity of the conformations of the 
immobile calixarcnes. In both applications 
attention is focused on the ArCH2Ar methyl
ene groups, taking advantage of the pattern 
of the resonance in the ' H-NMR spectrum2 1  

and the position of the resonance in the 
"C- NMR spcctrum.22 

Calixarcncs can be rendered chiral by the 
attachment of chiral moicties21 or through 
the creation of an unsymmetrical substitu
tion pattern via upper rim and/or lower rim 
substitution combined with conformational 
control. A number of inherently chiral 
calixarenes have been synthesized, 24 the 
earliest example being reported by 
Gutschc.2'"1 Only recently, however, have 
optical resolutions of calixarenes such as 
those shown in Scheme 5 been achieved.25 

E. Reactions 

Lower Rim Functionalization. The OH 
groups of the lower rim provide obvious sites 
for the attachment of other functional groups 
via ether and ester formation. A particularly 
useful group of syntheses involves the reac
tion with a-halocarbonyl compounds to give 
the esters, acids, amides, thioamidcs, and 
kctoncs shown in Scheme 6.26 

Upper Rim Functionalization. It is a for
tunate circumstance that tert-butyl groups 
attached to phenyl rings arc easily removed 
by Lewis acid-catalysis.27 Thus treatment of 
la-le with A1Cl3 yields the corresponding 
calixarcncs with a hydrogen atom instead of 
a tert-butyl group in the p-position. 

A variety of procedures have been em
ployed for subsequently introducing groups 
into the p-positions, including clectrophilic 
substitution (i.e., bromination,28 iodination,29 

nitration, 30sulfonation, 3 1 chlorosulfonation,12 
acylation,11 diazo coupling,34 formylation35), 
Claisen rearrangement of O-allyl to p
allylcalixarenes followed by transformations 
of the ally! group,16 Mannich reaction with 
dialkylamines followed by quaternization 
and treatment with nucleophi les, 37 

chloromcthy lation followed by treatment 
with nucleophiles, 38 mcrcuration,19 and 
tricarbonylchromylation.40 By means of these 
procedures calixarenes arc now available 
containing, inter alia, the functional groups 
shown in Scheme 7. Also, the depth of the 
cavity has been extended by the introduction 
of aryl groups onto the p-positions:1 1  

Selective Fwzctionaliwtion. Selective 
lower rim functionalization can be effected 
by the appropriate choice of reagents and 
conditions. Calix[4Jarenes, for example, 
can be converted to mono-, 1 ,2-di-, 1 ,3-di-, 
tri-, or tetra-ethers and -esters, although 
comparable reactions for the larger 
calixarcnes remain incompletely worked out. 
The earliest example of an upper rim 
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selective functionalization is the synthesis 
of calix[4 jarenc carrying a single p-allyl 
group, accomplished by subjecting the mono-
0-allyl tribcnzoatc to Claiscn rcarrangc
ment.42 One of the several recent examples"' 
is the synthesis of the p-diaminocarborncth
oxycalix[4 ]arcnc shown in Scheme 8."1

" 

Bridging and Coupling Reactions. Nu
merous examples exist of calixarcncs bridged 
across the lower rim and/or upper rim, or 
c oupled between two or even three 
calixarencs. Typical of lower rim bridging 
(Scheme 9) arc fcrroccnc-bridged cal ix[ 41-
arenes,44 hemisphcrand -bridgcd calixl4 J
arenes,45 double cavity calix[4] arencs,.i6 

polyoxyethylenc-bridged cal ix[ 4 ]arencs and 
calix[5] -arcnes,47 di amide-bridged calix[ 4 l
arenes48 aryl-bridged calix[4 ]arcncs.i<Ja and 
calix[6]arenes,49h and phosphorus -bridged 
calix[4] arenes.50 Examples of upper rim 
bridging include polymethylene-bridged 
c alix[4] arencs5 1  and polyoxyethylenc
bridged calix[ 4 ]arencs. 52 Bis-calixarenes 
have been made by lower rim-lower rim 
juncture,53 upper rim-upper rim juncture,5.i 
and lower r im -upper r im j uncture 
(Scheme 9).55 Calixarenes coupled to calix
resorcarenes5" and to cyclodcxtrins5657 have 
also been prepared. 

Polymerization Reactions. Calixarenes 
have been incorporated into polymers in 
various ways, such as the radical-induced 
polymerization of a cal ix[ 4 j arcne carrying a 
mcthacrylate moiety.58 

Replacement of OH. Calix[ 4 jarenes have 
been prepared in which one, two, three, or 
all four of the OH groups have been replaced 
by H59 or SH,60 or one and two OH groups by 
NH/' A calix[51arenc has been prepared in 
which one OH group has been replaced by H.62 

Oxidation. Chromium reagents have been 
used to convert the ArCH,Ar mcthylencs to 
carbonyl groups.63 Ring ·oxidation to pro
duce calix[4]tetraquinonc has been effected 
in a multi-step process64' and in a single step 
process by the action of C102 on calix[ 4 ]arenc 
or Tl(OCOCF3)3 on p-tert-butylcalix[4]
arene.64h Calix[5 1 pentaquinone and 
cal ix[ 6 ]hexaquinone have also been obtained 
by the Cl02 procedure.64h Calix[4]arcncs 
containing fewer than 4 quinone rings have 
been prepared.6-lh., Oxidation of la with 
tetrabutylammonium tribromidc yields 
bis(spirodienonc) deri vati vcs. 65 

F. Complexation Studies"6 

Solid State Comp/cxation. The formation 
of stable solid state complexes was observed 
even before the structures of the cal i xarcncs 
had been established, and this feature con
tinues to be a topic for study by X-ray 
crystallographers. It is also the nemesis or 
experimenters striving to prepare pure, 
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solvent-free calixarenes for elemental analy
sis. Complex formation with molecules is 
exemplified byla which tightly binds CH Cl 

1
, 

benzene, toluene, xylene, and anisole,67" and 
lb which binds tetralin.67h Numerous cases 
of solid state cation binding have been re
ported. Typical examples include the 
titanium68" and nickcl68h complexes of la, a 
titanium complex"" of le, a thorium69" com
plex of le, europium complcxes68' of la and 
le (including third-sphere coordination),68r 
a mercury complex of calix [ 4 J arene
tetrathiol,68" and the tctraalkylammonium 
complexes of calixarcnc anions_r,xi, 

Solution State Co111plexation ()j" Ions. 
Much of t he current study of complex forma
tion with calixarencs focuses on the solution 
state binding of metal cations as first ob
served by Izatt69 with the parent calixarcnes 
la, le, and le. McKervey70 and others have 
carried out extensive measurements of the 
interaction of Group I and II cations with 
calixarencs of the type shown in Scheme 6. 
They have demonstrated that calixl4 J arencs 

show a preference for Na+ while 
calix[6]arcnes show a preference for K+ , 
Rb+ , and Cs+ with the tctraketones (Y = Me, 
Z = 0) being better cxtractants for Li+ , Rb+, 
and Cs+ than the tetraesters (Y = OR, Z = 0). 
Calix[ 4 Jarcne with two carboxylic acid 
groups on the lower rim7 1 "·h shows high se
lectivity for Ca2+ in the presence of cationic 
mixtures of Mg2+, Ca2+, Sr2+, and Ba2+, and a 
calix [4 Jarene carrying indoanilinc moieties 
on the upper rim provides a chromogenic 
ionophore for this cation.7 1' Various other 
moieties. including pyrcnc, 7'" benzo
thiazene,72" anthraccnc,n nitrophcnol,7'" and 
pteridine,7'' have also been incorporated into 
various calixarenes as chromogenic iono
phorcs for selected cations. 

Lanthanides form complexes with 
calixl 4 ]arenes carrying ethylphosphonatc 
groups on the lower rim _ B  Calix l 4J
arenetetraamides form complexes with eu
ropium, gadolinium, and tcrbium,7 1 providing 
potentially useful f luoroimmuno assay 
agents. Calixsphcrands (Scheme 9) arc 



particularlyeffectivc complexing agents for Rb+ 
and arc useful for monitoring blood flow." 

Calix[4Jarenes substituted on the upper 
rim with aminocthyl groups17" or the lower 
rim with oximino groups76 form complexes 
with Cu'+, Ni2+, Co2+, Pt'+, and Fe'+. The 
complexation of U02

2+ has received special 
attention, particularly from Shinkai and co
workers, because of its pertinence to nuclear 
fission processes. Especially e ffecti ve and 
highly sclecti vc with respect to other cations 
such as Ni'+, Mg"+, and Zn'+ is a cali xl 6 ]arcnc 
carrying three methyl ether groups and three 
carboxymcthyl ether groups on the lower 
rim.77 A chromogenic UO,'+ sensor incorpo
rates a p-dimethylaminophenylazo moiety 
on the upper rim of a calix [ 6 ]arene.78 

A few studies of anion complexation by 
calixarenes have been reported, as for ex
ample the binding of halides, Hl04 • and 
HSQ4- has been demonstrated by a 
cal ix[4Jarene carrying bipyridyl residues 
complexed to Ru'+ on the lower rim.79 

Solution State Co111plexatio11 <!/ Mol
ecules. Among the numerous molecules 
(e.g., various aromatic hydrocarbons)80 that 
form complexes with calixarencs, fullercne 
has captured particular attention."' 

G. Catalysis Studies82 

Although calixarcnes of several ring 
sizes carrying a variety of functional groups 
are now avai l able, relatively few examples 
of  cali xarene-catalyzed reactions have been 
reported. One of the earl iest is  Shinkai ' s  
demonstration that p-sulfonatoca l ix l  6 ] 
arene catalyzes the hydration ofN-bcnzyl-
1 ,4-dihydronicotinamidc, 81" subsequently 
shown to also be catalyzed by p-carboxy
cthylcali xarenes . '7h A more recent ex
ample is  a cal ixarcnc-crown-5 prepared by 
Ungaro and coworkcrs84 in which an ester 
moi ety on the lower  r im undergoes 
methanolysis 1 06 times faster in the pres
ence of Ba'+ than in its absence, attributed to 
clectrophilic catalysis by the complexed Ba'+. 

H. Practical Applications8' 

From the outset, calixarcncs have had 
close tics with industrial operations. Zinkc's 
investigations were undertaken to study the 
curing process  in Bake l i te formation, 
Kammerer' s work grew out of  polymer stud
ies, and Gutsche' s involvement stemmed 
from knowledge of the phenol/formalde
hyde processes employed by the Pctrolitc 
Corporat ion in the  manu fac ture o f  
surfactants. 

Today, almost l 00 patents have been 
i ssued for uses and processes involving 
calixarencs, i ncluding removal of Cs from 
nuclear wastes, 86" removal of UO, ' ,  from sea 

water,"•h acceleration of polymerization of 
Loctite adhesivc,8"c stabilizers for organic 
materials,"'" toners for developing electro
static images,""' hair dycs,861 recovery of 
lactic acid from solutions.8''" ion-sensitive 
field-effect transistors (ISFET) ,86" and liq
uid crystal applications86' to mention only 
some. Clearly, the cal ixarenes have estab
lished themselves not only as interesting 
items for study in the laboratory, but as 
potentially useful commodities as well. 
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Mismatches and Mutagenic Lesions in Nucleic Acids 

Introduction 

Deoxyribonucleic acid (DNA) is the 
molecular store of genetic information. It 
normally exists as a right-handed double 
helix which is stabilised by hydrogen bond
ing between purine and pyrimidine (Watson
Crick) bases in complementary antiparallcl 
strands and by base stacking interactions. 
The information stored in DNA is used to 
control the synthesis of proteins and this 
information must be copied or transcribed 
into a single strand of messenger ribonucleic 
acid (m-RNA) which directs protein synthe
sis. The messenger RNA interacts with the 
ribosomes and its genetic code is translated 
into a protein consisting of a specific se
quence of amino acids. 

One package of information or "gene" 
codes foronc protein and the process whereby 
"DNA makes RNA makes PROTEINS" is 
known as the central dogma of molecular 
biology. The DNA code has only four letters 
- A, G, C, and T - and the genetic 
information within DNA is stored in the 
form of three letter words or triplets. There 
are 43 or 64 triplets, and each triplet codes 
for a specific amino acid. No two amino 
acids have the same code, but some amino 
acids have more than one triplet code and 
the codes for such amino acids arc therefore 
degenerate. The elucidation of the genetic 
code between 1952 and 1966 heralded one 
of the most important scientific advances of 
modern times. 

The origin of point mutations 

Each time a cell divides, the two single 
strands of DNA act as templates from which 
new complementary strands arc copied. This 
process is known as replication and it is not 
perfect. Perfection is expensive in terms of 
time and energy, and if DNA replication did 
not occasionally produce mistakes there 
would be no evolution. 

The human genome has approximately 
3 x 1 O" base pairs. The copying of such a 
huge amount of chemical information is a 
mammoth task and inevitably a few mis
takes will be made. Genetic mistakes during 

replication occur at a very low level and 
point mutations are usually deleterious to 
the survival of the cell. A single mutation 
which alters one triplet of information will 
lead to a protein containing one incorrect 
amino acid. Some amino acid changes do 
not affect protein function. On occasion, a 
mutant protein may have reduced activity, 
leading to cell death, genetic disease, or 
carcinogenesis. 

Occasionally, however, the mistake will 
produce a protein that works even better 
than the original, or even performs a new 
function. The mutant organism will there
fore have an advantage over its wild-type 
counterparts and it will spread along with its 
altered gene through the population. 

The molecular mechanism of replication, 
by which a DNA strand acts as a template to 
direct the synthesis of a new strand, was 
determined in 1953 by Francis Crick and 
James Watson. 1 •2 The hydrogen bonding 
characteristics of the purine base guanine 
(G) arc complementary to those of the pyri
midine cytosine (C), and likewise the purine 
adenine (A) is complementary to the pyrimi
dine thymine (T) (Figure 1 ). Consequently, 
the almost exclusive formation of Watson-

C.G 

T.A 
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UK 

Crick G.C and A.T base pairs during repli
cation ensures that information contained in 
a parent DNA strand is copied accurately to 
the daughter strand. 

However, the degree of fidelity achieved 
by the association of Watson-Crick base 
pairs is nowhere near sufficient to maintain 
genetic integrity. In addition to the correct 
G.C and A.T base pairs there arc eight 
possible mispairs of varying thermodynamic 

Figure 1 .  Watson-Crick cytosine.guanine (C. G) and thymine.adenine (T.A) base pairs. 
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Figure 2. The T. G wobble mismatched base pair found 
in X-ray structure analyses of DNA duplexes. 

3a 

3b 

Figure 3. The C.A wobble mismatched base pair found 
in X-ray structure analyses of DNA duplexes. Two 
possible arrangements of exchangeable protons are 
consistent with the structure of the C.A mismatch: the 
C.A+form (3a) and the C.A(imino) form (3b). Ultraviolet 
melting and NMR experiments have subsequently shown 
that the C.A+ mispair is the most likely. 

4c 

stability, namely A.A, G.G, A.G, C.C, T.T, C.T, A.C, and G.T mismatches. 
DNA polymerase enzymes discriminate against mismatches during replica
tion, but despite this, an occasional mispair is incorporated into the growing 
DNA strand. Proofreading and repair enzymes excise and replace mis
matches with Watson-Crick base pairs, and these and related enzymes also 
repair chemical damage caused by cellular and environmental mutagens, 
ultraviolet light, and ionising radiation. Repair enzymes are remarkably effi
cient, reducing error rates during replication to levels as low as I in IO', ! In 
certain special contexts, non-Watson-Crick base pairs occur spontaneously 
and play important roles within the cell. Most notably such structures occur 
in t-RNA, 1 DNA triplexes,"-' and at telomeres at the ends of chromosomes." 

How can repair enzymes determine which strand of the DNA duplex 
should be repaired? A very neat and simple method has evolved to solve this 
problem. There is a small chemical difference between the parent strand 
and the daughter strand. In the parent strand some of the cytosine bases arc 
methylated at the 5-position. Repair enzymes recognise this methyl group 
and make changes only to the daughter strand. When the proofreading and 
repair enzymes have determined that the daughter strand is a faithful 
complementary copy to the parent, an enzyme methylates specific cytosine 
bases. This signifies that the new DNA strand has been fully checked and 
found to be acceptable. 

In order to gain insight into the fascinating problem of how repair 
enzymes recognise incorrect base pairs, we are investigating the structure 
and thermodynamic stability of DNA duplexes containing non-Watson
Crick base pairs. Our approach is to use a variety of physical techniques, 
principally X-ray crystallography, ultraviolet melting, and nuclear magnetic 
resonance spectroscopy. 

Mispairing between the unmodified nucleic acid bases 

G. T and A. C base pairs 
The first mispair to be characterised in DNA by X-ray cystallographic 

methods was the purine-pyrimidine G.T mismatch (Figure 2).7 This base 
pair adopts a "wobble" conformation of the type first proposed by Crick to 
explain G.U mispairing at the third codon position during codon:anticodon 
(m-RNA:1-RNA) interactions (U = uridine, the RNA equivalent of thymine). 
Such base pairing at the ribosome is partly responsible for the degeneracy 
in the genetic code.8 The A.C mismatch in DNA9 has a similar overall shape 

4b 

4d 
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to the G.T mispair, but it is not clear from 
the X-ray analysis how such an association 
can produce two inter-base hydrogen bonds. 

It  is rarel y  possible to determine the 
X-ray structure of a DNA duplex to a suffi
ciently high resolution to reveal hydrogen 
atoms, so other techniques must be em
ployed if there i s  an ambiguity over the 
precise detai l s  of hydrogen bonding. In the 
case of the A.C mismatch there arc two 
possible arrangements, either the adenine 
base is protonated (Figure 3a) or it exists in 
a rare tautomcric form (Figure 3b). Ther
mal denaturation studies on DNA duplexes 
can be carried out using the technique of 
ultraviolet melting. In this experiment the 
DNA is dissolved in an aqueous buffer and 
s lowly heated until the duplex dissociates 
(or melts) to give two single strands. This 
leads to a significant increase in the u ltra
violet absorption of the hcterocyclic bases 
due to unstacking. The transition is moni
tored by ultraviolet spectroscopy. The melt
ing temperature of the duplex is defined as 
the midpoint of the transition, correspond
ing to the maximum point in the first deriva
tive of the melting curve. 

Ul traviolet melting experiments and 
NMR spectroscopy over a wide pH range 
have shown that DNA duplexes contain 
ing A.C base pairs arc unusual ly stable at 
low pH, strongly suggesting that the N( 1 )
atom of the adenine base is protonated. 10 

In  general ,  i t  is possible to postu l ate many 
mismatch base pairs with one base present 
as a minor tautomer. However, there i s  no 
d i rect exper i menta l  e v i dence for the 
existence of such base pairs. This idea, 
known as the tautomcr hypothesis of base 
mispairing, has been di scussed in  detail 
by other workers. 1

1 .
1 2  

G.A base pairs 
There is an intense interest i n  G.A base 

pairs as biochemical studies have shown 
that they arc repaired less efficiently than 
other mismatches. There is no unique G.A 
mismatch structure and no fewer than four 
different forms have been characterised by 
X-ray crystallography and NMR techniques 
(Figure 4 ). 1' 18 The preci sc form of the 
G.A mismatch is determined by the base
stacking environment, salt concentration. 
and pH. Thus, the cnzymic repair of G.A 
mismatches raises a part icular problem as 
the various forms of the G. J\ base pair 
represent very diverse targets for cnzymic 
recognition . 

We have recently found that in certain 
base stacking environment> tandem G.A 
mismatches arc as stable as Watson-Crick 
base pairs. 19·20 This is a significant discov
ery as it was previously thought that mis
matches always destabi l ise DNA duplexes. 

However, in the special case of pyrimidine
G.A-purinc tetramers this is certainly not 
true. The duplex formed by the dcoxy
decamer d(GAGTGAACGA\ contains six 
G.A base pairs and four Watson-Crick base 
pairs and is as stable as the equivalent 
Watson-Crick d(TAGTTAACTA\ duplex ! 
This special stabi lity of tandem G.A mis
matches may have biological significance 
as s ing le strands of DNA contain ing 
multiple G.A base pairs arc known to be 
involved in trip lex formation with two 
strands of C.T rich DNA. Self-association 
of the "spare•· G.A rich DNA strand to form 
stem-loop structures containing stable tan
dem G.A base pairs may promote the for
mation of such triplexes. 

Tandem G.J\ mismatches of this very 
stable kind have an unusual conformation 
(Figure 4d). The distortion of the sugar
phosphate backbone and the abnormal 
interaction of the two purine bases allow 
several functional groups to protrude into 
the major and minor grooves of the DNA 
duplex, thus offering potential targets for 
protein recognition. 

The study of mismatches in RNA is 
particularly interesting as single strands of 
RNA, as in messenger RNA, are free to fold 

into complex tertiary structures which inter
act with the proteins that control translation. 
These structures arc not yet well under
stood, but it is clear that tertiary structures 
within RNA arc stabil i sed by both Watson
Crick and non Watson-Crick base pairs. 
Very recently. we have solved the structure 
of an RNA duplex containing two G.A mis
matches and found the mispairs to be of the 
type G(anti).A(anti) (Figure 4a). 2 1  We arc 
continuing our attempts to crystallise RNA 
stem-loops. 

Mismatch structure and mutation 
frequency 

Watson-Crick base pairs are pseudo sym
metric about the glycosidic bonds joining 
the dcoxyribosc sugars to the bases. Thus, 
G.C, C.G, A.T, and T.A base pairs arc all 
simi lar in overal l shape. This is not gener
ally the case for mismatches, and in general 
asymmetric mismatch base pairs arc more 
easily detected by repair enzymes than sym
metric mismatches. Thus, the asymmetric 
G.T and C.A pairs arc more easily recognised 
than the l e s s  asymmetric G . A  pairs 
(Figure 5) . In addition to the asymmetry of 
certain mismatches, the distance between the 
C- 1 '  atoms of the nucleotides is a potential 
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Figure 5. Relative symmetry and width of a variety of Watson-Crick and mismatch base 
pairs. lntemucleoside distances are measured in Angstrom units. 
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source of discrimination as it has a direct 
effect on the width of the minor groove. For 
all purine(anti).purine(anti) base pairs this 
distance is longer than for Watson-Crick 
base pairs, and for all pyrimidine.pyrimidine 
mismatches the distance is shorter. We have 
carried out pH-dependent ultraviolet melt
ing studies on pyrimidine.pyrimidine mis
matches and our research suggests that the 
C.C base pair is protonated, whereas the T.C 
base pair is not (Figure 6). 

Deoxyinosine 
lnosinc (I) is the analogue of guanosinc 

which lacks an amino group at the 2-position 
of the purine ring (Figure 7). In RNA 
codon-anticodon interactions it participates 
in base pairing with A, C, and U, thus 
contributing to the degeneracy of the genetic 
code. Deoxyinosine occurs only rarely in 
DNA where it arises by deamination of 
deoxyguanosine. It is potentially mutagenic 
and a specific enzyme, hypoxanthinc DNA 
glycosylase, has evolved to remove it. 

A number of DNA duplexes containing 
dcoxyinosine have been analysed by X-ray 
crystallographic methods in an attempt to 
explain the mutagenicity of this nucleoside. 
The I.T mismatch was found to adopt the 
same wobble configuration as the G.T mis
match,22 whereas the I .A base pair displays 
similar diversity to the G.A base mis pair. 23·24 

Therefore, it seems unlikely that the mu
tagenicity of inosine can be explained on 
structural grounds. 

We have used the technique of ultravio
let melting to show that some dcoxyinosinc
containing mismatches have surprisingly 
high thermodynamic stability. Mismatches 
generally destabilise the DNA duplex and 
give rise to local "melting", or opening up of 
the double strand. Repair enzymes almost 
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certainly make use of this phenomenon to 
recognise incorrect base pairs. There is a 
correlation between mismatch instability and 
case of repair. Therefore, in this respect 
deoxyinosine-containing mismatches would 
be particularly difficult to recognise. Inter
estingly, molecular biologists have made 
use of the special properties of inosine
containing mismatches when designing 
hybridisation probes from known protein 
sequences. Dcoxyinosine is inserted into 
oligonuclcotidcs in positions where there is 
a sequence ambiguity due to the degeneracy 
of the genetic code. The high thermal stabil
ity of inosine-containing mismatches en
sures that the oligonucleotidc hybridises 
efficiently to the target nucleic acid. 

Mutagenic lesions in DNA•base pairs 
involving modified bases 

The phosphates, sugars, and hctcrocyclic 
bases of DNA arc susceptible to modifica
tion by a variety ofrcagcnts, including chemi
cal carcinogens, ionising radiation, and 
ultraviolet light. Important examples of the 
changes that can occur to the DNA bases arc 
methylation of guanine by alkylnitroso ureas, 
and oxidation of the 8-position of adenine or 
guanine by hydroxyl radicals generated by 
oxidation or y-rays. 

0(6)-methyl deoxyguanosine 
In DNA, methylation of guanine at the 

0(6)-position changes the hydrogen bond
ing characteristics of the base and induces G 
to A transition mutations.25 This indicates 
that the 0(6)-MeG.T mispair is selected 
during replication in preference to the 0(6)
MeG.C pair, (i .e. , the mismatch is preferred 
to the putative Watson-Crick base pair). As 
both base pairs have very s imi l ar 

T.C? 

Figure 6. Proposed structures of pyrimidine.pyrimidine mismatches. 
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thermodynamic stability, discrimination by 
DNA polymerases must have a structural 
basis. Indeed, investigations have shown 
that at physiological pH, the 0(6)-MeG.T 
mispair resembles a Watson-Crick base pair 
(Figure 8a), whereas the 0(6)-McG.C pair 
adopts a wobble conformation (Figure 8b ). 26 

Thus, the proofreading domain of DNA poly
merase will "force" the modified guanine 
base to accept thymine as a partner instead 
of cytosine and the enzyme is tricked into 
allowing a mistake to pass by uncorrected. 

Ultraviolet melting studies in our labora
tory suggest that at low pH (below pH 6 ), the 
0(6)-MeG.C base pair resembles a Watson
Crick base pair (Figure 8c). Thus under 
these conditions, the 0(6)-MeG base will 
behave like guanine and code correctly. We 
therefore predict that the mutagcnic effect of 
0(6)-MeG will be pH-sensitive. Due to the 
highly mutagenic nature of0(6)-methyl gua
nine, a "suicide" enzyme has evolved which 
specifically repairs this base modification 
by excising the methyl group. The existence 
of this enzyme, 0(6)-mcthyl guanine trans
fcrasc, indicates that the DNA of all living 
organisms has been continually exposed to 
naturally occurring alkylating agents over an 
evolutionary time scale. 

8-oxo purine base,1· 
The reaction of the purine bases of DNA 

with hydroxyl radicals can result in the 
formation of 8 -oxoadcnine (08A) and 
8-oxoguanine (08G). These bases exist 
predominantly in the 8-keto form (Figure 9) 
and their contribution to mutagcncsis is cur
rently the subject of a great deal of interest. 
Modification at the 8-position does not 
directly affect the ability of A and G to form 
Watson-Crick base pairs, but the presence of 
the bulky oxygen atom increases their 
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tendency to adopt the srn conl"ormation, thereby providing new possibilities 
for base mispairing. The presence of an 08G base in genomic DNA can lead 
to a G to T trans version mutation via an intermediate 08G.A base pair. 

Investigations on oligonucleotide duplexes by NMR spectroscopy and 
recent X-ray crystallographic studies in our laboratory have shown that the 
base pair adopts an 08G(sy11 ) . A (c1111i) conformation (Figure 9) which is 
stabilised by two inter-base hydrogen bonds.27 28 In addition to possessing 
reasonable thermodynamic stability, the 08G.A base pair is pseudo symmet
ric about the g lycosidic bonds (the bonds joining the sugars to the bases) and 
therefore bears some structural resemblance to Watson-Crick base pairs. 
The similarity is particularly striking in the minor groove where the 8-oxygcn 
atom of 08G l ies in the position that would be occupied by the 2-oxygcn atom 
of the thymine base in an A.T base pair. Thus, the 08G.A base pair is not 
readily recognised by proofreading enzymes. 

In contrast to 08G, 08A (8-hydroxyadenine) is not particularly mu
tagenic. This is because the modified adenine base maintains a strong 
preference for thymine as a partner. An X-ray crystallographic study of a 
dodecanucleotide duplex has shown that the most likely alternative base 
pair, G.08A,  i s  asym metr i c  and bears some rese mbl ance to a 
purine.pyrimidine mismatch.2'' It is therefore likely to be an easy target for 
repair enzymes. The G(syn).08A(anti) base pair (Figure 10) is structural ly 
very interesting, as it appears to be held together by four bifurcated hydrogen 
bonds. This arrangement allows the 2-amino group of guanine to fulfil l  i ts 
hydrogen bonding capacity by interacting with the oxygen atom of 08A as 
well as a neighbouring water molecule (not shown). Any form of base pairing 
that prevents the guanine 2-amino group from fu lfil ling its hydrogen bonding 
potential, either with the opposing base or with neighbouring water mol
ecules, will tend to be unstable relative to the individual unpaired bases 
which are free to hydrogen bond to water molecules. This explains the 
thermodynamic instability of some forms of the G.J\ mismatch, in which the 
2-amino group i s  sterically hindered, and the relatively high stabi lity of 
certain inosinc-containing base pairs, which lack the 2-amino group. 

Other mutagenic lesions 
l -N(6)-cthcnoadeninc (£A) is produced when DNA comes into contact 

with the chemical carcinogen chloroacctaldchyde. The modi fied base can no 
longer act as a hydrogen bond donor and, as a consequence, it forms unstable 
base pairs with all possible Watson-Crick bases. The least unstable of these 
is the £A.G base pair. We have recently determined the X-ray structure of 
this mispair in a DNA duplex. The £A base adopts the srn conformation and 
the base pair is neatly accommodated in the double helix (Figure 1 1 ).10 We 
arc currently studying the chemically modified base 3-N(4)-cthcnocytosinc 
which i s  also produced by the chemical reaction of chloroacctaldehydc on 
DNA. This base is known to be mutagcnic, although the molecular basis of 
its mutagcnicity is not yet understood. 

Summary 

Structural and thermodynamic studies on nucleic acids have revealed 
striking differences between Watson-Crick base pairs and mismatched base 
pairs. Unusually stable G.A mismatches have been characterised and these 
are the subject or continuing research. Very recent work has enabled us to 
explain the mutagcnic nature of chemical ly induced lesions in DNJ\ at the 
molecular level. Our current research is directed at developing immu
nochcmical methods of quantifying DNA damage arising from the reaction 
of DNA with chemical carcinogens. Eventual ly, we hope to relate chemical 
damage and its effect on DNA structure to mutational frequency in a much 
more precise manner than is currently possible. 
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Dideoxynucleosiiles 
Aldrich offers over two hundred products 

in the nuclcosidc area including ribo-,deoxy-, 
dideoxynucleosidc,, and reagents for oligo
nuclcotidc synthesis. A few of the many 
2',3'- and 2',5'-didcoxynuclcosides from our 
listings arc presented here. For a more 
complete listing of these and other products 
from this line please refer to the Aldrich 
Catalog/Handbook. 

30,835-8 2',3'-Dideoxycytidine, 99% 
100mg $58.25 

250mg $127 .55 ; 500mg $230.30 

30,833-1 2',3'-Dideoxyadenosine, 97% 
25mg $212.80; 100mg $591.95 

36,264-6 2',3'-Dideoxyinosine, 99% 
25mg $212.80; 100mg $592.00 

32,362-4 2',3'-Dideoxyuridine, 98% 
100mg $73.90 

250mg $148.85; 500mg $268.25 

32,361-6 3'-Deoxythymidine, 98% 
25mg $90.00 

100mg $276.65; 250mg $608.65 

39,371 - 1  2' ,3'-Dideoxy-3'-fluorouridine, 
95% 25mg $79.95 
50mg $132.85; 100mg $221.40 

33,086-8 2' ,3'-Dideoxy-5-fluorouridine, 
98% 25mg $67.90 
50mg $125.20; 1 00mg $204.10  

32,531-7 5-Bromo-2',3'-dideoxyuridine, 
99% 10mg $52.60 
25mg $ 105.20; 100mg $292.00 

32, 785-9 5-lodo-2' ,3' -dideoxyuridine, 
97% 1 0mg $57.25 

25mg $126.05 

Phosphorothioate Synthesis 
This reagent was introduced in 1990 by Beaucage and co-workers as 

a replacement for elemental sulfur (S8) in the automated synthesis of 
phosporothioate DNA. 1 It is relatively stable, easily handled, soluble in 
various solvents/concentrations, and is compatible with automated 
oligonucleotidc synthesis. Examples of its utility can be found in 
references 2 and 3. 
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( I  )(a) Iyer, R.P: Egan, W. :  Regan.J .B . :  Beaucage, S.L.J. A111. Che111. Soc. 1990. I 12. 1 253. (b) Iyer. R.P.: Phillips. LR.: Egan. 

W.: Regan, J .B . :  Beaucage. S.L. J. Org. Che 111. 1990. 55. 4693. (2) Stawinski. J.: Thelin. M . :  Von Stedingk, E. Nudeosides 
Nucleotides 1991.  10. 5 1 7. (3) Wyrzykiewicz. T.K.: Ravikumar. V.T. Rioorg. Med. Che111. Lett. 1994,4. 15 19 .  

37,547-0 3H-l,2-Benzodithiol-3-one 1 , 1-dioxide, 99% 250mg $17.25; lg $48.00 
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When s eparati ng enan t i omers by 
HPLC, the greatest problem is findi ng 
the right column .  It i s  then a matter of 
adjusting the mobi le phase composition, 
temperature, and flow rate to y ie ld a 

basel i ne separation .  L isted i n  Table I 
are a few s y n t he t i c a l l y  u se fu l  
chiral reagents headed under the CSP 
HPLC column  used to measure the re
ported ee's .  These analyses are per-

formed in the normal phase us ing a 
combinat ion of hexane, ethanol, iso
propanol, and/or THF. 

References: ( I )  Elie!. E.L. :  Wi len. S .H . :  Mander. L .N.  Stereochemistrv o/01ga11ic Compounds: John Wiley & Sons: New York. 1 994. (2) Al lenmark, S.G. Chromalol{raphic E11a11tioseparation. Method a11d Applications: El l is Horwood Ltd.: Chichester. West Sussex. 1 988. (3) Chen. J . :  Shum. W. frtrahedron /,ell. 
1993, 34, 7663. (4) Armstrong. D.W. Anal. Chem. 1 987. 59, 841\. (5) Quality control information is available through Aldrich Technical Services. 
Table 1 .  Synthetically useful chiral reagents arranged according to the CSP HPLC column used to measure 

the reported ee '.1·. 

3,5-Dinitrobenzoylphenylglycine (DNBPG) 

24,694-8 (R)-(+)-1 ,1 '-Bi-2-naphthol, 99% ce ............................... lO0mg $10.15; 250mg $20.25; lg $66.70; 5g $219.00 
24,695-6 (S)-(-)-1,1 ' -Bi-2-naphthol, 99% cc ........................................................... 250mg $23.20; lg $76.80; 5g $278. 10 
38,242-6 (RJ-(+)-1 ,1 '-Binaphthyl-2,2'-diamine, 99% cc ............................................................. 250mg $30.00; lg $93.50 
38,243-4 (S)-(-)-1 , 1  '-Binaphthyl-2,2'-diaminc, 99% cc ................................................. . . . .......... 250mg $30.00; lg $93.50 
21 ,135-4 (R)-(-)-2,2,2-Trifluoro-1 -(9-anthryl)ethanol, 99% cc ........................................... 25mg $11 .90; 100mg $33.05 
21 ,1 34-6 (S)- (  + )-2,2,2-Trifluoro-1-(9-anthryl)ethanol, 99% ec ........................................... 25mg $11.05; 100mg $30.65 

Naphthylalanine 

29,690-2 (R)-(-)-N-(3,5-Dinitrobcnzoyl)-a-mcthylbenzylamine, 99% cc ........................................................... lg $19.25 
29,691-0 (S)-( + )-N-(3,5-Dinitrobenzoyl)-a-methylbenzylamine, 99% cc ......... ........................................ ......... lg $15.45 

Naphthyl Urea 

29,581-7 (R)-( + )-2,2'-Bis(diphenylphosphino)- 1,1  ' -binaphthyl, 99% cc ......... .................. 25mg $11.70; 100mg $32.30 
29,582-5 (S)-(-)-2,2'-His(diphenylphosphino)-l,1 '-binaphthyl, 99% ee ............................ 25mg $11 .70; 100mg $32.30 

Whelk-OlrM 

24,893-2 (RJ-(-)-1 ,1 '-Binaphthyl-2,2'-diyl hydrogen phosphate, 99% ee .......... 250mg $16.55; lg $56.95; 5g $229.90 
24,894-0 (S)-(+)-1,1 ' -Binaphthyl-2,2'-diyl hydrogen phosphate, 99% cc .. ........ 250mg $22.20; lg $76.25; 5g $301.95 
25,625-0 (SJ-(+)-Benzoin, 98% ec ............................................................................................ 25mg $22.20; 100mg $77.90 
25,627-7 (R,R)-(+)-Hydrobenzoin, 99% ee ........................................................................... 100mg $24.95; 500mg $83.65 
25,626-9 (S,S)-(-)-Hydrobenzoin, 99% ce ............................................................................. lO0mg $27.20; 500mg $91.10 
33,184-8 tert-Butyl (2R,3S)-(-)-6-oxo-2,3-diphenyl-4-morpholinecarboxylatc, 99% ec ............. lg $30.25; 5g $113.45 
33,181-3 terr-Butyl (2S,3R)-(+)-6-oxo-2,3-diphenyl-4-morpholinecarboxylate, 99% ce ............ lg $30.25; 5g $113.45 
29,889-1 (4R,5S)-(+)-4-Methyl-5-phenyl-2-oxazolidinone, 99% cc .................... 250mg $12.75; lg $35.35; 5g $140.00 
34,052-9 (4S,5R)-(-)-4-Methyl-5-phenyl-2-oxazolidinone, 99% cc ..................... 250mg $13.40; lg $37.20; 5g $142.90 
40,245-1 (R)-(- )-4-Phenyl-2-oxazolidinone, 99% cc ......................................................................... lg $34.90; 5g $119.50 
37,669-8 (S)-(+)-4-Phenyl-2-oxazolidinone. 99% cc ....................................... . .. . . . . . . . . . . . .................. lg $36.00; 5g $1 20.50 

<f!jjl) 41,113-2 (R)-(-)-a-(Trifluoromethyl)benzyl alcohol. 99% cc ............................ . . . . . ................ 250mg $54.50; lg $151.85 
<f!jjl) 41,114-0 (SJ-(+ )-o:-(Trifluoromethyl)benzyl alcohol. 99% cc ... ............................ . . ................ 250mg $54.50; lg $151.85 

For a more complete listing of enantiomerically enriched products offered by Aldrich, p lease 
consult the l 994- 1 995 Catalog/Handbook. 

Whelk-0 I i� a trademark of Regis Tcchnologic�. Inc. 
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T
he painting that graces our cover is 
Flowers in a Chantilly Vase by Louis 
Tessier (ca. 1760, oil on canvas, 65. l 

x 54.7 cm). Tessier was a member of a 
family of craftsmen and artists working for 
the Goeblins, and his chief fame rests on the 
flower designs he produced for tapestries 
and furniture upholstery. Best known are 
Tessicr's designs for the sixth set of 
enframements for Charles-Antoine Coypel 's 
Don Quixote series of tapestries. He also 
fashioned the ornament for Boucher's Loves 
of the Gods series. In addition, he produced 
paintings and drawings of flowers and still 
lifes. 

Flowers in a Chantilly Vase displays a 
porcelain container from the royal Chantilly 
porcelain factory. The vase has a delightful 
design, apparently influenced by Japanese 
prototypes, and is filled with a flower ar
rangement that unrealistically, but delight
fully, spreads to fill the rectangular space 
with a riot of color and form. It bears 
witness to the high competence of the pro
fessional specialists in flower and still-life 
painting in the age of Louis XV. 

The painting is in the collection of 
The Saint Louis Art Museum. 
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usually based on a synthetic theme involv
ing organic, organometallic, bioorganic, or 
inorganic chemistry. Many of our articles 
come to us unsolicited from researchers in 
these fields. If you would like to contribute 
an article please contact us with a general 
outline of your paper and request a copy 
of our author guidelines by writing: 

Editor, Aldrichimica Acta 
Aldrich Chemical Company, Inc. 
P.O. Box 355 
Mi lwaukee, WI 5320 1 -9358 

Aldrich warrants that its products conform to the 
information contained in this and other Aldrich 
publications. Purchaser must determine the 
suitability of the product for its particular use. See 
reverse side of invoice or packing slip for additional 
terms and conditions of sale. 
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�Lab 

Notes 
Do you have an innovative shortcut or  

unique laboratory hint you'd like to 
share with your fellow chemists? If so, 
please send it to Aldrich (attn: Lab Notes, 
Aldrichimica Acta). For submitting your 
idea, you wi l l  receive a complimentary, laminated periodic table poster (Cat. No. 
ZI 5,000-2). If we publish your Lab Note, you will also receive an Aldrich periodic 
table turbo mouse pad (Cat. No. Z24,409-0) like that pictured above. It is  Teflon® 

coated, 8½ x I I in., with a full-color periodic table on the front. We reserve the right 
to retain all entries for consideration for future publication. 

Teflon is a registered trademark of E.I. du Pont de Nemours & Co., Inc. 

In the past, I've had trouble removing the "baked-on" VESPEL ® ferrules from HP® 
5890 Gas Chromatograph fingernut column connectors. Usually I have to ground 
[grind them I out or pick them with a sharp instrument. This can be time consuming as 
well as dangerous. 

Recently, I came across a simple method for removing these troublesome ferrules. 
Simply grasp the fingernut with some pliers [ having insulated handles] and heat it in 
a flame for several seconds. The stuck ferrule generally just falls out. If it doesn' t  fall 
out on its own, try tapping the nut. This usually does the trick. 

Gary L. Cramer, Water Research Analyst 
Water Quality Assurance Laboratory 

Department of Public Utilities Water Division 
9 1 0  Dublin Road 

Columbus, Ohio 432 15-9052 
VESPEL is a registered trademark of E.I. du Pont de Nemours & Co., Inc. HP is a registered trademark 
of Hewlett-Packard Corp. 

CS ChemDraw Pro 
Chemical structure drawing program 
that provides specialized tools for draw
ing structures and reactions. Produces 
professional quality chemical drawings. 
31/z in. disks. 
Features: • Intelligent atom labelling 
and bond tools • User-definable struc
ture templates as well as predefined 
structure templates • Text editing and 
layout features • 24-bit color • Support for ISIS, MDL, and MSI MOL files, Daylight 
SMILES, and SMD file formats • Includes full documentation 
System Requirements: 
IBM compatible computer: Windows 3 .1-386SX, 4MB RAM and 5MB VM 

Windows NT 3. 1-486SX and 12MB RAM 
Macintosh computer: System 6 & 7 and 1 MB RAM. 

Standard 
Platform Cat. No. Each 
IBM version 226,245-5 $795.00 
Macintosh version 226,246-3 795.00 
• Available to qualified institutions. 

Educational Discount* 
Cat. No. Each 

226,259-5 $345.00 
226,260-9 345.00 

CS ChemDraw Pro is a trademark of CambridgeSoft Corp. ISIS is a trademark of Molecular Design Ltd. IBM is a 
registered trademark of International Business Machines Corp. Macintosh is a registered trademark of Apple 
Computers, Inc. 
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Jai Nagarkatti, 
President 

Dr. Shafiq of the University of Roch
ester (currently at the University of 
Florida) s u ggested that we make 
methyl- 13G triflate, the 13C-analog of 
methyl triflate (Cat . No.  1 6,428-3) .  
Methyl triflate is  known to  be one of 
the most powerful methylating agents, 
readily methylating carbon, oxygen, 
nitrogen, and sulfur centers. H 

(1) Bates, R.B.; Taylor, S.R. J. Org. Chem. 1 993, 58, 
4469. (2) Stang, P.J. ;  White, M .R .  Aldrichimica Acta 
1 983, 16, 15. (3) Galezowski, W.; Lewis, E.S. J. 
Phys. Org. Chem. 1 994, 7, 90. (4) Johnson, T.J.; 
Arif, A.M.; Gladysz, J.A. Organometallics 1 994, 13, 
3182. 

41,684-3 Methyl-13 C trifluoro
methanesulfonate, 98 atom % 13C 

1 g $70.00; 5g $233.50 

We have also added the corre
sponding deuterium analog. 

41 ,685-1 Methyl-d3 trifluoro
methanesulfonate, 99 atom % D 

1 g  $1 3.50; 5g $46.50 

It was no bother at all, just simply a 
pleasure to be able to help. 
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Triethylamine Tris(hydrogen fluoride) : Applications in Synthesis 

Introduction 

Although hydrogen Ouoride is probably 
the most widely used industrial fluorinat
ing reagent, its low boiling point and high 
corrosivity make it a difficult material to 
handle. Furthermore, in using hydrogen 
fluoride to synthesize organic molecules, 
its high reactivity often causes undesired 
side reactions, leading to lower yields, 
decreased purities, and a number of trace 
impurities. 

In order to overcome the hazards in
volved in handling anhydrous hydrogen 
fluoride, a number of so called "onium 
poly(hydrogen fluorides)" have been de
veloped. 1 Although Olah' s Reagent 
[pyridinium poly(hydrogen fluoride)] is 
the most widely known of these com
plexes, tricthylaminc tris(hydrogcn fluo
ride), TREAT HF (1) ,  has a distinct 
advantage over this reagent in that it can 
be used in borosilicate glassware with
out corrosion.2•3 

Properties 

TREAT HF is a colorless liquid that 
boils at 78 °C at 1.5 mbar,4 has a density of 
0.996 g/L at 25 °C, and has a pH close to 
neutral.5 The complex has a shelf life of at 
least one year and, as previously men
tioned, is widely reported not to corrode 
borosilicate glassware (though on occa
sion, in elevated temperature applications, 
limited etching does occur in the vapor 
space above the liquid's surface). Al
though 1 is much less corrosive than anhy
drous HF or Olah's Reagent, care must still 
be taken in handling the liquid. 

Chemical reactions 

TREAT HF is a mild and selective 
reagent that has been used in the fluorina
tion of a wide variety of compounds. This 

review will discuss its chemistry in terms 
of different reaction types. 

Addition 
The Markovnikov addition of XF 

(X = halogen, SMe, SePh) to alkenes can 
be readily achieved using 1 and a suitable 
electrophilic reagent. For example, 
N-halosuccinimides in combination with 
the complex yield 1-fluoro-2-haloalkanes 
from alkenes (eq I ).6·7 Note, however, that 
neighboring group participation often 
competes with the 1,2-addition. Such par
ticipation was effectively used in the syn
thesis of potential insecticides (eq 2).8 

The addition of 'FSMe' has been 
achieved using a combination of dimethyl
(methylthio )sulfonium tetrafluoroborate 
and 1 (eq 3).9•1 1  As expected, the products 
of such reactions are specifically anti. In a 
similar fashion, 'FSePh' has been added to 
alkenes by employing N-phenylseleno
phthalimide (NPSP) and 1 (eq 4). It is 
worth noting that in this last example the 
acid-sensitive functionality remains intact 
during the reaction. 12 

Non-terminal alkynes also react with 1 
and NPSP to give good yields of the corre
sponding trans - 1-fluoro-2-benzene
selenylalkenc (eq 5). Terminal alkynes, 
however, do not react specifically, yield
ing instead a wide variety of Ouorinated 
products. 1 3 The benzeneselenyl function
ality can be removed either by using 
MCPBA to give fluoroalkenes or by radi
cal reduction to give the fluoroalkane. 12• 1 3  

Substitution 
Although the nucleophilicity of the fluo

ride ion in 1 is relatively low when com
pared to other fluoride ion sources (e.g., 
KF, Bu4NF, etc.), it is substantial enough 
to permit substitution of labile leaving 
groups. The nucleophilicity can be further 
altered by varying the ratio of hydrogen 
fluoride to triethylamine (e.g., eq 6). 14 

This shows that the relative fluorinating 

Martin A. McClinton 
FAR Research Inc. 

2210  Wilhelmina Ct. 
Palm Bay, FL 32907 

USA 

F-H-. ,H-F 
·--.. _ F

;_,,,,,-

�+ 

.. N, 
Et,,,,,,,,,. l '-. Et  

E t  
1 

Triethylamine tris(hydrogenfluoride) 
= TREAT HF 

ability varies in the order Et3N•2HF > 
Et3N•3HF > Et3N•HF. The variation in 
fluorinating ability appears to be linked to 
the stability of the complexes: upon heat
ing under vacuum, triethylamine 
bis(hydrogen fluoride) loses tricthylamine 
rather than hydrogen fluoride to form 
triethylamine tris(hydrogen fluoride) . 

Triethylamine bis(hydrogen fluoride) 
(2) can be easily prepared by the addition 
of triethylamine to 1 either prior to the 
reaction or slowly during its course (e.g., 
sec reference 2). The difference in the 
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fluorinating abilities of the blends has 
been exploited in the preparation of fluori
nated sugar molecules: I yielded the 
monofluorinatcd product whereas 2 gave 
the ditluorinated sugar (eq 7 ). Interest
ingly, attempts to tluorinatc the same sugar 
using Et4N+HF2 resulted in tars. 14• 15 A 
variety of other sugar derivatives have 
been fluorinated using I (cq 8). 16 1 8 It is 
worth noting, however, that substitucnts 
can 'walk' around the sugar ring(e.g. , eq 7). 

The tluorinating ability of I is not lim
ited to sugar derivatives, as a number of 
active alkyl halides (eqs 9-11)2 1 9·211 and 
even aromatic compounds ( eqs 12-13 )2•20·23 

arc also reactive. In the example illustrated 
in equation 13, the use of ultrasound and I 
provided mild conditions for the decomposi
tion of the diazonium salt.23 

Oxirancs have been ring opened using 
1 (eq 14).24·26 In this example, I was found 
to be more selective than Olah's Reagent, 
pyridine tris(hydrogen fluoride), and 
collidine tris(hydrogcn tluoridc).26 These 
latter reagents caused either destruction of 
the substrate or formation of mixtures. 

It should be noted that the ring opening 
of oxiranes using I is sensitive to tempera
ture. Addition/substitution reactions have 
been successfully carried out on substi
tuted oxiranes without any ring opened 
side products by employing lower reaction 
temperatures ( eq 15 ). 

Finally, 1 was employed to open a 
strained cyclopropane ring as part of the 
synthetic strategy to prepare carbocyclic 
nucleosides as possible antiviral agents 
(eq 1 6) . 27 

Desilylation 
TREAT HF is rapidly becoming the 

reagent of choice for the desilylation of 
protected nucleotides, nuclcosidcs, and 
oligonucleotides (eq 17). 28·10 It has proved 
more efficient than traditional reagents, 
especially for long RNA strands. Further
more, I is less sensitive to moisture and 
provides a more facile workup than alter
native reagents. Also, it has been found 
that I does not catalyze phosphodicster 
linkage migration. 

TREAT HF has been used to de protect 
silylated cyanohydrins and alcohols. In the 
former case, the reaction is reported to stop 
at the cyanohydrin stage. Conversion to 
the free ketone is readily achieved using 
aqueous sodium hydroxide in the reaction 
workup (eq 18)." Desilylation appears to 
be faster than substitution since diols pro
tected with one silyl and one mesylate group 
can be selectively desilylated without fluori
nation occurring at the latter site (eq 1 9). 15 
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Inorganic compounds 

TREAT HF has also been used to 
prepare fluorinated sulfur and phosphorus 
compounds.'·12 ·3 i  Generally, the chlori
nated analog is employed (e.g., cq 20), 
though the more elaborate leaving group 
-oN=CCl, has been used to good effcct.34 

In addition, the pentafluorotclluratc ion 
has been generated from tellurium(IY) 
oxide and 1 (eq 21 ).'5 

Electrochemical reactions 

The variety of substrates that have been 
electrochemically fluorinated using 1 in
clude organosulfur, organoselenium, ben
zylic, olefinic, and aromatic compounds, 
in addition to aldehydes and hydrazoncs. 
In the case of organosulfur, organoselenium, 
and benzylic compounds, fluorination gen
erally occurs a to the heteroatom or aro
matic ring (eq 22)36 38 This method has 
also been applied in the preparation of 
fluorinated �-lactams, which were not 
avai !able using the previously reported 
methods (cq 23).39 Longer reaction times 
and the passage of more current through 
the cell results in a,a-difluorination ( cq 
24). 36-"0 The presence of a chiral auxiliary 
in the substrate can lead to enantio
sclcctivity under monofluorinating condi
tions (eq 25).4 1  

The e lectrochemical reaction of 
hydrazoncs with 1 yields monofluorinated 
products.42 This is in contrast to other 
chemical methods that yield difluorinatcd 
compounds. Thus, benzophenone produced 
diphenylfluoromethanc in 95% yield when 
electrolyzed with 1 in dichloromcthane. 

Aldchydes react with a variety of 
hydrogen fluoride-based solutions under 
electrochemical conditions to give acid 
fluorides:" The most effective solution 
reported was tricthylaminc penta(hydrogcn 
fluoride) which gave 90% conversion to 
octanoyl fluoride from octanal by elec
trolysis. TREAT HF yielded 50% octanoyl 
fluoride under similar conditions. 

When olefinic molecules arc electro
lyzed in the presence of 1, addition occurs 
to yield the 1 ,2-difluoroadduct (eq 26), 
though l ,4-addition results with buta
dienes.44 However, when acetonitrilc is 
added to the solution, l -fluoro-2-aceta
rnidcs are also observed.45 The electrolysis 
of solutions containing both aromatic 
compounds and 1 is usually nonspecific 
yielding a wide variety of products.44'""'"7 
Finally, 1 has been used as the supporting 
electrolyte for the anodic methoxylation of 
organoselenium cornpounds:18 
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Conclusions 

TREAT HF has proven itself to be an 
extremely useful source of fluoride ion for 
the synthesis of a wide range of organic 
compounds. Its almost neutral pH and 
non-corrosivity in borosilicate glassware 
make it an ideal reagent for both laboratory 
and industrial use. 

-
II 

� - o  O base 
lo 

OH 
�

SiM,,i� 

TREAT HF eq 17 
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Aldrich offers TREAT•HF ( 1 ) ,  which is reviewed in the preceding article by Dr. 
McClinton, as well as other amine•HF complexes. H F•pyridine complex (PPHF, 
2) 1 has been utilized in the ring-opening of epoxyaldonolactones2 and in a 
convenient synthesis of trifluoromethylated aromatics. 3 A more recently devel
oped reagent by Olah (PVPH F, 3)4 offers easier storage, workup, and regenera
tion as compared to PPHF. 
( 1 )  Olah, G.A. et al. J. Org. Chem. 1979, 44, 3872. (2) Junnemann, J . ;  Lund!, I . ;  Thiem, J. Acta Chem. Scand. 1994, 48, 265. (3) Kuroboshi, M. ;  Hiyama, T. Chem. Lett. 1992, 827. (4) Olah, G.A.; Li, X.-Y. Synlet/ 1990, 267. 

34,464-8 Triethylamine trihydrofluoride, 98% (1) 5g $9.70; 25g $32.50 

18,422-5 Hydrogen fluoride-pyridine (2) 25g $18.70; 100g $47.20 

37,705-8 Poly[(4-vinylpyridinium poly(hydrogen fluoride)] (3) 
5g $20.15; 25g $66.75 
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Spontaneous Polymerizations Can Occur During Cycloaddition 

Reactions of Olefins and Dienes 

Introduction 

Although the fields of organic chemis
try and polymer chemistry arc often con
sidered to be separate disciplines, they arc 
really different sides of the same coin. The 
organic molecules used in both disciplines 
behave by a single set of rules and the same 
mechanistic laws apply independent of the 
intent of the individual researcher. The 
results observed in each discipline, how
ever, do depend greatly on the reaction 
conditions and on the observations of the 
scientist. This perceived discontinuity 
between the two disciplines, based solely 
on the different size of the molecules, can 
result in an incomplete view of the chem
istry on hand. In this paper we will report 
on the reactions of electron-rich olefins 
with electron-poor olefins to illustrate that 
the complementary methods and points of 
view of both disciplines can lead to a greater 
understanding of the underlying chemistry. 

Upon mixing an electron-rich olefin 
with an electron-poor olefin, several reac
tions arc known to occur, depending on the 
nature of the substituents on the C= ,C bond, 
as shown in Scheme 1. Cyeloadditions 
include formation of a cyclobutanc or other 
small molecule adducts. Diels-Alder cy
cloadditions, either normal or inverse 
electron-demand, arc likely when one sub
stituent is an aromatic ring or a carboxylic 
ester. Other possible reaction products arc 
polymers, either the homopolymcr of one 
olefin or the copolymer of the two olcfins. 
It is noteworthy that these polymers arc 
fonned without any added initiator. 

A similar competition between small 
molecule and polymer formation can be 
observed when mixing an electron-rich 
dicnc with an electron-poor olefin. The 
Diels-Alder cycloadduct is the expected 
reaction product, but cyclobutancs and other 
small molecule adducts may also form. 
Again spontaneous polymerizations can 
occur in these dicnc/olcfin systems in the 
absence of any polymerization initiator. 

Even the fathers of the reaction, Die ls and 
Alder, added a free radical inhibitor to the 
reaction ofisoprenc with acrylonitrile, pre
sumably to exclude adventitious polymer
ization.' Considering the purity of chemi
cals at that time they might have been 
preventing competing polymerizations ini
tiated by impurities, but we have recently 
found that copolymerization competes with 

ionic homopolymerization 

free radical copolymerization 

ionic homopolymerization 

-

H.K. Hall, Jr. and Anne Buyle Padias 
CS. Marvel Laboratories 
Department al Chemistry 
The University o{Arizona 

Tucson, AZ 85 721 

the Diels-Aldcr cycloaddition even when 
using extremely pure reagents.2 

As both organic and polymer chemists, 
we have studied these systems in which 
cycloaddition and polymerization compete. 
We arc seeking an overall mechanistic 
picture for these two processes that result 
in products differing greatly in physical 
properties, but which arc all organic 

D 
__/ 

+ 

(2+2)-cycloadduct 

[4+2]-cycloadduct 

other small molecules 

[4+2]-cycloadduct 
- + --

free radical copolymerization � ( (2+2)-cycloadduct ) 

D = 1 or more donor substituents such as N-carbazolyl, -OR, -PhOMe 
A =  1 -4 acceptor substituents such as -CN, -COOMe, -NOi 

Scheme 1 
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molecules differing only in size: small 
molecules and high molecular weight 
polymers. 

Background 

Donor olefins are electron-rich olefins 
with substitucnts able to donate electron 
density into the n-system, such as alkoxy, 
phenyl,p-methoxyphenyl, and N-carbazolyl. 
In contrast, acceptor olefins are electron
poor owing to electron-withdrawing sub
stituents, most often methoxycarbonyl (an 
ester group) or cyano groups. 

The first requirement for polymeriza
tion to compete with cycloaddition is, of 
course, that the polymerization has to be 
possible if an initiator is deliberately 
present or absent. Which olefins can poly
merize? As is generally true for any 
organic reaction, propagation to high mo
lecular weight chains must be thcnnody
namically favorable, and kinetically and 
mechanistically possible.3 The substitu
tion pattern on the C=C bond has to fulfill 
two requirements: the propagating spe
cies, be it free radical or ionic, has to be 
stabilized by the substituents on C l' while 
the steric hindrance at C2 has to be kept to 
a minimum to allow attack by the propa
gating center. Therefore, most vinyl mono
mers that can homopolymerize are mono
substituted or I ,  1 -disubstituted. The former 
can be homopolymerized at almost any 
temperature. The latter ones are prefer
ably homopolymerized at low or moderate 
temperatures because as steric repulsions 
increase in the polymer chain, depoly
merization becomes thermodynamically 
more favorable. As a result, these steri
cally hindered polymers will revert back 
to monomers at higher temperatures. 

Further substitution of the olefins ( ex
cept for fluorine) makes the olefins non
homopolymcrizable. In copolymerization 
much the same situation holds. However, 
a noteworthy aspect of free radical copoly
merization is the increased reactivity ob
served between monomers of opposite 
polarity and their tendency to form alter
nating copolymers. This cross-propaga
tion has been ascribed to the preference of 
an clcctrophilic radical, a radical stabi
lized by electron-withdrawing substitu
ent(s), to react with a nucleophilic mono
mer and vice versa. This makes possible 
copolymerization between monosub
stitutcd donor olefins with trisubstitutcd 
- and even tctrasubstitutcd - electron
poor olefins via a free radical mechanism. 

Turning to mechanisms of chain propa
gation, four are currently recognized: free 
radical, cationic, anionic, and coordina-
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tion (the last will not be dealt with in this 
review). The nature of the substitucnt 
dictates the feasibility of a given mecha
nism. Electron-donor substituentsstabi lizc 
a propagating carbocation, while acceptor 
substituents do the same for propagating 
carbanions. Many of these same substitu
ents can also stabilize free radicals, so that 
this mode is practiced most widely. 

Charge-transfer complexes 

In polymer chemistry as in organic 
chemistry, many reactions are governed 
by the polarity difference between the 
reacting molecules. The best known ex
ample is the Diels-Alder reaction between 
a nucleophilic diene and an electrophilic 
dienophile. In most cases these reaction 
mixtures are colorless. However, when 
the polarity difference between the reac
tion partners is rather large, colored solu
tions will be observed. The color is due to 
a charge-transfer (CT) complex, which is 
also called an electron-donor-acceptor 
(EDA) complex (Scheme 2). Partial elec
tron-transfer takes place between the two 
olefins resulting in a complex, as described 
by Mulliken:' A CT complex is in equilib
rium with the parent olefins. A true elec
tron transfer is a much higher energy pro
cess than the formation of a CT complex 
and only occurs at ambient conditions 
when extremely electron-rich olcfins arc 
mixed with extremely electron-poor olc
fins to form a cation-radical anion-radical 
pair. Such ion-radical salts can be isolated 
in certain cases, as for example the forma
tion of the conducting salt between tetra-

cyanoquinodimethanc (TCNQ) and tetra
thiafulvalene (TTF) (Scheme 2). 

CT complexes arc frequently mentioned 
in the polymer chemistry literature, but 
arc generally ignored in the organic chem
istry literature.' Organic chemists have 
mostly relied on the Frontier Molecular 
Orbital Model to explain the cycloaddi
tion reactions between electron-rich and 
electron-poor partners, at least for the 
[4+2)-cases.6 In contrast, theories pro
posed by polymer chemists to account for 
the observed alternating character of the 
copolymer, and also for the spontaneous 
initiations, seem to have been governed 
rather by the involvement of CT com
plexes. The early mechanisms proposed 
for the initiation of the so-called "charge
transfer" polymerizations al l  involved 
electron-transfer.' In these mechanisms 
the CT complex formation (partial elec
tron transfer) is followed by electron trans
fer from the donor olefin to the acceptor 
olefin, resulting in a cation-radical/anion
radical pair. Separation of the ion-radical 
pair is then proposed to lead to the initiat
ing species, be they radical or ionic (cat
ionic or anionic). In our opinion these 
postulated processes all require too much 
energy to generate the initiating species in 
systems possessing rather small electron 
disparity between the two monomers. 

As will be shown, based on solid prece
dents from physical organic chemistry, the 
spontaneous initiation can be explained 
without invoking complete electron trans
fer between the reacting olefins. In our 
view, the CT complexes are merely indi
cators of the electron disparity between 
the two monomers. 
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Difference between a polymer 
chemist's approach and an organic 
chemist's approach 

"Usually one .finds what one 
is looking.fhr. · ·  

R. Huisgcn, 1984 8 

Polymer chemists set up their experi
ments differently from organic chemists, 
and they work them up differently as well. 
To a substantial extent these artifacts dic
tate the outcome of the experiments. 

Polymer chemists prcfe·r concentrated 
solutions, even bulk monomers, to opti
mize the yield of polymer. Extraneous 
initiator is routinely added, even before 
the presence or absence of a spontaneous 
thermal polymerization has been estab
lished. The ratio of reactants (i.e., mono
mers/initator) is kept very high (> I 00: 1) 
to obtain high molecular weights. The 
product is isolated by pouring into a large 
volume of nonsolvent, filtering, and dry
ing. In this way cycloadducts and other 
small molecules, if present, arc lost in the 
filtrates. 

Organic chemists, on the other hand, 
prefer more dilute solutions and equiva
lent quantities of reactants. The product is 
often isolated by filtering and discarding 

any polymeric materials and evaporating 
the filtrate. Each group throws away the 
others ' product! 

Either process can be enhanced at the 
discretion of the researcher. Polymeriza
tion can be favored by deliberately adding 
extraneous initiator. Small molecules, in 
contrast, are favored when inhibitors arc 
deliberately added. Still other complica
tions arise if adventitious trace impurities 
arc present which may initiate or inhibit 
chain polymerization reactions. 

The end result of all these factors is 
that, at least for the reactions under dis
cussion here, much of the literature is less 
definitive than is desirable. Valuable in
formation is available from both the small 
molecules and the polymers. A 
cyclobutane, for example, is the signature 
of a tctramethylene intermediate. The 
type of polymer gives clues as to the 
nature of the spontaneously formed initi
ating intermediate, whether zwitterionic 
or diradical. A particularly significant 
aspect of the trapping of an intermediate 
by initiating a polymerization is the enor
mous amplification that is involved. An 
initiating species formed in a vanishingly 
small amount can still lead to a substan
tial quantity of polymer that is easily 
isolated and identified. 

The effect of systematic structure 
variation 

"Chemical reactions are electrical 
transactions " 

C.K. Ingold, 19699 

Although similar olcfins usually do not 
react when mixed, moderate disparity in 
electron-density between two olcfins can 
cause spontaneous free radical eopoly
merizations at slow but reproducible rates. 
A mixture of styrene (St) and methyl mcth
acrylatc heated to 60 °C will fonn a ran
dom copolymer without added initiator, 
as described by Walling in 1949 
(Scheme 3). 1 0  The copolymcrization is 
faster than either spontaneous 
homopolymerization. Similarly a mix
ture of St and acrylonitrile (AN) forms a 
random copolymer at I 00 °C. 1 1  This pro
cess is used on an industrial scale. We 
have very recently reexamined this sys
tem and shown that this initiation is not 
due to self-initiation by styrene, but to 
combination of St and AN. 1 2  

Styrene reacts differently with a more 
electrophilic olefin, such as vinylidene 
cyanide (VCN). The spontaneous poly
merization now takes place at room tem
perature and a strictly alternating co
polymer, within NMR detection limits, 
is formed (Scheme 3). 1 3  Following the 
early work of Trumbull, Stille and his 
co-workers found that 20% of a 2: I 
VCN:S t  adduct was formed, along with 
the alternating copolymer. Another 
monomer pair in this category is the 
combination of p -methoxystyrenc 
(MeOSt) and dimethyl cyanofumaratc 
(CNF). Herc again an alternating copoly
mer forms spontaneously at room tem
perature along with a cycloadduct 
(Scheme 3). 14  A detailed description of 
this system is given on page 4 1. 

Greater electron disparity exists be
tween p-mcthoxystyrcnc and methyl 
B,B-dicyanoacrylate. Mixing these two 
olefins results in formation of their 
cyclobutanc adduct or alternating copoly
mer depending on the reaction condi
tions (Scheme 3). 15 

When olcfins with still greater electron 
disparity arc used, ionic homopoly
mcrizations dominate the outcome of the 
reactions and cycloadditions compete more 
effectively. Mixing VCN with an alkyl 
vinyl ether (VE) at room temperature re
sults in the homopolymcrization of both 
the VE  and VCN, cationic and anionic 
respectivcly. 16 Moreover, Stille was able 
to isolate the cyclobutan e  adduct of the 
two olefins from the reaction mixturc. 1 7  
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In the presence of a radical in i t iator, a 
mixture of the alternating copolymer and 
the two homopolymers was formed along 
with the cyclobutanc adduct, showing that 
the free radical mechanism is v iable with 
this monomer pair and leads to a different 
polymer than the one obtained in the spon
taneous system. In this laboratory we 
investigated the reactions taking place i n  
a mixture of  N-v i nylcarbazole (NVCz) 
and tctrasubsti tutcd cleetrophi l ic olefins. 
Here again cationic homopolymerization 
of NVCz takes place along with cyclo
butane formation. " This system wi l l  be 
described in detail on page 4 1 .  

This l imited l ist of examples shows the 
general trends as we progress from weak 
donor/acceptor olefin pairs to the strong 
donor/acceptor olefin pairs: 

I. The intensity and color of the charge 
transfer complex deepens and moves 
from yellow through red to blue. 

2. The rates of the spontaneous reac
tions i ncrease. 

3. Progressively larger amounts of 
cycloadducts form. The cycloaddi
t ion pattern changes from Diels
Aldcr cycloaddition to [2+2] cy
cloaddition as the electron dispar
ity between the olcfins increases. 

4. Spontaneous random (with l i ttle or 
no tendency to alternate) free radi
cal copolymcrizations at elevated 
temperatures (>50°) give way to 
spontaneous alternating copolymcr
izations at room temperature and, 
eventua l l y ,  i on i c  homopo ly 
mcrizations predominate with the 
strongest pairs. These general po
lymerization tendencies had been 
descri bed by l watsuk i and 
Yamashita i n  their seminal paper i n  
197 1 .'"  

Proposed unifying mechanism for 
stepwise 2+2 cycloaddition and 
initiation of polymerization 

Concerted 2, + 2, cycloadditions arc 
forbidden by the Principle of Conservation 
of Orbital Symmetry as proposed by 
Woodward and Hoffmann in their famous 
short commun ications in 1 965 .211 Accord
ingly, the necessary i ntermediates in these 
cyclobutane format ions arc tetra
methylencs, which can be either di radical 
or zwitterionic in nature depending on the 
substituents. Bartlett investigated the cy
cloaddit ion of dienes and I, l -dichloro-2,2-
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di tluoroethylenc and concluded, based on 
product distribution and stereochcmical 
arguments, that these reactions proceed 
through a diradical tctramethylcnc i nter
mediate, as shown in Scheme 4.2 1  Huisgcn 
and his co-workers extensively studied 
the cycloaddition of v inyl ethers andTCNE 
(Scheme 4). These addit ions proceed 
quantitati vely at room temperature and 
their rate is greatly influenced by the polar
ity of the solvent. 1-luisgcn hypothesized 
that tctramcthylcnes arc either predomi
nant ly zwi tter ion ic  or predomi nant ly 
diradical i n  nature, depending on the sub
stituents on the terminal centers, and may 
be regarded as resonance hybrids of the 
two extremes. 

The Bond-Forming In i t iation Theory, 
originally described i n  1 983, proposes 
that these same tetramcthylcnc intcrmcdi-

ates arc the true in i t iators of the observed 
spontaneous polymerizations (Scheme 5). 
The weaker donor and acceptor olefins 
form a predom inant ly d iradical tetra
methylene intermediate that can in itiate 
free radical copolymerization, whi le the 
more nuelcophi l ic and more electrophi l ic 
olcfins form a predominantly zwittcrionic 
i n termed iate that can i n i t i a te  ion i c  
homopolymcrization. We  w i l l  show that 
this  concept is in agreement with both a 
selected spontaneous free radical copoly
mcrization and a selected spontaneous 
cationic homopolymcrization. In turn, 
polymer products offer a powerful diag
nostic tool to characterize tctramethylcncs, 
in contrast to small molecules. It may not 
be too .fcmtastic to regard stepwise cy
c/oaddition as a po!vmerization that has 
no propagation step 1 
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Detailed description of a 
spontaneous copolymerization 

It is well known that proving a mecha
nism involving a radical spec ies is more 
difficult than one involving ionic spe
cies. Combination of a moderately elec
tron-rich olefin with an electron-poor 
olefin often leads to free radical copoly
m e riza tions. We postulate that  a 
diradieal tetramethylcne is the in it iator 
of these copolymerizations. These olc
fins are not very reactive and, therefore, 

will react rather slowly. As a conse
quence, the concentration of the initiat
ing species will be low. 

The system chosen for this study was 
the combination of p-mcthoxystyrene 
(MeOSt) and dimethyl cyanofumarate 
(CNF) (Scheme 6). 1

•
1 The polymerization 

proceeds at room temperature and takes 
about 8 hours. The copolymer is perfectly 
alternating within spectroscopic detection 
limits. The only byproduct in this reaction 
1 s  the inverse-electron-demand 
Dicls-J\lder reaction form ing the 
dihydropyran derivative at very low 

concentrations. The observed kinetics of 
the polymerization are in agreement with 
two assumptions; namely, that the diradical 
tetramcthylene is the initiating species, 
and that the propagation proceeds in the 
same fashion as if the polymerization were 
initiated by a classical free radical initia
tor. No solvent polarity effect was found. 
The molecular weight of the polymer in
creases with time, which is contrary to the 
behavior observed for classical free radi
cal chain polymerization ( constant mo
lecular weight throughout the run). If, as 
we propose, the initiating species is a 
diradical, then each polymer chain will 
always have two radical ends. This is in 
contrast to initiated polymerization which 
proceeds with only one radical end. Ter
mination by recombination of two di radical 
polymer chains will result in a larger poly
mer chain, still with two radical ends. 
Therefore, the molecular weight contin
ues to increase. 

Most importantly, we were able to trap 
the diradical intermediate using TEMPO 
( 2 ,2, 6,6-tctram cth y I p i  pc rid in c-N-ox y I )  
and the I :  I :  I adduct could be isolated 
(Scheme 6). The structure of this adduct 
supports our proposed structure for the 
tctramcthylene intermediate. It might be 
argued that this I: I: I adduct could be 
formed from reaction of TEMPO with the 
hypothetical Dicls-Aldcr adduct with CNF 
as the dienophilc and the McOSt as the 
dicne. However, there can only be one 
possible Dicls-Aldcr adduct from two re
agents, and in this case we have shown that 
the inverse-electron-demand DA reaction 
occurs leading to the dihydropyran de
rivative. The trapping, in conjunction with 
the kinetics and the observed increase in 
molecular weight of the polymer, provide 
powerful evidence for the proposed di radical 
tctramethylcne initiator. 

Detailed description of a 
spontaneous homopolymerization 

The reaction of the electron-rich olefin 
NVCz and the electron-poor olefin TCNE 
had already been investigated by several 
researchers in the polymer field.24 We 
conducted a structure-reactivity study for 
this system by steadily decreasing the 
electrophi lic i ty of the acceptor olefin 
through gradual replacement of the cyano 
groups by the weaker ester groups. 1 8 These 
reactions arc a prime example of how the 
reaction conditions can determine the out
come of a reaction. When cquimolar 
dilute solutions of NVCz and the clcctro
philic olefin arc used, cyclobutanc ad
ducts are the main reaction product, with 
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the amount of the open chain unsaturated 
isomeric side product dependent on the 
reaction time. However, when excess 
NVCz is used, the main product is the 
homopolymer ofNVCz. The same behav
ior is found in the N-cthyl-3-vinylcarbazole 
/TCNE system.25 

The reaction of NVCz and dimethyl 
2 ,2-dicyanoethy l ene- 1, 1-dicarboxy late 
(ODED) was studied in great dctail. 1 8  The 
color of the CT complex is visible as soon 
as the reagents are mixed, but disappears 
rather fast. The cyclobutane adduct is 
formed first in I 00% yield and no more CT 
complex color is observed. If the reactant 
solution is left at room temperature, the 
homopolymcr starts forming along with 
the open chain isomer. A powerful solvent 
effect is observed. The polymerization can 
be initiated with exactly the same effi
ciency using the isolated cyclobutanc ad
duct as initiator. The polymerization is 
completely inhibited by the addition of 
methanol .  The polymer formation and 
isomcrization are competitive reactions as 
shown by the kinetics. 

Based on al l  these observations, the 
mechanism in Scheme 7 is proposed in 
which the cyclobutane reversibly opens 
up to reform the zwitterionic tetrameth
ylene. The zwitterionic species can exist 
in either the gauche or trans conforma
tion. The former is favored due to Cou
lombic interaction, but the latter will 
competitively undergo a proton transfer to 
form the open chain isomer or react with 
another NVCz molecule to initiate the 
cationic homopolymcrization. The an
ionic homopolymcrization of the clcctro
philic olefin is not possible because it is 
tetrasubstituted. 

In the NVCz-DDED system, the 
cyclobutane docs not revert back to the 
olefins, as shown by the absence of the CT 
color once the cyclobutanc adduct is 
formed. Therefore, neither the CT com
plex nor an ion-radical pair is the initiator 
for the observed cationic polymerization. 
If the NVCz cation-radical were formed, 
the NVCz dimer would be found,24d and it 
is not. NVCz is one of the most electron
rich olefins, and the fact that no cation
radica l s  are observed in this system 
makes it very unlikely that they would 
be generated in any other o lefin-olefin 
combination. 

We extended the proposed mechanism 
to further enhance the cffecti vcncss of 
electrophilic olefins as cationic initiators. 
Specifically, we introduced a leaving group 
in the 13-position of the olefin. Expulsion 
of the leaving group in the proposed zwit
terionic tctramcthylcnc results in a cat-
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ionic center with the leaving group as a 
more stable counterion. As shown in 
Scheme 8, olcfins such as 13,13-dicyano
vinyl tosylate and 13-carbomcthoxy-13-
cyanovinyl tosylatc arc effective initia
tors for cationic polymerization. 

Detailed description of diene-olefin 
reactions 

In reactions of electron-rich diencs with 
electron-poor olefins, the 4, + 2, Dicls
Aldcr cycloadditions arc the most obvious 
outcome and arc highly favored. We again 
quote Professor Huisgcn in mentioning 
that these reactions are dominant due to 
"the magic of the symmetry-allowed con
certed cycloaddition! "' The case of these 
concerted reactions depends not only on 
the HOMO-LUMO energies of the dienc 
and dienophilc, but also on the confonna
tion of the dicnc. The importance of the 
latter has been thoroughly investigated by 
Sustmann in the reactions of various dienes 
with TCNE. 26 The diencs in the s-cis 
conformation react substantial ly faster 
with the dienophilc than the dicncs that 
prefer the s-trans conformation. 

As we mentioned in the introduction, 
we recently determined that spontaneous 
polymerizations also occur in these sys
tcms.2 These polymerizations are repro
ducible and not due to impurities. They 
lead to extremely high molecular weight 
polymers. If the dicnc and dicnophilc arc 
able to copolymcrize by deliberately add
ing free radical initiators, then spontane
ous copolymer formation during the Diets
Alder reaction can be taken as evidence 
for the presence of initiating (di)radicals 
in the reaction mixture. 

A series of alkyl 1,3-dienes was re
acted with acrylonitrilc (AN). The dicncs 

were divided into different groups accord
ing to their conformational equilibria. The 
dicncs that exist freely in an s-cisls-tran.1· 
equilibrium include 2,3-dimcthyl- 1,3-
butadicnc (0MB), isoprene, and E- 1 ,3-

pcntadicne. The reactions of DMB with 
AN were investigated in great detail .2 
Alternating copolymers arc obtained along 
with the expected Diets-Alder cycloadduct 
at 80° and at I 00 °C. The copolymeriza
tion and the cycloaddition proceed as two 
independent second order reactions. The 
proposed mechanism is depicted in 
Scheme 9. The proposed free radical 
initiating species is a /rans-2-hexenc- 1,6-
diradical formed by reaction of the s-trans 
conformer of the diene with AN, while 
the s-cis conformation undergoes the con
certed cycloaddition. The conformation 
of the diene is an important factor in 
determining the outcome of the reactions. 
Even though the spontaneous polymeriza
tion is evidence for the presence of a 
2-hexene- 1,6-diradical in the reaction mix
ture, we do not propose any contribution 
of a stepwise mechanism to the observed 
[ 4+ 2]-cycloadditions. The eye loaddition 
and the formation of the initiating spe
cies result from different conformations 
of the diene with the acceptor olefin, 
whereas in the olefin-olefin reactions 
the cycloaddition and the initiation of 
the polymerization arc the consequence 
of competitive reactions of the 
tctramethylcne intermediate. 

1,3-Cyclohcxadiene (CHO) has a cy
clic structure which, of course, excludes 
the .1·-trans conformer. Therefore, we were 
rather surprised to find a l iterature report 
that thermal reactions of CHO with AN 
lead to a mixture of copolymer and 
cycloadduct.27 We confirmed this finding 
and again found independent second order 
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kinetics for both the copolymerization and 
the cycloaddition. This indicates that the 
s-gauche conformer of the dicnc can also 
form an initiating diradical as shown in 
Scheme 9. The competing concerted 
[4+2]-cycloaddition takes place from the 
s-cis form of the dienc. 

We confirmed these conclusions by 
using either s-cis-locked or s-trans-1ocked 
dienes. The former include 1,3-cyclo
pcntadicnc and 1,2-dimethylcnccyclo
pcntane, which in reactions with AN only 
undergo the concerted cycloaddition. In 
contrast, s-trans-iockcd diencs, such as 
2,5-dimcthyl-2,4-hexadiene and verbenenc 
(2-mcthylene-6,6-dimethylbicyclo[3. 1. 1 ]
hept-3-cne ), give exclusively copolymers 
in reactions with AN, still following the 
second order kinetics. 

1-Methoxy-1,3-butadicnc (MeOBD) is 
more electron-rich than the alkyldiencs. 
Again, the £-isomer can freely rotate from 
the s-cis to the s-trans conformer. There
fore, based on our proposed reaction 
scheme, a competition between the con
certed [4+2]-cycloaddition and the spon
taneous copolymcrization is predicted. 
MeOBD was reacted with a series of elec
tron-poor olefins with increasing elcctro
philieity. With the least electrophilic ole
fin AN, only copolymerization is observed. 
With fumaronitrile, high yields of high 
molecular weight copolymer are obtained 
along with [4+2]-cycloadduct. In the re
action of the very clectrophilic olefin 
methyl 13,13-dicyanoacrylate with MeOBD, 
the [4+2]-cycloaddition dominates with a 
low yield of the alternating copolymer. 

The more electrophilic the olefin, the more 
[ 4+ 2]-cycloaddition predominates over the 
copolymcrization and the higher the rates. 
The same mechanism as depicted in 
Scheme 9 is proposed for these reactions. 

I -Anisyl- 1,3-butadiene (ABD) is an 
example of a nucleophilic diene which 
cannot homo- or copolymerize by a free 
radical mechanism owing to the excessive 
stabilization of the growing allylic free 
radical. However cationic homopolymer
ization is possible. In reactions with trisub
stituted electrophilic olefins, such as tri
mcthyl ethylenetricarboxylatc, only ex
tremely rapid [4+2] cycloaddition takes 
place. But, if reacted with electrophilic 
olefins containing a leaving group, cat
ionic homopolymerization of the diene 
can compete with the cycloaddition. In 
these cases, more polymer is formed with 
increasing clectrophilic character and with 
increasing leaving group ability. Thus 2-
carbomcthoxy-2-cyanovinyl chloride in re
action with ABO leads mostly to 
cycloadduct, while 2,2-dicyanovinyl 
tosylate with ABD leads exclusively to the 
homopolymcr of the latter. This behavior 
is analogous to the reactions of nucleophilic 
olcfins with electrophilic olefins containing 
a leaving group and an analogous mecha
nism is proposed as shown in Scheme 8. 

Summary and conclusions 

These systems represent an intersec
tion of organic chemistry with polymer 
chemistry. A complete understanding of 
the mechanism requires identification of 

both small molecules and polymers formed 
by spontaneous reactions. Deliberate ini
tiation or inhibition may direct the out
come toward polymers or small molecules, 
respectively. 

Spontaneous polymerizations often ac
company the cycloadditions of electron
rich olefins or dicnes with electron-poor 
olefins. Such spontaneous polymeriza
tions are particularly likely to occur in 
reactions of monosubstituted electron-rich 
olefins or dienes with mono-, 1, I -di-, or 
trisubstituted acceptor olefins. Moderate 
electron disparity, as indicated by yellow 
charge transfer complexes, leads with 
moderate rates to alternating copolymers, 
Strong electron disparity, indicated by red 
or blue CT complexes, leads by fast reac
tions to cationic homopolymerization of 
the donor olefin. 

Representative reactions of these types 
were studied in detail. For the [2+2] case 
of moderate electron disparity, 
p-methoxystyrene and dimethyl cyano
fumaratc give an inverse-electron-demand 
hetero-Diels-Alder product and alternat
ing copolymer. The postulated 1,4-
tetramethylene diradical intermediate was 
supported by kinetics, free radical trap
ping, and lack of solvent effect. For the 
[2+2] case of strong electron disparity, 
NVCz and dimethyl l , l -dicyanoethylcne-
2,2-dicarboxylate reacted via a 1,4-tctra
methylcnc zwitterion, supported by kinet
ics, trapping, and strong acceleration by 
polar solvents. In this case, the tetra
methylene intermediate is partitioned be
tween the cycloadduct at low concentration 
and the polymer at high concentration. 

I ,3-Dienes and electrophilic olefins re
act spontaneously with clectrophilic ole
fins to give copolymers along with the 
expected Diels-Alder cycloadducts. Both 
products form by second order kinetics, so 
dilution does not affect the product ratio. 
The small molecule and polymer are not 
formed by partitioning an intermediate, 
but by competing reactions of the .1·-trans 
and s-cis dicne conformations. We postu
late that the former undergoes bond forma
tion with the acceptor olefin to form an 
intermediate 2-hexenc- 1,6-diyl initiating 
diradical, while the latter undergoes the 
concerted cycloaddition. 

Finally, mention may be made that these 
processes apply to industrially important 
olefins as well as to specialty components. 

We hope that this brief account may 
stimulate greater understanding and ap
preciation between organic and polymer 
chemists and that the combined use of 
both organic and polymer chemistry prin
ciples may be applied to other systems. 
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Polyfluorinated Alkenes, Alkynes, and Allenes 

Introduction 

Nowhere is the fascination of 
organofluorinc chemistry better exempli
fied than in unsaturated fluorocarbons. It 
is a chemistry of unusual rearrangements 
and novel products with a structural and 
mechanistic diversity that tests both the 
chemist's ingenuity and understanding. 
The aim of this article is to give an over
view of this important area. References 1 -
3 provide a more detailed discussion of 
many of the aspects covered. Reviews are 
available on the chemistry of perfluoro
alkyl( ary l ) alkynes4 and perfluoro-2-
methylpropene.5 

Synthesis 

Unsaturated fluorocarbons have been 
prepared via several general approaches 
(Scheme 1 )'; a combination of these is 
also possible, as in the synthesis of tetra
fluoroallene ( eq 7). 6 

One general approach is the P-elimina
tion of hydrogen halide from a partially 
fluorinated precursor. Dchydrofluorin
ation can be achieved using a variety of 
bases, including aqueous potassium hy
droxide ( eq I). 7 The factors that influence 
the loss of HF from polyfluorocyclo
hexanes and -cyclopentancs have been 
extensively investigated. 8 Electronic and 
stereochemical influences arc important, 
with the former being dominant. Use of a 
phase-transfer catalyst considerably im
proved the yield in the base-induced 
dchydroiodination of 1 ,2-bis(pcrfluoro
alkyl)iodoalkenes to bis(pcrfluoroalkyl)
alkynes. 9 

Dimerisation of the carbene formed by 
a-elimination of HCI from chlorofluoro
methane (1) forms the basis of the com
mercial production of tetrafluoroethylene 
(2) ( eq 5). '0 Alkene 2 can also be produced 
by generation of difluorocarbene through 
the electrolysis of dichlorodifluoro
methanc. 1 1  Decomposition of hexafluoro
isopropy l(pentafl uoroethy 1 )d iazomethanc, 
in the presence of boron trifluoride-

triethylamine, gives a perfluoroalkylated 
cyclopropcne in high yield. 12 

Elimination of bromine or chlorine us
ing zinc is another commonly used method 
(cq 2). 1 3 Electrolytic methods can also be 
used. 14 Mixed halogens can be eliminated, 
as in the case of IF from a,w-diiodoper
fluoroalkanes, to give pcrfluorodiencs. 1 5 
Dcfluorination is not widely used as a 
route to fluorinated alkenes. However, 
loss of fluorine from suitable substrates 
can occur using activated carbon 16 or so
dium amalgam ( cq 3). 1 7 The latter method 
is particularly useful for the synthesis of 
fluorinated diencs in good yield. 
Stcrcosclective defluorination of 
1 ,4-bis(perfluoroalkyl)butatricncs to 

Dehydrohalogenation 

0 
Dehalogenation 

Zn 200 °c 
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t An "F" in the middle of a ring denotes that all unmarked positions are occupied by fluorine. 
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fluorinated divinylalkynes occurs under 
mild conditions using zinc. 1 8 

A method especially important for the 
synthesis of terminal polyfluoroalkcncs is 
the P-climination of fluoride ion in the 
pyrolysis of sodium polyfluoroalkylcar
boxylates ( eq 4 ). 19 Contact times must be 
kept short to avoid isomerisation of the 
product to the more stable internal alkcnc.20 

Other species that can be eliminated to 
give unsaturated fluorocarbons include 
h exafluorocthanc ,  from tctrafluoro
ethylenc tctramcr,2 1  and nitrogen in the 
vacuum pyrolysis of triazincs. The latter 
method has enabled the isolation and iden
tification of the highly unstable difluoro
acetylene.22 Acctylcnic fluorines are highly 
destabilising; however, replacement of 
fluorine with a pcrfluoroalkyl (RF) group 
increases stability. A typical example is 
perfluoro-3-methylbut-l -yne which is ther
mally stable and can be readily stored. I t  
is  obtained by the pyrolysis of  perfluoro-
4 ,6-di  isopropy I- I ,2,3-tri az i ne  under 
vacuum.23 

Exchange of chlorine with fluorine is a 
very common synthetic approach in 
fluoroaromatic chemistry, but it is rarely 
applied in the synthesis of fluorinated alk
cnes. One of the few examples is the 
formation of 3 from its perchloro analog. 
Allylic rearrangements ensure that all po
sitions become reactive (cq 6).24 

Other synthetic methods that can be 
applied include the transformation ofCO2H 
to CF1 using sulfur tetrafluoride, as in the 
preparation of hcxafluorobut-2-yne.25 
General application of this approach is 
restricted by the available acids as precur
sors. Perfluorocarboxylic acid anhydrides 
arc useful raw materials for perfluoroalkyl
substituted 1,4-alkadienes through the 
Reformatsky reaction.26 2,2,2-Trifluoro
ethyl p-toluenesulfonate is a precursor for 
I, l -difluoroalkencs27 and I, l -difluoro- 1,3-
enynes. 28 Reaction of I, I, 1-trichloro
trifluorocthanc with aldchydes and subse
quent dehydrochlorination is a useful route 
to l -aryl-3,3,3-trifluoropropyncs.29 

Reactions 

Nucleophilic chemistry 
The chemistry of polyfluorinatcd alk

enes, alkynes, and allenes is dominated by 
reactions with nuclcophiles. Three pos
sible outcomes for a reaction between a 
nucleophilc and a fluoroalkene are shown 
in Scheme 2. As the stability of the 
intermediate carbanion 4 increases, there 
is a greater tendency for fluoride ion to be 
eliminated (-f\ and/or -F6). Alternatively, 
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Nuc 

CF3CF = CF2 

Diagram 1 

EtSH, Et3N 

Et,0 

protonation of 4 occurs to give an addition 
product. 

The orientation and reactivity of a 
fluoroalkcnc towards nucleophilic attack 
can be rationalised by considering the 
factors which influence the stability of 4 
(Diagram 1). 30 Pcrfluoroalkyl groups are 
electron-withdrawing (-10) and arc strongly 
stabilising. The influence of fluorine is 
less straightforward as -1

0 
is countered by 

a geometry-dependent +I, effect that is 
destabi Ii sing. The latter is greater for an 
sp2 than an sp3 carbanion. Although 
consideration of these factors explains 
most observations, they do not account 
for the greater reactivity of (CFJ2C=CF2 
compared to CF3CF=CFCF1. This has 
led to an alternative explanation being 
proposed that is based on the effect of 
substitucnts on LUMO energies and 

eq 8 

HOMO-LUMO interactions between 
nucleophile and alkcnc. 30,3 1  

There are many examples o f  reactions 
of fluoroalkenes with 0, N, S, C, and other 
nuclcophiles, 32 and those of tetra
fluoroethylcnc tetramcr and pentamer have 
been rcvicwcd.31 Recent examples in
clude reaction of perfluoro-2-mcthylpent-
2-cnc with thiourea, 34 diamines, 35 
alcohols,36 and hexafluoroacctonc cyano
hydrin;37 hcxafluoropropcne oligomcrs 
with secondary amines38 and thiols( cq 8);39 

1,2-dichloroperfluoro-cyclic and -acyclic 
alkenes with amines;40 and perfluorohept-
1-ene with bi functional nuclcophilcs. 4 1 

Correct orientation and a suitable site for 
attack may lead to hcterocyclic formation, 
as between perfluoro-3,4-dimethylhex-
2,4-dicnc and water (cq 9), or potassium 
sulfidc.42 
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Scheme 3 

Unsaturated fluorocarbons are very 
reactive towards nucleophiles and even 
1 ,8-diazabicyc lo [  5 .4.0]  undec-7-cnc 
(DBU) will react.43 In several instances 
the outcome is not as straightforward as 
expected. For example, tertiary aro
matic amines can react at the ring carbon 
in preference to the nitrogen. 44 

Tetrafluoroethylcne pcntamcr (5) is  
hydrolysed to a pentanoic acid using 
aqueous potassium hydroxide, but with 
triethylamine a perfluorinated dihydro
furan is obtained ( eq I 0). 45 

Fluorinated cpoxides arc intermedi
ates for fluorokctoncs and polycthers.46 

The usual method o f  synthesis is by 
reaction of alkaline hydrogen peroxide 
with the alkcnc. Cyclic17·48 and acyclic48•49 

fluoroalkcncs arc also readily cpoxidised 
by aqueous sodium hypochloritc. 50 It is 
interesting to note that the hypochlorite 
ion successfully competes with the hy
droxide ion in this reaction (cq 1 1  ). 

Nuclcophilic substitution can be fol
lowed either by further attack at an unsat
urated site or by elimination of HF. Flu
orinated imincs arc formed by loss of HF 
from the product obtained between pri
mary amines and polyfluoroalkcnes.5 1  

Reaction of ammonia with suitable sub-

F 

strates offers a route to nitriles that can 
then trimcrisc to give triazines substituted 
with polyfluoroalkyl groups.52 

The synthetic utility of fluoroalkenes 
and alkynes is further enhanced through 
reaction with bifunctional nucleophiles.53 

This offers the opportunity for the synthe
sis of a wide range ofheterocycles such as 
benzodioxoles and bcnzodioxepines. 53b 
Enolate anions combine with cyclic and 
acyclic fluoroalkenes to give furansand/or 
pyrans, depending on the rcactants.54 

The fluorodehydroxylation reagents 
2-chloro- I, 1,2 -trifluoroethyldicthylaminc 
(6)55 and N, N -diethyl- 1, 1,2,3,3,3-hcxa
fluoropropancamine (7) arc obtained by 
the addition of diethylaminc to the rel
evant alkenc. These reagents arc used to 
prepare fluorinated amino acids and ste
roids under mild conditions.56 Reaction 
can also occur in the presence o f  groups 
such as esters (eq 12).57 Reagent 6 is also 
useful for the introduction of the CHClF 
group into benzoheterocyclcs. 55b 

Fluoride ion chemistry 
Miller showed that carbanions gener

ated by fluoride ion could be trapped by 
various rcagcnts.58 This is a powerful 
technique for obtaining an extensive range 
of fluorinated compounds (Scheme 3). 
Fluoride ion induced oligomerisation is an 
important reaction for the synthesis of  
complex fluorinated alkenes. 30•

61 The struc
ture and distribution of the products arc 
dependent on the alkcne and reaction con
ditions; for example, with 8 it is possible 
to obtain a trimer while a hcxamcr is 
possible with 2.62 An important aspect is 
the preferential elimination o f  fluoride 
ion to give a branched alkcnc rather than 
polymerisation. An exception is the highly 
reactive hcxafluorobut-2-yne that forms a 
white polymer.63 The extended conjuga
tion in this polymer is disrupted by the 
bulky trifluoromethyl groups twisting the 
chain into a spiral fonn.64 
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Oligomerisation is not restricted to 
acyclic systems (Scheme 4 ). 65 With cy
clic compounds there is a competition 
between cxo and cndo products; a consid
eration of angle strain and eclipsing inter
actions can explain the observed distribu
tion. Bases such as pyridine can also be 
used to initiate a reaction by an ylid-typc 
process. Cooligomcrisation opens up the 
prospect of multi-ring compounds which 
themselves undergo novel reactions. This 
synthetic approach has been extended to 
reactions of the nitranion derived from 
pcrfluoro-1-mcthyl- 1,3-diazacyclopent-2-
and -3-enc with cyclic fluoroalkcncs.c,1, 

0 
9 

+F-

0 
9 

� 
9 

13 

0-0 -F-

� 
1 0  

t� 

� 
-F 0=0 ;;== 

+F· 

1 2  1 1  

Scheme 4 

+ solvent eq 13 

Carbanion 4 (Scheme 2, Nuc = F ) will 
also react with sufficiently activated aro
matics. This important reaction is known as 
polyfluoroalkylation and is the nucleophilic 
analog of the Friedel-Crafts alkylation. Side 
chains such as Cl,, (CF 1 )/:F, (CF3)3C, 
CF/C/)CF, CF,CFCI, and (Cl\)2CH67 can 
be in t roduced using th is method .  
Polysubstitution and rearrangement can 
also occur. Reaction of the hcptafluoro
isopropyl anion with trifluoro- 1,2,3-triaz
inc results in the unexpected isolation of 
14 together with the anticipated di- and 
tri-substitutcd products. Formation of 1 4  
is a rare example of nucleophilic attack at 
nitrogen, in this instance the N-2 of a 
triazinc ring.''' 

The outcome of these reactions is de
pendent on the stabi I ity of the intermediate 
carbanion4 (Scheme 2, Nuc - F ). Clearly, 
careful choice of the substrate and reac
tion conditions should make it possible to 
observe the carbanion spectroscopically. 
This is indeed the case and there arc now 
several reports (e.g., 1 2"'' and [(CF, ),C ])"' 
of direct observation by' 'C and '"F-NMR. 111 

Crystalline stable pcrfluoro- /ert-alkyl
carbanion salts can be isolated when 
tris( dimcthy !amino )sulfur (tri mcthylsi ly I )di
fluoridc (T AS-F) is used as the source of the 
fluoride ion. 7 1  The chemistry of the pcrfluoro
lerl-butyl carbanion has been reviewed. 

A fluoride ion can also induce some 
amazing skeletal rearrangements. Ex-
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14 

CsF 

RT 

1 5  

0-<0 KF 

510  "C 

10 

0-<0 + 0=0 
1 0  1 1  

amples of this include an acyclic trienc to 
a diisopropylidenccyclobutcnc, trimer 1 5  
t o  cyclohcptcnc 1 6  (cg 14), 7 1  and 1 0  t o  1 7  
(cg 15) . 7

' Isomcrisation of pcrfluoro- 1-
alkenes to the thermodynamically more 
stable 2-alkcncs readily occurs in the pres
ence of fluoride ions."' 

Pentafluorophcnylation of fluorinated 
alkencs occurs using trimcthyl(pcntafluoro
phcnyl)silanc and cesium fluoride. I(' Incor
poration of silyl ether and R, groups from 

& F 

eq 14 

16 

CF3 

F
� CF; eq 15 

C F3 
F F 

17  

254 nm 

� 
eq 16 

18 

silicon-containing precursors into cyclic 
fluoroalkencs is catalysed by fluoride ions. 
These products have potential applications 
as monomers and complexing agents77 

Rearra11geme11ts 
Rearr angements involving t h e  

sigmatropic shift o f  fluorine" can be 
achieved by photolysis 1" or pyrolysis. 81 1  

Spiro compound 18 is derived from 1 1  



0 Me4Sn 

23 

23 eq 1 7  

together with products of further reaction 
(such as trimers). Much of the interest in 
19 arises from its lack of planarity - in 
contrast to buta-1,3 -dienc. Addition of 19 
to buta- I ,3 -dienc87 and phcnylacctylcne88 

has also been investigated, while reaction 
with substituted thiazyls offers a route to 
fluorinated thiazines. 89 

Pyrolysis of the adducts of 
tetrafluoroethylenc90 and other fluoro
alkenes9 1  with butadienes can lead to 
fluorinated aromatics with a specific sub
stitution pattern. 

Other examples of cycloaddition lead
ing to hetcrocycle formation include reac
tion of C,N-diphenylnitronc with fluoro
alkenes to give isoxazolidincs,92" and 
oxazetidines  by 1,2-cycloaddition of 
nitroso compounds. 92b 

� - � 
VJlN��

,V 

Hcxafluorobut-2-ync (20) is a highly 
reactive dicnophilc with reaction leading 
to many interesting products, including 
hctcrocycles. A typical example is the 
formation of trithiadiazcpine (2 1 )  by ad
dition of tctrasulfur tctranitridc to 20.'n 
Reaction of tetrasulfur dinitridc with 20 
also gives a 1,3,2-dithiazolyl (22) which is 
stable up to 275 °C in the dark. Replace
ment of the trifluoromethyl groups with 
hydrogen or methyl considerably reduces its 
stability.94 Alkyne 20 is also a precursor for 
the metathesis polymerization to good qual
ity films of the conducting polymer 
poly(aectylenc) (eq 17).95 

Et2O. RT V ( ,;,� V  
N 

15 

0 N 
- I 

NH 

24 

when a mixture of lO and 1 1  is photolysed 
(eq 16). The required photoequilibration 
of 1 0  and 1 1  necessitates a photochemical 
I ,3 -shift of fluorine." 

In many instances, a fluorinated com
pound will undergo different chemistry 
relative to its hydrocarbon counterpart, 
enabling mechanistic subtleties to be ex
plored. Photolysis of octafluoro- 1,3,5-
tricne gives valence isomers, in contrast to 
its octahydro analog which docs not.82 A 
different mechanism is followed for the 
formation of the Cope product in the py
rolysis of fluorinated 1,5-hcxadicnes com
pared to the corresponding hydrocarbon 
analogs.83 

Cycloaddition reactions 
There is a great deal of interest in the 

cycloaddition chemistry of polyfluorinated 
alkenes containing the difluoromethylcne 
group because of their readiness to un
dergo thermal 2+2 cycloaddition to form 

H H 

25 
eq 1 8  

eq 1 9  

four-membered rings.8·' Indeed, the ten
dency is so great that in the elcctrocyclic 
ring opening of fluorinated cyclobutcnes 
the equilibrium is shifted towards the 
cyclobutene.85 These observations can be 
explained by the loss of destabilising vi
nylic fluorines and strengthening of the 
carbon-fluorine bond. 

Cycloaddition can occur between two 
fluoro components or a fluoro and non
fluoro component in a stepwise free radi
cal process. Terminal polyfluoroalkcncs 
arc more reactive than their internal coun
terparts, and the addition is usually very 
specific. In Dicls-Alder type reactions 
there is the possibility of competition be
tween 1,2- and 1,4- addition and, depend
ing on the reactants, even the former can 
predominate. 

The thermal cycloaddition reaction of 
hcxafluorobuta- 1,3-dicne ( 1 9) with itself 
has been studied in great detail.8" Adducts 
from 2 l 2 and 4+ 2 additions arc found, 

Cycloaddition of perfluoro-3 -methyl
but- l -yne to pent-2-ene involves a rare 
stcrcospccific 2+2 thermal reaction. 23 

The influence of fluorine on orbital 
energies, arising from the opposing ef
fects described earlier, has led to fluori
nated compounds being used as models in 
studying the finer points of the cycloaddi
tion mechanism. Reactions of fluoroallene 
and difluoroallcne arc of particular inter
est because the fluorine substitucnt affects 
C( I )  - C(2) and C(2) - C(3 ) diffcrcntly.9697 
Furthermore, benefits can arise from their 
increased reactivity compared to allenc 
and the low stcric demand of fluorine. In 
general, it is found that frontier molecular 
orbital theory can be used to rationalize 
the observations. However, it was also 
found that in the reaction with diazoalkancs 
there is a competition between frontier 
orbital and stcric control, resulting in a 
reversal of regiospccificity.'" 

1,3-Dipolar cycloaddition of diazo
methanc to pcrfluoroalkylalkenes yields �•
and �2-dihydropyrazolcs. Alkcncs with one 
or more fluorines arc significantly less reac
tive than when four R, groups arc present. In 
the case of the pyrazolc (24), fanned ini
tially by reacting 15 with diazomcthanc, 
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subsequent ring opening yields a dihydro-
1 H- 1 ,2-diazcpinc (25) ( eq 1 8  ). 99 

Other examples of addition include 
aryl azidcs and N-phcnylsydnone with 
tetrafluoroal lcnc 100 and ethyl diazoacetate 
with perfluoroalkylalkyncs leading to 
pyrazolcs. 1 0 1  Pyridinium cthoxycarbonyl 
and benzoyl mcthy l ides react with 
fluoroalkencs to give fluorinated indol
izines. 1 02 Pyrazolo[ 1 ,5-a ]pyridines arc ob
tained using hetcroaromatic im incs 
(cq 1 9)_ 1 03 

Free radical chemistry 
Free radical  attack of a fluorinated 

double bond occurs readily, but in contrast 
to ionic attack, the addition can be non
regiospccific. The direction of addition is 
influenced by polar effects, bond strengths, 
and the relative stabilities of intermediate 
radicals. An investigation into the addi
tion of ethers to fluoroalkcncs has helped 
in the understanding of the mechanism of 
free radical reactions. 11"· 105 Pcrfluoroalkyl 
groups arc found to influence further reac
tion by deactivating adjacent positions to 
the abstraction of hydrogen. These studies 
show that stcric effects are more important 
than capto-dative influences in 
polyfluoroalkyl-containing systems. Inter
estingly, the free radical addition of tertiary 
amines to hcxafluoropropcnc can occur in 
preference to nucleophi I ic attack. 105 

Radical reactions offer a practical route 
to numerous fl uorinated derivatives .  
Mono-, di-, and tri-adducts arc possible 
with ethers. 1 04 Simple adducts or cyclised 
products, such as dioxolancs, arc obtained 
from reaction with diols ( cq 20). Ill(, A 
particularly important reaction is that of 
telomcrisation of fluorinated alkcncs with 
perfluoroalkyl iodides (cq 2 1  ). 1 07 The 
extent of reaction can be determined by 
altering or changing the temperature, re
actant ratios, and reactants. A detailed 
investigation into the influence of reac
tion conditions on the tclomcrisation of 
tctrafl uoroethy lcnc with iodine and 
hcxafl uoropropcnc with dii odopcr
fluoroalkancs has been carried out. 1 08 The 
method of initiation for the reaction be
tween chloropcrfluoroalkyl iodides and 
ch l orotrifl uorocthy lcnc dctcrm incd 
whether liquid tclomers or solid polymers 
were formcd. 1 09 Copper complexes arc 
useful catalysts in the addition of carbon 
tetrachloride to 3,3,3-trifluoropropcnc 1 1 0 

and trifluorocthylcnc, 1 1 1 affording prod
ucts in high yield. 

Fluorination of hcxatluoropropcnc tri
mers leads to the isolation of a remarkably 
stable free radical (cq 22). 1 1 2  The bulky R, 
groups shield the radical centre from reac-
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tion with, for example, oxygen. The radi
cal is useful as a polymerisation initiator. 1 1 1 

Organometallic chemistry 
Polytluoroalkcnyl- and alkynyl orga

nometal l ics can be prepared by the usual 
synthetic procedures. 1 14 A process spe
cific to organotluorine chemistry is the 
addition of a tluoride ion to an unsaturated 
tluorocarbon (cq 23). Si lver fluoride will 
add to hcxatluorobut-2-yne, 1 1 5 pertluoro-
2-mcthylpropenc, 1 1 6 pcrtluoro-2-methyl
pcnt-2-cnc, 1 1 7 and tctratluoroal lene 1 18 to 

0 °G 
eq 26 

eq 27 

give the respective si lver compounds. The 
fol lowing examples il lustrate a few of the 
many applications of fluorinated organome
tallics in organic synthesis. 

Trifluorovinyl l ithium is obtained by 
direct mcta l l at ion 1 1 9 or  ha logen cx
change. 120 Its widespread use in synthesis 
is limited by its instabi l ity to elimination 
of lithium fluoride. 2,2-Ditluorovinyl
l ithium is a useful reagent for the forma
tion of compounds containing an allylic 
CF2 group. 12 1 Fluorounsaturatcd alcohols 
arc formed by the ring opening of oxiranes 



B¾r 

Me 
0, 1) n -Buli. THF 

+ L'.:_JJ 
N 

and oxctancs with fluorovinyllithium in 
the presence of B F/OEt/ 22 3,3,3-Tri
fluoropropynyll i th ium, generated from 
trifluoropropync, is used to obtain ynols 123 
and 1,4-dialkynyl esters 124 containing the 
trifluoromcthyl group. Ynols can also be 
isolated using 3,3,3-trifluoropropynyl
magnesium bromide. 125 

In general, fluoroalkenyl organolithium 
and magnesium halide compounds need to 
be used at low temperature, stimulating 
interest in more stable reagents based on 
other metals. Perfluoroalkenylcadmium 
and zinc reagents can be prepared, at room 
temperature, by reaction of the bromo- or 
iodoalkene and the metal. These reagents 
can be used at temperatures up to 80 °C to 
synthesize fluorinated dienes and alkenyl 
ketones via palladium-catalysed coupling 
reactions. 12" Similarly, �,�-difluoro-a
(trifl uoromethy 1 )styrenes are prepared 
from pentafluoropropen -2-yl zinc and aryl 
iodides ( cq 24 ). "' This is a useful route for 
aryl compounds substituted with nitro or 
ester groups and gives good yields under 
mild conditions. An alternative route to 
trifluorovinylzinc is by exchange of zinc 
for lithium (eq 25). 1 28 

Polyfluoroalkenylcopper reagents arc 
obtained by metathesis of zinc and cad
mium analogs with copper(!) salts and arc 
of similar synthetic valuc. 129 For example, 
fluorinated a-bromo or a -chlorovinyl 
copper and zinc compounds dimcrize to 
give buta - 1 ,2,3-tricncs. 1 10 Pcntafluoro
phenylcoppcr adds stercospccif i cally 
across the triple bond of 20 to give 
C,,f)C F3)C=C(CF)Cu. This reagent can 
be trapped with iodine, ally! bromides, 
and acyl chlorides ( cq 26 ). 1 3 1 The stcre
ochemistry of addition is sFn, and the 
method is useful for the preparation of 

3 

fluoroalkenes with a high degree of substi
tution. 2 -Chloroperfluorocycloalkenyl
copper reagents are useful for the intro
duction of a polyfluorocyclic group into, 
for example, acyl halides. 1 32 

a,�-Difluoroallyl alcohols can be syn
thesized from a,�-difluorovinyl triethyl
silane derived from chlorotrifluoroethyl
ene. 133 The a, �,� -trifluoro-analogous 
s i lane i s  a potent i al precursor for 
poly( difluoroaeetylene) through fluoride 
ion catalysis. 1 34 

Unsaturated fluorocarbons are of con
siderable interest as ligands in organome
tallic chemistry. Much of this stems from 
their highly electron deficient nature that 
can lead to modification of chemistry or 
allow insights into the mechanism of ca
talysis. 1 35 For example, movement of 
ligands in a complex can have important 
consequences for the outcome of a reac
tion. The tetrafluoroethylene ligand in 
[Ru(T]5 -C5Mc5)CI (T] 2 -C/)]2 was found to 
have a very low barrier to rotation. 1 11' 

Electrophilil' chemistry 
Although the chemistry of unsaturated 

fluoroorganics is dominated by nucleo
philic chemistry, this docs not mean that 
e lectroph i I ic reactions arc prcc I udcd. 
Dimcrisation 137 and isomcrisation 1 37· 1 38 of 
fluoroalkcnes can be induced using anti
mony fluoride in a reaction analogous to 
the acid -catalysed oligomerisation of 
hydrocarbons. Eleetrophil ie halofluor
ination 1 39 and reaction with, for example, 
mercury trifluoroacetatc 140 and sulfur tri
oxidc 1 4 1 arc observed. 

At first s ight, it is remarkable that 
electrophilic chemistry and the most elec
tronegative element can be associated. 
However, the 2p orbital of fluorine is 

26 

>600nm ll 365 nm eq 28 

F 

similar in size to that of carbon, and an a
-fluorine actually stabilises a carbocation 
compared to hydrogen. 1 42 

A practical illustration of this i s  the 
observation that clcctrophilcs add to I, 1 -
difluoroalkcnes so that the positive charge 
develops on the 1-C. 143 In certain cases, i t  
is  poss i ble to observe fluor inated 
earbocations by spectroscopy. 144 For ex
ample, substituted polyfluoroallyl cations, 
generated from the parent alkcnc using 
antimony pentafluoride, can be detected 
by 1 9F -NMR. 14 1" Similarly, the structure 
of the carbocation derived from perfluoro
�-mcthylstyrene has been analysed by 
1 9F -N MR _ l44h 

Electrochemistry 
Cathodic polymerisation of pertluoro

cyclopentene at platinum or mercury elec
trodes g ives a blue-black conduct ing 
material ( eq 27). 1 ·15 Perfluorocyclobutene 
behaves s imilarly, while reduction of 
perfluorocyclohexene gives hexatluoro
bcnzcnc. Electrolysi s  of perfluoro
cyclohcxadicncs at a mercury cathode also 
gives hcxafluorobcnzcnc in high yicld. 1 4" 
The mechanism involves stepwise elec
tron transfer and loss of a fluoride ion. 
Dimcrisation of pcrfluorocyclic  alkcnes 
can be achieved by electrochemical rcduc
ti on. 1 47 Funct ional is a t i on, such as 
fluorosulfation of pertluoro-2-alkencs, is  
also possible. 1 48 

Commercial applications 

The most important industrial use of 
fluorinated alkenes is in the synthesis of 
polymers and copolymers. Poly(tetra
fluoroethylcne) is the principal fluorinated 
polymer due to its unique combination of 
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high thermal and chemical stabi l i ty and 
low surface energy. 1 49 The necessity for i t  
to  be  processed by sintering has stimu
lated the development of polymers, such 
as fluoroclastomcrs, 1 50 which arc more 
amenable to traditional methods of pro
cessing. Included amongst these are 
poly( chlorotrifluorocthy Jene), poly( vinyl
idene fluoride), and the copolymer of 
v iny l i dcne fl uoride and hexafl uoro
propene. 1 5 1  Poly(vinyl idene fluoride) i s  
also of great interest because of i ts  pyro
and piczo-elcctric propcrtics. 152 A novel 
application of the latter property is in the 
generation of electricity using the effect 
of wave motion on fi laments of the poly
mer in the sea. 1 53 
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Hexafluoropropenc and tetrafluoro
ethy l ene can be photo ox id i s ed to  
perfluoropolycthcrs that are used as  flu
ids, for example, in vacuum tcchnology. 1 54 
Hexafluoropropcnc cpoxidc itself i s  an 
important monomcr 1 55 for ion-selective 
mcmbranes. 156 High-performance fluids 
and greases are obtained by tclomcrisation 
ofchlorotrifluoroethylenc. 157 Surfacccoat
ing materials are obtained by radical reac
tion of hcxafluoropropene with polyols. 1 58 
Interest in these materials stems from the 
low surface energy conferred by the fluo
rocarbon group. Not surprisingly, fluoro
carbon tclomcr iodides arc intermediates 
in the synthesis  of surfactants. Surface 
active agents can a lso be obtained via 
attack of suitable substrates on tetrafluoro
ethylene oligomers. A signi ficant differ
ence is that the former route leads to 
straight chain products whi le the latter 
process gives branched products. 1 59 

Octafluorocyclopcntenc (3) is used in 
the synthesis of some notable photochro
mic compounds 1 60· 1 6 1  and, in patiicular, 26 
(eq 28). Irradiation of 26 with l ight of 
different frequencies causes reversible ring 
opening/closing which confers the possi
bi lity of developing molecular switches for 
electronic appl ications. The fluorocarbon 
component enhances the abi l i ty of the 
system to withstand degradation under 
repeated irradiation. 1 60 

F luoroalkcncs also have potential ap
plications as intermediates in drug 162 and 
agrochemical 1 62· 161 synthesis, and as blow
ing agents. 1 64 
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�ab Notes 
In our lab we do a lot of ion chromatography. We use 

translucent polyethylene or propylene bottles for eluent 
and regenerant solutions. Determining the liquid level at a 
glance was always difficult. We tried many things, but a 
simple solution that works well is to put a handful of brightly 
colored Aldrich NMR tube caps in the polybottles. The caps 
show up really well through the bottle. They float. They are 
not attacked by most solutions. And they are both readily 
available and cheap! 

J.G. Townsend, Sr. Chemist 
Process Development and Support 

Research and Development 
Propulsion Division, Gencorp-Aerojet 

P.O. Box 13222 
Sacramento, CA 95813-6000  

Polypropylene caps 
For 5-mm NMR tubes 
red 21 1 ,807-9 
black 21 5,327-3 
white 21 5,328-1 
yellow 21 5,330-3 
green 21 5,331 -1 
blue 21 5,333-8 

$4.90/1 00 
4.90/1 00 
4.90/1 00 
4.90/100 
4.90/1 00 
4.90/1 00 

set ( 1 00 of each color, with case) 
215,326-5 $24.20/set 

For 1 0-mm NMR tubes 
red 21 1 ,808-7 $8.90/1 00 

Do you have an innovative shortcut or unique laboratory 
hint you'd like to share with your fellow chemists? If so, 

please send it to Aldrich (attn: Lab Notes, Aldrichimica Acta) . 
For submitting your idea, you will receive a complimentary, 
laminated periodic table poster (Cat. No. Z15, 0 0 0-2) .  If we 
publish your Lab Note, you will also receive an Aldrich 
periodic table turbo mouse pad (Cat. No. 224,409-0) like that 
pictured below. It is Teflon® coated, 8½ x 11 in., with a full
color periodic table on the front. We reserve the right to 
retain all entries for consideration for future publication. 

Teflon is a registered trademark of El .  du Pont de Nemours & Co., Inc. 
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' ' 
lease 

other 

1 a  R = CH
2
Ph 

1b R = CH3 

Jai Nagarkatti, 
President 

2a R = CH2Ph 
2b R = CH3 

Professor R . F.W. Jackson at the University of 
Newcastle, UK, suggested that we offer the enan

tiomeric pairs of N-(tert-butoxycarbonyl)-3-iodo
alanine methyl and benzyl esters. These chiral inter
mediates are readily converted into organozinc re
agents that are useful for the preparation of 
enantiomerically pure a-amino acids' as well as 
4-oxo- and 3-aryl-a-amino acids.2 The organozinc 
reagents undergo Pd(0 )  catalyzed coupling to give 
phosphonomethylphenyl alanines3 and also form 
zinc/copper reagents, useful for a-amino acid syn
thesis. 4·6 
(1) Jackson, R .FW. et al. J. Chem. Soc., Chem. Commun. 1989, 
644. ( 2) Jackson, R. F W. et al. J. Org. Chem. 1992, 57, 3397. (3) 
Dow, R.L.; Bechle, B.M. Syn/et/ 1994, 293. (4) Bajgrowicz, J.A. et 
al. Tetrahedron 1985, 4 1, 1833. ( 5) Idem Tetrahedron Lett. 1984, 
25, 2759. (6) Dunn, M.J. et al. J. Org. Chem. 1995, 60, 2210. 

40,625-2 N-( tert-Butoxycarbonyl)-3-iodo-L
alanine benzyl ester, 99% 

(1a)100mg $13.00; 500mg $43.20 
42,602-4 N-( tert-Butoxycarbonyl)-3-iodo-L

alanine methyl ester, 99% 
(1b) 250mg $16.25; 1g $45.00 

40,626-0 N-(tert-Butoxycarbonyl)-3-iodo-o
alanine benzyl ester, 99% 

(2a)100mg $13.00; 500mg $43.20 
42,603-2 N-(tert-Butoxycarbonyl)-3-iodo-o

alanine methyl ester, 99% 
(2b) 250mg $12.50; 1g $35.00 

Naturally, we made these useful protected amino 
acid derivatives. It was no bother at all, just a plea
sure to be able to help. 
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Organo lodine(III) and Thallium(III) Reagents in 

Organic Synthesis : Useful Methodologies Based on Oxidative 

Rearrangements 

1.  Introduction 

A similar and unique feature of both 
thallium(III) and organo iodine(III) re
agents is their oxidizing ability, where the 
central hypervalent atom act s  as an 
electrophile. These oxidations arc termed 
oxythallation and oxyhypcriodination. 
Oxythallation and solvothallation arc well 
established synthetic methodologies, ' 3 

whereas analogous iodination processes 
are relatively new and less common.4 

Several excellent publications dealing 
with the synthetic versatility of Tl(III) '  3 

and hypcrvalcnt iodine rcagcnts5· 1 2  have 
appeared recently. The present article is 
intended to highlight the parallel nature 
and synthetic utility of Tl(III) and organo 
!(III) reagents. The discussion will focus 
only on oxidative rearrangements, one of 
the most fascinating and potentially use
ful areas of organic research. This choice 
excludes discussion of a considerable 
amount of work on the rearrangement of 
iodonium ylides/salts, 6a· 1 2  a distinct fea
ture of organo !(III) reagents. The com
mon abbreviations of important reagents 
used in this review are given in Table l. 

2. Discussion 

As a part of our broad program directed 
towards the development of hypervalent 
iodine oxidation reagents for a-function
alization of carbonyl compounds, we ven
tured into the area of acctophenonc and 
chalcone oxidations with HTIB (in mctha
nol).4 However, instead of obtaining 
a-functionalized compounds, we observed 
products resulting from rearrangement. A 
reaction involving rearrangement was 
found to be of broader interest since simi
lar oxidative rearrangements using Tl(III) 
salts had been rcportcd.2" 

In this context, Moriarty and co-work
ers4 were the first to coin the term 
'solvohypcriodination' for hypervalcnt 
iodine mediated reactions, analogous to 
the term solvothallation used to describe 
Tl(III) reactions. Furthcnnorc, we pre-

dieted the possibility of providing a useful 
complement to the well-established Tl(Ill) 
mediated methods. Since then, a great 
deal of work based on the analogy between 
Tl(III) and !(Ill) reagents has revealed 
their increasing synthetic utility. Most of 
this work deals with rearrangement pro
cesses involving 1,2-aryl migration and forms 
the basis of this article. The discussion of 
these results has been divided into four parts, 
each part describing reactions with a differ
ent substrate. Subdivisions of these parts are 
based on the type of hypcrvalent reagent 
involved in the transformation. 

2.1. Alkyl aryl ketone substrates: 
a-aryla/kanoate and acid precursors 

Om Prakash 
Department of Chemistry 

Kurukshetra University 
Kurukshetra-132 1 19 

Hmyana, India 

a-Arylalkanoic acids, such as ibuprofen 
and Naproxcn-S, have found widespread 
use as anti-inflammatory agents. 13 In ad
dition, these acids and their derivatives 
are extensively used as important synthetic 
intermediates. Among the various methods 

available for preparing a-arylalkanoatcs 2 
and acids 1 ,  the oxidative rearrangement 
of alkyl aryl ketones 14 using Tl(Ill) or 

Table 1 .  Thallium(II I )  and organo iodine(ll1) reagents. 

Reagent 

Thalliurn( I I I )  acetate 

Thallium( I I I )  nitrate trihydrate 

Thallium( I I I )  perchlorate hydrate 

lodobenzene diacetate 

lodobenzene bis(trifluoroacetate) 
or 

[Bis(trifluoroacetoxy)iodo ]benzene 

[Hydroxy(tosyloxy)iodo]benzene 

[Hydroxy(mesyloxy)iodo]benzene 

Aldrich 
Formula Abbreviation Cat. No. 

Tl(O2CMe)3 TTA 15 , 1 1 6-5 

Tl(NO3)3 • 3Hp TTN 1 6,301 -5 

Tl(CIO4)3 • xHp TTPC 40,376-8 

Phl(O2CMe)2 18D 17,872-1 

Phl(O2CCF3)2 I BTA 23,213-0 

Phl(OH)OTs HTIB 30,103-5 

Phl(OH)OMs HMIB 
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organo l(III) reagents is one of the most 
efficient and practical ( eq 1 ). This elegant 
approach has been divided into the fol
lowing two sections to allow for a more 
detailed discussion of Tl(III) and ! ( III) 
reagents. 

2.1. 1. Tl(III) oxythallations/ 
solvothallations 

A variety of reaction conditions have 
been employed to achieve the transforma
tion of 3 to 1 ,  depending on the nature of 
the substrate. McKillop 1 5  used TTN in 
methanol to effect transformation of 
acetophcnone to methyl phcnylacctatc 
(94%). a-Mcthoxyacctophcnonc is formed 
as a by-product (6%). Although the reac
tion has been applied successfully to a 
wide range of acetophenones, it has two 
disadvantages. The reaction is unsuccess
ful for amino substituted substrates be
cause of preferential oxidation of the amino 
group. Second, use of acetophenoncs in 
which the aromatic ring is strongly deac
tivated (i.e., EWG substitucnts) results in 
low yields of esters and high yields of 
a-substituted products 4. 

The formation of a-substituted prod
ucts can be completely suppressed by uti
lization of TTN/K- 1 0  (i.e., TTN on K-10 
clay) reagents. 16 A few examples of alky 1 
aryl ketone rearrangements arc depicted 
in equations 2, 1 5• 1 6  3, 17 4, 18 and 5. 1 9-20 

Other alkyl aryl kctoncs, such as 
propiophcnones (3, R Mc) also undergo 
an analogous rearrangement to give me
thyl a-propionates. However, the use of 
methanol alone as a solvent does not give 
satisfactory results because of the con
comitant formation of a-mcthoxylatcd 
ketones. This side reaction is completely 
suppressed by employing the following 
reaction conditions: (i) a methanol and 
trimethyl orthoformate (TMOF) mixture as 
the solvent;21 (ii) use ofTTN/K-10 reagent; 16 

or (iii) employing the corresponding enol 
ether as a substrate. 22 The latter modifica
tion is particularly useful since it allows a 
one-step preparation of the methyl ester 7 
of ibuprofen from 4-isobutylpropio
phcnone via its cnol ether 8 (eq 6)_22-24 

The possible mechanistic pathways of 
these Tl(III) mediated rearrangements have 
been investigated by McKillop, 15• 16 Walker 
and Pillai,22 and Higgins and Thomas.25 

Despite some minor discrepancies, a rea
sonable mechanism based on these studies 
is outlined in Scheme 1 .  

2.1.2. /(Ill) oxyhyperiodinations/ 
solvohyperiodinations 

Hypcrvalent iodine(III) reagents pro
vide a useful alternative to Tl(II ! )mediated 
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methodology for the effective one-step 
conversion of 3 to 2. For example, 
acctophcnones, upon treatment w ith 
HTIB/IBD or iodosobenzenc and concen
trated sulfuric acid in methanol, afford 
methyl arylacetates (eq 7) in good yields, 
along w i th smaller amounts of  
a-mcthoxyacctophcnones.4•26•27 How
ever, oxidation of p-nitroacctophcnonc 
under s im ilar conditions mainly pro
vides the a-methoxy derivative (eq 8). 
This reaction has successfully been ap
plied to the synthesis of 2-substitutcd-3-
methylchromon-6-ylacetic acids 1 1  start
ing from 9 (Scheme 2).28 

The use of methanol as a solvent docs 
not give a satisfactory result for rear
rangement of propiophenones and related 
compounds. However, when TMOF i s  
employed as the solvent, propiophenoncs 
arc successfully transformed to a-aryl
propionates (cq 9). 

This method is also effective for syn
th cs i zing 2-(6-methoxy-2-naphthyl)
propanoic acid (12), whose (S)-enanti
omer is a well-known anti-inflammatory 
drug (Naproxen S, Scheme 3),26 as well 
as 2-substitutcd 3-mcthylchromon-6-yl
propanoic acids ( 14).28 

A further advantage of the hypervalcnt 
iodine approach is that alkaline hydroly
sis of the resultant ester can be per
formed directly without i solating the 
ester, thus yielding alkanoic acid in one 
step (Scheme 3; i . e . ,  13 to 12). 

The results of the hypcrvalcnt iodine 
oxidative rearrangements of alkyl aryl 
ketones, under various reaction conditions, 
can be explained mechanistically in terms 
of initial cnol ether formation, followed 
by solvohyperiodination, as shown in 
Scheme 4. In compounds substituted at 
the C-4 position with electron donating 
groups, the bridged phcnonium ion 18 is  
stabilized, thus aryl migration occurs. In 
compounds substituted at this position 
with electron w i thdrawing groups, 
mcthoxy participation gives bridged ion 
19 that subsequently undergoes ring open
ing to yield the a-methoxykctone 20.26 

2.2. Cha/cone substrates 
2.2. l. Tl(Jll) tramformatiom 

Chalconcs 21 ,  a typical class of 
a.�-unsaturatcd kctones, arc known to 
undergo oxidative 1,2-aryl migrations in 
the presence of either Tl(III) or !(III) re
agents. Thallium(III) mediated oxida
tions of 21, leading to convenient forma
tion of l ,2-diaryl-3,3-dimethoxypropan
l -ones 22, have been investigated in more 
detail than ](III) oxidations. Initially em
ployed conditions involving the use of 
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TT A/MeOH29 did not provide satisfactory 
results; however, replacement of TT A by 
TTN and use of a small amount of pcrchlo
ric acid provided improved results. 30 These 
conditions furnished rearranged products 
at room temperature in moderate to high 

yields. A probable mechanism is outlined 
in Scheme 5. 

Oxidation of chalcone (2 1 ,  
Ar = Ar' = Ph) with TTN in TMOF 
resulted in a I :  I mixture of the expected 
3 ,3 -dimethoxy- 1,2-diphcnyl-propan- I -
one (22) and methyl 2,3 -diphenyl-3-
methoxypropanoatc (23, Ar = Ar' = Ph). 
The latter product, 23, resulted from a 
competing pathway involving migration 
of the Ar' ring as shown in Scheme 6. 
TMOF, in the presence of acid, favors 
ketalization of the carbonyl group, lead
ing to a competing process involving 
migration of the Ar' ring. 3 1 ,32 

The rearrangement of chalconcs using 
TTN/MeOH becomes especially impor
tant in synthesizing isoflavoncs 26 from 
suitably a-substituted chalcones 27. Thus, 
when the Ar' ring of a chalconc carries an 
ortho-hydroxyl group, the l ,2-diaryl-3,3-
dimcthoxypropan- l -onc (28), the rear
ranged product resulting from solvo
thallation followed by Ar ring migration, 
should be capable of further transforma
tion to an isoflavonc (26) by intramo
lccular trans-kctalization (28 to 29) fol
lowed by loss of methanol (29 to 26, 
Scheme 7).33·3 4  This approach, first rec
ognized by Ollis and co-workers, has made 
isoflavoncs, including natural products, 
easily accessible. 

From a practical point of view, it is 
necessary to protect the or/ho-hydroxyl 
group before effecting the 1 ,2 -aryl 
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migration. An example is the synthesis of 
rctusin (Scheme 8). 35 Other examples of 
naturally occurring flavonoids synthesized 
using this methodology arc illustrated in 
Table 2 (cf. references 36-38). 

Ar'-CO-CH =  C H - Ar 

21 

T TN / MeOH 
HCI04 

2.2.2. /(Ill) transformations 
Hypcrvalent iodine reagents have also 

been employed to effect 1 ,2-aryl migra
tion in chalcones.39 Thus, treatment of 21  

with HTIB/IBD or  iodosobenzene in an 
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o

11 
R��Ar 
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26 

Scheme 7 

acidic methanol solution affords rear
ranged products 22 (Scheme 9, route a).4 

It is interesting to mention here in the 
context of hypervalcnt iodine chemistry 
that, depending on reaction conditions, 
various pathways can be followed in these 
oxidations. For instance, when chalcone 
is mixed with HTIB in dichloromethane, 
the v ie tosylate (30) is obtained40 

(Scheme 9, route b). On the other hand, 
the treatment of chalcones (21)  with IBD
KOH in methanol gives a-hydroxy-P
mcthoxydimethylketals (31 ,  Scheme 9, 

route c ).4 1 •42 

2.3. Flavanone substrates 
2.3. 1. /(Ill) tramformatio11s 

One of the most interesting and useful 
aspects of hypervalcnt iodine reagents is 
the oxidation offlavanones (32). Depend
ing on the reaction conditions isoflavoncs 
(26), flavones (33), and methyl 2-aryl-
2,3-dihydro benzofuran-3-carboxy !ates 
(34) can be prepared (Scheme 1 0) .  

The oxidation offlavanones with HTIB 
in boiling acetonitrile or propionitrilc does 
not afford the expected a-functionalized 
products [i.e., 3-tosyloxyflavanone (35)]. 

Instead, a 1 ,2-shift of the C-2 aryf group 
occurs, thus providing a new and useful 
route to isoflavones (26, Scheme 1 0, 

route a).43 The course of this oxidative 
rearrangement is greatly influenced by 
reaction conditions, resulting in 33 and 34 

in addition to 26 or a mixture of several 
products. 

Detailed experimental studies have 
established that it is indeed possible to 
choose reaction conditions giving a more 
selective process. For example, the other 
reaction conditions that can yield 26 as the 
major product in the oxidation of32 are IBD/ 
p-TsOH in MeCN, and iodosobenzene/ 
mcthancsulfonic acid in CH2Cl2 or McCN. 

Replacement of acetonitrile or propio
nitrile with methanol in the oxidation of 
32 with HTIB leads to entirely different 
results, producing flavones (33) as the 
major products (Scheme 1 0, route b).44 

Minor products include variable amounts 
of 34 and cis-3-methoxyflavanoncs (36). 

Similar results arc obtained by using IBD/ 
McOH, IBD/AcOH, or (PhIO)/BFtEt20. 
The use of IBD/CF3COOH, iodobcnzenc 
bis-trifluoroacetatc (!BT A) in MeCN, or 
IBD-H2SO /MeCN affords a mixture of26 
and 33 in varying ratios.45 

When TMOF is employed as a sol
vent in the previous oxidation a contrac
tion of the pyran ring occurs. Methyl 
2-ary 1 -2 ,3-d i hydro bcnzofuran-3-car
boxylates (34) are produced as major 
products, as well as minor amounts of 

Aldrichimica Acta, Vol. 28, No. 3, 1995 67 



cis�3-methoxyflavanones (36) and 33 in 
variable ratios (Scheme 10).46 

The mechanistic pathways for the trans
formations 32 to 26/33 and 32 to 34 arc 
outlined in Schemes 1 1  and 1 2 ,  
respectively. 

Salient features of these pathways are 
as follows: 

(i) A common step to both the conver
sions is the clectrophilic attack of the 
l (I I I )  species (oxyhyperiodination) on the 
enol form of32 at the face of the molecule 
anti to the C-2 aryl ring to provide inter
mediate 37. 

(ii) Pathways a and a ' ,  involving a 2,3-
aryl shift, lead to 26. Pathway b, involving 
SN2 attack ofX-/XH at the C-3 position of 
37, leads to 33 via 36. 

(iii) The nucleophilicity ofX /XH plays 
a decisive role in effecting the course of 
the reaction. 

(iv) The use of TMOF as a solvent 
provides strong acetalizing conditions (32 
to 38) leading to 34 via enol ether 39, as 
outlined in Scheme 12. 

2.3.2. Tl(III) tramformations 
The oxidation of 32 using Tl(III) salts 

under a variety of reaction conditions has 
also provided effective methods for the 
formation of 26,47·50 33,5 1 ·52 and 34.53 A 
particularly noteworthy feature is the effi
cient and general synthesis of 26. The 
oxidation of 32 with TTN or TT A and 
70% perchloric acid in MeCN or CH2Cl2 
provides 26. [A wide range ofisoflavoncs 
can be prepared with substitution (elec
tron withdrawing and electron releasing) 
at the para-position of the aryl ring.] 
Using MeCN/DME as solvent, thallium 
triperchlorate (TTPC) is generated in situ 
by exchanging acetate and nitrate with 
perchlorate anions.50 

The mechanism for these transforma
tions is similar to the pathways proposed 
for the hypervalcnt iodine methods as 
discussed in section 2.3. 1 and depicted in 
Scheme 1 1. Since the nature of the C-2 
aryl substituent in the TTPC mediated 
transformations of 32 to 26 has no affect 
on the course of the reaction, it has been 
suggested that the C-2 aryl migration pre
sumably occurs via an oxonium ion (path a) 
rather than a bridged carbonium ion (path a '). 

2.4. Misc·ellaneous substrates 
Other kinds of compounds that un

dergo oxidative rearrangement with Tl(I l l) 
and 1 ( 1 1 1 )  reagents include styrenes, 
alkynes, cinnamaldchydcs, and al lenes. 
Some examples of these reactions, which 
lead to a number of valuable products, are 
summarized in Table 3. 
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Table 2. Some naturally occurring flavonoids synthesized according to the 
Tl( I I I} methodology depicted in Schemes 7 and 8. 

Flavonoid Structure Reference 
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3. Conclusions 

The preceding summary of oxidative 
rearrangements clearly indicates the close 
similarity between Tl(III) and ! ( III) re
agents. A number of useful syntheses 
involving these oxidative rearrange
ments are receiving wider acceptance 
because of their simplicity, high yields, 
and use of readily available starting mate
rials. The methodologies involving the 
two types of hypervalent reagents are 
complementary. Some concluding remarks 
on their comparative advantages/disadvan
tages are discussed below. 

The advantages of Tl(III) over !(III) 
based methodology: 

(i) The use of TTN and K-10 in the 
conversion of alkyl aryl ketones to a.-aryl 
alkanoates suppresses the formation of 
a-substituted products ( 4). 

(ii) The use ofTTPC in MeCN or DME 
offers a general one-step synthesis of 
isoflavones from flavanones (32 to 26). 

(iii) One fundamental difference be
tween Tl(III) and !(Ill) is in the properties 
of their reduced products. Whereas thal
lium salts are generally water insoluble 
solids, organo iodine(! )  compounds are 
generally water insoluble liquids making 
it somewhat easier to separate Tl(I) salts. 

The advantages of ! ( III) over Tl(III) 
based methodology: 

(i) A unique feature of organo !(III) 
reagents is their nontoxic nature. Tl(III) 
salts arc usually highly toxic materials. 

(ii) a.-Arylalkanoic acids arc obtained 
in a one-pot procedure, if the step for the 
isolation of the ester is omitted. Separa
tion of iodobenzcnc is not problematic. 

(iii) A remarkable point in the context 
of hypervalent iodine chemistry is that 
two (or more) distinct pathways arc fol
lowed under acidic/neutral or basic 
conditions. 

(iv) Although not discussed in this 
review, iodonium ylidcs/salts that are 
available only through l(III) reagents are 
important synthetic intermediates. 6"· 1 2  

Finally, this review of hypervalent re
agents will hopefully stimulate further 
synthetic and theoretical studies with a 
special emphasis on the following aspects: 
(i) synthesis of chiral molecules, (ii) syn
thesis of biologically important com
pounds, and (iii) quantitative comparison 
of the reactivity of Tl(lll) and I(III) 
reagents. 
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Table 3. Miscellaneous substrates which undergo oxidative rearrangements using Tl( l l I )  and 1( 1 1 1 )  reagents. 

Major Reaction 
Substrate Structure product condition Reference 
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Rare Earth Triflates in Organic Synthesis 

Introduction 

Metal mediated bond formation plays 
an important role in organic chemistry. 
Recent discoveries indicate that rare earth 
trifluoromcthancsulfonatc complexes can 
substitute for traditional Lewis acids in a 
variety of organic transformations. 

Hydrated forms of the lanthanidc(II I) 
trifluoromethanesulfonatcs (triflatcs) arc 
prepared from the reaction of the corre
sponding oxide with triflic acid in water. 
Typically, the crude product contains eight 
or nine molecules of water. Extensive 
heating under vacuum is required to pro
duce a compound that is water free. These 
anhydrous salts arc air and water stable, 
hygroscopic, white to slightly colored 
powders�thc color depending upon the 
lanthanide atom. For example, prasco
dymium(III) triflatc is pale green. 1 

This article wil l  discuss the use of 
these reagents in carbon-carbon bond form
ing processes such as aldol condensations, 
Diels-Alder reactions, F riedel-Crafts 
acylations, and in a variety of carbon
heteroatom bond forming processes in
cluding glycosylation and ring-opening 
reactions of cpoxidcs and aziridincs. 

Carbon-carbon bond formation 

Aldol condensation. The Mukaiyama 
reaction is a Lewis acid catalyzed, cross
aldol involving the reaction of a silyl cnol 
ether (silyl ketcnc acctal) with aldchydes 
or kctoncs. First reported by Mukaiyama 
in 1973,2 this method overcomes tradi
tional problems with cross-aldol reactions 
such as difficult to separate product mix
tures. In the initial studies, TiCl4 was 
found to be the best Lewis acid catalyst; 
however, use of this catalyst requires 
strictly nonaqueous conditions. 

forma ldehyde so lution to make  
hydroxymcthyl adducts.3 These reactions 
were performed in the presence of water! 
Kobayashi found that the silyl enol ether 
of 2-mcthylcyclohexanone reacts readily 
in the presence of ytterbium triflate to 
form 2-hydroxymcthyl-2-mcthyleyclo
hcxanonc (Scheme 1 ). Ytterbium triflatc 
appears to be the most effective catalyst 
for this reaction, but most other l anthanidcs 
work to some extent. The reactions were 
carried out in a 1: 1 mixture of water and 
THF at room temperature and were com
plete after 24 to 30 hours. Yields ranged 
from 77 to 94% with various silyl cnol 
ethers (Scheme 1). As little as I mo! % 
of catalyst can be used without signifi
cantly reducing yiclds.4 Arscniyadis 
and co-workers took advantage of this 
methodology in studies directed towards 
the total synthesis of an A-scco taxanc 
(Scheme 2) .5 

Aqueous solutions can also be em
ployed for the Mukaiyama reaction with 

0 

&' H Jl H + 

Yb(OTf)a 

OSiMe3 

Ph � 

Yb(OTf)3 

fu Yb(OTf)a 

SE! 

Robert W. Marshman 
Aldrich Chemical Company, Inc. 

940 West St. Paul Avenue 
Milwaukee, WI 53233 

other aldehydcs and kctones (Scheme 3). 
Yield optimization studies using the reac
tion of 1-trimcthylsiloxycyclohcxcnc with 
bcnzaldchydc showed that the highest 

0 

CrOH 

92 % 

0 

PhyOH 

94 % 

0 0 

C/3" 
�o 

+ 

83 % 
SE! overall H 

3 Kobayashi first reported the use of 
I an than ide( I I  I )  tri fl uorom cthane
sul fonates as catalysts for the Mukaiyama 
reaction using a commercial ly available Scheme 1 
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yields were obtained with Yb(OTf)3, 

Lu(OTf)3 , and Gd(OTf)3 . Diastcrco
selectivities for the reaction were modest, 
averaging 75% syn and 25% anti. Water/ 
THF ( I  :4) was found to be the most effec
tive solvent. 6 

Interestingly, salicylaldehydc and 
2-pyridinecarboxaldehyde can be used as 
substrates with lutetium triflatc as the 
catalyst. Normally, metal cnolates or 
Lewis acids are incompatible with 
salicylaldehyde because of the free hy
droxy group. 2-Pyridinecarboxaldchydc 
is difficult to use with Lewis acids due to 
coordination of the metal with nitrogen 
which deactivates the catalyst.6 

The use of lanthanide triflates as cata
lysts is not restricted to solutions contain
ing water. An anhydrous organic solvent 
was employed by Kobayashi7 to carry out 
lanthanum-catalyzed aldol reactions of 
silyl enolates with several aldehydes and 
acetals (Scheme 4). Even though these 
reactions in organic media arc 
hetereogeneous, yields are generally good, 
ranging from 75 to 95%. 

Reaction rates vary considerably be
tween catalysts. In the previous study, 
approximately 16 hours at room tempera
ture were required for complete reaction. 
Another study found that scandium triflatc 
catalyzed the reaction of l -trimcthylsiloxy
cyclohexene with benzaldchyde at -78 °C 

PhCHO + 

(X
CHO 

OSiMe3 + 

Ph }v OH 

(r
CHO 

OSiMe3 + 

Ph}v � 
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in the same amount of time. At this 
temperature Y(OTf)3 and Yb(OTf)3 did 
not work as catalysts. A number of other 
aldchydcs and acctals will react with silyl 
cnol ethers at this temperature, with alde
hydes more reactive than acetals.8 

Some attempts have been made to 
prepare chiral Lewis acids capable of per
forming enantiosclcctivc Mukaiyama 
reactions (Scheme 5). One group of cata
lysts can be prepared by reacting lan
thanide triflatcs with the dcprotonatcd 
form of ( I S,2S) - 1,2 -diphenylethylene
diamine in THF. Evaporation of the 
solvent in vacuo and extraction of the 
residue with dichloromcthanc yields the 
active catalyst. Lanthanum, ytterbium, 
and europium catalysts were prepared in 
this manner. Catalyst effectiveness was 
studied by reacting bcnzaldchydc, 

1) LDA-THF 

2) TMSCI, Et3N 

p-nitrobenzaldehyde, and hydrocinnam
aldehydc with the ketene silyl acctal de
rived from ethyl isobutryate. Yields ranged 
from 19 to 98% (p-nitrobcnzaldehyde giv
ing the best yield) with cc's of 33 to 47%. 
Using the ytterbium catalyst, it was found 
that slow addition of the substrate im
proved the enantioselectivity.9 In another 
study, a variety of rare earth compounds, 
including ytterbium triflatc, were used 
as catalytic or stoichiometric reagents 
in the reaction of (E)-silyl ketene acetals 
with benzaldehyde (Scheme 5) .  The 
best anti/syn ratio was obtained by using 
Sm(O-mcnthyl)z- 1° Mechanistic studies 
indicate that a silicon species, and not the 
metal complex, is the active catalyst in the 
system," making it difficult to design a 
lanthanide-containing chiral catalyst for 
this reaction. 12 

1) Yb(OTI),, HCHO 

2) TBAF 

Scheme 2 

Yb(OTf)3 91 % 
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Yb(OTf)3 90 % 

55 45 

OH 0 OH 0 
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OH OH 
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OH 0 OH 0 
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Recently, the use of ytterbium( III) 
triflate as a stoichiometric reagent in 
cross-aldol reactions between ketones 
and aldehydes was reported (Scheme 6). 13 
To avoid unwanted side products, the re
action is done sequentially: ytterbium 
triflate and tricthylaminc arc added to the 

ketone to form an intermediate ytterbium 
cnolatc complex, which is then quenched 
with the aldehyde. Thr eo -diastereo
selcctivity is favored with isobutyralde
hyde and trimethylacctaldchyde, while 
products with benzaldehydc arc predomi
nantly erthyro. 1 3  

>=<.
OSiMe3 
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OMe 

PhCHO + "=<
OSiMe3 

SE! 

Tl 
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x
,,,N Na 

Ln(OTl)3 + 

Ph N Na 
Tl 
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Yb(OTf), 

Scheme 4 
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Ln- catalyst A 
CH2Cl2 

OSiMe3 
PhCHO + 
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-
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w -

0 Ph O 
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Michael reaction. Lanthanide triflates 
catalyze the conjugate addition of silyl 
cnolatcs with a,P-unsaturated ketones to 
give the 1 ,5 -dicarbonyl compounds 
(Scheme 7). Silyl enolatcs derived from 
ketones, esters, and thiocstcrs can be used. 
These reactions arc run at room tempera
ture in methylene chloride followed by 
acidic workup. 14 Scandium triflate will 
also catalyze this reaction giving 1,5-
dicarbonyl compounds in 80 to 88% yield 
with no 1,2 -addition products. 8 

Diets-Alder reaction. Although not 
strictly necessary, Lewis acids arc em
ployed as catalysts in Diels-Alder reac
tions to improve regiosclectivity and the 
extent of endo addition. Not surprisingly, 
rare earth triflates have found use in this 
reaction (Table 1 ). Yb(OTf)3 catalyzes 
the Diels-Aldcr reaction of methacrolein, 
methyl vinyl ketone, or 1,4-naphtho
quinone with cyclopcntadienc. With 
methacrolein the exo isomer is favored, 
while the other two dienophiles provide 
predominantly the endo isomer. 14 Scan
dium triflatc also acts as a catalyst. The 
reaction of 3-acryloyl- 1,3-oxazolidin-2-
ones or methyl vinyl ketone with dienes in 
dichloromethane, followed by water 
workup, gave the Diels-Alder product in 
good to excellent yields. Endo products 
are favored. 15 Scandium triflatc was also 
examined as a possible catalyst in the 
synthesis of tetracyclic intermediates via 
the Dicls-Alder reaction, resulting in good 
yields but a mixture of products. 16 

In contrast to the aldol condensation, 
considerably more success has been 
achieved in developing chiral triflatc cata
lysts for asymmetric Diels-Alder reac
tions. For example, a catalyst prepared 
from ytterbium or scandium triflate, (R)
( + ) -binaphthol, and a tertiary amine 
catalyzes the reaction of crotonoyl- 1,3-
oxazolidin-2-one with cyclopentadiene to 
produce the Diels-Alder adduct in 77% 
yield, with an endo to exo ratio of 89: 1 1  
and a 95% ee favoring the endo (2S,3R) 
adduct (Scheme 8). Trimethylpiperidine 
was the most effective amine for the 
reaction. 1 7• 1 8  

The proposed structure for the catalyst, 
based on llC-NMR and JR data, shows 
both oxygens of the binaphthol coordi
nated to the metal, with a hydrogen bond 
between each of the binaphthol hydro
gens and two molecules of cis- 1,2,6-
trimethylpiperidine. These interactions 
arc indicated by changes in the 1 3C chemi
cal shifts of the N-methyl groups of the 
piperidinc (Scheme 9). Aging of the cata
lyst occurs during the reaction and as 
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reaction times increase, selectivities 
decrease. Certain additives, such as 3-
acetyl- 1 ,3-oxazolidin-2-onc and 3-phcnyl
acetylacctonc (PAA), prevent catalyst 
aging. 1 9  

With ytterbium triflate as the catalyst, 
cnantioselectivitics can be reversed de
pending upon the choice of additives. The 
addition of 3-acetyl- 1 ,3-oxazolidin-2-one 
gives a 93% ee of the (2S,3R)-isomer, 
while PAA produces an 8 1  % ee of the 
(2R,3S)-isomer. This is important be
cause the same chiral source, (R)-(+)
binaphthol, is  used to produce both 
cnantiomers. 20 

Using the cnantioselcctive catalyst sys
tem developed by Kobayashi, Marko was 
able to produce chiral bicyclic lactones in 
moderate to excellent enantiomeric purity 
(Scheme 10). On heating, these lactoncs 
lose CO2 to form substituted cyclo
hexadicncs. 3-Carbomethoxy-2-pyrone 
(3-CMP) was reacted with a variety of 
vinyl ethers and vinyl sulfides. It was 
found that cnantioselcctivity increases with 
the size of the substituent attached to the 
vinyl ether oxygen. An ethyl substituent 
gives 27% ec, while adamantyl gives 
85% ec. The adamantyl product can be 
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OH -
OH 4A MS I 

\_J 

(2R, 3R) 

'CY 
Scheme 9 

£b_ 0 

}- NAO 

0 \_J 
(2R, 3S) 

df6 
(2S, 3S) 

N H 
o_ 
O_Yb(OTl)3 

Table 1 .  Rare earth triflates used as catalysts i n  Diels-Alder reactions. 
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recrystallized once to give optically pure 
material. Product enantiomeric purity is 
usually higher with vinyl sulfides than 
with vinyl ethers.2 1  

Acylation. Friedel-Crafts acylations 
normally employ a stoichiometric amount 
of aluminum chloride as the Lewis acid. A 
catalytic amount o f  Yb(OTf) 3 in 
nitromethane at 50 °C promotes the 
acylation of anisole, thioanisolc, and N,N
dimethylanilinc to the corresponding 
acetophenones in good yield (Scheme 1 1  ). 
Unlike aluminum chloride, the catalyst is 
recoverable and can be reuscd.22 

Scandium trifluoromethanesulfonate 
was found to catalyze the acylation of 
alcohols by acid anhydrides under mild 
c onditions in quantitative yields 
(Scheme 1 1). A typical catalyst loading 

l('Y
C00Me 

ll�A + 
0 0 

-

was I%. Yields are better and reaction 
times shorter than with other acylation 
catalysts such as DMAP and Bu/. Sec
ondary and tertiary alcohols are easily 
acylated and acid-sensitive substrates can 
be acylatcd at low tempcraturcs.23 

Allylation. Lewis acids arc well known 
for promoting the allylation of aldehydcs; 
however, stoichiometric quantities of 
Lewis acids are usually required. Scan
di um triflatc catalyzes the reaction of 
carbonyl compounds with tctraallyltin in 
an aqueous medium (Hp!THF I : 9, 
Scheme 12) with yields ranging from 74 
to I 00%. Reactions with o-arabinose and 
2-deoxy-n-ribose produce predominately 
the anti isomer, while the reaction with 2-
dcoxy-o-glucose produces a I: I mixture 
of enantiomers.24 Ytterbium triflate 

icooMe 
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(5 mo!%) catalyzes the reaction of alde
hydes with allyltributylstannane under 
mild conditions in dichloromethane 
(Scheme 12). Reactions are complete 
after 24 hours and give excellent yields.25 

Pinacol coupling. A reduced lan
thanide triflate, prepared from the reac
tion of either Sm(OTf)3 or Yb(OTf)3 with 
ethylmagnesium bromide at -78°C fol
lowed by warming to room temperature, 
promotes the reductive homocoupling of a 
variety of aldehydes and ketones to form 
the corresponding pinacols. This reagent 
is more efficient than Sml/6 A similar 
reagent can be prepared from 
samarium(I I I )  triflate with sec-butyl
lithium at room temperature in THF. On 
treatment with low valent samarium 
triflate, pinacol coupling of ketones and 
aldehydes proceeded smoothly.27 

Carbon-oxygen bond formation 

Glycosylation. Stereoselective 
glycosylation is one of the most important 
reactions in carbohydrate chemistry, and, 
consequently, a number of methods have 
been developed. Several Lewis acids have 
been employed in this capacity. Recent 
studies have shown that lanthanide triflates 
are useful catalysts for glycosylation with 
free I -hydroxy sugars and with 1-O-pro
tected or masked glycosyl equivalents. 

A combination of Yb(OTf\ and 
methoxyacetic acid serves as a catalyst for 
the reaction of a I -hydroxy sugar with a 
variety of alcohols to form glycosides 
(Scheme 13). Most of the yields were 
quantitative with a:13 ratios of 75:25. In 
one case, namely, the reaction of a 
ribofuranose with 2,3,4-tri-O-benzyl-5-
methy 1-n-gl ucopyranose produced only the 
13 form.28 Lanthanum triflate was found to 
be the most effective catalyst for the 
glycosylation reaction of 2,3,5-tri-O-ben
zyl-n-ribofuranose with a variety of 
glycosyl acceptors (Scheme 13). This 
reaction required hexamethyldisiloxane 
and anhydrous calcium sulfate. The 13 form 
of the glycoside is favored; however, ad
dition of lithium perchlorate reverses 
the selectivity.29 

Cyclic sulfites are easily made by treat
ing a glycal with osmium tetroxide and 
NMO to produce the cis-diol followed by 
reaction with thionyldiimidazole (Scheme 
1 3). The sulfite, in turn, is treated with 
either ally!, benzyl, or c yclohcxyl alcohol 
in the presence of ytterbium or holmium 
triflate to stcreoselectively produce the 
glycoside. With the benzyl protection, the 
glucosyl sulfite produced only thel3 form.30 
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Glycosyl fluorides are often employed 
as glycosyl donors in the synthesis of 
complex sugar chains. Rare earth salts 
catalyze their reaction with glycosyl ac
ceptors (Scheme 13). As the examples 
show, good a and � selectivity is possible. 
Lewis acid additives such as zinc chloride 
or barium perchlorate significantly reduce 
reaction times.3 1  

B enzyl and acy l protected 1 -0-
methoxyacetyl sugars also act as glycosyl 
donors. A number of rare earth triflates 
were found to effectively catalyze their 
reactions with a variety of alcohols and 
thiols (Scheme 13). 32 In most cases, a 
mixture of a and � forms was observed, 
with the thermodynamically stable isomer 
predominating at elevated tcmperaturcs.33 

In the reaction of 1 -0-methoxyacctyl-
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2,3 ,4,6-tetra-0-bcnzy l-o-gl ucopyranose 
with 1 -octanol, triflates of some heavy 
lanthanidc(III) salts such as Tb(OTf)3 , 
Ho(OTf)v Tm(OTf)3, and Yb(OTf)3 were 
highly effective as catalysts. A combina
tion of methoxyacctic acid and Yb(OTf)3 
will also catalyze the reaction.34 Ytter
bium triflatc in nitromcthanc catalyzes 
the reaction of peracylatcd sugars such as 
1 ,3 ,4 ,  5 ,  6-penta- 0-acety 1 - �-o-g l uco
pyranose with trimethylsilyl azidc to form 

glycosyl azidcs. While yields are slightly 
lower than with other Lewis acids, the 
catalyst is easily recoverable and can be 
reused. Solvents other than nitromethane 
are not effective for this reaction. 35 

Ring Opening. Yttrium triflate cata
lyzes the reaction of lithium enolatcs with 
epoxides to form y-hydroxy ketones 
(Scheme 14). Lithium enolatcs derived 
from pinacolone and acetophenone react 
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with either propylen e  oxide, 1,2-
epoxyoctanc, styrene oxide, or 1,2-epoxy-
3-phenoxypropanc to form the desired 
product. Attack at the least substituted 
epoxide carbon is favored for all but sty
rene epoxide.36 Scheme 16  

Carbon-nitrogen bond formation 

Enolates and unsaturated esters. 
Preparation of P-amino ketones and 
P-amino esters, which lead to P-lactam 
derivatives, can be accomplished by the 
reaction of imines with enolates 
(Scheme 15). Yttrium, ytterbium, and 
scandium triflates catalyze this reaction 
with yields ranging from 47 to 97%.37 
Ytterbium triflate was found to be the best 
catalyst for the high pressure synthesis of 
P-amino esters from a.,P-unsaturated me
thyl esters. Using this method, it is pos
sible to synthesize some very hindered 
amino esters that are of interest as P-lactam 
precursors (Scheme 15). The reaction of 
benzylamine with an ester containing a 
chiral 1,3-oxathiane produced the desired 
adduct with good diastereosclectivity.38 

Tetrahydropyridines can be prepared by 
the Die ls-Alder reaction of imincs. Scan
dium and ytterbium triflatc catalyze the 
reaction of several imincs with 
Danishefsky's diene to produce cycload
dition adducts in good yield (Scheme 15). 29 

Nitrites. Monoamines, primary di
amines, and secondary amines react with 
nitriles to give amidincs, cyclic amidincs, 

and pyrimidines, respectively. Almost all 
lanthanide triflates are active catalysts for 
this reaction. Typically, 1- 10 mol % of 
catalyst is used giving yields of approxi
mately 90%.39 At high temperature, am
monia reacts with acctonitrile and 
bcnzonitrile in the presence of yttrium 
triflatc to form 2,4,6-trisubstitutcd-s-tri
azines (Scheme 16).40 

Ring-opening reactions. The treat
ment of epoxides or oxetancs with amines 
is a useful method for the synthesis of 
amino alcohols. Commonly used meth
ods suffer from limitations with sterically 
demanding amines. The high pressure 
mediated ring opening of epoxidcs with 
amines to give amino alcohols is cata
lyzed by Yb(OTf\. Cyclohexene oxide 
reacts with benzylamine, dibenzylamine, 
phenyl amines and pyrrolidinc to form 
P-amino alcohols in good yields (Scheme 
1 7) .41 Ytterbium, neodymium, and gado
linium triflates arc effective catalysts for 
the preparation of P-amino alcohols by 
aminolysis of 1,2-epoxides at atmospheric 
pressure (Scheme 17). Reactions were 
performed at room temperature in nonpo
lar or slightly polar solvents and gave 

good yields (85 to I 00%) using only a 
small amount of catalyst.42 The same 
three catalysts are also useful for the 
aminolysis of oxetanes to fonn y-amino 
alcohols (Scheme 17). LiBF 

4 
and LiCIO 

4 

also serve as reagents in this reaction 
giving similar yields; however, reaction 
times arc significantly Jonger.43 

A complementary reaction is the treat
ment of aziridines with primary and sec
ondary amines to form 1,2-diamines. 
Mono- or di-substituted N-protected 
aziridincs react with amines in the pres
ence of a catalytic amount of Yb(OTf\ to 
form the desired product (Scheme 17). 
Tri-substituted and unprotected aziridines 
gave unidentified polymers. Boe, tosyl, 
and benzyl protecting groups can be used 
to protect the aziridine nitrogen.44 

Conclusion 

Rare earth triflates arc versatile Lewis 
acids that have been employed in a num
ber of important reactions. One of the 
main advantages they offer over other 
Lewis acids is the ability to act as catalysts 
rather than stoichiometric reagents. Al
though somewhat hygroscopic in the solid 
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form, they arc stable towards water and 
arc effective as catalysts in solutions con
taining water. Additionally, they arc easily 
recoverable and show no loss of catalytic 
activity upon reuse. 
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The lntermediacy of Transition-Metal Silicon-Bonded 

Complexes : Recent Developments 

Introduction 

The reactions of transition-metal 
complexes with silanes have long been 
an area of interest for both catalytic and 
stoichiometric transformations. The 
study of transition-metal silicon com
pounds began in I 956 with Wilkinson's  
preparation of Cp(CO)2FeSiMe3. '  

Today, there exists a wide range of 
synthetic methods for the formation of 
metal-silicon bonds.2a-ct Consequently, 
silyl derivatives of nearly all the transition 
metals are known. Methods involving 
both electrophilic3" b and nucleophilic4" c 
silicon reagents have been developed with 
the synthetic route of choice dependent on 
the type of transition-metal complex de
sired. At present, the most widely used 
method of preparing compounds contain
ing transition-metal silicon bonds is the 
oxidative addition of Si-H and Si-Si bonds 
to the transition-metal center. 

The majority of the material presented 
in this survey will discuss the occurrence 
of transition-metal silicon bonded com
pounds as reactive intermediates in a num
ber of catalytic transformations. These 
include hydrosi lylation, double silylation 
(or bis-silylation), dehydrogcnativc cou
pling, transition-metal catalyzed redistri
bution reactions, and ring opening met
athesis polymerization. The intermediacy 
of singly and multiply bound transition
metal silicon compounds will be explored 
within the context of the above processes 
and stable examples of these reactive in
termediates will be presented for clarity. 
Whenever possible, uses for the end prod
ucts of these processes will be presented. 

Hydrosilylation and bis-silylation 

Hydrosilylation, the transition-metal 
mediated oxidative addition of an Si-H 
bond to an alkene, has been studied in 
detail for various transition-metal com
plexes. The driving force for this catalytic 

process results from the relative weakness 
of the Si-H bond (bond energy 88-92 kcal/ 
mole). The mechanism of transition-metal 
catalyzed hydrosilylation, commonly re
ferred to as the Chalk-Harrod mcchanism,5"-b 

involves initial oxidative addition of an 
Si-H bond to the transition -metal center, 
followed by coordination of the unsatur
ated species to the metal center. This is 
followed by insertion of the unsaturated 
species into the transition-metal silicon 
bond and reductive elimination of the fi
nal product. A general catalytic pathway 
demonstrating the Chalk-Harrod mecha
nism is given in Scheme 1 .  

I n  the silicone industry, hydrosilation 
is used primarily to synthesize organo
functional silicon monomers, to crosslink 
silicone polymers, and to connect silicone 
and organic polymer blocks to form co
polymers. A particularly exciting devel
opment in this area involves the 
hydrosilylation of tetravinylsilanc and 
tctraallylsilane in the presence of plati
num catalysts to form organosilicon 
dendrimcrs. rm-, The case for tetraallylsilanc 

[M] = transition metal 

Craig A. Recatto 
Aldrich Chemical Company, Inc. 

5485 County Road V 
Shehoygan Falls, WI 53085 

is given in Scheme 2. Since hydro
silylation is an established and 
well-documented area of silicon chemis
try, the reader is encouraged to consult 
any of several excellent review articles on 
hydrosilylation for more details on cata
lyst selection, regio- and stcrcoselcc
tivity, and reaction conditions. 7a-h 

Scheme 1 
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Of more recent interest is double silylation, commonly re
ferred to as bis-silylation, of unsaturated species. Since the bond 
energy of the Si-Si bond (i.e., 74-80 kcal/mole) is similar to that 
of the Si-H bond, it is reasonable to assume that the oxidative 
addition of an Si-Si bond would also be a facile process. Scheme 3 
illustrates the intcrmediacy of transition-metal silicon com
pounds in both hydrosilylation and bis-silylation processes. 

Interest in this area began with initial reports by Kumada on 
the oxidative addition of the Si-Si bond in 1, 1,2,2-tetramethyl
disilanc to acetylcnes.8"-h However, recent interest was sparked 
by reports from the Tanaka group concerning the use of 
tetrakis(triphenylphosphine)palladium to catalyze the addition 
of substituted disilanes to ethylene.9" b The Tanaka group has also 
shown that the reaction of the trisilane Cl(SiMc2\Cl with acety
lenes gives polymers containing l ,4-disilacyclohcxa-2,5-
dienylene rings in the presence of a variety of palladium catalysts 
of the form LldCl2 (L = phosphine).'0 Some representative 
examples arc given in Scheme 4. 

Since compounds containing palladium-silicon bonds arc 
both thermodynamically and kinetically unstable, recent work by 
Fink 's group has centered on the synthesis and isolation of stable 
variants. By using stcrieally encumbered chelating phosphine 
ligands, Fink and co-workers have successfully synthesized and 
characterized (X-ray crystallography) the first stable compound 
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conta inmg pa l ladium-s ilicon bonds 
(Scheme 5). 1 1  The unusually high thermal 
stability observed for this compound is 
attributed to kinetic protection afforded 
by the use of bulky substituents on the 
phosphine ligand. The Pd-Si bond is also 
strengthened by the high basicity of the 
phosphine ligand. Additionally, the che
late effect may impart some thermody
namic stability with respect to reductive 
elimination of disilane from the bis(silyl) 
complex. The stoichiometric reaction of 
this compound with dimethyl acetyl
encdicarboxylate (DMAD) gives the ex
pected bis-silylation product. 

Much attention has been directed to
ward the synthesis of silicon-containing 
polymers due to the unique chemical and 
physical properties associated with the 
silicon-silicon bond. 12a-h One particularly 
intriguing example of bis-silylation is the 
consecutive addition of oligomeric silancs 
to isonitriles 13a-d and acctylenes 13d using a 
palladium(Il) acetate-tert-alkyl isocyanide 
catalyst system (Scheme 6), 

It is worthwhile to note that the inser
tion of the isonitrile group into the 
polysilane backbone occurs in a stereo
regular fashion to give poly[ sila(N-2,6-
xylyl)imines]. This catalyst system also 
effects the intramolecular bis-silylation 
of alkynes, leading to the regioselective 
formation of cyclic organosilicon com
pounds in greater than 80% yield (cq 1-3). 
A general reaction pathway for this trans
formation is given in Scheme 7. Extension 
of this catalytic cycle using I, 1,2,2-
tetramethyl- I ,2-disilacyclopropane re
sulted in the formation of several novel 
macrocyclic organosilicon compounds. 13" 

These macrocycles, which contain 
Si-Si linkages in the rings, can undergo 
insertion of isocyanides. This is due to the 
high, but controllable, reactivity of the 
silicon-silicon bond toward transition
metal catalysts (Scheme 8). The intenne
diacy of the bis-silyl(palladium) complex 
is supported by the stoichiometric reaction 
of I, I ,2 ,2-tetramethyl- 1,2-disilacyclo
pentane with bis(tert-butyl isocycanide )
palladium(0) to give the cis-bis(silyl) pal
ladium complex that has been character
ized spectroscopically ( cq 4 ). This new 
catalyst system has made the bis-silylation 
of alkynes a synthetically useful reaction. 

Dehydrogenative coupling 

In 1987, work by Brown-Wcnsley dem
onstrated that many late transition-metal 
hydrosilylation catalysts also catalyzed 
the formation of Si-Si bonds from Si-H 

bonds depending on the reaction conditions 
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employed. 14 This reaction, known as 
dehydrocoupling, has been the focus of 
many studies into the transition-metal cata
lyzed formation of Si-Si bonds. Dehydro
coupling is a potentially useful route to 
catenated silicon compounds, known as 
polysilanes. Polysilanes have a variety of 

c:r��] 
Me2 Me2 n 

Si- H 
( 

.. [ M-
H ] 

�j- � T 
[M- H] [M- Si] 

Si-Si "' � [ �- �i

] 
H-Si 

"' 

Scheme 9 

industrial uses, isa-, such as conversion to 
useful silicon carbide fibers, and use as 
materials for microlithography, semicon
ductors, and non-linear optics. 

Dehydrocoupling via the early tran
s i t i on  meta l s  has  been  s tudied 
extensively. 1 6•-d. 1 7  Dehydrocoupling us
ing early transition-metal catalysts resulted 
in polysilanes with chain lengths of up to 
20 silicon atoms. A higher molecular 
weight polymer is not observed. This is 
due to the reversibility of the dchydro
coupling reaction, resulting in competing 
polymerization and depolymerization pro
cesses. Using cyclopentadienyl complexes 
of Ti, Zr, and Hf, Tilley has proposed a 
a-bond metathesis mechanism to explain 
the formation of Si-Si bonds. A general 
reaction pathway is given in Scheme 9.  
Several dinuclcar complexes containing 
transition-metal silicon bonds have been 
isolated from the reaction mixtures, al
though the role of these complexes in the 
dehydrocoupling reaction has not been 
determined conclusivcly. 1 8"-b 
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Recently, there has been much interest 
in the late transition-metal catalyzed 
dehydrocoupling reactions, where oxida
tive addition and reductive elimination 
are facile processes. A general catalytic 
pathway for dehydrocoupling via late tran
sition metals is given in Scheme 1 0. The 
main feature of this mechanism is that one 
can account for the Si-Si  bond formation 
via a series of oxidative addition/rcduc-

that palladium silyl complexes arc ther
mally unstable with respect to elimination 
of disilancs, there are few examples in the 
literature for a dchydrocoupling cycle 
based entirely on oxidative addition/re
ductive elimination steps. 19 

A serious drawback to the dehydro
coupling reaction is that redistribution, or 
the scrambling of constituents on silicon, 
appears to compete with Si-Si bond for-

tive elimination steps. While it is  known mation. However, in certain c ircum-

Cy = cyclohexyl 

Cy2 R Me Me 
HRMeSiSiMeRH 

toluene 

·H2 

p ' ' I 

C , ,. Si - Si - A  
Pt , I 

p' H H 

Cy2 R, ,Me 
p ....... C ,  Si 

Pt - I I 
p' 

/
Si,,, 

Cy2 R Me 

Cy2 

R = H, Me 

Cy2 CP, ,. SiMeRD 
Pt 

p' ' SiMeRD 
Cy2 

(not formed) 

Cy2 

CP, ,. SiMeRH 
Pt 

p' ' SiMeRH 

Cy2 

eq 5 

eq 6 

stances, redistribution reactions arc ad
vantageous because they lead to the for
mation of oligomeric or polymeric silanes. 

Recent work in this area has centered 
on the reaction of disilancs with transition 
metals. The groups ofFink and M ichalczyk 
have shown that the reaction of d isilancs 
with a cis-platinum hydride complex re
sults in the apparent platinum-mediated 
cleavage of the Si-Si bond in the disilanc, 
leading to the formation of a bis(silyl) 
platinum complex (cq 5).20 There are two 
possible mechanisms that can account for 
this rearrangement. The first involves the 
intcrmediacy of metal-disilenc species 
formed by intramolecular oxidative addi
tion of the terminal Si-H bond on the 
disilanc. Hydrogenolysis of the Si=Si bond 
leads to the formation of a bis(silyl) com
plex (Scheme 1 1 ). This mechanism has 
been proposed by Pham and West for the 
reaction of substituted disilanes with plati 
num complexes, although the intermedi
ate platinum-disilene species has not been 
isolated.2 1a-b It is interesting to note that 
neither Tanaka22 nor Fink20 observed the 
intermediate platinum-disilenc species for 
the reaction of similar platinum systems 

1 , 3-siift . .. 

- s;a,, ! .co 

Scheme 1 2  
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with disilanes. Deuterium labelling ex
periments failed to give direct evidence 
for the intermediacy of a platinum-sily Jene 
species ( eq 6).23 

Another possible mechanistic pathway 
to explain redistribution reactions involves 
the intermediacy of metal-silylene spe
cies generated via I ,2-shifts between the 
metal and silicon or 1 ,3-shifts between 
silicon centers. The vast majority of re
cent work in this area centers on the pho
tochemical deoligomerization of polysilyl 
iron complexes. Pannell,24a-f Ogino,25a-f 

and Turner26 have reported convincing 
evidence for direct I ,3-shifts of substitu
ents between silicon centers (Scheme 12) .  
Ogino succeeded in trapping the iron
silylene species and has characterized the 
complex by X-ray crystallography.25a,c In 
this system, a lone pair of electrons from 
the oxygen donates electron density to the 
clectrophilic silicon that stabilizes the 
iron-silylcnc species (Scheme 13). 

Several donor stabilized metal-silylene 
complexes have been independently syn
thesized and characterized. 27a-g Recent 
interest in this area concerns the synthesis 
and characterization ofmetal-silylenc spe
cies that are not stabilized by Lewis base 
donors. This was accomplished by Denk 
in the synthesis of a stable silylenc com
plex, which upon reaction with Ni(CO)4 
gave a "base free" bis(silylenc) nickel 
complex (Scheme 14).28"·' Tilley has also 
reported the synthesis of "base free" 
cationic ruthcnium-silylene complexes of 
the type [Cp*(PMc)2Ru=SiR2 ] ' BR '4 , 

where R = Ph, Me, S(p -MePh) or 
O(p-MePh); R '  = Ph, or Cls 

29a b 
lntramolecular redistribution reactions 

also occur in cyclopentadienyl complexes 
of molybdenum and tungsten. The Berry 
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group has synthesized a series of bis(silyl) 
complexes that isomerize rapidly in the 
presence of trace amounts of Lewis acid 
catalysts (Scheme 1 5).30a b A mechanism 
is proposed in which an elcctrophilic cat
ionic tungstcn-silylcne intermediate is 
formed by dissociation of the electronega
tive group (X) followed by migration of a 
methyl group to the electrophilic silicon 
in the tungsten-silylene. Reassociation of 
x- gives the rearranged product. This 
mechanism is consistent with the observed 
intramolecular scrambling of methyl 
groups in these complexes and intermo
lecular scrambling of X. 

The intermediacy of transition-metal 
silylene complexes in redistribution reac
tions does explain why high molecular 
weight polysilanes are not observed using 
late transition-metal catalysts. Redistri
bution reactions can lead to termination of 
the growing polysilane chain by replace
ment of the Si-H functionality on the ter
minal silicon. Deoligomerization, similar 
to that observed in polysilyl iron com
plexes, also results in the formation of low 
molecular weight polysilanes. Although 
there is a rich and interesting chemistry 
associated with these two processes, they 
compete with the Si-Si bond forming 
dehydrocoupling process, thus limiting 
their usefulness. 

Ring-Opening Metathesis 
Polymerization 

The transition-metal catalyzed ring
opening metathesis polymerization 
(ROMP) of cyclic organodisilanes and 
cyclic polysilanes has only recently been 
studied. Tanaka has reported the ROMP 
of 1 ,  1 ,2 ,2-tetramethyl- l ,2-disilacyclo
pentane in the presence of a Pd catalyst 
and FMc2SiSiMcl leads to formation of 
the intermediate difluorotctrasilanc 
(Scheme 16).3 1  Successive reactions be
tween the new Si-Si linkage activated by 
the fluorine substituent and 1 ,  1 ,2 ,2-
tetramcthyl-l ,2-disilacyclopentane result 
in formation of the observed polymer in 
89% yield. The reaction o f  1 , 2 -
bis(phenylcthynyl)- l ,  1 ,2,2-tetramethyl
disilane with 1 ,  1 ,2,2-tctramcthyl- l ,2-

PhC::C-Si�ri � Si -C::CPh 
Me2 Me2 Me2 

Me2 

n 
eq 7 

disilacyclopentane gives the acetylene
terminated polymer in 6 1 %  yield (eq 7).3 1 

The use of cyclic polysilancs in the 
ROMP process is a recent area of interest, 
although the transition-metal catalyzed 
route has not been studied in detail. Fur
ther work in this area may lead to the 
synthesis of stcrcoregular silicon poly
mers containing Si-Si linkages.32 
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Silanes 
Some silanes that have been reported in this review are listed here. Aldrich 

offers a complete line of hydrosilanes suitable for transition-metal catalyzed 
reactions and is presently expanding its line of organodisilanes. For more 
information, please consult the 1994/95 Catalog/Handbook or call our Technical 
Services Department at 800-231-8327. 

41 ,545-6 1 ,2-Dichlorotetramethyldisilane 5ml $16. 75; 25ml $56.00 
42,506-0 Tetraallylsi lane,97% 1 g  $13.00; 5g $43.00 
36,896-2 1 ,  1 ,2,2-Tetrachloro-1 ,2-dimethyldisilane, 98% 1 g $13.00; 5g $43.20 
31 ,825-6 Tetravinylsilane, 97% 5g $28. 70; 25g $95.60 
17,555-2 Trichlorosilane,99% 5g $1 2.40; 1 00g $23.40; 500g $37 .20 

Rare Earth Triflates 

41,821-8 

42,574-5 
40,533-7 

43,060-9 

42,231-2 
42,570-2 

42,518-4 

42,571-0 
42,568-0 
42,517-6 

42,572-9 
42,566-4 

42,569-9 

Scandium(III) trifluoromethanesulfonate, 99% 
250mg $1 1 .00; 1 g $30.00 

Yttrium(III) trifluoromethanesulfonate, 98% 5g $21 .00; 25g $70.00 
Lanthanum(III) trifluoromethanesulfonate hydrate 

5g $13.00; 25g $44.00 
Lanthanum(III) trifluoromethanesulfonate, 99 .999% 

5g $35.00; 259$1 1 0.00 
Cerium trifluoromethanesulfonate hydrate 1 g $1 0. 75; 1 0g $60.00 
Praseodymium(III) trifluoromethanesulfonate, 98% 

5g $1 5.50; 25g $52.00 
Neodymium(III) trifluoromethanesulfonate, 98% 

5g $1 9. 75; 25g $66.00 
Samarium{III) trifluoromethanesulfonate, 98% 1 g $8.50; 1 0g $47.00 
Europium(III) trifluoromethanesulfonate,98% 1 g $7.75; 5g $26.00 
Gadolinium{III) trifluoromethanesulfonate, 98% 

Sg $19.25; 25g $64.00 
Terbium(III) trifluoromethanesulfonate, 98% 1 g $1 0.00; 5g $33.00 
Dysprosium(III) trifluoromethanesulfonate, 98% 

5g $19.50; 25g $65.00 
Holmium(III) trifluoromethanesulfonate,98% 1 g $8.25; 1 0g $46.00 

42,567-2 Erbium(III) trifluoromethanesulfonate, 98% 5g $21 .50; 25g $72.00 
42,573-7 Thulium(III) trifluoromethanesulfonate, 98% 

250mg $15. 75; 1 g $44.00 
40,532-9 Ytterbium(III) trifluoromethanesulfonate hydrate 

5g $1 6.00; 25g $54.00 
43,059-5 Ytterbium(III) trifluoromethanesulfonate, 99.99% 

1g $1 0.50; 5g $35.00 
40,534-5 Lutetium(III) trifluoromethanesulfonate, 98% 

250mg $19.50; 1 g $54.00 
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the Magdalene ' s  richly embroidered 
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jewelry and the tapestry that covers the 
foreground ledge. 
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Lab� 
Notes 
NMR tube cleaners (for example, Aldrich 
Cat. No. Zl0,724-7, Model A) arc sus
ceptible to breaking if a standard 5-mm, 
7-in. NMR tube is dropped or pulled 
down the length of the cleaner. This of
ten happens when students forget to place 
a cap on the closed end of the NMR tube. 
An easy way to minimize this problem is 
to slide a short piece of plastic straw (ca. 
I inch) down the length of the inner tube. 
This prevents an NMR tube from drop
ping down onto the ring seal but still al
lows sufficient vacuum for solvent 
flushing. 

Sincerely yours, 
Alan P. Rosan, Associate Professor 

Drew University 
College of Liberal Arts 

Madison, NJ 07940-4060 

D
o you have an innovative shortcut 
or unique laboratory hint you'd like 

to share with your fellow chemists? If so, 
please send it to Aldrich (attn: Lab Notes, 
Aldrichimica Acta). For submitting your 
idea, you will receive a complimentary, 
l aminated periodic table poster (Cat. 
No. ZJ 5,000-2). If we publish your Lab 
Note, you will also receive an Aldrich 
periodic table turbo mouse pad (Cat. No. 
Z24,409-0) like that pictured above. It is 
Teflon@ coated, 8½ x 11 in., with a full
color periodic table on the front. We 
reserve the right to retain all entries for 
consideration for future publication. 
Teflon is a registered trademark of E.I . du Pont de Nemours 
& Co., Inc. 

But, if you do break an NMR tube cleaner: 
Integral Solvent Reservoir Models A, B, C 
A tube cap placed on the closed end of an inverted NMR 
tube holds the tube in place and seals the system to allow 
efficient vacuum. Applied suction sprays solvent inside 
and against the closed end of the tube for thorough 
cleaning. 

A B C 

For NMR 
Model 'fJoint 

A Tooled end 
B 24/40 
C 24/40 

tube (mm) 
5 
5 
5 

Cat. No. 
210,724-7 

217,479-3 

210,744-1 

Each 
$56.00 

71 .00 
82.20 

Aldrich 5-position NMR tube cleaner 
Washes up to 5 NMR tubes at once and features a protective shield 
that virtually eliminates breakage of the internal, small diameter 
tubing. To use, place NMR tube cap over the closed end of the tube 
and insert an inverted tube into the cleaner. Solvent from the 
reservoir is sprayed against the interior of the tube when vacuum is 
applied. Tubes can be acetone rinsed and air dried while in place. 
Use with 5mm x ?in. NMR tubes. 1'24/40 joint and vacuum hose 
connection. 226,698-1 $1 59.00 

' 'Please 

Bother 

Us.' ' 

" ff J.�� 
Jai Nagarkatti, President 

0 
+ l ' H 

Et 

Dr. Joseph Cs. Jaszberenyi of Pro
fessor D. H . R . Barton 's  research 
group a! Texas A&M kindly suggested 
that we make this phosphorus-based 
hydrogen atom transfer reagent used 
with AIBN in radical deoxygenation , 
dehalogenation, and deamination. 1 
The reagent is inexpensive and non
toxic as compared to the usual si l i
con - a n d  t i n -based reagents for  
deoxygenation. It also forms easily 
separable, water soluble by-products. 
The hypophosphite-AIBN method was 
found to be superior to tradit ional 
methods in a recently reported deoxy
genation of the C-3 hydroxyl of a pro
tected pyranose derivative.2 

(1) Barton, D.H.R. ;  Jang, D.O.; Jaszberenyi, 
J.Cs. Tetrahedron Lett. 1992, 33, 5709. ( 2) 
Azhayev, A.; Guzaev, A.; Hovinen, J.; Mattinen, J.; 
Silianpaa, R.; Lonnberg, H. Synthesis 1994, 396. 

43,617-8 1-Ethylpiperidine 
hypophosphite, 95% 

5g $9.50; 25g $31.50 
44, 109-0 2,2' -Azobisisobutyro

nitrile, 98% (AIBN) 100g $35.00 

Aldrich Chemical Company Fellow 
We arc pleased to announce that David B. Rozema has been selected as the 1995/1996 recipient of an 

ACS Division of Organic Chemistry Graduate Fellowship, sponsored by Aldrich. 
Mr. Rozema, a fourth year graduate student in Professor Samuel H. Gellman's research group at the 

University of Wisconsin-Madison, is investigating the use of small molecules-termed "artificial chaper
oncs"-to assist protein refolding. This research has Jed to the development of a refolding method that relics 
on the sequential use of detergent and cyclodcxtrin to increase yields of active proteins. 

Congratulations, David! Aldrich is proud to help the research efforts of a young scientist such as yourself. 
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Polycyclic Cage Compounds : 

Reagents, Substrates, and Materials for the 21st Century 

Introduction 

Polycarbocyclic "cage" compounds 
occupy a unique niche in the annals of 
synthetic organic chemistry. Compounds 
of this type collectively have been rel
egated to the category of "non-natural 
products". 1 Many cage compounds pos
sess high molecular symmetry, and the 
artist that resides in the soul of many 
synthetic chemists finds beauty and chal
lenge therein. 

Certain structural restrictions are im
posed upon cage molecules by their re
spective carbocyclic frameworks. Thus, 
cage compounds tend to possess rigid struc
tures which lack the conformational mo
bility associated with simple medium-ring 
monocyclic compounds. When cage struc
tures contain small rings (i.e., cyclopro
panes and/or cyclobutancs) as components 
of their respective molecular frameworks, 
steric strain becomes an important factor. 
Thus, synthetic chemists who might ini
tially have been attracted to a highly 
symmetrical but highly strained cage 
compound such as pcntacyclo
(4.2 .O.O2 ·5.O3·8 .O4.7]octane (C8H8, "cubanc", 
1) might have second thoughts about pur
suing a target molecule whose very exist
ence seems to defy conventional wisdom. 
Thus, as with most things in life, a balance 
must be achieved between aesthetic at
traction and other harsh realities, real or 
imagined. 

The balance between aesthetics and 
potential practical limitations gradually 
has tipped in favor of the former. Thus, 
cubane yielded to Eaton and Cole's ratio
nal synthesis in 1964 (Scheme 1 ).2 The 
remaining Platonic solid for which a hy
drocarbon analog might exist, namely, 
pentagonal dodecahcdrane (C20H20) was 
synthesized by Paquette and co-workers 
many years later. 3 Between the extremes 
of these C

0
H,, "prismancs"4 lie a host of 

other cage molecules which have yielded 
to rational synthesis. 5 The ability of 

modern synthetic organic chemists to ac
cess such unusual systems thus has been 
demonstrated. 

The synthesis of cubanc ( 1 )  provides 
an excellent object lesson in this regard. 
Despite its thermodynamic instability (i.e., 
its strain energy content has been esti
mated variously to be 1 66 kcal-mo]· 1 and 
18 1 kcal-moJ· 1 ),6•7 "no kinetically viable 
paths exist for the thermal rearrangement 
of cubane". 8 Thus, in order to be success
ful, any attempt to synthesize cubanc must 
necessarily rely upon kinetically acces
sible pathways; thermodynamic control 
must be avoided at all costs! 

Eaton and Colc's2 successful early syn
thesis of cubanc-1,4-dicarboxylic acid (2, 
Scheme 1 )  is a marvel of economy and 
simplicity. With only minor modifica
tion, this procedure remains to this day the 

Br 

9 � ;-\ Br2, pentane 
y CH2Cl2, 0 °C 0 0 

Diels-Alder dimerization (40% overall) 
Br 

Alan P. Marchand 
Department of Chemistry 
University of North Texas 

NT Station, Box 5068 
Denton, Texas 76203-0068 

I. hv, MeOH, HCI �o 

Br� 
2. H20, heat 0 4 

_r_e_fl_ux_______ _(_re_d_u_cu_·v_e ____ ...,... � I. 50% aqueous KOH �COzH 

2. acidify bis-decarboxylation) � HOzC 2 1 

Scheme 1 
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best available method for large-scale syn
thesis of 2. Key steps in the kinetically 
controlled synthesis involve: (i) stereospe
cific in situ [4 + 2] (Die ls- Alder) 
cyclodimerization of  2 -bromocyclo
pentadienone followed by (ii) intramo
lecular [2 + 2] photocyclization of the 
resulting endo Diels-Alder cycloadduct, 
3, and (iii) semibenzilic acid rearrange
m ent performed on 5 ,9-dibromo
pentacyclo [ 5 .3. 0. 02•5 • 03 •9• 04•8]dccane-6, I 0-
dione (4). A recent improvement in the 
method for bis-dccarboxylation of 2 to 
cubane which utilizes the Barton dccar
boxylation procedure has been published 
by Eaton and co-workers.9 

With rational syntheses of several such 
complex, rigid, and often highly strained 
systems now a fait  accompli, the next 
progressive step in the development of 
polycarbocyclic cage compounds neces
sarily lies in the direction of their chemis
try. Several questions immediately come 
to mind: Can relief of steric strain be 
"harnessed"; that is, can the stepwise break
down of cage systems be controlled to 
produce ring-opened compounds which 
potentially can serve as useful synthetic 
intermediates? Can the polycarbocyclic 
frameworks inherent in cage molecules 
serve as "templates" upon which more 
advanced structures can be constructed? 
The answers to these and other related 
questions have been resoundingly affir
mative. The purpose of this brief review 
is to examine some recent applications of 
cage compounds and their chemistry to a 
variety of problems which range from 
synthetic and mechanistic applications to 
materials and pharmaceutical/medicinal 
applications. 

Synthetic applications: 
Cage compounds as precursors to 
useful synthetic intermediates 

A. Controlled ring fragmentation of 
substituted PCU-8,1 1-diones: 
Applications to polyquinane �ynthesis 

Mehta and co-workers 1 0  developed a 
"photothermal olefin metathesis" method 
which demonstrated that thermal [2 + 2] 
cycloreversion of substituted pentacyclo
[ 5 .4.0.02·6. 03· 10 .05·9]undecanc-8, 1 1-dioncs 
(i. e., "PCU-8, 1 1-dioncs", 5), can be con
trolled to afford the corresponding 
cis,cisoid, cis linear triquinancs (6, 
Scheme 2). Compounds derived from 
systems of the type 6 have been used 
productively as intermediates in the syn
thesis of a number of (racemie) natural 
products ,  for example, h irsutene (9, 
Scheme 3), 1 1  coriolin, 12 Li.9mJ_capnellene, 13 
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w*
0 Y 0 

I I Li. X Z 0 
hv 

k'h 
x �w 0 Z y 0 

6 

Scheme 2 

��x flash vacuum 

X� _p_yro_l-ys_is __ ?<'h X YxW' 
0 

7a: X = H  

/ 
7b: X = Me (Sb, several 

steps) 

H H I 

�.Me �Me CH2 
9 [(±)-hirsutene] 11 

0 0 

8a: X = H  
\ Sb: X = Me (Sa, several 

steps) � Me 
H�M, Me 

10 [(±)-precapnelladiene] 14 

Scheme 3 

F3B-0Et2 
25-30 °C, l minute 

Mctl ?<'h 
� 

lla: X = H  
llb: X = Me 

hv 
0 0 

12a: X = H  
12b: X = Me 

Scheme 4 

precapnelladiene (10, Scheme 3), 1 4  and a 
carbocyclic fragment of ikarugamycin.1 5  

The foregoing discussion indicates how 
thermally induced ring fragmentation of 
PCU-8, 1 1-diones has been employed as a 
key step in polyquinane synthesis. This 
type of ring fragmentation is particularly 
facile in PCU-8, 11-dioncs which bear elec
tron donating substitucnts at C( I )  and/or 
C(7) (e.g., 1 1, Scheme 4). 16 Such com
pounds are "push-pull" systems, that is, 
they contain electron-donating RO- groups 
which can hyperconjugate through the 

a-bonded framework with distant C=O 
moieties in the cage. Such systems have 
been studied extensively in the past and 
arc known to undergo facile thermal [2 + 2] 
cycloreversion and also to be highly sen
sitive to Lewis acid catalysts. 16 

B. Other ring fragmentation processes 
Base-promoted ring fragmentation of 

2,3,5 ,6-tctrachloro-PCU-4,8,  1 1-trione 
(13) results in the formation of a substi
tuted benzocyclobutcnctricarboxylic acid 
( 1 4, Scheme 5). 1 7  S im ilarly,  ring 



x�: 0 

C02H _1_. :_oi-r_, A _ __,► HOzC·-� 2. aqueous aci1ic HOzC•·t--Y workup H Cl 14 

EDA (excess) F3B-OEt2 25 °C, 48 b EtOzC 
� 0 X 15a: X = Cl 

15b: X = Br 16a: X = CI (40%) 
16b: X = Br (42%) 

c,.a)-_k 

� 0 
19 

Homoketonization: 

Scheme 5 

NaOH, 11IF 0 °C to 25 °C 12 b (90% )20 

NaOMc, MeOH [cleave C(3)-C(4)]21 

0� 
W" O 22 

Oxidative C-C a-bond cleavage: OH 
23 

Pb(OAc)4, 12 dry benzene (60%)22 

Reductive C-C a-bond cleavage: 

24 

Scheme 6 

fragmentation with concomitant aromati
zation occurs when either I ,9-dichloro- or 
1,9-dibromo-PCU-8, 11-dione (15aor 15b, 
respectively) is reacted with ethy l  
diazoacetate (EDA) in the presence of 
F3B-OEt2 (Scheme 5). 18 

Several additional examples of ring 
fragmentation processes are shown in 
Scheme 6. Thus, base promoted "anoma
lous semibenzilic acid rearrangement" 
of cage a-haloketones frequently result 
in ring fragmentation, particularly when 
Cl is employed as the leaving group. 1 9,20 

Base promoted homoketonization has 
been employed to promote cleavage of 
carbon-carbon a-bonds in cage sys
tems.2 1 Finally, both oxidative and reduc
tive scission of carbon-carbon a-bonds 
have been employed to promote ring frag
mentation in carbocyclic cage systems. 22-24 

C. Ring contraction and ring expansion 
processes 

Semibenzilic acid rearrangements have 
been used extensively to promote ring 
contractions in cage systems. Thus, ring 
contraction of 4 to 2 (Scheme 1) is a key 
step in the Eaton-Cole cubane synthesis. 
Numerous other examples of this type 
can be found, one of which is shown in 
Scheme 7.25 

In addition, ring expansion processes 
have been extensively applied to cage 
systems to provide synthetic access to 
new "homologues". These include 
diazoester promoted ring expansions,26 

Tieffeneau-Demjanov rearrangements, 26 

transition metal promoted carbonyl inser
tion reactions, 27 and Saegusa28a ring 
homologation,28b examples of which are 
shown in Scheme 7. 

D. Lewis acid promoted cation ic 
rearrangements in cage hydrocarbons 

Lewis acid promoted rearrangements 
in polycyclic hydrocarbons provide a ther
modynamic route to unusual cage mol
cculcs.29 In such reactions, the most stable 
CnHm isomer, that is, the "stabilomer",29a 
is produced as the major rearrangement 
product. The prototype reaction in this 
regard is Schleyer ' s  synthesis of  
adamantane, 40, from a readily available 
tricyclic C 1 0H 1 6 precursor (39). 30 Simi
larly, D3-trishomocubanc (i.e., 42, the 
C 1 1 H 1 4  stabilomer),29 can be prepared via 
cationic rearrangement of PCU (41).3 1 

E. Other cationic rearrangements in 
functionalized cage systems 

Numerous examples have been reported 
whereby cationic rearrangements have 
been employed in cage systems to provide 
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synthetic access to a variety of unusual 
molecules.29b Some examples in this re
gard are shown in Scheme 9. 32-3 3  

Physical-organic and mechanistic 
applications 

A. Studies of the mechanism of long
range electronic interactions 

Long-range interactions between 
nonconjugated n-systcms can be propa
gated via through-bond and/or through
space mechanisms.34 In order to explore 
the relative importanee of these meeha
nisms in, for example, the transmission of 
electronic substituent effects, long-range 
energy and/or electron transfer processes, 
and spin-density propagation, rigid carbo
eyclic frameworks have been constructed 
whose internuclear distances and internal 
geometrics can be estimated simply and 
accurate I y. 

Photoelectron (PE) spectroscopy34-3 5" 
and 1 3C nuclear magnetic resonance 
(NMR) chemical shifts34 have been em
ployed to study the transmission mecha
nism of transannular electronic effects in 
appropriately functionalized cage systems. 
Some examples in this regard are depicted 
in Scheme 1 0. 36·39 Depending upon the 
nature of the substitucnts X and Y in 
systems 49-51 ,  the available experimental 
evidence suggests that predominant 
through-bond or a mixture of through
bond and through-space modes of trans
mission of electronic substituent effects 
are operative. 

In other examples, it has been advanta
geous to incorporate cage moieties as 
"rod-like spacers" into large, semi-rigid 
molecules. By taking advantage of a unique 
type of synthetic strategy referred to as 
"nanostructural architecture", «1 extended 
scmirigid molecular systems have been 
devised in which both through-bond and 
through-space distances can be varied in a 

� �J.Q CS2 
39 40 

@ AlBr3 

� 

----CS2 
41 42 

Scheme 8 
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Semibenzilic Acid Promoted Ring Contraction: 

}iJ,w 0 28 
I. 85% KOH pellets, refluxing xylene 

r-:;t:JCl9 2. acidify (ca. 85%)25 � H02C 29 

Diazoester Promoted Ring Expansion: 

O 0c to +25 °c (74%)26 H1c- .....,; o 
HJC COJEt 

OH 31 

Tieffeneau-Demjanov Rearrangement: 

�
o 

0 

32 

I .  CH3NO2, NaOH, MeOH 2. H2, Pd-C 3. NaNOi, HOAc, 0 °C 4. TsOH, CHCl3, 50 °C, I b � + �o 
0 

33 ( 14%)26 34 (56%)26 

Transition Metal Promoted Carbonyl Insertion Reactions: 

35 

I. [Rh(CO)iCIJi dry benzene, 68 °C 
2. PPb3 (100%)27 36 

Saegusa28• Ring Homologation: 

37 
3. activated MnO2 (6 equivalents) 0 o CH2Cl2, 25 °C, 6 b 38 4. bv, Pyrex filter, EtOAc 

(29% overall)28b 

Scheme 7 

�l 

I .  coned H2SO4 (catalytic amount) glacial HOAc, 120 °C, 12 b �m,x �cn,x (gives 44a + 45a, rntio 4:1) CH3 CH3 + 2. NaOMe, McOH, 25 °C, 12 b X H H X 43 O 
<flzo 

46 

(gives 44b + 45b )32 

HN3, Tf2O Cll2Cl2 -78 °C to +25 °C33 
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Photoelectron Spectroscopic Studies: 49a: X = Y = 036 49b: X = 0, Y = CH2 49c: X = Y  = CHz 49d: X = 0, Y = CHCI 49e: X = 0, Y = CHSiMe3 49f: X = CHz, Y = CHSiMe3 49g: X = Y = CHSiMe3 
Carbon-13 NMR Chemical Shift Studies: 

X 
S0a: X =  Y = H237 S0b: X = 0, Y = H2 SOc: X = CH2, Y = H2 S0d: X = Y = 0 S0e: X = Y = CH2 50f: X = 0, Y = CH2 SOg: X = OCH2CH20, Y = 0 S0b: X = OCH2CH20, Y =H2 
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rigid donor-spacer-acceptor 
(DSA) molecules for use in 
the investigation of mechanisms 
of photoinduced electron transfer 
processes. 41 

(anti approach ,---J\.._ 
to en face of C=Y)l....--y" 

y 
I /I---, (syn approach 

� to zu face of C= Y) 
3 10 ,-:: 

8 4 

56 

Scheme 1 2  

systematic manner. Spectral data obtained 
for these systems has provided a basis 
upon which the relative mechanistic im
portance of through-bond and through
space mechanisms can be gauged. Some 
examples in this regard are depicted in 
Scheme 1 1 . 

B. Diastereofacial selectivity studies 
Appropriately functionalized ada

mantanes have been used extensively as a 
model system to investigate the theoreti
cal basis of stereoselective reactions. Thus, 
the zu and en faces of the C=Y moiety in 
2,5-disubstituted adamantanes of the type 
56 (Scheme 12) are sterically equivalent, 
and observed differences in syn/anti prod
uct ratios are thought to reflect the elec
tronic effect of the 5-substituent, X, upon 
the transition state for reaction at the dis
tant C=Y center. Thus, a wide variety of 
reactions has been studied including, for 
example, nucleophilic attack on ketones 
(56, Y = 0)44 and electrophilic addition to 
alkenes (56, Y = CHz),45 among others.46 

The results thereby obtained have been 
explained variously in terms of substitu
ent effects on CT-participation (transition 
state hyperconjugation, the so-called 
"Cieplak effect")47 or, alternatively, the 
torsional strain transition state model that 
has been proposed by Felkin48 and by 
Anh. 49 However, the interpretation of 
these often subtle effects continues to be a 
controversial topic. 50 

Cage compounds have also been 
employed as substrates in studies of 
n-facial selectivities in Diels-Alder 
cycloadditions. 5 1  Thus, hexacyclo
[ 1 0 .2 .  I . 02 • 1 1 .04•9. 04• 1 4.09• 1 3]pentadeca-5, 7-
dicne-3, 1 0-dione (i.e., 57, X = Y = 0, 
Scheme 13) reacts as the diene component 
when undergoing (4 + 2] cycloaddition to 
methyl acrylate. 52 Substituent effects upon 
the zu vs. en and syn vs. anti selectivity of 
this process has been examined in detail. 53 

Interestingly, 57 (X = Y = 0) functions as 
the dienophile when undergoing (4 + 2] 
cycloaddition e ither to hexachloro
cyclopentadiene or to 1 ,2,3,4-tetrachloro-
5 ,5-dimethoxycyclopentadiene ( electron
poor dienes) in inverse electron demand54 

Diels-Alder reactions.55 

C. Caged reactive intermediates 
Cubane has provided a rigid 

polycarboeyclic cage framework upon 
which a variety of unusual and highly 
reactive species have been constructed. 
Thus, Eaton and co-workers have gener
ated such "impossible" species as cubyl 
cation56 [60, (Scheme 14), "the least likely 
earbocation"8] ,  cubyl r adical ( 6 1 ) ,57  
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cubylcarbinyl radical (62, "the least long
lived radical derived to date from any 
saturated hydrocarbon system"),58 1,4-
cubadiyl (63),59 1,2-dehydrocubane (64,60 

"the most extreme example of a 
pyramidalized olefin"8), and 9-phcnyl-
1(9)-homocubenc (65,6 1  "the anti-Bredt 
olefin nonpareil...the most twisted olefin 
yet known"8). 

Pharmaceutical/medicinal 
applications 

1-Aminoadamantanc [i.e. , "amanta
dine", 66, R = H (Scheme 15)] provides a 
familiar and important example of a me
dicinally important cage compound; it has 
found wide application both as an antivi
ral agent (against influenza A)62 and for 
treatment of cxtrapyramidal disorders such 
as Parkinson's syndrome. 63 Thus, 
aminododecahedranes (67) , 64 amino
trishomocubanes (68),65 and amino
pcntacyclo[ 5 .4. 0. 02 •6 • 0 3 • 1 0 • 05•9]undecancs 
(69),66 like 1-aminoadamantane, all dis
play antiviral activity toward influenza A. 
In addition, some closely related cage 
amines, for example 7067 and 7 1 ,68 have 
been employed as in vivo calcium 
antagonists. 

Some functionalized cubanes and 
homocubanes have been reported to dis
play useful pharmacological activity. 
Thus, 4-substitutcd cubylcarbinylamines 
of the type 72 have been demonstrated to 
possess the ability to inhibit monoamine 
oxidase-B irrcvcrsibly.69 Several substi
tuted cubane and homocubane 
carboxamides of the types 73 and 74 have 
been shown to inhibit stomach ulcer for
mation in rats. 70•7 1  

Materials applications 

A. Energetic materials 
That highly strained carbocyclic sys

tems can be synthesized routinely is now 
an established fact. Often, there is no 
kinetically accessible pathway by which 
such compounds might alleviate the steric 
strain that remains locked within their 
respective carbocyclic frameworks.8 Thus, 
such compounds exist in the face of 
what might be described as "thermody
namic adversity". 

Recently, a branch of materials science 
has emerged that takes advantage of the 
high strain energy content and highly com
pact structures which constitute the 
hallmarks of most polycarbocyclic cage 
systems. Military applications of cage 
molecules which seek to exploit these 
features have led to the development of 
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new classes o f  high energy density fu
cls72 and explosives. 73 

Since 1980, polynitropolycyclic com
pounds have occupied center-stage in the 
never-ending search for new, more power
ful, stable explosives. The quest for 
compounds of this type began with the 
successful synthesis of 1 ,3 ,5 ,  7 -tetra
nitroadamantane (75a, Scheme 16 ) . 74 
Since that time, several polynitropoly-

cyclic systems have been synthesized; 
some representative examples are shown 
in Scheme 16. 

8. Polymers 
Cubane -derived polymers have been 

prepared via titanium-promoted cationic 
polymerization of 1 ,4-diallylcubane. 8 1 In  
addition, substituted 1,4-diiodocubancs 
(e.g. , 8 0 ,  S c h e m e  1 7 ) have been 
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81 

polymerized via their reaction with 
t -BuLi.82 The resulting polymers are rigid 
structures composed of straight "rods". 
Otherrigid polymers have been constructed 
which contain alternating energetic cage 
units and acetylene units that function as 
spool-like "connectors". The individual 
components of such systems have been 
likened to n anoscale analogs of  
Tinkertoysc', a popular children's construc
tion play-set.83 

C. C age-derived crown ethers and 
molecular clefts 

Worldwide efforts to study molecular 
recognition and inclusion phenomena have 
been aided by the use of cage and cage
derived compounds as a means to con
struct new types of molecular host systems. 
Thus, the introduction of 1,4-bridged cubyl 
moieties into crown ether ionophores (as 
in, e.g., 82, Scheme 18)84 confers both 
rigidity and lipophilicity upon the host 
macromolecule. The resulting crown 
ethers have been used productively in the 
construction of ion-selective electrodes. 
Other crowned cages, for example 83a 
and 83b, have also been synthesizcd. 85 

In another approach, cage molecules 
have been used as templates or "frame
works" for the construction of molecular 
clefts. Thus, several polyaza cavity
shaped syn-orthocyclophane clefts, for 
example 84-86 (Scheme 1 8) ,  have 
been synthesized. 86•87 

D. Ful/erene-derived materials 
Few compounds have generated as 

much excitement in recent years as have 
the cage allotropes of carbon that arc col
lccti vc ly known as " Buckminstcr
fullcrcnes" (i.e., C60, C 70, and related 
specics).89 In addition to their inherent 
theoretical interest, the materials aspects 
of fullercncs have attracted considerable 
attention in recent ycars.90 Thus, doping 
of C60 with alkali metal vapors results in 
the formation of species of the type A3C60 
and A6C60 which arc among the first ex
ample� of three-dimensional organic con
ductors and superconductors.9 1  Fullerenes 
also have been investigated as potential 
components of third-order nonlinear 
optical (NLO) materials.92 Recently, func
tionalized fullerenes have been incorpo
rated as pendant substitutents into "charm 
bracelct"93 polymcrs.94 The preparation 
of water-soluble fullerenes which pos
sess HIV antiviral activity has also been 
reported. 95 
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Concluding remarks 

Cage molecules have carved an im
pressive niche for themselves in organic 
chemistry. They have been employed as 
intermediates in organic and natural 
product synthesis through stereo- and 
regiocontrolled ring expansion and frag
mentation processes and as templates for 
nanoarch itectural construction of rigid 
molecu lar systems that possess ever
increasing levels of complexity. Appro
priately functionalized cage molecules 
provide structurally well-defined systems 
of known molecular geometry that serve 
as precursors to "theoretically interesting 
molecules". Functionalized cages also 
have found extensive application for the 
study of mechanisms of transmission of 
electronic substituent effects and of long
range e lectron and energy transfer pro
cesses. Several new cage-containing 
medicinal and/or pharmacological agents 
have been produced. New materials appli
cations of cage molecules and of cage
containing polymers are being announced 
with increasing regularity. Thus, the fu
ture of cage chemistry appears to be bright; 
these are, indeed, the reagents and sub
strates that wi l l  continue to define the 
directions of organic and physical-organic 
chemistry into the 2 1 st century. 

This brief exposition of cage chemistry 
is intended to provide a space-restricted 
overview of a broad and highly interdisci
p linary field. Inevitably, this approach 
has resulted in the omission of much im
portant work, a shortcoming for which the 
author apologizes. 
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New Reactions for Forming Hete.rocycles and 

Their Use in Natural Products Synthesis 

Introduction 

Larry E. Overman 
Department of Chemistry 

University of California 
Irvine, California 9271 7-2025 

The past 50 years have witnessed ex
traordinary progress in synthetic organic 
chemistry. 1 A variety of reagents, reac
tions, and synthetic strategics have been 
developed which allow impressively in
tricate molecules to be assembled.2 Yet, 
when confronted with the challenge of 
preparing even modestly elaborate target 
structures in a practical fashion on mean
ingful scales, the tools of synthetic organic 
chemistry are often found lacking. Future 
advances in our ability to achieve efficient 
syntheses of increasingly complex target 
structures will depend largely on the in
vention or discovery of new reactions. 
New reactions especially impact our abil
ity to prepare complex molecules since 
they open new vistas in synthetic strategy. 

Our capacity to synthesize polycyclic 
molecules is distinctively affected by the 
introduction of new methods for ring for

Professor Larry E. Overman (right) receiving the 1995 ACS Award for Creative Work in 
Synthetic Organic Chemistry from Dr. Stephen J. Branca, Vice-President, Aldrich Chemical 
Company, Inc. 

mation. Recognizing this fact, our laboratory has been engaged 
for a number of years in the invention and development of new 
cyclization reactions. In this article, highlights of our studies in 
the area of heterocyclic construction will be presented with 
particular emphasis given to the impact of new cyclization 
reactions on the synthesis of hctcrocyclic natural products. The 
ring-forming reactions that arc the focus of this discussion are 
depicted in Figure 1. A common thread among these reactions 
is the assembly of the heterocyclic ring by carbon-carbon, rather 
than earbon-hetcroatom, bond formation. Such construction 
allows unique opportunities for stercocontrol, which will be 
illustrated throughout this account. 

Iminium Ion-Vinylsilane Cyclizations 

Our involvement with silicon chemistry began in late 1 979 
when I learned from John Daly, one of the pioneers of amphibian 
natural products, that the structure of the pumiliotoxin A alka
loids had been revealed through Isabella Karie's recent X-ray 
analysis of the hydrochloride salt of pumiliotoxin 25 1 D  ( 1 ). 1 
This result had prompted Daly to propose that pumiliotoxins A 
(2) and B (3), the parent members of this amphibian alkaloid 
group, differed from pumiliotoxin 25 1 D only in having more 
elaborate side chains (Figure 2). Mindful that pumiliotoxins A 
and B exhibited important cardiotonic and myotonic properties 

n = 0, 1 

+ 

(
x� 

HO� X = NR, 0 

Figure 1 .  Syntheses of heterocycles by C-C bond-forma
tion. The new C-C bonds formed are shown in 
bold. 
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and that the rare Central American 
dendrobatid frogs from which they had been 
isolated were unlikely to provide signifi
cant quantities of these alkaloids, we de
cided to pursue their total syntheses.4•5 

Controlling the stcrcochemistry of the 
exocyclic double bond appeared to be the 
most formidable challenge in developing 
a concise route to the pumiliotoxin A 
alkaloids. (L)-Proline was an obvious 
starting material and our attention was 
drawn immediately to a strategy in which 
formation of the pipcridine ring and elabo
ration of the (Z)-alkylidenc side chain 
would be realized in a coordinated way 
(Scheme 1 ). Since vinylsilanes had re
cently been shown to react stereospccifi
cally with retention of configuration with 
simple electrophiles, we postulated that 
vinylsilane intermediate 7 might serve as 
an equivalent for zwittcrionic synthon 6. 
At that time the choice of a vinylsilanc as 
a Mannich reaction component was ad
venturous, since neither intramolecular 
reactions ofvinylsilanes with clectrophiles 
nor bimolecular reactions of iminium ions 
with vinylsilanes had been documented. 
Our hope, of course, was that intramo
lecular juxtaposition would engage these 
weakly reactive cyclization partners. 

The validity of these considerations 
was demonstrated a year later in our total 
synthesis of pumiliotoxin 25 1 D ( 1). 6 

Iminium ion-vinylsilanc cyclizations were 
next employed to prepare pumiliotoxins 
A (2) and B (3) and in so doing clarify the 
complete stereostructurc of these alka
loids. 7•8 The enantiosclective total syn
thesis of pumiliotoxin A (2) is illustrative 
and is outlined in Schemes 2 and 3.8 

Construction of the side chain compo
nent, silylalkyne 1 1 , began with (S)-2 -
methyl-l -penten-3-ol (8), which at the 
time was obtained by Sharpless kinetic 
resolution.9 Ireland-Claisen rearrange
ment of propionate ester 9 was then em
ployed to relate the C ( l  l )  and C( l5) 
stereocenters. 10 As is discussed in more 
detail elsewhere,5 the 7: 1 stereoselection 
realized in the formation of 1 0  is notably 
high for an Ireland-Claisen rearrangement 
of a tertiary allylic ester. 

Conversion of silylalkyne 1 1  to alumi
natc 12 followed by coupling with pro
line-derivcd epoxidc 13 provided bicyclic 
oxazolidinone 1 4  in moderate yield 
(Scheme 3). This critical step joins the 
side chain and pyrrolidinc fragments and 
stereospecifically establishes the Z con
figuration of the trisubstituted vinylsilane. 
The second pivotal step, stereospccific 
iminium ion-vinylsilane cyclization, pro
ceeded in high yield when oxazolidine 15 
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pumiliotoxin 25 10  (1) R1 = n-C3H7, R2 = H 

pumiliotoxin A (2) 

pumiliotoxin B (3) 

Me 

R1 = /�M , R2 = H  . e 
13 :1 

OH 
Me OH 

1 1' J : 2 R = r�Me· R = H  

OH 
Me OH 

allopumiliotoxin 339A (4) 1 1' J : 2 R = ,.-�M , R = OH 
; e 
OH 

Figure 2. Representative pumiliotoxin A and allopumiliotoxin alkaloids. 

qH 

····co H H 2 

6: X 
(L)-proline 

7: X = TMS 

Scheme 1 

Me 

�Me 
4 steps - �t 

; Me 

(1) LOA, THF, HMPA; 
TBDMSCI, 
-78 -> 23 °C 

OH (51%) 

8 

OBn 

9 

(2) MeOH, HCI 

(90%) 

Me 
MeO2C, /'-.. A /'-.. I ..,_,. '( · Me 

4 steps - TMS
� "  � 

,,.,r,_ � 
Y � Y ' Me 

Me OBn 
(74%) 

Me OBn 

10 (ds = 7:1) 1 1  

Scheme 2 

was heated in weakly acidic methanol to 
provide 16. Cleavage of the benzyl pro
tecting group then provided l 5(S) 
pumiliotoxin A ,  whose comparison with 
the natural isolate established that the 
major isomer of the mixture of C( 1 5) 
cpimcric alcohols obtained from the am
phibian source had the l 5(S) configuration. 

The total synthesis of l 5(S)
pumiliotoxin A summarized in Schemes 2 

and 3 is the most efficient synthesis of a 
natural pumiliotoxin A alkaloid realized 
by this strategy. The longest linear se
quence proceeds in 1 4  steps and 8% over
all yield from pentenol 8. The iminium 
ion-vinylsilanc approach for accessing 
pumiliotoxin A alkaloids was sufficiently 
practical to allow a number of analogs to 
be prepared. Biological evaluation of 
these congeners and m any  natural 
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Figure 3. Representative iminium ion-vinylsilane cyclizations. 
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Me 
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OH 

1 5(S)-pumiliotoxin A (2) 

Me 

alkaloids defined structure-activity rela
tionships in this area. 1 1  

The scope of iminium ion-vinylsilane 
cyclizations can be gleaned from the ex
amples depicted in Figure 3 . '2• 1 3  As in 
related transformations in the pumiliotoxin 
A series, cyclizations take place at near 
neutral pH, since < I  equivalent of acid 
was employed in the reactions summa
rized in Figure 3. Cyclizations proceed
ing in an exocyclic mode with respect to 
the vinylsilane nucleophile are highly 
stereospecific and can be employed to 
prepare either (£)- or (Z)-alkylidenepip
eridines or alkylideneazepines. Related 
endocyclizations provide a general entry 
to substituted 1,2,5,6-tetrahydropyridines, 
but are not useful for forming unsaturated 
azacycles of other ring sizes. The smooth, 
acid-promoted conversion of pyrroline 
(Z)-vinylsilane 17 to cis-hexahydroindole 
1 9  stands in marked contrast to the failure 
of the related cyclization of the (£)-vinyl
silane stereoisomer. 1 3' As suggested in 
18, this difference in reactivity is not 
surprising since the cation formed from 
chair topography cyclization of only the Z 

stereoisomer can be stabilized by conju
gative electron release from the silyl 
substituent. 1 4 Iminium ion-vinylsilane cy
clizations have been employed by us to 
prepare a number of other natural products 
including plant alkaloids of the 
Corynanthe, 1 3a, I 5  Ammyllidaceae, 1 3'· 14 and 
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Elaeokarpus 13b, IJd families, as well as a 
Streptomyces antibiotic, 1 6  

Nucleophile-Promoted Iminium 
Ion-Alkyne Cyclizations 

In our first syntheses of the pumiliotoxin 
A alkaloids the Z geometry of the exocy
clic alkene was encoded in an acyclic 
vinylsilane precursor and the silyl group 
then was exploited to transfer stereochem
istry to the alkylidene product An alter
native approach is suggested in Scheme 4 
in which antarafacial addition of an 
iminium electrophile and an external nu
cleophile to a tethered alkyne would fash
ion the (Z)-alkylideneindolizidine core of 
the pumiliotoxin A alkaloids, Besides the 
conceptual simplicity of this approach, 
the troublesome junction of the side chain 
and pyrrolidine fragments was expected 
to be improved by introduction of the side 
chain as an alkynyl nucleophile, 

In 1987 when our investigations of this 
second approach to the pumiliotoxin A 
alkaloids began, we could find only one 
example of the reaction of a simple 
iminium ion with an alkyne, 17• 1 8  Since this 
conversion was accomplished under aque
ous conditions and, thus, did not reveal 
stereochemical features, we initially sur
veyed our prospects in model systems, 
Not surprisingly, the most direct rendi
tion of this new strategy in which the 
external nucleophile would be a hydride 
was undermined by simple reduction of 
the formaldiminium ion to give an N
methylated product However, halo
gens or pseudohalogens served admirably 
as cyclization components (Figure 4) , 1 9,20 
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In the case most relevant to the pro
posed total synthes i s  endeavor, 4 -
alkynylamine 20 could be  transformed 
stereospecifically to alkylidenepiperidine 
22 in the presence of l-, Br-, N3-, or SCN
under either aqueous or aprotic cycliza
tion conditions. Similar to iminium ion
vinylsilane cyclizations, exocyclic nucleo
phile-promoted imin ium ion-alkyne 
cyclizations occur in useful yields to form 
six- and seven-membered alkyl idene 
azacycles. However, only tetrahydropy
ridines can be prepared efficiently by re
lated endocyclizations. 19•20 S ince the 
iodide product 22 (X = I) was easily re
duced with retention of configuration to 
form 23, a second potential solution to the 
pumiliotoxin A alkaloid synthesis prob
lem was in hand. 

Before briefly examining this total syn
thesi s  application, one singular feature of 
these eyclizations should be noted. When 
formaldiminium ion 21 is generated in a 
non-nucleophilic solvent ( e.g., acetonitrile) 
in the absence of strong external nucleo
philes, cyclization does not take place 
even at I 00 °C. 1 9  Thus, the halide ( or 
pseudohalide) nucleophile is not just trap
ping a vinyl cation intermediate, but is an 
intimate participant in the cyclization tran
sition state. To stress this  kinetic feature 

Me.,,. 

� OH 

(2) Li, NH3 
(62%) 

allopumiliotoxin 339A (4) 

Scheme 6 

we have described these Mannich cycliza
tion reactions of alkynes as nucleophile
promoted. Interestingly, the kinetic 
participation of external nucleophiles in 
related cyclizations of alkenes is  less 
important. 19 

Iodide-promoted iminium ion-alkyne 
cyclizations were first employed to realize 
an improved construction of (+)- I 5(S)
pumiliotoxin A (2) (Scheme 5).2 1  The two 
key steps of this synthesis were the effi
cient junction of epoxide 13 with the 
alkynylalane derivative of 24, and the piv
otal iodide-promoted Mannich cyclization 
which proceeded with perfect antarafacial 
stereoselectivity to afford 25. The effi
ciency of the cyclization step was -80%, 
since 15% of 1 1-epi-25 (resulting from the 
minor C-11  epimer of 24) was also iso
lated. This synthesis of pumiliotoxin A 
proceeded in 13 steps and 14% overall 
yield from (S)-2-methyl-l -penten-3-ol (8, 
Scheme 2), the precursor of alkyne 24. 

The best illustration to date of the util
ity of iodide-promoted iminium ion-alkync 
cyclizations is provided by our recent 
enantioselective total synthes i s  of 
allopumiliotoxin 339A ( 4) (Scheme 6).22·23 

The rare allopumiliotoxins, which contain 
a more oxidized indolizidine core, arc the 
most complex amphibian indolizidine al-

Me 

kaloids.4 Allopumiliotoxin 339A (4) was 
an especially attractive synthetic target, 
since it i s  the only alkaloid of the 
pumiliotoxin A family to be more effec
tive than pumiliotoxin B in stimulating 
sodium influx and phosphoinositide break
down in guinea pig cerebral cortical 
synaptoneurosomes. 1 1 ' 

Construction of 4 from side chain and 
pyrrolidine fragments 26 and 27 is sum
marized in Scheme 6. The chemistry 
involved in the preparation of these com
ponents is discussed in a recent review and 
will not be reiterated here.5 Addition of 
the alkynyllithium derivative of 26 to al
dehyde 27 occurred with modest facial 
guidance from the adjacent benzyl ether to 
provide the major diastereomer 28 in 68% 
yield. Related alkynyl titanium and zinc 
nucleophilcs, which would be expected to 
react with a higher degree of chelate orga
nization, would not add to hindered alde
hyde 27. The critical ring-opening of 
oxazinc 29 and iodide-promoted cycliza
tion of formaldiminium ion intermediate 
30 proceeded smoothly in aqueous 
acetone at 100 °C (with cleavage of the 
i sopropyl idene acetal) to afford 
alkylideneindolizidinc 31 in 81 % yield. 
Stereospecific de-iodination and careful 
cleavage of the bcnzyl protecting group 
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then completed this first total synthesis of 
(+)-allopumiliotoxin 339A (4). 

Acetal-Alkene Cyclizations 

During the course of a general survey 
of vinylsilane-terminated heterocycliza
tion reactions, 1 2'·24 we discovered the sur
prising efficiency of the Lewis acid-pro
moted conversion of 5-hexenyl acetals to 
A4-oxocenes (Scheme 7).25 That demand
ing eight-membered rings could be pre
pared in useful yields by cyclizations of 
simple acyclic precursors that are not bi
ased toward coiled conformations was re
markable. The yield of these cyclizations 
is markedly affected by the nature of the 
5-substituent, with a thiophenyl group 
proving optimal.256 Our extensive investi
gations of this cyclization in the silyl 
series support an intramolecular ene 
mechanism (as suggested in Scheme 7) in 
which C-C bond formation and C-H bond 
cleavage occur in a synchronous fashion 
through a transition state resembling a 
bicyclo[3.3 . l ]nonane.26 The reader is re
ferred to the original literature for further 
discussion of mechanistic and stereo
chemical nuances of these reactions,25•26 

and to an earlier review for a discussion of 
the importance of the charged heteroatom 
in these reactions and the two five-mem
bered heterocycle constructions we will 
examine subsequently.27 

Cyclizations of 4-alkenyl acetals to 
yield seven-membered ring ethers are, as 
expected, even more efficient.28 We were, 
however, surprised to find that cycliza
tions of 4-(trimethylsilyl)-4-alkenyl 
acetals occur with loss of the silyl sub
stituent to directly form A 4-oxepenes 
(Scheme 8). Although desilylation could 
conceivably have occurred after cycliza
tion, this scenario was readily excluded by 
appropriate control experiments. Partici
pation by the ring oxygen in the transfer of 
an allylic hydrogen is apparently unfavor
able in this case, presumably since it would 
involve a more h ighly strained 
bicyclo[3.2. l ]heptyl transition structure. 
As a result, a step-wise process ensues in 
which Prins cyclization of 32 occurs to 
form initially the tertiary a-silyl cation 
35, which undergoes a I ,2-hydride shift 
to yield the more stable �-silyl secondary 
carbenium ion 36, the ultimate precursor 
of 33. Three subtle effects are responsible 
for the high-yielding formation of A4-
oxepene 33: (a) initial Prins cyclization 
occurs in an cndocyclic sense as a result of 
the greater stability of a tertiary a-silyl 
cation over a primary �-silyl cation, 1 2 

(b) cycl izat ion of the more stable 
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(E)-oxocarbenium ion occurs preferen
tially in a conformation 34 that minimizes 
destabilizing ally lie interactions, and ( c) 
electron-withdrawal by the ring oxygen 
controls regioselcctivity of the hydride 
migration. 

Secondary metabolites of red algae of 
the genus Laurencia have served as a 
testing ground for these new approaches 
to seven- and eight-membered cyclic ethers 
(Figure 5). 2m Our recent total syntheses 
of ( + )-isolaurepinnacin (37)30 and ( + )
laurencin (38)3 1 provide good illustrations 
of the utility and selectivity of acetal
alkene cyclizations. The synthesis of ( + )
isolaurepinnacin (37) is summarized in 
Scheme 9.30 Mixed acetal cyclization 
substrate 42 was assembled by silver
promoted coupling of aleohol 40 and a
bromoacetal 41 ,  The former intermediate 
was available in five steps from 
enantiopure epoxy alcohol 39,9·32 while 41  
was formed in  situ from Me2BBr cleav
age33 of the corresponding (R)-a
chloroacctal. Successful cyclization of 42 
requires selective activation of only the 
mcthoxy group in this substrate contain
ing five distinct Lewis basic functional 
groups. Not surprisingly, many common 
Lewis acids were not up to this challenge. 
Boron trichloride, however, proved 

( + )•isolaurepinnacin (37) 

Ii/ (+)-laurencin (38) 

Figure 5. Representative Laurencia 
metabolites synthesized by 
acetal-alkene cyclizations. 

uniquely effective affording oxepene 44 
in 90% yield, after desilylation. This key 
conversion was most simply accomplished 
by treating 42 with a slight excess of BC13 
at -78 °C and slowly allowing the reaction 
to warm to O 0C. At -78 °C, BC13 selec
tively cleaves the mcthoxy group to afford 
a,�-dichloroether 43, an intermediate 
which can be isolated if the reaction is 
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carefully quenched at low temperature. 
Upon warming in the presence of BCl3, 43 
is cleanly transformed to the TIPS ether 
precursor of 44. 

The synthesis of (+)-isolaurepinnacin 
(37) was concluded by way of propargylic 
alcohol 45. Direct dehydration of this 
intermediate occurred with little 
stereocontrol. However, dehydration of 
the hexacarbonyldicobalt derivative 46, 
as suggested by earlier work of Pettit and 
Nicholas,34 took place with high selectiv
ity to provide 37 in 65% overall yield from 
45 after decomplexation. 

This first total synthesis of ( + ) 
isolaurepinnacin (37) was achieved in 12 
steps and 15% overall yield from cis-2-

penten- l -ol. The synthesis defined rigor
ously the S configuration of the bromide 
substituent of 37 which had previously 
been conjectured on biosynthetic grounds. 
The regioselectivc cleavage of thc mixed 
acetal and integrity of the chlorine and 
bromine substituents realized in the cen
tral cyclization step highlight the re
markable selectivity that can be achieved 
in properly orchestrated acetal-alkene 
cyclizations. 

Aza-Cope-Mannich Reaction 

In 1979 when we were pursuing the 
total synthesis of pcrhydrogcphyrotoxin, 

46 

dehydration 
(no stereocontrol) 

Scheme 9 

(2) CAN 

(ds = 24: 1 )  
(65%) isolaurepinnacin (37) 

[3,31 HO� 

�+) N 
R 

47 

Scheme 1 0  

a hexahydro derivative of the lead mem
ber of another family of amphibian alka
loids,4 we solved a troubling stcrcochcmi
cal problem by utilizing the [3,3]
sigmatropic rearrangement of unsaturated 
iminium cations to fashion a key bond.35 

The pyrrolidinc synthesis we invented for 
this purpose is shown in Scheme 10.36 
This reaction, often termed the aza-Copc
Mannich reaction, exploits the facility of 
this charged sigmatropic equilibration and 
directs the course of the rearrangement by 
capturing the "product" sigmatropic iso
mer 47 by an exothermic Mannich 
cyclization. 

The aza-Copc-Mannich reaction has 
proven to be a powerful method for assem
bling a wide variety of nitrogen hctcro
cyclcs. Several simple examples arc illus
trated in Figure 6.37·38 The reaction can be 
accomplished by direct condensation of a 
homoallylic amine containing hydroxyl or 
alkoxyl substitution at the ally lie site with 

an aldehyde (or acetal) in the presence of 
an equivalent or less of acid. Alterna
tively, aza-Copc-Mannich reorganization 
can be triggered by loss of cyanide from an 
appropriate cyanoalkylaminc or from ring 
opening of a 5-vinyloxazolidinc. All of 
these variations are illustrated in Figure 6. 
The reaction takes place under notably 
mild conditions: typically near room tem
perature and at neutral pH (basic amine 
and s; I equivalent of acid). These gentle 
conditions arc undoubtedly responsible 
for the success of this reaction with labile 
aldchydes such as furfural and also for the 
reaction's compatibility with tertiary al
lylie alcohol functionality. Also apparent 
in the examples depicted in Figure 6 is the 
wide variation possible in the alkenc com
ponent, which can be unsubstituted or 
contain electron-donating or electron-with
drawing substituents. A hallmark of the 
aza-Cope-Mannich reaction is its su
perb s tereoselect ivi ty .  The high 
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stereocontrol realized in the conversion 
of 48 to 49 ( ds = 24: I ), and the companion 
study of the corresponding Z stereoiso
mer, establishes that the iminium ion 
sigmatropic rearrangement occurs prefer
entially in a chair topography identical to 
Cope r earrangement of simple 1,5-
dienes. 37g If the vicinal amine and alcohol 
groups are located on a ring, the aza-Cope
Mannich reaction achieves an unusual 
construction in which pyrrolidine annula
tion is coupled with one-carbon expansion 
of the starting ring ( e.g., the last three 
entries of Figure 6 ). 

During the past 15 years we have em
ployed the aza-Cope-Mannich reaction as 
the central strategic clement in total syn
theses of more than a dozen alkaloids. 35,39-45 
Representative examples arc shown in 
Figure 7 in which the fragment that de
rives from the central 3-acylpyrrolidinc 
unit of the aza-Cope-Mannich product is 
shown in boldface print. 

Our recent cnantioselectivc total syn
theses of ( -)- and (+)-strychnine provide 
an instructive benchmark of the utility of 
the aza-Cope-Mannich reaction to solve 
formidable problems in alkaloid construc
tion.45 The synthesis plan that evolved in 
our laboratory over the period of several 
years is summarized in Scheme 1 1  for the 
preparation of natural ( -)-strychnine (50). 
Aza-Copc-Mannich reaction of aza
bicyclooctanc 53 was expected to provide 
tetracycle 52, an intermediate which en
codes the critical D, E, and F rings and the 
Z double bond of the heptacyclic strych
nine skeleton. Tactics developed during 
our earlier synthesis of (±)-akuammicinc, 
a much simpler Strychnos alkaloid, 
projected assembly of 53 from cyclo
pentenylstannane 54, carbon monoxide, 
and an appropriately protected derivative 
of 2-iodoanilinc.43 

The synthesis of (-)-strychnine (50) 
begins with ( I R,4S)-( +)-4-hydroxy-2-
cyclopcntcnyl acetate (56), which is avail
able in high enantiomcric purity from 
enantioselective hydrolysis of mesa 
diacetate 55 with several enzyme prepara
tions (Scheme 12). 46 Conversion of 56 to 
carbonate derivative 57 followed by se
lective palladium-catalyzed activation of 
the allylic carbonate unit47 and coupling 
with P-kctocstcr anion 58 provided adduct 
59. Without separation, both stereoiso
mers of this intermediate were converted, 
by way of the (E)-a, P-unsaturatcd ester 
60, to cyclopentenylstannanc 6 1 .  
Carbonylative cross coupling o f  61 with 
2-iodoaniline derivative 62 delivered 
cyclopentenyl aryl ketone 63. The effi
ciency realized in this important step 
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56 

Me3Sn 

4 steps -
(67%) 

benefited greatly from Knapp's introduc
tion of the triazone group for protecting 
primary amino groups48 and recent opti
mizations of Stille cross-coupling proce
dures.49 Stereoselective epoxidation of 63 
yielded oxirane 64, which was elaborated 
in four straightforward steps to 
trifluoroacetamide 65. Finally, base-

OTIPS 

'-::: 

61 Ot-Bu 

57 (97% from 55) (91%) 

CO (50 psi), LiCI, NMP, 70 °C 

(80%) 

NHCOCF3 

( 1 )  NaH, 100 °C 

(2) KOH 

DMTN Ot-Bu (75%) 

I 
65 

Scheme 1 2  

promoted intramolecular aminolysis of 
65 and cleavage of the trifluoroacetyl 
group provided azabicyclooctanc 66. 

The pivotal aza-Cope -Mannich con
version of 66 to tetracyclic intermediate 
67 took place stereose/ectively in near 
quantitative yield when 66 was heated in 
acetonitrile in the presence of paraformal-

59 01-Bu 
(91%) 

OTIPS 

DMTN Ot-Bu 

I 
63 

t-BuOOH, 

Triton B 
(ds >30:1 )  

(91%) 

{ NDMT c (�Y0 
} 

N ............ NMe 

66 

dehyde and N a 2 SO4 (Scheme 13) .  
Carbomethoxylation of  67 followed by 
heating the resul ting 13-ketoester in 
methanolic HCI resulted in cleavage of 
both the triazone and t-butyl protecting 
groups and dehydrative eycl ization to 
yield 18-hydroxyakuammicine (68) in 
70% overall yield. Fol lowing precedents 
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recorded during early structural studies 
of Strychnos alkaloids, the vinylogous 
urethane unit of 68 was saturated.50 The 
resulting 13-oriented methyl ester was 
then reduced at low temperature to pro
vide the Wieland-Gumlich aldehyde 
(51 ). Classical Perkin condensation of 
51 with malonic acid5 1  then afforded 
enantiopure (-)-strychnine (50). 

This first asymmetric total synthesis of 
(-)-strychnine (50) was achieved in 24 
steps and 3% overall yield from mesa 
diester 55. Slight modification of this 
synthesis provided the first samples of 
ent-strychnine.45 Biological studies of this 
unnatural enantiomer demonstrated, for 
the first time, that three-dimensional in
teractions are critical in the binding of 
(-)-strychnine to the inhibitory glycine 
receptor. 52 

Synthesis of Cyclic Ethers by 
Prins-Pinacol Rearrangements 

The condensation of allylic diols with 
carbonyl compounds to form 3-acyl
tetrahydrofurans would represent a logi
cal extension of our acylpyrrolidine syn
thesis (Scheme 14). Not surprisingly, this 
tetrahydrofuran synthesis had been dis
covered by accident many years earlier 
during attempts to prepare acetals from 
allylic diols. 53 In recent years we have 
explored the scope of this reaction in some 
detail, and representative examples of this 
highly stereocontrolled synthesis of cy
clic ethers are shown in Figure 8.54•55 The 
rearrangement can be conveniently trig
gered at low temperature by treating an 
acetal intermediate with any of a number 
of Lewis acids, although we typically find 
that SnCl4 is preferred. Alternatively, 
many aldehydes and some ketones can be 
directly condensed with allylic diols in the 
presence of acid. In these latter cases we 
find that BF/OEt2 is optimal. 

Several of the most characteristic fea
tures of this synthesis of cyclic ethers are 
illustrated in the transformations depicted 
in Figure 8. The reaction delivers tet
rahydrofurans having a cis relationship of 
the substituents flanking oxygen and the 
3-acyl substituent, while the alkene unit is 
incorporated in a suprafacial fashion. In 
most cases, both the :,yn and anti diol 
stereoisomers provide the same tetrahy
drofuran product, as exemplified in the 
evolution of acetals 69 (a mixture of four 
diastereomers derived from a 1: I mixture 
of diol stereoisomers) to a single tetrahy
drofuran 70. Tetrahydrofurans of high 
enantiomeric purity can be obtained from 
reactions of enantiopure allylic diols with 
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aldehydes and ketones, for example, the 
conversion of 71 to 72. This enantio
selectivc construction of substituted tet
rahydrofurans has been made particularly 
attractive by recent advances in the syn
thesis of enantioenriched allylic diols.56 

Analogous to the aza-Cope-Mannich 
reaction, we anticipated that this tetrahy
drofuran synthesis would involve a 
sigmatropic rearrangement (in this case 
an unknown 2-oxonia[3,3]sigmatropic 
rearrangement) followed by an intramo
lecular aldol cyclization. However, mecha
nistic investigations suggest an alterna
tive, Prins cyclization-pinacol rearrange
ment pathway (Scheme 15). 54b In this 
description the observed stereochemical 
outcome follows from a preference for 
chair topographies in both the cyclization 

and pinacol rearrangement steps, for 
example, the conversion of 73 to 74 to 70. 

Illustrated also in Scheme 15 is an impor
tant feature that contributes to the success 
and utility of this tetrahydrofuran synthe
sis: only one mode of ring-opening of 
acetal 69 is productive. Thus, there is no 
need to engineer selective formation of a 
single oxonium ion intermediate. 

A good il lustration of the strategic use 
of this tetrahydrofuran synthesis in com
plex molecule construction is provided by 
our recent enantioselective total synthesis 
of 7-deacetoxyalcyonin acetate (75), a 
member of the eunicellin diterpenes which 
was isolated from the soft coral Eunicella 
stricta (Figure 9).57 Eunicellin (76) was 
the first characterized member of this struc
turally distinctive marine natural products 
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group which numbers -50 members.58 These diterpenes are 
characterized by a unique oxatricyclic ring system com
posed of hydroisobenzofuran and oxonanc units. This 
skeleton and the six stereocenters that are believed to be 
common to this family of marine metabolites arc depicted 
in structure 77. 

Our plan for preparing the euniccllin diterpenes was 
guided by the perception that Prins-pinacol condensation
rearrangement of a dienyl diol such as 78 and an aldehyde 
would assemble in one step the distinctive hexahydro
isobcnzofuran core 79 of these diterpcnes (Figure 1 0) .  If 
the formyl group could be excised with retention of stere
ochemistry, this key reaction would also comprehensively 
deal with five of the six stereocenters common to the 
eunicellin diterpenes. The stereochemical outcome of this 
central reaction was anticipated to derive from chair topog
raphy cyclization of the more stable (E)-oxocarbenium ion 
intermediate 80 from the diene face opposite the isopropyl 
substituent to form allylic carbocation 81 .  The preference 
for this cyclization conformer would be reinforced by the 
R I substituent, which adopts a favored equatorial orien
tation in 80. 

Our recent reduction of this scheme to practice resulted 
in the first total synthesis of an cunicellin diterpenc and is 
summarized in Scheme 1 6. Rearrangement substrate 83 
was assembled in four steps in 50% overall yield from 
dihydrocarvone (82). It was a 9: I mixture of anti and syn 
stereoisomers and was taken directly into the central cy
clization step. Exposure of 83 to an excess of readily 
available enal 84 and BF/OEt2 at low temperature afforded 
hexahydroisobenzofuran 85 as a single stcreoisomer in 
79% yield. Cleavage of the TIPS ether followed by pho
tolysis through a pyrex filter provided bicyclic ether 86 in 
72% yield. That loss of carbon monoxide would proceed 
with retention of configuration and with minimal allylic 
rearrangement was expected from earlier studies of the 
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deformylation of �,y-unsaturatcd alde
hydes by Jeger and Schaffner.59 Interme
diate 86, which contains the complete 
bicyclic core of 7-dcacetoxyalcyonin ac
etate (75), is available in 8 steps and 28% 
overall yield from (S)-carvone. 

The synthesis of 75 was completed by 
elaboration of 86 in a multistcp, yet effi
cient, sequence to 87. The final ring was 
then forged by Nozaki-Kishi cyclization60 

of 87 which proceeded with high (>20: I) 
stereoselcction to afford 88 in good yield. 
The stcreochemical outcome of this final 
key step is controlled by torsional and 
transannular interactions in the forming 
nine-membered oxacyclic ring. A brief 
analysis of this important stereochemical 
issue can be found in our original report.57 

Acetylation of 88 followed by desilylation 
then provided (� )-deacetoxyalcyonin 
acetate (75). 

Conclusion 

The reactions highlighted in this 
discussion allow a number of complex 
nitrogen and oxygen heterocycles to be 
synthesized in a concise fashion. High 
stereochemical selectivity and broad com
patibility with intricate functionality are 
hallmarks of these transformations. An
other distinctive and attractive feature of 
these heterocyclization reactions is their 
"low-tech" nature. Generation of sol
vated iminium or oxonium ion species is 
all that is required to initiate the ring
forming process. Finally, and of particu
lar significance, these carbon-carbon bond
forming cyclization reactions allow new 
strategics to be employed in the synthesis 
of complex hcterocyclcs and heterocyclic 
natural products. 
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Normag micro-micro 
short-path d isti l lation 
apparatus 

Complete. 1'14/23 joints, with 
1'1 0/1 9 joints on 3ml receiver 
flasks, thermometer, and boiling 
capillary. Spring clamps included. 

214,661-7 $759.00 
Thermometer 
O to 250 °C range. 

21 4,664-1 $1 1 0.00 

1 0ml. 1'1 4/23 center joint and 
'f1 0/1 9 thermometer joint. 

21 4,842-3 $33.65 
Receiver flask 
3 flasks. 

21 4,667-6 $83.60 
Normag is a registered trademark of Otto Fritz GmbH. Teflon is a registered trademark of E.I. du Pont de Nemours & Co., Inc. ROSU is a registered trademark of Robu-Glasfiltergerate. 
Hostaflon is a registered trademark of Farbwerke Hoechst A.G. 
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