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1. Introduction

The use of heteroatom-stabilized carbocations as
reactive intermediates represents one of the funda-
mental tools available for the synthesis of complex
molecules. The Pummerer rearrangement, exempli-
fied by the reaction of a sulfoxide, 1, with an acid
anhydride, produces an a-substituted sulfide, 4, via
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an elimination/addition mechanism involving thion-
ium ion 3 (eq 1).
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The recognition that thionium ion intermediates
can act as electrophiles in cyclization reactions has
greatly expanded the synthetic utility of this reac-
tion.2 The Pummerer process generally involves ad-
dition of a nucleophile to the thionium ion, and the
overall process represents a powerful synthetic
method. Examples of both inter- and intramolecular
reactions are now widespread, and strategies incor-
porating heteroatom or carbon nucleophiles have
found broad application. As Pummerer chemistry has
matured, much effort has focused on novel ways to
generate thionium ions to expand the reaction’s scope
beyond the use of sulfoxide substrates. Concomi-
tantly, new strategies that employ Pummerer-like
processes for the synthesis of complex natural and
unnatural products have emerged.

Heterocyclic compounds, both naturally produced
and synthetically derived, often display important
biological activity. In fact, more than 67% of the
compounds listed in the Comprehensive Medicinal
Chemistry (CMC) database contain heterocyclic rings,
and nonaromatic heterocycles are twice as abundant
in this database as heteroaromatics.® Consequently,
the development of new methodology and the stra-
tegic deployment of known methods for the synthesis
of complex heterocyclic compounds continue to drive
synthetic organic chemistry. The rich chemistry of
thionium ions has earned the Pummerer reaction an
important place in the repertoire of synthetic organic
transformations,? including reactions that form het-
erocyclic rings.

Several review papers have outlined recent progress
using Pummerer-based chemistry,? including the
synthesis of nitrogen heterocycles.# Since our last
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review detailing the use of Pummerer chemistry to
generate heterocycles,® additional examples have
appeared in the literature in recent years which
further define the scope and application of the
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Pummerer reaction. The focus of this review centers
about Pummerer-based transformations for the con-
struction and manipulation of heterocyclic com-
pounds, especially intramolecular Pummerer reac-
tions (e.g., eq 2), and pays particular attention to

R —R
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recent developments in this area. Attention is given
to both new methodology and the application of the
Pummerer reaction toward the synthesis of complex
natural products. An attempt has been made to show
how the Pummerer reaction has been utilized for
natural product synthesis. While this review article
is primarily organized by ring size, much of the
methodology is also useful for the construction of
variably sized heterocycles, and these reactions will
be presented separately.

2. Modification of Existing Rings

One of the more basic applications of the Pum-
merer reaction involves the refunctionalization of
existing heterocyclic rings. A recent review of thio-
nucleoside chemistry underscores the primary im-
portance of the Pummerer reaction as a way to access
complex tetrahydrothiophene derivatives.® In addi-
tion, electron-rich heterocycles are particularly useful
reagents for the trapping of o-acylthionium ions.”~°
For example, when the $-keto sulfoxide-substituted
indole 5 was treated with trichloroacetic acid in
boiling dichloroethane, the cyclized tricyclic deriva-
tive 6 was formed in 68% yield (Scheme 1). This

Scheme 1

A\ N\
N CHa CICH,CH2Cl, A {somy
H H
5
0 o]
/ T
p-TsOH
\ ] _
@5{ CHs dioxane, A

6
OH

Hs
transformation proceeded by an intramolecular cy-
clization of the indole ring onto the initially generated
o-acylthionium ion. Interestingly, when the related
N-methylindole derivative 7 was heated with p-
toluenesulfonic acid (p-TsOH) in dioxane at reflux,
the carbazole analogue 8 was formed in 54% vyield.
In this case, the initially formed a-methylthio ketone
undergoes aromatization with concomitant elimina-
tion of methanethiol.

Pyrrole and thiophene rings also participate in
these cyclization reactions. In fact, exposure of sul-
foxide 9 to 0.4 equiv of p-TsOH produced the tet-
rahydroindole derivative 10 (Scheme 2). Under
harsher conditions, sulfoxide 11 was converted to
indole 12 in 91% yield. Benzothiophene-substituted
derivatives were also obtained by using the same
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Scheme 2

/ /CHQ
-TsOH (0.4
M P (0.4 eq)
N THF, A
H

0.
| N—ph
N
H
10
i
p-TsOH No
o N _— . Ph
~s o H 2-isopropanol, A H
' =0
CHs Nogp N
12 H

_CHy

B CF3CO.H
S o \
O\ benzene, A |
13 S
14
f
: Os _N.
] §  _ pTOH o
\$ 0 benzene, A H N
|
CHSH/NPh g
16

reaction sequence. Thus, heating -keto sulfoxide 13
with TFA at reflux in benzene resulted in the
isolation of the annulated thiophene 14 in 54% yield.
When p-TsOH was used as the Pummerer promoter,
intramolecular cyclization occurred onto the a-acyl-
thionium ion generated from sulfoxide 15, and this
was followed by aromatization with loss of meth-
anethiol to provide benzothiophene 16 in good yield.
These examples demonstrate that the judicious selec-
tion of acid and solvent is important for accessing
certain heterocyclic compounds.

Bari has used a Pummerer variant to allylate
p-lactam derivatives.’® Exposure of the a-chloro
sulfide 17 to a Lewis acid in the presence of allyl-
trimethylsilane produced 18 as a single diastereomer
in 86% yield (Scheme 3). The stereochemistry of the
final product arises from addition of the allyl nucleo-
phile to the least hindered side of the rather flat
thionium ion intermediate, resulting in a trans-
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relationship between the allyl and phenyl substitu-
ents. The sulfide moiety was then removed by heating
18 with Raney nickel to stereoselectively provide 19,
in which the olefinic z-bond had also been reduced.
Alternatively, heating 18 with tributyltin hydride
(BusSnH) in the presence of 2,2'-azobisisobutyroni-
trile (AIBN) provided 20 as a single diastereomer.
The stereoselectivity in these reductions can be
explained by the deliverance of hydrogen to the least
hindered face (trans to the directing phenyl group)
of the radical intermediate.

Ohno and Ishida have reported results dealing with
the 1,3-dipolar cycloaddition of thiocarbonyl ylide 22,
generated from the thermolysis of 21, to [60]fullerene,
giving rise to tetrahydrothiophene 23 (Scheme 4).1!

Scheme 4
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Oxidation of 23 to sulfoxide 24 by treatment with
m-chloroperbenzoic acid (m-CPBA), followed by an
acetic anhydride-mediated Pummerer rearrange-
ment, provided the a-acyloxy derivative 25. The
acyloxy group allows for further derivatization (e.g.,
26) by exposure to either camphorsulfonic acid (CSA)
or trimethylsilyl trifluoromethanesulfonate (TM-
SOTf) in the presence of a nucleophile. Nucleophiles
such as alcohols, thiols, allylsilanes, and enol ethers
also participate in this reaction.'?

Although simple substitution reactions are well
established, the thionium ion intermediate generated
in the Pummerer reaction can evoke unexpected
rearrangements when neighboring groups partici-
pate. With the intention of using the ionization of
a-chloro sulfides 27 to introduce additional function-
ality on the heterocycle, McCarthy and co-workers
observed some interesting rearrangement products
(Scheme 5).2 The distribution of products was found
to be dependent upon the nature of the aryl substitu-
ent. Exposure of 27a (Ar = Ph) to a slight excess of
SnCl, in CH,CI, at room temperature produced the
elimination product 28a in 69% yield. Reaction of 27b
(Ar = 4-MeOPh) under similar conditions, however,
produced a mixture of 28b (12% yield) and 29b (40%
yield). Furanone 27c (Ar = 3,4-(MeO),Ph) afforded
a mixture of 28c (7% vyield), 30 (35% yield), and 31
(15% yield) when treated with SnCl,. The formation
of products 30 and 31 is peculiar in that an aromatic
substitution reaction has occurred. Exposure of 27¢
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to ZnBr; changed the product distribution in that 28c
predominated (49% vyield). Chloride 31 was still
isolated (11% yield), while 30 was not detected. The
formation of 31 suggests that chlorine transfer might
be an intramolecular process, but the mechanism
could not clearly be delineated on the basis of the
experimental data.

3. Formation of Five-Membered Ring
Heterocycles

While the refunctionalization of existing hetero-
cycles is certainly an important process, use of the
Pummerer reaction as a key strategy in the formation
of heterocycles continues to intrigue researchers. The
synthesis of numerous complex natural products
relies on the intramolecular trapping of nucleophiles
by thionium ion intermediates. Research into Pum-
merer reactions that form five-membered ring het-
erocycles has been considerable. Often, these hetero-
cycles are transient intermediates in cascade reactions
that produce polycyclic arrays. Frequently, however,
the Pummerer reaction provides a convenient strat-
egy for forming five-membered ring heterocycles
containing functionality that can be leveraged for
further manipulation.

3.1. Furan Derivatives

An interesting application of a Pummerer discon-
nection for the synthesis of the benzofuran core of
the diazonamides 32 (Scheme 6) has been reported
by Magnus and Kreisberg.'* Although several ex-
amples of constructing oxindoles via an intramolecu-
lar Pummerer cyclization are known,*® no analogous
syntheses of benzofuran derivatives had been previ-
ously disclosed. A model system was therefore ex-
amined. Initial attempts to form the five-membered
heterocycle from sulfoxide 33 under normal Pum-
merer conditions (e.g., trifluoroacetic anhydride)
failed to provide 34. However, exposure of the a-chlo-
ro sulfide 35, derived from the parent a-methylthio
ester by treatment with N-chlorosuccinimide, to
SnCl, resulted in the formation of 34 in 45% vyield.
The use of stoichiometric SnCl, caused significant
decomposition, whereas catalytic amounts of this
Lewis acid provided a cleaner reaction mixture.

Application of this method to a system that more
closely resembles the diazonamide IHG core was also
successful. Thus, reaction of 36 with NCS in CCl, for
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Scheme 6

PN NS
\OI (o) 2) SnCly X [e}
67%
36 37

2 h followed by heating at reflux with catalytic
amounts of SnCl, afforded 37 in 67% yield. Several
other examples with varying substitution on the aryl
moiety were also reported. This Pummerer strategy
allows for use of the methylthio functional group in
further transformations that form the bond linking
the F and H rings in the natural product.

A tandem Pummerer cyclization sequence has also
been used for a general pyrrole synthesis via the
initial formation of a reactive furan derivative (Scheme
7).16 Dihydrofuran 38 was prepared by Michael
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addition of a f-keto ester anion to phenyl vinyl
sulfoxide followed by a sequential acid-induced Pum-
merer reaction in which the thionium ion was trapped
by the oxygen atom of the enol tautomer. Further
reaction of dihydrofuran 38 with HgCl, induced
carbon—sulfur bond cleavage and generation of the
oxonium ion intermediate 39. Reaction of this species
with either an ammonium salt or a primary amine
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gave rise to the disubstituted pyrroles 40—43 in good
yields.

The Marino group has developed a novel additive
Pummerer reaction (vide infra) that produces y-bu-
tyrolactones by the reaction of dichloroketene with
vinyl sulfoxides.'” In general, the oxygen of a vinyl
sulfoxide such as 44 first attacks dichloroketene to
produce in situ the salt 45 (Scheme 8). The resulting

Scheme 8
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enolate 45 then undergoes a 3,3-sigmatropic rear-
rangement to provide thionium ion intermediate 46.
Finally, the resulting carboxylate anion adds to the
neighboring thionium ion to furnish butyrolactone 47,
which retains the geometry of the starting olefin. The
use of chiral sulfoxides 44 leads to the enantiospecific
formation of butyrolactones 47.1819

An interesting application of this additive Pum-
merer method was carried out by the Marino group
for the synthesis of physostigmine.?® Addition of
indole sulfoxide 48 to a heated solution of zinc dust,
Cul, and trichloroacetyl chloride resulted in the
isolation of the tricyclic indole derivative 49 in 54%
yield (Scheme 9). Dechlorination and dethiomethy-
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lation was accomplished in one step using BusSnH/
AIBN. Straightforward functional group manipula-
tion of 50 eventually afforded physostigmine.

The Pummerer/lactonization procedure was also
applied in an asymmetric manner.?° It was found that
only alkyl sulfoxides were capable of generating the
lactone ring in an enantiospecific fashion. Appar-
ently, the indolyl a-phenyl sulfoxide derivative was
not reactive enough toward dichloroketene to produce
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the desired product. The low reactivity encountered
during this work was eventually solved by using the
isopropyl-substituted sulfoxide 51, which could be
lactonized under the standard conditions to give
lactone 53. Treatment of this compound with 2 equiv
of BusSnH under radical conditions afforded the
dechlorinated lactone in 75% ee (Scheme 10). The

Scheme 10
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preferred formation of sterecisomer 53 was attributed
to the dominance of conformer 52b of the initially
formed intermediate in the equilibrium mixture.
Conformation 52a appears to have a destabilizing
Al2-interaction between the Boc protecting group and
the isopropyl functionality.

This unique strategy has recently been applied
toward the synthesis of (+)-aspidospermidine. In this
approach, enantiomerically pure sulfoxide 54 was
treated with trichloroacetyl chloride in the presence
of zinc—copper couple (Zn—Cu) to enantiospecifically
produce lactone 55 in 78% yield (Scheme 11).2
Subsequent removal of the chloro substituents fol-
lowed by the deprotection of the ketal afforded 56 in
96% yield. Reaction of 56 with pyrrolidine effected
an O- to N-transacylation with a subsequent elimina-
tion of thiolate to give the amido aldehyde 57 in 86%
yield. Further exposure of 57 to pyrrolidine in the
presence of 33% aqueous AcOH and 2-propanol
promoted an intramolecular aldol reaction and si-
multaneously hydrolyzed the amide group to furnish
an intermediate carboxylic acid. Conversion of the
carboxylic acid to a mixed anhydride followed by the
addition of 3-chloropropylamine gave 58 in 64% yield
from 57. Exposure of 58 to NaH initiated a tandem
intramolecular conjugate addition/alkylation to pro-
duce 59 in 86% yield. Subjection of the silyl enol ether
of 59 to modified Segusa oxidation conditions deliv-
ered 60 (85%), which was subsequently carried on to
(+)-aspidospermidine.

Another tandem Pummerer/intramolecular oxygen
trapping sequence was cleverly used by Burke and
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Scheme 112

(+)-Aspidospermidine

a2 Reagents and conditions: (a) Zn—Cu, CIsCCOCI; 78%. (b)
BusSnH, Et3B; 92%. (c) p-TsOH, acetone; 96%. (d) Pyrrolidine;
86%. (e) Pyrrolidine, 2-propanol, 33% aqueous AcOH. (f) i-
BuOCOCI, Et3N, 3-chloropropylamine-HCI; 64% for two steps. (g)
NaH; 86%. (h) KHMDS, TMSCI, then Pd(OAc)2/O2, DMSO; 80%.

co-workers for the synthesis of avenaciolide (63;
Scheme 12).22 Treatment of sulfoxide 61 with TFAA
resulted in the formation of a mixture (5:1) of lactones
62 in 84% overall yield. After chromatographic
separation, each diastereomer was converted into the
3-normethylene analogue of 63 using standard or-
ganic transformations.

In an early report, de Groot and co-workers estab-
lished that the Pummerer reaction could be used to
construct substituted furans.?® Thus, treatment of
sulfoxide 64 with acetic anhydride gave rise to a
transient thionium ion that was attacked by the
neighboring aldehydic carbonyl group to produce the
oxy-stabilized cation 65 (Scheme 13). The next step
involved proton loss to generate 2-phenylthiofuran
66. Hydrolysis of 66 with HgClI, ultimately provided
isodrimerin.

The method was further extended by de Groot to
the regioselective synthesis of several other naturally
occurring butenolides. By altering the reaction condi-

Scheme 12
H H H
t-Bu (CRsCO)0 o
P“‘$ ) CHsCh _>
o phs H C8H17H CH,
61 62 63

Bur and Padwa

Scheme 13

O‘\ -Ph

S

HQC|2

Hz0*

66 Isodrimerin

tions, regioisomeric butenolides could be produced
from the same starting vinyl sulfoxide, and this
method was applied to the synthesis of (+)-conferti-
folin (Scheme 14).24 Under aqueous thermal condi-

Scheme 14
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tions, vinyl sulfoxide 67 underwent the Pummerer
reaction to form the expected thionium ion. The
cationic center present in 68 was attacked by the
neighboring hydroxyl group of the hydrated aldehyde.
Elimination of thiophenol produced the 2-hydroxy-
furan derivative 69, which spontaneously tautomer-
ized to give (+)-confertifolin.

Our research group at Emory has also made
extensive use of this methodology for cascade cycliza-
tions wherein highly reactive furan intermediates
undergo Diels—Alder cycloadditions.?® The lithium
enolate of cyclic amides such as 70, for example,
added cleanly to bis(methylsulfanyl)acetaldehyde (71)
to afford aldol products 72 (Scheme 15).25 Reaction
of 72 with commercially available dimethyl(meth-
ylthio)sulfonium tetrafluoroborate (DMTSF) trig-
gered a Pummerer cascade by first transferring a
methylthio group in 72. This was followed by the
elimination of methyl disulfide to produce a reactive
thionium ion intermediate that was intercepted by
the proximal carbonyl group to furnish the dihydro-
furan derivative 73. Elimination of acetic acid under
the reaction conditions gave furans 74 in 70—80%
isolated yields.

A variety of 2-methylthio-5-amidofuran systems
were prepared that contained a z-bond tethered on
the amido nitrogen in a manner that would allow for
an intramolecular Diels—Alder reaction.?” Thus, ex-
posure of imides 75 to DMTSF produced furans 76
in 40—70% yields (Scheme 16). Thermolysis of 76 in
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toluene at reflux initiated an intramolecular Diels—
Alder reaction (IMDAF) to afford an intermediate
oxabicycle. Subsequent fragmentation of the inter-
mediate oxabicycle followed by a 1,2-thio shift pro-
vided the bicyclic amides 77 in good yield (ca. 70%).
In an analogous manner, the cycloaddition chemistry
of furans 78 provided tricyclic products 79.

Our research group has exploited this thio-substi-
tuted furan-forming Pummerer cascade for the syn-
thesis of several natural products. For example, in
the total synthesis of (+)-stenine, the reaction of
imide 80 with DMTSF provided azapinoindole 82 in
80% yield as a mixture (1:1) of epimers about the C(9)
stereocenter (Scheme 17).28 Interestingly, the inter-
mediate furan 81 could not be isolated as it sponta-
neously cyclized and rearranged under the DMTSF
reaction conditions (<0 °C). Removal of the meth-
ylthio moiety followed by reduction of the ketone
provided 83 as a single diastereomer. The hydroxyl
group was then used to direct the reduction of the
enamide s-bond. Hydrogenation of 83 using Crab-
tree’s iridium catalyst?® provided 84, setting the

Scheme 16
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Scheme 172

86 |: 87:R=H
/
(+)-Stenine: R = Me

a8 Reagents and conditions: (a) DMTSF. (b) Raney Ni. (c) NaBH,,
CeCls. (d) Crabtree’s catalyst, H,. (€) MsCl, TEA; DBU. (f) LiOH; I5.
(9) CH>=CHCHSnBujs, AIBN. (h) OsO4, NalOg. (i) HSCH,CH,SH,
BF3-Et,0. (j) Lawesson’s reagent. (k) Raney Ni. (I) LDA, HMPA,
Mel.

relative stereochemistry of the ring junctions. Con-
version of the hydroxyl group to a mesylate followed
by elimination using DBU provided the y,0-unsatur-
ated ester 85. Hydrolysis of the ester followed by
iodolactonization furnished iodide 86. Radical-medi-
ated allylation followed by several functional group
interconversions eventually afforded 87. Finally,
deprotonation adjacent to the lactone carbonyl group
followed by alkylation with methyl iodide gave (+)-
stenine.

The formal synthesis of (£)-erysotramidine in the
Padwa laboratories represents still another example
of this furan-forming Pummerer-initiated cascade
reaction as a key strategic disconnection. Imide 88,
when treated with TFAA and Et;:N, was initially
converted to furan 89 (Scheme 18).3%3! Further
cyclization to the oxabicycle 90 followed by exposure
to BF3-Et,O produced 92 via a Pictet—Spengler
cyclization.

The tetracyclic intermediate 92 was isolated as a
single diastereomer in 83% yield from 88. Conversion
of the ketone moiety in 92 to an enol triflate followed
by palladium-mediated reduction provided diene 93.
Hydrolysis of the vinyl sulfide present in 93 furnished
the known ketone 94, an intermediate that was
pivotal in a previous synthesis of (£)-erysotramidine.
A similar approach to erysotrine was also accom-
plished in our laboratories.®?

On the basis of the above results, Sarkar and co-
workers reported the use of related Pummerer chem-
istry to generate reactive furo[3,4-c]pyridines that
undergo a subsequent Diels—Alder reaction to pro-
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Scheme 182

O
~. o~ Et Et

I o i» =~

Meo:©/\/w A /\/NW
| O COMe
M O COMe 89

88

Me! MeO

()-Erysotramidine 94

a Reagents and conditions: (a) TFAA, TEA. (b) BF3;-Et20. (c)
KH, PANTf,. (d) (PPh3)2PdCl,, TEA, HCOzH. () TiCls, AcOH, H20.

duce isoquinoline derivative.®® In their study, expo-
sure of sulfoxide 95 to acetic anhydride in the
presence of catalytic amounts of p-TsOH produced
an intermediate pyridofuran derivative 96 that un-
dergoes a subsequent cycloaddition with added dim-
ethyl maleate to afford the polysubstituted isoquin-
oline 98 in 44% yield (Scheme 19). The intermediate
oxabicycle 97 was not isolated.

The use of aryl ketones 99a—c as starting sub-
strates, however, produced oxabicycles 100a—c aris-
ing from an endo Diels—Alder reaction. The efficiency
of furo[3,4-c]pyridine formation was found to be
sensitive to the conditions employed with these aryl
ketones. For example, oxabicycles 100a—c were
isolated in 33—40% yield when the transformation
was carried out using trifluoroacetic anhydride; yields
were lower (17—20% yield) when acetic anhydride
was employed. Electron-releasing substituents on the
aromatic ring enhanced the overall reaction. Sub-
strate 99a (R = H) afforded 100a in 33% yield in the
presence of trifluoroacetic anhydride, while com-
pound 99c¢ (R = OMe) furnished 100c in 40% yield
under the same reaction conditions. Oxabicycles
100a—c underwent fragmentation and subsequent
aromatization to give isoquinoline derivatives (e.g.,
98) by the action of DBU in toluene at reflux.

3.2. Pyrrolidine Derivatives

The intramolecular trapping of thionium ions
continues to be employed for the synthesis of indole
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alkaloids. The use of Pummerer chemistry as a
method to close the five-membered pyrrolidine ring,
while forming one of the quaternary centers found
in the aspidosperma and strychnos alkaloids, was
first studied by Magnus and co-workers.3* They
effectively used this methodology for the synthesis
of the kopsane alkaloids.®®> When sulfoxide 101 was
exposed to trifluoroacetic anhydride, the homoannu-
lar diene 102 was produced in 78% yield (Scheme 20).

Scheme 20

1. (CF3C0O)20

2. PhCl, A,
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101; R =S02CsH4OCH3 102; R = S0,CgH4OCH3
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104; R = SOCH4OCH3 103; R = S0,CH4OCH3

Formation of the C(11)—C(12) bond was proposed to
proceed prior to the elimination of HCI, since it was
known that the 1,4-dihydrocarbazole system, result-
ing from elimination of HCI, would readily aromatize
under the reaction conditions. Allylation of keto
sulfide 102 resulted in the introduction of the allylic
tether on the concave face of the diene. Intramolecu-
lar [4+2]-cycloaddition of the s7-bonds present in 103



The Pummerer Reaction

produced the basic kopsane structure 104 in 86%
yield.

This approach has also been used for the aspi-
dosperma alkaloids, and was employed by d’Angelo
to synthesize (+)-aspidospermidine.3® More recently,
Rodriguez and Urrutia have incorporated this strat-
egy into their synthesis of (+)-18-noraspidospermi-
dine (113) as part of an effort to develop useful
analogues (Scheme 21).5” The key transformation in
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a2 Reagents and conditions: (a) Me,CuLi,Et,0; 63%. (b)
PhNHNH3CI; 81%. (c) DDQ; 80%. (d) NiCl,:6H,0O/NaBH4/NH>NH»:
H>0; 91%. (e) TsCl, NaOH, BuisNH4l; 74%. (f) LiAIH4-AICIs,
toluene/THF (30:1); 93%. (g) PhSCH,>COCI; 96%. (h) NalOg; 72%.
(i) TFAA, PhCI; 68%. (j) Raney Ni; 82%. (k) LiAlIH4; 50%.

the synthesis involves the conjugate addition of
dimethylcuprate to the o,-unsaturated aldehyde 105
to provide 106 (63% yield), a strategy that allows for
the introduction of a variety of angular substituents
in the final product. Several functional group ma-
nipulations provided access to ketal 107. The indole
ring was subsequently introduced via a Fischer indole
reaction to give 108. Benzylic oxidation followed by
nickel boride reduction of the nitro group provided
imine 109. After considerable experimentation, it was
found that a mixture of LiAlIH4/AICI; could reduce
imine 109 to the cis-fused amine 110 with modest
stereoselectivity (93% yield, 3:1 cis/trans) in a toluene/
THF (30:1) solvent mixture. With amine 110 in hand,
the E ring was installed by acylation with phenylth-
ioacetyl chloride followed by oxidation of the sulfide
to the sulfoxide 111 using NalO,4. Exposure of 111
to trifluoroacetic anhydride effected a Pummerer
cyclization to provide 112 in 68% yield. To finish the
synthesis, 112 was desulfurized by the action of
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Raney nickel. Further reaction with LiAlH, cleaved
the tosyl protecting group and stereoselectively re-
duced the enamine functionality to give the target
113.

In a recent report, the Shibasaki group described
an elegant synthesis of (—)-strychnine that employs
a variation on the Magnus approach to form the
spirocyclic pyrrolidine moiety.3® Highlights of the
synthesis are depicted in Scheme 22. An asymmetric

Scheme 222
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2 Reagents and conditions: (a) Tf,0, i-Pr.NEt; 2,2-bis(ethylth-
io)ethylamine. (b) Zn, MeOH—aqueous NH4Cl; 77% for two steps.
(c) DMTSF; 86%. (d) SO3-Pyr, EtsN, DMSO. (e) HF-Et3N, THF;
83% for two steps. (f) NaOMe, MeOH. (g) Malonic acid, NaOAc,
Ac0, AcOH; 42% for two steps.

Michael addition of dimethyl malonate to cyclohex-
enone provided enantiomerically pure 114 in 91%
yield. In a series of reactions, 114 was transformed
into ketone 115. Conversion of the primary alcohol
in 115 to the corresponding triflate, followed by
displacement with 2,2-bis(ethylthio)ethylamine af-
forded bicyclic amine 117 via the intermediacy of 116.
Reduction of the nitro moiety followed by a condensa-
tion of the resulting amine with the adjacent carbonyl
group provided indole 118 in 77% yield from ketone
115. Treatment of 118 with DMTSF promoted a
Pummerer cyclization to form the spirocyclic C ring
of 119 in 86% yield. Protecting group manipulation
and removal of the ethylthio moiety furnished pen-
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tacycle 120. Oxidation of the alcohol group in 120,
with concomitant epimerization of the C(16) stereo-
center, followed by deprotection of the TIPS ether
established the hemiacetal 121 in 83% yield. Removal
of the acetyl protecting group followed by exposure
to malonic acid under buffered conditions provided
(—)-strychnine in 42% yield from 121.

Bosch and co-workers carried out an interesting
and novel approach to the pentacyclic ring system
present in the strychnos alkaloid family using a
tandem Pummerer intramolecular nucleophilic ring
closure reaction.® Reaction of -keto sulfoxide 122
with TFAA afforded a-trifluoroacetyl sulfide 123
(90% vyield, eq 3). The failure of 122 to cyclize on the

/O

Ph

CFSCO}_f
[
, _1:(CFs0R0 /
R, ‘H
2. PhCl, A N eq3
N

Ts
122 123

indole ring was attributed to the fact that cyclization
of the thionium ion onto the indole at the 3-position
would disturb the planarity of the amide carbonyl
group. The ring closure reaction was also expected
to be inhibited by the lower conformational flexibility
present in the rigid bridged strychnos skeleton.3%
However, it was possible to overcome these difficul-
ties by preparing the dimethylthioacetal derivative
124 (Scheme 23). Treatment of 124 with DMTSF

Scheme 23
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gave rise to the pentacyclic system 126 by an in-
tramolecular ring closure of the indole ring onto
thionium ion 125. Reductive desulfurization with
Raney Ni provided tubifolidine in good yield.

The ibophyllidine alkaloids have also been con-
structed using a ring-closing Pummerer reaction to
fashion the C ring. Bosch and co-workers started the
synthesis of (+)-deethylibophyllidine by employing a
dissolving metal reduction of phenethylamine 127 to
provide the dihydrobenzene derivative 128 (Scheme
24).40 Addition of 128 to phenyl vinyl sufoxide yielded
129. Heating 129 with 2 N HCI at 90 °C, followed by
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a2 Reagents and conditions: (a) Li, NH;, EtOH, —78 °C. (b)
phenyl vinyl sulfoxide, EtOH, rt. (c) 2 N HCI, 90 °C; 54% from
127. (d) PANHNH;, EtOH, A; then AcOH, 95 °C; 60%. (e) LDA,
NC—-CO;Me, THF—HMPA, —78 °C; 76%. (f) TFA (3 equiv), TFAA
(3 equiv), 80 °C, 2 h; 63%. (g) Raney Ni, EtOH, A; 63%. (h) hv;
50%.

a basic workup, gave the cis-ocatahydroindolone 130
in 54% from 127. A regioselective acid-catalyzed
Fischer indole reaction afforded the NH-indole 131
(60% vyield), which was protected on the indole
nitrogen by treatment with LDA followed by the
addition of Mander’s reagent to give 132 in 76% yield.
It should be noted that neither the hydrolysis of the
enol ether nor the Fisher indole reaction, both
conducted under acidic conditions, effected a Pum-
merer reaction of the pendant sulfoxide. This was
attributed to the higher stability of sulfoxides lacking
an activating group at the a-position, thereby allow-
ing for the early introduction of a sulfur atom at the
proper oxidation state. The desired Pummerer cy-
clization could easily be triggered, however, by expos-
ing 132 to a mixture of TFA and TFAA (3 equiv) at
80 °C for 2 h. Under these conditions, a mixture of
pentacyclic isomers (i.e., 133) epimeric at C(7) was
obtained in 63% vyield. The now superfluous phe-
nylthio group present in 133 was readily removed by
the action of Raney Ni in ethanol at reflux to afford
134 in 63% yield. Irradiation of 134 using a medium-
pressure mercury lamp delivered deethylibophylli-
dine in 50% vyield.

In recent years, our research group at Emory has
examined the combination of Pummerer-based cy-
clizations and N-acyliminium ion cyclizations in a
tandem sequence to form pyrrolidine-containing ring
systems. In a typical example, enamide 135 was
treated with p-TsOH in benzene at reflux tempera-
ture to produce thionium ion 136. A subsequent
Nazarov-like ring closure of 136 furnished iminium
ion 137. Finally, interception of this cation by the
pendant aromatic ring produced 138 as a single
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diastereomer in 78% yield (Scheme 25).4! The ster-
eochemistry of 138, established by X-ray crystal-
lographic analysis, suggests a conrotatory ring clo-
sure. Other z-bonds were also found to efficiently
terminate the cascade. For example, allylsilane 139
provided bicycle 140 in 61% yield when heated with
p-TsOH. The terminal alkene 141 cyclized to give 142
(80% vyield), where the resultant secondary carboca-
tion was captured by sulfonate anion. In each case,
only one diastereomer was isolated, suggesting that
a concerted 4z-electrocyclization reaction results from
the intermediate thionium ion.

The Padwa group used this methodology to con-
struct the reported structure of the alkaloid jam-
tine.*? The key intermediate was assembled by
condensation of aldehyde 143 with 3,4-dimethox-
yphenethylamine followed by acylation with (ethyl-
sulfanyl)acetyl chloride to give enamide 144 as a
mixture (4:1) of Z- and E-isomers in which the former
predominated (Scheme 26). Exposure of 144 to NalO,4
resulted in oxidation of the sulfide to a sulfoxide with
concomitant cleavage of the TBS ether, affording
alcohol 145. This alcohol was converted to the cor-
responding bromide using CBr4/PPhg, providing ena-
mide 146 whereby the sulfoxide functionality had
also been reduced. Reoxidation, followed by heating
the resulting sulfoxide with CSA, produced several
tricyclic products (98% vyield) as a mixture (5:2:1:1)
of diastereomers in which 147 was isolated as the
major diastereomer. The stereochemistry of 147,
secured by X-ray crystallographic analysis, is con-
sistent with a Nazarov-type conrotatory 4m-electro-
cyclization followed by attack of the nucleophilically
disposed aromatic ring from the least hindered side
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2 Reagents and conditions: (a) 2,2-Dimethoxyphenethylamine,
(ethylsulfanyl)acetyl chloride; 92%. (b) NalO4, MeOH/H,0; 99%.
(c) CBra, PPh3; 83%. (d) NalO4, MeOH/H;0; 99%. (e) CSA, PhMe,
reflux; 98%. (f) NaH, THF, reflux; 99%. (g) NalO.4, MeOH/H;0;
heat; 90%. (h) Lawesson’s reagent; 99%. (i) Meerwein’s salt,
NaBH4, MeOH; 61%.

of the intermediate iminium ion. Reaction of a-eth-
ylthio amide 147 with NaH effected an intramolecu-
lar alkylation to provide tetracycle 148. Oxidative
elimination of the ethylthio group delivered the
required unsaturated amide 149. Removal of the now
superfluous carbonyl group was accomplished by first
converting 149 to a thioamide followed by a subse-
guent reduction using methyl Meerwein'’s salt and
NaBH, to complete the synthesis of (+)-jamtine.
Preparation of the skeletal framework of the pyr-
rolizidine alkaloid family was carried out by Ishibashi
using amido sulfoxide 150.4 The Pummerer reaction
of 150 provided the bicyclic lactam 151 in 31% vyield
(Scheme 27). Conversion of 151 to 152 was ac-
complished by reducing the thiomethyl group with
Raney Ni. Intermediate 152 was subsequently con-
verted into both (&)-isoretronecanol and (+)-trach-

elanthamidine.
EEJ\COZB
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A related method was employed as the key step for
the synthesis of (—)-trachelanthamidine (Scheme
28).44 Sulfoxide 153 was treated with TFAA, and
lactam 154 was isolated in 87% yield. This bicyclic
lactam was then converted into trachelanthamidine
in several additional steps.

3.3. Mesoionic Betaines

In a series of papers, Padwa and co-workers
examined the use of a Pummerer-initiated cascade
reaction to generate isominchnones, a class of me-
soionic betaines,*~4” and further studied their ability
to participate in 1,3-dipolar cycloaddition chemistry.
For example, treatment of sulfoxide 155 with acetic
anhydride resulted in the formation of a reactive
thionium ion that engaged the distal amide carbonyl
group to produce isomiinchnone 156 (Scheme 29).46
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Further exposure of 156 to a dipolarophile, such as
N-phenylmaleimide (NPM), induced a 1,3-dipolar
cycloaddition and gave 157 as a single diastereomer
in 85% vyield.

The specific conditions required to successfully
effect this transformation were important and war-
rant comment. The initial attempts to form the
intermediate isominchnone employed TFAA to pro-
mote the cyclization and Et;N to form the dipole from
the oxonium ion intermediate. These conditions,
however, failed to produce a viable dipole. Rather,
cyclic ketene acetal 158, in which the transient dipole
first reacted with excess TFAA followed by deproto-
nation, was obtained. After considerable experimen-
tation, it was discovered that the slow addition of 155
to a mixture of acetic anhydride, a catalytic amount
of p-TsOH, and the appropriate dipolarophile at the
reflux temperature of toluene gave consistently good
yields of the 1,3-cycloadduct. Several different dipo-
larophiles were found to participate in these cycload-

162

Bur and Padwa

ditions. When 156 was allowed to react with DMAD,
the initially formed oxabicycle underwent a rapid
fragmentation reaction to produce furan 159 (41%
yield) and methyl isocyanate. The reaction of iso-
munchnone 156 with 1,4-naphthoquinone produced
160 in 73% yield. Other dipolarophiles that were used
included vinyl sulfones, maleic anhydride, and acry-
late derivatives. Unactivated olefins also participated
in the cycloaddition when they were tethered to the
isomidnchnone dipole. For example, when sulfoxide
161 was treated with acetic anhydride, polycyclic 162
was isolated as a single diastereomer in 73% yield.

The oxabicyclic products could be further trans-
formed into highly substituted pyridones. Thus,
exposure of cycloadduct 163 to a mixture of acetic
anhydride and BF3;:OEt; produced a mixture (5:1) of
pyridones 164 and 165 in 96% combined yield (Scheme
30). In experiments with related cycloadducts, the
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preferential formation of either the acetoxy (e.g., 164)
or ethylthio (e.g., 165) substituted pyridone was
found to be substrate dependent. The products arise
from differential cleavage of the bridging bond in
either the N,O-acetal (bond a) or S,0-acetal (bond b).
Accordingly, when bond a in oxabicycle 166 is rup-
tured, loss of acetic acid and further tautomerization
of thionium ion 167 produces the ethylthio-substi-
tuted pyridone 168. Alternatively, fragmentation of
bond b produces iminium ion 169. Deprotonation
followed by acylation of the resulting carbonyl group
gives 170. The preference for pyridone 170 is thought
to hinge upon the ability of the amide nitrogen to
assist in the breaking of bond b. Thus, cycloadducts
with geometries in which the nitrogen’s lone pair of
electrons are anti-periplanar to the nucleofuge pro-
vide greater quantities of the acetoxy-substituted
product 170.

The above Pummerer-initiated cycloaddition/cas-
cade strategy was used for the synthesis of several
alkaloid natural products. For example, the formal
synthesis of (+)-anagyrine involved exposure of imide
171 to a mixture of acetic anhydride and methyl
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a Reagents and conditions: (a) Ac;O, methyl acrylate; 61%. (b)
NalO4-RuCls; 91%. (c) BF3-OEt,. (d) (Tf)2NPh, EtsN; 80% for two
steps. (e) 2-(tri-n-butylstannyl)pyridine, Pdy(dba)s, TFP; 70%. (f)
Hy, PtO,. (g) NaOMe, MeOH; 85% for two steps.

acrylate to provide oxabicycle 172 in 61% vyield
(Scheme 31).4” Oxidation of the sulfide group present
in 172 with NalO4/RuCl; furnished sulfone 173 (91%
yield). Exposure of 173 to BF3-OEt, and subsequent
reaction with Comins’ reagent gave triflate 174 in
80% overall yield. Palladium-catalyzed cross coupling
of 174 with 2-(tri-n-butylstannyl)pyridine afforded
175 in 70% vyield. Catalytic hydrogenation of the
pyridone ring in 175 using PtO, followed by a base-
induced equilibration delivered 176 (85% overall
yield), a compound previously converted to (+)-
anagyrine.

Another example that makes use of this strategy
for natural product chemistry involves the synthesis
of ()-costaclavine (Scheme 32).4” The methyl amide
functionality present in 177 was acylated with (eth-
ylsulfanyl)acetyl chloride, and subsequent oxidation
of the sulfide with NalO, provided sulfoxide 178. The
key tandem Pummerer cyclization/cycloaddition cas-
cade was initiated by exposing 178 to acetic anhy-
dride and a trace of p-TsOH, which gave tetracycle
179 in 64% vyield. A sequence of functional group
interconversions (hydrolysis of the acetate, conver-
sion to the vinyl triflate, and a Stille coupling for
installation of a methyl group) provided 180 in 59%
overall yield. Platinum oxide-mediated hydrogenation
of the pyridone moiety present in 180 followed by
removal of the benzoyl group under acidic conditions
furnished 181 as a separable mixture (4:1) of epimers
about the C(8) methyl group in 85% overall yield. The
amido group of the major diastereomer of 181 was
reduced with LiAlH,;, and subsequent manganese
dioxide oxidation of the dihydroindole delivered (+)-
costaclavine in 12 steps with an overall yield of 17%.
The synthesis of several other alkaloids, including
onychine, dielsquinone, (£)-lupinine, and pumil-
iotoxin C, were also described by the Padwa group.4”
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In a somewhat related study, Kim and Park have
reported the use of the Pummerer reaction as a key
step for the synthesis of triazapentalenes, another
class of mesoionic betaines.® In this example, the
benzotriazole-substituted allyl sulfide 182 (Ar =
4-MeOCg¢H,4) was first oxidized to sulfoxide 183 in
94% yield using m-CPBA (Scheme 33). Treatment of

Scheme 33

N m-CPBA N TFAA @:
©: N —_ _ (, SPh
Ph Ph %ﬁ;[
AT AT A Ph

SPh 183 ~+SPh

182 (¢] 184

183 with TFAA at room temperature provided tri-
azapentalene 184 in 91% yield. The Pummerer-
initiated cyclization worked equally well on stereo-
chemically pure samples of either the (E)- or (2)-allyl
sulfoxides 183. A variety of other aryl substituents
on the olefin were studied, and yields of the corre-
sponding triazapentalenes ranged from 34% to 91%,
with the typical yield being near 80%.

4. Formation of Six-Membered Ring Heterocycles

As seen from some of the above schemes, reactive
five-membered ring heterocycles are often involved
as intermediates for the generation of six-membered
ring products. Pummerer cyclizations can also be
used to access these structures directly. Many natu-
ral products feature nitrogenous and oxygenated six-
membered rings that are fused to aromatic rings. For
these compounds, Pummerer cyclizations are fre-
guently employed. In contrast to thionium ion cy-
clizations that produce five-membered rings, products
that arise from C—S bond formation often accompany
the desired six-membered ring closure adducts.

4.1. Isoquinoline Derivatives

The formation of isoquinoline derivatives via Pum-
merer-induced cyclizations has been studied by sev-
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eral research groups, including those of Tamura and
Craig.'®@%° Sano and co-workers have also employed
this strategy to construct a series of tetrahydroiso-
quinoline alkaloids that are thought to be involved
in the pathogenesis of Parkinson’s disease. Their
synthesis began with a Ti(i-PrO),-mediated conden-
sation of benzyl ketones 185 (R = H, OMe; R? = Me,
Ph, Bn) with 2-phenylthioethylamine followed by
reduction of the resulting imine with NaBH, to
provide amines 186 (Scheme 34).5° In previous stud-
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ies by Shinohara,®? it was found that N-formyl
derivatives provided the best yields in the Pummerer
cyclization. Accordingly, formylation of the amino
group present in 186 and subsequent oxidation of the
sulfide moiety with NalO, afforded substrates 187
for the Pummerer cyclization. Reaction of 187 (R =
OMe) with TFAA in benzene at 25 °C provided 188
(R* = OMe) in quantitative yield. For Pummerer
cyclizations onto aromatic rings that are devoid of
activating groups, the addition of BF3;-OEt, was found
to be critical for the success of the cyclization. Thus,
after exposure of 187 (R' = H, Me) to TFAA in
benzene for 1 h, BF;-OEt, was added to effect the
desired cyclization, furnishing 188 in 94—97% yields.
Compounds 188 were desulfurized using a nickel
boride-mediated reductive elimination to give 189.
The formyl group in 189 could be either hydrolyzed
(HCI or NaOH) to the secondary amines 190 or
reduced with LiAlH, to deliver the N-methyl deriva-
tives 191. This method, employing TFAA and BFs;-
OEt,, for making these isoquinoline derivatives has
a distinct advantage over other methods such as the
Pictet—Spengler, Bischler—Napierelski, or Pomer-
anz—Fritsch approaches, because it allows for the
synthesis of isoquinolines, such as 188 (R! = H, Me),
that are devoid of activating groups, in high yield
(94—-97%).

Further studies by Sano and co-workers revealed
some interesting electronic effects when three meth-
0Xy groups were present on the aromatic cyclization
partner. Thus, when compound 192 was treated with
TFAA followed by exposure to BF3-OEt,, tetrahy-
droisoquinoline 193 was produced in 76% vyield
(Scheme 35).5%° Although the reaction proceeded
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without BF3;-OEt,, the addition of this Lewis acid to
the reaction medium greatly accelerated the rate of
the cyclization. Similarly, when 194 was subjected
to similar conditions, 195 was formed in 99% yield.52
Upon treatment with TFAA and BF;-OEt;, however,
196 only produced 197 in low yields. After the crude
reaction mixture containing 197 was subjected to the
nickel boride reduction conditions, the isoquinoline
derivative 198 was isolated in only 17% yield. Inter-
estingly, when the dimethoxy-substituted aromatic
199 was treated with the TFAA/BF;-OEt, mixture,
compound 200, arising from C—S bond formation,
was isolated as the major product.

The isoquinoline ring system is found in several
families of natural products, including the erythrina
alkaloids. With this target class in mind, the Sano
group has applied the Pummerer methodology to-
ward the preparation of a key erythrina alkaloid
intermediate. In this approach, 5-keto ester 201 was
condensed with 2-phenylthioethylamine to give vi-
nylogous amide 202 (Scheme 36).53 Treatment of 202
with oxalyl chloride produced dioxopyrroline 203 in
81% overall yield. Photolysis of 203 and 2-trimeth-
ylsilyloxybutadiene afforded cyclobutane 204 as a
single diastereomer in 79% yield. The stereochemis-
try of 204 was established by comparison of its NMR
spectral data to those of a similar photoadduct whose
structure had been secured by X-ray analysis. Reduc-
tion of the C(7) carbonyl group with NaBH, afforded
205 (93%), which underwent a 1,3-sigmatropic rear-
rangement upon exposure to TBAF to deliver the
ring-expanded product 206 in 99% yield. Mesylation
of the C(7) hydroxyl group in 206 followed by oxida-
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Scheme 362

a Reagents and conditions: (a) 2-Phenylthioethylamine; 90%.
(b) (COCI)z; 90%. (c) 2-TMSO-butadiene, hv, 79%. (d) NaBH4; 93%.
(e) TBAF, —30 °C; then rt; 99%. (f) MsClI, pyridine. (g) NalO4; 97%
over two steps. (h) TFAA, CHCly, rt; 88%. (i) BusSnH, AIBN,
toluene, A; 77% (208b), 59% (208a). (j) DBU; 60%.

tion of the sulfide moiety with NalO, gave the
Pummerer cyclization precursor 207 in 97% overall
yield. The TFAA-promoted thionium ion cyclization
of sulfoxide 207 produced 208a and 208b as a
mixture (1:87) of epimers about the C(11) stereo-
center in 88% combined yield. Radical reduction of
the major diastereomer 208b afforded 209 in 77%
yield, while 208a also gave 209 in 59% yield under
the same conditions. Exposure of 209 to DBU af-
forded cycloerythrinan 210, which has been employed
as a key intermediate in the syntheses of several
natural products.

The relative stereochemistry of compounds 208a,b
was established by comparison of their 'H NMR
spectra to those of similar compounds of known
stereochemistry. The preferential formation of 208b
(Hp) was rationalized in terms of steric interactions
in the corresponding transition states. Transition
state A, leading to 208a, suffers from an unfavorable
steric interaction between the phenylthio group and
the angular methoxycarbonyl substituent (Figure 1).
This interaction is relieved in transition state B,
which leads to structure 208b.

A Pummerer cyclization approach was also em-
ployed as a key strategic disconnection by Desmagéle
and Jousse in their synthesis of the erythrinan
alkaloid skeleton.>* In this investigation, nitro enoate
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R =COzMe B

Figure 1. Transition states leading to 208a,b.

211 was cyclized via an intramolecular Michael
addition to afford ester 212 (68%) as a separable

mixture (1:1) of diastereomers about the C(6) stereo-
center (Scheme 37). Other bases were also examined,

Scheme 372

e

@)

Erythrina alkaloid skeleton 218

2 Reagents and conditions: (a) TBAF, THF, rt, 18 h; 68%. (b)
Raney Ni. (c) Toluene, A, 1 h; 42% over two steps. (d) NaHMDs,
THF/HMPA, —78 °C, then 215; 55%. (e) Ac20, A. (f) SnCls4, CH.ClIy,
0 °C; 56%. (g) BusSnH, AIBN, toluene, A; 75%.

but they resulted in lower yields of the desired
product along with other structures in which the
nitro group had been oxidatively hydrolyzed to the
corresponding aryl ketone. It should be noted that
the C(6) center is generally sp? hybridized in most of
the erythrina alkaloid targets (e.g., erysotramidine,
Scheme 18), so both diastereomers can be employed
in the remainder of the synthetic sequence. For
clarity, however, only the a-isomer with respect to
the C(6) substituent is shown in the reaction scheme.
Reduction of the nitro group in 212 by exposure to
Raney nickel provided 213. Although it was expected
that a spontaneous O- to N-transacylation would
occur to give 214, it was discovered that thermal
activation was required. Heating a sample of 213 in
toluene at reflux provided 214. Reaction of 214 with
vinyl sulfoxide 215 afforded the 1,4-addition product
216. After some experimentation, it was ultimately
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discovered that a stepwise ring closure provided the
best results for the conversion of 216 to 217. Thus,
heating 216 with acetic anhydride followed by expo-
sure to SnCl, at 0 °C delivered 217 in 56% yield. The
phenylthio moiety present in 217 was removed under
radical reducing conditions to furnish the erythrina
skeleton 218.

As part of their investigations into N,S-fused
polycyclic ring systems, Daich and co-workers have
reported a tandem Pummerer/N-acyliminium ion
cyclization that was used to construct interesting
isoquinolinone structures.>® Addition of benzylmag-
nesium bromide to 219 provided 220 in 51% yield
(Scheme 38). Oxidation of the sulfide functionality

Scheme 382

[o] % 0 ?
oo Qs o
\ HO Q i Q
219 220 221

a Reagents and conditions: (a) BnMgBr; 51%. (b) m-CPBA, 0
°C, 1-3 min; —100%. (c) TFAA, CH.Cly, rt, 8 h; TFA, rt, 12 h;
42%. (d) TFAA, pyridine; 56%.

to the corresponding sulfoxide was accomplished by
exposure of 220 to m-CPBA for short periods of time
(1—2 min) to furnish 221 as a mixture of diastereo-
mers. Treatment of sulfoxide 221 with TFAA in CH-
Cl, at room temperature for 8 h followed by the
addition of TFA produced 223 in 42% yield through
the intermediacy of 222. If the reaction was carried
out under buffered conditions (TFAA, pyridine),
compound 222 could be isolated in 56% vyield. An
N-acyliminium ion intermediate could then be gener-
ated by treating 222 with neat TFA. Subsequent
cyclization of the iminium ion gave 223 in 58% yield.
Other arylthio groups were also examined, with
compounds 224 and 225 being obtained from the
TFAA/TFA conditions in 62% and 41% yield, respec-
tively.

4.2. Indole Alkaloids

Intramolecular addition of nitrogen nucleophiles
onto thionium ions derived from Pummerer reactions
have also been used for the formation of the C(6)—
C(7) bond in an attempted synthesis of the akuam-
miline family of alkaloids. For example, treatment
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of sulfoxide 226 with TFAA produced the novel
heterocycle 227 in 24% yield (Scheme 39).5657 Reduc-
tion of the sulfide linkage using NiBH, afforded
indole 228. Compound 227 arises from intramolecu-
lar trapping of the initially generated thionium ion
onto the indole nitrogen atom.

The construction of the indolo[2,3-a]Jquinolizidine
system®® and the pentacyclic ring system of apogeisso-
schizine%¢¢ by formation of the C(6)—C(7) bond has
also been reported. In this context, an interesting
application of the Pummerer cyclization to fashion
the C ring of the corynanthean alkaloid (+)-akagerine
was reported by Bennasar and Bosch.8 As outlined
in Scheme 40, their approach involves the addition
of the enolate derived from 1-acetylindole (229) onto
pyridinium triflate 230 to provide 231 in 25% yield.
Exposure of 231 to p-TsOH and Lil effected cycliza-

Scheme 402

234; R = SPh
[:235 R=H

(£)-Akagerine

2 Reagents and conditions: (a) LDA, THF, —30 °C; then 230;
25%. (b) p-TsOH, Lil, MeOH/CgsHs; 58%. (c) Tf,0, 1,8-bis(dimethy-
lamino)naphthalene, —30 to —10 °C. (d) BuzSnH, Pd(PPhsz)a, LiCl;
45% over two steps. (e) m-CPBA, —70 °C. (f) TFAA, 2,6-di(tert-
butyl)pyridine, rt, 30 min; then A; 71% over two steps. (g) BusSnH,
AIBN, CgHe, reflux; 72%.



The Pummerer Reaction

Scheme 412

(+)-Geissoschizine

a Reagents and conditions: (a) p-TsOH, CgHe, Lil; 22%. (b) 2.5
N HCI, MeOH, A; then NaBHy,, 0 °C; 33%. (c) TFA, CHxCly, 0 °C;
then m-CPBA, —78 °C; 80%. (d) TMS—OTY, i-PraNEt, CHoCly, rt;
64%. (€) NaOMe, MeOH, rt. (f) BusSnH, AIBN, CgHs, A; 52% over
two steps.

tion of the dihydropyridine residue onto the indole
with concomitant loss of fluoride to furnish 232 in
58% yield. The enol functionality in 232 was reduced
to alkene 233 in 45% overall yield by first converting
232 to the corresponding enol triflate followed by a
palladium-mediated reduction with BuzSnH. In prepa-
ration for the Pummerer cyclization, the sulfide group
in 233 was oxidized with m-CPBA. Subjection of the
resulting sulfoxide to buffered Pummerer conditions
gave pentacycle 234 in 71% yield as a mixture of
epimers about the C(6) stereocenter. The extraneous
phenylthio group in 234 was then removed by a
radical reduction procedure to deliver 235 (72%
yield), a known intermediate used in the synthesis
of akagerine.

In a more detailed account of the investigations
that led to akagerine, a formal total synthesis of
geissoschizine was also presented.>® In this sequence,
the enolate of acetylindole was added to a pyridinium
salt which lacked the fluoro substituent and instead
contained an acrylate substituent, to give dihydro-
pyridine 236 in 22% yield (Scheme 41). Acid-induced
cyclization provided tetracyclic amine 237 in 50%
yield. Heating 237 in aqueous HCI followed by the
addition of NaBH, stereoselectively produced the (E)-
ethylidenepiperidine 238 in 33% yield. To chemose-
lectively oxidize the sulfide functionality, the basic
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nitrogen atom was first protonated with TFA before
reaction with m-CPBA to deliver the Pummerer
cyclization precursor 239 in 80% yield. Initial at-
tempts to effect the cyclization by heating 239 with
a mixture of TFAA and TFA in CH,CI, at reflux failed
to produce 240. Rather, a mixture of 238 and 242
was isolated (vide infra). However, exposure of 239
to TMSOTf and Hunig's base did effect the desired
cyclization. Adduct 240 was isolated as a mixture of
epimers about the C(6) stereocenter in 64% yield.
Opening of the lactone ring with subsequent desulfu-
rization by a radical pathway provided 241, a known
intermediate in the synthesis of geissoschizine.
The product distribution of the above Pummerer
cyclization attempts using TFAA/TFA deserves some
comment. As was seen from Sano’s studies (Scheme
35),%3 formation of a C—S bond (i.e., 200) can compete
with C—C bond formation. The reduction of 239 to
238 and the generation of 242 both arise from the
nucleophilic addition of the indole =-bond to the
acyloxysulfonium ion 243 to give intermediate 244
(Scheme 42).5° Hydrolytic cleavage of the C—S bond

Scheme 42

TFAA

39 ——

238

then provides 242. Capture of the sulfonium ion by
trifluoroacetate, however, affords a tetravalent sulfur
compound, 245. Subsequent protonation of the indole
ring by TFA produces the iminium ion 246. Trifluo-
roacetate anion effects rupture of the O—S bond with
subsequent breaking of the C—S bond to regenerate
238 and trifluoroacetyl peroxide. Although this C—S
bond formation represents an undesired pathway for
the syntheses of akagerine and geissoschizine, this
“interrupted Pummerer” reaction has been further
exploited for heterocyclic synthesis by other investi-
gators (vide infra).

4.3. Chromene Derivatives

A recent report by Bernard, Piras, and co-workers
describes an interesting Wagner—Merwein-type rear-
rangement that was used to trigger a subsequent
Pummerer cyclization.®* For example, when phenyl-
sulfanylcyclopropane 247 was heated with p-TsOH
in dry benzene at reflux, ionization of the hydroxyl
group occurred with concomitant ring expansion to
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give the transient thionium 248 ion that was subse-
quently captured by the pendant aryl group to
furnish 249 in 77% yield (eq 4). Other aryl groups,
such as those containing a p-Me or p-Cl substituent
also participated in this reaction, as did the unsub-
stituted analogue (67—80% yield). Interestingly, if the
ether linkage in the tether was removed, only cy-
clobutanone 250 was isolated in 80% yield.

Me
Me Me
Ph pTsOH +
T Ph _, Ph eq4
0 eHe o
OH
247 248 249

Me

250

These phenylsulfanylcyclobutane derivatives have
high potential as synthetic intermediates. In the
report detailing this methodology, chromene 249 was
converted to the core structure of the radulanins.5!
For example, the treatment of 249 with m-CPBA
produced sulfoxide 251 in 70% yield (Scheme 43).

Scheme 432

Me

OH - Q
O O

254 253

a Reagents and conditions: (a) m-CPBA, —20 °C, CHCly; 70%.
(b) Toluene, A; 83%. (c) m-CPBA, 0 °C, CH,Cly; 46%.

Thermolysis of 251 in toluene resulted in elimination
of PhSOH to give 252 in 83% yield. Exposure of 252
to m-CPBA induced a ring contraction reaction,
presumably through the intermediacy of epoxide 253,
providing 254 whose carbon skeleton is found in the
radulanin family of natural products.

4.4. 1,3-Oxathianes

Formation of the 1,3-oxathiane ring has been
achieved through a Pummerer cascade. Alkylation of
potassium thiolate 255 with a variety of alkyl halides
(R = Me, Et, Bn, PhCOCH,—, HOCH,CH,—) gave
sulfides 256 in high yield (85—96%; Scheme 44).622
Subsequent oxidation of 256 with m-CPBA produced
the corresponding sulfoxides 257. Reaction of these
sulfoxides with p-TsOH in the presence of 3 A
molecular sieves provided 1,3-oxathianes 258 in 50—
95% vyields. Because S,0O-acetals are easily removed
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masks for carbonyl functional groups, this methodol-
ogy is useful for the synthesis of protected aldehydes
from derived alkyl halides. The range of alkyl halides
successfully used suggests that this procedure may
be quite useful for the synthesis of protected alde-
hydes that are more complex.

In earlier studies, Abe and Harayama demon-
strated the facility with which 1,3-oxathianes 261 are
formed by exposing y,0-unsaturated sulfinyl com-
pounds of type 259 to p-TsOH (eq 5).5%¢ The sulfo-

H +
Ly —_— —_ eq5
L oSuPn | O OIS

259 260 261

nium salt 260 was postulated as a reaction interme-
diate.

These authors recognized that electrophilic re-
agents other than protic acids could effect the same
transformation, and the use of an iodonium ion was
examined. The initial studies employed molecular
iodine and N-iodosuccinimide (NIS) as the electro-
philic source of iodine. When sulfoxide 259 was
treated with NIS or I, the expected Pummerer
product 262 was isolated in only 23% yield (Scheme
45).%% One of the byproducts corresponded to the

Scheme 45
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iodohydrin 263. Conditions were then optimized for
the formation of this byproduct, and 263 could
eventually be generated in 80% yield by using NIS
at —78 °C. Subsequent exposure of 263 to p-TsOH
in the presence of 3 A molecular sieves furnished 262
in 63% yield as a mixture (10:1) of diastereomers
about the S,O-acetal.

4.5. Rearrangements

The isolation of C—S bonded products such as 200
(Scheme 35) and 242 (Schemes 41 and 42) demon-
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strates that some sulfoxides act unexpectedly in
Pummerer-induced reactions.®4% Aitken and co-
workers also observed a rather unusual rearrange-
ment when they examined the behavior of dihy-
drotetrathiofulvalene under Pummerer conditions.%*
Oxidation of 264 with m-CPBA delivered the thion-
ium ion precursor 265 (Scheme 46). Reaction of 265
with TFAA was expected to deliver compound 266.
Unexpectedly, however, products 264 and 267 were
isolated in 38% and 42% yield, respectively. The
rearrangement product 267 was thought to originate
from a mechanism wherein a sulfur-assisted 1,2-acyl
shift of the intermediate sulfonium salt 268 produces
269. Cleavage of the trifluoroacetate triggered a
subsequent ring expansion, affording 1,4-dithiane
267 and TFAA. The reduction product 264 arises
from a nucleophilic displacement of the trifluoro-
acetyl group where the oxygen atom acts as the
electrophile to produce 264 as well as trifluoroacetyl
peroxide. This reduction is closely related to the
reduction previously described in Scheme 42 where
239 was reduced to 238.

5. Generation of Other Heterocyclic Ring
Systems

5.1. fp-Lactam Formation

There have been several reports in the literature
dealing with the asymmetric conversion of chiral
fp-amido sulfoxides into g-lactams using an intramo-
lecular Pummerer cyclization process.56~70 Kita dem-
onstrated that a highly asymmetric Pummerer re-
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action of acyclic sulfoxides can be induced using an
O-silylated ketene acetal.®®7° The reaction of sulfox-
ide 270 with silyloxy ketene acetal 271 in the
presence of a catalytic amount of Znl, in CH3CN
provided a mixture (88:12) of the syn- and anti-a-
silyloxy sulfides 272 and 273 in 75% yield (Scheme
47). Various syn and anti -substituted sulfoxides
were treated with the O-silylated ketene acetal under
similar reaction conditions to give high yields of the
corresponding a-silyloxy sulfides. Although the exact
mechanistic details of this process are unclear, the
transformation appears to involve silylation of the
chiral sulfoxide followed by proton removal at the
o-carbon from the face opposite the sulfoxide group
by the ester enolate. The siloxy group then migrates
to the a-position by one of the following possibili-
ties: (i) an intimate ion pair mechanism, (ii) a radical
dissociation—recombination mechanism, or (iii) direct
carbanion attack.54

Kita has used this asymmetric Pummerer to con-
struct enantiomerically enriched g-lactams 278 and
280 starting from the chiral, nonracemic S-amido
sulfoxides 277 and 279 (Scheme 48).7°°72 The chiral
sulfoxides 277 and 279 were prepared from the

Scheme 48
a, ’
°S—p-Tol i S-p-Tol
Znly
; H CH
. [o} 3
0 ——CH;s H
H 271
277 (SS) 278

—p-Tol Ei 1S-p-Tol
o CHs
S s H

H Znly
0" »—Chy
H
27
279 (RS) 280
a_
°S—p-Tol ZnCly S-p-Tol
;N
d NHR 271 d R
(S)281 (R)-282
RN ZnCl S-pTol
—p-Tol /J;\
—— N,
NHR 27 o R
O (Ry283 (S)r284



2420 Chemical Reviews, 2004, Vol. 104, No. 5

Scheme 49
O .
./ pTBDMS
—p-Tol gnp-Tol
- < N
NHR ,\\,\
© o
285 R
CHzOOzMe
286a
TBDMSO -
{ S-p-Tol i
/,;'E -p-Tol ~—— H) ‘\:% :
N
o R
287 o

286b

known chiral carboxylic acids by condensation with
(S)-phenethylamine in the presence of 1,3-dicyclo-
hexylcarbodiimide (DCC) using DMF as the solvent.
Treatment of the pure (S)-sulfoxide 277 under stan-
dard Pummerer conditions (Znl,, CH3CN, 271) gave
the (R)-B-lactam 278 in 75% yield and in 60%
enantiomeric excess. Changing the reaction condi-
tions to ZnCl; in CH,ClI; improved the ee to 80—85%.
N-Benzyl amides (S)-281 and (R)-283 produced (R)-
282 and (S)-284 in 54% yield with 80% and 82% ee,
respectively.

The proposed mechanism involves silylation of the
sulfoxide to give intermediate 286a that is subse-
quently attacked by the amide nitrogen atom to
produce the chiral isothiazolone 286b (Scheme 49).
This transient species undergoes preferential 1,2-
rearrangement from the o-face to provide -lactam
287.1

5.2. Benzazepine Derivatives

While the generation of five-membered ring het-
erocycles using the Pummerer reaction is clearly an
efficient process, the isolation of C—S bonded and
rearranged products often accompanies formation of
six-membered rings. Although relatively few inves-
tigations into the synthesis of larger ring sizes have
been reported, it would appear as though the Pum-
merer-promoted cyclization leading to these larger
systems is less efficient than for the corresponding
six-membered rings. Nevertheless, several larger ring
heterocyclic compounds that are difficult to synthe-
size in other ways have been prepared using Pum-
merer cyclizations.

As previously noted (cf. Schemes 1 and 2), Pum-
merer cyclizations onto aromatic rings are quite
general. Several research groups have leveraged
Pummerer methodology to construct benzazepine
derivatives. Ishibashi, for example, employed the
method toward the synthesis of 1,3,4,5-tetrahydro-
2H-3-benzazepin-2-one, a pharmacologically impor-
tant target.”® When the phenethylamido sulfoxide
derivative 288 was exposed to TFAA or p-TsOH, an
intramolecular Friedel—Crafts cyclization onto the
a-acylthionium intermediate occurred to furnish tet-
rahydro-2H-3-benzazepin-2-one 289 in modest yield
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(Scheme 50). A number of structurally related ana-
logues (290, 291, and 292) were accessed from
substrate 289. Reduction of 289 with LiAlIH, provided
tetrahydro[3]benzazepine-2(2H)-one 290. Further re-
action with Raney Ni gave 292. Sodium periodate
oxidation of the thiomethyl ether group present in
289 followed by a Pummerer reaction afforded the
dicarbonyl derivative 291 in 35% yield.

An interesting application of the Pummerer/
Friedel—Crafts alkylation methodology for the prepa-
ration of a seven-membered heterocycle was de-
scribed by Ishibashi in an approach toward (+)-
cephalotaxine (eq 6).7* The key step in the synthesis

CH?W’
TFAA

CH2Ch, 0°C

involved the ring closure of sulfoxide 293 by means
of a TFAA-initiated o-acylthionium ion cyclization to
give the seven-membered lactam 294 that was sub-
sequently converted to cephalotaxine by standard
synthetic transformations. Ishibashi and co-workers
have used this same strategy for the synthesis of
related benzazepines.”# 76

Similarly, 1,4-benzoxathiepins 297 and 298 were
synthesized from sulfoxides 295 and 296 in 53% and
55% vyield, respectively (eq 7).”"

O e M)

benzene

EtOZC Et0,C
205; X=0 297; X=0
296! X = NTs 298 X = NTs

As an extension of their earlier work with iso-
quinolines (Schemes 34 and 35), Sano and co-workers
have applied their BF;-OEt;-assisted Pummerer cy-
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a Reagents and conditions: (a) 2-Chloroethyl phenyl sulfide,
Na,COs, Nal, BusNBr, dioxane, A. (b) HCO;H—ACc,0, 70 °C. (c)
NalO4, MeOH—H,0. (d) TFAA, CsHe, rt; 80%. (€) TFAA, BF3-OEty,
CeHe, rt; 47%.

clization strategy toward the synthesis of several
benzazepine derivatives. In this study, phenethy-
lamine 299 (R = H or OMe) was alkylated with
2-chloroethylphenyl sulfide to furnish 300 (Scheme
51).7® Amine 300 was then protected by exposing it
to a mixture of formic acid and acetic anhydride to
give 301, which was oxidized to sulfoxide 302 using
NalO,. When 302a was treated with TFAA in ben-
zene at 25 °C, the Pummerer cyclization product
303a was isolated in 80% yield. As was encountered
in previous work,*® however, these conditions failed
to produce cyclized products when the nucleophilic
aryl group lacked electron-donating groups. Thus,
when 302b was subjected to the same conditions that
produced 303a, only bissulfide 304 was formed in
38% vyield. Addition of BF3-OEt, to the mixture of
302b and TFAA, however, afforded 303b in 47% yield
along with traces of 304 and sulfide 301b. As with
the isoquinoline synthesis, this Pummerer methodol-
ogy is remarkable in its ability to generate benza-
zepine derivatives that lack activating groups on the
aryl moiety. This reaction sequence, however, is not
as efficient as the formation of the isoquinoline
derivatives described in Scheme 34.

More recently, Sano and co-workers have applied
this methodology to the formal synthesis of cap-
sazepine, an antagonist of the sensory neuron exci-
tants capsaicin and resinferatoxin.”® Reductive am-
ination of aldehyde 305 with 3-phenylthiopropylamine
and AcOH/NaBH, provided amine 306 in 74% yield
(Scheme 52). Treatment of 306 with a mixture of
formic acid and acetic anhydride furnished forma-
mide 307 (quantitative yield), which was subse-
guently oxidized to sulfoxide 308 in 84% yield using
NalO,. Although exposure of 308 to TFAA in benzene
at 25 °C produced the desired cyclization product 309
in 56% vyield, vinyl sulfide 310 was also simulta-
neously formed in 31% yield. By adding BF3;-OEft; to
the mixture of TFAA and 308, the yield of 309 was
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Scheme 522
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2 Reagents and conditions: (a) 3-Phenylthiopropylamine, AcOH,
EtOH, A, 23 h; then NaBH4, 0 °C; 74%. (b) Ac20, HCOzH, 70 °C;
quantitative. (c) NalO4, MeOH—H-0, rt; 84%. (d) TFAA, CsHe, rt,
30 min; then BF3-OEty, rt, 45 min; 66%. (e) NiCl,-6H,0, NaBHy,,
MeOH—-THF, 0 °C, 80%. (f) aqueous NaOH, EtOH, A; 98%.

increased to 66%. Concomitantly, the amount of
310 produced under these conditions was reduced to
5%. Reductive elimination of the sulfide group in
309 under nickel boride conditions gave 311 in
80% yield. Removal of the formyl protecting group
under aqueous base conditions delivered 312, which
is a known intermediate in the synthesis of cap-
sazepine.

Use of the Pummerer reaction for the synthesis of
naturally occurring seven-membered ring derivatives
of the erythrina alkaloids, the homoerythrinans, has
also been reported. The Sano group has applied the
Pummerer reaction toward the synthesis of an ad-
vanced intermediate for these alkaloids.>® Following
a similar reaction sequence that was used for con-
structing cycloerythrinan (Scheme 36), 5-keto ester
201 was condensed with 3-phenylthiopropylamine to
give the vinylogous amide 313 in 82% yield. Subse-
guent reaction of 313 with oxalyl chloride provided
dioxopyrroline 314 in 96% yield (Scheme 53).80 A
[2+2]-photocycloaddition of 314 and 2-trimethylsily-
loxybutadiene afforded cyclobutane 315 as a single
diastereomer in 83% yield. Reduction of the C(7)
carbonyl group with NaBH, gave 316 (89%), which
underwent an anionic 1,3-sigmatropic rearrangement
to afford 317 (86%) upon exposure to TBAF. The C(7)
hydroxyl group was converted to the corresponding
mesylate 318 in 89% yield, and this was followed by
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Scheme 532
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a Reagents and conditions: (a) 3-Phenylthiopropylamine; 82%.
(b) (COCI)z; 96%. (c) 2-TMSO-butadiene, hv; 83%. (d) NaBH4; 89%.
(e) TBAF, THF; 86%. (f) MsClI, pyridine; 89%. (g) NalOg4; 91%. (h)
TFAA, CH,Cl,, 80 °C, 48 h; 51% (320) or 120 h; 67% (320). (i)
BusSnH, AIBN; 61%. (j) DBU; 52%. (k) Hz, 10% Pd—C; 53% from
320.

reaction of the sulfide functionality in 318 with
NalO, to provide sulfoxide 319 in 91% yield. When
the reaction of 319 with TFAA was carried out at 25
°C, the desired benzazepine 320 was only isolated in
16% yield together with the elimination product 321
(41%). The yield of 320 could be improved by con-
ducting the reaction at higher temperatures and for
longer reaction times, presumably because of the
establishment of an equilibrium between the initially
formed 321 and the reactive thionium ion present in
the acidic media. By heating a mixture of 319, TFAA,
and CHCI, in a sealed tube at 80 °C for 48 h,
compound 320 could be isolated in 51% yield together
with small amounts of 322. Extended reaction times
(120 h) resulted in the exclusive formation of 322 in
67% yield. The thiophenyl group in 320 could be
removed by the action of BusSnH and AIBN to
provide 323 in 61% yield. Exposure of 323 to DBU
effected the desired cyclopropanation to deliver 324
in 52% yield. Alternatively, 322 could be converted
to 324 in 53% overall yield by first forming the
cyclopropane ring using DBU followed by palladium-
mediated hydrogenation of the olefinic z-bond. A
similar compound, which contains a methylenedioxy
substitution pattern on the aryl group, had been
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previously converted to alkaloids such as schelham-
mericine.

5.3. Indole Alkaloids

One of the main advantages of using the Pummerer
cyclization for the formation of six- and seven-
membered rings that are fused to aromatic rings is
that the high reactivity of thionium ions permits the
use of unactivated aromatics as nucleophiles. Ben-
nasar and Bosch have taken advantage of the inher-
ently higher reactivity of thionium ions to generate
an eight-membered ring in their synthesis of secoakua-
mmilan alkaloids.®? The akuammilan alkaloids, of
which cathafoline is an example (Figure 2), belong

CO,Me

Cathafoline

O-Me H

j{H

MeO

3,4-Secocabrucraline

Figure 2. Akuammiline-type alkaloids.

to the coryanthean family and are characterized by
an additional C(7)—C(15) bonded ring. The secoakua-
millan alkaloids, such as 3,4-secocabrucraline, differ
from the akuamillan series in that they lack a bond
between the C(3) and N(4) centers. Formation of the
C(6)—C(7) bond to establish the quaternary center
at a late stage of the synthesis was considered to be
an efficient strategy for the synthesis of this family
of alkaloids.

Construction of the key sulfoxide intermediate
commenced with the exposure of amine 325% to
benzyl chloroformate, which resulted in a fragmenta-
tion reaction that produced 326 (Scheme 54).%? Re-
duction of the C(3)—C(14) olefinic 7-bond in 326 via
the action of Et3SiH and TFA gave sulfide 327 in 65%
yield from 325. The thiophenyl group in 327 was then
oxidized using m-CPBA to provide sulfoxide 328.
When sulfoxide 328 was subjected to the Pummerer
conditions (TFAA in CH)CI, at 0 °C for 15 min)
followed by NaCNBH; reduction, only sulfide 327
was obtained. Similarly, the related sulfoxide 329
also failed to cyclize under a variety of reaction
conditions. Moreover, the cyclization of dithioacetal
330 did not take place when it was treated with
DMTSF. The high degree of conformational flexibility
present with these cyclization substrates (i.e., 328,
329, and 330) was thought to be problematic. Ac-
cordingly, substrate 331, which contained a confor-
mationally more restrictive amido tether, was con-
structed. When 331 was treated with TFAA in
CH,CI; at 0 °C followed by exposure to NaCNBH3,
the desired tetracycle 332 was isolated in 23% yield
as a single diastereomer whose stereochemistry was
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a Reagents and conditions: (a) BnCOCl, toluene, A. (b) EtsSiH,
TFA; 65% for two steps. (¢) m-CPBA; 83%. (d) TFAA, CH.Cl,, 0
°C. (e) NaCNBHz3; 23% over two steps. (f) Raney Ni; 80%.

based upon extensive NMR spectroscopy. Small
amounts of the corresponding sulfide were also
detected. Removal of the thiophenyl group in 332 was
accomplished using Raney nickel to deliver the 3,4-
secoakuammilan derivative 333 in 80% yield.

It should be noted although that the yield in the
key cyclization step was only 23%. Attempts to effect
similar cyclizations, using substrates such as 334 and
335 under radical conditions, failed to occur (eq 8).

OoMe
H

eq8

334;X=Cl
335, X =1
336; X=H

Thus, the irradiation of indole 334 produced the novel
compound 337 in which the tethered radical inter-
mediate cyclized onto the C(4) position of the indole
ring. Heating a mixture of iodide 335 and BuzSn—
SnBuj; in toluene produced the reduced product 336.
This observation demonstrates the relative merits of
using a Pummerer cyclization as a key bond discon-
nection for the synthesis of complex natural products.
The successful cyclization of 317, when compared to
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the failure of compounds 328—330 to produce the
desired tetracycle, underscores the subtle conforma-
tional effects that can influence the course of these
larger sized ring forming reactions.

6. General Methods for the Formation of Five-
and Six-Membered Rings

Although many methodologies have been developed
that specifically form five-membered rings (vide
supra), Pummerer reactions that produce a variety
of heterocyclic ring sizes are becoming increasingly
important. A strategy similar to that used by Sano
to construct isoquinoline derivatives (Schemes 34 and
35) has also been employed to form benzazepine
analogues (Schemes 50 and 51). Bennasar and Bosch
used the same synthetic strategy for appending a six-
membered ring onto an indole core (Schemes 39 and
40) as they did for eight-membered ring annulation
(Scheme 54).

6.1. Pummerer/N-Acyliminium lon Cascades

In several examples, Kita and co-workers reported
an efficient Pummerer cyclization wherein the ini-
tially generated thionium ion was intercepted by
a pendant secondary amide to produce an S,N-
acetal.”0-7283 Because of our long-standing interest
in tandem processes,*?° our research group at Emory
carried out a related study using o-thiophenyl amides
as precursors for the formation of N-acyliminium
ions, which were then employed as intermediates for
subsequent cyclization chemistry. A typical example
involves the treatment of amido sulfoxide 338 with
silyl ketene acetal 271 in the presence of Znl, to give
lactam 339 in excellent yield (>90%; Scheme 55).84

Scheme 552
o)
}
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ﬁ\/ . /E\Tysph b5 n
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=
OMe
338 271 339 340

341
2 Reagents and conditions: (a) Znly, (b) BF3-2AcOH.

The action of BF3-2AcOH on 339 led to further
ionization of the phenylthio group, and cyclization of
the resultant iminium ion onto the aromatic ring
furnished 340 in 98% (n = 1) and 79% (n = 2) yield,
respectively. In a similar manner, the indole-substi-
tuted amido sulfoxide 341 furnished 343 via the
intermediacy of 342 in good overall yield, when
subjected to the same sequence of reaction conditions.

During the course of our work in this area, we
noted that nonaromatic z-systems also acted as
nucleophiles in the iminium ion cyclization step. For
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Hg(OAC)2, AcOH.

example, the reaction of 271 with Znl, and the
cyclohexene-substituted amido sulfoxide 344 afforded
345 in 76% (n = 1) and 54% (n = 2) yield. Lactam
345 delivered compound 346 in 54% (n = 1) and 52%
(n = 2) yield when treated with BF3z-2AcOH (Scheme
56).84 In an analogous manner, treatment of vinyl
bromide 347 with a mixture of Znl, and 271 produced
lactam 348 in 80% (n = 1) and 72% (n = 2) yield.
Interestingly, when 348 was exposed to BF3-2AcOH,
the subsequent Mannich-like cyclization was termi-
nated by the addition of phenylthiolate, rather than
by a deprotonation event, to furnish 349. This bromo-
and phenylthio-substituted indolizidine was subse-
guently converted to ketolactam 250 in 64% (n = 1)
and 58% (n = 2) yield by reaction with Hg(OAc), in
acetic acid.

Using this sequential Pummerer/Mannich cycliza-
tion methodology, the Padwa group reported a rapid
synthesis of the protoberberine alkaloid gusanlung
D. Accordingly, the Pummerer cyclization of 351 was
promoted by reaction with TMSOTf and Et;:N to
provide a-phenylthio lactam 352 in 64% yield (Scheme
57).85 When amido sulfoxide 351 was treated with

?}ﬁ

Scheme 572

%

o?&(

Gusanlug D 353

a Reagents and conditions: (a) TMSOTS, Et3N; 64%. (b) 271,
Znly; 85%. (c) Znly. (d) Concentrated HCI; 55%.
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silyl ketene acetal 271 and Znl,, however, pyridone
353 was produced in 85% vyield. The Lewis acid-
induced elimination of thiophenol from the initially
formed S,N-acetal 352 appears to be facilitated
by the generation of the aromatic 2-pyridone. This
result contrasts with other Pummerer cyclizations
conducted under similar conditions but which lack
the aromatic moiety in the tethered sulfoxide (e.g.,
Schemes 55 and 56). S,N-Acetal 352 was easily
converted to 353 by exposure to Znl,, thereby sup-
porting the role of this Lewis acid in the direct
tranformation from 351 to 353. Stirring a sample
of pyridone 353 with concentrated HCI provided
the protoberberine alkaloid gusanlung D in 55%
yield.

Dithioacetals were also found to undergo the Pum-
merer/Mannich cascade. Thus, exposure of 354 (R =
Et) to DMTSF in CH,CI, at 25 °C produced 356
directly in 98% yield (Scheme 58).8%> The suspected

Scheme 58
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intermediate lactone 355 was not detected in the
crude reaction mixture. It is interesting to note that
the use of the phenyl thioacetal 354 (R = Ph) gave
356 in only 64% yield. Because generation of the
intermediate thionium ion depends on the transfer
of a methylthio group to one of the acetal sulfur
atoms, the difference in reactivity between the phenyl
thio- and the alkyl thioacetals is presumably due to
the less nucleophilic nature of the aromatic-substi-
tuted sulfur atom.

Thioketals and ortho esters were also found to
undergo the Pummerer/Mannich reaction cascade.
For example, exposure of 357 to DMTSF furnished
bicyclic lactam 358, which interestingly contains a
quaternary carbon next to the nitrogen atom.%® For
this transformation to proceed, the reaction mixture
needed to be heated at reflux in CH,Cl,. The tertiary
thionium ion generated from the reaction of 357 with
DMTSF is more stable and therefore less reactive
than the secondary thionium ion obtained from
thioacetals, and this lower reactivity seemingly ac-
counts for the thermal requirement. The reaction of
thio ortho ester 359 with DMTSF failed to provide
cyclization products, but exposure of 359 to dimethyl
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Scheme 592
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a Reagents and conditions: (a) EtSH, HCI. (b) CDI, CH.Cl,. (c)
3,4-Dimethoxyyphenethylamine. (d) DMTSF, CH.Cly, A; 71%.

sulfate produced 360 in 46% (n = 1) and 71% (n = 2)
yield.

The above tandem Pummerer/Mannich cyclization
cascade was also applied to a rapid and efficient
synthesis of the erythrina alkaloid core.®®> Keto acid
361 was transformed into the thioketal 362 (Scheme
59). Coupling of 362 with 3,4-dimethoxyphenethy-
lamine using carbonyldiimidazole (CDI) produced
363. Further, treatment of 363 with DMTSF in CH,-
Cl, at reflux temperature delivered the indoloiso-
quinoline 364 in 71% yield.

6.2. Vinylogous Pummerer Reaction

The two other known modes of Pummerer cycliza-
tion (i.e., the additive (Schemes 8—11) and vinylogous
Pummerer reactions) have recently been studied by
the Padwa group. In the vinylogous Pummerer
process, a vinyl sulfoxide is activated by an anhydride
to generate a ,y-unsaturated thionium ion that is
subsequently trapped at the y-position by a nucleo-
phile in the reaction medium. For example, treatment
of amido sulfoxide 365 with TFAA in CH.CI, at 25
°C generated vinyl thionium ion 366 (Scheme 60).86
Subsequent cyclization onto the aryl ring produced
oxindole 367 in 91% vyield. The pendant arylthio
group could be removed with Raney nickel to deliver
368. Likewise, the quinoline derivative 369 furnished
oxindole 370 in 85% yield under the same conditions.
When an attempt was made to generate a Six-
membered ring by exposing N-methylbenzamide 371
to TFAA, however, only the normal-mode Pummerer
reaction occurred to produce 373. Interestingly, when
the methyl group was replaced with a tert-butyl
substituent, the reaction proceeded as expected.
Thus, the TFAA-mediated vinylogous Pummerer
cyclization of 372 delivered 374 in 85% vyield.

The explanation offered for this substantial differ-
ence in reactivity is related to the rotational barrier
about the acyl carbon—nitrogen bond.®” With a meth-
yl substituent on the nitrogen, the preferred confor-
mation of 371 places the methyl group trans to the
amide carbonyl group. The preferred conformation
of 372, however, contains a cis-relationship between
the amide carbonyl group and the tert-butyl substitu-
ent. Presumably, rotation about the acyl carbon—
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nitrogen bond is slow when compared to the rate of
cyclization and the lifetime of the thionium ion.
Therefore, the preferred cis-conformation of 372,
where the pendant nucleophile is disposed toward
cyclization, can lead to a cyclized product, whereas
amide 371 cannot.

Other z-systems have been found to successfully
engage vinyl thionium ions. Thus, furan 375 reacted
with TFAA to give 376 in 68% yield, while cyclohex-
ene 377 furnished dihydropyridone 378 in 67% yield
under similar conditions (Scheme 61).8¢ Suprisingly,
the vinylogous Pummerer cyclization of allylsilane
379 did not produce the expected endocyclic meth-
ylene compound 380. Rather, a separable mixture (1:
1) of allylsilanes 381 and 382 was isolated in 90%
combined yield. Evidently, the trifluoroacetoxy anion
generated under the reaction conditions is not nu-
cleophilic enough to displace the trimethylsilane
group, so only deprotonation products are encoun-
tered.

6.3. Additive Pummerer Reaction

As was pointed out earlier (see Scheme 8), an
additive Pummerer reaction occurs when a nucleo-
phile can displace the acyloxy leaving group of a
vinylsulfonium ion through an Sy2' mechanism. Our
group at Emory has studied a variant of the additive
Pummerer process wherein the generalized sulfo-
nium salt 383 undergoes cyclization to produce 384
after the loss of a proton (Scheme 62).86 A second
deprotonation of the resultant thionium ion would
then deliver vinyl sulfide 385. To explore this se-



2426 Chemical Reviews, 2004, Vol. 104, No. 5

Scheme 61

{ p

SAr S
Gi? e (2

S

Y o7
t- t-Bu

375 376

,f\r

TFAA s

X

o7 o7y
t-Bu t-Bu

377 378

,IAr ;IAr
S‘O S
j/\TMS ,

o7 "N 07N
t-Bu }-Bu
379 380
JTFAA
/I\r

tBu
381 382

quence of events, sulfoxide 386 was treated with
triflic anhydride (Tf,O), and it was found that a
mixture of 387 (32%) and the rearranged product 388
(45%) was formed (Scheme 63). The mechanism that
is responsible for the formation of 388 probably
involves SN2' displacement of the triflate in 389 by
the ipso carbon of the pendant aryl group to afford
the spirocyclic intermediate 390. Subsequent frag-
mentation of 390 provides iminium ion 391 that is
subsequently hydrolyzed to give 388. The distribution
of cyclization and rearranged product was found to
be dependent upon the electronic nature of the
displacing nucleophile. When sulfoxide 392, in which
the nucleophilic aryl ring contains a methylenedioxy
substitution pattern that activates both the ipso and
the ortho positions, was treated with Tf,0, a mixture
of the cyclized product 393 (15%) and rearranged
product 394 (60%) was formed. In contrast, sulfoxide
395, which contains two m-methoxy groups that
inhibit addition by the ipso position, produced the
expected cyclization product 396 in 63% yield along
with a small amount (8%) of the elimination product
397.
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6.4. Hypervalent lodine-Promoted Cyclizations

Hypervalent iodine reagents have also been em-
ployed to promote Pummerer reactions, but using
sulfides rather than sulfoxides as the starting sub-
strates.®® Several reports in the literature have
demonstrated that Pummerer cascades terminated
by pyrroles can lead to the formation of some novel
N,S-heterocycles. Under standard Pummerer condi-
tions, sulfoxides in which the alkyl side chain of the
sulfur atom contained an electron-withdrawing group
(i.e., sulfoxides derived from 398—401), the Pum-
merer-derived compounds 403—406 were formed
(Scheme 64).89-%¢ Phenyl iodine(l11) bis(trifluoroac-
etate) (PIFA) was found to be a particularly good
initiator for the Pummerer reaction of sulfides 398—
401.%3°4 Of particular interest was the observation
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a2 PIFA = phenyl iodine(l11) bis(trifluoroacetate).
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that sulfoxides possessing a simple ethyl group, such
as 407, produced five-membered ring sulfenylation
products rather than the desired six-membered ring
heterocycle 408 (vide infra). The desired cyclization
could, however, be promoted by treating the corre-
sponding sulfoxide with a mixture of TFAA and TFA.

Recently, Motherwell and co-workers have exam-
ined the use of difluoroiodotoluene (DFIT) as a
reagent to induce o-fluorination of a-phenylsulfanyl
acetate derivatives via a Pummerer-type process. For
example, when 409 was heated in CH,CI, at reflux
with DFIT, the fluorinated derivative 410 was iso-
lated in 71% yield (Scheme 65).% Replacing the allyl
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group in 409 with a benzyl group, however, changed
the course of the reaction. Thus, subjection of 411 to
the same conditions that produced 410 resulted in
cyclization to give 412 in 47% yield together with a
smaller amount of the expected fluorinated product
413 (25%). Interestingly, when the secondary amide
414 was treated with DFIT, the product distribution
again shifted, producing some cyclized material, 415
(11%), as well as the fluorinated product 416, which
now predominated in 35% yield. Treatment of 417
with DFIT delivered the oxindole derivative 418 as
the sole product in 59% vyield. The difference in
reactivity between the secondary amide 414 and the
tertiary amide 411 can be explained by the relatively
slow rate of rotation about the acyl carbon—nitrogen
bond when compared to the rates of cyclization and
fluorination (see 371 vs 372, Scheme 60).

The mechanism associated with these Pummerer-
like reactions can be attributed to nucleophilic dis-
placement of a fluorine atom in the hypervalent
iodine reagent by the sulfur atom so as to generate
a sulfonium salt, 419 (Scheme 66). The displaced
fluoride then acts as a base to eliminate iodotoluene
as well as a second fluoride ion from the resulting
sulfonium salt 419, thereby affording an intermediate
thionium ion, 420. In the case of 420, cyclization to
give oxindole 418 is much faster than capture of
fluoride to quench the thionium ion.

7. Related Processes

Although the normal Pummerer reaction involves
addition of a nucleophile to the electrophilic carbon
atom of a thionium ion, the addition of nucleophiles
to the sulfur atom of the intermediate sulfonium salt
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represents a competitive process. Often referred to
as the “interrupted” Pummerer reaction, this nucleo-
philic attack at sulfur has been leveraged for the
preparation of some interesting sulfur-containing
heterocycles. In addition, reactions involving thion-
ium ions have also been developed that employ
pathways which proceed by alternate mechanisms.

7.1. Interrupted Pummerer Reactions

In their continuing studies of Pummerer reactions
that are promoted by hypervalent iodine reagents,®*
Chen and co-workers used the interrupted Pummerer
reaction to generate benzisothiazole derivatives, a
class of compounds that have antifungal properties.
For example, exposure of 421 to PIFA and TFA in
CH,CIl, gave rise to compound 422 (Scheme 67).%
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This reaction probably proceeds by a mechanism
involving nucleophilic displacement of the trifluoro-
acetate group from the iodine atom by the sulfur
atom to produce a transient sulfonium ion intermedi-
ate, 423. Without the presence of an electron-
withdrawing group at the carbon atom adjacent to
the sulfonium salt, trifluoroacetate is not a suf-
ficiently strong enough base to effect the elimination
of the iodo group so as to generate a thionium ion.
Instead, displacement of the iodo group by the
internally disposed nucleophile is the preferential
path which results in the formation of sulfonium salt
424, Nucleophilic displacement of the benzyl group
present on the sulfonium salt ultimately produces
422 and benzyl trifluoroacetate. According to this
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mechanism, it is understandable why electron-
releasing substituents on the nitrogen atom facilitate
this reaction. Thus, amide 421 (R = 3,5-dimethoxy-
phenyl), when treated with PIFA in the presence of
TFAA, afforded 422 (R = 3,5-dimethoxyphenyl) in
80% yield. In contrast, when a nitro group is present
on the aromatic ring (i.e., R = p-nitrophenyl), this
system fails to furnish 422.

The interrupted Pummerer reaction, sometimes
referred to as the “sulfoxide electrophilic sulfenyla-
tion (SES) process” has been studied in some detail
by Bates and co-workers.?” Recently, a cascade that
forms large-ring N,S-heterocycles from sulfoxides
tethered to electron-rich aromatic compounds was
reported. The reaction of indole sulfoxide 425 with
Tf,0 and pyridine in CH,CI, at 0 °C afforded the
novel heterocycle 426 in 65% yield (Scheme 68).%
Similarly, the pyrrole-containing sulfoxide 427 fur-
nished the related pyrrole 429 in 60% yield. The
mechanism of this reaction presumably involves
addition of the adjacent aromatic w-bond onto the
intermediate sulfonium salt so as to produce a new
sulfonium salt, 428. Deprotonation at the carbon
to the sulfonium ion induces a Grob-type fragmenta-
tion, delivering the ring-expanded product 429. Larger
macrocycles were obtained by starting with sulfoxides
that are connected to six-membered rings. Thus,
sulfoxide 430 was reacted with Tf,O to provide the
10-membered ring 431 in 42% yield, and the related
pyrrole 432 was transformed into 433 in 80% yield.
Interestingly, it was discovered that only the sulfox-
ide diastereomer wherein the tether and the sulfoxide
oxygen were syn to one another underwent clean
reaction to produce the ring-expanded products.
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Subjection of the trans-diastereomer of 425 to the
same reaction conditions gave rise to a complex
reaction mixture that did not appear to contain
compound 426. When less reactive acylating reagents
were used, products derived from deprotonation of
an intermediate thionium ion were isolated. Thus,
treatment of 425 with TFAA and pyridine cleanly led
to the elimination product 434.

The acidity of the proton adjacent to the intermedi-
ate sulfonium ion was also shown to be an important
factor for these Pummerer-like processes. For ex-
ample, when indole 435, which possesses an electron-
withdrawing carbonyl group that can assist in the
deprotonation/elimination reaction of the sulfonium
salt, was exposed to the Tf,O conditions, only the
typical elimination product 436 was isolated in 72%

yield (eq 9).
%0
D WD
N 1 N eq9
om Crl o)\<\s/\l
436

The mechanism generally invoked for rationalizing
products derived from an interrupted Pummerer
reaction often includes the formation of a second
sulfonium salt (such as 424 and 428) when a nucleo-
philic partner is present.®® In one example, Zanda
and Bravo have published an interesting, stereospe-
cific interrupted Pummerer reaction where they
observe an intermediate o-sulfurane intermediate
rather than a sulfonium salt.% Thus, when 437 was
exposed to TFAA and collidine, sulfenamide 438 was
produced (Scheme 69). Addition of NaBH, to the

Scheme 692
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a Reagents and conditions: (a) TFAA, collidine, 0 °C, CH3CN.
(b) NaBH4, H20.

reaction mixture provided -hydroxyamine 439 as the
only diastereomer in 87% yield. Similarly, reaction
of 440 under related conditions furnished 442 (70%),
again as a single diastereomer via the intermediacy
of 441.101

The rearrangement of 437 to 438 was nearly
instantaneous when 437 was treated with TFAA and
collidine, whereas the conversion of 440 to 441
required 40 min.*%* The lower rate of conversion with
440 allowed these workers the opportunity to study
the reaction spectroscopically. The observations made
during the spectroscopic analysis of the reaction led
to the proposal of o-sulfuranes 443 and 444 (Scheme
70),192 arising from an interrupted Pummerer cy-
clization of 437 and 440, respectively. When a
mixture of 440, collidine, and CD3;CN was treated
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with TFAA in an NMR tube, intermediate 444 was
immediately observed. Specifically, the signals in the
IH NMR spectrum of 444 at 8.18 ppm (o-tolyl H) and
5.82 ppm (C(4) methyne H) were shifted downfield
by 0.47 and 1.47 ppm, respectively, in comparison to
the signals present in the spectrum of 440. This was
attributed to electronic effects caused by the in-
creased valency of the sulfur atom. In addition,
competition experiments were carried out wherein
437 was exposed to TFAA and an excess of potassium
cyanide, rather than collidine, as the base and was
found to lead to only 438. No cyano-substituted
product was observed in the reaction. This result is
consistent with an intramolecular Sy2 displacement
of the sulfur atom by the much less nucleophilic
trifluoroactetate and provides additional support for
the mechanistic hypothesis that the intermediate in
this interrupted Pummerer reaction is an o-sulfurane
and not an ion-paired sulfonium salt.

7.2. Morin Processes

Another process that has occasionally been ob-
served to occur under Pummerer reaction conditions
is the Morin rearrangement.®® This rearrangement
involves activation of the sulfoxide 445 under typical
Pummerer conditions (Scheme 71). The initially

Scheme 71
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formed sulfonium salt, however, decomposes via the
elimination of a sulfenic acid moeity to produce the
ring-opened sulfinic acid 446. Further protonation of
the sulfenic acid followed by cyclization with the
adjacent z-bond leads to the cationic intermediate
447, which eventually loses a proton to afford the
rearranged product 448.

While studying synthetic routes to spiroquinazo-
line, Hart and co-workers further investigated trap-
ping of the cationic intermediate 450 derived from
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the Morin rearrangement of 449 (Scheme 72).104
Ideally, the pendant indole would intercept the
transient cation to produce 451 and thereby furnish
the skeleton of spiroquinazoline. However, only the
Morin rearrangement product 452 was isolated in
80% vyield. Because the acyl group on the indole
nitrogen decreases the nucleophilicity of the indole,
it was thought that an indole lacking the acyl group
would better be able to trap the cationic intermediate.
With this in mind, the reaction of sulfoxide 453 with
TFA was studied and was found to give 455 (35%),
in which the 2-position of the indole had formally
intercepted the cation. Spirocycle 456 (25%) and
alkene 457 (21%) were isolated, and their formation
was rationalized in terms of the sulfenic acid moiety
adding to the indole ring. Interestingly, compounds
456 and 457 were found to equilibrate (2:1) in the
presence of acid.

7.3. [4+3]-Cycloadditions

In addition to the additive and vinylogous Pum-
merer reactions (cf. Schemes 8, 60, and 63), vinyl
thionium ions are also known to participate in
intramolecular [4+3]-cycloadditions. On the basis of
earlier studies of the Harmata group’s earlier work
using alkoxyallyl sulfone!®® and vinyl sulfoxide!®®
substrates, Bai and co-workers have examined the
application of an intramolecular [4+3]-cycloaddition
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Scheme 73
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reaction toward the synthesis of pseudolaric acid A
(Scheme 73).2%7 In their studies, sulfoxide 458 was
allowed to react with TFAA in the presence of 2,6-
lutidine to afford cycloadduct 459 in 50% yield and
with remarkably high diastereoselectivity (>95% de).
Hydrolysis of the trifluoroacetyl group delivered an
advanced intermediate, 460, that was used for the
synthesis of pseudolaric acid A.

Pseudolaric acid A

8. Conclusion

Deployment of the Pummerer reaction as a key
strategic connection for the synthesis of heterocycles
continues to be an active area of interest. Formation
of five-membered heterocyclic ring systems by this
method represents a particularly efficient process.
While the formation of larger sized rings is often
accompanied by interrupted Pummerer byproducts,
the Pummerer reaction has been extensively em-
ployed to form heterocycles that are difficult to
synthesize by other means. With the formation of
larger sized ring systems, the product distribution
between interrupted and normal Pummerer pro-
cesses is often influenced by several structural fea-
tures. Changing the acidity of the proton o to the
intermediate sulfoxide salt by incorporating a car-
bonyl group can shift the course of the reaction from
an interrupted to a normal Pummerer reaction
(Scheme 68 and eq 9). The nucleophilicity of the
reaction partner can also change the nature of the
products isolated. More electron rich nucleophiles
often cause the rate of the interrupted Pummerer
reaction to become competitive with the deprotona-
tion that ultimately leads to thionium ions (see 200,
Scheme 35). The nature of the nucleofuge used in the
elimination reaction that leads to thionium ions can
also have an impact on the chemoselectivity of the
Pummerer reaction. Promotion of the Pummerer
reaction of 425 by, for example, TFAA led to a normal
Pummerer reaction producing 434, whereas the use
of Tf,0O effected an interrupted Pummerer cyclization
to give 426 (Scheme 68).

These structural features often work in concert and
can change the course of the reaction. For example,
the use of hypervalent iodine reagents produces
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normal Pummerer cyclization products when the
generation of the intermediate thionium ion is as-
sisted by a carbonyl group 3 to the sulfonium salt
(Schemes 64 and 65). On the other hand, when the
proton o to the sulfonium salt is less acidic, inter-
rupted Pummerer cyclization products are obtained
(see Scheme 67). The combination of an electron-rich
nucleophile and a weakly acidic a-proton led to the
generation of an interrupted Pummerer product
(Scheme 42).

Processes such as additive and vinylogous variants
continue to expand the utility of the Pummerer
reaction for synthesis. Reactions that generate thion-
ium ions in novel ways, such as the Wagner—
Merwein-type rearrangement (see eq 4), also enhance
the scope of this reaction. The use of thionium ion-
containing arrays that undergo chemistry other than
nucleophilic additions, including Nazarov-type cy-
clizations (Schemes 24—26) and the [4+3]-cycload-
dition (Scheme 73), have also broadened the appli-
cation of the Pummerer reaction as well. Undoubtedly,
many important applications of the Pummerer reac-
tion remain undiscovered. The use of Pummerer
chemistry as a key bond-forming strategy will con-
tinue to greatly expand its utility in organic synthe-
sis. The incorporation of Pummerer reactions into
cascade sequences will certainly continue to play an
important role in the construction of complex het-
erocyclic ring systems. As researchers develop a
better understanding of the subtle electronic and
conformational effects that influence the course of
Pummerer-initiated cyclization reactions, larger sized
heterocyclic rings may be formed more efficiently. It
is clear, however, that the Pummerer cyclization is,
and will continue to be, an important method for the
synthesis of a wide assortment of heterocyclic com-
pounds.
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