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Preface

From its early days, the total synthesis of complex molecules, especially those
that are natural products, has been the king’s discipline in organic chemistry.
The reasons for this are manifold: the challenge lying in a novel and intricate
molecular architecture or the difficulty encountered when isolating the sub-
stance from its natural sources, or the possibility of finding a wide test ground
for established methodology or the incentive to invent new methodology
when the old one has failed, or simply the art and elegance which is so typical
of a truly efficient synthetic sequence. In any case, everybody will agree that
total synthesis is the best way to train young chemists and to prepare them for
any kind of later employment.

In these two volumes, the contributions of a number of organic synthetic
chemists from the German speaking area have been collected and it can easily
be seen that their expertise is on a par with any other synthetic community. It
is thus the hope of the authors and the editor that these articles, which highlight
all the various aspects of organic synthesis, will provide not only an insight into
the basic strategy and tactics but also the purpose of organic syntheses.

Vienna, September 2004 Johann Mulzer



Contents

Marine Natural Products from Pseudopterogorgia Elisabethae:
Structures, Biosynthesis, Pharmacology and Total Synthesis
T.J.Heckrodt-J.Mulzer . ... ... ..ttt

Recent Advances in Vinylogous Aldol Reactions and their Applications
in the Syntheses of Natural Products
M.Kalesse . ... ... ...

Methanophenazine and Other Natural Biologically Active Phenazines
U.Beifuss- M. Tietze . . . .. ... v it ii ..

Occurrence, Biological Activity,and Convergent Organometallic
Synthesis of Carbazole Alkaloids
H.-J.Knoelker . . . . . . e e e e

Recent Advances in Charge-Accelerated Aza-Claisen Rearrangements
U Nubbemeyer . ........ ... . .. ..

Synthetic Studies on the Pamamycin Macrodiolides
PMetz ... ... . e

Author Index Volumes 201-244 . . . . . . . . . . . i i v i v

SubjectIndex . .. ... ... ... ...



Contents of Volume 243
Natural Product Synthesis |
Targets, Methods, Concepts

Volume Editor: Johann Mulzer
ISBN: 3-540-21125-X

Total Synthesis of Kalsoene and Preussin
B.Basler - S. Brandes - A. Spiegel - T. Bach

Paraconic Acids - The Natural Products from Lichen Symbiont
R.Bandichhor - B. Nosse - O. Reiser

Recent Progress in the Total Synthesis of Dolabellane
and Dolastane Diterpenes
M. Hiersemann - H. Helmboldt

Strategies for Total and Diversity-Oriented Synthesis
of Natural Product (-Like) Macrolides
L. Wessjohann - E. Ruijter

Enantioselective Synthesis of C(8)-Hydroxylated Lignans:
Early Approaches and Recent Advances
M. Sefkow



Top Curr Chem (2005) 244: 1-41
DOI 10.1007/b96886
© Springer-Verlag Berlin Heidelberg 2005

Marine Natural Products from Pseudopterogorgia
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Abstract In the late 1990s, the Caribbean octocoral Pseudopterogorgia elisabethae became the
target of extensive chemical investigations leading to the isolation and characterization of a
remarkable number of diterpenoid secondary metabolites. Most of these newly discovered
compounds are based on so far unprecedented carbon skeletons and often feature unusual
structural characteristics. Besides their exciting structures, many of these marine natural
products display potent pharmacological activity against various diseases, for instance
tuberculosis or cancer. Although at first glance it is not always evident, all structures are
consistent with a biosynthesis pathway starting from geranylgeranyl phosphate to deliver via
serrulatane intermediates an enormous variety of diterpenoid natural products. Thus, the
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organism Pseudopterogorgia elisabethae is capable of performing a kind of diversity-
oriented synthesis creating stereochemical and structural complexity from simple precursors.
The intricate molecular architecture of these natural products also drew the attention of
synthetic chemists. Over the last few years considerable synthetic efforts have been made
resulting in several total syntheses. Therefore, this class of diterpenoids is now also
synthetically accessible, with cycloaddition reactions proving to be the ultimate tool for the
construction of the carbon skeletons.

Keywords Pseudopterogorgia elisabethae - Marine natural products -
Diterpene biosynthesis - Total synthesis - Diels—Alder reaction

Abbreviations
AIBN 2,2’-Azobisisobutyronitrile
9-BBN 9-Borabicyclo[3.3.1]nonane

Boc tert-Butoxycarbonyl
CAN Ceric ammonium nitrate
CNS Central nervous system

DBU 1,8-Diazabicyclo[5.4.0]Jundec-7-ene
DCC Dicyclohexylcarbodiimide
DIBAL-H Diisobutyl aluminum hydride
DMAP  4-Dimethylaminopyridine

DMP Dess—-Martin periodinane

GGPP Geranylgeranyl pyrophosphate
HMPA  Hexamethylphosphoramide

HOBt 1-Hydroxybenzotriazole

IBX o-Iodoxybenzoic acid

IMDA Intramolecular Diels-Alder reaction
LAH Lithium aluminum hydride

LDA Lithium diisopropylamide

MCPBA  m-Chloroperbenzoic acid

MOM Methoxymethyl

NaHMDS Sodium hexamethyldisilazide

NBS N-bromosuccinimide

PCC Pyridinium chlorochromate

PDC Pyridinium dichromate

TBAF Tetrabutylammonium fluoride

TBS tert-Butyldimethylsilyl
TEA Triethylamine

TES Triethylsilyl

TFA Trifluoroacetic acid

Tr Trityl (triphenylmethyl)
1

Introduction

Natural products play a dominant role in the discovery of leads for the devel-
opment of drugs. Thus, it is always of importance to identify organisms which
could be a source of novel natural products. In this regard, the octocoral fauna
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of the West Indies is unique as it provides a multitude of chemically rich
gorgonian corals (also known as sea whips, sea fans, or sea plumes) which could
be a potential supplier of biologically active compounds. Faunistically, exten-
sions of the West Indian region reach into the Gulf of Mexico, all the Antilles,
the Bahamas, the Florida Keys, the Bermudas, the islands of the Caribbean, and
south along the northeast coast of South America to the reefs of Brazil. All over
this region the gorgonian octocorals flourish as they do nowhere else in the
world [1]. In the West Indies the gorgonians belong to the most abundant
octocorals and they are conspicuous members of most tropical and subtropical
marine habitats. They represent an estimated one third of the known fauna [2];
so far over 100 species have been documented from this major family. The first
studies of the natural product chemistry of this interesting group of marine
invertebrates were carried out in the late 1950s. Numerous studies of the chem-
istry of gorgonian corals have been published and summarized since these
early investigations [1]. Gorgonian metabolites possess novel structures that
are largely unknown from terrestrial sources. In recent years the species
Pseudopterogorgia elisabethae has attracted particular attention since it was
shown to contain a huge variety of novel bioactive secondary metabolites pos-
sessing a promising pharmacological profile.

2
Natural Products from Pseudopterogorgia Elisabethae

Since the pioneering work of the Fenical group in the 1980s, natural products
from the Caribbean gorgonian Pseudopterogorgia elisabethae (Octocorallia)
have continued to capture the attention of natural products chemists. Even
more effort was put in when the Rodriguez group from Puerto Rico started in
the late 1990s to report the isolation, structural elucidation, and biological
properties of an increasing number of novel marine metabolites from
Pseudopterogorgia elisabethae. The structural variety found among the many
terpenoid natural products isolated from this gorgonian, as well as the large
spectrum of biological activities exhibited by many of these compounds, is
indeed quite remarkable.

2.1
Occurrence and Isolation

Pseudopterogorgia species are among the most common of the Caribbean
species with over 15 documented. Chemical studies of Pseudopterogorgia species
began in 1968 with investigations of the sesquiterpene hydrocarbons from the
most common representative of this genus, Pseudopterogorgia americana. As
mentioned, since 1998 extensive attention has been given to the chemically
rich species Pseudopterogorgia elisabethae. Its classification within the sys-
tematic taxonomy of the animal kingdom is shown in Fig. 1.
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Phylum

i

Cnidaria

Class

i

Anthozoa

Order

i

Alcyonacea

Family

£

Gorgoniidae

Genus

i

Gorgonia Leptogorgia Pseudopterogorgia Lophogorgia Pterogorgia

i

Species

Pseudopterogorgia Pseudopterogorgia Pseudopterogorgia Pseudopterogorgia plus 11 more
americanae navia elisabethae kallos species

Fig.1 Pseudopterogorgia elisabethae within the animal kingdom
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The species Pseudopterogorgia elisabethae (Bayer) is found in the tropical
western Atlantic, including Florida, Bahamas, Cuba, Jamaica, Honduras, Belize,
and Mexico. Its distribution is moderately widespread and more commonly on
deeper reef communities as well as hardbottom areas, including forereef zones
and intermediate reefs; it occurs in a depth range typically from 40 to 70 m but
may be found as shallow as 20 m. Collection sites of Pseudopterogorgia elisa-
bethae used for chemical investigations are located for instance in the central
Bahamas and in the Florida Keys. Samples of the animal which were used by
the Rodriguez group had been collected during an underwater expedition to
the eastern Caribbean Sea in the deep waters near San Andrés Island, Colom-
bia. The collection sites throughout the Caribbean Sea are indicated with blue
crosses in Fig. 2.

Fig.3 Caribbean octocorals of the genus Pseudopterogorgia
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Gorgonians of the genus Pseudopterogorgia are best characterized as “sea
plumes” based upon their large, highly finely branched (plumose), and physi-
cally soft forms (Fig. 3). The Caribbean sea whip Pseudopterogorgia elisabethae
was collected by hand using scuba at depths of 25-30 m. The gorgonian was
sun-dried and kept frozen prior to its extraction. The dry animal was blended
with MeOH/CHCI; (1:1), and after filtration, the crude extract was evaporated
under reduced pressure. The extract was then partitioned between hexane and
H,0, and the resulting organic extract was concentrated in vacuo to yield an oil.
Extensive chromatography (e.g., silica gel columns, HPLC, Bio-Beads SX-3
columns) afforded a large number of compounds (see next section) in varying
but small quantities. The yields based on the dry weight of the prepurified
hexane fractions were between 0.001 and 0.01%.

2.2
Structures

The following gives an overview of the natural products isolated to date from
Pseudopterogorgia elisabethae. The structures of these compounds were pro-
posed on the basis of comprehensive spectral analyses, chemical transforma-
tions, and X-ray crystallographic analyses.

Compounds from Pseudopterogorgia elisabethae can be classified according
to their carbon skeletons. So far 15 carbon skeletons have been identified which
are based on the serrulatane skeleton. Various cyclizations (see also Sect. 3.1,
Scheme 1) of this precursor lead to new polycyclic structures (e.g.,amphilectanes,
elisabethanes, etc.) that are starting points for new degradation products
(seco-, nor-, bisnor-, etc. compounds).

Figure 4 shows compounds possessing the serrulatane carbon skeleton. They
stem mainly from samples of Pseudopterogorgia elisabethae collected in the
central Bahamas Islands. Important members of this group are the seco-
pseudopterosins A-D (3,aglycone) [3]. These compounds are arabinose glyco-
sides possessing aglycones of the serrulatane class of diterpenoids encountered
in composite plants of the genus Eremophila. Seco-pseudopterosins E-G possess
the same aglycone (3), but were found to bear fructose residues [4]. The struc-
tures of the seco-pseudopterosins were suggested on the basis of comprehensive
spectral analyses and upon chemical transformations. Closely related, but less
hydroxylated, are erogorgiaene (1) and hydroxyerogorgiaene (2) [5]. Elisa-
bethadione (4) [4] also exists in two hydroxylated forms, either tert-hydroxy-
elisabethadione (5) [6] or sec-hydroxyelisabethadione (6) [7]. Elisabethamine
(7) is an example of a diterpene alkaloid [8], while seco-pseudopteroxazole (8)
contains an uncommon benzoxazole moiety [9]. Dimerization of two hydroxy-
erogorgiaene (2) molecules leads to the bisditerpene 9 [5].

A C9-C14 cyclization forms the ring C and leads to the amphilectane skele-
ton which is found for instance in pseudopterosins A-F (10, aglycone) [10] iso-
lated from Pseudopterogorgia elisabethae extracts stemming from a Bahamian
collection site (Fig. 5). This class of natural products can be characterized as
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serrulatane Erogorgiaene (1) Hydroxyerogorgiaene (2) seco-Pseudopterosin A-D, E-G
skeleton 2001 2001 aglycone (3) 7987, 2003

Elisabethadione (4) tert-Hydroxyelisabethadione (5)
2003 2000

Elisabethamine (7) seco-Pseudopteroxazole (8) Hydroxyerogorgiaene bisditerpene (9)
2000 1999 2001

Fig.4 Compounds possessing the serrulatane skleleton

diterpene pentose glycosides. An X-ray crystallographic study, together with
degradation to obtain D-xylose and relation by chemical interconversion, gave
the structure of pseudopterosins A-F (10, aglycone). A Bermudian collection
of Pseudopterogorgia elisabethae contained pseudopterosins G-J (11, aglycone)
[11], while pseudopterosins M-O (11, aglycone) [4] were found in samples from
the Florida Keys. On the other hand, pseudopterosins K and L (12, aglycone)
[11] were obtained from a Bahamas collection. Interestingly, the stereochem-
istry of the pseudopterosins seems to vary with the collection site. This phe-
nomenon appears to be a general fact, as quantitative and qualitative variations
in metabolite composition are often associated with the geographic location of
the source organism. The 3,6-stereocenters of pseudopterosins G-J (11, agly-
cone) were originally assigned to be inverted in comparison with the shown
structures; total syntheses revealed the correct structures [12]. This error in
configurational assignment caused further misassignments in newly discovered
structurally related natural products (e.g., pseudopteroxazoles, helioporins). The
structure of the pseudopterosin aglycone 11 closely resembles the helioporins,
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amphilectane Pseudopterosin A-F Pseudopterosin G-J, M-O Pseudopterosin K,L
skeleton aglycone (10) 7986 aglycone (11) 7990, 2003 aglycone (12) 7990
Me HO Me
Me l! O Me !! 0]
OH OH
Me = Me Me ~ Me
Me Me
Elisabethol (13) Elisabatin B (15) Elisabatin C (16)
2003 1999 1999 2000
Pseudopteroxazole (17) Homopseudopteroxazole (18) nor-amphilectane Acetyl-amphilectolide (19)
1999 2003 skeleton 2000

trisnor-amphilectane Amphilectolide (20) tetrisnor-amphilectane Amphiphenalone (21)
skeleton 2000 skeleton 2000

Fig.5 Compounds of the amphilectane class

featuring the same relative stereochemistry as is found in this compound
class [13].

Elisabethol (13) [4] shows the same stereochemistry as the pseudopterosin
aglycone 10. Elisabatins A-C (14, 15, 16) [14] have the same amphilectane skele-
ton found in the aglycone portion of the pseudopterosins. The elisabatins are
unique among the amphilectane-type diterpenoids because they possess an un-
usually high unsaturation number that leads to extended aromatic conjugation.
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Pseudopteroxazole (17) [9] and homopseudopteroxazole (18) [15] contain
an uncommon benzoxazole moiety. Acetyl amphilectolide (19) [6] belongs to
the nor-amphilectane class having a rearranged norditerpene skeleton. This
compound has a logical structure from a biosynthetic viewpoint. Thus, acetyl
amphilectolide (19) could be envisioned as a precursor of amphilectolide (20)
[16] via deacetylation with concomitant loss of two carbons. Amphiphenalone
(21) [6], a novel tetrisnorditerpene, was isolated as colorless plates. Interest-
ingly, although it appears that compound 21 contains an unprecedented carbon
skeleton, the overall NMR evidence indicated that 21 possesses some structural
features reminiscent of the amphilectane skeleton found in the aglycone por-
tion of the pseudopterosins. Notwithstandingly, comparison of their molecular
formulae showed that amphiphenalone (21) lacked the four carbons typically
ascribed to the isobutenyl side chain at C9.In its place, a ketone carbonyl func-
tion now appears in 21, suggesting loss of the C4 alkenyl side chain by oxidative
cleavage of an amphilectane-based precursor (Fig. 5).

Since 1998 the Rodriguez group in Puerto Rico has focused considerable
attention on Pseudopterogorgia elisabethae found in the southeast Caribbean
Sea. Their collections from San Andrés Island, Colombia, resulted in the isola-
tion of terpenoid metabolites which, unlike the pseudopterosins, lacked a sugar
moiety. Moreover, the analytical data revealed that the majority of the com-
pounds found in this specimen possessed distinctively different carbon frame-
works quite unlike those already described for the aglycone portion of the
pseudopterosins (see above). This gives further support to the assumption that
metabolism and production of terpenoid secondary metabolites in Pseudo-
pterogorgia elisabethae varies from site to site. The novel tricyclic carbon skele-
ton of elisabethin A (22) [17], which was named elisabethane, is formed by
connecting C9 and C1 of a serrulatane-based precursor; it represents a new
class of diterpenes (Fig. 6). Elisabethin A (22) was crystallized from CHCI,
after successive normal-phase and reversed-phase column chromatography.
While the spectral data of compound 22 were in full accord with the proposed
structure for the molecule, an unambiguous proof of the structure was highly
desirable. The structure of 22 was, therefore, confirmed by a single-crystal
X-ray diffraction experiment (see Fig. 6) which also yielded its relative stereo-
chemistry. The absolute configuration of the molecule was not determined in
the X-ray experiment; this task was accomplished by the total synthesis of 22
(see Sect.4.3). Hydroxylation at C2 leads to elisabethin D (23) [18], while elisa-
betholide (24) [16] represents a compound possessing a seco-elisabethane
skeleton. Loss of either one or two carbon atoms results in the nor-elisabethane
(elisabethin B, 25) [17] or the bisnor-elisabethane skeleton (elisabethin C, 26)
[17]. The absolute configuration of 26 was determined later by total synthesis
(see Sect. 4.2).

The tetracyclic elisapterane skeleton (Fig. 7) is undescribed so far and con-
stitutes a new class of C,, rearranged diterpenes. C10-C15 cyclization of an
elisabethane-based precursor accounts for the formation of the six-membered
ring D. Starting from elisapterosin B (27) [18] a series of oxidation and cy-
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Elisabethin D (23)

elisabethane

X-ray structure of 22

skeleton 1998 2000
seco-elisabethane Elisabetholide (24) nor-elisabethane Elisabethin B (25)
skeleton 2000 skeleton 1998

bisnor-elisabethane Elisabethin C (26)
skeleton 1998

Fig.6 The elisabethane-based compound class

clization reactions produces quite a large number of different secondary
metabolites (28-31) possessing the elisapterane skeleton. The structures of
these compounds, which until now have remained as the only known examples
of this rare family of marine natural products, were established by spectro-
scopic and chemical methods. Subsequently, the structure of elisapterosin B
(27) was confirmed by a single-crystal X-ray diffraction experiment (see Fig. 7).
In addition to their complex carbocyclic array, some compounds of this class
possess several unusual structural features. For instance, in elisapterosin D (29)
[19] there exists a fully substituted 1,2,4-cyclohexatrione ring moiety; moreover,
in all elisapterosins the carbonyl functionality about the cyclopentanone unit is
flanked by quaternary carbons. Elisapterosin A (30) [18] and elisapterosin E (31)
[19] contain an oxo-heterocyclic ring formed by intramolecular cyclization. Loss
of one carbon leads to the nor-elisapterane (elisabane) skeleton represented by
elisabanolide (32) [17]. The structure of 32 was confirmed by X-ray crystallog-
raphy (see Fig. 7), but since the X-ray experiment did not define the absolute
configuration the enantiomer shown is an arbitrary choice.
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elisapterane Elisapterosin B (27) X-ray structure of 27 Elisapterosin C (28)
skeleton 2000 2000

Elisapterosin D (29) Elisapterosin A (30) Elisapterosin E (31)
2003 2000 2003

nor-elisapterane
(elisabane) skeleton

cumbiane Cumbiasin A (33) Cumbiasin B (34)
skeleton 2000 2000

seco-cumbiane Cumbiasin C (35) colombiane Colombiasin A (36)
skeleton 2000 skeleton 2000

Fig.7 Compounds based on the elisapterane, colombiane, and cumbiane skeleton
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Another tetracyclic carbon skeleton, named cumbiane, has been isolated
from Pseudopterogorgia elisabethae. Its representatives are the diterpenoids
cumbiasin A (33) and B (34) [20]; their structures and relative configurations
were elucidated by interpretation of a combination of spectral data. The six-
membered ring D was formed by connecting C10 and C16 of an elisabethane
carbon skeleton. The carbocyclic skeleton of the cumbiasins is unprecedented
and represents a new class of C,, rearranged diterpenes. The tricyclic seco-
cumbiane skeleton is derived from the cumbiasins by cleavage of the C15-C16
bond. Due to intramolecular cyclizations two additional oxo-heterocycles are
present in cumbiasin C (35) [20] (Fig. 7).

A further tetracyclic metabolite from Pseudopterogorgia elisabethae pos-
sessing the unprecedented cage-like colombiane carbon skeleton is represented
by colombiasin A (36) [21]. The ring D of the colombiane skeleton arises from
a C12-C2 cyclization of an elisabethane-based precursor. Experimental data
were not obtained to define the absolute stereochemistry of 36; this task was
later accomplished by total synthesis (see Sect. 4.6).

The ring C of the tricyclic ileabethane skeleton was formed by C8-C14
cyclization of a serrulatane-based precursor (Fig. 8). Besides a new carbon
skeleton, ileabethin (37) [22] possesses several unusual structural features. The
substitution pattern of the fully substituted aromatic ring resembles that of the
pseudopterosins class diterpene glycosides, while the isobutenyl side chain
found typically in many Pseudopterogorgia elisabethae metabolites appears in
37 masked as a spiro gem-dimethyl dihydrofuran moiety. The pseudopterane
skeleton found in acetoxypseudopterolide (38) [23] differs significantly from
the previously described carbon skeletons. This is the first example of a pseudo-
pterane-type diterpene isolated from Pseudopterogorgia elisabethae; so far

ileabethane lleabethin (37) pseudopterane skeleton Acetoxypseudopterolide (38)
skeleton 2002 1999

nor-sandresane Sandresolide A (39) Sandresolide B (40)
skeleton 7999 1999

Fig.8 Compounds possessing the ileabethane, pseudopterane or nor-sandresane skeleton
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there is no obvious structural or biosynthetic interrelation between 38 and the
previously described compounds. The two novel nor-diterpenes sandresolide
A (39) and B (40) [24] feature the nor-sandresane carbon skeleton, which is also
quite different from the other frameworks. The ring B is here fused to a seven-
membered ring that could stem from the adventitious rearrangement of an am-
philectane-based diterpene involving loss of a carbon atom and concomitant
1,2-alkyl shift with ring expansion (Fig. 8).

3
Biosynthesis and Pharmacology

3.1
Biosynthetic Pathways

As shown in the previous section, the structural diversity found among the
plethora of natural products isolated from Pseudopterogorgia elisabethae is
indeed remarkable. Scheme 1 gives an overview of the biosynthetic pathways
to the different carbon frameworks produced by Pseudopterogorgia elisabethae.

Starting from geranylgerane, a series of cyclizations leads to the serrulatane
skeleton which is the central intermediate in the biosynthetic pathways to all
other carbon frameworks. The biogenetic origins of the amphilectane, ilea-
bethane, and elisabethane ring systems could be traced back to this intermediate.
Further cyclizations, bond cleavages or losses of carbons result in the wide
variety of carbon frameworks shown. So far, 15 serrulatane-derived carbon
skeletons have been isolated from Pseudopterogorgia elisabethae in addition to
other skeletal types, for instance the pseudopterane [23] and aristolene skele-
tons.

Recently it was shown by radiolabeling studies that the formation of the
serrulatane skeleton is catalyzed by the pseudopterosin diterpene cyclase,
which can be considered as a key enzyme in terpene biosynthetic pathways
(Scheme 2). The elisabethatriene cyclase is a monomer with a molecular mass
of 47 kDa [25].

A potential mechanism accounting for the formation of elisabethatriene (42)
from geranylgeranyl pyrophosphate (GGPP, 41) is described in Scheme 3. In
this proposed biosynthesis, the initial loss of the pyrophosphate group from 41
initiates a ring closure, generating a tertiary carbocation following isomeriza-
tion of the C2/C3 double bond from E to Z. Hydride shifts at C1 and C6, re-
spectively, introduce the stereochemistry at C6 and C7 and subsequently form
an allylic carbocation. After a second ring closure, further rearrangement fol-
lowed by abstraction of the hydrogen at C20 accounts for the formation of the
bicyclic triene 42 [25].

Pseudopterosins coexist with the seco-pseudopterosins, suggesting that these
two classes of diterpenes are produced from a single cyclase product. Elisabeth-
atriene (42) undergoes aromatization to erogorgiaene (1); presumably a series
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diterpene
=z A cyclase
OPP
=
GGPP (41) Elisabethatriene (42)

Scheme 2 Diterpene cyclase-catalyzed cyclization to serrulatane skeleton

Elisabethatriene (42) Hydride shift Hydride shift

Scheme 3 Potential mechanism accounting for the formation of elisabethatriene (42)

of oxidations leads then via the known hydroxyerogorgiaene (2) or its regio-
isomer 43 to the seco-pseudopterosin aglycone 3 (Scheme 4). Glycosylation at
either position would provide one of the seco-pseudopterosins. The biosyn-
thetic pathway to the pseudopterosins appears to diverge at intermediate 43
and it is postulated that this compound undergoes oxidation to a hydroquinone
which would then be oxidized to yield elisabethadione (4). Subsequent ring
closure forms elisabethol (13) followed by aromatization to afford pseudo-
pterosin aglycone 10. Finally, glycosylation accounts for the ultimate produc-
tion of the pseudopterosins [25].

The biosynthesis of the elisabethins possessing the elisabethane carbon
skeleton also seems to proceed via elisabethatriene (42) and elisabethadione
(4). Allylic oxidation of 4 results in known sec-hydroxyelisabethadione 6 fol-
lowed by subsequent phosphorylation of the allylic alcohol (Scheme 5). Upon
reduction of the quinone, the highly active species 44 is generated containing
an o,p-activated position. This very strong nucleophile is ready to undergo
immediate intramolecular C1-C9 cyclization to intermediate 45. Further
tautomerization finally leads to formation of elisabethin A (22).
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Elisabethatriene (42) Erogorgiaene (1) Hydroxyerogorgiaene (2)

: 43 seco-Pseudopterosin seco-Pseudopterosins
Y aglycone (3) A-G

Elisabethadione (4) Pseudopterosin

aglycone (10)

Pseudopterosin C Pseudopterosin A

Scheme 4 Plausible biosynthetic pathway of the seco-pseudopterosins and pseudopterosins

Interestingly, the apparent mechanism by which diterpene 22 is produced is
consistent in metabolites 32, 25, and 26 (Scheme 6), even though each has a
completely different carbon skeleton [17]. Elisabethin B (25) and elisabethin C
(26), for instance, appear to be synthesized from 22 by the following reactions.
The cyclohexanone ring of 32, 25, and 26 is formed by oxidative cleavage of the
bond between C2 and C17 in 22 after tautomerization. Loss of CO, followed by
oxidation at C16 produces a key bicyclic S-ketocarboxylic acid which, after
reduction and dehydration across C15 and C16, gives 25 or alternatively, upon
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decarboxylation, yields 26. In turn, elisabanolide (32) appears derived from
subsequent condensation and annelation of the proposed bicyclic S-ketocar-
boxylic acid precursor. Thus, the cyclopentanone ring of 32 is formed by attack
of the anion of the active methine at C15 (adjacent to the C14 and C16
carbonyls) on the C10 position of an epoxide group between C10 and C11.
Intramolecular esterification of the carboxylic acid functionality with a tertiary
carbinol at C11 gives the five-membered lactone moiety in 32 [17] (Scheme 6).
Although the biosynthesis of colombiasin A (36) and the elisapteranes is not
known, the fact that these diterpenes occur together in Pseudopterogorgia
elisabethae suggest a common biosynthetic pathway. This concomitance strongly
implies that elisabethin A (22) is a biogenetic precursor of colombiasin A (36)
and the elisapterosins. In such a case, 22 must first undergo allylic oxidation at
C12 followed by phosphorylation or protonation of the newly introduced oxy-
gen. Base-catalyzed removal of the proton on C2 and intramolecular alkylation
of the resulting enolate would result in 36 [21] (Scheme 7). In contrast, depro-
tonation of the hydroxy group in 22 produces the -diketoenolate, which reacts
intramolecularly in an Sy2’ fashion to give elisapterosin B (27). Hydration of the
external double bond would lead to elisapterosin C (28) and subsequent
hemiketal formation accounts for the presence of elisapterosin A (31).

Oxidation
Phosphorylation Me

Elisabethin A (22)

P C18 > C10

Elisapterosin B (27) Elisapterosin C (28) Elisapterosin A (31)

Scheme 7 Putative biosynthetic pathways to tetracyclic derivatives

An alternative pathway (Scheme 8) could start from the two regioisomers 5
and 6, both isolated from Pseudopterogorgia elisabethae. Thus, after phospho-
rylation or protonation followed by elimination to dienylquinone 46, intra-
molecular cyclization would generate zwitterionic intermediate 47. Hydride
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Hydride
transfer

Elisabethin A (22)

Colombiasin A (36) Elisapterosin B (27)

Scheme 8 Alternative pathway to the tricyclic elisabethane skeleton via a zwitterionic
species and further cyclizations

transfer to 47 would result in the formation of elisabethin A (22), whereas
2,12-cyclization would give colombiasin A (36) and 10,15-cyclization would
lead to the assembly of elisapterosin B (27).In fact, these cyclizations have been
observed in vitro on treating 46 with Lewis acid (see Sect. 4.5). Therefore an
equally evident interpretation for the formation of 36 and 27 would involve
intramolecular cycloaddition reactions. Thus, commencing with 46,a [4+2] cy-
clization would result in the colombiane skeleton, while a [5+2] cycloaddition
would deliver the elisapterane scaffold (see also Sects. 4.5 and 4.6). In contrast,
the cumbiasins might be generated from 47 via a SET process forming a C10
radical which then attacks the C16 position (Scheme 8).

3.2
Pharmacological Properties

3.2.1
Anti-inflammatory Activity

The pseudopterosins and seco-pseudopterosin isolated from Bahamian speci-
mens of Pseudopterogorgia elisabethae display strong anti-inflammatory and
analgesic activity. These diterpene glycosides had potencies superior to those of
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existing drugs such as indomethacin in mouse ear models [26]. These com-
pounds appear to act by a novel mechanism of action; they are not active against
PLA,, cyclooxygenase, and cytokine release, or as regulators of adhesion mole-
cules. Evidence suggests the pseudopterosins block eicosanoid release rather
than biosynthesis in murine macrophages. Purified pseudopterosins (pseudo-
pterosin E) have been commercialized in the skin cream Resilience [27].

3.2.2
Antituberculosis Activity

Many compounds of the serrulatane, amphilectane, elisabethane, and elis-
apterane class as well as further derivatives exhibit antituberculosis activity.
Typical values for growth inhibition of Mycobacterium tuberculosis range
between 20 and 60%. However, some of these marine diterpenoids show a very
high growth inhibition rate. Among the most effective compounds are elis-
apterosin B (27) [18], homopseudopteroxazole (18) [15], erogorgiaene (1), [5]
and pseudopteroxazole (17) [9] (Fig.9).

3.2.3
Anticancer Activity

In biological screenings, elisapterosin A (30) [18] and elisabatin A (14) [14] in-
dicated moderate (nonselective) in vitro cancer cell cytotoxicity in the NCI’s 60
cell-line tumor panel. Elisabethin B (15) [17] was found to have significant in
vitro cancer cell cytotoxicity with concentrations of 10> M eliciting significant
differential responses at the GI;, level from all the renal, CNS, and leukemia
cancer cell lines. Elisabethamine (7) [8] exhibited activity against lung cancer
(LNCap) and prostate cancer (Calu) cell lines (IC, values of 10.35 and 20 pg/ml,
MTT assay). Mild anticancer activity against a prostate cancer cell line was also
shown by acetoxypseudopterolide (38) [23] (ICs, value of 47.9 pg/ml, MTT
assay).

Me Me

Elisapterosin B (27) Homopseudopteroxazole (18) Erogorgiaene (1) Pseudopteroxazole (17)
79% 80% 96% 97%

Fig.9 Compounds displaying the highest growth inhibition rates against Mycobacterium
tuberculosis H37Rv (12.5 pg/ml)
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3.24
Antiplasmodial Activity

Very recently elisapterosin A (30) [18, 19] was found to exhibit strong anti-
plasmodial activity (ICs, 10 pg/ml) against Plasmodium falciparum, the parasite
responsible for the most severe forms of malaria.

4
Recent Partial and Total Syntheses: New Challenges for the
Diels—Alder Reaction

The promising pharmacological profiles and fascinating structures of the nat-
ural products from Pseudopterogorgia elisabethae have inspired considerable
synthetic efforts to gain access to this important compound class. As most of
the natural products were isolated and structurally elucidated over the past few
years, the number of partial and total syntheses is still limited. The following
gives an overview of synthetic strategies to access structures isolated from
Pseudopterogorgia elisabethae published to date.

Except for Yamada’s synthesis, all total syntheses feature the venerable Diels-
Alder reaction as a key transformation, in either an intermolecular or intra-
molecular fashion or in a combination of both.

4.1
Pseudopteroxazole (Corey, 2001)

Corey’s retrosynthetic concept (Scheme 9) is based on two key transformations:
a cationic cyclization and an intramolecular Diels-Alder (IMDA) reaction.
Thus, cationic cyclization of diene 50 would give a precursor 49 for epi-pseudo-
pteroxazole (48), which could be converted into 49 via nitration and oxazole
formation. Compound 50 would be obtained by deamination of compound 51
and subsequent Wittig chain elongation. A stereocontrolled IMDA reaction of
quinone imide 52 would deliver the decaline core of 51. IMDA precursor 52
should be accessible by amide coupling of diene acid 54 and aminophenol 53
followed by oxidative generation of the quinone imide 52 [28].

The following work presented by the Corey group describes the enan-
tiospecific synthesis of the originally proposed structure of pseudopteroxazole
(17). As the synthesized compound 48 was not identical with 17, the results
of this study led to a structural revision yielding the correct stereochemistry
of 17 [28]. The Corey group has also published a total synthesis of the pseudo-
pterosin aglycones 11 [12] and 10 [29].

The actual synthesis (Scheme 10) commenced with the coupling of diene
acid 54 and aminophenol 53 to provide diene amide 55. In situ generation of
quinone monoimide 52 under oxidative conditions and subsequent intramol-
ecular Diels-Alder (IMDA) reaction furnished an 8:1 mixture of endo/exo
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Scheme 9 Corey’s retrosynthetic analysis of epi-pseudopteroxazole (48)

adducts (56). This IMDA cyclization appeared to be the first example of this
type of internal cycloaddition involving an in situ generated quinone imide.
Hydrogenation and benzylation produced benzyl ether 57. Boc protection and
methanolysis of the d-lactam subunit afforded methyl ester 58. Amino alcohol
59 was obtained by reduction of the ester function and subsequent cleavage of
the boc group. Deamination and Dess-Martin oxidation delivered aldehyde 60,
which was subjected to a Wittig coupling to give (E)-conjugated diene 61.
Cationic cyclization to 62 was effected quantitatively using methanesulfonic
acid as catalyst, but gave a mixture of diastereomers in a ratio of about 1:2,
which were separated chromatographically. The stereochemical outcome of
this reaction can be rationalized considering the steric interference of the
(E)-methyl part of the isopropylidene group and the methyl group attached to
C3.Benzyl ether cleavage followed by nitration furnished nitrophenol 63, which
was then treated with Zn dust to effect conversion to the corresponding
aminophenol. Upon reaction with methyl orthoformate the desired tetracyclic
oxazole 48 was formed. In summary, the synthesis of 3,6-epi-pseudopteroxazole
(48) comprises 16 linear steps and was achieved in an overall yield of 3.2%
(Scheme 10).
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Scheme 10 Corey’s total synthesis of 3,9-epi-pseudopteroxazole (48)

4.2
Elisabethin C (Yamada, 2002)

In Yamada’s retrosynthetic analysis (Scheme 11), elisabethin C (26) is traced
back to lactone 64 which would be converted into 26 by deoxygenation and
chain elongations. Key intermediate 64 could be obtained by a stereoselective
Dieckmann cyclization. The required ester lactone precursor 65 would be
accessible from 66 by a series of oxidation reactions. Further disconnection
would lead to commercially available (+)-carvone (67). Stereoselective succes-
sive alkylation of 67 and reduction of the enone should deliver 66 [30].

The linear sequence starts from (+)-carvone (67) (Scheme 12). Establishing
the quaternary center at Cl was achieved via a successive enolate alkyla-
tion/hydroxyalkylation to furnish hydroxyketone 68. Reduction of the enone
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(resulting in the wrong C3 configuration), TBS protection of the primary and
MOM protection of the secondary alcohol led to 69, which was then converted
into 70 by stereocontrolled hydroboration/oxidation, pivaloyl protection, and
desilylation. The stereogenic center at C7 was generated in the undesired con-
figuration, but this was rectified later by epimerization under the Dieckmann
cyclization conditions. Compound 70 was transformed into ketolactone 71 by
a succession of routine operations. The undesired configuration at C3 of 71 was
corrected to 72 by base-catalyzed epimerization, and then the keto function was
protected as the exo methylene group in 73. Jones oxidation and methylation
gave the desired key intermediate 65, and after Dieckmann cyclization with
concomitant epimerization, the ketolactone 64 was obtained. The superfluous
8-keto functionality was removed reductively,and the exo-methylene group was
cleaved via ozonolysis and reduction to the alcohol. TES protection furnished
silyl ether 74 as an epimeric mixture. The isopropylidene appendage was intro-
duced via reduction of the lactone to the lactol and subsequent Wittig olefina-
tion. The resulting intermediate olefin 75 was then transformed into elisabethin
C (26) via four additional steps. All told the sequence has about 29 linear steps
and an overall yield of 5.2% (Scheme 12).

4.3
Elisabethin A (Mulzer, 2003)

In 2001, the Nicolaou group reported some model experiments directed toward
the synthesis of elisabethin A (22) (Scheme 13) [31]. They found that oxidation
of anilide derivatives with Dess-Martin periodinane (DMP) resulted in the
formation of o-azaquinones, which they decided to apply as substrates for
IMDA reactions. Among a number of examples, starting compound 76 was con-
verted in a three-step sequence into amide 77 and further processed to diene
78.DMP oxidation gave 79 as a transient intermediate, whose further reactions
followed two divergent pathways. In the first, 0-azaquinone 79 spontaneously
underwent an IMDA reaction to form the polycyclic compound (+)-80 and
after hydration (+)-81. Interestingly ketohydroxyamide (£)-81 closely resem-
bles the pseudopterosin natural products. Alternatively, 79 was further oxidized
to furnish p-benzoquinone 82, whose IMDA reaction resulted in adduct (£)-83.
Facile hydrolysis of (+)-83 was accomplished upon exposure to K,COj; to ren-
der semiquinone (+)-84, which embodies the tricyclic framework of elisabethin
A (22) in racemic form. Apart from the low overall efficiency of the sequence,
(£)-84 is generated with the wrong relative configuration at C1/C6, as estab-
lished via single-crystal diffraction analysis. This result was interpreted in
terms of an endo transition state of the IMDA cyclization (Scheme 13).

A related IMDA key step, however with exo geometry, was applied in
Mulzer’s synthesis of elisabethin A (22) [32]. According to the retrosynthetic
plan (Scheme 14) the elisabethane carbon skeleton would be assembled via an
IMDA cyclization of quinone 86 which would be generated by oxidation of the
corresponding hydroquinoid precursor. Selective hydrogenation, base-catalyzed
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epimerization, and demethylation should then lead to 22. The precursor for the
key step would be available by stereoselective a-alkylation of aryl acetic acid
derivatives 88 (ester) or 89 (Evans’ auxiliary) and Wittig olefination. Chiral
alkylation agent 87 would be obtained from commercially available (+)-Roche
ester by a sequence of selective olefination reactions.

The diene fragment in the form of iodide 87 was synthesized from com-
mercially available (+)-Roche ester 90 by tritylation, LAH reduction, and Swern
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oxidation (Scheme 15). Olefination of aldehyde 91 via the HWE reaction fur-
nished the desired (E)-Weinreb enamide 92, which was reduced to the a,-un-
saturated aldehyde 93. The Z geometry of the second double bond was installed
by a “salt-free” Wittig reaction to give isomerically pure diene 94, which was de-
protected and converted into iodide 87 by an Appel reaction.

1. EsN, TrCl Me, OMe

N Me., .OMe
OMe 2 LA Hoo e, Y
3. Swern ox. (Et0),P ™ DIBAL-H
_ — T0 o
Ho/\l/go P O o p—
98%
(+)-Roche ester 91 92
(90)
1.BCly H
. P=CHM
KYW 22 PP Tro/\‘/\/\l <haP=CHMe TroWo
Me 77% Me 78%
87 94 93

Scheme 15 Synthesis of the diene fragment

The synthesis of the benzenoid fragment (Scheme 16) started from com-
mercially available aldehyde 95, which was converted to phenol 96 by a
Bayer-Villiger oxidation and subsequent hydrolysis. Selective 4-O-demethyla-
tion was achieved via an oxidation/reduction sequence to give hydroquinone
97 [33]. O-Silylation and regioselective bromination of the o,p-activated posi-
tion with NBS led to aryl bromide 98, which was then reacted with stannane 99
using a palladium-catalyzed Negishi-Reformatsky coupling [34] to give aryl
acetic ester 88. In order to obtain the Evans’ oxazolidinone 89, ester 88 was
transformed into acid 100 in a three-step reduction/oxidation sequence, which
was necessary as ester 88 remained unchanged even after refluxing in concen-
trated EtOH/NaOH. Acid 100 was converted to the desired imide 89 via the
mixed anhydride. Diastereoselective alkylation of 89 was achieved by sodium
enolate formation and subsequent addition of iodide 87 to furnish 101 with a
de of 86%. Removal of the auxiliary, Swern oxidation to 102 and Wittig reaction
delivered triene 103. Upon treatment of 103 with TBAF followed by the addi-
tion of aqueous FeCl; solution, quinone 86 emerged (observed by TLC and
NMR) and underwent the IMDA reaction in situ at room temperature to ren-
der adduct 85. The less substituted double bond in 85 was then hydrogenated
followed by base-catalyzed epimerization at C2 and demethylation to provide
elisabethin A (22). The convergent synthesis was accomplished in 19 steps along
the longest linear sequence with 7% overall yield (Scheme 16).

In contrast to Nicolaou’s model system, the IMDA reaction of quinone 86 to
adduct 85 proceeded through an exo transition state geometry. This difference
is due to the two additional substitutes attached to the diene side chain of
quinone 86. A more detailed analysis (molecular modeling) of the four theo-
retically possible transition states (Fig. 10) reveals that an enophilic endo/exo
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Scheme 16 Mulzer’s total synthesis of elisabethin A (22)

attack from the top face (104, 105) shows strong steric interactions between the
isobutenyl rest and the (E)-double bond of the diene unit. On the other hand,
in the case of an endo bottom face attack (106), steric repulsion between the
19-methyl group and the (E)-double bond comes into play shifting the equi-
librium to exo arrangement (107). These results make clear that unfunctional-
ized model systems are often not appropriate to predict stereochemical issues
associated with IMDA cyclizations.

The significance of this IMDA reaction lies firstly in the use of a tethered
(E,Z)-diene - the first case that has been successfully developed - secondly,
in the unusually mild and virtually biomimetic conditions (aqueous medium,
ambient temperature), and thirdly in the high yield and stereoselectivity.
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Fig.10 Facial selectivity and endo vs. exo transition state

4.4
Elisapterosin B (Rawal, 2003)

In Rawal’s synthetic plan (Scheme 17) to elisapterosin B (27) the tetracyclic
elisapterane skeleton would be formed in an oxidative cyclization of an elisa-
bethane precursor (108). Further disconnection via a retro-IMDA reaction
would lead to intermediate 109 bearing a (Z,E)-diene unit and a quinone por-
tion. The quinone would be generated by aromatic oxidation of a phenol while
Pd-catalyzed cross-coupling should deliver stereoselectively the required diene
moiety. Wittig olefination would introduce the isopropenyl unit in 109. Aryl
acetic ester 110 would be constructed by a pinacol-type ketal rearrangement
of 111, which should be obtainable from 112 by lactone reduction and acetyle-
nation. Negishi coupling of acid chloride 114 and the Grignard reagent of aryl
bromide 113 followed by alkylation would furnish aryl lactone 112. The required
stereochemical information for the asymmetric realization of the synthesis

IMDA reaction \ Me
«Me R A
Me, H, A Me ™,
Me, OH " i .
- Me cross-coupling
v — — /L\: ' o
H O‘. 7, 0 Me” F3"

e LN Witti / o oM N "
oxidative ~ Me Vittig e H
cyclization olefination Me %

Elisapterosin B (27) 108 109 MO
L,CY
ketal
rearrangement /MeOI;\OMe
0 L ) acetylenation Me
o asym. Negishi coupling l 110
5 alkylation \ MeQO OI\Q N MeO OMe aromatic
o) + Mea, . R oxidation
14 4 TNWNTYTT < Y Y
Br o Me HO
113 (0] MeO' OMe MeO OMe
MeO' OMe Me Me
Me 112 111

Scheme 17 Rawal’s retrosynthetic analysis of elisapterosin B (27)
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stems on the one hand from the chiral starting material 114, and on the other
hand from the geometrically defined (Z,E)-diene unit (Scheme 17) [35].

The total synthesis (Scheme 18) commenced with a Negishi coupling of
commercially available acid chloride 115 (due to cost reasons it was decided to
elect the opposite enantiomer resulting in an ent-27 synthesis) to the Grignard
reagent of aryl bromide 113. Under ketal-forming conditions the expected
methyl ketal 116 was accompanied by the lactone methanolysis product,
making treatment of the crude material with fBuOK necessary to obtain a good
overall yield. Stereoselective methylation (78% de) afforded the desired trans
product 117, which was reduced to the lactol and acetylenated using the
Seyferth reagent [36]. Upon heating the mesylate of 118 in the presence of an
acid scavenger (CaCO;) the pivotal pinacol-type rearrangement via 119 took
place to render methyl ester 120. In preparation for the envisaged IMDA reac-
tion the acetylene was converted to the (Z)-bromoalkene (121) and cross-cou-
pled with (E)-bromopropene. The ester functionality in resulting compound 122
was reduced to the aldehyde and transformed into the 2-methylpropenyl side
chain via Wittig olefination. Regioselective demethylation [37] of the more
hindered methyl ether provided phenol 123 (Scheme 18).

The required quinone 124 for the IMDA cyclization was obtained by sal-
comine-catalyzed oxidation [38] (Scheme 19). Heating in toluene initiated a
clean cycloaddition to furnish the endo adduct 126 as a single diastereomer. Of
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o then tBUOK e
S MeO OMe S 07 MeO OMe 785 de eo
Me Me
115 13 116
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2. (MeO);P(O)CHN, | 70%
{BUOK, THF
Me CO,Me MeO OMe MeO OMe
e O [ OG 1. MsCl, lutidine X
4 2. CaCO;, wet MeOH
Me H e Me HO
MeG OMe MeO OMe 72% MeO OMe
120 M€ e v
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65%
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Br Me CO;Me tBuLi % 2. Me,C=PPhy
A H Br 3. NaSEt, DMF
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Scheme 18 Stereocontrolled synthesis of the IMDA precursor 123
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Scheme 19 Completion of Rawal’s total synthesis of ent-elisapterosin B (ent-27)

the two possible endo transition states the one shown (125) avoids potentially
severe allylic strain between the C7 Me group and the propenyl unit on the
(Z)-double bond. The Diels-Alder adduct 126 was then selectively hydrogenated
using Wilkinson’s catalyst and subsequently demethylated under anionic con-
ditions. Upon treatment with CAN, diketone intermediate 127 was formed in
an oxidative cyclization and subsequently enolized with base to the desired
target compound ent-27.In summary, the synthesis required 18 steps and gave
14% overall yield.

4.5
Elisapterosin B/Colombiasin A (Rychnovsky, 2003)

Another total synthesis of elisapterosin B (27), as well as colombiasin A (36)
was reported by the Rychnovsky group [39]. The underlying concept of this
approach was the proposed biosynthetic pathway shown in Scheme 8. Thus, the
authors decided to prepare the putative metabolite 46 in O-methylated form
128 and subject it to Lewis acid conditions in the hope that cyclization might
occur to either 27 or 36, or both. The required precursor 128 would stem from
an intermolecular Diels-Alder reaction between diene 129 and quinone 130
(Scheme 20).

The actual synthesis (Scheme 21) started with the stereoselective alkylation
of Myers’ hydroxy-amide 131 [40] followed by reductive removal of the auxiliary
to give 132 in high yield and enantioselectivity. Wittig olefination furnished
enoate 133, which was then elaborated into the (E)-1-acetoxy-diene 129 using
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asymmetric
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129 OTIPS

Scheme 20 Rychnovsky’s retrosynthetic analysis of elisapterosin B (27)/colombiasin A (36)

Kowalski’s one-carbon homologation protocol [41]. IntermolecularDiels-Alder
reaction with quinone 130 required particular conditions (lithium perchlorate
in ether) to produce an inseparable 1.7:1 mixture of the diastereomeric adducts
134a and 134b which was carried through the rest of the synthesis (separation
in the final step). The moderate selectivity of this addition was interpreted in
terms of the Felkin—-Ahn transition state (see Scheme 21). Reduction of the
carbonyl group at C17 in 134a/b was necessary to prevent aromatization in the
subsequent steps. The C3 methyl group was introduced via Sy2 displacement
of the O-acetate to give 135a/b. Hydrogenation and Dess-Martin oxidation
returned enedione 136a/b, which was converted to the quinone using DBU/O,
followed by immediate reduction and acetate protection. Treatment with HF
and oxidation with Dess—Martin periodinane delivered aldehyde 137a/b. Wittig
reaction (E/Z=3:1) and oxidation under mild conditions produced quinone
128a/b. The [5+2] cycloaddition was induced with boron trifluoride and did
indeed furnish 27a/b as expected, though in moderate yield along with some
36a/b methyl ether. Pure 27 was obtained upon chromatographic separation
after the final step in the sequence. On the other hand, 36 was accessible via
thermal [4+2] IMDA cyclization, demethylation, and diastereomer separation.
This IMDA reaction was performed in analogy to Nicolaou’s precedence
discussed in the following section. Colombiasin A (36) was prepared in 17 steps
and 3.9% yield while elisapterosin B (27) was synthesized in 16 steps and 2.6%
overall yield (Scheme 21).
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4.6
Colombiasin A (Nicolaou, 2001)

The retrosynthetic concept of the Nicolaou group is shown in Scheme 22. The
target molecule 36 is disconnected via an IMDA cyclization of the diene
quinone precursor 138, which would be generated from the tetraline derivative
139 using Wittig chemistry followed by aromatic oxidation. A Claisen-type
rearrangement would provide access to 139 whereby the side chain required for
the rearrangement of 140 would be introduced by O-acylation. The core of 141
would be formed via an intermolecular Diels-Alder reaction between diene 142
and p-benzoquinone 130 [42].

Claisen-type
rearrangement
IMDA reaction

Y
Wittig ‘
reaction §§ Me
Me
Colombiasin A (36) 138
O-acylation
Diels-Alder

reaction
TBSO Me \
T\/ O, wMe
142 + T/\-\ -
o}  G—] oMe <{——
aromatization-
O OMe methylation MeO OMe

130 141

Scheme 22 Nicolaou’s retrosynthetic analysis of colombiasin A (36)

In the synthetic direction (Scheme 23) 142 and 130 form under chiral cata-
lysis [43] the labile endo adduct 143 regio- and stereoselectively. Compound
143 was aromatized with base and methyl iodide to furnish ketone 141 after
desilylation. The appendage at C6 was introduced via a palladium-catalyzed
Claisen-type rearrangement [44] of enol ester 140, which was prepared by
O-acylation of 141 with chloroformate 144. Rearrangement product 139 was
obtained with the correct configuration at C6 and wrong configuration at C7.
To invert the stereogenic center at C7, a set of six reactions was applied. Specif-
ically, the C5 ketone was protected as the silylated alcohol 145. Then the
8,9-olefin was oxidized to aldehyde 146, which was used for base-catalyzed
epimerization at C7. A 2:1 mixture of the epimeric aldehydes was obtained and
separated. The (7R)-aldehyde was converted to olefin 147. The (7S)-epimer
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Scheme 23 Synthesis of the decaline core, attachment of side chain, and epimerization

was recycled, so that overall 49% of aldehyde (7S)-146 was transformed into
(7R)-147. Hydroboration and oxidation of the primary alcohol delivered
aldehyde 148 (Scheme 23).

Wittig olefination of 148 furnished diene 149 as a 3.7:1 E/Z mixture
(Scheme 24), which was to be processed toward the envisaged key Diels—-Alder
cyclization. However, the benzenoid ring could not be oxidized to the quinone
without decomposition of the diene system. Hence, the diene was protected as
the 1,4-sulfur dioxide adduct 150, which was then successfully oxidized to the
quinone. Under thermal conditions the diene system was regenerated via
cheletropic elimination of SO, to give 138 and underwent in situ the IMDA
reaction to form the colombiasin skeleton 152. As expected by the authors, the
Diels-Alder reaction did proceed via the endo transition state 151 and, thus,
the correct configuration was established at C9. The observed facial selectivity
can be rationalized considering the configuration of the C6 stereocenter which
allows only an attack from the top face. The superfluous 6-OH functioniality
was removed via Barton-McCombie deoxygenation [45] to furnish O-methyl
colombiasin A 153. The final O-demethylation of 153 with boron tribromide
was, however, plagued by concomitant migration of the 10,11-double bond into
the 11,12-position (use of cis-cyclooctene as a competitive olefin to suppress
acid-induced migration). In summary, the synthesis of colombiasin A (36)
required 20 steps and resulted in 0.02% overall yield (Scheme 24).
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Scheme 24 Final stages and completion of the total synthesis of colombiasin A (36)

4.7
Synthetic Studies Toward Colombiasin A (Harrowven, 2001 and Flynn, 2003)

In an uncompleted synthetic attempt toward racemic colombiasin A (36)
(Scheme 25) Harrowven et al. [46] started from racemic aldehyde 155 (prepared
from dimethoxytoluene 154, eight steps and 32% overall yield), which was
connected with phosphonate 156 in a HWE olefination leading to a separable
3:2 E/Z mixture of 157. Cationic cyclization furnished diastereoselectively spiro-
lactone 159 (as a 5:1 epimeric mixture) along with the undesired condensation
product 158. On hydrogenation in methanol, lactone 159 was converted into
ester 160. Unfortunately, under these conditions only the C7 stereocenter was
installed with the correct relative configuration while the C6 center of the six-
membered ring kept the undesired stereochemistry (cis to C3-Me). Ester 160
was converted via an oxidation/reduction sequence followed by Wittig reaction
to diene 161 as an E/Z mixture. As noted by Nicolaou, the benzene ring could
not be oxidized to the quinone without decomposition of the material. Thus,
the diene moiety was protected as its sulfur dioxide adduct 162 which could be
converted into quinone 163, albeit in low yield. The thermal IMDA cyclization
furnished the endo adduct 165, but in contrast to Nicolaou’s synthesis, the
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Scheme 25 Toward colombiasin A (36)

attack of the diene occurred from the bottom face (see 164), which is due to the
wrong configuration at C6 (Scheme 25).

In a rather elegant approach towards colombiasin A (36) Flynn et al. [47]
would access the tetracyclic carbon skeleton through an enantioselective
intermolecular Diels-Alder sulfoxide elimination-intramolecular Diels-Alder
(DA-E-IMDA) sequence between double-diene 166 and quinone 167 (Scheme 26).
A key element of the proposed approach would be the chiral sulfoxy group in
167 which controls both the regio and facial selectivity of the intermolecular
Diels-Alder reaction and eliminates generation of the dienophile for the IMDA
reaction.

The above-mentioned strategy was validated by the synthesis of tetracycle
176 (Scheme 27). The required double diene 170 was prepared from 2,5-di-
methoxytetrahydrofuran (168) by treating it with acid and the HWE reagent.



38 T.J. Heckrodt - J. Mulzer

Colombiasin A (36)

166

Scheme 26 Flynn’s retrosynthetic analysis of colombiasin A (36)

Subsequent monosilylation and Wittig reaction furnished unsymmetrical
double diene 170. The synthesis of the other Diels—Alder partner started from
bromophenol 173 (prepared in three steps from dimethoxytoluene), which was
doubly metalated and reacted with (S,S)-menthyl p-toluenesulfinate 173. CAN
oxidation delivered quinone 171, which underwent a Diels—Alder reaction with
double diene 170 to give compound 175 possessing the correct regio- and
stereochemistry. Upon heating in toluene the desired elimination occurred
followed by IMDA reaction to adduct 176, which was obtained in an excellent
yield and enantioselectivity. Both Diels—Alder reactions proceeded through
an endo transition state; the enantioselectivity of the first cyclization is due to
the chiral auxiliary, which favors an endo approach of 170 to the sterically less
congested face (top face) (Scheme 27).
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Scheme 27 Synthesis of the colombiane skeleton via double Diels-Alder approach
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5
Conclusions

In summary, the total syntheses of the natural products from Pseudopterogorgia
elisabethae demonstrate the power of modern annulation reactions. The classic
intermolecular Diels-Alder reaction continues to be a popular tool - for instance
to forge decalin cores. In addition, the intramolecular variant (IMDA reaction)
has become extraordinarily powerful [48]. In consequence a considerable num-
ber of total syntheses feature IMDA cyclization as the key step to form the entire
molecular skeleton in one step. The advantages of the Diels-Alder cyclization are
obvious: besides its efficiency, atom economy, etc. one of the most valuable char-
acteristics of this transformation is the fact that the stereochemical information
of the starting material (in the form of geometrically defined olefins) is preserved
in the course of the reaction. Therefore, it is possible to use well-established
(E)- or (Z)-selective olefination methodology for the synthesis of diene and
dienophile. Subsequently, this high grade of stereoselection can be transferred via
the Diels-Alder reaction into the final target molecule. However, as far as the
stereoselectivity of the reaction is concerned, there are two aspects which must
be addressed: (1) exo versus endo selectivity; and (2) the facial selectivity. As seen
in the presented total syntheses a clever choice of the Diels-Alder precursor
often allows control to be gained over these two criteria of selectivity. Moreover,
arather uncommon annulation reaction, namely the [5+2] cycloaddition, proved
an elegant approach to the elisapterane skeleton.

Overall, this exciting new family of marine natural products leaves plenty of
room for future synthetic efforts, especially when the as yet unexplored biosyn-
theses of these compounds will be more and more uncovered.
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Abstract The synthesis of complex natural products still remains as the bottleneck for the
biological evaluation of such compounds. In contrast to the biosyntheses, vinylogous aldol
reactions can incorporate more than one acetate or propionate building block into the
growing polyketide chain. To facilitate such reactions either enolate activation or aldehyde
activation is required. For both variations, selective protocols have been put forward and
were shown to be efficient substitutes compared to standard aldol reactions. As can be seen
in the total syntheses of natural products such as callipeltoside, their use shortens the
synthetic route significantly. One of the most challenging transformations in this context is
the use of y-substituted ketene acetals in both aldehyde and enolate activation. In particular,
aliphatic aldehydes give poor yields and selectivities. Protocols for the enantioselective
variation are given using either the Tol-BINAP system or C,-symmetrical copper(II) com-
plexes.

Keywords Vinylogous - Aldol reaction - Lewis acid - Callipeltoside
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Abbreviations and Symbols

Ac Acetyl

18-c-6 18-Crown-6

BINAP 2,2’-Bis(diphenylphosphino)-1,1"-binaphthyl
BINOL Binaphthol

Bn Benzyl

Bu Butyl

Cy cyclohexyl

DAST Diethylaminosulfur trifluoride

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DET Diethyl tartrate

DIBAI-H  Diisobutylaluminum hydride

DMPU 1,3-Dimethyl-3,4,5,6-tetrahydro-2(1H) pyrimidinone
ee Enantiomeric excess

Et Ethyl

LDA Lithium diisopropyl amide

L-selectride Lithium tri-sec-butylborohydride

m-CPBA  m-Chloroperoxybenzoic acid

Me Methyl

MOM Methoxymethyl

ms Molecular sieves

Ms Methanesulfonyl (mesyl)

NMO 4-Methylmorpholine N-oxide

Ph Phenyl

PMB 4-Methoxyphenyl

Pr Propyl

PPTS Pyridinium p-toluenesulfonate

PyBOP Benzotriazol-1-yloxytris(pyrrolidino)phosphonium hexafluorophosphate
rt Room temperature

TBAF Tetrabutylammonium fluoride

TBS tert-Butyldimethylsilyl

TBAT Tetrabutylammonium triphenyldifluorosilicate
TBDPS tert-Butyldiphenylsilyl

TBHP tert-Butyl hydroperoxide

TES Triethylsilyl

Tf Trifluoromethanesulfonyl (triflyl)

TFA Trifluoroacetic acid

THF Tetrahydrofuran

T™S Trimethylsilyl

Tol Toluyl

TPAP Tetra-n-propylammonium perruthenate (VII)
1

Introduction

Aldol reactions are among the most prominent and most frequently applied
transformations, since they build up polyketide fragments of important bio-
logically active compounds such as antibiotics and antitumor compounds.
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They serve not only as tools to generate carbon-carbon bonds, but also chiral
centers are established. The most frequently applied methods of aldol reactions
often parallel the biosynthesis of polyketide natural products. In the biosyn-
thesis acetate or propionate units are added; subsequently a series of further
transformations (reductions, eliminations, hydrogenations) are performed by
large polyketide synthetases in order to provide the substrate for the next aldol
reaction. The laboratory synthesis mostly follows this modular approach by
adding acetate and propionate fragments following reduction and oxidation
steps, often coupled with extensive protecting group shuffling and additional
transformations such as Wittig olefinations (Scheme 1). Even though one can
access almost any thinkable polyketide structure with this kit of established
transformations, it might not always be the most economical way to generate
natural products. Therefore a substantial number of research groups have
focused on the development of more efficient methods for the construction of
larger polyketide segments in one step. The focus was naturally put on the
development of enantio- or diastereoselective procedures and establishing
catalytic systems.

0 o 0 OH ©
R addition R reduction o
SCoA —— SCoA — SCoA
OH O O ) OH OH O
addition R reduction R
SCoA SCoA
OH 0} OH o

elimination R . hydrolysis R

Bio-synthesis

Laboratory synthesis

0 OH O PGO O PGO (l)
' addion R i
R \‘) X PG R X reduction R
X = NR,, OR Wittig
olefination
vinylogous PGO o

aldol OH 1) -PG
i R
reaction R S - WOMe
OMe

Scheme 1 Comparison of biosynthesis and laboratory synthesis of polyketide fragments
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Herein we will focus on the recent development of vinylogous [1] aldol re-
actions and their application in the synthesis of natural products [2-5]. In par-
ticular the synthesis of unsaturated esters through the vinylogous Mukaiyama
aldol reaction is of great interest, since it provides rapid access to larger carbon
frameworks and allows for a wide variety of transformations of the double
bond (dihydroxylation, epoxidation, cuprate addition etc.).

2
Enolate Activation

2.1
Ti-BINOL Catalysis

In 1995, both Sato [6] and Carreira [7-10] independently developed catalytic
asymmetric aldol reactions of enolized f-keto esters. They utilized substituted
1,3-dioxan-4-ones as precursors for the synthesis of dienolates and chiral Lewis
acids for the generation of the new chiral centers (Scheme 2). The silyl enol
ethers can be generated by simple deprotonation and trapping of the enolate
with TMSCI. Dienolates 1 and 2 resemble the two acetate equivalents, whereas
3 acts as the combined synthon of one propionate and one acetate group. Sato
et al. identified the chiral binaphthol-derived titanium diisopropoxide catalyst
5 to provide higher chemical yields and higher enantioselectivity compared
to the corresponding titanium dichloride complex 4 (Scheme 3). The chiral
tartaric acid derived acylborane gave ee values ranging from 62 to 76%, albeit
50% of the catalyst had to be used for satisfactory chemical yields.

Table 1 summarizes the yields and selectivities of the addition of dienolate
2 to various aldehydes. It can be seen that the yield and enantioselectivity very
much depend on the solvent, with THF being the best tested. The best results
were obtained with pentanal (55% yield, 92% ee). On the other hand, when
spiro dienolate 1 was used in these aldol reactions, benzaldehyde gave the best

0”0 0”0 0o
MO MO MO
J l 1) LDA I
2) TMSCI
0o <o <5
)\fkoms )\jkows ”ﬂ%\f\oms

Scheme 2 Generation of dienolates from the corresponding a,f-unsaturated esters
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0] OH O O Ti
— = o 0" "X
M OTMS 5 R/MO BH
2 6 OMe 07 O
7

4X=Cl

5 X = OiPr
Scheme 3 Vinylogous aldol reaction based on Sato’s method
Table 1 Reaction of dienolate 2 with different aldehydes
Entry Aldehyde Solvent Yield (%) ee (%)
1 PhCHO THF 38 88
2 PhCHO EtCN 23 75
3 PhCHO CH,Cl, 10 50
4 trans-PhCH=CHCHO THF 32 33
5 BuCHO THF 55 92

chemical yield and enantioselectivity (93% yield, 92% ee) (Table 2). This clearly
indicates that both the catalyst and the structure of the dienolate have to be
adjusted in order to obtain optimal results for a given product.

Since dienolates 1 and 2 represent diacetate synthons, the dienolate derived
from 6-ethyl-2,2-dimethyldioxinone can be seen as a propionate-acetate syn-
thon. The synthesis of the corresponding dienolate provides a mixture of the
E and Z enolates in a 3:5 ratio. The reaction with Ti-BINOL complex 5 generates
a 5:1 mixture with the syn isomer as the major diastereomer. After separation of
the diastereomers, the enantiomeric excess of the syn isomer was determined to
be 100%. The anti isomer was formed in 26% ee. The same transformation per-
formed with boron Lewis acid 7 gave the anti isomer as the major compound,
but only with 63% ee. The minor syn isomer was produced with 80% ee. The
observed selectivity could be rationalized by an open transition state in which
minimization of steric hindrance favors transition state C (Fig. 1). In all three

Table2 Reaction of dienolate 1 with different aldehydes

Entry Aldehyde Solvent Yield (%) ee (%)
1 PhCHO THF 92 92
2 trans-PhCH=CHCHO THF 58 79

3 BuCHO THF 37 76
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O OSiMe, O OSiMeg Me3Sio MezSiO O

E-A E-B zZC Z-D

Fig.1 Possible transition states in the vinylogous aldol reaction of 8 with benzaldehyde

other arrangements (A, B, D) with either the Z or E dienolate, one or two un-
favorable steric interactions disfavor these transition states.

These first examples of the catalytic asymmetric aldol reaction not only
provided first results that could be utilized for such transformations but also
highlighted the problems that had to be overcome in further elaborations of
this general method. It was shown that truly catalytic systems were required to
perform an enantioselective and diastereoselective vinylogous aldol reaction,
and it became obvious that y-substituted dienolates that serve as propionate-
acetate equivalents provide an additional challenge for diastereoselective ad-
ditions. To date, the latter problem has only been solved for diastereoselective
additions under Lewis acid catalysis (vide infra) (Scheme 4, Table 3).

Scettri et al. [11] worked on the improvement of the Sato protocol and in-
vestigated the influence of catalyst concentration on chemical yields and selec-

<5 <5
+
\MOTMS AN NoTMS
Z-8
Lewis acid,
PhCHO see table 3
o 070 o 070
Ph/\MO PhWo
syn-9 anti-9
Scheme 4 Vinylogous aldol reaction with dienolate 8
Table3 Reaction of dienolate 8 with Lewis acid 7
Entry Lewis Yield (%) ee (%) Yield (%) ee (%)
acid syn-9 syn-9 anti-9 anti-9
1 5 51 100 11 26

7 25 80 75 63
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Table 4 Yields and selectivities in reactions with different catalyst loading

Entry Product Catalyst Yield (%) ee (%)
5 (mol%)

1 12 17 42 80

2 12 50 65 89

3 12 100 81 91

4 13 17 59 87

5 13 50 89 94

tivities. For this purpose they compared the dioxanone-derived dienolates 1
and 2. In Table 4 it can be seen that for both dienolates, an increase in catalyst
concentration also increases the chemical yield and enantiomeric excess. With
the cyclohexanone derivative (1) a very good yield of 89% (94% ee) could be
achieved at 50 mol% of the catalyst (entry 5), whereas comparable results were
observed with dienolate 2 only at stoichiometric concentrations (entry 3).

(] @

0" "o OH 0" ™0
o) MOTMS 7 NS0
H 1 (R)-BINOL-Ti(QiPr), o\ 12
I Y 1 ' -78 °C, THF
/J\/kows NS0
2 I\ 13
0

Scheme 5 Reaction of dienolates with 3-formylfuran

This trend observed for 3-formylfuran (11) (Scheme 5) could also be con-
firmed for other aromatic and unsaturated aldehydes (Table 5, Scheme 6). The
yields that were achieved using 50 mol% together with dienolate 2 were matched
with dienolate 1 using only 17 mol% of the Ti-BINOL system. Interestingly, the
reaction of cinnamaldehyde with 2 gave no conversion. When aliphatic alde-
hydes were used, only notoriously poor yields were observed, indicating the
constant problem in this type of transformation that is also encountered by
other groups with different dienolates in one way or the other (vide infra).

Further investigations from the same group using 1,3-bis(trimethylsilyloxy)-
1-methoxy-buta-1,3-diene (Chan’s diene, 16) [12, 13] together with 2-8 mol%
of the catalyst derived from Ti(OiPr), and (R)-BINOL revealed that vinylogous
aldol reactions can be achieved in high yields with good enantioselectivities
[14] (Scheme 7). The silylated products obtained could be liberated through
treatment with 15 eq. TFA in aqueous THE. As can be seen in Table 6, even
aliphatic aldehydes can be used to provide good yield and excellent enan-
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Table 5 Aldol reactions using the (R)-BINOL-Ti(OiPr), catalyst

Entry Product Aldehydes Catalyst Yield (%)  ee (%)
(mol%)

1 15a Benzaldehyde 50 63 92

2 14a Benzaldehyde 17 69 92

3 15a Benzaldehyde 20 24 98

4 15b Anisaldehyde 50 59 98

5 14b Anisaldehyde 17 55 95

6 15¢ p-Nitrobenzaldehyde 50 72 75

7 l4c p-Nitrobenzaldehyde 17 76 90

8 15d E-Cinnamaldehyde 50 n.r.

9 14d E-Cinnamaldehyde 17 30 90
10 15e Hexanal 50 39 89
11 14e Hexanal 17 37 36

9 e
o /\/j\ OTMS /\)\/KO
JU 1 (R)-BINOL-Ti(QiPr), 14a-e
R "H +
fc|>(rj d:]ﬂ((ajrent O><O -78 °C, THF OH O>(
aldehydes ?
see tgble 5 MOTMS /\MO
2 15a-e

Scheme 6 Vinylogous aldol reactions with different catalyst loading

tiomeric excess (Table 6, entry 4). The authors observed that free alcohols iso-
lated in small quantities showed higher ee values than those derived from
acidic deprotection, in which racemization in the deprotection step was
accounted for. Another synthetically important feature of this reaction is the
fact that the aldol reaction essentially takes place at room temperature. Reac-
tions starting at =78 °C needed to be stirred for an additional 6 h at room tem-
perature in order to provide the reported high yields and selectivities.

Table 6 Reaction of Chan’s diene with aldehydes under BINOL-Ti(OiPr), catalysis

Entry Aldehyde Yield (%) ee (%)
1 Furfural 82 99
2 Benzaldehyde 94 92
3 Cinnamaldehyde 84 99
4 Hexanal 70 98
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j\ TMSO  OTMS  (R)-BINOL-Ti(OiPr), TMSQ O O TEA HO O O
o, - —_— <
R . Aoy 2%t R~ oue R~ AHove
16 THF, MS 17 18

Scheme 7 Reactions using Chan’s diene

2.2
Tol-BINAP Catalysis

Carreira et al. used their experience in the addition of simple silyl ketene
acetals to aldehydes under Lewis acid catalysis [15]. In these experiments their
2-amino-2’-hydroxy-1,1’binaphthyl-derived catalyst (19) was used to provide
aldol products with very high enantioselectivity (Scheme 8, Table 7).

tBu
POW
Ti-
o) :\O\ tBu
e
Q o]
But
(19)
tBu
1. RCHO, 19 (1-3 mol%) N
<o £1,0, 0°C oH 0o
W
= >
/\z/kows 2. THF/TFA R ¢

Scheme 8 Vinylogous aldol reaction using Carreira’s catalyst

Table 7 Reactions of various aldehydes with Carreira’s catalyst (R-19)

Entry Aldehyde Yield (%) ee (%)
1 TIPS———CHO 38 88
2 TBSO—\:/CHO 97 94
3 ph X CHO 88 92
4 ph X CHO 95 92
5 PhCHO 83 84
6 ph~CHO 97 80
7 Bu3sn/\/CHO 79 92
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As a development of the existing method, Carreira et al. introduced a chiral
metal enolate (Schemes 9 and 10) for the addition of 2 to aldehydes. In contrast
to established Mukaiyama aldol reactions, where a Lewis acid activates the
aldehyde and by doing so facilitates the addition of the nucleophile, additions
occur through enolate activation. The chiral dienolate was generated from
(8)-Tol-BINAP with Cu(OTf), and (Bu,N)Ph;SiF,. This soft metal complex
allowed desilylation of the silyl dienolate followed by transmetallation. The re-
action with various aromatic and unsaturated aldehydes provided the expected
aldol product in high yields and enantioselectivities ranging from 65 to 95% ee
(Table 8). The best selectivities were observed for aromatic aldehydes. On the
other hand, aliphatic aldehydes were shown to give only yields below 40%. This
indicates that, at least for enolate activation, aliphatic aldehydes seem to be the
more challenging compounds.

In a mechanistic investigation they identified the active species to be the
Cu(I) enolate. A catalyst derived from CuOTf together with TBAT and (S)-Tol-
BINAP was as active as the previously described catalyst that was derived from

Cu(OTf), + (BugN)PhgSiF, + (S)-Tol-BINAP OO
P

(TBAT) (tol)2

SO N
X

o><o 2 mol% CuF-(S)-Tol-BINAP oH o0

/J'\/\ RCHO, THF, -78 °C o /_\M (S)-Tol-BINAP
OSiMes 7 R O

2 acidic work-up

Scheme 9 Reactions using CuF(S)-Tol-BINAP

Table 8 Aldolizations of unsaturated aldehydes using CuF(S)-Tol-BINAP as the catalyst

Entry Aldehyde Yield (%) ee (%)

1 PhCHO 92 94

CHO
2 86 93
3 @\ 91 94

o~ “CHO
4 CHO 48 91
5 pp X CHO 83 85

6 )\/CHO 81 83
CHO
7 PhA\( 74 65
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Cu(II)OTf,. Therefore they rationalized that the Cu(I) complex might be the
active species and is generated through a process in which silyl enol ether
reduces Cu(II) to Cu(I) [16, 17]. To test this hypothesis, they performed the
aldol reaction with a catalyst derived from (S)-Tol-BINAP and CuOfBu to
obtain the aldol product in approximately the same yield and selectivity.
Additional IR-react investigations clearly indicated that enolate A (Scheme 10)
is the first intermediate that concomitantly adds to benzaldehyde. The generated
secondary Cu(I) alcoholate is then trapped as the silyl ether and starts a new
catalytic cycle by generating the next Cu enolate (Scheme 10). Consequently, the
fluoride is needed only in catalytic amounts and serves just to initiate the cat-
alytic cycle by removing the TMS-protecting group. This process can now be
used as an alternative to established aldol reactions under Lewis acid catalysis.

PhCHO

/\X

>< L, CuO (0]
/]\A/kocm

Megslo >-<

Scheme 10 Proposed catalytic cycle of the CuF-Tol-BINAP catalysis

:

1

OSiMe;

2.3
Applications in Total Synthesis

In order to demonstrate the efficiency and applicability of their method, Car-
reira et al. described the synthesis of the C1-C13 polyol segment of ampho-
tericin (Fig. 2). The vinylogous aldol reaction was utilized twice, during the

OMycosamine

catalytic asilmmetric
vinylogous aldol reaction

Fig.2 Retrosynthetic analysis of amphotericin
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2 mol % (S)-Tol-BINAP-CuF, ><
~-CHO o><o THF, -78 °C, then TFA or O\ ?
T Aoome SO
. , 3 \_O 20 95% yield
>99 % ee
1. Et,BOMe, NaBH, N
n-BuOH, 110 °C OH O O 2. (Me0),CMe,, PPTS 0" >0 OTBS
94% < 89 % over two steps R -
S OBu =
\_0O 21 3. LiAlH,, then \_0O 22

TBSCI, imidazole
98% over two steps

1. Ua

2. Me3SiCHN,
3. LiAIH,

4. Dess-Martin periodinane z H

78:22 OH
>< \>< mixture of
1. Hp, PtO,, 91% TBDPO O~ SO o S0 oTBS diastereomers
2. TPAP/NMO, 86% - - -
3. L-selectride, 86% 27 (é)H
>< 1.n—BuOH, 110 °C ><

- 3. (Me0),CMe,, PPTS K/_\/_\O
(o) Z = —
4. LIAH,, then
2 J 4 2 Oy
ent20 0 TBDPSCI, imidazole o

81% (4 steps)

1.0;

2. MezSICHN,

3. LiAIH, TBDPO QXQ

4. TPAP/NMO X
5. K,CO3, MeOH 25

Me(CO)CN,PO(OMe),
47 % (5 steps)

Scheme 11 Synthesis of the C1-C13 segment of amphotericin
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C4-C5 bond formation and between C9 and C10. In both cases, the addition of
silyl enol ether 2 to furfural was achieved with the Tol-BINAP-CuF,. For the
synthesis of the C1-C7 segment the S-catalyst was used and the R-catalyst
furnished segment 27 (Scheme 11).

Hydrolysis of 20 with the aid of butanol followed by syn-selective reduction
of B-keto ester 21 and protection as the isopropylidene acetal was accomplished
in 87% yield. LiAlH, reduction and TBS protection of the primary alcohol gave
22 in very good yields. In this strategy, the furan residue serves as an aldehyde
synthon and ozonolysis followed by esterification gave the corresponding
methyl ester. Reduction and consecutive oxidation established aldehyde 23 in
71% yield.

For the synthesis of the C8-C13 segment, aldol reaction with (R)-Tol-BI-
NAP-CuF, as the catalyst gave ent-20. Again a sequence of hydrolysis, reduction,
and protection as the acetonide generated the 1,3-syn-triol. Ozonolysis followed
by standard operations established the aldehyde, which was transformed into
the corresponding terminal alkyne (25) with the ketophosphonate described by
Bestmann [18]. These two fragments were coupled through nucleophilic attack
of the acetylene moiety at the aldehyde yielding a 78:22 mixture of diastereo-
mers at the so-generated secondary alcohol (26). Hydrogenation of the triple
bond and oxidation of the alcohol was followed by selective reduction to
establish the C1-C13 segment of amphotericin (27). In summary, the authors
demonstrated how efficient their asymmetric catalysis could be when applied
to the fragment synthesis of a complex natural product.

Another example where this particular combination of enolate and catalyst
was applied to a total synthesis was given by Campagne et al. in their synthe-
sis of the C9-C23 fragment of streptogramin antibiotics [19]. The retrosyn-
thetic analysis dissects the molecules at the amide linkages. The resulting seg-
ment can be further deconvoluted into the linear keto ester 29, which shows a
typical substitution pattern that can be assembled using the vinylogous aldol
reaction (Scheme 12). In the synthetic direction dioxane 2 can be added to
aldehyde 28 with the (R)-Tol-BINAP-CuF, catalyst in 80% yield and 81% ee.
Hydrolysis of the resulting TMS ether was accomplished using PPTS in
methanol. Protection of the alcohol moiety as MOM ether was followed by
amidation with protected serine derivative. After liberation of the serine
alcohol the stage was set for oxazole formation using DAST followed by
dehydrogenation using NiO,. Applying the vinylogous aldol reaction the
C9-C23 segment was assembled in only seven steps including all protecting
group manipulations.

In an effort to further extend the scope of the vinylogous enolate chemistry,
Bluet and Campagne used Carreira’s (S)-Tol-BINAP-CuF, catalyst in combina-
tion with a truly vinylogous enolate [20]. Carreira’s and Sato’s dioxane represents
the dienolate of acetoacetate and provides additionally a donor in the alpha
position to the reacting center. The dienolates used by Campagne produce an
a,f-unsaturated ester in contrast to the -keto ester obtained with 2. In order
to demonstrate the advantage over aldehyde activation they compared the
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Scheme 12 Synthesis of the C9-C23 segment of streptogramin antibiotics
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Scheme 13 Enolate activation vs. aldehyde activation

aldol reaction to those under Lewis acid activation (Scheme 13). From the
results obtained it became obvious that enolate activation produces the aldol
products in significantly higher yields with comparable selectivities (Table 9).
It is noteworthy that isobutyraldehyde can be transformed through enolate ac-
tivation in 68% yield, whereas aldehyde activation produces only 18% of the
same product. The yield using cinnamaldehyde was rather low since formation
of the 1,4-adduct (Fig. 3) occurred as a side reaction.

An application of this variation was put forward in the total synthesis of oc-
talactin (Scheme 14). In retrosynthetic disconnection the macrolactone sim-
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Table9 Vinylogous aldol reactions using enolate and aldehyde activation

Entry Aldehyde Enolate activation Aldehyde activation
Yield (%) ee (%) Yield (%) ee (%)
1 PhCHO 80 70 45 75
CHO
2 70 48 25 75
3 P X CHO 35 56 45 60
CHO
4 e 68 77 18 70
CO,Et
|
CHO

Fig.3 1,4-adduct from cinnamaldehyde

(0]
HO:. o)

W

Octalactin A

HOszK/\) WY

37 vinylogous
aldol reaction

Scheme 14 Retrosynthetic analysis of octalactin

plifies to an open-chain polyketide structure. An aldol coupling between C7 and
C8 can be used to assemble both subunits to the macrolactonization precursor.
On the other hand, fragment 37 could be synthesized through the vinylogous
aldol reaction with isobutyraldehyde (Scheme 15). Aldolization with the
(S)-Tol-BINAP-CuF catalyst provides the unsaturated ester 38 in 90% yield with
80% ee. TBS protection and sequential elaboration to the Weinreb amide 39 is
followed by the addition of EtMgBr to furnish ethyl ketone 37 used for the

aldol coupling between both segments.
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1) TBSCI, imidazole

2) KOH, MeOH

/L OFEt ()-Tol BINAP-CUF o OH 3) PyBOP, Hiinig's base
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CHO /\KI\OTMS EtO)H/\/\’/ NH(OMe)Me, CH,Cl,
a8 32 90%, 80% ee a8

9 QH EtMgBr Q QH

MeO\N = HH/\/Y
' 39 37

Scheme 15 Synthesis of the vinylogous aldol segment of octalactin

2.4
Aldolization Using Nonracemic Chiral Fluoride Sources

In an attempt to optimize the reaction conditions [21] it was realized that tem-
perature had little influence on the enantioselectivity of the reaction, but the
yields were optimum at approximately 0 °C. Also, a small negative nonlinear
effect was observed as the relationship between the ee of the ligand and the
ee values of the products, implying that aggregation takes place. In addition,
the nature of the so-called precatalyst seems to play a significant role in the
enantioselective catalytic cycle. This became obvious when Campagne et al.

" % © ™ % © " % -

8 Y

MeO

Fig.4 Ammonium ions derived from cinchona alkaloids



Recent Advances in Vinylogous Aldol Reactions 59

compared the enantioselectivities observed with the catalyst prepared from
CuF,, Tol-BINAP, and TBAT to the aldol reaction with the (S)-Tol-BINAP-CuOt-
But catalyst. They found that the enantiomeric excess significantly dropped by
approximately 20%. Consequently, they turned their attention to nonracemic
fluorides with counter ions derived from cinchona alkaloids (Fig. 4) [22].
Different vinylogous aldol reactions with “naked” enolates were tested, but even
though the y/a ratio was 100:0, the ee values were only in the range between 11
and 30% (Scheme 16). These findings led to the conclusion that Carreira’s
catalyst was the most selective one for these systems.

TMSO 0 THF, rt, 24h 0 OH

Eto)ﬁ/\ + H)J\,/
=
70 % yield
N 20 % ee

Scheme 16 Aldolization using a nonracemic fluoride

2.5
y-Substituted Vinylogous Ketene Acetals in Aldol Reactions

As the next challenge they identified the use of y-substituted vinylogous ketene
acetals as nucleophiles [23]. The addition 0f 40 could not only generate mixtures
of a and y adducts, but the syn/anti relationship due to the presence of one
additional substituent adds to the complexity of this transformation. In first ex-
periments with two different fluoride sources, inspired by the above-described
investigations, they isolated the vinylogous aldol product in 45% yield as a 1:1
syn/anti mixture using TBAT as the fluoride source. In a quest for a fluoride
source that could be synthesized and handled without special precautions, the
nonracemic ammonium fluorides shown in Fig. 4 were tested. Surprisingly,
N-benzyl cinchodinium fluoride exclusively gave the a-aldol product 42 in 68%
yield, again as a 1:1 syn/anti mixture. This was in contrast to the previously de-
scribed y selectivity for terminal unsubstituted dienolates, and again indicates
that the vinylogous aldol reaction is sensitive to subtle differences such as an
additional methyl group. Changing back to the Carreira catalyst ((S)-Tol-BI-
NAP-CuF) they could isolate the vinylogous aldol product 41 together with its
corresponding lactone 43 as a 14:86 mixture (Scheme 17, Table 10).

For applications in total synthesis this method was also thought to be
applicable to chiral aldehydes, leading to matched and mismatched situations.
Therefore, vinylogous ketene acetal 40 was put to reaction with chiral aldehyde
44 and both enantiomers of Carreira’s catalyst. Reaction of aldehyde 44 with the
(S)-Tol-BINAL-CuF catalyst (matched case) produced only one diastereomeric
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0 TBAT 10% Q OH
TMSrrol\/\/ ‘H THF, rt., 60% MeO =
MeO™ X —_— >
40 4
syn/anti 1:1
N-benzyl cinchodinium fluoride
10%, THF, r.t., 68% O OH
MeO
42y
(o) OH (o)
(S)-Tol-BINAP-CuF 10% M Ph 43 :

r.t., 85% =
syn/anti 1:1; ee <5%  syn/anti 2:98; 87 % ee

Scheme 17 Vinylogous aldol reaction with y-substituted ketene acetal 40 using Carreira’s
catalyst

Table 10 Vinylogous aldol reaction of 40 with different aldehydes

Entry Aldehyde Yield (%) Ratio Lactones ee
(41+43) 43/41 Syn/anti
1 PhCHO 85 86/14 >98/2 87

[\S)

CHO
95 80/20 >98/2 85
CHO
4 @iOMe 87 81/19 >98/2 91

OMe
7\
5 Q HO 60 50/50 >98/2 86
6 ph X CHO 60 70/30 >98/2 82
CHO
7 \( 95 64/36 >98/2 91

lactone 45 (60%) and only a small trace (<10%) of the open-chain product
could be detected. On the other hand, using the (R)-Tol-BINAL-CuF catalyst,
both diastereomeric ketones were observed but gratifyingly in a 9:1 ratio for
the 4,5-anti-5,6-anti isomer in 55% yield (Scheme 18).
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(S)-Tol-BINAP-CuF TBDPSO
(matched case)

TBDPSO 60%
CHO

44 (0] O

(R)-Tol-BINAP-CuF

(mis-matched case)

TBDPSO TBDPSO

55%

46
45 1:9

Scheme 18 Vinylogous aldol reactions with chiral aldehyde 44

2.6
SiCl,-Based Catalysis

Based on the same strategy, Denmark and coworkers developed a vinylogous
aldol reaction using enolate activation with a catalyst derived from SiCl, and
dimeric phosphoramide 47 [24, 25]. This strategy relies on the observation that
not all Lewis acid - Lewis base interactions diminish the Lewis acidity [26-28].
Due to the formation of a pentacoordinated silicon cation (48), both the eno-
late and the substrate can be assembled in a closed transition state, giving rise
to the observed high selectivities (Scheme 19) [29, 30].

Denmark et al. used all possible combinations of methyl-substituted vinylo-
gous ketene acetals with three different aldehydes under their catalytic condi-

vel ]
Meo (0] N

I

SiCly + N NS ll\l
SOLE o
Me Me Me

-
Oy T
Dy

Me

O

Cl
Me N—§

Scheme 19 Pentacoordinated catalyst derived from a dimeric phosphoramide
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|
P
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Table 11 Aldol reactions with chiral catalyst 48

Entry R! Yield, % y/a e.r
1 Ph 89 >99:1 99:1
/\/\
2 PHCH=CH 84 >99:1 98:1
/\/\
3 PhCH,CH, 68 >99:1 95:1
M
4 OTBS Ph 93 >99:1 99.5:0.5
/\%\
Me
5 oTBS PHCH=CH 88 >99:1 99.5:0.5
/\%\
Me
6 OTBS PhCH,CH, n.d. n.d. n.d.
M
Me
7 /J»\)\ Ph 91 >99:1 96:4
%
8 /L\/k PHCH=CH 97 >99:1 94:6
=
9 PhCH,CH, 73 >99:1 97.5:2.5
)\/\
10 Ph 92 >99:1 94.5:5.5
W\
11 PHCH=CH 71 >99:1 91:9
\/\)\
12 PhCH,CH, n.d. n.d. n.d.

Ly

tions (Table 11, Scheme 20) [31]. The catalyst 48 is generated in situ from SiCl,
and the chiral phosphoramide (R,R)-47. With the ketene acetal derived from
crotonaldehyde (entries 1-3), the reaction with benzaldehyde (entry 1) re-
quired only 1 mol% of the catalyst and exclusively provided the y product
(>99:1) in 89% yield and a remarkable enantiomeric ratio of 99:1. The reaction
with cinnamaldehyde gave comparable results (entry 2). The transformation
using the saturated aldehyde required 5 mol% of the catalyst and an additional
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5 mol% of Hiinig’s base. Compared to the former aldehydes the yields signifi-
cantly dropped (68%), indicating that aliphatic aldehydes represent the more
challenging substrates. Using a different substitution pattern of the ketene
acetal (entries 4-6), very good results were also observed for benzaldehyde and
cinnamaldehyde but the reaction with the saturated aldehyde failed (entry 6).
The dienolate derived from methyl tiglate gave the expected y product with all
three aldehydes in very good yield and excellent selectivity (entries 7-9).
Finally, the most challenging ketene acetal bearing a methyl substituent at the
y position was evaluated under these enolate conditions. In initial studies with
ethyl 2-pentenoate, only poor regioselectivity was observed. Nevertheless,
increasing the steric bulk of the ester group led to improved selectivity. Con-
sequently, the aldol reactions with the #-butyl 2-pentenoate-derived ketene
acetal yielding exclusively the anti y product were performed with good yields
and selectivities comparable to the above-mentioned examples. However, no
reaction could be observed with the saturated aldehyde (entry 12). It should be
mentioned that as in Campagne’s examples, the anti aldol products are formed
as the major isomer.

4
)cj)\ +SiC|4+R5%‘/R /OTBS _M_» QH R* O
R'"H HW)\OF‘Z CH,Cl,, -78°C R N oR?
R® 3-24 h RS R®
R'= see table 11
R? = Me, Et, tBu
R% R*=H, Me

Scheme 20 Vinylogous aldol reactions using catalyst 48

Having used their catalytic systems with dienolates derived from unsatu-
rated esters, Denmark performed aldol reactions with the dioxanone-derived
dienol ether described above in the context of Carreira’s and Campagne’s viny-
logous aldol reactions (Scheme 21). Here, exclusively, the y product was formed
with the nucleophile attacking from the Re face. For all three aldehydes, very
good yields (83-92%) and selectivities (74-89% ee) were observed with only
0.01-0.05 mol% of the catalyst.

>< ><
2

OTBS cH,cl, -78°C R o)
3-24h

Scheme 21 Vinylogous aldol reaction using dienolate 2 and catalyst 48
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3
Aldehyde Activation

As mentioned above, two principal ways of activation in vinylogous aldol
reactions can be envisioned. The research described was dedicated to enolate
activation and to developing enantioselective catalytic variations. In another
approach, activation of the carbonyl group of aldehydes can be achieved
through coordination of Lewis acids to the carbonyl oxygen. Even though
various examples were known for quite some time, a selective addition to alde-
hydes always proved to be a challenge and very often tedious optimizations
were required in order to obtain synthetically useful procedures. The aldol
addition in the synthesis of swinholide A as described by Paterson et al. [32]
provides a picture of such “fine tuning” (Scheme 22).

oHC” "Xy, BFyELO, -78°C  OHC

TMSO/Y\ + O 10% Et,0/CH,Cl,

49 50 70%

OBn OBn OBn

Scheme 22 Vinylogous aldol reaction used in Paterson’s synthesis of swinholide A

3.1
Activation Using Tris(pentafluorophenyl)borane as the Lewis Acid

Based on these results, Kalesse et al. applied the vinylogous Mukaiyama aldol
reaction in their total synthesis of ratjadone [33, 34]. In the synthesis of the
C14-C24 segment (A-fragment), the vinylogous aldol reaction was used to-
gether with different Lewis acids to achieve the addition of this diacetate syn-
thon in a diastereoselective manner under Felkin control (Scheme 23).

After optimization of the reaction conditions, the first aldol couplings were
achieved with boron trifluoride as the Lewis acid yielding the syn (Felkin)
product as a 3:1 mixture with the anti isomer (Fig. 5). It was rationalized that
the poor selectivity arose as a consequence of the small steric hindrance of the
vinylogous ketene acetal. Consequently, a bulkier BF; analog was sought to
overcome this drawback. When 20 mol% of tris(pentafluorophenyl)borane
(TPPB) was used, the desired product could be isolated as a single isomer 54
(Schemes 24 and 25). Gratifyingly, the newly generated alcohol was in situ
protected as TBS ether [35]. In the course of the reaction, the Lewis acid acts
to initiate the vinylogous Mukaiyama aldol reaction and the catalytic cycle can
then be carried on utilizing catalysis through a Si* species. In contrast to the
reaction using BF;, where it was crucial to use CH,Cl,:Et,0 as a 9:1 mixture for
obtaining good yields and selectivities, the reaction using B(C4Fs); could be
performed in CH,Cl, without any cosolvent (Table 12, entry 11). Additionally,
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Ratjadon
OTBS  Heck coupling

H Wittig reaction

\

OH
/\j\/j\‘/\ PBu3Br O “oiPr
C

Scheme 23 Retrosynthetic analysis of ratjadone

OR OTBS
B(CeFs)3, CHClp/Et20, )k/\/'\‘/'\/\ 1) DIBAIH
2) mCPBA, 85%,
(2 steps)

o) OTBS 01, .78
OTBS R = H (BF4-Et,0; d.r. 3:1)
\ R = TBS (B(CgFs)s; d.r. > 19:1)
54 R = H (B(CgHs)g; d.r. > 19:1)
OR
7 steps to A -

o, TBSO OTBS
/\/\/'\(k/\ N o \ X
OH

Scheme 24 The Kalesse synthesis of the A-fragment of ratjadone

Fig.5 Felkin-Anh transition state
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Scheme 25 Vinylogous Mukaiyama aldol reaction of aldehyde 53 and ketene acetal 54
catalyzed by different Lewis acids

B(C4Fs); could be used in substoichiometric concentrations (Table 12, en-
tries 8-10). Only when the reaction was performed with 10% B(C¢F;); did the
yield drop significantly (Table 12, entry 10). Remarkably the less expensive
triphenyl borane gave the same selectivity (>95%) without TBS transfer
(Table 12, entry 6). This was an unexpected result, since it was reported that
Mukaiyama aldol reactions are not catalyzed by this Lewis acid [36]. These
two reagents can now be used complementarily depending on whether TBS
protection of the newly generated hydroxyl group is required or not. Other
Lewis acids tested, such as Ti(OiPr),, TiCl,(OiPr),, TiCl,, and Ti(OiPr),-BINOL,
gave either no reaction (entries 2-5) or decomposition of the starting mate-
rials.

3.2
R;Si* versus TPPB Activation in Aldolizations with y-Substituted Ketene Acetals

The next focus was set on y-substituted vinylogous ketene acetals as the most
challenging class of nucleophiles resulting in the highest level of complexity
during the aldol addition. Transformations in which these ketene acetals could
be applied stereoselectively could become of great synthetic value. One obvious
question that arose during these efforts was the influence of the C3-C4 double
bond geometry for the outcome of the vinylogous Mukaiyama aldol reaction.
Both double bond isomers could be synthesized using either the conjugated
unsaturated ester (60) or the deconjugated isomer (62). Both vinylogous ketene
acetals were independently reacted with isobutyraldehyde (Scheme 26). The
E-isomer gave sluggish reaction with TPPB and a mixture of & and y products
with the y product as a 1:1 mixture of the syn and anti isomers. With BF; on the
other hand, the 3,4-Z-isomer in Et,O with isopropanol as the cosolvent gave the
y-alkylation product as the major component with exclusive syn selectivity
(rac-65).Isopropanol became essential for obtaining good syn/anti selectivities
since it traps the Si* species. From the reaction without any cosolvent it became
obvious that two catalytic cycles compete in the transformation. One performed
by the Lewis acid TPPB and a second cycle derived from the Si* species
(Scheme 27). The first one would result in unprotected secondary alcohols dur-
ing this transformation, whereas the latter one would generate TBS-protected
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Scheme 26 Vinylogous Mukaiyama aldol reaction using y-substituted ketene acetals
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aldol products, albeit in only 4:1 selectivity. This was exactly the situation for
TPPB-catalyzed reactions without isopropanol as cosolvent. The differences in
diastereoselectivity can be rationalized by considering that Si* catalysis would
not form a compact transition state comparable to the one derived from TPPB
catalysis with boron as the pivotal element.

With conditions that allow for the diastereoselective addition of y-substi-
tuted vinylogous ketene acetals various aldehydes were tested. Compounds 66
and 68 exhibited very good syn (4/5) and Felkin (5/6) selectivity even though
the chiral center at C3 would disfavor the Felkin product (Scheme 28).

O OTBS o} OH OTBS
60 4
H N ———»Me0” 5 7
66 TPPB, Et,0 67
iPrOH, 67% 4,5-syn > 95%
Felkin control
O OTBS 60 (0] OH OTBS
e L
Hea | PB,ELO V0 g 1 L
iPrOH, 76% 4,5-syn > 95%
Felkin control
O (0] OH
60 4 X 6
HJ\_/ —>  MeO” Y5
70 TBSO TPPB, Et,0 7 OTBS
iPrOH, 81% 4,5-syn > 95%,

5,6-anti:syn = 3.6:1

0 o\J( 60 0 OH O
o > 4
H TPPB, Et,0 MeO™_ . 5 K7
72

iPrOH, 50%
4,5-syn > 95%
5,7-syn:anti = 2:1

oA

O OBn o} OR OBn
60 4
H — > MeO™ > 75
rac-74 TPPB, Et,0 rac-75
iPrOH syn:anti = > 95%
R =TBS, 20%
R=H, 42%

Scheme 28 Vinylogous Mukaiyama aldol reaction using chiral aldehydes

In two studies toward the total synthesis of natural products it could be
shown that the o, f-unsaturated esters derived from the vinylogous Mukaiyama
aldol reactions can be further functionalized into advanced intermediates. The
C1-C7 segment of oleandolide commences with the VMAR of aldehyde 68
derived from the Roche ester. The so-generated stereo-triad was protected as
PMB ether and the ester 76 was reduced to the allylic alcohol. Sharpless asym-
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Scheme 29 Synthesis of the C1-C7 segment 79 of oleandolide

TBSO

metric epoxidation was employed to introduce the appropriate functionality.
Cuprate addition to 78 ring-opens the epoxide and establishes the desired anti
relationship. Two subsequent functional group transformations finish the
sequence to the C1-C7 segment 79 [37] (Scheme 29).

In studies directed toward the total synthesis of tedanolide [38], the addition
of y-substituted ketene acetal 60 to aldehyde 84 generated unsaturated ester 85
in 62% yield (Scheme 30). The resulting double bond could be further func-
tionalized by applying Sharpless’ asymmetric dihydroxylation conditions.
Hence diol 86, which represents the mismatched case due to unfavorable

PhsP=C(CO,E)Me O OPMB Evansaldol 0 © OH OPMB
O OPMB ,
| CH,Clp, 95 % _ 82 % Yn =
o]
DIBAI-H, CH,Cl, \/’"/,Bn
80 90 % 81 82
MnO,, 98 %
TPPB, HOIPr
O OTBS OPMB ' '

Weinreb amine O  OTBS  OPMB pgalH THF, | 62 %

AlMes, CH,Cl,  MeO< = 89 % Z oTBS
TBSOTH, 2,6-lutidine ' MeO™ "
CHyCly, 77 % two steps 83 84 60

o) OH OTBS oOpPmB 1) TESOTY, 2,6-lutidine, JTES
B ; O OH O 0TBS OPMB
P CH,Cly, 93%;
MeO = MeO™ 1 o 11

2) AD-mix-a, t-BUOH-H,0,

88% (94% de); OH

85 86

Scheme 30 Synthesis of the C1-C11 segment of tedanolide
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interaction with the adjacent methyl group, was isolated in 88% yield with the
minor isomer only produced in small quantities (5%).

33
C,-Symmetrical Copper(ll) Complexes as Chiral Lewis Acids

Evans and coworkers developed C,-symmetrical copper(II) complexes as chiral
Lewis acids that rely on two-dentate substrates for their catalysis. Consequently,

2+
Oﬁﬂ o
S/N'Cu"N L

But

92 tBu
o ﬂ\ ) 10 mol %, - 78 °C, THF
Etofj\
O 9

Me 0" 'OTMS  2) 1 N HCI/MeOH, 93 %,
95 5 anti/syn, 99% ee (anti)

=

1 88

-Cu-- —N
Ph 89 Ph
0 . @\ 1) 10 mol %, - 78 °C, CHzClp BnO
B”O\)\H 0" COTMS “2)1 NHCI/THF, 93%,
88 91:9 anti/syn, 92 % ee (anti)
N
--Cu-- -N

Ph 89 ph OH O O

0 N 1) 5 mol %, - 78 °C, CH,Cl, B"O\AMO
so A, A orms 2 INHOITHF, 84%,
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Ph 89 Ph OH O O
\/U\ TMSO  OTMS  1)25mol%,-78°C,CH,Cl "0 OH
B0 S+ AN oye 2/ PPTS, MeOH, 85%,
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Scheme 31 Vinylogous aldol reactions using Evans’ Cu catalysts
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additions of ketene acetals to benzyloxyacetaldehyde [39] and pyruvate esters
[40] could be achieved in high yield and excellent enantioselectivity (Scheme 31).
In these experiments it was shown that cyclic and acyclic dienoxy silanes could
be used in the vinylogous aldol reaction with equally good selectivities. As il-
lustrated in Scheme 31, the addition of siloxyfuran 88 to benzyloxyacetaldehyde
under catalysis of [Cu((R,R)PhPyBox)](SbF) (89) gave aldol product 90 in 93%
yield and 92% ee for the anti aldol product. Equally high yields and selectivities
were observed for the addition using Chan’s diene (6) and dioxane 2. The ana-
log Cu(II) box catalyst (92) was successfully applied in the aldol transformation
of siloxy furanone 88 and pyruvate ester 91 to aldol product 93. In a first ap-
plication, this chemistry was applied to the synthesis of the C10-C16 segment
of bryostatin [41].

3.4
The Total Synthesis of Callipeltoside

Based on these developments Evans et al. published the synthesis [42] of cal-
lipeltoside A (Fig. 6), a cytotoxic natural product isolated from the marine
sponge Callipelt sp.[43] Their retrosynthetic analysis divided callipeltoside into
four equally large segments, of which three were assembled by strategies that
allow for the incorporation of larger subunits. Namely, two vinylogous aldol
reactions and one anti-selective Evans—-Metternich variant of the aldol reaction.
For the first asymmetric aldol coupling they used the more stable hydrated Cu-
PyBox catalyst [Cu((R,R)PhPyBox)](SbF,)-2H,0. The vinylogous aldol reaction
with 2.5 mol% of catalyst 89 and diene 97 [44] provided the corresponding
aldol product (98) in 93% yield (Scheme 32). A sequence of TBS protection,
reduction, and oxidation to the aldehyde furnished compound 99 used for the
Evans-Metternich aldol coupling. Interestingly, only this enantiomer provided

(0]

_(

NH

0 ﬁ (O Paterson aldol \'/ﬁ\
:El\cliirlls-MenemiCh AT J_l vinylogous aldol
\ ot vinylogous aldol OH|  (Chan's diene, 6)
H = OH (Chan's diene, 6)
MeO/J\ Jo\/o\/\A\ f\/\/\A

7N cl
Cl racemic vinylogous aldol

(Yamamoto's catalyst)

1o

vinylogous aldol

Retrosynthetic analysis based on the Evans synthesis Retrosynthetic analysis of the callypeltoside aglycon
based on the Paterson synthesis

Fig.6 Retrosynthetic analyses of callipeltoside
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satisfactory selectivities in the Evans-Metternich aldol reaction. Next, a se-
quence of standard transformations generated aldehyde 102 used in the second,
diastereoselective vinylogous aldol reaction using BF;-Et,0 as the catalyst and
Chan’s diene (6) at =90 °C. TBS protection of the newly generated secondary
alcohol (103) and formation of the hemiacetal established compound 104 in
50% vyield. Liberation of the secondary alcohol and transformation into the
mesylate set the stage for the macrolactonization with inversion of configura-
tion at C13. Hydrolysis of the ester functionality with LiOH was followed by
treatment with Cs,CO; and 18-crown-6 in refluxing toluene which led to macro-
lactonization with 66% yield over two steps (106). Further transformations led
to the total synthesis of callipeltoside (107) (Scheme 32). This synthesis is of

X
| —I SbFg”
o) N0 1) TBSCI

N
A 2) LiAIH,
”'"9‘9"‘“\2 3) SOypy

0 pn M0 OHz 3 w 75%, 3steps O oTBS
A = ~_-OPMB
HJK/OPMB ™SO Eo” NP OPMB H
96 )\/g (o) () 99_(3)
EtO 98 93%, 95% ee

1) Cy,BCl, EtzN

2) Me4,NBH(OAC)3
3) HN(CH,CH,0H),
86 %, 3 steps

O o o

1) HNMe(OMe)HCI
2) Me,C(OMe),
3) LiAIH,4, 72 % 3 steps

by OPMB
0" N7
Bn 100 oTBS
1) TBSOTY
> 2) PPTS
TMSO 0T|v|s6 O 0 OH 07 3 MeOTt
MeO” MeO oTBS 50 % 3 steps

BF3-OEt,, -90 °C OPMB

1) TBAF OTBS 1) CsCOs, P
2) MsCl 18-c-6
3) LiOH 2) TBAF

67 %, 3 steps H 66 % 2 steps

Scheme 32 Evans’ synthesis of callipeltoside
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special elegance since the construction of the macrolactone involves only large
segment couplings, as pointed out above. Both the Evans-Metternich aldol
reaction and the vinylogous aldol reaction couple four carbons with respect to
the growing polyketide chain. Therefore only three C-C bond formations were
necessary in order to construct the macrocycle.

The same natural product was synthesized by Paterson et al. [45] who as-
sembled the carbon skeleton of the macrolide from three larger subunits as
well. Instead of the Evans—Metternich variant they used their boron-mediated
anti-selective aldol strategy which relies as the Evans-Metternich aldol on
stereo-induction from the a-chiral center and translates the E-enolate geom-
etry, established due to the use of Cy,BCl, to the anti aldol product (Scheme 33).
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3 o o |
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108 109 80% 111 112

o 13 | 9 : [
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13 PMBO O 114
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B—— N AN 2) DIBAI-H Y
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PMBO O OH oTBS 30BF, 68
\/&O 115 116
OH
i} TMSO  OTMS :
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O O_Ome' oTBS BFs oo
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Scheme 33 Paterson’s synthesis of the aglycon of callipeltoside
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In contrast to the Evans synthesis, the aldol coupling between C12 and C13
achieved was performed such that both configurations at C13 were obtained.
Therefore the vinylogous aldol reaction developed by Yamamoto et al. [46, 47]
using a sterically demanding Lewis acid was applied, allowing only for elec-
trophilic attack at the y position. The secondary alcohol was protected and a
reduction/oxidation sequence established aldehyde 113, which was subjected to
an aldol reaction based on Paterson’s strategy. Evans—Tishchenko reduction with
Sml, and propionaldehyde produced the 1,3-anti diol which was protected, the
ester removed by reductive cleavage, and finally transformed into the methyl
ether. DDQ deprotection of the PMB group and Dess—Martin oxidation gener-
ated aldehyde 117, which was used in the second vinylogous aldol coupling. For
this purpose Chan’s diene (6) was reacted with BF; and produced the desired
aldol product (118) diastereoselectively. Hemiacetal formation was achieved
with PPTS and further transformations gave the aglycon of callipeltoside (120).

These two syntheses are prominent examples of advanced synthetic strate-
gies in which polyketides are assembled with only a limited number of C-C
bond-forming steps and in which vinylogous aldol reactions play a pivotal role.
Besides these syntheses a number of additional examples in which vinylogous
aldol reactions were put forward, including Mannich-type reactions, have been
published [48-54].
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Abstract Methanophenazine is a naturally occurring phenazine of nonbacterial origin,
which has recently been isolated from the cytoplasmic membrane of Methanosarcina mazei
Go1 archaea. It is not only the first and so far the sole phenazine derivative from archaea,
but also the first one that is acting as an electron carrier in a respiratory chain - a biologic
function equivalent to that of ubiquinones in mitochondria and bacteria. The synthesis of
racemic as well as enantiomerically pure methanophenazine is presented and experiments
toward the characterization of its biologic function are discussed. The second focus will
be on recently discovered phenazines of bacterial origin, many of them exhibiting biologic
activities. This review deals with the general methods of phenazine synthesis and its most
recent applications in natural product chemistry.
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Coenzyme M
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Coenzyme F,,
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Formyltetrahydromethanopterin
Formylmethanofuran
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Tetrahydromethanopterin
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Methylenetetrahydromethanopterin
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Methanopterin
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Methyl transferases

Protecting group

Standard hydrogen electrode

Naturally occurring phenazines from bacteria have been known since the mid-
dle of the nineteenth century [1,2]. The first examples included pyocyanine (1),
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chlororaphine (2),and iodinin (3) which were isolated from strains of Pseudo-
monas and Brevibacterium iodinum [3-5]. Until now about 100 naturally oc-
curring phenazines have been reported, of which all but one are of bacterial
origin. The most important phenazine producers are species of the genera
Pseudomonas and Streptomyces, a minor role being played by Brevibacterium,
Microbispora, and Sorangium. Phenazines are known for their significant
biologic activity. Mostly they exhibit antibiotic action, with the latter being
attributed in model studies to the planar structure of the heteroaromatic
phenazines, which allows for DNA intercalation and the resulting inhibition of
DNA-dependent RNA synthesis [6].

Especially worth mentioning here are mycomethoxin A (4) and B (5) exert-
ing effects against various pathogenic mycobacteria, including strains that have
been shown to be resistant to the commonly used antibiotics streptomycin and
isoniazide [7]. In the search for an effective drug against Mycobacterium
tuberculosis, Streptomyces misakiensis was found to produce the tuberculosta-
tic phenazine-1-carboxylic acid (tubermycin B) (6) [8]. Myxin (7) isolated from
a species of Sorangium is a broad-spectrum antibiotic primarily affecting DNA
synthesis [9]. A wider application of phenazine antibiotics has been discour-
aged by a high degree of toxicity of numerous compounds. In recent years the
search for novel antibacterial and antiviral compounds has largely increased
due to the emergence of antibiotic resistance among pathogens, and with that
the interest in new phenazines. On top of this, natural products have recently
been isolated that, other than the known biologic activities of phenazines, ex-
hibit antioxidant and/or cell-protective properties. Also, phenazine producers
play a role in plant physiology, since some of them may prevent the rhizosphere
from being colonized with pathogenic fungi by producing phenazines such as
phenazine-1-carboxylic acid (6), 2-hydroxyphenazine-1-carboxylic acid (8),
and 2-hydroxyphenazine (9) [10].

Here, we will present a selection of the most attractive naturally occurring
phenazines that have been newly discovered. Also, we will deal with the general
methods of phenazine synthesis and its most recent applications in natural
product chemistry. Until now, the relevance of Pd-catalyzed N-arylations to this

OMe COsMe
N:©/0Me N
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field has been negligible. But the first examples employing this new method-
ology should give some indication of the importance that this reaction type
might assume in the very near future.

A naturally occurring phenazine of nonbacterial origin is the methano-
phenazine (MP) (10) which has been isolated from the cytoplasmic membrane
of Methanosarcina (Ms.) mazei G61 archaea. The structure, synthesis, proper-
ties, and function of this natural product will be discussed in detail since it is
not only the first and so far the sole phenazine derivative from archaea, but also
the first one that is acting as an electron carrier in a respiratory chain - a bio-
logic function equivalent to that of ubiquinones in mitochondria and bacteria.

methanophenazine (MP) (10)

2
Methanogenesis and Methanophenazine

2.1
Methanogenic Organisms

Strict anaerobic methanogenic archaea inhabit the muds of marshes and
tundra regions, the bottoms of lakes, rivers and other waters, as well as the guts
of ruminants and the fermenters of sewage treatment plants. With total annual
emissions of approx. 10° tons, methane formation is one of the most significant
biologic processes in the breakdown of organic matter that take place under
anaerobic conditions [11]. Hydrolysis of organic polymers to monomers and
their transformation by fermentative organisms yield simple compounds such
as hydrogen, carbon dioxide, formate, acetate, methanol, and methylamines that
all serve as a substrate to methanogenic archaea. These form the end of the
anaerobic respiratory chain and convert the substrates mentioned into
methane and carbon dioxide, which then reenter the carbon cycle. Due to the
influence of civilization the content of methane in the atmosphere, which cur-
rently amounts to approx. 1.8 ppm by volume, has dramatically increased over
the last few centuries. It is estimated that about 70% of it is generated through
the biologic process of methanogenesis [12].

Methanogenic organisms are placed among the archaea, and they differ sig-
nificantly from the other two domains of life, the eukarya and bacteria. The
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realm of archaea organisms includes the extreme thermophiles and thermo-
acidophiles (Crenarchaeota), the extreme halophiles and methanogens (Eury-
archaeota), and the group of Korarchaeota [13]. In the phylogenetic tree,
archaea establish a distinct evolutionary line. This special position is recog-
nizable from comparative 16S-rRNA analyses that prove their differences with
eukaryotes and bacteria. The archaean cell wall does not, as in bacteria, consist
of a peptidoglycan skeleton but of pseudomurein, heteropolysaccharides or
proteins [14]. And its cytoplasmic membrane contains a number of isoprenoid
glycerol ethers in place of the glycerin fatty acid esters of bacteria and eukary-
otes [15]. As regards the components participating in the protein biosynthesis,
the archaea show some evolutionary proximity to eukarya [16]. But regarding
cell division, mode of energy production, and metabolism they share certain
characteristics with bacteria.

2.2
Energy Metabolism

The group of methanogens comprises numerous morphologically heteroge-
neous organisms all of which perform methanogenesis exclusively for energy
production [17]. Hydrogenotrophic methanogens are able to activate hydrogen
and fix carbon dioxide. Their energy production involves oxidation of hydrogen
and reduction of carbon dioxide to methane. They are chemolithoautotrophic,
as the only carbon source they use for the production of cell material is carbon
dioxide. Other representatives include the methylotrophic methanogens, which
employ simple C, compounds like formate, methanol, and methylamines to gain
energy. The range of substrates of the acetogenotrophic methanogens is limited
to acetate, which is converted to methane and carbon dioxide [17].

The transformation of carbon dioxide and hydrogen into methane by
methanogenic archaea of the Methanosarcina species is represented by Eq. 1:

CO, + 4H, — CH, + 2H,0 (1)

Studies of the cytoplasmic membranes of Ms. mazei and barkeri demonstrate
that membrane-bound enzymes are involved in the corresponding redox
reactions [18].

Apart from specific enzyme systems, the carbon dioxide reduction is medi-
ated by a number of unusual coenzymes that can be categorized into two
groups, namely C, carriers and redox coenzymes [19]. The C, carriers transport
the C, unit from the substrate carbon dioxide to the end-product methane,
while the redox coenzymes provide the electrons that are required for the
reduction of carbon dioxide to methane. Members of the first group include
methanofuran (MF) (11), tetrahydromethanopterin (H,MPT) (12), and the
coenzyme M (CoM-SH) (13), while coenzyme F,,, (14) and coenzyme B (CoB-
SH) (15) belong to the second group.

Methanogenesis is induced by the activity of the formylmethanofuran de-
hydrogenase system. Initially, carbon dioxide is fixed by methanofuran (11) and
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CO-H

methanofuran (MF) (11)
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. CO.H
tetrahydromethanopterin (HsMPT) (12)
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coenzyme M (CoM-SH) (13)

then reductively bound to it in the form of formylmethanofuran (formyl-MF)
(16) (Scheme 1). Subsequent transfer of the formyl group to H,MPT (12) gives
formyl-H,MPT (17). The formyl group remains bound to 12 and is then stepwise
reduced toward the methyl residue during the following processes (17—20).
Coenzyme F,, (14) in its reduced form (F,,H,) [14-H,], which is provided by
the F,,,-dependent hydrogenase, serves as reducing agent. The methyl group of
methyl-H,MPT (20) is then transferred to CoM-SH (13), the central interme-
diate of all methanogenic pathways. Afterwards, methyl-S-CoM (21) is reduc-
tively demethylated to methane under the catalytic influence of methyl-S-CoM
reductase. The two electrons needed are provided by CoB-SH (15). This process
leads to the formation of the heterodisulfide CoB-S-S-CoM (22) from 15 and 13
[12a]. It serves as terminal electron acceptor to the membrane-bound H,:het-
erodisulfide oxidoreductase. The two coenzymes 13 and 15 are regenerated by
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coenzyme F,,); CoB-SH (15)=coenzyme B; formyl-MF (16)=formylmethanofuran; formyl-
H,MPT (17)=formyltetrahydromethanopterin; methenyl-H,MPT (18)=methenyltetrahy-
dromethanopterin; methylene-H,MPT (19)=methylenetetrahydromethanopterin; methyl-
H,MPT (20)=methyltetrahydromethanopterin; methyl-S-CoM (21)=methyl-coenzyme S

the heterodisulfide reductase. The H,:heterodisulfide oxidoreductase reaction
is linked to the generation of a transmembrane proton gradient [20], which is
utilized for the ATP synthesis mediated by an ATP synthase activity.

In contrast, disproportioning of methanol occurs with methanogenesis from
methanol as given in Eq. 2.

4CH;0H — 3CH, + CO, + 2H,0 (2)

In the first step of the reductive branch of this metabolic pathway three out of
four methyl groups are transferred from methanol to CoM-SH (13) by methyl
transferases, with formation of methyl-S-CoM (21) (Scheme 1) [21]. The trans-
formation of 21 and CoB-SH (15) into methane and CoB-S-S-CoM (22) is cat-
alyzed by the methyl-CoM reductase. Again, reductive cleavage of 22 is mediated
by the heterodisulfide reductase [22]. The oxidative part involves oxidation of
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one out of four methyl groups from methanol to give carbon dioxide. It starts
with the formation of 21 and transfer of the methyl group to H,MPT (12)
through the membrane integral methyl-H,MPT:CoM methyl transferase. Fol-
lowing the methyl transfer reaction the successive oxidation of methyl-H,MPT
(20) takes place to give formyl-H,MPT (17). Finally, the formylmethanofuran
dehydrogenase allows for the oxidation of formyl-MF (16) to carbon dioxide.
The reducing equivalents accumulating on the oxidation of the methyl residue
are transferred to coenzyme F,,, (14) [23]. The oxidation of F,,,H, (14-H,) is
coupled to the reduction of the heterodisulfide 22. This exergonic reaction is
linked to the generation of an electrochemical proton gradient which is utilized
for ATP synthesis.

23
Methanophenazine - a New Electron Carrier from Archaea

The strain Ms. mazei Go1 is provided with plenty of enzymes and able to use
hydrogen and carbon dioxide as well as methanol, methylamines, and acetate
as their substrates. In recent years, studies on this organism have focussed on
the two proton-translocating electron transport systems [24]. With the methy-
lotrophic methanogens F,, H,:heterodisulfide oxidoreductase plays a major
part. It is made up of two components: F,, H, dehydrogenase and heterodisul-
fide reductase. Some years ago Abken and Deppenmeier succeeded in isolating
and purifying F,,;H, dehydrogenase from Ms. mazei G61 [25]. The second
component of this system is the heterodisulfide reductase [26]. With the hy-
drogenotrophic methanogens the H,:heterodisulfide oxidoreductase system of
Ms. mazei GO1 exerts a key function in the electron transport and is made up
of two membrane-bound proteins. One part of the system is represented by a
membrane-bound hydrogenase [27]. The second component consists of the
aforementioned heterodisulfide reductase. Coenzyme F,,, (14) is the central
electron carrier in the methanogenic metabolism and its function may be com-
pared to that of coenzyme NAD* and NADP* in eubacteria and eukaryotes,
respectively. Among other things, F,,, serves as a coenzyme of the F,,,-depen-
dent hydrogenase, the methylene H,MPT dehydrogenase, and the methylene
H,MPT reductase. Its reduced form F,, H, (14-H,) reacts with F,,(H, dehydro-
genase.

In contrast, the structure of the electron carrier mediating the electron
transport between F,,(H, dehydrogenase or membrane-bound hydrogenase
and the heterodisulfide reductase was unknown initially. In cooperation with
Deppenmeier et al. we have recently been able, though, to isolate and charac-
terize a phenazine ether from the membranes of Ms. mazei Go1, though in
small amounts only [28]. Detailed NMR analysis of this natural product shows
that its lipophilic side chain, that probably ensures anchorage to the membrane,
consists of five isoprenoid units which are linked in a head-to-tail manner.
While the Cs unit that is directly linked to the 2-phenazinyl residue via the ether
bridge is saturated, the other four are unsaturated. Three units exhibit (E)-con-
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figured double bonds. The redoxactive natural product, which was designated
methanophenazine (MP) (10), is the first phenazine ever isolated from archaea.

methanophenazine (MP) (10)

As methanogens lack the usual quinones it was assumed that 10 functions
as an electron carrier in the cytoplasmic membrane and, unlike other naturally
occurring phenazines, takes part in the energy-conserving electron transport.
Studies on the biologic function of 10 in the membrane-bound electron trans-
port of Ms. mazei G61 and the elucidation of the absolute configuration at
C-3"required the natural product in larger amounts. As the quantity of 10 made
available by extraction from the cytoplasmic membranes of Ms. mazei G61 was
too small and the efforts undertaken to isolate 10 too large, the synthesis of the
natural product seemed desirable.

3
Synthesis of Methanophenazine

3.1
Retrosynthesis

The result of the retrosynthetic analysis of rac-10 is 2-hydroxyphenazine (9)
and the terpenoid unit rac-23, which may be linked by ether formation [29].
The rac-23 component can be dissected into the alkyl halide rac-24 and the
(E)-vinyl halide 25. A Pd(0)-catalyzed sp>-sp? coupling reaction is meant
to ensure both the reaction of rac-24 and 25 and the (E)-geometry of the
C-6’,C-7"double bond. Following Negishi, 25 is accessible via carboalumination
from alkyne 27, which might be traced back to (E,E)-farnesyl acetone (28). The
idea was to produce 9 in accordance with one of the methods reported in the
literature, and to obtain rac-24 in a few steps from symmetrical 3-methyl-pen-
tane-1,5-diol (26) by selective functionalization of either of the two hydroxyl
groups.

The advantage of such a prochiral C, building block 26 is that both enan-
tiomers (R)-24 and (S)-24, which are required for the synthesis of the two
enantiomeric methanophenazines, are accessible through differentiation of its
enantiotopic groups. This stereodivergent synthetic strategy requires a suit-
able precursor, in this case the half ester of (R)-3-methyl glutaric acid [(R)-31],
which needs to be transformed initially into the chiral lactones (R)-30 and
(5)-30. These lactones then were meant to serve as starting material for the two
components (R)-29 and (S)-29 constituting the basis of this approach to the two
antipodes of 10.
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3.2
Synthesis of Racemic Methanophenazine

The synthesis of 2-hydroxyphenazine (9) caused unexpected problems,
though. The resultant yield of 9 was very low with both the condensation of
2-hydroxy-1,4-benzoquinone (33) [30], available from 1,2,4-trihydroxybenzene

OH 0
OH OH NH
Ags0, Et,O ©: ? CHyCOH_ @[ ]ij/
+ T8
o

32 33 34 9

OH
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NH, O 1.EtOH, 1t, 1 h; 75 °C, 30 min N\ OH
Cl 07 a8 o
NH, O N
34 35 9

10 %

(32) [31], with 1,2-phenylenediamine (34) according to Kehrmann and Cher-
pillod [32] and the condensation of 1,4-benzoquinone (35) with 34 according
to Ott [33]. Eventually, the Beirut reaction proved to be more reliable produc-
ing very good yields of 9 by reaction of benzofuroxan 36 and hydroquinone
(37) to 5,10-dioxide 38 and subsequent reduction [34].

N N OH

o NaOH, H,0_ ©: D/ He, PAIC, MeOH _ o

/ —_—
Tea% N 80 %

38

The preparation of vinyl iodide 39 first required the transformation of
(E,E)-farnesyl acetone (28), performed according to Negishi, to the terminal
alkyne 27 with 75% yield [35]. The latter then gave (E)-vinyl iodide 39 in dia-
stereomerically pure form and 74% yield by Zr-catalyzed carboalumination
with trimethylaluminum and trapping of the intermediate vinylaluminum
species with iodine [36]. The alkyl iodide rac-29 necessary to ensure the cou-
pling with 39 was obtained by selective monofunctionalization of 3-methyl-
pentane-1,5-diol (26) in a few steps [37].

1. LTMP, THF, -78 °C
2. CIP=O(OEt),, ~78 °C to 1t
3.LTMP, THF, -78 °Cto rt, H,0

=z =z = —
O o
28
1. cat. Cp»ZrCl,, Me3zAl, CHCICHCI;
Z = = S 2.1y, THF, -30 °Cto rt; KgCOg, Hgo, 0°C -
R 74 %
27
= = = 2
39

The key step of the synthesis of racemic methanophenazine (rac-10) implies
the coupling of the saturated C4 component rac-29 to the unsaturated C,y com-
ponent 39, which is needed for the generation of the terpenoid side chain.
To begin with, the sp?-sp? cross-coupling between alkylmetal compounds
released from rac-29 in situ and vinylmetal derivatives from 39 posed consid-
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HO OH NaH, TBDMSCI, THF, it~ TBDMSO OH
\/\I/\/ o5 o \/\’/\/

26 rac-40

1. MsCl, EtgN, CH,Cl, 0 °C

2. Nal, acetone, A TBDMSO |
o5 o \/Y\/

rac-29

erable difficulties due to the low reactivity of the sp> component. In the end, the
(E)-selective construction of the C-6’, C-7" double bond [38] of the sesterter-
pene building block rac-41 was effected by Pd(0)-catalyzed coupling of the
organozinc compound obtained in situ from rac-29, tert-butyl lithium, and zinc
chloride and the vinyl iodide 39 with 64% yield. Fluoride-induced cleavage of
the tert-butyldimethylsilyl ether and activation of the resultant alcohol with
methanesulfonyl chloride provided the mesylate, which was etherified with
2-hydroxyphenazine (9) to give rac-10 [39]. By refraining from isolating or
purifying the various intermediate steps, we were able to prepare rac-10 from
farnesyl acetone 28 with a total yield of 30%. All spectroscopic data of the
synthetic rac-10 corresponded to those of the natural product. Starting from 9,
3-methyl-pentane-1,5-diol (26), and (E,E)-farnesyl acetone (28), this synthesis
offers an efficient, convergent approach to methanophenazine (10). Also, the
possibility of targeted manipulation of the three building blocks opens a sim-
ple route to the preparation of derivatives of 10.

TBDMSO\/\(\/I FNEEN X N x

rac-29 39

1.29 + ZnCly, Et,0, ~100 °C, +BuLi
0,
64% | 2.39 + cat. Pd(PPhg)s, Et,O, 70 °C to rt

TBDMSO N X N X

rac-41

1. TBAF, THF, A
90 % | 2. MsCl, NEtz, CHxCly, 0 °C
3.9, KOH, aliquat, toluene, A

@NUO B B B B
~
N
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3.3
Synthesis of Enantiomerically Pure Methanophenazine

As mentioned above, the advantage of the prochiral 3-methyl-pentane-1,5-diol
(26) is that we should be able to derive the two enantiomers (R)-29 and (S)-29
necessary for the synthesis of methanophenazine (10) in enantiomerically pure
form by differentiating its enantiotopic (CH,),0H groups [40].

BH3 SMey, THF, 1t, 36 h R

HO,C™ " CO,Et S - O\/\i/\CozEt
(R)-31 (R-42a R=H

(R)-42b R= TBDMS

1. piperidine, sealed tube

2 Mag. KOH 70°C, 12h
10 % MeOH 0._O 2. TBDMSCI, NEts
i, 8 h, 6 N HCI (j CH;Cly, 0°C, 4 h . O
92% : 95 % T oYYy
: TBDMSO - O
(R)-30 (R)-43
1. MsCl, NEts, THF
LiBHEt, THF 0°C, 15 min
0°Ctor,2h OH 2.Lil, THF, 80°C,2h |
92 % TBDMSO  ° 93 % TBDMSO  *
(S)-40 (R)-29

—_— H
—_— P H
N

(S)-methanophenazine [(S)-10)]

The monoethyl (R)-3-methylglutarate [(R)-31] available in high optical pu-
rity (ee>95%) constitutes a suitable substrate for this stereodivergent synthetic
approach. The synthesis of (S)-methanophenazine [(S)-10] requires (R)-29. The
direct conversion of (R)-31 to (R)-42b via chemoselective reduction of the
carboxyl group with BH;-Me,S and silylation of the resulting hydroxy group
could not be accomplished; rather, this approach only gave mixtures of (R)-42b
and the lactone (R)-30 [41]. It turned out, though, that lactone (R)-30 could be
obtained with high yields by chemoselective reduction of the carboxylic acid
functionality of (R)-31 and subsequent cyclization of the resulting 5-hydroxy
ester (R)-42a under basic conditions. To avoid further difficulties the lactone
(R)-30 was opened by reaction with piperidine to give the corresponding
hydroxy-amide, which in turn was almost quantitatively transformed to (R)-43
via silylation of the hydroxyl group. The one-step reduction of the tertiary
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amide (R)-43 with lithium triethyl borohydride [42] provides the primary
alcohol (S)-40, which is then as required converted into the iodide (R)-29 by
mesylation and transformation with lithium iodide. As a result, the synthesis
of gram amounts of the enantiomerically pure C, building block (R)-29 from
(R)-31 was accomplished in seven steps with a total yield of 75%. The deter-
mination of the enantiomeric excess at the level of the silyloxy alcohol (S)-40
according to Mosher demonstrates that within the course of the synthetic
sequence, the integrity of the stereocenter has been left untouched. Corre-
sponding to the synthesis of rac-10 a Pd-catalyzed C,C cross-coupling of the
enantiomerically pure building block (R)-29 with (E)-vinyl iodide 39, subse-
quent desilylation of the coupling product, and final etherification with 2-hy-
droxyphenazine (9) yielded (S)-methanophenazine [(S)-10].

The same starting material can also be employed to synthesize the antipode
(R)-methanophenazine [(R)-10], as (R)-31 may easily be transformed into
lactone (S)-30 by chemoselective reduction of the ester functionality [43] and
subsequent cyclization.

1. LiBH4, MeOH, DME, A, 2 h

0.0
2.2 Maq. NaOH, rt, 12 h, 6 NHCI
HO,C™ " CO,Et g o - U
= (<}

(R)-31 (9)-30

4
The Biologic Function of Methanophenazine

As already mentioned methanogens lack the usual quinones. This is why it was
assumed that in methanogenesis, the redoxactive natural product methano-
phenazine (MP) (10) functions as an electron carrier in the cytoplasmic mem-
brane (Scheme 2). It mediates the transport of electrons between F,,0H,
dehydrogenase and membrane-bound hydrogenase, respectively,and the hetero-
disulfide reductase. This would render 10 the first naturally occurring phenazine
that is involved in the electron transport of biologic systems. The model com-
pound 2-hydroxyphenazine (9) and its reduced form dihydro-9 were used to
perform initial studies with washed cytoplasmic membranes of Ms. mazei Go1.
They revealed that all key enzymes - the membrane-bound hydrogenase, F,,,H,
dehydrogenase, and heterodisulfide reductase - react with the artificial electron
carrier (Table 1) [28]. In repeating these experiments with purified enzymes it
was possible to functionally reconstitute the F,, H,:heterodisulfide oxidore-
ductase system [44]. This implies that the two partial reactions of this electron
transport system can be successfully coupled and successively proceed in the
same test tube in terms of a consecutive reaction.

After completion of the total synthesis corresponding experiments could be
conducted with methanophenazine (MP) (rac-10), too. To this end, washed



Methanophenazine and Other Natural Biologically Active Phenazines 91

Membrane bound

cytoplasmic | out
membrane

2H*

——» 2H"

+
hydrogenase 2H
CoB-S-S-CoM
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reductase St
CoM-SH
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CoB-SH
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Scheme2 Model of the membrane-bound electron transfer of Methanosarcina mazei Go1
according to Ref. [29]. MP=methanophenazine; dihydro-MP=dihydromethanophenazine;
CoM-SH=coenzyme M; CoB-SH=coenzyme B; F,y=coenzyme F,,; F,,;H,=reduced form of

the coenzyme Fy

Table 1 Specific activities of the enzymes of the F,,,H,:heterodisulfide oxidoreductase and

H,:heterodisulfide oxidoreductase systems [29]

Enzyme Electron Electron Spec. activity?
donor acceptor (U mg protein™)

F,y0H, dehydrogenase F0H, 9 0.20

FyH, dehydrogenase FoH, MP 0.15
Membrane-bound hydrogenase = H, 9 2.2
Membrane-bound hydrogenase  H, MP 3.2
Heterodisulfide reductase Dihydro-9 CoB-S-S-CoM 2.3
Heterodisulfide reductase Dihydro-MP  CoB-S-S-CoM 2.6

2 1 U=1 pmol substrate converted per minute.
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cytoplasmic membranes of Ms. mazei G61 were reacted with MP and again the
activity of the respective enzymes was determined (Table 1). It was shown that
the MP served as an electron acceptor to both the membrane-bound hydroge-
nase and the F,,,H, dehydrogenase, when H, and F,,(H, (14-H,) were added as
electron donors, respectively. In addition, the heterodisulfide reductase uses the
reduced form of methanophenazine (dihydro-MP) as an electron donor for
reducing the heterodisulfide CoB-S-S-CoM (22). This means that MP is able to
mediate the electron transport between the membrane-bound enzymes [29]
(Scheme 2). Reactions mediated/catalyzed by the proton-translocating electron
transport systems may thus be subdivided into two partial reactions each
(Scheme 3) [24].

F40H,:heterodisulfide oxidoreductase
a) F42()H2 +MP — F420 + dihydI‘O-MP
b) Dihydro-MP + CoB-S-S-CoM — MP + CoB-SH + CoM-SH

H;:heterodisulfide oxidoreductase
a)H, + MP — dihydro-MP
b) Dihydro-MP + CoB-S-S-CoM — MP + CoB-SH + CoM-SH

Scheme 3 Partial reactions of the electron transport systems F,,H,:heterodisulfide oxido-
reductase and H,:heterodisulfide oxidoreductase

As the key enzymes of the two electron transport systems with the electron
carriers 9 and rac-10 almost exhibit the same specific activity, we may assume
that the phenazine system is wholly responsible for the redox process and that
the sole function of the terpenoid side chain in 10 is to anchor the electron
carrier in the membrane.

In summary, methanophenazine (10) is the first phenazine whose involve-
ment in the electron transport of biologic systems could be established. The
experiments indicate that its role in the energy metabolism of methanogens
corresponds to that of ubiquinones in mitochondria and bacteria.

5
Redox Properties of Methanophenazine

To further elucidate the function of methanophenazine (10) as electron carrier
its redox potential was determined [45]. As Scheme 2 reveals, the redox poten-
tial of 10/dihydro-10 must range somewhere between the values for F,0H,/F,,,
(E”=-360 mV) [46] and H,/2H* (E”=-420 mV), and the redox potential of the
heterodisulfide CoB-S-S-CoM (22). Whilst the E” values of F,,,H,/F,,, and
H,/2H" have long been known, the redox potential of 22 remained an unknown
quantity. 2-Hydroxyphenazine (9) had proved to be a satisfactory model sub-
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stance for 10 in enzymatic experiments, so the two redox potentials of the two
substances were also supposed not to be much different from each other [47].

To ensure the most realistic E” values possible a measuring technique was
sought that was suitable for the experiments to be conducted in purely aqueous
buffer systems at pH 7. In this case, the measuring technique of choice was
cyclic voltammetry using a hanging mercury drop electrode (HMDE) [48]. The
conditions described served to determine the redox potential of 9 at E¥=
-191£8 mV vs. standard hydrogen electrode (SHE) in phosphate buffer at pH 7.
The same conditions revealed the redox potential of 10 to be E”=-165+6 mV
vs. SHE (Table 2). The strong dependence of the redox potential on the pH value
of the buffer system is particularly noticeable: increase of the pH by one unit
led to a shift of the redox potential by -64+0.6 mV. Measurements with the
strongly lipophilic 10 could probably only be accomplished because of the
strong adsorption of the phenazine at the HMDE.

In addition, the idea of the terpenoid side chain of 10 essentially assisting
in anchoring the coenzyme in the cytoplasmic membrane without having any
impact on the redox potential was to be explored. To this end, a number of
phenazine ethers 44a—g were synthesized by Williamson ether synthesis and
then investigated by electrochemical methods. And indeed, we were able to
identify a good match between the redox potentials of the various phenazine
ethers, which turned out to be independent of the side chain structure.

HO,C O

Hzospoj/k NJ‘K/\/\/\S,S\/\SO:BH

H
CoB-S-S-CoM (22)

Finally, the redox potential of the heterodisulfide CoB-S-S-CoM (22), which
was synthesized according to known procedures [49], was measured under the
same conditions in phosphate buffer at pH 7. An E” value of -143£10 mV vs
SHE for 22 exhibits a more positive redox potential than typical disulfides such
as glutathione and cysteine (E”=-204+6 mV vs SHE and E¥=-202+3 mV vs.
SHE, resp.). That these deviations are probably due to the presence of sulfonate
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Table2 Synthesis of phenazine ethers 10, 44a—g by etherification of 2-hydroxyphenazine (9)
with ROMs(-Br) and their redox potentials E” vs. SHE as determined by cyclic voltammetry
in phosphate buffer at pH 7 using HMDE

N\ OH base N\ OR
CUT ™ romian 2= LY
~ ~
N N

9

10, 44a-g
Compound R Yield [%] EY
10 W 90 -165
3
44a A B A 35 -168
44b W 44 _165
44c \/\(\/\( 85 -170
44d \/ﬁ/ 72 -164
44e \/ﬁ/ 75 -166
a4f NFEN 85 -163
449 NN 74 -169
HO.C O
P NN
Hos S/\/s; H0:P0 I s%
2 H 2
CoM-S-S-CoM (45) CoB-S-S-CoB (46)

and phosphate groups in 22 is indicated by the redox potentials of the
homodisulfides CoM-S-S-CoM (45) (E¥”=-139+7 mV vs SHE) and CoB-S-S-
CoB (46) (E¥=-177+5 mV vs SHE) [50].

What should be emphasized is that the redox potentials measured for 10 and
22 allow for both the reduction of 10 to dihydro-10 via F,,,H, and H,, and the
oxidation of dihydro-10 to 10 by 22. This finding, supported by electrochemi-
cal experiments, also strongly corroborates the hypothesis that 10 plays a
prominent role as an electron carrier in the electron transport system of
methanogens.
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6
New Biologically Active Phenazines from Bacteria

Since Turner and Messenger’s review article [1] covering the occurrence,
biochemistry, and physiology of natural phenazines a number of new repre-
sentatives have been isolated from bacteria that have aroused particular
interest either because of their biologic activity or their structural features.
Many of these phenazines are 1,6-disubstituted. They include saphenic acid
(47), saphenic acid methyl ether (48), saphenamycin (49), and several other
esters (50) of saphenic acid [51-53]. As regards biologic activity, saphenamycin
(49), which was isolated from several species including Streptomyces canarius
[52] and Streptomyces antibioticus Tii 2706 [53], is the most interesting. Apart
from its antimicrobial activity toward a broad range of bacteria, this compound
also exhibits antitumor and antitrichomonal activity as well as larvicidal
activity against mosquitoes.

OR?2
N

N
~
N
CO,R’
saphenic acid (47) R'=R?=H
saphenic acid methyl ether (48) R'= H; R?>= CHg

saphenamycin (49) R'= H; R°= 2-hydroxy-6-methylbenzoyl
saphenyl esters (50) R'=H; R°= various fatty acyl residues

The more recently discovered and most unusual structures include the
dimeric phenazine derivatives esmeraldin A (52) and esmeraldin B (53), which
are produced by Streptomyces antibioticus Tii 2706 together with 49 [54].
Esmeraldins exhibit no antibacterial activity but 53 is effective against tumor
cells. Much effort has been directed to the elucidation of the biosynthesis of the
esmeraldins [55]. Some rare L-quinovose esters (55a-d) of saphenic acid have

L
HN °
R1020\©/N N
N
L
N

CO,R!

esmeraldic acid (51) R'=R?=H

esmeraldin A (52)  R'= H; R®= various fatty acyl residues
esmeraldin B (53)  R'= H; R?= 2-hydroxy-6-methylbenzoyl
esmeraldic acid dimethylesters 1 and II (54) R' = Me; R = H
(2 diastereomers)
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been obtained by Fenical et al. from a marine actinomycete. They exhibit mod-
erate broad-spectrum activity against a number of gram-positive and gram-
negative bacteria [56].

Much more exciting biologic properties have been revealed for the equally
1,6-disubstituted phenazoviridin (56) isolated from Streptomyces sp. HR04. The
new free radical scavenger showed strong in vitro inhibitory activity against
lipid peroxidation and displayed in vivo antihypoxic activity in mice [57].

phenazoviridin (56)

Phencomycin (57) was recovered from Streptomyces sp HIL Y-9031725 [58]. A
natural product that is structurally very similar was discovered by Laatsch et al.
in a marine Streptomyces species, interestingly in its reduced form, i.e., the
dihydrophencomycin methyl ester (58) [59]. Both show weak antibiotic activity.

CO,Me H CO,Me
N N
N
b
N N
HOZC MeOQC
phencomycin (57) dihydrophencomycin

methyl ester (58)
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Some time ago pelagiomicin A (LL-14I352«) (59), B (60), C (61), and LL-
141352 (griseoluteic acid) (62) were found in marine bacteria [60, 61]. Pela-
giomicin A (59) is not only effective against gram-positive and gram-negative

@@ f?@ o

OH
pelagiomicin A (59) pelagiomicin B (60) pelagiomicin C (61) LL-141352f (62)
(LL-1413520)

bacteria, but also possesses in vitro and in vivo antitumor activity. Unusual
properties are revealed by tri- and tetrasubstituted phenazines SB 212021 (63)
and SB 212305 (64), inhibiting the zinc-dependent metallo-f-lactamases of
several bacteria by chelation of the active site metal ion [62].

Phenazines divide into a larger group without and a smaller group with an
N-alkyl substituent. The simplest compound of the latter group is the long-
known pyocyanine (1) that has an N-methyl group. Also, other phenazines have
been isolated over recent years, some of which have more complex terpenoid
side chains. Some possess remarkable biologic activities. This group comprises
lavanducyanin or WS-9659 A (65) and WS-9659 B (66) which have been pro-
duced by different species of Streptomyces [63, 64]. Compound 65 was shown

COzH NHCOMe CO.H
O OO
e bz
HO N HO N
CO,Me CO.Me
SB 212021 (63) SB 212305 (64)

lavanducyanin (WS-9659 A) (65) R=H
WS-9659 B (66) R =Cl
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to not only display interesting antitumor activity [63] but also enzyme (testos-
terone 5a-reductase)-inhibiting activity [64-66]. In addition, experiments with
several mammalian cell lines have demonstrated that 65 represents a new type
of cell growth stimulating substance with low molecular weight [67, 68].

A compound of a very similar structure is phenazinomycin (67), which has
been isolated from mycelial extracts of Streptomyces sp. WK-2057 by Omura et
al. [69]. This compound possesses in vivo antitumor activity against experi-
mental murine tumor cells and cytotoxic activity against adriamycin-resistant

phenazinomycin (67)

P388 leukemia cells [69, 70]. Benthocyanins A (68), B (69), and C (70) from
Streptomyces prunicolor are new potent radical scavengers, and these com-
pounds are more effective than vitamin E in preventing, alleviating or over-
coming a variety of diseases that have been proven to be caused by oxygen-de-
rived free radicals [71]. Compounds 68 and 69 have a unique structure that is
characterized by a highly conjugated furophenazine system and an N-geranyl

benthocyanin A (68) benthocyanin B (69) benthocyanin C (70)

substituent. The neuroprotective effect of aestivophoenins A (71), B (72), and
C (73) produced by Streptomyces purpeofuscus 2887-SVS2 seems to be depen-
dent on its antioxidative activity [72].

As part of a screening program for bioactive compounds from endosym-
biontic microorganisms, Zeeck et al. successfully isolated a group of new, struc-
turally related phenazine antibiotics, the so called endophenazines A (74), B
(75),C (76),and D (77) from the arthropod-associated endosymbiont Strepto-
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myces anulatus [73]. Also, structurally new types of compounds that are char-
acterized by two phenazine substructural units have been isolated and their
structures elucidated: diphenazithionin (78), an inhibitor of lipid peroxidation
from Streptomyces griseus ISP 5236 [74],and phenazostatins A (79), B (80),and
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COoH OH CO.H

CO,Me CO,Me

diphenazithionin (78)

C (81) isolated from Streptomyces sp. 833 [75-77] as neuronal cell protecting
substances. The stereochemistry of these compounds remains to be estab-
lished.

H N
L § ;
o o NS
N N N

CO,Me CO,Me COoMe
phenazostatin A (79) phenazostatin B (80)
COgMe
N
N
CLIO
N
H
N
N
LD
N
COgMe

phenazostatin C (81)

7
Synthesis of Naturally Occurring Phenazines

In the synthesis of methanophenazine (10) and its analogs, the reliable prepa-
ration of 2-hydroxyphenazine (9) in larger amounts was least expected to pose
any problems. But even though 9 was produced by Beirut reaction in good
yields, we dealt with the problems inherent in the selective preparation of singly
and multiply substituted phenazines in greater detail. The remainder is dedi-
cated to introducing the general methods for the construction of phenazines
and to discussing current examples of natural product synthesis. In addition
to the more traditional methods, Pd-catalyzed reactions will be addressed in
particular because they not only serve to prepare diphenylamines, but are also
suitable for the cyclization of substituted diphenylamines to give phenazines.
And finally, a new Pd-catalyzed one-pot synthesis of phenazines will be pre-
sented.
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7.1
General Strategies

In the majority of cases, the most important step in the synthesis of naturally
occurring phenazines involves the generation of their basic skeleton by con-
structing the central heterocyclic ring, for which, apart from the reaction of
phenylenediamines with quinoids and the utilization of the Beirut reaction, the
cyclization of substituted diphenylamines remains of utmost importance [78].
Mostly, the diphenylamines required are made accessible via nucleophilic aro-
matic substitution. Amazingly, the Pd-catalyzed arylation of anilines discovered
by Buchwald and Hartwig [79] has so far been of minor relevance to the gen-
eration of the phenazine skeleton. In the near future, however, this situation can
be expected to change dramatically. Syntheses of phenazines that are based
on the modification of the phenazine skeleton have never assumed any greater
significance. The reason is that phenazines, because of their deactivation due
to the electron-withdrawing effects of the two nitrogen atoms, do not easily
undergo electrophilic aromatic substitution reactions [78].

7.2
Classical Routes

A more direct, one-step approach to phenazines 84 is possible via condensation
of o-phenylenediamines 82 with o-benzoquinones 83 that can be generated
in situ from oxidation of the specific catechols. As reactions of substituted
o-phenylenediamines with substituted o-benzoquinones inevitably suffer from
regioselectivity problems, this method is bound to have a limited range of

X NH2 Oy N
| + J— I I .
R ONH, 07 e R ONT e
82 83 84

applicability [78]. As expected, the reaction of 1,2-phenylenediamine (34) with
2-hydroxy-1,4-benzoquinone (33) or 1,4-benzoquinone (35) that are generated
in situ gives the 2-hydroxyphenazine (9) the synthesis of methanophenazine
(10). But as the yields of pure product in our own experiments were too low,
following this approach any further did not seem worthwhile.

Another one-step method of similarly limited value for the synthesis of
multiply substituted phenazines 84 is the Beirut reaction [80]. It involves the
transformation of the easily accessible benzofuroxans 85 together with, in

HO O O N OH
N
0 O o
O O N
33 35 9
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particular, phenols 86 to give the respective phenazine 5,10-dioxides 87 in a sin-
gle step. The di-N-oxides can easily be reduced to the phenazines 84.

Most syntheses of naturally occurring phenazines, though, are based on a
two-step elaboration of the central heterocycle of the phenazine [78]. The first
key step involves the generation of ortho-monosubstituted 88 or ortho, ortho’-
disubstituted diphenylamines 89-91 via nucleophilic aromatic substitution.
Ring formation is then achieved by means of reductive or oxidative cyclization,
for which a number of efficient methods are available. The main flaw of this
approach is the synthesis of the substituted diphenylamines via nucleophilic
aromatic substitution, as this reaction often can only be performed under
strongly basic reaction conditions and at high temperatures. In addition, the
diphenylamines required may only be achieved with certain substitution pat-
terns with high yields.

NO, NO, NO, NH, NH, F NO,
e RN L RN L RN = RN
H1 H RZ R1 H RZ R1 H RZ R1 H R2

88 89 90 N

An example of the method described is the synthesis of saphenic acid (47)
that has recently been reported by Nielsen et al. [81]. Starting from properly
substituted aromatic precursors 92 and 93, the naturally occurring 1,6-disub-
stituted phenazine was synthesized in racemic form. Here, the first major step
involves an intermolecular nucleophilic aromatic substitution that, due to the
substitution pattern, has proved to be relatively unproblematic and after hydro-
lysis of the acetal yields the o-nitrodiphenylamine 94. Much more difficult is the
ring formation leading to the final phenazine, which can best be achieved
through a high excess of NaBH,, accompanied by reduction of the methyl
ketone. But at 32%, the yield is still rather poor.

So the saphenic acid (47), which has only weak biologic activity, was available
as a template for the preparation of both saphenamycin (49) and saphenamycin
analogs [82]. Reaction of the allylic ester 95 of the saphenic acid with the acid
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NG, g] 1. KoCOs, n-pentanol, A, 18 h NO,
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Cl 81 % N
COM — HN HO,C
92 93 94
OH
NaBH,, NaOEt N
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OAII O OH
EtoNH, cat. Pd(PPhg), N\
9: dioxane, rt, 2.5 h ©: _

O~ "OAl 49

chloride of 6-methyl salicylic acid 96 generated in situ produced the ester 97
in 64% yield. The deprotection gave 49 in racemic form. The same reaction
sequence could be performed with enantiomerically pure 47 that was produced
in the traditional way by separation of the respective (-)-brucine diastereo-
meric salts. Interesting to note: no significant differences in the antibiotic
activity of the enantiomers of 49 could be observed. Using a solid support

R
Pl
O X |
(0]
N
AN
_ 98
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approach, Nielsen et al. have also synthesized a small library of saphenamycin
analogs 98 modified at the benzoate moiety [83].

Quite recently, the structure of pelagiomicins B (60) and C (61) was con-
firmed by a synthesis starting from griseoluteic acid (62) [60]. In the first
synthesis of 62, Holliman et al. employed the reductive cyclization of o-nitrodi-
phenylamines using NaBH, to yield phenazines [84]. To this end, 3-amino-4-
methoxybenzyl alcohol (99) was treated with methyl 2-bromo-3-nitrobenzoate
(100) to yield the o-nitrodiphenylamine 101, which by reductive cyclization

COsMe Me COsMe
i;r Rt fgr
100 101
OMe CO,H
NaBHg4, 5 N NaOEt Ny
EtOH, A, 20 h

t ~

64 % N
OH

62

gave griseoluteic acid (62) in 64% yield. For the synthesis of 60 and 61 the grise-
oluteic acid derivative 102 was reacted with N--BOC-L-Val 103 to yield 104,
which in turn was deprotected to give 60. The structure of 61 was established
in a similar way [60].

Kitahara et al. decided on a classical approach for generating the bentho-
cyanin A skeleton [85]. Following Hollimann [86] they started their synthesis
with the one-step preparation of the phenazine 106 by reaction of 100 and

Oy_-OMOM

OMe CO.H H
Ns MOMCI, Et3N, DMF BOCHN_J_CO.H
—10 °C, 30 min i
= +
N 76 %
OH
62 102 103
Os_OMOM
OMe Me CO.H
DMAP, DCC N\ TFA, CH.Cl, Ny
DMF, 70 °C, 24 h rt, 30 min
_— o —_— -
42 % N N
O
H
104 pelag|0m|cm B
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CO.Me 1. Na,COg, n-CsH11OH CO.Me
Br  HoN OH A, 24Nh Ny OMe
R s Ty
NOZ 29 % N
100 105 106
COzMe
1. PhCHBrCOsMe, AlCI5 Ny OMe 1. 47 % HBr
2. CHoN 2. CHoN
== Z COMe —F22 >
65 % N
107 Ph
COsMe
@E“DE}:
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~
N
108 Ph

105 - with a yield of 29% only. It is assumed that reaction of the electron-poor
methyl 2-bromo-3-nitrobenzoate (100) and m-aminophenol (105) first gives the
product of the nucleophilic aromatic substitution, which is then cyclized (with
the phenolate anion being probably involved) to provide the respective phe-
nazine-N-oxide. At last, this directly leads to the phenazine 106 after dispropor-
tioning and methylation. Friedel-Crafts alkylation with methyl phenyl bromo-
acetate and CH,N, treatment produces the diester 107, which after hydrolysis
with HBr provides the basic skeleton 108 of benthocyanin A. It is true that the
completion of the total synthesis of benthocyanin A now only requires the in-
troduction of the terpenoid component at the ring nitrogen, but it is well known
that such N-allylations of phenazines cannot be forced that easily and with low
yields only.

OH o)
b :
@[ _ + MGQSO4 E— @[
N 58 % 'Tl

109 pyocyanine (1)

The same problem occurs with the synthesis of lavanducyanin (65) [85, 87]
and phenazinomycin (67) [88]. Here, Kitahara et al. used the same approach in
that they first generated the phenazine skeleton and performed the N-allylation
as the last step. While the N-methylation of the unprotected 1-hydroxyphenazine
(109) proceeds without any major problems and provides pyocyanin (1) in
acceptable yields [89], model experiments already indicate that the allylation
0f 110 could not be so readily accomplished. As expected, the yields were poor.
The only way to bring about the synthesis of 65 is under high-pressure condi-
tions by reaction of 110 with 111, and even so the yield of the natural product
remains quite low. Similar problems are encountered with the synthesis of 67
by allylation of 110 with the terpenoid component 112.
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OSiEt; 1. 15 kbar, CHyCly, t, 24 h

o)
N jfj 2. (MeoN)sS[(MesSi)Fal, N
@ 0 °C, 30 min @[
~
N

N 30 %
110 + Br I: :
111 lavanducyanin (65)
OSiEts (0]
N\ 1. 12 kbar, CH.Cl,, 1t, 24 h N\
@[ _ 2. (M92N>3S[(M93Si)F2], rt @
N 20 % N
110 + Br
|
I
112 phenazinomycin (67)

7.3
Diphenylamines via Pd-catalyzed N-arylation

The access to substituted diphenylamines has been significantly improved
through the development of the Pd-catalyzed N-arylation of anilines by Buch-
wald and Hartwig. The cyclization of the substituted diphenylamines to give
the corresponding phenazines may then be conducted according to standard
methods [78].

For instance, in the context of our investigations of the synthesis of 2-hydro-
xyphenazine (9), we have succeeded in generating the o0,0’-dinitrodiphenyl-

NO, NO,

NO, O.N OMe cat. Pdy(dba)s, cat. BINAP OMe
@[ + D/ Cs,COg3, toluene, A, 36 h _
NH, Br 95 % H
113 114 115
NH, NH,
H, (90 psi), Pd/C OMe
CH.Cly, rt, 2 h FeCI3 1 MHCI, rt @ O/
% N T e
100 % H
116
Me
BBrg, CHyClp, 70 °C, 16 h ©: :©/ ©\
72 %

9 118
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amine 115 by Pd-catalyzed arylation from 113 and 114 with high yields [90].
The reduction of the two nitro groups then gave the 0,0’-diaminodiphenyl-
amine 116, which cyclized to provide the phenazine 117 by FeCl;-mediated
reaction. In a similar way, we were able to produce and convert the 2-nitro-
diphenylamine 118 with NaBH, into the 2-methoxyphenazine (117).

7.4
Intramolecular Pd-catalyzed N-arylation in Phenazine Synthesis

Needless to say, the Buchwald-Hartwig reaction can also be usefully employed
in ways other than the efficient preparation of diphenylamines. Given the re-
spective substitution, it should be possible to bring about the phenazine skeleton
by Pd-catalyzed ring formation as well. There are two ways to proceed: either the
substituent pattern required by the intramolecular Buchwald-Hartwig reaction
is elaborated after the formation of the diphenylamine (121—124), or the start-
ing material already contains the substituents necessary for the two N-arylations.
A reasonable starting point is the intermolecular N-arylation of an 0-haloaniline

intermolecular NO,
N OoN N Pd-catalyzed X x
O\ + @ N-arylation | _ |
/. A& —_— . e
a7 ONHy  Hal TG, » N e
119 120 121
l halogenation
intermolecular Hal NO,
SN Hal OsN N Pd-catalyzed O N
|/ P + | N-arylation | P | <
- / -,
- NHy  Hal” 2T, - N o
122 123 124
l reduction
Hal NH,
() 0
I X
R1 N RQ
125

intramolecular
Pd-catalyzed
N-arylation



108 U. Beifuss - M. Tietze

cat. Pd(OAc),

CO,Me cat. BINAP MeO,C H
Br HoN [o) C82003 N o)
+ \©12—0M9 toluene, 100 °C OMe
e —
NO 99 %
’ Ph : NO, Ph
100 126 127
1. Hg, Pd/C M602C H
2. Bry, NaHCO4 N o cat. Pd(OAc),, cat. BINAP
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Na o] Ny 0
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122 with an o-halonitroarene 123 to give 124, which is then further reduced to 125
and finally cyclized to yield the phenazine 84 by Pd catalysis.

Kamikawa et al. chose the first option to generate the benthocyanin skele-
ton [91]. To begin with, 100 and aniline 126 are transformed into o-nitrodi-
phenylamine 127 by intermolecular N-arylation. Reduction of the nitro group
and selective bromination produces 128, and this time an intramolecular Buch-
wald-Hartwig reaction is used to derive a mixture of the desired phenazine 129
and the elimination product 130. The fundamental problem with this approach
relates to the selective introduction of the halogen substituent that is required
for the intramolecular N-arylation.

Br NO»
Br ON OMe cat. Pdy(dba)s, cat. BINAP OMe
@[ + D/ Cs,C0;, toluene, 100 °C, 50 h
NH, Br % N
2 59 % N
131 114 132
Br NH,
36 % HCI, Fe OMe cat. Pdy(dba)s, cat. 134
EtOH, A, 7 min NaOt-Bu, toluene, A, 36 h
99 % N 76 %

133
N OMe O
P(t-Bu
N/ O ( )2
117
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That the second option can also be successfully used has recently been
revealed by our synthesis of 2-methoxyphenazine (117) [90]. The reduction of
o-bromo-o’-nitrodiphenylamine 132 accessible via intermolecular Pd-catalyzed
N-arylation provides the 0-amino-o’-bromodiphenylamine 133, which can then
be cyclized to give 117 in a Pd-catalyzed intramolecular N-arylation by em-
ploying Pd,(dba); as the Pd complex and 134 as the phosphine ligand. It should
be noted that the outcome of both the intermolecular and the intramolecular
N-arylations heavily depends on the appropriate choice of the Pd complex as
well as the phosphine. Ether cleavage leads to 2-hydroxyphenazine (9).

7.5
Sequential Inter-/Intramolecular Pd-catalyzed N-arylations

Even more attractive is the prospect of preparing phenazines in a single syn-
thetic operation by sequential inter-/intramolecular N-arylation. This would
require the transformation of either two o-haloanilines 122 and 135 or of an
o-phenylenediamine 82 with an o-dihalobenzene 136. Until recently, not even
a single example could be found for this one-step synthesis of heterocycles
via double Pd-catalyzed N-arylation. Numerous experiments conducted in a
variety of different combinations of various Pd catalysts, bases, and phosphine
ligands in our laboratory failed to realize this novel synthetic principle.

O:NHQ Halj@
Hal HoN
double A N\ X
Pd-catalyzed ——— | P B
N-arylation R’/ NN -
(\INHQ Haljij 84
NH,  Hal ’\R2
136

Some breakthrough was finally achieved by using Pd,(dba); as the Pd com-
plex, tris(tert-butyl)phosphine as the ligand, and sodium fert-butoxide as the
base [90]. This combination of reagents proved to bring about the synthesis of
unsubstituted phenazine (137) by reaction of two molecules of 2-bromoaniline
(131). Remarkably, no reaction takes place under the conditions of the
133—117 transformation. Currently the scope and limitations of this new se-
quential inter-/intramolecular N-arylation for the synthesis of N-heterocycles

NH, cat. Pdy(dba)s, cat. P(#-Bu)s N\
2 @[ NaOt-Bu, toluene, rt, 48 h @[ Ij
Br 4% B N

131 137
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are being investigated. To start with, both the optimization of reaction condi-
tions and the range of applicability of the phenazine synthesis will have to
be addressed. Later we will examine whether this reaction proves suitable for
generating unsymmetrical phenazines, e.g., by employing solid-phase method-
ology, and which other heterocycles may be generated by means of sequential
inter-/intramolecular N-arylations.
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Abstract A brief overview of the occurrence and biological activity of carbazole alkaloids
is provided. Recent progress in the development of novel methodologies for the synthesis of
substituted biologically active carbazole alkaloids is summarized. The described methods
are based on the transition metal-mediated oxidative coupling of arylamines with unsatu-
rated six-membered hydrocarbons, thus leading to highly convergent total syntheses of the
envisaged natural products. The advantages of this strategy, as well as the scope and limita-

tions of the different procedures, are discussed.
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1
Introduction

1.1
Occurrence, Classification, and Biological Activity of Carbazole Alkaloids

A variety of structurally diverse carbazole alkaloids has been isolated from
different natural sources over the past four decades [1-8]. The majority of
carbazole alkaloids was obtained from higher plants of the genus Murraya,
Clausena, and Glycosmis belonging to the family Rutaceae. The genus Murraya,
trees growing in southern Asia, represents the richest source of carbazole al-
kaloids from terrestrial plants, particularly for 1-oxygenated and 2-oxygenated
tricyclic carbazole alkaloids (Scheme 1).

N
|'_| OCH3 H;CO |[| OCHj,4
Murrayafoline A R=CHj O-Demethylmurrayafoline A Murrayastine
Koenoline R =CH,0OH
Murrayanine R=CHO R
Mukoeic acid R =COOH O O
M i =
ukonine R = COOCHj3 OCHs
N
1
H

2-Methoxy-3-methylcarbazole R = CHj

O-Methylmukonal (Glycosinine) R =CHO
OH :CH3

2-Hydroxy-3-methylcarbazole R = CHj; OHC ’}‘
Mukonal R =CHO H
Mukonidine R = COOCH; Murrayaline A

Scheme 1 1-Oxygenated and 2-oxygenated tricyclic carbazole alkaloids

For the 1-oxygenated and 2-oxygenated tricyclic carbazole alkaloids 3-me-
thylcarbazole appears to be the common biogenetic precursor [1], which is sub-
sequently oxygenated at different positions and further oxidized at the methyl
group [2]. The classification of carbazole alkaloids used in this article is based
on the functionalization of ring A bearing the methyl substituent [7]. The first
carbazole alkaloid isolated from natural sources was murrayanine, which was
obtained by Chakraborty in 1965 from the stem bark of Murraya koenigii [9].
Subsequently, murrayanine was also found in Clausena heptaphylla [10].
Murrayanine was shown to exhibit antibiotic acitivity [11]. Murraya koenigii
(family Rutaceae) is an Indian medicinal plant commonly known as curry-leaf
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Fig. 1 Blooming plant of Murraya koenigii (curry-leaf tree). (Courtesy of Calvin Lemke,
Department of Botany and Microbiology, University of Oklahoma)

(Hindi: kari patta) tree (Fig. 1). The leaves of this small tree are used as a spice
for the preparation of curry. Extracts from various parts of the plant have a
strong antibacterial and antifungal activity and therefore are applied in folk
medicine [12].

On closer investigation of different parts of Murraya koenigii over the
following years a broad range of 1- and 2-oxygenated tricyclic carbazole al-
kaloids was discovered. Among the 1-oxygenated carbazole alkaloids mukoeic
acid [13], its methyl ester, mukonine [2],and O-demethylmurrayafoline A [14]
were all isolated from the stem bark, whereas the cytotoxic carbazole alkaloid
koenoline [15] was obtained from the roots. Murrayafoline A [16] was isolated
from the root bark and murrayastine [17] from the stem bark of Murraya
euchrestifolia Hayata collected in Taiwan. The 2-oxygenated carbazole alka-
loids 2-hydroxy-3-methylcarbazole [18], mukonal [19], mukonidine [20], and
2-methoxy-3-methylcarbazole [21] were extracted from different parts of Mur-
raya koenigii. Mukonidine was also obtained from the root bark of Clausena
excavata by Wu [22], who reported spectral data different from those described
by Chakraborty [19,20]. In China Clausena excavata is used in traditional folk
medicine for the treatment of various infectious diseases and poisonous
snakebites. O-Methylmukonal (glycosinine) was isolated from both Murraya
siamensis [23] and from Glycosmis pentaphylla [24]. Murrayaline A was found
in the stem bark of Murraya euchrestifolia [17, 25]. The structures of mur-
rayastine and murrayaline A demonstrate that the 1- and 2-oxygenated tricyclic
carbazole alkaloids may be further functionalized in ring C.

In contrast to the 1- and 2-oxygenated tricyclic carbazole alkaloids, most of
the 3-oxygenated and the 3,4-dioxygenated tricyclic carbazole alkaloids were
isolated from Streptomyces (Scheme 2). Their common structural feature is a
2-methylcarbazole, although biosynthetic studies on carbazomycin B have
shown that tryptophan is the precursor of the carbazole nucleus [26]. 4-De-
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Scheme 2 3-Oxygenated and 3,4-dioxygenated tricyclic carbazole alkaloids

oxycarbazomycin B, originally obtained by degradation of natural carba-
zomycin B [27], exhibits a significant inhibitory activity against various Gram-
positive and Gram-negative bacteria [28]. Over the years, 4-deoxycarbazomycin
B became something of a benchmark for synthetic approaches to these alkaloids
[7]. Moore isolated hyellazole, the first carbazole alkaloid from marine sources,
from the blue-green alga Hyella caespitosa [29]. Carazostatin was isolated from
Streptomyces chromofuscus and shows a strong inhibition of lipid peroxidation
induced by free radicals [30]. Electrochemical studies confirmed that both cara-
zostatin and its synthetic derivative O-methylcarazostatin are useful antioxi-
dants [31]. In liposomal membranes carazostatin has a stronger antioxidant
activity than a-tocopherol [32]. The neuronal cell protecting alkaloids car-
bazomadurin A and B were obtained by Seto from Actinomadura madurae
2808-SV1 [33]. The biological data suggest that the mode of action of the
carbazomadurins is based on their antioxidative activity. Nakamura described
the isolation of the carbazomycins A-F from Streptoverticillium ehimense H
1051-MY 10 [27, 34]. Carbazomycin E (carbazomycinal) and carbazomycin F
(6-methoxycarbazomycinal) were also obtained from a different Streptoverti-
cillium species of the strain KCC U-0166 [35]. The carbazomycins A and B
inhibit the growth of phytopathogenic fungi and exhibit antibacterial and
antiyeast activities. Carbazomycin C and D show only very weak antimicrobial
activity. Carbazomycin E and F inhibit selectively the formation of aerial
mycelia without any effect on the growth of substrate mycelia. Moreover,
carbazomycin B and C were found to be inhibitors of 5-lipoxygenase [36]. Kato
isolated the neocarazostatins A-C from the culture of Streptomyces sp. strain
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GP 38 [37]. The neocarazostatins show a strong inhibitory activity against lipid
peroxidation induced by free radicals.

The carbazole-1,4-quinones represent an important subgroup of the car-
bazole alkaloids and were mainly isolated from plants of the genus Murraya
(Scheme 3) [7,38]. Murrayaquinone A, isolated by Furukawa from the root bark
of Murraya euchrestifolia [16], exhibits cardiotonic activity [39]. Koenigine-
quinone A and B were obtained by Chowdhury from the stem bark of Murraya
koenigii [40]. Wu isolated clausenaquinone A from the stem bark of Clausena ex-
cavata [41]. Clausenaquinone A inhibits the growth of several tumor cell lines
and moreover shows potent inhibition of the rabbit platelet aggregation induced
by arachidonic acid. The isomeric pyrayaquinones A and B have an annulated
dimethylpyran ring as the characteristic structural feature and were found in the
root bark of Murraya euchrestifolia [42]. The carbazomycins G and H, isolated
from Streptoverticillium ehimense, are structurally unique because of the car-
bazole-1,4-quinol moiety [43]. Carbazomycin G exhibits antifungal activity.

The carbazole-3,4-quinone alkaloids were all isolated by Seto from different
Streptomyces (Scheme 4). Carbazoquinocin C was obtained from Streptomyces

0 o)
R? CH, HsC OCHs
R O O HO O O
N N
hoo© y O

R" R?
Clausenaquinone A

Murrayaquinone A H H
Koeniginequinone A OCH3; H
Koeniginequinone B OCH3; OCH;3

o]

R OCH;
O O CH;
N HO O

H

Carbazomycin G R=H
Pyrayaquinone A Pyrayaquinone B Carbazomycin H R =0OCH;

Scheme 3 Carbazole-1,4-quinone and carbazole-1,4-quinol alkaloids

N
f Ctis

Carbazoquinocin C Carquinostatin A Lavanduquinocin

Scheme 4 Carbazole-3,4-quinone alkaloids
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violaceus 2448-SVT2 and shows a strong inhibitory activity against lipid
peroxidation [44]. Carquinostatin A, isolated from Streptomyces exfoliatus
2419-SVT2 [45], and lavanduquinocin, from Streptomyces viridochromogenes
2941-SVS3 [46], are potent neuronal cell protecting substances containing a
terpenoid side chain in the 6-position.

The pyranocarbazole alkaloids were all obtained from terrestrial plants
(Scheme 5). Girinimbine has a pyrano[3,2-a]carbazole framework and was
isolated first from the stem bark of Murraya koenigii [47-49]. Subsequently,
girinimbine was obtained from the roots of Clausena heptaphylla [50]. Mur-
rayacine was also isolated from both plants [48-52]. Dihydroxygirinimbine [53]
and pyrayafoline A [17, 54] were obtained from Murraya euchrestifolia. The
pyran ring of dihydroxygirinimbine contains a trans-1,2-diol moiety. However,
the absolute configuration is not known.

Girinimbine R = CHj Pyrayafoline A
Murrayacine R =CHO Dihydroxygirinimbine

Scheme 5 Pyranocarbazole alkaloids

The heteroaryl-annulated carbazole alkaloids have attracted high interest
because of their pharmacological activities [55] (Scheme 6). Furukawa isolated
the furo[3,2-a]carbazole alkaloid furostifoline from Murraya euchrestifolia
[56]. The pyrido[4,3-b]carbazole alkaloid ellipticine was originally obtained
from the leaves of Ochrosia elliptica Labill [57]. Ellipticine shows significant
antitumor activity [58]. This finding induced a strong interest in pyrido[4,3-
b]carbazole alkaloids and their synthetic analogs [7, 59]. The indolo[2,3-a]car-
bazole alkaloids exhibit a broad range of potent biological activities (antifungal,
antimicrobial, hypotensive, antitumor, and inhibition of protein kinase C
and topoisomerase I), which prompted the development of several synthetic
approaches [7, 60]. Nakanishi isolated staurosporinone (or K-252c), which
represents the aglycon of staurosporine, from Nocardiopsis strain K-290 [61].

'ﬂ
N _o

HaC
Cses O QeYed
— N
1
H I CHs NN
Furostifoline Ellipticine Staurosporinone (K-252¢)

Scheme 6 Heteroarylcarbazole alkaloids
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The dimeric carbazole alkaloids often occur along with the corresponding
monomeric carbazoles in terrestrial plants [7, 62] (Scheme 7). Clausenamine-
A was obtained by Wu from the stem bark of Clausena excavata [63]. Clausen-
amine-A and its synthetic analogs, like bis(O-demethylmurrayafoline-A), show
cytotoxic activities against diverse human cancer cell lines [64] and
exhibit moderate antimalarial activity [65,66]. Furukawa isolated 1,1’-bis(2-hy-
droxy-3-methylcarbazole) and bismurrayaquinone-A, the first dimeric car-
bazolequinone alkaloid found in nature, from Murraya koenigii [67].

Clausenamine-A R = 0OCH;
Bis(O-demethylmurrayafoline-A) R=H

1,1'-Bis(2-hydroxy-3-methylcarbazole)

Bismurrayaquinone-A

Scheme 7 Dimeric carbazole alkaloids

1.2
Convergent Synthesis of Carbazoles by Oxidative Coupling of Arylamines

The structural diversity and the useful biological activities of natural carbazole
alkaloids induced the development of novel synthetic routes to the carbazole
framework and their application in natural product synthesis [68-78]. Organo-
metallic approaches to carbazoles received special attention, since they have led
in many cases to highly convergent total syntheses of carbazole alkaloids [7,75].
The present article describes the synthesis of carbazoles using a transition
metal-mediated or -catalyzed oxidative coupling of arylamines with an unsat-
urated six-membered hydrocarbon as common general strategy (Scheme 8).

Q. Qe
+ —_—_—
NH,
1 2

2a: cyclohexene
2b: cyclohexa-1,3-diene
2c: arenes

w T-Z

Scheme 8 Synthesis of carbazoles by oxidative coupling of arylamines
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A molybdenum-mediated oxidative coupling of aniline 1 with cyclohexene 2a
provides carbazole 3. Alternatively, the same overall transformation of aniline
1 to carbazole 3 is achieved by iron-mediated oxidative coupling with cyclo-
hexa-1,3-diene 2b or by palladium-catalyzed oxidative coupling with arenes 2c.
The use of appropriately substituted anilines and unsaturated six-membered
hydrocarbons opens up the way to highly convergent organometallic synthe-
ses of carbazole alkaloids.

2
Iron-Mediated Synthesis of Carbazoles

The iron-mediated construction of the carbazole framework proceeds via
consecutive C-C and C-N bond formation as key steps [70,71]. The C-C bond
formation is achieved by electrophilic substitution of the arylamine with a
tricarbonyliron-coordinated cyclohexadienyl cation. The parent iron complex
salt for electrophilic substitutions, tricarbonyl[n’-cyclohexadienylium]iron
tetrafluoroborate 6a, is readily available by azadiene-catalyzed complexation
and subsequent hydride abstraction (Scheme 9).

+

Fe(CO);
Fe(CO)s, 12.5 mol% 4 A Ph;CBF,
: = Fe(CO); ——————>»
dioxane, 101°C, 5d = CHyClp BF,
2 (99%) 5 (99%) 6a
catalyst for complexation: +
v P HyCO _+ Fe(CO)s

OMe Fe(CO)s H5CO (73
WNO @ PF& \O BF4
6b

4

6¢c

Scheme 9 Preparation of the tricarbonyliron-coordinated cyclohexadienylium salts 6

The catalytic complexation of cyclohexa-1,3-diene 2b is much superior to
the classical procedures by direct reaction of the diene with pentacarbonyliron
[79]. The complexation of 2b in the presence of 12.5 mol% of the azadiene
catalyst 4 provides quantitatively tricarbonyl|n*-cyclohexa-1,3-diene]iron 5
[80]. Hydride abstraction of complex 5 using triphenylcarbenium tetrafluo-
roborate provides the iron complex salt 6a [81]. Similar sequences afford the
corresponding 3-methoxy-substituted and 2-methoxy-substituted complex
salts 6b and 6¢ [82, 83].

An oxidative cyclization leads to the C-N bond formation and furnishes the
carbazole nucleus. The three modes of the iron-mediated carbazole synthesis
differ in the procedures which are used for the oxidative cyclization [77, 78].
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2.1
Arylamine Cyclization

The carbazole construction using iron-mediated arylamine cyclization for the
C-N bond formation was applied to the synthesis of 4-deoxycarbazomycin B
[84]. The synthesis of this model compound demonstrates also the course of
the two key steps which are involved in the iron-mediated carbazole synthesis
(Scheme 10).

.
Fe(CO)s OCHy y OCH;
K ?SJ + %CC» (OC)g,Fe—@l
BFs  HyN CHs "rlu CHs
6a CH, H  CHs
7 8
(OC)sF @
3 e_
MeCN, 82°C X OCHj,
—_—
(96%)
HoN CH3

CH,

CpaFePFg 9 v. a. MnO,
(47%) (28%)
OCHj OCHj

(OC)Fea= oy, -8 MnO; (74%) O Q o
A\ N % TCp,FePFq (68%) N 3
L CH,

I CHg

10 1

Scheme 10 Iron-mediated synthesis of 4-deoxycarbazomycin B 11

The electrophilic substitution of 4-methoxy-2,3-dimethylaniline 7 by reac-
tion with the complex salt 6a in acetonitrile at room temperature initially leads
to the N-alkylated arylamine 8 as the kinetic product. On heating the reaction
mixture under reflux compound 8 rearranges to complex 9, which is the result
of regioselective electrophilic aromatic substitution at the position ortho to
the amino group, and represents the thermodynamic product of this reaction
[85]. The iron-mediated arylamine cyclization of complex 9 by oxidation with
very active manganese dioxide [86] provides directly, with concomitant arom-
atization and demetalation, 4-deoxycarbazomycin B 11 [84]. A selective cyclo-
dehydrogenation of complex 9 by treatment with the SET oxidizing agent
ferricenium hexafluorophosphate affords the tricarbonyliron-complexed
4a,9a-dihydrocarbazole 10, which represents the intermediate of the direct
transformation of complex 9 to compound 11. Thus, on oxidation with very ac-
tive manganese dioxide, complex 10 is readily converted to 11. The aromati-
zation and demetalation of complex 10 to 11 can also be achieved by treatment
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with a second equivalent ferricenium hexafluorophosphate [84]. Investigations
with deuterium-labeled analogs of complex 9 have shown that the regioselec-
tivity of the iron-mediated oxidative cyclization can be directed by the choice
of the oxidizing agent. Two-electron oxidants (manganese dioxide) initially
lead to attack at C4 of the cyclohexadiene ligand (iron-coordinated sp? carbon
atom), while one-electron oxidants (ferricenium hexafluorophosphate) result
in attack at C6 of the cyclohexadiene ligand (sp® carbon atom) [87]. However,
a subsequent proton-catalyzed isomerization of the kinetic product may occur.
This observation is of importance for the iron-mediated synthesis of carbazole
alkaloids, when using unsymmetrically substituted cyclohexadiene ligands.
The methodology featuring the iron-mediated arylamine cyclization represents
a threefold dehydrogenative coupling of an arylamine with cyclohexa-1,3-di-
ene and has been applied to the total synthesis of a broad range of carbazole
alkaloids.

The reaction of the complex salt 6a with the arylamine 12 affords by regio-
selective electrophilic substitution the iron complex 13 [88] (Scheme 11). The
oxidative cyclization of complex 13 with very active manganese dioxide pro-
vides directly mukonine 14, which by ester cleavage was converted to mukoeic
acid 15 [89]. Further applications of the iron-mediated construction of the
carbazole framework to the synthesis of 1-oxygenated carbazole alkaloids
include murrayanine, koenoline, and murrayafoline A [89].

N
Fe(CO)s (OC)BFe-©
@ . COOCH; COOCH,
—>
- 2510 82°C
BF4 HN (61%) HoN
6a OCH, OCH,
12 13
COOCH; COOH
v.aMO, O Q 1.KOH O Q
BT R 2.Hel
| OCH, (86%) | OCH,
14 15

Scheme 11 Synthesis of mukonine 14 and mukoeic acid 15

The iron-mediated synthesis of 2-oxygenated carbazole alkaloids is limited
and provides only a moderate yield (11%) for the oxidative cyclization to
2-methoxy-3-methylcarbazole using iodine in pyridine as the reagent [90].
Ferricenium hexafluorophosphate is the superior reagent for the iron-mediated
arylamine cyclization leading to 3-oxygenated carbazoles (Scheme 12). Elec-
trophilic substitution of the arylamines 16 with the complex salt 6a leads to the
iron complexes 17. Oxidative cyclization of the complexes 17 with an excess of
ferricenium hexafluorophosphate in the presence of sodium carbonate affords
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hyellazole 19a and O-methylcarazostatin 19b along with the tricarbonyliron-co-
ordinated 4b,8a-dihydrocarbazol-3-ones 18a and 18b as by-products. These by-
products are additionally converted to the 3-methoxycarbazoles by demetala-
tion with trimethylamine N-oxide and subsequent O-methylation. Thus, both
compounds are readily available by the present route (hyellazole 19a: three
steps, 83% overall yield [91] and O-methylcarazostatin 19b: three steps, 82%
overall yield [92]).

o (OC)sFe=s
Fe(CO), ocH JFe
3 MeCN X, OCH3
* 82°C
BF, HoN CHj3 HoN CH3

6a R R
16a R= CGH5 17a (98%)
16b R =C;Hy5 17b (100%)
o) OCH3;
S ce i o v &
Na,CO3 X N/ Ha N
R 4y R
18a (29%) 19a (59%)
18b (33%) 19b (53%)

| 1. MesNO, 2. K,COs, Mel f
a (88%) b (89%)

Scheme 12 Synthesis of hyellazole 19a and O-methylcarazostatin 19b

The total synthesis of the carbazomycins emphasizes the utility of the iron-
mediated synthesis for the construction of highly substituted carbazole deriv-
atives. The reaction of the complex salts 6a and 6b with the arylamine 20 leads
to the iron complexes 21, which prior to oxidative cyclization have to be pro-
tected by chemoselective O-acetylation to 22 (Scheme 13). Oxidation with very
active manganese dioxide followed by ester cleavage provides carbazomycin B
23a [93] and carbazomycin C 23b [94]. The regioselectivity of the cyclization
of complex 22b to a 6-methoxycarbazole is rationalized by previous results
from deuterium labeling studies [87] and the regiodirecting effect of the 2-
methoxy substituent of the intermediate tricarbonyliron-coordinated cyclo-
hexadienylium ion [79¢, 79d]. Starting from the appropriate arylamine, the
same sequence of reactions has been applied to the total synthesis of car-
bazomycin E (carbazomycinal) [95].

The carbazole-1,4-quinol alkaloids are also accessible by the iron-mediated
arylamine cyclization (Scheme 14). Electrophilic substitution reaction of the
arylamine 24 with the complex salts 6a and 6b affords the iron complexes 25.
Protection to the acetates 26 and oxidative cyclization with very active man-
ganese dioxide leads to the carbazoles 27, which are oxidized to the carbazole-
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Scheme 13 Synthesis of carbazomycin B 23a and carbazomycin C 23b
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Scheme 14 Synthesis of carbazomycin G 29a and carbazomycin H 29b
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1,4-quinones 28 using ceric ammonium nitrate. Conversion to carbazomycin G
29a and carbazomycin H 29b by regioselective addition of methyllithium at C1
completes the synthesis [96].

The total synthesis of the furo[3,2-a]carbazole alkaloid furostifoline is
achieved in a highly convergent manner by successive formation of the car-
bazole nucleus and annulation of the furan ring (Scheme 15). Electrophilic
substitution of the arylamine 30 using the complex salt 6a provides complex 31.
In this case, iodine in pyridine was the superior reagent for the oxidative
cyclization to the carbazole 32. Finally, annulation of the furan ring by an
Amberlyst 15-catalyzed cyclization affords furostifoline 33 [97].

F+(CO) (OC)3F @
e 3 CH; g
N 'l,' CH3
BF, ’ H N/©:O OEt '\2(55?(:‘ /@ OEt
) ’ OEt (97%) HoN O’\(
6a 30 31 OEt
CH,3 OFt CH3
e Qs e O3
pyridine N OEt b N /O
(40%) ! ||_|
32 33

Scheme 15 Synthesis of furostifoline 33

The double iron-mediated arylamine cyclization provides a highly conver-
gent route to indolo[2,3-b]carbazole (Scheme 16). Double electrophilic substi-
tution of m-phenylenediamine 34 by reaction with the complex salt 6a affords
the diiron complex 35, which on oxidative cyclization using iodine in pyridine
leads to indolo[2,3-b]carbazole 36 [98]. Thus, it has been demonstrated that the
bidirectional annulation of two indole rings can be applied to the synthesis of
indolocarbazoles.

OC)3F Z 2 Fe(CO
. o— 2 re
/@\ + 2.2 equiv. 6a (OC)s ~ =z (CO)3
HoN NH, MeCN, 25°C
34 (96%) HoN NH,
35

|od|ne O

pyrldlne O

(38%)

36

Scheme 16 Synthesis of indolo[2,3-b]carbazole 36
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2.2
Quinone Imine Cyclization

For the quinone imine cyclization of iron complexes to carbazoles the arylamine
is chemoselectively oxidized to a quinone imine before the cyclodehydrogena-
tion [99]. The basic strategy of this approach is demonstrated for the total syn-
thesis of the 3-oxygenated tricyclic carbazole alkaloids 4-deoxycarbazomycin B,
hyellazole, carazostatin, and O-methylcarazostatin (Scheme 17).

OC)sFeme Z
(OCKFe .., OCH; Mno,  OCksFeT |, 0
—_— ’
(H20)
HoN CHa HN CHj

R R
9 R=CH, 37a R=CH; (63%)
17a R=CgHs 37b R =CgHs (85%)
17b R= C7H15 37¢c R= C7H15 (78%)
O

v. a. MnO, (OC)sFeaT” Me3NO
—» —>

38a R=CH; (90%)
38b R =CgHs (78%)
38 R= C7H15 (78%)

OH OCH,

Q—M () Mol or “ ()
—_—
" CH; MepS0, N CHs

1 1
LR LR

39a R=CH; (93%) 11 R=CH; (96%)
39b R =CgHs (95%) 19a R=CgHs (93%)
39c R = CsHys (74%) 19b R = C;Hys (89%)

Scheme 17 Synthesis of carazostatin 39c and the 3-methoxycarbazole alkaloids 11, 19a,and
19b

Oxidation of the iron complexes 9 and 17 with commercial manganese diox-
ide (containing water) provides the noncyclized quinone imines 37. A cyclode-
hydrogenation of the complexes 37 by treatment with very active manganese
dioxide leads to the cyclized quinone imines 38. These tricarbonyliron-coordi-
nated 4b,8a-dihydrocarbazol-3-ones contain a dihydrobenzene ring as well as a
quinone ring and overall have the oxidation state of an aromatic carbazole ring
system. Therefore, demetalation using trimethylamine N-oxide occurs with
concomitant tautomerization to the 3-hydroxycarbazoles 39. Compound 39¢
represents the natural free radical scavenger carazostatin. The O-methylation
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of the 3-hydroxycarbazoles 39 provides 4-deoxycarbazomycin B 11 [84], hyella-
zole 19a [91],and O-methylcarazostatin 19b [92]. Starting from the iron complex
salt 6¢, the iron-mediated quinone imine cyclization leads to 3,7-dioxygenated
carbazoles [99].

For the iron complexes resulting from 4,5-dioxygenated arylamines, the in-
termediate noncyclized quinone imines without isolation undergo a direct
quinone imine cyclization [99]. This increased reactivity is exploited for the
synthesis of carbazomycin A 44a and carbazomycin D 44b (Scheme 18). The
reaction of the complex salts 6a and 6b with the arylamine 40a affords the iron
complexes 41. Oxidation of the complexes 41 using commercial manganese
dioxide (containing water) leads directly to the 4b,8a-dihydrocarbazol-3-one
complexes 42 by generation of the quinone imine and subsequent in situ cycli-
zation. The regioselectivity of the cyclization of complex 41b is again explained
by the previous deuterium labeling experiments [87] in context with the re-
gioselective attack at a tricarbonyliron-coordinated 2-methoxycyclohexa-
dienylium ion [79c, 79d]. Demetalation and tautomerization gives the 3-hy-
droxycarbazoles 43, which on O-methylation provide carbazomycin A 44a [93]
and carbazomycin D 44b [94].

OCH3 z OCH
e(CO (OC)3Fe/—©I, 3OCH
_MeCN R " 3
BF4 250 HoN CHj
(PF§) CH,
6a R=H 41a (85%)
6b R=0CH, 41b (79%)
R HCQ o
MnO, (OC)sFenm Me3NO
—_— CH3 —_—
(H20) NG
CH,
42a (63%)
42D (38%)
] HCO oy ] HCQ  oep,
Q Mel or O
CHj Me,SO, CHj
N N
ly  CHs ly  CHs
43a (92%) 44a (72%)
43b (84%) 44b (84%)

Scheme 18 Synthesis of carbazomycin A 44a and carbazomycin D 44b



130 H.-J. Knolker

2.3
Oxidative Cyclization by Air

More recently, an environmentally benign method using air as oxidant has been
developed for the oxidative cyclization of arylamine-substituted tricarbonyl-
iron-cyclohexadiene complexes to carbazoles (Scheme 19). Reaction of methyl
4-aminosalicylate 45 with the complex salt 6a affords the iron complex 46, which
on oxidation in acidic medium by air provides the tricarbonyliron-complexed
4a,9a-dihydrocarbazole 47. Aromatization with concomitant demetalation by
treatment of the crude product with p-chloranil leads to mukonidine 48 [88].
The spectral data of this compound are in agreement with those reported by
Wu [22].

R
Fe(CO)s COOCH; (OC)Feme
@ . /@[ MeCN S, COOCH;
BF H,N OH
4 2 (87%) HoN OH
6a 45 46
COOCH, COOCH;3
toluene, TFA (OC)3FG\Q_Q p-chloraml
—_—
air, 25°C N\ N OH  \ ™&w) OH
1
H
47 4s

Scheme 19 Synthesis of mukonidine 48

In a more direct approach, the electrophilic substitution of the arylamine by
the complex salt 6a is combined with the oxidative cyclization by air, thus fur-
nishing the carbazole framework in a one-pot process via consecutive iron-me-
diated C-C and C-N bond formation (Scheme 20). Addition of two equivalents
of the arylamines 40 to the complex salt 6a in acetonitrile at room temperature
leads directly to the tricarbonyliron-complexed 4a,9a-dihydrocarbazoles 49.
Demetalation and subsequent aromatization by catalytic dehydrogenation
[100] provides carbazomycin A 44a and the carbazole derivatives 50. By this
considerably improved synthesis, 44a becomes available in three steps and 65%
overall yield [101]. Ether cleavage of the carbazole 50b using boron tribromide
followed by oxidation with air to the ortho-quinone affords carbazoquinocin
C51 [102]. Compound 50c, containing the (R)-2-acetoxypropyl side chain at the
1-position of the carbazole framework, represents a common precursor for the
enantioselective total synthesis of carquinostatin A and lavanduquinocin [103-
105] (Scheme 21). Electrophilic bromination of 50c to the 6-bromocarbazole 52
and subsequent nickel-mediated coupling [106] with either prenyl bromide 53a
or f-cyclolavandulyl bromide 53b provides the 6-substituted carbazoles 54.
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Scheme 20 Synthesis of carbazomycin A 44a, carbazoquinocin C 51, and the precursor 50c
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Scheme 21 Enantioselective synthesis of carquinostatin A 55a and lavanduquinocin 55b

Reductive removal of the acetyl group and oxidation to the ortho-quinone
affords carquinostatin A 55a [103] and lavanduquinocin 55b [104].

The procedure is also applicable to acetoxy-substituted arylamines, thus
broadening the scope of the carbazole synthesis (Scheme 22). Reaction of the
complex salt 6a with the 5-acetoxyarylamines 56 affords the tricarbonyliron-
complexed 4a,9a-dihydrocarbazoles 57, which on demetalation and subsequent
catalytic dehydrogenation [100] give the 4-acetoxycarbazoles 58. Removal of
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Scheme 22 Synthesis of carbazomycin B 23a and (+)-neocarazostatin B 60

the acetyl group by reduction of compound 58a with lithium aluminum
hydride completes an improved route to carbazomycin B 23a (four steps, 55%
overall yield) [101]. Electrophilic bromination of compound 58b followed by
nickel-mediated prenylation [106] provides the 6-prenylcarbazole 59, which by
ester cleavage is transformed into (+)-neocarazostatin B 60 [107].

3
Molybdenum-Mediated Synthesis of Carbazoles

Despite many applications of the iron-mediated carbazole synthesis, the access
to 2-oxygenated tricyclic carbazole alkaloids using this method is limited due
to the moderate yields for the oxidative cyclization [88, 90].In this respect, the
molybdenum-mediated oxidative coupling of an arylamine and cyclohexene 2a
represents a complementary method. The construction of the carbazole frame-
work is achieved by consecutive molybdenum-mediated C-C and C-N bond
formation. The cationic molybdenum complex, required for the electrophilic
aromatic substitution, is easily prepared (Scheme 23).

Wohl-Ziegler bromination of cyclohexene 2a and treatment of the resulting
3-bromocyclohexene with tri(acetonitrile)tricarbonylmolybdenum, followed
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Scheme 23 Preparation of the molybdenum complex salt 62

by lithium cyclopentadienide, provides dicarbonyl[ ’-cyclohexenyl] [ °-cyclo-
pentadienyl]Jmolybdenum 61 [108]. An alternative synthesis of complex 61 uses
3-cyclohexenyl diphenylphosphinate as starting material [109]. Hydride ab-
straction of complex 61 with triphenylcarbenium hexafluorophosphate affords
the molybdenum complex salt 62 [108]. A broad range of nucleophiles can be
added to this cationic molybdenum-cyclohexa-1,3-diene complex [108, 110].
A model study directed toward the synthesis of 4-deoxycarbazomycin B 11
first showed that the complex salt 62 can also be applied in the electrophilic
aromatic substitution of arylamines [111] (Scheme 24).

OCH3

N /+ OCHj,
oc/ MeCN 82°C
PF6- | ( 40/0) OC’MO-@

62
OCHj4

Mn02

—_— CHj3

(41%) N

) CHj

11

Scheme 24 Molybdenum-mediated synthesis of 4-deoxycarbazomycin B 11

Reaction of 4-methoxy-2,3-dimethylaniline 7 with the complex salt 62 in
acetonitrile under reflux affords the molybdenum complex 63. The best reagent
for the molybdenum-mediated arylamine cyclization with concomitant arom-
atization and demetalation is commercial activated manganese dioxide (acti-
vated by azeotropic removal of water) [112]. The oxidative cyclization of com-
plex 63 using this activated commercial manganese dioxide leads directly to
4-deoxycarbazomycin B 11 [111]. The electrophilicity of the molybdenum com-
plex salt 62 is lower than of the iron complex salt 6a. Therefore, 2-oxygenated
tricyclic carbazole alkaloids are better targets for this method, because they
require 3-oxygenated arylamines as starting materials, which are more elec-
tron-rich at the ortho-amino position (Scheme 25).

Electrophilic substitution of 3-methoxy-4-methylaniline 64 by the complex
salt 62 leads to the molybdenum complex 65. Oxidative cyclization of complex
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Scheme 25 Synthesis of the 2-oxygenated tricyclic carbazole alkaloids 66-69 and 1,1’-bis(2-
hydroxy-3-methylcarbazole) 70

65 with activated commercial manganese dioxide provides 2-methoxy-3-me-
thylcarbazole 66. This natural product [21] serves as a relay compound for the
synthesis of further 2-oxygenated tricyclic carbazole alkaloids and a dimeric
carbazole alkaloid [111]. Oxidation of the methyl group using 2,3-dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ) gives O-methylmukonal (glycosinine) 67,
which on cleavage of the ether affords mukonal 68. Ether cleavage of compound
66 leads to 2-hydroxy-3-methylcarbazole 69. Oxidative biaryl coupling of the
carbazole 69, using p-chloranil, provided 1,1’-bis(2-hydroxy-3-methylcarbazole)
70 [111].

The molybdenum-mediated arylamine cyclization was also applied to the
total synthesis of pyrano[3,2-a]carbazole alkaloids (Scheme 26). Reaction of
the 5-aminochromene 71 with the complex salt 62 affords the complex 72,
which on oxidative cyclization provides girinimbine 73, a key compound for the
transformation into further pyrano(3,2-a]carbazole alkaloids. Oxidation of 73
with DDQ leads to murrayacine 74, while epoxidation of 73 using meta-chloro-
perbenzoic acid (MCPBA) followed by hydrolysis provides dihydroxygirinim-
bine 75 [113].
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Scheme 26 Synthesis of girinimbine 73, murrayacine 74, and dihydroxygirinimbine 75

4
Palladium-Catalyzed Synthesis of Carbazoles

The formation of carbon-carbon bonds by palladium-promoted reactions has
been widely used in organic synthesis [114-116]. A major advantage is that
most of these coupling reactions can be performed with catalytic amounts of
palladium. Palladium(II)-catalyzed reactions, e.g., the Wacker process, are dis-
tinguished from palladium(0)-catalyzed reactions, e.g., the Heck reaction, since
they require oxidative regeneration of the catalytically active palladium(II)
species in a separate step [117]. Several groups have applied palladium-medi-
ated and -catalyzed coupling reactions to the construction of the carbazole
framework.

4.1
Cyclization of N,N-Diarylamines

The oxidative cyclization of N,N-diarylamines to carbazoles has been achieved
by thermal or photolytic induction [7, 75]. However, the yields for this trans-
formation are mostly moderate. Better results are obtained by the palladium(II)-
mediated oxidative cyclization of N,N-diarylamines (Scheme 27). Oxidative
cyclization by heating of the N,N-diarylamines 76 in the presence of a stoi-
chiometric amount of palladium(II) acetate in acetic acid under reflux provides
the corresponding 3-substituted carbazoles 77 in 70-80% yield [118]. The cou-
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Scheme 27 Palladium(II)-mediated oxidative cyclization of N,N-diarylamines

pling is initiated by electrophilic attack of palladium(II) at the aromatic rings
to an arylpalladium intermediate, which undergoes reductive elimination to
generate the carbazole and palladium(0). By reoxidation of palladium(0) to pal-
ladium(II), this transformation becomes catalytic in the transition metal. The
feasibility of achieving a catalytic cyclization for this type of reaction was
demonstrated first by reoxidation of palladium(0) with copper(II) [119, 120],
a catalytic system known from the Wacker oxidation [117]. Alternatively, tert-
butyl hydroperoxide can be used as reoxidant for palladium(0) [121].

The cyclodehydrohalogenation of 2-halo-N,N-diarylamines is analogous to
the classical Heck reaction [114-116] and represents a palladium(0)-catalyzed
process (Scheme 28). Cyclization of the diarylamine 78 with a palladium(0)
catalyst, generated in situ by reduction of palladium(II) with triethylamine,
affords carbazole-1-carboxylic acid 79 in 73% yield [122].

|
2.7 mol% Pd(OAc), O O
N MeCN, E6N, 150°C

|l| COOH (73%) | COOH

78 79

Scheme 28 Palladium(0)-catalyzed cyclization of 2-iodo-N,N-diarylamines

The required diarylamines, like 76 and 78, can be prepared using the Gold-
berg coupling reaction followed by hydrolysis of the resulting diarylamide
[123] or by the Buchwald-Hartwig amination [124]. Since the Buchwald-
Hartwig amination represents a palladium(0)-catalyzed process, it can be
combined with the cyclodehydrohalogenation of 2-halo-N,N-diarylamines.
This leads to a simple construction of the carbazole framework by consecutive
palladium(0)-catalyzed C-N and C-C bond formation [125]. A further recent
palladium(0)-catalyzed carbazole synthesis uses the double Buchwald-Hartwig
amination of 2,2’-dihalo-1,1"-biaryls with primary amines [126]. However, both
procedures are still restricted to the synthesis of N-substituted carbazoles.

The palladium(II)-mediated oxidative cyclization of N,N-diarylamines is use-
ful for convergent total syntheses of a range of structurally different carbazole
alkaloids. Goldberg coupling of 2,3-dimethoxyacetanilide 80 and 2-bromo-5-
methylanisole 81 and subsequent alkaline hydrolysis affords the diarylamine 82
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Scheme 29 Synthesis of murrayastine 83

(Scheme 29). Cyclodehydrogenation of 82 with stoichiometric amounts of
palladium(II) acetate in N,N-dimethylformamide (DMF) under reflux provides
murrayastine 83 [17]. The same sequence of reactions can be applied to the
synthesis of murrayaline A [17].

The Goldberg coupling between 5-acetylamino-2,2-dimethylchromene 84
and 5-bromo-2-methylanisole 85 followed by hydrolysis leads to the diarylamine
86, which on palladium(II)-mediated oxidative cyclization affords pyrayafoline
A 87 [17] (Scheme 30). Starting from 7-acetylamino-2,2-dimethylchromene, the
method has been applied to the synthesis of O-methylpyrayafoline B [54].

/@ECH3 1. Cu, K,CO3, pyridine

+ -
0,

NHAG  Br OCH, 2. 20% KOH/EtOH

85
QCHs Pd(OAc),
—_—
’|\l OCH,4 DMF, reflux
H3C N H

Scheme 30 Synthesis of pyrayafoline A 87

Using an appropriate isoquinoline precursor, a highly convergent synthesis
of ellipticine is achieved (Scheme 31). The Goldberg coupling of acetanilide 88
and 6-bromo-5,8-dimethylisoquinoline 89 and subsequent acidic hydrolysis
gives the diarylamine 90. Palladium(II)-mediated cyclodehydrogenation of 90
provides ellipticine 91 [127]. Although the yield of the cyclization step is only
moderate, the overall yield of this two-step approach is still acceptable. The
sequence of Goldberg coupling and palladium(II)-mediated cyclodehydro-
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Scheme 31 Synthesis of ellipticine 91

genation of the resulting N,N-diarylamine has been applied to the synthesis of
tricyclic carbazoles as precursors of ellipticine and olivacine derivatives [123].
In this approach, the annulation of the pyridine ring is accomplished using a
modified Pomeranz-Fritsch cyclization.

Buchwald-Hartwig amination of iodobenzene 92 with 2-benzyloxy-4-methyl-
aniline 93 affords the diarylamine 94 in high yield (Scheme 32).In this case the
Goldberg coupling gives poor yields. Oxidative cyclization of compound 94
using stoichiometric amounts of palladium(II) acetate in acetic acid under
reflux leads to the carbazole 95, which by reductive debenzylation provides

CHs Pd,(dba)s, BINAP
©\I ’ H2N/©/ 18-crown-6, NaOt-Bu, THF @\ /©/
92 OBn ( 3%)
__Pd(OA), O O 10% PA/C. Hy O O _(tBuO),
HOAc reflux EtOH PhCI reflux

(32%) (73%) (87%)
95 96
HC oH
O H e =
Hp
(73%)
o7

Scheme 32 Synthesis of O-demethylmurrayafoline A 96, bis(O-demethylmurrayafoline-A)
97, and bismurrayaquinone-A 98
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O-demethylmurrayafoline A 96 [66, 128]. Oxidative biaryl coupling of the 1-hy-
droxycarbazole 96 using di-tert-butyl peroxide affords bis(O-demethylmur-
rayafoline-A) 97 [65a, 66, 128]. Oxidation of the bisphenol 97 with pyridinium
chlorochromate (PCC) leads to bismurrayaquinone-A 98 [129]. The low yield of
the palladium(II)-mediated oxidative cyclization was explained by the electron-
donating effect of the benzyloxy substituent. The projected palladium(II)-me-
diated cyclodehydrogenation to a precursor of clausenamine-A failed completely.
Therefore, a different approach involving a reversal of the bond formations and
palladium(0) catalysis was developed [64, 66]. Using a Suzuki cross coupling
and subsequent cyclization of the resulting biaryl derivative by an intramole-
cular Buchwald-Hartwig amination provides the monomer required for the
total synthesis of clausenamine-A.

The skeleton of carbazomadurin A was constructed utilizing three palla-
dium-catalyzed reactions (Scheme 33). Buchwald-Hartwig amination of the
aryl triflate 99 with the arylamine 100 gives the diarylamine 101, which by
oxidative cyclization with palladium(II) acetate affords the carbazole 102.
Following an exchange of the protecting groups, the palladium(0)-catalyzed
Stille coupling of the 1-bromocarbazole 103 with the vinylstannane 104 leads
to the carbazole 105. Finally, reduction with diisobutylaluminum hydride
(DIBAL) followed by cleavage of the silyl ethers using tetrabutylammonium
fluoride (TBAF) provides carbazomadurin A 106 [130].

COOCH, COOCH,
cat. Pd(OAc),, BINAP OCHs
Cs,CO3, toluene >
(62%)
OCH3 HCO M
H;COOC OCHs H;COOC OTBDPS
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dioxane/HOAG, 100°C CHs 2 tBuPm,sicl " CHs
(43%) HCO ' (10%)  TBDPSO [,  Br
102 103

Bu3Sn\)\/\( HsCOOL OTBDPS
104 _ 1. DIBAL

cat. Pd(PPhg3)g4, toluene 2. TBAF
(95%) TBDPSO (70%)

105

Scheme 33 Synthesis of carbazomadurin A 106
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4.2
Cyclization of Arylamino-1,4-benzoquinones

The palladium(II)-mediated oxidative cyclization is also applied to the syn-
thesis of carbazole-1,4-quinone alkaloids. The required arylamino-1,4-benzo-
quinones are readily prepared by arylamine addition to the 1,4-benzoquinone
and in situ reoxidation of the resulting hydroquinone [131].

/ HOAc/HZO
O 14%

O

Z _Pd(OAc), HaCay
o HOAc reflux H,C ©

é (78%) N
H
Scheme 34 Synthesis of pyrayaquinone A 110

Addition of 7-amino-2,2-dimethylchromene 107 to 2-methyl-1,4-benzo-
quinone 108 in acetic acid/water leads to the 2-arylamino-5-methyl-1,4-benzo-
quinone 109 in moderate yield (Scheme 34). Oxidative cyclization of compound
109 using a stoichiometric amount of palladium(II) acetate in acetic acid
under reflux provides pyrayaquinone A 110 [42, 132].

Acidic hydrolysis of 5-acetylamino-2,2-dimethylchromene 84, the precursor
for the synthesis of pyrayafoline A 87 (cf. Scheme 30), gives 5-amino-2,2-di-

6 N HCl +108
(99%) 2 "HOAc/H,0
(18%)
o)
CH,
Pd(OAC),
N HOAGc, reflux
HaCa ! (50%)
HsC

112

Scheme 35 Synthesis of pyrayaquinone B 113
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methylchromene 111 (Scheme 35). Addition of compound 111 to 2-methyl-1,4-
benzoquinone 108 provides the 2-arylamino-5-methyl-1,4-benzoquinone 112,
which by cyclodehydrogenation with palladium(II) acetate affords pyraya-
quinone B 113 [42,132].

This approach using stoichiometric amounts of palladium(II) acetate has also
been applied to the total synthesis of murrayaquinone A [132] and clausen-
aquinone A [41]. However, the more recent procedure using catalytic amounts of
palladium(II) is superior [119] (Scheme 36). Addition of the arylamines 114 to
2-methyl-1,4-benzoquinone 108 by using Musso’s conditions [133] affords the
2-arylamino-5-methyl-1,4-benzoquinones 115 in improved yields. The oxidative
cyclization becomes catalytic in palladium by reoxidation of palladium(0) to
palladium(II) with copper(II) [119], a procedure also used for the Wacker oxi-
dation [117]. Application of this palladium(II)-catalyzed process to the oxidative
cyclization of the benzoquinones 115 provides the carbazole-1,4-quinone alka-
loids murrayaquinone A 116a, koeniginequinone A 116b, and koeniginequinone
B 116c [134]. A palladium(II)-catalyzed cyclodehydrogenation of 2-anilino-5-
methyl-1,4-benzoquinone 115a to murrayaquinone A 116a is also achieved
using tert-butyl hydroperoxide as an oxidant for palladium(0) [121].

0 0
szi)\ . @/C% HOAC/MeOH/H,0 Rzm CHs
o N, 204C 450 | .
Y e o} o
108

1
H

115a (70%)
115b (65%)
115¢ (64%)

114a H H
114b OCH; H
114c OCH3 OCH3

cat. Pd(OAc),/Cu(OAc)

2
HOAc, A, ar . R O '

116a (73%)
116b (44%)
116¢ (69%)

Scheme 36 Palladium(II)-catalyzed synthesis of murrayaquinone A 116a, koeniginequinone
A 116b, and koeniginequinone B 116¢

Addition of the arylamines 117 to 2-methoxy-3-methyl-1,4-benzoquinone
118 affords regioselectively the 5-arylamino-2-methoxy-3-methyl-1,4-benzo-
quinones 119 (Scheme 37). Palladium(II)-catalyzed oxidative cyclization leads
to the carbazole-1,4-quinones 28 [135, 136], previously obtained by the iron-me-
diated approach (cf. Scheme 14). Regioselective addition of methyllithium to the
quinones 28 provides carbazomycin G 29a and carbazomycin H 29b [96, 135].
Reduction of 29a with lithium aluminum hydride followed by elimination of
water on workup generates carbazomycin B 23a [135]. Addition of heptylmag-
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H H
28a (91%) 29a (71%)
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Scheme 37 Palladium(II)-catalyzed synthesis of carbazomycin G 29a, carbazomycin H 29b,
and carbazoquinocin C 51

nesium chloride at C1 of 3-methoxy-2-methylcarbazole-1,4-quinone 28a affords
the carbazole-1,4-quinol 120, which by treatment with hydrogen bromide is
converted to carbazoquinocin C 51 [136]. Thus, 28a represents a versatile pre-
cursor for carbazole alkaloid synthesis.

4.3
Cyclization of Arylamino-1,2-benzoquinones

An even more direct approach to carbazole-3,4-quinone alkaloids is provided
by the palladium(II)-mediated oxidative coupling of ortho-quinones with ary-
lamines, which gives access to this class of natural products in a three-step
route [137].

Ether cleavage of 4-heptyl-3-methylveratrole 121 using boron tribromide af-
fords 4-heptyl-3-methylcatechol 122 (Scheme 38). Oxidation of the catechol 122
with o-chloranil to 4-heptyl-3-methyl-1,2-benzoquinone 123 and subsequent
immediate addition of aniline leads to 5-anilino-4-heptyl-3-methyl-1,2-benzo-
quinone 124. Unlike the very labile disubstituted ortho-quinone 123, compound
124 is stable and can be isolated. Palladium(II)-mediated oxidative cyclization
of the anilino-1,2-benzoquinone 124 provides carbazoquinocin C 51.

The palladium(II)-mediated ortho-quinone cyclization is also applied to the
synthesis of racemic carquinostatin A (£)-55a (Scheme 39). Ether cleavage of
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OCH;

C7H15 C7H1s C7H1s
121 122 123
_Pd(OAc), O '
“HOAG, 55°C CHs
0,
H C7H15 (43%) | CsHqs
124 51

Scheme 38 Ortho-quinone cyclization to carbazoquinocin C 51

(0]
OCHs BBr _o-chloranil _ = aniline
92% (73%, 2 steps)
Hs

the veratrole 125 to the catechol 126, followed by oxidation to the ortho-quinone
127 and addition of 4-prenylaniline provides the arylamino-ortho-benzoquinone
128. Palladium(II)-mediated cyclodehydrogenation of compound 128 and re-
moval of the acetyl group by reduction affords (+)-carquinostatin A (+)-55a.
The ortho-quinone cyclization to the carbazole-3,4-quinones carbazo-
quinocin C 51 and (+)-carquinostatin A (+)-55a is more convergent than the
previous approaches to these natural products, which required transformation
to the ortho-quinone and/or introduction of substituents (prenyl or heptyl)

following the carbazole ring formation (cf. Schemes 20, 21, and 37).

OCH; OH e}
OCH; BBr; OH o-chloranil O 4-prenylaniline
99%) (86%, 2 steps)
CH3 (99%) Hj CHs
OAc OAc OAc
125 126 | 127

o)
0
X 1. Pd(OAG),, HOAC, 55°C
N GH, 2 AW THE 25°C
H OAc (38%)

128

Scheme 39 Ortho-quinone cyclization to (+)-carquinostatin A ()-55a
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5
Conclusion

The oxidative coupling of arylamines and unsaturated six-membered hy-
drocarbons, mediated or catalyzed by transition metals, provides convergent
routes to biologically active carbazole alkaloids and is widely applied to natural
product synthesis. The different methods involving this strategy are the ox-
idative coupling of arylamines with (a) cyclohexa-1,3-dienes (iron-mediated),
(b) cyclohexene (molybdenum-mediated), and (c) arenes or benzoquinones
(palladium-catalyzed). Although, in principle, many of the carbazole alkaloids
could be prepared by all three methods, the applicability and the utility is
dependent on the substitution pattern and on the functional groups. The iron-
mediated carbazole synthesis is highly useful for 1-oxygenated, 3-oxygenated,
and 3,4-dioxygenated tricyclic carbazoles, as well as carbazolequinones and
furocarbazoles. The molybdenum-mediated carbazole synthesis is preferen-
tially applied to 2-oxygenated tricyclic carbazoles and pyranocarbazoles. The
palladium-catalyzed carbazole synthesis is of advantage for highly function-
alized carbazoles and carbazolequinones. In conclusion, the three synthetic
approaches are complementary and are applied depending on the substitution
of the carbazole alkaloid.
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Abstract Aza-Claisen rearrangements (3-aza-Cope rearrangements) have gained an in-
creasing interest in synthetic organic chemistry. Originally, the exceptionally high reaction
temperatures of this hetero variant of the well-known 3,3-sigmatropic reaction limited their
applicability to selected molecules. Since about 1970, charge acceleration enabled a signifi-
cant reduction of the reaction temperature to be achieved, and cation- and anion-promoted
rearrangements found their way into the syntheses of more complex molecules. The first to-
tal syntheses of natural products were reported. The development of zwitterionic aza-Claisen
rearrangements allowed the reactions to be run at room temperature or below, and the
charge neutralization served as the highly efficient driving force. After overcoming several
teething troubles, the method was established as a reliable conversion displaying various
stereochemical advantages. The first successful total syntheses of natural products incorpo-
rating the aza-Claisen rearrangement as a key step emphasized the synthetic potential. To
date the aza-Claisen rearrangements are far from being exhausted. Still, an enantioselectively
catalyzed variant has to be developed. This review summarizes one decade of investigation
efforts in this area.
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Abbreviations

Acc Acceptor

BINOL Binaphthol

BOX Bis(oxazolinyl)

Cy Cyclohexyl

DDQ 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DMAD Dimethyl acetylene dicarboxylate
LiHMDS Lithium hexamethyldisilazide
MCPBA 3-Chloroperbenzoic acid

MPA Mycophenolic acid

PG Protecting group

Pht Phthaloyl

PMB 4-Methoxybenzyl

Proton sponge 1,8-Bis-(dimethylamino) naphthalene
TBS TBDMS, tert-butyldimethylsilyl

TFA Trifluoroacetic acid

TOSMIC p-Toluenesulfonylmethyl isocyanide

1

Introduction

3,3-Sigmatropic rearrangements are defined as uncatalyzed processes to migrate
a sigma bond of two connected allyl systems from position 1 to position 3. That
means both allyl systems suffer from an allyl inversion. Though described for
the first time in 1940, the Cope rearrangement can be considered as the basic
type of such a process, since C-C bonds only are reorganized during the course
of the reaction [1]. More than two decades earlier, in 1912, L. Claisen first de-
scribed the rearrangement of aromatic allyl vinyl ethers to generate o-allyl
phenols [2]. This so-called Claisen rearrangement is characterized by the re-
placement of the C3 carbon of the rearrangement system against a heteroatom
X.The basic Claisen rearrangement bears X=0; consequently, such a process can
be termed as a 3-oxa Cope rearrangement. Analyzing the literature, rearrange-
ment systems displaying other heteroatoms X in position 3 can be found as het-
ero Claisen and 3-hetero Cope rearrangements. Focussing on systems with X=N,
names such as aza- and amino-Claisen as well as 3-aza-Cope rearrangement
occur in the literature. Furthermore, the term aza/amino Claisen rearrangement
is widely used for nitrogen introduction processes rearranging 1-aza-3-oxy-
Cope systems (imidates) to generate carbamates. Finally, the Fischer indole
synthesis represents a special type of aza-Claisen rearrangement incorporating
two N atoms in the 3 and 4 positions of the rearrangement system.

Intending to set a firm basis concerning the notion of the sigmatropic
rearrangements, the following review will use the term Claisen rearrangement
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3,4-diaza-Cope/Claisen rearrangement: Fischer indole synthesis

Fig.1 Nomenclature of aza-Claisen rearrangements

for 3,3-sigmatropic core systems incorporating a heteroatom X in position 3, i.e.,
an aza-Claisen-type rearrangement is characterized by X=nitrogen (Fig. 1).

For a long period, aza-Claisen rearrangements were regarded as a sophisti-
cated variant of the widely used oxygen analog. Because of the much more dras-
tic reaction conditions, few applications have been published. Most investigation
had been restricted to fundamental research on aza-Claisen rearrangements.
About 25 years ago, the perception tended to change, because the nitrogen atom
in the central position of the sigmatropic core systems was discerned as an ideal
anchor for catalysts such as protons, Lewis acids, and for chiral auxiliaries
in enantioselective rearrangements. Charge acceleration allowed a significant
reduction of the reaction temperature, recommending the process now as a
suitable key step in complex molecule syntheses. Finally, the development of
very mild zwitterionic variants enabled the aza-Claisen rearrangement to be
classified as a powerful method in synthetic organic chemistry. This review
reports on recent advances in aza-Claisen rearrangements [3].

2
Aliphatic Simple Aza-Claisen Rearrangements

In analogy to the oxygen analogs, the simple aliphatic aza-Claisen rearrange-
ments represent the basis of such reactions. Generally, the replacement of the
oxygen offers two advantages. The vinyl double bond of the sigmatropic
framework can be built up with a high E selectivity, since a bulky C1 substituent
and the chain-branched nitrogen will adopt a maximal distance around the
enamine moiety. Furthermore, only two valences of the nitrogen are occupied
by allyl and vinyl substituents of the rearrangement system; the third one
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potentially can bear an optically active subunit intending to run the re-
arrangement under the influence of an external chirality-inducing side chain
(auxiliary control).

The major problem of the aza-Claisen rearrangement is the extremely high
temperature, excluding the presence of a variety of functional groups, upon
running the reaction. Uncatalyzed simple allyl vinyl amines undergo the
3,3-sigmatropic conversion at about 250 °C, while the somewhat more activated
aromatic analogs require 200-210 °C [4]. Hence, charge acceleration was found
to be a promising tool to achieve a significant decrease of the reaction temper-
ature. Only 80-120 °C was required upon running the sigmatropic rearrange-
ment in the presence of a proton and a Lewis acid. Alternatively, a comparable
temperature-decreasing effect was observed after conversion of the central
nitrogen into a peralkylated ammonium salt.

Intending to use the aliphatic simple aza-Claisen rearrangement to generate
new C-C bonds, several prerequisites had to be considered. The first problem to
be solved was the smooth and selective generation of the allyl vinyl amine back-
bone. The second challenge was the 3,3-sigmatropic reaction: the rearrangement
should pass a single, highly ordered transition state to give rise to diastereose-
lective formation of the product. Since both reactant and product might suffer
from imine-enamine equilibration, some difficulties concerning the unique
sense of the rearrangement and the stable configuration of a stereogenic
center (with respect to the new imine) have to be taken into account.

A set of systematic investigations has been published by Stille et al. [5].
Starting from allylamine 1, an optimized three-step sequence of initial imine
3 formation with aldehyde 2, N-acylation to 5 using acid chloride 4, and sub-
sequent LiAlH, reduction delivered the desired rearrangement systems 6 in
60-96% vyield overall. Even though the enamide 5 formation was found to be
unselective with respect to the vinyl double bond, the enamine 6 was isolated
with substantially higher E selectivity pointing out some epimerization during
the course of the reduction. The aza-Claisen rearrangement proceeded upon
heating the enamines 6 to >100 °C (dioxane, toluene) in the presence of 0.3 to
0.8 eq. of HCI. Always, the intermediately formed imines 7 were reduced by
means of LiAlH, to give the corresponding amines 8 as stable products. The
success of the rearrangement strongly depended on the substitution pattern of
the aldehyde 2 involved: branched starting material 6 (R?, R**H) underwent
a smooth conversion to give the new amines 8. In contrast, nonbranched de-
rivatives (R? or R*=H, small rings) suffered from competing reactions such as
oligomerization and reductive amination [5a]. The replacement of the originally
used HCl by different Lewis acids led to an extension of the original limitations.
In the presence of one equivalent of Me;Al a series of N-allyl enamines could be
rearranged with high yield (Table 1, entries 1-6; Scheme 1) [5b].

The rearrangement of unsymmetrical allylamines 9 was investigated to
exclude any competing 1,3-rearrangement during the course of the reaction.
Allyl vinyl amines 10 were generated via condensation starting from allylamine
9 and isobutyraldehyde 2. The substrates 10 were subjected to the acid-accel-
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erated rearrangement conditions. Smooth conversions led to the intermediates
11, which were finally reduced with LiAlH, to give the stable amines 12. Care-
ful analyses (GC, '"H NMR) of the products 12 indicated that all rearrangements
proceeded stereospecifically (a—a, b—b). No crossover products originating
from competing 1,3-sigmatropic and stepwise reactions could be detected
(a—b, b—a) (Table 1, entries 7-10). The rearrangement of 10a gave 11a with
exclusive E double bond geometry (Scheme 2) [5c].

1. LiAIH,
iBu‘NH N/Y [3,3] By, / 2. aq,OH iBu‘N
acid, A a H
R)\/ - R)\/ - X R
9a 4 10a 11a 12a
M82CHCHO 2 1. LiA|H4
iBu 3,3] B 2. aq. iB
i ‘NH RPN ['d iBu, Nq o Bu,
v . K/\ acid, A a H
A R 2R R R
9b 11b 12b

R = nPr, Ph (for details see Table 1)
Scheme 2

The ability to generate defined configured allyl and enamine moieties in
the 3,3-sigmatropic rearrangement framework raised the question of achiev-
ing internal and external asymmetric induction upon running aza-Claisen
reactions [5d]. First investigations focused on conversions of type 10c reactants
(R=nBu/R’=H). Allyl alcohols 13 were converted into the corresponding allyl-
amines via Overman trichloroacetimidate rearrangement and a consecutive
saponification resulting in allylamine 14 [6]. A three-step sequence (as dis-
played in Scheme 1) led to the allyl vinyl systems 10c with high E selectivity
concerning the enamine subunit and 56 to 89% yield.

Though the rearrangements of the reactants 10c delivered single regioiso-
mers, the products 12¢ (R=nBu/R’=H) were isolated as a mixture of diastereo-
mers after the rearrangement reduction sequence. Likewise, the 3,3-sigma-
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tropic process must have passed chair- and boat-like transition states or, alter-
natively, the products 11c suffered from some epimerization via imine-enam-
ine equilibrium (Table 1, entries 11-13). Intending to destabilize the boat-like
transition states, the aza-Claisen systems 10c (R=Me/R’=Me) were heated in the
presence of an appropriate acid, and the rearranged crude imines 11c were
immediately reduced by LiAlH, and DIBALH. Analyzing the products 12¢
(R=Me/R’=Me), substantially higher diastereoselectivities could be achieved,
indicating the nearly exclusive passing of chair-like transition states during the
course of the rearrangement. It was noteworthy that the conversion of the
Ph/Me-substituted reactant 10c (R'=H, R*/R*=Ph/Me) displayed a compara-
tively high selectivity on generating 12c even though 10c was used as an E/Z
vinyl amine mixture. Obviously, the presence of the acid allowed a fast E/Z
interconversion prior to the sigmatropic process, enabling the isomer to be
rearranged predominantly with minimized repulsive interactions. The second
minor isomer found after running this special sequence was the corresponding
Z olefin built up via a minor chair transition state (Scheme 3).

1. CI,CCN A
o g o, sy
R/\)\R 3NNaOH K o T
13 14 56 - 89%
1 1 1
V. ks R ioan R
iBu\NJ\<R [ d ] |Bu‘N/ R or LiAIH, |Bu_N R
)\/\Rs acd. 4 R’ 2.aq. NaOH R
RN R RZNATMR O RTNUR
10c 11c 12¢

R =nBu, R'=H and R = R"' = Me (for details see Table 1)
Scheme 3

First investigations using a chiral substituent attached to the free valence of
the nitrogen for efficient asymmetric induction gave disappointing results [5d].
The rearrangement of N-allyl enamines 15 in the presence of proton and Lewis
acids produced y,6-unsaturated imines as mixtures of diastereomers with
acceptable yield and regioselectivity. The de determined after the final LiAlH,
reduction to amine 16 varied between 8 and 20%. The passing of a single tran-
sition state conformation failed. Further efforts investigating sterically more
demanding auxiliaries to enable a more effective 1,5-asymmetric induction
(1,4-induction including an intermediately built chiral ammonium center) were
strongly recommendable (Scheme 4).

Finally, ring-expansion reactions starting from optically active 1,2-divinyl
pyrrolidines 19 promised a smooth generation of nine-membered azonine de-
rivatives 20 bearing defined configured centers and double bonds [5d]. Firstly,
N-BOC prolinal 17 was converted into the divinyl pyrrolidine 18 via Wittig ole-
fination (mixture of E and Z olefins), protective group removal, and a final con-
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densation with phenyl acetaldehyde with 69% (R=Ph) and 79% (R=Me) yield.
The rearrangement/LiAlH, sequence of 18 (R=Me) delivered the azonine 20
(via 19) as a mixture of diastereomers; concerning the stereogenic centers, the
olefin was exclusively Z, indicating the passing of a boat-like transition state.
Since the final diastereomer pattern in 20 represented the same ratio as present
in the starting material 18, the result could be interpreted as a sigmatropic
rearrangement characterized by a complete 1,3-chirality transfer. However,
a thermodynamic reason cannot be excluded, since the reactant 19 and the
intermediately formed y,5-unsaturated imines might have suffered from some
equilibration as observed in several reactions discussed above. In contrast, sub-
jecting the divinyl pyrrolidine 18 (R=Ph) to the rearrangement conditions, no
azonine derivative 19 could be isolated. The E/Z mixture of diastereomers 18
was completely converted into the E material 18. The result was rationalized by
a reversible aza-Claisen rearrangement: the initial aza-Claisen reaction led to
the nine-membered ring cis-19 which, after appropriate conformational relax-

1. PhyP=CHR
D\ 2. HCl, MeOH O\//%R R = Me: 79%, E:Z = 27:73
N\

3. PhCH,CHO No— R=Ph: 69%, E:Z = 65:35
I : ,E: :
Boc 0 ——— ~ph
17 18
Me,AICI 1. LiAIH, H H
A [33 2. aq NaOH N N
. e . N
‘0
Ph Ph
s H : "Me
Me H
trans-20 cis-20
EZ= 27.73 trans.CIs 73:27 73:27
N % {{L = EE
Z
Ph Ph 7 N
Z18 cis-19 cis-19 E 18 (ent)

Scheme 5
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ation, suffered from a final 1-aza-Cope rearrangement to regenerate the start-
ing material E-18, but with inverse absolute configuration (not proven). This
special result indicates that the unique sense of the aza-Claisen rearrangement
should be taken into account when planning to use such a process as a key step
in the total syntheses of complicated compounds (Scheme 5).

The regioselective enamine formation starting from unsymmetric ketimines
21 has been investigated by Welch [7]. Some simple ketones were converted into
the corresponding N-allyl imines 21. Treatment with methyl trifluorosulfonate
at low temperatures caused N-methylation; the iminium salts 22 formed were
then deprotonated by means of a proton sponge. Kinetically motivated depro-
tonation gave rise to the formation of the least substituted enamines 23, which
underwent aza-Claisen rearrangement upon warming up to room temperature.
Acid hydrolysis gave the product ketones 24 with 13 to 55% yield (GC, NMR
analyzed). The passing of a 3,3-sigmatropic process has been proven by deu-
terium labeling experiments (replacement of marked protons by deuterium)
(Scheme 6).

H,C

H H
proton- 1.20°C 27
N MeOTf sponge [3,3] o
X\HI\ | 78°C Xﬁ)\ -30°C XW)\ 2.aq. HCI X
b ke 13 - 55% R' R?
24
R! = Me, R2 = H; R'-R2 = (CH,), with n = 2, 3, 4, X = H, Me, F, Cl
Scheme 6

The synthesis of the tricyclic core of the cytotoxic marine alkaloid madang-
amine required an efficient method to generate the central quaternary carbon
function. Weinreb employed an aza-Claisen rearrangement in the presence of
a palladium catalyst [8]. After treatment of ketone 25 subsequently with
TOSMIC and DIBALH, the carbaldehyde 26 formed was reacted with diallyl-
amine in the presence of Pd(OCOCEF;),/PPhs. Initially, the enamine 27 was
formed, which underwent diastereoselective aza-Claisen rearrangement. The
y,0-unsaturated imine 28 was cleaved with aqueous HCl and the corresponding
aldehyde 29 was isolated in 68% yield. Several further steps allowed completion
of the synthesis of the core fragment 30 of the natural product (Scheme 7).

Tetrasubstituted N-allyl enammonium salts underwent 3,3-sigmatropic
rearrangements at ambient temperature or upon heating to about 80 °C.
Maryanoff used such a reaction to generate tricyclic tetrahydroisoquinoline
derivatives 35 bearing a quaternary center with defined configuration [9].
Initially, indolizidine 31 was allylated. The open-book shape of 31 forced the
allyl bromide to attack the exo face, building up a chiral ammonium center with
defined configuration in 32. TFA-mediated H,O elimination delivered the vinyl
ammonium subunit in 33. The quinolizidinine system 33 (n=2) rearranged
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slowly at 23 °C to give a single diastereomer 34 (n=2); NaBH, reduction gave the
amine 35 (n=2) with 90% yield. The bridgehead H and allyl group exclusively
displayed the cis arrangement, indicating a complete 1,3-transfer of the chiral
information from the ammonium center toward the new quaternary carbon
position. In contrast, the indolizidinine systems 33 (n=1) required higher
reaction temperatures to induce the rearrangement. After about 2 h at 100 °C,
iminium salt 34 (n=1) was formed as a 95:5 mixture of allyl/bridgehead H with
cis and trans relative configuration. The final NaBH, reduction produced the
indolizidinines 35 (n=1) in a 91:9 ratio of diastereomers and 73% yield. The loss
of chiral information has been ascribed to a 5 to 10% portion passing a disso-
ciative, nonconcerted reaction path at the elevated temperatures. This hypoth-
esis was supported by deuterium labeling experiments (>90% allyl inversion)
(Scheme 8).

Ar
. OH> >
TFA [3,3]
N’ -
W) CC; ho2 2500
31 O 32 On

& \ NaBH,

EtOH

—
n=1:73%
n=2:90%
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n=1:95:5
n=2:100:0

Ar = Ph, 4-MeS-C,H,, n = 1. Ar=Ph, n =2

Scheme 8
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R. Winter reported on aza-Claisen rearrangements in transition metal
complexes [10]. Cis ruthenium dichloride complexes 36 added butadiyne in the
presence of nonnucleophilic NaPF, to generate a cationic butatrienylidene
intermediate, which was trapped by a regioselective y-addition of dialkyl allyl-
amines to produce a vinyl allyl ammonium salt 37. This material underwent an
immediate aza-Claisen rearrangement. The formation of a resonance-stabilized
iminium salt 38 was thought to serve as the driving force upon running this
process. While most simple allylamines gave smooth reactions at ambient tem-
perature, the rearrangement of sterically more demanding compounds failed.
The rearrangement of a propargylamine proceeded at elevated temperature,
and the product f,y-allenylamine was obtained with 90% yield (Scheme 9).
Extensive computational studies gave a somewhat reduced activation barrier
of the allyl vinyl ammonium system compared to the uncharged analog [11].

2
N ,( ) R1 R ,( )[1 N | .
(PR, HCH g e T RP PR, N
RpP. | C alylamine "2z " 2 B3 Rl — 4 \
~Ru, | CI—\RU:.—& / —_— - {J —
RP™1 Cl NasbF, RpP ‘g 23°C RP ‘oRr
()’PRZ 2, PR, R? \( y 2 x
" 36 On 37 o, 3841
Yields:
R=Ph,R"R2=Me,R®=H:51%
R = iPr,R1,R2 = Me, R3=H : 84% Oy <.
R = Et, R1,R2 = Me, R®=H : 35% RP ,PRz N \
R = Ph, R1-R2 = (CH,)5, R3 = H : 62% CI—Ru:C=C
R = Ph, R",R? = Me, R® = CH,NMe, : 92% RP YR
R = Ph, R!,R2 = Me, R3 = Et : 90% (65°C for 3,3~) \( )' 2 3
(propargylamine, 38 displays terminal allene group) n 38-2
Scheme 9
3

Simple Aromatic Aza-Claisen Rearrangements

In analogy to the simple aliphatic aza-Claisen rearrangements, the aromatic
systems required 200 to 350 °C reaction temperature to undergo the 3,3-sig-
matropic conversion. Such drastic conditions often caused competing trans-
formations such as the loss of the allylic moiety. Charge acceleration promised
to run the process at lower temperatures making the reaction more attractive
for extended synthetic use. Stille conducted the first systematic investigations
concerning ammonium Claisen rearrangements [12]. Broad variation of suit-
able acids, solvent, concentration, and reaction time showed that AICl;, ZnCl,,
and BF;-Et,0 in refluxing toluene (110 °C) and refluxing mesitylene (140 °C) led
to the best results. The treatment of N-allylanilines 39 with the acid caused the
formation of an intermediate ammonium salt 40, which underwent the 3,3-sig-
matropic rearrangement to generate the 2-allylaniline 41. Bicyclic derivatives
42 were found in some attempts as a minor side product. 4-Alkoxy substituents
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decelerated the rate, and the corresponding 3-alkoxy regioisomers enhanced the
rearrangement. In this latter case, the regiochemistry could not be influenced,
and mixtures of 1,2,3- and 1,2,5-trisubstituted products 41 were obtained. De-
tailed information is given in Table 2 (entries 1-9) (Scheme 10).

i ] ) 2
2 2 2 2 R R
R , »
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R1 \ R\ \
N ) 1_N NH N\ N
\ acid | R \ 13,3] . R
E T 3E [T
@ Rsz R @ Raz R RaERaz R3E
Y 39 LY 4 Yoom Y o4
Scheme 10 For detailed information see Table 2

Ward reported on a mild proton-catalyzed variant of aromatic aza-Claisen
rearrangements. A series of N-(1,1-disubstituted-allyl) anilines 39 were re-
arranged in the presence of 10 mol% of p-TsOH to give 41. The reaction pro-
ceeded with complete allyl inversion. The formation of side products such as
carbinols originating from a H,0O addition to the nascent double bond could be
suppressed by running the conversion in aqueous acetonitrile. In agreement
with the findings reported by Stille (vide supra), electron-withdrawing sub-
stituents Y in the p-position accelerated and electron-rich functional groups Y
retarded the rearrangement (Table 2, entries 10-17, Scheme 10) [13].

Majumdar published several aza-Claisen rearrangements of 2-cyclohexenyl-
1-anilines 39 (R?*-R3*=(CH,)s, Table 2, entries 22-28) [14]. The reaction was
carried out upon heating the reactant in EtOH/HCI. The corresponding 2-cy-
clohexenylanilines 41 were obtained with 50 to 90% yield. The cyclization to
give indole derivatives 42 could be achieved in a separate step: treatment of the
rearrangement products 41 with Hg(OAc), in a suitable alcohol in the presence
of acetic acid induced formation of the tetrahydrocarbazole 42. The tricyclic
products 42 were synthesized with 70-85% yield. Finally, carbazoles could be
obtained after DDQ dehydrogenation.

Lai used a BF;-catalyzed rearrangement of N-allylaniline 39 and N-allylin-
doline 43 as a key step in benzimidazole analogs 46 (X=N) and indole analogs
46 (X=C) of mycophenolic acid (MPA) [15]. MPA was known as an immuno-
suppressant and to have some antipsoriasis activity. With the intention of syn-
thesizing metabolically more stable compounds, the replacement of the central
isobenzofuranone subunit by an indole core was planned. Firstly, a suitable
functionalized 7-alkyl indole 45 had to be generated. Upon heating of N-al-
lylindoline 43 (R=H) in sulfolane to about 200-210 °C in the presence of
BF;-Et,0, the aza-Claisen rearrangement via 44 delivered 7-allylindoline 45
(R=H) in 47% yield. Generally, such reaction conditions enabled rearrangement
of a set of aniline 39 (Scheme 10, Table 2, entries 18-21) and indoline deriva-
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tives 43 (Scheme 11) in 31-52% yield. Several further steps allowed completion
of the syntheses of three target molecules 46 (X=C) [15b,c] displaying differ-
ent substitution patterns; one of them (R’=CONH,) showed significant anti-
tumor activity. One benzimidazole compound 46 (X=N) [15a] was synthesized
via the same sequence starting from a nitrogen derivative of 2,3-dehydro-45
(X=N). Recently, Ganesan employed such aza-Claisen rearrangement as a key
step in the total synthesis of (+)-okaranine J, which displays potent insecticidal
activity (Scheme 11) [15d].

R
/" F, F B /‘X /“X /:X
N su|fo|ane 3,3 HN R =
N =l —=,
X =CH
" X = CH, > 45 R

X=N:

HO,C \
R=  H:200-210°C, 2h, 47% noR
R = OMe: 185 - 190°C, 1h, 31% X=C:R' =H,
R = NO,: 170 - 175°C, 0.5h, 52% CONH,,CO,Me

Scheme 11

Microwave-assisted aza-Claisen rearrangements of N-allylanilines 47 pro-
ceeded in very short reaction times in the presence of Zn** montmorillonite
as a catalyst [16]. In contrast to most of the (Lewis) acid-accelerated reactions
a 3,3-sigmatropic rearrangement/cationic cyclization tandem process was
passed to generate 2-methylindole derivatives 49 with high yield. The nonmi-
crovave-assisted reactions led to mixtures of simple rearrangement products
48 and rearrangement/cyclization products 49 (80 °C, 2 h) (Scheme 12) [16b].

R. R
N N
[3 3] cycl|zat|on

47 49
Y = H: R = H (80%), Me (80%), Et (82%), Bn (78%). B-Naphthyl, R = H (76%)
R =H: Y = 2-Me (78%), 4-F (82%), 4-MeO (85%), 4-NC (79%), 4-O,N (72%).

Scheme 12

Teleocidines are known as tumor-promoting compounds characterized by
an indolactam V core structure. Such indolactams adopt two stable conforma-
tions at room temperature. With the intention to investigate the biologically
active conformer, Irie and Wender synthesized conformationally restricted
analogs of indolactam V 50 (R=Me) [17]. Starting from desmethylindolactam
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V 50 (R=H), the reaction with allyl bromide gave the corresponding N-allyl
compound 51. Heating of the material in the presence of substoichiometric
amounts of ZnCl, gave the 5-allylated product 52 with 26.4% yield. Best results
concerning a 3,3-sigmatropic rearrangement/cationic cyclization tandem re-
action were achieved upon heating 51 to 140 °C (xylene) in the presence of
AlCl;: a mixture of 52, -Me-53, a-Me-53, and 54 was obtained in 29.3% yield
and a 43:5.4:9.2:1 ratio. Furthermore, cationic cyclization to give 53/54 could be
achieved by subjecting 5-allyl indolactam 52 to the AICl;-promoted reaction
conditions (Scheme 13). The examination of tumor promotion resulted in
a significant activity upon testing of f-Me-53 and 54 [17a]. A substantial yield
enhancement could be achieved by conducting the generation of the confor-
mationally restricted indolactam analog 54 via a two-step procedure [17b].
After the rearrangement of N-allyl reactant 51 in the presence of 0.45 mol%
AICI; (sealed tube, 140 °C), the 5-allyl indolactam 52 was obtained in 36% yield.
Then, the OH group of 52 was acetylated and the OAc-52 was subjected to a
Pd(II)-catalyzed amination to give OAc-54 in 67% yield [18]. Tumor-promoting
activity was enhanced after introduction of a terpenoid side chain. The reaction
of f-Me-53 with prenyl bromide led to the formation of a mixture of three
regioisomers in about 35% overall yield. The generation of the 7-prenyl

OAc
H LeW|s
N N »\‘ acid / HN
| xylene
& 140°C
N | sealed
51 H tube, 20" 52 H
ZnCl, (26.4%) 52 (OH)
AICI, (36%) 52 (OAc) 2A%0: PY

10 eq. LiCl, THF
52 (OAc) ————>

(OAc)
H OH
1. 10% PdCl,(MeCN), (OH) N \
1,4-benzoquinone, N

67% (54, OAC)
54 N 53 H

AIC,: B-Me-53 (4.6%), 0-Me-53 (2.7%), 52 (21.5%), 54 (0.5%)

N
N 5
O
)\)N

renyl-B 3,3
p-Me-53 PromlT B3
12%

Scheme 13 - N (+ 23% regioisomers)
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compound 56 (one third of the adduct) was explained by the initial indole
N-allylation (—55) and a subsequent aza-Claisen rearrangement. The direct C7
allylation would have built up the allyl-inverted analog only (Scheme 13).

Desmethylindolactam G (50, R=H, replace iPr by H) was subjected to the
same sequence (50—54). The first allylation step succeeded with 52% yield,
but the aza-Claisen rearrangement/cationic cyclization gave only 9.5% of the
product mixture 52-54 (replace iPr by H).

Photocyclization of allyl tetrahydroquinoline 60 (n=1) and allyl indoline 60
(n=0) delivered tricyclic compounds 62 with high regioselectivity. The reactant
C-allyl systems 60 were produced by means of aza-Claisen rearrangements
[19]. Initially, N-allylation succeeded upon treatment of the amine 57 with
allyl bromide 58 to give the substrates 59. Subsequent heating to 140-150 °C in
the presence of ZnCl, caused the 3,3-sigmatropic rearrangements to 60. The
indole derivative 60 (n=0) was obtained in 42% yield along with 9% of the
p-product 61 (n=0) generated via a final Cope rearrangement (for quinoline:
no yield given, Scheme 14). It should be pointed out that the reactions incor-
porating the cinnamyl system (R=Ph) always produced compounds with a
3-phenyl side chain, indicating the passing of dissociative reaction paths prior
to a 3,3-sigmatropic rearrangement.

H
R ZnCl, N

H . 140 - Y
©3YR R~ NYR 150°C O,
(n On

R

58
57 59 = 61
“\\\\—R R R + ~__R
- H
N. .R' N. LR irradiation N. .R'
. Y= Y
O Oh O
trans-62 cis-62 60

R=H,R'=Ph,n=1 and R=Ph,R' =Me,n=0
Scheme 14

Pyrimidine annulated heterocycles fused at positions 5 and 6 to uracil were
synthesized via a three-step sequence starting from uracil 63 [20]. Firstly, the
reaction with 3-bromocyclohexene gave the N-allyl-vinyl core system 64 in 80%
yield. Upon heating 64 in EtOH in the presence of HCl, aza-Claisen rearrange-
ment gave rise to the C-cyclohexenyl uracil 65 in 38% yield. Final bromination
(—66) and dehydrogenation steps (—67) allowed synthesis of the desired
tricyclic fused uracil systems (Scheme 15).

Simple aromatic aza-Claisen rearrangement without charge acceleration by
addition of an acid required other activating factors to enable the reaction to
be run at acceptable temperatures. The reduction of ring strain was found to
serve as a useful promoter to induce aromatic aza-Claisen rearrangement [21].
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0 | 0 |
NH 3-bromo- N EtOH
\Njﬁ/ cyclohexene j\ | \© A, 10h
0 IT 80% 0" 'N
63

| 38%

64

bromlnatlon dehydrogenatlon
To0% }\ ;—\Z ) 9%

Scheme 15

4-Phenoxy-1,2-benzoquinone 68 was treated with 2-vinylazetidine 69 (n=2)
and 2-vinylaziridine 69 (n=1). The azetidine adduct 70 (n=2) could be isolated
in 61% yield. Heating in toluene induced aza-Claisen rearrangement to give the
benzoquinone annulated azocine 71 (n=2) with 100% yield. In contrast, the
corresponding aziridine adduct 70 (n=1) could not be trapped, and the azepine
71 (n=1) was isolated in 55% yield indicating an efficient aza-Claisen re-
arrangement run at ambient temperature (Scheme 16).

o) OPMP \ 0) NH
——
0 OMe 0 OMe

n= 261°/ OMe n =1:55%
68 n=2:100% 7
n =1, R = H: 70 not detected, direct reaction to 71 at 23°C in MeCN
n =2, R = Me: reaction 70 to 71 in PhMe, A.
Scheme 16
4

Amide Enolate Rearrangements

The acceleration of simple aza-Claisen rearrangements by means of the addi-
tion of Lewis and proton acids offered the advantage of achieving a significant
decrease of the originally very high reaction temperatures (>200 °C), enabling
such a process to be employed in synthetically useful sequences. One major
problem of the cation-mediated rearrangement was the potential passing of
a dissociative reaction path via allyl cation and neutral enamine subunits. In
several cases the regioselectivity of the sigmatropic reaction turned out to be
a problem, since mixtures of 3,3- and 1,3-rearrangement products were found
after running the conversion involving nonsymmetrical N-allyl moieties in the
reactant core. The N-allyl amide enolate rearrangement promised to be much
more flexible. In analogy to the oxygen analogs (Ireland ester enolate and silyl
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ketene acetal rearrangement), relatively mild reaction conditions should be
applicable. In contrast to the oxygen systems, the fragmentation to generate
a ketene and an amide anion was unlikely to occur. Furthermore, the bulky
nitrogen forced the nascent amide acetal to adopt the Z configuration, offering
the advantage of achieving high internal asymmetric induction (high simple
diastereoselectivity) upon forming the product y,5-unsaturated amides.

Basic systematic investigation of amide enolate rearrangements concerning
reaction conditions and diastereoselectivity have been published by Tsunoda et
al. [22]. E and Z N-crotyl propionic acid amides 72 were initially deprotonated
with LDA at -78 °C in THF to form the corresponding Z-enolates 73 [22a,b].
After exchanging THF against a high-boiling nonpolar solvent, rearrangement
was induced upon heating. The corresponding anti y,5-unsaturated amides 74
were generated with high yield. A high diastereoselectivity was achieved start-
ing from the reactant olefin E-72 via a chair-like transition state E-c.In contrast,
the corresponding Z crotyl reactant Z-72 gave the product 74 with high yield
too, but with a low diastereoselectivity of syn-74:anti-74=63:37, indicating
the passing of competing chair- and boat-like transition states Z-c and Z-b
(Scheme 17).

0 o L RN 0
\)J\N/NBU \/\ _nBu \?’ nBu [3,3] " N/nBu
/\) T . O E-C T i

E-T2 LDA E-73  decane| \ { [3.3] anti-74
THF, -78°C 140°C =N

o) oy — nBu @)

\)J\ /nBu \/\ /T' 7-b _nBu
N N/ 331 7 N
\_) U - /?\'_N T "
_ ’-——,\1 ~nBu N
L oLi+ Z-c_| syn-74

E-73 into 74: 135°C, 4h, 94% yield, ratio anti-74:syn-74: 99.4:0.6
Z-73 into 74: 148°C, 14h, 90% vyield, ratio anti-74:syn-74: 37:63
Scheme 17

The high yield and the high internal asymmetric induction obtained via the
rearrangement of E-72 to anti-74 raised a question concerning the efficiency of
an additional external asymmetric induction [22a,b]. The best prerequisite pro-
vided amide 75 placing the chiral center of the phenethyl side chain (attached
to the nitrogen) adjacent to the 3,3-sigmatropic rearrangement core system.
The chiral auxiliary-directed rearrangement of the N-crotylamide E-75 led to
the corresponding y,5-unsaturated amides anti-76 with 85% yield; no syn-76
amides were found, indicating the exclusive passing of chair-like transition
states E-c. The careful analysis of the product anti-76 gave a composition of
anti-76,:anti-76, of 8.5:91.5. The outcome could be rationalized by the pre-
dominant passing of a chair-like transition state E-¢, causing the formation of
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anti-76, with 83% de (Scheme 18). The removal of the auxiliary was succeeded
by initial acylation of the secondary amide 76 with acid chloride 77. Then, neigh-
boring group-assisted saponification of 78 gave the optically active y,6-un-
saturated acid 79 with 63-82% yield overall. The chiral auxiliary phenethylamine
could be recovered in two further steps in 71% yield overall starting from 80
(Scheme 18). Investigating a series of chiral auxiliaries attached to amide E-75,
most S-configured auxiliaries predominantly led to product anti-76, (yield:
66-90%, de: 70-84%). As an exception, (25)-3,3-dimethylbutyl-2-amine resulted
in anti-76, as the major product (38% yield, 80% de) [22c]. Recently, a related
example has been published by Davies [22i].

v g L
< Xr+N_Ph
0 1.LHMDS | | B8 N"Ph
+0 H
Li —

/L PhMe, -78°C .
\/U\N Ph 2. sealed tube Ec, | 85 anti-76,
S - N L
E75 6h, 85% N, N~ “Ph
0 1 H
i 33 .
L Yen B “N== anti76,

o
R*)LN/'\P,, Et;N )OJ\ J\ 1M LiOH /L o

H CH.CI, THF HO HN Ph
— —_—

R*” N7 “Ph )j\
76 + CcI  89-92% 71 -89% o *+ R OH
AcO (0]
78

AcO (o} 80 79
77

80: 1. NaH, (Et0),CO, DMF, 2. 48% aq. NaOH, 120°C —S-1-phenylethylamine (71%)

Scheme 18

Planning the employment of the amide enolate Claisen rearrangement as a
key step in natural product total synthesis, the scope and limitations of the
process were investigated [22d]. N-allylamino and a-hydroxy acetamides E-81
were initially treated with base to generate the corresponding anionic species.
If possible, lithium chelate formation (enolate O and « heteroatom) should fix
the Z enolate geometry. The glycolic acid amides E-81 (R'=0H, OTBS) under-
went smooth rearrangement upon heating to give the y,6-unsaturated amides
82 with 59-95% yield. The chiral auxiliary-directed rearrangements led to de
values of 34 to 73%. The N-crotyl glycine derivatives displayed different reac-
tivity E-81 (R'=NH,, NHBOC). Despite varying the conditions, the NHBOC
did not give any rearrangement product. In contrast, E-81 (R'=NH,) under-
went rearrangement at ambient temperature to build up 82 with 81-89% yield
and 78% de after running the auxiliary-directed conversion (Table 3, Scheme 19).

First applications in total syntheses started from amide 83. The rearrange-
ment under standard conditions led diastereoselectively to amide 84 in 77%
yield; no traces of other diastereomers were found. Amide 84 was converted
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Table3 [22]
Entry R! R? R? Time T Yield Ratio Ref.
(h) (°C) (%) 82,:82,
1 OH H nPr 15 80 74 50:50 d
2 OTBS H nPr 15 100 59 50:50 d
3 NH, H nPr 4 23 81 50:50 d
4 NHBOC H nPr 20 23-140 0 - d
5 OH Ph Me 15 80 95 86:13 d
6 OTBS Ph Me 6 120 62 67:33 d
7 NH, Me Ph 15 23 89 11:89 d
o R 1. LIHMDS o R o R?
PhMe, -78°C _1 1
1 ,
R\)kN/'\RS 2. A, [3,3] R/,,, )\R3 + R\d’:{ R3
A) o —
E-81 anti-82, anti-82,

R' = OH, OTBS, NH,, NHBOC. R? = H, R® = nPr or R? = Me, R® = Ph (Table 3)

Scheme 19

into (-)-isoiridomyrmecin 85 via diastereoselective hydroboration, oxidative
workup, and a final lactonization in the presence of p-TsOH (41.4% yield over
three steps) [22f]. Alternatively, LiAIH, reduction of 84 resulted in amine 86
(80%), and a final five-step sequence enabled (+)-a-skytanthine 87 to be syn-

thesized w

ith 60% yield (Scheme 20) [22g].

As an extension of the above-mentioned method, a successful rearrange-
ment starting from silyl enol ethers as an electron-rich N-allyl moiety has been
published. Allylamide 88 was synthesized in two steps starting from (+)-phen-
ethylamine and acrolein via a condensation-acylation sequence. The auxiliary-

(0] /'\ 1. LIHMDS (0] /'\
\)I\N Ph ?7%'3'8 N~ >ph 1. Catecholborane H 0
2.100°C, 4 H 2. H,0,/NaOH
[3,3] 3. pTsOH, PhH, A 0
H
83 77% 84 41.4% 85
(-)-isoiridomyrmecin
L ’
LiAIH, N Ph
DME, A H=h D 5 steps
84 —— —_— . N__ (+)-a-skytanthine
80% ) H
° 86 60% 87

Scheme 20
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directed aza-Claisen rearrangement of 88 produced a mixture of two diastereo-
mers; the major compound 89 was isolated by means of column chromatogra-
phy.Iodocyclization and subsequent reductive removal of the halide resulted in
y-butyrolactone 90, which served as the western half of the bislactone frame-
work of antimycine Ay, 91. Starting from 90 the total synthesis of 91 (component
of antimycine A mixture: oxidoreductase inhibitor) was completed in several
further steps (Scheme 21).

1. LIHMDS
Ph 1. TMSOTf/DBU O Ph " ppe, O Ph
then TIPSOTf nBu\)]\ AN 78°C nBu, )\
H,N 2. nC4H,,COCI N 2.100°C, “ °N
+ EtN, CHClL e -\ B3] g0 F
0ANF 63% 88 78% 89
HNCHO
1.1, OH
2. Buaan vy 9 R o
_PhMe, A nBu ..., N o u
To1% S 47:>‘O
TIPSO 90 91 (0] X
. . nBu
Scheme 21 (-)-antimycine Ay,

The synthesis of the medium-sized lactam 94 started from 2-vinylpiperidine
92 [23]. The amide enolate aza-Claisen rearrangement led to the correspond-
ing ten-membered ring lactam 94. Reacting terminally unsubstituted olefins as
in 92,a complete 1,4-chirality transfer was observed, pointing out the highly ef-
ficient internal asymmetric induction. The stereochemical outcome of the
process was rationalized by the passing of a chair-like transition state 93 min-
imizing repulsive interactions. As described above, the amide enolate in 93
should have been Z configured. One optically active azecinone 94 (R=Me, Et
side chain) served as key intermediate in an asymmetric total synthesis of flu-
virucin A, (Scheme 22).

Somfai enhanced the driving force of some amide enolate aza-Claisen re-
arrangements by choosing vinylaziridines as reactants [24]. The additional loss
of ring strain offered the advantage of running most of the reactions at room
temperature to synthesize unsaturated chiral azepinones. Various substitution

O/Et (H) LHMDS Et(H) EtH)
PhMe, A o_ [3,3] V
N 'l,,/// _— WR _— N
H / R
R H
92 93 94

R =H (H): 40%, R = Me (H): 75%, R = OMe (H): 84%, R = Me (Et): 74%
Scheme 22
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patterns were tested to investigate the scope and limitations of this process
(Table 4). The stereochemical properties of the 3,3-sigmatropic rearrangement
enabled the transfer of stereogenic information of easily formed C-N bonds
completely to new C-C bonds by means of the highly ordered cyclic endo tran-
sition states 96.The configuration of the allyl double bond was retained through-
out the reaction. Furthermore, the defined enolate geometry of the in situ
formed ketene aminal double bond caused a high internal asymmetric induc-
tion leading to one predominant relative configuration of the newly generated
stereogenic centers.

Rearranging divinylaziridines 95, the passing of a boat-like transition state
96 explained the stereochemical outcome of the reactions to give the azepinones
97 in 60 to 85% yield. The rearrangement of an a-branched amide 95 (replace
CH,R? by CH(R?)CHj, Table 4, entry 14) only required a higher reaction tem-
perature of about 65 °C to induce the conversion. A single diastereomer 97 was
generated bearing f-methyl and a-amino functions. Surprisingly, the a-NHBOC
group was found to be replaced by a urea subunit, indicating a defined substi-
tution during the course of the reaction (neighboring group-assisted cleavage
of the BOC protective group). The reactant divinylaziridines 95 were synthesized
via ex-chiral pool sequences starting from optically active a-amino acids
(Table 4, Scheme 23).

) R® LHMDS
R/ THF
78°C -1t
H N

R1
95 endo 97
R*=H, OBn, Bn, R2=H, Me, OBn, R3=H, Me, OBn, NHBoc R* =H, CH,0Bn (Table 4)
Scheme 23

Neier et al. planned the development of a Diels-Alder cycloaddition/aza-
Claisen rearrangement tandem process intending to construct up to four new
stereogenic centers in a defined manner [25]. Initially, some test systems were
checked but only a disappointing efficiency of such a sequence was found.
Hence, cycloaddition and rearrangement were tested as separate reactions em-
ploying suitable model systems. Imides 98 (generated from the corresponding
amides by N-acylation, 88-93%) were converted into the Z-N,O-ketene acetals
99 with 64-93% yield. The N-allyl amide acetals obtained were subjected to
a set of different aza-Claisen rearrangement conditions to investigate the
usefulness in regard to the planned tandem process, synthesizing imide 100
(Scheme 24).

Thermal aza-Claisen rearrangements were induced upon heating the reac-
tant 99 in decalin to 135-190 °C. Though some product 100 could be obtained,
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Table4 [22]

Entry R! Config./R? R’ R* Yield (%)  Ref.
1 OBn H H H 83 a
2 Bn H N H 83 a
3 Bn H Me H 85 a
4 Bn H OBn H 81 a
5 Bn H NHBOC H 76 a
6 H a/CH,0Bn H H 73 a
7 OBn a/Me H H 71 9
8 OBn B/Me H H 73 a
9 H a/CH,0Bn Me H 60 [¢

10 OBn a/Me Me H 64 c

11° OBn B/Me Me H 61 c

12 H a/CH,0Bn NHBOC H 63 C

13 OPMB H H CH,0Bn 85 [«

14 Bn NHBOCP H H 58 [¢

2 Rearrangement of Z/E-olefin mixture (Z/E=1:13).

b Replace CH,R? by CH(R?)CH.

0 le) 1. LIHMDS
THF,
N/U\/ -78°C
2 PG-CI
1 2
I, i
98 RZ R3

ZnCIz’/ various [3 3]
condltlon

PZaNX]
W” R PdCl, /@)L
entry 3
R1
101

Scheme 24 12% 8%

best yields achieved were about 40%. The substituted allyl moieties in partic-
ular suffered from poor yield and the formation of diastereomer mixtures
(Table 5, entries 2, 3). Lewis acid mediation was investigated by treating the
reactants 99 with 0.7 mol% of ZnCl, in PhMe with heating to 85 °C. No product
100 was formed; f-ketoamides 101 were isolated pointing out the predomina-
tion of a competing reaction path. Further testing of various Lewis acids did
not result in any rearrangement product 100. The Overman rearrangement
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Table5 [25]
Entry R! R? R3 PG Yield (%)®

>135°C ZnClL,85°C  PdCl,
1 H H H TBS 36 85 48
2 H H Me TBS 13¢ 84 -
3 H (CH), H TBS 11¢ - 204
4 Me H H TBS 39 61 -
5 MeO H H TBS 41 - -
6 H H H P(O)(OEt), 7 - -
7 H H H TES 40 - -
8 H H H TBS 28 - -

@ Replace N-benzoyl by N-benzyl.
b Product 101.

¢ Mixture of diastereomers.

4 Cyclization products 102.

conditions employed the soft electrophile Pd(PhCN),Cl, to accelerate the bond
reorganization [26]. The reaction mechanism was rationalized likewise by a
Pd(II)-catalyzed sigmatropic rearrangement or by a cyclization fragmentation
sequence. However, rearrangement-type products should be formed. In the pre-
sent investigations, the reaction of N,O-acetal 99 (entry 1, Table 5) gave some
product 100 and 50 mol% Pd(II) catalyst was necessary to obtain a maximum
yield of 48%. In contrast, the cyclohexenylamine derivative 99 (entry 3, Table 5)
produced no amide 100. Instead, bicyclic imides 102 were found with low yield,
indicating the passing of a Pd(II)-mediated cyclization/f-hydride elimination
tandem process (Table 5, Scheme 24).

5
Zwitterionic Aza-Claisen Rearrangements

Charge-accelerated ammonium and amide enolate aza-Claisen rearrangements
allowed the originally very high reaction temperatures of 200-350 °C to be re-
duced to about 80-140 °C. Considering the significant nucleophilicity of some
tertiary amines 103, the addition to neutral electrophiles must cause an initial
charge separation. Constructing such a zwitterion using an allylamine 103 as the
nucleophile and a triple bond 104 or an allenic species 108 as an electrophile, the
combination gives rise to an aza-Claisen rearrangement framework 105/109.
A consecutive 3,3-sigmatropic bond reorganization to 107/110 should profit
from charge neutralization, holding out the prospect of a further decrease of the
reaction temperature - a significant extension of the limitations in tolerating
more complicated substitution patterns and functional groups within the
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reaction as well as higher stereoselectivities seems to be achievable. Additional
base and (Lewis) acid catalysis can be employed to support the reaction. One
problem should be pointed out: the addition step of nucleophile 103 and elec-
trophile 104/108 potentially is reversible. Consequently, the fragmentation of
105/109 to regenerate the reactants occurs not as a negligible process (entropy,
charge neutralization). Intending to use the zwitterionic intermediate 105/109
for Claisen rearrangement, a sufficient lifetime of the charge-separated species
must be taken into account to achieve the highly ordered transition state as
a prerequisite of the 3,3-sigmatropic process. Analyzing the systems suitable
for the intermolecular zwitterionic aza-Claisen rearrangement (addition/re-
arrangement tandem process), three combinations were found to be of interest
(Fig. 2).

The first one can be described as the Michael addition of the N-allylamine
103 to an acceptor-substituted triple bond of 104 to form an intermediate
N-allyl enammonium enolate 105 (alkyne carbonester Claisen rearrangement).
The anion stabilizing group is placed in position 1 of the rearrangement core
system. 3,3-Sigmatropic rearrangement delivers an iminium enolate 106, which
undergoes immediate charge neutralization to form an acceptor-substituted
enamine 107.

The second mechanism starts with addition of the N-allylamine 103 to the
cumulated acceptor system of a ketene 108 (Acc=0) to form an intermediate
N-allyl ammonium enolate 109 (ketene Claisen rearrangement) [27]. The anion
stabilizing group is predominantly placed in position 2 of the rearrangement
core system; resonance stabilization can place the anion in position 1, too. Then,
3,3-sigmatropic rearrangement gives rise to an iminium analog carboxylate
(110, Acc=0"), which represents the zwitterionic mesomer of the charge neu-
tral amide 110 (Acc=0).

The third mechanism starts with addition of the N-allylamine 103 to the
cumulated acceptor system of an allene carbonester 108 (Acc=CHCO,Me) to
form an intermediate N-allyl ammonium amide enolate 109 (allene carbon-
ester Claisen rearrangement). The anion stabilizing group is exclusively placed

Acc \ { \ { \ { \ /
104 N N B3 NN Nw
X TNAce X “Acc ~Acc
| L 105 Acc 106 107
/\/N\
103 ; A
Acc Acc N ~ _Acc cc
+ \f T -
—=C=Acc 3.3]
108 110 110

Acc = acceptor, example: in 104: Acc = CO,Me, in 108: Acc = O, CHCO,Me.

Fig.2

Systems suitable for the intermolecular zwitterionic aza-Claisen rearrangement
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in position 2 of the rearrangement core system. Then, 3,3-sigmatropic re-
arrangement generates an iminium enolate (110, Accc=CH~CO,Me), which
represents the zwitterionic mesomer of the charge neutral vinylogous amide
110 (Acc=CHCO,Me).

All reaction mechanisms presented here should be understood as hypothe-
ses to rationalize the outcome of the processes. Alternative explanations such
as stepwise and dissociative mechanisms cannot be excluded. However, as long
as the constitution and configuration of the product can be described as that
of a 3,3-sigmatropic rearrangement, the present hypotheses seem acceptable.

5.1
Alkyne Carbonester Claisen Rearrangements

Mariano et al. developed alkyne carbonester Claisen rearrangements as key
steps in alkaloid syntheses. A convincing application of such a process was pub-
lished in 1990 describing the total synthesis of the Rauwolfia alkaloid deserpi-
dine 117 [28].Isoquinuclidene 111 was synthesized in several steps starting from
a dihydropyridine. The heating of a mixture of amine 111 and propiolic ester 112
in MeCN at about 80 °C induced the addition rearrangement sequence to give
the isoquinoline derivative 114. Careful optimization of the reaction conditions
improved a crucial role of the diethyl ketal function to obtain a smooth reaction.
The addition of the alkynoic acid proceeded anti with respect to the ketal
building up zwitterion 113 bearing the suitable 3,3-sigmatropic rearrangement
framework. Without any indole protecting group (PG=H) only 39% of the de-
sired product was obtained. Rearranging the sulfonamide of 111 (PG=PhSO0,),
acceptable 64% yields of ketone 115 were achieved after consecutive cleavage
of the ketal. Heating in aqueous acetic acid induced Wenkert cyclization to
generate tetracyclus 116 as a mixture of three diastereomers. Several further
steps allowed completion of the total synthesis of deserpidine 117 (Scheme 25).

Vedejs and Gingras investigated intermolecular aza-Claisen rearrangements
of acetylene dimethyldicarboxylates 119 and methyl propiolate 128 and various
acyclic and cyclic N-allylamines 118, 124, and 127 [29]. Proton and Lewis acids
were found to accelerate the Michael addition step of the amine to the triple
bond. Hence, the reaction temperature could be lowered to 23-0 °C in most of
the experiments; optimized conversions were run at —40 to -60 °C. The reaction
of allylamine 118 with DMAD 119 initially formed the Michael adduct 120. The
acid was thought to promote the addition and to stabilize 120. A subsequent
rearrangement enabled the isolation of enamine 121 in up to 99% yield. Acidic
cleavage allowed removal of the enamine and buildup of the corresponding ke-
toesters. In the presence of a sterically demanding allyl system and, likewise, a
nucleophilic counter-ion of the acid (e.g., benzoate from benzoic acid), the yield
of rearrangement product 121 was decreased. A competing reaction activated
the nucleophile to degrade the intermediate 120 by means of an Sy process.
Up to 50% yield of enamine 123 and allyl compound 122 could be isolated
(Scheme 26).
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Table6 [29]
Entry R R! R? X T mol%/acid Yield
(°C) (%)
1 nPr H H CO,Me 23 10/TsOH 99
2 nPr H H H 23 5/TsOH 95
3 nPr H Me CO,Me 23 10/TsOH 95
4 (CH,), H Me CO,Me 23 10/TsOH 89
5 (CH,), H Ph CO,Me 23 5/TsOH 91
6 nPr Me Me CO,Me 23 10/TsOH 64
7 (CH,); H Ph CO,Me 23 10/TsOH 88
8 nPr Me R CO,Me 23 10/TsOH 73
9 nPr H Me CO,Me -40 27/TiCl,(OiPr), 66
10 nPr H Me CO,Me -40 27/(BINOL)TiCl, 93
11 (CH,), H Ph CO,Me -40 10/TiCl,(OiPr), 83
12 (CHy), H Ph CO,Me  -40 27/(BINOL)TiCl, ~ 92
132 Et H Ph CO,Me -60 10/TiCl,(OiPr), 83
14b 124 CO,Me  -60 10/TiCL(OiPr), 62
15 127 n=1 CO,Me -15 5.5/TsOH 57
16 127 n=2 CO,Me 20 10/TsOH 71
17 127 n=2 H 65 - 71

@ 4+25% AgOTT.
b +20% AgOTH.
¢ R=CH,CH,CHCMe,.

Lewis acid catalysis offered the advantage of using chiral Lewis acid ligands
with the intention of achieving some catalyst-directed asymmetric induction
upon generating the enamine 121. First experiments using (+)-BINOL catalyst
(27 mol%) gave a significant rate acceleration, but no experiment with enantio-
pure material had been described. An auxiliary-directed asymmetric rearrange-
ment was investigated starting from prolinol derivative 124. The addition should
have given the intermediate 125 bearing a chiral ammonium center. The con-
secutive 3,3-sigmatropic rearrangement gave the enamine 126 with 62% yield
and 83% de, as determined after auxiliary cleavage/decarboxylation and final
amidation with chiral 1-phenylethylamine. Here, the use of (+)-BINOL led to
a slight decrease of the ee to about 80% (mismatched combination?). Ring
expansions were studied upon rearranging 2-vinylpyrrolidine 127 (n=1) and
piperidine 127 (n=2) with propiolic esters 119 and 128, respectively. Best results
were obtained using TsOH as accelerating acid. In most cases, NMR-scale
experiments were conducted allowing generation of the medium-sized ring
systems 130 via adduct 129 with 50-70% yield (Table 6, Scheme 26).
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5.2
Ketene Claisen Rearrangements

The N-allyl ammonium enolate Claisen rearrangement requires the addition of
a tertiary allylamine to the carbonyl center of a ketene to generate the sigma-
tropic framework. The first crucial point of this so-termed ketene Claisen
rearrangement is the formation of the ketene with a lifetime sufficient for the
consecutive attack of the nucleophile and the avoidance of competing 242-
cycloadditions. Roberts tested stable diphenylketene 131 [30]. N-benzyl aza-
norbornene 132 (R=Ph) was treated with diphenylketene 131 upon heating
to reflux in acetonitrile for 6 days. The passing of the addition (—133) re-
arrangement sequence gave the desired bicyclic material 134 with 59% yield.
Ultrasonication allowed reduction of the reaction time to 12 h (61% yield). At
0 to 23 °C, the sterically less hindered N-methyl derivative 132 (R=H) suffered
from the intermolecular Claisen rearrangement to give 134 in 53% yield. The
use of stable ketenes was mandatory, otherwise only 2+2 cycloadducts of ketene
and olefin and degradation products were observed (Scheme 27).

131
Pn_131 = H o,
)=C=0 INTR " Ph
N>R PP mecn, \
| 0°C - 80°C ) [3.3] "t 0o

— > Ph

132 Ph 433 134 R

R = Ph: 80°C, 6d, 59%. R = Ph, ultrasonication, 12h, 61%.
Scheme 27 R =H: 0°C - 23°C, 13h, 53%

A significant acceleration of the ketene reactivity could be achieved using
electron-deficient species such as dichloroketene. Pombo-Villar described a
rearrangement of optically pure N-phenethyl azanorbornene 135 to synthesize
the a,a-dichloro-6-valerolactam 138 [31]. At 0 °C in CH,Cl,, dichloroketene -
generated in situ from dichloroacetyl chloride 136 and Hiinig’s base — was
reacted with amine 135. The addition step led to the hypothetical zwitterion
137, which underwent immediate 3,3-sigmatropic rearrangement. The bicyclic
enantiopure lactam 138 was obtained with 61% yield. Higher reaction tem-
peratures led to tarry side products, and the yield was significantly decreased.
The a,a-dichloro function of 138 could be reduced by means of Zn/NH,Cl/
MeOH to give the dechlorinated material 139. Lactam 139 served as a starting
material in a (-)-normethylskytanthine 140 synthesis (Scheme 28).

Edstrom used terminally unsubstituted 2-vinylpyrrolidine and piperidine,
respectively, and dichloroketene to achieve the ring expansion to nine- and ten-
membered lactams [32]. Starting from N-benzyl-2-vinylpyrrolidine (#=0) and
piperidine (n=1) 141, respectively, the ketene Claisen rearrangement using in
situ generated dichloroketene led to the corresponding azoninone and azeci-
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none 144 (R'=Bn) in 64 and 96% yield. Replacing the N protective group by the
more electron-rich PMB substituent (R'=PMB), the yields of 144 were observed
to decrease to 52 and 54%, respectively. Here, Edstrom used trichloroacetyl
chloride 142 and activated zinc to generate dichloroketene via a reductive
dechlorination at 0 to 62 °C. Simultaneously, Lewis acidic ZnCl, was formed
which might have activated the ketene and stabilized the zwitterionic inter-
mediate 143 to support the rearrangement. Though the double bond included
in the medium-sized ring was found to be exclusively E configured, both
rearrangements suffered from a complete loss of chiral information because of
the use of terminally symmetric substituted olefins in 141 (=CH,) and ketenes
108 (=CCl,, Acc=0) as reactants. The NMR spectra of the azecinone 144 (n=1)
were characterized by the coexistence of two conformers. In contrast, the nine-
membered ring 144 (n=0) was revealed as a single species. Both medium-sized
lactams were used in transannular ring contractions to yield the corresponding
quinolizidinones 146/149 (n=1) and indolizidinones 146 (n=0), respectively. The
E double bonds suffered from an external attack of an electrophile (I*, PhSe*,
Me;Si*) and the resultant onium ion underwent a regio- and stereoselective
addition of the N center of the lactam to give an acylammonium salt 145. Then,
the benzyl group was removed (—146) by a von Braun-type degradation to form
the corresponding benzyl halide. Surprisingly, the relative configuration of
bridgehead hydrogen and the adjacent substituent were found to be trans on
synthesizing quinolizidinones 149. After dechlorination with Zn/Ag/HOAc to
give the lactams 147, the transannular ring contraction of the azoninone (1=0)
took the expected path, generating indolizidinone 146 (R’=H). In contrast,
the analog reactions involving the azecinone 147 (n=1) gave bicyclus 149 by
passing the hypothetical acylammonium ion 148 as a quasi-syn adduct of
E and N at the double bond. Finally, the quinolizidinone 149 (n=1, E=I) were em-
ployed as a key intermediate in a total synthesis of b,L-epilupinine (Scheme 29,
Table 7).

The mild reaction conditions and the obviously high potential driving force
of the ketene Claisen rearrangement recommended the use of the process with
more complex systems [33]. The first series of this type of reaction suffered
from severe limitations (see Schemes 27-29, Fig. 3) [30-32]. On the one hand,

Scheme 28
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Table7 [28]
Entry R! n Yield (%) Yield (%) 146 [146], (149)?

144 (147)

E=I E=PhSe E=TMS

1 Bn 0 64 (45) 88 [87] 79 [64] 72
2 PMB 0 52 - - -
3 Bn 1 96 (86) 85 (62) 84 (74) -
4 PMB 1 54 - - -

2 Yield: 146: R?=Cl, [146]: R?=H, (149): R*>=H.

predominantly electron-deficient ketenes 108 added to the allylamines 103,and
useful yields of the amides were exclusively achieved by reacting dichloro-
ketene [31, 32]. On the other hand, the rearrangement was restricted to either
monosubstituted olefins in the amino fragment (146) or the driving force had
to be increased by a loss of ring strain (132, 135) during the process. The reac-
tion path was rationalized as pointed out in Fig. 3. Initially, the ketene 108 was
generated from a suitable precursor 150 (i.e., acid halide). Then, a reversible
addition of the ketene 108 to allylamine 103 gave rise to the intermediate
zwitterion 109. Here, dichloroketene was found reactive enough to push the
equilibrium toward adduct 109 and diphenylketene 131 was stable enough to
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Fig.3 Ketene Claisen rearrangements

survive several addition/elimination cycles without suffering from competing
reactions (diketene formation, etc.). Finally, zwitterion 109 underwent the
sigmatropic rearrangement to give amide 110 (Fig. 3). The careful analysis of
arange of conversions indicated that two further competing processes have to
be mentioned [33a,d]:

1.

The tertiary amines 103 and the acid chlorides 150 (X=Cl) initially formed
acylammonium salts 151, which underwent a von Braun-type degradation
by an attack of the nucleophilic chloride ion (X =ClI") at the allyl system to
give allyl chlorides 152 and carboxylic acid amide functions 153 [34].

. The reaction of acyl chlorides 150 led to the corresponding ketenes 108

while the allylamines 103 were deactivated as ammonium salts 103-HCI
(Schotten-Baumann conditions).

Three changes concerning the processing led to a pioneering surmounting of
the limitations in converting allylamines 103 into the corresponding amides
110 [33a,d]:

1.

Addition of stoichiometric amounts of a Lewis acid (LA), especially trimethyl
aluminum to the reaction mixture. A range of a-substituted carboxylic acid
halides 150 (X=CI, F) as precursors of the ketenes 108 could be used, over-
coming the restriction concerning the ketene component, but up to now, the
rearrangement failed using a,a-difunctionalized carboxylic acid halides.
The Lewis acid might have increased the acidity of the a-protons by inter-
acting with the carbonyl group in 108, 150, and 151, facilitating the formation
of the intermediate zwitterions 109, and/or the Lewis acid had stabilized the
zwitterionic intermediate 109 suppressing the elimination of ketene 108.
Furthermore, allylamines 103 bearing 1,2-disubstituted double bonds could
be successfully rearranged overcoming a restriction concerning the carbon
framework [33a,b,d].

2. The replacing of the acyl chlorides 150 (X=CI) by the corresponding acyl

fluorides 150 (X=F) as the substituents of the ketenes 108. The von Braun-



182 U. Nubbemeyer

type degradation as the major competing reaction observed was efficiently
suppressed. The fluoride counter-ion was known to be less nucleophilic but
more basic. In the presence of trimethyl aluminum, the potential formation
of a stable AI-F bond (F-AlMe,, methane evolved) should have eliminated
the fluoride as a latent nucleophile. The acyl fluorides 150 were found to be
less reactive compared to the corresponding acid chlorides, causing some
difficulties in the rearrangement with n-alkyl carboxylic acid derivatives.
Such transformations needed longer reaction times, and the yield of the cor-
responding rearrangement products was moderate [33d,e].

3. The use of a second base to trap all proton acids generated during the course
of the rearrangement. In most cases, a two-phase system of solid potassium
carbonate as a suspension in dichloromethane or chloroform gave the best
results, even though excessive HX formation during the course of the reac-
tion could be avoided by employing the combination acid fluoride/Me;Al
(formation of methane and dimethylaluminum fluoride).

5.2.1
Stereochemical Results: 1,3-Chirality Transfer and Internal Asymmetric
Induction

Employing the optimized reaction conditions upon running various reactions,
the stereochemical advantages of the Claisen rearrangements were combined
with an efficient synthesis of the azoninones 157 and 158 bearing defined
E-configured double bonds in the medium-sized rings (Scheme 30) [33]. As is
known for all Claisen rearrangements, a complete 1,3-chirality transfer was
observed on treating E-allylamines 154 (R!, R*=H) with acetyl chloride 155
(R>=H) [33a].Both enantiomers of the core framework were constructed start-
ing from the same L-(-)-proline derivative choosing either an E (R*=H) or a Z
(R3=H) allylamine 154 [33f]. Furthermore, a high internal asymmetric induc-
tion could be observed involving a-substituted acyl halides 155 (R°#H) in the
synthesis of the lactams. In most cases the diastereomeric excess was >5:1 in
favor of the 3,4-translactam 156 (entries 4-14, Table 8). The phenylacetyl halide
rearrangement (R°=Ph, entry 7, Table 8) only gave a nearly equal mixture of
cis and trans azoninones 157 and 158 (R>=Ph). The stereochemical outcome of
the rearrangement of 154 (R'=H) was explained by the passing of a chair-like
transition state 156 (ca) with minimized repulsive interactions and a defined
Z enolate geometry (as is known for all amide enolates) [33b,d]. However the
passing of the chair-like transition state 156 (cf3) could not be excluded: both
156 (ca) and (cp) resulted in the same diastereomer pS-158!

Surprisingly, the rearrangement of the 4-t-butyldimethylsilyloxy-2-vinyl-
pyrrolidines 154 (R'=0TBS, R%, R*=H) took another course. The stereochemi-
cal outcome had to be rationalized by the passing of a boat-like transition state
156 (bp) to give the 3,8-trans lactams 157 (R'=0TBS, entries 15-19, Table 8). The
corresponding cis product 158 (R'=0TBS) resulting from the expected chair-
like intermediate 156 (cf3) had only once been isolated as a minor compound
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Scheme 30

(entry 17, Table 8). The completeness of the 1,4-chirality transfer should be
pointed out [33]. Obviously, the configuration of the intermediately generated
stereogenic ammonium center in 156 had to be considered: Rearranging the
2-vinylpyrrolidines 154 (R'=H), the N-acylation should have been directed by
the adjacent side chain to the opposite face of the five-membered ring to give 156
(a) (1,2-anti induction, as found analyzing appropriate acylammonium salts).
Consequently, the rearrangement proceeded via a chair-like transition state 156
(ca), as known for the acyclic 3,3-sigmatropic reaction leading predominantly
to lactams 158. In contrast, the N-acylation of the 2,4-trans disubstituted pyrro-
lidines 154 (R'=0TBS) were directed by the bulky silyl ether to generate a syn
arrangement of vinyl and acyl group in an intermediate ammonium salt 156 (3)
(1,3-anti induction, 1,2-syn). Then, an appropriate conformation to undergo a
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Claisen rearrangement presumably was the boat-like form 156 (bp) with
minimized 1,3 repulsive interactions resulting in the lactams 157. However, the
2,4-cis disubstituted pyrrolidine 159 (R!'=0TBS, R?, R*=H) gave the expected
lactam diastereomer 158 via a chair-like transition state conformation 160 (en-
try 16, Table 8) (Scheme 31).

)
% R* CICH,COX Hi Hy R M
2 0
w 2 MeAl TBso)E/} Zao| B N
N R NS \QN )
RZJ RJ H TBSO Hh
159 160 158
Scheme 31 R' = OTBS, R?, R3, R = H, RS = CI, X = Cl

The lactam and the olefin unit characterized the heterocyclic cores 157 and
158 as constrained ring systems, the conformations of which were found to be
strongly dependent on the substitution pattern and the relative configuration
of the stereogenic centers. The planar chiral properties of the medium-sized
rings with internal trans double bonds had to be taken into account for analy-
zing the nine-membered rings [35]. The rearrangements of the 2S-vinylpyrro-
lidines 154 passing through a boat-like transition state 156 (b) effected initially
the formation of the medium-sized ring with pS arrangement of the E double
bond (pS-157). This planar diastereomer pS-157 was obviously unstable: NMR
and NOE analyses indicated the coexistence of one preferred pS-157 and at least
one additional minor conformation as a highly flexible equilibrium of some
arrangements of the lactam function. Finally, the epimerization (flipping of the
E double bond) to give the pR arrangement pR-157 of the olefin with respect
to the ring generated the most stable and rigid conformation. Preliminary force
field calculations of the azoninones 157 and molecular mechanics calculations
of the related E/Z-1,5-nonadiene confirmed these observations [36]. In con-
trast, the lactams 158 (R*=H) generated via chair-like zwitterions 156 (c) were
found to be generated directly in a stable pS arrangement of the E double bond
pS-158 (Schemes 30, 31). Nevertheless, a high activation barrier had to be
passed to achieve the change of the planar chiral information (pS-157—pR-157).
This fact allowed the isolation and the characterization of the conformers of the
nine-membered rings (Schemes 30, 31) [33c,e,f].

The proof of principle gave the aza-Claisen rearrangement of vinylpyrroli-
dine 154 (R!, R, R*=H, R*=Ph) and chloroacetyl fluoride 155 (R°=Cl) under
standard conditions. A mixture of two diastereomers pS-157 and pS-158 was
obtained in 77% yield and a ratio of 1.4:1, which could be separated by means
of column chromatography and preparative HPLC. On handling these com-
pounds, any warming up to 30-40 °C was avoided to maintain the planar chiral
properties (pS) of the diastereomers resulting from the ring expansion. For
testing the conformational stability of both compounds, the separated dia-
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stereomers pS-157 and pS-158 were heated to about 60 °C [37]. After 3 to 10 h
a second diastereomer pR-157 occurred starting from pS-157, indicating the
flipping of the double bond with respect to the ring. All spectral data of the new
diastereomer pR-157 were identical with those determined for lactam pS-158
except the specific rotation proving the formation of the enantiomer. Lactam
pS-158 suffered the analogous process generating pR-158 (enantiomer of
pS-157), but the conversion was found to be incomplete. The relative arrange-
ment of the double bond and the stereogenic center of the diastereomers was
proven via NOE analyses. While the lactam pS-158 was characterized by a
single set of peaks (almost rigid conformation), the spectral data of lactam
pS-157 indicated the coexistence of two conformers (double set of peaks in 'H
and °C spectra) potentially originating from some mobility of the lactam func-
tion (Table 8, entry 20) (Scheme 32) [33f].

H
Ph, O 60°C Ph
N rlfr/ -
| \77/0 N g CH cl 6
H

Bn Bn

[ O

15

z X
(R, R%, R* = H cl
R2 = Ph, R = Cl) éN cl N
n o Bn o
pS—158 pS-157 pR-157

i) CICH,COF, MejAl, CH,Cl,, K,CO;, 0°C, 3h
Scheme 32

The azoninones 157 and 158 with defined stereochemical properties served
as key compounds in natural product syntheses. Firstly, the planar chiral in-
formation was used to generate stereospecifically new stereogenic centers
depending on the defined conformation of the nine-membered rings [38].
Upon treatment of pS-158 (R}, R%, R>=H, R*=Ph, R*=CO,Et) with PhSeCl in
MeCN, the anti addition of [PhSe]* and the lactam lone pair to the double bond
gave an intermediate acylammonium ion 161, which suffered from immediate
von Braun degradation to form benzyl chloride and the indolizidinone 162 as
a single regio- and stereoisomer (ring contraction) with 70% yield. Several fur-
ther steps allowed completion of a total synthesis of (-)-8-epi-dendroprimine
[38a]. A mixture of pS-157/pS-158 (R}, R?, R*=H, R?=Ph, R°=Cl) was epoxidized
by means of MCPBA to give the diastereomeric mixture of epoxy azonanones
163 with defined epoxide configuration (stereospecific cycloaddition). Chlorine
and benzyl groups were removed by hydrogenation using Pearlman’s catalyst
to give a single hydroxyindolizidinone 164 after regio- and stereoselective
intramolecular oxirane opening. Several further transformations enabled com-
pletion of a (+)-pumiliotoxin 251D synthesis (Scheme 33) [38b,c].
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An alternative pathway using a zwitterionic aza-Claisen rearrangement to
generate azoninones was described by Hegedus [39]. 2-Vinylpyrrolidines 165
and chromium carbene complexes 166 underwent photochemical reactions
in the presence of a Lewis acid to give the corresponding nine-membered ring
lactams 167 bearing E double bonds in up to 71% yield. Though reactants and
products suffered from some instability against Lewis acids, the presence of
the zinc chloride or dimethylaluminum chloride was mandatory to start the
rearrangement. In contrast to the classical ketene Claisen process, electron-rich
ketene equivalents such as alkoxy or amino ketenes could be used, since the
donor substituents stabilized the chromium carbene complex 166. Further-
more, a,a-disubstituted lactams were synthesized but the stereoselectivity
observed was low. The determination of the stereochemical outcome of the
reaction proved that the 1,4-chirality transfer was not complete: a Mosher
analysis of an appropriate azoninone gave a loss of about 10% of the chiral
information. A chiral carbene complex 166 (R'=oxazolidinyl) was found to have
anegligible influence on the stereoselectivity of the rearrangement. Generally,
the present variant of the rearrangement was found to be very sensitive to any
steric hindrance. Additional substituents in any position (e.g., R*#H) led to a
severe decrease of the yield and the stereoselectivity. Additionally, one example
rearranging a 2-vinylpiperidine 168 was given. The corresponding azecinone
169 was formed in about 33% yield (Scheme 34). Some details are outlined in
Table 9. In analogy to Edstrom’s experiments [32], the nine- and ten-membered
ring lactams 167 and 169 underwent regio- and stereoselective transannular
ring contractions to give the corresponding indolizidinones and quinolizidi-
nones, respectively (vide supra Scheme 29) (Scheme 34, Table 9).
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Table9 [39]
Entry n R! X R? Lewis Yield Ratio
acid (%) 167/169
1 1 Me OMe H ZnCl, 71 -
2 1 Me OBn H ZnCl, 66 62% de®
3 1 ~(CH,),-O- H ZnCl, 15 -
Me,AlCl 22
4 1 H NMe, H Me,AlCI 9 -
5 1 H Oxazolidine? H ZnCl, 19 74% de®
6 1 Me OMe Me ZnCl, 20 60% de€
7 1 Me OBn Me ZnCl, 40 33% de¢
8 2 Me OMe H Me,AlCl 33 -
2 Chiral oxazolidine.
b Determined via Mosher analysis of a derivative.
¢ Mixture of 3,4 diastereomers.
R? R’
X_ R" hv,CO,THF 73
W Y Lewis acid N, SR
+ !
N CrC0) g 71 Bn I X
165 166 167

>(O n=1,2, R"=H, Me,
\_/

oxazolidinyl = “--N
R2 = H, Me, X = OMe,
OBn, NMe,, Oxazolidinyl
Ph (Table 9)

Meo_ Me [ CO. IHF =
A W ewis acid N tMe
N + |

1 Cr(CO),  33% goll OMe

Scheme 34 168 166 169

First systematic efforts to investigate the internal asymmetric induction of
ketene Claisen rearrangements have been published by Yu [40]. Some simple E
and Z N-crotylpiperidines 170 were treated with propionyl, methoxyacetyl,and
fluoroacetyl chloride 171. Renouncing Lewis acid support, the reactants were
combined in toluene at 0 °C in the presence of solid K,COj; as a proton accep-
tor (Schotten-Baumann conditions). The piperidides 173 were isolated in
38-61% yield. The formation of side products (von Braun degradation) was not
reported. All reactions were found to be highly diastereoselective. The stereo-
chemical outcome could be rationalized by the initial formation of the zwitte-
rion 172 with a defined double bond and a defined Z-ammonium enolate
geometry because of steric and/or electronic reasons. The passing of a chair-
like transition state gave rise to the formation of the anti product, anti-173,
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starting from Z-170 and the syn product, syn-173, starting from E-crotylpiperi-
dine E-170. Alternatively, the use of the corresponding crotylpyrrolidines and
the employment of in situ formed propionyl bromide gave somewhat lower
yields and diastereoselectivities (Scheme 35).

S ey
A K,CO, N
170 :/\er PhMe, 0°C G [3,3] + e
0 ):\I R" 0 R syn-173
R
or " "l (AR
171 172 N .
5z
o R anti-173

(61%, 95:5)

E-170: R = Me (41% yield, syn/anti = 94:6), R = OMe (44%, 92:8), R =
=F (57%, 4:96)

Z-170: R = Me (38% yield, syn/anti = 3:97), R = OMe (39%, 5:95), R
Scheme 35
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A more recent systematic investigation of the internal asymmetric induction
in ketene Claisen rearrangement was contributed by MacMillan [41]. E and Z
N-allylmorpholine derivatives 174 were reacted with acid chlorides 171 in the
presence of Hiinig’s base supported by 5 to 20 mol% of a Lewis acid (Einhorn
conditions). The product y,5-unsaturated morpholine amides 176 were ob-
tained with 70 to 95% yield. The conditions reported indicate the presence of
a high concentration of nucleophilic chloride ions in the reaction medium.
Though acid chlorides and tertiary amines tend to a rapid formation of N-acyl-
ammonium salts, even in the presence of substoichiometric amouts of a Lewis
acid, no von Braun degradation-generating allyl chlorides and carboxylic acid
morpholine amides were mentioned (Fig. 3). Best results were achieved running
the rearrangement in the presence of Yb(OTf);, AICl;, and TiCl,. As expected, a
very high internal asymmetric induction was found in most experiments. Com-
pared to the Z amine Z-174 resulting in anti-176 as the major compound, the
corresponding E-configured reactants E-174 gave somewhat higher yields and
diastereoselectivities forming predominantly the syn amides syn-176.In accor-
dance with previous reports the use of a-alkyloxyacetyl chlorides caused de-
creased diastereoselectivities of 86:14 to 90:10 [33, 43]. The stereochemical
outcome could be rationalized by the intermediate formation of the zwitterion
175 with Z enolate geometry, which rearranged passing a chair-like transition
state to give the desired product 176. Furthermore, new quaternary carbon
centers could be built up by means of the present protocol. The rearrangement
of 3-ethyl-3-methyl-substituted allylamine E-174 allowed generation of the
corresponding amide syn-176 with 72% yield and 99:1 syn selectivity (Table 10,
entry 14). The cyclohexenylamine 177 could be converted into the amide 178
with 75% yield and 99:1 syn diastereoselectivity, too (Table 10, entry 15). De-
tailed information is outlined in Table 10 (Scheme 36).
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Table 10 [41a]

Entry RE R” R Lewis acid Mol%  Yield Ratio
(%) syn:anti
1 Me H Me Yb(OTf), 10 80 99:1
2 Me H Me AlCl, 10 90 99:1
3 Me H Me Ti(iOPr),Cl, 10 76 99:1
4 Me H Me TiCl,-2 THF 5 92 99:1
5 Ph H Me TiCl,-2 THF 10 76 99:1
6 Cl H Me TiCl,-2 THF 10 95 99:1
7 H H Me TiCl,-2 THF 10 95 -
8 H Me Me TiCl,-2 THF 20 74 5:95
9 Me H NPht TiCl,-2 THF 10 77 99:1
10 Me H SPh TiCl,2 THF 10 81 92:8
11 Me H OBn TiCl,-2 THF 10 91 86:14
12 Cl H OBn TiCl,-2 THF 10 83 90:10
13 H Cl OBn TiCl,2 THF 10 70 90:10
14 Et Me Me TiCl,-2 THF 10 72 99:1
15 Me R? Me TiCl,-2 THF 10 75 5:95

2 Reactant 177, product 178.
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Scheme 36

The present protocol enabled tandem ketene aza-Claisen rearrangements
to be run [41b]. The reaction of allyl systems 179 bearing two allylamine
fragments gave the corresponding diamides 183 with high yield and high
simple diastereoselectivity as well as an excellent 1,3-asymmetric induction.
The amount of Lewis acid had to be increased to about 200 to 400 mol%. The
process was explained by two consecutive sigmatropic rearrangements. In the
first step, the E-allylmorpholine moiety of 179 reacted with the ketene fragment
from 171 passing the zwitterionic intermediate 180 displaying the well-known
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Z-enolate geometry. The chair-like transition state gave rise to the formation of
the syn intermediate syn-181. Then, the newly generated allyl morpholine in
181 suffered from a second rearrangement. The addition of another acid chlo-
ride 171 led to the zwitterion 182, which was immediately transformed into
the diamide syn/anti-183, passing a chair-like conformation with minimized
repulsive interactions. High yields of 71 to 99% were reported; in most runs one
major diastereomer could be detected with >92:8 diastereoselectivity. Detailed
information is given in Table 11 (Scheme 37).
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o R f
syn-181 O R 4 -
o() R o}
N
M./U\N/\l syn/anti-183
Scheme 37 O R R K/o
Table 11 [41Db]
Entry  Rf R Lewis acid Mol%  Yield  Ratio
(%) synlanti:anti/ anti
1 Me Me Yb(OTf), 200 97 98:2
Me Me AlCl, 200 93 64:36
32 Me Me Mgl, 400 70 98:2
4 Me Me TiCl,-2 THF 200 93 98:2
5 Cl Me Yb(OTf), 200 98 99:1
6 OBz Me Yb(OTf), 200 86 91:9
7 CN Me TiCl,2 THF 200 78 97:3
8 SPh Me TiCl,-2 THF 200 70 93:7
9 Me Bn Yb(OTf), 200 99 92:8
10 Me NPht Yb(OTf), 200 98 95:5
11 Me OPiv TiCl,-2 THF 200 97 97:3
12 Cl OPiv TiCl,-2 THF 200 84 95:5
13 OBz OPiv TiCl,2 THF 200 71 92:8

2 Reaction at -20°C.
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5.2.2
Stereochemical Results: External Asymmetric Induction/Remote Stereocontrol

The low reaction temperatures of the zwitterionic ketene aza-Claisen re-
arrangements recommended the process for further testing of the stereo-
directing properties. An efficient external chiral induction within the addition
rearrangement sequence requires not only a highly ordered transition state
of the six core atoms, but also a defined arrangement of the external chiral
subunit with respect to the rearrangement framework. Always, a single defined
transition-state conformation causes a highly selective reaction [41b]. With the
intention of achieving a maximal asymmetric induction via remote stereo con-
trol, the chiral information should predominantly be placed next to the nascent
sigma bond formed during the course of the rearrangement and carrying the
new chiral centers. A stereogenic center in the allylamine moiety adjacent to C3
fulfilled such a prerequisite. Particularly, defined C atom-heteroatom bonds
offer the advantage of being potential excellent stereodirecting subunits. Since
the electron-rich 1,2-vinyl double bond should attack the allyl system at posi-
tion 6, an adjacent C-X (nucleophilic X) bond should adopt an anti arrange-
ment with respect to the incoming donor. In other words, the extended C-X-o*
orbital is syn coplanar positioned with respect to the attacking vinyl double
bond. The transition state is stabilized by an additional delocalizing of some
electron density in the empty anti binding orbital. Such weak electronic effects
have been successfully used in ketene thia-Claisen rearrangements [42].
Allylamines 184 bearing an additional chiral center adjacent to C6 (R'=a-d)
were efficiently synthesized via short ex-chiral pool sequences starting from
D-mannitol (—c), L-malic (—b), L-lactic acid (—a), and L-proline (—d) [43].
The treatment of such allylamines 184 with acid chlorides 185 (X=Cl), even in
the presence of several Lewis acids (Me,AlCl, MeAICl,, ZnCl,, TiCl,, SnCl,,
Yb(OTf)s, etc.), suffered from the formation of varying amounts of von Braun
degradation products 187 and 188 among the desired y,5-unsaturated amides
189-192. The nucleophilic attack of the chloride at the intermediately formed
acylammonium salt 186 sometimes predominated. Subjecting the allylamines
184 to a-monosubstituted acid halides 185 in the presence of Me;Al the desired
rearrangement got the upper hand. Conducting the reaction at 0 °C in a two-
phase system of CH,Cl, and K,COs,, the degradation could be almost sup-
pressed depending on the substitution pattern in 184 and 185. Finally, the use
of carboxylic acid fluorides 185 (X=F) in the presence of Me;Al enabled the
process to be run in the absence of nucleophiles [33d]. Since then, allyl halides
187 have not been found any more. Analyzing the stereoselection properties of
the conversion to 189-192, the 1,2-asymmetric induction was found to be mostly
>90:10 in favor of the syn product - even in the presence of the nitrogen as di-
recting function. The minor anti diastereomer only occurred in appreciable
amounts if acetyl chloride 185 (R?>=H) was used as C2 source. Furthermore, the
simple diastereoselectivity (internal asymmetric induction) was high, allowing
the diastereoselective generation of two new stereogenic centers in a single step
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bearing a variety of functional groups. The y,5-unsaturated amides 189-192
formed represented useful intermediates for natural product total syntheses,
as demonstrated by completing the synthesis of (+)-dihydrocanadensolide
193 [43b] and the formal synthesis of (-)-petasinecin 194 (195=petasinecin)
(Scheme 38) [33d]. Detailed information is summarized in Table 12.

The stereochemical outcome of the reaction could be explained by the pass-
ing of a clearly preferred transition state. Generally, the ketene equivalent (from
185) and the allylamine 184 (R!: ¢) combined to form a hypothetical inter-
mediate acylammonium enolate with a defined Z-enolate geometry (in b-189,
¢-190, ¢c-191), as is known for amide and acylammonium enolates. Adopting the
chair-like conformations c, the anti arrangement of the attacking enolate and
the guiding heteroatom (N and O at C6a) favored c-190 facing c-191; the anti/syn
product 190 was isolated as the major compound. Surprisingly, R? substituents
characterized by extended II-systems led to the syn-syn products 189 selec-
tively. Here, the high remote stereocontrol must involve an alternative boat-like
transition state conformation b-189. In Fig. 4 the hypotheses concerning 184
(R!: ¢) are outlined. With respect to the inverted configuration of the directing
center adjacent to C6 in 184 (R': a, b, d), 189-192 (R!: a, b, d), the enantiomer
stereotriads were formed.

cl
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R! NQ 2 27 N
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For R? and detailed
information see Table 12.

Scheme 38
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Table 12 [43]
Entry R! R? X Yield Ratio Ref.
(%) 189/190/191/192
1 a H Cl 84 —:1:2:- a
2 a Me Cl 73 <1:<1:>15:<1 a
3 b H Cl 80 —4:7:— a
4 b Me Cl 74 <1:1:10:<1 a
5 [ H Cl 82 —:3:2:— a
6 c Me cl 77 <1:9:1:<1 a
7 c CICH,CH, Cl 74 3:7:<1:<1 b
8 c iPr Cl 45 <1:97:<1:<1 b
9 c H,C=CH Cl 62 <1:97:<1:<1 b
10 c H,C=CH-CH=CH- (I 60 97:<1:<1:<1 b
11 c Ph Cl 52 97:<1:<1:<1 b
12 [ Cl Cl 82 2:96:<1:<1 b
13 c OBn Cl 83 9:86:<1:4 b
14 d Me F 78 <1:<1:>97:<1 c
15 d Ph F 85 <1:<1:>97:<1 c
16 d Cl cl 24 <1:<1:>97:<1 c
17 d Cl F 76 <1:<1:>97:<1 c
18 d OBn F 68 <1:<1:>97:<1 c

SO

184 l

H c191 |

R,CH,COX 185, Me Al
K,COj, CH,Cl,, 0°C

WLO R’
[3.3] O\)fYNO
X © 190
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Fig.4 Formation of enantiomer stereotriads of 184
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5.23
Stereochemical Results: External Asymmetric Induction/Auxiliary Control

Auxiliary-controlled 3,3-sigmatropic rearrangements represent an almost
classical approach to introducing chiral information into a more complicated
rearrangement system. The major advantage is a reliable control of the stereo-
chemical outcome of the reaction. All products are diastereomers, e.g., the sep-
aration of minor compounds should be more or less easy and the well-known
spectroscopic analyses will always be characterized by defined and repro-
ducible differences. However, the auxiliary strategy requires two additional
chemical transformations: the attachment and the removal of the auxiliary
must be carried out in two steps. The efficiency of these steps influences the
whole sequence. High yields and the avoiding of stereochemical problems are
the prerequisites of each step. Furthermore, the synthesis and the recycling of
an auxiliary have to be taken into account. Overall, a set of advantages and
problems has to be considered before deciding on an auxiliary strategy.

An aza-Claisen rearrangement enables a chiral auxiliary to be attached to
the central nitrogen via the third binding valence next to the 3,3-sigmatropic
framework. In analogy to the remote stereocontrol prerequisites mentioned
above, a low reaction temperature was crucial to guarantee a restrained con-
formational mobility of the potential transition state. The system should be
forced to take a single reaction path for obtaining a high diastereoselectivity.

The zwitterionic aza-Claisen rearrangement seemed to fulfill these prereq-
uisites using L-(-)-proline derivatives 196 as chiral auxiliaries [44]. Several
N-allyl pyrrolidines 199 were synthesized via a Pd(0)-catalyzed amination of
the corresponding allyl mesylates 197 and 198. Always, the double bond was
E configured. The treatment with chloro and suitably protected a-amino acetyl
fluorides 200 in the presence of solid K,CO; and trimethyl aluminum in
CHCI;/0 °C led to the formation of the corresponding y,d-unsaturated amides
201 and 202. Again, the charge neutralization served as an efficient driving force
allowing the reactions to be conducted at such low temperatures. Especially,
the use of azido acetyl fluoride 200 (R’=N;) enabled a subsequent reductive
cyclization to generate D-proline/L-proline dipeptides 203, allowing introduc-
tion of varying substituents in the new D-proline moiety (Schemes 39, 40,
Table 13).

The removal strategy of the auxiliary should be chosen depending on the
auxiliary and the substitution pattern of the amide 201/202. Generally, the iodo
lactonization as described by Tsunoda [22] and Metz [45] led to smooth cleav-
ages of all types of amides. In particular, the prolinol auxiliaries (R'=CH,0TBS)
offered further advantages. In the presence of acid-stable substituents R* and
R? a neighboring group-assisted esterification (R'=CH,0TBS) with HCl/MeOH
allowed conversion of the amides 201 into the corresponding esters 205. Alter-
natively, the auxiliary can be used as a leaving group in an intramolecular metal
organic reaction of 201 (R*=CH,-Ar-Br) to generate a cyclic ketone 206 with-
out any loss of the chiral information (Scheme 40).
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Discussing the stereochemical outcome of the Claisen rearrangements, two
aspects had to be considered. On the one hand, the relative configuration of the
new stereogenic centers was found to be exclusively syn in 201 and 202, point-
ing out the passing of a chair-like transition state c-a& and c-f, respectively,
including a Z-acylammonium enolate structure (complete simple diastereo-
selectivity/internal asymmetric induction).
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On the other hand, the external asymmetric induction strongly depended
on the chiral auxiliary. The careful analysis of the hypothetical zwitterionic
intermediates c-a and ¢-B indicated the formation of a stereogenic ammonium
center. In terms of the well-known 1,3-chirality transfer of 3,3-sigmatropic re-
arrangements, the present reaction allowed the chiral information to be shifted
from the ammonium center (1) to the enolate C (3). The amide 201/202 a-car-
bon atom had been built up with a defined configuration after passing the
above-mentioned chair-like transition state c-a/c-B, including a defined olefin
geometry and the equatorial arrangement of the bulky (chain branch) part of
the auxiliary. Consequently, the crucial step of the whole process must have
been the diastereoselective addition of the ketene equivalent from 200 on gen-
erating the zwitterionic intermediates. Thus, employing the auxiliaries bearing
the small proline methyl ester substituent (R'=CO,Me) in 199, the reaction with
nonhindered acid fluorides 200 gave the corresponding amides 201/202 with
low or moderate diastereoselectivity indicating unselective N-acylation. In con-
trast, conversions at lower temperatures or with bulky substituted acid fluorides
200 resulted in significantly higher selectivities (more selective acylation). The
use of reactant allylamines 199 bearing the bulky proline tert-butyl ester and
the OTBS prolinol auxiliaries as R* was characterized by a high auxiliary-
directed diastereoselectivity, indicating the passing of a defined acylation re-
arrangement path via c-a. At present, the OTBS prolinol (R'=CH,0TBS) is the
auxiliary of choice because of the easy introduction, the high auxiliary-directed
induction of chirality, the stability against a set of consecutive processes, and
the simple cleavage by the neighboring group-assisted amide 201-ester 205
conversion. Detailed information is summarized in Table 13 (Schemes 39, 40).
The zwitterionic aza-Claisen rearrangement has been developed as a reliable
method for synthesizing suitably protected nonnatural a-amino acid deriva-
tives, e.g., C-allyl glycines type 205 and 3-arylprolines type 203.

The major disadvantage of the classical auxiliary-controlled 3,3-sigmatropic
rearrangements is still the requirement of two additional chemical transforma-
tions: the attachment and the removal of the auxiliary had always to be consid-
ered. The efficiency of these steps influences the usability of the whole sequence.

Since coordination of the Lewis acid metal salt at the core heteroatoms of the
3,3-sigmatropic system was found to accelerate the process, the proximity of the
Lewis acid ligands should allow one to influence the stereochemical outcome of
the rearrangement. Hence, the use of chiral ligands should cause an external chi-
ral induction. In conclusion, a Lewis acid carrying chiral ligands should serve as
a chiral auxiliary. The separate attachment and the final removal of the auxiliary
could be saved, and the enantioselective Claisen rearrangement arose as a more
straightforward process. Generally, such a reaction should be run in a catalytic
sense, but the increased complexation ability of the product in comparison
to the reactants mostly inhibited the release of the Lewis acid right after a re-
arrangement step until the aqueous cleavage. It is understood that the stereo-
chemical properties of the products had to be carefully analyzed using chiral
GC, HPLC, and derivatization techniques.
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Table 14 [46]
Entry R! R? R? R3 Eq. (M©) Yield de ee

(%) (%) (%)

1 H H H Bn - 4 - -
2 H H H Bn 2.0 (1) 87 - 56
3 H H H Bn 2.0(2) 88 - 83
4 H H H Bn 2.0 (3) 65 - 86
5 H H H Bn 0.5 (4) 81 - 42
6 H H H Bn 1.0 (4) 63 - 81
7 H H H Bn 2.0 (4) 80 - 91
8 H H H Ac 2.0 (4) 44 - 37
9 H H H TBS 2.0 (4) 67 - 38

10 H H H 4-CI-Ph 2.0 (4) 59 - 71

11 H H H Ph 2.0 (4) 48 - 78

12 H H H Me 2.0 (4) 28 - 80

13 Me H H Bn 3.0 (4) 78 - 91

14 Ph H H Bn 3.0 (4) 79 - 90

15 H CH,0Bz H Bn 3.0 (4) 86 84 86

16 H 4-NO,-Ph H Bn 3.0 (4) 82 98 97

17 H COEt H Bn 3.0 (4) 84 94 96

18 H cl H Bn 3.0 (4) 95 96 91

19 H H cl Bn 3.0 (4) 74 96 91

20 H COEt  Me Bn 3.0 (4) 75 88 97




Recent Advances in Charge-Accelerated Aza-Claisen Rearrangements 201

MacMillan [46] investigated the intermolecular aza-Claisen rearrangements
treating N-allyl morpholines 207 with glycolic acid chlorides 208 in the presence
of a chiral-chelated Lewis acid. The so-called magnesium BOX systems 211 and
212 gave the best results concerning yield (up to 95%) and chirality transfer (up
to 97% ee) generating the amides 210. Usually, 2-3 mol equiv of the chiral metal
complexes 211 and 212 had to be employed to achieve satisfactory ee values. The
glycolic acid framework seemed to play a crucial role in terms of asymmetric
induction: A nonchelating a-oxygen substituent R?* produced amides 210 with
only moderate enantiomeric excess. In contrast, the use of benzyloxyacetyl
chloride allowed very high ee values to be achieved. It seemed reasonable that
this a-oxygen substituent enabled an efficient chelation of the chiral modified
Lewis acid in 209 causing the high level of external chirality transfer. The
substitution pattern of the allyl morpholine remained variable, and the use
of E and Z olefin led to the defined formation of enantiomer amides 210 with
comparable asymmetric induction. The scope and limitations are outlined
in Table 14. Until now, the catalytic enantioselective aza-Claisen rearrange-
ment involving substoichiometric amounts of the chiral information re-
mained undiscovered (Scheme 41, Table 14).

5.3
Allene Carbonester Claisen Rearrangement

The third type of zwitterionic aza-Claisen rearrangement can be termed as
N-allyl ammonium enolate Claisen rearrangement [47]. The first step of this
tandem process was a Lewis acid-catalyzed Michael addition of a tertiary allyl-
amine 213 to the B-carbon center of an allene carbonester 214. The so-formed
hypothetical zwitterion 215 must be characterized by a highly resonance-stabi-
lized anion, and additional support should have given the O-coordinated Lewis
acid. Then, the allyl vinyl ammonium moiety of 215 underwent a 3,3-sigmatropic
rearrangement to give the unsaturated ester 216 bearing two new stereogenic
centers in the y and 6 positions. The formation of the vinylogous carbamate in
216 and the charge neutralization served as potential driving forces, allowing
such a reaction to be run at 23 °C. Best results were obtained using 5 to 10 mol%
of Zn(OTf),.The products 216 were isolated with 75-97% yield and excellent
diastereoselectivity of >98:2. Variation of the allylamine 213 and the allene sub-
stitution pattern in 214 gave a first insight into the scope and limitation of the
transformation (Table 15). It should be pointed out that the present protocol
enabled generation of defined quaternary centers. Furthermore, the double bond
geometry of the allylamine 213 moiety allowed prediction of the stereochemical
outcome of the reaction: The geranyl derivative E-213 rearranged upon treat-
ment with methyl pentadienoate 214 to give the syn product syn-216 (methyl
groups) with 94% yield and 98:2 dr. In contrast, the analogous reaction of neryl-
amine Z-213 delivered the corresponding anti derivative anti-216 (methyl
groups) with 93% yield and 98:2 dr. The stereochemical outcome could be
rationalized by the favored passing of a chair-like transition state in 215; the vinyl
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Table 15 (Reaction with 10 mol% Zn(OTf),) [47]

Entry R’ R! R#R? R3 Yield Ratio
(%) syn:anti
1 ~(CH,),~ H Me/H Me 95 >98:2
2 —-(CH,) 4~ H H/Me Me 94 2:>98
3 ~(CH,),- H Ph/H Me 97 94:6
4 ~(CH,),~ H iPr/H Me 81 >98:2
5 ~(CH,),~ Me H/H Me 80 -
6 Me H Ph/H Me 81 94:6
7 ~(CH,)s- H Ph/H Me 87 94:6
8 ~(CH,),- H Me/H Ph 86 97:3
9 ~(CH,),- H Ph/H Ph 94 94:6
10 ~(CH,),- H Ph/H iPr 94 94:6
11 ~(CH,),~ H Ph/H cl 84 93:7
12 ~(CH,),- H Ph/H -CH,CH=CH, 96 95:5
13 ~(CH,),- H Ph/H H 84 -
14 ~(CH,),- H Me/H PhtN 75 91:9
15b ~(CH,),- H R/Me Me 94 >98:2
16° —-(CH,) - H Me/R Me 93 2:>98

2 Methyl ester.
b R=4-methyl-3-pentenyl, 5 mol% Zn(OTf),.
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double bond should have been E configured because of the arrangement of R’
and the bulky ammonium center with maximized distance. Enantioselectively
catalyzed experiments will be reported in the future (Scheme 42, Table 15).

6
Alkyne Aza-Claisen Rearrangements

Propargylamines could serve as a suitable allyl moiety in aza-Claisen re-
arrangements. The 3,3-sigmatropic bond reorganization led to allenes, which
easily underwent consecutive processes like nucleophile addition and cycliza-
tion in a tandem process.

Frey developed a pyrrole 219 synthesis starting from vinyl dibromides 217 and
enamines 218 [48]. In the presence of a strong base (KO#Bu) an initial dehydro-
bromination of 217 led to an alkynyl bromide 220. A consecutive equilibration
was found to be crucial. Involving activating aryl substituents Ar (Ph, naphthyl),
a reversible base-induced H shift should have formed the corresponding allene
221.Without such a substituent, no cyclization took place. Then, the nucleophilic
attack of the enamine 218 nitrogen proceeded to give the propargyl vinyl frame-
work in 222 ready for the sigmatropic reaction. At 23-65 °C, the aza-Claisen
rearrangement generated the f,y-allenylimine 223 which underwent a final
5-exo-trig cyclization to produce the pyrrole 219. The present procedure allowed
1,2,3,5 tetrasubstituted pyrroles to be built up with 32 to 50% yield overall
including annulated bicyclic structures (Table 16, Scheme 43).

A related amination/rearrangement/cyclization tandem sequence had been
introduced by Cossy [49]. Starting from cyclic epoxyketones 224 the reaction
with propargylamines 225 caused an oxirane-opening condensation process to
generate the enaminoketones 226. Upon heating in toluene to reflux, aza-
Claisen rearrangement delivered the intermediate allenyl imines 227, which

0
1
Ar Br RINH - Q gﬁ?f%‘]é;rg - / \ Ar
\’/\B/r + RZMW 32 50 50‘%’ R? N
217 218 219 R
-HBr l KOfBu T
o

Br Br H R1 O i R1 H
f T 2 '/%\ J\( 8.3 ﬁ—\\
— C — ) Ar —>= R? C

R SN
N
Ar Ar)J\ R R \\Ar
220 221 222 223

Scheme 43
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Table 16 [48]

Entry Ar R’ R! R? Yield (%)
1 Ph H OMe Me 45

2 Ph Me OEt Me 32

3 Ph Ph OMe Me 35

4 Ph Bn OEt Me 50

5 Ph Bn Me Me 35

6 Ph Ph ~(CH,);- 33

7 Ph Ph -[CH,C(Me),CH,]- 34

suffered from keto-enol tautomerism to 228 and a final cyclization to give the
annulated pyrroles 229 with 33 to 80% yield overall. In contrast to all other
reactions, the conversion of the N-benzyl propargylamine 224 (R=Bn) pro-
ceeded at ambient temperature; a best yield of 80% was obtained. The whole
process could be run as a one-pot reaction without any heating. Furthermore,
cycloketones 230 and propargylamines 225 gave rise to the formation of simple
N-propargyl enamines 231. The aza-Claisen rearrangements of these systems
required significantly prolonged reaction times to achieve about 60 to 70% con-
version of 231. However, the corresponding pyrroles 232 were isolated in 50 to
60% yield recommending the procedure for further investigation (Scheme 44).

An uncatalyzed amination/aza-Claisen rearrangement/cyclization cascade
described by Majumdar et al. was terminated by a final six-membered ring for-

o) — o R
225 i PhMe ~N
(P 0 MeOH, H,0 o°c () _c? [3,3]
33 80%
224

227

R =Me:n=1(66%), n=0 (33%).
R=Bn,n=1(80%, all steps in
MeOH at 23°C)
:——H /
225 PhMe N
PhH 80°C W 110°C  x | Y/

50 - 60%

X = CH, :60%, C(ethylenedioxy): 60%, NBOC: 50%
Scheme 44
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mation [50]. N-propargylenamines 235 were generated from vinylogous acid
chlorides 233 and propargylamines 234 by means of a Michael addition-elim-
ination process with 68-77% yield (X=0, coumarins) and 80-90% yield (X=S).
Upon heating the propargyl vinyl amines in o-dichlorobenzene to about 180 °C,
a cascade of rearrangement and cyclization steps allowed generation of the tri-
cyclic products 236 and 237 with 56-72% yield (X=0) and 60-90% yield (X=S).
Generally, the exocyclic olefin 236 was obtained as the major compound. If any,
the material characterized by an endocyclic double bond 237 was isolated as
a side product, which could be converted into 236 by prolonged heating (1,3-
H shift). Though propargylamine 235 displayed a propargyl vinyl amine as well
as a propargyl vinyl (aryl) ether subunit, the aza-Claisen rearrangement pro-
ceeded. The ether system remained untouched despite a broad variation of the
aryl system. The reaction path was rationalized by starting with an aza-Claisen
rearrangement to produce allene imine 238. Imine-enamide tautomerism led
to the vinylogous amide 239, which suffered from a 1,5-H shift to build up
1-azahexatriene 240. Then, an electrocyclic ring closure formed the dehy-
dropiperidine 237, which finally underwent double bond migration to give the
coumarin derivative 236 as the major compound (Scheme 45).

Additionally, dimedone derivative 241 and propargylamine 234 could be
combined to give the alkynyl vinyl amine 242. The rearrangement/cyclization
cascade could be induced upon heating until reflux in chlorobenzene. The an-

R EtOH R
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X )¢l o X )N o
68-17% 4 56 - 72%

O —
+ X=$ / x=s
233 M 80 - 90% 60 - 90%
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R R
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Ar = Ph, 2-Tol, 4-Tol
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nulated piperidines 243 and 244 were isolated with 75 to 80% yield. In analogy
to the coumarin series, the product 243 displaying the exocyclic double bond
was formed as the major product; the endocyclic olefin 244 was obtained as the
side product (up to about 20%) (Scheme 46).

al /\
EtOH PhCI
reflux reflux X OAr
o 62- 65% 75- 80%

241
+
Me
ol N Ar = Ph, 2-Tol, 4-Tol,
r 234 2-Cl-phenyl, 4-Cl-phenyl
2,4-dichlorophenyl
Scheme 46

7
Iminoketene Claisen Rearrangements

The iminoketene Claisen rearrangement has been investigated by Walters et al.
[51]. Motivated by an early publication from Brannock and Burpitt in 1965 [52],
N-allyl amides 245 were activated by means of a strong water-removing reagent
like Ph;PBr, and PPh,/CCl,. The dehydration at 20 °C led to a highly active hy-
pothetical intermediate N-allyl iminoketene 246, which underwent immediate
aza-Claisen rearrangement to generate the product y,6-unsaturated nitrile 247.
The low reaction temperature of the present protocol recommended the process
for further investigation. Extensive variation of the water-removing reagent and
the conditions showed that the originally introduced activated triphenylphos-
phine produced the best results. Additionally, the combination of trimethyl-
phosphite/iodine and Et;N was found to be useful in reacting a-heteroatom-
substituted amides (R'=0Bn, NPht, etc.). Quaternary centers in the a-position
to the nascent nitrile functions (R}, R'#H) were generated smoothly. Generally,
alkyl OH groups were converted into the corresponding halides during the
course of the reaction. In most cases oxygen substituents placed anywhere
in the reactant resulted in moderate yields because of some side reactions,
presumably caused by an oxygen-phosphorus interaction. For detailed infor-
mation see Table 17.

The rearrangement of E and Z N-crotylamines 245 (R?, E or Z=Me) gave the
corresponding nitriles 247 with 82 and 68% yield, respectively. Disappointingly,
the product was obtained as an inseparable mixture of syn/anti diastereomers
247 indicating a low simple diastereoselectivity. Obviously, the intermediate
ketene imine fitted neither a chair- nor a boat-like conformation. Hence, a low
axis-to-center chirality induction was operative, and E and Z reactants gave a
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Table 17 [51]

Entry R! RY R? R3 R3E Method  Yield (%)
1 Ph H H H H b 89
2 Ph H H H H a 94
3 Bn H H H H a 67
4 Ph Me H H H a 60
5 Ph Ph H H H a 75
6 p-MeOC4H, H H H H a 85
7 P-EsCCGH, H H H H a 73
8 MeO,CCH, H H H H a 69
9 Et H H H H a 36

10 BnO H H H H C 40

11 Br-(CH,), H H H H b 30

12 Br-(CH,), H H H H b 45

13 MOMO H H H H C 59

14 PhtN H H H H b 78

15 PhtN H H H H c 66

16 Me H ~(CH,) H a 47

17 Ph H H H Me C 82

18 Ph H H Me H C 68

19° 0-HOCH,C,H, H H H H b 46

2 Product: R'=0-BrCH,C¢H,.

1.1:1 and a 1.6:1 ratio in favor of the major compound (isomer not determined,
Table 17) (Scheme 47).

Further information concerning the stereochemical properties of the re-
arrangement were evaluated by submitting rigid cyclohexane derivatives
254/255 to the reaction conditions. In 1975, House described the allylation of
a cyclohexyl cyanide 248 [53]. The initial deprotonation with LDA led to a ketene
imine anion 249, which was then treated with allyl bromide. Two potential paths
rationalized the outcome: an N-allylation generated the intermediate ketene
imines 250/251, which underwent aza-Claisen rearrangement to deliver the ni-
triles 252/253; alternatively, the direct C-allylation of 249 produced the nitriles,

R"
T R CN
F1{>)J\ Ny dorboro) R SCsy B3 R1i/\

R
3z -H,0 3z 3z = 2
i?:)\RZ ::3E>—/k_R2 R RSE R
R 245 246 247

a) Ph,P, CCl,, Et;N, MeCN, 23°C. b) Ph4PBr,, Et;N, CH,Cl,, 23°C.
c) (MeO),P, 1,, Et;N, CH,CI,, 23°C. For details see Table 17

Scheme 47



208 U. Nubbemeyer

with the ratio of 88:12 in favor of the axial nitrile 252. Walters presumed that
the aza-Claisen rearrangement of the allyl amides 254 and 255 should have
given the same nitriles 252/253 with comparable dr after passing the ketene
imines 250/251. In fact, the reaction of the axial amide 254 led to the corre-
sponding nitriles with 41 to 46% yield and 75:25 ratio in favor of the axial nitrile
252.1In contrast, the equatorial amide 255 was converted into the imidate 256 and
the azadiene 257, and only traces of the nitriles 252/253 were found. It seemed
reasonable that the iminoketene Claisen rearrangement was sensitive to steri-
cally encumbered situations. The formation of the ketene imines 250/251 start-
ing from axial amide 254 represented a sterically favored process leading to the
nitriles 252/253. In contrast, the formation of the ketene imines 250/251 start-
ing from equatorial amide 255 must have been disfavored and the system gave
rise to the formation of the competing products 256/257 (Scheme 48).

tBu _ C/’N

249
N-alkylation? l Allyl-Br \C-alkylation’?

LDA

e

H B N CN
0.__N Jor C/,NJ |
ajorc
\g; —_— J;_/r/ / tBu
tBu 284 tBu 250 252
33 75-88
A + mN - : +
& a41% 2512 N
NH —f y c) 46%
tBUﬁT trace tBu tBu CN
255 L 251 _| 253
X=1, \i)
OP*(OMe),- N BN NN
tBu s Bu
Scheme 48 X 256 X 257

Preliminary investigations were undertaken rearranging propargylamides
258.1n the presence of an alkyl substituent R! (R'=Bn, Et), the use of standard
reaction conditions caused dehydration to give intermediate 259. The final
aza-Claisen rearrangement delivered allenylnitrile 260 with moderate yield.
The reaction cascade of the phenyl derivative 258 (R!=Ph) suffered from a
final double bond migration to give the a,f,y,6-unsaturated nitrile 261 (56%
yield) (Scheme 49).

In 1993, a first application of the Walters protocol in natural product syn-
theses was reported [54]: N-allylamide 262 could be converted into a 1:1 mix-
ture of the diastereomer nitriles 263 with 56% yield. Despite the mild reaction
conditions, no external 1,2-asymmetric induction (remote stereo control) was
operative when conducting such a rearrangement. The diastereomers were sep-
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arated and the cleavage of the nitriles allowed the lactones 264 to be built up.
The syn lactone syn-264 was involved as a key intermediate in a (+)-canaden-
solide total synthesis. The antilactone anti-264 enabled completion of the total
syntheses of (+)-santolinolide A and (-)-santolinolide B via several further steps
(Scheme 50).

o Yo
\)\/\/ _»a) © ©
— \n/ = \)\CCN + \)Y\CN
syn-263

262 o N 14 anti-263 X
66% 1. KOH 60%
2. TFA
(o}
-
- L,
OH //
B-Me: (+)-santolinolide A anti-264 syn-264 (+)-canadensolide
a-Me: (-)-santolinolide B

Scheme 50

At the same time as Walters’ publications concerning iminoketene Claisen
rearrangements, Molina reported on a related process [55]. N-allyl azides 265
were subjected to a Staudinger reaction to generate phosphine imines 266.
Then, the addition of stable ketenes 267 (synthesized separately) caused an
aza-Wittig reaction to give iminoketenes 268, which underwent immediate aza-
Claisen rearrangement to produce the y,6-unsaturated nitriles 269 (method A).
The driving force of the cascade was high enough to generate two adjacent
quaternary carbon centers. The diastereoselectivities observed on generating
the nitriles varied between 1:1 and about 4:1; the configuration of the major
compound was not determined.

Alternatively, phosphine imines 266 were treated with various phenylacetyl
chlorides 270 (method B). Surprisingly, phosphonium salts 271 were isolated
with 25 to 97% yield, which could be deprotonated by means of a base to build
up the corresponding phosphoranes 272 (66-89% yield). Upon heating to
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Scheme 51 For detailed information see Table 18

Table 18 [55]

Entry R R R? R? Method T (°C) Yield (%)
1 Ph H Ph Ph A 20 51
2 Ph H Ph Et A 20 48
3 Ph H p-Tolyl Ph A 20 44
4 Me H Ph Et A 20 55
5 Me Me Ph Ph A 20 47
6 H,C=CH H Ph Ph A 20 60
7 H,C=CH H Ph Et A 20 41
8 Me Me Ph H B 140 55
9 H,C=CH H Ph H B 130 57

10 H,C=CH H p-Cl-C¢H, H B 115 29

11 H,C=CH H p-F-C¢H, H B 120 69

12 Ph H Ph H B 125 60

13 Ph H p-Cl-C¢H, H B 90 25

14 Ph H p-F-C¢H, H B 130 59

90-130 °C nitriles 269 were formed in 25 to 60% yield. This outcome was
explained by an initial extrusion of Ph;P=0 to generate ynamines 273. The
consecutive isomerization delivered iminoketenes 268, which underwent the
usual iminoketene Claisen rearrangement to produce the nitriles 269. Detailed
information is given in Table 18 (Scheme 51).
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Abstract The pamamycins are structurally intriguing 16-membered macrodiolides display-
ing a wide range of interesting biological activities. A comprehensive survey of the total
syntheses reported in this area so far and the various synthetic approaches to the hydroxy acid
constituents of the pamamycins described to date is presented.
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1
Introduction

The pamamycins (1) are a class of 16-membered macrodiolide homologs that
have been isolated from various Streptomyces species (Fig. 1) [1, 2]. Next to
displaying pronounced autoregulatory, anionophoric, and antifungal activities,
several members of this family have been shown to be highly active against
Gram-positive bacteria including multiple antibiotic-resistant strains of Myco-
bacterium tuberculosis [1c].

More recent investigations on the antimycobacterial activity of pamamycin-
607 (1b) on 25 independent M. tuberculosis clinical isolates (either susceptible,
mono-, or multiresistant to the first line antituberculous drugs) established mini-
mum inhibitory concentrations MIC,, in the range of 1.5-2.0 pg/ml, while the
MIC,, of 1b for a bioluminescent laboratory strain of M. tuberculosis (H37Rv)
was determined as 0.55 pg/ml [3a]. Parallel studies on the effect of 1b on the
cell cycle distribution of human (HL-60) cells by flow cytometry indicated no
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R" R R® R* R® R® R’ pamamycin
1a Me H Me Me H Me Me 593
ib Me Me Me Me H Me Me 607
1c Me Me Me Me Me Me Me 621A
id Et H Me Me Me Me Me 621B
1e Me Me Et Me H Me Me 621C
1f Et Me Me Me H Me Me 621D
1g Me Me Et Me Me Me Me 635A
1th Me Me Me Et Me Me Me 635B
1i Et Me Me Me Me Me Me 635C
1j Et Me Me Et H Me Me 635D
1k Me Me Et Et H Me Me 635E
1l Et Me Et Me H Me Me 635F
im Et Me Et Et H Me Me 649A
in Et Me Et Me Me Me Me 649B
1o Me H Me Me H H Me  De-N-methyl-579
1p Me Me Me Me H H Me De-N-methyl-593A
1q Et H Me Me H H Me De-N-methyl-593B
ir Me Me Me Me H Me Pr MS-282a
1s Me Me Et Me H Me Et MS-282b

Fig.1 Pamamycin homologs

(cell cycle) or only small effects (apoptosis) at the latter concentration [3b].
Thus, 1b might emerge as a promising lead molecule for the development of
novel antituberculous drugs.

Due to the biological properties of these macrodiolides and challenged by
their unique structure, many groups have initiated programs aimed at the to-
tal synthesis of pamamycin homologs with a special focus on pamamycin-607
(1b) as the target. This account covers the total syntheses reported in this area
so far, as well as the various synthetic approaches to the hydroxy acid con-
stituents 2 (“larger fragment”) and 3 (“smaller fragment”) of the pamamycins
(Scheme 1) described to date.

Scheme 1 Hydroxy acid constituents 2 (“larger fragment”) and 3 (“smaller fragment”) of the
pamamycins 1
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2
Total Syntheses

So far, four total syntheses of the homolog pamamycin-607 (1b) have been
reported [4-7]. This section will detail the different routes and strategies that
were utilized to access this macrodiolide.

The first total synthesis of 1b was published in 2001 by Thomas [4]. Central
to his approach was the application of reagent-controlled remote asymmetric
induction in the preparation of homoallylic alcohols by tin(IV) halide-promoted
addition of chiral 5-alkoxypent-2-enylstannanes to aldehydes [8], followed by a
stereoselective phenylselenenyl-induced cyclization to give 2,5-cis-disubstituted
tetrahydrofurans. Synthesis of the larger fragment of 1b commenced with ad-
dition of the lithium amide from 5 to enoate 4 and subsequent hydrogenolysis
to furnish the B-amino ester 7 corresponding to the C(13)-C(18) moiety of 1b
with excellent enantiomeric excess (Scheme 2). N-Methylation of the derived
tosylamide and reduction/oxidation provided aldehyde 9 that was subjected to
the first crucial allylation reaction, with the allyltin trichloride generated in situ
by transmetallation of allyl stannane 10 with tin(IV) chloride. Treatment of the
resultant homoallylic alcohol 11 formed with at least 96% diastereoselectivity
with phenylselenenyl chloride and catalytic amounts of tin(IV) chloride effected
a completely stereoselective cyclization to give the 2,5-cis-disubstituted tetra-

Bn. NR'R2
t—BUOQC\/\/\ a N n l;j/\Ph b £BUOSC B
A : #BUOC A~ ZENTNTN
Bn. A~ 1_
N Ph 6 . d[: 7:R
H 5 8: R'=Ts, R2 Me
e f O NMeTs g OH WMeTs

NMeTs 0 NMeTs
H ot
A OH
14

12: X =SePh
13: X=H

Scheme2 Thomas’synthesis of the larger fragment of 1b (part 1). Reagents and conditions:
a: 5, BuLi, ~78°C, 89%; b: HCO,NH,, HCO,H, Pd(OH),/C, 100%; c: TsCl, Et,N, DMAP, 91%;
d: NaH, Mel, 100%; e: LiAlH,, Et,0, 94%, f: (COCI),, DMSO, Et;N, 95%; g: 10, SnCl,, ~78°C,
64%; h: PhSeCl, SnCly, 43%; i: Bu;SnH, AIBN, 94%; j: H,, Pd/C, EtOH, 98%; k: (COCl),, DMSO,
Et,N, 90%
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hydrofuran 12 via a selenonium ion intermediate. After reductive removal of the
phenylselanyl group, hydrogenolysis, and oxidation, aldehyde 14 was obtained.

Anti aldol reaction of aldehyde 14 with the lithium enolate derived from
propionate 15 and silyl protection yielded the Felkin-Anh product 16 as the
major stereoisomer (Scheme 3). Conversion of ester 16 to aldehyde 17 set the
scene for the second key allylation using the chiral stannane 10 and tin(IV)
chloride to give homoallylic alcohol 18, which in turn was cyclized to the
bis-tetrahydrofuran 19 on exposure to N-phenylselenenyl phthalimide in the
presence of zinc(II) chloride. Reductive deselenylation, exchange of N-tosyl
against N-Boc protection, and conversion of the benzyl ether to a carboxyl
group eventually delivered the larger fragment surrogate 21.

OTBS NMeBoc

21
19: X =SePh
g,: 20: X=H

Scheme3 Thomas’synthesis of the larger fragment of 1b (part 2). Reagents and conditions:
a: 15, LDA, -78°C; b: TBSOTT{, 42% from 14; c: DIBALH, 82%; d: (COCl),, DMSO, Et;N, 95%;
e: 10, SnCl,, 83%; f: N-phenylselenenyl phthalimide, ZnCl,, CH,Cl,, 54%; g: Bu;SnH, AIBN,
85%; h: Na naphthalenide, -60°C, 84%; i: Boc,0, Et;N, 80%; j: H,, Pd/C; k: Dess-Martin
periodinane; l: NaClO,, NaH,PO,, 85% over the last three steps

The same basic strategy was applied to the synthesis of the smaller fragment
benzyl ester 28 as well (Scheme 4). In this case, aldehyde 22 prepared from
(8)-2-hydroxypentanoic acid [9] was allylated with ent-10 and tin(IV) chloride,
and the resulting alcohol 23 was converted to epimer 24 via Mitsunobu inver-
sion prior to phenylselenenyl-induced tetrahydrofuran formation. Reductive
cleavage of the phenylselanyl group, hydrogenolysis of the benzyl ether, oxi-
dation, carboxylate benzylation, and desilylation then furnished ester 28.

With both building blocks 21 and 28 secured, the total synthesis of 1b was
completed as depicted in Scheme 5. Intermolecular Yamaguchi esterification to
give 29 and subsequent acidic desilylation, which required reinstatement of the
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0 OTBDPS R OH OTBDPS
JJ\/k/\ BnO -
H OBn :
22 23
WSnBus
= ent10
OH OTBDPS X
BnO } _ B B
H BnO : i (0] i
24

. OTBDPS _ OH
HO A o A BnOZC B

A9A CROF

27 28

Scheme 4 Thomas’ synthesis of the smaller fragment of 1b. Reagents and conditions: a: ent-
10, SnCl,, 80%; b: p-nitrobenzoic acid, DEAD, Ph;P, 68%; c: NaOH, 94%; d: N-phenylselenenyl
phthalimide, SnCl,, 60%; e: Bu;SnH, AIBN, 89%; f: H,, 10% Pd/C, 70%; g: Dess—-Martin peri-
odinane; h: NaClO,, NaH,PO,; i: i-Pr,NEt, BnBr, 81% from 27; j: conc. aq. HCI, MeOH, 49%

NMeBoc

b,cE 29: R=TBS

30: R=H

31: R=Boc
f,
g ,: 1b: R=Me

Scheme 5 Completion of Thomas’ synthesis of 1b. Reagents and conditions: a: 2,4,6-tri-
chlorobenzoyl chloride, DMAP, CH,Cl,, rt, 63%; b: HCI, EtOH, 40 to 50°C; c: Boc,0, Et;N, 80%
from 29, d: H,, Pd/C, EtOH; e: (i) 2,4,6-trichlorobenzoyl chloride, Et;N, rt, (ii) DMAP, rt, 25%
from 30; f: TFA, CH,CL,, rt, 82%; g: CH,0, NaBH,CN, HOAc, 60%
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N-Boc group, was followed by reductive debenzylation of 30 and Yamaguchi
lactonization of the resultant hydroxy acid to provide macrodiolide 31 in 25%
yield accompanied by a dimer. Finally, removal of the N-Boc group and reduc-
tive N-methylation yielded pamamycin-607 (1b). In total, ca. 40 steps were re-
quired to access the target from ester 4, aldehyde 22, and allyl stannanes 10 and
ent-10.

A further total synthesis of pamamycin-607 (1b) was first described in 2001
by Lee [5]. His approach relied on the stereoselective radical cyclization of
P-alkoxyvinyl ketone and f-alkoxymethacrylate substrates to give 2,5-cis-di-
substituted tetrahydrofurans with additional control of an exocyclic stereogenic
center in the latter case as the key transformation [10]. Synthesis of the larger
fragment of 1b began with generation of the central stereopentade C(6)-C(10)
by application of Evans’ aldol [11] and Keck’s allylation [12] methodologies
(Scheme 6). Thus, addition of the boron enolate derived from 32 to aldehyde 33
followed by Weinreb amide formation gave rise to 34, which was converted to
aldehyde 35 by BOM protection and DIBALH reduction. Another Evans aldol
reaction, this time with the boron enolate of ent-32, and subsequent reductive
cleavage of the chiral auxiliary yielded diol 36, which was elaborated to aldehyde

A : >3 o v g
N O R PMBO - I}J’OMG PMBO " H
/‘ l\ = Me H
Ph
” PMBO/\)J\H 2 35
33
. BOMO  OR! . BOMO OBn O
e, i , R
, —de
o j\ PMBO OR PMBO H
\)J\N 0 36: R'=R2=H 3s
.h

~ on[_ 37: R'=Bn, R2 = TBS

< Pn
ent-32

BOMO  OBn OH BOMO OBn OBz
k - B | -n B B
PMBO - X — PMBO - OBz
/\/SHBU(g z H
29 40 a1

Scheme 6 Lee’s synthesis of the larger fragment of 1b (part 1). Reagents and conditions:
a: (i) Bu,BOTS, Et;N, CH,Cl,, -40 to 0°C, (ii) 33, ~78 to 0°C, 88%; b: MeONHMe-HCl, Me,Al,
THE, -20°C to rt, 93%; c: BOMCI, i-Pr,NEt, Bu,NI, CH,Cl,, rt, 85%; d: DIBALH, THF, -78°C,
98%; e: (i) ent-32, Bu,BOTS, Et,N, CH,Cl,, -40 to 0°C, (ii) 35, ~78 to 0°C, 97%; f: NaBH,, THE,
H,0, rt, 92%; g: TBSCl, imidazole, CH,Cl,, 0°C, 100%; h: BnBr, NaHMDS, THE, DMF, 0°C, 93%;
i: Bu,NF, THE, rt, 93%; j: SO;-pyridine, Et;N, DMSO, CH,Cl,, rt, 96%; k: 39, MgBr,-Et,0, CH,Cl,,
rt, 99%; 1: (i) OsO,, NMO, acetone, H,0, rt, (ii) NalO,, rt; m: NaBH,, EtOH, rt, 88% from 40;
n: BzCl, pyridine, DMAP, CH,Cl,, rt, 93%
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38 by chemoselective protecting group operations and oxidation. The remain-
ing stereogenic center of the stereopentade was installed via Keck allylation
using allyl stannane 39. Oxidative olefin scission in the resulting homoallyl
alcohol 40, reduction, and benzoylation provided the C(4)-C(12) segment 41.

Protecting group manipulations transformed 41 to alcohol 42, which was
condensed with rac-43 followed by iodide substitution to give B-alkoxy-
methacrylate 44 (Scheme 7). Low-temperature radical cyclization initiated by
triethylborane/air yielded a 10.8:1 diastereomeric mixture of tetrahydrofurans
featuring 45 as the major stereoisomer. Benzoate deblocking and mono-tosyla-
tion furnished alcohol 46, condensation of which with acetal 47 and subsequent
iodide substitution to give 48 set the stage for the second key radical cyclization.
Standard high-dilution conditions with AIBN initiation effected clean formation
of the second tetrahydrofuran subunit, and the minor impurity resulting from
the incomplete diastereoselectivity of the first radical ring closure could be
removed after this step. Reductive debenzylation then afforded the larger
fragment surrogate 49.

This radical cyclization strategy was utilized for the synthesis of the smaller
fragment silyl ether 54 as well (Scheme 8). Evans aldol reaction of the boron eno-
late derived from ent-32 with aldehyde 33, samarium(III)-mediated imide methyl
ester conversion, and protecting group exchange led to tosylate 51. Elaboration
of 51 to ketone 53 was achieved under the conditions used for construction of the
second tetrahydrofuran moiety of 49 from 46. A highly diastereoselective reduc-

e OH 0Bn OBz e OBn OBz
s 225 . :
MeO,C
TsO/\/\é/H/\/\oBZ OMe eO, \I/AO _ OB2
MeO,C :
42 2 E/LOMe 44

rac-43

g h’: 45: R1=R2=BZ
' 46: R'=H,R2="Ts a7

Scheme 7 Lee’s synthesis of the larger fragment of 1b (part 2). Reagents and conditions:
a: CAN, MeCN, THE, rt, 88%; b: TsCl, Et;N, CH,Cl,, 0°C, 99%; c: conc. HCI, MeCN, rt, 99%;
d: rac-43, TsOH, CHCl;, reflux, 68%; e: Nal, acetone, reflux, 99%; f: Bu;SnH, Et;B, air, toluene,
-78°C, 96%; g: K,CO;, MeOH, rt, 98%; h: TsCl, Et;N, CH,Cl,, 0°C, 98%; i: 47, TFA, benzene,
reflux, 84%; j: Nal, acetone, reflux, 97%; k: Bu;SnH, AIBN, benzene, reflux, 89%; I: H,, Pd/C,
MeOH, rt, 98%
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Scheme 8 Lee’s synthesis of the smaller fragment of 1b. Reagents and conditions: a: (i)
Bu,BOTS, Et,N, CH,Cl,, ~40 to 0°C, (ii) 33,~78 to 0°C, 82%; b: Sm(OTf),, MeOH, THE, rt, 92%;
c: H,, Pd/C, MeOH, rt, 98%; d: TsCl, Et;N, CH,Cl,, 0°C, 83%; e: 47, TFA, benzene, reflux, 94%;
f: Nal, acetone, reflux, 95%; g: Bu;SnH, AIBN, benzene, reflux, 97%; h: SmI,, MeOH, THF, 0°C
to rt, 70%; i: TBSCI, imidazole, DMEF, rt, 98%; j: NaOH, MeOH, H,0, rt, 97%

tion of 53 with samarium(II) iodide/methanol (dr of crude product=8.5:1), sily-
lation, and saponification provided the carboxylic acid 54.

Completion of the total synthesis of 1b by coupling of the partially protected
hydroxy acid building blocks 49 and 54 is illustrated in Scheme 9. Intermolecu-
lar Yamaguchi esterification of 54 with 49 followed by stereoselective reductive
amination of the ketone, N-Boc protection, and desilylation afforded hydroxy
methyl ester 56. Chemoselective saponification of the methyl ester succeeded
without epimerization to give hydroxy acid 57. The presence of the NHBoc moi-
ety in 56 is obviously pivotal to the success of this transformation, since methyl
ester hydrolysis of a compound very similar to 56 (NMe, instead of NHBoc) could
not be effected without extensive epimerization at C(2") [6]. Whereas attempted
Yamaguchi lactonization of 57 only met with failure due to epimerization at C(2)
under these conditions, which was also noted by our own group in parallel stud-
ies [6],a 1,3-dicyclohexylcarbodiimide-based method accomplished the desired
cyclization to give macrodiolide 58 in 56% yield. Finally, cleavage of the N-Boc
protecting group and subsequent twofold reductive N-methylation yielded
pamamycin-607 (1b). The total synthesis was achieved in 44 steps from oxazo-
lidinones 32 and ent-32, aldehyde 33, and acetals rac-43 and 47.

Another total synthesis of pamamycin-607 (1b) was reported in 2001 by our
own group [6] at about the same time as the Lee synthesis. Here, the approach
was based on the stereoselective intramolecular Diels-Alder reaction of vinyl-
sulfonates and novel methods for elaboration of the resulting sultones [13, 14].
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56: R'=H, R2=Me 58: R' = H, R% = Boc
e[ ohl

57: R'"=R%®=H 1b: R'=R2 = Me

Scheme 9 Completion of Lee’s synthesis of 1b. Reagents and conditions: a: (i) 54, 2,4,6-
trichlorobenzoyl chloride, Et;N, THF, rt, (ii) 49, DMAP, benzene, rt, 90%; b: NH,OAc,
NaBH;CN, 4 A sieves, i-PrOH, 0°C; c: Boc,0, Et;N, CH,Cl,, rt; d: conc. aq. HCl, MeOH, rt, 79%
56 from 55; e: LIOH, MeOH, H,0, rt, 81%; f: DCC, PPTS, pyridine, CICH,CH,Cl, reflux, 56%;
g: TFA, CH,Cl,, rt; h: aq. CH,0, HOAG, 3.5 bar H,, Pd/C, MeOH, rt, 79% 1b from 58

Furan and (S)-1,2-epoxypentane (59), prepared by hydrolytic kinetic resolution
of the racemic epoxide using Jacobsen’s (salen)cobalt(III) catalyst [15], served
as the starting points for the synthesis of the larger fragment of 1b (Scheme 10)
[16,17]. Alkylation of furan with 59 provided the enantiomerically pure (>99%
ee) alcohol 60, which reacted with vinylsulfonyl chloride (61) to give sultone 62
by a domino esterification/cycloaddition with complete diastereoselectivity.
Subsequent treatment of 62 with 2 equivalents of methyllithium induced a
domino elimination/alkoxide-directed 1,6-addition to yield the bicyclic com-
pounds 63-65. Ozonolysis of this mixture followed by eliminative workup
afforded two diastereomeric hemiacetals 66. Only the trisubstituted olefins 63
and 64 were attacked by ozone, while the vinylic sultone 65 could easily be
separated. A Lewis acid-catalyzed exchange of the hydroxyl group in 66 against
a phenylthio group in 67 then set the stage for a domino reductive elimina-
tion/hydrogenation with Raney nickel under hydrogen pressure to give 68
via a single 2,3-dihydrofuran with high diastereoselectivity (dr of crude prod-
uct=18:1). Silylation followed by ester reduction and iodide substitution then
delivered the iodide 71 [18].

Halogen-lithium exchange of iodide 71 and subsequent addition of 2-acetyl-
furan (72) to the resultant organolithium intermediate yielded two diastereo-
meric tertiary alcohols (dr=1:1), which were converted to (E)-olefin 73 with
complete diastereoselectivity upon brief exposure to catalytic amounts of
concentrated aqueous hydrogen chloride (Scheme 11) [18]. Diastereoselective
hydroboration/oxidation of 73 gave largely the desired stereoisomer 74 due to
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Scheme 10 Metz’ synthesis of the larger fragment of 1b (part 1). Reagents and conditions:
a: (i) BulLi, THE, -78 to -15°C, (ii) 59, -15°C to rt, 84%; b: 61, Et;N, THF, 0°C to rt, 88%;
c: (i) MeLi, THE, -78 to 0°C; (ii) NH,Cl, H,0, -78°C to rt, 66%; d: Os, NaHCO,, CH,Cl,, MeOH,
-78°C; e: Ac,0, pyridine, CH,Cl,, rt, 83% from 63-65; f: PhSH, BF;-Et,0, CH,CL, rt, 82%;
g: Raney Ni (W2), 50 bar H,, EtOH, rt, 54%; h: TBSCI, imidazole, DMAP, DME, rt, 100%;
i: LiAlH,, Et,0, 0°C to rt, 96%; j: I,, Ph;P, imidazole, Et,0, MeCN, rt, 99%

minimization of allylic 1,3-strain [19]. The second iterative cycle of our sultone
route commenced with another domino esterification/cycloaddition by reacting
hydroxyalkylfuran 74 with vinylsulfonyl chloride (61) to produce a single sultone
75. Following domino elimination/alkoxide-directed 1,6-addition by treatment
of 75 with two equivalents of methyllithium, ozonolysis with eliminative workup
delivered hemiacetal 76 as a single stereoisomer [20]. Subjecting 76 to thiophenol
in the presence of trifluoroborane not only effected lactol S,0-acetal interchange,
but simultaneously cleaved the silyl ether on the side chain to give alcohol 77.
Mitsunobu reaction of 77 with hydrazoic acid yielded azide 78 with clean inver-
sion of configuration. This set the scene for a one-pot reaction cascade leading
to hydroxy ester 79. In the event, treatment of 78 with Raney nickel under hy-
drogen pressure followed by addition of an aqueous formaldehyde solution to the
reaction mixture caused desulfurization via domino reductive elimination/
hydrogenation, azide reduction, and twofold reductive N-methylation to provide
79 with complete diastereoselectivity. Silylation of 79 followed by mild saponifi-
cation then yielded the larger fragment coupling component 80 [6].
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Scheme 11 Metz’ synthesis of the larger fragment of 1b (part 2). Reagents and conditions:
a: (i) t-Buli, Et,0, -78°C, (ii) 72, -78°C to rt; b: conc. aq. HCl, CHCL,, rt, 69% from 71; c: (i)
BH,;-THE THE, 0°C to rt, (ii) 30% aq. H,0,, NaOH, 0°C to rt, 65%; d: 61, Et;N, THE, 0°C to rt,

93%; e: (i) MeLi, THF, -78°C to rt; (ii) NH,Cl, H,0, -78°C to rt; f: O3, NaHCO;, CH,Cl,, MeOH,
-78°C; g: Ac,0, pyridine, CH,Cl,, rt to reflux, 53% from 75; h: PhSH, BF;-Et,0, CH,Cl,, rt, 78%;
i: HN;, DEAD, Ph;P, toluene, 0°C to rt, 97%; j: (i) Raney Ni (W2), 50 bar H,, EtOH, rt, (ii) aq.
CH,0, rt, 56% from 78; k: TBSOTT, 2,6-lutidine, CH,Cl,, rt, 90%; 1: LiOH, THE, MeOH, rt, 97%

A similar sultone-based strategy was first applied to the synthesis of the
smaller fragment methyl ester of 1b as well (see Scheme 26) [16, 17]. However,
the three-step sequence depicted in Scheme 12 allowed a considerable short-
cut to the smaller fragment of 1b. Saponification of methyl ester 68, which we
used as a key intermediate for the synthesis of the larger hydroxy acid con-
stituent of 1b (see Scheme 10), and subsequent Yamaguchi lactonization of the
resulting hydroxy acid 81 yielded the C(2") epimerized lactone 82 as the major
product [21]. Since we faced severe problems with epimerization during
attempted methyl ester cleavage in a first approach to 1b involving a final

OH
RO,C _b_ A _°. Bnozc\z/U\/'\/\
Z O Z
“A%A
e} (@) //\ =

28
’: 68: R=Me 82
81: R=H

Scheme 12 Metz’ synthesis of the smaller fragment of 1b. Reagents and conditions: a: NaOH,
rt, 100%; b: (i) 2,4,6-trichlorobenzoyl chloride, Et;N, THE, rt, (ii) DM AP, toluene, reflux, 71%;
c: BnOLi, BnOH, THE rt, 83%
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lactonization with formation of the ester linkage between C(1) and the C(8")
oxygen [6], we chose benzyl ester 28 as the smaller fragment surrogate. Upon
treatment of lactone 82 with the lithium alkoxide of benzyl alcohol, coupling
component 28 was readily obtained.

The total synthesis of 1b was first completed using the two hydroxy acid
building blocks 80 and 28 (Scheme 13) [6]. Intermolecular Yamaguchi ester-
ification of 80 with 28 provided coupling product 83. Desilylation of 83 and
reductive debenzylation of the resulting benzyl ester proceeded uneventfully
to give the seco acid 84. Finally, modified Yamaguchi cyclization [22] of 84
afforded pamamycin-607 (1b) as a single stereoisomer in 78% yield.

N CO,R?
W

83: R'= TBS R2 Bn
> c,—_' 84: R'=

OH
80 + RO.C.z A > —a,
i 9% s COR?
oL 2/
e[ 68: R=Me I\\O/

85: R=Bn ;

86: R TBS RZ?=Bn
b ¢ ,: R1 - R2
Scheme 13 Completion of Metz’ synthesis of 1b. Reagents and conditions: a: (i) 80+2,4,6-
trichlorobenzoyl chloride, Et;N, THE, rt, (ii) 28, DMAP, toluene, rt, 88% 83 or (ii) 85, DMAP,
toluene, rt, 84% 86; b: aq. HE, MeCN, rt; c: H,, 10% Pd/C, THE rt, 93% 84 from 83,88% 87 from
86; d: 2,4,6-trichlorobenzoyl chloride, DMAP, 4 A sieves, CH,Cl,, rt, 78% 1b from 84,65% 1b
from 87; e: BnOH, Ti(OEt),, 187 mbar, 80°C, 87%

Recently, we found that this synthesis could be further streamlined by
entirely omitting a selective synthesis of the smaller fragment [23]. Inspired
by our observation of complete epimerization at C(2) during an attempted
Yamaguchi lactonization to 1b involving a ring closure between C(1) and the
C(8") oxygen [6] and the almost C,-symmetric nature of the macrodiolide, we
anticipated that epimerization at C(2") in the desired sense might occur as well
during a Yamaguchi lactonization of seco acid 87 featuring the “wrong” configu-
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ration at C(2). In order to test this hypothesis, acid 80 and alcohol 85 prepared
by titanate-mediated transesterification [24] of 68 with benzyl alcohol were cou-
pled to give ester 86, which was converted to seco acid 87 by desilylation and re-
ductive debenzylation. Indeed, modified Yamaguchi macrolactonization of 87
again afforded pamamycin-607 (1b) as the single macrodiolide product in 65%
yield. With this additional shortcut, only 27 steps were needed to access 1b from
furan, (S)-1,2-epoxypentane (59), and vinylsulfonyl chloride (61).

A fourth total synthesis of pamamycin-607 (1b) was published in 2002 by
Kang [7]. Key operations of his approach were iodoetherifications of y-tri-
ethylsilyloxy alkenes to generate the three 2,5-cis-disubstituted tetrahydrofuran
units with complete diastereoselectivity. Synthesis of the larger fragment of 1b
started from diol 88 [25], which was transformed to aldehyde 90 by benzylidene
formation, regioselective reduction to give benzyl ether 89, and oxidation
(Scheme 14). Julia-Kociénski olefination [26] of 90 with sulfone 91 followed by
desilylation and oxidation provided the C(10)-C(18) segment 92. A highly anti-
selective reagent-controlled Paterson aldol reaction [27] of ketone 93 [28] with
aldehyde 92 yielded f-hydroxy ketone 94, which was subjected to Evans anti
reduction [29] and subsequent oxidative deblocking to afford triol 95 with ex-
cellent stereoselectivity. Chemoselective oxidation of 95 to a d-lactone followed
by Weinreb amide formation and chemoselective silylation of the less hindered
secondary alcohol then gave rise to f-hydroxy amide 96.
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Scheme 14 Kang’s synthesis of the larger fragment of 1b (part 1). Reagents and conditions:
a: TsOH, PhCHO, toluene, reflux, 94%; b: DIBALH, toluene, 0°C, 88%; c: Swern oxidation;
d: 91, KHMDS, DME, -78°C to rt; e: Bu,NE THE rt, 72% from 90; f: Swern oxidation; g: (i) 93,
(cyclohexyl),BCl, Et;N, Et,0, 0°C, (ii) 92, -78 to —20°C, 85%; h: Me,NBH(OAc);, HOAc, MeCN,
-30 to -20°C, 88%; i: CAN, H,0, MeCN, 0°C, 88%; j: TEMPO, NCS, Bu,NCl, aq. NaHCO;,
K,CO; (pH 8.6), CH,Cl,, rt, 97%; k: MeONHMe-HCI, Me,Al, CH,Cl,, ~78°C, 92%;
1: TESC, imidazole, CH,Cl,, -40°C, 99%
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Addition of the organolithium intermediate derived from iodide rac-97
by halogen-lithium exchange to Weinreb amide 96 and anti reduction of the
resulting B-hydroxy ketones afforded diols 98, double silylation of which set the
stage for the crucial iodoetherification process (Scheme 15).In the event, treat-
ment of 99 with iodine in the presence of silver carbonate effected the two-di-
rectional generation of both tetrahydrofuran moieties of 100 with complete
stereocontrol. Elaboration to epoxides 101 was performed by successive acidic
acetal cleavage, base-induced epoxide formation, reductive deiodination, and
silylation. Due to the bulky protected tertiary carbinol in 101, epoxide opening
with lithium dimethylcuprate occurred only adjacent to the tetrahydrofuran
unit, and tetraols 102 were obtained after reductive debenzylation/desilylation.
Chemoselective Mitsunobu reaction of the least hindered alcohol with hydra-
zoic acid followed by 1,2-diol cleavage and aldehyde oxidation then delivered
the larger fragment surrogate 103.

OR
96 ab - ROT Y OTES \ d
o_0 : BnO
X
(o) A c E 98: R=H
)VO rac-97 99: R =TES
ZL% OTES OBn e-g
[ [
100
h, i j k

103

Scheme 15 Kang’s synthesis of the larger fragment of 1b (part 2). Reagents and conditions:
a: (i) rac-97, t-Buli, Et,0, -78 to -20°C, (ii) 96, -50 to —20°C, 82%; b: Me,NBH(OACc);, HOAc,
MeCN, -20°C, 92%; c: TESOTT, Et;N, CH,Cl,, 0°C, 98%; d: I, Ag,COs, Et,0, rt, 81%; e: (i) HCI,
MeOH, reflux, (i) K,CO, rt, 86%; f: Ph,SnH, Et;B, THE, 0°C, 96%; g TESOTY, Et;N, CH,CL,,
~20°C, 89%; h: Me,CuLi, Et,0, 5°C; i: H,, Pd(OH),/C, EtOH, rt, 88% from 101; j: HN,, DEAD,
Ph;P, benzene, 0°C, 97%; k: (i) NalO,, t-BuOH, H,0, rt, (ii) NaH,PO,, KMnO,, rt, 87%

The iodoetherification strategy was applied to the synthesis of the smaller
fragment coupling component 109 as well (Scheme 16). Silylation of alcohol 104
[30] (76% de) allowed the separation of the pure desired diastereomer, which in
turn was subjected to hydroboration/oxidation, sulfide formation with thiol 105,
and oxidation to give sulfone 106. The requisite y-triethylsilyloxy alkene func-
tionality in 107 was constructed as a diastereomeric (E):(Z)=1.2:1 mixture by an-
other sulfone-based olefination of aldehyde 90 with 106. Treatment of 106 with
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Scheme 16 Kang’s synthesis of the smaller fragment of 1b. Reagents and conditions:
a: TESCI, imidazole, DMF, rt, 83%; b: (i) BH;-Me,S, THE, rt, (ii) aq. H,0,, NaOH, rt, 85%;
c: 105, DEAD, Ph;P, THE, 0°C, rt, 87%; d: m-CPBA, CH,Cl,, rt, 90%; e: (i) LHMDS, THE, -78°C,
(ii) 90, rt, 80%; f: I,, Ag,COs, Et,0, rt, 92%; g: Ph,SnH, Et,B, THE, 0°C, 90%; h: H,, 10% Pd/C,
MeOH, rt, 99%
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111 e,: 112: X =Nz
1b: X =NMe,

Scheme 17 Completion of Kang’s synthesis of 1b. Reagents and conditions: a: (i) 103, 2,4,6-
trichlorobenzoyl chloride, Et;N, THE rt, (ii) 109, DMAP, benzene, rt, 90%; b: Bu,NF, THE rt,
94%; c: TEMPO, NaClO,, NaH,PO, buffer (pH 6.7),NaOCl, MeCN, rt, 91%; d: (i) 2,2’-dipyridyl
disulfide, Ph;P, MeCN, (ii) CuBr,, MeCN, rt, 62%; e: (i) H,, 10% Pd/C, MeOH, rt, (ii) aq. CH,O0,
HOAC, rt, 89%
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iodine/silver carbonate led to exclusive 2,5-cis-disubstitution of the tetrahydro-
furan moiety in the resulting 1.2:1 mixture of iodides 108. Successive reductive
deiodination and debenzylation afforded alcohol 109 as a single stereoisomer.

With both building blocks 103 and 109 in hand, the total synthesis of 1b was
completed as shown in Scheme 17. Coupling of acid 103 and alcohol 109 under
Yamaguchi conditions to give ester 110 and subsequent desilylation followed
by chemoselective oxidation provided hydroxy acid 111. Lactonization of the
2-thiopyridyl ester derived from 111 in the presence of cupric bromide produced
the macrodiolide 112 in 62% yield, which was finally converted to pamamycin-
607 (1b) via one-pot azide reduction/double reductive N-methylation. In sum-
mary, 36 steps were necessary to accomplish the synthesis of 1b from alcohols
88 and 104, sulfone 91, ketone 93, and iodide rac-97.

3
Synthetic Approaches to the Hydroxy Acid Fragments

Next to the total syntheses discussed in the previous section, many synthetic
studies toward the hydroxy acid constituents 2 and 3 of the pamamycins 1 have
been reported. This section will give a comprehensive survey of the various
approaches published to date.

Pioneering studies in this area that culminated in the first enantioselective
syntheses of all four known smaller fragments of the pamamycins 1, as well as
a first enantioselective synthesis of a highly advanced segment of the larger
fragment of 1b (and thus also of 1c, 1h; cf. Fig. 1), were performed by Walkup
[31-34]. Central to his approach was the stereoselective generation of 2,5-cis-
disubstituted tetrahydrofurans by one-pot intramolecular oxymercuration/pal-
ladium(II)-mediated methoxycarbonylation of y-silyloxy allenes. Following
a proof of principle in the racemic series [31], improved conditions for this
key step were later implemented in a general enantioselective access to methyl
esters 144-147 of the smaller fragments 2 (Schemes 18-20) [32, 33].

Scheme 18 illustrates Walkup’s methodology as applied to precursors 122
and 123 of smaller fragments 2 with R°=H. In these cases, control of absolute
configuration relied on lipase-catalyzed hydrolytic kinetic resolution of
acetates rac-116 and rac-117 prepared from allenic aldehydes 113 and rac-114,
respectively, by aldol reaction with lithium enolate 115 and subsequent acetyla-
tion. In general, diastereomers due to axial chirality of the allene moiety could
not be distinguished by NMR or chromatography. However, this did not obstruct
the resolution step. Thus, using Amano lipase AK, acetates 116 and 117 were iso-
lated with 93-95% ee. Elaboration of these acetates to y-trimethylsilyloxy allenes
118 and 119 via reduction, chemoselective PMB protection, and silylation then
set the scene for the crucial metal-assisted cyclization event to give tetrahy-
drofurans 120 and 121 with dr>95:5. The exocyclic stereogenic center of the
saturated derivatives was established with good diastereoselectivity (from 120:
dr of crude product=81:19, from 121: dr of crude product=_87:13) by chelation-
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Scheme 18 Walkup’s synthesis of all four known smaller fragments of the pamamycins
(part 1). Reagents and conditions: a: 115, THF,-78°C to rt; b: Ac,0, DMAP, Et;N, 0°C to rt, 64%
rac-116 from 113,74% rac-117 from rac-114; c: Amano lipase AK, pH 7 phosphate buffer, rt,
45% 116,41% 117; d: LiAlH,, Et,0, 0°C to rt; e: (i) NaH, DMF, 0°C to rt, (ii) PMBCI, 0°C to rt;
f: TMSCIL, Et;N, THE, rt, 71% 118 from 116, 72% 119 from 117; g: Hg(OCOCEF;),, CH,Cl,, rt;
h: 1 bar CO, MeOH, 10 mol% PdCl,, CuCl,, MeC(OEt)s, propylene oxide, rt, 57% 120 from 118,
57% 121 from 119; i: Mg, MeOH, 0°C to rt; j: DDQ, CH,Cl,, pH 7 buffer, 0°C to rt, 73% 122
from 120, 70% 123 from 121

controlled conjugate reduction of enoates 120 and 121 with magnesium in
methanol. After purification of the major products by preparative HPLC, ox-
idative PMB deblocking delivered the pure diastereomers 122 and 123.

Access to the corresponding enantiopure hydroxy esters 133 and 134 of
smaller fragments 2 with R’>=Me employed a highly stereoselective (ds>95%)
Evans aldol reaction of allenic aldehydes 113 and rac-114 with boron enolate 124
followed by silylation to arrive at the y-trimethylsilyloxy allene substrates 125
and 126, respectively, for the crucial oxymercuration/methoxycarbonylation
process (Scheme 19). Again, this operation provided the desired tetrahydrofurans
127 and 128 with excellent diastereoselectivity (dr=95:5). Chemoselective hy-
drolytic cleavage of the chiral auxiliary, chemoselective carboxylic acid reduc-
tion, and subsequent diastereoselective chelation-controlled enoate reduction
(133: dr of crude product=80:20, 134: dr of crude product=84:16) eventually
provided the pure stereoisomers 133 and 134 after preparative HPLC.

The synthesis of the smaller fragment methyl esters 144-147 was completed
as depicted in Scheme 20. Chelation-controlled allylation of aldehydes 135-138
prepared by chromium(VI) oxidation of alcohols 122, 123, 133, and 134 with
allyltrimethylsilane (139) in the presence of titanium(IV) chloride proceeded
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Scheme 19 Walkup’s synthesis of all four known smaller fragments of the pamamycins
(part 2). Reagents and conditions: a: 124, CH,Cl,, -78°C to rt, 75% from 113, 80% from rac-
114; b: TMSCI, Et;N, THE, rt, 92% 125, 84% 126; c: Hg(OCOCEF;),, CH,Cl,, rt; d: 1 bar CO,
MeOH, 10 mol% PdCl,, CuCl,, MeC(OEt);, propylene oxide, rt, 85% 127 from 125, 83% 128
from 126; e: LiOH, 30% aq. H,0,, THE, H,0, rt, 90% 129, 81% 130; f: BH,;-THE, THF, 0°C to rt,
80% 131,79% 132; g: Mg, MeOH, 0°C to rt, 58% 133, 74% 134

with good to excellent stereocontrol (140: dr of crude product=85:15, 141: dr
of crude product=86:14, 142, 143: dr>99:1). Finally, hydrogenation of the ma-
jor allylation products purified by preparative HPLC in the case of 140 and 141
afforded the smaller fragment derivatives 144-147.

In a similar fashion, Walkup synthesized the enantiomerically pure C(1)-C(14)
segment of the larger fragment of 1b (and 1c, 1h) (Scheme 21) [34]. A rather
unusual facet of his approach was an apparent kinetic resolution of the racemic
aldehyde rac-153 via the Evans aldol reaction. Preparation of rac-153 began
with a highly diastereoselective (dr=95:5) Heathcock anti aldol reaction [35]
of 4,5-hexadienal (113) with lithium enolate 148 to furnish pure rac-149 in
the indicated yield. Silylation followed by one-pot intramolecular oxymer-
curation/palladium(II)-mediated methoxycarbonylation of y-silyloxy allene
rac-150 generated tetrahydrofuran rac-151 with excellent stereocontrol (dr of
crude product=98:2). Stereoselective chelation-controlled conjugate reduction
yielded rac-152 (dr of crude product=84:16), which was elaborated to rac-153
via chemoselective methyl ester reduction and subsequent oxidation. Treat-
ment of aldehyde rac-153 with 3 equivalents of boron enolate 154 gave rise to
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Scheme 20 Walkup’s synthesis of all four known smaller fragments of the pamamycins
(part 3). Reagents and conditions: a: PCC, MgSO,, KOAc, CH,Cl,, rt, 70% 135, 60% 136, 90%
137,91% 138; b: 139, TiCl,, CH,Cl,, -78°C, 66% 140, 63% 141, 84% 142, 84% 143; c: 1 bar H,,
Pd/C, EtOH, rt, 71% 144, 90% 145, 71% 146, 75% 147

syn aldol adduct 155 as the major product, whereas no syn aldol diastereomer
with intact tetrahydrofuran moiety from addition of 164 to the (25,3S,6R,7S)
enantiomer of aldehyde 153 was detected. Conversion of 155 to aldehyde 156
succeeded by chemoselective imide methyl ester exchange, silylation, another
chemoselective methyl ester reduction, and oxidation. Finally, 3-butenylmag-
nesium bromide addition to 156 provided 21% of the C(1)-C(14) segment 157
next to 49% of the undesired C(10) epimer. Additionally, a “reduced” analog of
C(1)-C(10) segment 155 featuring a tert-butyldimethylsilyl ether at C(1) was
synthesized from 113 along similar lines, however, using established asym-
metric aldol methodology [34].

Perlmutter used an oxymercuration/demercuration of a y-hydroxy alkene as
the key transformation in an enantioselective synthesis of the C(8") epimeric
smaller fragment of 1b (and many more pamamycin homologs; cf. Fig. 1)
[36]. Preparation of substrate 164 for the crucial cyclization event commenced
with silylation and reduction of hydroxy ester 158 (85-89% ee) [37] to give
aldehyde 159, which was converted to alkenal 162 by (Z)-selective olefination
with ylide 160 (dr=89:11) and another diisobutylaluminum hydride reduction
(Scheme 22). An Oppolzer aldol reaction with boron enolate 163 then provided
164 as the major product. Upon successive treatment of 164 with mercury(II)
acetate and sodium chloride, organomercurial compound 165 and a second
minor diastereomer (dr=6:1) were formed, which could be easily separated.
Reductive demercuration, hydrolytic cleavage of the chiral auxiliary, methyl
ester formation, and desilylation eventually led to 166, the C(8’) epimer of the
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Scheme 21 Walkup’s synthesis of a C(1)-C(14) segment of the larger fragment of 1b.
Reagents and conditions: a: 148, 52%; b: TMSCI, Et;N, 100%; c: Hg(OCOCEF;),; d: CO, MeOH,
PdCl,, CuCl,, 98% from rac-150; e: Mg, MeOH, 84%; f: LiAlH,, Et,0, 0°C, 97%; g: (i) Me,SCI*
CI, (ii) Et;N, 100%; h: 154, 41%; i: NaOMe, 80%; j: TBSOTT, 98%; k: DIBALH, 92%; 1: Swern
oxidation, 91%; m: CH,=CH-CH,-CH,-MgBr, 21%

smaller fragment methyl ester 144. Synthetic utilization of 166 might be possi-
ble by coupling with the larger fragment of 1b via a process that would involve
inversion at C(8").

Prior to the successful completion of his total synthesis of pamamycin-607
(1b), Thomas reported the reaction sequence illustrated in Scheme 23 for the
construction of a C(1)-C(8) segment of the larger fragment of 1b and other
pamamycins [38]. Allylation of 167 with the allyltin trichloride generated in situ
by transmetallation of allyl stannane 10 with tin(IV) chloride followed by
hydroxyl-directed epoxidation of the resulting homoallylic alcohol 168 yielded
epoxide 169. Ring opening of 169 with sodium phenylselenide afforded a mix-
ture of hydroxy selenides, which were cyclized upon exposure to catalytic
amounts of perchloric acid to give the tetrahydrofuran 170 with excellent over-
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Scheme 22 Perlmutter’s synthesis of the C(8’) epimeric smaller fragment of 1b. Reagents
and conditions: a: TBDPSCI, DMAP, imidazole, DME, rt, 96%; b: DIBALH, toluene, -78°C, 95%
159, 97% 162; c: 160, THE, 0°C, 51%; d: 163, 54%; e: (i) Hg(OAc),, MeCN, rt, (ii) NaCl, H,0;
f: Bu;SnH, AIBN, toluene, 93%; g: 30% aq. H,0,, LiOH, THF, H,0; h: CH,N,, Et,0, 46% over
the last two steps; i: BuyNE, THE, rt, 56%
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Scheme 23 Thomas’ synthesis of a C(1)-C(8) segment of the larger fragment of 1b. Reagents
and conditions: a: 10, SnCl,, -78°C, 75-78%; b: t-BuOOH, VO(acac),, CH,Cl,, 73-77%;
c: (PhSe),, NaBH,, EtOH, 75-84%; d: HCIO,, CH,CL,, 30%; e: Bu,SnH, 88-90%
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all stereoselectivity, presumably via an intermediate selenonium ion. Reductive
deselenylation then furnished the pseudo C,-symmetric benzyl ether 171.
Bloch utilized the diastereoselective formation of 2,5-cis-disubstituted
tetrahydrofurans with additional control over an exocyclic stereogenic center
adjacent to the heterocycle via intramolecular Michael reactions of e-hydroxy-
methacrylate substrates to achieve an enantioselective synthesis of the smaller
fragment [39] and a C(8)-C(18) segment [40] of the larger fragment of 1b
(Schemes 24 and 25). Scheme 24 illustrates the route to the smaller fragment
methyl ester 144. Acetate 172 prepared by enzymatic transesterification [41]
was converted to aldehyde 174 by protecting group operations and subsequent
oxidation. Aldol reaction of 174 with lithium enolate 175 proceeded with high
substrate-induced diastereoselectivity (dr of crude product=90:10) to provide

o) o) o oTBS
M OH _ab_ M otBs _©. Mo
OAc OH ’
172 173 174

177: R=TBS
178: R=H
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Scheme 24 Bloch’s synthesis of the smaller fragment of 1b. Reagents and conditions:
a: TBSCI, imidazole, DME, rt, 95%; b: KOH, MeOH, rt, 99%; c: Dess—Martin periodinane,
CH,Cl,, 0°C, 86%; d: 175, THF, hexane, -78°C, 65%; e: Me,NBH(OAc);, HOAc, MeCN, -40°C,
68%; f: 2,2-dimethoxypropane, PPTS, CH,Cl,, rt, 94%; g: Bu,NE, THE, 0°C to rt, 95%;
h: Dess—Martin periodinane, pyridine, CH,Cl,, 0°C, 73%; i: (PhO),POCNa(CH;)CO,Me, THEF,
-78°C to rt, 80%s; j: aq. HCI, THEF, 0°C, 94%; k: Bu,NE, THE, 0°C, 93%; 1: 400°C, 1.3 mbar, 80%;
m: 1 bar H,, 5% Pt/C, EtOAc, rt, 79%
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hydroxy ketone 176, which was subjected to Evans anti reduction (dr of crude
product=80:20) followed by acetonide formation. After desilylation of the
resulting acetal 177, oxidation, (Z)-selective Horner-Wadsworth-Emmons
olefination, and acetal cleavage, cyclization substrate 179 was isolated as a
(2):(E)=90:10 mixture. Treatment of 179 with tetrabutylammonium fluoride
effected the key ring closure to 180 with complete cis selectivity regarding the
tetrahydrofuran 2,5-disubstitution and excellent stereocontrol (dr of crude
product=95:5) over the configuration at C(2"). Flash vacuum thermolysis of 180
induced a retro Diels-Alder reaction to give dihydrofuran 181, which was
hydrogenated to afford methyl ester 144.

Synthesis of a C(8)-C(18) segment of the larger fragment of 1b using the
same basic strategy is depicted in Scheme 25. Here, hydroxy ketone 176 was
subjected to syn-selective (dr of crude product=90:10) reductive amination [42]
with sodium cyanoborohydride and benzylamine followed by tetrahydro-
oxazine formation using aqueous formaldehyde. The resulting heterocycle 182
was then converted to unsaturated ester 184 by successive desilylation, oxida-
tion, and entirely (Z)-selective Horner-Wadsworth-Emmons olefination. Re-

OTBS

(e]

187 . 188: R=Bn
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Scheme 25 Bloch’s synthesis of a C(8)-C(18) segment of the larger fragment of 1b. Reagents
and conditions: a: (i) BaNH,, 4 A sieves, HOAc, THEF, 0°C, (ii) NaBH;CN, -15°C, 70%; b: aq.
CH,0, MeOH, rt, 78%; c: Bu,NF, THE, 0°C to rt, 86%; d: Dess-Martin periodinane, pyridine,
CH,CL,, 0°C; e: (PhO),POCNa(CH,)CO,Me, THE ~78 to 0°C, 56% from 183; f: NaBH,CN, TFA,
MeOH, rt, 96%; g: NaH, Et,0, rt, 90% 186+C(9) epimer (60:40); h: 400°C, 1.3 mbar, 75%
187+C(9) epimer; i: 1 bar H,, 5% Pt/C, EtOAc, rt, 41%; j: 1 bar H,, 10% Pd/C, MeOH, rt, 74%;
k: aq. CH,0, HOAc, NaBH;CN, MeCN, rt, 81%
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ductive cleavage of the tetrahydrooxazine 184 with simultaneous N-methylation
gave rise to cyclization substrate 185. Treatment of 185 with sodium hydride
established clean 2,5-cis-disubstitution of the resulting tetrahydrofuran. How-
ever, control over the relative configuration at C(9) was much less pronounced
compared to the corresponding cyclization of 179. Chromatographic separation
of the desired stereoisomer was accomplished after cycloreversion and subse-
quent hydrogenation at the stage of tetrahydrofuran 188. Finally, reductive
debenzylation and reductive N-methylation provided methyl ester 189 as a
single stereoisomer.

Before developing the shortcut to benzyl ester 28 of the smaller hydroxy acid
constituent of 1b illustrated in Scheme 12, our own group first employed a sul-
tone-based strategy to the stereoselective synthesis of the smaller fragment
methyl ester 144 (Scheme 26) [16, 17]. To this end, sultone 192 was efficiently
generated with complete diastereoselectivity via intramolecular Diels-Alder
reaction of the vinylsulfonate derived from alcohol 191, which in turn was
prepared by halogen-lithium exchange of 2-bromo-4-methylfuran (190) [43]
followed by alkylation with epoxide 59. Upon subjecting 192 to a domino
elimination/alkoxide-directed 1,6-hydride addition, the bicyclic compounds
193-195 with the required trans relationship of the hydroxyl and the methyl
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Scheme 26 Metz’ alternative synthesis of the smaller fragment of 1b. Reagents and condi-
tions: a: (i) t-BuLi, THF, -78 to -20°C, (ii) 59, -20°C to rt; 92%; b: 61, Et;N, THF, 0°C to rt, 94%;
c: (i) Red-Al, toluene, rt, (ii) NH,CI, H,0, rt, 59%; d: O;, NaHCO;, CH,Cl,, MeOH, -78°C;
e: Ac,0, pyridine, CH,Cl,, rt, 57%; f: PhSH, BF;-Et,0, CH,Cl,, rt, 84%; g: Raney Ni (W2), 50 bar
H,, EtOH, rt, 51%
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substituent were isolated. Application of the reaction sequence domino
ozonolysis/cyclization, Lewis acid-catalyzed hydroxyl/phenylthio exchange, and
domino reductive elimination/hydrogenation already discussed above (see
Schemes 10 and 11) eventually led to methyl ester 144 with high diastereo-
selectivity (dr of crude product=17:1) for the final step.

Additionally, we also found proper conditions for a direct C(2”) epimerization
[21] of the larger fragment precursor 68 to give 144 but again, the three-step
sequence depicted in Scheme 12 afforded a higher total yield of a more suitable
smaller fragment surrogate of 1b.

The use of a chiral sulfoxide group as the stereoinducing element is at
the center of Solladié’s approach to the smaller fragment [44] and a C(8)-C(18)
segment [44,45] of the larger fragment of 1b (Scheme 27). -Ketosulfoxide 200
was obtained from fB-ketoester 198 via carbonyl protection and condensation
with chiral sulfoxide 199. Two completely diastereoselective reductions of 200
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Scheme 27 Solladié’s synthesis of the smaller fragment and a C(8)-C(18) segment of the
larger fragment of 1b. Reagents and conditions: a: HOCH,CH,OH, TMSCI, CH,Cl,; b: 199,
LDA, 60% from 198; c: DIBALH; d: (CO,H),, THF, H,0, 80% from 200; e: Me,NBH(OAc)5,
HOACc, 97%; f: t-BuBr, CHCL;; g: (i) Me;OBF,, CH,Cl,, (ii) K,CO3, 75% from 202; h: TBDPSCI,
imidazole, DMF; i: CH,(CO,Et),, EtONa; j: MgCl,-6H,0, DMF, reflux, 73% from 203;
k: EtCO,#-Bu, LDA: I: (CO,H),, CH,Cl,, 75% from 204; m: (i) LDA, LiCl, Et,0, —78°C, (ii)
EtOH, -78°C, 70%; n: Bu,NF, THF; o: 4 bar H,, Rh, Al,05, MeOH, 73% 207 from 205, 67% 208
from 206
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and the deketalized ketone 201 led to diol 202, which was converted to epoxide
203 through sulfoxide reduction followed by intramolecular nucleophilic sub-
stitution of an intermediate sulfonium salt. Silylation and subsequent regio-
selective epoxide opening with sodium diethylmalonate afforded y-lactone 204
after dealkoxycarbonylation. The crucial intermediate 205 was then constructed
from 204 as the thermodynamically more stable (E) isomer via addition of the
lithium enolate of tert-butyl propionate and acid-catalyzed dehydration of the
resulting hemiacetal. Desilylation to the corresponding alcohol was required for
a smooth and highly diastereoselective hydrogenation (85% ds of crude prod-
uct) to give the C(8)-C(18) segment 207. On the other hand, a chelation-con-
trolled (E) to (Z) isomerization by deprotonation of 205 in the presence of
lithium chloride followed by protonation of the resulting extended enolate to (Z)
isomer 206 at low temperature (dr of crude product=95:5) paved the way to the
smaller fragment tert-butyl ester 208 as well. Thus, desilylation of 206 and sub-
sequent diastereoselective hydrogenation as before (85% ds of crude product)
set up the desired (S) configuration at C(2") of 208.

A convergent synthesis of a C(1")-C(10") segment of the smaller fragment of
pamamycin-621A (1c) and other pamamycin homologs using a catalytic, asym-
metric dimerization of methylketene was described by Calter [46]. Methyl-
ketene generation from racemic 2-bromopropionyl bromide (rac-209) with zinc
followed by enantioselective [2+2] cycloaddition in the presence of a catalytic
amount of quinidine provided B-lactone 210 of 98% ee, which served as a
branching point for accessing the two building blocks 212 and 217 (Scheme 28).
Vinylketone 212 was derived from 210 by Weinreb amide formation via nucleo-
philic lactone opening, trapping of the resulting enolate as the silyl enol ether
211, and subsequent palladium(II)-mediated oxidation. Preparation of the
coupling partner 217 from 210 commenced with N,O-dimethylhydroxylamine
addition to give 213 and highly anti-selective reduction of this -ketoamide
to afford the f-hydroxyamide 214 (>95% de, 99% ee). Successive silylation,
reduction, diastereoselective addition of tributylstannyllithium to the resultant
aldehyde 215 in the Felkin-Anh sense, and MOM protection furnished TBS
ether 216. In order to preclude the possibility of silyl migration during the next
step, 216 was converted to PMB ether 217. The crucial coupling of the two
subunits 217 and 212 was accomplished by first transmetallating 217 to a mixed
cuprate, conjugate addition of which to vinylketone 212 yielded the desired
product 218. Another anti-selective B-ketoamide reduction followed by mesy-
lation of the resulting alcohol to give 219 and acidic removal of both ether
protecting groups finally set the scene for a chemoselective base-induced
cyclization to deliver the tetrahydrofuran 220. Whereas the requisite C(11")
carbon is still missing in 220, synthesis of a complete C(1")-C(11") fragment of
1c along these lines might be possible by conjugate addition of a suitable
methylmetal species to vinylketone 212 to provide the propyl homolog of
ethylketone 213.

Kiyota reported an enantioselective access to the smaller fragment [47, 48]
and a C(8)-C(18) segment [48] of the larger fragment of 1b using iodoetheri-
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Scheme 28 Calter’s synthesis of a C(1")-C(10”") segment of the smaller fragment of 1lc.
Reagents and conditions: a: Zn, 0.3 mol% quinidine, 55%; b: (i) MeONLiMe, (ii) TMSCI; c:
Pd(OAc),, 40% from rac-209; d: MeONHMe, 10 mol% pyridone; e: KBEt;H, 40% from rac-
209; f: TBSCI, imidazole; g: DIBALH, 79% from 214; h: Bu;SnLi; i: MOMCI, 31% from 215; j:
Bu,NE 91%; k: NaH, PMBBr, 61%; 1: (i) BuLi, (ii) [2-thienyl-Cu-CN]- Li*, (iii) 212, 45%; m:
KBEt;H; n: MsCl, 79% from 218; o: HCI, MeOH, 62%; p: NaH, 99%

fications of y-tert-butoxy alkenes as the key transformations (Schemes 29
and 30). Similar to Kang’s iodoetherification approach published later (see
Schemes 14-17, 31, and 32), these cyclofunctionalizations proceed with exclu-
sive formation of 2,5-cis-disubstituted tetrahydrofurans. His synthesis of the
smaller fragment methyl ester 144 is shown in Scheme 29. Evans aldol reaction
of the boron enolate from oxazolidinone 221 with aldehyde 222 gave rise to
a single stereoisomer, which was derivatized to tert-butyl ether 223. After
hydrolytic cleavage of the chiral auxiliary, esterification with diazomethane,
and reductive debenzylation, conversion of hydroxy ester 224 to cyclization sub-
strate 226 was achieved by oxidation and subsequent entirely (E)-selective
Horner-Wadsworth-Emmons olefination. Upon subjecting y-tert-butoxy alkene
226 to iodine with moderate heating, tetrahydrofuran 227 was formed in a com-
pletely diastereoselective fashion. Following reductive deiodination, sodium
borohydride reduction of 53 yielded the desired methyl ester 144 as the major
product next to 23% of the C(8’) epimer 166.
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Scheme 29 Kiyota’s synthesis of the smaller fragment of 1b. Reagents and conditions: a: (i)
Bu,BOT{, i-Pr,NEt, CH,Cl,, 0°C, (ii) 222, -78°C to rt, 87%; b: isobutene, amberlyst H-15,
hexane, -78°C to rt, 72%; c: LiOH, 30% aq. H,0,, THE, H,0, 0°C; d: CH,N,, Et,0, rt, 75% from
223;e: 1 bar H,, 10% Pd/C, MeOH, rt, 97%; f: Dess—-Martin periodinane, Et,0,0°C to rt; g: 225,
LiBr, Et;N, THE, rt, 63% from 224; h: I,, NaHCO;, MeCN, 40°C, 85%; i: Bu;SnH, AIBN, toluene,
rt, 98%; j: NaBH,, MeOH, 0°C, 40%

Synthesis of a C(8)-C(18) segment of the larger fragment of 1b employing
the same key cyclization methodology is illustrated in Scheme 30. Terminal
epoxide 229 was ultimately derived from enantiomerically pure epoxide 228
[49]. Elaboration of 229 to sulfone 233 began with copper-catalyzed regiose-
lective epoxide opening using allylmagnesium bromide and subsequent fert-
butyl ether formation. Two-step oxidative olefin scission and reduction of the
resulting aldehyde afforded alcohol 232, which was transformed to 233 by sul-
fide formation and oxidation. Julia olefination of aldehyde 234 [50] with sulfone
233 furnished y-tert-butoxy alkene 235 as the pure (E) isomer. Under the same
conditions, which operated well for the cyclization of 226, exclusive production
of tetrahydrofuran 236 from 235 was observed as well. Finally, reductive de-
iodination provided the C(8)-C(18) segment 237.

In addition to his total synthesis of pamamycin-607 (1b) (see Schemes 14-17),
Kang also communicated an alternative synthesis of a larger fragment surro-
gate of 1b [51]. Again, iodoetherifications of y-triethylsilyloxy alkenes were
utilized as key transformations to control the 2,5-cis-disubstitution of the two
tetrahydrofuran moieties. However, whereas his total synthesis of 1b involved
a two-directional formation of both heterocycles in a single operation, the
alternative route depicted in Schemes 31 and 32 is characterized by sequential
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Scheme 30 Kiyota’s synthesis of a C(8)-C(18) segment of the larger fragment of 1b. Reagents
and conditions: a: see ref. [49]; b: CH,=CH-CH,-MgBr, Cul, Et,0, -30°C to rt, 98%;
c: isobutene, amberlyst H-15, hexane, -78°C to rt, 78%; d: OsO,, NMO, THE, H,0, 0°C to rt;
e: NalO,, THE, H,0, rt; f: LIAIH,, Et,0, -78°C, 85% from 231; g: Bu,P, (PhS),, THE, 0°C to rt;
h: m-CPBA, NaHCOs, CH,CL,, 0 to 10°C, 69% from 232; i: (i) BuLi, THE, -78°C, (ii) 234,
-78°C, (iii) PhCOCI, -78°C to rt; j: Na(Hg), MeOH, THF, -78°C, 34% from 233; k: I,, NaHCO;,
MeCN, 40°C, 76%; l: BusSnH, AIBN, toluene, rt, 26%

construction of the two five-membered rings. Moreover, instead of starting from
the C(18) end of the C(1)-C(18) subunit, as has been done for the synthesis of
the larger fragment substitute 103, preparation of 257, the PMB ether of alcohol
103, began at the C(1) end (Scheme 31). Synthesis of the first crucial interme-
diate 241 commenced with oxidation of alcohol 238 [52] and subsequent
enantioselective Roush crotylation [53] with boronate 239 to give homoallylic
alcohol 240 of 80% ee. Further enantiomeric enrichment was achieved hand in
hand with the intended elaboration of 240 by esterification with an (S)-proline
derivative followed by two-step oxidative olefin cleavage and aldehyde reduc-
tion to arrive at 241. At this stage, the desired major diastereomer of 100% ee
could be separated, which then served as a building block for the C(1)-C(6)
segment 243, as well as the C(7)-C(13) segment 246. Ester hydrolysis, acetonide
formation, reductive debenzylation, and iodination yielded iodide 242, con-
version of which to phosphonium salt 243 was carried out by acidic deprotec-
tion, one-pot chemoselective sequential bis-silylation of the resulting diol, and
substitution with triphenylphosphane. Aldehyde 246 was derived from 241 via
oxidation, vinyl Grignard addition, and saponification to give diastereoisomer
245 as the major product, which in turn was transformed to 246 by acetonide
protection followed by ozonolysis of the alkene with reductive workup. The
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Scheme 31 Kang’s alternative synthesis of the larger fragment of 1b (part 1). Reagents and
conditions: a: Swern oxidation; b: 239, 4 A sieves, toluene, -78°C, 87% from 238; c: N-Cbz-L-
proline, DCC, DMAP, CH,Cl,, rt; d: OsO,, NMO, acetone, H,0, rt; e: (i) NalO,, THE H,0, rt,
(ii) NaBH,, 0°C, 78% from 240; f: LIOH, MeOH, H,0, rt; g: 2,2-dimethoxypropane, PPTS,
toluene, reflux; h: Li, NH;(1), THE, -78°C; i: I, Ph;P, imidazole, THF, 0°C, 86% from 241; j: conc.
aq. HCl, MeOH, 0°C; k: (i) TBDPSCI, DMAP, Et;N, CH,Cl,, -15°C, (ii) TESOTf, -15°C; I: Ph;P,
K,CO3, MeCN, reflux, 83% from 242; m: Swern oxidation; n: CH,=CH-MgBr, Et,0, -78°C;
o: LiOH, MeOH, H,0, rt, 53% 245 and 17% 244 from 241; p: PhCO,H, Ph;P, DEAD, THF, -20°C;
q: LiOH, MeOH, H,0, rt, 65% from 244; r: 2,2-dimethoxypropane, PPTS, acetone, rt; s: (i) O,
NaHCO,, CH,Cl,, MeOH, ~78°C, (ii) Me,S, rt; t: (i) 243, t-BuLi, THE ~78 to ~5°C, (ii) 246,
10°C, 85% from 245; u: I,, Ag,COs, Et,0, rt, 94%

overall yield of this process could be further enhanced by Mitsunobu inversion
of the minor diastereoisomer 244 to afford additional diol 245. Joining of the
two subunits 243 and 246 by Wittig olefination provided the pure (Z)-alkene
247, treatment of which with iodine in the presence of silver carbonate induced
a completely diastereoselective cyclization to give tetrahydrofuran 248.
Elaboration of 248 to 257 is depicted in Scheme 32. Acidic deketalization,
basic epoxide formation, and silylation of the remaining hydroxyl group led to
249, which was subjected to ring opening with lithium dimethylcuprate in a
regioselective (78:15) fashion to provide the desired alcohol 250 as the major
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product. TES blocking of the secondary alcohol proved to be pivotal to the
success of this alkylation. Simultaneous reductive deblocking of the TES and
benzyl ether, acetonide protection, iodination, and substitution with triphe-
nylphosphane achieved the conversion of 250 to 251. Wittig coupling of 251
with aldehyde 90, this time derived from diol 252 via periodate cleavage, sub-
sequent deketalization, and silylation yielded y-triethylsilyloxy alkenes 253 as
an (E):(Z)=10:1 mixture. The second key cyclization of 253 using iodine/silver
carbonate followed by reductive deiodination gave rise to bis-tetrahydrofuran
254 with complete stereocontrol. After reductive release of the two secondary
alcohols, a chemoselective Mitsunobu reaction of the less sterically hindered

248

a,b
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OBn OBn
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d-g : /\/'\/\ h H
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253 d 254: R' =TES, R2=Bn
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Scheme 32 Kang’s alternative synthesis of the larger fragment of 1b (part 2). Reagents and
conditions: a: (i) PPTS, MeOH, THE, rt, (ii) K,CO3, rt; b: TESOTT, 2,6-lutidine, CH,Cl,, -78°C,
87% from 248; c: Me,Culi, Et,0, 10°C, 78%; d: H,, PA(OH),/C, EtOH, rt, 96% from 250, 95%
255; e: PPTS, acetone, rt; f: I,, Ph;P, imidazole, THE, 0°C; g: Ph;P, K,CO3, MeCN, reflux, 90%
over the last three steps; h: NalO,, acetone, H,0, 0°C; i: (i) BuLi, THE, -78 to -5°C, (ii) 90,
10°C, 88% from 252; j: PPTS, MeOH, THE rt; k: TESOTT, 2,6-lutidine, CH,Cl,, rt,89% over the
last two steps; 1: I,, Ag,COs, Et,0, rt; m: Ph;SnH, Et;B, THE, 0°C, 77% from 253; n: HN3, Ph;P,
DEAD, benzene, 0°C; o: PMBCI, Bu,NI, DMF, 0°C, then KHMDS, 0°C, 86% from 255;
p: Bu,NFE, THF; q: Jones oxidation, 0°C, 85% from 256
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alcohol with hydrazoic acid, PMB protection, desilylation, and oxidation com-
pleted the synthesis of the larger fragment surrogate 257. In total, ca. 37 steps
were required to access 257 from alcohols 238 and 252 and boronate 239.
Nagumo and Kawahara used the stereoselective ring contraction of a
tetrahydropyran and a d-lactone, respectively, via an intermediate phenonium
ion to synthesize the racemic smaller fragment [54] and an enantiomerically
pure C(2)-C(8) segment [55] of the larger fragment of 1b (Schemes 33 and 34).
The smaller fragment methyl ester rac-144 was prepared from the 6-lactone
rac-258 by the reaction sequence shown in Scheme 33. Axial allylation of the
lactol derived from rac-258 by diisobutylaluminum hydride reduction with
allylsilane 139 provided tetrahydropyran rac-259, which was transformed to a
mixture of rac-260 and rac-261 via oxidative olefin scission and allyl Grignard
addition. After separation of the epimers, they were hydrogenated to give the
crucial rearrangement substrates rac-262 and rac-263, respectively. Treatment
of either compound with trifluoroacetic acid at 70°C and subsequent alkaline

_ HO =
Ar—<j>:O ab Ar—OI c.d
0o —— 0o — Ar
o}

N /\/SiMGB s 5
rac-258 139 rac-259
rac-260: B-OH
(Ar = 3,4-dimethoxyphenyl) rac-261: o-OH
HO
. OH
e )
o IHTH
’ 262: B-OH rac-264: 3-OH
rac-262: - rac-265: o-OH
rac-263: o-OH

h (for rac-264)
or

o OAc . OR!
I, j (for rac-265) Ar\/_O\/K/\ L. RQOQC\/O\)\/\
o) 0

CHYH SHTH
rac-266 " R'= 2 =
I,m’: rac-267: R' = Ac, R*=H
rac-144: R'=H, R? = Me

Scheme 33 Nagumo’s and Kawahara’s synthesis of the racemic smaller fragment of 1b.
Reagents and conditions: a: DIBALH, toluene, -78°C, 100%; b: 139, BF;-Et,0, CH,Cl,, 93%;
¢: 0s0,, NalO,, t-BuOH, H,0, Et,0; d: CH,=CH-CH,~MgBr, ZnCl,, THE, ~78°C, 56% rac-260
and 34% rac-261 from rac-259; e: H,, 5% Pd/C, MeOH, 91% rac-262 from rac-260, 84% rac-
263 from rac-261; f: TFA, 70°C; g: K,CO3, MeOH, 54% rac-264 from rac-262, 53% rac-265 from
rac-263; h: Ac,0, DMAP, pyridine; i: MsCl, DMAP, Et;N; j: CsOAc, DMF; k: RuCl;-nH,0, NalO,,
CCl,, MeCN, H,0, 31% from rac-264 and rac-265;1: CH,N,, Et,0; m: K,CO;, MeOH, 51% from
rac-267
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Scheme 34 Nagumo’s and Kawahara’s synthesis of a C(2)-C(8) segment of the larger frag-
ment of 1b. Reagents and conditions: a: TsOH-H,0, MeNO,, 70°C, 97%; b: DIBALH, -78°C,
100%; c: BF,-Et,0, MeCN, 0°C, 98%; d: RuCl,-nH,0, NalO,, MeCN, CCl,, H,0, 0°C; e: CH,N,,
Et,0,0°C,40% from 270; f: NaBH,, MeOH, 0°C, 90%; g: LiAIH,, THE, 0°C, 90%; h: Ac,0, DMAP,
pyridine, 0°C, 82%; i: Amano lipase PS, phosphate buffer, 33°C, 67%

hydrolysis yielded the corresponding tetrahydrofurans rac-264 and rac-265,
respectively, with complete diastereoselectivity along with recovered substrates.
Acetylation of rac-264 and inversion at C(8") in rac-265 via mesylation/acetate
substitution afforded acetate rac-266 from both precursors. Oxidative degra-
dation of the electron-rich aromatic ring to carboxylic acid rac-267 followed by
esterification with diazomethane and chemoselective acetate cleavage finally
delivered methyl ester rac-144.

Conversion of the (-)-enantiomer 258 to hydroxy esters 272 and 273, both
of which can serve as a C(2)-C(8) segment of the larger fragment of 1b
(and also as a C(2")-C(8") segment of the smaller fragment of 1c and other
homologs) was initiated by the key ring contraction, this time using p-tolu-
enesulfonic acid in nitromethane, to furnish y-lactone 268 (Scheme 34). After
reduction to lactol 269, an intramolecular Friedel-Crafts reaction yielded the
tricyclic compound 270. Oxidative degradation of the aromatic ring and ester-
ification of the resulting dicarboxylic acid with diazomethane provided diester
271. Differentiation between the two ester groups of 271 was accomplished
either by chemoselective sodium borohydride reduction to afford 272 or by
chemoselective enzymatic hydrolysis of the diacetate derived from 271 via
global reduction and bis-acetylation to give 273.
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4
Concluding Remarks

The structural complexity and the biological activity of the pamamycin macro-
diolides has provided a significant challenge to the synthetic community. Only
recently, the total synthesis of pamamycin-607 (1b) was accomplished by sev-
eral groups. Much interesting, important, and novel chemistry has arisen from
attempts to synthesize and couple the hydroxy acid fragments and, after about
a decade of effort, continues to do so. Given the high activity of the homolog
1b against multidrug-resistant strains of Mycobacterium tuberculosis, more
detailed structure-activity relationship studies with respect to the antimy-
cobacterial action of the various pamamycins and unnatural analogs are clearly
warranted. Surely, the strategies and methods compiled in this review will be
of help in accomplishing this goal.
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